v = velocity of fluid

Uy = maximum fluid velocity in tube
u = average fluid velocity in tube
x = axial distance

Greek Letters

a, = positive roots of J.(e) = 0

B, = eigenvalues of Equation (8)

r = gamma function

Ui =1-—¢

K = k/Cup

A = parameter

[ = viscosity of fluid

¢ = normalized distance variable, (= r/r,)
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Optimum Design of Conventional

and Complex Distillation Columns

J. M. SRYGLEY and C. D. HOLLAND

Texas A&M University, College Station, Texas

A method is proposed for achieving the optimum design, in the sense of minimum plates,
for conventional and complex distillation columns for any set of specifications directly dependent
on product purity which might be imposed by the designer, The method uses the calculational
procedure of Thiele and Geddes, the 9-method of convergence, and sequential-search procedures.
Hlustrative examples chosen from o lorge number of design problems solved by this method

are presented.

In the past, calculational methods that used successive
approximations in the design of distillation columns were
generally based on the calculational procedure of Lewis
and Matheson (I0, 13). These methods are essentially
applicable only to the design of distillation columns for
which the designer has set separation ratios of key com-
ponents as the design criteria. Also, certain complex col-
umns cannot be designed by these methods even for
specifications of this type.

Hanson (6) and Holland (7) have proposed the in-
direct use of the calculational procedure of Thiele and
Geddes (15) for the design of a column by solving prob-
lems for columns with various plate configurations until a
solution is obtained or estimated that satisfies the design
criteria. A new and more direct method is described
herein for determining that plate configuration, for con-
ventional or complex columns, which allows the specifica-
tions set by the designer, of any type directly dependent
on product purity, to be met or exceeded with the mini-
mum integral number of plates.

This new design method employs the procedure of
Thiele and Geddes (15), the #-method of convergence
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(7, 11), and multivariable sequential-search techniques
(1, 8, 16). In this method, a functional expression or
objective function is formed from the product specifica-
tions which, in a sense, measures the “distance” between
the values specified for the products of the column and
the values that are obtained for a particular plate con-
figuration. Initially, sequential-search procedures are used
to minimize this objective function for assumed tempera-
ture, liquid, and vapor-rate profiles in the column. The
¢-method of convergence is then used to obtain new pro-
files in a manner which ensures that as many of the prod-
uct specifications will be met exactly as can be obtained
with an integral number of plates in each section of the
column. The sequential-search procedure is continued
until a minimum (relative or global) for the objective
function is obtained. It should be noted that the proposed
method, while not approximate, avoids the necessity of
determining the minimum reflux ratio and the minimum
total number of plates, quantities which are required by
most approximate methods (2, 3, 4). For example, in the
use of the proposed method in the design of conventional
columns, two of the inputs consist of the ranges of the
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independent variables N and M. If a reflux ratio less than
the minimum is specified by the designer, the proposed
method gives the solution corresponding to the N and M
(most probably Nm.. and M...) for which the objective
function is minimized over the range of N and M con-
sidered.

DESIGN OF CONVENTIONAL COLUMNS

The following description of the proposed design pro-
cedure is divided into three parts: the formulation of the
objective function, the initial search, and the final search.

Formulation of the Objective’ Function

In order to apply modern search techniques to this
problem, it is necessary to formulate an objective func-
tion that is to be minimized by the proper choice of the
independent variables (N,M). Fortunately, the objective
function may be stated in terms of the g functions intro-
duced by Lyster et al. (11) (see also reference 7). For
the design of a conventional column, the objective func-
tion takes the following form

O(N.M) =\/g’ + g? (1)

The g functions or specification functionals g, and g, are
obtained from the specifications set by the designer. As
shown below, the g functions constitute a measure of the
difference between the calculated and specified values of
the selected design variables. Also, the specifications and
corresponding g functions that follow are formulated such
that the total number of plates tends to a minimum as
the g functions tend to zero. Further physical significance
may be associated with the objective function as follows.
Let g, and g. be plotted along the vertical and horizontal
axes. Thus, each set of values, N and M, gives rise to a
point in the g.g. plane, and the distance (\/g® + g.°)
of this point from the origin is seen to be equal to the
value of the objective function. Thus, in view of the
nature of the g functions, the desired solution (N,M) is

TasLe 1. FEED ComposiTION AND ToweR CONDITIONS
roR ExaMpPLE PROBLEMS

Tower pressure: 300 1b./sq. in. abs; a partial condenser is
employed.

Product conditions: Distillate is removed as dew-point vapor.
Bottoms and all sidestream products are removed as bub-
ble-point liquids.

Feed conditions: Feeds enter as bubble-point liquids. The feed
compositions are as listed below:

Composition 1 Composition 2

Component  Mole fraction Mole fraction
Methane 0.050 0.020
Ethane 0.100 0.100
Propylene 0.150 0.060
Propane 0.150 0.125
Isobutane 0.150 0.035
n-Butane 0.100 0.150
n-Pentane 0.100 0.152
Hexane 0.100 0.113
Heptane 0.050 0.090
Octane 0.030 0.085
400 normal 0.020 0.070
boiling point

Bubble point 63.018°F. Bubble point 164.442°F'.
Vapor-liquid equilibrium data and enthalpy data are listed in
reference 7.

Page 696

A.1.Ch.E. Journal

seen to be the one that minimized the objective function

or the distance \/g* + g.°. Actually, the objective func-
tion could be stated in terms of the sum squares of the
g functions or perhaps the sum of the absolute values of
the g functions. However, the proposed form was selected
over other possible forms because it preserved the dis-
tance concept. For three typical sets of design specifica-
tions for a conventional column, the specification func-
tionals are as follows:

o b, b,
A. Specifications: L,/D;{ — J={ — ;

./=\a./..
. b,
(5-)=(5) .
EVM) = (d)— (d)e | (2)
Z(NM) = (d)or — (o) pec

It is to be noted that for any given value of the separa-

TABLE 2. PRODUCT SPECIFICATIONS FOR ExaMPLE PROBLEMS

Example 1. Conventional column with a feed rate of 100
moles/hr. of composition 2. Design specifications:
for a reflux ratio, L./D, of 2.0, the separation
ratios of the light and heavy key components shall
be as follows.

b
(-E'—) < 0.56699561 X 10~

1

b
( d" ) = 0.39292070 X 10°

h

Example 2. Conventional column with a feed rate of 100
moles/hr. of composition 2. Design specifications:
for a reflux ratio, L./D, of 2.0, the dew point of
the distillate T».»., and the distillate flow rate D
shall be as follows.

To.rp. = 108°F.
D = 31.6 moles/hr.

(Note: The specifications for the two problems above may
be met exactly by a conventional column with seven rectify-
ing plates and seven stripping plates. Thus, O(7, 7) = 0 is
the global minimum.)

Example 3. Complex column with two feeds and two products.
The feeds are F, = 100 moles/hr. and F: = 100
moles/hr. of compositions 1 and 2, respectively.
Design specifications: for a reflux ratio, L./D, of
2.0, the separation ratios of the light and heavy key
components shall be as follows.

b
<—d'—> < 0.61690594 X 10~

1

b
( d" ) > 0.11480398 % 10*

(Note: These specifications can be met exactly by a column
with twenty plates where Fi is introduced at plate 8 and F-
is introduced at plate 13. Thus O(7, 5, 8) = 0 is the global

minimum, )

Example 4. Complex column with one feed and three products.
The feed is 100 moles/hr. of composition 2. Design
specifications: for a reflux ratio, L./D, of 2.0, the
dew point of the distillate T».».; the bubble point
of the sidestream, Tw,; the distillate rate D; and
the sidestream rate W, shall be as follows.

To.r. = 134°F.

Tw, == 208°F.

D = 35 moles/hr.
W: = 5 moles/hr.
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Fig. 1. Initial moves of the pattern search for the design of a con-
ventional column, example 1.

tion ratio b./d,, the corresponding value of d is obtained
by an overall material balance.

(di)ca =

— (3)

FX,
1+ (z)
d{
= (Tb,p.)spce; D

ca

B. Specifications: L,/D; Tp.». = Dipec

d( ca X
g(N.M) = ;—(I((—;——— 3 (di) ca
;1 -DiJ spec i=1 (4)

gﬂ(N,M) =2 (di)ea_Dspsc

i=t

Instead of the equality D = D,,.., the inequality D =
D,,.. may be imposed by the designer. However, the total
distillate rate may not be as sensitive an index of product
purity as separation ratios or the dew-point temperature
or bubble-point temperature of the distillate. So gener-
ally the specification D,,.. is met exactly during the final
search, as will be discussed in a later section.

C. Specifications: L,/D; (k‘- ) = (%) ;D = D pee

d,
gl(N’M) == (dl)ca_ (dl)spec

(5)
gz(N,M) = _2 (di)ca- Dspec

An equivalent set of specifications may be written in-
volving the heavy-key separation ratio. The restrictions
on the use of an inequality for the total distillate rate
specification instead of the equality D = D,,., are the
same as those mentioned above.

Initial Search

On the basis of assumed sets {T}, {L}, and {V}, it is
desired to determine that pair of values N and M for
which O(N,M) is a minimum. Due to the nonlinear form
of the equations describing distillation processes, it is not
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possible to derive an analytical expression for O(N,M) in
terms of N and M without making simplifying assump-
tions about the problem (12). Sequential-search methods
do not require an analytical expression for the objective
function in terms of the independent variables in order
to perform the minimization.

Since N and M here must be integral numbers, gradient
methods of search, which require numerical approxima-
tions of the partial derivatives of the objective function
with respect to the independent variables, are not applic-
able. The authors have had good success with the pattern
search of Hooke and Jeeves (8) and a multivariable ex-
tension of the lattice search of Wilde (16). However, be-
cause of the lower computation time required with the
pattern search for the design of complex columns, only
this optimization method will be discussed further.

When each component-material balance encloses only
one plate, the resulting set of equations for an entire
column may be stated in the form of a tridiagonal matrix.
For assumed sets {T}, {L}, and {V} the component-
material balances reduce to a system of linear equations
in the v,/s or L;s. These equations may be solved for all
of the component flow rates, for each pair of values N
and M, by use of a simple algorithm described by Grabbe
et al. (5) and Lapidus (9) for handling tridiagonal
matrices. The values of d. and b so obtained are used to
evaluate the objective function O(N,M). In the pattern
search, small changes in the independent variables (or
exploratory moves) are made about the starting point to
determine the direction in which larger changes (or pat-
tern moves) should be made. A point located by explora-
tory moves is termed a base point if at that point the ob-
jective function has the lowest value so far obtained. Pat-
tern moves are extrapolated moves through succesive base
points, corresponding to a vector from the last base point
with components obtained by the changes in the inde-
pendent variables between the last two base points.

Figure 1 illustrates the moves of the initial pattern
search for the design of a conventional distillation column
(see Table 1 and example 1 in Table 2). The starting point
(21, 21) was chosen for this illustrative example in order
to portray the path taken by the pattern search over a wide
range of values of the independent variables N and M.
For some specification functionals, O(N,M) may be a
multimodal function (more than one minimum), and thus
in practice the initial search procedure is started near the
origin to seek that extreme value of O(N,M) for which
(N 4+ M) is smallest.

. e mo—d
0.86 i.2 1.8
OPTIMUM 2.4
0(7,7) =0.0037
S D=31.6 MOLES /HR —1
{{| GLOBAL MINIMUM OCCURS AT (7,7) )

¥ STARTING POINT
®  SUCCESSFUL MOVE L
0 UNSUCCESSFUL MOVE
W  BASE POINT
. —— EXPLORATORY MOVE
! ——_—__ PATTERN MOVE

1 | \ i
i 3 5 7 e]
N, RECTIFYING PLATES

M, STRIPPING PLATES

Fig. 2. Final moves of the pattern search for the design of a con-
ventionol column, example 1.
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As shown in Figure 1, the first exploratory move in a
series is an increase along the abscissa. Thus, from the
starting point (21, 21), the point (22, 21) was investi-
gated, and no reduction in the value of O(N,M)} was ob-
tained. The move to (20, 21) was successful so (20, 22)
was tried next. This failed; (20, 20) was tried, with suc-
cess. The point (20, 20) became a base point, and a pat-
tern move was made to (19, 19). It will be noted that
the pattern moves become longer as a successful trend is
established. If the exploratory moves fail to locate a new
base point, the search returns to the last base point, and
exploratory moves are completed about it. If, for the
smallest change allowable in the independent variables,
here one plate, the exploratory moves do not reduce the
value of the objective function, the search is terminated.

For problems where separation ratios have been speci-
fied, some exploratory moves may result in the same value
of the objective function to eight significant digits, which
results from a “pinch condition” (7) in the column caused
by the use of too many plates. This difficulty was over-
come by causing the search procedure to accept that
plate configuration having the lowest number of plates
when equal values of the objective function were ab-
tained. In addition, for problems with specifications of
this type, it was found convenient to use a logarithmic
form of the objective function because of the great dif-
ference in magnitudes between separation ratios.

O(N, M) =

VIm ST b BT
6

It should be noted that the material-balance equations
need be solved only for the key components during the
initial search when separation ratios are specified.

Final Search

The final search procedure is started at the final point
located by the initial search procedure. In the final search,
the sets {T}, {L}, and {V} are adjusted by use of the
8-method of convergence (7, 11) in conjunction with the
computational procedure of Thiele and Geddes (15).
New temperature profiles are determined by the K-
method (7), which eliminates the need for iterative bub-
ble-point calculations, and new sets {L} and {V} are
computed by enthalpy balances by the constant-composi-
tion and Q-methods (7).

For conventional columns, the §-method of convergence
can be used to drive either g, or g, to zero; that is, the
sets {T}, {L}, and {V} will be adjusted so that one or
the other of the product specifications will be satisfied
exactly. Then the objective function reduces essentially to
the absolute value of the other specification functional.
For each pair of values N and M considered in the final
search, three to five trials of the f-method of convergence
are performed to drive ¢ approximately to one and the
desired specification functional approximately to zero.
The equations for the #-method of convergence and the
corresponding objective function O(N,M) for the three
typical types of specifications [A, B, C, or Equations (2)
through (5)] for a conventional column are given below.
In these expressions, the quantity (di)., is defined by

()= — X 7)

1+o(bi>
"\,

A. (1) g =0; O(NM) = |g)

e
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gl(a) = (dl)aa—' (dl):pac

D=2 (d). (8)

i=1
gz(N:M> - (dh)co - (dh)apec

In this case, the #-method is used to make g:(8) = O for
each choice of N and M. Note that ¢ is found directly
by setting g,(¢) = 0 and by solving for . Then as im-
plied by Equation (8), D is calculated by use of Equa-
tion (7) for each component. After sets {T}, {L}, and
{V} have been found such that g.(1) == 0, the value of
O(N,M) is computed by use of the expression given
above for g, This process is repeated for different sets of
N and M selected by the search technique until a set is
found for which O(N,M) or |g| is a minimum. The
remaining cases are handled in an analogous manner.

A. (2) g.=0; O(N,M) = |g
g2(‘0) = (dh) co (dh):pec

e

™

D = (dt)co (9)

(dl)we"

-

=1

gl(N,M) = (dl)ca—
B. (1) g.= 0; O(N,M) = |g|
o S\ (dl) co .
&) =< K 2 ().

3

D= 2 (d) o f (10)

o

gz(N,M) = 2 (di)co— D!psv

B. (2) g = 0; O(N,M) = lg.‘l
g2(‘0) = 2 (di)co_' Dcpec

(di)co c
g(N.M) = E ST —2 (di)eo |
C. (1) g1 = OQO(N’M) = Ig2|

g1(‘9) :f (dl)co — (dl)umc

(11)

D= 2 (di)co ( 2)
(£ . 1

2(NM) = 24 (d)or— Dones

i=1

C. (2) g. = 0; O(N,M) = |g]

gz(e) _ 2 (dt)ao“‘ D:psc (]_3)
gl(N»M) = (dl)fo—' (dl)cpac

Cases B(1) and C(1) would result from specifications
for the distillate rate involving inequalities. As before, D
may not be as sensitive an index of product purity as
other quantities, such as separation ratios. Also, sin?e D
is a quantity that can be set with a good deal of logic by
the designer, and since specifications involving D are
very quickly met with the #-method of convergence, the
investigation of the proposed design method generally
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concerned itsglf with exact satisfaction of the distillate
rate specification whenever it was specified.

If the product specifications set by the designer can be
met exactly by a column with an integral number of
plates in each section, and if this column is the solution
toF which (N + M) is minimum, then only one solution
will be obtained regardless of which of the two specifica-
tion functionals is driven to zero by the é-method of con-
vergence. If the product specifications cannot be met
exactly with an integral number of plates, two solutions
will be obtained. In many cases, the final plate configura-
tion remains the same for the two solutions, while the
distillate rates and sets {7}, {L}, and {V} differ. In other
cases the plate configurations differ as well.

To demonstrate another characteristic of the objective
function, consider Equations (2) and (9). Note that the
final search seeks the set (N,M) such that b,/d, is closest
to the specified value; that is, it seeks to minimize |g,|.
Thus, the final search does not distinguish between va{-
ues of g of the same magpitude but of different sign;
whereas, in the original specification (specification A,
Equation (2)1, a positive value of g, is to be preferred
over a negative value of the same magnitude. However,
the pattern search terminates only when points (N,M)
on all four sides of the final point yield higher values of
the objective function. Thus, if at the final point (N.M)
where |g;| is a minimum g, < 0, two of the four neighbor-
ing points, one along each ceordinate axis, constitute
solutions for which g, > 0.

Figure 2 illustrates the final search for example 1,
Table 2. The starting point (6, 7) is the final point lo-
cated by the initial search. For this problem, the 4-
method of convergence was used to make g == 0, and
the pattern search was used to minimize |g,| [see Equa-
tion (9)]. In this case the minimum value of |g,| found
was zero; consequently, the specifications could be met
exactly by use of an integral number of plates (7, 7) in
each section of the column. A complete description of this
solution is presented in tabular form elsewhere.® Essen-
tial information regarding the solutions of the other
examples in Table 2 is presented either in Figure 3 or in
tabular form® or in both sources. Complete descriptions of

¢ Tabular material has been deposited as document 8372 with the
Awmerican Documentation Institute, Photoduplication Service, Library of
Congress, Washington 25, D. C., and may be obtained for 1.25 for
photoprints or 1.25 for 35 mm. microfilm.
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- o
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Fig. 3. Final moves of the pattern search for the design of a con-
ventional column, example 2.
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the solutions of these and other design problems are given
in reference I4.

It will be noted that the starting point of the final
search in example ) was only one plate away from the
solution finally obtained. For a large number of design
problems involving hydrocarbon feeds and complex col-
umns, it has been found that for problems with specifica-
tions involving only separation ratios the final point lo-
cated by the initial search is very close to the solution
obtained in the final search, despite fairly large differ-
ences in the sets {T}, {L}, and {V} initially assumed.

Because of this observation, it is felt that the final
point located by the initial search would be a good esti-
mate of the optimal solution for design problems involv-
ing only separation ratios. Since only the material-balance
equations for the key componeunts need be solved during
the initial search, such an estimate is more easily and
quickly obtained than those estimates based on conven-
tional short-cut methods. This relative independence of
the profiles assumed initially has not been found to be the
case for problems involving other specifications, as will
be discussed in the following section.

MULTIMODAL OBJECTIVE FUNCTIONS

If a plate configuration exists that allows all the prod-
uct specifications to be met exactly, the objective function
will have a value of zero at that point., This will be the
pair of values N and M for which O(N,M) is a global
minimum. However, this solution to the design problem
may not be the optimal solution, since (N + M) may not
be a minimum at this point.

Figure 3 presents the final pattern search for example
2, Table 2; the moves proceed alphabetically. It will be
seen that the solution obtained for this problem was found
at {5, 8) with D = 31.6 moles/hr. and Tp.» = 107.7°F.
During the final search, the specification functional g.
was driven to zero by use of the §-method of convergence,
and [g,| was minimized by the pattern search. Since the
specification could have been met exactly at (7, 7), it is
seen that for the solution at (5, 8) the objective function
is a relative minimum. Thus, the optimal solution, here
(5, 8), need not occur at the global minimum of the ob-
jective function.

Search procedures have no means of distinguishing be-
tween minima. Fortunately, the optimal solution is as-
sociated with that point at which the objective function
takes on an extreme value that is located closest to the
origin, since (N + M) will be a minimum there. For this
reason, the initial search is started close to the origin.
However, for problems where the dew-point temperature
of the distillate and the total distillate rate are specified,
it has been noted that the effect of the sets {T'}, {L}, and
{V} assumed during the initial search on the point lo-
cated at the end of the initial search is considerably
greater than for problems where separation ratios are
specified.

Conceivably, the sets {T}, {L}, and {V} initially as-
sumed for problems of this type could be such that the
point located at the end of the initial search would cause
the final search to miss the solution closest to the origin
and to pick a less desirable solution. To avoid this for
problems of this type it has been found convenient to drop
the initial search, starting the final search arbitrarily near
the origin, Alternatively, the checking procedure de-
scribed below may be used.

Once the apparent optimal solution has been located
by the final search, a check can be made, if desired, to
see if a more desirable solution can be obtained. Figure 4
illustrates a way to do this. Any solution to the right of
the line (for complex columns this becomes a plane or
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Fig. 4, Procedure for ensuring that the optimal
solution is located by final searching procedure.

hyperplane) is a less desirable solution, while any point
to the left is a more desirable solution. Thus, to see if a
more desirable solution exists, the final search may be
started again at some new point in the left-hand region.
It should be pointed out that for the problems so far
solved by the proposed design method, the solutions ob-
tained by the first application of the final search have not
been improved upon by restarting the final search from
a new point. Also for those problems where the product
specifications could be met exactly by a column with a
known plate configuration, the solution obtained by the
first application of the final search was in each case as
good or better, in the sense of minimum plates, than the
known plate configuration.

DESIGN OF COMPLEX COLUMNS

The objective function for the design of complex col-
umns is of the same general form as that for conventional
columns. The form of the objective function for three
types of complex columns will be illustrated.

1. Complex Column with Two Feeds, F; and F, and Two
Products, D and B

For this column, the objective function remains the
same as that for a conventional column, except that it
now becomes a function of one additional variable.

O(Nk,M) =\/g* + g’ (14)

The additional independent variable k; refers here to the
number of plates between the two feed plates. During
the initial and final search, k; may take on negative val-
ues, indicating a switch in the relative position of the
two feed plates. Solutions have been encountered where
a switch in the relative position of the two feeds was
indicated. Additional feed plates only increase the num-
ber of independent variables that must be searched.

2. Complex Column with One Feed, F;, and Three Products,
D, Wi, and B

The number of independent variables is increased by
one over that for a conventional column, and the number
of specification functionals is increased by two for the
sidestream specifications.

O(N,k,M) = \/gf + gzﬂ + gsz -+ gf (15)
Here k. refers to the number of plates between the side-
stream plate and the feed plate, and once again k, may
take on negative values, indicating a switch in the rela-
tive position of the feed plate and sidestream plate.

3. Complex Column with Two Feeds, F; and F3, and Four
Products, D, W;, Ws, and B

There are five independent variables for this problem
and six specification functionals in the objective function,
two for each sidestream and the distillate.
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O(NhkokaM) =Vg' + g’ +g +& +g + g(°216)

SEARCHING PROCEDURE

The initial search remains the same as that for conven-
tional columns. In the final search, one-half of the specifi-
cation functionals, one for each sidestream and the dis-
tillate, are driven to zero by the ¢-method of convergence
for complex columns (7, 11). The results of the final pat-
tern search for the design of a complex column with two
feeds and two products (example 3, Table 2) are shown
elsewhere.* The initial search terminated at (6, 1, 9),
the starting point for the final search as well as the final
solution. The final solution (6, 1, 9) is a relative minimum,
and four fewer plates were needed to satisfy the specifica-
tions here than at the global minimum (7; 5, 8).

In using the pattern search for the design of complex
columns, the exploratory and pattern moves are made in
the same general way as that described for conventional
columns. The pattern moves are again extrapolated moves
between successive base points. For example, for a com-
plex column with one feed and one sidestream, suppose
the nth base point is P, [N,k..,M.] and the next base
point is Puy [Nakian,Ma.]; then the pattern move will
be to the point P, namely

P [Nﬂ+1 + (Nﬂ.+1 - Nn), kl,n+1
+ (kl.n+1 - kl,n), Mn+1 + (Mn+1 - M")]

The extension to a complex column with any number of
independent variables is obvious.

Example 4 of Table 2 was used to illustrate the ap-
plication of the search method for the design of a com-
plex column with one feed and three products (one side-
stream). The moves of the final pattern search for this
problem are presented elsewhere.* The specified values
of the dew-point temperature of the distillate Ty ». (repre-
sented by the functional g,), and the flow rate W, of the
sidestream (represented by the functional g,) were met
exactly, g, = g = 0, by the 6-method of convergence,
where

©

(0u0) = 2 B 3 a)).,

(fl (Kbt):pec i=1 (17)

g3(01,‘02) = 2 (wu)ca"“ (W1) spec

and where
FX,

1+0(b‘) +0(w”>
1 E 2 dt

ca ca

(1) e0 = «9(—'3’—)

i °

(di)cﬂ =

(df) co

The two remaining specifications, D and Tw;, were repre-
sented by the specification functionals g, and g., respec-
tively. The objective function to be minimized by the
final search was

O(NaklyM) = \/gz2 + gf (18)

where

2 (N M) = 20 (di) oo — Diuper

¢ See footnote on p. 699.
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g;(N,kl,M) = 2 (wu)ca K. — 2 (wu)ao

£=1 Twl izl

Of these two specifications, the more important for this
problem was D, which was set as an inequality. The final
search was biased toward satisfaction of this specification.
This point will be discussed in more detail below.

The objective function during the final search consists
of only one-half of the specification functionals for the
problem. Thus, for complex columns with sidestreams, it is
evident that two or more specification functionals remain
in the objective function during the final search. Minimi-
zation of the objective function again minimizes the dis-
tance of the specification functionals (that is, the square
root of the sum of their squares) from an origin (a point
where the g functionals of O have the value of zero). For
problems where all of the specifications are set as in-
equalities, it is possible that one or more of the specifica-
tions remaining to be satisfied after use of the conver-
gence method, while close to being met exactly, will still
be unsatisfied in the sense of the inequality. This is be-
cause the objective function depends upon the absolute
values of selected g functionals, because with the integral
number of plates used, the product specifications cannot
be met exactly. For conventional columns and for complex
columns with several feeds but no sidestreams, if an in-
equality remains unsatisfied at the final minimum, two
points or more adjacent to the final minimum will always
satisfy this inequality. This assurance cannot be given
when the objective function in the final search contains
more than one nonzero specification functional.

If it is imperative that the inequalities corresponding to
the remaining nonzero specification functionals be satis-
fied, in addition to those satisfied by the convergence
method, the final search procedure can be reset to search
a solution with more plates. Alternatively, if only one of
the remaining inequalities is critical, weighting factors
may be used to bias the final search as desired. For ex-
ample, the objective function given by Equation (18)
may be reformulated as follows:

O(N,kl,M) = \/Uegzz + a;gf (]-9)

where a, and a, are positive constants that may be se-
lected as desired to produce bias in the final search.

Although considerable discussion has been devoted
to the fine points associated with the statement of the
specifications in terms of inequalities, it is anticipated
that the solution associated with the first minimum of
the objective function found by the final search will be
satisfactory for most design problems.
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NOTATION
b,

1l

molal withdrawal rate of component ¢ in the bot-
tom product from the column

¢ = total number of components

F,F, = molal rate for feed stream 1 or 2

FX, = total molal rate of component i entering the col-
umn in the feed

d. = molal withdrawal rate of component i in the
distillate from the column

D = total molal withdrawal rate of the distillate
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g = specification functional expression
K»i = equilibrium constant for component i at the tem-
perature of the distillate

K, = equilibrium constant for component i at the tem-
perature of plate j

k = number of plates between sidestream plate and
feed plate or between two feed plates

L = molal flow rate of liquid leaving a plate

L. = molal reflux rate

l;; = molal flow rate of component i in the liquid
leaving plate j

M = number of plates below the lowest feed plate or
sidestream plate, including that plate

N = number of plates above the uppermost feed
plate or sidestream plate

O = objective function, defined by equations in the
text

T = plate temperature

Tp.r. = dew point temperature of the distillate

Tw»; = bubble point temperature of sidestream j

V= molal flow rate of vapor leaving a plate

v;; = molal flow rate of component ¢ in the vapor
leaving plate §

w;, = molal withdrawal rate of component ¢ in side-
stream §

W; = total molal withdrawal rate of sidestream §

Subscripts, Superscripts, and Symbols
® optimal value found for a given set of conditions

0,8, = multipliers, see references 7 and 11

{} = set of values, here one for each plate in the col-
umn

h = heavy key component

l = light key component

ca = calculated value

co = value corrected by ¢-method of convergence, see
references 7 and 11

spec == specified value

A|B = quantity A evaluated at the condition B
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