BASIC PRINCIPLES

AND CALCULATIONS

IN GHEMICAL

ENGINEERING .
N

EIGHTH EDITION \Q N
David M. Himmeiblau Q\'

James B. Riggs
$ )
>9
L X

Upper Saddle River, N] * Boston * Indianapolis ¢ San Francisco
New York » Toronto * Montreal » London * Munich ® Paris « Madrid
Capetown * Sydney ¢ Tokyo ¢ Singapore * Mexico City



Many of the designations used by manufacturers and sellers to distinguish their products are claimed as
trademarks. Where those designations appear in this book, and the publisher was aware of a trademark
claim, the designations have been printed with initial capital letters or in all capitals.

The authors and publisher have taken care in the preparation of this book, but make no expressed or implied
warranty of any kind and assume no responsibility for errors or omissions. No liability is assumed for
incidental or consequential damages in connection with or arising out of the use of the information or
programs contained herein.

The publisher offers excellent discounts on this book when ordered in quantity for bulk purchases or special sales,
which may include electronic versions and /or custom covers and content particular to your business, training
goals, marketing focus, and branding interests. For more information, please contact:

U.S. Corporate and Government Sales
{800) 382-3419
corpsales@pearsontechgroup.com

For sales outside the United States, please contact:

International Sales
international@pearson.com

Visit us on the Web: informit.com/ph
Library of Congress Cataloging-in-Publication Data

Himmelblau, David Mautner, 1923-2011
Basic principles and calculations in chemical efgingfrir@ —8th ed. / David M. Himmelblau,

James B. Riggs.

, CTTL.
Includes bibliographical references anghindex,
ISBN 0-13-234660-5 (hardcover : atk. paper)
1. Chemical engineering—Tables. 1. Riggs, James'W@ 11. Title.
TP151.H5 2012
660°.2—dc22 2011045710

Copyright ® 2012 Pearson Education, Ific.

All rights reserved. Printed in thel/nited®§tates of America. This publication is protected by copyright, and
permission must be obtainedffgomhe publisher prior to any prohibited reproduction, storage in a retrieval
system, or fransmission in anyfGfig8r by any means, electronic, mechanical, photocopying, recording, or
likewise. To obtain permiflgion 1 use material from this work, please submit a written request to Pearson
Education, Inc., PermisSians D@gartment, One Lake Street, Upper Saddle River, New Jersey 07458, or you
may fax your request to (201) 236-3290.

ISBN-13: 978-0-13-234860-3
ISBN-10: 0-13-234660.5

Text printed in the United States on recycled paper at Edwards Brothers Malloy in Ann Arbor, Michigan.
First printing, May 2012

Publisher: Paul Boger Indexer: Infodex Indexing Services, Inc.
Executive Editor: Bernard Goodwin Procfreader: Linda Begley

Development Editor: Michelle Housley Publishing Coordinator: Michelle Housley
Managing Editor: John Fuller Multimedia Developer: Dan Scherf

Project Editor: Elizabeth Ryan Cover Designer: Alan Clements

Copy Editor: Barbara Wood Compositor: LaserWords



7 Prentice Hall International Seres in the N
Physical and Chemieal Engineering Sciences

TH=D [D e

. B e | L2 e P
ESSENTIALS GF INTRODUCTORY , ; BASIC PRINCIPLES 'i'):H EMICAL {
CHEMICAL REACTION CHEMICAL ' AND CALCULATIONS IN ROCESS i
ENGINEERING ENGINEERING | CHEMICAL ENGINEERING SAFETY !
_i [asttm i T U Sl Tk b | AT M i'

:

THERMODYNAMICS

1 [CUNNT R R AT F IR ELENY - g}

Visit informit.comy/ph/ptysandchem
for a complete list of avdilable publications.

The Prentice Mall Internationah Segies in the Physical and Chemical
Engineering Sciences had its auspi@jous beginning in 1956 under the direction
of Neal R. Amundsen. The skrie®comprises the most widely adopted
coliege textbooks andsuppléMents for chemical engineering education.
Books in this series arg written by the foremost educators and researchers
in the field of chemigal@hgineering.

IR

Make sure to connect with us!
informit.com/socialconnect

21 informIT.com | Saf

TR TR AT G G Lt i 3 e




L 4
This book is dedicated to the memory \
David M. Himmelblau (1923-2011) and his contribution to

the field of chemical engin *

L 4



Basie Principlea and Calculations in Chemical Engineering / David Mautner Himmaelblau, James B Riggs. :

o VAT Py PREVIVER P M [ FO-y
Himmalblau, David Mauirer

a3las 206 y Glyie

Oblerags

FIERRCALRRI L EPTe Po UL IR A

wa YT Al lakle

el b sl

Pearson Education s ¥- 17 Pl NV POV X e etaals

o Py gy Sy g guryily]

lajlagas 5 laysz —~ u“ e o ga

JPUCYONL Y u,}if:..ol;.:.

. Riggs, J PEPETHTI

! TPAOVLANF 174 8 55 gaina,

FF '}’ PO (S
147 : ‘J.J ML-:.;LQ’ Py

AY4TFT-VVOTY YV

BOYFATAY-A

(S loaads Zam b 3 ans s 535S Sbbia ealyT b i) B Glase 1) 565 100 S

WWW . Ketabiranir FFOFFO-4 - VA A0V S0

TYA SN (pasasd 3 Oudgaaay) Hu s LI lla g0 4 9

FEEAEY -4 — FEEAVIVY — FREAYDND — PREYTTVY il




CONTENTS

S

4
PREFACE
READ ME
ACKNOWLEDGMENTS \

ABOUT THE AUTHORS

PART 1 INTRODUCTION

CHAPTER 1 WHAT ARE CHEMICAL EN&AND BIOENGINEERING?
1.1 Introduction .
1.2 A Brief Histo emical Engineering
1.3 Where D ical and Bioengineers Work?
1.4 Futur ibutions of Chemical and Bioengineering
1.5

CHAPTERZ INT RY CONCEPTS

2.1 ms of Units

2.2 Conversion of Units

2.3 Dimensional Consistency

2.4 Significant Figures

2.5 Validation of Results

2.6 The Mole and Molecular Weight

io.

Xix

Ny e W @

10

"
12
17
25
29
36
37

vii



viii

PART il

CHAPTER 3

CHAPTER 4

CHAPTER 5

CHAPTER 6

2.7 Choosing a Basis

2.8 Density and Specific Gravity
2.9 Concentration

2.10 Temperature

2.11 Pressure and Hydrostatic Head

2.12 Flow Rate
TS
MATERIAL BALANCES \

3.2 A General Strategy for Solvin
Balance Problems

MATERIAL BALANGES L 4
3.1 Introduction to Material Balance%
MATERIAL BALANCES WITHO T

MATERIAL BALANCESWREACTIUNS
51 Stoichiome

52 Terminol Reffction Systems

53 Specie
5.4 Eleme

55 Mat lances for Combustion Systems

ial Balances

L BALANCES FOR MULTI-UNIT SYSTEMS
rimary Concepts
6.2 Sequential Multi-Unit Systems
6.3 Recycle Systems
6.4 Bypass and Purge
6.5 The Industrial Application of Material Balances

Contents

44
49
55
59
65
78

99

101
102

123

159



Contents

PART 1

CHAPTER 7

CHAPTER 8

PART IV

CHAPTER 9

CHAPTER 10

GASES, VAPORS, AND LIQUIDS

IDEAL AND REAL GASES

7.1 Ideal Gases
7.2 Real Gases: Equations of State

7.3 Real Gases: Compressibility Charts
7.4 Real Gas Mixtures ‘\&

MULTIPHASE EQUILIBRIUM .

81 Introduction
8.2 Phase Diagrams and the Phase R

8.3 Single Component Two-Ph t apor Pressure)
8.4 Two-Component Gas/Single- nent Liquid Systems

85 Two Component Gas/T

onent Liquid Systems

8.6 Multicomponentg/ap@r-Li quilibrium

ENERGY
L 4
ENERGY BALANCE
9.1 Terminolpgy ociated with Energy Balances
9.2 Type rgy to Be Included in Energy Balances

lances without Reaction

BALANCES: HOW TO ACCOUNT FOR CHEMICAL REACTION
10.1 The Standard Heat (Enthalpy) of Formation
10.2 The Heat (Enthalpy) of Reaction

10.3 Integration of Heat of Formation and Sensible Heat
10.4 The Heat (Enthalpy) of Combustion

ix
347

349

350
366
377
384

M

411
413
425
436
455
466

487

489

491
496
530

997

598
603
614
635



CHAPTER 11

PART V

ige CHAPTER 12

<Qx CHAPTER 13
iQs CHAPTER 14
s CHAPTER 15

58 CHAPTER 16

sgi CHAPTER 17
APPENDIXES

A

HUMIDITY (PSYCHROMETRIC) CHARTS AND THEIR USE

11.1 Terminology
11.2 The Humidity (Psychrometric) Chart
11.3 Applications of the Humidity Chart

SUPPLEMENTARY MATERIAL

ANALYS!S OF THE DEGREES OF FREEDOM IN
STEADY-STATE PROCESSES

HEATS OF SOLUTION AND MIXING
THE MECHANICAL ENERGY BALANCE
LIQUIDS AND GASES IN EQUILIBRIUMMWITHSOLIDS

SOLVING MATERIAL AND ENERGY'BALANCES USING
PROCESS SIMULATORS (FLOWSHEETING CODES)

UNSTEADY-STATE MATERIALGND ENERGY BALANCES

ANSWERS,TO SUPPLEMENTAL QUESTIONS AND PROBLEMS

ATOMIC WEIGHTS AND NUMBERS

TABLE OF THE PITZER Z° AND Z' FACTORS

HEATS OF FORMATION AND COMBUSTION

ANSWERS TO SELECTED PROBLEMS

Contents

653

654
657
666

681

683

708

128

756

768

800

827

829

844

845

850

854



Contents

F  PHYSICAL PROPERTIES OF VARIOUS DRGANIC AND
INORGANIC SUBSTANCES

G HEAT CAPACITY EQUATIONS
H VAPOR PRESSURES

| HEATS OF SOLUTION AND DILUTION . \K

J4 ENTHALPY-CONCENTRATION DATA

4
K THERMODYNAMIC CHARTS Q
L PHYSICAL PROPERTIES OF PETROI@JS

M SOLUTION OF SETS OF EOUATID@
N FITTING FUNCTIONS TOAT.

INDEX

$ N
&

xi

861

873

877

878

879

886

893

802

924

929



PREFACE

This book is intended to serve as an introdugtiolyto the principles and tech-
niques used in the field of chemical engineésingl aS8Wwell as biological, petro-
leum, and environmental engineeringdfAlthgugh the range of subjects
deemed to be in the province of chemical erf@ineering has broadened over the
last twenty years, the basic principle§ ofgthis held of study remain the same.
This book presents the foundation ofjgpecific skills and information that are
required for the successful ufgdergradud® and postgraduate study of chemi-
cal engineering as well as the Pgdf@88ional practice of chemical engineering.
Moreover, your remaining chemiC@l engineering classes will rely heavily on
the skills that you will deVglop in this course: your ability to solve abstract
problems as well as the@gpigation of material and energy balances. One can
view the study of the figld"8chemical engineering as a tree with material
and energy balancdg Déigg the trunk and the subjects of thermodynamics,
fluid flow, heat fgansfer, mass transfer, reactor kinetics, process control, and
process design béinguhie branches off the trunk. From this perspective, it is
easy to see the igortance of mastering the material that follows.

The primiary objective of this book is to teach you how to systematically
formulateQrithshlve material and energy balance problems. More important,
you sHOuld Yearn to systematically formulate and solve all types of problems
using the methods presented in this text. In addition, this text serves to
introduce you to the breadth of processes that chemical engineers work with,
from the types of processes found in the refining and chemical industries to
those found in bioengineering, nancengineering, and the microelectronics
industries. While the analysis used in this book will be based largely on a
macroscopic scale {i.e., representing a complex system as a uniform system),
your later engineering courses will teach you how to formulate microscopic
material and energy balances that can be used to more completely describe

xiii



Xiv Preface

these systems. In fact, you will learn in these classes that to formulate a
microscopic balance you only have to apply the balances presented in this
textbook to a very small volume inside the process of interest.

This text is organized as follows:

* Part I Introduction: background information (Chapters 1-2)

¢ Part 11 Material Balances: how to formulate and solve material balances
(Chapters 3-6)

¢ Part IIl Gases, Vapors, and Liquids: how to describglgases and liquids
{(Chapter 7-8)

s Part IV Energy: how to formulate and solve energy balafiges (Chapters 9-11)

Expecting to “absorb” the information and ghiillls in jhis text by reading
and listening to lectures is a bit naive. It is welljgstabliShed that one learns by
doing, that is, applying what you have been expigsedito. In this regard, our
text offers a number of resources to assigf yol in‘this endeavor. Probably
the most important resources for your sthdd ofthis material are the Self-
Assessment Tests at the end of each &gtior(igfthe book. In particular, the
Self-Assessment questions and problems@re particularly valuable because
by answering them and comparing ygupanswers to the answers posted in
Appendix A, you can determing wiidt it 8 that you do not fully understand,
which is quite an importdgt plece Of information. A number of valuable
resources are provided to yotlight tH@CD that accompanies this book, which
includes the physical property s@ftware, which provides timesaving access
to physical properties fofjover Z00 compounds and elements; Polymath for
solving sets of equatflaps,Ywhich comes with a 15-day free trial; and the
Supplemental Problem§Wétkbook with over 100 solved problems and pro-
cess equipment d@cripiidns. For more specific information on the resources
available with ghis%extbook and the accompanying CD, refer to the “Read
Me” section thaQitoNgivs.

It is o@r Simglre hope that this textbook and materials not only inspire
you to cgntiffue to pursue your goal to become a chemical engineer, but also
make yolr jaslkney toward that goal easier.

Jim Riggs
Austin, Texas
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Welcome to Basic Principles and Calculations iyshe Engineering. Several
tools exist in the book in addition to the bagic #x@to aid you in learning its

2 of these resources.

Learning Aids @

1. Numerous examples worke etail to illustrate the basic principles

2. A consistent strategy

r prob solving that can be applied to any
problem

3. Figures, sketches, a rams to provide a detailed description and

reinforcement o u read

4. A list of the ic objectives to be reached at the beginning of each
chapter

5. Self-Asse sts at the end of each section, with answers so that you

our progress in learning

r of problems at the end of each chapter with answers for
abou d of them provided in Appendix E

7. Thought and discussion problems that involve more reflection and con-
sideration than the problem sets cited in item 6

8. Appendixes containing data pertinent to the examples and problems
9. Supplementary references for each chapter
10. A glossary following each section
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11. A CD that includes some valuable accessories:

a.

€.

f.

Polymath-—an equation-solving program that requires minimal expe-
rience to use. Polymath is provided with a 15-day free trial. Details
on the use of Polymath are provided. A special web site gives signifi-
cant discounts on educational versions of Polymath for various time
periods: 4 months, 12 months, and unlimited use: www.polymath-
software.com/himmelblau

Software that contains a physical properties datgbase of over 700
compounds.

A Supplementary Problems Workbook with over 4Q0 cqgpletely solved
problems and another 100 problems with answers.

The workbook contains indexed descriptions of process equipment
and animations that illustrate the funcfigifs of the equipment. You can
instantly access these pages if you want t&pok Something up by click-
ing on the page number.

Problem-solving suggestions inclufling’ Secklists to diagnose and
overcome problem-solving difficifties fhat’you experience.

Additional chapters and appendixe§

12. A set of steam tables (propemfiesdof, water) in both SI and American
Engineering units in the pocket@afthelback of the book

Scan through the book nowgo Ibcate these features.

Good Learning Practices (Cearnjpg How to Learn)

Youycartipt put the same shoe on every foot.
Publilius Syrus

Those who gtudy [&ning characteristics and educational psychologists say
that almos@al'Pedple learn by practicing and reflecting, and not by watching
and listeningto someone else telling them what they are supposed to learn.
“Lecturifg ot teaching and listening is not learning.” You learn by doing.

Learning involves more than memarizing

Do not equate memorizing with learning. Recording, copying, and outlining
notes or the text to memorize problem solutions will be of little help in really
understanding how to solve material and energy balance problems. Practice
will help you to be able to apply your knowledge to problems that you have
not seen before.
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Adopt good learning practices

You will find that skipping the text and jumping to equations or examples to
solve problems may work sometimes but in the long run will lead to frustration.
Such a strategy is called “formulacentered” and is a very poor way to approach
a problem-solving subject. By adopting it, you will not be able to generalize,
each problem will be a new challenge, and the interconnections among essen-
tially similar problems will be missed.

Various appropriate learning styles (informationgprd@éssing) do exist;
hence you should reflect on what you do to learn and ad@pt téghniques best
suited to you. Some students learn through thinking thingfout in solitary
study. Others prefer to talk things through with peets or tutors. Some focus
best on practical examples; others prefer abstragg ideasiSketches and graphs
used in explanation usually appeal to most pedple. Db you get bored by
going over the same ground? You might wafithio take a battery of tests to
assess your learning style. Students often findfsugh inventories interesting
and helpful. Look in the CD that accompéiniesi$hig book to read about learn-
ing styles.

Whatever your learning style, fwhat follows are some suggestions to
enhance learning that we feel are apfgdpriate to pass on to you.

Suggestions to Enhance Learning

1. Each chapter in thisghook will require three or more hours to read, as-
similate, and practicefo@iskills in solving pertinent problems. Make al-
lowance in yourisciiegiile so that you will have read the pertinent mate-
rial before cgmifg to class. Instead of sitting in class and not fully
understanding) Wik your professor is discussing, you will be able to
raise youg thgedstanding to a much higher level. It is not always possi-
ble, but it I§one 0f the most efficient ways to spend your study time.

2. If you agg"@miplled in a class, work with one or more classmates, if permit-
ted, tiagxghange ideas and discuss the material. But do not rely on some-
one to do your work for you.

3. Learn every day. Keep up with the scheduled assignments—don’t get be-
hind, because one topic builds on a previous one.

4. Seek answers to unanswered questions right away.

5. Employ active reading; that is, every five or ten minutes stop for one or
two minutes and summarize what you have learmned. Look for connecting
ideas. Write a summary on paper if it helps.
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Suggestions for How to Use This Book Effectively

How can you make the best use of this book? Read the objectives before
and after studying each section. Read the text, and when you get to an
example, first cover up the solution and try to solve the stated problem.
Some people, those who learn by reading concrete examples, might look
at the examples first and then read the text. After reading a section, solve
the seif-assessment problems at the end of the section. The answers are in
Appendix A. After completing a chapter, solve g feqd of the problems
listed at the end of the chapter. R. P. Feynman, t el laureate in
physics, made the point: “You do not know anyth\u til you have
15ing hand calculators or
e ahic &proach to formu-
% Use the supplement
u need to} as a source
hich to practice solving

practiced.” Whether you solve the problems
computer programs is up to you, but use a§ys
lating the information leading to a proper s¢
on the CD in the back of the book (print j
of examples of additional solved problefis
problems.

This book functions as a savings
out, with interest.

—what you put in, you get



ACKNOWLEDGMENTS

'

L 4
We are indebted to many former teachers a ., and students who
directly or indirectly helped in preparing {hi , and in particular the
present edition of it. We want to thank Bubfes . L. Yaws for his kindness

tware database that is the
in“the CD that accompanies our

in making available the physical pro
basis of the physical properties pa
book, and also thanks to Professors utlip and M. Shacham who gra-
ciously made the Polymath soffwa ilable. Far too many instructors
using the text have contribut i rections and suggestions to list them
by name. Any further commen d suggestions for improvement of this
textbook would be appreciated. .

Jim Riggs

$ Jim.Riggs@ttu.edu

xix



ABOUT THE AUTHORS

David M. Himmelblau was the Paul D g B&@#¥ Robertson Meek and
American Petrofina Foundation Centennifll Bfofassor Emeritus in Chemical
Engineering at the University of TeXaé, wherefhe taught for 42 years. He
received his B.S. from MIT in 1947 andyhis™h.D. from the University of
Washington in 1957. He was the g#utiier 011 books and over 200 articles
on the topics of process analysif, faulf) detection, and optimization, and
served as President of the CAQHE GQapgoration (Computer Aids for Chemi- -
cal Engineering Education)@g Wella Director of the AIChE. His book, Basic
Principles and Calculations in Chelgical Engincering, has been recognized by the
American Institute of Ghemical“Engineers as one of the most important
books in chemical enginedging!

James B. Riggs edfhgd Wis B.S. in 1969 and his M.S. in 1972, both from the
University of Texagat Atstin. In 1977, he earned his Ph.D. from the Univer-
sity of Californinagi\Berkeley. Dr. Riggs was a university professor for 30
vears, the fifiat fi%e years being spent at West Virginia University and the re-
mainder at§{Texd89Tech University. He was appointed Professor Emeritus
of Cherfllegl Engineering at Texas Tech University after he retired in 2008.
In adglition, 1€ has a total of over five years of industrial experience in a
variety ofgapacities. His research interests centered on advanced process
control and online process optimization. During his academic career
he served as an industrial consultant and founded the Texas Tech Process
Control and Optimization Consortium, which he directed for 15 years.
Dr. Riggs is the author of two other popular undergraduate chemical engi-
neering textbooks: An Introduction to Numerical Methods for Chemical Engineers,
Second Edition, and Chemical and Bio-Process Control, Third Edition. He
currently resides near Austin in the Texas Hill Country.





