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Abstract

A generalization of methods dedicated to reactive distillation feasibility analysis and conceptual design is presented. From minimal information concerning the physicochemical properties of the system, this methodology leads to the design of the unit and the specification of its operating conditions.  Compared to the former approach, it is now possible to predict the reactive column profiles in the presence of any number of equilibrium limited reactions. This methodology which provides a reliable initialization point for the optimization is then applied to an academic example.
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1. Introduction

The reactive distillation (RD) is one of the most promising process intensification possibilities. The reaction and the separation take place in the same process unit, thus the investment costs just as the risk of the production decreases. Since the reaction equilibrium is shifted due to the continuous product withdrawal, a higher conversion and, in the case of several reactions, higher selectivity can be obtained. So the operation costs can be decreased, as well (Malone-Doherty, 2000). The reactive distillation is not a wide-spread process due to its difficult design and operation. 
During the past decades, many studies have been published to provide systematic procedures for the feasibility analysis and the design of RD processes but only few of them propose a systematic and complete procedure which combines feasibility analysis, synthesis and design of RD column. To fill this lack, a tool has recently been developed in the Laboratoire de Génie Chimique (Thery et al, 2005). 

The main interest of this tool lies on a progressive introduction of the process complexity. From a minimal set of information concerning the physicochemical properties of the system – pure components physical properties, phase and reaction equilibria - three successive steps (feasibility analysis, synthesis and design) lead to the design of the unit and the specification of its operating conditions. Unfortunately, this approach is restricted to systems undergoing a single equilibrium limited reaction. 
Present paper introduces the generalisation of this design tool permitting the conceptual design of hybrid reactive column configurations, for any number of equilibrium limited reactions.

The first part of the paper is devoted to the generalization of feasibility and conceptual design methods to the case of multi reaction systems and to the discussion of the opportunity using reactive compositions (Barbosa-Doherty, 1988) from a numerical viewpoint. Then, the second part focuses on an illustrative example, as the third part presents the validation by rigorous simulation runs. 

2. Generalization of the method

2.1. Model equations with reactive and non-reactive compositions

The reactive composition is preferred instead of the non-reactive composition in more and more publications, because

· the visualisation of the reactive profiles is possible in 2D, if the number of degrees of freedom of the system is less than 3 (NC-NR < 3)

· the formulation of the operation lines is easier for reactive distillation and lead to a set of equations which are similar to non reactive operating lines. 
Moreover the model-equations are simpler with the reactive compositions, because of the decoupling of the material balance and the equilibrium equations. 
Even so, due to numerical problems, the application of non-reactive composition are supposed and the use of reactive composition only for the visualisation of the reactive profiles. 
Table 1 presents the two systems of equations (with reactive composition and with non reactive composition) considering the reactive rectifying section (Figure 1). For all the others column sections, similar model equations can be applied and similar conclusion can be made.

[image: image1]
Figure 1 – Material balance of the reactive rectifying section
Both equation systems were studied thoroughly. To solve the equations systems, the Newton-Raphson iteration was used combined with the numerical Jacobian matrix of forward differences. All the variables was constrained and relaxed in the case of any unreal solution.
Table 1 – Equations systems to calculate the reactive rectifying column profiles

	Equations System 1
(use of reactive compositions and flows)
	Equations System 2
(use of non-reactive compositions and flows)

	
[image: image2.wmf](

)

(

)

(

)

ï

ï

ï

ï

î

ï

ï

ï

ï

í

ì

=

=

=

-

=

î

í

ì

×

=

×

+

×

=

+

å

Õ

=

+

=

+

+

+

+

+

+

+

+

1

1

y

nr

x

T

nc

T

,

p

,

g

nr

nc

f

nc

V

D

L

1

V

D

L

nc

1

i

i

,

1

n

nc

1

i

i

,

1

n

1

n

1

n

1

n

1

n

1

n

1

n

1

n

D

n

n

n

i

n

K

x

y

y

Y

Y

X

X

)

)

)

)

)

)


	
[image: image3.wmf](

)

(

)

ï

ï

ï

ï

ï

ï

î

ï

ï

ï

ï

ï

ï

í

ì

=

=

=

×

+

=

+

×

+

×

=

×

+

×

å

Õ

å

å

=

+

=

+

+

+

+

+

=

=

+

1

1

y

nr

x

T

nc

T

,

p

,

g

1

V

D

L

nc

V

D

L

nc

1

i

i

,

1

n

nc

1

i

i

,

1

n

1

n

1

n

1

n

1

n

n

1

i

i

T

n

n

1

i

i

1

n

D

n

n

i

n

K

x

y

ξ

ν

ξ

ν

y

x

x




Although the equations system 1 is smaller 
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 due to the decoupling, its solution is a harder task and it is found to be really sensitive to the initial point. It means that the final solution needs several subsequent re-initializations, which make it less reliable.

Whereas the equation systems 2 give reasonable profiles, the equations system 1 does not. The numerical problems can be observed on the Figure 2, which compare the calculated reactive stripping and reactive intermediate profiles with the same conditions.
	[image: image6.wmf]
	[image: image7.wmf]

	a)
	b)

	[image: image8.wmf]
	[image: image9.wmf]

	c)
	d)


Figure 2 – Stage-to-stage profiles calculated for the reactive
a) stripping section with the equations system 1 b) stripping section with the equations system 2
c) middle section with the equations system 1 d) middle section with the equations system 2
In the reactive stripping section solving the equations system 1, the compositions are jumping randomly (Figure 2a). It is an academic example of the numerical solution problems. In the reactive middle section at the reflux ratio of 0.7, the equations system 1 leads to an unusual profile evolution that was not realized with any other reflux ratio (Figure 2c). It confirms the assumption of a numerical problem occurring with the formulation proposed by the equations system 2. The equations system 2 does not show any unusual behaviour (Figure 2b and Figure 2d).
The vertices on Figure 2, 4 and 5 correspond to the pure components, similarly to the non-reactive phase diagrams. But, the segments in reactive cases can represent higher dimensional mixtures than 2, as well, contrary to the non-reactive phase diagrams. In our case the segment AE represents the ternary mixtures of the components A, C and E.
2.2.  Generalization of the reactive space intersection

Considering a hybrid configuration containing a non reactive section at the top of the column the methodology calculates first a non reactive profile until the condition become favourable to the chemical reaction. An automatic procedure enabled to determine the intersection of the reactive space with the non-reactive profiles must be studied (Thery et al, 2005). In the open literature this intersection is not well investigated for more than four components and/or for more than one reaction. As the intersection cannot be visualized, it must be predicted by solving a model. The supposed strategy is the generalization of the method proposed by Espinosa et al. (1996), based upon the analysis of the distance between the current bubble point temperature and the reactive bubble point temperature 
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 (Figure 3). 
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Figure 3 – Temperature difference to find the intersection of a non reactive profile and the reactive surface
The intersection must be investigated when the parameter
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passes through its minimum. The test incorporates a composition seeking of an 
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(eq. 3)
Two separate tests must be performed. In the first test the composition 
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is searching on the session between the compositions 
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, then in the second test between the compositions 
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. If any solution is found, satisfying the constraints, the calculated profile probably crosses the reactive surface, and the calculation of the reactive profile can be started. Otherwise, another non reactive stage is calculated.

This test is so implemented using the equations system 3 which is valuable for any number of reactions and components.

3. Case study to present the extended design tool

The extended tool is applied through an academic reactive system containing five components and two consecutive equilibrium limited reactions. The reactive system does not form any azeotrope, but the reactants are the heaviest and the lightest components. The reactions and the relative volatility rank are presented by the eq. 4.
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(eq. 4)

3.1. Feasibility at infinite reboil and reflux ratios
Reactive residue curves map, and reactive extractive profiles map were calculated and analysed to find out whether the production of component E and component D is feasible. The production is found feasible only in a double-feed column with an excess of the component B that implies the infeasibility of the production of pure products. At least one of the products must be a mixture. Supposing the binary mixtures of DB and CE as primary products, the minimal F/V ratio is found 0.25 with a feed ratio of A:B is equal to 1:10.
3.2. Feasibility at finite reboil and reflux ratios
To study the different column configurations at finite reflux and reboil ratios the stage-to-stage model, presented in the section 2 is applied. The results of the studies with infinite reflux and reboil ratio are taken into account. Only the double-feed column configurations are investigated with an excess of component B.

In this second step the production of nearly pure E at the bottom and the production of the binary mixture DB at the top are specified. The feed ratio of the components A:B is equal to 1:3.
The process is found to be feasible only with a light reflux ratio 
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. Figure 4 represents some of the calculated profiles.
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Figure 4 – Predicted stage-to-stage profiles of the reactive double-feed column configuration
a) r = 0.75, b) r = 0.3, c) r = 0.05

4. Validation of the results

The feasibility of the totally reactive double-feed configuration is validated with rigorous calculations, evaluated applying the ProSimPlus commercial simulator (Figure 5). The initial operation and configuration parameters, like number of stages in each column section, the reflux and the reboil ratio are taken from the second step of the study. In this third step the hypothesis of constant molar overflow is omitted and the reaction kinetics are considered instead of the chemical equilibria.

Due to these changes in the applied model the evolutions of the column profiles are different, especially in the nearby of the upper feed. There is more component C in the column than predicted because the second reaction is slow, thus the intermediate product can accumulate.
[image: image30.wmf]
Figure 5 – Comparison of the predicted and simulated column profiles
5. Conclusions

A succeeded generalization of a reactive distillation conception method was presented. The generalized method is able to predict the reactive column profiles in the presence of any number of equilibrium limited reactions. The method was presented with an academic example, and the predicted profiles were validated with rigorous calculations. 

Although the simulated profile does not correspond exactly to the predicted one, the operation and unit parameters, won by the simplified calculations, give us a good base to find a final feasible configuration.

It must be noted, that the predicted profiles always deviate from the simulated ones, especially in that case when the reaction rates are really different, so thus at least one of the chemical equilibrium cannot be achieved.
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