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Preface

OBJECTIVES

A principal objective of this textbook and accompanying Web site, referred to here as
courseware, is to describe modern strategies for the design of chemical products and
processes, with an emphasis on a systematic approach. Since the early 1960s, undergraduate
education has focused mainly on the engineering sciences. In recent years, however, more
scientific approaches to product and 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 product and process design. Like workers in thermodynamics; momentum,
heat, and mass transfer; and chemical reaction kinetics, product and process designers apply
the principles of mathematics, chemistry, physics, and biology. Designers, however, utilize
these principles, and those established by engineering scientists, to create chemical products
and 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 cooperation with engineer-
ing scientists—while working closely with their business colleagues.

In this courseware, the latest design strategies are described, most of which have been
improved significantly with the advent of computers, numerical mathematical program-
ming 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 innovative new products
and processes.

The first edition of this textbook focused on the design of commodity chemical processes.
While this material was updated and augmented to include new developments, the second
edition broadened this focus to include the design of chemical products, with emphasis on
specialty chemicals involving batch, rather than continuous, processing. It also introduced
design techniques for industrial and configured consumer products. This third edition
expands upon the strategies for product design beginning with the need for a project charter,
followed by the creation of an innovation map in which potential new technologies are linked
to consumer needs. Then, it focuses on the Stage-Gate™ Product-Development Process
(SGPDP) for the design of basic, industrial, and configured consumer chemical products.
Eight new case studies have been added to illustrate these product design strategies.

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
product and process design. To guide this instruction, the subject matter is presented in five
parts. The introductions to Parts One, Two, and Three show how these parts relate to the
entire design process and to each other. Part One focuses on the design of basic chemical
products, Part Two on industrial chemical products, and Part Three on configured consumer
chemical products. All of the materials are presented at the senior level.

After Chapter 1 introduces chemical product design, Chapter 2 covers the product-
development process. In so doing, the latter introduces many steps in product design that are
business oriented, for example, creating a pipeline for new product development, carrying
out a market assessment, determining customer needs, and carrying out an opportunity
assessment. Chapter 2 is, in effect, the transition chapter between Chapter 1 and Parts One,
Two, and Three, in which the technical methods of product and process design are covered,
concentrating on each of the three kinds of chemical products (basic, industrial, and
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configured consumer). Then, within each of the three parts, in Chapters 13, 15, and 17, the
new case studies are presented for eight chemical products.

More specifically, in Part One, which deals with basic chemicals, consumer needs for
chemical products are usually satisfied by meeting well-defined physical and thermophysical
properties. Usually, a search for the appropriate molecules or mixtures of molecules is
followed by process design. The concept stage of the SGPDP then focuses on process
synthesis, for which the process design procedures were established in our second edition.
Hence, Part One of our third edition contains all of the process synthesis coverage in the second
edition, updated to include additional subjects and/or improved discussions, when appropriate.

Parts Two and Three of this third edition are new. These parts begin by discussing the new
technologies upon which industrial and configured consumer chemical products are based.
Then, they present case studies involving the design of specific chemical products. While
various process/manufacturing technologies are presented, they are in connection with the
specific chemical products. Unlike for basic chemicals, whose physical and thermophysical
properties are usually well defined, the unit operations for industrial and configured consumer
chemical products usually depend on the technology platforms upon which the new products
are based; for example, extrusion, forming, and packaging devices for thin polymer films, and
mixing and homogenization devices to generate stable emulsions in pastes and creams.
Consequently, no attempt is made in our third edition to discuss general process synthesis
techniques for industrial and configured consumer chemical products. Rather, the focus is on
case studies involving specific technologies. Examples and homework exercises are provided
that enable students to master the approaches to product design—permitting them to apply
these approaches to the design of new products that involve other technologies.

Stated differently, for process design, the coverage is similar to that in our second edition.
The emphasis throughout Part One, especially, is on process invention and detailed process
synthesis; that is, process creation and the development of a base-case design(s). For the
former, methods of generating the tree of alternative process flowsheets are covered. Then,
for the most promising flowsheets, a base-case design(s) is developed, including a detailed
process flow diagram, 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
Four of this third edition.

LIMITED TIME—PROCESS OR PRODUCT DESIGN?

When limited time is available, some faculty and students may prefer to focus on process
design rather than product design. This can be accomplished, using the materials that have
been updated from our second edition, by skipping Chapter 2 and studying Parts One, Four,
and Five. In Part One, Chapters 4-12 emphasize process synthesis, simulation, and
optimization. Then, in Part Four, Chapters 18-24 cover strategies for detailed design,
equipment sizing, and optimization. Finally, Chapter 26 in Part Five covers design reports,
both written and oral.

Courses that focus on product design rather than process design could begin with
Chapters 1 (Sections 1.0-1.3) and 2. For basic chemical products, emphasis could be placed
on Chapter 3, Materials Technology for Basic Chemicals: Molecular-Structure Design;
Chapter 11, Optimal Design and Scheduling of Batch Processes; and Chapter 13, Basic
Chemicals Product Design Case Studies. Then, emphasis might shift to the innovation maps
and case studies for the industrial and configured consumer chemical products in Chapters
14-17, as well as Chapter 25, Six-Sigma Design Strategies, and Chapter 26, Design Report.
Further recommendations for product design courses are provided under Feature 2 below.

ONE OR TWO DESIGN COURSES?

In a recent survey conducted by John Wiley, with responses from 50 departments of
chemical engineering in the United States, half of the departments teach one design course
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while the other half teach two design courses. With two courses available, it is possible to
build a lecture course that emphasizes both product and process design, covering selected
subjects from Chapters 1 and 2 and Parts One through Five, depending on the subjects
covered in prior courses. Students would solve homework exercises and take midsemester
and final exams but would not work on a comprehensive design project, the latter being
reserved for a design project course in the second semester.

Alternatively, one of the two courses might focus on process design with the other
focusing on product design. For such a sequence, this textbook provides instruction in most
of the topics covered in both courses.

For departments with just one design course, a comprehensive process design project
would be included. For such a course, instructors must be more careful in their selection of
lecture materials, which should be presented in time for their use in solving the design
project. Note that single design courses are often offered by departments that cover design-
related topics in other courses. For example, many departments teach economic analysis
before students take a design course. Other departments teach the details of equipment
design in courses on transport phenomena and unit operations. This textbook and its Web
site are well suited for these courses because they provide much reference material that can
be covered as needed.

PROCESS SIMULATORS

Throughout this courseware, various methods are utilized to perform extensive process
design 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, ASPEN HYSYS, UNISIM,
PRO-II, CHEMCAD, FLOWTRAN, BATCH PLUS, and SUPERPRO DESIGNER. 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 and simple heuristics.

PLANTWIDE 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; consequently, the need to assess their controllability gains importance. Chapter
12, Plantwide Controllability Assessment teaches students a simple strategy for qualita-
tively configuring plantwide control systems in the concept stage of process design. It is
recommended that this strategy be used during the concept stage to screen potential plants
for ease of control, noting that the reliability of the screening is significantly enhanced by
employing the quantitative methods provided in the file, Supplement_to_Chapter_12.pdf,
in the PDF Files folder, which can be downloaded from the Wiley Web site associated with
this book.

FORMAT OF COURSEWARE

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
specifics have been provided in the chapters concerning the software packages involved.
Instead, multimedia modules have been developed to give many examples of the simulator
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input and output, with frame-by-frame instructions, to discuss the nature of the models
provided for the processing units, with several example calculations presented as well.
These modules, which can be downloaded from the Wiley Web site associated with this
book, www.wiley.com/college/seider, use voice, video, and animation to introduce new
users of steady-state simulators to the specifics of two of the most widely used process
simulation programs, ASPEN PLUS and HYSYS (either ASPEN HYSYS or UNISIM).
These include several tutorials that provide instruction on the solution of problems for
courses in material and energy balances, thermodynamics, heat transfer, separations, and
reactor design. In many cases, students will have been introduced to process simulators in
these courses. Also, video segments show portions of a petrochemical complex in
operation, including distillation towers, heat exchangers, pumps and compressors, and
chemical reactors. The Web site also includes files, in the Program and Simulation
Files folder, that contain the solutions for more than 60 examples using either ASPEN
PLUS or HYSYS, as well as problems solved using GAMS, an optimization package, and
the MATLAB scripts in Chapter 12. The files are referred to in each example and can
easily be used to vary parameters and explore alternative solutions.

As indicated in the Table of Contents for the textbook, supplemental sections of several
chapters are provided in PDF files on the Web site, in the PDF Files folder, with only a brief
summary of the material presented in the textbook. Furthermore, Appendix II provides a
list of design projects whose detailed statements are provided in the file, Supplement_
to_Appendix_IL.pdf, in the PDF File folder on the Web site. These involve the design of
chemical products and processes in several industries. Many are derived from the petro-
chemical industry, with much emphasis on environmental and safety considerations,
including the reduction of sources of pollutants and hazardous wastes and purification
before streams are released into the environment. Several originate in the biochemical
industry, including fermentations to produce pharmaceuticals, foods, and chemicals. Others
are involved in the manufacture of polymers and electronic materials. Each design problem
has been solved by groups of two, three, or four students at the University of Pennsylvania,
with copies of their design reports available through Interlibrary Loan from the Engineering
Library at the university.

INSTRUCTOR RESOURCES

Solutions Manual

Image Gallery

Lecture Slides

Recitation Slides

Sample Exams and Solutions
Module Instruction Sequence

These resources are password protected. Please visit the website at www.wiley.com/college/
seider to register for a password.

ADVICE TO STUDENTS AND INSTRUCTORS

In using this textbook and its Web site, students and instructors are advised to take advantage
of the following five features:

Feature 1: Key Steps in Product and Process Design

The textbook is organized around the key steps in product and process design shown in
Figures PIL.1 (p. 56), PIL.1 (p. 372), and PIIL.1 (p. 408). 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 subjects. Instructors may wish to refer
to these figures often while teaching process and/or product design.
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Students can study Chapters 4, 5, and 6 in sequence. Although these chapters provide
many examples and exercises, the multimedia modules which can be downloaded from the
Web site can be referred to for details of the process simulators. Chapters in the remainder of
Part One and in Part 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 Chapters 4 and 6,
learn algorithmic methods in Chapter 9, learn the strategies for designing heat exchangers
and estimating their costs in Part Four (Chapters 18 and 22), and learn the importance of
examining the controllability of heat exchanger networks in Chapter 12.

Instructors can begin with Chapters 4, 5, and 6 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 students can use when carrying out their design projects. In a
typical situation of teaching students to (1) generate design alternatives, (2) select a base-
case design, and (3) carry out its analysis, the textbook enables the instructor to emphasize
one or more of the following subjects: synthesis of chemical reactor networks (Chapter 7),
synthesis of separation trains (Chapter 8), energy efficiency (heat and power integration, and
lost work analysis—Chapter 9), process unit design (e.g., heat exchangers—Chapter 18),
and plantwide controllability assessment (Chapter 12).

Feature 2: Numerous Product Design Examples

This textbook introduces the key steps in product design with numerous examples. These
steps have been developed with the assistance and recommendations of successful practi-
tioners of product design in industry.

Students can begin in Sections 1.1, 1.2, and 1.3 to learn, when developing new products,
about: (1) the infrastructure of an operating business unit in a large manufacturing operation;
(2) product- and technology-development frameworks; (3) the distinctions between basic,
industrial, and configured consumer chemical products; and (4) innovation maps that show
the links between new technologies and customer needs. Then, in Chapter 2, they can learn
the steps in the product-development process, including creating a project charter, carrying
out a market assessment, determining customer needs, and carrying out an opportunity
assessment, among many others. In Part One, on Basic Chemicals Product Design, in
Chapter 3, they can learn to find chemicals and chemical mixtures having desired properties
and performance; that is, to carry out molecular-structure design. Chapter 4 shows how to
synthesize a batch process for the manufacture of tissue plasminogen activator (tPA)—a
protein that helps dissolve clots to reduce the chances of a stroke or heart attack—and
Chapter 5 introduces the methods of batch process simulation as applied to the tPA process.
Then, students can turn to Chapter 12 to learn how to optimize the design and scheduling of
batch processes. Both Parts Two and Three concentrate on the design of more complex
chemical products—industrial chemicals and configured consumer chemical products.
Chapters 14 and 16 show how to create innovation maps that link new technologies to
customer needs for five different products. The use of these innovation maps alerts students
to the importance of patents in the development of new products. Chapters 15 and 17 present
case studies of product designs.

Instructors can create a course in product design using the materials and exercises
referred to in the preceding paragraph. The product designs in Chapters 13, 15, and 17 can be
expanded upon and/or used as the basis of design projects for student design teams. In our
experience, students can frequently formulate their own product design projects based on
their own experience and awareness of consumer needs.
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Feature 3: Process Synthesis—Heuristic to Algorithmic Methods

Process synthesis is introduced using mostly heuristics in Chapters 4 and 6, whereas
Chapters 7—11 provide more detailed algorithmic methods for chemical reactor network
synthesis, separation train synthesis, heat and power integration, mass integration, and the
optimal design and sequencing of batch processes.

This feature enables the student to begin carrying out process designs using easy-to-
understand rules of thumb when studying Chapters 4-6. As these ideas are mastered, the
student can learn algorithmic approaches that enable him or her to produce better designs.
For example, Chapter 4 introduces two alternative sequences for the separation of a three-
component mixture (in the vinyl-chloride process), whereas Chapter 8 shows how to
generate and evaluate many alternative sequences for the separation of multicomponent
mixtures, both ideal and nonideal.

This organization provides the instructor the flexibility to emphasize those subjects
most useful to his or her students. Chapters 4—6 can be covered fairly quickly, giving the
students enough background to begin work on a process design-oriented project. This can
be important at schools where only one semester is allotted for the design course. Then,
while the students are working on their design projects, the instructor can cover more
systematic, algorithmic methods, as well as optimization methods, which students can
apply to improve their designs. In a typical situation when covering Chapters 4—6, 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 8, the students would begin to take advantage of more advanced separation
methods.

Feature 4: Process Simulators

Process simulators (steady state, dynamic, and batch) are referred to throughout the
textbook (e.g., ASPEN PLUS, ASPEN HYSYS, UNISIM, CHEMCAD, PRO/II, ASPEN
DYNAMICS, BATCH PLUS, and SUPERPRO DESIGNER). These simulators permit
access to large physical property, equipment, and cost databases, and the examination of
aspects of numerous chemical processes. Emphasis is placed on the usage of simulators to
obtain data and perform routine calculations.

Through the use of the process simulators, which are widely used in industry, 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 multimedia
modules, which can be downloaded from the Web site, provide 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 4, examples show
how to use simulators to assemble a preliminary database and perform routine calculations
when computing heat loads, heats of reaction, and vapor/liquid equilibria. Then, in Chapter
5, two examples show how to use the simulators to assist in the synthesis of toluene
hydrodealkylation and monochlorobenzene separation processes. Most of the remaining
chapters include examples of the use of simulators to obtain additional information,
including equipment sizes, costs, profitability analyses, and the performance of control
systems.

Because the book and Web site contain so many routine self-study 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
Web site, with emphasis on ASPEN PLUS and HYSYS (ASPEN HYSYS and UNISIM)
students obtain the details they need to use the simulators effectively, saving the instructor
class time, as well as time in answering detailed questions as the students prepare their
designs. Consequently, 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 in the text and the encyclopedic modules and
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tutorials on the Web site to learn how to obtain physical property estimates, heats of reaction,
flame temperatures, and phase distributions. Then, students learn how to create a reactor
section, using the simulators to perform routine material and energy balances. Next, they
create a separation section and may eventually add recycle streams. Thanks to the coverage
of the process simulators in Chapters 4—6 and the Web site, instructors need review only the
highlights in class.

Feature 5: Detailed Design Techniques

Part Four includes chapters that provide instruction and examples of the design of heat
exchangers; multistage and packed towers; pumps, compressors, and expanders; and
polymer compounding devices (extruders). In addition, Chapter 22 provides guidelines
for selecting processing equipment and equations for estimating the purchase costs of a
broad array of equipment items. Furthermore, this chapter shows how to use the Icarus
Process Evaluator (IPE) of Aspen Tech, along with the process simulators, to estimate
purchase costs and the total permanent investment for a chemical plant.

Students can use the chapters in Part Four when carrying out their design projects. In this
book, most of the information they need for estimating equipment sizes, purchase costs, and
operating costs and for carrying out profitability analyses is provided.

Instructors can use the chapters on equipment design to supplement or provide review of
the subjects covered in earlier courses, selecting topics most appropriate for their students.
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Chapter 1

Introduction to Chemical Product Design

1.0 OBJECTIVES

This chapter introduces a broad array of considerations that confront chemical engineers in developing new chemical products
and processes. It also introduces a framework typically used for developing new products, together with innovation maps to
help identify the connections between technological inventions and the voice of the customer. Special emphasis is placed on the
growing importance of protecting the environment and ensuring safe and reliable chemical products, as well as manufacturing
facilities, considerations that are prominent in the minds of product and process design teams. In addition, this chapter has a
section that introduces the crucial role of engineering ethics in the work of product and process designers.

After studying this chapter, the reader should:

1. Be knowledgeable about the organizational structures involved in product and process design, and their

interactions, at chemical companies.

2. Have an appreciation of the key steps in carrying out a product and/or process design, including the Stage-Gate™

product- and technology-development framework.

3. Be aware of the many kinds of environmental issues and safety considerations prevalent in the design of new

chemical products and processes.

4. Appreciate the importance of maintaining high ethical principles in product and process design.

Although you will not solve any design problems in this chapter, you will obtain the background information that will
be expanded upon and referred to throughout the remaining chapters of this text.

1.1 INTRODUCTION

In the last few decades of the 20th century, chemical engi-
neering graduates became increasingly involved in the devel-
opment of new consumer products. The shift away from
traditional process design activities, which dominate the
manufacture of basic chemicals, coupled with the lack of
education in product design, have left new chemical engi-
neering graduates inadequately prepared for the challenge.
To counter this, their employers have included them on new
product-development teams, providing on-the-job training,
through exposure to the art of developing new products as
practiced by experienced engineers. Because this strategy
has had just limited success, the third edition of this textbook
is intended to define the principles of the new product-
development and design process, while continuing to cover
the basic principles of process design.

Large manufacturing corporations, such as GE (General
Electric Company), P&G (Procter & Gamble), 3M (formerly
Minnesota Mining and Manufacturing Company), Motorola,
Nortel (formerly Northern Telecom Limited), Apple (for-
merly Apple Computer), and many others, have created, over

many years, a working structure that supports the new
product-development process, as illustrated in Figure 1.1.
The origin of a new product idea often derives from the
interactions among these organizations and their interactions
with their customers. In the remainder of this section, the
roles of organizations involved in product design are dis-
cussed, one-by-one, focusing on: (1) building external and
internal relationships, (2) anticipating changes in the mar-
kets, and (3) providing intellectual property protection.
The business-development role in a typical company
includes corporate alliances, new business development,
sales and marketing, major account management, and merg-
ers and acquisitions. To achieve this, business professionals
are active in building and managing relationships, both
external and internal, and in anticipating business changes.
The management of external relationships includes network-
ing to establish and maintain relationships with business
leaders; understanding business issues, needs, and trouble
areas; learning the customer’s corporate structures; and
working with the decision makers in their major accounts.
The management of internal relationships includes gaining a

1
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Figure 1.1 Infrastructure of an operating business unit in a
large manufacturing corporation

thorough understanding of the business; building relation-
ships with the key decision makers within their organiza-
tions; and educating the company about the market
conditions.

Another key role of business professionals is in anticipat-
ing changes in the marketplace, including close observation
of market trends; understanding emerging technologies
and their implications in the marketplace; and critically
evaluating current solutions and anticipating future dominant
market solutions. The organization is staffed with business-
development professionals, career sales and marketers, and in
some cases, seasoned technical professionals with technical
service or product-application backgrounds.

In parallel, the technology-development role in a typical
company includes strategic technology planning, new tech-
nology development, technology commercialization, and
technology protection. To achieve this, technical professio-
nals are active in managing technology, both external and
internal, and anticipating technological changes. The man-
agement of external relationships includes networking to
establish and maintain relationships with technology leaders
at leading research universities, independent research insti-
tutions, national laboratories, and venture capitalists and
technology incubators; and understanding technological
issues and needs in the market segments of interest. The
management of internal relationships includes gaining a
thorough understanding of the strategic plan of various
businesses within the company and aligning the
technology-development efforts with these strategic plans;
building relationships with key decision makers (that is, new-
technology early adopters); and tracking and educating the
company about technology trends and emerging future dom-
inant technologies in the marketplace.

Another key role is in managing technology protection for
the company, including management of the submission of
inventions, patent filing and prosecution, patent portfolio
management, and tracking the patent portfolios of their major
competitors. This normally involves a group of intellectual-
property lawyers and professionals that works closely with
the technology-development organization.

Depending on the size of the company, each business unit
or subsidiary may have its own laboratory to support its

business, in addition to a corporate-wide R&D (research and
development) organization. In this situation, the latter
focuses on longer-term technology development, while the
former concentrates on shorter-term development. Naturally,
these efforts must be synchronized to the extent possible.
Most R&D organizations are comprised of chemical engi-
neering, chemistry, biology, physics, materials science,
mechanical engineering, electrical engineering, and com-
puter science graduates, especially those with advanced
degrees, who have been trained to carry out research and
develop new technologies.

The product-development role in a typical company
includes strategic product planning, new product develop-
ment, product launch, customer service, and product protec-
tion. To achieve this, product-development professionals
focus on the products. While the business-development
and technical professionals are active in managing business
relationships and technologies, the product-development
professionals manage products, both external and internal,
and anticipate product offering changes. The management of
external relationships includes networking to establish and
maintain relationships with early product adopters, such as
product design centers in their market segments; and under-
standing product issues, needs, and trouble areas in the
market segments of interest. The management of internal
relationships includes gaining a thorough understanding of
the strategic product-offering plans of various segments of
the business and aligning the product-development efforts
with these strategic plans; building relationships with the key
decision makers; and educating the company about product
trends and changes in the marketplace.

When anticipating changes in the marketplace, the
product-development professionals focus on the emerging
products and their trends; understanding the emerging tech-
nologies and their implications for potential product offer-
ings in the marketplace; critically evaluating current product
solutions and product offering changes by their major com-
petitors; and extrapolating potential market needs. These
professionals have a similar role to the technical professio-
nals in the protection of intellectual property, where the focus
is on managing product protection, including the manage-
ment of the submission of product inventions, patent filing
and prosecution, and product patent portfolio management.
They, too, work closely with a group of intellectual-property
lawyers and professionals. The product-development organ-
ization is somewhat broader than the R&D organization,
being staffed with multidisciplinary engineering professio-
nals, including chemical engineering graduates, often with
bachelor’s and graduate degrees.

Finally, the manufacturing role in a typical company
includes strategic manufacturing planning, new manufactur-
ing process development and qualification, manufacturing
supply-chain development, raw-material sourcing, and
product-quality assurance. To achieve this, manufacturing
professionals are active in managing the manufacturing of
various products, both external and internal, and anticipating



manufacturing-technology changes. The management of the
external relationships includes networking to establish and
maintain relationships with toll manufacturing facilities and
engineering companies; and understanding product-
manufacturing issues, needs, and trouble areas. The manage-
ment of internal relationships includes gaining a thorough
understanding of the strategic product-manufacturing plan of
various product platforms and aligning the manufacturing-
technology development effort with these strategic plans;
building relationships with key decision makers; and edu-
cating the company about product-manufacturing trends and
changes in the marketplace, including outsourcing and
multiple-sourcing practices.

When anticipating changes in the marketplace, like the
product-development professionals, the manufacturing pro-
fessionals focus on the emerging manufacturing technologies
and practices and their impact on manufacturing yield, cost,
and product-quality assurance, as well as extrapolating future
manufacturing needs. The manufacturing organization is
normally staffed with engineering professionals, including
chemical engineering graduates with a broad background.

To run a large company smoothly, and achieve a com-
pany’s goals, the four organizations in Figure 1.1 must
communicate, collaborate, and work together closely and
effectively. As companies grow, the management of these
interactions becomes more difficult, but remains crucial to
the success of the company. Design teams have become
increasingly interdisciplinary and more distributed around
the world—as businesses have become more globally ori-
ented, providing products for local markets as well as for
customers with differing needs worldwide. Beginning in the
next section, and extending into Chapter 2, a framework to
facilitate these interactions during the early stages of the
product-development process is discussed. It arranges for the
concerted effort of these four organizations in the successful
introduction of new products.

The remainder of this book, however, focuses mainly on
just the two principal building blocks involving engineers
and scientists: technology development and product develop-

Stage-Gate™ Technology Development

1.2 Product- and Technology-Development Framework 3

ment, together with their interactions. While the roles of
business development and manufacturing development are
discussed, they are not the foci of the product design dis-
cussions. In recent years, many major companies have
adopted the Stage-Gate™ Product-Development Process
(SGPDP) to manage product design. The success of the
commercialization of a new technology often hinges on
connecting the new technology to the market, with the
connections between new technologies and the market needs
being new products. In the next two sections, the concept of
the innovation map is introduced to help locate the connec-
tions between various technologies (materials, process/man-
ufacturing, and product technologies) and the market needs.

1.2 PRODUCT- AND TECHNOLOGY-
DEVELOPMENT FRAMEWORK

Consider, in Figure 1.1, the two building blocks: technology
development and product development, and their interac-
tions. In recent years, as discussed above, many companies
have adopted the Stage-Gate™ Product-Development Pro-
cess (SGPDP) to manage the latter (Cooper, 2005). For the
former, very recently Cooper (2001, 2002) introduced the
Stage-Gate ™ Technology-Development Process (SGTDP).
Together, these provide a combined framework for the
technology- and product-development processes, as shown
in Figure 1.2.

The Stage-Gate™ Technology-Development Process
(SGTDP™) is comprised of three stages: technology scoping,
technology assessment, and technology transfer. Technology
scoping is a relatively inexpensive stage of brief duration
involving idea generation, literature searching, and evaluating
alternative ways for conducting the technology-development
project. The technology assessment stage is more extensive, as
it is designed to demonstrate technical feasibility; that is, to
show that a new technology functions properly and is worthy
of further attention. The fechnology transfer stage usually
involves a full experimental and/or modeling effort to advance
the technology and justify the identification of potential

Technology Technology Technology
Scoping ’ O " Assessment [ O ’ Transfer
v v
Concept »<}> Feasibility »<>—> Development »<>—>

Figure 1.2 Stage-Gate™
technology- and product-

Product

Manufacturing Introduction

Stage-Gate™ Product Development

development framework
(Cooper, 2001, 2002)



4 Chapter 1 Introduction to Chemical Product Design

applications, products, and/or new manufacturing processes.
During this latter stage, potential new products may be
identified and defined, with preliminary market and business
analyses conducted. Often, connections to potential business
partners are identified and explored to learn their potential
interests in technology transfer. When technology transfer
takes place, ideally it is connected to a product-development
effort, and is most likely to be transferred to the concept or
feasibility stages of the Stage-Gate™ Product-Development
Process (SGPDP) shown in Figure 1.2.

While the technology-development process (SGTDP) is not
discussed in detail in this textbook due to space and scope
limitations, it is important to note that not all technology-
development efforts yield new products immediately. Often
the new technologies, while successfully demonstrated, are
ahead of their time, not finding a place in the market until long
after they are developed. In fact, some new technologies never
reach the market, or quickly fail in the marketplace, for reasons
including a lack of customer acceptance, business infeasibility,
and obsolescence relative to other new technologies. The
network PC falls in the category of failed customer acceptance;
no one wants a terminal when he or she can have a full-blown
PC. Some new technologies result in a single product or a
family of products having a wide range of applications. In the
latter case, the terminology technology platform is often used.
Examples include the Internet, polymers, wireless, lighting,
and display technologies, and many others.

As shown in Figure 1.2, the SGPDP consists of five stages:
concept, feasibility, development, manufacturing, and prod-
uct introduction. These are discussed in Section 2.3.

1.3 INNOVATION MAP AND CLASSES OF
CHEMICAL PRODUCTS

This section begins with an introduction to the innovation
map (Widagdo, 2006), which was developed to help identify
the connections between various technological inventions
(materials, process/manufacturing, and product technolo-
gies) and the voice of the customer (market or customer
needs). It is these connections, or intersections in space, that
present new product opportunities. The innovation map helps
to connect the technology developers to the product devel-
opers and their customers (end users and business-to-
business customers). It can also be used to identify product
platforms or families, and strategies to protect both the
technological inventions and the product innovations.

Invention and Innovation. These terms are often used
interchangeably in a casual discussion and presentation.
More formally, invention refers to a scientific discovery
with a clear technical advantage over the current state-of-
the-art, and is generally protected by a patent. Innovation, the
favorite word of Bill Gates when he discusses products
produced by Microsoft, is, on the other hand, the creation
of business/economic value through differentiations (tech-
nical, business, sales, marketing, customer service, product,

etc.). The transformation of these differentiations into cus-
tomer values, satisfying a customer-value proposition, dis-
cussed below, is the key for successful new product
development. Product differentiation is important to differ-
entiate internally a family of product offerings and to differ-
entiate their products from those of the competition.

Innovation Map

A product-development effort can be fechnology or market
driven. A market-driven, new product development starts
with a known market or customer need for a solution. A
good example of a market-driven technology is Scotch®™
Magic™ Tape of the 3M Company. In 1959, when the Xerox
plain-paper photocopier using xerography began replacing
the Photostat copier, which produced a negative print, a new
erabegan. Consumers could now paste up a sheet to be copied,
using pieces cut from various sources. The pieces could
be pasted onto the sheet or fastened to the sheet with cello-
phane tape. However, the Xerox copy would clearly show the
outline of the piece if pasted or a smudged surface where
cellophane tape was used. Scotch™ Magic™ Tape, with its
frosty matte finish and absence of acetate that reflects light,
came to the rescue. This tape was invisible on the Xerox copy.

On the other hand, a technology-driven, new product
development begins with a technological invention, involv-
ing materials, process/manufacturing, and/or product tech-
nologies. Such an invention was the PC (personal computer),
whose future was predicted in 1962 by John W. Mauchly,
who in 1944 at the University of Pennsylvania, with J.
Presper Eckert, designed the ENIAC, the first general-
purpose, electronic, digital computer. At that time, the future
need for PCs was predicted by very few prognosticators.

In either case (market driven or technology driven), it is
necessary to match the market/customer needs with the
technological invention. The successful match creates prod-
uct innovation, with the innovation map providing the link-
ages between the technology and market voices. These
linkages, while straightforward to create, are often over-
looked outside of the business world, as the technology and
market voices are often owned by the different organizations
illustrated in Figure 1.1.

For example, in many companies, the technology voice is
owned by the Technology-Development (R&D) organization
while the market voice is owned by the Business-
Development (Sales/Marketing) organization, with commu-
nication gaps created inadvertently between these organiza-
tions. The creation of the innovation map helps to bridge
these gaps. Clearly, the R&D organization concentrates on
technical differentiations, such as higher manufacturing
speeds, lower evaporation rates, higher melting points, etc.
However, the technical staff often focuses on these attributes
without translating them adequately into customer values;
that is, without a focus on the customer-value proposition.
For example, isophthalic acid was first produced in 1955 as a
highly touted replacement for the well-established product



phthalic anhydride, because the acid was clearly superior to
the anhydride for applications in synthetic coatings for wood
and metal, home paint, automobile and appliance finishes,
and such plastic articles as luggage and lightweight boats.
However, consumers were unwilling to pay the 15 percent
higher cost for the acid and the plant was eventually shut
down.

From the other perspective, as the Sales/Marketing organ-
ization focuses on the customer-value proposition, it may
undervalue the advantages of the technical differentiation. In
many cases, the creation of these linkages in the early design
stages has been crucial to successful new-product commer-
cialization. For success, the necessary and sufficient tech-
nological components for a new product to deliver the
intended solution to market or customer needs must be
identified.

The innovation map, many examples of which are shown
later, relates the technological components of product devel-
opments to the technical advantages—that is, showing the
technical differentiation—and ultimately to the satisfaction
of the customer-value proposition. The construction of an
innovation map begins with the identification of its six layers
and the various elements associated with each layer:

Materials Technology: materials that enable the new
product.

Process/Manufacturing Technology: processes that ena-
ble the manufacturing of the new product or its com-
ponents.

Product Technology: product components or precursors,
usually intended for business-to-business customers
and not for end users.

Technical-Value Proposition: technical differentiations or
advantages.

Products: a single product, product family, or product
platform.

Customer-Value Proposition: product attributes, advan-
tages, and differentiations, expressed from the customer
point of view.

1.3 Innovation Map and Classes of Chemical Products 5§

Once the elements are identified and placed on the appro-
priate layers in the map, the connectivity among them is
drawn to show the interplay between the technological
elements, the technical-value proposition, and ultimately
the customer-value proposition.

The innovation map evolves during product design, being
updated periodically during the new product-development
and commercialization processes. Often, product-
development leaders use innovation maps to manage new
product-development efforts, and to spot unmet customer
needs as targets for next-generation products.

Here, innovation maps are introduced for three kinds of
chemical products: basic chemicals, industrial chemicals,
and configured consumer products. But, first, this introduc-
tion is preceded by a definition and discussion of these three
classes of products.

Classes of Chemical Products

Thousands of chemical products are manufactured, with
companies like 3M having developed over 60,000 chemical
products since being founded in 1904. Who has not used
3M’s Magic Tape™? The scope of chemical products is
extremely broad. They can be roughly classified as: (1) basic
chemical products, (2) industrial products, and (3) configured
consumer products.

As shown in Figure 1.3a, basic chemical products are
manufactured from natural resources. They include commod-
ity and specialty chemicals (e.g., commodity chemicals—
ethylene, acetone, vinyl chloride; and specialty chemicals—
difluoroethylene, ethylene glycol monomethyl ether, diethyl
ketone), biomaterials (e.g., pharmaceuticals, tissue implants),
and polymeric materials (e.g., ethylene copolymers, poly-
vinyl chloride [PVC], polystyrene). They normally involve
well-defined molecules and mixtures of molecules, and are
normally not sold directly to the consumer.

The manufacture of industrial chemical products begins
with the basic chemical products, as shown in Figure 1.3b.
Industrial chemical products include films, fibers (woven and

Basic Chemical Products
Natural Manufacturing (Commoghty anq Specialty Chcmlcals,
Resources Process Biomaterials, Polymeric
Materials)
()
Basic Manufacturi Industrial Product
Chemical anufacturing ‘ _ Industrial Products
Process (Films, Fibers, Paper, Creams, Pastes, ...)
Products
(®)
Configured Consumer Products
Basic Chemicals Manufacturing (Dialysis Devices, Post-it Notes,
Industrial Products Process Transparencies, Drug Delivery
Patches, Cosmetics, ....)

(©

Figure 1.3 Manufacture of chemical products
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nonwoven), paper, creams, and pastes. While they are char-
acterized by thermophysical and transport properties (like
basic chemicals), other properties are normally dominant
in satisfying customer needs, including microstructure,
particle-size distribution, and functional, sensorial, rheolog-
ical, and physical properties. See the introduction to Part Two
for more specifics. Like basic chemicals, few industrial
chemicals are purchased by the consumer.

Finally, as shown in Figure 1.3c, configured consumer
chemical products are manufactured from basic chemical and
industrial chemical products. These include dialysis devices,
hand warmers, Post-it notes™, ink-jet cartridges, detachable
wall hangers, solar desalination devices, transparencies for
overhead projectors, drug-delivery patches, fuel cells, cos-
metics, detergents, pharmaceuticals, etc. Unlike basic and
industrial chemical products, configured consumer chemical
products are normally sold to the consumer. In most cases,
they are characterized by properties similar to those of
industrial chemicals and, in some cases, their three-
dimensional configurations are crucial in satisfying consumer
needs. For more specifics, see the introduction to Part Three.

Many chemical products, especially specialty products,
are manufactured in small quantities, and the design of a
product focuses on identifying the chemicals or mixture of
chemicals that have the desired properties, such as strength,
stickiness, porosity, permeability, and therapeutic effective-
ness, to satisfy specific consumer needs. For these, the
challenge is to create a product that can be protected by
patents and has sufficiently high market demand to command
an attractive selling price. After the chemical mixture is
identified, it is often necessary to design a manufacturing
process, often involving small-batch operations.

Other chemical products, often referred to as commodity
chemicals, are required in large quantities. These are often
intermediates in the manufacture of specialty chemicals and
industrial and configured consumer products. These include
ethylene, propylene, butadiene, methanol, ethanol, ethylene
oxide, ethylene glycol, ammonia, nylon, and caprolactam (for
carpets); together with solvents like benzene, toluene, phenol,
methyl chloride, and tetrahydrofuran; and fuels like gasoline,
kerosene, and diesel. These are manufactured in large-scale
processes that produce billions of pounds annually in con-
tinuous operation. Since they usually involve small, well-
defined molecules, the focus of the design is on the process to
produce these chemicals from various raw materials.

Often chemicals originate in the research labs of chemists,
biochemists, and engineers who seek to satisfy the desires of
customers for chemicals with improved properties for many
applications (e.g., textiles, carpets, plastic tubing). In this
respect, several well-known products, such as Teflon™
(polytetrafluoroethylene), were discovered by accident. At
DuPont, a polymer residue that had accumulated in a lab
cylinder of tetrafluoroethylene was found to provide a slip-
pery surface for cookware, capable of withstanding temper-
atures up to 250°C, among many similar applications. In
other cases, an inexpensive source of a raw material(s)

becomes available and process engineers are called on to
design processes that use this chemical, often with new
reaction paths and methods of separation.

Basic Chemicals Innovation Maps

Because basic chemicals are usually well-defined molecules
and mixtures of molecules, without complicating functional,
sensorial, rheological, and physical properties that normally
characterize industrial chemicals and configured consumer
chemical products, technological inventions are normally
associated with new materials, and less often with new
process/manufacturing and product technologies. Hence,
their innovation maps are usually the simplest, as illustrated
next for a new environmentally friendly refrigerant.

As discussed in Section 3.2, beginning in the 1930s,
Thomas Midgely, Jr., sought to develop a refrigerant product
for a broad range of household, automotive, and industrial
applications. Over the next 50 years, this led to several
inventions that, while successful in many respects, led to
serious ozone-depletion problems in the earth’s stratosphere.
Consequently, in the 1980s, it became necessary to find
alternative, environmentally safe refrigerants.

The progression of materials inventions through the 20th
century, together with the customer-value proposition (that
is, customer needs), is shown in the innovation map of Figure
1.4, and discussed in detail in Section 3.2. Suffice it to
observe, at this point, that both proceed in parallel, with
the customer initially seeking low-cost refrigeration and air
conditioning, involving nontoxic chemicals that are safe (that
is, nonflammable), and subsequently adding the require-
ments to avoid ozone depletion and smog production. Mean-
while, in response, Midgely began by restricting his search to
compounds involving C, N, O, S, and H atoms with the
halogens F and Cl, having high latent heats of vaporization,
low viscosity, and low melting points. In the 1980s, when
ozone and smog problems were identified, the search was
restricted to compounds involving C, H, and F, eventually
with the addition of O and S, but with the omission of Cl.

Of special note in Figure 1.4 are the two intermediate
layers of the innovation map. The elements above the mate-
rials technology layers show technical differentiations that
are enabled by the new materials technologies, in this case the
newly identified classes of compounds being considered for
the new products, which are displayed in the next upper layer.
These products, including the freons HFC 134a, . . . , are, in
turn, linked to the satisfaction of the customer needs in the
uppermost layer.

Clearly, as time passes, the innovation map becomes more
complete. Initially, it shows the early technologies and how
they were linked to the first products that satisfied consumer
needs. Then it shows how newer technologies led to products
that satisfied needs not envisioned initially. When seeking to
create the next generation of new products, a design team
finds it helpful to identify the latest technologies available
while seeking to understand consumer needs, even when they
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Figure 1.4 Environmentally friendly refrigerant innovation map (also Figure 3.1)

are dormant (possibly because consumers don’t recognize
the potential for the new technologies). Gradually, as the
team begins its product design, it seeks to fill in the new
technologies and the customer needs, and to create outstand-
ing new products that link them together. In short, when
beginning to develop a new product, an innovation map can
help to suggest new products that provide these linkages.
Gradually, during the product-development process, the
technologies and customer needs can be refined, leading
to improved products.

The innovation map in Figure 1.4 is further developed and
discussed in detail in Section 3.2, where optimization algo-
rithms are presented to search for the new refrigerant
products.

Industrial Chemicals Innovation Maps

Industrial chemicals are normally characterized by proper-
ties beyond those of molecular structure and composition.
For example, pastes and creams are colloids that are char-
acterized by microstructures and particle-size distributions,
among other properties. Often, to achieve stable emulsions or
the like, new products involve the design of new process/
manufacturing techniques, such as microscale mixing
and extrusion devices. Similarly, fibers, both woven and
nonwoven, often involve high-throughput extrusion devices
that provide uniform diameters and the like. For these
reasons, the innovation maps for industrial chemicals usually
involve an additional new-technology layer, that is, the
process/manufacturing layer. This is illustrated next for
thin glass substrates in LCD displays.

Active-matrix, liquid-crystal displays (AM-LCD) consist
of two glass layers with liquid-crystal materials sandwiched
between these two substrates. The front glass layer, known as
the front panel, has a color filter embedded on it, and the rear

glass layer, known as the back panel, has embedded elec-
tronic switches (electrodes and transistors). The back panel,
on which amorphous silicon is deposited, must: (1) be able to
withstand processing temperatures up to 400°C without
significant deformation; (2) be transparent at 350 nm for
photolithography on the amorphous silicon; (3) have a
coefficient of thermal expansion (CTE) similar to that of
amorphous silicon; and (4) contain no elements that con-
taminate silicon, especially alkali cations. In summary, panel
makers require that the LCD glass substrates have high
thermal and dimensional stability, high durability (when
exposed to etching chemicals), be alkali free, and be com-
patible with downstream processes that manufacture the
front and back panels.

As discussed in detail in Section 14.2, specialty glass has
been the leading technology for LCD substrates, with the
market leader since the 1980s being Corning Incorporated.
Based upon their technologies, Figure 1.5 introduces an
innovation map that traces the development of specialty
glasses (at the lowest level) to satisfy the needs of the
manufacturers of LCD front and back panels (at the highest
level). At this point, it should be sufficient to become familiar
with the development of the new materials and process/
manufacturing technologies that satisfy the increasingly
demanding customer needs. A more thorough discussion
is given in Section 14.2.

At the lowest level of the innovation map, Corning, in
1987, introduced the Corning-7059 glass substrate, that is,
a barium boron silicate (BaO-B,03-Al,03-Si0,) glass.
Unfortunately, although it used an effective high-viscosity
glass-fusion process, its CTE was too high, causing defor-
mation at low temperatures. At the highest level of the
innovation map, it satisfied customer needs for transparent
and alkali-free substrates, but didn’t provide a sufficiently
low CTE and durability when exposed to etching chemicals.
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crystal displays (LCDs)

To satisfy these customer needs, Corning, beginning in
1994, introduced three new products based upon new mate-
rials technologies. The Corning-1737 glass substrate
replaced BaO with an optimized mix of four alkaline-earth
compounds: MgO, CaO, SrO and BaO, which provided
improved technical differentiations, that is, a lower CTE
(3.8 compared with 4.6 ppm/°C, providing a closer match to
the CTE of «-Si), a higher strain point, a lower density (2.55
compared with 2.74 g/cc), a higher modulus (with less
sagging), higher durability, and a very high liquidus viscosity
that enables precision sheet forming.

Subsequently, in 2000, Corning introduced Eagle™ 2000
LCD substrates, which replaced all of the BaO and most of
the SrO with CaO, further lowering the CTE and density, and
further increasing the strain-point temperature. In addition,
the amount of boron oxide was increased to minimize the
liquidus temperature and lower the melting point.

Also in this period, Corning filed patents on a novel glass-
fusion process (that is, a new process/manufacturing tech-
nology), in which the molten glass mixture is fed to a trough,
called an isopipe (Helfinstein et al., U.S. Patent 6,974,786).
The molten glass evenly overflows the two longitudinal sides
of the isopipe, fusing just below the bottom tip of the isopipe.
Because the glass forms at a free boundary, exposed only to
air, its surface remains flawless and smooth, requiring no
polishing or grinding. Another major advantage of the iso-
pipe glass-fusion process is its scalability with respect to size
(width) and thickness to accommodate the market needs for
larger and thinner displays (as thin as 100 um). This is a key
technical differentiation, which together with a new boron
silicate glass that is free of arsenic, antimony, and barium, led
to the new Corning product, Eagle"™XG, which satisfied the
new customer need to be more environmentally friendly.

As discussed for basic chemicals, the innovation map
gains both new technologies and customer needs in time—
with generations of new products linking the new technol-
ogies and customer needs. From the perspective of a product-
design team, moving to the right on the innovation map, the
latest new technologies and customer needs are entered. As
the team proceeds, following the SGPDP, for example, the
linkages are improved through better products with better
definition of the new technologies and customer needs.

Configured Consumer Chemical Product
Innovation Maps

Many configured consumer chemical products add the three-
dimensional configuration, which introduces yet another
opportunity for technical invention, often referred to as
product technology. For example, when designing halogen
light bulbs to provide longer life and softer colors, the high
operating temperatures often require a secondary casing, to
protect against burns, in addition to the normal primary
casing (for example, a quartz bulb). As discussed in Section
17.2, this introduces a new product technology, which is
represented in the product-technology layer of the innovation
map, to be introduced next.

For this discussion, to provide a brief introduction to
innovation maps for configured consumer products, an inno-
vation map is presented that traces back to the initial inven-
tion associated with light bulbs. Note that a more detailed
history is presented in Section 16.2.

Beginning in the early 1800s, Humphrey Davy created
light by passing electrical current through a platinum fila-
ment, with the heat-generated radiating light in the visible
range. Then, about 80 years later, low-wattage light bulbs



were manufactured using carbon filaments, with the disad-
vantage that their combustion products turned the bulbs dark
black. This was overcome in 1903, when William Coolidge
invented an improved method of making tungsten filaments,
which outlasted all other types of filaments, enabling Cool-
idge to manufacture light bulbs at practical costs.

Shortly thereafter, in 1906, the General Electric Company
patented a method of making tungsten filaments for use in
incandescent light bulbs. Tungsten filaments offer a high
melting temperature and low vapor pressures, which translate
to a lower evaporation rate of tungsten vapor and reduced
blackening. Subsequently, another GE researcher, Irving
Langmuir, suppressed the tungsten evaporation by filling
the light bulb with an inert gas that wouldn’t burn the
filament. However, the inert gas circulated in the bulb,
carrying away too much heat, which, in turn, significantly
reduced the brightness of the bulb. To reduce heat losses,
Langmuir invented the tight-coil filament, the basis for
modern incandescent light bulbs.

The innovation map in Figure 1.6 begins with the dark
grey elements to the left that show the progression of
materials and process/technology inventions, together with
the customer-value proposition (that is, the customer needs),
through the early 1900s. These are discussed in detail in
Section 16.2. At this point, it is sufficient to recognize that
these proceed in parallel, with the customer initially seeking
light bulbs lasting for 750 hr, versatile in shape, having
various light qualities, and at low cost. These needs were
eventually met by a progression of inventions involving the
use of tungsten, inert gases, and the Coolidge process for the
manufacture of ductile tungsten rods.

Consider the dark grey entries to the left in Figure 1.6. Of
the six layers in that figure, the fourth shows the technical
differentiations enabled by the materials and process/
manufacturing technologies, in this case low-cost manufac-
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turing, a high tungsten melting point, and a low tungsten
evaporation rate. In the third layer are the new product tech-
nologies enabled by the technical differentiations (that is, tightly
coiled filaments, gas-filled bulbs, and high-wattage bulbs).
These, in turn, lead to the principal product in the second layer,
the incandescent light bulb, which in the early 1900s satisfied
the four customer needs in the first layer. Conveniently, the
innovation map shows all of these linkages very clearly.

The next linkages, in dotted boxes in the innovation map,
trace the development of the halogen light bulb, which is
discussed in detail in Sections 16.2 and 17.2. By the 1980s,
the customer needs had been extended to include longer-life
bulbs, on the order of 2,000 hr, with improved light quality,
including warm, cool, and daylight qualities. To fulfill these, the
discovery of Frederick Mosby that halogen gases react with
tungsten at high temperature (~3,100 K) in chemical equili-
brium, permitting tungsten vapor to redeposit on the tungsten
filament, added a key materials technology. This, coupled with a
quartz primary casing to contain the hot gases, provided the
technical differentiations, that is, the high-temperature reaction
and equilibrium deposition that led to a new product technology
(a secondary casing, to prevent burns). This, in turn, led to the
small halogen light bulb products that satisfied the five customer
needs (four in the dark grey boxes, one in a dotted box).

Throughout the second half of the 20th century, a com-
peting technology, fluorescent light, was developed. This
involves a gas-discharge lamp that uses electricity flowing
between electrodes at both ends of a fluorescent tube, which
excites mercury vapor and produces shortwave light of
ultraviolet photons. These photons collide with the phosphor
coating on the inside of the fluorescent tube, creating light in
the visible region. A magnetic ballast is required to turn on
the fluorescent lamp.

To illustrate these advances, the innovation map in Figure 1.6
is extended with entries having a cross-hatched background.

R — [ Long-life Fitin

Customer- e';;“ ity Energy Light Bulb| | Standard
Value ape lEmC‘e“‘ > 8,000 hr) (Light Fixtures e
Proposition 7 Light Quality: Enerey Light Bulb

20008 || Warm, cool, daylight Hhent 2NN

Light Buly
| [
X
Products Incandescent Halogen eresint rﬁ(:;‘zi:n B
Light Bulb Light Bulb Tub ghting
g ube ) (Lamp (CFL)
I ]
T I I
High-wattage| S a R i o< S asFi B . Color Heat Sink & Phosphor
Product igl g Secondary| Magnetic Gas-Filled| |Gas-Filled| Electronic [E el H ol H ea . phor
Technology oy Casing Ballast Tube ol Ballast neapsulation Mixer Dome Lenses Encapsulation
Tight-Coiled Gas-filled ] Red @zam Blue
Filaments Bulb LED Chip)  (LED Chip LED
T i
Technical . Low High Select Mono-
. .. Low-cost High " Equilibrium| Cold
Differentiation - i - Evaporation Temp. [Frequency| Chromatic| e
Manufacturin elting Point e Rocntb: [ Deposition b e gt
) )
Process/ :
. ) Ouartz, Metal Organic
Manufacturing | Coolidge Process for Primary Pé“)s".h‘" Chemical Vapor Deposition
Technology  |Ductile Tungsten Rod Q8008
1
Material
Technol Ga s
‘echnology Phosphof (’;‘]P ‘l‘:“

[ Tungen ] [ tnrt Gases ]

Halogén R
Gases Meehiy

Phosphor

Figure 1.6 Innovation map for light bulbs
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Here, the customer needs were longer-life bulbs, exceeding
8,000 hr, especially for display and industrial lighting, as well as
increased energy efficiency. The new materials technologies
involved mercury, in small nontoxic quantities, and phosphors,
which, coupled with phosphor coatings, were deposited using a
new process/manufacturing technology, to give a select fre-
quency range, the desired technical differentiation. Initially,
new product technologies—that is, a magnetic ballast and gas-
filled tubes—provided the fluorescent tube product, which
satisfied the two additional customer needs.

However, more recently, in the 1990s, when the consumer
needs expanded to include compact bulbs that would fit into
standard light fixtures, a new electronic ballast was invented,
as a new product technology. This eliminated the slow
starting and flickering of fluorescent tubes, and permitted
the introduction of the compact fluorescent lamp (CFL).

Even more recently, in the early 2000s, an emerging
technology for home lighting is LED-based lighting, a
solid-state technology (with no moving or loose parts)
formed using Group III-V semiconductor materials. As a
current passes through the p-n junctions created in these
materials, light is emitted. Depending on the selection of the
materials (GaP, GaAs, AlGaAs, AllnGaP), various mono-
chromatic lights (red and yellow) are produced. The intro-
duction of GaN offered the ability to produce blue and green
LEDs. For home lighting, white LEDs are produced by
incorporating phosphors into the encapsulating materials
(epoxies) and using light management lenses.

LED technologies are introduced into the innovation map
in Figure 1.6 using elements in light grey, toward the right
boundary. Here, the consumer needs are expanded to even
longer-life bulbs exceeding 20,000 hr, also at high-energy
efficiencies. The new materials technologies include com-
pounds of Ga, P, As, Al, In, and N. The manufacturing process
for the LED wafer—that is, metal-organic, chemical-vapor
deposition (MOCVD)—is a key new process/manufacturing
technology. These new technologies provide monochromatic
light and cold lighting, the two technical differentiations. As
mentioned earlier, phosphors can be incorporated in the
encapsulating materials to produce white LEDs suitable for
home lighting. Together with: (1) LED encapsulation using
epoxy resin, which is critical to protect the fragile LED chip,
light design forms, and color transformation; (2) dome lenses
to direct the light; and (3) color mixers, these product
technologies lead to the white LED lighting product.

The major advantage of LED lighting, compared to
tungsten filaments, is the durability of the light source
(LED chip), which gives lifetimes in excess of 20,000 hr.
Furthermore, the energy efficiency of LED light depends on
heat management through the encapsulating materials.

As discussed above, the evolution of the innovation map is
helpful to view after a series of new products has been
introduced over time. For a product design team, it is
important to be fully aware of the history before positioning
new technologies, customer needs, and the potential products
that link them together.

Literature Survey

When creating innovation maps, design teams in industry
have access to company employees, company files, and the
open literature, including patents. These resources provide
helpful leads to specific problems, as well as information
about related products, thermophysical property and trans-
port data, possible flowsheets, equipment descriptions, and
process models. If the company has been manufacturing the
principal products, or related chemicals, information avail-
able to the design team provides an excellent starting point,
enabling the team to consider variations to current practice
very early in the design cycle. In spite of this, even when
designing a next-generation product or plant to expand the
production of a chemical product, or retrofitting a plant to
eliminate bottlenecks and expand its production, the team
may find that many opportunities exist to improve the
processing technologies. Several years normally separate
products, plant startups, and retrofits, during which techno-
logical changes are often substantial. For example, consider
the recent shift in distillation, particularly under vacuum
conditions, from trays to high-performance packings. For
this reason, it is important to make a thorough search of the
literature to uncover the latest data, flowsheets, equipment,
and models that can lead to improved products and more
profitable designs. Several literature resources are widely
used by design teams. These include the Stanford Research
Institute (SRI) Design Reports, encyclopedias, handbooks,
indexes, patents (most of which are available electronically),
and the Google™ search engine.

SRI Design Reports

SRI, a consortium of several hundred chemical companies,
publishes detailed documentation for many chemical proc-
esses. While their reports provide a wealth of information,
most are written under contract for clients, and consequently,
are not available to the public. Yet some materials are
available online, by subscription, to the public. Furthermore,
most industrial consultants have access to these reports and
may be able to provide helpful information to student design
teams, especially those who carry out some of the design
work in company libraries.

Encyclopedias

Three very comprehensive, multivolume encyclopedias con-
tain a wealth of information concerning the manufacture of
many chemicals. Collectively, these encyclopedias describe
uses for the chemicals, history of manufacture, typical
process flowsheets and operating conditions, and related
information. The three encyclopedias are: the Kirk-Othmer
Encyclopedia of Chemical Technology (1991), the Encyclo-
pedia of Chemical Processing and Design (McKetta and
Cunningham, 1976), and Ullmann’s Encyclopedia of Indus-
trial Chemistry (1988). For a specific chemical or substance,



itis not uncommon for one or more of these encyclopedias to
have 5 to 10 pages of pertinent information, together with
literature references for more detail and background.
Although the encyclopedias are updated too infrequently
to always provide the latest technology, the information they
contain is normally very helpful to a design team when
beginning to assess a design problem. Other encyclopedias
may also be helpful, including the McGraw-Hill Encyclo-
pedia of Science and Technology (1987), Van Nostrand’s
Scientific Encyclopedia (Considine, 1995), the Encyclopedia
of Fluid Mechanics (Cheremisinoff, 1986), the International
Encyclopedia of Heat and Mass Transfer (Hewitt et al.,
1997), and the Encyclopedia of Material Science and Engi-
neering (Bever, 1986).

Another encyclopedia of rapidly growing importance and
usefulness is Wikipedia, a multilingual, Web-based, free-
content encyclopedia project written collaboratively for the
Internet by volunteers. The vast majority of Wikipedia
articles can be edited by anyone with access to the Internet.
Its primary servers are in Tampa, Florida, with additional
servers in Amsterdam and Seoul. Because Wikipedia is Web-
based, articles can be created within minutes or hours of an
announced event or development, and can be constantly
updated. This makes Wikipedia the encyclopedia of choice
for the latest technology, with convenient access through the
Google™ search engine. For example, if up-to-date infor-
mation is desired on the new compact fluorescent light bulb,
one need only open www.google.com on the Internet and
enter the search keywords ““fluorescent light bulb wiki.” At
the top of the search results is the Web address for a
Wikipedia article entitled “Compact Fluorescent Lamp.”

Wikipedia was created in 2001, and as of mid-2008,
contained more than 2.5 million articles. Because Wikipedia
articles can be created and edited by anyone with Internet
access, critics claim that it is susceptible to errors and
unchecked information. While this is true, recent studies
suggest that Wikipedia is broadly as reliable as the Ency-
clopaedia Britannica.

Handbooks and Reference Books

Several key handbooks and reference books are well
known to chemical engineers. These include Perry’s
Chemical Engineer’s Handbook (Green and Perry,
2008), the CRC Handbook of Chemistry and Physics
(the so-called Rubber Handbook, published annually by
CRC Press, Boca Raton, FL) (Lide, 1997), JANAF Ther-
mochemical Tables (Chase, 1985), Riegel’s Handbook of
Industrial Chemistry (Kent, 1992), the Chemical Process-
ing Handbook (McKetta, 1993a), the Unit Operations
Handbook (McKetta, 1993b), Process Design and Engi-
neering Practice (Woods, 1995b), Data for Process
Design and Engineering Practice (Woods, 1995a), the
Handbook of Reactive Chemical Hazards (Bretherick,
1990), and the Standard Handbook of Hazardous Waste
Treatment and Disposal (Freeman, 1989), among many
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other sources. A useful Internet site for many important
chemical engineering topics is www.cheresources.com.

Indexes

To search the current literature, especially the research and
technology journals, several indexes are extremely helpful.
These provide access to a broad spectrum of journals,
including electronic access to issues since the late 1970s,
with rapidly improving search engines. These indexes pro-
vide links to most of the articles published during this period,
including kinetics data, thermophysical property data, and
much related information for many chemicals. Of primary
interest to a design team are the Applied Science and Tech-
nology Index (with electronic access to 350 journals since
1983), the Engineering Index (with access to 4,500 journals,
technical reports, and books, electronically since 1985),
Chemical Abstracts (one of the most comprehensive scien-
tific indexing and abstracting services in biochemistry,
organic chemistry, macromolecular chemistry, physical
and analytical chemistry, and applied chemistry and chem-
ical engineering—available electronically with entries since
1907), and the Science Citation Index (with access to 3,300
journals since 1955, available electronically since 1980, with
searches that indicate where the author’s work has been
cited). The Google™ search engine also provides a conven-
ient method for searching for scholarly literature, called
Google Scholar. Searches are made from keywords such
as topics and authors. For example, if a Google Scholar
search is made on the keyword ‘‘stage-gate,” more than
1,000 articles are cited, with a 1990 article entitled ““Stage-
gate systems: A new tool for managing new products” by
Robert G. Cooper at the top of the list. Frequently, the full-
text article can be downloaded or viewed for a fee or through
a service such as Science Direct, to which many libraries
subscribe.

Patents

These are important sources with which the design team must
be aware to avoid the duplication of designs protected by
patents. Perhaps more significantly, patent searches are often
indispensable in tracing the development of new technolo-
gies when creating innovation maps. After the 17 years that
protect patented products and processes in the United States
are over, patents are often helpful in the design of next-
generation processes to produce the principal chemicals, or
improved chemical products that have preferable properties,
chemical reactions, and so on. However, many patents with-
hold important know-how that may be vital to success. Since
a patent is legal property, like a house or a car, it, and perhaps
the know-how, can be owned, bought, and sold. Often patents
are licensed for fees on the order of 3-6 percent of gross sales.
This can be important when a design team decides to
incorporate a patented chemical product in its design. Patents
from the United States, Great Britain, Germany, Japan, and
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other countries are available on the Internet, with the details
of carrying out a patent search discussed in Section 2.4.

Google™ Search Engine

A key aspect of the accelerated development of the Internet in
the 2000s has been the emergence and remarkable perform-
ance of the Google search engine. Thanks to advanced search
algorithms and massive parallelism (over 1,000,000 com-
puters working in parallel), millions of people regularly
search the entire Internet using search terms often known
only to a few individuals. Yet, Google regularly returns
extensive lists of pertinent information in the form of Web
site addresses in the order of popularity, which is normally
very helpful. The Google search engine is so effective and
easy to use that its use is becoming ubiquitous. While its use
as a first step in information retrieval is common, the quality
of the information it retrieves, especially technical informa-
tion for the design of new products, must be critically
assessed. Over the years, the investments of technical pub-
lishers in journals and books, edited by outstanding technical
persons and subject to peer review, have produced an author-
itative literature that is normally more reliable than the results
of an open-ended search using a general search engine. The
Google search engine continues to evolve and add features.
Recent additions to Google search products include: Book
Search, Catalogs, Directory, Images, Maps, News, Patent
Search, Product Search, Scholar, and Translate.

Stimulating Invention and Innovation

The evolution from farming in the 19th century to industri-
alization in the 20th century and to information technology
and globalization in the 2 1st century has dramatically altered
humankind. In the latest era especially, with time and space
contracting and fast-growing global competition, speed to
the market has become significantly more critical to business
success.

In the 1990s, innovation was expressed in new technology,
quality control, and cost efficiency. In the 2000s, information
technology and globalization have extended innovation
beyond new products to involve the reinvention of business
models, internal processes, networking with existing and
potential customers and partners, and branding. This has led
company executives to increase their focus on innovation,
placing it among their top three initiatives. Yet, nearly half
are dissatisfied with their outcomes, as reported in an annual
survey of the most innovative companies (Business Week,
2006). Therein, four major obstacles to innovation are cited:

1. Slow development time, it being recognized that time-
to-market increasingly makes or breaks a new product
launch.

2. Lack of coordination of product-development efforts.
Here, early decision-making processes that establish
priorities for new product developments are critical, it

being important to identify early winning product-
development efforts in the face of payoff uncertainties.

3. Problems in selecting the proper metrics to drive
innovation engines. While successful new product
launches are achieved, it is important to create environ-
ments that stimulate new innovations. Striking a bal-
ance between these two can be very difficult.

4. Obtaining good customer insights, recognizing that the
“unmet needs” of customers are difficult to detect.

The discussion that follows is limited to technology
innovations by chemists, physicists, material scientists,
and chemical engineers. However, it is recognized that, to
win in the 21st century marketplace, other kinds of innova-
tions are equally important.

Technological inventions and their commercialization into
new products (chemical products, in particular) are stimulated
by corporations that encourage interactions among their
working groups (researchers, marketers, salespeople, manu-
facturing engineers, and others), as well as interactions with
existing and potential partners and customers. These have
been discussed in Section 1.1 and illustrated in Figure 1.1. In
this regard, Business Week and the Boston Consulting Group
have listed many of the top innovative companies, including
Apple, Google, 3M, Toyota, Microsoft, GE, Procter & Gam-
ble, Nokia, BMW, IKEA, Samsung, Sony, Starbucks, Virgin,
and IBM (Business Week, 2006). Note the inclusion of non-
technology companies (i.e., Virgin, Starbucks, and IKEA),
which were selected based on their unique business innova-
tions. In this regard, their leaders are recognized for corporate
policies that seek to maintain a climate in which invention and
innovation flourish. Several examples of the initiatives in
practice at the aforementioned companies are discussed
next. Note that while many of these companies do not
concentrate on chemical products/processes, most of their
products involve significant materials and process inventions
and innovations. The following approaches, developed by
several different companies to stimulate innovation, are
applicable throughout the basic chemical, industrial, and
configured consumer product industries.

Fifteen Percent Rule, Tech Forums, Stretch Goals, Process
Innovation Tech Centers—3M Company

Fifteen Percent Rule. At 3M, managers are expected to
allow employees 15 percent of their time to work on projects
of their own choosing. This rule, which has become a
fundamental part of the 3M culture, is assessed nicely by
Bill Coyne, a research and development manager: “The
15 percent part of the Fifteen Percent Rule is essentially
meaningless. Some of our technical people use much more
than 15 percent of their time on projects of their own
choosing. Some use less than that; some use none at all.
The number is not so important as the message, which is this:
the system has some slack in it. If you have a good idea, and
the commitment to squirrel away time to work on it, and the



raw nerve to skirt your lab manager’s expressed desires, then
go for it”” (Gundling, 2000).

Tech Forum. This terminology, which is used at 3M, is
typical of organizational structures designed to encourage
technical exchange and a cross-fertilization of ideas
between persons working in many corporate divisions at
widely disparate locations. At 3M, the Tech Forum is
organized into chapters and committees, with the chapters
focused on technology, including the Physics Chapter, the
Life Sciences Chapter, and the Product Design Chapter.
Chapters hold seminars related to their own areas of tech-
nology, presented by outside speakers or 3M employees.
Some chapters do not have a technical focus. For example,
the Intellectual Property Chapter is primarily targeted at
patent attorneys. Also at 3M, the Tech Forum hosts a two-
day “Annual Event” at the St. Paul headquarters, with each
of the 3M labs invited to assemble a booth. Since the
company rewards labs when other divisions use their tech-
nology, employees have an incentive to participate in this
internal trade show.

Stretch Goals. Another 3M policy, intended to stretch
the pace of innovation, is the rule that at least 30 percent
of annual sales should come from products introduced
in the past four years. The policy has recently been
refined to establish an even greater sense of urgency,
such that 10 percent of sales should come from products
that have been in the market for just one year”’ (Gundling,
2000).

Process Innovation Technology Centers. Since 75 per-
cent of manufacturing at 3M is done internally, two tech-
nology centers are provided. One is staffed with chemical
engineers and material scientists to help researchers scale-
up a new idea for a product from the bench to production,
with a focus on core technologies. The other center handles
the development and scale-up for key manufacturing pro-
cess technologies such as coating, drying, and inspection
and measurement. The latter is staffed primarily with
chemical and mechanical engineers and software develop-
ment personnel. These centers work closely with research-
ers and engineers involved in product development and
equipment design.

Synergistic Innovations—Apple

When launching its iPod™, Apple is cited for its success in
using no fewer than seven types of innovations, including a
novel agreement among music companies to sell their songs
online and a novel business model to sell individual songs
for 99 cents. These are in addition to the key design
innovation that created a new vehicle for users to listen
to their music. Clearly, Apple has created an environment
for the synergistic combination of innovations in their new
products.
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Value Innovation Strategy—Toyota

Yet another successful company, Toyota, a well-known
product innovator, launched its value innovation strategy
when producing its top-selling Prius ™. Rather than squeeze
its suppliers to reduce the cost of single parts, Toyota seeks to
identify savings that span entire vehicle systems, beginning
earlier in the product-design process.

Open Innovation Concept—P&G and IBM

At P&G and IBM, an open innovation concept has been
embraced, with P&G having transformed its R&D process
into an open innovation environment called “connect and
develop,” tapping collective knowledge and technologies
from around the world. The executives of these companies
have set targets seeking 50 percent of their new products from
external sources. To speed up the introduction of new prod-
ucts, they seek to outsource some of their technology-
development effort, while maintaining their core technology
competencies. They are leveraging the worldwide pool of
inventors, scientists, and suppliers to develop new products
internally. In related approaches, service companies like
NineSigma establish links between companies and research-
ers at university, government, and private labs; YourEncore
connects retired scientists and engineers with businesses; and
Yet2.com offers an online marketplace for intellectual prop-
erties. IBM even owns a company that purchases patents in
open markets and provides free licenses to software devel-
opers to promote their products.

Central Innovation Coordination—BMW

At BMW, the focus has been on the coordination of inno-
vation from the center. For the development of each new car,
they relocate all of their project team members—consisting
of 200 to 300 personnel from various disciplines including
engineering, design, production, marketing, purchasing, and
finance—to the BMW Research and Innovation center,
called FIZ, for up to three years. This helps to improve
communications and ensure early collaborations in the
design stage among members of the various disciplines.

Cross-Functional Collaboration—Southwest Airlines
and GE

To achieve cross-functional collaboration, Southwest Air-
lines secluded its in-flight, ground, maintenance, and dis-
patch personnel for short periods to brainstorm ideas
addressing broad issues such as high-impact changes to
make their operations more efficient. Over 100 ideas were
presented to senior management, three of which involved
sweeping operational changes. Similarly, GE addresses
major issues by assembling teams of top performers from
various disciplines for one to two weeks. Their recommen-
dations are presented to senior executives, with many imple-
mented and involving corporate-wide changes.
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Internet Surfing—Samsung

To spark their innovative spirits, Samsung mandates that its
engineers allocate a portion of their time to surfing the
Internet for technical and business news. Their observations
of worldwide trends often lead to new foci in their product-
development processes.

Encouraging Entrepreneurial Behavior—GE

To encourage entrepreneurial actions, including external foci
and risk taking, GE has implemented innovative leadership
measures for their management teams. These are in addition
to their traditionally rigid performance rankings.

Learning Journeys—Starbucks, 3M, and Nokia

To obtain a better appreciation of local cultures, behavior
patterns, and fashions, Starbucks has formulated learning
Jjourneys in which groups of product developers visit several
countries for a few months. This immersion into foreign
cultures has led to new product ideas.

Similarly, in the current information age, with people
increasingly using personal data assistants (PDAs) and smart
phones, 3M perceived this as a threat to its Post-it note™
business. Consequently, by observing how users share digital
photo collections, a 3M Office Supply Business team devel-
oped Post-it Picture™ paper.

In another example, after a long immersion into Chinese,
Indian, and Nepalese cultures, a team of Nokia developers
created a low-cost phone for illiterate customers unable to
comprehend combinations of numbers and letters. Their
phone has an ““iconic” menu that permits illiterate customers
to navigate lists of contact images.

Keystone Innovation—Corning

Finally, the Corning keystone innovation strategy (Graham
and Shuldiner, 2001) recognizes that many of their ‘“top-hit”
innovations combine three important ingredients for market
success: they (1) address mega-trend market needs,
(2) address performance barriers, and (3) provide differ-
entiated and sustainable solutions. Beginning with their
successful light bulb in the late 1870s, which involved a
glass envelope surrounding a filament, Corning addressed
the mega-trend application for electricity promoted by
Edison’s incandescent light bulb. In addition, they addressed
the performance barrier caused by air and other gases, which
destroy the light-emitting filaments, by inventing advanced
manufacturing processes that were difficult to replicate by
their closest competitors. The combination of these three
elements sustained the light bulb envelope business through-
out the 20th century. In their most recent major innovation
(early 2000s)—ultra-thin, super-flat glass substrates for
liquid-crystal displays (LCDs)—Corning took advantage
of the mega-trend in the growing demand for high-quality
displays having small footprints. As discussed in Sections

14.3 and 15.3, they addressed a different performance
barrier, that is, the non-uniform thickness of glass substrates
for high-resolution images, by inventing a novel glass for-
mulation and the Isopipe ™ manufacturing process, which are
also difficult to replicate. And consequently, their keystone
innovation strategy has created a glass substrate business
poised to withstand growing competition from OLED display
technologies.

Summary

Innovative cultures require environments with greater
degrees-of-freedom, which collide directly with environ-
ments having few, if any, degrees-of-freedom, typical of
the later product-development stages. Successful companies
maintain this delicate balance, enabling them to launch more
successful products into the market in record times.

Pharmaceutical Products

While many firms seek to stimulate invention and innova-
tion in these ways, special considerations are needed for the
design of pharmaceutical products. As the design team
creates its innovation map and carries out the Stage-Gate ™™
Product-Development Process (SGPDP), it is important to
be aware of the typical development cycle or time line for
the discovery and development of new pharmaceutical
molecules, as discussed thoroughly by Pisano in The
Development Factory (1997). The four key steps are exam-
ined next.

Discovery

Exploratory research is intended to identify molecules that
will prove safe and effective in the treatment of disease.
This step involves working backward to isolate classes of
compounds or specific molecular structures that are likely
to have the desired therapeutic effect, such as blocking a
particular enzyme that may cause elevated blood pressure.
Most of the work involves literature and patent searches,
isolation or synthesis of test tube quantities, and testing on
laboratory animals. This is an iterative process that usually
involves the exploration of thousands of compounds to
locate a handful that are sufficiently promising for further
development. Increasingly, it involves methods of
genomic analysis, with laboratory testing using micro-
fluidic devices, and the application of data-mining tech-
niques to locate the most promising proteins (and cells
within which they can be grown), from numerous labo-
ratory databases.

Preclinical Development

During this phase, a company seeks to obtain sufficient
data on a drug to justify the more expensive and risky step
of testing in humans. First, the drug is injected into animal



species to determine its toxicity. In addition, pharmaco-
logical and pharmacokinetic studies are undertaken to
quantify the main and side effects and the speeds of
absorption and metabolism. In parallel, formulations
are devised for administering the drug (e.g., in tablets,
capsules, microcapsules, injections, or cream). This phase
ends with the preparation and filing of an Investigational
New Drug (IND) application that is filed with the FDA in
the United States. This application seeks approval to begin
testing the drug on humans. Note that about 50 percent of
the potential drugs are eliminated for some reason during
this phase. While the preclinical development is under-
way, process research is initiated in which alternative
synthetic routes are considered and evaluated on a labo-
ratory scale.

Clinical Trials

These trials are administered over three phases, each of which
has a duration of one to two years. In Phase 1 trials, the drug is
tested in multiple doses on healthy volunteers to determine
whether there are significant side effects and to identify
maximum tolerable doses. When Phase 1 is successful,
Phase 2 trials begin, involving afflicted patients. Both drug
and placebo treatments are administered to a control group,
where the patients are unaware of whether they have received
the drug, a placebo, or a substitute drug. During Phase 1 and
especially during Phase 2, the development of a pilot plant
facility is accelerated, as the demand for test quantities
increases, leading into Phase 3 trials. During the latter phase,
the drug is administered to thousands of patients at many
locations over several years. The intent is to confirm the safety
and efficacy of the drug over long-term use, as compared with
existing drugs. When successful, the data are submitted to the
FDA. Note that when approval is granted, only the expanded
pilot plant, constructed for Phase 3, is permitted to produce the
drug for commercial distribution.

Approval

Together with the data from the clinical trials, an application
is prepared for the FDA, requesting permission to sell the
drug. The FDA evaluates the application during a period that
can last up to two years.

Summary

In summary, extensive work to create new molecules, usually
proteins, that have the appropriate therapeutic properties
begins in the concept stage of the Stage-Gate ™ Product-
Development Process (SGPDP). This work is discussed
further in Section 3.3, “Searching for New Materials—Basic
Chemical Products.” Then, as Phases 1 and 2 of the clinical
trials proceed, process design is undertaken to produce large
quantities of the drug, first for Phase 3 testing and then for
commercial operation, as discussed in Chapter 4, ‘“Process
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Creation for Basic Chemicals,” in Section 4.4 for a plant to
produce tissue plasminogen activator (tPA), a drug that can
dissolve blood clots, which cause most heart attacks and
strokes.

Socio-Technical Aspects of Product Design

While the technical contributions of engineers and scientists
toward the design of new products were well recognized
throughout the 20th century, the growing influences of social
issues on product designs have been recognized only during
the past few decades. As mentioned in connection with
Figure 1.1, the roles of engineers and scientists in corporate
infrastructures have become more broadly defined, ranging
from technology development, to product development, to
manufacturing, and to business development. Clearly, tech-
nically oriented professionals are attracted to these fields by
their curiosities and desires to master complex phenomena,
in the hope of creating new products for the benefit of their
fellow human beings.

Initially technical education concentrates on the basic
principles, such as the first and second laws of thermody-
namics, chemical and biochemical kinetics, and momentum,
heat, and mass transfer. This is followed by design, which
introduces extensions that teach students to apply the basic
principles to the creation of new products and processes. In its
best mode, design involves the creation of alternative
approaches to satisfying societal needs from which the
best approach can be determined, making use of expertise
from a wide variety of disciplines.

Historically, the focus of engineers and scientists was
often limited, concentrating on the ‘“what” and ‘“how”
dimensions of engineering design; that is, the fechnical
dimensions. It was common to begin with new technologies,
like the Coolidge process for drawing thin tungsten rods, and
focus on “what” to manufacture (for example, light bulbs
having longer life), and “how’’ to manufacture them (for
example, providing tungsten filaments that evaporate slowly,
prolonging the time between filament failures).

Recently, however, engineers and scientists have come
to recognize the existence of two social dimensions,
“who” and ‘““why,” that are crucial to the success of
new products. Using these coordinates, designers better
appreciate for whom the products are being designed and
why the products are potentially useful. For example, while
a new refrigerated pharmaceutical is attractive to consum-
ers in the Western world, its utility in developing countries,
without refrigerators, is nonexistent. As emphasized above,
when creating innovation maps for new products, it is
important to obtain the voice of the customers; that is, to
fully understand customer needs, likes, and dislikes. Nor-
mally, the standard of living and commercial infrastructure
are key to the customer-value proposition, with the con-
sumer often not ready to take advantage of technical
inventions, no matter how exciting and difficult they are
to uncover.

tal LX)
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The interaction of the technical and social dimensions is
shown schematically in Figure 1.7, which was introduced by
Lu (2004), who summarized the results of a workshop on
engineering design. In this diagram, the two technical axes
(““what,” “how’”) are orthogonal to the two social axes
(““why,” “who””). At the origin, the need for social-technical
harmonization is depicted.

Each of the quadrants shows different aspects of the socio-
technical interactions. Arbitrarily beginning with the first
quadrant, the relationship of the “why” to the ‘“how”
dimensions represents the design rationale; that is, the
recognition that why a product is being designed has a
significant impact on how the design is accomplished. For
example, to provide a product primarily used for travel, light
materials having structural integrity are important.

Turning to the second quadrant, the impact of the “how”
on the “who”” dimensions represents the stakeholder dynam-
ics; that is, it shows how the technical invention often limits
the consumer base capable of benefiting from it. For example,
the ability to reversibly generate heat by freezing at room
temperatures permits the design of reversible hand warmers
for use at sporting events in cold climates.

The third quadrant shows the impact of the “who’” on the
“what” dimensions, representing social trends; that is, it
captures the impact of a group of consumers on the selection
of products to be produced. Here an example is the influence
of beachgoers on the colloidal microstructure of sunscreens
for easy application at high temperatures in the presence of
salt water.

Finally, the fourth quadrant shows the impact of the
“what” on the ‘“why” dimensions, representing social
responsibility; that is, capturing the impact of the choice
of products on the reasons consumers justify their usage. For
example, given the political difficulties in dealing with oil-
producing nations, the choice of fuels, like ethanol generated
from biomass, is an important justification to customers
concerned about sustainability and energy efficiency.

The Social Dimension of Design

HOW

The Social-Technical Harmonization

Figure 1.7 Socio-technical
engineering design.

When carrying out product design using the Stage-
Gate™ Product-Development Process (SGPDP), to be
discussed in Chapter 2, design teams are increasingly
cognizant of these socio-technical interactions. As will
be seen, these are particularly important during the concept
stage when superior concepts are being generated and
selected.

1.4 ENVIRONMENTAL PROTECTION

One of the most significant changes that has occurred since
the late1970s throughout the manufacturing and transporta-
tion sectors within the United States, and those of many other
industrialized nations, is the transformation of environmental
protection from a secondary to a primary issue. Through the
Environmental Protection Agency (EPA), with the cooper-
ation of the U.S. Congress, tighter environmental regulations
have been legislated and enforced over this period. This has
resulted in a noticeable improvement in air quality (espe-
cially in urban areas), a reduction in water pollution, and
considerable progress in the remediation of many waste
dumps containing toxic chemicals. In short, the United States
and many other industrialized nations are rapidly increasing
their emphases on maintaining a clean environment. To bring
this about, in recent years large investments have been made
by the chemical process industries to eliminate sources of
pollution. These have increased the costs of manufacturing,
which, in turn, have been transmitted to consumers through
increased costs of end products. Because most producers are
required to satisfy the same regulations, the effect has been to
translate the costs to most competitors in an evenhanded
manner. Problems have arisen, however, when chemicals are
produced in countries that do not have strict environmental
standards and are subsequently imported into the United
States at considerably lower prices. Issues such as this are
discussed regularly at international conferences on the envi-
ronment, which convene every two or three years with the



objective of increasing the environmental standards of all
countries.

In the 21st century, the desire to achieve sustainability
(that is, to meet the needs of society today while respecting
the ability of future generations to meet their needs) in the
selection of chemical products and raw materials has gained
widespread attention. As discussed below, this involves the
selection of carbon sources for raw materials and fuels, and
their subsequent oxidation to carbon dioxide, with its influ-
ence on global warming due to the greenhouse effect. In
addition, there are growing concerns about the politics of oil-
producing nations, which provide fuels as well as the raw
materials for carbon-based chemical products.

In this section, several of the more pressing environmental
issues are reviewed, followed by a discussion of many environ-
mental factors in process design. Then, a few primitive prob-
lem statements are reviewed, with reference to the more
complete statements provided in the file, Supplement_to_

com/c Appendix_IL.pdf, in the PDF Files folder,

0.\' °/, which can be downloaded from the Wiley

ey T & Web site associated with this book. For more
;. Q‘E Q comprehensive coverage in these areas, the
2 P reader is referred to the discussions of “Envi-
1'41 JQQ\. ronmental Protection, Process Safety, and Haz-

ardous Waste Management” in Frontiers in
Chemical Engineering (Amundson, 1988); Environmental
Considerations in Process Design and Simulation (Eisenhauer
and McQueen, 1993); Pollution Prevention for Chemical
Processes (Allen and Rosselot, 1997); and Green Engineer-
ing: Environmentally Conscious Design of Chemical Proc-
esses (Allen and Shonnard, 2002). Early efforts to protect the
environment focused on the removal of pollutants from waste
gas, liquid, and solid streams. Effort has now shifted to waste
minimization (e.g., waste reduction, pollution prevention) and
sustainability in the selection of raw materials and chemical
products.

Environmental Issues

At the risk of excluding many key environmental issues, the
following are singled out as being closely related to the
design of chemical products and processes.

Burning of Fossil Fuels for Power Generation
and Transportation

Because fossil fuels are the predominant sources of power
worldwide, their combustion products are a primary source
of several pollutants, especially in the urban centers of
industrialized nations. More specifically, effluent gases
from burners and fires contain sizable concentrations of
SO,, the nitrogen oxides (NO,), CO, CO,, soot, ash, and
unburned hydrocarbons. These, in turn, result in many
environmental problems, including acid rain (principally
concentrated in H,SO,4), smog and hazes (concentrated in
NO,), the accumulation of the so-called greenhouse gas
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(CO,), volatile toxic compounds (e.g., formaldehyde, phe-
nol), and organic gases (e.g., CO), which react with NO,,
especially on hot summer days, altering the O3 level. As the
adverse impacts of pollutants on animals, plant life, and
humans are being discovered by scientists and engineers,
methods are sought to reduce their levels significantly. In
some cases, this is accomplished by one of several methods,
such as separating the sources (e.g., sulfur compounds) from
fuels; adjusting the combustion process (e.g., by reducing the
temperature and residence time of the flame to produce less
NO,); separating soot, ash, and noxious compounds from
effluent gases; reacting the effluent gases in catalytic con-
verters; or through the use of algae to consume (through
photosynthesis) large quantities of CO, in flue gases (a
recently proposed technique now under study). As a rule
of thumb, it should be noted that the cost of cleaning
combustion products is approximately an order of magnitude
less than the cost of removing contaminants from fuel. This is
an important heuristic, especially when designing processes
that are energy intensive, requiring large quantities of fuel.

Sustainability and Life-Cycle Design

By selecting sustainable raw materials and producing sus-
tainable products, designers attempt to meet the needs of
society today while respecting the anticipated needs of future
generations. Such choices are also intended to avoid harming
the environment and limiting the choices of future gener-
ations. In some cases, this translates to the use of so-called
green raw materials and the production of so-called green
products. These often help to resolve health problems,
provide environmental protection, preserve natural resour-
ces, and prevent climate change.

As mentioned above, the growing emphasis on sustain-
ability is closely related to the increasing recognition of global
warming due to the greenhouse effect as well as political
problems associated with the traditional suppliers of oil and
natural gas. Historically, most chemical products have been
derived from methane, ethane, propane, and aromatics, nor-
mally obtained from oil and natural gas. Furthermore, a large
percentage of energy for manufacturing (on the order of
80 percent) and wastes produced in manufacturing (also on
the order of 80 percent) are associated with the chemical
industries, including petroleum refining, chemicals produc-
tion, forest products, steel, aluminum, glass, and cement. To
achieve sustainability while producing high-quality products,
it is desirable to use small amounts of raw materials and
energy, and to produce small amounts of waste.

When planning for sustainability in the 21st century, the
rapid growth of the large developing nations, especially
China and India, is important. Some estimates project that
the world population will stabilize at 9-10 billion people,
with the consumption of commodities (steel, chemicals,
lumber, . . . ) increasing by factors of 5-6 and energy by
a factor of 3.5. Furthermore, the choices of resources are
complicated by sustainability considerations. Decisions to
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take advantage of today’s cheap prices and easy accessibility
may result in expensive or inaccessible raw materials for
future generations.

With the price of oil having quadrupled in just three years,
there has been a move toward the usage of renewable
“green” resources. Following the lead in Brazil over the
past few decades, biomass (e.g., sugars, corn, and cellulosic
wastes) is being converted to ethanol, principally as a gas-
oline substitute. In addition, biomass has been used to
produce chemicals (e.g., 1,3-propanediol and tetrahydro-
furan). However, such carbon sources, when burned as
fuel or incinerated as waste, produce carbon dioxide, and
consequently, it has become increasingly important to find
practical ways to sequester carbon dioxide rather than release
it into the atmosphere. For these reasons, alternate energy
sources, such as hydrogen, nuclear, wind, solar, and geo-
thermal, are gaining increased attention.

It is also becoming common to consider the full life cycle
when designing chemical products. A growing class of
products, formed from biomass, are biodegradable. For
example, biodegradable microcapsules carrying pharma-
ceuticals are injected into the bloodstream for delayed
drug delivery over extended periods on the order of one
month. In these cases, the raw materials are renewable and
there are no waste-disposal issues.

Handling of Toxic Wastes

In the chemical and nuclear power industries, large quantities
of toxic wastes are produced annually, largely in wastewater
streams, which in 1988 amounted to 97 percent of the wastes
produced, as shown in the pie chart of Figure 1.8. While a
small portion is incinerated (on the order of 3 percent in the
late 1980s), the bulk is disposed of in or on the land, with a
variety of methods having been introduced over the past
century to bury these wastes. Since the late 1960s, many of
the burial sites (e.g., Love Canal, Times Beach) have threat-
ened the health of nearby residents and, more broadly, have
threatened to contaminate the underground water supply
throughout entire states and countries. In this regard, studies
by the state of California have shown that aqueous waste
streams from the processing of electronic materials are
posing widespread threats to the groundwater in California’s
Silicon Valley. In fact, this area has a leading number of sites
on the U.S. National Priority List of toxic waste dumps
(which is comprised of approximately 10,000 sites through-
out the United States). In process design, it is essential that
facilities be included to remove pollutants from wastewater
streams. The design of mass-exchange networks (MENSs) for
this and other purposes is the subject of Chapter 10.

Bioaccumulated Chemicals

Probably the most well-known cases of chemicals that have
been discovered to bioaccumulate in the soil and plant life are
the insecticide DDT (1,1-bis(4-chlorophenyl)-2,2,2-
trichloroethane; C4HoCls) and the solvent PCBs (poly-

582 plants reporting

3.0% Solid Waste
6.7 million tons

97.0% Wastewater
213.2 million tons

Figure 1.8 Hazardous waste generation in the United States in
1988 (Eisenhauer and McQueen, 1993)

chlorinated biphenyls). DDT was sprayed in large quantities
by low-flying airplanes to kill insects and pests throughout
the 1950s. Unfortunately, although effective for protecting
crops, forests, and plant life, toxic effects in birds, animals,
and humans were strongly suspected, as discussed in Section
1.6. Consequently, DDT was banned by the U.S. EPA in
1972. Its effect, however, will remain for some time due to its
having bioaccumulated in the soil and plant life.

Toxic Metals and Minerals

In this category, major changes have taken place since the late
1960s in response to the discoveries of the toxic effects of
lead, mercury, cadmium, and asbestos on animals and
humans. After lead poisoning (accompanied by brain damage,
disfigurement, and paralysis) was related to the ingestion of
lead-based paints by children (especially in older buildings
that are not well maintained), the EPA banned lead from paints
as well as from fuels. In fuel, tetraelhyl lead had been used as
an octane enhancer throughout the world. It was subsequently
replaced by methyl tertiary-butyl ether (MTBE), which s also
being replaced due to reports that it can contaminate ground
water. Mercury, which has been the mainstay of manometers
in chemistry laboratories, has similarly been found to be
extremely toxic, with disastrous effects of accidental exposure
and ingestion reported periodically. In the case of asbestos, its
toxic effects have been known since the late 1940s, yet it
remains a concern in all buildings built before then. Gradually,
as these buildings are being renovated, sheets of asbestos
insulation and asbestos ceiling tiles are being removed and
replaced by nontoxic materials. Here, also, the incidents of
asbestos poisoning are associated most often with older
buildings that have not been well maintained.

Summary

As the adverse effects of these and other chemicals becomes
better understood, chemical engineers are being called on to
satisfy far stricter environmental regulations. In many cases,
these regulations are imposed to be safe even before suffi-
cient data are available to confirm toxic effects. For these
reasons, chemical companies are carefully reexamining their
existing products and processes, and evaluating all proposed



plants to confirm that they are environmentally sound, at least
insofar as meeting the regulations imposed, or anticipated to
be imposed, by the environmental regulation agencies.

Environmental Factors in Product
and Process Design

The need to retrofit existing plants and to design new,
environmentally sound plants has required chemical engi-
neers to become far more proficient in accounting for envi-
ronmentally related factors. In this section, a few of the
better-recognized factors are discussed. Additional coverage
is included related to purges in Section 6.3, energy conser-
vation in Chapter 9, and wastewater treatment in Chapter 10.
More complete coverage may be found in the comprehensive
textbook Green Engineering: Environmentally Conscious
Design of Chemical Processes (Allen and Shonnard, 2002).

Reaction Pathways to Reduce Byproduct Toxicity

The selection of reaction pathways to reduce byproduct
toxicity is a key consideration during preliminary process
synthesis, when the reaction operations are positioned. As the
reaction operations are determined by chemists and bio-
chemists in the laboratory, the toxicity of all of the chemicals,
especially chemicals recovered as byproducts, needs to be
evaluated. For this purpose, companies have toxicity labo-
ratories and, in many cases, large repositories of toxicity data.
One useful source, especially for students at universities, is
the Pocket Guide to Chemical Hazards of the National
Institute for Occupational Safety and Health (NIOSH,
1987). Clearly, when large quantities of toxic chemicals
are anticipated, other reaction pathways must be sought;
when these cannot be found, design concepts are rejected,
except under unusual circumstances.

Reducing and Reusing Wastes

Environmental concerns have caused chemical engineers to
place even greater emphasis on recycling, not only unreacted
chemicals but also product and byproduct chemicals. In so
doing, design teams commonly anticipate the life cycles of
their products and byproducts, paying special attention to the
waste markets, so as to select the appropriate waste quality.
Stated differently, the team views the proposed plant as a
producer of engineering scrap and attempts to ensure that
there will be a market for the chemicals produced after their
useful life is over. Clearly, this is a principal consideration in
the production of composite materials and polymers. In this
connection, it is important to plan on producing segregated
wastes when they are desired by the waste market, and in so
doing, to avoid overmixing the waste streams.

Avoiding Nonroutine Events

To reduce the possibilities for accidents and spills, with their
adverse environmental consequences, processes are often
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designed to reduce the number of transient operations, clean-
up periods, and catalyst regeneration cycles. In other words,
emphasis is on the design of a process that is easily controlled
at or near a nominal steady state, with reliable controllers and
effective fault-detection sensors.

Materials Characterization

Often, waste chemicals are present in small amounts in
gaseous or liquid effluents. To maintain low concentrations
of such chemicals below the limits of environmental regu-
lations, it is important to use effective and rapid methods for
measuring or deducing their concentrations from other meas-
urements. In this regard, the design team needs to understand
the effect of concentration on toxicity, which can vary
significantly in the dilute concentration range. Yet another
consideration is to design the plant to use recycled
chemicals—that is, someone else’s waste. When this is
accomplished, it is necessary to know the range of compo-
sitions within which the waste chemicals are available.

Design Objectives, Constraints, and Optimization

Environmental objectives are normally not well defined
because economic objective functions normally involve
profitability measures, whereas the value of reduced pollu-
tion is not easily quantified by economic measures. As a
consequence, design teams often formulate mixed objective
functions that attempt to express environmental improve-
ments in financial terms. In other cases, the team may settle
for the optimization of an economic objective function,
subject to bounds on the concentrations of the solutes in
the waste streams. It is important to assess whether the
constraints are hard (not allowed to be violated) or soft
(capable of being violated under unusual circumstances).
Emphasis must be placed on the formulation of each con-
straint and the extent to which it must be honored.

Regulations

As mentioned previously, some environmental regulations
can be treated as constraints to be satisfied during operation
of the process being designed. When a mathematical model
of the proposed process is created, the design team can check
that these constraints are satisfied for the operating condi-
tions being considered. When an objective function is for-
mulated, the design variables can be adjusted to obtain the
maximum or minimum while satisfying the constraints.
Other regulations, however, are more difficult to quantify.
These involve the expectations of the public and the possible
backlash should the plant be perceived as a source of
pollution. In a similar vein, constraints may be placed on
the plant location, principally because the local government
may impose zoning regulations that require chemical plants
to be located in commercial areas, beyond a certain distance
from residential neighborhoods. To keep these regulations
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from becoming too prohibitive, chemical companies have a
great incentive to gain public confidence by satisfying envi-
ronmental regulations and maintaining excellent safety
records, as discussed in Section 1.5.

Intangible Costs

Like the regulations imposed by local governments, some of
the economic effects of design decisions related to the
environment are very difficult to quantify. These include
the cost of liability when a plant is found to be delinquent in
satisfying regulations, and in this connection, the cost of legal
fees, public relations losses, and delays incurred when
environmental groups stage protests. Normally, because
these costs cannot be estimated reliably by a design team,
mixed objectives are not formulated and no attempts are
made to account for them in an optimization study. Rather,
the design team concentrates on ensuring that the regulations
will be satisfied, thereby avoiding legal fees, public relations
losses, and the complications associated with public dem-
onstrations.

Properties of Dilute Streams

Most pollutants in the effluent and purge streams from
chemical plants are present in dilute concentrations. Fur-
thermore, since the regulations often require that their con-
centrations be kept below parts per million or parts per
billion, reliable and fast analysis methods are needed to
ensure that the regulations are satisfied. Beyond that, it is
often important to understand the impact of the concentration
on the kinetics of these species in the environment—for
example, the rates of chemical reaction of organic species,
such as CO, with NO, in the atmosphere to produce O3, and
the rate at which other reaction byproducts are formed. With
this knowledge, a company can help regulatory agencies
arrive at concentration limits more scientifically and, in some
cases, at limits that are less restrictive, and cost companies,
and the consumers of their products, less in the long run. Note
that, in urban smog, high concentrations of ozone often create
problems for people with respiratory ailments.

Properties of Electrolytes

Many aqueous streams contain inorganic compounds that
dissociate into ionic species, including acids, bases, and salts,
often in dilute concentrations. These electrolytic solutions
commonly occur in the manufacture of inorganic chemicals
(e.g., soda ash, Na,COs3), in the strong solvents used in the
pulp and paper industry, in the aqueous wastes associated
with the manufacture of electronic materials (e.g., silicon
wafers, integrated circuits, photovoltaic films), and in many
other industries. Strong electrolytes dissociate into ionic
species whose interactions with water and organic molecules
are crucial to understanding the state of a mixture—that is,
the phases present (vapor, water, organic liquid, solid pre-

cipitates, etc.) at a given temperature and pressure. Hence,
when designing processes that involve electrolytes, a design
team needs to include the properties of ionic species in its
thermophysical properties database. Fortunately, to provide
assistance for designers, databases and facilities for estimat-
ing the thermophysical properties of a broad base of ionic
species over an increasing range of temperatures and pres-
sures, are available in process simulators.

Environmental Design Problems

Since the late 1970s, the number of design projects focusing
on the solution of environmental problems has increased
significantly. These, in turn, are closely related to environ-
mental regulations, which have become increasingly strict.
Although it is beyond the scope of this book to provide a
comprehensive treatment of the many kinds of designs that
have been completed, it is important that the reader gain a
brief introduction to typical design problems. This is accom-
plished through the design projects listed in Table 1.1. As can
be seen, a large fraction of the design projects are concerned
with air quality; others involve water treatment; two involve
soil treatment; one involves the conversion of waste fuel to
chemicals; one proposes the use of a biochemical conversion
to consume solid waste and produce ethanol fuel; and several
involve the production of fuels and chemicals from renew-
able resources. The problem statements for these design
projects, as they were presented to student groups, are
reproduced in the file, Supplement_to_Appendix_IL.pdf, in
the PDF Files folder, which can be downloaded from the
Wiley Web site associated with this book. Keep in mind that,
as the designs proceeded, the design teams often upgraded
the information provided, and in some cases created varia-
tions that were not anticipated by the originator of the
problem statement.

A closer look at Table 1.1 shows that the projects address
many aspects of air-quality control. Two alternative
approaches to sulfur removal from fuels are proposed, one
involving desulfurization of the fuel, the other the recovery
of sulfur from its combustion products. One is concerned
with NO, removal from combustion products, and three
involve the recovery of hydrocarbons from effluent gases.
One explores the interesting possibility of growing algae by
the photosynthesis of CO, from combustion gases as a
vehicle for reducing the rate at which CO, is introduced
into the atmosphere. Under water treatment, the projects
involve the recovery of organic and inorganic chemicals from
aqueous waste streams. Two alternative approaches to soil
treatment are proposed, including the use of phytoremedia-
tion; that is, using plants to absorb lead and other heavy
metals. All of the projects involve chemical reactions, and
consequently, the design teams are comprised of chemical
engineers, chemists, and biochemists. In this respect, it seems
clear that chemistry and biology are the key ingredients that
qualify chemical engineers to tackle these more challenging
environmental problems.
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Project

Location in Book'

Environmental — Air Quality

R134a Refrigerant (2001)

Biocatalytic Desulfurization of Diesel Oil (1994)

Sulfur Recovery Using Oxygen-Enriched Air (1993)

California Smog Control (1995)

Zero Emissions (1991)

Volatile Organic Compound Abatement (1994)

Recovery and Purification of HFC by Distillation (1997)

Carbon Dioxide Fixation by Microalgae for Mitigating
the Greenhouse Effect (1993)

Hydrogen Generation for Reformulated Gasoline (1994)

R125 Refrigerant Manufacture (2004)

Zero-Emissions Solar Power Plant (2008)

App. IIS—Design Problem A-11S.9.1
App. IIS—Design Problem A-11S.9.2
App. IIS—Design Problem A-IIS.9.3
App. IIS—Design Problem A-IIS.9.4
App. IIS—Design Problem A-IIS.9.5
App. IIS—Design Problem A-IIS.9.6
App. IIS—Design Problem A-I11S.9.7
App. IIS—Design Problem A-11S.9.8

App. IIS—Design Problem A-IIS.9.9
App. IIS—Design Problem A-I11S.9.10
App. IIS—Design Problem A-IIS.9.11

Removing CO, from Stack Gas and Sequestration Technologies (2008) App. IIS—Design Problem A-11S.9.12

Environmental-Water Treatment
Effluent Remediation from Wafer Fabrication (1993)

App. IIS—Design Problem A-IIS.10.1

Recovery of Germanium from Optical Fiber Manufacturing Effluents (1991) App. IIS—Design Problem A-IIS.10.2

Solvent Waste Recovery (1997)

Environmental-Soil Treatment

Phytoremediation of Lead-Contaminated Sites (1995)

Soil Remediation and Reclamation (1993)
Environmental-Renewable Fuels and Chemicals

Fuel Processor for 5 KW PEM Fuel Cell Unit (2002)
Production of Low-Sulfur Diesel Fuel (2000)

Waste Fuel Upgrading to Acetone and Isopropanol (1997)

App. IIS—Design Problem A-I11S.10.3

App. IIS—Design Problem A-IIS.11.1
App. IIS—Design Problem A-11S.11.2

App. IIS—Design Problem A-11S.12.1
App. IIS—Design Problem A-11S.12.2
App. IIS—Design Problem A-IIS.12.3

Conversion of Cheese Whey (Solid Waste) to Lactic Acid (1993) App. IIS—Design Problem A-IIS.12.4

Ethanol for Gasoline from Corn Syrup (1990)

Furfural and Methyl-tetrahydrofuran-based Biorefinery (2008)

Furfural and THF in China — Corn to Clothes (2008)
Diethyl Succinate Manufacture within a Biorefinery (2008)
1-3 Propanediol from Corn Syrup (2008)

Biobutanol as Fuel (2008)

Green Diesel Fuel — A Biofuel Process (2008)
Environmental-Miscellaneous

Combined Cycle Power Generation (2001)

App. IIS—Design Problem A-IIS.12.5
App. IIS—Design Problem A-IIS.12.6
App. IIS—Design Problem A-IIS.12.7
App. IIS—Design Problem A-IIS.12.8
App. IIS—Design Problem A-IIS.12.9
App. IIS—Design Problem A-IIS.12.10
App. IIS—Design Problem A-IIS.12.11

App. IIS—Design Problem A-11S.13.1

1.5 SAFETY CONSIDERATIONS

A principal objective in the design and operation of chemical
processes is to maintain safe conditions for operating personnel
and inhabitants who live in the vicinity of the plants. Unfortu-
nately, the importance of meeting this objective is driven home
periodically by accidents, especially accidents in which lives are
lost and extensive damage occurs. To avoid this, all companies
have extensive safety policies and procedures to administer
them. In recent years, these have been augmented through
cooperative efforts coordinated by technical societies, for
example, the Center for Chemical Plant Safety of the American
Institute of Chemical Engineers, which was formed in 1985,
shortly after the accident in Bhopal, India, on December 3,
1984. In this accident, which took place in a plant partially

om/ ¢
A oy
2.7/ )
owned by Union Carbide and partially owned ; )'% ‘%
locally, water (or some other substance—the cause -5 “\
2

is still uncertain) accidentally flowed into a tank in £
which the highly reactive intermediate, methyl iso-

cyanate (MIC) was stored, leading to a rapid
increase in temperature accompanied by boiling, which caused
toxic MIC vapors to escape from the tank. The vapors passed
through a pressure-relief system and into a scrubber and flare
system that had been installed to consume the MIC in the event
of an accidental release. Unfortunately, these systems were not
operating, and approximately 25 tons of toxic MIC vapor were
released, causing a dense vapor cloud that escaped and drifted
over the surrounding community, killing more than 3,800
civilians and seriously injuring an estimated 30,000 more.

M 9?\'
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Like Section 1.4 on environmental issues, this section
begins with a review of two safety issues that are considered
by many design teams, followed by an introduction to many of
the design approaches for dealing with these issues. For more
comprehensive coverage of these areas, the reader is referred
to Chemical Process Safety: Fundamentals with Applications
(Crowl and Louvar, 1990); Plant Design for Safety—A User-
Friendly Approach (Kletz, 1991); a collection of student
problems, Safety, Health, and Loss Prevention in Chemical
Processes: Problems for Undergraduate Engineering
Curricula—Student Problems (American Institute of Chem-
ical Engineers, 1990); and Guidelines for Engineering Design
for Process Safety, CCPS, AIChE (1993).

The U.S. Chemical Safety and Hazard Investigation
Board (CSB), established by the Clean Air Act Amendments
of 1990, is an independent federal agency with the mission of
ensuring the safety of workers and the public by preventing or
minimizing the effects of chemical incidents. They attempt to
determine the root and contributing causes of chemical
accidents. Their Web site at http://www.csb.gov is a very
useful source of brief and detailed accident reports.

Safety Issues

Of the many potential safety issues, two are singled out for
coverage here because they must be confronted often in the
design of chemical, petroleum, and petrochemical plants and
in other plants in which exothermic reactions and operations
occur at elevated pressures.

Fires and Explosions

In organic chemical processes, it is not uncommon for sizable
concentrations of flammable chemicals to accumulate in air
or pure oxygen with the possibilities of ignition or even
explosion. For this reason, laboratory studies have been
carried out to determine the flammability limits for many
of the common organic chemical vapors. These limits at 25°C
and 1 atm are listed for many chemicals in Table 1.2, where
the LFL is the lower flammability limit (that is, the volume
percent of the species in air below which flammability does
not occur) and the UFL is the upper flammability limit (above
which flammability does not occur). Within these limits,
flames and explosions can occur and, consequently, design
teams must be careful to keep the concentrations outside the
flammability range. In addition, Table 1.2 provides auto-
ignition temperatures, above which a flammable mixture is
capable of extracting enough energy from the environment to
self-ignite. At lower temperatures, an ignition source must be
present. The flash point, given in the second column of Table
1.2, is the lowest temperature at which sufficient vapor exists
in air to form an ignitable mixture. At the flash point, the
vapor burns, but only briefly, as insufficient vapor is formed
to sustain combustion.

Table 1.2 pertains to pure chemicals. For mixtures, the
flammability limits are often estimated using the Le Chatelier

equation, an empirical equation that must be used with
caution:

1
i_1(yi/UFL;)
(1.1)

LFLix = UFLpix =

i-1(yi/LFL;)

where LFL; and UFL,; are the flammability limits of species i,
y; is the mole fraction of species i in the vapor, and C is the
number of chemical species in the mixture, excluding air.
To extend the flammability limits to elevated temperatures
and pressures, the following equations have been developed:

B 0.75(T — 25)
LFL; = LFLys [1 - Am] (1.2a)
0.75(T — 25)
UFL; = UFL» |1 + ————= 1.2b
T 25 [ + AL ] (1.2b)
and
UFL, = UFL + 20.6(log P + 1) (1.3)

where T is the temperature (in °C), AH, is the net heat of
combustion (in kcal/mol at 25°C), P is the pressure (in MPa
absolute), and UFL is the upper flammability limit at 101.3
kPa (1 atm). The lower flammability limit is not observed to
vary significantly with the pressure. These equations, plus
others to estimate the flammability limits for species not listed
in Table 1.2, are presented by Crowl and Louvar (1990), with a
more complete discussion and references to their sources.
With this kind of information, the process designer makes
sure that flammable mixtures do not exist in the process
during startup, steady-state operation, or shutdown.

Toxic Releases and Dispersion Models

In chemical processing, it is desirable to avoid working with
chemicals that are toxic to animals, humans, and plant life.
This is an important consideration as design teams select
from among the possible raw materials and consider alternate
reaction paths, involving intermediate chemicals and
byproducts. In some cases, decisions can be made to work
with nontoxic chemicals. However, toxicity problems are
difficult to avoid, especially at the high concentrations of
chemicals in many process streams and vessels. Conse-
quently, the potential for a release in toxic concentrations
during an accident must be considered carefully by design
teams. In so doing, a team must identify the ways in which
releases can occur; for example, due to the buildup of
pressure in an explosion, the rupture of a pipeline due to
surges at high pressure, or the collision of a tank car on a truck
or train. It is also important for the team to select protective
devices and processing units, to assess their potential for
failure, and, in the worse case, to model the spread of a dense,
toxic vapor. Given the potential for the rapid spreading of a
toxic cloud, it is often necessary to find an alternative design,


http://www.csb.gov

Table1.2 Flammability Limits of Liquids and Gases
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Compound Flash Point (°F) LFL (%) in air UFL (%) in air  Autoignition temperature (°F)
Acetone 0.0¢ 2.5 13 1,000
Acetylene Gas 2.5 100

Acrolein —14.8 2.8 31

Acrylonitrile 32 3.0 17

Aniline 158 1.3 11

Benzene 12.0° 13 7.9 1,044
n-Butane -76 1.6 8.4 761
Carbon monoxide Gas 12.5 74

Chlorobenzene 85° 1.3 9.6 1,180
Cyclohexane 17 1.3 8 473
Diborane Gas 0.8 88

Dioxane 53.6 2.0 22

Ethane —211 3.0 12.5 959
Ethyl alcohol 55 33 19 793
Ethylene Gas 2.7 36.0 914
Ethylene oxide —20° 3.0 100 800
Ethyl ether —49.0° 1.9 36.0 180
Formaldehyde 7.0 73

Gasoline —454 1.4 7.6

n-Heptane 24.8 1.1 6.7

n-Hexane —15 1.1 7.5 500
Hydrogen Gas 4.0 75 1,075
Isopropyl alcohol 53¢ 2.0 12 850
Isopropyl ether 0 1.4 7.9 830
Methane —306 5 15 1,000
Methyl acetate 15 3.1 16 935
Methyl alcohol 54¢ 6 36 867
Methyl chloride 32 8.1 17.4 1,170
Methyl ethyl ketone 244 1.4 114 960
Methyl isobutyl ketone 73 1.2 8.0 860
Methyl methacrylate 50¢ 1.7 8.2 790
Methyl propyl ketone 45 1.5 8.2 941
Naphtha —57 12 6.0 550
n-Octane 554 1.0 6.5

n-Pentane —40 1.51 7.8 588
Phenol 174 1.8 8.6

Propane Gas 21 9.5

Propylene —162 2.0 111 927
Propylene dichloride 61 34 14.5 1,035
Propylene oxide =35 23 36 869
Styrene 87" 1.1 7.0 914
Toluene 40 1.2 7.1 997

“Open-cup flash point
bClosed-cup flash point

Source: Martha W. Windholtz, Ed., The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals, 10th ed. (Merck, Rahway, NJ, 1983). p. 1124;
Gressner G. Hawley, Ed., The Condensed Chemical Dictionary, 10th ed. (Van Nostrand Reinhold, New York, 1981), pp. 860-861: Richard A. Wadden and Peter
A. Scheff, Engineering Design for the Control of Workplace Hazards (McGraw-Hill, New York, 1987), pp. 146-156.

not involving this chemical, rather than lake the chance of  chemical engineers to predict the movement of vapor clouds
exposing the surrounding community to a serious health  under various conditions—for example, a continuous point
hazard. Although it is beyond the scope of this discussion, release, at steady state, with no wind; a puff with no wind; a
it should be noted that dispersion models are developed by transient, continuous point release with no wind; as well as all
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of the previously mentioned factors with wind. These and
other models are described by Crowl and Louvar (1990) and
de Nevers (1995), accompanied by example calculations.

Design Approaches Toward Safe Chemical Plants

In the previous discussion of two important safety issues,
design approaches to avoid accidents have been introduced.
This section provides a more complete enumeration without
discussing implementational details, which are covered by
Crowl and Louvar (1990).

Techniques to Prevent Fires and Explosions

One method of preventing tires and explosions is inerting—
that is, the addition of an inert gas to reduce the oxygen
concentration below the minimum oxygen concentration
(MOC), which can be estimated using the LFL and the
stoichiometry of the combustion reaction. Another method
involves avoiding the buildup of static electricity and its
release in a spark that can serve as an ignition source. Clearly,
the installation of grounding devices, and the use of antistatic
additives that increase conductivity, reducing the buildup of
static charges, can help to reduce the incidence of sparking.
In addition, explosion-proof equipment and instruments are
often installed; for example, explosion-proof housings that
do not prevent an explosion, but that do absorb the shock and
prevent the combustion from spreading beyond the enclo-
sure. Yet another approach is to ensure that the plant is well
ventilated, in most cases constructed in the open air, to reduce
the possibilities of creating flammable mixtures that could
ignite. Finally, sprinkler systems are often installed to pro-
vide a rapid response to fires and a means to contain them
effectively.

Relief Devices

In processes where pressures can build rapidly, especially
during an accident, it is crucial that the design team provide a
method for relieving the pressure. This is accomplished using
avariety of relief devices, depending on whether the mixtures
are vapors, liquids, solids, or combinations of these phases. In
some cases the vessels can be vented to the atmosphere; in
other cases they are vented to containment systems, such as
scrubbers, flares, and condensers. The devices include relief
and safety valves, knock-out drums, rupture disks, and the
like. Relief system design methodologies are presented in
detail in the AIChE publication Emergency Relief System
Design Using DIERS Technology (1992).

Hazards Identification and Risk Assessment

Hazards identification and risk assessment are key steps in
process design. As shown in Figures PI.1, PI.1, and PIIL.1, and
discussed in the introductions to Parts One, Two, and Three,

they are normally carried out in connection with the preparation
of the final design. In these steps, the plant is carefully scruti-
nized to identify all sources of accidents or hazards. This
implies that the design team must consider the propagation
of small faults into catastrophic accidents, an activity that is
complicated by the possibility of two or more faults occurring
either simultaneously or in some coordinated fashion. At some
point, especially after the economics satisfy the feasibility test,
the design team normally prepares a HAZOP study in which all
of the possible paths to an accident are identified. Then when
sufficient probability data are available, a fault tree is created
and the probability of the occurrence for each potential accident
is computed. Clearly, this requires substantial experience in
operating comparable facilities, which is gen-

erally available in the large chemical companies. com /,:.o
Note that an introduction to HAZOP analysis is 6\' //0
presented in the supplement to this chapter. See = *‘tﬁ Q
the file, Supplement_to_Chapter_1.pdf, in the ; Q
PDF Files folder, which can be downloaded from % Py
the Wiley Web site associated with this book. 1'41 ‘aQ\'

Material Safety Data Sheets

A process design should be accompanied by a Material Safety
Data Sheet (MSDS) for every chemical appearing in the
process. These sheets, which are developed by chemical
manufacturers and kept up to date under OSHA (Occupational
Safety and Health Agency of the federal government) regu-
lations, contain safety and hazard information, physical and
chemical characteristics, and precautions on safe handling and
use of the chemical. The MSDSs, which usually involve several
pages of information, are available on the Internet at:

http://hazard.com/msds/
http://www.ilpi.com/msds/

http://www.msdssearch.com

1.6 ENGINEERING ETHICS

In 1954, the National Society of Professional Engineers
(NSPE) adopted the following statement, known as the
Engineers’ Creed:

As a Professional Engineer, I dedicate my professional
knowledge and skill to the advancement and better-
ment of human welfare.

I pledge:

To give the utmost of performance;
To participate in none but honest enterprise;
To live and work according to the laws of man and
the highest standards of professional conduct;
To place service before profit, the honor and standing
of the profession before personal advantage, and
the public welfare above all other considerations.

In humility and with need for Divine Guidance, I
make this pledge.


http://hazard.com/msds/
http://www.ilpi.com/msds/
http://www.msdssearch.com

In 1977, a similar statement was approved by the Accred-
itation Board for Engineering and Technology (ABET), as
follows:

Engineers uphold and advance the integrity, honor,
and dignity of the engineering profession by:

1. Using their knowledge and skill for the enhance-
ment of human welfare;
II. Being honest and impartial, and serving with
fidelity the publics, their employees;
III.  Striving to increase the competence and prestige
of the engineering profession; and
1V. Supporting the professional and technical soci-
eties of their disciplines.

These two statements have to do with ethics, also called
moral philosophy, which is derived from the Greek ethika,
meaning character. Thus, ethics deals with standards of
conduct or morals. Unfortunately, there are no universal
standards; only the ethics of Western civilization are con-
sidered in detail here. There is a movement toward the
development of global ethics, which is described briefly at
the end of this section.

Engineering ethics is concerned with the personal conduct
of engineers as they uphold and advance the integrity, honor,
and dignity of engineering while practicing their profession.
This conduct of behavior has obligations to (1) self, (2)
employer and/or client, (3) colleagues and co-workers, (4)
public, and (5) environment.

Specific examples of these obligations are given in indi-
vidual codes of ethics adopted by the various engineering
societies (e.g., AIChE, ASCE, ASME, and IEEE) and by the
NSPE. The following is the Code of Ethics adopted by the
American Institute of Chemical Engineers (AIChE):

Members of the American Institute of Chemical Engi-
neers shall uphold and advance the integrity, honor,
and dignity of the engineering profession by: being
honest and impartial and serving with fidelity their
employers, their clients, and the public; striving to
increase the competence and prestige of the engineer-
ing profession; and using their knowledge and skill for
the enhancement of human welfare. To achieve these
goals, members shall:

1. Hold paramount the safety, health, and welfare of
the public in performance of their professional
duties.

2. Formally advise their employers or clients (and
consider further disclosure, if warranted) if they
perceive that a consequence of their duties will
adversely affect the present or future health or
safety of their colleagues or the public.

3. Accept responsibility for their actions and recog-
nize the contributions of others, seek critical review
of their work and offer objective criticism of the
work of others.
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4. Issue statements and present information only in an
objective and truthful manner.

5. Act in professional matters for each employer or
client as faithful agents or trustees, and avoid
conflicts of interest.

6. Treat fairly all colleagues and co-workers, recog-
nizing their unique contributions and capabilities.

7. Perform professional services only in areas of their
competence.

8. Build their professional reputations on the merits of
their services.

9. Continue their professional development through-
out their careers, and provide opportunities for the
professional development of those under their
supervision.

A more detailed code of ethics for engineers was adopted
initially by the NSPE in July 1964. Since then, it has been
updated 24 times and will probably continue to receive
updates. The January 2006 version is shown in Figure 1.9.
Some idea of the direction in which engineering ethics is
moving may be gleaned from the following changes made
since 1996, as taken from the NSPE Web site at:

http://www.nspe.org.

February 2001—The NSPE Board approved the fol-
lowing change to the Code of Ethics: Deletion of
Section III. I.e. “Engineers shall not actively partic-
ipate in strikes, picket lines, or other collective coer-
cive action.”

July 2002—The NSPE Board approved the following
changes to the Code of Ethics: New Section II. Le.
“Engineers shall not aid or abet the unlawful practice
of engineering by a person or firm.” Old Section IL1.e.
was renumbered as new Section ILLf.

January 2003—The NSPE Board approved a new
section (Ill1.9.e.) to the Code of Ethics that reads:
“Engineers shall continue their professional devel-
opment throughout their careers and should keep
current in their specialty fields by engaging in pro-
fessional practice, participating in continuing edu-
cation courses, reading in the technical literature,
and attending professional meetings and seminars.”

January 2006—The NSPE Board approved a new
section (I11.2.d.) to the Code of Ethics that reads:
“Engineers shall strive to adhere to the principles
of sustainable development in order to protect the
environment for future generations.” Footnote 1. “Sus-
tainable development” is the challenge of meeting
human needs for natural resources, industrial prod-
ucts, energy, food, transportation, shelter, and effective
waste management while conserving and protecting
environmental quality and the natural resource base
essential for future development.

It is important for an engineer, or one preparing for entry
into the profession, to develop the ability to address, in an
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Preamble

Engineeringisanimportantand learned profession. As members of this profession, engineers are expected to exhibit
the highest standards of honesty and integrity. Engineering has a direct and vital impact on the quality of life for all
people. Accordingly, the services provided by engineers require honesty, impartiality, fairness, and equity, and must
be dedicated to the protection of the public health, safety, and welfare. Engineers must perform under a standard of
professional behavior that requires adherence to the highest principles of ethical conduct.

I. Fundamental Canons

Engineers, in the fulfillment of their professional duties, shall:

1. Hold paramount the safety, health, and welfare of the public.

2. Perform services only in areas of their competence.

3. Issue public statements only in an objective and truthful manner.
4. Act for each employer or client as faithful agents or trustees.

5. Avoid deceptive acts.

6

. Conduct themselves honorably, responsibly, ethically, and lawfully so as to enhance the honor, reputation, and
usefulness of the profession.

Il. Rules of Practice

1. Engineers shall hold paramount the safety, health, and welfare of the public.

a. If engineers’ judgment is overruled under circumstances that endanger life or property, they shall notify their
employer or client and such other authority as may be appropriate.

b. Engineers shall approve only those engineering documents that are in conformity with applicable standards.
c. Engineers shall not reveal facts, data, orinformation without the prior consent of the client or employer except as
authorized or required by law or this Code.

d. Engineers shall not permit the use of their name or associate in business ventures with any person or firm that
they believe is engaged in fraudulent or dishonest enterprise.

e. Engineers shall not aid or abet the unlawful practice of engineering by a person or firm.

f. Engineers having knowledge of any alleged violation of this Code shall report thereon to appropriate professional
bodies and, when relevant, also to public authorities, and cooperate with the proper authorities in furnishing such
information or assistance as may be required.

2. Engineers shall perform services only in the areas of their competence.

a. Engineers shall undertake assignments only when qualified by education or experience in the specific technical
fields involved.

b. Engineers shall not affixtheir signatures to any plans or documents dealing with subject matter in which they lack
competence, nor to any plan or document not prepared under their direction and control.

c. Engineers may accept assignments and assume responsibility for coordination of an entire project and sign and
seal the engineering documents for the entire project, provided that each technical segment is signed and sealed
only by the qualified engineers who prepared the segment.

3. Engineers shall issue public statements only in an objective and truthful manner.

a. Engineers shall be objective and truthful in professional reports, statements, or testimony. They shall include all
relevant and pertinentinformation in such reports, statements, or testimony, which should bear the date indicating
when it was current.

b. Engineers may express publicly technical opinions that are founded upon knowledge of the facts and com-
petence in the subject matter.

c. Engineers shall issue no statements, criticisms, or arguments on technical matters that are inspired or paid for by
interested parties, unlessthey have prefaced theircomments by explicitly identifying the interested parties on whose
behalf they are speaking, and by revealing the existence of any interest the engineers may have in the matters.

4. Engineers shall act for each employer or client as faithful agents or trustees.

a. Engineers shall disclose all known or potential conflicts of interest that could influence or appear to influence
their judgment or the quality of their services.

b. Engineers shall not accept compensation, financial or otherwise, from more than one party for services on the
same project, or for services pertaining to the same project, unless the circumstances are fully disclosed and agreed
to by all interested parties.

Figure 1.9 NSPE code of ethics for engineers—January 2006 version
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c. Engineers shall not solicit or accept financial or other valuable consideration, directly or indirectly, from outside
agents in connection with the work for which they are responsible.

d. Engineersin public service as members, advisors, or employees of a governmental or quasi-governmental body
or department shall not participate in decisions with respect to services solicited or provided by them or their
organizations in private or public engineering practice.

e. Engineers shall not solicit or accept a contract from a governmental body on which a principal or officer of their
organization serves as a member.

5. Engineers shall avoid deceptive acts.

a. Engineers shall not falsify their qualifications or permit misrepresentation of their or their associates’ qual-
ifications. They shall not misrepresent or exaggerate their responsibility in or for the subject matter of prior
assignments. Brochures or other presentations incident to the solicitation of employment shall not misrepresent
pertinent facts concerning employers, employees, associates, joint venturers, or past accomplishments.

b. Engineers shall not offer, give, solicit, or receive, either directly or indirectly, any contribution to influence the
award of a contract by public authority, or which may be reasonably construed by the public as having the effect or
intent of influencing the awarding of a contract. They shall not offer any gift or other valuable consideration in order
to secure work. They shall not pay a commission, percentage, or brokerage fee in order to secure work, except to a
bona fide employee or bona fide established commercial or marketing agencies retained by them.

lll. Professional Obligations

1. Engineers shall be guided in all their relations by the highest standards of honesty and integrity.

a. Engineers shall acknowledge their errors and shall not distort or alter the facts.

b. Engineers shall advise their clients or employers when they believe a project will not be successful.

c. Engineers shall not accept outside employment to the detriment of their regular work or interest. Before
accepting any outside engineering employment, they will notify their employers.

d. Engineers shall not attempt to attract an engineer from another employer by false or misleading pretenses.
e. Engineers shall not promote their own interest at the expense of the dignity and integrity of the profession.

2. Engineers shall at all times strive to serve the public interest.

a. Engineers shall seek opportunities to participate in civic affairs; career guidance for youths; and work for the
advancement of the safety, health, and well-being of their community.

b. Engineers shall not complete, sign, or seal plans and/or specifications that are not in conformity with applicable
engineering standards. If the client or employer insists on such unprofessional conduct, they shall notify the proper
authorities and withdraw from further service on the project.

c. Engineers shall endeavor to extend public knowledge and appreciation of engineering and its achievements.
d. Engineers shall strive to adhere to the principles of sustainable development in order to protect the environment
for future generations.

3. Engineers shall avoid all conduct or practice that deceives the public.

a. Engineers shall avoid the use of statements containing a material misrepresentation of fact or omitting a material
fact.

b. Consistent with the foregoing, engineers may advertise for recruitment of personnel.

c. Consistent with the foregoing, engineers may prepare articles for the lay ortechnical press, but such articles shall
not imply credit to the author for work performed by others.

4. Engineers shall not disclose, without consent, confidential information concerning the business affairs or technical
processes of any present or former client or employer, or public body on which they serve.

a. Engineers shall not, without the consent of all interested parties, promote or arrange for new employment
or practice in connection with a specific project for which the engineer has gained particular and specialized
knowledge.

b. Engineers shall not, without the consent of all interested parties, participate in or represent an adversary interest
in connection with a specific project or proceeding in which the engineer has gained particular specialized
knowledge on behalf of a former client or employer.

5. Engineers shall not be influenced in their professional duties by conflicting interests.

a. Engineers shall not accept financial or other considerations, including free engineering designs, from material or
equipment suppliers for specifying their product.

b. Engineers shall not accept commissions or allowances, directly or indirectly, from contractors or other parties
dealing with clients or employers of the engineer in connection with work for which the engineer is responsible.

6. Engineers shall not attempt to obtain employment or advancement or professional engagements by untruthfully
criticizing other engineers, or by other improper or questionable methods.

Figure 1.9 (Continued)
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a. Engineers shall not request, propose, or accept a commission on a contingent basis under circumstances in
which their judgment may be compromised.

b. Engineersinsalaried positions shall accept part-time engineering work only to the extent consistent with policies
of the employer and in accordance with ethical considerations.

c. Engineers shall not, without consent, use equipment, supplies, laboratory, or office facilities of an employer to
carry on outside private practice.

7. Engineers shall not attempt to injure, maliciously or falsely, directly or indirectly, the professional reputation,
prospects, practice, or employment of other engineers. Engineers who believe others are guilty of unethical orillegal
practice shall present such information to the proper authority for action.

a. Engineers in private practice shall not review the work of another engineer for the same client, except with the
knowledge of such engineer, or unless the connection of such engineer with the work has been terminated.

b. Engineers in governmental, industrial, or educational employ are entitled to review and evaluate the work of
other engineers when so required by their employment duties.

c. Engineers in sales or industrial employ are entitled to make engineering comparisons of represented products
with products of other suppliers.

8. Engineers shall accept personal responsibility for their professional activities, provided, however, that engineers
may seek indemnification for services arising out of their practice for other than gross negligence, where the
engineer’s interests cannot otherwise be protected.

a. Engineers shall conform with state registration laws in the practice of engineering.
b. Engineers shall not use association with a nonengineer, a corporation, or partnership as a “cloak’ for unethical
acts.

9. Engineers shall give credit for engineering work to those to whom credit is due, and will recognize the proprietary
interests of others.

a. Engineers shall, whenever possible, name the person or persons who may be individually responsible for
designs, inventions, writings, or other accomplishments.

b. Engineers using designs supplied by a client recognize that the designs remain the property of the clientand may
not be duplicated by the engineer for others without express permission.

c. Engineers, before undertaking work for others in connection with which the engineer may make improvements,
plans, designs, inventions, or other records that may justify copyrights or patents, should enter into a positive
agreement regarding ownership.

d. Engineers’ designs, data, records, and notes referring exclusively to an employer’'s work are the employer’s
property. The employer should indemnify the engineer for use of the information for any purpose other than the
original purpose.

e. Engineers shall continue their professional development throughout their careers and should keep current in
their specialty fields by engaging in professional practice, participating in continuing education courses, reading in
the technical literature, and attending professional meetings and seminars.

Footnote 1 ““Sustainable development” is the challenge of meeting human needs for natural resources, industrial
products, energy, food, transportation, shelter, and effective waste management while conserving and protecting
environmental quality and the natural resource base essential for future development.

As Revised January 2006

"By order of the United States District Court for the District of Columbia, former Section 11(c) of the NSPE Code of
Ethics prohibiting competitive bidding, and all policy statements, opinions, rulings or other guidelines interpreting its
scope, have been rescinded as unlawfully interfering with the legal right of engineers, protected under the antitrust
laws, to provide price information to prospective clients; accordingly, nothing contained in the NSPE Code of Ethics,
policy statements, opinions, rulings or other guidelines prohibits the submission of price quotations or competitive
bids for engineering services at any time or in any amount.”

Statement by NSPE Executive Committee

In order to correct misunderstandings which have been indicated in some instances since the issuance of the
Supreme Court decision and the entry of the Final Judgment, it is noted that in its decision of April 25, 1978, the
Supreme Court of the United States declared: “The Sherman Act does not require competitive bidding.”

It is further noted that as made clear in the Supreme Court decision:

1. Engineers and firms may individually refuse to bid for engineering services.
2. Clients are not required to seek bids for engineering services.

3. Federal, state, and local laws governing procedures to procure engineering services are not affected, and remain in
full force and effect.

Figure 1.9 (Continued)




and negotiation procedures by public agencies.
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influence governmental action . . .

4. State societies and local chapters are free to actively and aggressively seek legislation for professional selection

5. State registration board rules of professional conduct, including rules prohibiting competitive bidding for
engineering services, are not affected and remain in full force and effect. State registration boards with authority to
adopt rules of professional conduct may adopt rules governing procedures to obtain engineering services.

6. As noted by the Supreme Court, “‘nothing in the judgment prevents NSPE and its members from attempting to
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ethical fashion, significant workplace problems that may
involve difficult choices. For this purpose, the Online Ethics
Center (OEC) for Engineering and Science (formerly the
World Wide Web Ethics Center for Engineering and Sci-
ence), was established in 1995 under a grant from the
National Science Foundation (NSF). The Center, located
at Case-Western Reserve University, provides very extensive
educational resources, including more than 100 case studies,
at the Web site:

http://onlineethics.org/

Figure 1.10 provides just a sample of Center case studies
dealing with public safety and welfare. The Center also
sponsors conferences, addresses the ABET Readiness Com-
mittee call for a Guide to Ethics for Dummies, and provides
sample student assignments, from the freshman to senior
level, on practical ethics for use by instructors.

A breach of ethics or a courageous show of ethics is
frequently newsworthy. An example of a breach of ethics is
that of an MIT student who used university hardware to
distribute commercial software over the Internet. Recent
examples of a more courageous show of ethics, which are
presented as case studies by the WWW Ethics Center for
Engineering and Science, include:

1. The attempts by Roger Boisjoly to avert the Challenger
space disaster.

2. The emergency repair by William LeMessurier of
structural supports for the Citicorp Tower in New
York City.

3. The campaign of Rachel Carson for control of the use
of pesticides.

The work of Rachel Carson has had a significant impact on
stirring the world to action on environmental protection,

« Suspected Hazardous Waste

» Clean Air Standards and a Government Engineer

environmental health hazard.

» Code Violations with Safety Implications

them to a third party.
« Whistleblowing City Engineer

her not to disclose.
on-site representative.
» Engineer’s Dispute with Client Over Design

public.
ignored and silenced by management.
compete for and carry out a public project.

« Knowledge of Damaging Information

public interest.

A supervisor instructs a student engineer to withhold information from a client about the suspected nature of waste
on the client’s property, to protect what the supervisor takes to be the client’s interest.

An engineer defies immediate supervisor because he believes supervisor’s instruction would pose an

* The Responsibility for Safety and the Obligation to Preserve Client Confidentiality
Tenants sue their building’s owner, and the owner employs an engineer who finds structural defects not mentioned
in the tenant’s lawsuit. Issues of public safety versus client confidentiality.

Engineerdiscovers deficienciesinabuilding’s structural integrity, and it would breach client confidentiality to report

An engineer privately informs other city officials of an environmental threat, a problem her supervisor has ordered
- Safety Considerations and Request for Additional Engineering Personnel

An engineer is concerned for worker safety during construction but yields to his client’s objections at the cost of an

A client believes an engineer’s designs are too costly, but the engineer fears that anything less may endanger the

« Do Engineers Have a Right to Protest Shoddy Work and Cost Overruns?
An engineer who is employed by a government contractor objects to a subcontractor’s poor performance and is

» Change of Statement of Qualifications for a Public Project
An engineering firm takes measures to remedy a deficit in a particular area of expertise needed to successfully

An engineer has a conflict between honoring an agreement to an employer and reporting a hazard to protect the

Figure 1.10 Engineering ethics cases in the Ethics Center for Engineering & Science (http://www.cwru.edu/affil/wwwethics)
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beginning with concerted efforts on college campuses. Carson
was a U.S. Fish and Wildlife Service biologist who, in 1951,
published The Sea Around Us, which won the National Book
Award. In 1962, Carson’s book Silent Spring was published.
In that book, she criticized the widespread use of chemical
pesticides, fertilizers, and weed killers, citing case histories
of damage to the environment. In particular, she cited the
disappearance of songbirds (thus, the title of the book) due to
the use of the synthetic, chlorine-containing pesticide DDT
(previously discussed in Section 1.4), which kills insects by
acting as a nerve poison. Synthetic pesticides were developed
during a period of great economic development after World
War II in an attempt to reduce insect-caused diseases in
humans and to increase food production. More specifically,
the use of DDT practically eliminated the anopheles mos-
quito that had caused malaria in many countries in Asia,
Africa, and South and Central America. Carson claimed that
the problems created by DDT were worse than the problems it
solved. DDT disrupted reproductive processes and caused
bird eggs to be infertile or deformed. Because DDT breaks
down very slowly in the soil, its concentration builds up in the
food chain as larger organisms eat smaller ones. Even though
no adverse effects of DDT on humans have been found, its use
in the United States was banned in 1972. However, it is still
manufactured in the United States, and it is still used in parts
of the world for malaria control.

Concern over the environment has led to much interest in
the development of global ethics. Considerable information
on this subject is available on the Web site of The Institute for
Global Ethics, which is located at Camden, Maine:

http://www.globalethics.org

The Institute exists because many believe in their state-
ments:

1. Because we will not survive the twenty-first century
with the twentieth century’s ethics.

2. The immense power of modern technology extends
globally. Many hands guide the controls and many
decisions move those hands. A good decision can
benefit millions, while an unethical one can cripple
our future.

The Institute strongly believes that education in ethics
must begin at the middle- and high-school level. Accord-
ingly, they provide instructional materials suitable for that
level. They also stress the concept of moral courage, which
they are in the process of defining. In a recent white paper, the
Institute makes the following statements:

1.7 SUMMARY
Having studied this chapter, the reader should

1. Be acquainted with the organizational structures in
product and process design and have an appreciation of
the key steps in the Stage-Gate™ product and tech-
nology development framework.

Moral courage is different from physical courage.
Physical courage is the willingness to face serious
risk to life or limb instead of fleeing from it.

Moral courage is not about facing physical chal-
lenges that could harm the body. It’s about facing mental
challenges that could harm one’s reputation, emotional
well-being, self-esteem, or other characteristics. These
challenges, as the term implies, are deeply connected
with our moral sense—our core moral values.

Moral courage, . .. has four salient character-
istics:

o Jtisthe courage to be moral—to act with fairness,
respect, responsibility, honesty, and compassion
even when the risks of doing so are substantial.

e [t requires a conscious awareness of those risks.
The sleepwalker on the ridgepole is not coura-
geous unless, waking up, he or she perceives the
danger and goes forward anyway.

e [t is never formulaic or automatic, but requires
constant vigilance against its opposite (moral
timidity) and its counterfeit (moral foolhardi-
ness).

e Jt can be promoted, encouraged, and taught
through precept, example, and practice.

The teaching of engineering ethics to senior engineering
students can be difficult, especially when students raise
questions from their personal experiences. Years ago, a
student in a senior design class, at an appointment in the
instructor’s office, asked the following question: “Two
weeks ago, I accepted an offer of employment from a
company that had set a deadline for accepting the offer.
Yesterday, [ received a better offer from another company for
a better job opportunity at a higher starting salary. What
should I do?”’ At that time, the instructor was inclined to tell
the student to stand by the commitment to the first company.
Several years later the tables were turned. A senior student
told the instructor that he had accepted an offer with an
excellent company and then rejected two other offers that he
had received. One month later, the student informed the
instructor that the company to which he had committed
reneged on the offer because of a downturn in the economy.
Furthermore, job offers from the two other companies that
had made offers were no longer available. From then on,
when asked, the instructor recited these two episodes and told
students to look out for their own best interests. If they got a
better offer after accepting an earlier offer, renege on the first
and take the second. Was the instructor giving ethical advice?

2. Be familiar with the distinctions between basic chem-
icals, industrial chemicals, and configured consumer
chemical products.

3. Have examined the innovation maps presented
herein for a basic chemical (environmentally friendly


http://www.globalethics.org

refrigerant), an industrial chemical (thin-glass sub-
strate for an LCD display), and a configured consumer
product (light bulb). The reader should also be familiar
with the approach to preparing innovation maps when
designing new chemical products.

4. Be knowledgeable about the principal issues in envi-
ronmental protection and the many safety considera-
tions that are foremost in the minds of product and
process designers. The reader should also have some
familiarity with the many design methods used to
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Chapter 2

Product-Development Process

2.0 OBJECTIVES

This chapter introduces approaches for developing new chemical products. It discusses the strengths and pitfalls of the Stage-
Gate Product-Development Process (SGPDP). In addition, the application of the SGPDP for different classes of projects,
ranging from product extensions to the development of new-to-the-world products, is discussed. Emphasis is on selecting the
key questions to be answered, the key deliverables, and the clusters of tools for finding answers to these questions.

After studying this chapter, the reader will be prepared to read Part One of this book, in which the SGPDP is applied to
the design of basic chemical products, concluding with three case studies in Chapter 13. Then, in Parts Two and Three, the
SGPDP is applied to the design of industrial chemical products and configured consumer products using selected case studies.

Alternatively, because many steps in product design are business oriented—for example, creating a pipeline for new
product development, carrying out a market assessment, determining customer needs, and carrying out an opportunity
assessment—some readers may prefer to skip the details of Chapter 2 and proceed directly to Part One. Then, in Chapters 13, 15,
and 17, when these subjects are discussed in connection with the product design case studies, the reader can refer back to
Chapter 2 for the details as necessary.

After studying this chapter, the reader should:

Be able to use the elements of the Stage-GateTM Product-Development Process (SGPDP) for the design of new products.
Be aware of the need to create a pipeline for new product development.

Be able to create a project charter to begin a product-development effort.

Know the role of new technologies in developing new products—seeking to relate them to customer needs in an
innovation map before product development begins.

5. Be able to carry out a market assessment, that is, determine the value proposition, and carry out market
segmentation and value-chain analysis in the concept stage.

Ll e

6. Be able to determine customer requirements, that is, the voice of the customer, and to translate customer voices
into customer requirements.

7. Be able to identify the technical requirements for a new product, beginning with customer requirements, and to
formulate the House of Quality.

8. Be able to evaluate new solution concepts using the Pugh matrix.

9. Know how to use Porter five-force and intellectual-property analysis (to search the patent literature) when
carrying out an opportunity assessment to determine the risks associated with a new product.

10. Appreciate the key steps in the feasibility, development, manufacturing, and product-introduction stages of the

SGPDP.

2.1 INTRODUCTION companies have introduced several approaches, as
discussed in the section on Stimulating Invention
and Innovation in Section 1.3. In many cases, success-
ful companies are known for empowering their
employees to take calculated risks.

To generate new products effectively over many years and
decades, it is important to create a pipeline for new product
development, the health of which depends on four key factors
(Cooper, 2005). These are illustrated in Figure 2.1 and listed

next with brief explanations: 2. Product and Technology Strategy. From the business

management perspective, the clear definition of business
1. Environment for Innovation. To achieve innovation- goals and strategies is similarly effective in achieving
friendly environments involving people at many levels, successful product-development environments. As the
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Figure 2.1 Key factors for a healthy new-product-development
pipeline.

former are defined, their communication and translation
into new technology- and product-development strategies
is important.

3. Resource Management. Also from the business man-
agement perspective, the adherence to the disciplined
management of a company’s product and technology
portfolio is important. This involves the careful
deployment of resources to top-priority programs to
achieve business objectives.

4. Technology- and Product-Development Framework.
This fourth block recognizes the need to adopt company-
wide processes for executing, monitoring, and evalu-
ating technology and product-development efforts.

Regarding the fourth block, a key factor has been the
impact of globalization, which has significantly increased
worldwide competition. This, in turn, has led to increased
pressures to reduce the time-to-market while increasing the
success rates of new-product introductions. And, conse-
quently, the need for universal product- and technology-
development frameworks, to manage, monitor, and control
the execution of the product- and technology-development
strategies, is more widely recognized. In this chapter, only the
new product-/technology-development framework is dis-
cussed, with emphasis on the framework developed by
Cooper (2001, 2002, 2005).

The business success of the commercialization of a new
product depends on two factors: (1) the selection of the new-
product ideas to be developed, and (2) the execution of the
transformation of the new-product ideas into products to be
launched. In this chapter, it is assumed that the strategic
selection of these ideas has been accomplished, being beyond
the scope of discussion. Rather, focus is on the execution of
the Stage-GateTM Product-Development Process (SGPDP). It
is also assumed that the technological inventions are mostly
in place. The alternative, to develop the required technologies
during product development, normally increases the cycle
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times and delays times-to-market significantly, and conse-
quently, is preferably avoided. For this reason, the foci of
technology-development organizations are usually shifted
toward the mnext technologies upon which future products
will be based.

There are two major incentives for adopting a systematic
product-development process such as the SGPDP. These
involve:

1. Reduction in the new product-development time.
Depending on the types of new products, ranging
from minor modifications to existing products to
new products for new markets, the development times
range from a few months to a few years. Because totally
new products are often complicated by the concurrent
development of underlying technologies, these are
often avoided. Ideally, the developments of new tech-
nologies precede their inclusions in new products.

2. Increased success rate of new products launched into
the market. During the product-development process,
before large investments are committed, it is important
to verify the feasibility of the product, its critical
parameters for manufacture, and the size of the market
opportunity. The SGPDP is designed to reduce the risks
during development; that is, to increase the probabilities
of successes. Furthermore, as products are developed, it
is not uncommon for the size of the market opportunity
to decrease. Often, projections of the frue values become
better defined as feasible market segments are identified.
The product of the probability of success and the total
market opportunity is often a good measure of the health
of a new product-development effort.

Before beginning a discussion of the SGPDP in Section 2.3,
consider next the first steps in initiating a product design.
These include the formulation of a design team and the
preparation of its project charter, followed by the search for
new technologies upon which the product design is based—
that is, the creation of an innovation map, as discussed in
Section 1.3.

2.2 PROJECT CHARTER AND NEW
TECHNOLOGIES

With a pipeline for new product development in place, as
promising ideas are generated, design teams are formulated,
which begin their work by creating a project charter.

Project Charter

A project charter is the starting point for a product-develop-
ment effort. Its key elements are specific goals, a project
scope, deliverables, and a time line, which are discussed next
in this subsection.

First the reader should be aware that, when developing a
project charter, design teams often seek to follow the
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SMART principle; that is, to focus on specific, measurable,
agreed-upon, realistic, and time-based aspects of the prod-
uct design. By specific, it is implied that the charter is well
defined and clear to persons with a basic knowledge of the
project. The term measurable implies that well-recognized,
clear indicators are available to denote when the project
objectives have been achieved. By agreed-upon, it is
implied that all of the stakeholders are in agreement
with the goals of the project. The term realistic implies
that these goals can be achieved using available knowledge,
time, and resources. And, finally, the term time-based
implies that the datelines for completion of the overall
project and its stages are sound.

The identification of specific goals, that is, specific targets,
is very important to prevent so-called project scope creep.
Often, these goals are expressed by stating the objectives of
the project or, alternatively, by posing several questions to be
answered during the course of the project.

The project scope defines the boundary of the project. Itis
helpful to classify its associated elements as in-scope or out-
of-scope using an in-scope and out-of-scope exercise, as
illustrated in Example 2.1, recognizing that the boundaries
and scope often change as the project progresses.

The deliverables are items to be completed during the
project. They help to define the desired outcomes of the
project, and are often subdivided into groups to be presented
at the gate review following each stage, as illustrated in
Figure 2.3(b) in Section 2.3. Normally, the gate reviewers
focus their evaluations on these deliverables.

The time line presents projections of the project comple-
tion date and the dates for the gate reviews. Of course, these
dates are frequently renegotiated at the completion of each
stage.

Next, Example 2.1 illustrates the creation of a project
charter for the development of a new incandescent light bulb
product in the mid-1980s. Note that a complete case study for
this product design is presented in Section 17.2.

EXAMPLE 2.1

The time frame for this example is taken to be the mid-1980s,
when a market leader in general lighting had just announced a
new incandescent light bulb with an improved lifetime from 750
to 1,000 hr. To provide competition, hopefully in the near future,
a development team of the leading competitor was created to
carry out a design project to increase the lifetime of incandescent
light bulbs, with the goal of at least doubling their lifetimes to
2,000 hr while maintaining their costs. Assume you were a
member of the team charged with first developing a charter
for the project, and:

1. Write a goal statement for the lifetime-improvement project.
2. Carry out the in-scope and out-of-scope exercise.

3. Determine the deliverables and timeline.

Based upon your knowledge of incandescent light bulbs in
the mid-1980s (see the history in Section 16.2), prepare a

project charter typical of one likely to have been prepared at
that time.

SOLUTION

Before addressing the project charter, it should be recognized
that a multidisciplinary design team was probably assembled,
involving chemical engineers, material scientists, electrical
engineers, product-development persons, and businesspersons.
In many cases, the team would include representative developers
of the key technologies.

When first considering the objectives, the design team prob-
ably observed that the goal statement “‘to increase the lifetime of
incandescent light bulbs” would not follow the SMART prin-
ciple adequately. Consequently, it likely would have prepared an
improved goal statement, for example, “to develop a new
incandescent bulb having a longer lifetime, at least twice that
of existing products (namely, 2,000 hr), while not significantly
altering the price.” Subsequently, adhering more closely to the
SMART principle, it likely created an initial project charter
typical of that in Table 2.1.

As is common in initial project charters, the initial scope
likely defined only the major boundaries of the project, and,
consequently, it was probably decided to refine the scope using
the in-scope and out-of-scope exercise. This exercise would not
only have further defined the product specifications, but also
would have likely clarified the objectives of the development
project in terms of the technical requirements, manufacturing
requirements, etc. As shown in the case studies in Chapters 13,
15, and 17, the initial scope is often altered as the product design
proceeds.

In the in-scope and out-of-scope exercise, given the goal
statement and the initial project scope, it is recommended that

Table 2.1 Initial Project Charter

Project Name Longer-lifetime incandescent light bulb
Project Champions Business Director of the Home Lighting
Business

John Doe

Incandescent light bulbs with a lifetime
of at least 2,000 hr, or twice that of

the current product line, at the

same cost

Project Leader
Specific Goals

Project Scope In-scope:

 Light bulbs for household lighting

* Minimal changes to the current
manufacturing capability

Out-of-scope:

« Light bulbs for non-household
applications

Deliverables ¢ Business opportunity assessment

e Technical feasibility assessment

¢ Manufacturing capability assessment

 Product life-cycle assessment

Time Line Product prototypes for market testing

within 12 months




each team member list the items he/she believes to be in-scope
(included) or out-of-scope (excluded) in the project. With the
views of the individual team members represented, the entire team
discusses the controversial items and achieves a consensus list.
Note that in those rare incidents when an item cannot be resolved,
it is common to resolve the ambiguities with the assistance of the
project sponsors.

In this example, the initial scope in Table 2.1 would likely have
been expanded into:

In-Scope

® ] ifetime should be at least 2,000 hr

® Light bulb for general lighting for home usage

® Compact and fits standard fittings

® No significant capital increase in manufacturing
® Based on incandescent technology or its variants
® Maintain profit margin

Out-of-Scope

® Display lighting

® Automobile headlights

® Wide spectrum (daylight) lighting
® Emerging technology

Next, the product-development team probably agreed upon
its list of deliverables to be completed during the project. Note
that often the deliverables are best defined as the answers to a list
of critical questions, providing data and/or recommendations
that influence the business decision makers on the project.
Because this light-bulb project was likely based upon a limited
voice of the customer, that is, typical customer opinions, it
would have been prudent to ask if the needs for longer-life light
bulbs were real. Stated differently, key questions were likely:
How large is the business opportunity for longer-life light
bulbs? Is it technically feasible? Is it possible to save energy
(although energy savings were not a priority in the mid-1980s,
due to the availability of low-cost fuel)? In obtaining answers, it
is likely the design team contacted the proponents, or cham-
pions, among its customers, seeking answers to these questions
in the form of: (1) a business opportunity assessment, (2) a
technical feasibility assessment, and (3) a manufacturing capa-
bility assessment. In addition, with companies required by law
to comply with EHS (environmental, health, and safety) reg-
ulations and standards, the team needed to plan for product life-
cycle management.

For this project, given that a competitive, new light bulb had
just been announced, the time-to-market would have been a
critical element. For this reason, the project champions/spon-
sors had likely asked the team to provide a product prototype
within one year, with the concept stage (to be discussed)
completed in three months and the feasibility stage completed
in 12 months.

Having completed the in-scope and out-of-scope exercise, the
listof deliverables, and the time line, the design team likely prepared
its final project charter similar to that in Table 2.2. After receiving
approval by the project sponsors, the team likely began the concept
stage of the SGPDP, or equivalent, as discussed in the next sub-
section.
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Table2.2 Final Project Charter

Project Name Longer-lifetime incandescent light bulb
Project ChampionsBusiness Director of the Home Lighting
Business
John Doe
Incandescent light bulbs with a lifetime of at
least 2,000 hr, or twice that of the current
product line, at the same cost
In-scope:
e Lifetime is at least 2,000 hours
¢ Light bulbs for household lighting

o General lighting

o Compact and fits standard fittings

Project Leader
Specific Goals

Project Scope

o Based on incandescent light technology

¢ Minimal changes to the current
manufacturing capability
o No significant capital increase

¢ Maintain profit margin

Out-of-scope:

¢ Light bulbs for non-household applications
o Display lighting
o Automotive headlights
o Wide spectrum (daylight) bulbs

¢ Emerging technology
Deliverables * Business opportunity assessment:
o How large is the business opportunity for
longer-life light bulbs?
¢ Technical feasibility assessment:
o Is it technically feasible?

¢ Manufacturing capability assessment
o Can it be manufactured without signifi-
cant capital investment?
¢ Product life-cycle assessment

o Would it satisfy the current regulatory
requirements?

Time Line Product prototypes for market testing within

12 months

New Technologies

As mentioned above, as the design team begins its work, it is
assumed that most of the technological inventions are in
place. Before deciding to proceed with the SGPDP, the Stage-
Gate Technology-Development Process (SGTDP), dis-
cussed in Section 1.2, must be completed. In short, the design
team identifies the new materials, process/manufacturing,
and product technologies upon which the new productis to be
based. Then, it matches its perception of the voice of the
customer with the new technologies in an innovation map, as
discussed and illustrated in Section 1.3.

Figure 2.2 summarizes the steps in creating a project
charter and identifying the new technologies upon which
the new product is to be based. Having created its project
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Design team creates a
Project Charter to
develop a new product

Materials Development
Find chemicals or chemical
mixtures that have desired YeS
properties and performance:
emphasis on properties other

Is materials technology
invention required?

Product Technology

Yes Is product technology)
Development

invention required?

¢N0

>
(e.g., primary casing for halogen light bulb) k

lYes

charter, when designing a configured consumer product the
design team identifies the new materials, process/manufac-
turing, and product technologies. When these are judged to
be sufficiently promising, it may create an initial innovation
map and proceed to begin the SGPDP, as discussed in the next
section. Note that as the design team proceeds through the
SGPDP, it normally refines the new technologies and gains a
better understanding of the customer needs and, conse-
quently, modifies its initial innovation map.

2.3 STAGE-GATE' PRODUCT-
DEVELOPMENT PROCESS (SGPDP)

As introduced in Section 1.2, the Stage-GateTM Product-Devel-
opment Process (SGPDP) was developed by Robert Cooper in
the 1980s (Cooper, 2001, 2002, 2005). It provides a roadmap
for transforming new ideas into products that satisfy customer
needs, ready to be launched. The SGPDP has been used
successfully by companies around the world, often adapted
by practitioners to specific needs and environments. It is
essentially a gating process. The SGPDP consists of several
stages, between which gate reviews are conducted involving
key stakeholders and decision makers from business, technical,
manufacturing, supply-chain, and environmental, health, and
safety organizations. At each gate review, a decision is made to
either: (1) advance the design project to the next stage, (2)
retain the design project at the current stage until pending
critical issues are resolved, or (3) cancel the design project
when a need is no longer recognized, or when roadblocks have
been encountered that render the project infeasible.

To advance from stage to stage, a product-development
project must pass the gate reviews; that is, receive passing
grades. Each gate is intended to reduce the risk by verify-
ing the manufacturability and matching the size of the
opportunity and product features and performance to the
customer needs. To facilitate the reviews, several tasks are
designed to be accomplished in each stage. The gate reviews
serve to check and verify that key questions have been
answered satisfactorily before the design team is permitted

than thermophysical and N
» INO
transport (e.g., defect-free tungsten)
Y
Process/Manufacturing Yes Is process/manufacturing
Technology Development technology invention required?
[ » No
(e.g., Coolidge process for tungsten rods ) ’

C Initiate SGPDP? )&> Discard Project Charter

Figure 2.2 Steps in creating a
project charter and identifying
new technologies.

to proceed to the next stage. Since its introduction, there have
been many variations and adaptations of the original Stage-
Gate' process. Typically, however, a SGPDP consists of five
stages, as shown in Figure 2.3. In Figure 2.3(a), the stages are
represented by rectangular blocks, and the gates are repre-
sented by diamonds. Brief labels below the rectangles indicate
the principal steps to be accomplished in that stage. Above the
diamonds are brief summaries of the items to be screened or
evaluated during each gate review. In addition, Figure 2.3(b)
provides brief statements of the goals to be achieved in each
stage, as well as the deliverables to be presented at the gate
reviews. Note that the specific items listed in Figures 2.3(a)
and 2.3(b) depend on the kind of chemical product. The
introduction to Part One shows the items for basic chemicals in
Figure PI.1; the introduction to Part Two shows the items for
industrial chemicals in Figure PII.1; and the introduction to
Part Three shows the items for configured consumer chemical
products in Figure PIII.1.

The major drawback of the SGPDP occurs when new
development teams overemphasize the tasks and deliver-
ables, losing sight of the critical issues in ensuring the success
of their projects. To discourage this, in recent years many
companies, including Procter & Gamble, Caterpillar, and
Rohm & Haas, have modified the SGPDP to focus more on
the critical issues in an outer layer, with the tasks and
deliverables used to resolve the critical issues. This approach
is introduced in the discussion that follows.

2.4 CONCEPT STAGE

The concept stage, being first in the Stage Gate  Product-
Development Process, primarily serves as the business and
product definition step. During this stage, an extensive
investigation is carried out to define the product and to verify
the attractiveness of the product prior to committing signifi-
cant funds. When building an entirely new product family,
this stage involves an extensive market study to define, not
only the market opportunity, but also the market segment(s)
and customer needs. And consequently, the latter becomes
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Figure 2.3 Schematic of the Stage—GateTM Product-Development Process (SGPDP).

the basis for developing the new product concepts. For new
product extensions in an existing market, although the market
segment(s) and customer needs are generally known, a care-
ful verification of market viability and product strategy, as
they relate to customer needs, is still required. This often
applies for new basic chemical products when the variations
in chemical structure, properties, and raw materials are small.

In general, the goals of the concept stage are twofold: to
(1) define the product and (2) build the business case. Note
that in building the business case, a market opportunity
assessment needs to be conducted. Because resources to
obtain these data are usually not readily available in the
public domain, it is recommended that students work with
their librarians to obtain market data using the resources
listed in the reference section and other sources. To accom-
plish the two goals, several tasks are recommended, includ-
ing: carrying out a market assessment, determining customer
requirements, determining product requirements, creating

product concepts, and carrying out an opportunity assess-
ment. These are discussed next.

Market Assessment

A new product-development program often begins with a
product or technology idea for which the new product-
development team seeks to identify and analyze its value
creation and value capture (Murray, 2007). For value crea-
tion, it aims to determine whether the idea would add
significant value for customers, while for value capture, it
aims to determine whether its inherent economic value can be
captured in the face of competition.

More specifically, when analyzing the value creation of a
new idea, many questions are typically answered, including:
(1) Who are the customers? (2) Who is likely to buy? (3)
Who should be approached for sales? (4) Which markets
should be considered? (5) Which customers are most likely
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to purchase? (6) Which product applications are most suit-
able for the technology idea? and (7) Which product appli-
cations are most valued by the customers?

Value Proposition

When carrying out a market assessment, it helps to prepare a
value proposition, which is a clear, concise statement of the
compelling attributes of the product(s) as viewed by the
customers. These attributes usually are the features, func-
tions, and benefits of the product(s), with a good value
proposition normally describing the key product attributes
for a group of customers. Note that the value proposition
belongs to the products, not the underlying technologies
that enable the products. Also, the best product advertise-
ments convey the value proposition in less than 30 seconds.
They capture the audience; clearly convey the features,
functions, and benefits to the audience; and entice the audi-
ence to purchase the products. For these reasons, considerable
effort is expended in creating value-proposition statements.

To illustrate the value proposition and several approaches
in the concept stage, examples have been formulated using
the 2007 Apple product, the iPhone". This modern com-
munication, multimedia, and Internet-browsing device is a
type of configured consumer product, as introduced in
Section 1.3. While the iPhone  was not designed by chem-
ical engineers, many of its critical components involve
chemistry, physics, material science, and chemical engineer-
ing. These include:

® An adhesive that bonds the LCD assembly to the back-
light units and the front of the LCD assembly to the
touchscreen module. In addition to its bonding proper-

ties, the adhesive is optically clear with minimal reduc-
tion in light transmission, haze, and clarity.

® A brightness-enhancement film stack that increases
brightness by improving the efficient transmission of
light to the viewers.

® For the touch-screen module, unique materials that
separate two sheets of conductors that facilitate the
. ™ . .
iPhone  static and dynamic touch screen.

® Other components, shown in Figure 2.4, include a
transparent conductive layer (most likely of indium
tin oxide), glass substrates, and non-conductive sepa-
rator dots.

One innovative feature of the iPhone " is its touch screen,
which not only senses a finger touch, but also tracks its
motion (to zoom in and out, rotate, and flip pages of images).
At the heart of Apple’s touch-screen technology is its
multilayer construction above its liquid-crystal display
(LCD), as illustrated in Figure 2.4.

The iPhone " touch-screen construction consists of two
layers of optically clear conductive films separated by a non-
conductive, multi-dot spacer and a protective, optically clear
surface. A closer examination of these layers reveals the
complex structures and interlayers of circuitry embedded
on the surfaces of the conductive layers, as illustrated in
Figure 2.5.

The sensing circuitry is embedded on a glass substrate,
and the driving circuitry is embedded on one of the con-
ductive layers. An optically clear adhesive layer bonds the
protective film onto the conductive layers. Finally, the
protective film is coated with a thin layer of anti-reflective
coatings.

How the iPhone Works Basic Touchscreens

® 2007 HowSurffWorks

Flexible
Transparent
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Transparent
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Figure 2.4 iPhone"" touch-screen construction (Source: Howstuffworks Web site). Reprinted with permission.
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Figure 2.5 Details of iPhone™ construction (Source:
Howstuffworks Web site). Reprinted with permission.

EXAMPLE 2.2

You are a member of the product-development team for the
Apple iPhone'". The iPhone " is a smart phone, a multimedia
and Internet-enabled mobile phone announced by the Apple
CEO, Steve Jobs, during his keynote address at the Macworld
Conference & Expo in January 2007, and launched on June 29,
2007.

(a) Identify the features, functions, and benefits of the iPhone .

(b) Formulate a compelling value proposition for the iPhone "

SOLUTION

Note that much of the information in this solution was obtained
from the iPhone’ article in the Wikipedia encyclopedia, the
Howstuffworks Web site, and advertisements on the Apple
Web site.

The iPhone’ functions include those of a camera phone, a
multimedia player, and a mobile phone, and Internet services such
as e-mail, text messaging, Web browsing, visual voice mail, and
wireless connectivity. Inputs are accomplished using a touch
screen with a virtual keyboard and buttons.

In more detail, the iPhone = has the following features,
functions, and benefits:

1. As a mobile phone, iPhone " allows phone calls to be initiated
by touching a finger to the name or number in its address book,
favorites list, or call log. It also synchronizes all of a user’s
contacts on a PC, Macintosh computer, or Internet service. In
addition, users may resequence voice mail messages, like e-
mail, to be accessed in a preferred sequence.

2. The iPhone " is a widescreen Apple iPod " with touch controls
that permit music, audiobooks, videos, TV shows, and movies to
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be accessed using a high-resolution, 3.5-inch widescreen dis-
play. It also synchronizes the content of Apple {Tunes" libraries
on a PC and Macintosh computer. And, subsequently, these
items are accessed by touching the screen.

3. For Internet communications, the iPhone " features an HTML
e-mail client and Safari, a Web browser for a portable device
that synchronizes with bookmarks on a PC and Macintosh
computer. Safari also includes facilities for Google and Yahoo
searches. The iPhone  multitasks, permitting Web pages to be
read while e-mail is downloaded in the background using
Wi-Fi or EDGE.

4. The iPhone" is a small, lightweight, handheld device.

Based on these features, functions, and benefits, Apple wrote
the following advertisement: “iPhone " combines three amaz-
ing products—a revolutionary mobile phone, a widescreen
iPod™" with touch controls, and a breakthrough Internet com-
munications device with desktop-class e-mail, web browsing,
maps, and searching—into one small and lightweight handheld
device. iPhone " also introduces an entirely new user interface
based on a large multi-touch display and pioneering new soft-
ware, letting you control everything with just your fingers. So it
ushers in an era of software power and sophistication never
before seen in a mobile device, completely redefining what you
can do on amobile phone.” Note that the use of advertising terms
like “‘amazing,” ‘“‘revolutionary,” ‘‘breakthrough,” “‘pioneer-
ing,” ‘“‘ushers in an era,” ‘“‘never before seen,” and ‘““‘completely
redefining” is designed to attract customers, and possibly to
generate enthusiasm among members of the product-develop-
ment team, and eventually the business decision makers. A
clearer, more concise statement can be prepared, devoid of these
advertising terms: “iPhone’ isa lightweight, widescreen smart
phone with visual touch control that also performs as a fully
functioning media player (iPod) and an Internet communication
device with desktop-class e-mail, Web browsing, maps, and
searching.” This value-proposition statement effectively
focuses on the value the iPhone™ brings to its targeted custom-
ers, and, while more technical, lacks the advertising punch
provided by the terms in quotes. Advertising is best left to those
trained in advertising.

Market Segmentation

Often a product can be sold in different markets or for
different applications. For example, the Apple iPhone
can be marketed as a smart phone, a portable media player,
or a personal digital assistant (PDA). While the iPhone™ was
designed to provide a combination of these three functions,
the new product-development team should consider how to
best capture the value of its product. To answer this question,
several related questions should be addressed:

® Which customers are willing and capable of paying the
most?

® Which customers would benefit most from the product
features and functions?

® Which applications are on the path to significant prog-
ress, that is, being developed most rapidly?

® Which applications are served best by the product?
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Note that the last two questions address the suitability of the
technology that enabled the products, rather than customer
needs for a specific product(s). Regardless, when addressing
these questions, the success of a market segmentation
depends on the customers’ behavior in the selected segment;
more specifically, on the customers’ ability to adopt a new
product, where their needs may have been fully or partially
fulfilled by an existing product.

A market is defined as a group of people (potential cus-
tomers) who, asindividuals orin collective organizations, have
needs for products in a product category and who have the
ability and willingness to purchase such products. While so-
called end-use customers (consumers) benefit from the prod-
ucts, but not as profiteers, many companies and businesses buy
products for resale, for direct use in production of other
products, or for consumption in daily operation. As an exam-
ple, office supplies are consumed daily by their producers.

Traditionally, markets are categorized by geography and
demography. In demographic segmentation, groups of con-
sumers are segmented by age, sex, ethnicity, income, edu-
cation, occupation, family life cycle, family size, religion, or
social class. Geographic segmentation classifies groups of
consumers by subculture values, population size, population
growth, population density, natural resources, natural terrain,
etc.

Also, markets can be characterized by demand clusters
having similar needs or patterns. Three typical demand
clusters are:

® Homogeneous demand, where the customers have uni-
form demands for products for similar reason(s). This
commonly applies to products that satisfy basic needs
such as food staples.

® Clustered demand, where customer demands can be
segmented into two or more distinct clusters. For exam-
ple, cars are often segmented into luxury, basic, sport, or
spacious (family-oriented) clusters.

® Diffused demand, where customer preferences are
varied. Here, product differentiations are more costly
to establish and more difficult to communicate. For
example, in the cosmetics market, companies are com-
pelled to offer hundreds of shades of lipstick. Often,
given such diffused demands, companies try to structure
customer demands by developing market segments of
moderate size.

Individuals or organizations with diverse product needs have
heterogeneous needs or demand patterns. For these situa-
tions, market segmentation is the process of dividing a total
market into market groups consisting of people having
similar product needs; that is, forming clusters of needs.
Its purpose is to create a market mix that more closely
matches the needs of the individuals in the selected market
segment(s). In summary, the resulting market segment(s)
consist of individuals, groups, or organizations that share one
or more characteristics leading to similar product needs.

When developing new products, having identified diverse
market segments, the product-development team can either
focus on a single market segment (finding the best match for
its product with the needs of that segment) or design a
product to satisfy the needs of multiple market segments.
The latter is often achieved by: (1) offering a new product
family or portfolio, with different products designed to
match the needs of selected segments, or (2) designing a
universal product that serves the needs of multiple market
segments. One example of the latter is universal duct tapes
that are effective in dry or humid climates. Note that market
segmentation can also be used to organize the supply chain
for this product.

EXAMPLE 2.3

You are a member of the product-development team for the Apple
A ™ . . 0 o .5
iPhone . Identify its market segments and their characteristics.

SOLUTION

Because of the multiple product features within this product, it
seems likely the iPhone development team tried to capture
different market segments with a single product. Historically,
Apple introduced its iPod™ in the early 1990s, establishing the
media-player market segment. Shortly thereafter, in the late 1990s
and early 2000s, the mobile-phone market segment was devel-
oped in the United States. Given the advanced and smart features
offered by the iPhone ", it seems clear that the development team
intended to capture the smart phone and Internet segments, very
likely attempting to create a confluence of the media-player, smart
phone, and Internet markets. The results of its strategy to segment
the market remain to be seen. Its success will be measured by sales
revenues over the next few years.

Value-Chain Analysis

The capturing or realization of the potential economic value
of a new product, in the face of competition, is crucial to the
success of the new-product-development team. During the
concept stage, the team needs answers to the following
related questions:

® Should we sell products and/or services? Note that
Apple does both. New customers can subscribe to
AT&T phone service through the iTunes — application.

® How should we protect the competitive advantage
expressed in the value-proposition statement?

® How far along the value chain should we go to capture
the maximum value?

In this subsection, value-chain analysis is discussed, beginning
with a definition of the value chain. Then, an activity in the
value chain is identified with which the most value is realized
(from both the customer and the manufacturer perspective),
and with which the most protection from competitors (of
technology, product, and customers) can be achieved.
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Figure 2.6 Mobile-phone value chain.

A value chain in a business is comprised of activities
or functions in the creation and delivery of a product(s) to its
end users. These are classified (Porter, 1998a,b) as primary,
that is, directly needed in the production and delivery of the
product(s), and secondary, that is, supporting activities not
directly involved.

In Figure 2.6, an example of a mobile-phone value chain
for the wireless market is shown, which consists of the entities
chipset/infrastructure/platforms, handset makers, application
developers, content providers, wireless operators, and
retailers. For the chipset/infrastructure/platforms, the key
players include Qualcomm, Intel, and Ericsson, who provide
the chipset and the digital wireless technologies (e.g.,
BluetoothTM). The handset makers serve as integrators of the
many elements of wireless devices, including the telecommu-
nication processors and chipsets, housing designs, displays,
keyboards, and user interfaces. Typical companies associated
with this part of the value chain are Nokia, Samsung, LG
Electronics, and NEC. The application developers and content
providers provide application accessories and contents; for
example, news application developers may work with news
agencies, such as CNN or ESPN, to deliver content to the end
users. Next in the value chain are the so-called network
operators such as AT&T, Sprint, T-Mobile, and Verizon, which
provide network wireless services. Finally, the last entity in the
wireless value chain is the retailers, such as Best Buy and
Circuit City, which sell the mobile phones to the end users—
often serving as agents for the network operators included in
the services they provide to their customers.

EXAMPLE 2.4

As a member of the product-development team for the Apple
iPhone , identify the portions of the value chain in which Apple
chose to participate.

SOLUTION

When Apple partnered with AT&T as the service provider, it
chose not to be a wireless service provider; and, consequently, it

seems likely that Apple did not design and produce its own
telecommunication processors. Apple sells iPhone directly to
customers and manufactures iPhone™. Furthermore, it developed
applications such as the touch-screen user interface, the media
player, Internet communications, and iTunes' . Apple does not
provide contents such as news, music, and movies. In summary,
Apple chose to participate as a handset maker, application
developer, and retailer, choosing to increase its profits by partic-
ipating in three entities of the value chain for wireless devices.

Customer Requirements

Until the last quarter of the 20th century, new-product develop-
ment was generally viewed as the exclusive domain of sci-
entists and engineers in the R&D organization. They sought to
create technological innovations that excite customers. These
were transferred to other organizations, such as manufactur-
ing, product development, and business development (see
Figure 1.1), which carried them into the marketplace.

By the early 1980s, Japan had emerged as a world force in
new-product development, having captured significant world
market shares in industries as diverse as automotive, consumer
electronics, and heavy manufacturing. Japanese companies and
manufacturers placed heavy emphasis on quality, going beyond
the simple methods for manufacturing-defect reduction taught
by W. Edwards Deming, extending their quest for quality to the
initial product design phase; that is, the concept stage (Deming,
1950). High atop their priority lists were studies of customer
needs in every new product-development effort. To accomplish
this, the Japanese developed the Quality Functional Deploy-
ment (QFD) methodology (Katz, 2004), where QFD begins
with comprehensive lists of customer needs. Over time, the lists
of needs and the process of obtaining them became known as
the voice of the customer (VOC).

It has been traditional for the R&D organization to have
little, if any, contact with customers. Rather, the business-
development organization, with its marketing, sales, and
technical-services groups, has maintained contacts and close
working relationships with customers. As a result, marketing,
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sales, and technical service personnel have been added to
product-development teams today to capture the VOC.

The process of obtaining the VOC often involves primary
and secondary research. In secondary research, no customers
are contacted and interviewed, but rather, general market
requirements are collected through market studies and anal-
yses. To distinguish this from primary research, it is said that
secondary research provides the voice of the market (VOM),
a more generic assessment of customer needs.

To a novice in product development, collecting the VOC
might imply visiting and interviewing a few key customers.
However, over the years, the science of listening, observing,
interviewing, processing and analyzing customer needs, and
converting them into useful product requirements has matured
significantly. The first studies of the VOC, which continue to be
highly regarded, were conducted and reported by Griffin and
Hauser (1993). The principal steps of their process to obtain the
VOC involve: (a) selecting customers, (b) preparing question-
naires, (¢) conducting customer interviews, (d) processing and
analyzing customer needs, and (e) translating the customer
needs into product requirements. Next, these steps are intro-
duced briefly, with readers referred to the chapter by Katz (2004)
and the paper by Griffin and Hauser (1993) for further details.

Selection of the customers is a critical step, often on par
with determination of the sample size and population in a
survey. In this selection, the contacts with current customers,
as well as non-customers, are equally important, with the
latter often providing insights regarding their decisions not to
purchase products. Similarly, contacts with major accounts,
as well as small accounts, have comparable importance.
Often, the latter are the least satisfied customers. It is also
important to select customers associated with the various
entities in the value chain for a product(s).

EXAMPLE 2.5

As a member of the product-development team for the Apple
iPhone", develop a list of groups of customers for collecting the
VOC.

SOLUTION

Two obvious groups of potential customers are mobile-phone
users and non-users, with the latter group involving many persons
resistant to owning mobile phones. Both groups can be subdivided
by income level, education level, rural and metropolitan dwell-
ings, age, race, etc. As the iPhone development team may have
initially envisioned a universal wireless device, users of media
players, personal digital assistants (PDAs), and handheld com-
puters may have been sought. Based on market studies, business
travelers may have been a targeted group of customers.

Having selected the groups of customers, it remains to
prepare questions for them, which are often best assembled
systematically. Initially, it is recommended that the design
team address the purpose of obtaining the VOC, followed by

the specific issues for which customer views are sought.
Given a consensus, the design team would be prepared to
generate a list of questions for its potential customers.

EXAMPLE 2.6

As a member of the product-development team for the Apple
iPhone ", develop a list of questions that address its preferred user
interface.

SOLUTION

The purpose of obtaining the VOC is to determine the preferred
user interface for a wireless device. The desired outcomes might
be the:

e Types of wireless devices used by customers

e Kinds of user interfaces commonly used in their wireless
devices

o Usages for their wireless devices
e Features of their user interfaces used most and least frequently
o Features of their user interfaces most liked or disliked

e Features of the proposed user interface not available in their
current devices

Note that these outcomes focus on understanding the needs of
the customers, not on solutions that address their needs. Also, this
example is intended to determine the preferred features for the
user interface, not for the entire product. (For the latter, see
Exercise 2.10.)

Next, questions are assembled for customer interviews that
address these outcomes. The questions should induce open-ended
responses, not yes or no answers. For example, the following
questions address the types of their wireless devices:

e How many wireless devices do you own? Please identify them.
e Of your wireless devices, which one do you use the most?
e How do you use this device?

e What do you like the most about this device? Ditto for its user
interface?

e What other brands did you consider before you decided to
purchase this device?

e How do you compare the user interfaces of the devices you
considered with the user interface of the device you purchased?

e Which features of the user interface were compromised in your
selection?

Clearly, these lists can become lengthy. To obtain the desired out-
come, it is important that the product-development team agree on the
top three questions, positioning them early in the interview. Similar
lists of questions can be generated to determine customer preferences
regarding the desired features and functionalities of a smart phone;
for example, its use as a phone, a multimedia player, an Internet
browser, a camera, and a PDA. (For the latter, see Exercise 2.10.)

The interviews are normally conducted by a three-
person team comprised of an interviewer, a note taker,
and an observer. The interviewer conducts the interview



process posing questions and follow-up questions, guided
by the prepared list of questions. To be most effective, it is
normally best to adapt to the discussion thread, rather than
follow a sequence of prepared questions. In parallel, the
note taker records a transcript of the interview process, and
the observer seeks to observe the images (unexpressed
voices), reactions, body language, and other non-verbal
responses offered during the interview, including samples,
processes, charts, and diagrams, etc.

During and after the interview, it is important to define the
VOC, which is comprised of a comprehensive set of customer
wants and needs, with the needs perceived to be more
important. These are usually best:

® Expressed in the customer’s language or images (unex-
pressed voices).

® Organized to follow the customer’s thought process,
and his or her potential uses and interactions with the
proposed products or services.

24  Concept Stage 43

® Prioritized by the customer in terms of importance and
performance, as well as current satisfaction with exist-
ing alternatives.

A sample of a verbatim customer interview concerning a
new office-seating product is given in Table 2.3. While
most of the specifics are noteworthy to few readers, this
interview demonstrates how significant user experiences
are commonly extracted by interview teams. The capturing
of these experiences is crucial to the creation of successful
products.

Clearly, the interviewer adjusted his/her questions accord-
ing to the responses offered. The use of follow-up, or
clarifying, questions to explore wants, likes, or dislikes is
nicely illustrated by the last question in Table 2.3.

In some cases, customers offer solutions that address their
needs. Consider, for instance, the following response to an
interviewer’s question: *““The exterior wall should be an alloy
of aluminum and titanium,” which led the interviewer to ask,

Table 2.3 Verbatim Customer Interview for a New Office-Seating Product (Adapted from Hallowell, 2005)

Question: Please tell me about your current office chair. What does it look like? What features does it have?
Answer: It’s fairly old, and is beige with a low back. It has small tufts that sometimes attach to my slacks or skirt.

But, it’s quite comfortable.

Question: What makes it comfortable?

Answer: There’s much room to move about, especially when I work at my computer for many hours. I tend to switch
from position-to-position quite often. You might say, it moves with me.

Question: Is it leather or fabric?

Answer: It’s fabric, and unfortunately, its arms are becoming frayed. That’s in part due to my use, but our cleaning
staff is also responsible. After vacuuming, the custodians rapidly push the chairs under the desks and tables, often causing

the arms to be scraped.

Question: Does this happen to leather chairs?

Answer: I had a leather chair at my previous company. While the arms were not frayed, it was very uncomfortable.

Question: Why?

Answer: Because on warm days, due to perspiration, my skin often adhered to the chair, making it difficult to move freely.

Question: Should I assume you prefer fabric?
Answer: Definitely.

Question: Why?

Answer: Because it breathes more. I perspire less and can move about more easily.

Question: Does your current chair have other advantages?

Answer: Its elevation is easy to adjust. Also, after a year, I learned that the stiffness of the tilt can be adjusted

when leaning backwards.

Question: Wasn’t that obvious?

Answer: It was described in its manual, but I misplaced the manual shortly after receiving the chair.

Question: What makes the elevation easy to adjust?

Answer: The chair moves upward when a paddle underneath, on the side, is lifted, and moves downward when sitting on the
chair with the paddle depressed. Other chairs, with the paddle underneath in the front, are more awkward to depress

when wearing a skirt.

Question: Does your current chair have disadvantages?

Answer: It doesn’t move easily; for example, from my desk to my computer table.

Question: Can you be more specific?

Answer: The wheels are very stiff, and consequently, I must push aggressively to move just four feet. I wish it were

easier to move about my workspace.
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“Why is this a good solution?’’ The resulting response stated
the underlying need: “It needs to be both lightweight and
strong.” Note that some customers even offer a desired
specification, for example: “The thickness of the film should
be less than 2 mils.” Here, a helpful follow-up question
would ask why 2 mils is the desired thickness. The most
effective interviewers ask follow-up questions that probe the
actual needs, wants, and reasons for customer likes and
dislikes.

To resolve differences in interpreting customer voices,
interview teams are advised to review their notes shortly
after each interview, with follow-up interviews scheduled
to clarify and resolve the differences. Having reached a
consensus, the next step is to extract the customer voi-
ces—that is, the wants and needs useful in defining the
product requirements—from the verbatim interview
notes.

EXAMPLE 2.7

Extract the customer voices from the interview transcript asso-
ciated with the office-seating product in Table 2.3.

SOLUTION

To obtain the customer voices, note that the wants and needs
useful in defining the product requirements are closely related to
the expressions in ifalics in Table 2.3. These are:

e Small tufts that sometimes attach to my slacks or skirt.
e There’s much room to move about.

e To switch from position-to-position.

e Moves with me.

e Its arms are becoming frayed.

e Causing the arms to be scraped.

e Due to perspiration, my skin often adhered to the chair, making
it difficult to move freely.

o It breathes.
e [ perspire less and can move about more easily.

e Its elevation is easy to adjust.

It is difficult to
adjust my chair

| misplaced the
manual shortly after
receiving the chair

The wheels are very stiff.
More awkward to depress
when wearing a skirt

I misplaced the manual shortly after receiving the chair.

More awkward to depress when wearing a skirt.
e The wheels are very stiff.

e Easier to move about my workspace.

Example 2.7 shows that in just one interview, 10-15
customer voices are typically obtained. With 20-50 custom-
ers interviewed, it is not uncommon to accumulate hundreds,
possibly thousands, of customer voices. Of course, many are
redundant or similar, especially those associated with com-
mon needs, wants, or likes and dislikes, and consequently,
their processing can be a challenging task.

The KJ process, also known as the Affinity Diagram
process, is commonly used for the processing and analysis
of the VOC, where KJ refers to the Japanese anthropol-
ogist Jiro Kawakita, who studied the science of the
intellect (Kawakita, 1977). The KJ process, which is
used for defining, clarifying, and organizing qualitative
data based upon language, involves: (1) grouping the
voices into groups of similar voices based upon content
or relevance, (2) providing a representative title for each
group, and (3) rank-ordering the groups according to
importance. These steps are repeated with increasing
levels of abstraction; that is, including increasingly
abstract voices, leading to the addition of more abstract
subgroups having more abstract titles, as illustrated in
Figure 2.7. See also Hallowell (2008). Finally, the rela-
tionships (that is, affinities) among these higher-level
groups of voices are established.

In the end, not only are the voices grouped, but their
structural relationships are well defined. This is illustrated by
Anderson and Sanchez (1993), who present the KJ process
conducted by the Bose" Corporation when defining customer
requirements for their first high-fidelity speakers. For a more
complete discussion of the implementation and mechanics of
the KJ process for developing comprehensive sets of cus-
tomer requirements, readers are referred to Creveling et al.
(2003).

Concepts, Themes
' N

v Figure 2.7 Ladder of abstraction of
Examples, lllustrations customer voices.



Translating Customer Voices into Customer Requirements

Because the VOCs differ significantly from the product devel-
opers’ definition of new products, a translation into customer
requirements is necessary. The need for this translation is
illustrated by automotive customers who want a “roomy front
seat,” while product developers need to assign dimensions that
provide leg-, shoulder-, hip-, and head-room, among many
others. Other examples include customers who seek shampoos
that provide “healthy-looking hair,” and mobile phones that
have ‘“‘hassle-free registration.” The translation and prioriti-
zation of VOCs into customer requirements is the first step in
defining product requirements. Note that a KJ process is often
applied to the customer requirements as well.

EXAMPLE 2.8

Translate the customer voices in Example 2.7 from the interview
transcript associated with the office-seating product in Table 2.3
into a set of customer requirements.

SOLUTION

A customer voice, or a group of customer voices, may be
translated into one or more customer requirements. Below is
a list of customer requirements obtained from the voices in
Example 2.7:

e Nothing on the surface that can attach to customer’s clothing.
e Much room to move about within the chair.

e Eagsy to change positions within the chair: leaning forward,
backward, or to either side.

e Arms that do not fray, even when moved aggressively into and
out of tight spaces.

e A chair that “‘breathes’: keeping customers from perspiring
and adhering to the surfaces.

e Easy and intuitive to adjust the elevation and back-tilt of the
chair.

e Accessible instructions for adjusting the chair.

o Customer should not assume embarrassing positions to adjust
the chair.

e Easy movement about workspaces.

Note that the customer requirements should not contain
solutions, such as “‘customers prefer fabric,” or problems,
such as “‘the wheels are very stiff,” because these may bias
the generation of potential solutions later in the concept
stage. Furthermore, customer requirements should be suffi-
ciently specific, at the right level of abstraction. Very abstract
requirements suggest a broad range of solutions, while
requirements that are defined too specifically may unduly
limit the range of potential solutions. As an example of the
latter, the customer requirement that ““‘the wheels must rotate
freely” limits the solution concepts to chairs with wheels.

Once a set of customer requirements has been prepared, a
questionnaire may be sent to the interviewees to validate the
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requirements and establish the relative importance of each
requirement. Typically, to rank their importance, customers
are asked to distribute 100 points among the requirements
listed.

Product Requirements

Given a set of customer requirements, the product-develop-
ment team seeks to express them as product requirements
using a more technical language involving quantitative and
measurable variables.

The House of Quality (HOQ), also known as the Quality
Function Deployment (QFD), relates the various require-
ments (customer, product, manufacturing) to one another.
When first formulated, in the concept stage, the HOQ relates
the customer requirements to the overall product require-
ments.

In general, an HOQ consists of six blocks, as shown in
Figure 2.8. Block A is associated with the customer require-
ments, and Block B is associated with the quantitative and
measurable technical requirements that correspond to at least
one of the customer requirements. Then the relationships
between the customer and technical requirements are
described by the correlation matrix in Block C. Here, the
entries represent a qualitative relationship (yes or no) or,
more quantitatively, represent its strength (O = none, 1 =
weak, 3 = moderate, and 9 = strong). Turning to the roof of
the HOQ, Block D, the synergies and conflicts among the
technical requirements are represented. Note that synergistic
requirements change in the same direction, as they either
more or less fulfill the requirements. On the other hand,
conflicting requirements change in opposite directions, sig-
naling the need for compromises. Finally, Block E gives
weighting factors for the customer requirements, and Block F
represents the capabilities of the competitors in fulfilling the
customer requirements.

Often the customer requirements are categorized as
fitness-to-standard (FTS) or new-unique-and-difficult
(NUD). The former are basic requirements that must be
satisfied for customers to purchase a product(s)—require-
ments that are related to satisfaction levels well known to the
market, while for new-to-the-world products based on dis-
ruptive technologies, customers (early adopters) are able to
knowingly and willingly accept substandard FTS perform-
ance. For instance, for the first digital cameras, early adopters
were willing to accept poorer picture quality in exchange for
the ability to transmit pictures over the Internet or manipulate
images before printing.

Similarly, customers are rarely willing to pay more for the
FTS features, while NUD requirements often attract custom-
ers, as well as higher prices, and are often available in limited
supplies. Because the NUD requirements provide compet-
itive advantages for companies, their fulfillment has priority
in the concept stage, as illustrated by the Apple iPhone .

Note that some practioners include only the NUD re-
quirements in Block A. Also, in Block D, the direction of
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fulfillment of the NUD requirements is shown with a (+)
rating indicating that as the technical requirement increases,
it better fulfills an associated technical requirement. Sim-
ilarly, a (—) rating indicates the opposite effect.

HOQs are created to focus on different aspects of the
Stage—GateTM Product-Development Process. For example,
some HOQs are for overall systems, while others are for
product subsystems or components. Yet others are for man-
ufacturing subsystems and components. Hence, HOQs are
often created, or extended, at different stages in the SGPDP.

To illustrate the creation of a first HOQ in the concept
stage, consider the product design of a longer-lifetime
incandescent light bulb, which is discussed in detail in
Section 17.2. In Table 2.4, the lower rectangular matrix pairs
the customer requirements in the first column with at least
one quantitative technical requirement or parameter in the
adjacent columns. For example, the customer requirement
that the bulbs fit in lamps with shades, recess lamps, or
tracking light fixtures imposes a maximum operating temper-
ature; that is, a technical variable with an upper bound to
prevent fires. Similarly, the quality of light, warm or cool,
imposes an operating temperature known as the color tem-
perature. In other cases, the customer requirement translates
directly into the technical requirement, for example, the
lifetime.

At the top of the house, the interaction matrix shows the
synergistic technical requirements or parameters—for exam-
ple, the lifetime and color temperature. As introduced, (4)
indicates that both variables increase or decrease; (—) indi-
cates that when one variable increases, the other decreases,
and vice versa; and a blank entry indicates no significant
relationship between the variables. For the incandescent light
bulb, the higher the color temperature, the higher the bulb

temperature, and consequently, the shorter the lifetime. Thus,
the (—) signals the need for a compromise between the color
temperature and the lifetime.

The selection of the FTS and NUD requirements is
followed by identification of the technical requirements to
fulfill the NUD requirements. These steps, together with the
creation of the first HOQ, are illustrated in detail for three
products in Chapters 15 and 17—that is, for thin-glass
substrates for LCDs (Section 15.2); for halogen light bulbs
(Section 17.2); and for ahome hemodialysis product (Section
17.3). For further details on creating the HOQ, readers are
referred to Creveling et al. (2003).

Product Concepts

Having decided upon the technical requirements for the
product(s), the product-development team begins to develop
its new product concepts, that is, potential solutions that
satisfy the NUD and FTS requirements. For complex prod-
ucts with many components, parallel development efforts,
component by component, often lead to a collection of
concepts for the combined product. Clearly, this approach
is risky, as unanticipated interactions may be overlooked in
the concept stage. For this reason, it is often necessary to
defer judgment until a prototype can be created in the
feasibility stage. In this respect, flexibility is crucial when
deciding to carry a concept through to the feasibility stage.
Ideally, a multifunctional product-development team cre-
ates the solution concepts, with the team comprised of multi-
disciplinary personnel (Creveling et al., 2003), including:

® Scientists and engineers who have developed the under-
lying technologies likely to be used in the new product.
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Table 2.4 First House of Quality for Longer-Lifetime Incandescent Light Bulbs

Interaction Matrix

+ synergistic

1 Lum. Eff

Energy
Eff.

1 Color
Temp

Max Op.
Temp

Cost
$/Watt

Lifetime
(hours)

. Lifeti t |M .
Customer Requirement retime cos ax Op

Color | Energy Lum. Ef | Weight

(hours) | $/Watt Temp Temp Eff.
Lifetime (NUD) X 0.3
No Cost Premium (FTS) X 0.2
Fit Various Fixtures (FTS) 0.1
Lamps with Shade X
Recess Lamps X
Tracking Lights X
Colors of Light (FTS) 0.1
Warm Light X
Cool Light X
Energy Efficient (NUD) X X 0.3

® Development engineers in related fields.

® Senior manufacturing engineers, such as those who
developed previous generations of the product.

® Technical- and customer-service personnel who
worked on previous generations of the product, or
who have extensive experience in handling technical
problems and customer concerns.

® Marketing and sales personnel.
® Supply-chain specialists.

® Health, safety, environmental, and regulatory specialists.

This internally focused team is often complemented with
technology-development partners from industry, academia,
and/or the government. It may also include selected custom-
ers, with their levels of involvement dependent on the needs
of the product-development projects. Usually, they serve as

consultants rather than core members of the product-devel-
opment team.

When generating new solution concepts, the so-called
Pugh matrix (Pugh, 1996), in which each solution concept
(partial and complete) is judged against a reference solution,
is useful for screening purposes. Given the reference solu-
tion, which is usually the best known in the market, each
concept is evaluated against the reference solution and
assigned a qualitative valuation of inferior (—), superior
(+), or equal (0). Note that in refined variations of the
valuation method, ratings such as (———) or (+++) indicate
different levels of superiority or inferiority.

In most cases, solution concepts don’t satisfy all of the
requirements. When the violating requirements differ, com-
binations of the solution concepts are often attempted, with
the combined concepts having a reduced number of violated
requirements. Usually, the resulting concept having the
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Table 2.5 Pugh Matrix and Superior Concept

Reference Concept
Requirement Concept Concept A ConceptB A + B
NUD-1 Best Solution + — +
NUD-2 on the Market - + +
NUD-3 + 0 +
NUD-4 — 0 0
NUD-5 — - -
NUD-6 0 0 0

minimum number of unmet requirements is selected to be the
superior concept. Rarely, however, is a superior concept
located that satisfies all of the NUD requirements.

Table 2.5 shows a typical Pugh matrix in which two
solution concepts are rated against the best solution on the
market for six NUD requirements. While concept A is rated
superior to the best solution for NUD-1 and NUD-3, it is
inferior to the best solution for NUD-2, 4, and 5, and equal to
the best solution for NUD-6. Alternatively, concept B is rated
superior to the best solution for NUD-2, inferior to the best
solution for NUD-1 and NUD-5, and equal to the best solution
for NUD-3, 4, and 6. As anticipated, the combined concept
A+B is superior compared to the best solution for NUD-1, 2,
and 3, and equal to the best solution for NUD-4 and 6. Still, it
remains inferior to the best solution for NUD-5. Clearly,
concept A+B is the superior concept, as it has the minimum
number of inferior (—) ratings. Note that the weighting factors
are often ignored when examining the new concepts. They
gain importance when selecting the superior concept.

The usage of the Pugh matrix to select superior concepts is
illustrated for three products in Chapters 15 and 17—that is,
for thin-glass substrates for LCDs (Section 15.2); for halogen
light bulbs (Section 17.2); and for a home hemodialysis
product (Section 17.3). For further details on the Pugh
matrix, readers are referred to Creveling et al. (2003).

Opportunity Assessments

In the concept stage, product-development teams normally
focus on assessing their product opportunities by carrying out
preliminary product cost estimates and risk analyses. To
proceed to the feasibility stage, their approximate cost esti-
mates must be promising, with more accurate estimates
compiled as the team proceeds from stage to stage through
the SGPDP. For the design of basic chemical products, as
shown in Chapter 13, the focus is usually on the profitability
of the manufacturing processes, while for industrial and
configured consumer products, as shown in Chapters 15
and 17, the estimates are more closely associated with the
product selling prices and their mass production. As men-
tioned earlier, before recommending a sizable investment, it
is crucial to assess the risks of not capturing the potential
economic value, which involve estimating the economic
value and the associated competition. Due to space limita-

tions, just two assessment approaches, the Porter five-forces
analysis and the intellectual-property (IP) analysis, are cov-
ered in this section.

Porter Five-Forces Analysis

Competitive analysis commonly focuses on the competition
forces within markets or industries. In 1979, Porter argued
that in addition to the market competition force, there are four
other forces to be considered: (1) the bargaining power of the
suppliers, (2) the bargaining power of the customers, (3) the
threat of new entrants, and (4) the threat of substitute
products. To these, a sixth force was added by critics of
the Porter approach; that is, the bargaining power of other
stakeholders such as government, shareholders, environmen-
tal agencies, etc.

The competition forces within the market influence and are
influenced by the market growth rate, the number and diversity
of competitors, the brand equity, the advertisement expense
budget, and exit barriers. The bargaining power of the sup-
pliers includes differentiation of the supplied materials; the
relative cost of the input materials, as compared with the total
product cost and the selling price; the cost involved in switch-
ing suppliers; the presence of substitute input materials; etc. In
contrast, the bargaining power of the customers includes the
purchase volume, buyer price sensitivity, presence of substi-
tute or alternate products, etc. The threat of the new entrants is
related to the capital cost of changing products, the barrier-to-
entry, the brand equity, the switching cost, supply-chain
access, etc. Finally, the threat of product substitutes includes
buyer switching costs, the propensity to substitute, the relative
price performance of substitutes, and the perceived product
differentiation, which indicates the value of the product
features beyond the competition offering.

The product-development team knows most of these
forces, or is familiar with most of them, for routine product
extensions. However, for new-to-the-world products, and
even products intended for an adjacent market, it is critical
to assess these forces.

EXAMPLE 2.9

Assess the barrier-to-entry forces probably considered by Apple
when introducing the iPhoneTM, its first wireless device.

SOLUTION

Apple is one of the most innovative technology companies
worldwide. Its revolutionary products have included the Macin-
tosh computer, with its friendly user interface. In the early 2000s,
Apple introduced another disruptive product, iPod ", a record-
breaking media player.

Recently, Apple decided to expand its market to include the
mobile-phone and PDA markets by introducing the iPhone .
Clearly, its major barrier to entry was its prior absence from these
markets. Second, to develop its product differentiation, Apple
reverted to its success in creating world-class user interfaces,



having introduced the first active touch-screen user interface. Yet
another barrier was the channel-to-market, which Apple strate-
gically overcame by creating an exclusive alliance with the AT&T
mobile-phone service carrier. In this regard, AT&T made a
strategic move to work with Apple to revolutionize its customer
usage of mobile phones. In one major example, they introduced a
nonsequential, voice mail retrieval method.

Intellectual-Property Analysis

Intellectual-property, or patent, analysis is used to assess
technical competitiveness, to forecast technological trends,
and to plan for potential competition from disruptions and
displacements by new technologies, all of which are impor-
tant when developing a new product. As an example, the
introduction of a new product to the market can make
obsolete a new-product-development effort. For these rea-
sons, an early awareness of the new technologies that may
displace a product concept is crucial in realizing the return on
the investment for a new product.

A patent for an invention is defined as the grant of a
property right to the inventor that excludes others from
practicing the invention. It is used to protect a product, giving
the inventor an exclusivity to produce the product for a limited
time, 17 years in the United States. Patentable inventions may

Figure 2.9 Google advanced patent search.
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include: (1) operating methods or processes, (2) physical
structures such as the composition of matter, and (3) product
features or articles. Recently, these have been expanded to
include: (4) algorithms and (5) business processes.

Using the innovation map described in Section 1.3, the
product-development team can identify key inventions in
material, process/manufacturing, and product technology
that enable product differentiation in the marketplace. These
inventions are often protected by patents or defensive pub-
lications, or are kept as trade secrets. When picket-fencing a
product, alternate technologies or pathways to produce a
similar product are often protected as well.

The primary strength of patent analysis is as a leading
indicator of technological change, offering an efficient way of
identifying technological discontinuity. Patent analysis usu-
ally begins with a patent search, followed by analysis of the
patents located. Until recently, patent searches were carried
out by experts using specialized tools and databases. Today,
patent searches are easily achieved using the Google advanc-
ed patent search on the Internet, as shown in Figure 2.9.

A Google advanced patent search locates patents using
user-supplied keywords, patent numbers, patent titles, inven-
tor names, assignee names, patent classifications, issue dates,
and filing dates. Normally, searches are first carried out using
keywords. After appropriate keywords have been found,

10 results

Coogle Search

Jan ‘s 2007 =




50 Chapter 2  Product-Development Process

searches can be limited by other attributes such as the
inventor, assignee (company name), and filing or issue dates.
Because issue dates are often many years after filing dates,
searches often use the filing date to obtain a historical
perspective of competitive filings.

Patent searches are illustrated in detail for four products in
Chapters 14—17—that is, for thin-glass substrates for LCDs
(Section 15.2); for washable crayon mixtures (Section 14.3);
for halogen light bulbs (Section 16.2); for a home hemodial-
ysis product (Section 16.3); and for a lab-on-a-chip for the
high-throughput screening of kinase inhibitors (Section 17.4).

2.5 FEASIBILITY STAGE

The second stage of the Stage-GateTM Product-Development
Process is the feasibility stage. The main objectives of this
stage are to validate the superior concept(s) generated during
the concept stage against the customer requirements, and to
build the business case for the project. In addition, other
issues are addressed including updating the market assess-
ment, competitive analysis (including IP strategy), and
examination of health-safety-environment concerns.

The key deliverables are: (1) an assessment of the extent to
which the superior concepts fulfill the customer require-
ments, (2) a business case for capturing the potential eco-
nomic value of the product in the face of competition, and (3)
a base-case process flow diagram, when applicable, espe-
cially for the design of basic chemical products.

This stage involves the generation of product prototypes,
their evaluation by the customers, customer feedback, and
the redesign of superior concepts. In so doing, the business
case is revised, as is the competitive analysis. The team
prepares a complete business proposal, together with its
recommendation. At this gate, the management team decides
whether to further invest or abandon the project.

Validation of the feasibility of the superior concept(s) begins
with the building of product prototypes. These prototypes are
shared with selected potential customers in return for their
feedback. Depending upon the feedback, the team may modify
the concept(s) by improving, adding, or removing features of
the product. At this stage, preliminary manufacturing runs are
conducted to verify the manufacturability of the product.
Usually, manufacturing runs are done at a pilot-plant facility,
with a few runs at a selected manufacturing site.

A business case development involves the preparation of a
business proposal that covers the value proposition of the
product, differentiating it from existing products; the tar-
geted market; the size of opportunity; and the assessment of
the business risk. The latter includes a detailed analysis of
competitive offerings and a strategy to protect the business
(IP strategy).

2.6 DEVELOPMENT STAGE

Having passed the feasibility gate, the team is authorized to
proceed to the third stage of the SGPDP, the development stage.

The main objective of this stage is to fully develop the product,
ensuring that it is manufacturable and delivers the promised
value proposition to its customers. As necessary, detailed design,
equipment-sizing, profitability analysis, and optimization are
carried out. In addition, other issues are addressed including
updating the market assessment, competitive analysis (including
IP strategy), and examination of health-safety-environment
concerns. The key deliverables are the product specifications,
the manufacturing feasibility assessment, and the detailed
process design—especially for the basic chemical products.
This stage involves the development of the product con-
struction specifications. In this stage, the construction, fea-
tures, and complete specifications are developed. Also,
customers are contacted more frequently in an attempt to
align their FTS and NUD requirements more closely with the
final product specifications. The team prepares a complete
manufacturing assessment focusing on the manufacturing
feasibility evaluation of the new product. Of particular interest
is the capital investment required to manufacture the product.
Manufacturing assessment often involves several manu-
facturing runs at existing manufacturing sites to evaluate
their suitability for producing the product. In this regard, the
team normally prepares a risk analysis of using the existing
equipment. When necessary, a capital investment estimate is
prepared for a new or modified manufacturing facility.
Potential manufacturing sites are also identified and their
performance is evaluated. When the project involves a sig-
nificant investment for a new or modified manufacturing
facility, a revised business assessment is completed.

2.7 MANUFACTURING STAGE

Having passed the development gate review, the team is
authorized to proceed to the fourth stage of the SGPDP, the
manufacturing stage. The main objective of this stage is to
develop a process to manufacture the product that meets the
product specifications set in the development stage. As above,
other issues are addressed, including updating the market
assessment, competitive analysis (including IP strategy),
and examination of health-safety-environment concerns.
The key deliverables are the manufacturing process and its
long-term capability for consistently producing the product.

This stage involves the development of a manufacturing
process that consistently produces the product according to
specifications, including a quality-control protocol. Nor-
mally, the product developers are reassigned to other pro-
jects, with their roles adjusted to a consulting basis.

When assessing processing capabilities, manufacturing
processes at the actual manufacturing sites are normally run
for extended periods of time. For example, continuous
processes are typically run for three days with acceptable
product yields. A quality-assurance plan should also be in
place and tested. The product is then sampled and sent to
selected customers for their approval. A comprehensive unit-
cost analysis is prepared and the business plan is updated to
account for the new unit costs, as necessary.



2.8 PRODUCT-INTRODUCTION STAGE

Having passed the manufacturing gate review, the team is
authorized to proceed to the last stage of the SGPDP, the
product-introduction stage. The main objective of this
stage is to prepare a product-launch plan that includes
product literature containing the final product specifica-
tions, pricing strategy, branding strategy, advertisements,
and new-product-announcements. In addition at this stage,
the product inventory is normally built for about two
months of sales. The key deliverables are the product-
introduction plan and the product inventory.

The product-launch plan is developed by the sales and
marketing team members, as well as the technical-services
forces. Product literature is developed, as well as training
materials to be used by the sales and technical-services
personnel. Pricing strategy is also developed, as well as
the channel for releasing the products. For example, for
the iPhone ", the product release was to Apple and AT&T
stores. Apple decided not to utilize common retailers such as
Best Buy or Circuit City. Yet another key activity is branding.
For instance, branding commonly involves combining the
strengths of two or more brands to maximize the sales and
acceptance of the product.

Pricing strategy is a key consideration in launching a new
product(s), as it is a major factor in positioning the product(s)
in the market. While there is no simple recipe to set prices,
several steps are involved:

1. Develop a marketing strategy by performing a market
analysis, which involves market segmentation, target-
ing, and positioning.

2. Estimate the demand curve, that is, the relationship
between the sales volume and the product price. Clearly,
lower prices usually lead to higher sales volumes. For
existing products, estimates of sales volumes at prices
below or above the current price indicate the price
elasticity. With inelastic demand, price increases are
feasible.

3. Calculate the unit cost, including the fixed and variable
costs, in manufacturing the new product. The unit cost
sets the lower bound on the product price and deter-
mines the profit margin at higher prices.

4. Understand the environmental conditions to evaluate
competitive responses and legal constraints. Prices set
too low may invite an undesirable response such as a
price war, while prices set too high may induce new
competitors to enter the market. Legally, firms are not
free to price products at any level. At the low extreme,
firms may be accused of predatory pricing for a global
product. Also, prices should be uniform to prevent
allegation of price discrimination.

5. Set pricing objectives, for example, profit maximiza-
tion, revenue maximization, sales volume maximiza-
tion, profit-margin maximization, or price stabilization.
As noted in Chapter 23, each pricing objective has
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different economic impacts. For example, sales volume
maximization usually increases the market share by
decreasing long-term costs due to the economy of scale.

Clearly, all of the above factors must be considered when
setting prices. For new products, the pricing objective is
usually to maximize either the profit margin or the sales
volume (market share). To achieve these objectives, so-called
skim or penetration pricing strategies are often employed
(Dean, 1976), as discussed next.

Skim pricing aims to sell the new product to less price-
sensitive customers near the top of the market pyramid.
This strategy is appropriate when large cost savings are not
anticipated or are difficult to attain at high volumes. It is
also appropriate when company resources are inadequate
for the large capital expenditure required for high-volume
production.

For penetration pricing, the new product is sold at a low
price to gain market share rapidly, soon after production
begins. This strategy is appropriate when: (1) a large cost
reduction is anticipated at high volumes, (2) the product is
anticipated to gain mass adoption quickly, or (3) a sizable
threat of impending competition is on the horizon.

To set prices that achieve the various pricing objectives,
several strategies are commonly used. These are:

® Cost plus pricing, where the price is set at the unit cost
plus a desired profit margin.

® Target return pricing, where the price is set to achieve a
specified return on investment (ROI).

® Value-based pricing, where the price is set at the
effective value to the customer relative to alternative
products.

® Psychological pricing, where the price is set based on
product quality at an acceptable price point, which the
consumer perceives to be a fair price.

In addition to the /ist price for the end user, a discounted price
should be set for distributors (wholesalers), dealers, and
select end users.

As the product life cycle progresses, the demand curve
commonly changes; that is, the relationships between the
demand and costs change. Consequently, pricing policies are
normally reevaluated over time.

EXAMPLE 2.10

Assess the pricing strategies for highly innovative products such
as the iPhone™ or Post-it"".

SOLUTION

Most highly innovative products involving complex manufacturing
processes and high R&D costs usually adopt the skim pricing
strategy early in the product life cycle to maximize profit margins.
For the iPhone" ", the high price targets the product toward custom-
ers at the top of the market pyramid. Furthermore, Apple used
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value-based and psychological pricing techniques, given that no
similar products were available in the market. In addition, early
marketing stimulated much excitement, and the new touch-screen
technology induced high anticipation among many consumers.

For Post-its ", 3M effectively protected the adhesives inven-
tions used, successfully preventing significant competition. It is
likely that a value-based pricing strategy was used.

Henderson’s Law

When estimating the demand curve, companies are unable to
project reliably the settling price for a product. Instead,
asymptotic prices can be predicted fairly well using the so-
called experience curve. The latter is a log-log curve whose
ordinate is the product price, or cost, and whose abscissa is the
cumulative number of units produced. As the number of
manufactured units increases, so does the experience of pro-
ducing them, and consequently, the price drops. This relation-
ship, often attributed to Henderson (1974), can be expressed:

DPn :plnfa (21)

where p is the price (or cost) of the first unit of production, n
is number of production units, p,, is price (or cost) of the nth
unit of production, and « is the slope of the log-log curve, or
the so-called price elasticity. Hence, when projecting the
asymptote at high n, a value of o« must be estimated, with
typical values within 0.7-0.9. This relationship applies to the
prices of numerous products, including LCD panels, ball-
point pens, VCRs, flat-panel televisions, and calculators.
Based upon values of « for existing products, companies
often estimate the price elasticity for new products.

Eq. (2.1) can be justified as follows: Initially, when the
number of manufactured units is low, the price (and cost) per
unit is high because the volume is low, primarily because the
manufacturing process has not been scaled-up to a more
economical scale. In addition, often the manufacturing tech-
nology is immature initially. As an example, initially, a new
chemical compound is produced in a pilot-plant at a high price
per pound. At anticipated high throughputs, using continuous
processing, the price (and cost) per pound will be sharply
reduced. As another example, Figure 2.10 illustrates the
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Figure 2.10 Experience curve of electricity production using
photovoltaic technology.

projected cost of electricity (from 2010 to 2050) using photo-
voltaic technology as a function of the installed capacity,
prepared by the Energy Research Center of the Netherlands
(www.ecn.nl/fileadmin/ecn/units/bs/PHOTEX/photex.xls).

EXAMPLE 2.11

The price of electricity production using photovoltaic technology
for the next decades as a function of the installed capacity is given
in Table 2.6 (and graphed in Figure 2.10).

Table 2.6 Price of Electricity Production

Installed Capacity (GW) Price (Cents/kWhr)

10 3.75

63 2.09
387 1.16
2,399 0.64
14,851 0.36

For expanded capacities projected beyond 2050, graph the
price per kWhr for various values of price elasticity: 0.75, 0.8,
and 0.9.

SOLUTION

Each experience curve can be constructed easily using the fol-
lowing rule: as the cumulative production is doubled, the price
decreases by the price elasticity. For example, when o = 0.75, as
the cumulative installed capacity doubles from 14,851 to 29,702
GW, the price of electricity decreases by 25% = 0.75 x 0.36 cents
= 0.27 cents. Repeating this for size expansions:

Installed Capacity (GW) Price (Cents/kWhr)

14,851 0.36
29,703 0.27
59,406 0.20
118,811 0.15
273,623 0.11
475,245 0.09
950,490 0.06
1,900,980 0.05
3,801,961 0.04

Also, repeating this with « = 0.8 and 0.9, the experience
curves in Figure 2.11 are graphed.

Clearly, the choice of the elasticity, «, has a significant impact
on the price projections. Note that & ~ 0.78 for the data in Table
2.6 and Figure 2.10. As indicated above, for price projections into
the future, it is common to set o within 0.7-0.9.

For many products beyond the economy-of-scale, initially
the profit margin is high, as there are no competitors. How-
ever, as the market grows, the profit margin decreases.
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For initial price (and cost) estimates, Eq. (2.1) is often
applied. Note that these estimates can be made throughout the
SGPDP, not just in the product-introduction stage. Normally,
however, costs rather than prices are estimated in the early
stages (concept, etc.). Serious price projections usually wait
until the product-introduction stage.

Summary

In summary, the pricing of a new product is very important, as
it can determine not only the successful commercialization

2.9 SUMMARY

Having studied this chapter, the reader should:

1. Beacquainted with the need to develop a pipeline for new-
product development and the steps in beginning a new-
product-development effort, that is, the creation of a
project charter and an innovation map for the new product.

2. Understand the five stages in the Stage-GateTM Product-
Development Process (SGPDP), especially the concept
stage.

3. Be able to carry out the concept stage, involving a
market assessment, determination of customer require-
ments (voice of the customer) and product require-
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EXERCISES

Project Charter

2.1 Develop a project charter for the compact fluorescent light
bulb discussed in Section 1.3.

2.2 Develop a project charter for the lab-on-a-chip product
discussed in Sections 16.4 and 17.4.

2.3 Develop a project charter for the home hemodialysis product
discussed in Sections 16.3 and 17.3.

Value Propositon

2.4 Write a value-proposition statement for the compact
fluorescent light bulb discussed in Section 1.3.

2.5 Write a value-proposition statement for the lab-on-a-chip
product discussed in Sections 16.4 and 17.4.

2.6 Write a value-proposition statement for the home hemo-
dialysis product discussed in Sections 16.3 and 17.3.

Market Segmentation

2.7 Develop a market segmentation for the home hemodialysis
product discussed in Sections 16.3 and 17.3.

14.  Porter, M.E., Competitive Strategy: Techniques for Analyzing Indus-
tries and Competitors, Free Press New York, 1998.

15. Porter, M.E., Competitive Advantage: Creating and Sustaining Supe-
rior Performance, Free Press New York, 1998.

16. PucH, S., Creating Innovative Products Using Total Design, Addison-
Wesley-Longman, 1996.

MARKET DATA SOURCES

SRI Business Intelligence: http://www.sric-bi.com/
ImarketInc: http://imarketinc.com/

ZapData: http://www.zapdata.com/

2.8 Develop a market segmentation for the lab-on-a-chip product
discussed in Sections 16.4 and 17.4.
2.9 Develop a market segmentation for the iPhone" discussed in
Example 2.3 using a demographic approach. Use the Internet to
obtain the list price for this product.

Voice of the Customer

2.10 Generate lists of questions for determining the desired
product features and functionalities for a smart phone such as the
iPhone . Consider features and functionalities in several areas, for
example, for use as a phone, a multimedia player, a camera, an
Internet browser, and a PDA.

2.11 Carry out a KJ analysis for the customer voices in
Table 2.3:

(a) Group the customer voices into groups with similar voices.
Each group should have three to five voices.

(b) Assign a title representing the customer needs to each group.
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http://software.isixsigma.com/library/content/c050622b.asp
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Part One

Basic Chemicals
Product Design

Part One presents, in 11 chapters, strategies for the
design of basic chemical products and the processes to
produce them. It follows the Stage-Gate'™ Product-
Development Process (SGPDP), which is introduced in
Chapters 1 and 2, and presented for the design of basic
chemical products in Figure PI.1. As discussed in
Section 1.3, basic chemicals are normally well-defined
molecules and mixtures of molecules characterized by
thermophysical and transport properties, but are not
normally described by other properties, including
microstructure; particle-size distribution; and func-
tional (e.g., cleansing, adhesion, shape), sensorial
(e.g., feel, smell), rheological (non-Newtonian vis-
cosity), and physical (e.g., stability) properties. The
latter are normally the focus of so-called industrial
chemicals (e.g., fibers, films, creams, and pastes), which
are covered in Part Two, and configured consumer
products, which are covered in Part Three. As indicated
in Figure 1.3, few basic chemicals are purchased by the
consumer. Rather, they are the ingredients for industrial
chemicals and configured consumer products.

MATERIALS TECHNOLOGY DEVELOPMENT:
MOLECULAR STRUCTURE DESIGN

After the design team creates its product charter, as
discussed in Section 2.2, it seeks to identify appropriate
materials technologies to achieve its objectives when
they are needed. This is the step at the top left of Figure
PI.1, which, for basic chemicals, usually involves a
search for the appropriate molecules or mixtures of
molecules to satisfy property specifications that align
closely with customer needs. Examples include:

1. Thin polymer films to protect electronic devices
having a high glass-transition temperature and
low water solubility;

2. Refrigerants that boil and condense at desired
temperatures and low pressures, while not react-
ing with ozone in the earth’s stratosphere;

3. Environmentally friendly solvents for cleaning,
for example, to remove ink pigments, and for
separations, as in liquid-liquid extraction;

4. Low-viscosity lubricants;

5. Proteins for pharmaceuticals that have the desired
therapeutic effects;

6. Solutes for hand warmers that remain supersatu-
rated at normal temperatures, solidifying at low
temperatures when activated; and

7. Ceramics having high tensile strength and low
viscosity for processing.

Often design problems are formulated in which the
molecular structure is manipulated, using optimization
methods, to achieve the desired properties. For this
purpose, methods of property estimation are needed,
which often include group contribution methods, and,
increasingly, molecular simulations (using molecular
dynamics and Monte-Carlo methods). The search for
molecular structure is often iterative, involving heuris-
tics, experimentation, and the need to evaluate numer-
ous alternatives in parallel, especially in the discovery
of pharmaceutical proteins, as discussed in Chapter 3.

When specifying desired properties and selecting
potential chemicals and chemical mixtures, design
teams must be acutely aware of environmental and
safety issues and regulations. These issues are so
important that they are discussed separately in Sections
1.4 and 1.5 and throughout the book. See, for example,
the selection of environmentally friendly refrigerants
and solvents in Chapter 3 and the need to avoid
producing and storing hazardous intermediates in
Section 6.2.

55
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Design team creates a
Project Charter to
develop a new product

Materials Development Y _
Find chemicals or chemical cs Is materials technology )

mixtures that have desired invention required?
properties and performance N
8]

| (e.g., environmentally friendly refrigerant)

Process/Manufacturing Yes Is process/manufacturing
Technology Development technology invention required?

{No
| (" Initiate SGPDP? ) NO , ~
(e.g., heat and mass exchanger (HME)) k : Discard Project Charter
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Development Stage

® Detailed design, equipment sizing, profitability
analysis, and optimization

® Develop startup strategies

® Safety analysis

v
Development Stage 1
Gate Review Fai
v Pass

Manufacturing Stage
Detailed plant design

® Construction
® Startup
® Operation

v
Manufacturing Stage ) .
Gate Review Fail
y Pass

Product Introduction Stage
® Pricing
® Advertising
® Product literature
® Introduction to customers

v
Product Introduction Fail
Stage Gate Review
y Pass

Figure PI.1 Steps in basic chemical product and process design.



PROCESS/MANUFACTURING TECHNOLOGY
DEVELOPMENT

In the development of some basic chemical products,
new process/manufacturing technologies play an impor-
tant role. For example, as discussed in Section 13.2, heat
and mass exchanger technologies help to improve the
profitability in the production of ammonia. Conse-
quently, before beginning the SGPDP, the design team
normally checks whether new process/manufacturing
technologies can be helpful in producing the product.
After the new technologies are assessed, as shown in
Figure PI.1, a decision is made regarding whether to
initiate the Stage-Gate™ Product-Development Pro-
cess (SGPDP), which is shown in the dashed box.

CONCEPT STAGE

The concept stage for basic chemical products begins
with opportunity assessments and the determination of
customer and technical requirements, as discussed in
Section 2.4. Then, it normally focuses on the process
creation (or synthesis) step, usually beginning with the
assembly of a preliminary database that is comprised of
thermophysical property data, including vapor-liquid
equilibrium data, flammability data, toxicity data,
chemical prices, and related information needed for
preliminary process synthesis. In some cases, experi-
ments are initiated to obtain important missing data that
cannot be accurately estimated, especially when the
primitive problem does not originate from a laboratory
study. In this regard, experimental reaction data are
always required, as is experimental separation data
when mixtures to be separated are moderately to highly
nonideal. Then, preliminary process synthesis begins
with the design team creating flowsheets involving just
the reaction, separation, and temperature- and pressure-
change operations. Process equipment is selected in a
so-called task-integration step. This latter step involves
the selection of the operating mode; that is, continuous,
batch, or semicontinuous. Only those flowsheets, that
show a favorable gross profit are explored further; the
others are rejected. In this way, detailed work on the
process is avoided when the projected cost of the raw
materials exceeds that of the products. These steps are
described in detail in Chapter 4, in which typical
flowsheets of operations are synthesized to address
the problem of increasing the production of vinyl
chloride, and the problem of producing the pharma-
ceutical tissue plasminogen activator (tPA). Finally, as
promising flowsheets are assembled, bench-scale
experiments are often undertaken.
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FEASIBILITY STAGE
Development of Base-Case Process

To address the most promising flowsheet alternatives
for the manufacture of basic chemicals, the design
team is usually expanded or assisted by specialized
engineers, to develop base-case designs. This usually
involves the development of just one flow diagram for
each favorable process. As described in Section 4.5,
the design team begins by creating a detailed process
flow diagram, accompanied by material and energy
balances, and a list of the major equipment items.
A material balance table shows the state of each
stream; that is, the temperature, pressure, phase,
flow rate, and composition, plus other properties as
appropriate. In many cases, the material and energy
balances are performed, at least in part, by a computer-
aided process simulator, such as ASPEN PLUS,
ASPEN HYSYS, UNISIM, CHEMCAD, and PRO/II
for commodity chemicals, and BATCH PLUS and
SUPERPRO DESIGNER for specially chemicals,
especially pharmaceuticals. Then, the design team
seeks opportunities to improve the designs of the
process units and to achieve more efficient process
integrations for the production of commodity chem-
icals, applying the methods of heat and power inte-
gration, for example, by exchanging heat between hot
and cold streams, and mass integration to minimize
raw materials and wastes.

For each base-case design, three additional activ-
ities usually take place in parallel. Given the detailed
process flow diagram, the design team refines the
preliminary database to include additional data such
as transport properties and reaction kinetics, feasibil-
ities of the separations, matches to be avoided in heat
exchange (i.e., forbidden matches), heuristic param-
eters, equipment sizes and costs as a function of
throughput, and so on. This is usually accompanied
by pilot-plant testing to confirm that the various equip-
ment items will operate properly and to refine the
database. If unanticipated data are obtained, the design
team may need to revise the flow diagram. In some
cases, equipment vendors run tests, as well as generate
detailed equipment specifications. To complement
these activities, a simulation model is prepared for
the base-case design. Process simulators are often
useful in generating databases because of their exten-
sive data banks of pure-component properties and
physical property correlations for ideal and nonideal
mixtures. When not available, simulation programs
can regress experimental data taken in the laboratory
or pilot plant for empirical or theoretical curve fitting.
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In developing a base-case design, the design team
checks regularly to confirm that the process remains
promising. When this is not the case, the team often
returns to one of the steps in process creation or
redevelops the base-case design.

Finally, before leaving this topic, the reader should
note that process creation and development of a base-
case process are the subjects of Chapters 4-6 in Part
One of this book.

Detailed Process Synthesis Using
Algorithmic Methods

While the design team develops one or more base-case
designs, detailed process synthesis may be undertaken
using algorithmic methods as described in Chapters 7—
11. For continuous processes, these methods: (1) create
and evaluate chemical reactor networks for conversion
of feed to product chemicals (Chapter 7) and separation
trains for recovering species in multicomponent mix-
tures (Chapter 8), and (2) create and evaluate efficient
networks of heat exchangers with turbines for power
recovery and high thermodynamic efficiency (Chapter
9), and networks of mass exchangers (Chapter 10) to
reduce waste. For batch processes, these methods create
and evaluate optimal sequences and schedules for batch
operation (Chapter 11). With the results of these meth-
ods, the design team compares the base case with other
promising alternatives, and in many cases identifies
flowsheets that deserve to be developed along with, orin
place of, the base-case design. More specifically, the
supplement to Chapter 9 discusses second-law analysis,
which provides an excellent vehicle for screening the
base-case design or alternatives for energy efficiency. In
this analysis, the lost work is computed for each process
unit in the flowsheet. When large losses are encoun-
tered, the design team seeks methods to reduce them.
Chapter 9 also presents algorithmic methods to synthe-
size networks of heat exchangers, turbines, and com-
pressors that satisfy the heating, cooling, and power
requirements of the process. These methods, which
place emphasis on the minimization of utilities such
as steam and cooling water, are used by the design team
to provide a high degree of heat and power integration in
the most promising processes.

Plantwide Controllability Assessment

An assessment of the controllability of the process is
initiated after the detailed process flow diagram has
been completed, beginning with the qualitative syn-
thesis of control structures for the entire flow diagram,

as discussed in Chapter 12. Then measures are utilized
that can be applied before the equipment is sized in the
manufacturing stage, where detailed process design is
carried out, to assess the ease of controlling the process
and the degree to which it is inherently resilient to
disturbances. These measures permit alternative proc-
esses to be screened for controllability and resiliency
with little effort and, for the most promising processes,
they identify suitable control structures. Subsequently,
control systems are added and rigorous dynamic sim-
ulations are carried out to confirm the projections using
the approximate measures discussed previously. This is
also covered in Chapter 12, which addresses the subject
of plantwide controllability assessment.

DEVELOPMENT STAGE

Detailed Design, Equipment Sizing, Profitability
Analysis, and Optimization

For a new process to produce commodity or specialty
basic chemicals, after completing the base-case design
the design team usually receives additional assistance
in carrying out the detailed process design, equipment
sizing and capital-cost estimation, profitability anal-
ysis, and optimization of the process. These topics are
covered in separate chapters in Part Four, which begins
the development stage of the SGPDP. Although these
chapters describe several methods, having a range of
accuracy, for computing equipment sizes, cost esti-
mates, and profitability analyses, it is important to
recognize that the more approximate methods are
often sufficient to distinguish between alternatives
during product conception and process creation (the
concept stage of the SGPDP—Chapters 3-6), and
detailed process synthesis (the feasibility stage of
the SGPDP—Chapters 7-11). Throughout these chap-
ters, references are made to the approximate costing
methods included in Chapters 22 and 23. Selected
optimization techniques are presented in Chapter 24.
When the detailed process design is completed, the
economic feasibility of the process is checked to
confirm that the company’s profitability requirements
have been met. If this proves unsatisfactory, the
design team determines whether the process is still
promising. If so, the team returns to an earlier step to
make changes that it hopes will improve the profit-
ability. Otherwise, this process design is rejected.

Develop Startup Strategies

While carrying out these steps, the design team for-
mulates startup strategies to help identify the additional



equipment that is usually required. In some cases, using
dynamic simulators, the team extends the model for the
dynamic simulation of the control system and tests
startup strategies, modifying them when they are not
implemented easily. In addition, the team often pre-
pares its recommendations for the initial operating
strategies after startup has been completed.

Safety Analysis

Another crucial activity involves a formal analysis of the
reliability and safety of the proposed process. Note that,
as discussed in Section 1.5 and throughout the book,
these considerations must be foremost throughout the
design process. It is common practice to carry out formal
safety analysis, that is, systematic analysis of the Piping
and Instrumentation Diagram (P&ID), to reduce or
eliminate the risks that typical faults (valve and pump
failures, leaks, etc.) propagate through plants—creating
accidents, such as explosions, toxic vapor clouds, fires,
etc. This analysis is generally referred to as a HAZOP
(Hazard and Operability) study. Methods for and exam-
ples of HAZOP analysis, together with risk assessment,
are presented in the supplement to Chapter 1. Also, the
reader is referred to the texts by Crowl and Louvar
(1990) and Kletz (1992) and the following books devel-
oped by the Center for Chemical Process Safety of the
American Institute of Chemical Engineers:

1. Safety, Health, and Loss Prevention in Chemical
Processes: Problems for Undergraduate Engi-
neering Curricula—Student Problems (1990).

2. Guidelines for Hazard Evaluation Procedures,
Second Edition with Worked Examples (1992).

3. Self-Study Course: Risk Assessment (2002).
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The latter reference is particularly noteworthy for
instructors because it provides a Microsoft PowerPoint
file that can be integrated into a safety lecture.

MANUFACTURING STAGE

Plant Design, Construction, Startup,
and Operation

Detailed plant design, construction, startup, and oper-
ation are carried out in the manufacturing stage of the
SGPDP, as shown in Figure PIL.1. In creating the plant
design for a basic chemical process, much detailed work
is done, often by contractors, using many mechanical,
civil, and electrical engineers. For processes that pro-
duce commodity and specialty basic chemicals, they
complete equipment drawings, piping diagrams, instru-
mentation diagrams, the equipment layout, the construc-
tion of a scale model, and the preparation of bids. Then
the construction phase is entered, in which engineers and
project managers play a leading role. The design team
often returns to assist in plant startup and operation. Note
that chemical engineers do not usually play leading roles
in the final design and construction activities.

PRODUCT-INTRODUCTION STAGE

As the plant comes online, product-launch strategies
are normally implemented. These include setting the
product price, advertising to perspective customers,
preparing and distributing product literature, and intro-
ducing the product to selected customers. These are
normally the responsibilities of sales and marketing
personnel, many of whom have been trained as chem-
ical engineers.

This brief introduction to Figure PI.1 should give the reader a good appreciation of the subjects to be learned in the design of
basic chemical products and processes, and how this text is organized to describe the design methodologies.
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Chapter 3

Materials Technology for Basic Chemicals:
Molecular-Structure Design

3.0 OBJECTIVES

As discussed in Section 1.3, basic chemical products are nearly pure molecular species, or mixtures defined by composition
only—as compared with industrial chemical products, which are more complex materials characterized by additional
properties, such as particle-size distribution, emulsion viscosity, micropore structure, etc. When designing new basic chemical
products, the design team often begins with customer needs that can be translated into desired physical properties, such as liquid
density, glass-transition temperature, and solubility of a solute.

To facilitate this, the creation of innovation maps for typical basic chemicals is discussed first. Then, several methods
for molecular-structure design are introduced. These methods select from among numerous permutations of atoms and
molecular groups to identify molecules, and mixtures of molecules, that satisfy specifications for properties and performance.
For this purpose, methods of property estimation, including semi-empirical and group-contribution methods, are introduced.
Methods for Monte-Carlo and molecular-dynamics estimation of properties are also introduced, with emphasis on their
promising role in product design, but are not used in the examples presented. To satisfy property specifications, where
appropriate, optimization algorithms are covered. These adjust the number and position of preselected atoms and molecular
groups to minimize the difference between the property estimates and specifications. Where property estimation techniques are
not effective, the role of experimental methods, with emphasis on the discovery of pharmaceuticals, is covered. Examples and
discussions show how to use the methods of molecular-structure design to locate:

a. polymers that have desired properties, such as density, glass-transition temperature, and water absorption,

b. refrigerants that boil and condense at desired temperatures and low pressures, while not reacting with ozone,

¢. solvents that suspend solids, such as ink pigments and paints, drying rapidly while being nontoxic and environmentally
friendly,

d. solvents for liquid-liquid extraction, extractive distillation, or azeotropic distillation,

e. macromolecules as pharmaceuticals, such as proteins that function as antibodies, which are Y-shaped multidomain
proteins that bind specific antigens or receptors with exquisite selectivity,

f. solutes for hand warmers that remain supersaturated at low temperatures, crystallizing exothermically, only when
activated,

g. solvents for the crystallization of organic solids, like ibuprofen, with desired properties and morphology (that is, crystal
structure).

The design of other chemical products, not covered in this chapter, includes lubricants having low viscosity that withstand high
engine temperatures (Dare-Edwards, 1991), and ceramics having high tensile strength and low density (Giannelis, 1989).
In this chapter, the iterative nature of molecular-structure design is emphasized, often involving heuristics,
experimentation, and the need to evaluate numerous alternatives in parallel, as in the discovery of pharmaceuticals. Typical
work processes in industry are covered.
After studying this chapter, the reader should:

1. Be able to construct an innovation map for a basic chemical.
2. Be able to identify critical inventions and innovations involving materials technologies for basic chemical products.

3. Be aware of typical considerations in specifying the physical properties and performance of potential chemical
products.
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4. Know how to set up a search for chemicals and chemical mixtures that satisfy specifications for physical properties.
5. Understand the role of group-contribution methods, and other molecular modeling techniques, in estimating

properties during molecular-structure design.

6. Know how to apply optimization methods to locate molecular structures having the desired properties.
7. Appreciate the role of parallel experimentation in searching for pharmaceuticals.
8. Be aware of the many kinds of chemical products discovered using molecular-structure design.

3.1 INTRODUCTION

Often, chemical engineers in industry are challenged by the
need to develop new products that satisfy consumer needs.
This chapter focuses on the development of appropriate
materials technologies; that is, the search for appropriate
molecules or mixtures of molecules to satisfy property spec-
ifications that align closely with customer needs—as briefly
discussed in the introduction to Part One that describes Figure
PIL.1. It introduces the discovery of new chemicals, that is, new
materials technology, for the design of new products. These
new materials are intended to create a product that satisfies
customer needs, while offering a competitive advantage. To
achieve these objectives, the concept of an innovation map is
developed showing the connections between the technological
components and customer satisfaction, that is, the customer-
value proposition. The success of a new product often relies on
careful attention to this interplay. In Section 3.2, before an
innovation map of the type introduced in Section 1.3 is created,
the history of the development of environmentally friendly
refrigerants is covered, which, in hindsight, is the basis for the
creation of the innovation map. In an actual product design
activity, the innovation map is revised multiple times to reflect
the progress of the design.

3.2 INNOVATION MAP FOR
ENVIRONMENTALLY FRIENDLY
REFRIGERANTS

To create an innovation map, which guides the development
of new technologies, it is important to examine the key
technological inventions that have accompanied chemical
products that are closely related to the product being
designed. These inventions in materials technology for basic
chemicals are critical to attracting customers and satisfying
their perceived needs. For each technology element (inven-
tion), its critical parameters must be understood. In addition,
the innovation map helps to protect new technologies; that is,
to identify the key invention(s) and a strategy for their
intellectual-property (IP) protection. To illustrate the crea-
tion of an innovation map for a basic chemical product, the
materials technologies related to the design of environmen-
tally friendly refrigerants are reviewed next.

Environmentally Friendly Refrigerant Inventions

To provide cooling for foods, pharmaceuticals, and the like,
in refrigerators and freezers, as well as enclosed air spaces,

refrigeration cycles are required. As discussed in Section
9S.6, the latter involve evaporators, compressors, condens-
ers, and valves (or turbines). Hence, when searching for a
refrigerant (i.e., a working fluid in a refrigeration cycle), it is
important to locate stable, volatile compounds that boil at
typical refrigeration temperatures.

This was the challenge faced by Thomas Midgely, Jr., who
sought to develop a refrigerant product for a broad range of
household, automotive, and industrial applications. In 1937,
Midgely, working for General Motors, published the first
comprehensive study of the design of small molecules for
refrigerants. Through examination of the periodic table, he
concluded that inert gases are too light (having very low boiling
points) for most applications, and that the metals are imprac-
tical due to their potential for freezing when the refrigeration
system is shut down. Consequently, he concentrated on com-
pounds involving C, N, O, S, and H atoms, and the halogens, F,
Cl, Br, and I. Although compounds containing F tend to be
more flammable, he considered their relatively low toxicity to
be an overriding advantage. While compounds containing Cl
are less flammable, they are more toxic, but he considered them
not sufficiently toxic to be excluded. Compounds containing Br
and I were considered to be far too toxic. Midgely also
recognized the desirability of refrigerants having: (1) a large
latent heat of vaporization, to reduce their throughput when
removing a specified heat duty; (2) a low viscosity, to reduce
the recirculation power; and (3) a low freezing point, to reduce
the possibility of freezing. His work led to the development of a
number of refrigerants containing C, Cl, and F atoms, called
Freons™. Further work by DuPont led to additional Freon®™
refrigerants containing H atoms as well.

In the years that followed Midgely’s research, with the
increasing usage of refrigerants for home refrigerators and
air-conditioning systems, especially automobile air condi-
tioners, the production of Freon 21%®, CHCIL,F, which has a
normal boiling point of 8.9°C, as well as other CHCIF forms,
grew rapidly. However, because the concentration of these
compounds increased to parts-per-billion in the stratosphere,
and chlorine atoms were found to react with ozone, decreas-
ing significantly the earth’s ozone layer, CFCs (compounds
containing Cl) were banned in the Montreal protocol of 1987.
This led to a search for new refrigerant products having
comparable properties, but excluding chlorine. One possi-
bility, Freon 1® , CF3H, was rejected because it boils at too
low a temperature, —82°F. Another, HFC-134a, CFH,CF;,
with a normal boiling point of —26.6°C, has become a
popular alternative.
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Innovation Map and Product Design for
Environmentally Friendly Refrigerants

The preceding subsection provides an historical account of
the invention of refrigerants for household, automotive, and
commercial purposes. Through hindsight, the relationships
among the inventions that led to the successful production of
environmentally friendly refrigerants have been constructed.
Note, however, that during the design of a new product, often
the components of the discoveries are incomplete, and con-
sequently, these relationships are not clear, complicating the
path to the successful commercialization of the new product.
Gaining clarity here, in turning technical advantage into
competitive advantage, is the key to commercializing a
successful new product.

In the next subsection, an innovation map is created to
provide this clarity and guide the new product-development
efforts. But, first, the reader is referred to Section 1.3, which
discusses the relationship of a scientific discovery, that is, an
invention, and its transformation into an innovation, followed
by a discussion of the interplay between the technical devel-
opments and customer satisfaction, that is, the customer-
value proposition.

Innovation Map

As introduced in Section 1.3, the innovation map relates the
technological components of product developments to the
technical advantages, that is, the map shows the technical
differentiation, ultimately to the satisfaction of the customer-
value proposition. The innovation map evolves during prod-
uct design, being updated periodically during the new-
product-development and commercialization processes.
For the product development of environmentally friendly
refrigerants, consider the innovation map in Figure 3.1. Note
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that while this map is readily generated in hindsight, the
generation of such a map should be the objective of product
design strategies.

To construct the innovation map for environmentally
friendly refrigerants in hindsight, one must first identify
the elements in its four levels, moving from the bottom to
the top of the map:

1. Materials Technology: compounds involving C, N,
0O, S, H atoms, and halogens F and CI; compounds
having large ATZ, low u, and low T,; compounds
involving C, H, and F; compounds involving C, H, F,
O, and S.

2. Technical Differentiation (Technical-Value Proposi-
tion): intermediate volatility—boils at —40 to 0°C at
low pressure; leaks easily detected; doesn’t react
appreciably with O;—stable and inert.

3. Products: Freons® (C,CL F); Freons® (C,CLE H),e.g.,
R-22—CHCIF,; HFC 134a (CFH,CF;); CH;CHF..

4. Customer-Value Proposition: low-cost refrigeration
and air conditioning; nontoxic; safe—nonflammable;
no reactions with Oj in stratosphere (CFCs banned);
low smog potential—no trace materials in lower
atmosphere.

After identifying the elements at all four levels of the
innovation map, their connectivity in the map is added to
show the interplay between the technological elements, the
technical-value proposition, and ultimately the customer-
value proposition. An unmet customer need, such as lower
smog potential, can be an objective for the next generation of
products.

The choice of new materials, in this case, small molecules
for refrigerants, is the technological challenge in satisfying
the customers’ perceived needs for low-cost, nontoxic,

Cust
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Low-Cost . Safe—
Nont
Refrigeration and Air ontoxie Nonflammable
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Figure 3.1 Environmentally friendly refrigerant innovation map.
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nonflammable refrigerants. Initially, as viewed by Midgely in
1937, thousands of compounds involving all of the elements
in the periodic table were potential refrigerants. To make
intelligent selections, Midgely reasoned that only com-
pounds involving C, N, O, S, and H atoms could be suffi-
ciently volatile, but not too volatile (like inert gases), to serve
as working fluids (i.e., ones that vaporize and condense at
boiling points in the range of —40 to 0°C at low pressure).
The addition of the halogen atoms, F and CI, made possible a
number of compounds having the proper volatility while
increasing their latent heat of vaporization, and providing
sufficiently low viscosities and melting-point temperatures.
The selection of these seven atoms sharply reduced the search
space of the molecular-structure design problem. Still, thou-
sands of potential compounds remained to be considered. In
the end, fewer than 30 Freons®, involving C, Cl, and F,
evolved as successful products—and eventually, when the H
atom was added, products like Freon 21®, CHCI,F, became
very popular. In summary, in the 1940s, the innovation map in
Figure 3.1 shows that these new materials, involving just
seven atoms, provided the technical differentiations, that is,
intermediate volatilities and easy detection of leaks. In turn,
these technical differentiations led to the Freon™ products
that satisfied the customer-value propositions; that is, pro-
viding low-cost refrigeration and air conditioning with non-
toxic and nonflammable refrigerants.

These products, while successful in satisfying these orig-
inal customer needs, unfortunately created a significant
environmental problem. By the mid-1980s, measurements
confirmed that parts-per-billion concentrations of these com-
pounds had accumulated in the stratosphere and had reacted
with Os to create ozone holes at the South and North Poles.
Consequently, protocols were adopted in Montreal that
banned the use of chlorine-containing Freon™ compounds.

This re-opened the refrigerant design problem, with the
search space for new materials further restricted; that is, with
the CI atom eliminated. The initial results led to the product
HFC 134a (CFH,CF;3), which has provided the desired tech-
nical differentiation of not reacting with O; in the stratosphere,
while satisfying the customer needs, which now included low
smog potential. Subsequently, the search space was extended
to include the O and S atoms, leading to two potential new
refrigerants, CH;CHF, and SF,. For the molecular-structure
design calculations, see Examples 3.3 and 3.4.

Finally, when studying the innovation map in Figure 3.1,
the reader is encouraged to adopt the perspective of a new
product-development team charged with satisfying the latest
perceived customer needs. Hypothetically, if fluorine were to
become a scarce resource, or if HFC 134a was unexpectedly
tied to some negative environmental or health consequence,
R&D efforts might be focused on finding other refrigerants.
As these new refrigerants would be discovered, the innova-
tion map would be extended to the right and the Stage-
Gate™ Product-Development Process would be followed, as
illustrated in the case study to locate a new environmentally
friendly refrigerant in Section 13.3.
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3.3 SEARCHING FOR NEW MATERIALS—
BASIC CHEMICAL PRODUCTS

Often, the search for new chemical products is motivated by a
desire to improve the capabilities and performance of exist-
ing products. Increasingly, new products are sought that are
lighter, stronger, biodegradable, safer to manufacture, less
toxic, and more environmentally friendly. Just prior to the
concept stage of product design, when creating a project
charter (see Section 2.2), these kinds of objectives are
identified, and as the designer(s) focuses on the most prom-
ising ideas, more quantitative specifications are established
for the properties of a chemical or a chemical mixture.

From one perspective, the search for new basic chemicals
to achieve desired properties is referred to as ‘‘reverse
property prediction.”” When molecules are known, their
properties are estimated using many property estimation
methods (see Section 3.4) or, when estimation methods
are not available or sufficiently accurate, experimental meas-
urements are obtained. Clearly, to obtain desired properties
of unknown chemicals or chemical mixtures, the latter can be
selected iteratively until the desired properties are achieved.
Alternatively, an optimization strategy can be implemented
to adjust the molecular structure automatically, as discussed
in Section 3.5. Stated differently, instead of determining the
properties of specific chemicals or chemical mixtures, the
chemical structure is determined, given the specified proper-
ties; that is, the ‘“reverse property prediction” problem is
solved, as discussed by Gani (2004).

Often, product development is closely related to the
discoveries of a research and development group. As an
example, consider the search for improved liquid solvents,
which are ubiquitous in the processing and conveyance of
chemicals. A key concern, noted by Brennecke and Maginn
(2001), is that, due to a narrow liquidus range (difference
between boiling and freezing points), most solvents are quite
volatile at typical processing conditions. Since about 20
million tons of volatile organic compounds (VOCs) are
estimated to be discharged into the atmosphere annually
in connection with U.S. industrial operations (Allen and
Shonnard, 2002), this is of considerable environmental
concern. Furthermore, with solvents estimated to comprise
two-thirds of industrial emissions and one-third of VOC
emissions nationwide, chemical engineers have been chal-
lenged to develop processes that sharply reduce emissions.
In response, Brennecke and Maginn suggest that ionic
liquids, which involve organic salts that sharply reduce
the vapor pressure of liquids, may be worthy of development
as environmentally friendly products. With this in mind, an
aim of a product design team might be to explore the effect of
various cations and anions, at various concentrations, on the
vapor pressure, and to estimate emissions at typical operat-
ing temperatures. This could lead to new ionic solvent
products, designed for specific applications. To satisfy
emissions regulations, salt-solvent combinations would
be sought that reduce emissions at low cost, involving small



salt concentrations. Promising possibilities include quater-
nary ammonium salts, commonly used for phase-transfer
catalysis and for gas separations, for example, to recover
water vapor or carbon dioxide. In these salts, the organic
“R” group can be adjusted to affect such properties as the
water solubility of the ionic solvent.

When designing these products, either measurements of
the vapor pressure as a function of salt concentration, or
property estimation methods, are needed. As discussed in the
next section, the latter are often available for the mixtures
involved. For example, the calculation of vapor-liquid equi-
libria for aqueous electrolytes is carried out commonly using
property estimation systems, such as those provided by the
OLI electrolyte engine (Aspen, 1999; Zemaitis et al., 1986)
and the ASPEN PLUS simulator (Chen et al., 2001).
Recently, methods have been developed to calculate equi-
libria for organic electrolyte solutions, which should be
applicable for many ionic solvents, and are implemented
in ASPEN PLUS (Getting Started, 1999).

Like ionic liquids, many chemical products are designed
using property estimation methods, as discussed in the next
section. These include polymer membranes and refrigerants.
However, for pharmaceuticals, the properties of proteins are
normally not estimated. Rather, they are determined exper-
imentally in the laboratory, as discussed next.

Pharmaceuticals Product Design

For the discovery of new drugs having the proper therapeutic
properties, as discussed by Pisano (1997), two distinct strat-
egies have evolved: either chemical synthesis or synthesis
through recombinant biotechnology methods.

Synthetic Chemical Drugs

These drugs are synthesized through a sequence of chemical
reactions that either add or subtract atoms. Consequently,
synthesis of potential molecules begins with identification of
the starting materials and selection of the reactions, which
comprise the synthetic route. Initially, much work is done
conceptually, outside of the laboratory, where chemists
explore routes using journal articles and computer simula-
tions, to the extent possible. Gradually, a tree of alternative
routes leading to potentially attractive drugs evolves. As the
tree is pruned, several alternatives are modeled more care-
fully to locate the most promising routes and reject the least
attractive. Then, heuristics are applied to select those routes
that have desirable characteristics; for example, the fewest
reaction steps, with high selectivity and yields, involving
nonhazardous byproducts, easy separations to recover the
desired products, and safe implementation.

Normally, the limitations of theory, such as the inability to
predict kinetic rates and conversions, require the chemist to
carry out small-scale experiments for the most promising
routes. Mostly, experiments are performed one reaction at a
time, rather than several in parallel, to better understand the
kinetics, energy requirements, solvents needed, etc.
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Gradually, an attractive route is developed, with a pilot
plant designed to manufacture sufficient quantities of product
for preclinical trials, while the search continues for more
attractive routes. The scale-up from laboratory to pilot-plant
quantities involves many of the considerations introduced in
the next chapter on process creation; that is, process synthesis.
As illustrated in Section 4.4 for the manufacture of tissue
plasminogen activator (tPA), the flowsheet of process oper-
ations is synthesized and the equipment is selected, together
with operating strategies that involve batch processing almost
entirely. Then, as described in Section 5.5 and subsequent
chapters, chemical engineers on the design team implement
the methods of process simulation, equipment sizing, and cost
estimation.

The search for attractive routes is best characterized as
iterative, with new leads continually appearing due to suc-
cesses and failures in the laboratory and pilot plant. While
some theory leads to the initial chemical routes, automated
methods of route synthesis are not yet practical, especially for
the synthesis of proteins having on the order of 500-600
amino acids. In fact, chemists have been severely limited in
the choice of smaller target molecules, which can be synthe-
sized with far fewer chemical reaction steps. To generate
proteins, which have become key therapeutic drugs, chemists
and biochemists have turned to cell cultures.

Genetically Engineered Drugs

As discussed by Pisano (1997), the key breakthrough came
when Herbert Cohen and Stanley Boyer, of the University of
California at San Francisco, invented a means of inserting
genes into bacterial cells. By expressing the gene for a protein
into the DNA of a bacterial or mammalian cell, the latter
becomes capable of producing that protein. For example, as
discussed in Section 4.4, the tPA gene can be isolated from
human melanoma cells inserted into Chinese hamster ovary
(CHO) cells, which then generate the tPA protein.

To genetically engineer a drug, chemists and biochemists
begin by identifying target proteins; that is, proteins that
have the desired therapeutic properties such as a monoclonal
antibody or insulin. Then, the gene sequence that codes for
the protein must be identified, together with a host cell to be
used for growing the protein. Identification of the desired
therapeutic properties usually begins with knowledge of a
disease, leading the chemist or biochemist to work backward
to find a protein that inhibits a chemical reaction involved in
that disease. This was the approach used at Eli Lilly to find
Prozac®, a serotonin inhibitor, for treating depression.

At the heart of process development is the need to
precisely measure the quantity and purity of protein expres-
sion. These measurements are crucial for determining the
rate and conversion of protein growth and the purification
yield, which are the basis for the design of cultivation,
fermentation, and separation equipment. Initially, process
researchers focus on identifying the most promising cell
lines—-cells that can produce the desired protein—that
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have a high rate of production and require the least expensive
nutrients for growth. Many iterations are usually required in
this search, involving many prospective cell lines and oper-
ating conditions. For this purpose, automated labs-on-a-chip
are often employed, permitting hundreds and thousands of
cell clones to be evaluated experimentally in parallel. As an
example, see the discussions of product designs for labs-on-
a-chip to high-throughput screen potential kinase inhibitors
in Sections 16.4 and 17.4.

3.4 PROPERTY ESTIMATION METHODS

Theoretical approaches to molecular-structure design require
accurate estimates of physical and transport properties.
These are derived commonly from the principles of thermo-
dynamics and transport phenomena, often using molecular
simulations. Since the literature abounds with estimation
methods, reference books and handbooks are particularly
useful sources. One of the most widely used, Properties of
Gases and Liquids (Poling et al., 2001), provides an excellent
collection of estimation methods and data for chemical
mixtures in the vapor and liquid phases. For polymers,
Properties of Polymers (van Krevelen, 1990) provides a
collection of group-contribution methods and data for a
host of polymer properties.

In recent years, property information systems have become
widely available in computer packages. Some are available on a
stand-alone Dbasis, such as PPDS Version 4.1 (1997,
www.ppds.co.uk) and ASPEN PROPERTIES (2006), to be
used in custom stand-alone programs and specific process
simulators, such as ASPEN PLUS, ASPEN HYSYS (formerly
HYSYS.Plant), and BATCH PLUS. Others are available for use
within specific process simulators such as UNISIM, PRO/II,
CHEMCAD, and SUPERPRO DESIGNER. Note that the
property information systems often can be accessed through
the CAPE-OPEN standard interface (McGough and Halloran,
2005; Pons, 2005). Commonly, constants and parameters are
stored for a few thousand chemical species, with programs
provided to estimate the property values of mixtures and
determine the constants and parameters for species that are
not in the data bank, using estimation methods or the regression
of experimental data. Virtually all of the property systems
estimate the properties of mixtures of organic chemicals in
the vapor and liquid phases. Methods are also provided for
electrolytes and some solids, but these are less predictive and
less accurate.

Computer Data Banks

Data banks for the pure species may be viewed as a collection
of data records, each containing the constants and parameters
for a single chemical [e.g., the critical properties (T, Pe, vc),
the normal boiling point (7},,), vapor pressure coefficients,
heat capacity coefficients, acentric factor, etc.]. One such data
bank, which is utilized in ASPEN PROPERTIES, is that
compiled by Poling et al. (2001) (also Reid et al., 1977,

Materials Technology for Basic Chemicals: Molecular-Structure Design

1987) in Appendix A of the Properties of Gases and Liquids.
This data bank, which is referred to as the ASPENPCD
(ASPEN PLUS Pure Component Data Bank), contains data
for 472 chemicals, using data solely from Reid et al. (1977).
Another data bank, known as PURECOMP, originates from
the DIPPR™ (Design Institute for Physical Property Data,
sponsored by the AIChE) data bank, with information sup-
plemented by Aspen Technology, Inc. (e.g., the UNIFAC
group contributions) and parameters from the ASPENPCD
data bank. It is an updated DIPPRPCD data bank and has
superseded the ASPENPCD data base as the main source of
parameters for pure components. For Version 2006 of ASPEN
PLUS, the PURECOMP data base was renamed PURE20.
The PURECOMP data bank contains data for over 1,973
chemicals (mostly organic), not including the ionic species in
electrolytes. In addition, ASPEN PLUS provides access to the
AQUEOUS data bank for over 1,676 ionic species, to be used
for electrolytes. Recently, the NIST-TRC database was
included in ASPEN PROPERTIES 2006. This includes prop-
erty parameters and experimental data for approximately
13,000 chemicals (mostly organic), increasing the total num-
ber of chemicals to over 15,000. Note that these entries were
collected and evaluated by the Thermodynamics Research
Center (TRC) using the NIST ThermoData Engine (TDE) and
the NIST-TRC Source Data Archival System for experimental
thermophysical and thermochemical property data.

When the constants and parameters are not stored for a
chemical species, most of the property information systems
have programs for the regression of experimental data (e.g.,
tables of vapor pressures, liquid densities, and heat capacities
as a function of temperature). Finally, when insufficient
experimental data are available, programs are often provided
to estimate the properties based upon the molecular structure,
using group- and bond-contribution methods, often utilizing
limited data (e.g., the normal boiling point). These are
particularly useful in the early stages of product and process
design before a laboratory or pilot-plant study is initiated.

Property Estimation

Each of the property information systems has an extensive set of
subroutines to determine the parameters for vapor pressure
equations (e.g., the extended Antoine equation), heat capacity
equations, etc., by regression and to estimate the thermophysical
and transport properties. The latter subroutines are called to
determine the state of a chemical mixture (phases at equili-
brium) and its properties (density, enthalpy, entropy, etc.). When
calculating phase equilibria, the fugacities of the species are
needed for each of the phases. A review of the phase equilibrium
equations, as well as the facilities provided by the

process simulators for the calculation of phase ,Gom/ Co ,

eqilibria, is provided on the multimedia models, '\0.\ 4 /@
which can be downloaded from the Wiley Web ; Q‘ﬁ ‘%
site associated with this book—follow the path .% o"\

ASPEN — Physical Property Estimation and Yy
HYSYS — Physical Property Estimation.
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www.ppds.co.uk

As mentioned above, when a data record for a pure species
cannot be located in one of its data banks, each of the property
information systems permits the designer to enter the missing
constants and parameters. Furthermore, methods are pro-
vided to estimate the constants and parameters when the
designer cannot provide these. This is especially important
when laboratory and pilot-plant data are not available.

Usually, bond- or group-contribution methods are used to
estimate the constants and parameters for pure species, with
the designer providing the molecular structure of the chem-
ical species, as shown, for example, for trifluoropropylene:

H H E
S
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®

Here, all atoms, with the exception of hydrogen, are numbered,
and the bonds associated with each carbon atom and its
adjacent numbered atoms can be specified as follows:

Atom 1 Atom 2
Number Type Number Type Bond Type
1 C 2 C Double Bond
2 C 3 C Single Bond
3 C 4 F Single Bond
3 C 5 F Single Bond
3 C 6 F Single Bond

Using bond- and group-contribution techniques, as dis-
cussed by Poling et al. (2001) and Joback and Reid (1987),
many properties can be estimated, including the critical
volume, normal boiling point, liquid density and heat of
vaporization at the normal boiling point, and ideal-gas heat
capacity coefficients. Similarly, using the UNIFAC group-
contribution method, the activity coefficients of trifluor-
opropylene in solution with other chemical species can be
estimated for use in computing phase equilibria.

Polymer Property Estimation

As mentioned above, van Krevelen (1990) presents semi-
empirical group-contribution methods and data for each group
in a polymer “‘repeating unit.” Data are provided to estimate a
host of polymer properties, including the density, specific heat,
glass-transition temperature, water absorption, and refractive
index. For a specific property, these are in one of two forms:
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and
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where n; is the number of groups of type i in the polymer
“repeating unit,” N is the number of types of groups in the
repeating unit, A; is the contribution associated with group i,
B; is the molecular weight of group i, and d is an exponent for
each property to be estimated. Note that the denominator
summation is either the molecular weight or the specific
volume of the repeat unit. In most cases, these property
estimates lie within 5 to 10 percent of experimental values,
which are often sufficiently close to permit the selection of
repeating units to meet property specifications.

EXAMPLE 3.1

Estimate the glass-transition temperature of polyvinyl chloride,
T,, with repeating unit—(CH,CHCI)—, using the following
group contributions (van Krevelen, 1990):

Group A; B;
—CH,— 2,700 14
—CHCl— 20,000 48.5
SOLUTION

2,700 x 1 420,000 x 1

- =363K
8 14 x1+485x1

This compares fairly well with the experimental value of 356 K
(van Krevelen, 1972, page 114).

Caution. When using property estimation methods, espe-
cially group- and bond-contribution methods, care must be
taken to avoid large differences from experimental values,
especially when the molecules, temperatures, and pressures
are substantially different from those used to estimate the
parameters of the methods.

Microsimulation

Two methods of a more fundamental nature than group- and
bond-contribution methods are being used increasingly to
improve estimates of thermophysical and transport proper-
ties. These involve molecular dynamics (MD) and Monte-
Carlo simulations, with small collections (typically 100-
10,000) of interacting molecules, and are commonly referred
to as microsimulations. In general, Monte-Carlo simulations
are numerical statistical methods that utilize sequences of
random numbers. The name Monte Carlo was coined during
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the Manhattan Project of World War II, which resulted in the
development of the atomic bomb. Monte Carlo is the capital
of Monaco, a world center for games of chance. A simple
example of Monte-Carlo simulation is the evaluation of the
integral of a complex function, y = f{x}, over the interval
{x1, x2}. A plot of f{x} against x over the specified interval
is prepared. A range of y is selected from O to y; where y; is
greater than the largest value of y in the interval. A random-
number generator is then used to select pairs of y—x values
within the range of the rectangle bounding the x-interval and
the y-range. Suppose that 900 pairs are selected. If 387 pairs
fall under the f{x} curve of the plot, then the value of the
integral is:

387

@(M —0)(x2 —x1)

Molecular Dynamics

This method involves the numerical integration of the
equations of motion (F = ma) for each of the molecules,
subject to intermolecular forces, in time. The molecules are
positioned arbitrarily in a simulation cell, that is, a three-
dimensional cube, with initial velocities also specified arbi-
trarily. Subsequently, the velocities are scaled so that the
summation of the kinetic energies of the molecules, 3NkT /2,
gives the specified temperature, 7, where N is the number of
molecules and & is the Boltzmann constant. Note that after
many collisions with the walls and the other molecules, the
relative positions and velocities of the molecules are
independent of the initial conditions.

During the simulation, the force on each molecule is
calculated as the sum of the forces of interaction with all
of the surrounding molecules. These are the dispersion
forces, also referred to as the London and van der Waals
forces, which depend on the separation distance, r, between
two molecules, as shown in Figure 3.2. These are represented
by the dimensionless form of the commonly used Lennard-
Jones pair potential, U{r}/e:

(0]

which expresses the intermolecular potential between two
molecules as a function of the distance, r, between them. In

(3.3)
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Figure 3.2 Lennard-Jones pair potential and force.
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this equation, U{r} is the intermolecular potential energy, ¢
is the maximum energy of attraction between a pair of
molecules, and o is the collision diameter of the molecules.
Differentiating Eq. (3.3) with respect to r, the negative
gradient of the dimensionless intermolecular potential is
the dimensionless force, F{r}/(e/o), between them:

T b0 0]

Then, for each molecule i, the summation of all forces acting
on it is computed and its equation of motion:

(3.4)

dzr,‘ Fi
a?  m; 3-5

is integrated across the time step. Values of € and ¢ for many
molecules and methods of estimating them for other mole-
cules are given by Bird et al. (2002). To obtain property
estimates, the set of differential equations, one for each
molecule, is integrated using picosecond time steps over
several hundred thousand time steps. Then, time averages are
computed to give properties such as the configurational
energy, the pressure, and the self-diffusion coefficient.

With the increased availability of software (e.g., DIS-
COVER in CERIUS? by Materials Studio, ETOMICA:
Kofke and Mihalick, 2002) and faster computer clusters,
these simulations are being carried out more routinely for the
estimation of thermophysical and transport properties, as
well as for the calculation of phase equilibria. The estimates
are tuned to match experimental data by adjusting the energy
and size parameters.

Monte-Carlo Methods

In Monte-Carlo simulations, the energy of the molecular
system is minimized by randomly moving the molecules in
accordance with a desired probability distribution. After
each move, the energy of each molecule is computed.
When the total energy is reduced, the move is accepted
and the molecules are redistributed. Moves are continued
until equilibrium is achieved. As for molecular dynamics
simulations, potential functions are provided. After conver-
gence, the thermophysical properties, at equilibrium, are
computed by averaging. Monte-Carlo methods, which are
particularly effective for the calculation of thermophysical
properties, including phase equilibria, are considered in
detail by Rowley (1994).

3.5 OPTIMIZATION TO LOCATE
MOLECULAR STRUCTURE

Molecular-structure design relies on accurate property esti-
mation methods. When sufficiently accurate, the atoms and
groups in the molecular structure are adjusted to minimize



the sum of the squares of the differences between the property
estimates and the specified values:

P
. K 2
min 3 (p,{n) - p7°)

(3.6)
where p*““ is specified by the designer for property j in an
array of P target properties. Often this minimization is carried
out subject to specified bounds; for example:

i< pifn} < pY (3.7)

and

me{nt, n’}, i=1,...,N (3.8)
where n; is the number of groups of type i in molecule j, and N
is the number of types of molecular groups in molecule j. It is
also necessary to ensure that when a new molecular group is
added to a molecule that the number of free attachments
available for bonding is zero, and when added to the repeating
unit of a polymer, the number of free attachments is two. This
can be checked by computing the number of free attachments:

=X —2)n+2 (3.9)

Tta=

1

where v; is the valence, or number of free bonds, associated
with molecular group i. The molecular group can be added to
amolecule when f = 0 and to a repeating unit when f = 2.
To locate the molecular structure at the optimum, the objec-
tive function (3.6) is combined with the constraints (3.7)—
(3.9) into a mixed-integer nonlinear program (MINLP),*
which is solved using a mathematical programming solver,
such as GAMS. In the next three subsections, these steps are
illustrated for polymer, refrigerant, and solvent designs.

Polymer Design

Having discussed the estimation of polymer properties in the
previous section, the methods of polymer design are described
in connection with the design of a polymer film in Example 3.2.

EXAMPLE 3.2

A polymer film is needed to protect an electronic device. Since the
device will operate at temperatures below 60°C and must be
protected by a fairly dense layer, which absorbs small concen-
trations of water, a design team has prepared the following
product-quality specifications: (1) density = 1.5g/cm®, (2)
glass-transition temperature = 383 K (50 degrees above the
operating temperature), and (3) water absorption = 0.005g/g
polymer. As stated initially by Derringer and Markham (1985),
candidate molecular groups, together with their group contribu-
tions, are:

“For an introduction to MINLPs, see Section 24.3 and Example 9.16
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i Group Y; V; H; M;
1 —CH,— 2,700 15.85 0.000033 14

2 —CO— 27,000 13.40 0.11 28

3 —COO0— 8,000 23.00 0.075 44
4 —0— 4,000 10.00 0.02 16

5 —CONH— 12,000 24.90 0.75 43

6 —CHOH— 13,000 19.15 0.75 30
7 —CHCl— 20,000 29.35 0.015 48.5

where M;, V;, Y;, and H; are the contributions for group i in estimating
the molecular weight, M, the molar volume, V, the glass-transition
temperature, T, and the water absorption, W, according to:

7
M = XMpn; g/mol
i=1
7
V =Y Vin; cm’/mol
i=1
7
Y =XYYn K(g/mol)
i=1
7
H = Y H;n; molH,0/mol polymer
i=1
p =M/V  gjem’
T,=Y/M K
W =18H/M gH,0/gpolymer
coM/c,
Formulate the mixed-integer nonlinear program and 6\' %
use GAMS to obtain the optimal solution. For an > . &
introduction to GAMS, see the file GAMS.pdf in the ; § (1
PDF Files folder, which can be downloaded from the k2 o,\
Wiley Web site associated with this book. 1 \?
M 4oV

SOLUTION

Using the objective function in Eq. (3.6), with relative differences,
the nonlinear program is:

min 0 — pspec 2 Tg _ Tgl’“ 2 W — Wepee 2
w;lr.t pspec + Tgpec aF Wepee

7
st.: M= ZM,‘ni
&

l

7
V= 2 V,n,-
i=1
7
Y = 2 Y,-n,-
i=1

H:ilHin,»
=
p=M/V
T,=Y/M
W =18H/M
0<n <7
1<p<15
298 < T, <673
0<W<0.18

i=1,...,7

Note that Eq. (3.9) is not included because each group has just two
attachments.
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GAMS Program

This mixed-integer nonlinear program is coded in GAMS as
follows:

VARIABLES
nl, n2, n3, n4, n5, n6, n7, TG, RHO, W, H, V, Y, M,
STG, SRHO, SW, Z;
POSITIVE VARIABLES
STG, SRHO, SW, W, H, V, Y, TG, M, RHO;
INTEGER VARIABLES
nl, n2, n3, n4, n5, n6, n7;

nl.LO=0; nl.UP=7;
n2.LO=0; n2.UP =17;
n3.LO=0; n3.UP =7;
n4d.LO=0; n4d.UP =7;
n5.LO0 =0; n5.UP = 7;
n6.LO =0; n6.UP =7;
n7.LO0=0; n7.UP =7;
M.LO = 14;

V.LO=10;

H.LO = 3.3E-5;

Y.LO =2700;

W.LO=0; W.UP=0.18;
TG.LO = 298; TG.UP =673;
RHO.LO = 1; RHO.UP = 1.5;

STG.L = 383; SRHO.L = 1.50; SW.L = .005;
EQUATIONS
SPECl, SPEC2, SPEC3, MOLWEIGHT, GLASSTMP,
YTOT, HTOT, VTOT, DENSITY, ABSORBANCE, OBJ;
OBJ.. Z=E=( (SQR( (STG — TG)/STG))
+ (SQOR ( (SRHO — RHO) /SRHO) )
+ (SQR((SW—W)/SW)));
SPECl.. SRHO =E= 1.5;

SPEC2.. STG =E= 383;
SPEC3.. SW =E= .005;
MOLWEIGHT.. M =E= nl*(14) + n2%(28) + n3%(44)

+n4*(16) + n5%(43) +n6*(30)
+n7*(48.5);

YTOT.. Y =E=nl*(2700) + n2*(27000) + n3*(8000)
+n4*(4000) + n5%(12000) +n6*(13000)
+n7%(20000);

HTOT.. H=E=nl*(3.3E-5) + n2*(0.11) + n3*(0.075)
+n4*(0.02) + n5*(0.75) +n6*(0.75)
+n7*(0.015);

VTOT.. V=E=nl*(15.85) + n2*(13.40) + n3*(23)
+n4*(10) + n5*%*(24.9) +n6*(19.15)
+n7*(29.35);

GLASSTMP. . TG =E= (Y/M);

DENSITY.. RHO =E= (M/V);

ABSORBANCE.. W =E= ((18%*H)/M)

MODEL GROUPS /ALL/;

SOLVE GROUPS USING MINLP MINIMIZING Z;

OPTION DECIMALS = 4;

DISPLAY TG.L, RHO.L, W.L, nl.L, n2.L, n3.L, n4.L,

n5.L, n6.L, n7.L, Z.L;

All variables in GAMS must be declared. Then, n;, i =1--- - - 7,
are declared as integer variables, with lower and upper bounds
specified. The remaining variables are real and are declared
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positive, with bounds specified for p, T,, and W. Note that
each equation is assigned a name, including the objective func-
tion, which is named Z. The SOLVE statement indicates that the
MINLP is to minimize Z using the MINLP solver. Finally, the
variables to be displayed in the solution are identified, with the .LL
suffix indicating the level (final) value computed.

GAMS Solution
* VARIABLE TG.L = 384.6847
* VARIABLE RHO.L =1.4889
* VARIABLE W.L =0.0049
* VARIABLE nl.L =3.0000
* VARIABLE n2.L =0.0000
* VARIABLE n3.L =0.0000
* VARIABLE n4.L =0.0000
* VARIABLE n5.L =0.0000
* VARIABLE n6.L =0.0000
* VARIABLE n7.L =6.0000
* VARIABLE Z.L =0.0007

At the minimum, the repeat unit has three —CH,— groups and six
—CHCI— groups; that is, —[(CH;)5, (CHCI)4]—. The objective
function, Z = 0.0007, and the three properties lie within 2% of the
specifications.

For further discussion of the optimal design of polymer repeat
units, the reader is referred to Maranas (1996).

Refrigerant Design

In Section 3.2, the history of refrigerant design, beginning
with the work of Thomas Midgely, Jr. (1937), is traced to the
1980s where Freon®™ refrigerants, such as R-21, were
replaced by new Freons™, such as R-134a, that do not react
with ozone in the stratosphere.

In this section, the problem of designing a new refrigerant
product is considered, given the temperatures at which heat is to
be absorbed by the evaporator and rejected from the condenser of
arefrigerator. Note that the design of a conventional refrigerator
is discussed in Sections 9S.6 and 9S.8 (in the file, Supplement_
to_Chapter_9.pdf, in the PDF Files folder, which
can be downloaded from the Wiley web site
associated with this book) and in most books on
engineering thermodynamics. Beginning with the
selection of k molecular groups, each of which can
appear in a candidate refrigerant 7 times, up to 7,5
times, the number of distinct molecular designs is:

Nmax Mmax (k +n— 1)[

’1§2C{k7 n} N n§2 I’l'(k — 1)'
where C{k, n} is the number of combinations of k groups
taken n at a time (Joback and Stephanopoulos, 1989). Clearly,
this number can become very large, on the order of millions,
for as few as 10 molecular groups. To illustrate the problem of
selecting from among such a large number of combinations,
consider the next example. Note that a less restrictive
formulation was solved initially by Joback and Stephano-
poulos (1989). Subsequently, Gani and co-workers (1991)
excluded oxygen atoms and added restrictions that limited
the scope of the search for new molecules. Yet another
formulation, which includes oxygen atoms, was provided
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by Duvedi and Achenie (1996). Note also that chlorine is
included in the search to show that molecules containing
chlorine are the most desirable when the ozone layer is
disregarded. In the example that follows, a measure used
by Duvedi and Achenie (1996) to estimate the ozone deple-
tion potential (ODP) is shown to lead to different refrigerants.

EXAMPLE 3.3

It is desired to design a refrigerant that can absorb heat at temper-
atures as low as 30°F(—1.1°C) and reject heat at temperatures as
high as 110°F(43.3°C). For the design, consider 13 molecular
groups: CHs, CH,, CH, C, OH, O, NH,, NH, N, SH, S, F, and CI.
When combining these groups, compounds with double or triple
bonds, which tend to polymerize, should be avoided. Also, com-
pounds involving both nitrogen and halides should be avoided, as
these tend to be explosive. Desirable refrigerants should have: (1) a
vapor pressure, P*{—1.1°C} > 1.4 bar, to ensure that leaks are
from the refrigeration system (rather than from vacuum operation,
into which air and water vapor can leak), (2) P*{43.3°C} < 14 bar,
to keep the compression ratio from exceeding 10, (3) an enthalpy
of vaporization, AH"{—1.1°C} > 18.4kJ/mol, to reduce the
amount of refrigerant needed (where 18.4 kJ/mol is the latent
heat of vaporization of Freon 12® the refrigerant banned in 1987),
and (4) a liquid heat capacity, C,,;{21.1°C} < 32.2cal/(mol K),
to reduce the amount of refrigerant that flashes across the valve
(where 32.2 cal/(mol K) is the heat capacity of liquid Freon 12%).
Note that 21.1°C is the average of the extreme temperatures.

SOLUTION

The estimation methods by Duvedi and Achenie (1996) are used:

1. Normal boiling point and critical properties (Joback and Reid,
1987).

N
Tb = 198.2 G ZTbn,-
i=1
—1

N N 2
T.=T,|0.584 +0.965Y T,n; — ( Tcn,-)
i=1 =1

N -2
P, — <o.113 +0.0032n4 — X P, Cf”f)
i=1

where the temperatures and pressures are in K and bar, and ny4 is
the total number of atoms in the molecule.
2. Vapor pressure—Riedel-Plank—Miller method (Reid et al., 1977).

—G[1 =T +k(3+T,)(1 —1,)’]

InP; =
T,
G = 0.4835 + 0.4605h
InP,.
h=T, :
Tl — T
[e-a+)]

B+7)(1-T,)
where T, and P, are the reduced temperature and pressure.

3. Liquid heat capacity—Chueh and Swanson method (Reid
et al., 1987).

N
Cpl = 0.239 2 Cpl; 1
i=1

where ¢p; is in cal/mol K.
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4. Latent heat of vaporization.
At normal boiling point—Vetere modification of Kistiakowsky
eqn. (Duvedi and Achenie, 1996):

AH} = S, T,
S.p = 44.367 + 15.3310gT}, + 0.39137T;,/M
4+ 0.0043372 /M — 5.627 x 1075T; /M

At other temperatures (Reid et al., 1987):

1-7/T,]"

. 0.00264(AHY)
B RT,,

10
+ 0.8794]

where the latent heat of vaporization is in J/mol and M is the
molecular weight.

The group contributions for use in the above equations from
Joback and Reid (1987) are:

Group Valence T, P. Vo T, ni cp M

—CHj3 1 0.0141 —0.0012 65 23.58 4 36.8 15.04
—CHy,— 2 00189 O 56 22.88 3 30.4 14.03
—CH= 3 0.0164 0.002 41 21.74 2 21 13.02
=C= 4 0.0067 0.0043 27 1825 1 7.36 12.01
—OH 1 0.0741 0.0112 28 92.88 2 44.8 17.01
—O0— 2 0.0168 0.0015 18 22.42 1 35 16

—NH; 1 0.0243 0.0109 38 73.23 3 58.6 16.03
—NH— 2 0.0295 0.0077 35 50.17 2 43.9 15.02
—N= 3 0.0169 0.0074 9 11.74 1 31 14.01
—S— 2 0.0119 0.0049 54 68.78 1 33 32.07
—SH 1 0.0031 0.0084 63 63.56 2 44.8 33.08
—F 1 0.0111 —0.0057 27 —0.03 1 17 19

—Cl 1 0.0105 —0.0049 58 38.13 1 36 35.45

Using a mixed-integer nonlinear program with various objective
functions, Duvedi and Achenie (1996) found three compounds
that satisfy the specified constraints. These are:

AH",kJ/mol c, cal/mol-K  P* bar PS, bar

Compound at —1.1°C at 21.1°C  at —1.1°C at 43.3°C
CClLF, 18.76 27.1 2.94 10.67
CF;0H 19.77 24.7 2.69 13.57
CH;Cl 20.37 17.4 2.39 8.72

AH" is reported at the lowest temperature; that is, the
temperature at which evaporation occurs in a refrigerator,
while ¢, is reported at the average temperature. Note that
the values of AH" and P® are computed using experimental
T,(CCLF, = 244.2K, CF30H = 251.48K, CH3Cl = 249.1K)
because the group-contribution method is not sufficiently accurate.
Note that the differences in AH"” from those reported by Duvedi and
Achenie (1996) are due to the differences in 7}, and simplifications in
the methods for estimating S,
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Since CH3Cl contains chlorine, which depletes ozone in the
earth’s stratosphere, Example 3.4 repeats the search using the
ozone depletion potential.

EXAMPLE 3.4

Redesign the refrigerant molecules using the ozone depletion
potential (ODP) defined for molecules having one carbon atom:

ODP = 0.585602n ;0% M/238:563,

and having two carbon atoms

ODP = 0.0949956’1510.00404477eM/83A7953
Repeat the search in Example 3.3 by minimizing the ODP.

SOLUTION

Using a mixed-integer nonlinear program with various objective
functions, Duvedi and Achenie (1996) found two compounds that
satisfy the specified constraints. These are:

AH",kJ/mol C,cal/mol P*,bar P bar
Compound at —1.1°C  at21.1°C at —1.1°Cat43.3°CODP

SF, 18.3 16.0 3.84 13.9 0
CH3;CHF, 20.6 21.9 2.08 791 O

Note that the latent heat of vaporization of SF; is sufficiently close
to 18.4 kJ/mol to be acceptable, given the approximate estimation
methods. Also, neither molecule contains chlorine, and hence, the
ODP is zero.

Solvent Design

Organic solvents play a key role in many aspects of chemical
processing and in the delivery of chemicals to consumers. In
chemical processing, solvents are often used: (1) to mobilize
solids, frequently dissolving them; (2) to clean equipment, as
inremoving grease and grime; and (3) in cleaning clothing, as
in dry cleaning. In contrast, in the delivery of chemicals to
consumers, solvents often convey particles onto surfaces in
coatings, such as in paint and printing ink.

Until the past decade, the solvent market was dominated by
a few principal products, solvents known for their ability to
“dissolve most anything” (Kirschner, 1994). These included
acetone, mixed xylenes, and 1,1, 1-trichloroethane, which are
manufactured in large-scale processes by the major chemical
companies. For environmental and health reasons, over the
past decade there has been a gradual shift away from these
solvents. The U.S. Environmental Protection Agency main-
tains a Toxic Release Inventory (TRI), which includes ace-
tone, 1,1,1-trichloroethane, and other common solvents
whose emissions into the air have been gradually reduced.
Other solvents are included on the hazardous air pollutants
(HAP) list of the 1990 Clean Air Act; for example, 1,1,1-
trichloroethane, which, like Freon® refrigerants, accumulates
in the stratosphere and destroys ozone. Furthermore, other
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solvents, like monomethylether, monoethylether, and their
acetates, have been associated with high miscarriage rates.

Chemical companies are increasingly challenged to reduce
the usage of these targeted solvents, and consequently, a host
of solutions are being sought, including shifts toward: (1)
aqueous solvents, where possible, (2) more concentrated
paints and coatings, containing less solvent, and (3) hot-
melt, ultraviolet-cured, and waterborne adhesives. For exam-
ple, in the manufacture of cosmetics and personal care
products, solvents are being dropped from some formulations
due to their high content of volatile organic compounds
(VOCs) and are being replaced, for example, by water-based
hair sprays and solid deodorant sticks.

In meeting the challenge, chemical companies are design-
ing a growing number of environmentally friendly solvents—
thatis, engineered or designer solvents—that satisfy the speci-
fications for each application; and end users are altering their
usage patterns. As a result, new solvents are appearing grad-
ually, designed as specialty chemicals to replace the use of
commodity solvents; for example, diacetone alcohol cleaner is
areplacement for acetone in the shipbuilding industry. In some
cases, the cleaning methods themselves are changing; for
example, a one-step, vapor-degreasing process is replaced
by a two-step process involving a dip-tank rinse followed
by drying. Another example includes the recycling and reuse
of cleaning solvents. In the dry-cleaning business, because the
principal solvent, perchloroethylene, is suspected to be a
carcinogen and appears on the list of HAPs, used solvent is
being filtered and recycled, refrigerated condensers are being
installed to recover vapor emissions, and new water and steam-
cleaning (wet) processes are being developed.

The search for each new specialty solvent is a product design
problem. As shown for environmentally friendly refrigerants in
Section 3.2, it is helpful to create an innovation map that shows
the new materials technologies, that is, the new classes of
chemicals, and their connections to the customer needs—that
is, the customer-value proposition. Clearly the success of a new
product often relies on the careful attention to this interplay.

In this section, the focus is on strategies to search for the
new chemicals. Two examples are presented in which: (1) a
new solvent is designed as a replacement for 1,1,1-trichloro-
ethane for cleaning surfaces in the lithographic printing
industry (Sinha et al., 1999), and (2) a solvent is selected
to remove a solute from a mixture in a liquid—liquid extraction
process (Ganietal., 1991; Pretel et al., 1994). Like the previous
examples on the design of polymers and refrigerants (Exam-
ples 3.2-3.4), initially desired properties are selected, together
with a set of candidate molecular groups and target property
values. In practice, of course, it is crucial that these properties
reflect the needs of potential customers. Then, chemical struc-
tures are determined whose property estimates, using group-
contribution methods, are closest to the target properties.

Property Estimation

For solvent design, in addition to the normal boiling point,
liquid density, and the latent heat of vaporization, solubility



and related properties, as well as health and safety properties,
must be estimated. Estimation methods for these properties
are discussed next.

Solubility and Related Measures

For the design of solvents to clean surfaces, to apply coating
resins, and to swell cured elastomers, the Hansen solubility

parameter
87 =1\/8p + 8 + 83

provides a useful measure of solvent performance. As
defined in Eq. (3.11), this parameter is comprised of three
solubility parameters: (1) dp, to account for nonpolar (dis-
persive) interactions, (2) §p, to account for polar interactions,
and (3) &y, to account for hydrogen-bonding interactions.
These three contributions may be estimated using group-
contribution methods:

@3.11)

N
2 niFD,’
Sp =—"—— (3.12)
Vo+ X nV;
i=1
N
> n;(1,000 Fp,)
i=1
Sp = - (3.13)
Vo + 2V
i=1
(3.14)

where n; is the number of groups of type i in the solvent
molecule, N is the number of group types in the solvent
molecule, and Fp,, Fp,, Uy,, and V; are the contributions
associated with group i. The latter are tabulated for common
groups by van Krevelen and Hoftyzer (1976—Fp,, Fp,), Han-
sen and Beerbower (1971—Up;,), and Constantinou and Gani
(1994—YV)) Note that the constant associated with the molar
volume prediction for liquids is Vo = 12.11 cm?®/mol.

Given estimates of these three solubility parameters, a
solvent is likely to dissolve a solute when:

4(8p — 8p)° + (8, = 83)° + (8w — 83)° < (R)® (3.15)

where R”, referred to as the radius of interaction as defined by
Hansen (1969), and 87,, 8p, and 8};, are parameters related to
the solute. Note that the left-hand side of inequality (3.15) is
the distance between the solute and solvent molecules, a
measure of the solute-solvent interaction.

For other applications, like the selection of solvents for the
liquid-liquid extraction of solutes from mixtures, solubility
and related measures are determined on the basis of the
liquid-phase activity coefficients, y;;, for solute-solvent
pairs. Usually, for screening purposes, it is sufficient to

3.5 Optimization to Locate Molecular Structure 73

estimate the liquid-phase activity coefficient at infinite dilu-
tion, y?;?, using group-contribution methods.

When considering solvent S for extraction of solute A
from species B, Pretel and co-workers (1994) use the UNI-
FAC group-contribution method to obtain estimates of four
solvent properties:

XAS VEC,SM Wa

Solvent Selectivity = §; = = ——=—"—— (3.16)
Y P XS  VasMWsp
1 MW,
Solvent Power = Sp = xp s = — A (3.17)
Yas MWs
C . . . XA.S
Solute Distribution Coefficient = m = Kp = ——
XAB
B Vs MWy (3.18)
J//Oxo‘s MWs
1 MW,
SolventLoss = §; = xsp = — 5 (3.19)
: VsB MWp

where x are mass fractions. Clearly, a desirable solvent will
have large selectivity, solvent power, and distribution coeffi-
cient; and low solvent loss, as discussed in Example 3.6 below.

Health and Safety Measures

Several empirically defined properties are useful in restrict-
ing the selection of solvents to those having low impacts on
health and safety. These are presented next.

Bioconcentration Factor This factor, which is related to the
likelihood of a solvent accumulating in and harming living
tissue, was correlated by Veith and Konasewich (1975) as:

10210BCF = 0.76 108K,y — 0.23 (3.20)

where K,,,, is the octanol-water partition coefficient, which is
expressed as:

N N

10g10Kow = 2 nix) +0.12 X nix! (3.21)
i=1 i=1

where X? and X,-l are the fragment and factor of group i,

respectively, as tabulated by Hansch and Leo (1979).

Toxicity Measure The lethal concentration of a solvent.
LCsp, a useful measure of toxicity, has been correlated by
Konemann (1981) as:

1og10LCso = —0.87 100K — 0.11 (3.22)

Flash Point The flash-point temperature is a measure of the
explosive potential of vapor mixtures in air. For paraffins,
aromatics, and cycloparaffins, it has been correlated as a
function of the normal boiling point (Butler et al., 1956;

Lyman et al., 1981):
T; =0.683T, — 119 (3.23)

where the temperatures are in kelvin.
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EXAMPLE 3.5

In a lithographic printing process, ink is conveyed to an impres-
sion plate by means of a train of rubber rollers known as
“blankets.” These blankets must be cleaned regularly since their
cleanliness is crucial for the production of high-quality images. It
is desired to replace the current solvent, 1,1,1-trichloroethane,
with an environmentally friendly solvent having the ability to
dissolve dried ink rapidly and having a short drying time; that is,
having a small latent heat of vaporization, and consequently, a
short drying time and low utility costs for vaporization. In
addition, the solvent should cause negligible swelling of the
blanket and be nonflammable. These are the desired product-
quality specifications.

SOLUTION

This solution is based upon that presented by Sinha and co-
workers (1999). A set of 12 molecular groups is selected upon
which the search for solvent molecules is based. These

are: CH3—, —CH2—, Ar—(CGHs—), Ar= (C6H4=),
—OH, CH;CO—, —CH,CO—, —COOH, CH;COO—,
—CH,COO—, —CH;0, and —CH,0—. Note that chlorine

is omitted to avoid ozone-depletion problems.

Next, specifications are provided to define the desired properties of
the solvent molecules to be designed. The ink residue is assumed to
consistof phenolicresin, Super Bakacite 1001, for which the following
parameters were estimated: 8}, = 23.3 MPa!/2, 85 = 6.6 MPa!/2,
8t =8.3MPa'/2, and R* = 19.8 MPa'/2. For the lithographic
blanket, which is typically polyisoprene rubber, swelling is avoided
whend, > 6.3 MPal/2. Furthermore, the bioconcentration factor is
sufficiently low and the lethal concentration is sufficiently high when
logoKow < 4.0.Finally, toensure that the solventis liquid atambient
pressure, it is required that 7, > 323 K and 7;,, < 223 K, where 7}, is
the melting-point temperature. Note that while no bounds are placed
upon the standard latent heat of vaporization of 298 K, AH", it is
minimized to reduce the drying time and the cost of heating utilities.

Group Contributions

The following group contributions have been taken from van
Krevelen and Hoftyzer (1976), Hansen and Beerbower (1971),
and Constantinou and Gani (1994).
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To estimate the normal boiling point, the melting point, and the
standard latent heat of vaporization at 298 K:

N
T, = Tboln<‘21n,«Tb,«>
i=
N
T, = m01n<_21niTmi)
i=
N
AH" = AH(‘; + EniHvi
i=1

where Tjy = 204.2K, T, = 102.4K, and AH} = 6.829KJ/
mol.

Sinha and co-workers (1999) formulate a mixed-integer non-
linear program that minimizes AH" to locate three compounds that
satisfy the specified constraints. These are:

AHV, 6P7 loglo
kl/mol Ty, K T, K MPa? K,,

3549 1932  9.66 1.59
385.7 206.6 8.21 2.37
3874 2002 11.5 —0.65

Compound

Methyl ethyl ketone  35.5
Diethyl ketone 40.1
Ethylene glycol 47.6
monomethyl ether

EXAMPLE 3.6

It is desired to locate a solvent for the liquid-liquid extraction of
ethanol from its azeotrope with water. This dehydration has been
carried out principally by heterogeneous azeotropic distillation
using benzene, now known to be a carcinogen, as an entrainer. If
such a solvent can be located, liquid-liquid extraction could
become the preferred processing technique.

SOLUTION

Potential molecular groups for the solvents are selected from among
those in the UNIFAC VLE (vapor-liquid equilibrium) tables (Han-
sen et al., 1991). Solvents are sought that have the following
properties: MW <300,7), — Tp gurfurat > 50K, S >7 wt./wt.,
m > 1.0 wt%/wt%, and S; > 0.1 wt%.

GI‘Ollp Valence Tbi T Fp; Fp; Ui Hy; Vi X? Xil
CH;— 1 0.8894 0.464 420 0 0 4.116 26.14 0.89 1
—CH,— 2 0.9225 0.9246 270 0 0 4.65 16.41 0.66 1
Ar— 1 6.2737 7.5434 1,430 110 0 33.042 70.25 1.9 1
Ar= 2 6.2737 7.5434 1,430 110 0 33.042 70.25 1.67 1
—OH 1 3.2152 3.5979 210 500 —19,500 24.529 5.51 —1.64 1
CH;CO— 1 3.566 4.8776 210 800 —2,000 18.99 36.55 —0.44 2
—CH,CO— 2 3.8967 5.6622 560 800 —2,000 20.41 28.16 —0.67 2
—COOH 1 5.8337 11.563 409 450 —11,500 43.046 22.32 —1.11 1
CH;COO0— 1 3.636 4.0823 806 510 —3,300 22.709 45 —0.6 2
—CH,COO0— 2 3.3953 3.5572 609 510 —3,300 17.759 35.67 —0.83 2
—CH;0 1 2.2536 2.9248 520 410 —4,800 10.919 32.74 —0.93 2
—CH,0— 2 1.6249 2.0695 370 410 —4,800 7.478 23.11 —1.16 2




Pretel and co-workers (1994) estimate these properties, as well
as the solvent power, S, and the solvent density, p,, for many
candidate solvents. They observe that the constraints are not
satisfied for any of the candidates, and consequently conclude
that liquid-liquid extraction is not a favorable process for the
dehydration of the ethanol-water azeotrope.

Solvent Design for Crystallization of Organic Solids

The selection of solvents is of special significance in deter-
mining the morphology of organic crystals, especially in the
manufacture of pharmaceuticals. In this section, which

3.6 SUMMARY

This chapter has concentrated on the design of new basic
chemical products. Initially, the innovation map is intro-
duced to connect the search for new molecules with cus-
tomer needs. The latter are the basis for thermophysical and
transport property specifications being sought by a design
team for a new chemical product(s). Emphasis has been
placed on the use of group-contribution methods for the
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3.1 For the polymer film in Example 3.2, use GAMS to locate the
repeat units having the second-and third-lowest values of the
objective function.

3.2 Many companies and municipalities are reluctant to handle
chlorine, either in processing or in incinerating wastes. Resolve
Example 3.2 without the —CHCI— group.

3.3 For an electronic device designed to operate at higher
temperatures near a furnace, a high glass-transition temperature,
423 K, is required. Resolve Example 3.2 with this constraint.

3.4 It is desired to find a refrigerant that removes heat at —20°C
and rejects heat at 32°C. Desirable refrigerants should have
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P*{—-20°C} > 1.4bar, P*{32°C} < l4bar, AH"{-20°C}>
18.4kJ/mol, and c,{6°C}<32.2cal/mol-K. For the candidate
groups CH3, CH, F, and S, formulate a mixed-integer nonlinear
program and use GAMS to solve it. Use the group-contribution
method in Section 1 of the solution to Example 3.3 to estimate 7},
Hint: Maximize the objective function, AH"{—20°C}.

3.5 Using the group contributions in Example 3.5, determine
whether methyl propyl ketone, methyl butyl ketone, and methyl
isobutyl ketone are suitable solvents. For —CH=, use the group
contributions for —CH,—.
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Chapter 4

Process Creation for Basic Chemicals

4.0 OBJECTIVES

This chapter covers the steps under the block “Concept Stage” in Figure PI.1, which provides an overview of the steps in

designing new basic chemical products and processes. Because the first step, “Opportunity assessment, customer, and technical

requirements,” has been discussed in Section 2.4, this chapter begins with the next step, ‘‘Preliminary Database Creation.”
After studying this chapter, the reader should:

1.
2.

Understand how to go about assembling design data and creating a preliminary database.

Be able to implement the steps in creating flowsheets involving reactions, separations, and 7-P change operations.
In so doing, many alternatives are identified that can be assembled into a synthesis tree containing the most
promising alternatives.

. Know how to select the principal pieces of equipment and to create a detailed process flow diagram, with a material

and energy balance table and a list of major equipment items.

Understand the importance of building a pilot plant to test major pieces of equipment where some uncertainty
exists.

Have an initial concept of the role of a process simulator in obtaining data and in carrying out material and energy
balances. This subject is expanded upon in Chapter 5, where the use of process simulators to make calculations for

continuous and batch processes is presented.

4.1 INTRODUCTION

This chapter focuses on the steps often referred to as process
creation, which are implemented by a design team when design-
ing a process to manufacture a basic chemical product. It
describes the components of the preliminary database and
suggests several sources, including the possibility of carrying
out laboratory experiments. Then, using the database, it shows
how to create a synthesis tree, with its many promising flow-
sheets, for consideration by the design team. This is accom-
plished first for the design of a continuous process to produce a
commodity chemical, vinyl chloride, and subsequently, for the
design of a batch process to produce a pharmaceutical.

For each of the most promising alternatives in the syn-
thesis tree, a base-case design is created. Because this is
central to the work of all design teams, the strategy for
creating a detailed process flow diagram is covered and
the need for pilot-plant testing is discussed.

4.2 PRELIMINARY DATABASE CREATION

Having completed an initial assessment of the need for a
process design, and having conducted a literature search, the

design team normally seeks to organize the data required for
the design into a compact database, one that can be accessed
with ease as the team proceeds to create process flowsheets
and develop a base-case design. At this stage, several alter-
natives are being considered, involving several raw materi-
als, the desired products, and several byproducts and
reaction intermediates. For these chemicals, basic thermo-
physical properties are needed, including molecular weight,
normal boiling point, freezing point, critical properties,
standard enthalpy and Gibbs free energy of formation,
and vapor pressures, densities, heat capacities, and latent
heats as a function of temperature. If chemical reactions are
involved, some rudimentry information concerning the rates
of the principal chemical reactions, such as conversion and
product distribution as a function of space velocity, temper-
ature, and pressure, is often needed before initiating the
process synthesis steps. When necessary, additional data are
located, or measured in the laboratory, especially when the
design team gains enthusiasm for a specific processing
concept. In addition, the team needs environmental
and safety data, including information on the toxicity of
the chemicals, how they affect animals and humans, and
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flammability in air. Material Safety Data Sheets (MSDSs)
will be available for chemicals already being produced but
will have to be developed for new chemicals. Also, for
preliminary economic evaluation, chemical prices are
needed. Additional information, such as transport proper-
ties, detailed chemical kinetics, the corrosivity of the chem-
icals, heuristic parameters, and data for sizing equipment, is
normally not needed during process creation. It is added by
the design team, after a detailed process flow diagram has
been created, and before work on the detailed design of the
equipment commences.

When the data are assembled, graphs are often prepared
with curves positioned to provide a good representation,
especially for experimental data with scatter. Alternatively,
the coefficients of equations, theoretical or empirical, are
computed using regression analysis programs. This is espe-
cially common for thermophysical property data, such as the
vapor pressure, P°, as a function of the temperature, 7, and
vapor-liquid equilibrium data, as discussed later in this section.

If molecular-structure design has been carried out pre-
viously, as discussed in Chapter 3, most of the pertinent data
will have been collected. This is especially the case for
protein pharmaceuticals where automated labs-on-a-chip
are often employed, permitting hundreds and thousands of
cell clones to be evaluated experimentally in parallel, as
discussed in Section 3.1. Also, Sections 16.4 and 17.4 discuss
the design of labs-on-a-chip for the high-throughput screen-
ing of potential kinase inhibitor drugs for treating cancer.

Thermophysical Property Data

For basic properties such as molecular weight, normal boil-
ing point, melting point, and liquid density (often at 20°C),
the CRC Handbook of Chemistry and Physics (CRC Press,
Boca Raton, FL, annual) provides a compilation for a large
number of organic and inorganic compounds. In addition, it
provides vapor pressure data and enthalpies and free energies
of formation for many of these compounds, as well as
selected properties, such as the critical temperature, for
just a few of these compounds. Similar compilations are
provided by Perry’s Chemical Engineers’ Handbook (Green
and Perry, 2008), Properties of Gases and Liquids (Poling
et al., 2001), and Data for Process Design and Engineering
Practice (Woods, 1995). In addition, extensive databases for
as many as 15,000 compounds are provided by process
simulators (e.g., ASPEN PLUS, ASPEN HYSYS, UNISIM,
CHEMCAD, PRO/I, BATCH PLUS, and SUPERPRO
DESIGNER), as discussed in Section 3.4. These are
extremely useful as they are accessed by large libraries of
programs that carry out material and energy balances, and
estimate equipment sizes and costs.

Because phase equilibria are important in most chem-
ical processes, design teams usually spend considerable
time assembling data, especially vapor-liquid and liquid—
liquid equilibrium data. Over the years, thousands of
articles have been published in which phase equilibria

data are provided. These can be accessed by a literature
search, although the need to search the literature has
largely been negated by the extensive compilation pro-
vided in Vapor-Liquid Equilibrium Data Collection
(Gmehling et al., 1980). In this DECHEMA data bank,
which is available both in more than 20 volumes and
electronically, the data from a large fraction of the articles
can be found easily. In addition, each set of data has been
regressed to determine interaction coefficients for the
binary pairs to be used to estimate liquid-phase activity
coefficients for the NRTL, UNIQUAC, Wilson, etc., equa-
tions. This database is also accessible by process simu-
lators. For example, with an appropriate license
agreement, data for use in ASPEN PLUS can be retrieved
from the DECHEMA database over the Internet. For non-
ideal mixtures, the extensive compilation of Gmehling
(1994) of azeotropic data is very useful.

In this section, space is not available to discuss the basics
of phase equilibrium; for this material, the reader is referred
to many excellent thermodynamics books (e.g., Balzhiser
et al., 1972; de Nevers, 2002; Kyle, 1984; Sandler, 2006;
Smith et al.,, 1997; Walas, 1985). Yet process designers
usually need to work with phase equilibria data to obtain
reasonable predictions for phase conditions and separations
of specific mixtures in the temperature and pressure ranges
anticipated. This usually requires data regression using
models that are best suited for the compositions, temper-
atures, and pressures under study. Consequently, in this
section, two examples are presented in which methods of
data regression are needed. To assist the reader, a review of
the basics of phase equilibrium is presented in the multimedia
modules, which can be downloaded from the

Wiley Web sites associated with this textbook— ° m/e °
follow the path ASPEN — Physical Property \q,.\ //Q
Estimation, in which the equations are derived, °3 "‘5& Q
) 3 )
the data banks are summarized, and many of the . “\
phase equilibrium models are tabulated and 3,,1 2
discussed briefly. M o9

EXAMPLE 4.1

This example involves vapor-liquid equilibrium (VLE) data for
the design of a distillation tower to dehydrate ethanol. A portion of
the 7—x—y data for an ethanol-water mixture, measured at 1.013
bar (1 atm) using a Gillespie still (Rieder and Thompson, 1949), is
shown in Figure 4.1a. Here, it is desired to use regression analysis
to enable the UNIQUAC equation to represent the data accurately
over the entire composition range.

SOLUTION

Using ASPEN PLUS and data from the DECHEMA ¢© m/e °
data bank, with the details described on the multimedia 0‘\' /6
modules that accompany this textbook (ASPEN — -~ ars «Q
Physical Property Estimation — Equilibrium Dia- ;‘ Q‘lﬁ Q
grams — Property Data Regression), the x—y diagram 3, 0‘0

in Figure 4.1b is obtained, which compares the data ] M Ja?\.

points with a curve based on the following built-in
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Figure 4.1 Regression of ethanol-water data using UNIQUAC: (a) VLE data (Rieder and Thompson, 1949); (b) x—y diagram

before regression; (c) x—y diagram after regression.

interaction coefficients retrieved from the VLE-IG data bank: ag w =
2.0046, aw g = —2.4936, bg,w = —728.97, and by g = 756.95.
Then the data regression system is used with the Rieder and
Thompson data and much better agreement between the data and
the VLE estimates is obtained, as shown in Figure 4.1c. Note that the
data regression system adjusts the interaction coefficients to ag.w =
3.8694, awpg = —3.9468, bgpw = —1,457.2, and bwg =
1,346.8.

Clearly, data regression is needed to obtain a rigorous design
for the distillation. Furthermore, in this case, the UNIQUAC
equation represents the nonidealities of this polar mixture quite
well. When the Peng—Robinson (Reid et al., 1987) equation is
used instead, as shown on the multimedia CD-ROM, the data are
not represented as well after the data regression is completed.

EXAMPLE 4.2

A second example is provided in which vapor-liquid equilibrium
data for a CH,—H,S mixture are utilized in connection with the
design of a natural gas expander plant. In this case, a portion of the
P—x—y data, measured by Reamer et al. (1951), is shown in Figure
4.2a, and regression analysis is used to enable the Soave—Redlich—
Kwong (SRK) equation to represent the data better.

SOLUTION

ASPEN PLUS is used with the SRK equation:
RT a

P —
V—b V(V+b)
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Figure 4.2 Regression of CH,—H,S data using the Soave—Redlich—-Kwong equation: (a) VLE data (Reamer et al., 1951); (b) phase
envelope before regression—75.2 mol% CHy; (c) phase envelope after regression—75.2 mol% CHy.
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bi = f{Ti, Pei}
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and P is the pressure, 7 is the absolute temperature, V is the molar
volume of the mixture, a; and b; are pure-component constants, 7;,
P_; and w; are the critical temperature and pressure and the acentric
factor for species i, and k; and k;; are the binary interaction coef-
ficients. Using the built-in parameters retrieved from the EOS-LIT

data bank, the P-T phase envelope in Figure 4.2b is
obtained, with the details described on the multimedia
modules, which can be downloaded from the Wiley
Web site associated with this book—follow the path,
ASPEN — Physical Property Estimation — Equili-
brium Diagram — Property Data Regression. Then
the data regression system is used to adjust three of the
parameters to

—0.11399, wcyy, = —0.3344, and
0.04377.

kcH, 1S
OH,S

The result is a significant improvement of the phase envelope
when compared with the experimental data, as shown in Figure
4.2c. Note, especially, the improvement in the critical region at the
elevated pressures.



Environmental and Safety Data

As mentioned in Section 1.4, design teams need toxicity data
for raw materials, products, byproducts, and intermediates
incorporated in a process design. In toxicology laboratories
operated by chemical companies and governmental agencies,
such as the U.S. Environmental Protection Agency (EPA) and
the U.S. Food and Drug Administration (FDA), tests are run
to check the effects of various chemicals on laboratory
animals. The chemicals are administered in varying dosages,
over differing periods, and in different concentrations, stim-
ulating effects that are measured in many ways, including
effects on the respiratory system, the skin, and the onset of
cancer. In most cases, the results are provided in extensive
reports or journal articles. In some cases, chemicals are
difficult to classify as toxic or nontoxic.

Already it is well known that a number of common
chemicals are toxic to humans and need to be avoided.
One source of information on these chemicals is the Toxic
Chemical Release Inventory (TRI), which is maintained by
the U.S. EPA, and includes over 600 chemicals. A list of these
chemicals is available at the Internet site:

http://www.epa.gov/tri/chemical/index.htm

Another source is provided by the ratings of the National Fire
Protection Association (NFPA), which are tabulated for
many chemicals in Data for Process Design and Engineering
Practice (Woods, 1995). The first of three categories is titled
“Hazard to Health” and entries are rated from O to 4, with O
meaning harmless and 4 meaning extremely hazardous.

As seen in Table 1.2 and discussed in Section 1.5, data on
the flammability of organic compounds are tabulated and, for
those compounds not included in the table, methods are
available to estimate the data. In addition, tables of flamma-
bility data are also available for aerosols and polymers in
Perry’s Chemical Engineers’ Handbook (Green and Perry,
2008). The NFPA ratings provide a less quantitative source
for many chemicals under ‘‘Flammability Hazard,”” which is
the second of the three categories (also rated from 0 to 4).

Chemical Prices

Economics data are often related to supply and demand, and
consequently they fluctuate and are much more difficult to
estimate. Most companies, however, carry out market studies
and have a basis for projecting market size and chemical
prices. In view of the uncertainties, to be safe, economic
analyses are often conducted using a range of chemical prices
to determine the sensitivity of the results to specific prices.

One widely used source of prices of commodity chemicals
is from ICIS Chemical Business (formerly Chemical Market
Reporter), a weekly publication. Their Web site, http:/
www.icis.com/StaticPages/Students.htm, provides informa-
tion for students in their Knowledge Zone. It should be noted,
however, that these prices may not reflect the market situation
in a particular location; nevertheless, they provide a good
starting point. In addition, commodity chemical prices may
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be found via ICIS pricing. This service publishes weekly
pricing benchmarks to the industry and offers samples of
reports that are approximately six months old via the follow-
ing link: http://www.icispricing.com/il_shared/il_splash/
chemicals.asp?llink%. Obviously, to obtain better estimates,
at least for the immediate future, the manufacturers of the
chemicals should be contacted directly. Lower prices than
those listed can often be negotiated. Articles on chemicals of
commerce in trade magazines can be searched for on the Web
site http://www.findarticles.com. Subscribers to ICIS Chem-
ical Business can also obtain more recent market trends and
data derived from both their ICIS news and ICIS pricing
services.

In some cases, it may be desirable to estimate the prices of
utilities, such as steam, cooling water, and electricity, during
process creation. Here also, appropriate prices can be
obtained from local utility companies. As a start, however,
values are often tabulated, as provided in Table 23.1.

Summary

To the extent possible using the literature, company files,
computer data banks, and similar sources, the design team
assembles a preliminary database for use in preliminary
process synthesis, the subject of Section 4.4. Typically, the
database contains thermophysical property data, rudimen-
tary reaction-rate data, data concerning toxicity and flam-
mability of the chemicals, and chemical prices. In cases
where data cannot be located, estimation methods are often
available. However, when the results are sensitive to the
estimates, conclusions must be drawn with caution. In most
cases, when a process looks promising, an experimental
program is initiated, as discussed in the next section. Note
that other kinds of data are normally not necessary until the
detailed process flow diagram has been developed for the
base-case design, and the design team is preparing to com-
plete the detailed design of the equipment items. Note also
that when molecular-structure design has been used to select
the chemical product, experimental data and/or theoretical
estimates are usually available in data banks, especially in
drug development.

4.3 EXPERIMENTS

Many design concepts are the result of extensive experiments
in the laboratory, which provide valuable data for the design
team. Often, however, laboratory experiments are carried out
in small vessels, using small quantities of expensive solvents,
and under conditions where the conversion and selectivity to
the desired product are far from optimal. For this reason, as a
design concept becomes more attractive, it is common for the
design team to request additional experiments at other con-
ditions of compositions, temperatures, and pressures, and
using solvents that are more representative of those suitable
for large-scale production. In cases where no previous
in-house experimental work has been done, laboratory


http://www.epa.gov/tri/chemical/index.htm
http://www.icis.com/StaticPages/Students.htm
http://www.icis.com/StaticPages/Students.htm
http://www.icispricing.com/il_shared/il_splash/chemicals.asp?llink%
http://www.icispricing.com/il_shared/il_splash/chemicals.asp?llink%
http://www.findarticles.com

82 Chapter 4 Process Creation for Basic Chemicals

programs are often initiated at the request of the design team,
especially when estimates of the rates of reaction are not very
reliable. When chemical reactions involve the use of cata-
lysts, it is essential that experiments be conducted on catalyst
life using feedstocks that are representative of those to be
used for large-scale production, and that may contain poten-
tial catalyst poisons.

Laboratory experiments may also be necessary to aid in
the selection and preliminary design of separation opera-
tions. The separation of gas mixtures requires consideration
of absorption, adsorption, and gas permeation, all of which
may require the search for an adequate absorbent, adsorbent,
and membrane material, respectively. When nonideal liquid
mixtures are to be separated, laboratory distillation experi-
ments should be conducted early because the possibility of
azeotrope formation can greatly complicate the selection of
adequate separation equipment, which may involve the test-
ing of one or more solvents or entrainers. When solids are
involved, early laboratory tests of such operations as crys-
tallization, filtration, and drying are essential.

Clearly, as data are obtained in the laboratory, they are
tabulated and usually regressed, to allow addition to the
preliminary database for use by the design team in prelimi-
nary process synthesis, the subject of the next section.

4.4 PRELIMINARY PROCESS SYNTHESIS'

Design teams use many kinds of processing operations to
carry out chemical reactions and to separate products and
byproducts from each other and from unreacted raw materi-
als. In many respects, one of the greatest challenges in
process design involves the synthesis of configurations
that produce chemicals in a reliable, safe, and economical
manner, and at high yield with little or no waste. Until
recently, this part of the design process, often referred to
as process synthesis, in which many kinds of process oper-
ations are configured into flowsheets, was performed from
experience gained in similar processing situations, with little
formal methodology.

Thanks to research over the past 35 years, coupled with
methods of decision-tree analysis and mathematical pro-
gramming, synthesis strategies have become more quantita-
tive and scientific. In Chapters 7-11 of this text, a primary
objective is to cover many of the modern strategies for
synthesizing process flowsheets. The objective of this intro-
ductory section, however, is simply to show some of the steps
and decision processes, mostly by example. After examining
two case studies involving the synthesis of a vinyl chloride
process and of a process to manufacture tissue plasminogen
activator (tPA), the reader should have a good appreciation of
the principal issues in process synthesis.

As discussed earlier, preliminary process synthesis occurs
after an alternative processing concept has been created.
Having defined the concept and assembled the preliminary

'Adapted from Myers and Seider (1976), Chap. 3.

database, usually with some experimentation, the design
team sets out to synthesize a flowsheet of process operations
to convert the raw materials to the desired products. First, it
decides on the state of the raw materials, products, and
byproducts, before assembling different configurations of
the process operations.

To introduce this approach, this section begins by review-
ing the concept of the chemical state, followed by a review of
the principal operations, before covering several of the key
steps in process synthesis, and utilizing them to create the
vinyl chloride and tPA processes. Throughout this develop-
ment, it should be clear that the synthesis or invention of a
chemical process involves the generation and solution of a
large combinatorial problem. Here, intuition and experience
are as important to the design team as to the composer or
artist. The emphasis in this section is on the use of heuristics,
or rules of thumb, for the synthesis step. However, throughout
this text, it will be evident, especially in Chapters 7—11, that
many quantitative methods of synthesis, combined with
optimization, are available to the design team to generate
the most promising process flowsheets.

Chemical State

As the first step in process synthesis, the design team must
decide on raw-material and product specifications. These are
referred to as states. Note that the state selections can be
changed later with modifications to the flowsheets. To define
the state, values of the following conditions are needed:

1. Mass (flow rate)

2. Composition (mole or mass fraction of each chemical
species of a unique molecular type)

3. Phase (solid, liquid, or gas)

4. Form, if solid phase (e.g., particle size distribution and
particle shape)

5. Temperature
6. Pressure

In addition, some well-defined properties, such as the intrin-
sic viscosity, average molecular weight, color, and odor of a
polymer, may be required. These are often defined in con-
nection with the research and marketing departments, which
work to satisfy the requests and requirements of their cus-
tomers. It is not uncommon for a range of conditions and
properties to be desired, some of which are needed inter-
mittently by various customers as their downstream require-
ments vary. When this is the case, care must be taken to
design a process that is sufficiently flexible to meet changing
demands.

For most chemicals, the scale (i.e., production level or flow
rate) of the process is a primary consideration early in the
design process. Working together with the marketing people,
the scale of the process is determined on the basis of the
projected demand for the product. Often the demographics of
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Figure 4.3 Process synthesis problem

the most promising customers have an important impact on
the location of the plant and the choice of its raw materials.
As the scale and the location are established, the composition,
phase, form, temperature, and pressure of each product and
raw-material stream are considered as well. When the desired
states of these streams have been identified, the problem of
process synthesis becomes better defined. As shown in
Figure 4.3, for the production of vinyl chloride, it remains
to insert the process operations into the flowsheet.

It is noteworthy that once the state of a substance is fixed
by conditions 1-6, all physical properties (except for the form
of a solid), including viscosity, thermal conductivity, color,
refractive index, and density, take on definite values. Fur-
thermore, the state of a substance is independent of its
position in a gravitational field and its velocity. Although
there are other conditions (magnetic field strength, surface
area) whose values are needed under certain conditions, the
six conditions listed above are usually sufficient to fix the
state of a substance.

Process Operations

Throughout the chemical engineering literature, many kinds
of equipment, so-called unit operations, are described,
including distillation columns, absorbers, strippers, evapo-
rators, decanters, heat exchangers, filters, and centrifuges,
just to mention a few. The members of this large collection,
many of which are listed in Tables 5.1 and 5.2 in connection
with process simulators, all involve one or more of these
basic operations:

1. Chemical reaction
. Separation of chemical mixtures
. Phase separation
. Change of temperature
. Change of pressure
. Change of phase
. Mixing and splitting of streams or batches

0 N NN AW

. Operations on solids, such as size reduction and
enlargement

Since these are the building blocks of nearly all chemical
processes, it is common to create flowsheets involving these
basic operations as a first step in process synthesis. Then, in a
task integration step, operations are combined where fea-
sible. In the remainder of this section, before considering the
steps in process synthesis, each of the basic operations is
considered in some detail.
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Chemical reaction operations are at the heart of many
chemical processes. They are inserted into a flowsheet to
effect differences in the molecular types between raw-
material and product streams. To this end, they involve the
chemistry of electron transfers, free-radical exchanges, and
other reaction mechanisms, to convert the molecular types of
the raw materials into products of other molecular types that
have the properties sought by a company’s customers.
Clearly, the positioning of the reaction operations in the
flowsheet involves many considerations, including the
degree of conversion, reaction rates, competing side reac-
tions, and the existence of reactions in the reverse direction
(which can result in constraints on the conversion at equi-
librium). These, in turn, are related closely to the temperature
and pressure at which the reactions are carried out, the
methods for removing or supplying energy, and the catalysts
that provide competitive reaction rates and selectivity to the
desired products. In the next subsections, many of these
issues are considered in the context of process synthesis.
These are revisited throughout the text, especially in Sections
6.2, 6.3, and 6.5 and Chapter 7.

Separation operations appear in almost every process
flowsheet. They are needed whenever there is a difference
between the desired composition of a product or an inter-
mediate stream and the composition of its source, which is
either a feed or an intermediate stream. Separation operations
are inserted when the raw materials contain impurities that
need to be removed before further processing, such as in
reactors, and when products, byproducts, and unreacted raw
materials coexist in a reactor effluent stream. The choice of
separation operations depends first on the phase of the
mixture and second on the differences in the physical proper-
ties of the chemical species involved. For liquid mixtures,
when differences in volatilities (i.e., vapor pressure) are
large, it is common to use vapor—liquid separation operations
(e.g., distillation), which are by far the most common. For
some liquid mixtures, the melting points differ significantly
and solid—liquid separations, involving crystallization, gain
favor. When differences in volatilities and melting points are
small, it may be possible to find a solvent that is selective for
some components and not others, and to use a liquid—liquid
separation operation. For other mixtures, particularly gases,
differences in absorbability (in an absorbent), adsorbability
(on an adsorbent; e.g., activated carbon, molecular sieves, or
zeolites), or permeability through a membrane may be
exploited with adsorption and membrane separation oper-
ations. These and many other separation operations are
considered throughout this text, especially in Chapters 6
and 8. The first example of process synthesis that follows
introduces some of the considerations in the positioning of
distillation operations, and Section 6.4 and Chapter 19 con-
tribute to create the underpinnings for a comprehensive
treatment of the synthesis of separation trains in Chapter 8.
Many separation operations require phase-separation oper-
ations, which may be accomplished by vessels called
flash drums for vapor—liquid separation, by decanters for
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liquid-liquid separation, and by filters and centrifuges for
liquid—solid separation.
The need to change temperatures usually occurs throughout
a chemical process. In other words, there are often differences
in the temperatures of the streams that enter or leave the process
or that enter or leave adjacent process operations, such as
reaction and separation operations. Often a process stream
needs to be heated or cooled from its source temperature to its
target temperature. This is best accomplished through heat
exchange with other process streams that have complementary
cooling and heating demands. Since the energy crisis in 1973,
numerous strategies, some of which are covered in Chapter 9,
have been invented to synthesize networks of heat exchangers
that minimize the need for heating and cooling utilities, such as
steam and cooling water. In the examples of process synthesis,
heating and cooling operations are inserted into the flowsheet to
satisfy the heating and cooling demands, and a few of the
concepts associated with heat integration are introduced. Then,
in Section 6.5 and Chapter 18, additional concepts are pre-
sented to accompany Chapter 9 on heat and power integration.
The positioning of pressure-change operations such as gas
compressors, gas turbines or expanders, liquid pumps, and
pressure-reduction valves in a process flowsheet is often
ignored in the early stages of process design. As will be
seen, it is common to select the pressure levels for reaction
and separation operations. When this is done, pressure-
change operations will be needed to decrease or increase
the pressure of the feed to the particular operation. In fact, for
processes that have high power demands, usually for gas
compression, there is often an opportunity to obtain much of
the power through integration with a source of power, such as
turbines or expanders, which are pressure-reduction devices.
In process synthesis, however, where alternative process
operations are being assembled into flowsheets, it has
been common to disregard the pressure drops in pipelines
when they are small relative to the pressure level of the
process equipment. Liquid pumps to overcome pressure
drops in lines and across control valves and to elevate liquid
streams to reactor and column entries often have negligible
costs. Increasingly, as designers recognize the advantages of
considering the controllability of a potential process while
developing the base-case design, the estimation of pressure
drops gains importance because flow rates are controlled by
adjusting the pressure drop across a valve. In the

com /,..o first example of process synthesis, some of the

0’\' /{‘ important considerations in positioning the pres-

o~ fﬂﬁ @ sure-change operations in a flowsheet are intro-
;, Q duced. These are developed further in Sections
% @‘” 6.6, 9S.9 (in the file, Supplement_to_Chap-
1'41 _,aQ\' ter_9.pdf, in the PDF Files folder, which can

be downloaded from the Wiley Web site associ-
ated with this book), 9.8, and Chapter 20.

Often there are significant differences in the phases that
exit from one process operation and enter another. For
example, hot effluent gases from a reactor are condensed,
or partially condensed, often before entering a separation

operation, such as a vapor-liquid separator (e.g., a flash
vessel or a distillation tower). In process synthesis, it is
common to position a phase-change operation using temper-
ature- and/or pressure-reduction operations, such as heat
exchangers and valves.

The mixing operation is often necessary to combine two or
more streams and is inserted when chemicals are recycled and
when it is necessary to blend two or more streams to achieve a
product specification. In process synthesis, mix-

ing operations are inserted usually during the _\."o m/co//
distribution of chemicals, a key step that is intro- .:7-' A [\
duced in the firstexample of process synthesisand 3 § ‘%
expanded upon in Section 6.3. Because the impact -;’ ,,,\
of mixing on the thermodynamic efficiency and ] 2

the utilization of energy is often very negative, M
as discussed in Section 9S.4, it is usually recommended
that mixer operations not be introduced unless they are neces-
sary—for example, to avoid discarding unreacted chemicals. In
this regard, it is noteworthy that mixing is the reverse of
separation. Although there is an energy requirement in separat-
ing a stream into its pure constituents, mixing can be accom-
plished with no expenditure of energy other than the small
amount of energy required when an agitator is used to speed up
the mixing process. In cases where the streams are miscible and
of low viscosity, mixing is accomplished easily by joining two
pipes, avoiding the need for a mixing vessel. Splitting a stream
into two or more streams of the same temperature, pressure, and
composition is also readily accomplished in the piping.

Synthesis Steps

Given the states of the raw-material and product streams,
process synthesis involves the selection of processing oper-
ations to convert the raw materials to products. In other
words, each operation can be viewed as having a role in
eliminating one or more of the property differences between
the raw materials and the desired products. As each oper-
ation is inserted into a flowsheet, the effluent streams from
the new operation are closer to those of the required prod-
ucts. For example, when a reaction operation is inserted, the
stream leaving often has the desired molecular types, but not
the required composition, temperature, pressure, and phase.
To eliminate the remaining differences, additional opera-
tions are needed. As separation operations are inserted,
followed by operations to change the temperature, pressure,
and phase, fewer differences remain. In one parlance, the
operations are inserted with the goal of reducing the differ-
ences until the streams leaving the last operation are iden-
tical in state to the required products. Formal, logic-based
strategies, involving the proof of theorems that assert that all
of the differences have been eliminated, have been referred
to as means—end analysis. In process synthesis, these formal
strategies have not been developed beyond the synthesis of
simple processes. Rather, an informal approach, introduced
by Rudd, Powers, and Siirola (1973) in a book entitled
Process Synthesis, has been adopted widely. It involves

N,
_]3?



positioning the process operations in the following steps to
eliminate the differences:

Synthesis Step Process Operations

1. Eliminate differences in Chemical reactions

molecular types

2. Distribute the chemicals by ~Mixing
matching sources and sinks
3. Eliminate differences in Separation

composition

4. Eliminate differences in
temperature, pressure, and
phase

5. Integrate tasks; that is,
combine operations into unit
processes and decide
between continuous and
batch processing

Temperature, pressure, and
phase change

Rather than discuss these steps in general, it is probably more
helpful to describe them as they are applied to the synthesis of
two processes, in this case, the vinyl chloride and tPA
processes, which are synthesized in the next subsections.
Several general observations, however, are noteworthy
before proceeding with the examples. First, like the vinyl
chloride and tPA processes to be discussed next, most chem-
ical processes are built about chemical reaction and/or sep-
aration operations. Consequently, the steps involved in
synthesizing these processes are remarkably similar to those
for the manufacture of other chemicals. As the syntheses
proceed, note that many alternatives should be considered
in the application of each step, many of which cannot be
eliminated before proceeding to the next steps. The result is
that, at each step, a new set of candidate flowsheets is born.
These are organized into synthesis trees as the steps are applied
to create the vinyl chloride and tPA processes. The synthesis
trees are compact representations of the huge combinatorial
problem that almost always develops during process synthesis.
As will be seen, approaches are needed to eliminate the least
promising branches as soon as possible, to simplify the
selection of a near-optimal process flowsheet. These
approaches are further refined in subsequent chapters. The
decision between continuous and batch processing is intro-
duced briefly next, before proceeding with the two examples.

Continuous or Batch Processing

When selecting processing equipment in the task-integration
step, the production scale strongly impacts the operating
mode. For the production of commodity chemicals, large-
scale continuous processing units are selected, whereas for
the production of many specialty chemicals as well as
industrial and configured consumer chemical products,
small-scale batch processing units are preferable. The choice
between continuous or batch, or possibly semi-continuous,
operation is a key decision. See Section 11.1 for a more
complete discussion of this subject.
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Example of Process Synthesis: Manufacture of
Vinyl Chloride

Consider the need to manufacture vinyl chloride,

H Cl
N /
/C_C\

H H

a monomer intermediate for the production of polyvinyl
chloride,

N ,CHCI /CHCI\ /CHCI\

CH, CH, CH,

an important polymer (usually referred to as just vinyl) that is
widely used for rigid plastic piping, fittings, and similar
products. Over the years, large commercial plants have
been built, some of which produce over 1 billion Ib/yr. Hence,
polyvinyl chloride, and the monomer from which it is
derived, is referred to commonly as a commodity chemical
that is produced continuously, rather than in batch, virtually
everywhere. Historically, vinyl chloride was discovered in
1835 in the laboratory of the French chemist Regnault, and
the first practical method for polymerizing vinyl chloride was
developed in 1917 by the German chemists Klatte and Rollett
(Leonard, 1971). Vinyl chloride is an extremely toxic sub-
stance and, therefore, industrial plants that manufacture it or
process it must be designed carefully to satisfy government
health and safety regulations.

Consider an opportunity that has arisen to satisfy a new
demand, on the order of 800 million pounds per year,
for vinyl-chloride monomer in a petrochemical complex
on the Gulf Coast, given that an existing plant owned by
the company produces 1 billion pounds per year of this
commodity chemical. Consider further that a design team
has been formulated, has prepared a project charter, and
has begun the concept stage of the Stage-Gate™ Product-
Development Process. Four potential alternatives have been
identified, including:

Alternative 1. A competitor’s vinyl-chloride plant, which
produces 2 MMM (billion) Ib/yr of vinyl chloride and is
located about 100 miles away, might be expanded to
produce the required amount, which would be shipped by
truck or rail in tank car quantities. In this case, the design
team projects the purchase price and designs storage
facilities. This might be the simplest solution to provide
the monomer required to expand the local PVC plant.

Alternative 2. Purchase and ship, by pipeline from a
nearby plant, chlorine from the electrolysis of NaCl
solution. React the chlorine with in-house ethylene to
produce the monomer and HCI as a byproduct.

Alternative 3. Because the existing company petro-
chemical complex produces HCI as a byproduct in
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many processes (e.g., in chloroform and carbon tetra-
chloride manufacture) at a depressed price because
large quantities are produced, HCl is normally available
at low prices. Reactions of HCI with acetylene, or
ethylene and oxygen, could produce 1,2-dichloro-
ethane, an intermediate that can be cracked to produce
vinyl chloride.

Alternative 4. Design an electrolysis plant to produce
chlorine. One possibility is to electrolyze the HCI,
available from within the petrochemical complex, to
obtain H, and Cl,. React chlorine, according to alter-
native 2. Elsewhere in the petrochemical complex, react
hydrogen with nitrogen to form ammonia, or with CO to
produce methanol.

These are typical of the alternatives that might be selected
from a large number of ideas, and which serve as a base on
which to begin the engineering of a product or a process.
In this example, only the production of the monomer is
considered, with a focus on alternatives 2 and 3. In the
concept stage, the objective is to create several promising
flowsheets, as candidate solutions, to be inserted later into
Figure 4.3. In addition to data from the chemistry laboratory,
two patents (Benedict, 1960; B.F. Goodrich Co., 1963) play a
key role in process synthesis. These were located by the
design team during their literature search and entered into the
preliminary database. When appropriate, they will be
referred to in connection with the synthesis steps that follow.

Step1 Eliminate Differencesin Molecular Type: For the
manufacture of vinyl chloride, data from the chem-
istry laboratory focus on several promising chemical
reactions involving the chemicals shown in Table
4.1. Note that since vinyl chloride has been a
commodity chemical for many years, these chem-

Table4.1 Chemicals That Participate in Reactions to Produce
Vinyl Chloride

Molecular Chemical Chemical
Chemical weight formula structure
Acetylene 26.04 C,H, H-C=C-H
Chlorine 7091 Cl, Cl—Cl
1,2-Dichloroethane 98.96 C,H,Cl,
?1 ?1
H- IC - IC -H
H H
Ethylene 28.05 C,H, H\ /H
C=cC
/
H H
Hydrogen chloride 36.46 HCI H-Cl
Vinyl chloride 62.50 C,H;Cl H N /Cl
L=
H H

icals and the reactions involving them are well
known. For newer substances, the design team often
begins to carry out process synthesis as the data are
emerging from the laboratory. The challenge, in
these cases, is to guide the chemists away from
those reaction paths that lead to processes that are
costly to build and operate, and to arrive at designs as
quickly as possible, in time to capture the market
before a competitive process or chemical is devel-
oped by another company.

Returning to the manufacture of vinyl chloride,
the principal reaction pathways are as follows.

1. Direct Chlorination of Ethylene
C2H4 + C12 — C2H3C1 + HCl (41)

This reaction appears to be an attractive solution
to design alternative 2. It occurs spontaneously
at a few hundred degrees Celsius, but unfortu-
nately does not give a high yield of vinyl chlor-
ide without simultaneously producing large
amounts of byproducts such as dichloroethy-
lene. Another disadvantage is that one of the two
atoms of expensive chlorine is consumed to
produce the byproduct hydrogen chloride,
which may not be sold easily.

2. Hydrochlorination of Acetylene

This exothermic reaction is a potential solution
for the concept denoted as alternative 3. It
provides a good conversion (98%) of acetylene
to vinyl chloride at 150°C in the presence of
mercuric chloride (HgCl,) catalyst impregnated
in activated carbon at atmospheric pressure.
These are fairly moderate reaction conditions,
and hence, this reaction deserves further study.

3. Thermal Cracking of Dichloroethane from
Chlorination of Ethylene

CoH, + Cly — CyH,CL 4.3)
C,H4 + Cl, — C,H3C1 + HCI  (overall) (4.1)

The sum of reactions (4.3) and (4.4) is equal to
reaction (4.1). This two-step reaction path has
the advantage that the conversion of ethylene to
1,2-dichloroethane in exothermic reaction (4.3)
is about 98% at 90°C and 1 atm with a Friedel-
Crafts catalyst such as ferric chloride (FeCls).
Then, the dichloroethane intermediate is con-
verted to vinyl chloride by thermal cracking
according to the endothermic reaction (4.4),
which occurs spontaneously at 500°C and has



conversions as high as 65%. The overall reaction
presumes that the unreacted dichloroethane is
recovered entirely from the vinyl chloride and
hydrogen chloride and recycled. This reaction
path has the advantage that it does not produce
dichloroethylene in significant quantities, but it
shares the disadvantage with reaction path 1 of
producing HCI. It deserves further examination
as a solution to design alternative 2.

4. Thermal Cracking of Dichloroethane from
Oxychlorination of Ethylene

C>H4 + 2HC1 + 0, — CH4CL, + H,0 4.5)
C,H,Cl, — C,H5Cl 4 HC1 (4.4)

C2H4 + HCI + 10, — C,H3C1 + H,0
(overall) 4.6)

Inreaction(4.5), which oxychlorinatesethylene to
produce 1,2-dichloroethane, HCl is the source of
chlorine. This highly exothermic reaction achie-
ves a 95% conversion of ethylene to dichloroe-
thane at 250°C in the presence of cupric chloride
(CuCl,) catalyst, and is an excellent candidate
when the cost of HCl is low. As in reaction path
3, thedichloroethaneiscrackedtovinylchloridein
apyrolysis step. This reaction path should be con-
sidered also as a solution for design alternative 3.

5. Balanced Process for Chlorination of
Ethylene

CoH, +Cl, —» CoH,CL,  (4.3)
CoHy + 2HC1+ 10, — CH4CL + H,O (4.5)
2C,H4Cl, — 2C,H;Cl1 + 2HCI (4.4)

2C,H4 + Cl + 10, — 2C;H;C1 + H,0
(overall) 4.7)

This reaction path combines paths 3 and 4. It
has the advantage of converting both atoms of the
chlorine molecule to vinyl chloride. All of the HC1
produced in the pyrolysis reaction is consumed in
the oxychlorination reaction. Indeed, it is a fine
candidate for the solution of design alternative 2.

Given this information, it seems clear that the
design team would reject reaction path 1 on the basis
of its low selectivity with respect to the competing
reactions (not shown) that produce undesirable
byproducts. This leaves the other reaction paths as
potentially attractive to be screened on the basis of
the chemical prices. Although it is too early to
estimate the cost of the equipment and its operation,
before the remaining process operations are in place,
the design team normally computes the gross profit
(i.e., the profit excluding the costs of equipment and

Table 4.2
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Assumed Cost of Chemicals Purchased or Sold in

Bulk Quantities

Chemical Cost (cents/lb)
Ethylene 30
Acetylene 80
Chlorine 18
Vinyl chloride 35
Hydrogen chloride 25
Water 0
Oxygen (air) 0

the operating costs) for each reaction path and uses it
as a vehicle for screening out those that cannot be
profitable. To illustrate this process for the production
of vinyl chloride, Table 4.2 provides a representative
set of prices for the principal chemicals, obtained
from a source such as the ICIS Business Americas
(formerly the Chemical Marketing Reporter), as
discussed earlier. The gross profit is computed as
the income derived from the sales of the products and
byproducts less the cost of the raw materials. It is
computed by first converting to a mass basis, as
illustrated for reaction path 3:

C2H4 + C12 == C2H3Cl + HC]

Ibmol

Molecular weight

b

Ib/1b of vinyl chloride

cents/lb

1 1 1 1
28.05 70.91 62.50 36.46
28.05 70.91 62.50 36.46

0.449 1.134 1 0.583
30 18 35 25

Table 4.3

Then, the gross profit is 35(1) 4 25(0.583) —
30(0.449) — 18(1.134) = 15.69 cents/Ib of vinyl
chloride. Similar estimates are made for the overall
reaction in each of the reaction paths, it being
assumed that complete conversion can be achieved
without any side reactions (not shown), with the
results shown in Table 4.3.

Even without the capital costs (for construction
of the plant, purchase of land, etc.) and the operat-
ing costs (for labor, steam, electricity, etc.), the
gross profit for reaction path 2 is negative, whereas

Gross Profit for Production of Vinyl Chloride (Based

on Chemical Prices in Table 4.2)

Gross profit

Reaction Overall (cents/Ib of
path reaction vinyl chloride)
2 C,yH; + HCI = C,H3Cl —16.00
3 CyHy4 + Clp, = CoH3Cl 4 HCI 15.69
4 CyHy + HCI + %02 = C,H3Cl + H0 6.96
5 2CyH4 4+ Clp + %02 = 2C,H3Cl 4+ H,0 11.32
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Direct
Chlorination

Pyrolysis
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-

HCl
——

CH,CI

C,H, + Cl,—* C,H,Cl,

the gross profits for the other reaction paths are
positive. This is principally because acetylene is
very expensive relative to ethylene. The fairly high
price of HCI also contributes to the inevitable
conclusion that vinyl chloride cannot be produced
profitably using this reaction path. It should be
noted that the price of HCI is often very sensitive
to its availability in a petrochemical complex. In
some situations, it may be available in large quan-
tities as a byproduct from another process at very
low cost. At a much lower price, reaction path 2
would have a positive gross profit, but would not be
worthy of further consideration when compared
with the three reaction paths involving ethylene.
Turning to these paths, all have sufficiently positive
gross profits, and hence are worthy of further con-
sideration. It is noted that the price of HCI strongly
influences the gross profits of reaction paths 3 and
4, with the gross profit of reaction path 5 midway
between the two. Before proceeding with the syn-
thesis, the design team would be advised to exam-
ine how the gross profits vary with the price of HCI.

Figure 4.4 shows the first step toward creating a
process flowsheet for reaction path 3. Each reaction
operation is positioned with arrows representing its
feed and product chemicals. The sources and sinks
are not shown because they depend on the distri-
bution of chemicals, the next step in process syn-
thesis. The flow rates of the external sources and
sinks are computed assuming that the ethylene and
chlorine sources are converted completely to the
vinyl chloride and hydrogen chloride sinks. Here, a
key decision is necessary to set the scale of the
process, that is, the production rate at capacity. In
this case, a capacity of 100,000 1b/hr (~800 million
Ib/yr, assuming operation 330 days annually—an
operating factor of 0.904) is dictated by the oppor-
tunity presented above. Given this flow rate for the
product (principal sink for the process), the flow
rates of the HCI sink and the raw-material sources
can be computed by assuming that the raw materi-
als are converted to the products according to the
overall reaction. Any unreacted raw materials are
separated from the reaction products and recycled.
By material balance, the results in Figure 4.4 are
obtained, where each flow rate in Ibmol/hr is 1,600.

C,H,Cl, — C,H,Cl + HCI

C,H,Cl,

Step 2

HCl1
58,300 Ib/hr
Figure 4.4 Reaction operations
for the thermal cracking of
ichloroethane from th
CH,CI dic f)oe.tae om the
100,000 1/ chlorination of ethylene

(reaction path 3)

Similar flowsheets, containing the reaction oper-
ations for reaction paths 4 and 5, would be prepared
to complete step 1 of the synthesis. These are
represented in the synthesis tree in Figure 4.9, which
will be discussed after all of the synthesis steps have
been completed. Note that their flowsheets are not
included here due to space limitations, but are
requested in Exercise 4.5 at the end of the chapter.
As the next steps in the synthesis are completed for
reaction path 3, keep in mind that they would be
carried out for the other reaction paths as well. Note,
also, that only the most promising flowsheets are
developed in detail, usually by an expanded design
team or, in some cases, by a competitive design team.

Distribute the Chemicals: In step 2, where pos-
sible, the sources and sinks for each of the chemical
species in Figure 4.4 are matched so that the total
mass flow into a reactor equals the total mass flow
out. This often entails the introduction of mixing
operations to eliminate differences in flow rates
when a single sink is supplied by two or more
sources. In other cases, a single source is divided
among several sinks. To achieve the distribution of
chemicals in Figure 4.5, the ethylene and chlorine
sources are matched with their sinks into the
chlorination reactor. It is assumed that ethylene
and chlorine enter the reactor in the stoichiometric
ratio of 1:1 as in reaction (4.3). Because the raw
materials are in this ratio, no differences exist
between the flow rates of the sources and sinks,
and hence, no mixers are needed. Flow rates of
113,400 1b/hr of chlorine and 44,900 1b/hr of ethyl-
ene produce 158,300 Ib/hr of dichloroethane.
When it is desired to have an excess of one chem-
ical in relation to the other so as to completely
consume the other chemical, which may be toxic or
very expensive (e.g., Cl,), the other raw material
(e.g., C,Hy) is mixed with recycle and fed to the
reactor in excess. For example, if the reactor efflu-
ent contains unreacted C,Hy, it is separated from
the dichloroethane product and recycled to the
reaction operation. Note that the recycle is the
source of the excess chemical, and the flow rate
of the external source of C,H, for a given produc-
tion rate of dichloroethane is unaffected. This
alternative distribution of chemicals is discussed
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further in Section 6.3 and illustrated in Figure 6.1.
Returning to the distribution of chemicals in Figure
4.5, note that, at reactor conditions of 90°C and 1.5
atm, experimental data indicate that 98% of the
ethylene is converted to dichloroethane, with the
remainder converted to unwanted byproducts such
as trichloroethane. This loss of yield of main
product and small fraction of byproduct is
neglected at this stage in the synthesis.

Next, the dichloroethane source from the chlori-
nation operation is sent to its sink in the pyrolysis
operation, which operates at 500°C. Here only
60% of the dichloroethane is converted to vinyl
chloride with a byproduct of HCI, according to
reaction (4.4). This conversion is within the 65%
conversion claimed in the patent. To satisfy the
overall material balance, 158,300 Ib/hr of
dichloroethane must produce 100,000 Ib/hr of
vinyl chloride and 58,300 Ib/hr of HCI. But a
60% conversion only produces 60,000 lb/hr of
vinyl chloride. The additional dichloroethane
needed is computed by mass balance to equal
[(1—-0.6)/0.6] x 158,300 or 105,500 Ib/hr. Its
source is a recycle stream from the separation of
vinyl chloride from unreacted dichloroethane,
from a mixing operation inserted to combine the
two sources, to give a total of 263,800 Ib/hr. The
effluent stream from the pyrolysis operation is the
source for the vinyl-chloride product, the HCI
byproduct, and the dichloroethane recycle. To
enable these chemicals to be supplied to their
sinks, one or more separation operations are
needed and are addressed in the next synthesis step.

Figure 4.5 also shows the heats of reaction for the
two reaction steps. These are computed at the tem-
peratures and pressures of the reaction operations
from heats of formation and heat capacities as a
function of temperature. There are many sources of
this data, especially the process simulators that are
discussed in Chapter 5. When a simulator, such as

HCI
CH,CI
C,H,Cl,
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HCI
58,300 Ib/hr

C,H,Cl
100,000 Ib/hr

Figure 4.5 Flowsheet showing
a distribution of chemicals for
thermal cracking of
dichloroethane from
chlorination of ethylene
(reaction path 3)

ASPEN PLUS, is used, it is convenient to define each
of the reaction operations and to perform an energy
balance at reactor conditions. The simulators report
the rate at which heat must be transferred

to or from the reactor to achieve exit ,Com/ o ,

conditions from given inlet conditions .\0.\ 4 {v

or, if operated adiabatically, the exit ; (‘E ‘%

conditions for no heat transfer, as dis- .5 ,a\

cussed on the multimedia modules, e \?
M 490

which can be downloaded from the Wiley
Web site associated with this book—follow the paths,
ASPEN — Chemical Reactors and HYSYS — Chem-
ical Reactors. For reaction path 3, the chlorination
operation provides a large source of energy, 150
million Btu/hr, but at a low temperature, 90°C,
whereas the pyrolysis operation requires much less
energy, 52 million Btu/hr, at an elevated temperature,
500°C. Since this heat source cannot be used to
provide the energy for pyrolysis, other uses for this
energy should be sought as the synthesis proceeds.
These and other sources and sinks for energy are
considered during task integration in step 5.

As for the pressure levels in the reaction oper-
ations, 1.5 atm is selected for the chlorination reac-
tion to prevent the leakage of air into the reactor to be
installed in the task-integration step. At atmospheric
pressure, air might leak into the reactor and build up
in sufficiently large concentrations to exceed the
flammability limit. For the pyrolysis operation, 26
atm is recommended by the B.F. Goodrich patent
(1963) without any justification. Since the reaction is
irreversible, the elevated pressure does not adversely
affect the conversion. Most likely, the patent recom-
mends this pressure to increase the rate of reaction
and, thus, reduce the size of the pyrolysis furnace,
although the tube walls must be thick and many
precautions are necessary for operation at elevated
pressures. The pressure level is also an important
consideration in selecting the separation operations,
as will be discussed in the next synthesis step.
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C,H,Cl, 105,500 Ib/hr C,H,Cl, Figure 4.6 Flowsheet
105,500 Ib/hr including the separation
operations for the vinyl-
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Referring to Figure 4.9, at the “Distribution of costly refrigeration could be used. The B.F. Good-
Chemicals” level, two branches have been added to rich patent recommends operation at 12 atm with-
the synthesis tree to represent the two distributions out any justification. At this pressure, HCI boils at
in connection with reaction path 3. Each of these —26.2°C and the bottoms product, comprised of
branches represents a different partially completed vinyl chloride and dichloroethane with trace quan-
flowsheet, that is, Figures 4.5 and 6.1. Other dis- tities of HCI, has a bubble point of 93°C, which can
tributions arise in connection with reaction paths 4 be calculated by a process simulator. The bottoms
and 5. These are represented using dashed lines in product at this reduced temperature and pressure is
the synthesis tree. farther away from the critical points of vinyl chloride—
Step 3 Eliminate Differences in Composition: As men- dichloroethane mixtures at the bottom of the dis-

tioned earlier, for each distribution of chemicals, the
needs for separation become obvious. In Figure 4.5,
for example, it is clear that the pure effluent from the
chlorination reaction operation needs no separation,
but the effluent from the pyrolysis operation is a
mixture that needs to be separated into nearly pure
species. Here, the source of the three species in the
effluent is at a composition far different from the
compositions of the three sinks: vinyl chloride prod-
uct, HCl byproduct, and the dichloroethane for
recycle. To eliminate these composition differences,
one or more separation operations are needed.
One possibility is shown in Figure 4.6, in which
two distillation towers in series are inserted into the
flowsheet. Distillation is possible because of the
large volatility differences among the three species.
This can be seen by examining the boiling points in
Table 4.4, which can be obtained from vapor pres-
sure data in the preliminary database, or from a
process simulator. In the first column, HCI is
separated from the two organic chemicals. In the
second column, vinyl chloride is separated from
dichloroethane. At 1 atm, the boiling point of HClis
very low, —84.8°C, and hence if HCI were recov-
ered at 1 atm as the distillate of the first tower, very
costly refrigeration would be necessary to con-
dense the reflux stream. At 26 atm (the pyrolysis
reaction pressure), HCI boils at 0°C, and much less

tillation column. It is likely, therefore, that B.F.
Goodrich selected this lower pressure to avoid
operation in the critical region where the vapor
and liquid phases approach each other and are much
more difficult to disengage (i.e., have small flood-
ing velocities and require very large diameters and
tray spacings). Furthermore, low-pressure steam is
adequate for the reboiler. When this distillation
tower is inserted into the flowsheet, the conditions
of its feed stream, or sink, need to be identified. If
the feed is a saturated liquid, the temperature is 6°C
at 12 atm, with a mild refrigerant required for
cooling. A preferable feed temperature would be
35°C or higher, which could be achieved by com-
pleting the cooling and partial condensation of the
pyrolysis reactor effluent with cooling water, but
the introduction of vapor into the column would
increase the refrigeration load of the condenser at

Table4.4 Boiling Points and Critical Constants

Critical
constants

Boiling
Normal point (°C)

boiling point

Chemical (1 atm, °C) 4.8 atm 12 atm 26 atm 7,.(°C) P.(atm)

HC1

C,H;Cl
C2H4C12

—84.8 —51.7 —-262 0 514 821
—13.8 33.1 70.5 110 159 56
83.7 146 193 242 250 50




—26.2°C. Upon making this specification, key
differences (temperature, pressure, and phase)
appear between the effluent from the pyrolysis
operation and the feed to the distillation column.
These are eliminated in the next synthesis step by
inserting temperature and pressure change opera-
tions, with each temperature specification leading
to a somewhat different flowsheet.

After the first distillation operation is inserted
into the flowsheet, the second follows naturally. The
bottoms from the HCl-removal tower is separated
into nearly pure species in the second tower, which
is specified at 4.8 atm, as recommended by the B.F.
Goodrich patent. Under these conditions, the dis-
tillate (nearly pure vinyl chloride) boils at 33°C and
can be condensed with inexpensive cooling water,
which is available at 25°C. The bottoms product
boils at 146°C, and hence, the vapor boilup can be
generated with medium-pressure steam, which is
widely available in petrochemical complexes.

Alternative separation operations can be inserted
into Figure 4.5. When distillation is used, it is also
possible to recover the least volatile species, dichloro-
ethane, from the first column, and separate HCI from
vinyl chloride in the second column. Yet another
possibility is to use a single column with a side stream
that is concentrated in the vinyl-chloride product.
Absorption with water, at atmospheric pressure,
can be used to remove HCI. The resulting vapor
stream, containing vinyl chloride and dichloroethane,
could be dried by adsorption and separated using
distillation. With so many alternatives possible, the
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process designer needs time or help to select the most
promising separation operations. As mentioned pre-
viously, this topic is considered in detail in Chapter 8.
Furthermore, as before, the synthesis tree in
Figure 4.9 is augmented. In this case, the new
branches represent the different flowsheets for
the alternative separation operations. Clearly, as
each step of the synthesis is completed, the tree
represents many more possible flowsheets.

Step4 Eliminate Differences in Temperature, Pressure,

and Phase: When the reaction and separation oper-
ations are positioned, the states of their feed and
product streams are selected. This is accomplished
usually by adjusting the temperature and pressure
levels to achieve the desired reaction conversions
and separation factors. Subsequently, after the flow-
sheets have been created, these are often adjusted
toward the economic optimum, often using the
optimizers in the process simulators discussed in
Chapter 24. In this synthesis step, however, the states
are assumed to be fixed and operations are inserted to
eliminate the temperature, pressure, and phase dif-
ferences between the feed sources, the product sinks,
and the reaction and separation operations.

Figure 4.7 shows one possible flowsheet. It can
be seen that liquid dichloroethane from the recycle
mixer at 112°C and 1.5 atm undergoes the follow-
ing operations:

1. Its pressure is increased to 26 atm.

2. Its temperature is raised to the boiling point,
which is 242°C at 26 atm.

150 x 10° Btu/hr
4

66 Bhp

; Liquid at

Pumping work 23 X 10° Btu/hr

Boiling Boiling
Point Point

21 x10°Btu/hr 40 x 10° Btu/hr 52 x 10° Btu/hr

§ Vapor at

y

.~ ; SN N A
13 4%1021b/hr Direct GH,CL  90°C Pressure | _91°C [Temp. | 242°C [ Phase | 242°C [ Temp. | 500°C Pé{)(())lo)gls
’ Chlorination | 158,300 Y'1.5 atm | Change |26 atm |Change | 26 atm |Change| 26 atm |Change| 26 atm | ,
26 atm
cH 90°C, 1.5 atm| Ib/hr
24 58,300 Ib/hr HCI 500°C
44,900 Ib/hr 100,000 Ib/hr C,H,CI et
105,500 Ib/hr C,H,Cl,
Liquid at /
Vapor at . HCI
4 pewpoint 4 Bubble Point 58,300 Ib/hr
; : . CH,CI
S Temp. LU70°C_[Phase | 6°C H  262°C 100,000 1b/hr
Change | 26 atm |Change | 12 atm B3 12 atm
g}fmp- ........... #%/93°C &5 146°C
ange aca 6
£ > 34 10" Buu/hr 100,000 Ib/hr C,HCl
CH,Cl, 105500 Ib/hr GH,CL

105,500 Ib/hr

Figure 4.7 Flowsheet with temperature-, pressure-, and phase-change operations in the vinyl-chloride process
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Figure 4.8 Flowsheet showing task integration for the vinyl-chloride process

Step 5

3. Dichloroethane liquid is vaporized at 242°C.

4. Its temperature is raised to the pyrolysis temper-
ature, 500°C.

Note that an alternative flowsheet would place
operations 1 and 2 after operation 3. However,
this is very uneconomical, as the cost of compress-
ing a vapor is far greater than the cost of pumping a
liquid because the molar volume of a vapor is so
much greater than that of a liquid (typically, a factor
of 100 times greater). For a more complete dis-
cussion of this observation, which is just one of
many design heuristics or rules of thumb, see
Section 6.7.

In addition, the hot vapor effluent from the
pyrolysis operation (at 500°C and 26 atm) is oper-
ated upon as follows:

1. Its temperature is lowered to its dew point,
170°C at 26 atm.

2. The vapor mixture is condensed to a liquid at its
bubble point, 6°C at 12 atm, by lowering the
pressure, cooling, and removing the latent heat
of condensation.

Finally, the dichloroethane recycle stream is cooled
to 90°C to avoid vaporization when mixed with the
reactor effluent at 1.5 atm.

Branches to represent the two new flowsheets
are added to the synthesis tree in Figure 4.9 after
this synthesis step has been completed.

Task Integration: At the completion of step 4, each
of the candidate flowsheets has a complete set of
operations that eliminates the differences between
the raw materials and the products. Still, with the
exception of the distillation operations, specific
equipment items are not shown. The selection of

the processing units, often referred to as unit oper-
ations, in which one or more of the basic operations
are carried out, is known as task integration. To
assist in this selection, the reader is referred to
Chemical Process Equipment (Walas, 1988).
Figure 4.8 shows one example of task integration
for the vinyl-chloride process. At this stage in
process synthesis, it is common to make the most
obvious combinations of operations, leaving many
possibilities to be considered when the flowsheet is
sufficiently promising to undertake the preparation
of a base-case design. As you examine this flow-
sheet, with the descriptions of the process units that
follow, see if you can suggest improvements. This is
one of the objectives in Exercise 4.3. Throughout
the chapters that follow, techniques are introduced
to obtain better integration for this and other proc-
esses that manufacture many other chemicals.

1. Chlorination reactor and condenser. The direct
chlorination operation in Figure 4.7 is replaced
by a cylindrical reaction vessel, containing a
rectifying section, and a condenser. A pool of
liquid dichloroethane, with ferric chloride cata-
lyst dissolved, fills the bottom of the vessel at
90°C and 1.5 atm. Ethylene is obtained com-
monly from large cylindrical vessels, where it is
stored as a gas at an elevated pressure and room
temperature, typically 1,000 psia and 70°F.
Chlorine, which is stored commonly in the liquid
phase, typically at 150 psia and 70°F, is evapo-
rated carefully to remove the viscous liquid
(taffy) that contaminates most chlorine pro-
duced by electrolysis. Chlorine and ethylene
in the vapor phase bubble through the liquid
and release the heat of reaction as dichloro-
ethane is produced. This heat causes the



dichloroethane to vaporize and rise up the rec-
tifying section into the condenser, where it is
condensed with cooling water. Note that heat is
needed to drive the reboiler in the first distilla-
tion column at 93°C, but the heat of reaction
cannot be used for this purpose unless the tem-
perature levels are adjusted. How can this be
accomplished?

Most of the condensate is mixed with the
effluent from the recycle cooler to be processed
in the pyrolysis loop. However, a portion is
refluxed to the rectifying section of the column,
which has several trays, to recover any of the less
volatile species (e.g., trichloroethane) that may
have vaporized. These heavies accumulate at the
bottom of the liquid pool and are removed
periodically as impurities.

2. Pump. Since the pressure-change operation

involves a liquid, it is accomplished by a
pump, which requires only 66 Bhp, assuming
an 80% efficiency. The enthalpy change in the
pump is very small and the temperature does not
change by more than 1°C.

3. Evaporator. This unit, in the form of a large kettle,

with a tube bundle inserted across the bottom,
performs the temperature- and phase-change oper-
ations. Saturated steam that passes through the
tubes condenses as the dichloroethane liquid is
heated to its boiling point and vaporized. The large
vapor space is provided to enable liquid droplets,
entrained in the vapor, to coalesce and drop back
into the liquid pool, that is, to disengage from the
vapor that proceeds to the pyrolysis furnace.

4. Pyrolysis furnace. This unit also performs two

operations: It preheats the vapor to its reaction
temperature, 500°C, and it carries out the pyrol-
ysis reaction. The unit is constructed of refrac-
tory brick, with natural gas-fired heaters, and a
large bundle of Nickel, Monel, or Inconel tubes,
within which the reaction occurs. The tube
bundle enters the coolest part of the furnace,
the so-called economizer at the top, where the
preheating occurs.

. Spray quench tank and cooler. The quench tank
is designed to rapidly quench the pyrolysis
effluent to avoid carbon deposition in a heat
exchanger. Cold liquid (principally dichloro-
ethane) is showered over the hot gases, cooling
them to their dew point, 170°C. As the gases
cool, heat is transferred to the liquid and
removed in the adjacent cooler. The warm liquid,
from the pool at the base of the quench vessel, is
circulated to the cooler, where it is contacted
with cooling water. Any carbon that deposits in
the quench vessel settles to the bottom and is
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bled off periodically. Unfortunately, this carbon
deposition, as well as the corrosive HCI, is
anticipated to prevent the use of the hot effluent
gases in the tubes of the evaporator, which would
have to be serviced often to remove carbon and
replace corroded tubes. Note that coke forma-
tion in the pyrolysis products is discussed by
Borsaetal. (2001). Consequently, large amounts
of heat are transferred to cooling water, and the
fuel requirements for the process are high. As
noted later in the section on pilot-plant testing,
the design team is likely to measure the rate of
carbon deposition and, if it is not very high, may
decide to implement a design with a feed/
product heat exchanger.

6. Condenser. To produce a saturated liquid at 6°C,
the phase-change operation is carried out by a
condenser that transfers heat to a mild refriger-
ant. Then the pressure is lowered to 12 atm
across a valve.

7. Recycle cooler. To prevent vapor from entering
the pump when the recycle stream is mixed with
effluent from the direct chlorination reactor, the
recycle stream is cooled to 90°C (below the
boiling point of chloroethane at 1.5 atm) using
cooling water.

This completes the task integration in Figure
4.8. Can you suggest ways to reduce the need for
fuel and hot utilities such as steam?

Synthesis Tree

Throughout the synthesis of the vinyl-chloride process,
branches have been added to the synthesis tree in Figure
4.9 to represent the alternative flowsheets being considered.
The bold branches trace the development of just one flow-
sheet as it evolves in Figures 4.3—4.8. Clearly, there are many
alternative flowsheets, and the challenge in process synthesis
is to find ways to eliminate whole sections of the tree without
doing much analysis. By eliminating reaction paths 1 and 2,
as much as 40% of the tree is eliminated in the first synthesis
step. Similar screening techniques are applied by the design
team in every step, as discussed throughout this book.

To satisfy the objective of generating the most promising
flowsheets, care must be taken to include sufficient analysis
in each synthesis step to check that each step does not lead to
a less profitable flowsheet or exclude the most profitable
flowsheet prematurely. For this reason, it is common practice
in industry to mix these synthesis steps with analysis using
the simulators introduced in the next chapter.

Heuristics

It is important to keep in mind that, when carrying out the
steps in preliminary process synthesis, the resulting synthesis
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Figure 4.9 Inverted synthesis tree for the production of vinyl
chloride

tree is closely related to any heuristics or rules of thumb used
by the design team. In the vinyl-chloride example, emphasis
was placed on the synthesis steps, and not on the use of
heuristics by the design team. An exception is the heuristic
that it is cheaper to pump a liquid than compress a gas.
Heuristics are covered more thoroughly in Chapter 6, where
it will become clear that the synthesis tree can be improved
significantly. See also Conceptual Design of Chemical Proc-
esses (Douglas, 1988) and Walas (1988), where many heu-
ristics are presented.

Example of Process Synthesis: Manufacture of
Tissue Plasminogen Activator (tPA)

In the manufacture of pharmaceuticals, consider the pos-
sible production of plasminogen activators, which are
powerful enzymes that trigger the proteolytic (breaking
down of proteins to form simpler substances) degradation
of blood clots that cause strokes and heart attacks. Since the
mid-1980s, Genentech, a U.S. company, has manufactured
tissue plasminogen activator (tPA), which they sold for
$2,000 per 100-mg dose in the early 2000s, with annual
sales of $300 MM/yr (MM in American engineering units is
thousand-thousand or 1 million). Given that their patent
was set to expire in 2003, Genentech developed a next-
generation, Food and Drug Administration (FDA)-
approved, plasminogen activator called TNK-tPA, which
is easier and safer for clinicians to use. With a rapidly
growing market, the question arose as to whether an
opportunity existed for another company to manufacture

ageneric (i.e., without a brand name) form of tPA that could
compete favorably with TNK-tPA.

To examine this possibility, a design team was formulated.
It prepared a project charter and began the concept stage of
the Stage-Gate™ Product-Development Process. Two
potential alternatives were identified, including:

Alternative 1. While a generic form of tPA may not
compete well against TNK-tPA in the United States, it
may be possible to market a low-cost generic tPA in
foreign markets, where urokinase and streptokinase are
low-cost alternatives, which sell for only $200/dose, but
are associated with increased bleeding risks. Market
analysis suggests that a maximum production rate of 80
kg/yr would be appropriate over the next five years.

Alternative 2. Given the possibility that lower health
care reimbursements are received by hospitals in the
United States, it may be reasonable to develop a similar
process that competes favorably with TNK-tPA in the
United States.

Other promising alternatives were likely to arise, often
initiated by successes in a research laboratory.

Tissue plasminogen activator (tPA) is a recombinant
therapeutic protein comprised of 562 amino acids, as shown
schematically in Figure 4.10. Note that tPA is produced using
a recombinant cell, which results from a recombination of
genes. To eliminate blood clots, tPA activates plasminogen to
plasmin, an enzyme, which dissolves fibrin formations that
hold blood clots in place. In this way, blood flow is reestab-
lished once the clot blockage dissolves, an important effect
for patients suffering from a heart attack (microcardial
infarction) or stroke. This example shows the steps in syn-
thesizing a process to address the challenges posed by the
opportunity posed in alternative 1: that is, to manufacture less
expensive forms of tPA that can be sold for $200 per 100-mg
dose. Note that it leads to a batch process involving many
small process units that must be scheduled for the manu-
facture of tPA, rather than a large-scale continuous process as
for the manufacture of vinyl chloride.

Stated differently, based upon extensive research in the
biochemistry laboratory, the tPA gene was isolated from
human melanoma cells, and the process synthesis problem
in Figure 4.11 created. As shown, tPA is produced using
mammalian [e.g., Chinese hamster ovary (CHO)] cells that
have tPA-DNA as part of their genetic contents (genome). In
an aerobic bioreaction operation, the tPA-CHO cells grow in
anutrient media, HyQ PF-CHO—Hyclone media, a blend of
nutrients, salts (including NaHCO3), amino acids, insulin,
growth factors, and transferrin, specifically for growth of
CHO cells. Other ingredients include sterilized water, air,
and CO,. In addition to tPA, endotoxins may be a contam-
inant of the product, which must be removed because they
elicit a variety of inflammatory responses in animals. Other

byproducts include cell debris, wastewater, and gas emis-
sions, especially N, from air, unconsumed O, from air, and
CO,, which regulates the pH. An important source of data, in
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addition to that taken in the biochemistry laboratory, isa U.S.
patent, filed by Genentech (Goeddel et al., 1988), which
provides considerable qualitative and quantitative informa-
tion. See also the design report by Audette et al. (2000).

Step 1 Eliminate Differences in Molecular Type: In the
manufacture of a macromolecule like tPA through
cell growth, a complex array of chemical reactions
is often approximated by global reactions that are
understood far less than the well-defined reactions
for the manufacture of a simple monomer, like vinyl
chloride. In terms of global reactions to manufac-
ture tPA, two principal reaction paths are provided
by the biochemist, as follows.

1. Mammalian Cells. Into CHO cells, the tPA-
DNA sequence must be inserted and expressed.

Cells

e.g., mammalian— Chinese
hamster ovary (CHO)
with tPA-DNA sequence
(from human melanoma
cells) inserted into

their genomes

Powder Media tPA

HyQ PF-CHO Media
Nutrients
Salts (NaHCOj, ...)
Amino Acids
Insulin
Growth Factors
Transferrin

Endotoxin
Cell debris

Waste H,0O

Gas Emissions
(N, 0,,CO,)

Air

co,

Figure 4.11 Process synthesis problem

&
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Figure 4.10 Schematic of
tissue plasminogen activator
(tPA)

The resulting tPA-CHO cells are specially
selected CHO cells with many copies of tPA-
DNA inserted into their genomes, and which
secrete high levels of tPA. This tPA-DNA inser-
tion step is summarized in the reaction:

tPA — DNA sequence + CHO cells
— selected high-expressing tPA 4.8)
— CHO cells

The product of this “catalyst preparation” is a
master stock of tPA-CHO cells, which are pre-
pared in the laboratory and stored in I-mL
aliquots at —70°C to be used as inoculum for
the bioreaction:

tPA — CHO cells + HyQ PF — CHO media

+ O, — Increased cell numbers 4.9)

As the cells grow in this aerobic cultivation at
a rate of 0.39 x 10°cell/(ml-day), oxygen
from air is consumed at the rate of 0.2 x
1072 mol Oy/(cell-hr), and tPA is produced
at the rate of 50 pico gram tPA/(cell-day). The
latter is secreted gradually into the liquid
media solution. Note that reaction (4.8) is
carried out once during the research and devel-
opment phase. Initially, 1-10 mg of tPA-DNA
are added to 10° cells to produce a few tPA-
CHO cells in many unmodified CHO cells.
After careful selection, one tPA-CHO cell (the
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“founder” cell) is selected and amplified to

tPA-CHO Cells
(1-ml aliquot)

80 kg/yr

Endotoxin
0.155 kg/yr

tPA (112 kg/yr)

tPA-CHO Endotoxin
Cells Cell and tPA . Cell Debris
= Production |, Cell Debris 22,895 kg/yr
it 37°C, 1 atm H,0
edia _
L pH=73 N Waste H,O
HyQ PF-CHO Media H,0 2 0 CO; 178250 ke/yr
22,975 kglyr / /
Air CO, Gas Emissions
(N5, O,,CO,)
H,0 4,036 kg/yr
178,250 kg/yr
Air /
3,740 kg/yr CO,
296 kg/yr

(5% air)

. 6 - Ingredients kglyr Wastes kglyr
yield about 10 cells/mL in 10-100 L. These
cells are frozen in aliquots. tPA-CHO cells small Endotoxin 0.155
2. Bacterial Cells. A promising alternative is to ~ HYQ PF-CHO media 22,975 Cell debris 22,860
insert the tPA-DNA sequence into the genome of ~ Water 178,250 Waste water 178,250
Escherichia coli (E. coli) cells, as summarized Al 3,740 Gas emissions 4,036
by the reaction: (N, Oz, CO2)
CO, 296
tPA — DNA sequence + E. coli cells ™ ) ) - tos sinks for (PA.CHO
. . e reaction operation provides sinks for tPA-
— selected high-expressing (PA (4.10) cells from 001121 storagg at —70°C, and HyQ PF-
— E. colicells CHO media in water, air, and carbon dioxide. Its
effluent is a source of tPA, at 112 kg/yr, endotoxin,
Then, the tPA-E. coli bacteria cells, which are cell debris, water, nitrogen, and carbon dioxide.
grown in the laboratory, are frozen in aliquots at When separated, these species are the sources for
—70°C to be used as inoculum for the fermen- the product sinks from the flowsheet. Note that the
tation reaction: combined cell growth and tPA production opera-
tion takes place at 37°C, 1 atm, and pH = 7.3. The
tPA — E. coli cells + powder media latter is achieved by the NaHCOj; in the powder
: media, with fine-tuning by manipulation of the flow
+ O, — increased cell numbers “4.11) rate of CO..
) ] Before accepting a potential reaction path, it is
A batch fermentation of tPA-E. coli can pI‘OfiU(fe important to examine the gross profit; that is, the
5_5, 0 mg tPA/L-?roth ?t harvest. Escher chua difference between the sales revenues and the cost
,COh mayrequire fileupthIl torelease tPA, which of ingredients. To accomplish this, the sales price of
is then more dlfﬁcult to separate. .Shoulcli a {PA is projected (e.g., $200 per 100-mg dose), and
process be'synthesued based upon this react1gn the costs of ingredients are projected, with esti-
path, reaction r.ate data from the lab.oratory will mates often obtained from the suppliers. A typical
be needed. Unlike CHO cells, E . colicells do flOt list of cost estimates is shown in Table 4.5. The cost
add sugar groups (glyc‘osylatlon) to tPA. Like of water for injection (WFI) is based upon estimates
CHO cells, tPA~E. coli cells are produced and of the cost of sterilizing municipal water (12 cents/
frozen during the research and development kg = 45 cents/gal = $450/1,000 gal, which is far
phase. . ) higher than the typical cost of process water =
Returmng to the reaction path _Wlth CHO, cell§, $0.50/1.000 gal). The costs of sterilized air and
using laboratory data, the reaction ope.:ratl(.)n 1S carbon dioxide are for industrial cylinders of com-
inserted onto the. flowsheet, as shown in Figure pressed gases. The cost of the tPA-CHO cells is not
4.12. At aproduction rate of 80 kg/yr of tPA, the lab included, as it is associated with the cost of
reports that the following ingredients are consumed research, which is subsequently estimated as an
and waste products are produced: operating cost.
PA

Figure 4.12 Reaction operations using

mammalian CHO cells



Table4.5 Assumed Cost of Chemicals Produced or Sold

Chemical kg/kg tPA Cost ($/kg)
tPA 1 2,000,000
HyQ PF CHO powder media 287.2 233
Water for injection (WFI) 2,228 0.12
Air 46.8 1,742
CO, 3.7 1,447
tPA-CHO cells — a4

“Not included in gross profit estimate—related to cost of research, an
operating cost.

Using these costs, the gross profit is estimated:

Gross Profit = 2,000,000 — 287.2 x 233
— 2,228 x0.12 — 3.7 x 1,447
—46.8 x 1,742
= $1,846,000/kg tPA

Clearly, this is very high for tPA, a typical pharma-
ceutical. However, the gross profit does not account
for the operating costs, which include the cost of
research, the cost of utilities, and the investment cost,
and are high for separations that involve expensive
mass separating agents. With such a promising gross
profit, the process synthesis proceeds at an acceler-
ated pace.

Step 2 Distribute the Chemicals: In this step, the sources
and sinks for each species in Figure 4.12 are
matched so that the total mass flow rate into the
reaction operation equals the mass flow rate out.
This often entails the introduction of mixing oper-
ations, as illustrated in the previous example for
vinyl chloride.

In this case, only one mixing operation is intro-
duced, in which the HyQ PF-CHO powder media is
mixed with water, as shown in Figure 4.13. Other-
wise the sources and sinks are matched directly.

tPA-CHO Cells

1-ml ali
(I-ml aliquot) {PA (112 ke/yr)
Endotoxin
Celland tPA | ooy Dy
Production |
37°C, 1 atm H,0
pH=73 N,, 0,, CO,

HyQ PF-CHO Media
22,975 kg/yr

H,0
178,250 kg/yr

Air
3,740 kg/yr CO,

296 kg/yr

(5% air)
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However, the effluent from the cell growth, tPA
production reactor must be separated before its
species are matched with the product sinks.

Step 3 Eliminate Differences in Composition: For most
distributions of chemicals, composition differences
exist between streams to be separated and the sinks
to which these species are sent. Clearly, in Figure
4.13, the effluent from the cell growth, tPA produc-
tion reactor must be separated.

Many separation system possibilities exist, with
one provided in Figure 4.14. Here, the reactor
effluent is sent to a separator for recovery of the
gas emissions from the liquid mixture, with the
latter sent to a centrifuge to remove wet cell debris
from the harvest media or clarified broth. Note that
because proteins lose their activity at temperatures
above ~0°C, the centrifuge, and all other separa-
tion operations, are operated at 4°C, slightly above
the freezing point of water. The harvest media is
mixed with arginine hydrochloride, an amino acid:

NH,

J

(,IHZCHQCHZNH NH,

.C—H +CI”
HN™ “cooH
which prevents tPA from self-aggregating. Note
that 45,870 kg/yr provides a concentration of 2.0
molar, which is sufficient to prevent aggregation.

The resulting mixture is sent to microfilters to
remove large quantities of wastewater, which
passes through the filters. For this step, alternate
separators, like gel filtration and an Acticlean Etox
resin (by Sterogene), should be considered. The
retentate from the filter, which contains tPA, other
proteins, endotoxin, arginine hydrochloride, and
some water, is sent to an affinity chromatography
operation. Here, tPA is selectively adsorbed on a

tPA
80 kg/yr

Endotoxin
0.155 kg/yr

Cell Debris
22,895 kg/yr

Waste H,O
178,250 kg/yr

Gas Emissions
(N;, 0,,CO,)
4,036 kg/yr

Figure 4.13 Flowsheet showing a
distribution of chemicals for the tPA
process
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Waste Cell
Air PA H,0 Debris
3,740 kg/yr (Solid) | Freeze Micro-
Dryin filtration
co, e [/
296 kg/yr tPA

Endotoxin
Cell Debris
Waste H,O

resin (e.g., CNBr-activated Sepharose, by Amer-
sham Biotech). The resin is then eluted with gly-
cine, an amino acetic acid:

| H
HNT \
COOH

From lab measurements, 575 kg/yr of glycine are
sufficient for the elution process. After the column
is eluted, it is equilibrated with a mixture of 289.5
kg/yr of phosphate buffer solution (PBS) and
1,403.0 kg/yr of NaCl, with the quantities deter-
mined in the lab.

The resulting tPA solution is sent to an endo-
toxin removal column where the endotoxin is
adsorbed selectively onto a resin (e.g., Acticlean
Etox by Sterogene). This column is washed with a
mixture of 364.8 kg/yr of NaOH and 9,235 kg/yr of
water to remove the endotoxin. The effluent stream
is microfiltered, to remove cell debris that does not
pass through the filter. Then, wastewater is
removed in a freeze-drying operation to provide
tPA in powder form.

Step 4 Eliminate Differences in Temperature, Pres-
sure, and Phase: In the manufacture of tPA, the
ingredients are assumed to be available at 20°C,
water is mixed with the HyQ PF-CHO powder
media at 4°C, the cultivations (cell production

operations) occur at 37°C, and the separations

Step 5

80 kg/yr Figure 4.14 Flowsheet
including the separation
operations for the tPA

process

occur at 4°C. The exothermic heat of the cultivation
is removed at 37°C. Only small pressure changes
occur and can be neglected at this stage of process
synthesis. Similarly, no phase-change operations
are added to the flowsheet. Hence, only a few
temperature-change operations are added to Figure
4.14, with the resulting flowsheet shown in Figure
4.15.

Task Integration: At this stage in the synthesis,
various items of equipment are selected, often
combining two or more adjacent operations into
a single equipment item; that is, in fask integration.
The first key decision involves whether to operate
in continuous or batch mode. For small through-
puts, such as 80 kg/yr of tPA, the decision is nearly
always to operate in batch mode. Choices of batch
size and time are usually based upon the slowest
operation, usually the cultivation process. For tPA,
it is determined by the growth rate of tPA-CHO
cells [0.39 x 106 cell/(ml-day)], the inlet and outlet
concentrations (0.225 x 10%and 3 x 10° cell/mL),
and the rate of tPA growth [50 pg tPA/(cell-day)].
Note that pg = picogram = 10~ '?g. To produce 1.6
kg of tPA per batch, 2.24 kg of tPA are produced by
cultivation, allowing for losses in the separation
process. At this production rate, 2.24 kg of tPA can
be produced in eight days in a 4,000-L batch
(within a 5,000-L vessel). Allowing time for charg-
ing and cleaning, 14 days are reserved, and hence,
25 batches are produced annually, assuming 50
operating weeks. With two batch trains in parallel,
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N, 0,, CO,

Cell and tPA .
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HyQ-PF-CHO Temp. [4°C Temp. / \ Wet Cell
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20°C
H,0
20°C

50 batches are produced annually, that is, 1.6 kg of
tPA are produced per batch.

The flowsheet in Figure 4.16a begins in a 1-L
laboratory cultivator, into which a 1-mL aliquot of
tPA-CHO cells is charged from cold storage at
—70°C. To this, HyQ PF-CHO media, water, air,
and CO, are added. Cultivation takes place over
five days to produce 1.2 kg/batch of inoculum,
which is emptied from the cultivator and trans-
ferred to the plant in one day. This effluent inoc-
ulates three cultivators in series, which carry out the
cell and tPA production operation. The firstis 40 L,
with a 30-L batch that grows cells from 1.05 x
106 to 3 x 10° cell/mL in five days, with two addi-
tional days for loading and cleaning. The second is
400 L, with a 300-L batch that grows cells from
0.25 x 10°to3 x 10° cell/mL in seven days, with
2.5 additional days for loading and cleaning.
Finally, the third is 5,000 L with a 4,000-L batch
that grows cells from 0.225 x 10°t03 x
106 cell/mL in eight days, with six additional
days for loading and cleaning. Note that gas emis-
sions, containing N,, O,, and CO,, are vented
continuously from the cultivators. A 5,000-L mix-
ing tank is installed to load and mix the powder
media and water in two days. Note the tank jacket
through which refrigerant is circulated. This vessel
is followed by a microfilter, which sterilizes the
mixture by removing bacteria, and a hot water heat
exchanger. One last vessel, a 5,000-L holding tank,
is provided to hold the contents of one cultivator
batch (2.24,457.17,0.0031, 3,565 kg/batch of tPA,
tPA-CHO cells, endotoxin, and water, respec-
tively), in the event that the centrifuge is taken
off-line for servicing. The effluent from the third
cultivator is cooled to 4°C in the shell-and-tube heat
exchanger, which is cooled by a refrigerant on the
shell side.

L~
Air co,
20°C 20°C

Figure 4.15 Flowsheet with the temperature-change operations in the tPA process

Turn next to the separation section in Figure
4.16b. The centrifuge is designed to handle small
batches, at a rate of 400 L/hr over 10 hr. It rotates at
high speed with the wet cell mass (which contains
all of the tPA-CHO cells, five wt% of the tPA, 20
wt% of the water, and none of the endotoxin fed to
the centrifuge) thrown to the outside collection
volume and removed. Note that at this stage in
process synthesis, recovery fractions are estimated
using heuristics and experimental data when avail-
able. Also, since the endotoxin contaminant must
be removed entirely, it is assumed to be entirely
recovered (100%) in the effluent from the micro-
filters. The clarified broth (2,854 kg/batch) exits
through the central tube overhead. It enters a mix-
ing tank in which arginine hydrochloride is added
to form a 1.1 molar solution, which is microfiltered
to remove 3,494 kg/batch of wastewater. The con-
centrated product, at 207 L/batch and containing
98, 5.62, and 5.62 wt% of the tPA, arginine hydro-
chloride, and water fed to the microfilter, is mixed
with 67.4 kg/batch of arginine in a second mixing
vessel to give 2.0 molar arginine. This solution is
microfiltered to remove particulate matter before
being sent to the affinity holding tank. The effluent,
which contains 95, 98, 100, and 98 wt% of the tPA,
arginine, endotoxin, and water fed to the micro-
filter, is loaded into a 58-L affinity chromatography
column, which adsorbs 100, 100, 2, and 2 wt% of
tPA, endotoxin, arginine, and water, as shown in
Figure 4.16¢c. Most of the adsorbed tPA, 1.69 kg/
batch, is eluted with a stream containing glycine
(523 kg/batch at2.2,43.5, and 54.3 wt% of glycine,
arginine, and water, respectively) and sent to a
500-L holding tank (405.7 kg/batch containing
1.69, 8.7, 175.6, 0.0026, and 219.7 kg/batch of tPA,
glycine, arginine, endotoxin, and water, respec-
tively). Note that the elution buffer recovers 85
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(a) Reactor section
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(b) Separation section

Figure 4.16 Flowsheet showing a task integration for the tPA process
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(c) Detailed separation section

Figure 4.16 (Continued)

wt% of the tPA and endotoxin from the resin. The
affinity chromatography column is equilibrated
with an equilibration buffer (597 kg/batch contain-
ing 0.97, 4.7, and 94.3 wt% PBS, NaCl, and water,
respectively). After a caustic and sucrose mix is
added to the holding tank (0.013, 0.026, and 0.33
kg/batch of NaOH, sucrose, and NaCl, respec-
tively), the mixture is loaded into the endotoxin
removal column (406.0 kg/batch). In this 15.7-L
column, the endotoxins are adsorbed, and removed,
by washing with caustic (192 kg/batch containing
3.8 and 96.2 wt% NaOH and water, respectively),
which is discarded. The endotoxin removal column
is regenerated with 47.1 kg/batch of water, while
the endotoxin-free solution (405.9 kg/batch con-
taining 1.6, 8.7, 175.6, 0.013, 0.026, 0.23, and
219.7 kg/batch of tPA, glycine, arginine, NaOH,
sucrose, NaCl, and water, respectively) is sent to a
holding tank, where 59 kg/batch of water are added.
After sterilization with a microfilter to remove cell
debris, from which 99.7% of the tPA is recovered,
the solution is sent to a bottler and 100-mL vials,
each containing 100 mg of tPA, are conveyed to a
freeze-drier, where the water is evaporated.

It is important to recognize that the batch sizes in
Figure 4.16 are representative. However, as discussed
subsequently in Section 5.5 and Chapter 11, the batch

times and vessel sizes are key design variables in
scheduling and optimizing batch processes.

Synthesis Tree

Clearly, at each step in the synthesis of the process flowsheet,
alternatives are generated and the synthesis tree fills in. For
the tPA process, a schematic of a synthesis tree is shown in
Figure 4.17. Note that the bold branch corresponds to the
flowsheets in Figures 4.12-4.16. In design synthesis, the
engineer strives to identify the most promising alternatives,
eliminating the least promising alternatives by inspection,
wherever possible. Initially, heuristic rules help to make
selections. Eventually, algorithmic methods involving opti-
mization can be introduced to check the heuristics and
identify more promising alternatives, as discussed in Chapter
11. It should be emphasized, however, that the design win-
dow, beginning during Phases 1 and 2 of the clinical trials, is
small, typically on the order of 12—16 months, before Phase 3
begins (see Section 1.3). Consequently, emphasis is normally
placed on the rapid development of a promising design, and
less on design optimization. Stated differently, for high-
priced pharmaceuticals, it is far more important to be first-
to-market rather than to achieve relatively small savings in
the capital investment or operating expenses for the plant
through design optimization. For further discussion, see
Pisano (1997).
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Figure 4.17 Inverted synthesis tree for the production of tPA

Algorithmic Methods

Finally, before leaving this section on preliminary process
synthesis, the limitations of the heuristic approaches should
not be overlooked. Many algorithmic methods are very
effective for the synthesis of alternative flowsheets, their
analysis, and optimization. These methods are usually used
by design teams in parallel with their work on the develop-
ment of the base-case design, which is the subject of the next
section. The algorithmic methods are easily implemented
and are illustrated with many examples in Chapters 7-11.

4.5 DEVELOPMENT OF THE
BASE-CASE DESIGN

At some point in the synthesis of alternative flowsheets, it
becomes important to select one or two of the most promising
alternatives for further development into the so-called base-
case design(s). To accomplish this, the design team is usually
expanded, mostly with chemical engineers, or assisted by
more specialized engineers, as the engineering workload is
increased significantly. With expanded engineering involve-
ment, the design team sets out to create a detailed process
flow diagram and to improve the task integration begun in

preliminary process synthesis. Then, in preparation for the
detailed design work to follow, a detailed database is created,
a pilot plant is often constructed to test the reaction steps and
the more important, less understood separation operations,
and a simulation model is commonly prepared. As the design
team learns more about the process, improvements are made,
especially changes in the flow diagram to eliminate process-
ing problems that had not been envisioned. In so doing,
several of the alternative flowsheets generated in preliminary
process synthesis gain more careful consideration, as well as
the alternatives generated by the algorithmic methods, in
detailed process synthesis [which often continues as the base-
case design(s) is being developed].

Flow Diagrams

As the engineering work on the base-case design proceeds, a
sequence of flow diagrams is used to provide a crucial vehicle
for sharing information. The three main types are introduced
in this subsection, beginning with the simplest block flow
diagram (BFD), proceeding to the process flow diagram
(PFD), and concluding with the piping and instrumentation
diagram (P&ID). These are illustrated for the vinyl-chloride
process synthesized in the previous section (see Figure
4.8)—the so-called base-case design.

Block Flow Diagram (BFD)

The block flow diagram represents the main processing
sections in terms of functional blocks. As an example,
Figure 4.18 shows a block flow diagram for the vinyl-chloride
process, in which the three main sections in the process—
namely, ethylene chlorination, pyrolysis, and separation—
are shown, together with the principal flow topology. Note
that the diagram also indicates the overall material balances
and the conditions at each stage, where appropriate. This
level of detail is helpful to summarize the principal process-
ing sections and is appropriate in the early design stages,
where alternative processes are usually under consideration.

Process Flow Diagram (PFD)

Process flow diagrams provide a more detailed view of the
process. These diagrams display all of the major processing
units in the process (including heat exchangers, pumps, and
compressors), provide stream information, and include the
main control loops that enable the process to be regulated
under normal operating conditions. Often, preliminary PFDs
are constructed using the process simulators. Subsequently,

Cl
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Chlorination
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Figure 4.18 Block flow
diagram for the vinyl-

105,500 Ib/hr

chloride process



4.5 Development of the Base-Case Design 103
E-100 R-100 E-101 F-100 V-100 E-103 T-100 V-101 E-104 T-101 E-106 V-102
Condenser Direct Evaporator Pyrolysis Quench  Condenser HCl HCI Column HCI Column vC VC Column VC Column
Chlorination Furnace Tank Column Reflux Drum  Condenser Column Condenser Reflux Drum
Reactor
cw
E-100 rb 11 HCl
) E-103 pr oW
< : > . 8 9
= T-100
( |Y-101
fg ==
R-100 10 =--
Ethylend 0 E-101 - ‘@"
4—@ hps V-100 -
Chlorine 2 T
E-102 E-105
3 5 cw mps
12
cw
E-108
g P-101 P-102
-<H>— ¢ @
4 >
P-104
P-100 E-108 P-101 E-102 E-105 P-102 P-104 E-107 P-103
Reactor Recycle Quench Quench HCI Column HCI Column Recycle VC Column VC Column
P-100 Pump Cooler Tank Cooler Reboiler  Reflux Pump Pump  Reboiler Reflux Pump
Pump

Figure 4.19 Process flow diagram for the vinyl-chloride process

more detailed PFDs are prepared using software such as
AUTOCAD and VISIO, the latter having been used to
prepare Figure 4.19 for the vinyl-chloride process. The
conventions typically used when preparing PFDs are illus-
trated using this figure and are described next.

Processing Units Icons that represent the units are linked
by arcs (lines) that represent the process streams. The draw-
ing conventions for the unit icons are taken from accepted
standards, for example, the ASME (American Society for
Mechanical Engineers) standards (ASME, 1961). A partial
list of typical icons is presented in Figure 4.20. Note that each
unit is labeled according to the convention U-XY'Y, where U
is a single letter identifying the unit type (V for vessel, E for
exchanger, R for reactor, T for tower, P for pump, C for
compressor, etc.). X is a single digit identifying the process
area where the unit is installed, and Y'Y is a two-digit number
identifying the unit itself. Thus, for example, E-100 is the
identification code for the heat exchanger that condenses the
overhead vapors from the chlorination reactor. Its identifi-
cation code indicates that it is the 00 item installed in plant
area 1.

Stream Information Directed arcs that represent the
streams, with flow direction from left to right wherever
possible, are numbered for reference. By convention,
when streamlines cross, the horizontal line is shown as a
continuous arc, with the vertical line broken. Each stream is
labeled on the PFD by a numbered diamond. Furthermore,
the feed and product streams are identified by name. Thus,
streams 1 and 2 in Figure 4.19 are labeled as the ethylene and
chlorine feed streams, while streams 11 and 14 are labeled as
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Figure 4.20 Icons in process flow diagrams
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Table4.6 Stream Summary Table for the Vinyl-Chloride Process in Figure 4.19

Stream Number 1 2 4 5 6 7 8
Temperature (°C) 25 25 90 91.3 242 500 170
Pressure (Atm) 1.5 1.5 1.5 26 26 26 26
Vapor fraction 1.0 1.0 0.0 0.0 1.0 1.0 1.0
Mass flow (Ib/hr) 44,900 113,400 158,300 263,800 263,800 263,800 263,800 263,800
Molar flow (Ibmol/hr) 1,600 1,600 1,600 2,667 2,667 2,667 4,267 4,267
Component molar flow (Ibmol/hr):
Ethylene 1,600 0 0 0 0 0 0
Chlorine 0 1,600 0 0 0 0 0 0
1,2-dichloroethane 0 0 1,600 2,667 2,667 2,667 1,067 1,067
Vinyl chloride 0 0 0 0 0 0 1,600 1,600
Hydrogen chloride 0 0 0 0 0 1,600 1,600
Stream Number 9 10 12 13 14 15 16
Temperature (°C) 6 6.5 —26.4 94.6 57.7 32.2 145.6 90
Pressure (Atm) 26 12 12 4.8 4.8 4.8 4.8
Vapor fraction 0.0 0.0 0.0 0.23 1.0 0.0 0.0
Mass flow (Ib/hr) 263,800 263,800 58,300 205,500 205,500 100,000 105,500 105,500
Molar flow (Ibmol/hr) 4,267 4,267 1,600 2,667 2,667 1,600 1,067 1,067
Component molar flow (Ibmol/hr):
Ethylene 0 0 0 0 0 0 0
Chlorine 0 0 0 0 0 0 0
1,2-dichloroethane 1,067 1,067 1,067 1,067 0 1,067 1,067
Vinyl chloride 1,600 1,600 1,600 1,600 1,600 0 0
Hydrogen chloride 1,600 1,600 00 0 0 0 0 0

the hydrogen chloride and vinyl-chloride product streams.
Mass flow rates, pressures, and temperatures may appear on
the PFD directly, but more often are placed in the stream table
instead, for clarity. The latter has a column for each stream
and can appear at the bottom of the PFD or as a separate table.
Here, because of formatting limitations in this text, the
stream table for the vinyl-chloride process is presented
separately in Table 4.6. At least the following entries are
presented for each stream: label, temperature, pressure,
vapor fraction, total and component molar flow rates, and
total mass flow rate. In addition, stream properties such as the
enthalpy, density, heat capacity, viscosity, and entropy may
be displayed. Stream tables are often completed using a
process simulator. In Table 4.6, the conversion in the direct
chlorination reactor is assumed to be 100%, while that in the
pyrolysis reactor is only 60%. Furthermore, both towers are
assumed to carry out perfect separations, with the overhead
and bottoms temperatures computed based on dew- and
bubble-point temperatures, respectively.

Utilities As shown in Figure 4.19, various utility streams are
utilized for heating or cooling the process streams. For
example, E-100, the overhead condenser for the direct chlori-
nation reactor, which operates at 90°C, is cooled using cooling
water (cw). The other cooling utilities are refrigerated brine
(rb) and propane refrigerant (pr), each selected according to

the temperature level of the required utility. Heating utilities
are fuel gas (fg), high-pressure steam (Aps), and medium-
pressure steam (mps). A list of heating and cooling utilities,
with temperature ranges, and the abbreviations commonly
used on PFDs is presented in Table 4.7 (see also Table 23.1
and the subsection on utilities in Section 23.2).

Equipment Summary Table This provides information for
each equipment item in the PFD, with the kind of information
typically provided for each type of unit shown in Table 4.8.
Note that the materials of construction (MOC), and operating
temperature and pressure, are required for all units. Also note
that suggestions for the materials of construction are pro-
vided in Appendix III.

In summary, the PFD is the most definitive process design
document, encapsulating much of the commonly referred to
design information. As such, it is used and updated through-
out much of process design. However, it lacks many details
required to begin the construction engineering work for the
plant. Many of these details are transmitted in the Piping and
Instrumentation Diagram.

Piping and Instrumentation Diagram (P&ID)

This is the design document transmitted by the process
design engineers to the engineers responsible for plant
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Table4.7 Heating and Cooling Utilities—Identifiers and Temperature Ranges

Identifier Utility

Typical Operating Range (°F)

Hot Utilities—In increasing cost per BTU:

Ips Low-pressure steam, 15 to 30 psig 250 to 275°F

mps Medium-pressure steam, 100 to 150 psig 325 to 366°F

hps High-pressure steam, 400 to 600 psig 448 to 488°F

fo Fuel oils

fg Fuel gas Process waste stream

po Petroleum oils Below 600°F

dt Dowtherms Below 750°F

Cold Utilities—In increasing cost per BTU:

bfw Boiler feed water Used to raise process steam

ac Air cooling Supply at 85 to 95°F—temperature approach to
process 40°F

™mw River water Supply at 80 to 90°F (from cooling tower),
return at 110°F

cw Cooling water Supply at 80 to 90°F (from cooling tower),
return at 115 to 125°F

cw Chilled water 45 to 90°F

rb Refrigerated brine 0 to 50°F

pr Propane refrigerant —40 to 20°F

construction. It is also used to support the startup, operation
of the process, and operator training. Consequently, it con-
tains items that do not appear in the PFD, such as the location
and type of all measurement and control instruments, the
positioning of all valves, including those used for isolation
and control, and the size, schedule, and materials of con-
struction of piping. As a result, a number of interconnected
P&IDs are prepared for a process that is represented on a
single PFD. For more instruction on the preparation of

Table4.8 Equipment Summary Specifications

Equipment type Required specification

Vessel Height, diameter, orientation, pressure,
temperature, materials of construction
(MOC)

Height, diameter, orientation, pressure,
temperature, number of and type of trays,

height and type of packing, MOC

Towers

Pumps Driver type, flow, suction and discharge
pressures, temperature, shaft power,
MOC

Driver type, inlet flow, suction and
discharge pressures, temperature, shaft
power, MOC

Type, area, duty, number of shell and tube
passes, for both shell and tubes: operating
temperature, pressure, pressure drop, and
MOC

Type, tube pressure and temperature,
duty, radiant and convective heat transfer
area, MOC

Compressors

Heat exchangers

Fired heaters

P&IDs, the reader is referred to the book by Sandler and
Luckiewicz (1993).

Calculations Supporting Flow Diagrams

As indicated when discussing the stream table (Table 4.6),
and emphasized when synthesizing the vinyl-chloride pro-
cess in the previous section, the material balances for the
process streams are nearly complete after preliminary pro-
cess synthesis. These are conducted by means of spread-
sheets and by process simulators, as discussed in Chapter 5.
At this stage, the design team checks the assumptions. It also
completes the material and energy balances associated with
heat addition and removal, without attempting to carry out
heat and power integration. As indicated in the section that
follows on process integration, the design team carries out
heat and power integration just prior to the detailed design
stage.

It should also be noted that, during the synthesis of the vinyl-
chloride process, no attempt was made to complete calculations
to determine the number of stages and reflux ratios for
the distillation towers, and furthermore, perfect splits may
be assumed. Hence, the condenser and reboiler heat duties
are not yet known. The vapor stream, S1, is assumed to be
saturated, pure dichloroethane, which releases its heat of
vaporization, 143.1 Btu/lb, to cooling water, which is heated
from 30° to 50°C. Both the direct chlorination reactor and the
pyrolysis furnace are assumed to operate adiabatically, and
natural gas is assumed to have a lower heating value of 23,860
Btu/Ib (heat of combustion at 25°C). The liquid effluent from
the quench is assumed to have a composition in vapor—liquid
equilibrium at 150°C and 26 atm. The stream is cooled to 50°C
with cooling water to release the heat necessary to cool the
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pyrolysis products from 500 to 170°C (4.66 x 107 Btu/hr). No
attempt is made to calculate the amount of propane refrigerant
necessary to remove the heat to cool the pyrolysis effuent to its
bubble point at 6°C (5.20 x 107 Btu/hr); this calculation is
completed during process integration, when the heat and power
integration is completed.

These calculations could have been completed using the
process simulators, which are commonly used to calculate the
heats of reaction, enthalpy changes upon heating and cooling,
and vapor-liquid equilibria, as well as to perform material and
energy balances using approximate models involving spec-
ifications of split fractions in separators and conversions in
chemical reactors. Note that a complete simulation is usually
not justified until the design team is ready to begin the detailed
design. Gradually, additional detail is added to the simulation
model; for example, the number of stages and the reflux ratio
are selected for the distillation columns, and the material and
energy balances are completed with recycle streams that are
not assumed to be pure. As mentioned previously, this is the
subject matter of Chapter 5, in which the methods of building
a simulation model are introduced. After studying Chapter 5,
the reader should be able to prepare a simulation for the vinyl-
chloride process (see Exercise 5.5) and prepare a more
accurate representation of the flow diagram in Figure 4.19
and Table 4.6.

Process Integration

With the detailed process flow diagram completed, the
task-integration step, which was initiated in the prelimi-
nary process synthesis, is revisited by the design team. The
assumptions are checked and opportunities are sought to
improve the designs of the processing units, and to achieve
a more efficient process integration. In the latter, attempts
are made to match cold streams that need to be heated with
hot streams that have cooling requirements, so as to reduce
the need for external utilities such as steam and cooling
water. In addition, where possible, power is extracted from
hot streams at elevated pressures, so as to drive compres-
sors and pumps. Also, when solvents, such as water, are
used as mass separating agents, opportunities are sought to
reduce the amount of solvent used through mass integra-
tion. Often, significant improvements can be made in the
process design beyond those achievable in the preliminary
process synthesis. The algorithmic methods in Chapter 9
for heat and power integration and in Chapter 10 for mass
integration are commonly applied by the design team; they
provide a systematic approach to minimizing the utilities,
matching the hot and cold streams, inserting turbines (as a
part of heat engines), minimizing the amount of solvent
used, and so on.

Detailed Database

Having completed the process flow diagram (PFD), the
design team seeks to check its key assumptions further

and to obtain the additional information needed to begin
work on the detailed design. As discussed earlier, this usually
involves three activities in parallel, the first of which is to
create a detailed database by refining and adding to the
preliminary database. In the other two activities, a pilot plant
is constructed to confirm that the equipment items operate
properly and to provide data for the detailed data bank, and a
simulation model is prepared to enable the team to project the
impact of changes in the design and operation parameters,
such as temperatures, pressures, reflux ratios, and the number
of stages.

In creation of the detailed database, it is common to add
transport and kinetics data, as well as data concerning the
feasibility of the separations, the identity of any forbidden
matches in heat exchange, heuristic parameters, and data for
sizing the equipment. Each process requires somewhat dif-
ferent data, and hence it is inappropriate to generalize.
However, it is instructive to examine the mix of data needed
by a design team in connection with the vinyl-chloride
process in Figure 4.19.

Beginning with the chlorination reactor, data are needed
to determine the impact of the concentrations of C;Hy, Cl,,
and FeClj catalyst in the C,H,4Cl, pool on the intrinsic rate
of the chlorination reaction (in kmol/m? hr). With these data,
the team can determine the order of the reaction and its
rate constant as a function of temperature, and eventually
compute the residence time to achieve nearly complete
conversion.

Similar data are required for the pyrolysis reactor. In this
case, the intrinsic rate of reaction is needed as a function of
concentration, temperature, and pressure. Furthermore, since
the rate of reaction may be limited by the rate at which heat is
transferred to the reacting gases, it is probably desirable to
estimate the tube-side heat transfer coefficient, h;, as a
function of the Reynolds and Prandtl numbers in the tubes.
The appropriate equations and coefficients, which are
described in Chapter 18, would be added to the database.

In the vinyl-chloride process, because of the significant
differences in the volatilities of the three principal chemical
species, distillation, absorption, and stripping are prime
candidates for the separators, especially at the high produc-
tion rates specified. For other processes, liquid—liquid extrac-
tion, enhanced distillation, adsorption, and membrane
separators might become more attractive, in which case
the design team would need to assemble data that describe
the effect of solvents on species phase equilibrium, species
adsorption isotherms, and the permeabilities of the species
through various membranes.

A key limitation in the flowsheets in Figures 4.8 and 4.19
is that the cold C,H,Cl, stream is not heated by the pyrolysis
products because the rate of carbon deposition in such a feed/
product heat exchanger is anticipated to be high, and would
cause the heat exchanger to foul with carbon. As discussed
above, the design team would normally apply the methods of
heat and power integration to design a network of heat
exchangers that would effect significant economies. Hence,



it is important to learn more about the rate of carbon
deposition. Before the team proceeds to the detailed design
stage, it needs data to confirm the validity of this perception
above—that is, to enable it to characterize the intrinsic rate of
carbon deposition. If the rate is found to be sufficiently low,
the team may decide to cool the hot pyrolysis products
through heat exchange with the cold streams. For mainte-
nance, to remove carbon deposits periodically, two heat
exchangers could be installed in parallel, one of which would
be operated while the other is being cleaned. This would
provide substantial savings in fuel and cooling water utilities.
On the other hand, if the rate of carbon deposition is high, the
design team would avoid the exchange of heat between these
two streams; that is, it would continue to consider the
exchange of that heat to be a so-called forbidden match.

The additional data for sizing the equipment are typically
maximum pressure drops, tube lengths, and baffle spacings in
heat exchangers, surface tensions and drag coefficients for
estimating the flooding velocities (to be used in determining the
tower diameters), specifications for tray spacings in multi-
staged towers, and residence times in flash vessels and surge
tanks. Examples of the use of this type of data for the detailed
design of heat exchangers are provided in Chapter 18, and for
the detailed design of a distillation tower in Chapter 19.

Pilot-Plant Testing

Clearly, as the detailed database is assembled, the needs for
pilot-plant testing become quite evident. For the manufacture
of new chemicals, a pilot plant can produce quantities of
product suitable for testing and evaluation by potential
customers. Very few processes that include reaction steps
are constructed without some form of pilot-plant testing prior
to doing detailed design calculations. This is an expensive,
time-consurning step that needs to be anticipated and planned
for by the design team as early as possible, so as to avoid
extensive delays. Again, although it is inappropriate to
generalize, the vinyl-chloride process provides good exam-
ples of the need for pilot-plant testing and the generation of
data for detailed design calculations.

As mentioned in the previous subsection, kinetic data are
needed for both the chlorination and pyrolysis reactors, as

4.6 SUMMARY
Having studied this chapter, the reader should

1. Be able to create a preliminary database for use in
preliminary process synthesis—involving the manu-
factures of basic chemical products.

2. Understand the steps in preliminary process synthesis
and be able to use them to develop other flowsheets for
the manufacture of vinyl chloride and tPA (correspond-
ing to the other branches of the synthesis trees in
Figures 4.9 and 4.17), as well as for the manufacture
of other chemicals.
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well as to determine the rate of carbon deposition. In all three
cases, it is unlikely that adequate data can be located in the
open literature. Consequently, unless sufficient data exist in
company files, or were taken in the laboratory and are judged
to be adequate, pilot-plant testing is needed. Generally, the
pilot-plant tests are conducted by a development team
working closely with the design team. As the data are
recorded, regression analyses are commonly used to com-
pute the coefficients of compact equations to be stored in the
database.

As mentioned in connection with the need for laboratory
experiments, pilot-plant tests also help to identify potential
problems that arise from small quantities of impurities in the
feed streams, and when unanticipated byproducts are pro-
duced, usually in small quantities, that have adverse effects
such as to impart an undesired color or smell to the product.
When a catalyst is used, the impact of these species needs to
be studied, and, in general, the useful life of the catalyst needs
to be characterized. Pilot plants can also verify separation
schemes developed during process design.

Process Simulation

As mentioned throughout the discussion of preliminary
process synthesis and the creation of the process flow
diagram, the process simulator usually plays an important
role, even if a simulation model is not prepared for the
entire flowsheet. When parts of a simulation model exist,
it is common for the design team to assemble a more
comprehensive model, one that enables the team to exam-
ine the effect of parametric changes on the entire process.
In other cases, when the process simulators have not been
used for design, a simulation model is often created for
comparison with the pilot-plant data and for parametric
studies.

High-speed PCs and laptop computers, which have excel-
lent graphical user interfaces (GUIs), have replaced work-
stations as the preferred vehicle for commercial simulators,
and are now finding widespread use throughout the chemical
process industries. The use of simulators, which is the subject
of the next chapter, has become commonplace in assisting the
design team during process creation.

3. Understand the steps taken by the design team in
preparing one or more base-case designs. For the
manufacture of vinyl chloride, or another chemical,
you should be able to create a detailed process flow
diagram and understand the need to complete the
task-integration step begun during preliminary pro-
cess synthesis and carry out the process integration
step. In addition, you should be able to determine
whether continuous or batch operation is more suit-
able.
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4. Know how to prepare for the detailed design step, that
is, to expand the database to include important kinetics
data and the like, and to seek data from a pilot plant
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4.1 For an equimolar solution of n-pentane and n-hexane,
compute:

(a) The dew-point pressure at 120°F

(b) The bubble-point temperature at 1 atm

(¢) The vapor fraction, at 120°F and 0.9 atm, and the mole fractions
of the vapor and liquid phases

4.2 For the manufacture of vinyl chloride, assemble a preliminary
database. This should include thermophysical property data,
MSDSs for each chemical giving toxicity and flammability data, and
the current prices of the chemicals.
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cess simulators, to be covered in Chapter 5.
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4.3 Consider the flowsheet for the manufacture of vinyl chloride in
Figure 4.8.

(a) If the pyrolysis furnace and distillation towers are operated at
low pressure (1.5 atm), what are the principal disadvantages? What
alternative means of separation could be used?

(b) For the process shown, is it possible to use some of the heat of
condensation from the C,H4Cl, to drive the reboiler of the first
distillation tower? Explain your response. If not, what process
change would make this possible?



(¢) Consider the first reaction step to make dichloroethane.
Show the distribution of chemicals when ethylene is 20% in excess
of the stoichiometric amount and the chlorine is entirely converted.
Assume that 100,000 Ib/hr of vinyl chloride are produced.

(d) Consider the first distillation tower. What is the advantage of
cooling the feed to its bubble point at 12 atm as compared with
introducing the feed at its dew point?

(e) Why isn’t the feed to the pyrolysis furnace heated with the hot
pyrolysis products?

(f) What is the function of the trays in the direct chlorination
reactor?

(g) Suggest ways to reduce the need for fuel and hot utilities such as
steam.
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4.4 (a) To generate steam at 60 atm, two processes are proposed:

(1) Vaporize water at 1 atm and compress the steam at 60 atm.
(2) Pump water to 60 atm followed by vaporization.

Which process is preferred? Why?

(b) In adistillation tower, under what circumstances is it desirable
to use a partial condenser?

4.5 Synthesize a flowsheet for the manufacture of vinyl chloride
that corresponds to one of the other branches in the synthesis tree in
Figure 4.9. It should begin with reaction path 4 or 5.

4.6 Using the chemical engineering literature, complete the
detailed database for the detailed design of the base-case process in
Figure 4.19. When appropriate, indicate the kind of data needed
from a pilot plant and how this data should be regressed.



Chapter 5

Simulation to Assist in Process Creation

5.0 OBJECTIVES

In Chapters 3 and 4, the emphasis was on finding molecules and chemical mixtures that have desired properties and on the
creation of alternative process flowsheets that arise from the product design problem. The steps in generating the preliminary
database, carrying out experiments, performing preliminary process synthesis, preparing a process flow diagram for the base-
case design, and developing a detailed database and carrying out pilot-plant testing, prior to preparing the detailed design, were
described in Chapter 4. For the production of vinyl-chloride monomer, a synthesis tree was generated and a base-case design
was initiated. Throughout, emphasis was on calculations to obtain bubble- and dew-point temperatures, heats of reaction, and so
on, and to satisfy material and energy balances, calculations carried out routinely by process simulators. Similarly, for the
production of tissue plasminogen activator (tPA), the laboratory tests to locate the target protein, the gene sequence that codes
for the protein, and the host cell to be used for growing the protein, were introduced in Chapter 3. Then, a synthesis tree was
generated and a base-case design was initiated in Chapter 4. However, no instruction was provided on the use of the process
simulators. This is the objective of the current chapter, which focuses on the basics of steady-state process simulation and
describes the key role that process simulators play in assisting the design team in process creation. Four of the major process
simulators are introduced for steady-state simulation: ASPEN PLUS by Aspen Technology, Inc.; ASPEN HYSYS by Aspen
Technology, Inc., and UNISIM by Honeywell Process Solutions (originally by Hyprotech, Ltd.); CHEMCAD

by ChemStations, Inc.; and PRO/II by Simulation Sciences, Inc. On the multimedia modules, which can be .C°m/ Co ,
downloaded from the Wiley Web site associated with this book, detailed instructions are provided on the use of \0.\ ’ %
the process simulators, with current emphasis on ASPEN PLUS and ASPEN HYSYS. Because ASPEN HYSYS ; ?q‘ ‘%
and UNISIM are variants of HYSYS by Hyprotech, Ltd., all subsequent references to HYSYS in this book refer _9 “\
both to ASPEN HYSYS and to UNISIM, noting that minor differences exist in their user interfaces. Chapter 5 “'41 - ?\?

A

concludes with an introduction to batch process simulation, placing emphasis on BATCH PLUS by Aspen
Technology, Inc., and SUPERPRO DESIGNER by Intelligen, Inc.
After studying this chapter, and the associated CD-ROM, the reader should

1. Understand the role of process simulators in process creation and be prepared to learn about their roles in
equipment sizing and costing, profitability analysis, optimization, and dynamic simulation in the chapters that
follow.

2. For steady-state simulation, be able to create a simulation flowsheet, involving the selection of models for the
process units and the sequence in which process units associated with recycle loops are solved to obtain converged
material and energy balances.

3. Understand degrees of freedom in modeling process units and flowsheets, and be able to make design specifications
and follow the iterations implemented to satisfy them. When using HYSYS, the reader will learn that its
implementation of bidirectional information flows is very efficient in satisfying many specifications.

4. Learn the step-by-step procedures for using ASPEN PLUS and HYSYS. The CD-ROM covers many of these steps.
Additional assistance is available by consulting the extensive user manuals distributed with the software.

5. Be able to use the process simulators systematically during process creation, following sequences similar to those
illustrated later in this chapter for a toluene hydrodealkylation process. The reader will learn to simulate portions of
the process (the reactor section, the distillation section, etc.) before attempting to simulate the entire process with
its recycle loops. Many examples and exercises enable the reader to master these techniques.

6. Be able to use the batch process simulators to carry out material and energy balances, and to prepare an operating
schedule in the form of a Gantt chart for the process.
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5.1 INTRODUCTION

Having concentrated on the generation of process flowsheets in
Chapter 4, this chapter focuses on the role of analysis, that is,
the solution of the material and energy balances coupled with
phase equilibria, and the equations of transport and chemical
kinetics. The emphasis in this chapter is on finding suitable
operating conditions for processes (temperatures, pressures,
etc.). Computing packages that model the process units are
introduced and utilized to model the highly integrated flow-
sheets commonly designed to achieve more profitable oper-
ation. As has been mentioned, these packages are referred to as
process simulators, most of which are used to simulate poten-
tial processes in the steady state—that is, to determine the
unknown temperatures, pressures, and component and total
flow rates at steady state. More recently, these packages have
been extended to permit the dynamic simulation of processes
and their control systems as they respond to disturbances and
changes in operating points. Chapter 5 concentrates on steady-
state simulation and the scheduling of batch processes during
process creation; Chapter 12 shows how to use the HYSYS
dynamic simulator to confirm that a potential process is easily
controlled as typical disturbances arise. Both
Chapters 5 and 12 are accompanied by extensive
coverage on the multimedia modules that accom-
pany this book, which explains how to use
ASPEN PLUS and HYSYS. The Aspen Icarus
Process Evaluator (Aspen IPE) package, pro-
vided by Aspen Technology, Inc., is used for
cost estimation and an economics spreadsheet is
used for profitability analysis. These topics are covered sep-
arately in Sections 22.7 and 23.8, respectively. Finally, the
packages have extensive facilities for process optimization,
with Chapter 24 and the multimedia modules concentrating on
optimization in ASPEN PLUS and HYSYS.

Often during the synthesis steps and the creation of the
base-case design, as mentioned when synthesizing the vinyl-
chloride process in Sections 4.4 and 4.5, process simulators
are utilized by the design team to calculate heat duties, power
requirements, phase and chemical equilibria, and the per-
formance of multistaged towers, among many other calcu-
lations. For the production of commodity chemicals, as the
alternative flowsheets evolve, it is common to perform these
calculations assuming operation in the steady state; hence,
many steady-state simulators have become available to
process engineers. For the production of specialty chemicals
in batch processes, it is common to perform similar calcu-
lations using batch process simulators.

In this chapter, the principles behind the use of several

widely used flowsheet simulators are intro-
o duced. For processes in the steady state, these
include ASPEN PLUS, HYSYS, CHEMCAD,
and PROV/II. For batch processes, these include
BATCH PLUS and SUPERPRO DESIGNER.

The multimedia modules, which can be
downloaded from the Wiley Web site associated

°s/959\\

5.2 Principles of Steady-State Flowsheet Simulation 111

with this book also explain how to use the dynamic simu-
lators. Emphasis is placed on HYSYS. Using HYSYS, the
design team can complete a steady-state simulation, add
controllers, and activate the integrator to carry out a dynamic
simulation. Similar facilities are provided in ASPEN
DYNAMICS by Aspen Technology, Inc.

A primary objective of this chapter is to show how to use the
process simulators during process synthesis to better define the
most promising processes. After the basic principles are cov-
ered, a case study is presented in which the simulators are used to
help synthesize the reactor and separation sections of a toluene
hydrodealkylation process. Finally, a case study is presented in
which the BATCH PLUS simulator is used to help synthesize the
operating schedule for a tissue plasminogen activator (tPA)
process. Many of the details concerning the process
simulators are presented on the multimedia modules

associated with this book. The latter cover the 6\‘

ASPEN PLUS and HYSYS simulators, with step- -~

by-step audio instructions for completing the input ;

forms. Some coverage of BATCH PLUS is also %

provided. In addition, the multimedia modules pro- 4’41 199"

vide video segments from a large-scale petrochem-

ical complex to illustrate some of the equipment being modeled,
tutorials on the estimation and regression of physical property
data. Also, .bkp and .hsc files for the ASPEN PLUS and HYSYS
examples throughout the book can be downloaded from the
Program and Simulation Files folder on the Wiley Web site
associated with this book.

5.2 PRINCIPLES OF STEADY-STATE
FLOWSHEET SIMULATION

Given the detailed process flow diagram for a base-case
design (e.g., Figure 4.19), or a process flow diagram after
the task-integration step in process synthesis, or even an
incomplete flow diagram after one of the earlier steps, it is
often possible to use a process simulator to solve for many of
the unknown temperatures, pressures, and flow rates in the
steady state. For an existing process, analysis using a process
simulator is performed routinely to study potential changes in
the operating conditions or the possibility of a retrofit to
improve its profitability.

In this section, the objective is to cover the basics of steady-
state simulation, with an introduction to ASPEN PLUS,
HYSYS, CHEMCAD, and PRO/II. However, no attempt is
made to show how to use these simulators when carrying out
the step-by-step strategy in Chapter 4. This is accomplished in
Section 5.3, in which a case study is presented involving the
synthesis of a process to hydrodealkylate toluene by reaction
with hydrogen to produce benzene and methane. Readers who
have experience in using steady-state simulators may find it
preferable to skim through these materials, to identify those
sections that can add to their understanding, and to proceed to
Section 5.3. Others with little or no experience are advised to
study this section at least through the subsection on “Flash
Vessel Control” before proceeding to the next section.
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Process and Simulation Flowsheets

Process flowsheets are the language of chemical processes. Like
a work of art, they describe an existing process or a hypothetical
process in sufficient detail to convey the essential features.

Analysis, or simulation, is the tool chemical engineers use
to interpret process flowsheets, to locate malfunctions, and to
predict the performance of processes. The heart of analysis is
the mathematical model, a collection of equations that relate
the process variables, such as stream temperature, pressure,
flow rate, and composition, to surface area, valve settings,
geometrical configuration, and so on. The steady-state sim-
ulators solve for the unknown variables, given the values of
certain known quantities.

There are several levels of analysis. In order of increasing
complexity, they involve: material balances, material and
energy balances, equipment sizing, and profitability analysis.
Additional equations are added at each level. New variables
are introduced, and the equation-solving algorithms become
more complicated.

Fortunately, most basic chemical processes involve con-
ventional process equipment: heat exchangers, pumps, dis-
tillation columns, absorbers, and so on. For these process
units, the equations do not differ among chemical processes.
The physical and thermodynamic properties and chemical
kinetics constants differ, but not the equations. Hence, it is
possible to prepare one or more equation-solving algorithms
for each process unit to solve the material and energy balances
and to compute equipment sizes and costs. A library of
subroutines or models, usually written in FORTRAN or C,
that automate such equation-solving algorithms is at the heart
of process simulators. These subroutines or models are here-
after referred to as procedures, modules, or blocks. As dis-
cussed at the end of this section, in a small but growing class of
simulators (e.g., gPROMS, and as options in ASPEN PLUS
and HYSYS), equations that model a process unit are stored,
rather than embedded in FORTRAN or C subroutines that
solve the equations associated with the model for each process
unit. Given the interconnecting streams, equations for the
units in a process are assembled to be solved simultaneously
by an equation solver such as the Newton—Raphson method.

To use a flowsheet simulator effectively, it is very helpful
to distinguish between process flowsheets and the so-called
simulation flowsheets associated with process simulators.
These distinctions are drawn in the next subsections.

Process Flowsheets

A process flowsheet is a collection of icons to represent process
units and arcs to represent the flow of materials to and from the
units. The process flowsheet emphasizes the flow of material
and energy in a chemical process, as illustrated in Figure 5.1.

Simulation Flowsheets

A simulation flowsheet, on the other hand, is a collection
of simulation units to represent computer programs

5 “r

N
Fresh
Feed

g4
ar

S1 S4
3 Distillation
Reactor D1
Rl ==
Light
Ends
Steam
S2 — 87
Superheater S6
HI1 S8
e Product
S5
Flash
F1

Figure 5.1 Process flowsheet.

(subroutines or models) that simulate the process units
and arcs to represent the flow of information among the
simulation units. A simulation flowsheet emphasizes
information flows. The analogy between the process flow-
sheet and the simulation flowsheet is illustrated by com-
paring Figures 5.1 and 5.2a. The latter has been prepared
specifically for ASPEN PLUS. The simulation flowsheet
may use blocks or icons to represent the process units. For
ASPEN PLUS, Figure 5.2a uses blocks whereas Figure
5.2b uses icons. Figures 5.2¢, 5.2d, and 5.2e for HYSYS,
CHEMCAD, and PRO/II, respectively, use icons.
Several constructs appear in Figure 5.2:

1. The arcs represent the transfer of flow rates, temper-
ature, pressure, enthalpy, entropy, and vapor and liquid
fractions for each stream. The stream names can be
thought of as the names of vectors that store stream
variables in a specific order, as illustrated for ASPEN
PLUS in the unnumbered table that follows Figure 5.2.

()= 2 G
> $OLVERO! =
7
Sl M1 S4 R1 S5 Fl DI
™| mixer [7| rstoic [T FLASH?2 DISTL
3
| I
S6 S8
2 | HI
™| HEATER

(a)

Figure 5.2 Simulation flowsheet: (a) ASPEN PLUS blocks;
(b) ASPEN PLUS icons; (¢) HYSYS icons; (d) CHEMCAD
icons; (e) PRO/II icons.
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F1
[
Unit Name Subroutine (or Block) Name

H1 HTXR
M1 MIXE

R1 REAC
F1 FLAS

D1 TOWR

The CHEMCAD simulation flowsheet also assigns unique

numbers, included in this figure, to the units.

(d)

Figure 5.2 (Continued)

Vector Element

Vector Element (Continued)
1to C chemical flow rates, kmol/s C+5 vapor fraction (molar)
C+1 total flow rate, kmol/s C+6 liquid fraction (molar)
C+2 temperature, K C+1 mass entropy, J/kg K
C+3 pressure, MPa C+38 density, kg/m®
C+4 mass enthalpy, J/kg C+9 molecular weight, kg/kmol

where C is the number of chemical species.



2. The solid-line rectangles in Figure 5.2a, and the icons in
Figures 5.2b-5.2e, represent simulation units. In Figure
5.2a, the upper character string provided by the user is a
unique name of the simulation unit or unit name. The
lower character string is the name of the subroutine or
model, or so-called block name in many of the simulators.
Although model or block are commonly used, the term
subroutine is used throughout this book to emphasize that
the models are computer codes. The equations to model a
process unit involve equipment parameters, such as area,
number of equilibrium stages, or valve settings. Although
different values of the parameters characterize each
occurrence of a process unit in the process flowsheet,
the same subroutine or model is often used several times
in a simulation flowsheet. In Figure 5.2c, for HYSYS,
the unit names are in upper case, having been selected to
be identical to those in Figure 5.2a, and the model names
are tabulated separately in boldface (for emphasis, since
HYSYS does not use upper case to represent its model
names). In Figure 5.2d, for CHEMCAD, the unit names
are the upper character string, and the subroutine (or
block) names are tabulated separately. In Figure 5.2e, for
PROV/II, the unit names are shown, and the subroutine
names are on the menu of icons.

3. The dashed-line rectangle in Figure 5.2a represents a
mathematical convergence unit that uses a subroutine to
adjust the stream variables in the information recycle
loop because iterative calculations are necessary. These

Table5.1 Unit Subroutines
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are discussed under “Recycle.” Note that when entering
a simulation flowsheet into most of the simulators, the
mathematical convergence unitis not specified or shown
in the flowsheet. Rather, it is positioned by the simulator
unless the user intervenes. HYSYS is an exception, as
shown in Figure 5.2c, in which the user positions the
recycle convergence unit, RCY-1. In Figures 5.2d and
5.2e, CHEMCAD and PRO/II do not show the conver-
gence unit, but it exists and is transparent to the user.

To convert from a process flowsheet to a simulation flow-
sheet, one replaces the process units with appropriate simulation
units. For each simulation unit, a subroutine (or block, or model)
is assigned to solve its equations. Each of the simulators has an
extensive list of subroutines (or blocks, or models) to model and
solve the process unit equations. In most cases, the models range
from approximate to detailed and rigorous, with the most
approximate models used during the initial steps of process
synthesis and the more rigorous models gradually substituted as
fewer flowsheets remain competitive. To make effective usage of
the simulators, process engineers need to become familiar with
the underlying assumptions in the models provided

by each simulator. These are described in user c° m/, o ¥

manuals that accompany simulator software. It is .\0.\ 4 %

an objective of this section, and especially the multi- ; Q‘f‘a ‘%

media modules, which can be downloaded from the .” "\

Wiley Web site associated with this book, to discuss £ \?
M 490

the principal models available. Partial lists for the
four major simulators are provided in Table 5.1.

(a) ASPEN PLUS [excluding solids-handling equipment—see Seider et al. (1999) Table A-1V.2]

MIXER
FSPLIT
Separators SEP

SEP2
FLASH2
FLASH3
DECANTER
DSTWU
DISTL
SCFRAC
RADFRAC
MULTIFRAC
PETROFRAC
EXTRACT
RATESEP
HEATER
HEATX
MHEATX
HETRAN
AEROTRAN
HTRIXIST
HXFLUX

Mixers and splitters

Flash drums
Decanters

Approximate distillation

Multistage separation
(Equilibrium-based simulation)

(Mass transfer simulation)
Heat exchange

Stream mixer

Stream splitter

Component separator—multiple outlets

Component separator—two outlets

Two-outlet flash drums

Three-outlet flash drums

Two liquid phase decanter (FLASH3 without vapor)
Winn-Underwood-Gilliland design

Edmister simulation

Edmister simulation—complex columns

Two and three phases, with or without reaction

Ditto—with interlinked column sections

Ditto—for petroleum refining

Liquid-liquid extractors

Two phases—mass transfer model for staged or packed columns
Heater or cooler

Two-stream heat exchanger

Multistream heat exchanger

Interface to B-JAC program for shell-and-tube heat exchangers
Interface to B-JAC program for air-cooled heat exchangers
Interface to HTRI program for shell-and-tube heat exchangers
Heat transfer (radiation or convection) calculation module

(Continued)
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Table 5.1 Unit Subroutines (Continued )

(a) ASPEN PLUS [excluding solids-handling equipment—see Seider et al. (1999) Table A-IV.2] (Continued)

Reactors

Pumps, compressors, and turbines

Pipeline

Stream manipulators

(b) HYSYS
Mixers and splitters

Separators

Flash drums

Approximate distillation
Multistage separation
(Equilibrium-based simulation)

Heat exchange

Reactors

Pumps, compressors, and turbines

Pipeline

(c) CHEMCAD
Mixers and splitters

Separators

Flash drums

RSTOIC
RYIELD
RGIBBS
REQUIL
RCSTR
RPLUG
PUMP
COMPR
MCOMPR
VALVE
PIPE
PIPELINE
MULT
DUPL
SELECTOR
QTVEC

Mixer

Tee

Component
Splitter
Separator
3-Phase
Separator

Tank

Shortcut Column
Column

Cooler/Heater

Heat Exchanger
Lng

Conversion Reactor
Equilibrium Reactor
Gibbs Reactor
CSTR

PFR

Pump

Compressor
Expander

Valve

Pipe Segment

MIXE
DIVI

CSEP
CSEP
FLAS
LLVF
VALV

Extent of reaction specified
Reaction yields specified
Multiphase, chemical equilibrium
Two-phase, chemical equilibrium
Continuous-stirred tank reactor
Plug-flow tubular reactor

Pump or hydraulic turbine
Compressor or turbine

Multistage compressor or turbine
Control valves and pressure reducers
Pressure drop in a pipe

Pressure drop in a multisegment pipeline
Stream multiplier

Stream duplicator

Stream selector

Loads stream manipulator

Stream mixer
Stream splitter
Component separator—two outlets

Multiple feeds, one vapor and one liquid product
Multiple feeds, one vapor and two liquid products

Multiple feeds, one liquid product

Fenske-Underwood design

Generic multiphase separation, including absorber, stripper, rec-
tifier, distillation, liquid-liquid extraction. Additional strippers
and pump-arounds can be added. All models support two or three
phases and reactions. Physical property models are available for
petroleum refining applications.

Cooler or heater

Two-stream heat exchanger

Multistream heat exchanger

Extent of reaction specified

Equilibrium reaction

Multiphase chemical equilibrium (stoichiometry not required)
Continuous-stirred tank reactor

Plug-flow tubular reactor

Pump or hydraulic turbine

Compressor

Turbine

Adiabatic valve

Single/multiphase piping with heat transfer

Stream mixer

Stream splitter

Component separator—multiple outlets
Component separator—two outlets
Two-outlet flash drums

Three-outlet flash drums

Valve

(Continued)
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(c) CHEMCAD (Continued)

Approximate distillation SHOR
Multistage separation SCDS, TOWR
(Equilibrium-based and mass TPLS
transfer simulation) EXTR
Heat exchange HTXR
HTXR
LNGH
FIRE
Reactors REAC
EREA
GIBS
KREA
KREA
Pumps, compressors, and turbines PUMP
COMP, EXPN
Pipeline PIPE
Stream manipulators SREF
SREF
(d) PRO/IL
Mixers and splitters MIXER
SPLITTER
Flash drums FLASH
Distillation column COLUMN
Heat exchanger HX
HXRIG
LNGHX
Reactors REACTOR
EQUILIBRIUM
GIBBS
CSTR
PLUG
Pumps, compressors, and turbines PUMP
COMPRESSOR
EXPANDER
VALVE
PIPE

Winn-Underwood-Gilliland design
Two and three phases, with or without reaction
Ditto—with interlinked column sections
Liquid-liquid extractors

Heater or cooler

Two-stream heat exchanger
Multistream heat exchanger

Fired heater

Extent of reaction specified

Two-phase, chemical equilibrium
Multiphase, chemical equilibrium
Continuous-stirred tank reactor
Plug-flow tubular reactor

Pump or hydraulic turbine

Compressor or turbine

Pressure drop in a pipe

Stream multiplier

Stream duplicator

Combines two or more streams

Splits a single feed or mixture of feeds into two or more streams
Calculates the thermodynamic state of any stream when two vari-
ables are given by performing phase equilibrium calculations
Splits feed stream(s) into its components based on temperature
and pressure

By default, a distillation column includes a condenser and reboiler
Heats or cools a single process stream, exchanges heat between
two process streams or between a process and utility stream
Rates a TEMA shell-and-tube heat exchanger, rigorously calcu-
lating heat transfer and pressure drop

Exchanges heat between any number of hot and cold streams;
identifies zone temperature crossovers and pinch points

Models simultaneous reactions defined by fraction converted
Models one reaction defined as an approach to equilibrium
temperature or as a fractional approach to chemical equilibrium
Simulates a single-phase reactor at minimum Gibbs free energy
Simulates a continuously fed, perfectly mixed reactor; adiabatic,
isothermal, or constant volume

Simulates a tubular reactor exhibiting plug-flow behavior (no
axial mixing or heat transfer)

Increases P of a stream

Compresses the feed stream according to specifications
Expands stream to the specified conditions and determines the
work produced

Simulates the pressure drop

Simulates the pressure drop in a pipe

In most simulators, new subroutines (or blocks, or models)
may be programmed by a user and inserted into the library.
These can call, in turn, upon the extensive libraries of
subroutines and data banks provided by the process
simulators for estimation of the thermophysical and
transport properties (see the multimedia modules),

equipment sizes and costs (see Section 22.7), .\."om/co//
and so on. 2./ ()
Observe that a mixing unit, modeled using the 3 ﬁ ‘%
MIXER subroutine in ASPEN PLUS, the Mixer -,’ “\
model in HYSYS, and the MIXE and MIXER 4’41 JaQ\?

subroutines in CHEMCAD and PRO/I, is
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Figure 5.3 Stream manipulators: (a) duplication in ASPEN
PLUS; (b) multiplication in ASPEN PLUS; (c) duplication and
multiplication in CHEMCAD.

introduced to simulate the mixing of streams, even though
mixing is often performed in an actual process in the pipeline.
Similarly, a stream dividing unit, modeled using the FSPLIT
subroutine in ASPEN PLUS, the Tee model in HYSYS, and the
DIVIand SPLITTER subroutines in CHEMCAD and PRO/1I, is
needed to branch a flow to two or more destinations. Note that
simulators often have units to duplicate a process stream or
multiply the flow rate of a process stream. In ASPEN PLUS, the
DUPL subroutine is used to prepare two identical copies (S1A
and S1B) of stream S1, as shown in Figure 5.3a. In Figure 5.3b,
the MULT subroutine multiplies the flow rate of stream S1 to give
stream S1A. Dashed lines are used because these simulation units
do not correspond to process units in a chemical plant. Dupli-
cation and multiplication are accomplished quite differently and
with the same subroutine, SREF, in CHEMCAD. Referring to
Figure 5.3c, streams 98 and 99 entering and leaving, respectively,
unit R1, which is modeled by the SREF subroutine, are fictitious
and are not streams in the actual process. The SREF subroutine
requires that the user state the name of the stream to be duplicated
ormultiplied, forexample, stream 5, and the name of the resulting
duplicated stream, for example, stream 6.

The steady-state models in simulators do not solve time-
dependent equations. They simulate the steady-state oper-
ation of process units (operation subroutines) and estimate
the sizes and costs of process units (cost subroutines). Two
other types of subroutines are used to converge recycle
computations (convergence subroutines) and to alter the
equipment parameters (control subroutines). These subrou-
tines are discussed in this section.

Each of the simulators has a similar syntax for specifying
the topology of the simulation flowsheet. In ASPEN PLUS, for

the simulation flowsheet in Figure 5.4a, the engineer draws the
flowsheet in Figure 5.4b. Similarly, in HYSYS, CHEMCAD,
and PRO/II, the simulation flowsheets are shown in Figures
5.4c—5.4e. Because the instructions for a new user of ASPEN
PLUS are involved, new users are referred to the module
ASPEN — Principles of Flowsheet Simulation — Creating a
Simulation Flowsheet in the multimedia mod-

ules, which can be downloaded from the Wiley ,com/ o ,

Web site associated with this book. The ASPEN \0.\ ’ 6

PLUS Getting Started manual is another good ; ' } ‘%

source of these instructions. For a new user of 7, ‘>

HYSYS, instructions are found in the multimedia 4 \'_3
M 4oV

modules by referring to the module HYSYS—
Principles of Flowsheet Simulation— Getting Started in
HYSYS.

When using the process simulators, it is important to
recognize that, with some exceptions, most streams are
comprised of chemical species that distribute within one
or more solution phases that are assumed to be in phase
equilibrium. The exceptions are streams involving so-called
nonconventional components, which are usually solids such
as coal, ash, and wood. ASPEN PLUS has facilities for
modeling these streams, but new users should not be con-
cerned with these models until they have gained experience
with streams in phase equilibrium.

Foreachstreaminvapor-liquidequilibrium, thereare C + 2
degrees of freedom, where Cis the number of chemical species.
These degrees of freedom can be satisfied by specifying C
species flow rates (or C — 1 species mole fractions and the
total flow rate) and two intensive variables such as the temper-
ature, pressure, vapor fraction, or enthalpy. Forexample, when
specifying the species flow rates for a stream and its pressure
and temperature, all of the intensive properties are computed
by solving the vapor-liquid equilibrium equations. These
properties include the vapor fraction, enthalpy, and entropy.
Alternatively, when the pressure and vapor fraction are speci-
fied, theremainingintensive properties are computed. Bubble-
point and dew-point temperatures are computed by specifying
the vapor fraction to be zero and unity, respectively.

S3 S5
S1 R1 S2 D1 D2
RSTOIC DISTL DISTL
S6
S4

(a)
Figure 5.4 Acyclic flowsheet: (a) simulation flowsheet;
(b) ASPEN PLUS flowsheet form; (c) HYSYS PFD;
(d) CHEMCAD simulation flowsheet; (¢) PRO/II simulation
flowsheet.
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Figure 5.4 (Continued)

Since phase equilibrium is a major segment of courses in
thermodynamics, it does not seem appropriate to devote space
in a chapter on process simulation to this subject. Yet it is
important, when learning to use the process simulators, to
understand how they apply the theory of phase equilibrium
in modeling streams as well as so-called flash vessels, that

(c)

is, vapor-liquid separators. In the multimedia mod-
ule ASPEN — Separators — Phase Equilibria and
Flash and in the module HYSYS — Separations —
Flash, concepts on phase equilibria and flash sep-
arations are reviewed. In addition, and perhaps of
more use to many readers, these modules present the
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Figure 5.4 (Continued)

solution to a simulation of a flash vessel using ASPEN PLUS
and HYSYS. In so doing, they show how to use heat streamsin a
process simulation. Note that the multimedia modules give
audio tutorials for completing the ASPEN PLUS input forms
and examining the results, and for completing the HYSYS
simulation flowsheet, its Workbook specsheets, and associated
inputs. Readers using HYSYS should refer to the module
HYSYS — Principles of Flowsheet Simulation — Getting
Started in HYSYS — Units Catalog for a list of the unit models,
with links to modules that provide detailed information.

Unit Subroutines

Table 5.1 lists the unit subroutines (or blocks, or models) in
each of the four simulators. Several of the subroutines are
referred to in the sections that follow, with descriptions of

(e)

many in the multimedia modules and detailed descriptions in
the user manuals and Help screens.

Degrees of Freedom

A degrees-of-freedom analysis (Smith, 1963; Rudd and Wat-
son, 1968; Myers and Seider, 1976) is incorporated in the
development of each subroutine (or block, or model) that
simulates a process unit. These subroutines solve sets of
NEquations involving Nvariables, Where Niquations < Nvariables-
Thus, there are Np = Nvariables — NEquations degrees of free-
dom, or input (decision) variables. Most subroutines are
written for known values of the input stream variables, al-
though HYSYS permits specification of a blend of input and
output stream variables, or output stream variables entirely.



EXAMPLE 5.1

Consider the cooler in Figure 5.5, in which the binary stream S1,
containing benzene and toluene at a vapor fraction of ¢; = 0.5, is
condensed by removing heat, Q. Carry out a degrees-of-freedom
analysis.

S1

Figure 5.5 Schematic of a cooler.

SOLUTION

At steady state, the material and energy balances are

Fixg1 = Faxpy (5.1)
Fixr1 = Foxr (5.2)
Fihy + Q = Fhhy (5.3)

where F; is the molar flow rate of stream i, x; is the mole fraction
of speciesj in stream 7, and /; is the enthalpy of stream 7, which can
be expressed as

hi:hi{Pi7 d)iy&i} l:172 (5‘4)

andxt; = 1 — xp;, i = 1, 2. Note that, in this case, the pressure, P,
and vapor fraction, ¢, accompany the mole fractions as the C + 2
intensive variables that provide the enthalpy and other intensive
variables of each stream. For this model, Ngguations = 7
and Nvariables = 13(Fi, hi, Pi,d;, xi, andxr, i = 1, 2, and Q).
Hence, Np = 13 — 7 = 6, and one set of specifications is com-
prised of the variables of the feed stream (F, P, ¢y, xp1) and P,
and Q. In the process simulators, so-called heater and cooler
subroutines are provided to solve the equations for specifications
like these.

EXAMPLE 5.2

Consider the mixer in Figure 5.6, in which binary streams S1 and
S2, also containing benzene and toluene, are mixed isobarically to
form stream S3. Carry out a degrees-of-freedom analysis.

SOLUTION

At steady state, its material and energy balances are

Fixp + Faxgy = Faxps (5.5
S =
Mixer [ S3
S2 |

Figure 5.6 Benzene—toluene mixer.
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Fixr1 + Foxta = Fzxrs (5.6)
Fihy + Fohy = F3hs (57)

Using temperature and pressure as the intensive variables, Eq.
(5.4) becomes

hi:hi{Th P7 &} i= 1727 3 (58)

and x7; =1 — xp;, i = 1, 2, 3. For t