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Abstract

A comparative analysis of the feedback control responses to set point changes of three thermally coupled distillation schemes and two con-
ventional distillation sequences for the separation of ternary mixtures is presented. Designs for the thermally coupled schemes were obtained
and optimized for energy consumption to link their energy characteristics to their dynamic behavior. For the comparison of the dynamic behav-
ior, responses to set point changes under closed loop operation with proportional-integral (PI) controllers were obtained. For each separation
scheme, the parameters of the PI controllers of the three composition control loops were optimized using the integral of the absolute error
criterion. The effects of feed composition and of the ease of separability index were considered. The dynamic tests showed that in many cases
the thermally coupled distillation schemes outperformed the dynamic responses of the conventional distillation sequences. The results indicate
that there exist cases in which the energy savings provided by the thermally coupled systems do not conflict with their dynamic properties.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction direct (one-by-one as overheads) and indirect (one-by-one
as bottoms products) sequences showhiin 2 (Alatigi &

Distillation processes, which constitute the most com- |uyben, 1985; Fidkowski & Krolikowski, 1990; Glinos &
monly used method to separate liquid mixtures in the Malone, 1988; Tedder & Rudd, 1978; Yeomans &
chemical industry, are characterized by its high energy Grossmann, 2000). Most of these results were obtained
consumption. Alternate arrangements to sequences base¢hrough energy consumption calculations at minimum re-
on conventional distillation columns (one input, two out- flux conditions, and they spawned the development of more
puts) have received noticeable attention in recent years.formal design procedures$iernandez and Jiménez (1996,
Through the use of recycle streams between two columns,1999a)have reported the use of optimization strategies for
several thermally coupled distillation systems have been TCDS to detect designs with minimum energy consump-
proposed. For the case of the separation of ternary mix-tion. When comparing the energy savings of the integrated
tures, three thermally coupled distillation systems (TCDS) schemes, it has been found that in general the Petlyuk
have been particularly analyzed: the system with side rec- system offers better savings than the systems with side
tifier (TCDS-SR, Fig. 1a), the system with side stripper columns. However, the complex column configurations that
(TCDS-SSFig. 1b), and the fully thermally coupled distil-  can potentially produce larger energy savings are not com-
lation system (or Petlyuk columifig. 1c). Several studies  monly used in industrial practice, largely because of control
have indicated that those TCDS schemes can save up to 30%oncerns (Dunnebier & Pantelides, 1999). The uncertainty
on energy consumption with respect to the conventional of the control properties of TCDS has promoted the search
for new schemes with a reduction in the number of ther-
mally coupled interconnections, which in principle should

E-mail addresseshernasa@quijote.ugto.mx (S. Hantez), improve the dynamip proper.ties of the original sysFems of
vicente@igcelaya.itc.mx (V. Rico-Rarez). Fig. 1 (Agrawal & Fidkowski, 1998, 1999). In particular,
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Fig. 1. Different thermally coupled distillation arrangements: (a) TCDS-SR, (b) TCDS-SS, (c) Petlyuk column.

to the Petlyuk system provide similar energy savings as the sented an analysis on thermally coupled systems with side

original scheme (Jiménez, Ranez, Castro, & Hernandez, columns for the separation of mixtures with five compo-

2003). On the same lineRong and Kraslawski (2002, nents, and showed that these arrangements provide potential

2003) have reported the generation of thermally coupled economic savings over conventional sequences.

distillation schemes with lower number of interconnecting  In this work, we present an analysis on the energy require-

streams. ments and the closed loop behavior of the three TCDS of
Some research efforts have also been conducted to un+ig. 1, and compare their energy consumption and dynamic

derstand the operational properties of TCDS. The works responses to those of the conventional direct and indirect

of Wolff and Skogestad (1995) Abdul Mutalib and Smith distillation sequences.

(1998), Hernandez and Jiménez (1999Bhd Jiménez,

Hernandez, Montoy, and Zavala-Ger¢2001)have shown

that some of these integrated options are controllable, so2. Design procedure

that their potential implementation would probably not be

at the expense of control problemSerra, Espufa, and The design of the three TCDS under consideration was

Puigjaner (2003have shown that the theoretical control conducted following the method reported Hgrnandez and

properties of the Petlyuk column can be improved signifi- Jiménez (1996, 1999a). The method provides first a tray

cantly through the operation at energy consumption levels structure for the integrated systems by a section analogy pro-

slightly different from the optimum design. cedure with respect to the design of a conventional sequence;
Following the promising results on energy savings of cou- the TCDS-SR is obtained from the tray arrangements of a

pled schemes for ternary mixtures, some researchers havelirect sequence, the TCDS-SS from an indirect sequence,

started to study the separation of mixtures of more than threeand the Petlyuk system from a sequence of a prefractiona-

componentsChristiansen et al. (199 8xtended the ideas tor followed by two binary distillation columns. Then, the

developed for the Petlyuk system to the separation of quater-degrees of freedom that remain after design specifications

nary mixturesRong, Kraslawski, and Nystrém (2000)e- (one degree of freedom for the systems with side columns,
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3. Dynamic simulations and case studies

One of the key parts for the dynamic analysis is the selec-
tion of control outputs and manipulated variables for each
control loop. Although more formal techniques to define the
control loops for the integrated columns may be used (for
instance the relative gain array method or the singular value
decomposition technique), we based our selection on prac-
tical considerations. Thus, for any sequence, the control of
the lightest component of the ternary mixture was manipu-
lated with the top reflux flowrate, and the heaviest compo-
nent with the reboiler heat duty. The control of the inter-
mediate component, on the other hand, depended on the in-
tegrated structure under consideration; for the TCDS-SR it
was paired to the reflux flowrate of the side rectifier, for the
TCDS-SS to the heat duty of the side stripper, and for the
Petlyuk column to the product stream flowrate. The closed
loop analysis was based on proportional-integral controllers.
Several alternatives exist for tuning up the controller pa-
rameters. We attempted a common ground for comparison
by optimizing the controller parameters, proportional gains
(Kc) and reset times (), for each conventional and inte-
grated scheme following the integral of the absolute error
(IAE) criterion. For the integrated arrangements, the proce-
dure is particularly complicated because of the interactions
of the multivariable control problem. For these cases, the
tuning procedure was conducted taking one control loop at
a time; the parameters thus obtained were taken for the fol-
lowing control loop until the three loops were considered.

The case studies were selected to reflect different sep-
aration difficulties and different contents of the intermedi-
ate component of the ternary mixtures. Three mixtures with
different values of the ease of separability index (ESI, the
ratio of relative volatilities of the split AB to the split BC,
as defined byfedder & Rudd, 1978) were considered. The

Column C1

(a)

Column C1 selected mixtures wene-pentanen-hexane anch-heptane

() (M1, ESI = 1.04),n-butane, isopentane anepentane (M2,

Fig. 2. Conventional distillation sequences. (a) Direct sequence, (b) indi- ESI = 1.86), and isobutane)-butane anc-hexane (M3,
rect sequence. ESI = 0.18). To examine the effect of the content of the in-

termediate component, two types of feed compositions were
assumed. One feed with a low content of the intermediate
and two for the Petlyuk system) are used to obtain the oper-component (where mole fractions of A, B, C were equal to
ating conditions under which the integrated designs provide 0.40, 0.20, 0.40 feed F1) and another one with a high con-
minimum energy consumption. tent of the intermediate component (A, B, C equal to 0.15,
The search procedure provides the optimal values of 0.70, 0.15 feed F2), were used. The total feed flowrate for
the interconnecting vapor flowrate (VF) for the TCDS-SR all cases was 45.5 kmol/h. Product purities of 98.7, 98 and
(Fig. 1a), the interconnecting liquid flowrate (LF) for the 98.6% for A, B and C, respectively, were assumed as part
TCDS-SS (Fig. 1b), or both interconnecting streams for the of the design specifications.
case of the Petlyuk column (Fig. 1c). The final design is
tested through rigorous simulations (we used in this work
Aspen Plus for that purpose.) The design is successful if 4. Energy requirements
it meets the product specifications; otherwise proper ad-
justments are made in the tray structure or reflux flowrate The first part of the analysis was conducted to detect
values until the design specifications are met. The dynamicthe designs with minimum energy consumption for the
analysis is then conducted using the validated design with integrated sequences. The results presented were obtained
minimum energy consumption for each case. after an optimization procedure was carried out on the



814 J.G. Segovia-Hernandez et al./ Computers and Chemical Engineering 28 (2004) 811-819

Table 1
Energy requirements (Btu/h) for the separation of the ternary mixtures
Feed Direct sequence Indirect sequence TCDS-SR TCDS-SS Petlyuk column
Mixture M1
F1 3,263,772.2 3,547,190.0 2,521,007.0 2,730,465.2 1,709,474.1
F2 4,127,083.9 4,356,343.8 3,167,085 3,5611,610.3 2,142,722.5
Mixture M2
F1 7,430,812.6 7,277,925.1 7,106,695.5 6,895,831.3 6,300,486.6
F2 7,816,270.4 7,344,143.3 7,073,923.0 6,958,312.5 6,142,722.5
Mixture M3
F1 3,887,458.3 5,697,594.6 2,952,695.0 3,045,980.6 2,399,649.4
F2 5,756,130.7 5,300,344.3 3,859,170.5 3,816,550.1 2,600,934.7

recycle streams for each of the three thermally coupled ues of IAE, for the control of the three product streams. The
sequences. individual dynamic responses of each control loop for the
Table 1shows the energy requirements for each integrated five distillation sequences are displayedFigs. 3-5. The
scheme and conventional sequence for the three ternary mix-control of the lightest component (Fig. 3) or the heaviest
tures and the two assumed feed compositions. When mix-component (Fig. 5) does not create any significant problems
ture M1 was considered, the Petlyuk system showed the besfor any of the five distillation sequences, although the Pe-
potential, offering savings in energy consumption of up to lyuk column showed the lowest IAE values. However, one
50% with respect to the conventional distillation sequences. may notice how the conventional direct sequence is unable
The TCDS-SR and TCDS-SS require between 14 and 20%to control the composition of the intermediate component
less energy consumption than the conventional sequences. (Fig. 4), while the Petlyuk column provides a smooth re-
The superior behavior on energy efficiency of the Pet- sponse, with a relatively short settling time. It is interest-
lyuk column was also observed for mixtures M2 and M3 ing to notice that for this mixture with an ESt 1 and a
(Table 1). In the case of mixture M2, the Petlyuk column low content of the intermediate component in the feed, the
can offer savings in energy consumption of up to 15% with Petlyuk column offers the highest energy savings and also
respect to the conventional sequences, while the savingsshows the best dynamic performance from the five distilla-
achieved by the TCDS-SR and TCDS-SS schemes are intion sequences under consideration.
the order of 10%. In the case of mixture M3, the Petlyuk  When the content of the intermediate component in the
column requires between 40 and 50% less energy consumpfeed was raised from 20 to 70%, significant changes in the
tion, whereas the TCDS-SR and the TCDS-SS options offer dynamic responses of the distillation systems were observed
energy savings of up to 30% with respect to the conven- (feed F2,Table 2). The first remark is that the Petlyuk col-
tional sequences. In general, the Petlyuk column offered umn is not the dominant choice from an operational point of
the highest energy savings with respect to the direct andview, although such a scheme provided the lowest IAE val-
indirect conventional distillation sequences for all the case ues for the control of the heaviest component. A second ob-
studies considered. servation is that the best choice depends on the control loop
of primary interest. When the control of the lightest com-

_ ponent of the ternary mixture is of primary concern, then
5. Dynamic results

Table 2
For the dynamic analysis, individual set point changes for |AE results for mixture M1
product composition were implemented for each of the three goqyence Component
product streams. For all cases (conventional and integrated
sequences), the three control loops were assumed to operate A B ¢
under closed loop fashion. The performance of the sequence$eed F1
under analysis was compared through the evaluation of IAE :?]i(;‘i?rcetct Z-gg‘;‘élxlgzs g-iggggxlégz ;-zigggx 1?2
values for each test. This part of the study was conducted 72"« 3'_5596X3< 102 2:78147X>< 102 7:99529z 104
with the use of Aspen Dynamics. TCDS-SS  7.6983% 10 8.9876x 103  3.80888x 10°*
Petlyuk 1.74924x 107* 3.42972x 104 2.10607x 10~*
5.1. Mixture M1 Feed F2
Direct 8.06247x 107  0.00419091 7.84564 1074
Table 2shows the IAE values obtained for each composi-  indirect 7.84564x 1074 6.87839x 1075 4.90328x 1074
tion control loop of the five distillation sequences for mix- ~ TCDS-SR  3.06376< 10>  0.00181494 4.6114% 1074

. 5 4
ture M1. When feed F1 was considered, the Petlyuk column ;Ct?sfs :52:79:9%( igs i-gggg?x 154 I-ggggsx i?r_z
offered the best dynamic behavior, based on the lowest val-_" > " : : * : *
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Fig. 3. Closed loop dynamic response for component A, mixture M1, feed F1. (a) Direct sequence, (b) indirect sequence, (c) TCDS-SR, (d) TCDS-SS,

(e) Petlyuk column.

the TCDS-SS scheme provided the best option based on the

lowest IAE value. On the other hand, if the control policy

calls for the composition of the intermediate (B) component, tapie 3

the indirect sequence shows the best behavior, with the low-1AE results for mixture M2

est value of IAE. Overall, it may be stated that for this type sequence

Component

of mixture, the TCDS-SS and the Petlyuk column may offer A 5 c
good compromises, providing energy savings with respect
to conventional sequences and good dynamic properties. Feed F1

Direct 0.0018778174 3%;)3&7105 . (%8%22499
5.2. Mixtures M2 and M3 ?ggesCISR igﬁzalgﬁ 0.0053059 3.267% 104

TCDS-SS  0.0128428 0.0244571 8.9282710°*

The analysis was completed with the consideration of the  Petlyuk 3.25178x 10° 0.00164826 1.264% 10°*

other four case studies. As a representative fégt,6 shows Feed F2
the closed loop results for the five distillation sequences for  Direct 9.20186x 10°° 6.65642x 10°° 7.68231x 10
mixture M3 with a low content of the intermediate compo-  Indirect 1.9x 1074 3.44526x 107*  0.01144
nent; all sequences provide proper dynamic responses, with Igggzg g-gé‘;ii igz g-g?gggégs 3'38225‘911275
the Petlyuk column showing the lowest IAE valt@bles 3 Petiyuk 0.00184601 0.00943306 0.0032212

and 4give the summary of IAE values for mixtures M2 and
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Fig. 4. Closed loop dynamic response for component B, mixture M1, feed F1. (a) Direct sequence, (b) indirect sequence, (c) TCDS-SR, (d) TCDS-SS,
(e) Petlyuk column.

M3. Some trends were observed. For one thing, the bestalso the best choice for the control of the heavy compo-
option depends on the amount of intermediate component.nent, but a different separation scheme provided the best
Also, it was found that the best sequence, based on theoption for the control of the intermediate component. In

IAE criterion, for the control of the light component was addition, the best dynamic performance is influenced by

Table 4

IAE results for mixture M3

Sequence Component

A B C

Feed F1
Direct 1.73384x 10% 6.82658x 104 5.77236x 10°°
Indirect 1.07421x 1074 3.96869x 10> 1.6405x 1073
TCDS-SR  6.8821x 10°®>  2.88009x 104 3.5794x 10°°
TCDS-SS  7.5523k 10° 1.36692x 1074 2.26436x 10°°
Petlyuk 8.439x 1076 0.004537 7.21853% 107

Feed F2
Direct 5.39673x 1074 1.41202x 10% 3.02784x 10°°
Indirect 0.00116516 0.00297374 1.19592104
TCDS-SR  1.1956 10~4  0.00340822 5.2356% 1076
TCDS-SS  2.5201% 104 7.65563x 1074 9.91589x 10°°
Petlyuk 1.7815x 104  0.00269758 2.2138% 10°°

the feed composition. If the feed contains low amounts of

the intermediate component (feed F1), the Petlyuk column
shows the best dynamic behavior for the control of the

light and heavy components, while the indirect sequence
provides the best responses for the control of the interme-
diate component. For feed mixtures with a high content of

the intermediate component (feed F2), the sequence with
a side rectifier showed the best responses for the control
of light and heavy components, while the conventional di-

rect sequence provided the best choice for the control of
the intermediate component. Interestingly, the only cases
in which conventional sequences showed the best dynamic
performance was for the control of the intermediate com-

ponent; thermally coupled options, which have been ex-

pected to show adverse control properties, showed better
dynamic responses for the control of the other components
of the ternary mixture. Finally, for this set of mixtures
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Fig. 5. Closed loop dynamic response for component C, mixture M1, feed F1. (a) Direct sequence, (b) indirect sequence, (c) TCDS-SR, (d) TCDS-SS,
(e) Petlyuk column.

(M2 and M3, with ESI values different than one) and for observed, a distinction is given between the best control
feeds with high contents of the intermediate component, option for extreme components of the ternary mixture (A
the sequences with two top distillate streams (TCDS-SR and C) and the best scheme for the intermediate compo-
or the direct sequence) provided the best dynamic nent (B). The influence of mixture and feed composition

responses. is also shown. The only case in which there was a domi-
nant structure for all control loops was when the feed con-
5.3. Overall results tained low amounts of the intermediate component and the

mixture had an ESI value of 1, and, possibly unexpectedly,
Table 5summarizes the optimal options detected from the the Petlyuk column provided the optimal choice in such a
dynamic analysis for all case studies. Based on the trendscase.

Table 5

Sequences with best dynamic responses for each control loop

Mixture Feed with low content of intermediate component Feed with high content of intermediate component
Control of A and C Control of B Control of A and C Control of B

M1 Petlyuk Petlyuk TCDS-SS, Petlyuk Indirect

M2 Petlyuk Indirect TCDS-SR Direct

M3 Petlyuk Indirect TCDS-SR Direct
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6. Conclusions vide interestingly the best options. When the amount of in-
termediate component is low, the Petlyuk column provided

We have conducted a comparison on the dynamic be-the best dynamic performance; when the amount of inter-

havior of five distillation sequences for the separation of mediate component is high, the integrated sequences with

ternary mixtures. An analysis on energy consumption com- side columns showed the best dynamic results. On the other

plemented the analysis. Three of the sequences consideretiand, when the control of the intermediate component is the

make use of thermal coupling, and their energy and control desired strategy, the energy savings provided by the inte-

properties have been compared to those of the conventionabrated sequences conflict with their control properties, since

direct and indirect sequences. From energy considerationshe conventional sequences offered generally the best dy-

the Petlyuk column shows generally the highest savings. Thenamic responses. In summary, although the best operational

dynamic analysis was based on PI controllers, for which the option is not unique, the results show that there are cases in

parameters were tuned up through a minimization proce- which integrated sequences do not only provide significant

dure of the integral of the absolute error. The results from energy savings with respect to the conventional sequences,

the dynamic analysis do not show a dominant option, but but also may offer some dynamic advantages.

interesting trends were observed. Two factors seem to affect

the optimal choice from dynamic considerations. One is the

amount of intermediate component, and the other one is the

preferred control policy, i.e. which component of the ternary Acknowledgements

mixture is the most important from operational or market-

ing purposes. When the control of the lightest or heaviest Financial supportwas provided by Conacyt and from Con-

component is of primary interest, integrated sequences pro-cyteg, Mexico, for the development of this project.



J.G. Segovia-Hernandez et al./ Computers and Chemical Engineering 28 (2004) 811-819

References

Abdul Mutalib, M. 1., & Smith, R. (1998). Operation and control of
dividing wall distillation columns. Part |. Degrees of freedom and
dynamic simulationTransactions IChemE, 7608.

Agrawal, R., & Fidkowski, Z. T. (1998). More operable arrangements
of fully thermally coupled distillation columnsAIChE Journal, 44,
2265.

Agrawal, R., & Fidkowski, Z. T. (1999). New thermally coupled schemes
for ternary distillation.AIChE Journal, 45, 485.

Alatigi, 1. M., & Luyben, W. L. (1985). Alternative distillation config-
urations for separating ternary mixtures with small concentration of
intermediate in the feedndustrial and Engineering Chemistry Pro-
cess Design and Development,, 500.

Christiansen, A.C., Skogestad, S., & Lien, K., (1997). Complex Distillation
Arrangements: Extending the Petlyuk Ide@amput. Chem. Engng.,
21, S237.

Dunnebier, G., & Pantelides, C. (1999). Optimal design of thermally
coupled distillation columnslindustrial and Engineering Chemistry
Research, 38, 162.

Fidkowski, Z., & Krolikowski, L. (1990). Energy requirements of non-
conventional distillation system#&IChE Journal, 36, 1275.

Glinos, K., & Malone, F. (1988). Optimality regions for complex col-
umn alternatives in distillation system¥ransactions IChemE, 66
229.

Hernandez, S., & Jiménez, A. (1996). Design of optimal thermally-coupled
distillation systems using a dynamic mod®&ansactions IChemEg, 74,
357.

Hernandez, S., & Jiménez, A. (1999a). Design of energy-efficient Petlyuk
systems.Computers and Chemical Engineering,, 2905.

819

Hernandez, S., & Jiménez, A. (1999b). Controllability analysis of ther-
mally coupled distillation system#ndustrial and Engineering Chem-
istry Research, 38, 3957.

Jiménez, A., Hernandez, S., Montoy, F. A., & Zavala-Garé/. (2001).
Analysis of control properties of conventional and nonconventional
distillation sequences$ndustrial and Engineering Chemistry Research,
40, 3757.

Jiménez, A., Raimez, N., Castro, A., & Hernandez, S. (2003). Design and
energy performance of alternative schemes to the Petlyuk distillation
system.Transactions IChemE, 8518.

Rong, B. G., & Kraslawski, A. (2002). Optimal design of distillation
flowsheets with a lower number of thermal couplings for multicom-
ponent separationgndustrial and Engineering Chemistry Research,
41, 5716.

Rong, B. G., & Kraslawski, A. (2003). Partially thermally coupled dis-
tillation systems for multicomponent separatioA$ChE Journal, 49,
1340.

Rong, B. G., Kraslawski, A., & Nystrém, L. (2000). The synthesis of ther-
mally coupled distillation flowsheets for separations of five-component
mixtures.Computers and Chemical Engineering,, 2417.

Serra, M., Espuiia, A., & Puigjaner, L. (2003). Controllability of different
multicomponent distillation arrangementadustrial and Engineering
Chemistry Research, 42, 1773.

Tedder, D. W., & Rudd, D. F. (1978). Parametric studies in industrial
distillation. Part I. Design comparison8IChE Journal, 24, 303.

Wolff, E. A., & Skogestad, S. (1995). Operation of integrated
three—product (Petlyuk) distillation columnfndustrial and Engi-
neering Chemistry Research, ,32094.

Yeomans, H., & Grossmann, |. E. (2000). Optimal design of complex dis-
tillation columns using rigorous tray-by-tray disjunctive programming
models.Industrial and Engineering Chemistry Research, 3926.



	A comparison of the feedback control behavior between thermally coupled and conventional distillation schemes
	Introduction
	Design procedure
	Dynamic simulations and case studies
	Energy requirements
	Dynamic results
	Mixture M1
	Mixtures M2 and M3
	Overall results

	Conclusions
	Acknowledgements
	References


