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THE problem of selecting the thermodynamically
optimal scheme for separating a multicomponent
mixture has as yet remained unsolved, although the
problem has been stated by a number of authors (1—6).
The approach to selecting the optimal scheme has
been purely empirical and only conventional schemes
for separating an n-component mixture in (n — 1)
two-sectional columns have been considered. Only
a study of thermodynamically reversible multicom-
ponent distillation can ensure a scientific approach Z¢ B
to the selection of the optimal scheme for separating
a multi-component mixture. i
A completely reversible process for multicom- Case | Case i
ponent distillation has been described earlier (7, 8).
One would naturally expect that a scheme incorporat- A8
ing the features of this process would be thermo-
dynamically optimal. Several cases of such schemes
with reversible mixing of the streams are proposed A48¢
by the authors (see Fig. 1).
One of the fundamental properties of reversible
distillation is characteristic for all of these cases:
.0 more than one component is stripped out (exhaus-
ted) in each section (all columns are of the 1st class
of fractionation). This guarantees reversibility during
mixing of streams at the feed location. In cases II,

Case 111 Case IV

Fig. 1. Variunts of a scheme with a reversible mixing of the

IIIb, and IV, nonproductive columns do not have their streams.
own condensers or reboilers, while reflux streams mixture in a single complex column, the volume of
are formed by selection from adjacent columns. which is utilized to its maximum extent.
Irreversibility during mixing of streams at ends of These schemes are distinguished by the following
columns is’also eliminated here. Finally, in cases basic features:
IIT and IV, individual two-section columns are com- the total number of sections required for separating
bined in such a way that each product is obtained at a an n-component mixture is equal to n(n — 1) instead
single point. This permits the amount of energy sup- of (2n — 1) in the conventional scheme;
plied to be reduced to 2 minimum (heating or cooling it is sufficient to have only one condenser and one
at the points of juncture of the columns is not re- rehoiler independent of the number of components to
quired). Case IV illustrates the possibility, in prin- be separated (in conventional distillation, as is well
ciple, of completely separating a multicomponent known, each column has a reboiler and a condenser);
the key components in each column are not two
This article first published in Kiimicheskaya Promyshlennost. adjacent ones, as in conventional distillation, but the
No. 3, p. 46-51 (1965). two components with the extreme volatilities;
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n products of a given purity are obtained in the
product column (no more than two products are ob-
tained in each column in the case of conventional dis-
tillation).

In a thermodynamic sense the separation technique
under consideration is characterized by the occur-
rence of only ‘‘useful’’ thermodynamic losses during
mass transfer on each plate. Thermodynamic losses
during mixing of streams at the feed location and at
the ends of columns are nonexistent.

In order to investigate the features of distillation
with reversible mixing of streams, its mathematical
description was developed by the authors.

At minimum reflux, the conditions at the feed point
of columns with reversible mixing of streams are the
same as in the case of a completely reversible proc-
ess (wy =0, dy =0) (8):
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The distribution of the components between the top
and bottom products also coincides with the distribu-
tion obtained in the case of reversible distillation:
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Each component is distributed between the top and
bottom in proportion to the difference between its
volatility and the volatilities of the extreme com-

ponents.
For cases II, IIIb, and IV:
d;=of —1! (5)
w = 1°—w® (6)

Proceeding trom the material balance and phase
equilibrium equations (we assume that equilibrium
exists between the descending liquid and the ascend-
ing vapor at the end points), we determine the concen-
trations at the ends of the columns in these cases:
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One must first compute Kg and K from (9) and

{(10) in order to determine x? and x}v from Equa-

tions (7) and (8).

A program based on Equations (1)—(10) has been
written for use with the ‘‘Ural-2’’ and ‘‘Minsk-2’’
computers.

Equations (9) and (10) were solved by means of the
numerical method of halving. In the simplest case of
separation of a ternary mixture with constant vola-
tilities, constant liquid and vapor flow rates, and a
liquid feed, these may be converted to the following
quadratic equations in terms of \{1 and x¥ (aj =1):

(x)*(a, — 25) 4 xHuxf 4+ axf 4 a; — aya,xf
—uy — 0,2,xf) + (2y0x] —apxf) =0 (11)
(x2)%(e 0y — a,) + £ (U xf + apxf + a,xf 4 apxf
— Uy — 0,0, ) + (@,0,%5 —a,xF)=0 (12)

Special programs, based on a tray-to-tray method,
for the ‘‘Ural-2’’ and ‘‘Minsk-2’’ computers for
simulating distillation with reversible mixing of
streams at realistic reflux conditions have also been
developed.

In the general case of tray-to-tray computation of
multicomponent distillation, there arises the difficult
problem of ensuring the convergence of successive
iterations, which is associated with the problem of
accurate determination of the compositions of the
separation products. In the design of columns with
reversible mixing of streams this problem is simpli-
fied, since the key components here, as was mentioned
above, are the components with the extreme volatili-
ties. An approximate distribution of the intermediate
components may be determined from Equations (3)
and (4).

The tray-to-tray method of computation is carried
out for the rectification section from the top down-
ward, and for the stripping section from the bottom
upward. Given quantities are the reflux ratio and the
amounts of the key components in the separated prod-
ucts, while the quantities to be determined are the
number of trays in each section for the optimal feed
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location. The latter is taken to be that point at which
the ratio of the concentrations of the key components
Xy/%p is equal to their ratio in the feed mixture (after
the final agreement of all the balances, the composi-
tion at this point in terms of all of the components is
found to be equal to the feed composition).

Disagreements in the concentrations of the inter-
mediate components at the feed point are computed
as:

R x;ect _ xlf

= ——
x{ect

i (13)
i=2 3., (n—1)

A correction is subsequently applied to the amounts
of the intermediate components in the separaticn
products according to the following linear interpola-
tion formula:

! - w2
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The calculation is completed when the values of 6i
are found to be smaller than the given quantities.

A flow diagram of the calculation program is given
in Figure 2.

The method ensures rapid and reliable convergence
of the iterations.

The variation of the concentrations along the height
of a column, as calculated on a digital computer,
during separation of a reference ideal mixture with
constant volatilities and constant liquid and vapor
flow rates is presented in Figure 3. This figure
shows that, under conditions close to the minimum
reflux regime and complete separation of the key
components, there are two zones of constant concen-
trations: in the region of the feed and at the point of
the maximum concentration of the intermediate com-~
ponent in the stripping section. The recovery of
component C would have to be set higher in order to
obtain such a zone in the rectification section.

In the general case (for n > 3), zones of constant
concentrations arise in the region of the feed and at
the maximum points of the (n — 1)th component in the
rectification section and of the 2nd component in the
stripping section. The analogy with the process of
complete separation of a binary mixture at minimum
reflux, wherein constant concentration zones also
arise in the region of the feed and at the ends of the
column, is apparent here.

The maximum points for the concentrations of the
(n — 1)-th and the 2nd components correspond to the
ends of a column for operation with the selection of
reflux streams from without (see cases II and IIIb of
Figure 1). This may be verified directly from Equa-
tions (7) and (8).
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Fig. 3. Variation of component concentrations along the height
of a column with reversible mixing of streams (liquid feed, ap =
S,ag=2,ac=1,fr=10, fg =60, fc =30, wa = 0.01, we =
29.99, L = Lin = 25). o) Component concentrations in the feed
mixture.

Thus, the calculation on the computer encompasses
the operation of a column both with its own condenser
and reboiler, as well as with selection of reflux
streams from without. A sharp change in the com-
ponent concentrations, indicating a large thermo-
dynamic irreversibility, takes place in the supple-
mentary terminal sections in the first case (see
Figure 3).

Operating and equilibrium lines for the concentra-
tions of each component, based on the computed data
for the separation of the reference mixture described
above, are constructed in Figure 4. The distances
between these lines, corresponding to the driving
forces for the process at each point, are character-
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Fig. 4. Operating and equilibrium curves of components for rec-
tification with reversible mixing of streams.
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istic of thermodynamic irreversibility. As the figure
shows, the driving forces near the ends of the column
for operation with a condenser and a reboiler (cross-
hatched areas) are many times greater than the driv-
ing forces in its middle section.

A computer study at minimum reflux conditions
was carried out with the aim of comparing the eco-
nomics of the separation method presented above and
conventional separation. Criteria for the comparison
were the total (for all columns) specific amount of
liquid to be vaporized (ZV’/F) and the overall speci-
fic work of separation (N/FRTO). The first criterion
reflects the energy expenditures on the separation
sufficiently accurately if the temperature levels of
the heat-carrying medium in the reboilers and of the
cooling agent in the condensers are approximately
the same for all cases studied (for example, for the
separation of closely boiling mixtures). The overall
specific work of separation is a more accurate indi-
cator of energy (power) expenditures in the general
case, in particular for low-temperature gas separa-
tion units, since its calculation takes into considera-
tion the temperature level of the energy being trans-
ferred.

The computation for the conventional method of
separation was carried out on ‘‘Ural-2’’ computer
using the Underwood (9) method. The overall work
of separation was calculated from the following
formula:

N=T°( %_ fr’—> (15)

(the heat contents of the entering and exit streams
were assumed to be equal).

Reference ideal ternary mixtures with symmetrical
compositions and symmetrical properties—a p = 1.2,

apg = 1.1, ¢ = 1.0, \E = xg—were selected for the

comparison. For these mixtures the energy expendi-
tures for both variants of the conventional separation
scheme (see Figure 3) are identical.

Values of the total specific amount of liquid vapor-
ized and of the overall specific (unit) work of separa-

A4¢ A8

[-14 ¢ 3 8
a b

Fig. 5. Variants of the conventional scheme for the separation
of a ternary mixture.
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Conventional scheme Variants of the scheme with reversible mixing of streams
F 1 o Illa IOb and IV
X
B IV'/F | NyFRT,
VIR N/FRTQ IV//F N/FRTO V! /F N/FRTO V' F N/FRTO
0.1 13.07 1.770 16.05 1.864 9.01 1.317 11.0 1.864 7.49 1.317
0.2 13.68 1.700 16.10 1.772 10.46 1.439 11.0 1.772 8.19 1,439
0.3 15,52 1.850 16.15 1.681 11.52 1.541 11.0 1.681 8.70 1.541
0.4 16.52 1.859 16.20 1,590 12.45 1.629 11.0 1.590 9.14 1.629
0.5 17.50 1.897 16.25 1.499 13.29 1.719 11.0 1.499 9.51 1.719
0.6 18.55 1.918 16.30 1.407 13.93 1.756 11.0 1.407 9.88 1.756
0.7 19.38 1.932 16.35 1.316 14.67 1.834 11.0 1.316 10.18 1.834
0.8 20.33 1.951 16.40 1,225 15.41 1.912 11.0 1.225 10.46 1.912
0.9 21.31 1.973 16.45 1.135 15.83 1.930 11.0 1.135 10.75 1,930
tion for mixtures of various compositions and for For the scheme of Figure 5b:
different process variants are presented in the table
(liquid feed, complete separation). o (_‘fa + ] )x4
This table shows that, based on the amount of liq- F %% "% |’
uid vaporized, cases II and III are more economical a a
. ‘s v B B (o
than the conventional scheme for all compositions of ; ( o T )XB = % (17)
the feed mixture, while case I is more economical ¢
F .
for xg > 0.3. The most economical scheme based on And for case I (see Figure 1):
this criterion is case IIIb (the economy achieved in
comparison with the conventional scheme is as high v 2, + %g ¥
as 50 per cent). Based on the overall specific (unit) F Ly —2n a,——ag A
work of separation, cases II and IIIb are more eco-
nomical than the conventional scheme for all feed . ay n ap(g—10) 2g(2; — %p) «
compositions, while cases I and IIla are more eco- B 3= (aa—3g)(2g—2g) ' (ag—uglag—ag) |78

nomical for xg > 0.2. The economy achieved here

using reversible mixing of streams amounts on the
average to approximately 20 per cent, and in some
cases is as high as 40 per cent.

One should keep in mind that, if one takes into con-
sideration thermodynamic losses during heat exchange
in condensers and reboilers, the thermodynamic gain
in using the separation techniqud presented above is
even greater (these losses are proportional to the
amount of energy transferred), and that this advan-
tage increases as the number of components to be
separated increases. Thus, forn =4, aa = 1.3,
ap=1.2, ac =1.1, ap = 1.0, XA = XB = XC = XD
= 0.25, minimum reflux and complete separation, the
total specific amount of liquid vaporized during con-
ventional distillation is equal to 19.72, as compared
with ZV'/F = 7.84 for distillation with reversible
mixing of streams.

A calculation of the minimum reflux ratio for the
conventional separation scheme, using the approxi-
mate method of Robinson and Gilliland (3, 10), per-
mits one to make a more complete comparison of it
with case I of the scheme with reversible mixing of
streams, using the TV’/F criterion.

For the scheme of Figure 3a:

'
+

a aC

() 1

Equations (16)—(18) were obtained for a liquid feed
and complete separation. It follows from these equa-
tions that case I is more economical than both vari-
ants of the conventional scheme for xg > (1/@B)xA
and xB > (1/¢ B)xC.

The optimality regions for the three schemes con-
sidered are presented in Fig. 6. This figure shows
that case I of the technique proposed for separation

\

0/\/ \\/‘/ \‘/ \

K : , 1, a, 4% 55 a5 a7 06 a5 v o & 0
F T3 L‘1_1-‘(0.—11 + 1, —a )'\-B
A 8 5 ¢ Fig. 6. Optimality regions for the two variants of the conven-
. a tional scheme for separating ternary mixtures (a and b) and
4 ( c + c ) Xc (16) case | of the scheme with reversible mixing of streams (based
2, 9% g %¢ on the total specific amount of liquid vaporized).
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of mixtures, which is the least favorable in terms of
the T V'/F criterion of all the cases, is, for a major-
ity of feed compositions, more economical than both

variations of the conventional scheme.

The maximum thermodynamic effect may be
achieved by combining schemes with reversible
mixing of streams and nonadiabatic distillation.

A decrease in the work of separation may be sim-
ply achieved by the incorporation of intermediate
condensers and reboilers into the scheme. If one
condenser and one reboiler are introduced into case
IIIb, the work of separation for a three-component
mixture can, in a number of instances, be diminished
by a factor of two or three. The number of levels of
energy input will be the same as for the conventional
scheme without intermediate heat exchangers.

A determination of the optimal intermediate point
for energy input is of considerable significance. An
analytical solution to this problem for the binary sec-
tions of infinite distillation columns is presented
below.

It is assumed that conditions of phase equilibrium
between the liquid flowing down and the rising vapor
(minimum reflux conditions) exist both at the feed
point and at the intermediate point of energy input.

Under these conditions and for complete binary
distillation, we obtain for the rectification section:

min (—-Z%—) = riin [u_z_ 2 ! +(“x— Dx

b2 (\—L'—%)R In(l + ax— x)] (19)

Rlna

2 —1

where x is the concentration at the intermediate point
of energy input.

Differentiating (19) with respect to x and setting
the derivative equal to zero, we obtain:

Ina o—1 I 1
- x%pt 1 4+ (& — 1) Xopt <7_ Xopt >
\ 1
- xzopt

In(1 + axgp — Xop) =0 (20)

For small values of @, the quantity In(1 + @X — X)
~ (¢ — 1)x and Equation (20) becomes quadratic.
Finally, we have for the rectification section:

rect. xF(d —1) 4 V(xF)z(a — )24 a1+ axf — .\’F) 9
Xopt = 2(1 - 2xf — ) (21)

An analogous derivation for the stripping section
yields:

—-_:ij’1 ——__1) _V(XF)‘:(G. — 1)2 e 4.!’:(1 — an ';- x’._) (22)

21 —ax" 4+ )

K
Xopr =

Calculations based on Equations (21) and (22
showed that, specifically, for the reference mixture
described above with xg = (.9, the work of separation

with one intermediate condenser and reboiler in case
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IIIb is three times less than that for the conventional
separation scheme.

An even greater effect may be achieved if the prin-
ciple of a condensation-vaporization unit (11, 12) is
employed, that is, the combination of pairs of recti-
fication and stripping sections such that heat exchange
between them along their complete height is effected.
Here, in the cases of schemes with reversible mixing
of streams, the effect achieved is particularly great,
since, for example, the rectification section of col-
umn ABC* and the stripping section of column AB,
and also the stripping section of column ABC and the
rectification section of column BC (see Figure 1),
operate approximately in the same temperature
ranges. Using this principle, one can obtain a work
of separation which is as close as one pleases to the
thermodynamic minimum.

However, even in conventional adiabatic distilla-
tion, the economy may be significant. The application
of schemes with reversible mixing of streams does
not require the development of any new specialized
equipment.

Somewhat more complex is the problem of auto-
matic control for cases II and III, since all of the
columns in these represent a single interconnected
system. If the separation is effected at atmospheric
pressure, the thermodynamic efficiency of these
cases may be reduced as a result of the hydraulic
reisstances of the system. Thus, in case IlIb, column
BC operates at an increased pressure, which leads to
a decrease in the relative volatility of the components
and to an increase of the temperature in the reboiler
(this is of some importance for a large number of
trays). In order to fully utilize the thermodynamic
advantages of these schemes, trays with low hydraulic
resistances should be used. However, this disadvan-
tage appears only if the mixture of the components
B and C is more closely boiling than the mixture of
A and B. In the remaining cases, column AB, which
operates under conditions which are the same as
those for conventional distillation, determines the
heat expenditures. A pressure increase in the lower
column does not lead to any increase in the heat ex-
penditures, and reveals itself thermodynamically only
in an increase in the reboiler temperature.

Comparative calculations for the separation of a
mixture of xylenes, according to the conventional
scheme presently in use and according to the scheme
with reversible mixing of streams and with a high re-
covery of the product components, were carried out
by the authors. As is well known the separation of
xylenes is a high-tonnage operation and requires lar=e
energy (power) and capital expenditures. The projec-
ted extensive growth in the production of xylenes
makes the problem of decreasing expenditures on

*Throughout this paper columns are named according to the
components being separated in them.
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their separation a particularly pressing one.

In the existing separation scheme the minimum
total amount of liquid to be vaporized amounts to
1829 moles per 100 moles of initial mixture. In the
new scheme the minimum vapor flow for the lower
section of the product column is equal to 677 moles
per 100 moles of starting mixture, while for the upper
section it is 1279 moles. It is obvious that the condi-
tions in the upper section will be the governing ones,
and a pressure increase in the lower section will not
lead to any increase in the heat expenditures. Thus,
the use of a scheme with reversible mixing of streams
results in a decrease in the energy expenditure of 31
per cent. The required number of trays for both
schemes is approximately the same, while the num-
ber of reboilers and condensers for the new scheme
is less than that for the existing one.

‘omenclature

A,B,Cand D components

H and h heat content of the vapor and liquid,
respectively

Land V amounts of liquid and vapor

TLandV amounts of liquid and vapor, as ob-
tained from a heat balance calculation

landv amount of a component in the liquid and

in the vapor
F amount of feed mixture
f .... amount of a component in the feed mixture
d amount of a component in the distillate
w amount of a component in the bottom (still)

product
X .... concentration of the component in the
liquid phase
¢ .... fraction of liquid in the feed mixture
o relative volatility

Kp e phase equilibrium constant for the princi-
pal component
6 .... material balance error
fixed constants
T .... temperature
Q .... amount of heat
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N .... work of separation

m and m’ number of trays in the upper and lower
sections
Zz .... overall mole fraction of a component in

the feed mixture

Subscripts and superscripts

F .... feed
d .... distillate
W .... bottoms (still) product

i .... component number (i =1, 2, ..., n; com-
ponents are arranged in the order of de-
creasing volatility)

j tray number ( =1, 2, ..., m)
k iteration number
o ambient conditions
c condenser
r .... reboiler
opt .... optimal
"(prime) .... stripping section
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