Heuristic Synthesis of Nonsharp

Separation Sequences

The preliminary synthesis of ordinary distillation schemes for sepa-
rating a single feed into desired products is examined. Nonsharp prod-
ucts are emphasized, i.e., when components are desired in more than
one product. Such sets lead naturally to columns with incomplete sepa-
ration of the key components, including one-section columns. Stream
bypassing around separators and limited stream splitting are permitted.
Sequences cannot have separators with identical key components, and
only limited product fragmentation is considered. A heuristic ordering of
separation options, coupled with a depth-first application on a pictorial
or a matrix representation of a stream, is proposed. Subsequentiy a
best-first search identifies the few better schemes. Partial sequences
are (sub)optimized heuristically. Employing the present methodology on
an example problem of four components and products resulted in annual
cost savings of 42%, compared to the best sequence isolating the feed
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components.

Introduction

The aim of process synthesis activity is to generate a process
flowsheet that achieves certain objectives, subject to constraints
on available materials, energy, and equipment, and optimal with
respect to an appropriate criterion of merit. The development of
a process flowsheet is performed in practice by engineers draw-
ing from their past experience and by analogy to existing similar
modes of operation. Efforts toward a formal and systematic
approach in the synthesis of chemical processes are less than two
decades old. Relevant work was recently reviewed by Umeda
(1983).

The focus of this paper is the (sub)problem of separation train
synthesis, defined as follows:

The desired products are to be isolated from a multicom-
ponent feed stream, utilizing one or more separation
types, at minimum cost
The (single) feed is specified in terms of composition, flow rate,
temperature, and pressure. In addition, no solid phases present
and relatively well-behaved phase equilibria are assumed (for
systems containing azeotropes see Levy et al., 1983). The case of
any one feed component being assigned to a unique product, and
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p =< n, is termed here a “sharp product set.” Attention will be
limited to conventional distillation (for other separations see
Seader and Westerberg, 1977, and Lu and Motard, 1982).

The alternative distillation configurations, consisting of sim-
ple, sharp separators (Nishida et al., 1981), can be generated
from the ranked list of the feed components (Hendry and
Hughes, 1972), an ordering in decreasing volatility. If the
desired products contain species adjacent in relative volatility,
the number of possible sequences is (Thompson and King, 1972)
[2(p — )]Y/pY(p — 1)!. The problem can be simplified by re-
cognizing that there are only (p — 1) p (p + 1)/6 unique sepa-
rators (Rathore et al., 1974), as far as material balance is con-
cerned, that can be combined in different ways. This is the case
even if not perfect separation at each column is assumed, but
rather key component recoveries sufficiently sharp that only
these two components appear in both column product streams.
Furthermore, product specifications (in terms of purities and
recoveries) can be translated, employing modifications of for-
mulas given by Nath (1977), to process specifications (in terms
of column key component recoveries). Complex fractionators
(Minderman and Tedder, 1982; Doukas and Luyben, 1978) and
heat-integrated sequences (Linnhoff et al., 1983) lie outside the
scope of this work.

The objective of the optimal search is to discover, expending a
reasonable amount of effort, the few best alternatives. The
search techniques, developed for sharp product sets and not nec-
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essarily limited to distillation, are classified here as (see also
Nishida et al., 1981):

e Integrated flowsheet methods (Grossmann, 1983; Eliceche
and Sargent, 1981)

e Heuristic methods (Seader and Westerberg, 1977; Lu and
Motard, 1982)

e Algorithmic methods (Hendry and Hughes, 1972; Wester-
berg and Stephanopoulos, 1975; Gomez and Seader, 1976)

A “nonsharp (sloppy) product set,” the main topic of this
paper, occurs when at least one component is specified to be
present in more than one product. This implies that there is no
ranking of products in terms of volatility, and furthermore,
there is no limitation in the number of products. The ranked list
of the components can be used to generate the sequences, isolat-
ing the feed components, with the latter subsequently mixed in
the required proportions. However, such practice is wasteful in
that sharper than necessary separation occurs. On the other
hand, the list-splitting operation fails in the case of not nearly
perfect splits of adjacent components, due to distribution of the
nonkey components in both sublists (which in turn implies the
same for the products).

The problem of systematically synthesizing sequences for
nonsharp product sets was first addressed by Nath (1977). A
graphical representation of process streams (material allocation
diagram, MAD), was proposed and manipulated according to a
set of rules to generate plausible networks of columns with key
component recoveries not always one or zero. Hohmann et al.
(1982) advanced the concept of limiting distillation sequences,
which provide targets for energy consumption as well as topolog-
ical limits to sequences for arbitrary product sets. Their insight
is useful; however, they did not propose a systematic synthesis
method.

Plausible sequences can be generated by a systematic applica-
tion of the operations of distillation, stream splitting, and stream
mixing on a representation of a process stream in terms of a
component recovery matrix (R matrix), an algebraic extension
of the MAD.

The separators considered in this work were classified, in
terms of key component recoveries, by Nath (1977) as: sharp
(both recoveries close to one), semisharp (one recovery close to
one), and nonsharp (no recovery close to one). In this work
another type is proposed: three-specification (both recoveries
close to one, nonadjacent keys).

Separators with at least one key recovery not close to one pro-
vide the designer with two opportunities. First, a one-section col-
umn (rectifier or stripper) or, in the extreme, a single-stage flash
unit may be sufficient. Second, bypassing a fraction of the col-
umn feed to its top or bottom stream (semisharp), or a final
product (nonsharp case) is possible.

Feed bypass cases are examined analytically, under the sim-
plifying assumptions of constant relative volatility and molar
overflow, and using the CHESS simulation package (Motard
and Lee, 1971).

The term “stream splitting” is distinguished from feed
bypassing in that all fractions require further separation. For
the purposes of this work, stream splitting is limited to the case
of no product fragmentation. Furthermore, no material recycle
is considered.

A heuristic ordering of options, coupled with a depth-first
(Nilsson, 1980) technique, is proposed for generating schemes
containing up to a prespecified number of units. In a distinct sec-

764 May 1988 Vol. 34, No. 5§

ond step, following the generation of alternatives, a best-first
method (Nilsson, 1980) is proposed for searching for the few
better schemes. Heuristic rules are employed to (sub)optimize
the partially developed sequences.

For an example problem of four components and four prod-
ucts, significant savings (42%) were realized using the present
methodology, over the best among the sequences that com-
pletely isolate (and remix) the feed components.

Product and Process Specifications

The problem of product specifications has not received atten-
tion in the literature of separation processes synthesis, with the
notable exception of the work of Nath (1977) and Gawin
(1975). Since its importance is crucial in the case where non-
sharp separations are considered, a closer look at the subject
seems in order.

Nath defined product recovery:

pi=gdji/z.f} je G (1)

and product purity:

Pi=Zd/1/Zk:dki jeC. kEK, 2
]

where d,, is the flow rate of component j in product i (mol/time),
J;is the flow rate of component j in the feed (mol/time), C; is the
set of components specified to be present in product i, X is the
set of components actually present in product i. Also define com-
ponent recovery:

Ty = d]l/.fj‘

Next we will examine the usefulness of these definitions for the
cases of sharp separations and nonsharp separations.

JE K (3

Sharp separations

By expressing p; and p; in terms of r;, one can show that, for
sharp product sets, p; and p; are close to unity for all products i.
Under some mild assumptions (Bamopoulos, 1984), it can also
be shown that the number of product specifications must equal
2(p — 1). A reasonable choice would be to specify the recoveries
and purities of the first p — 1 products, or the impurity levels of
all products.

A component can be a column key component zero times,
once (light key, LK, or heavy key, HK), or twice (LK and HK),
in a sequence producing the required product set. The formulas
given by Nath (1977) can be generalized to read:

ZR; xRy ax S )
py= "7 JjeEG @
2f;
Pi
_ ZR; ik Ry xS
(1 = Ry RiikSu + ZR, xRy g f; + (1 — R i) R 1k fi

jeC (8
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where:

R; k(R ux) is the column recovery of component j, being a
light (heavy) key, in the stream rich with it {meaningless
R, x0T R yraresetto 1)

JorSu1 =0
il(ik) denotes the light (heavy) impurity of product i
8, = 0 if component k is a HK before it is a LK in the (sub)se-
quence used to produce i
= | otherwise
Product recoveries can always be met (or exceeded) by set-
ting

Rj.LK = Pispec if Rj.HK =1
Rj.HK = Pispec if Rj,l.l( =1 (6)
else

R]ZLK = KjHK = VPispec

Product purities, on the other hand, depend on the column
sequence.

As an example consider the separation of a ternary feed ABC
into its components, represented in Figure 1. For the direct
sequence:

_ RA,LK 'fA
O+ Ryx-fu+ (1 ~Rpp)- V- f

Pr M

while for the inverted sequence:

Ryw=1-f4
. - 8
O+ Rypx-1:f4+0~ RB,HK)RlB,LK -Ja p ®

pr=

In general then, if 2(p — 1) product specifications are made,
Egs. 4 and 5 must be solved for the unknown R; ,and R, s, for
a particular sequence. If one imposes more than 2(p — 1) speci-
fications, a system of (p — 1) columns will not in general be
capable of satisfying these equations at equality. It may, how-
ever, be possible to satisfy those, using more columns with
blending of products, or to satisfy some of them exactly and at
the same time overpurify some products. On the other hand, if
only p product purities are fixed, (p — 2) degrees of freedom
remain. If p = n, these can be consumed by setting R; ;¢ = R; yx,
or by means of a sequence cost optimization. The first choice has
been almost universally adopted in the synthesis literature, occa-
sionally with the added simplification:

Ry =

. -, HK = Pigpec

(rather than Vi, o)

jboth LK and HK )

The optimization of individual column recoveries, in the design
stage, was examined by Gawin (1975). It is noted that, in the
operation of distillation trains, the trade-off of R, ¢ vs. R, yx
(e.g., shifting separation duty between towers) is well known
(Shinskey, 1977).

Nonsharp separations—component recoveries

The product purities are still close to unity, but this is not the
case with the product recoveries. The set of product specifica-
tions will be represented by a component recovery matrix (R
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Figure 1. Configurations for A/B/C separation.

matrix), of dimensions # x p. The jith element is the component
recovery r; defined previously. All elements in the matrix will
satisfy the constraint

O=r;=1 (10)

From a component material balance it follows that, for every
row j,

2 ri=1 (11)

There is a natural ordering of rows (components) and, by con-
vention, the first row corresponds to the most volatile feed com-
ponent. However, a meaningful ordering of columns (products)
does not generally exist if n > 2.

Given an R matrix for a nonsharp product set, such as

1 II m 1v

A 060 040 — —
B 050 050 — —
C 020 — 080 —
D — — 040 0.60

it is not obvious what column arrangement(s) will produce the
desired products. (A dash {—] in the matrix is interchangeable
with a zero entry.) Little more is known other than that (n — 1)
sharp columns will suffice and that, in general, at least (p — 1)
columns are needed.

Algebraic and Geometric Representations
Operations on the component recovery matrix

The following preliminary observations can be made:
o After any operation the elements of each row are normal-
ized to sum to unity
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o If all elements of a column are equal, the product can be
deleted (it just represents a fraction of the feed)

o If a column contains an internal zero entry, it is split into
two, with zeros extending to opposite ends of each column (this
is a consequence of the fact that products of ordinary distillation
columns cannot contain components not adjacent in the volatil-
ity list)

o If a column is a linear multiple of another column, the col-
umns represent identical compositions, and can be summed to a
single product

The operations of separation and feed bypassing will be
defined in the following (for simplicity, definitions in terms of
matrix algebra will be avoided).

The simplest separation operation is the familiar sharp sepa-
ration, where nearly perfect recovery of the (adjacent) key com-
ponents in their respective streams is assumed. Also, nonkey
components appear in only one product stream. Such separation
is termed (Nath, 1977) sharp split and is denoted by S LK/
HK.

For the example R matrix of the previous system, an S B/C,
will result in:

I II I, m 1Iv

A 0.60 0.40 C 020 080 —

R,
B 050 050 D — 040 0.60

Note that zeroed-out rows and columns are eliminated for clar-
ity and that subscripted products correspond to fragments of the
initial products.

Another possibility is when a single component is split
between two products. If that component is extreme in volatility,
the separation can be achieved in a single column, performing
what is termed a semisharp split, denoted by SS 1/2 or SS
n — 1/n, where the recovery of component 2(n —1) is close to 1,
in its corresponding product. The recovery of component 1(#) is
a parameter to be specified. Considering the example R matrix,
an SS C/D split with Ry, ;x = 0.40 will result in

R,

I o Im v
A 060 040 —
B 050 050 —

R, R, D 100
C 020 — 080
D — — 100

In practice, an SS 1/2 (n — 1/n) split will be performed only to
separate a product consisting of pure component 1(n).

If the component has intermediate volatility, one needs to
specify the allocation of the other components. One possibility is
that one product contains a specified fraction of an intermediate
component and only traces of other components. Such a “heart
cut” is generally not feasible with a single column. Another pos-
sibility is that one product contains a specified fraction of the
intermediate key and essentially no heavier components.

In this situation, there are really three key components: the
recovery of component (j — 1) is high in product 7, the recovery
of (j + 1) is low, and that of j has an intermediate value. The
separation, which involves a sharp separation of two components
not adjacent in volatility, is in principle achievable in a single
column (a scheme is presented in Appendix A). Such a separa-
tion is termed here three-specification split and is denoted by 3§

766 May 1988 Vol. 34, No. 5

LK/MK/HK, with parameter R;x, in the light product. As
with S§ splits, there are several possibilities of 38 splits, for
instance, for the example R matrix, with Reye = 0.20, we
obtain

IT I I i
A 040 0.60 C 100 —
Rs; B 0.50 0.50 D 040 0.60
CcC — 100
In practice, a 35 split will be performed if a subset of prod-
ucts,say 1, 2, . .., i, consists of only a subset of components, say
1,2,...,j, and the other products i + 1, ..., p consist only of
components j,j + 1,...,n.

Still another possibility is the case when two components are
split between two products. For multicomponent feed streams,
there are many arrangements on the R matrix, hence, no general
rule can be given. For a binary feed, this separation is always
achievable in a single unit and is termed nonsharp split, denoted
by NS LK/HK. Parameters to be determined are R, x and
Rg gy, in the light product.

Another operation defined on the R matrix is feed bypassing
to a product. If a fraction f; of the feed is bypassed to product i,
then the columns change as

R/ (12
1=2 fi
kel

as can be inferred easily from a component material balance.
Since r; =z 0, for all j, it follows that

ﬁ.max == min (rji) (13)

Clearly if a product i* does not contain all components, f;» = 0.
As an example consider the matrix R, where 50% bypassing

to product I gives matrix R, (the one-column R matrix repre-

senting the bypassed fraction of feed is omitted for simplicity).

'O r oo
A 0.60 040 A 020 0380
R
B 050 0.50 "B — 100

Material allocation diagrams (MAD)

A convenient alternative representation of a nonsharp prod-
uct set is the MAD (Nath, 1977). Components are represented
by rectangles of fixed height and of width proportional to their
concentration. The rectangles are arranged in order of decreas-
ing volatility and are separated by dashed lines; the desired
products are separated by solid lines. Such a diagram is shown in
Figure 2. A MAD can typically be constructed for the restricted
case of every component being assigned to at most two products,
except for impurity amounts. In this case, at most one horizontal
solid line appears in each component rectangle.

A MAD representation of a nonsharp product set is not
always unique. Assuming that products contain only compo-
nents adjacent in volatility and that a component is distributed
in at most two products, all products will appear as connected
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Figure 2. Material allocation diagram (MAD).

regions. Note, however, that the second MAD in Figure 2 repre-
sents the same case as the first one.

The two operations of stream splitting and distillation can be
performed on the MAD as follows and as shown in Figure 3:

1. Stream splitting corresponds to a horizontal division of the
MAD, with the fraction of the stream going to either product
determined by the position of the horizontal line

2. Separation corresponds to superimposing a set of horizon-
tal line segments, one in each of the component rectangles, con-
nected by vertical line segments (possibly of zero length) that
overlap with dashed lines

The case of a sharp product set corresponds to a MAD with no
horizontal lines, and vertical lines extending throughout the
height of the diagram. For example A/BC/ D is shown in Figure
4.

In Figure 5anSi — 1/i,an S5 1/2,an3Si — 1/i/i + 1 and
an NS 1/2 split are shown.

One can identify two classes of stream splitting. The first
occurs when no interior vertical solid line is broken and amounts
to bypassing a specified fraction of the feed to a single product.
The second class is when at least one solid line is broken, and the
term “stream splitting” is reserved for this case, i.e., when both
feed fractions require further separation.

Stream splitting could be beneficial in cases where at least
two products go to different fractions of the feed, or the frag-
ments of a product that is present in both fractions can be com-
bined with other products in these fractions. Stream splitting is
illustrated in Figure 6, where the separation of products I and

Splitting

— Separation

L

Figure 3. Operations on the MAD.

AlBiC| D

Figure 4. A/BC/D product set.
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3S i—1/ifi+1 NS 1/2

Figure 5. Separation types on the MAD.

IV from each other, as well as the merging of II, with I and III,
with IV occur. Such rules restrict the growth in the number of
separators, which is inherent to product splitting. It is also noted
that an unambiguous determination of the two resulting R
matrices is not possible, when only a split ratio of the original R
matrix is specified. For the purposes of this work, stream split-
ting will be limited to the case when a product subset forms a
fraction of the feed.

Optimal Separator Specifications
Two-section columns

In the present section the optimal flow to a single separator,
when its product streams require no further processing, will be
investigated (the feed flow will also determine the column key
component recoveries). In following sections, one-section col-
umns (rectifiers and strippers) and simple flash units will be
considered, as well as optimal flows to separation systems.

Consider the distillation column of Figure 7 with key compo-
nents A, B. If a fraction r, of the feed is bypassed to the top prod-
uct and a fraction r, to the bottom, a material balance gives:

P — 7

R =——m
l—r—n

i=AB (14)

From (King, 1980) the approximate distribution of the non-
key components at minimum reflux and at no bypass conditions
is given by

Z4/x zg/x
(@ -~ Do 22 4 (o - 0y 222,
z;/ x; z;/x; . -
= , fa, <o <a,
a—1 -
pi=09 ifaisgo
p;=1, ifa;za, (15)

At bypass conditions the volatility limits change so as to satisfy.

v v
* m,

I, I

If | ,

Figure 6. Feed splitting on the MAD.
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Figure 7. Column with feed bypass.

atleastforO0<g=<1,
g, sa<a=aq, (16)
with the left (right) equality true when r, = 0 (r, = 0).

From the above the following relations can be derived, in
some simple cases (see Appendix B):

—.--_“—’1(1 ) an

=rq (18)

If it is further assumed that

1. The column is operated (at any bypass conditions) at a
reflux rate 6 times the minimum

2. The component distribution at the operating reflux is the
same as at minimum reflux (true for binary feeds, as well as the
multicomponent semisharp separations discussed below).
Then the following equations hold:

L L. o(é;:— - L—;;—) . (19)
.;_ % - —r(1 - 6g) (20)

L;’_ %,,,q(o 1) —rg @1)
%I - %z rng®@ —1) + r,(1 - q) (22)

The energy requirements of the process can be stated as:

V for total condenser
Oc~ . (23)
L for partial condenser
Or~V 24)
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We also have

d ~ [max (V, V')]'/? (25)
N, =In rl—PA"z—(l—Pn)]/lna (26)
ro—pghh— (1 —py

For nonsharp separations, the following conclusions can be
drawn (0 < g < 1).

1. Any degree of bypassing leads generally to internal flows
greater than or equal to the corresponding no bypass values.
Exceptions are the vapor flow rate V, which decreases with top
bypassing when the feed to the column is at least partially vapor
(g < 1/6), and the liquid flow rate in the stripping section L',
which decreases with bottom bypassing when the feed is at least
partially liquid (g > 0).

2. Any degree of bypassing leads to utility requirements
higher than or at best equal to those at no-bypass conditions.
The only exception is a decrease of a total condenser duty, when
at least partially vapor feed is bypassed to the top. (It should be
noted that bypassing vapor feed to the top, when a total con-
denser is specified, upsets the thermal state of the desired prod-
uct and additional cooling will be necessary. So the potential
condenser duty advantage is eliminated.)

3. Any degree of bypassing leads to a column diameter
greater than or equal to that at no-bypass conditions. An excep-
tion occurs when vapor feed is bypassed to the top and, possibly,
when liquid feed is bypassed to the bottom and the diameter is
determined by liquid flow.

4. Furthermore, an examination of Eq. 26 indicates that N,,,,
will always increase if at least one of r,, 7, is not zero (column
height increases).

So it is seen that under the simplifying assumptions of con-
stant volatility and molar overflow, bypassing is in general unde-
sirable in a binary separation. The only favorable possibility is
top bypassing vapor feed (with a partial condenser), where
potential savings in column diameter may offset additional
expenses due to increased column height. For the typical case of
an all-vapor feed (g = 0), the condenser or reboiler operating
and capital costs are not affected by top bypassing, hence the
optimal bypass occurs at the minimum column capital cost
(likely at r; = 0). Test cases, using an extended version of the
CHESS computer package (Motard and Lee, 1971), modified
to include economic evaluation and parameter optimization,
have been examined and the optimal values of r,, r, have been
found to be near zero.

Inan SS 1/2asin Figure 5, top bypass is inherently not possi-
ble. The pertinent equations are derived by setting r, = 0. For
SS n — 1/nseparations bottom bypass is not possible, hence the
results are derived by setting r, = 0. It is interesting, however, to
examine a simulation case where unpredicted results occurred.
Consider the system of Table 1, with results presented in Tables
2 and 3 (for details of cost calculation, see Appendix C).

The following observations can be made:

1. While in theory the column capital cost should increase
with top bypass, there is a shallow minimum due to a drop in N,
the number of stages. The latter is due to an increase in the aver-
age relative volatility, brought about by the decrease in column
top temperature.

2. Although vapor flow rate V increases, the heat exchanger
duty in the condenser Qdecreases. This can be explained if heat
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Table 1. Example of Top Bypass in 2 Full Column

Components: i = butane, hexane

F = 126.0 mol/s, saturated liquid

z,=0.333, z53=0.334, z,=0.333

pp =098, pc=0.15 P=629kPa

R/R,;, = 1.2; total condenser

Utilities: steam at 779 kPa, ammeonia at 274.4 K

Table 2. Effect of Top Bypass in a Full Column
(Column Variables)

1 4 Vv QR QC TTop AHC

r, mol/s mol/s «a N kW kW K  kJ/mol
000 968 945 471 18 2,224 1873 3300 194
0.05 975 933 478 16 2,192 1,837 329.1 1838
010 981 915 486 17 2,144 1,784 328.1 182
0.12 983 90.6 491 17 2,118 1,756 327.7 179
0.14 985 896 495 19 2,088 1,725 3272 175

of condensation-composition dependence effects are considered.
Namely, the vapor condensed becomes richer in light compo-
nents, which have smaller molar heats of condensation. The
decrease in Qc results in a decrease in the condenser operating
cost. However, the condenser capital cost remains constant due
to a compensating effect of lower temperature driving force.

3. A change of opposite sign than expected occurred in the
stripping section vapor flow rate V7, which caused the reversal in
the reboiler heat exchanger duty Qg as well. This results in a
small decrease in reboiler operating and capital costs.

In conclusion, an overall optimum occurs at ¥ = 0.12 (overall
capital minimum is at r, = 0.05), which represents an improve-
ment of 3.6% over the base case.

The effects of deviations from the simplifying conditions of
constant relative volatility and molar overflow are summarized
below:

o Effect of volatilities. With top (bottom) bypass, the top
{bottom) temperature decreases (increases), resulting in an
increase (decrease) in relative volatilities. The latter, of course,
moderates (enhances) the increase of N brought about by the
increased sharpness of the separation.

e Latent heat effects. Top (bottom) bypassing in general
decreases (increases) the molar heat of condensation (vaporiza-
tion). These enthalpy changes compete with (compound) the
changes in flows brought about by the increased sharpness of
separation and reduced feed to the column.

Table 3. Effect of Top Bypass in a Full Column
(Column Costs)

Operating Cost

Capital Cost, $ x 1,000 $/yr x 1,000

Annual Cost

r, Col. Reb. Cond. Total Reb. Cond. Total $/yr x 1,000
0.00 148 30 27 205 63 113 177 272
0.05 145 30 28 202 62 111 174 267
0.10 145 30 28 206 61 108 169 263
0.12 149 29 28 206 60 106 167 262
0.14 156 29 28 213 59 104 164 263
AIChE Journal

e Driving force effects. Top (bottom) bypass results in a
decrease (increase) of the column top (bottom) temperature,
rLe.,

Tr=Tro>Tco=Te (27)

This diminishes the available driving force for the condenser
(reboiler) heat exchange, or worse, necessitates a switch to a
colder (hotter), hence more expensive, medium.

In summary, bottom bypass offers no real advantage, includ-
ing the “‘secondary” effects. Top bypass, on the other hand,
offers the “primary” advantage of decreasing ¥ (for ¢ < 1/6).
Secondary advantages are an increase in relative volatility and a
decrease in the heat of condensation, while a secondary disad-
vantage is the possibility of using a colder refrigerant or, alter-
natively, a decrease in the condenser driving force.

Rectifying and stripping columns

It is possible that, for the sloppy separations considered, a
one-section column will be sufficient. We have

L, < 0 — stripper only (28a)
Voin < 0 — rectifier only (28b)

For binary feeds and common feed vaporization fractions:
g=1 and a=p,/ps— stripper only (28a%)

q=0 and a=(l - pp)/(1 — p,) — rectifier only (28b")

A rectifier could conceivably perform an NS (binary) separa-
tion or an SS 1/2 (binary or multicomponent) separation. In the
former case, feed bypass to both top and bottom streams is fea-
sible, while in the latter only bottom bypass. In the following,
only the results for a rectifier will be derived, those for a stripper
following similar lines of reasoning (Bamopoulos, 1984).

Examine top bypass in a binary rectifier (¢ = 0), illustrated in
Figure 8. From Eq. 14 it follows that

(1 -Rp)/(1 = RY=(1-pp)/(1 - py) (29)

Hence, by Eq. 28Y’, the rectifier will remain a rectifier.
1t is also obvious that

L=L,=W (30)
V=V,—rF=(1 —-r)F 31)

From a McCabe-Thiele diagram, shown in Figure 8b, it fol-
lows that N increases. Assuming a partial condenser (otherwise
bypassing vapor feed to the top is unjustified), it is seen from Eq.
30 that Q. is unaffected by bypass. There is, however, a trade-
off of V (ie., d) vs. N. This is the same with the trade-off
encountered in (partially) vapor feed bypassing to top stream of
a full distillation column.

The maximum reduction in V is pgF and this will require a
rectifier with infinite stages (¥ = 1 in Figure 8b). The optimum
top bypass then corresponds to minimum column capital cost,
and it can be determined via a trial-and-error procedure. How-
ever, it is likely that zero bypass is best or near best.
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Figure 8. Top bypass in a binary rectifier.

Now consider bottom bypass in a (generally multicomponent)
rectifier, Figure 9, with key components 4, B. From Eq. 14 it
follows that

I—Rna(l—l’s)—’2>
1-R, (I-p)—n

1 —pg
1—p,

(32)
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Figure 9. Bottom bypass in a rectifier.
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Hence, a binary rectifier will become a full column when

1-Ry 1 —pp~rf

o= =
l-Ry 1~p,—rf

(28b")

A McCabe-Thiele diagram for a binary rectifier is shown in
Figure 9b. It can also be shown (Bamopoulos, 1984) that a mul-
ticomponent rectifier will eventually become a full column with
bottom bypass. The following equations relate the flows when a
rectifier is sufficient

L=L,—r,F=Q1-r)F-D (33)
V=V,-nrnF=(1-r)F (34)

Hence both Q. and d decrease with increasing r, while N
increases; i.e., a trade-off is possible.

A full column becomes more expensive as vapor feed is
bypassed to the bottom (¥” and NV increase), hence, if a full col-
umn is better than the rectifier, it will be the one at r§. At the
conditions when a stripping section just becomes necessary we
have

Van=V,—rF; V=L+D (35)

Lmin = Lo - I';F; L= HLmin (36)
Depending on the value of # chosen, L, ¥ may or may not
increase with the introduction of a stripping section. The only
possibly favorable result of introducing a stripping section would
be when a column could have an operating line to the right of the
one for the rectifier in Figure 9b, i.e., have a lesser number of
rectifying stages. It is unlikely, however, that this can compen-
sate for increases in L, V and the introduction of a reboiler.
Hence the optimum will lie in the rectifier regime.

The maximum reduction in ¥ or L is equal to — V7, ,. Simi-
larly it can be shown that:

For a binary stripper, bottom bypassing offers no advantage

For a multicomponent stripper, top bypassing results in a
trade-off between Q and 4 decreasing vs. NV increasing
A resemblance of bottom (top) feed bypassing in a rectifier
(stripper) to the classical reflux vs. stages trade-off (King,
1980), in a full column, is apparent:

e Column capital cost. In a two-section column, as R
increases above its minimum value, V increases, hence 4. How-
ever, N decreases rapidly so that the net effect is (up to an inter-
mediate R value, where a minimum occurs) that the column
capital cost decreases from infinity.

On the other hand, in a rectifier (stripper), as bottom (top)
feed bypass increases, the vapor flow decreases linearly, while ¥V
typically increases much faster. The net result is then a capital
cost increase to infinity, from its minimum at zero bypass.

e Heat exchangers cost. In a full column, with increasing
reflux, the operating and capital costs of both reboiler and con-
denser increase from their minimum values at infinite V. In a
rectifier (stripper) the condenser (reboiler) costs decrease to-
ward their minimum values at infinite N.

e Location of optimum. In a full column the trade-off
between the column and heat exchangers costs occurs at a value
near R,,;,. In a one-section column, not sufficient design experi-
ence exists; however, the case of maximum flows (i.e., zero
bypass) appears to be close to the optimum.
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At this point a paper by Luyben (1981) should be cited. (Sa-
turated liquid) feed bypass to the top product of a binary strip-
per, as well as bottom bypass in a binary two-section column, in
the context of reactor recycle stream purging, were examined.
In the latter case it was correctly concluded that the column
heat input is independent of the fraction bypassed. In the case of
a stripper, however, it is suggested to feed the separator such an
amount that the reflux rate just becomes zero, in an attempt to
minimize the heat input, ¥’. This represents an infeasible
scheme, as an infinite number of stages is required.

Single-stage flash units

A binary nonsharp split (NS 4/B) could conceivably be done

in a single-stage flash unit if (assuming a separation efficiency
of 100%)

[ 1 — p
4 [ __IB_

«@ a3n
L~py 1—py4

It can be shown that when heating (cooling) is required for
the separation, only top (bottom) bypassing is optimal, as fol-
lows:

. _ a1l — paos — p4(1 — py)

(L~ 38
rF=1-— (& = Dpan (39)
aps — pa

By increasing top (bottom) feed bypassing when heating
{cooling) is required for the separation, a stripper (rectifier) will
become necessary and, eventually, a two-section column. Again
a trade-off is possible, similar to the one encountered in one-sec-
tion columns.

Optimal Separation Systems Specifications
Binary systems

In the present section the economic impact of feed bypassing
to a particular product will be analyzed. Analytical results have
been obtained for binary feeds, while some generalizations and
insights for multicomponent mixtures will also be presented.

When p(>2) products are desired out of a binary feed, they
can be ordered in decreasing volatility with P, and P, such that

r T
-2 — max (4) =M (40)
m o\
Lo in(ﬁ)w 41
re, i \Tm

where, conceivably, m = 0 (M = «) when pure component B
(pure A) is among the products. The other products, P, with an
intermediate recovery ratio, 74./7s., can then be expressed in
terms of P, and P,.

As an example, consider a mixture of 100 mol 4 and 100 mol
B to be separated according to the R matrix below:

1 2 3
A 03 06 0.1

B 0.1 04 05

AIChE Journal

Since

13
2-—
277

~w

1+

1+23
separation scheme 1, shown in Figure 10, is possible. The above

separation is the least sharp possible, in the sense of the separa-
tion factor, S

R R
S - LK HK (42)
1 — Ryl 1 — Ry

For the separation at hand, S = M/m. A separation less than
M /m of the original mixture is not possible if products P, and P,
are to be separated from each other in one column. The separa-
tor in Figure 10 will require the minimum number of stages.
However, the scheme described has an obvious disadvantage,
namely that fractions of the two products with extreme ratios
r4/rp; are mixed, hence irreversibilities occur.

An alternative scheme can be obtained if, instead of express-
ing P, in terms of P, and P,, the following rule is followed:
Express products j (i) lighter (heavier) than the feed, ie., r =
rgi(r4 < rg), in terms of Fand P, (P,).

Define

f= Z (rAj - rBj) = Z(rni ) (43)

Then the material balance can be expressed as

1 1
£=[1—f(l—m+M—l
f

+ ——— . P, — distillate
Ty —7I'm
S

+ ——— . P,« bottoms (44)
Ty — Tap

)] - F < bypassed amount

For the example case, we have m = 0.2, M = 3, f = 0.4, and
the resulting scheme 2 is shown in Figure 11.

The separation is again M/m, but this time the flow to the
system is less, while mixing occurs only between “extreme”
product fractions and bypassed feed. It should be noted that the
scheme above cannot be obtained by feed bypassing from

30 i
5.7 10
28.6
55.7
186 & 60
100 ____] 2
100 40
43 2
214 s
13
: 10
50 2

Figure 10. Scheme 1 for binary example.
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Figure 11. Scheme 2 for binary example.

scheme 1, where any amount of feed bypassing will result in an
increase in the sharpness of separation.

Scheme 2 was created by bypassing fractions 7, and r, of the
feed, so that

Mry, —ry
n=2 —2— (45)
e M-

ry — mrg
rz=2%mﬂ (46)

which resulted in no increase in separation. If, however, more
feed is bypassed, the separation will increase. The maximum
amount bypassed (resulting in a sharp 4/B split) is 1 — f, Fig-
ure 12. The then “obvious” solution of maximum bypass to each
product, scheme 3, is put into the proper context as resulting
from scheme 2 with maximum bypass. As has been argued in the
previous section, scheme 2 (maximum flow-minimum separa-
tion) is typically preferred over scheme 3, although detailed
optimization will be necessary for some cases (especially when
only a rectifying or stripping section is sufficient).

Multicomponent systems

A desired product cannot, in general, be isolated from a mul-
ticomponent stream in a single column.
As an example, in the problem

1 2 3 4 5

A 01 04 03 02 —
R, B 03 01 02 — 04
C 02 02 05 — ol

consider an S 4/ B followed by an NS B/C split. Matrix R, will

result (second column designed as above) in scheme 1, shown in
Figure 13.

One can, however, do better than that as follows: Given an R
matrix, the separation of two adjacent components j, j + 1ina
given product i is defined as

S, = (47)

Vi1

Similarly, define as minimum separation of two adjacent com-
ponents j, j + 1

: i=1,...,n—1
Sp-—t— ST 48
’ ming, i=1,...,p (48)

The rationale behind this definition is that if all nonkey compo-
nents were separated off, S} would be the minimum separation
required for separating the product fragments in the fashion
described previously.

The quantities S; may change, as the operations of distillation
and feed bypassing (or splitting) are performed. In particular
with feed bypassing:

to product k # i, Sy =35y
to product { (49a)
ifS; =<1 Si=Sy else Si> 8y (49b)

The effect of feed bypassing on the cost of a separator, one
immediately following the point of bypass, or a downstream
unit, is as follows:

e The cost of a sharp separator decreases.

e The cost of a semisharp separator typically increases (al-
though optimization may be necessary for one-section columns).
Also, the bypassed fraction of the feed can be remixed for fur-
ther processing, thus not affecting the downstream separators.

¢ In the case of a three-specification separator, the extent of
bypassing is determined by feasibility requirements and is not
subject to optimization.

¢ For a nonsharp (binary) separator, it has been established
carlier that bypassing so that

ifS;=<1 S} =min(Sy)

else S = max (S;;)

is beneficial, while beyond that it is typically not economical.
It follows then that bypassing fraction f; of the feed to product

10
10
304
40 10
40 [ A I
[ ] 40
100 40 £ SABC 0.8 BC NS BIC
100 [ =
10 BC ] |
10 0.2 BC
Figure 12. Scheme 3 for binary example. Figure 13. Scheme 1 for ternary example.
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i such that

min S, < S} = Bt I Sy  forallj  (50)
Tiv1i — f;

or, equivalently, so that no S } increases, is in general beneficial.

Furthermore, if the extent of feed bypassing so determined, f;, is

less than f; ..., Eq. 13, more bypass may be better. This, how-

ever, involves a cost trade-off between the separator immedi-

ately following the bypass point and the downstream ones.

For the example case (matrix R,), we obtain

1 2 3 4 5

S; A 1/3 4 3/2 oo O
B 3/2 1/2 2/5., N/A 4,

(o really means 98 /2 while 0 means 2/98.) No obviously advan-
tageous bypass to product 3 exists. 0.1 fraction of the feed can be
bypassed to product 1, but only f; = min (0.1, 1/30) = 1/30
fraction to 2 (limited by S%).

The resulting decomposition then is

1

1=
- 30

F+l 2=-0F+72

1
10

The R matrix of the processed fraction is

v 4 3 4 5
A — 11/26 9/26 6/26 —

R p 6/26 2/26 6/26 — 12/26
C 3/26 5/26 15/26 —  3/26

An S A/B split, followed by an NS B/C split, results then in
scheme 2, shown in Figure 14.

Scheme 2 represents the least one can do if an S 4/B split is
performed first. However, from matrix R, it is inferred that an
additional 4/13 fraction of the reduced feed can be bypassed,
resulting in an obvious decrease in the first separator cost. This
action of course corresponds to feed bypass in the second separa-
tor, which is generally uneconomical. Hence, there is a possible
trade-off between columns and a detailed optimization is neces-
sary.

Synthesis Strategy

Generation of alternatives

In this section, the generation of alternatives for carrying out
a nonsharp separation duty is done based on a heuristic proce-

|—13/15A
SA/BC
1315 F 12/13+ 13/15 = 0.8BC NS B/C
S=10
13/15 BC ] I

2/15F
1/13+13/15=1/158C

Figure 14. Scheme 2 for ternary example.
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dure. Unlike methods developed for sharp separation problems,
the search for the best alternative is not done concurrently with
the generation, but in a distinct second step. This is done
because the structure of the set of alternatives is not well known
in advance and whole classes may be excluded at the generation
stage (see rules 1 and 4, below).

The generation of processing alternatives proceeds according
to the following steps.

Step 1. Construct the R matrix representation of the problem.
For sufficient characterization of a material stream, one more
column is needed, which contains the component molar flows.
For computational convenience, another column is added, which
represents the mole fractions of the components in the stream.

The manipulations below are performed immediately, if ap-
plicable, to a newly generated R matrix.

e Delete product columns that have all elements equal and
adjust other columns.

e Split product columns that contain an internal zero entry
(i.e. j # 1, n) into two, with zeros extending to opposite ends of
each column.

Step 2. Construct the S matrix defined previously. The fol-
lowing are done on the § matrix.

o If two columns are identical, delete one of them and merge
the corresponding columns in the R matrix into one (one product
column is a multiple of the other).

o Identify the minimum and maximum elements in each row,
ie.,

m; = m{in(S;,) and M; = max (Sy)-

Step 3. Identify feed division into two or more streams
undergoing processing in parallel (this may not be best under all
circumstances, as it can result in many small separators).

Step 4. Identify opportunities for bypass to products. Bypass
amount f; to product / so that for all j

my <S8 <M, (50)
and, for at least one j*,
Sye=mp or M (50a)

Update the R matrix via the formulas

" —
r},=M; F;=F,(1_Zk_‘fk); Z=z (51)
1-2 %

{Due to conflict between symbols in Eq. 12, the component
molar flow, f}, is denoted by F;.)

Step 5. Identify opportunities for semisharp and three-speci-
fication separations. Rearrangement of the order of columns, so
that zero entries concentrate in the lower left and upper right
corners of the R matrix, may be necessary.

Step 6. Perform the one separation required when the R
matrix represents an elementary problem, i.e.,

e Binary feed

e Multicomponent S, S'S, or 3S separation

Step 7. Implement the separation types, identified previously,
in the following heuristic order.
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e “Unavoidable” sharp separations, i.e., those with m; = 0
and M j=®

e 3§ separation(s) if one of the products of the separator
requires no further processing

e Other sharp separations (m; # 0 or M; # =)

e Other 35 separations

¢ Semisharp separations (m; = 0 and M; # o or m; # 0 and
M; = )

Among the various restrictions imposed, the exclusion of NS
splits for multicomponent mixtures is a key one. The intent is to
remove the dependence of component splits on relative volatili-
ties, as well as any ambiguity in defining product fragments.
While the generation of alternatives if simplified, one poten-
tially fails to take advantage of all problem-specific informa-
tion.

The steps outlined above create the set of descendant nodes of
a given node in the AND/OR tree (Nilsson, 1980) representing
the set of alternatives, in a manner similar to the case of sharp
product sets. The overall strategy employed, which makes the
tree of possibilities explicit, is presented below.

Rule 1. Develop sequences that contain up to a prespecified
number of units.

Sequences with more than the minimum number of units
(n — 1) could arise when an SS or 3§ separation is performed,
or when the feed stream is split into fractions undergoing pro-
cessing in parallel. In order for such sequences to be considered,
significantly reduced flows to separators should occur (case of
parallel processing), or some columns should be one-section tow-
ers (rectifiers or strippers), or single-stage flash units.

The terminating rule can be set as

s = bound + margin (52)

In the absence of any information, the bound is set to (n — 1).
When an actual sequence has been developed, the bound is set to
the number of units it contains. The ordering of separation
types, in step 7 of the generating procedure, is intended to aid
the early identification of a tight bound (see also Rule 2,
below).

The margin is set initially to zero. In a second stage, likely
after the best among the available alternatives has been identi-
fied (cf. following section), the margin could be set to one.

Rule 2. The overall generation strategy proceeds in a depth-
first fashion.

Rule 3. A list of generated R matrices is maintained, in order
to avoid duplication.

As in the case of sharp product sets, identical material
streams can be arrived at via different paths. Also, a newly gen-
erated R matrix is not further expanded if it is simply a scale-up
of an existing one.

Rule 4. Do not consider sequences that contain separators (in
series) which have identical key components.

This rule represents a restriction on semisharp separators, in
addition to not allowing product fragmentation. The idea is to
disregard sequences with separators (immediately following one
another or not) forming the patterns SS LK/HK-S LK/HK, SS
LK/HK-SS LK/HK. This is in accordance with the current
practice in sharp product sets, where such schemes appear only
in prefractionators or in heat-integrated sequences (King,
1980). Note that the rule does not exclude schemes that contain
an SS and a 35 separator involving the same components.
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Consider the following example

Step 1.
1 2 3 4 f z
R A 06 04 — — 400 1/4
B 05 05 — — 400 1/4
C 02 — 08 -— 400 1/4
D — — 04 06 400 1/4
Step 2.
1 2 3 4
S AB 6/5, 4/5, N/A N/A

BC 5/2 w, 0, N/A

CD «, N/A 2 0.,
Step 3. No obvious feed splitting
Step 4. No bypass possible
Step 5. SS opportunity: 1, 2, 3/4; C/D Rpz,, = 0.4
3S opportunity: 1,2/3,4; B/C/D R¢y,, = 0.2
Step 6. Not an elementary problem
Step 7. B/C and C/D sharp splits are unavoidable. Designate
(arbitrarily) B/C first.
Ordering of options, R matrix:
e SB/C
e SC/D
e No 3§ with one product directly isolated
e SA/B
® 3§ B/C/D R¢y,, = 0.2
e SSC/DRyy, =04
Perform B/C split. Two R matrices generated:

1 2 f z
R, A 06 04 400 1/2

B 05 05 400 1/2
1 3 4 f z
R, C 02 08 — 400 1/2

D — 04 06 400 1/2

R, is an elementary problem, solved by an NS A/B split with
R, 70 = 0.6 and Ry 1, = 0.5. R, is again an elementary problem,
i.e., bypass 0.4 fraction of the feed to product 3 and perform an
S C/D split. The first sequence has been completed and contains
three separators.

Going back to the original R matrix, the next option from step
71is S C/D, creating R;:

Step 1.
1 2 3 f z
R, A 06 04 — 400 1/3
B 05 05 — 400 1/3
C 02 — 08 400 1/3
Step 2.
S; AB 6/5, 4/5, N/A

BC 5/2 = 0,
Step 3. No feed splitting

AIChE Journal



Step 4. Up to 0.2 fraction of feed can be bypassed to product
1. It has a beneficial effect on the S B/C separation, but an
unfavorable one on the NS A4/ B split.

Step 5. SS opportunity 1,2/3; B/C Rz, = 0.2

Step 6. Problem not elementary

Step 7.

® S B/C (unavoidable)

e No such 35 (see, however .S B/C below)

R, matrix

s SA/B

e Nosuch 3S

¢ SSB/CRcp,, = 0.2
Perform S B/C

1 2 f z
A 0.6 04 400 1/2

R, B 05 05 400 1/2

R matrix encountered before; leads to an NS A/ B split. There
exists the possibility of bypass optimization (f; < 0.2), as the
result of trade-off between the flow to the S AB/C separator and
the, generally unfavorable, bypass effect on the NS A4/ B separa-
tor. Second sequence completed.

Going back to the R, matrix, the next option is an S 4/ B split.
Since the split that follows this is S B/C, maximum bypass is
advantageous, giving Rj. Rj, after an S A4/B split, gives the
matrix R,, an elementary S B/C separation. Third sequence
completed.

1 2 3 f z

A 05 05 — 320 1/3
Ry B 3/8 5/8 — 320 1/3
¢ — — 1 320 1/3
1+2 3 f z
R, B 1 — 320 1/2
cC — 1 320 1/2

Overall, five sequences containing three separators each have
been identified (Bamopoulos, 1984). They contain ten unique
separators, and in one of the sequences (no. 2) a nontrivial
bypass optimization problem, involving two separators, exists.
The alternatives are shown in Figure 15 and the problem AND/
OR tree is shown in Figure 16. (The numbers on the arcs indi-
cate the separators, in the order generated).

It can be seen from the example that the R matrix representa-
tion, and the operations performed on it, are a powerful general-
ization of the list-processing technique. Distillation alternatives
generated bear the same characteristics as the sequences for
sharp product sets:

e Sequences have separators in common, arranged in dif-
ferent ways

e To a first approximation, flows and compositions can be
established without any separators designed

Synthesis Strategy
Evaluation of alternatives

The optimal search method employed in the present work is of
the best-first type (Nilsson, 1980). In a nutshell, the method will
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Figure 15. Set of alternatives for nonsharp example.

expand the partial sequence that is the most promising (and
abandon it, in favor of another, as soon as things look bad).
Given that preliminary cost estimates are accurate only to
+30%, alternatives costing up to 30% more than the best one
discovered are retained. While optimality of solution cost or of
effort expended is of theoretical interest, in practice, assump-

st 2nd 3rd 4th 5th

Sequence

Figure 16. AND/OR tree for nonsharp example.
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tions made about operating variables have a great impact on
both. Hence attention will be turned to these in the following, in
an attempt to obtain reasonable answers with a reasonable
effort.

Depending on whether the sequence products go to storage or,
alternatively, are processed downstream, some restrictions on
product temperature and pressure may apply. In extreme cases
these restrictions can have a significant effect on the choice of
separation method, or configuration. It is, however, desirable to
establish 2 common basis for evaluating alternatives, as well as
to limit the scope of the synthesis activity to separation tasks (as
opposed to heat exchange or pressure adjustment). The heuristic
rules employed in the present work are shown in Table 4. Rules
1-6 apply to sharp product sets, as well, while rules 7 and 8 are
specific to nonsharp product sets (Bamopoulos, 1984).

The proposed synthesis methodology was applied to a classi-
cal literature example (Heaven, 1969), involving sharp separa-
tion of light hydrocarbons. Please note that feed temperature
and pressure are those chosen by Nath (1977), while other
investigators have used different values. The results of the opti-
mal search appear in Table 5.

The following points can be made:

e The cost ratio of most (no. 6) to least (no. 2) expensive
sequence is 1.13, hence all separators had to be designed and all
sequences fully developed.

e Other investigators have produced the same optimal se-
quence (Nath, 1977; Gomez and Seader, 1976), our second best,
no. 11 (Rathore et al., 1974; Rodrigo and Seader, 1975), or our
no. 12 sequence (Minderman and Tedder, 1982).

Consider now the example for which alternatives were gener-
ated as applied to the system of Table 6.

The separators, as they are encountered, are listed in Table 7.
The search developed four out of the five sequences of Figure 15,
in its attempt to locate all sequences that cost up to 30% more
than the least costly one. The terminated fifth sequence can be

Table 4. Heuristic Rules

1. Columns delivering final products (or fragments thereof)
have either all total or all partial condensers.

2. Columns can operate at different pressures.

3. Columns delivering overhead products as feeds to subse-
quent columns should have partial condensers, unless the
condenser costs of the receiving column are dominant (when
a total condenser should be considered). Also, preheaters/
precoolers are considered only for the first column in the se-
quence if the reboiler /condenser costs are dominant.

4. Feed pressure reduction has negligible cost, as well as liquid
feed pumping. Vapor feed compression is not allowed.

5. Choose as column operating pressure that of its feed
stream. Explore the possibility of raising {(lowering) the
pressure if the condenser (reboiler) costs are dominant.

6. Choose R/R,., = 1.2. Attempt to increase the reflux ratio if
column capital costs are dominant.

7. Operating costs of a column scale linearly with feed rate F,
while capital costs scale proportionally to F2,

8a. The only column bypass optimization considered is in the
case of top (bottom) to a stripper (rectifier). Also, bypass
maximum possible to top (bottom) in a flash unit if heating
(cooling) is required.

8b. Investigate bypass opportunities involving sequences of col-
umns.

Table 5. Sequences in Order Generated
for Heaven (1969) Example

Annual
Cost
No. Sequence $/yr x 1,000

1 A/BCDE, B/CDE, C/DE, D/E 2,600
2 A/BCDE, BC/DE, D/E, B/C 2,537
3 ABC/DE,D/E, A/BC,B/C 2,595
4 A/BCDE, BCD/E, BC/D, B/C 2,629
5 ABCD/E, A/BCD, BC/D, B/C 2,828
6 ABCD/E, ABC/D, A/BC,B/C 2,856
7 A/BCDE, BCD/E, B/CD, C/D 2,622
] A/BCDE, B/CDE, CD/E, C/D 2,670
9 ABCD/E, A/BCD, B/CD, C/D 2,821
10 AB/CDE, C/DE,D/E,A/B 2,634
11 ABC/DE,D/E, AB/C,A/B 2,547
12 ABCD/E, ABC/D, AB/C,A/B 2,808
13 AB/CDE, CD/E, C/D,A/B 2,704
14 ABCD/E, AB/CD,C/D,A/B 2,776

completed to a total cost of $907,000. The five sequences, con-
taining up to three separators, are listed in Table 8. For compar-
ison purposes, the corresponding sequences, developed with the
classical all-sharp methodology, are also listed.

It is interesting to note that the cost ratio of most to least
expensive is 1.72 in the nonsharp sequences, while it is only 1.05
in the sharp sequences. Furthermore, savings of 42% are real-
ized by employing the best nonsharp instead of the best sharp
sequence.

In Appendix D, sequences containing up to four separators
are generated and the optimal search repeated.

The problem-solving logic developed in this work is still pre-
liminary, thus it has not been implemented in the form of a com-
puter program. Manual carrying out of the steps (employing,
however, the CHESS simulator [Motard and Lee, 1971]), pro-
vided useful insight and savings in calculations, but is tedious
and error-prone.

Industrial Examples

In this section a few processing schemes from industrially sig-
nificant separations are briefly described. Detailed information
regarding mass balances was not available, hence the discussion
will have a qualitative tone.

As a first case, consider the depropanizer column in an HF
(Funk and Feldman, 1983) or sulfuric acid (Meyer et al., 1983)
alkylation unit. Both flowsheets exhibit a common feature, i.e,,
bottom feed bypassing in the depropanizer column. This is in
accordance with the results presented here, namely, V' — V, =
r, (1 — g) F, where, for the reportedly refrigerated feed, ¢ > 1,
hence V' < V.

Table 6. Nonsharp Example

Components: Butane, pentane, hexane, heptane
F = 202 mol/s, saturated vapor
Zy4=2g=2Zc=12zp~=0.25

P =356 kPa

Thermal state of products immaterial

For sharp splits, Ry = 0.99, Ryx = 0.01
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Table 7. Separators for Nonsharp Example

Pressure, kPa

Feed Venture Cost
Split Feed  Column Vapor Frac. $/yr x 1,000

AB/CD 356 356 1.00 301
AB/CD 356 356 0.00 406
ABC/D 356 356 1.00 369
A/BCD 356 356 0.00 386
A/BCD 356 621 0.00 363
A/B 356 356 1.00 10
C/D* 356 356 0.00 233
C/D* 356 101 0.42 216
B/CD 356 241 0.35 257
BC/D 621 241 0.35 333
A[BC** 356 356 1.00 345
ABC/Dt 356 356 1.00 428
A/BC** 356 621 0.00 217
AB/C** 356 356 1.00 231
A/B 356 356 1.00 11
AB/C 356 356 1.00 267
B/C** 621 241 0.33 198
B/C** 241 241 1.00 211
*60% of Feed

**80% of Feed

¥Total Condenser

As a second example, consider the xylenes recovery process as
reported by Fayon and Imperiali, (1978) and Yang and Evans
(1981). Three alternative flowsheets are presented in Figure 17,
about which the following points can be made:

In scheme 1, feed to the T'1 tower is bypassed to the bottoms.
According to the simplifying criterion employed by Yang and
Evans, 0.5 fraction bypassed is best. Again, note that the feed is
cold.

In scheme 2, feed is bypassed to the top of 7°2. It is not clear
what the expected benefits in the affected towers 72, T'3 are.

In scheme 3, bypass affecting three towers is performed, a
combination of the encountered bottom bypass in T'1 and top in
T2. Yang and Evans again report that 50% fraction bypassed is
best. It appears that one reason for the existing feed bypassing
facilities is operational flexibility in adjusting production for dif-
ferent feedstock composition or product selling prices.

An example of semisharp separation followed by sharp sepa-
ration is offered by the methanol recovery process (Thiagarahan
et al., 1984). Two columns are used for heat-integration pur-
poses, as shown in Figure 18. The first column is operated at
higher pressure and produces an overhead stream that meets the
methanol specification. Recovery, however, is low and a second
column is employed to produce an essentially aqueous bottoms.

In a typical refinery or chemical complex there are several
multicomponent streams that are blended to meet specifica-

Table 8. Sharp and Nonsharp Sequences for Example

Cost, $/yr x 1,000

Sequence Nonsharp Sharp
AB/CD, A/B, C/D 527 911
ABC/D, AB/C,A/B 611 949
ABC/D, A/BC,B/C 843 902
A/BCD,B/CD,C/D 836 913
A/BCD,BC/D,B/C 907 938
AIChE Journal
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Figure 17. Xylene recovery schemes.

tions. Blending is inherently uneconomical and it is hoped that
the present work will inspire the designer to examine whether
such streams originate from the same source. If, in addition,
they consist of fractions having adjacent volatilities, separation
that is more sharp than necessary may be recognized and better
schemes envisioned.

Conclusions

In this paper problems related to the synthesis of ordinary dis-
tillation sequences were examined. For sharp product sets, the
list-processing technique (Hendry and Hughes, 1972) was com-
bined in this work with the conversion of product specifications
to column key recoveries to systematically generate simple pro-
cessing alternatives. If less than 2(p — 1) product specifications
are imposed, a train of p — 1 separators will have residual

i I-_.Q

Water
—

.

Methanol

Figure 18. Methanol recovery scheme.
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degrees of freedom. In this context, it is crucial that the “true”
compositional targets be identified, leaving open possibilities for
design optimization or operational flexibility. Plausible se-
quences for nonsharp product sets, the focus of this paper, are
generated by a systematic application of the operations of distil-
lation, stream splitting, and stream mixing on a representation
of a process stream in terms of a component recovery matrix (R
matrix).

Of the four separation classes considered (sharp, semisharp,
nonsharp, and three-specification), the semisharp and nonsharp
can occasionally be implemented with a one-section column or,
in the extreme, a single-stage flash unit. Savings opportunities
were identified when feed is bypassed to the top (bottom) stream
of a stripping (rectifying) column, a case resembling the classi-
cal reflux vs. stages trade-off in a two-section distillation col-
umn. On the other hand, bypass in two-section columns was
shown to be generally of no advantage. Feed bypassing to a final
product was also investigated. Analytical results were presented
for binary feeds, which can always be separated in a single unit.
In the multicomponent case, trade-offs between columns in
series were identified, based on the concept of minimum separa-
tion of two adjacent components defined here. The latter was
found more useful than the recognition of dependence among
products (Bamopoulos, 1984), i.c., when some products can be
generated by mixing of others.

A heuristic ordering of options, coupled with a depth-first
technique, was proposed for generating schemes containing up
to a prespecified set of units. This was done because it has not
been ascertained that the best sequence is among those with the
minimum number of separators.

The sequences discovered by the procedures of this work, like
their counterparts for sharp products sets, have separators in
common, arranged in different order. Furthermore, albeit to a
lesser extent, flows and compositions can be established without
any separators designed. Due to the richness and the significant
problem dependence of the set of alternatives, the search for the
few better ones was done in a distinct second step. A best-first
technique was proposed coupled with heuristic optimization of
the partially developed sequences, as literature, and our own
experience, indicated that the range of venture costs is narrow.

For an example problem of four components and four prod-
ucts, significant savings (42%) were realized using the present
methodology, over the best among the sequences that com-
pletely isolate (and remix) the feed components. A few indus-
trial schemes containing feed bypass and separators with sloppy
component splits were identified, however, no detailed informa-
tion enabling direct application of the results of this work was
available.

The present work represents but a modest step toward the
understanding of the complex domain of nonsharp separations.
Some areas in which further work may be useful are highlighted
below.

Design experience, for other than conventional simple, sharp
separators appears to be limited. Separators with key compo-
nent recoveries not close to one can sometimes be profitably
employed in prefractionator or thermally-coupled schemes for
sharp product sets (King, 1980). Such cases merit attention, as
well as the examination of the product specifications realizable
with columns employing sidestreams or multiple feeds. Side-
stream columns could arise in our work by ““merging” a two-sec-
tion column with an immediately following one-section column.
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Feed bypass around a separator needs to be investigated further,
with the objective of minimizing thermal and compositional
irreversibilities due to stream mixing.

The restriction on other than sharp separators, namely no
product fragmentation, excludes a continuum of possibilities
between certain alternatives, where separation is distributed
between successive columns. This area was investigated by
Gawin (1975) for sharp product sets. Similar arguments point to
the introduction of product fragmentation in the case of feed
splitting, when heat-integrated (King, 1980) or other special
alternatives (derived from the problem MAD) may be attrac-
tive. The general separation synthesis problem involving multi-
ple feed streams could also benefit from an improved handling
of feed splitting. Stream recycling within the separation train is
encountered in industrial applications, and warrants a close
look.

Lastly, it seems worthwhile to more closely examine how real-
istic problems are solved in an industrial context, where work-
able systems are sought (Umeda, 1983) that exhibit feed stock
flexibility and resiliency to outside disturbances.

Notation

C, = set of components specified to be present in product i
d = component flow rate in distillate, mol/time
d = column diameter
D = distillate flow rate, mol/time
f = component flow rate in feed, mol/time
f = fraction of feed bypassed
f=Eqg. 4
F = feed flow rate, mol/time
HK = heavy key
HNK = heavy nonkey
i = product
j = component, product
K = recovery ratio at bypass conditions
K, = set of components actually present in product {
L = liquid flow rate, mol/time
LK = light key
LNK = light nonkey
m = minimum ratio of component recoveries
M = maximum ratio of component recoveries
MK = middle key
n = number of components
N = number of stages
Ng(Ng) = number of rectifying (stripping) stages
NS = nonsharp
p = number of products
p; = product purity
P, = product
P = pressure
q = feed thermal condition, =1 for saturated liquid
Q = heat exchanger duty, energy/time
r; = recovery of component j in product i
r, = top bypass fraction
r, = bottom bypass fraction
R = reflux rate
R = R matrix, component recovery matrix
R; = component recovery at stream rich in j (sharp case) or at top
stream (nonsharp case)
s = number of separators
S = sharp
S = separation factor
S; = separation of components j, j + 1 in product i
S} = minimum separation of components j, j + 1
SS = semisharp
35 = three-specification
T = temperature
V = vapor flow rate, mol/time
W = bottoms flow rate, mol/time
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x = component mole fraction in liquid part of feed (two-section
colummn) or in bottoms (one-section column)
y = component mole fraction in distillate stream (one-section
column)
z = component mole fraction in feed
z,(z*) = liquid (vapor) mole fraction in equilibrium with vapor (lig-
uid) of composition z

Greek letters

a = relative volatility with respect to heavy key
a = upper volatility limit
a = lower volatility limit
AH_ = heat of condensation, energy/ mol
= reflux ratio, actual over minimum
x = recovery ratio at no bypass conditions
p = product recovery
p = component recovery at top stream (or product) at no bypass

%

conditions
Subscripts
A = light key
B = heavy key

C, COL = column
C, CON = condenser
i = product, occasionally component
il = light impurity
ih = heavy impurity
J = component, occasionally product
0 = no bypass conditions
R, REB = reboiler
TOT = total

Superscripts

' = stripping section
* — optimal

Appendix A: Realization of 3S Separations

An analysis of the degrees of freedom (King, 1980) of a con-
ventional distillation column with fixed feed, top pressure, and
reflux at its bubble point reveals that there are four free vari-
ables. In the operating problem they are usually specified as N,
Ng, D, L (or R = L/D). In the design case they are specified as
R;x, Ryx, optimal feed stage location, optimal R/R,,. As
described in the textbook by Hanson et al. (1962), it is conceiv-
able that all four degrees of freedom are consumed by product
specifications (when the feed has at least four components).
Therefore, in principle, one could design a column with R,_; and
R;,, and manipulate either the feed plate location or the amount
of reflux so that the recovery R; is also satisfied.

Another approach is taken here, under the reasonable
assumption that the component distribution, at operating reflux
ratios in the range 1.15 to 1.25 times the minimum, is approxi-
mately the same as under total reflux (King, 1980). The distri-
bution can be represented as a straight line of slope equal to N in
a log-log plot of K; vs. ;. (K, is defined as the quantity R;/
(1-R))

If the column is designed with keys i — 1,7 + 1 there are two
possibilities, shown in Figure 19. In the first case the key compo-
nents should be i, (i — 1), and overpurification of the top prod-
uct in terms of (i + 1) is achieved. In the second case the key
components should be (i + 1), i and overpurification of the bot-
tom product, in terms of (i — 1), is achieved.

Appendix B: Sketch of Derivation of Eq. 17

By applying Eq. 15 at bypass conditions (i.e., replacing p, with
R;) and substituting the value for R; from Eq. 14, it can be
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Figure 19. Realization of a 35 separation.

shown that Eq. 14 is valid, in general, for any component i. In
other words, the following is true

R,--—Bi——_r—1 fa<a<a
1—r—-r, -~
B1
R =0,if;<a (B1)
R =1,if;=@

The approximate value for minimum flows is given in (King,
1980) as

V mino Q; P; Z;
—_— = —_— B2
F Z.: o — ¢ (B2)

where ¢ is the root, between 1 and «, of

Z a; Z; _

o l-¢q (B3)

By combining Eq. B2 with its version at bypass conditions, and
substituting R; from Eq. B1, the following results:

an Vmin,o
TI_T= -rn{l—-q)
al i
—Z : (p,—rl)+Z S -ri—p) (BY

The second (third) term in the righthand side of Eq. B4 is identi-
cally zero, unless r; > 0 (r, > 0) and some heavy (light) nonkeys
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do not appear in the distillate (bottom) product at bypass condi-
tions.

Appendix C: Calculation of Venture Cost

The economic criterion employed is: Annual cost = Operating
cost + 0.46385 (Capital cost). For details see Bamopoulos
(1984). The column costing is based on papers by Miller and
Kapella (1977) and Rathore et al. (1974). In short, based on an
assumed overall efficiency of 0.80 and a tray spacing of 0.6 m,
the column diameter, height, and shell thickness are computed.
The product of these three quantities can be correlated to col-
umn body cost, and to this the tray manufacturing and installa-
tion cost are added. The reboiler and condenser costing is based
on Happel and Jordan (1975). A temperature approach of 11 K
is assumed and the medium is selected that just meets the mini-
mum approach.

For the purposes of applying the heuristic rules, the total
module cost is taken as the sum of three components

Cror = Ccor + Ceon + Cres

and a cost component is considered dominant if it is over 50% of
the total cost.

Appendix D: Remaining Alternatives for Nonsharp
Example

The deferred options of the nonsharp example considered are
- expanded, with the limitation that the total number of separa-
tors in a sequence be less than four. Eleven new sequences are
generated, bringing the total to 16 sequences. Also 16 new
unique separators are added. The optimal search is repeated in
the new AND/OR tree, and the following points can be made:

e Two sequences have been retained in the optimal search
among schemes containing three separators, i.e., first sequence
with cost $527,000 and second sequence with cost $611,000.
Due to the greater complexity of four-tower sequences, it was
decided to discontinue the search if the cost of a partially devel-
oped sequence exceeded the minimum cost by a smaller percent-
age (e.g., 20% instead of 30%).

e With the above restriction, no four-tower sequence was
retained. The least costly sequence completed by the search
costs 24% more than the minimum.

o Four-unit sequences do not necessarily cost more than any
nonsharp three-unit sequence.

o In the course of the search, all but two separators had to be
designed.
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