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Abstract

The design and dynamic properties of distillation sequences using side-stream columns with less than N-1 columns for separations of four-component mixtures are studied. Total annual cost and dynamic properties (using singular value decomposition) are used to compare the proposed arrangements with conventional cases. Quaternary feeds containing hydrocarbons were analyzed. For systems with low concentrations of one component in the feed, side-stream cascades often show significantly lower operating and capital costs and better dynamic properties compared to the base cases. Low purity requirements also favor side-stream cascades. Some rules are presented to predict which sequence will have the lowest capital cost and better dynamic properties.
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1. Introduction

Distillation columns consume a large portion of the total industrial heat consumption, so even small improvements which become widely used, can save important amounts of energy. To improve the energy efficiency of separation processes based on distillation, several strategies have been proposed. The optimal design and synthesis of multicomponent distillation systems remain as one of the most challenging problems in process systems engineering. When the number of products is three or four, the design and costing of all possible sequences can best determinate the most economical sequence. Often, however, unless the feed mixture has a wide distribution of component concentrations or a wide variation of relative volatilities may be based on operation factors. In that case, the direct sequence is often the choice. Otherwise, a number of heuristics and mathematical methods that have appeared in literature have proved to be useful for reducing the number of sequences for detailed examination (Seader and Westerberg, 1977; Modi and Westerberg, 1992; Brüggemann and Marquardt, 2003; Kossack et al., 2006). Most of the studies have focused on complete separation of N component mixtures using N-1 distillation columns with a reboiler at the bottom and a condenser at the top of each column. However, cascades that use less than N-1 columns for multicomponent distillation processes have not been extensively studied (Rooks et al, 1996; Kin and Wankat, 2004). In this paper, we present the design and control properties of eleven distillation arrangements with less than N-1 columns (Figure 1) for the separation of quaternary mixtures. The results are compared to five base cases with three columns each one (Figure 2). Some rules are presented to predict which sequence will have the lowest energy consumption, capital cost and better dynamic properties. 
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Figure 1. Schemes using less than N-1 columns for quaternary separations.

2. Design of Schemes

In this work, we presented an energy-efficient design procedure for the design of complex arrangements. To overcome the complexity of the simultaneous solution of the tray arrangement and energy consumption within a formal optimization algorithm, we decoupled the design problem in two stages: (1) tray configuration; (2) optimal energy consumption. The first stage of our approach begins with the development of preliminary designs for the complex systems from the design aspects on conventional distillation columns. The conventional sequences (Figure 2) show six different tray sections. 
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Figure 2. Conventional schemes for quaternary separations.

These sections are used as a basis for the arrangement of the tray structure of the coupled schemes through a section analogy procedure. For instance, in the main column of the complex sequence of Figure 1a, the total number of trays is obtained by conceptually moving the stripper section from the third column to the bottom of first column of conventional sequence (Figure 2a). This situation generates an arrangement with less than N-1 columns to base cases with three columns. A similar procedure is applied to obtain the other complex schemes. After the tray arrangement for the arrangement with less than N-1 columns have been obtained, an optimization procedure is used to minimize the heat duty supplied to the reboilers of each complex scheme, taking into account the constraints imposed by the required purity of the four products streams. The optimization strategy can be summarized as: (a) A base design for the complex schemes is obtained. (b) Values for each side stream stage and flow were assumed. (c) A rigorous model for the simulation of complex schemes with the proposed tray arrangement is solved. In this work Aspen Plus was used for this purpose. If the product compositions are obtained, then the design is kept; otherwise, proper adjustments must be made. (d) One value of side stream flow is changed, going back to step (c) until a local minimum in energy consumption for the assumed value of side stream stage is detected.(e) The value of side stream stage is modified, going back to step (c) until the energy consumption is minimum. This result implies that an optimum value has been detected for the design of the complex scheme.

3. Control Properties

One of the basic and most important tools of modern numerical analysis is the Singular value decomposition (SVD). One important use of the SVD is in the study of the theoretical control properties in chemical process. One definition of SVD is:
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In the case where the SVD is used for the study of the theoretical control properties, two parameters are of interest: the minimum singular value (the maximum singular value (), and its ratio known as condition number (). The systems with higher minimum singular values and lower condition numbers are expected to show the best dynamic performance under feedback control (Klema and Laub, 1980). Also, it is important to note that a full SVD analysis should cover a wide range of frequencies.

4. Case of Study

The case studies were selected to reflect different separation difficulties and different contents of the intermediate component of the quaternary mixtures. The mixtures considered are displayed in Tables 1 - 2. The mole fraction of 0.05 was shown to be a borderline value for use of side-stream columns for ternary separations (Tedder and Rudd, 1978). The total feed flowrate for all cases was 45.5 kmol/h. Since the feed involves a hydrocarbon mixture, the Chao-Seader correlation was used for the prediction of thermodynamic properties. The design pressure for each sequence was chosen such that all condensers could be operated with cooling water.

Table 1. Examples with n-heptane.                                        Table 2. Examples with n-octane.

	Component
	
	Feed Composition (kmol/hr)

	
	
	M1
	M2
	M3
	M4
	M5

	n-butane
	A
	2.56
	30
	5
	5
	30

	n-pentane
	B
	25.64
	3
	45
	25
	40

	n-hexane
	C
	41.03
	55
	45
	40
	25

	n-heptane
	D
	30.77
	12
	5
	30
	5

	Component
	
	Feed Composition (kmol/hr)

	
	
	M6
	M7
	M8

	n-butane
	A
	30
	5
	3

	n-pentane
	B
	40
	25
	55

	n-hexane
	C
	25
	40
	12

	n-octane
	E
	5
	30
	30


5. Results

From the simulation results for the mixture M1 (Table 3) the system CS–III has the lowest TAC (and energy consumption). The base case shown in CS-IV is next and presents a significantly higher TAC. The purities of all products can be improved by adding more stages for both base cases. Table 3 displays the simulation results for example M1 for saturated liquid side-stream cascades (Figure 1a–1f) and for saturated vapor side-stream cascades (Figures 1g–1k). Since there is little component A in the feed, we expect the saturated liquid side-stream systems to be in general better than saturated vapor side streams. The TAC and energy consumption values confirm this conclusion (Schemes CC – I to CC – V have the lowest values in comparison with configurations CC- VI  to CC – X). On the basis of the results, the configurations CC-II and CC-III are the best of the side-stream configurations (they have similar values of TAC and reboiler duty). They require similar heating than the best base cases, and TACs are similar to that of the best conventional sequence. However, the conventional sequences are more flexible if the concentration of A in the feed increases. In this case a more detailed dynamic behavior study would be justified. Similar conclusions can be shown for all mixtures. For this initial analysis of complex configurations, we simply estimated the SVD properties for each separation system at zero frequency. Such analysis give some preliminary indication on the control properties of each system around the nominal operating point. Table 4 gives the results for the SVD test for each sequence (case M1). In the case of conventional sequences, the CS- V has the best values. In the case of the complex sequences, the schemes CC-II and CC-III show the best results, which imply that those sequences are better conditioned to the effect of disturbances than the other complex systems. Those results show that the saturated liquid side-stream systems have better dynamic behavior. This situation is similar to the TAC values for the case M1, since there is little A in the feed. Similar results can be showed for the other mixtures in the case of the control properties. Based on the trends observed, we propose some heuristics for the use of complex sequences (best options in TAC values and dynamic behavior): (a) Use a complex scheme with a liquid side stream above the feed if there is a small amount (approximately 0.05 mole fraction or less) of the most volatile component in the feed. (b) A complex scheme with a vapor side stream below the feed can be used if there is a small amount (approximately 0.05 mole fraction) of the least volatile component in the feed to this column. (C) If a product is required at low purity side-stream configurations that withdraw this product as a side stream are often favored, but heuristic 1 must be satisfied.
Table 3. Total annual cost (TAC, $ x 103/yr) of some representative cases of study.
	
	M1
	M2
	M3

	CC - I
	828
	28905
	852

	CC - II
	630
	1926
	866

	CC - III
	603
	2394
	669

	CC - IV
	1879
	512
	3092

	CC - V
	1983
	1373
	3275

	CC - VI
	4191
	1522
	961

	CC - VII
	2429
	1510
	543

	CC - VIII
	2497
	1038
	600

	CC - IX
	2812
	3802
	3000

	CC - X
	3521
	3843
	3044

	CC - XI
	4523
	2291
	1053


Table 4. Minimum singular value and condition number for each structure (M1).
	Sequence
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	CC - I
	1.4653 E-4
	20.714E3

	CC - II
	2.3106E-3
	487.7

	CC - III
	5.5807E-3
	552.7

	CC - IV
	16101E-3
	95.91E2

	CC - V
	20189E-4
	121.387E3

	CC - VI
	8.7115E-11
	43.860E8

	CC - VII
	1.3788E-3
	42.35E2

	CC - VIII
	1.5073E-3
	64.29E2

	CC - IX
	1.1245E-3
	18.43E2

	CC - X
	4.5061E-7
	14.924E6

	CC - XI
	8.959E-4
	59.70E2


6. Conclusions

A general energy-efficient design procedure is developed for any type of the side-streams designs with less than N-1 columns. The method is based on a section analogy procedure with respect to the characteristics of a conventional distillation sequence. The methodology provides a robust tool for the design of multicomponent side-streams designs. Some trends were observed for the use of complex sequences: the best option in TAC values and dynamic properties for complex schemes with a liquid side stream above the feed is when there is a small amount (approximately 0.05 mole fraction or less) of the most volatile component in the feed. In the case of complex scheme with a vapor side stream below the feed is when a small amount (approximately 0.05 mole fraction) of the least volatile component in the feed to this column. In the other cases, the best option is the conventional sequences. The heuristics can be considered useful because they were based on a detailed economic analysis.
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