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A new synthesis framework screens and examines complex distillation sequences.
Conventional superstructure developments are replaced in favor of a novel representa-
tion that assumes the form of a supertask model. The supertask is based on simple tasks
that accommodate for basic sequences. Hybrid tasks account for complex columns and
sloppy splits. Discrete instances of simple tasks are combined with hybrid transforma-
tions to optimize operating conditions. The optimization problem is formulated as a
simple MILP problem that is possible to solve to global optimality. The proposed repre-
sentation can develop different nonconventional and novel designs featuring fully inte-
grated columns, parallel sequences, and multiple-effect columns. The approach is illus-
trated with several literature and industrial problems. In all cases solutions are reported
in the form of nonconventional designs that perform as optimal or near-optimal schemes.

New Synthesis Framework for the Optimization of

Introduction

Effective screening of separation systems constitutes a crit-
ical stage, as engineers need to review and understand
trade-offs ahead of detailed modeling and simulation. In the
separation, it is often desired to explore the use of complex
rather than simple columns, because the complex units re-
duce mixing losses, use available vapor and liquid more effec-
tively, and improve the separation efficiency (Triantafyllou
and Smith, 1992). Despite its recognized potential in energy
savings, complex distillation applications are limited due to
their difficult and demanding design and synthesis assign-
ment. Synthesis challenges and operability issues that arise
from a more complex dynamic behavior have discouraged
wider industry acceptance. A prohibitive number of configu-
rations emerge from different allocations of side-rectifiers,
side-strippers, prefractionators, and side-draw columns. Such
options are difficult to enumerate and assess. The design al-
ternatives increase rapidly and the trade-offs are impossible
to assess with an exhaustive (implicit or explicit) enumeration
of the options. Although this article does not address dynam-
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ics, it presents a simultaneous, systematic, and rigorous ap-
proach for the automated development of optimal designs.
The approach is computationally inexpensive, reliable, and
very efficient to implement. It provides the engineer with a
selected set of optimal designs on which further attention to
dynamics and operability would yield the final design.
Previous efforts have focused on the development of short-
cut methods that were designed to evaluate fixed configura-
tions and initialize simulation models. Stupin and Lockhart
(1972) developed the equivalent arrangements of simple
columns to represent complex configurations. Several other
researchers (Fidkowski and Krolikowski, 1986, 1987, 1990;
Glinos and Malone, 1984, 1985; Nikolaides and Malone, 1987,
1988; Carlberg and Westerberg, 1989a,b; Triantafyllou and
Smith, 1992) extended knowledge from shortcut models that
were available for simple columns to evaluate the perform-
ance of complex configurations. Tedder and Rudd (1978)
performed a parametric analysis of complex designs and
identified optimality regions as functions of the feed compo-
sition and the relative volatilities. Glinos and Malone (1988)
identified dimensionless parameters and proposed guidelines
for the selection of complex distillation schemes. With less
emphasis on fixed layouts, thermodynamic methods, pro-
posed by Petlyuk et al. (1965), Kaibel (1987, 1988), and Kaibel
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et al. (1989), enabled procedures to assess energy efficiency
in the integrated separation.

Mathematical programming approaches promote process
novelty with the use of superstructure developments. Sargent
and Gaminibandara (1976) pioneered a progressive distilla-
tion train that Agrawal (1996) later extended with additional
connections of vapor-liquid streams to include satellite
columns. Christiansen et al. (1997) added more connections
between component states to include structures with triangu-
lar walls in a single shell. Several researchers [Floudas and
Paules, 1988 (regression models); Aggarwal and Floudas, 1992
(regression models); Sargent, 1998, Smith and Pantelides,
1995 (state-equipment-network representation); Bauer and
Stichlmair, 1997 (preferred separation with detailed models);
Caballero and Grossmann, 1999 (aggregated models); Dun-
nebier and Pantelides, 1999 (rigorous tray-by-tray models)]
developed representations they had to model using mixed-
integer nonlinear-programming (MINLP) techniques.

The use of superstructures has helped people to appreci-
ate the large number of options available to review. However,
their use fostered complicated interconnections with a large
number of variables to account for the design options. More
often than not, the optimization technology required to pro-
cess these models is not addressed as a challenge. Re-
searchers simply assume the technology is available from off-
the-self solvers (or other groups) and that the models can be
solved and optimized robustly. Consequently, reported de-
signs contain conventional rather than novel and unconven-
tional designs. The development of new mathematical formu-
lations for synthesis problems should not be detached from
the optimization technology required to handle these models.
Yeomans and Grossman (2000a,b) present some late devel-
opments in disjunctive programming and MINLP technology
available today.

Papalexandri and Pistikopoulos (1996) propose a represen-
tation based on a superstructure of multipurpose heat- and
mass-transfer modules. The authors refer to tasks as a more
general form of a synthesis unit (or block of units). They pos-
tulate an even more general (and difficult) problem and pro-
pose a detailed modeling framework that relies on the use of
MINLP solvers. In contrast to the work by Ismail et al., this
article uses the concept of a task (Hendry and Hughes, 1972)
to reduce rather than enlarge the mathematical model and
simplify rather than complicate the optimization. In all cases,
the mathematical models are postulated as small MINLP
problems one can solve to global optimality.

The new achievements are possible, as the work embraces
conceptual and engineering knowledge. In the past concep-
tual knowledge has been restricted to heuristics and evolu-
tionary approaches, both inappropriate for a systematic
search. They typically employ a two-step approach where the
best simple sequence is first identified. The sequence is next
evolved into complex layouts. Although innovative designs are
not excluded, their development is left to coincidence and
deprived of a systematic framework. The challenge is to de-
velop systematic procedures that overcome the difficulties
encountered with superstructure approaches. This article de-
scribes a new synthesis approach that is based on a supertask
representation. The approach uses simple task and hybrid
tasks to conceptualize alternatives. The options include all
complex column configurations related to side-rectifiers,
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side-strippers, prefractionators, Petlyuk columns, and side-
draw columns. Furthermore, the representation accounts for
sequences with sloppy separations and enables us to include
optimum pressure limits. The article first describes the multi-
component separation problem that is addressed. The re-
maining sections formalize the development of supertask and
the mathematical models that come from them, all in the form
of a mixed-integer linear-programming problem (MILP). The
reader is encouraged to relate the supertask representation
to the most recent work based on superstructure develop-
ments. The number of examples, the quality of the solutions,
and the simplicity fostered by the supertask formulation are
all worth considering and comparing.

Problem Statement

The approach assumes a number of components to be sep-
arated into a predefined set of products. The basic informa-
tion is given about the components with respect to its physi-
cal and critical properties. The objective is to determine the
appropriate and cost-effective separation schemes before de-
tailed simulations. These include cases of simple columns,
thermally coupled side-columns, side-draw columns, prefrac-
tionator arrangements, Petlyuk columns, and sloppy splits.
The distinctive, and possibly most important, feature of the
approach is the way synthesis options are perceived, com-
bined, and conceptualized. In order to address complex sys-
tems effectively, this work replaces superstructures with su-
pertasks. The building blocks of the latter are not unit-based,
but task-based elements.

Without loss of generality, the products are listed in a de-
creasing order of relative volatility. Unlike methods relying
on lumping or pseudocomponents, the multicomponent na-
ture of the products is retained with the use of a recovery
matrix. The matrix rows are the components and the matrix
columns are the products (normal boiling point increases from
left to right). The matrix elements are the fractional recover-
ies of the components in each product. The representation is
applicable to zeotropic systems where the component order
does not change with the operating conditions. Table 1 illus-
trates a matrix of nine components {i-C,, n-C,, i-Cs, n-Cs,
MCP, CC,, MCCq, n-Cg, n-Cy} separated into products A,
B, C, and D, as defined in the table. The separation scheme
described by the recovery matrix products is apparently dif-
ferent from the one described by the components. For exam-

Table 1. Specifications of Example 1 for the
Illustration of Recovery Matrix

Recovery Fractions in Product

i Component xf A B C D
1 i-C, 0.02 1.00

2 n-C, 0.04  0.98 0.02

3 i-Cs 0.05 0.02 0.96 0.02

4 n-Cs 0.06 0.20 0.80

5 MCP 0.12 1.00

6 CCq 0.10 0.90 0.10
7 MCCq 0.15 0.08 0.92
8 n-Cg 0.22 1.00
9 n-Cqy 0.24 1.00

0.060 0.061 0.271 0.608
1,000 kmol/h, saturated liquid

Product fractions: x/
Feed flow rate
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Figure 1. Discrete representation of simple column se-
quences.

ple, the sharp separation between products B and C (Table
1) corresponds to a nonsharp separation between compo-
nents i-C; and n-Cjs at the specified recoveries.

Tasks were first discussed and presented by Hendry and
Hughes (1972), who addressed simple distillation sequencing
problems. For an n-component mixture, they identified dis-
crete tasks (T') on the product subgroups (SS) to represent
all possible sequences of simple columns (SQ). In a five-
product system, the product subgroups are ABCDE, ABCD,
BCDE, ABC, BCD, CDE, AB, BC, CD, and DE. The dis-
crete splits on each subgroup yield the tasks given in Figure
1. All simple tasks feature a single feed and two products (a
single light and heavy key). Although simple columns are eas-
ily represented, it is not possible to render complex arrange-
ments and, unless for a new synthesis framework, the model-
ing burden of superstructures appears inevitable.

ssn=w (1)
Tn:(n—l)-n-(n-f—l) @
6
[2-(n—D]!
SQn=m (3

Representation of Complex Distillation Schemes
Apart from simple columns, the synthesis representation is

required to embed elementary complex distillation arrange-

ments involving side-columns, side-draw columns, and pre-
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fractionators. These complex arrangements are shown in Fig-
ure 2. The figure explains two different types of

(1) Side-columns: side-rectifier (Figure 2a), and side-strip-
per (Figure 2b)

(2) Side-draw columns: vapor side-draw (Figure 2c) and
liquid side-draw (Figure 2d)

(3) Prefractionator arrangements: with and without ther-
mal coupling (Figures 2e and 2f). The arrangement shown in
Figure 2f is known as a Petlyuk column.

Unlike simple columns, these complex configurations pro-
duce more than two products and feature more than a single
light- and heavy-key component. A task-based representation
of the preceding schemes is accomplished with the ideas of
hybrids and sloppy splits.

Hybrid tasks and transformations

Additional tasks are made up of different simple tasks.
They are subsequently termed hybrid tasks and are defined
as ordered combination of simple distillation tasks. The num-
ber of tasks in a hybrid defines its order. An nth-order hybrid
features n splits, n heavy keys, n light keys, and n +1 prod-
ucts. A second-order hybrid is shown in Figure 3a. The first
light key, LK1, is the light-key component of the lighter split.
The second light key, LK2, is the light key of the heavier
split. Similarly, first and second heavy keys (HK1 and HK2)
are the heavy-key components of the lighter and heavier splits.
Figure 3 shows the hybrid formed by the simple distillation
tasks AB/CD and C/D. The lighter and heavier splits are
B/C and C/D, respectively. Combinations of tasks are only
allowed provided the product of one task is a potential feed
for the other. In the five-product system, AB/CDE can po-
tentially be combined with A/B, C/DE, or CD/E, but not
with A/BC, BC/DE, D/E, and so forth. Products within a
hybrid are grouped by hybrid splits. For a second-order hy-
brid, these groups consist of a light product (LP; components
lighter than HK1), a heavy product (HP; components heavier
than LK2), and an intermediate product (IP; remaining com-

(a) Side-rectifier
arrangement

(b) Side-stripper
arrangement

ﬁ

(e) Prefractionator
arrangement

(c) Vapour side-draw
column

(d) Liquid side-draw
column

(f) Petlyuk column

Figure 2. Commonly used complex column arrange-
ments.

Vol. 48, No. 3 529



w >

Feed

simple
distillation —
tasks

(2)

A 1
> 2 Light
B 3
A {LC)
products
2 A
gt R 4
HK1— & C g Infermediiate
5
LK2-» § (AB/C/D) L]
HKZ2-» 7
8
9
components
7
D 8 Heawy
9
{HP) (HC)
(b

Figure 3. (a) Aggregate of simple tasks; (b) definition of hybrid.

ponents). The components are then clustered into light, in-
termediate, and heavy components (LCs, ICs, and HCs). Fig-
ure 3b illustrates a hybrid AB/C/D of a nine-component feed.
The light split is B/C: LK1 =3 (i-C5) and HKI =4 (n-C;);
the heavy split is C/D: LK2 = 6 (CC,) and HK2 =7 (MCCj).

The possible hybrids, H,, of the n-product system are given
by

n—2 n—I1-1
H,=Y, [l- kgl (n—l—k)} ©))

=1

Although the mapping of the tasks to hybrids is unique, the
inverse mapping is not. The sets of map combinations that
yield identical hybrids define the associate sequences of the
hybrid. A second-order hybrid features two associate se-
quences: the direct sequence (direct associate), and the indi-
rect sequence (indirect associate). The case is illustrated with
Figure 4. The hybrid A/B/C can be defined either as a com-

Indirect
assoclate sequence

Direct
associate sequence

HYBRID
(A/BIC)

Figure 4. Associate tasks in direct and indirect pairs of
hybrid A/B/C.
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bination of simple tasks A/BC and B/C (direct associate) or
AB/C and A/B (indirect associate). Tasks participating in as-
sociate sequences define associate tasks of the hybrid. In Fig-
ure 4, A/BC, AB/C, A/B, and B/C are the associate tasks of
hybrid A/B/C.

Transformations of a hybrid are all the complex arrange-
ments represented by the hybrid. The complex arrangements
are considered in the context of layouts presented in Figure
2. For a second-order hybrid the direct associate yields:

(1) A single side-column arrangement (side-rectifier);

(2) A single side-draw column (vapor side-draw column);

(3) Two prefractionator arrangements (prefractionator de-
sign and Petlyuk column).

For a second-order hybrid the indirect associate yields a
single:

(1) Side-column arrangement (side-stripper);

(2) Side-draw column (liquid side-draw column).

The hybrid itself yields all the complex arrangements dis-
cussed in Figure 5. Figure 5 illustrates the transformations
associated with hybrid B/C/D. The direct associate yields a
side-rectifier (sr), a vapor side-draw column (sv), and two
prefractionator arrangements (pf and pc). The indirect asso-
ciate yields a side-stripper (ss) and a liquid side-draw column
(sD).

The prefractionation schemes (i.e., prefractionators, Pet-
lyuk columns) are independent of the associate sequences of
the hybrid. The associate sequences determine the side-col-
umn and the side-draw columns: direct sequences yield side-
rectifiers and indirect ones side-strippers. Moreover, the
leading tasks of associates represent the leading split of the
side-draw columns. On the other hand, the direct associates
correspond to vapor side-draw where the light split is the
leading split. The indirect associates relate to a liquid side-
draw column, with the heavy split as the leading split. Figure
5 illustrates direct and indirect associate sequences, their
tasks, and different transformations for the hybrid B/C/D in
a five-product system.

AIChE Journal
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Figure 5. Transformations for hybrid B/C/D in five-product system.

At this point, any new configuration for the separation of
three products can be introduced as a hybrid transformation.
For example, more operable structures of the Petlyuk col-
umn, such as the ones proposed with a unidirectional vapor
flow between two thermally coupled shells (Agrawal and Fid-
kowski, 1998), or partially coupled prefractionator arrange-
ments (Agrawal and Fidkowski, 1998), can be added (and op-
timized) as new hybrids transformations.

Sloppy split

The sloppy separation improves the separation efficiency
by distributing components between the lightest and the
heaviest ones. Among the different options for distributing
intermediate components (ICs), the maximum efficiency is
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accomplished by a general sequence of sloppy splits to sepa-
rate lightest and heaviest products at each stage. Such a se-
quence is illustrated in Figure 6 for a five-product system.
For an n-product system, a hybrid of order (n —1) accommo-
dates a sequence of sloppy splits in the supertask representa-
tion. However, it processes each product (n —1) times (for an
n-product system) at the expense of energy and column shells.
These factors have an adverse effect on the capital and oper-
ating costs of the separation system.

To capitalize on the advantages of sloppy split, hybrids of a
second order (over n-product systems) are included in ar-
rangements where sloppy splits are followed by sharp separa-
tion. These schemes combine the higher separation efficiency
of the sloppy splits, while the recurrent processing of prod-
ucts in the downstream sequence is minimized by the sharp
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Figure 6. General sequence of sloppy split columns for
the five-product system.

separations. The sloppy-split arrangements are introduced as
an additional transformation on each hybrid. The sloppy-split
transformation consists of a

e Sloppy split between LK1 and HK?2 to distribute ICs
e Sharp separation in the downstream columns

e Multiple-feed column to process IP of the hybrid

For a second-order hybrid, the sloppy-split transformation
consists of three columns. The first column distributes inter-
mediate components and separates the light product from the
heavy product. The downstream columns perform sharp
separations. Figure 7 illustrates the case for the hybrid
A/BCD/E. Column 1 separates A from E and distributes
BCD. The two downstream columns separate A (distillate of
Column 2) and E (bottom product of Column 3) from BCD.
Sloppy-split columns generate streams of different composi-
tions of intermediate components and provide potential feeds
for multiple-feed columns. Indeed, each sloppy split features
a unique set of multiple-feed column(s). Because their feed
compositions are different, they are treated as different tasks.
For an n-product system, the number of distinct multiple-feed
columns, MF,, required to satisfy the sloppy-split arrange-
ments is given by

MF ="i3 l-(n—l)'(n—lgl)'(n—l—Z)

V n>4
(5)

Sloppy-split transformations include all (m —1) additional
simple tasks for an IP stream with m products. For a
second-order hybrid, a sloppy-split arrangement generates
two IP streams. Figure 8a illustrates the case for the hybrid
B/C/DE. The IP stream carries a single product (m = 1), so
no multiple-feed column(s) are required. Hybrid AB/CD/E
(Figure 8b) yields m =2, and one two-feed column is re-
quired. Hybrid A/BCD/E (Figure 8c) yields m = 3. The IPs
can be separated into two different ways, and two different
multiple-feed columns are required.

ABCDE

i——(:D-'
P
&

ABCD

Figure 7. Sloppy split transformation for hybrid A/BCD/E in the five-product system.

532 March 2002 Vol. 48, No. 3

AIChE Journal



Hybrid c

‘{ (B/C/DE) ()

v

(HP)
(a) Illustration of hybrid B/C/DE

moouw
mooo

(L)
2

{
i
i
|
|
h

Hybrid ¢

|
(AB/CDFE) ]l ") 16

moom>»

// {LP)

/ PN

/ W
A & ...!{ i
B Hybrid 8CD B B ol
g"( WEBCDE) [ (p) = @ O
E | .

£
o
DE A

(HP)

(c) Illustration of hybrid A/BCD/E for multiple-feed columns

Figure 8. Multiple-feed columns for sloppy split trans-
formation.

Operating conditions

Instances of a task are replicas of the task operating under
different conditions. The concept is used to optimize the op-
erating conditions, such as the column pressure, and assumes
the development of an operating range and a discretization
scheme. Feasible ranges of pressure are identified by the
physical properties (such as critical pressure) of the key com-
ponents (upper limit) and the available utility levels (lower
limit). The discretization scheme may be identified either by
uniform or based on the available utilities. The modeler can
use either a small or large number of discrete levels to cap-
ture associated trade-offs. The appropriate numbers depend
on the problem. For example, a site with four hot and two
cold utilities should require at least six instances. Figure 9
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illustrates the development of three discrete instances for the
simple task D/E and the side-column transformation (indi-
rect associate) of the hybrid A/B/C. The operation range for
D/E is determined by available hot and cold utilities. The
pressure range is accordingly discretized to match utility lev-
els. For the side-stripper arrangement, the operation range is
defined from the critical properties of the key components
and is discretized uniformly.

Supertask representation

The synthesis representation consists of:

(1) Simple tasks to accommodate possible sequences of
splits. These are the elements of compartment boxes in Fig-
ure 10.

(2) Hybrid tasks to account for complex columns and
sloppy-split transformations. These apply (as second-order or
higher-order hybrids) to all combinations of the elements in
1.

(3) Discrete instances of tasks and hybrid transformations
to optimize the operating conditions. These apply to each el-
ement of 1 and 2.

The tasks are integrated to create a generic supertask rep-
resentation. Figure 10 illustrates a second-order hybrid
B/C/D composed by the associate tasks B/CD and C/D. It
also illustrates the transformations attached to the direct as-
sociate of the hybrid.

Table 2 summarizes the basic tasks, hybrids, and multiple-
feed columns required as a function of the number of prod-
ucts in the feed stream. The number of design options in-
crease rapidly with the number of products in the feed stream,
but the number of basic tasks increase slowly and the prob-
lem size does not grow larger.

The supertask representation yields different distillation
configurations by letting transformations replace the hybrids.
This is illustrated in Figure 11. The design of Figure 11a is
achieved by letting the prefractionator replace the hybrid
A/BCD/E, and the side-rectifier transformation replace hy-
brid B/C/D. The design of Figure 11b is obtained by letting
the sloppy-split transformation replace the hybrid A/BCD/E,
and selecting multiple-feed columns to perform the down-
stream separation. Figure 11c is obtained by letting the side-
draw transformation of the direct associate replace the hy-
brid BC/D/E and select the simple tasks for the remaining
separation.

Hybrids with common associate task(s) are the overlapping
hybrids. They have common key components and products and
yield even more complex combinations. Figure 12a illustrates
the case where the tasks AB/CDE, CD/E, and A/B are
combined to form the two overlapping hybrids AB/CD/E and
A/B/CDE. Figure 12b (or 12¢) is obtained with a Petlyuk
column transformation for AB/CD/E and a side-column
transformation for A/B/CDE.

As more tasks are selected on the same operation, parallel
sequences are obtained. Figure 13a illustrates the case where
the direct and indirect associate sequences of A/BCD/E are
simultaneously selected. The sequence produces two sepa-
rate streams of BCD, but the streams have identical composi-
tion and are mixed in downstream separation. Because dif-
ferent transformations of the same hybrid are simultaneously
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Table 2. Number of Basic Tasks as a Function of
Products in the Feed

No. of No. of
No. of No. of Simple No. of Multiple-
Products Subgroups Tasks Hybrids Feed Column
n SS T H MF
3 3 4 1 —
4 6 10 5 1
5 10 20 15 6
6 15 35 35 21
7 21 56 70 56
8 28 84 126 126
9 36 120 210 252
10 45 165 330 462

selected, many fascinating configurations are developed. Fig-
ure 13b illustrates two complex transformations of A/BCD/E
selected to operate in parallel. Another parallel sequence is
shown in Figure 14a. It employs a direct sequence in parallel
with the side-stripper arrangement to separate products A,
B, C, and DE. The streams of DE are then mixed before
further separation in the simple column. Multiple-effect
columns are developed from different discrete instances of
the basic tasks. Figure 14b illustrates the case where two dif-
ferent instances of the simple task ABC/DE are combined.
Designs of parallel sequences offer novel opportunities in de-
bottlenecking, and retrofit problems of heat integration. The
supertask representation is also expandable to other equilib-
rium-based separation methods (such as extractive distilla-
tion).

Modeling of Hybrid Transformations

The synthesis elements of the supertask representation are
translated into modeling terms that combine available physi-
cal properties with design aspects. At this stage, the work
exploits modeling accomplishments from a variety of research
groups (Glinos and Malone, 1985; Triantafyllou and Smith,
1992; Koehler et al., 1992), who have separately addressed
modeling and simulation challenges of complex distillation
configurations. The calculations are used to set up the opti-
mization problem that is formulated in the following section.
As an important induction to the details, one should note:

(1) Because of the supertask representation, it is possible
to assess and evaluate each task independently and sepa-
rately from the performance of the upstream or downstream
units: the composition and the flow rate of the feed (F). The
products streams are known a priori and only depend on the
separation function of the particular task.

(2) Design and performance calculations can use any
shortcut or semirigorous or rigorous method, and any prop-
erty package without influencing constraints and solution
strategy of the optimization efforts. By default, the
Peng—Robinson equation of state is used to predict the tem-
peratures (such as condenser, reboiler, and so on) and the
relative volatilities, and the Underwood—Fenske—Gilliland
method (constant relative volatilities and constant molar
overflow) is used to predict the vapor traffic and the number
of trays.

The approach is not restricted to shortcut models. Rigor-
ous and shortcut models can invariably be used to set up the
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moowX

BCDE

moow>»

moow>»

Figure 11. Development of simple and conventional de-
signs from supertask.

problem. The list of illustration examples explains the case. It
should be noted that the use of rigorous models requires more
effort in evaluating the performance of the tasks, but does
not impose any additional computational burden. These rigor-
ous calculations are of a simulation nature and can be ad-
dressed separately and prior to the optimization stage. As a
result, the optimization effort remains uninfluenced by as-
sumptions of constant relative volatility or the particular
property models used for the mixture.
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For each simple task, separate calculations determine the
minimum reflux (Underwood method), the minimum number
of theoretical stages (Fenske method), the actual number of
stages (Gilliland correlation with R/R ;. = 1.1), the feed-tray
location (Kirkbride equation), the condenser and reboiler du-
ties, estimates for the diameter, as well as capital and energy
costs (Triantafyllou, 1991). The thermodynamically equiva-
lent arrangements of the various transformations are devel-
oped using simple columns, supplementary sections, and hy-
pothetical condensers and/or reboilers (Triantafyllou and
Smith, 1992; Glinos and Malone, 1985). For prefraction-
ation-based transformations (that is, prefractionator arrange-
ment, Petlyuk column, and sloppy-split arrangement), the first
column fractionates the feed stream to separate the light
components from the heavy components; it distributes the in-
termediate components to minimize its reflux ratio. The re-
covery of the ICs in the distillate of this column is calculated
using the concept of preferred separation (Stichlmair, 1988)
and two parts of the Underwood equation. In transforma-
tions involving side-draw columns, calculations include the
limiting composition of the side-draw (pinch composition un-
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der fixed reflux/boilup and the infinite trays in the supple-
mentary section; Glinos and Malone, 1985). If the purity of
the side-draw is out of the specified limits, then these config-
urations are discarded and ignored from the synthesis formu-
lation.

All the calculations are based on the nominal flow rate of
the feed stream. Details of the model are presented in the
Appendix. For parallel sequences these values are scaled us-
ing feed flow-rate fractions. Alternative physical property
packages (that is, to replace the Peng-Robinson equation of
state) can be embedded without imposing a modeling and
computational burden in the optimization. Equally possible
are links with new concepts and promising semirigorous or
rigorous modeling methods (such as the angle minimization
method of Koehler et al., 1992; the geometrical analysis of
Bausa et al., 1998).

Mathematical Formulation

The supertask representation of the previous section is for-
mulated as a mathematical model expressed on the basis of

Vol. 48, No. 3 AIChE Journal
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Figure 13. Designs involving parallel sequences.

parameters and variables described as follows:

(1) Sets
T ={tIt is a simple distillation task}
H ={h|h is a hybrid task}
C ={c|c is a transformation of a hybrid task} = {sr, ss, sv,
sl, pf, pc, sp}
I ={ili is a component in the feedstream}
N ={n|n is a product}
G ={glg is a multiple-feed column}
P ={plp is a discrete instance}
M ={m|m is a product subgroup}

The complex transformations sr denotes side-rectifier, ss a
side-stripper, sv a vapor side-draw, s/ a liquid side-draw, pf a
prefractionator, pc a Petlyuk column, and sp a sloppy split.
Let also,

C,={ulue(h, ¢) with he H and c € C}

U=TucC,

AIChE Journal
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Figure 14. Development of designs involving parallel
sequences from supertask.

Subsets of T include:

T ={t|t T receives fresh feed}

Tt —{t|t € T receives intermediate feed}
TP ={t|t € T™™ receives stream m € M}
T ={t|t € T™ produces stream m € M}

T8 ={t|t €T in the direct associate sequence of & € H}
T,» ={t|t € T in the indirect associate sequence of & € H}
T;"% ={t|lt € T producing same products with g € G}

Subsets of C include:

CYir ={c|c € C attached to direct associate sequence} = {sr,

v, pf, pe, sp}
C™ ={¢|c € C attached to indirect associate sequence} =

{ss, si}
Subsets of H include:
H»*° ={h|h € H attached to associate task ¢t € T}
Subsets of G include:

G;? ={glg € G attached to sloppy-split transformation of
he H}
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(2) Parameters.
lem include:

The basic parameters of the synthesis prob-

¢, =feed fraction yielding stream me M in t €T

E, , =parameter describing the specified objective of u € U
inpeP

S,,» =design discounts in E, ,

F,=nominal feed of ueU

F'°' =total feed flow rate

L™ = maximum number of ¢ € C attached to all hybrids of
teT

L™ = overall maximum number of transformations, ¢ € C

L9 =maximum transformations of 4 € H

L9 =maximum discrete instances of u € U

(3) Variables.
tion include:

employing ueC,, pe P

Variables involved in the proposed formula-

Y,, , =binary variable for the existence of u€U in p € P

fi,p=feed flow rate of t €T in pe P

Constraints of the synthesis problem

Different constraints are imposed on the objective function
to establish mass balances, ensure feasibility of the design,
and improve the speed of the optimization procedure. They
include mass balances around simple tasks

Fmt_ Z ka,p=0

keT/"pEP

(6)

¥ (0 T 1)

teT pEP

Y ka,p=o VmeM (7)

keTir pEP
design discounts from the thermal coupling,

Swep= > E ,~E, ., VheH ceC%andpeP

te T
®)

Spep= & E ,~E, ., VYheH ceC™andpeP

te T

)

S,,= » E. ,—E., VgeGand peP (10)
te Tgmfd
and constraints relating continuous and binary variables:
Y fi,~F XY, ,<0 VieT (11)

peEP pPEP

Furthermore, logical constraints of binary variables,

2 Z Yh,c,p_ Z Z Yk,pso

pPEP keTfrpeP

V he H and c e CY9r

(12)
VheHand ceCc™

2. Z Yh,c,p_ Z Z Yk,pSO

pEP keT/™M pEP

(13)
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Y XYY,-YY,,=0VheH (14)
kec;'ippeP pEP

YY,- Y XY ,<0VgeG (15)

pEP kerpdpep

contingency constraints,

XY,— X XY, <O0V:eT,™and meM,
PEP keTytpeP

(16)

and constraints on the allowable number of complex columns
are included.

__ 7hyb
Z Z Yh,c,p Lt,c SO
he H®° peP

VteTand ceC (17)

Y X VY. ,~Ly¥<0 VYheH (18)
ceCpeP
X XY.,.,-L"<0 VceC (19)
heH peP

Y Y, LPF<0 YueU (20)

pEP

Equations 12 and 13 represent constraints that map simple
tasks with hybrid transformations. Equation 14 describes the
constraint compelling the use of a multiple-feed column
whenever the sloppy-split transformation is selected. The
constraint to relate the multiple-feed column with a similar
simple task is presented by Eq. 15. A set of optional contin-
gency constraints (Eq. 16) improves branching in the opti-
mization. Equation 17 controls the participation of a simple
task in attached hybrids and their transformations. Equation
18 checks the number of transformations for each hybrid.
Equations 19 and 20 impose bounds on the number of com-
plex configurations and the number of distinct instances for
the task. The parameters L}["y}’ and LY control the network
complexity and the extent of thermal coupling. The parame-
ters L and L%° control the maximum allowable number of
branches in the parallel sequence. By setting L2 and L'} to
zero, for example, the side-draw columns can be excluded.
Simple sequences are forced by setting L™? to zero. The value
of LS and L°° are set to one to eliminate parallel se-
quences. This also provides the necessary control to exclude
layouts with temperatures that activate decomposition, cok-
ing, or polymerization of components.

It should be noted that the parameters could be set at very
large values, essentially enabling even the most complex (and
intensely integrated) designs to emerge. The default values of
these parameters are set to provide complete freedom in the
selection of design. Each simple task can participate in a
maximum of three second-order hybrids (one from the feed
connection and two from the product connections); hence,
the value of LI? is set to 3. The separation of feed into n
products requires (n —1) simple tasks, and they can form a
maximum of (n —2) hybrids; hence, the value of L™ is set to
(n—2). The values of L9 and L°° are set to two to allow a
maximum of one parallel branch for each split.

Vol. 48, No. 3 AIChE Journal



Table 3. Specifications of the Available Hot and Cold

Utilities
Temp. Cost
No. Type O Index
Hot utilities
1 Very low-pressure steam (VLP) 90 0.100
2 Low-pressure steam (LPS) 128 0.130
3 Medium-pressure steam (MPS) 174 0.169
4 High-pressure steam (HPS) 196 0.187
5 Very high-pressure steam (VHP) 220 0.241
Cold utilities
1 Cooling water (CW) 25t0 35 0.017

Note: Data derived from Douglas (1988).

Objective function

The objective function, f b draws upon a characteristic
quantity, E, ,, that can stand for total cost (Cost,”,), energy
cost (Cost,;"'®), vapor load (V, ,), condenser or reboiler du-
ties (fo;d or Q,f‘l’,), or any combination of these parameters.
The objective assumes the form

fO= 2 L E,Y,~ X L X SicprYie,

teT peP heHceCpeP

- Z E Sg,p'Yg,p (21)

geG peP

The proposed formulation results in a mixed integer linear
programming (MILP) problem that is solved using
OSL/GAMS (Brooke et al., 1988). The optimization simulta-
neously yields the optimal sequence, the optimal hybrids, and
the optimal transformations. The formulation guarantees the
global optimality in all cases, as it involves only linear expres-
sions of the continuous variables.

lllustrative Examples

Several examples of nonazeotropic separation systems are
presented to illustrate the approach. All products are satu-
rated liquids and the tasks feature total condensers. The op-
erating temperatures and cost indices of all the available util-
ities are presented in Table 3. In all the cases, a P166 PC is
used for the optimization. The values of control parameters
and the data on problem size and the computational per-
formance are summarized in Table 4. In all cases, values of

parameters L9 and L9P° are set to 1 (no parallel sequences).

Table 5. Problem Specifications for Example 5C3

xf Recovery Fractions in Product

Product A B C D E
I Component NBP(°C) 77.88 82.11 96.80 107.50 117.40
1 Ethanol 0.25 098 0.02
2 i-Propanol 0.15 0.01 098 0.01
3 n-Propanol 0.35 0.01 0.98 0.01
4 i-Butanol 0.10 0.01 098  0.01
5 n-Butanol 0.15 0.02 098
Product fractions: x; 025 015 035 0.10 0.15

Feed flow rate: F' 1,000 kmol/h, saturated liquid feed

Example 5C3: light alcohol separation

The feed stream contains five light alcohols and produces
five products. The feed flow rate is 1,000 kmol/h, and Table
5 shows the recovery matrix of the problem (Wankat, 1988).
All tasks operate at 1 bar and use cooling water as the only
cold utility. The total energy cost is used as the synthesis ob-
jective. The selected designs are summarized in Figure 15.
Table 6 values the schemes in an order of decreasing per-
formance with Design D1 representing the best simple se-
quence. Energy savings range from 20% to 25% against this
design. The optimization studies four different cases. In each
case, the two most promising schemes are selected with De-
signs Al, B1, and C1 as the optimum and Designs A2, B2,
and C2 as the near-optimum.

Case A: Unconstrained Case. Design Al features a ther-
mally coupled prefractionator for the separation of C and two
side-columns for the separation of B and D. This design uses
hybrids AB/C/DE (Petlyuk-column transformation),
A/B/CDE (side-stripper transformation), and C/D/E (side-
rectifier transformation). The choice of hybrids and transfor-
mations is illustrated in Figure 16a. Design A2 separates BC
from the feed as an intermediate product of the Petlyuk col-
umn and uses the side-rectifier for the product D. The design
uses hybrids A/BC/DE (Petlyuk-column transformation) and
BC/D/E (side-rectifier transformation), as illustrated in Fig-
ure 16b.

Case B: No Prefractionation. Design B1 uses a side-recti-
fier to separate D and employs two side-strippers for the sep-
aration of B and C. It uses hybrids ABC/D/E (side-rectifier
transformation), AB/C/DE (side-stripper transformations),
and A/B/C (side-stripper transformations), as shown in Fig-
ure 16¢c. Design B2 features a side-stripper to separate B and
two side-rectifiers to separate C and D. It employs hybrids
AB/C/DE (side-rectifier transformation), A/B/CDE (side-

Table 4. Summary of Problem Data and Computational Performance

Controlling Parameters

Variables

CPU Results
No. Example e L' LY Lope Binary Continuous ) (table)
1 5C3: Case A 3 5 1
2 5C3: Case B 3 30((1’0’ pfsp) 1 1 131 20 51 6
sr, sr, sl, sv)
3 5C3: Case C 1 1 1
4 5C3: Case D 0 0 1 1
5 4R1 3 4 1 1 138 30 68 10
6 6C1 3 6 1 1 301 35 130 13
7 8C1 1 8 1 1 1,092 84 387 15
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Table 6. Comparison with the Simulation Results for
Example 5C3

(° Duty (GI/h
Design  Energy Layout Column  Trays Temp.(*O) ury (I
Cost Top/Bottom Top/Bottom
1 7 84.0/104.3 B
Al 299 g 2 225 77.2/117.0 -178.0/82.0
‘ 3 49 ---/81.0 -—-/122.0
L 4 22 107.0/--- <272/
" Columns 1,2: pe for AB/C/DE; 2,3: ss for A/B/CDE; 2,4: st for C/D/E
1 6 83.0/103.2 B
H 4 2/117.0  -148.0/172.0
A2 304 : EE
: 3 22 107.0/--- -26.7/---
4 42 81.0/96.0 -34.6/35.6
Columns 1,2: pe for A/BC/DE; 2,4: sr for BC/D/E; 3: B/C
1 212 77.2/117.0 -187.0/56.0
A
4 ---/81.0 /1312
Bl 308 g : o
2
3 25 ---/96.0 ---128.4
‘ 4 22 107.0/--- -26.1/-—
Columns 1,4: sr for ABC/D/E; 1,3: ss for AB/C/DE; 1,2: ss for A/B/C
A 1 189 77.21117.0 -138.0/87.3
8 ° 2 48 /810 ~N220
B2 309 H o
5
o 3 44 96.0/-— -43.5/---
4 22 107.0/--- <27.2/--
B
Columns 1,3: sr for AB/C/DE; 1,2: ss for A/B/CDE; 1,4: sr for C/D/E
1 5 86.4/103.8 -14.2/14.9
A -
c1 1.4 g 2 207 77.2/117.0 142.6/134.6
0
€ 3 7 89.1/99.3 -17.7/18.0
4 104 81.2/107.0 -54.3/43.9
Columns 1,2: pf for A/BCD/E; 3,4: pf for B/C/D
1 140 77.2/103.0 -175.8/57.3
2 39.9 2 49 ---/81.0 ---/122.0
3 104 96.0/117.0 -61.7/93.1
4 22 107.0/--- -27.2/--
Columns 1,2: ss for A/B/CDE,; 3,4: st for C/D/E
1 42 78.5/101.4 -54.1/57.4
N
:
D1 406 E 2 63 96.0/112.0 -61.7/62.8
3 147 77.2/81.0  -119.8/123.8
4 62 107.0/117.0 -31.2/33.1
Columns 1: AB/CDE; 2:C/DE; 3: A/B; 4: D/E
Figure 15. Promising designs for Example 5C3.

stripper transformation), and C/D/E (side-rectifier transfor-
mation), as illustrated in Figure 16d. Designs A1, A2, B1, and
B2 are achieved by superimposing selected transformations
on overlapping hybrids simultaneously. Figure 16 represents
associate sequences, hybrids, and corresponding transforma-
tions for the development of these novel designs.

Case C: No Transformations of Overlapping Hybrids. The
control on thermal coupling is achieved by disallowing the
simultaneous selection of different transformations for the
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Energy Cost Simulation Energy
No. Design (%) Cost (%)
1 Design Al 74 76
2 Design A2 75 77
3 Design B1 76 77
4 Design B2 76 78
5 Design C1 77 79
6 Design C2 98 85
7 Design D1 100 100

overlapping hybrids. Design C1 features two prefractionators
that first separates all the intermediate products (that is, B,
C, and D) from the feed, and the latter performs the down-
stream separation. It uses two nonoverlapping hybrids
A/BCD/E and B/C/D with prefractionator transformation.
Design C2 features a side-stripper for the first column to sep-
arate B and a side-rectifier for the second column to separate
D. It uses hybrids A/B/CDE (side-stripper transformation)
and C/D/E (side-rectifier transformation).

Case D: No Complex Columns. Design D1 represents the
best sequence of simple columns that performs the balanced
separation first and reserves the difficult (A/B) split for the
end. The cost of this simple column sequence is 6,156 k$/y,
and this value is used as the basis for the comparison of the
remaining designs. The heuristic approach by Wankat (1988)
and the fuzzy-logic approach by Flowers et al. (1994) have
reported the same simple sequence as the best design.

All tasks operate at the same pressure, hence the adverse
effects from thermal coupling are minimal. Consequently, ex-
tensive thermal coupling is observed in the designs. There is
a strong preference for prefractionators and Petlyuk types of
designs due to the large amount of C in the feed (35%). In-
stead, B and D appear in small quantities and are recovered
through side-column arrangements.

The promising designs are simulated using a rigorous model
of commercial software (HYSYS v1.2) to check the accuracy
of screening models. It is interesting to review Table 7, as it
compares (presimulation) energy costs with (postsimulation)
rigorous calculations. The synthesis models appear to predict
the trends very reliably.

Conventional synthesis representations would typically as-
sign binary variables to represent the number/existence of
trays, the location/existence of streams, and /or various inter-
connections and the existence of individual units. Continuous
variables would include mass and energy balances over a su-
perstructure model and would call upon MINLP technology
to optimize and solve a particularly difficult system. For the
problem at hand, the MINLP model is expected to be chal-
lenging and required additional effort to initialize the system
and ensure that a not-very-inferior solution is obtained.

Instead, the proposed MILP model only requires binaries
for each simple and complex combination of tasks. Specifi-
cally, the options include:

e Simple tasks (20 options): A/BCDE, AB/CDE,
ABC/DE, ABCD/E, A/BCD, AB/CD, ABC/D, B/CDE,
BC/DE, BCD/E, A/BC, AB/C, B/CD, BC/D, C/DE,
CD/E, A/B, B/C, C/D, D/E

AIChE Journal
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Figure 16. Development of novel designs for Example 5C3.
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Table 7. Operating Pressure as a Function of Top Product

. Column — Temp.(°C) Duty (GI/h)
to Match Specified Cold Utility for Example 4R1 Desien - Baergy Layout rresre oy ’
ressure (oar, Top/Bottom  Top/Bottom
Product Set Cold Utility/ Operating IS 49 30 4500533 -6596
as Top Top Temp. Pressure ' R o
No. Product 0 (bar) Le5 25 18 4 TASAB2 36116
1 A CW, 45 484
B AB CW. 45 320 ] 3 18 82 4501461 -19.87218
3 ABC CW, 45 1.39 Columns 1: A/BCD; 2,3: pf for B/C/D
g Bg gg 32 0 7177i 1 < 1= 35 4 9251637 -41/54
6 C CwW, 45 0551 680 25 35 90 5191777  -22.0025.1
] 35 49 29 450/838 3333
. .  Columns 1,2: pf for AB/C/D; 3: A/B
e Second-order hybrids (15 options): A/B/CDE, e
A/BC/DE, A/BCD/E, AB/C/DE, AB/CD/E, ABC/D/E, 1-» 35 37 51.8/177.7 -28.6/26.0
A/B/CD, A/BC/D, AB/C/D, B/C/DE, B/CD/E, BC/D/E, - 7.20 § ) 25 35 50 /1158 /102
A/B/C, B/C/D, C/D/E).
e Seven complex transformations for each of the 15 hy- - 3o 49 B BUBE SR8
brids Columns 1,2: ss for AB/C/D; 3: A/B
e A total of 6 two-feed columns \ I 3., . 1- 49 30 4501533  -65/96
Because the computationz.ll burden is pa?tly delegate.:d.for v o750 ¢ .. aey 18 33 4601461 276743
the development of tasks (simple and hybrid), the optimiza- = .
tion models are simple and easy to handle. The particular o 3o L8 45 -E82 94
example requires binaries for the performance of the 20 sim- Columns 1: A/BCD; 2,3: ss for BIC/D
ple columns, the 105 complex column configurations (seven 15> 16 23 5001368 2177266
complex transformations for each of the 15 hybrids), and the v 760
two-feed columns. The total number of variables is then 131 : 2- 49 4S0MSL 4863
binary and 20 continuous variables. ’ 3 18 54 450828 11129

Example 4R1: industrial case study

The feed contains nine components of Table 1 and four
products: A (C, fraction separated as lights), B (iso-pentane
and some n-pentane), C (C; fraction), and D (heavier com-
ponents, C, +). The top and bottom products and the avail-
able utilities determine the upper and lower limits for the
feasible operating pressures (see Tables 7 and 8). The pres-
sure range is uniformly discretized to generate five discrete
instances for each task.

Energy cost is used as the synthesis objective. Optimization
results are summarized in Figure 17. Designs I to IV repre-
sent the favorable four schemes. Design V denotes the best
simple sequence. Design I separates the lightest product and
uses a prefractionator for the downstream separation in hy-
brid B/C/D. Design II employs a prefractionator in hybrid
AB/C/D to separate plentiful products, C and D, early in
the sequence. Design III is similar to Design II with the ex-
ception of a side-stripper used instead of the prefractionator
in hybrid AB/C/D. Design IV separates the lightest product

Table 8. Operating Pressure as a Function of Bottom
Product to Match Specified Hot Utility for Example 4R1

Columns 1: ABC/D; 2: A/BC; 3: B/C

Figure 17. Promising designs for Example 4R1.

first and uses a side-stripper (hybrid B/C/D) for the down-
stream separation. Design V (best simple sequence) sepa-
rates the plentiful product, D, first and favors difficult sepa-
rations, B/C, in the end.

Figure 17 summarizes additional design aspects (operating
pressure, temperatures, duties, and so on) useful to initialize
rigorous simulation models. Using the cost of Design V as a
basis (100 = k$3811/y), designs are reviewed in Table 9. As in
the previous illustration, the ranking is identical and the (pre-
simulation) energy costs match very well with the (postsimu-
lation) rigorous costs. Another interesting point is that direct
vs. indirect preferences in choice of complex designs do not
match with similar choices for simple designs. In this exam-
ple, the best simple sequence is close to an indirect sequence
(Design V), but the best complex scheme corresponds to a
direct sequence (Design D).

Table 9. Comparison with the Simulation Results for

Product Set Hot Utility/ Operating Example 4R1
as Bottom Top Temp. Pressure
No. Product O (bar) Energy Simulation Energy

1 B MPS, 164 23.01 No. Design Cost (%) Cost (%)

2 BC VHP, 210 24.67 1 Design I 86 89

3 BCD VHP, 210 11.98 2 Design II 87 91

4 C VHP, 210 20.95 3 Design 11T 95 93

5 CD VHP, 210 10.39 4 Design IV 99 96

6 D VHP, 210 6.49 5 Design V 100 100
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Table 10. Problem Specifications for Example 6C1

Design  Energy Layout Column — Temp.(°C) Duty (GJ/h)
Recovery Fractions in Product Cost Pressure (bar) Top/Bottom  Top/Bottom
i Component x,-f A B C D E F 1> 29 4 7491282 2.1/2.7
1 i-Butane 0.05 098 0.02 260 255 29 58 4971389  -13.0/1L6
2 n-Butane 0.05 0.01 098 0.01 I o b sl sz 7 sawmrs ank
3 Neo-pentane 0.10 0.01 098 0.01 B
4 n-Pentane 0.15 0.01 098 0.01 ; 45 52 114 454/944 5143
5 n-Hexane 0.25 0.01 098 0.01 60 76 as0iI3 156
6 n-Heptane  0.40 0.02 098 o o et =
. : 5 3,4: pf for AB/C/D; 5: A/B
Product fractions: x7  0.049 0.051 0100 0.150 0.254 0.394 Columns 1,2: pf for ABCD/E/F; 3.4: pf for
Feed flow rate: F' 453.6 kmol/h, saturated liquid at 6 bar 1—- 29 4 7491282 2127
2314 2> 29 58 49.7/138.9 -13.0/11.6
1 (84%) g 35 60 6 59.0/89.8 -1.812.0
Lowest pressures are selected for all the tasks in the se- : ie 60 117 501009 4439
lected designs due to the favorable separation factor (relative / weo
o . . . 43 75 44.7/57.9 -4.8/5.
volatility). Because of the considerable difference in the op- -
erating pressures of associate tasks, designs with extensive Columns 1,2: pf for ABCD/E/F; 3.4: pf for A/BC/D; 5: B/C
thermal coupling are not observed. All complex column con- 1-> 528 46372 350
figurations require high pressures, and the benefits of ther- 20 b 25 52 121 4547412 65669
mal coupling are counterbalanced by the require.ment of e s 14 4 6341002 2275
higher reflux. In other words, pressure effects dominate the
e e . . 4 14 52 46.2/109.8 -10.4/9.6
results and minimize thermal coupling.
5> 60 76 45.0/57.3 -3.5/3.6
Example 6C1_. paraﬂin Separation Columns 1,2: pf for AB/C/DEF; 3,4: pf for D/E/F; 5: A/B
. . . B . 11— 41 39 45.0/124.4 -6.2/8.4
The paraffin mixture of Table 10 is separated into six
: 5.2 76 45.0/64.1 -5.5/5.7
products (Porter and Mamoh, 1991). The operating pressure w270 -
is set to allow cooling water as the coldest utility. The total (100%) 3— L0 27 526017 -108/123
annualized cost is used as the synthesis objective. The opti- 4 60 6 450573 35086
mization results are summarized in Figure 18. Designs I to s 14 26 450787 4753

III represent the three most promising designs, and Design
IV denotes the best simple sequence.

Design I employs two connecting prefractionator arrange-
ments using hybrids ABCD/E/F and AB/C/D (prefractiona-
tor transformations). Design II is structurally similar to De-
sign I, except that the second prefractionator distributes
products B and C instead of only C. It employs hybrids
ABCD/E/F and A/BC/D (prefractionator transformations).
Designs 1 and II separate the plentiful products, E and F,
early in the sequence to minimize the load on the down-
stream separation. Design III distributes C in the first pre-
fractionator, and uses a simple column to perform difficult
separation A/B. It employs a second prefractionator for the
downstream separation. It uses hybrids A/B/C and D/E/F
(prefractionator transformations). Design IV represents the
best simple sequence that reserves the difficult split (A/B,
B/C) for the end. The complex columns promise up to 17%

Columns 1: ABC/DEF; 2: AB/C; 3: DE/F; 4: A/B; 5: D/E

Figure 18. Promising designs for Example 6C1.

savings in the total annualized cost against the best simple
sequence. Figure 18 summarizes design aspects.

Example 8C1: refinery light-end separation

A light-end refinery mixture is fractionated into eight
products (Tedder, 1984; Cheng and Liu, 1988). The problem
data is presented in Table 11. The feed stream is saturated

Table 11. Problem Specifications for Example 8C1

Recovery Fractions in Product

i Component x! A B C D E F G H
1 22-DMP 0.091 0.98 0.02

2 i-Pentane 0.169 0.01 0.98 0.01

3 n-Pentane 0.176 0.01 0.98 0.01

4 22-DMB 0.019 0.01 0.98 0.01

5 23-DMB 0.030 0.01 0.98 0.01

6 2-MP 0.177 0.01 0.98 0.01

7 n-Hexane 0.112 0.01 0.98 0.01
8 Benzene 0.226 0.02 0.98
Product fractions: x/ 0.09 0.17 0.17 0.02 0.03 0.18 0.12 0.22

Feed flow rate: F'!

355.3 kmol/h, saturated liquid at 3 bar
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Table 12. Problem Specification for Example 3R1

Recovery Fractions in Product

Design  Energy Layouts Column — Trays Temp.(°C} Duty (Gl/h)
cost Pressure (bar) Top/Bottom Top/Bottom
l» 15 9 60.8/88.9 -15.5/18.1
. 25 L5 150 49.0/923 46.3/32.2
| 23.35 é 35 31 45 455784 -17.6/20.6
6% ¢ 4 18 7 49.4/72.5 9.7/10.6
5. 18 392 44.7/789 -84.4/872
6— 14 10 465663 6.7/7.1
75 14 150 45.8/688 -14.1/9.7
Columns 1,2: pf for ABCDEF/G/H; 3: A/BCDEF; 4,5: pf for B/ICDE/F; 6,7: pf for C/D/E
1-» 15 9 60.8/88.9 -15.5/18.1
\ 25 15 150 49.0/923 46.3/32.2
. 23.76 § 35 31 45 45.5/78.4 -17.6120.6
SO 45 18T 494m25 9.7/10.6
' 5 18 392 447789 -84.4/87.2
6— 14 108  458/688 -15.0/21.1
75 14 35 59.2/e- 4.8/
Colﬁ;ms 1,2: pf for ABCDEF/G/H; 3: A/BCDEF; 4,5: pf for B/CDE/F; 6,7: sr for C/D/E
1» 15 9 60.8/88.9 -15.5/18.1
. 25 15 150 49.0923 46.3/32.2
23.78 E 35 31 45 455184 -17.6/20.6
M o) ¢
: 4 18 7 49.4/72.5 9.7/10.6
' S 18 392 447/789 -84.4/87.2
6 14 57 45.9/64.3 -15.0/15.7
75 10 86 48.0/57.5 -5.3/5.5
Columns 1,2: pf for ABCDEF/G/H; 3: A/BCDEF; 4,5: pf for B/CDE/F; 6: C/DE; 7: D/E
1> L9 58 453871 28.6/33.7
25 10 9% 58.0/71.9 42.1/45.6
. 24.20 35 22 9% 45.0/61.3 -38.5/41.4
(100%) 45 10 289 53.5/59.8 7761304
55 31 M4 45.5/64.4 -116/12.7
6 10 8 48.0/57.5 5.3/5.5
75 10 49 68.3/79.4 22.7/23.8

Columns 1: ABC/DEFGH; 2: DEF/GH; 3: AB/C; 4: DEF; 5: A/B; 6: D/E; 7: G/H

Figure 19. Promising designs for Example 8C1.

liquid at 3 bar. The operating pressure of tasks is set to allow
the use of cooling water as the coldest utility. The total en-
ergy cost is used as the synthesis objective. The optimization
results are presented in Figure 19. Designs I to III represent
the three most promising designs, and Design IV denotes the
best simple sequence.

The selected designs emerge as identical structures in the
initial development of the sequence, but employ different
schemes to separate products C, D, and E. They all use hy-
brids ABCDEF/G/H and B/CDE/F (prefractionator trans-
formations) and simple task A/BCDEF for the upstream
separation. Design I employs a prefractionator (hybrid
C/D/E) for the downstream separation. Design II instead
uses a side-rectifier in hybrid C/D/E. Design III employs a
direct sequence to separate C, D, and E. Design IV favors
the balanced split first and reserves the difficult separation,
G/H, for the end. The complex schemes favor prefractiona-
tors due to their higher separation efficiency. These designs
separate plentiful products, G and H, early in the sequence
to minimize the mass load on the downstream separations.

544 March 2002

Vol. 48, No. 3

i Component xf A B C
1 i-Butane 0.0490 0.75 0.25

2 1-Butene 0.5071 0.03 0.95 0.02
3 n-Butane 0.0695 0.19 0.81
4 trans-2-Butene 0.0946 1.00
5 cis-2-Butene 0.2798 1.00
Product fractions: x/ 0.052 0.507 0.441
Feed flow rate: F'° 500 kmol/h,

saturated liquid at 3 bar

These designs promise modest savings of about 2-4% against
the best simple sequence. The diminishing benefits of ther-
mal coupling are attributed to the adverse effects of pressure
constraints.

Example 3R1: separation of C, mixture

As a final example, we consider the separation of a close
boiling C, mixture. The example is an easier problem than
the mixtures addressed in the previous cases, and specifica-
tions are available from Dunnebier and Pantelides (1999).
They are presented in Table 12. The operating pressure of
the tasks is fixed and water is used as the cold utility (in the
coldest condenser). The total energy cost is used as the syn-
thesis objective. The selected designs are summarized in Fig-
ure 20. Designs I to III represent the three most promising
designs; Design IV denotes the best simple sequence. Design
I employs a Petlyuk column, Design II employs a prefraction-
ator and Design III shows the potential for a three-column
sequence that involves the sloppy split in hybrid A/B/C. The
intermediate product, B, is also a plentiful product (50%), so
promising deigns show a strong preference for the prefrac-
tionation of the feed. The indirect sequence (Design IV) is
the best simple sequence for this separation. The optimiza-
tion results of Dunnebier and Pantelides (1999) present the
same optimal design, but claim a need for detailed models.
The new approach presents all potential structures, even with
the use of simple MILPs. Solutions of an average perfor-
mance require a few seconds on a PC notebook.

Conclusions

A new representation is proposed for the synthesis and op-
timization of complex separation systems. The representation
is based on tasks instead of units. The article introduces a
new representation that contains an exhaustive superposition
of options in the form of a supertask instead of a superstruc-
ture representation. The supertask representation is much
simpler and easier to optimize. Indeed, the alternative scheme
can be formulated as an MILP problem that is possible to
solve to global optimality. The approach is illustrated in sev-
eral problems based on the literature as well as industrial
problems. Besides the network complexity they introduced in
their models, mathematical programming techniques, in which
the current method finds that it belongs, are shown to be
unable to defend a record of design innovation. To the con-
trary, the application of the new approach enables the sys-
tematic development of novel layouts and configurations. The
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° D G/
Design  Energy Layout Column — Temp.(°C) uty (GI/h)
Cost Pressure (bar) Top/Bottom  Top/Bottom
A
- 457 35 39.2/45.7 femn
A
1 721 B ) B
(70%) C
2 457 145 36/49.5 -97/106
C
Columns 1,2: pc for A/B/C
A
o 457 35 39.2/45.7 -40/47
A
I 756 8 R B
(73%) c
22— 457 138 36/49.5 -65/64
c
Columns 1,2: pf for A/B/C
1> 457 35 39.2/47.7 -40/47
1004
i
97%) 2— 457 63 36/39.8 -41/36
3. 411 T2 36/456 ~60/63
Columns 1,2: sp for A/B/C
A L a6 T 36146 85/90
1031
v A
(100%) B B
2 457 83 36/39,8 59/61

C
Columns 1: AB/C; 2: A/B

Figure 20. Promising designs for Example 3R1.

reader is encouraged to review the designs shown in Figure
15, Figure 17, Figure 18, Figure 19, and Figure 20. They all
contain novel designs that are obtained with the new ap-
proach. In most cases, the presented results surprised experts
in the field, who expected other solutions to be optimal.

A large number of industrial studies have been used to test
and validate the research. In most cases, the results have
produced new ideas or significantly reduced the time for pro-
cess analysis. To assess the advantages of the supertask rep-
resentation, the authors encourage comparisons with tools
based on superstructures. Developments are presented for
zeotropic mixtures, but there is no limitation to the property
models that can be used. Because the optimization requires
minimum effort, the approach is particularly useful as a
screening tool to consult on favorable designs and integrated
layouts. Overall, the article produces strong evidence that
tasks are more appropriate to synthesize than units. In this
context, the article stands as an argument against expecta-
tions that the superstructures will eventually take over the
synthesis effort. The idea of using tasks extends beyond pure
distillation processes. At a minimum, tasks can accommodate
other equilibrium-based methods. The authors expect, how-
ever, that the approach will eventually prove appropriate for
more general applications.

Acknowledgment

The authors acknowledge financial support from the Process Inte-
gration Research Consortium at the University of Manchester Insti-

AIChE Journal March 2002

tute of Science and Technology, United Kingdom. A large number of
industrial studies have been made possible with the collaboration of
M. W. Kellogg, Esso, Aspen Tech, Hyprotech, and UOP.

Notation

a*"" =annualization factor
b =bottoms flow rate
C =set of transformations of hybrid
CYir =set of transformations attached to direct associate se-
_ quence
Cind =set of transformations attached to indirect associate
sequence
CQ =set of hybrid and transformation combinations
M =cold utility cost index
Cost®"*'sY =energy cost
Cost™" =total cost
d =distillate flow rate
E, , =parameter describing the specified objective of u €U
inpepP
f =feed flow rate of a task
F =nominal feed flow rate of a task
F'°' =total feed flow rate
G =set of multiple-feed columns
G3P =set of multiple-feed columns attached to sloppy split
transformation of h€ H
H =set of hybrids
H®%° =set of hybrids attached to associate task t €T
I =set of component in feed
L =liquid flow rate
L9P¢ =maximum discrete instances of u € U
L,YC*’ =maximum number of ¢ € C attached to all hybrids of
teT
L' =maximum transformations of 4 € H
L'"™ =overall maximum number of transformations, ¢ € C
M =set of product subgroups
N =set of products
NT =number of trays
P =set of discrete instances
=feed quality
=condenser duty
0r® =reboiler duty
RMIN = minimum reflux
RF =ratio of actual reflux to the minimum reflux
S, p =design discounts in E, , employing u€C,, p€ P
S$S =number of product subgroups
SO =number of simple sequences
T =set of simple task
T,9"* =set of tasks producing m € M
T,'? =set of tasks receiving m € M
T =set of tasks in the direct associate sequence of & € H
T,;"d =set of tasks in the indirect associate sequence of h € H
T™d =set of tasks producing same products with g € G
T =set of tasks receiving fresh feed
T™ =set of tasks receiving intermediate feed
U =set of all tasks, T UC,
V =vapor load
w =side-draw flow rate

x? =bottom product composition

=
x¢ =distillate product composition
x/ =feed composition

y =composition in the vapor phase

Y =binary variable for the existence of task

QCOHZ

Greek letters

a; =relative volatility
6 =root(s) of Underwood equation
¢, = fraction of feed that yields stream m € M

Indices

b =bottoms
¢ =transformation, c € C
d = distillate
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h=hybrid, he H
i=component, i € [

p =discrete instance, p € P
t =discrete instance, t €T
u =basic task, ue U

w =side draw

General

HC =heavy components
HK1 =heavy key for the lighter split of hybrid
HK?2 =heavy key for the heavier split of hybrid
HP = heavy product
LILIIL IV =columns in the equivalent arrangements of the com-
plex columns
IC =intermediate components
IP =intermediate product
LC =light components
LK1 =light key for lighter split of hybrid
LK2 =light key for heavier split of hybrid
LP =light product
pc =Petlyuk column transformation
pf =prefractionator transformation
sl =liquid side-draw transformation
sp =sloppy split transformation
sr =side-rectifier transformation
ss =side-stripper transformation
sv =vapor side-draw transformation
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Appendix: Shortcut Models for Complex
Distillation Arrangements

The modeling elements involved in various configurations
of the complex columns representing different transforma-
tions were presented in the fourth section. This Appendix
describes the governing equations for the complex arrange-
ments. The first section below presents the procedure for cal-
culating the optimum recovery of the ICs in the distillate of
the prefractionator. The detailed model with all the neces-
sary equations for the thermally coupled prefractionator de-
sign is presented in the second section. The Fenske—Gilliland
equation for the calculation of the number of theoretical
stages is presented in the third section. The shortcut model
for the two-feed columns is described with all necessary
equations and finally, the simplified model for the side-draw
columns is presented.

Performance of prefractionator

In the prefractionator column, the first light key (LK1) is
separated from the second heavy key (HK2), and all the com-
ponents of intermediate products are distributed between its
top and the bottom products. The recovery of the ICs in the
distillate of the prefractionator is a degree of freedom, and it
is varied to minimize the reflux requirement in the prefrac-
tionator. The optimum recovery of the ICs is calculated by
solving two parts of the Underwood equation simultaneously.
The first part of the Underwood equation (Eq. Al) is written
for the feed composition and solved to obtain a root for each
pair of key and intermediate components

)»

=1-q' VjeJ
icp ai— 0/

(A1)

where j € J represents the pairs of components involved in
the prefractionation. 6; is the root of the Underwood equa-
tion, such that its value lies between the relative volatilities of
the component forming the pair j, that is @;,; <6, < a;.
The values of 6§, are used in the second part of the Under-
wood equation (Eq. A2) along with the mole-fraction summa-
tion constraint (Eq. A3) and the product specifications con-

straints (Egs. A4 to A7) to obtain the distillate composition

yfl’l-a,
§ Ny yjey (A2
iel &~ 0./
Zyid,lzl (A3)
iel
yﬁ’l'dl=m?’l'x[’l'fl Vi=1Kl1 (A4)

yildl = xfL ! V i € lighter than LK1 (AS5)

yl.d’l-d1=(1—mf-”l)'xif’l'fl VY i=HK2 (A6)
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y&I=0 Y i € heavier than HK2

(A7)

In the Column I, the LK1 recovery in distillate (0 {5%,) and
HK2 in bottoms (R 4;L,) is calculated from the product speci-
fications. In this model, the number of variables is the same
as the number of independent equations. The presented set
of equations (A2 to A7) is solved simultaneously to obtain
distillate composition, flow rate, and the minimum reflux ra-
tio. The bottom product composition and flow rate are then
calculated using material-balance equations. The model rep-
resents the system completely and provides optimum recov-
ery of IC in the first column. In this way, the nature of the
problem is used to optimize the recovery of the ICs in the
prefractionator.

Petlyuk column design

The performance of the prefractionator is predicted using
the shortcut model presented in the previous section. The
net distillate and bottom-product composition and flow rates
of the prefractionator are exploited to calculate the actual
composition and flow rates of the feed and side-draw streams
of Columns II and III. Note that the Column II feed is vapor,
while that of Column IIT is liquid. Similarly, the side-draw of
Column II is liquid and Column III is vapor. Equations de-
scribing a flash calculation for the partial condenser and re-
boiler are

f= (RMIN’I-RFﬁLl)-dI (A8)
WH — RMIN’I'RF'dI (A9)
2L (A10)
Xl s
Z v ey
kel
d,1, g1 w,II, I
yited +xew
[ = dl+w (Al
flll — RMIN,I_RF_dl + ql_fl (A12)
wil = (RNHN'I-RF+1)-dI —(1— qI) -f1 (A13)
xblog,
Pl = — (A14)
Y xp ey
kel
DT pl g w1
x[ = — X (A15)

dl + WIII

These compositions are now used to estimate vapor—liquid
traffic in Column II and Column III using Underwood’s
equation for the towers with side-draw.

The feed to Column II is saturated vapor (that is, g™ = 0),
and it performs the lighter split, hence the root of Under-
wood’s equation, 8, should be between the relative volatility
of LK1 and HK1. The minimum reflux ratio is then calcu-
lated for the column by assuming a liquid side-draw, w'l, from
the rectifying section of the column using the second part of
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Underwood’s equation (Eq. A17)

yf 11,
Yy —a _— =1 aprg < 0 < ap g (A16)
iel i
d, 1l II I w, 11
x4 {wld"} - xp ) -q,
> ( W) Jooi _ RMINIE 47, (A17)

oll
a;+0

iel

The feed to Column I is saturated liquid (that is, g™ = 1),
and it performs the heavier split, hence the root of Under-
wood’s equation, ™!, should be between the relative volatil-
ity of LK2 and HK2. The minimum reflux ratio is then calcu-
lated for the column by assuming a vapor side-draw, w!l,
from the stripping section of the column using the second
part of Underwood’s equation (Eq. A19)

x[_f,III,a’_
2 t_p
Z — gl

iel %

e < M < ap,  (AlL8)

( bIII/dIII b,III +{WIII/dIII} .

@ — gl

¥ -a

iel

= RMINIT L] (A19)

The information about the reflux ratio, feed and product
streams, and side-draws is used in a simple material-balance
equation of each section of the column to obtain extact vapor
and liquid traffic. General expressions for vapor-liquid flow
rates (in the column with the liquid side-draw from the recti-
fying section and/or vapor side-draw from stripping section)
are presented below

J/rect — (RMIN'RF+1)'d (A20)
Vstrp:VrcCl_(l_q).f+ Z w (A21)
vapor
side-draw
Lrect RMIN RF-d (A22)
Lstrp — LrECl + q .f — Z w (A23)
liquid
side-draw

In the Petlyuk column, thermal coupling between Columns
IT and III is performed, hence it is necessary to equalize va-
por-liquid traffic in the bottom of Column II with the top of
Column III. This is done by choosing the higher of the two,
and thus operating one column at a higher reflux than 1.1
times RM™, A detailed explanation of the presented model
can be found in Triantafyllou and Smith (1992).

The equivalent arrangements of the side-column and the
prefractionator arrangements can be treated as the specific
cases of the presented model. For example, when recovery of
the IC in the distillate of Column I is forced to 1, the model
represents a side-stripper arrangement. If it is 0, a side-recti-
fier arrangement is realized. The exact equations for the cal-
culation of the design parameters are obtained easily by
adapting the presented model.
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Calculation of the number of stages

The relative volatility and recovery fractions of the key
components are used in the Fenske equation (Eq. A24) to
calculate the minimum number of theoretical stages. The ac-
tual number of theoretical stages required for the desired
separation when the column is operated at 1.1 times RMIN
(that is, RF = 1.1) is calculated using Gilliland’s equation (Eq.
A25). The feed-tray location is estimated using Kirkbride’s
correlation (Eq. A26). The expressions of this shortcut model
are presented below
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N = (A24)
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where
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The presented shortcut model for calculating the number of
stages is used for Columns II and III with appropriate modi-
fications. The Fenske equation is applied to these columns
above and below the side-draw, as shown in Eqgs. A27 and
A28 respectively. The Gilliland’s correlation is then used in
an exactly identical manner to obtain the actual number of
stages in each section of the column.

N (e /i) - (/50 )
LN[ aLK/aHK]

NMIN S = (A27)

N l(vaVK/xle) ’(xIbiK/fo)J
LN[ aLK/aHK]

below

NMINaaraw =

(A28)

Multiple-feed columns

The two-feed column is decomposed into two hypothetical
simple columns, each receiving one feed. The top product of
Column IV-1 and the bottom product of Column IV-2 repre-
sent the distillate and bottom products of the actual column
respectively. The pseudobottom product of Column IV-1 is
obtained by subtracting the lower feed (f,) from the overall
bottom product (b), while the pseudotop product of Column
IV-2 is calculated by subtracting the upper feed (f;) from the
overall distillate product (d). These two pseudoproducts are
always in equal magnitude and opposite direction. For the
desired split, the first part of the Underwood equation is used
separately in both hypothetical simple columns to calculate
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the two 6 values associated with them (see Egs. A29 and
A30)

wH V-1,

! i V-1
_ Ia»—ew’l =1—g¢q (A29)
1€ 1

xif’Wd'ai V-2
. IaA—BIV’z =1—-gq (A30)
1€ l

These 6 values are then used in the second part of the
Underwood equation (see Egs. A31 and A32) to predict the
pseudoreflux ratio (™) in the rectifying section of both the
hypothetical columns.
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The pseudoreflux ratios are used to predict the actual re-
flux ratio (RMN) in the two-feed column. When the upper
feed is controlling, the pseudoreflux ratio of the first column
(Column IV-1) is the same as the actual reflux ratio of the
column. The actual reflux ratio of the column when the lower
feed is controlling is calculated using the pseudoreflux ratio
of the second column (Column IV-2), and the balance equa-
tion for the liquid flow between the two hypothetical columns
is shown below

RMIN,IV*I — rmin,Ivfl (A33)
RMIN,IVZ __ ,.min,IV—-2 1 fIV71 flv*l Iv-1 A34
I G B

The two values of the actual reflux ratio are then com-
pared to decide the controlling feed. The higher of two reflux
values is selected for the operation of the column

RMIN,IV _ maX(RMIN,Iv— 1 RMIN.IV— 2)

(A35)

The number of theoretical stages in the multiple-feed col-
umn is the same as that in the corresponding simple column,
as both the columns have the same product recovery specifi-
cations. A detailed discussion of the presented model and its
extension to multiple-feed columns is presented in Niko-
laides and Malone (1987). A more accurate model for the
evaluation of multiple-feed columns can be found in Glanz
and Stichlmair (1997).

Side-draw columns

The side-draw columns primarily perform a leading split
and effectively use available vapor-liquid in the supplemen-

AIChE Journal March 2002

tary column section to carry out further separation. It has a
smaller number of column sections, hence it is not possible to
achieve any degree of separation without excessive reflux
penalty. In this section, the shortcut model of Glinos and
Malone (1985) is summarized to identify the feasibility of the
side-draw column.

Vapor Side-Draw Column. The first associate task of the
direct pair represents the leading split for the vapor side-draw
column. The liquid from Column I is used in the supplemen-
tary section (Section II) to separate IP from HP. Only a lim-
ited degree of separation between IP and HP is possible, as
only one column section is available. The LP is obtained as
the distillate of the column at the specified purity and recov-
ery in this configuration. Because the separation between IP
and HP is imperfect, a fraction of HP gets carried over to
side-draw and some amount of IP goes in the bottom prod-
uct.

The objective of this shortcut model is to predict the mini-
mum fraction of all heavy components (HC) in the vapor
side-draw when the reflux ratio is fixed. It is assumed that
the flow rate of the side-draw (w) and the bottom product
(b) are known from the fractions of IP and HP in the feed
stream, respectively. This information is used with the
vapor-liquid traffic of the column representing the leading
split to predict the boilup ratio in the supplementary strip-
ping section

v =Vi+w (A36)

Lm=r! (A37)
Vll

B=—— (A38)

The boilup ratio of the supplementary section can be used
with the Underwood equation to calculate the composition of
the vapor side-draw. The limiting fraction of HC in the side-
draw is the pinch composition under the condition of limiting
boilup and the infinite trays in the supplementary stripping
section. It can be obtained using the following equation:

VieHC

() min = (A39)
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The mass-balance equations are then used to predict the
composition of IP in the bottoms. Instead of fixing the flow
rate of the side-draw and bottoms product, recovery or purity
specifications on the bottom product can be used in an ex-
actly identical way to predict the side-draw composition. A
detailed discussion and the underlying logic of this model can
be found in Glinos and Malone (1985).

Liquid Side-Draw Column. The first associate task of the
indirect pair represents the leading split for the liquid side-
draw column. The vapor of Column I is used in the supple-
mentary section (Section II) to separate IP from LP. Only a
limited degree of separation between LP and IP is possible,
as only one column section is available. The HP is obtained
as the bottom product of the column at the specified purity
and recovery in this configuration. Because the separation
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between LP and IP is imperfect, a fraction of LP gets carried
over to the side-draw and some amount of IP goes in the
distillate.

The objective of this shortcut model is to predict the mini-
mum fraction of all light components (LC) in the liquid side
stream when the boilup ratio is fixed. It is assumed that the
flow rate of the side-draw (w) and the distillate (d) are known
from the fractions of IP and LP in the feed stream, respec-
tively. This information is used with the vapor-liquid traffic
of the column representing a leading split to predict the re-
flux ratio in the supplementary rectifying section

pu=ypl (A40)

"=L"+w (A41)
LH

R=—- (A42)

The reflux ratio of the supplementary section can be used
with the Underwood equation to calculate the composition of

the liquid side-draw. The limiting fraction of LC in the side-
draw is the pinch composition under the limiting reflux con-
dition and the infinite trays in the supplementary rectifying
section. It can be obtained using the following equation

d

X
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—FF X VielC
Re(a;_pgi1—1)

(A43)

The mass-balance equations are then used to predict the
composition of IP in the distillate. Instead of fixing the flow
rate of the side-draw and distillate, recovery or purity specifi-
cations on the distillate product can be used in an identical
way to predict the side-draw composition. A detailed discus-
sion and the underlying logic of this model can be found in
Glinos and Malone (1985).
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