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Abstract-Multicomponent distillation calculations are carried out using a modification of the Naphtali-Sandholm column calculation procedure coupled with the Soave-Redlich-Kwong equation of state for generating K-values and enthalpies. The modified Naphtali-Sandholm procedure is applicable when the individual stage efficiencies are unity and the K-values are not strongly dependent on the vapour-phase composition. For a column with M components and N stages, N(M + 2) relationships are set up. The N(M + 2) equations are solved using Newton-Raphson iteration with imposed maximum allowable changes of the independent variables between iterations. Analytical derivatives of the K-values and enthalpies with respect to composition and temperature are employed in the Jacobian. The method has been used for the process development and design of distillation columns associated with the separation of natural gas liquids (NGL). Fast and safe convergence is obtained even near the critical region. Scope-Existing algorithms for solving multistage, multicomponent separation problems can be divided into three main groups, each with its range of applications. The algorithms differ in the methods used for converging the material and energy balances and the equilibrium relationships. The socalled O-method of Holland et al. [ 11 uses sequential convergence. From an assumed set of stage temperatures and interstage flows, equilibrium ratios on all stages for all components are calculated. Next, the component material balances are closed one by one by the tridiagonal Thomas algorithm, and the improved compositions thus obtained are used to correct the stage temperatures. Finally, the total flows are corrected using the enthalpy balances. The whole process is repeated until convergence is obtained. Convergence is fast for conventional distillation of fairly narrow boiling, nearly ideal mixtures. An excessively large number of iterations may be required for nonideal mixtures, wide boiling mixtures, and for absorber and stripper calculations. The simultaneous convergence method of Tierney and Yasonik [2] is applicable to all types of separation processes and has very good convergence properties for nearly ideal mixtures. The stage temperatures and the total liquid flows are taken as independent variables giving a total of 2N independent variables. The 2N check functions used are the sum of vapour phase mole fractions and the discrepancy in the enthalpy balance for each stage. The equations are solved using Newton-Raphson iteration. The method is particularly well suited for separation units with fairly few stages and (nearly) ideal mixtures, for which convergence is quadratic. The most general approach by far is that of Naphtali and Sandholm [3]. Equations are grouped by stages rather than by components and solved by the Newton-Raphson method. The number of independent variables is very large, for a system containing M components it is N. (2M + 1). The resulting matrix of partial derivatives is block-tridiagonal, with blocks of size (2M + 1). (2M + 1). The method is applicable to any kind of countercurrent, stagewise separation, and the order of the convergence is not affected by nonideality. Contrary to the other methods, evaluation of partial derivatives of all thermodynamic properties with respect to the independent variables are required, a handicap which in our opinion is more apparent than real. The method was originally intended for highly nonideal mixtures. However, computation time and storage requirements depend much more strongly on the number of components M than on the number of stages N, and hence the method may be superior to the other methods even for relatively ideal mixtures when N is large and M small. Frequently substantial simplifications of the Naphtali-Sandholm method are possible. A simplified version assuming constant molal overflow and ideal stages is described by Fredenslund et al. [4]. Gallun et al. [5] describe an interesting variant, the “almost band algorithm”, applicable for columns without side streams. Total material balances around one *Author to whom correspondence CACE3: 1-4 - II
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end of the column are used to eliminate the vapour phase component flows. This reduces the block size to (M + 2). (A4 + 2). A block size reduction (M + 2). (A4 + 2), equal in size to that of Gallun et al. but applicable to columns with arbitrary side streams, is described in this work. Ideal stages are assumed. The convergence properties are only adversely affected by the simplifications in the rather unusual case when the equilibrium ratios are strongly dependent on the vapour phase composition. Conclusions and Significance-A modification of the Naphtali-Sandholm method for stagewise, countercurrent column calculations has been proposed. The modification is intended to be used when the K-values are relatively independent of the vapour phase composition and the stages are ideal. The computer time requirements are about a of those for the full NaphtaliL3andholm method. The Soave-RedlichhKwong equation of state is written in a form especially suitable for computer applications. Analytical derivatives of K-values and enthalpy-deviations with respect to temperature and composition are employed. This has been found to greatly facilitate the column calculations. Similar experience is reported elsewhere for the UNIQUAC equation [l 11, and the method may be extended to other equations (Peng-Robinson, Wilson, etc.). Finally, practical application of the algorithms to the design of natural gas liquid plants is illustrated. COLlJMN
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Li is the total liquid flow rate, and SL, and SF denote liquid and vapour side streams from stage i. Fi andfij are total and component feed rates to the stage, and Qi represents the enthalpy added to the stage (with the feed, by interstage cooling, or otherwise). The dependent variables Li and vij are calculated from
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For a column with 25 stages and 9 components, convergence to relative changes in the independent variables of less than 10d6 normally requires 336 iterations and about 4 sec. on the IBM 370/165. The program requires 70 K bytes storage. Naturally, neglecting the partial derivatives of the K-values with respect to the vapour phase composition does affect the rate of convergence. However, the reduction in dimensionality provides ample compensation. The present modification is typically four times faster than the full NaphtaliiSandholm procedure. OF THE SOAVE-REDLICH-KWONG



APPLICATION



Li =



oij =



qyij



=



EQUATION



1 lij



v~ 1



Kijl,,



(5)



Kiklik



k



where Kij is the equilibrium ratio y/x for component j on the ith stage. Calculations are normally performed with specification of all feeds, all heat inputs, and all product including the distillate and bottoms. streams, However, the energy balances around the bottom and top stages are replaced by the following relationships : C /,,j = L, i
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T I,, = B(F,V + SLV) where R is the reflux ratio. The N(M + 2) equations corresponding to Eqs. (l)(3) are solved by NewtonRaphson iteration. Evaluation of the Jacobian matrix requires computation of partial derivatives of these relationships with respect to the independent variables. This means, among others, that a method for evaluating derivatives of equilibrium ratios and enthalpies with respect to composition and temperature must be available (see Appendix B). Solving the N(M + 2) equations by NewtonRaphson iteration is not as formidable a task as it at first might appear to be. We notice that the equations on stage i are only affected by the variables on stages i - 1, i and i + 1. Hence the Jacobian matrix of partial derivatives becomes block tridiagonal with block size (M + 2). (M + 2). The partial derivatives are here found by differentiation of Eqs. (1 t(7) employing analytical derivatives of K,,, Hi and hi with respect to the independent variables. Partial derivatives of Kij with respect to yik are ignored. In the computation of K-values, y-values from the previous iteration after a single correction step are used. Initial estimates of the total interstage flows are found from the total material balances, assuming constant molal overflow, and a linear temperature profile is imposed. K-values based on the composition of the combined feeds are used for solving the component balances in the first iteration step using the Thomas method. The initial temperature and composition profile obtained in this manner can normally be applied directly to the modified Naphtalii Sandholm procedure.



537



OF STATE



Equilibrium ratios Ki, and enthalpies Hi and hi are needed in the solution of Eqs. (1 t(7). We choose to use the Soave-Redlich-Kwong equation of state [6] for evaluation of the equilibrium ratios and the enthalpydepartures from ideal gas-values. Two-constant equations of state such as the Soave modification of the Redlich-Kwong equation can not be highly accurate in the whole range of temperature, pressure, and composition. But they have the advantage that they require relatively little computer time, and the Soave-Redlich-Kwong equation seldom gives rise to large errors when it is applied to mixtures of lower hydrocarbons, nitrogen, carbon monoxide, carbon dioxide, and hydrogen sulphide. The same model is used for the vapour and the liquid phases. Thus-unlike for example with the ChaoSeader method-continuity at the critical point is retained. The SoaveeRedlich-Kwong equation is stated in a form particularly useful for computer applications below. For a mixture, the equation of state is : PV
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and m, = 0.48 + 1.574~~ - 0.176wf. The necessary critical constants and binary interaction parameters kij are given by Reid et al. [7]. For hydrocarbon-hydrocarbon interactions, kij is zero. The double sum (aa) is time-consuming to evaluate on the computer. It is reduced to a single sum as follows : (aa) = 1 xi*zT where .xi* = xjajaj and zf = C x:(1 - kjk). L
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where Ho is the ideal gas enthalpy. Expressions for the derivatives of the enthalpy departures and K-values with respect to temperature and liquid phase composition are given in Appendix A. We use analytical differentiation rather than numerical for several reasons. The analytical derivatives are accurate, their evaluation is much less time consuming on the computer, and convergence near the critical point of the mixture is not adversely affected by numerical manipulations. Evaluation of all fugacity coefficients and enthalpies for a nine component mixture requires 0.7 msec. on the IBM 370/165. Evaluation of all partial derivatives requires additionally 1.5 msec. compared to 7 msec. for numerical differentiation. For the program used in this work it is estimated that only about 25% of the computer time in the distillation calculations is spent on the evaluation of thermodynamic properties. The Soave-Redlich-Kwong equation of state has the property that the critical compressibility factor for a pure component is 3. This is not necessarily the case for mixtures (nor for many pure components), but since distillation columns in practice are not operated very close to the critical point, where separation is adversely affected, we may safely assume, that a liquid phase exists if the corresponding calculated compressibility factor is less than 3 and that a vapour phase exists ifit is larger than f If the calculations during the column iterations have resulted in a phase which does not meet these requirements, the phase is hypothetical and the temperature is changed to a level where both phases exist. The above procedure ensures that reliable thermodynamic properties for real (non-hypothetical) phases are found efficiently and that the column calculations will converge even rather close to the critical point. For example, the depropanizer of Fig. 3 has been converged about 5 atm from the critical pressure of the distillate. NGL SEPARATIONS
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application concerns the design of a Natural Gas Liquid (NGL) plant, and Fig. 3 shows the plant configuration chosen for illustration. The feed is treated natural gas containing saturated hydrocarbons ranging from methane to heptane. A gas containing mostly methane and some ethane is separated overhead in the demethanizer; the demethanizer bottoms product is separated so that ethane and propane goes overhead. Consequently, the demethanizer yields the ethane and propane products; the debutanizer yields the butane product in the distillate, and the bottoms product is the heavy ‘gasoline fraction’. To avoid excessive refrigeration costs, the pressures are everywhere, except for the debutanizer, relatively high. This means that most of the separations are carried out near the critical pressure. The design problem is now for each column to find the number of stages, reflux ratio, feed stage location, and total product split so that the specified products may be obtained most economically. Finally, reasonable column pressures, governed by the mixture thermodynamics and economics, must be established. The revised Naphtali-Sandholm procedure has been included in a program SEPTOWER [S, 93, which among other methods can utilize the Soave-RedlichKwong thermodynamics. The program calculates the performance of a single distillation column including the reboiler and the condenser. The individual distillation columns are coupled together by use of a computer operating system called GIPS, General Integrated Programming System [lo]. This system permits the user to build up a calculation from an arbitrary combination of existing programs, and it uses a common data base for all programs which makes it easy to transfer data from one program to another during a calculation. The system also contains generalized input-output facilities. The GIPS system is used to combine the columns shown in Fig. 2. The product from one column is by simple instructions used as input to the next column. The state of any feed or product stream may be changed from one temperature, pressure, and enthalpy to another. The latter requires the use of a flash program, but this is easily included in the calculations due to the flexibility of GIPS. The column design variables: number of stages, reflux ratio, feed stage, and total product split are assigned by trial and error to fulfil the product requirements. NOMENCLATURE
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Equation (8) gives the SRK equation of state for a mixture, and the fugacity coefficients and enthalpy departures are given by Eqs. (10) and (1 l), respectively. The term (a~() given by Eq. (9) may also be expressed as follows : Let for pure component i = ali + u,~JF
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The Jacobi matrix. (ZF/Ex), is here very large, but its evaluation is greatly facilitated by the fact that the conditions on stage i only are influenced directly by the conditions on stages i+ 1 and i- I. As a result, the Jacobian becomes block-tridiagonal in structure, which permits rapid solution by block elimination. The diagonal elements of the Jacobian, B, contain the derivatives for stage i with respect to the variables on stage i. The elements below the diagonal, A, contain the derivatives for stage i with respect to the variables on stage i - 1. The elements above the diagonal, C, contain the derivatives for stage i with respect to the variables on stage i + 1. The structure ofthe Jacobian and the system ofequations is then :
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ADi are the increments in the independent variables, x’“~“” - x”“~‘, for stage i, and Di are the values of the function Fi (ideally zero). The individual elements of the Jacobian are explained below. Theequations are solved by Thomaselimination. Row N is multiplied by EN ’ whereby the diagonal matrix B, is reduced to the identity matrix. The resulting row is multiplied by - C,V_ ,, and this result is subsequently used to eliminate C,_, from row N - 1. The procedure continues to row 1, from which C, is eliminated yielding directly a value for AD,. The remaining increments AD, are formed by back substitution from row I to row N. The increments AD, are added to the old values of the independent variables. The iteration continues until Zi AD; is smaller than a given tolerance. Derivation ofthe Jacobian (all elements not shown are zero) For each stage, the first M equations are the component mass balances; then follows the bubble point relationship and the energy balance. The first M independent variables are the liquid component flow rates; then follows the temperature and the total vapor flow rate. In the following, Ml = M + 1, M2 = M + 2, i is the stage number, j the equation number, and k is the index for the independent variables. Material balance (Eq. 1) i = I, 2.. N
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where F is the vector of functions (I)(3). In Newton-Raphson iteration, a new set of values of functions Ft”‘“’ are generated from a previous estimate in the following fashion
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associated with the separation of natural gas liquids (NGL). Fast and safe convergence is obtained even near the critical region. Scope-Existing algorithms for solving multistage, multicomponent separation problems can be divided into three main groups, each with its range of applications. The algorithms differ in the. 
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