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Preface

In this tenth edition the basic objective of the earlier editions have been retained:
* to present a comprehensive and rigorous treatment of classical thermodynamics
while retaining an engineering perspective, and in doing so

* to lay the groundwork for subsequent studies in such fields as fluid mechanics, heat
transfer, and statistical thermodynamics, and also

* to prepare the student to effectively use thermodynamics in the practice of engi-
neering.

The presentation is deliberately directed to students. New concepts and definitions
are presented in the context where they are first relevant in a natural progression. The intro-
duction has been reorganized with a very short introduction followed by the first thermo-
dynamic properties to be defined (Chapter 1) which are those that can be readily measured:
pressure, specific volume, and temperature. In Chapter 2, tables of thermodynamic proper-
ties are introduced, but only in regard to these measurable properties. Internal energy and
enthalpy are introduced in connection with the energy equation and the first law, entropy
with the second law, and the Helmholtz and Gibbs functions in the chapter on thermody-
namic relations. Many real world realistic examples and contemporary topics have been
included in the book to assist the student in gaining an understanding of thermodynamics,
and the problems at the end of each chapter have been carefully sequenced to correlate
with the subject matter, and are grouped and identified as such. The early chapters in par-
ticular contain a large number of examples, illustrations and problems, and throughout the
book, chapter-end summaries are included, followed by a set of concept/study problems
that should be of benefit to the students.

NEW FEATURES AND OVERALL BOOK
ORGANIZATION

The tenth edition completes the transition to the e-book format that was started with the
ninth edition. This includes a fully searchable text, select interactivity, and convenient direct
access to supplemental material. The primary interactive element is the set of new student
practice problems for which students can reveal the solutions with a simple click or tap.
These problems expand the examples beyond those in the main chapter text and allows stu-
dents to immediately test their knowledge. The digital format also enables students to access
supplemental notes and files directly from the text. (Supplemental materials also are avail-
able from the companion web site: www.wiley.com/go/borgnakke/FundofThermo10e.)
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The e-book organization includes:

* Problems, including both student practice problems with the solution as a drop
down selection together with regular homework problems

* Chapter summary and skill sets includes a new student study guide table
» The main expository text ends with a concept list and equations for each chapter
» Additional study resources, such as extra student problems and how-to notes

* Links to appendices and other reference tables

The e-book also is available bundled with an abridged print companion that includes
the main expository text for Chapters 1-10 and the appendices. Problems are not included
in the print companion.

Chapter Reorganization and Revisions

The majority of the changes for the tenth edition have been to shorten some of the presenta-
tions and to reduce the amount of mathematical derivations of the theory. Material including
derivations that contribute to the understanding of the subject have been left in the text.
Many of the examples have been shortened and they include the units and their conversions
without being too repetitive in the presentation keeping the dublication of some examples
to show the use of english units. The application sections in the end of the chapters have
been expanded somewhat to emphasize the real world examples of devices and processes
for which this subject is important in their analysis and design.

Chapters 1 still contains the most important concepts from physics and the concepts of
the thermodynamic properties that describes the condition of the substance that is included
in the analysis. To have the tools for the analysis the order of the presentation has been kept
from the previous editions so the behavior of pure substances is presented in chapter 2 with
a slight expansion and separation of the different domains for solid, liquid and gas phase
behavior. Though the introduction of the property program CATT3 has been left out the
program is still available from Wiley’s web-site that is related to this book.

Chapter 3 contains the first major change namely to include a description of the
energy resources we consume and the typical energy conversions that are used in mod-
ern societies. Together with the mentioning of renewable energy resources and the end use
of energy it provides a better background for all the subsequent processes and details that
we study. A short description of energy storage systems and some of the energy transfer
processes devices are also presented accompanied by small tables with typical numbers
for such devices. Students typically have only vague ideas about the size of many of the
devices and processes we study. This material is covered under applications in chapter 3
after the introduction of the energy equation. The following chapters deals with analysis
of processes and devices which relates to this and also include a special section of the
homework problems where approbriate. By highlighting this material early it can serve as
a motivating factor to study the subsequent material where the use and need for the theory
becomes evident. Suggested homework that can be included in assignments for this cate-
gory are also available on Wiley’s website for the book for those that desire to emphasize
the energy conversion and conservation subjects.

The balance equations for mass, momentum, energy and entropy follow the same
format to show the uniformity in the basic principles and make the concept something to
be understood and not merely memorized. This is also the reason to use the name energy
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equation and entropy equation for the first and second law of thermodynamics to stress
they are universally valid not just used in the field of thermodynamics but apply to all
situations and fields of study with no exceptions. Clearly, special cases requires extensions
not covered in this text, but a few of these have been added in Chapter 12 together with the
thermodynamic property relations.

The energy equation applied to a general control volme is retained from the previous
edition that included a section with multi-flow devices. Again this is done to reinforce to
students that the analysis is done by applying the basic principles to systems under investi-
gation. This means the actual mathematical form of the general laws follows the sketches
and figures of the system and the analysis is not a question about finding a suitable formula
in the text. A small table is added in the end to give students some sense of the relative
magnitude of flow devices in terms of the energy transfer per unit mass.

The historical development of the second law of thermodynamics in chapter 5 has
been expanded to include the in-equality of Clausius. This chapter then includes all the his-
torical statements of the second law so chapter 6 exclusively deals with the entropy equation.
To show the generality of the entropy equation a small example is written up applying the
energy and entropy equations to heat engines and heat pumps so it can be demonstrated that
the historical presentation of the second law in Chapter 5 can be completely substituted with
the postulation of the entropy equation and the existence of the absolute temperature scale.
Carnot cycle efficiencies and the fact that real devices have lower efficiency follows from
the basic general laws. Also the direction of heat transfer from a higher temperature domain
towards a lower temperature domain is predicted by the entropy equation due to the require-
ment of a positive entropy generation. These are examples that practice the application of
the general laws for specific cases and improves the students understanding of the material.

The application section in chapter 7 has been expanded a little to include some
description of intercoolers and reheaters as a mean of energy conservation and efficiency
improvements. The device efficiencies is also placed here as an application of the entropy
equation and this whole section has about 30 homwork problems associated with it. The
general summary of the control volume analysis has been removed and will be available
on-line from Wiley website.

Exergy in chapter 8 has been shortened a little to reduce the mathematical manipu-
lation of the equations and a small application section with the second law efficiency for
cycles have been added to illustrate an important aspect of its use. A more detailed discus-
sion of this is now included as a separate section in Chapter 9.

The chapters with cycles are expanded with a few details for specific cycles and some
extensions shown to tie the theory to industrial applications with real systems. The expres-
sion for cycle efficiency is now included for the Stirling, Atkinson and Miller cycles to
show that they all are related to compression and expansion ratios.

The property relations in chapter 12 has been updated to include effects of dilution
and fugacity for mixtures and as a special application the effect of a surface tension is
included under engineering applications. This revision has also removed the older method
for development of thermodynamic tables and now only inlcudes the Helmholtz function
based development.

Web-Based Material

Although most of the supplemental material for this edition of the book is accessible directly
or by links from the e-book, several documents also are available from Wiley’s web site for
the book. The following material will be accessible for students through links to the book
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companion site and additional material reserved for instructors of the course will also by at
Wiley’s book companion site.

Notes for classical thermodynamics. A very short set of notes covers the basic ther-
modynamic analysis with the general laws (continuity, energy and entropy equations) and
some of the specific laws like device equations, process equations, etc. This is useful for
students doing review of the course or for exam preparation as it gives a comprehensive
presentation in a condensed form.

General Control Volume Analysis. This is the short step by step procedure that was at
the end of chapter 7 in the eighth edition.

Extended set of study examples. This document includes a updated collection of addi-
tional examples for students to study. These examples are written slightly longer and more
detailed in the solution than the examples printed in the book and thus are excellent for
self-study. There are about 8 SI unit problems with 3-4 english unit problems for each
chapter covering most of the material in the chapters.

How-to-notes. Frequently asked questions are listed for each of the set of subject areas
in the book with detailed answers. These are questions that are difficult to have room for in
the book. Examples:

How do I find a certain state for R-410A in the B-section tables?
How do I make a linear interpolation?
Should I use internal energy (u) or enthalpy (h) in the energy equation?

When can I use ideal gas law?

Instructor material. A set of powerpoint lecture slides are available. These also include
repeat copies of some book examples with specific heat done with the ideal gas tables and
visa versa. Additional english unit examples are also listed as copies of the SI unit prob-
lems and modified if needed due to the tables. Other material for instructors covers typical
syllabus and homework assignments for a first and a second course in thermodynamics.
Additionally examples of 2 standard 1 hour midterm exams, and a 2 hour final exam are
given for typical Thermodynamics I and Thermodynamics II classes.

FEATURES CONTINUED FROM 9™ EDITION

In-Text-Concept Question

The in-text concept questions appear in the text after major sections of material to allow
student to reflect over the material just presented. These questions are intended to be quick
self tests for students or used by teachers as wrap up checks for each of the subjects covered
and most of these are emphasizing the understanding of the material without being memory
facts.

End-of-Chapter Engineering Applications

The last section in each chapter, called engineering applications, have been revised with
updated illustrations and a few more examples. These sections are intended to be motivating
material mostly informative examples of how this particular chapter material is being used
in actual engineering.
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End-of-Chapter Summaries with Main Concepts and Formulas

The end-of-chapter summaries provide a review of the main concepts covered in the chapter,
with highlighted key words are now located as suplemental material directly accessible
from the e-book. The only part still with the chapter material is an expanded listing of
the key concepts and the formulas including equation numbers. The list of skills that the
student should have mastered after studying the chapter is presented together with a table
of detailed references to examples, equations and homework problems for each specific
skill. These main concepts and formulas are included after the summary for reference and
a collection of these will be accessible through the links to the book companion site. The
main summary of the general control volume analysis has been removed from chapter 7
and placed together with the online material.

Concept-Study Guide Problems

Additional concept questions are placed as problems in the first section of the end of chapter
homework problems. These problems are similar to the in-text concept questions and serve
as study guide problems for each chapter they are a little more like homework problems with
numbers to provide a quick check of the chapter material. These are selected to be short
and directed toward a very specific concept. A student can answer all of these questions to
assess their level of understanding, and determine if any of the subjects need to be studied
further. These problems are also suitable to use together with the rest of the homework
problems in assignments and included in the solution manual.

Homework Problems

The number of homework problems has been significantly reduced but still contains intro-
ductory problems over all aspects of the chapter material and listed according to the subject
sections for easy selection according to the particular coverage given and they are generally
ordered to be progressive more complex and involved. Later problems in many sections are
related to real industrial processes and devices and lebeled under applications or energy
conservation with more comprehensive problems retained and grouped as review prob-
lems. The more comprehensive and lengthy problems have been removed to conserve space.

New and modified problems are reserved for instructors and available from Wileys
website for the book.

Tables

The tables of the substances have been carried over from the 8" edition with alternative
refrigerant R-410A which is the replacement for R-22 and carbon dioxide which is a
natural refrigerant. Several more substances are included in the software.

FLEXIBILITY IN COVERAGE AND SCOPE

The book attempts to cover fairly comprehensively the basic subject matter of classical
thermodynamics, and I believe that the book provides adequate preparation for study of
the application of thermodynamics to the various professional fields as well as for study of
more advanced topics in thermodynamics, such as those related to materials, surface phe-
nomena, plasmas, and cryogenics. I also recognize that a number of colleges offer a single
introductory course in thermodynamics for all departments, and have tried to cover those
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topics that the various departments might wish to have included in such a course. However,
since specific courses vary considerably in prerequisites, specific objectives, duration, and
background of the students, the material is arranged in sections, particularly in the later
chapters, so considerable flexibility exist in the amount of material that may be covered.

The book covers more material than required for a two-semester course sequence,
which provides flexibility for specific choices of topic coverage. Instructors may want to
visit the publisher’s Website at www.wiley.com/go/borgnakke/FundofThermo10e for infor-
mation and suggestions on possible course structure and schedules, and the additional
material mentioned as Web-material which will be updated to include current errata for
the book.

Flexibility with HW simple and extended problems to satisfy depth and time require-
ments Examples of this are constant specific heat question extended to be with variable
specific heats (gas tables), a piston cylinder includes the metal mass besides the contained
mass, some problems are also in english units. Many problems from earlier chapters are
repeated when entropy is added to the analysis.
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Symbols

acceleration

area

specific Helmholtz function and total Helmholtz function
air-fuel ratio

adiabatic bulk modulus

isothermal bulk modulus

velocity of sound

mass fraction

coefficient of discharge

constant-pressure specific heat
constant-volume specific heat

zero-pressure constant-pressure specific heat
zero-pressure constant-volume specific heat
coefficient of performance

compression ratio

specific energy and total energy
electromotive force, electrical potential, volt
expansion ratio

fugacity, pseudo pressure

Faradays constant

force, also tension

fuel-air ratio

acceleration due to gravity

specific Gibbs function and total Gibbs function
specific enthalpy and total enthalpy

enthalpy of reactants and enthalpy of products
heating value

electrical current

specifc and total irreversibility

conductivity

specific heat ratio: C,/C,

equilibrium constant

specific and total kinetic energy

length

mass

mass flow rate

molecular mass

Mach number

number of moles
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n polytropic exponent

P pressure

P; partial pressure of component i in a mixture

pe, PE specific and total potential energy

P, reduced pressure P/P,

P, relative pressure as used in gas tables

q,0 heat transfer per unit mass and total heat transfer
0 rate of heat transfer

Oy, 01, heat transfer with high-temperature body and heat transfer with
low-temperature body; sign determined from context
gas constant

universal gas constant

specific entropy and total entropy

entropy generation

rate of entropy generation

time

temperature

reduced temperature 7/T,

specific internal energy and total internal energy
specific volume and total volume

relative specific volume as used in gas tables
velocity

work per unit mass and total work

rate of work, power

specific reversible work between two states
quality

gas-phase mole fraction

extraction fraction

elevation

compressibility factor

electrical charge
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Greek Letters residual volume

dimensionless Helmholtz function a/RT
volume expansivity

coefficient of performance for a refrigerator
coefficient of performance for a heat pump
adiabatic compressibility

isothermal compressibility

dimensionless density p / Pe

efficiency

chemical potential

stoichiometric coefficient

density

surface tension (F/L), surface energy (E/A)
Stefan-Boltzman constant

dimensionless temperature variable 7, / T
dimensionless temperature variable 1 — T,

<
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(o} equivalence ratio

[0) relative humidity

¢, D exergy or availability for a control mass
v specific exergy, flow availability

@ humidity ratio or specific humidity

0] acentric factor

Subscripts c property at the critical point
c.v. control volume
e state of a substance leaving a control volume
f formation
f property of saturated liquid
fe difference in property for saturated vapor and saturated liquid
g property of saturated vapor
i state of a substance entering a control volume
i property of saturated solid
if difference in property for saturated liquid and saturated solid
ig difference in property for saturated vapor and saturated solid
r reduced property
s isentropic process
0 property of the surroundings
0 stagnation property
SUPerSCFiPtS —_ bar over symbol denotes property on a molal basis (over V, H, S, U, A, G, the
bar denotes partial molal property)
° property at standard-state condition
ideal gas
property at the throat of a nozzle
irr irreversible
r real gas part
rev reversible
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CHAPTER 1 PROBLEMS

ED Student solution available in interactive e-text.

CONCEPT-STUDY GUIDE PROBLEMS

1.1 Separate the list P, F, V, v, p, T, a, m, L, t, and V into
intensive properties, extensive properties, and non-
properties.

1.2 A tray of liquid water is placed in a freezer where it
cools from 20 to —5°C. Show the energy flow(s) and
storage and explain what changes.

1.3 The overall density of fibers, rock wool insulation,
foams, and cotton is fairly low. Why?

1.4 Is density a unique measure of mass distribution in
a volume? Does it vary? If so, on what kind of scale
(distance)?

1.5 Water in nature exists in three different phases: solid,
liquid, and vapor (gas). Indicate the relative magni-
tude of density and the specific volume for the three
phases.

1.6 What is the approximate mass of 1 L of gasoline? Of
helium in a balloon at T, P,?

1.7 Can you carry 1 m? of liquid water?

1.8 A heavy refrigerator has four height-adjustable feet.
What feature of the feet will ensure that they do not
make dents in the floor?

1.9 A swimming pool has an evenly distributed pressure
at the bottom. Consider a stiff steel plate lying on the

ground. Is the pressure below it just as evenly dis-
tributed?

1.10 If something floats in water, what does it say about
its density?

1.11 Two divers swim at a depth of 20 m. One of them
swims directly under a supertanker; the other avoids
the tanker. Who feels a greater pressure?

1.12 An operating room has a positive gage pressure,
whereas an engine test cell has a vacuum; why is that?

1.13 A water skier does not sink too far down in the water
if the speed is high enough. What makes that situation
different from our static pressure calculations?

1.14 What is the lowest temperature in degrees Celsius?
In degrees Kelvin?

1.15 How cold can it be on Earth and in empty space?

1.16 A thermometer that indicates the temperature with
a liquid column has a bulb with a larger volume of
liquid. Why?

1.17 How can you illustrate the binding energy between
the three atoms in water as they sit in a triatomic water
molecule. Hint: imagine what must happen to create
three separate atoms.

HOMEWORK PROBLEMS

Properties, Units, and Force

1.18 One kilopond (1 kp) is the weight of 1 kg in the stan-
dard gravitational field. What is the weight of 1 kg in
newtons (N)?

1.19 A stainless steel storage tank contains 5 kg of car-
bon dioxide gas and 7 kg of argon gas. How many
kmoles are in the tank?

1.20 A steel cylinder of mass 4 kg contains 4 L of water
at 25°C at 100 kPa. Find the total mass and volume
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of the system. List two extensive and three intensive
properties of the water.

1.21 The Rover Explorer has a mass of 185 kg, how
much does this weigh on the Moon (g = g4/6) and
on Mars where g = 3.75 m/s>.

1.22 A 1700 kg car moving at 80 km/h is decelerated at
a constant rate of 4 m/s> to a speed of 20 km/h. What
are the force and total time required?
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1.23 The elevator in a hotel has a mass of 750 kg, and
it carries six people with a total mass of 450 kg. How
much force should the cable pull up with to have an
acceleration of 1 m/s? in the upward direction?

1.24 One of the people in the previous problem weighs
80 kg standing still. How much weight does this per-
son feel when the elevator starts moving?

Specific Volume

1.25 A 1-m? container is filled with 400 kg of granite
stone, 200 kg of dry sand, and 0.2 m* of liquid 25°C
water. Using properties from Tables A.3 and A.4, find
the average specific volume and density of the masses
when you exclude air mass and volume.

1.26 A power plant that separates carbon dioxide from
the exhaust gases compresses it to a density of
110 kg/m? and stores it in an unminable coal seam
with a porous volume of 100 000 m>. Find the mass
that can be stored.

1.27 A 5-m? container is filled with 900 kg of granite
(density of 2400 kg/m?). The rest of the volume is air,
with density equal to 1.15 kg/m?. Find the mass of air
and the overall (average) specific volume.

Pressure

1.28 A 5000-kg elephant has a cross-sectional area of
0.02 m? on each foot. Assuming an even distribution,
what is the pressure under its feet?

1.29 A valve in the cylinder shown in Fig. P1.29 has
a cross-sectional area of 11 cm? with a pressure of
735 kPa inside the cylinder and 99 kPa outside. How
large a force is needed to open the valve?

P outside

C__

A valve

cyl

Figure P1.29

1.30 The piston cylinder in Fig. P1.29 has a diameter
of 10 cm, inside pressure 735 kPa. What is the force

P-2
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holding the massless piston up as the piston lower side
has P besides the force.

1.31 A hydraulic lift has a maximum fluid pressure of g3

500 kPa. What should the piston/cylinder diameter be
in order to lift a mass of 850 kg?

1.32 Ahydraulic cylinder has a 125-mm diameter piston
with an ambient pressure of 1 bar. Assuming standard
gravity, find the total mass this piston can lift if the
inside hydraulic fluid pressure is 2500 kPa.

1.33 A 75-kg human total footprint is 0.05 m? when the
human is wearing boots. Suppose that you want to
walk on snow that can at most support an extra 3 kPa;
what should the total snowshoe area be?

1.34 A piston/cylinder with a cross-sectional area of
0.01 m? has a piston mass of 65kg plus a force of
800 N resting on the stops, as shown in Fig. P1.34.
With an outside atmospheric pressure of 101 kPa, what
should the water pressure be to lift the piston?

lg

Figure P1.34

1.35 A 2.5-m-tall steel cylinder has a cross-sectional area
of 1.5 m2. At the bottom, with a height of 0.5 m, is
liquid water, on top of which is a 1-m-high layer of
engine oil. This is shown in Fig. P1.35. The oil sur-
face is exposed to atmospheric air at 101 kPa. What is
the highest pressure in the water?

Py

Air

im Engine oil
o I 25m

Figure P1.35
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1.36 An underwater buoy is anchored at the seabed with
a cable, and it contains a total mass of 250 kg. What
should the volume be so that the cable holds it down
with a force of 1000 N?

1.37 A floating oil rig is anchored in the seabed with
cables giving a net pull of 10 000 kN down. How large
a water displacement volume does that lead to?

ED 1.38 At the beach, atmospheric pressure is 1025 mbar.
You dive 15 m down in the ocean, and you later climb
ahill up to 450 m in elevation. Assume that the density
of water is about 1000 kg/m?, and the density of air is
1.18 kg/m3. What pressure do you feel at each place?

1.39 A steel tank of cross-sectional area 3 m? and height
16 m weighs 10 000 kg and is open at the top, as shown
in Fig. P1.39. We want to float it in the ocean so that it
is positioned 10 m straight down by pouring concrete
into its bottom. How much concrete should we use?

Air
V\TM Ocean
10 m
l Concrete
Figure P1.39

1.40 A piston, m, =5 kg, is fitted in a cylinder, A = 15
cm?, that contains a gas. The setup is in a centrifuge
that creates an acceleration of 25 m/s? in the direction
of piston motion toward the gas. Assuming standard
atmospheric pressure outside the cylinder, find the gas
pressure.

1.41 A container ship is 240 m long and 22 m wide.
Assume that the shape is like a rectangular box. How
much mass does the ship carry as load if it is 10 m
down in the water and the mass of the ship itself is
30 000 tonnes?

Manometers and Barometers
1.42 A probe is lowered 16 m into a lake. Find the abso-
lute pressure there.

1.43 A person, 75 kg, wants to fly (hoover) on a 2 kg
skateboard of size 0.6 m by 0.25 m. How large a gauge
pressure under the board is needed?
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1.44 The density of atmospheric air is about 1.15 kg/m?, [sS ]

which we assume is constant. How large an absolute
pressure will a pilot encounter when flying 2000 m
above ground level, where the pressure is 101 kPa?

1.45 A barometer to measure absolute pressure shows a
mercury column height of 735 mm. The temperature is
such that the density of the mercury is 13 550 kg/m?>.
Find the ambient pressure.

1.46 A differential pressure gauge mounted on a vessel
shows 1.25 MPa, and a local barometer gives atmo-
spheric pressure as 0.96 bar. Find the absolute pressure
inside the vessel.

1.47 What pressure difference does a 100-m column of
atmospheric air show?

1.48 A barometer measures 760 mm Hg at street level
and 745 mm Hg on top of a building. How tall is the
building if we assume air density of 1.15 kg/m3?

1.49 An exploration submarine should be able to descend
1200 m down in the ocean. If the ocean density is
1020 kg/m3, what is the maximum pressure on the
submarine hull?

1.50 The absolute pressure in a tank is 115 kPa and the
local ambient absolute pressure is 102 kPa. If a U-tube
with mercury (density = 13 550 kg/m?) is attached to
the tank to measure the gauge pressure, what column
height difference will it show?

1.51 An absolute pressure gauge attached to a steel cylin-
der shows 135 kPa. We want to attach a manometer
using liquid water on a day that P, = 101 kPa. How
high a fluid level difference must we plan for?

1.52 A pipe flowing light oil has a manometer attached,
as shown in Fig. P1.52. What is the absolute pressure
in the pipe flow?

_ Py=101kPa

0.7m

0.1m

Figure P1.52

1.53 The difference in height between the columns of
a manometer is 200 mm, with a fluid of density

P-3
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900 kg/m>. What is the pressure difference? What is
the height difference if the same pressure difference is
measured using mercury (density = 13 600 kg/m?) as
manometer fluid?

1.54 A piece of experimental apparatus, Fig. P1.54, is
located where g = 9.5 m/s? and the temperature is 5°C.
Air flow inside the apparatus is determined by mea-
suring the pressure drop across an orifice with a mer-
cury manometer (density = 13 580 kg/m?) showing
a height difference of 200 mm. What is the pressure
drop in kPa?

— Air

Figure P1.54

Energy and Temperature

1.55 A 0.25 m?® piece of softwood is lifted up to the top
shelf in a storage bin that is 4 m above the ground
floor. How much increase in potential energy does the
wood get?

1.56 A car of mass 1775 kg travels with a velocity of
100 km/h. Find the kinetic energy. How high should
the car be lifted in the standard gravitational field to
have a potential energy that equals the kinetic energy?

1.57 What is a temperature of —5°C in degrees Kelvin?

1.58 A mercury thermometer measures temperature by
measuring the volume expansion of a fixed mass of lig-
uid mercury due to a change in density as py, = 13 595
— 2.5 Tkg/m? (T in Celsius). Find the relative change
(%) in volume for a change in temperature from 10 to
20°C.

1.59 The density of liquid water is p = 1008 — 7/2
(kg/m?) with T in °C. If the temperature increases
10°C, how much deeper does a 1-m layer of water
become?

Review Problems

1.60 Repeat Problem 1.54 if the flow inside the apparatus
is liquid water (p = 1000 kg/m?) instead of air. Find the

P-4

Telegram: @uni_k

pressure difference between the two holes flush with
the bottom of the channel. You cannot neglect the two
unequal water columns.

1.61 A dam retains a lake 6 m deep, as shown in Fig.
P1.61. To construct a gate in the dam, we need to know
the net horizontal force on a 5-m-wide, 6-m-tall port
section that then replaces a 5-m section of the dam.
Find the net horizontal force from the water on one
side and air on the other side of the port.

Lake

Side view

Top view

Figure P1.61

1.62 In the city water tower, water is pumped up to a level
of 25 m above ground in a pressurized tank with air
at 125 kPa over the water surface. This is illustrated
in Fig. P1.62. Assuming water density of 1000 kg/m?
and standard gravity, find the pressure required to
pump more water in at ground level.

Figure P1.62
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1.63 The main waterline into a tall building has a pres-
sure of 600 kPa at 5-m elevation below ground level.
The building is shown in Fig. P1.63. How much extra
pressure does a pump need to add to ensure a water-
line pressure of 200 kPa at the top floor 150 m above-
ground?

”’i Top floor

I
150 m o

1” Ground

L I

Water main =« _——— _ _ 1-

Figure P1.63

ENGLISH UNIT PROBLEMS

English Unit Concept Problems

1.64E A mass of 2 1bm has an acceleration of 5 ft/s>.
What is the needed force in Ibf?

1.65E How much mass is in 1 gal of gasoline? In helium
in a balloon at atmospheric P and 77?7

1.66E Can you easily carry a 1-gal bar of solid gold?

1.67E What is the temperature of —5 F in degrees Rank-
ine?

1.68E What is the lowest possible temperature in degrees
Fahrenheit? In degrees Rankine?

1.69E What is the relative magnitude of degree Rankine
to degree Kelvin?

English Unit Problems

1.70E The Rover Explorer has a mass of 410 Ibm, how
much does this “weigh” on the Moon (g = g,4/6) and
on Mars where g = 12.3 ft/s>.

1.71E A 2500-1bm car moving at 25 mi/h is accelerated
at a constant rate of 15 ft/s> up to a speed of 50 mi/h.
What are the force and total time required?

EI 1.72E An escalator brings four people with a total mass
of 600 Ibm and a 1000-Ibm cage up with an accelera-
tion of 3 ft/s>. What is the needed force in the cable?

1.73E A car of mass 4000 Ibm travels with a velocity of
60 mi/h. Find the kinetic energy. How high should the
car be lifted in the standard gravitational field to have
a potential energy that equals the kinetic energy?
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1.74E A power plant that separates carbon dioxide from
the exhaust gases compresses it to a density of
8 Ibm/ft® and stores it in an unminable coal seam with
a porous volume of 3 500 000 ft*. Find the mass that
can be stored.

1.75E The piston cylinder in Fig. P1.29 has a diameter of
4 in., inside pressure 100 psia. What forcemust hold
the massless piston up as the piston lower side has P,
besides the force?

1.76E A laboratory room keeps a vacuum of 1in. of
water due to the exhaust fan. What is the net force
on a door of size 6 ft by 3 ft?

1.77E A person, 175 Ibm, wants to fly (hoover) on a
4 1bm skateboard of size 2 ft by 0.8 ft. How large a
gauge pressure under the board is needed?

1.78E A floating oil rig is anchored in the seabed with
cables giving a net pull of 2 250 000 1bf down. How
large a water displacement volume does that lead to?

1.79E A container ship is 790 ft long and 72 ft wide.
Assume the shape is like a rectangular box. How
much mass does the ship carry as load if it is 30 ft
down in the water and the mass of the ship itself is
30 000 tons.

1.80E A manometer shows a pressure difference of
3.5 in. of liquid mercury. Find AP in psi.

1.81E What pressure difference does a 300-ft column of
atmospheric air show?

P-5
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1.82E A piston/cylinder with a cross-sectional area of 1.84E A piston, m, = 10 lbm, is fitted in a cylinder, 'SS |

0.1 ft> has a piston mass of 100 lbm and a force of A = 2.5 in.2, that contains a gas. The setup is in
180 1bf resting on the stops, as shown in Fig. P1.34. a centrifuge that creates an acceleration of 75 ft/s?.
With an outside atmospheric pressure of 1 atm, what Assuming standard atmospheric pressure outside the
should the water pressure be to lift the piston? cylinder, find the gas pressure.

1.83E The main waterline into a tall building has a pres- 1.85E The human comfort zone is between 18 and 24°C.
sure of 90 psia at 16 ft elevation below ground level. What is the range in Fahrenheit?

How much extra pressure does a pump need to add to
ensure a waterline pressure of 30 psia at the top floor
450 ft above ground?

P-6
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Summary Objectives

CHAPTER 1
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We introduce a thermodynamic system as a control volume, which for a fixed mass is a
control mass. Such a system can be isolated, exchanging neither mass, momentum, nor
energy with its surroundings. A closed system versus an open system refers to the ability of
mass exchange with the surroundings. If properties for a substance change, the state changes
and a process occurs. When a substance has gone through several processes, returning to
the same initial state, it has completed a cycle.

Basic units for thermodynamic and physical properties are mentioned, and most are
covered in Table A.1. Thermodynamic properties such as density p, specific volume v,
pressure P, and temperature 7 are introduced together with units for these properties. Prop-
erties are classified as intensive, independent of mass (like v), or extensive, proportional to
mass (like V). Students should already be familiar with other concepts from physics such as
force F, velocity V, and acceleration a. Application of Newton’s law of motion leads to the
variation of static pressure in a column of fluid and the measurements of pressure (absolute
and gauge) by barometers and manometers. The normal temperature scale and the absolute
temperature scale are introduced.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

¢ Define (choose) a control volume C.V. around some matter and
o Sketch the content and identify storage locations for mass
* Identify mass and energy flows crossing the C.V. surface

* Know properties P-T—v—p and their units.

¢ Know how to look up conversion of units in Table A.1.

* Know that energy is stored as kinetic, potential, or internal (in molecules).
¢ Know the difference between (v, p) and (V, m) intensive versus extensive.
* Apply a force balance to a given system and relate it to pressure P.

* Know the difference between a relative (gauge) and absolute pressure P.

e Understand the working of a manometer or a barometer and get AP or P from
height H.

* Know the difference between a relative and absolute temperature 7.
e Understand how physics of a device can influence a property.

* You should have an idea about magnitudes (v, p, P, T).
Most of these concepts will be repeated and reinforced in the following chapters, such as

properties in Chapter 2, energy transfer as heat and work, and internal energy in Chapter 3,
together with their applications.

S-1
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Study guide and Chapter
Study Resources
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CHAPTER 1

Objectives

Reading, Examples,
Eqs & Tables

Concepts, Study,
Hw problems

Know properties P-T-v-p and
their units

Reading: Sec. 1.3, 1.5-1.7,
1.11

Examples: 1.1-1.5
Egs:1.2,1.3,1.12,1.13
Tables: A.1

C: 1, 3-10, 14-15
S:5,18,59

Hw: 19-24, 57-58, 65E-69E,
85E

Know that energy is stored as
kinetic, potential or internal
(in molecules)

Reading: Sec. 1.8
Examples: 1.1-1.5
Egs.: 1.9, 1.10, 1.11

C: 17
Hw: 19-24, 55-56, 73E

barometer to get AP or P
from height H

Examples: 1.5-1.6
Eqgs:1.3-1.6

Know the difference between Reading: Sec. 1.3 C 1,3

(v, p) and (V, m) intensive Examples: 1.2 Hw: 20

versus extensive

Apply a force balance to a Reading: Sec. 1.5-1.7, 1.11 C: 8-13

given system and relate it to Examples: 1.3, 1.4, 1.7 S: 13, 31, 38, 40, 84E
pressure P Egs:1.1,1.3-1.7 Hw: 28-41, 84E
Know the difference between Reading: Sec. 1.7 C:11-12,

a relative (gauge) and Examples: 1.5-1.6 S: 44, 49,53

absolute pressure P Eqs and Tables: 1.3 -1.4, 1.6 Hw: 4246, 49, 52, 54
Understand manometer and Reading: Sec. 1.7 C: 11-12

S: 44,49, 53, 80E
Hw: 42-54, 80E-83E

Know the difference between
a relative and absolute
temperature 7'

Reading: Sec. 1.11
Examples: 1.5-1.6
Egs:1.12,1.13
Tables: A.1

C: 14-16
S: 59
Hw: 57-59

Understand how physics of a
device can influence a

property.

Reading: all

Examples: 1.2-1.7
Deviceegs.: P=C,V=C,
T=C

nearly all hw

Have an idea about
magnitudes (v, p, P, T)

Reading: Sec. 1.7
Examples: 1.5-1.6
Equations: 1.2-1.6
Figure: 1.8

S: 18
Hw: 18, 57, 85E
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Introduction
and Preliminaries

The field of thermodynamics is concerned with the science of energy focusing on energy
storage and energy conversion processes. We will study the effects of energy on differ-
ent substances, as we may expose a mass to heating/cooling or to volumetric compres-
sion/expansion. During such processes, we are transferring energy into or out of the mass,
so it changes its conditions expressed by properties such as temperature, pressure, and vol-
ume. We use several processes similar to this in our daily lives; we heat water to make coffee
or tea or cool it in a refrigerator to make cold water or ice cubes in a freezer. In nature, water
evaporates from oceans and lakes and mixes with air where the wind can transport it, and
later the water may drop out of the air as either rain (liquid water) or snow (solid water).
As we study these processes in detail, we will focus on situations that are physically simple
and yet typical of real-life situations in industry or nature.

By a combination of processes, we are able to illustrate more complex devices or
complete systems—for instance, a simple steam power plant that is the basic system that
generates the majority of our electric power. Figure 1.1 shows a power plant that produces
electric power and hot water for district heating by burning coal. The coal is supplied by
ship, and the district heating pipes are located in underground tunnels and thus are not
visible. For a better understanding and a technical description, see the simple schematic of
the power plant shown in Fig. 1.2. This includes various outputs from the plant as electric
power to the net, warm water for district heating, slag from burning coal, and other materials
such as ash and gypsum; the last output is a flow of exhaust gases out of the chimney.

Another set of processes forms a good description of a refrigerator that we use to
cool food or apply it at very low temperatures to produce a flow of cold fluid for cryogenic
surgery by freezing tissue for minimal bleeding. A simple schematic for such a system is
shown in Fig. 1.3. The same system can also function as an air conditioner with the dual
purpose of cooling a building in summer and heating it in winter; in this last mode of use, it
is also called a heat pump. For mobile applications, we can make simple models for gasoline
and diesel engines typically used for ground transportation and gas turbines in jet engines
used in aircraft, where low weight and volume are of prime concern. These are just a few
examples of familiar systems that the theory of thermodynamics allows us to analyze. Once
we learn and understand the theory, we will be able to extend the analysis to other cases we
may not be familiar with.

Beyond the description of basic processes and systems, thermodynamics is extended
to cover special situations like moist atmospheric air, which is a mixture of gases, and the
combustion of fuels for use in the burning of coal, oil, or natural gas, which is a chemical
and energy conversion process used in nearly all power-generating devices. Many other
extensions are known; these can be studied in specialty texts. Since all the processes engi-
neers deal with have an impact on the environment, we must be acutely aware of the ways
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FIGURE 1.1 The

Avedoere Power Station,
Denmark. (Courtesy of Dong Energy, Denmark.)

in which we can optimize the use of our natural resources and produce the minimal amount
of negative consequences for our environment. For this reason, the treatment of efficiencies
for processes and devices is important in a modern analysis and is required knowledge for
a complete engineering study of system performance and operation.

Before considering the application of the theory, we will cover a few basic concepts
and definitions for our analysis and review some material from physics and chemistry that
we will need.

1.1, ATHERMODYNAMIC SYSTEM
AND THE CONTROL VOLUME

A thermodynamic system is a device or combination of devices containing a quantity of
matter under study. To define this more precisely, a control volume is chosen so that it
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Flue gas

Turbine Generator

Chimney

L Gas o— Ash
Hpurifier separator
Gypsum /_

grinder

Pum
o " cnanger Ditic
heating
Air Slag
FIGURE 1.2 Schematic diagram of a steam power plant.
Heat to room
Warm vapor (2)
Condenser
Work (3 Warm liquid
=
Compressor Expansion valve
or
Evaporator capillary tube
Cold vapor (1) A @ Cold liquid + vapor
FIGURE 1.3 L|r
Schematic diagram of a Heat from cold
refrigerator. refrigerated space

contains the matter and devices inside a control surface. Everything external to the control
volume is the surroundings, with the separation provided by the control surface. The surface
may be open or closed to mass flows, and it may have flows of energy in terms of heat
transfer and work across it. The boundaries may be movable or stationary. In the case of a
control surface closed to mass flow, so that no mass can escape or enter the control volume,
it is called a control mass containing the same amount of matter at all times.

Telegram: @uni_k



www.konkur.in
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FIGURE 1.4 Example 3 |

of a control mass. |/

Selecting the gas in the cylinder of Fig. 1.4 as a control volume by placing a control
surface around it, we recognize this as a control mass. If a Bunsen burner is placed under
the cylinder, the temperature of the gas will increase and the piston will move out. As the
piston moves, the boundary of the control mass also changes. As we will see later, heat
and work cross the boundary of the control mass during this process, but the matter that
composes the control mass can always be identified and remains the same.

An isolated system is one that is not influenced in any way by the surroundings so that
no mass, heat, or work is transferred across the boundary of the system. In a more typical
case, a thermodynamic analysis should be conducted for a device such as an air compres-
sor in which mass flows in and out, as shown schematically in Fig. 1.5. The real system
includes possibly a storage tank, as shown in Fig. 1.20. In such an analysis, we specify
a control volume that surrounds the compressor with a surface called the control surface,
across which there may be a transfer of mass and momentum as well as heat and work.

Thus, the more general control surface defines a control volume, where mass may
flow in or out, while a control mass is the special case of no mass flowing in or out. Hence,
the control mass contains a fixed mass at all times, which explains its name. The general
formulation of the analysis is considered in detail in Chapter 4. The terms closed system
(fixed mass) and open system (involving a flow of mass) are sometimes used to make this
distinction. Here, we use the term system as a more general and loose description for a
mass, device, or combination of devices that then is more precisely defined when a control
volume is selected. The procedure that will be followed in presenting the first and second

High-pressure
air out Low-pressure
airin
-
Compressor
l
Motor
|
? L ™
Control
surface

FIGURE 1.5 Example

of a control volume.
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laws of thermodynamics is first to present these laws for a control mass and then to extend
the analysis to the more general control volume.

1.2 MACROSCOPIC VERSUS MICROSCOPIC POINTS
OF VIEW

The behavior of a system may be investigated from either a microscopic or macroscopic
point of view. Let us briefly describe a system from a microscopic point of view. Con-
sider a system consisting of a cube 25 mm on each side and containing a monatomic gas
at atmospheric pressure and temperature. This volume contains approximately 102 atoms.
To describe the position of each atom, we need to specify three coordinates; to describe the
velocity of each atom, we specify three velocity components.

Thus, to describe completely the behavior of this system from a microscopic point
of view, we must deal with at least 6 X 10?° equations. Even with a modern computer,
this is a hopeless computational task. However, there are two approaches to this problem
that reduce the number of equations and variables to a few that can be computed relatively
easily. One is the statistical approach, in which, on the basis of statistical considerations
and probability theory, we deal with average values for all particles under consideration.
This is usually done in connection with a model of the atom under consideration. This is
the approach used in the disciplines of kinetic theory and statistical mechanics.

The other approach to reducing the number of variables to a few that can be handled
relatively easily involves the macroscopic point of view of classical thermodynamics. As
the word macroscopic implies, we are concerned with the gross or average effects of many
molecules. These effects can be perceived by our senses and measured by instruments.
However, what we really perceive and measure is the time-averaged influence of many
molecules. For example, consider the pressure a gas exerts on the walls of its container.
This pressure results from the change in momentum of the molecules as they collide with
the wall. From a macroscopic point of view, however, we are concerned not with the action
of the individual molecules but with the time-averaged force on a given area, which can
be measured by a pressure gauge. In fact, these macroscopic observations are completely
independent of our assumptions regarding the nature of matter.

Although the theory and development in this book are presented from a macroscopic
point of view, a few supplementary remarks regarding the significance of the microscopic
perspective are included as an aid to understanding the physical processes involved. Another
book in this series, Introduction to Thermodynamics: Classical and Statistical, by R. E.
Sonntag and G. J. Van Wylen, includes thermodynamics from the microscopic and statisti-
cal point of view.

A few remarks also should be made regarding the continuum approach. We are nor-
mally concerned with volumes that are very large compared to molecular dimensions and
with time scales that are very large compared to intermolecular collision frequencies. For
this reason, we deal with very large numbers of molecules that interact extremely often dur-
ing our observation period, so we view the system as a simple uniformly distributed mass
in the volume called a continuum. This concept, of course, is only a convenient assump-
tion that loses validity when the mean free path of the molecules approaches the order of
magnitude of the dimensions of the vessel, as, for example, in high-vacuum technology. In
much engineering work, the assumption of a continuum is valid and convenient, consistent
with the macroscopic point of view.
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1.3) PROPERTIES AND STATE OF A SUBSTANCE

If we consider a given mass of water, we recognize that this water can exist in various
forms. If it is a liquid initially, it may become a vapor when it is heated or a solid when it
is cooled. Thus, we speak of the different phases of a substance. A phase is describing a
condition of matter that is homogeneous throughout, commonly referred to as solid, liquid,
or gas phases. When more than one phase is present, the phases are separated from each
other by the phase boundaries. In each phase, the substance may exist at various pressures
and temperatures or, to use the thermodynamic term, in various states. The state may be
identified or described by certain observable, macroscopic properties; some familiar ones
are temperature, pressure, and density. In later chapters, other properties will be introduced.
Each of the properties of a substance in a given state has only one definite value, and these
properties always have the same value for a given state, regardless of how the substance
arrived at the state. In fact, a property can be defined as any quantity that depends on the
state of the system and is independent of the path (i.e., the prior history) by which the system
arrived at the given state. Conversely, the state is specified or described by the properties.
Later, we will consider the number of independent properties a substance can have, that is,
the minimum number of properties that must be specified to fix the state of the substance.

Thermodynamic properties can be divided into two general classes: intensive and
extensive. An intensive property is independent of the mass; the value of an extensive prop-
erty varies directly with the mass. Thus, if a quantity of matter in a given state is divided
into two equal parts, each part will have the same value of intensive properties as the orig-
inal and half the value of the extensive properties. Pressure, temperature, and density are
examples of intensive properties. Mass and total volume are examples of extensive prop-
erties. Extensive properties per unit mass, such as specific volume, see Section 1.6, are
intensive properties.

Frequently we will refer not only to the properties of a substance but also to the prop-
erties of a system. When we do so, we necessarily imply that the value of the property has
significance for the entire system, and this implies equilibrium. For example, if the gas that
composes the system (control mass) in Fig. 1.4 is in thermal equilibrium, the temperature
will be the same throughout the entire system, and we may speak of the temperature as a
property of the system. We may also consider mechanical equilibrium, which is related to
pressure. If a system is in mechanical equilibrium, there is no tendency for the pressure
at any point to change with time as long as the system is isolated from the surroundings.
There will be variation in pressure with elevation because of the influence of gravitational
forces, although under equilibrium conditions there will be no tendency for the pressure
at any location to change. However, in many thermodynamic problems, this variation in
pressure with elevation is so small that it can be neglected. Chemical equilibrium is also
important and will be considered in Chapter 14. When a system is in equilibrium regarding
all possible changes of state, we say that the system is in thermodynamic equilibrium.

1.4) PROCESSES AND CYCLES

Whenever one or more of the properties of a system change, we say that a change in state
has occurred. For example, when the crank moves as shown in Fig. 1.6, the piston moves to
give a larger cylinder volume so a change in state occurs toward a lower pressure and higher
specific volume. The path of the succession of states through which the system passes is
called the process.
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FIGURE 1.6 Example
of a system that may
undergo a
quasi-equilibrium
process.
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Let us consider the equilibrium of a system as it undergoes a change in state. The
moment the piston in Fig. 1.6 is moved, mechanical equilibrium does not exist; as a result,
the volume and pressure change until mechanical equilibrium is restored. The question is
this: Since the properties describe the state of a system only when it is in equilibrium,
how can we describe the states of a system during a process if the actual process occurs
only when equilibrium does not exist? One step in finding the answer to this question
concerns the definition of an ideal process, which we call a quasi-equilibrium process.
A quasi-equilibrium process is one in which the deviation from thermodynamic equilib-
rium is infinitesimal, and all the states the system passes through during a quasi-equilibrium
process may be considered equilibrium states. Many actual processes closely approach a
quasi-equilibrium process and may be so treated with essentially no error. If the piston
moves slowly, the process could be considered quasi-equilibrium. However, if the piston
moves fast, there will be a nonuniform pressure distribution in the gas. This would be a
nonequilibrium process, and the system would not be in equilibrium at any time during this
change of state.

For nonequilibrium processes, we are limited to a description of the system before
the process occurs and after the process is completed and equilibrium is restored. We are
unable to specify each state through which the system passes or the rate at which the process
occurs. However, as we will see later, we are able to describe certain overall effects that
occur during the process.

Several processes are described by the fact that one property remains constant.
The prefix iso- is used to describe such a process. An isothermal process is a constant-
temperature process, an isobaric process is a constant-pressure process, and an isochoric
process is a constant-volume process.

When a system in a given initial state goes through a number of different changes of
state or processes and finally returns to its initial state, the system has undergone a cycle.
Therefore, at the conclusion of a cycle, all the properties have the same value they had at
the beginning. Steam (water) that circulates through a steam power plant undergoes a cycle.

A distinction should be made between a thermodynamic cycle, which has just been
described, and a mechanical cycle. A four-stroke-cycle internal-combustion engine goes
through a mechanical cycle once every two revolutions. However, the working fluid does
not go through a thermodynamic cycle in the engine, since air and fuel are burned and
changed to products of combustion that are exhausted to the atmosphere. In this book, the
term cycle will refer to a thermodynamic cycle unless otherwise designated.

1.5) UNITS FOR MASS, LENGTH, TIME, AND FORCE

Since we are considering thermodynamic properties from a macroscopic perspective, we
are dealing with quantities that can, either directly or indirectly, be measured and counted.
Therefore, the matter of units becomes an important consideration, and they are all shown
in appendix Table A.1. In the remaining sections of this chapter, we will define certain
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thermodynamic properties and the basic units. Because the relation between force and
mass is often difficult for students to understand, it is considered in this section in some
detail.

Force, mass, length, and time are related by Newton’s second law of motion, which
states that the force acting on a body is proportional to the product of the mass and the
acceleration in the direction of the force:

F «x ma

The concept of time is well established. The basic unit of time is the second (s),
which in the past was defined in terms of the solar day, the time interval for one complete
revolution of the earth relative to the sun. Since this period varies with the season of the
year, an average value over a 1-year period is called the mean solar day, and the mean solar
second is 1/86 400 of the mean solar day. In 1967, the General Conference of Weights and
Measures (CGPM) adopted a definition of the second as the time required for a beam of
cesium-133 atoms to resonate 9 192 631 770 cycles in a cesium resonator.

For periods of time less than 1 s, the prefixes milli, micro, nano, pico, or femto, as
listed in Table A.0, are commonly used. For longer periods of time, the units minute (min),
hour (h), or day (day) are frequently used. It should be pointed out that the prefixes are used
with many other units as well.

The concept of length is also well established. The basic unit of length is the meter
(m), which used to be marked on a platinum—iridium bar. Currently, the CGPM has adopted
a more precise definition of the meter in terms of the speed of light (which is now a fixed
constant): The meter is the length of the path traveled by light in a vacuum during a time
interval of 1/299 792 458 of a second.

The fundamental unit of mass is the kilogram (kg). As adopted by the first CGPM
in 1889 and restated in 1901, it is the mass of a certain platinum—iridium cylinder main-
tained under prescribed conditions at the International Bureau of Weights and Measures.
A related unit that is used frequently in thermodynamics is the mole (mol), defined as an
amount of substance containing as many elementary entities as there are atoms in 0.012 kg
of carbon-12. These elementary entities must be specified; they may be atoms, molecules,
electrons, ions, or other particles or specific groups. For example, 1 mol of diatomic oxy-
gen, having a molecular mass of 32 (compared to 12 for carbon), has a mass of 0.032 kg.
The mole is often termed a gram mole, since it is an amount of substance in grams numer-
ically equal to the molecular mass. In this book, when using the metric SI system, we will
use the kilomole (kmol), the amount of substance in kilograms numerically equal to the
molecular mass, rather than the mole.

The system of units in use presently throughout most of the world is the metric
International System, commonly referred to as SI units (from Le Syst¢me International
d’Unités). In this system, the second, meter, and kilogram are the basic units for time,
length, and mass, respectively, as just defined, and the unit of force is defined directly from
Newton’s second law. The unit conversions are shown in Table A.1 and covers most of the
commonly used ones in SI and English unit systems.

Therefore, a proportionality constant is unnecessary, and we may write that law as an
equality:

F =ma (1.1)
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The unit of force is the newton (N), which by definition is the force required to accelerate
amass of 1 kg at the rate of 1 m/s*:

I N = 1kgm/s?

It is worth noting that SI units derived from proper nouns use capital letters for symbols;
others use lowercase letters. The liter, with the symbol L, is an exception.

The traditional system of units used in the United States is the English Engineering
System. In this system, the unit of time is the second, which was discussed earlier. The
basic unit of length is the foot (ft), which at present is defined in terms of the meter as

1 ft =0.3048 m = 12 in.

and therefore also relates to the inch (in.). The unit of mass in this system is the pound mass
(Ibm). It was originally defined as the mass of a certain platinum cylinder kept in the Tower
of London, but now it is defined in terms of the kilogram as

1 Ibm = 0.453 592 37 kg

A related unit is the pound mole (Ib mol), which is an amount of substance in pounds mass
numerically equal to the molecular mass of that substance. It is important to distinguish
between a pound mole and a mole (gram mole).

In the English Engineering System of Units, the unit of force is the pound force (Ibf),
defined as the force with which the standard pound mass is attracted to the earth under
conditions of standard acceleration of gravity, which is that at 45° latitude and sea level
elevation, 9.806 65 m/s? or 32.1740 ft/s2. Thus, it follows from Newton’s second law that

1 Ibf = 32.174 Ibm ft /s>

which is a necessary factor for the purpose of units conversion and consistency. Note that
we must be careful to distinguish between an Ibm and an 1bf, and we do not use the term
pound alone.

The term weight is often used with respect to a body and is sometimes confused with
mass. Weight is really correctly used only as a force. When we say that a body weighs so
much, we mean that this is the force with which it is attracted to the earth (or some other
body), that is, the product of its mass and the local gravitational acceleration. The mass of
a substance remains constant with elevation, but its weight varies with elevation.

\ 2 —
e §

What is the weight of a 1-kg mass at an altitude where the local acceleration of gravity is
9.75 m/s??

Solution
Weight is the force acting on the mass, which from Newton’s second law is

F=mg=1kgx9.75m/s*> x[I1 Ns’/kgm] =9.75N

HLE N . ol
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What is the weight of a 1-lbm mass at an altitude where the local acceleration of gravity
is 32.0 ft/s2?

Solution
Weight is the force acting on the mass, which from Newton’s second law is

F =mg = 11bm x 32.0 ft/s* x [Ibf s> /32.174 Ibm ft] = 0.9946 Ibf

LW N\l

In-Text Concept Questions

a. Make a control volume around the turbine in the steam power plant in Fig. 1.2 and
list the flows of mass and energy located there.

b. Take a control volume around your kitchen refrigerator, indicate where the compo-
nents shown in Fig. 1.3 are located, and show all energy transfers.

1.6/ SPECIFIC VOLUME AND DENSITY

The specific volume of a substance is defined as the volume per unit mass and is given
the symbol v. The density of a substance is defined as the mass per unit volume, and it
is therefore the reciprocal of the specific volume. Density is designated by the symbol p.
Specific volume and density are intensive properties.

The specific volume of a system in a gravitational field may vary from point to point.
For example, if the atmosphere is considered a system, the specific volume increases as
the elevation increases. Therefore, the definition of specific volume involves the specific
volume of a substance at a point in a system.

Consider a small volume 6V of a system, and let the mass be designated é6m. The
specific volume is defined by the relation

v= lim ov (1.2)
V-6V om

where 6V’ is the smallest volume for which the mass can be considered a continuum. Vol-
umes smaller than this will lead to the recognition that mass is not evenly distributed in
space but is concentrated in particles as molecules, atoms, electrons, and so on. This is
tentatively indicated in Fig. 1.7, where in the limit of a zero volume the specific volume
may be infinite (the volume does not contain any mass) or very small (the volume is part of
a nucleus).

Thus, in a given system, when we speak of the specific volume or density at a point
in the system we recognize that this may vary with elevation. However, most of the systems
that we consider are relatively small, and the change in specific volume with elevation is not
significant. Therefore, we can assign one value of specific volume or density to the entire
system.
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FIGURE 1.7 The
continuum limit for the
specific volume.

FIGURE 1.8 Density

of common substances.
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In this book, the specific volume and density will be given either on a mass or a mole
basis. A bar over the symbol (lowercase) will be used to designate the property on a mole
basis. Thus, v will designate molal specific volume and p will designate molal density. In
SI units, those for specific volume are m3/kg and m3/mol (or m3/kmol); for density the
corresponding units are kg/m* and mol/m? (or kmol/m?). In English units, those for spe-
cific volume are ft3/lbm and ft*/Ib mol; the corresponding units for density are Ibm/ft*> and
1b mol/ft.

Although the ST unit for volume is the cubic meter, a commonly used volume unit is
the liter (L), which is a special name given to a volume of 0.001 m3, thatis, I L = 1073 m3.
The general ranges of density for some common solids, liquids, and gases are shown
in Fig. 1.8. Specific values for various solids, liquids, and gases in SI units are listed in
Tables A.3, A4, and A.5, respectively and in English units in Tables F.2, F.3, and F.4.

— .

e
A 1-m? container, shown in Fig. 1.9, is filled with 0.12 m? of granite, 0.15 m® of sand,
and 0.2 m3 of liquid 25°C water; the rest of the volume, 0.53 m?3, is air with a density of
1.15 kg/m>. Find the overall (average) specific volume and density.
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FIGURE 1.9 Sketch for Example 1.2.

Solution
From the definition of specific volume and density, we have

v=V/mandp=m/V =1/v
We need to find the total mass, taking density from Tables A.3 and A.4:
=pV,

granite

Mgranite =2750 kg/m’® x 0.12 m* = 330 kg
Mend = Peand Viand = 1500 kg/m? x 0.15 m® = 225 kg
Myater = Pavater Vevater = 997 kg/m? x 0.2 m* = 199.4 kg
My = poir Vair = 1.15 kg/m? x 0.53 m* = 0.61 kg
Now the total mass becomes
My = Mgpanite + Mgang + Mygrer + Myir = 755 kg
and the specific volume and density can be calculated:
v =V /My = 1 m?/755 kg = 0.001325 m® /kg
p =My /Viey = 755 kg/1 m? = 755 kg/m?

Remark: It is misleading to include air in the numbers for p and V, as the air is separate
from the rest of the mass.

HLE N . -l

In-Text Concept Questions

c. Why do people float high in the water when swimming in the Dead Sea as compared
with swimming in a freshwater lake?

. The density liquid water is p = 1008 — 7/2 (kg/m?) with T in °C. If the temperature
increases, what happens to the density and specific volume?

=7
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FIGURE 1.10 The
balance of forces on a
movable boundary
relates to inside gas
pressure.
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1.7) PRESSURE

When dealing with liquids and gases, we ordinarily speak of pressure; for solids, we speak
of stresses. The pressure in a fluid at rest at a given point is the same in all directions, and
we define pressure as the normal component of force per unit area. More specifically, if 6A
is a small area, SA” is the smallest area over which we can consider the fluid a continuum,
and oF,, is the component of force normal to 6A, we define pressure, P, as
. oF,
P= lim — (1.3)

sA—35A" OA
where the lower limit corresponds to sizes as mentioned for the specific volume, shown in
Fig. 1.7. The pressure P at a point in a fluid in equilibrium is the same in all directions. In
a viscous fluid in motion, the variation in the state of stress with orientation becomes an
important consideration. These considerations are beyond the scope of this book, and we
will consider pressure only in terms of a fluid in equilibrium.

The unit for pressure in the International System is the force of one newton acting on

a square meter area, which is called the pascal (Pa). That is,

1Pa=1N/m?

Two other units, not part of the International System, continue to be widely used.
These are the bar, where
1 bar = 10° Pa = 0.1 MPa

and the standard atmosphere, where
1 atm = 101 325 Pa = 14.696 Ibf /in.?

which is slightly larger than the bar. In this book, we will normally use the SI unit, the pascal,
and especially the multiples of kilopascal and megapascal. The bar will be utilized often
in the examples and problems, but the atmosphere will not be used, except in specifying
certain reference points.

Consider a gas contained in a cylinder fitted with a movable piston, as shown in
Fig. 1.10. The pressure exerted by the gas on all of its boundaries is the same, assum-
ing that the gas is in an equilibrium state. This pressure is fixed by the external force acting
on the piston, since there must be a balance of forces for the piston to remain stationary.
Thus, the product of the pressure and the movable piston area must be equal to the external
force. If the external force is now changed in either direction, the gas pressure inside must
accordingly adjust, with appropriate movement of the piston, to establish a force balance
at a new equilibrium state. As another example, if the gas in the cylinder is heated by an
outside body, which tends to increase the gas pressure, the piston will move instead, such
that the pressure remains equal to whatever value is required by the external force.
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The hydraulic piston/cylinder system shown in Fig. 1.11 has a cylinder diameter of
D = 0.1 m with a piston and rod mass of 25 kg. The rod has a diameter of 0.01 m with an
outside atmospheric pressure of 101 kPa. The inside hydraulic fluid pressure is 250 kPa.

How large a force can the rod push with in the upward direction?

lF

] Arod ]

PO‘

1
oy Sm—

FIGURE 1.11 Sketch for Example 1.3.

Solution
We will assume a static balance of forces on the piston (positive upward), so

Foi=ma=0

n
= PcylAcyl - PO(Acyl —Apa) —F - myg

Solve for F:
F=P cylAcyl - P O(Acyl - Arod) —m,8

The areas are

T

Ay =nr* = 2D*[4 = Z0.12 m* = 0.007 854 m?

Ag=mr? =D /4 = %0.012 m* = 0.000 078 54 m*

The force becomes

F = [250 kPa x 0.007 854 m? — 101 kPa (0.007 854 — 0.000 078 54) m*] 1000 Pa/kPa
—25kg x 9.81 m/s*> = [1963.5 — 785.32 — 245.25] N = 932.9 N

Note that we must convert kPa to Pa to get units of N.

HLE N . ol

In most thermodynamic investigations, we are concerned with absolute pressure.
Most pressure and vacuum gauges, however, read the difference between the absolute
pressure and the atmospheric pressure existing at the gauge. This is referred to as gauge
pressure.

Pgauge=AP=P_Po (1.4)
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Pabs,1 T

Ordinary pressure gauge
AP =Paps 1= Pam

Patm +

Ordinary vacuum gauge
AP =Py = Paps 2

Pabs,z T

Barometer reads
atmospheric pressure

FIGURE 1.12

[llustration of terms used

in pressure

measurement. 0

It is shown graphically in Fig. 1.12, and the following examples illustrate the principles.
Pressures below atmospheric and slightly above atmospheric, and pressure differences (for
example, across an orifice in a pipe), are frequently measured with a manometer, which
contains water, mercury, alcohol, oil, or other fluids.

Consider the column of fluid of height H standing above point B in the manometer
shown in Fig. 1.13. The force acting downward at the bottom of the column is

PyA +mg = PyA + pAgH

where m is the mass of the fluid column, A is its cross-sectional area, and p is its density.
This force must be balanced by the upward force at the bottom of the column, which is
PpA. Therefore,

Pp—Py=pgH

Paim =Py

FIGURE 1.13
Example of pressure
measurement using a
column of fluid.
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Since points A and B are at the same elevation in columns of the same fluid, their pressures
must be equal (the fluid being measured in the vessel has a much lower density, such that
% e its pressure P is equal to P,). Overall,

AP =P —Py=pgH (1.5)

For distinguishing between absolute and gauge pressure in this book, the term pascal

Patm g will always refer to absolute pressure. Any gauge pressure will be indicated as such.
Consider the barometer used to measure atmospheric pressure, as shown in Fig. 1.14.

Since there is a near vacuum in the closed tube above the vertical column of fluid, usually

/ J mercury, the height of the fluid column gives the atmospheric pressure directly from Eq. 1.5:
Pym = pgH, (1.6)

FIGURE 1.14 If the density is variable, we should consider Eq. 1.5 in differential form as

Barometer. dP = —pg dh

including the sign, so pressure drops with increasing height. Now the finite difference
becomes

H
P=P0—/ pg dh 1.7
0

with the pressure P, at zero height. Consider a volume of liquid at some depth from the
surface. The net force on that volume equals the normal force, F' = mg, to have static equi-
librium. That force is the net force up from the pressure distribution around the volume
regardless of its shape which is a buoyancy effect. We normally do not notice this except
when we place an object instead of the liquid volume that has a different mass in that volume
(Pobject # Prig)- Now there will be a net force up as

Fnet = Fbuoyancy — Mopject 8 = (pliq - pobject)Vg = (mliq - mobject)g (1.3)

If the object is heavier the force is down and if it is lighter the force is up which is what we
experience when we swim in water or float in a boat.

2 O
e = :
A mercury barometer located in a room at 25°C has a height of 750 mm. What is the atmo-

spheric pressure in kPa?

Solution
The density of mercury at 25°C is found from Table A.4 to be 13 534 kg/m?. Using Eq. 1.6,

Pym = pgHy = 13 534 kg/m* x 9.807 m/s* x 0.750 m
=99 540 Pa = 99.54 kPa

HLE N ol
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A mercury (Hg) manometer is used to measure the pressure in a vessel as shown in Fig. 1.13.
The mercury has a density of 13 590 kg/m>, and the height difference between the two
columns is measured to be 24 cm. We want to determine the pressure inside the vessel.

Solution
The manometer measures the gauge pressure as a pressure difference. From Eq. 1.5,

AP =Py = pgH = 13 590 kg/m’ x 9.807 m/s* X 0.24 m
=31 985 Pa = 31.985 kPa = 0.316 atm
To get the absolute pressure inside the vessel, we have
PA =Pvessel=PB=AP+Patm

We need to know the atmospheric pressure measured by a barometer (absolute pressure).
Assume that this pressure is known to be 750 mm Hg. The absolute pressure in the vessel

becomes
Pyesel = AP + P, = 31 985 Pa + 13 590 kg/m?® x 0.750 m x 9.807 m/s>

=31 985 + 99 954 = 131 940 Pa = 1.302 atm

HLE N Nl
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A mercury (Hg) manometer is used to measure the pressure in a vessel as shown in
Fig. 1.13. The mercury has a density of 848 Ibm/ft3, and the height difference between
the two columns is measured to be 9.5 in. We want to determine the pressure inside the
vessel.

Solution
The manometer measures the gauge pressure as a pressure difference. From Eq. 1.5,

AP=P,, .. = pgH

= 848“%’[1 x 32.174f—; % 9.5 in. X
S

1 ft [ 1 Ibf s2
ft

LI ST | 4 66 1bf/in2
172803 | 32.174 Ibm ft] /in

To get the absolute pressure inside the vessel, we have

vessel
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We need to know the atmospheric pressure measured by a barometer (absolute pressure).
Assume that this pressure is known to be 29.5 in. Hg. The absolute pressure in the vessel

becomes
Pyessg = AP + Py
= [848 % 32.174x29.5 x 171% X3 2'117 4]1bf/in.2 +4.66 Ibf /in.? = 19.14 Ibf /in.?
[ I\ . 7 ON\\""— |
DTE = =

A research submarine for ocean exploration has a volume of 22 m?, a mass of 16 000 kg
plus 2000 kg instrumentation and crew. It has some ballast tanks initially empty. How big a
water volume is displaced when the submarine is floating on the water surface? How much
ocean water (p;q = 1025 kg/m?) should be pumped into the ballast tanks for the submarine
to be able to submerge?

FIGURE 1.15 Alvinisa
submersible owned by the
United States Navy and
operated by the Woods
Hole Oceanographic
Institution in Woods Hole,
Massachusetts.

Solution
The submarine will float when the net force is zero, the force up must equal the normal
force, F = N = mg, so it must displace exactly that much mass of water.

F=mg =m;g8 = piigV1ig8 = Viig = m/ Plig>
Viiq = (16 000 + 2000) kg /(1025 kg/m’) = 17.56 m’

For the submarine to submerge, it must be neutrally buoyant, that means from Eq. 1.8 that
the mass of the submarine plus ballast must equal the mass of the displaced water.

Miq = Pliq Vsubmarine = Msubmarine + Mpallast =

Mpallast = pliq Vsubman'ne — Mgubmarine

= 1025 kg/m’ x 22 m* — (16 000 + 2000) kg = 4550 kg

This takes up 4.4 m? a significant volume compared to total volume.

LW AN\ ol
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A piston/cylinder with a cross-sectional area of 0.01 m? is connected with a hydraulic line to
another piston/cylinder with a cross-sectional area of 0.05 m?. Assume that both chambers
and the line are filled with hydraulic fluid of density 900 kg/m?® and the larger second pis-
ton/cylinder is 6 m higher up in elevation. The telescope arm and the buckets have hydraulic
piston/cylinders moving them, as seen in Fig. 1.16. With an outside atmospheric pressure
of 100 kPa and a net force of 25 kN on the smallest piston, what is the balancing force on
the second larger piston?

E
L

FIGURE 1.16 Sketch for Example 1.7.

Solution
When the fluid is stagnant and at the same elevation, we have the same pressure throughout
the fluid. The force balance on the smaller piston is then related to the pressure (we neglect
the rod area) as

F,+PyA, = P/A,
from which the fluid pressure is
P, = Py + F; /A, = 100 kPa + 25 kN/0.01 m? = 2600 kPa
The pressure at the higher elevation in piston/cylinder 2 is, from Eq. 1.5,
P, = P, — pgH = 2600 kPa — 900 kg/m?> x 9.81 m/s> x 6 m/(1000 Pa/kPa) = 2547 kPa

where the second term is divided by 1000 to convert from Pa to kPa. Then the force balance
on the second piston gives

Fy + PyA, = PyA,
Fy = (P, — Py)A, = (2547 — 100) kPa x 0.05 m? = 122.4 kN

HLE N . -l
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In-Text Concept Questions

e. A car tire gauge indicates 195 kPa; what is the air pressure inside?

f. Can I always neglect AP in the fluid above location A in Fig. 1.13? What circum-
stances does that depend on?

g. A U tube manometer has the left branch connected to a box with a pressure of
110 kPa and the right branch open. Which side has a higher column of fluid?

h. If the right side pipe section in Fig. 1.13 is V shaped like a funnel does that change
the pressure at location B?

i. If the cylinder pressure in Ex. 1.3 does not give F., = 0 what happens?

1.8) ENERGY

A macroscopic amount of mass can possess energy in the form of internal energy inherent
in its internal structure, kinetic energy in its motion, and potential energy associated with
external forces acting on the mass. We write the total energy as

E = Internal + Kinetic + Potential = U + KE + PE
and the specific total energy becomes
e=E/m=u+ke+pe=u+1/2V2+gz (1.9)

where the kinetic energy is taken as the translational energy and the potential energy is
written for the external force, which is the gravitational force assumed constant. If the mass
is rotating, we should add a rotational kinetic energy (12 @?) to the translational term.
What is called internal energy on the macroscale has a similar set of energies associated
with the microscale motion of the individual molecules. This enables us to write

U = Uext molecule + Utranslation + Uint molecule (110)

as a sum of the potential energy from intermolecular forces between molecules, the
molecule translational kinetic energy, and the energy associated with the molecular
internal and atomic structure.

Without going into detail, we realize that there is a difference between the intermolec-
ular forces. Thus, the first term of the energy for a configuration where the molecules are
close together, as in a solid or liquid (high density), contrasts with the situation for a gas
like air, where the distance between the molecules is large (low density). In the limit of a
very thin gas, the molecules are so far apart that they do not sense each other, unless they
collide and the first term becomes near zero. This is the limit we have when we consider a
substance to be an ideal gas, as will be covered in Chapter 2.

The translational energy depends only on the mass and center of mass velocity of the
molecules, whereas the last energy term depends on the detailed structure. In general, we
can write the energy as

(1.11)

Uint molecule = upotential + Urotation + Uyibration + Uatoms

To illustrate the potential energy associated with the intermolecular forces, consider an
oxygen molecule of two atoms, as shown in Fig. 1.17. If we want to separate the two atoms,
we pull them apart with a force and thereby we do some work on the system, as explained
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FIGURE 1.17 The
coordinate system for a
diatomic molecule.

FIGURE 1.18 The
three principal
vibrational modes for the
H,O molecule.
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in Chapter 3. That amount of work equals the binding (potential) energy associated with
the two atoms as they are held together in the oxygen molecule.

Consider a simple monatomic gas such as helium. Each molecule consists of a helium
atom. Such an atom possesses electronic energy as a result of both orbital angular momen-
tum of the electrons about the nucleus and angular momentum of the electrons spinning on
their axes. The electronic energy is commonly very small compared with the translational
energies. (Atoms also possess nuclear energy, which, except in the case of nuclear reactions,
is constant. We are not concerned with nuclear energy at this time.) When we consider more
complex molecules, such as those composed of two or three atoms, additional factors must
be considered. In addition to having electronic energy, a molecule can rotate about its center
of gravity and thus have rotational energy. Furthermore, the atoms may vibrate with respect
to each other and have vibrational energy. In some situations, there may be an interaction
between the rotational and vibrational modes of energy.

In evaluating the energy of a molecule, we often refer to the degree of freedom, f, of
these energy modes. For a monatomic molecule such as helium, f= 3, which represents the
three directions x, y, and z in which the molecule can move. For a diatomic molecule, such
as oxygen, f = 6. Three of these are the translation of the molecule as a whole in the x, y,
and z directions, and two are for rotation. The reason there are only two modes of rotational
energy is evident from Fig. 1.17, where we take the origin of the coordinate system at the
center of gravity of the molecule and the y-axis along the molecule’s internuclear axis. The
molecule will then have an appreciable moment of inertia about the x-axis and the z-axis
but not about the y-axis. The sixth degree of freedom of the molecule is vibration, which
relates to stretching of the bond joining the atoms.

For a more complex molecule such as H,O, there are additional vibrational degrees
of freedom. Figure 1.18 shows a model of the H,O molecule. From this diagram, we infer
there are three vibrational degrees of freedom. It is also possible to have rotational energy
about all three axes. Thus, for the H,O molecule, there are nine degrees of freedom (f = 9):
three translational, three rotational, and three vibrational.
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Most complex molecules, such as typical polyatomic molecules, are usually three-
dimensional in structure and have multiple vibrational modes, each of which contributes to
the energy storage of the molecule. The more complicated the molecule is, the larger the
number of degrees of freedom that exist for energy storage. The modes of energy storage
and their evaluation are discussed in some detail in Appendix C for those interested in
further development of the quantitative effects from a molecular viewpoint.

This general discussion can be summarized by referring to Fig. 1.19. Let heat be
transferred to H,O. During this process, the temperature of the liquid and vapor (steam)
will increase, and eventually all the liquid will become vapor. From the macroscopic point
ﬁ of view, we are concerned only with the energy that is transferred as heat, the change in prop-

Heat

erties such as temperature and pressure, and the total amount of energy (relative to some

base) that the H,O contains at any instant. Thus, questions about how energy is stored in

i } { } { } the H,O do not concern us. From a microscopic viewpoint, we are concerned about the way

in which energy is stored in the molecules. We might be interested in developing a model

of the molecule so that we can predict the amount of energy required to change the tem-

FIGURE 1.19 Heat perature a given amount. Although the focus in this book is on the macroscopic or classical
transfer to H,O. viewpoint, it is helpful to keep in mind the microscopic or statistical perspective, as well as
the relationship between the two, which helps us understand basic concepts such as energy.

1.9/ EQUALITY OF TEMPERATURE

Although temperature is a familiar property, defining it exactly is difficult. We are aware
of temperature first of all as a sense of hotness or coldness when we touch an object. We
also learn early that when a hot body and a cold body are brought into contact, the hot body
becomes cooler and the cold body becomes warmer. If these bodies remain in contact for
some time, they usually appear to have the same hotness or coldness. However, we also
realize that our sense of hotness or coldness is very unreliable. Sometimes very cold bodies
may seem hot, and bodies of different materials that are at the same temperature appear to
be at different temperatures.

Because of these difficulties in defining temperature, we define equality of tempera-
ture. Consider two blocks of copper, one hot and the other cold, each of which is in contact
with a mercury-in-glass thermometer. If these two blocks of copper are brought into ther-
mal communication, we observe that the electrical resistance of the hot block decreases
with time and that of the cold block increases with time. After a period of time has elapsed,
however, no further changes in resistance are observed. Similarly, when the blocks are first
brought in thermal communication, the length of a side of the hot block decreases with time
but the length of a side of the cold block increases with time. After a period of time, no fur-
ther change in the length of either block is perceived. In addition, the mercury column of
the thermometer in the hot block drops at first and that in the cold block rises, but after a
period of time no further changes in height are observed. We may say, therefore, that two
bodies have equality of temperature if, when they are in thermal communication, no change
in any observable property occurs.

1.10/ THE ZEROTH LAW OF THERMODYNAMICS

Now consider the same two blocks of copper and another thermometer. Let one block of
copper be brought into contact with the thermometer until equality of temperature is estab-
lished, and then remove it. Then let the second block of copper be brought into contact with
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the thermometer. Suppose that no change in the mercury level of the thermometer occurs
during this operation with the second block. We then can say that both blocks are in thermal
equilibrium with the given thermometer.

The zeroth law of thermodynamics states that when two bodies have equality of tem-
perature with a third body, they in turn have equality of temperature with each other. This
seems obvious to us because we are so familiar with this experiment. Because the princi-
ple is not derivable from other laws, and because it precedes the first and second laws of
thermodynamics in the logical presentation of thermodynamics, it is called the zeroth law
of thermodynamics. This law is really the basis of temperature measurement. Every time
a body has equality of temperature with the thermometer, we can say that the body has
the temperature we read on the thermometer. The problem remains of how to relate tem-
peratures that we might read on different mercury thermometers or obtain from different
temperature-measuring devices, such as thermocouples and resistance thermometers. This
observation suggests the need for a standard scale for temperature measurements.

1.11, TEMPERATURE SCALES

Two scales are commonly used for measuring temperature, namely, the Fahrenheit (after
Gabriel Fahrenheit, 1686—1736) and the Celsius. The Celsius scale was formerly called the
centigrade scale but is now designated the Celsius scale after Anders Celsius (1701-1744),
the Swedish astronomer who devised this scale.

The Fahrenheit temperature scale is used with the English Engineering System of
Units and the Celsius scale with the SI unit system. Until 1954, both of these scales were
based on two fixed, easily duplicated points: the ice point and the steam point. The tem-
perature of the ice point is defined as the temperature of a mixture of ice and water that is
in equilibrium with saturated air at a pressure of 1 atm. The temperature of the steam point
is the temperature of water and steam, which are in equilibrium at a pressure of 1 atm. On
the Fahrenheit scale, these two points are assigned the numbers 32 and 212, respectively,
and on the Celsius scale the points are 0 and 100, respectively. Why Fahrenheit chose these
numbers is an interesting story. In searching for an easily reproducible point, Fahrenheit
selected the temperature of the human body and assigned it the number 96. He assigned
the number 0 to the temperature of a certain mixture of salt, ice, and salt solution. On this
scale, the ice point was approximately 32. When this scale was slightly revised and fixed
in terms of the ice point and steam point, the normal temperature of the human body was
found to be 98.6 F.

In this book, the symbols F and °C will denote the Fahrenheit and Celsius scales,
respectively (the Celsius scale symbol includes the degree symbol since the letter C alone
denotes Coulomb, the unit of electrical charge in the SI system of units). The symbol 7 will
refer to temperature on all temperature scales.

At the tenth CGPM meeting in 1954, the Celsius scale was redefined in terms of a
single fixed point and the ideal gas temperature scale. The single fixed point is the triple
point of water (the state in which the solid, liquid, and vapor phases of water exist together
in equilibrium). The magnitude of the degree is defined in terms of the ideal gas temperature
scale, which is discussed in Chapter 5. The essential features of this new scale are a single
fixed point and a definition of the magnitude of the degree. The triple point of water is
assigned the value of 0.01°C. On this scale, the steam point is experimentally found to be
100.00°C. Thus, there is essential agreement between the old and new temperature scales.

We have not yet considered an absolute scale of temperature. The possibility of such
a scale comes from the second law of thermodynamics and is discussed in Chapter 5. On the
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basis of the second law of thermodynamics, a temperature scale that is independent of any
thermometric substance can be defined. This absolute scale is usually referred to as the ther-
modynamic scale of temperature. However, it is difficult to use this scale directly; therefore,
a more practical scale, the International Temperature Scale, which closely represents the
thermodynamic scale, has been adopted.

The absolute scale related to the Celsius scale is the Kelvin scale (after William
Thomson, 1824-1907, who is also known as Lord Kelvin) and is designated K (without
the degree symbol). The relation between these scales is

K =°C+273.15 (1.12)

In 1967, the CGPM defined the kelvin as 1/273.16 of the temperature at the triple point of
water. The Celsius scale is now defined by this equation instead of by its earlier definition.

The absolute scale related to the Fahrenheit scale is the Rankine scale and is desig-
nated R. The relation between these scales is

R = F +459.67 (1.13)

A number of empirically based temperature scales, to standardize temperature mea-
surement and calibration, have been used. The most recent of these is the International
Temperature Scale of 1990, or ITS-90. It is based on a number of fixed and easily repro-
ducible points that are assigned definite numerical values of temperature and further details
can be found in the literature.

1.12) ENGINEERING APPLICATIONS

When we deal with materials to move or trade them, we need to specify the amount; that is
often done as either the total mass or volume. For substances with reasonably well-defined
density, we can use either measure. For instance, water, gasoline, oil, natural gas, and many
food items are common examples of materials for which we use volume to express the
amount. Other examples are amounts of gold, coal, and food items where we use mass as
the amount. To store or transport materials, we often need to know both measures to be able
to size the equipment appropriately.

Pressure is used in applications for process control or limit control for safety reasons.
In most cases, this is the gauge pressure. For instance, a storage tank has a pressure indicator
to show how close it is to being full, but it may also have a pressure-sensitive safety valve
that will open and let material escape if the pressure exceeds a preset value. An air tank
with a compressor on top is shown in Fig. 1.20. As a portable unit, it is used to drive air
tools, such as nailers. A pressure gauge will activate a switch to start the compressor when
the pressure drops below a preset value, and it will disengage the compressor when a preset
high value is reached.

Tire pressure gauges, shown in Fig. 1.21, are connected to the valve stem on the
tire. Some gauges have a digital readout. The tire pressure is important for the safety and
durability of automobile tires. Too low a pressure causes large deflections and the tire may
overheat; too high a pressure leads to excessive wear in the center.

A spring-loaded pressure relief valve is shown in Fig. 1.22. With the cap, the spring
can be compressed to make the valve open at a higher pressure, or the opposite. This valve
is used for pneumatic systems.
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FIGURE 1.20 Air

compressor with tank. (© zilli/iStockphoto)

FIGURE 1.21
Automotive tire pressure
gauges.

FIGURE 1.22
Schematic of a pressure
relief valve.
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Vacuum retard port — Idle stop screw

Air to
- . rottle plate

engine P -~
Throttle plate
lock screw

FIGURE 1.23

Automotive engine
intake throttle.

Vacuum advance port

When a throttle plate in an intake system for an automotive engine restricts the flow
(Fig. 1.23), it creates a vacuum behind it that is measured by a pressure gauge sending
a signal to the computer control. The smallest absolute pressure (highest vacuum) occurs
when the engine idles, and the highest pressure (smallest vacuum) occurs when the engine
is at full throttle. In Fig. 1.23, the throttle is shown completely closed.

A pressure difference, AP, can be used to measure flow velocity indirectly, as shown
schematically in Fig. 1.24 (this effect is felt when you hold your hand out of a car window,
with a higher pressure on the side facing forward and a lower pressure on the other side,
giving a net force on your hand). The engineering analysis of such processes is developed
and presented in Chapter 7. In a speedboat, a small pipe has its end pointing forward, feeling
the higher pressure due to the relative velocity between the boat and the water. The other
end goes to a speedometer transmitting the pressure signal to an indicator.

An aneroid barometer, shown in Fig. 1.25, measures the absolute pressure used for
weather predictions. It consists of a thin metal capsule or bellows that expands or con-
tracts with atmospheric pressure. Measurement is by a mechanical pointer or by a change
in electrical capacitance with distance between two plates.

Numerous types of devices are used to measure temperature. Perhaps the most famil-
iar of these is the liquid-in-glass thermometer, in which the liquid is commonly mercury.
Since the volume of the liquid expands with temperature, the height of the liquid column
rises accordingly. Other liquids are also used in such thermometers, depending on the range
of temperature to be measured.

Manometer

AP

Static pressure —

FIGURE 1.24
Schematic of flow
velocity measurement.
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FIGURE 1.25

Aneroid barometer.

FIGURE 1.26

Thermocouples.
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Two types of devices commonly used in temperature measurement are thermocou-
ples and thermistors. Examples of thermocouples are shown in Fig. 1.26. A thermocouple
consists of a pair of junctions of two dissimilar metals that creates an electrical potential
(voltage) that increases with the temperature difference between the junctions. One junc-
tion is maintained at a known reference temperature (for example, in an ice bath), such
that the voltage measured indicates the temperature of the other junction. Different mate-
rial combinations are used for different temperature ranges, and the size of the junction is
kept small to have a short response time. Thermistors change their electrical resistance with
temperature, so if a known current is passed through the thermistor, the voltage across it
becomes proportional to the resistance. The output signal is improved if this is arranged in
an electrical bridge that provides input to an instrument. The small signal from these sen-
sors is amplified and scaled so that a meter can show the temperature or the signal can be
sent to a computer or a control system. High-precision temperature measurements are made
in a similar manner using a platinum resistance thermometer. A large portion of the ITS-90
(13.8033-1234.93 K) is measured in such a manner. Higher temperatures are determined
from visible-spectrum radiation intensity observations.
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KEY Concepts from Physics
CONCEPTS Newton’s law of F=ma (1.1)
AND motion:
FORMULAS Acceleration: a= d_2x = v
a2 dt

Velocity: = %

Control volume everything inside a control surface

Specific volume v=Vim (1.2)

Density p=m/V=1/v Tables A3, A4, A5 F2, FE3 F4

Pressure definition: P = F/A mathematical limit for small A (1.3)

Gauge pressure Pypyge = AP =P - P, (1.4)
Py =Pyn

Static pressure variation AP = pgH depth H in fluid of density p (1.5)

Buoyancy force F buoyancy = Pliq Vobject 8 =myq 8

Net force Fpo = Fbuoyancy = Mgbjeet 8 (1.8)

Specific total energy e=u+ %Vz + gz (internal + kinetic + potential) (1.9)

Internal energy U = Uext molecule ™ Uranslation T Uint molecule (1.10)
Uing molecule = Upotential T Urotation T Uyibration T Xatoms (1.11)

Absolute temperature T[K]=T[°C]+273.15 (1.12)
T [R] =T [F] + 459.67 (1.13)

Unit conversions Table A.1

Fundamental constants Table A.0
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CHAPTER 2 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

2.1
B 22
23

24
2.5

2.6
2.7

2.8

Are the pressures in the tables absolute or gauge
pressures?

What is the minimum pressure for liquid carbon
dioxide?

When you skate on ice, a thin liquid film forms
under the skate; why?

Is it possible to have water vapor at —5°C?

At higher elevations, as in mountains, air pressure
is lower; how does that affect the cooking of food?
Water at room temperature and room pressure has
v~ 1 x 10" m?/kg; what is n?

Can a vapor exist below the triple point tempera-
ture?

Ice cubes can disappear and food can dry out
(freezer burn) in the freezer. What happens to the
ice?

2.9

2.10

2.11

2.12

2.13

2.14

In Example 2.1b, is there any mass at the indicated
specific volume? Explain.

If I have 1 L of R-410A at 1 MPa, 5°C what is the
phase?

Locate the state of R-410A at 500 kPa, —10°C. Indi-
cate in both the P—v and T-v diagrams the location
of the nearest states listed in Table B.4.

How does a constant-v process for an ideal gas
appear in a P-T diagram?

If v = RT/P for an ideal gas, what is the similar ['sS |

equation for a liquid?
As the pressure of a gas becomes larger, Z becomes
larger than 1. What does that imply?

HOMEWORK PROBLEMS

Phase Diagrams, Triple and Critical Points

2.15

2.16

& 217

2.18
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Carbon dioxide at 280 K can be in three different
phases: vapor, liquid, and solid. Indicate the pres-
sure range for each phase.

Find the lowest temperature at which it is possible
to have water in the liquid phase. At what pressure
must the liquid exist?

Water at 27°C can exist in different phases, depend-
ing on the pressure. Give the approximate pressure
range in kPa for water in each of the three phases:
vapor, liquid, and solid.

Dry ice is the name of solid carbon dioxide. How
cold must it be at atmospheric (100 kPa) pressure?
If it is heated at 100 kPa, what eventually happens?

2.19

A substance is at 2 MPa and 17°C in a rigid tank.
Using only the critical properties, can the phase of
the mass be determined if the substance is nitrogen,
water, or propane?

General Tables

2.20

2.21

Determine the phase for each of these cases
a. Water —5°C, 100 kPa

b. Ammonia —5°C, 100 kPa

c. R-410A -5°C, 700 kPa

d. R-134a —5°C, 0.06 m3/kg

Determine the phase of water at

a. T=260°C, P =5 MPa

b. T=-2°C, P =100 kPa
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B3 222

2.23

2.24

2.25

2.26

Determine the phase of the substance at the given
state using Appendix B tables.

a. Water: 100°C, 500 kPa

b. Ammonia: —10°C, 150 kPa

c. R-410A: 0°C, 350 kPa

Give the missing property of P-v—T and x for
water at

a. 10 MPa, 0.003 m?/kg

b. 1 MPa, 190°C

c. 200°C, 0.1 m3/kg

d. 10 kPa, 10°C

Determine whether refrigerant R-410A in each of
the following states is a compressed liquid, a super-
heated vapor, or a mixture of saturated liquid and
vapor.

a. 50°C, 0.005 m3/kg

b. 1.0 MPa, 5°C

c. 0.1 MPa, 0.1 m3/kg

d. —20°C, 200 kPa

Show the states in Problem 2.24 in a sketch of the
P—v diagram.

Fill out the following table for substance ammonia:

P[kPa] T[°C] v[m3/kg] x
a. 1000 0.13
b. =30 0.9

2.27

2.28

2.29

2.30

231

2.32

P-8

Place the two states a—b listed in Problem 2.26
as labeled dots in a sketch of the P—v and T—v
diagrams.

Determine the specific volume for R-410A at these
states:

a. —15°C, 400 kPa

b. 20°C, 1500 kPa

¢. 20°C, quality 25%

Place the three states a—c listed in previous prob-
lem as labeled dots in a sketch of the P—v and T—v
diagrams.

Find P and x for CH, at

a. T=155K,v=0.04 m3/kg

b. T=250K,v=0.15m/kg

Give the specific volume of carbon dioxide at
—40°C for 800 kPa and for 1400 kPa.

You want a pot of water to boil at 105°C. How

heavy a lid should you put on the 15-cm-diameter
pot when P, = 101 kPa?
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2.33

2.34

2.35

2.36

2.37

2.38

2.39

240

241

242

243

Water at 400 kPa with a quality of 75% has its pres-
sure raised 200 kPa in a constant-volume process.
What is the new state (x, T)? At what pressure will
the water go into the single phase region?

Saturated water vapor at 200 kPa is in a constant-
pressure piston/cylinder assembly. At this state the
piston is 0.1 m from the cylinder bottom. How much
is this distance, and what is the temperature if the
water is cooled to occupy half of the original vol-
ume? Repeat for a doubling of the volume.

Saturated liquid water at 60°C is put under pres-
sure to decrease the volume by 1% while keeping
the temperature constant. To what pressure should
it be compressed?

A constant pressure piston/cylinder has water at
1000 kPa with a quality of 25%. Its temperature is
lowered 20°C. What is the new quality and specific
volume?

A glass jar is filled with saturated water at 500 kPa
of quality 75%, and a tight lid is put on. Now it is
cooled to —10°C. What is the mass fraction of solid
at this temperature?

Saturated vapor R-410A at 60°C has its pressure
decreased to increase the volume by 10% while
keeping the temperature constant. To what pressure
should it be expanded?

Ammonia at 20°C with a quality of 50% and a total
mass of 2 kg is in a rigid tank with an outlet valve
at the top. How much vapor mass can be removed
through the valve until the liquid is gone, assuming
that the temperature stays constant?

Repeat the previous problem if the outlet valve is at
the bottom taking saturated liquid out until no more
liquid.

R-134a is in a sealed, rigid vessel of 2 m3 as sat-
urated vapor at 50°C. It is now cooled to 20°C.
Find the mass of the R-134a and the quality in the
final state.

A storage tank holds methane at 120 K, with a qual-
ity of 25%, and it warms up by 5°C per hour due
to a failure in the refrigeration system. How much
time will it take before the methane becomes single
phase, and what is the pressure then?

A 400-m? storage tank is being constructed to hold
liquified natural gas (LGN), which may be assumed
to be essentially pure methane. If the tank is to con-
tain 90% liquid and 10% vapor, by volume, at 150 k,
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2.44

245

what mass of LNG (kg) will the tank hold? What is
the quality in the tank?

Carbon dioxide at 6000 kPa, 40°C is cooled in a
closed rigid tank to —10°C. At what temperature did
it become saturated vapor? Find the volume fraction
of vapor in the final state.

A pressure cooker has the lid screwed on tight.
A small opening with A = 5 mm? is covered with
a petcock that can be lifted to let steam escape.
How much mass should the petcock have to allow
boiling at 120°C with an outside atmosphere at
101.3 kPa?

Figure P2.45

Ideal Gas

2.46

B3 247

248

2.49
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Al-m? tank is filled with a gas at room temperature
(20°C) and pressure (200 kPa). How much mass is
there if the gas is (a) air, (b) argon, or (c) propane?
A pneumatic cylinder (a piston/cylinder with air)
must close a door with a force of 500 N. The
cylinder’s cross-sectional area is 5cm?. With
V =50 cm?, T=20°C, what is the air pressure and
its air mass?

Is it reasonable to assume that at the given states the
substance behaves as an ideal gas?

Oxygen at 30°C, 3 MPa

Methane at 30°C, 3 MPa

Water at 30°C, 3 MPa

R-410A at 30°C, 3 MPa

. R-410A at 30°C, 100 kPa

Helium in a steel tank is at 250 kPa, 300 K with a
volume of 0.2 m3. It is used to fill a balloon. When
the pressure drops to 225 kPa, the flow of helium
stops by itself. If all the helium is now at 290 K,
how big a balloon is produced?

o R T

A spherical helium balloon 10 m in diameter is at
ambient 7 and P, 15°C and 100 kPa. How much

2.51

2.52

2.53

2.54

2.55
2.56
2.57

2.58

helium does it contain? It can lift a total mass
that equals the mass of displaced atmospheric air.
Howmuch mass of the balloon fabric and cage can
then be lifted?

A glass is cleaned in hot water at 45°C and placed on
the table bottom up. The room air at 20°C that was
trapped in the glass is heated up to 40°C and some
of it leaks out, so the net resulting pressure inside is
2 kPa above the ambient pressure of 101 kPa. Now
the glass and the air inside cool down to 20°C. Find
the final gage pressure inside the glass.

Air in a car tire is initially at —10°C and 190 kPa.
After the car is driven awhile, the temperature rises
to 10°C. Find the newpressure. You must make one
assumption on your own.

Figure P2.52

A rigid tank of 1m® contains nitrogen gas at
600 kPa, 400 K. By mistake, someone lets 0.6 kg
flow out. If the final temperature is 380 K, what is
the final pressure?

Assume we have three states of saturated vapor
R-134a at +40°C, 0°C, and —40°C. Calculate the
specific volume at the set of (7, P,,) assuming ideal
gas behavior. Find the percent relative error = 100
- vg)/vg with Vg from the saturated R-134a table.
Do Problem 2.54 for R-410A.

Do Problem 2.54 for the substance ammonia.

A cylindrical gas tank 1 m long, with an inside
diameter of 20 cm, is evacuated and then filled with
carbon dioxide gas at 20°C. To what pressure should
it be charged if there is 1.2 kg of carbon dioxide?
Ammonia in a piston/cylinder arrangement is at
700 kPa and 80°C. It is now cooled at constant
pressure to saturated vapor (state 2), at which point
the piston is locked with a pin. The cooling contin-
ues to —10°C (state 3). Show the processes 1 to 2
and 2 to 3 on both a P—v and a 7—v diagram and find
quality x5.

P-9
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Compressibility Factor

2.59 Find the compressibility factor (Z) for saturated
vapor ammonia at 100 kPa and at 2000 kPa.

2.60 Find the compressibility factor for methane at

a. 8 MPa, 200 K

b. 8 kPa, 300 K

c. 150K, v=0.05 m/kg

Find the compressibility for carbon dioxide at

60°C and 10 MPa using Fig. D.1 and repeat with

Table B.3.

What is the percent error in specific volume if the
ideal gas model is used to represent the behavior of
superheated ammonia at 40°C and 500 kPa? What
if the generalized compressibility chart, Fig. D.1, is
used instead?

Estimate the saturation pressure of R-142b at 300 K.
A bottle with a volume of 0.1 m® contains butane
with a quality of 75% and a temperature of 300 K.
Estimate the total butane mass in the bottle using the
generalized compressibility chart.

Find the volume of 2 kg of ethylene at 270 K,
2500 kPa using Z from Fig. D.1.

Argon is kept in a rigid 5-m? tank at —30°C and
3 MPa. Determine the mass using the compressibil-
ity factor. What is the error (%) if the ideal gas
model is used?

2.61

2.62

2.63
2.64

2.65

2.66

2.67 A new refrigerant, R-152a, is stored as a liquid at
—20°C with a small amount of vapor. For 1.5 kg of

R-152a, find the pressure and volume.

Equations of State

For these problems see Appendix D for the equation of
state (EOS) and Chapter 12.

2.68 Determine the pressure of nitrogen at 160 K,
v = 0.002 91 m’/kg using ideal gas, the van der
Waals EOS, and the nitrogen table.

Determine the pressure of nitrogen at 160 K,
v = 0.002 91 m3/kg using the Soave EOS and the
nitrogen table.

2.69

2.70 Carbon dioxide at 60°C is pumped at a very high
pressure, 10 MPa, into an oil well to reduce the vis-
cosity of oil for better flow. Find its specific volume
from the carbon dioxide table, ideal gas, and van der

Waals EOS by iteration.
Solve Problem 2.70 using the Soave EOS. Notice
that this becomes a trial-and-error process.

P-10

271

Telegram: @uni_k

2.72 A tank contains 8.35 kg of methane in 0.1 m? at 250
K. Find the pressure using ideal gas, the van der
Waals EOS, and the methane table.

2.73 Do the previous problem using the Redlich-
Kwong EOS.

2.74 Do Problem 2.72 using the Soave EOS.

Review Problems

2.75 Determine the unknowns of 7, v and x if twophase
of the following substances at the given four states:

a. Water at 1: 110°C, 1 m3/kg; 2: 10 MPa,
0.001 m3/kg

b. Carbon dioxide at 3: 2 MPa, —20°C; 4: 2 MPa,
0.02 m3/kg

2.76 Give the phase and the missing properties of P, T, v,
and x. These may be a little more difficult to deter-
mine if the appendix tables are used instead of the
software.

a. R-410A, T=10°C, v = 0.02 m3/kg

b. H,0,v=0.2m3/kg, x=0.5

c. H,0,T=60°Cv=0.001016 m*/kg

d. NH;, T=30°C, P = 60 kPa

e. R-134a, v = 0.005 m3/kg, x=0.5

Refrigerant R-410A in a piston/cylinder arrange-
ment is initially at 15°C with x = 1. It is then
expanded in a process so that P = Cv~! to a pressure
of 200 kPa. Find the final temperature and specific
volume.

Water in a piston/cylinder is at 90°C, 100 kPa, and
the piston loading is such that pressure is propor-
tional to volume, P = CV. Heat is now added until
the temperature reaches 200°C. Find the final pres-
sure and also the quality if the water is in the
two-phase region.

2.77

2.78

2.79 A tank contains 2 kg of saturated ammonia vapor
at 70°C. The tank isnowcooled to 20°C by heat
transfer to the ambient. Find the final pressure and
quality.

2.80 A container with liquid nitrogen at 100 K has
a cross-sectional area of 0.5 m?2, as shown in
Fig. P2.80. Due to heat transfer, some of the liquid
evaporates, and in 1 h the liquid level drops 30 mm.
The vapor leaving the container passes through a
valve and a heater and exits at 500 kPa, 260 K.
Calculate the volume rate of flow of nitrogen gas

exiting the heater.
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m

Heater

Figure P2.80

B3 2.81 Determine the mass of methane gas stored in a 2-m?

tank at —30°C, 2 MPa. Estimate the percent error
in the mass determination if the ideal gas model
is used.

2.82 What is the percent error in pressure if the ideal gas
model is used to represent the behavior of super-
heated vapor R-410A at 60°C, 0.03470 m3/kg?

What if the generalized compressibility chart,

Fig. D.1, is used instead? (Note that iterations are
needed.)

Linear Interpolation

2.83 Find the pressure and temperature for saturated

vapor R-410A with v = 0.1 m?/kg.

Use a linear interpolation to estimate the missing
properties of (P, T, v and x) for ammonia at

a. 80 kPa, 20°C

b. 10°C, v = 0.4 m*/kg

Use a linear interpolation to estimate T, at 900 kPa
for nitrogen. Sketch by hand the curve P, (T) by
using a few table entries around 900 kPa from Table
B.6.1. Is your linear interpolation above or below
the actual curve?

2.84

2.85

2.86 Use adouble linear interpolation to find the pressure

for superheated R-134a at 13°C with v = 0.3 m’/kg.

ENGLISH UNIT PROBLEMS

English Unit Concept Problems

2.87E Cabbage needs to be cooked (boiled) at 250 F.
What pressure should the pressure cooker be set
for?

2.88E R-410A at 150 psia, 40 F what is the phase?

2.89E If I have 1 ft> of ammonia at 15 psia, 60 F, what
is the mass?

2.90E Locate the state of R-410A at 30 psia, —20 F.
Indicate in both the P-v and T-v diagrams the
location of the nearest states listed in Table F.9.

English Unit Problems

2.91E A substance is at 300 Ibf/in.2, 65 F in a rigid
tank. Using only the critical properties, can the
phase of the mass be determined if the substance
is nitrogen, water, or propane?

2.92E For water at 1 atm with a quality of 10%, find the

volume fraction of vapor.

2.93E Determine the phase of the substance at the given
state using Appendix F tables.

a. Water: 200 F, 70 psia

b. Ammonia: 10 F, 20 psia

c. R-410A: 30 F, 50 psia

Telegram: @uni_k

2.94E Give the phase and the missing property of P, T,
v, and x for R-134a at
a. T=—-10F P = 18 psia
b. T=40F, v= 1.3 ft/lbm

295E Fill out the following table for substance

ammonia:

Plpsia] T[F]
a. 120

b. 120

v[ft3bm] x
1.876

0.5

Place the two states a—b as labeled dots in a
sketch of the P—v and T-v diagrams.

2.96E Give the phase and the specific volume for the
following:

a. R-410A, T = —25F, P = 30 Ibf/in.?

b. R-410A, T = —25F, P = 40 Ibf/in.?

¢. H,0, T=280F, P = 35 Ibf/in.?

d. NH;, T=60F, P = 15 Ibf/in.2

Give the missing property of P, T, v, and x for
a. R-410A at 8O F, v = 0.2 ft*/Ibm

b. R-410A at 60 psia, v = 1.1 ft*/lbm

c. Ammonia at 60 F, v = 3.2 ft3/Ibm

2.97E

P-11
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2.98E

2.99E

2.100E

2.101E

2.102E

2.103E

2.104E

2.105E

2.106E

2.107E

2.108E

P-12

Saturated liquid water at 150 F is put under pres-
sure to decrease the volume by 1% while keep-
ing the temperature constant. To what pressure
should it be compressed?

You want a pot of water to boil at 220 F. How
heavy a lid should you put on the 6-in.-diameter
pot when P, = 14.7 psia?

Saturated water vapor 240 F has its pressure
decreased to increase the volume by 10%, keep-
ing the temperature constant. To what pressure
should it be expanded?

Saturated vapor R-410A at 100 F has its pressure
increased to decrease the volume by 20% while
the state is still saturated vapor. Find the new tem-
perature and pressure.

A glass jar is filled with saturated water at 300 F
and quality 25%, and a tight lid is put on. Now
it is cooled to 10 F. What is the mass fraction of
solid at this temperature?

A pressure cooker has the lid screwed on tight.
A small opening with A = 0.0075 in.2 is cov-
ered with a petcock that can be lifted to let steam
escape. How much mass should the petcock have
to allow boiling at 250 F with an outside atmo-
sphere of 15 psia?

Ammonia at 70 F with a quality of 50% and a
total mass of 4.5 Ibm is in a rigid tank with an
outlet valve at the bottom. How much liquid mass
can be removed through the valve, assuming the
temperature stays constant?

Repeat the previous problem if the outlet valve
is at the top taking saturated vapor out until no
more liquid.

A cylindrical gas tank 3 ft long, with an inside
diameter of 8 in., is evacuated and then filled with
carbon dioxide gas at 77 F. To what pressure
should it be charged if there should be 2.6 Ibm
of carbon dioxide?

A spherical helium balloon 30 ft in diameter is at
ambient 7 and P, 60 F and 14.69 psia. How much
helium does it contain? It can lift a total mass
that equals the mass of displaced atmospheric air.
How much mass of the balloon fabric and cage
can then be lifted?

Helium in a steel tank is at 36 psia, 540 R with a
volume of 4 ft. It is used to fill a balloon. When
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2.109E

2.110E

2.111E

2.112E

2.113E

2.114E

2.115E

2.116E

2.117E

2.118E

the pressure drops to 32 psia, the flow of helium
stops by itself. If all the helium is still at 540 R,
how big a balloon is produced?

A 35-ft? rigid tank has propane at 25 psia, 540
R and is connected by a valve to another tank of
20 ft*> with propane at 40 psia, 700 R. The valve
is opened and the two tanks come to a uniform
state at 580 R. What is the final pressure?

What is the percent error in specific volume if the
ideal gas model is used to represent the behav-
ior of superheated ammonia at 100 F, 80 1bf/in.2?
What if the generalized compressibility chart,
Fig. D.1, is used instead?

Air in a car tire is initially at 10 F and 30 psia.
After the car is driven awhile, the temperature
rises to 50 F. Find the new pressure. You must
make one assumption on your own.

R-410A at 200 psia, 100 F is cooled in a closed
rigid tank to 30 F. At what temperature did it
become saturated vapor? Find the volume frac-
tion of vapor in the final state.

Refrigerant-410A in a piston/cylinder arrange-
ment is initially at 60 F, x = 1. It is then expanded
in a process so that P = Cv~! to a pressure of 30
Ibf/in.2. Find the final temperature and specific
volume.

A substance is at 70 F, 300 Ibf/in.2 in a 10-ft?
tank. Estimate the mass from the compressibility
chart if the substance is (a) air, (b) butane, or (¢)
propane.

Estimate the saturation pressure of R-142b at
540 R.

Determine the mass of an ethane gas stored in a
25-ft3 tank at 250 F, 440 1bf/in.? using the com-
pressibility chart. Estimate the error (%) if the
ideal gas model is used.

Determine the pressure of R-410A at 100 F,
v = 0.2 ft3/lbm using ideal gas and the van der
Waal EOS.

What is the percent error in pressure if the
ideal gas model is used to represent the behav-
ior of superheated vapor R—410A at 140 F,
0.5356 ft3/lbm? What if the generalized com-
pressibility chart, Fig. D.1, is used instead? (Note
that iterations are needed.)
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Summary Objectives

CHAPTER 2

S-2
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Thermodynamic properties of a pure substance and the phase boundaries for solid, lig-
uid, and vapor states are discussed. Phase equilibrium for vaporization (boiling liquid to
vapor), or the opposite, condensation (vapor to liquid); sublimation (solid to vapor) or the
opposite, solidification (vapor to solid); and melting (solid to liquid) or the opposite, solidi-
fying (liquid to solid), should be recognized. The three-dimensional P—v—T surface and the
two-dimensional representations in the (P, T), (T, v), and (P, v) diagrams, and the vaporiza-
tion, sublimation, and fusion lines, are related to the printed tables in Appendix B. Properties
from printed and computer tables covering a number of substances are introduced, includ-
ing two-phase mixtures, for which we use the mass fraction of vapor (quality). The ideal
gas law approximates the limiting behavior for low density. An extension of the ideal gas
law is shown with the compressibility factor Z, and other, more complicated equations of
state are mentioned.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

e Know phases and the nomenclature used for the states and interphases
 Identify a phase given a state (7, P)

* Locate states relative to the critical point and know Tables A.2 (F.1) and 2.2

* Recognize phase diagrams and interphase locations

e Locate states in the Appendix B tables and entry: (7, P), (T, v), or (P, v)

 Find properties in the two-phase regions; use quality x

* Locate states using any combination of (7, P, v, x) including linear interpolation

e Know when you have a liquid or solid and the properties in Tables A.3 (F.2) and
A4 (F3)

e Know when a vapor is an ideal gas (or how to find out)
e Know the ideal gas law and Table A.5 (F.4)
* Know the compressibility factor Z and the compressibility chart, Fig. D.1

* Know the existence of more general equations of state (EOS), Appendix D
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Objectives

Reading, Examples,
Eqs and Tables

Concepts, Study,
Hw problems

Knowledge about phases and
their locations in the (7, P, v)

Reading: Sec. 2.1-3
Examples: 2.1

C: 1-7, 10-11, 87E-90E
S:2,6,17

v, x) domain

Equations: 2.1-2.2
Tables: App B and F
Figures: 2.12

domain Tables: 2.1-2, A.2 Hw: 15-23,91E
Figures: 2.4-10

Know how to deal with Reading: Sec. 2.5 C:9

two-phase states in the (7, P, Examples: 2.1-2.2 S:42,97E

Hw: 23-31, 33, 37, 42,
92E-97E

Locate states using any
combination of (7, P, v, x)

Reading: Sec. 2.5
Examples: 2.1-2.2
Equations: 2.1-2.2
Tables: App. B and F
Figures: 2.12

C: 11
S:22,35,42,97E, 104E
Hw: 2145, 92E—105E,
118E

Know when you have a liquid
or solid and find the
properties

Reading: Sec. 1.3, 1.5-1.7, 1.11
Examples: 2.1-2.2

Equations: 2.1-2.2

Tables: App B and F

Figures: 2.12

C:6,8,13
S:13, 35,42, 97E
Hw: 32, 35, 37, 102E

Know the ideal gas law and
when it applies.

Reading: Sec. 2.8

Examples: 2.6-2.9

Egs, Tables: 2.5-2.11, A.5, F4
Figures: 2.18, 2.20

C: 12
S: 47, 50, 56, 106E, 110E
Hw: 53-68, 106E—110E

Know the compressibility
factor and the reduced
properties.

Reading: Sec. 2.9, App D
Examples: 2.10-11
Equations: 2.1-2.2
Tables: App B, D, F
Figures: 2.21, D.1

C: 14,
S: 59,65
Hw: 59-67, 114E—117E

Know the existence of
general equations of state.

Reading: Sec. 2.10, also 12.6
Equations: 2.14

Tables: App D

Figures: 2.21, D.1

S: 69, 117E
Hw: 68-74, 116E
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Properties of a Pure
Substance

In the previous chapter we considered three familiar properties of a substance: specific vol-
ume, pressure, and temperature. We now turn our attention to pure substances and consider
some of the phases in which a pure substance may exist, the number of independent prop-
erties a pure substance may have, and methods of presenting thermodynamic properties.

Properties and the behavior of substances are very important for our studies of devices
and thermodynamic systems. The steam power plant shown in Fig. 1.1 uses water as the
working substance; power plants using other fuels such as oil, natural gas, or nuclear energy
have very similar processes. Water vapor (steam) is made by boiling water at high pressure
in the steam generator followed by expansion in the turbine to a lower pressure, cooling in
the condenser, and returning it to the boiler by a pump that raises the pressure, as shown
in Fig. 1.2. We must know the properties of water to properly size equipment such as the
burners or heat exchangers, the turbine, and the pump for the desired transfer of energy
and the flow of water. As the water is transformed from liquid to vapor, we need to know
the temperature for the given pressure, and we must know the density or specific volume
so that the piping can be properly dimensioned for the flow. If the pipes are too small, the
expansion creates excessive velocities, leading to pressure losses and increased friction, and
thus demanding a larger pump and reducing the turbine’s work output.

Another example is a refrigerator, shown in Fig. 1.3, where we need a substance that
will boil from liquid to vapor at a low temperature, say —20°C. This process absorbs energy
from the cold space, keeping it cold. Inside the black grille in the back or at the bottom
of the refrigerator, the now-hot substance is cooled by air flowing around the grille, so it
condenses from vapor to liquid at a temperature slightly higher than room temperature.
To design such a system, we need to know the pressures at which these processes take
place and the amount of energy involved; these topics are covered in Chapters 3 and 4. We
also need to know how much volume the substance occupies, that is, the specific volume,
so that the piping diameters can be selected as mentioned for the steam power plant. The
substance is selected so that the pressure is reasonable during these processes; it should
not be too high, due to leakage and safety concerns, and not too low, as air might leak into
the system.

A final example of a system in which we need to know the properties of the substance
is the gas turbine and a variation thereof, namely, a jet engine. In this system, the working
substance is a gas (very similar to air) and no phase change takes place. A combustion
process burns fuel and air, freeing a large amount of energy, which heats the gas so that it
expands. We need to know how hot the gas gets and how large the expansion is so that we
can analyze the expansion process in the turbine and the exit nozzle of the jet engine. In
this device, large velocities are needed inside the turbine section and for the exit of the jet
engine. This high-velocity flow pushes on the blades in the turbine to create shaft work and

29
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being pushed by the compressor blades in the jet engine (giving thrust) to move the aircraft
forward.

These are just a few examples of complete thermodynamic systems in which a sub-
stance goes through several processes involving changes in its thermodynamic state and
therefore its properties. As your studies progress, many other examples will be used to
illustrate the general subjects.

2.1) THE PURE SUBSTANCE

A pure substance is one that has a homogeneous and invariable chemical composition. It
may exist in more than one phase, but the chemical composition is the same in all phases.
Thus, liquid water, a mixture of liquid water and water vapor (steam), and a mixture of ice
and liquid water are all pure substances; every phase has the same chemical composition.
In contrast, a mixture of liquid air and gaseous air is not a pure substance because the
composition of the liquid phase is different from that of the vapor phase.

Sometimes a mixture of gases, such as air, is considered a pure substance as long
as there is no change of phase. Strictly speaking, this is not true. As we will see later, we
should say that a mixture of gases such as air exhibits some of the characteristics of a pure
substance as long as there is no change of phase.

In this book the emphasis will be on simple compressible substances. This term
designates substances whose surface effects, magnetic effects, and electrical effects are
insignificant when dealing with the substances. However, changes in volume, such as those
associated with the expansion of a gas in a cylinder, are very important. Reference will
be made to other substances for which surface, magnetic, and electrical effects are impor-
tant. We will refer to a system consisting of a simple compressible substance as a simple
compressible system.

2.2, THE PHASE BOUNDARIES

Consider an amount of water contained in a piston/cylinder arrangement that keeps a set
constant pressure, as in Fig. 2.1a, and whose temperature we can monitor. Assume that the
water starts out at room conditions of P, T}, in which state it is a liquid. If the water is
slowly heated, the temperature increases and the volume increases slightly, but by design,
the pressure stays constant. When the temperature reaches 99.6°C additional heat transfer
results in a phase change with formation of some vapor, as indicated in Fig. 2.1b, while the

FIGURE 2.1
Constant pressure
change from a liquid to a

vapor. (a) (0) (c)
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FIGURE 2.2 The
separation of the phases
in a P-T diagram.

FIGURE 2.3 Sketch
of a water phase
diagram.

Telegram: @uni_k

temperature stays constant and the volume increases considerably. Further heating gener-
ates more and more vapor and a large increase in the volume until the last drop of liquid is
vaporized. Subsequent heating results in an increase in both the temperature and volume of
the vapor, as shown in Fig. 2.1c.

The term saturation temperature designates the temperature at which vaporization
takes place at a given pressure; it is also commonly known as the boiling temperature. If
the experiment is repeated for a different pressure, we get a different saturation temperature.
In Fig. 2.2, the separation temperature is marked as the border between the liquid (L) and
vapor (V) regions. If the experiment is done with cooling instead of heating, we will find
that as the temperature is decreased, we reach a point at which ice (S for solid state) starts to
form, with an associated increase in volume. While cooling, the system forms more ice and
less liquid at a constant temperature, which is a different saturation temperature commonly
called the freezing point. When all the liquid is changed to ice, further cooling will reduce
the temperature and the volume is nearly constant. The freezing point is also marked in
Fig. 2.2 for each set pressure, and these points separate the liquid region from the solid
region. Each of the two sets of marks, if formed sufficiently close, forms a curve and both
are saturation curves; the left one is called the fusion line (it is nearly straight) as the border
between the solid phase and the liquid phase, whereas the right one is called the vaporization
curve.

If the experiment is repeated for lower and lower pressures, we observe that the two
saturation curves meet and further reduction in the pressure results in a single saturation
curve called the sublimation line separating the solid phase from the vapor phase. The point
where the curves meet is called the triple point and is the only P, T combination in which
all three phases (solid, liquid, and vapor) can coexist; below the triple point in 7 or P no
liquid phase can exist. The three different saturation curves are shown in Fig. 2.3, which
is called the phase diagram. This diagram shows the distinct set of saturation properties

(Tgat» Pgye) for which it is possible to have two phases in equilibrium with one another.

Fusion line

Critical point

14

Sublimation line
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TABLE 2.1
Some Solid-Liquid-Vapor Triple-Point Data
Temperature, °C Pressure, kPa

Hydrogen (normal) —259 7.194
Oxygen -219 0.15
Nitrogen -210 12.53
Carbon dioxide -56.4 520.8
Mercury -39 0.000 000 13
Water 0.01 0.6113
Zinc 419 5.066
Silver 961 0.01
Copper 1083 0.000 079

For a high pressure, 22.09 MPa for water, the vaporization curve stops at a point called the
critical point. Above this pressure there is no boiling phenomenon, and heating of a liquid
will produce a vapor without boiling in a smooth transition.

The properties at the triple point can vary quite significantly among substances, as is
evident from Table 2.1. Mercury, like other metals, has a particularly low triple-point pres-
sure, and carbon dioxide has an unusual high one; recall the use of mercury as a barometer
fluid in Chapter 1, where it is useful because its vapor pressure is low. A small sample of
critical-point data is shown in Table 2.2, with a more extensive set given in Table A.2 in
Appendix A. The knowledge about the two endpoints of the vaporization curve does give
some indication of where the liquid and vapor phases intersect, but more detailed informa-
tion is needed to make a phase determination from a given pressure and temperature.

Whereas Fig. 2.3 is a sketch in linear coordinates, the real curves are plotted to scale
in Fig. 2.4 for water, and the scale for pressure is done logarithmically to cover the wide
range. In this phase diagram, several different solid phase regions are shown; this can be the
case for other substances as well. All the solids are ice but each phase region has a different
crystal structure and they share a number of phase boundaries with several triple points;
however, there is only one triple point where a solid-liquid—vapor equilibrium is possible.

So far we have mainly discussed the substance water, but all pure substances
exhibit the same general behavior. It was mentioned earlier that the triple-point data vary
significantly among substances; this is also true for the critical-point data. For example,
the critical-point temperature for helium (see Table A.2) is 5.3 K, and room temperature

TABLE 2.2
Some Critical-Point Data
Critical Critical Critical
Temperature, °C Pressure, MPa Volume, m3/kg

Water 374.14 22.09 0.003 155
Carbon dioxide 31.05 7.39 0.002 143
Oxygen —118.35 5.08 0.002 438
Hydrogen —239.85 1.30 0.032 192
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FIGURE 2.4 Water

phase diagram.
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is thus more than 50 times higher. Water has a critical temperature of 647.29 K, which
is more than twice the room temperature, and most metals have an even higher critical
temperature than water.

The phase diagram for carbon dioxide plotted to scale is shown in Fig. 2.5, and again,
the pressure axis is logarithmic to cover the large range of values. This is unusual in that
the triple-point pressure is above atmospheric pressure (see also Table 2.2) and the fusion
line slopes to the right, the opposite of the behavior of water. Thus, at atmospheric pressure
of 100 kPa, solid carbon dioxide will make a phase transition directly to vapor without
becoming liquid first, a process called sublimation. This is used to ship frozen meat in a
package where solid carbon dioxide is added instead of ice, so as it changes phase the
package stays dry; hence, it is also referred to as dry ice. Figure 2.5 shows that this phase
change happens at about 200 K and thus is quite cold.

In-Text Concept Questions

a. If the pressure is smaller than the smallest P, at a given T, what is the phase?

b. An external water tap has the valve activated by a long spindle, so the closing mech-
anism is located well inside the wall. Why?

c. What is the lowest temperature (approximately) at which water can be liquid?
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2.3) THE P-v—T SURFACE

Let us consider the experiment in Fig. 2.1 again but now also assume that we have mea-
sured the total water volume, which, together with mass, gives the property specific volume.
We can then plot the temperature as a function of volume following the constant pressure
process. Assuming that we start at room conditions and heat the liquid water, the tempera-
ture goes up and the volume expands slightly, as indicated in Fig. 2.6, starting from state A
and going toward state B. As state B is reached, we have liquid water at 99.6°C, which is
called saturated liquid. Further heating increases the volume at constant temperature (the
boiling temperature), producing more vapor and less liquid that eventually reaches state C,
called saturated vapor after all the liquid is vaporized. Further heating will produce vapor

>
0 ¥
°C|T
Critical
374 - point
H
311
G
1799 -
\\ .
C
00.6 0.1 MPa
s ~~—Saturated-liquid line P
FIGURE 2.6 T-v Saturated-vapor line
diagram for water M I4A
showing liquid and vapor E
phases (not to scale). Volume
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at higher temperatures in states called superheated vapor, where the temperature is higher
than the saturated temperature for the given pressure. The difference between a given T and
the saturated temperature for the same pressure is called the degree of superheat.

For higher pressures the saturation temperature is higher, for example, 179.9°C at
state F' for a pressure of 1 MPa, and so forth. At the critical pressure of 22.09 MPa, heating
proceeds from state M to state N to state O in a smooth transition from a liquid state to
a vapor state without undergoing the constant temperature vaporization (boiling) process.
During heating at this and higher pressures two phases are never present at the same time,
and in the region where the substance changes distinctly from a liquid to a vapor state, the
substance is called a dense fluid. The states in which the saturation temperature is reached
for the liquid (B, F, J) are saturated liquid states forming the saturated liquid line. Similarly,
the states along the other border of the two-phase region (N, K, G, C) are saturated vapor
states forming the saturated vapor line.

We can now display the possible P—v—T combinations for typical substances as a
surface in a P-v-T diagram shown in Figs. 2.7 and 2.8. Figure 2.7 shows a substance such
as water that increases in volume during freezing, so the solid surface had a higher specific
volume than the liquid surface. Figure 2.8 shows a surface for a substance that decreases in
volume upon freezing, a condition that is more common.

As you look at the two three-dimensional surfaces, observe that the P-T phase dia-
gram can be seen at the surface parallel to the volume axis; the liquid—vapor surface is flat in
that direction, so it collapses to the vaporization curve. The same happens at the solid—vapor
surface, which is shown as the sublimation line, and the solid-liquid surface becomes the
fusion line. For these three surfaces, it cannot be determined where on the surface a state is
by having the (P, T) coordinates alone. The two properties are not independent; they are a
pair of saturated P and T. A property such as specific volume is needed to indicate where
on the surface the state is for a given T or P.

If the surface is viewed from the top down parallel with the pressure axis, we see the
T-v diagram, a sketch of which was shown in Fig. 2.6 without the complexities associated
with the solid phase. Cutting the surface at a constant P, T, or v will leave a trace showing
one property as a function of another with the third property constant. One such example is
illustrated with the curve g—h—i—j, which shows P as a function of v following a constant T
curve. This is more clearly indicated in a P—v diagram showing the two-phase L—V region
of the P—v-T surface when viewed parallel with the T axis, as shown in Fig. 2.9.

Since the three-dimensional surface is fairly complicated, we will indicate processes
and states in P—v, T—v, or P-T diagrams to get a visual impression of how the state changes
during a process. Of these diagrams, the P—v diagram will be particularly useful when we
talk about work done during a process in the following chapter.

Looking down at the P—v-T surface from above parallel with the pressure axis, the
whole surface is visible and not overlapping. That is, for every coordinate pair (7, v) there
is one and only one state on the surface, so P is then a unique function of 7 and v. This is
a general principle that states that for a simple pure substance, the state is defined by two
independent properties.

To understand the significance of the term independent property, consider the
saturated-liquid and saturated-vapor states of a pure substance. These two states have the
same pressure and the same temperature, but they are definitely not the same state. In a
saturation state, therefore, pressure and temperature are not independent properties. Two
independent properties, such as pressure and specific volume or pressure and quality, are
required to specify a saturation state of a pure substance.



www.konkur.in

'f{ m o
|
|
| N
|2
3 Critical
o ey o point
> i > Liquid
g 2| 2 |
gl 2l £/ soia
Sl
[l l'l
(@24% Gas
e\ n
¢ Triple line k Vapor
& v
FIGURE 2.7 P—-T Solid-vapor b
surface for a substance Volume Temperature
that expands on freezing. ) (©)

The reason for mentioning previously that a mixture of gases, such as air, has the
same characteristics as a pure substance as long as only one phase is present concerns
precisely this point. The state of air, which is a mixture of gases of definite composition,
is determined by specifying two properties as long as it remains in the gaseous phase. Air
then can be treated as a pure substance.

2.4) TABLES OF THERMODYNAMIC PROPERTIES

Tables of thermodynamic properties of many substances are available, and in general, all
these tables have the same form. In this section we will refer to the steam tables. The steam
tables are selected both because they are a vehicle for presenting thermodynamic tables and
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because steam is used extensively in power plants and industrial processes. Once the steam
tables are understood, other thermodynamic tables can be readily used.

Several different versions of steam tables have been published over the years. The set
included in Table B.1 in Appendix B is a summary based on a complicated fit to the behavior
of water. Itis very similar to the Steam Tables by Keenan, Keyes, Hill, and Moore, published
in 1969 and 1978. We will concentrate here on the three properties already discussed in
Chapter 1 and in Section 2.3, namely, 7, P, and v, and note that the other properties listed
in the set of Tables B.1—u, A, and s—will be introduced later.

The steam tables in Appendix B consist of five separate tables, as indicated in
Fig. 2.10. The superheated vapor region is given in Table B.1.3, and that of compressed
liquid is given in Table B.1.4. The compressed-solid region shown in Fig. 2.4 is not
presented in Appendix B. The saturated-liquid and saturated-vapor region, as seen in
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FIGURE 2.9 P-v
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FIGURE 2.10 Listing

of the steam tables. v T

Figs. 2.6 and 2.9 (and as the vaporization line in Fig. 2.4), is listed according to the values
of T in Table B.1.1 and according to the values of P (T and P are not independent in
the two-phase regions) in Table B.1.2. Similarly, the saturated-solid and saturated-vapor
region is listed according to 7 in Table B.1.5, but the saturated-solid and saturated-liquid
region, the third phase boundary line shown in Fig. 2.4, is not listed in Appendix B.

In Table B.1.1, the first column after the temperature gives the corresponding satu-
ration pressure in kilopascals. The next three columns give the specific volume in cubic
meters per kilogram. The first of these columns gives the specific volume of the saturated
liquid, v; the third column gives the specific volume of the saturated vapor, v, ; and the sec-
ond column gives the difference between the two, Vig» A8 defined in Section 2.5. Table B.1.2
lists the same information as Table B.1.1, but the data are listed according to pressure, as
mentioned earlier.

Table B.1.5 of the steam tables gives the properties of saturated solid and saturated
vapor that are in equilibrium. The first column gives the temperature, and the second column
gives the corresponding saturation pressure. As would be expected, all these pressures are
less than the triple-point pressure. The next three columns give the specific volume of the
saturated solid, v;, saturated vapor, Vg and the difference Vig-

Appendix B also includes thermodynamic tables for several other substances; refrig-
erant fluids R-134a and R-410A, ammonia and carbon dioxide, and the cryogenic fluids
nitrogen and methane. In each case, only two tables are given: saturated liquid vapor listed
by temperature (equivalent to Table B.1.1 for water) and superheated vapor (equivalent to
Table B.1.3).
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Determine the phase for each of the following water states using the tables in Appendix B
and indicate the relative position in the P—v, T-v, and P-T diagrams.

a. 120°C, 500 kPa
b. 120°C, 0.5 m*/kg

Solution

a. Enter Table B.1.1 with 120°C. The saturation pressure is 198.5 kPa, so we have a com-
pressed liquid, point a in Fig. 2.11. That is above the saturation line for 120°C. We
could also have entered Table B.1.2 with 500 kPa and found the saturation temperature
as 151.86°C, so we would say that it is a subcooled liquid. That is to the left of the
saturation line for 500 kPa, as seen in the P-T diagram.

b. Enter Table B.1.1 with 120°C and notice that
vy = 0.001 06 <v < Ve = 0.891 86 m3/kg

so the state is a two-phase mixture of liquid and vapor, point b in Fig. 2.11. The state is
to the left of the saturated vapor state and to the right of the saturated liquid state, both
seen in the 7—v diagram.

C.P.

C.P.

P =500 kPa

500a P =198 kPa

198 T=120 1=

500

120 T v v

FIGURE 2.11 Diagram for Example 2.1.

HLEN N -l

2.5) THE TWO-PHASE STATES

The two-phase states have already been shown in the P—v—T diagrams and the corresponding
two-dimensional projections of it in the P-T, 7—v, and P—v diagrams. Each of these surfaces
describes a mixture of substance in two phases, such as a combination of some liquid with
some vapor, as shown in Fig. 2.1b. We assume for such mixtures that the two phases are
in equilibrium at the same P and 7 and that each of the masses is in a state of saturated
liquid, saturated solid, or saturated vapor, according to which mixture it is. We will treat
the liquid—vapor mixture in detail, as this is the most common one in technical applications;
the other two-phase mixtures can be treated exactly the same way.
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FIGURE 2.12 T—
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By convention, the subscript f is used to designate a property of a saturated liquid
and the subscript g a property of a saturated vapor (the subscript g being used to denote
saturation temperature and pressure). Thus, a saturation condition involving part liquid and
part vapor, such as that shown in Fig. 2.1b, can be shown on 7-v coordinates, as in Fig. 2.12.
All of the liquid present is at state f with specific volume vy, and all of the vapor present is
at state g with specific volume v,. The total volume is the sum of the liquid volume and the
vapor volume, or

V= Vliq + Vvap = mliqvf + mvapvg

The average specific volume of the system v is then

V ”lliq ”lvap
-7 _ =(1 - + 2.1
y = vr+ Ve ( x)vf XV, 2.1

in terms of the definition of quality x = m,/m.
Using the definition
Vig = Ve ™ Vr
Eq. 2.1 can also be written as
v =Vp+ v, 2.2)

Now the quality x can be viewed as the fraction (v — v/)/vy, of the distance between saturated
liquid and saturated vapor, as indicated in Fig. 2.12.

To illustrate the use of quality let us find the overall specific volume for a saturated
mixture of water at 200°C and a quality of 70%. From Table B.1.1 we get the specific
volume for the saturated liquid and vapor at 200°C and then use Eq. 2.1.

v=(1=x) v +xv, =03x0.001 156 m*/kg + 0.7 x 0.127 36 m* /kg
=0.0895 m* /kg

There is no mass of water with that value of specific volume. It represents an average for
the two masses, one with a state of x = 0 and the other with the state x = 1, both shown in
Fig. 2.12 as the border points of the two-phase region.

L W —

®I1=

A closed vessel contains 0.1 m® of saturated liquid and 0.9 m? of saturated vapor R-134a
in equilibrium at 30°C. Determine the percent vapor on a mass basis.
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Solution
Values of the saturation properties for R-134a are found from Table B.5.1. The
mass—volume relations then give

0.1 m*

Vliq = mlquf, mliq = m =118.6 kg
0.9 m*

Ve =¥ Moap = G361 g o K8

m = myy +my,, = 118.6 kg +33.7kg = 152.3 kg

Myap 33.7
= =—=0221
m 152.3

That is, the vessel contains 90% vapor by volume but only 22.1% vapor by mass.

I8 N I\~

?/ » ‘ ~—
e
A closed vessel contains 0.1 ft> of saturated liquid and 0.9 ft> of saturated vapor R-134a in
equilibrium at 90 F. Determine the percent vapor on a mass basis.

Solution
Values of the saturation properties for R-134a are found from Table F.10. The mass—volume
relations then give

Viig = MgV, m; —O‘l—ft3—73531bm
e "7 00136 f¢/lbm
0.9 ft
Viap = MyapVe:» Myap = m = 2.245 Ibm
m = myy + My, = 7.353 Ibm + 2.245 Ibm = 9.598 Ibm
Myap 2245
= = =22 20234
m  9.598

That is, the vessel contains 90% vapor by volume but only 23.4% vapor by mass.

HLE N . -l

2.6, THE LIQUID AND SOLID STATES

When a liquid has a pressure higher than the saturation pressure (see Fig. 2.3, state b) for
a given temperature, the state is a compressed liquid state. If we look at the same state but
compare it to the saturated liquid state at the same pressure, we notice that the temperature
is lower than the saturation temperature; thus, we call it a subcooled liquid. For these liquid
states we will use the term compressed liquid in the remainder of the text. Similar to the
solid states, the liquid P—v—T surface for lower temperatures is fairly steep and flat, so this
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region also describes an incompressible substance with a specific volume that is only a
weak function of T, which we can write as

vaw(T) = v (2.3)

where the saturated liquid specific volume vy at T is found in the Appendix B tables as the
first part of the tables for each substance. A few other entries are found as density (1/v) for
some common liquids in Tables A.3 and F.2.

A state with a temperature lower than the saturated temperature for a given pressure
on the fusion or the sublimation line gives a solid state that could then also be called a
subcooled solid. If for a given temperature the pressure is higher than the saturated subli-
mation pressure, we have a compressed solid unless the pressure is so high that it exceeds
the saturation pressure on the fusion line. This upper limit is seen in Fig. 2.4 for water since
the fusion line has a negative slope. This is not the case for most other substances, as in
Fig. 2.5, where the fusion line has a positive slope. The properties of a solid are mainly a
function of the temperature, as the solid is nearly incompressible, meaning that the pressure
cannot change the intermolecular distances and the volume is unaffected by pressure. This
is evident from the P—v-T surface for the solid, which is near vertical in Figs. 2.7 and 2.8.

This behavior can be written as an equation

vevwT) =y 2.4)

with the saturated solid specific volume v; seen in Table B.1.5 for water. Such a table is not
printed for any other substance, but a few entries for density (1/v) are found in Tables A.4
and F.3.

Table B.1.4 gives the properties of the compressed liquid. To demonstrate the use of
this table, consider some mass of saturated-liquid water at 100°C. Its properties are given
in Table B.1.1, and we note that the pressure is 0.1013 MPa and the specific volume is
0.001 044 m3/kg. Suppose the pressure is increased to 10 MPa while the temperature is held
constant at 100°C by the necessary transfer of heat, Q. Since water is slightly compressible,
we would expect a slight decrease in specific volume during this process. Table B.1.4 gives
this specific volume as 0.001 039 m3/kg. This is only a slight decrease, and only a small
error would be made if one assumed that the volume of a compressed liquid is equal to the
specific volume of the saturated liquid at the same temperature. In many situations this is the
most convenient procedure, particularly when compressed-liquid data are not available. It
is very important to note, however, that the specific volume of saturated liquid at the given
pressure, 10 MPa, does not give a good approximation, state 3 in Fig. 2.13. This value,
from Table B.1.2, at a temperature of 311.1°C, is 0.001 452 m3/kg, which is in error by

almost 40%.
P T
C.P. C.P.
102 3 P =10 MPa
0.1 T
1 1002
FIGURE 2.13 Liquid
state properties. v v
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2.7 THE SUPERHEATED VAPOR STATES

A state with a pressure lower than the saturated pressure for a given 7T (see Fig. 2.3, state a) is
an expanded vapor or, if compared to the saturated state at the same pressure, it has a higher
temperature and thus called superheated vapor. We generally use the latter designation for
these states and for states close to the saturated vapor curve. The tables in Appendix B are
used to find the properties.

The superheated water vapor properties are arranged in Table B.1.3 as subsections for
a given pressure listed in the heading. The properties are shown as a function of temperature
along a curve like K-L in Fig. 2.6, starting with the saturation temperature for the given
pressure listed in parentheses after the pressure. As an example, consider a state of 500 kPa
and 200°C, for which we see the boiling temperature of 151.86°C in the heading, so the
state is superheated 48°C and the specific volume is 0.4249 m3/kg. If the pressure is higher
than the critical pressure, as for the curve P—Q in Fig. 2.6, the saturation temperature is not
listed. The low-temperature end of the P-Q curve is listed in Table B.1.4, as those states
are compressed liquid.

A few examples of the use of the superheated vapor tables, including possible inter-
polations, are presented below.

- —
e

Determine the phase for each of the following states using the tables in Appendix B and
indicate the relative position in the P—v, T—v, and P-T diagrams, as in Fig. 2.11.

a. Ammonia 30°C, 1000 kPa
b. R-134a 200 kPa, 0.125 m’/kg

Solution

a. Enter Table B.2.1 with 30°C. The saturation pressure is 1167 kPa. As we have a lower P
(see Fig. 2.14), it is a superheated vapor state. We could also have entered with 1000 kPa
and found a saturation temperature of slightly less than 25°C, so we have a state that is
superheated about 5°C.

P P T
C.P.
Cle.
1167 kPa
1000
1167 |- 30°C gg —
1167 1600 25°C
1000
T v v

FIGURE 2.14 Diagram for Example 2.3a.
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b. Enter Table B.5.2 (or B.5.1) with 200 kPa and notice that
v> v, =0.1000 m* /kg

so from the P—v diagram in Fig. 2.15 the state is superheated vapor. We can find the state
in Table B.5.2 between 40 and 50°C.

P P o cp
200 kPa
50|~
1318 40=
2001 —102F
200
T v v

FIGURE 2.15 Diagram for Example 2.3b.
HLE N . ol
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A rigid vessel contains saturated ammonia vapor at 20°C. Heat is transferred to the system
until the temperature reaches 40°C. What is the final pressure?

Solution
Since the volume does not change during this process, the specific volume also remains
constant. From the ammonia tables, Table B.2.1, we have

v, = v, = 0.149 22 m? /kg

Since Vg at 40°C is less than 0.149 22 m3/kg, it is evident that in the final state the ammonia
is superheated vapor. By interpolating between the 800- and 1000-kPa columns of Table
B.2.2 at 40°C, we find that

0.149 22 — 0.1772
P, = kP 1 - kP =945.3 kP
, = 800 kPa + (1000 — 800) aO.138 801772 945.3 kPa

LW N\l
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A rigid vessel contains saturated ammonia vapor at 70 F. Heat is transferred to the system
until the temperature reaches 120 F. What is the final pressure?
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Solution
Since the volume does not change during this process, the specific volume also remains
constant. From the ammonia table, Table F.&,

v, =v, = 2311 ft* /lbm

Since Vg at 120 Fis less than 2.311 ft3/lbm, it is evident that in the final state the ammonia is
superheated vapor. By interpolating between the 125- and 150-1bf/in.? columns of Table F.8
at 120°F, we find that

2 2311 =2.7177
©2.2275-2.7177

HLEN N . -l

P, = 125 Ibf/in.% + (150 — 125) Ibf /in = 145 Ibf /in.?

P —

O

Determine the pressure for water at 200°C with v = 0.4 m3/kg.

Solution
Start in Table B.1.1 with 200°C and note that v > v, = 0.127 36 m’/kg, so we have super-
heated vapor. Proceed to Table B.1.3 at any subsection with 200°C; suppose we start at
200 kPa. There v = 1.080 34, which is too large, so the pressure must be higher. For
500 kPa, v = 0.424 92, and for 600 kPa, v = 0.352 02, so it is bracketed. This is shown in
Fig. 2.16.

P T
C.P.
C.P. 1554 600 g5qp
200 —
1554 (— 200°C 200 kPa
600 (—
500 —
200 —
| | | | | | | |
0.13 | 0.42 1.08 Vv 0.13 0.35 0.42 1.08 V
0.35

FIGURE 2.16 Diagram for Example 2.5.

Figure 2.17 shows a linear interpolation between the two pressures, done to get P at the
desired v.

P = 500 kPa + (600 — 500) kPa—0et = 042492 _ 5345y py

0.352 02 — 0.424 92
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600 —

500 —

\ \ \ The real constant-T curve is slightly curved and not linear,
0.35 04 042 V but for manual interpolation we assume a linear variation.

FIGURE 2.17 Linear interpolation for Example 2.5.

HLE N ol

In-Text Concept Questions

d. Some tools should be cleaned in liquid water at 150°C. How high a P is needed?
e. Water at 200 kPa has a quality of 50%. Is the volume fraction V,/V,, <50% or >50%?

f. Why are most of the compressed liquid or solid regions not included in the printed
tables?

g. Why is it not typical to find tables for argon, helium, neon, or air in an Appendix B
table?

h. What is the percent change in volume as liquid water freezes? Mention some effects
the volume change can have in nature and in our households.

2.8) THE IDEAL GAS STATES

Further away from the saturated vapor curve at a given temperature the pressure is lower
and the specific volume is higher, so the forces between the molecules are weaker, resulting
in a simple correlation among the properties. If we plot the constant P, T, or v curves in the
two-dimensional projections of the three-dimensional surfaces, we get curves as shown in
Fig. 2.18.

The constant-pressure curve in the 7—v diagram and the constant-specific volume
curve in the P-T diagram move toward straight lines further out in the superheated vapor
region. A second observation is that the lines extend back through the origin, which gives
not just a linear relation but one without an offset. This can be expressed mathematically as

T =Av for P = constant 2.5)
P =BT for v = constant 2.6)

The final observation is that the multiplier A increases with P and the multiplier B decreases
with v following simple mathematical functions:

A=AP and B=B,/v
Both of these relations are satisfied by the ideal gas equation of state

Pv=RT 2.7)
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FIGURE 2.18 The isometric, isothermal, and isobaric curves.
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where the constant R is the ideal gas constant and 7 is the absolute temperature in kelvins
or rankines called the ideal gas scale. We will discuss absolute temperature further in
Chapter 5, showing that it equals the thermodynamic scale temperature. Comparing dif-
ferent gases gives a further simplification such that R scales with the molecular mass:

R
M

R= 2.8)

In this relation, R is the universal gas constant with the value

= kJ ft-1bf
k=8.3145 kmol K 1545 Ibmol R
Values of the gas constant for different gases are listed in Tables A.5 and F.4.

The behavior described by the ideal gas law in Eq. 2.7 is very different from the
behavior described by similar laws for liquid or solid states, as in Egs. 2.3 and 2.4. An
ideal gas has a specific volume that is very sensitive to both P and 7, varying linearly with
temperature and inversely with pressure, and the sensitivity to pressure is characteristic
of a highly compressible substance. If the temperature is doubled for a given pressure, the
volume doubles, and if the pressure is doubled for a given temperature the volume is reduced
to half the value.

Multiplying Eq. 2.7 by mass gives a scaled version of the ideal gas law as

PV = mRT = nRT (2.9)
using it on a mass basis or a mole basis where n is the number of moles:
n=m/M (2.10)

Based on the ideal gas law given in Eq. 2.9, notice that one mole of substance occu-
pies the same volume for a given state (P, T) regardless of its molecular mass. Light, small
molecules like H, take up the same volume as much heavier and larger molecules like
R-134a for the same (P, T).

In later applications, we analyze situations with a mass-flow rate (72 in kg/s or Ibm/s)
entering or leaving the control volume. Having an ideal gas flow with a state (P, T), we can
differentiate Eq. 2.9 with time to get

PV = mRT = iRT 2.11)
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What is the mass of air contained in a room 6 m X 10 m X 4 m if the pressure is 100 kPa
and the temperature is 25°C?

Solution
Assume air to be an ideal gas. By using Eq. 2.9 and the value of R from Table A.5, we have

PV 100 kN/m? x 240 m?
m=—=
RT ~ 0.287 kN m/kg K x 2982 K

LW N\l

- -

= 280.5 kg

A tank has a volume of 0.5 m? and contains 10 kg of an ideal gas having a molecular mass
of 24. The temperature is 25°C. What is the pressure?

Solution
The gas constant is determined first:
R 8.3145 kN m/kmol K
=—= = 0.346 44 kN m/kg K
M 24 kg /kmol m/ke

‘We now solve for P:
mRT _ 10kg x0.346 44 kN m/kg K x 298.2 K
v 0.5 m3

HLE N . ol

- -

P= = 2066 kPa

A tank has a volume of 15 ft> and contains 20 1bm of an ideal gas having a molecular mass
of 24. The temperature is 80 F. What is the pressure?

Solution
The gas constant is determined first:

R 1545 ft Ibf/Ib mol R
r=R _ = 64.4 ft Ibf/Ibm R
M~ 2ambm/bmol o4 ftibf/lbm

‘We now solve for P:
mRT _ 20 1bm x 64.4 ft Ibf /Ibm R X 540 R
v 144 in? /£ x 15 ft3

LW N ol

P= = 321 Ibf/in.2

Telegram: @uni_k
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A gas bell is submerged in liquid water, © ©

with its mass counterbalanced with rope and

pulleys, as shown in Fig. 2.19. The pressure

inside is measured carefully to be 105 kPa, CO,

and the temperature is 21°C. A volume

increase is measured to be 0.75 m> over a

period of 185 s. What is the volume-flow

rate and the mass-flow rate into the bell, .
~— 11O,

assuming it is carbon dioxide gas? 17

FIGURE 2.19 Sketch for Example 2.8.

Solution
The volume-flow rate is

_dv _ AV _0.75m’
S dr At 185
and the mass-flow rate is 7iz = pV = V /v. At close to room conditions the carbon dioxide is

an ideal gas, so PV = mRT or v = RT/P, and from Table A.5 we have the ideal gas constant
R = 0.1889 kJ/kg-K. The mass-flow rate becomes

=0.004 054 m*/s

PV _  105x0.004 054 kPam®/s
RT ~ 0.1889(273.15+21) kJ/kg

HLEN N . ol

Because of its simplicity, the ideal gas equation of state is very convenient to use in
thermodynamic calculations. However, two questions are now appropriate. The ideal gas
equation of state is a good approximation at low density. But what constitutes low density?
In other words, over what range of density will the ideal gas equation of state hold with
accuracy? The second question is, how much does an actual gas at a given pressure and
temperature deviate from ideal gas behavior?

One specific example in response to these questions is shown in Fig. 2.20, a T-v
diagram for water that indicates the error in assuming ideal gas for saturated vapor and for
superheated vapor. As would be expected, at very low pressure or high temperature the error
is small, but it becomes severe as the density increases. The same general trend would occur
in referring to Figs. 2.7 or 2.8. As the state becomes further removed from the saturation
region (i.e., high T or low P), the behavior of the gas becomes closer to that of the ideal gas
model.

m =

= 0.007 66 kg /s

2.9, THE COMPRESSIBILITY FACTOR

A more quantitative study of the question of the ideal gas approximation can be conducted
by introducing the compressibility factor Z, defined as
7=
RT
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or
Py = ZRT (2.12)

Note that for an ideal gas Z = 1, and the deviation of Z from unity is a measure of the
deviation of the actual relation from the ideal gas equation of state.

Figure 2.21 shows a skeleton compressibility chart for nitrogen. From this chart we
make three observations. The first is that at all temperatures Z — 1 as P — 0. That is,
as the pressure approaches zero, the P—-v—T behavior closely approaches that predicted by
the ideal gas equation of state. Second, at temperatures of 300 K and above (that is, room
temperature and above), the compressibility factor is near unity up to a pressure of about
10 MPa. This means that the ideal gas equation of state can be used for nitrogen (and, as it
happens, air) over this range with considerable accuracy.

Third, at lower temperatures or at very high pressures, the compressibility factor devi-
ates significantly from the ideal gas value. Moderate-density forces of attraction tend to
pull molecules together, resulting in a value of Z < 1, whereas very-high-density forces of
repulsion tend to have the opposite effect.

If we examine compressibility diagrams for other pure substances, we find that the
diagrams all show characteristics similar to those described above for nitrogen, at least in
a qualitative sense. Quantitatively the diagrams are all different, since the critical tempera-
tures and pressures of different substances vary over wide ranges, as indicated by the values
listed in Table A.2. Is there a way we can put all of these substances on a common basis?
To do so, we “reduce” the properties with respect to the values at the critical point. The
reduced properties are defined as

Telegram: @uni_k
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FIGURE 2.21
Compressibility of
nitrogen.

Telegram: @uni_k

2.0

1.8

1.6
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1.0
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Compressibility, Pv/RT
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0.4

Critical

point
02
Saturated liquid

1.0 2 4 10 20 40

reduced pressure = P, = —, P_. = critical pressure

reduced temperature = T, = —, T, = critical temperature (2.13)

These equations state that the reduced property for a given state is the value of this
property in this state divided by the value of this same property at the critical point.

If lines of constant 7, are plotted on a Z versus P, diagram, a plot such as that in
Fig. D.1 is obtained. The striking fact is that when such Z versus P, diagrams are prepared
for a number of substances, all of them nearly coincide, especially when the substances
have simple, essentially spherical molecules. Correlations for substances with more com-
plicated molecules are reasonably close, except near or at saturation or at high density. Thus,
Fig. D.1 is actually a generalized diagram for simple molecules, which means that it rep-
resents the average behavior for a number of simple substances. When such a diagram is
used for a particular substance, the results will generally be somewhat in error. However,
if P—v-T information is required for a substance in a region where no experimental mea-
surements have been made, this generalized compressibility diagram will give reasonably
accurate results. We need to know only the critical pressure and critical temperature to use
this basic generalized chart.

In our study of thermodynamics, we will use Fig. D.1 primarily to help us decide
whether, in a given circumstance, it is reasonable to assume ideal gas behavior as a model.
For example, we note from the chart that if the pressure is very low (that is, < P,), the
ideal gas model can be assumed with good accuracy, regardless of the temperature. Fur-
thermore, at high temperatures (that is, greater than about twice T,), the ideal gas model
can be assumed with good accuracy up to pressures as high as four or five times P,.. When
the temperature is less than about twice the critical temperature and the pressure is not
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extremely low, we are in a region, commonly termed the superheated vapor region, in which
the deviation from ideal gas behavior may be considerable. In this region it is preferable to
use tables of thermodynamic properties or charts for a particular substance, as discussed in
Section 2.4.

2 )
J1c =

Is it reasonable to assume ideal gas behavior at each of the given states?
a. Nitrogen at 20°C, 1.0 MPa

b. Carbon dioxide at 20°C, 1.0 MPa

¢. Ammonia at 20°C, 1.0 MPa

Solution
In each case, it is first necessary to check phase boundary and critical state data.

a. For nitrogen, the critical properties are, from Table A.2, 126.2 K, 3.39 MPa. Since the
given temperature, 293.2 K, is more than twice 7. and the reduced pressure is less than
0.3, ideal gas behavior is a very good assumption.

b. For carbon dioxide, the critical properties are 304.1 K, 7.38 MPa. Therefore, the reduced
properties are 0.96 and 0.136. From Fig. D.1, carbon dioxide is a gas (although 7'< T.)
with a Z of about 0.95, so the ideal gas model is accurate to within about 5% in this case.

¢. The ammonia tables, Table B.2, give the most accurate information. From Table B.2.1
at 20°C, P, =858 kPa. Since the given pressure of 1 MPa is greater than P,, this state is
a compressed liquid, not a gas. We cannot conclude this from critical properties alone.

The locations relative to the vaporization curve is shown in Fig. 2.22.

T FIGURE 2.22 States in Example 2.9.

A8 N I\~

- —

e
Determine the specific volume for R-134a at 100°C, 3.0 MPa for the following models:

a. The R-134a tables, Table B.5
b. Ideal gas
c. The generalized chart, Fig. D.1

Telegram: @uni_k
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Solution

a. From Table B.5.2 at 100°C, 3 MPa

v = 0.006 65 m® /kg (most accurate value)

b. Assuming ideal gas, we have

R 83145 kJ/kmol-K
_ R _ 835 K/kmolK _ ) o) 4o K
M 102.03 kg/kmol kg K
RT  0.081 49 kJ/kg-K x 373.2 K ;
=2 = =0.010 14 m? /k
TP 3000 kPa m’/ke

which is more than 50% too large.
c. Using the generalized chart, Fig. D.1, we obtain

3732 3 B
=55 =10 Po= =074 Z=067
RT

v=2Zx 5 =067x 0010 14 = 0.006 79 m’ /kg

which is only 2% too large.
. 7 IR\

?/ ” ‘_ ~—
PTE §

Propane in a steel bottle of volume 0.1 m? has a quality of 10% at a temperature of 15°C.
Use the generalized compressibility chart to estimate the total propane mass and to find the
pressure.

Solution
To use Fig. D.1, we need the reduced pressure and temperature. From Table A.2 for propane,
P.=4250kPa and T, = 369.8 K. The reduced temperature is, from Eq. 2.13,

T _27315+15
T,==—=222%00_ 7792 =0.78
T, 369.8

From Fig. D.1, shown in Fig. 2.23, we can read for the saturated states:

Z
Sat. vapor
Prsat =02
7.=0.78 Z;=0.035
Z,=0.83
Sat. liquid
sz 1' np FIGURE 2.23 Diagram for

Example 2.11.
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For the two-phase state the pressure is the saturated pressure:
P=P, ,XP,=02x4250kPa = 850 kPa
The overall compressibility factor becomes, as Eq. 2.1 for v,
Z=(1-x7Z +xZ,=09x0.035+0.1 x0.83 = 0.1145
The gas constant from Table A.5 is R = 0.1886 klJ/kg-K, so the gas law is Eq. 2.12:

PV = mZRT

_ PV _ 850 x 0.1 kPa m’
"~ ZRT  0.1145 x 0.1886 x 288.15 kJ/kg

m

= 13.66 kg

In-Text Concept Questions

i. How accurate is it to assume that methane is an ideal gas at room conditions?

j- I want to determine a state of some substance, and I know that P = 200 kPa; is it
helpful to write PV = mRT to find the second property?

k. A bottle at 298 K should have liquid propane; how high a pressure is needed? (Use
Fig. D.1.)

2.10, EQUATIONS OF STATE

Instead of the ideal gas model to represent gas behavior, or even the generalized com-
pressibility chart, which is approximate, it is desirable to have an equation of state that
accurately represents the P—v—T behavior for a particular gas over the entire superheated
vapor region. Such an equation is necessarily more complicated and consequently more dif-
ficult to use. Many such equations have been proposed and used to correlate the observed
behavior of gases. As an example, consider the class of relatively simple equation known
as cubic equations of state

RT a

v—=>b v+ cbv+db?
in terms of the four parameters a, b, ¢, and d. (Note that if all four are zero, this reduces to
the ideal gas model.) Several other different models in this class are given in Appendix D.
In some of these models, the parameters are functions of temperature. A more compli-
cated equation of state, the Lee-Kesler equation, is of particular interest, since this equation,
expressed in reduced properties, is the one used to correlate the generalized compressibility
chart, Fig. D.1. This equation and its 12 empirical constants are also given in Appendix D.
When we use a computer to determine and tabulate pressure, specific volume, and temper-
ature, as well as other thermodynamic properties, as in the tables in Appendix B, modern
equations are much more complicated, often containing 40 or more empirical constants.
This subject is discussed in detail in Chapter 12.

pP= (2.14)

Telegram: @uni_k
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FIGURE 2.24
Storage tanks.

FIGURE 2.25 A
tanker to transport
liquefied natural gas
(LNG), which is mainly
methane.

Telegram: @uni_k

ENGINEERING APPLICATIONS

Information about the phase boundaries is important for storage of substances in a
two-phase state like a bottle of gas. The pressure in the container is the saturation pressure
for the prevailing temperature, so an estimate of the maximum temperature the system will
be subject to gives the maximum pressure for which the container must be dimensioned
(Figs. 2.24 and 2.25).

In a refrigerator a compressor pushes the refrigerant through the system, and this
determines the highest fluid pressure. The harder the compressor is driven, the higher the
pressure becomes. When the refrigerant condenses, the temperature is determined by the
saturation temperature for that pressure, so the system must be designed to hold the tem-
perature and pressure within a desirable range (Fig. 2.26).

The effect of expansion-contraction of matter with temperature is important in many
different situations. Two of those are shown in Fig. 2.27; the railroad tracks have small gaps
to allow for expansion, which leads to the familiar clunk-clunk sound from the train wheels
when they roll over the gap. A bridge may have a finger joint that provides a continuous
support surface for automobile tires so that they do not bump, as the train does.

When air expands at constant pressure, it occupies a larger volume; thus, the density is
smaller. This is how a hot-air balloon can lift a gondola and people with a total mass equal to

(b) Top of aerosol can

(NATALIA KOLESNIKOVA/AFP//Getty Images, Inc.)
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FIGURE 2.26
Household refrigerator
components. (a) Compressor
=
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FIGURE 2.27 5 — 8
Thermal expansion = R =
joints. (a) Railroad tracks (b) Bridge expansion joint

the difference in air mass between the hot air inside the balloon and the surrounding colder
air; this effect is called buoyancy (Fig. 2.28). The buoy is hollow with air inside so the total
mass in the volume gives a lower density than the seawater to cause a similar effect.

FIGURE 2.28 Hot air
balloon and an
underwater buoy
displaying the buoyancy
effect.

(© Elementallmaging/iStockphoto)
(© Rich Carey/Shutterstock)

(b)
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KEY
CONCEPTS
AND
FORMULAS

Phases:
Phase equilibrium:

Multi-phase boundaries:

Liquid, compressed
Solid, compressed

Equilibrium state:

Quality:

Average specific volume:

Equilibrium surface:
Ideal gas law:
Universal Gas constant

Gas constant

Moles

Compressibility factor Z
Reduced properties:

Equations of state:

Solid, Liquid and Vapor (gas)

Tsat’ Psat’ vf’ Vg’ Vi

Vaporization, Sublimation, and Fusion lines
General (Fig. 2.3), water (Fig. 2.4) and CO, (Fig. 2.5)
Critical point Table 2.2, Table A.2 (F.1)
Triple point Table 2.1

vaw(T) = v,

vaevwT)=v;

Two independent properties (#1, #2)

x = m,,,/m (vapor mass fraction)

1 = x = my;,/m (liquid mass fraction)

v=(1=x)v;+xv, (onlytwo-phase mixture)

8

P-v-T  Tables or equation of state

Pv=RT, PV =mRT =nRT

R = 8.3145 kJ/kmol-K = 1.985 89 Btu/Ibmol-R

R=R/M kJ/kg-K, Table A.5 or M from A.2
ft-1bf/lbm-R, Table F.4 or M from F.1

n=miM
Pv=ZRT Chart for Zin Fig. D.1
P.= i; T, = I entry to compressibility chart

r PC r TC
Table sections B and F, most accurate, no equations
Ideal gas law Eq. 2.9, no phase change
Constant v for liquids/solids Egs. 2.3—4, no phase

change
Cubic, pressure explicit, appendix D Table D.1, D.4
B-W-R, Eq. 12.56 and Table D.2 for simple fluid as
Lee Kesler appendix D, Table D.3 and Fig. D.1

2.3)
2.4)

@2.1)

(2.9)

2.8)

(2.10)
2.12)
(2.13)
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CHAPTER 3 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

3.1

3.2

3.3

34

3.5

3.6

Whatis I calin SIunits and what is the name given
to 1 N-m?

A car engine is rated at 110 kW. What is the power
in hp?

Why do we write AE or E, — E;, whereas we write
19, and | W,?

If a process in a control mass increases energy E,
— E| > 0, can you say anything about the sign for
19, and | W,?

Assume a physical setup as in Fig. P3.6(a). We
now heat the cylinder. What happens to P, 7, and
v (up, down, or constant)? What transfers do we
have for Q and W (positive, negative, or zero)?

Figure P3.6 shows three physical situations. Show
the possible process in a P—v diagram.

(a) (®) (©)

Figure P3.6

3.7

3.8

Telegram: @uni_k

For the indicated physical setup in (a), (b), and
(c) in Fig. P3.6, write a process equation and the
expression for work.

Assume the physical situation in Fig. P3.6b; what
is the work term a, b, ¢, or d?

a. 1W2=P1(V2—V1)
C. ]W2=—(P1+P2)(V2—V1)
d

. 1W2 = E(Pl —P2) (V2+V1)

3.9

Figure P3.9 shows three physical situations; show
the possible process in a P—v diagram.

(a) () ()

Figure P3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

What can you say about the beginning state of the
R-410A in Fig. P3.6¢ versus that in Fig. P3.9¢ for
the same piston/cylinder?

A thermopane window traps some gas between the
two glass panes. Why is this beneficial?

On a chilly 10°C fall day a house, with an indoor
temperature of 20°C, loses 6 kW by heat transfer.
What transfer happens on a 30°C warm summer
day, assuming everything else is the same?
Liquid water is heated, so it becomes super-
heated vapor. Should u or 4 be used in the energy
equation? Explain. Can specific heat be used to
find the heat transfer? Explain.

The electric bill is calculating usage in kWh.
Explain that in terms of energy.

Look at the R-410A value for u, at —50°C. Can the
energy really be negative? Explain.

Anideal gas in a piston/cylinder is heated with 2 kJ
during an isothermal process. How much work is
involved?

P-13
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3.17

3.18

Anideal gas in a piston/cylinder is heated with 2 kJ
during an isobaric process. Is the work positive,
negative, or zero?

You heat a gas 10 K at P = C. Which one in Table
A.5 requires most energy? Why?

3.19

You mix 20°C water with 50°C water in an open
container. What do you need to know to determine
the final temperature?

HOMEWORK PROBLEMS

Kinetic and Potential Energy

3.20

3.21

3.22

3.23

3.24

A piston motion moves a 25-kg hammerhead ver-
tically down 1 m from rest to a velocity of 50 m/s
in a stamping machine. What is the change in total
energy of the hammerhead?

A pump pushes 1000m? of liquid water at 15°C
up to a reservoir at 200 m higher elevation. How
much work input does that require? If the water
runs down without friction or restriction how high
a velocity will it come to?

A 1200-kg car accelerates from zero to 100 km/h
over a distance of 400 m. The road at the end of the
400 m s at 10 m higher elevation. What is the total
increase in the car’s kinetic and potential energy?
A hydraulic hoist raises a 1750-kg car 1.8 m in an
auto repair shop. The hydraulic pump has a con-
stant pressure of 1000 kPa on its piston. What is
the increase in potential energy of the car and how
much volume should the pump displace to deliver
that amount of work?

Airplane takeoff from an aircraft carrier is assisted
by a steam-driven piston/cylinder with an average
pressure of 1250 kPa. A 17 500-kg airplane should
accelerate from zero to 30 m/s, with 30% of the
energy coming from the steam piston. Find the
needed piston displacement volume.

Force Displacement Work

3.25

3.26

3.27

P-14

A hydraulic cylinder of area 0.01 m? must push a
1000-kg arm and shovel 0.5 m straight up. What
pressure is needed and how much work is done?

A hydraulic cylinder has a piston cross-sectional
area of 10 cm? and a fluid pressure of 2 MPa. If the
piston is moved 0.25 m, how much work is done?
A bulldozer pushes 800 kg of dirt 100 m with a
force of 1500 N. It then lifts the dirt 3 m up to put
it in a dump truck. How much work did it do in
each situation? How fast can it do those tasks if
the effective power is 50 hp?

Telegram: @uni_k

3.28

3.29

Two hydraulic cylinders maintain a pressure of
1200 kPa. One has a cross-sectional area of
0.01 m?, the other 0.03 m?2. To deliver work of
1 kJ to the piston, how large a displacement V
and piston motion H are needed for each cylinder?
Neglect P
A motor delivers 50 hp on a drive shaft at
1800 rpm. What are the angular velocity and the
torque on the shaft?

atm*

Boundary Work

3.30

3.31

3.32

Solve Problem 3.24, but assume that the steam
pressure in the cylinder starts at 1000 kPa, drop-
ping linearly with volume to reach 200 kPa at the
end of the process.

The R-410A in Problem 3.12c¢ s at 1000 kPa, 50°C
with a mass of 0.1 kg. It is cooled so that the vol-
ume is reduced to half the initial volume. The pis-
ton mass and gravitation gives a float pressure of
400 kPa. Find the work in the process.

A 400-L tank, A (see Fig. P3.32), contains argon
gas at 250 kPa and 30°C. Cylinder B, having a
frictionless piston of such mass that a pressure of
150 kPa will float it, is initially empty. The valve
is opened, and argon flows into B and eventu-
ally reaches a uniform state of 150 kPa and 30°C
throughout. What is the work done by the argon?

Py

Argon

4 INEET

|«

Figure P3.32
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3.33

E3 334

3.35

3.36

3.37

3.38

3.39

A piston/cylinder assembly contains 2 kg of liquid
water at 20°C and 300 kPa, as shown in Fig. P3.33.
There is a linear spring mounted on the piston such
that when the water is heated, the pressure reaches
3 MPa with a volume of 0.1 m>.

a. Find the final temperature.

b. Plot the process in a P—v diagram.

c¢. Find the work in the process.

Figure P3.33

Heat transfer to a 1.5-kg block of ice at —10°C
melts it to liquid at 10°C in a kitchen. How much
work does the water gives out?

A cylinder fitted with a frictionless piston contains
5 kg of superheated R-134a vapor at 1000 kPa and
140°C. The setup is cooled at constant pressure
until the R-134a reaches a quality of 25%. Calcu-
late the work done in the process.

A piston/cylinder contains 2 kg of water at 20°C
with a volume of 0.1 m®. By mistake someone
locks the piston, preventing it from moving while
we heat the water to saturated vapor. Find the final
temperature, volume and the process work.

A nitrogen gas goes through a polytropic process
with n = 1.3 in a piston/cylinder. It starts out at
400 K, 200 kPa and ends at 800 K. Find the spe-
cific work.

Helium gas expands from 125 kPa, 350 K and
0.25 m? to 100 kPa in a polytropic process with
n = 1.667. How much work does it give out?

A balloon behaves so that the pressure is P =
C,V'3 and C, = 100 kPa/m. The balloon is blown
up with air from a starting volume of 1 m? to a vol-
ume of 4 m>. Find the final mass of air, assuming
it is at 25°C, and the work done by the air.

Heat Transfer

3.40

Telegram: @uni_k

A 15-cm-thick concrete wall, k = 1.28 W/m K,
has a temperature difference between the two sides

341

3.42

343

3.44

345

3.46

3.47

348

of 20°C. Find the rate of heat transfer per unit
area.

The brake shoe and steel drum of a car continu-
ously absorb 75 W as the car slows down. Assume
a total outside surface area of 0.1 m? with a con-
vective heat transfer coefficient of 10 W/m?2 K to
the air at 20°C. How hot does the outside brake
and drum surface become when steady conditions
are reached?

A 2-m? window has a surface temperature of 15°C,
and the outside wind is blowing air at 2°C across
it with a convection heat transfer coefficient of 7 =
125 W/m? K. What is the total heat transfer loss?

A power plant condenser (heat exchanger) trans-
fers 100 MW from steam running in a pipe to sea-
water being pumped through the heat exchanger.
The wall separating the flows is 4 mm of steel,
with k = 15 W/m K, and it has 7°C difference
between the two fluids. Find the required area of
the heat exchanger.

The black grille on the back of a refrigerator
has a surface temperature of 35°C with a total
surface area of 1 m?. Heat transfer to the room
air at 20°C takes place with an average convec-
tive heat transfer coefficient of 20 W/m?> K. How
much energy can be removed during 10 minutes of
operation?

A steel pot, with conductivity of 15 W/m K and
a 5-mm-thick bottom, is filled with 15°C liquid
water. The pot has a diameter of 20 cm and is on an
electric stove that heats so the bottom is 5 degrees
hotter than the surface to the liquid. What is the
rate of heat transfer?

A wall surface on a house is 30°C with an emis-
sivity of € = 0.7. The surroundings are at 15°C
with an average emissivity of 0.9. Find the rate of
radiation energy from each of those surfaces per
unit area.

A radiant heat lamp is a rod, 0.5 m long and
0.5 cm in diameter, through which 400 W of elec-
tric energy is deposited. Assume that the surface
has an emissivity of 0.9 and neglect incoming radi-
ation. What will the rod surface temperature be?
A radiant heating lamp has a surface tempera-
ture of 1000 K with ¢ = 0.8. How large a surface
area is needed to provide 250 W of radiation heat
transfer?

P-15
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Properties (u, h) from General Tables

3.49

3.50

3.51

3.52

3.53

3.54

3.55

Determine the phase of the following substances

and find the values of the unknown quantities.

a. Nitrogen: P = 2000 kPa, 120 K, u = ?,
h=7

b. Nitrogen: 110 K, v=0.010 m*/kg, u = ?

c. Air: T=100°C, v =0.500 m3/kg, h = ?

d. R-410A: T = 25°C, v = 0.01 m/kg, P = ?,
h=7

Find the phase and the missing properties of P, T,

v, u, and x for water at

a. 500 kPa, 100°C

b. 5000 kPa, h = 1800 kJ/kg

c¢. 5000 kPa, u = 2950 kl/kg

d. —6°C,v=1m/kg

Indicate the location of the four states in Problem

3.50 as points in both the P—v and T—v diagrams.

Find the missing property of P, T, v, u, h, and x and

indicate the states in a P—v and a T—v diagram for

a. Water at 5000 kPa, u = 1000 klJ/kg

b. R-134a at —20°C, u = 220 kl/kg

c¢. Nitrogen at 250 K, 200 kPa

Find the missing properties for carbon dioxide at

a. 20°C,2MPa:v=2and h="?

b. 10°C,x=05:T=2%u="?

c. 1 MPa,v=0.05 m3/kg: T=7?%h="?

Find the missing property of P, T, v, u, h, and x and

indicate the states in a P—v and a T—v diagram for

a. R-410A at 500 kPa, i = 300 kJ/kg

b. R-410A at 10°C, u =200 kJ/kg

c. R-134aat40°C, h = 426 kJ/kg

Saturated liquid water at 20°C is compressed to
a higher pressure with constant temperature. Find
the changes in u# and & from the initial state
when the final pressure is 500 kPa and repeat for
2000 kPa.

Problem Analysis

3.56

P-16

Consider a steel bottle as a CV. It contains car-
bon dioxide at —20°C, quality 20%. It has a safety
valve that opens at 6 MPa. The bottle is now acci-
dentally heated until the safety valve opens. Write
the process equation that is valid until the valve
opens and plot the P—v diagram for the process.
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3.57

3.58

3.59

A piston/cylinder contains water with quality 75%
at 200 kPa. Slow expansion is performed while
there is heat transfer and the water is at constant
pressure. The process stops when the volume has
doubled. How do you determine the final state and
the heat transfer?

Consider Problem R3.59. The final state was
given, but you were not told that the piston hits the
stops, only that V., = 2 V. Sketch the possible
P—v diagram for the process and determine which
number(s) you need to uniquely place state 2 in
the diagram. There is a kink in the process curve;
what are the coordinates for that state? Write an
expression for the work term.

Take Problem 3.137 and write the left-hand side
(storage change) of the conservation equations for
mass and energy. How should you write m; and
Eq. 3.5?

Simple Processes

3.60

3.61

3.62

3.63

3.64

Saturated vapor R-410A at 0°C in a rigid tank is
cooled to —20°C. Find the specific heat transfer.

A constant-pressure piston/cylinder assembly con-
tains 0.2 kg of water as saturated vapor at 400 kPa.
It is now cooled so that the water occupies half of
the original volume. Find the work and heat trans-
fer for the process.

A container is split in two equal volumes by a stiff
membrane. One part is evacuated and the other
part has 0.5 kg R-410A at 600 kPa, 60°C. Now the
membrane ruptures and the system comes to equi-
librium at 40°C by some heat transfer. Find the
heat transfer and the final pressure.

A cylinder fitted with a frictionless piston con-
tains 2 kg of superheated refrigerant R-134a vapor
at 350 kPa, 100°C. The cylinder is now cooled so
that the R-134a remains at constant pressure until it
reaches a quality of 25%. Calculate the heat trans-
fer in the process.

A piston/cylinder contains 1.5 kg of water at
200 kPa, 150°C. It is now heated by a process in
which pressure is linearly related to volume to a
state of 600 kPa, 350°C. Find the final volume, the
heat transfer, and the work in the process.
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B3 3.65

3.66

3.67

3.68

3.69

3.70
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Ammonia (0.5 kg) in a piston/cylinder at 200 kPa,
—10°C is heated by a process in which pressure
varies linearly with volume to a state of 50°C,
300 kPa. Find the work and heat transfer for the
ammonia in the process.

A water-filled reactor with a volume of 1 m? is
at 20 MPa and 360°C and is placed inside a con-
tainment room, as shown in Fig. P3.66. The room
is well insulated and initially evacuated. Due to
a failure, the reactor ruptures and the water fills
the containment room. Find the minimum room
volume so that the final pressure does not exceed
200 kPa.

V

[ ]

7 Figure P3.66

A rigid 1 kg steel tank holds 0.75 kg ammonia
at 70°C as saturated vapor. The tank and content
is now cooled to ambient 20°C by heat transfer.
Determine the amount of work and heat transfer
during the process.

Water in a 150-L closed, rigid tank is at 100°C and
90% quality. The tank is then cooled to —10°C.
Calculate the heat transfer for the process.

A piston/cylinder arrangement with a linear spring
similar to Fig. P3.33 contains R-134a at 15°C,
x = 0.4 and a volume of 0.02 m>. It is heated to
60°C, at which point the specific volume is 0.030
02 m3/kg. Find the final pressure, the work, and the
heat transfer in the process.

A 10-m-high open cylinder, with A.,; = 0.1 m?,
contains 20°C water above and 2 kg of 20°C water
below a 198.5-kg thin insulated floating piston, as
shown in Fig. P3.70. Assume standard g, P,. Now
heat is added to the water below the piston so that it
expands, pushing the piston up, causing the water
on top to spill over the edge. This process contin-
ues until the piston reaches the top of the cylinder.
Find the final state of the water below the piston
(T, P, v) and the heat added during the process.

3.71

3.72

3.73

3.74

3.75

Figure P3.70

Assume the same setup as in Problem 3.66, but the
room has a volume of 100 m3. Show that the final
state is two phase and find the final pressure by trial
and error.

A rigid steel tank contains 0.5 kg R410A at 0°C
with a specific volume of 0.01 m?/kg. The whole
system is now heated to a room temperature of
25°C. Find the final P and the process heat transfer.

Redo the previous problem when you also consider
the tank to be 2 kg of steel with the same T as the
R-410A.

A piston/cylinder contains 1.5kg water at
600 kPa, 400°C. It is now cooled in a process
wherein pressure is linearly related to volume to a
state of 200 kPa, 250°C. Plot the P—v diagram for
the process, and find both the work and the heat
transfer in the process.

Superheated refrigerant R-134a at 20°C and
100 kPa is cooled in a piston/cylinder arrangement
at constant temperature to a final two-phase state
with quality of 50%. The refrigerant mass is 3 kg,
and during this process 357 kJ of heat is removed.
Find the initial and final volumes and the neces-
sary work.

Specific Heats: Solids and Liquids

3.76

3.77

In a sink, 5 L of water at 70°C is combined with
1 kg of aluminum pots, 1 kg of silverware (steel),
and 1 kg of glass, all put in at 20°C. What is the
final uniform temperature, neglecting any heat loss
and work?

A computer CPU chip consists of 50 g silicon,
20 g copper, and 50 g polyvinyl chloride (plastic).
It now heats from 15°C to 70°C as the computer
is turned on. How much energy did the heating
require?

P-17
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3.78

3.79

3.80

3.81

P-18

A copper block of volume 1 L is heat treated at
500°C and now cooled in a 200-L oil bath initially
at 20°C, as shown in Fig. P3.78. Assuming no heat
transfer with the surroundings, what is the final
temperature?

=

Z 7

Figure P3.78

A car with mass 1275 kg is driven at 60 km/h when
the brakes are applied quickly to decrease its speed
to 20 km/h. Assume that the brake pads have a
0.5-kg mass with a specific heat of 1.1 kJ/kg-K and
that the brake disks/drums are 4.0 kg of steel. Find
the assumed uniform temperature increase in the
brake assembly.

A piston/cylinder (0.5 kg steel altogether) main-
taining a constant pressure has 0.2 kg R-134a as
saturated vapor at 150 kPa. It is heated to 40°C,
and the steel is at the same temperature as the
R-134a at any time. Find the work and heat transfer
for the process.

An engine, shown in Fig. P3.81, consists of a
100-kg cast iron block with a 20-kg aluminum
head, 20 kg of steel parts, 5 kg of engine oil, and
6 kg of glycol (antifreeze). All initial temperatures
are 5°C, and as the engine starts we want to know
the final uniform temperature if it receives 5 kW
of heat during 15 min.

Automobile engine

Figure P3.81
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Properties (u, h, C,, C,), Ideal Gas

3.82

3.83

3.84

3.85

3.86
3.87

3.88

Use the ideal gas air A.7 to evaluate the specific g3

heat C,, at 300 K as a slope of the curve A(T) by
AR/AT. How much larger is it at 1000 K and at
1500 K?

Estimate the constant specific heats for R-134a
from Table B.5.2 at 100 kPa and 125°C. Compare
this to the specific heats in Table A.5 and explain
the difference.

Find the change in u for carbon dioxide between
600 K and 1200 K using (a) Table A.5, (b) Table
A.6 at the average T, and (c) Table A.8.

Nitrogen at 300 K, 3 MPa is heated to 500 K. Find
the change in enthalpy using (a) Table B.2.1, (b)
Table A.8, and (c) Table A.5.

Repeat Problem 3.84 for nitrogen gas.

Find the change in enthalpy for carbon dioxide
going from 500 to 1500 K by integrating the
equation in Table A.6.

Water at 20°C and 100 kPa is brought to 100 kPa
and 1500°C. Find the change in the specific inter-
nal energy, using the water tables and ideal gas
tables.

Specific Heats Ideal Gas

3.89

3.90

391

3.92

3.93

Air is heated from 300 to 350 K at constant vol-
ume. Find |g,. What is | g, if the temperature rises
from 1300 to 1350 K?

A rigid container has 2 kg of oxygen gas at
100 kPa and 1200 K that is heated to 1400 K. Solve
for the heat transfer using (a) the specific heat from
Table A.5 and (b) properties from Table A.8.

Air (3 kg) is in a piston/cylinder similar to Fig.
P3.6(a) at 27°C, 300 kPa. It is now heated to 500
K. Plot the process path in a P—v diagram and find
the work and heat transfer in the process.

A 10-m-high cylinder, with a cross-sectional area
of 0.1 m?, has a massless piston at the bottom with
water at 20°C on top of it, similar to Fig. P3.70
except it has air under the piston. The air at 300 K,
V = 0.3 m? is heated so that the piston moves up,
spilling the water out over the side. Find the total
heat transfer to the air when all the water has been
pushed out.

A cylinder with a piston restrained by a linear
spring contains 2 kg of carbon dioxide at 500 kPa
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3.94

B3 395

3.96

and 400°C. It is cooled to 40°C, at which point the
pressure is 300 kPa. Calculate the heat transfer for
the process.

A constant pressure container is filled with 1 kg of
stainless steel and 0.5 kg of PVC (polyvinyl chlo-
ride) both at 20C and 0.25 kg of hot air at 500 K,
100 kPa. The container is nowleft alone with no
external heat transfer. Find the final temperature
and the process work.

A spring-loaded piston/cylinder contains 1.5 kg of
air at 27°C and 160 kPa. It is now heated to 900
K in a process wherein the pressure is linear in
volume to a final volume of twice the initial vol-
ume. Plot the process in a P—v diagram and find
the work and heat transfer.

An insulated cylinder is divided into two parts of
1 m? each by an initially locked piston, as shown
in Fig. P3.96. Side A has air at 200 kPa, 300 K,
and side B has air at 1.0 MPa, 1000 K. The piston
is now unlocked so that it is free to move, and it
conducts heat so that the air comes to a uniform
temperature 7, = Ty. Find the mass in both A and
B and the final T and P.

/ 2 %
A B
Air Air
Z
Figure P3.96

Polytropic Process

3.97

3.98

3.99
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Helium gas expands from 125 kPa, 350 K and
0.25 m? to 100 kPa in a polytropic process with
n = 1.667. How much heat transfer is involved?
A piston/cylinder device contains 0.1 kg of air at
300 K and 100 kPa. The air is now slowly com-
pressed in an isothermal (7" = constant) process to
a final pressure of 250 kPa. Show the process in
a P—V diagram, and find both the work and heat
transfer in the process.

A gasoline engine has a piston/cylinder with 0.1 kg
air at 4 MPa, 1527°C after combustion, and this is
expanded in a polytropic process withn = 1.5to a
volume 10 times larger. Find the expansion work

3.100
3.101

3.102

3.103

3.104

3.105

3.106

and heat transfer using the specific heat value in
Table A.S.

Solve the previous problem using Table A.7.

A piston/cylinder has nitrogen gas at 750 K and
1500 kPa, as shown in Fig. P3.101. Now it is
expanded in a polytropic process with n = 1.2 to
P =750 kPa. Find the final temperature, the spe-
cific work, and the specific heat transfer in the
process.

Figure P3.101

A piston/cylinder assembly has 1kg of
propane gas at 700 kPa and 40°C. The piston
cross-sectional area is 0.5 m?2, and the total exter-
nal force restraining the piston is directly pro-
portional to the cylinder volume squared. Heat is
transferred to the propane until its temperature
reaches 700°C. Determine the final pressure, the
work and the heat transfer for the process.

A piston/cylinder arrangement of initial volume
0.025 m? contains saturated water vapor at 180°C.
The steam now expands in a polytropic process
with exponent n = 1 to a final pressure of 200 kPa
while it does work against the piston. Determine
the heat transfer for this process.

A piston/cylinder assembly in a car contains 0.2 L
of air at 90 kPa and 20°C, similar to Fig. P3.101.
The air is compressed in a polytropic process with
n = 1.25 to a final volume six times smaller. Deter-
mine the final pressure and temperature, and the
heat transfer for the process.

Air goes through a polytropic process with n =
1.3 in a piston/cylinder setup. It starts at 2200 kPa,
1800 K and ends with a pressure of 200 kPa. Find
the expansion ratio v,/v;, the specific work, and the
specific heat transfer.

Saturated vapor R-410A at —10°C of mass 0.6 kg
is in a piston/cylinder setup. It is now compressed
to a pressure of 1200 kPa in a polytropic process
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with n = 1.5. Find the final temperature, the pro-
cess work and heat transfer.

Multistep Processes: All Substances

3.107

3.108

3.109

3.110

P-20

A helium gas is heated at constant volume from
100 kPa, 300 K to 500 K. A following process
expands the gas at constant pressure to three times
the initial volume. What is the specific work and
the specific heat transfer in the combined process?
A piston/cylinder shown in Fig. P3.108 contains
0.5 m? of R-410A at 2 MPa, 150°C. The piston
mass and atmosphere give a pressure of 450 kPa
that will float the piston. The whole setup cools in
afreezer to —20°C. Find the heat transfer and show
the P—v diagram for the process.

R-410A

Figure P3.108

A piston/cylinder has water at 200 kPa, x = 0.5 and
the cylinder has a stop similar to Fig. P3.6c. The
water is now heated so it reaches a final state of
600°C, 400 kPa. Find the specific work and spe-
cific heat transfer.

Ten kilograms of water in a piston/cylinder
arrangement exists as saturated liquid/vapor at
100 kPa, with a quality of 50%. The system is now
heated so that the volume triples. The mass of the
piston is such that a cylinder pressure of 200 kPa
will float it, as in Fig. P3.110. Find the final tem-
perature and the heat transfer in the process.

Py

Figure P3.110
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3.111

3.112

3.113

3.114

3.115

Water in a piston/cylinder (Fig. P3.111) is at g3

101 kPa, 25°C, and mass 0.5 kg. The piston
rests on some stops, and the pressure should be
1000 kPa to float the piston. We now heat the
water, so the piston just reaches the end of the
cylinder. Find the total heat transfer.

Figure P3.111

A setup like the one in Fig. P3.108 has the R-410A
initially at 1000 kPa, 50°C of mass 0.1 kg. The bal-
ancing equilibrium pressure is 400 kPa, and it is
now cooled so that the volume is reduced to half
of the starting volume. Find the heat transfer for
the process.

The piston/cylinder in Fig. P3.113 contains 0.1 kg
water at 500°C, 1000 kPa. The piston has a stop at
half of the original volume. The water now cools
to a room temperature of 25°C.

Py

Figure P3.113

a. Sketch the possible water states in a P—v dia-
gram.

b. Find the final pressure and volume.

c¢. Find the heat transfer and work in the process.
A piston/cylinder arrangement contains 5 kg of
water at 100°C with x = 20% and the piston, of
m,, = 150 kg, resting on some stops, similar to Fig.
P3.110. The outside pressure is 100 kPa, and the
cylinder area is A = 24.5 cm?. Heat is now added
until the water reaches a saturated vapor state. Find
the initial volume, final pressure, work, and heat
transfer terms and show the P—v diagram.

A piston/cylinder setup similar to Problem 3.110
contains 0.1 kg of saturated liquid and vapor water
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3.116

3.117

at 100 kPa with quality 25%. The mass of the pis-
ton is such that a pressure of 600 kPa will float it.
The water is heated to 300°C. Find the final pres-
sure, volume, work ; W, and heat transfer ; Q,.

A piston cylinder contains air at 1000 kPa, 800 K
with a volume of 0.05 m?. The piston is pressed
against the upper stops (see Fig. P3.9¢) and it
will float at a pressure of 750 kPa. Now the air is
cooled to 400 K. What is the process work and heat
transfer?

Air in a piston/cylinder assembly at 200 kPa and
600 K is expanded in a constant-pressure process
to twice the initial volume, state 2, as shown in Fig.
P3.117. The piston is then locked with a pin, and
heat is transferred to a final temperature of 600 K.
Find P, T, and h for states 2 and 3, and find the
work and heat transfer in both processes.

Air

Figure P3.117

Energy Equation Rate Form

E 3118

3.119

3.120

3.121
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A 100-hp car engine has a drive shaft rotating at
2000 RPM. How much torque is on the shaft for
25% of full power?

A piston/cylinder of cross-sectional area 0.01 m?
maintains constant pressure. It contains 1kg of
water with a quality of 5% at 150°C. If we heat
the water so that 1 g/s of liquid turns into vapor,
what is the rate of work out?

As fresh-poured concrete hardens, the chemical
transformation releases energy at a rate of 2 W/kg.
Assume that the center of a poured layer does have
a heat loss of 0.3 W/kg and that it has an average
specific heat of 0.9 kJ/kg-K. Find the temperature
rise during 3 h of the hardening (curing) process.
A 1.2-kg pot of water at 20°C is put on a stove sup-
plying 250 W to the water. How long will it take to
come to a boil (100°C)?

3.122

3.123

3.124

A computer in a closed room of volume 200 m?

dissipates energy at a rate of 5 kW. The room has

500 kg of wood, 45 kg of steel, and air, with all

material at 300 K and 100 kPa. Assuming all the

mass heats up uniformly, how long will it take to

increase the temperature 10°C?

A 500-W heater is used to melt 2 kg of solid ice at

—10°C to liquid at +5°C at a constant pressure of

150 kPa.

a. Find the change in the total volume of the water.

b. Find the energy the heater must provide to the
water.

c. Find the time the process will take, assuming
uniform 7 in the water.

A 3-kg mass of nitrogen gas at 2000 K, V = C,

cools with 500 W. What is d7/dt?

General Work

3.125

3.126

3.127

3.128

3.129

Electric power is volts times amperes (P = Vi).
When a car battery at 12 V is charged with 6 amps
for 3 h, how much energy is delivered?

A copper wire of diameter 2 mm is 10 m long
and stretched out between two posts. The normal
stress (pressure), o = E(L — L))/L,, depends on the
length, L, versus the unstretched length, L, and
Young’s modulus, E = 1.1 x 10° kPa. The force is
F = Ac and is measured to be 110 N. How much
longer is the wire, and how much work was put in?
A battery is well insulated while being charged
by 12.3 V at a current of 6 A. Take the battery as
a control mass and find the instantaneous rate of
work and the total work done over 6 h.

A sheet of rubber is stretched out over a ring
of radius 0.25 m. I pour liquid water at 20°C on
it, as in Fig. P3.128, so that the rubber forms a
half-sphere (cup). Neglect the rubber mass and
find the surface tension near the ring.

Rubber sheet Figure P3.128

Assume a balloon material with a constant surface
tension of o =2 N/m. What is the work required to
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3.130

stretch a spherical balloon up to a radius of r = 0.5
m? Neglect any effect from atmospheric pressure.
A soap bubble has a surface tension of ¢ = 3 X
10~ N/cm as it sits flat on a rigid ring of diam-
eter 5 cm. You now blow on the film to create a
half-sphere surface of diameter 5 cm. How much
work was done?

Engineering Applications

3.131

3.132

3.133

3.134

3.135

3.136

According to Table 3.4 residential buildings in US
use 22.2% of the total energy. If that is spread
evenly over the year (day & night) how much
power is that in MW?

Take total energy use in the US from Table 3.4
for 2011 and find the population online to com-
pare with the number quoted in Table 3.5 for 2012.
What is then the average power used per capita
assuming an even use with time.

A wind turbine with 20 m diameter rotors spins at
15 rpm and produces 1.5 MW. Find the wing tip
speed, and the rotor shaft torque.

The solar flux is 1377 W/m? towards Earth, of that
about 1000 W/m? reaches the surface. Table 3.6
says a PV panel can give about 100 W/m?. Men-
tion some of the reasons for this drop in avail-
able flux.

A house is being designed to use a thick concrete
floor mass as thermal storage material for solar
energy heating. The concrete is 30 cm thick, and
the area exposed to the sun during the daytime is
4 x 6 m. It is expected that this mass will undergo
an average temperature rise of about 3°C during
the day. How much energy will be available for
heating during the nighttime hours?

A solar pond with 20°C salt water, C, = 3.8
kJ/kg-K has a 125 m? surface area 0.5 m depth and
it receives a solar net influx of 110 W/m? over 8
hours. Find the final uniform temperature and total
energy stored.

More Complex Devices and Review Problems

3.137

P-22

Two rigid tanks are filled with water (Fig. P3.137).
Tank A is 0.2 m3 at 100 kPa, 150°C and tank B is
0.3 m? at saturated vapor of 300 kPa. The tanks are
connected by a pipe with a closed valve. We open
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3.138

3.139

3.140

the valve and let all the water come to a single uni-
form state while we transfer enough heat to have
a final pressure of 300 kPa. Give the two property
values that determine the final state and find the
heat transfer.

Figure P3.137

A rigid tank is divided into two rooms, both con-
taining water, by a valve, similar to Fig. P3.137.
Room A is at 200 kPa, v =0.5 m3/kg, Vy=1 m?,
and room B contains 3.5 kg at 0.5 MPa, 400°C.
The valve is opened and heat transfer takes place
so that the water comes to a uniform state at 100°C.
Find the heat transfer during the process.

A piston/cylinder has a water volume separated in
V, =0.2m? and Vy = 0.3 m? by a stiff membrane
(Fig. P3.139). The initial state in A is 1000 kPa,
x =0.75 and in B it is 1600 kPa and 250°C. Now
the membrane ruptures and the water comes to a
uniform state at 200°C. What is the final pressure?
Find the work and the heat transfer in the process.

Py

cb P

A:H,O

B:H,O

Figure P3.139

The cylinder volume below the constant loaded
piston has two compartments, A and B, filled with
water, as shown in Fig. P3.140. A has 0.5 kg at
200 kPa and 150°C and B has 400 kPa with a qual-
ity of 50% and a volume of 0.1 m>. The valve is
opened and heat is transferred so that the water
comes to a uniform state with a total volume of
0.8938 m?. Find the total mass of water and the
total initial volume. Find the work and the heat
transfer in the process.
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Figure P3.140

3.141 Airin tank B is at 200 kPa, 280 K and mass 1 kg.

3.142

3.143

3.144
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It is connected to an empty piston/cylinder with a
float pressure of 400 kPa see Fig. P3.140. The sys-
tem is heated to 600 K with valve open. Find the
final P and V, the process work, and the process
heat transfer.

A piston/cylinder setup (Fig. P3.110) contains
1 kg of water at 200 kPa, x = 0.9. The piston mass
and P, are such that a pressure of 400 kPa will float
it. The whole system is heated to 400°C. Find the
final pressure, process work, and heat transfer.
Two kilograms of water is contained in a pis-
ton/cylinder (Fig. P3.143) loaded with a linear
spring and the outside atmosphere. Initially the
water is at 200 kPa, V = 0.2 m>. If the piston
just hits the upper stops, the volume is 0.8 m? and
T = 600°C. Heat is now added until the pressure
reaches 1.2 MPa. Show the P—V diagram, and find
the work and heat transfer for the process.

H,0

Figure P3.143

A piston cylinder has 0.1 kg water at x = 0.5,
120°C maintaining constant pressure. It is now
put in thermal contact with a rigid container with
0.1 kg nitrogen gas at 500 K, 300 kPa and the sys-
tem comes to a final uniform 7. There is no heat
transfer to or from ambient. Hint: can you boil
all the liquid water to vapor? Find the final 7 and

3.145

3.146

3.147

3.148

3.149

nitrogen P, the heat transfer given out by the nitro-
gen and the process work.

A piston/cylinder arrangement has the piston
loaded with outside atmospheric pressure and the
piston mass to a pressure of 150 kPa. It contains
water at —2°C, which is then heated until the water
becomes saturated vapor. Find the final temper-
ature and specific work and heat transfer for the
process.

A vertical cylinder (Fig. P3.146) has a 61.18-kg
piston locked with a pin, trapping 10 L of
R-410A at 10°C with 90% quality inside. Atmo-
spheric pressure is 100 kPa, and the cylinder
cross-sectional area is 0.006 m>. The pin is
removed, allowing the piston to move and come
to rest with a final temperature of 10°C for the
R-410A. Find the final pressure, the work done,
and the heat transfer for the R-410A.

Fo

Air l g
(T
[T 1T

[ [ =g Pin

R-410A

Figure P3.146

Water in a piston/cylinder, similar to Fig. P3.110,
is at 100°C, x = 0.5 with mass 1 kg, and the pis-
ton rests on the stops. The equilibrium pressure
that will float the piston is 300 kPa. The water is
heated to 300°C by an electrical heater. At what
temperature would all the liquid be gone? Find the
final (P, v), the work, and the heat transfer in the
process.

A rigid container has two rooms filled with water,
each of 1 m?, separated by a valve (see Fig.
P3.137). Room A has P =200 kPa with a quality of
x = 0.80. Room B has P =2 MPa and T = 400°C.
The partition wall is removed, and because of heat
transfer the water comes to a uniform state with a
temperature of 200°C. Find the final pressure and
the heat transfer in the process.

A small, flexible bag contains 0.1 kg of ammonia
at —10°C and 300 kPa. The bag material is such

P-23
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3.150

3.151

that the pressure inside varies linearly with the vol-
ume. The bag is left in the sun with an incident
radiation of 75 W, losing energy with an average
25 W to the ambient ground and air. After a while
the bag is heated to 30°C, at which time the pres-
sure is 1000 kPa. Find the work and heat transfer
in the process and the elapsed time.

A piston/cylinder setup, similar to Fig. P3.143,
contains R-410A at —20°C, x = 20%. The volume
is 0.2 m3. Itis known that Viop =04 m?, and if the
piston sits at the bottom, the spring force balances
the other loads on the piston. The system is now
heated to 20°C. Find the mass of the fluid and show
the P—v diagram. Find the work and heat transfer.
A spherical balloon contains 2 kg of R-410A at
0°C with a quality of 30%. This system is heated

3.152

until the pressure in the balloon reaches 1 MPa.
For this process, it can be assumed that the pres-
sure in the balloon is directly proportional to the
balloon diameter. How does pressure vary with
volume, and what is the heat transfer for the pro-
cess?

Consider the system shown in Fig. P3.32. Tank A
has a volume of 100 L and contains saturated vapor
R-134a at 30°C. When the valve is cracked open,
R-134a flows slowly into cylinder B. The piston
requires a pressure of 200 kPa in cylinder B to raise
it. The process ends when the pressure in tank A
has fallen to 200 kPa. During this process, heat
is exchanged with the surroundings such that the
R-134a always remains at 30°C. Calculate the heat
transfer for the process.

ENGLISH UNIT PROBLEMS

English Unit Concept Problems
3.153E What is 1 cal in English units? What is 1 Btu in

3.154E

3.155E

3.156E

3.157E

3.158E

ft 1bf?

Work as F Ax has units of 1bf ft. What is that in
Btu?

Work in the expression in Eq. 3.18 or Eq. 3.22
involves PV. For P in psia and Vin ft}, how does
PV become Btu?

Look at the R-410A value for u; at —60 F. Can
the energy really be negative? Explain.

An ideal gas in a piston/cylinder is heated with 2
Btu in an isothermal process. How much work is
involved?

You heat a gas 20 R at P = C. Which gas in Table
F.4 requires most energy? Why?

English Unit Problems

3.159E A piston motion moves a 50-lbm hammerhead

3.160E
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vertically down 3 ft from rest to a velocity of 150
ft/s in a stamping machine. What is the change in
total energy of the hammerhead?

A pump pushes 35 000 ft*> of liquid water at
60 F up to a reservoir at 600 ft higher elevation.
How much work input does that require? If the
water runs down without friction or restriction
how high a velocity will it come to?
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3.161E

3.162E

3.163E

3.164E

3.165E

A hydraulic hoist raises a 3650-1bm car 6 ft in an
auto repair shop. The hydraulic pump has a con-
stant pressure of 150 Ibf/in.? on its piston. What
is the increase in potential energy of the car, and
how much volume should the pump displace to
deliver that amount of work?

Airplane takeoff from an aircraft carrier is
assisted by a steam-driven piston/cylinder with
an average pressure of 200 psia. A 38 500-1bm
airplane should be accelerated from zero to a
speed of 100 ft/s, with 30% of the energy com-
ing from the steam piston. Find the needed piston
displacement volume.

Two hydraulic cylinders maintain a pressure of
175 psia. One has a cross-sectional area of 0.1
ft?, the other 0.3 ft>. To deliver a work of 1 Btu
to the piston, how large a displacement (V) and
piston motion (H) are needed for each cylinder?
Neglect P,

A car with tires of outer radius 12 in. drives with
50 mi/h up a hill using 50 hp. How much traction
force is there between the tire and road?

The R-410A in Problem 3.9(c) is at 150 psia, 120
F with a mass of 0.2 Ibm. It is cooled so that the
volume is reduced to half the initial volume. The
pistonmass and gravitation gives a float pressure
of 60 psia. Find the work in the process.
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E3 3.166E

3.167E

3.168E

3.169E

3.170E

3.171E

3.172E

3.173E

3.174E
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A cylinder fitted with a frictionless piston con-
tains 10 Ibm of superheated refrigerant R-134a
vapor at 100 Ibf/in.2, 300 F. The setup is cooled
at constant pressure until the R-134a reaches a
quality of 50%. Calculate the work done in the
process.

A nitrogen gas goes through a polytropic process
with n = 1.3 in a piston/cylinder. It starts out at
1000 R, 15 psia and ends at 1400 R. Find the spe-
cific work?

Find the rate of conduction heat transfer per
unit area through a 2in. thick brick, &
0.4 Btu/h-ft-R, with a temperature difference
between the two sides of 40 F.

The sun shines on a 1500-ft? road surface so that
itis at 115 F. Below the 2-in.-thick asphalt, aver-
age conductivity of 0.035 Btu/h ft F, is a layer of
compacted rubble at a temperature of 60 F. Find
the rate of heat transfer to the rubble.

Find the missing properties and give the phase of
the substance.

a. H,0, u=1000 Btu/lbm, h=?v=7?
T=2I0F, x=

b. H,O, u =450 Btu/lbm, =7x=7
P = 1500 Ibf/in.2, v="

c. R-410A, T=30F, h=7x=7?

P = 120 Ibf/in.2,
Find the missing properties among (P, T, v, u, h)
together with x, if applicable, and give the phase
of the substance.
a. R-410A, T=50F, u = 85 Btu/lbm
b. H,O, T=600F, h = 1322 Btu/lbm
c. R-410A, P=1501bf/in.?2, h =135 Btuw/lbm
Find the missing properties among (P, T, v, u, h)
together with x, if applicable, and give the phase
of the substance.

a. R-134A, T=140F, h=185Btu/lbm
b. NH;, T=170F, P =60 Ibf/in.?
c. R-134a, T=100F, u=175Btu/bm

Saturated vapor R-410A at 60 F in a rigid tank is
cooled to O F. Find the specific heat transfer.

A container is split in two equal volumes by
a stiff membrane. One part is evacuated and
the other part has 11bm R-410A at 100 psia,
140 F. Now the membrane ruptures and the sys-
tem comes to equilibrium at 100 F by some
heat transfer. Find the heat transfer and the final
pressure.

3.175E

3.176E

3.177E

3.178E

3.179E

3.180E

3.181E

3.182E

Saturated vapor R-410A at 200 psia in a
constant-pressure piston/cylinder is heated to
140 F. Find the specific heat transfer.

A cylinder fitted with a frictionless piston con-
tains 4 Ibm of superheated refrigerant R-134a
vapor at 400 Ibf/in.2, 200 F. The cylinder is now
cooled so that the R-134a remains at constant
pressure until it reaches a quality of 25%. Cal-
culate the heat transfer in the process.

Ammonia (1 Ibm) in a piston/cylinder at 30 psia,
20 F is heated in a process in which the pressure
varies linearly with the volume to a state of 240
F, 40 psia. Find the work and the heat transfer in
the process.

A water-filled reactor with a volume of 50 ft? is
at 2000 1bf/in.2, 560 F and placed inside a con-
tainment room, as shown in Fig. P3.66. The room
is well insulated and initially evacuated. Due to
a failure, the reactor ruptures and the water fills
the containment room. Find the minimum room
volume so that the final pressure does not exceed
30 Ibf/in.2.

A rigid 2 Ibm steel tank holds 1.5 Ibm R-410A at
100 F as saturated vapor. The tank is now cooled
to 60 F by heat transfer to the ambient. Which
two properties determine the final state? Deter-
mine the amount of work and heat transfer during
the process.

A piston/cylinder arrangement with a linear
spring similar to Fig. P3.33 contains R-134a at
60 F, x = 0.6 and a volume of 0.7 ft*. It is heated
to 140 F, at which point the specific volume is
0.4413 ft3/1bm. Find the final pressure, the work,
and the heat transfer in the process.

A computer CPU chip consists of 0.1 Ibm sil-
icon, 0.05 Ibm copper, and 0.1 Ibm polyvinyl
chloride (plastic). It now heats from 60 F to 160 F
as the computer is turned on. How much energy
did the heating require?

An engine, shown in Fig. P3.81, consists of a
200-1bm cast iron block with a 40-1bm aluminum
head, 40 1bm of steel parts, 10 Ibm of engine oil,
and 12 Ibm of glycol (antifreeze). Everything has
an initial temperature of 40 F, and as the engine
starts we want to know the final uniform temper-
ature if it receives 5 Btu/s of heat during 15 min.
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Ideal Gas

3.183E

3.184E

ED 3.185E

3.186E

3.187E

E3 3.188E

3.189E

3.190E

Estimate the constant specific heats for R-134a
from Table F.10.2 at 15 psia and 150 F. Compare
this to the values in Table F.4 and explain the dif-
ference.

Water at 60 psia is heated from 320 F to 1800
F. Evaluate the change in specific internal energy
using (a) the steam tables, (b) the ideal gas Table
F.6, and the specific heat Table F.4.

Air is heated from 540 R to 640 R at V = C. Find
19»- What is g, if air is heated from 2400 to
2500 R?

A closed rigid container is filled with 3 1bm water
at 1 atm, 130 F, 2 Ibm of stainless steel and 1 Ibm
of polyvinyl chloride, both at 70 F, and 0.2 Ibm
of air at 700 R, 1 atm. It is now left alone with
no external heat transfer, and no water vaporizes.
Find the final temperature and air pressure.

An insulated cylinder is divided into two parts
of 10 ft* each by an initially locked piston. Side
A has air at 2 atm, 600 R, and side B has air at
10 atm, 2000 R, as shown in Fig. P3.96. The pis-
ton is now unlocked so that it is free to move, and
it conducts heat so that the air comes to a uniform
temperature 7, = T. Find the mass in both A and
B, and also the final 7" and P.

Helium gas expands from 20 psia, 600 R, and
9 ft> to 15 psia in a polytropic process with n =
1.667. How much heat transfer is involved?
Oxygen at 50 Ibf/in.2, 200 F is in a pis-
ton/cylinder arrangement with a volume of 4 ft3.
It is now compressed in a polytropic process with
exponent, n = 1.2, to a final temperature of 400
F. Calculate the heat transfer for the process.

A cylinder fitted with a frictionless piston con-
tains R-134a at 100 F, 80% quality, at which point
the volume is 3 gal. The external force on the
piston is now varied in such a manner that the
R-134a slowly expands in a polytropic process
to 50 1bf/in.2, 80 F. Calculate the work and the
heat transfer for this process.

Multistep Processes

3.191E
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The piston/cylinder shown in Fig. P3.108 con-
tains 18 ft® of R-410A at 300 psia, 300 F. The
piston mass and atmosphere gives a pressure of
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70 psia that will float the piston. The whole setup
cools in a freezer maintained at O F. Find the heat
transfer and show the P—v diagram for the pro-
cess when 7, =0 F.

3.192E A piston/cylinder contains air at 150 psia, 1400 R
with a volume of 1.75 ft3. The piston is pressed
against the upper stops, (see Fig. P3.9¢), and it
will float at a pressure of 110 psia. Now the air
is cooled to 700 R. What is the process work and
heat transfer?

3.193E A piston/cylinder has 2 Ibm of R-134a at state 1
with 200 F, 90 Ibf/in.?, and is then brought to sat-
urated vapor, state 2, by cooling while the piston
is locked with a pin, see Fig. P3.117. Now the pis-
ton is balanced with an additional constant force
and the pin is removed. The cooling continues
to state 3, where the R-134a is saturated liquid.
Show the processes in a P—V diagram and find
the work and the heat transfer in each of the two
steps, 1 to 2 and 2 to 3.

3.194E A force of 300 1bf moves a truck at a speed of 40
mi/h up a hill. What is the power?

3.195E A computer in a closed room of volume 5000 ft
dissipates energy at a rate of 10 kW. The room
has 100 Ibm of wood, 50 Ibm of steel, and air,
with all material at 540 R, 1 atm. Assuming all
of the mass heats up uniformly, how much time
will it take to increase the temperature by 20 F?

3.196E Water is in a piston/cylinder maintaining con-
stant P at 330 F, quality 90%, with a volume of
4 f63. A heater is turned on, heating the water with
10 000 Btu/h. What is the elapsed time to vapor-
ize all the liquid?

3.197E A mass of 6 lbm nitrogen gas at 3600 R, V = C,
cools with 1 Btu/s. What is d7/dt?

More Complex Devices and Review Problems

3.198E Two rigid tanks are filled with water, as shown in
Fig. P3.137. Tank A is 7 ft® at 1 atm, 280 F and
tank B is 11 ft> at saturated vapor 40 psia. The
tanks are connected by a pipe with a closed valve.
We open the valve and let all the water come to
a single uniform state while we transfer enough
heat to have a final pressure of 40 psia. Give the
two property values that determine the final state
and find the heat transfer.
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3.199E Ammonia is contained in a sealed, rigid tank at

30 F, x = 75% and is then heated to 200 F. Find
the final state P,, u, and the specific work and
heat transfer.

B 3.200E Water in a piston/cylinder, similar to Fig. P3.110,
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isat212 F, x = 0.5 with mass 1 1bm and the piston

rests on the stops. The equilibrium pressure that
will float the piston is 40 psia. The water is heated
to 500 F by an electrical heater. At what tem-
perature would all the liquid be gone? Find the
final P, v, the work, and the heat transfer in the
process.
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CHAPTER 3

Conservation of energy is expressed as an equation for change of the total energy written
for a control mass, and then the first law of thermodynamics is shown as a logical con-
sequence of the energy equation. The energy equation is shown in a rate form to cover
transient processes and then is also integrated with time for finite changes. The concept of
work is introduced, and its relation to kinetic and potential energy is shown since they are
part of the total energy. Work is a function of the process path as well as the beginning
state and end state. The displacement work is equal to the area below the process curve
drawn in a P-V diagram in an equilibrium process. A number of ordinary processes can
be expressed as polytropic processes having a particular simple mathematical form for the
P-V relation. Work involving the action of surface tension, single-point forces, or electrical
systems should be recognized and treated separately. Any nonequilibrium processes (say,
dynamic forces, which are important due to accelerations) should be identified so that only
equilibrium force or pressure is used to evaluate the work term. Heat transfer is energy
transferred due to a temperature difference, and the conduction, convection, and radiation
modes are discussed.

Internal energy and enthalpy are introduced as substance properties with specific
heats (heat capacity) as derivatives of these properties with temperature. Property variations
for limited cases are presented for incompressible states of a substance such as liquids and
solids and for a highly compressible state such as an ideal gas. The specific heat for solids
and liquids changes little with temperature, whereas the specific heat for a gas can change
substantially with temperature.

Examining energy resources and energy consumption for the US compared to the rest
of the world provides an impression of magnitude, sources, and purpose. Energy conversion
or transformation to different, more convenient form is relevant to most of the thermal
processes we study in this text. Sometimes energy storage is done before final use of the
energy, and often energy transfer takes place mechanically or electrically. A list of a few
typical energy systems and their energy rates is presented and renewable energy resources
are discussed.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

* Recognize the components of total energy stored in a control mass

» Write the energy equation for a single uniform control mass

* Recognize force and displacement in a system

» Understand power as the rate of work (force X velocity, torque X angular velocity)
¢ Know that work is a function of the end states and the path followed in a process
* Know that work is the area under the process curve in a PV diagram
 Calculate the work term knowing the P-V or F—x relationship

» Evaluate the work involved in a polytropic process between two states
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Distinguish between an equilibrium process and a nonequilibrium process
Recognize the three modes of heat transfer: conduction, convection, and radiation
Be familiar with Fourier’s law of conduction and its use in simple applications
Know the simple models for convection and radiation heat transfer

Find the properties u and 4 for a given state in the Tables in Appendix B or F
Locate a state in the tables with an entry such as (P, h)

Find changes in u and & for liquid, solid, and ideal gas states using Tables A.3-8,
F2-6

Formulate the conservation of mass and energy for a more complex control mass
where there are different masses with different states

Know the difference between the general laws as the conservation of mass (conti-
nuity equation), conservation of energy (first law), and a specific law that describes
a device behavior or process

Know main resources for energy and main consumption/uses of energy

Have an idea about energy storage, conversion and transfer systems
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CHAPTER 3

potential energy

Examples: 3.1-3.2
Equations: 3.2, 3.5, 3.14, 3.15

Objectives Reading, Examples, Concepts, Study,
Equations and Tables Hw problems
Knowledge of kinetic and Reading: Sec. 3.1 S:22,161E

Hw: 20-24, 159E—-162E

Equations: 3.18-3.19
Figures: 3.11

Know work from force and Reading: Sec. 3.3 C:1,2,128E
displacement. Know power Examples: 3.1-3.2 S: 161E

as rate of work Equations: 3.2, 3.5, 3.14-3.16 Hw: 25-29, 161E—-162E
Know boundary work for Reading: Sec. 3.4 C: 6-10, 156E

different physical situations. | Examples: 3.4-3.5 S: 34, 166E

Hw: 30-36, 165E—166E

Know boundary work for a
polytropic process path

Reading: Sec. 3.4
Examples: 3.6
Equations: 3.20-3.22
Figures: 3.15

C:9

S: 38,101, 188E

Hw: 37-39, 97-106, 167E,
188E — 190E

Equations: 3.5 and 3.28-3.29
Tables: App B, App F

Know the heat transfer Reading: Sec. 3.5- .6 C: 11,12

modes and some simple Example: 3.7 S: 42, 48, 168E

models for heat transfer. Equations: 3.23-3.26 Hw: 40-48, 168E— 169E
Use the properties u and i Reading: Secs. 3.7 and 3.9 C: 13,15

for the energy equation. Examples: 3.8 and 3.12 S: 60, 65, 82

Hw general Tables: 49— 55,
170E-172E

Hw ideal gas:

82-88, 183E—190E

Know to formulate and
solve a problem with the
energy equation.

Reading: Secs. 3.1, 3.8
Examples: 3.9, 3.10, 3.11
Equations: 3.5

Tables: App B and App F

S: 60, 71, 82, 175E
Hw analysis: 56-59
Hw: 60-75, 173E—180E

Use specific heats to solve a
problem with the energy
equation.

Reading: Sec. 3.10, 3.11
Examples: 3.13-3.15
Equations: 3.30, 3.33, 3.35,
3.39

Tables: App B and App F

C: 16-18

S: 77, 89,95, 101, 181E, 185E,
188E

Hw solids-liquids: 76-81,
181E—-182E

Hw ideal gas:

89-106, 183E-190E

Know how to analyze
complex control volumes
and process paths

Reading: Secs. 3.12-14
Examples: 3.16, 3.17

S: 107, 118, 124, 129, 192E,
197E, 200E
Hw: 107-130, 191E-200E

R-3
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Energy Equation
and First Law of
Thermodynamics

Having completed our review of basic definitions and concepts, we are ready to discuss the
first law of thermodynamics and the energy equation. These are alternative expressions for
the same fundamental physical law. Later we will see the actual difference in the expression
of the first law and the energy equation and recognize that they are consistent with one
another. Our procedure will be to state the energy equation for a system (control mass)
undergoing a process with a change of state of the system with time. We then look at the
same law expressed for a complete cycle and recognize the first law of thermodynamics,
which is the historically first formulation of the law.

After the energy equation is formulated, we will use it to relate the change of state
inside a control volume to the amount of energy that is transferred in a process as work
or heat transfer. As a car engine transfers some work to the car, the car’s speed increases,
and we can relate the kinetic energy increase to the work; or, if a stove provides a certain
amount of heat transfer to a pot with water, we can relate the water temperature increase to
the heat transfer. More complicated processes can also occur, such as the expansion of very
hot gases in a piston cylinder, as in a car engine, in which work is given out and at the same
time heat is transferred to the colder walls. In other applications, we can see a change in
state without any work or heat transfer, such as a falling object that changes kinetic energy
at the same time it is changing elevation. For all cases, the energy equation relates the
various forms of energy of the control mass to the transfers of energy by heat or work.

3.1) THE ENERGY EQUATION

In Chapter 1, we discussed the energy associated with a substance and its thermodynamic
state, which was called the internal energy U and included some additional energy forms,
such as kinetic and potential energies. The combination is the fotal energy E, which we
wrote as

E =me = U + KE + PE = m(u + ke + pe) (3.1

showing that all terms scale with total mass, so u, ke, and pe are specific energies.

Before proceeding with development of the energy equation with the analysis and
examples, let us look at the various terms of the total energy. The total energy is written
with the kinetic energy and the potential energy associated with the gravitational field as

E=mu+ %mV2 +mgZ 3.2)
58




www.konkur.in

FIGURE 3.1 Sign
convention for energy
terms.
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and in a process it is possible to see changes in any of the energy forms. A ball rolling up
a hill will slow down as it gains height, thus lowering the kinetic energy and increasing
the potential energy during the process, which is a simple energy conversion process. The
kinetic and potential energies are associated with the physical state and location of the mass
and generally are labeled mechanical energy to distinguish them from the internal energy,
which is characteristic of the thermodynamic state of the mass and thus is labeled thermal
energy.

For a control volume with constant mass, a control mass, we express the conservation
of energy as a basic physical principle in a mathematical equation. This principle states that
you cannot create or destroy energy within the limits of classical physics. This limitation
means that quantum mechanical effects, which would change the energy associated with
a change in mass, are ignored, as well as relativity, so we assume that any velocity is sig-
nificantly smaller than the speed of light. From this we deduce that if the control mass has
a change in energy, the change must be due to an energy transfer into or out of the mass.
Such energy transfers are not related to any mass transfer (we look at a control mass), and
they can only occur as work or heat transfers. Writing this as an instantaneous rate process,

we get
dE., . . .

7=ECV=Q—W=+1n—0ut 3.3)
where the sign convention follows the historical development counting heat transfer as pos-
itive in and work positive out of the control volume, as illustrated in Fig. 3.1. Notice that the
sign convention is a choice, and in more complicated systems you may decide differently;
the important concept to understand is that Eq. 3.3 and Fig. 3.1 belong together, so if an
arrow in the figure changes direction, the corresponding sign in the equation switches. This
equation gives the rate of change of the stored total energy as equal to the rate at which
energy is added minus the rate at which energy is removed. Net changes in storage are
explained by the transfers on the right-hand side of the equation, and there can be no other
explanation. Notice that the transfers must come from or go to the surroundings of the con-
trol volume, and thus they affect the storage in the surroundings in the opposite direction
compared to the control volume. A process can move energy from one place to another, but
it cannot change the total energy.

In many cases, we are interested in finite changes from the beginning to the end of a
process and not in focusing on the instantaneous rate at which the process takes place. For
these cases, we integrate the energy equation, Eq. 3.3, with time from the beginning of the
process t; to the end of the process #, by multiplying by df to get

dE,., =dU + d(KE) + d(PE) = 6Q — 6W (34)

and integrating
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Now the right-hand side terms are integrated as

/[Q—W]dt=/ 5Q—/ oW =,0,— W,
path path

Here the integration depends not only on the starting and ending states but also on the
process path in between; thus, 6Q is used instead of dQ to indicate an inexact differential.
Subscripts are placed to indicate the difference, so E; refers to the total energy for the
control volume at state 1 and thus to only a function of the state. However, ;Q, indicates
the cumulative (integrated) heat transfer during the process, which is a function not only of
states 1 and 2 but also of the path the process followed; the same applies to the work term
1 W,. Section 3.4 discusses the integration of the work and heat transfer terms in detail to
further explain this process. The energy equation for finite changes become

accompanied by
1
E,—E =U,-U, + Em(vg -V +mg(Z, - 7))

In general, we will refer to both equations Eq. 3.3 and Eq. 3.5 as the energy equation,
depending on the analysis: whether we want the rate form or the form with the finite
changes. This is similar to expressing a salary for work as pay per hour or a finite amount
over a specified time period, such as monthly or yearly. Both versions of the energy equation
can be shown as

Change of storage = +in — out

which is a basic balance equation accounting for the changes, such as those in a bank
account. If you make a deposit, the balance goes up (an “in” term); if you make a with-
drawal, the balance goes down (an “out” term). Similar equations are presented in subse-
quent chapters for other quantities, such as mass, momentum, and entropy.

To illustrate the connection between the sketch of the real system and the energy
equation, look at Fig. 3.2. For this control volume, the energy equation on a rate form,
Eq.3.31is

E,=E,+Eg+E-=0,+0c—-Wp (3.6)

Control
(NS _ surface

FIGURE 3.2 A

control volume with
several different L
subsystems.
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and the conservation of mass becomes

Each of the three energy storage terms is then written out as in Eq. 3.2 to include the different
kinds of energy that could be in containers A, B, and C. The form for the finite changes cor-
responding to Eq. 3.5 now has a nontrivial expression for the conservation of mass together
with the energy equation as

my, —m; = (mZA + myp + mzc) - (m]A + myg + mlc) =0 (38)
(Epyp + Exp+ Eyo) —(BEjp+Ejp+ Ej0) = ,0,, + 1Doc = 1 Wy (3.9

Total mass is not changed; however, the distribution between the A, B, and C subdomains
may have changed during the process, so if one has a mass increase, the others have a
matching decrease in mass. The same applies to the energy, with the added effect that total
energy is changed by the heat and work transferred across the control volume boundary.

L - —

A piston cylinder compresses a gas with a piston work input of 200 kJ. Since the gas
becomes warm it loses 45 kJ by heat transfer to the piston cylinder walls. Consider the
gas as a control volume and determine its change in internal energy.

The energy equation is (Eq. 3.5)

1 a2 _\p2
U2 - Ul + Em(v2 _Vl) + mg(22 _Zl) = 1Q2 - 1W2
Since there is no change in kinetic and potential energy, this reduces to
U, =U;=,0,— W,
U, — U, =—-45k] — (=200 kJ) = 155 kJ

HLEN N ol

3.2, THE FIRST LAW OF THERMODYNAMICS

Consider a control mass where the substance inside goes through a cycle. This can be the
water in the steam power plant in Fig. 1.2 or a substance in a piston/cylinder, as in Fig. 1.6,
going through several processes that are repeated. As the substance returns to its original
state, there is no net change in the control volume’s total energy and the rate of change is
thus zero. The net sum of the right-hand-side terms gives the energy equation as

0=?§5Q—?§5W (3.10)

The symbol 55 60, which is called the cyclic integral of the heat transfer, represents the net
heat transfer in the cycle and y§ oW is the cyclic integral of the work representing the net
work given out during the cycle. Rewriting the equation as

fag:yfaw 3.11)

gives the statement of the first law of thermodynamics. Whereas this was shown as a conse-
quence of the energy equation, historically the first law was postulated first and the energy
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Oner Whet
FIGURE 3.3 A cyclic

machine.

equation was derived from it. The above equations could also be written with rates and
shown as in Fig. 3.3, where the integrals imply the summation over all the boundaries of
the control volume as

Cycle: Qnet in = Wnet out (312)

This equation was originally stated for heat engines, where the purpose is to get some work
output with a heat input from a source; this explains the traditional sign convention for heat
and work. Modern applications include heat pumps and refrigerators, where the work is
the driving input and the heat transfer is net out. One can therefore characterize all cycles
as energy conversion devices; the energy is conserved, but it comes out in a form different
from that of the input. Further discussion of such cycles is provided in Chapter 5, and the
details of the cycles are presented in Chapters 9 and 10.

Before we can apply the energy equation or the first law of thermodynamics, we need
to elaborate on the work and heat transfer terms as well as the internal energy.

3.3 THE DEFINITION OF WORK

The classical definition of work is mechanical work defined as a force F acting through a
displacement x, so incrementally
6W =F dx

and the finite work becomes 5
W, = / F dx (3.13)
1

To evaluate the work, it is necessary to know the force F as a function of x. In this section,
we show examples with physical arrangements that lead to simple evaluations of the force,
so the integration is straightforward. Real systems can be very complex, and some mathe-
matical examples will be shown without a mechanical explanation.

Work is energy in transfer and thus crosses the control volume boundary. In addition
to mechanical work done by a single point force, work can be done by a rotating shaft, as
in a car’s transmission system; by electrical power, as from a battery or a power outlet; or
it can be chemical work, to mention a few possibilities. Figure 3.4 shows a simple system

B

I Pulley
|

FIGURE 3.4 Example
of work crossing the :
boundary of a system. Weight

Telegram: @uni_k



www.konkur.in

Telegram: @uni_k

of a battery, a motor, and a pulley. Depending upon the choice of control volume, the work
crossing the surface, as in sections A, B, or C, can be electrical through the wires, mechanical
by a rotating shaft out of the motor, or a force from the rope on the pulley.

The potential energy expressed in Eq. 3.2 comes from the energy exchanged with the
gravitational field as a mass changes elevation. Consider the weight in Fig. 3.4, initially
at rest and held at some height measured from a reference level. If the pulley now slowly
turns, raising the weight, we have a force and a displacement expressed as

F=ma=mg
6W =—-FdZ = —dPE
with the negative sign as work goes in to raise the weight. Then we get

dPE=FdZ =mgdZ

PE, Z,
/ dPE =m / gdz
PE, Z

Assuming that g does not vary with Z (which is a very reasonable assumption for moderate
changes in elevation), we obtain

and integration gives

PE, - PE, = mg(Z, — Z;) (3.14)

When the potential energy is included in the total energy, as in Eq. 3.2, the gravitational
force is not included in work calculated from Eq. 3.13. The other energy term in the energy
equation is the kinetic energy of the control mass, which is generated from a force applied
to the mass. Consider the horizontal motion of a mass initially at rest to which we apply a
force F in the x direction. Assume that we have no heat transfer and no change in internal
energy. The energy equation, Eq. 3.4, will then become

6W = —F dx = —dKE

But

aVv dx dV aVv
F=ma=m— =m—— =mV
dt dt dx dx

Then
dKE = F dx = mVdV

KE v
/ dKE = / mVdV
KE=0 V=0

KE = %sz (3.15)

Integrating, we obtain

Units of Work

Our definition of work involves the product of a unit force (one newton) acting through a
unit distance (one meter). This unit for work in SI units is called the joule (J).

1J=1Nm
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G
-

FIGURE 3.5 Force
acting at radius r gives a
torque T = Fr.

In the English system the units for work becomes a force times a distance as
1 Ibf-ft = 32.174 Ibm ft? /s>

where 1 Ibf is the force on 1 Ibm mass from the standard gravitation (g = 32.174 ft/s?). The
conversion factors between various SI and English units are shown in Table A.1. Power is
the time rate of doing work and is designated by the symbol W:

oW
W=-—
dt
The unit for power is a rate of work of one joule per second, which is a watt (W):
IW=11J/s

A commonly used unit for power in English units is the horsepower (hp), where
1 hp = 550 ft-Ibf /s = 0.7457 kW

Note that the work crossing the boundary of the system in Fig. 3.4 is that associated with a
rotating shaft. To derive the expression for power, we use the differential work

OW=Fdx=Frdg=Tdo

that is force acting through a distance dx or a torque (7 = Fr) acting through an angle of
rotation, as shown in Fig. 3.5. Now the power becomes

oW dx do

that is force times rate of displacement (velocity) or torque times angular velocity. The
angular velocity is also related to the shaft speed, rev per second or rpm (revolutions per
minute) as

w = radians per sec. = 2zrév = 2z(rpm/60)

It is often convenient to speak of the work per unit mass of the system, often termed
specific work. This quantity is designated w and is defined as
W

m

w
2 T —
e -

A car of mass 1100 kg drives with a velocity such that it has a kinetic energy of 400 kJ (see
Fig. 3.6). Find the velocity. If the car is raised with a crane, how high should it be lifted in
the standard gravitational field to have a potential energy that equals the kinetic energy?
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FIGURE 3.6 Sketch for
Example 3.2.

Solution
The standard kinetic energy of the mass is

KE = % mV? = 400 kJ

From this we can solve for the velocity:

2 KE 2 x 400 kJ 800 x 1000 N m 8000 kg m s=2 m
V= = = = =27 m/s
m 1100 kg 1100 kg 11kg

Standard potential energy is

PE = mgH

so when this is equal to the kinetic energy we get

KE _ _ 400000Nm
mg 1100 kg X 9.807 m s—2

Notice the necessity of converting the kJ to J in both calculations.

HLEN N -l

'/r ‘ ~—

=37.1m

e

A car of mass 2400 Ibm drives with a velocity such that it has a kinetic energy of 400 Btu.
Find the velocity. If the car is raised with a crane, how high should it be lifted in the standard
gravitational field to have a potential energy that equals the kinetic energy?

Solution
The standard kinetic energy of the mass is

KE = %sz = 400 Btu

From this, we can solve for the velocity:

2KE _ Btu Ibf 52

V=V 2400 Ibm

2 x 400 Btu x 778.171LPL o 35 17410m ft
= — 914 fi/s

Standard potential energy is
PE = mgH
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so when this is equal to the kinetic energy KE we get

400 Btu x 778.17110L o 39 174 1bm ft
Bt bf 52

= KE _ =129.7 ft

mg 2400 Ibm x 32.174%
S

Note the necessity for the unit conversion: 1 Ibf = 32.174 lbm ft/s.

LW N\l

- —Zr .
Consider a stone having a mass of 10 kg and a bucket containing 100 kg of liquid water.
Initially the stone is 10.2 m above the water, and the stone and the water are at the same
temperature, state 1. The stone then falls into the water.
Determine AU, AKE, APE, Q, and W for the following changes of state, assuming standard
gravitational acceleration of 9.806 65 m/s.

a. The stone is about to enter the water, state 2.
b. The stone has just come to rest in the bucket, state 3.

c. Heat has been transferred to the surroundings in such an amount that the stone and water
are at the same temperature, 7, state 4.

Analysis and Solution
The energy equation for any of the steps is

AU+ AKE+APE=0-W
and each term can be identified for each of the changes of state.

a. The stone has fallen from Z, to Z,, and we assume no heat transfer as it falls. The water
has not changed state; thus

AU=0, ,0,=0, | W,=0
and the energy equation reduces to
AKE + APE=0
AKE = —APE = —mg(Z, - Z))

= —10 kg % 9.806 65 m/s> x (—10.2 m)

=1000J =1kJ
That is, for the process from state 1 to state 2,

AKE = 1 kJ and APE = —1 kJ
b. For the process from state 2 to state 3 with zero kinetic energy, we have

APE=0, ,0,=0, ,W,=0
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Then
AU+ AKE=0
AU =-AKE = 1kJ

c. In the final state, there is no kinetic or potential energy, and the internal energy is the
same as in state 1.

AU=-1kJ, AKE=0, APE=0,
,0,=AU=-1K

W, =0

In-Text Concept Questions

a. In a complete cycle, what is the net change in energy and in volume?

b. Explain in words what happens with the energy terms for the stone in Example 3.3.
What would happen if the object was a bouncing ball falling to a hard surface?

c. Make a list of at least five systems that store energy, explaining which form of energy
is involved.

d. A constant mass goes through a process in which 100 J of heat transfer comes in and
100 J of work leaves. Does the mass change state?

e. The electric company charges the customers per kW-hour. What is that is SI units?

f. Torque, energy, and work have the same units (Nm). Explain the difference.

3.4; WORK DONE AT THE MOVING BOUNDARY
OF A SIMPLE COMPRESSIBLE SYSTEM

We have already noted that there are a variety of ways in which work can be done on or
by a system. These include work done by a rotating shaft, electrical work, and work done
by the movement of the system boundary, such as the work done in moving the piston in
a cylinder. In this section we will consider in some detail the work done at the moving
boundary of a simple compressible system during a quasi-equilibrium process.

Consider as a system the gas contained in a cylinder and piston, as in Fig. 3.7. Remove
one of the small weights from the piston, which will cause the piston to move upward a
distance dL. We can consider this quasi-equilibrium process and calculate the amount of
work W done by the system during this process. The total force on the piston is PA, where
P is the pressure of the gas and A is the area of the piston. Therefore, the work 6 W is

6W =PAdL
But A dL = dV, the change in volume of the gas. Therefore,
6W=PdV (3.17)
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The work done at the moving boundary during a given quasi-equilibrium process can be
found by integrating Eq. 3.17. However, this integration can be performed only if we know
the relationship between P and V during this process. This relationship may be expressed
as an equation or it may be shown as a graph.

P
Vv

FIGURE 3.7 Example 3 T
of work done at the ] L]
moving boundary of a = =
system in a FIGURE 3.8 Use of a P-V diagram to
quasi-equilibrium show work done at the moving boundary of
process. a system in a quasi-equilibrium process.

Let us consider a graphical solution first. We use as an example a compression process
such as occurs during the compression of air in a cylinder, Fig. 3.8. At the beginning of the
process the piston is at position 1, and the pressure is relatively low. This state is represented
on a pressure—volume diagram (usually referred to as a P-V diagram). At the conclusion
of the process the piston is in position 2, and the corresponding state of the gas is shown at
point 2 on the P-V diagram. Let us assume that this compression was a quasi-equilibrium
process and that during the process the system passed through the states shown by the
line connecting states 1 and 2 on the P-V diagram. The assumption of a quasi-equilibrium
process is essential here because each point on line 1-2 represents a definite state, and these
states correspond to the actual state of the system only if the deviation from equilibrium is
infinitesimal. The work done on the air during this compression process can be found by

integrating Eq. 3.17:
2 2
]sz/ 6W=/ Pdv (3.18)
1 1

The symbol | W, is to be interpreted as the work done during the process from state 1 to
state 2. It is clear from the P—V diagram that the work done during this process,

2
/PdV
1

is represented by the area under curve 1-2, area a—1-2—b—a. In this example, the volume
decreased, and area a—1-2—b—a represents work done on the system. If the process had
proceeded from state 2 to state 1 along the same path, the same area would represent work
done by the system.

Further consideration of a PV diagram, shown in Fig. 3.9, leads to another important
conclusion. It is possible to go from state 1 to state 2 along many different quasi-equilibrium
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FIGURE 3.9 Various
quasi-equilibrium
processes between two
given states, indicating
that work is a path
function.
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paths, such as A, B, or C. Since the area under each curve represents the work for each
process, the amount of work done during each process not only is a function of the end
states of the process but also depends on the path followed in going from one state to
another. For this reason, work is called a path function or, in mathematical parlance, 6W is
an inexact differential.

This concept leads to a brief consideration of point and path functions or, to use
other terms, exact and inexact differentials. Thermodynamic properties are point functions,
a name that comes from the fact that for a given point on a diagram (such as Fig. 3.9) or
surface (such as Fig. 2.7) the state is fixed, and thus there is a definite value for each property
corresponding to this point. The differentials of point functions are exact differentials, and

the integration is simply
2
/ dv =V, -V,
1

Thus, we can speak of the volume in state 2 and the volume in state 1, and the change
in volume depends only on the initial and final states.

Work, however, is a path function, for, as has been indicated, the work done in a
quasi-equilibrium process between two given states depends on the path followed. The
differentials of path functions are inexact differentials, and the symbol 6 will be used in
this book to designate inexact differentials (in contrast to d for exact differentials). Thus,

for work, we write 5
/1 oW =W,

It would be more precise to use the notation ; W,,, which would indicate the work
done during the change from state 1 to state 2 along path A. However, the notation ; W,
implies that the process between states 1 and 2 has been specified. Note that we never
speak about the work in the system in state 1 or state 2, and thus we never write W, — W,.

So far, we have discussed boundary movement work in a quasi-equilibrium process.
We should also realize that there may very well be boundary movement work in a nonequi-
librium process. Then the total force exerted on the piston by the gas inside the cylinder, PA,
does not equal the external force, F.,,, and the work is not given by Eq. 3.17. The work can,
however, be evaluated in terms of F,, or, dividing by area, an equivalent external pressure,

ext
P.,.. The work done at the moving boundary in this case is

oW =F,,dL =P, dV (3.19)

ext ext

Evaluation of Eq. 3.19 in any particular instance requires a knowledge of how the external
force or pressure changes during the process. For this reason, the integral in Eq. 3.18 is
often called the indicated work.
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Consider a slightly different piston/cylinder arrangement, as shown in Fig. 3.10. In this
example, the piston is loaded with a mass m,,, the outside atmosphere P, a linear spring,
and a single point force F;. The piston traps the gas inside with a pressure P. A force

balance on the piston in the direction of motion yields

mpaEO=ZFT—ZFl

with a zero acceleration in a quasi-equilibrium process. The forces, when the spring is in
contact with the piston, are

Y Fy=PA, ) F =mg+PA+k(x—x)+F

with the linear spring constant, k. The piston position for a relaxed spring is x,, which
depends on how the spring is installed. The force balance then gives the gas pressure by
division with area A as

P=Py+[m,g+F, +kix—x)l/A

P
P e
A kg
_ o -~ X 42
» |
0 g :
F1 1 |
k, ' |
I W2
H | ~
m
P | |
' |
x I |
I 1
\%4
FIGURE 3.11 The process curve
FIGURE 3.10 Sketch of the showing possible P~V combinations for
physical system for Example 3.4. Example 3.4.

To illustrate the process in a P—V diagram, the distance x is converted to volume by

division and multiplication with A:
m8 Fy ks
P P0+_+_+_2(V_VO) (1+(2V

This relation gives the pressure as a linear function of the volume, with the line having
a slope of C, = k,/A%. Possible values of P and V are as shown in Fig. 3.11 for an expansion.

Telegram: @uni_k



www.konkur.in

Telegram: @uni_k

Regardless of what substance is inside, any process must proceed along the line in the P-V
diagram. The work term in a quasi-equilibrium process then follows as

2
W, = / P dV = area under the process curve
1

1
1W2 = E(Pl +P2)(V2 - Vl)

For a contraction instead of an expansion, the process would proceed in the opposite direc-
tion from the initial point 1 along a line of the same slope shown in Fig. 3.11.

HLEN N -l
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Consider the system shown in Fig. 3.12, in which the piston of mass m,, is initially held in
place by a pin. The gas inside the cylinder is initially at pressure P; and volume V. When
the pin is released, the external force per unit area acting on the system (gas) boundary is
comprised of two parts:

Pext = ext/A = PO +mpg/A

Calculate the work done by the system when the piston has come to rest.

- Py — P

"

Py
Time
FIGURE 3.12
Example of a FIGURE 3.13 Cylinder pressure as a
nonequilibrium process. function of time.

After the piston is released, the system is exposed to the boundary pressure equal to
P, which dictates the pressure inside the system, as discussed in Section 1.7 in connection
with Fig. 1.10. We further note that neither of the two components of this external force
will change with a boundary movement, since the cylinder is vertical (gravitational force)
and the top is open to the ambient surroundings (movement upward merely pushes the
air out of the way). If the initial pressure P, is greater than that resisting the boundary,
the piston will move upward at a finite rate, that is, in a nonequilibrium process, with the
cylinder pressure eventually coming to equilibrium at the value P,,. If we were able to trace
the average cylinder pressure as a function of time, it would typically behave as shown in

Fig. 3.13. However, the work done by the system during this process is done against the
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force resisting the boundary movement and is therefore given by Eq. 3.19. Also, since the
external force is constant during this process, the result is

2
1W2 = ‘/1 Pext dv = Pext(VZ - Vl)

where V, is greater than V,, and the work done by the system is positive. If the initial
pressure had been less than the boundary pressure, the piston would have moved down-
ward, compressing the gas, with the system eventually coming to equilibrium at P, at a
volume less than the initial volume, and the work would be negative, that is, done on the
system by its surroundings.

LW N ol

The Polytropic Process

The work term can be examined by measuring the pressure and volume during a process
from which we can evaluate the integral in Eq. 3.14. Using curve fitting and numerical
methods, we can estimate the work term as the area below the process curve in the P-V
diagram. However, it is also useful if the whole process curve can be approximated with an
analytical function. In that case, the integration can be done mathematically, knowing the
values of the parameters in the function. For this purpose, a simple mathematical form of
the curve called a polytropic process has been used, with just two parameters, an exponent
and a constant, as

PV" = constant (3.20)

The polytropic exponent # is indicative of the type of process, and it can vary from minus
to plus infinity. Several simple processes fall into this class of functions. For instance, for
n =0 we have a constant pressure process, and for the limits of n — +00 we have a constant
volume process. For this process equation we calculate the integral in Eq. 3.14 as

PV" = constant = P,V = P,V}

__constant Py _ PV
T ooyn T oyn T oyn

2 2 —n+1 2
/ P dV = constant / d_V = constant 4
1 1 \%4 —n+1

1
2 P anl—n —_P anl—n
constant - _ 2 1
’/lPdV=ﬁ(V21n_Vll = 2°2 171

1—-n

P

PV, — PV,
= 3.21
1—n ( )

Note that the resulting equation, Eq. 3.21, is valid for any exponent n except n = 1. Where
n=1,

PV = constant = P,V, = P,V,
and

2 2
V.
/ pav=pryv, | Y-pv, 2 (3.22)
1 1V Vi
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Note that in Egs. 3.21 and 3.22 we did not say that the work is equal to the expres-
sions given in these equations. These expressions give us the value of a certain integral,
that is, a mathematical result. Whether or not that integral equals the work in a particular
process depends on the result of a thermodynamic analysis of that process. It is important
to keep the mathematical result separate from the thermodynamic analysis, for there are
many situations in which work is not given by Eq. 3.18.

The polytropic process as described demonstrates one special functional relationship
between P and V during a process. There are many other possible relations, some of which
will be examined in the problems at the end of this chapter.

w»r .

\J

Consider as a system the gas in the cylinder shown in Fig. 3.14; the cylinder is fitted with a
piston on which a number of small weights are placed. The initial pressure is 200 kPa, and
the initial volume of the gas is 0.04 m>.

a. Let a Bunsen burner be placed under the cylinder, and let the volume of the gas increase
to 0.1 m? while the pressure remains constant. Calculate the work done by the system

during this process.
2
W, = /1 Pdv

Since the pressure is constant, we conclude from Eq. 3.18 and Eq. 3.21 with n = O that
2
W, = P/ dV = P(V, — V;) = 200 kPa x (0.1 — 0.04)m> = 12.0 kJ
1

b. Consider the same system and initial conditions, but at the same time allow that the
Bunsen burner is under the cylinder and the piston is rising. Remove weights from the
piston at such a rate that, during the process, the temperature of the gas remains constant.

If we assume that the ideal gas model is valid, then, from Eq. 2.9,

PV = mRT

We note that this is a polytropic process with exponent » = 1. From our analysis, we
conclude that the work is given by Eq. 3.18 and that the integral in this equation is given
by Eq. 3.22. Therefore,
2 v, 3 0.10
W, :/ PdV =PV, In V.= 200 kPa x 0.04 m” X In 0.04 =733kl
1 1 5
c. Consider the same system, but during the heat transfer remove the weights at such a rate

that the expression PV!-3 = constant describes the relation between pressure and volume
during the process. Again, the final volume is 0.1 m>. Calculate the work.

This is a polytropic process in which n = 1.3. Analyzing the process, we con-
clude again that the work is given by Eq. 3.18 and that the integral is given by Eq. 3.21.
Therefore,

0.04\!3
P, = 200(m) = 60.77 kPa
2
P,V, — P,V _
W, = pay =22 1 1=60.77X0.1 ZOOXO'04kPam3=6.4lkJ
1= 1-13 1-13
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d. Consider the system and the initial state given in the first three examples, but let
the piston be held by a pin so that the volume remains constant. In addition, let
heat be transferred from the system until the pressure drops to 100 kPa. Calculate
the work.

Since 6W = P dV for a quasi-equilibrium process, the work is zero, because there
is no change in volume. This can also be viewed as a limit of a polytropic process for
n — oo, and thus Eq. 3.21 gives zero work.

The process for each of the four examples is shown on the P-V diagram of
Fig. 3.15. Process 1-2a is a constant-pressure process, and area 1-2a—f—e—1 represents
the work. Similarly, line 1-2b represents the process in which PV = constant, line 1-2¢
the process in which PV, ; = constant, and line 1-2d the constant-volume process.
Compare the relative areas under each curve with the numerical results obtained for the
amounts of work done.

P
1 2a
2d
— : 2b
I | 2¢
| |
Gas | |
e f Vv
FIGURE 3.15 P-Vdiagram showing
FIGURE 3.14 Sketch work done in the various processes of
for Example 3.6. Example 3.6.
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In-Text Concept Questions

g. What is roughly the relative magnitude of the work in process 1-2c¢ versus process
1-2a shown in Fig. 3.15?

h. Helium gas expands from 125 kPa, 350 K and from 0.25 m? to 100 kPa in a poly-
tropic process with n = 1.667. Is the work positive, negative, or zero?

i. An ideal gas goes through an expansion process in which the volume doubles.
Which process will lead to the larger work output: an isothermal process or a
polytropic process with n = 1.25?
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3.5) DEFINITION OF HEAT

The thermodynamic definition of heat is somewhat different from the everyday understand-
ing of the word. It is essential to understand clearly the definition of heat given here, because
it plays a part in many thermodynamic problems.

If a block of hot copper is placed in a beaker of cold water, we know from experience
that the block of copper cools down and the water warms up until the copper and water
reach the same temperature. What causes this decrease in the temperature of the copper
and the increase in the temperature of the water? We say that it is the result of the transfer
of energy from the copper block to the water. It is from such a transfer of energy that we
arrive at a definition of heat.

Heat is defined as the form of energy that is transferred across the boundary of a
system at a given temperature to another system (or the surroundings) at a lower tem-
perature by virtue of the temperature difference between the two systems. That is, heat
is transferred from the system at the higher temperature to the system at the lower tem-
perature, and the heat transfer occurs solely because of the temperature difference between
the two systems. Another aspect of this definition of heat is that a body never contains
heat. Rather, heat can be identified only as it crosses the boundary. Thus, heat is a tran-
sient phenomenon transferring energy to or from a system. Therefore, the units for heat,
and for any other form of energy as well, are the same as the units for work, or at least are
directly proportional to them. In the International System the unit for heat (energy) is the
joule. In the English System, the foot pound force is an appropriate unit for heat. Another
unit is typically used and related to the amount of energy needed to heat water 1 degree
and thus could be measured indirectly by temperature. The energy needed to heat 1 Ibm
of water from 59.5 F to 60.5 F is called the British thermal unit (Btu) very similar to the
SI unit counterpart where the calorie (cal) is the energy needed to heat 1 g of water from
14.5°C to 15.5°C. These units for energy relate to the units obtained from work and shown
in Table A.1.

Heat transferred fo a system is considered positive, and heat transferred from a system
is considered negative. Thus, positive heat represents energy transferred to a system, and
negative heat represents energy transferred from a system. The symbol Q represents heat.
A process in which there is no heat transfer (Q = 0) is called an adiabatic process.

From a mathematical perspective, heat, like work, is a path function and is recognized
as an inexact differential. That is, the amount of heat transferred when a system undergoes
a change from state 1 to state 2 depends on the path that the system follows during the
change of state. Since heat is an inexact differential, the differential is written as 6§Q. On

integrating, we write
2
/ 60=,0,
1

In words, | O, is the heat transferred during the given process between states 1 and 2.
It is also convenient to speak of the heat transfer per unit mass of the system, g, often
termed specific heat transfer, which is defined as

Q

m

q
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3.6/ HEAT TRANSFER MODES

Heat transfer is the transport of energy due to a temperature difference between different
amounts of matter. We know that an ice cube taken out of the freezer will melt when it is
placed in a warmer environment such as a glass of liquid water or on a plate with room
air around it. From the discussion about energy in Section 1.8, we realize that molecules of
matter have translational (kinetic), rotational, and vibrational energy. Energy in these modes
can be transmitted to the nearby molecules by interactions (collisions) or by exchange of
molecules such that energy is emitted by molecules that have more on average (higher
temperature) to those that have less on average (lower temperature). This energy exchange
between molecules is heat transfer by conduction, and it increases with the temperature
difference and the ability of the substance to make the transfer. This is expressed in Fourier’s

law of conduction,
dr

dx

giving the rate of heat transfer as proportional to the conductivity, k, the total area, A, and
the temperature gradient. The minus sign indicates the direction of the heat transfer from a
higher-temperature to a lower-temperature region. Often the gradient is evaluated as a tem-
perature difference divided by a distance when an estimate has to be made if a mathematical
or numerical solution is not available.

Values of conductivity, k, are on the order of 100 W/m K for metals, 1 to 10 for
nonmetallic solids as glass, ice, and rock, 0.1 to 10 for liquids, around 0.1 for insulation
materials, and 0.1 down to less than 0.01 for gases.

A different mode of heat transfer takes place when a medium is flowing, called con-
vective heat transfer. In this mode the bulk motion of a substance moves matter with a
certain energy level over or near a surface with a different temperature. Now the heat trans-
fer by conduction is dominated by the manner in which the bulk motion brings the two
substances in contact or close proximity. Examples are the wind blowing over a building
or flow through heat exchangers, where air can be flowing over/through a radiator with
water flowing inside the radiator piping. The overall heat transfer is typically correlated
with Newton’s law of cooling as

0 = —kA (3.23)

Q = Ah AT (3.24)

where the transfer properties are lumped into the heat transfer coefficient, 4, which then
becomes a function of the media properties, the flow and geometry. A more detailed study
of fluid mechanics and heat transfer aspects of the overall process is necessary to evaluate
the heat transfer coefficient for a given situation.

Typical values for the convection coefficient (all in W/m? K) are:

Natural convection h =5-25, gas h = 50-1000, liquid
Forced convection h = 25-250, gas h = 50-20 000, liquid
Boiling phase change  h = 2500-100 000

The final mode of heat transfer is radiation, which transmits energy as electromag-
netic waves in space. The transfer can happen in empty space and does not require any
matter, but the emission (generation) and the absorption of the radiation do require a
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substance to be present. Surface emission is usually written as a fraction, emissivity €, of
a perfect black body emission as
Q = €cAT? (3.25)

with the surface temperature, T, and the Stefan-Boltzmann constant, ¢. Typical values of
emissivity range from 0.92 for nonmetallic surfaces to 0.6 to 0.9 for nonpolished metallic
surfaces to less than 0.1 for highly polished metallic surfaces. Radiation is distributed over
arange of wavelengths and it is emitted and absorbed differently for different surfaces, but
such a description is beyond the scope of this book.

When heat transfer calculations are done in practice, it is convenient to use a common
form for all modes of heat transfer:

Q = C,AAT = AT/R, (3.26)

The heat transfer scales with the cross-sectional area perpendicular to the direction of Q,
and the rest of the information is in the constant Cy. With a rewrite this equation is also
used to define the thermal resistance, R, = 1/CqA, so for a high resistance the heat trans-
fer is small for a given temperature difference AT. This form corresponds to conduction,
Eq. 3.23 with d7/dx =~ AT/Ax, so Cq = k/Ax, and to convection, Eq. 3.24 Cq = h. Finally,
the radiation expression in Eq. 3.25 can be factored out to show a temperature difference,
and then the factor C, depends on the temperature in a nonlinear manner.

- T ==
OTE =

Consider the constant transfer of energy from a warm room at 20°C inside a house to
the colder ambient temperature of —10°C through a single-pane window, as shown in
Fig. 3.16.

T
T,
Tw k Troom
Outside Glass Inside Tarm |b======

<“: TS /_
4conv 9cond

| | T |

0 t X 0 t x

FIGURE 3.16 Conduction and convection heat transfer through a window pane.

The temperature variation with distance from the outside glass surface is shown by an
outside convection heat transfer layer, but no such layer is inside the room (as a simplifica-
tion). The glass pane has a thickness of 5 mm (0.005 m) with a conductivity of 1.4 W/m K
and a total surface area of 0.5 m2. The outside wind is blowing, so the convective heat
transfer coefficient is 100 W/m? K. With an outer glass surface temperature of 12.1°C, we
would like to know the rate of heat transfer in the glass and the convective layer.

For the conduction through the glass we have
dT AT 220-12.1 K

: W
= A Lo a AL 4 W o5 m22l 12 IR e w
0 7 Ax mK ™ 70005 m
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and the negative sign shows that energy is leaving the room. For the outside convection
layer we have

0O = hA AT = 100 ‘ZNK x 0.5 m?*[12.1 — (=10)] K = 1105 W

m
with a direction from the higher to the lower temperature, that is, toward the outside.

3.7) INTERNAL ENERGY—A THERMODYNAMIC
PROPERTY

Internal energy is an extensive property because it depends on the mass of the system.
Kinetic and potential energies are also extensive properties.

The symbol U designates the internal energy of a given mass of a substance. Fol-
lowing the convention used with other extensive properties, the symbol u designates the
internal energy per unit mass. We could speak of u as the specific internal energy, as we do
with specific volume. However, because the context will usually make it clear whether u
or U applies, we will use the term internal energy to refer to both internal energy per unit
mass and the total internal energy.

In Chapter 2 we noted that in the absence of motion, gravity, surface effects, electric-
ity, or other effects, the state of a pure substance is specified by two independent properties.
It is very significant that, with these restrictions, the internal energy may be one of the
independent properties of a pure substance. This means, for example, that if we specify the
pressure and internal energy (with reference to an arbitrary base) of superheated steam, the
temperature is also specified.

Thus, in tables of thermodynamic properties such as the steam tables, the value of
internal energy can be tabulated along with other thermodynamic properties. Tables 1 and
2 of the steam tables (Tables B.1.1 and B.1.2) list the internal energy for saturated states.
Included are the internal energy of saturated liquid uy, the internal energy of saturated vapor
u,, and the difference between the internal energy of saturated liquid and saturated vapor
ufg. The values are given in relation to an arbitrarily assumed reference state, which, for
water in the steam tables, is taken as zero for saturated liquid at the triple-point temperature,
0.01°C. All values of internal energy in the steam tables are then calculated relative to this
reference (note that the reference state cancels out when finding a difference in u between
any two states). Values for internal energy are found in the steam tables in the same manner
as for specific volume. In the liquid—vapor saturation region,

U= U]iq + Uvap

or
mu = mliquf + mvapug
Dividing by m and introducing the quality x gives
u=(1- x)uf + xu,

u= l/lf + xufg
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As an example, the specific internal energy of saturated steam having a pressure of
0.6 MPa and a quality of 95% can be calculated as

U = up +xuy, = (669.9 +0.95 x 1897.5) kI /kg = 2472.5 kI /kg

Values for u in the superheated vapor region are tabulated in Table B.1.3, for compressed
liquid in Table B.1.4, and for solid—vapor in Table B.1.5.

.'_//V

Determine the missing property (P, T, or x) and v for water at each of the following states:

a. T=2300°C, u = 2780 ki/kg
b. P = 2000 kPa, u = 2000 kl/kg

For each case, the two properties given are independent properties and therefore fix the
state. For each, we must locate the states in Table B.1 for water as illustrated in Fig. 3.17.

T

C.P.

P = 8581 kPa

300 —

T=212°C
2000 —

(a) (b)

FIGURE 3.17 Figures for Example 3.8. The small open circles indicates table states used.

a. At 300°C, from Table B.1.1, U, = 2563.0 kJ/kg. The given u > Uy, SO the state is in the
superheated vapor region at some P less than P,, which is 8581 kPa. Searching through
Table B.1.3 at 300°C, we find that the value u = 2780 kJ/kg is between given values of
u at 1600 kPa (2781.0) and 1800 kPa (2776.8). Interpolating linearly, we obtain

P = 1600 kPa + (1800 — 1600) kPa x (2780 — 2776.8) /(2781 — 2776.8) = 1648 kPa

Note that quality is undefined in the superheated vapor region. At this pressure, by linear
interpolation, we have v = 0.1542 m3/kg.

b. At P = 2000 kPa, from Table B.1.2, the given u of 2000 kl/kg is greater than u, (906.4)
but less than u, (2600.3). Therefore, this state is in the two-phase region with T = T,
=212.4°C, and

u = 2000 kI /kg = (906.4 + x1693.8) kI /kg, x=0.6456

Then,
v = (0.001 177 + 0.6456 x 0.098 45) m? /kg = 0.064 74 m? /kg.
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In-Text Concept Questions

j- Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case, pressure is
raised at 7= C; then T is raised at P = C. In a second case, the opposite order is used.
Does that make a difference for {Q, and [ W,?

k. A rigid insulated tank A contains water at 400 kPa, 800°C. A pipe and valve connect
this to another rigid insulated tank B of equal volume having saturated water vapor at
100 kPa. The valve is opened and stays open while the water in the two tanks comes
to a uniform final state. Which two properties determine the final state?

3.8/ PROBLEM ANALYSIS AND
SOLUTION TECHNIQUE

At this point in our study of thermodynamics, we have progressed sufficiently far (that is,
we have accumulated sufficient tools with which to work) that it is worthwhile to develop a
somewhat formal technique or procedure for analyzing and solving thermodynamic prob-
lems. For the time being, it may not seem entirely necessary to use such a rigorous procedure
for many of our problems, but we should keep in mind that as we acquire more analytical
tools, the problems that we are capable of dealing with will become much more compli-
cated. Thus, it is appropriate that we begin to practice this technique now in anticipation of
these future problems.

The following steps show a systematic formulation of thermodynamics problems so
that it can be understood by others and it ensures that no shortcuts are taken, thus eliminating
many errors that otherwise occur due to oversight of basic assumptions that may not apply.

1. Make a sketch of the physical system with components and illustrate all mass
flows, heat flows, and work rates. Include an indication of forces such as external
pressures and single-point forces.

2. Define (i.e., choose) a control mass or control volume by placing a control surface
that contains the substance/device you want to analyze. Indicate the presence of
all the transfer terms into and out of the control volume and label different parts
of the system if they do not have the same thermodynamic state.

3. Write the general laws for each of the chosen control volumes (for now we just use
the energy equation, but later we will use several laws). If a transfer term leaves
one control volume and enters another, you should have one term in each equation
with the opposite sign.

4. Write down the auxiliary or particular laws for whatever is inside each of the con-
trol volumes. The constitution of a substance is either written down or referenced
to a table. The equation for a given process is normally easily written down; it is
given by the way the system or device is constructed and often is an approxima-
tion of reality. That is, we make a simplified mathematical model of the real-world
behavior.

5. Finish the formulation by combining all the equations (don’t use numbers yet);
then check which quantities are known and which are unknown. It is important to
specify all the states by determining which two independent properties determine
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any given state. This task is most easily done by illustrating all the processes and
states in a (P-v), (T-v), or similar diagram. These diagrams are also helpful in
table lookup and locating a state.

As we write the energy equation
1
U, — U, + Em(vg -V +mg(Z, - Z) = ,0,— W, (3.27)

we must also consider the various terms of the storage. If the mass does not move signif-
icantly, either with a high speed or in elevation, then assume that the changes in kinetic
energy and/or potential energy are small.

It is not always necessary to write out all these steps, and in the majority of the
examples throughout this book we will not do so. However, when faced with a new and
unfamiliar problem, the student should always at least think through this set of questions
to develop the ability to solve more challenging problems. In solving the problem in the
following example, we will use this technique in detail.

- —
-

A vessel having a volume of 5 m? contains 0.05 m? of saturated liquid water and 4.95 m> of
saturated water vapor at 0.1 MPa. Heat is transferred until the vessel is filled with saturated
vapor. Determine the heat transfer for this process.
Control mass: All the water inside the vessel as shown in the sketch Fig. 3.18.
Initial state: Pressure, volume of liquid, volume of vapor; therefore, state 1 is fixed.
Final state: Somewhere along the saturated-vapor curve; the water was heated, so
P, > P,.
Process: Constant volume and mass; therefore, constant specific volume.

VAP H,0

Process eq.

FIGURE 3.18 Sketch and T-v diagram for Example 3.9.

Analysis
From the energy equation we have

V2 2

2 1
U2—U1+m—2 +mg(Zz—Zl)=1Q2—1W2
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Assuming the vessel is rigid there will be no displacement (dV = 0) and thus no work. Since
the mass has no significant motion, there is no kinetic energy and only a very small change
in potential energy which we neglect; see Example 3.13. Therefore,

19, =U,-U,;

Solution
The heat transfer will be found from the energy equation. State 1 is known, so U, can be
calculated. The specific volume at state 2 is also known (from state 1 and the process).
Since state 2 is saturated vapor, state 2 is fixed, as is seen in Fig. 3.18. Therefore, U, can
also be found.

The solution proceeds as follows:

Vi 3

my iy = g 005m” 47.94 kg
ve 0.001 043 m?/kg
V 3

My ap = Zvp 495 mT 2.92 kg

v, 1.6940 m3/kg

Then
Uy =my iq¥1 1ig + M1 vap¥1 vap
= 47.94 kg x 417.36 kJ /kg + 2.92 kg x 2506.1 kJ /kg = 27 326 kJ

To determine u, we need to know two thermodynamic properties, since this determines
the final state. The properties we know are the quality, x = 100%, and v,, the final specific
volume, which can readily be determined.

m = ny liq = +m1 vap =47.94 kg +2.92 kg = 50.86 kg

\4 51113 3
=Y = 2™ _ 09831 m/k
27 0 T 50,86 ke m’/ke

In Table B.1.2 we find, by interpolation, that at a pressure of 2.03 MPa, Vg = 0.098 31
m?3/kg. The final pressure of the steam is therefore 2.03 MPa. Then

1, = 2600.5 kI /kg
U, = mu, = 50.86 kg x 2600.5 kJ /kg = 132 261 kJ
10, =U, — Uy = 132261 —27 326 = 104 935 kJ

HLE N ol
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A vessel having a volume of 100 ft> contains 1 ft> of saturated liquid water and 99 ft3
of saturated water vapor at 14.7 1bf/in.2. Heat is transferred until the vessel is filled with
saturated vapor. Determine the heat transfer for this process.
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Control mass: All the water inside the vessel as shown in the sketch Fig. 3.18.
Initial state: Pressure, volume of liquid, volume of vapor; therefore, state 1 is fixed.
Final state: Somewhere along the saturated-vapor curve; the water was heated, so

Process: Constant volume and mass; therefore, constant specific volume.

Analysis
Energy Eq.:

(V3-VD
Uz - Ul +mT +mg(22 _Zl) = lQZ = lWZ

Assuming the vessel is rigid there will be no displacement (dV = 0) and thus no work. Since
the mass has no significant motion, there is no kinetic energy and only a very small change
in potential energy which we neglect; see Example 3.13. Therefore,

1Q2=U2_U1

Solution
The heat transfer will be found from the energy equation. State 1 is known, so U; can be
calculated. Also, the specific volume at state 2 is known (from state 1 and the process).
Since state 2 is saturated vapor, state 2 is fixed, as is seen in Fig. 3.18. Therefore, U, can
also be found.

The solution proceeds as follows:

V. 3

my jiq = S — ft = 59.81 Ibm
Ve 0.016 72 ft* /Ibm
V. 3

My = —2 = — 2 _ 369 1bm

v, 26.80 ft/lbm
Then

Uy =my jiq41 1iq + M1 vapl1 vap
=59.81 Ibm x 180.1 Btu/Ibm + 3.69 1bm X 1077.6 Btu/lbm = 14 748 Btu

To determine u, we need to know two thermodynamic properties, since this determines
the final state. The properties we know are the quality, x = 100%, and v,, the final specific
volume, which can readily be determined.

m=my g +my g, = 59.81 Ibm + 3.69 Ibm = 63.50 Ibm

V_z_1mw
" m 63.501bm
In Table F7.1 of the steam tables we find, by interpolation, that at a pressure of 294 1bf/in.,

v, = 1.575 ft*/Ibm. The final pressure of the steam is therefore 294 1bf/in.2. Then

= 1.575 ft* /lbm

uy = 1117.0 Btu/lbm
U, = mu, = 63.50 Ibm x 1117.0 Btu/lbm = 70 930 Btu
19,=U, —U; =70930 — 14 748 = 56 182 Btu
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The piston/cylinder setup of Example 3.4 contains 0.5 kg of ammonia at —20°C with a
quality of 25%. The ammonia is now heated to +20°C, at which state the volume is observed
to be 1.41 times the initial volume. Find the final pressure, the work the ammonia produced,
and the heat transfer.

Solution
The forces acting on the piston, the gravitation constant, the external atmosphere at constant
pressure, and the linear spring give a linear relation between P and v(V).

Process: P = C, + C,v; see Example 3.4, Fig. 3.11
State I: (T}, x;) from Table B.2.1
P, =P, =190.2kPa
Vi = Vp+ x5 = 0.001 504 + 0.25 x 0.621 84 = 0.156 96 m’/kg
up = up+ xup, = 88.76 + 0.25 X 1210.7 = 391.44 kl/kg
State 2: (T, vy = 1.41 v, = 1.41 x 0.156 96 = 0.2213 m3/kg)
Table B.2.2 state very close to P, = 600 kPa, u, ~ 1347.9 kJ/kg

The work term can now be integrated, knowing P versus v, and can be seen as the area in
the P—v diagram, shown in Fig. 3.19.

2 2
W, =/1 Pdv = /1 Pm dv = area = m%(Pl + Py)(vy —vy)
=0.5 kg%(190.2 + 600) kPa (0.2213 — 0.156 96) m? /kg = 12.71 kJ
19, =m (uy —uy) +, W,

=0.5 kg (1347.9 — 391.44)1?g + 12.71 kJ = 490.94 kJ

P T
= C.P. C.P.
2 2

600~ 20
1 1

190 | -20

[
NH,
1% v

FIGURE 3.19 Diagrams for Example 3.10.
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The piston/cylinder setup shown in Fig. 3.20 contains 0.1 kg of water at 1000 kPa, 500°C.
The water is now cooled with a constant force on the piston until it reaches half of the initial
volume. After this it cools to 25°C while the piston is against the stops. Find the final water
pressure and the work and heat transfer in the overall process, and show the process in a
P—v diagram.

FIGURE 3.20 Sketch for Example 3.11.

Solution
We recognize that this is a two-step process, one of constant P and one of constant V. This
behavior is dictated by the construction of the device.

State I: (P, T) From Table B.1.3; v; =0.354 11 m3/kg, u, =3124.34 kl/kg
Process 1-1a: P = constant = F/A
la-2: v =constant =v;, = v, =v;/2

State 2: (T, v, =v,/2 =0.177 06 m*/kg)
0.177 06 — 0.001 003
= (v, — — = 0.004 0605
% = 2=/ 433583

uy = up + xXpup = 104.86 4 0.004 0605 x 2304.9 = 114.22 kI /kg

From Table B.1.1, v, <v,, so the state is two phase and P, = P, = 3.169 kPa.

2 2
1W2=/ PdV=m/ Pdv=mP(vi,—v)+0
1 1

= 0.1 kg x 1000 kPa (0.177 06 — 0.345 11) m® /kg = —17.7 kJ

Note that the work done from la to 2 is zero (no change in volume), as shown in
Fig. 3.21.

1Q2:m(u2 —uy)+ W,
=0.1kg(114.22 —3124.34) kI /kg — 17.7 k] = =318.71 kJ
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P T
1
500 —
1a 1
1000 — 1a P,
180 —
3F 2 25— 2
L \
0.177 0.354 Vv v

FIGURE 3.21 Diagrams for Example 3.11.

3.9) THE THERMODYNAMIC PROPERTY ENTHALPY

In analyzing specific types of processes, we frequently encounter certain combinations of
thermodynamic properties, which are therefore also properties of the substance undergo-
ing the change of state. To demonstrate one such situation, let us consider a control mass
undergoing a quasi-equilibrium constant-pressure process, as shown in Fig. 3.22. Assume
that there are no changes in kinetic or potential energy and that the only work done during
the process is that associated with the boundary movement. Taking the gas as our control
mass and applying the energy equation, Eq. 3.5, we have, in terms of Q,

Q U2—U1=1Q2—1W2
The work done can be calculated from the relation

FIGURE 3.22 The 2

constant-pressure W, = / pPdv

quasi-equilibrium 1

process. Since the pressure is constant,

2
1W2=P/1 dv = P(V, - V)

Therefore,
=U,+P, V)= (U, +P,V))

We find that, in this very restricted case, the heat transfer during the process is given
in terms of the change in the quantity U 4+ PV between the initial and final states. Because
all these quantities are thermodynamic properties, that is, functions only of the state of the
system, their combination must also have these same characteristics. Therefore, we find it
convenient to define a new extensive property, the enthalpy,

H=U+PV (3.28)
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or, per unit mass,
h=u+ Py (3.29)

As for internal energy, we could speak of specific enthalpy, 4, and total enthalpy, H. How-
ever, we will refer to both as enthalpy, since the context will make it clear which is being
discussed.

The heat transfer in a constant-pressure, quasi-equilibrium process is equal to the
change in enthalpy, which includes both the change in internal energy and the work for this
particular process. This is by no means a general result. It is valid for this special case only
because the work done during the process is equal to the difference in the PV product for
the final and initial states. This would not be true if the pressure had not remained constant
during the process. The significance and use of enthalpy are not restricted to the special
process just described. Other cases in which this same combination of properties u# + Pv
appears will be developed later, notably in Chapter 4, where we discuss control volume
analyses.

Tabular values of internal energy and enthalpy, such as those included in Tables B.1
through B.7, are all relative to some arbitrarily selected base. In the steam tables, the internal
energy of saturated liquid at 0.01°C is the reference state and is given a value of zero. For
refrigerants, such as R-134a, R-410A, and ammonia, the reference state is arbitrarily taken
as saturated liquid at —40°C. The enthalpy in this reference state is assigned the value of
zero. Cryogenic fluids, such as nitrogen, have other arbitrary reference states chosen for
enthalpy values listed in their tables. Because each of these reference states is arbitrarily
selected, it is always possible to have negative values for enthalpy, as for saturated-solid
water in Table B.1.5. When enthalpy and internal energy are given values relative to the
same reference state, as they are in essentially all thermodynamic tables, the difference
between internal energy and enthalpy at the reference state is equal to Pv. Since the specific
volume of the liquid is very small, this product is negligible as far as the significant figures
of the tables are concerned, but the principle should be kept in mind, for in certain cases it
is significant.

The enthalpy of a substance in a saturation state and with a given quality is found in
the same way as the specific volume and internal energy. The enthalpy of saturated liquid
has the symbol h, saturated vapor h,, and the increase in enthalpy during vaporization hy,.
For a saturation state, the enthalpy can be calculated by one of the following relations:

h=(1 —x)hs + xh,
h= hf + thg
The enthalpy of compressed liquid water may be found from Table B.1.4. For sub-

stances for which compressed-liquid tables are not available, the enthalpy is taken as that
of saturated liquid at the same temperature.

- T ==
DTE =

A cylinder fitted with a piston has a volume of 0.1 m® and contains 0.5 kg of steam at
0.4 MPa. Heat is transferred to the steam until the temperature is 300°C, while the pressure
remains constant.
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Determine the heat transfer and the work for this process.
Control mass: ~ Water inside cylinder.
Process:  Constant pressure, P, = P, shown in Fig. 3.23.

Initial state: P,, V|, m; therefore, v, is known, state 1 is fixed (at P, v;, check
steam tables—two-phase region).

Final state: P,, T,; therefore, state 2 is fixed (superheated).

P T
C.P.
8581 —
400 kPa
400 3001~ 2
144 -
y
FIGURE 3.23 The
v ! isobaric process.
Analysis

There is no change in kinetic energy or potential energy. Work is done by movement at the
boundary. Assume the process to be quasi-equilibrium. Since the pressure is constant, we
have

2 2
W, = /1 Pdv = P'/l dV = P(V, = V) = m(P,vy, — Pyvy)
Therefore, the energy equation is, in terms of Q,
1Q2 =m(u2 - M]) + 1W2

=m(uy — uy) + m(Pyvy — Pyvy) = m(hy — hy)

Solution
State 1: (P, v;) Table B.1.2
Vi 01m? 3 V1=V 0.2-0.001 084
=—=——=02 kg = x, = — = = 04311
M T oskg ke n = 0.4614

uy = up + XU = (60431 +0.4311 X 1949.3) kI /kg = 1444.7 kJ /kg
hy = h; + x;hy, = (604.74 + 0.4311 x 2133.8) kJ /kg = 1524.7 kI /kg
State 2: (P, T) Table B.1.3 superheated vapor
v, = 0.6548 m®/kg; u, = 2804.8 kI /kg; h, = 3066.8 kJ/kg
Find the work from the process equation and heat transfer from the energy equation
(W, =mP(v, —vy) = 0.5 kg X 400 kPa x (0.6548 — 0.2) m?/kg = 91.0 kJ
19,=U, = U, +, W, =0.5 kg X (2804.8 — 1444.7) kI /kg + 91.0 kJ = 771.1 kJ
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The heat transfer could also have been found from the enthalpies as shown in the analysis
19, = m(hy — hy) = 0.5 kg X (3066.8 — 1524.7) kJ /kg = 771.1 kJ

It is recommended to follow the first procedure as the last expression for ;Q, is only true
for this particular process.

3.10, THE CONSTANT-VOLUME AND
CONSTANT-PRESSURE SPECIFIC HEATS

In this section we introduce two new properties that are derivatives of the energy-related
properties u and h. These properties will be useful for some simplified calculations of energy
changes expressed in terms of temperature changes. We recall from the previous examples
that different physical devices give different expressions for the amount of heat transfer in
a process due to the work term. Example 3.9 expressed the heat transfer as a change in
the internal energy (w = 0), and the example with constant pressure in Section 3.9 gave
the heat transfer as a change in enthalpy (w = PAv). It would be convenient if the energy
change could be expressed in terms of a measurable property such as temperature, but this
is possible only if no phase change occurs.
To introduce the temperature, we define two derivatives both called specific heat as

= (on). = (%
€= (aT)V’ Cr= <()T>P (330)

and since they are given in terms of thermodynamic properties, they are themselves prop-
erties and thus only a function of the state. The names are due to their relation to the heat
transfer in a constant v and constant P process as

v=constant: dq=du+ow=du=C,dT
P=constant: dq=du+ow=du+Pdv=dh=Cpdl

The specific heat is then used to get the change in u or & from a change in 7, which is
relatively simple to measure. If evaluations of specific heat from the partial derivative of
u or h depend on the value held constant (v or P), their use is inconvenient, and u or &
should be obtained from appendix B tables. If that is not so, the partial derivatives simplify
to ordinary derivatives used for solids/liquids and (in Section 3.1) for ideal gases, which is
the reason to use them.

The specific heats are not only related to heat transfer but they express the changes
in internal energy and enthalpy as a function of temperature. As an example, consider three
identical fluid masses shown in Fig. 3.24. In the first system 100 kJ is added by heat, and in
the other two systems 100 kJ is added by work. The change in internal energy of the fluid
equals 100 kJ for all cases, so the final state is the same (U, = U; + 100 kJ, v, = v|) and the
average C, is the same for all three processes, even though they are different with respect
to heat transfer and work. A constant-pressure piston cylinder provides a similar situation;
then enthalpy increases by 100 kJ while average Cp would be the same.
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FIGURE 3.24 Sketch 0=100kJ l

showing three ways in

which a given AU may be “ Q Q
achieved.

Solids and Liquids

As a special case, consider either a solid or a liquid. Since both of these phases are nearly
incompressible,
dh=du+d(Pv) =~ du+vdP (3.31)

Also, for both of these phases, the specific volume is very small, such that in many cases
dh=dur CdT (3.32)

where C is either the constant-volume or the constant-pressure specific heat, as the two
would be nearly the same. In many processes involving a solid or a liquid, we might fur-
ther assume that the specific heat in Eq. 3.32 is constant (unless the process occurs at low
temperature or over a wide range of temperatures). Equation 3.32 can then be integrated to

Specific heats for various solids and liquids are listed in Tables A.3, A.4, F.2, and E.3.

In other processes for which it is not possible to assume constant specific heat, there
may be a known relation for C as a function of temperature. Equation 3.32 could then also
be integrated.

3.11) THE INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEAT OF IDEAL GASES

In general, for any substance the internal energy u depends on the two independent prop-
erties specifying the state. For a low-density gas, however, u depends primarily on 7" and
much less on the second property, P or v. For example, consider several values for super-
heated vapor steam from Table B.1.3, shown in Table 3.1. From these values, it is evident

TABLE 3.1
Internal Energy for Superheated Vapor Steam
P, kPa
T,°C 10 100 500 1000
200 2661.3 2658.1 2642.9 2621.9
700 3479.6 3479.2 3477.5 3475.4
1200 4467.9 4467.7 4466.8 4465.6
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that u depends strongly on 7 but not much on P. Also, we note that the dependence of u
on P is less at low pressure and is much less at high temperature; that is, as the density
decreases, so does dependence of u on P (or v). It is therefore reasonable to extrapolate
this behavior to very low density and to assume that as gas density becomes so low that the
ideal gas model is appropriate, internal energy does not depend on pressure at all but is a
function only of temperature. That is, for an ideal gas,

Pv=RT and u=f(T)only (3.34)

As u is a function of only temperature and not sensitive to P or v the derivative in
Eq. 3.30 simplifies to an ordinary derivative as

e
v0 — dT
du=C,ydT (3.35)

where the subscript 0 denotes the specific heat of an ideal gas. For a given mass m,
dU =mC,, dT (3.36)

From the definition of enthalpy and the equation of state of an ideal gas, it follows
that
h=u+Pv=u+RT (3.37)

Since R is a constant and « is a function of temperature only, it follows that the enthalpy, 4,
of an ideal gas is also a function of temperature only. That is,

h=f(T) (3.38)
and the derivative of enthalpy simplifies to
_dh
PO~
dh=C,,dT (3.39)
For a given mass m,
dH =mC,, dT (3.40)

The consequences of Egs. 3.35 and 3.39 are demonstrated in Fig. 3.25, which shows
two lines of constant temperature. Since internal energy and enthalpy are functions of tem-
perature only, these lines of constant temperature are also lines of constant internal energy
and constant enthalpy. From state 1 the high temperature can be reached by a variety of
paths, and in each case the final state is different. However, regardless of the path, the
change in internal energy is the same, as is the change in enthalpy, for lines of constant
temperature are also lines of constant # and constant /.

Because the internal energy and enthalpy of an ideal gas are functions of temperature
only, it also follows that the constant-volume and constant-pressure specific heats are also
functions of temperature only. That is,

Cy=f(T), C,=f(T) (3.41)

Because all gases approach ideal gas behavior as the pressure approaches zero, the ideal gas
specific heat for a given substance is often called the zero-pressure specific heat, and the
zero-pressure, constant-pressure specific heat is given the symbol C,,. The zero-pressure,
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1 Constant T + d7, u + du,
h+dh
Constant 7, u, h
FIGURE 3.25 pP-v
diagram for an ideal gas. v

constant-volume specific heat is given the symbol C,,,. Figure 3.26 shows C,,, as a function
of temperature for a number of substances. These values are determined by the techniques of
statistical thermodynamics and will not be discussed here. A brief summary presentation
of this subject is given in Appendix C. It is noted there that the principal factor causing
specific heat to vary with temperature is molecular vibration. More complex molecules have
multiple vibrational modes and therefore show greater temperature dependency, as seen in
Fig. 3.26. This is an important consideration when deciding whether or not to account for
specific heat variation with temperature in any particular application.

A very important relation between the constant-pressure and constant-volume spe-
cific heats of an ideal gas may be developed from the definition of enthalpy:

h=u+Pv=u+RT

8r T T ]
7k |
6 |
Go L ]
R 5 —
4l i
3f \ N
i Hy Ar, He, Ne, Kr, Xe i
FIGURE 3.26 i i
Specific heat for some 2 \ Loy
gases as a function of 0 500 1000 1500 2000 2500 3000 3500
temperature. T[K]

Telegram: @uni_k



www.konkur.in

Telegram: @uni_k

Differentiating and substituting Egs. 3.35 and 3.39, we have

dh=du+ R dT
Cyo dT = Cyy dT + R dT

Therefore,
Cp—Cyop=R (3.42)

On a mole basis this equation is written

Cy—Cyo=R (3.43)

This tells us that the difference between the constant-pressure and constant-volume specific
heats of an ideal gas is always constant, though both are functions of temperature. Thus, we
need examine only the temperature dependency of one, and the other is given by Eq. 3.42.

Let us consider the specific heat C,,. There are three possibilities to examine. The
situation is simplest if we assume constant specific heat, that is, no temperature dependence.
Then it is possible to integrate Eq. 3.39 directly to

We note from Fig. 3.26 the circumstances under which this will be an accurate model.
It should be added, however, that it may be a reasonable approximation under other con-
ditions, especially if an average specific heat in the particular temperature range is used in
Eq. 3.44. Values of specific heat at room temperature and gas constants for various gases
are given in Table A.5 and F.4.

The second possibility for the specific heat is to use an analytical equation for C,, as
a function of temperature. Because the results of specific-heat calculations from statistical
thermodynamics do not lend themselves to convenient mathematical forms, these results
have been approximated empirically. The equations for C,,, as a function of temperature
are listed in Table A.6 for a number of gases.

The third possibility is to integrate the results of the calculations of statistical thermo-
dynamics from an arbitrary reference temperature to any other temperature 7 and to define

a function .
Ty

This function can then be tabulated in a single-entry (temperature) table. Then, between
any two states 1 and 2,

T, T
hy —hy = / Cy dT — / Cpo dT = hy, — hy, (3.45)
Ty Ty

and it is seen that the reference temperature cancels out. This function 4, (and a similar
function uy = hy — RT) is listed for air in A.7 and F.5. These functions are listed for other
gases in Tables A.8 and F.6.

To summarize the three possibilities, we note that using the ideal gas tables, Tables
A.7 and A.8, gives us the most accurate answer, but that the equations in Table A.6 would
give a close empirical approximation. Constant specific heat would be less accurate, except
for monatomic gases and gases below room temperature. It should be remembered that all
these results are part of the ideal gas model, which in many of our problems is not a valid
assumption for the behavior of the substance.
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Calculate the change of enthalpy as 1 kg of oxygen is heated from 300 to 1500 K. Assume
ideal gas behavior.

Solution
For an ideal gas, the enthalpy change is given by Eq. 3.39. However, we also need to make an
assumption about the dependence of specific heat on temperature. Let us solve this problem
in several ways and compare the answers.

Our most accurate answer for the ideal gas enthalpy change for oxygen between 300
and 1500 K would be from the ideal gas tables, Table A.8. This result is, using Eq. 3.45,

hy —hy =1540.2 — 273.2 = 1267.0 kJ /kg

The empirical equation from Table A.6 should give a good approximation to this
result. Integrating Eq. 3.39, we have

T, 0,
hy—h, = /T Cpo dT = /0 C,(6) X 1000 d6
1 1

6,=15
— 1000 [0.880 _0.0001 0 4+ 0.5403 _ 0.3394]
2 3 4 6,=0.3
=1241.5kJ /kg
which is lower than the first result by 2.0%.
If we assume constant specific heat, we must be concerned about what value we are
going to use. If we use the value at 300 K from Table A.5, we find, from Eq. 3.44, that

hy — hy = Cp(T, — Ty) = 0.922 kI /kg-K x 1200 K = 1106.4 kJ /kg

which is low by 12.7%. However, suppose we assume that the specific heat is constant at its
value at 900 K, the average temperature. Substituting 900 K into the equation for specific
heat from Table A.6, we have

C,o = 0.88 — 0.0001(0.9) + 0.54(0.9)> — 0.33(0.9)° = 1.0767 kJ /kg-K

Substituting this value into Eq. 3.44 gives the result
hy —h; = 1.0767 kJ /kg-K x 1200 K = 1292.1 kJ /kg

which is high by about 2.0%, a much closer result than the one calculated with room tem-
perature specific heat. It should be kept in mind that part of the model involving ideal gas
with constant specific heat also involves a choice of what value is to be used.

LW N L o
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A cylinder fitted with a piston has an initial volume of 0.1 m® and contains nitrogen at
150 kPa, 25°C. The piston is moved, compressing the nitrogen until the pressure is 1 MPa
and the temperature is 150°C. During this compression process, heat is transferred from
the nitrogen, and the work done on the nitrogen is 20 kJ. Determine the amount of this heat
transfer.
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Control mass: ~ Nitrogen.
Process: ~ Work input known.
Initial state: Py, T}, V,; state 1 fixed.
Final state:  P,, T,; state 2 fixed.
Model:  Ideal gas, constant specific heat with value at 300 K, Table A.5.

Analysis
From the energy equation we have

19, = m(uy —uy) +, W,

Solution
The mass of nitrogen is found from the equation of state with R from Table A.5:
PV 150 kPa x 0.1 m?
"= RT KJ o> ke

0.2968 —— % 298.15 K
kg K
Assuming constant specific heat as given in Table A.5, we have
1Q2 = vaO(T2 - Tl) + 1W2
=0.1695 kg x 0.745k1g(—JK X (150 —25) K —20.0 kJ

=158-20.0=-4.2KkJ

Using u’s from Table A.8 instead of C, at 7|, is more accurate for higher temperatures.

HLEN N . -l

- —

Sll=

A cylinder fitted with a piston has an initial volume of 2 ft* and contains nitrogen
at 20 1bf/in.2, 80 F. The piston is moved, compressing the nitrogen until the pressure
is 160 Ibf/in.> and the temperature is 300 F. During this compression process heat is
transferred from the nitrogen, and the work done on the nitrogen is 9.15 Btu. Determine

the amount of this heat transfer.

Control mass: ~ Nitrogen.
Process: ~ Work input known.
Initial state: P, T, V; state 1 fixed.
Final state: P,, T,; state 2 fixed.
Model: Ideal gas, constant specific heat with value at 540 R, Table F.4.

Analysis

From the energy equation we have:

1Q2 =m(u, —uy) + W,
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Solution
The mass of nitrogen is found from the equation of state with the value of R from Table F.4.

2025 Ibf % 144 ><2ft3
PV _ ZTin? = 0.1934 Ibm

" RT 55 15{5“’2 % 540 R

Assuming constant specific heat as given in Table F.4,

=0.1934 Ibm X 0. 1771;3tu

X (300 — 80)R — 9.15 Btu
=7.53-9.15=-1.62 Bt

Using u’s from Table F.6 instead of C, at T} is more accurate for higher temperatures.

I8N 7 I\

'/r ‘ ~—

1

Consider 1 kg of water on a table at room conditions 20°C, 100 kPa. We want to examine
the energy changes for each of three processes: accelerate it from rest to 10 m/s, raise it
10 m, and heat it 10°C.

For this control mass the energy changes become

AKE = %m(v’;’ ~V3) = % x 1 kg x (10% — 0)m?2/s? = 50 kgm?/s? = 50 J
APE =mg(Z, — Z;) = 1 kg x 9.81 m/s?> x (10 — 0)m = 98.1 J
AU = m(uty — ug) = mC,(Ty — T1) = 1 kg X 4.18kgiK x 10K = 41.8kJ

Notice how much smaller the kinetic and potential energy changes are compared to the
change in the internal energy due to the raised temperature. For the kinetic and poten-
tial energies to be significant, say 10% of AU, the velocity must be much higher, such
as 100 m/s, and the height difference much greater, such as 500 m. In most engineering
applications such levels are very uncommon, so the kinetic and potential energies are often
neglected.

HLE N . ol

In-Text Concept Questions

1. To determine v or u for some liquid or solid, is it more important that I know P or 77
m. To determine v or u for an ideal gas, is it more important that [ know P or 77

n. Theat 1 kg of a substance at constant pressure (200 kPa) one degree. How much heat
is needed if the substance is water at 10°C, steel at 25°C, air at 325 K, orice at —10°C.

o. Does nitrogen gas at 1227°C have a C,, 7%, 17% or 27% higher than at 25°C?
p. A spring loaded piston/cylinder does not give P = Cor V= C can I thenuse C,, C,?

q. Does the polytropic process require the substance to be an ideal gas?

Telegram: @uni_k



www.konkur.in

FIGURE 3.27 Two
connected tanks with
different initial states.
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3.12, NONUNIFORM DISTRIBUTION OF STATES
AND MASS

All the previous discussions and examples dealt with a single mass at a uniform state. This
is not always the case, so let us look at a couple of situations where we have several kinds of
mass and states in the system. As a mass, m,, may change its temperature due to heating,
cooling, compression, or expansion, the mass of the container, mg, in which it is placed
also changes temperature. Energy thus needs to move in or out of the container mass, and
this energy should be accounted for in the energy transfers. This effect is captured when
the control volume is chosen to include the container mass with the storage effect, or

If the process is slow, a standard assumption is that the container has the same temperature
as the mass at any given time. If the process is very fast, the temperatures may be different
and the analysis must include a detailed heat transfer analysis (not covered in this text). The
properties of masses A and B should be treated according to the state of the masses; for a
simple metal container the change u, — u, is evaluated from the specific heat.

A different situation occurs in a mixing process where two masses combine to form
a single uniform final state, as illustrated with the setup in Fig. 3.27. For a control mass that
is the combination of A and B, we get the conservation of mass written out in the continuity
equation

Conservation of mass: m, = m; = m, + mp (3.47)

Energy Eq.: mye, — (myse,4 +migeip) = 0, —|\W, (3.48)

The general form of the mass conservation equation is called the continuity equation, a
common name for it in fluid mechanics, and it is covered in the following chapter.

As the system does not change elevation and we look at state 2 after any motion has
ended, we have zero kinetic energy in all states and no changes in potential energy, so the
left-hand side in the energy equation becomes

myey—(mypeqp + mipep)
=my(uy +0+8Z)) —my(uy +0+8Zy) —myp(up + 0+ 8Z))
= mylty — (Myplty4 +mygitg) + [my — (M4 + myp)1gZ,
= myty — (Myplty4 + Mgt p)

Notice how the factor for the potential energy is zero from the conservation of mass and the
left-hand side terms simplify to contain internal energy only. If we take the energy equation
and divide by the total mass, we get

uy = (Mygtyq +myguyg)/my = (,Q, — | W,)/my,
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or

m m
Uy = %um + m_lf”“’ +(,0, — W,)/m, (3.49)

2

For an insulated (; 0, = 0) and rigid (V = C, so { W, = 0) container, the last terms van-
ish and the final specific internal energy is the mass-weighted average of the initial values.
The mass-weighing factors are dimensionless and correspond to the relative contribution
from each part to the total mass, so they sum to 1, which is seen by dividing the continuity
equation by the total mass.

For the stated process, V = C, the second property that determines the final state is
the specific volume as

Mia g
Vy = Vz/mz = _m Via + _m Vip (350)
2 2

which also is a mass-weighted average of the initial values.

3.13) THE TRANSIENT PROCESS

When a process progresses from the initial state to the final state, we can track it in time
by using the instantaneous rate equations. The previous examples found finite changes and
did not specify how fast the process was. We will illustrate this first with a simple example
to find a rate and process duration and then with a more mathematical example to find the
temperature as a function of time that describes the total transient period.

- —
e

A 25-kg cast-iron wood-burning stove, shown in Fig. 3.28, contains 5 kg of soft pine wood
and 1 kg of air. All the masses are at room temperature, 20°C, and pressure, 101 kPa. The
wood now burns and heats all the mass uniformly, releasing 1500 W. Neglect any air flow
and changes in mass and heat losses. Find the rate of change of the temperature (d7/df) and
estimate the time it will take to reach a temperature of 75°C.

Solution
C.V.: The iron, wood and air.
This is a control mass.

FIGURE 3.28 Sketch Energy equation rate form: E = 0-w

for Example 3.15. We have no changes in kinetic or potential energy and no change in mass, so

U= MairUair + Myy00d%wood + MironUiron
E=U = myityir + Myooaltwood T Mironiiron

dT
= (mairCV air T mwoodcwood + mironciron)E
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Now the energy equation has zero work, an energy release of Q, and becomes

ar .
(mairCV air + Myy00d Cwood + Miron Ciron)z = Q -0

dr _ 0
dt (mairCV air + My00d Cwood + Miron Ciron)
1500 w

= =0.0828 K
1x0.717 + 5 x 1.38 + 25 x 0.42 kg (kJ /kg) /s

Assuming the rate of temperature rise is constant, we can find the elapsed time as
dT dT
AT = | —dt=—At
/ dt dt

AT 75-20 K .
7 A= 9T T 00828 K/s ST

LW AN ol

An application that involves heat transfer and the unsteady form of the energy
equation follows; we will find how fast a given mass can adjust to an external temperature.
Assume we have a mass, m, with a uniform temperature 7|, that we lower into a water bath
with temperature T, and the heat transfer between the mass and water has a heat transfer
coefficient C, with surface area A. The energy equation for the mass becomes

dEcv chv dar .
It It me,, It Q q‘l( oo) ( )

where kinetic and potential energy are neglected and there is no work involved. It is also
assumed that the change in internal energy can be expressed with a specific heat, so this
expression does not apply to a phase change process. This is a first-order differential
equation in 7, so select a transformation 6 =T — T to get

do » CqA
C,— =-C,ABor0~'do = — dt 3.52
v T T mC, 3->2)
Integrating the equation from ¢ = 0 where 7= T, (6 = 6,)), we get
C.A
ln<£> =-1 tor9:6’oexp<—£> (3.53)
90 va T
with the thermal time constant
"Gy o CR (3.54)
T = =m ; .
CA Y

Expressing the solution in temperature
T =Ty =Ty~ Ty)exp (—5) (3.55)
T

shows an exponential time decay of the temperature difference between the mass and its
surroundings with a time scale of = (Fig. 3.29). If the mass is the tip of a thermocouple, we
obtain a fast response for a small thermal time constant (small mC,, high C,A). However, if
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the mass is a house (given mC,), we want a large time constant and therefore want to lower
the effective C,A by using insulation.

3.14, GENERAL SYSTEMS THAT INVOLVE WORK

In the preceding discussion about work, we focused on work from a single point force or a
distributed force over an area as pressure. There are other types of forces and displacements
that differ by the nature of the force and the displacement. We will mention a few of the
more typical situations that commonly arises and write the work term as

2
W, =/l Foen dXgen (3.56)

In this expression we have a generalized force and a generalized displacement. For each
case, we must know the expression for both and also know how the force changes during
the process. Simple examples are listed in Table 3.2, and the resulting expressions for the
work term can be worked out once the function Fy, (Xe,) is known.

For many of these systems, the sign notation is such that the force is positive when
work goes into the system, so with our sign definition we would have the general form

oW=PdV—-FdL-—ocdA—EMFdZ+--- (3.57)

where other terms are possible. The rate of work from this form represents power as

W:‘IC]—V;’:PV—FV—GA—EMFZ+--~ (3.58)

It should also be noted that many other forms of work can be identified in processes

that are not quasi-equilibrium processes. For example, there is the work done by shearing
forces in the friction in a viscous fluid or the work done by a rotating shaft that crosses the

system boundary.
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FIGURE 3.30
Example of a process
involving a change of
volume for which the
work is zero.
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TABLE 3.2

Generalized Work Term
System Force Unit Displacement Unit
Simple force F N dx m
Pressure P Pa dav m?
Spring F=k(x—xy) N dx m
Stretched wire F N dx = x, de m
Surface tension oc=AEe N/m dA m?
Electrical EMF volt dzx Coulon

*Notice the time derivative dZ/dt = i (current in amps).

[ |

[ | Svst

I Gas | Vacuum L Lystem || Gas
| | boundary

[ |

(@) (b)

The identification of work is an important aspect of many thermodynamic problems.
We have already noted that work can be identified only at the boundaries of the system. For
example, consider Fig. 3.30, which shows a gas separated from the vacuum by a membrane.
Let the membrane rupture and the gas fill the entire volume. Neglecting any work associated
with the rupturing of the membrane, we can ask whether work is done in the process. If we
take as our system the gas and the vacuum space, we readily conclude that no work is done
because no work can be identified at the system boundary. If we take the gas as a system,
we do have a change of volume, and we might be tempted to calculate the work from

the integral ,
[ pav
1

However, this is not a quasi-equilibrium process, and therefore the work cannot be
calculated from this relation. Because there is no resistance at the system boundary as
the volume increases, we conclude that for this system no work is done in this process of
filling the vacuum.

- —
e

During the charging of a storage battery, the current i is 20 A and the voltage EMF is
12.8 V. The rate of heat transfer from the battery is 10 W. At what rate is the internal energy
increasing?

Solution
Since changes in kinetic and potential energy are insignificant, the energy equation can be
written as a rate equation in the form of Eq. 3.3:

dU 5 5
—“=-0-W
dt 0

W=EMFi=—128x20=-256 W = —256 I /s
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Therefore, 4
AU _ o — W = —10 — (~256) = 246 J /s

HLE N ol

ENGINEERING APPLICATIONS

Energy Resources

Energy for different purposes is obtained from several natural resources. Most of our energy
is derived from hydrocarbon fuels burned with air, and a smaller part is derived from nuclear
fuels used in a nuclear reactor. Several kinds of resources are listed below:

Fuels: Oil, Coal, Natural Gas, Biomass and waste
Nuclear: Uranium and other heavy atoms
Potential/Kinetic energy: Hydro (dam, flow, wave), Wind
Thermal energy: Geothermal, Ocean

Radiation energy: Solar

The resources for the total energy consumed in the US (about 100 EJ = 100 x 10'8 J) is
shown in Fig. 3.31. A number of resources are labeled as renewables in contrast to the other
sources that are consumed and not regenerated. This distribution has been relatively con-
stant over the last decade, but contributions from solar and wind energies have increased
significantly the last few years, although their proportion is still relatively small. Global
energy consumption of about 540-560 EJ has a similar distribution, with a larger coal con-
tribution (30%), smaller nuclear (4.4%) power use, and significant variations among the
different regions of the world.

Table 3.4 shows the energy used for buildings, industry, and transportation for the
US in 2011. Energy for buildings and industrial use is heat (mainly from natural gas) and
electricity, whereas for transportation energy is derived from fuels and a small amount

Nuclear
8.6%

Biomass, 4.9%

Geothermal, 0.2%
Wind, 2.2%

Hydro, 2.5%
Solar, 0.6%

Petroleum

FIGURE 3.31 US 371%

Energy Consumption
2016, 103 EJ
Source: US gov, DOE.
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TABLE 3.4

US Energy Consumption 2016 (103 EJ)
Buildings Commercial 18.7% 39.6%

Residential 20.9%

Industrial 31.8%
Transportation 28.6%

TABLE 3.5

Energy use and CO, emission per capita 2015
Region GJ/p* t CO,/p Region Gl/p t CO,/p
World 78 4.4 France 155 4.4*
Brazil 60 2.2 Germany 158 8.9
Canada 315 15.3 Korea 226 11.6
China 90 6.6 Russia 206 10.2
Japan 142 9.0 UsS 285 15.5

*/p means per capita.
**Electricity is 40% made by nuclear energy.

of electricity for electric trains and cars. Some of the energy resources mentioned above
include portions derived from the production of chemicals and materials; examples include
plastic made from hydrocarbons and steel produced with coke (a fuel from coal or oil)
which also adds carbon so the iron transforms into steel.

When energy consumption is measured on a per capita basis, a fairly wide varia-
tion between different regions of the world emerges. Highly industrialized regions—North
America and Europe plus parts of Asia—have a higher consumption of energy per person
than the rest of the world. Table 3.5 lists few numbers for energy per capita and amount of
CO, per capita released into the atmosphere (1 t = 1 tonnes = 1000 kg).

Energy Conversion and Transformation

Energy is often transformed from the original resource to a more convenient form like
burning a fuel with air to make a hot gas or to convert the resource directly to electrical
power. Some typical transformations are shown below.

Resource Conversion, Transformation Conversion System

Original Fuel Modified fuel or Chemicals Refinery

Fuel Hot Gas = Heat or Electricity + Heat Combustor, Power Plant

Hydro, Wind Mechanical Energy = Electricity Dam Turbine, Wind Turbine

Solar Hot Liquid or Hot Gas Thermal Collector
Electricity Photo Voltaic Panel (PV)

In some cases, the conversion process is made possible or more efficient by concen-
trating the energy source. A dam across a river or bay will allow for a more convenient and
efficient turbine placement for capturing the energy from potential or kinetic energy in the
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Nuclear

19.6% [ ] Biomass, 1.5%

Geothermal, 0.4%
Wind, 5.5%

Hydro, 6.5%

FIGURE 3.32 US
Electrical generation
2016, 14.8 EJ
Source: US gov, DOE.

Solar, 1.7%

Petroleum+
1.5%

water. If mirrors are placed to focus the sunlight on a small area, higher temperatures and
larger rates of energy can be achieved to increase conversion efficiency.

Electricity is primarily produced by public utilities running power plants using coal,
natural gas, or a nuclear reactor as the energy source. Figure 3.32 illustrates sources for
electrical power in the US as of 2016. Notice that renewable energy sources are also sig-
nificant. The fraction made from coal has dropped 10%, and the balance has shifted to
natural gas (+8%) and renewable sources (+3%) over the period 2000-2011. When elec-
tricity is produced, only about 33% of the original resource is converted to electricity; the
rest of the energy is discarded as losses into the environment, further analysis and explana-
tions are given in Chapters 5 and 8—10. In addition to thermal pollution, the combustion of
fuel also creates carbon dioxide that is added to the atmosphere. In 2012 this amounted to
32 x 10'? kg CO, worldwide, also shown per capita in Table 3.5. Thermal pollution and
CO, emissions are strong reasons to move towards more sustainable and environmentally
friendly energy sources such as the wind, hydro, solar, and geothermal power and to use
fuels from biomass that reduce the CO, load on the atmosphere through carbon recycling.
The pollution problem also points to the importance of using energy in an optimal and
appropriate manner, for instance, heat with a natural gas burner instead of electricity if pos-
sible, as electricity is generated from a fuel with 33% conversion efficiency. Waste heat
from conversion processes can also be used as process heat; for example, a combined heat
and power (CHP) plant can be employed; this will be discussed in Chapter 9.

Examples of many of these energy conversion processes are presented in the subse-
quent chapters, as they follow the theory related to the technical processes involved.

Energy Storage

Energy can be stored in different forms by various physical implementations, each having
different characteristics regarding storage efficiency, rate of energy transfer, and size. These
systems may include a possible energy conversion consisting of a change from one form of
energy to another form of energy. Storage is usually temporary, lasting for periods ranging
from a fraction of a second to days or years, and it can be for very small or very large
amounts of energy. Storage basically involves a shift of energy transfer from a time when
the energy is unwanted (and thus inexpensive) to a time when it is wanted (and then often
expensive). It is important to consider the maximum rate of energy transfer in the charging
or discharging process, as size and possible losses are sensitive to that rate. Some ranges
are indicated in Fig. 3.33; notice energy density, 1 Wh/kg = 3.6 kJ/kg, and power density,
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watts per mass. The figure also shows that it is difficult to have high power and high energy
storage in the same device, and it is difficult to store energy more compactly than gasoline.

Mechanical Systems

A flywheel stores energy in its angular motion 'Alw?. It is used to dampen fluctuations aris-
ing from single- or few-cylinder engines that otherwise would give an uneven rotational
speed. Storage occurs for a very short time. A modern flywheel is used to dampen fluctua-
tions in an intermittent power supply, such as a wind turbine, or as a buffer on the electric
grid. Such flywheels employ noncontact magnetic bearings; used in banks of 10 or more
they can deliver 2-5 MW for 5-10 minutes.

Figure 3.34 shows options for excess power. When excess power is available it can
be used to pump water up to a reservoir at a higher elevation, thus storing potential energy
(mgZ). Or air can be compressed into a large cavity such as an old salt mine and then later
used in a gas turbine to produce power. A hybrid automotive system couples a hydraulic
pump/motor to the drive shaft; when the driver brakes, energy is stored in a buffer tank
with compressed nitrogen. When acceleration is needed, the high-pressure fluid runs back-
ward through the hydraulic motor, adding power to the drive shaft in the process. This

FIGURE 3.34 The
world’s largest artificial
hydro-storage facility in
Ludington, Michigan,
pumps water 100 m
above Lake Michigan
when excess power is
available. It can deliver
1800 MW when needed
from reversible
pumps/turbines. (Courtesy Consumers Energy, Michigan.)
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combination is highly beneficial in city driving when a bus stops and starts many times,
whereas there is virtually no gain for a truck driving long distances on the highway at
nearly constant speed.

Thermal Systems

Water can be heated by sources including solar influx to provide heat at a time when the
source is not available. Similarly, water can be chilled or frozen at night to be used the
next day for air-conditioning purposes. A cool-pack placed in the freezer overnight can be
used the next day in a lunch box to keep food cool; the substance used is a gel with either
a high heat capacity or one that undergoes a phase change. A concentrated solar-driven
power plant consists of a large number of adjustable mirrors tracking the sun to focus the
sunlight on the top of a tower. The light heats molten salt, which flows to storage tanks and
the power plant. At times when the sunlight is absent, the storage tanks provides the energy
buffer to keep the power plant running, thus increasing the utilization of the plant. Earlier
versions of solar technology used water or other substances, but the higher heat capacity of
salt provides an economical buffer system.

Electrical Systems

Some batteries can only be discharged once, but others can be reused and go through many
cycles of charging-discharging. A chemical process frees electrons on one of two poles
separated by an electrolyte. The type of pole and the electrolyte give the battery name, such
as a zinc-carbon battery (typical AA battery) or a lead-acid battery (typical automobile
battery). Newer types of batteries like a Ni-hydride or a lithium-ion are more expensive but
have higher energy storage and provide higher bursts of power.

Chemical Systems

Various chemical reactions can be made to operate under conditions that allow energy to
be stored at one time and recovered at another time. Small heat packs can be broken to
mix some chemicals that react and release energy in the form of heat, or chemicals in glow
sticks can provide light. Larger energy storage systems use a rather complex set of chemical
reactions to absorb and release energy, and the process can be repeated in a cycle.

Energy Transfer

As previously discussed, energy transfer terms are the heat transfer and the work terms
appearing on the right hand side of the energy equation. Typical values for rates of energy in
equipment using electricity is shown in Table 3.6 ranging from small to very large amounts
of power. Other applications with devices using heat are shown in Table 3.7 spanning a
similar range of power. In piston cylinder setups, work is transferred by the moving piston.
If the substance that generates the motion is a gas, it is a pneumatic system, and if the sub-
stance is a liquid, it is a hydraulic system. Gas or vapor is typically used when the motion
has to be fast or the volume change large and the pressures moderate. For high-pressure
(large force) displacements, a hydraulic cylinder is used; examples include a bulldozer,
forklift, or a front loader (see Example 1.7). There are cases where the substance inside the
piston/cylinder undergoes a combustion process, as in gasoline and diesel engines; these
will be discussed in detail in Chapter 10. Many other transfers of work involve rotating
shafts, such as the transmission and drive shaft in a car or a chain and rotating gears in a
bicycle or motorcycle. For transmission of power over long distances, the most convenient
and efficient form is electricity.
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FIGURE 3.35
Examples of
fin-enhanced heat
transfer.

Telegram: @uni_k

TABLE 3.6

Typical rates of energy in electrical devices
Device Power Device Power
Baseboard heater 1-3 kW Hydro dam, Hoover 1300 MW
Cook top elements 1-3.3 kW Incandescent bulb 60 W
Electric car 75 kW Led bulb 13W
Electric drill 500 W Microwave 1000 W
Gas turbine, small 3-5 MW Power plant block 500 MW
Hair dryer 750-1000 W Solar PV clear day 100 W/m?
Hybrid car electric motor 50 kW Water pump motor 0.5-3 kW
Hydro dam, small* 0.1-30 MW Wind turbine 2.5 MW

*Below 100 kW they are called micro hydropower plants, >30 MW large

TABLE 3.7

Typical rates of energy in devices with heat
Device Heat Q Device Heat Q
Aluminum Melt Furnace 2 MW Industrial gas burner small 15 kW
Boiler, industrial typ. 4 MW Industrial furnace small 750 kW
Candle light 30 W Power plant block input 900 MW
Car (100 km/h, 62 mi/h) 50—up kW Solar Thermal clear day 500 W/m?
House Furnace 25 kW Water heater domestic 5 kW

Heat includes energy conversion by combustion

Heat transfer occurs between domains at different temperatures, as in a building with
different inside and outside temperatures. Examples of heat transfer reduction systems
include double glass panes that trap gas between them to reduce heat transfer through win-
dows and glass wool mats that provide insulation in walls. In situations where an increased
rate of heat transfer is desirable, fins are often used to increase the surface area for heat
transfer to occur. Examples are shown in Figs. 3.35 and 3.36.

The last example of a finned heat exchanger is a heat pipe or a thermosyphon used
for an enhanced cooling capacity in a computer’s central processing unit (CPU), Fig. 3.36.
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(a) Motorcycle engine (b) Inside of a baseboard (c) Air cooled heavy-
cylinder heater equipment oil coolers
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FIGURE 3.36 A
thermosyphon with a fan
on the back for CPU
cooling. (© C. Borgnakke)

The small aluminum block with the copper piping attaches to the top of the CPU unit. Inside
the copper tubing is a liquid that boils at a temperature of about 60°C. The vapor rises to
the top, where the copper piping is connected to the fins, and a fan blows air through the
fins, thus cooling and condensing the vapor. The liquid falls with gravity or is transported
by a wick back to the volume on top of the CPU unit. The heat pipe allows the boiling
heat transfer with the high transfer coefficient to act on the small area of the CPU. The less
effective vapor-to-air heat transfer takes place further away in a larger area. Similar heat
pipes are used in solar heat collectors and in the support pillars for the Alaskan oil pipeline,
where they keep the permafrost ground frozen while the pipeline is warm.

In-Text Concept Questions

r. If the transportation sector (US numbers) improves efficiency 5%, what is drop in

overall energy consumption?

Since buildings consume the most energy, why do we not insulate them more?

The use of wind and solar energy sources has increased, while many nuclear reactors
have been decommissioned. Why is that?

If I want to heat some water with solar input which type is best PV or solar thermal?
Why?

v. Coal use has dropped recently. Why is that?

Telegram: @uni_k
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KEY Total energy:

CONCEPTS =
AND Kinetic energy:

FORMULAS Potential energy:

Specific total
energy:

Enthalpy:

Two-phase mass
average:

Specific heats:

Heat capacity:

Solids and
liquids:

Ideal gas:

Mass-based
formula’s

Energy Eq. rate
form:

Energy Eq.
integrated:

Multiple masses,
states:
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E=U+KE + KE=mu+%mV2+ng
KE = L mV?
2
PE =mgZ
e=u+%V2+gZ

h

U=+ Xy, =(1-x Up + Xty

u+ Pv

h = hg+ xhg = (1 — x) hy + xh,
= (%) &= (%)
oT /v P oT /p

Energy needed to heat a mass one degree Q/AT
mC, for process V= C;
mC, for process P = C;
Incompressible so v = constant = v, and v very small
c=C,=¢C, Tables A.3 and A.4 (F.2 and F.3)
u,—u; =C(T, =T
hy —h; =uy —u; +v (P, — P;) ; Often second

term small
h=he+ve(P—Pgy,); u=usaturated at same T
h=u+ Pv=u+ RT; Only functions of T
C = du _dh

2., =2 =C +R
vTdr P ar Y

uz—MI/CvdT%CV(Tz—Tl)

LHS from Table A.7 or A.8, middle from A.6 and last
one from A.6 at a T, or from A.5 at 25°C

LHS from Table E.5 or F.6, RHS from F.4 at 77 F
E=Q—W; Rate = + in — out

E,—E; =,0,—-;W,; Change =+ in— out
m(e, —e)) = |
m(uy, —uy) + Em(Vg - V?) +mg(Z, —Z))

E=mye, + mgeg + meec + ...

3.1)

(3.15)
(3.14)
3.1)

(3.29)

(3.30)

(3.36)
(3.40)

(3.42)

(3.35)

(3.44)

(3.3)

3.5)

(3.47-3.48)
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Work:

Displacement
work:

Specific work:

Power, rate of
work

Polytropic
process:

Polytropic
process work

Heat:

Conduction heat
transfer:

Conductivity:

Convection heat
transfer

Convection
coefficient

Radiation heat
transfer

Stefan
Boltzman’s
constant

Thermal
resistance:

Thermal time
constant:

Rate integration:

Energy in transfer, mechanical, electrical, and
chemical

2 2 2 2
W:/Fdx:/PdV:/SdA:/TdQ
1 1 1 1

w = W/m [work per unit mass]
W=FV=PV=Tw [V displacement rate]

[velocity V = rw, torque T = Fr, angular velocity = ]
w = radians per sec. = 2z (rev/s) = 2z (rpm/60)
rpm = revolutions per minute

PV" = constant or Pv" = constant

1 .

1-n
v, .
1

Energy in transfer, caused by a AT.
: dT AT

=—kA— =~ kA—
Q dx L
k[ W/mK ]
0 = hgo AAT

Reony [W/m?K]
Q = ecA(T? - T! );  (net to ambient)
= hrad A (Ts - Tamb )= hrad A AT
hrad = 56(Tsz + szb)(TX + Tamb)(Ts - Tamb)

6 =5.67x 1078 W/m?K*

Q = C,AAT = AT/R,

R =1CA

C, =KL or heyy, o1 hyyg (3 different modes)
~mC, C R

T = CqA =m A

1Q2=/th %Qangt

(3.13),
(3.56)

(3.16)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.54)
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CHAPTER 4 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

4.1

4.2
4.3

44

4.5

A temperature difference drives a heat transfer.
Does a similar concept apply to 71?

What effect can be felt upstream in a flow?

Which of the properties (P, v, T) can be controlled
in a flow? How?

Air at 500 kPa is expanded to 100 kPa in two
steady-flow cases. Case one is a nozzle and case
two 1is a turbine; the exit state is the same for both
cases. What can you say about the specific turbine
work relative to the specific kinetic energy in the
exit flow of the nozzle?

A windmill takes out a fraction of the wind kinetic
energy as power on a shaft. How do the tempera-
ture and wind velocity influence the power? Hint:
write the power term as mass-flow rate times spe-
cific work.

4.6

4.7

4.8

4.9

An underwater turbine extracts a fraction of the

kinetic energy from the ocean current. How do
the temperature and water velocity influence the
power? Hint: write the power term as mass-flow
rate times specific work.

A liquid water turbine at the bottom of a dam takes
energy out as power on a shaft. Which term(s) in
the energy equation are changing and important?

You blow a balloon up with air. What kinds of
work terms, including flow work, do you see in that
case? Where is energy stored?

Storage tanks of cryogenic liquids (O,, N,, CH,)
are very cold so they are well insulated but some
heat leaks in. The tanks are normally not cooled
so to keep them cold a small amount of substance
is vented out from the top. How does that help? If
they did not vent what would happen?

HOMEWORK PROBLEMS

Continuity Equation and Flow Rates

4.10

4.11

4.12

P-28

A large brewery has a pipe of cross-sectional area
0.2 m? flowing carbon dioxide at 1000 kPa, 0°C
with a volume-flow rate of 0.3 m?3/s. Find the
velocity and the mass-flow rate. Is it an ideal gas?

A pool is to be filled with 60 m* water from a
garden hose of 2.5 cm diameter flowing water at
2 m/s. Find the mass-flow rate of water and the
time it takes to fill the pool.

Natural gas, CH,, flowing in a 5-cm-diameter pipe
at 15°C and 200 kPa, at the rate of 0.05 kg/s,
encounters a partially closed valve. If there is
a pressure drop of 30 kPa across the valve and

Telegram: @uni_k

4.13

4.14

essentially no temperature change, what are the
velocities upstream and downstream of the valve?

A boiler receives a constant flow of 5000 kg/h lig-
uid water at 5 MPa and 20°C, and it heats the flow
such that the exit state is 450°C with a pressure
of 4 MPa. Determine the necessary minimum pipe
flow area in both the inlet and exit pipe(s) if there
should be no velocities larger than 20 m/s.

A 0.6-m-diameter household fan takes air in at
98 kPa, 20°C and delivers it at 105 kPa, 20.4°C
with a velocity of 1.5 m/s (see Fig. P4.14). What
are the mass-flow rate (kg/s), the inlet velocity, and
the outgoing volume-flow rate in m3/s?
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Figure P4.14

Single-Flow, Single-Device Processes

Nozzles, Diffusers

4.15

4.16

4.17

Liquid water at 15°C flows out of a nozzle straight
up 15 m. What is nozzle V., and the specific
kinetic energy?

A nozzle receives an ideal gas flow with a velocity
of 25 m/s, and the exit at 100 kPa, 300 K velocity
is 250 m/s. Determine the inlet temperature if the
gas is argon, helium, or methane.

In a jet engine a flow of air at 1000 K, 200 kPa,
and 30 m/s enters a nozzle, as shown in Fig. P4.17,
where the air exits at 850 K, 90 kPa. What is the
exit velocity, assuming no heat loss?

Hot gases

out

IDiffuser ICompressor Combustor TLIerine Nozzle
Figure P4.17
EF 4.18 The wind is blowing horizontally at 30 m/s in a

Telegram: @uni_k

storm at P, 20°C toward a wall, where it comes
to a stop (stagnation) and leaves with negligible
velocity similar to a diffuser with a very large

4.19

exit area. Find the stagnation temperature from the
energy equation.

A meteorite hits the upper atmosphere at 3000 m/s,
where the pressure is 0.1 atm and the temperature
is —40°C. How hot does the air become right in
front of the meteorite assuming no heat transfer in
this adiabatic stagnation process?

Throttle Flow

4.20

4.21

4.22

4.23

4.24

Carbon dioxide is throttled from 20°C, 2000 kPa to
800 kPa. Find the exit temperature, assuming ideal
gas, and repeat for real gas behavior.

Saturated liquid R-410A at 25°C is throttled
to 400 kPa in a refrigerator. What is the exit
temperature? Find the percent increase in the
volume-flow rate.

Carbon dioxide used as a natural refrigerant flows
out of a cooler at 10 MPa, 40°C, after which it is
throttled to 1.4 MPa. Find the state (7, x) for the
exit flow.

Liquid water at 180°C, 2000 kPa is throttled into
a flash evaporator chamber having a pressure of
500 kPa. Neglect any change in the kinetic energy.
What is the fraction of liquid and vapor in the
chamber?

Methane at 1 MPa, 250 K is throttled through a
valve to 100 kPa. Assume no change in the kinetic
energy. What is the exit temperature?

Turbines, Expanders

4.25

4.26

4.27
4.28

A steam turbine has an inlet of 3 kg/s water at
1200 kPa and 350°C with a velocity of 15 m/s. The
exit is at 100 kPa, 150°C and very low velocity.
Find the specific work and the power produced.
Air at 20 m/s, 1500 K, 875 kPa with 5 kg/s flows
into a turbine and it flows out at 25 m/s, 850 K,
105 kPa. Find the power output using constant spe-
cific heats.

Solve the previous problem using Table A.7.

A wind turbine can extract at most a fraction 16/27
of the wind kinetic energy. With a rotor diameter
of 15 m and a wind speed of 5 m/s find the mass
flow rate and the power generation. You need to
assume something.

P-29
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4.29

4.30

4.31

4.32

A liquid water turbine receives 2 kg/s water at
2000 kPa, 20°C with a velocity of 15 m/s. The exit
is at 100 kPa, 20°C, and very low velocity. Find the
specific work and the power produced.

A small, high-speed turbine operating on com-
pressed air produces a power output of 100 W. The
inlet state is 400 kPa, 50°C, and the exit state is
150 kPa, —30°C. Assuming the velocities to be low
and the process to be adiabatic, find the required
mass-flow rate of air through the turbine.

Hoover Dam across the Colorado River dams up
Lake Mead 200 m higher than the river down-
stream (see Fig. P4.31). The electric genera-
tors driven by water-powered turbines deliver
1300 MW of power. If the water is 17.5°C, find
the minimum amount of water running through the
turbines.

Hoover Dam

Colorado River

Hydraulic
turbine
Figure P4.31
What is the specific work one can get from Hoover

Dam now that the water level is down to 160 m
above the downstream river? How much total
power is then produced? State assumptions you
made with facts from previous problem.

Compressors, Fans

4.33

4.34

P-30

R-410A in a commercial refrigerator flows into the
compressor at —25°C and x = 1. The exit is at
1200 kPa and 60°C. Neglect kinetic energies and
find the specific work.

A compressor brings nitrogen from 100 kPa, 290
K to 2000 kPa. The process has a specific work
input of 450 kJ/kg and the exit temperature is 450
K. Find the specific heat transfer using constant
specific heats.
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4.35

4.36

4.37

4.38

4.39

A refrigerator uses the natural refrigerant carbon g33

dioxide where the compressor brings 0.02 kg/s
from 1 MPa, —20°C to 6 MPa using 2 kW of
power. Find the compressor exit temperature.

A factory generates compressed air from 100 kPa,
17°C by compression to 800 kPa, 500 K, after
which it cools in a constant pressure cooler to 300
K, (see Fig. P4.36). Find the specific compressor
work and the specific heat transfer in the cooler.

{FQ.CON
2 vl

-

Compressor

Compressor section Cooler section

Figure P4.36

A compressor brings R-134a from 150 kPa,
—10°C to 1200 kPa, 50°C. It is water cooled, with
heat loss estimated as 40 kW, and the shaft work
input is measured to be 150 kW. What is the
mass-flow rate through the compressor?

An exhaust fan in a building should be able to
move 3 kg/s atmospheric pressure air at 25°C
through a 0.5-m-diameter vent hole. How high a
velocity must it generate, and how much power is
required to do that?

An air flow is brought from 20°C, 100 kPa to
1000 kPa, 330°C by an adiabatic compressor
driven by a 50-kW motor. What are the mass-flow
rate and the exit volume-flow rate of air?

Heaters, Coolers

4.40

441

4.42

The air conditioner in a house or a car has a cooler
that brings atmospheric air from 30°C to 10°C,
both states at 101 kPa. For a flow rate of 0.75 kg/s
find the rate of heat transfer.

A boiler section boils 3 kg/s saturated liquid water
at 2000 kPa to saturated vapor in a reversible
constant-pressure process. Find the specific heat
transfer in the process.

A superheater takes 3 kg/s saturated water vapor in
and heats it at 2000 kPa to 350°C. Find the specific
heat transfer in the process.
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Carbon dioxide enters a steady-state, steady-flow
heater at 300 kPa, 300 K and exits at 275 kPa, 1500
K. Neglect changes in kinetic and potential ener-
gies and find the specific heat transfer in the heater.
Find the heat transfer in Problem 4.13.

A chiller cools liquid water for air-conditioning
purposes. Assume that 2.5 kg/s water at 20°C,
100 kPa is cooled to 5°C in a chiller. How much
heat transfer (kW) is needed?

Saturated liquid nitrogen at 600 kPa enters a boiler
at a rate of 0.008 kg/s and exits as saturated vapor
(see Fig. P4.46). It then flows into a superheater
also at 600 kPa, where it exits at 600 kPa, 280 K.
Find the rate of heat transfer in the boiler and the
superheater.

Superheater
3
—_— ) —|—>

1
1
1 A A%\ A A%

NN NN

1

Boiler 2
|
i

quperheater

Qboiler

Figure P4.46

An oven has five radiant heaters; each one is rated
at 15 kW. It should heat some 2-kg steel plates
from 20°C to 800 K. How many of these plates
per minute can it heat?

Liquid nitrogen at 90 K, 400 kPa flows into a probe
used in a cryogenic surgery. In the return line the
nitrogen is then at 160 K, 400 kPa. Find the spe-
cific heat transfer to the nitrogen. If the return line
has a cross-sectional area 100 times larger than
that of the inlet line, what is the ratio of the return
velocity to the inlet velocity?

Liquid glycol flows around an engine, cooling it
as it absorbs energy. The glycol enters the engine
at 60°C and receives 19 kW of heat transfer. What
is the required mass-flow rate if the glycol should
come out at a maximum temperature of 95°C?

Pumps, Pipe and Channel Flows

4.50
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An irrigation pump takes water from a river at
10°C, 100 kPa and pumps it up to an open canal,
where it flows out 100 m higher at 10°C. The pipe

4.51

4.52

4.53

4.54

4.55

diameter in and out of the pump is 0.1 m, and the
motor driving the unitis 5 hp. What is the flow rate,
neglecting kinetic energy and losses?

A pipe from one building to another flows water at
10°C from one building to another. In the winter
the pipe loses an estimated 500 W of heat trans-
fer. What is the minimum required mass-flow rate
that will ensure that the water does not freeze (i.e.,
reach 0°C)?

A river flowing at 0.5 m/s across a 1-m-high and
10-m-wide area has a dam that creates an elevation
difference of 2 m. How much energy could a tur-
bine deliver per day if 80% of the potential energy
can be extracted as work?

A cutting tool uses a nozzle that generates a
high-speed jet of liquid water. Assume an exit
velocity of 500 m/s of 20°C liquid water with
a jet diameter of 2 mm (0.002 m). What is the
mass-flow rate? What size (power) pump is needed
to generate this from a steady supply of 20°C lig-
uid water at 200 kPa?

Multiple-Flow, Single-Device Processes

Turbines, Compressors, Expanders

An adiabatic steam turbine in a power plant
receives 5 kg/s steam at 3000 kPa, 500°C. Twenty
percent of the flow is extracted at 1000 kPa, 350°C
to a feedwater heater, and the remainder flows out
at 200 kPa, 200°C (see Fig. P4.54). Find the tur-
bine power output.

Steam

=W,

o106

\j

Figure P4.54

A compressor receives 0.05 kg/s R-410A at
200 kPa, —20°C and 0.1 kg/s R-410A at 400 kPa,
0°C. The exit flow is at 1000 kPa, 60°C, as shown

P-31
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in Fig. P4.55. Assume it is adiabatic, neglect
kinetic energies, and find the required power input.

®
_|_>
®

_WE :I,>
Figure P4.55

A steam turbine receives steam from two boilers
(see Fig. P4.56). One flow is 5 kg/s at 3 MPa,
700°C and the other flow is 10 kg/s at 800 kPa,
500°C. The exit state is 10 kPa, with a quality
of 96%. Find the total power out of the adiabatic
turbine.

]
=W

® Figure P4.56

A compressor receives 0.1 kg/s of R-134a at
150 kPa, —0°C and delivers it at 1200 kPa, 50°C.
The power input is measured to be 3 kW. The com-
pressor has heat transfer to air at 100 kPa com-
ing in at 20°C and leaving at 30°C. What is the
mass-flow rate of air?

Two steady flows of air enter a control volume,
as shown in Fig. P4.58. One is a 0.025 kg/s
flow at 350 kPa, 150°C, state 1, and the other
enters at 450 kPa, 15°C, state 2. A single flow exits
at 100 kPa, —40°C, state 3. The control volume
ejects 1 kW heat to the surroundings and produces
4 kW of power output. Neglect kinetic energies
and determine the mass-flow rate at state 2.

®
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Figure P4.58
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Heat Exchangers
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A condenser (heat exchanger) brings 1 kg/s water
flow at 10 kPa quality 95% to saturated liquid at
10 kPa, as shown in Fig. P4.59. The cooling is
done by lake water at 20°C that returns to the lake
at 30°C. For an insulated condenser, find the flow
rate of cooling water.

®
4

o+ ot

A
\J Lake water

Figure P4.59

Steam at 500 kPa, 300°C is used to heat cold water
at 15°C to 75°C for a domestic hot water supply.
How much steam per kilogram of liquid water is
needed if the steam should not condense?

A dual-fluid heat exchanger has 5 kg/s water
entering at 40°C, 150 kPa and leaving at 10°C,
150 kPa. The other fluid is glycol, entering at
—10°C, 160 kPa and leaving at 10°C, 160 kPa.
Find the required mass-flow rate of glycol and the
rate of internal heat transfer.

An energy recovery heat exchanger, shown in
Fig. P4.62, is used to heat water flow at 15°C,
150 kPa to 80°C. The energy is taken from a 2 kg/s
air flow at 500 K which leaves at 330 K, with both
states at 200 kPa. Find the flow rate of water you
can get.

Figure P4.62

4.63

Do the previous problem if the water is heated to
the boiling point at 200 kPa.
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In a co-flowing (same-direction) heat exchanger,
1 kg/s air at 500 K flows into one channel and
2 kg/s air flows into the neighboring channel at
300 K. If it is infinitely long, what is the exit
temperature? Sketch the variation of T in the two
flows.

An air/water counter flowing heat exchanger has
one line with 2 kg/s at 125 kPa, 1000 K entering,
and the air is leaving at 100 kPa, 400 K. The other
line has 0.5 kg/s water entering at 200 kPa, 20°C
and leaving at 200 kPa. What is the exit tempera-
ture of the water?

An automotive radiator has glycol at 95°C enter
and return at 55°C as shown in Fig. P4.66. Air
flows in at 20°C and leaves at 25°C. If the radi-
ator should transfer 25 kW, what is the mass-flow
rate of the glycol and what is the volume-flow rate
of air in at 100 kPa?

Glycol out

=
] -——
e e
e e
Air in —» — Air out
—_— —_—
e e
A —>
Figure P4.66

A copper wire has been heat treated to 1000 K and
is now pulled into a cooling chamber that has 1.5
kg/s air coming in at 20°C; the air leaves the other
end at 60°C. If the wire moves 0.25 kg/s copper,
how hot is the copper as it comes out?

Mixing Processes

4.68
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Two air flows are combined to a single flow. One
flow is 1 m3/s at 20°C and the other is 2 m3/s at

4.69

4.70

4.71

200°C, both at 100 kPa, as in Fig. P4.68. They mix
without any heat transfer to produce an exit flow at
100 kPa. Neglect kinetic energies and find the exit
temperature and volume-flow rate.

Figure P4.68

An open feedwater heater in a power plant heats
4 kg/s water at 45°C, 100 kPa by mixing it with
steam from the turbine at 100 kPa, 250°C, as in
Fig. P4.69. Assume the exit flow is saturated lig-
uid at the given pressure and find the mass-flow
rate from the turbine.

3
5 Mixing :_H
—— ]

chamber
Figure P4.69

A de-superheater has a flow of ammonia of 1.5 kg/s
at 1000 kPa, 100°C that is mixed with another flow
of ammonia at 25°C and quality 50% in an adi-
abatic mixing chamber. Find the flow rate of the
second flow so that the outgoing ammonia is satu-
rated vapor at 1000 kPa.

A mixing chamber with heat transfer receives
2 kg/s of R-410A, at 1 MPa, 40°C in one line and
1 kg/s of R-410A at 15°C with a quality of 50% in
a line with a valve. The outgoing flow is at 1 MPa,
60°C. Find the rate of heat transfer to the mixing
chamber.

Figure P4.71
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4.72 A geothermal supply of hot water at 500 kPa,
150°C is fed to an insulated flash evaporator at
the rate of 1.5 kg/s. A stream of saturated liquid at
200 kPa is drained from the bottom of the cham-
ber, and a stream of saturated vapor at 200 kPa is
drawn from the top and fed to a turbine. Find the
mass-flow rate of the two exit flows.

Multiple Devices, Cycle Processes

4.73 A flow of 5 kg/s water at 100 kPa, 20°C should
be delivered as steam at 1000 kPa, 350°C to some
application. Consider compressing it to 1000 kPa,
20°C and then heat it at constant 1000 kPa to
350°C. Determine which devices are needed and
find the specific energy transfers in those devices.

EF 4.74 A two-stage compressor takes nitrogen in at 20°C,

150 kPa and compresses it to 600 kPa, 450 K.
Then it flows through an intercooler, where it cools
to 320 K, and the second stage compresses it to
3000 kPa, 530 K. Find the specific work in each
of the two compressor stages and the specific heat
transfer in the intercooler.

4.75 The intercooler in the previous problem uses cold
liquid water to cool the nitrogen. The nitrogen flow
is 0.1 kg/s, and the liquid water inlet is 20°C and
is set up to flow in the opposite direction from the
nitrogen, so the water leaves at 35°C. Find the flow
rate of the water.

4.76 In a refrigerator, see Fig. 4.12, a compressor
receives R-410A as saturated vapor at 400 kPa and
brings it to 2000 kPa, 60°C. Then a condenser
brings it to a state of saturated liquid at 2000 kPa.
Find the specific compressor work and the specific
heat transfer in the condenser.

4.77 A modern jet engine has a temperature after com-
bustion of about 1500 K at 3200 kPa as it enters the
turbine section (see state 3, Fig. P4.77). The com-
pressor inlet is at 80 kPa, 260 K (state 1) and the
outlet (state 2) is at 3300 kPa, 780 K; the turbine
outlet (state 4) into the nozzle is at 400 kPa, 900
K and the nozzle exit (state 5) is at 80 kPa, 640
K. Neglect any heat transfer and neglect kinetic
energy except out of the nozzle. Find the compres-
sor and turbine specific work terms and the nozzle
exit velocity.

P-34
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Compressor
Combustors

Turbine

Nozzle

Diffuser

Figure P4.77

4.78 A proposal is made to use a geothermal sup-
ply of hot water to operate a steam turbine, as
shown in Fig. P4.78. The high-pressure water at
2 MPa, 180°C is throttled into a flash evapora-
tor chamber, which forms liquid and vapor at a
lower pressure of 400 kPa. The liquid is discarded,
while the saturated vapor feeds the turbine and
exits at 10 kPa with a 90% quality. If the turbine
should produce 1 MW, find the required mass-flow
rate of hot geothermal water in kilograms
per hour.

@ Hot water

Saturated
vapor out
W
fr—
Turbine
®
Exhaust
Saturated
liquid out
Figure P4.78
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Transient Flow Processes
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An initially empty cylinder is filled with air from
20°C, 100 kPa until it is full. Assuming no heat
transfer, is the final temperature above, equal to, or
below 20°C? Does the final T depend on the size
of the cylinder?

An initially empty canister of volume 0.2 m? is
filled with carbon dioxide from a line at 800 kPa,
400 K. Assume the process runs until it stops by
itself and it is adiabatic. Use constant specific heat
to find the final temperature in the canister.

Repeat the previous problem but use the line con-
dition at 800 kPa, 20C and Table B.3 to solve it.

A tank contains 1 m? air at 100 kPa, 300 K. A pipe
of flowing air at 1000 kPa, 300 K is connected to
the tank and is filled slowly to 1000 kPa. Find the
heat transfer needed to reach a final temperature
of 300 K.

A 2.5-Ltank initially is empty, and we want to fill it
with 10 g of ammonia. The ammonia comes from
a line with saturated vapor at 25°C. To achieve the
desired amount, we cool the tank while we fill it
slowly, keeping the tank and its content at 30°C.
Find the final pressure to reach before closing the

valve and the heat transfer.

An insulated 2-m? tank is to be charged with

R-134a from a line flowing the refrigerant at
3 MPa, 90°C. The tank is initially evacuated, and
the valve is closed when the pressure inside the
tank reaches 3 MPa. Find the mass in the tank and
its final temperature.

Repeat the previous problem if the valve is closed
when the tank reaches 2 MPa.

A 3 m? cryogenic storage tank contains nitrogen at
120 K, with quality 20%. Saturated vapor is now
slowly withdrawn while some heat transfer takes
place to a final state of 120 K, x = 0.5. Find the
mass withdrawn and the heat transfer.

A nitrogen line at 300 K, 0.5 MPa, shown in Fig.
P4.87, is connected to a turbine that exhausts to
a closed, initially empty tank of 50 m3. The tur-
bine operates to a tank pressure of 0.5 MPa, at
which point the temperature is 250 K. Assuming
the entire process is adiabatic, determine the tur-
bine work.

4.88

4.89

4.90

Tank

Turbine

Figure P4.87

A 1- m? rigid tank contains 100 kg R-410A at
ambient temperature 15°C. A valve on the top of
the tank is opened, and saturated liquid is throttled
to ambient pressure, 100 kPa, and flows to a col-
lector system. During the process, the temperature
inside the tank remains at 15°C. The valve is closed
when no more liquid remains inside. Calculate the
heat transfer to the tank.

A 200-L tank (see Fig. P4.89) initially contains
water at 100 kPa and a quality of 1%. Heat is trans-
ferred to the water, thereby raising its pressure and
temperature. At a pressure of 2 MPa, a safety valve
opens and saturated vapor at 2 MPa flows out. The
process continues, maintaining 2 MPa inside until
the quality in the tank is 90%, then stops. Deter-
mine the total mass of water that flowed out and
the total heat transfer.

Figure P4.89

A 1-L can of R-410A is at room temperature,
20°C, with a quality of 50%. A leak in the top valve
allows vapor to escape and heat transfer from the
room takes place, so we reach a final state of 5°C
with a quality of 100%. Find the mass that escaped
and the heat transfer.
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Steam at 3 MPa, 400°C enters a turbine with a
volume-flow rate of 5 m3/s. An extraction of 15%
of the inlet mass-flow rate exits at 600 kPa and
200°C. The rest exits the turbine at 20 kPa with a
quality of 90% and a velocity of 20 m/s. Determine
the volume-flow rate of the extraction flow and the
total turbine work.

In a glass factory a 2-m-wide sheet of glass at 1500
K comes out of the final rollers, which fix the thick-
ness at 5 mm with a speed of 0.5 m/s (see Fig.
P4.92). Cooling air in the amount of 20 kg/s comes
in at 17°C from a slot 2 m wide and flows parallel
with the glass. Suppose this setup is very long, so
that the glass and air come to nearly the same tem-
perature (a coflowing heat exchanger); what is the
exit temperature?

Air out

_

1 — Vlass

Moving glass sheet

Figure P4.92
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Assume a setup similar to that of the previous
problem, but with the air flowing in the opposite
direction as the glass—it comes in where the glass
goes out. How much air flow at 17°C is required to
cool the glass to 450 K, assuming the air must be
at least 80 K cooler than the glass at any location?

Three air flows, all at 200 kPa, are connected to the
same exit duct and mix without external heat trans-
fer. Flow 1 has 1 kg/s at 400 K, flow 2 has 3 kg/s
at 300 K, and flow 3 has 2 kg/s at 800 K. Neglect
kinetic energies and find the volume-flow rate in
the exit flow.

A 1-m?, 40-kg rigid steel tank contains air at
500 kPa, and both tank and air are at 20°C. The
tank is connected to a line flowing air at 2 MPa,
20°C. The valve is opened, allowing air to flow into
the tank until the pressure reaches 1.5 MPa, and is
then closed. Assume the air and tank are always at
the same temperature and the final temperature is
35°C. Find the final air mass and the heat transfer.

An insulated spring-loaded piston/cylinder device,
shown in Fig. P4.96, is connected to an air line

Telegram: @uni_k

4.97

4.98

4.99

flowing air at 600 kPa and 700 K by a valve. Ini-
tially, the cylinder is empty and the spring force is
zero. The valve is then opened until the cylinder
pressure reaches 300 kPa. Noting that u, = uy;,,
+ C(Ty = Tyype) and hyjpe — e = RTjyp, find an
expression for T, as a function of P,, P, and Tj;,..

AV

gll |

Figure P4.96

Air
supply
line

A piston/cyl. setup like Fig. 4.96 is such that at
V = 0 the spring is relaxed and at V = 100 cm?
the pressure to balance forces is 300 kPa. The line
carries air at 600 K, 400 kPa and the atmosphere
is at 100 kPa. The valve is opened and air flows in
until the process stops and we assume the process
is adiabatic. Find the final temperature and the air
mass in the cylinder.

A mass-loaded piston/cylinder shown in Fig.
P4.98, containing air, is at 300 kPa, 17°C with a
volume of 0.25 m?, while at the stops V = 1 m>.
An air line, 500 kPa, 600 K, is connected by a
valve that is then opened until a final inside pres-
sure of 400 kPa is reached, at which point T = 350
K. Find the air mass that enters, the work, and the
heat transfer.

1 [
Fy
I
Air Air
X supply
L] line
Figure P4.98

A flow of 2 kg/s of water at 500 kPa, 20°C is heated
in a constant-pressure process to 1900 K. Find the
best estimate for the rate of heat transfer needed.



www.konkur.in

ENGLISH UNIT PROBLEMS

4.100E

4.101E

4.102E

4.103E

4.104E

4.105E

4.106E

4.107E

4.108E

4.109E

4.110E

Telegram: @uni_k

Refrigerant R-410A at 100 psia, 60 F flows at 0.1
1Ibm/s in a 2.5-ft> cross-sectional area pipe. Find
the velocity and the volume-flow rate.

A pool is to be filled with 2500 ft*> water from
a garden hose of 1 in. diameter flowing water at
6 ft/s. Find the mass-flow rate of water and the
time it takes to fill the pool.

Liquid water at 60 F flows out of a nozzle straight
up 40 ft. What is the nozzle V,;, and the specific
kinetic energy?

exi

Saturated vapor R-134a leaves the evaporator in
a heat pump at 50 F, with a steady mass-flow
rate of 0.2 Ibm/s. What is the smallest diame-
ter tubing that can be used at this location if
the velocity of the refrigerant is not to exceed
20 ft/s?

Inajetengine a flow of air at 1800 R, 30 psia, and
90 ft/s enters a nozzle, where it exits at 1500 R,
13 psia, as shown in Fig. P4.17. What is the exit
velocity, assuming no heat loss?

Nitrogen gas flows into a convergent nozzle at 30
1bf/in.2, 600 R and very low velocity. It flows out
of the nozzle at 15 Ibf/in.2, 500 R. If the nozzle
is insulated, find the exit velocity.

A meteorite hits the upper atmosphere at 10 000
ft/s where the pressure is 0.1 atm and tempera-
ture —40 F. How hot does the air become right in
front of the meteorite assuming no heat transfer
in this adiabatic stagnation process?

Refrigerant R-410A flows out of a cooler at 70
F, 220 psia, after which it is throttled to 77 psia.
Find the state (7, x) for the exit flow.

Saturated vapor R-410A at 75 psia is throttled
to 15 psia. What is the exit temperature? Repeat
the question if you assumed it behaves like an
ideal gas.

A wind turbine can extract at most a fraction
16/27 of the wind kinetic energy. With a rotor
diameter of 50 ft and a wind speed of 17 ft/s find
the mass flow rate and the power generation. You
need to assume something.

A liquid water turbine receives 4 lbm/s water at
300 psia, 77 F with a velocity of 50 ft/s. The exit
is at 15 psia, 77 F with very low velocity. Find
the specific work and the power produced.

4.111E

4.112E
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4.118E

4.119E

Hoover Dam, across the Colorado River, dams
up Lake Mead 600 ft higher than the river down-
stream, as shown in Fig. P4.31. The electric gen-
erators driven by water-powered turbines deliver
1.2 x 10° Btu/s. If the water is 65 F, find the
minimum amount of water running through the
turbines.

What is the specific work one can get from
Hoover Dam now that the water level is down to
480 ft above the downstream river? How much
total power is then produced? State assumptions
you made with facts from previous problem.

A small, high-speed turbine operating on com-
pressed air produces a power output of 0.1 hp.
The inlet state is 60 1bf/in.2, 120 F, and the exit
state is 14.7 1bf/in.2, =20 F. Assuming the veloc-
ities to be low and the process to be adiabatic,
find the required mass-flow rate of air through the
turbine.

R-410A in a commercial refrigerator flows into
the compressor at —10 F and x = 1. The exit is at
400 psia, 180 F. Neglect kinetic energies and find
the specific work.

An exhaust fan in a building should be able to
move 6 lbm/s of air at 14.4 psia, 68 F through
a l.4-ft-diameter vent hole. How high a velocity
must the fan generate, and how much power is
required to do that?

Carbon dioxide gas enters a steady-state,
steady-flow heater at 45 Ibf/in.2, 60 F and exits
at 40 1bf/in.2, 1800 F. Changes in kinetic and
potential energies are negligible. Calculate the
required heat transfer per Ibm of carbon dioxide
flowing through the heater.

An oven has five radiant heaters, each one is rated
at 15 Btu/s. It should heat some 4 Ibm steel plates
from 77 F to 1400 R. How many of these plates
per minute can it heat?

Liquid glycol flows around an engine, cooling it
as it absorbs energy. The glycol enters the engine
at 140 F and receives 33 hp of heat transfer. What
is the required mass-flow rate if the glycol should
come out at a maximum 200 F?

A steam turbine receives water at 2000 Ibf/in.?,
1200 F at a rate of 200 lbm/s, as shown in
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Fig. P4.70. In the middle section 50 Ibm/s is with-
drawn at 300 1bf/in.2, 650 F and the rest exits the
turbine at 10 Ibf/in.2, 95% quality. Assuming no
heat transfer and no changes in kinetic energy,
find the total turbine power output.

An energy recovery heat exchanger, shown in
Fig. P4.62, is used to heat a water flow at 60 F,
60 Ibf/in.?, to saturated vapor. The energy is
taken from a 4 lbm/s air flow at 1400 R which
leaves at 680 R, both states at 150 1bf/in.2. Find
the flow rate of water you can get.

Do the previous problem if the water is just
heated to the boiling point at 60 psia.

A dual-fluid heat exchanger has 10 lbm/s water
entering at 100 F, 20 psia and leaving at 50 F,
20 psia. The other fluid is glycol entering at 10
F, 22 psia and leaving at 50 F, 22 psia. Find the
required mass-flow rate of glycol and the rate of
internal heat transfer.

Steam at 80 psia, 600 F is used to heat cold water
at 60 F to 170 F for a domestic hot water supply.
How much steam per Ibm liquid water is needed
if the steam should not condense?

A copper wire has been heat treated to 1800 R
and is now pulled into a cooling chamber that has
3 lbm/s air coming in at 70 F; the air leaves the
other end at 120 F. If the wire moves 0.5 Ibm/s
copper, how hot is the copper as it comes out?
Two flows of air are both at 30 psia; one has 1
Ibm/s at 720 R and the other has 2 Ibm/s at 520 R.
The two flows are mixed together in an insulted
box to produce a single exit flow at 30 psia. Find
the exit temperature.

A de-superheater has a flow of ammonia of
3 Ibm/s at 150 psia, 200 F that is mixed with
another flow of ammonia at 80 F and quality
25% in an adiabatic mixing chamber, Find the
flow rate of the second flow so that the outgoing
ammonia is saturated vapor at 150 psia.

A two-stage compressor takes nitrogen in at 80 F,
20 psia and compresses it to 80 psia, 800 R. Then
it flows through an intercooler, where it cools to
580 R, and the second stage compresses it to 400
psia, 1000 R. Find the specific work in each of
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4.128E

4.129E

4.130E

4.131E

4.132E

4.133E

the two compressor stages and the specific heat
transfer in the intercooler.

The intercooler in the previous problem uses cold
liquid water to cool the nitrogen. The nitrogen
flow is 0.1 Ibm/s, and the liquid water inlet is 77
F and is set up to flow in the opposite direction
from the nitrogen, so the water leaves at 105 F.
Find the flow rate of the water.

A geothermal supply of hot water operates a
steam turbine, as shown in Fig. P4.78. The
high-pressure water at 300 1bf/in.2, 350 F is throt-
tled into a flash evaporator chamber, which forms
liquid and vapor at a lower pressure of 60 1bf/in.%.
The liquid is discarded while the saturated vapor
feeds the turbine and exits at 1 1bf/in.2, 90% qual-
ity. If the turbine should produce 1000 hp, find
the required mass-flow rate of hot geothermal
water.

A 1-gal tank initially is empty, and we want to
fill it with 0.03 1bm R-410A. The R-410A comes
from a line with saturated vapor at 20 F. To
achieve the desired amount, we cool the tank
while we fill it slowly, keeping the tank and its
content at 20 F. Find the final pressure to reach
before closing the valve and the heat transfer.

A tank contains 10 ft® of air at 15 psia, 540 R.
A pipe of flowing air at 150 psia, 540 R is con-
nected to the tank and it is filled slowly to 150
psia. Find the heat transfer needed to reach a final
temperature of 540 R.

A nitrogen line, 540 R, 75 Ibf/in.? is connected to
a turbine that exhausts to a closed, initially empty
tank of 2000 ft?, as shown in Fig. P4.87. The tur-
bine operates to a tank pressure of 75 Ibf/in.?, at
which point the temperature is 450 R. Assuming
the entire process is adiabatic, determine the tur-
bine work.

In a glass factory a 6 ft-wide sheet of glass at
2700 R comes out of the final rollers, which fix
the thickness at 0.2 in. with a speed of 1.5 ft/s
(see Fig. P4.92). Cooling air in the amount of
20 Ibm/s comes in at 62 F from a slot 6 ft
wide and flows parallel with the glass. Sup-
pose this setup is very long, so that the glass
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and air come to nearly the same temperature
(a coflowing heat exchanger); what is the exit
temperature?

EI 4.134E A mass-loaded piston/cylinder containing air is

Telegram: @uni_k

at 45 1bf/in.2, 60 F with a volume of 9 ft3, while
at the stops V = 36 ft3. An air line, 75 Ibf./in.2,

1100 R is connected by a valve, as shown in
Fig. P4.98. The valve is then opened until a final
inside pressure of 60 1bf/in.? is reached, at which
point 7 = 630 R. Find the air mass that enters,
work done, and heat transfer.

P-39
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CHAPTER 4

Conservation of mass is expressed as a rate of change of total mass due to mass flows into
or out of the control volume. The control mass energy equation is extended to include mass
flows that also carry energy (internal, kinetic, and potential) and the flow work needed to
push the flow into or out of the control volume against the prevailing pressure. The conser-
vation of mass (continuity equation) and the conservation of energy (energy equation) are
applied to a number of standard devices.

A steady-state device has no storage effects, with all properties constant over time;
these devices constitute the majority of all flow-type devices. A complete system built for
a specific purpose, such as a power plant, jet engine, or refrigerator, is made with a combi-
nation of several devices.

A generalized transient process with a change in mass (storage), such as filling or
emptying of a container, is considered. We also recognize that the startup or shutdown of a
steady-state device leads to a transient process.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

* Understand the physical meaning of the conservation equations. Rate = +in —out
* Understand the concepts of mass flow rate, volume flow rate, and local velocity

e Recognize the flow and nonflow terms in the energy equation

e Know how the most typical devices work and if they have heat or work transfers
» Have a sense about devices where kinetic and potential energies are important

* Analyze steady state single flow devices such as a nozzle, throttle, turbine, or pump

» Extend the application to multiple flow devices such as heat exchanger, mixing
chamber or turbine given the specific setup

e Apply the conservation equations to complete systems as a whole or to the indi-
vidual devices and recognize their connections and interactions

* Recognize and use the proper form of the equations for transient problems
e Be able to assume a proper average value for any flow term in a transient

* Recognize the difference between storage of energy (dE/dt) and flow (ri1h)

A number of steady-flow devices are listed in Table 4.1 with a very short statement of
each device’s purpose, known facts about work and heat transfer, and a common assumption
if appropriate. This list is not complete with respect to the number of devices or with respect
to the facts listed but is meant to show typical devices, some of which may be unfamiliar
to many readers. A few processes and devices are listed in Table 4.2 to give an indication
of the amount of typical specific energy changes.

S-5
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TABLE 4.1

Typical Steady-Flow Devices
Device Purpose Given Assumption
Aftercooler Cool a flow after a compressor w=0 P = constant
Boiler Bring substance to a vapor state w=0 P = constant
Combustor Burn fuel; acts like heat transfer in w=0 P = constant
Compressor Bring a substance to higher pressure win q=0
Condenser Take g out to bring substance to liquid state w=0 P = constant
Deaerator Remove gases dissolved in liquids w=0 P = constant
Dehumidifier Remove water from air P = constant
Desuperheater Add liquid water to superheated vapor steam to make w=0 P = constant

it saturated vapor
Diffuser Convert KE energy to higher P w=0 q=0
Economizer Low-T, low-P heat exchanger w=0 P = constant
Evaporator Bring a substance to vapor state w=0 P = constant
Expander Similar to a turbine, but may have a ¢
Fan/blower Move a substance, typically air w in, KE up P=C,qg=0
Feedwater heater Heat liquid water with another flow w=0 P = constant
Flash evaporator Generate vapor by expansion (throttling) w=0 qg=0
Heat engine Convert part of heat into work g in, w out
Heat exchanger Transfer heat from one medium to another w=0 P = constant
Heat pump Move a Q from T}, to T},,; requires a work input, win
refrigerator

Heater Heat a substance = P = constant
Humidifier Add water to air—water mixture = P = constant
Intercooler Heat exchanger between compressor stages P = constant

Telegram: @uni_k

Mixing chamber Mix two or more flows = q=0
Nozzle Create KE; P drops = qg=0
Measure flow rate
Pump Same as compressor, but handles liquid w in, P up q=0
Reactor Allow a reaction between two or more substances w=0 q=0,P=C
Regenerator Usually a heat exchanger to recover energy w=0 P = constant
Steam generator Same as a boiler; heat liquid water to superheated w=0 P = constant
vapor
Supercharger A compressor driven by engine shaft work to drive win
air into an automotive engine
Superheater A heat exchanger that brings T'up over T, w=0 P = constant
Throttle Same as a valve
Turbine Create shaft work from high P flow w out q=0
Turbocharger A compressor driven by an exhaust flow turbine to W,bine = —We
charge air into an engine
Valve Control flow by restriction; P drops w=0 q=0
S-6
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TABLE 4.2

Typical specific energy in flow devices
Device Energy kJ/kg Device Energy kJ/kg
Boiler, steam generator Ah = 2600 Hair dryer, 20°C to 80°C Ah =60
Compressor, air 1 to 10 atm w, =270 Nozzle, ~0 to 100 m/s Ake =5
Condenser, refrigerator Goue = 200 Pump, liquid 1 to 10 atm w=0.9
Condenser, steam Goue = 2000 Turbo-charger, car w =80
Dam, 100 m gH=1 Steam Turbine, 3 to 0.2 MPa Ah =560
Evaporator, refrigerator q,, = 150 Wind, 8 m/s Ake =0.032
Fan, blows 3 m/s air Ake = 0.005 Water heater 20°C to 80°C Ah =250

S-7
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Energy Analysis
for a Control Volume

In the preceding chapter we developed the energy analysis for a control mass going through
a process. Many applications in thermodynamics do not readily lend themselves to a control
mass approach but are conveniently handled by the more general control volume technique,
as discussed in Chapter 1. This chapter is concerned with development of the control vol-
ume forms of the conservation of mass and energy in situations where flows of substance
are present.

4.1 CONSERVATION OF MASS
AND THE CONTROL VOLUME

The control volume was introduced in Chapter 1 and serves to define the part of space that
includes the volume of interest for a study or an analysis. The surface of this control volume
is the control surface that completely surrounds the volumes. Mass as well as heat and work
can cross the control surface, and the mass together with its properties can change with time.
Figure 4.1 shows a schematic diagram of a control volume that includes heat transfer, shaft
work, moving boundary work, accumulation of mass within the control volume, and several
mass flows. It is important to identify and label each flow of mass and energy and the parts
of the control volume that can store (accumulate) mass.

Let us consider the conservation of mass law as it relates to the control volume. The
physical law concerning mass says that we cannot create or destroy mass. We will express
this law in a mathematical statement about the mass in the control volume. To do this, we
must consider all the mass flows into and out of the control volume and the net increase
of mass within the control volume. As a somewhat simpler control volume, we consider a
tank with a cylinder and piston and two pipes attached, as shown in Fig. 4.2. The rate of
change of mass inside the control volume can be different from zero if we add or take a
flow of mass out as

Rate of change = +in — out

With several possible flows this is written as

—d";f-v- =Y i = Y i, @.1)
which states that if the mass inside the control volume changes with time, it is because
we add some mass or take some mass out. There are no other means by which the mass
inside the control volume could change. Equation 4.1 expressing the conservation of mass
is commonly termed the continuity equation. While this form of the equation is sufficient
for the majority of applications in thermodynamics, it is frequently rewritten in terms of the

111
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Control
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FIGURE 4.2
Schematic diagram of a
control volume for the
analysis of the continuity
equation.

local fluid properties in the study of fluid mechanics and heat transfer. In this book we are
mainly concerned with the overall mass balance and thus consider Eq. 4.1 as the general

expression for the continuity equation.
Since Eq. 4.1 is written for the total mass (lumped form) inside the control volume,

we may have to consider several contributions to the mass as

mc.v.=/PdV=/(1/v)dV=mA+mB+mC+...

Such a summation is needed when the control volume has several accumulation units with
different states of the mass.
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FIGURE 4.3 The flow across a control volume surface with a flow cross-sectional area
of A. Average velocity is shown to the left of the valve, and a distributed flow across the area is
shown to the right of the valve.

Let us now consider the mass-flow rates across the control volume surface in a little
more detail. For simplicity we assume that the fluid is flowing in a pipe or duct as illustrated
in Fig. 4.3. We wish to relate the total flow rate that appears in Eq. 4.1 to the local properties
of the fluid state. The flow across the control volume surface can be indicated with an
average velocity, shown to the left of the valve, or with a distributed velocity over the cross
section, shown to the right of the valve.

The volume-flow rate is

V=VA= /Vlocal dA 4.2)
so the mass-flow rate becomes
= pang = V/v = /(Vlocal/v)dA =VA/v 4.3)

where often the average velocity is used. It should be noted that this result, Eq. 4.3, has
been developed for a stationary control surface, and we tacitly assumed that the flow was
normal to the surface. This expression for the mass-flow rate applies to any of the various
flow streams entering or leaving the control volume, subject to the assumptions mentioned.

'r ‘ ~—
e e

Air is flowing in a 0.2-m-diameter pipe at a uniform velocity of 0.1 m/s. The temperature
is 25°C and the pressure is 150 kPa. Determine the mass-flow rate.

Solution
From Eq. 4.3 the mass-flow rate is

m=VA/v
For air, using R from Table A.5, we have

_ RT 0287 kJ/kg-K x 298.2 K
TP 150 kPa
The cross-sectional area is

v =0.5705 m? /kg

A= g(o.z)2 =0.0314 m?
Therefore,

i =VA/v=0.1 m/sx0.0314 m*/(0.5705 m* /kg) = 0.0055 kg/s

HLEN N -l
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In-Text Concept Question

a. A mass-flow rate into a control volume requires a normal velocity component. Why?

4.2 THE ENERGY EQUATION
FOR A CONTROL VOLUME

We have already considered the energy equation for a control mass, which consists of a
fixed quantity of mass, and noted, in Eq. 3.5, that it may be written as

E,—E = ,0,— W,
‘We have also noted that this may be written as an instantaneous rate equation as Eq. 3.3.

dEC.MA
dt

To write the energy equation as a rate equation for a control volume, we proceed in
a manner analogous to that used in developing a rate equation for the law of conservation
of mass. For this purpose, a control volume that involves the rate of heat transfer, rates of
work, and mass flows is shown in Fig. 4.4. The fundamental physical law states that we
cannot create or destroy energy such that any rate of change of energy must be caused by
transfer rates of energy into or out of the control volume. We have already included rates
of heat transfer and work in Eq. 4.4, so the additional explanations we need are associated
with the mass-flow rates.

The fluid flowing across the control surface enters or leaves with an amount of energy
per unit mass as

=0-W (4.4)

e=u+%V2+gZ

relating to the state and position of the fluid. Whenever a fluid mass enters a control volume
at state i or exits at state e, there is boundary movement work associated with that process.

~
~

~ == =

Wboundary

Wshaft

FIGURE 4.4
Schematic diagram
illustrating terms in the
energy equation for a
general control volume.
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To explain this in more detail, consider an amount of mass flowing into the control
volume. As this mass flows into the control volume it is being pushed by the mass behind
it, which is the surroundings. The net effect is that after the mass has entered the control
volume, the surroundings have pushed it in against the local pressure with a velocity giving
it a rate of work in the process. Similarly, a fluid exiting the control volume at state e must
push the surrounding fluid ahead of it, doing work on it, which is work leaving the control
volume. The velocity and the area correspond to a certain volume per unit time entering the
control volume, enabling us to relate that to the mass-flow rate and the specific volume at
the state of the mass going in. Now we are able to express the rate of flow work as

Wihow = FV = / PV dA = PV = Pvin (4.5)

For the flow that leaves the control volume, the control volume does the work, P,v,#1,, and
for the mass that enters, the surroundings do the rate of work, P,v;m1;. The flow work per
unit mass is then Pv, and the total energy associated with the flow of mass is

e+Pv=u+Pv+%V2+gZ=h+%V2+gZ (4.6)

In this equation we have used the definition of the thermodynamic property enthalpy,
and the primary reason for the definition of the property enthalpy is the appearance of the
combination (u + Pv) for the energy in connection with a mass flow. Its introduction earlier
in conjunction with the constant-pressure process was done to facilitate use of the tables of
thermodynamic properties at that time.

- T ~—
e —
9

Assume we are standing next to the local city’s main water line. The liquid water inside
flows at a pressure of 600 kPa (6 atm) with a temperature of about 10°C. We want to add
a smaller amount, 1 kg, of liquid to the line through a side pipe and valve mounted on the
main line. How much work will be involved in this process?

If the 1 kg of liquid water is in a bucket and we open the valve to the water main in
an attempt to pour it down into the pipe opening, we realize that the water flows the other
way. The water flows from a higher to a lower pressure, that is, from inside the main line
to the atmosphere (from 600 kPa to 101 kPa).

We must take the 1 kg of liquid water, put it into a piston/cylinder (like a hand-held
pump), and attach the cylinder to the water pipe. Now we can press on the piston until
the water pressure inside is 600 kPa and then open the valve to the main line and slowly
squeeze the 1 kg of water in. The work done at the piston surface to the water is

W= /PdV = Pper MV = 600 kPa x 1 kg x 0.001 m* /kg = 0.6 kJ

and this is the necessary flow work for adding the 1 kg of liquid.

HLEN N . ol

The extension of the energy equation from Eq. 4.4 becomes
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and the substitution of Eq. 4.5 gives

dEcy,

7 Ocv. — Wey, + e, + Pv) — i, (e, + P,v,)

: : 1 . 1
= QC.V. - WC.V, + m; (hl + EVIZ + ng> —m, (he + EVS + gZe)

In this form of the energy equation the rate of work term is the sum of all shaft work
terms and boundary work terms and any other types of work given out by the control vol-
ume; however, the flow work is now listed separately and included with the mass-flow
rate terms.

For the general control volume we may have several entering or leaving mass-flow
rates, so a summation over those terms is often needed. The final form of the energy equation
then becomes

dEC.V.
dt

=0cy — Wey + ) (hi + %Vf + gZi> - Y i, (hg + %Vﬁ + gZ€> 4.7

stating that the rate of change of energy inside the control volume is due to a net rate of heat
transfer, a net rate of work (measured positive out), and the summation of energy fluxes due
to mass flows into and out of the control volume. As with the conservation of mass, this
equation can be written for the total control volume and can therefore be put in the lumped
or integral form where

Ec.v.=/PedV:me=mAeA+mBeB+mceC+~--

As the kinetic and potential energy terms per unit mass appear together with the
enthalpy in all the flow terms, a shorter notation is often used:

hy = h+ %Vz +gZ

- Ly
hyag =h + EV
defining the total enthalpy and the stagnation enthalpy (used in fluid mechanics). The

shorter equation then becomes

dEcy . . . .
7 Ocv —Wey + 2 1iihyg ; — Z Mty hyy o (4.3)

giving the general energy equation on a rate form. All applications of the energy equation
start with the form in Eq. 4.8, and for special cases this will result in a slightly simpler form,
as shown in the subsequent sections.

4.3) THE STEADY-STATE PROCESS

Our first application of the control-volume equations will be to develop a suitable analyt-
ical model for the long-term steady operation of devices such as turbines, compressors,
nozzles, boilers, and condensers—a very large class of problems of interest in thermody-
namic analysis. This model will not include the short-term transient startup or shutdown of
such devices, but only the steady operating period of time.
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Let us consider a certain set of assumptions (beyond those leading to Eqs. 4.1 and 4.7)
that lead to a reasonable model for this type of process, which we refer to as the steady-state
process.

1. The control volume does not move relative to the coordinate frame so velocities
are absolute and there are no accelerations associated with motion of the control
volume.

2. The state of the mass at each point in the control volume does not vary with time.
This implies that the left hand side of the continuity and energy equations are zero
so there is no storage effect.

dmc V. dEC V.
—— =0 and -
dt dt
3. The flow rate and the state of the mass as it moves across the control surface do

not vary with time. The rates at which heat and work cross the control surface
remain constant.

=0

As an example of a steady-state process, consider a centrifugal air compressor that
operates with a constant mass rate of flow into and out of the compressor, constant prop-
erties at each point across the inlet and exit ducts, a constant rate of heat transfer to the
surroundings, and a constant power input. At each point in the compressor the properties
are constant with time, even though the properties of a given elemental mass of air vary as
it flows through the compressor so if a probe is inserted it would measure a spatial variation
of properties between the inlet and the location of the outlet.

Therefore, we conclude that for the steady-state process we can write, from Eqgs. 4.1
and 4.7,

Continuity equation: 0= Z ", = 2 , (4.9)

Energy equation: ) .
0= QC.V. - WC.V. + Z mihtot,i Z mehtot,e (410)

The equations therefore express that the balance of all the transfer terms across the
control surface must be net zero. That is mass and energy can come in, but they must leave
again to yield the zero storage change. You can then write the equations as in equals out.

Many of the applications of the steady-state model are such that there is only one flow
stream entering and one leaving the control volume. For this type of process, we can write

Continuity equation: m; =m, =m 4.11)

Energy equation:

. \V& 2 .
Ocw, +iit| i+ o +8Z | =m| he+ " +8Z )+ Wey, (4.12)

Rearranging this equation, we have
V2 2

q+h,»+—i+gZ[=he+7€

5 +8Z, +w (4.13)
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where, by definition, )
Wew.

17!

QCV

g=—— and w=
m

(4.14)

Note that the units for g and w are kJ/kg. From their definition, ¢ and w can be thought
of as the heat transfer and work (other than flow work) per unit mass flowing into and out
of the control volume for this particular steady-state process.

The symbols g and w are also used for the heat transfer and work per unit mass of
a control mass. However, since it is always evident from the context whether we have a
control mass (fixed mass) or a control volume (involving a flow of mass), the significance
of the symbols g and w will also be readily evident in each situation.

The steady-state process is often used in the analysis of reciprocating machines, such
as reciprocating compressors or engines. In this case the rate of flow, which may actually
be pulsating, is considered to be the average rate of flow for an integral number of cycles.
A similar assumption is made regarding the properties of the fluid flowing across the control
surface and the heat transfer and work crossing the control surface. It is also assumed that
for an integral number of cycles the reciprocating device undergoes, the energy and mass
within the control volume do not change.

A number of examples are given in the next section to illustrate the analysis of
steady-state processes.

In-Text Concept Questions

b. Can a steady-state device have boundary work?
c. What can you say about changes in 7z and V through a steady flow device?

d. Ina multiple-device flow system, I want to determine a state property. Where should
I look for information—upstream or downstream?

4.4, EXAMPLES OF STEADY-STATE PROCESSES

In this section, we consider a number of examples of steady-state processes in which there is
one fluid stream entering and one leaving the control volume, such that the energy equation
can be written in the form of Eq. 4.13. Some may instead utilize control volumes that include
more than one fluid stream, such that it is necessary to write the energy equation in the more
general form of Eq. 4.10, presented in Section 4.5. A listing of many simple flow devices
is given in Table 4.1 at the end of this chapter; the table covers a few more than presented
in the following sections. Table 4.2 (after Summary) gives the changes in specific work or
enthalpy for the process in a few devices.

Heat Exchanger

A steady-state heat exchanger is a simple fluid flow through a pipe or system of pipes,
where heat is transferred to or from the fluid. The fluid may be heated or cooled, and it
may or may not boil, changing from liquid to vapor, or condense, changing from vapor to
liquid. One such example is the condenser in an R-134a refrigeration system, as shown in
Fig. 4.5. Superheated vapor enters the condenser and liquid exits. The process tends to occur
at constant pressure, since a fluid flowing in a pipe usually undergoes only a small pressure
drop because of fluid friction at the walls, which is typically neglected. There is no means
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FIGURE 4.5 A
refrigeration system
condenser.

R-134a %) ) CS
——| - o & .
Vaporin | : O : : O :

Liquid out

for doing any work (shaft work, electrical work, etc.), and changes in kinetic and potential
energies are commonly negligibly small. (One exception may be a boiler tube in which
liquid enters and vapor exits at a much larger specific volume so it may be necessary to check
the exit velocity using Eq. 4.3.) The heat transfer in most heat exchangers is then found from
Eq. 4.13 as the change in enthalpy of the fluid. In the condenser shown in Fig. 4.5, the heat
transfer out of the condenser then goes to whatever is receiving it, perhaps a flow of air
or of cooling water, in which case it may also be called a dual fluid heat exchanger. It is
often simpler to write the energy equation around the entire heat exchanger, including both
flow streams, in which case there is little or no heat transfer with the surroundings. Such a
situation is the subject of the following example.

- —

MME 4
Consider a water-cooled condenser in a large refrigeration system in which R-134a is the
refrigerant fluid. The refrigerant enters the condenser at 1.0 MPa and 60°C, at the rate of
0.2 kg/s, and exits as a liquid at 0.95 MPa and 35°C. Cooling water enters the condenser
at 10°C and exits at 20°C. Determine the rate at which cooling water flows through the
condenser.

Control volume: Condenser in Fig. 4.6, a dual-fluid heat exchanger.
R-134a—fixed; water—fixed.

R-134a—fixed; water—fixed.

Steady-state, no work and no external heat transfer.

R-134a tables; steam tables.

Inlet states:
Exit states:
Process:
Model:

R-134a vapor in

1 Cooling
:,‘> water out

Cooling
water in :,\>I

|

|

| )

lﬂuﬂ ‘ _________ S Lcire g
surface .

l Schematic diagram
of an R-134a
R-134a liquid out condenser.
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Analysis
With this control volume we have two fluid streams, the R-134a and the water, entering
and leaving the control volume. It is reasonable to assume that both kinetic and potential
energy changes are negligible. Therefore, the energy equation, Eq. 4.10, reduces to

Z mihi = Z mehe
Using the subscripts r for refrigerant and w for water, we write

mr(hi)r + mw(hi)w = mr(he)r + mw(he)w

Solution
From the R-134a and steam tables, we have

(h;), = 441.89 kJ /kg, (h;),, = 42.00 kJ /kg
(h,), = 249.10 kJ /kg, (h,),, = 83.95 kI /kg
Solving the above equation for 71, the rate of flow of water, we obtain

(h; —h,), (441.89 — 249.10) kJ /kg
b= e o
My = M &/~ 83,95 — 42.00) K /ke

= = =0.919 kg/s
w r(he _hl)w /

This problem can also be solved by considering two separate control volumes, one
having the flow of R-134a across its control surface and the other having the flow of water
across its control surface. In this case there is heat transfer from one control volume to
the other.

The heat transfer for the control volume involving R-134a is calculated first. Now the
energy equation, Eq. 4.10, reduces to

QC.V. = mr(he - hi)r
=0.2 kg/s x (249.10 — 441.89) kJ /kg = —38.558 kW
This is also the heat transfer to the other control volume, for which Oy = +38.558 kW.
QC.V = mw(he - hi)w

i = 38.558 kW
¥ (83.95 — 42.00) kI /kg

Nozzle

=0.919 kg/s

A nozzle is a steady-state device whose purpose is to create a high-velocity fluid stream
at the expense of the fluid’s pressure. It is contoured in an appropriate manner to expand
a flowing fluid smoothly to a lower pressure, thereby increasing its velocity. There is no
means to do any work—there are no moving parts. There is little or no change in potential
energy and usually little or no heat transfer. Nozzles that are exposed to high temperatures
may be cooled (the exit nozzle in a rocket) or have enough heat conducted away from
them (a diesel injector nozzle or a nozzle for injecting natural gas into a furnace). These
situations are rather complex and require a more detailed heat transfer analysis. In addition,
the kinetic energy of the fluid at the nozzle inlet is usually small and would be neglected
if its value is not known.
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Steam at 0.6 MPa and 200°C enters an insulated nozzle with a velocity of 50 m/s. It leaves
at a pressure of 0.15 MPa and a velocity of 600 m/s. Determine the final temperature if the
steam is superheated in the final state and the quality if it is saturated.

Control volume: Nozzle.
Inlet state: Fixed (see Fig. 4.7).
Exit state: P, known, Z, = Z;, V, known.
Process: Steady-state single flow, no shaft w = 0, insulated g = 0.

Model: Steam tables.

/ Control surface

B «\

sl
V;=50m/s : COIRAOR: : V, = 600 m/s
P;=0.6 MPa ——» —T>
7,=200°C | R e o P,=0.15 MPa

FIGURE 4.7 |llustration for Example 4.4.

Analysis
We have several terms in the energy equation that are zero or equal so the energy equation
reduces to

h’l+71=he+

2 2
v —_¢
2

Solution
Solving for #, we obtain

(50)% a (600)2 | m?/s?
2x1000 2x1000]| J/KJ
The two properties of the fluid leaving that we now know are pressure and enthalpy, and

therefore the state of this fluid is determined. Since A, is less than &, at 0.15 MPa, the quality
is calculated.

h, = 2850.1 kJ /kg +

= 2671.4 kI /kg

h=hy + xhy,
2671.4 = 467.1 +x,2226.5
x, =099

LW AN ol
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Steam at 100 Ibf/in.2, 400 F, enters an insulated nozzle with a velocity of 200 ft/s. It leaves
at a pressure of 20.8 Ibf/in.? and a velocity of 2000 ft/s. Determine the final temperature if
the steam is superheated in the final state and the quality if it is saturated.

Control volume: Nozzle.
Inlet state: Fixed (see Fig. 4.7E).
Exit state: P, known, Z, = Z;, V, known.
Process: Steady-state single flow, no shaft w = 0, insulated g = 0.

Model: Steam tables.

Analysis
Energy equation (Eq. 4.13):
Vi A
hi+—=h,+—
1 + 2 e + 2

S \

V,=200ft/s | : V, = 2000 ft/s
P, =100 Ibf/in.? ——-

T, =400 F : P, =20.8 Ibt/in.2

FIGURE 4.7E lllustration for Example 4.4E.
Solution
Bu 1., ,, ftZ  Btu/Ibm Btu
h, =1227.5 — + =[200° — 2000“] — ——— = 1148.3—
¢ Ibm * 2[ ] s? 25 037 ft?/s2 Ibm

The two properties of the fluid leaving that we now know are pressure and enthalpy,
and therefore the state of this fluid is determined. Since A, is less than £, at 20.8 Ibf/in.2,
the quality is calculated.

h = hf + thg
1148.3 =198.31 + x,958.81
x,=0.99

HLE N . ol
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FIGURE 4.8 The

throttling process.
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Diffuser

A steady-state diffuser is a device constructed to decelerate a high-velocity fluid in a manner
that results in an increase in pressure of the fluid. In essence, it is the exact opposite of a
nozzle, and it may be thought of as a fluid flowing in the opposite direction through a nozzle,
with the opposite effects. The assumptions are similar to those for a nozzle; a large kinetic
energy at the diffuser inlet and a small, but usually not negligible, kinetic energy at the exit
are the only terms besides the enthalpies remaining in the energy equation, Eq. 4.13.

Throttle

A throttling process occurs when a fluid flowing in a line suddenly encounters a restriction
in the flow passage. This may be a plate with a small hole in it, as shown in Fig. 4.8, it may
be a partially closed valve protruding into the flow passage, or it may be a change to a tube
of much smaller diameter, called a capillary tube, which is normally found on a refrigerator.
The result of this restriction is an abrupt pressure drop in the fluid, as it is forced to find
its way through a suddenly smaller passageway. This process is drastically different from
the smoothly contoured nozzle expansion and area change, which results in a significant
velocity increase. There is typically some increase in velocity in a throttle, but both inlet
and exit kinetic energies are usually small enough to be neglected. There is no means for
doing work and little or no change in potential energy. Usually, there is neither time nor
opportunity for appreciable heat transfer, such that the only terms left in the energy equation,
Eq. 4.13, are the inlet and exit enthalpies. We conclude that a steady-state throttling process
is approximately a pressure drop at constant enthalpy, and we will assume this to be the
case unless otherwise noted.

Frequently, a throttling process involves a change in the phase of the fluid. A typi-
cal example is the flow through the expansion valve of a vapor-compression refrigeration
system, which is shown in Example 4.8.

Turbine

A turbine is a rotary steady-state machine whose purpose is to produce shaft work (power,
on a rate basis) at the expense of the pressure of the working fluid. Three general classes of
turbines are steam (or other working fluid) turbines, in which the steam exiting the turbine
passes to a condenser, where it is condensed to liquid, and gas turbines, in which the gas
usually exhausts to the atmosphere from the turbine and the last type is a turbine with a
liquid (mostly water) fluid flow like in a dam. In either type, the turbine exit pressure is fixed
by the environment into which the working fluid exhausts, and the turbine inlet pressure has
been reached by previously pumping or compressing the working fluid in another process.
Inside the turbine, there are two distinct processes. In the first, the working fluid passes
through a set of nozzles, or the equivalent—fixed blade passages contoured to expand the
fluid to a lower pressure and to a high velocity. In the second process inside the turbine,
this high-velocity fluid stream is directed onto a set of moving (rotating) blades, in which
the velocity is changed before being discharged from the passage. This velocity change
in direction produces a torque on the rotating shaft, resulting in shaft work output. The
low-velocity, low-pressure fluid then exhausts from the turbine.
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The energy equation for this process is either Eq. 4.10 or 4.13. Usually, changes
in potential energy are negligible, as is the inlet kinetic energy. It was demonstrated in
Example 3.15 that for modest velocities and elevation differences the kinetic and potential
energies are quite small compared to the changes in internal energy for even smaller tem-
perature differences. Since the enthalpy is closely related to the internal energy, its change
for smaller temperature differences is thus also larger than the kinetic and potential energy
changes. Often, the exit kinetic energy is neglected, and any heat rejection from the turbine
is undesirable and is commonly small. We therefore normally assume that a turbine process
is adiabatic, and the work output in this case reduces to the decrease in enthalpy from the
inlet to exit states. A turbine is analyzed in Example 4.7 as part of a power plant.

The preceding discussion concerned the turbine, which is a rotary work-producing
device. There are other nonrotary devices that produce work, which can be called expanders
as a general name. In such devices, the energy equation analysis and assumptions are gen-
erally the same as for turbines, except that in a piston/cylinder-type expander, there would
in most cases be a larger heat loss or rejection during the process.

Compressor and Pump

The purpose of a steady-state compressor (gas) or pump (liquid) is the same: to increase the
pressure of a fluid by putting in shaft work (power, on a rate basis). There are two funda-
mentally different classes of compressors. The most common is a rotary-type compressor
(either axial flow or radial/centrifugal flow), in which the internal processes are essentially
the opposite of the two processes occurring inside a turbine. The working fluid enters the
compressor at low pressure, moving into a set of rotating blades, from which it exits at high
velocity, a result of the shaft work input to the fluid. The fluid then passes through a diffuser
section, where it is decelerated in a manner that results in a pressure increase. The fluid then
exits the compressor at high pressure.

The energy equation for the compressor is either Eq. 4.10 or 4.13. Usually, changes
in potential energy are negligible, as is the inlet kinetic energy. Often the exit kinetic energy
is neglected as well. Heat rejection from the working fluid during compression would be
desirable, but it is usually small in a rotary compressor, which is a high-volume flow-rate
machine, and there is not sufficient time to transfer much heat from the working fluid. We
therefore normally assume that a rotary compressor process is adiabatic, and the work input
in this case reduces to the change in enthalpy from the inlet to exit states.

In a piston/cylinder-type compressor, the cylinder usually contains fins to promote
heat rejection during compression (or the cylinder may be water-jacketed in a large com-
pressor for even greater cooling rates). In this type of compressor, the heat transfer from
the working fluid is significant and is not neglected in the energy equation. As a general
rule, in any example or problem in this book, we will assume that a compressor is adiabatic
unless otherwise noted.

'— ‘ —
DTEe 4 =

The compressor in a plant (see Fig. 4.9) receives carbon dioxide at 100 kPa, 280 K, with a
low velocity. At the compressor discharge, the carbon dioxide exits at 1100 kPa, 500 K, with
a velocity of 25 m/s, and then flows into a constant-pressure aftercooler (heat exchanger),
where it is cooled down to 350 K. The power input to the compressor is 50 kW. Determine
the heat transfer rate in the aftercooler.
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Solution
C.V. compressor, steady state, single inlet and exit flow.

—|—> {} Qcool

Compressor

3 Assumptions V; = 0; gq. = 0; V3 =% V,
Ideal gas, Appendix A.8
Table B.3 gives similar results.

Penn
C
C
C
C
GH

Compressor section Cooler section

FIGURE 4.9 Sketch for Example 4.5.

Energy Eq. 4.13: q.+h + %Vf =h, + %Vg +w

1y, kI 1 252 m?/s?
—w=hy —hy 4+ SV2 = 401,52 — 198) K 1 257 /S
W=hy =+ 5Vy = ( ke T 21000 1/K0

kJ

kJ
=(203.5+0.3)— =203.8—
( + )kg ke

W, 50 kW
= e 29 KW 045k
w  2203.8 kI /ke &/s

C.V. aftercooler, steady state, single inlet and exit flow, and no work.

Energy Eq. 4.13: q+h,+ %Vg =hy + %Vg

Here we assume no significant change in kinetic energy (notice how unimportant it was),
and again we look for /4 in Table A.8:

q=hy—hy = (257.9 - 401.5) kJ /kg = —143.6 kI /kg
Qoo = —Qcv = —1ig = 0.245 kg /s x 143.6 kJ /kg = 35.2 kW

HLE N Nl

ote? _ —

A small liquid water pump is located 15 m down in a well (see Fig. 4.10), taking water in
at 10°C, 90 kPa at a rate of 1.5 kg/s. The exit line is a pipe of diameter 0.04 m that goes
up to a receiver tank maintaining a gauge pressure of 400 kPa. Assume that the process
is adiabatic, with the same inlet and exit velocities, and the water stays at 10°C. Find the
required pump work.

Telegram: @uni_k
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C.V. pump + pipe. Steady state, one
inlet, one exit flow. Assume same e —@
velocity in and out and no heat
transfer.

i

.

FIGURE 4.10 Sketch for Example 4.6.

Solution
Continuity equation: 7,

Energy Equation 4.12: iz = (hin + %Vizn + gZin) =1 <hex + %Vﬁx + gZex) +W

States:  hg = hy, + (Pox — Py)v  (vis constant and u is constant.)
From the energy equation
W = m(hin + gZin - hex - gZex) = m[g(zin - Zex) - (Pex - Pin)v]

—15-0 m
1000 J/kJ
=1.5x%(—0.147 — 0.412) kW = —0.84 kW

T
=158«
S

m m3
9.807= x — (400 + 101.3 — 90) kPa x 0.001 001k—g]
S

That is, the pump requires a power input of 840 W.

LW N ol

Complete Cycles: Power Plant and Refrigerator

The following examples illustrate the incorporation of several of the devices and machines
we have discussed in this section into a complete thermodynamic system, which is built for
a specific purpose.

'r ‘ ~—
e e

A simple steam power plant is shown in Fig. 4.11 with the 4 states listed in the table below
and the specific work into the pump is 4 kJ/kg.

Temperature
State Pressure or Quality Enthalpy, i from Table B.1
1 2.0 MPa 300°C hy =3023.5 kJ/kg
2 1.9 MPa 290°C h, = 3002.5 kJ/kg
3 15 kPa 90% hy =225.9 4 0.9 x 2373.1 = 2361.7 kl/kg
4 14 kPa 45°C hy = 188.4 kl/kg
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Determine the following quantities per kilogram flowing through the unit:

a. Heat transfer in the line between the boiler and turbine.
b. Turbine work.

c. Heat transfer in the condenser.

d. Heat transfer in the boiler.

A A%

10
®
Boiler
j‘> WT

Turbine

¢: Qb
®

@ Pump
> [ Condenser ::>_Qc
_Wp ®

FIGURE 4.11 Simple steam power plant.

Since there are several control volumes to be considered in the solution to this prob-
lem, let us consolidate our solution procedure somewhat in this example. Using the notation
of Fig. 4.11, we have:

All processes:  Steady-state single flow through all devices.

All analyses:  For every device we have Ake = Ape = 0 and the energy equation
is given by Eq. 4.13.
Now, we proceed to answer the specific questions raised in the problem statement.

a. For the control volume for the pipeline between the boiler and the turbine, the energy
equation and solution are

1q2 =F hl = l’l2
19, = hy — hy =3002.5 —3023.5 = -21.0 kJ /kg
b. Assume the turbine is adiabatic, g = 0, giving the energy equation as
h2 = h3 ar 2W3
oWy =(3002.5 —2361.7) kJ /kg = 640.8 kJ /kg
c. The condenser has no shaft work, w = 0, so the energy equation is
3q4 aF h3 = h4
34, = (188.4 —2361.7) k] /kg = —2173.3 k] /kg



www.konkur.in

Telegram: @uni_k

d. A control volume for the boiler has no work, w = 0, so the energy equation becomes
Sq 1 + hs = h]

A solution requires a value for /5, which can be found by taking a control volume around
the pump:
h4 = ]’l5 + 4W5

hs =[188.4 — (—4)] kJ /kg = 192.4 kJ /kg
Therefore, for the boiler,
Sql aF hS = hl
59, =(3023.5 - 192.4) kJ/kg = 2831.1 kJ /kg

HLE N . -l

T8 4

The refrigerator shown in Fig. 4.12 uses R-134a as the working fluid. The mass-flow rate
through each component is 0.1 kg/s, and the power input to the compressor is 5.0 kW. The
following state data are known, using the state notation of Fig. 4.12:

- Qcond. to room

Warm vapor (2) P, =100 kPa, T, = —20°C
hy =387.2kJ/kg

P, =800 kPa, T, = 50°C

Condenser

~Weomp ® Warm liquid h, =435.1 kI /kg
. T3 = 30°C, X3 = 0.0
Compressor Expansion valve
_or hy =241.8 kI /kg
Evaporator capillary tube
T,=-25°C
VWV
Cold vapor (1) LﬁA @ Cold liquid + vapor

Qevap from cold
refrigerated space

FIGURE 4.12 Refrigerator.

Determine the following:

a. The quality at the evaporator inlet.
b. The rate of heat transfer to the evaporator.
c. The rate of heat transfer from the compressor.
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All processes:  Steady-state single flow.
Model: R-134a tables in Table B.5.

All analyses: ~ No changes in kinetic or potential energy. The energy equation in
each case is given by Eq. 4.10.

Solution
a. For a control volume enclosing the throttle, the energy equation gives

hy =hy =241.8 KJ/kg = hyy + x4hpy = (167.4 + x, X 215.6) kI /kg
x, =0.345
b. For a control volume enclosing the evaporator, the energy equation gives
Qevap =r(hy — hy)
=0.1kg/s x (387.2 —241.8) kJ /kg = 14.54 kW

c. And for the compressor, the energy equation gives

Qcomp = m(hZ - hl) + Wcomp
=0.1kg/s X (435.1 — 387.2) kJ /kg — 5.0 kW = —0.21 kW

In-Text Concept Questions

e. How does a nozzle or spray head generate kinetic energy?
f. What is the difference between a nozzle flow and a throttle process?

g. If you throttle a saturated liquid, what happens to the fluid state? What happens if
this is done to an ideal gas?

h. A turbine at the bottom of a dam has a flow of liquid water through it. How does that
produce power? Which terms in the energy equation are important if the C.V. is the
turbine only? If the C.V. is the turbine plus the upstream flow up to the top of the
lake, which terms in the energy equation are then important?

i. If you compress air, the temperature goes up. Why? When the hot air, at high P, flows
in long pipes, it eventually cools to ambient 7. How does that change the flow?

J- A mixing chamber has all flows at the same P, neglecting losses. A heat exchanger
has separate flows exchanging energy, but they do not mix. Why have both kinds?

4.5 MULTIPLE-FLOW DEVICES

In the previous section, we considered a number of devices and complete cycles that use a
single flow through each component. Some applications have flows that separate or combine
in one of the system devices. For example, a faucet in the kitchen or bathroom typically
combines a warm and a cold flow of liquid water to produce an outlet flow at a desired
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FIGURE 4.13 A

mixing chamber.

temperature. In a natural gas furnace a small nozzle provides a gaseous fuel flow that
is mixed with an air flow to produce a combustible mixture. A final example is a flash
evaporator in a geothermal power plant where high-pressure hot liquid is throttled to a
lower pressure (similar to the throttle/value in the refrigerator cycle). The resulting exit
flow of two-phase fluid is then separated in a chamber to a flow of saturated vapor and a
flow of saturated liquid.

For these and similar situations, the continuity and energy equations do not simplify
as much as in the previous examples, so we will show the analysis for such a physical
setup. Consider the mixing chamber in Fig. 4.13 with two inlet flows and a single exit flow
operating in steady-state mode with no shaft; no work is involved, and we neglect kinetic
and potential energies. The continuity and energy equations for this case become

Continuity Eq. 4.9: 0 =y + 11y — 1y
Energy Eq. 4.10: 0 = sy hy + riyhy — tizhy + Q

We can scale the equations with the total mass-flow rate of the exit flow by dividing the
equations with riz; so that continuity equation gives

ny 1
ms Ny
and the energy equation gives
1y 11y -
nms ms

In the scaled energy equation the dimensionless mass-flow ratios are factors in the flow
terms and, these factors add to one according to the continuity equation. Select one as a
parameter 0 < y < 1; then we get from the continuity equation

iy 1ty
y=-— —=1-y 4.17)
s 3
and the energy equation is
0= yh;, + (1 = y)hy — hy + Q/1iny (4.18)

If the inlet states are given, it determines the enthalpy in the exit flow as
hy = yhy + (1 = y)hy + O/t (4.19)

This exit enthalpy is a mass-weighted average of the two inlet enthalpies determined by a
single mass-flow ratio plus the possible heat transfer. If there is no heat transfer, the exit
enthalpy /5 can vary between the two inlet enthalpies £, and &, since the ratio y is between 0
and 1. This is exactly what is done when a kitchen faucet is switched between cold and hot
water with the same total flow rate. Other combinations of known and unknown parameters
exist, so the energy equation can determine one parameter and the continuity equation can
determine the two flow rate ratios in terms of a single parameter y.
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We have a flow of 3 kg/s superheated steam at 300 kPa, 300°C that we want to desuperheat
by mixing it with liquid water at 300 kPa, 90°C so that the output is a flow of saturated
steam at 300 kPa. Assume the mixing chamber is insulated and find the flow rate of liquid
water needed for the process.

Control volume:  Mixing chamber, similar to Fig. 4.13.
Process:  Steady-state adiabatic mixing.
Inlet, exit states:  States 1, 2, and 3 all known.
Model: Steam tables, so

hy =3069.28kI/kg;  h, =3769kI/kg;  hy = 27253 kI/kg

Analysis
For this situation the unknown is ri1,, so the continuity equation gives the output flow rate as

m3 = ml aF mz
which we substitute into the energy equation as

O = ﬁ’tlhl aF m2h2 - (ml - mz)h3

Solution
The only unknown is the second mass-flow rate, so use the energy equation to give
iy = tiny (hy — hy)/(hy — h3)
2725.3 — 3069.28
376.9 — 2725.3

LW AN ol

=3 kg/s X = 0.439 kg/s

4.6/ THE TRANSIENT FLOW PROCESS

In the previous sections we considered the steady-state process and several examples of
its application in single-flow situations, and we extended the analysis to multiple flows.
There are a number of processes of interest that do not fall in this category, and they can be
characterized as those where the states and conditions change with time and thus involve an
unsteady flow. This is, for example, the filling or emptying of a closed tank with a liquid or
gas where the stored mass and its state in the control volume change with time. Think about
a flat tire you fill with air; the mass of air and its pressure increase as the process proceeds,
and the process stops when a desired pressure is reached. This type of process is called a
transient flow process to distinguish it from the steady-state process. In general, the word
transient means that something changes with time and it does not necessarily have a mass
flow involved. To analyze such situations, we need some simplifying assumptions for the
mathematical analysis as follows:

1. The control volume remains constant relative to the coordinate frame.

2. The state of the mass within the control volume may change with time, but at any
instant of time the state is uniform throughout the entire control volume (or over
several identifiable regions that make up the entire control volume).
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3. The state of the mass crossing each of the areas of flow on the control surface is
constant with time, although the mass-flow rates may vary with time.

Let us examine the consequence of these assumptions and derive an expression for the
energy equation that applies to this process. The assumption that the control volume remains
stationary relative to the coordinate frame has already been discussed in Section 4.3. The
remaining assumptions lead to the following simplification for the continuity equation and
the energy equation.

The overall process occurs over time ¢, and during this time the instantaneous expres-
sion for the mass inside the control volume is given by the continuity equation in Eq. 4.1.
To get the accumulated change, we integrate each term in the equation with time to get

t(dm,
/0 <%> dr = (my —my)cy,

The total masses entering and leaving the control volume during time ¢ are

/;(Z‘m,-) dr =) m; /(;(Zme) a=Ym,

Therefore, for this period of time ¢, the continuity equation for the transient process is

(my—mpey, = Y mi= Y, m, (4.20)

The energy equation for the changes over a finite time was presented in Eq. 3.5 for the
control mass to which we have to add the flow terms. Let us integrate the energy equation
in Eq. 4.8 by integration of each term as

"dE,
/ C'V'dtzEz—El =mye, —m;e,
o dat

=m, (u2 + %Vg +gZ2> —m, (u] + %Vf +gZ1)

t t
/ Ocvdt=0cv; / Wevdt = Wey,
0 0

For the flow terms, the third assumption allows a simple integration as

t
. 1
/o [Z mihtoti] dt = Z Ml ; = Z m; (hi + zvlz + 8Zi>
t
. 1
/O [Z mehtote] dr = 2 mehtote = 2 m, (he + Evg + gZe)

For the period of time ¢ the transient process energy equation can now be written as
Ly,2
Ey—E =0cv —Wcy + Zmi <hi +5Vi +gZi>

-y m, (h + %vﬁ + gZ€> @.21)

Notice how this energy equation is similar to the one for a control mass, Eq. 3.5, extended
with the flow terms. Now the right-hand side explains all the possibilities for transferring
energy across the control volume boundary as transfer by heat, work, or mass flows during
a certain period of time. The left-hand-side storage change contains the internal energies
(u,, u), whereas the flow terms on the right-hand side contain enthalpies. If the state of the
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flow crossing the control volume boundary varies with time, an average for the exit or inlet
flow properties should be used, which may not be simple to estimate.

As an example of the type of problem for which these assumptions are valid and
Eq. 4.21 is appropriate, let us consider the classic problem of flow into an evacuated vessel.
This is the subject of Example 4.10.

1 > —
e

Steam at 1.4 MPa, 300°C is flowing in a supply line with three different insulated systems
attached, as shown in Fig. 4.14. Valves on the empty systems are opened, they fill up to the
supply pressure, and the valves are closed. We neglect kinetic and potential energies and
want to determine the final temperature for all three cases.

FIGURE 4.14 The
filling of three
different containers.

Device A: Rigid tank V= C, m; = 0.
Device B: Spring loaded piston cylinder, P = P, + C3V; Cp = k,/A? known,
P] = O, ml = 0

Device C: Force loaded piston cylinder, F is such that P, = Pjjpe, My = 0,

Vtop known.

Analysis
We take a control volume around each device including the valve, so the general laws are
written for the transient-flow process neglecting kinetic and potential energies as

Continuity Eq. 4.20: m,—my=m,—0=m;—-0 = m=m

Energy Eq. 4.21: myuy — myuy =myy —0=,0, =\ W, + mh; =0
Process Egs.: 19, =0, | W, from process eq. (P-V) for each device
Energy equation: Mylty = Myhy. — | Ws

The only difference becomes the work term for each device.

Solution
Device A: W, =[PdV=0
Energy equation becomes: myu, = myhy,. —0 = uy = hy;, . = 3040.4 kl/kg
Final state in tank: (Pjines 42) = Interpolate in Table B.1.3: T, =452°C
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Device B: Py=Py.=0+CgV, = V,=Py, /Cp
1 1 1

W

1
2 = myhye — smyPyvy

Energy equation: Mylty = myhy; . — 3

1

1 1
Uy = hijjne — EP lineV2 = Ut EP lineV2 = Mline

Final state in tank:  (Py;, ?) assume T, for ? = w(T,), v(T,) both at Py;,
Trial and error iteration on energy equation for T, using Table B.1.3:
T, = 400°C: u, = 2952.5kJ/kg,v = 0.2178 m*/kg LHS = 3104.96 > hy; .
T, = 350°C: u, = 2869.12 kJ /kg,v = 0.200 26 m*/kg LHS = 3009.3 < A,
T, = 350°C + 50°C(3040.4 — 3009.3)/(3104.96 — 3009.3) = 366°C

Device C: Pey = Pjie 50\ W, = [ PdV = Py,emyvy

Energy equation becomes: myuy = myhye — W, = myhype — myPov,
Uy + Pyvy = hy = jine

Final state in tank: (Pline’ hline) = T2C = Tline = 300°C

Comment: As the mass flows into the device it carries energy with it, and the flow work
pushes the mass into the device so that the work is added (momentarily this action creates
some kinetic energy that dissipates). The work from the device takes energy out, which
then explains the different results. In case C, the work moving out exactly equals the flow
work in, so the state does not change. A fluid element cannot tell the difference between
flowing along the pipe or into the piston cylinder as the pressure ahead of it is the same,
namely Py;..

LW N ol
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An insulated tank of 2 m? contains saturated ammonia at 40°C with quality 2%. Vapor is
withdrawn from the top of the tank until it reaches 10°C. Assume the process is adiabatic
and that only vapor leaves (i.e. no liquid) and find the mass withdrawn.

Analysis
Control volume: Tank, V = C and insulated.
Continuity Eq.: my —m; =m; —m, = —m,
Energy eq.: myuy — myuy = mh; —mh, +,0, — W,
Process egs.: V=C = | W,=0; Insulated = ,0,=0,m;=0

The energy equation can then be rearranged by using the continuity equation to
mylty —myuy = —myh, = (my —m)h,

or
my(h, — up) = my(h, — uy)

Telegram: @uni_k
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Solution

Initial state: T}, x; known, properties from Table B.2
Vi =V + XV = [0.001 725 +0.02 x 0.081 41] m? /kg = 0.003 353 2 m’ /kg
Uy = upy + Xy, = [368.74 + 0.02 x 972.2] kI /kg = 388.184 kI /kg
m; =V /v, =2m’/0.003 353 2 m® /kg = 596.45 kg

As the flow out is saturated vapor its state changes during the process, see Fig. 4.15; we
therefore do a simple approximation for the average as

(he)ayg ~ %(he1 + h,) = 0.5(1470.2 + 1452.0) kJ /kg = 1461.1 kJ /kg
Assuming state 2 is also two-phase it is determined by 7, = 10°C, x,
V) =V + XV = [0.001 60 + x, X 0.203 81] m’ /kg
Uy = Uy + Xty = [226.0 +x, X 1099.7] kI /kg
Since m, = V/v, the only unknown for state 2 is quality x,. Now the energy equation is
V(h, — uy) /vy = my(h, — u;) = 596.45 kg(1461.1 — 388.184) kJ /kg = 639 941 kJ
or

2m?[1461.1 — 226.0 — x, x 1099.7] kI /kg = [0.001 60 + x, x 0.203 81] m> /kg
X 639 941 kJ

Solve for the quality and the specific volume.
x, =0.010905 = v, =0.0038225m’/kg, m, =V/v, =523.22kg

Then
m, = my; —my = (596.45 — 523.22) kg = 73.2 kg

P

sat. vap. _l;(g) —_—
@
el

FIGURE 4.15 Sketch
and P-v diagram for
v Example 4.11.

A8 N 7 I\~

— —

An insulated tank of 50 ft> contains saturated ammonia at 100 F with quality 2%. Vapor is
withdrawn from the top of the tank until it reaches 50 F. Assume the process is adiabatic
and that only vapor leaves (i.e. no liquid) and find the mass withdrawn.

Telegram: @uni_k
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Analysis
Control volume: Tank, V = C and insulated.
Continuity Eq.: my —my =m; —m, =—m,
Energy eq.: myuy — myuy = mih; —mh, +,0, — W,
Process egs.: Vv=C > 1W2 =0; Insulated = 1Q2 =0,m; =0

The energy equation can then be rearranged by using the continuity equation to

Mylty = myuty = —=mh, = (my —my)h,
or
my(h, —uy) = my(h, —u;)
Solution
Initial state: T, x; known, properties from Table F.8

V) =V + X Vg = [0.027 47 + 0.02 x 1.3894] £’ /Ibm = 0.055 258 ft* /lbm
Uy =1y + X, Uy = [153.89 + 0.02 x 422.34] Btu/Ibm = 162.34 Btu/Ibm
m, =V /v, =50 ft3/0.055 258 ft> /lbm = 904.85 Ibm

As the flow out is saturated vapor its state changes during the process, see Fig. 4.15; we
therefore do a simple approximation for the average as

(he)aye & %(hel + h,) = 0.5(631.8 + 624.26) Btu/lbm = 628.03 Btu/lbm
Assuming state 2 is also two-phase it is determined by 7, = S0 F, x,
Vo = Ve + Xy Vpp = [0.025 64 + x, X 3.2647] ft’ /Ibm
Uy =gy + X gy =[97.16 + x, X 472.78] Btu/Ibm
Since m, = V/v, the only unknown for state 2 is quality x,. Now the energy equation is
V(h, — uy) /v, = my(h, — u;) = 904.85 Ibm (628.03 — 162.34) Btu/lIbm = 421 380 Btu
or

50 ft3[628.03 — 97.16 — x, x 472.78] Btu/Ibm = [0.025 64 + x, X 3.2647] ft> /Ibm
X 421 380 Btu

Solve for the quality and the specific volume.
x, =0.011641 = v, =0.063644 ft’/lbm, m, =V /v, = 785.62 Ibm

Then
m, = my; —m, = (904.85 — 785.62) Ibm = 119.2 Ibm

LW N ol
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In-Text Concept Question

k. Aninitially empty cylinder is filled with air coming in at 20°C, 100 kPa until it is full.
Assuming no heat transfer, is the final temperature larger than, equal to, or smaller
than 20°C? Does the final T depend on the size of the cylinder?

4.7 ENGINEERING APPLICATIONS

Flow Systems and Flow Devices

The majority of devices and technical applications of energy conversions and transfers
involve the flow of a substance. They can be passive devices like valves and pipes, active
devices like turbines and pumps that involve work, or heat exchangers that involve a heat
transfer into or out of the flowing fluid. Examples of these are listed in Table 4.1, includ-
ing their purpose and common assumptions. Table 4.2 shows a few processes with typical
specific work and heat transfer values. Both tables appear after the chapter summary.

Passive Devices as Nozzles, Diffusers, and Valves or Throttles

A nozzle is a passive device (no moving parts) that increases the velocity of a fluid stream at
the expense of its pressure. Its shape, smoothly contoured, depends on whether the flow is
subsonic or supersonic. A diffuser, basically the opposite of a nozzle, is shown in Fig. 4.16 in
connection with flushing out a fire hydrant without having a high-velocity stream of water.

FIGURE 4.16
Diffuser.

Telegram: @uni_k
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)
En

(a) Ball valve (b) Check valve (c) Large butterfly valve (d) Pipeline gate valve

S,

FIGURE 4.17 Several types of valves.

A flow is normally controlled by operating a valve that has a variable opening for
the flow to pass through. A small opening acts as a restriction to the flow leading to a high
pressure drop across the valve, whereas a large opening allows the flow to pass through
freely with almost no restriction. There are many different types of valves in use, several of
which are shown in Fig. 4.17.

Heaters/Coolers and Heat Exchangers

Two examples of heat exchangers are shown in Fig. 4.18. The aftercooler reduces the tem-
perature of the air coming out of a compressor before it enters the engine. The purpose of
the heat exchanger in Fig. 4.18b is to cool a hot flow or to heat a cold flow. The inner tubes
act as the interphase area between the two fluids.

Active Flow Devices and Systems

A few air compressors and fans are shown in Fig. 4.19. These devices require a work input
so that the compressor can deliver air flow at a higher pressure and the fan can provide air
flow with some velocity. When the substance pushed to a higher pressure is a liquid, it is
done with a pump, examples of which are shown in Fig. 4.20.

Three different types of turbines are shown in Fig. 4.21. The steam turbine’s outer
stationary housing also has blades that turn the flow; these are not shown in Fig. 4.215b.

Connections
Tubesheet

FIGURE 4.18 Heat

exchangers. (a) An aftercooler for a diesel engine (b) A shell and tube heat exchanger
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(a) Centrifugal air compressor for a car (b) A simple fan (c) Large axial-flow gas turbine compressor rotor

FIGURE 4.19 Air compressors and fans.

(a) Gear pump (b) Irrigation pump (c) Manual oil pump

High-pressure Fluid in

fluid in \<
Jet

/5

Discharge

Fluid in Discharge Impeller

FIGURE 4.20 Liquid
pumps. (d) Jet pump and rotating pump

Figure 4.22 shows an air conditioner in cooling mode. It has two heat exchangers:
one inside that cools the inside air and one outside that dumps energy into the outside
atmosphere. This is functionally the same as what happens in a refrigerator. The same type
of system can be used as a heat pump. In heating mode, the flow is switched so that the inside
heat exchanger is the hot one (condenser and heat rejecter) and the outside heat exchanger
is the cold one (evaporator).

Telegram: @uni_k
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Generator

Water
Wicket flow

Turbine blades

(a) Large wind turbine (b) Steam turbine shaft with rotating blades (c) A turbine in a dam

FIGURE 4.21 Examples of turbines.
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FIGURE 4.22
Household
air-conditioning system.

Telegram: @uni_k



www.konkur.in

There are many types of power-producing systems. A coal-fired steam power plant
was shown schematically in Figs. 1.1 and 1.2, and other types of engines were also described
in Chapter 1. This subject will be developed in detail in Chapters 9 and 10.

Multiflow Devices

The text presented the analysis of a mixing chamber with two inlets and one exit flow, and
Example 4.9 described a desuperheater often used in a power plant immediately before
steam is sent to a process application or to a district heating system. In those cases, the
purpose is to lower the peak temperature before distribution, which will reduce the heat
transfer losses in the piping system. Exhaust systems in a building have several inlets in the
ducting before reaching the exhaust fans, whereas the heating ducts in a building have one
main inlet and many different outlets, so often the duct size is reduced along the way, as it
needs to carry a smaller mass-flow rate. Nearly every manufacturing plant has a compressed
air system with a single inlet flow from the main compressor and an outlet at all of the
workstations for compressed air tools and machines.

Large steam turbines can have outlets at several different pressures for various process
applications, and a few outlets are used for feedwater heaters to boost the efficiency of the
basic power cycle; see Chapter 9.

Telegram: @uni_k

KEY
CONCEPTS
AND
FORMULAS

Concepts from Physics

Volume flow rate: V= / V dA = AV (using average velocity) 4.2)
Mass flow rate: m= / pV dA = pAV = AV /v (average values) (4.3)
Flow work rate: Wiow = PV = Py (4.5)
Flow direction From higher P to lower P unless significant AKE
or APE

Instantaneous process:
Continuity Eq.: Mey = Z n; — Z m, 4.1)
Energy Eq.: Ecy =0cy. —Wey + Z Ml i = Z Ml o (4.8)
Total enthalpy: Ry = h + %Vz + 8Z = hyyenation + 8Z
Steady state: No storage: rcy =0; Eqy =0
Continuity Eq.: 2 ny; = Z m, (in = out) 4.9)
Energy Eq.: Ocy. + Z tithyy ;= Wey, + Z Mooy o (4.10)
Specific heat transfer: q= Qc. v./m steady state only (4.14)
Specific work: w=Wey /i steady state only
Steady state single-flow

energy Eq.: q+h,, ;i =w+h,,, (in = out) (4.13)
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Transient process:

Continuity Eq.: m, —m, = 2 m; — 2 m, (4.20)
Energy Eq.: E,—E = ,0,— \W,+ Y mhy ;= Y mhy,  (421)

h =h i~

tot exit average

(htot el + htol e2)

tot e

m, <u2 + %Vi +gZz> —-m, (ul + %Vf +ng)
1
2
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CHAPTER 5 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

5.1 Two heat engines operate between the same two
energy reservoirs, and both receive the same Q.
One engine is reversible and the other is not. What
can you say about the two Q,’s?

5.2 A combination of two heat engines is shown in Fig.
P5.2. Find the overall thermal efficiency as a func-
tion of the two individual efficiencies.

T Ty
Om
@ — HE2
@ry,
Figure P5.2

BB 5.3 A car engine takes atmospheric air in at 20°C,
no fuel, and exhausts the air at —20°C, producing
work in the process. What do the first and second
laws say about that?

54

5.5

5.6

5.7

5.8

5.9

After you have driven a car on a trip and it is back
home, the car’s engine has cooled down and thus is
back to the state in which it started. What happened
to all the energy released in the burning of gaso-
line? What happened to all the work the engine
gave out?

Does a reversible heat engine burning coal (which
in practice cannot be done reversibly) have impacts
on our world other than depletion of the coal
reserve?

If the efficiency of a power plant goes up as the
low temperature drops, why do all power plants not
reject energy at, say, —40°C?

A power plant rejects significant amounts of
energy at low 7. Let the heat go into a heat pump
and now we have heat out at a more useful 7. Is
that possible? Is it a good idea?

A coal-fired power plant operates with a high tem-
perature of 600°C, whereas a gas turbine has about
1400 K. Does this mean that we should replace all
power plants with gas turbines?

Heat transfer requires a temperature difference
(see Chapter 3) to push the Q. What does that
imply for a real heat engine? A refrigerator?

HOMEWORK PROBLEMS

Heat Engines and Refrigerators

E3 510 A window-mounted air conditioner removes 3.5 kJ
from the inside of a home using 1.75 kJ work
input. How much energy is released outside and
what is its coefficient of performance?

5.11 Calculate the thermal efficiency of the steam
power plant cycle described in Section 5.10.

P-40
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5.12

5.13

A refrigerator operates at steady state using 500 W
of electric power with a COP of 2.5. What is the net
effect on the kitchen air?

A room is heated with a 1500-W electric heater.
How much power can be saved if a heat pump with
a COP of 2.5 is used instead?
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5.14

B3 515

5.16

5.17

5.18

5.19

5.20

Telegram: @uni_k

A large coal fired power plant has an efficiency
of 45% and produces net 1,500 MW of electricity.
Coal releases 25 000 kJ/kg as it burns so how much
coal is used per hour and what is the heat rejection?
A window air conditioner (Fig. P5.15) discards
1.7 kW to the ambient with a power input of
500 W. Find the rate of cooling and the COP.

W=0.5 kW

Cool side

inside
Hot side
outside

Compressor
1.7 kW

Figure P5.15

An industrial machine is being cooled by 0.4 kg/s
water at 15°C that is chilled from 35°C by a refrig-
eration unit with a COP of 3. Find the rate of
cooling required and the power input to the unit.

A bio-reactor must be kept at 42°C by a heat pump
driven by a 3 kW motor. The reactor has a heat
loss of 12 kW to the ambient at 15°C. What is the
minimum COP that will be acceptable for the heat
pump?

R-410A enters the evaporator (the cold heat
exchanger) in an air-conditioner unit at —20°C,
x = 28% and leaves at —20°C, x = 1. The COP
of the refrigerator is 1.5 and the mass-flow rate
is 0.003 kg/s. Find the net work input to the
cycle.

An experimental power plant outputs 130 MW of
electrical power. It uses a supply of 1200 MW
from a geothermal source and rejects energy to
the atmosphere. Find the power to the air and how
much air should be flowed to the cooling tower
(kg/s) if its temperature cannot be increased more
than 12°C.

A water cooler for drinking water should cool 25
L/h water from 18°C to 10°C while the water reser-
voirs also gains 60 W from heat transfer. Assume
that a small refrigeration unit with a COP of 2.5

5.21

5.22

5.23

5.24

does the cooling. Find the total rate of cooling
required and the power input to the unit.

For each of the cases below, determine if the heat
engine satisfies the first law (energy equation) and
if it violates the second law.

a. Oy =7kW,Q; =3kW,W =5kW

b. 0y =7kW,Q; =7kW, W =0kW

c. Oy =7kW,Q, =4kW,W =3kW

d. 0y =7kW,Q, =0kW,W =7kW

For each of the cases in Problem 5.21, determine if
a heat pump satisfies the first law (energy equation)
and if it violates the second law.

Calculate the amount of work input a refrigerator
needs to make ice cubes out of a tray of 0.25 kg lig-
uid water at 10°C. Assume that the refrigerator has
f = 3.5 and a motor-compressor of 750 W. How
much time does it take if this is the only cooling
load?

Consider the four cases of a heat engine in Problem
5.21 and determine if any of those are perpetual
machines of the first or second kind.

Carnot Cycle and Absolute Temperature

5.25

5.26

5.27

5.28

5.29

5.30

Consider the bio-reactor in Problem 5.17. How
high a COP can the heat pump have?

An ideal (Carnot) heat engine has an efficiency
of 40%. If the high temperature is raised 15%,
what is the new efficiency keeping the same low
temperature?

In a few places where the air is very cold in the
winter, such as —30°C, it is possible to find a tem-
perature of 13°C below ground. What efficiency
will a heat engine have when operating between
these two thermal reservoirs?

A large heat pump should upgrade 4 MW of heat
at 65°C to be delivered as heat at 145°C. What is
the minimum amount of work (power) input that
will drive this?

Consider the setup with two stacked (temperature-
wise) heat engines, as in Fig. P5.2. Let T; = 850
K, T, = 600 K, and 7; = 350 K. Find the two
heat engine efficiencies and the combined overall
efficiency assuming Carnot cycles.

Assume the refrigerator in your kitchen runs in a
Carnot cycle. Estimate the maximum COP.

P-41
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5.31

5.32

B3 533

5.34

5.35

5.36

P-42

A car engine burns 5 g/s fuel (equivalent to addi-
tion of Qy) at 1500 K and rejects energy to the
radiator and the exhaust at an average temperature
of 750 K. If the fuel provides 40 000 kJ/kg, what
is the maximum power the engine can provide?

An air conditioner takes outside air at 35°C and
cools it to 15°C at a rate of 1kg/s. Estimate
the amount of power needed to do this. Recal-
culate the needed power if it is put in recircula-
tion mode using inside air at 24°C and cools that
to 15°C.

A heat pump is used to heat a house during the
winter. The house is to be maintained at 20°C at
all times. When the ambient temperature outside
drops to —10°C, the rate at which heat is lost from
the house is estimated to be 25 kW. What is the
minimum electrical power required to drive the
heat pump?

ﬂQ‘Ioss

Figure P5.33

Calculate the amount of work input a freezer needs
to make ice cubes out of a tray of 0.25 kg lig-
uid water at 10°C. Assume the freezer works in
a Carnot cycle between —8°C and 35°C with a
motor-compressor of 600 W. How much time does
it take if this is the only cooling load?

A household freezer operates in a room at 20°C.
Heat must be transferred from the cold space at a
rate of 2 kW to maintain its temperature at —20°C.
What is the theoretically the smallest (power)
motor required for operation of this freezer?

Thermal storage is made with a rock (granite) bed
of 2 m? that is heated to 400 K using solar energy.
A heat engine receives a Oy from the bed and
rejects heat to the ambient at 290 K. The rock bed
therefore cools down, and as it reaches 290 K the
process stops. Find the energy the rock bed can
give out. What is the heat engine efficiency at the
beginning of the process and what is it at the end
of the process?

Telegram: @uni_k
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5.38
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Figure P5.36

A constant temperature of —125°C must be main-
tained in a cryogenic experiment, although it gains
120 W due to heat transfer. What is the smallest
motor you would need for a heat pump absorbing
heat from the container and rejecting heat to the
room at 20°C?

A proposal is to build a 1000-MW electric power
plant with steam as the working fluid. The con-
densers are to be cooled with river water (see
Fig. P5.38). The maximum steam temperature is
550°C, and the pressure in the condensers will be
10 kPa. Estimate the temperature rise of the river
downstream from the power plant.

River mean speed

— ™ 10m/minute

Figure P5.38

5.39

5.40

R-134a fills a 0.1-m? capsule at 20°C, 200 kPa.
It is placed in a deep freezer, where it is cooled
to —10°C. The deep freezer sits in a room with
ambient temperature of 20°C and has an inside
temperature of —10°C. Find the amount of energy
the freezer must remove from the R-134a and the
extra amount of work input to the freezer to per-
form the process.

A heat engine has a solar collector receiving 0.2
kW/m? inside which a transfer medium is heated to
450 K. The collected energy powers a heat engine



www.konkur.in

541

542

5.43

5.44

545

5.46
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that rejects heat at 60°C. If the heat engine should
deliver 2.5 kW, what is the minimum size (area) of
the solar collector?

A heat pump is driven by the work output of
a heat engine, as shown in Fig. P5.41. If we
assume ideal devices, find the ratio of the total
power Q;; + Oy, that heats the house to the power
from the hot-energy source Qy in terms of the
temperatures.

/ House Tioom \

Figure P5.41

Consider the setup in Problem 5.41 with T, =
700 K, T, = 275K and T, = 295 K. Find the
ratio of the total heat to the house per unit heat to
the heat engine.

Assume the heat engine and the heat pump in the
previous problem are half as good as the corre-
sponding Carnot units. Find the net heating rate of
the house for a source input of 8 kW to the heat
engine.

A power plant with a thermal efficiency of 40%
is located on a river similar to the arrangement
in Fig. P5.38. With a total river mass-flow rate of
1 x 10° kg/s at 15°C, find the maximum power
production allowed if the river water should not be
heated more than 1 degree.

A concentrated solar power plant stores energy by
heating 10 000 kg molten salt to 560°C. Energy
is then taken out until the temperature reaches
300°C. The salt has C, = 1.5 kl/kg-K and the
ambient is at 300 K. Using dQy = — mC,, dTy; and
dW = nyg dQy integrate to find the energy the salt
can give out and the heat engine net work out.

A geothermal power plant operates with an under-
ground water energy source at 807°C and rejects
energy to the cold atmosphere at 10°C. It should
deliver 50 MW to the electric grid. How much heat
from the hot source should it have? Assume the hot

water is returned to a well 45°C colder than it came
how high a flowrate of water is needed?

Ideal Gas Carnot Cycles

5.47

5.48

5.49

Hydrogen gas is used in a Carnot cycle having
an efficiency of 60% with a low temperature of
300 K. During heat rejection, the pressure changes
from 90 kPa to 120 kPa. Find the high- and low-
temperature heat transfers and the net cycle work
per unit mass of hydrogen.

Carbon dioxide is used in an ideal gas refrigeration
cycle, the reverse of Fig. 5.21. Heat absorption is
at 250 K and heat rejection is at 325 K where the
pressure changes from 1200 kPa to 2400 kPa. Find
the refrigeration COP and the specific heat transfer
at the low temperature.

Air in a piston/cylinder goes through a Carnot
cycle with the P—v diagram shown in Fig. 5.21.
The high and low temperatures are 600 K and
300 K, respectively. The heat added at the high
temperature is 250 kJ/kg, and the lowest pressure
in the cycle is 75 kPa. Find the specific volume and
pressure after heat rejection and the net work per
unit mass.

Inequality of Clausius

5.50

5.51

5.52

5.53

5.54

Consider the steam power plant in Example 4.7
and assume an average 7 in the line between 1
and 2. Show that this cycle satisfies the inequality
of Clausius.

A heat engine receives 7 kW from a 300°C source
and rejects heat at 60°C. Examine each of three
cases with respect to the inequality of Clausius.

a. W=2kW

b. W=5kW

c. Carnot cycle

Use the inequality of Clausius to show that heat
transfer from a cold space toward a warmer space
without work is an impossible process, i.e., a heat
pump with no work input.

Assume that the heat engine in Problem 5.21 has a
high temperature of 1000 K and a low temperature
of 400 K. What does the inequality of Clausius say
about each of the four cases?

Let the steam power plant in Figure 5.18 have
a temperature of 700°C in the boiler and 40°C

P-43
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during the heat rejection in the condenser. Does
that satisfy the inequality of Clausius? Repeat the
question for the cycle operated in reverse as a
refrigerator.

Actual Cycles

5.55

5.56

5.57

5.58

5.59

5.60

P-44

A salesperson selling refrigerators and deep freez-
ers will guarantee a minimum COP of 4.5 year
round. How would you evaluate that performance?
Are they all the same?

A cyclic machine, shown in Fig. P5.56, receives
300 kJ from a 1000-K energy reservoir. It rejects
120 kJ to a 400-K energy reservoir, and the cycle
produces 180 kJ of work as output. Is this cycle
reversible, irreversible, or impossible?

A

T,;= 1000 K

y

Q=300 kJ

O — > W=180kJ
4} 0, =120 kJ

T, =400 K

Cyclic
machine

Figure P5.56

Consider the previous problem and assume the
temperatures and heat input are as given. If the
actual machine has an efficiency that is half that
of the corresponding Carnot cycle, find the work
out and the rejected heat transfer.

Examine the heat engine in Problem 5.57 to see if
it satisfies the inequality of Clausius.

A heat pump receives energy from a source at 80°C
and delivers energy to a boiler that operates at
350 kPa. The boiler input is saturated liquid water
and the exit is saturated vapor, both at 350 kPa. The
heat pump is driven by a 2.5-MW motor and has a
COP that is 60% that of a Carnot heat pump. What
is the maximum mass-flow rate of water the system
can deliver?

A waste heat recovery system on a supertruck takes
14 kW heat from the exhaust system at 330°C and
uses it to drive a heat engine which then rejects
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5.61

5.62

heat to the ambient (300 K). The heat engine sub-
stance has 500 K as high T and 325 K low T,
the cycle efficiency equals 50% of a correspond-
ing Carnot cycle. Find the power output of the heat
engine.

A large heat pump should upgrade 5 MW of heat
at 85°C to be delivered as heat at 150°C. Suppose
the actual heat pump has a COP of 2.5. How much
power is required to drive the unit? For the same
COP, how high a high temperature would a Carnot
heat pump have, assuming the same low 77

Repeat Problem 5.38 using a more realistic ther-
mal efficiency of 45%.

Finite AT Heat Transfer

5.63

5.64

5.65

5.66

A refrigerator maintaining a 5°C inside tempera-
ture is located in a 30°C room. It must have a high
temperature AT above room temperature and a low
temperature AT below the refrigerated space in the
cycle to actually transfer the heat. For a AT of
0°, 5°, and 10°C, respectively, calculate the COP,
assuming a Carnot cycle.

A house is cooled by a heat pump driven
by an electric motor using the inside as the
low-temperature reservoir. The house gains energy
in direct proportion to the temperature difference
as anin = K(Ty — T;). Determine the minimum
electric power to drive the heat pump as a function
of the two temperatures.

@W

Qleak

Figure P5.64

An air conditioner in a very hot region uses a power
input of 2.5 kW to cool a 5°C space with the high
temperature in the cycle at 40°C. The Qy, is pushed
to the ambient air at 35°C in a heat exchanger
where the transfer coefficient is 50 W/m?>K. Find
the required minimum heat transfer area.

A small house that is kept at 20°C inside loses
12 kW to the outside ambient at 0°C. A heat
pump is used to help heat the house together with
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5.67

5.68

5.69

5.70
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possible electric heat. The heat pump is driven by a
2.5-kW motor, and it has a COP that is one-fourth
that of a Carnot heat pump unit. Find the actual
COP for the heat pump and the amount of elec-
tric heat that must be used (if any) to maintain the
house temperature.

Redo Problem 5.34 assuming the freezer needs a
AT = 5°C for both the heat transfers.

Consider a room at 20°C that is cooled by an air
conditioner with a COP of 3.2 using a power input
of 2 kW, and the outside temperature is 35°C. What
is the constant in the heat transfer Eq. 5.15 for the
heat transfer from the outside into the room?

Arctic explorers are unsure if they can use a 5-kW
motor-driven heat pump to stay warm. It should
keep their shelter at 15°C. The shelter loses energy
at a rate of 0.25 kW per degree difference to
the colder ambient. The heat pump has a COP
that is 50% that of a Carnot heat pump. If the
ambient temperature can fall to —45°C at night,
would you recommend this heat pump to the
explorers?

Using the given heat pump in the previous prob-
lem, how warm could it make the shelter in the
arctic night?

A house is cooled by an electric heat pump using
the outside as the high-temperature reservoir. For
several different summer outdoor temperatures,
estimate the percentage savings in electricity if the
house is kept at 25°C instead of 20°C. Assume that
C=4kW/KinEq. 5.15.

Qleak

Figure P5.71

On a cold (—10°C) winter day, a heat pump pro-
vides 20 kW to heat a house maintained at 20°C,
and it has a COPyp of 4. How much power does
the heat pump require? The next day, a storm
brings the outside temperature to —15°C, assuming
the same COP and the same house heat transfer

coefficient for the heat loss to the outside air. How
much power does the heat pump require then?

5.73 In the previous problem, it was assumed that the

COP will be the same when the outside tempera-
ture drops. Given the temperatures and the actual
COP at the —10°C winter day, give an estimate for
a more realistic COP for the outside —15°C case.

Review Problems

5.74 A 4L jugof milk at 25°C is placed in your refriger-

ator, where it is cooled down to 5°C. The high tem-
perature in the Carnot refrigeration cycle is 45°C,
the low temperature is —5°C, and the properties of
milk are the same as those of liquid water. Find the
amount of energy that must be removed from the
milk and the additional work needed to drive the
refrigerator.

5.75 We wish to produce refrigeration at —30°C. A

reservoir, shown in Fig. P5.75, is available at
200°C and the ambient temperature is 30°C. Thus,
work can be done by a cyclic heat engine operating
between the 200°C reservoir and the ambient. This
work is used to drive the refrigerator. Determine
the ratio of the heat transferred from the 200°C
reservoir to the heat transferred from the —30°C
reservoir, assuming all processes are reversible.

\ Thot / \ Tambient /
JL Oy ﬁsz
w
Q) = Q
JL O ﬁ O
/ Tambient \ / Tcold \
Figure P5.75

5.76 Redo the previous problem, assuming the actual

devices both have a performance that is 60% of the
theoretical maximum.

5.77 Redo Problem 5.75 if you need a d7 of 10 K to do

each of the heat transfers.

5.78 A house should be heated by a heat pump,

ﬂ/ = 2.2, and maintained at 20°C at all times. It is
estimated that it loses 0.8 kW for each degree that
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the ambient is lower than the inside. Assume an
outside temperature of —10°C and find the needed

refrigerator. Find the actual COP of the air condi-
tioner and the power required to run it.

E3 535K

power to drive the heat pump. 5.82 The air conditioner in the previous problem is
5.79 Give an estimate for the COP in the previous prob- turned off. How quickly does the house heat up in
lem and the power needed to drive the heat pump degrees per second (°C/s)?
when the outside temperature drops to —15°C. 5.83 Air in a rigid 1-m? box is at 300 K, 200 kPa. It is
5.80 A bio-reactor is kept at 42°C by a heat pump driven heated to 600 K by heat transfer from a reversible
by a motor of 2 kW. The reactor loses energy at a heat pump that receives energy from the ambient
rate of 0.5 kW per degree difference to the colder at 300 K besides the work input. Use constant spe-
ambient. The heat pump has a COP that is 50% cific heat at 300 K. Since the COP changes, write
that of a Carnot heat pump. What is the minimum dQ =m;,C,dT and find dW. Integrate dW with the
ambient temperature for which the heat pump is temperature to find the required heat pump work.
sufficient? 5.84 A 10-m> tank of air at 500 kPa, 600 K acts as
5.81 An air conditioner on a hot summer day removes the high-temperature reservoir for a Carnot heat
8 kW of energy from a house at 21°C and pushes engine that rejects heat at 300 K. A temperature
energy to the outside, which is at 31°C. The house difference of 25°C between the air tank and the
has a mass of 25 000 kg with an average specific Carnot cycle high temperature is needed to transfer
heat of 0.95 kJ/kgK. In order to do this, the cold the heat. The heat engine runs until the air tempera-
side of the air conditioner is at 5°C and the hot side ture has dropped to 400 K and then stops. Assume
is at 40°C. The air conditioner (refrigerator) has a constant specific heat for air and find how much
COP that is 50% that of a corresponding Carnot work is given out by the heat engine.
ENGLISH UNIT PROBLEMS
Heat Engines and Refrigerators 12 Btu/s to the ambient at 60 F. What is the min-
A window-mounted air conditioner removes 3.5 imum COP that will be acceptable for the heat
Btu from the inside of a home using 1.75 Btu pump?
5.90E R-410A enters the evaporator (the cold heat

5.86E

5.87E

5.88E

5.89E
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work input. How much energy is released out-
side, and what is its COP?

A large coal-fired power plant has an efficiency
of 45% and produces net 1500 MW of electric-
ity. Coal releases 12 500 Btu/lbm as it burns, so
how much coal is used per hour and what is the
heat rejection?

An industrial machine is being cooled by 0.8
Ibm/s water at 60 F that is chilled from 95 F by
a refrigeration unit with a COP of 3. Find the
rate of cooling required and the power input to
the unit.

A water cooler for drinking water should cool 10
gal/h water from 65 F to 50 F using a small refrig-
eration unit with a COP of 2.5. Find the rate of
cooling required and the power input to the unit.
A bio-reactor must be kept at 110 F by a heat
pump driven by a 3 kW motor. It has a heat loss of

uni_k

exchanger) in an air-conditioner unit at 0 F,
x = 28% and leaves at O F, x = 1. The COP of
the refrigerator is 1.5 and the mass-flow rate is
0.006 1bm/s. Find the net work input to the cycle.

Carnot Cycles and Absolute T

591E

5.92E

5.93E

Consider the bio-reactor in Problem 5.89. How
high a COP can the heat pump have?

A steam power plant has 1200 F in the boiler, 630
Btu/s work out of the turbine, 900 Btu/s is taken
out at 100 F in the condenser, and the pump work
is 30 Btu/s. Find the plant’s thermal efficiency.
Assuming the same pump work and heat trans-
fer to the boiler, what is the turbine power if the
plant is running in a Carnot cycle?

A large heat pump should upgrade 4000 Btu/s of
heat at 175 F to be delivered as heat at 280 F.
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5.95E

5.96E

5.97E

5.98E

5.99E

5.100E
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What is the minimum amount of work (power)
input that will drive this?

An air conditioner takes outside air at 95 F and
cools it to 60 F at a rate of 1 Ibm/s. Estimate the
amount of power needed to do this. Recalculate
the needed power if it is put in recirculation mode
using inside air at 75 F and cools that to 60 F.

We propose to heat a house in the winter with a
heat pump. The house is to be maintained at 68 F
at all times. When the ambient temperature out-
side drops to 15 F, the rate at which heat is lost
from the house is estimated to be 80 000 Btu/h.
What is the minimum electrical power required
to drive the heat pump?

Consider the setup with two stacked
(temperature-wise) heat engines, as in Fig. P5.2.
Let T = 1500 R, T, = 1000 R, and 7, = 650
R. Find the two heat engine efficiencies and the
combined overall efficiency assuming Carnot
cycles.

A concentrated solar power plant stores energy
by heating 20 000 Ibm molten salt to 1040 F.
Energy is then taken out from that until it is 570
E. The salt has C, = 0.36 Btu/lbm-R and the
ambient is at 540 R. Using dQy = mC,, dTy and
dW = nyg dQy integrate to find the energy the
salt can give out and the heat engine net work out.

Consider the setup in Problem 5.41 with T =
1200 R, Ty = 495 R and T, = 530 R. Find
the ratio of the total heat to the house per unit heat
to the heat engine.

Assume the heat engine and the heat pump in the
previous problem are half as good as the corre-
sponding Carnot units. Find the net heating rate
of the house for a source input of 8 Btu/s to the
heat engine.

A geothermal power plant operates with an
underground water energy source at 180 F and
rejects energy to the cold atmosphere at 50 F.
It should deliver 50 MW to the electric grid. How
much heat from the hot source should it have?
Assume the hot water is returned to a well at 68
F how high a flowrate of water is needed?

Repeat the question if both heat exchang-
ers need 9 F temperature difference to transfer
the heat.

A power plant with a thermal efficiency of 40%
is located on a river similar to the setup in

5.102E

Fig. P5.38. With a total river mass-flow rate of
2 x 103 1bm/s at 60 F, find the maximum power
production allowed if the river water should not
be heated more than 2 F.

An inventor has developed a refrigeration unit
that maintains the cold space at 14 F while oper-
ating in a 77 F room. A COP of 8.5 is claimed.
How do you evaluate this?

Ideal Gas Garnot Cycle

5.103E

5.104E

Carbon dioxide is used in an ideal gas refrigera-
tion cycle, the reverse of Fig. 5.21. Heat absorp-
tion is at 450 R and heat rejection is at 585 R
where the pressure changes from 180 psia to 360
psia. Find the refrigeration COP and the specific
heat transfer at the low temperature.

Air in a piston/cylinder goes through a Carnot
cycle with the P—v diagram shown in Fig. 5.21.
The high and low temperatures are 1200 R and
600 R, respectively. The heat added at the high
temperature is 100 Btu/lbm, and the lowest pres-
sure in the cycle is 10 Ibf/in.?. Find the specific
volume and pressure at all four states in the cycle,
assuming constant specific heat at 80 F.

Finite AT Heat Transfer

5.105E

5.106E

5.107E

A heat pump cools a house at 70 F with a max-
imum of 4000 Btu/h power input. The house
gains 2000 Btu/h per degree temperature differ-
ence from the ambient, and the heat pump’s COP
is 60% of the theoretical maximum. Find the
maximum outside temperature for which the heat
pump provides sufficient cooling.

Arctic explorers are unsure if they can use a
5-kW motor-driven heat pump to stay warm. It
should keep their shelter at 60 F; the shelter loses
energy at a rate of 0.3 Btu/s per degree differ-
ence from the colder ambient. The heat pump has
a COP that is 50% that of a Carnot heat pump.
If the ambient temperature can fall to —10 F at
night, would you recommend this heat pump to
the explorers?

Using the given heat pump in the previous prob-
lem, how warm could it make the shelter in the
arctic night?
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Review Problems

5.108E

5.109E
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We wish to produce refrigeration at —20 F.
A reservoir is available at 400 F and the ambient
temperature is 80 F, as shown in Fig. P5.75. Thus,
work can be done by a cyclic heat engine operat-
ing between the 400 F reservoir and the ambient.
This work is used to drive the refrigerator. Deter-
mine the ratio of the heat transferred from the 400
F reservoir to the heat transferred from the —20 F
reservoir, assuming all processes are reversible.

An air conditioner on a hot summer day removes
8 Btu/s of energy from a house at 70 F and

Telegram: @uni_k
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pushes energy to the outside, which is at 88 F.
The house has 50 000 Ibm mass with an aver-
age specific heat of 0.23 Btu/lbm-R. In order to
do this, the cold side of the air conditioner is at
40 F and the hot side is at 100 F. The air condi-
tioner (refrigerator) has a COP that is 50% that
of a corresponding Carnot refrigerator. Find the
actual COP of the air conditioner and the power
required to run it.

The air conditioner in the previous problem is
turned off. How quickly does the house heat up
in degrees per second (F/s)?
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The classical presentation of the second law of thermodynamics starts with the concepts
of heat engines and refrigerators. A heat engine produces work from heat transfer obtained
from a thermal reservoir, and its operation is limited by the Kelvin—Planck statement.
Refrigerators are functionally the same as heat pumps, and they drive energy by heat
transfer from a colder environment to a hotter environment, something that will not happen
by itself. The Clausius statement says in effect that the refrigerator or heat pump does
need work input to accomplish the task. To approach the limit of these cyclic devices, the
idea of reversible processes is discussed and further explained by the opposite, namely,
irreversible processes and impossible machines. A perpetual-motion machine of the first
kind violates the first law of thermodynamics (energy equation), and a perpetual-motion
machine of the second kind violates the second law of thermodynamics.

The limitations for the performance of heat engines (thermal efficiency) and
heat pumps or refrigerators (coefficient of performance or COP) are expressed by the
corresponding Carnot-cycle device. Two propositions about the Carnot-cycle device are
another way of expressing the second law of thermodynamics instead of the statements of
Kelvin—Planck or Clausius. These propositions lead to the establishment of the thermo-
dynamic absolute temperature, done by Lord Kelvin, and the Carnot-cycle efficiency. We
show this temperature to be the same as the ideal gas temperature introduced in Chapter 2.
The final expression relating to the classical statement of the second law and temperature
is presented as the Inequality of Clausius.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

» Understand the concepts of heat engines, heat pumps, and refrigerators
* Have an idea about reversible processes

e Know a number of irreversible processes and recognize them

* Know what a Carnot cycle is

¢ Understand the definition of thermal efficiency of a heat engine

* Understand the definition of coefficient of performance of a heat pump
* Know the difference between the absolute and relative temperature

e Know the limits of thermal efficiency as dictated by the thermal reservoirs and the
Carnot cycle device

* Have an idea about the thermal efficiency of real heat engines

* Know that transfer of heat requires a temperature difference lowering the thermal
efficiency and the COP

e Know the limits of coefficient of performance as dictated by the thermal reservoirs
and the Carnot cycle device

* Have an idea about the coefficient of performance of real refrigerators
* Know that Clausius inequality is an alternative statement of the second law
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CHAPTER 5

Objectives Reading, Examples, Concepts, Study,
Equations, and Tables Hw problems

General heat engines, heat Reading: Sec. 5.1 C:1-2,4

pumps and refrigerators Examples: 5.1-5.2 S: 10, 15, 85E
Equations: 5.1-5.3 Hw: 10-24, 85E-90E

Know the second law and Reading: Sec. 5.2-5.4 C:3,6

have an understanding of Examples: — S:21

irreversible processes Equations: — Hw: 21-24

Know the absolute
temperature, the Carnot cycle,
and its efficiency or COP.

Reading: Sec. 5.5-5.7
Examples: -
Equations: 5.4-5.6

S:27,33,37,44, 95E, 101E
Hw: 25-49, 91E-102E

Know the ideal gas Carnot
cycle and its connection to
ideal gas temperature

Reading: Sec. 5.8
Examples: —
Equations: 5.7-5.12

Hw: 47-49, 103E-104E

temperature differences for
the heat transfer

Examples: —
Equations: 5.15-5.17

Know the inequality of Reading: Sec. 5.9-5.10 C: 6-8
Clausius and the effect on Examples: 5.3, 5.4 S: 54
actual cycles Equations: 5.13-5.14, 5.18 Hw: 50-62
Know the influence of Reading: Sec. 5.9 C:9

S: 63, 66, 72, 105E
Hw: 63-73, 105E-107E

R-5
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‘he Second Law of
‘hermodynamics

The first law of thermodynamics states that during any cycle a system undergoes, the cyclic
integral of the heat is equal to the cyclic integral of the work. The first law, however, places
no restrictions on the direction of flow of heat and work. A cycle in which a given amount
of heat is transferred from the system and an equal amount of work is done on the system
satisfies the first law just as well as a cycle in which the flows of heat and work are reversed.
However, we know from our experience that a proposed cycle that does not violate the first
law does not ensure that the cycle will actually occur. It is this kind of experimental evidence
that led to the formulation of the second law of thermodynamics. Thus, a cycle will occur
only if both the first and second laws of thermodynamics are satisfied.

In its broader significance, the second law acknowledges that processes proceed in
a certain direction but not in the opposite direction. A hot cup of coffee cools by virtue of
heat transfer to the surroundings, but heat will not flow from the cooler surroundings to the
hotter cup of coffee. Gasoline is used as a car drives up a hill, but the fuel in the gasoline
tank cannot be restored to its original level when the car coasts down the hill. Such familiar
observations as these, and a host of others, are evidence of the validity of the second law of
thermodynamics.

In this chapter we consider the second law for a system undergoing a cycle, and in
the next two chapters we extend the principles to a system undergoing a change of state and
then to a control volume.

5.1) HEAT ENGINES AND REFRIGERATORS

Consider the system and the surroundings previously cited in the development of the first
law, as shown in Fig. 5.1. Let the gas constitute the system and, as in our discussion of the
first law, let this system undergo a cycle in which work is first done on the system by the
paddle wheel as the weight is lowered. Then let the cycle be completed by transferring heat
to the surroundings.

We know from our experience that we cannot reverse this cycle. That is, if we transfer
heat to the gas, as shown by the dotted arrow, the temperature of the gas will increase
but the paddle wheel will not turn and raise the weight. With the given surroundings (the
container, the paddle wheel, and the weight), this system can operate in a cycle in which
the heat transfer and work are both negative, but it cannot operate in a cycle in which both
the heat transfer and work are positive, even though this type of cycle would not violate the
first law.

143
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A system that undergoes I |
a cycle involving work I AVAL
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and heat.

Consider another cycle, known from our experience to be impossible to complete.
Let two systems, one at a high temperature and the other at a low temperature, undergo
a process in which a quantity of heat is transferred from the high-temperature system to
the low-temperature system. We know that this process can take place. We also know that
the reverse process, in which heat is transferred from the low-temperature system to the
high-temperature system, does not occur, and that it is impossible to complete the cycle by
heat transfer only. This impossibility is imagined in Fig. 5.2.

These two examples lead us to a consideration of the heat engine and the refrigerator,
which is also referred to as a heat pump. With the heat engine we can have a system that
operates in a cycle and produces a net work output from a net heat transfer input. The heat
pump is a system that operates in a cycle that pushes a heat transfer from a low temperature
body to a high temperature body, with work as the driving input.

A simple heat engine with a gas as the working substance in a piston cylinder type of
device is shown in Fig. 5.3. Initially the piston rests on the lower stops, with a weight on
the platform. Let the system now undergo a process in which heat is transferred from some
high-temperature body to the gas, causing it to expand and raise the piston to the upper
stops. At this point the weight is removed. Now let the system be restored to its initial state
by transferring heat from the gas to a low-temperature body, thus completing the cycle.
Since the weight was raised during the cycle, it is evident that work was done by the gas

FIGURE 5.2 An High temperature 4}
example showing fl
the impossibility of 0 o
completing a cycle by |
transferring heat from a I

low-temperature body to
a high-temperature

body.
[e— [e— I-D_|_>-_£ &
0, ] —
k- i — —
= = = T: = ll:
| (L [T I
Gas = A — — —
Ou oL
[ L v |
FIGURE 5.3 Asimple High-temperature Low-temperature
heat engine. body body
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FIGURE 5.4 Aheat
engine involving
steady-state processes.
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during the cycle. From the first law we conclude that the net heat transfer is positive and
equals the work done during the cycle.

A heat engine may be defined as a device that operates in a thermodynamic cycle
and produces a certain amount of net positive work through the transfer of heat from a
high-temperature body to a low-temperature body. Often the term heat engine is used in
a broader sense to include all devices that produce work, either through heat transfer or
through combustion, even though the device does not operate in a thermodynamic cycle.
The internal combustion engine and the gas turbine are examples of such devices, and call-
ing them heat engines is an acceptable use of the term. In this chapter, however, we are
concerned with the more restricted form of heat engine, as just defined, one that operates
on a thermodynamic cycle.

A simple steam power plant is an example of a heat engine in this restricted sense.
Each component in this plant may be analyzed individually as a steady-state, steady-flow
process, but as a whole it may be considered a heat engine (Fig. 5.4) in which water (steam)
is the working fluid. An amount of heat, Qy, is transferred from a high-temperature body,
which may be the products of combustion in a furnace, a reactor, or a secondary fluid that
in turn has been heated in a reactor. In Fig. 5.4 the turbine is shown schematically as driving
the pump. What is significant, however, is the net work that is delivered during the cycle.
The quantity of heat Q; is rejected to a low-temperature body, which is usually the cooling
water in a condenser. Thus, the simple steam power plant is a heat engine in the restricted
sense, for it has a working fluid, to which and from which heat is transferred, and which
does a certain amount of work as it undergoes a cycle.

Thus, by means of a heat engine, we are able to have a system operate in a cycle and
have both the net work and the net heat transfer positive, which we were not able to do with
the system and surroundings of Fig. 5.1.

We note that in using the symbols Qp and Q;, we have departed from our sign conno-
tation for heat, because for a heat engine Q; is negative when the working fluid is considered
as the system. In this chapter, it will be advantageous to use the symbol Qy to represent the
heat transfer to or from the high-temperature body and Q; to represent the heat transfer to
or from the low-temperature body. The direction of the heat transfer will be evident from
the context and indicated by arrows in the figures.

At this point, it is appropriate to introduce the concept of thermal efficiency of a
heat engine. In general, we say that efficiency is the ratio of output, the energy sought, to

|
|
|
: Boiler
I 4
| Y I {Turbine Power
| \/ I Wnet
| Pump |
| |
| |
| Condenser I
| [l '
| _____ %;__________J
0, ~ System
boundary
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input, the energy that costs, but the output and input must be clearly defined. At the risk of
oversimplification, we may say that in a heat engine the energy sought is the work and the
energy that costs money is the heat from the high-temperature source (indirectly, the cost
of the fuel). Thermal efficiency is defined as

W(energy sought)  Qn =0y 1 O 5.1)

Qy(energy thatcosts)  Qy On

Heat engines and refrigerators can also be considered in general as energy conversion
devices, as the energy coming in is conserved but comes out in a different form. The heat
engine transforms the heat input at a high temperature to a work output and a heat output
at a lower temperature, whereas the refrigerator and heat pump convert the input work and
heat to an output heat at an elevated temperature. The thermal efficiency is then a conversion
efficiency for the process of going from the necessary input to the desired output.

Heat engines vary greatly in size and shape, from large steam engines, gas turbines,
or jet engines to gasoline engines for cars and diesel engines for trucks or cars, to much
smaller engines for lawn mowers or hand-held devices such as chain saws or trimmers.
Typical values for the thermal efficiency of real engines are about 35-50% for large power
plants, 30-35% for gasoline engines, and 30-40% for diesel engines. Smaller utility-type
engines may have only about 20% efficiency, owing to their simple carburetion and controls
and to the fact that some losses scale differently with size and therefore represent a larger
fraction for smaller machines.

Hihermal =

L7 T ==
DTE =

An automobile engine produces 136 hp on the output shaft with a thermal efficiency of
30%. The fuel it burns gives 35 000 kJ/kg as energy release. Find the total rate of energy
rejected to the ambient and the rate of fuel consumption in kg/s.

Solution
From the definition of a heat engine efficiency, Eq. 5.1, and the conversion of hp from
Table A.1 we have

W= ﬂengQH = 136 hp x 0.7355 kW /hp = 100 kW
Qp = W/Nepg = 100kW /0.3 = 333 kW
The energy equation for the overall engine gives
Q; =0y —W=(1-03)Q, =233kW
From the energy release in the burning we have Q,; = rigy,, s0

333 kW
35 000 kJ /kg
An automobile engine shown in Fig. 5.5 rejects energy to the ambient through (a) the radia-

tor cooled by atmospheric air, (b) heat transfer from the exhaust system, and (c) the exhaust
flow of hot gases.

= Qy/qy = = 0.0095 kg/s
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FIGURE 5.5 Sketch for Example 5.1.
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The second cycle that we were not able to complete was the one indicating the impos-
sibility of transferring heat directly from a low-temperature body to a high-temperature
body. This can, of course, be done with a refrigerator or heat pump. A vapor-compression
refrigerator cycle, which was introduced in Chapter 1 and shown in Fig. 1.3, is shown again
in Fig. 5.6. The working fluid, such as R-134a or ammonia, is the refrigerant that goes
through a thermodynamic cycle. Heat is transferred to the refrigerant in the evaporator,
where its pressure and temperature are low. Work is done on the refrigerant in the compres-
sor, and heat is transferred from it in the condenser, where its pressure and temperature are
high. The pressure drops as the refrigerant flows through the throttle valve or capillary tube.

Thus, in a refrigerator or heat pump, we have a device that operates in a cycle,
that requires work, and that transfers heat from a low-temperature body to a high-
temperature body.

The efficiency of a refrigerator is expressed in terms of the coefficient of performance
(COP), which we designate with the symbol f. For a refrigerator the objective, that is, the
energy sought, is Q;, the heat transferred from the refrigerated space. The energy that costs
is the work, W. Thus, the COP, g, is

_ Qy(energysoughty O 1
"~ Wo(energy thatcosts) Qy —Q;, Qy/0; — 1

(5.2)

o System boundary
[————— = ———— = -
On

A\ AA~A~A~A~

A

Condenser
Xr— Expansion valve or @%
capillary tube
Evaporator

\ i

FIGURE 5.6 A simple
vapor-compression
refrigeration cycle.
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If the objective is to receive the heat transfer at the high temperature it is a heat pump with

a COP as
, _ QOp(energy sought) Oy 1

"~ Wi(energy that costs) Oy -0 T1- 0:/0y
It also follows that for a given cycle,

(5.3)

F-p=1

A household refrigerator may have a COP of about 2.5, whereas that of a deep-freeze
unit will be closer to 1.0. Lower cold-temperature space or higher warm-temperature space
will result in lower values of COP, as will be seen in Section 5.6. For a heat pump operating
over a moderate temperature range, a value of its COP can be around 4, with this value
decreasing sharply as the heat pump’s operating temperature range is broadened.

'/ » ‘ ~—
e = :

The refrigerator in a kitchen shown in Fig. 5.7 receives electrical input power of 150 W to
drive the system, and it rejects 400 W to the kitchen air. Find the rate of energy taken out
of the cold space and the COP of the refrigerator.

Kitchen air
Tamb {{
ﬁ Oy = 400 W :
W=150 W \k
Ref

0 =
TTE / 'g{ / / / ) FIGURE 5.7 Sketch

Inside refrigerator for Example 5.2.

Solution
C.V. refrigerator. Assume a steady state, so there is no storage of energy. The information
provided is W = 150 W, and the heat rejected is Qy = 400 W.

The energy equation gives

Q; = Oy — W =400 — 150 = 250 W

This is also the rate of energy transfer into the cold space from the warmer kitchen due to
heat transfer and exchange of cold air inside with warm air when you open the door.
From the definition of the COP, Eq. 5.2,

0, 250
= —=—=1.67
PREFRIG W 150

LW N ol
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FIGURE 5.8 The

Kelvin—-Planck statement.
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Before we state the second law, the concept of a thermal reservoir should be intro-
duced. A thermal reservoir is a body to and from which heat can be transferred indefinitely
without change in the temperature of the reservoir. Thus, a thermal reservoir always remains
at constant temperature. The ocean and the atmosphere approach this definition very closely.
Frequently, it will be useful to designate a high-temperature reservoir and a low-temperature
reservoir. Sometimes a reservoir from which heat is transferred is called a source, and a
reservoir to which heat is transferred is called a sink.

5.2 THE SECOND LAW OF THERMODYNAMICS

On the basis of the matter considered in the previous section, we are now ready to state
the second law of thermodynamics. There are two classical statements of the second law,
known as the Kelvin—Planck statement and the Clausius statement.

The Kelvin—Planck statement: It is impossible to construct a device that will
operate in a cycle and produce no effect other than the raising of a weight and
the exchange of heat with a single reservoir. See Fig. 5.8.

This statement ties in with our discussion of the heat engine. In effect, it states that it
is impossible to construct a heat engine that operates in a cycle, receives a given amount of
heat from a high-temperature body, and does an equal amount of work. The only alternative
is that some heat must be transferred from the working fluid at a lower temperature to a
low-temperature body. Thus, work can be done by the transfer of heat only if there are
two temperature levels, and heat is transferred from the high-temperature body to the heat
engine and also from the heat engine to the low-temperature body. This implies that it is
impossible to build a heat engine that has a thermal efficiency of 100%.

The 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 cooler body
to a warmer body. See Fig. 5.9.

This statement is related to the refrigerator or heat pump. In effect, it states that it
is impossible to construct a refrigerator that operates without an input of work. This also
implies that the COP is always less than infinity.

Three observations should be made about these two statements. The first observation
is that both are negative statements. It is, of course, impossible to prove these negative
statements. However, we can say that the second law of thermodynamics (like every other
law of nature) rests on experimental evidence. Every relevant experiment that has been
conducted, either directly or indirectly, verifies the second law, and no experiment has ever

Ty

[le.

O :> W Nthermal = 1 Impossible

Conclusion: #inermal < 1

Impossible
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Clausius statement. Impossible

been conducted that contradicts the second law. The basis of the second law is therefore
experimental evidence.

A second observation is that these two statements of the second law are equivalent.
Two statements are equivalent if the truth of either statement implies the truth of the other
or if the violation of either statement implies the violation of the other. That a violation of
the Clausius statement implies a violation of the Kelvin—Planck statement may be shown.
The device at the left in Fig. 5.10 is a refrigerator that requires no work and thus violates
the Clausius statement. Let an amount of heat Q; be transferred from the low-temperature
reservoir to this refrigerator, and let the same amount of heat Q; be transferred to the
high-temperature reservoir. Let an amount of heat O that is greater than Q; be transferred
from the high-temperature reservoir to the heat engine, and let the engine reject the amount
of heat Q; as it does an amount of work, W, that equals Q5 — Q,. Because there is no net
heat transfer to the low-temperature reservoir, the low-temperature reservoir, along with the
heat engine and the refrigerator, can be considered together as a device that operates in a
cycle and produces no effect other than the raising of a weight (work) and the exchange
of heat with a single reservoir. Thus, a violation of the Clausius statement implies a viola-
tion of the Kelvin—Planck statement. The complete equivalence of these two statements is
established when it is also shown that a violation of the Kelvin—Planck statement implies a
violation of the Clausius statement. This is left as an exercise for the student.

The third observation is that frequently the second law of thermodynamics has been
stated as the impossibility of constructing a perpetual-motion machine of the second kind.
A perpetual-motion machine of the first kind would create work from nothing or create
mass or energy, thus violating the first law. A perpetual-motion machine of the second kind
would extract heat from a source and then convert this heat completely into other forms of

| High-temperature reservoir |

equivalence of the two
statements of the
secondlaw. —l______________ _____ _

/\ /System boundary
rtT]T------- - ’I
: or On :
W=0 | |
:’:J>
| O O | W=0y- 0,
| /\ |
FIGURE 5.10 | o Or |
Demonstration of the : |
| |
' |
|
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FIGURE 5.11 A
perpetual-motion
machine of the second

kind.
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energy, thus violating the second law. A perpetual-motion machine of the third kind would
have no friction, and thus would run indefinitely but produce no work.

A heat engine that violated the second law could be made into a perpetual-motion
machine of the second kind by taking the following steps. Consider Fig. 5.11, which might
be the power plant of a ship. An amount of heat Q; is transferred from the ocean to a
high-temperature body by means of a heat pump. The work required is W', and the heat
transferred to the high-temperature body is Q. Let the same amount of heat be transferred
to a heat engine that violates the Kelvin—Planck statement of the second law and does an
amount of work W = Q. Of this work, an amount Oy — Q; is required to drive the heat
pump, leaving the net work (W, = Q;) available for driving the ship. Thus, we have a
perpetual-motion machine in the sense that work is done by utilizing freely available sources
of energy such as the ocean or atmosphere.

In-Text Concept Questions

a. Electrical appliances (TV, stereo) use electric power as input. What happens to the
power? Are those heat engines? What does the second law say about those devices?

b. Geothermal underground hot water or steam can be used to generate electric power.
Does that violate the second law?

¢. A windmill produces power on a shaft taking kinetic energy out of the wind. Is it a
heat engine? Is it a perpetual-motion machine? Explain.

d. Heat engines and heat pumps (refrigerators) are energy conversion devices altering
amounts of energy transfer between Q and W. Which conversion direction (Q — W
or W — Q) is limited and which is unlimited according to the second law?

5.3) THE REVERSIBLE PROCESS

The question that can now logically be posed is this: If it is impossible to have a heat
engine of 100% efficiency, what is the maximum efficiency one can have? The first step in
the answer to this question is to define an ideal process, which is called a reversible process.

A reversible process for a system is defined as a process that, once having taken place,
can be reversed and in so doing leave no change in either system or surroundings.
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Let us illustrate the significance of this definition for a gas contained in a cylinder
that is fitted with a piston. Consider first Fig. 5.12, in which a gas, which we define as the
system, is restrained at high pressure by a piston that is secured by a pin. When the pin is
removed, the piston is raised and forced abruptly against the stops. Some work is done by
the system, since the piston has been raised a certain amount. Suppose we wish to restore
the system to its initial state. One way of doing this would be to exert a force on the piston
and thus compress the gas until the pin can be reinserted in the piston. Since the pressure
on the face of the piston is greater on the return stroke than on the initial stroke, the work
done on the gas in this reverse process is greater than the work done by the gas in the initial
process. An amount of heat must be transferred from the gas during the reverse stroke so that
the system has the same internal energy as it had originally. Thus, the system is restored
to its initial state, but the surroundings have changed by virtue of the fact that work was
required to force the piston down and heat was transferred to the surroundings. The initial
process therefore is an irreversible process because it could not be reversed without leaving
a change in the surroundings.

In Fig. 5.13, let the gas in the cylinder comprise the system, and let the piston be
loaded with a number of weights. Let the weights be slid off horizontally, one at a time,
allowing the gas to expand and do work in raising the weights that remain on the piston.
If the weights are made smaller and their number increased, we approach a process that can
be reversed, for at each level of the piston during the reverse process there will be a small
weight that is exactly at the level of the platform and thus can be placed on the platform
without requiring work. In the limit, therefore, as the weights become very small, the reverse

e =
E= =

FIGURE 5.13 An
example of a process " | | | | "
that approaches
reversibility.
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process can be accomplished in such a manner that both the system and its surroundings
are in exactly the same state they were in initially. Such a process is a reversible process.

5.4) FACTORS THAT RENDER PROCESSES
IRREVERSIBLE

There are many factors that make processes irreversible. Four of those factors—friction,
unrestrained expansion, heat transfer through a finite temperature difference, and mixing
of two different substances—are considered in this section.

Friction

It is readily evident that friction makes a process irreversible, but a brief illustration may
amplify the point. Let a block and an inclined plane make up a system, as in Fig. 5.14, and
let the block be pulled up the inclined plane by weights that are lowered. A certain amount
of work is needed to do this. Some of this work is required to overcome the friction between
the block and the plane, and some is required to increase the potential energy of the block.
The block can be restored to its initial position by removing some of the weights and thus
allowing the block to slide back down the plane. Some heat transfer from the system to
the surroundings will no doubt be required to restore the block to its initial temperature.
Since the surroundings are not restored to their initial state at the conclusion of the reverse
process, we conclude that friction has rendered the process irreversible. Another type of
frictional effect is that associated with the flow of viscous fluids in pipes and passages and
in the movement of bodies through viscous fluids.

Unrestrained Expansion

The classic example of an unrestrained expansion, as shown in Fig. 5.15, is a gas separated
from a vacuum by a membrane. Consider what happens when the membrane breaks and
the gas fills the entire vessel. We know that this is an irreversible process when we consider
what would be necessary to restore the system to its original state. The gas would have to be

FIGURE 5.14
Demonstration of the
fact that friction makes =] =
processes irreversible. (a) (b) (©)

__________ | System
] -ll‘/ boundary |

FIGURE 5.15
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compressed and heat transferred from the gas until its initial state is reached. Since the work
and heat transfer involve a change in the surroundings, the surroundings are not restored
to their initial state, indicating that the unrestrained expansion was an irreversible process.
The process described in Fig. 5.12 is also an example of an unrestrained expansion, and so
is the flow through a restriction like a valve or throttle.

In the reversible expansion of a gas, there must be only an infinitesimal difference
between the force exerted by the gas and the restraining force, so that the rate at which the
boundary moves will be infinitesimal. In accordance with our previous definition, this is a
quasi-equilibrium process. However, actual systems have a finite difference in forces, which
causes a finite rate of movement of the boundary, and thus the processes are irreversible in
some degree.

Heat Transfer Through a Finite Temperature Difference

Consider as a system a high-temperature body and a low-temperature body, and let heat
be transferred from the high-temperature body to the low-temperature body. The only way
in which the system can be restored to its initial state is to provide refrigeration, which
requires work from the surroundings, and some heat transfer to the surroundings will also
be necessary. Because of the heat transfer and the work, the surroundings are not restored
to their original state, indicating that the process is irreversible.

An interesting question is now posed. Heat is defined as energy that is transferred
through a temperature difference. We have just shown that heat transfer through a
temperature difference is an irreversible process. Therefore, how can we have a reversible
heat-transfer process? A heat-transfer process approaches a reversible process as the
temperature difference between the two bodies approaches zero. Therefore, we define a
reversible heat-transfer process as one in which heat is transferred through an infinitesimal
temperature difference. We realize, of course, that to transfer a finite amount of heat
through an infinitesimal temperature difference would require an infinite amount of time
or an infinite area. Therefore, all actual heat transfers are through a finite temperature
difference and hence are irreversible, and the greater the temperature difference, the greater
the irreversibility. We will find, however, that the concept of reversible heat transfer is very
useful in describing ideal processes.

Mixing

Figure 5.16 illustrates the process of mixing two different gases separated by a membrane.
When the membrane is broken, a homogeneous mixture of oxygen and nitrogen fills the
entire volume. This process will be considered in some detail in Chapter 11. We can say
here that this may be considered a special case of an unrestrained expansion, for each gas
undergoes an unrestrained expansion as it fills the entire volume. An air separation plant
requires an input of work to re-create masses of pure oxygen and pure nitrogen.

Mixing the same substance at two different states is also an irreversible process.
Consider mixing hot and cold water to produce lukewarm water. The process can be
reversed, but it requires a work input to a heat pump that will heat one part of the water
and cool the other part.

Other Factors

A number of other factors make processes irreversible, but they will not be considered
in detail here. Hysteresis effects and the i>R loss encountered in electrical circuits are
both factors that make processes irreversible. Ordinary combustion is also an irreversible
process.
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FIGURE 5.16
Demonstration of the
fact that the mixing of
two different substances
is an irreversible process.
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It is frequently advantageous to distinguish between internal and external irreversibil-
ity. Figure 5.17 shows two identical systems to which heat is transferred. Assuming each
system to be a pure substance, the temperature remains constant during the heat-transfer
process. In one system the heat is transferred from a reservoir at a temperature 7 + d7, and
in the other the reservoir is at a much higher temperature, 7 + AT, than the system. The first
is a reversible heat-transfer process, and the second is an irreversible heat-transfer process.
However, as far as the system itself is concerned, it passes through exactly the same states
in both processes, which we assume are reversible. Thus, we can say for the second system
that the process is internally reversible but externally irreversible because the irreversibility
occurs outside the system.

We should also note the general interrelation of reversibility, equilibrium, and time. In
areversible process, the deviation from equilibrium is infinitesimal, and therefore it occurs
at an infinitesimal rate. Since it is desirable that actual processes proceed at a finite rate, the
deviation from equilibrium must be finite, and therefore the actual process is irreversible in
some degree. The greater the deviation from equilibrium, the greater the irreversibility and
the more rapidly the process will occur. It should also be noted that the quasi-equilibrium
process, which was described in Chapter 1, is a reversible process, and hereafter the term
reversible process will be used.

difference between an ﬁ
0

In-Text Concept Questions

e. In Figure 5.7, the rectangular box represents the cycle. Where is the cycle located in
the figure of the refrigerator?

f. Where is the process location with T}, in a solar power plant?

g. An engineer suggested changing the electrical baseboard heating in a house to a heat
pump system. Is that a good idea?

h. A power plant rejects significant amounts of energy at 45-60°C. Is that necessary?
Is this energy useful for something?
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5.5) THE CARNOT CYCLE

Having defined the reversible process and considered some factors that make processes
irreversible, let us again pose the question raised in Section 5.3. If the efficiency of all heat
engines is less than 100%, what is the most efficient cycle we can have? Let us answer this
question for a heat engine that receives heat from a high-temperature reservoir and rejects
heat to a low-temperature reservoir. Since we are dealing with reservoirs, we recognize that
both the high temperature and the low temperature of the reservoirs are constant and remain
constant regardless of the amount of heat transferred.

Let us assume that this heat engine, which operates between the given high-
temperature and low-temperature reservoirs, does so in a cycle in which every process is
reversible. If every process is reversible, the cycle is also reversible; and if the cycle is
reversed, the heat engine becomes a refrigerator. In the next section we will show that this
is the most efficient cycle that can operate between two constant-temperature reservoirs.
It is called the Carnot cycle and is named after a French engineer, Nicolas Leonard Sadi
Carnot (1796-1832), who expressed the foundations of the second law of thermodynamics
in 1824.

Let us consider the Carnot cycle and the processes it must have to work reversibly
with two constant temperature reservoirs. As the two heat-transfer processes should be
reversible, the working substance must be at the reservoir temperature when the heat trans-
fer takes place. If that is not the case, it becomes an irreversible process with a Q over a
finite temperature difference. So when Qy, is transferred, the temperature must be 74, and
to transfer Q; the working substance must be at 7;. The working substance goes through a
cycle, so there must processes that change the temperature between 7; and Ty, which are
then adiabatic in order to be reversible, as there is no reservoir at a 7 between 7; and Tp.
The Carnot cycle thus have four basic processes as:

Transfer of Oy in a reversible isothermal process, T = Ty,
A reversible adiabatic process that lowers T from T4 to T,

Transfer of Q; in a reversible isothermal process, T =T},

A

A reversible adiabatic process that raises T from 7} to Ty

If the QO transfers into the substance and the Q; transfers out, it is a heat engine. If the
transfer is in the opposite direction, it is a refrigerator/heat pump. The cycle, like all cycles
that will be shown in this text, can be executed with steady-flow devices (as illustrated for
a heat engine in Fig. 5.18), so the various processes happen in separate devices. It can also
be done sequentially in time in a piston cylinder type of device as shown in Fig. 5.19.

Notice the flow in Fig. 5.18 can be reversed so all the Q and W transfers change
direction and the heat engine becomes a refrigerator/heat pump. The same will happen for
the device in Fig. 5.19 if the sequence is reversed.

Heat engines and refrigerators are designed to use cycles that come close to the Carnot
cycle, but for practical reasons some processes work slightly differently to offset any inef-
ficiencies and losses that the implementation of the Carnot cycle might bring. For example,
the heat engine’s pump in Fig. 5.18 raises the pressure of the liquid water, but it does not
raise its temperature, as the water is incompressible. The pump should receive a two-phase
mixture of liquid and vapor in order to raise the temperature, but that is very difficult to
get from the condenser. The pump then would tend to have cavitation (vapor collapsing
to liquid), which would send shock waves through the substance and destroy the pump
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bearings. Since we do not generally have constant temperature energy sources and sinks
(reservoirs), it becomes difficult to implement the two isothermal processes except in the
case of a phase change, shown in Fig. 5.18. These and other similar complexities will be
mentioned in Chapters 9 and 10 for the cycles used in the real heat engines and refrigerators.
For now, we can think of these energy conversion cycles as having a Carnot cycle device as
the best possible machine working between the two constant temperature reservoirs, which
the next section will demonstrate.

5.6/ TWO PROPOSITIONS REGARDING THE
EFFICIENCY OF A CARNOT CYCLE

There are two important propositions regarding the efficiency of a Carnot cycle.

First Proposition

It is impossible to construct an engine that operates between two given reservoirs and is
more efficient than a reversible engine operating between the same two reservoirs.

Proposition I: Hany < Hrey
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The proof of this statement is provided by a thought experiment. An initial assumption
is made, and it is then shown that this assumption leads to impossible conclusions. The only
possible conclusion is that the initial assumption was incorrect.

Let us assume that there is an irreversible engine operating between two given reser-
voirs that has a greater efficiency than a reversible engine operating between the same two
reservoirs. Let the heat transfer to the irreversible engine be O, the heat rejected be Q’L, and
the work be Wy (which equals Oy — Q’L), as shown in Fig. 5.20. Let the reversible engine
operate as a refrigerator (this is possible since it is reversible). Finally, let the heat trans-
fer with the low-temperature reservoir be Q;, the heat transfer with the high-temperature
reservoir be Qy, and the work required be Wy (which equals Oy — O;).

Since the initial assumption was that the irreversible engine is more efficient, it fol-
lows (because Qy is the same for both engines) that Q) < Q; and Wy > Wgg. Now the
irreversible engine can drive the reversible engine and still deliver the net work W, which
equals Wig — Wpg = Q) — Q'L. If we consider the two engines and the high-temperature
reservoir as a system, as indicated in Fig. 5.20, we have a system that operates in a cycle,
exchanges heat with a single reservoir, and does a certain amount of work. However, this
would constitute a violation of the second law, and we conclude that our initial assumption
(that an irreversible engine is more efficient than a reversible engine) is incorrect. There-
fore, we cannot have an irreversible engine that is more efficient than a reversible engine
operating between the same two reservoirs.

Second Proposition

All engines that operate on the Carnot cycle between two given constant-temperature reser-
voirs have the same efficiency.

Proposition II:  #,, | = #ey 2

The proof of this proposition is similar to the proof just outlined, which assumes that
there is one Carnot cycle that is more efficient than another Carnot cycle operating between
the same temperature reservoirs. Let the Carnot cycle with the higher efficiency replace
the irreversible cycle of the previous argument, and let the Carnot cycle with the lower
efficiency operate as the refrigerator. The proof proceeds with the same line of reasoning
as in the first proposition. The details are left as an exercise for the student.
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5.7) THE THERMODYNAMIC TEMPERATURE SCALE

In discussing temperature in Chapter 1, we pointed out that the zeroth law of thermo-
dynamics provides a basis for temperature measurement, but that a temperature scale must
be defined in terms of a particular thermometer substance and device. A temperature scale
that is independent of any particular substance, which might be called an absolute tempera-
ture scale, would be most desirable. In the preceding paragraph we noted that the efficiency
of a Carnot cycle is independent of the working substance and depends only on the reservoir
temperatures. This fact provides the basis for such an absolute temperature scale called the
thermodynamic temperature scale. Since the efficiency of a Carnot cycle is a function only
of the temperature, it follows that
or

Mthermal = l——=1- W(TL’ TH) (5.4)
On

where y designates a functional relation.
There are many functional relations that could be chosen to satisfy the relation given
in Eq. 5.4. For simplicity, the thermodynamic temperature scale is defined as

9 _Tu

o T
Substituting this definition into Eq. 5.4 results in the following relation between the thermal
efficiency of a Carnot cycle and the absolute temperatures of the two reservoirs:

(5.5)

Mthermal = l-—=1-= (56)

It should be noted, however, that the definition of Eq. 5.5 is not complete since it does
not specify the magnitude of the degree of temperature or a fixed reference point value. In
the following section, we will discuss in greater detail the ideal gas absolute temperature
introduced in Section 2.8 and show that this scale satisfies the relation defined by Eq. 5.5.

5.8 THE IDEAL GAS TEMPERATURE SCALE

In this section we reconsider in greater detail the ideal gas temperature scale introduced
in Section 2.8. This scale is based on the observation that as the pressure of a real gas
approaches zero, its equation of state approaches that of an ideal gas:

Pv=RT

We now demonstrate that the ideal gas temperature scale is, in fact, identical to the
thermodynamic temperature scale, which was defined in the discussion of the Carnot cycle
and the second law. Our objective can be achieved by using an ideal gas as the working
fluid for a Carnot-cycle heat engine and analyzing the four processes that make up the
cycle. The four state points, 1, 2, 3, and 4, and the four processes are as shown in Fig. 5.21.
For convenience, let us consider a unit mass of gas inside the cylinder. Now for each of the
four processes, the reversible work done at the moving boundary is given by Eq. 3.16:

ow=Pdv
Similarly, for each process the gas behavior is, from the ideal gas relation, Eq. 2.7,

Py =RT



www.konkur.in

FIGURE 5.21 The Ideal gas -
ideal gas Carnot cycle. 1

and the internal energy change, from Eq. 3.33, is

Assuming no changes in kinetic or potential energies, the energy equation is, from Eq. 3.4
at unit mass,
0q = du+ 6w

Substituting the three previous expressions into this equation, we have for each of the four
processes

5q=Codl + 5L gy 5.7)
v

The shape of the two isothermal processes shown in Fig. 5.21 is known, since Pv
is constant in each case. The isothermal heat addition process 1-2 is an expansion at T,
such that v, is larger than v,. Similarly, the isothermal heat rejection process 3—4 is a com-
pression at a lower temperature, 7;, and v, is smaller than v;. The adiabatic expansion
process 2-3 is an expansion from T to T}, with an increase in specific volume, while the
adiabatic compression process 4—1 is a compression from 7; to Ty, with a decrease in spe-
cific volume. The area below each process line represents the work for that process, as given
by Eq. 3.17.

We now proceed to integrate Eq. 5.7 for each of the four processes that make up the
Carnot cycle. For the isothermal heat addition process 1-2, we have

v
Gy =4, =O0+RTy In = (5.8)
Vi
For the adiabatic expansion process 2-3 we divide by T to get,

Lc v

0=/ 24T +R I =2 (5.9)
T, T V2

For the isothermal heat rejection process 3—4,

V4
3

V3
=+RT, In = (5.10)
Va
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and for the adiabatic compression process 4—1 we divide by T to get,

_ Tu CVO V1
0= dT +R In - (5.11)
Ty r V4

From Eqgs. 5.9 and 5.11, we get

THC
/ 0T —RIn 2 =—RIn 2L
T, V2 Va

L

Therefore,

A% V, \% V.
S22 o 2=2 (5.12)

Thus, from Eqgs. 5.8 and 5.10 and substituting Eq. 5.12, we find that

V2

RTy; In =
n_ o _Tu
qar RT; In £} T,

V4

which is Eq. 5.5, the definition of the thermodynamic temperature scale in connection with
the second law.

The absolute temperature as relating to both Eq. 5.5 and the ideal gas temperature has
a reference of absolute zero. Notice that the Carnot heat-engine efficiency will approach
1 as the low temperature 7; approaches zero, at which point a heat engine will convert
the heat input 100% to work while no heat is rejected. Similarly, for a Carnot refrigerator
the coefficient of performance will approach zero as the low temperature approaches zero.
The limit for the work input required for a finite Q; is infinity, so the absolute zero is the
ultimate limit for cooling by a refrigerator. This consideration then leaves the magnitude
to be determined, and that is determined by the triple point of water being 273.16 K (as
explained in Section 1.11).

5.9, IDEAL VERSUS REAL MACHINES

Following the definition of the thermodynamic temperature scale by Eq. 5.5, it was noted
that the thermal efficiency of a Carnot cycle heat engine is given by Eq. 5.6. It also follows
that a Carnot cycle operating as a refrigerator or heat pump will have a COP expressed as

O _ T,
QH - QL Carnot TH — TL

B (5.13)

Oy _ Ty
QH - QL Carnot TH - TL

For all three “efficiencies” in Egs. 5.6, 5.13, and 5.14, the first equality sign is the definition
with the use of the energy equation and thus is always true. The second equality sign is valid

p = (5.14)
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only if the cycle is reversible, that is, a Carnot cycle. Any real heat engine, refrigerator, or
heat pump will be less efficient, such that

0 T,
Mreal thermal = 1- Q_H <l1- T_H
or T,
Brear = <
QH - QL TH - TL
ﬂl Oy Ty

real _ < T, —T
Oy —0; =1L

- L s —
Let us consider the heat engine, shown schematically in Fig. 5.22, that receives a
heat-transfer rate of 1 MW at a high temperature of 550°C and rejects energy to the
ambient surroundings at 300 K. Work is produced at a rate of 450 kW. We would like to
know how much energy is discarded to the ambient surroundings and the engine efficiency
and compare both of these to a Carnot heat engine operating between the same two
reservoirs.

FIGURE 5.22 A heat engine operating between
two constant-temperature energy reservoirs for
Example 5.4.

Solution
If we take the heat engine as a control volume, the energy equation gives

0, = Oy — W = 1000 kW — 450 kW = 550 kW
and from the definition of efficiency
Nihermal = W/Qp = 450/1000 = 0.45

For the Carnot heat engine, the efficiency is given by the temperature of the reservoirs:

T 300
—1-L=1-—2 _ _0635
"icarmt T, 550 + 273
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The rates of work and heat rejection become

W = fcamo @y = 0.635 x 1000 kW = 635 kW
Q; = 0y — W = 1000 kW — 635 kW = 365 kW

The actual heat engine thus has a lower efficiency than the Carnot (ideal) heat engine, with
a value of 45% typical for a modern steam power plant. This also implies that the actual
engine rejects a larger amount of energy to the ambient surroundings (55%) compared with
the Carnot heat engine (36%).

HLE N . ol

e - S
As one mode of operation of an air conditioner is the cooling of a room on a hot day, it
works as a refrigerator, shown in Fig. 5.23. A total of 4 kW should be removed from a
room at 24°C to the outside atmosphere at 35°C. We would like to estimate the magnitude
of the required work. To do this we will not analyze the processes inside the refrigerator,
which is deferred to Chapter 9, but we can give a lower limit for the rate of work, assuming
it is a Carnot-cycle refrigerator.

Inside air Outside air
Evaporator T,
T, p 4 s Condenser H
g =
o Expansion 0
” valve Compressor ﬁH
{ WC p:::
1 —>]EEE 2
»—] —r>
[ ] [ ]

An air conditioner in cooling mode

FIGURE 5.23 An air conditioner in cooling mode where T, is the room.

Solution
The COP is

%O T _ B,
W 0y-0, Tn-T, 35-24

so the rate of work or power input will be

P

W=0,/p=4kW/27 =0.15kW
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Since the power was estimated assuming a Carnot refrigerator, it is the smallest amount
possible. Recall also the expressions for heat-transfer rates in Chapter 3. If the refrigerator
should push 4.15 kW out to the atmosphere at 35°C, the high-temperature side of it should
be at a higher temperature, maybe 45°C, to have a reasonably small-sized heat exchanger.
As it cools the room, a flow of air of less than, say, 18°C would be needed. Redoing the
COP with a high of 45°C and a low of 18°C gives 10.8, which is more realistic. A real
refrigerator would operate with a COP on the order of 5 or less.

HLE N . -l

In the previous discussion and examples, we considered the constant-temperature
energy reservoirs and used those temperatures to calculate the Carnot-cycle efficiency.
However, if we recall the expressions for the rate of heat transfer by conduction, convection,
or radiation in Chapter 3, they can all be shown as

0=CAT (5.15)

The constant C depends on the mode of heat transfer as

Conduction: C = Z—A Convection: C = hA
X

Radiation: C = ecA(T? + T2)(T, + T,)

For more complex situations with combined layers and modes, we also recover the form in
Eq. 5.15, but with a value of C that depends on the geometry, materials, and modes of heat
transfer. To have a heat transfer, we therefore must have a temperature difference so that
the working substance inside a cycle cannot attain the reservoir temperature unless the area
is infinitely large.

Actual Heat Engines and Heat Pumps

Real devices have irreversible processes in two places, internal (in the working substance)
and external (outside the working substance). The external irreversible process is mainly
heat transfer over a finite temperature difference. The necessary heat transfer in many
of these systems typically takes place in dual-fluid heat exchangers where the working
substance receives or rejects heat. These heat engines typically have an external combus-
tion of fuel, as in coal, oil, or natural gas—fired power plants, or they receive heat from
a nuclear reactor or some other source. There are only a few types of movable engines
with external combustion, notably a Stirling engine (see Chapter 10) that uses a light gas
as a working substance. Heat pumps and refrigerators all have heat transfer external to
the working substance with work input that is electrical, as in the standard household
refrigerator, but it can also be shaft work from a belt, as in a car air-conditioning system.
The heat transfer requires a temperature difference (recall Eq. 5.15) such that the rates
become
Qy=CyATy and  Q, = C, AT,
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FIGURE 5.24
Temperature span for
heat engines and heat

pumps.
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AT
T4
I ATy
Typ——f————————-
ATy
ATyg ATyp
AT,
n___L _________
I AT,

where the C’s depend on the details of the heat transfer and interface area. That is, for a
heat engine, the working substance goes through a cycle that has

so the operating range that determines the cycle efficiency becomes

For a heat pump the working substance must be warmer than the reservoir to which
it moves Qy, and it must be colder than the reservoir from which it takes Q;, so we get

giving an operating range for the working substance as
ATyp = Thigh — Tiow = Ty — T + (ATy + ATY) (5.17)

This effect is illustrated in Fig. 5.24 for both the heat engine and the heat pump. Notice
that in both cases the effect of the finite temperature difference due to the heat transfer is
to decrease the performance. The heat engine’s maximum possible efficiency is lower due
to the lower T, and the higher T}, and the heat pump’s (also the refrigerator’s) COP is
lower due to the higher 7}, and the lower T}, .

5.10/ THE INEQUALITY OF CLAUSIUS

The last historical expression relating to the second law and the temperature is the inequal-
ity of Clausius. It will be demonstrated to be valid for all possible cycles, including both
reversible and irreversible heat engines and refrigerators. Since any reversible cycle can be
represented by a series of Carnot cycles, in this analysis we need consider only a Carnot
cycle that leads to the inequality of Clausius.
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/ ——
FIGURE 5.25 O > W L) R

Reversible heat
engine/refrigerator ‘ ‘ or Z\>QL
(dashed arrows) cycle for

demonstration of the
inequality of Clausius. |

Consider first a reversible (Carnot) heat engine cycle operating between reservoirs at
temperatures Ty and T}, as shown in Fig. 5.25. For this cycle, the cyclic integral of the heat
transfer, y§ 60, is greater than zero.

7{5Q=QH—QL>0

Since Ty and T, are constant, from the definition of the absolute temperature scale
and from the fact that this is a reversible cycle, it follows that

Y{Q_%_%zo
T Ty T,

If y§ 60, the cyclic integral of 6Q, approaches zero (by making 7 approach 7;) and
the cycle remains reversible, the cyclic integral of 6Q/T remains zero. Thus, we conclude
that for all reversible heat engine cycles

y{ano
-
T

Now consider an irreversible cyclic heat engine operating between the same 7, and
T, as the reversible engine of Fig. 5.25 and receiving the same quantity of heat Q. Since
the irreversible cycle has a lower efficiency, the work out is lower and the heat rejected is
higher compared to the reversible cycle so

and

Wirr < Wrev

and
QL irr > QL rev

Consequently, for the irreversible cyclic engine,

f5Q:QH_QLirr>0

%@_%_QLM

= <0
T T, T
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Suppose that we cause the engine to become more and more irreversible but keep
Qy, Ty, and T; fixed. The cyclic integral of 6Q then approaches zero, and that for §Q/T
becomes a progressively larger negative value. In the limit, as the work output goes

to zero,
}1{ 50=0

7{@<0
T

Thus, we conclude that for all irreversible heat engine cycles

7§an0
7{@<0
T

To complete the demonstration of the inequality of Clausius, we must perform similar
analyses for both reversible and irreversible refrigeration cycles. This is omitted since it is
very similar to the previous analysis for a heat engine.

In general, the end result is that for all possible cycles we can write

}{%Q <0 (5.18)

where the equality holds for reversible cycles and the inequality for irreversible cycles. This
relation, Eq. (5.18), is known as the inequality of Clausius.

Let us look at a case of a heat engine that is so irreversible it does not produce any
net work out. This is the case of simple steady-state heat transfer through say a window or
wall as in Ex. 3.7. Imagine a control volume between T} and 7} in Fig. 5.25 where W =0
in steady state conditions then

Energyeq: 0=0y-0;, =204=0,=0
Clausius:  Q/Ty—Q/T; <0

When T}, > T, then Clausius inequality is satisfied for a positive Q, if the tempera-
tures are changed so Ty, < T, then it follows from Clausius that the heat transfer Q must be
negative thus moving energy in the opposite direction. We therefore see that Clausius state-
ment does imply that the heat transfer must go from the higher temperature domain toward
the lower temperature domain something we know experimentally. A second observation
is that the equal sign is only possible for zero heat transfer (Q = 0) or equality of the two
temperatures (T = T;).

The significance of the inequality of Clausius may be illustrated by considering the
simple steam power plant cycle shown in Fig. 5.26. This cycle is slightly different from the
usual cycle for steam power plants in that the pump handles a mixture of liquid and vapor
in such proportions that saturated liquid leaves the pump and enters the boiler. Suppose that
someone reports that the pressure and quality at various points in the cycle are as given in
Fig. 5.26. Does this cycle satisfy the inequality of Clausius?
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Saturated vapor, 0.7 MPa
|

.

i =
®
Boiler
ﬂ H H :> w
<12 Turbine  —-® 90% quality, 15 kPa
A

FIGURE 5.26 A o
simple steam power —@® Saturated liquid, 0.7 MPa
plant that demonstrates “\ C‘I‘)
the inequality of Pump l ) < 1 Condenser —"> - 30,

10% quality, 15 kPa

Clausius.

Heat is transferred in two places, the boiler and the condenser. Therefore,

F-1 (%) o (%
T T boiler T condenser

Since the temperature remains constant in both the boiler and condenser, this may be inte-

grated as follows:
8 2 4 0, ;0
%_in/ 5Q+i/ 5Q=1_2+3_4
r T, I3 Js I, T;

Let us consider a 1-kg mass as the working fluid. We have then

19, = hy — hy =2066.3 kI /kg, T, =164.97°C

34, = hy — hy = 463.4 —2361.8 = —1898.4 kI /kg, T; =53.97°C
Therefore,

50 2066.3 1898.4 kl/kg _
7{ T [164.97 05 sao7+annsl kBT ke

Thus, this cycle satisfies the inequality of Clausius, which is equivalent to saying that it
does not violate the second law of thermodynamics.

In-Text Concept Questions

i. As the heat transfer rates follow Eq. 5.15 is that a reversible process?

j- Does the statement of Clausius require a constant 7 for the heat transfer as in a
Carnot cycle?

k. Can the statement of Clausius say something about the direction of heat transfer?
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5.11, ENGINEERING APPLICATIONS

The second law of thermodynamics is presented as it was developed, with some additional
comments and in a modern context. The main implication is the limits it imposes on pro-
cesses: Some processes will not occur but others will, with a constraint on the operation of
complete cycles such as heat engines and heat pumps.

Nearly all energy conversion processes that generate work (typically converted fur-
ther from mechanical to electrical work) involve some type of cyclic heat engine. These
include the engine in a car, a turbine in a power plant, or a windmill. The source of energy
can be a storage reservoir (fossil fuels that can burn, such as gasoline or natural gas) or a
more temporary form, for example, the wind kinetic energy that ultimately is driven by heat
input from the sun.

PROCESSES LIMITED BY THE ENERGY EQUATION (First Law)

POSSIBLE IMPOSSIBLE

Motion on slope —
No initial velocity <
mg mg
@)
@

Bouncing ball

time time

Energy conversion O0=>W+1-n0O n>1

Heat engine W = 5Q and 5 limited

Machines that violate the energy equation, say generate energy from nothing, are
called perpetual-motion machines of the first kind. Such machines have been “demonstrat-
ed” and investors asked to put money into their development, but most of them had some
kind of energy input not easily observed (such as a small, compressed air line or a hidden
fuel supply). Recent examples are cold fusion and electrical phase imbalance; these can be
measured only by knowledgeable engineers. Today it is recognized that these processes are
impossible.

Machines that violate the second law but obey the energy equation are called
perpetual-motion machines of the second kind. These are a little more subtle to analyze,
and for the unknowledgeable person they often look as if they should work. There are
many examples of these and they are even proposed today, often hidden by a variety of
complicated processes that obscure the overall process.
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PROCESSES LIMITED BY THE SECOND LAW

POSSIBLE IMPOSSIBLE
Heat transfer . . . .
No work term 0 (at Thot) = 0 (at Tcold) 0 (at Tcold) = QO (at Thm)
Flow, m
No KE, PE Piigh = Pioy, Pioy = Phign
Energy conversion W = Q (100%) 0 = W (100%)
Energy conversion 0=>W+(1-nQ N> Moy beat eng

W = nQ and # limited

Chemical reaction Fuel + air = products Products = fuel + air

like combustion

Heat exchange,
mixing . cold| =>| warm warm | = .cold

Mixing
. N, |=| air air | = |0, |N,

For heat engines with an energy conversion process in the working substance such
as combustion, there is no heat transfer to or from an external energy reservoir. These are
typically engines that are built to move with vehicles, such as car and truck engines, gas
turbines, and jet engines, and thus they cannot have large pieces of equipment, as volume
and mass are undesirable. When the working substance becomes hot, it has a heat transfer
loss to its surroundings that lowers the pressure (given the volume) and thus decreases the
ability to do work on any moving boundary. These processes are more difficult to analyze
and require extensive knowledge to predict any net effect like efficiency, so in later chapters
we will use some simple models to describe these cycles.

A final comment about heat engines and heat pumps is that there are no practical
examples of these that run in a Carnot cycle. All the cyclic devices operate in slightly differ-
ent cycles determined by the behavior of the physical arrangements, as shown in Chapters 9
and 10.

Some Historical Developments in Thermodynamics

Progress in understanding the physical sciences led to the basic development of the sec-
ond law of thermodynamics before the first law. A wide variety of people with different
backgrounds did work in this area, Carnot and Kelvin among others shown in Table 5.1,
that, combined with developments in mathematics and physics, helped foster the Indus-
trial Revolution. Much of this work took place in the second half of the 1800s followed
by applications continuing into the early 1900s such as steam turbines, gasoline and diesel
engines, and modern refrigerators. All of these inventions and developments, summarized
in the following table, had a profound effect on our society.
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TABLE 5.1
Important Historical Events in Thermodynamics
Year  Person Event
1660  Robert Boyle P = C/V at constant T (first gas law attempt)
1687  Isaac Newton Newton’s laws, gravitation, law of motion
1712 Thomas Newcomen and First practical steam engine using the piston/cylinder
Thomas Savery
1714  Gabriel Fahrenheit First mercury thermometer
1738 Daniel Bernoulli Forces in hydraulics, Bernoulli’s equation (Ch. 7)
1742 Anders Celsius Proposes Celsius scale
1765  James Watt Steam engine that includes a separate condenser (Ch. 9)
1787  Jaques A. Charles ideal gas relation between V and T
1824  Sadi Carnot Concept of heat engine, hints at second law
1827  George Ohm Ohm’s law formulated
1839  William Grove First fuel cell (Ch. 13)
1842 Julius Robert Mayer Conservation of energy
1843  James P. Joule Experimentally measured equivalency of work and heat
1848  William Thomson Lord Kelvin proposes absolute temperature scale based
on the work done by Carnot and Charles
1850  Rudolf Clausius and, later, First law of energy conservation; thermodynamics is a
William Rankine new science
1865  Rudolf Clausius Shows that entropy (Ch. 6) increases in a closed system
(second law)
1877  Nikolaus Otto Develops the Otto cycle engine (Ch. 10)
1878  J. Willard Gibbs Heterogeneous equilibria, phase rule
1882  Joseph Fourier Mathematical theory of heat transfer
1882 Electrical generating plant in New York (Ch. 9)
1893  Rudolf Diesel Develops the compression-ignition engine (Ch. 10)
1896  Henry Ford First Ford machine (quadricycle) built in Michigan
1927  General Electric Co. First refrigerator made available to consumers (Ch. 9)
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KEY
CONCEPTS
AND
FORMULAS

(All W, Q can also be rates W, Q)

. W, 0
Heat engine: Wye = Oy — Oy NuE = % =1- Q—L (5.1)
H H
0 0
Heat pump: Wup = Oy — Oy Pup = W_:P = QH—_HQL (5.3)
Refrigerator: Wrer = On — Q15 Prer = O 9 (5.2)

WREF B QH - QL
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Factors that makes Friction, unrestrained expansion (W =0), Q over AT,
processes irreversible: mixing, current through a resistor, combustion, valve
flow (throttle).

Carnot cycle: 1-2 Isothermal heat addition Qj; in at Ty,
2-3 Adiabatic expansion process T goes down
3—4 Isothermal heat rejection Q; out at Ty
4—1 Adiabatic compression process T goes up

Proposition I: Nany < Mreversible Same Ty, Ty
Proposition II: Acamot 1 = NcCamot 2 Same Ty, Ty
T,
Absolute temperature: L _ & (5.5
Ty QOn
. _ Wi _ Ty
Real heat engine: HE = —— =< MCamotHE = 1 — =— (5.6)
On Ty
On Ty
Real heat : = — = — 5.14
eal heat pump Pup Wi Pcamot HP T, —T, (5.14)
Real refrigerator: Prep = 9 <p = L (5.13)
& : REF Wegr Carnot REF T, T, .
Heat transfer rates 0=CAT (5.15)
C depends on geometry, materials, flow, etc.
Conduction: C = kA/Ax
Convection: C = hA
Radiation: C = ecA(T? + T2 )(T, + T,,)
oo . d
Clausius inequality: ?{ TQ <0 (5.18)
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CHAPTER 6 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

6.1

6.2

6.3

6.4

6.5

6.6

Telegram: @uni_k

When a substance has completed a cycle, v, u,
h, and s are unchanged. Did anything happen?
Explain.

Assume a heat engine with a given Q. Can you
say anything about Q; if the engine is reversible?
If it is irreversible?

Water at 100°C, quality 50% in a rigid box is
heated to 110°C. How do the properties (P, v, x,
u, and s) change (increase, stay about the same, or
decrease)?

Liquid water at 20°C, 200 kPa is expanded in a
piston/cylinder without any heat transfer to a pres-
sure of 100 kPa. How do the properties (7, v, u,
and s) change (increase, stay about the same, or
decrease)?

A reversible process in a piston/cylinder is shown
in Fig. P6.5. Indicate the storage change u, — u,
and transfers Wy and 149, as positive, zero, or
negative.

P T
2 2
\ \

Figure P6.5

A reversible process in a piston/cylinder is shown
in Fig. P6.6. Indicate the storage change u, — u,
an'd transfers Wy and 14, as positive, zero, or neg-
ative.

6.7

6.8

6.9

6.10

6.11

6.12

Figure P6.6

Air at 390 K, 100 kPa in a rigid box is cooled
to 325 K. How do the properties (P, v, u, and
s) change (increase, stay about the same, or
decrease)?

Air at 20°C, 200 kPa is expanded in a pis-
ton/cylinder without any heat transfer to a pres-
sure of 100 kPa. How do the properties (7, v, u,
and s) change (increase, stay about the same, or
decrease)?

Carbon dioxide is compressed to a smaller volume
in a polytropic process with n = 1.4. How do the
properties (u, h, s, P, T) change (up, down, or con-
stant)?

Why do we write AS or S, — S, whereas we write
[ dOIT and 1S, gen"

A reversible heat pump has a flux of s entering as
Q,/T;. What can you say about the exit flux of s
at Ty?

An electric baseboard heater receives 1500 W of
electrical power that heats room air, which loses
the same amount through the walls and windows.
Specify exactly where entropy is generated in that
process.

P-49
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HOMEWORK PROBLEMS

Entropy of a Pure Substance

6.13

6.14

6.15

6.16

6.17

6.18

6.19

Determine the entropy for these states.

a. Nitrogen, P = 2000 kPa, 120 K

b. Nitrogen, 120 K, v = 0.0050 m3/kg

c. R-134a, T=25°C, v =0.01 m?/kg

Determine the missing property among P, T, s, and
x for R-410A at

a. T=-20°C,v=0.1377 m’/kg

b. T=20°C,v=0.01377 m3/kg

c. P =200kPa, s = 1.409 kJ/kgK

Find the entropy for the following water states and
indicate each state on a 7—s diagram relative to the
two-phase region.

a. 250°C, v = 0.02 m3/kg

b. 250°C, 2000 kPa

c. —2°C, 100 kPa

Find the missing properties of P, v, s, and x for CO,
and indicate each state on a 7—s diagram relative to
the two-phase region.

a. —20°C, 2000 kPa

b. 20°C, s = 1.59 kJ/kg-K

c. —10°C, s =1 kJ/kg-K

Determine the missing properties among (7, P,
v, )

a. H,0, 20°C, v = 0.001000 m3/kg

b. R-410A, 400 kPa, s = 1.17 kJ/kg-K

c¢. NH;, 10°C, v=10.1 m3/kg

d. N,, 101.3 kPa, s = 3.5 kJ/kg-K

Two kilograms of water at 120°C with a quality
of 25% has its temperature raised 20°C in a con-
stantentropy process. What are the new quality and
specific volume?

Two kilograms of water at 400 kPa with a qual-
ity of 25% has its temperature raised 20°C in a
constant-pressure process. What is the change in
entropy?

Reversible Processes

6.20

P-50

Consider a Carnot-cycle heat pump with R-410A
as the working fluid. Heat is rejected from the
R-410A at 35°C, during which process the R-410A
changes from saturated vapor to saturated liquid.
The heat is transferred to the R-410A at 0°C.

Telegram: @uni_k

6.21

6.22

6.23

6.24

6.25

6.26

a. Show the cycle on a T—s diagram.

b. Find the quality of the R-410A at the beginning
and end of the isothermal heat addition process
at 0°C.

c. Determine the COP for the cycle.

Do Problem 6.20 using refrigerant R-134a instead

of R-410A.

A piston/cylinder compressor takes R-410A as

saturated vapor 600 kPa and compresses it in a

reversible adiabatic process to 3000 kPa. Find

the final temperature and the specific compres-
sion work.

A piston/cylinder receives R-134a at 300 kPa and

compresses it in a reversible adiabatic process to

1000 kPa, 60°C. Find the initial temperature.

Compression and heat transfer bring carbon diox-
ide in a piston/cylinder from 1400 kPa, 20°C to
saturated vapor in an isothermal process. Find the
specific heat transfer and the specific work.

A piston/cylinder maintaining constant pressure
contains 0.1 kg saturated liquid water at 100°C.
It is now boiled to become saturated vapor in a
reversible process. Find the work term and then
the heat transfer from the energy equation. Find
the heat transfer from the entropy equation; is it
the same?

A piston/cylinder contains 0.5 kg of water at
200 kPa, 300°C, and it now cools to 150°C in an
isobaric process. The heat goes into a heat engine
that rejects heat to the ambient at 25°C (shown in
Fig. P6.26), and the whole process is assumed to be
reversible. Find the heat transfer out of the water
and the work given out by the heat engine.

o

H,O

Figure P6.26
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A 1 kg steel piston/cylinder contains ammonia at
50°C, 20% quality with a volume of 1 L. The
ammonia expands slowly, and heat is transferred
to keep constant temperature. The process stops
when P = 1600 kPa. Determine the work and heat
transfer for this process.

Water in a piston/cylinder at 400°C, 2000 kPa is
expanded in a reversible adiabatic process. The
specific work is measured to be 415.72 kJ/kg out.
Find the final P and T and show the P—v and 7-s
diagrams for the process.

A piston/cylinder of 1 kg steel has 2 kg water at
1000 kPa, 200°C that is now cooled with con-
stant pressure. This process ends when the water
is saturated liquid. Find thework and heat trans-
fer assuming steel and water has the same T at all
times and sketch the process in both a P-v and a
T-s diagram.

Water at 1000 kPa, 250°C is brought to saturated
vapor in a rigid container. Find the final 7 and the
specific heat transfer in this isometric process.

A closed tank, V = 10 L, containing 5 kg of water
initially at 25°C, is heated to 150°C by a heat
pump that receives heat from the surroundings
at 25°C. Assume that this process is reversible.
Find the heat transfer to the water and its change
in entropy.

Water at 1 MPa, 250°C is expanded in a pis-
ton/cylinder to 200 kPa, x = 1.0 in a reversible
process where P varies linearly with v. Find the
specific work and specific the heat transfer.

Redo the previous problem with the process T is
linear with s.

Water at 1000 kPa, 250°C is brought to saturated
vapor in a piston/cylinder with an isothermal pro-
cess. Find the specific work and heat transfer. Esti-
mate the specific work from the area in the P—v
diagram and compare it to the correct value.

A rigid, insulated vessel contains superheated
vapor steam at 3 MPa, 400°C. A valve on the ves-
sel is opened, allowing steam to escape, as shown
in Fig. P6.35. The overall process is irreversible,
but the steam remaining inside the vessel goes
through a reversible adiabatic expansion. Deter-
mine the fraction of steam that has escaped when
the final state inside is saturated vapor.

p

A\

Figure P6.35

Entropy of a Liquid or a Solid

6.36

6.37

6.38

6.39

6.40

6.41

6.42

A 4 kg piece of steel at 250°C and a 3 kg block of
aluminum at 25°C, come in thermal contact. Find
the final temperature and the change in entropy of
the steel.

A rigid tank of 1.2-kg steel contains 1.5 kg of
R-134a at 40°C, 500 kPa. The tank is placed in
a refrigerator that brings it to —20°C. Find the
process heat transfer and the combined steel and
R-134a change in entropy.

A large slab of concrete, 5 X 8 X 0.3 m, is used as
a thermal storage mass in a solar-heated house. If
the slab cools overnight from 23°C to 18°C in an
18°C house, what is the net entropy change asso-
ciated with this process?

A foundry form box of 5 kg steel and 20 kg sand
both at 200°C is dumped into a bucket with 50
L water at 15°C. Assuming no heat transfer with
the surroundings and no boiling away of liquid
water, calculate the net entropy change for the
total mass.

In a sink, 5 L of water at 70°C is combined with
1 kg of aluminum pots, 1 kg of flatware (steel), and
1 kg of glass, all put in at 20°C. What is the final
uniform temperature and change in stored entropy,
neglecting any heat loss and work?

A piston/cylinder has constant pressure of
2000 kPa with water at 20°C. It is now heated
to 100°C. Find the heat transfer and the entropy
change using the steam tables. Repeat the calcula-
tion using constant specific heat and incompress-
ibility.

A constant pressure container of 1.2 kg steel con-
tains 1.5 kg of R-134a at 40°C, 500 kPa. The
container is placed in a refrigerator that brings
it to —20°C. Find the process heat transfer and the
combined steel and R-134a change in entropy.

P-51
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6.44

6.45

6.46

A pan in an auto shop contains 5 L of engine oil at
20°C, 100 kPa. Now 3 L of oil at 100°C is mixed
into the pan. Neglect any work term and find the
final temperature and the entropy change.

A computer CPU chip consists of 50 g silicon, 20 g
copper, and 50 g polyvinyl chloride (plastic). It
heats from 15°C to 75°C as the computer is turned
on. How much did the entropy increase?
Consider Problem 6.36 if the two blocks exchange
energy through a heat engine similar to the setup
in Problem P6.26. Find the work output of the heat
engine.

A 4000 kg concrete block is heated by the sun to
80°C and at night it gives energy to a heat engine
as it cools down to the ambient 20°C. This is simi-
lar to the setup in Fig. P6.26. Find the heat engine
work output.

Entropy of Ideal Gases

6.47

6.48

6.49

6.50

6.51

6.52
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R-134a at 400 kPa is brought from 20°C to
120°C in a constant-pressure process. Evaluate the
change in specific entropy using Table B.5 and
using ideal gas with constant C,, from Table A.5.

R-410A at 300 kPa, 20°C is brought to 200°C in
a constant-volume process. Evaluate the change
in specific entropy using Table B.4 and using
Table A.S.

A rigid tank contains 1 kg propane at 500 K,
1500 kPa. It is now cooled down to 300 K. Find
the heat transfer and the change in entropy using
ideal gas.

Three kilograms of air is in a piston/cylinder keep-
ing constant pressure at 27°C, 300 kPa. It is now
heated to 500 K. Plot the process path in a 7—s dia-
gram and find the heat transfer in the process.

A piston/cylinder setup contains air at 1000 kPa,
800 K that is expanded to a final pressure of
100 kPa. Consider two different processes: (a) a
reversible adiabatic process and (b) a reversible
isothermal process. Show both processes in P—v
and a T—s diagram. Find the final temperature and
the specific work for both processes.

Consider a small air pistol (Fig. P6.52) with a
cylinder volume of 1 cm? at 250 kPa, 27°C. The
bullet acts as a piston initially held by a trigger.
The bullet is released, so the air expands in an adi-
abatic process. If the pressure should be 120 kPa as
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6.54

6.55

6.56

6.57

6.58

the bullet leaves the cylinder, find the final volume
and the work done by the air.

= Vv
L=z »

|AirD

Figure P6.52

An insulated piston/cylinder setup contains carbon
dioxide gas at 800 kPa, 300 K that is then com-
pressed to 6 MPa in a reversible adiabatic process.
Calculate the final temperature and the specific
work using (a) ideal gas Tables A.8 and (b) using
constant specific heats in Table A.5.

Extend the previous problem to solve using
Table B.3.

A handheld pump for a bicycle (Fig. P6.55) has a
volume of 25 cm?® when fully extended. You now
press the plunger (piston) in while holding your
thumb over the exit hole so that an air pressure of
250 kPa is obtained. The outside atmosphere is at
Py, T,. Consider two cases: (1) it is done quickly
(~1s), and (2) it is done very slowly (~1 h). State
the assumptions about the process for each case.
Find V;, T, and | W, for both cases.

=
1 { )

Figure P6.55

Argon in a light bulb is at 90 kPa, 20°C when it
is turned on and electricity input now heats it to
60°C. Find the entropy increase of the argon gas.

A 1-m3 insulated, rigid tank contains air at
800 kPa, 400K. A valve on the tank is opened,
and the pressure inside quickly drops to 150 kPa,
at which point the valve is closed. Assuming that
the air remaining inside has undergone reversible
adiabatic expansion, calculate the mass withdrawn
during the process.

Two rigid tanks, shown in Fig. P6.58, each con-
tains 10 kg N, gas at 1000 K, 500 kPa. They are
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now thermally connected to a reversible heat
pump, which heats one tank and cools the other,
with no heat transfer to the surroundings. When
one tank is heated to 1500 K, the process stops.
Find the final (P, T) in both tanks and the work
input to the heat pump, assuming constant heat
capacities.

i

Figure P6.58

6.59

6.60

A rigid tank contains 4 kg air at 300°C, 4 MPa that
acts as the hot energy reservoir for a heat engine
with its cold side at 20°C, shown in Fig. P6.59.
Heat transfer to the heat engine cools the air down
in a reversible process to a final 20°C and then
stops. Find the final air pressure and the work out-
put of the heat engine.
hw

. On 9
Air E— @ —>|20°C
Figure P6.59

Assume the setup in the previous problem with the
air tank being a piston/cylinder with P = C. Initial
state is 600 K, 250 kPa and the final is 7 = 300 K.
Find Q and the work out of the heat engine.

Polytropic Processes

6.61

B3 6.62
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An ideal gas having constant specific heat under-
goes a reversible polytropic expansion with expo-
nent n = 1.3. If the gas is carbon dioxide, will the
heat transfer for this process be positive, negative,
or zero?

Repeat the previous problem for the gas carbon
monoxide.

6.63

6.64

6.65

6.66

6.67

6.68

6.69

A nitrogen gas goes through a polytropic process
with n = 1.3 in a piston/cylinder arrangement.
It starts out at 800 K, 400 kPa and ends at 600 K.
Is the heat transfer positive, negative, or zero?

A cylinder/piston contains 1 kg propane gas at
100 kPa, 300 K. The gas is compressed reversibly
to a pressure of 800 kPa. Calculate the work
required if the process is adiabatic.

Do the previous problem but assume that the pro-
cess is isothermal.

Do Problem 6.64 and assume that the process is
polytropic with n = 1.25.

Helium in a piston/cylinder at 20°C, 100 kPa is
brought to 400 K in a reversible polytropic pro-
cess with exponent n = 1.25. Find the final pressure
and both the specific heat transfer and the spe-
cific work.

The power stroke in an internal combustion engine
can be approximated with a polytropic expan-
sion. Consider air in a cylinder volume of 0.2
L at 7MPa, 1800 K, shown in Fig. P6.68. It
now expands in a reversible polytropic process
with exponent n = 1.5 through a volume ratio of
10:1. Show this process on P—v and 7—s diagrams,
and calculate the work and heat transfer for the
process.

© L\

Figure P6.68

Air goes through a polytropic process with n = 1.3
in a piston/cylinder setup. It starts at 200 kPa, 300
K and ends with a pressure of 2200 kPa. Find the
compression ratio v;/v,, the specific work, and the
specific heat transfer.

Entropy Generation

6.70

Consider a heat transfer of 100 kJ from 1500 K hot
gases to a steel container at 750 K that has a heat
transfer of the 100 kJ out to some air at 375 K.
Determine the entropy generation in each of the
control volumes indicated in Fig. P6.70.

P-53
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6.74

6.75

6.76

6.77
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Figure P6.70

Find the total entropy generation in Problem 5.56.

A rigid tank has 0.1 kg saturated vapor R-410A at
0°C that is cooled to —20°C by a —20°C heat sink.
Show the process in a 7—s diagram; find the change
in entropy of the R-410A, the heat sink, and the
total entropy generation.

One kilogram of water at 500°C and 1 kg satu-
rated water vapor, both at 200 kPa, are mixed in a
constant-pressure and adiabatic process. Find the
final temperature and the entropy generation for
the process.

A car uses an average power of 25 hp for a 1-h
round trip. With a thermal efficiency of 35%,
how much fuel energy was used? What hap-
pened to all the energy? What change in entropy
took place if we assume an ambient temperature
of 20°C?

A 750 W electric heater is on for 15 minutes and
delivers a heat transfer from its 800 K surface to
25°C air. How much entropy is generated in the
heater element? How much entropy, if any, is gen-
erated outside the heater element?

The unrestrained expansion of the reactor water
in Problem 3.66 has a final state in the two-phase
region. Find the entropy generated in the process.

Heat transfer from a 20°C kitchen to a block of
1.5 kg ice at —10°C melts it to liquid at 10°C. How
much entropy is generated?

A cylinder fitted with a movable piston con-
tains water at 3 MPa, 50% quality, at which point
the volume is 20 L. The water now expands to
1.2 MPa as a result of receiving 600 kJ of heat
from a large source at 300°C. It is claimed that the
water does 124 kJ of work during this process. Is
this possible?
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6.79

6.80

6.81

6.82

A piston/cylinder device keeping a constant pres-
sure has 1 kg water at 20°C and 1 kg of water at
100°C, both at 500 kPa separated by a thin mem-
brane, shown in Fig. P6.79. The membrane is bro-
ken and the water comes to a uniform state, with
no external heat transfer. Find the final temperature
and the entropy generation for the process.

]
B A ~+— I = constant
]

Figure P6.79

A piston/cylinder contains 1 kg water at 150 kPa,
20°C. The piston is loaded, so the pressure is lin-
ear in volume. Heat is added from a 600°C source
until the water is at 1 MPa, 500°C. Find the heat
transfer and the entropy generation.

A closed, rigid container is filled with 1.5 kg water
at 100 kPa, 55°C, 1 kg of stainless steel and 0.5 kg
of polyvinyl chloride, both at 20°C and 0.1 kg of
hot air at 400 K, 100 kPa. It is now left alone, with
no external heat transfer, and no water vaporizes.
Find the final temperature and the entropy genera-
tion for the process.

A piston/cylinder has ammonia at 2000 kPa, 80°C
with a volume of 0.1 m>. The piston is loaded with
a linear spring and outside ambient is at 20°C,
shown in Fig. P6.82. The ammonia now cools
down to 20°C, at which point it has a quality of
15%. Find the work, the heat transfer, and the total
entropy generation in the process.

20°C

NH;

A

Figure P6.82
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One kilogram of ammonia (NH;) is contained in
a 1 kg steel spring-loaded piston/cylinder, similar
to Fig. P6.82, as saturated liquid at —20°C. Heat is
added from a reservoir at 100°C until a final con-
dition of 800 kPa, 70°C is reached. Find the work,
heat transfer, and entropy generation, assuming the
process is internally reversible.

A piston/cylinder of total 1 kg steel contains 0.5 kg
ammonia at 1600 kPa, both masses at 120°C.
Some stops are placed so that a minimum volume
is 0.02 m3, shown in Fig. P6.84. Now the whole
system is cooled down to 30°C by heat transfer to
the ambient at 20°C, and during the process the
steel keeps the same temperature as the ammo-
nia. Find the work, the heat transfer, and the total
entropy generation in the process.

20°C

Figure P6.84

A piston/cylinder contains 0.1 kg water at 500°C,
1000 kPa. The piston has a stop at half of the orig-
inal volume, similar to Fig. P6.84. The water now
cools to 75°C in a room at 25°C. Find the heat
transfer and the entropy generation.

A 12 kg steel sphere holds 0.6 kg water at 2 MPa,
250°C. The system (steel plus water) cools to the
ambient temperature, 30°C. Find the entropy gen-
eration for this process.

A cylinder/piston arrangement contains 10 g
ammonia at 20°C with a volume of 1 L, shown in
Fig. P6.87. There are some stops, so if the piston
is at the stops, the volume is 1.4 L. The ammonia
is now heated to 200°C by a 240°C source. The
piston and cylinder are made of 0.5 kg aluminum,
and assume that the mass has the same tempera-
ture as the ammonia at any time. Find the total heat
transfer and the total entropy generation.

6.88

6.89

6.90

6.91

6.92

Figure P6.87

One kilogram of air at 300 K is mixed with 2 kg
air at 400 K in a process at a constant 100 kPa and
Q = 0. Find the final T and the entropy generation
in the process.

Two rigid, insulated tanks are connected with a
pipe and valve. One tank has 0.5 kg air at 200 kPa,
300 K and the other has 0.75 kg air at 100 kPa, 400
K. The valve is opened and the air comes to a single
uniform state, without external heat transfer. Find
the final 7 and P and the entropy generation.

One kilogram air at 100 kPa is mixed with 2 kg air
at 200 kPa, both at 300 K, in arigid, insulated tank.
Find the final state (P, T) and the entropy genera-
tion in the process.

Argon in a light bulb is at 110 kPa, 90°C. The light
is turned off, so the argon cools to the ambient tem-
perature of 20°C. Disregard the glass and any other
mass and find the specific entropy generation.

A rigid container with volume 200 L is divided
into two equal volumes by a partition, shown in
Fig. P6.92. Both sides contain nitrogen; one side is
at 2 MPa, 200°C and the other at 200 kPa, 100°C.
The partition ruptures, and the nitrogen comes to
a uniform state at 70°C. Assume the temperature
of the surroundings is 20°C. Determine the work
done and the net entropy change for the process.

20°C

Figure P6.92
P-55
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A 1kg steel piston/cylinder contains 0.5 kg air
at 300 K, 400 kPa. The piston/cylinder maintains
constant pressure and the steel has the same tem-
perature as the air at any time. The system is
nowheated to 1400 K by heat transfer from a 1700
K source. Find the entropy generation using con-
stant specific heats for air.

Do Problem 6.93 using Table A.7.

Nitrogen at 200°C, 300 kPa is in a piston/cylinder,
volume 5 L, with the piston locked with a pin. The
forces on the piston require a pressure inside of
200 kPa to balance it without the pin. The pin is
removed, and the piston quickly comes to its equi-
librium position without any heat transfer. Find the
final P, T and the entropy generation due to this
partly unrestrained expansion.

One kilogram carbon dioxide at 100 kPa, 400 K is
mixed with 2 kg carbon dioxide at 200 kPa, 2000
K, in arigid, insulated tank. Find the final state (P,
T) and the entropy generation in the process using
constant specific heat from Table A.5.

Solve Problem 6.96 using Table A.8.

The air in the engine cylinder of Problem 3.98
loses the heat to the engine coolant at 100°C. Find
the entropy generation (external to the air) using
constant specific heat.

A cylinder/piston contains 100 L air at 110 kPa,
25°C. The air is compressed in a reversible poly-
tropic process to a final state of 800 kPa, 500 K.
Assume the heat transfer is with the ambient at
25°C and determine the polytropic exponent n and
the final volume of the air. Find the work done by
the air, the heat transfer, and the total entropy gen-
eration for the process.

Rates or Fluxes of Entropy

B3 6.100

6.101

6.102
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A room at 22°C is heated electrically with 1500 W
to keep a steady temperature. The outside ambient
is at 5°C. Find the flux of S (= Q/T) into the room
air, into the ambient, and the rate of entropy gen-
eration.

A mass of 3 kg nitrogen gas at 2000 K, V = C,
cools with 500 W. What is dS/dt?

Find the rate of entropy generation and specify
where it is made in Problem 5.60. Show that the
individual parts add up to the total.
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6.103

6.104

6.105

6.106

A window receives 500 W of heat transfer at the
inside surface of 20°C and transmits the 500 W
from its outside surface at 2°C, continuing to ambi-
ent air at —5°C. Find the flux of entropy at all
three surfaces and the window’s rate of entropy
generation.

Room air at 23°C is heated by a 2000-W space
heater with a surface filament temperature of
700 K, shown in Fig. P6.104. The room at steady
state loses the power to the outside which is at 7°C.
Find the rate(s) of entropy generation and specify
where it is made.

Wall
7°C

4

Figure P6.104

Find the total rate of entropy generation in Prob-
lem 5.65.

Your oven uses 1.5 kW to bake at 200°C and it
loses the heat through the wall at 90°C, then the
heat goes into the kitchen air at 25°C. Assume
steady state and find all the fluxes of entropy and
specify the entropy generation rate and where it
is made.

Review Problems

6.107

6.108

6.109

An insulated cylinder/piston has an initial volume
of 0.15 m? and contains steam at 400 kPa, 200°C.
The steam is expanded adiabatically, and the work
output is measured very carefully to be 30 kJ. It is
claimed that the final state of the water is in the
two-phase (liquid and vapor) region. What is your
evaluation of the claim?

The water in the two tanks of Problem 3.146
receives heat transfer from a reservoir at 300°C.
Find the total entropy generation due to this
process.

A steel piston/cylinder of 1kg contains 2.5 kg
ammonia at 50 kPa, —20°C. Now it is heated to
50°C at constant pressure through the bottom of
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the cylinder from external hot gas at 200°C, and
we assume the steel has the same temperature as
the ammonia. Find the heat transfer from the hot

gas and the total entropy generation. lg

6.110 Water in a piston/cylinder, shown in Fig. P6.110, is
at 1 MPa, 500°C. There are two stops, a lower one

at which V,;, = 1 m? and an upper one at V,,, =
3 m3. The piston is loaded with a mass and outside Z 7
atmosphere such that it floats when the pressure 7% 7%

is 500 kPa. This setup is now cooled to 100°C by
rejecting heat to the surrounding at 20°C. Find the
total entropy generated in the process.

o
m Figure P6.113
8 6.114 A device brings 2 kg ammonia from 150 kPa,
H.O —20°C to 400 kPa, 80°C in a polytropic process.
2

Find the polytropic exponent n, the work, and
the heat transfer. Find the total entropy generated,
assuming a source at 100°C.

6.115 A rigid tank with 0.5 kg ammonia at 1600 kPa,
160°C is cooled in a reversible process by giv-
ing heat to a reversible heat engine that has its
cold side at ambient temperature, 20°C, shown
in Fig. P6.115. The ammonia eventually reaches
20°C and the process stops. Find the heat transfer
from the ammonia to the heat engine and the work
output of the heat engine.

Figure P6.110

6.111 A piston/cylinder contains air at 300 K, 100 kPa.
A reversible polytropic process with n = 1.3 brings
the air to 500 K. Any heat transfer if it comes in
is from a 325°C reservoir, and if it goes out it is
to the ambient at 300 K. Sketch the process in a
P-v and a T-s diagram. Find the specific work and
specific heat transfer in the process. Find the spe-
cific entropy generation (external to the air) in the C.V. total 1%
process. . rTTTTIITITTTITTTT i

6.112 A resistor in a heating element is a total of 0.5 kg :
with specific heat of 0.8 kJ/kgK. It is now receiv- X |:I' > I»
! NH
ing 500 W of electric power, so it heats from 20°C X ’
to 180°C. Neglect external heat loss and find the : H
time the process took and the entropy generation.

6.113 Two tanks contain steam and they are both con- Figure P6.115

nected to a piston/cylinder, as shown in Fig.
P6.113. Initially the piston is at the bottom, and 6.116 A small halogen light bulb receives electrical
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the mass of the piston is such that a pressure of
1.4 MPa below it will be able to lift it. Stream in A
is 4 kg at 7 MPa, 700°C and B has 2 kg at 3 MPa,
350°C. The two valves are opened, and the water
comes to a uniform state. Find the final tempera-
ture and the total entropy generation, assuming no
heat transfer.

power of 50 W. The small filament is at 1000 K
and gives out 20% of the power as light and the rest
as heat transfer to the gas, which is at 500 K; the
glass is at 400 K. All the power is absorbed by the
room walls at 25°C. Find the rate of generation of
entropy in the filament, in the total bulb including
the glass, and in the total room including the bulb.
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6.117E

6.118E

6.119E

6.120E

6.121E

6.122E

6.123E

6.124E

6.125E
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Water at 20 psia, 240 F, receives 40 Btu/lbm in
a reversible process by heat transfer. Which pro-
cess changes s the most: constant 7, constant V,
or constant P?

Saturated water vapor at 20 psia is compressed
to 60 psia in a reversible adiabatic process. Find
the change in v and T.

Find the missing properties of P, v, s, and x for
ammonia, NHj.

a. T=190F P =100 psia

b. T=80F, 1 = 650 Btu/lbm

c¢. T=80F s =1.0Btu/lbm-R

Find the missing properties and give the phase of

the substance.

a. H,O s = 1.7 Bw/lbm R, T=280 F h = ?
P=2x=7?

b. H,O u = 1100 Btw/lbm, P = 680 Ibf/in.?
T=?x=7s="

Consider a Carnot-cycle heat pump with R-410A

as the working fluid. Heat is rejected from the

R-410A at 110 F, during which process the

R-410A changes from saturated vapor to sat-

urated liquid. The heat is transferred to the

R-410A at 30 F.

a. Show the cycle on a T—s diagram.

b. Find the quality of the R-410A at the begin-
ning and end of the isothermal heat addition
process at 30 F.

¢. Determine the COP for the cycle.

Do Problem 6.121E using refrigerant R-134a
instead of R-410A.

A piston/cylinder has R-410A at 60 psia and
compresses it in a reversible adiabatic process to
400 psia, 200 F. Find the initial temperature.

A piston/cylinder contains 1 Ibm water at 40
psia, 600 F, and it now cools to 280 F in an iso-
baric process. The heat goes into a heat engine
that rejects heat to the ambient at 77 F, shown
in Fig. P6.26, and the whole process is assumed
reversible. Find the heat transfer out of the water
and the work given out by the heat engine.

A cylinder fitted with a piston contains ammonia
at 120 F, 20% quality with a volume of 60 in.>.
The ammonia expands slowly, and during this
process heat is transferred to maintain a constant
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6.126E

6.127E

6.128E

6.129E

6.130E

6.131E

6.132E

6.133E

temperature. The process stops when P = 100
psia. Determine the work and heat transfer for
this process.

A closed tank, V = 0.35 ft?, containing 10 Ibm
water initially at 77 F, is heated to 350 F by a
heat pump that is receiving heat from the sur-
roundings at 77 F. Assume that this process is
reversible. Find the heat transfer to the water and
the work input to the heat pump.

R-410A at 150 psia and 140 F is expanded in a
piston/cylinder to 75 psia in a reversible adiabatic
process. Find the specific work and the specific
heat transfer for this process.

A cylinder containing R-134a at 60 F, 30 Ibf/in.?
has an initial volume of 1ft3. A piston com-
presses the R-134a in a reversible isothermal pro-
cess until it reaches the saturated vapor state.
Calculate the work and heat transfer required to
accomplish this process.

A rigid, insulated vessel contains superheated
vapor steam at 400 Ibf/in.2, 700 F. A valve on
the vessel is opened, allowing steam to escape. It
may be assumed that the steam remaining inside
the vessel goes through a reversible adiabatic
expansion. Determine the fraction of steam that
has escaped when the final state inside is satu-
rated vapor.

A 5 Ibm block of steel at 500 F and a 3 1bm block
of aluminum at 80 F come in thermal contact.
Find the final temperature and the change in the
entropy of the masses.

A foundry form box of 10 Ibm steel and 40 Ibm
sand both at 400 F is dumped into a bucket with
2 ft> water at 60 F. Assuming no heat transfer
with the surroundings and no boiling away of liq-
uid water, calculate the net entropy change for the
masses.

A rigid tank of 1.2 Ibm steel contains 1.5 Ibm
R-134a at 100 F, 80 psia. The tank is placed in a
refrigerator that brings it to O F. Find the process
heat transfer and the combined steel and R-134a
change in entropy.

R-410A at 60 psia is brought from 60 F to 240
F in a constant-pressure process. Evaluate the
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change in specific entropy using Table F.9 and
using Table F.4.

A 25-ft> insulated, rigid tank contains air at
1101bf/in2, 75 F. A valve on the tank is
opened, and the pressure inside quickly drops to
30 Ibf/in.?, at which point the valve is closed.
Assuming the air remaining inside has under-
gone a reversible adiabatic expansion, calculate
the mass withdrawn during the process.

A cylinder/piston contains 0.1 Ibm propane gas
at 15 psia, 70 F. The gas is compressed reversibly
to a pressure of 120 psia. Calculate the work
required if the process is adiabatic.

Helium in a piston/cylinder at 70 F, 20 psia is
brought to 720 R in a reversible polytropic pro-
cess with exponent n = 1.25. Find the final pres-
sure and both the specific heat transfer and the
specific work.

Consider a heat transfer of 100 Btu from 2400 R
hot gases to a steel container at 1200 R that has
a heat transfer of the 100 Btu out to some air at
600 R. Determine the entropy generation in each
of the control volumes indicated in Fig. P6.70.

Heat transfer from a 70 F kitchen to a block of
3 Ibm ice at 15 F melts it to liquid at 50 F. Find
the entropy generation.

A mass and atmosphere loaded piston/cylinder
contains 4 Ibm water at 500 1bf/in.2, 200 F. Heat
is added from a reservoirs at 1200 F to the water
until it reaches 1000 F. Find the work, heat trans-
fer, and total entropy generation for the system
and its surroundings.

A cylinder/piston contains water at 30 Ibf/in.?,
400 F with a volume of 1 ft3. The piston is moved
slowly, compressing the water to a pressure of
120 Ibf/in.2. The loading on the piston is such
that the product PV is a constant. With a room
temperature of 70 F, find the entropy generation
for this process.

A 1-1b mass of ammonia (NHj;) is contained in a
linear spring-loaded piston/cylinder as saturated
liquid at 0 F. Heat is added from a reservoir
at 225 F until a final condition of 200 Ibf/in.2,
160 F is reached. Find the work, heat transfer,
and entropy generation, assuming the process is
internally reversible.

6.142E

6.143E

6.144E

6.145E

6.146E
6.147E

6.148E

6.149E

6.150E

A 251bm steel sphere holds 3 Ibm water at
300 Ibf/in.2, 500 F. The system (steel plus water)
cools to the ambient temperature, 90 F. Calculate
the total entropy generation in this process.

One lbm of air at 540 R is mixed with 2 Ibm air
at 720 R in a process at a constant 15 psia and
QO = 0. Find the final 7T and the entropy generation
in the process.

One lbm air at 15 psia is mixed with 2 1bm air at
30 psia, both at 540 R, in a rigid, insulated tank.
Find the final state (P, T) and the entropy gener-
ation in the process.

A constant-pressure piston/cylinder is 2 Ibm
steel and it contains 1 Ibm air at 540 R, 60 psia.
The system is now heated to 2000 R by a 2200 R
source, and the steel has the same temperature
as the air. Find the entropy generation using con-
stant specific heats.

Do Problem 6.145E using Table E.5.

A cylinder/piston contains 4 ft> air at 16 1bf/in.2,
77 F. The air is compressed in a reversible poly-
tropic process to a final state of 120 1bf/in.2, 400
F. Assume the heat transfer is with the ambient at
77 F and determine the polytropic exponent n and
the final volume of the air. Find the work done
by the air, the heat transfer, and the total entropy
generation for the process.

Your oven uses 1.5 kW to bake at 400 F and it
loses the heat through the wall at 190 F, then the
heat goes into the kitchen air at 77 F. Assume
steady state and find all the fluxes of entropy and
specify the entropy generation rate and where it
is made.

A farmer runs a heat pump using 2.5 hp of power
input. It keeps a chicken hatchery at a constant
86 F while the room loses 20 Btu/s to the colder
outside ambient air at 50 F. What is the rate of
entropy generated in the heat pump? What is the
rate of entropy generated in the heat loss process?

Water in a piston/cylinder is at 150 Ibf/in.2, 900
F, as shown in Fig. P6.110. There are two stops,
a lower one at V,;, = 35 ft’ and an upper one
at V., = 105 ft3. The piston is loaded with a
mass and outside atmosphere such that it floats
when the pressure is 75 Ibf/in.2. This setup is now
cooled to 210 F by rejecting heat to the surround-
ings at 70 F. Find the total entropy generated in

the process.

P-59
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6.151E A cylinder with a linear spring-loaded piston is initially at 400 F. By heat transfer, the whole
contains carbon dioxide gas at 300 Ibf/in.? with a system cools to the ambient temperature of 77 F,
volume of 2 ft>. The device is made of aluminum at which points the gas pressure is 220 Ibf/in.2.
and has a mass of 8 Ibm. Everything (Al and gas) Find the total entropy generation for the process.
P-60
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CHAPTER 6

The inequality of Clausius and the property entropy (s) are modern statements of the second
law. The final statement of the second law is the entropy balance equation that includes
generation of entropy. All the results that were derived from the classical formulation of
the second law in Chapter 5 can be rederived with the energy and entropy equations applied
to the cyclic devices. For all reversible processes, entropy generation is zero and all real
(irreversible) processes have positive entropy generation. How large the entropy generation
is depends on the actual process.

Thermodynamic property relations for s are derived from consideration of a reversible
process and lead to Gibbs relations. Changes in the property s are covered through general
tables, approximations for liquids and solids, as well as ideal gases. Changes of entropy
in various processes are examined in general together with special cases of polytropic pro-
cesses. Just as reversible specific boundary work is the area below the process curve in a P—v
diagram, the reversible heat transfer is the area below the process curve in a 7—s diagram.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

* Know the relation between entropy and reversible heat transfer

* Locate states in the tables involving entropy

e Understand how a Carnot cycle looks like in a 7—s diagram

* Know how different simple process curves look like in a 7—s diagram

e Understand how to apply the entropy balance equation for a control mass

* Recognize processes that generate entropy and where the entropy is made.
* Evaluate changes in s for liquids, solids and ideal gases

* Know the various property relations for a polytropic process in an ideal gas

* Know the application of the unsteady entropy equation and what a flux of s is

S-9
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a reversible process

Tables: B, F

Objectives Reading, Examples, Concepts, Study,
Equations & Tables Hw problems

Know the entropy and its Reading: Sec. 6.1-6.2 C:3

relation to heat transfer in Equations: 6.1-6.3 S: 15, 120E

Hw: 13-19, 119E-120E

Understand the Carnot cycles
processes in a T-s diagram

Reading: Sec. 6.3
Examples: 6.1-6.2
Equations: 6.1-6.4

S: 21, 122E
Hw: 20-24, 121E-123E

Know how to use entropy
equation for different
reversible processes

Reading: Sec. 6.3-6.4
Equations: 6.2-6.8
Tables: B, F

C:3,5,6
S: 25,34, 128E
Hw: 25-35, 124E-129E

Evaluate changes in s for
liquids, solids and ideal gases

Reading: Sec. 6.5-6.6

Examples: 6.4-6.6

Equations: 6.10-6.11 Sol, Liq.
6.12-6.19 Ideal gas

C:4,7-8
S:38, 44,52, 56, 132E
Hw: 36-60, 130E-133E

Know the property relation
for polytropic processes

Reading: Sec. 6.7
Examples: 6.7
Equations: 6.20-6.32

C:9
S: 62,67, 136E
Hw: 61-69, 134E-136E

Know to deal with entropy

Reading: Sec. 6.8-6.10

S:70, 78, 83, 90, 137E,

entropy equation and what a
flux of s is

Examples: 6.8
Equations: 6.34—6.40

generation. Examples: 6.8 141E, 144E
Equations: 6.34-6.40 Hw: 70-99, 137E-147E
Know to apply the unsteady Reading: Sec. 6.8-6.10 C: 11,12

S: 100, 104, 149E
Hw: 100-106, 148E-149E
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Up to this point in our consideration of the second law of thermodynamics, we have dealt
only with thermodynamic cycles. Although this is a very important and useful approach,
we are often concerned with processes rather than cycles. Thus, we might be interested in
the second-law analysis of processes we encounter daily, such as the combustion process
in an automobile engine, the cooling of a cup of coffee, or the chemical processes that
take place in our bodies. It would also be beneficial to be able to deal with the second law
quantitatively as well as qualitatively.

Our examination of energy began with a statement of energy equation for cycles and
a demonstration of how the equation leads to the first law of thermodynamics. This is the
reverse order compared to the historical development of the theory. Chapter 5 presented
the second law for cycles, and this chapter develops the second law more deeply by
exploring the property of entropy, which enables us to treat the second law quantitatively
for processes. Energy and entropy are both abstract concepts that help to describe certain
observations. As we noted in Chapter 1, thermodynamics can be described as the science
of energy and entropy. The significance of this statement will become increasingly evident.

6.1/ ENTROPY—A PROPERTY OF A SYSTEM

By applying Eq. 5.15 and Fig. 6.1, we can demonstrate that the second law of thermody-
namics leads to a property of a system that we call entropy. Let a system (control mass)
undergo a reversible process from state 1 to state 2 along a path A, and let the cycle be
completed along path B, which is also reversible.

Because this is a reversible cycle, we can write

FE=o- (B[ (F),

Now consider another reversible cycle, which proceeds first along path C and is then com-
pleted along path B. For this cycle we can write

FE=o=(F).A L (F),

Subtracting the second equation from the first, we have

r \T /s, /i \T /¢
Since 55 60Q/T is the same for all reversible paths between states 1 and 2, we conclude
that this quantity is independent of the path and is a function of the end states onlys; it is

173
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FIGURE 6.1 Two
reversible cycles c
demonstrating that

entropy is a property of
a substance. Vv

therefore a property. This property is called entropy and is designated S. It follows that
entropy may be defined as a property of a substance in accordance with the relation

_ (%2
dS: <?>1‘CV (6.1)

Entropy is an extensive property, and the entropy per unit mass is designated s. It is
important to note that entropy is defined here in terms of a reversible process.
The change in the entropy of a system as it undergoes a change of state may be found

by integrating Eq. 6.1. Thus,
2
1)
S, -, =/ <—Q> (6.2)
1 T rev

To perform this integration, we must know the relation between T and Q, and illustrations
will be given subsequently. The important point is that since entropy is a property, the
change in the entropy of a substance in going from one state to another is the same for all
processes, both reversible and irreversible, between these two states. Equation 6.2 enables
us to find the change in entropy only along a reversible path. However, once the change has
been evaluated, this value is the magnitude of the entropy change for all processes between
these two states.

Equation 6.2 enables us to calculate changes of entropy, but it tells us nothing about
absolute values of entropy. From the third law of thermodynamics, which is based on obser-
vations of low-temperature chemical reactions, it is concluded that the entropy of all pure
substances (in the appropriate structural form) can be assigned the absolute value of zero at
the absolute zero of temperature. It also follows from the subject of statistical thermodynam-
ics that all pure substances in the (hypothetical) ideal gas state at absolute zero temperature
have zero entropy.

However, when there is no change of composition, as would occur in a chemical reac-
tion, for example, it is quite adequate to give values of entropy relative to some arbitrarily
selected reference state, such as was done earlier when tabulating values of internal energy
and enthalpy. In each case, whatever reference value is chosen, it will cancel out when the
change of property is calculated between any two states. This is the procedure followed
with the thermodynamic tables to be discussed in the following section.

A word should be added here regarding the role of T as an integrating factor. We
noted in Chapter 3 that Q is a path function, and therefore §Q in an inexact differential.
However, since (6Q/T),, is a thermodynamic property, it is an exact differential. From
a mathematical perspective, we note that an inexact differential may be converted to an
exact differential by the introduction of an integrating factor. Therefore, 1/T serves as the
integrating factor in converting the inexact differential 6Q to the exact differential 6Q/T
for a reversible process.

Telegram: @uni_k
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FIGURE 6.2
Temperature—entropy
diagram for steam.

Telegram: @uni_k

6.2) THE ENTROPY OF A PURE SUBSTANCE

Entropy is an extensive property of a system. Values of specific entropy (entropy per unit
mass) are given in tables of thermodynamic properties in the same manner as specific
volume and specific enthalpy. The units of specific entropy in the steam tables, refrigerant
tables, and ammonia tables are kJ/kg-K, and the values are given relative to an arbitrary
reference state. In the steam tables the entropy of saturated liquid at 0.01°C is given the
value of zero. For many refrigerants, the entropy of saturated liquid at —40°C is assigned
the value of zero.

In general, we use the term entropy to refer to both total entropy and entropy per unit
mass, since the context or appropriate symbol will clearly indicate the precise meaning of
the term.

In the saturation region the entropy may be calculated using the quality. The relations
are similar to those for specific volume, internal energy and enthalpy.

s=(1- x)sf + x5, 63)
S =8p+XSg,

The entropy of a compressed liquid is tabulated in the same manner as the other
properties. These properties are primarily a function of the temperature and are not greatly
different from those for saturated liquid at the same temperature. Table 4 of the steam tables,
which is summarized in Table B.1.4, give the entropy of compressed liquid water in the
same manner as for other properties.

The thermodynamic properties of a substance are often shown on a temperature—
entropy diagram and on an enthalpy—entropy diagram, which is also called a Mollier
diagram, after Richard Mollier (1863-1935) of Germany. Figures 6.2 and 6.3 show the
essential elements of temperature—entropy and enthalpy—entropy diagrams for steam. The
general features of such diagrams are the same for all pure substances. A more complete
temperature—entropy diagram for steam is shown in Fig. E.1 in Appendix E.

These diagrams are valuable both because they present thermodynamic data and
because they enable us to visualize the changes of state that occur in various processes.
As our study progresses, the student should acquire facility in visualizing thermodynamic

400 1/
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processes on these diagrams. The temperature—entropy diagram is particularly useful for

this purpose.

For most substances, the difference in the entropy of a compressed liquid and a
saturated liquid at the same temperature is so small that a process in which liquid is heated
at constant pressure nearly coincides with the saturated-liquid line until the saturation
temperature is reached (Fig. 6.4). Thus, if water at 10 MPa is heated from 0°C to the

T

(@)

FIGURE 6.4 y

Temperature—entropy
diagram showing
properties of a
compressed liquid,
water.

(b)
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FIGURE 6.5 The
Carnot cycle on the
temperature—entropy
diagram.
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saturation temperature, it would be shown by line ABD, which coincides with the saturated-
liquid line.

6.3) ENTROPY CHANGE IN REVERSIBLE PROCESSES

Having established that entropy is a thermodynamic property of a system, we now con-
sider its significance in various processes. In this section we will limit ourselves to systems
that undergo reversible processes and consider the Carnot cycle, reversible heat-transfer
processes, and reversible adiabatic processes.

Let the working fluid of a heat engine operating on the Carnot cycle make up the
system. The first process is the isothermal transfer of heat to the working fluid from the
high-temperature reservoir. For this process we can write

_ ([0 1 12
SZ_SI_/ <T>rev TH/ 5Q_ H

where we used the fact that the it is a reversible iso-thermal process. This process is shown
in Fig. 6.5a, and the area under line 1-2, area 1-2-b—a—1, represents the heat transferred to
the working fluid during the process.

The second process of a Carnot cycle is a reversible adiabatic one. From the definition

Of entrop 5/ s
rev

it is evident that the entropy remains constant in a reversible adiabatic process. A constant-
entropy process is called an isentropic process. Line 2—-3 represents this process, and this
process is concluded at state 3 when the temperature of the working fluid reaches 7; .

The third process is the reversible isothermal process in which heat is transferred
from the working fluid to the low-temperature reservoir. For this process we can write

4 o
S4—S3=/ <5TQ> =3T_4
3 rev L

Because during this process the heat transfer is negative (in regard to the working fluid),
the entropy of the working fluid decreases. Moreover, because the final process 4—1, which
completes the cycle, is a reversible adiabatic process (and therefore isentropic), it is evident
that the entropy decrease in process 3—4 must exactly equal the entropy increase in process
1-2. The area under line 3—4, area 3—4—a—b-3, represents the heat transferred from the
working fluid to the low-temperature reservoir.

T T
1 Ty 2 4 Tn 3
—W
A Y  / '/n
4 < 3 1 & 2
T I T I
| L | L
I A\QH I })'\QL
I I I I
I I I I
a b S a b S
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Since the net work of the cycle is equal to the net heat transfer, area 1-2—3—4—1 must
represent the net work of the cycle. The efficiency of the cycle may also be expressed in
terms of areas:

Wiet  area 1-2-3-4-1
Qy  area 1-2-b—a-1

M =

Some statements made earlier about efficiencies may now be understood graphically. For
example, increasing Ty while 7} remains constant increases the efficiency. Decreasing 77
while Tj; remains constant increases the efficiency. It is also evident that the efficiency
approaches 100% as the absolute temperature at which heat is rejected approaches zero.

If the cycle is reversed, we have a refrigerator or heat pump. The Carnot cycle for a
refrigerator is shown in Fig. 6.5b. Notice that the entropy of the working fluid increases at
T, , since heat is transferred to the working fluid at 7; . The entropy decreases at Tj; because
of heat transfer from the working fluid.

Let us next consider reversible heat-transfer processes. Actually, we are concerned
here with processes that are internally reversible, that is, processes that have no irre-
versibilities within the boundary of the system. For such processes the heat transfer
to or from a system can be shown as an area on a temperature—entropy diagram. For
example, consider the change of state from saturated liquid to saturated vapor at constant
pressure. This process would correspond to process 1-2 on the 7—s diagram of Fig. 6.6
(note that absolute temperature is required here), and area 1-2—-b—a—1 represents the heat
transfer. Since this is a constant-pressure process, the heat transfer per unit mass is equal

to hfg.ThuS,
2 2 he
1 o0 1 19> o
27 =% m/]<T>rev mT/1 =7 =7 ©4)

This gives arelation between s, and the corresponding value of the enthalpy of evaporation,
hfg. For example, consider steam at 10 MPa. From the steam tables we have

hy, = 1317.1 kI /kg
T=311.06+273.15 = 584.21 K

Therefore,
_hy 13171k /kg

_ s _ = 2.2544 KJ /ke-K
%o =T 58421 K /ke

This is the value listed for Ste in the steam tables.

FIGURE 6.6 A

temperature—entropy \
diagram showing areas
that represent heat

transfer for an internally
reversible process. a b ¢ s
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If heat is transferred to the saturated vapor at constant pressure, the steam is super-
heated along line 2-3. For this process we can write

1 3 3
q=—/5Q=/Tds
213 m J, )

Since T is not constant, this equation cannot be integrated unless we know a relation
between temperature and entropy. However, we do realize that the area under line 2-3,
area 2-3—c—b-2, represents /23 T ds and therefore represents the heat transferred during
this reversible process.

The important conclusion to draw here is that for processes that are internally
reversible, the area underneath the process line on a temperature—entropy diagram repre-
sents the quantity of heat transferred. This is not true for irreversible processes, as will be
demonstrated later.

L —
PTE O
Consider a Carnot-cycle heat pump with R-134a as the working fluid. Heat is absorbed
into the R-134a at 0°C, during which process it changes from a two-phase state to saturated
vapor. The heat is rejected from the R-134a at 60°C and ends up as saturated liquid. Find the
pressure after compression, before the heat rejection process, and determine the COP for
the cycle.

Solution
From the definition of the Carnot cycle, we have two constant-temperature (isothermal)
processes that involve heat transfer and two adiabatic processes in which the temperature
changes. The variation in s follows from Eq. 6.1:

ds =6q/T
and the Carnot cycle is shown in Fig. 6.5 and for this case in Fig. 6.7. We therefore have
State 4 Table B.5.1: 54 =53 = 5;@60deg = 1.2857 kJ/kg-K
State 1 Table B.5.1: 5| =, = 5,@0deg = 1.7262 kJ/kg-K
State 2 Table B.5.2: 60°C, 5, = 5| = 5, @0deg

P T
1682 kPa
1682 60 3 <3 e
v 1294 kPa
294
\ o-/ , > i
v S

FIGURE 6.7 Diagram for Example 6.1.
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Interpolate between 1400 and 1600 kPa in Table B.5.2:
1.7262 — 1.736

P, = 1400 + (1600 — 1400) ——————— = 1487.1 kP
2 *( ) 17135 = 1.736 a
From the fact that it is a Carnot cycle the COP becomes, from Eq. 5.14,
T,
r_ 4u _ H 33315 — 555

Remark. Notice how much the pressure varies during the heat rejection process. Because
this process is very difficult to accomplish in a real device, no heat pump or refrigerator is
designed to attempt to approach a Carnot cycle.

HLE N . ol

PTE O -

A cylinder/piston setup contains 1 L of saturated liquid refrigerant R-410A at 20°C. The
piston now slowly expands, maintaining constant temperature to a final pressure of 400 kPa
in a reversible process. Calculate the work and heat transfer required to accomplish this
process.

Solution
C.V. The refrigerant R-410A, which is a control mass, and in this case changes in kinetic
and potential energies are negligible.

Continuity Eq.: my,=m; =m

Energy Eq. 3.5: m(u, —uy) =,0, — | W,

Entropy Eq. 6.3:  m(s, — 5,) = [80/T

Process: T = constant, reversible

State 1 (7, P) Table B.4.1:  u; = 87.94 kl/kg, s = 0.3357 kl/kg-K
m = V/v; = 0.001 m*/0.000 923 m3/kg = 1.083 kg

State 2 (T, P) Table B.4.2:  u, =276.44kJ/kg, s, =1.2108 kI/kg-K

As T is constant, we have / 6Q/T = ,0,/T, so from the entropy equation:
19, =mT(sy —s1) = 1.083 kg x 293.15 K x (1.2108 — 0.3357) kJ /kg-K = 277.8 kJ
The work is then, from the energy equation,

(W, = m(uy — ) + 0, = 1.083 kg X (87.94 — 276.44) kJ /kg + 277.8 kI = 73.7 kJ

Note from Fig. 6.8 that it would be difficult to calculate the work as the area in the P—v
diagram due to the shape of the process curve. The heat transfer is the area in the 7-s
diagram.
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FIGURE 6.8 Diagram for
v S Example 6.2.
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In-Text Concept Questions

a. How can you change s of a substance going through a reversible process?
b. A reversible process adds heat to a substance. If T is varying, does that influence the
change in s?

c. Water at 100 kPa, 150°C receives 75 kJ/kg in a reversible process by heat transfer.
Which process changes s the most: constant 7, constant v, or constant P?

6.4) THE THERMODYNAMIC PROPERTY RELATION

At this point we derive two important thermodynamic relations for a simple compressible
substance. These relations are

TdS=dU+Pdv
TdS=dH -V dP

The first of these relations can be derived by considering a simple compressible sub-
stance in the absence of motion or gravitational effects. The first law for a change of state
under these conditions can be written

80 = dU + 6W

The equations we are deriving here deal first with the changes of state in which
the state of the substance can be identified at all times. Thus, we must consider a quasi-
equilibrium process or, to use the term introduced in the previous chapter, a reversible pro-
cess. For a reversible process of a simple compressible substance, we can write

6Q=TdS and oW =PdVv
Substituting these relations into the energy equation, we have
TdS=dU+Pdv (6.5)

which is the first equation we set out to derive. Note that this equation was derived by
assuming a reversible process. This equation can therefore be integrated for any reversible
process, for during such a process the state of the substance can be identified at any point
during the process. We also note that Eq. 6.5 deals only with properties. Suppose we have
an irreversible process taking place between the given initial and final states. The properties
of a substance depend only on the state, and therefore the changes in the properties during
a given change of state are the same for an irreversible process as for a reversible process.
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Therefore, Eq. 6.5 is often applied to an irreversible process between two given states, but
the integration of Eq. 6.5 is performed along a reversible path between the same two states.
Since enthalpy is defined as

H=U+PV

it follows that
dH=dU+PdV +V dP

Substituting this relation into Eq. 6.5, we have
TdS=dH-VdP (6.6)

which is the second relation that we set out to derive. These two expressions, Egs. 6.5 and
6.6, are two forms of the thermodynamic property relation and are frequently called Gibbs

equations.
These equations can also be written for a unit mass:
Tds=du+Pdv 6.7)
T ds=dh—vdP (6.8)

The Gibbs equations will be used extensively in certain subsequent sections of this book.

If we consider substances of fixed composition other than a simple compressible sub-
stance, we can write “T dS” equations other than those just given for a simple compressible
substance. In Eq. 3.47 we noted that for a reversible process we can write the following
expression for work:

oW=PdV—-FdL—ocdA—EMFdZ +---

It follows that a more general expression for the thermodynamic property relation
would be
TdS=dU+PdV—-FdL—ocdA—-EMFdZ +--- (6.9)

6.5) ENTROPY CHANGE OF A SOLID OR LIQUID

In Section 3.10 we considered the calculation of the internal energy and enthalpy changes
with temperature for solids and liquids and found that, in general, it is possible to express
both in terms of the specific heat, in the simple manner of Eq. 3.32, and in most instances in
the integrated form of Eq. 3.33. We can now use this result and the thermodynamic property
relation, Eq. 6.7, to calculate the entropy change for a solid or liquid. Note that for such a
phase the specific volume term in Eq. 6.7 is very small, so that substituting Eq. 3.32 yields

ds= 3~ Car (6.10)
T T
Now, as was mentioned in Section 3.10, for many processes involving a solid or liquid, we
may assume that the specific heat remains constant, in which case Eq. 6.10 can be integrated.
The result is
I
s5—5; ~Cln —= (6.11)
T,
If the specific heat is not constant, then commonly C is known as a function of 7, in which
case Eq. 6.10 can also be integrated to find the entropy change. Equation 6.11 illustrates
what happens in a reversible adiabatic (dg = 0) process, which therefore is isentropic. In
this process, the approximation of constant v leads to constant temperature, which explains
why pumping liquid does not change the temperature.
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One kilogram of liquid water is heated from 20°C to 90°C. Calculate the entropy change,
assuming constant specific heat, and compare the result with that found when using the
steam tables.

Control mass: Water.
Initial and final states: ~ Known.
Model: Constant specific heat, value at room temperature.

Solution
For constant specific heat, from Eq. 6.11,

363.2
293.2

Comparing this result with that obtained by using the steam tables, we have

55— 5, = 4.184 kI /kg-K In ( ) = 0.8958 kJ /kg-K

53— 51 = Sy oo — 8 a0 = (1.1925 — 0.2966) kJ /kg-K = 0.8959 kJ /kg-K
" I\ . 7 20N\\"——

6.6, ENTROPY CHANGE OF AN IDEAL GAS

Two very useful equations for computing the entropy change of an ideal gas can be devel-
oped from Eq. 6.7 by substituting Egs. 3.35 and 3.39:

Tds=du+Pdv

For an ideal gas

du=Codl and L=R
T v
Therefore, T Rd
\Y
ds=Cy— + — 6.12
S v0 T + v ( )
2 dr Vs
Sy — 8 =[ CVO? +R1n; (613)
Similarly,
T ds =dh—vdP
For an ideal gas
v R
dh=C,dl and - =—
T P
Therefore, T P
ds=C,— — R— 6.14
$ PO T P ( )
2 dT P,
-5 = C,— —RIn—= 6.15
Sp =8 /1 PO n 2 ( )
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To evaluate the integrals in Egs. 6.13 and 6.15, we must know the temperature depen-
dence of the specific heats. However, if we recall that their difference is always constant,
as expressed by Eq. 3.42, we realize that we need to examine the temperature dependence
of only one of the specific heats.

As in Section 3.11, let us consider the specific heat C,,. Again, there are three pos-
sibilities to examine, the simplest of which is the assumption of constant specific heat. In
this instance it is possible to do the integral in Eq. 6.15 directly to

Py

s =51 =Cy In % —RIn P, (6.16)
Similarly, the integral in Eq. 6.13 for constant specific heat gives
I V2
s55—=851=Cy In F1+R1nv—1 (6.17)

The second possibility for the specific heat is to use an analytical equation for C,, as a
function of temperature, for example, one of those listed in Table A.6. The third possibility
is to integrate the results of the calculations of statistical thermodynamics from reference
temperature 7, to any other temperature 7 and define the standard entropy

rC
=/ 2 ar (6.18)
_—

0

N

~No

This function can then be tabulated in the single-entry (temperature) ideal gas table, as for
air in Table A.7(F.5) or for other gases in Table A.8(F.6). The entropy change between any
two states 1 and 2 is then given by
sy =51 = (s, —s9)) —Rln% (6.19)
1
As with the energy functions discussed in Section 3.11, the ideal gas tables, Tables
A.7 and A.8, would give the most accurate results, and the equations listed in Table A.6
would give a close empirical approximation. Constant specific heat would be less accurate,
except for monatomic gases and for other gases below room temperature. Again, it should
be remembered that all these results are part of the ideal gas model, which may or may not
be appropriate in any particular problem.

L2 —
1c O
Consider Example 3.13, in which oxygen is heated from 300 to 1500 K. Assume that during
this process the pressure dropped from 200 to 150 kPa. Calculate the change in entropy per
kilogram.

Solution
The most accurate answer for the entropy change, assuming ideal gas behavior, would be
found from the ideal gas tables, Table A.8. This result is, using Eq. 6.19,

55— 51 = (8.0649 — 6.4168) kJ /kg-K — 0.2598 kJ /kg-K In (%) = 1.7228 KJ /kg-K
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The empirical equation from Table A.6 should give a good approximation to this result.
Integrating Eq. 6.15, we have

T, P
Sy — 81 = Cpod_T—Rln_2
" T P,

9,=1.5
5y =5, = [0.88 In 6 —0.00016 + 2247 _ @93] kI /kg-K
3 6,=0.3
150
—0.2 keK 1 <—
0.2598 kJ /kg-K In 200)

=1.7058 kJ /kg-K
which is within 1.0% of the previous value. For constant specific heat, using the value at
300 K from Table A.5, we have

1500 150
55— 5, = 0.922 kJ /kg-K In (W) ~0.2598 kJ /kg-K In <ﬁ) = 1.5586 kJ /kg-K

which is too low by 9.5%. If, however, we assume that the specific heat is constant at its

value at 900 K, the average temperature, as in Example 3.13, is

s, —s; = 1.0767 kI /kg-K In (%) +0.0747 kI /kg-K = 1.8076 kI /kg-K

which is high by 4.9%.

HLEN N . -l

L~ —

1e O

Calculate the change in entropy per kilogram as air is heated from 300 to 600 K while
pressure drops from 400 to 300 kPa. Assume:

1. Constant specific heat.

2. Variable specific heat.

Solution

1. From Table A.5 for air at 300 K: C,,, = 1.004 kJ/kg-K
Therefore, using Eq. 6.16, we have

600 300
5, —5; = 1.004 kI /kg-K In (ﬁ) ~0.287 kI /kg-K In (W) = 0.7785 KJ /kg-K
2. From Table A.7: 59, = 6.8693 kI/kg-K; 59, = 7.5764 kI /kg-K
Using Eq. 6.19 gives
300

5, — 5, = (1.5764 — 6.8693) kI /kg-K — 0.287 kI /kg-K In <W

) — 0.7897 kJ /kg-K

HLE N ol
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Let us now consider the case of an ideal gas undergoing an isentropic process, a
situation that is analyzed frequently. We conclude that Eq. 6.15 with the left side of the
equation equal to zero then expresses the relation between the pressure and temperature at
the initial and final states, with the specific relation depending on the nature of the specific
heat as a function of 7. As was discussed following Eq. 6.15, there are three possibilities
to examine. Of these, the most accurate is the third, that is, the ideal gas Tables A.7(E.5)
or A.8(F.6) and Eq. 6.19, with the integrated temperature function s(} defined by Eq. 6.18.
The following example illustrates the procedure.

?/’ ‘ ~—

1e O

One kilogram of air is contained in a cylinder fitted with a piston at a pressure of 400 kPa
and a temperature of 600 K. The air is expanded to 150 kPa in a reversible adiabatic process.
Calculate the work done by the air.

Control mass:  Air.
Initial state: Py, Ty; state 1 fixed.
Final state:  P,.
Process:  Reversible and adiabatic.

Analysis
From the energy equation we have

O=u,—u +w

The second law gives us

Sy, =81
Solution
From Table A.7: u; = 435.10 kJ /kg, s(;l — 7.5764 kJ /ke-K
From Eq. 6.19,
P
—_ N — (0 0 2
S2—S1 _O_ (STZ_STI)_RII]P—I
g 150
= (s9, — 7.5764 kI /kg-K) — 0.287 kJ /kg-K In (m>

59, =7.2949 kI /kg-K

From Table A.7: T, =457 K, u, = 328.14 kl/kg
Therefore,
w = 435.10 — 328.14 = 106.96 kJ /kg

HLE N -l
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The first of the three possibilities, constant specific heat, is also worth analyzing as a
special case. In this instance, the result is Eq. 6.16 with the left side equal to zero, or

=0=C, 1 L Rln =2
SZ_SI_ = pO HFI— nle

This expression can also be written as

T P
In <_2> = R In <_2>
T, Cyo Py

or
T P R/ C])O
2-(2 (6.20)
T P
However,
Co—C _
i _ PO v0 _ k 1 (621)
Cpo Cpo k
where k, the ratio of specific heats, is defined as
C
k= 22 (6.22)
CVO
Equation (6.20) is now conveniently written as
T P\ k=D/k
22 (6.23)
T, P,
From this expression and the ideal gas equation of state, it also follows that
T k-1
2 _ (V_l) (6.24)
T, V2
and .
P
2= <V—‘> (6.25)
Py V2
From this last expression, we note that for this process
Pvk = constant (6.26)

This is a special case of a polytropic process in which the polytropic exponent n is equal to
the specific heat ratio k.

6.7 THE REVERSIBLE POLYTROPIC PROCESS
FOR AN IDEAL GAS

When a gas undergoes a reversible process in which there is heat transfer, the process fre-
quently takes place in such a manner that a plot of log P versus log V is a straight line, as
shown in Fig. 6.9. For such a process PV" is a constant.
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log P

FIGURE 6.9 Example
of a polytropic process. log v

A process having this relation between pressure and volume is called a polytropic
process. An example is the expansion of the combustion gases in the cylinder of a water-
cooled reciprocating engine. If the pressure and volume are measured during the expansion
stroke of a polytropic process, as might be done with an engine indicator, and the logarithms
of the pressure and volume are plotted, the result would be similar to the straight line in
Fig. 6.9. From this figure it follows that

dlnP _

dinV ™~
dIn P+ndln V=0

If n is a constant (which implies a straight line on the log P versus log V plot), this equation
can be integrated to give the following relation:

PV" = constant = P, V| = P,V (6.27)

From this equation the following relations can be written for a polytropic process:
Py (Vi "
Py \V,

L_ (B _ ()" (6.28)
T] P 1 V2 .

For a control mass consisting of an ideal gas, the work done at the moving boundary during
a reversible polytropic process can be derived (recall Eq. 3.21) from the relations

2
W, = / Pdv and PV" = constant
1

2 2
W, = / P dV = constant / d—V
1 v

:P2V2—P1V1 _ mR(Tz—Tl) (6 29)
1-n 1-n '

for any value of n except n = 1.
The polytropic processes for various values of n are shown in Fig. 6.10 on P—v and
T-s diagrams. The values of n for some familiar processes are

Isobaric process: n=0, P =constant
Isothermal process: n =1, T = constant
Isentropic process: n=k, s= constant

Isochoric process:  n=oco, Vv = constant

Telegram: @uni_k
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n=%oc ,__o T n=k
n=+ o
x _ =1
= —1 (v = constant) \ "
n=0
(P = constant)
n=-05
n=1

n =1 (T = constant)

_ 1<n<k=C/C
n=k 2

(s = constant)

FIGURE 6.10

Telegram: @uni_k

v N

Polytropic process on P-v and T-s diagrams.

P .
P1E O -
In a reversible process, nitrogen is compressed in a cylinder from 100 kPa and 20°C to
500 kPa. During this compression process, the relation between pressure and volume is
PV!3 = constant. Calculate the work and heat transfer per kilogram, and show this process
on P—v and 7-s diagrams.

Control mass: Nitrogen.
Initial state: Py, T}; state 1 known.
Final state: P,.
Process: Reversible, polytropic with exponent n < k, see Fig. 6.11.

Model: Ideal gas, constant specific heat—value at 300 K.

P 7
2 2
: 1
Area = work Area = heat
transfer
v Y
(a) (b)

FIGURE 6.11 Diagram for Example 6.7.

Analysis
We need to find the boundary movement work. From Eq. 6.29, we have

2
PV, =PV, mR(T,—T
1W2=/PdV=22 Vi _ RO~ T
1

1-—n 1—n
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The energy equation is

1q2 = Uy — Uy + 1W2 = CVO(T2 - Tl) + 1W2

Solution
From Eq. 6.28
T P\ @=D/n 1.3-1)/1.3
2 (22 :(@) = 1.4498
T, P, 100
T,=2932K x 1.4498 = 425 K
Then

R(Ty—T)) _ 0.2968(425 —293.2) kl/kg _
W, =
172 1-n (1-13)

and from the energy equation,

~130.4 kJ /kg

192 = CvO(T2 - Tl) + W,
=0.745 kJ /kg-K(425 — 293.2) K — 130.4 kJ /kg = —32.2 kJ /kg

LW N ol

The reversible isothermal process for an ideal gas is of particular interest. In this process
PV = constant = P, V| = P,V, (6.30)

The work done at the boundary of a simple compressible mass during a reversible isother-
mal process can be found by integrating the equation

2
W, =/] Pdv
The integration is
2 24y v, P,
W, = P dV = constant — =PV ln —=PViIn — (6.31)
1 v Py
or
Vs P
W, =mRT In —= =mRT In — (6.32)
Vi Py

Because there is no change in internal energy or enthalpy in an isothermal process,
the heat transfer is equal to the work (neglecting changes in kinetic and potential energy).
Therefore, we could have derived Eq. 6.31 by calculating the heat transfer.

For example, using Eq. 6.7, we have

/Tds— /du+/ Pdv
1

But du = 0 and Pv = constant = P|v| = P,V,, such that

2
V2
1q2=/ Pdv=Py, In =
1 V1

which yields the same result as Eq. 6.31.
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FIGURE 6.12
Entropy change of a
control mass during an
irreversible process.
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In-Text Concept Questions

d. A liquid is compressed in a reversible adiabatic process. What is the change in 77

e. Anideal gas goes through a constant-T reversible heat addition process. How do the
properties (v, u, h, s, P) change (up, down, or constant)?

f. Carbon dioxide is compressed to a smaller volume in a polytropic process with
n = 1.2. How do the properties (u, h, s, P, T) change (up, down, or constant)?

6.8/ ENTROPY CHANGE OF A CONTROL MASS
DURING AN IRREVERSIBLE PROCESS

Consider a control mass that undergoes the cycles shown in Fig. 6.12. The cycle made up
of the reversible processes A and B is a reversible cycle. Therefore, we can write

8 268 V(s
Fo- () (9),
T 1 T /), 5 T /g
The cycle made up of the irreversible process C and the reversible process B is an irre-
versible cycle. Therefore, for this cycle the inequality of Clausius may be applied, giving

theresult
1 1 T T B

Subtracting the second equation from the first and rearranging, we have

[ ()L,

Since path A is reversible, and since entropy is a property,

2 2 2
)

/ <—Q> =/dSA=/dSC
1 \NT J, /i 1
2 2
[ s [ (%)
1 1 T C

Therefore,
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As path C was arbitrary, the general result is

s> —=

2
52—512/ %0 (6.33)
T

In these equations the equality holds for a reversible process and the inequality for an irre-
versible process.

This equation is then the general statement of the entropy equation for a control mass,
which extends the definition of entropy in Eq. 6.1 to the change in any process. The final
form of the equation is stated in the next section.

The heat transfer takes place as a rate so the term Q/7 is called a flux of entropy
associated with the heat transfer that goes into or out of a mass where Q itself can be called
a flux of energy.

6.9/ ENTROPY GENERATION AND THE ENTROPY
EQUATION

The conclusion from the previous considerations is that the entropy change in an irreversible
process is larger than the change in a reversible process for the same 6Q and T. This can be
written out in a common form as an equality

ds = 5TQ + 08gen (6.34)
provided that the last term is positive,
0Sgen 20 (6.35)

The amount of entropy, 6S,.,, is the entropy generation in the process due to irreversibil-
ities occurring inside the system, a control mass for now but later extended to the more
general control volume. This internal generation can be caused by the processes mentioned
in Section 5.4, such as friction, unrestrained expansions, and the internal transfer of energy
(redistribution) over a finite temperature difference. In addition to this internal entropy
generation, external irreversibilities are possible by heat transfer over finite temperature
differences as the 6Q is transferred from a reservoir or by the mechanical transfer of work.

Equation 6.35 then applies with the equal sign for a reversible process and the greater
than sign for an irreversible process. By using the entropy equation we can show a limit for
the work term in an irreversible process.

Consider a reversible process, for which the entropy generation is zero, and the heat
transfer and work terms therefore are

00=TdS and o6W=PdV

For an irreversible process with a nonzero entropy generation, the heat transfer from
Eq. 6.34 becomes
60y =T dS =T 68y,

and thus is smaller than that for the reversible case for the same change of state, dS.
The energy equation becomes
5Qirr = dU + 5err
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FIGURE 6.13
Change of entropy due
to heat transfer and
entropy generation.

Telegram: @uni_k

which together with the property relation
TdS=dU+PdVv
can be solved for the work term as
Wi =P dV —T 68y, (6.36)

showing that the work is reduced by an amount proportional to the entropy generation. For
this reason the term 7' 6S,,, is often called lost work, although it is not a real work or energy
quantity lost but rather a lost opportunity to extract work.

Equation 6.34 can be integrated between the initial and final states to

2 2
60
Sz—SI:/l ds:/1 = 15 en (6.37)

Thus, we have an expression for the change of entropy for an irreversible process as an
equality, whereas in the previous section we had an inequality. In the limit of a reversible
process, with a zero-entropy generation, the change in S expressed in Eq. 6.37 becomes
identical to that expressed in Eq. 6.33 as the equal sign applies and the work term becomes
/ P dV. Equation 6.37 is now the entropy balance equation for a control mass in the
same form as the energy equation in Eq. 3.5, and it could include several subsystems.
The equation can also be written in the general form

A Entropy = +in — out + gen

stating that we can generate but not destroy entropy. This is in contrast to energy, which we
can neither generate nor destroy.

Some important conclusions can be drawn from Eqs. 6.34 to 6.37. First, there are two
ways in which the entropy of a system can be increased—by transferring heat to it and by
having an irreversible process. Since the entropy generation cannot be less than zero, there
is only one way in which the entropy of a system can be decreased, and that is to transfer
heat from the system. These changes are illustrated in a 7—s diagram in Fig. 6.13 showing
the half-plane into which the state moves due to a heat transfer or an entropy generation.

Second, as we have already noted for an adiabatic process, §Q = 0, and therefore any
increase in entropy is always associated with the irreversibilities.

Third, the presence of irreversibilities will cause the work to be smaller than the
reversible work. This means less work out in an expansion process and more work into
the control mass (6W < 0) in a compression process.

Finally, it should be emphasized that the change in s associated with the heat transfer
is a transfer across the control surface, so a gain for the control volume is accompanied by
a loss of the same magnitude outside the control volume. This is in contrast to the gener-
ation term that expresses all the entropy generated inside the control volume due to any
irreversible process.

T
Qout Qin
-+ —
Sgen
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FIGURE 6.14
Reversible and - -
. ; v s a b v a b K
irreversible processes on
P-v and T-s diagrams. (@) )

One other point concerning the representation of irreversible processes on P—v and
T-s diagrams should be made. The work for an irreversible process is not equal to f P
dV, and the heat transfer is not equal to f T dS. Therefore, the area underneath the path
does not represent work and heat on the P—v and 7—s diagrams, respectively. In fact, in
many situations we are not certain of the exact state through which a system passes when
it undergoes an irreversible process. For this reason it is advantageous to show irreversible
processes as dashed lines and reversible processes as solid lines. Thus, the area underneath
the dashed line will never represent work or heat. Figure 6.14a shows an irreversible
process, and, because the heat transfer and work for this process are zero, the area
underneath the dashed line has no significance. Figure 6.14b shows the reversible process,
and area 1-2-b—a—1 represents the work on the P—v diagram and the heat transfer on
the T—s diagram.

In-Text Concept Questions

g. A substance has heat transfer out. Can you say anything about changes in s if the
process is reversible? If it is irreversible?

h. A substance is compressed adiabatically, so P and 7 go up. Does that change s?

6.10/ PRINCIPLE OF THE INCREASE OF ENTROPY

In the previous section, we considered irreversible processes in which the irreversibilities
occurred inside the system or control mass. We also found that the entropy change of a
control mass could be either positive or negative, since entropy can be increased by inter-
nal entropy generation and either increased or decreased by heat transfer, depending on
the direction of that transfer. Now we would like to emphasize the difference between the
energy and entropy equations and point out that energy is conserved but entropy is not.

Consider two mutually exclusive control volumes A and B with a common surface
and their surroundings C such that they collectively include the whole world. Let some
processes take place so that these control volumes exchange work and heat transfer as indi-
cated in Fig. 6.15. Since a Q or W is transferred from one control volume to another, we
only keep one symbol for each term and give the direction with the arrow. We will now
write the energy and entropy equations for each control volume and then add them to see
what the net effect is. As we write the equations, we do not try to memorize them, but just
write them as

Change = +in — out + generation
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FIGURE 6.15 Total
world divided into three
control volumes.

and refer to the figure for the sign. We should know, however, that we cannot generate
energy, but only entropy.

Energy: (Ey—EDp =0, - W, =0, + W,
(Ey—E)g =0y, - W, — 0. + W,
(EZ_EI)C = QC + Wa - Qa - W

&

10) 10)
Entropy: Sy =S4 =/ T“ — /T—: + Seena

a

6Qb 5Qc
(SZ_SI)B = /T_b _/ T + SgenB

c

00, 00,
(82 =S¢ =/ T /T + Seenc

c

Now, we add all the energy equations to get the energy change for the total world:
(Ey = Eora = (Ex = E)y + (Ey — Eyp + (Ey — Ey)c
=0 =W, = O+ Wy + 0, =W, =0 + W+ 0. + W, -0, - W,
=0 (6.38)

and we see that total energy has not changed, that is, energy is conserved as all the
right-hand-side transfer terms pairwise cancel out. The energy is not stored in the same
form or place as it was before the process, but the total amount is the same. For entropy
we get something slightly different:

(S2 = Shota = (S2 =S+ (S = S+ (S, = S))¢
60, 60, 00, 00,
[T s [ T [ T S

00, 00,
+/TC_/T_a+SgenC
=Jgena t SgenB + SgenC 20 (6.39)

where all the transfer terms cancel, leaving only the positive entropy generation terms for
each part of the total world. The total entropy increases and is then not conserved. Only if
we have reversible processes in all parts of the world will the right-hand side become zero.
This concept is referred to as the principle of the increase of entropy. Notice that if we add
all the changes in entropy for the whole world from state 1 to state 2 we would get the total
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FIGURE 6.16 Heat

transfer through a wall.

generation (increase), but we would not be able to specify where in the world the entropy
was made. In order to get this more detailed information, we must make separate control
volumes like A, B, and C and thus also evaluate all the necessary transfer terms so that we
get the entropy generation by the balance of stored changes and transfers.

As an example of an irreversible process, consider a heat transfer process in which
energy flows from a higher temperature domain to a lower temperature domain, as shown
in Fig. 6.16. Let control volume A be a control mass at temperature 7 that receives a heat
transfer of 6Q from a surrounding control volume C at uniform temperature 7},. The transfer
goes through the walls, control volume B, that separates domains A and C. Let us then
analyze the incremental process from the point of view of control volume B, the walls,
which do not have a change of state in time, but the state is nonuniform in space (it has T
on the outer side and 7 on the inner side).

Energy Eq.: dE = 0 =60, - 60, = 60, =060, =60
6Q 80
Entropy Eq.: ds =0 = T_o -7 +6Seen s

So, from the energy equation, we find the two heat transfers to be the same, but realize that
they take place at two different temperatures leading to an entropy generation as

60 60 1 1
P ==_==50(=-=)> A
Seen s T T, 0 <T T0> 20 (6.40)

Since T, > T for the heat transfer to move in the indicated direction, we see that the entropy
generation is positive. Suppose the temperatures were reversed, so that 7, < 7. Then the
parenthesis would be negative; to have a positive entropy generation, 6Q must be negative,
that is, move in the opposite direction. The direction of the heat transfer from a higher to a
lower temperature domain is thus a logical consequence of the second law.

The principle of the increase of entropy (total entropy generation), Eq. 6.39, is illus-
trated by the following example.

L2 —_
1c O
Suppose that 1 kg of saturated water vapor at 100°C is condensed to a saturated liquid at
100°C in a constant-pressure process by heat transfer to the surrounding air, which is at
25°C. What is the net increase in entropy of the water plus surroundings?

Solution
For the control mass (water), from the steam tables, we obtain

AS, . = —msg, = —1 kg X 6.0480 kJ /kg-K = —6.0480 kI /K
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Concerning the surroundings, we have
=mhy, = 1 kg X 2257.0 kJ /kg = 2257 kJ

Q _ 2257 K _ 5 5700 ki/K

s T T 20815 K

ASgen toral = ASem. + ASquy = —6.0480 + 7.5700 = 1.5220 kJ /K

Qto surroundings

AS

This increase in entropy is in accordance with the principle of the increase of entropy and
tells us, as does our experience, that this process can take place.

It is interesting to note how this heat transfer from the water to the surroundings
might have taken place reversibly. Suppose that an engine operating on the Carnot cycle
received heat from the water and rejected heat to the surroundings, as shown in Fig. 6.17.
The decrease in the entropy of the water is equal to the increase in the entropy of the sur-
roundings.

AS,, =—6.0480 kJ/K
AS,, = 6.0480 kJ/K
Ot surroundings = ToAS = 298.15 K x 6.0480 kJ /K = 1803.2 kJ
W =0, -0, =2257— 18032 = 453.8 kJ

Since this is a reversible cycle, the engine could be reversed and operated as a heat pump.
For this cycle the work input to the heat pump would be 453.8 kJ.

H,0 T
T=3732K 3732 K
1

O
Reversible
engine O > W

2

Surroundings
Tpo=298.2K

298.2 K

FIGURE 6.17 Reversible heat transfer with the surroundings.

A8 N 7 I\~

6.11) ENTROPY AS A RATE EQUATION

The second law of thermodynamics was used to write the balance of entropy in Eq. 6.34
for a variation and in Eq. 6.37 for a finite change. In some cases the equation is needed in a
rate form so that a given process can be tracked in time. The rate form is also the basis for
the development of the entropy balance equation in the general control volume analysis for
an unsteady situation.



www.konkur.in

Take the incremental change in S from Eq. 6.34 and divide by 6¢. We get

dS 180  6Sen

st Tt 6t
For a given control volume we may have more than one source of heat transfer, each at a cer-
tain surface temperature (semidistributed situation). Since we did not have to consider the
temperature at which the heat transfer crossed the control surface for the energy equation,
all the terms were written as a net heat transfer in a rate form in Eq. 3.3. Using this and a
dot to indicate a rate, the final form for the entropy equation in the limit is

(6.41)

— = > 7O+ (6.42)

expressing the rate of entropy change as due to the flux of entropy into the control mass
from heat transfer and an increase due to irreversible processes inside the control mass. If
only reversible processes take place inside the control volume, the rate of change of entropy
is determined by the flux of entropy terms alone.

Consider an electric space heater that converts 1 kW of electric power into a heat flux of
1 kW delivered at 600 K from the hot wire surface. Let us look at the process of the energy
conversion from electricity to heat transfer and find the rate of total entropy generation.

Control mass: The electric heater wire.

State:  Constant wire temperature 600 K.

Analysis

The energy and entropy equations in rate form become
dE dUu, . .
% = dct.m. =0=Wein — Qout
ds . .
% S0= =0 i - Sgen

Notice that we neglected kinetic and potential energy changes in going from a rate of E to a
rate of U. Then the left-hand side of the energy equation is zero since it is steady state and
the right-hand side is electric work in minus heat transfer out. For the entropy equation the
left-hand side is zero because of steady state and the right-hand side has a flux of entropy
out due to heat transfer, and entropy is generated in the wire.

Solution
We now get the entropy generation as

Sgen = Qou/T = 1 kW/600 K = 0.001 67 kW /K

HLE N . -l
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Consider a modern air conditioner using R-410A working in heat pump mode, as shown in
Fig. 6.18. It has a COP of 4 with 10 kW of power input. The cold side is buried underground,
where it is 8°C, and the hot side is a house kept at 21°C. For simplicity, assume that the
cycle has a high temperature of 50°C and a low temperature of —10°C (recall Section 5.10).
We would like to know where entropy is generated associated with the heat pump, assuming
steady-state operation.

T ) Il |
Ou -10°C
oc l4t— | I
MEE e LR
| |
CV1 | QLI
o FIGURE 6.18 A heat pump for a

house.

Let us look first at the heat pump itself, as in CVp, so from the COP

Qu = Pyp X W =4 x 10 kW = 40 kW
Energy Eq.: Q; = Oy — W =40 kW — 10 kW = 30 kW

_ O On

Entropy Eq.: 0 =
Tlow Thigh

+ Sgen HP

On 0L _40kW 30kW

S =— - —= -——=98W/K

e Tign Tow 323K 263K /
Now consider CV; from the underground 8°C to the cycle —10°C.
Entropy Eq.: 0= % = & + Sgenc,
TL Tlow

: O, 0, _30kW 30kW

S =——-—==——-——=73W/K
gnCVy T T, 263K 281K /

And finally, consider CV, from the heat pump at 50°C to the house at 21°C.

Entropy Eq.: 0 = Ln _u + Ssencv,
Thigh  Tu

Oy Oy _40KkW  40kW

S — XH _ = _
eV T Ty Ty 294K 323K

=122 W/K
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The total entropy generation rate becomes

SgenTOT = SgenCVI + SgenCV2 + Sgen HP
O, O O Oy Op O
O % O On O Q&

B Tlow TL TH Thigh Thi gh Tlow

=%_& _40kW _ 30kW =293 W/K

T, T, 294K 281K
This last result is also obtained with a total control volume of the heat pump out to the 8°C
and 21°C reservoirs that is the sum of the three control volumes shown. However, such an
analysis would not be able to specify where the entropy is made; only the more detailed,
smaller control volumes can provide this information. There is one more irreversible pro-
cess not mentioned above, namely that of the heat loss from the house to the ambient (this
is why you need to heat the house). This process could also be evaluated given an ambient
temperature.

LW N ol

The entropy equation for a control mass in Eq. 6.37 or Eq. 6.42 is the modern engi-
neering version of the second law. This is the equation we will use for technical analysis,
whereas the presentation in Chapter 5 was the historical development. The final version is
presented in the following chapter for a general control volume where the flow terms are
added, as was done for the energy equation in Chapter 4. To demonstrate the use of the
entropy equation as equivalent to the development in Chapter 5, let us apply it to a heat
engine and a refrigerator (heat pump).

Consider an actual heat engine in a setup similar to Fig. 5.25 that operates in
steady-state mode. The energy and entropy equations become

0=0y—-0, — Wy (6.43)
Oy O .
=T 7T + Sgen (6.44)

To express the work term as a fraction of the energy source QH, we eliminate the heat
transfer Q; from the entropy equation as

T,

. L - R
QL = T_HQH + TLSgen

Substitute this into the energy equation from which we get the work term as
WHE = QH - QL
. T, ,
= QH - T_QH - TLSgen
H
T, \ . :
=(1- T On — T1Seen (6.45)

H
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The result can be expressed as and related to the actual efficiency
WHE = NHE camotQH — loss

= NHE actual QH (646)

Before the result is discussed further, look at an actual refrigerator (heat pump) similar
to Fig. 5.25 operating in steady-state mode. The energy and entropy equations become

0=0;, — 0y + W (6.47)
0, Oy .

2L _EH 6.48

0 T, Ty, + 3gen (6.48)

For the refrigerator we want to express the heat transfer QL as a multiple of the work input,
so use the entropy equation to solve for Q; as

. Ty ,
QH = T_LQL + THSgen
and substitute it into the energy equation
: Ty . . ,
0= QL - T_QL + THSgen + Wref.
L
Now solve for Q; to give
T,

; X TH TL
= %% —
QL TH _ TL ref. TH _ TL gen

This result shows the Carnot COP and relates to the actual COP as

(6.49)

QL = Peamot Wret. — l0ss
= ﬂactual Wref. (650)

From the results of the analysis of the heat engine and the refrigerator we can conclude the
following:

1. We get maximum benefit for a reversible process, Sgen = 0, as Eq. 6.45 gives max-
imum WHE for a given QH input, and for the refrigerator Eq. 6.49 gives maximum
Q, for a given W input.

2. For a reversible device the analysis predicted the Carnot heat engine efficiency
and the Carnot refrigerator COP.

3. For an actual device, the analysis shows that the decrease in performance (lower
Wy and Q) is directly proportional to the entropy generation.

To predict the actual performance the details of the processes must be known so the entropy
generation can be found. This is very difficult to accomplish for any device so the manu-
facturers normally measure the performance over a range of operating conditions and then
quote typically numbers for the efficiency or COP.

The application of the energy and entropy equations thus showed all the results that
were presented in the historical development of the second law in Chapter 5, and this is the
method that we will use in an engineering analysis of systems and devices.
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6.12, SOME GENERAL COMMENTS ABOUT
ENTROPY AND CHAQOS

It is quite possible at this point that a student may have a good grasp of the material that has
been covered and yet may have only a vague understanding of the significance of entropy. In
fact, the question “What is entropy?” is frequently raised by students, with the implication
that no one really knows! This section has been included in an attempt to give insight into
the qualitative and philosophical aspects of the concept of entropy and to illustrate the broad
application of entropy to many different disciplines.

First, we recall that the concept of energy arises from the first law of thermodynamics
and the concept of entropy from the second law of thermodynamics. Actually, it is just as
difficult to answer the question “What is energy?” as it is to answer the question “What
is entropy?” However, since we regularly use the term energy and are able to relate this
term to phenomena that we observe every day, the word energy has a definite meaning to us
and thus serves as an effective vehicle for thought and communication. The word entropy
could serve in the same capacity. If, when we observed a highly irreversible process (such
as cooling coffee by placing an ice cube in it), we said, “That surely increases the entropy,”
we would soon be as familiar with the word entropy as we are with the word energy.
In many cases, when we speak about higher efficiency, we are actually speaking about
accomplishing a given objective with a smaller total increase in entropy.

A second point to be made regarding entropy is that in statistical thermodynamics,
the property entropy is defined in terms of probability. Although this topic will not be exam-
ined in detail in this book, a few brief remarks regarding entropy and probability may
prove helpful. From this point of view, the net increase in entropy that occurs during an
irreversible process can be associated with a change of state from a less probable state to
a more probable state. For instance, to use a previous example, one is more likely to find
gas on both sides of the ruptured membrane in Fig. 5.15 than to find a gas on one side and
a vacuum on the other. Thus, when the membrane ruptures, the direction of the process is
from a less probable state to a more probable state, and associated with this process is an
increase in entropy. Similarly, the more probable state is that a cup of coffee will be at the
same temperature as its surroundings than at a higher (or lower) temperature. Therefore, as
the coffee cools as the result of a transfer of heat to the surroundings, there is a change from
a less probable to a more probable state, and associated with this is an increase in entropy.

To tie entropy a little closer to physics and to the level of disorder or chaos, let us
consider a very simple system. Properties like U and § for a substance at a given state are
averaged over many particles on the molecular level, so they (atoms and molecules) do not
all exist in the same detailed quantum state. There are a number of different configurations
possible for a given overall macro state that constitutes an uncertainty or chaos in the sys-
tem. The number of possible configurations, w, is called the thermodynamic probability,
and each of these is equally possible; this is used to define the entropy as

S=klnw (6.51)

where k is the Boltzmann constant, and it is from this definition that S is connected to the
uncertainty or chaos. The larger the number of possible configurations is, the larger S is. For
a given system, we would have to evaluate all the possible quantum states for kinetic energy,
rotational energy, vibrational energy, and so forth to find the equilibrium distribution and w.
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FIGURE 6.19

lllustration of energy
distribution.
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Without going into those details, which is the subject of statistical thermodynamics, a very
simple example is used to illustrate the principle (Fig. 6.19).

Assume we have four identical objects that can only possess one kind of energy,
namely, potential energy associated with elevation (the floor) in a tall building. Let the
four objects have a combined 2 units of energy (floor height times mass times gravitation).
How can this system be configured? We can have one object on the second floor and the
remaining three on the ground floor, giving a total of 2 energy units. We could also have
two objects on the first floor and two on the ground floor, again with a total of 2 energy units.
These two configurations are equally possible, and we could therefore see the system 50%
of the time in one configuration and 50% of the time in the other; we have some positive
value of S.

Now let us add 2 energy units by heat transfer; that is done by giving the objects some
energy that they share. Now the total energy is 4 units, and we can see the system in the
following configurations (a—e):

Floor number: 0 1 2 3 4
Number of objects a 3 1
Number of objects b 2 1 1
Number of objects c: 2 2

Number of objects d 1 2 1

Number of objects e 4

Now we have five different configurations (w = 5)—each equally possible—so we
will observe the system 20% of the time in each one, and we now have a larger value of S.

On the other hand, if we increase the energy by 2 units through work, it acts differ-
ently. Work is associated with the motion of a boundary, so now we pull in the building
to make it higher and stretch it to be twice as tall, that is, the first floor has 2 energy units
per object, and so forth, as compared with the original state. This means that we simply
double the energy per object in the original configuration without altering the number of
configurations, which stay at w = 2. In effect, S has not changed.

Floor number: 0 1 2 3 4
Number of objects f: 3 1
Number of objects g 2 2

This example illustrates the profound difference between adding energy as a heat
transfer changing S versus adding energy through a work term leaving S unchanged. In the
first situation, we move a number of particles from lower energy levels to higher energy
levels, thus changing the distribution and increasing the chaos. In the second situation, we
do not move the particles between energy states, but we change the energy level of a given
state, thus preserving the order and chaos.
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KEY Clausius inequality:
CONCEPTS
AND Entropy:
FORMULAS

Rate Eq. for entropy:

Flux of entropy by Q:

Entropy Eq.(single m):

Total entropy change:

Lost work, definition:
Actual boundary work

Gibbs relations:
(Property relations)
Solids, liquids:

Change in s:
Ideal gas:

Standard entropy:

Change in s:
For constant C,,, C\:

For constant C,,, C,:

Ratio of specific heats:

Polytropic processes:

Telegram: @uni_k

}I; dTQ = —=Sgen (final result for a cycle, (6.37, 6.42))
ds = d—]? + 'dsge,,; dsgen 2 0 (6.34-35)
Son=X QT’” + 840 (6.42)
Q/T last sentence in Sec. 6.8
(s, — ;) = /12 % Syt (S0 (6.37)
AS,r = ASpy + ASgyy = X ASgen 2 0 (6.39)
Wiost = / T dsgen
W, = /P dV — W« (6.36)
Tds=du+ Pdv 6.7)
Tds=dh-vdP (6.8)
v = constant, dv =

=8 = /d” /C—~Cl 2 6.11)

T,

Function of T

P
~ 59, —~RIn P—2 Using A.7 or A.8, (6.19)

1

— O
Sy — 8 —ST2

T2 P2
—s;=C,In=2 —Rln =2 6.16
8, — 8 » nT1 nP1 (6.16)
T
55—, =C,In =2 +Rln 2 6.17)
T, V1
k=C,/C, (6.22)

Pyv' = constant; PV" = constant
P2 _ Vl " _ Vl n _ T2 "nTl
P, B Vs B V2 B T,

gives (6.25)if n =k

gives (6.24)if n=k
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Specific work:

Identifiable processes:

1 R
n#g L wy=g—E-Py)=7—0-T) (6.29)

P
n=1 wy=PyvIn2 =RT,In2 =RT,In=- (631
Y1 Vi )

The work is moving boundary work w = / Pdv

n=0: P = constant; Isobaric
n=1: T = constant; Isothermal
n==k: s = constant; Isentropic

n = +oo: v = constant; Isochoric (Isometric)
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CHAPTER 7 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

7.1 If we follow a mass element going through a
reversible adiabatic flow process, what can we say
about the change of state?

7.2 Which process will make the statement in In-Text
Concept Question e true?

7.3 A reversible process in a steady flow with negligi-
ble kinetic and potential energy changes is shown
in Fig. P7.3. Indicate the change s, — h; and trans-
fers w and ¢ as positive, zero, or negative.

i

.. e

Figure P7.3

7.4 A reversible process in a steady flow of air with
negligible kinetic and potential energy changes is
shown in Fig. P7.4. Indicate the change /1, — h; and
transfers w and ¢ as positive, zero, or negative.

P T

i

N P

Figure P7.4
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7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

A reversible steady isobaric flow has 1 kW of heat
added with negligible changes in KE and PE; what
is the work transfer?

An air compressor has a significant heat trans-
fer out (review Example 7.4 to see how high T
becomes if no heat transfer occurs). Is that good
or should it be insulated?

Friction in a pipe flow causes a slight pressure
decrease and a slight temperature increase. How
does that affect entropy?

An irreversible adiabatic flow of liquid water in a
pump has a higher exit P. Is the exit 7 higher or
lower?

The shaft work in a pump to increase the pressure
is small compared to the shaft work in an air com-
pressor for the same pressure increase. Why?

A tank contains air at 400 kPa, 300 K, and a valve
opens up for flow out to the outside, which is at
100 kPa, 300 K. How does the state of the air that
flows out change?

To increase the work out of a turbine for given inlet
and exit pressures, how should the inlet state be
changed?

Liquid water is sprayed into the hot gases before
they enter the turbine section of a large gas-turbine
power plant. It is claimed that the larger mass flow
rate produces more work. Is that the reason?

P-61
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HOMEWORK PROBLEMS

Steady-State Reversible Single-Flow Processes

7.13

B§3 7.14

7.15

7.16
7.17

7.18

7.19

7.20
7.21

7.22

P-62

A turbine receives steam at 6 MPa, 600°C with
an exit pressure of 600 kPa. Assume the turbine
is adiabatic and neglect kinetic energies. Find the
exit temperature and the specific work.

A condenser receives R-410A at —20°C and qual-
ity 80%, with the exit flow being saturated liquid
at —20°C. Consider the cooling to be a reversible
process and find the specific heat transfer from the
entropy equation.

The exit nozzle in a jet engine receives air at 1200
K, 150 kPa with negligible kinetic energy. The exit
pressure is 80 kPa, and the process is reversible
and adiabatic. Use constant specific heat at 300 K
to find the exit velocity.

Do the previous problem using Table A.7.

In a heat pump that uses R-134a as the working
fluid, the R-134a enters the compressor at 150 kPa,
—10°C and the R-134a is compressed in an adia-
batic process to 1 MPa using 4 kW of power input.
Find the mass flow rate it can provide, assuming
the process is reversible.

Nitrogen gas flowing in a pipe at 500 kPa, 200°C,
and at a velocity of 10 m/s, should be expanded in
a nozzle to produce a velocity of 300 m/s. Deter-
mine the exit pressure and cross-sectional area of
the nozzle if the mass flow rate is 0.15 kg/s and the
expansion is reversible and adiabatic.

A reversible isothermal expander (a turbine with
heat transfer) has an inlet flow of carbon dioxide
at 2 MPa, 80°C and an exit flow at 800 kPa, 80°C.
Find the specific heat transfer from the entropy
equation and the specific work from the energy
equation assuming ideal gas.

Solve the previous problem using Table B.3.

A compressor in a commercial refrigerator
receives R-410A at —25°C and unknown qual-
ity. The exit is at 2000 kPa, 60°C and the process
is assumed to be reversible and adiabatic. Neglect
kinetic energies and find the inlet quality and the
specific work.

A compressor brings an air flow at 300 K, 100 kPa
up to a pressure of 1000 kPa in a reversible
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7.23

7.24

7.25

7.26

process. How hot is the exit flow and what is the
specific work input?

Atmospheric air at —45°C, 60 kPa enters the front
diffuser of a jet engine, shown in Fig. P7.23, with
a velocity of 900 km/h and a frontal area of 1 m?.
After adiabatic diffuser process, the velocity is
20 m/s. Find the diffuser exit temperature and the
maximum pressure possible.

—>
— Fan
—>

Figure P7.23

A flow of 2 kg/s hot exhaust air at 150°C, 125 kPa
supplies heat to a heat engine in a setup similar to
that of the previous problem, with the heat engine
rejecting heat to the ambient air at 290 K, and the
air leaves the heat exchanger at 50°C. Find the
maximum possible power out of the heat engine.
Air enters a turbine at 800 kPa, 1200 K and
expands in a reversible adiabatic process to
100 kPa. Calculate the exit temperature and the
specific work output using Table A.7 and repeat
using constant specific heat from Table A.5.

A reversible steady-state device receives a flow of
1 kg/s air at 400 K, 450 kPa and the air leaves at
600 K, 100 kPa. Heat transfer of 900 kW is added
from a 1000 K reservoir, 50 kW is rejected at 350
K, and some heat transfer takes place at 500 K.
Find the heat transferred at 500 K and the rate of
work produced.

1,000 K
04
1 2
— b —+— Air
Air

7 ==

5;0\K<Q3 QZ& 350 K

Figure P7.26
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Multiple Devices and Cycles

7.27

7.28

§B 7.2

7.30

7.31
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A steam turbine in a power plant receives 5 kg/s
steam at 3000 kPa, 500°C. Twenty percent of the
flow is extracted at 1000 kPa to a feedwater heater,
and the remainder flows out at 200 kPa. Find
the two exit temperatures and the turbine power
output.

A reversible adiabatic compression of an air flow
from 20°C, 100 kPa to 200 kPa is followed by an
expansion down to 100 kPa in an ideal nozzle.
What are the two processes? How hot does the air
get? What is the exit velocity?

Two flows of air are both at 200 kPa; one has
3 kg/s at 400 K, and the other has 2 kg/s at 290
K. The two lines exchange energy through a num-
ber of ideal heat engines, taking energy from the
hot line and rejecting it to the colder line. The
two flows then leave at the same temperature, as
in a co-flowing heat exchanger. Assume the whole
setup is reversible, and find the exit temperature
and the total power out of the heat engines.

A flow of 2kg/s R-410A at 20°C, 500 kPa is
heated at constant pressure to 60°C. The heat is
supplied by a heat pump that receives heat from
the ambient at T = 20°C and work input, as shown
in Fig. P7.30. Assume everything is reversible.
Find the heat transfer rate to the R-410A and the
power to the heat pump. Why is the resulting COP
so high?

—+—»R-410A

Figure P7.30

A certain industrial process requires a steady
0.75 kg/s supply of compressed air at 500 kPa at
a maximum temperature of 30°C, as shown in Fig.
P7.31. This air is to be supplied by installing a

compressor and an aftercooler. Local ambient con-
ditions are 100 kPa, 20°C. Using a reversible com-
pressor, determine the power required to drive the
compressor and the rate of heat rejection in the
aftercooler.

Ambient air
—'j Compressed
® air supply
. Cooler
“We ® h ®
4}—Q‘cool

Figure P7.31

7.32 A power plant, see Fig. 7.8, has P, = P, = 20 kPa,

7.33

T, = 40°C and P, = P; = 15 MPa, T; = 600°C.
Find the specific work and exit state for both the
pump and the turbine.

For the cycle in the previous problem find the spe-
cific heat transfers in the boiler and the condenser.
What is the cycle conversion efficiency (Wye/qp).

Transient Reversible Flow Processes

7.34

7.35

7.36

A 10-m-tall, 2-m? cross-sectional-area water tank
is on a tower, so the bottom is 5 m up from ground
level and the top is open to the atmosphere. It is
initially empty and then is filled by a pump tak-
ing water at ambient 7 = 17°C, 100 kPa from a
small pond at ground level. Assume the process is
reversible and find the total pump work.

An underground salt mine, 100 000 m? in vol-
ume, contains air at 290 K, 100 kPa. The mine is
used for energy storage, so the local power plant
pumps it up to 2.1 MPa using outside air at 290 K,
100 kPa. Assume the pump is ideal and the process
is adiabatic. Find the final mass and temperature of
the air and the required pump work.

R-410A at 120°C, 4 MPa is in an insulated tank,
and flow is now allowed out to a turbine with a
backup pressure of 800 kPa. The flow continues to
a final tank pressure of 800 kPa, and the process
stops. If the initial mass was 1 kg, how much mass
is left in the tank and what is the turbine work,
assuming a reversible process?

P-63
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7.37

Air in a tank at 300 kPa, 400 K with volume 2 m?
flows out through a nozzle to ambient 100 kPa
until the final pressure inside is 200 kPa. Assume
the whole process is adiabatic and reversible and
find the average kinetic energy in the exit flow.

Reversible Shaft Work; Bernoulli Equation

7.38

7.39

E3 740

7.41

7.42

7.43

7.44

B3 745

7.46

P-64

How much liquid water at 15°C can be pumped
from 100 kPa to 300 kPa with a 3-kW motor?

A river flowing at 0.5 m/s across a 1-m-high and
10-m-wide area has a dam that creates an elevation
difference of 2 m. How much energy can a turbine
deliver per day if 80% of the potential energy can
be extracted as work?

A wave comes rolling into the beach at 2 m/s hori-
zontal velocity. Neglect friction and find how high
up (elevation) on the beach the wave will reach.

A small pump takes in water at 20°C, 100 kPa and
pumps it to 5 MPa at a flow rate of 50 kg/min. Find
the required pump power input.

Liquid water at 400 kPa, 15°C flows in a garden
hose with a small ideal nozzle. How high a veloc-
ity can be generated? If the water jet is directed
straight up, how high will it go?

Saturated R-410A at —20°C is pumped/compressed
to a pressure of 1.8 MPa at the rate of 0.04 kg/s in
areversible adiabatic process. Calculate the power
required and the exit temperature for the two cases
of inlet state of the R-410A:

a. quality of 100%.

b. quality of 0%.

The underwater bulb nose of a container ship has
a velocity relative to the ocean water of 10 m/s.
What is the pressure at the front stagnation point
that is 2 m down from the water surface?

A small water pump at ground level has an inlet
pipe down into a well at a depth H with the water
at 100 kPa, 15°C. The pump delivers water at
400 kPa to a building. The absolute pressure of the
water must be at least twice the saturation pressure
to avoid cavitation. What is the maximum depth
this setup will allow?

A small pump is driven by a 3-kW motor with
liquid water at 150 kPa, 10°C entering. Find the
maximum water flow rate you can get with an exit
pressure of 10 MPa and negligible kinetic ener-
gies. The exit flow goes through a small hole in
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a spray nozzle out to the atmosphere at 100 kPa,
as shown in Fig. P7.46. Find the spray velocity.

Nozzle

Figure P7.46

7.47 A flow of 4 kg/s ammonia goes through a device in

a polytropic process with an inlet state of 150 kPa,
—20°C and an exit state of 400 kPa, 60°C. Find the
polytropic exponent n, the specific work, and the
heat transfer.

7.48 Air flow at 80 kPa, 280 K, 200 m/s towards a

wing tip. At the tip the flow stagnates (comes to
zero velocity) without any heat transfer, as shown
in Fig. P7.48. Find the stagnation pressure (a)
assuming incompressible flow, (b) assuming adia-
batic compression. Hint: 7 comes from the energy
equation.

Figure P7.48

7.49 Nitrogen gas enters a steady-flow expander at

800 kPa, 300°C and exits at 120 kPa. The expan-
sion process can be considered a reversible poly-
tropic process with exponent n = 1.3. Calculate the
mass flow rate for 150-kW power output from the
expander.

7.50 Calculate the air temperature and pressure at the

stagnation point right in front of a meteorite enter-
ing the atmosphere (—70°C, 20 kPa) with a veloc-
ity of 2000 m/s. Do this assuming air is incom-
pressible at the given state and repeat for air being
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a compressible substance going through an adia-
batic compression.

Expansion in a gas turbine can be approximated
with a polytropic process with exponent n = 1.25.
The inlet air is at 1200 K, 800 kPa and the exit
pressure is 125 kPa with a mass flow rate of
0.75 kg/s. Find the turbine heat transfer and power
output.

Irreversible Flow Processes

Steady Flow Processes

7.52

7.53

7.54

7.55

7.56

7.57

7.58
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R-410A at —5°C, 700 kPa is throttled, so it
becomes cold at —40°C. What is exit P and the
specific entropy generation?

A large condenser in a steam power plant dumps
15 MW by condensing saturated water vapor at
45°C to saturated liquid. What is the water flow
rate and the entropy generation rate with an ambi-
ent at 25°C?

Consider a steam turbine with inlet 2 MPa, 350°C
and an exhaust flow as saturated vapor, 100 kPa.
There is a heat loss of 6 kJ/kg to the ambient. Is
the turbine possible?

A compressor in a commercial refrigerator
receives R-410A at —25°C and x = 1. The exit
is at 1000 kPa, 40°C. Is this compressor possible?

A steam turbine has an inlet of 2 kg/s water at
1000 kPa, 400°C with velocity of 15 m/s. The exit
is at 100 kPa, 150°C and very low velocity. Find
the power produced and the rate of entropy gener-
ation.

A factory generates compressed air from ambi-
ent 100 kPa, 17°C by compression to 1000 kPa,
600 K, after which it cools in a constant-pressure
cooler to 22°C by heat transfer to the ambient. Find
the specific entropy generation in the compressor
and in the cooler.

A mixing chamber receives 5 kg/min ammonia as
saturated liquid at —20°C from one line and ammo-
nia at 40°C, 250 kPa from another line through
a valve. The chamber also receives 325 kJ/min
energy as heat transferred from a 40°C reservoir,
as shown in Fig. P7.58. This should produce sat-
urated ammonia vapor at —20°C in the exit line.
What is the mass flow rate in the second line, and
what is the total entropy generation in the process?

7.59

7.60

7.61

7.62

40°C
1 .
—ﬁ—»;w 0,

2

X

Figure P7.58

Methane at 1 MPa, 300 K is throttled through a
valve to 100 kPa. Neglect kinetic energy and find
the specific entropy generation?

Carbon dioxide at 300 K, 200 kPa flows through a
heater and comes out at 400 K receiving heat from
a 450 K reservoir. Find the specific heat transfer
and specific entropy generation.

Two flows of air are both at 200 kPa; one has
2 kg/s at 400 K, and the other has 1 kg/s at 290 K.
The two flows are mixed together in an insulated
box to produce a single exit flow at 200 kPa. Find
the exit temperature and the total rate of entropy
generation.

A condenser in a power plant receives 5 kg/s steam
at 15 kPa, quality 90% and rejects the heat to cool-
ing water with an average temperature of 17°C.
Find the power given to the cooling water in this
constant-pressure process, shown in Fig. P7.62,
and the total rate of entropy generation when the
condenser exit is saturated liquid.

Cooling
water

Figure P7.62

P-65
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7.64
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7.66
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A large supply line has a steady flow of R-410A at
1000 kPa, 60°C. It is used in three different adia-
batic devices shown in Fig. P7.63: a throttle flow,
an ideal nozzle, and an ideal turbine. All the exit
flows are at 300 kPa. Find the exit temperature and
specific entropy generation for each device and the
exit velocity of the nozzle.

R-410A

i

Valve

Figure P7.63

—>
Nozzle
{

W
Turbine | —>>
—t+

An energy recovery heat exchanger, shown in Fig.
P7.64, is used to heatwater at 15°C, 0.4 MPa to sat-
urated vapor. The energy comes from a 2 kg/s air
flow at 800 K which leaves at 360 K both at 1 MPa.
Find thewater flowrate and the total rate of entropy

generation.
7
® ®
X I JUUb :IHZO
@y ®

A

Figure P7.64

A large supply line has a steady air flow at 500 K,
200 kPa. The flow goes out through a nozzle as
shown in Fig. P7.63. The exit is at 100 kPa. Find
the exit temperature, specific entropy generation
and the exit velocity of the nozzle.

Repeat the previous problem for an inlet at 2000 K
and solve with the air tables.

Carbon dioxide used as a natural refrigerant flows
through a cooler at 6 MPa. The inlet is at 200°C
and the exit is at 20°C. Assume the heat transfer is
to the ambient at 15°C and find the specific entropy
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7.68

7.69

generation in the process and show the process in
a T-s diagram.

A steam turbine in a power plant receives steam at
3000 kPa, 500°C. The turbine has two exit flows;
one is 20% of the flow at 1000 kPa, 350°C to a
feedwater heater, and the remainder flows out at
200 kPa, 200°C. Find the specific turbine work and
the specific entropy generation, both per kilogram
flow in.

One type of feedwater heater for preheating the
water before entering a boiler operates on the prin-
ciple of mixing the water with steam that has been
bled from the turbine. For the states shown in Fig.
P7.69, calculate the rate of net entropy increase for
the process, assuming the process to be steady flow
and adiabatic.

@ P=1MPa

T, = 200°C
®© Feedwater . -~ Py=1 MI:a
’ heater [ > T3=160 c
Py=1MPa ® ritg = 4 kg/s
Ty = 40°C
Figure P7.69
7.70 A coflowing (same direction) heat exchanger,

shown in Fig. P7.70, has one line with 0.5 kg/s
oxygen at 17°C, 200 kPa entering, and the other
line has 0.6 kg/s nitrogen at 150 kPa, 500 K enter-
ing. The heat exchanger is very long, so the two
flows exit at the same temperature. Use constant
specific heats and find the exit temperature and the
total rate of entropy generation.

Figure P7.70
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Calculate the specific entropy generated in the fill-
ing process given in Example 4.10.

A 0.2-m? initially empty container is filled with
water from a line at 500 kPa, 200°C until there is
no more flow. Assume the process is adiabatic and
find the final mass, the final temperature, and the
total entropy generation.

A cannister has 0.1-m* of R-410A at 400 kPa,
0°C and is filled with R-410A from a line flowing
saturated liquid at —5°C. This is done quickly such
that the process is adiabatic. Find the final mass
and the entropy generation.

A 1-L can of R-134a is at room temperature, 20°C,
with a quality of 50%. A leak in the top valve
allows vapor to escape and heat transfer from the
room takes place, so we reach a final state of 5°C
with a quality of 100%. Find the mass that escaped,
the heat transfer, and the entropy generation, not
including that made in the valve.

An insulated 2-m? tank is charged with R-134a
from a supply line at 3 MPa, 90°C, the tank is ini-
tially evacuated, and the valve is closed when the
pressure inside the tank reaches 2 MPa. Find the
final temperature and the mass in the tank and the
total entropy generated in the process.

An empty can of 0.002 m? is filled with R-134a
from a line flowing saturated vapor R-134a at
10°C. The filling is done quickly, so it is adiabatic,
and the process stops when the pressure is 200 kPa.
Find the final mass in the can and the total entropy
generation.

A 200-L insulated tank contains nitrogen gas at
200 kPa, 300 K. A line with nitrogen at 500 K,
500 kPa adds 40% more mass to the tank with
a flow through a valve. Use constant specific
heats to find the final temperature and the entropy
generation.

Do the previous problem using carbon dioxide and
Table A.8 for the solution.

A balloon is filled with air from a line at 200 kPa,
300 K to a final state of 110 kPa, 300 K with a mass
of 0.1 kg air. Assume the pressure is proportional
to the balloon volume as P = 100 kPa 4+ CV. Find

the heat transfer to/from the ambient at 300 K and
the total entropy generation.

Energy Conservation and Renewable Energy
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Consider the reversible air compressor in Prob-
lem 7.22. What is the reduction in work if the inlet
T is reduced to 280 K?

Find the reduction in specific work if the compres-
sor in Problem 7.22 has the outlet pressure reduced
to 800 kPa.

A two-stage compressor having an intercooler
takes in air at 300 K, 100 kPa, and compresses it
to 1.5 MPa, as shown in Fig. 7.11. The cooler then
cools the air to 340 K, after which it enters the sec-
ond stage, which has an exit pressure of 15 MPa.
Both stages are adiabatic and reversible. Find ¢ in
the cooler, total specific work, and compare this to
the work required with no intercooler.

A two-stage compressor takes nitrogen in at 20°C,
150 kPa and compresses it to 600 kPa, 450 K.
Then it flows through an intercooler, where it
cools to 320 K, and the second stage com-
presses it to 3000 kPa, 530 K. Find the specific
entropy generation in each of the two compressor
stages.

The intercooler in the previous problem uses cold
liquid water to cool the nitrogen. The nitrogen flow
is 0.1 kg/s, and the liquid water inlet is 20°C and
is setup to flow in the opposite direction from the
nitrogen, so the water leaves at 35°C. Find the flow
rate of the water and the entropy generation in this
intercooler.

Assume a reversible adiabatic turbine in the previ-
ous problem and evaluate the increase in specific
work out if the inlet air is heated to 477°C before
entering the turbine.

A geothermal supply of hot water at 500 kPa,
150°C is fed to an insulated flash evaporator at
the rate of 1.5 kg/s. A stream of saturated liquid at
200 kPa is drained from the bottom of the chamber,
as shown in Fig. P7.86, and a stream of saturated
vapor at 200 kPa is drawn from the top and fed to a
turbine. Find the rate of entropy generation in the
flash evaporator.
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7.87

7.88

7.89

Figure P7.86

Assume a steam turbine receives state 3 flow from
the previous problem and exhausts at 100 kPa, find
its specific work output. Repeat if we heat state 3
flow with a gas burner to 250°C before entering the
turbine.

Expand on the previous problem and find the effi-
ciency of the gas burner addition. Find the ratio of
the extra turbine work output as a fraction of the
extra energy the burner provided.

The hydro-storage facility in Michigan, Fig. 3.34
can deliver 1800 MW. How large a mass flow rate
is that if the process is reversible?

Device Efficiency

7.90

7.91

7.92

7.93

7.94
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A steam turbine inlet is at 1800 kPa, 400°C. The
exit is at 200 kPa. What is the lowest possible
exit temperature? Which efficiency does that cor-
respond to?

A steam turbine inlet is at 1800 kPa, 400°C. The
exit is at 200 kPa. What is the highest possible
exit temperature? Which efficiency does that cor-
respond to?

A steam turbine inlet is at 1800 kPa, 400°C. The
exit is at 200 kPa, 150°C. What is the isentropic
efficiency?

A compressor in a commercial refrigerator
receives R-410A at —25°C and x = 1. The exit
is at 2000 kPa, 80°C. Neglect kinetic energies and
find the isentropic compressor efficiency.

A steam turbine has an inlet of 2 kg/s water at
1000 kPa, 400°C with velocity of 15 m/s. The exit
is at 100 kPa, 150°C and very low velocity. Find
the power produced and the rate of entropy gener-
ation. Find the isentropic efficiency.
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7.95

7.96
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The exit velocity of a nozzle is 500 m/s. If 7.,
= 0.88, what is the ideal exit velocity?

An emergency drain pump, shown in Fig. P7.96,
should be able to pump 0.005 m3/s liquid water
at 15°C, 10 m vertically up, delivering it with a
velocity of 20 m/s. It is estimated that the pump,
pipe, and nozzle have a combined isentropic effi-
ciency expressed for the pump as 60%. How much
power is needed to drive the pump?

Nozzle

20 m/s

Pipe

Drain pump

Figure P7.96

7.97

7.98

7.99

7.100

7.101

7.102

7.103

Find the isentropic efficiency of the R-134a com-
pressor in Example 4.8.

Find the isentropic efficiency of the nozzle in
Example 4.4.

A centrifugal compressor takes in ambient air at
100 kPa, 17°C and discharges it at 450 kPa. The
compressor has an isentropic efficiency of 80%.
What is your best estimate for the discharge tem-
perature?

A refrigerator uses carbon dioxide that is brought
from 1 MPa, —20°C to 6 MPa using 2 kW power
input to the compressor with a flow rate of
0.02 kg/s. Find the compressor exit temperature
and its isentropic efficiency.

A pump receives water at 100 kPa, 15°C and a
power input of 1.5 kW. The pump has an isentropic
efficiency of 75%, and it should flow 1.2 kg/s
delivered at 30 m/s exit velocity. How high an exit
pressure can the pump produce?

Carbon dioxide enters an adiabatic compressor at
100 kPa, 300 K and exits at 1000 kPa, 520 K. Find
the compressor efficiency and the entropy genera-
tion for the process using Table A.5.

Redo the previous problem using Table A.8.
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A nozzle in a high-pressure liquid water sprayer
has an area of 0.5cm?. It receives water at
1.2 MPa, 20°C and the exit pressure is 100 kPa.
Neglect the inlet kinetic energy and assume a noz-
zle isentropic efficiency of 85%. Find the ideal
nozzle exit velocity and the actual nozzle mass
flow rate.

A water-cooled air compressor takes air in at 20°C,
90 kPa and compresses it to 500 kPa. The isother-
mal efficiency is 88% and the actual compressor
has the same heat transfer as the ideal one. Find the
specific compressor work and the exit temperature.

Review Problems

7.106

A turbocharger boosts the inlet air pressure to an
automobile engine. It consists of an exhaust gas-
driven turbine directly connected to an air com-
pressor, as shown in Fig. P7.106. For a certain
engine load the conditions are given in the figure.
Assume that both the turbine and the compressor
are reversible and adiabatic, having also the same
mass flow rate. Calculate the turbine exit temper-
ature and power output. Also find the compressor
exit pressure and temperature.

Engine
#3 power
out
P3=170 kPa
T4 = 650°C

Engine

Compressor [ ] .lllll
Turbine
Inlet air » Ex?ggsktP
Py=100kPa @ @ f4= a
T1 = SOOC
m=0.1kg/s

Figure P7.106

7.107
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Air enters an insulated turbine at 50°C and exits the
turbine at —30°C, 100 kPa. The isentropic turbine
efficiency is 70% and the inlet volumetric flow rate
is 20 L/s. What is the turbine inlet pressure and the
turbine power output?

7.108

7.109

7.110

7.111

7.112

7.113

Carbon dioxide flows through a device, entering
at 300 K, 200 kPa and leaving at 500 K. The pro-
cess is steady state polytropic with n = 3.8, and
heat transfer comes from a 600 K source. Find the
specific work, specific heat transfer, and specific
entropy generation due to this process.

A flow of R-410A at 2000 kPa, 40°C in an isother-
mal expander is brought to a state of 1000 kPa in
areversible process. Find the specific heat transfer
and work.

A coflowing heat exchanger has one line with
2 kg/s saturated water vapor at 100 kPa entering.
The other line is 1 kg/s air at 200 kPa, 1200 K. The
heat exchanger is very long, so the two flows exit
at the same temperature. Find the exit temperature
by trial and error. Calculate the rate of entropy gen-
eration.

A flow of nitrogen, 0.1 kg/s, comes out of a com-
pressor stage at 500 kPa, 500 K and is now cooled
to 310 K in a counterflowing intercooler by liquid
water at 125 kPa, 15°C that leaves at 22°C. Find
the flow rate of water and the total rate of entropy
generation.

Figure P7.111

A certain industrial process requires a steady
0.5 kg/s supply of compressed air at 500 kPa at a
maximum temperature of 30°C. This air is to be
supplied by installing a compressor and an after-
cooler; see Fig. P7.31. Local ambient conditions
are 100 kPa, 20°C. Using an isentropic compressor
efficiency of 80%, determine the power required to
drive the compressor and the rate of heat rejection
in the aftercooler.

Air from a line at 12 MPa, 15°C flows into a
500-L rigid tank that initially contained air at
ambient conditions, 100 kPa, 15°C. The process
occurs rapidly and is essentially adiabatic. The
valve is closed when the pressure inside reaches
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some value, P2. The tank eventually cools to room
temperature, at which time the pressure inside is
5 MPa. What is the pressure P2? What is the net
entropy change for the overall process?

is now transferred to the tank from a 200°C heat
source until the tank contains saturated vapor at
1.0 MPa. Calculate the heat transfer to the tank
and show that this process does not violate the sec-
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7.114 An initially empty spring-loaded piston/cylinder ond law.
requires 100 kPa to float the piston. A COmpressor 7116 Supercharging of an engine is used to increase the
with a line and valve now charges the cylinder with inlet air density so that more fuel can be added. the
water to a final pressure of 1.4 MPa, at which point e . y' . ’
the volume is 0.6 m?, state 2. The inlet condition result of Whleh }S increased power 0:1 tput. Assume
to the reversible adiabatic compressor is saturated that ambient air, 100 kPa and 27°C, enters the
vapor at 100 kPa. Find the final mass of water, the supercharger at a rate .Of 250 L/ s The.sup ercharger
piston work from 1 to 2 and the required compres- (compressor) has an isentropic efficiency of 75%
sor work. and uses 20 kW of power input. Assume that the
7.115 A rigid 1.0-m® tank contains water initially at ideal and a.ctual COMPIESSOTS have the same exit
120°C, with 50% liquid and 50% vapor by vol- pressure. Find the ideal spemﬁc work and Verify
ume. A pressure-relief valve on top of the tank is that the exit pressure is 175 kPa. Find the percent-
set to 1.0 MPa (the tank pressure cannot exceed age increase in air density entering the engine due
1.0 MPa; water will be discharged instead). Heat to the supercharger and the entropy generation.
ENGLISH UNIT PROBLEMS
7.117E A compressor receives R-134a at 20 F, 30 psia heat is supplied by a heat pump that receives
with an exit of 200 psia, x = 1. What can you say heat from the ambient at 540 R and work input,
about the process? as shown in Fig. P7.30. Assume everything is
I 7.118E A condenser receives R-410A at 0 F and quality reversible and find the rate of work input.
80%, with the exit flow being saturated liquid at ~ 7.124E R-410A at 240 F, 600 psia is in an insulated tank,
0 F. Consider the cooling to be a reversible pro- and flow is now allowed out to a turbine with a
cess and find the specific heat transfer from the backup pressure of 125 psia. The flow continues
entropy equation. to a final tank pressure of 125 psia and the process
7.119E The exit nozzle in a jet engine receives air at stops. If the initial mass was 1 Ibm, how much
2100 R, 20 psia with negligible kinetic energy. mass is left in the tank and what is the turbine
The exit pressure is 10 psia, and the process is work assuming a reversible process?
reversible and adiabatic. Use constant specific 7.125E A river flowing at 2 ft/s across a 4-ft-high and
heat at 77 F to find the exit velocity. 40-ft-wide area has a dam that creates an eleva-
7.120E Do the previous problem using Table F.5. tion difference of 9 ft. How much energy can a
7121E A compressor in a commercial refrigerator turbine deliver per day if 80% of the potential
receives R-410A at —10 F and unknown quality. energy can be extracted as work?
The exit is at 300 psia, 140 F and the process is 7.126E How much liquid water at 60 F can be pumped
assumed to be reversible and adiabatic. Neglect from 14.7 psia to 45 psia with a 3-kW motor?
kinetic energies and find the inlet quality and the  7.127E A wave comes rolling in to the beach at 6 ft/s
specific work. horizontal velocity. Neglect friction and find how
7.122E A compressor brings an air flow at 540 R, 1 atm high up (elevation) on the beach the wave will
up to a pressure of 10 atm in a reversible process. reach.
How hot is the exit flow, and what is the specific  7,128E A small pump takes in water at 70 F, 14.7 1bf/in.?
work input? and pumps it to 250 Ibf/in.2 at a flow rate of
B3 7.123E A flow of 4 Ibm/s saturated vapor R-410A at 100 200 Ibm/min. Find the required pump power
psia is heated at constant pressure to 140 F. The input.
P-70
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Saturated R-410A at 10 F is pumped/compressed
to a pressure of 300 Ibf/in.? at the rate of 1.0
Ibm/s in a reversible adiabatic steady-flow pro-
cess. Calculate the power required and the exit
temperature for the two cases of inlet state of the
R-410A:

a. Quality of 100%.

b. Quality of 0%.

The underwater bulb nose of a container ship has
a velocity relative to the ocean water of 30 ft/s.
What is the pressure at the front stagnation point
that is 6 ft down from the water surface?

Nitrogen gas enters a steady-flow expander at
120 1bf/in.2, 500 F and exits at 18 1bf/in.2. The
mass flow rate is 0.4 Ibm/s, and the expansion
process can be considered a reversible polytropic
process with exponent n = 1.3. Calculate the
power output of the expander.

An expansion in a gas turbine can be approxi-
mated with a polytropic process with exponent
n = 1.25. The inlet air is at 2100 R, 120 psia,
and the exit pressure is 18 psia with a mass flow
rate of 2 Ibm/s. Find the turbine heat transfer and
power output.

A large condenser in a steam power plant dumps
15 000 Btu/s by condensing saturated water
vapor at 115 F with an ambient temperature of
77 F. What is the entropy generation rate?
R-134a at 90 F, 125 psia is throttled in a steady
flow to a lower pressure, so it comes out at 10 F.
What is the specific entropy generation?

Two flowstreams of water, one at 100 1bf/in.2,
saturated vapor and the other at 100 1bf/in.2, 1000
F, mix adiabatically in a steady-flow process to
produce a single flow out at 100 Ibf/in.2, 600 F.
Find the total entropy generation per unit mass
flow out for this process.

A steam turbine has an inlet of 4 Ibm/s water at
150 psia and 550 F with a velocity of 50 ft/s. The
exitis at 1 atm, 240 F and very low velocity. Find
the power produced and the rate of entropy gen-
eration.

A geothermal supply of hot water at 80 psia, 300
Fis fed to an insulated flash evaporator at the rate
of 3 1bm/s. A stream of saturated liquid at 260
F is drained from the bottom of the chamber, as
shown in Fig. P7.86, and a stream of saturated

7.138E

7.139E

7.140E

7.141E

7.142E

7.143E

7.144E

7.145E

7.146E

vapor at 260 F is drawn from the top and fed to
a turbine. Find the rate of entropy generation in
the flash evaporator.

A large supply line has a steady flow of R-410A
at 175 psia, 140 F. It is used in three different
adiabatic devices shown in Fig. P7.63: a throttle
flow, an ideal nozzle, and an ideal turbine. All
the exit flows are at 60 psia. Find the exit tem-
perature and specific entropy generation for each
device and the exit velocity of the nozzle.

A large supply line has a steady air flow at 960 R,
2 atm. It is used in the three different adiabatic
devices shown in Fig. P7.63. Consider the nozzle
and valve flowswith an exit at | atm and find their
specific entropy generation and the exit velocity
of the nozzle.

Repeat the previous problem for the throttle
and the nozzle when the inlet air temperature is
4000 R and use the air tables.

An initially empty 5-ft3 tank is filled with air
from 70 F, 15 psia until it is full. Assume no
heat transfer and find the final mass and entropy
generation.

An empty cannister of volume 0.05 ft’ is filled
with R-134a from a line flowing saturated liquid
R-134a at 40 F. The filling is done quickly, so it
is adiabatic. How much mass of R-134a is in the
cannister? How much entropy was generated?

A can of volume 8 ft is empty and is filled with
R-410A from a line at 200 psia saturated vapor.
The process is adiabatic and stops at P = 150
psia. Use Table F.9 to find the final temperature
and the entropy generation.

Consider the reversible air compressor in Prob-
lem 7.122E. What is the reduction in work if the
inlet 7' is reduced to 500 R?

Air at 540 F, 60 Ibf/in.? with a volume flow of g5

40 ft3/s runs through an adiabatic turbine with
exhaust pressure of 15 Ibf/in.2. Neglect kinetic
energies and use constant specific heats. Find the
lowest and highest possible exit temperatures.
For each case, also find the rate of work and the
rate of entropy generation.

Assume a reversible adiabatic turbine in the pre-
vious problem and evaluate the increase in spe-
cific work out if the inlet air is heated to 600 F
before entering the turbine.
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7.147E

7.148E

7.149E

7.150E
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A geothermal steam turbine inlet is at 40 psia,
sat. vapor and its exhaust is at 7.515 psia, find its
specific work output. Repeat if we heat the inlet
flow with a gas burner to 440 F before entering
the turbine.

Expand on the previous problem and find the effi-
ciency of the gas burner addition. Find the ratio
of the extra turbine work output as a fraction of
the extra energy the burner provided.

The hydro-storage facility in Michigan, Fig.
3.34, can deliver 1800 MW. How large a mass
flow rate is that if the process is reversible?

A steam turbine inlet is at 300 psia, 800 F. The
exit is at 40 psia. What is the lowest possible exit
temperature? Which efficiency does that corre-
spond to?

ni_k

7.151E

7.152E

7.153E

7.154E

7.155E

A steam turbine inlet is at 300 psia, 800 F. The
exitis at 40 psia. What is the highest possible exit
temperature? Which efficiency does that corre-
spond to?

A steam turbine inlet is at 300 psia, 800 F. The
exit is at 40 psia, 500 F. What is the isentropic
efficiency?

The exit velocity of a nozzle is 1500 ft/s. If 7,1
= 0.88, what is the ideal exit velocity?

A nozzle is required to produce a steady stream
of R-134a at 790 ft/s at ambient conditions,
15 Ibf/in.2, 70 F. The isentropic efficiency may
be assumed to be 90%. What pressure and tem-
perature are required in the line upstream of the
nozzle?

Repeat Problem 7.129E for a pump/compressor
isentropic efficiency of 70%.
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Summary Objectives

CHAPTER 7
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The second law of thermodynamics is extended to a general control volume with mass flow
rates in or out for steady and transient processes. The vast majority of common devices and
complete systems can be treated as nearly steady-state operations even if they have slower
transients, as in a car engine or jet engine. Simplification of the entropy equation arises when
applied to steady-state and single-flow devices like a turbine, nozzle, compressor, or pump.
The second law and the Gibbs property relation are used to develop a general expression
for reversible shaft work in a single flow, which is useful in understanding the importance
of the specific volume (or density) that influences the magnitude of the work. For a flow
with no shaft work, consideration of the reversible process also leads to the derivation of
the energy equation for an incompressible fluid as the Bernoulli equation. This covers the
flows of liquids such as water or hydraulic fluid as well as air flow at low speeds, which can
be considered incompressible for velocities less than a third of the speed of sound.

Many actual devices operate with some irreversibility in the processes that occur,
so we also have entropy generation in the flow processes, and the total entropy is always
increasing. The characterization of performance of actual devices can be done with a com-
parison to a corresponding ideal device, giving efficiency as the ratio of two energy terms
(work or kinetic energy).

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

* Apply the second law to more general control volumes

e Analyze steady state single flow devices such as turbines, nozzles, compressors,
pumps, both reversible and irreversible

* Know how to extend the second law to transient processes
e Analyze complete systems as a whole or divide it into individual devices

e Apply the second law to multiple flow devices such as heat exchangers, mixing
chambers, and turbines with several inlets and outlets

* Recognize when you have an incompressible flow where you can apply Bernoulli
equation or the expression for reversible shaft work

* Know when you can apply Bernoulli equation and when you cannot
* Know how to evaluate the shaft work for a polytropic process

* Know to apply the analysis to an actual device using an efficiency and identify the
closest ideal approximation to the actual device

* Know the difference between a cycle efficiency and a device efficiency

* Have a sense of entropy as a measure of disorder or chaos
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CHAPTER 7

state single flow devices

Examples: 7.1-7.4
Equations: 7.7-7.8, 4.11, 4.13

Objectives Reading, Examples, Concepts, Study,
Equations, and Tables Hw problems
Know how to analyze steady | Reading: Sec. 7.1-7.2 C:1-5

S: 14, 18, 24, 118E
Hw: 13-26, 119E-122E

Know how to analyze
multiple steady state flow
devices

Reading: Sec. 7.1-7.2
Examples: 7.5
Equations: 7.5-7.6, 4.9-4.10

S: 29, 123E
Hw: 27-33, 123E

Apply entropy equation to
transient devices

Reading: Sec. 7.2
Examples: 7.6
Equations: 7.11-7.12, 4.20-4.21

S: 35
Hw: 34-37, 124E

Know the steady state single
flow work and the Bernoulli’s
equation

Reading: Sec. 7.3
Examples: 7.7-7.8
Equations: 7.13-7.18

S: 40, 45,51, 127E, 132E
Hw: 38-50, 125E-131E

Know how to evaluate the
shaft work in a polytropic
flow process

Reading: Sec. 7.3
Examples: —
Equations: 7.17-7.18

S: 51, 132E
Hw: 47-51, 131E-132E

Know how to apply the
analysis to actual devices
with entropy generation

Reading: Sec. 7.4
Examples: 7.9-7.10
Equations: 7.19-7.25

S:56, 61,71, 136E, 142E
Hw: 52-79, 133E-143E

Know how to analyze actual
and ideal device behavior in
practice

Reading: Sec. 7.5
Examples: —
Equations: 7.26—7.30 + previous

S: 83, 86, 145E
Hw: 80-89, 144E-149E

Know how to use actual
device efficiency

Reading: Sec. 7.5
Examples: 7.11-7.12
Equations: 7.27-7.30 + previous

S: 93,98, 105, 153E
Hw: 90-104, 150E-155E

R-7
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Entropy Analysis for
a Control Volume

In the preceding two chapters, we discussed the second law of thermodynamics and the
thermodynamic property entropy. As was done with the first-law analysis, we now con-
sider the more general application of these concepts, the control volume analysis, and a
number of cases of special interest. We will also discuss usual definitions of thermodynamic
efficiencies.

7.1) THE ENTROPY EQUATION FOR A CONTROL
VOLUME

The second law of thermodynamics can be applied to a control volume by a procedure
similar to that used in Section 4.1, where the energy equation was developed for a control
volume. We start with the second law expressed as a balance of the entropy for a control
mass in a rate form from Eq. 6.42,

= D 7+ Sgen (7.1)

to which we now will add the contributions from the mass flow rates into and out of the con-
trol volume. Figure 7.1 presents a simple example of such a situation. The flow of mass does
carry an amount of entropy, s, per unit mass flowing, but it does not give rise to any other
contributions. As a process may take place in the flow, entropy can be generated, but this
is attributed to the space it belongs to (i.e., either inside or outside of the control volume).
The balance of entropy as an equation then states that the rate of change in total
entropy inside the control volume is equal to the net sum of fluxes across the control surface
plus the generation rate. That is,

rate of change = +in — out + generation

or .

ds i . 0 .

% = Yrinsi— Y s, + Y 7+ Sgen (7.2)

These fluxes are mass flow rates carrying a level of entropy and the rate of heat
transfer that takes place at a certain temperature (the temperature at the control surface).

206
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FIGURE 7.1 The
entropy balance for a
control volume on a
rate form.

Telegram: @uni_k

w

Sgen

o/
_____ H______________

L0848

The accumulation and generation terms cover the total control volume and are expressed
in the lumped (integral form), so that

Sey = / psdV =mg, s =mys, +mpSg +mesc+ - -

Sgen = / psgen v = Sgen.A + Sgen.B + Sgen. ct- (7.3)

If the control volume has several different accumulation units with different fluid states
and processes occurring in them, we may have to sum the various contributions over the
different domains. If the heat transfer is distributed over the control surface, then an integral
has to be done over the total surface area using the local temperature and rate of heat transfer
per unit area, (Q/A);ca» aS

C.V. __ @ _ ;
Z T _/ r _4/surface(Q/Alocal)/T a“ (74)

These distributed cases typically require a much more detailed analysis, which is beyond
the scope of the current presentation of the second law.

The generation term(s) in Eq. 7.2 from a summation of individual positive
internal-irreversibility entropy-generation terms in Eq. 7.3 is (are) generally positive but
would be zero for any domain in which only reversible processes occur. The form of the
second law in Eq. 7.2 is general, such that any particular case results in a form that is a
subset (simplification) of this form. Examples of various classes of problems are illustrated
in the following sections.

If there is no mass flow into or out of the control volume, calculations simplify to
a control mass and the equation for the total entropy reverts back to Eq. 6.50. Since that
version of the second law has been covered in Chapter 6, we will consider the remaining
cases here similarly to how we handled the energy equation in Chapter 4.

7.2) THE STEADY-STATE PROCESS AND
THE TRANSIENT PROCESS

We will now apply the entropy equation, Eq. 7.2 to the two control volume model processes
developed in Chapter 4.
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Steady-State Process

For the steady-state process, which has been defined in Section 4.3, we conclude that there
is no change with time of the entropy per unit mass at any point within the control volume,
and therefore the first term of Eq. 7.2 equals zero. That is,

dS..,
—= =0 7.5
o (7.5)

so that, for the steady-state process,

Y rings, = Y s = QCTV + Sgen (7.6)
C.S.
in which the various mass flows, heat transfer and entropy generation rates, and states are
all constant with time.
If in a steady-state process there is only one area over which mass enters the control
volume at a uniform rate and only one area over which mass leaves the control volume at a
uniform rate, we can write

(s, =)= | QCTV + Sgen (1.7)
cs.
and dividing the mass flow rate out gives
s, =S;+ Z % + Sgen (7.8)
Since s, is always greater than or equal to zero, for an adiabatic process it follows that
S¢ = 8;+ Sgen 2 5; (7.9)

where the equality holds for a reversible adiabatic process.

L -~ —

1=

Steam enters a steam turbine at a pressure of 1 MPa, a temperature of 300°C, and a velocity
of 50 m/s. The steam leaves the turbine at a pressure of 150 kPa and a velocity of 200 m/s.
Determine the work per kilogram of steam flowing through the turbine, assuming the pro-
cess to be reversible and adiabatic.

Control volume: Turbine in Fig. 7.2.
Inlet state: Fixed (Fig. 7.2).
Exit state: P,, V. known.
Process: Steady state, reversible and adiabatic.

; Pi =1 MPa
l T, =300°C
V;=50 m/s T

—> W

P, =150 kPa

V, =200 m/s FIGURE 7.2 Sketch for
s Example 7.1.

Telegram: @uni_k
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Analysis
Continuity Eq.: i1, = riy; = 11
V; '
Energy Eq.: h; + ?’ =h,+ 76 +w
Entropy Eq.: s, =5;
Solution
Inlet state: (P, T) Table B.1.3 h; =3051.2 kJ/kg, s; = 7.1228 kl/kg-K
Exit state: P,=0.15MPa, s, =s; = 7.1228 kJ/kg-K

The quality and enthalpy of the steam leaving the turbine can be determined as follows:

S =7.1228 = sp + x84 = 1.4335 + x,5.7897

x,=0.9827
hy = hy + X hy, = 467.1 + 0.9827(2226.5)
=2655.0 kI /kg

Therefore, the work per kilogram of steam for this isentropic process is found using the
energy equation:

50 x 50 m*/s™2 200 x 200 m? /s~

w=30512kl/kg + 2 T ~ 26550 ki/kg~ S 20 i =377.5 kI /kg
' I\ . 7 N\ \""— |
— —

L=

Consider the reversible adiabatic flow of steam through a nozzle. Steam enters the nozzle at
1 MPa and 300°C, with a velocity of 30 m/s. The pressure of the steam at the nozzle exit is
0.3 MPa. Determine the exit velocity of the steam from the nozzle, assuming a reversible,
adiabatic, steady-state process.
Control volume: ~ Nozzle in Fig. 7.3.
Inlet state: Fixed (Fig. 7.3).
Exit state: P, known.
Process: Steady state, reversible, and adiabatic.

i @ .
T )
P;=1MPa e g0 P =03 MPa
7,=300°C —[ > —> . /
— , =5
V,;=30m/s

N

FIGURE 7.3 Sketch for Example 7.2.
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Analysis

Because this is a steady-state process in which the work, heat transfer, and changes in
potential energy are zero, we can write

Continuity Eq.: 71, = riy; = 1
A '
Energy Eq.:  h; + 7’ =h, + 76
Entropy Eq.: S, =S;
Solution
Inlet state: (P, T) Table B.1.3 h; = 3051.2 kJ/kg, s; = 7.1228 kJ/kg-K
Exit state: P, =0.3 MPa, s, =s5; = 7.1228 kl/kg-K

Thus from Table B.1.3 we find

T,=159.1°C,  h, =2780.2kl/kg

Substituting into the energy equation, we have

2
—‘E:h-—h i
2 T

30 x 30 m?/s?
2% 1000 J/kJ

= (3051.2 — 2780.2) kI /kg + =271.5kl/kg

V, = /2000 x 271.5 J /kg = 737 m/s

HLE N ol

®I1=

?/’ ‘ ~—

Consider the reversible adiabatic flow of steam through a nozzle. Steam enters the nozzle at
100 1bf/in.2, 500 F with a velocity of 100 ft/s. The pressure of the steam at the nozzle exit is
40 1bf/in.2. Determine the exit velocity of the steam from the nozzle, assuming a reversible,
adiabatic, steady-state process.

Control volume:
Inlet state:
Exit state:

Process:

P, =100 Ibf/in.2
T; =500 F
V, =100 ft/s

Nozzle in Fig. 7.3E
Fixed (Fig. 7.3E).

P, known.

Steady state, reversible, and adiabatic.

P, =40 Ibf/in.2

Se =S8;

FIGURE 7.3E Sketch for Example 7.2E.
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Analysis
Because this is a steady-state process in which the work, the heat transfer, and changes in
potential energy are zero, we can write

Continuity Eq.: 1, = riy; = 11
v; 2
Energy Eq.:  h; + ?’ =h,+ 76

Entropy Eq.: s, =3,

e 1

Solution
Inlet state: (P, T) Table E.7.2 h; = 1279.1 Btu/lbm, s; = 1.7085 Btu/lbm-R
Exit state: P, = 40 Ibf/in.2, s, = 5; = 1.7085 Btu/Ibm-R

Thus from Table FE.7.2 we find
T,=3142F h, = 1193.9 Btu/lbm

Substituting into the energy equation, we have

V2 Vi
— =hi—=h,+ - = (1279.1 = 1193) Btu/Ibm
100 x 100 ft? /52

= 85.4 Btu/Ib
2% 32.17 x 778 (Ibm-ft/s2-1bf) (Ibf-ft/Btu) u/Ibm

V,= \/ 2% 25 037 fi2s~2 (Ibm/Btu) X 85.4 Btu/Ibm = 2070 ft/s
[ I\ . 7 I\ \""— |

?/’ ‘ ~—

e
An inventor reports having a refrigeration compressor that receives saturated R-134a vapor
at —20°C and delivers the vapor at 1 MPa, 40°C. The compression process is adiabatic.
Does the process described violate the second law?
Control volume: ~ Compressor.
Inlet state: Fixed (saturated vapor at 7}).
Exit state:  Fixed (P,, T, known).

Process: Steady state, adiabatic.

Analysis
Because this is a steady-state adiabatic process, we can write the entropy equation as

s, =8; + Soen
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Solution
From the R-134a tables, we read

s, = 17148 kI /kg-K, s, = 1.7395 kI /kg-K

Therefore, s, < s;, implying a negative entropy generation that is a violation of the second
law and thus is impossible.

LW N ol

— —
~e
An air compressor in a gas station (see Fig. 7.4) takes in a flow of ambient air at 100 kPa,
290 K and compresses it to 1000 kPa in a reversible adiabatic process. We want to know
the specific work required and the exit air temperature.

P
e
\i
v
T
e
i
s ' 1 FIGURE 7.4 Diagram for Example 7.4.
Solution

C.V. air compressor, steady state, single flow through it, and assumed adiabatic Q = 0.

Continuity Eq. 4.11: ny; = m, =1
Energy Eq. 4.12: tith; = rih, + W
Entropy Eq. 7.8: 1S + Sgen = 1125,

Process: Reversible Sy, =0

Use constant specific heat from Table A.5, Cp, = 1.004 kJ/kg-K, k = 1.4. The entropy
equation gives constant s, which gives the relation in Eq. 6.23:

Pe
s;=8,>T,=T,; P
I

x~

-1

|

0.2857
1000) = 559.9K

= 290K<W

Telegram: @uni_k
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The energy equation per unit mass gives the work term

we = h; — h, = Cpo(T; — T,) = 1.004 kI /kg-K (290 — 559.9) K = —271 kJ /kg

LW N . ol

- —
e
An air compressor in a gas station (see Fig. 7.4) takes in a flow of ambient air at 14.7 1bf/in.2,
520 R and compresses it to 147 1bf/in.? in a reversible adiabatic process. We want to know
the specific work required and the exit air temperature.

Solution
C.V. air compressor, steady state, single flow through it, and assumed adiabatic Q = 0.

Continuity Eq. 4.11: m; = m, =nm
Energy Eq. 4.12: rh; = mh, + WC
Entropy Eq. 7.8:  sits; + Sy = 125,

Process: Reversible S,., = 0

Use constant specific heat from Table F4, Cpy, = 0.24 Btu/lbm-R, k = 1.4. The entropy
equation gives constant s, which gives the relation in Eq. 6.23:
k=1

Pe % 147 0.2857
s;=5,> T, = Ti<F> = 520R(m> = 10039 R

The energy equation per unit mass gives the work term

w, = h; — h, = Cpo(T; — T,) = 0.24 Btu/Ibm-R (520 — 1003.9) R = —116.1 Btu/Ibm
HLEN NN =L \o—-d

L2 N
e
A de-superheater works by injecting liquid water into a flow of superheated steam. With
2 kg/s at 300 kPa, 200°C, steam flowing in, what mass flow rate of liquid water at 20°C
should be added to generate saturated vapor at 300 kPa? We also want to know the rate of
entropy generation in the process.

Solution
C.V. De-superheater (see Fig. 7.5), no external heat transfer, and no work.

Continuity Eq. 4.9: iy + 1y = ity
Energy Eq. 4.10: myhy + riyhy = tshy = (riy + rity)hs
Entropy Bq. 7.7: 1t 8y + 11385 + Sgen = 11333
Process: P = constant, W = 0,and O = 0
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All the states are specified (approximate state 2 with saturated liquid at 20°C)

kJ kJ kJ kJ

B.1.3: hy = 2865.54—, =73115——; h3 =27253—, s53=69918——

! kg %1 kg K 3 kg kg K

kJ kJ

B.1.2: h, = 83.94—, » =0.2966 —

2 kg’ kg K

T
2
300 kPa
1
3
2
De-superheater

FIGURE 7.5 Sketch and diagram for Example 7.5.

Now we can solve for the flow rate 71, from the energy equation, having eliminated riz; by
the continuity equation

hy —h _
thy = 1, h; 3 _ kg /s 200994~ 27253 _ 1065 1o /s

—hy 2725.3 — 83.94
Generation is from the entropy equation
Sgen = 11383 — 111§y — ity
=(2.1062 X 6.9918 — 2 x 7.3115 — 0.1062 X 0.2966)kg/s x kJ /kg-K = 0.072kW /K

HLE N . -l

Transient Process

For the transient process, which was described in Section 4.6, the second law for a control
volume, Eq. 7.2, can be written in the following form:

(ms)cv D tivs; = Y s +2%+Sgen (7.10)

If this is integrated over the time interval ¢, we have

t
d
/0 E (ms)c.v. dt = (m232 - mlsl)c.v.

/Ot <Z misi> dt = Zmisi, '/Ot (Z mese) dt = Zmese, / Sgen dt = S2gen

Telegram: @uni_k



www.konkur.in

Telegram: @uni_k

Therefore, for this period of time ¢, we can write the second law for the transient
process as

S (S, (7.11)

t
(mys, — mlsl)c.v. = Z m;s; — Zmese +'/0 z =
c.s.

Since in this process the temperature is uniform throughout the control volume at any instant
of time, the integral on the right reduces to

t - t t r
Y == =N 0 di= | =
o F T o T &7 o T

and therefore the second law for the transient process can be written as

.
Oy
(mysy = mysp)ey = Y ms;— Y mys, +/0 % di + S0 (7.12)

- —
-

Assume an air tank has 40 L of 100 kPa air at ambient temperature 17°C. The adiabatic
and reversible compressor is started so that it charges the tank up to a pressure of 1000 kPa
and then it shuts off. We want to know how hot the air in the tank gets and the total amount
of work required to fill the tank.

Solution
C.V. compressor and air tank in Fig. 7.6.

Continuity Eq. 4.20: my —my = my,

Energy Eq. 4.21: myuy —myuy = 0, — W, +my by,

Entropy Eq. 7.12:  mys, —mys; = /dQ/T + 1S2gen F MinSin

Process: Adiabatic |0, =0, Process ideal 1S2gen =0, s =s,
= MySy = mysy + my, S, = (Mg + m)s; = mys; = 55 = 8
Constants = Eq. 6.19 59, =59, + R In(P,/P;)
s(}z = 6.83521 kJ /kg-K + 0.287 kJ /kg-K 1n (10) = 7.496 05 kJ /kg-K
Interpolate in Table A.7 =T, = 555.7 K, u, = 401.49 kJ/kg

my = P,V,/RT; = 100 kPa x 0.04 m®/(0.287 kJ /kg-K x 290 K) = 0.048 06 kg
my = P,V,/RT, = 1000 kPa x 0.04 m® /(0.287 kJ /kg-K x 555.7 K) = 0.2508 kg
= my, = 0.2027 kg
Wy =myp iy + myuy — myuy

= m;,(290.43) + m,(207.19) — m,(401.49) = —31.9kJ
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T
556 >
100 kPa
290~ 7
v N

FIGURE 7.6 Sketch and diagram for Example 7.6.

Remark: The high final temperature makes the assumption of zero heat transfer poor. The
charging process does not happen rapidly, so there will be a heat transfer loss. We need to
know this to make a better approximation of the real process.

In-Text Concept Questions

a. Areversible adiabatic flow of liquid water in a pump has increasing P. Is T increasing
or decreasing?

b. A reversible adiabatic flow of air in a compressor has increasing P. Is T increasing
or decreasing?

c. A compressor receives R-134a at —10°C, 200 kPa with an exit of 1200 kPa, 50°C.
What can you say about the process?

d. A flow of water at some velocity out of a nozzle is used to wash a car. The water then
falls to the ground. What happens to the water state in terms of V, 7, and s?

7.3) THE STEADY-STATE SINGLE-FLOW PROCESS

An expression can be derived for the work in a steady-state single-flow process that
shows how the significant variables influence the work output. We have noted that when a
steady-state process involves a single flow of fluid into and out of a control volume, the
energy equation, Eq. 4.13, can be written as

q+hi+%Vi2+gZi=he+%V§+gZe+w
The second law, Eq. 7.9, and recall Eq. 7.4, is

oq
—_— =g

s; + Soen + T "

which we will write in a differential form as
0Sgen +0q/T =ds = 6q=Tds—T 654,
To facilitate the integration and find g, we use the property relation, Eq. 6.8, and get

0q=Tds—T 6sgen =dh —vdP =T 654,

Telegram: @uni_k
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and we now have

q=/ 5q=/ a’h—/ vdP—/ T5sg6n=he—hi—/ vdP—/ T 6Sgen
1 ] ] l 1 l

This result is substituted into the energy equation, which we solve for work as

w=q+hl.—he+%(Vf—v§)+g(zi—ze)

=he—hi—/ vdP—/ Tésgen+hi—he+%(V?—V§)+g(Zi—Ze)
1 l

The enthalpy terms cancel, and the shaft work for a single flow going through an actual
process becomes

w=—/ vdP+%(Vi2—Vg)+g(Zi—Ze)—/ T 85 gen (7.13)
1 ]
Several comments for this expression are in order:

1. We note that the last term always subtracts (7' > 0 and 65y, > 0), and we get the
maximum work out for a reversible process where this term is zero. This is iden-
tical to the conclusion for the boundary work, Eq. 6.36, where it was concluded
that any entropy generation reduces the work output. We do not write Eq. 7.13
because we expect to calculate the last integral for a process, but we show it to
illustrate the effect of an entropy generation.

2. For a reversible process, the shaft work is associated with changes in pressure,
kinetic energy, or potential energy either individually or in combination. When
the pressure increases (pump or compressor) work tends to be negative, that is,
we must have shaft work in, and when the pressure decreases (turbine), the work
tends to be positive. The specific volume does not affect the sign of the work but
rather its magnitude, so a large amount of work will be involved when the specific
volume is large (the fluid is a gas), whereas less work will take place when the
specific volume is small (as for a liquid). When the flow reduces its kinetic energy
(windmill) or potential energy (a dam and a turbine), we can extract the difference
as work.

3. If the control volume does not have a shaft (w = 0), then the right-hand-side terms
must balance out to zero. Any change in one of the terms must be accompanied
by a net change of opposite sign in the other terms; notice that the last term can
only subtract. As an example, let us briefly look at a pipe flow with no changes
in kinetic or potential energy. If the flow is considered reversible, then the last
term is zero and the first term must be zero, that is, the pressure must be constant.
Realizing the flow has some friction and is therefore irreversible, the first term
must be positive (pressure is decreasing) to balance out the last term.

As mentioned in the comment above, Eq. 7.13 is useful to illustrate the work involved in a
large class of flow processes such as turbines, compressors, and pumps in which changes in
the kinetic and potential energies of the working fluid are small. The model process for these
machines is then a reversible, steady-state process with no changes in kinetic or potential
energy. The process is often also adiabatic, but this is not required for this expression, which
reduces to

w:—/ v dP (7.14)
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FIGURE 7.7 Shaft
work from Eq. 7.14. v

From this result, we conclude that the shaft work associated with this type of process
is given by the area shown in Fig. 7.7. It is important to note that this result applies to a
very specific situation of a flow device and is very different from the boundary-type work
/12 P dv in a piston/cylinder arrangement. Recall that the shaft work involved in this type
of process also is closely related to the specific volume of the fluid during the process. To
amplify this point further, consider the simple steam power plant shown in Fig. 7.8. Suppose
that this is a set of ideal components with no pressure drop in the piping, the boiler, or the
condenser. Thus, the pressure increase in the pump is equal to the pressure decrease in the
turbine. Neglecting kinetic and potential energy changes, Eq. 7.14 gives the work done in
each of these processes. Since the pump handles liquid, which has a very small specific
volume compared to that of the vapor that flows through the turbine, the power input to the
pump is much less than the power output of the turbine. The difference is the net power
output of the power plant.

This same line of reasoning can be applied qualitatively to actual devices that involve
steady-state processes, even though the processes are not exactly reversible and adiabatic.
A simplified version of Eq. 7.13 arises when we consider a reversible flow of an incom-
pressible fluid (v = constant). The first integral is then readily done to give

w=—v(P,—P)+ % VI =V) +g(Z;-Z,) (7.15)

which is called the extended Bernoulli equation after Daniel Bernoulli, who wrote the
equation for the zero work term, which then can be written

vPi+%Vl.2+gZi=vPe+%Vf+gZ€ (7.16)
| o
3
2
Boiler
<: Wpump
I‘\ i> Wnet
Turbine

A

Condenser

A

FIGURE 7.8 Simple

steam power plant.
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From this equation, it follows that the sum of flow work (Pv), kinetic energy, and potential
energy is constant along a flow line. For instance, as the flow goes up, there is a correspond-
ing reduction in the kinetic energy or pressure.

As a final application of Eq. 7.13, we recall the reversible polytropic process for an
ideal gas, discussed in Section 6.7 for a control mass process. For the steady-state process
with no change in kinetic and potential energies, we have the relations

e
w=— / vdP and Pv' = constant = C"
i

w=—/ vdP=—C/ le
i i Pln

___n P nR
n—1 n—1

If the process is isothermal, then n = 1 and the integral becomes

Ve_PiVi):_

(T,-T) (7.17)

e

P

1

e e
P
w= —/ v dP = —constant / ar _ —Py; In = (7.18)
i i P

Note that the P—v and T—s diagrams of Fig. 6.10 are applicable to represent the slope of
polytropic processes in this case as well.
These evaluations of the integral
e
/ v dP
1

may also be used in conjunction with Eq. 7.13 for instances in which kinetic and potential
energy changes are not negligibly small.

- —

e

Calculate the work per kilogram to pump water isentropically from 100 kPa, 30°C to
5 MPa.
Control volume: Pump.
Inlet state: P;, T; known; state fixed.
Exit state: P, known.
Process: Steady state, isentropic.

Analysis
Since the process is steady state, reversible, and adiabatic, and because changes in kinetic
and potential energies can be neglected, we have

Energy Eq.: h;=h, +w
Entropy Eq.: s, —s;,=0

Solution
Since P, and s, are known, state e is fixed and therefore £, is known and w can be found from
the energy equation. However, the process is reversible and steady state, with negligible
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changes in kinetic and potential energies, so that Eq. 7.14 is also valid. Furthermore, since
a liquid is being pumped, the specific volume v; = 0.001 004 m3/kg from Table B.1.1 is
constant, so Eq.7.14 becomes

e
—w= / vdP = v(P, — P;) = 0.001 004 m? /kg (5000 — 100) kPa = 4.92 k] /kg
i

HLE N . ol

2 S
J1c -
Consider a nozzle used to spray liquid water. If the line pressure is 300 kPa and the water
temperature is 20°C, how high a velocity can an ideal nozzle generate in the exit flow?

Analysis
For this single steady-state flow, we have no work or heat transfer, and since it is incom-
pressible and reversible, the Bernoulli equation applies, giving

vP,-+%V%+gZ,~=vP,-+O+O=vPe+%V§+gZ=vPO+%V§+O

and the exit kinetic energy becomes

1
5 Vi =v(P; — Py)

Solution
Now solve for the velocity using v = v, = 0.001 002 m?3/kg at 20°C from Table B.1.1.

V, = \/2u(P, = Py) = v/2 x 0.001 002 m3/kg (300 — 100) kPa 1000 Pa/kPa = 20 m/s
. > DB\ —
F I\ . 7 N\ \"— |

In-Text Concept Questions

e. In a steady-state single flow, s is either constant or it increases. Is that true?
f. If a flow device has the same inlet and exit pressure, can shaft work be done?

g. A polytropic flow process with n = 0 might be which device?

7.4 PRINCIPLE OF THE INCREASE OF ENTROPY

The principle of the increase of entropy for a control mass analysis was discussed in
Section 6.10. The same general conclusion is reached for a control volume analysis. This is
demonstrated by the split of the whole world into a control volume A and its surroundings,
control volume B, as shown in Fig. 7.9. Assume a process takes place in control volume
A exchanging mass flows, energy, and entropy transfers with the surroundings. Precisely
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FIGURE 7.9 Entropy
change for a control
volume plus its
surroundings.

where the heat transfer enters control volume A, we have a temperature of 7, which is not
necessarily equal to the ambient temperature far away from the control volume.
First, let us write the entropy balance equation for the two control volumes:

dScyv 4 . . 0 .
T = misl- - mese + T_A + SgenA (719)
dSCV B . . Q C
— g = s s, = T + Seen (7.20)

and notice that the transfer terms are all evaluated right at the control volume surface. Now
we will add the two entropy balance equations to find the net rate of change of S for the
total world:

dSnet _ dSCVA + dSCV B

dt dt dt

= misi - mese + T_ + SgenA - misi + mese - T_ + SgenB
A A

= SgenA + SgenB 20 (7.21)

Here we notice that all the transfer terms cancel out, leaving only the positive generation
terms for each part of the world. If no process takes place in the ambient environment,
that generation term is zero. However, we also notice that for the heat transfer to move in
the indicated direction, we must have T, > T, that is, the heat transfer takes place over a
finite temperature difference, so an irreversible process occurs in the surroundings. Such a
situation is called an external irreversible process. This distinguishes it from any generation
of s inside the control volume A, then called an internal irreversible process.

For this general control volume analysis, we arrive at the same conclusion as for
the control mass situation—the entropy for the total world must increase or stay constant,
dS,e/dt > 0, from Eq. 7.21. Only those processes that satisfy this equation can possibly take
place; any process that would reduce the total entropy is impossible and will not occur.

Some other comments about the principle of the increase of entropy are in order. If
we look at and evaluate changes in states for various parts of the world, we can find the
net rate by the left-hand side of Eq. 7.21 and thus verify that it is positive for processes we
consider. As we do this, we limit the focus to a control volume with a process occurring and
the immediate ambient air affected by this process. Notice that the left-hand side sums the
storage, but it does not explain where the entropy is made. If we want detailed information
about where the entropy is made, we must make a number of control volume analyses and
evaluate the storage and transfer terms for each control volume. Then we can find the rate
of generation from the balance, that is, from an equation like Eq. 7.21, and the result must
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be positive or, at the least, zero. So, not only must the total entropy increase by the sum of
the generation terms, but we also must have a positive or at least zero entropy generation in
every conceivable control volume. This applies to very small (even differential dV) control
volumes, so only processes that locally generate entropy (or let it stay constant) will happen;
any process that locally would destroy entropy cannot take place. Remember, this does not
preclude that entropy for some mass decreases as long as that is caused by a heat transfer
(or net transfer by mass flow) out of that mass, that is, the negative storage is explained by
a negative transfer term.

To further illustrate the principle of increase in entropy, consider the case of a steady
state process with multiple flows as was done in Section 4.5 and the de-superheater shown
in Ex. 7.5. Consider the mixing chamber in Fig. 7.5 with two inlet flows and a single exit
flow operating in steady-state mode with no shaft work, and we neglect kinetic and potential
energies. The energy and entropy equations for this case become

Energy Eq. 4.10: 0 = sy hy + iyhy — fishy + Q (7.22)
Entropy Eq. 7.2: 0 = rinys; + 1ysy — itgsy + Q)T + Sgen

As in the previous analysis we can scale the equations with ri5 to have the ratio y = s, /rit;
and the other mass flow ratio is 1 — y = i1, /1i1;. The exit flow properties become

hy =yh; + (1 =y)hy +q (7.23)
53 =51 + (1 = )5, + G/T + e, (7.24)
G=0/m3;  Fyen = Sgen/rin3 (7.25)

If the heat transfer is zero, the exit enthalpy becomes the mass flow weighted average of the
two inlet enthalpies. However, the exit entropy becomes the mass flow weighted average
of the two inlet entropies plus an amount due to the entropy generation. As the entropy
generation is positive (minimum zero), the exit entropy is then larger resulting in a net
increase of the entropy, which is stored in the surroundings.

In typical devices where several valves are used to control the flow rates, the valves
introduce irreversible throttling processes besides having an irreversible mixing and possi-
ble heat transfer over finite temperature differences.

- —

Saturated vapor R-410A enters the uninsulated compressor of a home central
air-conditioning system at 5°C. The flow rate of refrigerant through the compressor
is 0.08 kg/s, and the electrical power input is 3 kW. The exit state is 65°C, 3000 kPa. Any
heat transfer from the compressor is to the ambient environment at 30°C. Determine the
rate of entropy generation for this process.

Control volume: Compressor out to ambient 7y,.
Inlet state: T;, x; known; state fixed.
Exit state: P,, T, known; state fixed.
Process: Steady-state single fluid flow.
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Analysis
Steady-state single flow. Assume negligible changes in kinetic and potential energies.

Energy Eq: 0= Q,, +mh; —iih, — W,

. Ocv. | ¢
Entropy Eq.: 0 =1u(s; —s,) + TLOV Sl ==

C.v.

Solution
From the R-410A tables, B.4, we get

h, =280.6kI/kg, s, =1.0272kJ/kg-K

h, =307.8kI/kg, s, =1.0140 kJ/kg-K

From the energy equation,

0., =0.08 kg/s (307.8 — 280.6) kJ /kg — 3.0 kW = 2.176 — 3.0 = —0.824 kW
From the entropy equation,
Sgen = m(se - si) - TO

=0.08 kg/s (1.0140 — 1.0272) kJ /kg-K — (—0.824 kW /303.2 K)
=—0.001 06 + 0.002 72 = +0.001 66 kW /K

Notice that the entropy generation also equals the storage effect in the surroundings.

Remark: In this process there are two sources of entropy generation: internal irreversibil-
ities associated with the process taking place in the R-410A (compressor) and external
irreversibilities associated with heat transfer across a finite temperature difference. Since
we do not have the temperature at which the heat transfer leaves the R-410A, we cannot
separate the two contributions.

A8 N 7 I\~

— —
e . :

A rigid insulated tank has 2m? of water at 100 kPa, 150°C. The tank is now charged through
a valve with steam from a line at 400 kPa, 200°C until the flow stops. We want to find the
final mass, temperature and entropy generation in the process.

Analysis
CV. Tank plus valve as shown in Fig. 7.10, transient process with mass in.

Continuity Eq.:  my, —m; =m;
Energy Eq.:  myu, — myuy = m;h; = (my — my)h;
Entropy Eq.:  mysy —mys; = m;s; + 1Szgell
Process:  Rigid V = C, 1W2 = 0, insulated 1Q2 =0
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7
X Water
supply
line
Tank
24 L FIGURE 7.10
Solution

State 1: (P, T) Table B.1.3 v, =1.936 36 m3/kg, u, = 2582.75 kl/kg,
s; =7.6133 kl/kg-K

State i: (P, T) Table B.1.3  h; =2860.51 kl/kg, s; = 7.1706 kJ/kg-K

State 2: (P = Pjjpe, D) One unknown property (like 7,)

Noting that m = V/v for both state 1 and 2 the energy equation is rearranged to
(V/vo)uy = hy) = myuy —myhy = (V/v)(uy — hy)
Substitute known properties into this equation and multiply with v,/V to get

1.936 36 m? /kg < kJ kJ

LHS = uy —2860.51— ) = (2582.75 — 2860.51)H = -277.76—
kg kg kg

V2
We have one unknown, think 7, and the energy equation to satisfy by trial and error.

Guess T, = 300°C then: u, = 2804.81 kJ/kg, v, = 0.65484 m® /kg, LHS = —164.7 kI /kg
Guess T, = 250°C then: u, = 2726.11 kJ /kg, v, = 0.59512 m® /kg, LHS = —437.3 kJ /kg

Interpolate to match: T, = 279.3°C, u, = 2772.2 kl/kg, v, = 0.6301 m3/kg,
s, = 7.4884 kl/kg-K, LHS = —271 kJ/kg OK (linear interpolation)

m; =V /vy =1.0329kg,my = V/v, =3.1742 kg, m; = my — m; = 2.1413 kg
The entropy generation becomes

1S2gen =MmyS, — m§| — nys;

=(3.1742 x 7.4884 — 1.0329 x 7.6133 — 2.1413 x 7.1706) kJ /K = 0.5515 kJ/K

7.5) ENGINEERING APPLICATIONS; ENERGY
CONSERVATION AND DEVICE EFFICIENCY

Energy considerations in modern applications focus on sustainable operations and energy
conservation. Design and operations of all energy conversion processes that involve work
are aimed at maximizing work output in turbines and expanders and minimizing work input
to pumps and compressors. Here we will look briefly on some changes to the processes
that involve work when a compressible substance is used in a steady flow, where the work
follows from the shaft work result presented in Eq. 7.14.
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FIGURE 7.11

FIGURE 7.12 The
process diagrams and
the work reduction by
intercooling between
compressor stages.
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Since the magnitude of the work depends on the specific volume, we try to arrange
the process so the specific volume is large when we want work out and small when we have
to supply work to the device. A larger volume can be achieved by heating the flow, and a
smaller volume is obtained if the flow is cooled. This is the basis for cooling a substance
before or during a compression process and heating it before an expansion in a turbine.
As it is difficult to have heat transfer in the same process as work, the processes are often
performed sequentially.

Figure 7.11 shows a two stage compressor with an intercooler between the stages.
The flow is compressed from P, to P, after which it is cooled at constant pressure and then
compressed to the desired output pressure P,. The whole process is shown in Fig. 7.12
as 1-2-3-4 where the shaded areas are the compression works (P—v) and the heat transfer
(T-s), respectively. In this configuration the total compressor work is reduced with the area
2-b-4-3-2 as compared to a single compressor process 1-2-b both of these seen in the P—v
diagram.

Another possibility for savings occurs if the substance can be brought to a lower
temperature before compression (move state 1 toward state a). This can be done by active
cooling or by ducting the intake from a colder location. Assuming an actual compression
process can be described by a polytropic process in an ideal gas, we have from Eq. 7.17

1”_Rn(Te -T)= %Ti(Te/Ti ~-1)= 1”_Rn T,L(P,/P)" /" — 1] (7.26)
So if the inlet temperature is reduced 5% then work decreases 5%.

The same calculations can be done for a turbine or expander where the purpose is to
get work out. In that case the process is the opposite as shown for the compression pro-
cess, the inlet is state 4 in Fig. 7.12 and the final exit is state 1. The intercooler becomes
a reheat section that heats from state 3 to state 2, thus increasing the specific volume and
boosting the work by the area 3-2-1-a-3 compared to a single stage turbine. We also see that
if the inlet T is increased from state 4 to state b, we get an increase in the work out, which
matches the expression for work in Eq. 7.26. An example would be to increase temperature
of geothermal steam with a natural gas burner before expanding it in a steam turbine.

WC:—W:

P Work T b, Pu
4, _.b reduction

4 2 Pu
_ P,
————— 1
a 5 1
a
v A
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The changes in the processes to improve the value of work-related devices can also be
applied to a heat-exchanger process where the process is arranged to match the temperature
of the energy source. In that case, temperature differences between sources and working
substance are minimized in the process, thus minimizing entropy generation. Such matching
of processes to specific sources and sinks are part of modern developments in the area of
alternative and sustainable energy systems.

In Chapter 5 we noted that the second law of thermodynamics led to the concept of
thermal efficiency for a heat engine cycle, namely,

W,

net
Oy

where W, is the net work of the cycle and Qy is the heat transfer from the high-temperature
body. Notice this is a conversion efficiency and is a measure of the complete cycle operation
involving several different processes.

This chapter has mainly dealt with individual flow devices operating mostly in steady
state mode. We like to have a measure of how good an actual device is and we do that by
comparing it to a reversible device with the same purpose.

In general, we compare the actual device to the closest reversible device with the same
constraints like given inlet conditions. For devices using or producing a pressure we select
a reversible device that operates between the same high/low pressures. These are typically
turbines, pumps, compressors, nozzles, and diffusers. For all of these we also assume they
are adiabatic i.e. heat transfer is not a purpose for these devices. Thus, the ideal turbine
process would go from state i to state e, as shown in Fig. 7.13, whereas the real turbine
process is irreversible, with the exhaust at a larger entropy at the real exit state e. Figure 7.13
shows typical states for a steam turbine, where state e, is in the two-phase region, and state
e may be as well, or may be in the superheated vapor region, depending on the extent of
irreversibility of the real process. Denoting the work done in the real process i to e as wy .,
and that done in the ideal, isentropic process from the same P;, T; to the same P, as wr. |,
we define the efficiency of the turbine as

M =

Wr, h.—h
Nturbine = WTiC = h; — h; (7.27)
The same definition applies to a gas turbine, where all states are in the gaseous phase. Typi-
cal turbine efficiencies are 0.70-0.88, with large turbines usually having higher efficiencies
than small ones.

Actual

P. |-
Actual i process wr ;.
) \ Process wr,
Isentropic \
rocess w .
P Ls Isentropic T,
P, process wy,
¢ P Ll _____ o _Ne__

FIGURE 7.13 The s \
process in a reversible

adiabatic steam turbine
and an actual turbine. s
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A steam turbine receives steam at a pressure of 1 MPa and a temperature of 300°C. The
steam leaves the turbine at a pressure of 15 kPa. The work output of the turbine is measured
and is found to be 600 kJ/kg of steam flowing through the turbine. Determine the efficiency
of the turbine.

Control volume: ~ Turbine in steady state and assumed adiabatic.
Inlet state:  P;, T; known; state fixed.
Exit state: P, known.

Analysis
The efficiency of the turbine is given by Eq. 7.27
WT,ac
Nturbine = Wi

Thus, to determine the turbine efficiency, we calculate the work that would be done in
an isentropic process between the given inlet state and the final pressure. For this isentropic
process, we have

Energy Eq.:  h;=h,  +wr
Second law:  s; =5,

Solution
Inlet state: (7, P) Table B.1.3 h; =3051.2 klJ/kg, s; =7.1228 kl/kg-K
Therefore, at P, = 15 kPa,

5., =5; = 7.1228 kI /kg-K = (0.7548 + x,,7.2536) kJ /kg-K

x,, =0.8779

h,s =225.9 + 0.8779 x 2373.1 kJ /kg = 2309.3 kJ /kg

From the energy equation for the isentropic process,
wrs = h; — h,g =3051.2 — 2309.3 = 741.9 kl /kg

But, since w, = 600 klJ/kg we find that

Wi, 600
Mhurbine = WT“ = 7110 = 0-809 = 80.9%
5 *

In connection with this example, it should be noted that to find the actual state e of the steam
exiting the turbine, we need to analyze the real process taking place. For the real process
hl - he + WT,ac and Se > Si

Therefore, from the energy equation for the real process, we have

h, =3051.2 — 600 =2451.2 kJ /kg
2451.2 =225.9 +x,2373.1 = x, =0.9377

LW AN ol
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\ Actual
Process wey.

Actual /

| Process we .

Isentropic
Isentropic P process we,
process w ! Pi -
FIGURE 7.14 The : T,
compression process in ' Si
an ideal and an actual
adiabatic compressor. s v

Following the previous discussion and the turbine efficiency information, we can
look at a compressor or pump with a given inlet flow at P; and 7}, and an exit flow at
a desired value of P,, the reason for building the compressor. Thus, the ideal process
between the given inlet state i and the exit pressure would be an isentropic process between
state i and state e, as shown in Fig. 7.14 with a work input of w¢ ;. The real process,
however, is irreversible, and the fluid exits at the real state e with a larger entropy, and a
larger amount of work input w . is required. The compressor (or pump, in the case of a
liquid) efficiency is defined as

n _ Wes _ hi - hes
comp WC,ac hi - he

Typical compressor efficiencies are 0.70-0.88, with large compressors usually having
higher efficiencies than small ones.

If an effort is made to cool a gas during compression by using a water jacket or fins,
the ideal process is considered a reversible isothermal process, the work input for which is
we 7, compared to the larger work required w for the real compressor. The efficiency of the
cooled compressor is then

(7.28)

Wer

(7.29)

Meooled comp —
Wcac

L W —
e

Air enters an automotive supercharger at 100 kPa, 300 K and is compressed to 150 kPa.
The efficiency is 70%. What is the required work input per kilogram of air? What is the
exit temperature?

Control volume: Supercharger (compressor) in steady state and assumed adiabatic.
Inlet state:  P;, T; known; state fixed.
Exit state: P, known.

Analysis
The efficiency, which is 70%, is given by Eq. 7.28,
n _ WC,s
comp WC,ac
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Energy Eq. real compressor: h; =h, + Weges Weae = Coo(T; = T,)
Energy Eq. ideal compressor:  h; = h,; + wc, wes = Coo(T; — To)

and the entropy equation gives s,, = s;

TES — Pe (k_l)/k
T,  \ P,

1

Solution
From the entropy equation for the isentropic process, s,, = s;, we get

150 0.286
T,, = T(P,/P)*~V/k = 300 K(m> = 3369K

From the energy equation for the isentropic process, we have

we,s = 1.004 kJ /kg-K (300 — 336.9) K = —37.1 kJ /kg
so that, from the efficiency, the real work input is
Weae = —37.1kJ/kg/0.70 = =53.0 kJ /kg

and from the energy equation for the real process, the exit temperature is

-53.0 kJ/kg
1.004 kJ /kg-K

A8 N 7 I\~

T,=300K — =352.8 K

Our final example is that of nozzle efficiency. As discussed in Section 4.4, the purpose
of a nozzle is to produce a high-velocity fluid stream, or in terms of energy, a large kinetic
energy, at the expense of the fluid pressure. The design variables are the same as for a
turbine: P;, T;, and P,. A nozzle is usually assumed to be adiabatic, such that the ideal
process is an isentropic process from state i to state e,, as shown in Fig. 7.15, with the
production of velocity V,,. The real process is irreversible, with the exit state e having a
larger entropy, and a smaller exit velocity V,. The nozzle efficiency is defined in terms of
the corresponding kinetic energies,

2
I V;/2
nozz — o
Ves/2
Nozzles are simple devices with no moving parts. As aresult, nozzle efficiency may be very
high, typically 0.90-0.97.
In summary, to determine the efficiency of a device that carries out a process (rather

than a cycle), we compare the actual performance to what would be achieved in a related
but well-defined ideal process.

(7.30)
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; Isentropic .
Isent \
FIGURE 7.15 The process ke, v, process ke, Y
ideal and actual A PN D N -
processes in an adiabatic K ¢
nozzle. s v
KEY Rate Eq. for rate of change = + in — out + generation
CONCEPTS entropy:
AND o
¢ . . CV. | ¢
FO RM U LAS SC.V. = Z m;s; — Z mys, + Z T + Sgen (72)
e
d

Steady state s, =8+ / ?q + Sgen (7.8)

single flow: !

Reversible shaft w=— / vdp + %vf - %vﬁ + 87, — g7, (7.13)

]
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work:

Reversible heat
transfer:

Bernoulli Eq.
(v = constant):

Polytropic
process work:

Isentropic
efficiencies:

e e
q:/ Tds:he—hi—/ vdp

(from Gibbs relation)

1 1
WP =P+ SV = Ve +8Z —gZ, =0 (7.16)
P w=—— —_ R 7.17
n# i w=———(Py, - Py)=-—-(T,-T) (7.17)
n—1 n—1
P P .
n=1: w=-Py In—= = —RT; In == = RT; In = (7.18)
Pi . i V;
The work is shaft work w = — / v dP and for ideal gas
i
nR nRkR —1/r
we=ow= 0= T) = TP /P =]
W is positive in (7.26)
Mwrbine = Wr ac/WT s WT e is out (7.27)
ncompressor =Wwc s/WC ac W¢ ac is in (728)
Mpump = Wp o/ Wp ac Wp g 18 10 (7.28)
12 /A ly2 12 i
Morte = A3 Vae [A3VS  AZVG, isout (7.30)
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CHAPTER 8 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

8.1

8.2

8.3
8.4

8.5

8.6

8.7

8.8

Why does the reversible C.V. counterpart to the
actual C.V. have the same storage and flow terms?

Can one of the heat transfers in Egs. 8.5 and 8.6 be
to or from the ambient air?

Is all the energy in the ocean available?

Does a reversible process change the exergy if
there is no work involved?

Is the reversible work between two states the same
as ideal work for the device?

When is the reversible work the same as the isen-
tropic work?

If T heat some cold liquid water to 7}, do I increase
its exergy?

Are reversible work and exergy connected?

8.9

8.10

8.11

8.12

8.13

8.14

Consider the exergy associated with a flow. The
total exergy is based on the thermodynamic state
and the kinetic and potential energies. Can they all
be negative?

What is the second-law efficiency of a Carnot heat
engine?

What is the second-law efficiency of a reversible
heat engine?

For a nozzle, what is the output and input (source)
expressed in exergies?

Is the exergy equation independent of the energy g33

and entropy equations?

Use the exergy balance equation to find the effi-
ciency of a steady-state Carnot heat engine operat-
ing between two fixed temperature reservoirs.

HOMEWORK PROBLEMS
Exergy, Reversible Work

8.15

8.16

8.17

Telegram: @uni_k

A control mass gives out 10 kJ of energy in the
form of

a. Electrical work from a battery

b. Mechanical work from a spring

c. Heat transfer at 500°C

Find the change in exergy of the control mass for
each of the three cases.

A fraction of some power to a motor (1), 2 kW,
is turned into heat transfer at 500 K (2) and then
it dissipates in the ambient at 300 K (3). Give the
rates of exergy along the process 1-2-3.

A household refrigerator has a freezer at 7, and a
cold space at T from which energy is removed
and rejected to the ambient at 7,, as shown in
Fig. P8.17. Assume that the rate of heat trans-
fer from the cold space, QC, is the same as from
the freezer, QF, and find an expression for the

minimum power into the heat pump. Evaluate this
power when T, = 20°C, T = 5°C, T, = —10°C,
and Qr = 3 kW.

TA
04
W Oc
> <—— Tc
T,
TF
Figure P8.17
P-73
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8.18

8.19

8.20

8.21

8.22

8.23

P-74

An air compressor takes air in at the state of the
surroundings, 100 kPa, 300 K. The air exits at
400 kPa, 200°C using 100 kW of power. Deter-
mine the minimum compressor work input.

Find the specific reversible work for a steam tur-
bine with inlet 3 MPa, 500°C and an actual exit
state of 100 kPa, x = 1.0 with a 25°C ambient.

A compressor in a refrigerator receives R-410A
at 150 kPa, saturated vapor and brings it up
to 600 kPa, with an isentropic efficiency of
76% in adiabatic compression. Find the specific
reversible work.

An air flow of 5 kg/min at 1000 K, 125 kPa goes
through a constant-pressure heat exchanger, giving
energy to a reversible heat engine shown in Fig.
P8.21. The air exits at 500 K, and the ambient is
at 298 K, 100 kPa. Find the rate of heat transfer
delivered to the engine and the power the engine
can produce.

Air —+—»1

Figure P8.21

A rock bed consists of 6000 kg granite and is
at 70°C. A small house with a lumped mass of
12 000 kg wood and 1000 kg iron is at 15°C. They
are now brought to a uniform final temperature
with no external heat transfer by connecting the
house and the rock bed through some heat engines.
If the process is reversible, find the final tempera-
ture and the work done in the process.

A piston/cylinder has forces on the piston, so
it keeps constant pressure. It contains 2 kg of
ammonia at 1 MPa, 40°C and is now heated to
100°C by a reversible heat pump that receives heat
from a 40°C source. Find the work input to the
heat pump.

Telegram: @uni_k

8.24

8.25

Water at 800°C, 15 MPa is flowing through a heat
exchanger giving off energy to come out as satu-
rated liquid water at 10 MPa in a steady-flow pro-
cess. Find the specific heat transfer and the specific
flow exergy the water has delivered.

A basement is flooded with 16 m? of water at
15°C. Itis pumped out with a small pump driven by
a 0.75-kW electric motor. The hose can reach 8 m
vertically up, and to ensure that the water can flow
over the edge of a dike, it should have a velocity
of 20 m/s at that point generated by a nozzle (see
Fig. P8.25). Find the maximum flow rate you can
get and how fast the basement can be emptied.

Ve

Basement

Figure P8.25

Irreversibility

8.26

8.27

8.28

8.29

8.30

8.31

A 20°C room is heated with a 2000-W electric
baseboard heater. What is the rate of irreversibil-
ity?

A refrigerator removes 1.5 kW from the cold space
at —10°C, using 750 W of power input while it
rejects heat to the kitchen at 25°C. Find the rate
of irreversibility.

Calculate the irreversibility for the condenser in
Problem 7.62 assuming an ambient temperature of
17°C.

A throttle process is an irreversible process.
Assume that an air flow at 1000 kPa, 400 K runs
through a valve out to ambient 100 kPa. Find the
reversible work and irreversibility, assuming an
ambient temperature of 25°C.

A constant-pressure piston/cylinder contains 2 kg
of water at 5 MPa and 100°C. Heat is added from
a reservoir at 600°C to the water until it reaches
600°C. Find the total irreversibility in the process.
A constant “flow” of steel parts at 2 kg/s at 20°C
goes into a furnace, where the parts are heat treated
to 900°C by a source at an average of 1250 K. Find
the reversible work and the irreversibility in this
process.
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8.32

8.33

8.34
8.35

8.36

8.37

An expansion in a gas turbine is a polytropic pro-
cess with n = 1.5. The inlet air is at 1200 K,
800 kPa and the exit is at 640 K. Any heat transfer
is from a source at 1200 K or to ambient 298 K.
Find the exit pressure, the work, the irreversibil-
ity and the reversible work all per unit mass of
the flow.

Two flows of air, both at 200 kPa mix in an insu-
lated mixing chamber. One flow is 1 kg/s at 1500
K and the other is 2 kg/s at 300 K. Find the irre-
versibility in the process per kilogram of air flow-
ing out using constant specific heats.

Redo the previous problem using Table A.7.

A computer CPU chip consists of 50 g silicon, 20 g
copper, and 50 g polyvinyl chloride (plastic). It
now heats from ambient, 25°C, to 70°C in an adi-
abatic process as the computer is turned on. Find
the amount of irreversibility.

R-134a flows into an insulated 0.2-m? initially
empty container from a line at 500 kPa, saturated
vapor until the flow stops by itself. Find the final
mass and temperature in the container and the total
irreversibility in the process.

Reconsider the house and rock bed in Problem
8.22. Circulate water between them so they come
to a final uniform temperature. Find this tempera-
ture and the irreversibility using 7}, as 15°C.

Exergy

8.38

8.39

B3 840

8.41

8.42
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Find the flow exergy for ammonia at 200 kPa,
60°C.

Find the stored exergy for water at:

a. 150°C, 200 kPa

b. 80°C, 500 kPa

A heat engine receives 1 kW heat transfer at 1000
K and gives out 400 W as work, with the rest as
heat transfer to the ambient at 25°C. What are the
fluxes of exergy in and out?

Nitrogen flows in a pipe with a velocity of 300 m/s
at 500 kPa, 300°C. What is its exergy with respect
to an ambient at 100 kPa, 20°C?

A heat pump has a COP of 2.75 using a power input
of 3 kW. Its low temperature is 7, and its high tem-
perature is 80°C, with an ambient at T,. Find the
fluxes of exergy associated with the energy fluxes
in and out.

8.43

8.44

8.45

8.46

8.47

8.48

8.49

8.50

8.51

8.52

8.53

A 100 L hot water tank has water at 25°C, 200 kPa
and it is now heated to become 80°C at a constant
pressure. Find the exergy increase of the water and
the total exergy destruction if the heat source is: a.
Electricity and b. The heat pump in Problem 8.42.

A 1-kg block of copper at 350°C is quenched in
a 10-kg oil bath initially at the ambient tempera-
ture of 20°C. Calculate the final uniform tempera-
ture (no heat transfer to/from the ambient) and the
change of exergy of the system (copper and oil).

In a refrigerator, 1 kW is removed from the —10°C
cold space and 1.3 kW is moved into the 30°C
warm space. Find the exergy fluxes, including the
direction associated with the two heat transfers.

A steady stream of R-410A at ambient tempera-
ture, 20°C, and 800 kPa enters a solar collector
and exits at 80°C, 600 kPa. Calculate the change
in exergy of the R-410A.

Consider the condenser in Problem 7.32. Find
the specific energy and exergy that are given out,
assuming an ambient at 20°C. Also find the spe-
cific exergy destruction in the process.

Calculate the change in exergy (kW) of the two
flows in Problem 7.64.

Calculate the exergy of the water at the initial and
final states in Problem 6.80 and the irreversibility
of the process.

A flow of air at 1000 kPa, 300 K is throttled to
500 kPa. What is the irreversibility? What is the
drop in flow exergy?

Compressed air for machines and tools in a plant is
generated by a central compressor receiving air at
100 kPa, 300 K, 1 kg/s and delivering it at 600 kPa
to a buffer tank and a distribution pipe. After flow-
ing through the tank and pipe, the air is at the ambi-
ent 300 K at its point of use. Assume a reversible
adiabatic compressor and find the compressor exit
temperature and the increase in air exergy through
the compressor.

For the air system in the previous problem, find
the increase in the air exergy from the inlet to the
point of use. How much exergy was lost in the flow
after the compressor exit to the point of use still at
600 kPa?

Find the exergy at all four states in the power plant
in Problem 7.32 with an ambient at 298 K.

P-75
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8.54

8.55

A geothermal source provides 10 kg/s of hot water
at 500 kPa, 145°C flowing into a flash evaporator
that separates vapor and liquid at 200 kPa. Find the
three fluxes of exergy (inlet and two outlets) and
the irreversibility rate.

1 2

—I—Hg)—— : t

\ ]

Vapor

Liquid

Figure P8.54

A 200-L insulated tank contains nitrogen gas at
200 kPa, 300 K. A line with nitrogen at 500 K,
500 kPa adds 40% more mass to the tank with
a flow through a valve. Use constant specific
heats to find the final temperature and the exergy
destruction.

Exergy Balance Equation

8.56

8.57

8.58
8.59

8.60

P-76

Apply the exergy equation to solve Problem 8.26
with T, = 20°C.

Evaluate the steady-state exergy fluxes due to a
heat transfer of 50 W through a wall with 600 K
on one side and 400 K on the other side. What is
the exergy destruction in the wall?

Wall

600 K 400 K

Figure P8.57

Apply the exergy equation to solve Problem 8.27.

Apply the exergy equation to find the exergy
destruction for Problem 8.40.

Consider the automobile engine in Example 5.1
and assume the fuel energy is delivered at a con-
stant 1500 K. Of the 70% of the energy that is lost,
40% is exhaust flow at 900 K and the remainder is
30% heat transfer to the walls at 450 K that goes
on to the coolant fluid at 370 K, finally ending up

Telegram: @uni_k

8.61

8.62

8.63

8.64

8.65

in atmospheric air at ambient 20°C. Find all the
energy and exergy flows for this heat engine. Also
find the exergy destruction and where that is done.

A flow of 0.1 kg/s hot water at 70°C is mixed with
a flow of 0.15 kg/s cold water at 20°C in a shower
fixture. What is the rate of exergy destruction (irre-
versibility) for this process?

A piston/cylinder has forces on the piston, so it
maintains constant pressure. It contains 2 kg of
ammonia at 1 MPa, 40°C and is now heated to
100°C by a reversible heat engine that receives
heat from a 200°C source. Find the work out of
the heat engine using the exergy balance equation.

A bio-reactor is kept at 45°C on a day where the
outside is 20°C. It is estimated that the bio-reactor
loses 12 kW to the ambient. Waste heat at 450 K
from an engine is used to deliver the heat to
the bioreactor. Find the destruction of exergy and
where it is made.

A farmer runs a heat pump using 2 kW of power
input. It keeps a chicken hatchery at a constant
30°C, while the room loses 10 kW to the colder
outside ambient at 10°C. Find the COP of the
heat pump, the rate of exergy destruction in the
heat pump and its heat exchangers, and the rate of
exergy destruction in the heat loss process.

A heat engine is driven by 2 kg/s hot air at 1200 K
that exits the heat exchanger at 400 K. The heat
engine cycle has heat rejection at 325 K and a first
law efficiency of 0.30. The heat rejection is done
in a heat exchanger that uses ambient air at 20°C to
cool it. Use the exergy equation to find the exergy
destruction in a) the low T heat exchanger and
b) the heat engine plus the high T heat exchanger.

Device Second-Law Efficiency

8.66

8.67

8.68

A heat engine receives 1 kW heat transfer at
1000 K and gives out 400 W as work, with the rest
as heat transfer to the ambient. Find its first- and
second-law efficiencies.

A heat exchanger increases the exergy of 3 kg/s
water by 1650 kJ/kg using 10 kg/s air coming in
at 1400 K and leaving with 600 kJ/kg less exergy.
What are the irreversibility and the second-law
efficiency?

Find the second-law efficiency of the heat pump in
Problem 8.42.
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E3 8.69

8.70

8.71

8.72

8.73

8.74

8.75

8.76
8.77

8.78

8.79
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A steam turbine inlet is at 1200 kPa, 500°C. The
actual exit is at 300 kPa, with actual work of 407
kJ/kg. What is its second-law efficiency?

An air compressor is used to charge an initially
empty 200-L tank with air up to 5 MPa. The air
inlet to the compressor is at 100 kPa, 17°C and
the compressor’s isentropic efficiency is 80%. Find
the total compressor work and the second law
efficiency.

Find the second-law efficiency for the compressor
in Problem 8.18.

Find the isentropic efficiency and the second-law
efficiency for the compressor in Problem 8.20.

A steam turbine has inlet at 3 MPa, 500°C and
actual exit of 100 kPa, x = 1.0. Find its first-law
(isentropic) and its second-law efficiencies.

Find the second-law efficiency for the compressed
air system in Problem 8.51. Consider the total sys-
tem from the inlet to the final point of use.

A turbine receives air at 1500 K, 1200 kPa from
a combustion chamber. The adiabatic steady flow
turbine exit state is 200 kPa and it has an isen-
tropic efficiency of 78%. Use constant specific
heats and find the exit temperature and the second
law efficiency.

Solve the previous problem using Table A.7.

A heat engine operating in an environment at
298 K produces 5 kW of power output with a
first-law efficiency of 50%. It has a second-law
efficiency of 80% and 7; = 310 K. Find all the
energy and exergy transfers in and out.

A flow of nitrogen, 0.1 kg/s, comes out of a com-
pressor stage at 500 kPa, 500 K and is now cooled
to 310 K in a counterflowing intercooler by lig-
uid water at 125 kPa, 15°C that leaves at 22°C.
Find the flow rate of water and the second-law effi-
ciency for the heat exchanger.

Air flows into a heat engine at ambient conditions
of 100 kPa, 300 K, as shown in Fig. P8.79. Energy
is supplied as 1200 kJ per kilogram of air from a
1500 K source, and in some part of the process a
heat transfer loss of 300 kJ/kg air occurs at 750 K.
The air leaves the engine at 100 kPa, 800 K. Find
the first- and second-law efficiencies.

8.80

8.81

8.82

8.83

.

®
Py, To Heat engine ®
Py, T,
Ty Ty
Figure P8.79

Use the exergy equation to analyze the compressor
in Example 4.8 to find its second-law efficiency,
assuming an ambient at 20°C.

Calculate the second-law efficiency of the coflow-
ing heat exchanger in Problem 7.70 with an ambi-
ent at 17°C.

A flow of 2 kg/s water at 1000 kPa, 80°C goes
into a constant-pressure boiler, where the water is
heated to 400°C. Assume the hot gas that heats the
water is air coming in at 1200 K and leaving at
540 K, as in a counterflowing heat exchanger. Find
the total rate of irreversibility in the process and the
second-law efficiency of the boiler setup.

A steam turbine receives 5 kg/s steam at 400°C,
10 MPa. One flow of 0.8 kg/s is extracted at 3 MPa
as saturated vapor, and the remainder runs out
at 1500 kPa with a quality of 0.975. Find the
second-law efficiency of the turbine.

Additional problems with applications of exergy related
to cycles are found in Chapters 9 and 10.

Energy Conservation and Renewable Energy

8.84

8.85

8.86

A heat engine receives 5 kW at 800 K and 10 kW
at 1000 K, rejecting energy by heat transfer at 600
K. Assume it is reversible and find the power out-
put. How much power could be produced if it could
reject energy at 7T = 298 K?

An adiabatic and reversible air compressor takes
air in at 100 kPa, 310 K. The air exits at 600 kPa at
the rate of 0.4 kg/s. Determine the minimum com-
pressor work input and repeat for an inlet at 295 K
instead. Why is the work less for a lower inlet 77
Reconsider the geothermal hot water flow in Prob-
lem 8.54. Assume we want to use the vapor coming
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8.87

8.88

8.89

8.90

8.91

out at state 2 to produce power. How much power
can areversible system deliver? To increase this let
us heat the water with a 200 kW gas burner. How
much power can we get out if we heat the flow after
state 2 and how much if we heat the inlet at state 1
before it enters the flash evaporator?

Consider the boiler heat exchanger in Problem
8.82. Find the new second law efficiency if
we raise the water pressure from 1000 kPa to
1600 kPa.

A two-stage compressor takes nitrogen in at 20°C,
150 kPa and compresses it to 600 kPa, 450 K.
Then it flows through an intercooler, where it cools
to 320 K, and the second stage compresses it to
3000 kPa, 530 K. Find the specific exergy increase
and the specific exergy destruction in each of the
two compressor stages.

The intercooler in the previous problem uses cold
liquid water to cool the nitrogen. The nitrogen flow
is 0.1 kg/s, and the liquid water inlet is 20°C and
is setup to flow in the opposite direction from the
nitrogen, so the water leaves at 35°C. Find the flow
rate of the water and the exergy destruction in this
intercooler.

A heat engine receives 100 kW of heat trans-
fer at 800 K. It has a conversion efficiency of
half a Carnot heat engine. Its low temperature
in the cycle is 100°C. The low T heat rejection
is used to generate hot domestic water at 80°C
from cold water at 15°C. Find the power output
of the heat engine and the flowrate of hot water it
can make.

For the setup in Problem 8.90 find the second law
efficiency of the heat engine counting from the
source to the 100°C heat rejection. Then find also
the low T heat exchanger 2nd law efficiency.

Review Problems

8.92

8.93

P-78

Calculate the irreversibility for the process
described in Problem 4.98, assuming that heat
transfer is with the surroundings at 17°C.

An air compressor receives atmospheric air at 7, =
17°C, 100 kPa, and compresses it to 1400 kPa. The
compressor has an isentropic efficiency of 88%,
and it loses energy by heat transfer to the atmo-
sphere as 10% of the isentropic work. Find the
actual exit temperature and the reversible work.
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8.94

8.95

8.96

8.97

8.98

8.99

8.100

Find the irreversibility in the cooling process of the g3

glass sheet in Problem 4.92.

Air in a piston/cylinder arrangement is at 110 kPa,
25°C, with a volume of 50 L. It goes through a
reversible polytropic process to a final state of
700 kPa, 500 K and exchanges heat with the ambi-
ent at 25°C through a reversible device. Find the
total work (including that of the external device)
and the heat transfer from the ambient.

Consider the heat engine in Problem 8.79. The
exit temperature was given as 800 K, but what
are the theoretical limits for this temperature? Find
the lowest and highest temperatures, assuming the
heat transfers are as given. For each case, give the
first- and second-law efficiencies.

A small air gun has 1 cm? of air at 250 kPa, 27°C.
The piston is a bullet of mass 20 g. What is the
highest potential velocity with which the bullet can
leave?

Consider the nozzle in Problem 7.104. What is the
second-law efficiency for the nozzle?

Consider the light bulb in Problem 6.116. What
are the fluxes of exergy at the various locations
mentioned? What is the exergy destruction in the
filament, the entire bulb including the glass, and
the entire room including the bulb? The light does
not affect the gas or the glass in the bulb, but it
becomes absorbed by the walls of the room.

Air in a piston/cylinder arrangement, shown in Fig.
P8.100, is at 200 kPa, 300 K with a volume of
0.5 m>. If the piston is at the stops, the volume is
1 m? and a pressure of 400 kPa is required. The
air is then heated from the initial state to 1500 K
by a 1700 K reservoir. Find the total irreversibil-
ity in the process, assuming the surroundings are
at 20°C.

/ \ .
Tres Figure P8.100
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ENGLISH UNIT PROBLEMS

8.101E

8.102E

8.103E

8.104E

8.105E

8.106E

8.107E

8.108E

8.109E
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A fraction of some power to a motor (1), 2 kW,
is turned into heat transfer at 800 R (2) and then
it dissipates in the ambient at 540 R (3). Give the
rates of exergy along the process 1-2-3.

A refrigerator should remove 1.1 Btu/s from the
cold space at 10 F while it rejects heat to the
kitchen at 77 F. Find the reversible work.

A compressor in a refrigerator receives R-410A
at 20 psia, saturated vapor and it brings it up to
100 psia with an isentropic efficiency of 76%
in an adiabatic compression. Find the specific
reversible work.

A rock bed consists of 12 000 1bm granite and is
at 160 F. A small house with a lumped mass of
24 000 Ibm wood and 2000 Ibm iron is at 60 F.
They are now brought to a uniform final tem-
perature with no external heat transfer by con-
necting the house and rock bed through some
heat engines. If the process is reversible, find
the final temperature and the work done during
the process.

A flow of air at 150 psia, 540 R is throttled to 75
psia. What is the irreversibility? What is the drop
in flow exergy, assuming an ambient at 77 F?

A constant-pressure piston/cylinder contains
4 Ibm of water at 1000 psia, 200 F. Heat is added
from a reservoir at 1200 F to the water until it
reaches 1200 F. Find the total irreversibility in
the process.

A constant “flow” of steel parts at 4 lbm/s at
77 F goes into a furnace, where the parts are
heat treated to 1600 F by a source at an average
2100 R. Find the reversible work and the irre-
versibility in this process.

A rock bed consists of 12 000 1bm granite and is
at 160 F. A small house with a lumped mass of
24 000 Ibm wood and 2000 Ibm iron is at 60 F.
They are now brought to a uniform final temper-
ature by circulating water between the rock bed
and the house. Find the final temperature and the
irreversibility in the process, assuming an ambi-
entat 60 F.

Find the stored exergy for water at:

a. 280 F, 40 psia

b. 180 F, 25 psia

8.110E

8.111E

8.112E

8.113E

8.114E

8.115E

8.116E

8.117E

8.118E

8.119E

Find the flow exergy for ammonia at 30 psia,
140 F.

A heat pump has a COP of 2.75 using a power g3

input of 15 000 Btu/h. Its low temperature is 7
and its high temperature is 180 F, with ambient at
T,. Find the fluxes of exergy associated with the
energy fluxes in and out.

A 25 gal hot water tank has water at 77 F, 30 psia
and itis now heated to become 180 F at a constant
pressure. Find the exergy increase of the water
and the total exergy destruction if the heat source
is: a. Electricity and b. The heat pump in Prob-
lem 8.111E.

A geothermal source provides 20 lbm/s of hot
water at 80 Ibf/in.2, 280 F flowing into a flash
evaporator that separates vapor and liquid at
30 Ibf/in.2. Find the three fluxes of exergy (inlet
and two outlets) and the irreversibility rate.

A bio-reactor is kept at 115 F on a day where the
outside is 68 F. It is estimated that the bio-reactor
loses 12 Btu/s to the ambient. Waste heat at 800 R
from an engine is used to deliver the heat to the
bio-reactor. Find the destruction of exergy and
where it is made.

A heat engine is driven by 4 lbm/s hot air at
2100 R that exits the heat exchanger at 720 R.
The heat engine cycle has heat rejection at 585 R
and a first law efficiency of 0.30. The heat rejec-
tion is done in a heat exchanger that uses ambient
air at 68 F to cool it. Use the exergy equation to
find the exergy destruction in a) the low T heat
exchanger and b) the heat engine plus the high T
heat exchanger.

A heat engine receives 3500 Btu/h heat transfer
at 1800 R and gives out 1400 Btu/h as work, with
the rest as heat transfer to the ambient. Find its
first- and second-law efficiencies.

Find the second-law efficiency of the heat pump
in Problem 8.111E.

Find the second-law efficiency for the compres-
sor in Problem 8.103E.

A steam turbine has an inlet at 400 psia, 900 F [sS ]

and actual exit of 1 atm with x = 1.0. Find its first
law (isentropic) and second-law efficiencies.
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8.120E

8.121E

A heat engine operating in an environment at
540 R produces 17 000 Btu/h of power out-
put with a first-law efficiency of 50%. It has a
second-law efficiency of 80% and 7, = 560 R.
Find all the energy and exergy transfers in
and out.

A compressor is used to bring saturated water
vapor at 103 Ibf/in.? up to 2000 Ibf/in.?, where
the actual exit temperature is 1200 F. Find the
irreversibility and the second-law efficiency.

Energy Conservation and Renewable Energy

8.122E

8.123E

8.124E

P-80
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A heat engine receives 15 000 Btu/h at 1400 R
and 30 000 Btu/h at 1800 R, rejecting energy by
heat transfer at 900 R. Assume it is reversible and
find the power output. How much power could be
produced if it could reject energy at 7, = 540 R?

An adiabatic and reversible air compressor takes
air in at 15 psia, 560 R. The air exits at 90 psia
at the rate of 0.8 Ibm/s. Determine the minimum
compressor work input and repeat for an inlet at
530 R instead. Why is the work less for a lower
inlet 77?7

Reconsider the geothermal hot water flow in
problem 8.113E. Assume we want to use the
vapor coming out at state 2 to produce power.
How much power can a reversible system
deliver? To increase this let us heat the water with
a 200 Btu/s gas burner. How much power can we
get out if we heat the flow after state 2 and how
much if we heat the inlet at state 1 before it enters
the flash evaporator?

ni_k

8.125E

8.126E

A heat engine receives 100 Btu/s of heat transfer
at 1450 R. It has a conversion efficiency of half
a Carnot heat engine. Its low temperature in the
cycle is 200 F. The low T heat rejection is used to
generate hot domestic water at 180 F from cold
water at 60 F. Find the power output of the heat
engine and the flow rate of hot water it can make.
For the setup in Problem 8.126E find the second
law efficiency of the heat engine counting from
the source to the 200 F heat rejection. Then find
also the low T heat exchanger 2nd law efficiency.

Review Problems

8.127E

8.128E

8.129E

8.130E

An air compressor is used to charge an initially
empty 7-ft3 tank with air up to 750 Ibf/in.>. The
air inlet to the compressor is at 14.7 1bf/in.2, 60 F
and the compressor isentropic efficiency is 80%.
Find the total compressor work and the second
law efficiency.

Calculate the irreversibility for the process
described in Problem 4.134E, assuming that the
heat transfer is with the surroundings at 61 F.
Calculate the exergy of the system (aluminum
plus gas) at the initial and final states in Problem
6.151E, and also the irreversibility.

The exit nozzle in a jet engine receives air at
2100 R, 20 psia with negligible kinetic energy.
The exit pressure is 10 psia and the actual exit
temperature is 1780 R. What is the actual exit
velocity and the second-law efficiency?
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CHAPTER 8

Work out of a Carnot-cycle heat engine is the available energy in the heat transfer from the
hot source; the heat transfer to the ambient air is unavailable. When an actual device is com-
pared to an ideal device with the same flows and states in and out, we get to the concepts
of reversible work and exergy. The reversible work is the maximum work we can get out
of a given set of flows and heat transfers or, alternatively, the minimum work we have to
put into the device. The comparison between the actual work and the theoretical maximum
work gives a second-law efficiency. When exergy is used, the second-law efficiency can
also be used for devices that do not involve shaftwork such as heat exchangers. In that case,
we compare the exergy given out by one flow to the exergy gained by the other flow, giving
a ratio of exergies instead of energies used for the first-law efficiency. Any irreversibility
(entropy generation) in a process destroys exergy and is undesirable. The concept of avail-
able work can be used to give a general definition of exergy as being the reversible work
minus the work that must go to the ambient air. From this definition, we can construct the
exergy balance equation and apply it to different control volumes. From a design perspec-
tive, we can then focus on the flows and fluxes of exergy and improve the processes that
destroy exergy.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

» Understand the concept of available energy (exergy) and reversible work
* Understand that energy and exergy are different concepts
* Know that a transfer of energy (E) is a transfer of exergy (< E, most cases < E)

* Be able to conceptualize the ideal counterpart to an actual system and find the
reversible work and heat transfer in the ideal system

* Be able to look at flows (fluxes) of exergy

e Determine irreversibility as the destruction of exergy

* Know that destruction of exergy is due to entropy generation

* Know that transfers of exergy do not change total or net exergy in the world

* Know that the exergy equation is based on the energy and entropy equations and
thus does not add another law

* Understand the difference between a first law (energy) and a 2" law efficiency

+ Relate the 2™ Jaw efficiency to the transfer and destruction of exergy

S-11
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exergy and reversible work

Examples: 8.1-8.4
Equations: 8.1, 8.3, 8.7-8.11,
8.14, 8.16-17, 8.19

Objectives Reading, Examples, Concepts, Study,
Equations & Tables Hw problems
General understanding of Reading: Sec. 8.1 C: 1-6

S: 8, 18,22, 104E
Hw: 15-25, 101E-104E

Know what irreversibility is
in an actual process

Reading: Sec. 8.1
Examples: 8.1-8.4
Equations: 8.12 13, 15, 18, 20

S: 28,35
Hw: 26-37, 105E-108E

Know how to evaluate various
energy terms in exergy

Reading: Sec. 8.1-8.2
Examples: 8.5-8.6
Equations: 8.21-8.26, 8.31

S: 40, 46,51, 55, 111E
Hw: 38-55, 109E-114E

Know all the different terms
in the exergy balance
equation

Reading: Sec. 8.2
Examples: 8.5-8.6
Equations: 8.31

S: 59, 64
Hw: 56-65, 115E

Know to evaluate and use the
second law efficiency for
cycles and devices

Reading: Sec. 8.3
Examples: 8.7-8.9
Equations: 8.32-8.35

S:69,77,83, 117E, 119E
Hw: 66-83, 87, 91, 96, 98,
116E-123E, 127E
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The previous chapters presented the basic set of general laws for a control volume and
applied them to thermal science problems involving processes of energy storage and energy
transfer by flow of mass or as work and heat transfers. We now turn to the first extension
of these principles, which involves additional considerations of processes and system char-
acteristics based on advanced use of the energy and entropy equations. We would like to
know the general limitations for the operation of systems and devices so that we can design
them for optimal efficiency with a minimal use of resources to accomplish a certain task.

8.1, EXERGY, REVERSIBLE WORK, AND
IRREVERSIBILITY

We introduced the reversible boundary work for a control mass in Chapter 6 and, single-flow
reversible shaft work in Chapter 7. A different kind of comparison to a reversible device
was done with the efficiency introduced for simple devices such as a turbine, compressor, or
nozzle. This efficiency compared the desired output of an actual device with the output from
a similar reversible device, and the output was measured in energy. We will now develop a
more general concept to use in the evaluation of actual system and devices.

Before we show the specific analysis, we define the concept in words and look at
some simple situations in which we can do an evaluation of it. The concept of exergy is
defined as the possible work we can extract from a given physical setup when it is allowed
to interact with the ambient and the process end state is at Py, T},.

@ = W, given an ambient P, T,

This is closely related to reversible work, as we will illustrate with some examples. Later
in the chapter, a more precise definition of the property exergy will be given.

We start with a simple situation shown in Fig. 8.1a, in which there is an energy source
Q as a heat transfer from a very large constant-temperature reservoir. How much work is
it possible to extract from this system? From the description in Chapter 5 and the discus-
sion in Chapter 6, we know that the maximum work out is obtained from a reversible heat
engine. As it is allowed to interact with the ambient, we will let the ambient be the other
energy reservoir that is at a constant temperature 7. Since the two reservoirs are at constant
temperatures, the heat engine must be operating in a Carnot cycle and we therefore get the
work as

Energy: Wrev HE = Q - QO

Entropy: 0= Q. %
T T,

231
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\. ReservoiratT / \. Reservoirat T /

ﬂQ 0

Cyclic
heat j> Wrev HE

engine

FIGURE 8.1
Constant-temperature
energy source. (@) (b)

Environment at 7,

so that
Ty

q>QT=WrevHE=Q<1_?> 3.1
It is only a fraction of the heat transfer that can be available as work, and that fraction is
the exergy value of O, which equals the Carnot heat engine efficiency times Q. The split is
shown in the 7-S diagram in Fig. 8.2 with the total shaded area as Q. The portion of Q that
is below T}, cannot be converted into work by the heat engine and must be discarded as the
unavailable part of Q.

Let us next consider the same situation, except that the heat transfer Q is avail-
able from a constant-pressure source, for example, a simple heat exchanger, as shown in
Fig. 8.3a. The Carnot cycle must now be replaced by a sequence of such engines, with the
result shown in Fig. 8.3b. The only difference between the first and second examples is that
the second includes an integral, which corresponds to AS.

AS = / e _ Lo (8.2)
T T,

Substituting into the first law, we have
®QT = Wrev HE = Q - TO AS (8.3)

Note that this AS quantity does not include the standard sign convention. It corresponds to
the amount of change of entropy shown in Fig. 8.3b. Equation 8.2 specifies the available

Available
energy

FIGURE 8.2 T-S Unavailable
diagram for a energy

constant-temperature
energy source. S
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FIGURE 8.3
Changing-temperature
energy source.

FIGURE 8.4 An
actual control volume
that includes irreversible
processes.
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Fluid Fluid
ui Heat ui /

@
in exchanger out 6590‘
a“\Q‘
0 o Available
energy
i> ! To

Unavailable
1 Qo energy

T, s
(a) (b)

portion of the quantity Q. The portion unavailable for producing work in this circumstance
lies below T, in Fig. 8.3b.

In the preceding paragraphs we examined a simple cyclic heat engine receiving
energy from different sources. We will now analyze real irreversible processes occurring
in a general control volume.

Consider the actual control volume shown in Fig. 8.4 with mass and energy transfers
including storage effects. For this control volume the continuity equation is Eq. 4.1, the
energy equation from Eq. 4.7, and the entropy equation from Eq. 7.2.

%:Zmi—z:me (8.4)

dE . ) . i
dctiv. = Z Qj + Z nhyg i — Z thigie = Wey ac (8.5)

ds Q . ; <
c;V" = Z T] + Z ms; = 2 MeSe + Sgen ac ®0
J

We wish to establish a quantitative measure in energy terms of the extent or degree to
which this actual process is irreversible. This is done by comparison to a similar control
volume that only includes reversible processes, which is the ideal counterpart to the actual
control volume. The ideal control volume is identical to the actual control volume in as
many aspects as possible. It has the same storage effect (left-hand side of the equations),
the same heat transfers QJ- at Tj, and the same flows ri;, 1, at the same states, so the first
four terms in Eqs. 8.5 and 8.6 are the same. What is different? Since it must be reversible,
the entropy generation term is zero, whereas the actual one in Eq. 8.6 is positive. The last
term in Eq. 8.6 is substituted with a reversible positive flux of S, and the only reversible
process that can increase entropy is a heat transfer in, so we allow one, Qorev, from the

Surrounding
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ambient at 7;y. This heat transfer must also be present in the energy equation for the ideal
control volume together with a reversible work term, both of which replace the actual work
term. Comparing only the last terms in Egs. 8.5 and 8.6 for the actual control volume to the
similar part of the equations for the ideal control volume gives

Actual C.V. terms Ideal C.V. terms

- rev

_%

Sgen = T (8.7)
~Weyae=0p — W (8.8)
From the equality of the entropy generation to the entropy flux in Eq. 8.7 we get
05 = To Sgenuc (8.9)
and the reversible work from Eq. 8.8 becomes
W= Wey et Qp (8.10)

Notice that the ideal control volume has heat transfer from the ambient even if the actual
control volume is adiabatic, and only if the actual control volume process is reversible is
this heat transfer zero and the two control volumes identical.

To see the reversible work as a result of all the flows and fluxes in the actual control
volume, we solve for the entropy generation rate in Eq. 8.6 and substitute it into Eq. 8.9
and the result into Eq. 8.10. The actual work is found from the energy equation Eq. 8.5
and substituted into Eq. 8.10, giving the final result for the reversible work. Following this,
we get

> rev

. rev :
W =Weyat+Qo
. . ) dE_ .,
=2Qi+zmihwti_zmehtote_%
ds.., 0 . .
+Tol dctv _ZTJ,_Zm"S"_'_Zmes@]

Now combine similar terms and rearrange to become

. rev TO .
UEDY <1 - T/) 9,
+ Z mi(htoti - TOSi) - Z me(htote - TOSe)

_ [dEC.V. _ T dSC.V.]
dt O dr

The contributions from the heat transfers appear to be independent, each producing work as
if the heat transfer goes to a Carnot heat engine with low temperature 7;,. Each flow makes
a unique contribution, and the storage effect is expressed in the last parenthesis. This result
represents the theoretical upper limit for the rate of work that can be produced by a general
control volume, and it can be compared to the actual work and thus provide the measure by
which the actual control volume system(s) can be evaluated. The difference between this
reversible work and the actual work is called the irreversibility I,as

=W -w

(8.11)

(8.12)

c.v.ac
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FIGURE 8.5

actual and reversible

rates of work.
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The

and since this represents the difference between what is theoretically possible and what
actually is produced, it is also called lost work. Notice that the energy is not lost. Energy is
conserved; it is a lost opportunity to convert some other form of energy into work. We can
also express the irreversibility in a different form by using Eqgs. 8.9 and 8.10:

rev - rev

I=w" - Wc.v. ac = Q() = TOSgenac (8.13)
From this we see that the irreversibility is directly proportional to the entropy generation
but is expressed in energy units, and this requires a fixed and known reference temperature
T, to be generally useful. Notice how the reversible work is higher than the actual work
by the positive irreversibility. If the device is like a turbine or is the expansion work in
the piston/cylinder of an engine, the actual work is positive out and the reversible work is
then larger, so more work could be produced in a reversible process. On the other hand, if
the device requires work input, the actual work is negative, as in a pump or compressor, the
reversible work is higher which is closer to zero, and thus the reversible device requires less
work input. Figure 8.5 illustrates these conditions, with the positive actual work as case 1
and the negative actual work as case 2.

Subsequent examples will illustrate the concepts of reversible work and irreversibil-
ity for the simplifying cases of steady-state processes, the control mass process, and the
transient process. These situations are all special cases of the general theory shown above.

The Steady-State Process

Consider now a typical steady single-flow device involving heat transfer and actual work.
For a single flow, the continuity equations simplify to state the equality of the mass flow
rates in and out (recall Eq. 4.11). For this case, the reversible work in Eq. 8.11 is divided
with the mass flow rate to express the reversible specific work as

: TeV

T,
Wrev = W /m = Z <1 - ?0> qj + (hloti - Tosl) - (htole - Tosg) (8.14)
J

+ =




www.konkur.in

and with steady state, the last term in Eq. 8.11 drops out. For these cases, the irreversibility
in Egs. 8.12 and 8.13 is expressed as a specific irreversibility:

s T/ — 1f€V _ eV __
l_I/m_W ~Wev.ac = 9 _TOSgenac

=T, [se—s,.—Z%] (8.15)
J

The following examples will illustrate the reversible work and the irreversibility for a heat
exchanger and a compressor with a heat loss.

- —

PTE O

A feedwater heater has 5 kg/s water at 5 MPa and 40°C flowing through it, being heated
from two sources, as shown in Fig. 8.6. One source adds 900 kW from a 100°C reservoir,
and the other source transfers heat from a 200°C reservoir such that the water exit condition
is 5 MPa, 180°C. Find the reversible work and the irreversibility.

Control volume:  Feedwater heater extending out to the two reservoirs.
Inlet state:  P;, T; known; state fixed.
Exit state:  P,, T, known; state fixed.

Process:  Steady state single flow, P = C heat exchanger with d,,, = d;, = 0.

Analysis
This control volume has no actual work or actual heat transfer with the surroundings
at 25°C.

Energy Eq.: h;+q, +q, =h,

The reversible work for the given change of state is, from Eq. 8.14, with heat transfer ¢,
from reservoir 7', and heat transfer g, from reservoir 7,

T
W = To(s, = 5) = (h, = b)) + 4y (1 - ;‘)) +45 (1 - —")
1

From Eq. 8.15, since the actual work is zero, we have

i=we — = p

o Ty
o _ue o
—— I

T\ FIGURE 8.6 The feedwater heater for
Example 8.1.
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Solution

From the steam tables, the inlet and exit state properties are
h; =171.95kJ/kg, s; =0.5705kJ/kg-K
h, =765.24kJ/kg, s, =2.1341kJ/kg-K

The second heat transfer is found from the energy equation as

Gy =h, —h; — q, = (765.24 — 171.95) kJ /kg — 900 kW /5 kg/s = 413.29 kJ /kg

The reversible work is

T, T,
we = TO(se _Si) - (he _hi) +q <1 - FO> + 49 (1 - _0>

1 T2

=298.2 K (2.1341 — 0.5705) kJ /kg-K — (765.24 — 171.95) kJ /kg

298.2

298.2

+ 180 kI /kg (1 B —) +413.29KJ /kg (1 E —>

373.2

473.2

=466.27 — 593.29 + 36.17 + 152.84 = 62.0 kJ /kg

The irreversibility is

i=w* =62.0kJ/kg

HLE N Nl

Consider an air compressor that receives ambient air at 100 kPa and 25°C. It compresses
the air to a pressure of 1 MPa, where it exits at a temperature of 540 K. Since the air
and compressor housing are hotter than the ambient surroundings, 50 kJ per kilogram air
flowing through the compressor are lost. Find the reversible work and the irreversibility in

the process.

Control volume:  The air compressor in Fig. 8.7, steady-state single flow.
Inlet state:  P;, T; known; state fixed.
Exit state: P, T, known; state fixed.

e’ e

Process: ~ Nonadiabatic compression, g = —50 kJ/kg, with no change in
kinetic or potential energy.

Telegram: @uni_k
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Analysis
From the ideal gas air tables, we obtain

h; =298.6kJ/kg, s =6.8631kJ/kg-K
0

h,=5447kI/kg, O =7.4664 kJ/kg-K

T, ~
so the energy equation for the actual compressor gives the work as

w=h; —h, +q = (298.6 — 544.7 — 50) kJ /kg = —296.1 kl /kg
The reversible work for the given change of state is, from Eq. 8.14, with 7; = T,

T,
WI‘CV = To(se —Sl) - (he _hl) +q <1 - ?0>
0

=298.2 K [(7.4664 — 6.8631) k] /kg-K — 0.287 kJ /kg-K In 10]
— (544.7 - 298.6) kI /kg + 0
=—-17.2 - 246.1 = —263.3 kJ/kg
From Egq. 8.15, we get
i=w —w=-263.3kJ/kg — (—296.1) kJ /kg = 32.8 kJ /kg

LW N\l

0 - S

1S O =

Consider an air compressor that receives ambient air at 14.7 1bf/in.2, 80 F. It compresses
the air to a pressure of 150 Ibf/in.%, where it exits at a temperature of 960 R. Since the air
and the compressor housing are hotter than the ambient air, it loses 22 Btu/Ibm air flowing
through the compressor. Find the reversible work and the irreversibility in the process.

Control volume: ~ The air compressor in Fig. 8.7, steady-state single flow.
Inlet state: P;, T; known; state fixed.
Exit state: P, T, known; state fixed.

@9 =@
Process: ~ Nonadiabatic compression, g = —22 Btu/lbm, with no change in

kinetic or potential energy.

Analysis
From the ideal gas air tables, we obtain

h; = 129.18 Btu/lbm 5% = 1.6405 Btu/Ibm-R

h, =231.20 Btu/lbm 0. = 1.7803 Btu/Ibm-R

e

so the energy equations for the actual compressor gives the work as

w=h,—h,+q=(129.18 — 231.20 — 22) Btu/lbm = —124.02 Btu/lbm

Telegram: @uni_k
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The reversible work for the given change of state is, from Eq. 8.14, with 7; = T

rev TO
w =To(s, —s;)—(h, —h)+q 1_7
0

=539.7 R [(1.7803 — 1.6405) Btu/Ibm-R — 0.068 55 Btu/lbm-R In 10.2]
—(231.20 — 129.18) Btu/Ibm + 0
=—-10.47 — 192.02 = —112.49 Btu/Ibm

From Eq. 8.15, we get
i=w*® —w=-112.49 Btu/lbm — (—124.02) Btu/lbm = 11.53 Btu/Ibm

HLE N . ol

The expression for the reversible work includes the kinetic and potential energies in
the total enthalpy for the flow terms. In many devices these terms are negligible, so the total
enthalpy reduces to the thermodynamic property enthalpy. For devices such as nozzles and
diffusers the kinetic energy terms are important, whereas for longer pipes and channel flows
that run through different elevations, the potential energy becomes important and must be
included in the formulation. There are also steady-state processes involving more than one
fluid stream entering or exiting the control volume. In such cases, it is necessary to use the
original expression for the rate of work in Eq. 8.11 and drop only the last term.

The Control Mass Process

For a control mass we do not have a flow of mass in or out, so the reversible work is

5 A€V TO ; dEc.v. dSc.v.
W' =Z<1——>Qj—[ ~To—; ] (8.16)

dt

showing the effects of heat transfers and storage changes. In most applications, we look at
processes that bring the control mass from an initial state 1 to a final state 2, so Eq. 8.16 is
integrated in time to give

T
= 3 (1= 32) 10y 18 i = s 51 *17
J

and similarly, the irreversibility from Eq. 8.13 integrated in time becomes

L= Wt — W

2ac

2 gen ac
T
=Ty(S, - S)) — T(.)lef (8.18)
J

where the last equality has substituted the entropy generation from the entropy equation as
Eq. 6.14 or Eq. 8.6 integrated in time.

For many processes the changes in kinetic and potential energies are negligible, so
the energy change E, — E; becomes U, — U, used in Eq. 8.17.

Telegram: @uni_k
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0 - S

1S O =

An insulated rigid tank is divided into two parts, A and B, by a diaphragm. Each part has a
volume of 1 m3. Initially, part A contains water at room temperature, 20°C, with a quality
of 50%, while part B is evacuated. The diaphragm then ruptures and the water fills the total
volume. Determine the reversible work for this change of state and the irreversibility of
the process.

Control volume: Water.
Inlet state: T, x; known; state fixed.
Final state: 'V, known.

Process:  Adiabatic, W = 0, no change in kinetic or potential energy.

Analysis
There is a boundary movement for the water, but since it occurs against no resistance, no
work is done.

Energy Eq.: m(u, —u;) =0

From Eq. 8.17 with no change in internal energy and no heat transfer,
IWEeV = To(S2 — Sl) = Tom(S2 — Sl)

From Eq. 8.18
L= 1W£ev - W= 1W£ev

Solution

State 1: Table B.1.1 u; = 1243.5kJ/kg v, =28.895m?/kg s, = 4.4819 kJ/kg-K
State 2: (v,, uy) v, =V,/m=2xv, =57.79m?/kg wu, =u, = 1243.5kJ/kg
The final temperature 7, must be found by trial and error in the steam tables.

For T7,=5°C and v,=>x=0.3928, u=9485kJ/kg

For T,=10°C and v,= x=0.5433, wu=1317kJ/kg

so the final interpolation in u gives a temperature of 9°C. Since the actual work is zero, we
have

Uk 1W;ev =To(Vi/vi)(sy — 1)
=293.2 K (1/28.895) kg (4.644 — 4.4819) kJ /kg-K = 1.645 kJ

HLE N ol

The Transient Process

The transient process has a change in the control volume from state 1 to state 2,
as does the control mass, together with possible mass flow in at state i and/or out at

Telegram: @uni_k
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state e. The instantaneous rate equations in Eq. 8.11 for the work and Eq. 8.13 for the
irreversibility are integrated in time to yield

v TO
W=y (1 - 7) 1Q + X il = Tos) = . my Uy o = Tys,)
J

— [mye, —mye; — To(mysy — mysy)] (8.19)
112 = lwéev - 1W2ac =T 1S2 gen ac
1
= TO [(m2s2 - mlsl) + Z meSe — z m;s; — Z FIQZJ] (8.20)
J

where the last expression substituted the entropy generation term (integrated in time) from
the entropy equation, Eq. 8.6.

- —

1c O
A 1-m? rigid tank, Fig. 8.8, contains ammonia at 200 kPa and ambient temperature 20°C.
The tank is connected with a valve to a line flowing saturated liquid ammonia at —10°C.
The valve is opened, and the tank is charged quickly until the flow stops and the valve is
closed. As the process happens very quickly, there is no heat transfer. Determine the final
mass in the tank and the irreversibility in the process.

Control volume: The tank and the valve.
Initial state: T,, P, known; state fixed.
Inlet state: T;, x; known; state fixed.
Final state: P, = Py;,. known.
Process: Adiabatic, no work and no kinetic or potential energy change.
% Z R
Ammonia
Tank supply
line
FIGURE 8.8 Ammonia tank and line
7.
Ld for Example 8.4.
Analysis

Since the line pressure is higher than the initial pressure inside the tank, flow is going into
the tank and the flow stops when the tank pressure has increased to the line pressure.

Continuity Eq.: m, —m; = m;
Energy Eq.: Myly — myuy = m;h; = (my — my)h;

Entropy Eq.: Mmys, —ms; = m;s; + 1S2gen

where kinetic and potential energies are zero for the initial and final states and neglected
for the inlet flow.
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Solution

State 1: Table B.2.2 v, = 0.6995 m?/kg u, = 1369.5kJ/kg s, = 5.927 kJ/kg-K
State i: Table B.2.1 h; = 134.41 kI/kg s; = 0.5408 kJ /kg-K
The initial mass is therefore

my =V/v, =1m3/0.6995 m*/kg = 1.4296 kg

Itis observed that only the final pressure is known, so one property is needed. The unknowns
are the final mass and final internal energy in the energy equation. Since only one property
is unknown, the two quantities are not independent. From the energy equation we have

my(uy = h;) = my(u; — hy)

from which it is seen that u, > h; and the state therefore is two-phase or superheated vapor.
Assume that the state is two phase; then

my =V /v, =1m/(0.001 534 + x, X 0.416 84) m* /kg
Uy = (133.964 + x, X 1175.257) kJ /kg

so the energy equation is

133.964 + x, x 1175.257 — 134.41
0.001 534 + x, X 0.041 684

This equation is solved for the quality and the rest of the properties to give

kJ = 1.4296 kg(1369.5 — 134.41) kJ /kg = 1765.67 kJ

x, =0.007 182 v, =0.004 527 6 m3/kg s, = 0.5762 kJ /kg
Now the final mass and the irreversibility are found:
my =V /v, = 1 m*/0.004 527 6 m® /kg = 220.87 kg
Sy oo =MySy, —mys; —mys; = 127.265 — 8.473 — 118.673 = 0.119 kI /K

172 gen
Ly =Ty (S, 0y = 293.15 KX 0.119 kI /K = 34.885 kJ

2 gen

HLE N ol

In-Text Concept Questions

Can any energy transfer as heat transfer be 100% available?
Is electrical work 100% available?

A nozzle involves no actual work; how should you then interpret the reversible work?

g0 g B

If an actual control volume process is reversible, what can you say about the work
term?

e. Can entropy change in a control volume process that is reversible?

Telegram: @uni_k
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8.2/ EXERGY AND ITS BALANCE EQUATION

What is the maximum reversible work that can be done by a given mass in a given state?
In the previous section, we developed expressions for the reversible work for a given change
of state for a control mass and control volume undergoing specific types of processes.
For any given case, what final state will give the maximum reversible work?

The answer to this question is that, for any type of process, when the mass comes
into equilibrium with the environment, no spontaneous change of state will occur, and the
mass will be incapable of doing any work. Therefore, if a mass in a given state undergoes
a completely reversible process until it reaches a state in which it is in equilibrium with
the environment, the maximum reversible work will have been done by the mass. In this
sense, we refer to the exergy at the original state in terms of the potential for achieving the
maximum possible work by the mass.

Let us consider the exergy from the different types of processes and situations that can
arise and start with the expression for the reversible work in Eq. 8.11. In that expression, we
recognize separate contributions to the reversible work as one from heat transfer, another
one from the mass flows, and finally, a contribution from the storage effect that is a change
of state of the substance inside the control volume. We will now measure the exergy as the
maximum work we can get out relative to the surroundings.

Starting with the heat transfer, we see that the contributions to the reversible work
from these terms relative to the surroundings at 7|, are

. T\ .
‘Dq=2<1‘7?> 0 8.21)

which was the result we found in Eq. 8.1. This is now labeled as a rate of exergy dlq that
equals the possible reversible work that can be extracted from the heat transfers; as such,
this is the value of the heat transfers expressed in work. We notice that if the heat transfers
come at a higher temperature 7}, the value (exergy) increases and we could extract a larger
fraction of the heat transfers as work. This is sometimes expressed as a higher quality of the
heat transfer. One limit is an infinite high temperature (7; — oo), for which the heat transfer
is 100% exergy, and another limit is 7; = Ty, for which the heat transfer has zero exergy.

Shifting attention to the flows and the exergy associated with those terms, we like
to express the exergy for each flow separately and use the surroundings as a reference for
thermal energy as well as kinetic and potential energy. Having a flow at some state that
goes through a reversible process will result in the maximum possible work out when the
fluid leaves in equilibrium with the surroundings. The fluid is in equilibrium with the sur-
roundings when it approaches the dead state that has the smallest possible energy where
T =T, and P = P, with zero velocity and reference elevation Z, (normally zero at standard
sea level). Assuming this is the case, a single flow into a control volume without the heat
transfer and an exit state that is the dead state give a specific reversible work from Eq. 8.14
with the symbol y representing a flow exergy as

W = (b = Tos) — (hyor o — ToSo)
= (= Ty + %Vz +82) = (hy — Tyso + 8%0) (8.22)

where we have written out the total enthalpy to show the kinetic and potential energy
terms explicitly. A flow at the ambient dead state therefore has an exergy of zero, whereas
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most flows are at different states in and out. A single steady flow has terms in specific
exergy as

Wi = We = [(hyoy; — Tosy) — (hg — Toso + 8Zp)] — [(hyor o — Tos,) — (hg — Tosp + 8Zp)]
= (o — Tos)) — oy e — ToSe) (8.23)

so the constant offset disappears when we look at differences in exergies. The last expres-
sion for the change in exergy is identical to the two terms in Eq. 8.14 for the reversible
work, so we see that the reversible work from a single steady-state flow equals the decrease
in exergy of the flow.

The reversible work from a storage effect due to a change of state in the control vol-
ume can also be used to find an exergy. In this case, the volume may change, and some
work is exchanged with the ambient, which is not available as useful work. Starting with
the rate form, where we have a rate of volume change V, the work done against the sur-
roundings is

Wsurr = POV (824)

so the maximum available rate of work from the storage terms in Eq. 8.11 becomes

+ max

s rev ;
Wavail = Wstorage - Wsurr
dE,, _ dS., .
=— = —Ty——| — P,V 8.25
[ dt O dr 0 (825)

Integrating this from a given state to the final state (being the dead ambient state) gives the
exergy as
=(E—-TyS) — (Ey — TypSy) + Py(V —V,)

_dE,, " ds,

C.v.
= —Ty——+ P,V 8.26
so the maximum available rate of work, Eq. 8.25, is the negative rate of change of
stored exergy, Eq. 8.26. For a control mass the specific exergy becomes, after dividing
with mass m,

where the subscript “0” refers to the ambient state with zero kinetic and potential energy,
the dead state, from which we take our reference.
As we did for the flow terms, we often look at differences between two states as

d)z - (l)] = (32 - Tosz + POV2) - (61 - T()S] + Povl) (828)

where the constant offset (the last parenthesis in Eq. 8.27) drops out.

Now that we have developed the expressions for the exergy associated with the dif-
ferent energy terms, we can write the final expression for the relation between the actual
rate of work, the reversible rate of work, and the various exergies. The reversible work from
Eq. 8.11, with the right-hand-side terms expressed with the exergies, becomes

W =, + Y sy = Y, w, — D, + PV (8.29)

Telegram: @uni_k
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and then the actual work from Egs. 8.9 and 8.10 becomes

Wevae =W =0Qp =W -1 (8.30)

C.v.ac

From this last expression, we see that the irreversibility destroys part of the potential work
from the various types of exergy expressed in Eq. 8.29. These two equations can then be
written out for all the special cases that we considered earlier, such as the control mass
process, the steady single flow, and the transient process.

From the expression for actual work, we notice the same conclusion we arrived at in
Chapters 6 and 7, namely the actual work equals the reversible work minus the irreversibil-
ity, which is directly proportional to the entropy generation. After adjusting the reversible
work with the unavailable work stored in the atmosphere, we found the relation to the exergy
as a rate, shown in Eq. 8.26, and as a stored amount.

To investigate how exergy is stored, transferred, and destroyed, we build the rate
equation similarly to the energy equation in rate form for a general control volume. The rate
of exergy is solved from Eq. 8.29 and combined with the relation between the reversible
work and the actual work, seen in Eq. 8.30 as

d)c.v. = Z <1 - %) QCAV. + Z my; — Zme% - Wrev +P0V

. rev . . . R
w = WCAV. ac + Ic.v. = Wc.VA ac + TOS

gen

The final balance equation for the exergy becomes

T\ .
(i%) = Z <1 - ?O> O... Transfer by heat at T
; dv
- W, + POE Transfer by shaft/boundary work
+ 2 my; — 2 my, Transfer by flow
— ToSgen Exergy destruction (8.31)

We can state the exergy equation verbally as

Rate of exergy storage = Transfer by heat + Transfer by shaft/boundary work
+ Transfer by flow — Exergy destruction

and we notice that all the transfers take place with some surroundings and thus do not
add up to any net change when the total world is considered. Only the exergy destruction
due to entropy generation lowers the overall exergy level, and we can thus identify the
regions in space where this occurs as the locations that have entropy generation. The exergy
destruction is identical to the previously defined term, irreversibility.

L2 —
1 O
Assume a 500-W heating element in a stove with an element surface temperature of 1000 K.
On top of the element is a ceramic top with a top surface temperature of 500 K, both shown
in Fig. 8.9. Let us disregard any heat transfer downward, and follow the flux of exergy, and
find the exergy destruction in the process.
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Solution
Take just the heating element as a control volume in steady state with electrical work going
in and heat transfer going out.

Energy Eq-: 0= Weleclrical - Qoul
_ Qout

surf

Entropy Eq.: 0 = +S

gen

Ty \ - . )
Exergy Eq.: 0= — <1 - ?> Oout = Weleetrical) — TOSgen
From the balance equations we get
Qout = Welectrical =500 W
Sgen = Qout/ Tours = 500 W/1000 K = 0.5 W/K
ci)destruction = TOSgen =298.15K x 0.5 W/K =149 W

; T\ . 298.15
(Dtransferout = (1 - 7) Qout = (1 - W) 500 W =351 W

so the heating element receives 500 W of exergy flux, destroys 149 W, and gives out the
balance of 351 W with the heat transfer at 1000 K.

Qout

FIGURE 8.9 The electric heating

S ——— I element and ceramic top of a stove.

Take a second control volume from the heating element surface to the ceramic stove
top. Here heat transfer comes in at 1000 K and leaves at 500 K with no work involved.

Energy Eq.: 0= 0y, — Qo

O Qo

Entropy Eq.: 0=
Tsurf Ttop

+ Sen

Ty \ . T, \ . .
ExergyEq.: 0={(1- On—1|1- T Qout = ToSgen

surf top

From the energy equation we see that the two heat transfers are equal, and the entropy
generation then becomes

. Qout Qin 1 1
$ =___=500(———>W/K=0.5W/K
gen Ttop i 500 1000

The terms in the exergy equation become

0= (1 _ 298.15
1000

)500W— (1 _ %)SOOW—Z%.IS K x 0.5 W/K

Telegram: @uni_k
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or
0=351W-202W - 149 W

This means that the top layer receives 351 W of exergy from the electric heating element
and gives out 202 W from the top surface, having destroyed 149 W of exergy in the process.
The flow of exergy and its destruction are illustrated in Fig. 8.10.

. . d)top flux
Wer = Psource
. Poestr. ceramic FIGURE 8.10 The fluxes and destruction
Destr. element terms of exergy.
2 o v \ e
' I\ . 7 A\\"——

An insulated steam turbine (Fig. 8.11) receives 30 kg of steam per second at 3 MPa, 350°C.
At the point in the turbine where the pressure is 0.5 MPa, steam is bled off for processing
equipment at the rate of 5 kg/s. The temperature of this steam is 200°C. The balance of the
steam leaves the turbine at 15 kPa, 90% quality. Determine the specific exergy of the steam
at all three states and the reversible work.

Control volume:  Turbine.
Inlet state: Py, T| known; state fixed.
Exit state: P,, T, known; P5, x; known; both states fixed.
Process:  Steady state.

30 kg/s
3 MPa, 350°C ’ ©) e Control
~ surface
~ |
| [Turbine H=—=> W,
BN :
~
5 kg/s @\)J g kg/s
0.5 MPa, 200°C 15 kPa, 90% quality FIGURE 8.11 Sketch for
Example 8.6.

Analysis
The exergy at any point for the steam with no kinetic or potential energy is from Eq. 8.22:

2
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Solution
Reference state: Assume saturated liquid i, = 104.9 kI /kg s, = 0.3674 kJ /kg-K

From exergy equation given in analysis

w, = (31153 — 104.9) kJ /kg — 298.15 K (6.7428 — 0.3674) kI /kg-K = 1109.6 kJ/kg
w, = (2855.4 — 104.9) kJ /kg — 298.15 K (7.0592 — 0.3674) kJ /kg-K = 755.3 kI /kg
w; = (2361.8 — 104.9) kI /kg — 298.15 K (7.2831 — 0.3674) kI /kg-K = 195.0 kI /kg

W' =ty — iy, — iy
— 30 kg/s (1109.6) kJ /kg—5 ke /s (755.3) kKJ /kg—25 kg /s (195.0) kJ /kg
=24 637 kW

HLE N . -l

8.3/ THE SECOND LAW EFFICIENCY

The exergy can now be used as a measure of output from a process as well as the input
or source that drives the process. This allows us to determine a conversion efficiency that
expresses the wanted output relative to the required source input both measured in exergy.
which is commonly called a second law efficiency. We then express terms like work, heat
transfer, and flow in exergy transfers terms and use these as we previously did for first-law
efficiencies using energy.

To illustrate the difference between a first-and second-law efficiency let us consider an
actual adiabatic turbine process shown in Fig. 8.12 with a given inlet state and an actual exit
state. The actual work and the reversible work relate to the inlet and actual exit states where
as the isentropic work relates to the inlet and isentropic exit states as shown in Fig. 8.12.
The second law efficiency for the turbine then becomes

WT ac
=— 8.32

M2nd law P (8.32)
and the exergy difference equals the reversible work. In this sense, this concept provides a
rating or measure of the real process in terms of the actual change of state and is simply
another convenient way of utilizing the concept of exergy. In a similar manner, the second-
law efficiency of a pump or compressor is the ratio of the increase in exergy to the work
input to the device.

WTac = hi - heac

rev
Wr =YW= Yeac

wpg =h;—h,

FIGURE 8.12

Irreversible turbine. N

Telegram: @uni_k
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The turbine in Ex. 8.6 was analyzed with the exergy and reversible work. Extend the
example to also find the first- and second-law efficiencies.

Analysis
For the ideal isentropic turbine the energy equation gives

Wi s = rinyhy = righyg — rins s
For the actual turbine the energy equation gives

Wi o = fijhy — tishy — riizhy

Solution
For the ideal isentropic turbine,

5y, = 5, = 6.7428 kI /kg-K = (1.8606 + x,, X 4.906) kI /kg-K,  x,, = 0.9842
hy, = (640.2 + 0.9842 x 2108.5) kI /kg = 2715.4 kJ /kg
53, = §; = 6.7428 kI /kg-K = (0.7549 + x5, X 7.2536) kI /kg-K, x5, = 0.8255
hy, = (225.9 + 0.8255 x 2373.1) kI /kg = 2184.9 kJ /kg

Wy, = 30kg/s (3115.3 kI/kg) — 5 kg/s (2715.4 kI /kg)
— 25 kg/s (2184.9 kI /kg) = 25 260 kW
For the actual turbine,
Wy . =30kg/s (3115.3 kJ/kg) — 5 kg/s (2855.4 kJ /kg)
— 25 kg/s (2361.8 kI /kg) = 20 137 kW

The isentropic efficiency is

z ; 20 137
n,=Wr ac/WTs = m =0.797
and the second-law efficiency is
. - re 20 137
Mond law = WT ac/Wr ' - W = 0817

LW AN ol

For a device that does not involve the production or the input of work, the defi-
nition of second-law efficiency refers to the accomplishment of the goal of the process
relative to the process input in terms of exergy changes or transfers. For example, in a heat
exchanger, energy is transferred from a high-temperature fluid stream to a low-temperature
fluid stream, as shown in Fig. 8.13, in which case the second-law efficiency is defined as

_ iy —wy)

= 8.33
Mond law 13 (Ws — W) ( )
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~—F—FAMAM—F— High-Tluid in
® ®
FIGURE 8.13 Atwo- | ow-Tfluid in _>.|_-\/\/\/\/\/\-—|—>

fluid heat exchanger.

The previous expressions for the second-law efficiency can be presented by a single expres-
sion. First, notice that the actual work from Eq. 8.30 is
W, =o I, =® ToSgenc. (8.34)

c.v. source source

where @ ... is the total rate of exergy supplied from all sources: flows, heat transfers, and
work inputs. In other words, the outgoing exergy, W, , equals the incoming exergy less the
irreversibility. Then for all cases we may write

Mond law = d.)wzmted — d)sm{rce B jc.v. (835)

®SOUI'CB ®SOUI'CB

Cc.v.?

and the wanted quantity is then expressed as exergy whether it is actually a work term
kinetic or potential energy or a heat transfer. We can verify that this covers the turbine,
Eq. 8.32, the pump or compressor, where work input is the source, and the heat exchanger
efficiency in Eq. 8.33.

- —

PTE O

In a boiler, heat is transferred from the products of combustion to the steam. The temper-
ature of the products of combustion decreases from 1100°C to 550°C, while the pressure
remains constant at 0.1 MPa. The average constant-pressure specific heat of the products
of combustion is 1.09 kJ/kg K. The water enters at 0.8 MPa, 150°C, and leaves at 0.8 MPa,
250°C. Determine the second-law efficiency for this process and the irreversibility per kilo-
gram of water evaporated.

Control volume: ~ Overall heat exchanger in Fig. 8.14.

Inlet/exit states:  All known, given in Fig. 8.14.
Process:  Overall, adiabatic steady state, two single flows shown in Fig. 8.15.

o Control surface

Products ;C?) ! ! C‘ID >

1100°C T | |7 550°C
I Heat |
| transfer :
|

H.O 0.8 MPa ‘CP | | @ 0.8 MPa
2 450cc I, L | " 250°c FIGURE 8.14 Sketch

L | for Example 8.8.

Telegram: @uni_k
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T

3

|

|

" |

|

| 2
| |
1
| |
To 1
Qo
s FIGURE 8.15 Temperature—s diagram for Example 8.8.
Analysis

For the products, the entropy change for this constant-pressure process is

e
(se - si)prod = Cpo In —

T;
Continuity Egs.: (pu,0 = (it)u,05 (M)proa = (He)prod (a)
Energy €q.: (mihi)HzO + (mihi)prod = (mehe)HQO + (mehe)prod (b)
Entropy Eq': (mese)HZO + (mese)prod = (misi)HZO + (misi)prod + Sgen ()
Solution
From Egs. a and b, we can calculate the ratio of the mass flow of products to the mass flow
of water.

mprod(hi - he)prod = mHZO(he - hi)H20
Myod  (he =hm0 (2950 — 632.2) kI /kg

= - =3.866
o (= ho)wea 109 KI/kg-K (1100 — 550) K

The increase in exergy of the water is, per kilogram of water,
o=y = (hy — hy) = Ty(s, — 51)

=(2950-632.2) kJ /kg—298.15 K (7.0384 —1.8418) kJ /kg-K=768.4 kJ /kg H,O
The decrease in exergy of the products, per kilogram of water, is

m, m
gy — ) = % [y — ) = To (53 = )]

mHZO H,0
= 3.866 [1.09(1100 - 550) ~ 298.15 (109 In 12122
e oA 823.15

Therefore, the second-law efficiency is, from Eq. 8.33,

)] KJ/kg = 1674.7 kJ /kg H,0

g0 X (W2 —wy)
o X W2 1) _ 7684 _ o oo
mpmd X (1[13 — 1[14) 1674.7

Mond law =

Telegram: @uni_k
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From Eq. 8.30, [ = W™, and Eq. 8.29, the process specific irreversibility is

-’ZWZ

My,0 My,0

mHZO

17/
=y, — ) + m"“’d (p3 — w,) = (=768.4 + 1674.7) kI /kg = 906.3 kI /kg H,0
H,0

These two processes are shown on the 7—s diagram of Fig. 8.15. Line 3—4 represents the
process for the 3.866 kg of products stretched out to match the location in the physical heat
exchanger so it can illustrate the temperature difference between the two flows.

LW N\l

- —

PTE O

Let us look at the flows and fluxes of exergy for the feedwater heater in Example 8.1. The
feedwater heater has a single flow, two heat transfers, and no work involved. The reference
values for A and s, are the same as in Ex. 8.6.

The flow exergies become

Wi = hyoy i = ho = To(s; = sp)

=(171.97 — 104.87) kJ /kg — 298.2 K X (0.5705 — 0.3673) kJ /kg-K = 6.92 kJ /kg
Ve = htot e hO - TO(Se - SO)

=(765.25 — 104.87) kJ /kg — 298.2 K X (2.1341 — 0.3673) kJ /kg-K = 133.94 kJ /kg

and the exergy fluxes from each of the heat transfers are

Ty 298.2
=(1-2 =(1- 180 kJ /kg = 36.17 kJ /k
bq1 ( T1>(’I1 ( 3732) /kg /kg

Ty 298.2
=(1-2 =(1- 413.28 kJ /kg = 152.84 kJ /k
bg ( T2>q2 ( 4732) /kg = /kg

The destruction of exergy is then the balance (w = 0) of Eq. 8.31 as

: Ty
ToSgen =1 = z (1 — 7) ey TV — W,
=36.17 + 152.84 + 6.92 — 133.94 = 62.0 kJ /kg

We can now express the heater’s second-law efficiency as

oo = Dowme “loy St bl 3617+152084-620 _ ) o
AT TR 36.17 + 152.84 ‘

The exergy fluxes are shown in Fig. 8.16, and the second-law efficiency shows that there
is a potential for improvement. We should lower the temperature difference between the
source and the water flow by adding more energy from the low-temperature source, thus
decreasing the irreversibility.

Telegram: @uni_k
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FIGURE 8.16 Fluxes, flows, and destruction of
To sgen exergy in the feedwater heater.

In-Text Concept Questions

f. Energy can be stored as internal energy, potential energy, or kinetic energy. Are those
energy forms all 100% available?

LS

We cannot create or destroy energy. Can we create or destroy exergy?
h. In a turbine, what is the source of exergy?

i. In a pump, what is the source of exergy and what gains exergy?

8.4, ENGINEERING APPLICATIONS

The most important application of the concept of exergy is to analyze single devices
and complete systems with respect to the energy transfers, as well as the exergy transfers
and destruction. Consideration of the energy terms leads to a first-law efficiency as a
conversion efficiency for heat engines or a device efficiency measuring the actual device
relative to a corresponding reversible device. Focusing on the exergy instead of the energy
leads to a second-law efficiency for devices, as shown in Eqs. 8.32—-8.35. These second-law
efficiencies are generally larger than the first-law efficiency, as they express the operation
of the actual device relative to what is theoretically possible with the same inlet and exit
states as in the actual device. This is different from the first-law efficiency, where the ideal
device used in the comparison does not have the same exit or end state as the actual device.

These efficiencies are used as guidelines for the evaluation of actual devices and sys-
tems such as pumps, compressors, turbines, and nozzles, to mention a few common devices.
Such comparisons rely on experience with respect to the judgment of the result, i.e., is
a second-law efficiency of 85% considered good enough? This might be excellent for a
compressor generating a very high pressure but not good enough for one that creates a
moderately high pressure, and it is too low for a nozzle to be considered good.

Besides using a second-law efficiency for devices, as previously shown, we can use
it for complete cycle systems such as heat engines or heat pumps. Consider a simple heat
engine that gives out actual work from a high-temperature heat transfer with a first-law
efficiency that is an energy conversion efficiency

Wyg = g1 On
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What then is the second-law efficiency? We basically form the same relation but express it
in terms of exergy rather than energy and recall that work is 100% exergy:

Ty
Whe = lug 1 Pu = Mue <1 - T_> Oy (8.36)
H

A second-law efficiency for a heat pump would be the ratio of exergy gained @y (or @y —
@, if the low-temperature @; is important) and the exergy from the source, which is the
work input as

ap1 = i1 =(1- ] On/Wyp (8.37)
Whup Ty

A similar but slightly different measure of performance is to look at the exergy
destruction term(s), either absolute or relative to the exergy input from the source. Consider
a more complex system such as a complete steam power plant with several devices; look
at Example 6.10 and the power plant in Fig 7.8 or example 8.8 for an example. In those
examples a significant difference in temperature between the source and cycle gives a
large irreversibility and thus a destruction of exergy. The engineering goal is then to match
the cycle process to the source so the process becomes less irreversible with a higher
conversion efficiency as a result. This is the key challenge in newer low temperature
energy recovery systems using organic Rankine cycles, ORC, and other modifications to
the original cycles doing the energy conversion. In the steam condenser, a large amount
of energy is rejected to the surroundings but very little exergy is destroyed or lost, so the
consideration of energy is misleading; the flows and fluxes of exergy provide a much better
impression of the importance for the overall performance (see section 9.14 for further
analysis).

In-Text Concept Questions

Jj- In aheat engine, what is the source of exergy?
k. In a heat pump, what is the source of exergy?

1. In Eq. 8.36 for the heat engine, the source of exergy was written as a heat transfer.
What does the expression look like if the source is a flow of hot gas being cooled
down as it gives energy to the heat engine?

T
KEY  Exergy as available W =0 (1 - T—) (8.1)
CONCEPTS  work from heat: H
AND | r
FORMULAS Reversfple flow g =T,(s, —s;) — 97" (8.15)
work with extra H
q)y¥ from ambient
at T, and g in at T
TH: weY = htot i htot e To(si - Se) +4q <1 - T_U> (814)
H
Flow i=w —w=g = ToSgen/m =T,Sgen (8.15)

Irreversibility:

Telegram: @uni_k
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Reversible work
CM.:

Irreversibility
C.M.:

Exergy, flow
availability:

Exergy, stored:

Exergy transfer
by heat:

Exergy transfer
by flow:

Exergy rate Eq.:

Exergy Eq. C.M.:

Turbine 2™ law
eff.:

Compressor 2"
law eff.:

Second law
efficiency:

T
1W2reV=To(Sz_Sl)—(Ez_E1)+1Q2 <1_T_:,> (8.17)
T,
112 = TO(S2 - S]) - IQQT_ = TO 152gen (8.18)
H
y = [h ~Ts+ %vz + gZ] —h, —T,s, +gZ,] (8.22)
p=(e—e,)+P,(v—v,)—=T,(5s—5,); (8.27)
b = me
T()
d)transfer g =4 1- T_ (8.1)
H
d)transfer flow — ¥ = htoti - htot e To(si - Se) (8.22)
d® AW - dv
E= <1_7> QCV_WCV+POE (8.31)

+ Z may; — Z my, — T()Sgen
Tl)
H
(8.31) integrated from ¢, to #,, no flow.

N1t = Wr ae] Wi = We ac) (8.32)

e = Wi = W, 40)/We 4o = want/source std. sign notation

(Dgained (I)supplied - q)destroyed
Mond law = 3 = - (8.35)
chupplied d)supplied

See also Section 9.14 for complete cycle considerations.
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CHAPTER 9 PROBLEMS

CONCEPT-STUDY GUIDE PROBLEMS

9.1 Is a steam power plant running in a Carnot cycle?
Name the four processes.

9.2 Raising the boiler pressure in a Rankine cycle
for fixed superheat and condenser temperatures,
in what direction do these change: turbine work,
pump work and turbine exit 7 or x?

9.3 For other properties fixed in a Rankine cycle, rais-

9.8

9.9

possible condenser pressure with water as the
working substance?

What is the mass flow rate through the condensate
pump in Fig. 9.12?

A heat pump for a 20°C house uses R-410A, and
the outside temperature is —5°C. What is the min-
imum high P and the maximum low P it can use?

ing the condenser temperature causes changes in 9 10 A heat pump uses carbon dioxide, and it must con-
which work and heat transfer terms? dense at a minimum of 22°C and receives energy

9.4 Mention two benefits of a reheat cycle. from the outside on a winter day at —10°C. What

EF 9.5 Can the energy removed in a power plant con- restrictions does that place on the operating pres-
denser be useful? sures?

9.6 The extraction steam to a FWH from a turbine is ~ 9.11 Since any heat transfer is driven by a temperature
used to heat some liquid instead of producing more difference, how does that affect all the real cycles
power in the turbine. How can that be a good idea? relative to the ideal cycles?

9.7 If the district heating system (see Fig. 1.1) should ~ 9.12 Compressor work is exergy into a refrigerator,
supply hot water at 90°C, what is the lowest explain how both heat transfers are exergy out.

HOMEWORK PROBLEMS
Rankine Cycles, Power Plants 9.16 An Organic Rankine Cycle (ORC) with R-410A
Simple Cycles has the boiler at 3 MPa superheating to 180°C, and
the condenser operates at 800 kPa. Find all four
9.13 A steam power plant should produce 10 MW net energy transfers and the cycle efficiency.
work. Steam flows at 5 MPa, 500°C to the turbine 9,17 A steam power plant operates with 5 MPa high
and the condenser operates at 50°C. Find the mass pressure and boiler exit at 700°C, whereas the con-
flow rate of steam needed. denser exit is at 50°C. Find the cycle efficiency and
9.14 For the previous problem find all the specific the pressure in the turbine where the water enters
work and heat transfer terms and the cycle the two-phase region.
efficiency. 9.18 A supply of geothermal hot water is used as the

BB 9.15 A utility runs a Rankine cycle with a water boiler
at 3.0 MPa, and the cycle has the highest and low-
est temperatures of 450°C and 60°C, respectively.
Find the plant efficiency and the efficiency of a
Carnot cycle with the same temperatures.

Telegram: @uni_k

energy source in an ideal Rankine cycle with
R-134a, as shown in Fig. P9.18. Saturated vapor
R-134a leaves the boiler at a temperature of 85°C,
and the condenser temperature is 40°C. Calculate
the thermal efficiency of this cycle.

P-81
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9.19

9.20

9.21

9.22

9.23

9.24

P-82
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Figure P9.18

Do Problem 9.18 with R-410A as the working fluid
and the boiler exit at 4000 kPa, 80°C.

Do Problem 9.18 with ammonia as the working
fluid.

A Rankine cycle with water has high pressure of
4 MPa, boiler exit at 600°C being heated from
a 700°C source. The ambient at 20°C cools the
condenser so it is 60°C inside. Find the cycle
efficiency.

A low-temperature power plant operates with
R-410A maintaining —20°C in the condenser and
a high pressure of 3 MPa with superheat. Find the
temperature out of the boiler/superheater so that
the turbine exit temperature is 60°C, and find the
overall cycle efficiency.

A coal-fired power plant produces 25 kg/s steam at
3 MPa, 600°C in the boiler. It cools the condenser
with ocean water coming in at 15°C and returned
at 18°C, so the condenser exit is at 50°C. Find the
net power output and the required mass flow rate
of ocean water.

Geothermal water can be used directly as a source
to a steam turbine. Consider 10 kg/s water at
500 kPa, 150°C brought to a flash chamber, where
it is throttled to 200 kPa, as shown in Fig. P9.24.
From the chamber, saturated vapor at 200 kPa
flows to the turbine with an exit at 10 kPa. From
state 4 it is cooled in a condenser and pumped back
into the ground. Determine the quality at the tur-
bine exit and the power that can be obtained from
the turbine.
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Flash
evaporator

Figure P9.24

Reheat Cycles

9.25

9.26

9.27

9.28

The power plant in Problem 9.15 has too low B3

a quality in the low-pressure turbine section, so
the plant wants to apply reheat at 800 kPa. What
should the superheat for the reheat be so that the
turbine quality stays above 92%?

Modify Problem 9.23 to include a reheat at
500 kPa up to 400°C followed by expansion in the
lowpressure turbine. Find the net power output and
the total heat transfer in the boiler.

The reheat pressure affects the operating variables
and thus the turbine performance. Repeat Problem
9.13 twice, using 0.6 and 1.0 MPa for the reheat
pressure so final turbine exit is saturated vapor.

The effect of a number of reheat stages on the ideal
steam reheat cycle is to be studied. Repeat Problem
9.13 using two reheat stages, one at 1.2 MPa and
the second at 0.2 MPa.

Open FWHs

9.29

9.30

An open FWH receives steam at 1 MPa, 200°C &3

from the turbine and 1 MPa, 100°C water from the
feedwater line. Find the required fraction of the
extraction flow in the turbine.

Assume the plant in Problem 9.21, operates an
open FWH at 500 kPa which has exit as saturated
liquid. The two specific pumps works are w,; =
0.4988 kl/kg and w,, = 3.826 kl/kg. Find the
mass fraction of the extraction flow and the cycle
efficiency.
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9.31

9.32

9.33

9.34

9.35
9.36

A power plant for a polar expedition uses ammo-
nia and the boiler exit is 80°C, 1000 kPa, and
the condenser operates at —15°C. A single open
FWH operates at 400 kPa with an exit state of
saturated liquid. Find the mass fraction extracted
in the turbine.

Find the cycle efficiency for the cycle in Prob-
lem 9.31.

A steam power plant has a boiler exit at 5 MPa,
400°C. The condenser operates at 60°C and there
is one open FWH at 800 kPa. Find the turbine work
per unit mass running through the boiler.

A steam power plant has high and low pressures
of 20 MPa and 10 kPa, respectively, and one open
FWH operating at | MPa with the exit as saturated
liquid. The maximum temperature is 800°C, and
the turbine has a total power output of 5 MW. Find
the fraction of the extraction flow to the FWH and
the total condenser heat transfer rate.

Find the cycle efficiency in the previous problem.

In a nuclear power plant the reactor transfers
the heat to a flow of liquid sodium, which in a
heat exchanger transfers the heat to boiling water.
Saturated vapor steam at 5 MPa exits this heat
exchanger and is then superheated to 600°C in an
external gas-fired superheater. The steam enters
the turbine, which has an extraction at 0.4 MPa
to an open FWH, and the condenser pressure is
10 kPa. Determine the heat transfer in the reactor
and in the superheater to produce a net power out-
put of 5 MW.

Closed FWHs

B 937

9.38
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Write the analysis (continuity and energy equa-
tions) for the closed FWH with a drip pump, as
shown in Fig. 9.11. Assume that the control vol-
ume has state 4 out, so it includes the drip pump.
Find the equation for the extraction fraction.

A power plant with one closed FWH has a con-
denser temperature of 45°C, a maximum pressure
of 5 MPa, and a boiler exit temperature of 900°C.
Extraction steam at 1 MPa to the FWH condenses
and is pumped up to the 5-MPa feedwater line,
where all the water goes to the boiler at 200°C.

9.39

9.40

9.41

9.42

9.43

9.44

Find the fraction of extraction steam flow and the
two specific pump work inputs.

A steam power plant use a field as condenser so it
is at 20°C melting snow in the winter. The cycle
has a high P = 5 MPa, and high 7 = 400°C with
a closed FWH at 1000 kPa with a drip pump. The
flow to the boiler, state 4, is at 170°C, 5 MPa. Find
the two specific pump works and the extraction
fraction.

A steam power plant has high pressure of 20 MPa
and 10 kPa in the condenser. It operates a closed
FWH with extraction at 1 MPa and a trap that
dumps the flow into the condenser. Assume the
feed-water is at 175°C after the FWH. The main
pump brings the FW from the condenser up to
20 MPa and the maximum temperature is 800°C.
The main flow through the boiler is 3 kg/s.
Known: w_P1=20.19kJ/kg,h_2=212kJ/kg,h_6
=3013.7 kJ/kg, h_7 = 2235.1 kl/kg

Find the total turbine power output and the thermal
efficiency of the cycle.

Assume the power plant in Problem 9.33 has a
closed FWH instead of the open one. Assume its
exit is at 170°C and a trap drains the liquid to the
condenser. Find the extraction fraction from the
turbine and the cycle efficiency.

Redo the previous problem when there is a drip
pump instead of the trap. Assume the exit at state
3is 170°C.

A Rankine cycle flows 5 kg/s ammonia at 2 MPa,
140°C to the turbine, which has an extraction point
at 800 kPa. The condenser is at —20°C, and a
closed FWH has an exit state (3) at the tempera-
ture of the condensing extraction flow and it has
a drip pump. The source for the boiler is at con-
stant 180°C. Find the extraction flow rate and state
4 into the boiler.

A steam cycle has turbine inlet at 5 MPa, 400°C
and a condenser at 10 kPa. it operates with a closed
FWH at 0.8 MPa and one open FWH at 100 kPa.
A pump is used to bring the water leaving the con-
denser up to 100 kPa for an open FWH, and a sec-
ond pump brings the feedwater up to 3.0 MPa, as
shown in Fig. P9.44. Condensate from the closed
FWH is drained through a trap to the open FWH.

P-83
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Calculate the thermal efficiency of the cycle and
the specific net work.

Boiler

i

I —-+® Condenser
\
Y 1T® P2 @ ® 1
Elﬂﬂ ~—0<H Fn ~ -
i —t P1 ®
@
Figure P9.44
Nonideal Cycles

9.45

9.46

9.47

9.48

9.49

P-84

Assume the turbine in Problem 9.13 has an isen-
tropic efficiency of 87%. Find the mass flow rate
in the cycle to produce 10 MW net work.

A steam power cycle has a high pressure of 5 MPa
and a condenser exit temperature of 45°C. The
turbine efficiency is 85%, and other cycle compo-
nents are ideal. If the boiler superheats to 700°C,
find the cycle thermal efficiency.

A simple steam power plant is said to have the fol-
lowing four states: 1: (20°C, 100 kPa), 2: (25°C,
1 MPa), 3: (1000°C, 1 MPa), 4: (250°C, 100 kPa),
with an energy source at 1100°C, and it rejects
energy to a 0°C ambient. Is this cycle possible? Are
any of the devices impossible?

A Rankine cycle with water superheats to 500°C
at 3 MPa in the boiler, and the condenser oper-
ates at 100°C. All components are ideal except the
turbine, which has an exit state measured to be sat-
urated vapor at 100°C. Find the cycle efficiency
with (a) an ideal turbine and (b) the actual turbine.

Consider the boiler in Problem 9.18 where the
geothermal hot water brings the R-134a to sat-
urated vapor. Assume a counterflowing heat
exchanger arrangement. The geothermal water
temperature should be equal to or greater than that
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of the R-134a temperature at any location inside
the heat exchanger. The point with the smallest
temperature difference between the source and the
working fluid is called the pinch point. If 2 kg/s of
geothermal water is available at 95°C, what is the
maximum power output of this cycle for R-134a as
the working fluid? (Hint: split the heat exchanger
C.V. into two so that the pinch point with AT = 0,
T = 85°C appears.)

Pinch
point
@[, ® ®
Liquid [ o . R-134a
R-134a —f-» i | Boiler —f» 650
QBC ﬁrQ‘AB
o 1 ® o
1 95°C
Figure P9.49
9.50 Do the previous problem with ammonia as the

9.51

9.52

9.53

9.54

9.55

working fluid.

A concentrated solar power plant receives the
energy from molten salt coming in at 560°C and
leaving at 300°C in a counterflow heat exchanger
where the water comes in at 3 MPa, 60°C and
leaves at 450°C, 3 MPa. The molten salt has 5 kg/s
flow with C, = 1.5 kg/kg K. What is the possible
water flow rate, the rate of energy transfer, and the
rate of entropy generation?

Consider the power plant in Problem 9.31. Assume
that the high temperature source is a flow of lig-
uid water at 120°C into a heat exchanger at con-
stant pressure, 300 kPa and that the water leaves at
90°C. Assume that the condenser rejects heat to the
ambient, which is at —20°C. List all the places that
have entropy generation and find the entropy gen-
erated in the boiler heat exchanger per kilogram of
ammonia flowing.

Repeat Problem 9.34, assuming the turbine has an
isentropic efficiency of 85%.

Find the entropy generation per unit mass leaving
the open FWH in Problem 9.29.

Find the specific entropy generation in the closed
FWH in Problem 9.39.



www.konkur.in

Combined Heat and Power

9.56

9.57

9.58

A cogenerating steam power plant, as in Fig. 9.19,
operates with a boiler output of 25 kg/s steam at
7 MPa, 500°C. The condenser operates at 7.5 kPa,
and the process heat is extracted as 5 kg/s from the
turbine at 500 kPa, state 6 and after use is returned
as saturated liquid at 100 kPa, state 8. Assume
all components are ideal and find the temperature
after pump 1, the total turbine output, and the total
process heat transfer.

Assume the cycle in Problem 9.23 is changed
to run the condenser at 101 kPa and use all the
heat for process heat. How much process heat is
produced?

A 15 kg/s steady supply of saturated-vapor steam
at 500 kPa is required for drying a wood pulp
slurry in a paper mill (see Fig. P9.58). It is decided
to supply this steam by cogeneration; that is, the
steam supply will be the exhaust from a steam
turbine. Water at 20°C, 100 kPa is pumped to a
pressure of 5 MPa and then fed to a steam genera-
tor with an exit at 400°C. What is the additional
heat transfer rate to the steam generator beyond
what would have been required to produce only the
desired steam supply? What is the difference in net
power?

::> ‘;VT
100 kPa A
Water 20°C ||QB 10 kg/s Sat. vapor
W, Steam
500 kPa SUpply
Figure P9.58
EF 9.59 A boiler delivers steam at 10 MPa, 550°C to a two-
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stage turbine, as shown in Fig. 9.19. After the first
stage, 25% of the steam is extracted at 1.4 MPa for
a process application and returned at 1 MPa, 90°C
to the feedwater line. The remainder of the steam
continues through the low-pressure turbine stage,
which exhausts to the condenser at 10 kPa. One
pump brings the feedwater to 1 MPa and a second
pump brings it to 10 MPa. Assume all components
are ideal. If the process application requires 5 MW
of power, how much power can then be cogener-
ated by the turbine?

9.60

A smaller power plant produces 25 kg/s steam at
3 MPa, 600°C in the boiler. It cools the condenser
to an exit temperature of 45°C, and the cycle is
shown in Fig. P9.60. An extraction is done at
500 kPa to an open FWH; in addition, a steam sup-
ply of 5kg/s is taken out and not returned. The
missing 5 kg/s water is added to the FWH from
a 20°C, 500 kPa source. Find the extraction flow
rate needed to cover both the FWH and the steam
supply. Find the total turbine power output.

Boiler

B

®

Water
resupply

]

-

FWH

Steam
supply

Condenser

Figure P9.60

Refrigeration Cycles

9.61

9.62

9.63

9.64

A refrigeration cycle, should cool meat at —10°C
in a 30°C kitchen. What are the minimum high
and maximum low pressures in the cycle if the
working substance is (a) R-134a, or (b) R-410A
or (c) ammonia?

Consider an ideal refrigeration cycle that has a
condenser temperature of 45°C and an evapora-
tor temperature of —15°C. Determine the COP of
this refrigerator for the working fluids R-134a and
R-410A.

Do Problem 9.62 with ammonia as the working
fluid.

An A/C unit with R-410A cools a house at 22°C
when the ambient is 30°C. The basic cycle has a
low P of 800 kPa and high P of 2 MPa. Find the
cycle COP.

P-85
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B3 9.65

9.66

9.67

9.68

9.69

9.70

9.71

9.72

9.73

A refrigerator with R-134a as the working fluid has
a minimum temperature of —10°C and a maximum
pressure of 1 MPa. Assume an ideal refrigeration
cycle. Find the specific heat transfer from the cold
space and that to the hot space, and the COP.

Repeat the previous problem with R-410A as
the working fluid. Will that work in an ordinary
kitchen?

A heat pump for heat upgrade uses ammonia with
a low temperature of 25°C and a high pressure of
5000 kPa. If it receives 1 MW of shaft work, what
is the rate of heat transfer at the high temperature?

An A/C unit should cool air at 15°C at a rate of
10kW when the ambient is 45°C so it can keep
a room at 22°C. In order to do so it is run with
R-410A so it condenses at 49°C and has evapora-
tion at 5°C. Find the COP and the amount of power
needed.

An air conditioner in the airport of Timbuktu runs
a cooling system using R-410A with a high pres-
sure of 1800 kPa and a low pressure of 200 kPa.
It should cool the desert air at 45°C down to 15°C.
Find the cycle COP. Will the system work?

A heat pump uses R410A with a high pressure of
3000 kPa and an evaporator operating at —10°C,
so it can absorb energy from underground water
layers at 4°C. Find the COP and the temperature
at which it can deliver energy.

A refrigeration cycle runs with R-134a low/high
pressure of 200/1000 kPa. It keeps —5°C in the
cold space by removing 250 W by heat transfer
and the room is at 27°C. Find the COP and all the
entropy generation terms in this situation.

An A/C is used in heat pump mode to heat a 21°C
house as it loses 2.5 kW to the outside at —5°C.
It works with R-410A taking saturated vapor at
500 kPa into compressor with an exit at 1800 kPa.
Find the COP, the cycle mass flow rate and the
entropy generation terms (4 of them) as rates.
The A/C in the previous problem has a compressor
actual exit at 1800 kPa, 60°C heating capacity of
2.5 kW. Find the COP and the entropy generation
terms (two) as rates.

Extended Refrigeration Cycles

9.74

P-86

One means of improving the performance of a
refrigeration system that operates over a wide
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9.75

9.76

temperature range is to use a two-stage compres-
sor. Consider such a system using R-410A shown
in Fig. 9.23. The flow is separated in the flash
chamber and joined in the mixing chamber both
assume adiabatic devices. Determine the COP of
the system. Compare it to the COP of a sim-
ple ideal refrigeration cycle operating over the
same condenser and evaporator ranges as those
of the two-stage compressor unit studied in this
problem (7| = =50°C, T3 = 40°C, T, = 90.7°C,
h, =350.35 kl/kg).

A cascade system, see Fig. 9.26, with one refriger-
ation cycle operating with R-410A has an evapora-
tor at —40°C and a high pressure of 1200 kPa. The
high-temperature cycle uses R-134a with an evap-
orator at 0°C and a high pressure of 1200 kPa. Find
the ratio of the two cycle’s mass flow rates and the
overall COP.

A refrigerator using R-410A is powered by a
small natural gas-fired heat engine with a ther-
mal efficiency of 25%, as shown in Fig. P9.76.
The R-410A condenses at 40°C and evaporates at
—20°C, and the cycle is standard. Find the two spe-
cific heat transfers in the refrigeration cycle. What
is the overall COP as Q;/0,?

Source
04 Oy
w
0> ﬁQL

/ Cold space \
Figure P9.76

Ammonia Absorption Cycles

9.77

9.78

As explained in the text Section 9.13 the compres-
sor is substituted with a set of devices to the left
of states 1 and 2 in Figure 9.17. Assume the heat
engine has an efficiency of 30% and the COP of
the refrigeration cycle is 3.0. What is the ratio of
the cooling to the heating heat transfer Q;/0,?

Give an estimate for the overall COP’ of an ammo-
nia absorption cycle used as a chiller to cool water
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to 5°C in a 25°C ambient when the small pump
work is neglected. A heat source is available at
100°C. Also find the efficiency of the heat engine
part and the COP of the refrigeration cycle part.

Consider a small ammonia absorption refrigera-
tion cycle that is powered by solar energy and is
to be used as an air conditioner. Saturated vapor
ammonia leaves the generator at 50°C, and sat-
urated vapor leaves the evaporator at 10°C. If
3000 kJ of heat is required in the generator (solar
collector) per kilogram of ammonia vapor gen-
erated, determine the overall performance of this

system (q./qy)-

Exergy Concepts

9.80

9.81

9.82

9.83

9.84

9.85

9.86

9.87

9.88
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What is the second law efficiency of a Rankine
cycle power plant.

A condenser is maintained at 60°C by cooling it
with atmospheric air coming in at 20°C and leav-
ing at 35°C. The condenser must reject 25 MW
from the water to the air. Find the flow rate
of air and the second-law efficiency of the heat
exchanger.

Consider Problem 9.21. Find the second law effi-
ciency for the overall power plant.

Find the flows and fluxes of exergy in the con-
denser of Problem 9.23. Use them to determine the
second-law efficiency, T, = 15°C.

Find the second-law efficiency for the open FWH
in Problem 9.30.

For Problem 9.43, consider the boiler/superheater.
Find the exergy destruction in this setup and
the second-law efficiency for the boiler-source
setup.

What is the second-law efficiency of the heat pump
in Problem 9.67?

Consider the A/C unit in Problem 9.68. Find the
rate of exergy destruction in the high and low tem-
perature heat exchangers. Find any exergy destruc-
tion outside the heat exchangers due to running the
A/C unit.

A new air conditioner using R-410A is used in heat
pump mode. The high pressure is 2000 kPa and the
low pressure is 400 kPa. It warms a house at 20°C
driven by an electric power input of 2 kW in an
ambient at —5°C. Find the destruction of exergy

9.89

in four places: (1) inside the heat pump, (2) in
the high-T heat exchanger, (3) in the low-T heat
exchanger, and (4) in the house walls/windows,
and so on that separate the inside from the outside
of the house.

Consider the A/C unit in Problem 9.72. Find all the
exergy destruction rates and verify that they add up
to the total.

Combined Cycles

See Section 10.12 for text and figures.

9.90

A binary system power plant uses mercury for
the high-temperature cycle and water for the
low-temperature cycle, as shown in Fig. 10.23.
The temperatures and pressures are shown in the
corresponding 7—s diagram. The maximum tem-
perature in the steam cycle is where the steam
leaves the superheater at point 4, where it is 500°C.
Determine the ratio of the mass flow rate of mer-
cury to the mass flow rate of water in the heat
exchanger that condenses mercury and boils the
water, and determine the thermal efficiency of this
ideal cycle.

The following saturation properties for mer-
cury are known:

P,

MPa

h;,

kJ/kg

T

g’

°C

h,, Sps
kJ/kg kJ/kg-K

N '

kJ/kg-K

0.04
1.60

309
562

42.21
75.37

335.64 0.1034
364.04 0.1498

0.6073
0.4954

9.91

Consider an ideal dual-loop heat-powered refrig-
eration cycle using R-134a as the working fluid,
as shown in Fig. P9.91. Saturated vapor at 90°C
leaves the boiler and expands in the turbine to
the condenser pressure. Saturated vapor at —15°C
leaves the evaporator and is compressed to the con-
denser pressure. The ratio of the flows through the
two loops is such that the turbine produces just
enough power to drive the compressor. The two
exiting streams mix together and enter the con-
denser. Saturated liquid leaving the condenser at
45°C is then separated into two streams in the nec-
essary proportions. Determine the ratio of the mass
flow rate through the power loop to that through
the refrigeration loop. Also find the performance
of the cycle in terms of the ratio Q;/Qy.

P-87
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Energy Conservation and Renewable Energy

&3 9.92

9.93

9.94

9.95
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Consider a solar-energy-powered ideal Rankine
cycle that uses water as the working fluid. Satu-
rated vapor leaves the solar collector at 1000 kPa,
and the condenser pressure is 10 kPa. Determine
the thermal efficiency of this cycle.

The power plant in the previous problem is aug-
mented with a natural gas burner to superheat the
water to 300°C before entering the turbine. Find
the cycle efficiency with this configuration and
the specific heat transfer added by the natural gas
burner.

Some geothermal locations have higher pressure
and temperature, so assume the geothermal power
plant as in Problem 9.24 but with a supply as satu-
rated liquid at 250°C. For this case, the flash cham-
ber operates at 1000 kPa. For a supply of 10 kg/s,
determine the mass flow that goes through the tur-
bine and the power output.

With a higher supply pressure and temperature of
the geothermal source, it is possible to have two
flash evaporators, as shown in Fig. P9.95. Assume
the supply is saturated water at 250°C and the first
chamber flashes to 2000 kPa and saturated liquid
at state 2 is flashed to 500 kPa, with the saturated
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9.96

9.97

9.98

9.99

9.100

vapor out added to the turbine, which has an exit
state of 10 kPa with quality 78%. For a supply of
10 kg/s, determine the mass flows at states 3 and 5
into the turbine and the total power output.

@ ®

Wy

Figure P9.95

Consider Problem 9.24 and augment the setup with

a gas burner delivering 200 kW to heat the flow at

state 3 before entering the turbine. Calculate the

extra work output due to this change.

Assume the geothermal source used in Problem

9.18 have a flow of saturated liquid at 500 kPa,

state 5 that leaves at 90°C, state 6. This is used as

the source to drive an ORC using iso-butane. States

and properties for the ORC are

1. 400 kPa, 30°C, v, = 0.001 835 mi/kg, he=
—327.2 kl/kg, sy =—1.193 kl/kg-K

3. Py =P3;=3.0MPa, hy =153.6 kl/kg, s; =
0.0927 kJ/kg-K

4. 400 kPa, h, = 74.1 kJ/kg

Find the net work produced by the ORC and its

cycle efficiency.

Find the second law efficiency of the ORC in the

previous problem.

Consider Problem 9.97. If the state 400 kPa, s,, =

55 has hy; = 65.76 kJ/kg then find the isentropic

turbine efficiency.

A concentrated solar power plant heats molten

salt to 550°C so a counterflow heat exchanger

can produce steam at 3 MPa, 450°C. The Rank-

ine cycle operates with a low temperature of 60°C.
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Find the energy transfer in all four components of
the cycle.

Consider the solar power plant in the previous
problem. The water comes into a counterflow heat
exchanger at 3 MPa, 60°C and leaves at 450°C
to the turbine. Molten salt flows in with 5 kg/s at
550°C and leaves at 300°C. Find the water flowrate
and the 2nd law efficiency of the heat exchanger.
Assume the plant rejection of exergy, ®;, is con-
sidered zero what is the total system 2nd law
efficiency?

Review Problems

9.102

9.103

A supercritical power plant has a high pressure of
30 MPa, and the boiler heats the water to 500°C
with 45°C in the condenser. To avoid a quality in
the turbine of less than 92%, determine the pres-
sure(s) at which to make reheat (look only at the
P’s listed in Table B.1; do not interpolate between
them) if the reheat takes it up to 400°C.

A low-temperature power plant operates with
R-410A maintaining —20°C in the condenser, a

9.104

9.105

high pressure of 3 MPa with superheat to 80°C.
There is one open FWH operating at 800 kPa with
an exit as saturated liquid at 0°C. Find the extrac-
tion fraction of the flow out of the turbine and the
turbine work per unit mass flowing through the
boiler.

A simple R-410A refrigeration cycle is said to have
the following states: 1: (500 kPa, x=1),2: (3 MPa,
70°C), 3(45°C, x =0), 4(500 kPa, h;) with the cold
space at —8°C and the warm space at 30°C. Is this
cycle possible? Are any of the processes/devices
impossible?

Consider an ideal combined reheat and regenera-
tive cycle in which steam enters the high-pressure
turbine at 3.0 MPa, 400°C and is extracted to
an open FWH at 0.8 MPa with exit as saturated
liquid. The remainder of the steam is reheated
to 400°C at this pressure, 0.8 MPa, and is fed
to the low-pressure turbine. The condenser pres-
sure is 10 kPa. Calculate the thermal efficiency
of the cycle and the net work per kilogram
of steam.

ENGLISH UNIT PROBLEMS

Rankine Cycles

9.106E Asteam power plant should produce 10 000 Btu/s

9.107E

9.109E
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9.108E

net work. Steam flows at 800 psia, 900 F to the
turbine which has a condenser exit at 120 F. Find
the mass flow rate of steam needed.

For the previous problem find all the specific
work and heat transfer terms and the cycle effi-
ciency.

An Organic Rankine Cycle (ORC) with R-410A
has the boiler at 600 psia superheating to 340 F,
and the condenser operates at 100 psia. Find all
four energy transfers and the cycle efficiency.

A supply of geothermal hot water is to be used
as the energy source in an ideal Rankine cycle,
with R-134a as the cycle working fluid. Saturated
vapor R-134a leaves the boiler at a temperature
of 180 F, and the condenser temperature is 100 F.
Calculate the thermal efficiency of this cycle.

9.110E

9.111E

9.112E

9.113E

A low-temperature power plant operates with
R-410A maintaining 60 psia in the condenser, a
high pressure of 400 psia with superheat. Find the
temperature out of the boiler/superheater so that
the turbine exit temperature is 20 F, and find the
overall cycle efficiency.

A steam power plant operates with 800 psia high
pressure and boiler exit at 1300 F, whereas the
condenser exit is at 120 F. Find the cycle effi-
ciency and the pressure in the turbine where the
water enters the two-phase region.

An open FWH receives steam at 150 psia, 400 F
from the turbine and 150 psia, 200 F water from
the feedwater line. Find the required fraction of
the extraction flow in the turbine.

A steam power plant has a boiler exit at 800 psia,
900 F. The condenser operates at 140 F and there
is one open FWH at 100 psia. Find the turbine
work per unit mass running through the boiler.

P-89
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9.114E
9.115E

9.116E

9.117E

9.118E

Find the cycle efficiency in the previous problem.

A closed FWH in a regenerative steam power
cycle heats 40 1lbm/s of water from 200 F,
2000 Ibf/in.? to 450 F, 2000 1bf/in.2. The extrac-
tion steam from the turbine enters the heater at
600 1bf/in.2, 550 F and leaves as saturated liquid.
What is the required mass flow rate of the extrac-
tion steam?

A Rankine cycle feeds 10 Ibm/s ammonia at 300
psia, 280 F to the turbine, which has an extraction
point at 125 psia. The condenser is at O F, and a
closed FWH has an exit state (3) at the tempera-
ture of the condensing extraction flow and it also
has a drip pump. The source for the boiler is at
constant 350 F. Find the extraction flow rate and
state 4 into the boiler.

Do the previous problem with a closed FWH
that has a trap and drain to the condenser for the
extraction flow.

A Rankine cycle with water has high pressure
of 600 psia, boiler exit at 1100 F being heated
from a 1300 F source. The ambient at 68 F cools
the condenser so it is 140 F inside. Find the
cycle efficiency and the mass flow rate to produce
50 MW of electricity.

Refrigeration Cycles

9.119E

9.120E

9.121E

9.122E

9.123E

P-90

A refrigeration cycle should cool meat at 10 F in
a 90 F kitchen. What are the minimum high and
maximum low pressures in the cycle if the work-
ing substance is (a) R-134a, (b) R-410A, or (c)
ammonia.

Consider an ideal refrigeration cycle that has a
condenser temperature of 110 F and an evapora-
tor temperature of 5 F. Determine the COP of this
refrigerator for the working fluids R-134a and
R-410A.

Find the high temperature, the condensing tem-
perature, and the COP if ammonia is used in a
standard refrigeration cycle with high and low
pressures of 800 psia and 300 psia, respectively.
An A/C unit with R-410A cools a house at 72 F
when the ambient is 86 F. The basic cycle has a
low P of 100 psia and high P of 300 psia. Find
the cycle COP.

Consider an ideal heat pump that has a con-
denser temperature of 120 F and an evaporator

Telegram: @uni_k

temperature of 30 F. Determine the COP of this
heat pump for the working fluids R-410A and
ammonia.

Exergy and Combined Cycles

9.124E

9.125E

9.126E

9.127E

9.128E

9.129E

9.130E

A Rankine cycle maintains 130 F in the con-
denser which is cooled by a 70 F reservoir. The
steam out of the boiler is at 600 psia, 700 F
being heated from a 900 F source. Determine the
flux of exergy in or out of the reservoirs per unit
mass flowing in the cycle. Find the overall system
second-law efficiency.

Find the second-law efficiency for the overall
plant in Problem 9.118E.

For Problem 9.115E, consider the boiler/super-
heater. Find the exergy destruction and the
second-law efficiency for the boiler-source setup.

Consider the refrigerator in Problem 9.122E.
Find all the exergy destruction terms and verify
that they add up to the total.

Consider a solar-energy-powered ideal Rankine
cycle that uses water as the working fluid. Satu-
rated vapor leaves the solar collector at 150 psia,
and the condenser pressure is 0.95 psia. Deter-
mine the thermal efficiency of this cycle.

The power plant in the previous problem is aug-
mented with a natural gas burner to superheat the
water to 600 F before entering the turbine. Find
the cycle efficiency with this configuration and
the specific heat transfer added by the natural gas
burner.

A concentrated solar power plant receives the
energy from molten salt coming in at 1000 F and
leaving at 600 F in a counterflow heat exchanger
in which the water comes in at 400 psia, 140 F
and leaves at 800 F, 400 psia. The molten salt has
10 Ibm/s flow with C, = 0.36 Btu/lbm-R. What
is the possible water flow rate, the rate of energy
transfer, and the rate of entropy generation?

Review Problems

9.131E

9.132E

The cycle in Problem 9.106E is modified to have
a reheat section at 100 psia with reheat to 900 F.
Find the new mass flow rate of steam needed.

A simple R-410A refrigeration cycle is said to

have the following states: 1: (75 psia, x = 1), 2:
(300 psia, 160 F), 3: (100 F, x=0), 4: (75 psia, h3)
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with the cold space at 18 F and the warm space
at 86 F. Is this cycle possible? Are any of the pro-
cesses/devices impossible?

Consider a small ammonia absorption refriger-
ation cycle that is powered by solar energy and
is to be used as an air conditioner. Saturated

vapor ammonia leaves the generator at 120 F,
and saturated vapor leaves the evaporator at 50 F.
If 3000 Btu of heat is required in the genera-
tor (solar collector) per pound-mass of ammonia
vapor generated, determine the overall perfor-
mance of this system (g;/qy).

P-91
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CHAPTER 9
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The standard power-producing cycle and refrigeration cycle for fluids with phase change
during the cycle are presented. The Rankine cycle and its variations represent a steam power
plant, which generates most of the world production of electricity. The heat input can come
from combustion of fossil fuels, a nuclear reactor, solar radiation, or any other heat source
that can generate a temperature high enough to boil water at high pressure. In low- or
very-high-temperature applications, working fluids other than water can be used. Modifi-
cations to the basic cycle such as reheat, closed, and open FWHs are covered, together with
applications where the electricity is cogenerated with a base demand for process steam.

Standard refrigeration systems are covered by the vapor-compression refrigeration
cycle. Applications include household and commercial refrigerators, air-conditioning sys-
tems, and heat pumps, as well as lower-temperature-range special-use installations. As a
special case, we briefly discuss the ammonia absorption cycle.

A final section with a few comments for the application of exergy in cycle analysis is
presented. Combinations of cycles are shown in Section 10.12.

You should have learned a number of skills and acquired abilities from studying this
chapter that will allow you to

e Apply the general laws to control volumes with several devices forming a complete
system

* Have a knowledge of how many common power producing devices work
* Have a knowledge of how simple refrigerators and heat pumps work

* Know that most cycle devices do not operate in Carnot cycles

e Know that real devices have lower efficiencies/COP than ideal cycles

* Know that real devices have external irreversibility due to heat transfer

* Have a sense of the most influential parameters for each type of cycle

* Have an idea about the importance of the component efficiency on the overall cycle
efficiency or COP

* Know that most real cycles have modifications to the basic cycle setup
* Know that many of these devices affect our environment
¢ Know the principle of combining different cycles

e Know how to apply the exergy concept to cycles (internal and external)
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steam power plant including
effects like superheat and
reheat

Examples: 9.1-9.3
Equations: 9.1, 9.2, Table 9.1

Objectives Reading, Examples, Concepts, Study,
Equations & Tables Hw problems
Know how to analyze a basic Reading: Sec. 9.1-9.4 C:1-5

S: 15, 20, 25, 92, 108E
Hw: 13-28, 92-101,
106E-111E, 131E

Know to analyze a steam
power plant with an open
feedwater heater

Reading: Sec. 9.5
Equations: 9.3-9.5
Figure: 9.10

C:6
S:29, 103, 112E

Hw: 29-36, 112E-114E

Know to analyze a steam
power plant with a closed
feedwater heater

Reading: Sec. 9.5
Equations: 9.6-9.7
Figure: 9.11

S:37,43, 108E, 115E

Hw: 3744, 115E-117E

Know to analyze a steam power
plant with non-ideal devices

Reading: Sec. 9.6
Examples: 9.5
Equations: 7.27-28, 8.32-35

S: 48, 54
Hw: 45-55, 99, 118E

Equations: 9.8-9.9, Table 9.2

Know combined heat and Reading: Sec. 9.7 C:7-8

power cycles and the analysis Examples: 9.3-9.4 S: 59

of them Equations: 9.1-9.7 Hw: 56-60
Know to analyze the ideal Reading: Sec. 9.8-9.9 C:9-10
refrigeration cycle Examples: 9.6 S: 65, 69, 123E

Hw: 61-70, 119E-123E

ideal refrigeration cycles and
combinations

Figures: 9.23-9.26

Know to include a heat Reading: Sec. 9.11 C: 11
exchanger in refrigeration Examples: 9.7, 6.10 Hw: 71-73
cycle, ext. irreversibility

Know to treat extensions to Reading: Sec. 9.12 S: 76, 90

Hw: 74-76, 90-91,
1128E~130E, 132E

Know a simple treatment of an
absorption refrigeration cycle

Reading: Sec. 9.13
Equations: 9.10-9.12
Figures: 9.27

S: 79, 133E
Hw: 77-79, 133E

Know to use exergy in the
analysis of cycles

Reading: Sec. 9.14
Examples: 9.8, 8.1, 8.5, 8.8
Equations: 9.13-9.16

C: 11

S: 85, 101, 126E
Hw: 80-89, 98, 101,
124E-127E

R-9
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Power and
Refrigeration
Systems—With
Phase Change

Some power plants, such as the simple steam power plant, which we have considered sev-
eral times, operate in a cycle. That is, the working fluid undergoes a series of processes and
finally returns to the initial state. In other power plants, such as the internal-combustion
engine and the gas turbine, the working fluid does not go through a thermodynamic cycle,
even though the engine itself may operate in a mechanical cycle. In this instance, the work-
ing fluid has a different composition or is in a different state at the conclusion of the process
than it had or was in at the beginning. Such equipment is sometimes said to operate on an
open cycle (the word cycle is a misnomer), whereas the steam power plant operates on a
closed cycle. The same distinction between open and closed cycles can be made regard-
ing refrigeration devices. For both the open- and closed-cycle apparatus, however, it is
advantageous to analyze the performance of an idealized closed cycle similar to the actual
cycle. Such a procedure is particularly advantageous for determining the influence of cer-
tain variables on performance. For example, the spark-ignition internal-combustion engine
is usually approximated by a cycle known as the Otto cycle and shown in the following
chapter. From an analysis of the Otto cycle, we conclude that increasing the compres-
sion ratio increases the efficiency. This is also true for the actual engine, even though the
Otto-cycle efficiencies may deviate significantly from the actual efficiencies.

This chapter and the next are concerned with these idealized cycles for both power and
refrigeration apparatus. This chapter focuses on systems with phase change, that is, systems
utilizing condensing working fluids, while Chapter 10 deals with gaseous working fluids,
where there is no change of phase. In both chapters, an attempt will be made to point out
how the processes in the actual apparatus deviate from the ideal. Consideration is also given
to certain modifications of the basic cycles that are intended to improve performance. These
modifications include the use of devices such as regenerators, multistage compressors and
expanders, reheaters, and intercoolers. Various combinations of these types of systems and
also special applications, such as cogeneration of electrical power and energy, combined
cycles, topping and bottoming cycles, and binary cycle systems, are also explained in these
chapters and further illustrated by the chapter-end problems.

256
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9.1) INTRODUCTION TO POWER SYSTEMS

In introducing the second law of thermodynamics in Chapter 5, we considered cyclic heat
engines consisting of four separate processes. We noted that these engines can be operated
as steady-state devices involving shaft work, as shown in Fig. 5.18, or as cylinder/piston
devices involving boundary-movement work, as shown in Fig. 5.19. The former may
have a working fluid that changes phase during the processes in the cycle or may have
a single-phase working fluid throughout. The latter type would normally have a gaseous
working fluid throughout the cycle.

For a reversible steady-state process involving negligible kinetic and potential energy
changes, the shaft work per unit mass is given by Eq. 7.15,

Wshaft = — / vdpP

For a reversible process involving a simple compressible substance, the boundary
movement work per unit mass is given by Eq. 3.17,

Wboundary = / Pdv

Figure 9.1 represents the integrals with shaded areas; Fig. 9.1a shows the shaft work
in process 1-2 and Fig. 9.1b shows the boundary works 41 and 1-2. The figure is drawn
for a cycle with two constant pressure processes and two constant entropy processes with
no significant changes in kinetic or potential energies, but these integrals can apply to any
arbitrary cycle. The net work is summed over the cycle, so for the steady flow cycle in
Fig. 9.1a it becomes

2 4
Wehaft net = —?{vsz —/ vdP+0—/ v dP + 0 = area enclosed
1 3

This work is larger if the specific volume in the expansion 3—4 is larger than the specific
volume in the compression 1-2 for a given set of high/low pressures compatible with a heat
engine. When a cycle runs in the opposite direction, as with a heat pump or refrigerator, to
minimize the work input we want to do the opposite, namely reduce the specific volume in
the process 4-3.

Yy

FIGURE 9.1a Shaftwork w = —§v dP. FIGURE 9.1b Boundary work @ = ¢ P dv.
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If the same cycle processes are done in a piston cylinder device, as shown in Fig. 9.1b,
then the net work becomes

2 3 4 1
Whoundary net = }{P dv = ./1 Pdv+ ‘/2 Pdv+ ‘/3 Pdv+ ‘/4 P dv = area enclosed

For this situation, the pressure in the expansion processes as the piston moves and volume
increases from 2-3—4 is raised to increase the work, compared to the compression processes
4—-1-2 where the piston moves to reduce the volume.

Looking at the same processes used in a flow cycle or at a set of sequential processes
in a piston cylinder, it is evident that the two work expressions result in the same net work
(enclosed area); the only difference is the split of the work between the individual parts of
the cycle.

In this chapter we will consider the first of the two cases examined above, steady-state
flow processes involving shaft work, utilizing condensing working fluids, such that the dif-
ference in the — / v dP work terms between the expansion and compression processes is at
maximum. Then, in Chapter 10, we will consider systems utilizing gaseous working fluids
for both cases, steady-state flow systems with shaft work terms and piston/cylinder systems
involving boundary-movement work terms.

In the next several sections, we consider the Rankine cycle, which is the ideal
four-steady-state process cycle shown in Fig. 9.1, utilizing a phase change between
vapor and liquid to maximize the difference in specific volume during expansion and
compression. This is the idealized model for a steam power plant system.

9.2) THE RANKINE CYCLE

We now consider the idealized four-steady-state-process cycle shown in Fig. 9.1, in which
the flow cycles through 4 different devices: pump, boiler, turbine, and condenser. This sys-
tem is termed the Rankine cycle and is the model for the simple steam power plant. It is
convenient to show the states and processes on a 7—s diagram, as given in Fig. 9.2. The four
processes are:

1-2: Reversible adiabatic pumping process in the pump

2-3: Constant-pressure transfer of heat in the boiler

| » T
Boiler | é) o wr
Turbine ——>
qn 3
i> ,
@ L
2/ 7 3/,
|
® Condenser > :
FIGURE 9.2 simple e T AT TN
steam power plant that | P | M | | I |
operates on the Rankine Pump é - a | | }I) |
a C \)

cycle.
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3-4: Reversible adiabatic expansion in the turbine

4-1: Constant-pressure transfer of heat in the condenser

The flow out of the condenser at state 1 is assumed to be saturated liquid thus, x; = 0
unless specifically stated otherwise. The output of the boiler is saturated vapor, state 3, but
in many larger installations the flow goes through a superheater in the boiler and leaves as
superheated vapor, state 3’. Such a superheat raises the quality in the low pressure section
of the turbine, from state 4 to state 4’ in Fig. 9.2.

The analysis of the Rankine cycle is done with a control volume around each of the
four devices shown in Fig. 9.2. For all the cycles we take explicit care of selecting the sign
for all energy transfers so all of the g’s and w’s are positive following the directions shown
in the figure. Table 9.1 shows the results for the energy and entropy equations, with the
single mass flow rate scaled out and reversible processes assumed.

In Fig. 9.2, notice the heat-transfer as areas in the 7—s diagram; ¢ added in the boiler
is the area below the curve 2-2'-3, whereas the heat rejected in the condenser g; equals the
area below the curve 4-1. The difference between the two is the net heat transfer equal to
the net work, and so the areas visualize the cycle thermal efficiency:

Whet 9y —4p _ area 1-2-2'-3-4-1 ©.1)

i = qy qy area a—2-2'-3-b—a

For analyzing the Rankine cycle, it is helpful to think of efficiency as depending on
the average temperature at which heat is supplied and the average temperature at which heat
is rejected. Any changes that increase the average temperature at which heat is supplied or
decrease the average temperature at which heat is rejected will increase the Rankine-cycle
efficiency.

In analyzing the ideal cycles in this chapter, the changes in kinetic and potential ener-
gies from one point in the cycle to another are neglected. In general, this is a reasonable
assumption for the actual cycles.

A few additional comments are needed for the analysis to augment the energy and
entropy equations shown in Table 9.1. Because the pump handles a liquid, the exit state
is compressed liquid, and it becomes difficult to interpolate in Table B.1.4 to find state 2.
Therefore we use incompressibility instead, as

from which we can find the pump work and then calculate £,.

We generally do not need to calculate the integrals of ¢/T to get the entropies, since
the states are determined by other properties. The cycle is determined by four states (eight
parameters) where (1) we know the four process equations and (2) we have two assumptions

TABLE 9.1

The Rankine Cycle Processes
Component Energy Eq. Entropy Eq. Process
Pump O=h, +wp—h, 0=s,—5,+(0/T)+0 q=0,5 =5,
Boiler O0=h, +qy—hy 0=s,—s;+ [dg,/T+0 P,=P;=C
Turbine O=hy—wr—hy 0=s5,—-5,+(O/T)+0 q=0,5;=3s,
Condenser O0=h,—q, —h 0=s,—s5, — [dg,/T+0 P,=pP =C
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with no superheat (x; and x;) leaving 2 (8 — 4 — 2) parameters to determine the cycle.
The pump physically determines the high pressure, P, = P53, and the heat transfer in the
condenser determines implicitly the temperature 7',. With superheat one more parameter is
needed and that becomes the temperature 75 dictated by the heat transfer achieved in the
superheater.

It is clear that the Rankine cycle conversion efficiency is lower than the corresponding
Carnot cycle, because the average T for the heat addition is lower due to the 2-2’ part of
the process. A Carnot cycle with constant high and low pressures would be represented
by area 1'-2'-3-4-1' in Fig. 9.2; the pump would compress a two-phase mixture and the
turbine would have very low quality in its low-pressure section. If we superheat to 3" in a
constant 7 process, the pressure has to drop in the superheated vapor region, which leads to
a turbine with heat transfer. All of these processes are not possible (cavitation with shocks
will destroy the pump) or lead to very low device efficiency (turbine with low quality or
turbine with heat transfer). The Rankine cycle is the closest ideal cycle we can make in
practice, and with some modifications we can increase the basic cycle efficiency.

Before we discuss the influence of certain variables on the performance of the
Rankine cycle, we will study an example.

» —
- - —

J

Determine the efficiency of a Rankine cycle using steam as the working fluid in which the
condenser pressure is 10 kPa. The boiler pressure is 2 MPa. The steam leaves the boiler as
saturated vapor.

Analysis
This is a basic Rankine cycle without superheat and we do have 2 parameters, so all
four states can be determined. Control-volume analysis for each component is shown in
Table 9.1. The two given states are:

1. 10kPa,x; =0: v, =0.00101 m3/kg, h, =191.81kJ/kg
2. 2MPa,x; = 1.0:  hy =2799.51 kJ/kg, s; = 6.3408 kI/kg-K

Solution
Assuming incompressible flow in the pump, Eq. 9.2, we get

wp = [vdP ~ vy (P, — Py) = 0.001 01 m®/kg (2000 — 10) kPa = 2.0 kJ /kg
hy = hy +wp=191.81+2.0 = 193.81 kJ /kg

The boiler heat addition becomes
qy = hy —h, =2799.51 — 193.81 = 2605.7 kJ /kg
The turbine work requires we find state 4
54 =53 = 6.3408 kJ /kg-K = (0.6492 + x, X 7.501) kJ /kg-K, x, =0.7588
hy =hy + x4 hyy = (191.81 + x4 X 2392.82) kJ /kg = 2007.5 kJ /kg
wp = hy — hy = (2799.51 — 2007.5) kI /kg = 792.01 kJ /kg
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FIGURE 9.3 Effect of
exhaust pressure on
Rankine-cycle efficiency.
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We can also find the condenser heat transfer
q; = hy — h; =(2007.5 — 191.81) kJ /kg = 1815.7 kJ /kg
The thermal efficiency becomes

Woet _ 9u — 9L _ Wr—Wp _ 79201 -2.0
9u qdH qu 2605.7

I8 . 7 NN\

N = =0.303

9.3 EFFECT OF PRESSURE AND TEMPERATURE
ON THE RANKINE CYCLE

Let us first consider the effect of exhaust pressure and temperature on the Rankine cycle.
This effect is shown on the 7—s diagram of Fig. 9.3. Let the exhaust pressure drop from
P, to Pﬁl with the corresponding decrease in temperature at which heat is rejected. The net
work is increased by area 1-4-4'—1'-2'-2-1 (shown by the shading). The heat transferred
to the steam is increased by area a’-2'-2—a—a’. Since these two areas are approximately
equal, the net result is an increase in cycle efficiency. This is also evident from the fact that
the average temperature at which heat is rejected is decreased. Note, however, that lowering
the back pressure causes the moisture content of the steam leaving the turbine to increase.
This is a significant factor, because if the moisture in the low-pressure stages of the turbine
exceeds about 10%, not only is there a decrease in turbine efficiency, but erosion of the
turbine blades may also be a very serious problem.

Next, consider the effect of superheating the steam in the boiler, as shown in Fig. 9.4.
We see that the work is increased by area 3—-3/—4’—4-3, and the heat transferred in the boiler
is increased by area 3-3'—b'—b-3. Since the ratio of these two areas is greater than the ratio
of net work to heat supplied for the rest of the cycle, it is evident that, for given pressures,
superheating the steam increases the Rankine-cycle efficiency. This increase in efficiency
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FIGURE 9.4 Effect of
superheating on
Rankine-cycle efficiency.
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would also follow from the fact that the average temperature at which heat is transferred
to the steam is increased. Note also that when the steam is superheated, the quality of the
steam leaving the turbine increases.

Finally the influence of the maximum pressure of the steam must be considered, and
this is shown in Fig. 9.5. In this analysis the maximum temperature of the steam, as well
as the exhaust pressure, is held constant. The heat rejected decreases by area b'—4'-4-b-b'.
The net work increases by the amount of the single cross-hatching and decreases by the
amount of the double cross-hatching. Therefore, the net work tends to remain the same
but the heat rejected decreases, and hence the Rankine-cycle efficiency increases with an
increase in maximum pressure. Note that also in this instance the average temperature at
which heat is supplied increases with an increase in pressure. The quality of the steam
leaving the turbine decreases as the maximum pressure increases.

To summarize this section, we can say that the net work and the efficiency of the
Rankine cycle can be increased by lowering the condenser pressure, by increasing the pres-
sure during heat addition, and by superheating the steam. The quality of the steam leaving
the turbine is increased by superheating the steam and decreased by lowering the exhaust
pressure and by increasing the pressure during heat addition. These effects are shown in
Figs. 9.6a and 9.6b.

FIGURE 9.5 Effect of
boiler pressure on
Rankine-cycle efficiency.
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FIGURE 9.6 Effect of pressure and temperature on Rankine-cycle work and efficiency.
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In a Rankine cycle, steam leaves the boiler and enters the turbine at 4 MPa and 400°C. The
condenser pressure is 10 kPa. Determine the cycle efficiency.

Analysis
This is a Rankine cycle with superheat and the two given states are:

1. 10kPa,x; =0: v, =0.00101 m®/kg, h, =191.81kJ/kg
3. 4MPa,400°C: hy = 321351 kI/kg, s3 = 6.7689 kJ/kg-K

Control volume analysis for each component is shown in Table 9.1. We can find the two
work terms and the heat addition or we can find the two heat transfers in order to get the
efficiency.

Solution
From incompressible flow in the pump, Eq. 9.2, we get

wp = /v dP = vy (P, — Py) = (0.001 01) m* /kg (4000 — 10) kPa = 4.0 kJ /kg

hy = h; +wp = (191.81 + 4.0) kI /kg = 195.81 kJ /kg
The boiler heat addition becomes
qy = hy —h, =3213.51 — 195.81 = 3017.7 kJ /kg
The turbine work requires that we find state 4
sy = s3 = 6.7689 kJ /kg-K = (0.6492 + x, X 7.501) kJ /kg-K, x, = 0.8159
hy = hy + x4 hyy = (191.81 + x4 2392.82) kI /kg = 2144.1 kI /kg
wyp = hy —hy = (3213.51 — 2144.1) kJ /kg = 1069.41 kJ /kg
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We can also find the condenser heat transfer
qr =hys—h; = (2144.1 — 191.81) kJ /kg = 1952.3 kJ /kg
The thermal efficiency becomes

_ Wae _ u—qr _ Wr—Wp _ 1069.41 — 4.0

=T PP T 0.353
I8N 7 I\
. P .

1

In a Rankine cycle, steam leaves the boiler and enters the turbine at 600 1bf/in.? and 800 F.
The condenser operates at 100 F. Determine the cycle efficiency.

Analysis
This is a Rankine cycle with superheat, and the two given states are:

1.100F,x; =0: v, =0.016 13 f*/lbm, h, = 68.04 Btu/lbm, P, = 0.95 psia
3. 600 psia, 800 F:  hy = 1407.55 Btu/Ibm, 53 = 1.6343 Btu/lbm-R

Control-volume analysis for each component is shown in Table 9.1. We can find the two
work terms and the heat addition or we can find the two heat transfers in order to get the
efficiency.

Solution
From incompressible flow in the pump, Eq. 9.2, we get

144 in.2 /£t
778 Ibf-ft/Btu
hy = hy + wp = (68.04 + 1.79) Btu/Ibm = 69.83 Btu/Ibm

3
wp & vy (P — Py) = 0.016131]%1(600 —0.95) psia = 1.79 Btu/Ibm

The boiler heat addition becomes
qy = hy — hy = (1407.55 — 69.83) Btu/Ibm = 1337.7 Btu/Ibm

The turbine work requires that we find state 4

sy =53 = 1.6343 Btu/Ibm-R = (0.1296 + x, X 1.8526) Btu/Ibm-R, x, =0.8122
hy = hy + x4 hyy = (68.04 + x4 1036.98) Btu/lbm = 910.28 Btu/Ibm
wy = hy — hy = (1407.55 — 910.28) Btu/1bm = 497.27 Btu/lbm

We can also find the condenser heat transfer

qr = hy — hy = (910.28 — 68.04) Btu/lbm = 842.24 Btu/Ibm

The thermal efficiency becomes

g Voot _dn =L Wr=wp 49727179 _ o,
th an 13377 ‘

I8N I\~
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FIGURE 9.7 The

ideal reheat cycle.
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9.4) THE REHEAT CYCLE

In the previous section, we noted that the efficiency of the Rankine cycle could be increased
by increasing the pressure during the addition of heat. However, the increase in pressure
also increases the moisture content of the steam in the low-pressure end of the turbine. The
reheat cycle has been developed to take advantage of the increased efficiency with higher
pressures and yet avoid excessive moisture in the low-pressure stages of the turbine. This
cycle is shown schematically and on a 7-s diagram in Fig. 9.7. The unique feature of this
cycle is that the steam is expanded to some intermediate pressure in the turbine and is then
reheated in the boiler, after which it expands in the turbine to the exhaust pressure. It is
evident from the 7—s diagram that there is very little gain in efficiency from reheating the
steam, because the average temperature at which heat is supplied is not greatly changed.
The chief advantage is in decreasing to a safe value the moisture content in the low-pressure
stages of the turbine. If metals could be found that would enable us to superheat the steam
to 3/, the simple Rankine cycle would be more efficient than the reheat cycle, and there
would be no need for the reheat cycle.

- —
- - .

16

Consider a reheat cycle utilizing steam. Steam leaves the boiler and enters the turbine at
4 MPa, 400°C. After expansion in the turbine to 400 kPa, the steam is reheated to 400°C
and then expanded in the low-pressure turbine to 10 kPa. Determine the cycle efficiency.

Analysis
This is a Rankine cycle with superheat and reheat, the three given states are:

1. 10kPa,x; =0 : v; =0.001 01 m?/kg, h, = 191.81 kJ /kg
3. 4 MPa,400°C : hy = 3213.51 kJ/kg, s; = 6.7689 kJ /kg-K
5. 400 kPa,400°C : hs = 3273.41 kJ /kg, s5 = 7.8984 kJ /kg-K

The control-volume analysis shown in Table 9.1 needs modification since the turbine work
and the heat addition are done each as two contributions, see Fig. 9.7.

(hy — hy) + (hs — hy)
Energy Eq. Turbine: wy = wypr + wypr = (hy — hy) + (hs — hg)

Energy Eq. Boiler: gy

Turbine

[

A

Condenser

+o

Pump



www.konkur.in

Solution
From incompressible flow in pump we get

Wwp = / vdP = vp (P, — Py) = 0.001 01 m? /kg (4000 — 10) kPa = 4.0 kJ /kg
hy=h; + wp = (191.81 +4.0) kI /kg = 195.81 kJ /kg
The turbine work requires we find states 4 and 6
54 = 53 = 6.7689 kI /kg-K = (1.7766 + x, x 5.1193) kJ /kg-K, x, = 0.9752
hy = hy + x4 by, = (604.73 + x4 2133.81) kJ /kg = 2685.62 kJ /kg
55 = 7.8984 kJ /kg-K = (0.6492 + x, X 7.5010) kJ /kg-K, x, = 0.9664
he = hy + x¢ hy, = (191.81 + x4 2392.82) kJ /kg = 2504.23 kJ /kg
wyr = [(3213.51 — 2685.62) + (3273.41 — 2504.23)] kJ /kg = 1297.1 kJ /kg

S6

The boiler’s two heat additions are combined as
qy = [(3213.51 — 195.81) + (3273.41 — 2685.62)] kJ /kg = 3605.49 kJ /kg

The thermal efficiency becomes
Wnet _ 9 — 9L _ Wr —Wp _ 1297.1-4.0
9u 9u qu 3605.49

By comparing this example with Example 9.2, we find that the gain in efficiency through
reheating is relatively small, but the moisture content of the vapor leaving the turbine is
decreased from 18.4% to 3.4%.

N = = 0.359

9.5) THE REGENERATIVE CYCLE AND
FEEDWATER HEATERS

Another important variation from the Rankine cycle is the regenerative cycle, which uses
feedwater heaters. The basic concepts of this cycle can be demonstrated by considering the
Rankine cycle without superheat, as shown in Fig. 9.8. During the process between states
2 and 2’, the working fluid is heated while in the liquid phase, and the average temper-
ature of the working fluid is much lower than during the vaporization process 2’-3. The
process between states 2 and 2’ causes the average temperature at which heat is supplied
in the Rankine cycle to be lower than in the Carnot cycle 1’-2’-3-4—1'. Consequently, the
efficiency of the Rankine cycle is lower than that of the corresponding Carnot cycle. In
the regenerative cycle, the working fluid enters the boiler at some state between 2 and 2';
consequently, the average temperature at which heat is supplied is higher.

Consider first an idealized regenerative cycle, as shown in Fig. 9.9. The unique fea-
ture of this cycle compared to the Rankine cycle is that after leaving the pump, the liquid
circulates around the turbine casing, counterflow to the direction of vapor flow in the tur-
bine. Thus, it is possible to transfer to the liquid flowing around the turbine the heat from the
vapor as it flows through the turbine. Let us assume for the moment that this is a reversible

Telegram: @uni_k
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FIGURE 9.8 T-s
diagram showing the
relationships between
Carnot-cycle efficiency
and Rankine-cycle
efficiency.

FIGURE 9.9 The

ideal regenerative cycle.
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heat transfer; that is, at each point the temperature of the vapor is only infinitesimally higher
than the temperature of the liquid. In this instance, line 4-5 on the 7—s diagram of Fig. 9.9,
which represents the states of the vapor flowing through the turbine, is exactly parallel to
line 1-2-3, which represents the pumping process (1-2) and the states of the liquid flow-
ing around the turbine. Consequently, areas 2—-3—-b—a—2 and 5-4—d—c-5 are not only equal
but congruous, and these areas, respectively, represent the heat transferred to the liquid
and from the vapor. Heat is also transferred to the working fluid at constant temperature
in process 3—4, and area 3—4—d—b-3 represents this heat transfer. Heat is transferred from
the working fluid in process 51, and area 1-5—c—a—1 represents this heat transfer. This
area is exactly equal to area 1’-5'—d—b—1’, which represents the heat rejected in the related
Carnot cycle as area 1’-3-4-5"-1". Thus, the efficiency of this idealized regenerative cycle
is exactly equal to the efficiency of the Carnot cycle with the same heat supply and heat
rejection temperatures.

Obviously, this idealized regenerative cycle is impractical. First, it would be impossi-
ble to effect the necessary heat transfer from the vapor in the turbine to the liquid feedwater.
Furthermore, the moisture content of the vapor leaving the turbine increases considerably
as a result of the heat transfer. The disadvantage of this was noted previously. The practical
regenerative cycle extracts some of the vapor after it has partially expanded in the turbine
and uses feedwater heaters (FWH), as shown in Fig. 9.10.

| T

Boiler

enser
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FIGURE 9.10 @ (1= ms
Regenerative cycle with W
an open FWH. !

Steam enters the turbine at state 5. After expansion to state 6, some of the steam is
extracted and enters the FWH. The steam that is not extracted is expanded in the turbine
to state 7 and then condensed in the condenser. This condensate is pumped into the FWH,
where it mixes with the steam extracted from the turbine. The proportion of steam extracted
is just sufficient to cause the liquid leaving the FWH to be saturated at state 3. Note that the
liquid has not been pumped to the boiler pressure, but only to the intermediate pressure cor-
responding to state 6. Another pump is required to pump the liquid leaving the FWH boiler
pressure. The significant point is that the average temperature at which heat is supplied has
been increased.

Consider a control volume around the open FWH in Fig. 9.10. The conservation of
mass requires

iy + g = ity

satisfied with the extraction fraction as
y = g /1is 9.3)

SO

The energy equation with no external heat transfer and no work becomes
fiyhy 4+ mghg = rzhs
into which we substitute the mass flow rates (113 = ri15) as
(I = y)irshy + yinshg = rinsh; 9.4)

We take state 3 as the limit of saturated liquid (we do not want to heat it further, as it would
move into the two-phase region and damage the pump P2) and then solve for y:

hy —h,
= 9.5
Al — 9.5)
This establishes the maximum extraction fraction we should take out at this extraction

pressure.
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This cycle is somewhat difficult to show on a 7—s diagram because the masses of
steam flowing through the various components vary. The 7—s diagram of Fig. 9.10 simply
shows the state of the fluid at the various points.

Area 4-5—c—-b—4 in Fig. 9.10 represents the heat transferred per kilogram of working
fluid. Process 7—1 is the heat rejection process, but since not all the steam passes through
the condenser, area 1-7—c—a—1 represents the heat transfer per kilogram flowing through
the condenser, which does not represent the heat transfer per kilogram of working fluid
entering the turbine. Between states 6 and 7, only part of the steam is flowing through the
turbine. The example that follows illustrates the calculations for the regenerative cycle.

. D —

16

Consider a regenerative cycle using steam as the working fluid. Steam leaves the boiler
and enters the turbine at 4 MPa, 400°C. After expansion to 400 kPa, some of the steam is
extracted from the turbine to heat the feedwater in an open FWH. The pressure in the FWH
is 400 kPa, and the water leaving it is saturated liquid at 400 kPa. The steam not extracted
expands to 10 kPa. Determine the cycle efficiency.
The line diagram and 7-s diagram for this cycle are shown in Fig. 9.10.

As in previous examples, the model for each control volume is the steam tables, the
process is steady state, and kinetic and potential energy changes are negligible.

From Examples 9.2 and 9.3 we have the following properties:

hs =3213.51kI/kg  hg = 2685.62 kI /kg

Analysis
This is a Rankine cycle with superheat and one open FWH. The FWH determines the mass
flow split and the energy equations are divided by the flow rate in the boiler.

Energy Eq. FWH: 0 = yhg+ (1 —y)h, —hy =y = (hy — hy)/(hg — hy)
Energy Eq. Turbine: w; = WT/m5 = (hs — hg) + (1 — y)(hg — hy)

Solution
From incompressible flow in the pumps we get

Wpy = / vdP = vy (P, — Py) =0.001 01 m? /kg (400 — 10) kPa = 0.394 kJ /kg
hy=h; + wp = (191.81 + 0.394) kI /kg = 192.2 kJ /kg
Wpy = / v dP = vs(Py — P3) = 0.001 084 m? /kg (4000 — 400) kPa = 3.9 kJ/kg
hy = hs + wp, = (604.73 + 3.9) kJ /kg = 608.63 kJ /kg
For the FWH we get
604.73 — 192.2

. o 5047321922 _ .,
y =y =)/ (s =) = S ces e — 1922 = 0163

Telegram: @uni_k
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The turbine work becomes
wyp = [(3213.51 — 2685.62) + (1 — 0.1654)(2685.62 — 2144.1)] kJ /kg = 979.8 kJ /kg
Now the net work can be evaluated with pump 1 having only the fractional flow (1 — y)
Wpet = Wy — (L = y)Wwp; — wpy = 979.8 — (1 — 0.1654)0.394 — 3.9 = 975.6 kJ /kg

Energy Eq. Boiler: gy = hs — hy = (3213.51 — 608.63) kJ /kg = 2604.88 kJ /kg

Woet __975.6
ay  2604.88

Note the increase in efficiency over the efficiency of the Rankine cycle in Example 9.2.

HLE N . ol

=0.375

Overall thermal efficiency: ny, =

Up to this point, the discussion and examples have tacitly assumed that the extraction
steam and feedwater are mixed in the FWH. Another frequently used type of FWH, known
as a closed feedwater heater, is one in which the steam and feedwater do not mix. Rather,
heat is transferred from the extracted steam as it condenses on the outside of tubes while
the feedwater flows through the tubes. In a closed heater, a schematic sketch of which is
shown in Fig. 9.11, the steam and feedwater may be at considerably different pressures.
The condensate may be pumped into the feedwater line, or it may be removed through a
trap to a lower-pressure heater or to the condenser. (A trap is a device that permits liquid
but not vapor to flow to a region of lower pressure.)

Letus analyze the closed FWH in Fig. 9.11 when a trap with a drain to the condenser is
used. Assume we can heat the feedwater up to the temperature of the condensing extraction
flow, thatis, T3 = T, = Tg,, as there is no drip pump. Conservation of mass for the feedwater
heater is

m4=m3=m2=m5; m6=yn'15=l’i16a=n'16c

@ Extraction steam
from turbine

Feedwater
@ ® from previous pump

To Boiler @
A

Condensate Y

T®

i ®9
FIGURE 9.11 Drip pump Trap &)

Schematic arrangement Condensate to lower-pressure
for a closed FWH. heater or condenser
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Notice that the extraction flow is added to the condenser, so the flow rate at state 2 is the
same as at state 5. The energy equation is

which we can solve for y as
hy —hy
y=— 9.7)
h6 - h6a

Open FWHs have the advantages of being less expensive and having better
heat-transfer characteristics than closed FWHs. They have the disadvantage of requiring a
pump to handle the feedwater between each heater.

In many power plants a number of extraction stages are used, though rarely more than
five. The number is, of course, determined by economics. It is evident that using a very large
number of extraction stages and FWHs allows the cycle efficiency to approach that of the
idealized regenerative cycle of Fig. 9.9, where the feedwater enters the boiler as saturated
liquid at the maximum pressure. In practice, however, this cannot be economically justified
because the savings effected by the increase in efficiency would be more than offset by the
cost of additional equipment (FWHs, piping, and so forth).

A typical arrangement of the main components in an actual power plant is shown in
Fig. 9.12. Note that one open FWH is a deaerating FWH; this heater has the dual purpose
of heating and removing the air from the feedwater. Unless the air is removed, excessive
corrosion occurs in the boiler. Note also that the condensate from the high-pressure heater
drains (through a trap) to the intermediate heater, and the condensate from the intermediate

8.7 MPa 500°C _
_ 320,000 kg/h "
Boiler
80,000 kW
High-pressure Low-pressure H Generator
turbine turbine
| g
- - - f‘
-
© _ A~ // L e Condenser
< g - 5 /S 12 5kPa | 227,000 kg/h
ol W2 Zin (W2 o gls
s | SEICCIINDP A NS %18
r S 0115
A | | ? |
| | | | Condensate
b W< WA e
. High- Intermediate- Deaerating Low- A
Boiler feed pressure pressure open feed- pressure
pump heater heater water heater heater
- Booster -
pump

FIGURE 9.12 Arrangement of heaters in an actual power plant utilizing regenerative FWHs.
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heater drains to the deaerating FWH. The condensate from the low-pressure heater drains
to the condenser.

Many actual power plants combine one reheat stage with a number of extraction
stages. The principles already considered are readily applied to such a cycle.

9.6/ DEVIATION OF ACTUAL CYCLES
FROM IDEAL CYCLES

Before we leave the matter of vapor power cycles, a few comments are in order regarding
the ways in which an actual cycle deviates from an ideal cycle. The most important of these
losses are due to the turbine, the pump(s), the pipes, and the condenser. These losses are
discussed next.

Turbine Losses

Turbine losses, as described in Section 7.5, represent by far the largest discrepancy between
the performance of a real cycle and a corresponding ideal Rankine-cycle power plant. The
large positive turbine work is the principal number in the numerator of the cycle thermal
efficiency and is directly reduced by the factor of the isentropic turbine efficiency. Turbine
losses are primarily those associated with the flow of the working fluid through the turbine
blades and passages, with heat transfer to the surroundings also being a loss but of secondary
importance. The turbine process might be represented as shown in Fig. 9.13, where state 4
is the state after an ideal isentropic turbine expansion and state 4 is the actual state leaving
the turbine following an irreversible process. The turbine governing procedures may also
cause a loss in the turbine, particularly if a throttling process is used to govern the turbine
operation.

Pump Losses

The losses in the pump are similar to those in the turbine and are due primarily to the
irreversibilities with the fluid flow. Pump efficiency was discussed in Section 7.5, and the
ideal exit state 2 and real exit state 2 are shown in Fig. 9.13. Pump losses are much smaller
than those of the turbine, since the associated work is far smaller.

Piping Losses

Pressure drops caused by frictional effects and heat transfer to the surroundings are the most
important piping losses. Consider, for example, the pipe connecting the turbine to the boiler.

T

FIGURE 9.13 T-s
diagram showing the
effect of turbine and
pump inefficiencies on
cycle performance. s
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FIGURE 9.14 T-s
diagram showing the
effect of losses between
the boiler and the
turbine.
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If only frictional effects occur, states a and b in Fig. 9.14 would represent the states of the
steam leaving the boiler and entering the turbine, respectively. Note that the frictional effects
cause an increase in entropy. Heat transferred to the surroundings at constant pressure can
be represented by process bc. This effect decreases entropy. Both the pressure drop and
heat transfer decrease the exergy of the steam entering the turbine. The irreversibility of
this process can be calculated by the methods outlined in Chapter 8.

A similar loss is the pressure drop in the boiler. Because of this pressure drop, the
water entering the boiler must be pumped to a higher pressure than the desired steam pres-
sure leaving the boiler, which requires additional pump work.

Condenser Losses

The losses in the condenser are relatively small. One of these minor losses is the cooling
below the saturation temperature of the liquid leaving the condenser. This represents a loss
because additional heat transfer is necessary to bring the water to its saturation temperature.

The influence of these losses on the cycle is illustrated in the following example,
which should be compared to Example 9.2.

~ e
A steam power plant operates on a cycle with pressures and temperatures as designated
in Fig. 9.15. The efficiency of the turbine is 86%, and the efficiency of the pump is 80%.

Determine the thermal efficiency of this cycle.

3.8 MPa
| @ 380°C
' T
Boiler @4 MPa |
400°C ®
Condenser
—+(4.8 MPa 5 g)Pa
46°C
. | ©)
' FIGURE 9.15
Pump 10 kPa Schematic diagram
42°C for Example 9.5.
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As in previous examples, for each control volume the model used is the steam tables, and
each process is steady state with no changes in kinetic or potential energy. This cycle is
shown on the 7—s diagram of Fig. 9.16.

Analysis
Isentropic efficiencies given for both pump and turbine:
Ideal turbine: Wrs = hs — hgg; Sgs = Ss5
Actual turbine:  wyg,. =5y Wy, = hs — hg
Ideal pump: Wps = by — hy = v(Py, — Py); s =53
Actual pump: Wpae = Wpilp = hy — hy
Solution

Some properties at the given states are:

1: v, =0.001009 m3/kg, 3: hy=196.81kI/kg, 4: h, =3213.51 kI/kg,
5. hs =3169.1 kJ/kg, 55 = 6.7235 kI /kg-K

Ideal pump work and efficiency determines actual pump work

Wps % vy (P, — Py) = 0.001 009 m3 /kg (5000 — 10) kPa = 5.03 kJ /kg

The boiler heat addition becomes
qy = hy — hy =3213.51 — 196.81 = 3016.7 kJ /kg

The turbine work requires we find state 6s, see Fig. 9.16

Ses = 85 = 6.7235 kJ /kg-K = (0.6492 + x¢, X 7.501) kJ /kg-K, x¢, = 0.8098
hes = hy + Xeshy, = (191.81 + xg; X 2392.82) kJ /kg = 2129.5 kI /kg
Wie = Hp Wrg = fp(hs — heg) = 0.86(3169.1 — 2129.5) kJ /kg = 894.1 kJ /kg
The thermal efficiency becomes

Whet Weae — Wp _ 894.1 -6.3

= = = =0.294
= dn 3016.7
This result compares to the Rankine efficiency of 35.3% for the similar cycle of
Example 9.2.
T

FIGURE 9.16 T-sdiagram for
s Example 9.5.
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A steam power plant operates on a cycle with pressure and temperatures as designated in
Fig. 9.16E. The efficiency of the turbine is 86%, and the efficiency of the pump is 80%.
Determine the thermal efficiency of this cycle.

As in previous examples, for each control volume the model used is the steam tables,
and each process is steady state with no changes in kinetic or potential energy. This cycle
is shown on the 7—s diagram of Fig. 9.16.

560 Ibf/in.2
| () 760F
» |
, &
® 600 Ibffin.2
Boiler 800 F ®
Condenser
—1-(3 760 Ibf/in.2 800 Ibf/in.2
95 F Pum
. P mo
! FIGURE 9.16E
1 Ibf/in.? Schematic diagram for
93 F Example 9.5E.

Analysis
Isentropic efficiencies given for both pump and turbine:

Ideal turbine: Wre = hs — hgg; S = Ss;

Actual turbine:  wy,. = 517 Wy, = hs — hg

Ideal pump: WPS = hzs - h] = V(st - Pl); S2X = Sl

Actual pump: Wpue = Wpgltip = hy — Iy
Solution

Some properties at the given states are:
1: v, = 0.016 15 ft*/Ibm, 3: hy; = 65.1 Btu/lbm, 4: h, = 1407.6 Btu/lbm,
5: hs = 1386.8 Btu/lbm, s5 = 1.6248 Btu/Ibm-R

Ideal pump work and efficiency determines actual pump work

3 . 144in?/f?
2 v (Py — Py) = 0.016 15 ~— x (800 — 1) psiamem o/~
W % Vp1(Py = P1) bm < ¢ ) PSIa ot /Bru

= 2.39 Btu/Ibm
Wpae = Wpe/tp = 2.39 Btu/l1bm/0.8 = 2.98 Btu/Ibm
The boiler heat addition becomes

qy = hy — hy = 1407.6 — 65.1 = 1342.5 Btu/lbm
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The turbine work requires we find state 6s, see Fig. 9.16
Sgs = 85 = 1.6248 Btu/Ibm-R = (0.1326 + x4, X 1.8453) Btu/Ibm-R, x4, = 0.8088
hes = hy + xg hyy = (69.8 + X, X 1036.0) Btu/lbm = 907.6 Btu/Ibm

S

Wine = iy Wrs = p(hs — hg,) = 0.86 X (1386.8 — 907.6) Btu/Ibm = 412.1 Btu/Ibm

The thermal efficiency becomes

Whet Weae —Wp 412.1 —2.98
M= an 1342.5

This result compares to the Rankine efficiency of 36.9% for the similar cycle of
Example 9.2E.

HLE N ol

9.7) COMBINED HEAT AND POWER:
OTHER CONFIGURATIONS

There are many occasions in industrial settings where the need arises for a specific source
or supply of energy within the environment in which a steam power plant is being used
to generate electricity. In such cases, it is appropriate to consider 