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THESIS SUMMARY

The problem of finding the optimum sequence of a train of distillation columns to
separate a multicomponent mixture has received much previous attention. The solutions to
this complicated problem are complex, and probably because of this, little or no progress
has been made in solving the common but more difficult problem of finding the optimum
sequence of a train of separation methods (for example, distillation combined with
hiquid-liquid extraction, gas absorption and extractive distillation).

This work introduces simplified methods for optimising a separation by distillation,
based upon new concepts. These are "energy flow per unit area of distillation column
cross-section” which may be used to produce correlations of distillation column cost,
energy cost and optimum reflux ratio, all as functions of pressure or flow parameter; and
"the Binary Distillation Total Vapour Load (BDTVL)" which 1s defined and then used to
derive a simple equation for finding the optimum sequence of a train of distillation columns.

The equation 1s shown to represent the most powerful heuristics (rules of thumb) found in
the literature.

These simplified procedures are evaluated by means of detailed but conventional
design and costing methods which are put into extensive computer programs.

The BDTVL method is also used to develop a simple equation for the screening of
solvents in an extractive distillation process. .

An extensive test of the BDTVL method showed that it finds the optimum sequence
for all the problems used as examples in the more complicated methods of previous work.
However, in a further test, mixtures were sought and found where the BDTVL method
failed. Even here it is shown that sequences predicted to be optimum by the BDTVL
equation are likely to be those most suitable for energy integration. It 1s proposed that this
will form the basis for future work.

KEY WORDS: SEQUENCES OF DISTILLATION; HEURISTICS; PROCESS
SYNTHESIS; OPTIMUM DISTILLATION; EXTRACTIVE

DISTILLATION.
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CHAPTER ONE

INTRODUCT ION

Processes for separating multicomponent mixtures into
multiple products often consist of a sequence of two or more
separators, each of which produces generally two, but sometimes
more than two, product or intermediate streams. These processes,
usual ly referred to as separation processes, form a significant
portion of the total capital investment in a chemical plant. As
such, a great deal of interest has always been generated for their
process synthesis. Process synthesis is a step in design where the
chemical engineer selects the component parts and how to

interconnect them to create his flowsheet.

For separation processes, synthesis may call for three tasks

so as to meet the specified process requirements:

(1) Selection of methods of separation,

(2) The development of procedures which will produce optimal
or near optimal separation sequences; and

(3) Finding the optimun value for the design variables (e.g

reflux ratio in a distillation column).

Our primary concern in this research Is on the second task.
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For many years now, designh engineers have had to face the
problem of selecting the least expensive separation sequences for
a given multicamponent mixture. This problem is most comon in the
petroleum and petrochemical industries where it is usually
necessary to separate multicomponent mixtures into relatively pure
products. This task of selecting the least expensive separation
sequence often represents a formidable conbinatorial problem.
Thompson and King(1972) gives the number of possible sequences for

a mixture of M canponents to be separated into M pure component

products as

_ [Z2Z(M - 1)]
Se = WTwIT DT e (1.1)

As can be observed from the Equation (1.1), the results of
which are tabulated in Table E1-1 (Appendix E) for up to ten
components, the nunber of possible sequences increases rapidly as

the nunber of caomponents in the feed IncCreases.

Examination of the | literature shows that the techniques for
determining the optimal sequence of separation processes can be

classified into three:

(1) Heuristic techniques: these seek the solution to the

problem by means of plausible rules of thumb resulting fran the

long engineer ing experience.
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(2) Evolutionary techniques: these seek to find a new and
hopefully an optimal sequence by modification of previously

generated seguences.

(3) Algorithmic techniques: consider the sequencing probliem
as a minimization problem. They attempt to obtain the best
sequence using wel l-known optimisation methods developed in the

area of nonlinear mathematical programming.

These techniques, apart from the heuristic techniques, are
complex and time consuming. This is even with the simpl i fying
assumptions which are usually made. In other words, they are
usually very rigorous and their applications require a special
mathematical background and computational skills and a ot of
computer space and time from the user. The problem of distillation
sequencing which has received much attention, has become so
compliex, that the introduction of other separation methods into
the sequence would not be an easy one. And it seems unlikely that
further progress can be made on the problem of sequencing of
distillation colunmns let alone that of separation processes
without saome simplification. Therefore, there is still the need to
develop simple procedures for the sequencing problem. Some other
authors [e.g Stephanopoulos et al(1982)] have made simi lar
observations. Such simple procedures will provide greater
understanding of the problem which can l|lead to process
modification. This is rarely, if ever, gained from the other

comp lex computer methods. |n particular, quantitative equations or
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expressions that represent and supplement heuristic rules are

expected to be valuable in understanding and identifying the

nature of the processes.

As a primary objective of the work, we set out to explore the
possibility of finding simple concepts and equations that can aid

engineers in the choice of optimun separation sequences. Although

much of the work done in the thesis is on ordinary distillation,
extractive distillation is also investigated. In parallel with
this primary objective Is the provision of a comprehensive
critical |iterature survey on the optimun sequencing of separation
processes. And because the eventual aim would be to compare the
results obtained fram the equations that might have been developed
with detal led costs of sequences, we also enbark on the sizing and

costing of ordinary and extractive distillation processes.

The initial stage of the work is the examination of the
concept of energy flow per unit area of distillation colunn; and
this resulted in a simple equation for the determination of the
optimum refiux ratio to minimum, the optimun number of plates to
minimun and the optimun cost of distillation operation per moles
of distillate. These were correlated against the colunn pressure
or the Flon Parameter. The effects of many other varlablies [e.g
feed composition, the relative volatility, the recovery fraction
and the material of construction] on the optimum reflux ratio and
cost of distillation per moie of distillate were therefore

investigated and correlated against the f low parameter. These

26



Investigations are important since In multicanponent distillation
sequencing, we shall be dealing with columns in which these
variables become crucial. Above all, the results fraom this stage
of the work made possible the simplifications employed and

explanations made in some other parts of the thesis.

Moving on to the optimum sequencing of multicomponent
distillation colunns, we first investigated the sensitivity of the
optimum sequencing to some operating and system variables; and
used the results obtained to evaluate the use of heuristics as a
technique for determining the optimum sequence of mul ticomponent
distillation columnhs. These variables include the feed
conposition, relative volatility between the camponents, the ratio
of reflux to minimum, R/Rm, the recovery fraction and the feed
vapor isation. Having observed, both from the | iterature and the
results from this study, that the feed composition and the
relative volatility between a pair of adjacent components have
dominant effects on the optimum sequencing of distillation
colunns, the next stage of the work was to develop a quantitative
equation that takes into account these two variables. These two
variables are those generally used in the heuristic rules. The new
equation which we derived, we referred to as the Binary
Distillation Total Vapour Load (BDTVL) equation, represents
guantitatively the most powerful heuristic rules found in the
literature and identifies the optimun sequences for the published

examples (up to six camponent mixtures) which have been solved by

other methods.
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We bel ieve that although the heuristic techniques may not
always guarantee optimal ity, nevertheless, their development has
provided a first breakthrough towards the solution of the problem
of finding the optimun sequence of separation processes. These
rules are ailways needed to reduce the computational time and
number of search space involved in other techniques. These rules
will continue to play significant role in the sequencing of
separation process problem. Such quantitative expressions as
derived here would help to determine the numerical ranges of

accuracy and bounds on the applicability of the heuristics.

The observation of possible failures of the BDTVL method in

some extreme conditions of relative volatilities leads to the
consideration of the ranges of the applicability of the method and

|ts potentials in energy integration. We did not go too far in the

consideration of the energy integration concept however.

Real ising that an extractive distillation could be a possible
candidate for choice of separation in cases where the relative
volatility between the components is close to 1.0, we then
extended the BDTVL method to an extractive distillation process.
The resulting equation is applied to solvent screening In an
extractive distillation; and to find when an extractive

distillation will be better than an ordinary distillation.

At the heart of an extractive distillation is the selection

of suitable solvents capable of enhancing the relative volatillity
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of the key components to be separated. The screening of solvents
s usual ly done by ranking them in the order of selectivity at
infinite dilution, with that solvent with the highest selectivity
being the most pramising one for the given separation. Inasmuch as
this approach for selecting solvents based on selectivity is still
useful, our equation produces a new approach of screening solvents

which proves better than the approach of selectivity at infinite

dilution.

In the process design and costing analysis procedures,
standard known equations/methods are employed to size and cost the
var ious aspects of the columns. The rigorous multicomponent design
procedure of Naphtali and SandhoIim(1971) Iinvolving the material,
equi librium and energy balances iIs used. The costing analysis
involves the capital costs of colunn, condenser, reboller and the
energy costs of the condenser cooling water and reboiler steam
cost. The computer programs developed as part of the objective of
the research are capable of sizing and costing distillation
sequences of three-, four-, five-, and sixXx-component mixtures.
These programs are developed into a form of a package using the

menu-dr iven techniques.

The breakdown of the chapters is as follows: In general, It
is considered better to discuss the results at the end of each

chapter. Conclusions are also given at the end of each chapter.
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Chapter Two is the general survey of the |iterature on the
optimum sequencing of separation processes. This chapter provides
the reader an understanding of the relevant |iterature on the
topics and a better insight into the problems of sequences of
separation processes. A brief review of the determination of the
optimum refluxXx ratio and the screening of solvents for an

extractive distillation process are given respectively in Sections

3.2 and 7.2.

Chapter Three considers the concept of the energy flow per
unit area of distillation coilunn and the resulting equations which
are used to investigate the effects of some variables on the
optimum reflux ratio and optimun cost of distillation per mole of

distillate, and how these correlate against the total reflux flow

parameter.

In chapter Four, the investigation of the sensitivity of the
optimum sequence of distillation colunns to system variables and
the validity of the use of heuristics in sequencing problems Is

presented.

Chapter Five gives the derivation of the BDTVL method and its
appl ications and caonparisons with publ ished work. The | imitations
of its use and its potentials in energy integration are discussed

in chapter SiX.
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Chapters Seven and Eight contain the extension of the BDTVL
method to the extractive distillation process with the aim of

applying it to screening of solvents for a given separation.

Chapter Nine contains the design procedures and the major
features of the computer programs for sizing and costing the
distillation columns. The various equations/methods employed and

the conputer flowcharts are given in the Appendices.

The general discussions and conclusions which are a sumary
of most of the conclusions already stated in the various chapters

are presented in chapter Ten.

Almost all the tables of results are given Iin the Appendices

which also contain details of the conputer flowcharts used in this

work. These are bound separately into another volume (VOLUME |1).
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

In the introductory chapter to this thesis, we stated that
our primary concern in this reseach is on the development of
procedures which will produce optimal or near optimal sequences of
separation proceses. Therefore, the bulk of the |iterature review
s devoted to this aspect. The review consliders the use of
heuristics (rules of thumb) for finding the optimum distillation
sequences and then the optimum sequences Of separation processes.
Then the Evolutionary techniques and the Algorithmic techniques
are reviewed. The survey concludes with a brief review of heat

integrated sequences.

2.2 Sequences of separation processes without Heat Integration.

In the last decade and half, many articles including review
articles [Hendry et al! (1973), Hlavacek (1978), Nishida et al
(1981)1 have appeared in the literature on this subject. This
problem of sequencing of separation processes is camplex because
of the large number of possibie sequences even for relat lvely

simple processes. Take for an example,If a stream is to be
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divided into three parts then two columns are required. But the
feed to the second column can be either the overhead or the
bottons fram the first. SO we have two possible arrangements.
That is, If the 'simple sharp’ separation split is assuned. A
simple sharp separation unit is one which splits a simple stream
feed Into two products. A sharp separation unit is one where each
entering component exists in only one product stream. This
number of possible arrangements increases rapidly with increasing
nunber of camponents in the original feed. The problem becomes
even more compl icated when more than one separation method Is
used. At least more than 20 separation methods are in use today
and these are outlined by Porter and Jenkins(1981). And the
problem of deciding on the method of separation to be used, before

considering the optimum point at which it should be Introduced In

the sequence, is not trivial.

Thompson and King (1972) give the number of possible
sequences for a mixture of M components to be separated Into M
pure products using R separation methods as

M

[2(M-1)]! R -1

Many techniques for obtaining the optimal or near-optimal

separation sequences have been developed over the years. They can

be classified into

1) Heuristic Techniques (1.e. rules of thumb)
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2) Evolutionary Techniques, and

3) Algorithmic Techniques.

These techniques are discussed. First, we review articles on

the sequencing of distlllation columns; and then sequencing of

separation processes.

|t should be noted that the words sequence, structure,
arrangement, configuration may have been used Interchangeably and
all refer to an arrangement of separation units. Colunn, separator
and tower are used Interchangeably too to refer to a separation

equ ipment.

2.2.1 Hauristic Technique.

The heuristic techniques use rules of thumb resulting from

long engineering experlience and insight into the physics and

chemistry of the separation methods. In the examination oOof the

| lterature, the following heuristics sumarised below are found.

(1) Favour direct sequencing [The direct sequence Is that
where components are removed one by one as overhead products fram
a series of distillation colunns. ]

(2) Save the most difficult separation for last.
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(3) Favour 50~-50 split. [I.e sequences which give a more
near ly equimolar division of the feed between the distillate and

pottom products. ]

(4) Sequence with the minimun total vapour flow.
(S5) Perform the sequence with high recovery fraction last.
(6) Separate the most plentiful canponent first.

(7) Choose the cheapest as the next separator.

(8) Remove the thermally unstable and corrosive material

early.

(9) A separation with O‘LK—HK < 1.05 is not acceptable.

(10) Perform easy separation first.

(11) Favour sequences with the smal lest product set.

(12) Avold separations using a mass-separating-agent (MSA).

(13) Remove a MSA from one of the products in another
subsequent separation process.[|.e separations which require the
use of species (solvent In most cases) not normally present in the
original feed.]

(14) A separation method using a MSA cannot be used to
isolate another MSA.

(15) Favour ordinary distillation.

(16) Separate first the components which might undergo
undesirable reactions.

(17) Set splits fractions of the key components to the
prespeciflied values.

(18) Avoid extreme processing conditions.

(19) Favour ambient operating pressure.

(20) Favour sequences having the minimun sum of Q T areas.

(21) Choose operating reflux or 1.2 or 1.3 times the minimun.
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(22) Avoid vacuun distillation and refrigeration.

We now examine the authors that demonstrate the use of these

heuristic rules in the determination of the optimal or near

optimal distillation seqguences.

The earliest papers known on the sequencing of distillation

colunns using heuristic techniques were that of Lockhart(1947) and

Harbert(1957).

Lockhart(1847) examined the three camponent mixtures comonly
encountered In the processing of natural gasoline. He utilised
approximate distillation design methods in conjunction with
economic analysis. He concluded that the direct sequence was not
optimum when the least volatlle component was the predominant
constituent of the feed. In this case, he recoomended the use of

indirect sequence. The Iindirect sequence is the opposite of the

direct sequence.

Harbert(1957) considered the selection of the optimum
sequence on the basis of heat duty. This factor, according to him,
dominated the economic evaluation of distillation colunns. This
approach led him to his two rules; (1)"the advantage of minimum
quantities for difficult separation". In other words, he impl led
that the most difficult separation should be performed last. (2)
"the advantage of the 50-50 split”, Implying that a sequence

should be sought which favours nearly equimolar division of each
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column feed into distillate and bottom products. This last rule
was bel ieved to be the stronger of the two and the one most
ignored in design practice at that time. The author also developed

a method of approximating the heat requirement of the various

colunns but only for a three caonponent feed mixture.

The first known quantitative approach to the optimum
distillation sequence problem was undertaken by Rod and
Marek(1959). The baslis of comparison for the various column
arrangements was the total vapour flow. They defined a camparison
criterion factor which was taken as the difference In the total
overhead vapour flows of a gliven and standard sequence per unlit of
feed. The direct sequence was used as the standard; and it
fol lowed that any sequence is more advantageous than the standard
sequence I f the comparison factor was a negative. Based on
simplifying assunptions, an algebraic equation was derived for the
overhead vapour flow. The authors veriflied thelr equation for a
ternary mixture of benzene, toluene and ethylbenzene at
atmospher ic pressure. This mixture does not represent a difficult
separation. Their relationship does not include the volatility
values for all the components, it cannot therefore reproduce many
of the current heuristics especially when the adjacent component
volatilities differ much from one and another. When more than
three components are involved, the authors suggested lunping the
components together Into a form of three coamponent mixtures. This

was applied to the example considered by Lockhart(1947) and the

agreement of both results was consldered satlisfactory.
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As reported by Nishida et el1(1981), Heaven(1969) in a
computational investigation with economic optimum sizing and
costing of distillation columns, identified several heuristic

rules. The four general heuristics identified were heuristics

nunbers 2, 1, 3 and 5.

These heuristics are not entirely new. Sane of them have been
stated by Harbert(19587). As noted by Freshwater and Henry(1975)
later, these heuristics can contradict each other. Therefore,
quantitative expressions to represent the heuristics are

desirable.

Power (1971) suggested an approach whereby weighting factors
are applied to the heuristics for determining optimum column

sequencing. The heuristics considered were heuristics nunbers 1,

6, 2 and 8.

The weighting factors developed for cambining the effects of
the above four heuristics were tested by the author on some
| ndustrial multiconponent separation problem with favourable
results. However, there was no standardised method of determining
these weighting factors; their determination relied on intuition

and experience. This may render the approach not very useful.

Nishimura and Hiralzumi (1971) undertook an optimisation of

sequences of distillation colunns of ideal mixtures. Relatively

simple functions are used for the cost evaluation function. The
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function was expressed Iin terms of volume of a column and heat
consumption rate at a reboller which was considered equal to the
cooling rate of a condenser. They formulated the optimisation
problem with optimum variables of the sequence and the system
parameters. Even for this 'simple’ function employed, the
mathematics iInvolved cannot be considered simple. The heuristic
rules obtained can be sumar ised as: when everything else is the
same, select the direct sequence and remove first the daminant
component.[Heuristic 1 and 6]. Anh example of benzene, toluene and
o-Xy lene was used to il lustrate the application of their approach
for sane different feed compositions. The direct sequence was

found to be optimum for some feed campositions, and the indirect

sequence for others.

Freshwater and Henry(1975) undertook a camputational study to
generate quantitative data to illustrate the effects of column

sequence on the total annual cost of separation of typical feed

component mixtures. They examined the feasibility of the use of

heuristics as a possible synthesis technique in the determination

of multicomponent distillation sequencing. The specific aim was to

investigate the effect on the total annual cost of the sequences

of (1) composition of feed. (2) volatility of the components, and

(3) degree of recovery of the feed components. They used the
result of the Iinvestigation to determine under what conditions the
henefits obtained by the choice of the optimal sequence would

justify the use of the heuristics suggested by Heaven(1969) and
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that of favouring the predaminant canponent of the feed (Heuristic

No. 6).

Fron the results, the following observations can be made.

(1) Noticeable variation occurred Iin the cost differences
petween all possible configurations for a gliven separation.
Smaller varlations were in most cases restricted to feeds in which
the least volatile canponents were predominant, while large cost
dl fference occured in the reverse case. Remarkably, however, the
magnitude of these varlations in many cases was not greater than
10 percent except In high recovery cases.

(2) The direct sequence was optimum Iin all cases except for

cases when one canponent was predaominant.

(3) The absolute value of the cost of all sequences for a

given separation varied significantly depending on the feed

composition.

(4) Performing the difficult separation last was found In

several cases to be the dominant factor.

The authors however noted that although the direct sequence
was the optimum for all cases considered in their study, thls
result might simply have been a consequence of the values of
relative volatilities chosen or the degree of difficulty of the
separation between the difficult pair of canponents of the feeds.

A confllict was found to exist between heuristics 1 and 6 when one

of the components of the difficult palr was predaominant.
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As an extension of the work of Petlyuk et al(1965) which is
considered later in section 2.2.2, Doukas and Luyben(1978) studled

the separation of a ternary mixture of benzene, toluene and O-

Xylene into three products using four different sequences of

distillation colunns: -

(1) direct sequence configuration.
(2) Indirect sequence configuration.
(3) single colunn with side streams product.

(4) a prefactionator colunmn followed by a sidestream column.

Results were presented for arbitrarily selected relative
volatilitles of 3:2:1 and 6.7:2.4:1.0. Their studies did not cover
a wide spectrun of all possibilies but they observed that;

(1) the single sidestream colunn Is the most econamical for

low concerntrations of elther Benzene or O - xylene.

2) the single sidestream raplidly becomes unneconamical as

benzene feed concentration increases above 10%. A Prefractionator
colunn Is preferred.

3) the effect of the relative volatliiities was pronounced and
the differences In cost were primarily in energy consumption.

4) the energy cost account for more than 80% of the total

annhual cost in most cases.

Elaahi and Luyben(1983) evaluated a number of alternative
configurations of distillation colunns for the separation of four-
component mixtures on the basis of energy consumption. The

heur istic rules employed are heuristic nunbers 2, 1, 3, 5 and 4.
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The sequences are shown In Figure 2.1. In the preliminary study,
four hypothetical camponents A,B,C and D with arbitrarily selected

relative volatilities of 8:4:2:1 respectively were chosen and
examined for five cases of feed compositions. In the results,
sequence 1 (i.e the direct sequence) turned out to consume the
least energy for the three cases of feed composition (thus
favouring heuristics 1 and 4); but other sequences (| lke sequences
3,4 and &) canpeted with 1 as the composition of D was increased.
For a feed composition where the heaviest component D is iIn
excess, these sequences 3, 4 and 5 are even better than sequences
number 1 (favouring heuristic 4). For the compliex configuration
compar ison, configuration 8 turned out to be the most energy
conserving sequence for almost all the cases and this was closely
followed by conflguration 6. In the study of a specific mixture of

propane, IiIsobutane, n-butane and isopentane only one feed

canposition case is conslidered.

The authors concluded that the optimum sequence for
multicomponent distillation colunns Iis that In which components
are partially separated in the initial columns, and the final
separation of all camponents into pure product streams is left for
the last colunn. One must however note that with Just one specific
example investigated coupled with many assumptions made, it Is

hard to Jjustify the generalisation of such a result.
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Alatliql and Luyben (1985) extended the work of Doukas and
Luyben (1978) to the case when the concentration of the
Intermediate boiling component in the feed is low. This was Iin an
attempt to compare the energy consumption of four different
sequences of a mixture of Benzene, Toluene and O -xylene. The
four sequences are shown in Figure 2.2. The number of trays iIn
each column was determined from the Fenske - Underwood shortcut
method using 1.1 times the minimun reflux ratio. Rigorous steady
state simulation of Wang and Henke (1967) was then used to get
preclise values for energy consumption. Only the energy
consumption is considered in the analysis. The results show that

1) the SS configuration (Figure 2.2c) becones less attrative

compared to Figure 2.1a as the Intermedliate feed concentration

pbecanes smaller.

2) the SSS configuration (Figure 2.2d) consumes less energy
than both the LOF (Figure 2.2a) and PF (Fligure 2.2b)

configurations.

General ly the results demontrated that sidestream columns are
inefficient for removing small amounts of the intermediate boliliIng
component in a ternary mixture. However, a sidestream column
coupled with a sidestream stripper consumed up to 30% less energy

than the conventional two - column sequence.
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When the caplital cost was included in the total cost, the
conclusions reached above were not changed. However, the authors
noted that in some processes where the capital costs are quite

nhigh, the results may be affected.

Same of the conclusions fram this work and that of Doukas and

Luyben(1978) could be regarded as rules of thumb but specific for

the particular problem.

Tedder and Rudd (1978) carried out an analysis of eight
distillation sequences separating ideally behaving three-component
feed mixtures of |ight hydrocarbons. The objJective was to
discover rules of thumb for selecting one sequence in preference
to another. The eight sequences included the simple direct and
indirect sequences, single colunn with sidestream, separators wlth
and without prefrationators and thermally coupled columns. The

econaomic objective was the venture cost.

Two general triangular dlagrams were constructed with the

expected regions of optimalty for ES| <1.6 and ESI > 1.6, where

ES|

and K, , KB and KC are the equilibriun K-values for camponents A, B

and C respectively.
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Each of the trangular diagrams Iis separated into regions
where a particular distlllation configuration Is expected to be
optimal. Based on this sort of analysis the authors came out with
five rules for the case of ESI > 1.6 and another five rules for

ESI < 1.60. The rules were based on the consideration of the

concentration of the conmponents in the feed.

This is a qualitative approach to develop some guiding rules
(Using a cost function) for the sequencing of distillation
columns. Unfortunately, these rules are not general; they are

specifically developed for a 3-camponent mixture.

However, as noted by Nishida et al (1981), such efforts
should continue since they provide invaluable Insights of the

synthesis problem and the separations themselves.

Against the background that the solution to the problem of
mul ticomponent separation synthesis can point the designer into
the right direction but not to give him "best deslign®,
Stephanopoulos et al(1984) suggested a near-rigorous procedure of
"great simplicity"”. On close examination of the characteristics of
optimal and near-optimal unintegrated sequences using three
examples, the authors concluded that the synthesls of heat-
integrated sequences can probably be decamposed Into two steps:

(1) using the simple well known heurlistics, syntheslze a

small nunber of near-optimal unintegrated sequences.
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(2) select the two or three seqguences with best overall cost

and heat integrate.

The heuristics used which were considered to be the most

power ful were:
(1) favour the easliest separation.
(2) favour near-equimolar split.
(3) remove the most plentiful component first, and

(4) remove the |ightest conponent first.

The above decamposition implies that "the optimal or near-optimal
unintegrated distillation sequences generated by the four
heuristic rules tend to offer the best potentlial for heat
integration". We note that this same observation has been made by
Freshwater and Ziogou(1976). Then Stephanopoulos et al(1984)
provided a qualitative explanation to the above decamposition on
the basis of the behaviour of nonkey components Iin a distillation
system. They were of the opinion that the heuristic rules
essentially minimise the flow of the nonkey components. The
consequence of the low nonkey component flow rate is to narrow the
temperature gaps between the profiles of T-Q diagrams; and
narrower gaps in T-Q diagram gives better potential for energy

integration.

Although the new decampostion pr inciple was effective for the

examples considered, more numerical trials are required before the

principle can be fully justified.



Malone et al (1985) derived a quantitative approximate
criterion for the selection of simple distillation sequence for
ideal ternary mixtures. The objective function was the total
overhead vapour rate which was obtained by a modified shortcut
solution of Underwood(1948) equation. The analytical equation
obtained Included the relative volatilities and feed composition
as variables. For the three - caonponent mixture examplies to which
the equation was applied, the agreement between the total vapour
load obtalined and that of the Underwood was favourable. But for
the case where the relative volatility between one the pair of
ad jacent components was in the neighbourhood of unity, the
agreement was only fair. The authors Iindicated that In some

situations the comonly accepted heuristics are incorrect. The

heuristic referred to included:
1) Ramove the most plentiful first
2) Make easier separation first

3) Favour eqgquimolal split.

From thelr analysis, the total nunber of trays is Insensitive
to the way sequencing of the columns Is made, [If the fractlional
recoveries In all columns, are specified or If the purities are
speclfied but the relative volatilities between the adjacent pair
of components are not in the neighbourhood of unity. That would
imply that if the relative volatilities are close to unity, the

number of plates may effect the sequencing of the distillation

colunns and the method may |ikely fail.
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Though the equation derived is useful, the major snag is that
It Is only applicable to a three - component system. Extending
the derived procedures to higher number of components may result
to an expression which "becames undesirably compl icated" [Glinos

and Malone(1983)] except when lumping of the components is

app! led.

For the three-component mixture A, B and C, the analytical

equation obtained is

where

f =1 + 1/(100.)(B)

AV = difference in vapour flow rate between the direct and
indirect sequences; F = molar feed rate; x is the mole fraction of
the conponents: o is the relative volatility and R/Rm |ls the

operating reflux to minimunm.

We have been examining the works which deal with only the
sequences of distillation colunns using the heuristic rules. lt Is
noted that the heuristics so far utilised by the various authors
can sometimes contradict each other. There are one or two
quantitative methods which attempt to choose between conflicting

heur istics but these are inadequate. They only apply to ternary
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mixtures. The weighting factors used by some authors are chosen

arbitrarily and this renders them very |imited in applications.

Now we shall examine those works which allow the use of other
separation methods in addition to distillation. This is a more
complex problem as it involved the problem of selection of

suitable separation method(s) in an addition to the problem of

sequencing.

The earlier attempts were made by Siirola and Rudd(1971),
Power (1972), and Siirola et al(1971). They all sought to develop
means by which the type and order of separation operation could be
determined using heuristic techniques. The heuristics enployed are
heuristic number 1, 2, 3, 6, 8, 12 and 13. Systematic procedures
for generating separation schanes were set up as part of a general
process synthesis program known as AIDES ( Adaptive Initial Design
Synthesizer). These procedures were based on the use of design
heurlistics for the selection of the most appropriate separation
method for a multicomponent mixture. Application of these
heur istics to the original mixture generated new (smaller) groups
of components to which the heuristics were again applled. This
process was carried out sequentially in this fashlon until no
further separations were required and the separation sequences
(hopeful ly optimal) had been obtained. This logic Is in Figure
> 3. The heurlistics were assigned weighting factors. This In
essence an attempt to overcome the problems assocliated with the

use of several different heuristics for separation sequences. The
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separation method chosen at any point in the synthesis is the
result of the combined effect of the various heuristics used.
Obviously such a procedure depends heavily upon the heuristics
that are included and upon the weighting factors used. According
to Hendry et al(1973), It iIs quite likely that many optimal
separation sequences could be found that would not conform to
these particular heuristics.

The problems associated with seilection and welghting of
heuristics for the general-purpose design of separation sequences
will require a great deal of further work. Thelr method was just
scratching the surface of the problem. The var ious methods of
separation included In the package and the systematic order In

which the heuristics are applied and the way the weighting factors

are assigned is not stated.

A similar approach to that above was proposed by Thompson and
King(1972). The computer program was developed, and the basic
approach, which had been implemented, Involved evaluating and
making decisions using as little Information as possible. The

general strategy of the method Is shown In Figure 2.4.

The first step carried out by the routine PROD was to
ldentify a feasible set of products for the plant. The next step
s the generation of a separation sequence by routine SYNT. This

rout ine shared some of the work with PICK routine which selects
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the next separator in the train on the basis of a heuristic which
states that the next separation to be made is the one that can
apparentily be made most cheaply. For the first step, the heuristic
applied Is that the best process will have the least number of

products. This will imply the direct sequence. In sumary the

heuristics employed are heuristic nunber 1, 2, 3, 7 and 11. After

the creation of the required sequence, the routine DETAIL takes

over the sizing and costing of the process.

This approach was Il lustrated by a six canponent mixture of
ethane, propane, butane, pentane, propene and 1-butene from which
|t was desired to make four relatively pure products of 99%
recovery. For this problem four separation methods were |Included
ln the package. These were ordinary distillation, extractive
distillation, extraction, stripping and absorption. Only the
eXxtractive distillation was however considered feasible for the
problem Iin addition to ordinary distillation. While the approach
undoubtediy has much to recaomend in it because it can apparently
create reasonable processing schemes without very large
consumption of computer time (reported by the authors), it can
create, at best, sequences with a high probability of optimality
and is unquestionably liable to caonplete failure when confronted
with a sufficiently complex and unusual situations [Hendry et
al (1973)]. Furthermore, the logic appears quite compl icated and
not based upon enough heuristics for a sound selection of

separation methods to be made.
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According to Nishida et al(1981), Hartmann(1979) and his
coworkers, Hartmann and Hacker(1979) employed heuristic rules for
the synthesis of the optimum separation sequence, and these
heur istlic rules could be divided into two groups: (1) those rules
that determine the structure, i|.e. the selection and sequencing of
splits; (2) those that determine the operating conditions of the
separation methods. The first group was based on a set of
heuristics [Heurlistic numbers 1, 2, 3, 6, 8 and 16] while the

second which was of parametric rules includes

(1) choose operating conditions which are close to the

ambient,

(2) choose operating reflux 1.2 times the minimun reflux, and

(3) choose the reflux Iin such a way that the maximum

real izable number of trays iIs required.

The heuristics used are not new but all have been suggested
pefore. The authors had assigned subjective weights to the
heuristics and thelr goal was to synthesize the separation
sequence with the maximun sun of weights. There were no guidel ines
given on how to weigh the various heuristics, and it was left for

the designer to decide on the basis for each problem.

Nadgir and Liu(1983) proposed a "simple" heuristic method
involving the sequential application of seven heuristics which
have been suggested before. The authors classiflied the heurlstics
into four category: 1) method heuristic, which favour the use of

certain separation methods under given problem speclfications; 2)
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design heuristics which favour specific separation sequence with
certaln desirable properties; 3) species heuristics which are
based on the property difference between species to be separated:
4) canposition heuristics which are related to the effects of the
feed and product composition on separation costs. The |list of

these heuristics are heuristic nunbers 15, 21, 11, 8, 2, 6, 3, 1

and 10.

In the systematic use of the heuristics, they were app!ied
one by one in the given category order. |f any heuristic Is not
Important in, or not applicable to the synthesls problem, the next
one In the method category Is considered. Finally, the actual
Initial sequences are syntheslized by using conposition heuristics
with the help of the Coefficient of Ease of Separation (CES). This
was defined as the product of the ratio of the molar flow rates of
products (distillate and bottom) and the bolling point difference

petween the two components to be separated

The method was applled to three synthesis problems which had
been solved previously using other methods. Based on the reported
costs, the Initial sequences obtained for these exampies by thelr
method were cheaper than those obtained by other heuristic
methods. Only the extractive distillation Is conslidered In

addition {o the ordinary distillation for the examples

| | lustrated.
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In general there are no clear rules for syntheslzing
sequences which allow the use of other separation methods other
than an ordinary distillation columns. In all the works, only
extractive distillation has been considered with the exception of
Thompson and King(1972) who included a few other separation

methods in thelr synthesis computer package but not utllised for

any example problem.

2.2.2 Evolutionary Techniques.

Evolutionary technique is a strategy wherein one devises a
processing scheme, analyses that scheme, changes the scheme in one
or more ways to improve it, analyses the revised scheme, Improves
1t again, etc. This is repeated until no further Iimprovement on
the scheme can be made. |In brief, the evolutionary approach refers
to the synthesis of new processes by modification of previously
generated ones. With a few exception, the evolutionary technique
s found to have been applied to sequences of distillation colunns

only.

Stephanopoulos and Westerberg(1976) classliflied the
evolutionary technique In the synthesis of separation processes

into three main subtasks:
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(1) the development of an initial sequence from which to
start the evolution. As In the case of optimisation, the starting
point Is very crucial for the success and effectiveness of a
search scheme. The better the starting point (which in this case

ls the initlial sequence), the closer we are to the optimum

solution and therefore the faster we attain it.

(2) the identification of rules which govern the evolutionary
steps. These rules are the guidelines needed to develop all the
neighbour ing sequences of the current one. Simply put, these rules

are needed to generate all the permissible structural changes in

the initial separation sequence.

(3) the determination of an evolutionary strategy, |.e. to
declide which method to use for comparing the returns of the
current and the modified structures. There are different
variations that this step can follow depending largely on the
search time that can be spent and the quality of solution that is
deslired. The general tendency, however, is to move from one
structure to a neighbouring one and In particular to the most

pramnising one.

Stephanopoulos and Westerberg(i1976) il lustrated the above
notions of the evolutionary techniques on the sequencing of a
multicomponent separation process of ABCDE. In generating the
initial sequence, the separation sequence |Is represented as a

binary tree. Every separator receives one feed and produces two
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product streams which either are final products or have to be

treated further.

Having generated the Inltial sequence using heuristic number
7, the identification step of the evolutionary rules began. The
alm was to make a simple modification to the Initlal seqgquence by
exchanging the relative positions of the operators (separation
methods) and therefore the relative position of the splits In the
overall confligurations. To do this systematically, three
evolutionary rules were developed and used. The reader is referred
to the original paper for the listing and discussions on these
evolutionary rules as these are not considered necessary to be

stated here.

For the evolutionary strategy, each sequence was generated
using the first two of the evolutionary rules. The sequences
obtalned were optimaily sized and costed; and the one that
exhibited the lowest cost was retained while the rest were
rejected. The neighbouring sequences for this new base sequence
were developed and evaluated. This procedure ends when no other
neighbour ing sequence to the current best one has a lower cost.
Then the third evolutionary rule was now applied and the same
procedure as descr ibed above was carried out until no neighbour ing

sequence could be generated with lowest cost.
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The authors Illustrated this approach again with a real
mixture of n-butane, Butene-1, trans-butene-2, cis-butene and

pentane. Ordinary and extractive distillation methods were used.

On the whole, the authors succeeded In presenting systematic
steps to organise the evolutionary sequences of separation
processes. |In general terms, they discussed the rules to make
modifications and their desired properties, strategy to use these
rules and various means to compare them. Their work gave a lot of

understanding to the sub ject of evolutionary technique In the

synthesis of separation processes.

King et al(1972) applied the evolutionary technique to the
synthesis of a demethanizer column in an ethylene plant in which
successive Improvements were sought to reduce the loss of ethylene
to the overhead tail gas. Starting with an Initlal feasible
structure involving ordinary distillation with a refrigerated
partial condenser, theilr technique led to a final structure with
lower operating cost. No theoretical guidance or rules were gilven
for the selection of process modifications, these were probably
drawn fraom considerable engineering experience in the processing

of this particular mixture.

The second example detailed the use of a computer In
implementing the evolutionary logic for the design of a methane
| iquefaction process. The objective was to minimise the energy
consumption per unit quantity of methane | iquefied. Although the

optimal structure generated was complex, It was found to represent
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considerable savings In energy over a simple initially assumed

structure.

Seader and Westerberg(1977) presented an approach for merging
heuristic and evolutionary techniques for the sequencing of simple
separation sequences. The authors adopted the evolutionary views

ot Stephanopoulos and Westerberg(1976). Six known heuristics (al |l

embedded in heuristic numbers 1, 2, 3, 9, 11, 12, 13 and 18) were
used to ald the generation of the Initial sequence and the
application of the evolutionary rules. They devised techniques for

executing the three basic steps (which are already outl ined above)

N an evolutionary approach.

Thelr approach was applied to two examples; the first was the
problem of Hendry and Hughes(1972) and the second was that of
Rodrigo and Seader (1975). One of the examples involved the use of
an extractive distillation Iin addition to ordinary distillation
columns. Although the approach as reported helped a great deal to
reducing the number of sequences to be examined, It falled when

appl ied to the second problem.

Nath and Motard(1981) presented another evolutlionary
procedure which consisted of two phases. In the first phase, a
good initial sequence was created by combining elght known
heur istic selection rules. These heuristics are those of numbers

11, 15, 10, 14, 9, 19, 17 and 20. In the second phase, the initilal
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sequence created was successively modified using five evolutionary

rules. These are:

(1) Challenge heuristic 11

(2) Examine the neighbouring sequence, |f:(a) the CDS
(defined below) is within 10%; and (b) refrigeration Is requlred
to condense the ref |ux.

(3) Challenge heuristic 15

(4) Examine neighbours to decide if the MSA ramoval should be
delayed.

(5) Challenge heuristic 10: If (a) Rm Oof the Immediate
SUCCEeSsSor >> Rm of the unit under consideration; and (b) the cost

of the Iimmediate successor >> the cost of the unit under

consideration.

Of the heurlstics applied, the first five provided guidelines
for the selection of the separation method and the split product
for each stream starting from the feed stream. The last three
provided specifications for the detailed simulation of the deslign
of the separators of the sequence. The authors attempted to
resolve conflicts In sane of the heuristics by giving each split a
nuner ical value proportional to the difficulty of separation. This
function was called the Coefficient of Difficulty of Separation
(CDS). The split with the smallest value of CDS Is tried for
detailed simulation; if it Is not feasible, the spililt with the
next larger value Is tried. This procedure is followed for each
stream that needs to be processed in the sequence, resulting In

the creation of the initial sequence. The five evolutionary rules
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evolved were then applied In a hierarchical order. |f a particular
rule does not suggest any structural modification, the next rule
s applied. The evolution stops when no more modificatlions are

possible.

On the evolutionary strategy, the authors suggested that the
first evolutionary rule should be applied before any other rule to
resolve the question of the product definition. Other rules can
now pbe applied until the sequence obtained is superior to all

others.

The approach was applied to two examples In the |iterature;
the example of Rodrigo and Seader (1975) and that of Hendry and
Hughes(1972). The examples involved the use of extractive
distillation In addition to ordinary distillation columns. Similar
optimal sequences were obtained. And although the entire logic was
programed in the computer, the work is similar to some of the
previous ones on this subject. All the same, the approach helps to

mimic the problem solving procedures commonly employed for the

sequencing of separation processes.

2.2.3 Algorithmic Technigue

The problem of the synthesis of separation sequences Is
considered as that of a minimisation probiem. The algorithmic

technique attempts to find the best separation sequence using
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wel l-kKnown optimisation methods developed in the area of nonlinear
mathematical prograiming. Because all the algoritimic methods are
in principle rigorous and less fallible, but at the sametime
cumbersome and overwheilming in terms of camputational time and
efforts required, heuristic methods are normally required to

reduce the size of the search space.

The earliest purely algorithmic method is credited to Hendry
and Hughes(1972). Their approach made use of the dynamic
programming in attempting to identify rigorousiy the optimal
sequence without innumerable sequences. The key to the procedure
was the initial Identification of all separation subproblems (l.e
the unique splits) which may be generated from the initial
separation probiem. Syntheslis of the optimal separation sequence
was carried out by progressively buiding up information on the
minimun cost of separation for the subgroups derived. That Is to
say, the search for the optimal sequence |Is started at the binary
separation subproblems and proceeds to ternary and larger
separation subproblemss. For example, the optimal method for
separating the ternary mixture Is to determine first the optimal
costs for separating the mixture into two streams (one containing
one species, the other containing two). To these cost is added the
previously determined optimal cost for separating the stream which
contains two species. By systematically computing the optimal cost

for each separation subproblem it Is possible to bulld up the

costs for all sequences in the process.
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The authors applied the method to the problem of the
purilfication of mixtures of n-butylene In two different module
processes - the strailght fractionation and extractive distillation
modules. The camponents are propane, n-butane, butene-1, trans-

butene-2, cis-butene-2 and pentane.

|t should be noted that a key assumption In the use of the
dynamic programing search method is that the information flow iIs
serial. That Is, there is no feedback of information on the
system. The principie of optimality indirectly applied is based on
the fact that the optimal decisions preceeding a decision can only
be made | f they do not depend on the later decisions. So the
method cannot be appllied to recyle problené. Although the method
guarantee a near-optimal sequence for the examples considered, the
computational time requirement would definitely be very large. As
It is for a dynamic prograaming method, all the unique subproblems
are evaluated during the sub-optimisation process. This could be a

disadvantage.

In order to relax some of the inherent assumptions or
| imitatlion in dynamic programming approach, Westerberg and
Stephanopoulos(1975) proposed the Branch and Bound Strategy(BBS).
This, when properly used, "is capable of findind the optimal
separat ion sequence wlthout having to search over the entire space
of all possible separators." The approach |Is explalned thus.
Conslider a three canponent mixture A,B and C to be separated using

separation methods 81 and 82. Let the ranked list (RL) for the
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components (ranked according to relative volatility, highest

first) for both methods are shown below:

RL( 81): ABC

RL( B ,): ACB

Figure 2.5 shown below is the tree of all possible seguences
that can be found by following the branches of the tree. Consider
the sequence of separators 1 and §. Let the cost of this sequence
pe Cu . This value Is an upper bound to the optimal cost of the
sequence that can be generated for this probiem. |f C, be a l|ower

I
bound of the cost of the unknown optimal sequence, then

-

CI < C(optimal sequence) < ClJ

| f any sequence has Ci > Cu’ It is clear that that sequence cannot

be optimal since It Is being attempted to minimise the cost. This

approach results in fewer sequences which are further examlined by

the designer.

This approach was applied to exanples already considered by
Hendry and Hughes(1872) and Thompson and King(1972). The optimal
sequence obtained in each caée was similar to that obtained Iin the

| iterature cited.
This approach has some advantages over the dynamic

programming approach. The approach helps to eliminate unoptimal

separation sequences before they have been completed; and
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therefore the camputational time required by the new method may be
reduced. No major assumptions concerning the serial nature of the

separation sequences are made as Is the case with dynamic
programiming. However, the choice of the basic sequence and the

values of the dual and primal (upper and lower) bounds for the

initial basic sequence are crucial; neither of which is a trivial

prob lem.

Rodrigo and Seader (1975) regarded the method of Westerberg
and Stephanopoulos(1975) as much more canplex than the previous
ones. They then developed a new approach which in principle was
simllar to that of Westerberg and Stephanopoulos(1978). This
approach was referred to as Ordered Branch Search (OBS) approach
and it Involves the list processing of the possible separation
subproblems followed by an ordered branch search to find the
optimal sequence with respect to the system structure. Two
simplification rules were employed to reduce the search space: 1)
identify mulitiplicate separators and analyse them no more than
once; 2) lidentify certain forbidden separations thus el iminating

other separators which stem from those forbidden splits.

Then the ordered branch search is begun using other three
known heurlistic rules [Heurlistic nunbers 1, 3 and 7] to aid the
search. The search proceeds in first and subsequent stages. In the
first stage, the search proceeds by branching with the alad of the
heur istics until all products are produced, thus completing the

development of the initial sequence. The cost of this sequence
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obtained during its development by accumulating costs of
subproblems contained in the sequence as the subproblem are being
analysed, is selected as the upper bound to the cost of the
optimal sequence. The second and subsequent stages involve
backtracking and the branching to seek subsequent and perhaps
lower cost sequences. |If a lower cost is found, it becanes the new
and current upper bound. Branching is discontinued and a new phase
is begun by backtracking whenever the cost of a partially

conpleted sequence exceeds the current upper bound.

This method was il lustrated using component mixture of n-
hexane, Benzene and Cyclohexane by ordinary and/or extractive
distillation with phenol as solvent. Reduction of search space was
observed as compared with the method of Westerberg and
Stephanopoulos(1975). The flve—-canponent example by Rathore et
el (1974) was also used to illustrate the authors’ method. This
involved only the ordinary distillation columns. They observed
that the distribution of sequence costs was relatively narrow for
this case. |Ih this case a relatively high percentage of al |l
possible sequences may be near optimal resulting in a search over
most of the space of possible separation sequences. This will

negate the advantage of the method In reducing the search space

for a separation probiem.

In a later paper, Ganez and Seader (1976) further refined the

search procedure of Rodrigo and Seader (1975). They developed a
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graph representing all possible separation sequences for a glven
separation problem. As shown Iin Figure 2.6 each node in the graph
represents a step towards the development of complete sequence.
The beginning node B is the initial feed mixture and terminal node
T is the set of the desired product. The lower bound associated
with node | denoted by gT(B,T) IS given by

gT(B,T) = g(B,1) + C(i,]J) + C*(J’,T) ................ .(2.4)
where gT(B,T) s the estimated cost of the complete sequence going
from B to T and passing through node i; g(B,1) is the actual cost
of the partially caonpleted seqguence from node B to node i; C(i, j)
Is the minimun actual cost fraon node i to node j by an appropriate
separation method, evaluated for every successor j; C*(J , 1) IS the
estimated cost of the separators involved fran node j to node T
| .e, the cost of remaining binary subproblems evaluated in the
absence of nonkeys. A hode | can only be developed if the values
of the lower bound gT(B,T) and the actual cost g(B,i) of the

partial sequence ending at node | are both less than the current

upper bound: otherwise the expansion of the node | is stopped.

The procedure was applied to some problems already considered
by previous workers and the results were pranising. For example,
the problem of Rathore et al(1974) led to the optimal solution
after analysizing 13 of the 20 unique separation subprobliems.

Extractive distillation was included in one of the examples.
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Pibouleau et al(1883) deveoped almost the same procedure as
Gomez and Seader (1976). The method | ke most others was used to
scan the search space of the type shown in Figure 2.7. The
algorithm can find the distillation colunn optimal sequence (i.e

the sequence with the minimum cost C) and a set of near optimal

sequences of cost, CN such that

Coi < (1 4 Bl ittt ittt e e et e (2.5)

where R is a given positive scalar.

At any step of the search procedure, the upper bound was
taken to be the lowest cost of caonplete sequence found since the
start of the search multiplied by the factor (1 +8 ). The lower
bound is the heuristic function of equation (2.4) developed by

Gomez and seader (1976)

An example of 6-component mixture of ethane, propylene,
propane, |Isobutane, n-butane and pentane) showed that the ratio of
the number of explored sequence to the total number of possible
sequence was always small (less than 25% Iin some cases) and that
similar operating conditions (operating pressure and reflux ratio)
usual ly gave the same optimal sequence. The method is purely for

ordinary distillation seqgquences.

Recently, Gomez-Munoz and Seader(1985) addressed the
synthesis problem by means of thermodynamic objective functions.

The paper was divided Into three main parts. First, all
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thermodynamic functions were derived (not new!). Second, the
parametric studied of ternary mixtures were presented. Third, a

thermodynamic search (TS) algorithm was proposed for the synthesis

of separation sequences Including simple and complex types.

The thermodynamic functions derived were for

(1) the dimensionless minimun isothermal work for reversible
separations of ideal gas and liquid mixtures.

(2) the Carnot equivalent work; and

(3) the Irreversible separations and lost work

These three thermodynamic functions derived were next applied
to the sequencing of ordinary distillation sequences for a mixture
of 3-—camponents. Four different sequences were considered and
these Include the simple direct(l), Indirect sequence(ll) and two
caonp lex sequences with prefractionators (lll & 1V). The criterlion
of campar ison was that the best seguence is the one that minimises
the total amount of unit feeds for the process. The reglions of
optimallity found for the sequences | & || were the same using any

of the thermodynamic functions.

From the results, the authors noted that when the purity of
the products and the optimal conditions are speclified, the
selection of the optimal sequence is less Influenced by the
relative volatilities between the components except for complex

configurations. And that the feed and product compositions
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appeared to exhibit a more important role. These observations are

not wholly true even fram their results.

On the use of the TS algorithm to provide an evolutionary
technique for Iimproving the sequences, the results obtained showed
that the TS was more efficlent than previous methods. Although
tedious calculations may not have been necessary In applying the
TS algorithm, the procedure to be followed is quite Involving. On
the whole the values of thelr work lles in exploring the synthesis
of separation processes using thermodynamic objective functions.

This Is an area that little attention has been given.

2.3 Sequences of Separation Processes with Heat Integration.

So far we have been dealing with sequences of separation
processes In which energy/heat matching was not taken into
consideration. In distillation and other separation equipments,
costs assoclated with supplying and removing energy are very
important. Hence, the cost of energy can have a large effect on
the size and sequence of distillation columns used |In

mul t icomponent separation problem.

In recent years the design of complex plant with extensive
energy matching has become commonplace. Iln particular, the heat
integration of two distillation colunns is possible because there

are heat sources (overhead vapour) and heat sinks (reboller
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steam). Although our focus iIs not in energy integration it is wise

we mention briefly the various authors that have included energy

integration in their synthesis.

The first systematic effort for the synthesis of distillation
sequence with heat Iintegration was undertaken by Rathore et
al(1974a,b) In two separate papers. They utilised the dynamic
programiming techniques already proposed by Hendry and Hughes(1972)
to generate feasible matches between separation sub-problems of a
five-component mixture. This was lIllustrated with an ordinary

distillatlon sequences of Propane, i-Butane, n-Butane, I|-Pentane

and n-Pentane.

Freshwater and Zioguo(1976) expanded the work of Rathore et
al(19/74) to a range of canmponent mixtures. They noted that (though
not very evident from their results) that the sequence which gives
the greatest energy saving is often that which has the lowest
energy use without Iintegration. And that when this Is not so, the
di fference between the optimal sequence with energy re-use and

that without energy re-use Is often a few percentage.

Uneda et al(1979) presented an evolutionary approach based on
the available energy concept for energy integration systems. They
i | lustrated the idea by developing an improved heat-integrated

sequence for a flive-canponent distillation probliem already studied

by Rathore et al(1974).
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Morari and Faith also developed an algorithmic technique
based on Lagrangian method to optimise the problem of Rathore
etal (1974). He used heat avallability diagrams to improve the heat
Integration for the specific problem but did not extend the work

to propose a general separation sequencing problem.

Naka et al (1982) showed how to develop a heat-Iintegrated
distillation sequence which minimizes the losses of aval lable
energy. Thelr method considered sequences based on distillatlon

colunmns and permits multiple heat sources and sinks which may be

elther utlility or process streams.

Minderman and Tedder (1982) made a compar ison between some
publ ished energy integrated sequences (Rathore et al(1974), Uneda
et al(1979), Morarli and Faith(1980)) and the authors’' state
optimised sequences generated by simple synthesis scheme utilising
the rules suggested by Tedder and Rudd(1978) and the applying a
rigorous branch and bound search over the unintegrated soiution
space using the heuristic generated sequence cost as an upper
bound to the optimum cost. By comparing an extenslively optimised
distillation sequence with published extensively Integrated
sequence, the cost savings due to such canplex energy Integration

was seen to be small for new facility designs.

Andrecovich and Westerberg(1985a,b), Westerberg and
Andrecovich(1985) and Westerberg(19895) presented a method of heat-

integration of distillation systems based on the concept of QAT,
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(the product of the condenser or reboliler heat duty and the
temperature difference between the reboiler and condenser). This
permlits them to develop utility bounds for distillation sequences.
They observed that the heuristics that suggest using the sequence

having the minimun sun of QA T areas appeared sensible.

Consegquent to the work of Andrecovich and Westerberg(1985a),
Glinos et al(1985) provided a simple aigebraic equation for the

evaluation of AT and QA T based on some simpllfying assumptions;

T = RT,E LN E _Q'_Di ................... (2.9)
R
QAT = RVT LnE OD] e e .(2.86)
F OR
and T§ = TDTB -V Is the vapour rate; R Is the gas constant and

s a weighted parameter by the mole fractions (x) average of

the relative volatlities (¢ ), and Is defined as

Ok = o Xk

Kattan and Douglas(1986) also described a four-step approach
for synthesizing heat-integrated distillation sequences. The

procedures invoived in the four-step approach are not new.

Another related synthesis problem with heat lntegration

involves thermally couplied distillation systems, distililation with
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sidestreams, and prefractionators. Some of these have however been

ment |oned.

Petlyuk et ai(1965) were among the first to study complex
sequences of this nature. They presented five different sequences

for a ternary mixture. Thelr analysis did not go very far.

Stupin and Lockhart(1972) discussed one of the sequences
proposed by Petlyuk et al(1965) for a ternary mixture with high
relative volatilities of 9:3:1, equimolar feed of the three

caomnponents and 90% product purity.

Chlang and Luyben(1983) compared five different sequences of
two—-column heat-integrated distillation colunns on the basis of
energy consumption with a conventional distillation column. A
binary mixture of methanol and water was studied over a feed

canposition ranging fran 30% to 80%.

Cheng and Luyben(1985) extended the work of Doukas and
Luyben(1978)to include heat-integration In complex sequences oOf
distillation. Eleven sequences were studied using a ternary
mixture of Benzene, Toulene and M-Xylene. Without heat-
integration, configuration 4 (prefractionator/sidestream colunn at
low pressure) showed the minimum energy consumption. The resuilt
also showed that a conventional sequence with lower operating

pressure may be better than a camplex configuration with a higher

operating pressure.
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With heat-integration, configuration 8 (prefractionator with
reversed heat integration) was found to be the best, consumning 45%
less energy than the best conventional configuration. And in
general, conplex sequences with heat integration were found to be
more enhergy-efficient than conventional sequences with heat
Integration. We note that this observation appears to contradict

the work of Minderman and Tedder (1982).

It is worth noting that all the work relating to energy

integration are based on distillation colunn sequences only.

2.4 Sumary of the review of the |iterature on sequencing of

separation processes

The review covered in details up—-to-date |iterature on the
optimum sequencing of separation processes without heat

integration. However, a brief mention was made of works Iin the

area of heat-integrated sequences. An attempt has been made at a

critical analysis of each of the works so as to lead to a better

understanding of its contents in relation to sequencing of

separation processes.

The technlques for determining the opt imal separation
sequence were classified Into three maln categoriles:

(1)Heur istic Technigues

(2)Evolutionary Techniques, and
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(3)Algorithmic Techniques.

The heuristic methods being not mathematical in nature may
not always guarantee optimality. Nevertheless, the development of
heuristic rules has provided a first breakthrough towards the
solution of the problem of sequencing. The evolutionary and the
algorithmic techniques employed these rules to reduce the number
Oof searches to be made thus reducing computational time and
canputer space; and to generate an initial sequence(s) for further
improvements. The algorithmic techniques are usually very rigorous
and require a 1ot of mathematica!l! skills from the users.
Therefore, It means that the heuristic rules will continue to play
a prominent role In the sequencing of separation problems.
Quantitative expressions representing the heuristic rules will be

valuable in strenthening the apptliications of the rules to

separation sequencing problems.

Although significant progress has been made In these few

years, much still remain to be done. Some areas worth further

attention may be cited:

(1) Most of the existing works have dealt with ldeal
mult icomponent mixtures of ordinary distillation sequences. There
Is not much on the alternative methods of separation. Furthermore,
there are no clear heuristic rules for the general-purpose
sequences of separation processes.

(2) Nonsharp separation processes and the nonideal mixtures

are another areas that may deserve same attention in future.
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(3) Further work Is needed on the synthesis with heat-
Integration. The algorithms so far developed are complex and
require large computational efforts. More rules of thumb and
decomposition principles are required to reduce the canplexity of

the problem. So far only distillation columns are being

cons ldered.

With a few exceptions all the works make use of the shor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>