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PR FACE

An introductory stoichiometry course traditionally plays several important
roles in the chemical engineering curricuilum. On the most obvious level, it
prepares the siudent to formulate and solve material and energy balances on
chemical process systems and lays the foundation for subsequent courses in
thermodynamics, unit operations, kinetics, and process dynamics. ‘More funda-
mentally, it introduces the engineering approach to solving process-related
problems: breaking a process down into its components, establishing the relations
between ' known and unknown process variables, assembling the information
needed to solve for the unknowns using a combination of experimentation,
empiricism, and the application of natural laws, and, finally, putting the pieces
together to obtain the desired problem solution. _

We have tried in this book to fulfill each of these functions. Moreover,
recognizing that the stoichiometry course is often the students’ first real encounter
with what they think may be their chosen profession, we have attempted to
provide in the text a realistic, informative, and positive introduction to the
practice of chemical engineering. , ' '

We begin the book with a qualitative discussion of the kinds of problems
engineers must face in connection with several apparently dissimilar processes
and, after a brief introduction to fundamental techniques of engineering calcula-
tions, systematically develop the structure of elementary process analysis: what
process variables are and how they are expressed, measured, and calculated; laws
of nature that govern the performance of processes; and physical properties of
process materials that must be determined in order to design a new process or
analyze an existing one.

The chemical process constitutes the structural and motivational framework
for the presentation of all of the text material. When we bring in concepts from
physical chemistry—for example, vapor pressure, solubility, and com-
pressibility—we introduce them as quantities whose values are required to
determine process variables or to perform material and/or energy balance
calculations on a process. *When we discuss computational techniques such as
curve fitting, root-finding méthods, and numerical integration, we present them
on the same need-to-know basis in the context of process analysis.
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An important feature of the book is a set of industrial process case studies,
which demonstrate the role of single-unit calculations in the analysis of multiple-
unit processes. We have designed the case studies to be worked on as term
projects by individuals or (preferably) small teams of students, beginning after the
students have completed the introductory chapter on material balances (Chapter
5). In each study, the students are asked to produce a flow chart of a moderately
complex process from a given description anc to perform material and energy
balance calculations on the process; in addition, they are called on to answer
questions that require them to think about how the overall process is structured
and why it might be structured that way.

Knowing the problems associated with the case study, the students tend to be
on the lookout for information in the formal course material that will help them
obtain the required solutions. The case study thus provides both a motivation for
learning the text material and a feeling for the contextual significance of this
material; moreover, it introduces the common engineering discipline of starting
with a large multifaceted problem and systematically building up the blend of
information and technique needed to solve it. '

In writing the book we have tried to avoid pedanticism without sacrificing
thoroughness or rigor. The writing style is largely informal; all solution techniques
are illustrated by examples; and short “Test Yourself” questions of the type used
effectively in the self-paced approach to education help focus the students’
attention and reinforce the main points in each section. Most of the problems
concern real processes and contain realistie data; they are designed. to provide
practice in all of the methods discussed in the chapters they follow and, in
addition, illustrate the range of activities encompassed by chemical engineering,
both in the traditional areas of chemical processing and in such fields as environ-
mental science affd technology and biomedicine.

The SI system of units is used widely but not exclusively throughout the text,
and extensive SI data tables, including steam tables, are contained in appendices.
Computer programming is not covered explicitly, but applications of computers in
process analysis are discussed, and problems for which computer solutions are
appropriate are given.

We acknowledge with gratitude the many contributions of colleagues and
friends who have helped us in the preparation of the book. Proceeding in no
particular order, our thanks go to Professors David Marsland, of North Carolina
State University, and Richard Seagrave, John Stevens, and George Burnet, of
Iowa State University, who read the manuscript and offered many helpful
suggestions for its improvement; Russ O’Dell, who worked out solutions and
corrected several dozen mistakes in the manuscript after the authors had con-
vinced themselves there were none left; Jim Ferrell, our beloved leader, who gave
us much moral and financial support throughout the seemingly unending years in
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which the book was being written; Bobbie and Tess, for more than we could
summarize here; Kenneth Felder, who performed with great diligence-the horri-
ble job of proofreading data tables; Ron Jr., David, Brett, Lanie, and Gary for just
being there; and Thurman Poston, the engaging engineering editor, who provided
us with many broad perspectives, deep insights, and free lunches. We also thank
students who served as guinea pigs during the formative stages of the book’s
development, and we sincerely apologize for all those problems they inveluntarily
and painfully debugged for us; in particular, we raise our glasses to the Lost
Generation of Fall 1973, who had the miserable fortune to get the first draft as a
course text.

We are especially indebted to Dr. James Fair of the Monsanto Company, Mr.
Norman-Kaplan, of the U.S. Environmental Protection Agency, and Dr. Ray E.
Harrison, of Westvaco, Inc., who reviewed draft copies of the case studies and
suggested changes to bring the process descriptions closer in lifie with industrial
practice. In some cases we chose to retain deviations from} practice for pedagogical
reasons; any such deviations should be attributed to us and not the reviewers.

Last, and most of all, we thank Magnificent Mary Wade, who uncomplainingly
and with great good humor typed revision after revision, until the authors, unable
to stand any more, declared the book done.

Richard M. Felder
Ronald W. Rousseau
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The organization of this text has been planned to provide enough fiexibility to
accommodate classes with diverse backgrounds within thg.scope of a one-
semester or two-quarter course. We anticipate that classes starting with a minimal
background in engineering analysis will cover the first. 10 chapters and one case
study. Classes of students who have been exposed to dimensional analysis in
freshman courses can skip or skim Chapter Two; classes whose freshman chemis-
try courses cover the systematic use of units to describe and analyze reactive
systems may omit portions of Chapter Three, and classes that get a thorough
coverage of temperature ‘and fluid pressure measurement and unit conversion in
freshman physics may proceed rapidly through these sections of Chapter Three.
Similarly, classes in schools whose freshman engineering courses provide a good
exposure to elementary data correlation and curve fitting may choose to omit
Chapter Four. The time gained as a result of these omissions may be used to cover
additional optional sections in Parts 1 to 3, including Chapter Eleven on unsteady-
state systems, or to cover appended material on computer applications, or to work
through an additional case study. Covering all of Chapters Two to Four should, in
any event, take no more than six lecture hours. A one-quarter course should cover
- Chapters One through Seven.

In our presentation of material balance précedures we place greater emphasis
on algebraic solution techniques and less on such devices as tie elements than do
most authors. We have adopted this approach for several reasons. The algebraic
technique is perfectly general, applying to processes both with tie elements and
without them, and is better adapted to computer-aided balancing; when tie
elements are stressed, we find that students tend to use them as crutches, and when
(as in most real industrial processes) there is no tie element, the students often
tend to flounder unless they are accustomed to the algebraic approach.

Furthermore, we believe that much of the calculational efficiency attributed to
the use of tie elements is illusory. If students are accustomed to labeling unknown
variables on a flow chart, and if they are grounded in the principle that balances that
involve the fewest unknowns should be taken first, they can solve most material
balance problems as quickly without explicitly using the concept of a tie element

ix
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as they could using this concept; they are also in a much better position to analyze
" truly complex processes for whith the shortcuts useful for simple processes are
generally inapplicable.

We have discussed in the Preface the motivational aspects of the case studies
and the way the studies complement the formal text material and vice versa. An
additional benefit occurs if the assignments are made to groups, an approach we
regularly use in our classes. We invariably see the groups starting out in a state of
semianarchy, with each group member doing much the same thing as every other
member, and then developing coherence as the weeks go by. By the end of the
term the students have learned how to divide the labor appropriately and to learn
from each other (since they know that they are liable to be tested on any part of the
problem, not just the part for which they were responsible). This is the part of the
course the students usually say they enjoyed most. We have also foundthat
periodic conferences between the groups and the instructor to discuss the case
studies provide educational benefits to all parties concerned.

R.M.F.
R.W.R.



CIEMENTARY PRNCRES -
OF CHEMCAL PROCESES



CONIENTS

1 ENGINEERING PROBLEM ANALYSIS

CHAPTER ONE
What Chemical Engineers Sometimes Do For a Living

CHAPTER TWO ,
Introduction to Engineering Calculations-

—

2.1 Units and Dimensions

2.2 Conversion of Units

2.3 Systems of Units

2.4 Force and Weight

2.5 Dimensional Homogeneity and Dimensionless Quantities

2.6 Arithmetic Calculations: Scientific Notation, Significant Figures,
and Precision

Problems '

CHAPTER THREE
Processes and Process Variables

3.1 Mass and Volume

3.2 Flow Rate

3.3  Chemical Composition
3.4 Pressure

3.5 Temperature
Problems

CHAPTER FOUR
Process Data Representation and Analysis

4.1 Interpolation and Extrapolation
4.2 Curve-Fitting

4.3 Fitting a Line to Scattered Data
Problems

10
11
12
13

16
18

23

© 27

27

29

31
39
47
51

60

60
62
74
72

xi



xii  CONTENTS

2 MATERIAL BALANCES

CHAPTER FIVE .
Fundamentals of Material Balances

5.1 Process Classification

5.2 Balances

5.3 Material Balance Calculations

5.4 Balances on Multiple-Unit Processes
5.5 Recycle and Bypass

5.6 Balances on Reactive Systems

5.7 Combustion Reactions

Problems

. CHAPTER SIX
Single-Phase Systems

6.1 Liquid and Solid Densities

6.2 Ideal Gases .

6.3 Real Gases

6.4 Trial-and-Error Solution of Nonlinear Equations of State
Problems

CHAPTER SEVEN
Multiphase-Systems

7.1 Single-Component Phase Equilibrium

7.2 The Gibbs Phase Rule

7.3 Gas-Liquid Systems: One Condensable Component
7.4 Multicomponent Gas-Liquid Systems

7.5 Solutions of Solids in Liquids

7.6 Immiscible and Partially Miscible Liquids

Problems

3 ENERGY BALANCES

CHAPTER EIGHT
Energy and Energy Balances

8.1 Forms of Energy: The First Law of Thermodynamics
8.2 Kinetic and Potential Energy

81

81

83

88
102
106
110
127
137

165

166
168
177
190
190

203

205
214
217

. 224

229
235
240

257 .
258

260



‘CONTENTS xiii

8.3 Energy Balances on Closed Systems 261
8.4 Energy Balances on Open Systems at Steady State - 265
8.5 Tables of Thermodynamic Data 271
8.6 Energy Balance Procedures 275
8.7 Mechanical Energy Balances 280
References: Sources of Thermodynamic Data 286
Problems 286
CHAPTER NINE

Balances on Nonreactive Processes 304
9.1 State Properties and Hypothetical Process Paths 304
9.2 Changes in Pressure at Constant Temperature ) 306
9.3 Changes in Temperature — 307
9.4 Phase Change Operations ¢ 325
9.5 Mixing and Solution 345
Problems 357
CHAPTER TEN

Balances on Reactive Processes 384
10.1 Heats of Reaction 384
10.2 Measurement and Calculation of Heats of Reaction: Hess’s Law 388
10.3 Formation Reactions and Heats of Formation 390
10.4 Heats of Combustion 392
10.5 Energy Balances on Reactive Processes 394
10.6 Fuels and Combustion 410
10.7 Computer—-Aided Material and Energy Balance Calculations = 424
Problems 424
CHAPTER ELEVEN

Balances on Transient Processes 446
11.1 The General Balance Equation . .. Again 446
11.2 Material Balances 452
11.3 Energy Balances on Single-Phase Nonreactive Processes 458
Problems 465

4 CASE STUDIES
CHAPTER TWELVE .
Preduction of Formaldehyde 479



xiv CONTENTS

CHAPTER THIRTEEN
SO, Removal from Power Plant Stack Gases

CHAPTER FOURTEEN
The Kraft Pulping Process

Appendix A. Computational Techniques

Appendix A.1. The Method of Least Squares
Appendix A.2. Solution of Nonlinear Algebraic Equations: Newton’s

Rule

Appendix A.3. Numerical Integration
Appendix A.4. Computer Simulation of Steady-State Chemical

Processes

Appendix B. Physical Property Tables

Table B.1.
Table B.2.
Table B.3.
Table B.4.
Table B.5.
Table B.6.

Selected Physical Property Data

Heat Capacities

Vapor Pressure of Water

Properties of Saturated Steam: Temperature Table
Properties of Saturated Steam: Pressure Table
Properties of Superheated Steam

Answers to Test Yourselves
Answers to Selected Problems

Index

485

491

501

505
510

515

527
535
538
541
544
551

553
563
566



Part 1

AONENG RO
AN




-



Chapter One

WHR
CHEMICA e NANEERS
CVETIVES DO

OR A LIVNG

Since you bought this book you are probably thinking of spending the next 3
years learning to be a chemical engineer and then going to work as one for the next
40; even so, it is a fairly safe bet that, like most people in your position, you have
only a limited idea of what chemical engineering is. A logical way for us to begin
this book might therefore be with a definition of chemical engineering, but,
unfortunately, -no universally accepted definition has ever been formulated.
Instead, we will cite some examples of problems that recent chemical engineering
graduates have been called on to solve. You might ponder these examples to see if
any of them seem to present the sort of intellectual challenge you can see yourself
taking on and enjoying.

EXAMPLE 1

A chemist in your company’s research and development division has discov-
ered that if he mixes two reactants in a certain proportion at an elevated
temperature, he obtains a product more valuable than both reactants put to-
gether. The company contemplates manufacturing the product using a process
based on this reaction. At this point the matter becomes an engineering problem
or, more precisely, hundreds of engineering problems.

(a) What should the reaction be carried out in? A long pipe? A large tank?
Several smaller tanks? An extremely large test tube? How large? Made of
what? Does it have to be heated? If so, how much and how? With an electrical
heater inside or outside the reactor? By passing a hot fluid through a heating

“coil in the reactor? By heating the reactants before they get into the reactor?
Does the reaction supply its own heat, so that heating is needed only for

3
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ENGINEERING PROBLEM ANALYSIS

startup? If so, can it “run away” with itself, and possibly explode. Should
control measures be introduced to prevent this? What kind?

Where should the reactants be obtained? Buy them, or make them? In what
proportions should they be fed to the reactor?

Shouid the reactor effluent, which contains the product and unconsumed
reactants, be sold as is, or should the product be separated from the reactants
and the latter be sent back to the reactor? If separation is desirable, how can it
be accomplished? Heat the mixture and draw off and condense the vapor,
which will be richer in the more volatile substances than the original mixture?
Add another substance that absorbs the product and is immiscible with the
reactants, and then separate the two phases mechanically? If all of the process

_materials are gases at the reaction temperature, can the mixture be cooled toa

temperature at which the product condenses but the reactants do not, or vice
versa, or if they are liquids can the mixture be cooled to a temperature at
which the product crystallizes? If one of these alternatives is chosen, what
kind of equipment is needed? What size? What materials? What are the
heating or cooling requirements? Are controls needed'to keep the operation
of the process within rigid limits? What kind of controls? Should they be
manual or automatic?

How should the reactant and product streams be moved to and from the
reactor and any heating, cooling, and separation equipment involved in the
process? By gravity from a raised feed tank? With pumps, or blowers, or
compressors, or conveyor belts? What kinds? How big? In pipes made of
what?

Is enough known about the reaction system to be able to answer all of these
questions, or should additional laboratory studies be carried out? What
studies? Can the laboratory data be used directly to design the industrial
plant, or should a smaller pilot plant be constructed first to make sure? How
much smaller?

What can possibly go wrong with the process, and what can be done if and
when it does?

Are there waste products that result from the process? In what quantities?
Are they potentially harmful if released untreated into the environment? If
s0, in what way? What should be done tc reduce pollution hazards? Chemical
treatment of the wastes? Dump liquid and solid wastes into containers, seal
and cart out to sea? Disperse gases in the atmosphere with a high stack?
Precipitate solids electrostatically from gas exhausts?

How much of the process should be automated, and how should it be done?
How much does all of this cost? How much can the product be sold for, and to
whom? How much money will the process net each year? Is it enough to make
it worthwhile? T{ so, where shouid the plant be built?



