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Abstract

Nowadays, the residue curve maps are one of the best tools used to check the feasible alternatives for complicated separation systems such as the non ideal multicomponent distillation systems. However, in order to compare the different possibilities that come up from the analysis of the residue curve map, it would be required to complete the information with an idea of the number of stages required. The main limitation of the residue curve maps is that the pinch zones are not detected. One system that can be feasible from the residue curve map analysis can be actually technically unfeasible because it is running over a pinch zone that would require a large number of stages. This paper addresses this fact by representing the pinch zones on the residue curve map and providing a first evaluation of the number of stages that will be required according to the inverse of the modulus of the vector between the vapor and liquid composition. The modulus can be applied to systems of any number of components. Some examples are used to illustrate the main guidelines regarding the use of the y-x modulus graphics. The Software Simulis Thermodynamics on Matlab is used for the representation of residue curve maps with pinch zones. 
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1. Introduction
The residue curve maps are a visual and useful tool to determine easily the feasibility of distillation process alternatives. They are plotted from the basic thermodynamic data of the system and represent the preliminary step before any other calculation. The distillation strategies to follow later come up observing the residue curve map. Particularly at the early stages of a project, it is preferable to try to understand what it is happening, rather than just obtaining a set of numbers for a particular design obtained by simulation. The residue curve map provides simply and quickly insights for the initial design and let us to discard unfeasible alternatives, however it is not able to discard unfavorable alternatives from the operational point of view. The residue curve maps are applied to a great number of situations such as vapor phase reaction in reactive distillation (Belaissaoui et al, 2008), to check the feasibility of extractive distillation batch processes (Steger et al, 2005), to recover the solvent in non-ideal binary mixtures by batch distillation processes (Gerbaud et al, 2006) or reactive distillation with the reaction at non equilibrium (Mulopo et al, 2008). A process is feasible when the distillate and the bottoms of each column are located on the same residue curve and aligned with the feed to fulfill the mass balance. The hypothesis of infinite reflux for a packed column produces the fitting of the column profile with a segment of residue curve. However, due to the infinite reflux hypothesis, the pinch zones and azeotropes can exist in this column profile. At the pinch zones, the liquid and vapor compositions are close one to the other and an unaffordable number of stages are required in the column design. The main limitation of the residue curve maps is that it is unable to provide neither the pinch zones where the separation is difficult nor the zones where the separation is easy. To overcome this limitation, the simultaneous representation of the residue curves and the pinch zone map on the composition space is required.

2. Method
While the residue curve maps are excellent to provide initial designs, there are not many methods to evaluate directly from the curves how difficult will be the separation. One of the papers that first try to address this problem was Glasser et al (2000) using an equation depending on the inverse of the relative volatilities of the main components for each one of the distillation sections. We propose another strategy based on the availability of the software Simulis Thermodynamics that allows an easy implementation of physical and thermodynamic calculations in the main commercial softwares (Excel, Matlab, C++…). The basic aim of our proposal is to find in the residue curves some relation to the number of stages required. 

A separation by distillation has higher operational requirements (number of stages or reflux) when the composition of the vapor phase has a composition “near” of the liquid phase from where it is generated. How near are the compositions of both phases is evaluated by the modulus of the vector between both composition points according to the next equation applied to all the components (i) (eq. 1)
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(1)
This modulus is inversely proportional to the separation requirements; inverting the modulus and integrating along the residue curve from the distillate to the bottoms composition, it is assumed to obtain a value proportional to the number of stages (eq. 2).
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(2)

This assumption can be corroborated easily by the McCabe-Thiele method for binary mixtures. Figure 1 shows the minimal number of stages obtained by the McCabe-Thiele method and the proposed method to get a fixed purity at the bottoms and distillate for several values of volatility coefficients. From the figure 1, it is observed that the minimal number of stages obtained by the McCabe-Thiele method is a discrete variable while the parameter proposed can take fractional values. Both curves are quite coincident. Figure 2 shows that the proposed parameter is proportional to the minimal number of stages for almost all the points; although it should be taken with more caution for distillation columns with a small number of stages.
A near optimal number of stages can be approximated to the double of the minimal number of stages. From the correlation found can be stated the optimal number of stages to be 2.7 times the value of the area of the inverse of the modulus between the liquid and the vapor composition. 
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Figure 1- Minimum number of stages for ideal binary mixtures (xB=0,01 and xD=0,99).
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Figure 2- Ratio between the minimum number of stages and the parameter proposed.
These assumptions are applied also to multicomponent mixtures. In the binary mixture, the x axis is the liquid composition but for the multicomponent mixture is the length of the residue curve from the bottoms composition until de distillate composition. The goal is to make the curve “straight”. This length can be calculated as the cumulative sum of the modulus of the vectors between the successive liquid compositions in the residue curve. The modulus of the distance between the liquid and the vapor compositions is calculated as described above for the binary mixture. The inverse of the y-x modulus is integrated along the length of the residue curve selected, according to the desired purities on distillate and bottom. At less area, it is expected a smaller number of stages. A priori, the shortest curve should provide a smaller area as we are integrating in a shorter length, but in some cases it could not be fulfilled due to the presence of a pinch on the shortest curve that would increase the area.
3. Results

Figure 3 corresponds to the y-x modulus for a system composed of water, methanol and methyl acetate. Some residue curves run over the edge through a saddle point where the vapor and liquid compositions coincide and the number of stages becomes infinite. The residue curves running near the saddle point are affected by the pinch zone produced by the saddle, and this fact is reflected in figure 3 by a minimum in the y-x modulus graphic. The residue curves on the edge are the longest. The shortest curves are not affected by the saddle pinch zone. The water and methanol are both more polar than the methyl acetate and, due to this chemical affinity, the y-x modulus curves corresponding to the residue curves near the edge methyl acetate – water show an asymmetrical behavior not observed in other systems. For mixtures of low water content, the separation is difficult, but when the mixture approaches the pure water node, then the separation of methyl acetate – water is much easier than in any other residue curve. This means that the residue curves near the edge could be advantageous in certain cases such as when the feed has a high content of water or when a multiple feed column is used to switch from the shortest curve when the pure water node is approached (figure 4). The multiple feed stages are advantageous to be used in reactive distillation when both reactants are fed at different column points. Between the feed points, the column profile can be almost perpendicular to the residue curves. To check the result by rigorous simulation it is proposed to optimize the same system by several students using the same distillate flow rate, purity of the key components on distillate and bottoms and different non key components distillate compositions in order to get distillate compositions on different residue curves. After optimizing the column, most of the compositions of the column profiles are quite coincident (figure 5a) and inside the region predicted according to figure 3. The minimal reflux obtained from simulating a column with a large number of stages shows also a minimum central zone (figure 5b).
The method can be applied also to reactive distillation. Figure 6 shows the two feed column profiles calculated by Gadewar et al. (2007) for two reactive distillation systems on residue curve maps using reactive compositions, showing the pinch zones. The residue curve map for the system water, acetic acid, methyl acetate and methanol was determined by Song et al (1998). The profile proposed by Gadewar et al. (2007) for this system agrees well with the shape of the y-x modulus. The profile proposed does not run exactly between the two maximums presents on the map in a compromise in the length of the profile and the ease of separation. A similar solution is observed for the system isopropanol, isopropyl acetate, water and acetic acid. Although the profile does not follow exactly the maximum modulus y-x, the column profile departs from one maximum avoiding a pinch zone in the center of the map. Even if the shortest column profile would pass through the central pinch zone, the presence of this pinch leads it to deviate a little bit towards the pure water node.

4. Conclusions

The pinch zone representation on the residue curve map is a tool that complements the information provided by the residue curves. In the absence of strong chemical interactions between the components of the mixture, the shortest residue curve corresponds to a profile near the optimal column operation. It has been observed that the optimal column profile could be between the shortest residue curve and the curve passing over a maximum of the modulus liquid vapor. From the shape of the pinch zone map some optimized profiles found in the literature could be justified. In any event, the plot of the modulus of the vapor liquid equilibrium proposed in this paper certainly seems to be adequate and useful for the purpose formulated. A new method to get some estimation of the optimal number of stages from the residue curve map is obtained to a value of 2.7 times the area under the curve of the inverse of the modulus between the vapor and the liquid in equilibrium. It has been demonstrated for binary mixtures and tested for several multicomponent mixtures; some of them are used in this paper as illustrative example.
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Figure 3- Modulus of the y-x vector for several residue curves. Methyl acetate system example.
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Figure 4- Comparison of the x-y modules of two residue curves of the methyl acetate system.
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Figure 5- Optimized column profiles obtained by rigorous simulation.
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Figure 6- Ease of separation for the reactive distillation systems.
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