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Abstract

The Petlyuk distillation configuration has received considerable attention because of its efficiency to reduce the energy required for the
separation of ternary mixtures. The structure of the Petlyuk system offers some control challenges arising from the transfer of vapor streams
back and forth between the columns. This means that neither of the columns can have a uniform lower nor higher pressure. Recently, some
alternate Petlyuk-like schemes that might provide better operational properties than the Petlyuk column have been proposed. In this work, we
analyze the control properties of six alternative thermally coupled distillation schemes to the Petlyuk system. The theoretical control properties
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re analyzed with the application of the singular value decomposition technique. Rigorous closed loop simulations are used to sup
heoretical analysis. The results indicate that a reduction in the number of interconnections of the Petlyuk configuration does not
rovide an improvement of its controllability properties.
2005 Published by Elsevier Ltd.
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. Introduction

Distillation is the most widely used separation method in
he chemical process industry and is the largest energy con-
umer among process units. This fact has provided a contin-
ous incentive towards the search for more energy-efficiency
istillation systems. One of the options to design noncon-
entional distillation schemes with better energy efficiencies
s the use of thermal coupling. A thermally coupled struc-
ure shows an interconnection between two columns with a
iquid or vapor extraction from the first column and a recy-
le stream from the other column in the other phase; such
nterconnection can be implemented in place of a reboiler
r a condenser of one of the columns. A good number of
orks has been reported for the separation of ternary mix-

ures, with three thermally coupled systems gaining special
nterest, namely the system with a side rectifier (TCDS-SR;
ig. 1a), the scheme with a side stripper (TCDS-SS;Fig. 1b),
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E-mail address:arturo@iqcelaya.itc.mx (A. Jiḿenez).

and the fully thermally coupled distillation system (or Petl
column,Fig. 1c). Lower energy consumption levels or low
yearly costs of thermally coupled systems with respe
conventional sequences have been reported (e.g.Fidkowski &
Krolikowski, 1990;Glinos & Malone, 1988;Tedder & Rudd
1978;Yeomans & Grossmann, 2000). Also, those three
mally coupled systems, over a wide range of relative vo
ities and feed compositions, have been reported to prov
better thermodynamic efficiency than the conventional d
lation configurations (Flores, Ćardenas, Herńandez, & Rico
Raḿırez, 2003). When comparing the energy savings am
the thermally coupled schemes, it has been found that in
eral the Petlyuk system offers better savings than the sys
with side columns. Despite the incentive on energy and e
ment savings provided by thermally coupled schemes,
industrial implementation has been constrained becau
the potential control problems associated with the oper
of a more complex configuration (D̈unnebier & Pantelide
1999). Nonetheless, some works have been reported o
dynamic properties of thermally coupled systems that
shown a rather promising perspective on the operational
098-1354/$ – see front matter © 2005 Published by Elsevier Ltd.
oi:10.1016/j.compchemeng.2005.02.027
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Fig. 1. Thermally coupled distillation sequences for the separation of ternary
mixtures.

acteristics of such systems (Abdul Mutalib & Smith, 1998;
Herńandez & Jiḿenez, 1999a;Jiménez, Herńandez, Mon-
toy, & Zavala-Garćıa, 2001;Segovia-Herńandez, Herńandez,
& Jiménez, 2002;Segovia-Herńandez, Herńandez, Rico-
Raḿırez, & Jiḿenez, 2004;Wolff & Skogestad, 1995).

Some alternative options and extensions to the systems
shown inFig. 1have been suggested (Agrawal & Fidkowski,
1998, 1999;Rong & Kraslawski, 2003). Some of those struc-
tures aim for some type of simplification to the configuration
of the original thermally coupled systems ofFig. 1, with the
expectation of improving the controllability properties of the
original systems. In particular, the Petlyuk column provides
a fully interconnected structure, with two thermal couplings
that result in vapor interconnections flowing back and forth
between the columns. This poses a design challenge on the
system, since neither column can be designed at a uniformly
higher pressure than the other one. Since the Petlyuk struc-
ture typically provides the highest energy savings from the
systems ofFig. 1, a special interest to provide modified con-
figurations to such arrangement has arisen. As a result, severa
modifications on its structure have been proposed, some of
them providing simpler designs that might be more operable
than the original Petlyuk configuration, for instance, through
the elimination of one of the thermal couplings. Some of the
newer structures that have been suggested to improve the ex
pected control properties of the Petlyuk system have recently
b ents,
a gs as
t ,
2 f the
d may

improve the controllability properties of the Petlyuk config-
uration. In this work, we conduct an initial analysis on the
theoretical control properties of six alternative schemes to
the Petlyuk column and compare them to those of the orig-
inal configuration. The analysis is carried out through the
application of the singular value decomposition technique,
followed by a set of dynamic tests under feedback operation.

2. Alternative schemes to the Petlyuk distillation
configuration

The Petlyuk system (Fig. 1c) shows a bidirectional flow
of the interconnecting vapor streams. This situation would
require that the pressure at the bottom of the prefractionator
be lower than that of the main column, while the pressure
at the top should be higher than that of the main column.
This aspect might provide a major concern for its proper im-
plementation and operation.Agrawal and Fidkowski (1998,
1999)have addressed this problem and suggested some con-
ceptual modifications to the Petlyuk configuration that might
improve its dynamic and operational properties. One way to
do this is to use unidirectional flows between the columns.
Another way is to reduce the number of interconnections,
thus providing simpler arrangements (and therefore systems
with better control perspectives.)Fig. 2shows six alternative
s pro-
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een analyzed in terms of their potential energy requirem
nd found in many cases to provide similar energy savin

he original system (Jiḿenez, Raḿırez, Castro, & Herńandez
003). Such results provide an incentive for the analysis o
ynamic properties of the new designs to see how they
l

-

tructures to the Petlyuk column that, in principle, could
ide more operable systems. The topology of the new de
ollows directly from the original arrangement, since the
ections of the Petlyuk system depicted inFig. 1c provide th
asis for the structures of the new systems; the corresp

ng sections are identified inFig. 2. For instance, the syste
f Fig. 2a is built by moving tray section 3 from the P

yuk column along with the condenser to the top of the
olumn. The resulting structure provides two liquid stre
hat flow unidirectionally from the first to the second colum
his configuration is identified in this work as a fully co
led arrangement with liquid flows (FC-L). If one remo

ray section 6 of the Petlyuk column and the reboiler
laces them in the bottom of the first column, a fully c
led arrangement with unidirectional vapor flows from
rst to the second column is obtained (FC-V,Fig. 2b). The
ther four new arrangements are obtained through a r

ion in the number of interconnections of the original Petl
cheme; to accomplish this, the addition of a condense
eboiler in the prefractionator is required.Fig. 2c and d show
wo modifications to the original Petlyuk configuration w
reduction of one interconnecting stream that result in s

ures with vapor (MP-V) or with liquid (MP-L) interconne
ions. Partially coupled structures with vapor (PC-V) or w
iquid (PC-L) interconnections are shown inFig. 2e and f
uch structures emerge from the elimination of one inter
ection to the fully coupled arrangements ofFig. 2a and b
iménez et al. (2003)have reported a study on the design
ptimization of the operating conditions to achieve minim
nergy consumption for the schemes ofFig. 2, and found tha
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Fig. 2. Alternative schemes to the Petlyuk column.

such new systems can provide similar energy efficiencies as
the original Petlyuk system. Although the simpler structures
of the new designs seem to favor their dynamic properties,
no previous analysis on this matter has been reported. The
objective of this work is to conduct an initial analysis on the
controllability properties of these arrangements.

3. Design of the thermally coupled systems

Before a dynamic analysis can be performed, a base de-
sign for the Petlyuk system and for each of the six alternative
structures needs to be obtained. For the Petlyuk column, the
method byHerńandez and Jiḿenez (1999b)was used. The
design procedure is as follows. A base design is obtained
from the tray structure of a sequence of conventional distil-
lation columns consisting of a prefractionator followed by
two binary separations. After a section analogy procedure is
used to provide the tray arrangement of the Petlyuk system,
a search is conducted on the interconnecting streams to de-
tect the values that provide the best energy efficiency for the
system. A base design with minimum energy consumption is
therefore detected.

The design (tray structure) of the Petlyuk system serves
then as a basis to obtain the designs of the six alternative
schemes. The corresponding tray structure analogy for each
new arrangement is shown inFig. 2with respect to the sec-
tions of Fig. 1c. To provide a consistent comparison of the
alternate schemes with the Petlyuk column, the remaining
degrees of freedom for each arrangement were also used to
detect the operating conditions that provided minimum en-
ergy consumption for each case; the details of the procedure
are available inJiménez et al. (2003).

4. Dynamic analysis

To carry out the comparative controllability analysis for
the seven integrated sequences, a ternary mixture with hy-
drocarbon compounds was used. A feed stream ofn-pentane
(A), n-hexane (B) andn-heptane (C) with a low amount of the
intermediate component (A, B, C equal to 0.4, 0.2, 0.4) was
considered. The feed composition reflects a typical value for
which higher energy savings of the Pelyuk system have been
reported. The feed flowrate was taken as 45.5 kmol/h, and
assumed to be as a saturated liquid. Design specifications for
product compositions included 98.7% purity in A, 98% purity
in B and 98.6% purity in C. The columns of the conventional
sequence (prefractionator and binary splits A/B and B/C) that
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rovide the tray structure for the Petlyuk system (Hernández
Jiménez, 1999b) were designed assuming reflux rati

.3 times the minimum values. The design pressure fo
equired column was chosen so that the condenser cou
perated with cooling water (Jiḿenez et al., 2003).

The control analysis was conducted in two parts. Fir
ingular value decomposition (SVD) technique was use
btain a comparative outlook on the theoretical control p
rties of the seven distillation structures. Then, closed
ontrol tests were run to complement the theoretical p
rties predicted by SVD. The closed loop runs were
ucted under servo and load disturbance scenarios. Th
f the control analysis is to identify the best structures f
dynamic point of view, and to corroborate if the new

angements indeed improve the dynamic characteristi
he Petlyuk configuration.

. Singular value decomposition

Open loop dynamic responses to set point changes a
he assumed operating point (which corresponded to tha
inimum energy consumption for each configuration) w
btained. The responses were obtained through the u
spen Dynamics. Transfer function matrices (G) were
ollected for each case, and they were subjected to SV

= VΣWH (1)

hereΣ is the diag (σ1, . . .,σn); σ i the singular value o
=λi

1/2(GGH); V the (v1,v2, . . .) matrix of left singula
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vectors, andW is the (w1,w2, . . .) matrix of right singular
vectors. Two parameters of interest are the minimum singu-
lar value,σ* , and the ratio maximum to minimum singular
values, or condition number:

γ∗ = σ∗

σ∗
(2)

The minimum singular value is a measure of the invertibil-
ity of the system and represents a measure of the potential

problems of the system under feedback control. The condi-
tion number reflects the sensitivity of the system under un-
certainties in process parameters and modeling errors. These
parameters provide a qualitative assessment of the theoreti-
cal control properties of the alternate designs. The systems
with higher minimum singular values and lower condition
numbers are expected to show the best dynamic performance
under feedback control.Jiménez et al. (2001)have shown
the application of the SVD technique to compare the con-
Fig. 3. Closed loop responses for a set point
 change in the light product (A) composition.
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trollability properties of the thermally coupled structures of
Fig. 1to those of sequences based on conventional distillation
columns.

A full SVD analysis should cover a sufficiently complete
range of frequencies. For this initial analysis of the alterna-
tive schemes to the Petlyuk configuration, we simply esti-
mated the SVD properties for each separation system at zero
frequency. Such analysis should give some preliminary in-

dication on the control properties of each system around the
nominal operating point.

Table 1gives the results for the SVD test for each se-
quence. The fully coupled system with unidirectional liquid
flows has the lowest value of the condition number, which
implies that this sequence is better conditioned to the effect
of disturbances than the other six integrated systems; such
sequence also shows the highest value of the minimum sin-
Fig. 4. Closed loop responses for a set point cha
nge in the intermediate product (B) composition.
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gular value, which means that the FC-L column is expected to
require lower control efforts under feedback operation than
the other integrated sequences. On the other side of the anal-
ysis, the modified Petlyuk structure with liquid flows MP-L
shows the worst values of the SVD parameters, which im-
plies that, from the set of alternative structures, this sequence

is worst conditioned to the effect of disturbances. Since the
new structures were conceived to improve the control prop-
erties of the Petlyuk column, it should be highlighted that the
Petlyuk configuration does not show the worst control prop-
erties of the seven sequences. The SVD parameters indicate
that the theoretical properties of the modified Petlyuk struc-
Fig. 5. Closed loop responses for a set point
 change in the heavy product (C) composition.
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tures (MP-V and MP-L), obtained through the elimination
of one interconnecting stream, are expected to be worse than
those of the original Petlyuk arrangement. Moreover, one can
also notice that the reduction of one interconnection from the
fully coupled unidirectional arrangements (FC-L and FC-V)
produces the partially coupled arrangements (PC-L and PC-
V) that deteriorate the theoretical controllability properties
of the fully coupled structures. The best compromise on the
theoretical controllability properties provided by the SVD ap-

plication seems to be provided by the fully coupled structures
FC-L and FC-V.

Overall, the results from this test indicate that the dynamic
properties of the Petlyuk column may be improved by adjust-
ing its design so that unidirectional flows are implemented.
However, the reduction in the number of interconnections
that provides simpler designs does not necessarily drive the
expected operational advantages with respect to the original
Petlyuk configuration.
Fig. 6. Dynamic responses under a feed disturba
nce in the composition of the light (A) component.
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6. Dynamic simulations

The second part of the dynamic analysis called for some
closed loop control tests. Two sets of dynamic simulations
were carried out: (i) a step change was induced in the set point
for each product composition under single-input, single-
output (SISO) feedback control at each output flowrate and

(ii) a 5% change in the composition of one component (with
a proportional adjustment in the composition of the other
components to keep the same total feed flowrate) was im-
plemented as a feed disturbance. The closed loop simula-
tions were conducted with the aid of Aspen Dynamics.K-
values for the hydrocarbon mixtures were estimated with the
Chao–Seader equation (Seader & Henley, 1998).
Fig. 7. Dynamic responses under a feed disturbance
 in the composition of the intermediate (B) component.
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The closed loop analysis should be conducted on a ba-
sis as consistent as possible. Therefore, the same type of
controllers, the same tuning technique and the same control
loops were used for each distillation configuration. For this
initial comparative analysis, PI controllers were selected. The
parameters of the controllers were tuned up through a min-
imization procedure of the integral of absolute error (IAE).
For each control loop, aided by Aspen Dynamics, a search

procedure was conducted on the gain constant and the inte-
gral time parameters until a minimum value of the IAE was
obtained. The control loops used for the analysis were based
on potential practical applications. The distillate stream, rich
in A component, was controlled with the reflux flowrate, the
side stream, which provides the intermediate product com-
ponent, was controlled with the B product stream flowrate,
and the composition of the bottoms stream that contains the
Fig. 8. Dynamic responses under a feed disturban
ce in the composition of the heavy (C) component.
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Table 1
Minimum singular value and condition number for each structure

Sequence σ* γ*

Petlyuk 0.0055 1260.47
FC-L 0.4383 14.3278
FC-V 0.0363 252.68
MP-V 0.0021 1684.21
MP-L 0.0008 6734.8
PC-V 0.0135 318.27
PC-L 0.0488 1054

Boldface indicate the maximum and minimum values.

C component was controlled with the associated reboiler heat
duty. The basis for the closed loop simulations regarding tun-
ing methods and control loops are similar to the ones used
earlier for the dynamic analysis of thermally coupled distil-
lation systems bySegovia-Herńandez et al. (2002, 2004).

6.1. Set point changes

The results from the individual servo tests are displayed
in Figs. 3–5. All designs are able to reach the new values of
product compositions imposed as step changes. FromFig. 3,
one may notice that the fully coupled system FC-L and the
modified Petlyuk structure MP-V provide the minimum set-
tling time for the SISO control of the lightest component. The
Petlyuk system and the fully coupled structure FC-V show
the highest settling times, although the difference is not as
significant with respect to the other options. For the inter-
mediate component, the partially coupled structures PC-V
and PC-L, and the modified Petlyuk arrangement MP-L pro-
vide fairly similar responses with a minimum settling time
of about 0.05 h, slightly better then the Petlyuk system. The
fully coupled systems FC-L and FC-V show the worst re-
sponses with the highest settling times. From the step test for
the heavy component,Fig. 5shows that all systems provide
suitable responses, with the modified Petlyuk configuration
M the
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Table 3
IAE values for feed disturbance rejection analysis

Sequence A B C

Petlyuk 0.0018 2.74× 10−5 5.83× 10−4

FC-L 3.63× 10−4 0.001104 1.50× 10−4

FC-V 0.0011 0.001768 2.20× 10−4

MP-V 8.32× 10−4 0.003323 4.21× 10−4

MP-L 0.0063 2.87× 10−4 6.10× 10−4

PC-V 6.45× 10−4 7.27× 10−5 1.75× 10−4

PC-L 5.58× 10−4 8.58× 10−5 6.09× 10−4

ior (smallest values of IAE) for the control of the light and
the heavy components, while the modified Petlyuk sequence
MP-L exhibits the worst dynamic behavior. These results are
consistent with the predictions given by SVD. The closed
loop results for the intermediate component, however, devi-
ate from the predictions of the SVD technique. In such case,
the Petlyuk column shows unexpectedly the best IAE value.

6.2. Feed disturbance rejection

The results for the feed disturbance scenarios are displayed
in Figs. 6–8, with the IAE values for each case summarized
in Table 3. It can be observed that the fully coupled sequence
FC-L shows the best behavior for the adjustment of the com-
position of the extreme components A and C, with fast re-
sponses and with no overshoot problems, while the modi-
fied Petlyuk structure MP-L shows the worst responses for
the control of these components among the seven sequences
under comparison, reflected in high settling times and the
highest IAE values. As in the case of the servo tests, the
dynamic responses for the disturbance rejection runs can be
collected into two groups. One of them corresponds to the
control of the extreme components, which are quite simi-
lar in the shape of their dynamic responses and consistent
with the results provided by SVD, and the other case corre-
s nses
f lyuk
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b ative
s

7

per-
t lumn
a set of
a num-
b na-
t ign.
T ated
P-V and the partially coupled structure PC-V giving
inimum settling times.
Settling times can be used as a guide to screen alterna

ut a more formal quantification of the dynamic respon
an be used to establish the superiority of a given se
ion structure. To provide such a comparison of the s
esponses, IAE values were evaluated for each dynam
ponse, with the results given inTable 2. One can obser
hat the fully coupled column FC-L shows the best be

able 2
AE values for the set point tracking test

equence A B C

etlyuk 5.15× 10−4 2.87× 10−4 2.35× 10−4

C-L 1.15× 10−4 0.0017 4.20× 10−5

C-V 2.02× 10−4 0.0011 6.10× 10−5

P-V 2.15× 10−4 3.31× 10−4 8.60× 10−4

P-L 5.55× 10−4 7.77× 10−4 9.20× 10−4

C-V 2.53× 10−4 9.91× 10−4 4.95× 10−4

C-L 1.83× 10−4 8.57× 10−4 8.39× 10−4
,

ponds to the different behavior of the closed loop respo
or the intermediate component. Interestingly, the Pet
olumn shows again the best behavior for the latter c
s reflected inFig. 7 and by the IAE values, the impleme

ation of the PI controllers on the Petlyuk system prov
better response for the composition adjustment of th

ermediate component under the implemented feed d
ance with respect to the dynamic behavior of the altern
chemes.

. Conclusions

A comparative analysis on the theoretical control pro
ies and closed loop responses between the Petlyuk co
nd six alternative schemes has been presented. The
lternative structures emerges from a reduction in the
er of interconnections or by correcting the bidirectional

ure of the interconnections of the Petlyuk original des
he results from the theoretical control properties evalu
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from the singular value decomposition method indicate that
the major disadvantage of the Petlyuk column seems to be
mainly due to the bidirectionality of the two interconnecting
vapor streams. Thus, alternative systems with two intercon-
nections but with unidirectional interconnecting flows may
improve the controllability properties of the Petlyuk system.
On the other hand, the SVD results show that a reduction in
the number of interconnections does not necessarily provide
the operational advantages originally expected from a mod-
ified and simpler structural design. SISO closed loop con-
trol tests were also conducted, and in general the dynamic
simulations supported the predictions of the SVD technique
for the individual control of the extreme components of the
ternary mixture. For the control of the intermediate compo-
nent, however, the Petlyuk column showed unexpectedly the
best dynamic performance. Although multivariable control
tests need to be carried out, and the effect of feed composi-
tion and feed mixture properties remain to be explored, two
major conclusions can be addressed from this initial study.
One, the theoretical controllability properties of the Petlyuk
column were not improved by all of the alternative sequences
that were conceptually designed to provide simpler and more
controllable structures; furthermore, from all the set of al-
ternatives, the Petlyuk column showed a superior dynamic
performance for the SISO control of the intermediate com-
ponent. Second, we have found that the properties of the Pet-
l n of
t n be
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t
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