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A systematic procedure presented here draws distillation column configurations to
separate an ideal to near ideal n—component mixture into n product streams with each
enriched in one of the components. The method synthesizes all feasible basic configura-
tions using n—1 distillation columns with each column having only a condenser at the
top and a reboiler at the bottom. It also generates all feasible thermally coupled schemes
with classical two-way liquid and vapor communication between the distillation columns.
The method is simple and easy to use. The advantage of such a method is that it could
be incorporated in a search algorithm to systematically find an optimum distillation

scheme for a given application.

Introduction

Distillation column configurations to separate a feed mix-
ture containing three or more components into pure product
streams have been studied for quite some time. Textbooks by
King (1980) and Henley and Seader (1981) discuss algorithms
to draw all possible configurations using sharp splits between
components of adjacent volatilities. Such schemes are gener-
ally referred to as having direct or indirect splits. Thompson
and King (1972) presented an equation to calculate the num-
ber of such possible sequences for the separation of an
n—component mixture into single-component product
streams. Some other known configurations include schemes
similar to the prefractionator configuration for a ternary feed
mixture. Thermally coupled configurations with reduced
numbers of reboilers and condensers have also been pro-
posed. Some examples include: Seidel (1935), Cahn and
DiMiceli (1962), Pelyuk et al. (1965), Sargent and Gamini-
bandara (1976), Agrawal (1996a), and Agrawal and Fidkowski
(1999a).

Multicomponent distillation superstructures with the claim
of containing almost all possible configurations have been
suggested in the past (Sargent and Gaminibandara, 1976; Hu
et al., 1991; Agrawal, 1996a). A “state task network” to draw
configurations by assigning tasks in steps, starting from a given
feed, was recently proposed by Sargent (1998). Other re-
searchers (Yeomans and Grossmann, 1999; Caballero and
Grossmann, 2001; Doherty and Malone, 2001) have made ad-
ditions and modifications to the formalism of Agrawal (1996a)
and Sargent (1998). Although past work on multicomponent
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distillation configurations has generated a large body of ex-
tremely valuable information, a systematic procedure has not
yet been published to generate all possible distillation config-
urations for a given n—component mixture. A method that
could systematically draw thermally coupled, as well as non-
thermally coupled, schemes would be quite useful in search-
ing for the optimum configuration for a specific multicompo-
nent separation. The purpose of this article is to report one
such procedure.

For the purpose of this article, all possible distillation con-
figurations will be divided into two categories— basic and
thermally coupled. For an n—component mixture, each config-
uration in the basic category uses n—1 distillation columns,
with a reboiler at the bottom and a condenser at the top of
each column. A distillation column is allowed, however, to
contain more than two sections. A column section is defined
to be a portion of a distillation column, which is not inter-
rupted by entering or exiting streams, or heat flows (Hoh-
mann et al., 1982). The basic configurations do not contain
two-way material flow communications as found in the ther-
mally coupled distillation configurations. A mixture contain-
ing the same group of components is transferred only once
from one distillation column to another. A product stream
enriched in one of the constituents of the feedstream is pro-
duced only once. Thus, configurations where product streams
enriched in the same component are recovered from two or
more distillation columns are not included in the basic con-
figurations (Agrawal, 2000a). Such configurations are later
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Figure 1. Basic configurations for a ternary distillation.
classified as derived-thermally coupled configurations. Figure most volatile component and volatility decreases in successive
1 shows all the basic distillation configurations for a ternary order, with C being the least volatile.
feed mixture ABC. In these figures, and throughout this arti- The second broad class of distillation configurations is
cle, components in a mixture are ranked according to their thermally coupled. A thermal coupling requires a two-way

relative volatility, that is, for feed mixture ABC, A4 is the communication between the two distillation columns. In a
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Figure 2. Distinct thermally coupled configurations for a ternary distillation.

380 February 2003 Vol. 49, No. 2 AIChE Journal




two-way communication, when a vapor stream is sent from
one column to another column, a return liquid stream is then
implemented between the same locations of the two columns.
Figure 2 shows all of the distinct thermally coupled configu-
rations for a ternary feed mixture. For any »n—component
mixture, it has been shown that all the side stripper and side
rectifier configurations can be derived by replacing mixture
reboilers or condensers in the basic configurations containing
only sharp splits with two-way communications (Agrawal,
1996a). For example, the side rectifier in Figure 2a is ob-
tained by eliminating reboiler BC in Figure la and replacing
it with two-way communication between the columns. Other
thermally coupled configurations, such as the SL, RV, and
fully coupled schemes in Figure 2, are derived by eliminating
one or both of reboiler BC and condenser 4B from the pre-
fractionator scheme in Figure 1c. It is clear that all the dis-
tinct ternary thermally coupled configurations can be derived
from the basic configurations of Figure 1.

Once all the distinct thermally coupled configurations are
known, then for each of the distinct configuration, all the
thermodynamically equivalent configurations can be easily
drawn (Agrawal, 1999, 2000b). This is achieved by moving an

appropriate distillation section from one column to the other
column. For example, the familiar side rectifier configuration
can be easily obtained from Figure 2a by moving section 4
and the associated reboiler C to underneath section 3. The
resulting familiar side rectifier configuration is thermody-
namically equivalent to the one in Figure 2a. Both will have
the same heat duty. Therefore, during the search for an opti-
mum solution, it may be of interest to reduce the search space
by excluding the thermodynamically equivalent configura-
tions. This will often lead to considerable reduction in the
computational effort. While the heat duty between the ther-
modynamically equivalent configurations is expected to be
similar, the differences between different column heights and
the variation in column diameters can lead to some cost dif-
ferences. When such cost differences are important, it will be
beneficial to examine the thermodynamically equivalent con-
figurations of the optimum configuration obtained from the
reduced search space. However, the major interest in the
thermodynamically equivalent configurations arises from the
perspective of operability. When an optimum distinct ther-
mally coupled configuration drawn from a basic configuration
has the classical vapor transfer problem between the distilla-
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tion columns, then a thermodynamically equivalent configu-
ration can eliminate such a problem (Agrawal, 1999). The fully
coupled configuration in Figure 2c is such an example. On
the basis of the previous observations, it can be said with
confidence that, for every distinct thermally coupled configu-
ration, a thermodynamically equivalent easy to operate con-
figuration can be easily drawn (Agrawal, 1999, 2000b). Thus,
an optimization problem may involve the search among only
the basic and the distinct thermally coupled configurations,
and, if subsequently needed, it can be followed with an exer-
cise to draw more operable thermodynamically equivalent
configurations.

In this article, we first describe a systematic method to
generate all possible basic distillation configurations for any
n—component feed mixture. A procedure is then described
on how to derive distinct thermally coupled configurations
from the known basic schemes. For an optimization task at
hand, the method provides a much better search space of
distillation configurations. Finally, a brief discussion is pre-
sented on column arrangements that can be derived from
these thermally coupled configurations.

Basic Multicomponent Distillation Configurations

This section presents a method to draw all of the feasible
basic distillation configurations for an »—component mixture.
Only mixtures with near-ideal vapor-liquid equilibrium rela-
tionships are considered. Each of these schemes uses n —1
distillation columns, and each column has a condenser on the
top and a reboiler at the bottom. No intermediate reboilers
or condensers are used. Therefore, the total number of re-
boilers and condensers is each equal to n —1. Because each
component-rich stream is recovered from only one location
in the flowsheet, the total number of product streams recov-
ered from a basic distillation configuration is equal to n, the
number of components in the feed mixture. Furthermore,
from any basic distillation configuration, each of the n com-
ponents can be recovered at any desired high purity with fi-
nite refluxes in the distillation columns. As a result, configu-
rations, such as a single distillation column with a ternary
feed mixture ABC where B is recovered as a sidestream from
an intermediate location of the distillation column, are not
included within the “basic configuration” category. A submix-
ture containing the same group of components is transferred
only once from one distillation column to another. There is
no two-way communication between the columns, that is, no
thermally coupled columns are included. The total number of
column sections in basic distillation configurations vary from
the minimum of 2(n —1) to the maximum of n(n —1). The
three known basic distillation configurations for a ternary feed
mixture are shown in Figure 1.

In order to draw all possible basic configurations, it is con-
venient to start from a network representation of an n—com-
ponent distillation (Sargent and Gaminibandara, 1976; Hu et
al., 1991; Agrawal, 1996a, 2000b; Sargent, 1998). In this arti-
cle we follow the network description used by Agrawal
(2000b). Figure 3 shows network representations for three,
four, five, and six-component mixtures. In any given network,
the feed mixture is represented by the “root”node. The root,
the intermediate nodes, and all of the final product nodes
represent distinct mixtures. A mixture at an intermediate
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node is a feasible “submixture” from the feed; its presence at
a node indicates that it is transferred from one distillation
column to another distillation column, in order to be further
separated into two submixtures. A line connecting a node with
a successive node represents a section of a distillation col-
umn. “Complete networks” such as those in Figure 3 have
n(n +1)/2 different submixtures including the feed, and a to-
tal of n(n —1) distillation sections. All of the feasible submix-
tures for any feed can be easily identified and rank listed
(Rathore et al., 1974; Henley and Seader, 1981). The position
in the network of various submixtures of the initial mixture is
automatically specified through the use of the rank list.

The location of a submixture within the n—component net-
work can be specified by defining its “depth” and “height”
(Agrawal, 2000b). The root (or feed) node is at a depth of
one, while the terminal (or product) nodes are said to be
located at the depth n. Each of the m submixtures located at
depth m have (n — m +1) components. For example, in Fig-
ure 3c for a five-component network, there are four submix-
tures located at the depth of 4 (that is, m =4) and each of
these is a binary mixture. The upper branch in a network
consists of all the submixtures that contain the most volatile
component A, and the lower branch consists of all the sub-
mixtures containing the least volatile component of the feed
mixture. Those submixtures that are not members of either
the upper branch or the lower branch, and contain only com-
ponents with intermediate volatilities are defined as internal
submixtures. By this definition, pure products of intermediate
volatility are also defined as internal submixtures. The term
intermediate product is used to describe a product stream of
intermediate volatility. At a given depth, the height of a sub-
mixture is measured from the submixture on the upper
branch. At depth m, the submixture on the upper branch is
assigned a height of one while the submixture on the lower
branch is assigned a height of m. Thus, the binary mixture
CD in the network of Figure 3c is located at the depth of
four and height of three. This coordinate system uniquely and
conveniently locates the position of all the submixtures within
a network.

For an n—component mixture, once the network represen-
tation for distillation is drawn and characterized, one can be-
gin the task of drawing all possible basic configurations.

Method to draw basic distillation configurations

In the method to be described below, first, each product of
intermediate volatility is assigned to be associated with a re-
boiler, a condenser, or neither. All possible options of these
assignments are then generated. For each possible option, the
n—component network problem is reduced to an (n —
1)—component network problem through a systematic step-
wise procedure. From the prior knowledge of (n —
1)-component configurations, the configurations for the
n—component mixture can then be derived. The method is
based on the premise that all the basic configurations for a
three-component mixture are known and are given in Figure
1. Thus, the four-component configurations are derived first,
followed by the five-component mixture and so on. This al-
lows the creation of all feasible basic configurations for any
given multicomponent mixture. The stepwise procedure is
based on nine observations. Therefore, these observations are
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developed below first, followed by a description of the step-
wise procedure that incorporates these observations.

Observation No. 1. The lightest component (A) is always
recovered from the top of a distillation column and has an asso-
ciated condenser. Conversely, the heaviest component is always
recovered from the bottom of a distillation column with an asso-
ciated reboiler.

Observation No. 2. A component of intermediate volatility
may be recovered with an associated condenser or a reboiler or
neither of the two. For a ternary mixture ABC, direct split is
an example where B is recovered from a condenser, indirect
split is an example where B is recovered from a reboiler, and
in the prefractionator scheme, B is recovered from an inter-
mediate location of a distillation column without any associ-
ated condenser or reboiler (Figure 1).

Observation No. 3. Whenever a submixture is associated
with a condenser or a reboiler, this submixture is always with-
drawn from the distillation column. 1If this submixture is not
recovered as a product stream, then it must be transferred to
another distillation column. Since no intermediate reboilers
or condensers are used in a basic configuration, such submix-
tures are withdrawn either from the top or the bottom of a
distillation column. In Figure la, binary mixture BC is an
example of such a submixture.

Observation No. 4.  If a submixture is transferred from one
distillation column to another distillation column, then both the
sections emanating from it are needed and they exist in the distil-
lation column receiving the submixture. (Note: final product
streams are not transferred between distillation columns.) In
a network, there are four sections associated with any inter-
nal submixture that is composed of more than one compo-
nent. Two of these sections lead to this submixture from an
earlier depth (leading sections) and the other two emanate to
the next depth (emanating sections). For example in Figure
3c, sections 13 and 14 are leading sections for binary mixture
CD (from a depth of three), while sections 18 and 19 are
emanating sections from CD that emanate to pure products
at the depth of five. (Note that any section may be described
as “emanating” from its upstream node and “leading” to its
downstream node. Therefore, the discussion of “emanating”
and “leading” is in context of the submixture under discus-
sion.) According to this observation, in Figure 1a when binary
submixture BC is transferred to the second distillation col-
umn, this column then has a section above and a section be-
low the feed point of submixture BC (both the emanating
sections 6 and 4).

Observation No. 5. (a) When a submixture on the upper
branch is transferred from one distillation column to another,
then it has a condenser associated with it at the withdrawal loca-
tion. In Figure 1b, transfer of binary submixture 4B from the
top of the first column is such an example. If the first column
distilled A from the top and the binary submixture 4B were
to be withdrawn from an intermediate location of this first
column, then, in conjunction with observation No. 4, two
product streams rich in component A (one from top of each
column) would be produced. We have precluded such config-
urations from the basic configurations. (A corollary of this
observation is that recovery of a submixture on the upper
branch is always associated with the use of a condenser.) (b)
Conversely, when a submixture on the lower branch is transferred
from one distillation column to another then it has a reboiler

AIChE Journal

associated with it at the withdrawal location. (A corollary of
this observation is that recovery of a submixture on the lower
branch is always associated with the use of a reboiler.) In
Figures la and 1c, transfer of binary submixture BC is such
an example. (c) An internal submixture, which is neither on the
upper nor the lower branch, can be transferred between the
columns with or without an associated reboiler or condenser.
When it is withdrawn from an intermediate location of a dis-
tillation column, then there is no associated reboiler or a
condenser.

Observation No. 6. (a) When a condenser is associated with
an internal submixture at a depth m in a network, then transfers
of all submixtures are eliminated at depths earlier than m that
contain the internal submixture as the heavy subgroup within the
submixture. For example, in the Figure 3a network, when a
condenser is used with internal submixture B at depth three,
then binary submixture 4B, at depth two that contains B as
the heavy subgroup within AB, is not transferred between
the distillation columns. When a submixture is not trans-
ferred between the distillation columns, then its presence
within the network is eliminated (product streams are excep-
tions). For the example problem, the resulting configuration
is the direct split configuration in Figure la. In this configu-
ration, if submixture AB were to be transferred, then compo-
nent B would have to be subsequently recovered from this
stream and this could not be achieved through the use of a
condenser. It has already been decided, however, that a con-
denser is to be used with B, and, in a basic configuration, B
can be recovered from only one location in the configuration.
(b) Conuversely, when a reboiler is associated with an internal
submixture at depth m, transfer of all submixtures at depths ear-
lier than m that contain the internal submixture as the light sub-
group within the submixture are eliminated. For example, in the
Figure 3a network, when a reboiler is used with internal sub-
mixture B at depth three, then binary submixture BC at depth
two that contains B as the light subgroup is not transferred
between the distillation columns. The indirect split configura-
tion in Figure 1b is such an example. (¢) Finally, for the recov-
ery of an internal submixture at depth m from a distillation col-
umn without an associated reboiler or a condenser, there must
be distillation sections both above and below the withdrawal
point. The distillation section above this point must be fed
with a submixture that contains the internal submixture as
the heavy subgroup. Similarly, the distillation section below
this point must be fed with a submixture that contains the
internal submixture as the light subgroup. The prefractiona-
tor configuration in Figure lc presents an example of this
concept. The internal submixture AB containing B as the
heavy group is fed to the section above the withdrawals loca-
tion of B. The internal submixture BC containing B as the
light subgroup is fed to the section below the withdrawal lo-
cation of B. It is worth noting that the submixture to be fed
to the distillation sections above or below the withdrawal lo-
cation of the internal submixture may originate at any depth
that is earlier than the depth of m.

Observation No. 7. This observation is a corollary of ob-
servation 6¢. Consider an internal submixture at a depth m
that is recovered from a distillation column using a con-
denser. Then, there must be a section below the withdrawal
location, and this section is fed by a submixture that contains
the internal submixture as the light subgroup, and this sub-
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Table 1. Basic Distillation Configuration Options for a
Four-Component Mixture

Applicable No. of Config.
Options Shortcut Ternary Options Nge
Soo ABCD — ¢ Sy +S; 4
Sor ABCD — AB¢ Sy 1
S0z ABCD — ¢¢pD Sy 3
Sy ABCD - Ap¢d S, 3
Si ABCD — AB¢ S, 1
S ABCD - A$D S, 3
Sa ABCD — ¢CD So 1
Sy ABCD - AB¢ S, 1
S ABCD — $CD S, 1
Sy =18

mixture originates from a depth earlier than m. Similarly,
consider an internal submixture at depth m that is recovered
from a distillation column using a reboiler. There must now
be a section above the withdrawal location and this section
must be fed by a submixture that contains the internal sub-
mixture as the heavy subgroup, and this submixture origi-
nates from a depth earlier than m.

Based on above observations, a stepwise procedure can be
created to draw basic distillation configurations for the sepa-
ration of a given n—component mixture.

Step 1. Following observations 1 and 2, the first step is to
generate all possible options with assignments of reboilers and
condensers to the products of intermediate volatility. For a
ternary feed mixture ABC, there are three feasible options:
(1) No reboiler or condenser at B, (2) A condenser at B, and
(3) A reboiler at B. When n > 3, there are n —2 products of
intermediate volatility and three possibilities exist for each of
these products. This leads to a total of 3"~ possible op-
tions. Table 1 lists nine possible options for a four-compo-
nent mixture. In this work a notation is adopted to uniquely
identify each option. Symbol “S” with n —2 subscripts, one
for each product of intermediate volatility, is used. The first
subscript (left-most one) is associated with the second most
volatile product and the volatility decreases in successive or-
der with the last subscript referring to the second least volatile
product. Each subscript is allowed to take one of three (0, 1,
and 2) values. The subscript 0 indicates that no reboiler or
condenser is present, 1 indicates presence of a condenser,
and 2 indicates the presence of a reboiler. Thus, in Table 1,
S;; uniquely identifies each of the options for a four-compo-
nent mixture. Subscript i refers to component B and j to
component C. S,,, for example, means no reboiler or con-
denser at either B or C. §;, implies a condenser at B and a
reboiler at C, and so on.

Step 2. Once each n—component option is uniquely iden-
tified, each one is then reduced to the corresponding (n —
1)—component network options and all possible distillation
configurations are created.

For a three-component mixture, there are only three op-
tions: Sy, S, and S,. For option S, no reboiler nor con-
denser is associated with B and observation 6¢ suggests that
binary submixtures 4B and BC must be transferred to the
distillation column producing B. From observation 5, a con-
denser is associated with the recovery of 4B and a reboiler
with the recovery of BC. Therefore, when one looks at the
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depth of two, this option reduces to an equivalent binary net-
work option, that is, a single distillation column with a feed
and a condenser at the top for AB and a reboiler at the
bottom for BC. This, in conjunction with observation 4, leads
to the prefractionator scheme of Figure 1c. Similarly, for op-
tion S, use of a condenser at B eliminates submixture 4B
(from observation 6a) and a reboiler must be used at BC
(from observations 7 and 5b). The resulting network is shown
in Figure 4a. Note that as submixture 4B is eliminated from
the network 3a, component A4 is moved from the depth of
three to the depth of two in the network 4a. This is done to
first create feasible distillation configurations by considering
the network up to the depth that is one less than the depth of
the original problem. Therefore, just looking at the depth of
two in Figure 4a, option S, is again reduced to an equivalent
binary network option. This means a distillation column with
feed ABC and a condenser for component 4 and a reboiler
for BC. This is, of course, the direct split shown in Figure 1a.
Similarly, the network for option S, is shown in Figure 4b
and it corresponds to indirect split (Figure 1b). In Figure 4
and all other modified network figures, an overhead line repre-
sents a condenser and an underline represents a reboiler. Thus,
the total number of basic configurations S for a ternary mix-
ture is equal to three. (Note in this article a subscript ¢ to S
denotes that § with all feasible values of 0, 1 and 2 as sub-
script are considered. Thus S, represents all possible options
for a ternary mixture and S, =S, + S, +S,. Just as the nu-
merical value of §; represents the total number of basic dis-
tillation configurations for option S;, similarly, the numerical
value of S, represents the total number of basic distillation
configurations for all the options contained in Sdr)

All the nine options for the assignment of reboilers and
condensers to the products of intermediate volatility (= 34~2)
for a four-component mixture are listed in Table 1. There are
27 (= 3°"2) such options for a five-component mixture. When
the number of components is greater than three it is easier to
subdivide Step 2 into the following six cases:

Case a. This case occurs when in the option under con-
sideration only one intermediate product stream uses a con-
denser and the other intermediate products use neither a re-
boiler nor a condenser. For the purpose of illustration, con-
sider the five-component network in Figure 3c with an associ-
ated condenser at C and no associated reboiler or condenser
at B or D (option S,,). In this option, ABC and BC are the
two submixtures at depths earlier than five that contain C as
the heavy subgroup. These two submixtures are circled in
Figure 5a. According to observation 6a, these circled submix-
tures are then eliminated resulting in the network shown in
Figure 5b. Next, the resulting empty slots are filled by moving
appropriate submixtures from greater depths. An empty slot
is filled by moving all the submixtures at greater depths, but
at the same height by one unit to the left in the network.
Therefore, in Figure 5b, each of the submixtures AB and A
on the upper branch, that are at the same height as ABC but
at greater depths than ABC in the network, are moved one
unit to the left. Thus, AB fills in the empty slot of ABC and
A in turn fills the vacated slot of 4B. Similarly, B fills in the
empty slot of BC. The resulting modified network is shown
in Figure 5c. The modified networks for the other two op-
tions S,q, and Sy,;, when only one intermediate product has
an associated condenser and the other two intermediate
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Figure 4. Network representation for a ternary mixture
(a) condenser at B, and (b) reboiler at B.

products neither have a reboiler nor condenser, are shown in
Figures 5d and 5e. It is worthwhile to note that, in all the
three resulting modified networks, the product streams that
are lighter than the intermediate product stream with the
condenser are now located at the depth of four and all other
product streams remain at the original depth of five.

The modification of an n—component network translates
the given option to the corresponding (n —1)—component
network options. All the decisions to assign reboilers and
condensers are now confined to the depths of n—1 or ear-
lier. Let us illustrate this point through an option for a four

component mixture S, that is, the use of a condenser at B.
The resulting modified network is shown in Figure 6a. Since
no reboiler or condenser is used at C, from observation 6c,
submixture CD must be transferred and fed to the distilla-
tion column producing C. From observation 5b, a reboiler is
associated with the transfer of CD. Recovery of C also re-
quires that at least one of the submixtures ABC or BC must
be fed to the column producing C (observation 6¢). However,
BC cannot be eliminated from the modified network as sub-
mixture ABC contains B and cannot produce only 4 and C
(observation 8, which will be described below, tells when an
internal submixture can be eliminated from the network). As
a result, the modified network of Figure 6a at depth three
incorporates the earlier ternary separation options, with a
condenser at A, a reboiler at CD, and the recovery of BC
for transfer to another distillation column. At BC, one again
has a choice to use a reboiler, a condenser, or neither. There-
fore, up to the depth of three of the modified network, the
structure of distillation configurations will be identical to
those for the ternary mixture options §,, S;, and §,. This
results in the number of configurations at depth three of the
modified network for option S, to be equal to 3(=S,). The
final four-component configurations are created by adding the
production of B, C, and D to each of the equivalent ternary
configurations in Figure 1. The resulting three configurations
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are shown in Figures 7i, 7j and 7k (in order not to clutter the
figures, condensers are depicted as filled circles and reboilers
as open circles).

Now consider option S, in Table 1. The use of a con-
denser at C in the network of Figure 3b eliminates submix-
tures BC and ABC from the network (observation 6a). The
resulting modified network is shown in Figure 6b. We already
now know that binary submixture CD must be recovered us-
ing a reboiler and transferred to a distillation column produc-
ing C and D (observations 7 and 5b). In the S, option, no
reboiler or condenser is associated with B. Therefore, in the
modified network of Figure 6b at the depth of three, the only
equivalent ternary option applicable is . The resulting con-
figuration for this option is readily obtained by adding the
production of C and D to the equivalent ternary option S,
(prefractionator in Figure 1c) and is shown in Figure 7e.

Case b. Consider the options where only one intermedi-
ate product stream uses a reboiler and the other intermedi-
ate products use neither a reboiler nor a condenser. Once
again for an illustration purpose, consider the five-compo-
nent network in Figure 3c with an associated reboiler at C
and no associated condenser or reboiler at B or D (option

So20)- In this option, CDE and CD are two submixtures at
depths earlier than five that contain C as the light subgroup.
These two submixtures are circled in Figure 8a. According to
observation 6b, these circled submixtures are then eliminated
resulting in the network shown in Figure 8b. An empty slot is
filled by moving an adjacent submixture from a depth and
height each one unit greater than the depth and height of the
empty slot. The adjacent vacated slot is then similarly filled,
and the process is continued until all the submixtures up to
the depth of five have been appropriately moved. Therefore,
submixture DE fills in the empty slot of CDE and E in turn
fills the vacated slot of DE. Similarly, D fills in the empty
slot of CD. The resulting modified network is shown in Fig-
ure 8c. The modified networks for the other two options S,
and S, are shown in Figures 8d and 8e. It is observed that,
in all the three resulting modified networks, the product
streams that are heavier than the intermediate product stream
with the reboiler are now located at the depth of four and all
other product streams remain at the original depth of five.
In the modified networks, all the decisions to assign re-
boiler and condensers are confined to the depths of n —1 or
earlier. This helps to draw n—component configurations from

ABCD

(©)

— R
__hac

ABCD

/E
~ ~

c

~
/BC
BCD~_ )

()

BC - c
cD
~ D
(b)
_/K
ase” ~~
ABCD” \BC/ ’
~ — '~
BCD __ c
D
(d)
A

()

Figure 6. Modified network representations for a four-component mixture.
(a) Condenser at B (S;(); (b) condenser at C (S,); (¢) reboiler at B (S,); (d) reboiler at C (Sy,); (¢) a condenser at B and a reboiler at C

(S;5); (O a solution with no reboiler or condenser at B or C.

386 February 2003 Vol. 49, No. 2

AIChE Journal




the ones available for the (n —1)-component. For illustra-
tion, consider option S,, with a reboiler at B from the four-
component mixture options summarized in Table 1. For this
option, the resulting modified network is shown in Figure 6c.
At the depth of three, a condenser is used for 4B, a reboiler
for D and no reboiler or condenser for C. Therefore, for up
to the depth of three, an equivalent ternary configuration for
option S is chosen and the production of 4 and B is added
to it. The one resulting configuration is shown in Figure 7p.
In option S,,, a reboiler is used at C. This eliminates the
submixture CD and results in the modified network of Figure
6d. Once again, a condenser is used at AB (observations 6¢
and 5), a reboiler at D, and one has all three possible choices
for the binary mixture BC. This leads to the number of
equivalent ternary network options applicable equal to S, at
the depth of three. The resulting three configurations for a
four-component mixture are shown in Figures 7f, 7g, and 7h.

The resulting four-component network options for each of
the five-component modified networks shown in Figures
5c-5e and 8c—8e are discussed later in this article.

Case c. Now consider the options where more than one
intermediate product stream uses a condenser, but no inter-
mediate product stream uses a reboiler. For a four-compo-
nent mixture, option S;; is such a case. In such cases, pick
the heaviest intermediate product with an associated con-
denser and modify the network according to the steps de-
scribed for Case a. This will modify the network by moving
all the intermediate product streams lighter than the heaviest
intermediate product stream with the condenser to the depth
of n—1. Now, the equivalent options of the (n—1)—
component network applicable to this n—component option
can be easily generated by applying the remaining condensers
to the intermediate product streams located at the depth of
n—1 in the modified network. For option S;;, it means to
first apply associated condenser to the intermediate product
C and modify the network in Figure 3b to obtain modified
network S,; of Figure 6b. The use of a condenser at B leads
to the equivalent ternary network option S, (direct split in
Figure 1a) at the depth of three. The resulting configuration
is obtained by adding production of C and D to the equiva-
lent ternary configuration and is shown in Figure 71.

Case d. Now consider the options where more than one
intermediate product stream uses a reboiler, but no interme-
diate product stream uses a condenser. For a four-compo-
nent mixture, S,, is such an option. In such options, pick the
lightest intermediate product with the reboiler and modify
the network according to the steps described for case b. This
will modify the network by moving all of the intermediate
product streams that are heavier than the lightest intermedi-
ate product stream with the reboiler to the depth of n —1.
The applicable equivalent options for the depth of n —1 can
now be easily generated by applying the remaining reboilers
to the intermediate product streams. For option S,,, it means
using modified network S,, (Figure 6¢). At the depth of three,
binary submixture AB uses a condenser, D uses a reboiler
and C is specified to use a reboiler. This leads to the distilla-
tion configuration of ternary option S, being applicable; the
resulting configuration is shown in Figure 7r.

Case e.  Now consider those options where both reboilers
and condensers are used by the intermediate product streams.
S, and §,, from Table 1 are examples of this type of option.
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Figure 7. Basic configurations for a four-component
distillation.
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The first step will be to identify the heaviest intermediate
product with an associated condenser and the lightest inter-
mediate product with an associated reboiler. The heaviest in-
termediate product with an associated condenser is desig-
nated as the “heavy condenser component,” and the lightest
intermediate product stream with an associated reboiler is
designated as the “light reboiler component.” Now, one has a
choice to initiate the modification of the n—component net-
work either through the heavy condenser component or the
light reboiler component. Either choice will lead to the same
basic distillation configurations and, therefore, it is sufficient
to follow only one of the two choices:

(1) First consider the choice where n—component network
modification is initiated through the heavy condenser compo-
nent using the steps described in case a. As observed from
Figures 5c—5e, this will result in all other intermediate prod-
uct streams that are more volatile than the heavy condenser
component to be at a depth of n —1 in the modified network.
When there is no other intermediate product stream heavier
than the heavy condenser component that uses a reboiler, no
further modification of the network is then needed. The
modified network will provide the knowledge of the applica-
ble (n —1)-component network options needed to identify
possible configurations for the n-component mixture. For
example, in option S,, a condenser is used with C and re-
boiler with B. Using the method outlined in case a, the origi-

nal network is first modified through the heaviest intermedi-
ate product stream associated with a condenser. For the ex-
ample problem, this leads to the modified network S, in
Figure 6b. Now at the depth of three, a reboiler is to be used
with B. This leads to the distillation configuration of the
ternary network option S, being applicable. The resulting
configuration is shown in Figure 7q.

If there are intermediate products associated with reboil-
ers that are heavier than the heavy condenser component,
then, among such intermediate products, pick the one that is
closest in volatility to the heavy condenser component, and
further modify the network using the method described in
case b. As observed from Figures 8c—8e, in the remodified
network, all the product streams heavier than this intermedi-
ate product will now be located at the depth of n —1.

Therefore, after this remodification step, all other interme-
diate product streams with reboilers and condensers (except
the heavy condenser component and its closest heavier com-
ponent with a reboiler) will now be located at the depth of
n —1. The remodified network is then used to create the ap-
propriate distillation configurations. As an example consider
option S;,. B is now the heavy condenser component, and
the closest heavier component with a reboiler is C. There-
fore, the network in Figure 3b is first modified according to
the method in case a by eliminating submixtures containing
B as the heaviest subgroup. The resulting modified network
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is 4y, shown in Figure 6a. Case b is then used with this mod-
ified network to provide the final modified network shown in
Figure 6e. From the final network in Figure 6e, it is seen that
the internal binary mixture BC at the depth of three has all
three possible choices of reboilers and condensers available
to it. This leads to distillation configuration of all the ternary
network options (S,) being applicable. The resulting three
configurations are shown in Figures 7m, 7n and 7o.

(ii) Alternatively the same distillation configurations can be
generated by initiating the modification of the n—component
network through the light reboiler component using the steps
described in case b. In this alternative, the modified network
will have all other intermediate product streams that are
heavier than the light reboiler component at a depth of n —1.
When there is no other intermediate product stream lighter
than the light reboiler component that uses a condenser, then
no further modification of the network is needed. The result-
ing configurations can be determined using applicable op-
tions for the (n —1)~component network. Let us now recon-
sider option §,;. This time, use the method of case b with the
light reboiler component B to modify the original network.
This will lead to the modified network §,, in Figure 6c. Now,
a condenser is to be used in the modified network with com-
ponent C at the depth of three, leading to the applicable
distillation configuration of ternary network option §,;. Once
again, the resulting configuration is shown in Figure 7q.

If there is at least one intermediate product stream with an
associated condenser that is lighter than the light reboiler
component, a subsequent modification of the network is then
needed. In the modified network, choose the heaviest inter-
mediate product among the intermediate product streams
with associated condensers that are lighter than the light re-
boiler component and apply to it the method described in
case a. Once again in the remodified network, all other inter-
mediate product streams with reboilers and condensers (ex-
cept the light reboiler component and its closest lighter com-
ponent with a condenser) will now be located at the depth of
n — 1. The remodified network is then used to create applica-
ble (n —1)—component network options. This method could
easily be applied to the earlier option §;, for the four-com-
ponent mixture to recreate a network in Figure 6e. However,
for further illustration, consider option S,,, for the five-com-
ponent mixture ABCDE. Condensers are used here with each
B and D, and a reboiler is used with C. The first modifica-
tion with C as the light reboiler component results in the
modified network of Figure 8c. Then, using B as the closest
light component to C that has a condenser, submixture 4B
is eliminated from the resulting network, according to the
method in case a. This leads to a remodified network with a
condenser at D located at the depth of four, while both B
and C remain at the original depth of five. Knowledge of the
four-component network (applicable options S, =S, + Sy,
+5,,) can now be used to draw the resulting configurations.

Case f. Finally, consider the case when no reboiler or
condenser is used with any of the intermediate product
streams. For a four-component mixture, S, is such an op-
tion. In such cases, the most straightforward situation is to
retain all the binary submixtures at the depth of n —1 in the
original network (Figure 3b). This is definitely a feasible solu-
tion because, from observation 6c, we know that the presence
of all the binary submixtures in a network insures that all the
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intermediate products can be produced without need for a
reboiler or condenser. In this solution, the binary mixture on
the upper branch will use a condenser because the intermedi-
ate product B does not have a condenser (observations 6¢
and 5a). Similarly, the binary mixture on the lower branch
has a reboiler associated with it (observations 6¢ and 5b). For
other internal binary mixtures at the depth of n —1, all three
possible choices of reboilers and condensers are available.
This makes this solution equivalent to an (n —1)—-component
network problem with the same number of options and con-
figurations. Therefore, this possible solution for S, uses dis-
tillation configurations from all the ternary network options
(S,). The resulting three configurations (corresponding to S,
S, and S,) are shown in Figures 7a, 7b, and 7c.

However, the solution cited above does not cover all possi-
ble configurations because observations 6¢c and 7 do not re-
quire that an internal submixture needed for the recovery of
another internal submixture at the depth m be recovered at
the depth of m —1. Whenever feasible, the internal submix-
ture could be recovered at any suitable depth earlier than
m —1. One such example for the S, option for a four-com-
ponent mixture is shown in Figure 6f. Intermediate products
B and C use neither a reboiler, nor a condenser. It is seen
from Figure 3b that the only submixture that has B as a heavy
subgroup is AB. Therefore, it must be fed to the distillation
section above the withdrawal location of B. However, both
submixtures BC and BCD have B as a light subgroup.
Therefore, both are candidates for providing boilup to the
distillation section below the withdrawal location of B. Con-
figurations using submixture BC for this purpose have al-
ready been created (Figures 7a, 7b and 7c). However, for this
case, it is also possible to eliminate the submixture BC from
the network and to feed submixture BCD to the distillation
section below the withdrawal location of B. The resulting
network is shown in Figure 6f and the distillation column
configuration in Figure 7d. This is the satellite column ar-
rangement discussed earlier by Agrawal (1996a). In Table 1,
the applicable ternary options for S, are listed as S, +S;.
While the subscript ¢ takes on values of 0, 1 and 2 and refers
to the absence or presence of a condenser or a reboiler at
BC, the subscript 3 refers to the absence of submixture BC
itself. The value of Sy is one. S, represents all the options
for a ternary mixture and has a value of three. Therefore, the
number of configurations for option Sy, is four (Sy, = 4).

It should be noted that we have not yet identified any ob-
servation that will lead to networks such as the one in Figure
6f. The following observation will fulfill this need:

Observation No. 8. For an n—component mixture, when-
ever in the final modified network (that is, after application of
Step 1 and Step 2 cases a— f), an internal submixture at depth m
(where m < n) has submixtures containing more than one com-
ponent as its immediate neighbors at the height above and below
(but at the same depth m), then the internal submixture can be
eliminated from the network. For the four-component problem
with no reboiler and condenser at B or C, the initially modi-
fied network remains unchanged at the depth of three (Fig-
ure 3b). The immediate neighbors of internal submixture BC
at the same depth of three are AB and CD. Since both AB
and CD contain more than one component, according to this
observation, it is possible to eliminate BC from the network,
obtaining network 6f. On the other hand, the modified net-
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work in Figure 6d is an example where submixture BC can-
not be eliminated because the neighbor below is D, which
does not contain more than one component.

To further illustrate this observation, consider a five-com-
ponent mixture. Clearly, for the option Sy, with no reboiler
or condenser at intermediate product streams, the immediate
neighbors of both the internal binary mixtures BC and CD
are binary mixtures (Figure 3c). This implies that configura-
tions can be created by eliminating BC, CD, or both from
the network. These modified networks are shown in Figures
9a, 9b, and 9c. Now for the five-component option S, all
the applicable four-component network options are obtained
by accounting all the networks in Figures 3c, 9a, 9b, and 9c.
Therefore, for option Sy, the applicable four-component
network options are designated as S, 4, where ¢, refers to
BC and ¢, to C Both ¢, and ¢, can take the values of 0, 1,
2, and 3, where 3 refer to the absence of the submixture.
Therefore, th% tota13number of applicable options at the depth

of n—1is ), ). S,, . This can also be written as S,
$1=0 =0

+ 834 + 843 T 533, where subscript ¢ takes the values 0, 1,

and 2. S, refers to all possible four-component options, and

includes all 18 distillation configurations derived for a four-
component mixture. This means that each of the eighteen
distillation configurations shown in Figure 7 can be used to
produce binary mixtures AB, BC, CD, and DE, which are
then fed to a distillation column to produce the product
streams. S, refers to options S3, + 83, + S5, that is, in the
network of Figure 9a all three possibilities with or without a
reboiler or a condenser at CD are considered. If we consider
S5, and look for the distillation configurations up to the depth
of three, we find from observation 8 that two distinct possibil-
ities exist. In one possibility, internal submixture BCD is
transferred between the two distillation columns and we have
three possible configurations of the first two distillation
columns (S, + S, + S,). The complete distillation column ar-
rangements for these three possible configurations are shown
in Figures 10a—10c respectively. In the second possibility, in-
ternal submixture BCD is eliminated and we have one con-
figuration (S;). The complete distillation column arrange-
ment is shown in Figure 10d. While the arrangement of the
first three distillation columns in any configuration of this
figure is not identical to any of the four-component distilla-
tion configurations shown in Figure 7a through 7d, the num-
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(a) Absence of BC, (b) absence of CD, (c) absence of both BC and CD.
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ber of configurations for S5, is the same as for S,. This fol-
lows from the fact that a further reduction of S5, and S,
leads to the same number of options up to the depth of three
(Sy+ S, + S, + S3). Note that in the four-component network
(Figure 3b), binary mixture AB located at the depth of three
provides reflux for an internal submixture (B) at the next
depth, and the binary mixture BC located below 4B pro-
vides boilup for an internal submixture (B) at the next depth.
An analogous situation exists for the network in Figure 9a.
Here, the internal submixture ABC at the depth of three
provides reflux for an internal submixture (C) located at a
greater depth, and the internal submixture BCD located un-
derneath ABC provides boilup for an internal submixture (B)
that is also located at a greater depth. This leads to the next
observation.

Observation No. 9. When in a modified network, the appli-
cable network option at the depth of (n — 1) is represented by an
S with all the subscripts as 3, then there is only one configuration
and that configuration is the satellite column arrangement. This
occurs when no reboiler or condenser is associated with the
intermediate product streams and all the internal submix-
tures at the at the depth of (n —1) have been eliminated. In

the five-component S, example, the applicable network op-
tion S55 at the depth of four in Figure 9c is such a case. In all
other options where 3 appears with other numbers (0, 1 or 2) as
subscript in S, the number of possible configurations can be eas-
ily calculated by replacing every 3 with a zero and finding the
number of configurations from the corresponding (n —
1)—component network option. Thus, in the five-component
example, the number of configurations for option S5, at the
depth of four in the modified network of Figure 9a is the
same as for four-component option S, that is, only one con-
figuration exists for this option (Table 1). Similarly, S5, has
the same number of configurations as S,; from Table 1, this
number is three. Therefore, S5, =830 + 83+ 83, =4+1+3
=8. The value of Sy;(=Sp;+ 83+ S8, = S5+ S0+ Sy)
can be calculated with the help of Table 1 to be 8. This gives
the value of Sy, to be 35 (S, + 83, + Sy3 + 833 =18+8+38
+1=135). A word of caution is essential here. Just because
the numeric value of S5, is equal to §,, it does not mean
that these five-component configurations are derived by sim-
ply adding a distillation column to each of the four-compo-
nent configuration corresponding to S,,. This can be seen by
comparing the five-component distillation configurations for
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S5 in Figure 10 with the four-component configurations for
Soo in Figures 7a through 7d.

A flow chart of the stepwise method is presented in Figure
11. This flow chart helps to visualize the procedure and can
be used as an aid to draw basic distillation configurations for
any given n-component mixture.

If needed, all the n —1 reboilers and n —1 condensers can
be assigned by the proposed method to create a final network
representation for any one specific configuration. This is done
by first assigning the pre-specified reboilers and condensers
to the intermediate product streams at the depth of n. Next,
reboilers and condensers are assigned to the needed sub-
groups at the depth of » —1 in the modified network, and,
then, by the application of the proposed method, the network
is further modified to the equivalent (n —2)—component net-
work problem. This procedure is continued by assigning re-
boilers and condensers to successive lower depths and each
time modifying the network by the proposed method. The
procedure is finished when all the reboilers and condensers
are assigned. The final resulting network will represent a spe-
cific basic distillation configuration.

For a five-component mixture, all possible 27 (= 33) op-
tions are listed in Table 2. For this mixture, there are a total
of 198 (=S,,,) basic configurations. As expected, the total

number of basic configurations increases rapidly as the num-
ber of components in a mixture is increased; a six-component
mixture has 4,079 basic configurations!

In the proposed method, once reboilers and condensers
have been assigned to the intermediate product streams, it is
relatively easy to calculate the minimum, as well as maxi-
mum, number of distillation sections that could be present in
the final basic distillation configurations. Whenever the val-
ues of the minimum and the maximum number of sections
are different, more than one basic distillation configuration
exists for the same assignment of reboilers and condensers to
the intermediate product streams. A detailed discussion of
this subject is presented in the Appendix.

Before concluding the development of a method to draw
all possible basic configurations for an n—component mix-
ture, it is useful to make one additional comment. In the con-
figurations drawn according to observation 8, it may be possi-
ble to reintroduce the eliminated internal submixtures. For
example, in the network representation of Figure 6f, binary
submixture BC is eliminated. However, in the corresponding
distillation column configuration of Figure 7d, there are two
columns where binary mixtures of B and C exist. One such
column is the one producing B and the other is the one pro-
ducing C. In Figure 7d, two locations in these column sec-

Step3b
Eliminate all the submixtures containing
HCC as the heaviest subgroup
(eg. Figur?s 5a-5b)

Step3c
Move Submixtures from a Greater
Depth, but at the same height one unit
to the left to successively fill the vacated
slots (eg. Figlures 5b-e)

Step3d
Is there an IP with a reboiler that is

heavier than the HCC?
No | Yes

r
Goto Step 6

Identify the IightestI component with a
reboiler that is heavier than the HCC
and further modify the network by
treating this component as LRC and
following steps 5b onwards

Use all the equivalent (n-1) -
component network options to
generate basicI configurations

If a binary mixture on the upper branch, assign
it a condenser. If a binary mixture on the lower
branch, assign it a reboiler.

Apply Footnote

Step1
In a network, assign Reboilers and Condensers to the Intermediate Product (IP) Streams
Step2
Was a Condenser Assinged?
Yes | No
I
Step3a Was a reboiler assigned?
Identify the heaviest IP with a condenser | No | Yes
(“‘Heavy CondenserI Component” — HCC) Step4 Step5a|

Identify the lightest IP with a reboiler
(“Light Reboiler Component” — LRC)
|

Step5b

Apply Footnote Eliminate all the submixtures
containing LRC as the lightest
Step 6 subgroup (eg. Figures 8a-b)
|

Step5¢
Fill the empty slots by
successively moving an

: adjacent submixture from a

Use the equivalent (»-1) — component network depth and height each one unit
options to generate basic configurations
|

greater than the empty slot
(eg. Figures 8b-e)
|

Goto Step 6

Footnote: If at the depth of -1 in the modified network, a binary mixture has other binary mixtures as its immediate neighbors both
above and below, then this binary mixture can be eliminated from the network to provide further modification to the network.
When more than one binary mixture meet this criteria, then all possible combination of their elimination should be considered
(eg. Figure 9). All additional basic configurations should then be drawn from this modified network (see observations 8 & 9).

Figure 11. Stepwise procedure to draw basic distillation configurations from an n—component network.

392 February 2003 Vol. 49, No. 2

AIChE Journal




Table 2. Basic Distillation Configuration Options for a Five-
Component Mixture

Applicable No. of Config.
Options Shortcut Quaternary Options Nge
S0 ABCDE — ¢pdd Syy+ Sz + g3+ S33 35
Soo1 ABCDE — ABC¢ Soo 4
Sps» ABCDE — ¢pdHE Spp+ S34 26
Soi0 ABCDE — AB¢¢ Sos 8
Soi1 ABCDE — ABC¢ So1 1
So1» ABCDE — AB$E Sos 8
Spo ABCDE — ¢¢$DE S40 8
Soz1 ABCDE — ABCé So2 3
Sw2  ABCDE — ¢¢DE S42 7
Swo  ABCDE — A,,, Spo + S43 26
Si1 ABCDE — ABC¢ S1o 3
S102 ABCDE — A¢HE Sy 18
Sii0 ABCDE — AB¢¢ Sie 7
Si1  ABCDE — ABC¢ Sit 1
S.1» ABCDE — AB$E Sio 7
S0 ABCDE - A¢DE S40 8
S, ABCDE — ABC¢ S, 3
S, ABCDE — A¢DE Sg2 7
S0 ABCDE — $CDE Soo 4
S, ABCDE — ¢CDE Sor 1
Sy,  ABCDE — ¢CDE So2 3
S,0 ABCDE — ¢CDE Sio 3
S, ABCDE — ¢CDE Si 1
Sy, ABCDE — $CDE S 3
S»o ABCDE — $CDE S0 1
S AEQBE - ¢§5E So 1
Sy, ABCDE — ¢CDE Sy 1
S 4pp =198

tions are connected by a dotted line to signify that a binary
mixture BC may be transferred between them. Similar con-
nections can be drawn for the configurations in Figure 10.
We have not yet investigated the advantage or disadvantage
of such connections.

Now that the detailed description of the method to draw
all of the basic configurations is complete, it is worthwhile to
describe a shorter version of this method that can be used to
reduce an n—component option to all the applicable (n —
1)-component network options, but without having to draw
any network representations.

Short version of the method for basic configurations

The method described so far basically assigns reboilers and
condensers to the (n—2) product streams of intermediate
volatility and relates the n—component option to the options
for an (n — 1)—component mixture. This means that, after as-
signing reboilers and condensers at a depth of » in a network
representation, the problem is translated to the assignment
of reboilers and condensers at the depth of (n —1). If needed,
one could continue the process to the lower depths until all
the reboilers and condensers up to the depth of two were
assigned. This would lead to the creation of one specific con-
figuration. However, with the information already available
for the (n — 1)—component mixture, there is generally no need
to continue to the lower depths. The short version of the
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method that will be described in this section allows a quick
translation of the given option from the depth of n to the
options at the depth of (n —1). The short method will now be
illustrated in steps.

Step a. For an n—component mixture, each of the n com-
ponents are located at the depth of n. They can be repre-
sented as a sequence of components; thus, for a five-compo-
nent mixture, the sequence will be ABCDE. For any given
option, the reboilers and condensers are then represented
with overlines (for condensers) and underlines (for reboilers).
For example, option S,;, in Table 2 is represented as
ABCDE. Recall that A always has a condenser and E a re-
boiler, so there is no need to show these in each sequence. In
the following discussion, when we talk about reboilers and
condensers associated with components, we talk only about
product streams of intermediate volatility.

Step b. This step is only used if there is no intermediate
product stream in the sequence with a reboiler that is heavier
than the heaviest intermediate product with a condenser.
Such an example is option S,,; with sequence ABCDE in
Table 2. Among the components of intermediate volatility, D
is the heaviest component with a condenser and there is no
other component of intermediate volatility with a reboiler to
its right. The heaviest intermediate product with a condenser
was earlier designated as the “heavy condenser component.”
In the sequence ABCDE, D, is the heavy condenser compo-
nent. Now, in order to find the applicable (n —1)-component
network options, the task is to reduce the number of mem-
bers of the sequence from n to n —1. For this purpose, first
write all of the components to the left of the heavy condenser
component as present in the original sequence with their as-
sociated reboilers and condensers. For the sequence ABCDE,
it means writing ABC. Then, count the number of compo-
nents to the right of the heavy condenser component in the
original sequence and add the same number of ¢’s to the
reduced sequence. In ABCDE, there is only one component
to the right of the heavy condenser component D so this
leads to the reduced sequence ABC¢ (for visualization see
modified network of Figure 5¢). A and ¢ can now be ig-
nored and an associated condenser with B and a reboiler
with C leads to equivalent option §;, for a four-component
network. Thus, the five-component option §;,; reduces to
option S;, of a four-component network.

Let us consider another option S, from Table 2. The cor-
responding original sequence is ABCDE with C as the heavy
condenser component. The reduced sequence is ABdd,
which leads to equivalent option S, for a four-component
network. Because the solution to the problem is initiated by
specifying associated reboilers and condensers with only the
intermediate product streams, each of the internal binary
mixtures has a choice to use, or not to use, a reboiler or a
condenser. Thus, ¢ takes on the values 0, 1, and 2. In this
example problem, S, refers to the options Sy, Sp; and Sy,
of a four-component network.

A special case arises when, in the reduced sequence, a given
¢ has another ¢ as its neighbor on each side. In such situa-
tions, besides the three possibilities of having or not having a
reboiler or a condenser, it is possible to eliminate the given ¢
(that is, internal binary mixture) from the final configuration
(observation 8). As an example, consider option Sy, for a
five-component mixture in Table 2 (Figure 5d). The original
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sequence is ABCDE and the reduced sequence is A ¢¢e. In
the reduced sequence, the second ¢ from the left has a ¢ on
each of its sides. Therefore, it has a choice to be present or
absent from the final configuration. In order to acknowledge
this choice, the equivalent four-component network options
are written as S¢¢1, where ¢, can take values of 0, 1, 2 and 3.
S, can also be written as Sy, + S,3, where ¢ only takes
values 0, 1, and 2. While S, includes all the nine options of
a four-component mixture and yields 18 distillation column
configurations, S, is equal to Sy; + ;3 + Sy;. From the ear-
lier discussion, we know that, when all the subscripts are not
3, they then can be treated as zero to calculate the number of
possible distillation configurations. Thus, the number of con-
figurations for S,; is also equal to Sy + Sy + S5, and, with
the help of Table 1, this turns out to be 8 distillation configu-
rations. Therefore, the total number of distillation configura-
tions corresponding to option S, for a five-component mix-
ture is 26.

Application of Step b is particularly attractive when, in a
given option, the heaviest intermediate product stream has a
condenser. The n—component option then reduces to the
corresponding (n —1)—-component network option by simply
eliminating 1 from the last subscript in S. In one of the exam-
ples discussed earlier, option S;,; for a five-component mix-
ture translated into S;,. Similarly in Table 2, Syy;, So11> So21
— S8, translate into Sy, So1, Sga— S2-

It is worth noting that in this shortcut method, the reduced
sequence uses ¢ for any of the binary mixture present at the
depth of n —1 in the modified network. However, if needed,
the information is available to identify each of the binary
mixtures present in the reduced sequence. A ¢ in the first
slot of the reduced sequence represents binary mixture 4B, a
¢ in the second slot represents BC and so on. As an exam-
ple, consider option S;, for a four-component mixture. The
corresponding reduced sequence is A¢p¢ (Table 1) and the
modified network is shown in Figure 6a. Since the first ¢ is
in the second slot, it represents binary mixture BC and the
next ¢ represents CD.

Step ¢. This step is only used, if in the original sequence,
there is no intermediate product stream with a condenser that
is lighter than the lightest intermediate product stream with a
reboiler. The lightest intermediate product with a reboiler
was earlier designated as a “light reboiler component.” The
reduced sequence is generated by first writing a ¢ for each
component that is to the left of the light reboiler component.
Then, the exact subsequence from the right of the light re-
boiler component in the original sequence is added to the
reduced sequence. For example, consider option S,; for a
five-component mixture. The original sequence is ABCDE
and C is the light reboiler component. There are two compo-
nents that are to the left of C and, as a result, the reduced
sequence starts with two ¢s. The subsequence DE from the
right of C is then added to complete the reduced sequence.
This leads to a reduced sequence ¢pdDE (for visualization
see modified network in Figure 8c). This corresponds to op-
tions contained in S, for a four-component network. Since
S41=3S0;+ 81, +95,, a total of three distillation configura-
tions are obtained for this option from Table 1. Note that
one could alternatively use Step b with this option Sy,; in
Table 2 and arrive at the same result.

Once again, when in the reduced sequence, a given ¢ has
another ¢ as its neighbor on each side, this then leads to
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another possibility whereby distillation configurations can be
created without using this ¢ (and the corresponding internal
binary mixture). One must account for this possibility as de-
scribed in Step b. As an example, consider option Sy, for a
five-component mixture in Table 2. The original sequence is
ABCDE and the corresponding reduced sequence is ¢PpPE.
This leads to options contained in S, , of a four-component
network. S, , is equal to S, + S5, and the number of distil-
lation configurations contained in S;, is equal to Sy, + Sy, +
Sy, (corresponding to S5, + S5, + S5,). For the option S,
this leads to a total of 26 distillation configurations from
Table 1.

As expected, application of the Step c is particularly attrac-
tive when, in a given option, the lightest intermediate prod-
uct stream has a reboiler. For this case, the n—component
option is reduced to corresponding (n —1)—component net-
work option by simply eliminating 2 from the first subscript
in S. Therefore, in Table 2, options S,g, Sz, — S22, trans-
late into the equivalent four-component network options
S00:S01> —S22-

Step d. This step is to be used when conditions in the
earlier steps b and c¢ are not satisfied. Now there are two
possibilities: (1) at least one intermediate component that is
heavier than the heavy condenser component has a reboiler,
or (2) at least one intermediate component that is lighter than
the light reboiler component has a condenser.

First consider the possibility when at least one intermedi-
ate component is heavier than the heavy condenser compo-
nent and has a reboiler. As an example, consider option S,
for a six-component mixture. The original sequence is
ABCDEF with C as the heavy condenser component. The
first portion of the reduced sequence is now written in accor-
dance with Step b, that is, the subsequence to the left of the
heavy condenser component in the original sequence is re-
produced in the reduced sequence. The closest intermediate
component to the right of the heavy condenser component
that has a reboiler is then identified (E). For every compo-
nent between these two components, plus one additional ¢ is
then added to the reduced sequence. Finally, the reduced
sequence is completed by reproducing the subsequence from
the right of the identified closest reboiler-containing compo-
nent that is to the right of the heavy condenser component.
In the example option, therefore, the reduced sequence starts
with AB. Then two ¢’s are added (one for D between C and
E, plus an additional one). The reduced sequence is com-
pleted by adding the subsequence to the right of E. The com-
pleted reduced sequence is AB¢¢F with the equivalent op-
tion S, for a five-component network.

The second possibility, when at least one intermediate
component lighter than the light reboiler component has a
condenser, can be similarly described. First, the intermediate
component with a condenser that is closest to the light re-
boiler component and is to the left of it in the sequence (that
is, the heaviest intermediate component with a condenser that
is lighter than the light reboiler component) is identified.
Next, the subsequence to the left of this component is repro-
duced in the reduced sequence. Then, for every component
between the identified component and the light reboiler
component, plus an additional ¢ is added to the reduced
sequence. The reduced sequence is then completed by adding
the subsequence to the right of the light reboiler component
in the original sequence. As an example, consider option S;;,,
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for a six-component mixture. The original sequence is
ABCDEF. In this example, D is the light reboiler component
and C is the closest intermediate component on the left of D
that has a condenser. Therefore, AB followed by one ¢ (no
component between C and D) and then EF forms the re-
duced sequence ABGEF. This leads to the equivalent option
S12(= 8192 + Sj12 + S1p,) for a five-component network.
From Table 2, it is apparent that option S§;,,, has 32 basic
distillation configurations.

For both of these possibilities, if a ¢ in the reduced se-
quence has any other ¢ as its neighbor on each of its sides,
then the alternative of not using this ¢ in the final distilla-
tion configuration must be accounted for. This is similar to
the action taken previously for steps b and c. For example,
consider option S, for a six-component mixture. The origi-
nal sequence is ABCDEF and the reduced sequence is
A¢pdF. The corresponding five-component network option
is written as S, 4, where ¢, takes an additional value of 3.
For a five-component network, Sy, o = Sy44 + ¢34, and the
number of configurations for S, are the same as for S;,-
From Tzable2 2, Sppe =198 and S, is calculated to be 120

from ) ) S,; and Table 2. The total number of basic
i=0j=0
distillation] configurations for Sy, is 318.

Step e. This step is used when no reboilers or condensers
are used with the intermediate product streams. The reduced
sequence has only ¢’s as its elements and their number is one
less than the number of components in the original sequence.
Thus, for a six-component mixture and option S, the re-
duced sequence is ¢ppPpde. Clearly all three ¢’s in the mid-
dle of the reduced sequence have another ¢ as its neighbor
on each side and, therefore, distillation configurations can be
created without them. This leads to equ3iva163:nt fgve-compo-

nent option Sy, ,. Now S, ., = Y 3 Sy, or
i=0j=0k=0
Spusisy = Soss T S3ge + Sg30 T Spss T S33g + S3pa + Sy +
Sa33 with ¢ taking values 0, 1, and 2. In order to calculate
the number of distillation configurations, every 3 that ap-
pears in the subscripts of S can be replaced with a 0 except
in S335. The number of configurations in Si33 # Sy and Si33
contains only one satellite column configuration. The values
of the rest of the options contained in S, , , are readily
calculated with the aid of Table 2, and it is found that this
option contains 700 basic distillation configurations.

Now that we know how to draw all possible basic distilla-
tion configurations for an n—component mixture, some com-
ments can be made regarding the number of configurations
for the different options.

Comments on the number of basic configurations

We have calculated that the numbers of basic distillation
configurations for three, four, five and six-component mix-
tures are 3, 18, 198, and 4,079, respectively. Clearly, the num-
ber of basic distillation configurations rises rapidly as the
number of components in the feed mixture increases. For a
given n-component mixture (n > 3), just one option where
no reboiler or condenser is used with any of the intermediate
product streams yields many more distillation configurations
than for the (n —1)-component mixture. Some other inter-
esting observations can also be made:
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(1) For an n—component mixture, the number of options
when the heaviest intermediate product stream uses a con-
denser is 3" 3. From Step b of the short method described
above, we know that this number of options is not only equal
to the number of options for the (n —1)-component mixture,
but it also contains the same number of basic distillation con-
figurations. Thus, one-third of the total options contain the
same number of distillation configurations as does the (n —
1)-component mixture. By symmetry, the same is true for the
one-third of the total options that contain a reboiler associ-
ated with the lightest intermediate product stream.

(i) It does not follow from the above observations that
two-thirds of the options contain twice as many basic distilla-
tion configurations as for an (n — 1)-component mixture. The
reason is that each subset of one-third options contains some
common options where, simultaneously, a reboiler is present
at the lightest intermediate product stream and a condenser
is present at the heaviest intermediate product stream. The
total number of such options is, in fact, 37~4 Therefore, the
numbers of options that contain at least a reboiler at the
lightest intermediate product stream or a condenser at the
heaviest intermediate product stream are 2Xx3" 73 —3"~4 for
all n > 4. This corresponds to 5/9th of the total options. It is
possible to calculate the number of distillation configurations
for the 3"~* options. To do this, Step b of the short method
is applied first, and then Step c is applied to the resulting
reduced sequence. From the final reduced sequence, it is ob-
served that this problem is similar to an (n —2)-component
network problem. Therefore, these 3" * options have the
same number of basic distillation configurations as does an
(n —2)—-component mixture. Thus, for an n—component mix-
ture, the 5/9th of the options have 2W¥,_, — ¥, _, basic distil-
lation configurations, where ¥ refers to the total number of
basic configurations and the subscript refers to the number
of components in the given mixture.

(iii) It is clear that sharp increase in the number of distilla-
tion configurations results from the other 4/9th of the total
options that do not include an associated condenser with the
heaviest intermediate product stream or a reboiler with the
lightest intermediate product stream. The option that con-
tains the greatest number of distillation column configura-
tions is the one with no reboiler or condenser associated with
any of the intermediate product streams. (This is true for n >
3.) Thus, Sy, =4, Sg0 =35 and Sy = 700. (It is interesting
to compare them with ¥; =3, ¥, =18 and ¥;=198.) The
next highest number of basic distillation configurations is for
those options when only one condenser or one reboiler is
used with the intermediate product streams, with the con-
straint that the condenser be used with the lightest interme-
diate product stream or the reboiler with the heaviest inter-
mediate product stream. Thus, in Table 2, options §,,, and
Soo2 have the next highest number of distillation configura-
tions. The number of distillation configurations declines
rapidly as the single condenser is used with intermediate
product streams of decreased volatility (compare S0, So10
and S, in Table 2). The same is true as the single reboiler is
used with intermediate product streams of increased volatil-
ity (options Sy, Spp and S,q). Similarly, as the number of
reboilers and condensers associated with the intermediate
product streams increases, the number of possible distillation
configurations declines rapidly. In summary, a greater num-
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ber of distillation configurations results for options where
fewer condensers are used with the more volatile compo-
nents and fewer reboilers are used with the heavier compo-
nents.

(iv) It is observed from Tables 1 and 2 that certain options
have equal numbers of distillation configurations. For exam-
ple, in Table 2 the number of distillation configurations for
Soo1 18 equal to those for S,4), So11= S205 So12 = S120, and so
on. It is easy to identify situations when this is applicable
through an inspection of modified networks such as the ones
in Figure 6. For an n—component mixture, there are n—2
subscript digits associated with S. Each digit refers to a slot
where a reboiler or a condenser could be placed. From a
given option, another option is created by replacing a re-
boiler at the jth slot with a condenser at (n —1)— j slot, and
a condenser at the ith slot with a reboiler at (n —1)— slot.
Similarly, empty slots transfer as empty slots. The created
option will have the same number of basic distillation config-
urations as the original configuration. For a five-component
mixture, (n —1)— j=4—j and consider option S,;,. An op-
tion is created by replacing a reboiler in the third slot with a
condenser in the first slot, a condenser in the second slot
with a reboiler in the second slot, and the zero in the first
slot with a zero in the third slot. This will be option S5, that
has the same number of distillation configurations as S,,.
Sometimes, the created option is identical to the original op-
tion. One such example in Table 2 is §,,. For a four-compo-
nent mixture in Table 1, §;, and §,, are such examples.

(v) Multicomponent distillation configurations with sharp
splits between components of adjacent volatilities in each dis-
tillation column are well known. Thompson and King (1972)
presented an equation to calculate the number of such possi-
ble sequences for the separation of an n—component mixture
into single-component product streams. The direct and indi-
rect split configurations in Figure 1 are examples of sharp
split configurations. The five known sharp split configura-
tions for a four-component mixture are shown in Figures 71,
7m, 7n, 7q, and 7r. It is readily observed that sharp split con-
figurations result only for those options where each of the
intermediate product streams either has a reboiler or a con-
denser associated with it. For a four-component mixture, it
means that sharp split configurations are obtained from op-
tions Sy;, Si2, Sp; and S,,. Some of these options can have
additional configurations that contain nonsharp separations.
S, is such an option—besides the two sharp split configura-
tions shown in Figures 7m and 7n, it also leads to a configu-
ration in Figure 7o that uses a nonsharp separation in the
first column.

Thermally Coupled Distillation Configurations

Once the basic distillation configurations for an n—compo-
nent mixture are known, it is easy to draw the corresponding
distinct thermally coupled configurations associated with each
one. It was discussed earlier that each of the known ther-
mally coupled configurations for a ternary mixture shown in
Figure 2 could be derived from the basic configurations shown
in Figure 1. This was done by replacing the reboiler or con-
denser associated with a mixture with a two-way communica-
tion. This technique was earlier described to create thermally
coupled configurations from the sharp split configurations of
any n—component mixture (Agrawal, 1996a). We will now use
the same method to generate all the distinct thermally cou-
pled configurations from all the basic configurations. For a
given n—component mixture, n —1 reboilers and n —1 con-
densers are used in any basic configuration. One of the con-
densers is assigned to the most volatile component and one
reboiler to the heaviest component. This leaves n —2 reboil-
ers and n —2 condensers. For any given option, we know the
exact number of reboilers and condensers that are assigned
to the intermediate product streams at depth » in a network.
By difference, we then know the number of reboilers and
condensers that are assigned to mixtures located at depths
n—1 or earlier in a network. One or more of such reboilers
and condensers can then be exchanged for two-way commu-
nications to create distinct thermally coupled configurations.
In other words, distinct thermally coupled configurations,
rather than basic configurations, can be generated by using a
two-way communication in place of a reboiler or a condenser
in the synthesis steps that were described earlier for the basic
configurations. Replacing a mixture reboiler with a two-way
communication leads to side rectifier-type of configurations,
and replacing a mixture condenser with a two-way communi-
cation provides side stripper-type configurations. When all of
the mixture reboilers and condensers are replaced with two-
way communications, and none of the intermediate product
streams has a reboiler or a condenser, then the resulting
thermally coupled configuration has only one reboiler and one
condenser. In these configurations, the total number of distil-
lation sections vary from 4n —6 to n(n —1) (Agrawal, 1996a;
also see the Appendix). Such thermally coupled configura-
tions are called “fully-coupled” only when they contain a full
set of n(n —1) distillation sections.

Now it is easy to calculate the total number of distinct
thermally coupled configurations for an n-component mix-
ture. For a given basic configuration, let » and ¢ be the re-
spective numbers of reboilers and condensers associated with
mixtures. Then, the number of distinct thermally coupled

Table 3. Distinct Thermally Coupled Configurations for a Four-Component Mixture

OptiOl’) ]VBC r L Tr=‘}VBC'lr ¢ I Tc=]VBC'tc Ly =11, TmzijCtm tt=tr+tc+tm Tt=Tr+Tc+Tm
Soo 4 2 3 12 2 3 12 9 36 15 60
Sot 1 2 3 3 11 1 3 3 7 7
So 3001 1 3 2 3 9 3 9 7 21
Sio 3 2 3 9 1 1 3 3 9 7 21
Sy 1 2 3 3 0 0 0 0 0 3 3
Sps 3001 1 3 11 3 1 3 3 9
S 1 1 1 1 2 3 3 3 3 7 7
Sy 111 1 11 1 1 1 3 3
S5 1 0 0 0 2 3 3 0 0 3 3
Total: Nyg =35 Ny =35 Nyyy = 64 Nyp =134
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configurations ¢,, created when one or more of the r reboil-
ers are replaced with a two-way communication, is equal to

where "C;=r!/il(r —)!. Similarly, the number of distinct
thermally coupled configurations ¢,, when one or more of the
¢ condensers are replaced with a two-way communication, is
equal to

Now the number of distinct thermally coupled configurations
t,,, where at least one reboiler from the r reboilers and at
least one condenser from the ¢ condensers are replaced with
two-way communications, is equal to ¢,-¢,.. For a four-compo-
nent mixture, the values of ¢,, ¢, and ¢,, are given in Table 3.
For any given option the total number of basic configurations
Ny can be read from Table 1. Then, the total number of
distinct thermally coupled configurations for this option can
be calculated from ¢,, ., and ¢,,. For example, option S,
has four basic distillation configurations. For every basic con-
figuration, it is possible to have three distinct thermally cou-
pled configurations where one or more mixture reboiler is
replaced with a two-way communication, but none of the
condensers are replaced (¢, = 3). Therefore, the total number
of such thermally coupled configurations for this option 7, is
12. Similarly, the total number of distinct thermally coupled
configurations where only mixture condensers are replaced
with two-way communications 7, is also 12. The total number
of distinct thermally coupled configurations where both con-
densers and reboilers are replaced with two-way communica-
tions T,,, is 4X3 X3 =36. The total number of distinct ther-
mally coupled configurations for option Sy, 7,, is 4 X(3+3+
3% 3)=60. Considering all the options, there are a total of
134 distinct thermally coupled configurations for a four-com-
ponent mixture in Table 3.

Similar calculations for a five-component mixture yields a
total of 5,674 distinct thermally coupled configurations. 1,774
of these configurations involve cases where only mixture re-
boilers or mixture condensers are replaced with two-way
communications. The remaining 3,900 cases involve the re-
placement of both reboilers and condensers.

For a four-component mixture, four distinct thermally cou-
pled configurations each with only one condenser and one
reboiler are shown in Figure 12. These were derived by re-
placing all of the mixture reboilers and condensers from the
basic configurations corresponding to option S, in Figures
7a through 7d. Each of the structures shown in Figure 12 is
unique. In Figure 12d, the optional BC transfer of Figure 7d
is not used in order to insure that structures in Figures 12¢
and 12d are different. Note that each of the configurations in
Figures 12a, 12b and 12d uses ten distillation sections (4n — 6),
whereas the one in Figure 12c¢ uses twelve (n(n—1)=12).
Thus, the configuration in Figure 12c suggested by Sargent
and Gaminibandara (1976) is the only fully-coupled configu-
ration. Whereas, the other three configurations in Figure 12,
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including the satellite configuration in Figure 12d, are not
fully coupled configurations.

It is important to note that for each distinct thermally cou-
pled configuration, corresponding thermodynamically equiva-
lent configurations can be easily drawn by rearranging distil-
lation sections to appropriate distillation columns (Agrawal,
1999, 2000b). For example, it is known that there are 32 ther-
modynamically equivalent configurations for the fully cou-
pled configuration of Figure 12¢ (31 additional configurations
besides the one shown in Figure 12¢). Similarly, for each of
the distinct thermally coupled configurations in Figures 12a,
12b and 12d, there are 15 additional thermodynamically
equivalent configurations (a total of 16 thermodynamically
equivalent configurations for each). These thermodynami-
cally equivalent configurations are obtained due to the fact
that conversion of each one-way communication in the basic
distillation configuration to a two-way communication results
in one additional possibility. For example, the elimination of
condenser AB in Figure 7a leads to the two-way communica-
tion for AB in Figure 12a with the added possibility that dis-
tillation section 3 with the associated condenser could be lo-
cated above the distillation section 2. Similarly, in this figure,
distillation section 10 has a choice to be either on top of dis-
tillation section 11 or 8; distillation section 5 could be moved
below distillation section 4; and distillation section 6 along
with its reboiler could be moved below distillation section 5.
Note that distillation sections 9 and 10, and also 11 and 12,
must stay together (Step 1 of Agrawal, 2000b). All these addi-
tional possibilities result in 16 thermodynamically equivalent
configurations for Figure 12a. Similarly, in the fully-coupled
configuration Figure 12c, one additional possibility exists for
the transfer of binary mixture BC. Distillation section 7 could
be located above distillation section 11 with the simultaneous
movement of distillation section 8 under distillation section
10. This provides a total of two possibilities for the transfer
of binary mixture BC (Step 3 of Agrawal, 2000b). Therefore,
one additional possibility exists for each two-way communica-
tion within the fully-coupled configuration and results in a
total of 32 thermodynamically equivalent configurations.

For the pinched columns, the total vapor flow of a distinct
thermally coupled configuration will be at its minimum and
all of its thermodynamically equivalent configurations will
have the same minimum vapor flow. Therefore, during a
search for the optimum configuration, the search space of
feasible distillation configurations could be reduced by ex-
cluding the thermodynamically equivalent configurations.
This will limit the search space to the basic and distinct ther-
mally coupled configurations.

In the synthesis method described above, no attention was
paid to whether a generated distinct thermally coupled con-
figuration is easily operable or not. If a distinct thermally
coupled configuration is found to be economically optimum,
but difficult to operate, its equivalent more operable struc-
ture can always be easily drawn (Agrawal, 1999; Agrawal and
Fidkowski, 1999a). This technique modifies a thermally cou-
pled configuration such that all the vapor streams flow from
a higher pressure to a lower pressure. Consequently, no com-
pressors are needed for such transfers. More operable con-
figurations for the fully thermally coupled configuration in
Figure 12¢ can be found elsewhere (Figures 3 and 4 of
Agrawal, 1999).
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Figure 12. Thermally coupled configurations with only
one reboiler and one condenser for a
four-component mixture.

One final comment regarding the method for the synthesis
of distinct thermally coupled configurations from the basic
configurations. In some of the basic configurations, internal
submixtures are withdrawn from an intermediate location of
a distillation column and transferred to another distillation
column. There is no reboiler or condenser associated with
such a transfer of internal submixtures. Transfer of binary
mixture BC in Figure 7c is an example of such a configura-
tion. In this work we have not explored the possibility of hav-
ing such transfers occur as two-way communications in the
basic configuration itself, whereas we have considered this
possibility in thermally coupled configurations. Thus, in Fig-
ure 12c, the distinct thermally coupled configuration derived
from Figure 7c, shows the transfer of BC as a two-way com-
munication. The use of a two-way communication for the
transfer of an internal submixture allows the possibility of
converting it to a one-way communication during an opti-
mization process. Thus, an optimization procedure could de-
termine the optimum flows for each stream and, if one of
them is relatively small, it could then be turned off, resulting
in a one-way communication. Therefore, in this work, all in-
ternal submixture transfers between the columns that do not
have associated reboilers or condensers in the basic configu-
rations are converted to a two-way communication to gener-
ate distinct thermally coupled configurations.

Miscellaneous Distillation Configurations

There are numerous other multicomponent distillation
configurations that are not included in the basic and ther-
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mally coupled configurations just described. However, most
of the known variations can easily be incorporated, as de-
scribed below.

(1) In the derivation of basic configurations when a sub-
mixture is transferred from one distillation column to an-
other, the thermodynamic state of the stream was not speci-
fied. Generally, one chooses this stream to be a saturated
liquid or a saturated vapor. Thus, in Figure 7a, binary mix-
ture AB can be transferred as a vapor (as shown in the fig-
ure) or a liquid stream from the condenser. The same is true
for submixtures exiting a reboiler, such as BCD. The choice
will generally depend on the specific application at hand. If
thermodynamic efficiency is important, then submixtures from
the tops of columns, such as binary mixture AB, are trans-
ferred as vapor streams, and submixtures from the bottoms
of columns, such as BCD, are transferred as liquid streams.
If thermodynamic efficiency is truly important, one could
transfer both a liquid and a vapor stream, and, in certain
cases, reboilers and condensers can beneficially be converted
to partial reboilers and partial condensers (Agrawal and Fid-
kowski, 1998 a,b). If needed, it is easy to incorporate such
alternate thermodynamic states of the transfer streams within
the tabulation of configuration options.

(ii) In both the basic and the thermally coupled configura-
tions, no reboilers or condensers are associated with any of
the streams which are recovered from an intermediate loca-
tion within a distillation column. Streams BC, B, and C in
Figure 7c are examples. Sometimes, it makes sense to use
either a reboiler or a condenser with such a stream. These
situations can arise, for example, if a low-cost heat or refrig-
eration utility is available at or near the temperatures of these
streams. Such situations can also be easily incorporated in
the described synthesis method.

(iii) In the method used to identify distinct thermally cou-
pled configurations, a mixture reboiler or condenser from a
basic configuration is converted into a simple two-way com-
munication, such as the examples shown in Figure 12. In these
examples, the mixture reboiler or condenser is totally elimi-
nated. However, as shown in an earlier study, when a mixture
reboiler or condenser is retained, together with the two-way
communication, much higher thermodynamic efficiencies can
be achieved (Agrawal and Fidkowski, 1999b). Once again, if
needed, such modified two-way communications can be easily
incorporated in the synthesis method to generate more ther-
modynamically efficient thermally coupled configurations.

(iv) A general framework was presented in an earlier study
whereby the classical two-way communication in a thermally
coupled configuration is converted to a one-way liquid-only
transfer (Agrawal, 2000a). This conversion is achieved by
adding one or more distillation sections, plus a reboiler
and/or a condenser with each added section. The resulting
equivalent configurations produce some of the component
product streams from more than one distillation column. As
stated earlier, such configurations can be classified as de-
rived-thermally coupled configurations. The techniques de-
veloped for this framework can also be applied to reduce the
heat duty of basic distillation column configurations. One
consequence of creating such configurations is that it allows
the generation of multieffect distillation configurations from
thermally coupled configurations. These modifications can be
applied to any of the basic and thermally coupled configura-
tion synthesized by the method discussed in this article.
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Conclusions

A synthesis procedure for drawing distillation columns to
separate n—component mixtures into n product streams each
enriched in one of the components is presented. The method
synthesizes basic, as well as thermally coupled, configura-
tions.

The basic configurations use n — 1 distillation columns with
each column having a condenser at the top and a reboiler at
the bottom. No intermediate reboiler or condenser or two-way
communication between the columns is used. A product
stream enriched in one of the constituents of the feedstream
is produced only once. For ternary mixtures, the three well-
known members of basic configurations are the direct split,
indirect split, and prefractionator schemes. As expected, the
number of basic configurations is found to increase sharply
with the increase in the number of components in the feed
mixture. The number of basic configurations for four, five,
and six component mixtures are found to be 18, 198, and
4,079, respectively. For four-component mixtures, the 18 ba-
sic configurations include five well-known configurations with
sharp splits between components of adjacent volatility in each
distillation column.

The synthesis method for basic configurations is quite easy
to use. It is based on the well-known network representation
that relates all feasible submixtures that can exist in a distilla-
tion column. Some simple observations are described, which
are then used to develop a stepwise procedure to create basic
configurations. A flowchart of the stepwise procedure is
shown in Figure 11. First, each product of intermediate
volatility is assigned to be associated with a reboiler, a con-
denser, or neither. All possible options of these assignments
are considered. Implementation of this procedure reduces any
n—component option to the equivalent (n —1)-component
network options. Then, from the prior knowledge of the dis-
tillation configurations for the (n —1)-component network
options, all the distillation configurations for the n—compo-
nent option are generated. It is asserted that all the basic
configurations for a ternary mixture are known. Application
of the procedure enables all of the basic four-component
configurations to be generated from the three basic ternary
configurations. Successive applications will generate 5, 6, . . .
n—component configurations from 4, 5,... (n—1)-
component basic configurations. This allows the creation of
all feasible basic configurations for any given multicompo-
nent mixture. If needed, the method can be used for the as-
signment of all the n —1 reboilers and n—1 condensers at
successive depths within a network to create a final modified
network for a specific basic distillation configuration. A
shortcut version of the method is also described that quickly
yields all feasible basic configurations.

It is found that, for n > 3, the number of basic configura-
tions declines for options when: (i) a greater number of re-
boilers and condensers are assigned to product streams of
intermediate volatilities; (ii) reboilers are used with interme-
diate product streams of higher volatilities; or (iii) condensers
are used with intermediate product streams of lower volatili-
ties. It is no surprise that the well-known sharp split configu-
rations are contained within those options where all interme-
diate product streams have associated reboilers and con-
densers.
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Once the basic configurations have been generated, dis-
tinct thermally coupled configurations can be readily ob-
tained from the basic ones by systematically replacing mix-
ture reboilers and condensers with two-way communication
between distillation columns. While the five thermally cou-
pled schemes using classical two-way communication for
ternary mixtures were previously known, the same cannot be
said about mixtures containing greater numbers of compo-
nents. It is found that there are 134 and 5,674 distinct ther-
mally coupled configurations with classical two-way commu-
nications for four and five-component mixtures, respectively.
If needed, all the thermodynamic equivalent configurations
can easily be drawn for any distinct thermally coupled config-
uration. This will invariably contain more operable configura-
tions that naturally allow for all the vapor streams to flow
from a higher pressure to a low pressure. Consequently, no
compressors are needed for such transfers. Finally, it is shown
that the method is quite versatile and, if needed, it can incor-
porate various other options regarding the transfer of streams
between columns and the use of reboilers and condensers on
streams drawn from intermediate locations of distillation
columns.

The power of the current method is that it is simple to use,
and that it systematically generates not only all of the known
basic and thermally coupled distillation configurations, but it
also provides many more new configurations. While it is not
yet possible to claim that the proposed method is truly ex-
haustive, it definitely does provide a large number of new
distillation configurations. The ultimate advantage of such a
method is that it could be incorporated in a search algorithm
to systematically find the optimum distillation scheme for a
given application. Its use will certainly increase the chance of
finding a better solution.

Finally, it is interesting to note that the many new distilla-
tion column schemes that are created by the described
method also provide an opportunity to draw new membrane
cascade and adsorption schemes for multicomponent separa-
tions. It was shown in a previous study that n—component
membrane cascade schemes can be drawn by a simple anal-
ogy with multicomponent distillation schemes for ideal mix-
tures (Agrawal, 1996b). Recently, the analogy between distil-
lation and simulated moving beds was used to develop candi-
date simulated moving bed cascades to separate ternary lig-
uid mixtures (Wankat, 2001). The current synthesis method
provides an opportunity to draw some new separation
schemes in areas other than distillation.
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Appendix: Calculation of Minimum and Maximum
Number of Distillation Sections

For an n—component mixture, once reboilers and con-
densers have been assigned to the intermediate product
streams, the minimum and maximum number of possible dis-
tillation sections in the resulting basic configurations can be
readily calculated. It starts with the observation that in a net-
work representation, every submixture (excluding the product
streams) is associated with two distillation sections. Elimina-
tion of the recovery and transfer of any of these submixtures
between the distillation columns will also reduce the number
of distillation sections by two. In other words, absence of any
submixture in the final modified network eliminates the asso-
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ciated two distillation sections. In a complete n—component
network, such as the ones in Figure 3, there are a total of
n(n—1) sections and n(n —1)/2 submixtures including feed
but excluding »n products.

First, consider the calculation of minimum number of sec-
tions when only a condenser is used with the most volatile
component and a reboiler with the least volatile component.
In this case, each of the remaining (n —2) condensers and
(n—2) reboilers has a submixture (other than the intermedi-
ate product streams) associated with it. In order to calculate
the minimum number of sections, transfer should be elimi-
nated of all other submixtures between the distillation
columns that are not associated with the reboilers and con-
densers. This implies that in the final network, only these
2(n —2) submixtures, feed and the product streams are pre-
sent. Therefore, accounting for the two sections associated
with the feed, the total number of distillation sections for this
case are 2[2(n —2)+1]=4n—6. For a four-component mix-
ture, configurations in Figures 7a, 7b and 7d with ten sec-
tions are such examples.

Now it is easy to calculate the minimum number of sec-
tions when reboilers and condensers are associated with the
intermediate product streams. For every intermediate prod-
uct stream that is associated with a reboiler or a condenser,
transfer of a submixture stream associated with a reboiler or
condenser between the two distillation columns is eliminated.
If / is the total number of intermediate product streams asso-
ciated with reboilers and condensers, then the number of
submixtures that are associated either with a reboiler or a
condenser and are transferred from one distillation column
to another is 2(n —2) — . Therefore, the minimum number of
distillation sections is 2[(n —2)— [ +1]=4n —6—2I. For the
case when all the intermediate product streams use either a
reboiler or a condenser and / = n —2, the minimum number
of sections 4n —6—21=2(n —1). For a four component mix-
ture, configurations in Figures 7m—7n are such examples.
When only one reboiler or one condenser is used with either
component B or C, the minimum number of sections for a
four-component mixture is eight. Configurations in Figures
Te—7g are some examples.

In order to calculate the maximum number of distillation
sections, it is essential to maximize the number of submix-
tures that are transferred between the distillation columns.
In other words, the maximum number of submixtures should
be retained in a modified network. When a reboiler or a con-
denser is assigned to an intermediate product stream, obser-
vation 6 provides the basis for the minimum number of the
submixtures that must be eliminated from the network (Fig-
ures 5, 6 and 8). All the remaining submixtures should be
retained to provide the maximum number of distillation sec-
tions. For example, consider a case when a condenser is used
with C, but no other intermediate product stream uses a re-
boiler or a condenser. In this case, according to the observa-
tion 6, submixtures ABC and BC are climinated from the
network. It leaves n(n —1)/2—2 submixtures (including feed,
but excluding n products) in the modified network. There-
fore, the maximum number of sections equal to n(n —1)—4.
For a four-component network, the maximum number of sec-
tions when a condenser is associated with C is 8. Note that
for this four-component case, the minimum and maximum
number of sections are the same and there is only one config-
uration shown in Figure 7e.
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When only condensers are associated with intermediate
product streams, the maximum number of sections can be
readily calculated. Let v be the volatility rank of a product
stream. v =1 for the most volatile component A, v =2 for
the next volatile component B, and so on. Then, use of a
condenser with an intermediate product stream of volatility
rank v eliminates v —1 submixtures from the network (Fig-
ure 5). For all the intermediate product streams with a con-
denser, all the corresponding values of v —1 should be added
to calculate the total number of submixtures that are elimi-
nated from the network. Twice the value of this number is
then subtracted from n(n —1) to provide the maximum num-
ber of sections in the final configuration. As an example, con-
sider a four-component mixture with a condenser at B and
C. The corresponding values of v —1 are 1 and 2. Therefore,
total number of submixtures eliminated is 3. For the maxi-
mum number of sections, all other submixtures are retained
in the modified network. Therefore, the maximum number of
sections are obtained by subtracting 2X3 from 12 (= n(n —
1)). Note that six is also the minimum number of sections for
this case. The only resulting configuration is shown in Figure
71

Similarly, when only reboilers are associated with the inter-
mediate product streams, the maximum number of sections
possible in a configuration can also be calculated. The use of
a reboiler with an intermediate product stream of volatility
rank v eliminates n — v submixtures from the network (Fig-
ure 8). However, when both reboilers and condensers are as-

signed to the intermediate product streams, the calculation
of submixtures that are eliminated must account for some
possible overlaps. Whenever the volatility rank (»,) of an in-
termediate product with a reboiler is higher than the volatil-
ity rank (»,) of the intermediate product with a condenser,
one submixture is common to both the list of eliminated sub-
mixtures and the number of eliminated submixtures is (n — v,)
+(y,—1) —1. One should account for all such overlaps to
calculate the minimum number of submixtures that must be
eliminated from the network to provide the maximum num-
ber of feasible sections. As an example, consider a five-com-
ponent case in Figure 8 where a reboiler is used at B and a
condenser at both C and D (option S,,,). A reboiler B would
eliminate 3 (= 5 —2) submixtures. Condensers at C and D by
themselves would generally eliminate 2+3 =5 submixtures.
However, for each condenser case, one of the submixtures
has already been eliminated by the reboiler at B. Therefore,
the total number of eliminated submixtures is 3+5—2=6.
The maximum number of distillation sections in a configura-
tion for this option is 20—2X6 = 8.

Since the distinct thermally coupled configurations are
drawn from the basic distillation configurations, the calcula-
tion of minimum and maximum number of distillation sec-
tions is also applicable to the corresponding distinct ther-
mally coupled configurations (and also to the thermodynami-
cally equivalent configurations).
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