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1.1. INTRODUCTION

This chapter is an introduction to the nature and methodology of the design process
and its application to the design of chemical manufacturing processes.

1.2. NATURE OF DESIGN

This section is a general discussion of the design process. The subject of this book is
chemical engineering design, but the methodology described in this section applies
equally to other branches of engineering.

Chemical engineering has consistently been one of the highest paid engineering
professions. There is a demand for chemical engineers in many sectors of industry,
including the traditional processing industries: chemicals, polymers, fuels, foods, phar-
maceuticals, and paper, as well as other sectors such as electronic materials and devices,
consumer products, mining and metals extraction, biomedical implants, and power
generation.

The reason that companies in such a diverse range of industries value chemical
engineers so highly is the following:

Starting from a vaguely defined problem statement such as a customer need or a set of
experimental results, chemical engineers can develop an understanding of the important
underlying physical science relevant to the problem and use this understanding to create a
plan of action and set of detailed specifications which, if implemented, will lead to a
predicted financial outcome.

The creation of plans and specifications and the prediction of the financial outcome
if the plans were implemented is the activity of chemical engineering design.

Design is a creative activity, and as such can be one of the most rewarding and
satisfying activities undertaken by an engineer. The design does not exist at the start of
the project. The designer begins with a specific objective or customer need in mind
and, by developing and evaluating possible designs, arrives at the best way of achiev-
ing that objective—be it a better chair, a new bridge, or for the chemical engineer,
a new chemical product or production process.

When considering possible ways of achieving the objective, the designer will be
constrained by many factors, which will narrow down the number of possible designs.
There will rarely be just one possible solution to the problem, just one design. Several
alternative ways of meeting the objective will normally be possible, even several best
designs, depending on the nature of the constraints.

These constraints on the possible solutions to a problem in design arise in many
ways. Some constraints will be fixed and invariable, such as those that arise from
physical laws, government regulations, and standards. Others will be less rigid and
can be relaxed by the designer as part of the general strategy for seeking the best design.
The constraints that are outside the designer’s influence can be termed the external
constraints. These set the outer boundary of possible designs, as shown in Figure 1.1.
Within this boundary there will be a number of plausible designs bounded by the other
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constraints, the internal constraints, over which the designer has some control, such as
choice of process, choice of process conditions, materials, and equipment.

Economic considerations are obviously amajor constraint on any engineering design:
plants must make a profit. Process costing and economics are discussed in Chapter 6.

Time will also be a constraint. The time available for completion of a design will
usually limit the number of alternative designs that can be considered.

The stages in the development of a design, from the initial identification of the
objective to the final design, are shown diagrammatically in Figure 1.2. Each stage is
discussed in the following sections.

Figure 1.2 shows design as an iterative procedure; as the design develops, the
designerwill be aware ofmore possibilities andmore constraints, andwill be constantly
seeking new data and ideas, and evaluating possible design solutions.

1.2.1. The Design Objective (The Need)

All design startswith a perceivedneed. In the design of a chemical process, the need is the
public need for the product, creating a commercial opportunity, as foreseen by the sales
and marketing organization. Within this overall objective, the designer will recognize
subobjectives, the requirements of the various units that make up the overall process.

Before starting work, the designer should obtain as complete, and as unambiguous,
a statement of the requirements as possible. If the requirement (need) arises from
outside the design group, from a customer or from another department, then the
designer will have to elucidate the real requirements through discussion. It is impor-
tant to distinguish between the needs that are ‘‘must haves’’ and those that are ‘‘should

Plausible
designs

Government controls

E
co

no
m

ic
 c

on
st

ra
in

ts

Saf
et

y r
eg

ula
tio

ns
Resources

P
hysical law

s
Standards and codes

Personnel

M
aterials

Processconditions
Choiceof

process

M
et

ho
ds

Time

“External” constraints
“Internal” constraints

Region of all designs

Possible designs

Figure 1.1. Design constraints.
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haves.’’ The ‘‘should haves’’ are those parts of the initial specification that may be
thought desirable, but that can be relaxed if required as the design develops. For
example, a particular product specification may be considered desirable by the sales
department, but may be difficult and costly to obtain, and some relaxation of the
specification may be possible, producing a saleable but cheaper product. Whenever
possible, the designer should always question the design requirements (the project and
equipment specifications) and keep them under review as the design progresses. It is
important for the design engineer to work closely with the sales or marketing depart-
ment or with the customer directly, to have as clear as possible an understanding of
the customer’s needs.

When writing specifications for others, such as for the mechanical design or pur-
chase of a piece of equipment, the design engineer should be aware of the restrictions
(constraints) that are being placed on other designers. A well-thought-out, compre-
hensive specification of the requirements for a piece of equipment defines the external
constraints within which the other designers must work.

1.2.2. Setting the Design Basis

Themost important step in starting a process design is translating the customer need into
a design basis. The design basis is a more precise statement of the problem that is to be
solved. It will normally include the production rate and purity specifications of the main
product, together with information on constraints that will influence the design, such as

1. The system of units to be used.
2. The national, local or company design codes that must be followed.
3. Details of raw materials that are available.
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Figure 1.2. The design process.
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4. Information on potential sites where the plant might be located, including
climate data, seismic conditions, and infrastructure availability. Site design is
discussed in detail in Chapter 14.

5. Information on the conditions, availability, and price of utility services such as
fuel (gas), steam, cooling water, process air, process water, and electricity, that
will be needed to run the process.

The design basis must be clearly defined before design can be begun. If the design is
carriedout for a client, then thedesignbasis shouldbe reviewedwith the client at the start
of the project. Most companies use standard forms or questionnaires to capture design
basis information. A sample template is given in Appendix G and can be downloaded
inMS Excel format from the online material at http://books.elsevier.com/companions.

1.2.3. Generation of Possible Design Concepts

The creative part of the design process is the generation of possible solutions to the
problem for analysis, evaluation, and selection. In this activity, most designers largely
rely on previous experience—their own and that of others. It is doubtful if any design
is entirely novel. The antecedents of most designs can usually be easily traced. The
first motor cars were clearly horse-drawn carriages without the horse, and the
development of the design of the modern car can be traced step by step from these
early prototypes. In the chemical industry, modern distillation processes have devel-
oped from the ancient stills used for rectification of spirits, and the packed columns
used for gas absorption have developed from primitive, brushwood-packed towers.
So, it is not often that a process designer is faced with the task of producing a design
for a completely novel process or piece of equipment.

Experienced engineers usually prefer the tried-and-tested methods, rather than
possibly more exciting but untried novel designs. The work that is required to develop
new processes and the cost are usually underestimated. Commercialization of new
technology is difficult and expensive, and few companies are willing to make multi-
million dollar investments in technology that is not well proven (known as ‘‘me third’’
syndrome). Progress is made more surely in small steps; however, when innovation is
wanted, previous experience, through prejudice, can inhibit the generation and
acceptance of new ideas (known as ‘‘not invented here’’ syndrome).

The amount of work, and the way it is tackled, will depend on the degree of novelty
in a design project. Development of new processes inevitably requires much more
interaction with researchers and collection of data from laboratories and pilot plants.

Chemical engineering projects can be divided into three types, depending on the
novelty involved:

A. Modifications, and additions, to existing plant; usually carried out by the plant
design group.

B. New production capacity to meet growing sales demand and the sale of estab-
lished processes by contractors. Repetition of existing designs, with only minor
design changes, including designs of vendors’ or competitors’ processes carried
out to understand whether they have a compellingly better cost of production.
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C. New processes, developed from laboratory research, through pilot plant, to
a commercial process. Even here, most of the unit operations and process
equipment will use established designs.

The majority of process designs are based on designs that previously existed. The
design engineer very seldom sits down with a blank sheet of paper to create a new
design from scratch, an activity sometimes referred to as ‘‘process synthesis.’’ Even in
industries such as pharmaceuticals, where research and new product development are
critically important, the types of processes used are often based on previous designs
for similar products, so as to make use of well-understood equipment and smooth the
process of obtaining regulatory approval for the new plant.

The first step in devising a new process design will be to sketch out a rough block
diagram showing the main stages in the process and to list the primary function
(objective) and the major constraints for each stage. Experience should then indicate
what types of unit operations and equipment should be considered. The steps in-
volved in determining the sequence of unit operations that constitute a process
flowsheet are described in Chapter 4.

The generation of ideas for possible solutions to a design problem cannot be
separated from the selection stage of the design process; some ideas will be rejected
as impractical as soon as they are conceived.

1.2.4. Fitness Testing

When design alternatives are suggested, they must be tested for fitness of purpose. In
otherwords, thedesign engineermust determine howwell eachdesign conceptmeets the
identified need. In the field of chemical engineering, it is usually prohibitively expensive
to build several designs to find out which one works best (a practice known as ‘‘proto-
typing,’’ which is common in other engineering disciplines). Instead, the design engineer
builds a mathematical model of the process, usually in the form of computer simulations
of the process, reactors, and other key equipment. In some cases, the performancemodel
may include a pilot plant or other facility for predicting plant performance and collecting
the necessarydesigndata. Inother cases, the design data canbe collected froman existing
full-scale facility or can be found in the chemical engineering literature.

The design engineer must assemble all of the information needed to model the
process so as to predict its performance against the identified objectives. For process
design this will include information on possible processes, equipment performance,
and physical property data. Sources of process information and physical properties
are reviewed in Chapter 8.

Many design organizations will prepare a basic data manual, containing all the
process ‘‘know-how’’ on which the design is to be based. Most organizations will have
designmanuals covering preferredmethods anddata for themore frequently useddesign
procedures. The national standards are also sources of design methods and data. They
are also design constraints, as new plants must be designed in accordance with the
national standards. If the necessary design data or models do not exist, then research
and development work is needed to collect the data and build new models.
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Once the data has been collected and a working model of the process has been
established, then the design engineer can begin to determine equipment sizes and
costs. At this stage it will become obvious that some designs are uneconomical and
they can be rejected without further analysis. It is important to make sure that all of
the designs that are considered are fit for the service, i.e., meet the customer’s ‘‘must
have’’ requirements. In most chemical engineering design problems, this comes down
to producing products that meet the required specifications. A design that does not
meet the customer’s objective can usually be modified until it does so, but this always
adds extra costs.

1.2.5. Economic Evaluation, Optimization, and Selection

Once the designer has identified a few candidate designs that meet the customer
objective, then the process of design selection can begin. The primary criterion for
design selection is usually economic performance, although factors such as safety and
environmental impact may also play a strong role. The economic evaluation usually
entails analyzing the capital and operating costs of the process to determine the return
on investment, as described in Chapter 6.

The economic analysis of the product or process can also be used to optimize the
design. Every design will have several possible variants that make economic sense
under certain conditions. For example, the extent of process heat recovery is a trade-
off between the cost of energy and the cost of heat exchangers (usually expressed as
a cost of heat exchange area). In regions where energy costs are high, designs that use a
lot of heat exchange surface to maximize recovery of waste heat for reuse in the
process will be attractive. In regions where energy costs are low, it may be more
economical to burn more fuel and reduce the capital cost of the plant. The math-
ematical techniques that have been developed to assist in the optimization of plant
design and operation are discussed briefly in Section 1.9.

When all of the candidate designs have been optimized, the best design can be
selected. Very often, the design engineer will find that several designs have very close
economic performance, in which case the safest design or that which has the best
commercial track record will be chosen. At the selection stage an experienced engin-
eer will also look carefully at the candidate designs to make sure that they are safe,
operable, and reliable, and to ensure that no significant costs have been overlooked.

1.2.6. Detailed Design and Equipment Selection

After the process or product concept has been selected, the project moves on to detailed
design.Here the detailed specifications of equipment such as vessels, exchangers, pumps,
and instruments are determined. The design engineer may work with other engineering
disciplines, such as civil engineers for site preparation, mechanical engineers for design
of vessels and structures, and electrical engineers for instrumentation and control.

Many companies engage specialist Engineering, Procurement, and Construction
(EPC) companies, commonly known as contractors, at the detailed design stage.

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 7 27.10.2007 4:29pm Compositor Name: jananthakumar

1.2. NATURE OF DESIGN 7



The EPC companies maintain large design staffs that can quickly and competently
execute projects at relatively low cost.

During the detailed design stage there may still be some changes to the design, and
therewill certainly be ongoing optimization as a better idea of the project cost structure
is developed. The detailed design decisions tend to focus mainly on equipment selec-
tion though, rather than on changes to the flowsheet. For example, the design engineer
may need to decide whether to use a U-tube or a floating-head exchanger, as discussed
in Chapter 12, or whether to use trays or packing for a distillation column, as described
in Chapter 11.

1.2.7. Procurement, Construction, and Operation

When the details of the design have been finalized, the equipment can be purchased and
the plant can be built. Procurement and construction are usually carried out by an EPC
firm unless the project is very small. Because they work on many different projects each
year, the EPC firms are able to place bulk orders for items such as piping, wire, valves,
etc., and can use their purchasing power to get discounts on most equipment. The EPC
companies also have a great deal of experience in field construction, inspection, testing,
and equipment installation. They can therefore normally contract to build a plant for a
client cheaper (and usually also quicker) than the client could build it on its own.

Finally, once the plant is built and readied for startup, it can begin operation. The
design engineer will often then be called upon to help resolve any startup issues and
teething problems with the new plant.

1.3. THE ANATOMY OF A CHEMICAL MANUFACTURING PROCESS

The basic components of a typical chemical process are shown in Figure 1.3, in which
each block represents a stage in the overall process for producing a product from the
raw materials. Figure 1.3 represents a generalized process; not all the stages will
be needed for any particular process, and the complexity of each stage will depend
on the nature of the process. Chemical engineering design is concerned with the
selection and arrangement of the stages and the selection, specification, and design
of the equipment required to perform the function of each stage.

Raw
material
storage

Feed
preparation

Reaction
Product

separation
Product

purification
Product
storage

Sales

Recycle of unreacted
material

By-products

Wastes

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 

Figure 1.3. Anatomy of a chemical process.
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Stage 1. Raw material storage: Unless the raw materials (also called feed stocks or
feeds) are supplied as intermediate products (intermediates) from a neighboring
plant, some provision will have to be made to hold several days’ or weeks’ worth
of storage to smooth out fluctuations and interruptions in supply. Even when the
materials come from an adjacent plant, some provision is usually made to hold a
few hours’ or even days’ worth of inventory to decouple the processes. The
storage required depends on the nature of the raw materials, the method of
delivery, and what assurance can be placed on the continuity of supply. If
materials are delivered by ship (tanker or bulk carrier), several weeks’ stocks
may be necessary, whereas if they are received by road or rail, in smaller lots, less
storage will be needed.

Stage 2. Feed preparation: Some purification and preparation of the raw materials
will usually be necessary before they are sufficiently pure, or in the right form, to
be fed to the reaction stage. For example, acetylene generated by the carbide
process contains arsenic and sulfur compounds, and other impurities, which
must be removed by scrubbing with concentrated sulfuric acid (or other pro-
cesses) before it is sufficiently pure for reaction with hydrochloric acid to
produce dichloroethane. Feed contaminants that can poison process catalysts,
enzymes, or micro-organisms must be removed. Liquid feeds need to be vapor-
ized before being fed to gas-phase reactors and solids may need crushing,
grinding, and screening.

Stage 3. Reaction: The reaction stage is the heart of a chemical manufacturing
process. In the reactor the raw materials are brought together under conditions
that promote the production of the desired product; almost invariably, some
byproducts will also be formed, either through the reaction stoichiometry, by
side reactions, or from reactions of impurities present in the feed.

Stage 4. Product separation: After the reactor(s) the products and byproducts are
separated from any unreacted material. If in sufficient quantity, the unreacted
material will be recycled to the reaction stage or to the feed purification and
preparation stage. The byproducts may also be separated from the products at
this stage. In fine chemical processes there are often multiple reaction steps, each
followed by one or more separation steps.

Stage 5. Purification: Before sale, the main product will often need purification to
meet the product specifications. If produced in economic quantities, the bypro-
ducts may also be purified for sale.

Stage 6. Product storage: Some inventory of finished product must be held to
match production with sales. Provision for product packaging and transport is
also needed, depending on the nature of the product. Liquids are normally
dispatched in drums and in bulk tankers (road, rail, and sea); solids in sacks,
cartons, or bales.
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The amount of stock that is held will depend on the nature of the product and the
market.

Ancillary Processes

In addition to the main process stages shown in Figure 1.3, provision must be made
for the supply of the services (utilities) needed, such as process water, cooling water,
compressed air, and steam. Facilities are also needed for maintenance, firefighting,
offices and other accommodation, and laboratories; see Chapter 14.

1.3.1. Continuous and Batch Processes

Continuous processes are designed to operate 24 hours a day, 7 days a week, through-
out the year. Some downtimewill be allowed formaintenance and, for some processes,
catalyst regeneration. The plant attainment or operating rate is the percentage of the
available hours in a year that the plant operates, and is usually between 90 and 95%.

Attainment % ¼ hours operated

8760
� 100

Batch processes are designed to operate intermittently, with some, or all, of the
process units being frequently shut down and started up. It is quite common for batch
plants to use a combination of batch and continuous operations. For example, a batch
reactor may be used to feed a continuous distillation column.

Continuous processes will usually be more economical for large-scale production.
Batch processes are used when some flexibility is wanted in production rate or
product specifications.

The advantages of batch processing are

A. Batch processing allows production of multiple different products or different
product grades in the same equipment.

B. In a batch plant, the integrity of a batch is preserved as it moves from operation
to operation. This can be very useful for quality control purposes.

C. The production rate of batch plants is very flexible, as there are no turn-down
issues when operating at low output.

D. Batch plants are easier to clean and maintain sterile operation.
E. Batch processes are easier to scale up from chemist’s recipes.
F. Batch plants have low capital for small production volumes. The same piece of

equipment can often be used for several unit operations.

The drawbacks of batch processing are

A. The scale of production is limited.
B. It is difficult to achieve economies of scale by going to high production rates.
C. Batch-to-batch quality can vary, leading to high production of waste products

or off-spec product.
D. Recycle and heat recovery are harder, making batch plants less energy efficient

and more likely to produce waste byproducts.
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E. Asset utilization is lower for batch plants, as the plant almost inevitably is idle
part of the time.

F. The fixed costs of production are much higher for batch plants on a $/unit mass
of product basis.

Choice of Continuous versus Batch Production

Given the higher fixed costs and lower plant utilization of batch processes, batch
processing usually makes sense only for products that have high value and are
produced in small quantities. Batch plants are commonly used for

& Food products
& Pharmaceutical products such as drugs, vaccines, and hormones
& Personal care products
& Specialty chemicals

Even in these sectors, continuous production is favored if the process is well
understood, the production volume is large, and the market is competitive.

1.4. THE ORGANIZATION OF A CHEMICAL ENGINEERING PROJECT

The design work required in the engineering of a chemical manufacturing process can
be divided into two broad phases.

Phase 1: Process design, which covers the steps from the initial selection of the
process to be used, through to the issuing of the process flowsheets and includes
the selection, specification, and chemical engineering design of equipment. In a
typical organization, this phase is the responsibility of the Process Design Group,
and the work is mainly done by chemical engineers. The process design group
may also be responsible for the preparation of the piping and instrumentation
diagrams.

Phase 2: Plant design, including the detailed mechanical design of equipment;
the structural, civil, and electrical design; and the specification and design of
the ancillary services. These activities will be the responsibility of specialist
design groups, having expertise in the whole range of engineering disciplines.

Other specialist groups will be responsible for cost estimation, and the purchase
and procurement of equipment and materials.

The sequence of steps in the design, construction and startup of a typical chemical
process plant is shown diagrammatically in Figure 1.4, and the organization of a
typical project group is shown in Figure 1.5. Each step in the design process will not
be as neatly separated from the others as is indicated in Figure 1.4, nor will the
sequence of events be as clearly defined. There will be a constant interchange of
information between the various design sections as the design develops, but it is clear
that some steps in a design must be largely completed before others can be started.

A project manager, often a chemical engineer by training, is usually responsible for
the coordination of the project, as shown in Figure 1.5.
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Project specification

Initial evaluation.
Process selection.
Preliminary flow diagrams.

Detailed process design.
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Figure 1.4. The structure of a chemical engineering project.

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 12 27.10.2007 4:29pm Compositor Name: jananthakumar

12 CHAPTER 1 INTRODUCTION TO DESIGN



As was stated in Section 1.2.1, the project design should start with a clear specifi-
cation defining the product, capacity, raw materials, process, and site location. If the
project is based on an established process and product, a full specification can be
drawn up at the start of the project. For a new product, the specification will be
developed from an economic evaluation of possible processes, based on laboratory
research, pilot plant tests and product market research.

Some of the larger chemical manufacturing companies have their own project
design organizations and carry out the whole project design and engineering, and
possibly construction, within their own organization. More usually, the design and
construction, and possibly assistance with startup, are entrusted to one of the inter-
national Engineering, Procurement, and Construction contracting firms.

The technical ‘‘know-how’’ for the process could come from the operating com-
pany or could be licensed from the contractor or a technology vendor. The operating
company, technology provider, and contractor will work closely together throughout
all stages of the project.

On many modern projects, the operating company may well be a joint venture
between several companies. The project may be carried out between companies based
in different parts of the world. Good teamwork, communications, and project man-
agement are therefore critically important in ensuring that the project is executed
successfully.

1.5. PROJECT DOCUMENTATION

As shown in Figure 1.5 and described in Section 1.4, the design and engineering of
a chemical process requires the cooperation of many specialist groups. Effective

Specialist design sections

Vessels

Electrical

Control
and instruments

Compressors
and turbines
pumps

Process section
Process evaluation
Flow-sheeting
Equipment specifications

Construction section
Construction
Start-up

Project
manager

Procurement
section
Estimating
Inspection
Scheduling

Layout Piping
valves

Heat exchangers
fired heaters

Civil work
structures
buildings

Utilities

Figure 1.5. Project organization.
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cooperation depends on effective communications, and all design organizations have
formal procedures for handling project information and documentation. The project
documentation will include

1. General correspondence within the design group and with
Government departments
Equipment vendors
Site personnel
The client

2. Calculation sheets
Design calculations
Cost estimates
Material and energy balances

3. Drawings
Flowsheets
Piping and instrumentation diagrams
Layout diagrams
Plot/site plans
Equipment details
Piping diagrams (isometrics)
Architectural drawings
Design sketches

4. Specification sheets
The design basis
Feed and product specifications
An equipment list
Sheets for equipment, such as heat exchangers, pumps, heaters, etc.

5. Health, Safety and Environmental information:
Materials safety data sheets (MSDS forms)
HAZOP or HAZAN documentation (see Chapter 9)
Emissions assessments and permits

6. Purchase orders
Quotations
Invoices

All documents are assigned a code number for easy cross-referencing, filing, and
retrieval.

Calculation Sheets

The design engineer should develop the habit of setting out calculations so that they
can be easily understood and checked by others. It is good practice to include on
calculation sheets the basis of the calculations, and any assumptions and approxima-
tionsmade, in sufficient detail for themethods, as well as the arithmetic, to be checked.
Design calculations are normally set out on standard sheets. The heading at the top of
each sheet should include the project title and identification number, the revision
number and date and, most importantly, the signature (or initials) of the person who
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checked the calculation. A template calculation sheet is given in Appendix G and can
be downloaded in MS Excel format from the online material at http://books.elsevier.
com/companions.

Drawings

All project drawings are normally drawn on specially printed sheets, with the company
name, project title and number, drawing title and identification number, drafter’s
name and person checking the drawing, clearly set out in a box in the bottom-right
corner. Provision should also be made for noting on the drawing all modifications to
the initial issue.

Drawings should conform to accepted drawing conventions, preferably those laid
down by the national standards. The symbols used for flowsheets and piping and
instrument diagrams are discussed in Chapters 4 and 5. In most design offices, com-
puter-aided design (CAD) methods are now used to produce the drawings required
for all the aspects of a project: flowsheets, piping and instrumentation, mechanical and
civil work. While the released versions of drawings are usually drafted by a profes-
sional, the design engineer will often need to mark up changes to drawings or make
minor modifications to flowsheets, so it is useful to have some proficiency with the
drafting software.

Specification Sheets

Standard specification sheets are normally used to transmit the information required
for the detailed design, or purchase, of equipment items, such as heat exchangers,
pumps, columns, pressure vessels, etc.

As well as ensuring that the information is clearly and unambiguously presented,
standard specification sheets serve as check lists to ensure that all the information
required is included.

Examples of equipment specification sheets are given in Appendix G. These
specification sheets are referenced and used in examples throughout the book.
Blank templates of these specification sheets are available in MS Excel format in the
online material at http://books.elsevier.com/companions. Standard worksheets are
also often used for calculations that are commonly repeated in design.

Process Manuals

Process manuals are usually prepared by the process design group to describe the
process and the basis of the design. Together with the flowsheets, they provide a
complete technical description of the process.

Operating Manuals

Operating manuals give the detailed, step-by-step instructions for operation of the
process and equipment. They would normally be prepared by the operating company
personnel, but may also be issued by a contractor or technology licensor as part of the
technology transfer package for a less-experienced client. The operating manuals are
used for operator instruction and training and for the preparation of the formal plant
operating instructions.
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1.6. CODES AND STANDARDS

The need for standardization arose early in the evolution of the modern engineering
industry; Whitworth introduced the first standard screw thread to give a measure of
interchangeability betweendifferentmanufacturers in 1841.Modern engineering stand-
ards cover a much wider function than the interchange of parts. In engineering practice
they cover

1. Materials, properties, and compositions.
2. Testing procedures for performance, compositions, and quality.
3. Preferred sizes; for example, tubes, plates, sections, etc.
4. Methods for design, inspection, and fabrication.
5. Codes of practice for plant operation and safety.

The terms standard and code are used interchangeably, though code should really
be reserved for a code of practice covering, say, a recommended design or operating
procedure; and standard for preferred sizes, compositions, etc.

All of the developed countries and many of the developing countries have national
standards organizations, which are responsible for the issue and maintenance of stand-
ards for the manufacturing industries and for the protection of consumers. In the
United States, the government organization responsible for coordinating information
on standards is the National Bureau of Standards; standards are issued by federal, state,
and various commercial organizations. The principal ones of interest to chemical
engineers are those issued by the American National Standards Institute (ANSI), the
American Petroleum Institute (API), the American Society for Testing Materials
(ASTM), the American Society of Mechanical Engineers (ASME) (pressure vessels and
pipes), the National Fire Protection Association (NFPA; safety), and the Instrumenta-
tion, Systems and Automation Society (ISA; process control). Most Canadian provinces
apply the same standards used in the United States. The preparation of the standards is
largely the responsibility of committees of persons from the appropriate industry, the
professional engineering institutions, and other interested organizations.

The International Organization for Standardization (ISO) coordinates the publica-
tion of international standards. The European countries used to maintain their
own national standards, but these are now being superseded by common European
standards.

Lists of codes and standards and copies of the most current versions can be
obtained from the national standards agencies or by subscription from commercial
websites such as I.H.S. (www.ihs.com).

As well as the various national standards and codes, the larger design organizations
will have their own (in-house) standards. Much of the detail in engineering design
work is routine and repetitious, and it saves time and money, and ensures conformity
between projects, if standard designs are used whenever practicable.

Equipment manufacturers also work to standards to produce standardized designs
and size ranges for commonly used items, such as electric motors, pumps, heat exchan-
gers, pipes, and pipe fittings. They will conform to national standards, where they exist,
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or to those issued by trade associations. It is clearly more economic to produce a limited
range of standard sizes than to have to treat each order as a special job.

For the designer, the use of a standardized component size allows for the easy
integration of a piece of equipment into the rest of the plant. For example, if
a standard range of centrifugal pumps is specified, the pump dimensions will be
known, and this facilitates the design of the foundation plates, pipe connections, and
the selection of the drive motors: standard electric motors would be used.

For an operating company, the standardization of equipment designs and sizes
increases interchangeability and reduces the stock of spares that must be held in
maintenance stores.

Though there are clearly considerable advantages to be gained from the use of
standards in design, there are also some disadvantages. Standards impose constraints
on the designer. The nearest standard size will normally be selected on completing a
design calculation (rounding up), but this will not necessarily be the optimum size;
though as the standard size will be cheaper than a special size, it will usually be the
best choice from the point of view of initial capital cost. The design methods given in
the codes and standards are, by their nature, historical, and do not necessarily
incorporate the latest techniques.

The use of standards in design is illustrated in the discussion of the pressure vessel
design in Chapter 13. Relevant design codes and standards are cited throughout the
book.

1.7. DESIGN FACTORS (DESIGN MARGINS)

Design is an inexact art; errors and uncertainties arise from uncertainties in the
design data available and in the approximations necessary in design calculations.
Experienced designers include a degree of over-design known as a ‘‘design factor,’’
‘‘design margin,’’ or ‘‘safety factor,’’ to ensure that the design that is built meets
product specifications and operates safely.

In mechanical and structural design, the design factors used to allow for uncertain-
ties in material properties, design methods, fabrication, and operating loads are well
established. For example, a factor of around 4 on the tensile strength, or about 2.5 on
the 0.1% proof stress, is normally used in general structural design. The recom-
mended design factors are set out in the codes and standards. The selection of design
factors in mechanical engineering design is illustrated in the discussion of pressure
vessel design in Chapter 13.

Design factors are also applied in process design to give some tolerance in the
design. For example, the process stream average flows calculated from material
balances are usually increased by a factor, typically 10%, to give some flexibility in
process operation. This factor will set the maximum flows for equipment, instrumen-
tation, and piping design. Where design factors are introduced to give some contin-
gency in a process design, they should be agreed upon within the project organization
and clearly stated in the project documents (drawings, calculation sheets, and man-
uals). If this is not done, there is a danger that each of the specialist design groups will
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add its own ‘‘factor of safety,’’ resulting in gross and unnecessary over-design.
Companies often specify design factors in their design manuals.

When selecting the design factor, a balance has to be made between the desire to
make sure the design is adequate and the need to design to tight margins to remain
competitive. Greater uncertainty in the design methods and data requires the use of
bigger design factors.

1.8. SYSTEMS OF UNITS

Most of the examples and equations in this book use SI units; however, in practice
the design methods, data, and standards that the designer will use are often only
available in the traditional scientific and engineering units. Chemical engineering
has always used a diversity of units, embracing the scientific CGS and MKS systems
and both the American and British engineering systems. Those engineers in the
older industries will also have had to deal with some bizarre traditional units, such
as degrees Twaddle or degrees API for density and barrels for quantity. Although
almost all of the engineering societies have stated support for the adoption of SI
units, this is unlikely to happen worldwide for many years. Furthermore, much
useful historic data will always be in the traditional units, and the design engineer
must know how to understand and convert this information. In a globalized
economy, engineers are expected to use different systems of units even within the
same company, particularly in the contracting sector where the choice of units is at
the client’s discretion. Design engineers must therefore have a familiarity with SI,
metric, and customary units, and a few of the examples and many of the exercises
are presented in customary units.

It is usually the best practice to work through design calculations in the units in
which the result is to be presented; but, if working in SI units is preferred, data can be
converted to SI units, the calculation made, and the result converted to whatever units
are required. Conversion factors to the SI system from most of the scientific and
engineering units used in chemical engineering design are given in Appendix D.

Some license has been taken in the use of the SI system. Temperatures are given in
degrees Celsius (8C); degrees Kelvin are used only when absolute temperature is
required in the calculation. Pressures are often given in bar (or atmospheres) rather
than in Pascals (N=m2), as this gives a better feel for the magnitude of the pressures. In
technical calculations the bar can be taken as equivalent to an atmosphere, whatever
definition is used for atmosphere. The abbreviations bara and barg are often used to
denote bar absolute and bar gauge, analogous to psia and psig when the pressure is
expressed in pound force per square inch. When bar is used on its own, without
qualification, it is normally taken as absolute.

For stress, N=mm2 have been used, as these units are now generally accepted by
engineers, and the use of a small unit of area helps to indicate that stress is the
intensity of force at a point (as is also pressure). The corresponding traditional unit
for stress is the ksi or thousand pounds force per square inch. For quantity, kmol are

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 18 27.10.2007 4:29pm Compositor Name: jananthakumar

18 CHAPTER 1 INTRODUCTION TO DESIGN



generally used in preference to mol, and for flow, kmol/h instead of mol/s, as this gives
more sensibly sized figures, which are also closer to the more familiar lb/h.

For volume and volumetric flow, m3 and m3=h are used in preference to m3=s, which
gives ridiculously small values in engineering calculations. Liters per second are used
for small flow rates, as this is the preferred unit for pump specifications.

Where, for convenience, other than SI units have been used on figures or diagrams,
the scales are also given in SI units, or the appropriate conversion factors are given in
the text. Where equations are presented in customary units, a metric equivalent is
generally given.

Some approximate conversion factors to SI units are given in Table 1.1. These are
worth committing to memory, to give some feel for the units for those more familiar
with the traditional engineering units. The exact conversion factors are also shown
in the table. A more comprehensive table of conversion factors is given in
Appendix D.

1.9. OPTIMIZATION

Optimization is an intrinsic part of design: the designer seeks the best, or optimum,
solution to a problem.

Many design decisions can be made without formally setting up and solving
a mathematical optimization problem. The design engineer will often rely on a
combination of experience and judgment, and in some cases the best design will be
immediately obvious. Other design decisions have such a trivial impact on process

TABLE 1.1. Approximate Conversions Between Customary Units and SI Units

Quantity Customary Unit SI Unit Approx. Exact

Energy 1 Btu 1 kJ 1.05506

Specific enthalpy 1 Btu/lb 2 kJ/kg 2.326

Specific heat capacity 1 Btu/lb8F 4 kJ/kg8C 4.1868
Heat transfer coeff. 1 Btu/ft2h8F 6 W/m2 8C 5.678

Viscosity 1 centipoise 1mNs=m2 1.000

1 lbf/ft h 0:4mNs=m2 0.4134
Surface tension 1 dyne/cm 1 mN/m 1.000

Pressure 1 lbf=in2 (psi) 7 kN=m2 6.894

1 atm 1 bar 1.01325

105 N=m2

Density 1 lb=ft3 16 kg=m3 16.0185

1 g=cm3 1 kg=m3

Volume 1 US gal 3:8� 10�3 m3 3:7854� 10�3

Flow rate 1 US gal/min 0:23m3=h 0.227

Note:

1 U.S. gallon ¼ 0.84 imperial gallons (UK)
1 barrel (oil) ¼ 42 U.S. gallons � 0:16m3 (exact 0.1590)

1 kWh ¼ 3.6 MJ
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costs that it makes more sense to make a close guess at the answer than to properly set
up and solve the optimization problem. In every design though, there will be several
problems that require rigorous optimization. This section introduces the techniques
for formulating and solving optimization problems, as well as some of the pitfalls that
are commonly encountered in optimization.

In this book, the discussion of optimization will, of necessity, be limited to a brief
overview of the main techniques used in process and equipment design. Chemical
engineers working in industry use optimization methods for process operations far
more than they do for design, as discussed in Section 1.9.11. Chemical engineering
students would benefit greatly from more classes in operations research methods,
which are generally part of the Industrial Engineering curriculum. These methods are
used in almost every industry for planning, scheduling, and supply-chain manage-
ment: all critical operations for plant operation and management. There is an exten-
sive literature on operations research methods and several good books on the
application of optimization methods in chemical engineering design and operations.
A good overview of operations research methods is given in the classic introductory
text by Hillier and Lieberman (2002). Applications of optimization methods in
chemical engineering are discussed by Rudd and Watson (1968), Stoecker (1989),
Biegler et al. (1997), Edgar and Himmelblau (2001), and Diwekar (2003).

1.9.1. The Design Objective

An optimization problem is always stated as the maximization or minimization of a
quantity called the objective. For chemical engineering design projects, the objective
should be a measure of how effectively the design meets the customer’s needs. This
will usually be a measure of economic performance. Some typical objectives are given
in Table 1.2.

The overall corporate objective is usually to maximize profits, but the design
engineer will often find it more convenient to use other objectives when working on
subcomponents of the design. The optimization of subsystems is discussed in more
detail in Section 1.9.4.

The first step in formulating the optimization problem is to state the objective as a
function of a finite set of variables, sometimes referred to as the decision variables:

z ¼ f (x1, x2, x3, . . . , xn) (1:1)

where

z ¼ objective
x1, x2, x3, . . . , xn ¼ decision variables

This function is called the objective function. The decision variables may be inde-
pendent, but they will usually be related to each other by many constraint equations.
The optimization problem can then be stated as maximization or minimization of the
objective function subject to the set of constraints. Constraint equations are discussed
in the next section.
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Design engineers often face difficulties in formulating the objective function. Some
of the economic objectives that are widely used in making investment decisions lead to
intrinsically difficult optimization problems. For example, discounted cash flow rate
of return (DCFROR) is difficult to express as a simple function and is highly non-
linear, while net present value (NPV) increases with project size and is unbounded
unless a constraint is set on plant size or available capital. Optimization is therefore
often carried out using simple objectives such as ‘‘minimize cost of production.’’
Health, safety, environmental, and societal impact costs and benefits are difficult to
quantify and relate to economic benefit. These factors can be introduced as con-
straints, but few engineers would advocate building a plant in which every piece of
equipment was designed for the minimum legally permissible safety and environmen-
tal performance.

An additional complication in formulating the objective function is the quanti-
fication of uncertainty. Economic objective functions are generally very sensitive to
the prices used for feeds, raw materials, and energy, and also to estimates of project
capital cost. These costs and prices are forecasts or estimates and are usually
subject to substantial error. Cost estimation and price forecasting are discussed
in Sections 6.3 and 6.4. There may also be uncertainty in the decision variables,
either from variation in the plant inputs, variations introduced by unsteady plant
operation, or imprecision in the design data and the constraint equations. Opti-
mization under uncertainty is a specialized subject in its own right and is beyond
the scope of this book. See Chapter 5 of Diwekar (2003) for a good introduction to
the subject.

1.9.2. Constraints and Degrees of Freedom

The constraints on the optimization are the set of equations that bound the decision
variables and relate them to each other.

If we write x as a vector of n decision variables, then we can state the optimization
problem as

Optimize (Max: or Min:) z ¼ f (x)

subject to (s:t:): g(x) # 0

h(x) ¼ 0

(1:2)

TABLE 1.2. Typical Design Optimization Objectives

Maximize Minimize

Project net present value Project expense

Return on investment Cost of production

Reactor productivity per unit volume Total annualized cost
Plant availability (time on stream) Plant inventory (for safety reasons)

Process yield of main product Formation of waste products
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where

z ¼ the scalar objective
f(x) ¼ the objective function
g(x) ¼ a mi vector of inequality constraints
h(x) ¼ a me vector of equality constraints

The total number of constraints is m ¼ mi þme.
Equality constraints arise from conservation equations (mass, mole, energy, and

momentum balances) and constitutive relations (the laws of chemistry and physics,
correlations of experimental data, design equations, etc.). Any equation that is intro-
duced into theoptimizationmodel that contains anequal (¼) signwill becomeanequality
constraint. Many examples of such equations can be found throughout this book.

Inequality constraints generally arise from the external constraints discussed in
Section 1.2: safety limits, legal limits, market and economic limits, technical limits
set by design codes and standards, feed and product specifications, availability of
resources, etc. Some examples of inequality constraints might include

Main product purity $ 99:99wt%

Feed water content # 20 ppmw

NOx emissions # 50 kg=yr

Production rate # 400,000 metric tons per year

Maximum design temperature for ASME Boiler and Pressure Vessel Code Section
VIII Division 2 # 9008F

Investment capital # $50MM (50 million dollars)

The effect of constraints is to limit the parameter space. This can be illustrated
using a simple two-parameter problem:

Max: z ¼ x21 þ 2x22
s:t: x1 þ x2 ¼ 5

x2 # 3

The two constraints can be plotted on a graph of x1 vs. x2, as in Figure 1.6.
In the case of this example, it is clear by inspection that the set of constraints does

not bound the problem. In the limit x1 ! 1, the solution to the equality constraint is
x2 ! �1, and the objective function gives z ! 1, so no maximum can be found.
Problems of this kind are referred to as ‘‘unbounded.’’ For this problem to have a
solution, we need an additional constraint of the form

x1 # a (where a > 2)

x2 $ b (where b < 3)

or

h(x1, x2) ¼ 0

to define a closed search space.
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It is also possible to overconstrain the problem. For example, if we set the problem

Max: z ¼ x1
2 þ 2x2

2

s:t: x1 þ x2 ¼ 5

x2 # 3

x1 # 1

In this case, it can be seen from Figure 1.7 that the feasible region defined by
the inequality constraints does not contain any solution to the equality constraint.
The problem is therefore infeasible as stated.

Degrees of Freedom

If the problem has n variables and me equality constraints, then it has n�me degrees
of freedom. If n ¼ me then there are no degrees of freedom and the set
of me equations can be solved for the n variables. If me > n, then the problem is

x2

5

3

0
5 x1

The inequality constraint
limits us to values on or
below this line

The equality constraint
limits us to values
on this line

Max  z = x1
2 + 2x2

2

s.t.   x1 + x2 = 5
        x2 ≤ 3

Figure 1.6. Constraints on a simple optimization problem.

x2

5

3

0
5 x1

Max        z = x1
2 + 2x2

2

s.t. x1 + x2 = 5
x2 ≤ 3
x1 ≤ 1

The feasible region 
defined by the inequalities 
has no solution for the 
equality constraint

Figure 1.7. An over-constrained problem.
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overspecified. In most cases, however,me < n and n�me is the number of parameters
that can be independently adjusted to find the optimum.

When inequality constraints are introduced into the problem, they generally set
bounds on the range over which parameters can be varied and hence reduce the space
in which the search for the optimum is carried out. Very often, the optimum solution
to a constrained problem is found to be at the edge of the search space, i.e., at one of
the inequality constraint boundaries. In such cases, that inequality constraint becomes
equal to zero and is said to be ‘‘active.’’ It is often possible to use engineering insight
and understanding of chemistry and physics to simplify the optimization problem. If
the behavior of a system is well understood, then the design engineer can decide that
an inequality constraint is likely to be active. Converting the inequality constraint into
an equality constraint reduces the number of degrees of freedom by one andmakes the
problem simpler.

This can be illustrated by a simple reactor optimization example. The size and cost
of a reactor are proportional to residence time, which decreases as temperature is
increased. The optimal temperature is usually a trade-off between reactor cost and the
formation of byproducts in side reactions; but if there were no side reactions, then the
next constraint would be the maximum temperature allowed by the pressure vessel
design code. More expensive alloys might allow for operation at higher temperatures.
The variation of reactor cost with temperature will look something like Figure 1.8,
where TA, TB, and TC are the maximum temperatures allowed by the vessel design
code for alloys A, B, and C, respectively.

The design engineer could formulate this problem in several ways. It could be solved
as three separate problems, one corresponding to each alloy, each with a constraint on
temperature T < Talloy. The design engineer would then pick the solution that gave the
best value of the objective function. The problem could also be formulated as a mixed
integer nonlinear program with integer variables to determine the selection of alloy
and set the appropriate constraint (see Section 1.9.10). The design engineer could also
recognize that alloy A costs a lot less than alloy B, and the higher alloys give only a
relatively small extension in the allowable temperature range. It is clear that cost
decreases with temperature, so the optimum temperature will be TA for alloy A and

Reactor
cost

Temperature

TA TB TC

CBAlloy A

There is a step change 
in cost when a higher 
alloy is needed 

Figure 1.8. Variation of reactor cost with temperature.
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TB for alloy B. Unless the design engineer is aware of some other effect that has an
impact on cost as temperature is increased, it is safe to write T ¼ TA as an equality
constraint and solve the resulting problem. If the cost of alloy B is not excessive, then it
would be prudent to also solve the problem with T ¼ TB, using the cost of alloy B.

The correct formulation of constraints is the most important step in setting up an
optimization problem. Inexperienced engineers are often unaware of many con-
straints and consequently find ‘‘optimal’’ designs that are dismissed as unfeasible by
more experienced designers.

1.9.3. Trade-Offs

If the optimal value of the objective is not at a constraint limit, then it will usually be
determined by a trade-off between two or more effects. Trade-offs are very common
in design, because better performance in terms of increased purity, increased recovery,
or reduced energy or raw materials use usually comes at the expense of higher capital
expense, operating expense, or both. The optimization problem must capture the
trade-off between cost and benefit.

A well-known example of a trade-off is the optimization of process heat
recovery. A high degree of heat recovery requires close temperature approaches in
the heat exchangers (see Section 3.17), which leads to high capital cost as the exchang-
ers require more surface area. If the minimum temperature approach is increased, then
the capital cost is reduced but less energy is recovered. We can plot the capital cost and
energy cost against the minimum approach temperature, as shown schematically in
Figure 1.9. If the capital cost is annualized (see Section 6.7), then the two costs can be
added to give a total cost. The optimum value of the approach temperature, DToptimum,
is then given by the minimum point in the total cost curve.

Some common trade-offs encountered in design of chemical plants include

& More separations equipment and operating cost vs. lower product purity;
& More recycle costs vs. increased feed use and waste formation;
& More heat recovery vs. cheaper heat exchange network;
& Higher reactivity at high pressure vs. more expensive reactors and higher

compression costs;

Cost

Δ Toptimum

Total Cost

Capital Cost

Energy Cost

Minimum approach 
temperature

Figure 1.9. The capital-energy trade-off in process heat recovery.
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& Fast reactions at high temperature vs. product degradation;
& Marketable byproducts vs. more plant expense;
& Cheaper steam and electricity vs. more off-site capital cost.

Stating an optimization problem as a trade-off between two effects is often useful
in conceptualizing the problem and interpreting the optimal solution. For example, in
the case of process heat recovery, it is usually found that the shape of the total cost
curve in Figure 1.9 is relatively flat over the range 15�C < DToptimum < 40�C. Know-
ing this, most experienced designers would not worry about finding the value of
DToptimum, but would instead select a value for the minimum temperature approach
within the range 158C to 408C, based on knowledge of the customer’s preference for
high energy efficiency or low capital expense.

1.9.4. Problem Decomposition

The task of formally optimizing the design of a complex processing plant involving
several hundred variables, with complex interactions, is formidable, if not impossible.
The task can be reduced by dividing the process into more manageable units, identi-
fying the key variables and concentrating work where the effort involved will give the
greatest benefit. Subdivision and optimization of the subunits rather than the whole
will not necessarily give the optimum design for the whole process. The optimization
of one unit may be at the expense of another. For example, it will usually be
satisfactory to optimize the reflux ratio for a fractionating column independently
of the rest of the plant; but if the column is part of a separation stage following a
reactor, in which the product is separated from the unreacted materials, then the
design of the column will interact with, and may well determine, the optimization of
the reactor design. Care must always be taken to ensure that subcomponents are not
optimized at the expense of other parts of the plant.

1.9.5. Optimization of a Single Decision Variable

If the objective is a function of a single variable, x, the objective function f(x) can be
differentiated with respect to x to give f ’(x). Any stationary points in f(x) can then be
found as the solutions of f ’(x)¼ 0. If the second derivative of the objective function is
greater than zero at a stationary point, then the stationary point is a local minimum. If
the second derivative is less than zero, then the stationary point is a local maximum;
and if it is equal to zero, then it is a saddle point. If x is bounded by constraints, then
we must also check the values of the objective function at the upper and lower limiting
constraints. Similarly, if f(x) is discontinuous, then the value of f(x) on either side of
the discontinuity should also be checked.

This procedure can be summarized as the following algorithm:

Min: z ¼ f(x)

s:t: x $ xL

x # xU

(1:3)
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1. Solve f 0 ¼ df (x)

dx
¼ 0 to find values of xS.

2. Evaluate f 00 ¼ d2f (x)

dx2
for each value of xS. If f ’’ > 0, then xS corresponds to a

local minimum in f(x).
3. Evaluate f (xS), f (xL), and f (xU).
4. If the objective function is discontinuous, then evaluate f(x) on either side of the

discontinuity, xD1 and xD2.
5. The overall optimum is the value from the set (xL, xS, xD1, xD2, xU) that gives

the lowest value of f(x).

This is illustrated graphically in Figure 1.10a for a continuous objective function.
In Figure 1.10a, xL is the optimum point, even though there is a local minimum at xS1.
Figure 1.10b illustrates the case of a discontinuous objective function. Discontinuous
functions are quite common in engineering design, arising, for example, when
changes in temperature or pH cause a change in metallurgy. In Figure 1.10b the
optimum is at xD1, even though there is a local minimum at xS.

If the objective function can be expressed as a differentiable equation, then it is
usually also easy to plot a graph like those in Figure 1.10 and quickly determine
whether the optimum lies at a stationary point or a constraint.

1.9.6. Search Methods

In design problems, the objective function very often cannot be written as a simple
equation that is easily differentiated. This is particularly true when the objective
function requires solving large computer models, possibly using several different
programs and requiring several minutes, hours, or days to converge a single solution.
In such cases, the optimum is found using a search method. The concept of search
methods is most easily explained for single variable problems, but search methods are
at the core of the solution algorithms for multivariable optimization as well.

Unrestricted Search

If the decision variable is not bounded by constraints, then the first step is to
determine a range in which the optimum lies. In an unrestricted search we make an

xL xU
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Figure 1.10. (a, b) Optimization of a single variable between bounds.
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initial guess of x and assume a step size, h. We then calculate z1 ¼ f (x), z2 ¼ f (xþ h),
and z3 ¼ f (x� h). From the values of z1, z2, and z3, we determine the direction of
search that leads to improvement in the value of the objective, depending on whether
we wish to minimize or maximize z. We then continue increasing (or decreasing) x by
successive steps of h until the optimum is passed.

In some cases, it may be desirable to accelerate the search procedure, in which case
the step size can be doubled at each step. This gives the sequence f(x þ h), f(x þ 3h),
f(x þ 7h), f(x þ 15h), etc.

Unrestricted searching is a relatively simple method of bounding the optimum for
problems that are not constrained. In engineering design problems, it is almost always
possible to state upper and lower bounds for every parameter, so unrestricted search
methods are not widely used in design.

Once a restricted range that contains the optimum has been established, then
restricted range search methods can be used. These can be broadly classified as direct
methods that find the optimum by eliminating regions in which it does not lie, and
indirect methods that find the optimum by making an approximate estimate of f ’(x).

Regular Search (Three-Point Interval Search)

The three-point interval search starts by evaluating f(x) at the upper and lower
bounds, xL and xU , and at the center point (xL þ xU)/2. Two new points are then
added in the midpoints between the bounds and the center point, at (3xL þ xU)/4 and
(xL þ 3xU)/4, as shown in Figure 1.11. The three adjacent points with the lowest
values of f(x) (or the highest values for a maximization problem) are then used to
define the next search range.

By eliminating two of the four quarters of the range at each step, this procedure
reduces the range by half each cycle. To reduce the range to a fraction « of the initial
range therefore takesn cycles,where « ¼ 0:5n. Since each cycle requires calculating f(x)
for two additional points, the total number of calculations is 2n ¼ 2 log «= log 0:5.

The procedure is terminated when the range has been reduced sufficiently to give
the desired precision in the optimum. For design problems, it is usually not necessary
to specify the optimal value of the decision variables to high precision, so « is usually
not a very small number.

f (x)

x

x x

xL xU

Figure 1.11. Regular search.
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Golden-Section Search

The golden-section search, sometimes called the golden-mean search, is as simple to
implement as the regular search, but is more computationally efficient if « < 0:29.
In the golden-section search, only one new point is added at each cycle.

The golden-section method is illustrated in Figure 1.12. We start by evaluating
f (xL) and f (xU) corresponding to the upper and lower bounds of the range, labeled A
and B in the figure. We then add two new points, labeled C and D, each located a
distance vAB from the bounds A and B, i.e., located at xL þ v(xU � xL) and
xU � v(xU � xL). For a minimization problem, the point that gives the highest value
of f(x) is eliminated. In Figure 1.12, this is point B. A single new point, E, is added,
such that the new set of points AECD is symmetric with the old set of points ACDB.

For the new set of points to be symmetric with the old set of points,
AE ¼ CD ¼ vAD.

But we know DB ¼ vAB, so AD ¼ (1� v)AB and CD ¼ (1� 2v)AB

so (1� 2v) ¼ v(1� v)

v ¼ 3� ffiffiffi
5

p

2

Each new point reduces the range to a fraction (1� v) ¼ 0:618 of the original
range. To reduce the range to a fraction « of the initial range therefore requires
n ¼ log «= log 0:618 function evaluations.

The number (1� v) is known as the golden mean. The significance of this number
has been known since ancient times. Livio (2002) gives a very entertaining account of
its history and occurrence in art, architecture, music, and nature.

Quasi-Newton Method

Newton’s method is a super-linear indirect search method that seeks the optimum by
solving f ’(x) and f ’’(x) and searching for where f ’(x)¼ 0. The value of x at step k þ 1
is calculated from the value of x at step k using

xkþ1 ¼ xk �
f 0(xk)
f 00(xk)

(1:4)

f (x)

xA E C D B

ww

xL xU

Figure 1.12. Golden-section search.
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and the procedure is repeated until (xkþ1 � xk) is less than a convergence criterion or
tolerance, «.

If we do not have explicit formulae for f ’(x) and f ’’(x), then we can make a finite
difference approximation about a point, in which case

xkþ1 ¼ xk �
[ f (xk þ h)� f (xk � h)]=2h

[ f (xk þ h)� 2f (x)þ f (xk � h)]=h2
(1:5)

Care is needed in setting the step size, h, and the tolerance for convergence, «. The
Quasi-Newton method generally gives fast convergence unless f ’’(x) is close to zero,
in which case convergence is poor.

All of the methods discussed in this section are best suited for unimodal functions,
i.e., functions with no more than one maximum or minimum within the bounded
range.

1.9.7. Optimization of Two or More Decision Variables

A two-variable optimization problem can be stated as

Min: z ¼ f (x1, x2)

s:t: h(x1, x2) ¼ 0

g(x1, x2) # 0

(1:6)

For simplicity, all problems will be stated as minimization problems from here on.
A maximization problem can be rewritten as Min. z ¼ �f (x1, x2).

With two parameters, we can plot contour lines of z on a graph of x1 vs. x2 and
hence get a visual representation of the behavior of z. For example, Figure 1.13 shows
a schematic of a contour plot for a function that exhibits a local minimum of <30 at
about (4,13) and a global minimum of <10 at about (15,19). Contour plots are useful
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Figure 1.13. Optimization of two decision variables.
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for understanding some of the key features of multivariable optimization that become
apparent as soon as we consider more than one decision variable.

Convexity

Constraint boundaries can also be plotted in the (x1, x2) parameter space, as illustrated
in Figure 1.14. If the constraints are not linear, then there is a possibility that the feasible
regionmay not be convex. A convex feasible region, illustrated in Figure 1.14a, is one in
which any point on a straight line between any two points inside the feasible region also
lies within the feasible region. This can be stated mathematically as

x ¼ axa þ (1� a)xb 2 FR

8xa, xb 2 FR, 0 < a < 1 (1:7)

where

xa, xb ¼ any two points belonging to the feasible region
FR ¼ the set of points inside the feasible region bounded by the constraints
a ¼ a constant

If any two points in the feasible region can be found such that some point on a
straight line between them lies outside the feasible region, then the feasible region is
nonconvex, as illustrated in Figure 1.14b.

The importance of convexity is that problems with a convex feasible region are
more easily solved to a global optimum. Problems with nonconvex feasible regions are
prone to convergence to local minima.

Searching in Two Dimensions

The procedures for searching in two dimensions are mostly extensions of the methods
used for single variable line searches:

1. Find an initial solution (x1, x2) inside the feasible region.
2. Determine a search direction.
3. Determine step lengths dx1 and dx2.
4. Evaluate z ¼ f (x1 þ dx1, x2 þ dx2).
5. Repeat steps 2 to 4 until convergence.

x2

xb

xa

x1

(a)
x1

x2

xbxa

(b)

Figure 1.14. Convexity for a two-variable problem. (a) Convex feasible region. (b) Non-convex

feasible region.
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If x1 and x2 are varied one at a time, then the method is known as a univariate
search and is the same as carrying out successive line searches. If the step length is
determined so as to find the minimum with respect to the variable searched, then the
calculation steps toward the optimum, as shown in Figure 1.15a. This method is
simple to implement, but can be very slow to converge. Other direct methods include
pattern searches such as the factorial designs used in statistical design of experiments
(see, for example, Montgomery, 2001), the EVOP method (Box, 1957) and the
sequential simplex method (Spendley et al., 1962).

Indirect methods can also be applied to problems with two or more decision
variables. In the steepest descent method (also known as the gradient method), the
search direction is along the gradient at point (x1, x2), i.e., orthogonal to the contours
of f(x1, x2). A line search is then carried out to establish a new minimum point where
the gradient is re-evaluated. This procedure is repeated until the convergence crite-
rion is met, as shown in Figure 1.15b.

Problems in Multivariable Optimization

Some common problems that are encountered in multivariable optimization can be
described for a two-variable problem and are illustrated in Figure 1.16. In Figure
1.16a, the shape of the contours is such that a univariate search would be very slow to
converge. Using an indirect method such as steepest descent would be more appro-
priate in this case. Figure 1.16b shows the problem of convergence to a local opti-
mum. In this scenario, different answers are obtained for different initial solutions.
This problem can be overcome by using pattern searches with a larger grid or by using
probabilistic methods such as simulated annealing or genetic algorithms that intro-
duce some possibility of moving away from a local optimum. An introduction to
probabilistic methods is given in Diwekar (2003). Probabilistic methods are also
useful when faced with a nonconvex feasible region, as pictured in Figure 1.16c.

Multivariable Optimization

When there are more than two decision variables, it is much harder to visualize the
parameter space, but the same issues of initialization, convergence, convexity, and local

x2

x1

start

(a)

x2

x1

(b)

start

Figure 1.15. Search methods. (a) Univariate search. (b) Steepest descent.
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optima are faced. The solution of large multivariable optimization problems is at the
core of the field of operations research.Operations researchmethods arewidely used in
industry, particularly in manufacturing facilities, as discussed in Section 1.9.11.

The following sections give only a cursory overview of this fascinating subject.
Readers who are interested in learning more should refer to Hillier and Lieberman
(2002) and the other references cited in Section 1.10.

1.9.8. Linear Programming

A set of continuous linear constraints always defines a convex feasible region. If the
objective function is also linear and xi > 0 for all xi, then the problem can be written
as a linear program (LP). A simple two-variable illustration of a linear program is
given in Figure 1.17.

Linear programs always solve to a global optimum. The optimum must lie on the
boundary at an intersection between constraints, which is known as a vertex of
the feasible region. The inequality constraints that intersect at the optimum are said
to be active and have h(x) ¼ 0, where x is the vector of decision variables.

Many algorithms have been developed for solution of linear programs, of which
the most widely used are based on the SIMPLEX algorithm developed by Dantzig

x2

x1

start

(a)

x2

x1

start

(b)

x2

x1

(c)

Figure 1.16. Common problems in multivariable optimization. (a) Slow convergence. (b) Convergence

to local optimum. (c) Non-convex feasible region.
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Figure 1.17. A linear program.
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(1963). The SIMPLEX method introduces slack and surplus variables to transform
the inequality constraints into equalities. For example, if

x1 þ x2 � 30 # 0

we can introduce a slack variable, S1, and write

x1 þ x2 � 30þ S1 ¼ 0

The resulting set of equalities is solved to obtain a feasible solution, in which some
of the slack and surplus variables will be zero, corresponding to active constraints.
The algorithm then searches the vertices of the feasible region, increasing the objec-
tive at each step until the optimum is reached. Details of the SIMPLEX method are
given in most optimization or operations research textbooks. See, for example, Hillier
and Lieberman (2002) or Edgar and Himmelblau (2001). There have been many
improvements to the SIMPLEX algorithm over the years, but it is still the method
used in most commercial solvers.

Some problems that can occur in solving linear programs are illustrated in Figure
1.18. In Figure 1.18a, the contours of the objective function are exactly parallel to one
of the constraints. The problem is said to be degenerate and has an infinite number of
solutions along the line of that constraint. Figure 1.18b shows a problem where the
feasible region is unbounded. This situation does not usually occur in engineering
design unless the problem has been badly formulated. The situation in Figure 1.18c is
more common, in which the problem is overconstrained and there is no feasible
region.

Linear programming can be used to solve very large problems, with thousands of
variables and constraints. The method is widely used in operations, particularly in
optimization of oil refineries and petrochemical plants. It is used a lot less in design, as
design problems almost inevitably contain many nonlinear equations.

Z

(a) (b) (c)

Figure 1.18. Problems in linear programming. (a) Objective function parallel to a constraint (degenerate problem).

(b) Feasible region unbounded. (c) No feasible region.
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1.9.9. Nonlinear Programming

When the objective function and/or the constraints are nonlinear, then the optimiza-
tion must be solved as a nonlinear program (NLP). Three main methods are used for
solving an NLP.

Successive Linear Programming (SLP)

In successive linear programming, f(x), g(x), and h(x) are linearized at an initial point.
The resulting LP is solved to give an initial solution, and f(x), g(x), and h(x) are
linearized again at the new point. The procedure is then repeated until convergence. If
the new point is outside the feasible region, then the nearest point lying inside the
feasible region is used.

With SLP there is no guarantee of convergence or global optimality. The method is
widely used, nonetheless, as it is a simple extension of linear programming. It should
be noted that whenever discontinuous linear functions are used to approximate a
nonlinear function, then the problem behaves like an SLP. There is no guarantee of
convexity or convergence to the optimal solution.

Successive Quadratic Programming (SQP)

The SQP algorithm is similar to SLP, but instead approximates f(x) as a quadratic
function and uses quadratic programming methods that give faster convergence than
SLP. SQP works well for highly nonlinear problems with relatively few variables, for
example, optimizing a process simulation or the design of a single piece of equipment.
Biegler et al. (1997) suggest SQP is the best method for problems with fewer than 50
variables and where the gradients must be found numerically.

Reduced Gradient Method

Reduced gradient methods are related to the SIMPLEX algorithm. The method
linearizes the constraints and introduces slack and surplus variables to transform the
inequalities into equalities. The n-dimensional vector x is then partitioned into n – m
independent variables, where m is the number of constraints. A search direction is
determined in the space of the independent variables, and a quasi-Newton method is
used to determine an improved solution of f(x) that still satisfies the nonlinear
constraints. If all the equations are linear, this reduces to the SIMPLEX method
(Wolfe, 1962). Various algorithms have been proposed, using different methods for
carrying out the search and returning to a feasible solution, for example, the gener-
alized reduced gradient (GRG) algorithm (Abadie and Guigou, 1969) and theMINOS
algorithm (Murtagh and Saunders, 1978, 1982).

Reduced gradient methods are particularly effective for sparse problems with a
large number of variables. A problem is said to be sparse if each constraint involves
only a few of the variables. This is a common situation in design problems, where
many of the constraints are written in terms of only one or two variables. Reduced
gradient methods also work better when many of the constraints are linear, as less
computational time is spent linearizing constraints and returning the solution to the
feasible region. Because of the decomposition of the problem, fewer calculations are
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required per iteration, particularly if analytical expressions for the gradients are
known (which is usually not the case in design). The reduced gradient method is
often used in optimizing large spreadsheet models.

All of the nonlinear programming algorithms can suffer from the convergence and
local optima problems described in Section 1.9.7. Probabilistic methods such as
simulated annealing and genetic algorithms can be used if it is suspected that the
feasible region is nonconvex or multiple local optima are present.

1.9.10. Mixed Integer Programming

Many of the decisions faced in operations involve discrete variables. For example, if we
need to ship 3.25 trucks of product from plant A to plant B each week, we could send 3
trucks for 3 weeks and then 4 trucks in the fourth week, or we could send 4 trucks each
week, with the fourth truck only one-quarter filled, but we cannot send 3.25 trucks
every week. Some common operational problems involving discrete variables include

& Production scheduling: Determine the production schedule and inventory to
minimize the cost of meeting demand. This is particularly important for batch
plants, when the plant can make different products.

& Transshipment problems and supply chain management: Satisfy demands at
different producing plants and sales destinations from different supply points,
warehouses, and production facilities.

& Assignment problems: Schedule workers to different tasks.

Discrete variables are also sometimes used in process design, for example, the
number of trays or the feed tray of a distillation column, and in process synthesis,
to allow selection between flowsheet options, as described later.

Discrete decisions are addressed in operations research by introducing integer
variables. When integer variables are introduced, a linear program becomes a mixed-
integer linear program (MILP), and a nonlinear program becomes a mixed-integer
nonlinear program (MINLP). Binary integer variables are particularly useful, as they
can be used to formulate rules that enable the optimization program to choose between
options. For example, if we define y as a binary integer variable such that

if y ¼ 1 a feature exists in the optimal solution, and

if y = 0 the feature does not exist in the optimal solution,

then we can formulate constraint equations such as:

Xn
i¼1

yi ¼ 1 choose only one of n options

Xn
i¼1

yi # m choose at most m of n options

Xn
i¼1

yi $ m choose at least m of n options

yk � yj # 0 if item k is selected, item j must be selected, but not vice versa
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g1ðxÞ �My # 0

g2ðxÞ �Mð1� yÞ # 0

M is a large scalar value

9>=
>; either g1(x) # 0 or g2(x) # 0

The last rule listed here can be used to select between alternative constraints.

Mixed-Integer Programming Algorithms

Although integer variables are convenient for problem formulation, if too many
integer variables are used, the number of options explodes in a combinatorial manner
and solution becomes difficult.MILP problems can be solved efficiently usingmethods
such as the ‘‘branch and bound’’ algorithm. The branch and bound method starts by
treating all integer variables as continuous and solving the resulting LPorNLP to give a
first approximation. All integer variables are then rounded to the nearest integer to give
a second approximation. The problem is then partitioned into two new integer
problems for each integer variable that had a nonintegral solution in the first approxi-
mation. In one branch a constraint is added that forces the integer variable to be greater
than or equal to the next highest integer, while in the other branch a constraint is added
that forces the variable to be equal to or less than the next lowest integer. For example,
if a variable was found to have an optimal value y ¼ 4.4 in the first approximation,
then the new constraints would be y $ 5 in one branch and y # 4 in the other.
The branched problems are then solved to give new first approximations, and the
branching procedure is repeated until an integer solution is found.

When an integer solution is found, it is used to set a bound on the value of the
objective. For example, in a minimization problem, the optimal solution must be less
than or equal to the bound set by this integral solution. Consequently, all branches
with greater values of the objective can be discarded, as forcing the variables in these
branches to integer values will lead to deterioration in the objective rather than
improvement. The procedure then continues branching on all the nonintegral integer
variables from each first approximation, and setting new bounds each time an im-
proved integer solution is found, until all of the branches have been bounded and the
optimal solution has been obtained. See Hillier and Lieberman (2002) or Edgar and
Himmelblau (2001) for details of the algorithm and examples of its application.

The branch and bound method can be used for MINLP problems, but it requires
solving a large number of NLP problems and is, therefore, computationally intensive.
Instead, methods such as the Generalized Benders’ Decomposition and Outer
Approximation algorithms are usually preferred. These methods solve a master
MILP problem to initialize the discrete variables at each stage and then solve an
NLP subproblem to optimize the continuous variables. Details of these methods are
given in Biegler et al. (1997) and Diwekar (2003).

Superstructure Optimization

Binary integer variables can be used to formulate optimization problems that choose
between flowsheet options. For example, consider the problem of selecting a reactor.
We can set up a unit cell consisting of a well-mixed reactor, a plug-flow reactor and a
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bypass in parallel, each with a valve upstream, as illustrated in Figure 1.19a. If a binary
variable is used to describe whether the valve is open or closed and a constraint is
introduced such that only one of the valves is open, then the optimization will select
the best option. A set of such unit cells can be built into a superstructure, incorpor-
ating additional features such as recycles, as shown schematically in Figure 1.19b.
A more rigorous superstructure that encompasses other options such as side-stream
feeds to the PFR was developed by Kokossis and Floudas (1990).

The optimization of such a superstructure can identify reactor networks or mixing
arrangements that would not be intuitively obvious to the design engineer. Similar
superstructure formulations have been proposed for other process synthesis problems
such as distillation column sequencing, design of heat exchange networks, and design
of site utility systems. Biegler et al. (1997) give an excellent overview of the use of
superstructure-based methods in process synthesis.

1.9.11. Optimization in Industrial Practice

Optimization of Process Operations

Perhaps not surprisingly, operations research methods are widely used in process
operations. Few manufacturing plants do not use LP or MILP tools for planning and
scheduling. Supply chain management is very important to economic performance
and is usually carried out using large MILP models. The models used in industry for
these purposes are often not very sophisticated, but proper formulation of constraints
and the ability to solve robustly with a large number of variables are usually more
important features of tools for these applications.

(b)

(a)

Binary variable determines if 
valve is open or closed

3

i =1

yi = 1Σ

Figure 1.19. Application of integer programming to reactor design. (a) Unit cell of reactor

options. (b) Superstructure of unit cells and recycles.
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Optimization of Batch and Semicontinuous Processes

In batch operation, there will be periods when product is being produced, followed by
nonproductive periods when the product is discharged and the equipment prepared
for the next batch. The rate of production will be determined by the total batch time,
productive plus nonproductive periods.

Batches per year ¼ 8760� plant attainment

batch cycle time
(1:8)

where the ‘‘plant attainment’’ is the fraction of the total hours in a year (8760) that the
plant is in operation.

Annual production ¼ quantity produced per batch � batches per year:

Cost per unit of production ¼ annual cost of production

annual production rate
(1:9)

With many batch operations, the production rate decreases during the production
period; for example, batch reactors and plate and frame filter presses. There is then an
optimum batch size, or optimum cycle time, that gives the minimum cost per unit of
production.

For some continuous processes, the period of continuous production will be limited
by gradual changes in process conditions. Examples include the deactivation of catalysts
or the fouling of heat exchange surfaces. Production is lost during the periods when the
plant is shut down for catalyst renewal or equipment clean-up. As with batch processes,
there is an optimum cycle time to give the minimum production cost. The optimum
time between shutdowns can be found by determining the relationship between cycle
time and cost per unit of production (the objective function) and using one of the
optimization techniques outlined in this section to find the minimum.

With discontinuous processes, the period between shutdowns will usually be a
function of equipment size. Increasing the size of critical equipment will extend the
production period, but at the expense of increased capital cost. The designer must
strike a balance between the savings gained by reducing the nonproductive period and
the increased investment required.

In some batch plants, several trains of identical equipment are operated in a
sequence that allows some degree of heat recovery or enables downstream equipment
to operate continuously. In this type of plant the time allowed for each operation in
the sequence is optimized so that an overall schedule for the plant can be developed.
Scheduling of batch processes is described in Biegler et al. (1997).

Optimization in Process Design

Few, if any, industrial designs are rigorously optimized. This is because

A. The cost of building rigorous models of reactor kinetics and hydraulics that give
accurate prediction of byproduct yields is usually not justified. The amount
of time available for the project is usually insufficient for such models to be
built.
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B. The uncertainty in the forecasts of future prices is usually so large that it
dominates most differences between design alternatives.

C. Regardless of the quality of the tools used, or the experience of the estimator, it
is usually impossible to make a capital cost estimate within +15% without
completing a substantial amount of design work (see Chapter 6). Many design
decisions are thus made on the basis of sketchy cost estimates. The cost of going
back and revisiting these design decisions at a later stage in the project when
more design detail is available is usually not justified.

D. Criteria such as safety, operability, reliability, and flexibility are of vital impor-
tance in process design. These features make the design more robust to vari-
ations in the design assumptions and operating requirements. A safe, operable,
and reliable plant will often require more expense above the cost of the
‘‘optimal’’ design. This extra expense is difficult to trade off against the non-
financial benefits of having a process that is easier to run.

E. In most cases there are several ‘‘near optimal’’ designs. The difference between
the values of the objective obtained for each of these is often not statistically
significant, given the errors in prices, cost estimates, and yields.

In industrial process design, optimization usually involves carrying out sufficient
analysis to be certain that the design is reasonably close to the optimum. The most
important things for the design engineer to understand are

A. What are the constraints on the design?
B. Which constraints are hard (inviolable) and which are soft (can be modified)?
C. Where are the discontinuities in cost? For example, what conditions cause a

change to a more costly metallurgy or a different design code?
D. What are the main design trade-offs?
E. How does the objective function vary with the main process parameters?
F. What are the major cost components of the process (both capital and operating

costs), and what radical changes could be made to the process to reduce these
costs?

Experienced design engineers usually think through these questions carefully, to
satisfy themselves that their design is ‘‘good enough.’’ Only very occasionally do they
formulate an optimization problem and solve it rigorously.

Example 1.1

Optimize the design of a distillation column to separate 225 metric tons per hour of
an equimolar mixture of benzene, toluene, ethylbenzene, paraxylene, and orthoxy-
lene with minimum total annualized cost. The feed is a saturated liquid at 330 kPa.
The recovery of toluene in the distillate should be greater than 99%, and the recovery
of ethylbenzene in the bottoms should be greater than 99%.

Solution

The first step is to determine the design factor. If we assume a design factor of 10%,
then the equipment should be designed for a flow rate of 248 metric tons per hour
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(te/h). This flow rate is used in simulating the process for the purpose of sizing
equipment, but energy consumption must be based on the reboiler and condenser
duties expected for a 225 te/h feed rate.

This is a single distillation column, which is easy to model in any of the commercial
simulation programs. UniSimTM Process Design (Honeywell Inc.) was used for the
purpose of this example. The simulation was set up using the component recoveries of
toluene and ethylbenzene as column specifications, which gave rapid convergence.
Tray sizing calculations were run using the UniSimTM tray sizing utility. A tray spacing
of 0.61m (2 feet) was assumed, and other tray parameters were left at the UniSimTM

default values. Two meters were added to the column height to allow space for a sump
and demister. Sieve trays were used and the stage efficiency was assumed to be 80%.

To optimize the design, we need to formulate an objective function. The distillation
column has the following cost components:

& Capital costs: Column shell, internals, condenser, receiver drum, reboiler,
pumps, piping, instrumentation, structure, foundations, etc.

& Operating costs: Cost of heating for the reboiler and cost of cooling for the
condenser.

The purchased equipment costs can be estimated based on information from the
process simulation using the cost correlations given in Section 6.3. The column shell is
a pressure vessel and the design can be completed using the methods given in Chapter
13. The details of how to complete these calculations are not important here, but
Example 13.2 and Example 6.2 provide detailed explanations of the method fol-
lowed. Carbon steel construction was assumed. The purchased equipment costs can
be converted into an installed capital cost by multiplying by an installation factor. For
the purposes of this example, the installation factor can be assumed to be 4.0 (see
Section 6.3.3). The installed capital costs can be converted into an annual capital
charge by dividing by 3, using a rule of thumb that is developed in Section 6.7.6.

The operating costs are simple to estimate from the condenser and reboiler duties if
the cost of energy is known. For this example, the cost of heat is taken as $5.5/GJ and
the cost of cooling is $0.2/GJ.

The objective function can then be written as

Min:: Total annualized cost (TAC) ¼ cost of heatingþ cost of cooling
þ annualized capital cost

¼ 5:5Qr þ 0:2Qc

þ (4=3) (S purchased equipment costs)

where:

Qr ¼ annual reboiler energy consumption (GJ/yr)
Qc ¼ annual condenser energy consumption (GJ/yr)

The optimization problem is strictly a MINLP, as we need to consider discrete
variables (number of trays, feed tray) as well as continuous variables (reflux ratio,
reboiler duty, etc.). This problem is actually relatively easy to formulate and solve
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rigorously, but instead we will step through the calculation to illustrate how an
experienced industrial designer would approach the problem.

Table 1.3 gives the results of several iterations of the optimization.

A. To begin, we need to find a feasible solution. As an initial guess, we can use
40 trays with the feed on tray 20. The column converges with a reflux ratio of
3.34 and diameter 5.49m. This is large but not unreasonable for such a high
flow rate. When we look at the components of the total annualized cost, the
capital is contributing $0.8MM/yr and energy is contributing $8.6MM/yr, so
the costs are dominated by energy cost. It is clear that adding more stages and
reducing the reflux ratio will reduce the total cost. (If capital costs were
dominating, then we would reduce the number of stages.) There is no upper
hard constraint on column height, but there is a soft constraint. At the time of
writing, there are only 14 cranes in the world that can lift a column taller than
80m. There are 48 cranes that can lift a column up to 60m. We can therefore
expect that the cost of lifting a column >60m height will go up as it becomes
more expensive to rent the necessary equipment for installation. We can start
by assuming a soft constraint that the maximum height must be less than 60m.

B. Using 90 trays with feed on tray 45 gives a reflux ratio of 2.5 and diameter
4.42m. The column height is 56m, which allows some space for vessel supports
and clearance for piping at the column base and still comes in under the 60m
target. The capital cost increases to $0.95MM/yr, while energy cost is reduced
to $6.96MM/yr, giving a total annualized cost of $7.91MM/yr and savings of
$1.5MM/yr relative to the initial design.

C. We should explore whether going to an even taller column would make sense.
We can investigate this by increasing the installation factor from 4 to 5 for the
column shell to allow for the higher cost of using one of the larger cranes. If we
increase the number of trays to 120, the column height is 75m, which will give
a total height of close to 80m when installed. The total annualized cost
increases to $8.2MM/yr, so we can conclude that it is probably not economical

TABLE 1.3. Optimization Results

Iteration Number 1 2 3 4 5 6 7 8 9

Number of trays 40 90 120 70 80 76 84 80 80
Feed tray 20 45 60 35 40 38 42 27 53

Column height (m) 26.4 56.9 75.2 44.7 50.8 48.4 53.2 50.8 50.8

Column diameter (m) 5.49 4.42 4.42 4.42 4.42 4.42 4.42 4.42 4.57

Reflux ratio 3.34 2.50 2.48 2.57 2.52 2.54 2.51 2.48 2.78

Reboiler duty, Qr (GJ) 34.9 28.3 28.2 28.8 28.5 28.6 28.4 28.2 30.4
Condenser duty, Qc (GJ) 33.9 27.3 27.2 27.8 27.5 27.6 27.4 27.2 29.4

Annualized capital cost (MM$/yr) 0.82 0.95 1.25 0.83 0.89 0.87 0.91 0.89 0.94
Annual energy cost (MM$/yr) 8.59 6.96 6.93 7.10 7.01 7.04 6.99 6.93 7.50

Total annualized cost (MM$/yr) 9.41 7.91 8.18 7.93 7.900 7.905 7.904 7.82 8.44
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to go to a total height above 60m. We can notice though that the reflux ratio
didn’t change much when we added extra trays. This suggests that we are
getting close to minimum reflux. It might therefore be worth backing off
from the maximum column height constraint to see if there is an optimum
number of trays.

D. Adding a design with 70 trays and feed on tray 35 (roughly halfway between 40
and 90) gives reflux ratio 2.57 and total annualized cost $7.94MM/yr. This is
not an improvement on the 90-tray design, so the optimummust be between 70
and 90 trays.

E. A design with 80 trays and feed on tray 80 (halfway between 70 and 90) gives
reflux ratio 2.52 and total annualized cost $7.900MM/yr. This is better than 70
or 90 trays. If we wanted to proceed further to establish the optimum, we could
continue reducing the search space using a regular search until we get to the
optimum number of trays. Instead, an experienced designer would note that the
difference in cost within the range examined ($0.03MM/yr) is relatively small
compared with the error in the capital cost estimate (+30%, or $0.29MM/yr).
Since the optimum appears to be fairly flat with respect to number of trays over
the range 70 to 90, it is reasonable to take the optimum as 80 trays. (As a
confirmation, iterations 6 and 7, with 76 and 84 trays indicate that the optimum
indeed lies at 80+ 2 trays).

F. Having fixed the number of trays at 80, we should now optimize the feed tray.
We start by adding two new points, with the feed trays at trays 27 and 53. These
give total annualized costs of $7.82MM/yr and $8.43MM/yr, respectively. The
minimum cost is given by the lower bound on feed tray location. If we try a
higher feed tray (say, tray 26), the UniSimTM tray sizing utility gives a warning
‘‘head loss under downcomers is too large.’’ We could overcome this warning by
modifying the tray design, but once again we can notice that the annualized cost
savings that we have gained by optimizing the feed tray ($0.08MM/yr) is small
compared to the error in the capital cost, so the design with feed tray 27 is close
enough to optimum.

The column design is thus set at 80 trays, with feed on tray 27, giving a column
50.8m high and 4.42m diameter.

The solution obtained is ‘‘good enough’’ but is not rigorously optimal. Several
possible variations in flow scheme were not considered. For example, we could have
examined use of feed preheat, intermediate stage condensers or reboilers, or more
efficient column internals such as high-efficiency trays or structured packing. The
column cost may also be reduced if different diameters or different internals were
used in the rectifying and stripping sections. In the broader context of the process,
it may be possible to supply the heat required for the reboiler using heat recovered
from elsewhere in the process, in which case the cost of energy will be reduced
and the capital energy trade-off will be altered. In the overall process context, we
could also question whether the column needs such high recoveries of toluene and
ethylbenzene, since the high recoveries clearly lead to a high reflux rate and column
energy cost.

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 43 27.10.2007 4:30pm Compositor Name: jananthakumar

1.9. OPTIMIZATION 43



1.10. REFERENCES

Abadie, J. and Guigou, J. (1969) Gradient réduit generalisé, Électricité de France Note HI
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1.11. NOMENCLATURE
Dimensions
in
$MLTu

a A constant —
b A constant —
f(x) General function of x —
f ’(x) First derivative of function of x with respect

to x
—

f ’’(x) Second derivative of function of x with
respect to x

—

FR The set of points contained in a feasible
region

—

g(x) A mi vector of inequality constraints —
g(x) General inequality constraint equation in x —
h(x) A me vector of equality constraints —
h(x) General equality constraint equation in x —
h Step length in a search algorithm —
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Dimensions
in
$MLTu

M A large scalar constant —
m Number of constraints —
me Number of equality constraints —
mi Number of inequality constraints —
n Number of variables —
Qc Condenser duty in distillation ML2T�3

Qr Reboiler duty in distillation ML2T�3

S1, S2 . . . Slack and surplus variables —
T Temperature u
Talloy Maximum allowed temperature for an alloy u
TA, TB, TC Maximum allowed temperature for alloys A,

B, and C
u

U Overall heat transfer coefficient MT�3u�1

x A vector of n decision variables —
x1, x2 . . . Continuous variables —
y1, y2 . . . Integer (discrete) variables —
z The objective (in optimization) —
a A constant between 0.0 and 1.0 —
« Fraction of search range or tolerance for

convergence
—

DT Temperature difference u
DToptimum The optimal minimum temperature approach

in heat recovery
u

dx1, dx2 Small increments in x1 and x2 —
v Ratio used in golden section search

(¼ 0.381966)
—

Suffixes
D1 lower side of a discontinuity
D2 upper side of a discontinuity
i ith variable
j jth variable
k kth iteration
L lower bound
S stationary point
U upper bound

1.12. PROBLEMS

1.1. Develop project plans for the design and construction of the following
processes. Use Figure 1.2 as a guide to the activities that must occur. Estimate
the overall time required from launching the project to the start of operation.

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 45 27.10.2007 4:30pm Compositor Name: jananthakumar

1.12. PROBLEMS 45



i. A petrochemical process using established technology, to be built on an
existing site;

ii. A process for full-scale manufacture of a new drug, based on a process
currently undergoing pilot plant trials;

iii. A novel process for converting cellulose waste to fuel products;
iv. A spent nuclear fuel reprocessing facility;
v. A solvent recovery system for an electronics production facility.

1.2. You are the project manager of a team that has been asked to complete the
design of a chemical plant up to the stage of design selection. You have three
engineers available (plus yourself), and the work must be completed in 10
weeks. Develop a project plan and schedule of tasks for each engineer. Be sure
to allow sufficient time for equipment sizing, costing, and optimization.
What intermediate deliverables would you specify to ensure that the project
stays on track?

1.3. A separator divides a process stream into three phases: a liquid organic
stream, a liquid aqueous stream, and a gas stream. The feed stream contains
three components, all of which are present to some extent in the separated
steams. The composition and flow rate of the feed stream are known. All the
streams will be at the same temperature and pressure. The phase equilibrium
constants for the three components are available.
i. How many design variables must be specified in order to calculate the

output stream compositions and flow rates?
ii. How would you optimize these variables if the objective of the separator

was to maximize recovery of condensable components into the organic
liquid stream? What constraints might limit the attainable recovery?

1.4. A rectangular tank with a square base is constructed from 5mm steel plates. If
the capacity required is 8 cubic meters, determine the optimum dimensions if
the tank has
i. A closed top.
ii. An open top.

1.5. Estimate the optimum thickness of insulation for the roof of a house given the
following information. The insulation will be installed flat on the attic floor.
Overall heat transfer coefficient for the insulation as a function of thickness,
U values (see Chapter 12):

thickness, mm 0 25 50 100 150 200 250
U, Wm�2K�1 20 0.9 0.7 0.3 0.25 0.20 0.15

The cost of insulation, including installation, is $120=m3. Capital charges
(see Chapter 6) are 20% per year. The cost of fuel, allowing for the effi-
ciency of the heating system is $8/GJ. The cost of cooling is $5/GJ. Average
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temperatures for any region of the United States or Canada can be found
online at www.weather.com (under the Averages tab). Assume the house is
heated or cooled to maintain an internal temperature in the range 70 to 808F.

Note: The rate at which heat is being lost or gained is given by U � DT, W=m2, where
U is the overall coefficient and DT is the temperature difference; see Chapter 12.

1.6. What is the optimum practical shape for an above-ground dwelling, to min-
imize the heat losses through the building fabric? When is (or was) this
optimum shape used? Why is this optimum shape seldom used in richer
societies?

1.7. Hydrogen is manufactured from methane by either steam reforming (reac-
tion with steam) or partial oxidation (reaction with oxygen). Both processes
are endothermic. What reactor temperature and pressure would you expect
to be optimal for these processes? What constraints might apply?

1.8. Ethylene and propylene are valuable monomers. A key step in the recovery
of these materials is fractionation of the olefin from the corresponding
paraffin (ethane or propane). These fractionation steps require refrigeration
of the overhead condenser and very large distillation columns with many
stages. Raising the pressure at which the column operates improves the
performance of the refrigeration system but increases the number of stages
needed. Formulate the objective function for optimizing the recovery of
ethylene from an ethylene-ethane mixture. What are the key constraints?
What will be the main trade-offs?

1.9. If you had to design a plant for pasteurizing milk, what constraints would
you place on the design?

1.10. A catalytic process was designed to make 150 metric tons per year of
product with a net profit of $0.25/lb of product. The catalyst for the process
costs $10/lb and it takes 2 months to shut down the process, empty the old
catalyst, reload fresh catalyst, and restart the process. The feed and product
recovery and purification sections can be pushed to make as much as 120%
of design basis capacity. The reactor section is sized with sufficient catalyst
to make 100% of design basis when operated with fresh catalyst at 5008F.
The reactor can be operated at temperatures only up to 6208F, for safety
reasons. The reactor weight hourly space velocity (lb of product per hour
per lb of catalyst) is given by the equation

WHSV ¼ 4:0� 106 exp
�8000

T

� �
exp (� 8:0� 105 � t� T)

where

t ¼ time on stream in months
T ¼ temperature
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Find the optimal temperature versus time profile for the reactor and
determine how long the process should be operated before the catalyst is
changed out. (Hint: The initial temperature does not have to be 5008F.)

1.11. The following portfolio of investment projects has been proposed for a
company for next year:

Project

Net Present

Value (MM$)

Cost

(MM$)

A 100 61

B 60 28

C 70 33
D 65 30

E 50 25

F 50 17
G 45 25

H 40 12

I 40 16

J 30 10

i. Develop a spreadsheet optimization program to select the optimal
portfolio of projects to maximize total portfolio net present value
(NPV), given a total budget of $100 million. (This is a simple MILP.)

ii. How would the portfolio and NPV change if the budget was increased
to $110 million?

iii. Because of corporate cost-cutting, the budget is reduced to $80 million.
Which projects are now funded and what is the new NPV?

iv. Based on your answers to parts (i) to (iii), can you draw any conclusions
on which projects are likely to be funded regardless of the financial
situation?

v. Can you see any problems with this project selection strategy? If so,
how would you recommend they should be addressed?

Towler & Sinnot / Towler & Sinnott Chap01 Final Proof page 48 27.10.2007 4:30pm Compositor Name: jananthakumar

48 CHAPTER 1 INTRODUCTION TO DESIGN



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Symbol
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF0045006c0073006500760069006500720020005000720065007300730020005000440046002000530070006500630073002000560065007200730069006f006e0020004100630072006f00620061007400200036000d0052006f0062002000760061006e002000460075006300680074002c0020005300510053002c00200045006c007300650076006900650072002000420056>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


