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PREFACE

Advances in the level of understanding of chemica engineering principles,
combined with the availability of new tools and new techniques, have led to an
increased degree of sophistication which can now be applied to the design of
industrial chemical operations. This fourth edition takes advantage of the
widened spectrum of chemical engineering knowledge by the inclusion of
considerable material on profitabilty evaluation, optimum design methods, con-
tinuous interest compounding, statistical analyses, cost estimation, and methods ,
for problem solution including use of computers. Special emphasis is placed on
the economic and engineering principles involved in the design of chemica
plants and equipment. An understanding of these principles is a prerequisite for
any successful chemical engineer, no matter whether the fina position is in
direct design work or in production, administration, sales, research, develop-
ment, or any other related field.

The expression plant design immediately connotes industrial applications;
consequently, the dollar sign must always be kept in mind when carrying out the
design of a plant. The theoretical and practical aspects are important, of course;
but, in the final anaysis, the answer to the question “Will we redize a profit
from this venture?’ amost aways determines the true value of the design. The
chemical engineer, therefore, should consider plant design and applied eco-
nomics as one combined subject.

The purpose of this book is to present economic and design principles as
applied in chemica engineering processes and operations. No attempt is made
to train the reader as a skilled economist, and, obvioudly, it would be impossible
to present al the possible ramifications involved in the multitude of different
plant designs. Instead, the goal has been to give a clear concept of the
important principles and genera methods. The subject matter and manner of
presentation are such that the book should be of value to advanced chemical
engineering undergraduates, graduate students, and practicing engineers. The

Xi
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information should also be of interest to administrators, operation supervisors,
and research or development workers in the process industries.

The first part of the text presents an overall analysis of the major factors
involved in process design, with particular emphasis on economics in the process
industries and in design work. Computer-aided design is discussed early in the
book as a separate chapter to introduce the reader to this important topic with
the understanding that this tool will be useful throughout the text. The various
costs involved in industrial processes, capital investments and investment re-
turns, cost estimation, cost accounting, optimum economic design methods, and
other subjects dealing with economics are covered both qualitatively and quanti-
tatively. The remainder of the text deals with methods and important factors in
the design of plants and equipment. Generalized subjects, such as waste
disposal, structural design, and equipment fabrication, are included along with
design methods for different types of process equipment. Basic cost data and
cost correlations are also presented for use in making cost estimates.

Illustrative examples and sample problems are used extensively in the text
to illustrate the applications of the principles to practical situations. Problems
are included at the ends of most of the chapters to give the reader a chance to
test the understanding of the material. Practice-session problems, as well as
longer design problems of varying degrees of complexity, are included in
Appendix C. Suggested recent references are presented as footnotes to show
the reader where additional information can be obtained. Earlier references are
listed in the first, second, and third editions of this book.

A large amount of cost data is presented in tabular and graphical form.
The table of contents for the book lists chapters where equipment cost data are
presented, and additional cost information on specific items of equipment or
operating factors can be located by reference to the subject index. To simplify
use of the extensive cost data given in this book, all cost figures are referenced
to the al-industry Marshall and Swift cost index of 904 applicable for January 1,
1990. Because exact prices can be obtained only by direct quotations from
manufacturers, caution should be exercised in the use of the data for other than
approximate cost-estimation purposes.

The book would be suitable for use in a one- or two-semester course for
advanced undergraduate or graduate chemical engineers. It is assumed that the
reader has a background in stoichiometry, thermodynamics, and chemica engi-
neering principles as taught in normal first-degree programs in chemica engi-
neering. Detailed explanations of the development of various design equations
and methods are presented. The book provides a background of design and
economic information with a large amount of quantitative interpretation so that
it can serve as a basis for further study to develop complete understanding of
the general strategy of process engineering design.

Although nomographs, simplified equations, and shortcut methods are
included, every effort has been made to indicate the theoretical background and
assumptions for these relationships. The true value of plan{ dasign and eco- . .
nomics for the chemical engineer is not found merely in"the ability to put
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numbers ‘in an equation and solve for a fina answer. The true value is found in
obtaining an understanding of the reasons why a given calculation method gives
a satisfactory result. This understanding gives the engineer the confidence and
ability necessary to proceed when new problems are encountered for which
there are no predetermined methods of solution. Thus, throughout the study of
plant design and economics, the engineer should always attempt to understand
the assumptions and theoretical factors involved in the various calculation
procedures and never fall into the habit of robot-like number plugging.

Because applied economics and plant design dea with practical applica
tions of chemical engineering principles, a study of these subjects offers an ideal
way for tying together the entire field of chemica engineering. The fina result
of a plant design may be expressed in dollars and cents, but this result can only
be achieved through the application of various theoretical principles combined
with industrial and practical knowledge. Both theory and practice are empha
sized in this book, and aspects of all phases of chemical engineering are
included.

The authors are indebted to the many industrial firms and individuals who
have supplied information and comments on the material presented in this
edition. The authors also express their appreciation to the following reviewers
who have supplied constructive criticism and helpful suggestions on the presen-
tation for this edition: David C. Drown, University of ldaho; Leo J. Hirth,
Auburn University; Robert L. Kabel, Pennsylvania State University; J. D.
Seader, University of Utah; and Arthur W. Westerberg, Carnegie Mellon
University. Acknowledgement is made of the contribution by Ronald E. West,
Professor of Chemical Engineering at the University of Colorado, for the new
Chapter 4 in this edition covering computer-aided design.

Max S. Peters
Klaus D. Timmerhaus



PROLOGUE

THE INTERNATIONAL SYSTEM OF UNITS (SD

As the United States moves toward acceptance of the International System of
Units, or the so-caled S| units, it is particularly important for the design
engineer to be able to think in both the S| units and the U.S. customary units.

From an international viewpoint, the United States is the last magjor country to
accept Sl, but it will be many years before the U.S. conversion will be
sufficiently complete for the design engineer, who must deal with the general
public, to think and write solely in Sl units. For this reason, a mixture of Sl and

U.S. customary units will be found in this text.

For those readers who are not familiar with all the rules and conversions
for Sl units, Appendix A of this text presents the necessary information. This
appendix gives descriptive and background information for the Sl units along
with a detailed set of rules for Sl usage and lists of conversion factors presented
in various forms which should be of specia value for chemical engineering
usage.

Chemica engineersin design must be totally familiar with SI and its rules.

Reading of Appendix A is recommended for those readers who have not
worked closdly and extensvely with Sl



CHAPTER

1

INTRODUCTION

In this modern age of industrial competition, a successful chemical engineer
needs more than a knowledge and understanding of the fundamental sciences
and the related engineering subjects such as thermodynamics, reaction kinetics,
and computer technology. The engineer must aso have the ability to apply this
knowledge to practical situations for the purpose of accomplishing something
that will be beneficial to society. However, in making these applications, the
chemical engineer must recognize the economic implications which are involved
and proceed accordingly.

Chemical engineering design of new chemical plants and the expansion or
revision of existing ones require the use of engineering principles and theories
combined with a practica redization of the limits imposed by industrial condi-
tions. Development of a new plant or process from concept evaluation to
profitable redlity is often an enormously complex problem. A plant-design
project moves to completion through a series of stages such as is shown in the
following;

=

. Inception

Preliminary evaluation of economics and market

. Development of data necessary for final design

Final economic evaluation

Detailed engineering design

Procurement

Erection

Startup and trial runs

. Production ‘.
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2 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

This brief outline suggests that the plant-design project involves a wide variety
of skills. Among these are research, market anaysis, design of individual pieces
of equipment, cost estimation, computer programming, and plant-location sur-
veys. In fact, the services of a chemical engineer are needed in each step of the
outline, either in a central creative role, or as a key advisor.

CHEMICAL ENGINEERING PLANT DESGN

As used in this text, the general term plant design includes all engineering
aspects involved in the development of either a new, modified, or expanded
industrial plant. In this development, the chemical engineer will be making
economic evauations of new processes, designing individua pieces of equip-
ment for the proposed new venture, or developing a plant layout for coordina-

tion of the overall operation. Because of these many design duties, the chemical
engineer is many times referred to here as a design engineer. On the other hand,
a chemical engineer specializing in the economic aspects of the design is often

referred to as a cost engineer. In many instances, the term process engineering is
used in connection with economic evaluation and general economic analyses of
industrial processes, while process design refers to the actual design of the
equipment and facilities necessary for carrying out the process. Similarly, the
meaning of plant design is limited by some engineers to items related directly to
the complete plant, such as plant layout, genera service facilities, and plant
location.

The purpose of this book is to present the major aspects of plant design as
related to the overall design project. Although one person cannot be an expert
in all the phases involved in plant design, it is necessary to be acquainted with
the general problems and approach in each of the phases. The process engineer
may not be connected directly with the final detailed design of the equipment,
and the designer of the equipment may have little influence on a decision by
management as to whether or not a given return on an investment is adequate
to justify construction of a complete plant. Nevertheless, if the overal design
project is to be successful, close teamwork is necessary among the various
groups of engineers working on the different phases of the project. The most
effective teamwork and coordination of efforts are obtained when each of the
engineers in the specialized groups is aware of the many functions in the overall
design project.

PROCESS DESIGN DEVELOPMENT

The development of a process design, as outlined in Chap. 2, involves many
different steps. The first, of course, must be the inception of the basic idea. This
idea may originate in the sales department, as a result of a customer request, or
to meet a competing product. It may occur spontaneously to someone who is
acquainted with the aims and needs of a particular compapgy, or it may be the
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result of an orderly research program or an offshoot of such a program. The
operating division of the company may develop a new or modified chemical,
generaly as an intermediate in the fina product. The engineering department
of the company may originate a new process or modify an existing process to
create new products. In al these possibilities, if the initial analysis indicates that
the idea may have possibilities of developing into a worthwhile project, a
preliminary research or investigation program is initiated. Here, a generd
survey of the possibilities for a successful process is made considering the
physical and chemical operations involved as well as the economic aspects. Next
comes the process-research phase including preliminary market surveys, labora-
tory-scale experiments, and production of research samples of the final product.
When the potentialities of the process are fairly well established, the project is
ready for the development phase. At this point, a pilot plant or a commercial-
development plant may be constructed. A pilot plant is a small-scale replica of
the full-scale fina plant, while a commercia-development plant is usualy made
from odd pieces of equipment which are aready available and is not meant to
duplicate the exact setup to be used in the full-scale plant.

Design data and other process information are obtained during the
development stage. This information is used as the basis for carrying out the
additional phases of the design project. A complete market analysis is made,
and samples of the final product are sent to prospective customers to determine
if the product is satisfactory and if there is a reasonable sales potential.
Capital-cost estimates for the proposed plant are made. Probable returns on the
required investment are determined, and a complete cost-and-profit analysis of
the process is devel oped.

Before the final process design starts, company management normally
becomes involved to decide if significant capital funds will be committed to the
project. It is at this point that the engineers preliminary design work along with
the oral and written reports which are presented become particularly important
because they will provide the primary basis on which management will decide if
further funds should be provided for the project. When management has made
a firm decision to proceed with provision of significant capital funds for a
project, the engineering then involved in further work on the project is known
as capitalized engineering while that which has gone on before while the
consideration of the project was in the development stage is often referred to as
expensed engineering. This distinction is used for tax purposes to alow capital-
ized engineering costs to be amortized over a period of severa years.

If the economic picture is still satisfactory, the final process-design phase
is ready to begin. All the design details are worked out in this phase including
controls, services; piping layouts, firm price quotations, specifications and de-
signs for individual pieces of equipment, and al the other design information
necessary for the construction of the final plant. A complete construction design
is then made with elevation drawings, plant-layout arrangements, and other
information required for the actual construction of the plant. The final stage .
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consists of procurement of the equipment, construction of the plant, startup of
the plant, overal improvements in the operation, and development of standard
operating procedures to give the best possible results.

The development of a design project proceeds in a logical, organized
sequence requiring more and more time, effort, and expenditure as one phase
leads into the next. It is extremely important, therefore, to stop and analyze the
situation carefully before proceeding with each subsequent phase. Many pro-
jects are discarded as soon as the preliminary investigation or research on the
original idea is completed. The engineer working on the project must maintain a
realistic and practical attitude in advancing through the various stages of a
design project and not be swayed by personal interests and desires when
deciding if further work on a particular project is justifiable. Remember, if the
engineer’s work is continued on through the various phases of a design project,
it will eventualy end up in a proposal that money be invested in the process. If
no tangible return can be realized from the investment, the proposal will be
turned down. Therefore, the engineer should have the ability to eliminate
unprofitable ventures before the design project approaches a final-proposal
stage.

GENERAL OVERALL DESGN
CONSIDERATIONS

The development of the overall design project involves many different design
considerations. Failure to include these considerations in the overall design
project may, in many instances, ater the entire economic situation so drastically
as to make the venture unprofitable. Some of the factors involved in the
development of a complete plant design include plant location, plant layout,
materials of construction, structural design, utilities, buildings, storage, materi-
as handling, safety, waste disposal, federal, state, and local laws or codes, and
patents. Because of their importance, these general overall design considera-
tions are considered in detail in Chap. 3.

Various types of computer programs and techniques are used to carry out
the design of individual pieces of equipment or to develop the strategy for a full
plant design. This application of computer usage in design is designated as
computer-aided design and is the subject of Chap. 4.

Record keeping and accounting procedures are also important factors in
general design considerations, and it is necessary that the design engineer be
familiar with the general terminology and approach used by accountants for cost
and asset accounting. This subject is covered in Chap. 5.

COST ESTIMATION

As soon as the fina process-design stage is completed, it, becomes possible to
make accurate cost estimations because detailed equipmept specifications and
definite plant-facility information are available. Direct price quotations based



INTRODUCTION  §

on detailed specifications can then be obtained from various manufacturers.
However, as mentioned earlier, no design project should proceed to the final
stages before costs are considered, and cost estimates should be made through-
out al the early stages of the design when complete specifications are not
available. Evauation of costs in the preliminary design phases is sometimes
caled “guesstimation” but the appropriate designation is predesign cost estima-
tion. Such estimates should be capable of providing a basis for company
management to decide if further capital should be invested in the project.

The chemical engineer (or cost engineer) must be certain to consider all
posshle factors when making a cost analyss. Fixed costs, direct production costs
for raw materials, labor, maintenance, power, and utilities must all be included
along with costs for plant and administrative overhead, distribution of the final
products, and other miscellaneous items.

Chapter 6 presents many of the special techniques that have been devel-
oped for making predesign cost estimations. Labor and material indexes,
standard cost ratios, and special multiplication factors are examples of informa-
tion used when making design estimates of costs. The final test as to the vaidity
of any cost estimation can come only when the completed plant has been put
into operation. However, if the design engineer is well acquainted with the
various estimation methods and their accuracy, it is possible to make remark-
ably close cost estimations even before the final process design gives detailed
specifications.

FACTORS AFFECTING PROFITABILITY
OF INVESTMENTS

A magjor function of the directors of a manufacturing firm is to maximize the
long-term profit to the owners or the stockholders. A decision to invest in fixed
facilities carries with it the burden of continuing interest, insurance, taxes,
depreciation, manufacturing costs, etc., and also reduces the fluidity of the
company’s future actions. Capital-investment decisions, therefore, must be
made with great care. Chapters 7 and 10 present guidelines for making these
capital-investment decisions.

Money, or any other negotiable type of capital, has a time value. When a
manufacturing enterprise invests money, it expects to receive a return during
the time the money is being used. The amount of return demanded usually
depends on the degree of risk that is assumed. Risks differ between projects
which might otherwise seem equal on the basis of the best estimates of an
overall plant design. The risk may depend upon the process used, whether it is
well established or a complete innovation; on the product to be made, whether
it is a stapie item or a completely new product; on the sales forecasts, whether
all sales will be outside the company or whether a significant fraction is internal,
etc. Since means for incorporating different levels of risk into profitability
forecasts are not too well established, the most common methods are to raise
the minimum acceptable rate of return for the riskier projects.
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Time vadue of money has been integrated into investment-evaluation
systems by means of compound-interest relationships. Dollars, at different times,
are given different degrees of importance by means of compounding or dis-
counting at some preselected compound-interest rate. For any assumed interest
value of money, a known amount at any one time can be converted to an
equivaent but different amount at a different time. As time passes, money can
be invested to increase at the interest rate. If the time when money is needed
for investment is in the future, the present value of that investment can be
calculated by discounting from the time of investment back to the present at the
assumed interest rate.

Expenses, as outlined in Chap. 8, for various types of taxes and insurance
can materially affect the economic situation for any industrial process. Because
modern taxes may amount to a major portion of a manufacturing firm's net
earnings, it is essential that the chemical engineer be conversant with the
fundamentals of taxation. For example, income taxes apply differently to pro-
jects with different proportions of fixed and working capital. Profitability,
therefore, should be based on income after taxes. Insurance costs, on the other
hand, are normally only a small part of the total operational expenditure of an
industrial enterprise; however, before any operation can be carried out on a
sound economic basis, it is necessary to determine the insurance requirements
to provide adequate coverage against unpredictable emergencies or develop-
ments.

Since al physical assets of an industria facility decrease in value with age,
it is normal practice to make periodic charges against earnings so as to
distribute the first cost of the facility over its expected service life. This
depreciation expense as detailed in Chap. 9, unlike most other expenses, entails
no current outlay of cash. Thus, in a given accounting period, a firm has
available, in addition to the net profit, additional funds corresponding to the
depreciation expense. This cash is capital recovery, a partial regeneration of the
firss cost of the physica assets.

Income-tax laws permit recovery of funds by two accelerated depreciation
shedules as well as by dgraight-line methods. Since cash-flow timing is affected,
choice of depreciation method affects profitability significantly. Depending on
the ratio of depreciable to nondepreciable assets involved, two projects which
look equivalent before taxes, or rank in one order, may rank entirely differently
when considered after taxes. Though cash costs and sales values may be equal
on two projects, their reported net incomes for tax purposes may be different,
and one will show a greater net profit than the other.

OPTIMUM DESIGN

In almost every case encountered by a chemica engineer, there are several
aternative methods which can be used for any given process or operation. For
example, formaldehyde can be produced by cataytic 'dehydrogenation of
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methanol, by controlled oxidation of natural gas, or by direct reaction between
CO and H, under special conditions of catalyst, temperature, and pressure.
Each of these processes contains many possible aternatives involving variables
such as gas-mixture composition, temperature, pressure, and choice of catalyst.
It is the responsibility of the chemical engineer, in this case, to choose the best
process and to incorporate into the design the equipment and methods which
will give the best results. To meet this need, various aspects of chemical
engineering plant-design optimization are described in Chap. 11 including
presentation of design strategies which can be used to establish the desired
results in the most efficient manner.

Optimum Economic Design

If there are two or more methods for obtaining exactly equivalent final results,
the preferred method would be the one involving the least total cost. Thisis the
basis of an optimum economic design. One typica example of an optimum
economic design is determining the pipe diameter to use when pumping a given
amount of fluid from one point to another. Here the same final result (i.e., a set
amount of fluid pumped between two given points) can be accomplished by
using an infinite number of different pipe diameters. However, an economic
balance will show that one particular pipe diameter gives the least total cost.
The total cost includes the cost for pumping the liquid and the cost (i.e., fixed
charges) for the installed piping system.

A graphica representation showing the meaning of an optimum economic
pipe diameter is presented in Fig. I-l. As shown in this figure, the pumping cost
increases with decreased size of pipe diameter because of frictional effects,
while the fixed charges for the pipeline become lower when smaller pipe
diameters are used because of the reduced capital investment. The optimum
economic diameter is located where the sum of the pumping costs and fixed
costs for the pipeline becomes a minimum, since this represents the point of
least total cost. In Fig. I-1, this point is represented by E.

The chemical engineer often selects a final design on the basis of condi-
tions giving the least total cost. In many cases, however, aternative designs do
not give final products or results that are exactly equivaent. It then becomes
necessary to consider the quality of the product or the operation as well as the
tota cost. When the engineer speaks of an optimum economic design, it
ordinarily means the cheapest one selected from a number of equivalent
designs. Cost data, to assist in making these decisions, are presented in Chaps.
14 through 16.

Various types of optimum economic requirements may be encountered in
design work. For example, it may be desirable to choose a design which gives
the maximum profit per unit of time or the minimum total cost per unit of
production. .
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FIGURE 1-1
Determination of optimum economic pipe diameter for condant massthroughput rate.

Optimum  Operation Design

Many processes require definite conditions of temperature, pressure, contact
time, or other variables if the best results are to be obtained. It is often possible
to make a partial separation of these optimum conditions from direct economic
considerations. In cases of this type, the best design is designated as the
optimum operation design. The chemical engineer should remember, however,
that economic considerations ultimately determine most quantitative decisions.
Thus, the optimum operation design is usually merely a tool or step in the
development of an optimum economic design.

An excellent example of an optimum operation design is the determina
tion of operating conditions for the catalytic oxidation of sulfur dioxide to sulfur
trioxide. Suppose that all the variables, such as converter size, gas rate, catalyst
activity, and entering-gas concentration, are fixed and the only possible variable
is the temperature at which the oxidation occurs. If the temperature is too high,
the yield of SO, will be low because the equilibrium between SO,, SO,, and O,
is shifted in the direction of SO, and 0,. On the other hand, if the temperature
is too low, the yield will be poor because the reaction rate between SO, and O,
will be low. Thus, there must be one temperature where the amount of sulfur
trioxide formed will be a maximum. This particular temperature would give the
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Determination of optimum operation temperature in  sulfur dioxide converter.

optimum operation design. Figure 1-2 presents a graphical method for deter-
mining the optimum operation temperature for the sulfur dioxide converter in
this example. Line AB represents the maximum yields obtainable when the
reaction rate is controlling, while line CD indicates the maximum yields on the
basis of equilibrium conditions controlling. Point O represents the optimum
operation temperature where the maximum yield is obtained.

The preceding example is a simplified case of what an engineer might
encounter in a design. In redlity, it would usually be necessary to consider
various converter sizes and operation with a series of different temperatures in
order to arrive at the optimum operation design. Under these conditions,
severa equivaent designs would apply, and the final decision would be based
on the optimum economic conditions for the equivalent designs.

PRACTICAL CONSIDERATIONS IN DESIGN

The chemical engineer must never lose sight of the practical limitations involved
in a design. It may be possible to determine an exact pipe diameter for an
optimum economic design, but this does not mean that this exact size must be
used in the final design. Suppose the optimum diameter were,3.43 in. (8.71 cm).
It would be impractical to have a specia pipe fabricated with an inside diameter
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of 3.43 in. Instead, the engineer would choose a standard pipe size which could
be purchased at regular market prices. In this case, the recommended pipe size
would probably be a standard 33-in.-diameter pipe having an inside diameter of
3.55 in. (9.02 cm).

If the engineer happened to be very conscientious about getting an
adequate return on all investments, he or she might say, “A standard 3-in.-
diameter pipe would require less investment and would probably only increase
the total cost slightly; therefore, | think we should compare the costs with a 3-in.
pipe to the costs with the 31-in. pipe before making a final decision.” Theoreti-
caly, the conscientious engineer is correct in this case. Suppose the total cost of
the installed 31-in. pipe is $5000 and the total cost of the installed 3-in. pipe is
$4500. If the total yearly savings on power and fixed charges, using the 31-in.
pipe instead of the 3-in. pipe, were $25, the yearly percent return on the extra
$500 investment would be only 5 percent. Since it should be possible to invest
the extra $500 elsewhere to give more than a 5 percent return, it would appear
that the 3-in.-diameter pipe would be preferred over the 3i-in.-diameter pipe.

The logic presented in the preceding example is perfectly sound. It is a
typical example of investment comparison and should be understood by all
chemical engineers. Even though the optimum economic diameter was 3.43 in.,
the good engineer knows that this diameter is only an exact mathematical
number and may vary from month to month as prices or operating conditions
change. Therefore, all one expects to obtain from this particular optimum
economic calculation is a good estimation as to the best diameter, and invest-
ment comparisons may not be necessary.

The practical engineer understands the physical problems which are
involved in the fina operation and maintenance of the designed equipment. In
developing the plant layout, crucial control valves must be placed where they
are easily accessible to the operators. Sufficient space must be available for
maintenance personnel to check, take apart, and repair equipment. The engi-
neer should redlize that cleaning operations are simplified if a scae-forming
fluid is passed through the inside of the tubes rather than on the shell side of a
tube-and-shell heat exchanger. Obvioudly, then, sufficient plant-layout space
should be made available so that the maintenance workers can remove the head
of the installed exchanger and force cleaning worms or brushes through the
inside of the tubes or remove the entire tube bundle when necessary.

The theoretical design of a didtillation unit may indicate that the feed
should be introduced on one particular tray in the tower. Instead of specifying a
tower with only one feed inlet on the calculated tray, the practical engineer will
include inlets on severd trays above and below the calculated feed point since
the actual operating conditions for the tower will vary and the assumptions
included in the calculations make it impossible to guarantee absolute accuracy.

The preceding examples typify the type of practical problems the chemical
engineer encounters. In design work, theoretical and economic principles must
be combined with an understanding of the common practic9| problems that will
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arise when the process finally comes to life in the form of a complete plant or a
complete unit.

THE DESIGN APPROACH

The chemical engineer has many tools to choose from in the development of a
profitable plant design. None, when properly utilized, will probably contribute
as much to the optimization of the design as the use of high-speed computers.
Many problems encountered in the process development and design can be
solved rapidly with a higher degree of completeness with high-speed computers
and at less cost than with ordinary hand or desk calculators. Generally overde-
sign and safety factors can be reduced with a substantia savings in capital
investment.

At no time, however, should the engineer be led to believe that plants are
designed around computers. They are used to determine design data and are
used as models for optimization once a design is established. They are also used
to maintain operating plants on the desired operating conditions. The latter
function is a part of design and supplements and follows process design.

The genera approach in any plant design involves a carefully baanced
combination of theory, practice, originality, and plain common sense. In origina
design work, the engineer must deal with many different types of experimental
and empirical data. The engineer may be able to obtain accurate values of heat
capacity, density, vapor-liquid equilibrium data, or other information on physi-
cal properties from the literature. In many cases, however, exact values for
necessary physical properties are not available, and the engineer is forced to
make approximate estimates of these values. Many approximations also must be
made in carrying out theoretical design calculations. For example, even though
the engineer knows that the ideal-gas law applies exactly only to smple gases at
very low pressures, this law is used in many of the calculations when the gas
pressure is as high as 5 or more atmospheres (507 kPa). With common gases,
such as air or simple hydrocarbons, the error introduced by using the idea gas
law at ordinary pressures and temperatures is usually negligible in comparison
with other uncertainties involved in design calculations. The engineer prefers to
accept this error rather than to spend time determining virial coefficients or
other factors to correct for ideal gas deviations.

In the engineer’s approach to any design problem, it is necessary to be
prepared to make many assumptions. Sometimes these assumptions are made
because no absolutely accurate values or methods of calculation are available.
At other times, methods involving close approximations are used because exact
treatments would require long and laborious calculations giving little gain in
accuracy. The good chemical engineer recognizes the need for making certain
assumptions but also knows that this type of approach introduces some uncer-
tainties into the fina results. Therefore, assumptions are made only when they
are necessary and essentially correct.

f
¥
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Another important factor in the approach to any design problem involves
economic conditions and limitations. The engineer must consider costs and
probable profits constantly throughout all the work. It is amost aways better to
sell many units of a product at a low profit per unit than a few units a a high
profit per unit. Consequently, the engineer must take into account the volume
of production when determining costs and total profits for various types of
designs. This obviously leads to considerations of customer needs and demands.
These factors may appear to be distantly removed from the development of a
plant design, but they are extremely important in determining its ultimate

SUCCeSS.
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A principle responsibility of the chemica engineer is the design, construction,
and operation of chemical plants. In this responsihility, the engineer must
continuously search for additional information to assist in these functions. Such
information is available from numerous sources, including recent publications,
operation of existing process plants, and laboratory and pilot-plant data. This
collection and analysis of al pertinent information is of such importance that
chemical engineers are often members, consultants, or advisors of even the
basic research team which is developing a new process or improving and revising
an existing one. In this capacity, the chemical engineer can frequently advise the
research group on how to provide considerable amounts of vauable design data.

Subjective decisions are and must be made many times during the design
of any process. What are the best methods of securing sufficient and usable
data? What is sufficient and what is reliable? Can better correlations of the data
be devised, particularly ones that permit more valid extrapolation?

The chemical engineer should aways be willing to consider completely
new designs. An attempt to understand the controlling factors of the process,
whether chemical or physical, helps to suggest new or improved techniques. For
example, consider the commercial processes of aromatic nitration and alkylation
of isobutane with olefins to produce high-octane gasolines. Both reactions
involve two immiscible liquid phases and the mass-transfer steps are essentially
rate controlling. Nitro-aromatics are often produced in high yields (up to 99
percent); however, the akylation of isobutane involves numerous side reactions
and highly complex chemistry that is less well understood. Several types of

13
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reactors have been used for each reaction. Then radically new and simplified
reactors were developed based on a better understanding of the chemical and
physcal  seps  involved.

DESIGN-PROJECT PROCEDURE

The development of a design project always starts with an initial idea or plan.
This initial idea must be stated as clearly and concisely as possible in order to
define the scope of the project. General specifications and pertinent laboratory
or chemica engineering data should be presented aong with the initia idea

Types of Desgns

The methods for carrying out a design project may be divided into the following
classifications, depending on the accuracy and detail required:

1. Preliminary or quick-estimate designs
2. Detalled-estimate designs
3. Firm process designs or detailed designs

Preliminary designs are ordinarily used as a basis for determining whether
further work should be done on the proposed process. The design is based on
approximate process methods, and rough cost estimates are prepared. Few
details are included, and the time spent on calculations is kept at a minimum.

If the results of the preliminary design show that further work is justified,
a detailed-estimate design may be developed. In this type of design, the cost-
and-profit potential of an established process is determined by detailed analyses
and calculations. However, exact specifications are not given for the equipment,
and drafting-room work is minimized.

When the detailed-estimate design indicates that the proposed project
should be a commercial success, the final step before developing construction
plans for the plant is the preparation of a firm process design. Complete
specifications are presented for al components of the plant, and accurate costs
based on quoted prices are obtained. The firm process design includes blueprints
and sufficient information to permit immediate development of the final plans
for constructing the plant.

Feasbility  Survey

Before any detailed work is done on the design, the technical and economic
factors of the proposed process should be examined. The various reactions and
physical processes involved must be considered, along with the existing and
potential market conditions for the particular product. A preliminary survey of
this type gives an indication of the probable success of’the project and aso
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shows what additional information is necessary to make a complete evaluation.
Following is a list of items that should be considered in making a feasibility
survey:

N

o oA~ W

o

10.

11.

12.

13.
14.

15.

. Raw materias (availability, quantity, quality, cost)
. Thermodynamics and kinetics of chemical reactions involved (equilibrium,

yields, rates, optimum conditions)

. Facilities and equipment available at present

. Facilities and equipment which must be purchased

. Estimation of production costs and total investment

. Profits (probable and optimum, per pound of product and per year, return

on investment)

. Materials of construction
. Safety considerations
. Markets (present and future supply and demand, present uses, new USes,

present buying habits, price range for products and by-products, character,
location, and number of possible customers)

Competition (overall production statistics, comparison of various manufac-
turing processes, product specifications of competitors)

Properties of products (chemical and physical properties, specifications,
impurities, effects of storage)

Sdles and sales service (method of selling and distributing, advertising
required, technical services required)

Shipping restrictions and containers
Plant location
Patent situation and legal restrictions

When detailed data on the process and firm product specifications are

available, a complete market analysis combined with a consideration of all sales
factors should be made. This analysis can be based on a breakdown of items 9
through 15 as indicated in the preceding list.

Process Development

In many cases, the preliminary feasibility survey indicates that additional re-
search, laboratory, or pilot-plant data are necessary, and a program to obtain
this information may be initiated. Process development on,a pilot-plant or
semiworks scale is usually desirable in order to obtain accurate design data.
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Vauable information on materia and energy balances can be obtained, and
process conditions can be examined to supply data on temperature and pressure
variation, yields, rates, grades of raw materials and products, batch versus
continuous operation, material of construction, operating characteristics, and
other pertinent design variables.

Design

If sufficient information is available, a preliminary design may be developed in
conjunction with the preliminary feasibility survey. In developing the prelimi-
nary design the chemical engineer must first establish a workable manufacturing
process for producing the desired product. Quite often a number of aternative
processes or methods may be available to manufacture the same product.
Except for those processes obviously undesirable, each method should be given
consideration.

The first step in preparing the preliminary design is to establish the bases
for design. In addition to the known specifications for the product and availabil-
ity of raw materials, the design can be controlled by such items as the expected
annual operating factor (fraction of the year that the plant will be in operation),
temperature of the cooling water, available steam pressures, fuel used, value of
by-products, etc. The next step consists of preparing a simplified flow diagram
showing the processes that are involved and deciding upon the unit operations
which will be reguired. A preliminary material balance at this point may very
quickly eliminate some the alternative cases. Flow rates and stream conditions
for the remaining cases are now evaluated by complete material balances,
energy balances, and a knowledge of raw-material and product specifications,
yields, reaction rates, and time cycles. The temperature, pressure, and composi-
tion of every process stream is determined. Stream enthalpies, percent vapor,
liquid, and solid, heat duties, etc., are included where pertinent to the process.

Unit process principles are used in the design of specific pieces of
equipment. (Assistance with the design and selection of various types of process
equipment is given in Chaps. 14 through 16.) Equipment specifications are
generally summarized in the form of tables and included with the final design
report. These tables usualy include the following:

1. Columns (distillation). In addition to the number of plates and operating
conditions it is aso necessary to specify the column diameter, materials of
construction, plate layout, etc.

2. Vessdls. In addition to size, which is often dictated by the holdup time
desired, materials of construction and any packing or baffling should be
specified.

3. Reactors. Catalyst type and size, bed diameter and thickness, heat-inter-
change facilities, cycle and regeneration arrangements, materials of construc-
tion, etc., must be specified.
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4. Heat exchangers and furnaces. Manufacturers are usualy supplied with the
duty, corrected log mean-temperature difference, percent vaporized, pres-
sure drop desired, and materials of construction.

5. Pumps and compressors. Specify type, power requirement, pressure differ-
ence, gravities, viscodties, and working  pressures.

6. Instruments. Designate the function and any particular requirement.

7. Special equipment. Specifications for mechanical separators, mixers, driers,
etc.

The foregoing is not intended as a complete checklist, but rather as an
illustration of the type of summary that is required. (The headings used are
particularly suited for the petrochemical industry; others may be desirable for
different industries.) As noted in the summary, the selection of materias is
intimately connected with the design and selection of the proper equipment.

As soon as the equipment needs have been firmed up, the utilities and
labor requirements can be determined and tabulated. Estimates of the capita
investment and the total product cost (as outlined in Chap. 6) complete the
preliminary-design calculations. Economic evaluation plays an important part in
any process design. This is particularly true not only in the selection for a
specific process, choice of raw materials used, operating conditions chosen, but
aso in the specification of equipment. No design of a piece of equipment or a
process is complete without an economical evaluation. In fact, as mentioned in
Chap. 1, no design project should ever proceed beyond the preliminary stages
without a consideration of costs. Evaluation of costs in the preliminary-design
phases greatly assists the engineer in further eliminating many of the alternative
cases.

The fina step, and an important one in preparing a typical process design,
involves writing the report which will present the results of the design work.
Unfortunately this phase of the design work quite often receives very little
atention by the chemical engineer. As a conseguence, untold quantities of
excellent engineering calculations and ideas are sometimes discarded because of
poor communications between the engineer and management.?

Finaly, it is important that the preliminary design be carried out as soon
as sufficient data are available from the feasibility survey or the process-devel-
opment step. In this way, the preliminary design can serve its main function of
eiminating an undesirable project before large amounts of money and time are
expended.

The preliminary design and the process-development work gives the
results necessary for a detailed-estimate design. The following factors should be

I

r
tSee Chap. 13 for assistance in preparing more concise and clearer design reports.
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established within narrow limits before a detailed-estimate design is devel oped:

. Manufacturing process

Material and energy balances
Temperature and pressure ranges
Raw-material and product specifications
Yields, reaction rates, and time cycles

. Materials of construction

. Utilities requirements

. Plant site

PN UAWN R

When the preceding information is included in the design, the result
permits accurate estimation of required capital investment, manufacturing costs,
and potential profits. Consideration should be given to the types of buildings,
heating, ventilating, lighting, power, drainage, waste disposal, safety facilities,
instrumentation, etc.

Firm process designs (or detailed designs) can be prepared for purchasing
and construction from a detailed-estimate design. Detailed drawings are made
for the fabrication of special equipment, and specifications are prepared for
purchasing standard types of equipment and materials. A complete plant layout
is prepared, and blueprints and instructions for construction are developed.
Piping diagrams and other construction details are included. Specifications are
given for warehouses, laboratories, guard-houses, fencing, change houses, trans
portation facilities, and smilar items. The final firm process design must be
developed with the assistance of persons skilled in various engineering fields,
such as architectural, ventilating, electrical, and civil. Safety conditions and
environmental-impact factors must also aways be taken into account.

Condruction and Operation

When a definite decision to proceed with the construction of a plant is made,
there is usudly an immediate demand for a quick plant startup. Timing,
therefore, is particularly important in plant construction. Long delays may be
encountered in the fabrication of major pieces of equipment, and deliveries
often lag far behind the date of ordering. These factors must be taken into
consideration when developing the final plans and may warrant the use of the
Project Evaluation and Review Technique (PERT) or the Critical Path Method
(CPM).T The chemical engineer should always work closely with construction
personnel during the final stages of construction and purchasing designs. In this
way, the design sequence can be arranged to make certain important factors

tFor further discussion of these methods consult Chap. 11.
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that might delay construction are given first consideration. Construction of the
plant may be started long before the final design is 100 percent complete.
Correct design sequence is then essentia in order to avoid construction delays.

During construction of the plant, the chemical engineer should visit the
plant site to assist in interpretation of the plans and learn methods for
improving future designs. The engineer should also be available during the
initial startup of the plant and the early phases of operation. Thus, by close
teamwork between design, construction, and operations personnel, the final
plant can develop from the drawing-board stage to an operating unit that can
function both efficiently and effectively.

DESIGN INFORMATION
FROM THE LITERATURE

A survey of the literature will often revea genera information and specific data
pertinent to the development of a design project. One good method for starting
a literature survey is to obtain a recent publication dealing with the subject
under investigation. This publication will give additional references, and each of
these references will, in turn, indicate other sources of information. This
approach permits a rapid survey of the important literature.

Chemical Abstracts, published semimonthly by the American Chemical
Society, can be used for comprehensive literature surveys on chemical processes
and operations.? This publication presents a brief outline and the origina
reference of the published articles dealing with chemistry and related fields.
Yearly and decennial indexes of subjects and authors permit location of articles
concerning  specific  topics.

A primary source of information on all aspects of chemical engineering
principles, design, costs, and applications is “The Chemical Engineers Hand-
book” published by McGraw-Hill Book Company with R. H. Perry and D. W.
Green as editors for the 6th edition as published in 1984. This reference should
be in the persona library of al chemical engineers involved in the field.

Regular features on design-related aspects of equipment, costs, materials
of construction, and unit processes are published in Chemical Engineering. In
addition to this publication, there are many other periodicals that publish
articles of direct interest to the design engineer. The following periodicals are
suggested as valuable sources of information for the chemical engineer who
wishes to keep abreast of the latest developments in the field: American Institute
of Chemical Engineers’ Journal, Chemical Engineering Progress, Chemical and
Engineering News, Chemical Week, Chemical Engineering Science, Industrial and
Engineering  Chemistry ~ Fundamentals, Industrial and Engineering  Chemistry  Pro-
cess Design and Development, Journal of the American Chemical Society, Journal

’

r
tAbstracts of general engineering articles are available in the Engineering Index.
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of Physical Chemistry, Hydrocarbon Processing, Engineering News-Record, Oil and
Gas Journal, and Canadian Journal of Chemical Engineering.

A large number of textbooks covering the various aspects of chemica
engineering principles and design are available.? In addition, many handbooks
have been published giving physical properties and other basic data which are
very useful to the design engineer.

Trade bulletins are published regularly by most manufacturing concerns,
and these bulletins give much information of direct interest to the chemical
engineer preparing a design. Some of the trade-bulletin information is con-
densed in an excellent reference book on chemica engineering equipment,
products, and manufacturers. This book is known as the “Chemical Engineering
Catalog,“+ and contains a large amount of vauable descriptive material.

New information is constantly becoming available through publication in
periodicals, books, trade bulletins, government reports, university bulletins, and
many other sources. Many of the publications are devoted to shortcut methods
for estimating physical properties or making design calculations, while others
present compilations of essential data in the form of nomographs or tables.

The effective design engineer must make every attempt to keep an
up-to-date knowledge of the advances in the field. Personal experience and
contacts, attendance at meetings of technical societies and industrial exposi-
tions, and reference to the published literature are very helpful in giving the
engineer the background information necessary for a successful design.

FLOW DIAGRAMS

The chemical engineer uses flow diagrams to show the sequence of equipment
and unit operations in the overall process, to simplify visudization of the
manufacturing procedures, and to indicate the quantities of materias and
energy transfer. These diagrams may be divided into three general types. (1)
quditative, (2) quantitative, and (3) combined-detail.

A quadlitative flow diagram indicates the flow of materials, unit operations
involved, equipment necessary, and special information on operating tempera-
tures and pressures. A quantitative flow diagram shows the quantities of
materials required for the process operation. An example of a qualitative flow
diagram for the production of nitric acid is shown in Fig. 2-1. Figure 2-2
presents a quantitative flow diagram for the same process.

Preliminary flow diagrams are made during the early stages of a design
project. As the design proceeds toward completion, detailed information on
flow quantities and equipment specifications becomes available, and com-
bined-detail flow diagrams can be prepared. This type of diagram shows the

For example, see the Chemical Engineering Series listing at the front of this text,,
$Published annually by Reinhold Publishing, Stamford, CT.
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FIGURE 2-1

Qualitative flow diagram for the manufacture of nitric acid by the ammonia-oxidation process.

gualitative flow pattern and serves as a base reference for giving equipment
specifications, quantitative data, and sample calculations. Tables presenting
pertinent data on the process and the equipment are cross-referenced to the
drawing. In this way, qualitative information and quantitative data are combined
on the basis of one flow diagram. The drawing does not lose its effectiveness by
presenting too much information; yet the necessary data are readily available by
direct reference to the accompanying tables.

A typical cbmbined-detail flow diagram shows the location of temperature
and pressure regulators and indicators, as well as the location of critical control
valves and specia instruments. Each piece of equipment «s shown and is
designated by a defined code number. For each piece of equipment, accompany-
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Basis: One operating day

Unit designed to produce 153,500 kilograms of
61 weight percent nitric acid per day
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27,000 kg Yields
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FIGURE 2-2
Quantitative flow diagram for the manufacture of nitric acid by the ammonia-oxidation process.

ing tables give essential information, such as specifications for purchasing,
specifications for construction, type of fabrication, quantities and types of
chemicals involved, and sample calculations.

Equipment symbols and flow-sheet symbols, particularly for detailed
equipment flow sheets, are given in the Appendix.

THE PRELIMINARY DESIGN

In order to amplify the remarks made earlier in this chapter concerning the
design-project procedure, it is appropriate at this time to look ynose closely at a
specific preliminary design. Because of space limitations, only a brief presenta-
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tion of the design will be attempted at this point.? However, sufficient detail will
be given to outline the important steps which are necessary to prepare such a
preliminary design. The problem presented is a practical one of a type fre-
quently encountered in the chemica industry; it involves both process design
and economic considerations.

Problem Statement

A conservative petroleum company has recently been reorganized and the new

management has decided that the company must diversify its operations into the
petrochemica field if it wishes to remain competitive. The research division of
the company has suggested that a very promising area in the petrochemical field

would be in the development and manufacture of biodegradable synthetic
detergents using some of the hydrocarbon intermediates presently available in
the refinery. A survey by the market division has indicated that the company

could hope to attain 2.5 percent of the detergent market if a plant with an

annual production of 15 million pounds were to be built. To provide manage-
ment with an investment comparison, the design group has been instructed to
proceed first with a preliminary design and an updated cost estimate for a
nonbiodegradable detergent producing facility similar to ones supplanted by
recent biodegradable facilities.

Literature  Survey

A survey of the literature reveas that the majority of the nonbiodegradable
detergents are akylbenzene sulfonates (ABS). Theoreticaly, there are over
80,000 isomeric alkylbenzenes in the range of C,, to C,s for the alkyl side chain.
Costs, however, generally favor the use of dodecene (propylene tetramer) as the
starting material for ABS.

There are many different schemes in the manufacture of ABS. Most of the
schemes are variations of the one shown in Fig. 2-3 for the production of
sodium dodecylbenzene sulfonate. A brief description of the process is as
follows:

This process involves reaction of dodecene with benzene in the presence
of aluminum chloride catalyst; fractionation of the resulting crude mixture to
recover the desired boiling range of dodecylbenzene; sulfonation of the dodecyl-
benzene and subsequent neutralization of the sulfonic acid with caustic soda;
blending the resulting durry with chemical “builders’; and drying.

Dodecene is charged into a reaction vessel containing benzene and alu-
minum chloride. The reaction mixture is agitated and cooled to maintain the
reaction temperature of about 115°F maximum. An excess of benzene is used to
suppress the formation of by-products. Aluminum chloride requirement is 5 to
10 wt% of dodecene.

fCompletion of the design is left as an exercise for the reader.
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FIGURE 2-3

Qualitative flow diagram for the manufacture of sodium dodecylbenzene sulfonate.

After removal of aluminum chloride sludge, the reaction mixture is frac-
tionated to recover excess benzene (which is recycled to the reaction vessel), a
light alkylaryl hydrocarbon, dodecylbenzene, and a heavy akylaryl hydrocarbon.

Sulfonation of the dodecylbenzene may be carried out continuously or
batch-wise under a variety of operating conditions using sulfuric acid (100
percent), oleum (usually 20 percent SO,), or anhydrous sulfur trioxide. The
optimum sulfonation temperature is usualy in the range of 100 to 140°F
depending on the strength of acid employed, mechanica design of the equip-
ment, etc. Removal of the spent sulfuric acid from the sulfonic acid is facilitated
by adding water to reduce the sulfuric acid strength to about 78 percent. This
dilution prior to neutralization results in a fina neutralized durry having
approximately 85 percent active agent based on the solids. The inert materia in
the final product is essentially Na,SO,.

The sulfonic acid is neutralized with 20 to 50 percent caustic soda solution
toa pH of 8 at a temperature of about 125°F. Chemical “builders’ such as
trisodium phosphate, tetrasodium pyrophosphate, sodium silicate, sodium chlo-
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ride, sodium sulfate, carboxymethyl cellulose, etc., are added to enhance the
detersive, wetting, or other desired properties in the finished product. A flaked,
dried product is obtained by drum drying or a bead product is obtained by spray
drying.

The basic reactions which occur in the process are the following.
Alkylation:

AICI
C¢Hg + CiaHy — CeH; ' C,Hos

Sulfonation:
C¢H;s ' C,,H,s + H,SO, — C;H s C¢H, . SO;H + H,0
Neutralization:
C,H,s ' C(H, ' SOH + NaOH — C,H,5 . CcH, » SO;Na + H,0

A literature search indicates that yields of 85 to 95 percent have been
obtained in the alkylation step, while yields for the sulfonation process are
substantially 100 percent, and yields for the neutralization step are always 95
percent or greater. All three steps are exothermic and require some form of
jacketed cooling around the stirred reactor to maintain isothermal reaction
temperatures.

Laboratory data for the sulfonation of dodecylbenzene, described in the
literature, provide additional information useful for a rapid materia balance.
This is summarized as follows:

1. Sulfonation is essentidly complete if the ratio of 20 percent oleum to
dodecylbenzene is maintained at 1.25.

2. Spent sulfuric acid removal is optimized with the addition of 0.244 Ib of
water to the settler for each 1.25 Ib of 20 percent oleum added in the
sulfonation step.

3. A 25 percent excess of 20 percent NaOH is suggested for the neutralization
step.

Operating conditions for this process, as reported in the literature, vary
somewhat depending upon the particular processing procedure chosen.

Material and Energy Balance

The process selected for the manufacture of the nonbiodegradable detergent is
essentially continuous even though the alkylation, sulfonation, and neutraliza-
tion steps are semicontinuous steps. Provisions for possible shutdowns for
repairs and maintenance are incorporated into the design of the process byi
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specifying plant operation for 300 calendar days per year. Assuming 90 percent
yield in the akylator and a sodium dodecylbenzene sulfonate product to be 85
percent active with 15 percent sodium sulfate as inert, the overal materia
balance is as follows:

Input components:

(15 X 105)(0.85)
(300)(348.5)

Product (85% active) = = 122 |b mol/day

1 1
CH, feed = (122)(E)(6%) = 142.7 Ib mol /day

= (142.7X78.1) = 11,145 Ib/day

C,H,, feed = 142.7 Ib mol/day
= (142.7X168.3) = 24,016 |b/day

20% oleum in = (1.25X11,145 + 24,016) = 43,951 |b/day
Dilution H,O in = (0.244/1.25X43,951) = 8579 Ib/day
20% NaOH in = (1.25X43,951) = 55,085 |b/day

AICl, catalyst in = (0.05X11,145 + 24,016) = 1758 |b/day

Alkylation process:

Alkylate yield = (0.9X142.7X246.4) = 31,645 Ib/day
Unreacted C H, = (0.1X11,145) = 1114 Ib/day
Unreacted C,H,, = (0.1X24,016) = 2402 Ib/day

Sulfur balance:

Sulfur in = (43,951X1.045X32.1/98.1) = 15,029 Ib/day
Sulfur out = sulfur in detergent + sulfur in spent acid
(50,000)(0.85)(32.1) (50,000)(0.15)(32.1)
(348.5) + (142)
= 3915 + 1695 = 5610 Ib/day
Sulfur out in acid = 15,029 = 5610 = 9419 |b/day

Sulfur in detergent =

98.1\/ 1
Weight of 78% H,SO, = (9419)(ﬁ)( ﬁ) — 36,861 Ib/day

The weight of the heavy alkylaryl hydrocarbon is obtained by difference as 3516
Ib/day.

The material balance summary made by the design group for the process
shown in Fig. 2-3 is given on adaily basisin Fig. 2-4. After a gomplete materia
balance is made, the mass quantities are used to compute energy balances
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FIGURE 2-4

Quantitative flow diagram for the manufaecture of sodium dodecylbenzene sulfonate.

around each piece of equipment. Temperature and pressure levels at various
key points in the process, particularly at the reactors, serve as guides in making
these heat balances. The complete calculations for the materia and energy
balances for each piece of equipment, because of their length, are not presented
in this discussion.

Equipment Design and Selection

Equipment design for this preliminary process evaluation involves determining
the size of the equipment in terms of the volume, flow per unit time, or surface
area. Some of the calculations associated with the alkylation unit are presented
in the following to indicate the extent of the calculations which are sometimes
adequate for a preliminary design. '
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ALKYLATION UNIT EQUIPMENT
DESIGN AND SELECTION

Reactor  Volume

Assume a 4-h cycle and operation of the akylator at constant temperature and
pressure of 115°F and 1 atm, respectively. The volume of reactants per day (with
a 10% safety factor) is

. (12,259) (26,418) (1758)(7.48)
" = (8.34)(0.88) + (8.34)(0.7533) + (2.44)(62.4)
= 1670 + 4160 + 86 = 5916 gal/day
5916

== - 986 gal/cycle

If the reactor is 75 percent full on each cycle, the volume of reactor needed is
986
Ve = o = 1315 gd
Select a 1300-gal, glass-lined, stirred reactor.

HEAT OF REACTION CALCULATION
CeHegyy + CiuHaugy = CeHs | CioHogsgy
AH, = AHjc o, compmn = AHpcgig = AHpc

The heats of formation AH, of dodecylbenzene and dodecene are evaluated
using standard thermochemistry techniques outlined in most chemical engineer-
ing thermodynamic texts, The heat formation of benzene is available in the
literature.

AHpc i, oy = = 94,348 cal/g mol
AHc o - — 51239 cal/g mol

AHgpcngy = 11,717 cal /g mol
Thus,
AH, = -54,348 = 11,717 + 51,239 = ~ 14,826 cal /g mol

= = 26,687 Btu/lb mol
Assume heat of reaction is liberated in 3 h of the 4-h cycle (1 of an operating

day):
- _ﬁ11’145 618 -1— -211,500 Btu/h
Q.= ( )5 ( 7{3) ’ "

78. 6
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Use a 10°F temperature difference for the cooling water to find the mass of
cooling water required to remove the heat of reaction.

Q. 211500

Mo - = _ 21,150 Ib/h
O = C AT ~ (1)(10)
210
101,00 = (60)(8.33) = - BPM

The volumetric flow rate is, therefore, 42.3 gpm. Select a 45-gpm centrifugal
pump, carbon steel construction.

HEAT TRANSFER AREA NEEDED TO COOL REACTOR Assume water inlet of
80°F with a 10°F temperature rise. A reasonable overal heat transfer coefficient
for this type of heat transfer may be calculated as 45 Btu /(h)Xft?)X°F).

~ (115 - 80) ~ (115 = 90)
m 2. 303 log
0 211,500
T UAT,,  (45)(29.7) =

A 1300-gal stirred reactor has approximately 160 ft? of jacket area. Therefore,
the surface area available is sufficient to maintain isothermal conditions in the
reactor.

AT, =29 7°F

A

158 ft?

SZING OF STORAGE TANKS. Provide benzene and dodecene storage for six
days:

Vbenzene = (1670)( 6) = 10,020 ga|
Vdodecene = (4160) (6) = 24,960 gal

Select a 10,000-gal carbon steel tank for benzene storage and a 25,000-gal
carbon steel tank for dodecene storage.
Provide holding tank storage for one day:

Viouding = 591804
Select a 6000-gal carbon steel tank for holding tank.
SZING OTHER PUMPS. Provide benzene and dodecene filling of reactor in 10
min:
_ 1670
qf(benzene) - m

Select a 30-gpm centrifugal pump, carbon steel construction.

4160
= e = 69.3
qf(dodecene) (6)(10) gpm

= 27.8 gpm
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TABLE 1

Equipment specifications for alkylation wmitf

No. req'd. Item and description Size Mat'l. comst.

1 T, sorage tank for benzene 10,000 gal Carbon ~ gted

1 T-Z, dorage tank for dodecene 25,000 gal Cabon  stedl

1 T-3, holding tank for akylate 6,000 ga Carbon  sted

1 P, pump (centrifugd) for benzene 30 gpm Cabon  gted
transfer from T-I to R-I (up to 50 psi)

1 P-2, pump (centrifuga) for dodecene 70 gpm Cabon  sted!
trandfer from T-2 to R (up to 50 psi)

1 P-3, pump (centrifugd) for pumping 45 gpm Carbon  sted
cooling water to jacket of Rl (up to 50 psi)

1 P-4, pump (positive displacement) for 10 gpm Cast iron
dkylae transfer from T-3 to CH (150 psi)

1 R-l, reactor (stirred) alkylator 1,300 gd Glass-lined

tSee Fig. 2-5.

Select a 70-gpm centrifugal pump, carbon steel construction. The akylate pump
used to transfer alkylate from the holding tank to the benzene fractionator must
operate continuously. Thus,

(1670 + 4160)
Qf(alkylate) = Wz

Select a 10-gpm positive displacement pump, carbon steel construction. A
summary of the equipment needs for the alkylation unit in this preliminary
process design is presented in Table 1. The preparation of similar eguipment
lists for the other process units completes the equipment selection and design
phase of the preliminary design. Figure 2-5 shows a simplified equipment
diagram for the proposed process and includes the specified size or capacity of
each piece of process equipment.

4 gpm

Economics

The purchased cost of each piece of process equipment may now be estimated
from published cost data or from appropriate manufacturers’ bulletins. Regard-
less of the source, the published purchased-cost data must aways be corrected
to the current cost index. This procedure is described in detail in Chap. 6.

For the akylation unit, purchased-equipment costs may be estimated
using the equipment-specification information of Table 1 and the cost data
presented in Chaps. 14 through 16 of this text. Table 2 presents these costs
updated to January 1, 1990. The required fixed-capital investment for the
nonbiodegradable detergent manufacturing process may be estimated from the
total purchased-equipment cost using the egquipment-cost ratio method outlined
in Table 17 of Chap. 6. The total purchased-equipment cost is, presented in
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TABLE 2 _ .
Estimated purchased-equipment cost for alkylation umitf

Designation Item Purchased cost

T-l Storage  tank $ 21,800

T-2 Storage  tank 36,700

T-3 Holding tank 16,200

P-l Centrifugd  pump (with motor) 1,500

p-2 Centrifugal  pump  (with motor) 1,700

P-3 Centrifugal  pump (with motor) 1,600

P-4 Postive-displacement  pump 6,200

R-I Jacketed  (tirred)  reactor 58,400
$144,100

tJanuary 1, 1990 costs. See Fig. 2-5.

TABLE 3
Summary of purchased-equipment

cost for complete process unit

Process unit Purchased cost
Alkylation $ 144,100
Fractionators 175,800
Sulfonation 245,100
Neutralization 163,700
Spray dryer 393,500
Auxiliary units 142,800
Total $1,165,000

Table 3 and is the basis for the estimated fixed-capital cost tabulation given in
Table 4. The probable error in this method of estimating the fixed-capital
investment is as much as + 30 percent.

An evauation of the operating labor and utilities requirements of the
process must be made before the total product cost can be estimated. Details
for evaluating these direct production costs are given in Chap. 6 and Appendix
B. The estimate of the total product cost for the manufacture of 15 million Ib
per year detergent, based on methods outlined in Chap. 6, is presented in
Table 5.

Once the total product cost has been estimated, the design group is in a
position to evaluate for management the attractiveness of the proposed process
using such measures of profitability as rate of return, payout time, or present
worth. These methods are fully outlined in Chap. 10. The design report, as
mentioned previously, completes the preliminary design.
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TABLE 4 ]
Fixed-capital ~ investment  estimate?
Items Cost
Purchased  equipment $1,165,000
Purchased-equipment installation 547,600
Instrumentation and  controls 209,700
Piping (installed) 768,900
Electrical  (installed) 128,200
Buildings (including services) 209,700
Yad  improvements 116,500
Savice facilities (installed) 815,500
Land (purchase not required)
Engineering and  supervision 384,500
Congtruction  expenses 477,700
Contractor's ~ fee 244,700
Contingency 489,300
Fixed-capitd  investment $5,557,300
Working capital 1,001,900
Total capital investment $6,559,200

tEquipment-cost raio percentages used in Table 4 are fac-
torr]s applicable to a fluid-processing plant as outlined in
Chap. 6.

TABLE 5 _
Total product cost estimate

Items cost

Direct production costs

Raw  materias $2,512,200
Operating  labor 963,500
Direct supervisory and clerical labor 192,700
Utilities 567,700
Maintenance and  repairs 111,100
Operating  supplies 16,700
Fixed charges
Depreciation 555,700
Locd taxes 111,100
Insurance 55,600
Plant-overhead  costs 760,400
Genera  expenses
Adminigtration 190,100
Distribution and selling 771,900
Research and  development 385,900
Financing  (interest) 524,600
Annual total product cost $7,719,200

Total product cost per pound $0.515
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Summary

The preliminary design presented in this section was developed to show the
logicd step-by-step approach which is quite often followed for each new process
design. The exact procedure may vary from company to company and from one
design engineer to another. Likewise, the assumptions and rule-of-thumb fac-
tors used may vary from one company to the next depending to a large extent on
design experience and company policy. Nevertheless, the basic steps for a
process design are those outlined in this preliminary design covering the
manufacture of a common household item.

No attempt has been made to present a complete design. In fact, to
minimize the length, many assumptions were made which would have been
verified or justified in a norma process design. Neither were any alternative
solutions considered even though some were suggested by the literature survey.
The investigation of these various aternatives is left to the reader.

COMPARISON OF DIFFERENT PROCESSES

In a course of a design project it is necessary to determine the most suitable
process for obtaining a desired product. Severa different manufacturing meth-
ods may be available for making the same material, and various processes must
be compared in order to select the one best suited to the existing conditions.

The comparison can be accomplished through the development of com-
plete designs. In many cases, however, al but one or two of the possible
processes can be eliminated by a weighted comparison of the essential variable
items, and detailed design calculations for each process may not be required.
The following items should be considered in a comparison of this type:

1. Technical factors

a. Process flexibility

b. Continuous operation

¢. Specia controls involved

d. Commercia yields

e. Technical difficulties involved

f. Energy requirements

0. Specid auxiliaries required

h. Possibility of future developments

i. Hedlth and safety hazards involved
2. Raw materials

a Present and future availability

b. Processing required

c. Storage requirements

d. Materials handling problems

3. Waste products and by-products
a. Amount produced
b. Vdue
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c. Potential markets and uses
d. Manner of discard
e. Environmental aspects
4. Equipment
a Avallability
b. Materials of construction
c. Initial costs
d. Maintenance and installation costs
e. Replacement requirements
f. Special designs
5. Plant location
a. Amount of land required
b. Transportation facilities
c. Proximity to markets and raw-material sources
d. Availahility of service and power facilities
e. Availability of labor
f. Climate
0. Lega restrictions and taxes
6. Costs
a. Raw materids
b. Energy
c. Depreciation
d. Other fixed charges
e. Processing and overhead
f. Specid labor requirements
0. Red edtate
h. Patent rights
i. Environmental controls

7. Time factor
a Project completion deadline
b. Process development required
c. Market timeliness
d. Vaue of money
8. Process considerations
a Technology availahility
b. Raw materials common with other processes
¢. Consistency of product within company
d. Genera company objectives

Batch Versus Continuous Operation

When comparing different processes, consideration should always be given to
the advantages of continuous operation over batch operation. In many cases, |
costs can be reduced by using continuous instead of batch processes. Less labor
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is required, and control of the equipment and grade of final product is
simplified. Whereas batch operation was common in the early days of the
chemical industry, most processes have been switched completely or partially to
continuous operation. The advent of many new types of control instruments has
made this transition possible, and the design engineer should be aware of the
advantages inherent in any type of continuous operation.

EQUIPMENT DESIGN AND SPECIFICATIONS

The goal of a “plant design” is to develop and present a complete plant that can
operate on an effective industrial basis. To achieve this goal, the chemical
engineer must be able to combine many separate units or pieces of equipment
into one smoothly operating plant. If the final plant is to be successful, each
piece of equipment must be capable of performing its necessary function. The
design of equipment, therefore, is an essential part of a plant design.

The engineer developing a process design must accept the responsibility of
preparing the specifications for individual pieces of equipment and should be
acquainted with methods for fabricating different types of equipment. The
importance of choosing appropriate materials of construction in this fabrication
must be recognized. Design data must be developed, giving sixes, operating
conditions, number and location of openings, types of flanges and heads, codes,
variation alowances, and other information. Many of the machine-design de-
tails are handled by the fabricators, but the chemical engineer must supply the
basic design information.

SCALE- UPI NDESI GN

When accurate data are not available in the literature or when past experience
does not give an adequate design basis, pilot-plant tests may be necessary in
order to design effective plant equipment. The results of these tests must be
scaled up to the plant capacity. A chemica engineer, therefore, should be
acquainted with the limitations of scale-up methods and should know how to
select the essential design variables.

Pilot-plant data are ailmost always required for the design of filters unless
specific information is aready available for the type of materials and conditions
involved. Heat exchangers, distillation columns, pumps, and many other types of
conventional equipment can usually be designed adequately without using
pilot-plant data.

Table 6 presents an analysis of important factors in the design of different
types of equipment.? This table shows the major variables that characterize the

tAdapted from Johngtone, R. E, and M. W. Thring, “Pilot Plants, Models, and Scale-up Methods,”
McGraw-Hill Book Company, New York, 1957. See dso Bisio, A, and R. L Kabel, “Scaleup of
Chemica Processes” J. Wiley & Sons, New York, 1985. )
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TABLE 6 _ _
Factors in equipment scale-up and design
Approxi-
Maximum | mate
scale-up recom-
Is pilot ratio based | mended
plant | Major  variables on indi- safety or
vsually [ for operational Major variables |cated char- | over-
Type of lheces- | design  (other characterizing acterizing | design
equipment sary? | than flow rate) size or capacity| variable factor, %
Agitated batch Yes | Solubility- Flow rate >100:1 20
crystallizers temperature Heat transfer
relationship area
Batch reactors Yes [Reaction rate Volume >100:1 20
Equilibrium Residence time
state
Centrifugal No |Discharge head | Flow rate >100:1 10
pumps Power input >100:1
Impeller 10:1
diameter
Continuous Yes | Reaction rate Flow rate >100:1 20
reactors Equilibrium Residence time
state
Cooling  towers No [Air humidity Flow rate >100:1 15
Temperature Volume 10:1
decrease
Cyclones No [ Particle size Flow rate 10:1 10
Diameter of 3:1
body
Evaporators No Latent heat of Flow rate >100:1 15
vaporization Heat-transfer >100:1
Temperatures area
Hammer  mills Yes |Size reduction Flow rate 60:1 20
Power input 60:1
Mixers No [Mechanism of Flow rate >100:1 20
operation Power input 20:1
System  geometry
Nozzle-discharge Yes | Discharge Flow rate 10:1 20
centrifuges method Power input 10:1 20

(continued)
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TABLE 6
Factors in equipment scale-up and design (Continued)
Approxi-
IMaximum |inate
scale-up recom-
lIs pilot 1|atio based |inended
plant Major variables on indi- safety or
usually | for operational Major variables | cated char- | over-
Type of neces- | design (other characterizing  facterizing | design
equipment sary? than flow rate) size or capacity |variable factor, %
Packed columns No Equilibrium data | Flow rate >100:1 15
Superficial vapor | Diameter 10:1
velocity Height to di-
ameter ratio
Plate columns No Equilibrium data | Flow rate >100:1 15
Superficial vapor | Diameter 10:1
velocity
Plate-and-frame Yes | Cake resistance | Flow rate >100:1 20
filters or permeability] Filtration area| >100:1
Reboilers No | Temperatures Flow rate >100:1 15
Viscosities Heat-transfer >100:1
area
Reciprocating No Compression Flow rate >100:1 10
compressors ratio Power input >100:1
Piston dis- >100:1
placement
Rotary filters vcs | Cake resistance | Flow rate >100:1 20
or permeability | Filtration area 25:1
Screw conveyors No Bulk density Flow rate 90:1 20
Diameter 8:1
Drive horse-
power
Screw  cxtruders No Shear rate Flow rate 100: 1 20
Power input 100: 1 10
Sedimentation No Discharge Flow rate 10:1 20
centrifuges method Power input 10:1 20
Settlers No Settling velocity | Volume >100:1 15
Residence time
Spray columns No Gas solubilities Flow rate 10:1 20

Power input
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TABLE 6
Factors in equipment scale-up and design (Continued)
Approxi-
Maximum | mate
scale-up recom-
Is pilot ratio based | mended
plant Major variables on indi- safety or
usually |for operational Major variables. | cated char- | ovet-
Type of neces- |design (other characterizing acterizing | design
eguipment sary? |than flow rate) Sze or capacity ! variable factor, %
Spray condensers | No L atent heat of Flow rate 70:1 20
vaporization Height to di- 12:1
Temperatures ameter ratio
Tube-and-shell No | Temperatures Flow rate >100:1 15
heat exchangers Viscosities Heat-transfer >100:1
Thermal condue-| area
tivities

size or capacity of the equipment and the maximum scale-up ratios for these
variables. Information on the need for pilot-plant data, safety factors, and
essential operational data for the design is included in Table 6.

SAFETY FACTORS

Some examples of recommended safety factors for equipment design are shown
in Table 6. These factors represent the amount of overdesign that would be
used to account for the changes in the operating performance with time.

The indiscriminate application of safety factors can be very detrimenta to
a design. Each piece of equipment should be designed to carry out its necessary
function. Then, if uncertainties are involved, a reasonable safety factor can be
applied. The role of the particular piece of equipment in the overall operation
must be considered along with the consequences of underdesign. Fouling, which
may occur during operation, should never be overlooked when a design safety
factor is determined. Potential increases in capacity requirements are some-
times used as an excuse for applying large safety factors. This practice, however,
can result in so much overdesign that the process or egquipment never has an
opportunity to prove its economic value.

In general design work, the magnitudes of safety factors are dictated by
economic or market considerations, the accuracy of the design data and calcula-
tions, potential changes in the operating performance, background information -
available on the overall process, and the amount of conservatism used in
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developing the individual components of the design. Each safety factor must be
chosen on basis of the existing conditions, and the chemica engineer should not
hesitate to use a safety factor of zero if the situation warrants it.

SPECIFICATIONS

A generdization for equipment design is that standard equipment should be
selected whenever possible. If the equipment is standard, the manufacturer may
have the desired size in stock. In any case, the manufacturer can usually quote a
lower price and give better guarantees for standard equipment than for special
equipment.

The chemica engineer cannot be an expert on all the types of equipment
used in industrial plants and, therefore, should make good use of the experience
of others. Much valuable information can be obtained from equipment manu-
facturers who specialize in particular types of equipment.

Before a manufacturer is contacted, the engineer should evaluate the
design needs and prepare a preliminary specification sheet for the equipment.
This preliminary specification sheet can be used by the engineer as a basis for
the preparation of the final specifications, or it can be sent to a manufacturer
with a request for suggestions and fabrication information. Preliminary specifi-
cations for equipment should show the following:

. ldentification

. Function

. Operation

. Materials handled

. Basic design data
Essential controls

. Insulation requirements
. Allowable tolerances

Specia information and details pertinent to the particular equipment, such
as materials of construction including gaskets, installation, necessary delivery
date, supports, and special design details or comments

© O NOUAWNPR

Final specifications can be prepared by the engineer; however, care must
be exercised to avoid unnecessary restrictions. The engineer should alow the
potential manufacturers or fabricators to make suggestions before preparing
detailed specifications. In this way, the final design can include small changes
that reduce the first cost with no decrease in the effectiveness of the equipment.
For example, the tubes in standard heat exchangers are usually 8, 12, 16, or 20 ft
long, and these lengths are ordinarily kept in stock by manufacturers and
maintenance departments. If a design specification called. for' tubes 15 ft long,
the manufacturer would probably use 16-ft tubes cut off to the specified length.
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HEAT EXCHANGER

Identification: |tem Condenser Date 1-1-90
Item No. H-s
No. required | By JRL

Function:  Condense overhead vapors from methanol fractionation column

Operation: Continuous

Type: Horizontal
Fixed tube sheet

Expansion ring in shell
Duty 3,400,000 Btu/h Outside area 470 s ft

Tube side: Tubes: | in. diam. 14 BWG
Fluid handled cooling water 1.25" Centers A Pattern
Flow rate 380 gpm 225 Tubes each 8 ft long
Pressure 20  psig 2 Passes
Temperature 15°C to 25°C Tube material Carbon steel

Head material Carbon sed

Shell aide: Shell: 22 in. diam. | Passes
Fluid handled Methanol vapor (Transverse baffles Tube
Flow rate 7000 Ib/h support Req'd)
Pressure 0  psig (Longitudinal baffles O Req'd)
Temperature 65°C to (constant temp.) Shell material carbon steel

Utilities: untreated cooling water
Controls: Cooling-water rare controlled by vapor temperature in vent line
Insulation: 2-in. rock cork or equivalent; weatherproofed
Tolerances.  Tubular Exchangers Manufacturers ASsociation (TEMA) standards
Comments and drawings: Location and sizes of inlets and outlets are shown

on drawing

FIGURE 2-6
Specification sheet for heat exchangers using U.S. customary units.

Thus, an increase from 15 to 16 ft for the specified tube length could cause a
reduction in the total cost for the unit, because the labor charge for cutting the
standard-length tubes would be eliminated. In addition, replacement of tubes
might become necessary after the heat exchanger has been in use, and the
replacement costs with 16-ft tubes would probably be less than with 15-ft tubes.
Figures 2-6 and 2-7 show typical types of specification sheets for equip-
ment. These sheets apply for the normal type of equipment encountered by a
chemical engineer in design work. The details of mechanical design, such as
shell or head thicknesses, are not included, since they do not have a direct effect
on the performance of the equipment. However, for certain types of of equip- .
ment involving unusual or extreme operating conditions, the engineer may need
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SIEVE-TRAY COLUMN
Identification:  Jtem Date
ltem No.
No. required — By
Function:
Operation:
Materials handled: Feed Overhead Reflux Bottoms
Quantity
Composition
Temperature
Design data: No. of trays Reflux  ratio
Pressure Tray  spacing
Functiona  height Skirt  height
Material  of  congtruction
Diameter:  Liquid density — I/f* (-kg/m’)
Vapor densty ___ t* (-kg/m’)
Maximum alowable vapor velocity (superficial) ft/s (— mis)
Maximum vapor flow rate ft3/s (—— mfs)
Recommended  indde  diameter
Hole sze and arrangement
Tray thickness
Utilities:
Controls:
Insulation:
Tolerances:
Comments and drawings:

FIGURE 2-7
Specification sheet for sievetray didtillation column.

to extend the specifications to include additional details of the mechanical
design. Locations and sizes of outlets, supports, and other essential fabrication
information can be presented with the specifications in the form of comments or
drawings.

MATERIALS OF CONSTRUCTION

The effects of corrosion and erosion must be considered in the design of
chemical plants and equipment. Chemical resistance and physical properties of
constructional materias, therefore, are important factors in the choice and
design of equipment. The materials of construction may be resistant to the
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corrosive action of any chemicals that may contact the exposed surfaces.
Possible erosion caused by flowing fluids or other types of moving substances
must be considered, even though the materials of construction may have
adequate chemical resistance. Structural strength, resistance to physical or
thermal shock, cost, ease of fabrication, necessary maintenance, and general
type of service required, including operating temperatures and pressures, are
additional factors that influence the final choice of constructional materials.

If there is any doubt concerning suitable materials for construction of
equipment, reference should be made to the literature,? or laboratory tests
should be carried out under conditions similar to the final operating conditions.
The results from the laboratory tests indicate the corrosion resistance of the
material and also the effects on the product caused by contact with the
particular material. Further tests on a pilot-plant scale may be desirable in
order to determine the amount of erosion resistance or the effects of other
operationa factors.

PROBLEMS

1. Using Chemical Abstracts as a basis, ligt the origind source, title, author, and brief
abdract of three published articles dedling with three different processes for produc-
ing formaldehyde.

2 Prepare in the fom of a flow shedt, an outline showing the saouence of deps in the
complete development of a plant for producing formadehyde. A detailed andyss of
the points to be considered a each step should be included. The outline should take
the project from the initia idea to the stage where the plant is in efficient operation.

3. A process for making a single product involves reacting two liquids in a continuously
agitaed reactor and didilling the resulting mixture. Unused reectants are recovered
as overhead and are recycled. The product is obtained in sufficiently pure form as
bottoms from the didtillation tower.

(a) Prepare a qualitative flow sheet for the process, showing dl pieces of equipment.

(b) With cross reference to the quditative flow sheet, list each piece of equipment
and tabulae for each the information needed concerning chemicas and the
process in order to design the equipment.

4. Figure 2-1 presents a quditative flow diagram for the manufacture of nitric acid by
the ammonia-oxidation process. Figure 2-2 presents a quantitative flow diagram for
the same process. With the information from these two figures, prepare a quantita
tive energy baance for the process and sze the equipment in sufficient detail for a
preliminary cost edtimate.

5. A ssarch of the literature reveds many different processes for the production of
acetylene. Sdect four different processes, prepare quditative flow sheets for each,
and discuss the essentid differences between each process. When would one process
be more desirable than the others? What are the main design problems which would

tDetailed information on materials of congtruction is presented in Chap. 12.
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require additional information? What gpproximations would be necessary if data are
not available to resolve these quetions?

. Ethylene is produced commerciadly in a variety of different processes. Feed stocks

for these various processes range from refinery gas, ethane, propane, butane, natura
gasoline, light and heavy naphthas to gas and oil and heavier fractions. Prepare three
different quditative flow sheets to handle a mgority of these feed stocks. What are
the advantages and disadvantages of each sdected process?

. Gather dl the avalable information on one of the ethylene processes for which a

flow sheet was prepared in the preceding problem and make a prdiminary materid
baance for the production of 50 million b/yr of ethylene. Assume an operaing
factor of 90 percent.

. One method of preparing acetddehyde is by the direct oxidation of ethylene. The

process employs a catalytic solution of copper chloride containing smal quantities of
pdladium chloride. The resctions may be summarized as follows:

PdCl
C,H, + 2CuCl, + H,0 ~——3 CH,CHO + 2HC! + 2CuCl

2CuCl + 2HCI + 40, — 2CuCl, + H,0

In the reaction, PdCl, is reduced to dementa palladium and HCI, and is reoxidized
by CuCl,. During catdys regeneration the CuCl is reoxidized with oxygen. The
reaction and regeneration steps can be conducted separately or together.

In the process, 99.8 percent ethylene, 99.5 percent oxygen, and recycle gas are
directed to a verticd reactor and are contacted with the catdyst solution under dight
pressure. The water evaporated during the resction absorbs the exothermic hesat
evolved, and make-up water is fed as necessary to maintain the cataytic solution
concentration. The reacted gases are water-scrubbed and the resulting acetaldehyde
solution is fed to a didillation column. The tail gas from the scrubber is recycled to
the reector. Inerts are diminated from the recycle gas in a bleed stream which flows
to an auxiliary reactor for additiona ethylene converson.

Prepare, in the form of a flow shest, the sequence of steps in the development
of a plant to produce acetaldehyde by this process. An analysis of the points to be
conddered a each step should be included. List the additiond information that will
be needed to complete the preiminary design evauation.

. Prepare a smplified equipment flow sheet for the acetaldehyde process outlined in

Prob. 8. Identify temperature, pressure, and composition, wherever possible, a each
piece of equipment.

Prepare a materid balance and a quditative flow sheet for the production of 7800

kgh of acetddehyde usng the process described in the previous problem. Assume
an operating factor of 90 percent and a 95 percent yield on the ethylene feed. Both

ethylene and oxygen enter the process a 930 kPa.

11. Using the information developed in Prob. 10, make a basic energy bdance around

12.

each piece of equipment and for the entire process. Prepare, a quantitative flow
sheet to outline the results of the basic energy baance.

Prepare a materia bdance for the production of 7800 kg/h of acetddehyde using
the process described in Prob. 8. However, because 995 percent oxygen is unavail-
able, it will be necessary to use 830%Pa air as one of the raw materias. What steps
of the process will be affected by this subgtitution in feed stocks? Assume an
operating factor of 90 percent and a 95 percent yied on the ethylene feed.
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13. Synthesis gas may be prepared by a continuous, noncataytic converson of any
hydrocarbon by means of controlled partid combustion in a fire-brick lined reactor.
In the basic form of this process, the hydrocarbon and oxidant (oxygen or ar) ae
sparatdy preheated and charged to the reector. Before entering the reaction zone,
the two feed stocks are intimately mixed in a combustion chamber. The heat
produced by combustion of part. of the hydrocarbon pyrolyzes the remaining hydro-
cabons into gas and a smdl amount of carbon in the reaction zone. The resctor
effluent then passes through a waste-heat boiler, a water-wash carbon-remova unit,
and a water cooler-scrubber. Carbon is recovered in equipment of smple design in a
form which can be used as fud or in ordinary carbon products.

Prepare a smplified equipment flow sheet for the process, with temperatures
and pressure conditions a each piece of eguipment.

14. Make a maerid badance and a quditaive flow sheet for the synthesis gas process
described in Prob. 13. Assume an operating factor of 95 percent and a feed stock
with an analysis of 84.6 percent C, 11.3 percent H,, 3.5 percent S, 0.13 percent O,,
0.4 percent N,, and 0.07 percent ash (dl on a weight besis). The oxidant in this
process will be oxygen having a purity of 95 percent. Production is to be 8.2 m3/s.

15. Prepare an energy baance and a suitable flow sheet for the synthesis gas production
requested in Prob. 14.

16. Size the equipment that is necessary for the synthess gas production outlined in
Probs. 13 and 14.

17. Edimate the required utilities for the synthesis gas plant described in the previous
four problems.

18. Repeat the cdculations of Probs. 14 to 17 by subgtituting air as the oxidant in place
of the 95 percent purity oxygen.

19. In the face of world food shortages accompanying an exploding world population,
many engineers have suggested that the world look to crude oil as a new source of
food. Explore this possihility and prepare a flow sheet which utilizes the converson
of petroleum to food by organic microorganisms. What are the problems that must
be overcome to make this possihility an economic redity?

20. A chemicd enginesring consultant for a large refinery complex hes been asked to
investigate the feesibility of maenufacturing 144 x 10~% kg/s of thiophane, an
odorant made from a combination of tetrahydrofuran (THF) and hydragen sulfide.
The essentid reaction is given below: ‘

CH,—CH, CH,—CH,
I " +H,Se=—= | | +H,0
CH, CH, CH, CH,
0
\

The process consists essentidly of the following steps:

(a) THF is vaporized and mixed with H,S in aratio of 1.5 moles H,S to one mole of
THF and rescted over an dumina caidys a an average temperaure of 672 K
and 207 kPa.

(b) Reactor vapors are cooled to 300 K and phase separated.

{c¢) The noncondensable gases are removed and burned in a fume furnace while the  +
crude thiophane is caugtic washed in a batch operation.
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(d) The caudtic treated thiophane is then batch didtilled in a packed tower and sent
to storage before eventud shipment to commerica use

(e) Recoverable THF is recyded back to the reactors from the batch column.

(f) The aqueous bottoms stream is stored for further processing in the plant.

(g) Cabon deposition on the catayst is heavy (4 percent of THF feed) and
therefore provision for regeneration of the catdyst must be made.

Assg the consultant in analyzing this process with a complete flow sheet and
materid baance, assuming 85 percent operating factor, 80 percent conversion in
the reactor, and 90 percent recovery dfter the reactor. Outline the types of
equipment necessary for the process. Determine approximeate duties of heat
exchangers and ligt overdl heat bdances on the plant. It is known that the heat
of formation of THF is -594 kcd/g mol, H,S is -4.77 kcd/g mol, and
thiophane is ~ 17.1 kcd/g madl.

What additiona information would be required in order to complete the
project analysis?

Physical properties:

THF MW =72 s gr = 0.887 Bailing pt. = 65°C

Vap. press. a 25°C = 176 mm Hg

Thiophane, MW = 88 Bailing pt. = 121°C
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GENERAL
DESI GN
CONSI DERATI ONS

The development of a complete plant design involves consideration of many
different topics. Quite understandably, the overall economic picture generaly
. dictates whether or not the proposed facility will receive management approval.
However, the application of engineering principles in the design of such a
facility in a safe and environmentally acceptable fashion, along with some
general design considerations, will ultimately determine whether these earlier
economic goals can be met.

Before proceeding any further with the development of a process design
and its associated economics, it will be desirable to consider an overal view of
the various functions involved in a complete plant design. Particular emphasisin
this discussion will be placed on important health, safety, loss prevention, and
environmental considerations. Other items that will be noted briefly include
plant location, plant layout, plant operation and control, utilities, structural
design, storage, materials handling, patents, and legal restrictions.

HEALTH AND SAFETY HAZARDS

The potential health hazard to an individual by a materia used in any chemica

process is a function of the inherent toxicity of the material and the frequency
and duration of exposure. It is common practice to distinguish between the
short-term and long-term effects of a materiaf. A highly toxic material that’
causes immediate injury is classified as a safety hazard while a material whose

47
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effect is only apparent after long exposure at low concentrations is considered
as an industrial health and hygiene hazard. The permissible limits and the
precautions to be taken to ensure that such limits will not be exceeded are quite
different for these two classes of toxic materials. Information on the effects of
many chemicals and physical agents is accessible through computer databases
such as MEDLAR and TOXLINE. A number of health effects noted in these
sources besides that of cancer are dermatitis, neuropathy, irritation, reproduc-
tive damage, and acute poisoning.

The inherent toxicity of a material is measured by tests on animals. The
short-term effect is expressed as LDy, the lethal dose at which 50 percent of
the test animals do not survive. Estimates of the LD,, value for humans are
extrapolated from the animal tests. On the other hand, the permissible limits of
concentration for the long-term exposure of humans to toxic materials is set by
the threshold limit value (TLV). The latter is defined as the upper permissible
concentration limit of the material believed to be safe for humans even with an
exposure of 8 hr per day, 5 days per week over a period of many years. The
handbook prepared by Saxt provides a comprehensive source of data as well as
guidance on the interpretation and use of the data. Recommended TLV values
are published in bulletins by the Occupational Safety and Health Agency
(OSHA), the American Conference of Governmental Industrial Hygienists
(ACGIH), the American Industrial Hygiene Association (AIHA), the Nationa
Ingtitute for Occupational Safety and Headth (NIOSH), and the United Ring-
dom Health and Safety Executive (HSE).

With the uncertainties involved in the designation of occupationa expo-
sure standards and the variability of the occupational environment, it would be
unreasonable to interpret occupational limits as rigidly as one might interpret
an engineering standard or specification. Fortunately, there has been a recent
effort to make these rather subjective judgements more scientific and uniform
by the application of statistics. The latter makes it possible to develop decision-
making strategies that can prescribe how many samples to take, where and
when to take them in the workplace, and how to interpret the results.

Sources of Exposure

The main objective of health-hazard control is to limit the chemical dosage of a
chemical by minimizing or preventing exposure. It is not practical to measure or
control the chemical dosage directly; rather, exposure is measured and limits
are set for the control of such exposure.

The most common and most significant source of workplace exposure to
chemicals and aso the most difficult to control is inhalation. Workers become
exposed when the contaminant is picked up by the air they breathe. Thus, an

FN. T. Sax, “Dangerous Properties of Industrial Materials,;’ 6th ed., Van Nostrand Reinhold,
New York, 1984.
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understanding of the sources of contaminants to which workers are exposed is
important for the recognition, evaluation, and control of occupational health
hazards. For example, mechanical abrasions of solid materials by cutting,
grinding, or drilling can produce small particles which can form an airborne
dust cloud or solid aerosol. Liquid aerosols, on the other hand, may be
produced by any process that supplies sufficient energy to overcome the surface
tension of the liquid. This process occurs intentionally in spray coating and
unintentionally when oil mist is generated from lubricants or coolants used on
high-speed machinery. Liquid aerosols can also be produced by condensation.

Contaminant vapors are normally formed by allowing the liquid to evapo-
rate into the air. A significant source of mercury poisoning is from worker
exposure in laboratories where mercury has been spilled, trapped in cracks, and
then evaporates at room temperature to exceed the TLV of 0.05 mg/m?>.

Gases are usualy stored or processed in closed systems. Contamination of
air with such gas occurs from fugitive emissions (lesks) or from venting.
Essentially all closed systems leak to some degree. [The Environmental Protec-
tion Agency (EPA) through various studies has determined that emissions from
just the synthetic organic chemical manufacturing industry in the United States
are greater than 80,000 Mg/yr before emission controls are applied.] Obviously,
the tightness of a system is directly related to the engineering and leak
monitoring effort expended. This, in turn, depends on the consequences result-
ing from these emissions. High-value and very toxic materias are usually very
tightly controlled. Contaminants that are neither valuable nor toxic but that
create an undesirable atmosphere in neighboring communities are also con-
trolled to maintain good public relations. Flammable materials likewise are
carefully controlled because a leak may lead to a fire and a possible major loss
in life and facility. Table 1 lists potential sources of air contamination in the
chemical process industry, noting whether these are intermittent or continuous
sources, whether workers are directly involved in the emission operation, the
relative importance of the emission source, and the most probable control of the
emission.

In typica well-maintained plants, pumps and valves are probably the
major source of fugitive emissions. Monitoring and maintenance efforts are
therefore generally focused on these sources. Taken as a whole, fugitive emis-
sions, even without major seal failure, are the origin of the continuous back-
ground exposure of workers. This source of exposure may not, by itself, result in
overexposure; but its presence reduces the margin within which other emissions
may vary while still remaining under the acceptable TLV.

The continuous movement of materials through a process unit generaly
does not involve any situations for emission release and consequent exposure.
However, some material-handling steps are difficult to accomplish with total
containment. For example, whenever quantities of materials are alowed to
accumulate in storage and then are removed for further processing, the possibil-
ity of release needs to be considered; for example, liquids entering fixed tankage
generally displace air that must be vented to avoid overpressuring the tank.
Control of such liquid-transfer operations can be achieved by using variable
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TABLE 1
Potential sources of air contamination in the chemical process industry?
[ntermittent
or Worker
continuous activity Importance Control}
Fugitive emissions
Pump seal leaks Either No High M
Flange leaks Cont. No Low M
Agitator seal leaks Either No Med M
Vave stem lesks Cont. No High M
Process  operations
Sampling Int. Yes Med W,E
Filter change Int. Yes Low w,P
Gauging Int. Maybe Low E.W
Venting and flaring Either No Med E
Extruding Either Yes Med E
Materia  handling
Solid addition Int. Yes Med E, P
Liquid transfer Either No High E
Bagging Cont. Yes High E
Drumming Cont. Yes High E,W
Bag dumping Int. Yes High E, W
Screening Cont. No Med E
Open mixing Int. No Med E,P
Milling Either No Med E,P
Maintenance
Equipment  opening Int. Yes High W, P
Instrument line draining Int. Yes Med Ww,P
Welding Int. Yes High E,W,P
Painting Int. Yes Med W, P
Sandblasting Int. Yes High E,P
Insulating Int. Yes High W, P§
Insulating  removal Int. Yes High W,P
Chemical  cleaning Int. Yes Med W,P
Degreasing Int. Yes Low E
Cutting and burning Int. Yes Med W, P
Catalyst handling Yes Yes High W, P
Waste handling
Bag house cleaning Int. Yes High P
Drain and sewer venting Either No High E
Spill clean up Int. Yes Med P
Sweeping Int. Yes Low w
Incineration Either Maybe Med E
Waste-water treatment Cont. No Med E
Sludge handling Int. Yes Med W, P

t Modified from S. Lipton and J. Lynch, “Health Hazard Control in the Chemical Process
Industry,” Wiley, New York, 1987.

} Legend: M = proper maintenance procedures, W = proper work practices, E = appropriate
engineering design or modification, P = use of suitable personal protection.

§ Substitution of less toxic materials for asbestos is the most common control.
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volume tanks, particularly those with floating roofs, or by scrubbing, flaring, or
recovering the vented gas stream.

Solids handling can provide considerable exposure to contaminants when-
ever the operation is performed in an open atmosphere. Where possible, such
operations should be retrofitted with a closed system. Even then, potential
release problems exist, particularly during maintenance and repair of the
system.

It should be recognized that the maintenance of any closed system can
pose a hazardous exposure problem since most maintenance is performed while
the plant is in operation and requires that workers be in close proximity to the
operating equipment for long periods of time. Under such conditions, it is
necessary to consider not only local contaminant releases but also physica
hazards that may be present, such as noise and thermal radiation.

In a closed system, equipment that must be repaired should first be
cleaned to reduce exposure before the system is opened. Where highly toxic
process materials are present, it may be necessary to flush equipment with a
low-toxicity stream, strip with steam, and then purge with nitrogen. In such
situations, the equipment design should include specia fittings necessary for the
flushing and purging procedures.

Turnarounds, or major periodic overhauls of chemical plant units, are a
specia case of plant maintenance. Since the units are shut down, some exposure
risks are avoided. However, since the unit is not in production, there is a time
pressure to complete the turnaround and resume production. In such an
environment, there is the potential for disorganization and misunderstanding on
the part of workers with the unanticipated release of contaminants. To conduct
a safe turnaround requires careful planning. Contingencies need to be antici-
pated to the greatest extent possible and plans made to deal with them.

It should be noted that the materials and operations used in a plant
maintenance effort may involve a new set of hazards quite separate from the
exposure hazards encountered with feedstocks, intermediates, and products for
the process plant. For example, proper maintenance often involves such opera-
tions as welding, sandblasting, painting, chemical cleaning, catalyst handling,
and insulation replacement. The maintenance of safe conditions requires exten-
sive worker training in each one of these operations.

In the same vein, certain waste-handling procedures, even those per-
formed intermittently, can result in very serious contaminant exposure without
proper precautions. Workers need to be instructed in the proper procedures for
cleaning up spills and accumulated debris. Spilled materials can become air-
borne and pose an inhaation hazard. Spills and chemical process wastes may
end up in the waste-water treatment facilities where they again can be volatilized
into the air and result in unexpected worker exposure.

Exposure Evaluation

If health hazards are to be controlled, they must be recognized and evaluated.
A logical place to initiate the process of health-hazard recognition is with a total
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inventory of all materials present in the various stages of the process. Even
when materials are present in only trace amounts, there is more than enough
present to produce a potentialy hazardous situation in a localized work area
Generally, feedstocks and products of a process are well known. Intermediates,
by-products, and waste materials may be less conspicuous and may not even
have been identified. Other materials, such as cataysts, additives, cleaning
agents, and maintenance materials need to be identified to complete the
inventory.

An estimate of the toxicity or intrinsic hazard is needed for each material
identified in the inventory. Such information for many chemicals in the form of
a Materid Safety Data Sheet (MSDS) are required by the OSHA Hazard
Communication Standard. (Other countries have similar requirements.) Stan-
dard hazard-data sources may need to be consulted for those chemical com-
pounds for which no MSDSs are presently available. Adequate hazard data may
be lacking for various mixtures that are unique to the plant. For such mixtures,
it may be necessary to analyze the contents and then estimate the overall hazard
based on the individual components.

To perform a risk assessment and then prioritize the exposure measure-
ment effort requires an approximate initial exposure potential assessment. For
each chemical present and for each source of exposure for that chemical, an
estimate of exposure can be made. These exposure estimates combined with a
toxicity estimate from the hazard data can then be combined to yield a risk
estimate which can be used as a basis for prioritization of the measurement and
monitoring effort.

It is generally not necessary to make an exposure estimate for every
chemical/exposure source combination since many will be of such low signifi-
cance that they can be neglected. For those chemical/exposure source combina-
tions that could be near the top of the priority list, the exposure estimate is
probably not needed beyond an order of magnitude. Methods for making this
type of estimate have been developed by the EPA for the purpose of evauating
Premanufacturing Notifications (PMNs).

Contaminant concentrations in a typica plant environment are highly
variable. The background level of exposure in a chemical plant is generally the
result of a large number of small fugitive emissions, each varying with time.
These variability aspects in the contaminant concentrations and the exposure of
workers require that a sufficient number of samples be taken to permit charac-
terization of the statistical distribution and permit estimation of exposure over
the appropriate averaging time. In mathematical terms, the averaging time
should be no longer than the biological half-time of a substance acting in the
body. Although the range of biologica haf-times is continuous, for simplicity
only a few discrete averaging times are commonly used. For fast-acting sub-
gances 15 and 30 min are used, while 8 h is most often used for substances with
biological half-times longer than 8 h. The latter is generaly labeled as the 8-h
time weighted average (TWA).

The most commonly used methods for the analysis of airborne contami-
nants are listed in Table 2. Any method used for a particular contaminant must
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TABLE2

Air analyss methods

Method Substance  analyzed
Atomic  ahsorption  spectroscopy Metals

Gas  chromatography Volatile organic  compounds
Gravimetric Nuisance dust, coa dust
Particle count Asbestos

lon-specific  electrode Halogens, HCN, NH,
X-ray diffraction Silica

Colorimetry Miscellaneous

be appropriate for the sampling media, have sufficient sensitivity, and be
reasonably free from interference. The ultimate confidence that can be placed
on an analytical result depends in part on the accuracy of the method, but to a
greater extent on how well the method has been validated for the particular
purpose and on the reliability of the laboratory performing the test.

As noted earlier, the EPA has determined that fugitive emissions from
process equipment are a large source of volatile organic compounds (VOC).
The latter are defined by the EPA as organic compounds that participate in
photochemical reactions. These reactions are of significance since the ozone
level in the atmosphere is affected by the concentration of volatile organic
compounds. Standards for ozone concentration in nonplant areas were origi-
nally one of the magjor concentration targets in the Clean Air Act.

In addition to the volatile organic compounds, EPA has added other
regulations controlling a number of compounds which are neither carcinogenic
agents or cause serious health problems to the public. These hazardous pollu-
tants, controlled under the National Exposure Standards for Hazardous Pollu-
tants (NESHAP), include benzene, vinyl chloride, mercury, asbestos, arsenic,
beryllium, and radionuclides. The NESHAP regulations in combination with
VOC emission-control regulations reduce exposures in the plant environment
through equipment emission-control systems. This is in contrast to the specific
objective of the Occupational Safety and Health Act (OSHA), which is the
control of occupational exposures in the workplace. This is considered in the
next section

Exposure-Hazard Control

When it is concluded that an exposure problem exists, decisions need to be
made regarding the implementation of hazard-control measures for the purpose
of reducing exposure and correspondingly reducing the risks. However, a given
set of exposure conditions does not lead to a fixed set of control strategies.

There are many options. Since zero risk is not attainable, a.decision must be
made relative to the degree of risk reduction that is to be attained. Then a
series of choices must be made from a wide range of options available to
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achieve the desired risk reduction. This choice of options is a judgemental
decision since the precise degree of risk assessment achievable by a specific
strategy is usually not known in advance. Furthermore, the strategy selected
must meet company safety standards, comply with regulatory requirements,
receive worker acceptability, and not adversely impact production and operabil-
ity.

These are three general control principles utilized in reducing the expo-
sure of workers to occupational health hazards. These involve source controls,
transmission barriers, and persona protection. In the first strategy, measures
are taken to prevent the release of the toxic contaminant to the air. The second
strategy provides means for capturing or blocking the contaminant before it
reaches the worker. The final strategy assumes the first two were unsuccessful
and requires workers to wear some protective device to prevent contact with the
toxic contaminant.

Containment eliminates most opportunities for exposure and is the pre-
ferred method of control in chemical manufacturing. Actualy, containment in
many chemical plants is dictated by pressure, temperature, fire, or product-loss
requirements and is really not a health-hazard control option. However, it must
be recognized that containment is never perfect, releases and exposure opportu-
nities will still occur, and additional control will probably be required.

Basic or detailed changes in the way the process is permitted to operate
can eliminate or reduce exposure. For example, rather than handling a material
as a dry powder, it might be handled as a slurry or in solution. A special case of
process change involves the substitution of a less hazardous materia in the
process for a more hazardous one. If such a substitution is not possible, then it
may be necessary to completely isolate the process from the worker, as has been
done in the manufacture of HCN (prussic acid).

The primary purpose of local exhaust ventilation is to control contaminant
exposure by establishing a control surface or barrier between the emission
source and the worker so that the contaminant is captured and does not reach
the worker’s breathing zone. Local exhaust ventilation is cumbersome, inconve-
nient, and requires considerable maintenance. It is an effective form of control
that can be retrofitted to an existing plant and thus minimize a problem that was
not anticipated in the original design. However, local exhaust ventilation is
rarely completely effective since capture is not complete and not al release
points are adequately covered.

Dilution ventilation, on the other hand, removes air containing a contami-
nant from the workplace after it has become mixed and been inhaled by the
workers. The objective of dilution ventilation is not to prevent any exposure, but
to keep the exposure to acceptable levels by dilution. This strategy should only
be used in low release rate, low toxicity (low hazard) situations.

There are also procedures and precautions that can be taken by workers
themselves to minimize exposure while on the job. Such practices do not
generaly eliminate a hazard by themselves but are necessary to prevent overex- ,
posure by emission sources not controlled by engineering design. Personal
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protection against exposure by inhalation can be accomplished by respirators.
Such devices are capable of providing considerable protection when selected
and used properly.

Various control options or combinations of options need to be selected to
reduce the evaluated exposure level to an acceptable one. The best option or
combination of options is then selected by means of a cost analysis. The latter is
most useful when comparing two or more options that have approximately an
equal probability of reducing the exposure below an appropriate occupational
exposure limit. Costs, including capital and expense, of the various options may
then be compared using such economic parameters as present net worth or
annualized cost.

An engineering system or work procedure that is utilized to eliminate a
health effect should be evaluated to determine the degree to which it reduces
the occurrence of the hedth effect. Measurements of exposure, for use in
comparison with occupational-exposure limits, need to be made over the averag-
ing time appropriate to the standard.

Fire and Explosion Hazards

Besides toxic emissions, fire and explosion are the two most dangerous events
likely to occur in a chemical plant. Considerable resources are expended to
prevent both of these hazards or control them when they do occur because of an
accident. These two hazards account for the major loss of life and property in
the chemical and petroleum industry.

For a fire to occur, there must be a fuel, an oxidizer, and an ignition
source. In addition, the combustion reaction must be self-sustaining. If air is the
oxidizer, a certain minimum concentration of fuel is necessary for the flame to
be ignited. While the minimum concentration required depends on the temper-
ature of the mixture and to a lesser extent on the pressure, most interest
generaly is focused on the ignition conditions necessary at ambient tempera-
ture. The minimum concentration of fuel in air required for ignition at ambient
temperature is known as the lower flammable limit (LFL). Any mixture of fuel
and air below the LFL is too lean to burn. Conversely, the concentration above
which ignition will not occur is labeled as the upper flammable limit (UFL). Both
limits of flammability are published in various literature sources? for many
hydrocarbons and chemicals. It should be noted that there is also a concentra-
tion of oxidizer that must be present for ignition, called the limiting oxygen index
(LOD with a meaning analogous to the LFL.

iN. 1. Sax and R. J. Lewis, Sr., “Hazardous Chemicals Desk Reference,” Van Nostrand Reinhold,
New York, 1987; C. E. Grant and P. J. Pagni, “Fire Safety Science,” Hemisphere Publishing
Corporation, New York, 1986; N. |. S and R. J Lewis, Sr, “Dangerous Properties of Industrial
Materidls” 7th ed, Van Nostrand Reinhold, New York, 1989.
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The flammability limits of mixtures can be estimated from the data for
individual fuels by using le Chatelier’s principle

2 (y/LFL,) = 1.0 6

where y, is the mole fraction of each component of the fuel in the air and the
LFL,; is the corresponding LFL value for each component. A similar relation-
ship can be used to estimate the UFL for a gas mixture. If the concentration of
a mixture of fuel gases is known, the LFL for the mixture can be approximated
from

(LFL) e = 100/ ¥ ( p;/LFL,) 2

where p; is the percentage of fuel in the origina mixture, free from air and
inert gases. The two preceding relationships provide reasonably good LFL and
UFL vaues for mixtures of hydrocarbon gases and mixtures of hydrogen, carbon
monoxide, and methane. The relationships provide poorer results for other gas
mixtures.

If the concentration of fuel is within the flammability limits and the
temperature of the mixture is high enough, the mixture will ignite. The temper-
ature at which ignition will occur without the presence of a spark or flame is
designated as the autoignition temperature (AIT). If the temperature is less than
the AIT, a minimum amount of energy (as low as a few millijoules for
hydrocarbons) is required for ignition of flammable mixtures.

When the fuel is a gas, the concentration required for flammability is
reached by alowing more fuel to mix with a given quantity of air. However, if
the fud isaliquid, it must first be vaporized before it will burn. When the vapor
concentration reaches the LFL, the vapor will ignite if an ignition source is
present. The liquid temperature at which the concentration of the fuel in the air
becomes large enough to ignite is labeled the flash-point. The latter is a
measure of the ease of ignition of a liquid fuel.

Prevention of firesis best accomplished by keeping al flammable materials
under close control. In most industrial operations, once the confined materials
are released, it becomes very difficult to keep air from mixing with the
materials to form a flammable mixture. It is then essential to eliminate as many
ignition sources as possible. In fact, @ number of codes, like the Nationa
Electricd Code promulgated by the Nationa Fire Protection Association
(NFPA), specify in NFPA Standard 70(1) the elimination of al ignition sources
or the use of protective devices to prevent potential ignition in areas where
flammable mixtures are apt to occur. However, damage from the release may
make this difficult. Thus, most designers of fire-protection systems assume that
ignition generaly will occur when a flammable material is released.

The heat-transfer rate in a fire depends on two mechanisms. convection
and radiation. Calculation of the heat-transfer rate must be made by consider-
ing each of the mechanisms separately and then combining the result. If the fire
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islarge, it will radiate at a constant flux; for most hydrocarbons and combustible
chemicals, the radiant flux averages close to 30,000 Btu/h-ft2.

Fires are classified into four groups: Class A fires are those burning
ordinary solids; Class B fires are those burning liquids or gases; Class C fires are
those that burn either Class A or Class B fuels in the presence of live electrica
circuits; and Class D fires consume metals. Fire-protection systems can be
divided into two large categories: passive and active. Active systems include
such agents as water sprays, foam, and dry chemicals; these require that some
action be taken, either by plant personnel or as a response by an automatic
fire-protection system. Passive fire-protection systems do not require any action
a the time of the fire. They are designed and ingtaled at the time the plant is
built and remain passively in place until needed.

One example of passive fire protection is insulating material (called
fireproofing) that is applied to steel structural members and equipment supports
in the plant. The time required for unprotected steel supports to fail during a
fire is rather short. Fireproofing can significantly extend the failure time and
provide additional time for fire fighters to reach the scene, apply cooling water
to the supports, and bring the fire under control.

An explosion is a sudden and generally catastrophic release of energy,
causing a pressure wave. An explosion can occur without a fire, such as the
failure through overpressure of a steam boiler. It is necessary to distinguish
between detonation and deflagration when describing the explosion of a
flammable mixture. In a detonation, the chemical reaction propagates at super-
sonic velocity and the principal heating mechanism is shock compression. In a
deflagration, the combustion process is the same as in the normal burning of a
flammable mixture with the reaction propagating at subsonic velocity and
experiencing a slow pressure buildup. Whether detonation or deflagration
occurs in a flammable mixture depends on such factors as the concentration of
the mixture and the source of ignition. Unless confined or ignited by a high-
intensity source, most materials will not detonate. However, the pressure wave
caused by a deflagration can till cause considerable damage.

An explosion can result from a purely physical reaction, from a chemical
reaction, or from a nuclear reaction. A physical explosion is one in which a
container fails, releasing its contents to the surroundings. The damage to the
surroundings from the sudden expansion of the confined gas can be approxi-
mated by determining the maximum energy released from an isentropic expan-
sion of the gas and converting this energy quantity to a TNT equivalent. (The
energy released by an explosion of TNT is 4.52 MJ /kg or about 2000 Btu/1b.) A
useful relation for this estimation is given by

B PV _ &(7—1)/7
E_(*r-l)[1 (pb) ] ®

where E is the maximum energy release, V is the volume of the gas in the
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container, p, is the burst pressure of the container, p, is the pressure of the
surrounding air, and vy is the ratio of the specific heats.

The amount of energy that is released from a chemical reaction involving a
flammable fuel and oxidizer can be estimated from the heat of combustion of
the fuel. The damage expected from the resulting explosion may be approxi-
mated by comparison with a similar energy release from a known charge of
TNT.

There are two specia kinds of explosions of particular importance to the
chemical industry, namely, the boiling-liquid-expanding-vapor explosion
(BLEVE) and the unconfined-vapor-cloud explosion (UVCE). In the former,
heat leak into a container filled with a boiling liquid results in an excessive
vaporization accompanied with a steady pressure buildup that ruptures the
tank. The sudden depressurization causes very rapid vaporization with a sub-
stantial explosive force. An unconfined-vapor-cloud explosion, on the other
hand, can result when a large cloud of gas or vapor forms following release of a
flammable material. If ignition occurs, the cloud may either deflagrate, burning
with a relatively low burning speed, or the burning speed may accelerate until
the flame front reaches detonation velocities. Substantial destruction will occur
if the flame front reaches high velocities. A method for approximating the
potential for probable loss caused by a vapor-cloud explosion consists of
estimating the quantity of combustible that can be released during an accident
and then edgtimating the fraction of the material that is vaporized immediately
after the spill. The explosive load is then considered to be 2 percent of the heat
of combustion of the material vaporized.?

It is important to recognize that dusts and mists may also explode when
ignited. A large number of solids can form explosive mixtures in air if they are
sufficiently pulverized to remain well dispersed and suspended over a period of
time. Some dusts are more sensitive than others to ignition whereas some dusts
cause more severe explosions than others when ignited. The ignition sensitivity
depends on the ignition temperature, the minimum ignition energy, and the
minimum explosion concentration. The explosion severity, on the other hand, is
a function of the maximum pressure measured during a test explosion and the
maximum rate of pressure rise during the test. Since small dust particles are
usualy easier to ignite and burn more rapidly than larger particles, both the
ignition sensitivity and explosion severity appear to be a function of particle
size. Extensive data on the explosion characteristics of dusts can be found in the
Fire Protection Handbook.}

If an explosion occurs, whether it is from a physical reaction or a chemical
reaction, an overpressure will be generated. Data are available to estimate the

tJ. A, Davenport, Loss Prevention, 11:39 (1977).

$G. P. McKinnon and K. Tower, “Fire Protection Handbook,” National Fire Protection Associa-
tion, Boston, MA, 1986.

4
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effects of overpressure on personnel and equipment. To use the available
information, it is necessary to equate the energy of the explosion in terms of
equivalent quantities of TNT as discussed earlier. The explosive yield data are
usually scaled in terms of L/Mi{3, where L is the distance from the blast
center and M is the equivalent yield in terms of mass of TNT. Even though

present attempts in using this scaling parameter are rather crude, they do
provide reasonable guidelines for locating process equipment and control facili-

ties.?

It becomes clear that the chances a single fire or explosion will spread to
adjoining units can be reduced by careful plant layout and judicious choice of
construction materials. Hazardous operations should be isolated by location in
separate buildings or by the use of brick fire walls. Brick or reinforced concrete
walls can serve to limit the effects of an explosion, particularly if the roof is
designed to lift easily under an explosive force.

Equipment should be designed to meet the specifications and codes of
recognized authorities, such as the American Standards Association, American
Petroleum Institute, American Society for Testing Materials, Factory Mutual
Laboratories, National Fire Protection Association, and Underwriters Labora-
tories. The design and construction of pressure vessels and storage tanks should
follow APl and ASME codes, and the vessel should be tested at 1.5 to 2 or more
times the design pressure. Adequate venting is necessary, and it is advisable to
provide protection by using both spring-loaded valves and rupture disks.

Possible sources of fire are reduced by eliminating al unnecessary ignition
sources, such as flames, sparks, or heated materials. Matches, smoking, welding
and cutting, static electricity, spontaneous combustion, and non-explosion-proof
eectrica equipment are al potentia ignition sources. The instalation of
sufficient fire alarms, temperature alarms, fire-fighting equipment, and sprinkler
systems must be specified in the design.

Personnel Safety

Every attempt should be made to incorporate facilities for heath and safety
protection of plant personnel in the origina design. This includes, but is not
limited to, protected wakways, platforms, stairs, and work areas. Physical
hazards, if unavoidable, must be clearly defined. In such areas, means for egress
must be unmistakable. All machinery must be guarded with protective devices4
In all cases, medica services and first-aid must be readily available for al

workers.

K. Gugan, “Unconfined Vapor Cloud Explosions,” Gulf Publishing Company, Houston, TX, 1979.

$A generd requirement for safeguarding al machinery is provided in Section 212 of the Occupa
tiond Safety Standard for Generd Industry (OSHA Standards, 29 CFR 1910): .
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Safety  Regulations

The expressed intent of the Occupational Safety and Health Act (OSHA)
originally enacted in 1970 is “to assure so far as possible every working man and
woman in the Nation safe and healthful working conditions and to preserve our
human resources. . ..” The act presently affects approximately 6 million work-
places and 70 million employees. Over 500 amendments to the Act have been
introduced since the original legidation. A recent printing of the OSHA
standards can be found in Title 29, Chapter XVII, Part 1910 of the Code of
Federal ~ Regulations.

Two of the standards directly related to worker health and important in
design work are Toxic Hazardous Substances and Occupational Noise Exposure.
The first of these two concerns the normal release of toxic and carcinogenic
substances, carried via vapors, fumes, dust fibers, or other media. Compliance
with the Act requires the designer to make calculations of concentrations and
exposure time of plant personnel to toxic substances during normal operation of
a process or plant. These releases could emanate from various types of seals and
from control-valve packings or other similar sources. Normally, the designer can
meet the limits set for exposure to toxic substances by specifying special valves,
seals, vapor-recovery systems, and appropriate ventilation systems.

The list of materials declared hazardous is being updated at a rapid rate.
Acceptable material exposure times and concentrations, likewise, are undergo-
ing continuous revision. Thus, it is important that the Federal Register be
examined closely before beginning the detailed design of a project. A useful
publication, Chemical Regulation Reporter,? detailing these proposed and new
regulations is now available to the design engineer. This weekly information
service includes information concerning the Toxic Substances Control Act (alaw
administered by EPA rather than OSHA).

The Occupational Noise Exposure standard requires a well-planned, timely
execution of steps to conform to the 90-dBA rule in the design stages of a
project. Since many cities have adopted EPA’s recommended noise-level crite-
rig, or have stringent regulations of their own, design-stage noise control must
also consider noise leaving the plant. It is a good idea, during plant design, to
prepare two noise specifications. one to define the designer’s own scope of work
and the other to set vendor noise-level requirements for various pieces of
equipment.

Other standards in the safety area that are most often citied by OSHA and
which must be considered in detailed designs are the. National Electric Code and
Machinery and Machinery Guarding. A cursory investigation by a designer of
these and other OSHA standards quickly points out several problems, particu-
larly in interpretation. The standards frequently do not alow for alternate

tChemical Regulation Reporter, Bureau of Nationa Affairs, Inc, 1231 25th Street, NW, Washington
DC 20037.
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TABLE 3 o _
Federal repositories of federal regulations

1. Federal Register (FR)-Published daily, Monday through Friday, excepting federal holidays.
Provides regulations and legal notices issued by federal agencies. The Federal Register is arranged
in the same manner as the CFR (see below), as follows:

a. TitleEach title represents a broad area that is subject to federal regulations. There are a
totd of 50 ftitles. For example, Title 29 involves labor, and Title 40 is about protection of
the  environment.

b. Chapter-Each chapter is usually assigned to a single issuing agency. For example, Title 29,
Chapter  XVII, covers the Occupationd Safety and Hedth Administration; Title 40,

Chapter 1, covers the Environmental Protection Agency.

. Pat-Chapters or subchapters are divided into parts, each consisting of a unified body of
regulations devoted to a specific subject. For example, Title 40, Chapter |, Subchapter C,
Part 50, is Nationa Primary and Secondary Ambient Air Quality Standards. Title 29,
Chapter  XVII, Part 1910, is Occupational Safety and Hedth Standards. Parts can further
be divided into subparts, relating sections within a part.

d. Section-The section is the basic unit of the CFR (see below), and idealy consists of a short,
dmple presentation of one proposition.

e. Paragraph-When internd division of a section is necessary, sections are divided into
paragraphs (which may even be further subdivided).

2. FR Index-Published monthly, quarterly, and annually. The index is based on a consolidation
of contents entries appearing in the month's issues of the Federal Register together with broad
subject references. The quarterly and annual index consolidates the previous three months and
12 months' issues, respectively.

3. Code of Federal Regulations (CFR)-Published quarterly and revised annualy. A codification in
book form of the generd and permanent rules published in the Federal Register by the executive
departments and agencies of the federd government.

4. CFR General Index —Revised annually. July 1. Contains broad subject and title references.

5. Cumulative List of CFR Sections Affected-Published monthly and revised annualy according
to the following schedule: Titles 1-16 as of Jan. 1; 17-27 as of April 1; 28-41 as of July 1;
42-50 as of Oct. 1. The CFR is dso revised according to these dates. Provides users of the CFR
with amendatory actions published in the Federal Register.

designs that provide equivalent protection. Some sections are very specific,

while others are rather vague. Additionally, some sections refer to other sets of
codes such as ASME and ASNI. As a result, when a designer cannot obtain a
satisfactory interpretation of a regulation from the standards, the regiona or
area OSHA should be contacted and an interpretation requested. Since many
states also have approved plans comparable to that of the federal government,

the designer must also be aware of these regulations.

It should be noted that maintaining an awareness of federal regulations is
not an end in itself, but a necessary component for legally acceptable plant
design. To aid the design engineer, Table 3 presents a listing of federa
repositories for environmental and safety regulations.
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LOSS PREVENTION

The phrase loss prevention in the chemical industry is an insurance term where
the loss represents the financial loss associated with an accident. This loss not
only represents the cost of repairing or replacing the damaged facility and
taking care of all damage claims, but also includes the loss of earnings from lost
production during the repair period and any associated lost sales opportunities.

As noted in the previous section, there are numerous hazards associated
with chemical processing. The process designer must be aware of these hazards
and ensure that the risks involved with these hazards are reduced to acceptable
levels through the application of engineering principles and proven engineering
practice. In its simplest terms, loss prevention in process design can be summa-
rized under the following broad headings:

1. Identification and assessment of the magor hazards.

2. Control of the hazards by the most appropriate means; for example, contain-
ment, substitution, improved maintenance, etc.

3. Control of the process, i.e., prevention of hazardous conditions in process
operating variables by utilizing automatic control and relief systems, inter-
locks, aarms, etc.

4. Limitation of the loss when an incident occurs.

Identification can be as simple as asking “what-if’ questions at design
reviews. It can also involve the use of a checklist outlining the normal process
hazards associated with a specific piece of equipment. The mgor weakness of
the latter approach is that items not on the checklist can easily be overlooked.
The more formalized hazard-assessment techniques include, but are not limited
to, hazard and operability study (HAZOP), fault-tree anadlysis (FTA), failure
mode-and-effect analysis (FMEA), safety indexes, and safety audits.

HAZOPS Study

The hazard and operability study, commonly referred to as. the HAZOP study,
is a systematic technique for identifying al plant or equipment hazards and
operability problems. In this technique, each segment (pipeline, piece of equip-
ment, instrument, etc.) is carefully examined and all possible deviations from
normal operating conditions are identified. This is accomplished by fully defin-
ing the intent of each segment and then applying guide words to each segment
as follows

No or not-no part of the intent is achieved and nothing else occurs (e.g.,
no flow)

More-quantitative increase (e.g., higher temperature)
Less-quantitative decrease (e.g., lower pressure)
As well as-quditative increase (e.g., an impurity)
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Part of-qualitative decrease (e.g., only one of two components in mix-
ture)

Reverse-opposite (e.g., backflow)

Other than-no part of the intent is achieved and something completely
different occurs (eg., flow of wrong materia)

These guide words are applied to flow, temperature, pressure, liquid level,
composition, and any other variable affecting the process.

The consequences of these deviations on the process are then assessed,
and the measures needed to detect and correct the deviations are established.

Legend:
Equipment and valves
T o atmosphere To flare FV Flow-control valve
Nitrogen T Tank
P Pump
PV Pressure-control valve
RV Relief valve
v Valve
Instruments
P Pressure
T Temperature
L Level
F Flow
| Indicator
From C Controller
tank A Alarm
trucks W (H High
3in.vg L Low)

Flammable-liquid H
storage tank TIA-1
T-l

To
process

4in.

FIGURE 3-1
Piping and instrumentation diagram used in HAZOP example.



TABLE 4 _
HAZOP study results for process in Fig. 3-1

Equipment Deviations Consequences of
reference from What event this deviation on Additional
and operating  operating could cause item of equipment implications  of Process
conditions conditions  this deviation? under consideration this consequence indications Notes and questions
Storage  tank Level
T-I Less 1 Tank runs dry Pump cavitates Damage to pump LI1A-1, Can reagent react/
FICA-| explode if over-
heated in pump?
2. Rupture 4-in. Reagent released Potential  fire LIA-1, Edtimate  release
discharge FICA-I quantity.
Consider second LAL
shutdown on pump.
3. V-3 open or broken Reagent released Potential  fire LIA-1 Esimate  release
quantity.
4. V-l open or broken Reagent released Potential ~ fire LIA-1 Consider V-l protection.
5. Tank rupture Reagent released Potential ~ fire LIA-1 What externa  events
can cause rupture?
More 6. Unload too much  Tank overfills Reagent released LIA-1 Is RV-1 designed to
from tank truck via RV-1 relieve liquid at
loading rate?
Consider  second
high level shutoff.
7. Reverse flow from Tank overfills Reagent released LIA-1 Consider check vave
process via RV-1 in pump discharge line.
No Same & less Consider second LAH
shutdown on feedlines.
Composition
Other than 8. Wrong reagent Possible  reaction Possible tank Consider  sampling
rupture before  unloading.
Aswel as 9. Impurity in If volatile, possible Are other materids
reagent overpressure delivered in trucks?




9

Possible  problem

Are unloading con-

in  reactor nections different?
What are possible
impurities?
Pressure
Less 10. Break I-in. lineto  Reagent released Potential  fire PICA-I| Consider PAL to
flare or I-in. PICA- 1
nitrogen line
Consider  independent
PAL.
11. Lose nitrogen Tank  implodes Reagent released PICA-I Consider  vacuum-break
valve.
12. PV-2 fals closed  Tank implodes Reagent released PICA-| Consider PAL on
PICA-I.
13. PICA-1 fals, Tank  implodes Reagent released PICA-I Tank not designed
closing PV-2 for  vacuum.
More 14. PICA-l fals Reagent released Tank rupture if ~ PICA-I What is capacity of
closing PV-1 via RV-1 RV-1 fals PV-1? RV-I?
Consider independent  PAH.
15. PV-1 fals Reagent released Tank rupture if ~ PICA-1 Consider  independent  PAH.
closed via RV-1 RV-1 fals
16. V-7 closed Reagent released Tank rupture if ~ PICA-1 Is V-7 locked open?
via RV-1 RV-1 fals Is V-8 locked open?
Consider independent  PAH.
17. Overfill tank See Event 6 Tank rupture if  PICA-1 Consider  second
RV-1 fals high-level  shutoff.
18. Temperature of Reagent released Tank rupture if ~ PICA-I What prevents high
inlet is hotter via Rv-1 RV-1 fals temperature  of inlet?
than normal Consider  independent  PAH.
19. High pressure Reagent released Tank rupture if ~ PICA-I Can pressure in flare
in flare header via Rv-1 Rv-1 fals header exceed tank

design?  Consider
aternative  venting.



TABLE 4

HAZOP study results for process in Fig. 3-1 (Continued)

Equipment Deviations Consequences of
reference fmm What event this deviation on Additional
and operating  operating could cause item of equipment implications of Process
conditions conditions this deviation? under consideration this consequence indications Notes and questions
20. Volatile impurity Reagentreleased ~ Tank rupture if  PICA-1 Consider  independent
in feed via RV-1 RV-1 falls PAH.
Consider  sampling
before  unloading.
No Sane & less
Temperature
Less 21. Temperature of Possible  vacuum Thermal  stress What are temperature
inlet is colder (see less pressure)  on tank limits of tank%
than normal
22. Low tank See Events 10-13 Thermal stress What are pressure
pressure on tank limits of tank?
More 23. Temperature of See Event 18 Therma  dtress What are temperature
inlet is hotter on tank limits of tank?
than normal
24. Externd fire Tank fals Reagent released What could cause an
externd  fire?
Wha ae fire-protec-
tion capabilities?
Is fire protec-
tion adequate?
Feed pump Flow
P-1 Less 25. V-2 closed Pump  cavitates Damage to pump FICA-I See Event 1.
26. V-4 closed Deadhead pump Damage to pump FICA-| Any other problem
with deadhead? *
27. Line plugs Pump  cavitates Damage to pump FICA-I See Event 1.
28. FV-1 fals closed  Deadhead pump Damage to pump FICA-1 See Event 26.



29. FICA-l fails Deadhead pump Damage to pump None See Event 26.
closng FV-1
30. V-3 open Reagent released FICA-1 Edimate  release
quantity.
More 3L FV-1 fals open Upset in reactor Reagent released FICA-1 Possible  problem
in  reactor.
32. FICA-l fails, Upset in reactor Reagent released None See Event 3L
opening FV-1
Pressure
More 33. V-4 closed Deadhead pump Damage to pump PI-I, See Event 26.
FICA-I
3. FV-1 fals closed  Deadhead pump Damage to pump PI-I, See Event 26.
FICA-I
35. FICA-1 fails, Deadhead pump Damage to pump PI-1 See Event 26.
closing FV-1
36. V-2 and Deadhead pump Overpressure  in PI-I, Evaluate need for
V-4 closed pump or line  FICA-| hydraulic ~ relief.
Less 37. V-2 closed Pump cavitates Damage to pump PI-I, See Event 1.
FICA-1
38. V-3 open Reagent released PI-1 See Event 3.
Temperature
More 39. V-4 closd Deadhead pump Damage to pump None See Event 26.
40. FV-1 fals closed  Deadhead pump Damage to pump None See Event 26.
41. FICA-l fails, Deadhead pump Damage to pump None See Event 26.

closing FV-1




68

Since a majority of the chemical process industry now uses some version of
HAZOP for al new facilities and selectively uses it on existing ones, an example
of this technique, as originally described by Ozog,t is given in the following
paragraphs.

Assume that a HAZOP study is to be conducted on a new flammable-
reagent storage tank and feed pump as presented by the piping and instrument
diagram shown in Fig. 3-1. In this scheme, the reagent is unloaded from tank
trucks into a storage tank maintained under a slight positive pressure until it is
transferred to the reactor in the process. For simplification, the system is
divided into two elements-the tank T-I and the pump P-I and the feedline.
Application of the guide words to these two elements is shown in Table 4 along
with a listing of the consequences that result from the process deviations. Note
that not all guide words are applicable to the process deviations listed. Also,
some of the consequences identified with these process deviations have raised
additional questions that need resolution to determine whether or not a hazard
exists. This will require either more detailed process information or an estima
tion of release rates. For example, similar release rates could be the conse-
guence of either Event 3 (V-3 open or broken) or Event 4 (V-I open or broken);
however, the total quantity released through V-3 could be substantially reduced
over that with V-l open or broken by closing V-2. Of the 41 events listed in
Table 4, Event 5 (tank rupture) and Event 24 (external fire) would provide the
worst consequences since both would result in instantaneous spills of the entire
tank contents.

Hazard assessment is a vital tool in loss prevention throughout the life of
the facility. Ideally, the assessment should be conducted during the conceptual-
design phase, final design stage, and prestartup period as well as when the plant
is in full operation. In the conceptual-design phase many potential hazards can
be identified and significant changes or corrections made at minimal cost.
Results of these assessments are key inputs to both site-selection and plant-
layout decisions. The mgjor hazards usually include toxicity, fire, and explosions;
however, therma radiation, noise, asphyxiation, and various environmental
concerns also need to be considered.

A thorough hazard and risk assessment of a new facility is essentia during
the fina design stage. At this stage, the piping and instrument diagrams,
equipment details, and maintenance procedures are finalized. However, since
equipment often has not been ordered, it is ill possible to make changes
without incurring major penalties or delays.

A hazard assessment during the prestartup period should be a final check
rather than an initial assessment. This review should include the status of
recommended changes from previous hazard studies and any significant design
changes made after the final design. If serious hazards are identified at this
time, it is unlikely that they can be eliminated without significant cost or startup
delay.

tH. Ozog, Chem. Eng., 92(4):161 (Feb. 18, 1985).
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Since process and operating procedure changes are often made during or
shortly after plant startup, it is strongly advised that hazard assessment not stop
after startup. Rather, periodic hazard-assessment studies should be used to
define the hazard potential of such changes throughout the life of the facility.
The average time between reviews is about three years, more hazardous
facilities are reviewed more frequently.

Fault-tree  Analyss

The fault-tree analysis (FTA) is primarily a means of analyzing hazardous
events after they have been identified by other techniques such as HAZOP. The
FTA is used to estimate the likelihood of an accident by breaking it down into
its contributing sequences, each of which is separated into al of its necessary
events. The use of a logic diagram or fault tree then provides a graphical
representation between certain possible events and an undesired consequence.
The seguence of events forms pathways on the fault tree, provided with logical
And and Or gates. The And symbol is used where coincident lower-order events
are necessary before a more serious higher-order event occurs. By multiplying
the probabilities of each event in this set, the probability of the next higher-order
event is obtained. Correspondingly, when the occurrence of any one of a set of
lower-order events is sufficient to cause a more serious higher-order event, the
events in the set are joined by an Or gate’ and the probabilities are added to
obtain the probability of the higher-order event. Probabilities of the various
events are expressed as a yearly rate. For example, a 1 x 10~ chance occur-
rence per year would represent an event that average-wise would occur only
once every 1000 years. Estimation of failure rates with any precision is generally
difficult because of the limited prior data. In such cases, information from
various sources is used and then revised to incorporate information that is
ste-specific.

Once a fault-tree analysis has been completed, it becomes rather easy to
investigate the impact of aternative preventive measures. For example, in the
developmenf of a FTA for Fig. 3-1 and its associated HAZOP study presented
in Table 4, Ozogt has determined that the most probable event is a liquid
release from the storage tank (Event 6) due to overfilling. However, by adding
an independent high-level shutoff to the tank-truck unloading pump, the proba
bility of a liquid release by this event is significantly reduced and Events 12 or
13 (PV-2 closed) become the most probable events. The probability of these
events, in turn, could be reduced by the installation of an independent low-pres-
sure alarm to the tank. This process of reducing the probability of the most
probable event could be continued until an overall acceptable risk leved is
eventually achieved.

TH. Ozog, Chem. Eng., 92(4):161 (Feb. 18, 1985).
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Magnitudes of events are typically expressed in terms of the amount of
flammable or toxic materia released during an event. Release rates are esti-
mated by using appropriate single-phase and two-phase flow models. Since
release duration is directly related to the cause and context of the release, its
estimation is generaly quite subjective.

The severity of the hazard usually cannot be related directly to the
magnitude of a release since this is often a function of both the proximity and
number of on- and off-site ignition sources. To determine the hazard severity
requires quantifying, with the aid of state-of-the-art hazard models, the likely
extent of toxic or flammable vapor-cloud travel under different atmospheric
conditions, the thermal-radiation fields around vapor and liquid pool-fires, the
overpressure from any anticipated explosions, and any missile or fragmentation
activity that may result from a confined explosion. These hazard events can then
be trandated into hazard-zone estimates by incorporating criteria for human
injury and property damage. Finaly, the results of various loss scenarios can be
combined and presented in risk profiles listing injuries, fatalities, and/or
property damage. These results can be compared with data for other risks to the
public and to workers in various related areas, and these serve as the basis for
an assessment of whether or not the risks of the facility as designed are
acceptable.

Failure Mode and Effect Analysis

The failure mode and effect analysis (FMEA) is generaly applied to a specific
piece of equipment in a process or a particularly hazardous part of a larger
process. Its primary purpose is to evaluate the frequency and consequences of
component failures on the process and surroundings. Its mgjor shortcoming is
that it focuses only on component failure and does not consider errors in
operating procedures or those committed by operators. As a result, it has

limited use in the chemical process industry.

Safety Indexes

The safety and loss prevention guide developed by the Dow Chemica Com-
pany? provides a method for evaluating the potential hazards of a process and
assessing the safety and loss-prevention measures needed. In this procedure, a
numerical “Fire and Explosion Index” is calculated, based on the nature of the
process and the properties of the materials. The index can be used two different
ways. In the preliminary design, the Dow index will indicate whether alternative,

tDow’s Fire and Explosion Index Hazard Classification Guide, 5th ed. AIChE, New York, 1981.
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less hazardous processes should be considered in the manufacture of a specific
chemical product. In the fina design, after the piping and instrumentation
diagrams and equipment layout have been prepared, the calculated index is
used as a guide to the selection and design of the preventive and protective
equipment needed for safe plant operation.

The Dow index applies only to main process units and does not cover
process auxiliaries. Also, only fire and explosion hazards are considered. Re-
cently the index has been expanded to include business-interruption losses. The
principles and genera approach used in the Dow method of hazard evaluation
have been further developed by Mond in the United Kingdom to include
toxicity hazards. This revised Mond index is described in a paper by Lewis.?

Safety - Audits

The principal function of most safety audits in the past has been to verify the
adequacy of safety equipment and safety rules. The former includes equipment
for fire protection, personnel protection, and on-site emergency responses. In
addition to reviewing the general safety rules, the audit has provided explicit
safety rules for new process areas and associated emergency response proce-
dures. However, with the greatly increased concerns for environmental health,
safety, community relations, and loss prevention, safety audits have become
significant, as well as continuous activities for al chemical process companies.
Detailed checklists have been developed that cover every aspect of health,
safety, and loss prevention. An example of such a checklist has been prepared
by Whiteheadt and is shown in greatly condensed form in Table 5. (For
complete details, the original table should be consulted.) A critical analysis of
al the items on this checklist will generally identify the mgor hazards in a
proposed or existing facility and assist in prescribing preventative actions.
Because of their importance, severa of the items on the checklist are amplified
in later sections of this chapter.

A typical example of the steps involved in the development of a process
plant is shown in Table 6. The enormity of the task confronting the design
engineer is illustrated by the fact that each of the items in Table 5 must be
considered at each of the stages in Table 6. It becomes apparent that consider-
ing these items only at the end of the design is unwise because decisions have
been made that foreclose what might have been the optimum control option for
occupational health reasons. Experience has shown that continuous integration

tD. J. Lewis, AIChE Loss Prevention Series, No. 13:29 (1979).

tL. W. Whitehead, Appl. Ind. Hyg., 2:79 (1987); the unabridged teble is aso reproduced by L.
Lipton and J. Lynch, “Hedth Hazard Control in the Chemica Process Industry,” Wiley, New York,
1987, pp. 85-96.
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TABLE 5 _ o
General safety checklist for identifying process hazards

1. Externd-plant considerations. location, site qualities and use, availability of services

A. Site

1. Location variables-worker, materials and product access, emergency services, popula
tion exposure, security, rights of way, size

2. Isolation, separation of on-site and adjacent hazard areas; considerations of quantities of
materidls, separation, and barriers

3. Protection of materids, storage, plant access, and other criticd areas againgt earthquakes,
hurricanes, tornadoes, vandalism, air crashes, sabotage, efc, to practicd limits

4. Ice, snow, and water remova and control or storage, grounds management, Site drainage

5. Air quality aspects of site

B. People, materials, and energy flow into/out of site and within site-optimization of patterns
and reduction of interferences
1. Raw materials-inflow, handling, storage, distribution
2. Products-outflow, handling, storage, packaging
3. Workers
4. Power services-electric, gas, cogeneration, backup power
5. Water-supply, qudity, treatment, Storage
6. Liquid wastes-wastewater, chemicals
7. Solid wastes-collection, management, and disposition
8. Materid and energy losses to the surroundings

Il Internd plant, structure, and services considerations to provide maximum flexibility in a fully
serviced aea of controlled space

A. Flexible layout of space

1. Power avalable throughout, without circuit overloads, loca power takeoffs equipped
with lockout provisions

2. Water available throughout with adequate drainage; for cleaning

3. Adequate roof support for weather extremes including snow, water, and wind

4. Foundation load capacity

5. Verticd space use and access

6. Horizontal spatial layout

7. Steam available as needed

8. Compressed air and/or vacuum available as needed; including different bresthing air
system if needed (breathing air intake point not contaminated); also inerting gas systems,
a needed

9. Central coolant systems provided, as needed

10. Drainage in plant-adequate for cleaning, does not leave standing water-size to
include sprinkler flow

11, Adeguate preplanning for expansion

B. Materids maintenance and selection

1. Fewest feasible dust-collecting surfaces and spaces; access for cleaning of surfaces,
aound and under machines

2. Durable, noncoroding, Cleanable structure and surfaces, resistant to chemicals used

3. Fewest possible materials or fixtures requiring routine hand maintenance or cleaning

4. Provision for cleaning outside and inside of structure

5. Central and dispersed space for maintenance equipment and supplies, and repair of
maintenance equipment

C. Generd environmenta control  system
1. Therma environment control
2. Genera lighting levels-intensity, color, glare, contrast, etc.
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safety checklist for identifying process hazards (Continued)

3.
4
5.
6.

D. M

O WON -

17.
18.
E. Rol

Generd  ventilation for odor, humidity, temperature control

Adequate makeup ar to prevent indoor ar-quality problems

Where feashle, general ventilation design for low-level control of toxic air contaminants
Buildings, processes, utility lines, process connections, and controls al have appropriate
degree of environmental protection (eg., against freezing or corrosion)

inimum  congtruction requirements (usualy building  codes)

Construction  types

Allowable areasthose in codes are minimums, usudly not optimum
Allowable heightsare  minimums, usualy not optimum

Fire separations and susceptibility to ignition from adjacent fires

. Exterior wall protection-meets adequate over- or underpressure requirements, explo-

sion-relieving sash, walls, roof, as appropriate

. Firefighting requirements-water
. Fireresstant materidls or insulation, absence of openings to transmit flames
. Interior finishes-cleanable with reasonable methods

Means of egress
. Fire protection systems-sprinklers, adequate water, extinguishers (halocarbons, CO,,
or specid firefighting procedures for processes used), fire trucks, carts, etc.
Vertical openings-controlled or minimized to reduce fire spread
Hazardous  areas
. Light and ventilation-minimum and optimum

Sanitation, including drainage, water, sewerage

Electricdl wiring and grounding; lightning arrestors

Provisions for handicapped

Energy conservation

High-hazard  provisions
dent control

IIl. In-plant physicd and organizationa considerations
A. Design of work-implications for workplace design

1
2.
3.
4

Teams versus assembly lines

Individua team facilities

Underlying work organization versus space organization

Materidls handling system to coincide with designed work patterns

5. Worker participation in work and workplace design; worker participation in planning

phase and ongoing hazard anticipation and recognition

B. Process hedth and safety review: preconstruction written occupationa health assessment of
each worksite or process or situation, prepared prior to find design

1

2.

0N Ul AW

-
P O ©

Consider material or process subgtitutions possible to reduce hazard and risk

Review of toxicity of feedstocks and products and their typical impurities,
by-products, and intermediates, and effluents, catdysts, and solvents, additives of all
types, unexpected products generated under abnorma process conditions

Norma  exposure potentia

‘Startup, shutdown, turnaround emergency, exposure potential

Immediate control of occasiond peak exposure

. Occupational hedth of maintenance dtaff considered, as well as operators
. Hedth and safety issues reviewed in mgjor modification or automation planning

Avoid process overcrowding, maintain adequate headroom, under equipment

. Failure modes and repairs considered in industriad hygiene evaluations
. Positive or negative pressure areas to control flow of contaminated air

Does toxicity or flammability, dtability, etc, justify extreme engineering controls, eg.,
much higher standards, specid facilities for dump, blowdown, quench, or deluge?
(Continued)
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TABLE 5
General safety checklist for identifying process hazards (Continued)

D.

E.

F.

G

H.

12. Microscale dispersion processes versus —concentration

13, Needed automatic monitoring/sampling systems  included?

14. Hierarchicad emission control ~ strategy

15. Select design and maintenance standards adequate for risk category; equipment de-
signed to appropriate recognized standards

16. Detailed considerations of specific process conditions and safety (do not treat as
al-inclusive)

17. Insure written operating procedures include safety checks, actions, maintenance

18. Insure operator training, formal and informal, includes safety and health training,
including emergency procedures, protective equipment use, and hazard communication

19. Are norma oaff personne and didtribution adequate for fire fighting and emergencies,
paticulaly in smal plants?

Isolation and separation of risks to minimize exposure

1. Identification of toxic or radiation aeas, minimize number of people exposed, degree of
exposure

2. Noise protection

3. Radiation protection

4. Fire-explosion risks separated from ignition hazards, other such risk areas-fire walls,
curbs, dikes, bariers, etc.

5. Boilers, other magor pressure vessels

6. Storage aeas for hazardous maerids, aso compressed gas storage and restraint  systems

7. Carcinogen or bichazard areas

8. Emergency chemicd or other exposure refuge points

9. Stored amounts of materials less than acceptable hazard amounts and areas affected if
explosion or fire occur

Ergonomics  considerations

1. Job andyss needed for repetitive motion, biochemica stresses, efc.; can machines take
over repetitive tasks?

2. Acceptable information flow and control design & human-machine interfaces

3. Workstations and materils handling evaluated for above, redesigned as needed

Materidl flow and handling systems and organization

1. Horizontal transport systems-mechanical and pneumatic conveyors, carts, robot tugs,
piping, augers

2. Vertica transport-elevators, piping, etc.; gravity flow where possible

3. Review transfer, measurement, and packaging points for exposure potentia

4., Storage-long term and temporary ready-to-use

5. Proper location of controls, vaves, etc,, including access during emergencies

6. Review materids packaging with respect to high-risk quantities and risk reduction

7. Temperature and moisture control systems for dry bulk maerids

People flow

1. Worker access to worksites and facilities (carts, hicycles, scooters, foot)
2. Vistors
3. Conflicts between worker flows/locations and materid  flows/storage

. Occupational  hedth input into automation and mechanization

1. Programming of machines to include safe movements, software interlocks etc, as well as
hardware  interlocks
2. Robots require two to three times more space

Industrial  sanitation and  services
1. Water-quantity and quality as needed
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TABLES .
General safety checklist for identifying process hazards (Continued)

2. Food handling, eating, loungerest space away from worksite; vending machine sanita
tion

Solid waste collection and handling in-plant

Bacterid and insect control

Air cleaning where required

Sanitary  facilities: toilets, washrooms-adequate number, size, and distribution; internal
circular traffic patterns, not in busy aeas

Personnel - services, where required or useful

8. First ad and medicadl services space, and access

9. Facilities for industrid hygiene staff, laboratories, information handling

10. Space, fecilities, fixtures planned throughout plant for hedth and safety equipment

I. Hazard communication within plant-consistent system of signage, placarding, content
labeling, etc; planned faciliies for MSDS access

o U1k~ w

~

of environmental, safety, and occupational health issues into al design stages
leads to the most cost-effective design. Examples of the kinds of interactions
and hazard-control choices that need to be made at the various design stages
are highlighted in the text by Lipton and Lynch.?

ENVIRONMENTAL PROTECTION

Because of the greater concern for the continued degradation of the environ-
ment, the Environmental Protection Agency (EPA) has systematically been
rewriting and tightening many policies and regulations. The EPA has also been
encouraging state and local governments, as well as industry, to take a more
active role in environmental issues. Some of the important issues include the
disposal of wastes, both hazardous and nonhazardous, effluent controls on
wastewater and storm water runoff, and hydrocarbon emissions to the atmo-
sphere. The EPA is also encouraging companies to perform environmental
adts

Waste disposal is a serious problem for many chemica plants. The EPA
initiative that has greatly curtailed land disposal has had a grest effect on waste
disposal. The 1984 Resource Conservation and Recovery Act (RCRA) amend-
ments have also made it more difficult to dispose of solid wastes. In addition,
RCRA required al interim status hazardous-waste facilities to meet ground-
water monitoring and insurance requirements by late 1985. This included
hazardous-waste surface impoundments. Since 1988, a double liner and leachate
collection system have also been required.

1S. Lipton and J. Lynch, “Health Hazard Control in the Chemical Process Industry,” Wiley, New
York, 1987.
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TABLE 6 _ ) )
Sequence of steps in developing a project?

Time sequence
Process identification
Laboratory  verification
‘Reaction  flow schematic
Preliminary flow process
Preliminary  economic  evaluation
Process  development
Mass and energy balance
Process flow scheme

Site  selection

Project steps Refined  economic ~ evaluation

Design  fixed
Detailed  economic  evaluation
Engineering  flow scheme
Basic design
Detailed construction plan

Detail design

Procurement

Construction

Startup

+ Modified from Ann. Occup. Hyg, 30;232 (1986).

The disposal of waste streams that contain large amounts of water is
another challenge which faces a process engineer. Deep-well injection has been
used in the past, but this method has been constrained by regulatory agencies.
Recently, refinery wastewater and storm water runoff has been subject to more
stringent Best Available Technology (BAT) effluent controls. The agreement
covers nonconventional pollutants such as phenolic compounds, ammonia sul-
fide, and toxic pollutants such as chromium and hexavalent chromium.

Hydrocarbon emissions is an environmental problem which is prominent
in some areas of the country. In these areas, pollutant levels occasionally exceed
the national ambient air quaity standard. One source of these pollutants
involves emissions from refineries where about 85 percent of the hydrocarbons
emitted to the atmosphere are from fugitive emissions. The principal contribu-
tors generally are valves, flanges, pumps, and compressors. Since 1981, valves
and flanges must be repaired if they have emission concentrations greater than
10,000 ppm, when measured at the source with a hydrocarbon analyzer. They
mut be inpeded evay d9x months to a year. Pumps ad compressors  however,
need to be checked every shift to verify that they meet current emission
standards.

It is becoming increasingly clear that chemical engineers must be versed in
the latest federa and state regulations involving environmental protection,
worker safety, and health. This need is especialy great for engineers in
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design-related functions, such as capital-cost estimating, process and equipment
design, and plant layout. It is particularly important to learn what is legaly
required by the Environmental Protection Agency (EPA), the Occupationa
Safety and Hedth Administration (OSHA), and corresponding regulatory groups
a the state and local levels. As a minimum, every design engineer should
understand how the federal regulatory system issues and updates its standards.

Every design engineer must be certain that a standard being used has not
been revised or deleted. To be sure that a regulation is up-to-date, it must first
be located in the most recent edition of the Code of Federal Regulations (CFR).
Next, the Cumulative List of CFR Sections Affected must be checked to see if
actions have been taken since the CFR was published. If action has been taken,
the Cumulative List will indicate where the changes can be found in the Federal
Register. The latter provides the latest regulations and legal notices issued by
various federal agencies.

Environmental  Regulations

Severa key aspects of the U.S. Federal environmenta regulation as spelled out
in legidation entitled Protection of the Environment (Title 40, Chapter 1 of the
CFR) are listed in Table 7. This checklist must also consider applicable state
and local codes. Often these may be more stringent than the federal codes or
may single out and regulate specific industries.

Note that Part 6 of Title 40, Chapter 1, in Table 7 requires the prepara-
tion of an Environmental Impact Statement (EIS). The National Environment
Policy Act (NEPA) requires that federal agencies prepare such a statement in
advance of any mgor “action” that may significantly ater the quality of the
environment. To prepare the EIS, the federal agencies require the preparation
of an Environmental Impact Assessment (EIA). The latter is required to be a
full-disclosure statement. This includes project parameters that will have a
positive environmental effect, negative impact, or no impact whatsoever. Gener-
aly, design engineers will only be involved with a small portion of the EIA
preparation, in accordance with their expertise. However, each individua should
be aware of the total scope of work necessary to prepare the EIA as well as the
division of work. This will minimize costly duplication, as well as provide the
opportunity for developing feasible design aternatives.

The preparation of an Environmental Impact Assessment requires deter-
mining what environmental standards require compliance by the project, obtain-
ing baseline data, examining existing data to determine environmental safety of
the project, preparing an effluent and emission summary with possible aterna-
tives to meet acceptable standards, and finaly preparing the environmental
statement or report. Since it may require a full year to obtain baseline data such
as air quality, water quality, ambient noise levels, ecological studies, and socia
surveys, emissions and effluents, studies should take place concurrently to avoid
delay in preparing the EIA. The emissions and effluents studies must include all
“significant” sources of pollution. Omission of data could cause inconsistencies
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TABLE? . .
Key aspects of U.S. federal environmental regulation

Based on Title 40 of the CFR

Title 40-Protection of Environment

Chapter 1-Environmental Protection Agency

Part Subchapter A-General
6 Preparation of Environmental Impact Statements (Information for the designer in
preparing an EIA.)
Subchapter C-Air Programs
50 Nationa primary and secondary ambient air quality standards

53 Ambient ar monitoring reference and eguivalent methods

60 Standards  of performance for new dationary sources

61 National emission standards for hazardous air pollutants

81 Air quaity control regions, criteria, and control techniques
Subchapter D-Water Programs

112 Oil pollution prevention

120 Water quality standards

122 Thermd  discharges

128 Pretreatment standards

129 Toxic pollutant  effluent  standards
133 Secondary treatment information

Subchapter  E-Pedticide  Programs

Subchapter H-Ocean Dumping

Subchapter N-Effluent Guidelines and Standards
Chapter  IV-Low-Emission  Vehicle  Catification  Board
Chapter  V-Council on  Environmental  Quality

Part
1500  Preparation of Environmentd Impact Statements:  guidelines

that could result in further time delays when negotiating with the regulatory
agencies issuing the many required construction permits.

It becomes clear that environmental considerations not only can play a
major factor in the choice of selecting a plant site but can aso be quite costly.
The American Petroleum Ingtitute? has estimated that the preparation of an
EIA for each site considered may range from $50,000 for small projects to $1.5
million for a large petroleum refinery. On the other hand, a detailed environ-
mental assessment may quickly eliminate possible sites because of their highly
restrictive standards.

+The Economic Impact of Environmental Regulations on the Petroleum Industry-Phase Il Study,
American Petroleum  Ingdtitute, June 11, 1976.
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Devdopment of a Pollution Control Sysgem

Developing a pollution control system involves an engineering evauation of
several factors which encompass a complete system. These include investigation
of the pollution source, determining the properties of the pollution emissions,
design of the collection and transfer systems, selection of the control device, and
dispersion of the exhaust to meet applicable regulations.

A key responsihility of the design engineer is to investigate the pollutants
and the total volume dispersed. It is axiomatic that the size of equipment is
directly related to the volume being treated and thus equipment costs can be
reduced by decreasing the exhaust volume. Similarly, stages of treatment are
related to the quantity of pollutants that must be removed. Any process change
that favorably dters the concentrations will result in savings. Additionaly,
consideration should be given to changing raw materials used and even process
operations if a significant reduction in pollution source can be attained. The
extent to which source correction is justified depends on the cost of the
proposed treatment plant.

For example, the characteristics of equipment for air pollution control, as
specified in Table 8, often limit the temperature and humidity of inlet streams
to these devices. Three methods generally considered for cooling gases below
500°F are dilution with cool air, quenching with a water spray, and the use of
cooling columns. Each approach has advantages and disadvantages. The method
selected will be dependent on cost and limitation imposed by the control device.

Selection of the most appropriate control device requires consideration of
the pollutant being handled and the features of the control device. Often, poor
system performance can be attributed to the selection of a control device that is
not suited to the -pollutant characteristics. An understanding of the equipment
operating principles will enable the design engineer to avoid this problem.

Air Pollution Abatement

The most recent changes in the U.S. Clean Air Act Amendments have changed
the regulatory ground rules so that almost any air-pollutant-emitting new facility
or modification is subject to the provisions of the law. For most situations, a
New Source Review (NSR) application will have to be filed before construction
is alowed. Source categories covered at this time include petroleum refineries,
sulfur recovery plants, carbon black plants, fuel conversion plants, chemical
process plants, fossil-fuel boilers (greater than 250 MM Btu /h heat input), and
petroleum storage and transfer facilities (greater than 300,000-barrel capacity).
To obtain a construction permit, a new or modified source governed by the
Clean Air Act must meet certain requirements. These include a demonstration
that “best available control technology” (BACT) is to be used at the source. In
addition, an air quality review must demonstrate that the source will not cause
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TABLE 8
Air pollution control equipment characteristics

Optimum?  Optimum

size concen- Tempera- Pressure Space
Control particle, tration, ture limi- drop, Effi- require- Collected
equipment microns grains / f* tations, °F in. HO ciency mentsi pollutant

Remarks

Particulates pollutant
Mechanical  collectors

Settling  chamber > 50 >5 700 <01 <50 L Dry dust
Cyclone 5-25 >1 700 1-5 50-90 M Dry dust}
Dynamic  precipitator > 10 >1 700 Fan <80 M Dry dust
Impingement  separator > 10 >1 700 <4 <8 S Dry dust
Bag filter <1 >0.1 500 >4 >9 L Dry dust
Wet collector
Spray tower 25 >1 40-700 0.5 <8 L Liquid
Cyclone >5 >1 40-700 >2 <8 L Liquid
Impingement >5 >1 40-700 >2 <80 L Liquid
Venturi <1 >0.1 40-700 160 < 99 s Liquid
Electrostatic ~ precipitator <1 >0.1 850 <1 95-99 L Dry or
wet dust
Gaseous  pollutant
Gas scrubber > 1% 40-100 <10 >90 M-L Liquid
Gas adsorber § 40-100 < 10 >0 L Solid or
liquid
Direct  incinerator Combustible 2000 <1 <95 M None
vapors
Catalytic  combustion Combustible 1000 >1 <9 L None
vapors

Good as precleaner
Low initial cost

Bags sensitive to humidity, filter
velocity, and temperature

Waste treatment  required

Visible plume possible

Corrosion

High temperature operation possible

Sensitive to varying condition and
partticle  properties

Same as wet collector
Adsorbent life critica

{High initial and operating cost
High operating costs

Contaminants could poison catalyst

+ Minimum particle size (collected at approximately 90% efficiency under usual operating conditions)
t Space requirements: § = small, M = moderate, L = large
§ Adsorber (concentrations less than 2 ppm non-regenerative system; greater than 2 ppm regenerative system)
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or contribute to a violation of the Ambient Air Quality Standard (AAQS) or
maximum allowable increase over the baseline concentration of sulfur dioxide
and particulates in any area. (Three different clean ar areas have been
designated, with class | the most pristine encompassing national parks and
forests) Only when these steps indicate that the ambient air will not be
significantly impacted by the source may a construction permit be issued.

Air pollution control equipment can essentially be classified into two
major categories, those suitable for removing particulates and those associated
with removing gaseous pollutants,. Particulates are generally removed by me-
chanical forces, while gaseous pollutants are removed by chemical and physical
means.

PARTICULATE REMOVAL. The separating forces in a cyclone are the centrifugal

and impact forces imparted on the particulate matter. Similar forces account for

the particulate capture in mechanical collectors such as impingement and
dynamic separators. In settling chambers, the separation is primarily the result
of gravitational forces on the particulates. The mechanism in a wet collector

involves contact between a water spray and the gaseous pollutant stream.

Separation results primarily from a collision between the particulates and the
water droplets. Separation also occurs because of gravitational forces on the
large particles, or electrostatic and thermal forces on the small particles. The
main separating forces in a bag filter are similar to those described in the wet

collector, i.e., collision or attraction between the particle and the filter of the
bag. Finaly, the principal components in an electrostatic precipitator are a
discharge plate and a collecting surface. The separation is effected by charging
the particles with a high voltage and alowing the charged particles to be
attracted to the oppositely charged collection plates.

To obtain the greatest efficiency in particulate removal, additional atten-
tion must be given to particle diameter and the air velocity. The particle size
determines the separating force required, while the effectiveness of the control
equipment is related to the stream velocity. Generaly, the greater the relative
velocity between the air stream and the collision obstacle for the particulates,
the more effective the separating mechanism. The electrostatic precipitator is an
exception to this generality, since here the particle diameter influences the
migratory velocity and the power required to maintain the electrical field
influences the equipment performance. Figure 3-2 illustrates the characteristics
of various pollution particulates and the range of application for several control
devices as related to particle size.

A review of Table 8 and Fig. 3-2 indicates that large-diameter particles
can be removed with low-energy devices such as settling chambers, cyclones,
and spray chambers. Submicron particles must be removed with high-energy
units such as bag filters, electrostatic precipitators, and venturi scrubbers.
Intermediate particles can be removed with impingement separators or low-
energy wet collectors. Obviously, other equipment performance characteristics
as noted in Table 8 will aso have their influence on the fina equipment
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selection. Costs for much of the equipment considered in this section are given
in Chap. 14 (Materials Transfer, Handling, and Treatment Equipment).

NOXIOUS GAS REMOVAL. Gaseous pollutants can be removed from air streams
either by absorption, adsorption, condensation, or incineration. A list of typica

gaseous pollutants that can be treated with these four methods is given in Table
9. Generaly, condensation is not utilized as a method for removing a solvent
vapor from air or other carrier gas unless the concentration of the solvent in the

gas is high and the solvent is worth recovery. Since condensation cannot remove
al of the solvent, it can only be used to reduce the solvent concentration in the
carrier gas.

TABLE 9
Typical gaseous pollutants and their sources
Key
element Pollutant Source
S SO, Bailer, flue gas
S0, Sulfuric  acid  manufacture
H,S Natural gas processing, sewage treat-
ment, paper and pulp industry
R-SH (mercaptans) Petroleum  refining, pulp and paper
N NO, NO, Nitric acid manufacturing, high-
temperature  oxidation  processes,
nitration  processes
NH, Ammonia manufacturing
Other basic N compounds, pyridines, Sewage, rendering, pyridine base,
amines solvent  processes
Halogen:
F HF Phosphate ~ fertilizer, ~ aluminum
SiF, Ceramics,  fertilizers
CFC Cleaning operations, ~ refri-
geration and air conditioning
systems, insulation  foams
a HCl HCl mfg, PVC combustion, organic
chlorination  processes
Cl, Chlorine manufacturing
c Inorganic
co Incomplete  combustion  processes
Co, Combustion  processes (not  generaly
considered a pollutant)
Organic
Hydrocarbons-paraffins, olefins, Solvent operations, gasoline, petro-
and  aomatics chemical operations, solvents

Oxygenated hydrocarbons-aldehydes

ketones, acohols, phenals, and
oxides
Chlorinated  solvents

Partid  oxidation processes, surface
coating  operations, petroleum
processing, plastics, ethylene oxide

Dry-cleaning, degreasing  operations
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Gas-liquid absorption processes are normally carried out in vertical, coun-
tercurrent flow through packed, plate, or spray towers. For absorption of
gaseous streams, good liquid-gas contact is essential and is partly a function of
proper equipment selection. Optimization of absorbers or scrubbers (as applied
to noxious gas removal) is also important. The power consumption of a modem,
high-energy scrubber at its peak can be considerable because of the high
pressure drop involved. The latter difficulty has been aleviated in the spray
scrubber with its low pressure drop even when handling large volumes of flue
gases. In addition, sealing and plugging which can be a problem in certain
scrubbing processes (e.g., using a limestone-slurry removal of sulfur dioxide
from a flue gas) do not present difficulties when a spray is used in a chemically
balanced system.

The use of dry adsorbents like activated carbon and molecular sieves has
received considerable attention in removing final traces of objectional gaseous
pollutants. Adsorption is generally carried out in large, horizontal fixed beds
often equipped with blowers, condensers, separators, and controls. A typical
installation usually consists of two beds; one is onstream while the other is being
regenerated.

For those processes producing contaminated gas streams that have no
recovery value, incineration may be the most acceptable route when the gas
streams are combustible. There are presently two methods in common use:
direct flame and catalytic oxidation. The former usualy has lower capital-
cost requirements, but higher operating costs, particularly if an auxiliary fue is
required. Either method provides a clean, odorless effluent if the exit-gas
temperature is sufficiently high.

Each technique for removing pollutants from process gas streams is
economically feasible under certain conditions. Each specific instance must be
carefully analyzed before a commitment is made to any type of approach.

Water  Pollution  Abatement

Better removal of pollutants from wastewater effluents was originally mandated
by the federal government in the Water Pollution Control Act of 1970 (P.L.
92-500). Since then the performance requirements for the various treatment
technologies have been raised to new and higher standards with additional
legislation aimed at regulating the amounts of toxic and hazardous substances
discharged as effluents. Increased legal and enforcement efforts by various
governmental agencies to define toxic and hazardous substances give evidence
of the demands that will be placed on pollution technology in the future. The
trend in effluent standards is definitely away from the broad, nonspecific
parameters (such as chemical oxygen demand or biochemical oxygen demand)
and towards limits on specific chemical compounds.

The problems of handling a liquid waste effluent are considerably more
complex than those of handling a waste gas effluent. The waste liquid may
contain dissolved gases or dissolved solids, or it may be a durry in ether
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concentrated or dilute form. Because of this complexity, priority should first be
given to the possibility of recovering part or al of the waste products for reuse
or sae. Frequently, money can be saved by installing recovery facilities rather
than more expensive waste-treatment equipment. If product recovery is not
capable of solving a given waste-disposal problem, waste treatment must be
used. One of the functions of the design engineer then is to decide which
treatment process, or combination of processes, will best perform the necessary
task of cleaning up the wastewater effluent involved. This treatment can be
either physical, chemical, or biologica in nature, depending upon the type of
waste involved and the amount of removal necessary.

PHYSICAL TREATMENT. The first step in any wastewater treatment process is
to remove large floating or suspended particles by sources. This is usually
followed by sedimentation or gravity settling. Where sufficient land area is
available, earthen basins are sometimes used to remove settleable solids from
dilute wastewater. Otherwise, circular clarifiers with rotating sludge scrapers or
rectangular clarifiers with continuous chain sludge scrapers are used. These
units permit removal of settled sludge from the floor of the clarifiers and scum
remova from the surface. Numerous options for improving the operation of
clarifiers are presently available.

Sludge from primary or secondary treatment that has been initially con-
centrated in a clarifier or thickener can be further concentrated by vacuum
filtration or centrifugation. The importance of first concentrating a thin slurry by
clarifier or thickener action needs to be recognized. For example, concentrating
the sludge from 5 to 10 percent solids before centrifuging can result in a 250
percent increase in solids recovery for the same power input to the centrifuge.

Solid-liquid separation by flotation may be achieved by gravity aone or
induced by dissolved-air or vacuum techniques. The mechanisms and driving
forces are similar to those found in sedimentation, but the separation rate and
solids concentration can be greater in some cases.

Adsorption processes, and in particular those using activated carbon, are
also finding increased use in wastewater treatment for removal of refractory
organics, toxic substances, and color. The primary driving forces for adsorption
are a combination of (1) the hydrophobic nature of the dissolved organicsin the
wastewater and (2) the affinity of the organics to the solid adsorbent. The latter
is due to a combination of electrostatic attraction, physica adsorption, and
chemical adsorption. Operational arrangements of the adsorption beds are
similar to those described for gaseous adsorption.

Three different membrane processes, ultrefiltration, reverse osmosis, and
electrodialysis are receiving increased interest in pollution-control applications
as end-of-pipe treatment and for inplant recovery systems. There is no sharp
distinction between ultrefiltration and reverse osmosis. In the former, the
separation is based primarily on the size of the solute molecule which, depend-
ing upon the particular membrane porosity, can range from about 2 to 10,000
millimicrons. In the reverse-osmosis process, the size of the solute molecule is
not the sole basis for the degree of removal, since other characteristics of the
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wlute such as hydrogen-bonding and valency affect the membrane selectivity. In
contrast to these two membrane processes, electrodialysis employs the removal
of the solute (with some small amount of accompanying water) from solution
rather than the remova of the solvent. The other mgjor distinction is that only
ionic species are removed. The advantages due to eectrodialysis are primarily
due to these distinctions.

CHEM CAL TREATMENT. In wastewater treatment, chemical methods are gen-
eradly used to remove colloidal matter, color, odors, acids, akalies, heavy
metals, and oil. Such treatment is considered as a means of stream upgrading by
coagulation, emulsion breaking, precipitation, or neutralization.

Coagulation is a process that removes colloids from water by the addition
of chemicals. The chemicals upset the stability of the system by neutralizing the
colloid charge. Additives commonly used introduce a large multivalent cation
such as Al*3 (from alum) or Fe** (from ferric chloride). Emulsion breaking is
similar to coagulation. The emulsions are generally broken with combination of
acidic reagents and polyelectrolytes. The common ion effect can also be useful
in wastewater treatment. In this case an unwanted salt is removed from solution
by adding a second soluble salt to increase one of the ion concentrations.
Coagulant aids may then be needed to remove the precipitate.

One method for treating acid and alkaline waste products is by neutraiza-
tion with lime or sulfuric acid (other available materials may aso be suitable).
Even though this treatment method may change the pH of the waste stream to
the desired level, it does not remove the sulfate, chloride, or other ions.
Therefore, the possibility of recovering the acid or alkali by distillation, concen-
tration, or in the form of a useful salt should always be considered before
neutralization or dilution methods are adopted.

Chemical oxidation is frequently another tool in wastewater treatment.
Chemical oxidants in wide use today are chlorine, ozone, and hydrogen perox-
ide. The historical use of chlorine and ozone has been in the disinfection of
water and wastewater. All three oxidizers are, however, receiving increased
attention for removing organic materials from wastewaters that are resistant to
biological or other treatment processes. The destruction of cyanide and phenols
by chlorine oxidation is well known in waste-treatment technology. However,
the use of chlorine for such applications has come under intense scrutiny
because of the uncertainty in establishing and predicting the products of the
chlorine oxidation reactions and their relative toxicity. Ozone, on the other
hand, with only a short half-life is found to be effective in many applications for
color removal, disinfection, taste and odor removal, iron and manganese re-
moval, and in the oxidation of many complex inorganics, including lindane,
aldrin, surfactants, cyanides, phenols, and organo-metal complexes. With the
latter, the metal ion is released and can be removed by precipitation.

The need for chemical reduction of wastewaters occurs less often. The
most common reducing agents are ferrous chloride or sulfate which may be
obtained from a variety of sources.
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BIOLOGICAL TREATMENT. In the presence of the ordinary bacteria found in
water, many organic materials will oxidize to form carbon dioxide, water,
sulfates, and similar materials. This process consumes the oxygen dissolved in
the water and may cause a depletion of dissolved oxygen. A measure of the
ability of a waste component to consume the oxygen dissolved in water is known

as the biochemical oxygen demand. The biochemica oxygen demand (BOD) of a
waste stream is often the primary factor that determines its importance as a
pollutant. The biochemicd oxygen demand of sewage, sewage effluents, polluted
waters, or industrial wastes is the oxygen, reported as parts per million,

consumed during a set period of time by bacterial action on the decomposable
organic matter.

One of the more common hiological wastewater treatment procedures
today involves the use of concentrated masses of microorganisms to bresk down
organic matter, resulting in the stabilization of organic wastes. These organisms
are broadly classified as aerobic, anaerobic, and aerobic-anaerobic facultative.
Aerobic organisms. require molecular oxygen for metabolism, anaerobic organ-
isms derive energy from organic compounds and function in the absence of
oxygen, while facultative organisms may function in either an aerobic or anagro-
bic environment.

Basically, the aerobic biological processes involve either the activated
sludge process or the fixed-film process. The activated sludge process is a
continuous system in which aerobic biological growths are mixed with wastewa-
ter and the resulting excess flocculated suspension separated by gravity clarifi-
cation or air flotation. The predominant fixed-film process has, in the past, been
the conventional trickling filter. In this /process, wastewater trickles over a
biological film fixed to an inert medium. Bacterial action in the presence of
oxygen breaks down the organic pollutants in the wastewater. (An attempt to
improve on the biological efficiency of the fixed-film process has resulted in the
development of a useful rotating disk biological contactor.) A comparison of
biological loading and area requirements for various aerobic biologica pro-
0es%s is shown in Table 10.

Many organic industrial wastes (including those from food processing,
meat packing, pulp and paper, refining, leather tanning, textiles, organic chemi-
cals, and petrochemicals) are amenable to biological treatment; however, a fair
number may prove to be refractory, i.e., nonbiodegradable. Thus, athough the
BOD removal may be excellent, the remova of the chemical oxygen demand
(COD) may be low. Process evaluation prior to system design should center on
characterization of the waste stream, particularly to determine the presence of
inhibitory or toxic components relative to biological treatment, and the estab-
lishment of pollutant removal rates, oxygen requirements, nutrient requirements
(nitrogen and phosphorus), sludge production, and solids settleability.

Anaerobic treatment is important in the disposal of municipal wastes but
has not been widely used on industrial wastes. It has found some use in
reducing highly concentrated BOD wastes, particularly in the food and beverage
industries as a pretreatment or roughing technique. However, compared to
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TABLE 10
Comparative requirements for processing 1700 Ib BOD / day by various

aerobic systems

Biological loading
System Area, aores Ib BOD/1000 ft® BOD removd, %
Stabilization  pond 57t 0.09-0.23 70-90
Aerated  lagoon 5.75% 1.15-1.60 80-90
Activated  sludge
Extended 0.23 11.0-30.0 95%
Conventional 0.08 33.0-400 90
High rate 0.046 57.0-150 70
Trickling ~ filter
Rock 0.2-0.5 0.7-50 40-70
Plastic disks 0.02-0.05 20-200 50-70
t 5 ft deep
3 10 ft deep

aerobic systems, anaerobic treatment is more sensitive to toxic materials and is
more difficult to control.

Sdid Wade Digposa

Solid wastes differ from air and water pollutants since these wastes remain at
the point of origin until a decision is made to collect and dispose of them. There
are several means of disposal available including recycling, chemica conversion,
incineration, pyrolysis, and landfill. Federal regulations, local conditions, and
overall economics generaly determine which method is the most acceptable.

RECYCLING AND CHEMICAL CONVERSION. Rexource recovay is a fador often
overlooked in waste disposal. For example, specific chemicals may often be
recovered by stripping, distillation, leaching, or extraction. Valuable solids such
as metals and plastics can be recovered by magnets, electrical conductivity,
jigging, flotation, or hand picking. Process wastes may at times also be converted
to saleable products or innocuous materials that can be disposed of safely. The
former would include hydrogenation of organics to produce fuels, acetylation of
waste cellulose to form cellulose acetate, or nitrogen and phosphorus enrich-
ment of wastes to produce fertilizer.

INCINERATION. The controlled oxidation of solid, liquid, or gaseous com-
bustible wastes to final products of carbon dioxide, water, and ash is known as
incineration. Since sulfur and nitrogen-containing waste materials will produce.
their corresponding oxides, they should not be incinerated without considering
their effect on air quality. A variety of incinerator designs are available.
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Multiple-chamber incinerators, rotary kilns, and multiple-hearth furnaces are
most widely used in industrial waste disposal.

Incineration has in the past provided certain advantages, particularly
where land disposal sites are not available or are too remote for economic
hauling. A properly designed and carefully operated incinerator can be located
adjacent to a process plant and can be adjusted to handle a variety and quantity
of wastes. Not only can heat recovery through steam generation reduce operat-
ing costs, but it can aso save on pollution-control equipment. Additionally, the
residue is a small fraction of the origina weight and volume of the waste and
may be acceptable for landfill.

PYROLYSS. The most acceptable route to recycling wastes in the future may be
through pyrolytic techniques in which wastes are heated in an air-free chamber
at temperatures as high as 3000°F (1650°C). Pyrolysis seems to provide several
advantages over incineration. These systems encounter far fewer air-pollution
problems, handle larger throughputs resulting in lower capital costs, provide
their own fuel, degrade marginaly burnable materials, and have the added
potential for recovering chemicals or synthesis gas.

LANDFILL. Sanitary landfill is basically a simple technique that involves spread-
ing and compacting solid wastes into cells that are covered each day with soil.
Care needs to be exercised that wastes disposed of in this fashion are either
inert to begin with or are capable of being degraded by microbial attack to
harmless compounds. The principal problems encountered in landfill operation
are the production of leachates that may contaminate the surrounding ground-
water and the potential hazards associated with the accumulation of flammable
gases produced during the degradation of the waste material.

Thermal Pollution Control

Temperature affects nearly every physical property of concern in water quality
management including density, viscosity, vapor pressure, surface tension, gas
solubility, and gas diffusion. The solubility of oxygen is probably the most
important of these parameters, inasmuch as dissolved oxygen in water is
necessary to maintain many forms of aquatic life. This potential damage to the
aguatic environment by changes in temperature, the reduction in the assimila-
tive capacity of organic wastes due to increased temperature, and the federal
enactment of more stringent water-temperature standards has led design engi-
neers to investigate various offstream cooling systems to handle thermal dis-
charges from processes and plants. Cooling towers are most often considered
for this service, followed by cooling ponds and spray ponds in that order.
Cooling towers may be classified on the basis of the fluid used for heat
transfer and on the basis of the power supplied to the unit. In wet cooling
towers, the condenser cooling water and ambient air are intimately mixed.
Cooling results from the evaporation of a portion of the water and to a lesser
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extent from the loss of sensible heat to the air. In dry cooling towers, the
temperature reduction of the condenser water depends upon conduction and
convection for the transfer of heat from the water to the air.

Mechanical draft cooling towers either force or induce the air which serves
as the heat-transfer medium through the tower. For their driving force, natural
draft cooling towers depend upon the density difference between the air leaving
the tower and the air entering the tower.

Cooling ponds are generally only considered for heat remova when
suitable land is available at a reasonable price, since such systems are simple,
cheap, and frequently less water-intensive. It is normally assumed that al heat
discharged to a cooling pond is lost through the air-water interface. With low
heat-transfer rates, large surface areas are required.

When land costs are too high, spray ponds often provide a viable aterna-
tive to cooling ponds. It is estimated that a spray pond requires only about 5 to
10 percent of the area of a cooling pond due to the more intimate air-water
contact. In addition, drift losses and corrosion problems are less severe than in
cooling  towers.

NOISE CONTROL. The design engineer should include noise studies in the
design stage of any industrial facility. Generally, acoustical problems left for
field resolution cost roughly twice as much. Unnecessary costs incurred in
post-construction noise work may include the replacement of insulation, re-

TABLE 11 ) ) )
Equipment noise sources, levels, and potential control solutions

Sound level in dBAt
Equipment a 3ft Possible noise control  treatments

Air coolers 87-94 Aerodynamic  fan  blades, decrease
rev./min and increase pitch, tip and
hub seals, decrease pressure drop.

Compressors 90-120 Install mufflers on intake and exhaust,
enclosure of machine casing, vibra
tion isolation and lagging of piping

systems.

Electric  motors 90-110 Acoustically lined fan covers,
enclosures, and motor mutes.

Heaters and  furnaces 95-110 Acoustic  plenums, intake mufflers,
ducts lined and damped.

Vaves < 8010108 Avoid sonic velocities, limit pressure

drop, and mass flow, replace with
special low noise valves, vibration
isolation and lagging.

Piping 90-105 Inline silencers, vibration isolation
and lagging.

1 Defined as the sound intensity measured in units equal to ten times the logarithm of the
square of the relative pressure associated with the sound wave.
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design of piping configuration to accommodate silencers, modification of equip-
ment, additional labor costs, and possible downtime to make necessary changes.
Considerable judgment, therefore, must be exercised by the designer to estab-
lish final design-stage noise recommendations. These should not only consider
the results of the equipment data-analysis procedure, but should also recognize
additional factors such as administrative controls, feasibility of redesign, eco-
nomic alternatives, intrusion of noise into the community, and the basic limita-
tions of the equations employed in the applicable computer programs.

To attain efficient, effective, and practical noise control, it.is necessary to
understand the individual equipment or process noise sources, their acoustic
properties and characteristics, and how they interact to create the overall noise
situation. Table 11 presents typical process design equipment providing high
noise levels and potential solutions to this problem.

PLANT LOCATION

The geographical location of the final plant can have strong influence on the
success of an industrial venture. Considerable care must be exercised in select-
ing the plant site, and many different factors must be considered. Primarily, the
plant should be located where the minimum cost of production and distribution
can be obtained, but other factors, such as room for expansion and safe living
conditions for plant operation as well as the surrounding community, are aso
important.

A genera consensus as to the plant location should be obtained before a
design project reaches the detailed estimate stage, and a firm location should be
established upon completion of the detailed-estimate design. The choice of the
fina site should first be based on a complete survey of the advantages and
disadvantages of various geographical areas and, ultimately, on the advantages
and disadvantages of available real estate. The following factors should be
considered in selecting a plant site:

1. Raw materids availability
2. Markets

3. Energy availability
4. Climate

5. Transportation facilities

6. Water supply

7. Waste disposal

8. Labor supply

9. Taxation and lega restrictions
10. Site characteristics

11. Food and fire protection

12. Community factors
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The factors that must be evaluated in a plant-location study indicate the
need for a vast amount of information, both quantitative (statistical) and
qualitative. Fortunately, a large number of agencies, public and private, publish
useful information of this type greatly reducing the actual original gathering of
the data.

Raw materials availability. The source of raw materials is one of the most
important factors influencing the selection of a plant site. This is particularly
true if large volumes of raw materials are consumed, because location near the
raw-materials source permits considerable reduction in transportation and stor-
age charges. Attention should be given to the purchased price of the raw
materials, distance from the source of supply, freight or transportation ex-
penses, availability and reliability of supply, purity of the raw materials, and
storage requirements.

Markets. The location of markets or intermediate distribution centers affects
the cost of product distribution and the time required for shipping. Proximity to
the mgjor markets is an important consideration in the selection of a plant site,
because the buyer usually finds it advantageous to purchase from nearby
sources. It should be noted that markets are needed for by-products as well as
for mgjor final products.

Energy availability. Power and steam requirements are high in most industrial
plants, and fuel is ordinarily required to supply these utilities. Consequently,
power and fuel can be combined as one major factor in the choice of a plant
site. Electrolytic processes require a cheap source of electricity, and plants using
electrolytic processes are often located near large hydroelectric installations. If
the plant requires large quantities of coa or oil, location near a source of fuel
supply may be essential for economic operation. The local cost of power can
help determine whether power should be purchased or self-generated.

Climate. If the plant is located in a cold climate, costs may be increased by the

necessity for construction of protective shelters around the process equipment,
and special cooling towers or air-conditioning equipment may be required if the
prevailing temperatures are high. Excessive humidity or extremes of hot or cold
weather can have a serious effect on the economic operation of a plant, and

these factors should be examined when selecting a plant site.

Transportation facilities. Water, railroads, and highways are the common means
of transportation used by major industrial concerns. The kind and amount of
products and raw materials determine the most suitable type of transportation
facilities. In any case, careful attention should be given to local freight rates and
existing railroad lines. The proximity to railroad centers and the possibility of
canal, river, lake, or ocean transport must be considered: Motor trucking
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facilities are widely used and can serve as a useful supplement to rail and water
facilities. If possible, the plant site should have access to all three types of
transportation, and, certainly, at least two types should be available. There is
usually need for convenient air and rail transportation facilities between the
plant and the main company headquarters, and effective transportation facilities
for the plant personnel are necessary.

Water supply. The process industries use large quantities of water for cooling,
washing, steam generation, and as a raw material. The plant, therefore, must be
located where a dependable supply of water is available. A large river or lake is
preferable, athough deep wells or artesian wells may be satisfactory if the
amount of water required is not too great. The level of the existing water table

can be checked by consulting the state geological survey, and information on the
constancy of the water table and the year-round capacity of local rivers or lakes

should be obtained. If the water supply shows seasonal fluctuations, it may be

desirable to construct a reservoir or to drill several standby wells. The tempera

ture, mineral content, silt or sand content, bacteriological content, and cost for

supply and purification treatment must also be considered when choosing a
water supply.

Waste disposal. In recent years, many legal restrictions have been placed on the
methods for disposing of waste materials from the process industries. The site
selected for a plant should have adeguate capacity and facilities for correct
waste disposal. Even though a given area has minimal restrictions on pollution,
it should not be assumed that this condition will continue to exist. In choosing a
plant site, the permissible tolerance levels for various methods of waste disposal
should be considered carefully, and attention should be given to potential
requirements for additional waste-treatment facilities.

Labor supply. The type and supply of labor available in the vicinity of a
proposed plant site must be examined. Consideration should be given to
prevailing pay scdes, redrictions on number of hours worked per week, compet-
ing industries that can cause dissatisfaction or high turnover rates among the
workers, and variations in the skill and productivity of the workers.

Taxation and legal restrictions. State and local tax rates on property income,
unemployment insurance, and similar items vary from one location to another.
Similarly, local regulations on zoning, building codes, nuisance aspects, and
transportation facilities can have a major influence on the final choice of a plant
site. In fact, zoning difficulties and obtaining the many required permits can
often be much more important in terms of cost and time delays than many of
the factors discussed in the preceding sections.

Site characteristics. The characteristics of the land at a proposed plant site
should be examined carefully. The topography of the tract of land and’ the soil
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structure must be considered, since either or both may have a pronounced effect
on construction costs. The cost of the land is important, as well as local building
costs and living conditions. Future changes may make it desirable or necessary
to expand the plant facilities. Therefore, even though no immediate expansion
is planned, a new plant should be constructed at a location where additiona
space is available,

Flood and fire protection. Many industrial plants are located along rivers or
near large bodies of water, and there are risks of flood or hurricane damage.
Before selecting a plant site, the regiona history of natural events of this type
should be examined and the consequences of such occurrences considered.
Protection from losses by fire is another important factor in selecting a plant
location. In case of a mgjor fire, assistance from outside fire departments should
be available. Fire hazards in the immediate area surrounding the plant site must
not be overlooked.

Community factors. The character and facilities of a community can have quite
an effect on the location of the plant. If a certain minimum number of facilities
for satisfactory living of plant personnel do not exist, it often becomes a burden
for the plant to subsidize such facilities. Cultura facilities of the community are
important to sound growth. Churches, libraries, schools, civic theaters, concert
associations, and other similar groups, if active and dynamic, do much to make a
community progressive. The problem of recreation deserves special considera
tion. The efficiency, character, and history of both state and local government
should be evaluated. The existence of low taxes is not in itself a favorable
situation unless the community is already well developed and relatively free of
debt.

Selection of the Plant Site

The major factors in the selection of most plant sites are (1) raw materials,
(2) markets, (3) energy supply, (4) climate, (5) transportation facilities, and
(6) water supply. For a preliminary survey, the first four factors should be
considered. Thus, on the basis of raw materias, markets, energy supply, and
climate, acceptable locations can usually be reduced to one or two genera
geographical regions. For example, a preliminary survey might indicate that the
best location for a particular plant would be in the south-central or south-east-
ern part of the United States.

In the next step, the effects of transportation facilities and water supply
are taken into account. This permits reduction of the possible plant location to
several general target areas. These areas can then be reduced further by
considering al the factors that have an influence on plant location.

As a final step, a detailed analysis of the remaining sites can be made.
Exact data on items such as freight rates, labor conditions, tax rates, price of
land, and genera local conditions can be obtained. The various sites can be
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inspected and appraised on the basis of al the factors influencing the final

decision. Many times, the advantages of locating a new plant on land or near
other facilities already owned by the concern that is building the new plant

outweigh the disadvantages of the particular location. In any case, however, the
final decision on selecting the plant site should take into consideration al the
factors that can affect the ultimate success of the overall operation.

PLANT LAYOUT

After the process flow diagrams are completed and before detailed piping,
structural, and electrical design can begin, the layout of process units in a plant
and the egquipment within these process units must be planned. This layout can
play an important part in determining construction and manufacturing costs,
and thus must be planned carefully with attention being given to future
problems that may arise. Since each plant differs in many ways and no two plant
sites are exactly alike, there is no one idea plant layout. However, proper layout
in each case will include arrangement of processing areas, storage areas, and
handling areas in efficient coordination and with regard to such factors as:

. New site development or addition to previously developed site
. Type and quantity of products to be produced

. Type of process and product control

. Operational convenience and accessibility

. Economic distribution of utilities and services

. Type of buildings and building-code requirements
. Hedlth and safety considerations

. Waste-disposal requirements

. Auxiliary equipment

. Space available and space required

. Roads and railroads

. Possible future expansion
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Preparation of the Layout

Scale drawings, complete with elevation indications can be used for determining

the best location for equipment and facilities. Elementary layouts are developed

first. These show the fundamental relationships between storage space and
operating equipment. The next step requires consideration of the safe opera
tiona sequence and gives a primary layout based on the flow of materials, unit

operations, storage, and future expansion. By analyzing al the factors that are
involved in plant layout, a detailed recommendation can be presented, and

drawings and éevations, including isometric drawings of the piping systems, can
be prepared.
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FIGURE 33
Scale model showing details of plant layout. (Courtesy of the M. W. Kellogg Company.)

Templates, or small cutouts constructed to a selected scale, are useful for
making rapid and accurate layouts, and three-dimensiona models are often
made. The use of such models for making certain a proposed plant layout is
correct has found increasing favor in recent years.

Figure 3-3 shows a view of a typica model for an industrial plant. Errors
in a plant layout are easily located when three-dimensional models are used,
since the operations and construction engineers can immediately see errors
which might have escaped notice on two-dimensional templates or blueprints. In
addition to increasing the efficiency of a plant layout, models are very useful
during plant construction and for instruction and orientation purposes after the
plant is completed.

PLANT OPERATION AND CONTROL

In the design of an industrial plant, the methods which will be used for plant
operation and control help determine many of the design variables. For exam-
ple, the extent of instrumentation can be a factor in choosing the type of process
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and setting the labor requirements. It should be remembered that maintenance
work will be necessary to keep the installed equipment and facilities in good
operating condition. The engineer must recognize the importance of such
factors which are directly related to plant operation and control and must take
them into proper account during the development of a design project.

Instrumentation

Instruments are used in the chemical industry to measure process variables,
such as temperature, pressure, density, viscosity, specific heat, conductivity, pH,
humidity, dew point, liquid level, flow rate, chemica composition, and moisture
content. By use of instruments having varying degrees of complexity, the values
of these variables can be recorded continuously and controlled within narrow
limits.

Automatic control is the norm throughout the chemical industry, and the
resultant savings in labor combined with improved ease and efficiency of
operations has more than offset the added expense for instrumentation. (In
most cases, control is achieved through the use of high-speed computers. In this
capacity, the computer serves as a vital tool in the operation of the plant.)
Effective utilization of the many instruments employed in a chemica process
is achieved through centralized control, whereby one centrally located control
room is used for the indication, recording, and regulation of the process
variables. Panel boards have been developed which present a graphical
representation of the process and have the instrument controls and indicators
mounted at the appropriate locations in the overall process. This helps a new
operator to quickly become familiar with the significance of the instrument
readings, and rapid location of any operational variance is possible. An example
of a graphic panel in a modern industrial plant is shown in Fig. 3-4.

Because of the many variables found in processing and the wide range
over which these variables must be determined and controlled, the assistance of
a skilled instrumentation engineer is essential in setting up a control system.
Instrumentation problems caused by transmission lags, cycling due to slow or
uncompensated response, radiation errors, or similar factors are commonly
encountered in plant operation, but most of these problems can be eiminated if
the control system is correctly designed.

Maintenance

Many of the problems involved in maintenance are often caused by a lack of
thoroughly evaluating the origina design and layout of plant and equipment.
Sufficient space for maintenance work on eguipment and facilities must be
provided in the plant layout, and the engineer needs to consider maintenance
and its safety requirements when making decisions on equipment.

Too often, the design engineer is conscious only of first costs and fails to
recognize that maintenance costs can easily nullify the advantages of a cheap
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FIGURE 34
Example of a graphic panel for a modern industrial plant with a computer-controlled system.
(Courtesy of C. F. Braun and Company.)

initial installation. For example, a close-coupled motor pump utilizing a high-
speed motor may require less space and lower initial cost than a standard motor
combined with a coupled pump. However, if replacement of the impeller and
shaft becomes necessary, the repair cost with a close-coupled motor pump is
much greater than with a regular coupled pump. The use of a high-speed motor
reduces the life of the impeller and shaft, particularly if corrosive liquids are
involved. If the engineer fails to consider the excessive maintenance costs that
may result, an error in recommending the cheaper and smaller unit can be
made. Similarly, a compact system of piping, valves, and equipment may have a
lower initial cost and be more convenient for the operators’ use, but mainte-
nance of the system may require costly and time-consuming dismantling opera-
tions

UTILITIES

The primary sources of raw energy for the supply of power are found in the heat
of combustion of fuels and in elevated water supplies. Fuel-burning plants are
of greater industrial significance than hydroedectric installations because the
physical location of fuel-burning plants is not restricted. At the present time,
the most common sources of energy are oil, gas, coal, and nuclear energy. The
decreasing availability of the first two sources of energy will necessitate the use
of alternate forms of energy in the not-too-distant future.

In the chemica industries, power is supplied primarily in the form of
electrical energy. Agitators, pumps, hoists, blowers, compressors, and similar
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equipment are usualy operated by electric motors, athough other prime
movers, such as steam engines, internal-combustion engines, and hydraulic
turbines are sometimes employed.

When a design engineer is setting up the specifications for a new plant, a
decision must be made on whether to use purchased power or have the plant set
up its own power unit. It may be possible to obtain steam for processing and
heating as a by-product from the self-generation of electricity, and this factor
may influence the final decision. In some cases , it may be justified by means of
a HAZOP study to provide power to the plant from two independent sources to
permit continued operation of the plant facilities if one of the power sources
fals

Power can be transmitted in various forms, such as mechanica energy,
electrical energy, heat energy, and pressure energy. The engineer should recog-
nize the different methods for transmitting power and must choose the ones
best suited to the particular process under development.

Steam is generated from whatever fuel is the cheapest, usually at pressures
of 450 psig (3100 kPa) or more, expanded through turbines or other prime
movers to generate the necessary plant power, and the exhaust steam is used in
the process as heat. The quantity of steam used in a process depends upon the
thermal requirements, plus the mechanical power needs, if such a power is
generated in the plant.

Water for industrial purposes can be obtained from one of two genera
sources: the plant’s own source or a municipa supply. If the demands for water
are large, it is more economical for the plant to provide its own water source.
Such a supply may be obtained from drilled wells, rivers, lakes, damned streams,
or other impounded supplies. Before a company agrees to go ahead with any
new project, it must ensure itself of a sufficient supply of water for al industrial,
sanitary, and safety demands, both present and future.

The value of an abundance of good water supplies is reflected in the
selling price of plant locations that have such supplies. Any engineering tech-
niques which are required to procure, conserve, and treat water significantly
increase the operational cost for a plant or process. Increased costs of water
processing have made maximum use of the processed water essential. In fact,
the high costs of constructing and operating a waste treatment plant have led to
concentration of industrial wastes with the smallest amount of water, except
where treatment processes require dilution.

STRUCTURAL DESIGN

One of the most important aspects in structural design for the process industries
is a correct foundation design with allowances for heavy equipment and vibrat-
ing machinery used. The purpose of the foundation is to distribute the load so
that excessive or damaging settling will not occur. The type of foundation
depends on the load involved and the material on which the foundation acts. It
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is necessary, therefore, to know the characteristics of the soil at a given plant
site before the structural design can be started.

The alowable bearing pressure varies for different types of soils, and the
soil should be checked at the surface and at various depths to determine the
bearing characteristics. The allowable bearing pressure for rock is 30 or more
ton/ft? (30 X 10* kg/m?), while that for soft clay may be as low as 1 ton/ft?
(1 X 10* kg/m?). Intermediate values of 4 to 10 ton/ft* (4 X 104 to 10 x 10*
kg/m?) apply for mixtures of gravel with sand, hard clay, and hardpan.

A foundation may ssimply be a wall founded on rock or hardpan, or it may
be necessary to increase the bearing area by the addition of a footing. Plain
concrete is usualy employed for making footings, while reinforced concrete,
containing steel rods or bars, is commonly used for foundation walls. If possible,
a foundation should extend below the frost line, and it should aways be
designed to handle the maximum load. Pilings are commonly used for support-
ing heavy equipment or for other special loads.

Maintenance difficulties encountered with floors and roofs should be given
particular attention in a structural design. Concrete floors are used extensively
in the process industries, and special cements and coatings are available which
make the floors resistant to heat or chemical attack. Flat roofs are often
specified for industrial structures. Felt saturated with coal-tar pitch combined
with a coal-tar pitch-gravel finish is satisfactory for roofs of this type. Asphalt-
saturated felt may be used if the roof has a slope of more than jin./ft (4.17
cmm.

m)Corrosive effects of the process, cost of construction, and climatic effects
must be considered when choosing structural materials. Steel and concrete are
the materials of construction most commonly used, although wood, aluminum,
glass blocks, cinder blocks, glazed tile, bricks, and other materials are also of
importance. Allowances must be made for the type of lighting and drainage, and
sufficient structural strength must be provided to resist normal loads as well as
extreme loads due to high winds or other natural causes.

In any type of structural design for the process industries, the function of
the structure is more important than the form. The style of architecture should
be subordinated to the need for supplying a structure which is adapted to the
proposed process and has sufficient flexibility to permit changes in the future.
Although cost is certainly important, the engineer preparing the design should
never forget the fact that the quality of a structure remains apparent long after
the initial cost is forgotten.

STORAGE

Adeguate storage facilities for raw materials, intermediate products, final prod-
ucts, recycle materials, off-grade materials, and fuels are essentia to the
operation of a process plant. A supply of raw materials permits operation of the
process plant regardless of temporary procurement or delivery difficulties.
Storage of intermediate products may be necessary during plant shutdown for
emergency repairs while storage of final products makes it possible to supply the
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customer even during a plant difficulty or unforeseen shutdown. An additiona
need for adequate storage is often encountered when it is necessary to meet
seasonal demands from steady production.

Bulk storage of liquids is generally handled by closed spherical or cylindri-
cal tanks to prevent the escape of volatiles and minimize contamination. Since
safety is an important consideration in storage-tank design, the American
Petroleum Ingtitute? and the National Fire Protection Association* publish
rules for safe design and operation. Floating roof tanks are used to conserve
valuable products with vapor pressures which are below atmospheric pressure at
the storage temperature. Liquids with vapor pressures above atmospheric must
be stored in vapor-tight tanks capable of withstanding internal pressure. If
flammable liquids are stored in vented tanks, flame arresters must be installed
in al openings except connections made below the liquid level.

Gases are stored at atmospheric pressure in wet- or dry-seal gas holders.
The wet-gas holder maintains a liquid seal of water or oil between the top
movable inside tank and the stationary outside tank. In the dry-seal holder the
seal between the two tanks is made by means of a flexible rubber or plastic
curtain. Recent developments in bulk natural gas or gas-product storage show
that pumping the gas into underground strata is the cheapest method available.
High-pressure gas is stored in spherical or horizontal cylindrical pressure
vesHs,

Solid products and raw materials are either stored in weather-tight tanks
with sloping floors or in outdoor bins and mounds. Solid products are often
packed directly in bags sacks, or drums.

MATERIALS HANDLING

Materials-handling equipment is logically divided into continuous and batch
types, and into classes for the handling of liquids, solids, and gases. Liquids and
gases are handled by means of pumps and blowers; in pipes, flumes, and ducts;
and in containers such as drums, cylinders, and tank cars. Solids may be
handled by conveyors, bucket elevators, chutes, lift trucks, and pneumatic

systems. The selection of materials-handling equipment depends upon the cost
and the work to be done. Factors that'must be considered in selecting such

equipment include:

1. Chemica and physica nature of materia being handled

2. Type and distance of movement of materia

3. Quantity of material moved per unit time

4. Nature of feed and discharge from materials-handling equipment
5. Continuous or intermittent nature of materials handling

tAmerican Petroleum Ingtitute, 50 W. 50th St., New York, NY.
{National Fire Protection Association, 60 Batterymarch S, Boston, MA.
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The magjor movement of liquid and gaseous raw materials and products
within a plant to and from the point of shipment is done by pipeline. Many
petroleum plants also transport raw materials and products by pipeline. When
this is done, local and federal regulations must be strictly followed in the design
and specification of the pipeline.

Movement of raw materials and products outside of the plant is usually
handled either by rail, ship, truck, or air transportation. Some type of receiving
or shipping fecilities, depending on the nature of the raw materids and
products, must be provided in the design of the plant. Information for the
preparation of such specifications can usualy be obtained from the transporta-
tion companies serving the area.

In genera, the materials-handling problems in the chemica engineering
industries do not differ widely from those in other industries except that the
existence of special hazards, including corrosion, fire, heat damage, explosion,
pollution, and toxicity, together with specia service requirements, will fre-
quently influence the design. The most difficult of these hazards often is
corrosion. This is generally overcome by the use of a high-first-cost, corrosion-
resistant material in the best type of handling equipment or by the use of
containers which adequately protect the equipment.

PATENT CONSIDERATIONS

A patent is essentialy a contract between an inventor and the public. In
consideration of full disclosure of the invention to the public, the patentee is
given exclusive rights to control the use and practice of the invention. A patent
gives the holder the power to prevent others from using or practicing the
invention for a period of 17 years from the date of granting. In contrast, trade
secrets and certain types of confidential disclosures can receive protection under
common-law rights only as long as the secret information is not public knowl-
edge.

A new design should be examined to make certain no patent infringe-
ments are involved. If the investigation can uncover even one legaly expired
patent covering the details of the proposed process, the method can be used
with no fear of patent difficulties. Although most large corporations have patent
attorneys to handle investigations of this type, the design engineer can be of
considerable assistance in determining if infringements are involved. An engi-
neer, therefore, should have a working knowledge of the basic practices and
principles of patent law.}

tStatutes and genera rules applying to United States patents are presented in the two pamphlets
“Patent Laws’ and “Rules of Practice of the United States Patent Office in Patent Cases,” U.S.
Government  Printing ~ Office.
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PROBLEMS?

1. Identify some of the principd events leading to spillage and leskage in petroleum
refineries and/or chemicd plants. Provide specific examples, if possble, to support
the sdections.

2. Approximatdy 25 kg/s of vapor are released to the atmosphere. The lower explosive
limit ¢, for the vapor is 0.010 m?® vapor/m’ ar. The vapor density of the vapor is
2 kg/m>. If the wind speed U, is 3 m/s, what is the distance d required for safe
digposa of the vapor in the air as evauated from the relation

37 0.552
d= Q
GCL

where Q is the escape rate in m3/s?

3. A mercury spill occurs in an unventilated stockroom with some of the mercury
trapped in severa floor cracks. What is the maximum concentration of mercury that
can be atained in the storeroom when the temperature is 23°C? If the Federd
sandard permissible exposure limit for mercury in the ar is 0.1 mg/m?’, is the
maximum concentration of mercury in the ar acceptable?

4. Benzene has a PEL of 1 ppm for an 8-h exposure. If liquid benzene is evgpording a
a rae of 2 ml/min in ar whose temperature and pressure are 72°F and 12.8 psa,
respectively, what must the ventilation rate of the ar be to keep the benzene
concentretion below the PEL vaue?

5. Oxygen-deficient atmospheres can develop in closed containers by a number of
seemingly harmless mechanisms. Corroson indde of a closed container is such a
mechanism. The typicd corroson rate for carbon sted in very moist ar is about
0.005 in/yr and is about first order with respect to the oxygen concentration. If the
corrosion reaction can be gpproximated by the reaction,

how long will it take to reduce the oxygen content in a closed 25-ft-diameter
spherica container from 21 to 19.5 mol%?

6. Vinyl chloride, a suspected carcinogen, evaporates into the air & arate of 7.5 g/min.
If the permissble exposure limit (PEL) is 1 ppm, what flow rate of air will be
necessty to achieve the PEL utilizing dilution ventilation? Assuming there is
insufficient mixing of the vinyl chloride and the dilution air, a safety factor of 5 or
more needs to be used to assure proper dilution. Under these conditions what flow
rate is necessary?

7. Chemicd catridge respirators are persond protective devices used to adsorb harm-
ful vapors and gases. A paformance andyss of such respirators is smilar to that
used in a fixed bed adsorber. The generdized corrdation of adsorption potentid

1A number of the problems are adapted from Safety, Hedlth, and Loss Prevention in Chemical
Proceses Problems for Undergradugte Engineering Curricula, @ 1990 by the American Ingtitute of
Chemicad Engineers, with permisson from the Center for Chemicd Process Safety/AIChE.
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shows that the logarithm of the amount adsorbed is linear with the function T/V
llogo(f,/f 1 where T is the temperature in K, V is the molar volume of liquid a the
norma bailing point in cm?/g mole, £, is the saturated fugacity (approximate as the
vapor pressure), and f is the fugacity of the vapor (gpproximate as the partid
pressure). Data for the adsorption of dichloropropane on a sdected charcod ae as

follows:
Amount  adsorbed T/Vllogy(f,/f
(Cm?iq/ 100 gcharcoal) (units i given)
10 1

If a respirator contains 100 g of this charcod and breskthrough occurs when 82
percent of the adsorbent is saturated, how 1ong can the respirator be used in a
dichloropropane concentration of 750 ppm when the temperature is 80°F? Assume
that the flow rate of contaminated air through the adsorbent is 45 1/min. The molar
volume of the dichloropropane may be assumed to be 100 cm?/g mole

8. Determine which of the following liquids used in the laboratory could form flammable
ar-vapor mixtures if spilled in a storage cabinet and alowed to reach equilibrium.

acetone ethyl ether
benzene methyl & cohol
carbon disulfide n-pentane

What type of fire extinguishers would be appropriate if a smal saill is ignited? Note
that if equilibrium is not atained, the vapor concentrations will be lower than
caculated and a flanmable ar-vgpor mixture could be present.

9. Edimate the flash-point of acetone and compare it with the experimenta vaue given
in the literature. Hint: Start with the basic principle that the fugacity in the vapor
phase must equd that in the liquid phase. The lower flammeble limit for acetone is
2.55 percent by volume.

10. The flash-point of a liquid mixture can be edimated by determining the temperature
a which the equilibrium concentration of the flammable vapors in the ar reach a
concentration such that £(y,/LFL,) = 1.0 where y; is the vapor phase mole percent
of component i and LFL,; is the lower flammability limit concentration of component
i expressed in mole percent. Edtimete the flash-point of a liquid mixture containing
50 mol% n-octane and 50 mol% n-nonane. The LFL vaues for n-octane and
n-nonane are 1.0 and 0.8 percent by volume.

11. A number of accidents have occurred as a result of the discharge of gtatic eectricity.
The latter can be generated even by the flow of fluids. To provide additiond
protection against explosion or fire due to the discharge of datic dectricity, deter-
mine what temperature an acetone drum filling operation would have to maintan so
that flammable mixtures would not be produced by vapor-air mixtures in equilibrium
with the liquids. The lower flanmable limit (LFL) for acetone vapor in air is 2.55
percent by volume.
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When a flanmable materid is burned, there will be an increese in dther the volume
of the gas produced (provided the pressure is congtant) or the pressure in the
container (provided the volume is congant). Cdculate the volume of gas formed
during the adiabatic combustion of 100 Ib moles of gaseous propane a a congtant
pressure of 1 am. Assume that the 200 percent theoretica air and the propane
involved in the combustion are a 25°C and that the combustion goes to completion.
A mixture of ethylene and air with a C, /C, ratio of 1.25 is to be compressed from
an initial temperature and pressure of 70°F 'and 14.7 psia, repectively, to 1000 psia
If the compression is performed essentidly isentropicaly, what is the fina tempera-
ture? If the auntoignition temperature (the temperature a which a fud-air mixture
will ignite without the need for an ignition source) is 913°F, will an explosion occur if
the mixture being compressed is flammable?

Many commercid chemicd reactions are exothermic. If the heet that is generated is
not appropriately removed, the reaction rate can get out of control and the reactor
will be damaged if it is not adequately vented or protected. Condder a reaction in a
continuoudy stirred reector that has an activation energy of 28,000 cal/g mole. The
water-cooled jacket surrounding the reactor utilizes cooling water with an inlet
temperature of 15°C. What is the maximum temperature a which the reaction can
operate without having the reection run away? What actions might be taken to
maintain safe operation of the reector?

Materids like acetylene may decompose under the appropriate conditions with a
fairly large liberation of energy. Determine the temperature and pressure attained in
a closad sphericd container when acetylene, initidly a 25°C and 10 am, rapidly
decomposes to carbon and hydrogen after accidentaly being subjected to an dectri-
cad spark. What thickness of carbon sted would have been required to contain the
decomposition reaction if no rdief vave had been avalable to rdieve the pressure
buildup? (Assume that a safety factor of 4 has been used in the thickness cdculation.)

One pound of TNT explosive releases about 2000 Btu of energy when it detonates.
Estimate the equivalent energy relesse rate in pounds of TNT when a 150-ft>-high
pressure cylinder filled with gaseous nitrogen fails e 2200 psa

A 70-gd hot water tank in a worker change room has a working pressure of 75 psa
and a burs pressure of 300 psa During ingdlaion the reief vave becomes
inoperable. After filling the tank, the fill and exit vaves are shut and the heater
energized. The pressure in the tank incresses until the tank ruptures a 300 psia
Estimate the blast energy in terms of the TNT equivaent (2000 Btwlb explosive).
To amplify the caculation, assume that the explosion is adiabatic with the saturated
water flashing isentropicaly to steam and water a 14.7 psia pressure. Since the
explosion is rapid, very little air mixes with the steam.

18. Liquid chlorine may be transferred from a chlorine storage container by pressurizing

with dry chlorine gas. Develop two systems

(a) using recompressed chlorine vapor

(b) using vaporized chlorine

and provide the appropriate control and darm system for each system.

19. A didillation unit has been designed to handle a very hazardous materid. The unit

utilizes a reflux drum and buffer storage. List severa ways in which the inventory of
the hazardous materid can be reduced or diminated. Sketch and instrument the
system that is recommended.
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20. Review the benzene storage system shown on page 107 in which benzene enters tank
T-101 through a 4-in. line L-101 and is subsequently pumped out through pumps
P-101A and B a 35 am into a 3-in. line L-102. The accompanying table shows that
pat of a HAZOP sudy of line G102 has been completed. Provide the missing
information to complete the study.

HAZOP for line L-102

Possible Possible
Guide word Property cause consequence Action required
More Temperature — Pump seal Install a
failure, feedback  line
vapor lock
Less Temperature Low ambient - Steam  tracing
temperature
More Flow Line fracture Spillage (possible —
large  explosion)
Pump seal Spillage (possible —_
falure andl exploson)
Control  fault Consider  bypass
No Flow — Shutdown Low levd dam
Shutdown Automdtic ~ Sartup
of sandby pump
Reverse Flow Pump Backpresaure -
falure on dorage
vesH
As well as Impurities - Possible small Priming line
detonation

21. Produce a fault tree for the following sysem where the highest-order event is

overpressure of the vessd. The possble causes of various falures should be sug-
gested.

_

To instrument

air system

22, Lig dl the aress in the sodium dodecylbenzene sulfonate process described in Chap.
2 that could be potentid danger aress with respect to the hedth and safety of
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24.

25.

26.

27.

28.

operating personnel. What precautions in each instance should be taken to minimize
the hazard?

. The following information has been obtained during a test for the BOD of a given

industrial waste: 15 ml of the waste sample was added to a 500-m! BOD bottle, and

the bottle was then filled with standard dilution water seeded with sewage organisms.

A second 500-ml BOD bottle was filled with standard dilution water. After 5 days at
20°C, the blank and the diluted waste samples were andyzed for dissolved oxygen

content by the sodium azide modification of the Winkler method. The blank results
indicated a disolved-oxygen content of 9.0 ppm. Reaults for the diluted sample
showed a dissolved-oxygen content of 4.0 ppm. On the bads of the following

assumptions, determine the BOD for the waste. The specific gravities of the liquids
are 1.0; the waste sample contains no dissolved oxygen.

Outline and present solutions to the materids handling, waste disposd, and safety
problems that are encountered in the nitric acid unit shown in Figs 2-1 and 2-2.

Provide a design for handling the spent acid which is removed from the settler after
the sulfonation process in the sodium dodecylbenzene sulfonate process described in
Chap. 2. The find waste effluent must meet the waste-digposal standards of EPA.

A process for preparing acetaldehyde is by direct oxidetion of ethylene. (This process
is described in Prob. 8 of Chap. 2) Completely analyze the various factor which
should be considered in choosing a plant site for this process. With this information,

outline posshble geographicd locations for the plant, noting the advantages and
disadvantages of each Ste

The trend in the fertilizer industry during the past few years has been toward larger
and larger fetilizer plants. In terms of plant location, what are the more important

factors that should be consdered and which factors become even more important as
the size of the plant is increased? Are these factors of equa importance regardless
of the type of fertilizer produced? Andyze this stuation for ammonia, urea, and
phosphate fertilizer process plants.

Make an andyss of various means of transportation avalable a Chicago, IL,
Hougton, TX, and Denver, CO. Use this andyss to determine what form of
trangportation should be recommended from these three locations for the shipment
of the following finished chemicd products:

Quantity Frequency Distance of shipment
100 Ib solid Once a month 100 miles

50,000 Ib solid Once a month 100 miles

50,000 gal liquid Once a wesk 100 miles

50,000 gal liquid Once a wek 500 miles

50,000 gd liquid Daily 500-mile radius

Since dedtination of the chemica product can greatly affect the mode of transporta:
tion recommended, consder various dedtindions in this andyds, eg., coastd loca
tion, river location, mountain location, etc. What gpproximate cost would have to be
added to each shipment of finished chemica products as shipping charges in the
above anayss?
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Develop a complete plant layout for the sodium dodecylbenzene sulfonate plant that
is described in Chap. 2. Indicate location of instruments, control vaves, and pand
boards. Provide posshilities for future expanson or revison of the plant.

. A synthesis gas process is described in Probs. 13 through 18 of Chap. 2. Prepare a

plant layout for a production of 25 MM scf/day which can use ether air or 95
percent purity oxygen as the oxidant in this process.

Chlorine is trandferred from a dorage tank to a reactor via a vaporizer. The
vaporizer may be heated by hot water, by steam, or by closed circuit heating using a
heat trandfer fluid that is inert to chlorine. The vaporizer may be a coil immersed in

a heding bath, a vertica tube bundle, a concentric tube unit, or an evaporator.
Indicate the rdadive merits of these different systems and sdect one method.

Deveop a piping and ingtrument diagram for the system sdected meking certain that
al temperature, pressure, liquid levd and flow control sysems and dams are
included for safe operation.

Determine the utilities requirement for the nitric acid unit shown in Figs 2-1 and
2-2. Note that the exit gas from the absorption tower is to be used for power

recovery.

Thrust forces caused by high-velocity, high-rate flow of fluids can cause forces of
such a nature as to damage or rupture piping and associated equipment. Consider a
Sin. schedule 40 gsted pipe that rises verticaly from an ebow off of a horizonta

pipe. The pipe serves as the discharge end of a pressure relief vave and must
discharge a flashing liquidivapor mixture with an average density of 15 Ib/ft3 a a
velocity of 150 ft/s. Determine the lateral force that will be exerted on the end of

the pipe a the ebow.

. A cylindrical tank 50 ft in diameter is used to store 10,000 barrels of liquid benzene.

To provide adequate protection during an externd fire, determine the venting rate
and the-vent area if the maximum tank pressure is fixed a 10 in. of water gauge. Is

the cdculated vent area redigtic or should the tank specifications cal for a wesk

seam roof? Hesat transfer to the tank is by radiation from the hot soot particles and
gases in the flame and convection from the hot geses. The radiant flux emitted from
many burning hydrocarbon fuels is approximately 30,000 Btu/hr ft2. The average
accounts for fluctuations in temperature, emissivity, composition, and other variables
in the flame. Note that the tank when heated from the fire will reradiate some of the

energy it receives from the fire

Obtain a copy of a patent deding with a chemicd process and outline the clams
presented in this patent. Indicate the method used for presenting the specifications,

and explain how the inventor presented proof of his or her cdams.
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INTRODUCTION

Computing hardware and software are tools-of-the-trade for engineers. The
capabilities provided by computers for fast calculation, large storage, and logical
decisions plus the available technical and mathematical software permit engi-
neers to solve larger problems and to do it much more rapidly than ever before
possible. The engineers' emphasis can therefore shift from problem solving to
planning, conceiving, interpreting, and implementing with the information made
available. Design is one of the engineering functions that has been impacted by
computers.

Chemical engineering stresses the processes for manufacturing chemicals
and chemical-based products. In this effort the emphasis of the chemical
engineer tends to be on the process rather than on the product, and that
emphasis is reflected in the contents of this book. The computer aids most
useful to chemical engineers in design are process- rather than product-
oriented. The more widely known CAD/CAM (computer-aided design/
computer-aided manufacturing) software is usually concerned with product-as-
object and is highly graphical and spatial. Chemical process computer-aided
design, on the other hand, is much less graphical. It is more concerned with the
performance of process units (such as the classical unit operations of chemical

$This chapter was prepared by Ronald E. West, Professor of Chemical Engineering, University of
Colorado, Boulder, Colorado.

110




TR T

&
g
£

COMPUTER-AIDED DEsioN 111

engineering) and the integration of these units into complete, consistent, effi-
cient processes to produce chemical products. This chapter gives a brief intro-
duction to computer software useful for process and plant design and to
approaches in design that take advantage of the capabilities of computers and
software.

An engineer may write a programming language code to solve a particular
design problem. Before the explosive growth of software, this commonly was
done. There is ill a place for it when appropriate software is not available or
as a learning technique. An example of code written specifically to solve a
chemical-reactor-design problem is shown, in three different programming lan-
guages, in Chap. 16. (Chemical reactors, because of the great variety of reactor
types, reaction kinetics, and specific design requirements, constitute a process-
unit type for which available software may not be appropriate)) Because
program writing and debugging is usualy quite time consuming, it is recom-
mended that available software be used and that a specific design program be
written only after determining that appropriate software is not available. Many
programs useful for chemical engineers have been published.?

Spread-sheet software has become an indispensible tool to engineers
because of the availability on personal computers, ease of use, and adaptability
to many types of problems. An example of spread-sheet application to a
problem typical of chemical process design is presented later in this chapter.

Hundreds, even thousands, of programs have been written to solve prob-
lems commonly encountered by chemical engineers. Many of these have become
available for purchase. In turn, many of these programs are for the design of
individual units of chemical process equipment. Design programs are available
for virtually every unit operation and every type of common process equipment.
Chemical Engineering provides a feature, “Chemputer,” in each issue reporting
on computer hardware and software developments and periodically publishes a
comprehensive list of programs useful to chemical engineers. The “ Software’
department of Chemical Engineering Progress likewise reports on software of
interest to chemical engineers.

The Computer Aids for Chemical Education (CACHE) Corporationi
makes available several programs intended mainly for educationa use, but
provides them at modest cost to anyone. CACHE is a not-for-profit organization
whose purpose is to promote computer- and technol ogy-based aids for chemical
engineering education.

The critical need for chemical and physical property data is apparent to
anyone who has worked on process-design projects. Property storage or predic-

+G. Ross, “Computer Programming Examples for Chemical Engineers,” Elsevier, Amsterdam, 1987;
D. J. Deutsch, ed., “Microcomputer Programs for Chemical Engineers” Vol. 1, 1984 and Vol. 2,
1987, McGraw-Hill Book Co., New York; D. Wright, “Basic Programs for Chemica Engineers,”
Van Nostrand Reinhold Co., Inc.,, New York, 1986.

$CACHE Corporation, P.O. Box 7939, Austin, TX 78713-7939.



112 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

tion is an enormous task because of the large number of substances and
mixtures of possible interest and the virtually unlimited conditions (of tempera-
ture, pressure, and composition) at which they may be needed. Software to
supply these properties is one of the most useful of all computer aids to
chemical engineers. There are many computer programs available for supplying
or predicting properties, primarily for pure components.

Process synthesis and flow-sheeting programs are those most specifically
intended for design use. Process synthesis (or invention) involves generating a
flow sheet for a process to produce a particular product or slate of products
from specified raw materials. The process flow sheet identifies the chemical
reactors and unit operations required and their sequence, the materia and
energy dreams in the process, those dreams to be recycled, and some character-
istics of the equipment. This flow sheet should be a reasonable approximation of
the best economic flow sheet for the product slate. Process synthesis software, a
type of expert system program, has begun to appear in the late 1980s. Process
synthesis is introduced in this chapter, but rapid changes are to be expected in
this field.

“Flow-sheeting,” as used in computer-aided-design, means performing on
a specified flow sheet the calculations necessary to simulate the behavior of the
process or to design the equipment and to determine values for key operating
conditions. These calculations include mass and energy balances, process-
equipment parameters, and cost estimation for the equipment and plant as well
as an economic analysis of the process. This is chemical process design; it is
what this textbook is all about. The potential of computerized flow-sheeting was
recognized early by chemical engineers. Development of these programs began
in the late 1950s and still continues. Flow-sheeting methods are emphasized in
this chapter.

SPREAD-SHEETING

Spread-sheet software has achieved great popularity because of its availability
for microcomputers at reasonable cost, the ease of learning and using the
software, and its flexible application to many problems. Solutions for many
engineering problems can be obtained more rapidly by spread sheet than by
writing a language code program, such as FORTRAN or BASIC.

The term spread sheet refers to the row and column organizational form of
the input and output of the software. Key features of spread-sheet software that
are necessary or desirable for engineering problem solving include:

Mathematical functions (arithmetic, logical, relational operators, loga
rithms, exponents, etc.)

User definable functions (to use functions not in the library)
Formula and data replication (for ease of copying entries)
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ASCII? data files (for easy trangportability of data into and out of the
soread  sheet)

lteration (repest of the cdculations austomaticaly or under user control)
Multiple buffers (accommodation of severd spread sheats a  once)

Virtud memory (dlows a microcomputer to act as though it were a much
larger machine)

Macro capability (permits a user to write and use a procedure)

Functions (eg., ddidicd, financid, data regresson, matrix operaions,
and database functions)

Grgphica  outpuit.

Spread-shedting has been found to be especidly ussful for the mass and
enagy baancing, approximate sizing of equipment, cost edimaing, and eco-
nomic analysis steps of process design. It is less useful for more detailed
equipment design, because the complex dgorithms usudly necessary for this
sep can be difficult to incorporate into a sporead sheet. Examples of chemicd
engineering design applications of spread-sheeting software may be found in the
literature.t Julian illustrates how to draw a process flow sheet using Lotus
1-2-3™ as well as showing several examples of process mass balances.0
A gread-shest cdculation applied to a chemicd-process mass bdance, dong
with some tips for soread sheet use, is shown in the following ‘example.

Example 1 Reactor mass balances. The synthesis of methanol from carbon mon-
oxide and hydrogen by the reversble reaction

CO + 2H, = CH,OH

is to be conducted continuoudy. The reector is followed by a condenser and drum
that separate the methanol product from the unreacted carbon monoxide and
hydrogen. A process flow sheet is shown in Fg. 4-1.

Mass baances are to be solved for this process. Perfect separation between
methanol and the reactants is assumed. Unreected reectants are recycled to the
resctor to improve their utilization. The recycle stream within the process
complicates solving the mass baances, for there is a drcularity in the logic of the
solution. The mass baance equations must be solved smultaneoudy rather than
singly, or solved iterdively, as is done with a spread sheet.

It is recommended that the spread-sheet solution be built up by increments
rather than trying to solve the complete problem in a single step. As an illustration,
this example will be solved first without the complication of the recycle, then the
recycle will be added.

fAmerican Standard Code for Information Interchange.

SE. A. Grulke, “Using Spreadsheets for Teaching Design,” Chem. Eng. Ed. XX(3):128-131 + 153
(summer, 1986); W. P. Schmidt and R. S. Upadhye, Material Balances on a Spreadsheet, Chem.
Eng., 91(26):67-70 (1984).

§F. M. Julian, Flowsheets and Spreadsheets, Chem. Eng. Prog., 81(9):35-39 (1985).
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CO (=b7) and H,recycle

co (=a3) Co =b6
] Reactor
andl H, feed Mec‘gaﬂo' Candenser, Separator
Methanol
product =¢8
FIGURE 4-1

Methanol process for Example 1.

Solution. The feed condsts of a 2 : 1 molar ratio of hydrogen-to-carbon monoxide,

the same ratio in which they react; therefore the hydrogen-carbon monoxide retio
remains congtant throughout the process. Thus, it is necessary to calculate the flow
rates of only one of the reactants, carbon monoxide flow raes are caculated here.
The hydrogen flow rate in any stream is twice that of carbon monoxide. Perfect

separation between reactants and products is assumed.

Sporead-shegt  columns are labeled with lowercase letters and rows by
numbers. A combingtion of a lowercase letter and a number identifies a cdl in the
spread sheet and represents the number dtored in that cdl; eg., b3 indicates the
cdl a the intersection of column b and row 3, and when used in an equation, b3
stands for the numerical value stored in that cdll. The spread-sheet location is used
here to represent unknown quantities.

Mol baances for the reector are (the symbol * is used for multiplication),

b6 = (1 = 53)*a3

where a3 is the carbon monoxide feed flow rate (100 mol/h in this example), b2 is
the fractional conversion of carbon monoxide through the reactor (0.3), and b6 is
the carbon monoxide flow rate out of the reactor. Thus,

¢6 = b3*a3

where ¢6 is the methanol flow rate out of the reactor. Mol baances for the
separation unit are

b7 = b6
where b7 is the carbon monoxide flow rate out of the separator and
c8 = cb

where ¢8 is the methanol product flow rate.

The data and eguations are entered into locations in the spread sheat as
follows: The first five rows are used for labds and congtants; the first column is
used for labes and stream numbers. Each location that will contain a number is
initidized to zero. The vdue 100, the cabon monoxide feed rate in mol/h,
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is entered into location a3, and the vdue 0.3, the fractiond conversion, is entered
into location b3. The right-hand sde of each equaion is entered into the cdl
representing the variable on the left-hand sde of the equation. The entries into
the spread sheet are indicated by the following table.

a b c d
1 Mass baances
2 Reaction: CO + 2H2 - CH30H
3 100 0.3
4 Flow rates, MOL/H
5 Stream no. co CH30H
6 2 (1=b3)xa3 b3*a3
7 3 b6 0.0
8 4 0.0 ch

The results of computation by the spread sheet are (omitting titles)

a b ¢
3 100 0.3
5 Stream no. CO CH30H
6 2 70 30
7 3 70 0.0
8 4 0.0 30

The solution for the process without recycle has been obtained.
Now the recycle of the unreacted products to the reactor is added, as shown
in Fig. 4-1. The reactor bdance equations become

b6 = (1= b3)*(a3 + b7)
and
c6 = b3x(a3 + b7)

These new equations are subgtituted in place of the previous ones in the spread
sheet. The separdion-step equations are unchanged. The cdculations are now
circular, because b6 depends upon b7, which in turn depends upon b6. These
equations will be solved iteratively; that is, the cdculations will be repeated until
the vaues in the table stop changing (within limits). The caculations can be
performed automatically by the spread-sheat software. It is recommended, however,
that the cdculations be made utilizing the manua option of the software, a least
initialy until it is clear that the cdculations are converging. The manua option has
ancther advantage: It keeps the software from atempting to caculate as the
equations are being entered (such calculation would result in errors because of the
circularity).

If the case without the recycle was solved firgt, caculations for the case with
recycle can utilize the vaues from the preceding table for the same feed rate and
converson. The result of the firgt iteration is then

b c
6 119 51
7 119 0.0
8 0.0 51
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Clearly the vdues have changed since the previous cdculation; convergence has
not been atained. The user requests ancther calculation with the result

b c
6 153.3 65.7
7 153.3 0.0
8 0.0 65.7

Agan the vaues have changed, so the cdculations are repeated. Cdculations are
continued until the user is satisfied tha no further “dgnificat” change has
occurred (the definition of dgnificant is up to the user; a maximum change in
values between iterations of 0.01 percent is a reasonable criterion).

The find reaults (to 0.01 percent) for this example are

b c
6 23331 99.99
7 33331 0.0
8 0.0 99.99

The exact vaues for this problem (by dgebraic solution) are 2334, 100, and 3334,
respectively.

If, after saverd manua trias, the caculations appear to be converging, it is
reasonable to switch from manual to automatic iteration. It is strongly
recommended that the caculations dways be checked by a smple hand caculation.
In this example, for indance, the user may add the feed and recycle carbon
monoxide flow rates, multiply the sum by the converson, and compare the result
with the tabulated value for the methanol product rate ¢8.

A “scratch pad” can be very useful for a spread-sheet user. A scratch pad is
an area (eg., columns to the right of the main spread sheet) st asde for doing
side caculations of parameters or condants for the main spread sheet, writing
comments, locating macros, and other uses. A scratch pad would be useful in this
example if the user needed mass badances for a paticular product flow rete rather
than a specified feed rate as just illustrated. The problem has been solved for a
carbon dioxide feed rate of 100 mol/h as shown above, but suppose it is desired to
know the feed rate required to produce 880 mol/h of methanol product. The
problem might intentiondly be solved firgt for a specified feed rate, because it is
often more convenient to write the mass-baance equations for known process feed
rates rather than known product rates.

The preceding results may be converted to the basis of the new product flow
rate. Mass-bdance equations are linear, 0 that if the product flow rate is doubled,
for example, dl flow raes in the process are doubled. In this example then, the
new flow rates are obtained by multiplying the previoudy caculated values by the
retio of the new-to-previous product-stream flow rates (880,/99.99) = 8.80L1. This
ratio can be caculated in the scraich pad (say locaion e3), the new CO feed rate,
880.1, entered into 43, and the iterative caculaions repested until convergence is
atained. The iteration could be avoided, however, if each mass baance had been
entered as shown above, but multiplied by a coefficient €3 (the scratch-pad
location). Initidly, e3 would have been st equa to 1 and the calculaions would
have proceeded just as shown above. The user then enters 880/¢8 for location €3,
repeats the caculation, and obtains the finad flow rates without iteration.
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PROCESS-EQUIPMENT-DESGN PROGRAMS

A few examples of the many programs available for the design of chemical-pro-
cess equipment are given here. Dozens of programs have been published.?
Piping network design programs have been reviewed.¥

CACHE has PC programs available for the following operations. durry
flow in pipes, supercriticial fluid extraction, gas absorption with chemical
reaction, design of flash vessels and distillation towers, heterogeneous reaction
kinetics, and CSTR dynamics and sability. Also available from CACHE are
instructional modules for binary digtillation, materia balances, and flow-sheet
drawing. CACHE has the programs THEN and TARGET Il that are useful in
the design of heat-exchange networks.

PROPERTY DATA PROGRAMS

The property program developed by the Design Ingtitute for Physical Properties
of the American Ingtitute of Chemical Engineers, known as DIPPR, is widely
known and used. The PC version of DIPPR contains 26 constant and 13
temperature-dependent, pure-component properties for 766 common industrial
chemicals.

There are at least 20 physical property databases commercialy available as
on-line data services.§ Five of the databases listed include vapor-liquid-equi-
librium calculations for mixtures.

COADE /Chemstations, Inc. provides PREDICT™ and 1S1 Software
offers ChemSmart™ for property estimation on personal computers.

Chemical process flow-sheeting programs include property data and pre-
diction methods for pure components and mixtures. Property data can be
retrieved from these programs for use in flow-sheeting, or such a program can
be used as a property database without using the flow-sheeting capability.
Flow-sheeting programs are discussed later in this chapter.

PROCESS SYNTHESIS

The first step in plant design is to define a process, namely the chemical and
physical processing steps to convert raw materials into desired products. The
number of choices and combinations of unit operations, reactor designs, and
ancillary processes that might be used for even a simple process can be quite

+D. J Deutsch, ed, “Microcomputer Programs for Chemicd Engineers” Vols. 1 and 2, McGraw-Hill
Book Company, New York, 1984 and 1987.

1Piping Software Relieves Headaches, Chem. Eng., 95(9):145-146 (lune 20, 1989).

$A Wedth of Information Online, Chem. Eng., 96(6):112-127 (dune, 1989), describes these property
databases as well as databases on environmental protection, safety and hedth, and patents.
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large. For instance, Perry’s Handbook shows 15 different ways just to separate a
solid from a liquid.?

Chemical engineers have traditionally synthesized process flow sheets
using experience, insight, invention, and sequential evaluation of alternatives.
Recently there has been some analysis and computerization of this process.
Douglas and co-workers have prepared a program, PIP-Process Invention
Program-available through CACHE, that performs process synthesis.i The
core of this approach is to build up a process in steps of increasing complexity,
applying scientific principles and heuristics (rules of thumb) at each step. It is
anticipated that computer-aided process synthesis will see a rapid growth in the
future. Computer-aided process synthesis is illustrated by the following example
using a process that is available on the PIP program.

Example 2 Synthesis of a styrene process. Styrene, the monomer of polystyrene,
has enjoyed strong market growth over the past two decades. It is prepared
starting with benzene and ethylene which react to form ethylbenzene;, the
ethylbenzene is dehydrogenated to yield styrene. Further information about styrene
manufacture, properties, and uses is available.3 In this example, the steps involved
in synthesizing a process to produce styrene from ethylbenzene will be illustrated.
The procedure followed is analogous to that followed by the PIP program.

Experience will be cited frequently in this example for guidance of the
synthesis procedure. In a computer process-synthesis program the guidance is
provided by a set of heuristics summarizing the experience. Douglas and co-workers
provide information about such heuristics.f The PIP program displays, at the
request of the user, the heuristics used in selecting processing steps.

Solution
Step 1. Inputs and outputs. Establish whether the value of the reaction
products exceeds the value of the reactants. The chemical reaction is written and
baanced, as
C,H;—C,H; = C,H;—C,H; + H, ¢))
ethylbenzene styrene hydrogen
Vaues of $0.42/Ib for styrene, $0.25/lb for ethylbenzene, and $0.30/1b for
hydrogen are used (the hydrogen value is based on its heat of combustion and a
heat value of $5/million Btu). 1 Ib-mol each of styrene (104 Ib) and hydrogen

tR. H. Pery and D. Green, eds, “Perry’s Chemical Engineers Handbook,” 6th ed., Fig. 19-133, pp.
19-108, McGraw-Hill Book Company, New York, 1984.

$J. M. Douglas and R. L. Kirkwood, Design Education in Chemical Engineering, Part 2: Using
Design Tools, Chem. Eng. Ed., 23(2):120-127 (Spring, 1989); R. L. Kirkwood, J. M. Douglas, and
M. H. Locke, A Prototype Expert System for Synthesizing Chemical Process Flowsheets, Comput.
and Chem. Eng., 12(4):329-343 (1988).

§M. Grayson and D. Eckroth, eds., “Kirk-Othmer  Encyclopedia of Chemicad Technology,” 3rd ed,,
Vol. 21, pp. 770-801, 1983.

1J. M. Douglas and R. L. Kirkwood, Design Education in Chemical Engineering, Part 1: Deriving
Conceptual Design Tools, Chem. Eng. Ed, 23(1):22-25 (winter, 1989).
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(2 Ib) requires 1 lb-mol of ethylbenzene (106 Ib); Thus, on a basis of
styrene, the vaue of the products is

104+0.42 + 2%0.30 = $44.28

while the vaue of the ethylbenzene is

106+0.25 = $26.50
The product value exceeds that of the raw materids, 0 By p Q{ﬁg Jié@)tmc
process to be profitable and the process synthesis may~-conti
carying out the processthe equipment, utilities, labor, overhead, etc.- has not’
been accounted for, nor has the fact that the converson of reactant to product
necessarily will be less than 100 percent.

The chemidry of the process is consdered more thoroughly. Reaction (1) is
an equilibrium reection; it does not go to completion. The reaction is conducted. in
the gas phase over a solid, ferric-oxide based, catayd. It is carried out a about
1-atm total pressure (low pressure favors the products of this equilibrium) and a
temperature around 600°C (1112°F). Steam is added to lower the partia pressure
of the products, thereby further favoring their formation. The reaction is
endothermic, with the heet required being supplied by the steam. A steam-to-
ethylbenzene molar ratio of 14 to 1 is representative. At typica process
temperatures other reections occur, including

C¢Hs—C,H, = C¢Hy + C,H, (2)
] benzene ethylene
and
toluene methane

Reactions (2) and (3) consume ethylbenzene without producing the desired styrene;
they aso produce by-products that must be separated from the product and
disposed of or utilized.

The process feeds are ethylbenzene and steam and the products are
condensed gteam, styrene, benzene, toluene, hydrogen, methane, and ethylene.
Including the steam, vaued a $0.01 /b, adds $2.52 to the total feed cog, raising it
to $29.02 per 104 Ib of styrene product. The vaue of the products till exceeds that
of the inputs.

Our knowledge of the process at this point is shown scheméticaly in Fig. 4-2.

Step 2. Recycle structure. It is necessary to have information on the extent
of each of the three reactions a the reactor conditions. These extents could be
cdculated by using complete reaction-kinetic information, and this probably would
be done in a more complete design of the process Fogler presents examples of
such modds? Process-invention programs, however, avoid lengthy cdculations by
smplifying the modds used. A chemica reactor might be modded by expressing
the extent of each reaction as a function of the converson-per-pass of a key
reectant or, even more smply, as a congant. Smplified models are derived from
detaled data or modds of process operations and reasonable assumptions

tH. S. Fogler, “Elements of Chemicd Reaction Enginegring,” Chapter 9, Prentice-Hal, Englewood
Cliffs, NJ, 1986.
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Ethylbenzene Styrene product
106lb/h  ——" — 104 1b/h
Process Hydrogen
Benzene
2§;e|at1’r;h ’ |—— Ethylene ; By-products
Toluene
l Methane
Condensed
steam
FIGIRE 4-2

Input-output  of styrene process for Example 2.

regarding the behavior of those operations. Douglas and Kirkwood discuss the
development of amplified models.? Here the cdculations are illustrated assuming
a condant extent for each reaction. The vaues used for mass badance cdculations
aeg,

Fractiond extent, reaction (1) = 047
reection (2) = 0.025
reection (3) = 0.005

The fractiond extent-of-reaction is the fraction of the key reactant, ethylbenzene,
in the reactor feed that reacts while passing through the reactor. In this example,
0.5 mol of ethylbenzene are consumed per 0.47 mol of styrene produced.

A totd fractiond extent-of-reaction less than 1.0 (0.5 in this example) means
that not al of the reactant in the feed reacts, so unreacted resctant is present in
the reactor-product stream. The latter sream contains ethylbenzene, dl the
reaction products, by-products, and steam. It is essentid to separate the main
product, styrene, from the rest of this mixture. Economicdly it is desirable and
generdly it is necessary to recover unreacted reactants and recycle them to the
reactor. By-products must be separated and, if possible, effectively utilized. The
condensad steam must be separated from the product stream and removed.

Norma boailing point vaues (°C) for the components of this system are:

hydrogen = 2525 water 100
methane - 1615 toluene 110.6
ethylene -104 ethylbeniene 136
benzene 80.1 styrene 145

These values show that, with ambient cooling a 1 am, hydrogen, methane, and
ethylene are difficult to condense, but that steam, benzene, toluene, ethylbenzene,
and dyrene ae easily condensed. Condensation will separate the later five

1J. M. Douglas and R. L. Kirkwood, Design Education in Chemical Engineering, Part 1. Deriving
Conceptua  Design Tools, Chem. Eng. Ed, 23(1):22-25 (winter, 1989).
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components as liquids and leave the firg three in the gaseous state. Gaseous
mixtures are very difficult to separate; when they are combudible, as here,
experience indicates that it is usualy best to use them as a fud. Property data adso
show that water and the liquid hydrocarbons are highly insoluble in each other and
thus will split into two liquid phases tha can be separated easily. The reactor
effluent should be condensed and then separated into the following streams. weter
(reuse if possble, or dispose of if not), benzene and toluene (these two do not
need to be separated unless they are to be used separately), ethylbenzene (to be
recycled to the reactor), styrene (the desired product), and gaseous fud. It is
assumed a this dtage that the separations between components are complete.

Mass bdances for the process are recdculated usng the extent-of-reaction
values from above and assuming tha dl unreacted ethylbenzene (EB) is recyded
and converted to products. On the basis of 1 Ib-mol (104 Ib) of styrene product, the
cdculaions ae

Feed EB flowrate = (1 Ib-mol styrene /h)
* (0.5 mol EB/0.47 mal styrene)
* (106 b EB/Ib mol)
=1128 Ib/h

The EB feed rate to the reactor must be twice this, because only one-hdf of the
feed reacts per pass and the EB recycle rate equds the feed rate; Thus,

Reector EB feed rae = 2256 Ib/h
The steam feed rate is then = (225.6,/106 mol EB/h)
* (14 mol steam/mol EB)
* (18 Ib steam /mol Seam)
=536 Ib/h

The by-product benzene plus toluene and the fuel gas rates are cdculated, from
Egs (2) and (3), to be 52 ad 3.6 Ib/h, respectivdy. The rav materids and
product vaues can be compared again. The benzene-toluene mixture is valued a
$0.10/Ib and the fudl gas a $0.18/Ib (both based on hediing vaue); condensed
water has no vaue. The value of the feeds, ethylbenzene and steam, is $33.54 /104
Ib of styrene. The vaue of the product plus the by-products and fuel gas is
$44.84 /104 Ib of styrene. The value of the outputs still exceeds that of the inputs,
but the margin has narrowed.

The process, as identified so far, is shown in Fig. 4-3.

Step 3. Separation processes. The separation after condensation into a
water phase, a hydrocarbon phase, and a gas phase is accomplished by gravity in
one or two holding tanks (other phase-separation methods are available and could
be conddered in a more detailed design). The hydrocarbon phase needs to be
separated into three fractions: (1) benzene plus toluene, (2) ethylbenzene, and (3)
syrene. Experience shows that components with boiling points near ambient
temperature (between, say, 0 and 200°C) and with adequete differences between
their boiling points (at leest 5°C) are usudly most economicdly separated by
didtillation. An ordinary fractiona digtillation column yieds two products, two
digillations are required to produce the three hydrocarbon products in this
process. Experience again provides guidance in planning this separation: Firg,
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Fuel gas
Ethylbenzene  recycle 361b/h
112.8 Ib/h 1
feE;Zylfigzgnfb/h L » Reactor. Condenser Separator Styrene
S — 1041b/h
team
536 Ib/h l
Water  Liquid fuel
536 Ib/h  5.21b/h
FHGURE 4-3

Syrene-process recycle  sructure for  Example 2.

remove the lower boiling component (benzene and toluene) and, last, make the
most difficult separation (closest boiling points-ethylbenzene and styrene).

Another lesson of experience is to remove a desired product (styrene) finadly as a
didtillate (lower boiling) product. That is not possible with this mixture as described;

however, experience dso shows tha organic reactions dmost adways generae
higher boiling “tars’ that need to be removed. Thus, a find didillation step, with

styrene as the didtillate product and tar (not included in the materid baances) as

the bottom product, is recommended. Ancther complicating factor here is that

syrene polymerizes when heated. In order to avoid sgnificant polymerization,

syrene didtillation temperatures are lowered by operating under vacuum.

Separation processes in redlity do not achieve perfect separation as we have
assumed in the mass baances. Actud separation-product stream compositions
must be specified if the separations are to be designed in more detail. Here again
experience, as wel as product and by-product specifications, would be used to
establish these specifications. Equipment design is not included in this example, so
these gpecifications are not discussed.

The process as it has been synthesized so far is shown in Fig. 4-4. The
separation process devised here is the same as that found in industrid styrene
production.?

Step 4. Heat integration. Both hedting and cooling are needed in this
process. Since supplying and removing heat is expendgive, it is desrable to hest and
cool usng heat exchange between process sreams. The purpose of hest integration
is to saify the process hedting and cooling requirements as economicdly as
possible.

Required temperatures are specified; for example, a reactor outlet
temperature of 600°C (1112°F) is needed. The temperature and energy

M. Grayson and D. Eckroth, eds, “Kirk-Othmer Encyclopedia of Chemicd Technology,” 3rd ed,
Vol. 21, pp. 770-781, 1983,
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Fuel gas Water
3.6 Ib/h 536 Ib/h

t

 —
536 Ib/h Reactor ,|Condenser| | Separator| _ |Separator
EB feed o 1 2
112.81b/h
Liquid. fuel
EB recycle, 112.6 Ib/h 5.21b/h
Styrene f
product .
104 Ib/h
eag—rd

Distillation 3

L‘ Distillation 2
— Distillation 1

Tar

FIGURE 4-4
Styrene-process separation sequence for Example 2.

requirements for the heeting and cooling loads are matched as closdly as possible
Styrene reactors typicaly operate adigbaticdly (no heat is added), causng the
temperature to drop as the endothermic reection proceeds. The reactor-inlet
temperature required to achieve the gspecified outlet temperature is caculated
from a reector energy baance,

Enthalpy of products = enthalpy of reactants
- heat of reaction

Enthapies of reactants and products are expressed with respect to a reference
temperature of 25°C (77°F), and the heat of reaction is avalable a 25°C:

[m+Cx(1112 = 77)], = [m+C*(T = 77)], — m = AHg

where m is the mass flow rate (Ib/h), C is the heat capacity (Btu/Ib-°F), m * AHg
is the total heat of reaction (Btu/h), and subscripts p and r denote products and
reactants, respectively. The reactant and product mass flow rates are both 761.6
Ibh from the earlier mass baances. Using 053 Btu/Ib-°F for the heat capacity of
both products and reactants, 50,600 Btu/h as the total heat of reaction (styrene
molar flow rate * heat of reaction for styrene), and solving this equation for T gives
a required inlet temperature of 1237°F for the reactants.
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Styrene-process flow sheet for Example 2.

Lk

s14

Styrene
product
104 Ib/h

N

ﬁ
_J

[sts

N [v]
c » c
K] .
g £
% %
8 g
8 9
.| .
[ss] s



COMPUTER-AIDED DESIGN 125

The ethylbenzene feed needs to be hested and the reactor effluent cooled.
Hest exchenge between them is feasble and dedrable. Setting an gpproach
temperaure for a countercurrent exchanger (temperaure difference between

heated feed and reactor effluent) a 10°C, fixes the heated feed temperature a
590°C (1094°F). An energy bdance for the hested feed and Steam mixture
edablishes the required steam temperature:

[m=Cx(T - 1237)], + [m*»C*(1094 = 1237)]gg = O

where the subscripts s and EB Sgnify steam and ethylbenzene, respectively. Using
C, = 05, Cgg = 0.6 Btulb-“F, and the flow rates caculated above gives

T(of superhested steam) = 1309°F (709°C)
An energy baance around the feed-effluent heat exchanger,
[m *C *(1112 - T)]efﬂuent = [m *C * (1094 - 140)]feed
gives
T = 792°F as the outlet temperature of the effluent
The reactor effluent must reach about 40°C (104°F) for condensgtion. Thus,
further cooling is required, by cooling weter or other process loads. Hesting and
cooling for the didtillation columns represent such possible loads.

Figure 4.5 shows the styrene process that has been devised as a result of this
anaysis.

Step 5. Economic evaluation. Not shown in this example, but included in a
process synthesis program such as PIP, are dgorithms for costing and economic
evduaion of the process. Process equipment is sized and priced and tota plant
investment is estimated. Requirements and codts for utilities and raw materials,
other operating codts, and product vaues are estimated. These vaues are used to
evauate the profitability of the proposed process and can provide a sound basis for
a more detailed design.

FLOW-SHEETING SOFTWARE

Flow-sheeting has been defined as “The use of computer aids to perform
steady-state heat and mass balancing, sizing, and costing calculations for a
chemicd process“? Flow-shegting and process design ae andogous activities.

An objective is specified, typicdly the desred annua production rate of the

principa products, as is the process flow sheet. The process flow sheet defines

the reactors, unit operations, and utilities needed, along with the streams of
materid and energy into and out of the process and between dl the process

units. Sufficient information is specified so that a unique olution exists to the
posed problem. Feed and product compositions, temperatures, and pressures
typically are specified, as are performance requirements and some operating
characterigtics of the process equipment.

TA. W. Westerberg, H. P. Hutcbison, R. L. Motard, and P. Winter, “Process Flowshesting,”
Cambridge University Press, Cambridge, England, 1979
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Flow-sheeting is applied to steady-state conditions. The unsteady-state
features of normally steady-state processes-start up, shutdown, disturbances,
control actions-are usualy analyzed separately from the process-design task.
This results in a magjor simplification of the design problem, because time
variations and integration with respect to time need not be performed (athough
integration with respect to space may till be required in models for particular
operations, such as that of a plug-flow chemical reactor). The flow-sheeting
language SPEED-UP is an exception in that it includes unsteady-state capability
in its code.?

The solution to the problem is obtained by solving mass and energy
balances to yield the quantity and state (i.e., composition, temperature, pres-
sure) of al the streams and the utility requirements. Additional parameters for
the process equipment, sufficient so that stream specifications are met and the
cost of the equipment can be estimated, are calculated. The cost of equipment,
raw materials, and utilities is estimated and an economic analysis is carried out.
Methods of cost estimation and economic analysis are presented later in this
text. This entire procedure may be repeated many times to examine modifica-
tions of the process flow sheet or to find optimal values of key process variables.
Computer software can greatly simplify these repetitive calculations for the
engineer. But even without the need for repetition, the software may simplify
the calculations and provide detail and accuracy that would have been impossi-
ble otherwise.

Certain features of chemical process calculations contribute to their dif-
ficulty, complexity, and chalenge. These include: large sets of nonlinear, alge-
braic equations, the need for large amounts of physical and chemical property
data, the presence of operations that require very complex models, and the
occurrence of recycle streams. The property issue has been discussed and the
other matters are discussed in the following sections.

The flow-sheeting program FLOWTRAN is available to universities
through CACHE. This program was developed by the Monsanto Company in
the 1960s and made available for university use in 1973. FLOWTRAN is well
documented with a manua and examples.+ It can be installed on many main-
frame computers, but not on persona computers. FLOWTRAN is available
through Chemical Engineering Departments at most universities. CHEMCAD
1™ is a flow-sheeting program for personal computers offered by
COADE/Chemstations, Inc. PROCESS™, the product of Simulation Sciences,

1. D. Perkins and R. W. H. Sargent, SPEED-UP: A Computer Program for Steady-State and
Dynamic Simulation and Design of Chemical Processes, “Selected Topics on Computer-Aided
Process Design and Anayss” R S, H. Mah and G. V. Reklatis, eds, AICHhE Symposum Series,
Vol. 78, No, 214, American Ingtitute of Chemicd Engineers, New York, 1982

1J. D. Seader, W. D. Seider, and A. C. Pauls, “FLOWTRAN Simulation--An Introduction,” 3rd
ed., CACHE, 1987; J. P. Clark, T. P. Koehler, and J. T. Sommerfeld, “Exercises in Process
Simulation Using FLOWTRAN,” 2nd ed., CACHE, 1980.
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Inc., is available in main-frame and personal computer versions, many universi-
ties utilize PROCESS. ASPEN PLUS™, by Aspen Technology, Inc., is available
for main-frame and personal computers. The ASPEN system was developed to
handle solid-liquid-gas processes (such as coa conversions) and is probably the
most versatile of the generaly available flow-sheeting programs. ChemShare
Corporation offers DESIGN II™ in a personal computer version. HYSIM™ is
a persona computer flow-sheeting program from Hyprotech Ltd. In addition to

User-supplied information
Flowsheet
Chemical components
Design specifications

Problem definition \ Physical property data
Unit module data

Cost data

‘Constructing a solution procedure?

Initial guesses for
iteration variables

Calculations Mathematics routines
' ' Physical property routines
[Equipment sizing Unit module routines
Costing Cost routines
Economic analysis routines

FIGRE 4-6

Development of a simulation program for a process system.
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the foregoing commercialy available programs, there are many proprietary
flow-sheeting programs such as Exxon’s COPE, DuPont’s CPES, and Union
Carbide’s IPES.

An overal structure similar to that of many of the flow-sheeting programs
is shown in Fig. 4-6.F

The unit operations, reactors, and other process features are represented
by unit-module routines. These routines include operations associated with the
equipment of the process (e.g., distillation columns and compressors) as well as
changes occurring due to flow arrangements (e.g., composition and temperature
changes that can occur when two or more streams are combined into one stream
by connecting pipelines or are added simultaneously to a vessel). The descrip-
tion of a process consists of selecting the appropriate modules that represent
the process and identifying the streams that flow into and out of each module.
From a list of modules and stream connections, the process arrangement can be
interpreted by a flow-sheeting program. Each unit-module routine consists of a
program containing a mathematical model for the performance of one process
unit. The model consists of equations relating the input and output stream
conditions and the equipment parameters (specifications that determine the
behavior of the equipment, such as reflux ratio and number of plates for a
distillation column).

Degress of Freedom

The number of unknowns and the number of equations relating these unknowns
can become very large in a process-design problem. The number of unknowns
and independent equations must be equal in order that a unique solution to a
problem exists. Therefore, it is necessary to have a systematic method for
enumerating them. The total number of independent extensive and intensive
variables associated with each stream in a process is C' + 2, where C' is the
number of independent chemical components in the stream. The quantity and
the condition of the stream are completely determined by fixing the flow rate of
each component in the stream (or, equivalently, the total flow rate and the mole
or mass fractions of C' — 1 components) and two additional variables, usually
the temperature and pressure, although other choices are possible. This number
includes situations where physical and chemica equilibrium exist.t

If all the inlet stream conditions to an operation are known, (C’' + 2)
equations are required in order to calculate al the conditions of each outlet
stream. For S outlet streams, a total of S *(C’ + 2) equations is necessary to
relate the outputs to the inputs of the operation. The model of an operation

tA. W. Westerberg, H. P. Hutchison, R. L. Motard, and P. Winter, “Process Flowsheeting,” p. 12,
Cambridge University Press, Cambridge, England, 1979.

TA. W. Westerberg, H. P. Hutchison, R. L. Motard, and P. Winter, “ Process Flowsheeting,” pp.
115-120, Cambridge University Press, Cambridge, England, 1979.
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must have this number of eguations, but most modes have more, because the
changes occurring in the opeaion ae complex and more equdions are needed
to represent these changes. Didillation is an operation for which many equa
tions must be solved within the module in order to determine the output stream
conditions. The modd equaions introduce new unknowns a wel. These new
unknowns are parameters of the operations that are necessary to relate the
outputs to the inputs. A smple example involves splitting one stream into two
streams with no changes in temperature, pressure, or composition: the split
between the two output streams is a variable in the overall mass-balance
equation, and must be specified, eg., by fixing the fraction of the input that goes
into one of the outputs.

The totd number of dream verigbles, the number of eguaions, and the
number of equipment parameters can be summed. and the total degrees of
freedom (unknowns minus eguetions) then determined. A unique solution to a
problem exigs only when the numbers of unknowns and equations ae equd.
Therefore, a number of variables equal to the number of degrees of freedom
must be given vaues 0 that there will be a unique solution.

Example 3 Degrees of freedom for styrene process. Determine the degress of
freedom for the styrene process using the process flow diagram, Fig. 4-5.

Solution. There are 8 components (= C') and 17 dreams in the process. Thus
there are
(8 +2) % 17 = 170 totd dream variables

The process has 9 units and there are 15 output streams from these units:
17 - 2 = 15

streams external feeds outputs  from
process  units

Theefore, there are
5 * 10 = 150

outputs C'+2 mass balance
equations

which results in
170 - 150 = 20

variables equations motre stream variables
than  equations

Twenty sream variables need to be specified in order for a unique solution to
exig. In principle, any 20 stream variables could be supplied; however, the usual
solution strategy requires that the process feed streams be specified. Specifying the

flow rate of each of the eight components, plus the temperature and pressure of

the two feed streams (ethylbenzene and steam) reduces the number of variables to
150. Hence, a unique solution is available.

Equation Solution

The complete model of a chemical process can consist of hundreds, even
thousands, of equations. The very dmple process represented by the dyrene



130 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

1 U?it 2 . Ugit 3
FIGURE 47

[llustration of circularity in recycle calculations.

example has 150 mass- and energy-balance equations and more than 200 total
equations to solve when physical properties are included. Many of the equations
in a chemical process model are nonlinear, in particular those representing
performance and physical properties. The entire act is therefore nonlinear
(athough linear subsets are possible) and the well developed techniques of
linear algebra are not applicable. The agorithm (method) for the solution of
large sets of nonlinear equations is a key feature of a flow-sheeting program.
Three types of agorithms have been developed: the sequential approach, the
equation-oriented approach, and the two-tiered approach.? Since a sequential
approach is used in most flow-sheeting programs, it is the only one discussed
here. The sequential approach is based on calculating the outputs of a process
module from a knowledge of the inputs and the necessary equipment parame-
ters and proceeding sequentialy through the modules of a process. Sequential
calculation is problem-free until a recycle stream is encountered.

Recycle

Chemical processes more often than not contain recycle, a feature that compli-
cates their analysis. Recycle often occurs, as in the styrene process where
unreacted ethylbenzene is recovered and recycled back to the reactor as a
physical mass flow. Recycle aso occurs in the form of heat exchange (again in
the styrene process) and sometimes as information, e.g., a specification that two
variable temperatures must equal each other. The sequential-modular solution
strategy is based upon knowing al inputs to a module and using these to
calculate al outputs. When an input stream to a module is the output of a
downstream module (i.e., there is recycle), calculations cannot be performed for
the upstream module because one of its inputs is not yet known. This is
illustrated in Fig. 4.7; unit 1 cannot be calculated because input stream 4 is the
output of unit 2; nor can unit 2 be calculated because input stream 2 is an
output of unit 1. This same problem of circular reasoning was encountered in
Example 1. This dilemma in the sequentia modular solution scheme can be

fL. B. Evans, Computer-Aided Design (CAD): Advances in Process Flowsheeting Systems, “Recent
Developmentsin Chemical Process and Plant Design,” Y. A. Liu, H. A. McGee, Jr., and W. R.
Epperly, eds, pp. 261-288, Wiley, New York, 1987.
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resolved in the same manner as in the spread-sheet example; namely, calculate
iteratively until the change in the calculated vaues is acceptable.

The identification of recycle loops within a process is termed partitioning.
This is done by the software of most flow-sheeting programs; however, in
FLOWTRAN these loops must be identified by the user. Consequently, a
procedure for performing this task is described here. Recycle loops usually can
be identified fairly easily from a process flow diagram. If one can trace a closed
path from an output of a process unit back to the input of that unit, then there
isarecycle. In processes with many units it can be difficult to identify all of the
independent recycle loops by tracing the flow diagram, but it can be done by
hand in the same manner as it is done by some flow-sheeting software. In this
procedure, start with an external feed stream to a process unit and follow one
outlet from that unit. List each process unit encountered until either (a) an
aready listed process unit is encountered again or (b) the only remaining output
stream of a unit is not a feed to any process unit. In the first case, a recycle loop
has been identified; al the units in that loop are combined into a single block
(they must be solved together iteratively) and that block is subsequently treated
as is any other single unit and the procedure is continued. In the second case
the identified unit is transferred from the process list to the beginning of a
calculation list. This procedure is continued until al units have been shifted to
the calculation list; this list, from the top down, indicates the order of calcula-
tion. Each block of units obtained in the first step is a recycle loop. This
procedure will be illustrated in Example 4. The final result is one calculation
order among many possible orders. There are algorithms that provide a calcula
tion order with particular characteristics, such as the fewest possible tears of
recycle loops. Such algorithms are intended to find an efficient calculation
order, that is, one with fewer calculations or faster convergence. However, none
of them can guarantee to be the most effective. Since FLOWTRAN does not
employ such an agorithm, such agorithms will not be reyiewed here.

The iterative calculations of recycle are approached by “tearing” the
recycle loop, that is, by selecting a stream in the loop to be the trial or assumed
stream. Calculations are initiated by assuming values for the conditions of this
stream, and the calculations then continue around the loop back to this
assumed stream. The most recently calculated values for this stream are
compared with the previous values and this procedure is continued (i.e.,
iterated) until consecutive values agree within a preset margin. This method is
called direct or successive substitution. Various mathematical methods are used
to accelerate the convergence of the calculations by guiding the selection of
successive assumed values for the tear stream. These methods include those of
Wegstein and Broyden and modifications thereof.? Partitioning, tearing, and
solution by direct substitution without acceleration are illustrated in Example 4.

tA. W. Westerberg. H. P. Hutchison, R. L. Motard, and P. Winter, “Process Flowsheeting,”
Chapter 3, Cambridge University Press, Cambridge, England, 1979.



132

PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS

Example 4 Computational order for styrene process. A styrene process flow
diagram is shown in Fig. 4-5. From this flow sheet it is gpparent that there are two
recycle streams in this smple process. the unreacted ethylberizene is recycled and
mixed with the fresh feed and the reactor effluent is recycled back to the hest

exchanger.

Solution. The use of the cdculaion-ordeing dgorithm described above is
demongrated here. Starting with the styrene feed stream, follow the arrows and
list the operations in the order encountered. The equipment numbers in order are,

1232

Observe that the number 2 recurs, establishing that there is a recycle and that it
includes operations 2 and 3. These operations are combined into one unit, labd it
10. All operations within a loop must be solved together (usudly by iteration).
While following the streams, if an output stream is followed that is not a feed to
another operation, eg., SO8 from operation 5, check for another output from that
operation (there is one—S$09) and follow it. Continue listing the operations
encountered:

1104567281

Here the number 1 regppears, S0 ancther recycle loop has been found. This loop
includes dl the operations in this list. Note that the first loop, unit 10, is “nested”

within this new loop. All the listed operations can now be combined into one new

unit, label it 11. At operation 8, stream S14 was followed, it returned to operation

1, if dream S15 had been followed indead, operation 9 would have been
transferred to the cdculation lig-the same result as obtained later. The choice of
which output to follow first has no fundamentd effect on the result except to
perhgps change the caculation sequence. Continue following the outputs (there is
only one from unit 11, $15) and listing the operations encountered:

11 9

The outputs from operation 9 are not feeds to any process dperation, s0 9 is
removed from this list and placed in a caculaion list. This leaves only unit 11 in
the process ligt and its output now is not a feed to any other operation (9 has been
removed). Thus, operation 11 is now removed from the process list and added to
the cdculation ligt ahead (to the left) of what is dready there. The cdculation list
isnow

1 9
and nothing remains in the process list. The computation sequence is from left to
right, so unit 11 is computed first and then operation 9 is computed.

One dream in each recycle loop must be chosen as the tear stream for that
loop. It is the one to be assumed, checked for convergence, and iterated. There is
not an unambiguous guiddine for this choice, nor is it usudly criticad which stream
is chosen. If there is one for which it is easer to make a reasonable initid
esimate, probably it should be sdlected. The actua recycle stream is often sdected
as the tear sream.

A decison must be made whether the two recycle loops, units 10 and 11, are
to be converged smultaneoudy or separatdy. Simultaneous convergence, as
illustrated by Fig. 4-8a, is approached by checking and reestimating both tear
streams once in each iteration. Separate convergence proceeds by converging the
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FIGURE 4-8

(a) Smultaneous and (b) separde convergence of nested recyde loops for Example 4.

inner loop (unit 10) during each iteration of the outer loop as suggested by Fig.

4-8b. The more appropriate choice, in terms of minimum computation time and
convergence, is not readily apparent. It is often assumed that Simultaneous
convergence will be more efficient and thet approach is illustrated here. All flow
rates are in Ib/h; dream numbers are from Fig. 4-5.

Sart with feed stream SO1 = 1128 Ib EB/h
Assume that recycle stream S14 = 0

S02 and SO3 are then 112.8

The steam feed SO4 = 112.8% 14% 18 /106 = 268

The reector effluent plus recycle SO5 = 380.8 and includes 112.8 * 0.5 = 56.4
Ib EB/h. It has changed and not converged yet

SO6 is 380.8. Continuing through the separations, the EB recycle stream
Sl4 = 564

The just-cdculated values of the recycles, SO5 and Sl4, ae now used and the
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caculdions are repeated in the same sequence:
S02 and SO3 = 169.2
SO4 = 402.2
S05 = 06 = 5714
Sl4 = 169.2%0.5 = 846
Again, SO5 and Sl4 have changed. These new vaues ae now used as the
cdculations are again repeated:
02 = SO3 = 1974
S04 = 469.3
S0O5 = SO6 = 666.7
sl4 = 98.7
This sequence of cdculdions is repeated untii SO5 and S14 do not change
sgnificantly. The find results are, as obtained in Example 3:
S02 = SO3 = 2256
S04 =536
SO5 = 761.6
Sl4 = 1128
The styrene feed was used as the starting point in this example the stream
feed could have been chosen just as wdl. If it is, the same recycle loops will be

identified, but a somewhat different caculaion sequence will be identified. This is
recommended as an exeacise for the reader.

Many flow-sheeting programs peform the partitioning, solution ordering,
and tearing functions discussed above and present the user with one or more
choices of solution sequence and tear varigbless FLOWTRAN, however, does
not do this. The user mugt identify the recycle loops, the cdculation sequence,
and the ter dreams. The preceding example illusrated their identification and
sdection.

PROBLEMS

1. A block diagram for a gas processng plant is shown below, The purpose of this
process is to recover ethane and propane (+ butane) from a naura-ges stream
because these components have more vaue as chemicas than as fud. This problem is
based upon the 1987 AIChE Student Contest Problem.

Natural gas is to be fed to the process a a rate of 25 x 10° g-mol/h. The
feed-gas composition and product-gas specifications are given on page 135.

|— Sales gas

Natural Gas processing

gas 7 plant — Ethane

I Propane and n-butane
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(@ Find the flow rates for each of the product streams for each of these values of the
ethane mole fraction in the sales gas sream: 0.00, 0.01, 0.05.

(b) Find the value of the feed gas, the vaue of each of the product streams, and the
difference between product and feed vaues ($hr) for each of the ethane mole

fractions in pat (a).
Data

Natural gas feed = $2.85/GJ of lower hegting vdue (LHV)

Naurd ges LHYV,
feed Component Mol% kcal/gmol

Methane 83.0 1918

Ethane 12.0 3413

Propane 4.0 488.5

n-Butane 1.0 635.4

Products sdles gas contains negligible propane and butane; vaue = $2.85/GJ (LHV).
Ethane product contains 1.0 mol% methane, 20 mol% propane, negligible butane;
vaue = $0.18 /kg.
Propane product contains negligible methane, dl the n-butane and 2 mol% ethane
vaue = $0.20/kg.

. A process has four streams with the characterigtics given below. Devise a heat-
exchange network to maximize the annud savings as compared to no heet exchange.
Use a minimum approach temperature AT, ,, = WC.

Process T, Touts M=x Cp,
stream °C °C MJ(h) (°C)
“Cold” to be
heated
A 60 160 274
C 116 260 22.0
“Hot” to be
cooled
B 160 93 317
D 250 138 38.0

Codt data Heat-exchanger costs are to be taken from Fig. 15-13 of this text. Use a
design pressure of 150 psg for dl exchangers except those usng steam, for which a
design pressure above the operating (seam) pressure should be used. Neglect pump
and pumping costs.
Utilities: Cooling water, $0.15/1000 gd. (enters a 25°C, leaves a 50°C). Steam
(saturated) a 6200 kPa, $15/Mg; a 2850 kPa, $13.2/Mg; a 790 kPa, $11/Mg; a 205
kPa, $7/Mg.
Annua cost of equipment, $/yr = (purchased cost, $)+(4.0)*(0.25)
Additional information: These estimated overdl heat-transfer coefficients may be used
(values are in Js m?K):

process stream to process stream-200

process dream to water-400

process sream to steam-550
Assume that all process streams have a heat capacity of 3.3 kJ /kg “C. Operation is
330 days per year, 24 h/day.
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3. The academic verson of the process invention program (PIP) contains severd
examples, as follows
HDA1—hydrodealkylation of toluene to produce benzene
CYHEX1-—cyclohexane production by hydrogenation of benzene
STYRI1—styrene production from ethylbenzene
XYL1—production of m-xylene from toluene
ANHYD1—reaction of acetone and acetic acid to form acetic anhydride
BUTALI1—alkylation resction of butene-1 and isobutane to produce iso-octane
Sdect the “new plant design” mode and the “look at existing flow sheet” option, and
follow the synthesis steps for one of these processes. ‘Obtain the current flow sheet as
output at each level of the synthesis procedure. Also list the heurigtics used a each
step.

4. Generate an dternaive design for the process sdected in Problem 3. Sdect the “new
plant design” mode and the option “generate dternative to an existing flow shegt.”
There are many inputs that may be changed to produce an dternative flow sheet. A
smple one is to input a new product rate, the process flow diagram will not change,
but the mass and energy baances and equipment szes and cods will. For example,
double the product flow rate. More interesting changes may be introduced by
changing process condraints such as reaction temperature and pressure, or even
changing the choice of condraints. For example, replacing a specified congraint such
as reactant molar ratio with another, such as the compostion of the purge stream.

5. For the methanol synthesis process illugtrated in Fg. 4-1, Example 1, assume that
there are dgorithms for cdculaing the outputs of each process unit from the inputs.
Determine how many stream varidbles must be specified and decide what these
should be s0 that a unique solution exigts for the mass and energy baances. Identify
al recycle loops, tear streams for these loops, and a calculation sequence.

6. Repeat Example 4 for the styrene synthesis process with a different selection for the
tear streams to determine a new cdculation sequence.

7. For a process flow sheet obtained in Problem 3, assume that dgorithms are avalable
to caculate the outputs from each process unit from known inputs. Determine the
number of sream variables that must be specified, decide wha they should be,
identify al recycle loops, sdlect tear streams for these loops, and establish a cdcula
tion sequence.

8. Toluene is converted to benzene catdyticaly according to the reaction

C,Hg + H, » C¢H¢ + CH, + 20,513 Btwlb mol

For the following reactor feed, use the AREAC block of the CACHE FLOWTRAN
smulation to determine the exit temperature for adigbatic operation & 90 percent
converson of toluene.

Species Ib mol /h
H, 2000
CH, 1000
C,H, 50
C,H; 400

Temperature = 800°F. Pressure = 500 psa

For solution, see Exercise 12 on page 81 of “Exercises in Process Smulaion
Using FLOWTRAN" by J. Peter Clark published by CACHE Corp., 77 Massachusetts
Ave, Cambridge, Massachusdtts in 1977. For information on the AREAC block, see |
pages A-146, A-147, and 15 of “FLOWTRAN Simulation-An Introduction” by J. D.
Seeder, W. D. Sdder, and A. C. Pauls, 2d ed., published by CACHE Corp., in 1977.
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COST AND
ASSET
ACCOUNTI NG

The design engineer, by analyses of costs and profits, attempts to predict
whether capital should be invested in a particular project. After the investment
is made, records must be maintained to check on the actual financia results.
These records are kept and interpreted by accountants. The design engineer, of
course, hopes that the original predictions will agree with the facts reported by
the accountant. There is little chance for agreement, however, if both parties do
not consider the same cost factors, and comparison of the results is simplified if
the same terminology is used by the engineer and the accountant.

The purpose of accounting is to record and analyze any financial transac-
tions that have an influence on the utility of capital. Accounts of expenses,
income, assets, liabilities, and similar item are maintained. These records can be
of considerable value to the engineer, since they indicate where errors were
made in past estimates and give information that can be used in future
evaluations. Thus, the reason why the design engineer should be acquainted
with accounting procedures is obvious. Although it is not necessary to know all
the details involved in accounting, a knowledge of the basic principles as applied
in economic evaluations is an invaluable aid to the engineer.

This chapter presents a survey of the accounting procedures usually
encountered in industrial operations. Its purpose is to give an understanding of
the terminology, basic methods, and manner of recording and presenting
information as employed by industrial accountants.

137
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OUTLINE OF ACCOUNTING PROCEDURE

The diagram in Fig. 5-1 shows the standard accounting procedure, starting with
the recording of the original business transactions and proceeding to the final
preparation of summarizing balance sheets and income statements. As the
day-by-day business transactions occur, they are recorded in the journal. A
single journa may be used for al entries in small businesses, but large concerns
ordinarily use severa types of journals, such as cash, saes, purchase, and
genera journals.

The next step is to assemble the journal entries under appropriate account
headings in the ledger. The process of transferring the daily journa entries to
the ledger is called posting.

BUSINESS TRANSACTIONS

Entered in journal
JOURNAL.
Cash Sales Purchase General
journal journal journatl journal

Posted to ledger

LEDGER!

By trial bolonces and work sheets

¥

FINANCIAL STATEMENTS

BALANCE INCOME
SHEET STATEMENTS

FIGRE 5.1
Diagram of accounting procedure.
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Statements showing the financial condition of the business concern are
prepared periodicaly from the ledger accounts. These statements are presented
in the form of balance sheets and income statements. The balance sheet shows
the financial condition of the business at a particular time, while the income
statement is a record of the financial gain or loss of the organization over a
given period of time.

BASIC RELATIONSHIPS IN ACCOUNTING

In the broadest sense, an asset may be defined as anything of value, such as
cash, land, equipment, raw materials, finished products, or any type of property.
At any given instant, a business concern has a certain monetary value because of
its assets. At the same instant, many different persons may have ajust claim, or
equity, to ownership of the concern’s assets. Certainly, any creditors would have
a just claim to partia ownership, and the owners of the business would have
some claim to ownership. Under these conditions, a fundamenta relationship in
accounting can be written as

Assets = equities 1)

Equities can be divided into two general classes as follows: (1) Proprietor-
ship-the claims of the concern or person who owns the asset; and (2) liabilities
-the claims of anyone other than the owner. The term proprietorship is often
referred to as net worth or simply as ownership or capital. Thus, Eq. (1) can be
written ast

Assets = liabilities + proprietorship 2)

The meaning of this basic equation can be illustrated by the following
simple example. Five students have gone together and purchased a secondhand
automobile worth $1000. Because they did not have the necessary $1000 they
borrowed $400 from one of their parents. Therefore, as far as the students are
concerned, the value of their asset is $1000, their proprietorship is $600, and
their liability is $400.

Equation (2) is the basis for balancing assets against equities at any given
instant. A similar equation can be presented for balancing costs and profits over
any given time period. The total income must be equa to the sum of al costs
and profits, or

Total income = costs + profits (3)

1Equation (2) is sometimes expressed as “ Assets = liabilities,” where “liabilities’ is synonymous
with “equities.”
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Any engineering accounting study can ultimately be reduced to one of the forms
represented by Eq. (2) or (3).

THEBALANCESHEET

A balance sheet for an industrial concern is based on Eqg. (1) or (2) and shows
the financial condition at any given date. The amount of detail included varies
depending on the purpose. Consolidated balance sheets based on the last day of
the fiscal year are included in the annual report of a corporation. These reports
are intended for distribution to stockholders, and the balance sheets present the
pertinent information without listing each individual asset and equity in detail.

Assets are commonly divided into the classifications of current, fixed, and
miscellaneous. Current assets, in principle, represent capital which can readily be
converted into cash. Examples would be accounts receivable, inventories, cash,
and marketable securities. These are liquid assets. On the other hand, fixed
assets, such as land, buildings, and equipment, cannot be converted into immedi-
ate cash. Deferred charges, other investments, notes and accounts due after
1 year, and similar items are ordinarily listed as miscellaneous assets under
separate headings.

Modern balance sheets often use the general term liabilities in place of
equities. Current liabilities are grouped together and include al liabilities such as
accounts payable, debts, and tax accruals due within 12 months of the balance-
sheet date. The net working capital of a company can be obtained directly from
the balance sheet as the difference between current assets and current liabili-
ties. Other liabilities, such as long-term debts, deferred credits, and reserves are
listed under separate headings. Proprietorship, stockholders equity, or capital
stock and surplus complete the record on the equity (or liability) side of the
balance sheet.

Consolidated balance sheets are ordinarily presented with assets listed on
the left and liabilities, including proprietorship, listed on the right. As indicated
in Eg. (1), the total value of the assets must equal the total value of the equities.
A typica balance sheet of this type is presented in Fig. 5-2.

The value of property items, such as land, buildings, and equipment, is
usually reported as the value of the asset at the time of purchase. Depreciation
reserves are aso indicated, and the difference between the origina property
cost and the depreciation reserve represents the book value of the property.
Thus, in depreciation accounting, separate records showing accumulation in the
depreciation reserve must be maintained. In the customary account, reserve for
depreciation is not actualy a separate fund but is merely a bookkeeping method
for recording the decline in property value.

The ratio of total current assets to total current liabilities is caled the
current ratio. The ratio of immediately available cash (i.e, cash plus U.S.
Government and other marketable securities) to total current liabilities is
known as the cash ratio. The current and cash ratios are valuable for determin-
ing the ability to meet the financia obligations, and these ratios are examined
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ABC PETROLEUM COMPANY
CONSOLIDATED BALANCE SHEET, DECEMBER 31, 1989

Assets Liabilities and stockholders’ equity
Current  assets Current liabilities
Cash $ 93.879000 Accounts  payable $160.307.000
Notes and accounts Long-tem  debt  (due
receivable 219,374,000 within one  year) 3514.000
Inventories: Accrued  taxes 58,938,000
Crude oil. petroleum Other  accruals 20.796.000
products, and Total  current
merchandise 152,021,000 liahilities $243.555.000
Materids  and Long-term  debt $333,738,000
supplies (at cost and Deferred  credits
condition  value) 25,524,000 Federd income  taxes $ 86,845,000
Totd  current Other 45,579,000
assets $490,798.000 Totd  deferred
Investments and long- credits $132.424.000
term  receivables Reserve for
(at cost) $309.249.000 contingencies § 24.197.000
Properties, plants, and Stockholders’  equity
equipment (al  COSt) Common stock. $5 par
Production $1.390.688.000 value
Manufacturing 669,915,000 Shares  authorized,
Transportation 195.255.000 50.000.000
Marketing 188,405,000 Shares  issued.
Other 79.823,000 34.465.956 $ 172,330,000
$2.524,086,000 Capitd in excess of
Less reserves for par vaue of
depreciation, common stock 264,238.000
depletion, and Earnings  employed
amortization 1,315,416,000 in the business 918,165,000
Total $1.208.670.000 $1.354,733.000
Prepaid and deferred Less treasury stock
charges § 20,347,000 (at codt), 1,096,627
TOTAL ASSETS $2,029,064,000 shares __ 59,583,000
Tota  stock-
holders' equity $1,295,150,000
TOTAL
LIABILITIES
AND STOCK-
HOLDE'RS
EQUITY $2,029,064,000

FIGURE 5-2
A consolidated balance sheet.
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by banks or other loan concerns before credit is extended. From the data
presented in Fig. 5-2, the current ratio for the company on December 31, 1989
was

$490,798,000
$243,555,000 =
and the cash ratio was $93,879,000 /$243,555,000 = 0.386.

2.02

THE INCOME STATEMENT

A balance sheet applies only at one specific time, and any additional transac-
tions cause it to become obsolete. Most of the changes that occur in the balance
sheet are due to revenue received from the sale of goods or services and costs
incurred in the production and sale of the goods or services. Income-sheet
accounts of all income and expense items, such as sales, purchases, deprecia-
tion, wages, saaries, taxes, and insurance, are maintained, and these accounts
are summarized periodicaly in income statements.

A consolidated income statement is based on a given time period. It
indicates surplus capital and shows the relationship among total income, costs,
and profits over the time interval. The transactions presented in income-sheet
accounts and income statements, therefore, are of particular interest to the
engineer, since they represent the facts which were originally predicted through
cost and profit analyses.

The terms gross income or gross revenue used by accountants refer to the
total amount of capital received as a result of the sale of goods or service. Net
income or net revenue is the total profit remaining after deducting al costs,
including taxes.

Figure 5-3 is a typical example of a consolidated income statement based
on a time period of 1 year. As indicated by Eq. (3), the total income
($345,155,242) equals the total cost ($302,600,732 + $18,854,000) plus the net
income or profit ($23,700,510).

The role of interest on borrowed capital is clearly indicated in Fig. 5-3.
Since the accountant considers interest as an expense arising from the particular
method of financing, the cost due to interest is listed as a separate expense.

MAINTAINING ACCOUNTING RECORDS

Balance sheets and income statements are summarizing records showing the
important relationships among assets, liabilities, income, and costs at one
particular time or over a period of time. Some method must be used for
recording the day-to-day events. This is accomplished by the use of journals and
ledlgers.

A journal can be a book, group of vouchers, or some other convenient
computer printout in which the original record of a transaction is listed, while a
ledger is a group of accounts giving condensed and classified information from
the journal.
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XYZ CHEMICAL COMPANY AND CONSOLIDATED SUBSIDIARIES
CONSOLIDATED INCOME STATEMENT FOR THE YEAR
ENDING DECEMBER 31, 1989

Income
Net sdes $341.822.557
Dividends from subsidiary and associated companies 798.483
Other 2.534.202
Total (or gross) income $345.155.242
Deductions
Cost of goods sold $243.057.056
Selling and administrative expenses 42.167.634
Research  expenses 10.651.217
Provision for employees bonus 649.319
Interest  expenses 3.323.372
Net income applicable to minority interests 143.440
Other 2.608.694
Total  deductions $302,600.732
Income before provision for income taxes $ 42554510
Less provision for income taxes 18.854.000
Net income (net profit) $ 23.700.510
Earned surplus at beginning of year 90.436.909
Total  surplus $114.137.419
Surplus deductions
Preferred dividends ($3.85 per share) $ 721,875
Common dividends ($2.50 per share) 13.148.300
Tota surplus deductions $ 13,870,175
EARNED SURPLUS AT END OF YEAR $100,267,244
FIGURE 5-3

A consolidated income statement.

Debits and Credits

When recording business transactions, a debit entry represents an addition to
an account, while a credit entry represents a deduction from an account. In
more precise terms, a debit entry is one which increases the assets or decreases
the equities, and a credit entry is one which decreases the assefs or increases
the equities.

Since accounting records must always show a balance between assets and
equities, any single transaction must affect both assets and equities. Each debit
entry, therefore, requires an equal and offsetting credit entry. For example, if a
company purchased a piece of equipment by a cash payment, the assets of the
company would be increased by the value of the equipment. This represents an
addition to the account, and would therefore, be listed as a debit. However, the
company had to pay out cash to obtain the equipment. This payment must be
recorded as a credit entry, since it represents a deduction from the account. At
least one debit entry and one credit entry must be made for each business
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JOURNAL
Page 1
Dare
19_ Analysis F Debit Credit
April 3 Saies 403 § 75800 $
Cash 112 75800
Payment of sdlaries for week ending
April 3
4 Rent 314 300po
Cash 112 30000
Building rentd for month of April
5 Cash 112 104 |lo
Sdes 201 1041p0
Product A to X Company as per
invoice No. 6839
8 Equipment 104 18C |lo
Notes payable 521 1800p0
Equipment for plant—6%, 90day
note to Y Company
9 Purchases 608 £ [0
Z Company 842 88100
Tools on open account-Terms-30 |
days I
FIGURE 5-4

A typicd journa page.

transaction in order to maintain the correct balance between assets and equi-
ies This is known & double-entry bookkeeping.

The Journal

A typical example of ajourna page is shown in Fig. 5-4. The date is indicated in
the first two columns. An analysis of the account affected by the particular
transaction is listed in the third column, with debits listed first and credits listed
below and offset to the right. A brief description of the item is included if
necessary. The amounts of the individual debit and credit entries are indicated
in the last two columns, with debits always shown on the left. When the journal
entry is posted in the ledger, the number of the ledger account or the page
number is entered in the fourth column of the journal page. This column is
usualy designated by “F” for “Folio.”

The Ledger

Separate ledger accounts may be kept for various items, such as cash, equip-
ment accounts receivable, inventory, accounts payable, and manufacturing ex-
pense. A typical ledger sheet is shown in Fig. 5-5. The ledger sheets serve as a
secondary record of business transactions and are used as the intermediates
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LEDGER
Cash 112
Date Dare
19 Analysis F Debit 19__ Analysis F Credit
April 1 Baance JI $94500 April 3  Sdaries J-1 $ 758/00
forward 4 Rent J-1 30000
5 Ses J 1041300 10 Purchases J-2 175|100
0 Ses J2 86,00 12 Insurance J-2 45500 -
11 R Company  J2 70000 13 Taxes J-2 87500
11 Sdes J-2 550(00 i Sdaies J-3 821|00
12 Sdes J-2 9400 2 Purchases J-3 985/00
8 S Company J-3 1200{00 29 Office J-3 158|100
22 Ses J-3 175,00 supplies
28 Sdes J-3 54800 30 Purchases J-3 154‘00
29 Ses J-3 630100
30 Ses J-3 7400 Balance 136200
Total $6043/00 Total $6043/00
Baance $1362|00
forward

FIGURE 5-5
Typical ledger sheet that has been closed and balanced.

between journal records and balance sheets, income statements, and genera
od  records

COST ACCOUNTING METHODS

In the simplest form, cost accounting is the determination and analysis of the
cost of producing a product or rendering a service. This is exactly what the
designer engineer does when estimating costs for a particular plant or process,
and cost estimation is one type of cost accounting.

Accountants in industrial plants maintain records on actual expenditures
for labor, materials, power, etc., and the maintenance and interpretation of
these records is known as actual Or post-mortem COSt accounting. From these
data, it is possible to make accurate predictions of the future cost of the
particular plant or process. These predictions are very valuable for determining
future capital requirements and income, and represent an important type of
ot aooourting known @ standard  cost acoounting.  Devigions of  standard  oosts
from actual costs are designated as variances.

There are many different types of systems used for reporting costs, but all
the systems employ some method for classifying the various expenses. One
common type of classification corresponds to that presented in Chap. 6 (Cost
Estimation). The total cost is divided into the basic groups of manufacturing
costs and general expenses. These are further subdivided, with administrative,
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distribution, selling, financing, and research and development costs included
under general expenses. Manufacturing costs include direct production costs,
fixed charges, and plant overhead.

Each of the subdivided groups can be classified further as indicated in
Chap. 6. For example, direct production costs can be broken down into costs for
raw materials, labor, supervision, maintenance, supplies, power, utilities, labora-
tory charges, and royalties.

Each business corporation has its own method for distributing the costs on
its accounts. In any case, al costs are entered in the appropriate journa
account, posted in the ledger, and ultimately reported in a final cost sheet or
cost  statement.

Accumulation, Inventory, and
Cost-of-Sales Accounts

In general, basic cost-accounting methods require posting of al cods in so-caled
accumulation accounts. There may be a series of such accounts to handle the

various costs for each product. At the end of a given period, such as one month,
the accumulated costs are transferred to inventory accounts, which give a
summary of al expenditures during the particular time interval. The amounts of
al materials produced or consumed are also shown in the inventory accounts.,

The information in the inventory account is combined with data on the amount
of product sales and transferred to the cost-of-sales account. The cost-of-sales
accounts give the information necessary for determining the profit or loss for
each product sold during the given time interval. One type of inventory account

is shown in Fig. 5-6, and a sample cost-of-sales account is presented in Fig. 5-7.

When several products or by-products are produced by the same plant,

dlocation of the cost to each product must be made on some predetermined

basis. Although the alocation of raw-material and direct labor costs can be
determined directly, the exact distribution of overhead costs may become quite
complex, and the final method depends on the policies of the particular concern
involved.

Materials Costs

The variation in costs due to price fluctuations can cause considerable difficulty
in making the transfer from accumulation accounts to inventory and cost-of-sales
accounts. For example, suppose an accumulation account showed the following:

ACCUMULATION ACCOUNT
Item: Chemical A for use in producing product X

Date Balance Delivered for
19__ Received cost on hand use in process
May 2 5,000 Ib $0.0360/1b 5,000 Ib

May 15 10,000 Ib $0.0390/1b 15,000 I'b
May 17 9,000 Ib 6,000 Ib
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MANUFACTURING COST WORKS INVENTORY
Refining of crude product D For month of January. 19
Units Total
Cost element Unitso 0 hand used units Cost
per used per
unit or Price nit
Start of End of pro- pro- per Total pro-
Name Unit month month duced duced unit cost duced
Crude product D Gallons 13,000 11,000 1.5000 150,000 s0 2187 $41.800 $0.4180
Operating wages Hours 0.0150 1,500 1.2500 1.975 0.019%
Operating supplies §90 0.0089
Maintenance wages Hours 0.0250 2.500 2.0000 5.000 0.0500
Maintenance
materials 10.500 0.1050
Utilities 8.000 0.0800
Depreciation $ investment 5.0000 500.000 0.0100 5,000 0.0500
Overhead 3,800 0.0380
Total ¢ost and - - - R
production Gallons 5.000 4,000 100,000 $0.7697 116.965 SO 1691
FIGURE 5-6
Example of one type of inventory account.
COST-OF-SALES ACCOUNT
Product E For month of June, 19.._
This Last Year
Item month month to date
Sales, Ib 475,000 590,000 3.220,000
$lunit Slunit $lunit
Selling price $0.200 $0.200 $0.200
Cost of sdes
Manufacturing  cost 0.120 0.100 0.105
Freight and delivery 0.007 0.008 0.007
Selling  expense 0.018 0.020 0.016
Administrative  expense 0.025 0.020 0.022
Research  expense 0.010 0.008 0.008
Totd cost of sdes S0.180 $0.156 $0.158
Profits before  taxes $0.020 50.044 $0.042

FIGURE 57

Example of cod-of-sdes account.
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In transferring the cost of chemical A to the inventory and cost-of-sales
accounts, there is a question as to what price applies for chemical A. There are
three basic methods for handling problems of this type.

1. The current-average method. The average price of al the inventory on hand at
the time of delivery or use is employed in this method. In the preceding
example, the current-average price for chemical A would be $0.0380 per
pound.

2. The first-in-first-out (or fifo) method. This method assumes the oldest material
is dways used first. The price for the 6000 Ib of chemicad A would be $0.0360
per pound for the first 5000 Ib and $0.0390 for the remaining 1000 Ib.

3. The lus-in firsg-out (or lifo) method. With this method, the most recent prices
are aways used. The price for the 6000 Ib of chemica A would be
transferred as $0.0390 per pound.

Any of these methods can be used. The current-average method presents
the best picture of the true cost during the given time interval, but it may be
misleading if used for predicting future costs.

The information presented in this chapter shows the general principles
and fundamentals of accounting which are of direct interest to the engineer.
However, the many aspects of accounting make it impossible to present a
complete coverage of al details and systems in one chapter or even in one
book.? The exact methods used in different businesses may vary widely depend-
ing on the purpose and the policies of the organization, but the basic principles
are the same in all cases.

PROBLEMS

1. Prepare a bdance sheet gpplicable a the date when the X Corporation had the
following assets and equities:

Cash $20,000 Common stock sold $50,000
Accounts payable: Machinery and equipment
B Company 2,000 (@ presat vdue) 18,000
C Caorporation 8,000 Furniture and fixtures (a
Accounts  receivable 6,000 presnt  vaue) 5,000
Inventories 15,000 Govanmat  bonds 3,000
Mortgage payable 5,000 Surplus 2,000

+C. T. Horngren, “Introduction to Financial Accounting,” 2nd ed., Prentice-Hall, Inc., Englewood
Cliffs, NJ, 1984; J. W. Wilkinson, “Accounting and Information Systems” Wiley, New York, 1982.
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2. During the month of October, the following information was obtained in an antifreeze
retailing  concern:

Sdaies $3,000
Délivery expenses 700
Rent 400
SHes 15,100
Antifreeze available for sde during October (at cost) 20,200
Antifreeze inventory on Oct. 31 (at cost) 11,600
Other expenses 1,200
Earned surplus before income taxes as of Sept. 30 800

Prepare an income datement for the month of October giving as much detail as
possible.
3. The following informetion applies to E Company on a given date:

Long-term debts 1,600
Debts due within 1 year 1,000
Accounts payable 2,300
Machinery and equipment (at cost) 10,000
Cash in bank 3,100
Prepaid rent 300
Government  bonds 3,000
Socid security taxes payable 240
Reserve for depreciation 600
Resrve for expandon 1,200
Inventory 1,600
Accounts recelveble 1,700

Determine the current retio, cash ratio, and working capitd for Company E a the
given dae

4. On Aug. 1, a concern had 10,000 |b of raw materid on hand which was purchesed & a
cogt of $0.030 per pound. In order to build up the reserve, 8000 Ib of additiond raw
material was purchased on Aug. 15 a a cost of $0.028 per pound, and 2 days later
6000 Ib was purchased from another supplier a $0.031 per pound. If none of the raw
materia was used until after the last purchase determine the tota cost of 12,000 Ib of
the raw material on an inventory or cogt-of-sdes account for the month of August by
(@ the current-average method, (b) the “fifo” method, and (c) the “lifo” method.

5. Prepare a complete list, with sample form sheets, of dl cost-accounting records which
should be maintained in a large plant producing ammonia, nitric acid, and ammonium
nitrate. Explain how these records are used in recording, summarizing and interpret-
ing costs and profits.



CHAPTER

6

COST
ESTI MATI ON

An acceptable plant design must present a process that is capable of operating
under conditions which will yield a profit. Since net profit equals total income
minus all expenses, it is essentia that the chemica engineer be aware of the
many different types of costs involved in manufacturing processes. Capital must
be alocated for direct plant expenses, such as those for raw materials, labor,
and equipment. Besides direct expenses, many other indirect expenses are
incurred, and these must be included if a complete analysis of the total cost isto
be obtained. Some examples of these indirect expenses are administrative
salaries, product-distribution costs, and costs for interplant communications.

A capital investment is required for any industrial process, and determina-
tion of the necessary investment is an important part of a plant-design project.
The total investment for any process consists of fixed-capital investment for
physical equipment and facilities in the plant plus working capital which must
be available to pay sdaries, keep raw materias and products on hand, and
handle other specia items requiring a direct cash outlay. Thus, in an analysis of
costs in industrial processes, capital-investment costs, manufacturing costs, and
genera expenses including income taxes must be taken into consideration.

CASH FLOW FOR INDUSTRIAL OPERATIONS

Figure 6-1 shows the concept of cash flow for an overal industrial operation
based on a support system serving as the source of capital or the sink for capital*
receipts. Input to the capital sink can be in the form of loans, stock issues, bond
releases, and other funding sources including the net cash flow returned to the
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COST ESTIMATION
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capital sink from each project. Output from the capital source is in the form of
total capital investments for each of the company’s industrial operations,
dividends to stockholders, repayment of debts, and other investments.

The tree-growth concept, as shown in Fig. 6-1, depicts a trunk output to
start the particular industrial operation designated as the total capital invest-
ment. This total capital investment includes all the funds necessary to get the
project underway. This encompasses the regular manufacturing fixed-capital
investment and the working-capital investment along with the investment re-
quired for al necessary auxiliaries and nonmanufacturing facilities. The cash
flow for the capital investments can usually be considered as in a lump sum or
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in-an-instant such as for the purchase of land with a lump-sum payment or the
provision of working capital as one lump sum at the start of the operation of the
completed plant. Fixed capita for equipment ideally can be considered as
in-an-instant for each piece of equipment although the payments, of course, can
be spread over the entire construction period when considering the fixed-capital
investment for a complete plant. Because income from sales and necessary
operating costs can occur on an irregular time basis, a constant reservoir of
working capital must be kept on hand continuously to draw from or add to as
needed.

The rectangular box in Fig. 6-1 represents the overall operations for the
complete project with working-capital funds moving in and out as needed but
maintaining a constant fund as available working capital. Cash flows into the
operations box as total dollars of income (s;) from &l sales while actual costs for
the operations, such as for raw materials and labor, are shown as outflow costs
(c,). These cash flows for income and operating expenses can be considered as
continuous and represent rates of flow at a given point in time using the same
time basis, such as dollars per day or dollars per year. Because depreciation
charges to allow eventua replacement of the equipment are in effect costs
which are paid back to the company capital sink, these charges are not included
in the costs for operations shown in Fig. 6-1. The difference between the income
(s;) and operating costs (c,) represents gross profits before depreciation or
income-tax charges (s, = ¢,) and is represented by the vertical line rising out of
the operations box.

Depreciation, of course, must be recognized as a cost before income-tax
charges are made and before net profits are reported to the stockholders.
Consequently, removal of depreciation in the cash-flow diagram as a charge
against profit is accomplished at the top of the tree diagram in Fig. 6-1 with the
depreciation charge (d) entering the cash-flow stream for return to the capital
sink. The resulting new profit of s; - ¢, = d is taxable, and the income-tax
charge is shown as a cash-flow stream deducted at the top of the diagram. The
remainder, or net profit after taxes, is now clear profit which can be returned to
the capital sink, aong with the depreciation charge, to be used for new
investments, dividends, or repayment of present investment as indicated by the
various trunks emanating from the capital source in Fig. 6-1.

Cumulative Cash Podtion

The cash flow diagram shown in Fig. 6-1 represents the steady-state situation
for cash flow with s;, ¢,,, and d all based on the same time increment. Figure 6-2

is for the same type of cash flow for an industrial operation except that it

depicts the situation over a given period of time as the cumulative cash position.
The time period chosen is the estimated life period of the project, and the time

value of money is neglected.

In the situation depicted in Fig. 6-2, land value is included as part of the
total capital investment to show clearly the complete sequence of steps in the

e s e b e o e
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FIGURE 6-2
Graph of cumulative cash position showing effects of cash flow with time for an industrid operation
neglecting time vaue of money.

full life cycle for an industrial process. The zero point on the abscissa represents
that time at which the plant has been completely constructed and is ready for
operation. The total capital investment at the zero point in time includes land
value, fixed-capital and auxiliaries investment, and working capital. The cash
position is negative by an amount equivaent to the total capital investment at
zero time, but profits in the ideal situation come in from the operation as soon
as time is positive. Cash flow to the company, in the form of net profits after
taxes and depreciation charges, starts to accumulate and gradually pays off the
full capital investment. For the conditions shown in Fig. 6-2, the full capital
investment is paid off in five years. After that time, profits accumulate on the
positive side of the cumulative cash position until the end of the project life at
which time the project theoretically is shut down and the operation ceases. At
that time, the working capital is still available, and it is assumed that the land
can ill be sold at its original value. Thus, the final result of the cumulative cash
position is a net profit over the tota life of the project, or a cash flow into the
company capital sink (in addition to the depreciation cash flow for investment
payoff) over the ten-year period, as shown in the upper right-hand bracket in
Fig. 6-2

The relationships presented in Fig. 6-2 are very important for the under-
standing of the factors to be considered in cost estimation. To put emphasis on
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the basic nature of the role of cash flow, including depreciation charges, Fig. 6-2
has been simplified considerably by neglecting the time value of money and
using straight-line relationships of constant annual profit and constant annual
depreciation. In the chapters to follow, more complex cases will be considered
in detall.

FACTORS AFFECTING INVESTMENT AND
PRODUCTION COSTS

When a chemical engineer determines costs for any type of commercial process,
these costs should be of sufficient accuracy to provide reliable decisions. To
accomplish this, the engineer must have a complete understanding of the many
factors that can affect costs. For example, many companies have reciprocal
arrangements with other concerns whereby certain raw materials or types of
equipment may be purchased at prices lower than the prevailing market prices.

Therefore, if the chemical engineer bases the cost of the raw materials for the

process on regular market prices, the result may be that the process is uneco-

nomical. If the engineer had based the estimate on the actua prices the
company would have to pay for the raw materials, the economic picture might
have been altered completely. Thus the engineer must keep up-to-date on price
fluctuations, company policies, governmental regulations, and other factors
affecting  costs.

Sources of Equipment

One of the mgjor costs involved in any chemical process is for the equipment. In
many cases, standard types of tanks, reactors, or other equipment are used, and
a substantial reduction in cost can be made by employing idle equipment or by
purchasing second-hand equipment. If new equipment must be bought, several
independent quotations should be obtained from different manufacturers. When
the specifications are given to the manufacturers, the chances for a low cost
estimate are increased if the engineer does not place overly strict limitations on
the design.

Price Fluctuations

In our modern economic society, prices may vary widely from one period to
another, and this factor must be considered when the costs for an industrial
process are determined. It would obviously be ridiculous to assume that plant
operators or supervisors could be hired today at the same wage rate as in 1975.
The same statement applies to comparing prices of equipment purchased at
different times. The chemica engineer, therefore, must keep up-to-date on
price and wage fluctuations. One of the most complete sources of information
on existing price conditions is the Monthly Labor Review published by the U.S.
Bureau of Labor Statistics. This publication gives up-to-date information on
present prices and wages for different types of industries.
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Company Policies

Policies of individual companies have a direct effect on costs. For example,
some concerns have particularly strict safety regulations and these must be met
in every detail. Accounting procedures and methods for determining deprecia
tion costs vary among different companies. The company policies with reference
to labor unions should be considered, because these will affect overtime labor
charges and the type of work the operators or other employees can do.
Labor-union policies may even dictate the amount of wiring and piping that can
be done on a piece of equipment before it is brought into the plant, and, thus,
have a direct effect on the total cost of installed equipment.

Operating Time and Rate of Production

One of the factors that has an important effect on the costs is the fraction of the
total available time during which the process is in operation. When equipment
stands idle for an extended period of time, the labor costs are usualy low;
however, other costs, such as those for maintenance, protection, and deprecia-
tion, continue even though the equipment is not in active use.

Operating time, rate of production, and sales demand are closely interre-
lated. The idea plant should operate under a time schedule which gives the
maximum production rate while maintaining economic operating methods. In
this way, the total cost per unit of production is kept near a minimum because
the fixed costs are utilized to the fullest extent. This ideal method of operation
is based on the assumption that the sales demand is sufficient to absorb all the
material produced. If the production capacity of the process is greater than the
sales demand, the operation can be carried on at reduced capacity or periodi-
caly at full capacity.

Figure 6-3 gives a graphica anayss of the effect on costs and profits when
the rate of production varies. As indicated in this figure, the fixed costs remain
constant and the total product cost increases as the rate of production increases.
The point where the total product cost equals the total income is known as the
break-even point. Under the conditions shown in Fig. 6-3, an ideal production
rate for this chemical processing plant would be approximately 450,000
kg/month, because this represents the point of maximum net earnings.

The effects of production rate and operating time on costs should be
recognized. By considering sales demand along with the capacity and operating
characteristics of the equipment, the engineer can recommend the production
rate and operating schedules that will give the best economic results.

Governmental Policies

The national government has many regulations and restrictions which have a
direct effect on industrial costs. Some examples of these are import and export
tariff regulations, restrictions on permissible depreciation rates, income-tax
rules, and environmental regulations.
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Prior to 1951, the United States had strict governmental regulations
against rapid write-offs for industrial equipment. These restrictions increased
the income-tax load for new companies during their first few years of existence
and tended to discourage new enterprises. Therefore, during the Korean war, a
fast amortization policy for certain defense installations was authorized. This
policy permitted at least part of the value of the installation to be written off in
5 years as compared to an average of 10 to 15 years under the old laws. In 1954,
a new law was passed permitting approximately two-thirds of the total invest-
ment for any process to be written off as depreciation during the first half of the
useful life. A rapid write-off of this type can be very desirable for some concerns
because it may reduce income taxes during the early years of the plant life.

In 1971 and again in 1981 and 1986, there were major changes in Federa
income-tax regulations relative to acceptable methods for determining deprecia-
tion write-offs. Other changes have from time to time been adopted by Congress,
and the cost engineer must keep up-to-date on these changes.?

Governmental policies with reference to capital gains and gross-earnings
taxes should be understood when costs are determined. Suppose a concern
decides to sell some valuable equipment before its useful life is over. The
equipment has a certain asset or unamortized value, but the offered price may

tFor a discusson of depreciation write-off methods, see Chap. 9 (Depreciation).
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be more than the unamortized value. This profit over the unamortized vaue
would have been taxable as long-term capital gain at 28 to 30 percent if it had

been held for nine months in 1977, one year from 1978 to mid 1984, and six
months from mid 1984 through 1987. Starting in 1988, the period for long-term

capital gain was one year and the tax rate on both short-term and long-term

capital gains was generally the same as that for ordinary income. Therefore, in
the example referred to above where a long-term capital gain would be realized
by selling equipment, the capitad gain would have been fairly large if a fast
depreciation method had been used by the company. Prior to 1988, this gain

would probably have been taxed at a low rate (perhaps as low as 28 percent)
while the amount saved through fast depreciation allowance could have been at
an income-tax rate of nearly 50 percent. However, after 1987, new Federal tax
rules have been enacted which could make the capital-gains tax the same as the
income tax on ordinary income of about 34 percent.?

The preceding examples illustrate why the chemical engineer should
understand the effects of governmental regulations on costs. Each company has
its own methods for meeting these regulations, but changes in the laws and
dterations in the national and company economic situation require constant
surveillance if optimum cost conditions are to be maintained.

CAPITAL INVESTMENTS

Before an industrial plant can be put into operation, a large sum of money must
be supplied to purchase and install the necessary machinery and equipment.
Land and service facilities must be obtained, and the plant must be erected
complete with all piping, controls, and services. In addition, it is necessary to
have money available for the payment of expenses involved in the plant
operation.

The capital needed to supply the necessary manufacturing and plant
facilities is called the fixed-capital investment, while that necessary for the
operation of the plant is termed the working capital. The sum of the fixed-capital
investment and the working capital is known as the total capital investment. The
fixed-capital portion may be further subdivided into manufacturing fixed-capital
investment  and  nonmanufacturing  fixed-capital investment.

Fixed-Capital Investment

Manufacturing fixed-capital investment represents the capital necessary for the
installed process equipment with al auxiliaries that are needed for complete
process operation. #Expenses for piping, instruments, insulation, foundations,
and site preparation are typical examples of costs included in the manufacturing
fixed-capital investment.

tFor a discusson of incometax rates, see Chap. 8 (Taxes and Insurance).
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Fixed capital required for construction overhead and for all plant compo-
nents that are not directly related to the process operation is designated as the
nonmanufacturing fixed-capital investment. These plant components include the
land, processing buildings, administrative, and other offices, warehouses, labora-
tories, transportation, shipping, and receiving facilities, utility and waste-dis-
posal facilities, shops, and other permanent parts of the plant. The construction
overhead cost consists of field-office and supervision expenses, home-office
expenses, engineering expenses, miscellaneous construction costs, contractor’s
fees, and contingencies. In some cases, construction overhead is proportioned
between manufacturing and nonmanufacturing fixed-capital investment.

Working Capital

The working capital for an industria plant consists of the total amount of
money invested in (1) raw materials and supplies carried in stock, (2) finished
products in stock and semifinished products in the process of being manufac-
tured, (3) accounts receivable, (4) cash kept on hand for monthly payment of
operating expenses, such as salaries, wages, and raw-material purchases,
(5) accounts payable, and (6) taxes payable.

The raw-materials inventory included in working capital usualy amounts
to a I-month supply of the raw materials valued at delivered prices. Finished
products in stock and semifinished products have a value approximately equa to
the total manufacturing cost for 1 month’s production. Because credit terms
extended to customers are usually based on an alowable 30-day payment
period, the working capital required for accounts receivable ordinarily amounts
to the production cost for 1 month of operation.

The ratio of working capita to total capital investment varies with differ-
ent companies, but most chemical plants use an initial working capital amount-
ing to 10 to 20 percent of the total capital investment. This percentage may
increase to as much as 50 percent or more for companies producing products of
seasonal demand because of the large inventories which must be maintained for
appreciable periods of time.

ESTIMATION OF CAPITAL INVESTMENT

Of the many factors which contribute to poor estimates of capital investments,
the most significant one is usually traceable to sizable omissions of equipment,

services, or auxiliary facilities rather than to gross errorsin costing. A check list

of items covering a new facility is an invaluable aid in making a complete

estimation of the fixed-capital investment. Table 1 gives a typica list of these
items.
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TABLE 1
Breakdown of fixed-capital investment items for a chemical process

Direct Costs

1

7.

Purchased equipment

All equipment listed on a complete flow sheet

Spare pats and nonindtaled equipment spares

Surplus  equipment, supplies, and equipment allowance
Inflation cost allowance

Freight  charges

Taxes, insurance, duties

Allowance for modifications during startup

Purchased-equipment  installation
Installation of al equipment lised on complete flow sheet
Structural  supports, insulation, paint
Instrumentation and controls
Purchase, instalation, caibration, computer tie-in
. Piping
Process piping-carbon steel, aloy, cast iron, lead, lined, auminum, copper, ceramic, plastic,
rubber, reinforced concrete
Pipe hangers, fittings, vaves
Insulation-piping, equipment
Electrical equipment and materials
Electricd equipment -switches, motors, conduit, wire, fittings, feeders, grounding, instrument
and control wiring;lighting, panels
Electricdl materids and Iabor
Buildings (including services)
Process  huildings-substructures,  superstructures,  platfforms,  supports, ~ Stairways, ladders, access
ways, cranes, monorails, hoidts, elevators
Auxiliary  buildings-adminigtration and  office, medical or dispensary, cafeteria, garage, product
warehouse, parts warehouse, guard and safety, fire dation, change house, personnel building,
shipping office and platform, research laboratory, control laboratory
Maintenance  shops-electric, piping, sheet metd, machine, welding, carpentry, instrument
Building services-plumbing, heating, ventilation, dust collection, air conditioning, building
lighting, elevators, escalators, telephones, intercommunication systems, painting,  sprinkler
sysems, fire dam
Yard improvements

Ste development-site clearing, grading, roads, wakways, ralroads, fences, parking areas,
wharves and piers, recreational facilities, landscaping
Service facilities
Utilities-steam, water, power, refrigeration, compressed air, fud, waste disposa
Facilitieshoiler plant incinerator, wells, river intake, water treatment, cooling towers, water
storage, electric substation, refrigeration plant, ar plant, fuel storage, waste disposa plant,
environmental  controls,  fire  protection
Nonprocess  equipment-office  furniture  and  equipment, cafeteria  equipment, safety  and
medicdl  equipment, shop eguipment, automotive equipment, yard materia-handling  equip-
ment, laboratory equipment, locker-room equipment, garage equipment, shelves, hins, palets,
hand trucks, housekeeping equipment, fire extinguishers, hoses, fire engines, loading stations
Digtribution and  packaging-raw-materiadl  and product storage and handling equipment, product
packaging equipment, blending facilities, loading stations

(Continued)
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TABLE 1 )
Breakdown of fixed-capital investment items for a chemical process (Continued)

Direct Costs

9.

Land

Surveys and fees
Property  cost

Indirect costs

1

Engineering and supervision

Engineering  costs-administrative, process, design and general engineering, drafting, cost
engineering,  procuring,  expediting, reproduction, communications, scale models, consultant
fees,  travel

Engineering  supervision and inspection

Construction  expenses

Congtruction, operation and maintenance of temporary facilities, offices, roads, parking lots,

rallroads, electrica, piping, communications, fencing

Congtruction tools and  equipment

Congtruction  supervision, — accounting,  timekeeping,  purchasing,  expediting
Warehouse personnel  and  expense, guards

Safety, medica, fringe benefits

Permits, field tests, specia licenses

Taxes, insurance, interest

Contractor’s fee

. Contingency

Types of Capital Cost Estimates

An estimate of the capital investment for a process may vary from a predesign
estimate based on little information except the size of the proposed project to a
detailed estimate prepared from complete drawings and specifications. Between
these two extremes of capital-investment estimates, there can be numerous
other estimates which vary in accuracy depending upon the stage of develop-
ment of the project. These estimates are called by a variety of names, but the
following five categories represent the accuracy range and designation normally
used for design purposes:

1. Order-of-magnitude estimate (ratio estimate) based on similar previous cost

2.

3.

data; probable accuracy of estimate over + 30 percent.

Study estimate (factored estimate) based on knowledge of major items of
equipment; probable accuracy of estimate up to +30 percent.

Preliminary estimate (budget authorization estimate; scope estimate) based
on sufficient data to permit the estimate to be budgeted; probable accuracy
of estimate within +20 percent.
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FIGURE 6-4
Cost-estimating  information ~ guide.
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TABLE 2
Typical average costs for making estimates (1990)%

Less than $2,000,000 to $10,000,000 to
Cost of project $2,000,000 $10,000,000 $100,000,000
Order-of-magnitude estimate $ 3,000 $ 6,000 $ 13,000
Study  estimate 20,000 40,000 60,000
Preliminay  estimate 50,000 80,000 130,000
Definitive  estimate 80,000 160,000 320,000
Detailed  estimate 200,000 520,000 1,000,000

t Adapted from A. Pikulik and H. E. Diaz, Cost Estimating for Major Process Equipment, Chem.
Eng., 84(21):106 (Oct. 10, 1977).

4. Definitive estimate (project control estimate) based on amost complete data
but before completion of drawings and specifications; probable accuracy of
estimate within + 10 percent.

5. Detailed estimate (contractor’s estimate) based on complete engineering
drawings, specifications, and site surveys;, probable accuracy of estimate
within +5 percent.

Figure 6-4 shows the relationship between probable accuracy and quantity
and quality of information available for the preparation of these five levels of
estimates.? The approximate limits of error in this listing are plotted and show
an envelope of variahility. There isatarge probability that the actual cost will be
more than the estimated cost Where information is incomplete or in time of
rising-cost trends. For such estimates, the positive spread is likely to be wider
than the negative, e.g., +40 and = 20 percent for a study estimate. Table 2
illustrates the wide variation that can occur in the cost of making a capital-
investment estimate depending on the type of estimate.

Predesign cost estimates (defined here as order-of-magnitude, study, and
preliminary estimates) require much less detail than firm estimates such as the
definitive or detailed estimate. However, the predesign estimates are extremely
important for determining if a proposed project should be given further consid-
eration and to compare adternative designs. For this reason, most of the
information presented in this chapter is devoted to predesign estimates, a-
though it should be understood that the distinction between predesign and firm
estimates gradually disappears as more and more detail is included.

It should be noted that the predesign estimates may be used to provide a
basis for requesting and obtaining a capital appropriation from company man-
agement. Later estimates, made during the progress of the job, may indicate
that the project will cost more or less than the amount appropriated. Manage-
ment is then asked to approve a variance which may be positive or negative.

‘tAdapted from a method presented by W. T. Nichols, znd. Eng. Chem., 43(10):2295 (1951).
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TABLE_3
Cost indexes as annual averages

Marshall amd Swift Chemical
. " Nelson-Farrar engineerin
installled aquipment  Eng. VéfewsRecord refinery pgllant cost ’
indexes, 1926 = 100 construion index construction index
All- Process- 1913 1949 1967  index, 1957-1959

Year industry industry =100 =100 =100 1946 = 100 = loo

1975 444 452 2412 464 207 576 182

1976 472 479 2401 503 224 616 192

1977 505 514 2576 540 241 653 204

1978 545 552 2776 582 259 701 219

1979 599 607 3003 630 281 757 239

1980 560 675 3237 679 303 823 261

1981 721 745 3535 741 330 904 297

1982 746 774 3825 802 357 977 314

1983 761 786 4066 852 380 1026 317

1984 780 806 4146 869 387 1061 323

1985 790 813 4195 879 392 1074 325

1986 798 817 4295 900 401 1090 318

1987 814 830 4406 924 412 1122 324

1988 852 870 4519 947 422 1165 343

1989 895 914 4 965 429 1194 355

1990

(Jan.) 904% 924 4673 979 435 1203 356

+ All costs presented in this text are based on this value of the Marshall and Swift index
unless otherwise indicated.

COST INDEXES

Most cost data which are available for immediate use in a preliminary or
predesign estimate are based on conditions at some time in the past. Because
prices may change considerably with time due to changes in economic condi-
tions, some method must be used for updating cost data applicable at a past
date to costs that are representative of conditions at a later time.? This can be
done by the use of cost indexes.

A cost index is merely an index value for a given point in time showing the
cost at that time relative to a certain base time. If the cost a some time in the
past is known, the equivalent cost at the present time can be determined by
multiplying the original cost by the ratio of the present index value to the index
value applicable when the origina cost was obtained.

tSee Chap. 11 for a discussion of the strategy to use in design estimates to consider the effects of
inflation or deflation on costs and profits in the future.
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index value at present time

Present cost = original cost index value at time origina cost was obtained

Cost indexes can be used to give a genera estimate, but no index can take
into account al factors, such as specia technological advancements or local
conditions. The common indexes permit fairly accurate estimates if the time
period involved is less than 10 years.

Many different types of cost indexes are published regularly. Some of
these can be used for estimating equipment costs; others apply specifically to
labor, construction, materials, or other specialized fields. The most common of
these indexes are the Marshall and Swift all-industry and process-industry equip-
ment indexes, the Engineering News-Record construction index, the Nelson-Farrar
refinery construction index, and the Chemical Engineering plant cost index. Table 3
presents a list of values for various types of indexes over the past 15 years.

Marshall and Swift Equipment Cogt Indexesf

The Marshall and Swift (formerly known as Marshall and Stevens) equipment
indexes are normally divided into two categories. The all-industry equipment
index is simply the arithmetic average of individua indexes for 47 different types
of industrial, commercial, and housing equipment. The process-industry equip-
ment index is a weighted average of eight of these, with the weighting based on
the total product value of the various procgss industries. The percentages used
for the weighting in a typical year are asc?o\gvs: cement 2; chemicals, 48; clay
products, 2; glass, 3; paint, 5; paper, 10; petroleum, 22; and rubber, 8.

The Marshall and Swift indexes are based on an index value of 100 for the
year 1926. These indexes take into consideration the cost of machinery and
major equipment plus costs for installation, fixtures, tools, office furniture, and
other minor equipment. All costs reported in this text are based on a Marshall
and Swift al-industry index of 904 as reported for January 1, 1990 unless
indicated otherwise.

Engineering News-Record Construction
Cod Indexi

Relative construction costs at various dates can be estimated by the use of the
Engineering News-Record construction index. This index shows the variation in

tValues for the Marshall and Swift equipment cost indexes are published each month in Chemical
Engineering. For a complete description of these indexes, see R. W. Stevens, Chem. Eng., 54(11):124
(Nov., 1947). See dso Chem. Eng., 85(11):189 (May 8, 1978) and 92(9):75 (April 29, 1985).

iThe Engineering News-Record construction cost index appears weekly in the Engineering News-
Record. For a complete description of this index and the revised basis, see Eng. News-Record,
143(9):398 (1949); 178(11):87 (1967). History is in March issue each year; for example, see Eng.
News-Record, 220(11):54 (March 15, 1988).

B T
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labor rates and materias costs for industrial construction. It employs a compos-

ite cost for 2500 Ib of structural steel, 1088 fbm of lumber, 2256 Ib of concrete,

and 200 h of common labor. The index is usualy reported on one of three
bases: an index value of 100 in 1913, 100 in 1949, or 100 in 1967.

Nelson-Farrar  Refinery  Congruction Cost Indext

Construction costs in the petroleum industry are the basis of the Nelson-Farrar
construction index. The total index percentages are weighted as follows:. skilled
labor, 30; common labor, 30; iron and steel, 20; building materials, 8; and
miscellaneous equipment, 12. An index value of 100 is used for the base year of
1946.

Chemical Engineering Plant Cost Indexi

Construction costs for chemical plants form the basis of the Chemical Engineer-
ing plant cost index. The four major components of this index are weighted by
percentage in the following manner: equipment, machinery, and supports, 61;
erection and ingalation labor, 22; buildings, materials, and labor, 7; and
engineering and supervision, 10. The maor component, equipment, is further
subdivided and weighted as follows: fabricated equipment, 37; process machin-
ery, 14, pipe, vaves, and fittings, 20; process instruments and controls, 7, pumps
and compressors, 7; electrical equipment and\ materials, 5; and structural
supports, insulation, and paint, 10. All index ‘components are based on
1957-1959 = 100.

Other Indexes and Analyss

There are numerous other indexes presented in the literature which can be used
for specialized purposes. For example, cost indexes for materials and labor for
various types of industries are published monthly by the U.S. Bureau of Labor
Statistics in the Monthly Labor Review. These indexes can be useful for special
kinds of estimates involving particular materials or unusual labor conditions.
Another example of a cost index which is useful for world-wide comparison of
cost charges with time is published periodicaly in Engineering Costs and

$The Nelson-Farrar refinery congtruction index is published the first week of each month in the oil
and Gus Journal. For a complete description of this index, see Oil Gas J., 63(14):185 (1965);
74(48):68 (1976); and 83(52):145 (1985).

$The Chemical Engineering plant cost index is published each month in Chemical Engineering. A
complete description of thisindex isin Chem. Eng., 70(4):143 (Feb. 18, 1963) with recapping and
updating in issues of 73(9):184 (April 25, 1966); 76(10):134 (May 5, 1969); 7%(25):168 (Nov. 13, 1972);
82(9):117 (April 28, 1975); 85(11):189 (May 8, 1978); 8%(8):153 (April 19, 1982); and 92(9):75 (April
29, 1985).
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Production Economics. This presents cost indexes for plant costs for various
countries in the world including Australia, Belgium, Canada, Denmark, France,
Germany, Italy, Netherlands, Norway, Japan, Sweden, the United Kingdom,
and the United States.?

Unfortunately, all cost indexes are rather artificial; two indexes covering
the same types of projects may give results that differ considerably. The most
that any index can hope to do is to reflect average changes. The latter may at
times have little meaning when applied to a specific case. For example, a
contractor may, during a slack period, accept a construction job with little profit’
just to keep his construction crew together. On the other hand, if there are
current local labor shortages, a project may cost considerably more than a
similar project in another geographical location.

For use with process-equipment estimates and chemical-plant investment
estimates, the Marshall and Swift equipment cost indexes and the Chemical
Engineering plant cost indexes are recommended. These two cost indexes give
very similar results, while the Engineering News-Record construction cost index,
relative with time, has increased much more rapidly than the other two because
it does not include a productivity improvement factor. Similarly, the Nelson-
Farrar refinery construction index has shown a very large increase with time and
should be used with caution and only for refinery construction.

COST FACTORS IN CAPITAL INVESTMENT

Capital investment, as defined earlier, is the total amount of money needed to
supply the necessary plant and manufacturing facilities plus the amount of
money required as working capital for operation of the facilities. Let us now
consider the proportional costs of each maor component of fixed-capital
investment as outlined previously in Table 1 of this chapter. The cost factors
presented here are based on a careful study by Bauman and associates plus
additional data and interpretations from other more recent sourcest with input
based on modern industrial experience.

tFor methods used, see Eng. Costs Prod. Econ., 6(1):267 (1982).

tH. C. Bauman, “Fundamentals of Cost Engineering in the Chemica Industry,” Reinhold Publish-
ing Corporation, New Y ork, 1964; K. M. Guthrie, “Process Plant Estimating, Evaluation, and
Control,” Craftsman Book Company of America, Sofana Beach, CA, 1974, D. H. Allen and R. C.
Page, Revised Techniques for Predesign Cost Estimating. Chem. Eng., 82(5):142 (Mar. 3, 1975);
W. D. Baasdl, “Preliminary Chemical Engineering Plant Design,” American Elsevier Publishing
Company, Inc, New York, 1976; R. H. Perry and D. W. Green, “Chemical  Engineers  Handbook,”
6th ed, McGraw-Hill Book Company, Inc, New York, 1984; G. D. Ulrich, “A Guide to Chemica
Engineering Process Design and Economics,” Wiley, New York, 1984, R. K. Sinnott, “An Introduc-
tion to Chemical Engineering Design,” Pergamon Press, Oxford, England, 1983; P. F. ostwald,
“AM Cost Estimator,” McGraw-Hill Book Company, Inc, New York, 1988.
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TABLE 4
Typical percentagﬁ of fixed-capital investment values for direct and indirect

cost segments for multipurpose plants or large additions to existing facilities

Y

Component: Range, %
Direct costs
Purchased ~ equipmen 15-40
Purchasedequipment installation 6-14
Instrumentation  and controls  (installed) 2-8
Piping (instaled 3-20
Electricd  (installed 2-10
Buildings (including services) , - \ 3-18
Yard improvement. 2-5
Service facilities (installed) 8-20
Land 1-2
Total direct césts
Indirect costs
Engineering and supervision 4-21
Construction  expense 4-16
Contrector's ~ fee 2-6
Contingency 5-15

Totad  fixed-capitd  investment

Table 4 summarizes this typical variation in component costs as percent-
ages of fixed-capital investment for multiprocess grass-roots plants or large
battery-limit additions. A grass-roots plant is defined as a complete plant erected
on a new site. Investment includes all costs of land, site development, battery-
limit facilities, and auxiliary facilities. A geographical boundary defining the
coverage of a specific project is a battery limit. Usually this encompasses the
manufacturing area of a proposed plant or addition, including all process
equipment but excluding provision of storage, utilities, administrative buildings,
or auxiliary facilities unless so specified. Normally this excludes site preparation
and therefore, may be applied to the extension of an existing plant.

Example 1 Edimation of fixed-capital invesment usng ranges of processplant
component costs. Make a study estimate of the fixed-capital investment for a
process plat if the purchessdrequipment cogt is $100000. Use the ranges of
processplant component cogt outlined in Tade 4 for a process plant handing bath
glids and fluds with a high degee of autometic conrs and essantidly  outdoor
operation.
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Solution
Assumed ¢, Ratioed %
Components of total Cost of total
Purchased equipment 25 $100,000 23.0
Purchased-equipment installation 9 36,000 8.3
Instrumentation (installed) 7 28,000 6.4
Piping (installed) 8 32, 000 7.3
Electrical (installed) 5 20,000 4.6
Buildings (including services) 5 20,000 4.6
Yard improvements 2 8,000 1.8
Service facilities (installed) 15 60,000 13.8
Land 1 4,000 0.9
Engineering and supervision 10 40,000 9.2
Construction expense 12 48,000 11.0
Contractor’s fee 2 8,000 1.8
Contingency 8 32,000 7.3
$436,000 100.0

Range will vary from $371,000 to $501,000 for norm g] conditions; if g{nomy is
inflationary, it may vary from $436,000-$566,000.

Purchased Equipment

The cost of purchased equipment is the basis of several predesign methods for
estimating capital investment. Sources of equipment prices, methods of adjust-
ing eguipment prices for capacity, and methods of estimating auxiliary process
equipment are therefore essentia to the estimator in making reliable cost
estimates.

The various types of equipment can often be divided conveniently into (1)
processing equipment, (2) raw-materials handling and storage equipment, and
(3) finished-products handling and storage equipment. The cost of auxiliary
equipment and materials, such as insulation and ducts, should aso be included.

The most accurate method for determining process equipment costs is to
obtain firm bids from fabricators or suppliers. Often, fabricators can supply
quick estimates which will be very close to the bid price but will not involve too
much time. Second best in reliability are cost values from the file of past
purchase orders. When used for pricing new equipment, purchase-order prices
must be corrected to the current cost index. Limited information on process-
equipment costs has aso been published in various engineering journas. Costs,
based on January 1, 1990 prices, for a large number of different types and
capacities of eguipment are presented in Chaps. 14 through 16. A convenient
reference to these various cost figures is given in the Table of Contents and in
the subject index.
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Application of “six-tenth-factor” rule to costs for shell-and-tube heat exchangers.

Edimating Equipment Cods by Scaling

It is often necessary to estimate the cost of a piece of equipment when no cost
data are available for the particular size of operational capacity involved. Good
results can be obtained by using the logarithmic relationship known as the
six-tenths-factor rule, if the new piece of equipment is similar to one of another
capacity for which cost data are available. According to thisrule, if the cost of a
given unit at one capacity is known, the cost of a similar unit with X times the
capacity of the first is approximately (X)"° times the cost of the initial unit.

capac. equip. a 06 (1)
capac. equip. b

The preceding equation indicates that a log-log plot of capacity versus
equipment cost for a given type of equipment should be a straight line with a
slope equal to 0.6. Figure 6-5 presents a plot of this sort for shell-and-tube heat
exchangers. However, the application of the 0.6 rule of thumb for most pur-
chased equipment is an oversimplification of a valuable cost concept since the
actual values of the cost capacity factor vary from less than 0.2 to greater than
1.0 as shown in Table 5. Because of this, the 0.6 factor should only be used in
the absence of other information. In general, the cost-capacity concept should
not be used beyond a tenfold range of capacity, and care must be taken to make
certain the two pieces of equipment are similar with regard to type of construc-
tion, materials of construction, temperature and pressure operating range, and
other pertinent variables.

Cost of equip. a = cost of equip. b (
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TABLE 5
Typical exponents for equipment cost vs. capacity
Equipment Siie range Exponent
Blender, double cone rotary, c.s. S0-250 ft3 0.49
Blower,  centrifugal 103-10* ft>/min 0.59
Centrifuge, solid bowl, ¢.s. 10-102 hp drive 0.67
Crystallizer, vacuum baich, ¢.s. 500-7000 ft3 0.37
Compressor,  reciprocating, ar cooled, two-stage,
150 psi discharge 10-400 ft > /min 0.69
Compressor, rotary, singlestage, dliding vane,
150 psi discharge 102--103 3 /min 0.79
Dryer, drum, single vacuum 10-102 ft? 0.76
Dryer, drum, single amospheric 10-10? f? 0.40
Evaporator  (installed), horizontal tank 102-10* 2 0.54
Fan,  centrifugal 103-10* ft3/min 044
Fan, centrifuga 2 X 10%-7 x 10* §t3 /min 1.17
Heat exchanger, shell and tube, floating head, ¢.s.  100-400 ft? 0.60
Heat exchanger, shell and tube, fixed sheet, c.s. 100-400 ft2 0.44 \
Kettle, cast iron, jacketed 250-800 gal 0.27
Kettle, glass lined, jacketed 200-800 gd 031
Motor, squirrel cage, induction, 440 valts,
explosion  proof 520 hp 0.69
Motor, squirrel cage, induction, 440 valts,
explosion  proof 20-200 hp 0.99
Pump, reciprocating, horizontal cast iron
(includes  motor) 2-100 gpm 0.34
Pump, centrifugd, horizonta, cast steel
(includes  motor) 104-10° gpm x psi 0.33
Reactor, glass lined, jacketed (without drive) 50-600 gd 054
Reactor, s.s, 300 psi 102-10% gd 056
Separator,  centrifugd, ¢.s. 50-250 ft3 0.49
Tank, fla head, ¢.s. 10%-10* gd 0.57
Tank, cs., glass lined 102-10° gd 049 |
Tower, ¢.. 103-2x 108 Ib 0.62 |
Tray, bubble cup, c.s. 3-10 ft diameter 1.20 %
Tray, sSeve, cs. 3-10 ft diameter 0.86 *'

Example 2 Estimating cost of equipment using scaling factors and cost index.
The purchased cogt of a 50-gal glasslined, jacketed reactor (without drive) was
$8350 in 1981. Edimate the purchased cogt of a smilar 300-gal, glasslined,
jacketed reactor (without drive) in 1986. Use the annual average Marshal and
Swift equipment-cost index (dl industry) to update the purchase cost of the
reactor.

Solution. Marshall and Swift equipment-cost index (all industry)
(From Table 3) For 1981 721
(From Table 3) For 1986 798
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From Table 5, the equipment vs. capacity exponent is given as 0.54:

798 \ { 300 )"-5“

In 1986, cost of reactor = ($8350)(ﬁ)( 50

= $24,300

Purchased-equipment costs for vessels, tanks, and process- and materials-
handling equipment can often be estimated on the basis of weight. The fact that
awide variety of types of equipment have about the same cost per unit weight is
quite useful, particularly when other cost data are not available. Generally, the
cost data generated by this method are sufficiently reliable to permit order-of-
magnitude estimates.

Purchased-Equipment Installation

The installation of equipment involves costs for labor, foundations, supports,
platforms, construction expenses, and other factors directly related to the
erection of purchased equipment. Table 6 presents the general range of instal‘l\$\
tion cost as a percentage of the purchased-equipment cost for various types; o
equipment.

Installation labor cost as a function of equipment size shows wide varia-
tions when scaled from previous installation estimates. Table 7 shows exponents
varying from 0.0 to 1.56 for a few selected pieces of equipment.

TABLE 6 )
Installation cost for equipment as a

percentage of the purchased-equipment costt

Installation
Type of equipment cost, %
Centrifugdl  separators 20-60
Compressors 30-60
Dryers 25-60
Evaporators 25-90
Filters 65-80
Heat exchangers 30-60
Mechanical  crystallizers 30-60
Metal  tanks 30-60
Mixers 20-40
Pumps 25-60
Towers 60-90
Vacuum crystailizers 40-70
Wood tanks 30-60

t+ Adapted from K. M. Guthrie, “Process Plant
Estimating, Evauation, and Control,” Craftsman Book
Company of America Solana Beach, Cdlifornia, 1974.
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TABLE 7

Typical exponents for equipment installation labor vs. size
Equipment Size range Exponent
Conduit, auminum 0.5-2-in. diam. 0.49
Conduit, auminum 2-4-in. diam. 111
Motor, squirrel cage, induction, 440 volts 1-10 hp 0.19
Motor, squirrel cage, induction, 440 volts | 10-50 hp 0.50
Pump, centrifugal, horizontal 0.5-r.5hp 0.63
Pump, centrifugal, horizontal 1.5-40 hp 0.09
Tower, ¢.s. Constant  diam. 0.88
Tower, ¢.8. Congtant height, 1.56
Transformer, single phase, dry 9-225 kva 0.58
Transformer, single phase, oil, class A 15-225 kva 0.34
Tubular heat exchanger Any size 0.00

Tubular heat exchangers appear to have zero exponents, implyin%\thcat
direct labor cost is independent of size. This reflects the fact that such
equipment is set with cranes and hoists, which, when adequately sized for the
task, recognize no appreciable difference in size of weight of the equipment.
The higher labor exponent for installing carbon-steel towers indicates the
increasing complexity of tower internals (trays, downcomers, etc.) as tower
diameter increases.

Analyses of the total installed costs of equipment in a number of typical
chemical plants indicate that the cost of the purchased equipment varies from
65 to 80 percent of the installed cost depending upon the complexity of the
equipment and the type of plant in which the equipment is installed. Installation
costs for equipment, therefore, are estimated to vary from 25 to 55 percent of
the purchased-equipment cost.

Insulation Costs

When very high or very low temperatures are involved, insulation factors can
become important, and it may be necessary to estimate insulation costs with a
great dea of care. Expenses for equipment insulation and piping insulation are
often included under the respective headings of equipment-installation costs
and piping codts.

The total cost for the labor and materials required for insulating equip-
ment and piping in ordinary chemical plants is approximately 8 to 9 percent of
the purchased-equipment cost. This is equivalent to approximately 2 percent of
the total capital investment.

Instrumentation and Controls

Instrument costs, installation-labor costs, and expenses for auxiliary equipment
and materials constitute the major portion of the capital investment required for
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instrumentation. This part of the capital investment is sometimes combined with
the general equipment groups. Total instrumentation cost depends on the
amount of control required and may amount to 6 to 30 percent of the purchased
cost for al equipment. Computers are commonly used with controls and have
the effect of increasing the cost associated with controls.

For the normal solid-fluid chemical processing plant, a value of 13 percent
of the purchased equipment is normally used to estimate the total instrumenta-
tion cost. This cost represents approximately 3 percent of the total capital
investment. Depending on the complexity of the instruments and the service,
additional charges for instalation and accessories may amount to 50 to 70
percent of the purchased cost, with the installation charges being approximately
equal to the cost for accessories.

Piping

The cost for piping covers labor, valves, fittings, pipe, supports, and othenitems
involved in the complete erection of al piping used directly in the process. This
includes raw-material, intermediate-product, finished-product, steam, water, air,
sewer, and other process piping. Since process-plant piping can run as high as
80 percent of purchased-equipment cost or 20 percent of tied-capital invest-
ment, it is understandable that accuracy of the entire estimate can be seriously

affected by the improper application of estimation techniques to this one
component.

Piping estimation methods involve either some degree of piping take-off
from detailed drawings and flow sheets or using a factor technique when neither
detailed drawings nor flow sheets are available. Factoring by percent of pur-
chased-equipment cost and percent of fixed-capital investment is based strictly
on experience gained from piping costs for similar previoudy installed
chemical-process plants. Table 8 presents a rough estimate of the piping costs
for various types of chemical processes. Additional information for estimating

TABLE 8 o
Estimated cost of piping

Percent of  purchased-equipment Percent of - fixed-capita

investment
Type of
process plant Material Labor Total Total
Solid t 9 7 16 4
Solid-fluid 17 14 31 7
Fluid § 36 30 66 13

t A coal briquetting plant would be a typical solid-processing plant.

t A shale ail plant with crushing, grinding, retorting, and extraction
would be a typical solid-fluid processing plant.

§ A digillation unit would be a typical fluid-processing plant.
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TABLE 9

Component electrical costs as percent of total
electrical cost

Typical
Component Range, % vue, %
Power wiring 25-50 40
Lighting 1-25 12
Transformation and service 9-65 40
Instrument  control  wiring 3-8 5

The lower range is generally applicable to grass-roots single-product plants;
the higher percentages apply to complex chemical plants and expansions
to major chemical plants.

piping costs is presented in Chap. 14. Labor for instalation is esymaited as
approximately 40 to 50 percent of the total installed cost of piping. Méatsgial and
labor for pipe insulation is estimated to vary from 15 to 25 percent of the tota
installed cost of the piping and is influenced greatly by the extremes in
temperature which are encountered in the process streams.

Electrical Installations

The cost for electrical installations consists primarily of installation labor and
materials for power and lighting, with building-service lighting usually included
under the heading of building-and-services costs. In ordinary chemical plants,
electrical-installations cost amounts to 10 to 15 percent of the vaue of all
purchased equipment. However, this may range to as high as 40 percent of
purchased-equipment cost for a specific process plant. There appears to be little
relationship between percent of total cost and percent of equipment cost, but
there is a better relationship to fixed-capital investment. Thus, the electrical
installation cost is generally estimated between 3 and 10 percent of the fixed-
capital investment.

The electrical installation consists of four major components, namely,
power wiring, lighting, transformation and service, and instrument and control
wiring. Table 9 shows these componat cods as rdios of the toid dedricd ood.

Buildings Including Services

The cost for buildings including services consists of expenses for labor, materi-
als, and supplies involved in the erection of al buildings connected with the
plant. Costs for plumbing, heating, lighting, ventilation, and similar building
|vices ae induded The oog of huldngs indudng savicss for differet  types
of process plants, is shown in Tables 10 and 11 as a percentage of purchased-
equipment cost and tied-capital investment.
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TABLE 10
Cogt of buildings including services based on purchased-equipment cost

Percentage of  purchased-equipment  cost

New plant at New unit at
Type of process new site existing site Expansion a an
plant} (Grass  roots) (Battery  limit) existing site
Solid 68 25 15
Solid-fluid 47 29
Fluid 45 5-18% b

t See Table 8 for definition of types of process plants.
t The lower figure is applicable to petroleum refining and related industries.

TABLE 11
Cogt of buildings and services as a percentage of fixed-capital investment
for various types of process plants

Type of process New plant a New unit a Expanson a an
plant} new site existing site existing site
Solid 18 1 4

Solid-fluid 12 7 2

Fluid 10 2-4% 2

1 See Table 8 for definition of types of process plants.
t The lower figure is applicable to petroleum refining and related industries.

Yard Improvements

Costs for fencing, grading, roads, sidewalks, railroad sidings, landscaping, and
similar items congtitute the portion of the capital investment included in yard
improvements. Y ard-improvements cost for chemical plants approximates 10 to
20 percent of the purchased-equipment cost. Thisis equivalent to approximately
2 to 5 percent of the fixed-capital investment. Table 12 shows the range in
variation for various components of yard improvements in terms of the fixed-
capital investment.

Service Facilities

Utilities for supplying steam, water, power, compressed air, and fuel are part of
the service facilities of an industrial plant. Waste disposal, fire protection, and
miscellaneous service items, such as shop, first aid, and cafeteria equipment and
facilities, require capital investments which are included under the general
heeding of savicefadlies ocost

The totd cogt for savice fadliies in chamicd plats genedly ranges from
30 to 80 percent of the purchased-equipment cost with 55 percent representing
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TABLE 12
Typical variation in percent of fixed-capital investment
for yard improvements

Typical
Yard  improvement Range, % vaue, %
Ste clearing 0.4-1.2 0.8
Roads and walks 0.2-1.2 0.6
Railroads 0.3-0.9 0.6
Fences 0.1-0.3 02
Yard and fence lighting 0.1-0.3 0.3
Parking areas 0.1-0.3 0.2
Landscaping 0.1-0.2 01
Other  improvements 0.2-0.6 0.3

an average for a normal solid-fluid processing plant. For a single-product, small,
continuous-process plant, the cost is likely to be in the lower part of the range.
For a large, new, multiprocess plant at a new location, the costs are apt to be
near the upper limit of the range. The cost of service facilities, in terms of
capital investment, generaly ranges from 8 to 20 percent with 13 percent
considered as an average value. Table 13 lists the typica variations in percent-
ages of fixed-capital investment that can be encountered for various components
of service facilities. Except for entirely new facilities, it is unlikely that all
service facilities will be required in al process plants. This accounts to a large
degree for the wide variation range assigned to each component in Table 13.
The range aso reflects the degree to which utilities which depend on heat
balance are used in the process. Service facilities largely are functions of plant
physical size and will be present to some degree in most plants. However, not
dways will there be a need for each servicefacility component. The omission of
these utilities would tend to increase the relative percentages of the other
service facilities actually used in the plant. Recognition of this fact, coupled with
a careful appraisal as to the extent that service facilities are used in the plant,
should result in selecting from Table 13 a reasonable cost ratio applicable to a
specific  process  design.

Land

The cost for land and the accompanying surveys and fees depends on the
location of the property and may vary by a cost factor per acre as high as thirty
to fifty between a rura district and a highly industrialized area. As a rough

average, land costs for industrial plants amount to 4 to 8 percent of the
purchased-equipment cost or 1 to 2 percent of the total capital investment.
Because the value of land usually does not decrease with time, this cost should

not be included in the fixed-capital investment when estimating certain annual

operating costs, such as depreciation.
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TABLE 13 _ o
Typical variation in percent of fixed-capital investment
for service facilities

Typicd
Service  facilities Range, % value, %
Steam  generation 2.6-6.0 30
Steam  distribution 0.2-2.0 10
Water supply, cooling, and pumping 0.4-3.7 18
Water  treatment 0.5-2.1 13
Water  distribution 0.1-2.0 08
Electric  substation 0.9-2.6 13
Electric  distribution 04-21 10
Gas supply and distribution 0.2-0.4 0.3
Air compression and distribution 0.2-3.0 10
Refrigeration including  distribution 1.0-3.0 2.0
Process waste disposal 0.6-2.4 15
Sanitary waste  disposal 0.2-0.6 0.4
Communications 0.1-0.3 02
Raw-materid  storage 0.3-3.2 05
Finished-product  storage 0.7-2 4 15
Fire-protection  system 0.3-1.0 05
Safety  installations 0.2-0.6 04

Engnexing and Supeavison

The costs for construction design and engineering, drafting, purchasing, ac-
counting, construction and cost engineering, travel, reproductions, com-
munications, and home office expense including overhead constitute the capital
investment for engineering and supervision. This cost, since it cannot be directly
charged to equipment, materials, or labor, is normally considered an indirect
cost in fixed-capital investment and is approximately 30 percent of the pur-
chasdhequipment cot o 8 pacat of the told direct cods of the proces plat.
Typica percentage variations of tied-capital investment for various components
of engineering and supervision are given in Table 14.

Condrudion  BExpense

Another expense which is included under indirect plant cost is the item of
construction or field expense and includes temporary construction and opera
tion, construction tools and rentals, home office personnel located at the
construction site, construction payroll, travel and living, taxes and insurance,
and other construction overhead. This expense item is occasionally included
under equipment installation, or more often under engineering, supervision,
and construction. If construction or field expenses are to be estimated sepa-
rately, then Table 15 will be useful in establishing the variation in percent of
fixed-capital investment for this indirect cost. For ordinary chemical-process
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TABLE14 = =~ , N
Typical variation in percent of fixed-capital investment

for engineering and services

Typical
Component Range, % value, %
Engineering 1.5-6.0 2.2
Drafting 2.0-12.0 4.8
Purchasing 0205 0.3
Accounting, construction. and cost
engineering 02-1.0 0.3
Travel and living 0.1-1.0 0.3
Reproductions and communications 0.2-0.5 0.2
Total engineering and supervision
(including  overhead) 4,0-21.0 8.1

plants the construction expenses average roughly 10 percent of the total direct
costs for the plant.

Contractor’s Fee

The contractor’ s fee varies for different situations, but it can be estimated to be
about 2 to 8 percent of the direct plant cost or 1.5 to 6 percent of the
fixed-capital  investment.

Contingencies

A contingency factor is usually included in an estimate of capital investment to
compensate for unpredictable events, such as storms, floods, strikes, price

TABLE 15 _ o
Typical variation in percent of fixed-capital investment
for construction expenses

Typical
Component Range, % value, %
Temporary construction and opetations 1.0-3.0 1.7
Construction tools and rental 1.0-3.0 1.5
Home office personnel in field 0.2-2.0 0.4
Field payroll 0440 1.0
Travel and living 0.1-0.8 0.3
Taxes and insurance 1.0-2.0 1.2
Startup materials and labor 0.2-1.0 04
overhead 0.3-0.8 0.5

Total construction expanses 4.2-16.6 7.0
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changes, small design changes, errors in estimation, and other unforeseen
expenses, which previous estimates have statistically shown to be of a recurring
nature. This factor may or may not include allowance for escalation. Contin-
gency factors ranging from 5 to 15 percent of the direct and indirect plant costs
are commonly used, with 8 percent being considered a fair average value.

Startup Expense

After plant construction has been completed, there are quite frequently changes
that have to be made before the plant can operate at maximum design
conditions. These changes involve expenditures for materials and equipment
and result in loss of income while the plant is shut down or is operating a only
partial capacity. Capital for these startup changes should be part of any capital
appropriation because they are essential to the success of the ventur:&These
expenses may be as high as 12 percent of the fixed-capita invet ment. In
general, however, an allowance of 8 to 10 percent of the fixed-capital investment
for this item is satisfactory.

Startup expense is not necessarily included as part of the required invest-
ment; so it is not presented as a component in the summarizing Table 26 for
capital investment at the end of this chapter. In the overall cost analysis, startup
expense may be represented as a one-time-only expenditure in the first year of
the plant operation or as part of the total capital investment depending on the

company  policies.

Methods for edimating capital investment

Various methods can be employed for estimating capital investment. The choice
of any one method depends upon the amount of detailed information available
and the accuracy desired. Seven methods are outlined in thischapter, with each
method requiring progressively less detailed information and less preparation
time. Consequently, the degree of accuracy decreases with each succeeding
method. A maximum accuracy within approximately +5 percent of the actual
capital investment can be obtained with method A.

METHOD A DETAILED-ITEM ESTIMATE. A detailed-item estimate requires
careful determination of each individual item shown in Table 1. Equipment and
material needs are determined from completed drawings and specifications and
are priced either from current cost data or preferably from firm delivered
guotations. Estimates of installation costs are determined from accurate labor
rates, efficiencies, and employee-hour calculations. Accurate estimates of engi-
neering, drafting, field supervision employee-hours, and field-expenses must be
detailed in the same manner. Complete site surveys and soil data must be
available to minimize errors in site development and construction cost esti-

mates. In fact, in this type of estimate, an attempt is made to firm up as much of
the estimate as possible by obtaining quotations from vendors and suppliers.
Because of the extensive data necessary and the large amounts of engineering
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time required to prepare such a detailed-item estimate, this type of estimate is
almost exclusively only prepared by contractors bidding on lump-sum work from
finished drawings and specifications.

METHOD B UNIT-COST ESTIMATE. The unit-cost method results in good
estimating accuracies for fixed-capital investment provided accurate records
have been kept of previous cost experience. This method, which is frequently
used for preparing definitive and preliminary estimates, also requires detailed
estimates of purchased price obtained either from quotations or index-corrected
cost records and published data. Equipment installation labor is evaluated as a
fraction of the delivered-equipment cost. Costs for concrete, steel, pipe, electri-
cals, instrumentation, insulation, etc., are obtained by take-offs from the draw-
ings and applying unit costs to the material and labor needs. A unit costt|is also
applied to engineering employee-hours, number of drawings, and specifi cations.

A factor for construction expense, contractor's fee, and contingency is estimated
from previoudy completed projects and is used to complete this type of
estimate. A cost equation summarizing this method can be given ast

Cn = [E(E + EL) + z:(foMx +fyMl’.) + EfeI_Ie + Zfddn](fl“) (2)

where C, = new capita investment
E = purchased-equipment cost
E, = purchased-equipment labor cost

f, = specific material unit cost, eg., f, = unit cost of pipe
M, = specific material quantity in compatible units
fy specific material labor unit cost per employee-hour
labor employee-hours for specific material

fe unit cost-for engineering

H, = engmeermg employee-hours
unit cost per drawing or specification
d = number of drawings or specifications
fF = construction or field expense factor always greater than 1

1 H

|| ]

Approximate corrections to the base equipment cost of complete, main-plant
items for specific materials of construction or extremes of operating pressure
and temperature can be applied in the form of factors as shown in Table 16.

METHOD C PERCENTAGE OF DELIVERED-EQUIPMENT COST. This method
for estimating the fixed or total-capital investment requires determination of the
delivered-equipment cost. The other items included in the total direct plant cost
are then estimated as percentages of the delivered-equipment cost. The addi-
tional components of the capital investment are based on average percentages
of the total direct plant cost, total direct and indirect plant costs, or total capital

tH. C. Bauman, “Fundamentals of Cost Engineering in the Chemical Industry,” Reinhold Publish-
ing Corporation, New York, 1964.



TABLE 16

Correction factors for operating pressure,
operating temperature, and material of construction
to apply for fixed-capital investment of major plant

itemsti

Operating pressure, psa (am)

Correction  factor

0.08 (0.005)
0.2 (0.014)
0.7 (0.048)

~700.54 (48) 100 (69)

3000  (204)
6000 (408)

13
12
11
1.0 (besd)
1

1.3

Operding temperdure, °C

Correction  factor

-80

0

100
600
5,000
10,000

13
1.0 (base)
1.05
11
1.2
14

Materid  of  congtruction

Correction  factor

Cabon  sted-mild
Bronze
Carbon/molybdenum
Aluminum

Cst sed

Stainless  sted
Worthite dloy
Hastelloy C dloy
Monel dloy
Nickel/inconel aloy
Titanium

1.0 (base)
1.05
1.065
1.075
11

128 to 15
14

154

165

17

20

t Adapted from D. H. Allen and R. C. Page, Revised
Techniques for Predesign Cost Estimating, Chem. Eng., 82(5):

142 (March 3, 1975).

1 It should be noted that these factors are to be used
only for complete main-plant items and serve to correct from
the base case to the indicated conditions based on pressure or
temperature extremes that may be involved or specid materias
of condruction tha may be required. For the case of gmall o
sngle pieces of equipment which are completely dedicated to
the extreme conditions, the factors given in this teble may be
far too low and factors or methods given in other pats of this

book must be used.
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investment. This is summarized in the following cost equation:

C,=[EE+L(fLE+HE+fE+ . .)I(f) (3)

where f,, f,... = multiplying factors for piping, electrical, instrumentation, etc.
f; = indirect cost factor always greater than 1.

The percentages used in making an estimation of this type should be
determined on the basis of the type of process involved, design complexity,
required materials of construction, location of the plant, past experience, and
other items dependent on the particular unit under consideration. Average
values of the various percentages have been determined for typical chemical
plants, and these values are presented in Table 17.

Estimating by percentage of delivered-equipment cost is commcily used

for preliminary and study estimates. It yields most accurate results when applied
to projects similar in configuration to recently constructed plants. For epmpara-
ble plants of different capacity, this method has sometimes been reported to
yield definitive estimate accuracies.

Example 3 Estimation of fixed-capital investment by percentage of delivered-
equipment cost. Prepare a study estimate of the tied-capital investment for the
process plant described in Example 1 if the delivered-equipment cost is $100,000.

Solution. Use the ratio factors outlined in Table 17 with modifications for
instrumentation and outdoor operation.

Components cost
Purchased equipment (delivered), E $100,000
Purchased equipment installation, 39% E 39,000
Instrumentation (installed), 28% E 28,000
Piping (installed), 31% E 31,000
Electricd (installed), 10% E 10,000
Buildings (including services), 22% E 22,000
Y ard improvements, 10% E 10,000
Service fadlities (ingtdled), 55% E 55,000

Land, 6% E 6,000
Totd direct plant cot D 301,000
Engineering  and  supervison, 32% E 32,000
Construction expenses, 34% E 34,000
Total direct and indirect cost (D +1) 367,000
Contractor’sfee, 5% (D + I) 18,000
Contingency, 10% (D + 1) 37,000
Fixed-capital investment $422,000

METHOD D “LANG” FACTORSFOR APPROXIMATION OF CAPITAL INVEST-
MENT. This technique, proposed originally by Langt and used quite frequently
to obtain order-of-magnitude cost estimates, recognizes that the cost of a

tH. J. Lang, Chem. Eng., 54(10):117 (1947); H. J. Lang, Chem. Eng., 55(6):112 (1948).
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TABLE 17

Ratio factors for estimating capital-investment items based on delivered-
equipment cost

Vaues presented are applicable for major process plant additions to an existing site where the
necessary land is available through purchase or present ownership.? The values are based on
fixed-capita investments ranging from under $1 million to over $20 million.

Percent of deliveredequipment cost for

Solid- Solid-fluid- Fluid-
processing processing processing
Item plant} plant % plant ¢
Direct  costs
Purchased  equipment-delivered  (including ‘
fabricated equipment and process machinery) § 100 100 100
Purchased-equipment installation 45 39 47
Instrumentation and  controls  (installed) 9 13 18
Piping (installed) 16 31 66
Electricd  (installed) 10 10 11
Buildings (including services) 25 29 18
Yard improvements 13 10 10
Service facilities  (installed) 40 55 70
Land (if purchase is required) 6 6 6
Total direct plant cost 264 293 346
Indirect costs
Engineering and  supervision 33 32 33
Construction  expenses 39 34 41
Total direct and indirect plant costs 336 359 420
Contractor's fee (about 5% of direct and
indirect plant costs) 17 18 21
Contingency (about 10% of direct and
indirect plant costs) 34 36 42
Fixed-capital ~ investment 387 413 483
Working capita (about 15% of total capital
investment) 68 74 86
Total capitdl  investment 455 487 569

t Because of the extra expense involved in supplying service facilities, storage facilities, loading
terminals, transportation facilities, and other necessary tilities a a completely undeveloped site,
the fved-capital invesment for a new plant located a an undeveloped sSte may be as much as
100 percent greater than for an equivalent plant constructed as an addition to an existing plant.

1 See Table 8 for definition of types of process plants.

§ Includes pumps and compressors.
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TABLE 18 S
Lang multiplication factors for estimation of

fixed-capital investment or total capital investment

Factor x delivered-equipment cost = fixed-capitd investment
or total capita investment for major additions to an existing

plant.
Factor for
Fixed-capitd Totd  capital
Type of plant investment investment l’
I

Solid- Processmg plant 39 4.6 \
Solid-tluid-processing plant 41 49

Fluid-processing plant 4.8 5.7

process plant may be obtained by multiplying the basic equipment cost by some
factor to approximate the capital investment. These factors vary depending
upon the type of process plant being considered. The percentages given in
Table 17 are rough approximations which hold for the types of process plants
indicated. These values, therefore, may be combined to give Lang multiplication
factors that can be used for estimating the total direct plant cost, the fixed-capital
investment, or the total capital investment. Factors for estimating the fixed-
capital investment or the total capital investment are given in Table 18. It
should be noted that these factors include costs for land and contractor’s fees.

Greater accuracy of capital investment estimates can be achieved in this
method by using not one but a number of factors. One approach is to use
different factors for different types of equipment. Another approach is to use
separate factors for erection of equipment, foundations, utilities, piping, etc., or
even to break up each item of cost into material and labor factors.? With this
approach, each factor has a range of values and the chemical engineer must rely
on past experience to decide, in each case, whether to use a high, average, or
low figure.

Since tables are not convenient for computer calculations it is better to
combine the separate factors into an equation similar to the one proposed by
Hirsch and Glazier}

Co=Fi[EQ + fr+f, + fu) + Ei + 4] 4

tFurther discussions on these methods may be found in W. D. Baasel, “Preliminary Chemical
Engineering Plant Design,” American Elsevier Publishing Company, Inc., New York, 1976; S. G.

Kirkham, Preparation and Application of Refined Lang Factor Costing Techniques, AACE Bul.,

15(5):137 (Oct, 1972); C. A. Miller, Capitd Cost Edtimating-A Science Rather Than an Art, Cost
Engineers’ Notebook, ASCE A-1666 (Jung, 1978).

$J. H. Hirsch and E. M. Glazier, Chem. Eng. Progr., 56(12):37 (1960).
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where the three installation-cost factors are, in turn, defined by the following
three equations:

log fr=0.635 = 0.15410g0.001E - 0.992; + 0.506% (5)
log f, = -0.266 — 0.01410g0.001E — 0.156; + 0.556—2- (6)
log f,, = 0.344 + 0.033 log0.001 E + 119 (7)

and the various parameters are defined accordingly:

E = purchased-equipment on an f.o.b. basis
f, = indirect cost factor always greater than 1 (normally taken as 1.4)
fr = cost factor for field labor
f, = cost factor for piping materials
f,, = cost factor for miscellaneous items, including the materials cost for insula-
tion, instruments, foundations, structural steel, building, wiring, painting,
and the cost of freight and field supervision
E; = cost of equipment aready installed at site
A = incremental cost of corrosion-resistant alloy materials
e = total heat exchanger cost (less incremental cost of aloy)
Jf, = total cost of field-fabricated vessels (less incremental cost of alloy)
p =total pump plus driver cost (less incremental cost of aloy)
t =total cost of tower shells (less incremental cost of alloy)

Note that Eq. (4) is designed to handle both purchased equipment on an f.o.b.
basis and completely installed equipment.

METHOD E POWER FACTOR APPLIED TO PLANT-CAPACITY RATIO. This
method for study or order-of-magnitude estimates relates the fixed-capita
investment of a new process plant to the fixed-capital investment of similar
previously constructed plants by an exponential power ratio. That is, for certain
similar process plant configurations, the fixed-capital investment of the new
facility is equal to the fixed-capital investment of the constructed facility C
multiplied by theratio R, defined as the capacity of the new facility divided by
the capacity of the old, raised to a power y, This power has been found to
average between 0.6 and 0.7 for many process facilities. Table 19 gives the
capacity power factor (x) for various kinds of processing plants.

c, = CR" (8)

A closer approximation for this relationship which involves the direct and
indirect plant costs has been proposed as

C.=f[D(R)" + 1] 9)
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TABLE 19

Capital-cost data for processing plants (1990)+

$ of fixed-
Fixed- capital Power factor (x)}
Product Typical capital investment for plant-
or plant size, investment, per annual capacity
process Process remarks 1000 tons / yr  million § ton of product ratio
Chemical plants

Acetic &cid CH,0OH and CO-catalytic 10 6 650 0.68
Acetone Propylene-copper  chloride  catalyst 100 32 320 0.45
Ammonia Steam reforming 100 24 240 0.53
Ammonium nitrate Ammonia and nitric &cid 100 5 50 0.65
Butanol Propylene, CO, and H,O-—catalytic 50 40 800 0.40
Chlorine Electrolysis of NaCl 50 28 550 0.45
Ethylene Refinery  gases 50 13 260 0.83
Ethylene oxide Ethylene-catalytic 50 50 1000 0.78
Formaldehyde

(37%) Methanol-catalytic 10 16 1600 0.55
Glycol Ethylene and chlorine 5 15 2900 0.75
Hydrofluoric ~ acid Hydrogen fluoride and H,0 10 8 800 0.68
Methanol CO,, naturd gas, and steam 60 13 200 0.60
Nitric acid

(high  strength) Ammonia-catalytic 100 6 65 0.60
Phosphoric  acid Cdcium phosphate and H,SO, 5 3 650 0.60
Polyethylene

(high  density) Ethylene-catalytic 5 16 3200 0.65
Propylene Refinery  gases 10 3 320 0.70
Sulfuric  acid Sulfur-catalytic 100 3 32 0.65
Urea Ammonia and CO, 60 8 130 0.70
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TABLE 19 ) .
Capital-cost data for processing plants (1990) (Continued)
Fixed- $ of fixed- Power factor (x)

Product Typical capital capital for plant-
or plant size, investment, investment capacity
process Process remarks 1000 bbl / day  million $ per bbl / day  ratio

Refinery units
Alkylation (H,SO,) Catalytic 10 19 1900 0.60
Coking (delayed) Thermal 10 26 2600 0.38
Coking (fluid) Thermal 10 16 1600 0.42
Cracking (fluid) Catalytic 10 16 1600 0.70
Cracking Thermal 10 5 500 0.70
Distillation (atm.) 65%  vaporized 100 32 3m 0.90
Distillation (vac.) 65%  vaporized 100 19 200 0.70
Hydrotreating Catalytic desulfurization 10 3 320 0.65
Reforming Catalytic 10 29 2900 0.60
Polymerization Catalytic 10 5 500 0.58

t Adapted from K. M. Guthrie, Capital and Operating Costs for 54 Chemical Processes, Chem. Eng., T13):140 (June 15, 1970) and K. M.

Guthrie, “ Process Plant Estimating, Evaluation, and Control,” Craftsman Book Company of America, Solana Beach, California. 1974. See also
J. E. Haselbarth, Updated Investment Costs for 60 Chemical Plants, Chem. Eng., T4(25):214 (Dec. 4, 1967) and D. Drayer, How to Estimate Plant
Cost-Capacity Relationship, Petro/Chem Engr., 42(5):10 (1970).
+ These power factors apply within roughly a three-fold ratio extending either way from the plant size as given.
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TABLE 20
Relative labor rate and productivity indexes in the

chemical and allied products industries for the United States
(1989)t

Relative Relative

labor productivity
Geographical area rate factor
New England 1.14 0.95
Middle Atlantic 1.06 0.96
South Atlantic 0.84 0.91
Midwest 1.03 1.06
Gulf 0.95 1.22
Southwest 0.88 1.04
Mountain 0.88 0.97
Pacific Coast 1.22 0.89

+ Adapted from J. M. Winton, Plant Sites, Chem. Week, 121(24):49 (Dec. 14, 1977),
and updated with data from M. Kiley, ed., “National ~ Construction  Estimator,”  37th
ed., Craftsman Book Company of America, Carlsbad, CA, 1989. Productivity, as
considered here, is an economic term that gives the value added (products minus
raw materials) per dollar of total payroll cost. Relative values were determined by
taking the average of Kiley's weighted state values in each region divided by the
weighted average value of all the regions. See also Tables 23 and 24 of this chapter;
H. Popper and G. E. Weismantel, Costs and Productivity in the Inflationary 1970,
Chem. Eng., 77(1):132 (Jan. 12, 1970); and C. H. Edmondson, Hydrocarbon Process.,
53(7):167 (1974).

where f is a lumped cost-index factor relative to the origina installation cost. D
is the direct cost and Z is the total indirect cost for the previously installed
facility of a similar unit on an equivalent site. The value of x approaches unity
when the capacity of a process facility is increased by adding identical process
units instead of increasing the size of the process equipment. The lumped
cost-index factor f is the product of a geographical labor cost index, the
corresponding area labor productivity index, and a material and equipment cost
index. Table 20 presents the relative median labor rate and productivity factor
for various geographical areas in the United States.

Example 4 Estimating relative costs of construction labor as a function of
geographical area. If a given chemical process plant is erected near Dallas
(Southwest area) with a construction labor cost of $100,000 what would be the
construction labor cost of an identical plant if it were to be erected at the same
time near Los Angeles (Pacific Coast Area) for the time when the factorsgivenin
Table 20 apply?

Solution
Relative median labor rate-Southwest 0.88 from Table 20
Relative median labor rate-Pacific Coast 1.22 from Table 20

122
Relative labor rate ratio = Y = 1.3864
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Relative productivity factor-Southwest 1.04 from Table 20
Relative productivity factor-Pacific Coast 0.89 from Table 20

0.89
Relative productivity factor ratio = T = (0.8558

Congtruction labor cost of Southwest to Pecific Coast = (1.3864) /(0.8558) = 1.620
Construction labor cost & Los Angdes = (1.620X$100,000) = $162,000

To determine the fixed-capital investment required for a new simmitar—
single-process plant at a new location with a different capacity and with the
same number of process units, the following relationship has given good results:

C
C,= Rx[fEE+fMM+foFeL(EL+fy L)] D= C -1 (10)

where fp = current equipment cost index relative to cost of the purchased
equipment
fu = current material cost index relative to cost of material

M = materia cost
fi = current labor cost index in new location relative to E, and M/ at

old location

e, = labor efficiency index in new location relative to £, and M/ a old
location

E, = purchased-equipment labor cost

M = labor employee-hours for specific material
= gpecific materia labor cost per employee-hour
C = origina capita investment

In those situations where estimates of fixed-capital investment are desired
for a similar plant at a new location and with a different capacity, but with
multiples of the original process units, Eq. (11) often gives results with some-
what better than study-estimate accuracy.

c
C, = [ RfcE + R*fuM + R*f, fre (EL+ [,M)| (D=7 (1)

More accurate estimates by this method are obtained by subdividing the
process plant into various process units, such as crude distillation units, reform-
ers, akylation units, etc., and applying the best available data from similar
previoudly installed process units separately to each subdivision. Table 19 lists
some typical process unit capacity-cost data and exponents useful for making
this type of estimate.

Example5 Egimation of fixed-capital investment with power factor applied to
plant-capacity ratio. If the process plant, described in Example 1, was erected in
the Dallas area for a fixed-capital investment of $436,000 in 1975, determine what
the estimated fixed-capital investment would have been in 1980 for a similar
process plant located near Los Angeles with twice the process capacity but with an
equal number of process units? Use the power-factor method to evauate the new
fixed-capital investment and assume the factors given in Table 20 apply.
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Solution. If Eq. (8) is used with a 0.6 power factor and the Marshall and Swift
al-indugtry  index (Table 3), the fixed-capitd investment is

C, = Cfe(R)"
C, = (436, 000)( )(2)06 = $982,000

If EQ. (8) is used with a 0.7 power factor and the Marshall and Swift all-industry
index (Table 3), the fixed-capital investment is

C, = (436, 000)(444)(2)"7 = $1,053,000

If Eq (9 is used with a 06 power factor, the Marshdl and Swift al-industry index
(Table 3), and the relative labor and productivity indexes (Table 20), the fixed-
capitd  investment  is

C,=f[D(R)" +1]
where f = fi.f, e;,and D and Z are obtained from Example 1,

¢, = () (122} (2241 308 000)(2)°* + 128,000]
"_(444)(0.88)(089) ( )@

C, = (1.486)(1.620)(467.000 + 128,000)
C, = $1,432,000
If Eq. (9 is used with a 07 power factor, the Marshdl and Swift al-industry
index (Table 3), and the relative labor and productivity indexes (Table 20), the
fixed-capitd  investment  is
C, = $1,513,000
Results obtained using this procedure have shown high correation with
fixed-capital investment estimates that have been obtained with more detailed
techniques. Properly used, these factoring methods can yield quick fixed-capital
investment requirements with accuracies sufficient for most economic-evalua
tion purposes.

METHOD F I NVESTMENT COST PER UNI T OF CAPACI TY. Many data have
been published giving the fixed-capital investment required for various pro-
cesses per unit of annual production capacity such as those shown in Table 19.

Although these values depend to some extent on the capacity of the individua

plants, it is possible to determine the unit investment costs which apply for
average conditions. An order-of-magnitude estimate.of the fixed-capital invest-
ment for a given process can then be obtained by multiplying the appropriate
investment cost per unit of capacity by the annual production capacity of the
proposed plant. The necessary correction for change of costs with time can be
made with the use of cost indexes.

METHCD G TURNOVER RATI GS. A rapid evauation method suitable for or-
der-of-magnitude estimates is known as the “turnover ratio” method. Turnover
ratio is defined as the ratio of gross annual sales to the fixed-capital investment,

gross annual sales

Tumover ratlo = o capital investment (12)
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where the product of the annual production rate and the average selling price of
the commodities is the gross annual sales figures. The reciprocal of the turnover
ratio is sometimes defined as the capital ratio or the investment ratio.f Turnover
ratios of up to 5 are common for some business establishments and some are as
low as 0.2. For the chemica industry, as a very rough rule of thumb, the ratio
can be approximated as 1.

ORGANIZATION FOR PRESENTING CAPITAL

INVESTMENT ESTIMATES BY
COMPARTMENTALIZATION

The methods for estimating capital investment presented in the preceding
sections represent the fundamental approaches that can be used. However, the
direct application of these methods can often be accomplished with consider-
able improvement by considering the fixed-capital investment requirement by
parts. With this approach, each identified part is treated as a separate unit to
obtain the total investment cost directly related to it. Various forms of compart-
mentalization for this type of treatment have been proposed. Included in these
are (1) the modular estimate,+ (2) the unit-operations estimate,§ (3) the func-
tional-unit estimate,y and (4) the average-unit-cost estimate.t+

The same principle of breakdown into individual components is used for
each of the four approaches. For the modular estimate, the basisis to consider
individual modules in the total system with each consisting of a group of similar
items. For example, al heat exchangers might be included in one module, al
furnaces in another, all vertical process vessels in another, etc. The total cost
estimate is considered under six general groupings including chemica process-
ing, solids handling, site development, industrial buildings, offsite facilities, and

tWhen the term investment raio iS used, the investment is usualy considered to be the total capital
investment which includes working capital as well as other capitaized costs.

iW. J Dodge et a., Metropolitan New York Section of AACE, The Module Estimating Technique
as an Aid in Developing Plant Capita Costs, Trans. AACE (1962); K. M. Guthrie, Capitd Cost
Estimating, Chem. Eng., 76(6):114 (March 24, 1969); K. M. Guthrie, “Process Plant Estimating,
Evaluation, and Control,” Craftsman Book Company of America, Solana Beach, CA, 1974;
A. Pikulik and H. E. Diaz, Chem. Eng., 84(21):106 (Oct. 10, 1977); R. H. Perry and D. H. Green,
“Chemical Engineers Handbook,” 6th ed., McGraw-Hill Book Company, Inc, New York, 1984.
§E. F. Hendey, “The Unit-Operations Approach,” American Associaion of Cost Engineers, Paper
presented a Annual Meeting, 1967, E. W. Merrow, K. E. Phillips, and C. W. Meyers, “Understand-
ing Cost Growth and Performance Shortfals in Pioneer Process Plants” Rand Corporation, Santa
Monica, CA, 1981; see dso Chem. Eng., 88(3):41 (Feb. 9, 1981).

YA. V. Bridgewater, The Functional-Unit Approach to Rapid Cost Estimation, AACE Bull.,
18(5):153 (1976).

++C. A. Miller, New Cost Factors Give Quick Accurate Estimates, Chem. Eng., 72(19):226 (Sept. 13,
1965); C. A. Miller, Current Concepts in Capital Cost Forecasting, Chem. Eng. Progr., 69(5):77
(1973); 0. P. Charbanda, “Process Plant and Equipment Cost Estimation,” Craftsman Book
Company of America Solana Beach, CA, 1979; S Cran, Improved Factored Method Gives Better
Preliminary Cost Estimates” Chem. Eng., 88(7):79 (Apr. 6, 1981).
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project indirects. As an example of an equipment cost module for heat exchang-
ers, the module would include the basic delivered cost of the piece of equip-
ment with factors similar to Lang factors being presented for supplemental
items needed to get the equipment ready for use such as piping, insulation,
paint,- labor, auxiliaries, indirect costs, and contingencies.

In presenting the basic data for the module factors, the three critical
variables are size or capacity of the equipment, materials of construction, and
operating pressure with temperature often being given as a fourth critical
variable. It is convenient to establish the base cost of al equipment as that
constructed of carbon steel and operated at atmospheric pressure. Factors, such
as are presented in Table 16, are then used to change the estimated costs of the
equipment to account for variation in the preceding critical variables. Once the
equipment cost for the module is determined, various factors are applied to
obtain the fina fixed-capital investment estimate for the item completely in-
stalled and ready for operation. Figure 6-6 shows two typica module ap-
proaches with Fig. 6-6a representing a module that applies to a “normal”
chemical process where the overall Lang factor for application to the f.o.b. cost
of the origina equipment is 3.482 and Fig. 6-6b representing a “normal”
module for a piece of mechanical equipment where the Lang factor has been
determined to be 2.456.

The modules referred to in the preceding can be based on combinations of
equipment that involve similar types of operations requiring related types of
auxiliaries. An example would be a didtillation operation requiring the distilla-
tion column with the necessary auxiliaries of reboiler, condenser, pumps, holdup
tanks, and structural supports. This type of compartmentalization for estimating
purposes can be considered as resulting in a so-called unit-operations estimate.
Similarly, the functional-unit estimate is based on the grouping of equipment by
function such as distillation or filtration and including the fundamental pieces of
equipment as the initial basis with factors applied to give the final estimate of
the capital investment.

The average-unit-cost method puts special emphasis on the three variables
of size of equipment, materials of construction, and operating pressure as well
as on the type of process involved. In its smplest form, al of these variables and
the types of process can be accounted for by one number so that a given factor
to convert the process equipment cost to total fixed-capital investment can apply
for each “average unit cost.” The latter is defined as the total cost of the
process equipment divided by the number of equipment items in that particular
process. As the “average unit cost” increases, the size of the factor for
converting equipment cost to total fixed-capital investment decreases with a
range of factor values applicable for each “average unit cost” depending on the
particular type of process, operating conditions, and materials of construction.

ESTIMATION OF TOTAL PRODUCT COST

Methods for estimating the total capital investment required for a given plant
are presented in the first part of this chapter. Determination of the necessary
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capital investment is only one part of a complete cost estimate. Another equally
important part is the estimation of costs for operating the plant and selling the
products. These costs can be grouped under the general heading of total product
cost. The latter, in turn, is generally divided into the categories of manufacturing
costs and general expenses. Manufacturing costs are al'so known as operating or
production costs. Further subdivision of the manufacturing costs is somewhat
dependent upon the interpretation of direct and indirect costs.

Accuracy is as important in estimating total product cost as it is in
estimating capital investment costs. The largest sources of error in total-prod-
uct-cost estimation are overlooking elements of cost. A tabular form is very
useful for estimating total product cost and constitutes a valuable checklist to
preclude omissions. Figure 6-7 provides a suggested checklist which is typical of
the costs involved in chemical processing operations.

Total product costs are commonly calculated on one of three bases:
namely, daily basis, unit-of-product basis, or annual basis, The annual cost basis
is probably the best choice for estimation of total cost because (1) the effect of
seasonal variations is smoothed out, (2) plant on-stream time or equipment-
operating factor is considered, (3) it permits more-rapid calculation of operating
costs at less than full capacity, and (4) it provides a convenient way of
considering infrequently occurring but large expenses such as annual turnaround
costs in a refinery.

The best source of information for use in total-product-cost estimates is
data from similar or identical projects. Most companies have extensive records
of their operations, so that quick, reliable estimates of manufacturing costs and
general expenses can be obtained from existing records. Adjustments for in-
creased costs as a result of inflation must be made, and differences in plant site
and geographical location must be considered.

Methods for estimating total product cost in the absence of specific
information are discussed in the following paragraphs. The various cost ele-
ments are presented in the order shown in Fig. 6-7.

Manufacturing Costs

All expenses directly connected with the manufacturing operation or the physi-
cal equipment of a process plant itself are included in the manufacturing costs.
These expenses, as considered here, are divided into three classifications as
follows: (1) direct production costs, (2) fixed charges, and (3) plant-overhead
costs.

Direct production costs include expenses directly associated with the manu-
facturing operation. This type of cost involves expenditures for raw materias
(including transportation, unloading, etc.,); direct operating labor; supervisory
and clerical labor directly connected with the manufacturing operation; plant
maintenance and repairs;, operating supplies, power; utilities; royalties; and
caayds.
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It should be recognized that some of the variable costs listed here as part
of the direct production costs have an element of fixed cost in them. For
instance, maintenance and repair decreases, but not directly, with production
level because a maintenance and repair cost still occurs when the process plant
is shut down.

Fixed charges are expenses which remain practically constant from year to
year and do not vary widely with changes in production rate. Depreciation,
property taxes, insurance, and rent require expenditures that can be classified as
fixed charges.

Plant-overhead costs are for hospital and medical services, general plant
maintenance and overhead; safety services; payroll overhead including pensions,
vacation allowances, social security, and life insurance; packaging, restaurant
and recreation facilities, salvage services, control laboratories, property protec-
tion, plant superintendence, warehouse and storage facilities, and specia em-
ployee benefits. These costs are similar to the basic fixed charges in that they do
not vary widely with changes in production rate.

Genera  Expensss

In addition to the manufacturing costs, other general expenses are involved in
any company’s operations. These general expenses may be classified as (1)
administrative expenses, (2) distribution and marketing expenses, (3) research
and development expenses, (4) financing expenses, and (5) gross-earnings ex-
penses.

Administrative expenses include costs for executive and clerical wages,
office supplies, engineering and legal expenses, upkeep on office buildings, and
general communications.

Distribution and marketing expenses are costs incurred in the process of
selling and distributing the various products. These costs include expenditures
for materials handling, containers, shipping, sales offices, salesmen, technical
sales service, and advertising.

Research and development expenses are incurred by any progressive concern
which wishes to remain in a competitive industrial position. These costs are for
salaries, wages, special equipment, research facilities, and consultant fees re-
lated to developing new ideas or improved processes.

Financing expenses include the extra costs involved in procuring the money
necessary for the capita investment. Financing expense is usualy limited to
interest on borrowed money, and this expense is sometimes listed as a fixed
charge.

Gross-earnings  expenses are based on incometax laws. These expenses are
a direct function of the gross earnings made by all the various interests held by
the particular company. Because these costs depend on the company-wide
picture, they are often not included in predesign or preliminary cost-estimation
figures for a single plant, and the probable returns are reported as the gross
earnings obtainable with the given plant design. However, when considering net
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profits, the expenses due to income taxes are extremely important, and this cost
must be included as a specia type of general expense.

DIRECT PRODUCTION COSTS
Raw Materials

In the chemical industry, one of the magjor costs in a production operation is for
the raw materials involved in the process. The amount of the raw materials
which must be supplied per unit of time or per unit of product can be
determined from process material balances. In many cases, certain materials act
only as an agent of production and may be recoverable to some extent.
Therefore, the cost should be based on the amount of raw materials actualy
consumed as determined from the overall material balances.

Direct price quotations from prospective suppliers are preferable to pub-
lished market prices. For preliminary cost analyses, market prices are often used
for estimating raw-material costs. These values are published regularly in
journals such as the Chemical Marketing Reporter (formerly the Qil, Paint, and
Drug Reporter ),

Freight or transportation charges should be included in the raw-materia
costs, and these charges should be based on the form in which the raw materias
are to be purchased for use in the final plant. Although bulk shipments are
cheaper than smaller-container shipments, they require greater storage facilities
and inventory. Consequently, the demands to be met in the final plant should be
considered when deciding on the cost of raw materials.

The ratio of the cost of raw materias to total plant cost obviously will vary
considerably for different types of plants. In chemical plants, raw-material costs
are usualy in the range of 10 to 50 percent of the total product cost.

Operating Labor

In general, operating labor may be divided into skilled and unskilled labor.
Hourly wage rates for operating labor in different industries at various locations
can be obtained from the U.S. Bureau of Labor Monthly Labor Review. For
chemical processes, operating labor usually amounts to about 15 percent of the
total product cost.

In preliminary costs analyses, the quantity of operating labor can often be
estimated either from company experience with similar processes or from
published information on similar processes. Because the relationship between
labor requirements and production rate is not aways a linear one, a 0.2 to 0.25
power of the capacity ratio when plant capacities are scaled up or down is often
used.

If a flow sheet and drawings of the process are available, the operating
labor may be estimated from an analysis of the work to be done. Consideration
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TABLE21 . .
Typical labor requirements for process equipment
Workers/
unit/
Type of equipment shift
Dryer, rotay T
Dryer, spray 1
1
Dryer, tray N
. 1 1
Centrlfqgal separatorl e
Cryddlizer, ~ mechanicdl <
Filter,  vacuum +—
Evaporator 3
Reactor, bat