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Unit One
General Chemical Engineering
Lesson 1

Chemical Engineering

Chemical engineering is the development of processes and the design and operation of
plants in which materials undergo changes in physical or chemical state on a technical scale.
Applied throughout the process industries, it is founded on the principles of chemistry,
physics, and mathematics. The laws of physical chemistry and physics govern the
practicability and efficiency of chemical engineering operations. Energy changes, deriving
from thermodynamic considerations, are particularly important. Mathematics is a basic tool in
optimization and modeling. Optimization means arranging materials, facilities, and energy to
yield as productive and economical an operation as possible. Modeling is the construction of
theoretical mathematical prototypes of complex process systems, commonly with the aid of
computers.

Chemical engineering is as old as the process industries. Its heritage dates from the
fermentation and evaporation processes operated by early civilizations. Modern chemical
engineering emerged with the development of large-scale, chemical-manufacturing operations
in the second half of the 19th century. Throughout its development as an independent
discipline, chemical engineering has been directed toward solving problems of designing and
operating large plants for continuous production.

Manufacture of chemicals in the mid-19th century consisted of modest craft operations.
Increase in demand, public concern at the emission of noxious effluents, and competition
between rival processes provided the incentives for greater efficiency. This led to the
emergence of combines with resources for larger operations and caused the transition from a
craft to a science-based industry. The result was a demand for chemists with knowledge of
manufacturing processes, known as industrial chemists or chemical technologists. The term
chemical engineer was in general use by about 1900. Despite its emergence in traditional
chemicals manufacturing, it was through its role in the development of the petroleum industry
that chemical engineering became firmly established as a unique discipline. The demand for
plants capable of operating physical separation processes continuously at high levels of
efficiency was a challenge that could not be met by the traditional chemist or mechanical
engineer.

A landmark in the development of chemical engineering was the publication in 1901 of
the first textbook on the subject, by George E. Davis, a British chemical consultant. This
concentrated on the design of plant items for specific operations. The notion of a processing



plant encompassing a number of operations, such as mixing, evaporation, and filtration, and
of these operations being essentially similar, whatever the product, led to the concept of unit
operations’. This was first enunciated by the American chemical engineer Arthur D. Little in
1915 and formed the basis for a classification of chemical engineering that dominated the
subject for the next 40 years. The number of unit operations — the building blocks of a
chemical plant — is not large. The complexity arises from the variety of conditions under
which the unit operations are conducted.

In the same way that a complex plant can be divided into basic unit operations, so
chemical reactions involved in the process industries can be classified into certain groups, or
unit processes (e.g., polymerizations, esterifications, and nitrations), having common
characteristics®. This classification into unit processes brought rationalization to the study of
process engineering.

The unit approach suffered from the disadvantage inherent in such classifications: a
restricted outlook based on existing practice. Since World War II, closer examination of the
fundamental phenomena involved in the various unit operations has shown these to depend on
the basic laws of mass transfer, heat transfer, and fluid flow. This has given unity to the
diverse unit operations and has led to the development of chemical engineering science in its
own right; as a result, many applications have been found in fields outside the traditional
chemical industry.

Study of the fundamental phenomena upon which chemical engineering is based has
necessitated their description in mathematical form and has led to more sophisticated
mathematical techniques®’. The advent of digital computers has allowed laborious design
calculations to be performed rapidly, opening the way to accurate optimization of industrial
processes. Variations due to different parameters, such as energy source used, plant layout,
and environmental factors, can be predicted accurately and quickly so that the best
combination can be chosen®.

Chemical Engineering Functions. Chemical engineers are employed in the design
and development of both processes and plant items. In each case, data and predictions often
have to be obtained or confirmed with pilot experiments. Plant operation and control is
increasingly the sphere of the chemical engineer rather than the chemist. Chemical
engineering provides an ideal background for the economic evaluation of new projects and, in
the plant construction sector, for marketing.

Branches of Chemical Engineering. The fundamental principles of chemical
engineering underlie the operation of processes extending well beyond the boundaries of the
chemical industry, and chemical engineers are employed in a range of operations outside
traditional areas. Plastics, polymers, and synthetic fibers involve chemical reaction
engineering problems in their manufacture, with fluid flow and heat transfer considerations



dominating their fabrication®. The dyeing of a fiber is a mass-transfer problem. Pulp and
paper manufactures involve considerations of fluid flow and heat transfer. While the scale and
materials are different, these again are found in modern continuous production of foodstuffs.
The pharmaceuticals industry presents chemical engineering problems, the solutions of which
have been essential to the availability of modern drugs. The nuclear industry makes similar
demands on the chemical engineer, particularly for fuel manufacture and reprocessing.
Chemical engineers are involved in many sectors of the metals processing industry, which
extends from steel manufacture to separation of rare metals®.

Further applications of chemical engineering are found in the fuel industries. In the
second half of the 20th century, considerable numbers of chemical engineers have been
involved in space exploration, from the design of fuel cells to the manufacture of propellants’.
Looking to the future, it is probable that chemical engineering will provide the solution to at
least two of the world’s major problems: supply of adequate fresh water in all regions through
desalination of seawater and environmental control through prevention of pollution.

(C. Ha and C. Hanson)
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Comprehension and Toward Interpretation

Ll oA

What are chemical engineering and its content?
What concept is the landmark in the development of chemical engineering?
What are the basic laws of chemical engineering science?

Name the functions and branches of chemical engineering you know.



Reading Material

What is Chemical Engineering

Society can associate civil engineers with huge new building complexes and bridges,
electronic and electrical engineers with telecommunications and power generation, and
mechanical engineers with advanced machinery and automobiles. However, chemical
engineers have no obvious monuments which create an immediate awareness of the discipline
in the public mind. Nevertheless, the range of products in daily use which are efficiently
produced as a result of the application of chemical engineering expertise is enormous. The list
given in Table | is not cxhaustive, and any reader who grasps the key element, which involves
the conversion of raw materials into a useful product, will be able to extend it. Although the
products are unglamorous, the creation and operation of cost-effective processes to produce
them is often challenging and exciting.

The term “chemical engineer™ implies that the person is primarily an engineer whose first
professional concern is with manufacturing processes -— making something, or making some
process work. The adjective “chemical” implies a particular interest in processes which
involve chemical changes. While the main term is correct, the adjective is too restrictive and
the literal definition will not suffice. Taken at face value, it would exclude many areas in
which chemical engineers have made their mark, for example, textiles, nuclear fuels and the
food industry. Thus the Institution of Chemical Engineers defines chemical engineering as
“that branch of engineering which is concerned with processes in which materials undergo a
required change in composition, energy content or physical state: with the means of
processing; with the resulting products, and with their application to useful ends”. It is
perhaps too presumptuous to insist that the term “process engineer” should replace the term
“chemical engineer”, and so the two will be used synonymously.

It should also be noted that large-scale processes involving biological systems (such as
waste water treatment and production of protein) fit the definition as well as traditional
chemical processes such as the production of fertilizers and pharmaceuticals.

The work of chemical engineers will be examined by way of four case studies in the
second part of this chapter, but to complete the definition, explicit mention of the concern that
process operations be both safe and economic must be made.

A jocular, helpful, but very incomplete description is that, “a chemical engineer is a
chemist who is aware of money™. Although this neglects many, if not most, aspects of a
chemical engineer’s training, it does illustrate one important facet of any engineer’s work.
When working on a large scale, the cost of equipment and raw materials are more important
than the cost of manpower. While the research chemist might use aqueous potassium



hydroxide to neutralize acids, because it is pure and readily available, the chemical engineer
will specify a cheaper alternative, provided that it serves the same purpose. Two obvious
substitutes are aqueous sodium hydroxide, which is available at less than a tenth of the cost,
or calcium hydroxide, which is even cheaper, but harder to handle. In choosing between these
cheaper alternatives, an engineer has to balance the cost of handling a slurry (calcium

hydroxide is sparingly soluble) against the higher price of sodium hydroxide.

Table1 A selection of everyday products whose manufacture involves
the application of chemical engineering

process Product grouping or production

1. Household products in daily use

2. Health care products

3. Automotive fuels / Petroleum refining

4. Other chemicals in daily use

5. Horticultural products

5. Metals
Polymerization, extrusion and molding of thermoplastics

8. Polymerization, production and spinning of synthetic fibers
Electronics

10. Fats and oils

I1. Fermentation

12. Dairy products

13. Gas treatment and transmission

Some of the more familiar examples

Detergents, polishes, disinfectants

Pharmaceuticals, toiletries, antiseptics, anesthetics

Petrol, diesel, lubricants

Latex paints, rubber, anti-freeze, refrigerants, insulation materials

Fertilizers, fungicides, insecticides

Steel manufacture, zinc production

Washing-up bowls, baths, insulation for cables, road signs, children’s toys

Clothes, curtains, sheets, blankets

X N AL -

Raw materials, silicon, gallium arsenide, etchants, dopants

._.
e

Salad and cooking oils, margarine, soap

—
—

. Beer; certain antibiotics such as penicillin, yoghurts
Milk, butter, cheese, baby food
. Gas for heating and cooking

—_—
W N




Lesson 2

Traditional Paradigms of Chemical Engineering

Every scientific discipline has its characteristic set of problems and systematic methods
for obtaining their solution, that is, its paradigm. Chemical engineering is no exception. Since
its birth in the last century, its fundamental intellectual model has undergone a series of
dramatic changes.

When the Massachusetts Institute of Technology (MIT)' started a chemical engineering
program in 1888 as an option in its chemistry department, the curriculum largely described
industrial operations and was organized by specific products. The lack of a paradigm some
became apparent. A better intellectual foundation was required because knowledge from one
chemical industry was often different in detail to that from other industries, just as the
chemistry of sulfuric acid is very different from that of lubricating oil®.

The first paradigm for the discipline of chemical engineering was based on the unifying
concept of “unit operations™ proposed by Arthur D. Little* in 1915. It evolved in® response to
the need of economic large-scale® manufacture of commodity products. The concept of unit
operations held that any chemical manufacturing process could be resolved into a coordinated
series of operations such as pulverizing, drying, roasting, crystallizing, filtering, evaporating,
distilling, electrolyzing, and so on’. Thus, for example, the academic study of the specific
aspects of turpentine manufacture could be replaced by the genetic study of distillation, a
process common to many other industries. A quantitative form of the unit operations concept
emerged around 1920, just in time for the first gasoline crisis because of the rapidly growing
number of automobiles. The ability of chemical engineers to quantitatively characterize unit
operations such as distillation allowed for the rational design of the first modern oil refineries.
The first boom of employment of chemical engineers in the oil industry was on?®.

During this period of intensive developments of unit operations, other classical tools of
chemical engineering analysis were introduced or were extensively developed. These
included studies of the material and energy balancc of processes and fundamental
thermodynamic studies of multicomponent systems.

After World War 11, the gradual exhaustion of research problems in conventional unit
operations was seen. This led to the rise of a second paradigm for chemical engineering,
pioneered by the engineering science movement. Dissatisfied with empirical descriptions of
process equipment performance, chemical engineers began to reexamine unit operations from
a more fundamental point of view. The phenomena that take place in unit operations were
resolved into sets of molecular events. Quantitative mechanistic models for these events were

developed and used to analyze existing equipment, as well as to design new process



equipment. Mathematical models of processes and reactors were developed and applied to

capital-intensive industries such as commodity petrochemicals.
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The concept of unit operations held that any chemical manufacturing process could be
resolved into a coordinated series of operations such as pulverizing, drying, roasting,
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Comprehension and Toward Interpretation

AR -

What is the first paradigm for the discipline of chemical engineering?
How does the second paradigm differ from the first one?
What was the consequence of the second paradigm for chemical engineering?

According to your opinion, What are the most important aspects of chemical
engineering?



Reading Material

A New Paradigm for Chemical Engineering

Over the next few years, a confluence of intellectual advances, technological challenges,
and economic driving forces will shape a new model of what chemical engineering is and
what chemical engineers do.

A major force behind this evolution will be the explosion of new products and materials
that will enter the market during the next two decades. Whether from the biotechnology
industry, the electronics industry, or the high-performance materials industry, these products
will be critically dependent on structure and design at the molecular level for their usefulness.
They will require manufacturing processes that can precisely control their composition and
structure. These demands will create new opportunities for chemical engineers, both in
product design and in process innovation.

A second force that will contribute to a new chemical engineering paradigm is the
increased competition for worldwide markets. Product quality and performance are becoming
more important to global competition than ever before. The key to meeting these challenges is
innovation in process design, control, and manufacturing operations. It is particularly
important in the commodity chemical markets.

The third force shaping the future of chemical engineering is society’s increasing
awareness of health risks and environmental impacts from the manufacture, transportation,
sue, and ultimate disposal of chemicals. This will be an important source of new challenges to
chemical engineers.

Modem society will not tolerate a continuing occurrence of such incidents as the release
of methyl isocyanate at Bhopal (in 1985) and the contamination of the Rhine (in 1986). It is
up to the chemical engineering profession to act as the cradle-to-grave guardian for chemicals,
ensuring their safe and environmentalily sound use.

The fourth and most important force in the development of tomorrow’s chemical
engineering is the intellectual curiosity of chemical engineers themselves. As they extend the
limits of past concepts and ideas, chemical engineering researchers are creating new
knowledge and tools that will profoundly influence the training and practice of the next
generation of chemical engineers.

When a discipline adopts a new paradigm, exciting things happen, and the current era is
probably one of the most challenging and potentially rewarding times to be entering chemical
engineering. How can the unfolding pattern of change in the discipline be described?

The focus of chemical engineering has always been industrial processes that change the
physical state or chemical composition of materials. Chemical engineers engage in the

10



synthesis, design, testing, scale-up, operation, control, and optimization of these processes.

The traditional level of size and complexity at which they have worked on these problems

might be termed the mesoscale. Examples of this scale include reactors and equipment for *
single processes (unit operations) and combinations of unit operations in manufacturing plants.
Future research at the mesoscale will increasingly supplemented by studies of phenomena

taking place at molecular dimensions — the microscale — and the dimensions of extremely

complex systems — the macroscale.

Chemical engineers of the future will be integrating a wider range of scales than any
other branch of engineering. For example, some may work to relate the macroscale of
environment to the mesoscale of combustion systems and the microscale of molecular
reactions and transport. Others may work to relate the macroscale performance of a composite
aircraft to the mesoscale chemical reactor in which the wing was formed, the design of the
reactor perhaps having been influenced by studies of the microscale dynamics of complex
liquids.



