Presentation Record for Paper Number 80b

Combined Local and Global Approach to

Reliable Computation of Phase Equilibria

James Z. Hua^� Department of Chemical Engineering University of Illinois, Urbana, IL 61801

Joan F. Brennecke and Mark A. Stadtherr^y Department of Chemical Engineering University of Notre Dame, Notre Dame, IN 46556

Prepared for presentation at AIChE Annual Meeting, Los Angeles, CA, November 16–21, 1997 Session Number 80: Thermodynamic and Transport Properties of Supercritical Fluids

Copyright cflJames Z. Hua UNPUBLISHED

October 1997

AIChE shall not be responsible for statements or opinions contained in papers or printed in its publications.

�currently at Shell Chemical Company, Houston, TX yauthor to whom all correspondence should be addressed; Fax: (219) 631-8366; E-mail: markst@nd.edu

1 Introduction

The computation of phase equilibrium can be thought of as comprising two subproblems: phase stability analysis–whether or not a given feed will split into multiple phases; and phase split analysis–computing the phase fractions and compositions at equilibrium. Both subproblems can be formulated as minimization problems, or as equivalent nonlinear equation solving problems.

In solving these subproblems, the conventional solution methods are initialization dependent, and may fail by converging to trivial or nonphysical solutions or to a point that is a local but not global minimum. Thus there is no guarantee that the phase equilibrium problem has been correctly solved. Because of the difficulties that may arise in solving phase equilibrium problems by standard methods (e.g., Michelsen, 1982a,b), there has been significant recent interest in the development of more reliable methods. For example, the methods of Sun and Seider (1995), who use a homotopy-continuation approach, and of Wasylkiewicz et al. (1996), who use an approach based on topological considerations, can offer significant improvements in reliability. McDonald and Floudas (1995a,b,c; 1997) show that for certain activity coefficient models, the phase stability and equilibrium problems can be reformulated to be amenable to solution by powerful global optimization techniques, which guarantee the correct answer.

An alternative approach, based on interval analysis, in particular the use of an interval Newton/generalized bisection (IN/GB) algorithm, has been suggested by Stadtherr et al. (1995) and Hua et al. (1996a,b; 1997a,b), and applied to both activity coefficient models and cubic equation of state models, including van der Waals, SRK, and Peng-Robinson. This technique is initialization independent, general purpose and can solve the phase stability problem with complete mathematical certainty. We focus here on how to combine the reliability of this global method with the speed of local methods for the phase stability problem. Then, we show how the global stability solver can be applied in connection with a local method for reliable solution of the phase split problem.

2 Phase stability

The interval method for global stability analysis can easily be combined with existing local methods for determining phase stability. First, the (fast) local method is used. If it indicates instability then this is the correct answer as it means, in terms of tangent plane analysis (Baker et al., 1982), that a point has been found at which the tangent plane distance is negative. If the local method indicates stability, however, this may not be the correct answer since the local method may have missed the global minimum in the tangent plane distance function. Applying the global stability analysis method described here can then be used to confirm that the mixture is stable if that is the case, or to correctly determine that it is really unstable if that is the case. Results show that for unstable mixtures the use of the local method in connection with the global method can greatly speed the solution of the phase stability problem.

3 Phase split

In the phase split problem we seek a global minimum in the total Gibbs energy. However, it is possible to successfully employ local solution methods, since phase stability analysis can be used as a global optimality test that can be applied to any local solution of the phase split problem (Baker et al., 1982). That is, if the phases determined by local solution of the phase split problem are determined to be stable, by solving a phase stability problem, then this is the desired global solution to the phase split problem. Correct solution of the phase stability problem is thus the key, and the interval method provides a completely reliable method for doing this.

To demonstrate this, we will use a direct Gibbs energy minimization approach to address the phase split problem. In using the interval method to first determine that the mixture will split, multiple minima of the tangent plane distance function are located. These stationary points are extremely good initial estimates for the minimization of Gibbs energy to solve the phase split problem. The successive quadratic programming (SQP) method of Chen et al. (1984) is then used to perform a local minimization of the Gibbs energy to locate prospective global minima. The interval stability solver is then used to verify if a global minimum has been found. By combining the speed of the local SQP solver with the reliability of the interval approach an efficient and completely reliable method for computing multiphase equilibria can be obtained. Computational results for problems involving high pressure phase equilibria modeled using cubic equation of state models are presented.

4 References

L. E. Baker, A. C. Pierce, and K. D. Luks, Gibbs energy analysis of phase equilibria. Soc. Petrol. Engrs. J., 22, 731–742 (1982).

H. S. Chen and M. A. Stadtherr, Enhancements of the Han-Powell method for successive quadratic programming. Comp. Chem. Eng., 8, 229-234 (1984)

J. Z. Hua, J. F. Brennecke and M. A. Stadtherr, Reliable phase stability analysis for cubic equation of state models. Comp. Chem. Eng., 20, S395-S400 (1996a)

J. Z. Hua, J. F. Brennecke and M. A. Stadtherr, Reliable prediction of phase stability using an interval Newton method. Fluid Phase Equilibria, 116, 52-59 (1996b)

J. Z. Hua, J. F. Brennecke, and M. A. Stadtherr, Reliable computation of phase stability using interval analysis: Cubic equation of state models. Comput. Chem. Eng., in press (1997a).

J. Z. Hua, J. F. Brennecke, and M. A. Stadtherr, Enhanced interval analysis for phase stability: Cubic equation of state models, submitted for publication (1997b).

M. L. Michelsen, The isothermal flash problem. Part I. Stability. Fluid Phase Equilibria, 9, 1-19 (1982)

M. L. Michelsen, The isothermal flash problem. Part II. Phase-split calculation. Fluid Phase Equilibria, 9, 21-40 (1982)

C. M. McDonald and C. A. Floudas, Global optimization for the phase stability problem. AIChE J., 41, 1798-1814 (1995a)

C.M. McDonald and C.A. Floudas, Global optimization and analysis for the Gibbs free energy function using the UNIFAC, Wilson, and ASOG equations. Ind. Eng. Chem. Res., 34, 1674-1687 (1995b)

C. M. McDonald and C. A. Floudas, Global optimization for the phase and chemical equilibrium problem–application to the NRTL equation. Comp. Chem. Eng., 19, 1111-1139 (1995c)

C. M. McDonald and C. A. Floudas, GLOPEQ: A new computational tool for the phase and chemical equilibrium problem. Comp. Chem. Eng., 21 (1), 1-23 (1997)

M. A. Stadtherr and C. A. Schnepper, and J. F. Brennecke, Robust phase stability analysis using interval methods. AIChE Symp. Ser., 91(304), 356-359 (1995)

A. C. Sun and W. D. Seider, Homotopy-continuation for stability analysis in the global minimization of the Gibbs free energy. Fluid Phase Equilibria, 103, 213-249 (1995)

S. K. Wasylkiewicz and L. N. Sridhar, M. F. Malone and M. F. Doherty, Global stability analysis and calculation of liquid-liquid equilibrium in multicomponent mixtures. Ind. Eng. Chem. Res., 35, 1395-1408. (1996)