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A COMHEER PROGRAM FOR THE CALCULATION OF 'GAS-LIQUID EQUILIBRIA 
IN THE KALC SYSTEM C02-N2-CO-02-Xe-Kr 

R. W. Glass 
R. E. Barker 
J. C. ~ l i n s *  

ABSTRACT 

A computer program for the calculation of gas-liquid equilibria 

for the system C02-N2-CO-02-Xe-Kr is presented. The thermodynamic model 

has been developed as part of a three-column, multicomponent, multistage 

model used for the study of the KALC (-ton Absorption in - liquid - C O ~ )  

process. 

1. BACKGROUND 

The reprocessing of spent HTGR fuel elements as presently envisioned 

will require the removal of krypton in a concentrated form from other 

gases such as COZY NZ7 CO, 02, and Xe. Specifically, the reprocessing 

gas will consist of ppm quantities of Kr and Xe, a few percent N2, O2 

and CO, and the remainder C02. The process proposed for the krypton 

removal step during fuel reprdcessing is known as KAT.IC (-ton - Absorption - 

in - Liquid gZ). 
1 

Mullins and Glass have modeled the basic three-column KALC system 

and, as a portion of that model, have provided a multicomponent, thermo- 

dynamic gas-liquid equilibria model. Selected elements have been excised 
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and combined with revised routines for Henry's constants and partial 

molar volumes into a concise computer procedure for calculating total 

system pressure and liquid mole fractions, as well as gas and liquid 

phase enthalpies; given system temperature and gas phase mole fractions. 

A discussion of the important thermodynamic considerations is given 

in this report, but the interested reader is referred to the originating 

1 
document for details. 

2. BASIC MODEL FELA!L'TONS 

Correlation and prediction of gas-liquid equilibria at moderately 

high pressures comprise a field in which much work is being done with a 

variety of approaches. The system under present consideration is a 

relatively simple one consisting of one heavy component ( ~ 0 ~ )  and five 

light components (N~, CO, 02, Xe, and fi). A syrvey of the available 

literature reveals a sufficient amount of binary data for the C02-x 

systems to provide a reasonable model over the range of interest In KAI;C 

considerations. 

The following exact thermodpmnic relations (unsymmetric convention) 

have been chosen for the present work (see Appendix E for nomenclature): 

for all components 
i = I.,..., 6 

for the solvent 

for a l l  solutes 
i - 2,...,6 

Use of.the unsymmetric convention for activity coefficients provides 
* 

that both yi (solutes) and y1 (solvent) approach unity as 5 (solvent) 



approaches unity. In addition, the use of the infinite dilution con- 

vention .(ideal in. the sense of -Henryf.s law) for the solutes circumvents 

the necessity.of considering the fugacities of pure liquid solutes. Such 

f'ugacities are hypothetical quantities and are experimentally inaccessible 

for the present study since, in general, T > Tc forthe conditions of 
i 

interest. .' 

Constant-pressure coefficients must be employed in order to make 

use of the common-type models that describe only the camposition dependence 

of activity coefficients (i. e., those suggested by Margules, Van Laar, , 

Wohl; etc. ) . Thus the following rigorous relations are important in 

the overall correlation (note that the constant reference pressure 

S selected is P = 0 ah, T = system temperature, OK, and P1 = saturated 

r: 
vapor pressure of the solvent at T): 

,Since at saturation the f'ugacity of pure liquid C02 is equal to that of 

the pure saturated vapor, it may be calculated fram the Redlich-Kwong 

equation of state (as discussed later): 



I f  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 

CO ( 302.2 OK), the p a r t i a l  molar volumes of the l i g h t  gases i n  the 2 

l i q u i d  may be assumed t o  be independent of concentration and equal t o  
4 

t he  p a r t i a l  molar volumes a t  i n f in i t e  dilution, namely, v ~ , ~ .  Likewise, 

the  p a r t i a l  molar volume of l i qu id  C02 may be assumed t o  be equal t o  

t h a t  of pure C02, vf;, a t  the s y s t a u  Lemperatwe. 

I n  the actual use of eq~~a.hlvns t o  correlate the  binary s y s t ~ m  

L data, v has been assumed t o  be tndependent of preoourc, but 7 
1 i, 1 

has been allowed a measure of empirical pressure dependence; tha t  is, 

where 6 i s  an empirically determined constant for  each of the binary 

 system.^, 

Under the noted res t r ic t ions ,  combination of Eqs. ( 2 ) - ( 8 )  yields 

the  following working relat ions:  

for  the solutes, i = 2, ..., 6 

f o r  the solvent, 



3. LIQUID PHASE 

3.1 Activity Coefficients 

Thermodynamic properties of the liquid phase are derived from a 

representation of the excess Gibbs free energy. The excess free energy 

is assumed to be represented by a Wohl type series expansion: 3 

. . 

where the aijls represent deviations from ideal behavior as a result 

of interaction between molecules i and j. Note that neither i nor j 

equals one since the infinitely dilute convention is being used. It - 
Y EX 

can be seen that g approaches zero as x2, ...,% approach zero, but 

not as the mole fractions approach one as.in the symmetric convention. 

The general expression may be represented as: 

The activity coefficients are directly related by the relation 

EX * 
Substitution of Eq. (12) for g results in the following expressions 

for the activity coefficients: 



The values of aij for  i = j were determined by analysis of experi- 

mental data  fo r  the binary systems ( i . e . ,  C O ~ - X )  using a simple estimate 

f o r  aij, i # j, as suggested by Muirbrook: 
4 

3.2 Henry's Law Constants 

The Valent iner  equation 5 

where ai, bi, and ci have been determined f'ran the analysis of binary 

systems data, i s  used t o  represent the Henry's law constants. 

As noted i n  previous discussions, the partial molar volumes f o r  the 

solvent a re  assumed t o  equal the molar volumes since d i lu te  solutions are 
' 

- 

7 the  rule.  Data fo r  l i qu id  C02 density ( i n  g/cc) have been f i t t e d  t o  

the f ollawing equation : 



where 

a = 0.4638 

b = 1.2068 x 10-1 

m = 0.3794 

c = 5.1566 x 10 
-4 

- 6 
d = 1.2895 x l o  

p = l iquid  C 0 2  density, g / c c  

T = c r i t i c a l  temperature of C02 = 304.15'~ 
C 

T = O K .  

P a r t i a l  molar volumes a t  in f in i t e  dilution f o r  the solutes are 
- .  . - .  

8 calculated i n  th is  work via  the ~edlich-  won^ relationship: 

In t h i s  

2 a il - ab. 

RT 2v + b 

( V  - b) 2 [ ,  v ( v  + b) ,I 
.onship, the following equations are applic 

in f in i t e  dilution binary systems : 

["I:" 5 1  . , 

a = 
We. l iquid  C 0 2  solvent 

f o r  the 



For convenience, the binary pair geometric me- correction for  Tc has 
il . 

been approximated by use of the ~iza-Duncan9 ionization potent ial  rule:  

Here, the  subscript i refers  t o  the component with the larger  ionization 

potential ,  I, and:. 

Component ~ ( e v )  

co2 14.4 

Xe 12.08 

O2 12.5 

CO 14.1 

N2 15-51 

K r  13.9 



Redlich-Kwong parameters S l a  and C$ employed i n  t he  calcula t ion of 

p a r t i a l  molar l i qu id  volumes f o r  t he  so lu te  components a r e  t h e  "universal" 

values. Corresponding parameters f o r  t he  solvent were obtained by f i t t i n g  

t he  Redlich-Kwong re la t ionsh ip  t o  t he  sa turated l iqu id .  3 

4. VAPOR PHASE 

Propert ies of t he  vapor phase a r e  calcula ted i n  t h i s  work v i a  the  

.Redlich-Kwong equation of s t a t e ,  with mixture ru l e s  and constants as  

given by Prausnitz. This equation i s  a l s o  used t o  estimate t he  

en tha lm  departure i n  t he  gas phase a s  discussed l a t e r .  In accordance 

with the  Redlich-Kwong equation, t he  fugaci ty  coef f ic ien t s  a r e  given 

by: 

where 



In Eq. (28), v, the molar volume of the gas phase, i s  calculated from 

the  Redlich-I(wong multicmponent equation of s t a t e  (see Appendix C ) .  

For calculation of the gas phase fhgacity coefficj.ents, the Redlich- 

Kwong parameters 0 and a for  the solutes are taken as the "universal" 
a: 
I I 

values, while the  values used for  the solvent are those found by fi.t;'l;ing 

the  Redlich-Kirong equation t o  the saturated solvent vapor curve. 3 

5. DATA C O ~ L A T I O N  AND BINARY PARAMETERS 

Multicmponent calculations i n  t h i s  work r e s u l t  f r m  (1 )  f i t s  of 

experimental binary system data t o  appropriate equations, and ( 2 )  mixture 

properties obtained by the application of mixture rules  t o  the parameters 

of the binary systems. 



Since only infinite dilution values of (y/x) data are known (as a 

function of temperature) in the case of krypton and xenon, Eq. ( 9 )  

reduces to the following for these two instances: 

A I 

By empirical optimization of the data, Eq. (38) results in three 

empirical constants, a, b, and c, for each binary . pair, . C02-Xe and 

C02-Kr, as required by the Henry's law constant representation 

[~q. (17)l. 

More,complete equilibria data, in particular, PTxy data, 

are available for 02, CO, and N Therefore, the f'ull form of Eq. (9) 2' 

has been optimized for the selected data to obtain five empirical 

constants for each binary pair: ai, bi, and c. for Eq. (17), aii 
1 

2,. . .: B for ~ q .  (14), and Ei .for. Eq- (8 . 

. ..  
r ,~.!- 

Table 1 presents a ~ m a z y  of the empirical constants determined 

by optimization. 

6. REPRESENTATION OF GAS A.ND LIQUID ENTHALPlES 

The representation of enthalpy used in this work is simple but 

should be sufficiently accurate to provide quantitative agreement with 

actual system beb.a,vior. Although adequate provisions are made for non- 

idealities in the gas phase, no attempt is made to consider the nonideal 

effect of pressure on the enthalpy of the liquid phase. This neglect 

is of little consequence, particularly since the KALC process operates 



Tablc 1. Optimi~ation oonstmts f ~ r  binary pairs 

Constants 
b a -4- a c 19 x l 0 .  



isobarically and a t  laj concentrations of dissolved gases. The reference 

temperature fo r  the enthalpy is  taken here as -40°C t o  conform with en- 

thalpy tables  f o r  l iqu id  C02. 

~ ~ r r e c t i o n s  fo r  the e f fec t  of gas phase nonideality are  taken in to  

account using the Redlich-Kwong equation. o f  s t a t e  with mixture rules  as 

given by F'rausnitz.' ( A  summary of those relat ions i s  given i n  Appendix C; ) 

According t o  the Redlich-Kwong equation of s ta te ,  the difference between 

the molar enthalpy of a ccnnponent i n  an idea l  gas s t a t e  and i t s  p a r t i a l  

molar enthalpy i n  a r e a l  gas mixture a t  the same temperature, pressure, 

and canposition is: 

This re la t ion  can, of course, be used fo r  a pure component as well 

as  a mixture. The p a r t i a l  molar volume vk i s  calculated [(s imilar  t o  

-a 
v1 of Eq. (19) 1 from the following: 

8. 

6 

The mixture rules are  the same as those fo r  Eq. (28). The difference 

between the enthalpy of an ideal  gas mixture and ' that  of a r e a l  gas 

mixture i s  given by: 



The heat capacity of pure saturated l iquid  C02 i s  obtained from 

6 
a polynomial f i t  by dlass t o  the l iquid  enthelpy: 

L c = 279.097 - 2.20982 T + 0.00471243 T 2 
S 

Integrating from T and neglecting the ef fec t  of pressure, 
0 

The enthalpy of the C02 a t  any temperature i n  the ideal  gas s t a t e  is  

calculated from: 

VAP hO = Aho + 

0 

The heat of vaporization a t  To = -40°C i s  taken t o  be 3369.2 cal/g-mole 

G 
from Perry.' The quantity (hz - Ho) i s  calculated from Eq. (39), and 

CO i s  represented by: 

Although the reference temperature for the l i g h t  gas enthalpies i s  

a l so  -4u0C, these enthalpies are calculated re la t ive  t o  the pa r t i a l  

molar enthalpy a t  in f in i t e  di lut ion in  l iquid  CO since the l i g h t  gases 
2 

do not ex i s t  as pure l iquids a t  tha t  temperature. The derivative of 

the  Henry's law constant i s  used t o  r e l a t e  t h i s  reference s t a t e  t o  the 

enthalpy i n  the ideal  gas. s ta te ,  as follows : 



Since = 0 a t  T .  = -40"~ ,  evaluation. of the derivative of the Henry's 
i o 

law constant using the correlation developed previously yields the 

hE . 0 values of hy a t  -40°C, i . e. , . Values of h. a t  other temperatures 
1 

i 
are  calculated from: 

0 
where hi i s  the value of the enthalpy of component i i n  the  ideal  gas 

s t a t e  a t  temperature T. The coefficients of CO i n  Eq. (45), along 
P i  

with h: , are presented below for  the l i g h t  gases i 
i 

The values of 3 a t  temperatures other than - 4 0 " ~  are  readily 
1 

determined from Eq. (45) a f t e r  calculating the derivative of the 

Henryf s law constant Prom i ts  correlation and the value of h" i from 

Once the enthalpies of the pure camponents i n  the idea l  gas s t a t e  

have been calculated, the enthalpy of the r ea l  gas mixture i s  given by: 



The enthalpy of the l iqu id  phase i s  calculated by assuming tha t  

- --Q) - 
H ~ o Z  - h ~ o g  and Ei = H (i. e. , t ha t  the solution i s  an ideal, inf in i te ly  

i 

d i lu te  solution). 

7. DATA SELECTION. 

All available data for  the binary pairs of in teres t  were considered, 

with the ultimate point-by-point selection being b a ~ e d  on ~themodynamic 

consistency t e s t s  as explained by W i n s  and ~ 1 a s s . l  Uata considered 

fo r  t.h.js work are give11 in  Appendix D. 

8. THE EQUILIBRIUM PROCEDURF: 

Appendix B presents the IBM 360/91 PL/I version of the basic equi l i -  

brium program. As presented, the equilibrium procedure (EQUIL) i s  

par t  of a typical  main or cal l ing program (GLASS). 

The EQUIL procedure i s  i n  the form of a "dew-pressureff program 

requiring y and T for  the calculation of x and P. Other forms of the 

equilibrium problem can be organized from the basic elements presented. 

Figure 1 i l l u s t r a t e s  the flow of information for  the EQUIL procedure 

and affords a concise sequence for  discussion of %he sa l ien t  features 

of the procedure. 

ca l l i ng  sequellee. The equilibrium prooedwe is c d l c d  witoh  the 

following parameters : 

ICALL ,M, Y, TK, P, X, HG, HL, IBAf) 

ICALL. Input parameter. This parameter is  se t  t o  0 for  the f i r s t  

c a l l  of EQUIL i n  the main program. With the  f i r s t  ca l l ,  EQUIL in i t i a l i zes  



. ORNL DWG. 76-114 R3 , 

.--,--,---..--.. - 
? K.GAM-I 

ENTER . 
1CALL.M.YJK PIS- VPFUNCT (TK) 

NO 
ESTP* PIS/Y (1) 
P - E S T P  J 

I 
INITIALIZE 

HENRYS.RKWONG 
PMVOL. ACTCO 

P-ESTP 
NOSOL-1 
IBAO-1 

NO 

? SLOPE- mP 
SUMX - SUMX I 

[P-P-DELP 
? 1 ESTP - P I OELP- SLOPE * (SUMX-1) I 

Fig. 1. Flow diagram. for the equilibrium procedure. 



various elements and proceeds with the equilibrium c$h.il.ation. Sub- 

sequent c a l l s  t o  EQUIL with ICALL=l do not require in i t ia l iza t ion ,  and 

EQUIL proceeds d i r ec t ly  t o  the equilibrium calculation. 

M. - Input parameter. This parameter i s  i n i t i a l i zed  and fixed with 

a value of 6, which indicates the number of system components. 

Y. - Input parameter. Vapor mole fractions are transmitted t o  

E Q U E  through t h i s  ,vector of' M - mole Practions. Note: Mole fracti.ons 

in Y must sum t o  ~ m i t y .  The component ordeir aPdr Y Is: (1)  CO,, 
G 

( 2 )  Xe, ( 3 )  02, (4 )  co, ( 5 )  N2, and ( 6 )  K r .  

. Input parameter. The absolute system temperature, i n  O K ,  - 

i s  passed t o  EQUIL by t h i s  parameter. 

P. Returned value. The t o t a l  system pressure i n  atm (absolute), - 
as calculated by EQUIL based on TK and Y i s  returr~ed t o  the cal l ing 

program via  t h i s  parameter. 

X. - Returned value. The l iquid  mole fractions,  as  calc~rlated by 

EQUIL based on TK andY, arereturned via  t h i s  vector. lrhc component 

order for  X is:  (1 )  C02, ( 2 )  Xe, ( 3 )  02, (4 )  CO, (5 )  N.,, and ( 6 )  K r .  
L 

HG. Returned value. Gas phase enthalpies, i n  &d/g-mole, referenced - 
L 

t o  pure l iqu id  C02 a t  - 4 0 ' ~  (h = 0 and = 0) are returned via  t h i s  1 1 

parameter. 

HI,. Returned value. Liqi.~id phase enthalpies, i n  cal/g-mole, are - 
returned via  t h i s  parameter. 

DAD. Returned value. Normally t h i s  parameter retains  a vnlue - 
or 0 In the event of a diverging solution, the value i s  s e t  t o  1 

and the words "Diverging Solution" are printed; the values of P and X 

returned are, a t  best, only estimates of equilibrium and cannot be 

regarded as accurate. 



9. REFERENCES 

1. J. C. Mullins and R. W. Glass, An Equilibrium Stage Model of the 

KALC Process, 0RNL/TT4-5099 ( ~ u g u s t  1976). 

2. A. Michels, T. Wassenaar, Th. Zwietering, and P. Smits, "The 

Vapor Pressure of Liquid Carbon Dioxide, " Physica X V I ( ~ ) ,  501 

(w 1950). 

3. J. M. Prausnitz, Molecular Thermodynamics of Fluid-Phase Equilibria, 

Prentice H a l l ,  Inc., Englewood Cliffs,  N. J., 1969. 

4. N. K. Muirbrook, "Experimental and Thermodynamic Study of the High- 

Pressure Vapor-Liquid Equilibria for  the Nitrogen-Oxygen-Carbon 

Dioxide System, " Ph. D. thesis,  University of California, Berkeley, 

1964. 

5.  S. Valentiner, Z. Physik. 42, 253 (1927). 

6. R. W. Glass, T. M. G i U i a m ,  and V. L. Fowler, An Ehpirical Model 

for  Calculating Vapor-Liquid Equilibrium and Associated Phase 

h t h a l p y  for  the COZ-02-Xe-Kr System for  Application t o  the  KALC 

Process, 0RNL/TT4-4947 (~anuary  1976). 

7. R. H. Perry and C. H. Chilton (eds. ), Chemical Engineers Handbook, 

5th ed., p. 3-162, McGraw-Hill, New York, 1973. 

8. P. L. Chueh and J. M. Prausnitz, "Vapor-Liquid Equilibria a t  High 

Pressures: Calculation of Pa r t i a l  Molar Volumes i n  Nonpolar 

Liquid Mixtures," A. I. Ch. E. J. - 13, 1099-U07 (1967). 

9. M. J. Hiza and A. G. Duncan, "A Correlation for  the Bedict ion of 

Interaction Energy Parameters for  Mixtures of Small Molecules," 



10. I<. J. Notz, A. B. Meservey, and R. D. Ackley, "The Solubili ty of 

Krypton and Xenon i n  Liquid C02," Trans. Am. Nucl. Soc. l-7, 

318-19 (1973). See a lso  references 20 and 21. 

U. N. K. Muirbrook and J. M. eausni tx ,  "Mi.llf,irlomponent Vapor-Liquid 

Equilibria a t  High Pressures: Part I. Experimental Study of the 

Nitrogen-Oxygen-Carbon Dioxide System a t  O°C, I f  A. I. Ch. E. J. g, 

12. C .  H. Zennes and L. T. nana, "Liquid Vapor Equili'Lsri~m Cmpasitions 

of Carbon Dioxide-Oqgen-Nitrogen Mixtures, " Chem. Eng. Progr., 

~ymp. Ser. 2 ( 4 4 ) ,  36-41 (1963). 

13. G. Kaminishi and T. Toriumi, "Vapor-Liquid Equilibria Between 

Liquid Carbon Dioxide and Hydrogen, Nitrogen and Oxygen," Kogyo 

Kagaku Zasshi 5(2), 175-78 (1966). 

14. A. Fredenslund and G. A. Sather, "Gas-Liquid ~ q u a i b r i &  nf the 

Oxygen-Carbon Dioxide System, " J. Chem. Eng. Data 2, 17:22 (1970). 

15. A. 'Fredensluln~, tT: MoUerup, . and 0. Perssm, "Gas -Liquid Equf l i -  

b r i m  of the Oxygen-Carbon Dioxide System, I t  J. Chem.. Eng. Data -J 17 

16. G. Kaminishi e t  a&. , "Vqpnr-Tliqi.l.id Equilibria for  Dinmy- 

Ter.uiu.y Systems Containing Carbon Dioxide, " J. Chem. Eng. ( ~ a p a n )  

&( 2 ) , 109-16 (1968 ) . 
17. L. J. Christiansen, A. Fredenslund, and N. Gardner, "Gas-Liquid 

Equilibria of the C02-CO and C02-CH4-CO Systems," Advan. Cryog. 

Eng, a 309-19 (1974). 

18. Y. A. Abduaev,  "Equilibrium in  the Liquid Carbon Dioxide System 

i n  the Presence of Technical Gases, " J. Chem. Eng. (USSR) 16, 

37-40 (1939 



t 

21 

19. F. Pollitzer and Z. Strebel, "The Influence of an Indifferent Gas 

on the Saturation Vapor Concentration of a Liquid, " Z. Phys. Chem. 

U O  -, 768-85 (1924). 

20. K. J. Notz and A. B. Meservey, The Solubility of Kry-pton in Liquid 

21. R. D. ~ckley and K. J. Notz, The Distribution of Xenon Between 

Gaseous and Liquid Con, ORNL-5122 (~ctober 1976). 



THIS  PAGE 

W A S  INTENTIONALLY 

LEFT BLANK 





0R.N L- DWG 76- 1057 

- - 

- 

- 
8 - - - - 

- 
C - 

3 - - - - - - 
2 - - 

- 
- 
- 
i r r r r l l l r l  I I I I ~ I ~ I I I ~ I I I I I I I ~ I ~ K I . . I . ~ . ~ I I I I ~ L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  -50 -40 -30 -20 -10 0 1 

TC 

Fig. A-1. Model-predicted K values a t  i n f i n i t e  d i l u t i o n .  



Fig. A-2.. Model-predicted Henry's law constants  a t  s a t u r a t i o n .  
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Fig.  A-3.  P-y diagrsun for CO -0 2 2'  



Fig. A-4. P-x diagram for C02-02. 
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Fig. A-5. P-y diagram for C02-CO. 
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Fig. A-6. P-:c diagrun for C02-CO. 
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Fig. A-7. P-y diagram for C02-N2. 
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Fig. A-8. P-x diagram f o r  C02-N2. 
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A-9. Henry's law cons t an t s  f o r  K r  and Xe i n  s a t u r a t e d  C02. 
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Fig. A-10. Equilibrium ratio comparisons for Xe in CO 2 ' 
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Fig. A-11. Equilibrium ratio comparisons for 0, L in C02. 
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Fig. A-12. ~~uilibrium. ratio comparisons for CO in CO 2 ' 



Fig. A-13. Equilibrium ratio comparisons for N in Cop. 2 -. 
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Fig. A-14. Equilibrium ratio comparisons for Kr in CO 2 ' 
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APPENDIX B: COMPUTER PROGRAM 

The following is a complete computer program provided for documenta- 

tion and reference. It has been written for the IBM 360/91 (ORNL) : PL/I 

Optimizing Compiler, Version 1 R2.2 FTF 60. 



//XXXXXX J O B  (XXXXX) , ' B I N  X XXXXXg,MSGLEVEL=l 
/*ROUTE P R I N T  LOCAL 
//*CLASS CPU9 1 = 3 0 S  
/*ROUTE XEQ C P U l  
// EXEC P L I  XCLG,PARM. P L I = '  NESTg,'PARN.LK ED=* N3XREP,NOLIST ' ,  
// SEGION.G0=270K 
/ /PLT.SYSLIN DD SPACE= ( 8 0 ,  ( 1 7 0 0 , 1 0 0 ) )  
/ /PL I. SY S I N  DD * 

T H E  POLLOWING I S  A TYPICAL U A I N  OR CALLING PROGRAM 

p**** KALC CONPUTER S T U D I E S  *****/ 
GLASS:PROC OPTIONS(MA1N) ; ON ENDPILE ( S Y S I N )  GO TO HOUSE; 

DCL M S T A T I C  INXPSAL ( 6 ) ,  Y ( 6 ) ,  TC,TK, P , X ( 6 )  ; ICALL=O; 
START: GET L I S T ( ( Y ( 1 )  DO I = 2  TO 6 ) , T C ) ;  

T K = T C + ' L I  3 . 1 3 ;  Y 1 Y ( 1) = l.O;5Uri ( Y ) ;  
CALI. E g U 1 L  (LCALL,n, Y ,TK,P, X,BC , H L , I B A D )  ; I CALL21; 
PUT S K I P  (2)  DATA (TC,P,X,Y,HG,FIL); GO TO START; 

THE EQUIL PROCEDURE SHOULD BE INSERTED HERE 

HOUSE: END GLASS;  
/* 
//GO.SY S I N  DD * 

T H E  FOI.LOUING I S  A T Y P I Z A L  DATA S E T  



EQUTL: PROC (TCALL, MnY8TK8P8 XnHGnHL8TBAD) ; 
DCL P1S8TKn TO STATIC I N I T I A L  ( 2 3 3 .  IS) ,P8M #ESTP8HGnHLn J , I , L L ;  
DCL HP (N) ,HE1 (M) ,HE2 (fl) , Y (*) , X  (*) ,NPASS, DELH, DELP,NOSOL, SUnX 1;  
DCL PHIG (N) ,GAR (N),, CELBBAR (R) ,GSO (6) STATIC,SLCPE,VBAR (6)  , 

HS ( P I )  ,VS,VSl,VCOR,GS (N) ,TSM (11) , K  ( n )  FLC,AT,T( ' I ,SUMX,SUNXO;~ 
/***** IDEAL GAS HE AT CAPACITY CONSTANTS *****/ 
DCL ALPHA(6) STATIC I N I T I A L  

( 6 . 6 3 7 , U . 9 6 8 , 7 . 0 1 1 8 6 . 9 6 2 8 6 . 9 6 8 ) ;  
DCL BRTA ( 6 )  STATIC I N I T I A L  

( 1 . 3 9 5 E - 3 , 0 . 0 , - 8 .  19-4,-9.5E-5,-3.  5 E - C 8 0  .O) ; 
DCL GAVNA ( 6 )  STATIC I N I T I A L  

(2.OU53-5,O. O,2 .  B E - 6 , 3 . 5 f - 7 , l .  SF-7,O - 0 )  ; 
/***** COEPPICISNTS OF EXPANSION.*****/ 
DCL KAPA(6) FLOAT STATIC I N I T I A L  

(0,0,-1.028859E-2,3.9'54812E-2~3.2 1  lG58E-2 ,O)  ; 
' DCL IDENT ( 6 )  CHAR (6) STATIC I N I T I A L  

( *  1= C 0 2 * , * 2 =  X E * , * 3 =  0 2 * , * U =  C O * , * 5 =  N 2 * , ' 6 =  K R * ) ;  
I P  I C A L L = l  THEN G O  TO G S T I T ;  

/***** I N I T I A L I Z E  PROCEDU!? ES *****/ 
CALL HENRYS ( l , N ,  VS,TK,HE) ; 
CALL RKWONG (1, H.Y, P,TK.PHIG, DELHBAR,DELH) ; 
CALL ACTCO ( l,M,TK8 X,GAfi).; 
CRLL PUVr3L ( 1  ,TK, VS, VBRS) : 

/***** CRLC IDEAL GAS ENTHALDTES AT -110 C *****/ 
CALL HYNRYS (2,11, VS, TO-.5 , H E l )  ; CALL HFNRYS (2, l l ,VS8TO+. S,HE2) ; 
DO 1 = 2  TO n; 
GSO ( I )  = 1 . 9 8 7 2 6 *  (LOG (HE2 (I) ) -LOG (HF 1  ( I )  ) ) / ( 1 /  (To- .5 )  - l / ( T O + .  5 )  )'; - .  
END; TSY=O; TSO ( I )  = 1 ;  P lS=VPPOWCT (TO) ; 
CALL RKWONG ( 2 ,  f18TS! l~P1SnT0,PHIG,DELHBAl?  , DEL H) ; 
GSO ( 1 )  =DELH+3369.2 ;  /***a* HEAT OF V A  P FRON PERRY *****/ 
PUT S K T P ( 2 )  DATA (GSO) ; PUT PAGE; 

/***NOT?.: GSO(1=1, . . . ,6 )  = IDEAL GAS ENTH9LPIFS AT - 4 0  C * * * /  
/***3513 .04*1  128 .74*-U95.138*12 ,5 .  278* -930 .111*139 .805** * /  

G Y T I T :  HS ,GS, D E L H B A R = O ;  G A N , K = I ;  s u n x l = o .  0 ;  N O S C L , I B A D = O ;  
P l S = V P P U I C T  (TK) : E S T P = P l S / Y  ( 1 )  ; P = E S T P ;  FT=82.O57U*TK; 
CALL HENRYS (2 ,  M,VS,TR, HE) ; TSU=O; TSN ( 1) = I ;  
C A L L  R R W O N G  (2. n,.rsn, P I  s, TK,TSU,  D E L H B A R  , D P L H )  ; 

DOPHI: CPLL RKWONG ( 2 ,  f l , Y ,  P,TK,PHIG,DELHEAR, DELH) ; NPASS=O; 
CPASS: I P A S S = Y P A S S + l ;  

K ( l ) = G A M ( l )  * T S N ( l )  *PlS*!?XP((VS* ( P - P l S ) ) / F T )  / ( P * P H I G ( l ) )  ; 
GS ( 1 )  =ALPHA (1)  * (TK-TO) +BETA ( 1 )  * (TK*TR-TO*TO) / 2 +  

G A Y N A  (1) * (TK**3-TO**3) /3+GSO ( 1 )  -DELHBAR ( 1 )  ; 
HS ( 1 )  = 2 7 9 . 0 9 7 4 4 1 6 *  (TK-TO) -1.104912u98*(TK*TK-TO*TO) + 

1. 1 1 8 R ~ - 3 *  (TKf*3-TO**3) ; 
CALL PflVOL(2,TK8 VS, VBAR) ; CALL HENRYS ( 2 , U n V S 1  , T K + l , H E l )  ; 
DO J = 2  TO N ;  

VCOR= ( l + K A P A ( J )  *PIS)'* ( P - P I S )  -KAPA ( J )  ( P * P - P l S * P l S )  / 2 ;  
VCOR=!?XP (VCOR*VBAR (J) /BT) ; 
K ( J )  = (HE ( J )  * G A R  ( J )  *VCOR) / (P*PHTG ( J )  ) ; 
GS ( J )  = A L P H I  ( J )  * (TK-TO) + B E T A  (J)  (TK*TK-TO*TC) 124 

GAMHA ( J )  * (TK**3-TO**3) /3+GSO ( J )  -DPLABAR ( J )  ; 
HS ( J )  =DELHBAR ( J )  +GS ( J )  + 1 .9872*  (LOG (HE 1  ( J ) )  -LOG (HE ( J )  ) ) / 



( l ( T K + ) - T )  END; 
X = Y / K ;  I F  NPASS>l THEN GO TO TESTX; 

X V A R Y :  SUNqO=SllU (X)  ; CALL ACTCO (2,U,TK,X,GAN) ; GO TO CPASS; 
TPSTX: SUMX=Sl'IN (X) ; I F  ABS ((SO!lXO-SURX)/SUflX) > 1  . o E - 5  T H E N  GO TO X V A R Y ;  

TP NOSOL=l THEN GO TO BbDEX; 
I F  ABS (SUMX- 1.0) < 1.OE-5 THEN G O  TO ENDEQ; 
I F  ( (SUNX-SOflXl) * ( P - E S T P ) ) = O  THPN DO; 

SUtlX l = S U  MX.; EST P=?; P=P/SUflX; GO TO DOPHI;  END; 
I p  ((SUUX-SUllX1) * ( P - E S T P ) )  < O  THEN GO TO. CIVRX; 
s L o P r =  (P-ESTP) / ( S U N X - s o r x r )  ; sunx l = s u ~ x ;  
S S T P = ? ;  D'3LP=SLOPE*(SU?lX-1); 
T v  ABS (DELP) >O. 1 * P  'THEN DO; DELP=STGN (DELP) * O . l t P ;  9ND; 
P=P-DELD; GO TO DOPHI; 

DTVRX: ? = E S T P ;  NOSOL,IBAD= 1 ;  GO TO DCPHT; 
B A D E X :  x = x / s u a  ( w )  ; 

PUT SKfl? E D I T ( ' D I V E H L ~ I Y G  SOLUTICN*) ( K ( l 0 )  A) ; GO TO ENDEQ; 
PMvnL: P R O C ( L , T , V S , V B A R ) ;  

3CL T,nT,VS,VBAR (*) ,SCQ4?,  S ( 2 )  LABvL,J ,I ,VflR,VF9,L;  
DCL ( A  (6,G) ,¶ (6) , P )  S T 4 T I C ;  
DCL ( T C ( 6 , 6 )  , D C ( 6 ) ,  Z C ( 6 )  , R  ( 6 . 6 )  FLOAT, W ( 6 )  ,CPIFGA (6) ,(3flSGB(h) , 

VC ( 6 )  ) CTL: G O  TO S(L) ; 
S  ( 1)  t ALLOCATS BC,VC,TP,K, W I N I T I A L  ( 0 . 2 2 5 , 0 , 0 . 0 2  1  , o m  Out, 0 . 0 4 0 , o )  , 

PC IYITTAL ( 7 2 . 8 ,  6 ,U9.8 ,3U.S ,  33.5,SU. 3 ) .  
OMPGA ~ N ~ T I R L ( ~ . U l R U , O . 4 2 7 8 , 0 o U 2 ~ 8 , 0 . ~ 2 7 8 ~ O e ~ 2 7 6 ) ,  
QMEGR I V I T I A L  (O.O790,0.O867,0.0867,0.O867,O.CR67,0.0967) ; 
TC,A,K=n;  ZC,VC=O; U = 8 2 . 0 5 7 4 ;  
T C ( l , ' l \  = 3 0 4 . 2 ;  T C ( 2 , 2 ) = 2 8 9 . 7 ;  TC ( 3 , 3 ) = 1 5 4 . 6 ;  
TC ( u , 4 ! = 1 3 2 . 9 ;  T C ( 5 , 5 )  = 1 2 6 . 2 ;  T C ( 6 , 6 )  = 2 0 9 . 4 :  

K ( l , l ) =  0 ;  K ( 1 , 2 ) = . 0 U 5 5 ;  K ( 1 , 3 ) = . 0 3 ? 2 ;  
Y ( l , U ) = . 0 0 2 0 ;  Y ( 1 , 5 ) = . 0 1 3 3 ;  K ( 1 , 6 ) = . 0 0 8 2 ;  

DO 1 = 1  T q  5 ;  Z C ( I ) = C . 2 9 1 - 0 . 0 8 * W ( I ) ;  
V r  ( T )  =ZC ( I )  *RaTC (I, I )  /PC (I) ; B  ( 7 )  =OflEGE ( T )  *R*T(: ( I ,  1) /PC ( I )  ; 
T C ( 1 ,  1) = S Q 3 T ( T C ( I , I )  *TC (1.1)  ) *  (1-K ( 1  , I )  ) ; 
A (T, 1 )  =O.25*(C)Vl?GG(I) +OUSGA ( 1 ) )  *E*(TC ( I ,  1) * * I  -5) * 

(VC(I)+VC(1))/(0.291-0.OU*(W(I)+W(l))); Z N D ;  
OUT SYTP ( 2 )  DATR (A) ; PnP? ZC,VC,TC,PC,K; D?TUPN; 

S ( 2 \  : 9T=3*T;  VM9=VS-9 ( 1 )  ; VPB=VS+E (1)  ; 
DO T=1 TO 6 ;  

V B A ?  (I) = R T ~  ( I + R  (I) / V M D )  / v n e ;  
VRP.n(T)=VeAP (T )  - ( 2 * 4 ( 1 , 1 ) -  (A ( 1 ,  l ) * B ( I )  ) / V P Q )  / 

(VS*VQB*SQ?T (T) ) ; SCUAP=PT/ (VNB*VMS) ; 
SCRAP=SCRAP-A ( 1 , l )  (2*VS+? ( 1 )  ) /  (VS*VS*VPE!*VFE*SQRT (T) ) ; 
VBAQ(T) = V E A R  ( I )  /SCRAP: FND; SND PflVOL; 

VPFUWCT:??OC ( T )  ; /*****!lICHELS, PHYSICA,XVI (5)  , FSO 1 ,1950*****/  
UUL LUGV P FLORT, 7, Ve; 
Lr)GVP=2U . 6 1 9 3 O - 1 3 5 3 . 2 0 2 / ~ - 8 . l U 2 5 3 7 * L ( 1 t i l O  (T)  +. C O h 2 5 9 1 5 h * T ;  
VP-10. n * a L O ~ V P :  RETURN (VP)  ; END iikPUNCT; 

ACTCQ: ,PROC (L, Y,T, X,GAM) ; /***** EQS D3 & DU,ORNL/Ttl-5099 *****/ 
DCL PT,G4N (* )  , X ( * ) . , S  ( 2 )  LAP.ELII , J ,K;  
DCL L,I, T,SUiIl ,SOY2 , A  ( 6 , 6 )  STATIC; GO TO S  (L) ; 

S ( 1 ) :  A = O ;  4 ( 2 , 2 ) = 0 . 0 ;  A ( 3 , 3 )  - 9 9 2 . 6 5 U i ;  A (I1,ci) =4U9.34'16; 
4 ( 5 , 6 ) = 0 . 0 ;  A ( 5 , c )  = 1 8 1 7 . 6 6 1 ;  

DO I = 2  T O  U ;  DO J = I + l  TO N ;  
A ( T , J ) = ( A ( I , I )  +A ( J , J )  ) / 2 ;  A ( J , I ) = A  ( 1 , J )  : E N D ;  E N D ;  

? n T  S K t P  ( 2 )  DATA (A) ; RZTURN; 
~ ( 2 ) :  s u n i = o - n ;  ~ ~ = i . 9 8 7 2 6 * ~ ;  DO ~ = 2  TO n ;  DO 1=2 TO U ;  

SUNl=SUfi l+A (T.,J) * X ( I )  * X ( J )  ; END; YN3; 
Do K=2 T 3  tl; SUlY2=0.0; DO 1 = 2  TO I!; 



HENRYS: 

S  ( 1 )  : 

S ( 2 )  : 

CDVCL: 

S ( 2 )  : 

Q U  NCT : 

s o u 2 = s u n 2 + x  (I)  *A ( I ,  K )  ; E N D ;  
GAR (K) =EXP( (SUU1-2*SUU2) /RT) ; E N D ;  
GAH ( 1 )  =EXP(SUHl/RT) ; RYTURN; END ACTCO; 
PROC (L,N,VS,T,H) ; DCL S ( 2 )  LRBEL,H(*) , N,VS ,T;  
DCL ( A  ( 6 )  ,B ( 6 )  ,C ( 6 ) )  STATIC;  GO TO S ( L )  ; 
A = O ;  B=O; C=O; 
A ( 2 )  = 2 9 . 9 6 1 4 8 ;  9 ( 2 ) = - 3 . 6 7 0 9 3 6 ;  C  ( 2 ) ~ -  l (123 .98  1; 
A (3) = 1 0 8 . 2 5 7 1 ;  B  (3) =- 1 5 . 9 8 7 8 0 ;  C  ( 3 )  = - 3 4 7 8 . 3 7 C ;  
A ( 4 ) = 1 2 4 .  1 7 7 0 ;  B ( 4 )  = - 1 9 . 2 4 5 6 1 :  C ( 4 )  = - 4 3 1 6 . 3 0 8 :  
A (5) = 7 8 . 2 0 4 8 4 ;  P ( 5 ) = - 1 1 . 4 2 0 9 2 ;  C  (F()=-219U.SU7; 
A ( 6 ) = 3 6 . 3 2 3 7 7 ;  B ( 6 ) = - 4 . 7 8 2 2 8 9 ;  C  ( 6 )  =- I  1 8 5 . 1 5 2 ;  SETURN; 
CALL CDVOL('I,VS) ; DO I = 2  TO N ;  
H ( I ) = A  ( I )  +B (T)*LOG(T) + C ( I ) / T ;  H ( I ) = E X P  ( H ( 1 ) )  ; ? N D ;  QSTURN; 
PROC (T,VS) ; DCL T,TCflT,VS; TCNT=30U. 15-T;  
VS=0.4638+1.206792E-l*TCUT**3.794458E-1+ 

5 . 1 5 6 5 8  lE-U*TCflT+1.299524E-6*TCHT*TClT; 
VS=UU.Ol/VS; ??ND CDVOL; END APNRYS; 
PPOC (L,M,Y, F,T,PHTG, DELHBAR, DELH) ; 
DCL P 8 P T , A n 8 B H 8 1 , J ~ V G 8 E X ;  
DCL R STATIC I N I T I A L  ( 0 . 0 8 2 0 5 7 4 )  8 S  ( 2 )  LABEL; 
DCL Y (*) , P R I G  (*) ,VBAR(n) ,DELHBAR(*) ; 
DCL (A ( 6 , 6 )  ,B ( 6 )  ) STATIC;  DCL ONEGA ( 6 )  FLOAT STATIC T N I T I A L  

(0 .4470 ,O.  4 2 7 8 ,  O.U278,O.U278,O.U278,OOU278) ; 
DCL 0 f l V G B ( 6 )  PLOAT STATIC I N I T I R L  

( 0 . 0 9 1  1 , 0 . 0 8 6 7 ,  0.0867,0.0867,0.0867,0.0867) : 
DCL W (6) STATIC TNTTIAL(0.225.0.0,0.021,0.0U1 ,C.CUO,O.O) ; 
DCL (ZC ( 6 , 6 )  ,TC ( 6 , 6 )  , P C ( 6 , 6 )  ,VC ( 6 , 6 )  , K (6 ,6 ) , :  PLCAT) CONT3OLLED; 
GO TO S ( L )  ; 
ALLOCATE TC8PC8VC,ZC,K; 
A = O ;  Zr=O;  TC=O; PC=O; VC=O: K=O; E X = l / ? ;  
T C ( 1 , j )  =3OU.2;  T C ( 2 , 2 ) = 2 8 9 . 7 ;  T C ( 3 , 3 )  =15U.6:  
TC ( 4 , u )  = 1 3 2 . 9 ;  T C ( 5 , 5 ) = 1 2 6 . 2 ;  T C ( 6 , 6 ) = 2 0 9 . 4 ;  
p c ( i , i ) =  7 2 . 9 ;  p c ( 2 , 2 ) =  5 7 . 6 ;  p c ( 3 , 3 ) =  ~ 9 . 8 ;  
P C ( u , U ) =  3 4 . 5 ;  P C ( 5 , 5 ) =  3 3 . 5 ;  P C ( 6 , 6 ) =  5U.3; 
K ( 1 , l j  = 0 . 0 0 0 0 ;  K ( 1 , 2 ) = 0 . 0 4 5 5 ;  K ( 1 , 3 ] = 0 . 0 3 3 2 ;  
K ( l , U ) = 0 . 0 0 2 0 ;  K ( 1 , 5 ) = 0 . 0 1 3 3 ;  K ( 1 , 6 ) = 0 . 0 0 U 2 ;  
DO T = 1  TO u ;  DO J=I TO u ;  

Z C ( I , 5 )  =0.291-O.OU* (W ( I ) + W  ( J ) ) ;  END; END; 
DO I= 1 TO H ;  VC(1, I )  = Z C ( I ,  I )  *R*TC (1.1) /PC (I, I )  : 

B (I) =OHSGB (I) *R*TC (I , 1 )  /PC ( I  ,I) ; END ; 
DO I = 1  TO H ;  DO J = I + 1  TO n ;  

VC ( I ,  J )  = ( (VC ( I  , I )  **EX+VC ( J ,  J )  **IIX) / 2 )  **3 ; 
TC(I,J)=SQRT(TC(I,I)*TC(J,J))* (1-K ( 1 , J ) )  ; 
V C ( 1 , J )  = Z C ( 1 , 3 )  V R * T C ( I , J )  /BC ( f ,J)  ; 
VC ( J , I )  =VC ( 1 , J )  ; TC ( J  , I ) = T C  (1 , J )  ; P C ( J , I ) = P C ( I , J )  ; END; E N D ;  

DO I = l  TO U ;  DO J=T TO U ;  
A ( I , J )  =(CilEGA ( I )  + O H E G A ( J ) )  *R*R* ( T C ( 1 , J )  * * 2 . 5 ) / ( 2 * P C ( 1 8 J ) )  ; 
R ( J , T ) = A  ( I ,  J )  ; END;  END; PUT PAGE DATA ( A )  ; 

FREE ZC,TC, PC,VC, K; RETURN; 
AM=O; RT=R*T; BU=O; DO 1 = 1  TO M ;  aR=EH+Y ( I )  *B (I) ; 
DO J=l TO a; A N = A U + Y ( I ) * Y ( J ) * A ( I , J ) ;  END; E N D ;  CALL VOLG: 
DELHZRT* (1.5*An/(BU*RT*T**O.5) *LOG((VG+Bfl) /VG) +1-P*VG/RT) ; 
DELH= ( 1 . 9 8 7  2 6 / 0 . 0 8 2 0 5 7 4 )  *DELA; 
DO 1 = 1  TO n : PHIG(I) =PUNCT (T)  ; 

VBAR ( I )  =VFUNCT ( I )  ; DELHBAR ( I )  =HPUNCT ( I )  ; END; 
PROC ( I )  ; /***** EQ B l l ,  ORNL/TIl-5099 *****/ DCL X ;  
X=O; DO J = l  TO N ;  X = X + Y ( J ) * A ( J , I ) ;  END; 
X= ( (-2 * X )  / (R*BH*T** 1.5)  ) *LOG ( (VG+Bfl) /VG) +f OG (VG/ (VG-Bn) ) + 



R ( T )  / (VG-Ell) +AN*B (I) * (LOG( (VG+BN)/VG) -Bn/ (VG+RM) ) / 
(R*T**I .  5 * ~ n * ~ n )  - L O G ( P * V G / ( R * T ) )  ; X = E : X P ( Y )  ; R E T U R N  ( X I ;  

EVD FUYCT: 
VFUVCT: VQOC ( I )  ; / *a* * *  PQ BIU, ORNL/TR-5099 *****/  DCL X , X X , J , T l 2 ;  

T l 2 = S Q R T  (T)  ; X = O ;  DO J = l  TO fl; X=X+Y (J) * I  ( J , I ) ;  F N D ;  
X=-2*X/(T12*VG* (VG+Bfl)) ; X=X+ (RT/ (VG-EN)) * ( l + B ( I ) / ( V G - F N )  ) ; 
X=X+Afl*?? ( I ) ' / ( T 1 2 * V G *  (VG+BN) **2) ; KX=RT/ (VG-EN) **2; 
X X = X Y -  ( 9 1 / T  1 2 )  * (2*VG+Rll) /(VGPVG* (VG+B!l) **2)  ; 
X = X / X X ;  6ETURN (X) ; EVD VFUNCT; 

HFONCT: P R O c ( 1 )  ; /***** EQ 8 1 3 ,  ORNL/Tfl-Fog9 * * * * * /  CCL X,J; 
X = O ;  no J= i  TO n ;  X = X + Y  (.I) * A  ( J , I ) ;  E N C ;  
X =  (2*Y-Aq*B (1) /BR) / B n ;  X=X*LOG ( ( V G + R I )  /VG) ; 
X=X+ (AM/9M) (VG*B ( I )  -VBRR (I)  *?3M)/(VG* (VG+B!I))  ; 
X= 1. FLX/SQ?T (T)  +RT-P*VBAR (I) ; 
X = X *  1 . 9 8 7 2 6 / R ;  RETURN ( X )  ;, ENC HFUNCT; 

V0L6:  P s O C ;  /***** SOLVES R-K USING COPIC SOLUTTON *****/ 
DCL A ,  i ( ,C(U)  ,D(U)  ,PHT,Vr;AS ( 3 )  ,11 3 ,P3 ,L ,N,nM,Ra,R,Tl2 ;  
~ 7 2 ;  w='j; T ! ~ * S ( ) H ' ~  IT) : C ( 1 )  2 1 ;  C ( 2 )  m - R r / T ) ;  

C (3 )  =-BY*-2-9Ti '53 /P+AM/(T12*F)  ; C (u) = - A M * B M , /  ( r * T l i ! )  ; 
D ( l ) = l ;  D ( 2 ) = 0 ;  D  ( 3 )  = ( 3 * C ( 3 )  -C(2 ) . **L)  / 3 ;  
9 (U) = (27*C (4) -9*C ( 2 )  *C ( 3 )  + 2*C ( 2 )  **  H) / 2 7 ;  
R 7 =  ( D f 3 )  / 7 )  * * Y +  ( D ( U )  / 2 )  **L; TI? R ? < O  THEN DO; N l = 1 ;  
PHI=ATAYP(SCRT (- (D ( 3 )  **4/27+D (U) **L/U) / ( D  ( U )  **L/a)  ) ) ; 
DO V=!'l T O  2 ;  VGAS(K+1)=2*SQRT (-D ( 3 ) / 3 )  * C O s D ( P H I / 3 +  12O*K) ; 

VGAS ( K +  1 )  =VGAS ( K +  1) -C ( 2 )  / 3 ;  9 W D ;  
V G = ~ ! X  (VGa S (1)  ,VC(P.S (2 )  ,VGAS ( 3 )  ) ; END; 
YLSF 90; f l Y = O ;  A3= (-D(U) /2+SQ?T ( R R )  ) ; B 3 = ( - D  (4) /2-SQRT(SQ) ) ; 
9=ARS ( 1 3 )  **  ( 1 / 3 )  ; 
TQ A q < O  TH?Y A = - A ;  B=AaS ( E 3 )  **  ( 1 / 3 )  ; I F  P 3 < 0  TllSN B=-a; 
VC=R+F)-C ( 2 )  / 3 ;  FND; rlL?TURN: F N D  VOLG; 
ZNn ?YuONG;  SVDEQ: HG=S'J'! (CS*Y) ; HL=SUN(HS*X) ; F N D  ?Q[JIL;  
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APPENDIX C: CORRELATION AND EQUATIONS 

Redlich-Kwong Equation of State: 3 

where, for  pure components, 

and 

I f  the equation i s  f i t t e d  such tha t  the f i r s t  and second p a r t i a l  

derivatives of pressure with respect t o  volume are zero a t  the c r i t i c a l  

point, Ra = 0.4278 and = 0.0867. For C02 f i t t e d  t o  the saturated 

vapor curve, Ra = 0.4470 and a = 0.09l-l; and for  C02 f i t t e d  t o  the 

saturated l iquid curve, Ra = 0.4184 and a = 0.0794. 

Mixture rules given by Eqs. (29) - (37) are used fo r  multicomponent 

gas phase calculations. Mixture rules given by Eqs. (20) - (26) are 

used for  d i lu te  l iquid  phase calculations. 
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APPENDIX D: DATA 

Data considered for inclusion into the model formulation are 
P 

listed and referenced in this appendix. 



Table D-1.  Summary of gas -liquid equilibrium data considered 
fo r  C02-x systems 

Temperature Pressure 
range range 

System ("c)  ( atm) Reference Investigator 

s 
co2-Xe -54.8 t o  10.4 p ~ ~ 2  10 Notz e t  al. (1973) 

C02-O2 0 r1.L t o  U6 11 Milirbrook and Prausnitz (1965) 

=55 to 0 31 t o  a116 12 Z e n n ~ r  and 'I)ana. (1963 1 

-40 t o  25 36 t o  126 1 3  Kaminishi and Toriumi (1966) 

-50 t o  10  l o t 0 1 3 0  14  Fredenslund and Sather (19'10) 

-49.4 t o  -4 7 t o  142 15  Fredenslund e t  al. (1972) 

C02-CO -50 t o  10  l o t 0 1 3 0  16 Kaminfshi e t  al. (1968) 

-50 t o  1 0  8 t o  140 1 7  Christiansen e t  al. (1974) 

C02-N2 . 0 4 8 t o U 6  U Muirbrook and Prausnitz (1965) 

-55 t o  0 12 t o  137 12 Zenner and Dana (1963) 

-40 t o  25 50 t o  1 2 5  13 Ihninishi and TorfWi (1966) 

O t o  25 0 t o  181 ;b8 Abdullaev (1939) 

-55 t o  0 41 t o  155 19 PoUitzer  and Strebel (1924) 

C02-Kr -53 t o  22 P ~ O  1 0  Notz e t  d. (1973) 
2 
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APPENDIX E: NOMENCLATURE 

Mixture constant for  the Redlich-Kwong equation 

Interaction constant i n  the  Redlich-Kwong equation 

Mixture constant for  the Redlich-Kwong equation 

Pure component constant for  the Redlich-Kwong equation 

Ideal gas heat capacity, cal/g-mole* OK 

Heat capacity of s:tturated l iqu id  C02, cal/g-mole* O K  

S 

m a c i t y ,  atm: <, gas phase component i; f iP1) ,  pure l iqu id  

s bo2 at saturation pressure P1; f i O ) ,  pure l i qu id  C02 a t  i e ro  

pressure 

Q ** Excess molar Gibbs free energy based on idea l  d i lu t e  solution, 

0 
Enthalpy, ~ a l / ~ - m o l e :  hi, component i i n  idea l  gas s t a t e ;  

hy , component i i n  idea l  gas s t a t e  a t  reference temperature; 
0 

G 
h:, mixture i n  idea l  gas s ta te ;  ho, r e a l  gas a t  reference 

L 
kmperature; h , l iqu id  

. . 

Henry's law constant fo r  component i i n  pure solvent a t  i t s  

saturated vapor pressure and temperature, atm 

Par t ia l  molar enthalpy of mixture component i in the gas s ta te ,  

--a 
cal/g-mole; Hi, p a r t i a l  molar enthalpy of component i a t  i n f in i t e  

di lut ion i n  l iqu id  CO cal/g-mole 
2' 

AhrP Heat of vaporization a t  reference temperature of -40°c, ~ a l / ~ - m o l e  



Number of system components ( 6 )  

Total number of moles; ni moles of component i 

Pressure, atm: P:, saturated C02 vapor pressure 

Gas constant 

Temperature, O K  unless otherwise noted; To, reference 

- 4 

PortLaL molar volume, cc/g-mole : V i ,  cmpnnent i; Vi, - 
component i at infinite dilution; Vi , component i at infinite 

0 

dilution and reference temperature of -40"~ 

v Molar vol~une of gas mixb1.1re in the Redlich-Kwong equation 

L 
Molar volume of pure liquid C02, cc/g-mole; vl , at reference 

0 

temperature of -40"~ 

x Liquid phase mole fraction 

Y Vapor phase mole fraction , 

a Coefficient in expansion of excess free energy representing ij 

interaction of components i and j 

coefficients in heat capacity equation for ideal gas 
- 
I3 Average coefficient of expansion of partial molar volume 
i 

for component i 

Y Activity coellicient: r*'n', i cmponent 1 # I, corrected to 
zero reference pressure, unsymmetric convention. (0)' 

9 Yl , Pure 
CO corrected to zero reference pressure 2 

G Fugacfty coef'f'icfent: Gi, gas phase component 1 
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