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Preface

OBJECTIVES

A principal objective of this courseware is to describe modern strategies for the design of
chemical processes. Since the early 1960s, the emphasis in undergraduate education has
been on the engineering sciences. In recent years, however, more scientific approaches to
process design have been developed, and the need to teach students these approaches has
become widely recognized. Consequently, this courseware has been developed to help
students and practitioners better utilize the modern approaches to process design. Like
workers in thermodynamics; momentum, heat, and mass transfer; and chemical reaction
kinetics, process designers apply the principles of chemistry, physics, and biology. Designers,
however, utilize these principles, and those established by engineering scientists, to create
industrial chemical processes that satisfy societal needs while returning a profit. In so
doing, designers emphasize the methods of synthesis and optimization in the face of
uncertainties, often utilizing the results of analysis and experimentation prepared in cooper-
ation with engineering scientists.

In this courseware, the latest design strategies are described, most of which have been
improved significantly with the advent of computers, mathematical programming methods,
and artificial intelligence. Since most curricula place little emphasis on design strategies
prior to design courses, this courseware is intended to provide a smooth transition for
students and engineers who are called upon to design creative new processes.

This courseware is intended for seniors and graduate students, most of whom have
solved a few open-ended problems but have not received instruction in a systematic
approach to process creation, the use of flowsheet simulators to assist in process design,
and the application of economics in venture analysis. To provide this instruction, the
subject matter is presented in five parts, which describe the various aspects of process
design. As discussed in Chapter 1, Figure 1.1 shows how these parts relate to the entire
design process and to each other. All of the parts are presented at the senior level. To
comprehend much of Part Four, “Plantwide Controllability Assessment,” it is necessary
to have completed a course in process control, as discussed below.

The emphasis throughout the text, and especially in Part One, on process invention,
and Part Two, on process synthesis, is on the steps in process creation and the development
of a base-case desiga(s). For the former, methods of tackling the primitive design problem,
collecting data, and preparing the synthesis tree of alternative flowsheets are covered.
Then, for the most promising flowsheets, a base-case design(s) is developed, including a
detailed process flowsheet, with material and energy balances. The base-case design(s)
then enters the detailed design stage, in which the equipment is sized, cost estimates are
obtained, a profitability analysis is completed, and optimization is carried out, as discussed
in Part Three.

Throughout this courseware, various methods are utilized to perform the extensive
calculations and provide graphical results that are visualized easily, including the use of
computer programs for simulation and design optimization. The use of these programs is
an important attribute of this courseware. We believe that our approach is an improvement
over an alternative approach that introduces the strategies of process synthesis without
computer methods, emphasizing heuristics and “back-of-the-envelope” calculations. We
favor a blend of heuristics and analysis using the computer. Since the 1970s, many faculty
have begun to augment the heuristic approach with an introduction to the analysis of
prospective flowsheets using simulators, such as ASPEN PLUS, HYSYS, PRO-II, CHEM-
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CAD, and FLOWTRAN. Today, most schools use one of these simulators, but often
without adequate teaching materials. Consequently, the challenge for us, in the preparation
of this courseware, has been to find the proper blend of modern computational approaches
with simple heuristics.

In the early chapters, especially, emphasis is placed on the synthesis of conventional
chemical processes, that is, processes that operate at steady state and present no unusual
control problems. Even for these processes, the new dynramic simulators are useful for
studying start-up, shut-down, upsets, and the performance of alternative control systems.
Dynamic analysis often suggests designs that are easier to implement and control. As
processes become more integrated, to achieve more economical operation, their responses
to disturbances and setpoint changes become more closely related to the design integration,
and consequently, the need to assess their controllability gains importance. To introduce
several methods, Part Four is intended for readers who have studied linear control theory for
single-input, single-output (SISO) controllers (usually in a first course in process control).
Emphasis is placed on the methods for assessing the controllability of processes designed
to operate at a steady state, with the consideration of frequency-dependent measures only
when necessary. Controllers are designed for the most promising processes, and the ability
of the processes to reject typical disturbances is evaluated using dynamic simulation. In
summary, Part Four is intended to show that, to achieve more profitable designs, it is
important to consider plantwide conirol during process design. This is accomplished using
the simpler strategies for multiple-input, multiple-output (MIMO) control.

A further objective of this courseware is to illustrate the design strategies by applying
them to chemical processes in several industries. Many are derived from the petrochemical
industry, with much emphasis on environmental and safety considerations, including the
reduction of sources of poliutants and hazardous wastes, and purification before streams
are released into the environment. Several originate in the biochemicals industry, including
fermentations to produce pharmaceuticals, foods, and chemicals. Others are involved in the
manufacture of polymers and electronic materials. In addition to the processes interspersed
throughout the chapters, 31 design-problem statements, prepared by industrial prac-
titioners, are provided in Appendix VIII. For each problem statement, a process design
has been completed by groups of two or three students at the University of Pennsylvania.
See also the report, ‘‘Process Design Projects at Penn: 100 Problem Statements,” edited
by W.D. Seider and Arnold Kivnick, which was circulated to faculty members around the

world in 1994,

FORMAT OF COURSEWARE AND THE MULTIMEDIA CD-ROM

For the most part, this courseware takes the form of a conventional textbook accompanied
by computer programs to be utilized by the reader in various aspects of his or her design
studies. As the design strategies have been elucidated during the development of this
courseware, fewer and fewer specifics have been provided in the chapters concerning the
software packages involved. Instead, Appendixes I-IV, VII, and IX have been developed
to give many examples of the input and output and discuss in some detail the nature of
the models provided for the processing units, with several example calculations presented
as well. By far the most complete coverage is provided in the multimedia CD-ROM that
accompanies the textbook. The CD-ROM uses voice, video, and animation to introduce
new users of the steady-state simulators to the specifics of the systems, especially ASPEN
PLUS and HYSYS. Approximately 50-60 hours of instructional materials are provided,
These include several tutorials that provide instruction on the completion of mput for
ASPEN PLUS and HYSYS. During the next year, we plan to add coverage of CHEMCAD,
and possibly PRO/IL. In addition, video segments show portions of a petrochemical complex
in operation, including distillation towers, heat exchangers, pumps and compressors, and
chemical reactors, Murtaza Ali, Scott Winters, Diane M. Miller, Michael DiTillio, and
Christopher S. Tanzi, at the University of Pennsylvania, have combined color photographs,
animation, voice, and videotapes to enhance the instruction provided, with émphasis on
ASPEN PLUS. D.R. Lewin, at the Techion, added the instructional materials on HYSYS.
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The CD-ROM contains more than 500 Mb, and is packaged with each textbook. Included
are files that contain the solutions for more than 60 examples using either ASPEN PLUS
or HYSYS, as well as problems solved using DYNAPLUS and GAMS and the MATLAB
scripts in Chapter 13. The files are referred to in each example and can easily be used to
vary parameters and to explore alternative solutions. While it is planned to revise the
textbook periodically, the CD-ROM will be revised annually. Furthermore, a Web site
will be maintained at www.wiley.com/college/seider, in which revisions will be entered on
a regular basis, especially as they relate to new releases of the commercial software.

ADVICE TO STUDENTS AND INSTRUCTORS

Feature 1

Feature 2

In the use of this textbook and CD-ROM, students and instructors are advised to take
advantage of the following four features:

The textbook is organized around the key steps in process design shown in Figure 1.1.
These steps reflect current practice and provide a sound sequence of instruction, yet with
much flexibility in permitting the student and instructor to place emphasis on preferred sub-
jects.

Students can study the chapters in Part One in sequence. Although they provide many
examples and exercises, the appendices and CD-ROM can be referred to for details of
the process simulators. Chapters in Parts Two, Three, and Four can be studied as needed.
There are many cross-references throughout the text—especially to reference materials
needed when carrying out designs. For example, students can begin to learn heuristics for
heat integration in Chapter 2, learn algorithmic methods in Chapter 7, learn the strategies
for designing heat exchangers and estimating their costs in Part Three (Chapters 8 and
9), and leamn the importance of examining the controllability of heat-exchanger networks
in Part Four.

Instructors can begin with Part One and design their courses to cover the other chapters
as desired. Because each group of students has a somewhat different background depending
on the subjects covered in prior courses, the textbook is organized to give instructors
much flexibility in their choice of subject matter and the sequence in which it is covered.
Furthermore, design instructors often have difficulty deciding on a subset of the many
subjects to be covered. This book provides sufficiently broad coverage to permit the
instructor to emphasize certain subjects in lectures and homework assignments, leaving
others as reference materials to be used by the students when carrying out their design
projects. In a typical situation, when teaching the students to generate design alternatives,
select a base-case design, and carry out its analysis, the textbook enables the instructor to
place emphasis on one or more of the following subjects: synthesis of separation trains
(Chapter 5), energy efficiency (lost work analysis and heat and power integration—
Chapters 6 and 7), process unit design (e.g., heat exchangers—Chapter 8), and controllabil-
ity assessment (Part Four).

Process synthesis is introduced mostly using heuristics in Part One (Chapters 2 and 4),
whereas Part Two provides more detailed algorithmic methods for separation train synthesis
and heat and power integration.

This feature enables the student to begin carrying out process designs using easy to
understand rules of thumb when studying Part One. As these ideas are mastered, the
student can learn algorithmic approaches that enable him or her to produce better designs.
For example, Chapter 2 introduces two alternative sequences for the separation of a three
component mixture (in the vinyl chloride process), whereas Chapter 5 shows how to
generate and evaluate many alternatives for the separation of multicomponent mixtures,
both ideal and nonideal.
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Feature 3

Feature 4

This organization provides the instructor the flexibility to emphasize those subjects most
useful for his or her students. Part One can be covered fairly quickly, giving the students
enough background to begin work on a design project. This can be important at schools
where only one semester is allotted for the design course. Then, as the students are working
on their design projects, the instructor can take up more systematic, algorithmic methods,
which can be applied to improve their designs. In a typical situation, when covering Part
One, the instructor would not cover nonideal separations, such as azeotropic, extractive,
or reactive distillations. Consequently, most students would begin to create simple designs
involving reactors followed by separation trains. After the instructor covers the subject
matter in Chapter 5, the students would begin to take advantage of more advanced designs,

Process simulators, both steady state and dynamic, are used throughout the textbook
(ASPEN PLUS, HYSYS, CHEMCAD, PRO/II, and DYNAPLUS). This permits access
to large physical property, equipment, and cost data bases and the examination of aspects
of more than 20 chemical processes. Emphasis is placed on the usage of simulators to
obtain data and perform routine calculations throughout.

Through the use of the process simulators, students learn how easy it is to obtain data
and perform routine calculations. They learn effective approaches to building up knowledge
about a process through simulation. The appendices and CD-ROM provide the students
with the details of the methods used for property estimation and equipment modeling.
They learn to use simulators intelligently and to check their results. For example, in Chapter
2, examples show how to use simulators to assemble a preliminary data base and to perform
routine calculations, when computing heat loads, heats of reaction, and vapor/liquid equilib-
ria. Then, in Chapter 3, two examples show how to use the simulators to assist in the
synthesis of toluene hydrodealkylation and monochlorobenzene separation processes. Vit-
tually all of the remaining chapters show examples of the use of simulators to obain
additional information, including equipment sizes, costs, profitability analyses, and the
performance of control systems.

Because the book and CD-ROM contain so many routine examples of how the simulators
are useful in building up a process design, the instructor has time to emphasize other
aspects of process design. Through the examples and multimedia instruction on the CD-
ROM, the students obtain the details they need to use the simulators effectively, saving
the instructor class time, as well as time answering detailed questions as the students
prepare their designs. Consequently, the students obtain a better understanding of the
design process and are exposed to a broader array of concepts in process design. In a
typical situation, when creating a base-case design, students use the examples and CD-
ROM to learn how to obtain physical property estimates, heats of reaction, flame tempera-
tures, and phase distributions. Then, students learn to create a reactor section, using the
simulators to perform routine material and energy balances. Next, they create a separation
section and eventually add recycle. Thanks to the coverage of the process simulators in
Part One, the appendixes, and the CD-ROM, the instructor would review only the highlights

in class.

To our knowledge, this design book is the first to emphasize the importance of assessing
plantwide controllability. Modern computing tools are enabling practitioners and students
to be more aware that processes selected on the basis of steady-state economics alone
often perform poorly and are less profitable.

When studying Chapter 12, students learn that they can begin to screen processes during
process synthesis by selecting the variables to be measured and adjusted and beginning
to formulate control loops, but without detailed controller design. Then, in Chapter 13,
well-established methods enable students to screen aiternative processes using standard
linear approximations, again without detailed controller design. Finally, in Chapter 14, for
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the most promising processes, the controllers are designed and simulations are carried out
to show that the analyses in Chapter 13 are effective. Throughout Part Four (Chapters
12-14), alternatives for heat-exchanger networks; heat-integrated distillation towers;
stirred-tank reactor designs; and processes with reactors, separators, and recycle loops are
compared to show that there are significant differences in controllability and resiliency.
From the instructor’s perspective, although it is widely recognized that this subject needs
to be addressed, most have not had access to sufficiently good teaching materials and
computing systems to provide adequate coverage. In Chapter 12, basic introductory material
is provided that can be taught with little effort. Chapter 13 is more advanced. Although
some instructors will cover it thoroughly, others may prefer to select from among the case
studies to introduce their students to the effectiveness of controllability and resiliency
analysis for linearized systems. Then, even if time is not available for the students to tune
controllers and run dynamic simulations, Chapter 14 can be used to show the effectiveness
of this approach during process design. In a typical situation, the instructor would use the
alternative heat-exchanger networks, heat-integrated distillation towers, reactor sequences,
and/or processes with recycle to show the importance of considering controllability in the

design process.

[

ONE- OR TWO-SEMESTER COURSES

In one semester, it is possible to cover Part One, many topics in Part Two, and Chapters
8, 9, 10, and 12. Students solve homework exercises and take midsemester and final exams
but do not work on a comprehensive design project. The latter is reserved for a design
project course in a second semester. Alternatively, many departments teach design concepts
in a single course, which includes a comprehensive design project. For such a course, the
same materials can be covered, somewhat less thoroughly, or a subset of the subjects can
be covered. The latter often applies in departments that cover design-related topics in
other courses. For example, many departments teach economic analysis before the students
take a process design course. Other departments teach the details of heat-exchanger design
in the heat-transfer course. This courseware is well suited for these courses because it
provides much reference material that can be covered as needed.

ACKNOWLEDGMENTS

In the preparation of this courseware, several graduate students made significant contribu-
tions, including Charles W. White III, George J. Prokopakis, Joseph W. Kovach 111, Tulio
R. Colmenares, Miriam L. Cygnarowicz, Alden N. Provost, David D. Brengel, Soemantri
Widagdo, Amy C. Sun, Roberto Irrizary-Rivera, Leighton B. Wilson, and James R. Phimis-
ter, at the University of Pennsylvania; and Oren Weitz, Ira Naot, and Boris Solovyev at
the Technion. Tulio developed the lecture notes, with many examples, that are the basis
for Chapter 7 on “Heat and Power Integration.” Soemantri coauthored the review article
on azeotropic distillation in which many of the concepts in Section 5.6, “Sequencing
Azeotropic Distillation Columns,” are presented. James was the teaching assistant during
the semester in which many new concepts were introduced. Subsequently, he wrote Appen-
dix VII on the use of GAMS. The successes in our process design courses are closely related
to the many contributions of these graduate students. Their help is very much appreciated.

Senior students at the University of Pennsylvania, Murtaza Ali, Scott Winters, Diane
M. Miller, Michael DiTillio, and Christopher S. Tanzi, implemented the multimedia CD-
ROM and assisted in many other ways. Their efforts are also appreciated. In this regard,
seed money for development of the CD-ROM was provided by Dean Gregory Farrington,
University of Pennsylvania, and is acknowledged gratefully.

Several colleagues at the University of Pennsylvania and industrial consultants from
local industry in the Philadelphia area were very helpful as these materials evolved, espe-
cially Arnold Kivnick, Robert M. Busche (Bio-en-gene-er Associates, Wilmington, DE),
F. Miles Julian, and Robert F. Hoffman. Arnold has worked with senior design teams
each year since 1956, more recently as adjunct professor. He critiqued many sections of



Preface

this textbook. Bob Busche served as adjunct professor for 13 years, in which he presented
lectures and course notes entitled “ Venture Analysis: A Framework for Venture Planning,”
which served as the basis for Chapters 9 and 10. He also provided many excellent design
projects in the biochemicals area, several of which appear in Appendix VII1. Miles critiqued
Chapters 9 and 10 and provided many excellent design projects.

Much assistance was provided by four colleagues at ARCO Chemical Company: Leonard
A. Fabiano, David Kolesar, Robert A. Knudsen, and Robert Nedwick, who have provided
excellent design projects and assistance to our student design teams since the late 1970s,
who spent considerable time critiquing the chapters of this textbook, and who helped us
to better utilize the features of ASPEN PLUS. Their contributions have been especially
heipful. The assistance of Robert Maxwell and Winston Lewis, also of ARCO, is very
much appreciated.

Four faculty, Michael E. Hanyak, Jr. (Bucknell), Daniel W. Tedder (Georgia Tech),
Dale E. Briggs (Michigan), and Colin S. Howat (Kansas), reviewed a preliminary version
of the manuscript and CD-ROM. Their suggestions and critiques were extremely helpful.
In addition, Lorenz T. Biegler (CMU) provided helpful suggestions concerning the organi-
zation of Chapter 11, “Optimization of Process Flowsheets.”” The material for this chapter
was adopted from Chapter 13 by L. T. Biegler in FLOWTRAN Simulafion—An Introduc-
tion (Seader et al., 1987).

The cooperation of Jila Mahalec, Vladimir Mahalec, Herbert 1. Britt, Atilla Forouchi,
Sanjay Patnaik, Lawrence Fry, and Lori Roth at Aspen Tech; and Bill Svrcek, Rich Thomas,
and James Holoboff at Hyprotech, has been especially valuable, and is acknowledged with
appreciation. At Aspen Tech, Herb critiqued the entire manuscript, Atilla provided much
assistance with the ASPEN PLUS Costing System, Sanjay helped in the conversion from
ASPEN PLUS Version 9 to Version 10, Lawrence prepared the dynamic simulations using
DYNAPLUS in Appendix IX and provided much help in the preparation of that appendix,
Lori provided much technical assistance during the conversion to Version 10, and Jila
coordinated all of these efforts, regularly making us aware of new developments at Aspen
Tech and responding to our many requests for assistance. At Hyprotech, Bill and Rich
helped us keep abreast of the latest developments in HYSIM and HYSYS. James was
especially helpful in providing assistance during our first encounters with HYSYS. He
critiqued Chapter 14 and Appendix II involving HYSYS simulations.

It is of special note that Professors Christodoulos A. Floudas, Princeton, and William
L. Luyben, Lehigh, provided W.D. Seider an opportunity to lecture in their classes and
utilize some of these materials as they were being developed. Their interactions and insights
have been very helpful. This cooperation, and some of the work on this project, was
facilitated in part by NSF Grant No. EEC-9527441 from the Combined Research and
Curriculum Development Program.

As this courseware approached the publication stage, A. Wayne Anderson, the College
Publisher at John Wiley & Sons, responded enthusiastically. Wayne’s excellent advice and
guidance throughout the publication of this courseware is very much appreciated.

It is important to acknowledge the secretarial support, provided in the most efficient
and effective manner, by John Linscheid, who made it possible to carry out this project over
the past several years. Finally, W.D. Seider received a Lady Davis Visiting Professorship at
the Technion during the spring of 1996, and D.R. Lewin was a Visiting Professor at the
University of Pennsylvania during the summer of 1997. Financial support in connection
with both sabbatical leaves enabled them to work on the manuscript and is very much ap-
preciated.

W.D. Seider
J.D. Seader
D.R. Lewin
April 1998



Contents

Part One
PROCESS INVENTION—HEURISTICS
AND ANALYSIS

1. The Design Process 3

1.0 Objectives 3
1.1 Primitive Design Problems 3
Typical Primitive Design Problem 5
Process Design Team 3
Industrial Consultants 5
1.2 Steps in Designing and Retrofitting Chemical
Processes 6
Assess Primitive Problem 6
Survey Literature 8
Process Creation 10
Development of Base Case 10
Detailed Process Synthesis Using Algorithmic
Methods 11
Plantwide Controllability Assessment 11
Detailed Design, Equipment Sizing and Cost
Estimation, Profitability Analysis, and
Optimization 12
Written Process Design Report and Oral
Presentation 12
Final Design, Construction, Start-up, and
Operation 12
Summary 13
1.3 Environmental Protection 13
Environmental Issues 13
Environmental Factors in Process Design 15
Environmental Design Problems 18
1.4 Safety Considerations 19
Safety Issues 19
Design Approaches Toward Safe Chemical
Plants 22
1.5 Engineering Ethics 23
1.6 Role of Computers 27
Spreadsheets 28
Mathematical Packages 28
Process Simulators 28
Computational Guidelines 30
1.7 Summary 30
References 31

2. Process Creation 32

2.0 Objectives 32
2.1 Introduction 32
2.2 Preliminary Database Creation 32
Thermophysical Property Data 33
Environmental and Safety Data 37
Chemical Prices 37
Summary 38
2.3 Experiments 38
2.4 Preliminary Process Synthesis 38
Continuous or Batch Processing 39
Chemical State 41
Process Operations 42
Synthesis Steps 44
Example of Process Synthesis: Manufacture of
Vinyl Chloride 45
Synthesis Tree 56
Heuristics 56
Algorithmic Methods 57
2.5 Development of the Base-Case Design 57
Detailed Process Flowsheet 57
Process Integration 60
Detailed Database 60
Pilot-Plant Testing 61
Process Simulation 62
26 Summary 62
References 62 Exercises 63
3. Simulation to Assist in Process
Creation 64

3.0 Objectives 64~
3.1 Introduction 65
3.2 Principles of Flowsheet Simulation 66
Process and Simulation Flowsheets 66
Unit Subroutines 77
Calculation Order 79
Recycle 79
Recycle Convergence Methods 87
Flash with Recycle Problem 89
Degrees of Freedom 90
Control Blocks—Design Specifications 91
Flash Vessel Control 94
Bidirectional Information Flow (HYSYS) 94
3.3 Synthesis of the Toluene Hydrodealkylation
Process 98
Process Simulation 101



Contents

3.4 Simulation of the Monochlorobenzene
Separation Process 104
Use of Process Stmulators 105
35 Summary 106

References 107 Exercises 107

4. Heuristics for Process Synthesis 112

4.0 Objectives 112
4.1 Introduction 113
42 Raw Maternials and Chemical Reactions 114
4.3 Distribution of Chemicals 116
Inert Species 117
Purge Streams 119
Recycle to Extinction 122
Selectivity 123
Reactive Separations 125
4.4 Separations 126
4.5 Heat Removal from and Addition to
Reactors 128
Heat Removal from Exothermic
Reactors 128
Heat Addition to Endothermic Reactors 131
4.6 Pumping and Compression 132
47 Summary 134

References 134 Exercises 135

Part Two
DETAILED PROCESS
SYNTHESIS—ALGORITHMIC METHODS

5. Synthesis of Separation Trains 141

5.0 Objectives 141
5.1 Introduction 141
5.2 Ciritena for Selection of Separation
Methods 145
5.3 Selection of Equipment 148
5.4 Sequencing of Ordinary Distillation
Columns 150
5.5 Sequencing of General Vapor-Liquid
Separation Processes 156
5.6 Sequencing of Azeotropic Distillation
Columns 170
Azeotropy and Polyazeotropy 170
Residue Curves 175
Distillation Towers 178
Separation Train Synthesis 188
5.7 Separation Systems for Gas Mixtures 194
Membrane Separation by Gas
Permeation 197
Adsorption 197
Absorption 198

Partial Condensation and Cryogenic
Distillation 199
5.8 Separation Sequencing for Solid—Fluid
Systems 199
5.9 Summary 201

References 201 Exercises 202

6. Second Law Analysis 207

6.0 Objectives 207
6.1 Introduction 207
6.2  The System and the Surroundings 210
6.3  Energy Transfer 212
6.4 Thermodynamic Properties 213
6.5 Equations for Second Law Analysis 215
6.6 Examples of Lost-Work Calculations 219
6.7 Thermodynamic Efficiency 222
6.8 Causes of Lost Work 223
6.9 Three Examples of Second Law
Analysis 224
6.10 Summary 237

References 237 Exercises 238

7. Heat and Power Integration 243

7.0 Objectives 243
7.1 Introduction 244
Heat Integration Software 247
7.2 Minimizing Utilities in Heat Integration 247
Temperature-Interval Method 248
Using Graphical Displays 251
Linear Programming Method 254
7.3 Stream Matching at Minimum Utilities 256
Stream Matching at the Pinch 256
Stream Matching Using a Mixed-Integer
Linear Program 263
74 Minimum Number of Heat
Exchangers—Breaking Heat Loops 267
7.5 Optimum Approach Temperature 271
7.6 Superstructures for Minimization of
Annualized Cost 274
7.7 Heat-Integrated Distillation Trains 279
Effect of Pressure on Heat Integration 279
Multiple-Effect Distillation 281
Heat Pumping, Vapor Recompression, and
Reboiler Flashing 284
Superstructures for Minimization of
Annualized Cost 284
7.8 Heat Engines and Heat Pumps 286
Positioning Heat Engines and Heat
Pumps 289
Optimal Design 292
7.9 Summary 295

References 295 Exercises 296



Part Three

DETAILED DESIGN, EQUIPMENT
SIZING, ECONOMICS, AND
OPTIMIZATION

8. Heat Exchanger Design 303

8.0 Objectives 303
8.1 Introduction 303
Heat Duty 303
Heat Transfer Media 305
Temperature-Driving Force for Heat
Transfer 308
Pressure Drop 312
8.2 Equipment for Heat Exchange 312
Double-Pipe Heat Exchangers 312
Shell-and-Tube Heat Exchangers 314
Air-Cooled Heat Exchangers 319
Compact Heat Exchangers 320
Temperature-Driving Forces in Shell-and-
Tube Heat Exchangers 321
8.3 Heat Transfer Coefficients and Pressure
Drop 326
Estimation of Overall Heat Transfer
Coefficients 327
Estimation of Individual Heat Transfer
Coefficients and Frictional Pressure
Drop 327
Turbulent Flow in Straight, Smooth Ducts,
Pipes, and Tubes of Circular Cross
Section 329
Turbulent Flow in the Annular Region
Between Straight, Smooth, Concentric Pipes
of Circular Cross Section 331
Turbulent Flow on the Shell Side of Shell-and-
Tube Heat Exchangers 331
Heat Transfer Coefficients for Laminar-Flow,
Condensation, Boiling, and Compact Heat
Exchangers 332
84 Design of Shell-and-Tube Heat
Exchangers 333
85 Summary 335
References 335 Exercises 336

9. Capital Cost Estimation 338

9.0 Objectives 338
9.1 Introduction 338
92 Cost Charts 339
Cost Indices 342
Installation Costs 342
Materials and Pressure Considerations 344
Equipment Sizes 344
Other Investment Costs 345
Lang Factor Method 348

Contents

9.3 Equations 348
Heat Exchangers 348
Cylindrical Process Vessels 349
Trays 349
Blowers and Compressors 349
94 ASPEN PLUS 351
Project Dates 353
Equipment Lists 353
Equipment Size and Cost Specifications 356
Remaining Investment Costs 361
Cost Indices 363
Results 364
9.5 Detailed Cost Estimation 368
9.6 Summary 369

References 369 Exercises 370

10. Profitability Analysis 374

10.0 Objectives 374
10.1 Introduction 374
102 Cost Sheet 375
10.3 Total Capital Investment and Approximate
Profitability Measures 378
Working Capital 378
Approximate Profitability Measures 378
10.4 Time Value of Money 384
Compound Interest 384
Annuities 386
Comparison of Equipment Purchases 388
10.5 Cash Flow 391
Depreciation 392
Profitability Measures 393
Net Present Value 393
Investor’s Rate of Return 394
10.6 ASPEN PLUS 396
Cost Sheet 396
Working Capital 401
Profitability Measures 401
Results 404
10.7 Detailed Cost Estimation 408
10.8 Summary 408
References 409 Exercises 409

11. Optimization of Process Flowsheets 416

11.0 Objectives 416

11.1 Introduction 416

11.2 Nonlinear Program 417
Objective Function 417
Equality Constraints 418
Inequality Constraints 418
General Formulation 419

11.3 Optimization Algorithm 419
Repeated Simulation 421
Infeasible Path Approach 421



Contents

Compromise Approach 422
Practical Aspects of Flowsheet
Optimization 422
11.4 Flowsheet Optimizations—Case
Studies 423

115 ASPEN PLUS 425

Entering the NLP 425

Adjusting the Simulation Flowsheet 426
11.6 Summary 433

References 433 Exercises 433

Part Four
PLANTWIDE CONTROLLABILITY
ASSESSMENT

12. Interaction of Process Design and Process
Control 439

12.0 Objectives 439

12.1 Introduction 439

12.2 Control System Configuration 444
Classification of Process Variables 444
Degrees-of-Freedom Analysis 446

12.3 Qualitative Plantwide Control System

Synthesis 449
12.4 Summary 454

References 456 Exercises 456

13. Flowsheet Controllability Analysis 457

13.0 Objectives 457
13.1 Quantitative Measures for Controllability
and Resiliency 458
Relative-Gain Array (RGA) 459
Disturbance Cost and Disturbance Condition
Number 467
13.2 Toward Automated Flowsheet C&R
Diagnosis 471
Short-Cut C&R Diagnosis 471
Generating Low-Order Dynamic
Models 472
Tutorial: C&R Analysis for Heat-Integrated
Distillation Columns 474
13.3 Case Studies 480
13.4 MATLAB for C&R Analysis 493
13.5 Summary 496
References 496 Exercises 497

14. Dynamic Simulation of Process
Flowsheets 500

140 Objectives 500

14.1 Fundamental Concepts in Dynamic
Simulation 500

142 Dynamic Simulation Using HYSYS 501

143 Control-Loop Definition 502

14.4 Controller Tuning Methods 504
On-Line PI Controller Tuning 504
Model-Based PI Controller Tuning 505

14.5 Tutorial Exercise: Control of a Binary
Distillation Column 509

14.6 Case Studies 522

14.7 Summary 532

References 532 Exercises 532

Part Five
DESIGN REPORT

15. Written Process Design Report and Oral
Presentation 537

15.0 Objectives 537

15.1 Written Report 538
Sections of the Report 538
Preparation of the Written Report 543
Page Format 544
Sample Design Reports 545

15.2  Oral Design Presentation 546
Typical Presentation 546
Media for the Presentation 546
Rehearsing the Presentation 547
Written Handout 547
Evaluation of the Oral Presentation 547
Videotapes 549

15.3 Award Competition 549

154 Summary 549

References 549

APPENDIXES

L. ASPEN PLUS in Process Design 551

A-I1 ASPEN PLUS Input Forms 551
A-1.2 Drawing an ASPEN PLUS Flowsheet 553
A-1.3 ASPEN PLUS Paragraphs 553
A-1.4 Nested Recycle Loops 554
A-1.5 Design Specifications 557
A-1.6 Inline FORTRAN 559
A-L7 Case Study: Monochlorobenzene
Separation Process 565
ASPEN PLUS Simulation Flowsheet and
Input 565
Interpretation of Program Qutput 565

IL. HYSYS in Process Design 581

A-IL1 The HYSYS Modeling Environment 581
A-I1.2 Steady-State Simulation 584
Acyclic Processes 584



Processes Involving Recycle 6035
Subflowsheets 609
Multistage Separation Using the Column
Subflowsheet 609
Optimization 618
A-IL3 Case Study 627
References 629

IIl. Phase Equilibria and Process Unit
Models 630

A-III.1 Phase Equilibria 630
A-III.2 Flash Vessels 630
A-IIL3 Pumps 642
A-II1.4 Compressors and Expanders 644
A-TI.5 Heat Exchangers 646
Heat Requirement Models 647
Shell-and-Tube Heat Exchangers 647
A-II1.6 Chemical Reactors 651
Stoichiometric Reactor Models 652
Equilibrium Reactor Models 654
Kinetic Reactor Models 655
A-IIL.7 Separators 666
Split-Fraction (Black Box) Models 667
Distillation: Fenske
(Winn)-Underwood-Gilliland Shortcut
Design 667
Distillation: Edmister Approximate
Group Method 672
Distillation: Rigorous Simulation Using
the Unabridged MESH Equations 673

References 679

IV. Physical Property Estimation, Solids
Handling, and Electrolytes 680

A-IV.1 Physical Property Estimation 680
Data Banks 680
Property Estimation 681
ASPEN PLUS 686
Estimating Parameters for Pure
Species 690
Selection of Property Estimation Methods
and Property Data Regression 692
A-IV.2 Nonconventional Components and
Substreams 698
Substreams 700
Stream Classes 702
A-IV.3 Solids Handling 703
A-IV.4 Electrolytes 709
Chemical and Phase Equilibrium 709
Electrolytes in Process Simulators 716
References 720

Contents

V. Residue Curves for Heterogeneous
Systems 722

VL Successive Quadratic Programming 723

A-VL1 NLP and Stationarity Conditions 723
A-VI.2 Solution of the Stationarity

Equations 724
References 725

VII. General Algebraic Modeling Systems
(GAMS) 726

A-VII1 Input File 727
Statements 728

A-VIL.2 Expanded Features: Documentation,
Variable Redeclaration, and
Display 730

A-VIL3 Expanded Features: Sets, Tables,
Parameters and Scalars, and Equation
Grouping 734

A-VI1.4 Debugging 737

References 739

VIII. Design Problem Statements 740

A-VII1.0O Contents and Introduction 740

A-VII1.1  Petrochemicals 742

A-VIII2  Petroleum Products 748

A-VIIL3 Gas Manufacture 749

A-VIII4 Foods 752

A-VIIL5S Pharmaceuticals 754

A-VIIL.6 Polymers 755

A-VIII.7  Environmental—Air Quality 758

A-VIII8 Environmental-—Water
Treatment 767

A-VIIL9 Environmental—Soil Treatment 771

A-VIII.10 Environmental—Miscellaneous 774

IX. Dynamic Simulation Using
DYNAPLUS 778

A-IX.1 Introduction 778

A-IX.2 Procedure for Dynamic Simulation 779

A-IX.3 Control-Loop Definition in
DYNAPLUS 779

A-IX.4 Tutorial Exercise: Control of a Binary
Distillation Column 780

A-IX.5 Dyramic Simulation of the MCB
Separation Process 791



