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This poster presents a design method of multicomponent distillation columns
that offers the possibility of solving the equilibrium equations and the mass and
enthalpy balances by a rigorous method and different approximate methods,
optimizing, by the simplex algorithm, the distillate flow rate for a specified product
separation and calculating the number of stages and the optimum feed location. New
methods for the calculation of the minimum reflux ratio for multicomponent distillation
columns are also presented. The main problem involved in the rigorous calculation of
the minimum reflux ratio is the great number of iterations involved, each one requiring
the calculation of a distillation column. Nevertheless, this search can be orientated and
simplified on considering the conditions that must be fulfilled in such an operating
condition. In accordance with this, four different methods have been suggested, based
in the desig method of distillation columns for multicomponent mixtures.

DESIGN METHOD
One problem to be solved in the design of multicomponent distillation columns is

that the composition of the calculated residue by the tray-to-tray procedure does not
match that obtained by the material balances and, consequently, the calculation is not
correct and an iterative procedure must be devised. In the present poster, the tray to tray
methods proposed by Marcilla et al. (1996) for calculation of multicomponent complex
distillation columns, are applied for the design of a rectifier; including an analysis of the
optimum feed location, through the optimization of the distillate flow rate, for a
specified product separation, leading to a residue composition equal to that obtained by
material balances.

The first step of the proposed procedure involves  the calculation of the range of
possible design variable values (D-values) from the mass balances, and the second step,
to calculate the  optimum D that satisfies the material balance.

To calculate this D optimum, the SIMPLEX method of convergence is used
(Himmelblau, 1968), that optimizes this parameter by minimization of the objective
function selected as the distance between the composition of the liquid phase from the
last calculated stage (bottom product), x

(i)
, and the composition of the bottom product

obtained from an overall mass balance (xR
(i)

):
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The selection of the first value for the design variable starts by calculation of the
range of possible values of the distillate flow rate (the material balance for the column
permits a range of  pairs of values of distillate (D) and residue (R) that satisfy the
separation desired of the key components). Figure 1 shows the position of the two
straight lines that represent the geometrical location of all possible values of DxD(1) and
RxR(3) for a ternary system and for a distillation column with a single feed. All these
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points satisfy the material balances in the columns, but only one, the one searched, is
compatible with the equilibrium tray-to-tray calculations.

Figure 1. Possible distillate and bottom streams locations for a specified
separation.

Figure 2 shows two different trajectories of rectification defined by the points
representative of the liquids leaving each tray: not all the trajectories of hypothetical
distillation curves end in the point predicted by the material balances. The optimum D
flow rate will be the one that minimizes the distance between the point representative of
the residue and the liquid composition exiting the last calculated tray (Eqn. 1). The
optimisation of D has been carried by the SIMPLEX method of convergence is used
(Himmelblau, 1968)

To test the utility of the proposed method, the design of the simple distillation
columns shown in table 1 has been performed, varying the thermal condition of feed, the
nature of the mixture (ideal mixture in the vapor phase benzene-ciclohexane-toluene
system and non-ideal for the methanol-acetone-water system) and the  reflux ratio.

The design has been performed by the rigorous methods proposed by Marcilla et
al. (1996) and for the columns whose characteristics are shown in table 1.

Table 2 shows the results obtained for the design of different columns, using the
rigorous procedure, when varying the thermal conditions of the feed.  As can be seen,
for the examples studied, the optimum distillate is the same in all cases, including the
case with a different reflux ratio (examples 5 versus examples 1 to 4 and examples 10
and 11 versus examples 7 to 9), whereas the number of trays increases with the feed
enthalpy. This indicates that the operation of a column greatly depends of the type of
feed introduced, and the number of trays decreases when its enthalpy also decreases.
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Figure 2. Different distillation paths depending on the distillate flow rate.

The optimum design gives the more economical column, and the decrease of the
number of trays with the subcooling degree of the feed seems to indicate the
convenience of input a feed as subcooled as possible. However, cooling the feed
involves  supplying at least the equivalent heat in the reboiler and, in spite of the lower
number of trays, the thermodynamics and the heat transfer principles indicate that the
optimum enthalpy of the feed must be very close to that of the equilibrium conditions,
between that corresponding to the saturated liquid or vapor in equilibrium.

Table 1. Characteristics of distillation columns analysed
COLUMN 1 COLUMN 2

Feed Flow (mol/h) 100 Feed Flow (mol/h) 100
Composition
(mole fraction)

Benzene:0.600
Cyclohexane:0.006
Toluene:0.394

Composition
(mole fraction)

Methanol: 0.55
Acetone: 0.15
Water: 0.30

Example 1 Feed as subcooled
liquid (2000 cal/mol)

Example 6 Feed as saturated
liquid (1544
cal/mol)

Example 2 Feed as saturated
liquid (3244.6
cal/mol)

Reflux ratio
(LD/D)

2

Example 3 Feed as vapor- liquid
in equilibrium
(7000 cal/mol)

% Separation of
component 1

96.92

Example 4 Feed as saturated
vapor (11017
cal/mol)

% Separation of
component 2

97.66

Example 5 Feed as overheated
vapor (12000
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cal/mol)
Reflux ratio
(LD/D)
Examples 1 to 4
Example 5

2
3

% Separation of
key
component 1

97.31

% Separation of
key
component 2

97.40

It is important to notice that the straight line passing through the points
representative of the bottom product, the distillate and the feed (R, D and F,
respectively), for the optimum distillate is very close to that passing through the points
representative of the liquid and vapor phases in equilibrium with the feed stream,
showing clearly that the feed strongly determines the conditions of the operation of the
column.

Table 2. Results of Design using feeds at different thermal conditions for columns
1 and 2.

Optimum Distillate
(mol/h)

Stages
number

Objective function
(Eqn. 1)

Example 1 60 12.95 5.59 10-2

Example 2 60 13.21 7.79 10-3

Example 3 60 14.84 4.25 10-2

Example 4 60 23.46 1.80 10-2

Example 5 60 12.95 5.12 10-2

Example 7 69 11.12 9.33 10-3

Example 8 69 11.15 1.06 10-2

Example 9 69 11.80 5.67 10-2

Example10 69 10.60 3.76 10-2

Example11 69 12.80 5.72 10-2

METHODS FOR MINIMUM REFLUX RATIO
Method 1

The minimum reflux ratio is determinated by the tie line wich intercepts (or
crosses over) with the vertical at the net flow point of the corresponding sector farthest
away from the equilibrium surface. The specific enthalpy of this point of interception is
related to minimum reflux by the following equation for the rectifying section (Marcilla
et al., 1995):

M
D h Q

D
h

Q

D
D D

D
D

1 =
⋅ +

= +           (2)

and the value of Q D  is obtained by an enthalpy balance in the condenser:

Q L D H hD D D D= + ⋅ −( ) ( )         (3)
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Combining (2) and (3) and using as M the value of the enthalpy of the interception
point, the value of the minimum reflux ratio is obtained:
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In a similar way, for the stripping section, can be stated that:
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This procedure is repeated until the reflux considered and calculated in
the next iteration are identical. This method is an extension of the Ponchon
Savarit for binaries and is ilustrated in Figure 3 for a ternary mixture. For these,
and of course for more components systems, graphical resolution is very difficult
(or even impossible) and the problem must be solved analytically.

Figure 3.  Graphic procedure for Minimum Reflux calculation in a ternary system
with a extension of the Ponchon and Savarit method.
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Method 2
The minimum reflux ratio can be obtained from the tie line that, in the triangular

projection of the enthalpy-composition diagram, passes the closest to the net flow point
of the corresponding sector. This condition must be obviously fullfilled if a tie line and a
operative line are coincident and therefore this tie line must cut the vertical over the net
flow point in the enthalpy-composition diagram. This procedure is repeated until
convergence, using in each iteration the minimum reflux calculated in the previous one.
Figure 4 illustrates this situation for a ternary system.

Figure 4. Triangular projection of the enthalpy-composition  diagram for a
ternary system, with a destilation curve and different tie lines.

Method 3
Combines the two previous methods. None of the two previous criteria are

sufficient although both are necessary. Methods 1 and 2 only consider tie lines
intersecting the vertical over the net flow point and it is possible that the tie line
determining the minimum reflux do not cut this vertical but crossies it. On the other
hand, in method 2, it is possible that more than one tie line pass by the projection of the
net flow point, and the method can not distinguish who passes the closest, or it is
possible that a tie line do not passing by the net flow point was closest of this point than
one passing. In all these cases, the minimum reflux obtained will be not the real
minimum.

Thus, the third suggested method consists in selecting, among the tie lines
passing the closest to the difference point projection, at each iteration, that crossing over
or cutting farthest away from the equilibrium enthalpy/composition surface. From this
tie line the new reflux ratio is obtained and used in a new iteration until convergence.
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Method 4
No distillation columns are calculated, but minimize the distance of any straight

line defined by a tie line to the net flow point of the corresponding sector using the
simplex flexible method (Himmelblau, 1968).

The four methods suggested have been applied to various examples and the
minimum refux ratios calculated have been compared with those obtained by application
of a rigorous method, consisting in varying the reflux until a high number of stages is
obtained, and with those obtained by application of the Fenske-Underwood equation
(Underwood, 1932), , the shortcut Colburn method (Colburn, 1941), the Underwood
method (Underwood, 1946)  and the Gilliland method (Gilliland, 1940).

Though the applicability of these methods must be studied further with different
systems, operating conditions and column configuration, it can be concluded that the
suggested methods 3 and 4 are very reliable and useful to calculate the minimum reflux
for ternary systems, both ideal and non-ideal. Table 3 shows the feed characteristics of
the two different ternary mixtures:
a)  bencene (1)-ciclohexane (2)-toluene (3)
b)  methanol (1)- acetone (2)-water (3)
in a distillation column having a single feed stream as a saturated liquid, and varying the
composition of mixtures. For all examples, the feed flowrate is of 100 mol-kg/h. Table 3
shows the characterististics of the 8 examples selected to illustrate the procedures. Cases
1 to 5 correspond to first mixture (a) whereas cases 6, 7 and 8 correspond to the second
mixture (b). Table 3 also shows the distillate flow rate for each case. Table 4 shows the
minimum reflux ratio obtained by the different methods. The numbers in brackets in
table 4, show the number of iterations required to convergence.

Table 3. Different cases used to calculate the minimum reflux ratio. Cases 1 to 5
correspond to mixture (a) and cases 6 to 8 correspond to mixture (b).

Case mol
Fraction
(1) zA

1

mol.
Fract.
(2) zA

2

Enthalpy
(kcal/mol) HA

Distillate
flow rate (D)

Recovery
% of 1 in

top

Recovery
% of 3 in

botton

1 0.600 0.006 3244.6 60.00 97.3 97.4
2 0.500 0.200 3254.6 69.00 97.4 98.2
3 0.394 0.006 3593.3 40.00 90 90
4 0.180 0.320 3661.8 50.50 97.3 97.4
5 0.300 0.400 3383.3 69.40 97.3 97.4
6 0.550 0.150 1544.2 69.00 96.9 97.6
7 0.300 0.200 1497.2 49.94 97 94
8 0.250 0.400 1595.2 65.00 96.9 97.6

Table 4. Minimum reflux ratio calculated by shortcut methods: I - Fenske-
Underwood equation, II - Colburn method, III - Underwood method, IV -
Gilliland method. V - Rigorous method, VI - method 1, VII - method 2, VIII -
method 3 and IX - method 4. Cases 1 to 8 are those of table 1.
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L

D
D

min







approximate methods Proposed methods
Ca
se

I II III IV V VI VII VIII IX

1 1.102 1.113 1.102 1.087 1.166
(22)

1.167
(4)

0.896(
2)

1.167
(4)

1.171

2 0.887 1.108 0.859 0.856 0.928
(17)

0.905
(5)

0.700
(3)

0.905
(5)

0.922

3 1.174 1.185 1.181 1.179 1.242
(27)

1.242
(5)

1.242
(5)

1.242
(5)

1.242

4 1.358 1.447 1.270 1.308 1.429
(20)

1.430
(4)

1.477
(3)

1.430
(4)

1.430

5 0.882 0.969 0.894 0.860 0.916
(20)

0.916
(5)

0.916
(5)

0.916
(5)

0.913

6 0.756 0.642 0.648 0.670 0.661
(23)

0.970
(17)

0.440
(2)

0.657
(12)

0.661

7 0.676 0.541 0.472 0.560 0.509
(22)

0.511
(10)

0.433
(2)

0.510
(7)

0.509

8 0.894 0.537 0.592 0.677 0.541
(25)

0.542(
13)

0.542
(5)

0.542
(8)

0.541
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