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Introduction

The fully thermally coupled system of distillation columns
(FC system) has been known for several decades (Wright,
1949). Petlyuk et al. (1965) used the following four basic fea-
tures to define this type of system for separating n-compo-
nent mixtures.

1. The total number of column sections is equal to n(n —1)
instead of 2(n — 1), as used in conventional schemes.

2. It is sufficient to have only one condenser and one re-
boiler.

3. The key components in each column are the two com-
ponents with extreme volatilities.

4. n products of given purities are obtained from the prod-
uct column.

An FC system for the distillation of three components (also
sometimes referred to as the Petlyuk system) is shown in Fig-
ure 1. A ternary mixture, ABC, where A is the most volatile
component and C is the least volatile component, is sepa-
rated in the first column (prefractionator) into two binary
mixtures: AB in the top, and BC in the bottom. The over-
head vapor AB is fed to the upper portion of the product
column (level up between sections 3 and 4 in Figure 1), and
the liquid 4B is withdrawn from the same level of the prod-
uct column and fed to the top of the prefractionator (level ¢)
as reflux. Similarly, the bottom’s liquid BC from the first col-
umn is fed to the lower portion of the product column (level
lo between sections 3 and 6), while vapor BC is simultane-
ously withdrawn from the same level of the product column
and introduced in the bottom of the prefractionator (level b)
as boilup. These two-way connections eliminate the need for
a reboiler or condenser in the prefractionator. As character-
ized by Petlyuk et al. (1965), the final products A4, B, and C
are produced from the product column.

It has been proven that this column configuration has the
lowest vapor flow necessary for a given separation from all
the systems of columns that distill an ideal ternary mixture
into pure product streams (Fidkowski and Krolikowski, 1987).
It has often been stated that the FC system requires approxi-
mately 30% less energy than the corresponding conventional

Correspondence concerning this article should be addressed to R. Agrawal.

AIChE Journal

November 1998 Vol. 44, No. 11

arrangements (Triantafyllou and Smith, 1992; Rudd, 1992). A
systematic study of ternary separations by Agrawal and Fid-
kowski (1998) showed that the total vapor flow in the FC
configuration is lower than that of conventional systems (di-
rect and indirect splits arrangements) by 10 to 50%. A distil-
lation column system with low vapor flows requires less en-
ergy and has columns with smaller diameters and smaller heat
exchangers than conventional systems. Furthermore, the FC
system requires only two heat exchangers, whereas other
known ternary distillation schemes require three or more. It
is clear that both the operating cost and the capital cost of
the fully thermally coupled system have the potential to be
substantially less than for other known column systems for
ternary distillation.

Despite these attractive features, however, the FC system
is rarely used in industry. There is only one such known at-
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Figure 1. FC system of distillation columns for a ternary
mixture.

2565



tempt to use the arrangement proposed by Wright (Auer et
al., 1997). This is rather surprising, since the FC system for
ternary separation has been known for nearly 50 years
(Wright, 1949).

One reason why the cryogenic gas-separation industry has
not embraced this system was given by Agrawal and Fid-
kowski (1998); this was that thermodynamic efficiency of FC
is often worse than in other systems, since the heat has to be
supplied at the highest temperature (boiling point of the least
volatile product C) and rejected at the lowest temperature
(boiling point of component A4). However, thermodynamic
efficiency is somewhat less important for higher temperature
applications. In these applications, unlike in cryogenic distil-
lation, the utilities (in forms of steam and cooling water) may
be readily available and an FC system (consuming the small-
est amount of these utilities) can be one of the most econom-
ical configurations.

However, the primary reason for not using the FC system
is because of its complexity and control difficulties. Several
studies on the dynamics and control of ternary FC systems
(both the dividing-wall column of Wright (1949) and the sys-
tem shown in Figure 1) are known in the literature (for exam-
ple, Wolf et al.,, 1993; Abdul Mutalib and Smith, 1998). A
dividing-wall distillation column is topologically equivalent to
the FC system of Figure 1, the only difference being that the
prefractionator and the product columns are both contained
in one shell. There are two manipulated variables that have
major impacts on the overall energy consumption for a given
separation:

1. The vapor split (between section 2 and section 5) at the
lower level (Io) of the product column, or the flow rate of the
vapor BC to the prefractionator (see Figure 1).

2. The liquid split (between section 1 and section 4) at the
upper level (up) of the product column, or the flow rate of
the liquid AB to the prefractionator.

It is impractical to manipulate the vapor split in a
dividing-wall column (Abdul Mutalib and Smith, 1998). Al-
though it is easier to manipulate the liquid split, this variable
is usually also left uncontrolled, and the operating values of
both splits result from the natural balancing of flow resist-
ances inside the column. Because the operator cannot di-
rectly control either of these splits, two very important de-
grees of freedom are lost. For certain feed compositions and
relative volatilities, the optimal operating range of manipu-
lated variables can be quite wide. The FC system is not sensi-
tive to changes within this range of manipulated variables
(Fidkowski and Krolikowski, 1986; Christiansen and Skoges-
tad, 1997). This feature was used in the design of the divid-
ing-wall column, where naturally occurring splits of vapor
happen to be in the optimal range for these variables. De-
pending on relative volatilities and feed composition, how-
ever, there are many other separation tasks where the opti-
mal operating range of manipulated variables is narrow, re-
quiring precise control of the liquid and vapor splits. Without
precise control, the energy required for a given separation
might be much higher than the optimum value, so that much
of the advantage of the minimum boilup of the FC system
would be lost. Even if the design of such a column configura-
tion could ensure operation at the optimal point, a system
without these controls would lack operating flexibility.

2566

November 1998 Vol. 44, No. 11

More Operable Arrangements

The objective of this work is to propose new, modified
structures of distillation columns that retain all the advan-
tages of the FC system but are more amenable to control.

Let us analyze in detail the reasons why the control diffi-
culties exist in the FC system. Especially challenging is the
control] of vapor flows between the columns. Vapor AB flows
from the top of the prefractionator (¢) to the upper feed level
in the product column (up). This implies that the pressure in
the top of the prefractionator is greater than the pressure in
the upper section of the product column. On the other hand,
vapor BC has to be transferred from the lower section of the
product column (/o) to the bottom of prefractionator (b).
Therefore, the pressure in the bottom of the prefractionator
has to be lower than the pressure in the lower section of the
product column. All the pressures (P) have to satisfy the fol-
lowing inequality

P10>P[7>P1>Pup- (l)

The pressure in the prefractionator is therefore neither uni-
formly higher nor uniformly lower than the pressure in the
product column. The pressure drops in each of the column
sections are very important, since

P,—-P,>P,—F. (2)

Careful control of the pressure profiles in the intermediate
part of the product column (sections 4 and 5) and in the pre-
fractionator (sections 1 and 2) to satisfy the constraint given
by Eq. 1 is crucial for proper operation.

Another way to control the flow of vapor streams between
the columns is to use a compressor. This would definitely
increase the capital cost of the plant and may still resuit in
control difficulties.

Control of liquid stream AB can be realized with a valve,
provided that its off-take from the product column is suffi-
ciently higher than the top of the prefractionator column.
Otherwise a pump and control valve can be added to stream
AB. 1t should be noted that any change in the AB liquid split
at the upper level of the product column (up) will change the
pressure drops in sections 1, 2, 4, and 3, thus causing a change
in the BC vapor split at the lower level ({o).

In summary, the major disadvantage of the current config-
uration is that the vapor stream has to be transferred back
(from the product column to the prefractionator) and forth
(prefractionator to product column), which means that nei-
ther of the columns has a uniformly lower or higher pressure
than the other column. Consequently, small pressure drops in
the internal column sections play a very significant role in
determining the vapor splits. If the vapor flows were trans-
ferred from one column to the other, in one direction only, it
would be a simple matter to use the control valves in the
vapor line(s) to make the pressure in the source column high
enough to ensure stable control.

The unidirectional flow of vapor streams between the
columns can be obtained from the FC system of Figure 1 by
physically moving section 6, together with its reboiler, from
the product column to below section 2 in the prefractionator
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Figure 2. First new arrangement of the FC configuration
for a ternary mixture.

column, as shown in Figure 2. In this configuration, both va-
por streams (AB and BC) are transferred from column I to
column II. In order to operate this configuration, it is neces-
sary that for both vapor streams (AB and BC) the pressure
at the withdrawal location in column I be greater than the
corresponding pressure at the feed location in column II. Al-
though it is not absolutely essential, for ease of operation,
the pressure at any point in the entire first column (column I)
can be maintained at a slightly higher pressure than for any
point in the second column (column II), that is,

P> Py. 3)

The internal pressure drops inside the columns are now much
less important for their operation, since the pressure in the
first column can be made arbitrarily high (obviously within
certain limits, since too high a pressure would have an ad-
verse effect on the separation). The ratio of vapor flows can
easily be controlled by a control valve installed on either of
the vapor lines (AB or BC). For optimal performance, it is
also desirable to control the liquid flows by one of the meth-
ods previously mentioned.

Another possible configuration where both interconnecting
vapor streams go in the same direction is shown in Figure 3.
This configuration was made from the FC system (Figure 1)
by physically moving section 3, together with its condenser, to
the prefractionator, above section 1. For operation of this
configuration, it is necessary that for both vapor streams ( AB
and BC), the pressure at the withdrawal location in column
II be greater than the corresponding pressure at the feed lo-
cation in column 1. For ease of operation, one may operate
this configuration so that the pressure at any point in the
entire first column (column 1) is slightly lower than the pres-
sure at any point in the second column (column IT).

Py < Py. 4
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Figure 3. Second new arrangement of the FC configura-
tion for a ternary mixture.

Notice that in this case, products B and C are produced from
a distillation column that is at slightly higher pressure than
the distillation column receiving feed ABC. This configura-
tion has the same advantages as the one shown in Figure 2:
the pressure drops inside the columns are not important for
operability and the unidirectional, interconnecting vapor
flows can easily be controlled.

Conclusions

The vapor flows in the new arrangements of the FC system
for ternary separation given in Figures 2 and 3 are much eas-
ier to control than is the FC system shown in Figure 1. The
difficulty of controlling the transfer of vapor streams between
the columns at certain rates or proportions has been solved
by physically rearranging the distillation sections and either
the reboiler or the condenser in the FC system configuration
shown in Figure 1. In the new arrangements, the condenser
and the reboiler are installed in different columns. This mod-
ification results in physicaily separated distillation columns of
different pressures, with the slightly higher pressure column
containing the reboiler and the slightly lower pressure col-
umn containing the condenser. The flow of interconnecting
vapor streams is unidirectional, from the slightly higher pres-
sure column to the slightly lower pressure column.

Since the new arrangements are topologically equivalent to
the FC system shown in Figure 1, the benefit of the minimum
energy demand (in comparison with other systems) is re-
tained. It is worth noting, however, that neither of the new
arrangements meets condition 4 of Petlyuk et al. (1965), that
is, all three products are not obtained from the same product
column.

Although the new arrangements may not look very elegant,
because they lack the symmetry of the FC system shown in
Figure 1, they are certainly easier to design and operate.

The concept presented in this article can easily be ex-
tended to more complicated systems of columns for separat-
ing mixtures containing more than three components.
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Correction

In the article titled “Molecular-Thermodynamic Framework for Asphaltene-Oil
Equilibria” by J. Wu, J. M. Prausnitz, and A. Firoozabadi (May 1998, p. 1188), the
superscript id in Eq. 10 should refer to an ideal-gas mixture of asphaltene and resin
molecules (not resin segments) at system temperature and concentration; N; in Eq. 11
should be the number of molecules i, i.e., asphaltene or resin chain.
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