
3 q45b 0550895 b 

OR NL/TM -5099 +‘‘ 
An,Equilibrium Stage Model of 

the KALC Process 

J. C. Mullins 
R. W. Glass 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $5.50; Microfiche $2.25 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the Energy Research and Development 
Administration/United States Nuclear Regulatory Commission, nor any of their 
employees, nor any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, apparatus, product or 
process disclosed, or represents that i t s  use would not infringe privately owned rights. 

. 



Contract NO. W-7405-eng-26 

CKEMICAL TECHNOLOGY DIVISIOrJ 

TROBIUM UTILIZATION PROGRAM 

Reprocessing Development - Task 200 

AN EQUILIBRIUM STAGE MODEL OF THE KALC ?EXESS 

J. C. w i n s *  
El. W. Glass 

AUGUST 1976 
* 
Visiting Professor from Department of Chemical Exgineering, Clemson 
Univers ity, Clems  on, S . C. 

NOTICE This document contains information of a preliminary nature 
and was prepared primarily for internal use at the Oak Ridge National 
Laboratory. I t  is subject to revision or correction and therefore does 

not represent a final report. 

OAK RIDGE NATlOrJAL LIIBORATOKS 
Oak Ridge, Tennessee 37830 

operat e d by 
UNION CARBIDE CORPORATION 

f o r  the 
ENERGY RESEARCH AM) DEVELOPMENT A D M I N ' I S ~ i ' r " I 0 N  

3 995b 0550895 b 



. 



i ii 

TABU OF CONTENTS 

A B S T R A C T . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1. INTRODUCTION. . . . . . . . . . . . . . . . . . a . . . . . 
2. EQUILIBRIUPT STAGE MODEL . . . . . . . . . . . . . . . . . . 

2 . 1  Introduction e , . . . . . . . . . . . . . . . . . . . 
2 . 2  Solution of the Equilibrium Stage Model, , . . . . . . . 

2 . 2 . 1  Background. . . . . . . . . . . . . . . . . . . . 
2 . 2 . 2  General Matrix Idethod . . . . , . . . . e . . . . 

2 . 3  Description of Computer Program. . . . . . . . . . . e . 
3. CORRELATION (OF TH!3FQ4ODYbTAMCC PROPERTIES FOR THE KALC 

SYSTEM.. . , . . . . . . . . . . . . . . . . . . . . . . . . 
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . 
3 .2  Vapor-Liquid Equ i l ib r im Correlation . . . . . . . . . . 

3 . 2 . 1  Thermodynamic Relations . . . . . . . . . . . . . 
3.2.2 Liquid Phase. . . . . . . . . . . . . . . . . . . 
3.2.3 Vapor Phase . . . . . . . . . . . . . . . . . . . 
3.2.4 F i t t i ng  Parameters t o  Bindry Vapor-Liquid 

Equilibrium Dats. . . . . . . . . . . . . . . . . 
3.2.5 Selection of Experimental Vapor-Liquid 

Equilibrium Data. . . . . . . . . . . . . . . . 
3.2.6 Correlation of Henry's Law Constants i n  a 

Common Solvent. . . . . . . . . . . . . , . . . . 
3.3 Representation of Vapor and Liquid Enthalpy. . . . . . . 

3.3.1 Introduction. . . . . . . . . . . . . . . . . . . 
3.3.2 Correction f o r  Gas-Phase Nonideality. . . . . . . 
3.3.3 Enthalpy of Carbon Dioxide. . . . . . . . . . . . 
3.3.4 Enthalpy Calculations f o r  the Light Gases . . . . 
3.3.5 Enthalpy Calculation f o r  the Mixture. . . . . . . 

4. COKCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . 
5. NOMENCLATLTRE.. . . . . . . . . . . . . . . . . . . . . . . . 
/, 
0, REFERENCES. , * * - - 
7. APPENDIXES. . . . . . . . . . . . . . . . . . . . . . . . . 

7.1 Agpendix A: Basic Thermodynamic Relations . . . . . . . 
7.2  Appendix €3: Redlich-ICwong Equation of State  and 

Procedure RKWONS. . . . . . . . . . . . . . 
7.3 Appendix C :  Henry's Law Constant Correlation and 

Procedure HEI\sRYS. . . . . . , . . . . . . . 
7.4 Appendix 0: Activity Coefficient Correlation and 

l'r oc edur e AC TC 0 . . . . . . . . . . . . . . 
7.5 Appendix E: Listing of Main Program for Three-Colm 

KALC Process and the Results of a Sample 
Calculation . . . . . . . . . . . . . . . . 

1 

4 
4 
5 

35 

41 
43 
43 
35 
46 
46 
48 

49 

49 

54 

61 
62 

65 

81 



i v  

LIST OF FIGURES 

Page 

1. Simplified flowsheet of the  KALC process. . . . . . . . . . . . 3 

2. Three-coPm equilibrium stage model of the  KALC process. . . . 6 

3. Elow 3mrt f u r  cmpu-ter program used t o  solve equilibrium 
s t a g e m o d e l . .  * .  . . , . . . . . . . . . . . . . . . . . . . 23 

4. Eyuilibrium data fo r  the C02-C0 system a t  -30°C . . . . . . . . 33 

5. 

6. 

Liquid-phase equilibrium data for the  COz-02 system a t  0°C.  . . 
Vqxx-phase equilibrium data f o r  the C02-O2 system a t  0°C . . . 

37 

38 

7. Henry's l a w  constants f o r  the  CO - K r  and CO -Xe systems as a 
fTmction of temperature . . . . . . . . . . . . . . . . . . . . 42 2 2 

. 

1 

8. Henry's l a w  constants f o r  the C02-X systems a t  -20°C. . . . . . 44 

4 



V 

LIST OF TABUS 

Page 

. 
1. Error measures f o r  three-colwan configurations. . . . . . . .  25 

2. Swnmary of vapor-liquid equilibrium data f o r  carbon dioxide- 
~ s y s t e m s . .  . . . . . . . . . . . . . . . . . . . . . . . .  36 

3. Parameters for the  vapor-liquid equilibrium correlation . . .  40 

5. Parameters f o r  the  Redlich-Kwong equation of state. . . . . .  68 

4. Coefficients f o r  the ideal-gas heat-capacity polynomials and 
the enthalpy of the idea l  gas a t  -40°C. . . . . . . . . . . .  47 





1 

AN EQUILIBRIUM STAGE MODEL OF TIE KAX PROCESS 

. 

J.  C. Mullins 
E. W. Glass 

ABSTRACT 

A computer program has been written to solve equilibriwn 

stage models of the KALC process in as exact a manner as 

presently available data will permit using matrix algebra 

techniques. 

the thermodynamic properties of the multicomponent system 

C02-Xe-02-CO-N2-Kr at temperatures of -55 to O"C, pres- 

sures up to 70 atm, and over a range of concentrations 

of dissolved light gases likely to be of interest. 

The program has been tested for several possible system 

configurations with up to a total of 50 stages. A 

three-column configuration consisting of an absorber, a 

fractionator, and a stripper-rectifier column is used as 

an example. 

A correlation is presented which represents 

1. INTRODUC T I  ON 

The need to remove 95% fr-)m the gases evolved during the repro- 

cessing of the fuel elements used in the high-temperature gas-cooled 

reactor (HER) led to the devr 

in - Liquid - Carbon Dioxide) prcce s. 1-3 The off-gases from the repro- 

cessing consist typically of  ?3$ carbon dioxide and 10% li;-?.it gases 

yment of the KALC (Kry-pton - Absorption - 
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containing oxygen, carbon monoxide, nitrogen, and traces of xenon and 

krypton. A simplified. flowsheet for the KALC process is s h m  in 

Fig. 1. The krypton, along with some of the other light gases, is 

removed in the absorber-fractionator. The liquid carbon dioxide 

containing the krypton and a small quantity of light gases then 

goes to a rectifier-stripper colm, where the kry-pton and light 

gases accompanied by carbon dioxide are removed through two partial 

condensers at the top of the colm. This small quantity of gas 

containing the majority of the krypton is processed to increase the 

concentration of krypton, and is eventually stored. The nearly pure, 

liquid carbon dioxide from the bottom of the stripper is recycled 

as scrub to the top of the absorber. Detailed descriptions of the 

proposed process are available in earlier reports. 4,5 

The need to develop a mathematical model of the process was 

recognized early in the development of the KALC process. This led 
r 

4 to the parametric study of the process by Whatley 

of an equilibrium stage model by Mobley. 

and to a solution 

7 

Whatley's study of the KALC process also included the use of 

an equilibrium stage model and provided an extensive evaluation of 

the effects of various parameters such as pressure, scrub rate, 

number of stages, and reboiler duty on the decontamination factor 

(DF)* and concentration factor (CF)**,f. In his study, Whatley 

* 
DF = mount of kry-pton entering in feed stream divided by the amount 

of kry-pton leaving the top of the absorber. 

CF = mole fraction of krypton in feed stream divided by the mole 
fracticn of kry-pton in product stream leaving process. 

** 

6 'Whatley used a different definition of CF. 

. 
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Fig. 1. Simplified flawsheet of the KALC process. 
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separated the absorber-fractionator from the stripper-rectifier column. 

His solution technique consisted of a stage-by-stage calculation beginning 

at each end of the column where conditions are specified. From assumed 

profiles of temperature, concentrations, and vapor and iiquid rates, 

energy and material. balances are imposed on each stage, along with 

the equilibrium requirement, toyield new values of the temperature, 

composition, and flow rates. Whatley represented the vapor-liquid 

equilibria of the system by an empirical fit to the available data 

for C 0 2 - 0 2 ,  CO -N 

Mobley 

CO -CO, and C 0 2 - K r  systems. 2 2' 2 
7 

to provide a solution to the model proposed by Whatley. 

used a matrix technique developed by Tierney and eo- 
6 

Mobley's study, although not nearly as extensive as that of Whatley, 

appeared to provide a convenient solution technique which could be 

used to stuw the combined system or any number of different 

configurations. 

These early studies led to the present work, which attempts to 

provide a more quantitative representation of the entire system with 

a thermodynamic correlation of all available data. This will permit 

investigation of the system over wider ranges of conditions than 

previously studied. 

2. EQUILIBRiUM STAGE MODEL 

2.1 introduction 

The equilibrium stage concept has been widely used in the modeling 

of distillation, absorption, and extraction processes; thus one often 
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overlooks the  f ac t  that it i s  a model. While a number of equilibrium 

stages can be associated with the  separation achieved i n  a binary 

separation process, t h i s  i s  not always t rue  of a multicomponent system 

involved i n  a r e a l  process such as t h a t  encountered here. I n  s p i t e  

of t h i s  weakness, the model should prove useful i n  the design of the 

KALC process and i n  interpret ing the data from the various experi- 

mental campaigns. Figure 2 shows the equilibrium stage model of 

the KALC process which may be solved by the  computer program l i s t e d  

i n  Appendix E. With s l i gh t  modifications discussed i n  more d e t a i l  

l a t e r ,  the program has a l so  been used to model a one-column absorber 

and a two-column system consisting of  an absorber column and a s t r ipper-  

r e c t i f i e r  column. Almost any configuration can be modeled with minor 

changes i n  the  basic program and one subroutine. 

2.2 Solution of the  Equilibrium Stage Model 

2 . 2 . 1  Background 

The solution to the  equilibrium stage model as it has been modified 

with the acquisit ion of la rger  and faster electronic computers has been 

discussed by Smith'' and by Friday and Smith. ll 

The solution of the  equilibrium stage model fo r  separation problems 

i s  obtained by f-inding a set of temperatures, phase rates, and composi- 

t ions which satisfies all of the equations of the  model. 

stage numbers by i and cmponents by j, t he  equations of the model ?ye: 

Denoting 

(1) Equilibrium relat ions,  that is, 

yij = k. j xij 
1 
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Fig. 2. Three-column equilibrium stage model of the KALC process. 
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( 2 )  Material balance equations around each stage f o r  each 

component 

(3)  

(4)  Restr ic t ive r e l a t ion  on concentrations, that is ,  

Ehergy balance equation around each stage 

C x i j = l = C  k. j x 

j j 
1 i j ’  

The normal procedure i s  to subs t i tu te  Eq. (1) i n t o  Eq. ( 2 )  and, by an 

overal l  mater ia l  balance, t o  eliminate the  l i q u i d  flows i n  favor of 

the vapor flows as independent variables.  The following three  s e t s  

of re la t ions  remain: 

C i j  (xij, vi, t . )  1 = 0 ( N  times M re la t ions) ,  (3)  

E . ( x ~ ~ ,  vi, ti) = 0 (N re la t ions) ,  
1 (4) 

where C i j  represents the material balance relat ions,  E. r e f e r s  t o  the  

energy balance relat ions,  and M. designates the r e s t r i c t i v e  re la t ions  

given by Eq. ( 2 ) .  

these three s e t s  of re la t ions  a r e  discussed by Friday and Smith. 

1 

1 

The various methods used i n  the past  fo r  solving 

11 

They point out that almost all modern computer methods group the  

equations by cmponents ra ther  than by stages. One such method which 

has wide application t o  any stagewise operation i s  a general matrix 

technique developed and described by Tierney and co-workers. 

method, as discussed below,originated frm the  e a r l i e r  work of Amundson 

This 899 

12713  and co-workers. 
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2 . 2 , 2  General matrix method 

The general matrix method for the solution to the equilibrium 

879 stage process as developed by Tierney and co-workers has been 

applied to the KALC process. Figure 2 specifies the feed stream and 

the number of stages in each column, as well as the interstage flow 

pattern. 

and ends at the bottom of the stripper-rectifier, each partial condenser 

being considered as a stage. In the general formulation discussed 

The numbering sequence begins at the top of the absorber 

below, the various heat streams will be considered to be specified, 

although in the sample calculation the a m o u t  of vapor leaving stages 

NA f 1 and NF f 1 will be specified and the heat stream in each of 

these two stages will be calculated. The amount of liquid carbon 

dioxide solvent returning to stage 1 is stipulated; the difference 

between that stream and the liquid stream leaving stage N is an 

additional product stream or a makeup stream, depending on the 

requirement . 
Initially, N vapor flow rates and N stage temperatures are 

assumed. These assumed vdues can be corrected by N measures of 

energy balance error and N measures of material balance error. A 

linear correction process is defined as: 

where A is a 2 N by 1 vector (2 N * 1) consisting of the N corrections 
to the assumed temperatures and the N corrections to the assumed flows. 

The vector A is 2 N * 1 and contains the N material and N energy balance 
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errors. Y, which is the Jacobian matrix of errors, is 2 N * 2 N. An 

element of Y, 4 is defined as: ij' 

a xi 
- a s  7 

j 
qij - - (7) 

where xi is an element of A and 6. is an element of A. 

familiar Newton-Raphson solution to nonlinear equations. 

This is the 
J 

These matrices 

and vectors can be partitioned and rewritten explicitly as: 

Here the Y' matrix has been partitioned into four N * N matrices, 
where 

E = effect of temperature changes on composition on all stages t 
at constant flow, 

e - = adm, j; 
t J  

E = effect of flow changes on composition on all stages at v - 

constant temperature, 

e v,ij - - b d m , p v ,  j ;  

J = effect of temperature changes on energy balance on all t 
stages at constant flow, 

J = effect of flow changes on energy balance on all stages v 
at constant temperature, 

jVtij = ad e, i /acV, j. 
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The A vector has been partitioned into the temperature correction 

vector, and the flow correction vector, The A vector has 

been partitioned into the vector of material balance errors, Dm, 

and the vector of energy balance errors, D . The value of partitioning 
C 

the Jacobian matrix of errors is discussed by Tierney and Brun0.l For 

example, the constant model overflow problem reduces to: 

E C = - D e  t t  m (9) 

Before proceeding with the analytical expressions for the matrices 

and vectors, it is necessary to define a number of matrices and 

vectors. 

technique is straightforward. F r o m  initial estimates of the stage 

After obtaining relations for Y, Dm, and D the convergence e’ 

temperatures and flow rates, energy balance and material balance errors 

are calculated along with the elements of Y. Corrections for the 

assumed values of temperature and f l o w  rates are calculated from: 

The process is repeated until Dm and D satisfy the convergence criteria. e 

Definitions. The basic matrices are defined here to precede a 

description of the material and energy balances for the equilibrium 

stage system. 

(1) Flow connection matrices, L and V. These are N * N matrices 
denoting the flow of liquid and vapor streams between stzges. 

The main diagonal is composed of negative numbers representing 
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the total flow of liquid or  vapor leaving each stage. The 

. 

other elements, vij or 1 are positive numbers giving the ij’ 
flow from stage j to stage i. 

(2) Composition matrices, X and Y. 

developed for each phase. 

A matrix of size N * M is 
M is the number of components 

in the system. The ij elements of each matrix represent 

the composition of component j on stage i. For convenience, 

each composition matrix is partitioned into M colunn vectors, 

(3) Feed matrix, F. This N * M matrix is used to represent the 
It is a l s c  flows entering the system from outside sources. 

partitioned into M column vectors, each one representing 

the feed rate of one component. 

(4) Equilibrium ratio matrices, KJ. One N * N diagonal matrix 
is defined for each component, with the diagonal element 

k. 3 representing the equilibrium ratio of cmponent j on 
1 

stage i. 

(5) Heat vector, Q. One N * 1 vector of elements q is used 

to describe the addition (+) or removal ( - )  of heat from 
i 

each stage, c a l .  

(6) Liquid enthalpy vector, H. The element hi = enthalpy, 

cal/g-mole of liquid stream leaving stage i. The vector 

is N * 1. 
(7) Vapor enthalpy vector, G. The element g = enthalpy, i 

cal/g-mole of vapor stream leaving stage i. The vector 

is N * 1. 



12 

(8)  Feed enthalpy vector, Qf. The element qfi = t o t a l  enthalpy, 

cal ,  of feed stream entering stage i. The vector i s  N * 1. 

Material and energy balance equations. With the def ini t ions above, 

a matrix formation of the equilibrium stage problem can easily be fol- 

lowed. The material balance f o r  component j i s  given by: 

The gas and l i qu id  compositions fo r  component j a re  r e l a t ed  by: 

,(j) = Kjx(j) 

A subst i tut ion of Eq. ( 1 2 )  i n t o  Eq. (11) gives: 

Now l e t  Z be defined by Eq. (14) : 

Substi tuting Eq. (14) and rearranging Eq. (13) gives: 

(15) 
( j >  j -1 , ( j )  x = - (z  ) 

With an assumed s e t  of flow ra t e s  and temperatures, Eq. (15) can be 

used t o  calculate  the l i qu id  composition of component j on all N 

stages. 

phase. 

Equation ( 1 2 )  w i l l  then give the  compositions i n  the  vapor 

These calculations a re  made f o r  each component of the system. 

The overal l  material  balance can be used t o  r e l a t e  the l i qu id  

and vapor f l o w  matrices: . 
LU i- W + F U  = 0. (16) 

Here, U i s  an N * 1 or M * 1 unit vector, as appropriate. 



The energy balance i s  wri t ten i n  a s imilar  manner: 

. 

L € + V G + Q + Q  f = O ,  

m e  above equations a re  used t o  define the material  and energy 

balance e r ror  vectors, which must be reduced to negligible values i n  

the i t e r a t i v e  solution: 

M M 
D, E (X - Y ) U  = C X. - C yij  f o r  i = l...N. (18) 

j =1 = j  j=l 

The energy er ror  vector i s  defined from Eq. (17) as follows: 

D - L H +  VG+ Q +  Qf. e 

Independent flow variables.  Ear l ie r  it was s ta ted  t h a t  each 

stage was considered t o  have two independent variables,  a stage 

temperature and vapor flow r a t e  ( a  l i qu id  flow r a t e  could have been 

used). As  many as N - l v a p o r  streams could be routed from each 

stage to other stages;  however, only one i s  independent. 

The flow variables a re  grouped i n t o  two classes:  var iable  flows 

and fixed flows. If the f l o w  rate of a stream i s  specified, then 

t h i s  stream has a fixed ra te .  This i s  the case f o r  the scrub r a t e  

to the top  of the  absorber. If a re f lux  r a t i o  i s  specified, the 

two streams a re  t r ea t ed  as  variable flows; however, a r e s t r i c t i o n  

i s  introduced t o  keep the r a t i o  constant. Although any one of the 

variable flows leaving a stage could be used as the  independent 

variable,  the  sum of all variable  flows i s  chosen as the independent 

flow variable. Later, a simple change will be made t o  l e t  the  heat 

term ra ther  than a phase r a t e  be the variable on a stage. 
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The vapor and l i q u i d  flow matrices a re  then rewri t ten as: 

V = AV" 4- V', 

where 

V* = independent variable f l o w  matrix, (It * N)  diagonal with 

v * equal to t o t a l  variable vapor flow leaving stage i, 

A = vapor flow r e s t r i c t i o n  matrix, -1 for diagonal elements 

i 

with a i j ( i # j )  eqdal to the  f rac t ion  of t o t a l  var iable  

vapor f low going from j to i, 

V' = fixed vapor flow matrix; contairis flows not to be changed. 

Main diagonal elements a re  ( - )  and off-diagonal elements 

a re  (+). 

Similarly, f o r  the l i q u i d  flow matrix: 

These matrices a re  defined i n  an analogous manner to the  vapor 
* 

matrices. 

by an overal l  material  balance. 

variable,  while L i s  calculated from Eq. (16). 

Neither L* nor V i s  independent since bo th  a re  re la ted  

V i s  taken as the  independent 
* 

* 

Temperature correction based on mater ia l  balance e r rors  (Et,. 
To develop the necessary ana ly t ica l  re la t ions,  one s t a r t s  frm Eq. (18) 

and d i f fe ren t ia tes :  

aD 
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. 

I n  order t o  evaluate the derivatives, consider the material  balance 

fo r  component j given by Eq. (13) and d i f fe ren t ia te  a t  constant flow 

r a t e  : 

Solving, 

One N * 1 vector i s  obtained fo r  each k frm k = 1 t o  N. By grouping 

these terms, the  matrix X 3 i s  formed: 
t 

where 2 i s  a diagonal matrix with element 
0 

akj  
m j -  - - i 

o , i  a t i  ij X 

For t he  other derivative i n  Eq. ( 2 2 ) ,  

Grouping from k = 1 t o  N and using the  def ini t ion of Mi above, 

( 2 8 )  Y t - K  3 -  X t + I $ .  j 

Equation (22)  can be writ ten: 

As  k varies from 1 t o  N, 
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Since the values of X i j  used i n  developing Eq. (30) do not necessarily 

sum t o  unity on each stage, it proves helpful  t o  include a normalization 

factor.  Let 5 be a diagonal N * N matrix with elements 

1 
M 

j =1 

n =  ii c x i j  

The f i n a l  equation fo r  Et as used i n  t h i s  work is :  

Flow-rate correction based on material  balance errors  (E V ). 

Star t ing with the overal l  material balance, Eq. (16) , and subst i tut ing 

for  L and V using Eqs. (21 )  and (ZO), the  following r e l a t ion  i s  

obtained: 

(BL* + L' + AV* + v* ) U = -FU. (33) 

Taking the  p a r t i a l  derivative with respect t o  the independent flow 

variable, vXk: 

u .  aL* avx 
a% 

B- 
= -A - 

-1 Defining R = B A and solving y ie lds  : 

(34) 

aL*/av* i s  an N * N diagonal matrix, and aV*/a? i s  an N * N diagonal 

matrix with a single nonzero element a t  k on the  diagonal equal t o  

unity. 

k 

Thus, R aV*/aT i s  an N * IT matrix with a l l  zeros except column 

. 

. 
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k; and since the left-hand side of Eq. (35) must equal the right- 

hand side, 

aRi 
- -  a? - -r ik' 

For component j, the material balance is given by: 

Taking the partial derivative with respect to %, 

Using Eqs. ( 2 0 ) ,  (21), and (14) to evaluate the term on the left-hand 

side of Eq. (38) gives: 

Solving for ax( j )/a%, 

(39) 

From Eq. (36), one sees that (aL*/W+) X"' is an N * 1 vector with 
elements r ikxi j 

k 

Let 

be an N * 1 column vector with elements 

j 
?,iK = 'ik xij 
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If  we l e t  k vary from 1 t o  N, the  matrix $ i s  formed with elements 

given by Eq. (42). Similarly, 

i s  a c o l m  vector with elements 

j = a  
2,ik i k  'kj m 

(43) 

(44) 

Therefore, by varying k from 1 to N, the  matrix I$ i s  formed; and from 

Eq. (40) the matrix X: i s  given by: 

From the def ini t ions of the measure of e r ror  given by Eq. (18), 

we obtain: 

where 

. 

. 

- 
The following matrix f o r  Ev i s  formed by grouping from k = 1 to N: 

M 

j =1 
E = C (Xj - Yj) . 

V V v 

Temperature correction based on energy balance errors  (J,)-. 

kth column of J are  the  derivatives of De with respect t o  t From 

the measure of error,  Eq. (l9), the  derivative gives: 

I n  the 

t k' 

a G  - -  i - v -  7 
aH 

atk atk atk 
- L -  aDe (49) 



. 

a column vector, the kth column of Jt. 

is generated: 

By varying k from 1 to N, Jt 

t *  J =LH + V G  t t 

Here Ht and Gt are N * N matrices whose kth columns are aH/at and k 

aG/atk. 

In order to determine these derivatives, let 

j ( 3 )  
M 

H =  CH* X , 
j =1 

and 

j =1 

The H*j and G*j are N * N diagonal matrices with the diagonal elements 
equal to the partial molar enthalpies of component j in the liquid 

and vapor, respectively: 

The partial derivatlves shown at the far right were given previously 

by Eqs. (24) and ( 2 7 )  in the calculation of Et. 

N * N matrix with only one element, on the diagonal at k (the partial 

is an aH*j Here - 

molar heat capacity). Thus, [ e ] X ( j )  is a column vector with one 
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nonzero element. By varying k from 1 t o  N, a diagonal matrix d 3 i s  

formed with elements 
*j 

ahi 
m j  = x  - .  

3, i i j  a t i  (55) 

3 I n  a similar manner fo r  the vapor phase, t he  matrix M 4 i s  formed with 

elements 
*j 

agi 
j =  
4,i 'ij a t i  m 

Substi tuting i n  Eqs .  (53) and (54), 

and 
M 

j =1 
Gt = C (G*j Y i  + M i ) .  

These equations are subst i tuted i n t o  Eq. (50) t o  y i e ld  Jt: 

M M 
J = L ( ~ * j  Xi + M j )  + V C (G*j  Yi + Mi). 

j =1 3 j =1 t (59) 

The compositions used i n  Eq. (59) could be normalized as i n  the  cal-  

culation of Et. 

noted i n  any of the  problems studied, and no normalization factors  a re  

Tierney and Yanosikg reported t h a t  l i t t l e  change was 

included . 

Flow-rate correction based on enerffy balance errors  (J ). D i f -  
V 

fe ren t ia t ing  Eq. (19) with respect t o  the  independent flow variable  

on stage k yields:  . 
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. 
Using the results given earlier by Eq. (36), it is clear that the term 

( e ) H  is a vector with elements (>k) - hi, which is -r ik h i . If we 

?et k’vary from 1 to N, the matrix Wl is formed with elements 

= r  h ‘1,ik ik i ’ 

In Eq. (60), A(aV*/aek) G is a column vector with elements aik%. 

If we let k vary f’rm 1 to N, the matrix W2 is formed with elements 

w2,ij - - aij gi 

v’ 
( 3 )  It is recognized that aX 

and (45). Therefore, 

/avfk is the kth column of Xj E q s .  (40) 

j j(k) 
M aG 

aT j =1 
L- = L  CH* Xv 

Similarly, the term 

The following final equation for Jv is obtained by varying k from 1 

to N in Eqs .  (60), (64), and (65) : 
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where the matrices Hv and Gv are  defined by 

M 

j =1 
H = c H* j j  Xv 
v . 

and 

M 

j =1 
G = C G *  j j  Y v .  
v 

Change of independent variable from heat t o  vapor flow. For t he  

case of a p a r t i a l  condenser, it i s  often convenient to f i x  the  r a t e  

of  vapok. leaving the stage and allow the  heat stream t o  become the 

dependent variable.  If the vapor r a t e  i s  fixed and the heat stream 

i s  allowed t o  vary on stage i, then the  elements of column i i n  both 

E and J w i l l  be zero except f o r  the element corresponding t o  row i 

i n  J which w i l l  be unity. This follows d i r ec t ly  from Eq. (19) 

and the def ini t ion of the  Y matrix. I n  the  three-column KALC model 

shown i n  Fig. 2, t h i s  procedure was  used fo r  the p a r t i a l  condenser a t  

the top of the fract ionator  and the s m a l l  p a r t i a l  condenser a t  the  

top of the s t r ippe r - r ec t i f i e r  column. 

v V 

v’ 

2.3 Description of  Computer Program 

A computer program was  wri t ten i n  PL/I language and tes ted  on the  

IBM 360/91 system a t  ORTJL. Figure 3 shows a flow diagram i l l u s t r a t i n g  

the main par t s  of  the program. This diagram follows closely t h a t  

of Tierney and Y a n ~ s i k ; ~  on ly  minor modifications have been made. 

Since both the gas phase and the l i qu id  phase were known t o  be 

nonideal, it was necessary t o  i t e r a t e  upon Ki and the  gas-phase 

enthalpy. This was done i n  a d i r ec t  manner by assuming idea l  behavior 
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G 
on the  i n i t i a l  i t e r a t ion  (i. e., s e t t i ng  y and @ 

hy - < = 0 ) .  

= 1.0, and 
i j  i j  

On subsequent i t e ra t ions ,  normalized values of 

x and y are used t o  calculate  these values. 
i j  i j  

There a re  two major loops i n  the  program: the component-by- 

component calculation of X ( j )  and Y ( j  ), which begins a t  point c ;  

and the overal l  i t e r a t i o n  on the energy and material  balance errors,  

which begins a t  point b. A number of camputer runs may be run 

without recompiling the program if the  following s teps  a r e  taken a t  

the completion of one calculation: a log ic  card i s  input, cer ta in  

i n i t i a l  values a re  changed (e.g., the number of stages),  and the 

program returns  t o  a point near the beginning of the flow diagram. 

Appendix E contains de t a i l s  of t h i s  feature,  along with a l i s t i n g  

of the  main program and the r e su l t s  of a sample calculation. 

The program has been t e s t ed  f o r  several d i f fe ren t  operating 

conditions and i n i t i a l  estimates of flow ra t e s  and temperatures t h a t  

were not very close t o  f i n a l  conditions. 

obtained i n  almost every case. 

Rapid convergence was 

The results of two calculations a re  

shown i n  Table 1. 

w i t h  a t o t a l  of nine stages: 

configuration i s  tha t  shown i n  Fig. 2. The second case i s  similar, 

except that  the  t o t a l  number of stages i s  36 w i t h  NA = 14, TJF = 26, 

and NSF = 29. A s  i s  seen 

i n  Table 1, convergence is  rapid although not qui te  as good as 

reported by Tierney and Yanosikg for a d i s t i l l a t i o n  column. 

could be the r e s u l t  of nonideality i n  the  calculations of enthalpy 

and K factors.  

The f i rs t  case i s  a three-column configuration 

NA = 2, T\1F = 5, and NSF = 8. The 

Six components a re  present i n  each case. 

This 

. 

. 

. 
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a Table 1. Erro r  measures for three-column configurations 

36 -stage configuration 9-stage configuration It erati on 
number I Dml b belC IDml IDe I 

6 2.79 2.07 x i o  1.10 2.08 x i o  6 
0 

1 1.48 6 1.25 x 10 0.735 6 1.u x 10 
5 4.31 x 10 5 0.216 3.07 x 10 

4 1.60 lo5 0.0461 6.22 x 10 

2 0.537 

3 0.139 

0.0310 0.0103 4 1.01 x 10 4 2.31 x i o  4 
2 3 

6 0.00138 5.07 x 10 0.000439 2.88 x 10' 2 

7 0.000304 1.25 x 10' 

5 0.00656 2.91 x i o  0.00219 9.79 x 10 

%asis: 100 g-moles of feed. 

i=l 1 

e 
C 

i=l i 
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The program was also used to calculate results for a configuration 

with 50 stages, but the results are not shown here. 

progran, with minor modifications, was used to calculate results for 

a simple absorption column as well as a two-column configuration 

consisting of an absorber and a stripper. 

In addition, the 

The time required for the execution of the 9-stage example was 

U- see, whereas 456 sec was required for the 36 stages. 

60 sec was required in addition to the execution time. Although 

storage requirements were not determined exactly, the 9- and $-stage 

problems can be run with 270 K bytes and 600 K bytes of storage, 

respectively. 

Approximately 

3. CORRELATION OF THERMODYNAMIC PROPERTIES FOR THE KALC SYSTEM 

3.1 Introduction 
6 In order to improve upon the earlier models used by Whatley 

and Mobley,7 it was necessary to estimate the thermodynamic properties 

of the vapor and liquid phases fo r  the multicmponent system with 

greater accuracy. The overall objective was to introduce no additional 

uncertainty except that already inherent in the experimental data. 

3.2 Vapor-Liquid Equilibrium Correlation 

The correlation and prediction of vapor-liquid equilibrium data 

at high pressures constitute a field in which much work is being done 

with a diversity of approaches. 

a relatively simple one consisting of one heavy component (xenon is 

treated here as a light component) and a number of light gases with 

The system under consideration is 



c r i t i c a l  temperatures w e l l  below the temperatures of  i n t e re s t ,  namely 

-55 t o  0°C.  me  objective of the correlat ion w a s  t o  provide K fac tors  

(K.  = y./x.)  f o r  a l l  components over the temperature range of i n t e r e s t  
1 1 1  

up to pressures i n  the neighborhood o f  70 a tm.  A survey of the 

l i t e r a t u r e  revealed a su f f i c i en t  amount of data for COz-X systems t o  

provide a correlat ion over the  region of  i n t e re s t ,  providing tha t  

krypton and xenon e x i s t  only  a t  low concentrations. The approach 

described below appears t o  satisf’y the  objective, but should not be 

expected t o  provide reasonable predictions outside the range intended. 

3.2.1 Thermodynarm ‘c  re la t ions  

The basic thermodynamic re la t ions  used i n  the cmputer  model of 

the KALC process a r e  shown below; they a r e  given i n  more d e t a i l  i n  

Appendix A. The exact equilibrium re la t ions  a r e  given by: (1) for  com- 

ponents other than carbon dioxide, using the i n f i n i t e  d i lu t e  conventicn, 

( 2 )  f o r  carbon dioxide (component l), using the  normal convention: 

(PO) (PO) 

(70) fl 71 K =  1 

where the d is t r ibu t ion  coeff ic ient  ( o r  K f ac to r )  i s  defined by 

Ki Yi/Xi. 

The Henry’s l a w  constant for the l i g h t  gases i n  carbon dioxide, 

H!”), i s  the  reference fugacity f o r  the  l i g h t  gases, including xenon. 
1 Y 1  
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For carbon dioxide, the normal convention i s  used and the reference 

fugacity i s  t h a t  of pure l i qu id  carbon dioxide a t  a reference pressure 

PO. In  t h i s  work, the reference pressure was taken as zero f o r  con- 

G venience. The term @. i s  the  f'ugacity coef f ic ien t  defined by: 
1 

-G where f .  i s  the fugacity of component i. 

usual meanings and a re  defined i n  Sect. 5.  

Other var iables  have t h e i r  
1 

If the concentrations of the dissolved gases a re  not excessively 

high and the temperature i s  well  below the c r i t i c a l  temperature of 

carbon dioxide (304.2"K)' the  p a r t i a l  molar volumes of the l i g h t  

components may be assumed t o  be incompressible, independent of con- 

centration, and equal t o  the  p a r t i a l  molar volume a t  i n f i n i t e  di lut ion.  

Likewise, the p a r t i a l  molar volume of pure carbon dioxide may be 

considered t h a t  of pure carbon dioxide, vL a t  the  temperature i n  1' 
question. 

I n  Eq. (70) the f'ugacity of the pure carbon dioxide a t  PO i s  

given by : 

where P1 S i s  the  vapor pressure of pure carbon dioxide a t  saturation. (14) 

Since a t  saturat ion the fugacity of the pure l i q u i d  carbon dioxide i s  

equal to t h a t  of  the saturated vapor, it i s  calculated frm the Redlich- 

Kwong equation of s t a t e  as  discussed i n  Sect. 7.2.1. 



Substituting in Eq. (73) and making the assumptions discussed 

above, the final. equations for the equilibrium constants are obtained: 

In order to calculate the various terms in Eqs. (74) and (75), reasonable 

models must be assumed for the gas and liquid phase. 

3.2.2 Liquid phase 

The thermodynamic properties of a liquid are best derived from 

a representation of the excess Gibbs free energy. 

energy is assumed to be represented by a series expansion: 

The excess free 

15 

*EX 2 2 
g =-a x 2 - a  x - a  x 2 2 2  333 444"' 

-2a x x  - 2 a  x x  (76) 23 2 3 2 4 2 4 '  * '  

where a 

interactions between molecules i and j. 

represent deviations from ideal behavior as a result of ij 
Note that neither i nor j 

is one since the infinite dilute convention is being used. 

x3, . . ., xm approach zero, but not that g approaches zero as x , 
as the mole fractions approach one as in the normal. convention. 

It is seen 
*Ex 

The 

general relation can be expressed as: 

M *Ex g = -c a. .x.x . 
1J 1 j 

(77) 
i, j=2 
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The activity coefficients are directly related by the relation: 

8 

Applying Eq. (78) to (77) leads directly to expressions for the activity 

coefficients , 
M M 

0 
RT In yk = a. 1 J  .X.X 1 j - 2 caikXi k=2,3, . . .,M ; (79)  

i=2 i, J=2 

and for carbon dioxide, 

M 
R T I n y l =  a x x  . 

i, j=2 ij i j 

For a binary system, C02-X, these reduce to: 

and 

2 
RT Ln y1 = a22~2 . 

0 Note that both y2 and y 

the above expression, the reference pressure w i l l  be taken as zero to 

approach one as x2 approaches zero. In applying 1 

provide the desired values of the activity coefficients. 

The values of the aij in Eq. (76) or (80) for i = j can thus be 

evaluated from an analysis of experimental data for binary systems. 

However, the values of the a. 

experimental ternary system data; for this reason, a simple estimate 

as suggested by Muirbrook 

for i # j cannot be determined withut 
lj 

16 is used in this work: 

a = (aii + a..)/2 . 
ij J J  



As noted in Appendix D, the type of mixing rule that is used will not 

affect the results since a. : a for the systems considered. ii jj 

Other properties of the liquid phase which must be known in 

(PO) Eqs. (69) and (70) w i l l  be discussed later; these include v B i' i.1 ' 

3.2.3 Vapor phase 

The properties of the vapor phase may be calculated from any 

equation of state which will adequately describe the properties of the 

gas over the range of interest. For pure component gases it is often 

desirable to fit the properties with an equation of state containing 

many constants; however, this is not desirable for mixtures since one 

must have constants for a U  components and valid mixing rules for the 

constants. One relationship which has been very successful in predicting 

. 
properties of gases such as those encountered here is the Redlich-Kwong 

equation with mixture rules and constants as given by F'rausnitz. 

This equation is also used to estimate the enthalpy deviations in the 

15  

gas phase as discussed later. A summary of all pertinent equations 

and mixture rules is given in Appendix B. Here we are interested in 

the fugacity coefficient, which is given by: 

1 

Equation (84) contains the consfwts of the Redlich-Kwong equation for 

the mixture, a and b, for the pure component, bi, and the interaction 
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The various rules fo r  calculating these constants for  

This equation can a l s o  be used t o  
i j '  constant, a 

a mixture a re  given i n  Appendix B. 

calculate  the  fugacity of the  pure component a t  the  saturated vapor 

pressure. 

3.2.4 F i t t i ng  parameters t o  binary vapor-liquid equilibrium data 

Equations (69) and (72) can be rearranged and m i t t e n  f o r  a binary 

system as follows: 

If the  solution were ideal,  a p lo t  of the  quantity on the left-hand 

s ide  of the equation vs ( P  - PO) should y i e ld  a s t r a igh t  l i n e  with 

slope V2/RT and intercept  H2,1 . 
Krichevsm-Illinskaya equation; with yF(po) = 1, it i s  ca l led  the  

Krichevsm-Kasamovsky equation. l5 

ac t iv i ty  coeff ic ient  must be included i n  the  correlation. 

4 
Equation (85) i s  known as the  

Figure 4 c lear ly  shows t h a t  the 

Equation (85) 

gives the  f i n d  form of 

l i qu id  equilibrium data 

the equation used t o  correlate  the binary vapor- 

by subst i tut ing Eq. (81): 

4 

and V2 are constants; on the  other A t  any given temperature, HZ,l , aZ2, 

hand, since it i s  desired t o  f i t  data over a fairly wide range of tem- 

(PO) 

perature, we must consider the var ia t ion of these quant i t ies  with 

temperature. 

ac t iv i ty  coefficient,  Eq. (81), provides that In y; i s  inversely pro- 

portional t o  absolute temperature i f  aZ2 i s  constant. 

The expression used f o r  the  natural. logarithm of the 

If a solut ion i s  

. 

. 
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- 1 T=-30°C 
0 CHRISTIANSEN et  al (1974) 
- CALCULATED FROM MODEL 

"i 
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0 20 40 60 80 
P-P:, atm 

Fig. 4. Equilibrium data for the  C02-C0 system a t  -30°C. 
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regular,17 In 7; varies inversely as the absolute temperature at 

constant composition and temperature; thus one might expect that 

is invariant with temperature. Within the precision of the experi- 

mental data, Yiis appeared to be the case for all systems considered 

here. 

The effect of temperature on the partial molar volume of the light 

gas at infinite dilution was assumed to be given by: 

where is an average coefficient of expansion. Integrating from i 
4 

a base temperature, T yields the final expression for Vi: 
0 

v. = v exp 
- 4  

1 io 

A similar expression was used for the molar 

dioxide [see Eq. (75)l .  

L L  
1 lo v = v exp [ E ~  (T - 

The Henry's law constant H was fit 
291 

TO'] 

volume of pure carbon 

to a correlation given by 

This particular correlation requires two 

A description of this correlation, along with 

18 Preston and Prausnitz. 

parameters, T" and Vc. 

a printout of the subroutine used by the computer program, is included 

03 

C 

in Appendix C. 

The final correlation used in fitting the binary vapor-liquid 
CO 

Tc ' equilibrium data using Eq. (86) consisted of five parameters: 
2 
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m 4 , and 
one must select the 

- 
p,. 
data points to be used. 

Before fitting the data to the correlation, 

3.2.5 Selection of experimental vapor-liquid equilibrium data 

Table 2 provides a summary of the references considered in the 

selection of the vapor-liquid equilibrium data to be used in the cor- 

relation. Although the literature is filled with methods for testing 

vapor-liquid equilibrium data for thermodynamic consistency, none is 

entirely satisfactory for high-pressure data. This is not necessarily 

the fault of the method since insufficient data are usually measured. 

For example, terms involving the partial molar volume, Vi, are unim- 

portant at low pressures, but important at high pressures, and are 

- 

usually not known. 

G 
represented by Gi , are not always known with sufficient accuracy. 

In spite of these difficulties, it is frequently easy to choose among 

In addition, nonidealities in the gas phase, 

the data of several different investigators and to eliminate some data 

points by making plots such as those shown in Fig. 5 for In [ ( P  - Py)/ 

x,] vs P - Ps and in Fig. 6 for ln (Pyl/Py) vs P - Pi. These plots 

are convenient if, as was the case here, the investigators reported 
1 

P, y2, x2 at constant ten2erature. By preparing the two separate 

graphs, errors in y2 and x2 are separated. 

(P - P:)/x2 can be used to obtain the Henry's law constant from the 

relation : 

The intercept of 



Table 2. Swmnary of vapor-liquid equilibrium data 
for carbon dioxide-X systems 

Temperature Pressure 
range range 

System ("c) ( atm ) Reference Invest igat ox 

. 

C 0 2  - Xe pco2 19 Notz et al. (1973) 

co2 - o2 0 41 to 116 20 Muirbrook and Prausnitz (1965) 

S 

-55 to 0 2 1  to 146 2 1  Zenner and Dana (1963) 

-40 t o  25 36 to 126 22 Kaminishi and Toriwni (1966) 

-50 to i o  10  to 130 23 Fredenslund and Sather (1970) 

-49.4 to -4 7 to 142 24 Fredenslund and Sather (1972) 

co2 - co -50 to io i o  to 130 25 Kaminishi et al. (1968) 

-50 to i o  8 to 140 26 Christiansen et al. (1974) 

C 0 2  - N2 0 48 to 116 20 Muirbrook and Prausnitz (1965) 

-55 t o  0 1 2  t o  137 2 1  Zenner and Dana (1963) 

-40 to 25 50 to 125 22 Kaminishi and Toriumi (1966) 

o to 25 o to 181 27 Abdullaev (1939) 

-55 to 0 41 to 155 28 PoUitzer and Strebel (1924) 

co2 - Kr -53 to 22 19 Notz et al. (1973) 
S 

pcoz 

29 Beaujean et al. (1972) -50 t o  25 PS 
co2 
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co2-02 0 O C  

0 ZENNER 8 D A N A  ( 1 9 6 3 )  

0 K A M l N l S H l  & T O R l U M l  ( 1 9 6 6 )  
0 FREDENSLUND 8 SATHER ( 1 9 7 0 )  

MUIRBROOK 8 PRAUSNITZ ( 1 9 6 5 )  
- 

I 0 0  0 

Fig. 5. Liquid-phase equilibrium data for  the C02-O2 system 
at 0°C. 
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Fig. 6. Vapor-phase equilibrium data for the COz-02 system a t  0°C.  
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. 

where @: i s  the h g a c i t y  

vapor pressure of carbon 

coef f ic ien t  of the  l i g h t  gas evaluated a t  the 

dioxide and a t  i n f i n i t e  di lut ion.  This value 

can be calculated accurately f o r  many systems; hence the Henry's law 

constant can be evduated  without a knowledge of y2. 

t h i s  r e l a t ion  has not been reported i n  the l i t e r a t u r e ,  where the quantity 

To our  knowledge, 

' G  I n  (PG/x ) i s  usually p lo t ted  vs (P  - Ps). Calculation of f2, of course, 2 2  

requires a knowledge of y2. 

The second 'cy-pe of plot ,  shown i n  Fig. 6, shows the na tura l  loga- 

rithm of the enhancement factor ,  In (F'yl/Ps), vs (P - P:). The enhance- 

S 
ment factor  must approach 1 as the pressure approaches P 1' 

AU of the data f o r  the C02-02, C02-CO, and C02-N2 systems were 

plotted,  and select ions were made of the data points t o  be used i n  the  

f i t .  

four d i f fe ren t  investigations.  &om these plots,  it i s  apparent t ha t  

the data of Muirbrook and FrausnitzZ0 a r e  grossly i n  e r ror  i n  the gas 

Figures 5 and 6 i l l u s t r a t e  data f o r  the COz-02 system a t  0°C f o r  

phase and 

they were 

points of 

somewhat inaccurate i n  the  l i q u i d  as well. For t h i s  reason, 

eliminated from the  correlation, as were the  three very l o w  

Zenner and Dana'' shown a t  the bottom l e f t  of Fig. 5.  

The surviving data points were then f i t t e d  t o  Eqs. (86) and (88) 

and the Henry's law correlat ion given i n  Appendix C by an optimization 

program described by Nedler and Mead.30 The f ive  parameters f o r  each 

of the systems a r e  reported i n  Table 3. 

f i t  fo r  the C02-CO system a t  -30°C. Overall, the  f i t  t o  these three 

systems appeared t o  be within the accuracy of the  data, although not 

within the precision of individual investigators.  

Figure 4 i l l u s t r a t e s  a typ ica l  



Table 3. Parameters for the  vapor-liquid 
equilibrium correlat ion 

Parameter 
5 - 

v” B x 10 22 0 
T” v* a 

2 c2 C Sys tern 
(OK) (cc/g-mole) (cal/g-mole) (cc/g-mole) ( OK-’) 

C02 - Xe 285.25 95.58 56.64 547 

co2 - o2 200.36 92.26 851.21 52.34 -7.8 

co2 - co 180.44 86.48 863.47 4 - 8 0  59 -1810 . 
C 0 2  - N2 197.66 93.93 885.60 50.03 137 

co2 - K r  237.59 93.83 54.46 894 
0 
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The available data for the CO,-fi and COT-Xe measured at ORNL and 
L 

reported by Notz et al." were in the 

dilution. These are directly related 

L 

form of K factors at infinite 

to the Henry's constant by: 

After calculating the f'ugacity coefficient of krypton frm the Redlich- 

Kwong equation of state, the Henry's law constant at the saturation 

pressure was obtained fron xenon and krypton. 

molar volume must be known in order to obtain the value of the Henry's 

law constant at the reference pressure. 

using a method described by Chueh and Prausnitz,31 at several temperatures 

and a value of pi calculated (see Table 3). 
obtained at the vapor pressure were then corrected to the reference 

pressure, PO, 

A value of the partial 

These values were estimated, 

The Henry's law constants 

The values of the Henry's law ccastants at the reference pressure 
18 

were subsequently fitted to the correlation of Precton and Prausnitz, 

using the nonlinear fitting procedure discussed earlier. 

TcZ and Vc2 are reported in Table 3; the fit to the experimental data 

is shown in Fig. 7. 

The values of 
W W 

3.2.6 Correlation of Henry's law constants in a common solvent 

Hildebrand et have suggested that the values of the Henry's 

law constant for gases dissolved in a common solvent are best correlated 
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Fig. 7. Henry's law constants for the C 0 2 - K r  and C02-Xe systems 
as a function of temperature. 
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* 

by plotting the logarithm of the Henry's law constant vs the energy 

of vaporization of the gas at its normal boiling point, &. Using 

values of 4 from Hildebrand et 
relation were plotted at several 

f o r  -20°C. 

7 Mobley previously analyzed 

u 

al.,17 the final results of the cor- 

temperatures as illustrated in Fig. 8 

all COz-X binary systems available at 

that time using a plot similar to the one shown in Fig. 8 in order to 

distinguish between the two sets of krypton data available. 

cluded that the KE'A Jaich data2g were in error, which was the same 

conclusion that Whatley 

basis. lZle value of the Henry's law constant as determined at KFA 

Jaich is reproduced in Fig. 8 for comparison. 

that the Henry's law constants based on the ORNL data were slightly 

He con- 

6 reached by using other calculations -; a 

Mobley also concluded 

high and chose to 

New data for 

the COZ-Xe system 

law constants f o r  

use values based on his own correlation. 

the C02-CO system, as well as the measurements for 

by O m ,  seem to indicate that all of the Henry's 

the system lie within about 1% of a straight line, 

as shown at -20°C. 

provide the "best" set of parameters. It is important to note that if 

the parameters are in error they will probably tend to predict conser- 

vative decontamination factors. 

For this reason, the ORNL values were chosen to 

* 

3.3 Representation of Vapor and Liquid Enthalpy 

3.3.1 Introduction 

The enthalpy representation used in the equilibrium stage model, 

although simple, should be sufficiently accurate to provide quantitative 

* 
Recent pilot-plant data of Glass et aL3' a l s o  confirm the C02-Kr 
data of O m .  
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. 

agreement with actual system behavior. Adequate provision is made for 

nonidealities in the gas phase, but no attempt is made to consider the 

effect of pressure or concentration on the enthalpy of the liquid phase. 

The neglect of such effects is of little importance, particularly since 

the KALC process operates nearly isobarically and at low concentrations 

of dissolved gases. 

The reference temperature for the enthalpy was chosen to be -40°C 

to conform with that given in published enthalpy tables for liquid 

carbnn dioxide. 

3.3.2 Correction for gas-phase nonideality 

The corrections for the effect of gas-phase nonideality were taken 

into account by using the Redlich-Kwong equation of state with rules 

regarding mixtures as given by Frausnitz.15 A summary of those relations 

is given i n  Appendix B. The difference between the molar enthalpy of a 

component in an ideal gas state and the partial molar enthalpy in a gas 

mixture at the sane temperature, pressure, and composition is: 

(93) 

applicable, of course, for a pure component as 

f 

This relation i s  

well as for a mixture. 

m i x t u r e  and a real gas mixture is given by: 

The enthalpy difference between an ideal gas 

M 

i=l 
- h G = C yi(hy - q) 

hz m (94) 
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3.3.3 Enthalpy of carbon dioxide 

The heat capacity of pure saturated liquid carbon dioxide was 

obtained f rcxn Glass et a l . ' s  polynomial fit33 to the liquid enthalpy: 

(95) L C = 278.767 - 2.20936 T + 0.00471244 T2 . 
S 

Integrating from T and neglecting the effect of pressure, 
0 

L 2.20936 (T2 2 0.00471244 
2 - T o ) +  3 h = 278.767 (T - T o )  - 

The enthalpy of the carbon dioxide at any temperature in the ideal. gas 

state was calculated frim: 

(97) 
T 

T P  
h 0 = Ahvap + (hz - hf) +l Co dT , 

0 

0 

The heat of vaporization at T 

frcxn ref. 34. 

applied to pure C02 at Toj  and C was represented by: 

-4OoC, was taken to be 3369.2 cal/g-mole 
0' 

G 
The value of (hz - ho) was calculated f'rm Eq. (93) 

0 

P 

The coefficients a, (3, and y are given in Table 4. 

3.3.4 Enthalpy calculations for the light gases 

The reference temperature for the light gases was a l s o  taken to 

be -40°C; however, since the components do not exist as pure liquids 

at that temperature, the enthalpy was calculated relative to the 

partial molar enthalpy at infinite dilution in liquid carbon dioxide. 

The derivative of the Henry's law constant is used to relate this 

reference state to the ideal gas enthalpy, as follows: 
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. 

Table 4. Coefficients for the ideal-gas heat-capacity 
polynomialsa and the enthalpy 
of the ideal gas at -40°C 

ho Coefficients io 
Component a B x 103 y x lo6 (cal/g-mole) 

~~ 

c02 6.637 1.395 20.45 3513.05 

Xe 4.968 0 0 521.93 

O2 7. 011 -0.810 2.8 -773.62 

co 6.962 -0.095 0.35 -194.51 

N2 6.958 -0.035 0.15 -1199.32 

Kr 4.968 0 0 -249.94 

“The coefficients were evaluated by fitting the Co values 
The latter values, exceEt those at 100, 200, and 300°K. 

f o r  krypton and xenon, a r e  taken f i o m  the JANAF Thermo- 
chemical Tables.35 The alues for krypton and xenon were 
obtained from Hvltgren. 3 8 
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4 
Since H 

constant using the  correlat ion developed previously yielded the  

= 0 a t  To, evaluation of the der ivat ive of the  Henry's l a w  
i 

. 

values of hp a t  -40°C given i n  Table 4. Values of h? a t  other tem- 
10 1 

peratures a re  calculated from: 

T h. 0 = ho +l Co dT, 
1 i o  P i  

I 
0 

0 where hio i s  the value of the enthalpy of component i i n  the  idea l  gas 

s t a t e  a t  -40°C. The heat capacity i n  the idea l  gas s t a t e  w a s  given 

by a polynomial of the same form as Eq. (98). Table 4 gives the  

coeff ic ients  of the equation for the  l i g h t  gases, along with values 

f o r  ho . i o  

The values of a t  temperatures other than -40°C may be readi ly  
1 

obtained from Eq. (99) a f t e r  calculating the  der ivat ive of the  Henry's 

constant from i t s  correlat ion and hp from Eq. (100). 

3.3.5 Enthalpy calculat ion f o r  the mixture 

After the enthalpies of the pure components have been calculated 

f o r  the idea l  gas s t a t e ,  the enthalpy of the r e a l  gas mixture i s  given 

by : 

h G = C y i  ["E - (hi 

The enthalpy of the l i q u i d  phase i s  calculated 

hC02 and t h a t  E. = (i. e . ,  that the solut ion 

d i l u t e  solut ion) .  

1 1 

by assuming t h a t  % = 
c02 

i s  an ideal,  i n f i n i t e l y  
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4. CONCLUSIONS 

A computer program written for this study has been found to provide 

an "exact" solution to equilibrium stage models for the KALC process. 

This program, which uses the matrix techniques of Tierney and eo- 

 worker^,^" is shown to be a convenient means for studying various 
column arrangements and specifications. 

A thermodynamic correlation has been prepared using the Redlich- 

Kwong equation of state to represent the nonidealities of the gas phase 

and the unsymmetrical Margules equation to represent the nonidealities 

of the liquid phase. The values of the Margules constants, the Henry's 

law constants, and the partial molar volumes of the solute at infinite 

dilution have been determined for the C02-02, CO -N  CO -CO, C02-Xe, 

and C02-Kr  systems from a careful selection of the best vapor-liquid 

equilibrium data. In the event that additional data for this system 

should become available or  interest should develop in new systems, the 

form of the correlation will allow such information to be incorporated 

2 2 7  2 

quite readily. 

5. N O M E N C M m  

A = vapor recycle matrix; a ij is fraction of total variable 
vapor leaving stage j that goes to stage i if i # j, 
and is -1 if i = j 

a,ai,aij = constants in Redlich-Kwong equation for the mixture, 
for pure i, and for the interaction 

B = liquid recycle matrix; bij is fraction of total variable 

liquid leaving stage j that goes to stage i if i # j ,  

and is -1 if i = j 



b,b. = constants in Redlich-Kwong equation f o r  the mixture 
1 

and component i 
C ,C = temperature and flow correction vectors; c and c 
t v  t, i v, i 

are the temperature and flaw corrections for stage i 
0 

C 

C 

D = material and energy balance error vectors; d and 
are the material and energy balance errors for 

= heat capacity in the ideal gas state, cal/g-mole-"K 

= heat capacity of the saturated liquid, cal/g-mole-"K 
P 
L 
S 

Dm7 e m, i 
d 

stage i 

e = (ad ./hi) 

ideal g'as state at the normal boiling point, kcal/g-mole 

e, i 

Et, E = submatrices of Jacobian matrix Jr ;  e = (ad ./atj); V t,ij 

v,ij m, 1 
%v = change in internal energy in going from liquid to the 

is the amount of F, F'j' = feed matrix and jth column of F; f ij 
component j in feed to stage i, g-mole 

-G f. = fugacity of component i in the gas phase, atm 
1 

(pS> f 1 1 = fugacity of pure liquid carbon dioxide at saturation, atm 

= figacity of pure liquid carbon dioxide at the reference fl 
pressure, atm 

G = vapor enthalpy vector; gi is enthalpy of a mole of 

G"' = partial enthalpy of vapor (diagonal matrix) ; gyj is 

= temperature dependence for vapor enthalpy (matrix); 

vapor in stage i 

the partial enthalpy of component j for vapor in stage i 
G t 

= (agi/atj*) gt, i j 
- G = flow dependence for vapor enthalpy (matrix); g - 

V v, ij 
( ag, /a%* 1 

A' J *EX 
g = excess molar Gibbs free energy based on an ideal dilute 

solution, cal/g-mole 

H = liquid enthalpy matrix; h. is enthalpy of a mole of 
1 

liquid in stage i 
H*' = partial enthalpy of liquid (diagonal matrix); hi*' is 

the partial enthalpy of component j in stage i 

. 
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. 

-G H. = partial molar enthalpy of component i in the gas state 

-T . i 
*J * '  1 

(same as an element g in matrix G '), cal/g-mole 
= partial molar enthalpy of component i in the liquid 

*J 1 
state (same as an element hyj in matrix H ), 

cd/g-mole 
= Henry's law constant of component i in carbon dioxide Hi,l 
at a reference pressure PO, atm 

H = temperature dependence for liquid enthalpy (matrix); t 
h = (ah./at.) 

(ah: /av, ) 

- t?ij 1 J  
H = flow dependence for liquid enthalpy (matrix); h - 
v * v,ij 

A. J 0 

1 
h. = enthalpy of component i in the ideal gas state, cal/g- 

mole 
ho = enthalpy of mixture in the ideal gas state, cal/g-mole 

ho = enthalpy of gas at T 
m 
G cal/g-mole 

0' 

vap = heat of vaporization at To, cal/g-mole 
h = enthalpy of liquid, cal/g-mole 
ho = enthalpy of ideal gas component i at' T io 0' 

= submatrices of 4 

cy10 L 

cal/g-mole 
- = ad /atk; j - ' jt,ik e, i v, ik Jt, Jv 

ad /avt e, i 
Kj = equilibrium ratio matrix (diagonal); k! = y. ./xij 
K. = equilibrium ratio, yi/xi 

1 1 J  

1 
L = liquid flow matrix, Eq. (21) 
L' = fixed liquid flow matrix, is a flow of liquid from lij 

stage j to i which is held constant 
$,$,$,Mi,Mi = defined by Eqs. (261, (42), (441, (551, and (56) 

= normalization matrix (diagonal), Eq. (31) 
NA = stage number of bottom stage in absorber column 
NF = stage number of bottom stage in fractionator column 

NSF = stage number of feed stage in stripper-rectifier column 
n = number of moles of i i 
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n = total number of moles 
P = pressure, atm 

1 
Q = vector of heat additions; qi is heat energy added 

S P = saturation vapor pressure of carbon dioxide, atm 

to stage i 
Q = feed enthalpy vector; q is total enthalpy of all f f, i 

feeds to stage i 
-1 R = matrix defined by R = B 

R = gas constant in appropriate units 
T = temperature vector; t. is temperature of stage i 
T = temperature, "K 

A 

1 

T 

T = parameter in Henry's law constant correlation, "K 

= reference temperature of -40°C or  233.15"K 
0 

-43 

C 
U = vector consisting of all 1's 
V = vapor flow matrix, Eq. (20) 
V' = fixed vapor flow matrix; v. is a flow of vapor from 

lj 
stage j to stage i which is held constant * * 

= vapor flow variable (diagonal matrix) ; vi is the sum 
of all vapor flaws leaving stage i except those in V' 

V 

03 
V = parameter in Henry's law constant correlation, 
C 

cc/g -mole 
V. = partial molar volume of component i, cc/g-mole 

V. = partial molar volume of component i at infinite 
1 

--co 

1 
dilution, cc/g-mole 

v = molar volume of gas, cc/g-mole 

vL = molar volume of pure liquid carbon dioxide, cc/g-mole 
W = matrices defined by Eqs. (61) and (62) 
1 

wl, 2 

X, X") = liquid composition matrix and jth column of X; x is ij 
composition of component j in liquid in stage i 

j 

t j  = (ax. ./atk) 
t, ik 1 J  j 

(ax. ./avk) 

X = temperature dependence for liquid composition (matrix) ; 

- - j 
X 

X = flow dependence for liquid composition (matrix); x v, ik * v 

1J  
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x = mole fraction component i in liquid i 

. 

Y,Y(j) = vapor composition matrix and jth column of Y; yij is 
composition of component j in vapor in stage i 

j 

j 

Yt = temperature dependence for vapor composition (matrix) ; 

't, j ik = (ayij/at,) 
.j - - 

; Jv,ik Y = flaw dependence for vapor composition (matrix) * V 
( ayi j /avk ) 

= mole fraction component i in vapor 'i 
Z J = L + V K  j 

Greek Alphabet 

a. = coefficient in expansion of excess free energy represent- 13 
ing interaction of components i and j 

a , @ , y  = coefficients in heat capacity equation for ideal gas 
- pi = average coefficient of expansion for component i 

- - 
Yi j r = matrix of liquid-phase activity coefficients; 

activity coefficient of component j in stage i 
0 yi (PO) = activity coefficient of component i corrected to the 

reference pressure, unsynmetric convention 

y = activity coefficient of carbon dioxide at system 1 
pressure 

= activity coefficient of carbon dioxide corrected to 71 
the reference pressure 

A = vector of material and energy balance errors; xi is 
the material balance error for i 5 N and energy balance 
error for N < i 5 2N 

5 = subscript indicating iteration number 
@ = matrix of vapor-phase fugacity coefficients; 0 = 

G 

Q = Jacobian matrix of errors 

G 
ij 

fugacity coefficient of component j in stage i 

= gas-phase fugacity coefficient 'i 
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Subscripts 

e = energy balance 

f = feed 

i,j,k = indices for matrices; a l s o  used to indicate component o r  

stage number 

m = material balance 

t = temperature 

v = flow 

o = evaluated at reference temperature of -40°C 

c = critical conditions 

s = saturated 

Superscripts 

j = component 

G = gas 

03 = infinite dilution 

PO = reference pressure 

s = saturated 

o = convention of infinite dilution 

o = ideal gas 
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7. APPENDIXES 
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7.1 Appendix A: Basic Thermodynamic Relations 

For systems such as the one under consideration in this report, 

it is norrnally most convenient to use the unsymmetric convention to 

represent the activity coefficients. The Henry's law convention is 

used for all light components. At equilibrium, 

L G  - 
Pi - Pi 4 

If we l e t  PO represent a reference pressure which is taken to be zero 

here, the activity coefficient of the light components is defined by: 

'i = pq( PO, T) + RT In y:xi; (A-2) 

and 

lim y? = 1. o for i=2,3,. . . ,M. (A- 3 1 
1 

x. 3 0 
1 

For component 1, the normal convention is used: 

I, = p * (PO,T) + RT In ylxl; 
I J - l  1 

and 

lim 7 = 1.0. 1 

X 1 " l  

(A-4) 

(A-5 1 

The reference state refers to the pure liquid at PO and T. 

gas phase, the usual. equationL5 relating f'ugacity and chemical potential 

For the 



is used for a l l  components with a reference state, the ideal gas at 

1 atm: 

(A-6 1 -G 
= pY(T) + RT In fi . 'i 

Substituting Eqs.  (A-6) and (A-2) into Eq. (A-1) and rearranging, we 

obtain 

0 
i Pq(PO,T) - pi(T) 

la-- 
Y ; X ;  
0 -  RT (A-7)  

At constant temperature the right-hand side (and hence the left-hand 

side) of the equation is constant and may be used t o  define the 

Henry's law constant at the reference pressure PO, as follows: 

e 

The effects of temperature and 

follow directly from Eq. (A-8) 

and 

. L A  

pressure on the Henry's law constant 
1 K  

by partial differentiation:l' 

f D \  

Returning to Eq. (A-8) and writing the fugacity in terms of the 

fugacity coefficient, 

(A-9) 

(A-10) 
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the following r e l a t ion  i s  obtained: 

Rewriting Eq. (A-12) i n  terms of K factors  gives: 

(A-12)  

.L 

I n  a similar manner fo r  component 1 (carbon dioxide), Eqs. (A-4)  and 

(A-6) a r e  subst i tuted i n t o  (A-1) ; rearranging, then, yields  : 

(A-14)  

Again, the  right-hand s ide i s  independent of composition and must equal 

the natural  logarithm of the  fugacity of pure l i qu id  carbon dioxide a t  

PO, In fyo). Rewriting as before i n  terms of the  K fac tor  using the  

G 
1 defini t ion of 4 yields:  

(A-15)  

The e f f ec t  of pressure on a c t i v i t y  coeff ic ients  defined with a reference 

15 s t a t e  a t  a fixed pressure is :  

( A-16 ) 

Equation (A-16) follows d i r ec t ly  f r o m  d i f fe ren t ia t ing  Eqs. (A-2)  and 

(A-4) .  Using t h i s  re la t ion,  the K fac tor  equations a re  rewrit ten as: 



and 

$ =  

Equations (A-17) and (A-18) a r e  exact 

(A-18) 

thermodynamic re la t ions  f o r  the 

K factors  expressed i n  terms of quant i t ies  t h a t  a r e  more eas i ly  cor- 

re la ted  than x and y. 

7.2 Appendix B: Redlich-Kwong Equation of S ta te  and Procedure RKWONG 

7.2.1 The equation of s t a t e  

The Redlich-Kwong equation of s t a t e  with mixture ru les  as given 

by Prausnitz15 was used t o  represent the properties of the gas phase. 

The basic  equation of state is:  

In  the  case of a pure camponent, the  constants a and b a re  r e l a t ed  t o  

the c r i t i c a l  temperature and pressure by: 

2 2.5 
Qa Tc 

C 
P a =  

and 

O b  RTc (B-3) 
C 

P b =  

If t h e  equation i s  f i t t e d  such that the  f i r s t  and second p a r t i a l  

derivatives of pressure with respect t o  volume a re  zero a t  the 

c r i t i c a l  point, R a  = 0.4278 and Qb = 0.0867. 

stances, including carbon dioxide, Prausnitz reports  values o f R a  

and% that were adjusted t o  f i t  the  saturated vapor curve; the 

For a number of sub- 



corresponding values fo r  carbon dioxide were 0.4470 and 0.09l-I. 

respectively. 

l i g h t  gases. 

"he universal  values ofOa andf lb  were used for the  

To predict  the properties of the mixture, F'rausnitz gives the  

following ru les  w i t h  regard t o  mixtures: 

M 
a = C yiyjaij, 

i, j=1 

M 

i=l 
b = C Yibi, 

2 2.5 (Oai + R a . )  R Tci. 
a =  
i j  2Pci j 

Zci. R Tci. 
- 

9 

C i j  
Pc i j  - V 

vcij 1/3 = 1/2 (VCi 1/3 + vcj V 3 )  9 

(Ui + w . )  
z = 0.291 - 0.08 9 
'ij 

(B-4) 

03-51 

(B-7) 

(B-10) 

In  Eqs .  (B-4) through (B-10) the  symbols have t h e i r  usual meaning; 

the subscript  c re fers  t o  the c r i t i c a l  point f o r  the pure cmponent, 

but not fo r  i # j. Here w i s  the acent r ic  fac tor  defined by Pi tzer .  37 

If the values of Tc, Pc, and Vc a r e  used t o  evaluate the constants, w 

i s  not needed. However, Eq. (B-9) is  usually more r e l i ab le  f o r  cal-  

culating Zc f o r  the pure component than d i r ec t ly  fk.m Pc, Vc, and T,. 



. 

Values of Qa, ob, u), Tc, and Pc (see Table 5) were input for the 

systems considered in this work. 

mined by using Eq. (B-9) to calculate Z 

Eq. (B-7) as written for the pure component to calculate Vc. 

calculations then proceeded sequentially with Eqs. (B-8), (B-9) ,  

( B - l o ) ,  (B-7),  (B-6),  and (B-4)  to calculate a. The value of b was 

calculated directly from Eqs. (B-3) and (B-5). 

Values of a and b were then deter- 

for the pure components and 
C 

The 

The Redlich-Kwong equation of state was used to calculate the 

fugacity coefficient in the gas phase, as well as the deviation of the 

enthalpy of the real gas mixture frm the ideal gas mixture. The 

1 5  fugacity coefficient is given by: 

In order to carry out the component-by-component computations of 

the equilibrium stage model, it was convenient to calculate the quantity 

(q - %) for each component. 
quantity can be obtained as follows. 

A n  equation for use in calculating this 

The Redlich-Kwong equation is substituted into the exact thermo- 

1 5  mamic relation 

M 

i=l 
H - C nihi =a wp - T (E) ]dV + PV - nRT . (B-12)  

V,N 

The resulting equation may be differentiated with respect to !k at 

constant P, T, and M to obtain: 
J fk  
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. 

Table 5. Parameters for the Redlich-Kwong 
equation of s ta te  

~ ~~ 

c02 0.4470 0. ogll. 0.225 304.2 72.8 

X e  0.4278 0.0867 0 289.7 57.6 

O2 0.4278 0.0867 0.021 154.6 49.8 

co 0.4278 0.0867 0.041 13-20 9 34.5 

N2 0.4278 0.0867 0.04 126.2 33.5 

Kr 0.4278 0.0867 0 209.4 54.3 



- 
In Eq. (B-13) the partial molar volume, V was calculated frm the 

relation given by Prausnitz and Chueh: 

k 
38 

M 

abk 
' Yi aik 
i=l 

2 + ?I2 v(v + b) Tl-/2 v(v + b) 2 -  

RT 2 v + b  

RT + Rmk 

(v - b) v - b  

(v - b) 

The difference between the enthalpy of the ideal gas and that 

mixture is calculated from: 

(B-14) 

of the 

These values were calculated using the procedure RKWONG described in 

Sect. 7.2.2. 

7.2.2 Procedure RKWONG 

RKWONG: PRCC(L, M, Y, P, T ,  PHIG, DELHBAR, DEDI) ;  

The procedure was linked to the main program by the parameters: 

L = logic parameter with values of 1, 2, and 3, binary fixed 

1 - reads input data (see below). 
2 - (this option is presently inoperative) 
3 - calculates PKLG, DELHBAR, and DEDI 



M = number of components, binary fixed 

Y = vector of vapor mole fractions,  binary f l o a t  

P = pressure, a h ,  binary f l o a t  

T = temperature, OK, f l o a t  
G 

PHIG = vector of f'ugacity coefficients,  Qi, binary f l o a t  

DELHBAR = vector of (hq - Ei), cal/g-mole, binary f l o a t  

DELH = C yi(hF - E. ), cal/g-mole, binary f l o a t  
M 

i=l 1 

Input : 

Card (1) i s  repeated M times. 

i n  t h i s  case, it i s  calculated from Eqs. (B-9) and (B-7). IDENT 

V i s  normally input as zero; 
C 

i s  an eight-character string variable used t o  ident i fy  a camponent. 

( 2 )  k. . f o r  values of i f r o m  1 t o  M-1 and j 
1 J  

from 2 t o  M. The order i s :  

The values of kij have been input as zero. 

7.3 Appendix C: Henry's Law Constant Correlation 
and Procedure HENRYS 

7.3.1 Henry's l a w  constant correlat ion 

The Henry's constant correlat ion used i n  the model of the  KALC 

process i s  a generalized correlation of Preston and Prausnitz18 based 

on the s t a t i s t i c a l  mechanics of d i lu t e  solutions i n  conjunction with 

the  two-fluid theory of Scott  and a reduced empirical equation of state. 

The resu l t ing  generalized equation f o r  the Henry's constant i s :  
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BKWCNG: P R O C ( L 8 r 8 Y 8 E 8 T 8 E E I G , ~ E L H E ~ R 8  DELH) ; 
DCL E EINARY E L C A T  ; 
DCL RT : 
DCL EX,AH,BE 
DCL R S T A T I C  : 
DCL ( Y  (*) PHIG (*) , V E A R  ( a )  ,CELHFAR (*) ) EINARY FLOAT ; 
DCL Z S T A T I C  ; 
DCL I, J ; 
DCL S ( 3 )  L A E E I  ; 
DCL ( A  ( M e # )  ,E (M) 8 OMEGA (M) FLOAT,OHEGB ( H )  FLOAT,  
ZC ( M V H )  W (n)  , F C  (H,F!) 8 VC (M,!) , T C  ( H n f l )  8 K  (H,!) FLOAT,  
I D E N T ( H )  C H A R ( 8 )  ) C'IL ; 
R = 0.0820574 ; EX = 1/3 ; 
GO TO S ( L )  ; 

'OMEGA' ,  'CRECE', ' U t 8  ' TC ,CEGK' ,  ' P C , A T M ' ,  ' V C , L I T E R ' ,  
'COMPONENT ' )  
(x (10 )  v A ,  S K I E ,  X ( I ' ) 8 A 8 x ( S ) , A n  x ( 8 )  , A , X ( U ) e A , X ( S )  
A n X ( 2 )  I A . X ( I )  # A )  ; 
ALLOCATE A,E,CHEGA8CMEGE82C,W8PC,VC8TC,K,IEENT : 
DO I = 1 I C  M ; 

VC ( 1 , I )  , I C E H T  ( I )  ) ; 
PUT S K I P  E D I T  (OWEGA ( I )  C H E G E  ( I )  W (I) TC (181) 8 F C  (181) 8 

(x (10) ,r(lo8s)8F(lo,5)8F(lo83) .F( 1 0 8 2 ) 8 F ( 1 0 8 2 )  # F ( 1 0 8 5 )  v x ( 2 )  8 

S ( 1 )  : P U T  S K I p ( 2 )  E f I T  ( ' I N E U ' I  FASAMETERS FOR R-K E C U A T I O N ' ,  

G E T  L I S T  (OEEGA ( I ) ,  CMEGB (I) W(I) T C ( I , I ) ,  P C  ( 1 8 1 )  8 

vc (I,I) , ICEHT ( I )  

A ( 8 ) )  ; 
END ; 
PUT S K I P ( Z )  E C I T ( ' C C E R E C T 1 C N S  FOR G E O H  M E A N , K I J ' )  ( X ( 1 O )  # A )  : 
DO I = 1 ' IC  H - 1  ; 
PUT S K I F  E D I T  ( I )  ( X  ( 1 C )  E (2) ) : 
DO J = I + 1  'IO W ; 
G E T  L I S T ( K ( 1 , J ) )  ; 
P U T  E D I T ( K ( 1 , J ) )  ( F ( l C , 3 ) ) ;  
ENC ; END; 
DO I = 1 TO fl ; 
DO J = I 'IC H ; 
Z C ( 1 , J )  = 0 . 2 S 1 - C . O E * ( W ( I )  + W ( J ) ) / 2  ; 
END ; 
I F  V C ( I 8 I )  > C ' IBEN 2 C ( I , I )  = P C ( I , I ) * V C ( I , I ) / ( R * T C ( I , I ) )  ; 
ELSE ; vc ( 1 ~ 1 )  = zc (I,I) *S*TC(I,I)/PC ( I , I )  ; 

END ; 
D O I = 1 T O H  ; 
DO J= I+ l  TC H ; 

B (I) = OflEGE (I) *fi*TC ( 1 , I )  / E C  ( 1 , I )  

VC (I , J )  = ( ( ( V C  (I ,I) **EX+ VC (JIJ) **EX) / 2 )  ) **3 : 
T C ( 1 , J )  = S C A ' I ( T C ( I , I ) * T C  ( J , J ) ) * ( l - K  (1,J)) ; 
P C ( 1 . J )  = ZC(I,J)*R*TC(I,J)/VC(I,J) ; 
END ; END ; 
DO I = 1 TO M ; LO J = I T C  tl : 
A ( 1 , J )  = ( O I J E G A ( 1 )  + OHEGA(J))*R*R*(TC(I,J)**2.5)/(2*PC(I,J)) ; 
A ( J 8 I )  = A(1,J) ; 
END ; ENC; 
RETURN ; 

RETURN ; 

BT = R*T 

S ( 2 ) :  z = 1.0 ; 

S(3): AH = o ;  
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B M = O  ; 
DO I = 1 'IC N ; 
ab = BM + Y(I)*E(I) ; 
D O J = l T O N ;  

END ; END ; 
C A L L  VCLG ; 
DELH = RI* ( l . C * A I ! /  (ER*E?*I**0.5) * L O G (  (VG+EH) / V G )  + l - F * V G / R T )  ; 
DELH = ( 1 . 9 € 7 x / C . O E 2 0 5 7 4 )  *CELH ; 
D O I = l I O M  ; 
P H I G ( 1 )  = FUNC'I ( I )  ; 
V B A R ( 1 )  = V F U K C T ( 1 )  ; 
D E L H B A F i ( 1 )  = t P U N C T ( 1 )  ; END ; 

DCL X ; 
X = 0 ; DC J = 1 TO C. ; 8 = X + Y ( J ) * A ( J , I )  ; END ; 

X = ( X /  ( R * E R * ' I * *  1.5) ) *LCG ( (VG+EM) /VG) + LCG ( V G /  (VG-EM) ) 
+ E ( I )  / (VG-EM) + AH*E ( I ) *  (LOG ( (VG+BM)/VG)-EM/ (VG+Bfl )  ) / 
(R*T**l.S*BF!*ER) - I C G ( F * V C / ( R * T ) )  ; 

X = E X F ( X  ) ; 
RBTURN (X)  ; 
END F U M C I  ; 

A M  = AR+Y ( I )  *Y (J)*A ( I , J )  ; 

FUNCT: P B O C ( 1 )  ; 

x = -2*x ; 

VFUNCT: P R C C  ( I )  ; 
DCL X , J , X X  . 
T 1 2  = SCF'I('I) ; R I  = R*T ; 

DO J = 1 I C  R ; X = X + Y ( J ) * A ( J , I )  ; END ; 
X = - 2 * X /  (I 1 2 * V G *  ( V G + E R ) )  : 
X = X + (EiT/(WG-El))*(1+E(I)/(VG-EM)) ; 
X = X + AM*E(I)/(Tl>*VG*(VG+EN)**2) ; 
X X  = R I / ( V G - E P ) * * 2  ; 
X X  = X X -  ( A M / ?  1 2 )  * ( 2 * V G + E M ) /  ( V G * V G *  (VG+BM) * * 2 )  ; 

RETURN ( X )  ; 
ENC VFUNCT ; 

DCL X,J * 
X = 0 ; CC J = 1 TO I! ; X = X + Y ( J ) * A ( J , I )  ; END ; 
X = ( 2 * X - A R * E  (I)/ER) /EM ; 
X = X * L O G ( ( V G t E R ) / V G  ) ; 
X = X + ( A l / B F )  * (VG*E ( I ) - B E A R  (I) *EM)/ (VG* (VG+BM) ) ; 
X = 1 . 5 * X / S C E I ( I )  + R I  - F * V B A R ( I )  ; 
X = X * 1 . 9 € 7 2 6 / 6  ; 
R E T U R N  ( X )  ; 
END HPGNCI ; 

D C L  A,B,C (U )  ,I: ( 4 )  , F H I , R I , V G A S ( 3 )  ,A3,B3,L,l,N,MH,RR,K,T12 * 
L = 2 ; 1 = 3 ; 51 = R*I ; 1 1 2  = S Q R T ( T )  ; C ( 1 )  = 1 ; 
C ( 2 )  = - R I / E  ;C ( 3 ) = - E M * * 2 - R T * B N / P + A M / ~ T l 2 * F )  ; C (4)=-AR*BM/(P* 
T 1 2 )  ; D ( 1 )  = 1 : D ( > )  = c ; D ( 3 )  = ( 3 * C ( 3 ) - C ( 2 ) * * L ) / 3  ; 
D(4) = ( 2 7 + C ( 4 ) - S * C  ( 2 ) * C ( 3 ) + 2 * C ( 2 ) * * N ) / 2 7  
R R  = ( C ( 3 ) / 3 )  * * R  + ( C ( Q ) / > ) * * L  ; I F  R R < O  THEN DO ; N H = l  ; 
PHI = A'IANC (SCEiT ( - (I: (3)  **k!/27 + D ( 4 )  **L/4)  / ( D  ( 4 )  **L/4)) ) 
DO K = 0 I C  2 ; 
VGAS ( K + 1 )  = 2 *  SCFT(-C(3)/3)*COSD(PHI/3 + 1 2 0 * K )  ; 
V G A S ( K + l )  = V G A S ( K + 1 )  - C ( 2 ) / 3  ; END ; 
VG = M A X  ( V G A S  ( 1 )  ,VGRS ( 2 )  , V G A S  (3) ) ; END ; 

x = o ;  

x = x /xx  ; 

HFUNCT: PROC ( I )  ; 

VCLG: P R O C ;  / *  E C L V E S  R K  C S I N G  C U E I C  S O L O T I O N  */ 
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ELSE DC ; R f l =  0 ; A ? =  ( - C  ( 4 )  / Z + S Q R T  ( R R ) )  : B 3 = ( - D  (4) /2-SQFT (RF) ) ; 
A = AB3 ( A 3 ) * *  (1/3) ; 
IF 83<0 T H E N  A = - A  : E = ABS (B3)** ( 1 / 3 )  ; IF E3<0 THEN ??=-E; 
VG = A + E - C  ( 2 ) / 3  ; E N C  ; 
RETURN ; E N C  V C I G  ; 
E N D  R R W C N G  * 
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\l1' s 
4c8 In H2,1 vl - - -  2C1T + 3 % ~  

f -  RT V 2 r 2vr 

C 

2 
vr r 

(c4T + '5T)  2 
6C3T f f -  

-2Cl6 v 

where 

5 C C l T = C 1 + ~ f - + - + -  c 2  c3 c4 
2 3 5 '  

lu Tr Tr Tr 
b7 = c  f -  '2T 6 T- 

n 
L 

' c;15 
3T = 

C 

C + -  
r r r 

rn 

2 C 

(c-5) 

Although the correlation is given above for the Henry's law constant at 

saturation, it was used as a fitting equation only; and the two parameters, 
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W 
and vc , were determined for the Henry's constants at the reference 

2 
pressure, which was taken to be zero. Values of the 16 constants can 

be seen in the printout of the procedure HENRYS given below. 

of TC and vc that were determined for the five binary systems studied 

here are given in Table 3. Values of vl, the molar volume of the satu- 

rated liquid heavy component, are calculated using the reduced cor- 

The relation of Lyckman as presented by Prausnitz and Chueh. 

subroutine VOLSAT shown in the printout below accomplishes this 

Values 
W 03 

S 
2 2 

38 

calculat i on. 

7.3.2 Procedure HENRYS 

HENRYS: 

!be parameters connecting the procedure have the following 

P'ROC(L, N, NH, T, H); 

definitions and attributes : 

L = logic parameter of value 3 or 2, binary 

1 - reads data used by procedure; see list below 
2 - calculates Henry's constants 

N = number of components, binary 

NH = number of heavy components (one for this work), binary 

T = temperature, OX, float 

H = matrix of Henry's law constants N by NH, binary float 

Calling HENRYS with I, = 1 results in the following data being input: 

1. TC(I) PC(I) VC(I) W(I) IDENT(I) 

TC = critical temperature, O K ,  

PC = critical pressure, ah, 

vc = critical voIme, cc/g-mole. 



(If VC is input as zero, then VC is calculated as described 

in Sect. 7.2. ) 

w = acentric factor 

IDENT = eight-character string used to identify the components 

This input is repeated for each component, I = 1 to N. 

2. IDENT(NH+~) IDENT(NH+Z) - - - IDENT( N) 

These are the light components. 

3. TCI(J,I) VCI(J,I) 

TCI = parameter T" OK 

VCI = parameter v , "K 
cz, 
OD 

This card is repeated for each binary pair. In the case here, 

I = 1 and J has values of 2,3---N. 

7.4 Appendix D: Activity Coefficient Correlation 
and Procedure ACTCO 

7.4.1 Activity coefficient correlation 

The activity coefficients of each component can be calculated 

directly from an expression for the excess Gibbs free energy. 

Gibbs excess free energy is assumed to follow the expansion 

The 

M *EX a. .x.x . g = -  
i, j = 2  1 J  1 j , 

From tne relation between excess free energy and activity coefficient, 14 

8 
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/*GENEBALIZED CORREIA'IICN FCB BENBY'S CONSTANT, 
HENFYS: PRCC(L,N,HH,T,E) ; 

DCL R , Y , C , K , X , Y , Z , U , I R , V R , ' I , I , J ;  
DCL C(16) S'IA'IIC INITIAL( 

ERESTON & PRAUSNI'IZ*/ 

o.u2u57i3e8 - C . S ~ ~ I ~ U ~ U ,  -0.ue309824, -o.i26115ou, 0.02cu2006, 
0 . 1 5 4 4 ~ 5 5 4 ,  -c.c6794:37, c.066~287, 0.307303ae, 0.27319810, 

0.3540254s, o.of5145ct, c.02432847, 0.a6320302 1 ;  
-0.32214081, -O.C744Z@OE, 

DCL LCGC FLCA'I, LOGH ELCR'I; 
DCL (IDEN'I ( 6 )  CHAR ( E ) )  ; 
DCL (VS (N ), 'IC ( N  ) , VC (N ) ,  EC(N ) ,W (N ) )  CONTZOLLED; 
DCL (TCI(N,K) , VCI(E;,N)) CCNTROLLED; 
DCL H (*,*) ; 
DCL S ( 2 )  LAEEL; 
R = 82.0574 ; 
GO TO S(L); 

PUT SKIP EDIT ('TC','EC','VC','W', 'COBP') (X (lo), R8X(10), A,X (lo), 
A,X(1O),A,X(1C),A); 

S ( 1 )  : ALLOCATE VS,TC,VC,PC,U,'ICI,VCI; 

PUT SKIE; 
DO 1=1 TC N ; 
GET LIST (TC(I),FC(I),VC(I),W(I)81DENT(I)): 
IF VC(I)=O TEEN VC(I)=(E*'IC(I)/PC(I))*(O.291-0.08*W(I)); 
PUT SKIP ECIT ('IC (I) ,FC (I) ,VC (I) ,W (I) ,IDENT (I)) ( X ( 8 )  #F (6,2) ,X(6) 

END: 
PUT SKIE ( 2 )  ; 
DO J=(NH+l) TC 1; 

,F (6,2) 8 X  (6) 8 F  (682) ,X (6) ,F (5,3) , X  (7) ,A ( 8 ) )  ; 

GET LIST ( I E E 6 ' I  ( J ) )  ; 
PUT SKIP ECIT('ILEN'I(',J,')',IDENT(J)) (X(8),A8F(2),A,A(8)); 
END; 
PUT SKIE(2) ; 
PUT SKIF EDIT ( '  LATRIX CF 'IC1 * )  (X ( 15) ,A) ; 
PUT SKIP; 
TCI=O; VCI=C; H=C; 
DO 1=1 'IC NH; DC J=(hH+1) 'IC N ;  
GET L I S T  ( ' IC3  ( J , I )  ,VCI ( J , I ) )  ; 
IF VCI (J , I )=C THEN VCI (J,I) =21.888+0-79€27*VC(I) : 
E N C ;  E N C ;  
DO J=l TC N ;  
PUT SKIP EDIT 1 ('IC1 ( J  ,I) DC I=1 TO N) ) (X (lo), (N) F (5,l) ) ; 
END : 
PUI-SKIF(2) : 
PUT SKIF ECIT ('MATRIX CE VCI') (X (15) , A )  ; 
PUT SKIE: 
DO J=l 'IC N; 
PUT SKIP ECIT ((VCI (J,I) DC 1=1 TO N)) (X ( l o ) ,  (N) F (5,l)) ; 
END; 
PUT PAGE; 
RETURN; 

S ( 2 ) :  DO 1 = 1  ' IC NH; EC J=(NH+I) TC N; 
TR=T/TCI (JII) : 
CALL VCLSAT ('I ,TC (I) ) ; 
VR=VS (I)/VCI ( J , I )  ; 
CIT=C( l)+C(i)/'IE+C ( 3 ) / ( I R * ' I R ) + C ( 4 ) / T R * * 3 + C  (5)/TR**S; 
C2T=C (6) +C (7) /'IF; 
C3T=C ( I f )  /TS; 
C4T=C ( 9 )  / ' I R * * 3 + C  (10)  /TR**U+C (1 1) /TR**5; 
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C 5 T = C  (12) / I R * * 3 + C  ( 1 3 )  / T R * * 4 + C  (14) /TR**5; 
V = 2 * C l ' X / V K + 3 * C 2 T / ( 2 * V R * V R )  +4*C (8) / ( 3 * V R * * 3 )  +6*C3T/(S*(VR**5) ) ; 
U=C4'I+C5T/ (YR*V!3) -C51/ (2*C (16) ) ; 
X=EXP ( -C  ( 16) / (Vt;*VR) ) / (VR*VB) ; 
Y=C4T/ (2*C (16)) +CST/ (2* (C (16) **2) ) ; 
Z = E X P ( - C (  16)/ (VF*VR))-1; 
LOGQ=V+U*X-Y*2; 
Q=EXP (LCGC)  : 
H (J,I) =C*E*'I/YS ( I )  ; 
END; ENC; 
RETURN ; 

/ *CCRRELATION FCR RCLPIS L I Q U I C  VCLUHES, LYCKMAN, ECKERT E P R A U S N I T Z * /  
VCLSAT: PROC (TT,TC) ; 

DCL TT,!IC,Tiil; 
DCL VR(3); 
DCL K; 
DCL A ( 3 )  STATIC I N I T I A L  (C. 1 lF17,0.98465,-0.55314) ; 
DCL B ( 3 )  STATIC I N I T I A L  (O.CO9513,-1.6037@,-0.15793) ; 
DCL C ( 3 )  S T B T I C  I N I T I A L  ( C .  2 109 1,1 .82484 ,- 1.0 160 1) ; 
DCL D ( 3 )  STATIC I N I T I A L  (-0.06922,-0.6 1432,0 .34095 ) ; 
DCL E (3) STATIC I N I T I A L  (O.O7U80,-0. 345UO1O.U6795 ) ; 
DCL F (3) STATIC I N I T I A L  (-0.084476,0.087037,-0.239938) ; 
TR l=T'I/TC ; C I E =  1-16 1; 
DO K = l  'IC 3; 
V R  ( K ) = A ( K ) + E ( H )  *TRI+C(K)*IIl*TRl+D(K) *(TRl**3)+E(K)/TRl+F(K)* 

LOG ( C X F )  ; 
END; 
VS(I)=VC(I)*(VF(l)+PB(2)*W(I)+VR(3)*W ( I )  *W(I)) ; 

END VCLSAT;  
E N D  HENBYS;  

. 

. 
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the following equations were obtained: 

(1) fo r  k = 2,3---M, 

( 2 )  for cmponent 1, 

Since only the values of a. for i = j are found from experimental 
1j 

data on binary systems, it is necessary to formulate a rule regarding 
16 mixtures for i # j. Muirbrook proposed 

a + a.. 
2 

ii a =  ij 

This seemed to be adequate for the system encountered here since all 

the values of aii were similar. 

7.4.2 Procedure A C E 0  

ACTCO: PRoC(L, M, T, X, GAM); 

The procedure was linked to the main program by the following 

parameters: 

L = logic parameter with values of 1 or 2, binary fixed 

1 - reads input data (see below) 
2 - calculates the activity coefficients 

M = number of components, binary fixed 

T = temperature, O K ,  float 
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ACTCC: PRCC (I,, M,T X G AH) 
DCL RT : 
DCL I,J,K : 
DCL S ( 2 )  LAEEL ; 
DCL A(B,M) CTL ; fCL(GAM(*),X(*) ) BINARY FLOAT 
GO TO S ( L )  ; 

S ( 1 )  : ALLOCATE A ; A = C :  
GET L I S T ( ( A ( 1 , I )  CO I = 2 TC M ) )  : 
DO I = 2 TO H ; 
DO J = I + 1  TO H : A ( 1 8 J )  = ( A ( 1 8 1 )  + A ( J , J ) ) /  2 ; 
A ( J , I )  = A ( I , J )  ; E N t  : END : 
PUT S K I P ( 2 )  E f I I ( ' H A I R 1 X  CF HARGULES CONSTANTS' )  

PUT S K I F ( 1 )  EtI 'I ( ( (  A ( 1 , J )  DC I = 1 TO a) DO J = 1 TO H ) )  
(SKIP,  x (8) 8 I n )  F (1085)  
RETURN ; 

S ( 2 ) :  RT = 1.9e926*I  ; 
SUM1 = 0 : SUP2 = 0 ; 
DO J = 2 TC M ; 
DO I = 2 'IC H ; 
SUM1 = S U P 1  + A(1,J)  * X ( I ) * X ( J )  ; END : END; 
DO K = 2 'IC M ; 
SUM2 = 0 : CC I = 2 I C  H : 
SUR2 = SUM2 + X ( 1 )  * A(1.K)  : END : 
GAB ( K )  = EXF ( (SUH1-2*SUR2 1 /RT) s 

END : 
GAM (1)  = EXF ( 2 U d  l / R ' I )  ; 
RETURN : 
END AC'ICO ; 

( x ( l o )  r A )  : 

: 
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. 

X = vector of M mole fractions,  binary f l o a t  

GAM = vector of M ac t iv i ty  coefficients, binary f l o a t  

Calling ACTCO w i t h  L = 1 results i n  the following data being input: 

1. A ( I , I ) ,  where A(1,I) = the Margules constant a cal/g-mole. 

This input i s  repeated f o r  i = 2---M. 

ii' 

7.5 Appendix E: Listing of Main Program f o r  Three-Column 
KALC Process and the Results of a Sample Calculation 

A l i s t i n g  of the  main program and the resu l t s  f o r  a sample cal-  

culation a re  provided here. 

procedures which have not been described. 

none of these has input and t h e i r  functions can be determined from the 

program l i s t i ng .  SETUP i s  an in te rna l  procedure which establishes the 

configuration of the columns. The only a l te ra t ions  necessary i n  the 

program i n  order to modif'y the configuration a re  a change i n  t h i s  

procedure and a change i n  the makeup of the Y matrix fo r  any variable 

heat streams. 

Sect. 2.2.2. The PROGRAM Statements affecting the Y matrix because 

of the two variable heat streams used i n  the three-column example are  

c lear ly  marked i n  the l i s t i n g  of the main program. An explanation of 

the input f o r  the program i s  given below. 

The program uses a number of in te rna l  

With the exception of SETUP, 

This change i n  the Y matrix has been discussed i n  

7.5.1 Input fo r  program 

1. N, M 

N = t o t a l  number of stages. see Fig. 2 

M = number of cmponents 
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2. Input f o r  subroutine SETUP 

NA, I", NSF 

NA = last stage on absorber 

NF = last stage on fractionator 

NSF = feed stage in stripper 

TC(1) TC(NA) TC(NA+l) TC(NF) TC(XF'+l) TC(N) 

These are initial estimates of temperatures, in O C ,  on the 

stages as numbered. 

m), P ( W ,  P(NA+l), P ( W ,  P(I"+U, P(N) 

These are pressures, in atmospheres, on the stages as numbered. 

Pressures are assumed to vary linearly between P(1) and P(NA), 

P(NA+l) and P(NF), and P(NF+l) and P(N). 

F(NA,~), F(NA, z) ,  ---F(NA,M) 
Feed entering stage NA, g-moles 

&F(m,1) 
Total enthalpy of feed entering stage NA, cal. 

Q(171>, Q( NA+1,1-> 7 Q(m, 1) Q(W+1,1> Q(pJF+z, 1) Q( N, 1) 

Q(1,l) = heat added or removed on stage 1, c a l  

(This is the value added or removed in recycle stream 

between stage N and 1.) 

Q(NA+1,1) = initial estimate of heat removed by partial 

condenser, cal 

Q(XF',l) = heat added in fractionator reboiler, cal 

Q(NF+l,l) = initial estimate of heat removed by final partial 

condenser on stripper, cal 

. 



Q(NF+2,l) = heat  removed i n  l a r g e  p a r t i a l  condenser on 

s t r ipper ,  c a l  

Q ( N , l )  = heat  added i n  s t r i p p e r  reboi le r ,  c a l  

(All heats  are pos i t ive  i f  added, negative i f  removed.) 

( g )  L s ( i , i ) ,  LS(NA+~,  NA+L), Ls(m+i, m+i), LS(NF+~, NF+Z) 

I n i t i a l  estimates of t o t a l  var iab le  l i q u i d  flows leaving t h e  

s tages  indicated,  g-moles. 

VS(l , l ) ,  VS(NF,NF), VS(NF+2, NF+'2), VS(N,N) 

I n i t i a l  estimates of t o t a l  var iab le  vapor flows leaving t h e  

stages indicated,  g-moles. 

(h) 

(i) VP(NA+~,  N A + ~ ) ,  VP(NA, N A + ~ )  

VP(NA+l, NA+l )  = f ixed  vapor f l o w  leaving p a r t i a l  condenser 

on fract ionator ,  g-moles (negative) 

VP(NA, NA,+1) = f ixed  vapor flow leaving p a r t i a l  condenser 

enter ing s tage NA, g-moles (pos i t ive)  and 

(j) VP(m+l, m+1) 
Total  f ixed  vapor flow leaving final p a r t i a l  condenser, g- 

moles (negative) 

(k) LP(N,N), L P ( ~ , N )  

LP(N,N) = t o t a l  f ixed  l i q u i d  flow leaving s tage N, g-moles 

(negative) 

LP(1,N) = f ixed  l i q u i d  flow leaving s tage N and going t o  

s tage 1, g-moles ( p o s i t i v e )  

3. 

4. 

5. 

Input f o r  HENRYS (see Appendix C )  . 
Input f o r  RKWONG (see Appendix B).  

Input f o r  ACTCO (see Appendix D ) .  
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6. ALPHA(J), BETA(J), GAMMA(J) 

Coefficients of idea l  gas heat capacity equation from Table 4. 

(6)’ i s  repeated M times. 

7. VOBAR(J)  BETABAR(J) 

VOBAR(J) = p a r t i d  molar volume, 7 
BETABAR(J) = coefficient of expansion, E 
which are  given i n  Table 3, are  repeated M times.) 

cc/g-mole oj’ 

.f1 (These values, 3’ 

8. LoGIC(l) ,  L O G I C ( 2 ) ,  L O G I C ( 3 ) ,  L O G I C ( 4 )  

These a re  logic  parameters that control reading i n  data f o r  another 

computation. Values a re  read as 0 or 1. 

LoGIC(1) = 1 

(a) N 

Reads t o t a l  number of stages 

SETUP i s  then called, and all input l i s t e d  under ( 2 )  i s  read in to  

the computer. 

LoGIC(2) = 1 

HENRYS i s  called, and new input i s  read i n t o  the computer (see 

Appendix C ) .  

 LOGIC(^) = 1 

RKWONG i s  called, and new input i s  read in to  the computer (see 

Appendix B)  . 
L O G I C ( 4 )  = 1 

ACE0 i s  called, and new input i s  read in to  the computer (see 

Appendix D) .  
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/*SIMULTANEOUS FLOW A N D  'IEMEESATUEE CORRECTICN I N  TEE EQUILIBRIUM 
S T A C E  EROELEM-TIERNEY ET AL*/ 

STAGE:FEOC OPTICNS (HAIN) ; 
SETUF: PROC(N,M) : 

/* SETUF FOE 'IHREE CCLUMN KALC PROCESS 
N A  = NC. CF STAGES I N  AESCREER 
N F  = NC. CF Bcmcn S T A G E  I N  F R A C T I O N ~ T O R  
NSF = NC. OF E E E C  STAGE I N  STRIPPER 
N A + l  = FBETIAL C C N D E N S E R  
NF+2 = PARTIAL CCNDENSER 
NF+l  = FPETIAL CCNCENSEA */ 
F = O ;  
Q , Q F  = 0 ; 
A,B*VS,VP,LS,IP = 0 ; 
GET LIST(NA,NF,NSF)  : 
GET L I S ' I ( l C ( 1 )  ,TC(NA) ,TC(NA+1) ,TC(NF) , T C ( N F + l )  , T C ( N ) ) :  
GET L I S T ( P ( 1 )  ,P(NA) , E ( N A + l ) , F ( N F )  , P ( N F + I ) , D ( N ) )  : 
GET L I S T  ( ( F  (Nk!,J) DC J= l  TC PI)) : 
GET L I S T ( C F ( N 4 , l ) ) ;  
GET 
GET L I S T ( L S ( 1 , I )  * L S ( F A + l , N A + l )  , L S ( N F + l , N P + l )  , L S ( N F + 2 , N F + 2 ) ) :  

L I S T ( C ( 1 , 1 )  m G ( N A + l m  1) ,O(NF,1 )  r Q ( N F + 1 , 1 )  r Q ( N P + 2 , 1 )  e Q ( N s 1 ) )  : 

GET L I I I ( V S ( 1 , 1 )  ,VS(BF,NF) ,VS(NF+Z,NF+Z) , V S ( N , N ) ) :  
GET L I S T ( V F ( N B + I , N A + l )  , V E  (NA,NA+I))  ;/* FOR FIXED FLOWS*/ 
GET L I S T  (VP (NF+ 1 ,NF+ 1) ) ; 

DO I = 2 TC N B - 1  : 
TC (I) = 'IC ( 1 )  + ( I -  1 )  * ( I C  (NA) -TC ( 1) ) / (NA- 1) v 

P ( 1 )  = F(l)+(I-l)*(E(NA)-E(l))/(NA-l) ; E N D  : 
DO I = NA+2 TC NF-1 ; 
P ( 1 )  = P ( N A + l ) + ( I - N A - 1 ) * ( P  ( N F ) - P ( N A + l ) )  /(NF-NA-I) : 
T C ( 1 )  = TC(NA~l)+(I-N?i-l)*('IC(NF)-TC(NA+1))/(NF-NA-l) ; E N D ;  
DO I = NF+2 TC N - 1  ; 
P ( I )  
TC (I) = TC (NF+ 1 )  + (I-NF- 1 )  * (TC (N) -TC (NF+ 1 )  ) / (N-NF-1) : END : 
DO I = 1 TC N - 1  ; L ( 1 , I )  = -1  ; B ( X , I ) = - l  ; 
A ( I , I + l )  = 1 ; E ( I + l , I )  = 1 : END ; 
A(N,N) = - 1  . E(N,N) = - 1  i 
A(NF,NF+l )  = C ; B ( N F + l , N F )  = 0 ; B(NSF,NF) = 1 ; 
DO I = 2 TO N A  : L S ( 1 , I )  = L S ( 1 , l )  ; 
VS ( 1 , I )  = 1CO-VF (NA+I ,NA+l )  ; E N D  ; 
DO I = NA+2 TC NF ; L S ( I . 1 )  = L S ( N A + l , N A + l ) +  LS(NA,NA) ; 

GET L I S T ( L F ( N , N )  ,LP ( 1 , N ) )  ; /*LF(N,N) I S  N E G * /  

= P (NP+ 1 ) +  (I-NF- 1 )  * ( E  (N)-P (NF+ 1 )  ) /  (N-NF-I) : 

V S ( I . 1 )  = VS(NF,NF) ; E N C  : 
LS(NF,NF)  = LS(NF,NF)-VS(NF,NF) ; 
DO I = NF+3 TC N : L S ( 1 , I )  = L S ( N F + 2 , N P + 2 )  : 
V S ( 1 , I )  = VS(N,N) ; E N C  ; 
DO I = NSP T O  N : L S ( 1 , I )  = L S ( 1 , I )  + LS(NF,NF) ; END ; 

V S ( N P + l , N F + I )  = 0 ; 
B(NA+Z,NA) = 1 : /* FOE EPFASSING CCNDENSER */ 
B(NA+l,NA) = C : /* FCE EPFASSING CONDENSER*/ 
LS(N,N)  = 0 : 
E N D  SETUP ; 
DCL L O G I C ( 4 )  ; 
N H =  1 : 
GET L I S T  (N,H) : 
N D I M = Z * N ;  
DCL (LCGP,LCGEl,Kl)  ELCAT ; 
DCL F 1 S  B I N A R Y  FLOAT ; 

VS (NA+ 1, NA+ 1 )  =O: /* FOR EIXEC COND PLOW*/ 
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DCL T C ( N )  B I N A R Y  F L C A T  C T L  ; 
ALLOCATE ' IC  ; 
DCL ( H E ( N , f l ) , E E l  ( M , f ! )  , H E 2 ( M , E ) )  F L O A T  C T L  ; 
ALLOCATE HE ,HE 1 , H E 2  * 
D C L '  ( F S I  ( N D I E , N f I M )  , T S C N N  ( N , N )  ) B I N A R Y  FLOAT (53) C T L  ; 
A L L O C A T E  ' I S C N L  ; 
DCL T N D I M  ( N D I E ,  1 )  E I N A R Y  FLGAT (53) C T L  ; 
BLLCCA' IE  E S I ;  
ALLOCATE ' I N C I P  ; 
DCL ( P H I G  ( N , H )  , G A M  ( L , M )  ,CELHBAR ( N , f l ) )  B I N A R Y  F L O A T  C T L  * 

D C L ( G S C  ( a )  ,VOEAE ( M )  , EETAEAE ( N )  ) E I N A R Y  F L O A T  C T L  ; 
A L L C C A T E  G S C ,  VCEAR,  EE ' IREAB * 

ALLOCATE F H I G  ,GAM, C E L H E A F ,  

DCL ( L ( N , N )  r V ( N , N )  e G ( N v 1 )  , Q P ( N . ~ ) , E T ( N I N )  , E V ( N , N ) , J . I ( N , N )  I 

J V ( N , N )  , G ' I ( N , L ) , C V ( N , N ) , H T ( N , g ) , H V ( N , X )  , F ( N , M )  , X X ( N , M )  ,YY (N,M) , 
ALFHA ( M ) ,  B E T A  ( a ) ,  G A M M A  ( E ) ,  

E ( N ,  h )  ,HS (N,  N) , G S  ( N ,  N) e D K  ( N e  N) ,DH ( N ,  N) ,CG 
XT (N,N) e (N,N) , 

, M u  (N ,N)  

F F  ( N ,  1 )  w x  ( N , 1 )  ,Y ( N ,  1) v f l o  ( N , N )  
S U H f l ( N , I ) , E ( N , N )  r A ( N , N ) , R ( N , N )  , M l ( N , N ) , f l 2 ( N . N )  , f l 3 ( N , N )  

w 1 (N, N )  

XV(N,N)  , Y V  (N ,N)  8 

H (N, 1 )  ,G (N. 1 )  8 

DM ( N ,  1)  ,DE ( N ,  1)  , U N  ( N e t )  ,UH ( f l ,  1 )  r 
sW2 (N, N )  

,NORfl (N ,N)  , I P S 1  ( N D I P , N C I P )  ,SUMX(N,  1 )  ,Z ( N , N )  ,YT (N,N) , 
S U E Y  ( N ,  I ) ,  T S N N  (N,N)  , TSNM (N,M) , T S N  1 ( N ,  1) , T S N  ( a ) ,  
p (N)  ) B I N A R Y  F L C A T  C T L ;  
ALLOCATE L,V,C,Qr,ET,EV,JT,JV.GT,GV,HT,HV,F,XX,YY,ALPHA,EETA, 
GAMNA, K , H S , G S , C K , D H , D G , P F ,  

, H , G , C E , D E , O N , U f i , W l , U 2 ,  

C (Nf IM,  l ) ,  
DEL ( N D I I I ,  1) , V S  ( N , N )  ,VP ( N  ,N) ,LS (N ,N)  ,LP (N ,N)  , I T Z  (N ,N)  , I T B  (N,N) 

X ,  Y , M O ,  X ' I ,  SUHM,E,A ,Fi,Ml , E L , M 3 ,  H 4 ,  XV,YV 

C , D E L , V S , k F , L S , I F , I ' I Z ,  I T B ,  T S N N , T S N f l , T S N I ,  TSM, 
N C F R , I E S I , S U B X , Z , Y ' I ,  SUMY ,P * 

DCL D P , C F  ; 
DC L A I E , A C E ;  
DCL (D,CD,CDC,CCN)  B I L A S Y  F L C A T ( 5 3 )  ; 
CCN=O. ; 
C A L L  S E T U P  (N,  E )  ; 
/* S E T S U P  T H E  f l A ' I B I C E S  F O S  T H E  OAK R I C G E  FRCBLEM */ 
L L = l ;  C A L L  H E N E Y S ( L L , E , N E , ' I K  , H E )  ; 

C E L H )  ; 
C A L L  A C T C C ( I L , N , T K  , X X ( l , * ) , G A H ( l , * ) )  ; 
G E T  LIST( (ALPHA ( J ) ,  E E T A ( J ) ,  G A H I A ( J )  DC J = 1 T O  M)) ; 
G E T  L I S T (  ( ( V O E A F  ( J )  , E E T A B A P ( J ) )  DO J=  1 T O  M)) ; 
PUT S K I P ( 2 )  E ~ I ' I ( ' C C H P ' , ' V C E A ~ ' , ' E E T A ~ A R ' , * A L P H A ' , ' B E T A ' ,  

P U T  S K I F  ( 2 )  E L I T ( (  ( J , V C E A F  ( J ) ,  B E T A B A R ( J )  ,ALPHA ( J )  , B E T A  (J) , 
G A H M A ( J ) )  DC J = 1 T C  n ) )  

L L = I ;  C A L L  RKWCNG(LL,f!,Y ( * , l ) , P ( l )  ,TK,PHIG(l,*),DELHBAR(l,*), 

'GAMEA' )  ( X ( I O ) , A v X ( Q )  , A v X ( 3 )  , A , X ( 3 )  r A , X ( 5 )  , A , X ( 8 )  , A )  ; 

(SKIP, F ( 1  1) F ( 1  1 ,2)  , E ( 1  1 . 3 )  , F  ( 9 ~ 3 )  ( 2 )  E ( 1  2 , 3 )  1 ; 
S T A R T :  C A L L  MEGG ( A , ' J S , b , N , h , T S N N )  ; 

; 
V = ' I S N N +  YE ; 
C A L L  N MGG ( E  ,LS , L , N ,  E; , T S N  L) 
L = T S N N  t LP ; 

K C U N T = O  ; 
P U T  P A G E  : 
P U T  S K I E ( 5 )  E [ I T ( ' N ' , ' F ' , ' Q ' , ' Q F ' )  ( X ( 5 )  , A ,  ( M ) X ( 6 ) , A ,  ( M ) X ( 6 ) ,  

M M =  1 ; 
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X ( u )  , A , X ( l G ) , A )  * 

PUT S K I E  (2) E f I ' I  (I, ( F  (1,J) DC J= 1 TO M) ,Q (I, 1) , Q P  ( I ,  1 )  1 ;  

PUT S K I E  (2) ; 
DO I = 1 ' IC N ;  

( X ( 4 )  ( 2 )  , f r ) F  ( 1 2 , 2 )  8F  (12 .0 )  , F ( 1 2 , 0 )  1 ; 
E N D  ; 
PUT PAGE ; 
FUT S K I E ( 5 )  E L I ' I  ( * L * )  ( X  ( 3 0 )  ,A) : 
PUT S K I E ( 2 ) ;  
DO I = 1 1 0  N : 
PUT S K I F ( 2 )  E f I T ( ( L ( 1 , J )  C C  J = 1 TO N ) )  ( F ( 1 0 , 2 ) )  ; 
END ; 
PUT S K I P ( 5 )  E I I ' I ( ' V * )  ( X ( 3 4 ) , A )  ; 
PUT SKIS ( 2 )  ; 
D O I = I ' I C N ;  
PUT S K I P ( 2 )  E r I T ( ( V ( I , J )  CC J = 1 T O  N)) ( F ( 1 0 , 2 ) )  ; 
END ; 

EUT PAGE ; 
POT S K I F ( 5 )  E C I I ( * L S * )  (L(34) , A )  ; 
PUT S K I F ( 2 )  ; 
DO I = 1 TC N ;  
PUT S K I F ( 2 )  E C I T ( ( L I ( 1 , J )  DC J = 1 TC N ) )  ( F ( 1 0 , 2 ) )  ; 
E N D  : 
PUT S K I P ( 5 )  E f I ' I ( * L E * )  ( X ( 3 4 )  , A )  ; 
E U T  S K I E ( 2 )  ; 
CO I = 1 TC N; 
PUT S K I P ( 2 )  E C I T ( ( L E ( 1 , J )  DC J = 1 T C  N ) )  ( F ( 1 0 , 2 ) ) ;  
E N D  ; 
PUT PAGE ; 
PUT S K I F ( 5 )  E L I T ( * A * )  ( X ( 3 4 ) , A ) ;  
PUT S K I P ( 2 ) ;  
DO I = 1 'IC N ;  
PUT S K I F ( 2 )  E C I T ( ( A ( 1 , J )  C C  J= 1 TO N)) ( F ( 8 , 2 ) ) :  
END ; 
PUT S K I P ( 5 )  ECIT t ' B ' )  (X ( 3 4 )  ,A) ; 
PUT S K I P ( 2 )  ; 
DO I = 1 I C  N ;  
PUT  SKIP(^) E C I T ( ( B ( I , J )  cc J = 1 TO N ) )  ( ~ ( a , 2 ) ) ;  
END ; 
EUT PAGE; 
PUT S K I P ( 5 )  E f I ' I ( ' V S * )  ( X ( 3 4 )  ,A) ; 
PUT S K I E ( 2 )  : 
DO I = 1 TO N ;  
PUT S K I P ( 2 )  EfIT ( ( V S  (I,J) DC J= 1 TO N ) )  ( F ( I O v 2 ) )  ; 
E N D  ; 
PUT S K I P ( 5 )  E C I T ( * V E @ )  ( X ( 3 4 )  , A )  ; 
PUT S K I F ( 2 )  ; 
DO I = 1 'IC N ;  
PUT S K I P ( 2 )  E C I T ( ( V E ( I , J )  CC J = 1 TC N)) ( P ( 1 0 , 2 ) )  ; 
E N D  ; 
PUT PAGE ; 
PUT S K I F ( 2 )  E C I T ( * F E E C  STAGES = I ,  NA,NSF,*FEED ENTHALPY =*,  
QF( NA.1)) ( X ( 5 ) . A . P ( 2 ) , X ( 3 ) . F ( 2 ) , X ( 3 )  , A . E ( 1 3 , 6 ) ) :  
PUT S K I P ( 2 )  ELI ' I  ( * P E E C *  ,*COHE*,'BATE*) ( X  (5) ,A ,SKIP ,X(S)  , A , X ( 4 ) ,  
A) - 
PUT S i I P  E D I T ( ( I , F (  NA,I) DO I = 1 TO M ) )  

PUT S K I P  E D I T ( * A E E C I I E R  EU'IIP I N  PR = ' , Q ( N F , l ) )  ( X ( S ) , A , E ( 1 6 , 6 ) )  
(sKIp,x(7),F(2),F(lc,6)) : 
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* 
PUT S K I P  E C I T ( ' R E E C I 1 E R  DUTY IN STRIPPER = *,Q(N , I ) )  

START 1: ET,EV, J'I. J V , G l  , G I , H ' I  , H V  ,S=O; 
KOUNT=KCUNT+l; 
I F  KOONT = 1 % H E N  CC ; 
TO = 2 3 3 . 1 5  ; 
LL = 2 ; CALL HENRPS(LL,N,NH,TO-.5,HE1) ; 
LL = 2 ; CALL HENRYS(LL,M8NH,TO+.5,HE2) ; 
DO I = 2 'IC H ; 
GSO ( I )  
* 1 . 9 8 7 2 6  ; 
END ; 
TSM = 0 : ' I S H ( 1 )  = 1 ; F 1 S =  VPFUNCT(T0) ; 
L L = 2 ;  
CALL R K W O N G ( L L , ~ , T S M 8 P l S , ~ 0 8 F H I G ( 1 , * )  ,DELHEAR (1 ,* )  ,CELH);  

( X ( 5 ) , A , E ( 1 6 , 6 ) )  ; 

= - ( L O G  (HE2 ( I , 1 )  )-LCG (HE1 ( I ,  1 )  ) )  / ( 1 /  (T0+ .5 )  - l / ( T C - . 5 ) )  

LL = 3 ;  
CALL RKWCNG(LI,r,IS~,FlS,'IO,EHIG(I,*) ,DELHEAR(l ,*)  ,DELH);  
G S C ( 1 )  = C E L H  t 3 3 6 5 . 2  ; / *  HEAT O F  VAP F R O M  PESRY*/ 
PUT S K I F  ; 
PUT S K I F  EDIT  ( ' ICEAL GAS ENTHALPIES AT -40 C ' )  ( X ( 5 )  , A )  9 

PUT S K I P  EDIT('CCMPCLEN'I NC' ,  'ENTHALPY, CAL/GCl f i O L E ' , ( I ,  
GSO(1)  DO 1 = 1  TC H ) )  ( X ( I O ) , A , X ( S ) , A , ( M )  ( S K I P , X ( l S ) , F ( 2 ) ,  X(6 )  , 
E N D  ; 
FF=O; 
DEL=O; 
P S I = O ;  
K, HS, GS , D K, I H  , C G = O  ; 
un= 1 ; 
U N =  1 ; 
J = O ;  
NO F M=O ; 

F ( 1 2 , 2 )  1 1 ; 

SUMY = 0 ; 
su nx=o ; 
H ,  G = O ;  

PHIG = 1 ;  CELEEAS = C ;  G A M  = 1.0 : E N D  ; 

CALL RKWONG(LL,E,YY ( l , * )  , E ( 1 )  , T K 8 P H I G ( 1 , * )  ,DELHERR(l,*) ,DELH) ; 
D O I =  1 T C K ;  
TK = T C ( 1 )  + i 7 3 . 1 5  ; 
LL= 3 ; 
CALL RKWCNG(LL,M,YY (I,*) ,E ( I )  ,TK,PHIG (I,*) ,DELHBRR(I,*) ,DELH) ; 
LL=2;  CALL ACTCO (LL,fl.TK,XX ( I , * )  .GAM ( I , * )  1 ; ;  
E N D  ; E N D  ; 

M 0 . M  1, II2,M3,!!4=c; 
DO I = 1  TC N ;  
F F  (I,  1 )  =F (1,J) ; 
T C ?  = T C ( I ) + l . O ;  
TK =TC ( I )  t 2 5 3 . 1 5 ;  
RT = 82.C574*!IK ; 
TK1 = T C  (I) + 2 7 4 . 1 5 ;  
TK2 =TC (I) +i7C. 1 5 ;  
I F  J=l  THEN D C ;  
P I S  = VFFUNCTfTK) ; 
V B A R  = EXP ( ( T K - T O )  * E E ' I A E A A  ( 1 ) )  * V O B A R  (1 )  ; 

I F  KCUNT = 1 THEN EC; 

E L S E  DC ; L L =  2 ; 

S'IAET2: J = J + l ;  
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T S H  = 0 ; I S C ( 1 )  = 1 : L L  = 2 : 

PS = T S f l ( l ) * E I S ;  
K (181) = GAW (I, 1 )  *FS*EXF (BEAR* (P  ( I )  -E 1 s )  / R T )  / ( P  ( I )  * P H I G  ( I ,  1)  ) ; 
DK (101) = CVPEUNCT (IK) /F (I) ; 
END; 
E L S E  DC; 
L L = 2 ;  CALL H E N R Y S ( L I , M , N H , I K  ,HE)  ; 
L L = 2 ;  CALL H E N E Y S ( L L , W , I H , T K l  , H E l )  ; 
L L = 2 ;  CALL H E N R P S ( L I , H , N H , T K 2  , H E 2 ) ;  
K ( I , I )  =HE (J, 1 ) / F  ( I )  ; /*  FOB D E R I V A T I V E  USE ONLY */ 
K l  =HE 1 (J  8 1 )  /P (I) ; 

VBAR = VOEAR (J) *EXP ( ('IK-TO) *EETABAR ( J ) )  - 
K ( 1 8 1 )  = K (1,I) *GAM (1,J) *E X P  (VBAR 
END; 
G S  ( 1 , I )  = ALPEA ( J )  * ( I K - T O )  + BETA (J) * (TK**2-T0**2) /2 + 
GAMMA (J)  * (TK**3-!tO**?) /3 + GSO (J) -DELHBAR (1,J) ; 
DG ( 1 , I )  = EETA (J) +2*GAMNA ( J )  *TK ; 
IF J=1 THEN D C ;  
HS (1,I) = 2 7 @ . 7 6 7 * ( T K - T C )  - 2 . 2 0 9 3 6 * ( T K * * 2 - T 0 * * 2 )  / 2  
+ 0 . 0 0 4 7  1 2 U 4 *  ( I K * * 3 - I 0 * * 3 )  /3 ; 
D H ( 1 , I )  = 278.767-2.20936*TK+O.OOU712U4*'IK*TK : 

DK (1,I) =K 1 - K  ( 1 ~ 1 1 :  

* P ( I )  / i T )  / (  P H I G ( 1 , J )  ) : 

END; 
E L S E  DC; 
HS ( I , I ) = ( L O G  (HE1  (J, 1) )  -LCG (HE ( J O  I ) ) ) / (  I / T K 1  
+ G S  ( I ,  I) ; 
HS 1 = (LCG ( H E z ( J ,  1 ) ) - L C G  ( H E 1  (J, 1 ) )  ) / (  1 / T K 2  - 1 / T K l  ) * 
1 . 9 8 7 2 + G S  ( I  , I )  ; 

END; 
END; 

z = L + TSNH ; 
TSDNN = 2 ; 
CALL M I N V l  ( T S t N N , N , t , C C N )  : 
I T 2  = -!ISENN ; 

- l / T K  ) *1.9872 

D H ( I , I ) = H S l  -HS ( 1 ~ 1 )  ; 

CALL HHGG (V,K.N,N,N,TSNL) ; 

CALL HNGG ( I T Z , F F , N , N ~ M M , X )  ; 
CALL NClGG(K,X,N,L,BN,Y); 
DO 1 = 1  TC N ;  

END: 
H O ~ I , I ) = D K ~ I , I ) * X ~ I , ~ ) ;  

CALL HMGG (ITZ.V.N,N.F,TSNN ) ; 
CALL HHGG (TSNff.!?O,NqN,N*XT) ; 
CALL HMGG (K,X%8b.N,L,TSNN) ; 
P T  = flO+TSNN ; 
TSDNN = B ; 
CALL f l I N V Y ( T S t N N , N , I t , C C N )  ; 
I T B  = TSDNW ; 

DO I = 1  TC N ;  
DO II=l T C  8 ;  
M I  ( I , I I ) = R ( I , I I )  * x ( 1 , 1 )  : 
~ 2 ( I 8 1 1 ~ = A ( 1 , I 1 )  * Y ( I I , l ) ;  
END; 

CALL NHGG (ITE,A,N,N,N,R)  ; 

n 3 ( I , I ) = D H ( I , I ) * H ( I , l ) :  
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MU (1,I) = D G  (1,I) * Y  (I, 1)  ; 
E N D :  
C A L I ,  H M G G ( E , M 1 , 6 , N , 6 , ~ S N I )  ; 

I T Z  = - I T 2  ; 

C A L L  M C G G ( K , X V , N , N , E , Y V  ) ; 
ET=E' I+  X I - Y  'I ; 
E V = E V + X V - Y V ;  

H T = H T + T S N N + E 3 ;  
C A L L  H M G G  ( G S I Y ' I , I , N , N , I S N N )  ; 
G T = G T + ' I S N N + F ! Q ;  
C A L L  M \ G G ( H S , B V , N , N 8 6 , T S N 6 )  ; 
H V = H V + T S N N  ; 
C A L L  M n G G  ( G S , Y V , N , N , N , T S N W )  ; 
G V = G V + ' I S M N  ; 
DO I = 1  TC N ;  

Y Y  (1,J) = Y  ( I ,  1 )  ; 
E N C ;  
S U M X = S U M X + X ;  
SUMY = SUMY + Y  * 
C A L L  M M G G ( H S , X 8 N , N , C C , T S N 1  ) ; 
H = H + T S N l  ; 
C A L L  M M G G  ( G S , Y , N , N , E E 8 ' I S N 1  ) ; 
G = G + ' X S N 1  ; 
I F  J<M T H E N  G C  'IC S'IART2; 
DO I = 1  'IC N ;  
N O E M ( 1 , I )  = l / S O ( L , X  (I, 1) ; 
E N D ;  
C A L L  M F ! G G ( E ' I , N C E B , W , N , N , T S N N  ) ; 
ET = I S N N  ; 
T S N M  = X X - Y Y :  

C A L L  !EGG ( L , H , N , N , M L , T S N l )  ; 
D E  = T S N l + C + Q E  ; 
C A L L  M V G G  ( V , G , N , N , M C , T S N l )  ; 
DE = D E  + T S N 1  ; 
A D M  =SUM ( D M * * 2 )  ; 
A D E  =SUM (CE**;) ; 
A D M = S Q E i T  ( A C E  ) ; 
A D E = S Q A T  (ADE ) ; 

J T  = T S N N  ; 
C A L L  M M G G  ( V , G ' I , C , N , L , T S N N )  ; 
J I  = T S N N  + J'X ; 
D O  1 = 1  'IC N ;  C C  II=l 'IC N ;  
W 1 (1,II) = E  ( I ,  11) *H (1, 1) ; 
W2 (1,II) = A  (1,II) * G ( I ,  1) : 
E N D ;  E N C ;  
C A L L  H M G G ( B , W I , P , N , K , T S N E )  ; 
J V  = - ' I S N N  ; 
C A L L  N H G G  ( L , H V , L , N , H , T S N N )  ; 
J V  = J V  + ' X S N 6  ; 
C A L L  M M G G  ( V , G V 8 6 , N ,  6 , T S N N )  : 
J V  = J V  + T S N N  + W2 ; 
DO 1 = 1  'IC N;  CC I I = 1  ' IC N ;  

T S N N  = T S N N  - n 2  ; 

C A L L  M M G G  ( I ' I 2 , ' I C N N  , k , N , N , X V ) ;  

C A L L  M M G G  ( H I , B I , E I N , N , ' I S N L )  ; 

X X  ( I , J ) = X  ( I l l ) ;  

C A L L  M B G G ( T S N C  , U M , N , M , F M , C H )  ; 

C A L L  8 M G G  ( L e H ' I ,  & , N e  I , I S N N )  ; 
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PSI( I , I I )=E ' I  ( 1 ~ 1 1 1 ;  
PSI ~ I ~ I I + N I  = E V  (I ,111 ; 
P S I  ( I + N , I I )  = J T  (1,II) ; 
US1 ( I + H , I I + L )  =JV ( 1 , I I )  ; 
END; 
P S I ( I , N + N A + l )  = C ; /* FOF VARIABLE Q ( N A + l )  */ 
P S I ( I , N + N F + l )  = 0 ; / *  FOR VARIABLE Q ( N F + l )  */ 
P S I ( I + N , N + N A + l )  = 0 ; /*  F O E  VARIABLE Q ( N A + l ) * /  
P S I ( I + b , N + N F + I )  = 0 ; /* FOR VARIABLE Q ( N F + l )  */ 
DEL ( I ,  1 )  =CM (I8 1 )  ; 
DEL ( I + N ,  1 )  = C E  ( I ,  1) ; 
END; 
P S I ( N + N A + I , N + K A + I )  = l ; / *FCF VARIABLE Q ( N A + l ) * /  
P S I ( N + N F + l , N + N F + l )  = 1 ; /*  FOR VARIABLE Q ( N P + I )  */ 
CALL HINV# (ESI ,NfIHvDCC,CCN) ; 
I F S I = P S I ;  DEL = - D E L  ; 
CALL H N G G ( I E S I , C E L 8 N ~ I H 8 N ~ I H 8 H H 8 C )  ; 
DO 1 = 1  'IC N ;  

END; 
DO I = 1 TC N A ,  N A + f  TC N E ,  NF+2 TO N ; /* FOR VARIABLE CCND*/ 

END; 
Q ( N A + l , l ) = C ( N B + l , l )  + C(N+NA+1,1)  ; /* FOR VARIABLE Q 'S  * /  
Q ( N F + l , l )  = Q ( N F + 1 , 1 )  + C ( N + N P + l , l )  ; /* FOR VARIAVLEQ */ 
V = TSNN + VE ; 

TC(I)  = T C ( I )  + c ( 1 , i )  * 

vs ( I , I ) = v s  (1.1) +c (I*N, 1) ; 

CALL MNGG (A,VS,b,N,N,TSNN) ; 

C A L L  H H G G  ( ~ , ~ c , ~ , n , r e , s n n a )  ; 
CALL MMGG (V#Uk#N#N#EC, ' ISN 1 )  ; 

CALL H M G G ( L F , C N , N , N i f l ! 8 ' I S L 1 )  ; 

CALL ~ N G G ( I ' I B ~ S O N M ~ N ~ N ~ H N , I S N I  ) ; 

L S  ( I , I ) = ! f S N  1 ( I ,  1 )  ; 

CALL H N G G  ( E # L S # b p N # b I P S N N )  ; 

S U H M  = SURM + ' ISNl  ; 

SUNM = SUNPI + ' ISNl  ; SUEM = -SUHti ; 

DO 1=1  TC N ;  

END: 

L = TSNN + LP ; 
EUT PAGE ; 
PUT S K I P  E A ' I A  (AfE,ACH) ; 
PUT S K I F  EDIT( '1 ' IERATICN NC. =',KOUNT) ( X ( 5 )  # A , F ( Y ) )  ; 
PUT S K I F ( 2 )  E L I ' I  ('STAGE' ,"X,C' , 'L ' , 'V ' , 'L /V ' , 'H  I I Q ' p  ' H  VAPOR', 
' P I  ATH ') 
( x ( 3 )  r A e X ( 2 )  8 A # X ( 8 )  rAwX(9)  ,AvX(6)  8 A 8 x ( 5 )  r A # X ( 3 )  r A # X ( 3 )  rA)  
PUT S K I F  : 
DO I=1 TC N; 

A L V  = L ( I , I ) / v ( I , I )  ; 
PUT S K I P  E C I T  ( I , T C ( f )  8 - L  (1.1) 8 - V  ( 1 8 1 )  ,&LV,H (I, 1 )  8G ( I t  1) #P ( I ) )  
( X ( 5 ) , F ( 2 ) , F ( e , 2 ) , F ( l o 8 2 ) , F ( 1 0 , 2 )  , F ( 9 8 2 ) , F ( 8 , 2 )  , F ( 9 8 2 ) v F ( 9 8 2 ) ) :  
END * 
PUT S K I F ( 4 )  ; 
PUT S K I P ( 2 )  E C I T  ('CCMFCNEN'I') ( X ( 5 )  (M/2) X ( 1 0 )  ,A)  ; 
PUT S K I F  E L I ' I ( ' S ' I A G E ' w ( 1  Cc I = 1 TO fl) , 'suM') ( x (  5 ) # A , X ( 5 ) #  

(F  ( 2 )  8 x (9 )  r A) ; 
DO I = l  TO N ;  
PUT S K I F  E C I T ( 1 , '  x = ' @ ( X x ( I # J )  D O  J = 1  TO f l ) , s u f l x ( I # l ) )  
( x  ( 5 )  8 F  ( 2 1  8 1 1 8  ( f l )  E ( 1  1.4) 8F ( & # 5 ) )  

PUT S K I P  EDIT  ('Y=', (YY ( 1 8 J )  DC J = 1 TO N) , S U N Y ( I , l ) )  
; 



92 

( x  (8) , A, E ( 11.4)  , F  (8,s) ; 
P U T  S K I E  EDIT('K=',(YY(I,L)/XX(I,J) DO J = 1 TO a ) )  
( X  (8) , A ,  E ( 1  1 r 4 )  1 ; 
ENC ; 
I F  A D E < l E - 3  THEN I F  A D E < l E + 3  THEN GO TO F R I N T ;  
E L S E ;  E L S E :  
CALL MHGG (NCRI!,BX,N,E,C,TSNH) ; 
X X  = TSNH ; 
DO I = 1 T C  N ; N C H M ( I , I ) = I / S O M Y ( I , I )  ;ENC ; 

Y Y  = TSNH ; 
GO 'IO S T A R T I ;  

DF = F (  N A , M ) / ( - Y Y ( l , H ) * V ( l , l )  ) s 

S L G F , S L G E  = 0 ; 
DO J = 2 TO M ; S L G F  = S L G F  + F ( N A , J )  ; 
S L G P  = SLGE-V ( N F + l , t i F + I )  * Y Y  ( N F + t , J )  ; END ; 
FEEL! = 0 ; CO J = 1 TO H;  EEEC = FEED + F ( N A , J ) ;  END ; 
CFKR = FEEC*YY ( N F + I , E )  /F (NA,E)  . 
C F L G  = S L G P l S I G F  ; 
PUT PAGE ; 
PUT S K I E  E C I T  ( * I T E R A T I C N  HC. = ' ,KCUNT) (X(5) , A , F ( 4 ) )  ; 
PUT S K I F ( 2 )  E K I I ( ' S T A E E ' , ' I , C ' , ' L " V ' , ' L / V ' , ' H  IIQ*,'H VAPOR',  
' P , AT E ' ) 
PUT S K I E  ; 
DO 1=1 T C  N ;  

CALL HCGG(NC6M,YY,N,N,~,'ISZn) : 

F E I N T :  PUT S K I P  ( 2 )  E t I ' I  ( ' C C K V E F G E C ' )  ( X (  1 0 )  , A )  ; 

( X ( 3 ) , A , X ( 2 ) , A , X ( 8 )  , A r X ( 9 )  , A , X ( 6 ) , A , X ( 5 ) , A , X ( 3 )  r A t X ( 3 )  , A )  s 

ALV = L ( I , I ) / V ( I , I )  : 
PUT S K I P  E D I T  ( I , T C ( I )  ,-L (1,I) ,-V (1,I) ,ALV,H (I, 1) ,G  (I, 1 )  , P  ( I ) )  
( X ( 5 ) , F ( 2 ) , F ( e , 2 ) , F ( 1 0 , 2 )  , F ( 1 0 , 2 ) , F ( 9 , 2 ) , F ( 8 , 2 ) , P ( 9 , 2 ) , f ( 9 r 2 ) ) ;  
ENC 
PUT S K I E ( 4 )  ; 
PUT S K I E  ( 2 )  E C I ' I  ( 'CCHECNENT')  (X (5).  (M/2) X ( 1 0 )  , A )  ; 
P U T  S K I P  E T I T ( * S T A G E ' , ( I  CC I = 1 TO M) , ' S U N ' )  ( X (  S ) , A , X ( S ) ,  

DO 1 = 1  TC N ;  
PUT S K I P  E D I T ( 1 , '  X = ' , ( X X ( I , J )  DO J=1 T O  H ) , S U M X ( I , l ) )  

PUT S K I E  E C I T ( * Y = ' ,  ( Y Y ( 1 , J )  CC J = 1 TO M ) , S U N Y ( I , I ) )  

PUT S K I E  ECIT('K=*,(YY(I,J)/XX(I,J) DO J = 1 TO H ) )  

ENL? : 
PUT S K I F ( 2 )  E C I ' I ( ' D E S = *  ,ACE, 'DHS=' ,ACH) (X(5) , A , E ( I 2 , 4 ) )  : 
EUT S K I E ;  
PUT S K I P ;  
PUT S K I F ( 2 )  E C I ' I ( ' H E A T  LCAC C N  FR COND = ' , Q ( N A + 1 , 1 ) )  

P U T  S K I F ( 2 )  E C I ' I  ( * HEAT LOAD ON CCNDENSER = ' , Q ( N F + 1 , 1 ) )  

PUT S K I F ( 2 )  E C I T ( ' E .  F. = ' ,DF)  ( X ( 5 )  , A , F ( I S , 2 ) )  ; 
PUT S K I F ( 2 )  E C I ' I  ( ' C . F .  K R  = ' , C F K R )  ( X ( 5 )  , A , F ( 1 2 , 2 ) )  ; 
PUT S K I E ( 2 )  E L I ' I ( ' C . E .  LG = ' ,CFLG) (X(5) , A , F ( 1 2 , 2 ) )  : 

(E) ( F  ( 2 )  . x  ( 5 )  ) r A) 

( X  (5) , F  ( 2 )  E ( 1  1 1 i 

( X ( 8 )  , A , ( f l ) E ( l l , q ) , F ( a , 5 ) )  ; 

; 

( x ( ~ ) , A ,  ( ~ ) ~ ( 1 1 , 4 ) )  ; 

( X ( 5 ) v A , E ( 1 6 , 6 ) )  ; 

(A,E ( 1 6 , 6 )  1 : 

EESTART: PUT PAGE;  
L L =  1 : 

GET L I S T  ( L C G I C )  ; 
I F  L C G I C ( I ) = l  THEN I C ;  
F R E E  TC,PSI,TSD6N,TNDIH,PHIG,GAE,DELHBAR,L,V,Q,QF,ET, 
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EV,JT,JV,GT,GV,HT,HI8F~~X~Y~,K8HS,GS,CK,CH8~G,F~,X8Y8UO~X~~ 
S U ~ N ~ B , A , E , n l , r 2 , n 3 , n 4 ~ X V ~ Y V 8 H ~ G ~ D f i ~ ~ E 8 U N ~ U ~ 8 U l ~ U 2 ~ C 8 D E X 8  
VS8VEILS,LE8I~Z8ITE,NORR8IESI~SU~X,Z8YT8SUUY~TSNN,TSNU~ 
T S N 1 , P  s 
GET L I S T  (N)  ; NflE?=2*N ; 
ALLOCATE ' I C , P S I 8 T S D 6 N , T 6 D I ~ , E H I G , G A n , D E L H E A R , L , V , Q , Q F , E T ,  
E V , J T , J V , G T , G V , H ' I , H W ~ F ~ X X ~ Y Y # K ~ H S , G S , D K , D H ~ D G , F F ~ X ~ ~ ~ M O ~ X T ~  
S U ~ ~ ~ E . A , P ~ ~ ~ . ~ P ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ G ~ ~ ~ ~ D E ~ U N ~ U R , ~ ~ , ~ ~ ~ ~ ~ D E L ,  
V S , V P , L S , L P , I I Z ~ I T B , N C R ~ , I E S I , S U M X 8 Z 8 Y T , S U N ~ ~ T S N N , T S N U ,  
T S N l  , P  * 
CALL S E T U P  (H, r )  ; END; 
I F  L C G I C ( 2 )  = 1 T H E 6  CALL EENRYS(LL,n ,NH,TR,HE)  ; 
I F  L O G I C ( 3 )  = 1 THEN CALL EKWONG(LL,N,Y (*, 1 )  , P (  1 )  ,TK,P€IIG ( I , * )  I 

DELHBAR ( 1  ** )  , C E L R )  : 
I F  L O G I C ( 4 )  = 1 THEN CALL ACTCO(LL.f l ,TK,XX(l ,*)  , G A t l ( l , * ) )  ; 
/* NC E R O V I S I C N  FCR CHAEGING U,HEAT C A P A C I T I C I E S  O R  P A R T I A L  
UOLAR VOLUNES */ 
G O  TO STAET ; 

/* CALCULATES WE OF C 0 2  F F C n  EQ OF MICHELS */ 
DCL LOGVE FXCE'I, T, VF ; 
LOGVP = 2 4 . 6 1 5 3 C  - 1353.2C2/T-8.142537*LCGlO(T)+.OO6259156*T ; 
VP = IO**LCGV€ ; RETURN(VE)  ; 
END VPFUNCT ; 

/* CALCULATES VE D E E I V A T I P E  */ 
DCL T. DFDT, IN10 F I C A T  ; 
L N l O  = L C G ( 1 0 )  * 
DPDT = V P F U N C S ( T )  ; 
DPDT = C E C T * ( X W l C * 1 3 5 3 . 2 C 2 /  ( T * ' I ) - 8 . 1 4 2 5 3 7 / T  + L N 1 0 * . 0 0 6 2 5 9 1 5 6 )  ; 
RETURN (DECT)  ; 
END DVEFUNC'I ; 

/* GENERAL UATRIX MULT CF C = A X B C O P I E D  FROM P L 1  SSR */ 
DECLARE ( A  (*,*) .E (***)  ,C (*,*)) BINARY FLCAT * 
DECLARE S B I N h E Y  F L C A T ( C 3 )  ; 

DECLARE EFECR EXTERNEL CHARACTER(1)  ; 
ERROR = * C *  ; 
I F  K > 0 'IHEN I F  L > 0 THEN I P  U > 0 THEN DO ; 

VPFUNCT: PROC ( T )  ; 

DVPFUNCT: EROC (T) ; 

E N G G :  PROCEDURE (A,E,K,L,B,C ) : 

DECLARE ( K V L ~ ~ ~ ~ I * J ~ H )  BINARY F I X E D  ; 

I = O  ; 
NEX'II: I = I + 1 ; 

NEXTJ: J = J + 1 ; 
J = O ;  

s = o ;  
DO N = 1 TO L ; S = S + f ' O X T I E L P ( A ( I , N )  # E ( N # J )  ~ 5 3 ) ;  
END ; 
C ( 1 , J )  = S ; 
I F  J < 8 ' IHEN GC 'IO NEXTJ ; 
E L S E  I F  I < R TEEN GC TC NEXT1 ; 
ERROR = * C '  ; 
END ; 

END HBGG ; 
/ * U I N V I  I S  THE DOUBLE P R E C I S I O N  RATRIX I N V E R S I O N  SUBROUTINE FROU THE 

S C I E N T I F I C  S O E R O U T I R E  EACKAGE. THE CALCULATION OF THE DERTERRINANT 
HAS BEEN OUUITTED.*/  

C I N V I :  FROC ( A 8 N ,  L',COL) ; 
DCL ERROR EXTERNAL CRARACTER (1) ; 
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DCL (I,J,K,N,I ( N ) , ( J  ( t i ) )  F I X E C  E I N A R Y ;  
DCL ( A  ( * e * )  # E I G E , H O L t , L , C C N 8 S )  B I N A R Y  F L C A T ( 5 3 )  ; 
E R R O R = ' O * ;  
I F  N < = O  THEN t C ;  
ERROR= 1 * ; 
GO TO F I N ;  
E N D ;  
I F  CON=C THEN S = l . O E - 1 5 ;  
E L S E  S = C C N ;  
I F  N = l  THEN DC; 
D = A ( l , l ) ;  
I F  A E S ( C ) < = S  THEN C C ;  
E R R O R = ' 2 ' ;  
END;  
E L S E  A ( l , l ) = l / L ;  
GO TO F I N ;  
END; 
D = l . O ;  
DO K = l  I C  N; 
L (K) =K; 
K ( K ) = K ;  
B I G A = A  ( K ,  K) ; 
DO I = K  T C  N ;  
DO J = K  T C  N; 
I F  A B S  ( E I G A )  < E E S  ( A  (1 ,J))  THEN DO; 
B I G A = A  (I, J )  ; 
L ( K ) = I ;  
K (K)  =J;  
END: 
END; 
END; 
J=L (K)  ; 
I F  L ( K ) > K  TEEE; I C ;  
DO 1 = 1  I C  N ;  
HOLD=-A ( K , I )  ; 
A ( K , I ) = A ( J , I )  ; 
A ( J , I )  = H C L D ;  
END;  
END;  
I = H  ( K )  ; 
I F  M ( R ) > K  T E E S  IC; 
DO J=1 T C  N ;  
HOLD=-A ( J , K )  ; 

A ( J , I )  = H C L D ;  
END;  
END;  
I F  A B S ( E I G A ) < = S  THEE; DC; 
D = O . O ;  
END; 
DO 1 = 1  I C  N ;  
I F  I -= K T E E S  A ( I , K ) = A ( I , K ) / ( - A ( K , K ) ) ;  
END; 
D O  1 = 1  T C  N ;  
I F  I -.= K T H E L  CC;  
DO J=1 T C  N ;  

END; 

A ( J . K ) = A ( J , I ) ;  

IF J -= K T H E N  A ( I , J ) = A ( I , K ) * A ( K , J ) + A ( I , J ) ;  
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ENC; 
END; 
DO J=1  'IO N: 
I F  J -.= K TBEN A(K,J)=A(K,J) /A(K,K);  
END: 

A ( K , K )  = l . C / A  (K,K): 
END: 
K = N ;  

I F  K > O  THEN DC; 
I = L  (K) : 
I F  I > K  THEN C C ;  
DO J=1 TC N: 
H O L D = A  ( J ,  K) ; 
A (J,K)=-A ( J , I ) ;  
A ( J , I )  =HOLD; 
ENC; 
END; 
J = N  (K) ; 
I F  3>K THEN DC; 
DO 1=1 'IC N: 
HOLD=A (K,I )  ; 

A (J,I) =HCLD; 
END: 
END: 
GO TC L C C E :  
END; 

CCMF: /* CONTINUE */ 

LCOE: K = K - 1 ;  

A (K,I )  =-A ( J I I )  : 

F I N :  RETURN: 
END MINVII: 
END STAGE: 
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