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PREFACE 

Th:1-s study was concerned with comparison of various prediction 

methods in their ability to represent accurately thermodynamic data. 

Vapor pressures of pure components were predicted by the Chao-Seader, 

Lee-Edmister, and Soave methods. Entropy departures predicted by the 

Chao-Seader and Lee-Edmister ,methods wete compared to literature val.ues 

for pure components as well.as mixtures. 

Vapor-liquid.equilibrium calculations were performed,for sel.ected 

binary mixtures as well as multicomponent systems. The methods used in 

this phase of the study were the Chao-Seader, Lee~Edmister, Robinson~ 

Chao, Starling and Han Benedict-Webb-Rubin, and Soave. 

I wish to extend my warm.and hearty thanks to my major adviser, 

Or, John H~ Erbar, for his advice and encouragement during this re­

search. I would like to thank the Oklahoma State University Computer 

Center for the use of their fine facilities and services, The timely 

financial assistance of the School of Chemical Engineering is sincerely 

appr~ciated. Finally, I am very grateful to my parents, Mr. and Mrs. 

Edward B. West, and brothers, Dave and Bob, for their constant encour­

agement during this study. 
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CHAiTER I 

INTROPUC'l'ION 

Thermodynamic properties such as vapor pressure, enthalpy, entropy, 

and fugacity all are related to prf;!ssure, tell,lperature, volume, and com-:­

position. Accurate prediction of these thermodynamic properties by 

methods U!;ling equations of state is desirable for industrial applica­

tion as well as research.work. Several.of these methods have been 

successful in predicting experime~tal data over a practical range of 

conditions. Among these methods are the Chao-Seader (7), Lee-Edmister 

(15), Robinson-Chao (20), Starling and Han Benedict-Webb-Rubin (BWR) 

(23, 24), and Soave (22). 

There were three main objectives of this study. The first of 

these objectives was to test the .abilities of the prediction methods, 

Chao-:-Seader, Lee-E'dmister, and Soave on experimental pure component 

vapor pressure data. Second, the Chao-Seader.and Lee-Edmister methods 

were applied to literature pure component and mixture entropy departure 

data. The firtal and chief objective was to apply all methods to binary 

and multicomponent hydrocarbon and non-:-hydrocarbon mixture equilibrium 

data. 

Two calculational procedures for comparing K-values, "with flash" 

and "without flash;" were emplqyed in predicting vapor-liquid equilibria 

of binary and mu;l.ticomponent mixtures, The "without flash" calculation 

pr0cedure involves using the experimentally determined phase 

1 
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compositions in the appropriate equations to pJ:"edict th~ partial fugaci-­

ty coef:f;icients. These partial fugac:i,ty coefficients are then combined 

in the appropriate form to predict K-values. This procedure d9es .not 

assure that the partial component fugacities in. the two phases are 

equal, A further restriction of th:i,s method is that it does not repre­

sent a realist.ic comparison, since in most cases of industrial interest, 

the composition of the phases are unknown. The "with flash" calcula-:­

tions make use of a standard method of predicting the composition of 

the co-existing equi+i,brium phases starting with no knowledge of their 

composition. ·rn this procedure, the partial fugacities of the compon­

ents in each phase will be equal when the trial and error calculations 

are completed. rhis procedure is typical.of the industrial use of 

thermodynamic prediction methods. 

The latter procedure is probably a more exacting test of thermo­

dynamic prediction methotj.s. For K-value predictions, the "without 

flash" method depends on·the experimental, phase compositions; the "with 

f~ash" method must estimate its ov7n phase compositions. If, then, 

there is an error in the predicted phase composition, this error should 

be magp:ified by its subsequent use in the prediction procedure. 



CHAPTER II 

BACKGROUND 

;Many vapor-liquid.equLl-ibrium prediction methods have been devel-

oped. From tl:ie availability of Oklahoma Stat~ University computer pro-

grams and literature data, five recent .methods were chosen for this 

study. These methods, Chao-Seader (7), Lee-Edmister (15), Robinson-

Chao (20), Starling c;1.nd Han BWR (23, 24), and Soave (22), can be applied 

over wide temperature-pressure ranges and are capable of predicting the 

thermodynamic propert:i,es of a va,riety of.compounds. Other methods were 

not considered due to temperature-pressure limitations; general lack of 

applica'qility to the hydrocc1,rbon systems of interest; convenience of 

1,1se, etc. 

'rhe thermodynamic properties most frequently used in the following 

methods are. defined below for a given component ''k" in a mixture: 

1. Vapor fugacity toefficieµt, ~k' is a ratio of partial fugacity 

to the system pressure and phase mole fraction: 

~k = 

This term may be applied to either the vapor phase or liquid 

phase or both depending on the particular method. 

2. Liquid fugacity coefficient, v~, is the ratio of fugacity of 

the pure liquid component to pressure at system conditions: 

3 
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3. Liquid activity coefficient, yk, is the ratio of liquid :fuga-

city to the pure. liquid component fugacity aIJ.cl liquid )nole. 

fraction: 

The following discussion gives a brief survey of the methods used 

in this study. Many specific constants (those appearing as successive 

coefficients in an equation) are required for application of these 

meth9ds. The reader is referred to the original articles for a.more. 

cletailed discussion of these terms and tabulation of the constants re-

quired ip a particular proceclure. 

Chao-Seader.Method 

The Chao-Seader methocl (7) employs three terms, ~' v, and y. 

Three equations describe these quantities respectively: (a) a two-

parameter .basic Redlich-Kwong (R.K) equation of state, (b) a Curl and 

Pitzer three-parameter corresponding states equatiop, and (c) a two-

constaI).t Hildebrand .model. 

Th~ basic Re41ich-Kwong equation of state is given in terms of 

compressibility factor: 

z = v a 

v - b 
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where 
n n 

a = l l YiYja.j 
i=l j=l l. 

(2-2) 

(2-3) 

Equation (2-1) is a cubic equation; it can be solved analytically. The 

maximum root, Z, is picked to determine the vapor mixture volume: 

v = ZRT 
p 

(2-4) 

The vapor fugacity coefficient can be computed by the following expres-

sion: 

R.n cj>k = 

n 

(2 l y .b. -b) 
p i=l l. 1 k 

- R.n { (V -.b)} + -----
RT (V - b) 

n 

2 .l y i aikR.n (V+b) 
1.=l v 

RTl ' 5b 

{ _l __ .!_ R.n(V+b)} 
V+b b V 

a (2Iyibik - b) 

RT 1 ' 5 b 

(2-5) 

Liquid phase fugacity coefficients are calculated from the equa-

tion: 

log v~ = log v~O) + wk log v~l) (2-6) 

(0) 
where the quantity vk is given by: 

(2-7) 

and wher,e the quantity v~ 1 ) is given by: 
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log v~l) • (2-8) 

The liquid sqlution activity coefficient is calculated from the 

following model (the Hildebrand regular solution model): 

whel;'e 

be: 

in Y k "" 

n 

Vk(ok - ij2 

RT 

I xkvkok 
k=l· . 

n 

l xk vk 
k=l 

(2-9) 

(2-10) 

Chao and Seader (7) determined the limits of the.correlation to 

1. F,;:ir hydrocarbonE!I (except .methane): 

a. Reduced temperature range is 0.5 to 1.3 (baseli on.pure 

componellt re,duced temperature). 

b. Maximum:system pressure is 2000 psia. 

2. For light gases, methane and hydrogen: 

a. Temperature range is from -l00°F to 500°F. 

b. Maximum systelll pressure is 8000 psia. 

Lee-Edmister .Method 

Th,e Lee-Edmister method (15) employs three e111pirical. relationships 

for~' v, an~ y. Th~se three relationships are respectively: (a) a 

thr~e~parameter .equation of state, (b) a single function of reduced 

temperatul;'e and pressure, an~ acentric factor, w, and, (c) an empirical 

correJ,.aticm of binary interiaction coefficients and solubility parame-

ters. 
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The three-constant equation of state in terms of compressibility 

factor is: 

z :;: 1 + b 
v - b 

and 

molar mixture vo.lume, 

__ a __ + be 
RT(V - b) RT(V - b)(V + b) 

v = ZRT 
p 

(2-11) 

Equation (2-11) is solved analytically in the same manner as in the 

Chao-Seader method. Vapor phase fugacity coefficients are cal.culated 

by the equation: 

+ B~(Z - 1) - in Z 

where: 

where 

and 

n n ~ 
a = l l Y 1Y. q · . (a· a.) 

i= 1 j = 1 J · :-J 1. J 

c = 

n 

b = l yibi 
i=l 

= [ . 

C'Xci + Tcj) 

2 (T T )~ 
Ci Ci 

A' = k 

(2.12) 

(2-13) 

(2-14) 

(2-15) 

(2-16) 

(2-17) 

(2-18) 
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(2.-19) 

(2-20) 

The terms, ai, b1, and c1~ are all functions of Tr, Pr, and acentric 

factors, 

The liquid phase fugacity coefficient of a pure c;.omponent, "k", in 

a mixture is calculated by the equation: 

(2-21) 

l'he 1:i,.quid activity coefficient is calculated by the model: 

(2-22) 

where 

(2-23) 

and R. 1,.e;, the bi,;i.ary interaction coefUcient defined by Eckert and 

Pr,uzni tz (9) : · 

(2-24) 



The factors <l>j, <I>m are vol.ume fractions of.the respective species "j" 

and "m" in the mixture such that 

9 

qik = 
n 
l x.vj 

. 1 J J= 

(2-25) 

Limits of application of. the Lee-Edmister method have been estima-

ted to be: 

1. Temperature limits are from -250°F t0 500°F. 

2. Maximum system pressure is 4'000 psia. 

These temperature and pressure limits are not well defined at this 

time. 

Robinson-Chao Method 

The Robinson-Chao method (20) like the,Chao-Seader and the Lee-

Edmister metllods uses three separate expressions.for¢, v, and y. 

These quantities are respectively predicted from: (a) a modified form 

9f the basic Redlich-Kwong equation, (b) the three-parameter Pitzer and. 

Curl corresponding states equation, and (c) a liquid solution equatio-q. 

modeled after the Scatchard-Hildebrand form. 

Robinson and Chao (20) use the same vapor phase equation of state 

and volume expressions as in the Chao-Seader method. Mixture parame-

ters are given by Robinson and Chao as follows: 

n n 
a = l l YjYkajk 

j=l k=l (2-'-26) 

n 
b = l Ykbk (2-2 7) 

k=l 
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However, they use the modified Redlich-Kwong equation constants de-

veloped by Chueh and Prausnitz (8): 

where: 

P cjk = 

v k ... cj 

( ~ ) 2 2.5 
naj + 1'ak R Tcjk 

2Pcjk 

zcjkR'l'cjk 

vcjk 

(2-28) 

(2-29) 

(2-30) 

(2-31) 

(2-32) 

(2-33) 

(2-34) 

The changes made by Chueh and Prausnitz are in the va,lues na, nb, and 

Kjk" These constant values in the RK equation are replaced by tabula­

ted values for a variety of pure components and binary pairs. The 

vapor phase fugacity coefficient is calculated in a similar manner as in 

the Chao-Seader method. 

The liquid phase fugacity coefficient is calculated by the same 

basic equation (2-6) given in the Chao-Seader section. The form of 

correlating equations and the constants for the v<o) and v(l) expres-

sions have been revised. 

The liquid activity coefficient is calculated from the following 

equation: 
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(2-35) 

where the molar mixture volume Vm is given by: 

(2-36) 

and ct>j is the volume fraction: 

(2-37) 

The cohesive energy denstty term, a, is given by: 

(2-38) 

and 

= (2-39) 

where tkj is a binary interaction parameter .Robinson.and Chao (20) 

correlated for several hydrocarbon and non-hydrocarbon binary pairs. 

The correlation limits were estimated by Robinson and Chao (20) to 

be: 

1. Temperat~re range is from -116°F to 160oF, 

2. Maximum system pressure is 3000 psia. 

Starling and Han l3WR Method 

The original BWR equation of state is an eight-parameter equation 

(~, 4) and is over 30 years old. It .has been developed chiefly for 

accurately describing pure component and mixture phase behavior in the 



range Tr> 0.6 and Pr~ 1.8. For light µydro~arqon systems, the .BWR 

predicts vapor~liq~id equiiibriuin data with r~markable acc~racy. In 

t;l:).is st;udy, a ml)q.if:l.ed form of the.BWR equation by Starling and Hap 

(23) is used. This modified equation uses binary.interaction parame-

ters in a IJ1B.n~er similar to Chueh and Prausnitz and eleven copstants 

12 

;Lnstead of e:l,.ght; employed in th.e original equatic;m. In addition, these 

eleven constant;s have'been generalized. They may be predicted from. 

specific equations as f~i:ictions of critical temperature, c~iti~al pres-

sure, and the aqentric factor of the componept. The binary interact;ion 

parameters have not been generalized. 

The Starling and Han BWR equation of st~te in terms of compressi-

bility factor is given by: 

z .. , - C0 D0 E0 
l + -.-±...... (B RT - A0 - - + - - -) RTV o - T2 T3 T4 

+ --1_ (bRT - a - £) + _a - (a + ~) 
RTV2 . T Rl'VS T 

+ c (l + ...'.L) 
RT 3V- V4: 

exp(=f) v 
(2-40) 

where; 
n 

Bo .. l xiBo, 
1=1 1 

(2-41) 

n n 
~ ~ 

A~ ::; l l :x:i xjAoiAO j (l - K, .) 
i=;=l j=l 

1J .. 
(2-42) 

n n 
~ ~ ( co = l l x1xjCo/o· 1 - Kij) 3 

i=l jFl . J 
(2-43) 

n 
y = ( l X1Y1) 2 (2-44) 

i;=l 
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n 
x.b~/3)3 b = ( l (2-45) 

i=l 
l. l. 

n 
x,a, l/3) 3 a = ( l (2-46) l. l. 

i=l 

a (I 1/3)3 xia.i (2-47) 
i=l 

'n 
i I 3) 3 c ( l xici (2-48) 

i=l 

n n 
~ ~ 

Do = l l xixjD0 ,D0 , (1 - K·. )4 (2-49) 
i=l j=l l. J 

l.J 

n 
x.d:/3)3 d ( l (2-50) 

l. l. 
i=l 

(2-51) 

Analytical solution of the above equation for Z is impossible. An 

iterative technique is required to determine the roots of the equation. 

Maximum and minimum roots are found to calculate the vapor and liquid 

mixture volumes, respectively. From these volumes the va2or and liquid 

fugacity coefficients can be found from the following equation (24): 



=!.; 
exp(v2> 
---} 

2. 

14 

(2-52) 

Starling and Han (23) applied their modified BWR equation of state 

over these ranges of conditions: 

1. Temperatures are from -283°F to 460°F. 

2. Pressures are from 14.7 psia to 5000 psia. 

Soave Method 

Equilibrium ratios and other thermodynamic properties can be pre-

dieted by a method applying a single modified form of the basic RK 

equation of state. This modification was developed recently by Soave 

(22). Soave replaces the second term, a,/To • 5 , by a temperature 
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dependent function a('I'), In thb study, binary :f,ntera,ction parameters. 

were determined for nitrogen-paraff:in hydrocarbon systemr;,, carbon di..:. 

o~ide-pal:"affin hydrocarbon systems, hydrogen sulfide-paraffin ,hydro-

carpon systems, and the binary systems nitro~en-carbon dioxide, 

nitrogen-hydrogen sulfide, carbon dioxide-hydrogen sulf.ide, 

The compressibility factor form of tbe equation of state is es-

sentially the same as the RK in the Chao-Seader section,. The mixing 

r1,1.les of the Soave modified RK equation are tqe same as the Chao-Seader 

rules with one variation in the !'a" constant calcul,atiqn. This re-

a = 
n 

o.42141. I 
i=l 

where !l1 1 s are funqtions of.Tr and w: 

= 

and 

= 

(2-53) 

(2""'.54) 

(2-55) 

The minimull], and max;tmum roots are determined analytically by a cubic 

equation solution procedure, These maximum and minimum roots are used 

to determine vapor and liquid mixture volumes., respectively, by: 

v = ~ 
p 

Liquid and vapor phase fugacity coefficients are calculated by this 

single equation: 



wh~re 

and 

tn ~k i= ~(Z - 1) - tri.(Z - B) - t 

A = 

2a0,5 b B 
( a~. 5 - bk) tn ( 1 + z) 

p 
0.42747 T2 

n T a.O .,5 
( l Yk ck k ) 2 
k=l pO. 5 

ck 

B 
P n 'l'ck 

= 0,08664 ~ l Yk -· 
T k=l Pck 

16 

(2-56) 

(2-57) 

(2-58) 

This modified RK equation has been applied over the following range 

of condi !:ions; : 

1, Tempe?:~tureswerefrom -270°F to 500°F, 

2. Upper pressure limit was 5000 psia. 

Th~rmodynamic Property Data 

A standard set of K-value systems and conditions was established 

in this study. The temperature and pressure ranges were respectively, 

from -l60°F to 500°F and from 14.7 psia to 4000 psia. '!'his set of sys-

~ems was chosen to evaluate the capabilities of the Chao-Seader, Lee-

EdmistfF.r, Robinson-Chao, StarJ,.:i..ng and Han BWR, and Soave methods. Some 

of these methods were extrapolated beyond their range of correlation to 

calculate vapor-1:1,quid equilibrium data covering this P-T range. Thus 

large errors shoµld be expected. 

Vapor-liquid equilibrium data 1,lsed in this study were taken from 

Chevl;'~>n Research Corporation (U) and Yarborough (25). Entropy depar­

ture data were taken from API 44 (2) and Bhirud atJ.d Powers (5). Vapor 
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pressure data were selected from several sources: API 44 (2), Carruth 

(6), proprietary (11), and Sage and Lacey (21). 

Role of Partial Properties in Thermodynamic 

Property Predictions 

In vapor-liquid equilibrium systems, the composition pf each com-

ponent is described by a K-value. This K-value is the numerical ratio 

of vapor to liquid mole fractions. K-value calculations depend on the 

nu~ber of models (empirical equations for liquid and vapor fugacities), 

number of components in the system, and the number of phases present (in 

this case, two phases, liquid and vapor). When compared to vapor pres-

sure and entropy depafture calculations in this study, ~-value compu-

tations are more difficult to handle. The reason is that fugacity 

coefficients are a result of partial properties as shown by this inte-

gr al: 
\ 

= .J_ { lv - RT} dP 
RT O k p 

(2-59) 

\fk = = partial molar volume of k. 

Th:t,s partial molar volume term serves as the basis for deriving partial 

fugacities. 

For pure components equation (2-,59) reduces. to a total integral 

(non-partial molar form): 

tn(f) = __!_ JP {V - RT} dP 
RT O P 

(2-60) 

The results of this integral are used for calculating pure component 

entropy departures and vapor pressures in the standard bubble point 
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procedure. A more convenient form of equation (2 ... 59) for determining 

K~values of a mixture is a volume-explicit integral: 

= (2-61) 

where Z b the total mixture compressibility factor. Similar equations 

for partial enthalpy and entropy departures can,be developed using the 

appropriate thermodynamic relationships. All composition dependent 

p~rameters (i.e., mixing rules) are differentiated (in the basic equa, 

tions of state discussed) when. the partial derivative of the pressure 

is t;aken with respect to component composition (0P .term of equation 
~Ilk 

(2 ... 61)). As a result co.mposition has a great effect on partial molar 

properUes and.subsequent K-value predictions. Similar problems are 

encounterep. when attempting to pr~dict partial enthalpy or entropy de-

partµres. However, when predicti~g bulk phase properties such as total 

molar enthal~y or entropy departures, these effects tend to be elimina-

ted through internal compensation of the equations of state. Even 

though entropy mixture cc;:!,.culaUons include partial fugacities for each 

component, these partial quantities are additive and contribute to a 

~otal value for entropy departure. 



CHAPTER III 

COMPARISON OF PREDICTED VAP'OR PRESSURES AND 

ENTROPY DEP.ARIURES BY USING THE CHAO­

SEADER, LEE-EDMISTER, AND 

SOAVE .}1ETHODS 

Vapor Pressure 

Vapor pressures predicted.by the Chao-Seader, Lee-Edmister, and 

Soave methods were compar~d with pure component literature data (2, 6, 

11, 21). ~he range of the test was from.the normal boiling point and 

14.7 psia to approximately the critical point, These values were com­

puted usins the standar<;i. bubble point temperat;ure calculation. Table I 

gives a comparison summary of the results for the paraf~ins methane 

through n-decane. The Lee-Edmist~r predictions were within 3.00% of 

the experimental data; the Soave method gave results that agreed within 

2.00% of the experimental data. The Chao-Seader method proved to be 

the least accurate--over 18.00% in the case of methane. This overall 

aveiage er:t"or was due. to consistently large devia.t;f.ons (11.00% to 

35.00%) from -259.0°F to -l57.1°F. However, this large error should 

be expected since the Cha~-Seader method was being extrapolated beyond 

its original correlat~on limits. Overall, the Soave method consistent­

ly gives the best prediction of pure component vapor pressures. This 

quality of agreement for the Soave method should be expected since the 

19 



TABLE I 

DEVIATION~ OF CALCULATED VAPOR PRESSURES FROM 
EXPERIMENTAL DATA (2, 6, 11, 21) 

Number Min. Abs. Ave. Deviation% 
Hydroc;!arbon of Temp. 

Points OF C&S L&E SRK 

Methane 21 -259.0 18.47 2.16 1. 71 

Ethane 25 -127.5 3.59 2.81 1.04 

Propaµe 12 -43.7 1.90 1. 81 1.13 

I-Bµtane 35 10.6 3,36 3.33 1.11 

N ... Bt,1tane 19 31.1 2.59 2.59 1.38 

I-Pentane 27 81. 8 1.85 2,28 1.10 

N-Pentane 25 96.9 1.92 1.90 1. 27 

N-Hexaµe 21 155.7 3.74 0.60 1.55 

N-Heptane 30 209.2 3.41 2.45 1. 38 

N-Octane 22 258.2 4 .. 29 1.94 1. 67 

N-Nonaµe 9 303.4 4.71 2.94 0.46 

N ... Decane ;3 345.4 5.64 2.91 0.36 

Ove.rall 249 4.42 2.31 1.28 

20 



acentric factors used in the correlation (equation 2-55) are adjusted 

to match.the vapor pressure at the normal boiling point, 

Pure Component Entropy Departures 

21 

Two methods, the Chao-Seader and Lee-Edmister, were used to. pre"'." 

diet isothermal entropy departure values of pure components. These data 

are in.API 44 (2). Table II gives vapor phase.deviation comparisons of 

these two methods for methane through n-pentane. This pressure range 

covered in this part of ,the study was from 100.0 psia to 3000.0 psia. 

For this range of paraffins the Lee-Edmister method is more accurate 

with deviations averaging less than 1.00%. The Chao-Seader gave an 

absolute average er:i;or of 2.83%. 

Mixture Entropy Departures 

The predictive ability of.the Chao-Seader and Lee-Edmister me,hois 

was tested on i$othermal entropy difference data of a 5% propane-9.:lJ 

methape sys tern (5). These ,literature entropy departure values were '1ie­

rived from volumetric data and isothermal enthalpy difference, deter­

mined from calorimetr:i.c data. Tabl~ HI shows liquid and vapor, phase 

deviations over the temperature range from -250°F to 300°F and pressure 

range from 250 psia to 2000 psia. A total of 178 data points were 

tested in this part of the study. Table III unlike Tables I and II 

presents· the predictions on a point""'.by-point basis due to tq.e presence 

of both,liquid and vapor phases. Large deviat:l,ons appeared near the 

· critical region in the temperature range from -60°F to -40°F for both 

methods~ The Lee-Edmister method again gives consistently .better 

results, The average deviation is within 2.00% or 0,0099 Btu/lb-0 R. 
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TABLE II 

DEVIATIONS OF CALCULATED ENTROPY DEPARTURES FROM DATA (2) 

Number Temp. Range, OF Abs. Aye. 
H:rdrocarbo!}.· of Deviation% 

Points Min, '' Ma~. C&S L&E 

Methane 49 -99.7 440.3 0.23 0.18 

Ethijne 50 260.3 500.3 0.24 0 .19 

Propane 50 210,3 470.3 2.44 0.60 

I-Butane. 51 80.3 500.3 3.25 0.64 

N-B1,l't;ane 50 270.3 500.3 4.51 0.75 

I-Pentane 50 300.3 500.3 4.04 0.89 

N-Pentane 50 290.3 480.3 5.05 0.93 

Overall, 350 2.83 0.60 



. .fl:'·'H 

23 

TABLE III 

DEVIATIONS OF CALCULATED ENTRQfY DEPARTURES FROM DATA 
(5) FOR 5% PROPANE IN METHANE MIXTURE 

Temperature Pressure Abs. Ave. Deviation, % Phase OF Psia C&S L&E 

-250,0 250.0 -4.32 -0.28 L:l,quid 

-250.0 400.0 -4.00 -0.20 Liquid 

-250,0 500.0 -3.77 -0.12 Liquid 

-250.0 650.0 -3,59 -0 .18 Liquid 

. -250,0 800.0 -3,49 -0.31 Liquid 

-250,0 1000. 0 -3;08 -0. 22 · Liquid 

-250.0 1500.0 -2.41 -0.33 Liquid 

-250.0 2000.0 -1.69 -0.38 Liquid 

-240.0 250.0 -3,36 -0.28 Liquid 

. -:240, 0 400.0 -3.09 -0. 23 · Liquid 

-240.0 500,0 -2.91 -0.19 Liquid 

-240.0 650.0 -2.75 -0.25 Liquid 

.,;.2AO.O 800,0 -2.61 -0.33 Liquid 

-240.0 1000.0 -2,29 -0.29 Liquid 

.,.240.0 1500.0 -1.68 -0.40 Liquid. 

-2·40. O 2000,0 -1.02 -0.47 Liquid 

.,,.220, 0 2.50. O -1,46 -0 .15 Liqui,q. 

-220.0 400.0 -1.37 -0.24 Liquid 

"-220.0 500.0 -1. 35 -o.n Liquid 

-220.0 650.0 -1.16 -0.29 Liquid 

.... 220. 0 800.0 -0.96 -o. 2?!- Liquid 

..-220.0 1000. O -0.85 -0.38 Liquid 

,...220. O 1500,Q -0.39 -0.47 Liquid 
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TABLE III (CONTINUED) 

Teiµper,iiture Pressure Abs. Ave. Deviation, % 
OF Psia C&S L&E Phase 

-220.0 2000.0 0.12 -0.54 Liquid 

-200.0 250.0 0.51 0.02 Liquid 

-200.0 400.0 0.26 .-0. 31 Liquid 

-200.0 500.0 0.22 -0.40 Liquid 

-200,0 650.0 0.43 -0.27 Liquid 

-200.0 800.0 o. 71 -0.08 Liquid 

-200.0 1000. 0 0.51 -0.40 Liquid 

-200.0 1500.0 0.79 -0.43 Liquid 

-200.0 2000.0 1.15 -0.41 Liquid 

-180.0 250.0 2.65 0.03 Liql.lid 

.,-180.0 400.0 2.03 -0.52 Liquid 

-180.0 500.0 1. 89 -0.64 Liquid 

-180.0 650,0 2.01 -0.49 Liquid 

-180.0 800.0 2,37 -0.10 Liquid 

-180.0 1000. 0 1. 86 -0.56 Liquid 

-180.0 1500.0 1.90 .-0. 46 Liquid 

-180. 0 2000.0 2.11 -0.25 Liquid 

;...160.0 400.0 4.15 -1.U Liquid 

-160.0 500.0 3.79 -1. 31 Liquid 

-160.0 650.0 3.56 -1. 31 Liquid 

-160.01 800.0 4.04 -0.66 Liquid 

-160.0 1000.0 3.31 -1.09 Liquid 

-160.0 1500.0 3.04 -0.77 Liquid 

-160.0 2000.0 2.99 -0.30 Liquid 
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TABLE III (CONTINUED) 

Temperatux:e Pressure Abs. Ave. Deviation, % Phaa,e OF PS!ia c~s L&"E 

-140.0 500.0 6.06 0.38 Liquid 

-140.0 650.0 5.52 0.10 Liq1,1id 

-140.0 800.0 5.94 0.72 Liquid 

-140.0 1000.0 5.02 0.12 Liquid 

.... 140.0 1500.0 4.29 0.06 Liquid 

-140.0 2000.0 3,94 0.24 Liquid 

-120.0 650.0 9.58 1.44 Liquid 

..-120.0 800.0 8.41 0.68 Liquid 

-120.0 1000.0 7.27 0.01 Liquid 

-120.0 1500.0 5,81 -0.45 Liquid 

-120,0 2000.0 4.99 -0.45 Liquid 

-100.0 800.0 13. 78 3.35 Liquid 

-100,0 1000.0 10.74 1.12 Liquid 

-100.0 1500.0 7. 77 · -0.40 Liquid 

-100.0 2000.0 6.22 -0.83 Liquid 

-80.0 1000.0 18.84 6.45 Liquid 

-80.0 1100.0 15.45 3.74 L;i.quid 

-80.0 1200.0 13.65 2.43 Liquid 

-80,0 1500.0 10.50 o. 45 Liquid 

-80.0 2000.0 7.73 -0. 79 Liquid 

-60.0 1100. 0 26,50 11. 75 Liquid 

-60,0 1200.0 21. 85 8.04 Liquid 

-60.0 1500.0 14.46 2.53 Liquid 

-60.0 1700.0 11.95 0.93 Liquid 
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TABLE IIJ (CONTINUED) 

Te.nip~;ra1;:ur~· Pressure. Abs. Ave. Deviation, % Phi;ise °F' Psi.a C&S L&E 

-60.0 2000.0 9.64 -0.29 Vapor 

-40.0 250.0 -2.40 -1.73 Vapo:t;' 

-40.0 400.0 -0.79 0.10 Vapor 

-40.0 500.0 -2.00 -0.99 Vapor 

-40.0 1000.0 43.18 24.00 Liquid 

-40.0 1100.0 36.39 18,65. Liquid 

-40.0 1200.0 30.94 14.~9 Liquid 

-40.0 1500.0 19.74 5.86 Liquid 

-40.0 1700.0 15.57 2.94 Liquid 

-40.0 2000.0 11.92 o. 71 Vapor 

-20.0 250.0 -2.94 -2.41 ·vapor 

-20r0 400.0 -1.88 -1.19 Vapor 

-20,0 soo.o -2.36 -1. 61 . Vapor 

-20.0 650,0 -2, 19 -1.32 Vapor 

-20.0 800.0 -5.38 -4.48 Vapor 

-20.0 1000.0 6. 77 7.89 Vapor 

-20.0 1500.0 -2.45 -0.97 Vapor 

-20.0 1700.0 -2.61 -0. 97 · Vapor 

-20,0 2000.0 -2.62 -0.98 Vapor 

0.0 250.0 -3.18 -2. 77 Vapor 

o.o 400.0 -2.02 -1.50 Vapor 

o.o 500.0 ... 2.32 -1. 75 Vapor 

o.o 650.0 -2,35 -1.68 Vapor 

o.o 800.0 -2.56 -1. 84 Vapor 
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TABLE III (CONTINUED) 

Temperatui:;e Pressure Abs. · Ave, Deviation, % 
Phase OF P1;iia c&s L&E 

o.o 1000. 0 -4.85 -4.06 Vapor 

0.0 1500.0 -2, 11 -0.92 Vapor. 

0.0 1700.0 -2.36 -0. 92 · Vapor 

0,0 2000.0 -2.50 -0.78 Vapor. 

20.0 250.0 -3.20 -2 . .90 Vapor 

20.0 400.0 -1.92 -1.51 Vapor 

20.0 500.0 -1. 43 -0.96 Vapor 

20.0 650,0 -2.33 -1. 80 Vapor 

20.0 800.0 -2.43 -1.86 Vapor 

20.0 1900.0 -1.82 -1.18 Vapor 

20,0 .. ~~-;;•;;/' 
1500.0 -1. 77 · -0.83 Vapor 

.. , 

20,0 1700.0 -2.07 -0.93 Vapor 

20.0 2000.0 -2.25 -0.78 Vapor. 

40,0 250,0 -3.10 -2. 86 Vapor 

40,0 400.0 -1.85 -1.55 Vapor 

40,0 500.0 -2,23 -1. 87 Vapor 

40,0 650.0 -2.21 -1. 80 Vapor 

40.0 800.0 -2.16 -1. 72 Vapor 

40.0 1000, O -1. 74 -1. 23 · Vapor 

40.0 1500.0 -'l. 68 -0.93 Vapor. 

40.0 1700.0 -1.88 -0.97 Vapor 

40,0 2000.0 -2,08 -0.86 Vapor 

60.0 250.0 -2.94 -2.73 Vapor· 

6Q,O 400.0 -1. 89 -1. 63 Vapor 
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TA~LE III (CONTINUED) 

'.l;emperature P:i;-e!!sure Abs. Ave, Deviat:Lon, %. 
Phase QF Psia C&S L&E 

60.0 500.0 -2 .17 · -1.89 Vapor 

60.0 650.0 -2.06 -1,73 Vapor 

60.0 1000.0 -1. 72 -1. 31 Vapor 

60.0 1500.0 -1.66 -1.07 Vapor 

60.0 1700.0 -1. 77 -1.06 Vapor 

60.0 2000.0 -1.90 -0.93 Vapor 

80,0 250.0 -2.60 -,2,44 Vapor 

80,0 400,0 -1.97 -1. 79 Vapor 

80.0 500,0 -2,02 -1.81 Vapor 
·( 

\ 

80.0 \ 650.0 .... 1. 88 -1. 64 Vapor 
' 

80r0 '800,0 -1. 74 -1. 46 Vapor 

80,0 1000,0 -1.63 -1. 30 Vapor 

80.0 1500.0 -l.61 -1.12 Vapor 

80.0 1700, 0 -1.68 -1,09 Vapor 

80.0 2000.0 -1. 75 -0.96 Vapor 

100.0 500.0 -2.05 -1.86 Vapor 

100.0 1000.0 -1. 68 -1.43 Vapor 

100.0 1500.0 -1.63 -1.22 Vapor 

100.0 2000.0 -1. 72 -1.06 Vapor 

120.0 500.0 -2.02 -1. 87 Vapor 

120.0 1000.0 -1.69 -1.48 Vapor 

120.0 1500.0 -1.58 -1. 25 Vapor 

l2Q.O 2000.0 -1.64 -1.10 Vapor 

140.0 500.0 -2;00 -1.90 Vapor 
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TABLE III ( CONTJ;NUED) 

Temperat1.1re Pressure Abs. Ave. Deviation, % 
Phase OF Psia . C&S L&E 

140.0 1000.0 -1.69 -1.51 Vapor 

140,0 1500.0 -1,56 -1.28 Vapor 

140.0 2000.0 -1.60 -1.15 Vapor 

160.0 500.0 -1.98 -1. 89 Vapor 

160.0 1000.0 -1.64 -1.50 Vapor 

160.Q 1500.0 -1.52 · -1.29 Vapor 

160.0 2000,0 -1.55 -1.17 Vapor 

180.0 500.0 -1.99 -1.91. Vapor 

180.0 1000.0 -1.66 -1.55 Vapor 

H~Q.O 1500.0 -1.54 -1. 35 Vapor 

180.0 2000.0 -1.55 -1.20 Vapor 

200,0 500,0 -1.99 -1. 92 · Vapor 

200.p 1000,0 -1.67 -1,57 Vapor 

200.0 1500,0 -1.55 -1.37 Vapor 

200.0 2000.0 -1.51 -1. 23 Vapor 

220.0 500.0 -4.05 -4.01 Vapor 

220.0 1000.0 -1.64 -1.56 Vapor 

220.0 1500.0 -1.53 -1.38 Vapor 

220.0 2000.0 -1. 45 -1.18 Vapor 

240.0 500.0 -1. 91 -1. 86 Vapor 

240.0 1000.0 -1.62 -1.54 Vapor 

240.0 1500.0 -1.50 -1. 35 Vapor 

240.0 2000.0 -1.39 -1.17 Vapor 

260.0 500,0 -1,88 -L86 Vapor. 
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!~LE III (CONTINUED) 

T~mperature Pressu~~ Abs. Ave~ Deviation, % 
°E' Psi a C&S L&E Phase 

260.0 1000.0 -1.6l ... 1.53 Vapor 

260.0 1500.0 -l.49 -1,36 Vapor 

260.0 2000.0 -1.35 -1.13 Vapor 

zao,o ,500.0 -l.94 ... 1.n Vapor 

280,0 1000.0 ... 1. 63 -1,57 Vapor 

280.0 1500.0 -1. 51 · -1.40 Vapc;>r 

280.0 2000,Q -1. ,34 -1, 15 · Vapor 

300.0 500.0 -2. 03 · -2.01 Vapor 

300.0 1000,Q ... 1. 74 -1. 70 Vapor 

300.0 1500.0 -1.60 -1.49 Vapor 

300.0 2000.0 -1. 40 .... 1, 21 Vapor 

Ma~j,mum 43.18 24.00 

Average 4.04 l.65 
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The l3WR mefhod was not ev~lµated since Starling and Han (23) report an · 

average \ieviation of 0,0055 Btu/lo-0 R for cibout t;he same mixture con­

d;!.tions. 



CHAPTER IV 

VAPOR-LIQUID EQUILIBRIUM .DA'IA COMPARISONS· 

Vapor-liquid equilibrium calculations are important in the design 

of distillation column.s, abs01;:-b~r-s trippers, and flash tapks. Good 

estimates of vapor-liquid equilibrium data for multi-component systems 

are needed for reliable eqtdpment sizing. The Chao-Seader, Lee-Edmis­

ter, Robinson-Chao, Starling and Han BWR, and.Soave methods are applied 

in th:j.s stµ<:ly to approx;:(,.mately 100 typic;.al industrial gas-liquid mix.­

tures, The binary systems methane-propane, methane-n-heptane, methane­

n-decane, carbon dioxide-propylene, methane-hydrogen sulfide, and 

nitrogen-ethane are selected as examples to show specific effects. 

Simi;I.ar e~fects can b1;: noted for the remainin~ systems. Deviations in 

the predicted K,-,values for these systems are shown in Tables IV through 

IX. 

Table X gives al::isolut1;: ayer,age K-value deviations of a ten-com­

ponent system (25) for the Chao-Seader, Le18-Edmister, Starling and'.Haµ 

:SWR,, and Soave methops. Temperatures range from -450F to 250°F and 

preS1sures r,;:i.nge from 107 ps;ia to 3741 psia, A·total of n1 data points 

were tested in this system. The computer time required to calculate 

the vapor-liquid.equilibrium data for each method shown is central pro­

cessing \.lnit time, Table XI gives a total average error summary fQr 

the Chao-Seader, Lee-Edmister, Starling and Han BWR, and Soave methods 
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Temp. 
Op 

-200.0 

-l50.o 

-150.0 

-100.0 

-100,0 

-100.0 

-50.0 

-50.0 

-50.0 

-50.0 

0.0 

0.0 

0.0 

0.0 

50,0 

50~0 

50.0 

50.0 

100,0 

100.Q 

100.0 

TABLE IV 

DEVIATIONS lN l<-V.t\LUE PREDJ;CTlONS FROM.ExeERI~NTAL 
DATA (l, 16, 17) FOR METHANE-PROPANE 

Press. 
Psia 

100.0 

100.0 

200.0 

100.0 

200.0 

600.0 

100.0 

200.0 

400.0 

800,0 

100,0 

200.0 

600.0 

1100.0 

400.0 

600.0 

800.0 

1100. 0 

200.0 

400.0 

800.0 

C&S 

-3.01 

17.74 

8,15 

16.21 

20.13 

-14.12 

8.38 

15.07 

5.42 

-10.95 

7.60 

9.81 

-2.99 

-24.05 

8.41 

-3. 72 

-7,89 

-25,09 

-0.47 

-8. 79 

-20.41 

BINARY SYSTEM 

L&E 1R&C S&H BWR 

Methane 

3.90 

-6.63 

3.32 

-12.25 

2,69 

5.30 

-16.08 

-0,99 

2.28 

7.85 

-8.07 

-0.66 

4.66 

5.09 

8.54 

4.11 

5.91 

2.39 

1. 82 

-1.48 

-1. 35 

1. 23 

11, 21 

5.69 

-2.52 

7.94 

5,16 

3,39 

-1. 33 

3.14 

-0. 72 

-7.66 

4.64 

-4.37 

-5.49 

-15,12 

-7.02 

-13.70 

-20,05 

-2.36 

4.78 

-4. 77 

2.53 

7.19 

-4.88 

...,7 .15 

1,44 

-5. 98 

-7. 40 

-7.12 

-3.59 

-9.70 

-9.06 

0,04 

-8.47 

-7.91 

-9.79 

-5.22 

-11.35 

-11.10 

33 

SRK 

2.04 

3.76 

1. 93 

66.83 

8.49 

-1.14 

-5.81 

4.50 

0.65 

0. 31 . 

-1.31 

3.35 

0.96 

-0.51 

11.80 

5.06 

5.39 

1.13 

10.24 

6,22 

4. 77 
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TABLE IV (CONTINUED) 

Temp. P~ess. Absolute Average Dev:i,at;ion % 
OF Psia C&S L&E R&C S&H BWR SRK 

100.0 1100. O -33.58 -3.24 -27,39 -5.31 3.51 

160.0 400.0 -26.50 -11.98 -40.92 -11.26 11.33 

160.0 600,0 -34. 94 · -15.82 -48.09 -10.90 8.51 

160,0 800.0 -43.39 -18.23 -54.29 -3.41 7. 71 

Maximum -43.39 -18.23 -54.29 -11. 35 66.83 

Average 15.07 6,19 13, 2:) · 6.51 7.07 

Propane 

-200.0 100.0 82,35 80.30 83.92 86.47 

-150.0 100.0 ll.87 26,38 32.97 33.52 

,..150.0 200.0 42,1,3 40,80 54.40 54.32 

-100.0 100.0 8.90 16,83 21.77 20.62 -1250. 71 

... 100.0 200.0 -2.05 2, 82 · 12.64 12.14 10.63 

..... 100.0 600.0 36,60 0.30 26.23 25.40 25,15 

-50.0 100.0 4.81 6.64 6.32 9.59 7.65 

-50,0 200.0 -0.03 0,97 2.81 6.76 3.82 

-50,0 400.0 2.92 -0. 75 6.21 11. 75 6.73 

-50.0 800.0 9.35 -14.60 4,9,3 11.87 2.59 

0,0 100.0 -0, 33 · -2. 77 -3.44 -0.48 -3.18 

Q.O 200.0 2.33 0,04 0.61 3.69 0.47 

0,0 600.0 3.91 -1. 77 4.52 9.42 2.61 

o.o 1100.0 18.61 ,-l, 39 13.90 14.30 4.76 

so.a 400,0 4.36 o. 92 · 5.73 4. 59 · 0.69 

50.0 600,0 4.62 0.47 6.86 6.29 0.91 
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TABLE IV (CONTINUED) 

Temp. Pres$, Absolute Averase Deviation% 
OF Psia C&S L&E R&C S&H BWR SRK 

50.0 800.0 5.21 -0.43 7. 77 7.34 0.61 

50.0 1100. O 10.75 -0,85 11. 37 7.89 0.02 

100.Q 200.0 2.80 -0.27 6.08 0.45 -1. 72 

100.0 400.0 2. 72 · ... o, 46 5,74 Q.83 -1.96 

100.0 800.0 4.61 o.os 6.50 2. 72 -2.17 

100.0 1100, 0 8, 12 · -0.07 8,01 0.22 -4.08 

160.0 400.0 1.02 Q.97 5.68 -0.07 -0.78 

160.0 600.0 3.30 1.98 4. 98 0.48 -0.96 

160.0 800.0 5,54 2.84 4.52 -0.30 -1. 78 

Maximum· 82.35 80.30 26.23 83.92 -1250.71 

Average 11.17 8.23 8.03 13.14 60.33 
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TA)3LE V 

DEViATtON~ INK-VALUE l?REDICTIONS FROM EXPERIMENTAL 
DA.TA 08) FOR METHANE-N-HEPTANE 

BINARY SYSTEM 

Temp. )?ress. Absolute Average Deviation% 
OF Psia C&S L&E R&C S&H BWR SRK 

Methane 

40.0 600.0 8.95 -1.55 2.98 Q.86 10. 60 

40.0 1250.0 5.08 4.53 1. 75 -12.30 8.94 

100.0 200.0 6.69 -8.19 4.42 -2.73 6.97 

100.0 800.0 4.53 -2.96 1. 90 -12.70 6.38 

100.0 1500.0 1. 46 1. 90 0.58 -21. 46 5.48 

160.0 200,0 3,52 -5.66 -1. 73 -12. 71 4.73 

160.0 800.0 3.56 -2.01 -2.88 -18.53 5.63 

160.0 1500.0 2,16 1. 31 -4.10 -23.79 5.41 

220.0 200.0 2.09 0 .19 -18.88 5.55 

220.0 400.0 2.21 0.05 -20.67 5.60 

220.0 1000.0 2.25 0.54 -24.78 5.57 

280.0 200.0 1. 20 6.47 -21. 77 8.60 

280.0 400.0 0.61 4.40 -24.58 7.53 

280.0 1000.0 1. 57 2.53 -26.51 7.02 

280.0 2250.0 -1.18 3.63 -62,93 3.33 

340.0 200.0 -6.01 6,58 -28.06 8.80 

340.0 400.0 -6.54 3.17 -30.97 ,7 .14 

340.0 1000.0 -2.35 1. 22 -26.95 7.66 

340.0 1750.0 -1,32 0.44 -27.78 5.62 

400.0 200.0 -2.47 15.15 -14.29 22.04 

400.0 400.0 -8.43 5.37 -23.31 14.85 

400.0 1000.0 -13,00 -6.68 -19.83 6.95 
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TABLE v (CONTINUED) 

Temp. Pres~, Ab$olute Average l)ev;i.ation % 
OF P1:1ia , C&S L&E R&C S&H BWR SRK 

400.0 1500 ... 0 -17. 52 -11. 68 -7. 25 2.82 

460.0 400.0 -28.93 -8.87 -6.08 18.06 

460.0 600.0 -38.48 -22.14 0.82 10.02 

460.0 800.0 -43.99 -30.18 1.58 5.34 

Maximum -43,99 -30 .18 4.42' -62.93 22.04 

Aver&ge 8.31 6.05 2.54 18.93 7.95 

N-Heptane 

40.0 600.0 25,24 38.43 58.80 57 .92 43.21 

40.0 1250.0 15.84 6,50 57.55 62.52 23. 77 

100.0 200.0 7,90 21.53 27.80 24.43 19.48 

100.0 800.0 13.50 21.80 42.31 45.75 24.66 

100.0 1500.0 13.75 3.67 45.73 54.50 13.57 

160.0 200.0 Q.92 7,61 9.76 9.46 4.73 

160,0 800.0 -2, 21 · 6,10 20.09 27.10 5. 72 

160.0 1500.0 1. 66 -0.84 28.27 40.10 2.53 

220.0 200.0 0.31 2,33 2.98 -0.73 

220.0 400,0 5, 77 9,70 15.01 7.09 

220.0 1000.0 -4.26 2,30 22.31 0.27 

280,0 200.0 4.69 4,40 3.78 1.58 

280.0 400.0 .,..3,54 -1,17 2.25 -4.54 

280.0 1000.0 -3.40 2,06 15.76 -1. 72 

280.0 2250!0 13.52· 2.42 24.29 -1.46 

340.0 200.0 3.00 2.57 Q.81 -0.2.0 



38 

TABLE v (CONTINUED) 

'l'emp. Press. · Absolut;.e Averase Pevia'tion % 
OF Psia 

j 

L&E. R&C .. S&H BWR SRK C&S 

340.0 400,0 -0,15 0.93 1.80 -2.53 

340.0 1000.0 0.76 3.90 11.61 -1.23 

340,0 1750.0 6,42 5.29 15,50 -1.99 

400.0 200.0 -3.08 .,.1, 69 -4.52 -4.44 

400.0 400.0 -2.16 ... 1. 08 -,2,44 -4, 81 , 

400.0 1000,0 4,75 4.88 5.85 -1.99 

400.0 1500.0 13,02 9,26 5.30 -1.06 

460,0 400,0 -2.88 -0.98 -4.60 -4.60 

460.0 600.0 1.15 1. 31 -4.37 -4.54 

460,0 800,0 7.50 5, 71 -2.25 -2.32 

Maximum· 25.24 38.43 58.80 62.52 43,21 

Average 6,21 6,48 36.29 17.97 7 .11 
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TABLE VI 

DEVI~TIONS IN K~VALUE ~REDICTIONS FROM E~ERI:t-mNTAL DATA 
(l9) FOR METHANE-N-DEC.ANE BINARY S1STEM 

Temp. Press. Absolute Average Deviation% 
OF Psia C&S L&E R&C S&H BWR SRK 

Methane 

100.0 40.0 -7.99 -6.60 3.40 -0.55 2.83 

100.0 1500.0 l,63 5.55 5.25 -21. 56 10.88 

160.0 40.0 -9.89 -10.41 -0.42 -20.53 -0.60 

160.0 600.0 -2.99 -4.49 1.49 -24.78 4.92 

160.0 1500,0 1:20 -0.83 1. 42 -33.90 7.54 

220.0 40.0 -7.24 -5.67 -30.96 1.05 

2~0.0 200.0 -5,32 -5.05 -31. 94 2.38 

220,0 800,0 -0,35 -3.89 -36.28 5.23 

280,0 40 .. 0 -3,07 2.26 -35.46 5.16 

280.0 200.0 -2.08 0.97 -37.34 5.28 

280,0 1000,0 3.19 -2.13 -42.90 6.35 

400.0 400.0 -1.52 3.34 -50.18 7.26 

400.0 1000.0 4.13 -l,85 -57.17 6.69 

460.0 100.0 -9.43 7.17 -50.44 9.44 

460,0 400.0 -9.09 -2.40 -57.75 4.87 

460.0 1000.0 0.24 -6.92 -47.46 5.41 

Ma:idmUill -9.89 10.41 5.25 -57.75 10.88 

Ave.rage 4,33 4.35 2.40 -36.20 5.37 

N-Decane 

100.0 40.0 -13,53 24.09 -0.52 19.06 22.62 

100.0 1500.0 19,86 .,..18.64 -18.44 76,69 -0.89 
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TABLE VI (CONTINUED) 

Temp. Press. Absolute Average Deviation% 
OF Psia C&S L&E. R&C S&H BWR SRK· 

160.0 40.0 -7. 77 9,85 -10.47 7.37 7.41 

160.0 600.0 -11. 25 3.18 -12.35 38.93 4.39 

160,0 1500.0 8.07 -16.25 -27.73 65.45 -10.95 

220.0 40.0 -1. 76 3.37 1.68 0.49 

220.0 200.0 -0.86 6.57 14.49 4.10 

220.0 800.0 .-8.97 ~1.10 37.54 -2.95 

280.0 40.0 2.09 0.98 -0.87 -1.99 

280.0 ;wo.o 3.65 5. 77 11.45 2.80 

280.0 1000.0 -12,91 -6.31 33.06 -11.05 

400.0 400.0 -1.18 1.81 8.46 -2.49 

400.0 1000.0 -1.60 5,35 22.93 -1.54 

460,0 100.0 5,82 5.82 2.35 2.98 

460.0 400.0 2.13 4.64 7 .23 · 0.19 

460.0 1000,.0 0.70 6.25 18.80 -1. 83 

Ma:ximum 19.86 24.09 -27.73 76.69 22.62 

Average 6.38 7.50 13.90 22.90 4.92 
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TABLE VII 

DEVIATIONS INK-VALUE P).U:DICTIONS FROM EXPERIMENTAL DATA (12) FOR 
CARBON D!OXIDE~PROPYLENE BINARY SYSTEM 

Tmnp. Press. . Absolute Average Deviation % ___ · ___ 
~ F Psia C&S L&E S&H BWR SRK 

Carbon Dioxide 

-22.0 50.0 22.97 30. 72 -16.59 14.81 

-22.0 100.0 -3.30 8.07 -27.97 -1.94 

-22.0 150.0 -19.36 -5.35 -12.65 -1.03 

5.0 100.0 1.92 1.11 -27.68 -2. 72 

5.0 150.0 -2.95 -2.30 -21. 41 -1.94 

s.o 200.0 -10.44 -8.27 -15.32 -2.08 

5.0 250.0 -18.19 -14,51 -7.01 -0.85 

32.0 150.0 7.28 3.59 ,-10.73 6.85 

32.0 200.0 0.05 -2.32 -13.19 2.48 

32.0 300.0 -11.30 -10. 66 -10.87 -1.17 

32.0 400,Q -18.28 -14.69 -3.23 -0.28 

59.0 200.0 2.99 1.01 -6.65 7.90 

59.0 300.0 -5.98 -5.09 -10.21 2.08 

59.0 450.0 -14;86 -9.52 -7.60 2.45 

59.0 600.0 -18,21 -9.10 -1.58 0.09 

86.0 306.0 -8.64 -4.80 -9.19 3. 71 ,, 

86.0 450.0 -12.97 -5.24 -8.72 1.28 

86.0 600.0 -16.44 -5 .14 -5,57 0.51 

122.0 400.0 -14.05 -2.49 -5.09 7.32 

122.0 500.0 -18.54 -4.92 -8.33 3 .11 

122.0 600,0 -17.52 -2.60 -5.75 3.65 

140.0 450.0 -21. 40 -5.75 -6.81 6.31 

140.0 600.0 -22.38 -5.01 -6. 77 3.82 

Maximum 22.97 30. 72 -27.97 14.81 

Average 12.61 7.05 10. 82 3.41 
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TABLE VII (CONTINUED) 

Temp. Press. Absolute Averase Deviation% 
Op Psia C&S L&E S&H BWR SRK 

Propylene 

-22.0 50.Q -3.91 -5.35 -4.09 -6.44 

-22.0 100.0 6.43 4.62 2.29 2.70 

-22,0 150.0 12. O,~ 10.08 -13.07 -2.23 

5.0 100,0 0.60 -2. 72 -1. 77 -3.71 

5.0 150.0 5.92 2.50 1.42 1.11 

5.0 200.0 12.43 8;98 1.84 4.74 

5,0 250.0 15.51 12 .11 -12.56 -1.19 

32.0 150.0 0.09 -4 .10 -2.98 -5.00 

32.0 200.0 2.24 -2.00 -1.60 -2.81 

32.0 300.0 10.46 6.27 0.45 2.64 

32.0 400.0 16.94 12.93 -13. 99 -1.72 

59.0 200.0 . 2. 29 -1. 87 -0.96 -2.90 

59.0 300.0 3.39 -0.84 -0.56 -1.68 

59.0 450.0 9.67 5.36 -0.82 -3.26 

59.0 600.0 15.35 11.05 -14,97 -3.36 

86,0 300.0 3.00 -0.60 ,.,.o .D9,. -1.69 

86.0 450.0 4.78 0.99 0.80 -0.10 

86.0 600,0 7.01 2.90 -1.19 -0.01 

122.0 400,0 2.06 -0 .12 -0.52 -1.66 

122.0 500.0 3.36 0.89 0.65 -Q.55 

122.0 600.0 2. 71 -0.04 -0.35 -1.43 

140.0 450.0 2.32 1.10 0.07 -0.68 

140.0 600.0 3 .11 1.23 0.51 -0.48 

Maximum 16.94 12.93 -14.97 -6.44 

Average 6.33 4.29 3.37 2.26 
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TABLE. V:UI 

PEVIATIONS IN K~VA~UE PREPICTIONS FROM EXPERIMENTAL DATA (13, 14) 
FOR METrIANE~HYDRO~EN SULFIDE BINARY SYSTEM 

Temp, · Press. Absolute Average Deviation% 
Op Psia C&S L&E R&C S&H BWR SRK 

Methane. 

-120.0 200.0 75. 44 · 12.07 -42;75 76.16 27.79 

-120,0 400.0 66,27 -12,06 -64.13 63.37 9.11 

-80,0 200.0 74,26 29.40 3.80 71.45 80.06 

-8010 400.0 56. 88 · -10,75 -38.45 48.69 2.83 

-80.0 600,0 55.30 -9.38 -30.28 44.90 5.02 

-40.0 200.0 72.94 · 42.08 28.26 67.81 44.31 

-40,0 400.0 49.12 -3.87 -20.43 37.19 2.13 

-40.0 600.0 48.50 -l. 70 -13.40 35.39 5.64 

0,0 200.0 66.69 43.31 33.22 59.35 42.00 

o.o 400.0 39. 72 0.16 -12.28 25.25 0.41 

0.0 600.0 40. 31 · 3.05 -5.60 25.61 5.24 

40,0 600,0 31. 22 6.18 -1.43 16. 77 5.49 

40.0 1200.0 18.21 -4.37 -4.92 4.35 1. 64 

80.0 800.0 16.91 3.09 -1,70 5.63 5.27 

80,Q 1200.0 8, 11 -4.70 -5.88 -0.75 2.75 

120.0 600.0 8,09 6.06 -1.08 3.36 10.06 

120.0 800,0 20.22 17.18 12.75 16.28 22.48 

120.0 1200.0 6.26 2.11 0.39 5.15 13. 45 

.. 120,0 1200.0 4.34 7.56 4 .53 14.99 26.83 

Maximum. 75.44 43.31 -64.13 76.16 80.06 

Average. 39.94 11.53 17.12 32.76 16.45 
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TABLE VIII (CONTINUED) 

Temp, :Press. Absolute Average Devia~ion % 
OF Psia C&S L&E R&C S&H BWR SRK 

Hydrogen Sulfide 

..,.120. 0 200.0 -17,23 -8.44 27.61 21. 70 26.07 

-120.0 400.0 21.92 25.91 46.98 42.07 46.85 

-80,0 200.0 -21. 01 -12.94 · 12.10 11.50 -85.46 

-80.0 400.0 -0.24 6.59 20.42 20.03 22.68 

-80.0 600.0 -2.65 5.84 13.31 13.50 16.87 

-40.0 200.0 -12.04 -8.84 9.69 12.06 12.66 

-40.0 400.0 -8.38 -3.62 5.64 8.55 9.19 

-40.0 600.0 -13.89 -5,29 -4.91 -0.85 -0.28 

o.o 200.0 -16.95 -19.07 0.79 2,92 2.31 

o.o 400.0 -6.14 -5.34 3. 71 5.97 5.41 

o.o 600.0 -4.89 0.28 0.13 2.99 2. 25 

40.0 600.0 -1. 36 1. 20 3.41 2.76 1.46 

40.0 1200.0 -0.11 22.58 1. 75 -2.88 0. 77 

so.a 800.0 2.81 10.64 6.53 2.11 0.57 

80.0 1200.0 2.76 25.52 6.76 3.03 1.01 

120.0 600.0 -0.75 -0.13 4.49 -2.04 -2.94 

120.0 800.0 0.94 9.30 3.96 -1. 87 -3.03 

120.0 1200.0 -0.22 24.75 2.55 -1.94 -3.64 

160.0 1200.0 0.20 26.73 1. 29 -3.15 -4.04 

Maxim1,1m 21.92 26.73 46.98 42.07 -85.46 

Average 7 .08 11. 74 9.26 8.52 13.03 
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TABLE IX 

DEVIATIONS INK-VALUE PREDICTIONS FROM EXPERIMENTAL 
DATA (10) FOR NITROGEN-ETHANE 

BINARY SYSTEM 

Temp. Preai;. Absolute Average Deviaiion % 
OF Psia C&S :C&E S&H BWR SRK 

Nit:rog~n 

-240.0 100.0 14.86 2.23 50.83 -5.02 

-240.0 200.0 7.,59 -1. 40 39.63 -7. 33 

-200.0 100.0 17. 72 6.25 41. 05 -1+.12 

-200.0 200.0 13,12 2.80 34.58 .,..7,39 

-200.0 400.0 6.13 -0.56 22.90 -10.03 

-200,0 700.0 -7.87 -5.70 3.10 -13.64 

-160.0 100.0 13. 97 8.23 27.98 59.93 

-160.0 200.0 :).2.39 7.41 24.73 -7. 58 

-160.0 500.0 6.76 4.85 14.35 -9.53 

-160.0 950.0 -4 .14 1.27 -1. 72 -11.95 

-120.0 100.0 9.,77 10.59 16.18 -8.01 

-120.0 300.0 9.55 11. 38 13.42 -6.27 

-120.0 700.0 3.02 8,38 3.10 -8,51 

-120.0 1200.0 -9.33 4.62 -10.11 -11. 08 

-80.0 100.0 8.26 14.57 9. ,56 -3.68 

-80.0 300.0 6.35 13. 36 5.64 -4.06 

-80.0 700.0 '-0.94 9.49 -3.48 -7 .07 

-80.0 1200.0 -13.21 5.45 -13.66 -9.78 

-40.0 200,0 -2.21 8.74 -3.67 -5.25 

-40.0 500.0 --?,14 9.10 -5.59 -3.23 

-40.0 950.0 "":11, 52 5.86 -11. 76 -4. 98 
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TABLE r.x (CONTINUED) 

Temp. Press. Absolute Average Deviation% 
OF Psia C&S . . 'L&E. S&H BWR SRK 

-40.0 1200.0 -20.59 2,37 -16,24 -7.46 

o.o 300.0 -10.84 2.42 -9.25 0.14 

0.0 500.0 -13.12 1.19 -11. 02 -0.13 

o.o 950.0 -24.37 -3.95 -15.37 -3.09 

0,0 1200.0 -34.51 -7.52 -15.81 -4.45 

40.0 400.0 -35.58 -20.99 -19.25 1.08 

40.0 600.0 -31.09 -16.34 -12.84 5.33 

40.Q 950.Q -47,45 -25.96 -13.08 0, 10 

Maximum -47.45 -25.96 50,83 59.93 

Average 13. 77 7.69 16.20 7.94 

Ethane 

-~40.0 l-00. 0 76.31 82.17 83.04 83.61 

-240.0 200.0 60.68 66.62 72.48 74.10 

-200.0 100.0 40,02 49.95 50.05 51. 47 

-200.0 200.0 32.49 41.52 45.56 47.29 

-200,0 400.0 9.76 16.06 32.49 34.43 

-200.0 700.0 -1.n 1.69 36. 87 36.09 

-160,0 100.0 -2.40 6.87 7.50 -77.20 

-160.0 200.0 -1.08 7.40 ll,56 11.29 

-160.0 500,0 -17.79 -9.73 6.65 5.07 

-160.0 950.0 -16.93 -7 .90 20.94 16.82 

-l4Q.O 100.0 -4,78 0.03 1. 36 -0.73 

-120,0 300.0 -4,06 -0.25 5.57 3.02 
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TABLE IX ( CONTI?ruED) · 

Temp. Prees. . ''!~·jl,·. Absol\Jy.vera.gtt;D!~~,5fon % ·. 
~ Psia c&s: . . . ,' r . . S'&H-' 'BWR> ' SRI{ . 

-120 .• 0 700.0 -13. 72: -7.15 7 ,.18 3 •. 31 

-120.0 1200.0 -16~04 -6 .0·4 · 15,.14 9.00 

-80.0 100.0 7.28 5.45 6.92 3.94 

-80.0 300.0 -0.75 -1.01 3.18 -0.18 

-80.0 700.0 -5.10 -1. 74 · 7 .02 · 3.06 

-80.0 1200.0 -6.35 0.61 · 12.84 7.87 

-40.0 200.0 · s .. 67 2.08 4.12 0.74 

-40.0 500.0 0.95 -0.30 3.70 0.20 

-40.0 950.0 -2.42 0.11 6.15 2 •. 30 

-40.0 1200.0 -0.09 3.82 9.93 5.93 

o.o 300.0 3.n 0.23 1.,74 ~~.33 

0.0 500.0 3.48 0.89 2.73 -0.20 

o.o 950.0 3.48 3.47 ,5.44 2.56 

. o.o -J.200.0 3.68 4.76 5. 77 2.78 

40 .• 0 400,0 2.44 0.94 1.23 -o. 77 

40.0 600.0 3.·30 1.61 1.45. -0.51 

40,0 950.0 5.08 4.06 2;28 0.53 

Maximum 76.31 82.17 83.04 83. 61 · 

Average 12.01 , 11.53 16.24 16. 77 



TABLE X 

OVERALL K-VALUE DEVIATION COMPARISON OF A TEN-COMPONENT SYSTEM FROM EXPERIMENTAL DATA (25) 

..-,;..., Absolute Average Deviation% 

Component _Without Flash With Flash 

C&S L&E S&H BWR SRK 
i:. 

C&S L&E S&H BWR SRK 

Methane 5 .11 6.54 52.52 4 .. 27 6.68 19 .• 33 75026 6 .11 
Ethane 17.61 5. 76 13 .• 55 2.94 18.62 9 .83 15.93 4.16 
Propane 7.73 6.12 1-0.57 3.04 10.75 15.78 12.42 4.38 
N-Pentane 11.71 ,6.98 22.48 3.73 15.32 45.35 29.30 6.15 
N-Heptane 19.80 10.85 37.61 4.40 23.8.6 107. 30 48.62 8.49 
N-Decane 46.03 28.10 53.26 17. 77 47.96 329.69 76.30 22.08 
Toluene 9.15 23.93 26.18 4.52 13 .11 217.02 38.93 7.21 
Nitrogen 9 .11 4806 .10 24.46 6.63 11.58 86060.81 36.90 8.15 
Carbon Dioxide 20.33 138 .54 12.52 7.81 19.68 8127.56 13.98 7, 71 
Hydrogen Sulfide 11.23 29.55 4.40 4.01 10.03 29 .. 10 4.76 3.-go 

Computer run time, 0:44 1:04 2!41 1:30 1:19 8:36 25:35 12:21 Minutes:Seconds 

.i:,-
00 



TABLE XI 

OVERALL K-VALUE DEVIATIONS FROM EXPERIMENTAL DATA (11) 

Temp. Range Absolute Average Deviation% 
No. Max. 

Component of Min. Max. Press. Without Flash With Flash 
Points OF Op Psia 

C&S L&E S&H BWR SRK C&S L&E S&H BWR SRK 

Methane 663 -240.0 460.0 2250.0 14.84 9.56 15.26 9.35 15.67 12. 71 18.31 10.94 

Ethane 424 -240.0 482.0 1822.0 11.92 7.99 11.22 10060 12.36 8.33 12.23 9.32 

_propane 272 -200.0 400.0 1822.0 8.70 6.54 8.83 14.39 9.15 7.51 10 .31 8.75 

I-Butane 26 -20.0 218.0 1000.0 6.23 4.07 5 .38 4.52 6.93 4.73 7.02 5.09 

N-Butane 487 -140.0 460.0 2000.0 11.77 11.22 12.85 13.06 12.78 12.88 14.60 12.52 

I-Pentane 38 32.0 338.0 1000.0 3.37 4.35 4.97 3.63 3.35 4.70 6.40 3.85 

N-Pentane 199 -20.0 439.0 1965.0 8.93 6.27 9.67 11.61 10 .58 8044 13 .27 8.99 

N-Hexane 38 77 .o 464.0 1822.0 11.40 9.58 15.11 9.94 12.49 12.14 18046 10. 74 

N-Heptane 132 40.0 460.0 2250.0 11.34 12.01 17.83 14.17 13.00 14.51 18.49 12.91 

N-Octane 35 77 .o 302.0 1029 .o 36.29 28.05 6.65 26 .19 37.78 29.70 6.92 27.75 

N-Nonane 5 212.0 302.0 1422.0 35.23 32.47 37.47 35.22 38.01 35 .86 41.67 38.65 

N-Decane 317 40.0 460.0 2500.0 20.34 17.68 24.98 25.96 21.62 20.20 26c.77 25.63 

Ethylene 87 -155 .o 450'.0 1000.0 15.55 11.10 10.76 11.28 15.41 11. 21 11.47 12.26 

Propylene 62 -22',0 218.0 600.0 5. 71 3.91 3. 85 · 3.80 5.75 3.96 3.55 3.74 

I-Butene 3 130.0 162.0 300.0 7.51 2.91 4.30 2.89 7.53 2.94 4.30 2.95 

Cyclop~ntane 3 150.0 150.0 800.0 4.85 4.17 3.69 6.08 5.19 4.70 4.33 6.47 .P-
\0 



TABLE XI (CONTINUED) 

Temp .• Range Absolute Average Deviation% 
No. Max. 

Component of Min. Max. Press. Without Flash With Flash 
Points OF OF Psia 

C&S L&E S&H BWR SRK C&S L&E S&H BWR SRK 

Methylc¥clo- 3 129~8 216.0 14.7 4.44 pentane 
_ 7 .64 8.89 5.31 4.82 7.78 8.91 5.38 

Cyclohexane 83 50.0 500.0 1422.0 17.15 16.62 14.41 24.84 19.02 19.58 16.36 17.27 

.Methylcyclo- 10 105.8 202.0 800.0 4.55 
hexane 

6. 71 9.40 5.86 4.45 6.36 9.62 5.97 

Benzene 89 100.0 482.0 3707.0 33.27 28.77 36.32 26.59 37.36 32.89 35.31 28.75 

Toluene 44 32.0 464.0 1422.0 40.57 - 37. 33 39.39 64.31 42.81 39.70 40.50 41.06 

M-Xylene 4 248.0 320.0 60.4 25.06 25.90 23.37 22.78 25.07 25. 71 23.40 22.84-

Ethyl Benzene 2 242.1 265.1 14.7 1.12 9.06 - 2 .27 0.34 1.33 8.38 2.47 0.48 

Nitrogen 124 -240.0 392.0 3707.0 28.16 93.54 74.76 15.20 30.10 119.92" 73.94 16.35 

Carbon 19 -7.0 150.0 913.8 19.55 
Monoxide 

218.66 29.25 23.56 21.46 280.63 28.58 28.51 

Carbon Dioxide 208 -65.0 500.0 2500.0 19.35 23.66 15.79 13.68 20.12 26.31 19.89 17.37 

Hydrogen 133 -120.0 340.0 1200.0 8.34 
Sulfide 

9.70 9.41 9.05 8.78 10.24 10.68 8.17 

Total Points 3510 
V1 
0 
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using Chevron Research. Corporation data (11). · This data consists of 

binary and several three-, four-, and five-component systems. 

Several groups of K-value deviations are compared. Two separate 

sections are included in Tables X and XI. One section is without flash 

convergence procedure and the other includes a flash convergence pro-

cedure. K-value results "without flash" represent a simplified evalu-

ation approach. The "with flash" K-value results illustrate typical 

-
industrial practice. Tables IV through IX give comparisons- on a "with-

out flash" basis. Tables VII and IX do not include the Robinson-Chao 

method, since no binary liquid phase interaction constants were given 

for carbon dioxide-propylene and nitrogen-ethane. This method was also 

not compared in Tables X and XI, since the data of these systems were 

evaluated for temperatures and pressures beyond the expected Robinson-

Chao limits of correlation. 

Some of the following systems show considerable error in K-value 

predictions for the heavy components. This large error may be due in 

part to experimental difficulties in measuring very small compositions 

of the heavy components in the vapor phase. For example, in the binary 

system methane-n-decane, the heavy component, n-decane, exists in very 

small amounts in the vapor phase (0.001 to 0.003 mole fraction) from 

l00°F to l60°F. The light component, methane, is nearly all in the 

vapor phase (0.997 to 0.999 mole fraction). A 0.003 mole fraction 

measurement error will only cause a 0.3% deviation in the reported 

methane K-value. However, this same measurement uncertainty will cause 

at least a 100% deviation in the reported n-decane K-value .• · 

From these tabulated results several observations may be made. In 

Table IV there are some irregularities in deviations by the Soave 
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method. These are spotted at -lOOPF, 100 psia; at sooF, 400 psia; at 

l00°F, 200 psia; at 160°F, 400 psia for methane and at -l00°F, 100 psia 

for propane. In Table VIII three unusual deviations by the Soave method 

occur.for inethane at -120°F, 200 psia; at -80°F, 200 psia; and at -40°F, 

200 psia. For this -comparison without flash the Soave method has been 

observed to give occasional poor solutions to liquid phase coinpressi"".' 

bility factor which leads to poor liquid fugacity values and subsequent 

large K-value deviations. When running this method through a flash 

procedure this problem seems to disappear. For points like these the 

K-value errors were still large, but the errors were smaller than.the 

"without flash" values. 
', 

Computation time for flash of the.ten-component system (Table X) ,, 

exceeded 25 minutes in the case of the Starling and Han.BWR method.· 

The Chao-Seader .method· took the leas_t time: 1 minut_e, 19 seconds. 

This yields a time ratio of 19 to 1 using the Chao-Seader method as a 

basis. Similarly the solution time ratios for the Soave RK and Lee-

Edmister methods are about 9 to 1 and 7 to 1, respectively. A major 

portion of the additional time consumed in these other methods is due 

to many exp~mential calculations required to develop the conf;jtants for 

each component and iterative calculations associated with the solution 

of the equation of state. A ratio of about 8 to 1 of Starling and Han. 

BWR to Chao-Seader method run time was determined from Chevron Research 

Corporation data (11) evaluations. The Soave RK and Lee-Edmister 

methods gave ratios of about 6 to 1 and 5 to 1, respectively. It ap-

pears .then that as the number of components in a system increases, the 

run time ratio increases subst9ntially for the Starling and Han BWR 

method. The·time ratio has been found to increase moderately 



with component numbe~ for the other methods compared to the Chao­

Seader. 
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When using the K-value prediction methods based solely on equa­

tions of state--the ·Starling and Han.BWR and the Soave RK methods-­

additional convergence problems in the flash calculations were encoun­

tered. These problems were apparently caused by oscillations in the 

vapor a~d liquid phase compositions from one iteration .to the next. 

Once these oscillations started, they would either close to equal com­

positions for both phases (corresponding to the .critical point) or di­

verge to totally unrealistic compositions in the phases. To eliminate 

these problems, a damping factor approach was used. In this approach, 

a weighted average of the calculated phase composition and the pre­

vi,ously calculated phase composition were used as·the next estimate of 

the pha~e composition. Stated mathematically, this is: 

= Sxcalculated + (l - S)xold 

This procedure eliminated all.of the problems with composition oscilla­

tion or closure of the two phase compositions to the appropriate values. 

Typically, values of Q.5 to 0.7 were assigned to S, No significant 

differen~es in the required computer time or number of iterations re­

quired for a solution were found. 

From Table IV the Lee-,.Edmister, Robinson-Chao, and.· Starling and 

Han BWR methods predict good K-values for methane-propane system (agree­

ment of average deviations within 7%). From Tables V and VI t~e Chao­

Seader, Lee-Edmister, and Soave methods predict good K-values for 

methane-n-heptane and methane-n-decane systems (agreement of average 

deviations within 3%). Tables VII through IX indicate that the Lee-
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Edmister and Soave methods predict equally well the vapor-liquid equi-

libria for non-hydrocarbon-hydrocarbon systems (agreement of average 

deviations within 6%). The Lee-Edmister and Soave methods give essen-

tially the same level of error for all of the hydrocarbon systems con-

tained in the Chevron Research data (11). Based on the results 

presented in Tables X and XI the Soave method appears to be the best 

prediction method for multi-component vapor-liquid equilibrium data, 

Of all methods tested on this variety of vapor-liquid equilibrium 

data, the Soave method predicts overall the best K-values within the 

temperature range of -240°F to 500°F and pressures up to 3700 psia. 

Some preliminary tests have been made on enthalpy departure predictions 

of pure components and binary mixtures using the Soave method (22). 

This method compared equally well with proprietary methods for low tem-

perature data (11). The proprietary methods have been specially fitted 

to this data. Unlike the other recent methods (15, 20, 23), the Soave 

method requires no interaction parameters for paraffinic, aromatic, 

and naphthenic systems. Binary interaction parameters are used for 

nitrogen, carbon dioxide, and hydrogen sulfide in paraffinic, aromatic, 

and naphthenic systems. These parameters appear to be independent of 

the hydrocarbon component. This property of the interaction parameters 

poses a tremendous advantage when considering industrial mixtures that 

+ contain c7 or any unidentifiable compounds. 

The results presented in this chapter and the preceding chapter 

tend to confirm the earlier comments about the difficulty of predicting 

the partial molal thermodynamic properties of mixtures. The errors in 

the predicted K-values are qualitatively larger than the errors observed 

for the entropy departure and vapor pressure predictions. Similar 
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comments could be made for the enthalpy departure predictions. Lee, 

Erbar, and Edmister (15) report an absolute average deviation of about 

2,0 Btu/lb for enthalpy departure predictions for approximately 1500 

data points, This level of error would yield an absolute average error 

of about 3.0%. This value is close to the errors of 4.0% for vapor 

pressures and 2.0% for entropy departures. However, the "average 

error" in the K-value predictions for all components is about 13%-20%. 

While part of the difference in the level of error is due to inherent 

experimental measurement errors, not all of the differences in error 

can be attributed to this problem. This remaining difference simply 

represents the inability of the prediction methods to completely and 

accurately describe the partial molal thermodynamic properties of mix~ 

tures of relatively complex molecules like the light paraffin molecules. 

Until this understanding is developed, errors on the level reported 

here must be accepted. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The purpose of this study was to test the ability of the Chao­

Seader, Lee-Edmister, Robinson-Chao, Starling and Han BWR, and Soave 

methods to predict some thermodynamic properties of hydrocarbon and 

selected non-hydrocarbon systems. ~he major conclusions are presented 

along.with each of the three main objectives. 

The first objective was to test the ability of the Chao-Seader, 

Lee-Edmister, and Soave methods to predict vapor pressure data. The 

deviation comparison of calculated and experimental vapor pressures of 

the paraffins meth~ne through n-decane showed that the Soave method 

gave the best results. 

The second.objective was to investigate the predictive ability of 

the Chao-Seader and Lee-Edmister.methods on entropy departure values of 

pure component data and mixture data. The Lee-Edmister method,gave the 

better estimates of entropy departures for both the pure components, 

methane through n-pentane, and the sr. propane in 95% methane mixture. 

The third and final objective was to investigate the ability of 

the Chao-Seader, Lee-Edmister, Robinson-Chao, Starling and Han BWR, and 

Soave methods to predict binary and multicomponent mixture K-values of 

hydrocarbons and non-hydrocarbons. Binary and ternary mixture K-value 
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data were predicted about equally well by the Lee-Edmister and Soave 

methods, The Chao-Seader, Lee-Edmister, Star~ing and Han BWR, and 

Soave methods were tested on multicomponent mixtures. These mixtures 

included systems of non-hydrocarbons as well as hydrocarbons. The 

Soave method gave the best overall predictions of multicomponent vapor­

liquid equilibrium data. 

Reconµnendations 

Some recommendations for future studies for these prediction 

methods have arisen from this investigation: 

1. Test the Soave prediction method op enthalpy and entropy de­

parture data to determine how it compares to the ability of 

the Lee-Edmister method. 

2. lnvestigate each prediction method for liquid mole fraction 

deviations (fla~h calculat~on basis only) on a data point-to­

data point basis. For each system determine where .present 

interaction parameters can be adjusted so that K-value accuracy 

can be improved. 

3. Improve the ability of the Soave method to better represent ex­

perimental liquid volume data. (One or two tests indicate 

that about 9% error exists.) This objective can probably be 

achieved by adjusting the "a" constant using the Chueh and 

~rausnitz approach (8) or through multiproperty curve-fit 

procedures. 
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4. Attempt·to impJ;"ov~ the E!lpeed of cp~putat:f,op of the Starling 

1nd a-n ijWR and Soave proceduX"es. In this cµrrent.form 1 the. 

methods probably consume too much time to be useful in broad 

scale applications to process simulation systems and tray~by­

tray calculations. 



BIBLIOGRAPHY 

1. Akers, W.W., J. F. Burns, and W.R. Fairchild. Ind. Engr. Chem., 
46, 2531 (1954). 

2. AP! Reseatch Project 44, "Selected Values of Physical and Thermo­
dynamic Properties of Hydrocarbons and Related Compounds," 
A&M College of Texas, College Station, Texas (1953-date). 

3. Benedict, M., G. B. Webb, andL. C. Rubin • .:!._.Chem.Phys.,~' 334 
(1940). 

4. Benedict, M., G. B. Webb, and L. C. Rubin. J. Chem. Phys., .!Q., 
747 (1942). 

5. Bhirud, V. L. and J.E. Powers. "Thermodynamic Properties of a 5 
Mole Percent Propane in Methane Mixture," Report to the 
Natural Gas Processors Association, Tulsa, Okla. (August, 
1969). 

6. Carruth, c. F., "Determination of the Vapor Pressures of N-Paraf­
fins and Extension of a Corresponding States Correlation to 
Low Reduced Temperatures," Ph.D. Thesis, Rice University 
(November, 1970). 

7. Chao, K. c. and J. D. Seader. A. l· Ch.!·.:!._.,]_, 598 (1961). 

8. Chueh, P. L. and J. M. Prausnitz. Ind. Engr. Chem. Fundam., .§., 
492 (1967). 

9. Eckert, C. A. and J. M •. Prausnitz. A. I. Ch. E. J., .!!., 886 
(1965). 

10. Ellington, R. T., B. E. Eakin, J. D. Parent, D. C •. Gami, and 0. T. 
Bloomer. A.§_. M. E. ~·, Institute of Gas Technology, 
Chicago, ~11., 180 (1959) 

1L ktbar, J. H. Personal Correspondence (1971-72). 

12, Ha~elden, G. G., F. A. Holland, M. B. King, and R. F. Strickland­
Constable. Proc. Royal Society, 240, 1 (1957). 

13. Herislil, W. E., Jr. andF. E •. Massoth. J. Chem. andEngr. Data,~' 
352 (1964) •. 

14. Kohn, J, P. and F .• Kura ta. A. I. Ch. E. J., !, 211 (1958). . /;.-



60 

15. Lee, B. I., J, H. Erbar, and W. C. Edmister, Paper presented at 
th.e 71st National A. I. Ch. E, :Meeting, Dallas, Texas (Febru­
ary, 1972). 

16. Price, A. R. and R. Kobayashi, J. Chem. and Engr. Data, i, 40 
(1959). 

17. Reamer, H. H., B. H, Sage, and W. ·N. Lacey. Ind. Engr. Chem., 42, 
534 (1950). 

is. Reamer, H. H., B. H. Sage, and W. N. Lacey. Ind. Engr. Chem.,_!_, 
29 (1956). 

19, Reamer, H. H., R.H. Olds, B. H. Sage, and W. N. Lacey. Ind. Engr. 
Chem., 34, 1526 (1942) .. 

20, Robinson, R. L. and K, C. Chao, Ind. Engr. Ghem. Process Des. 
Devel.op., .!.Q_, 221 (1971). 

21. Sage, B. H, and W, N. Lacey. Thermodynamic Properties of the 
Lighter Paraffin Hydrocarbons and Nitrogen. American Pe­
troleum !nstitute, New .York, N~.' (1950). 

22. Soave, G, Chem. Engr. Sci,, l:]_, 1197 (1972). 

23, St:arling, K. E. and M, s. Han. Hydrocarbon Processing, 1!., 129 
{May, 1972). 

•24. Starl:i.ng, K, E. and M, s. Han. Hydrocarbon Processing, 1!_, 107 
(June, 1972). 

25. Yarborough, L. _J_. Chell)., and Engr. Data, ..!.I, 129 (1972), 



APPENDIX A 

METHODS FOR CALCULATING VAPOR PRESSURE, ENTROPY 

DEPARTURES, ANJ;) EQUILIBRIUM RATIOS 

Vapor Pressure 

The criteria for phase equilibrium in vapor pressure calculations 

is: 

= 

= 

, L 
4> = 4> v 

The bubble point method is used for vapor pressure. calculation 

procedure. These equations must be satisfied for final convergence. 

or 

= 

n 
1 - l Ki xi = O. 0 ± e: 

i=l 

(A-1) 

(A-2) 

where e: = 0.00005, the tolerance in the computer program. Outline of 

the computation procedure is as follows: 

Temperature is known. 

1. Assume a saturation or bubble point pressure, Ps. 

·2. Calculate K-values from liquid and vapor fugacity coefficients. 

3. Is K = 1? 
:"•· 

it:. , 
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4. If not, adjust P 6 , and repeat steps 1 through 3. 

5. If so, solution is correct. 

Entropy Departures 

The entropy equation used in this study is a derived thermodynamic 

expreuion ;in terms of fugacity, enthalpy difference, and pressure: 

(A-3) 

where fl - H0 = enthalpy difference derived from calorimetric data, Liquid 

or vapor phase entropy departures of pure components or mixtures are 

calculateq by using the Chao~seader or Lee-Edmister method to first 

find ~i· · Then ~i along with all the other known quantities are direct­

ly· substituted into equation (A~3). 

Equilibrium Ratios 

Phase equilibria requirements for calculating K-values are the 

s&µie as in the cl.etermination of vapor pressures, For the Chao-Seader, 

Lee-Edmister, and Robinso.n-Chao methods, the K-value is made up of 

three empiri~al terms: 

(A-4) 

For the Starling and Han BWR and Soave methods, the K-value consists 

of two terms: 

(A-5) 
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Prediction of K~val~e~ of mixtures was accomplished by two inde-

pendent proc;:,ec;l:ures. The fi;rst proce\:lure is without a flash caJ..cul.ci.-

tion, Vapor~liquid equilibrium data was substituted into the 

calculation of mixture parameters, Direct computation of K-values was 

then possible, This is a simplified computationa;J..approach, The second 

procedure is with a flash calculation. Simultaneous solution of ma-

terial qalance and K-value equations for each component.in the mixture 

under study is performed, In the Starling and Han BWR and Soave methods 

a damping technique is used to estimate new compositions for each 

iteration: 

xi,new = Sxi old + (l - S)xi,calc. ' . 
(A-6) 

Y:i.,new = SYi,old + (l - S)Yi,calc. (A-7) 

where :x:i 13.nd Yi= 1:Lquid and vapor mole·fractions of "ith" coJI1ponen1= 

in mixture, and.S = dampf;ng factor for: 0,0 S. S :S. i.o. Convergence is 

reached when qal~ulated l(.,.yalues ag~ee with 1:he riastrai-q.ts that both 

liquid and vapor mole fractions sum to unity. This procedure is the , 

industria~ approach, 

The basic flash calc;ulational procedure for each c:omponent in a 

vapor-l;iquid mb:ture is outlined below: 

Given: T, l? of system. 

1. Assume K1• 

2, Calculate xi, Y1· 

3. Calculate mi~ture parameters, 

4. Calculate VV and v1 (liquid volumes for Starling and Han BWR 

and Soave methods only). 



5. Calculate Ki from the dete;rrnination of the appropriate coef­

t'ii::,ient~ (¢i, Vi, Yi in tlie Chao-Seader, Lee-Edmister, and 

Robinson-Chao methods and ¢i and¢~ in the Starling and Han 

BWR and Soave methods), 

6, ls ki,calculated equal to Ki,assumed? 

7. If not, assume a new value of Ki equal to the Ki value just 

calculated and repeat steps 2 throµgh 6. 

8. lf so, the calculated results are correct, 

• 
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APPENDIX B 

NOMENCLATURE 

Major Symbols 

English Letters 

a = BWR paramet:e')'.', equatic;m (2-46), (liters/gm-mole) 3 atm 

Lee-Edmi~ter pa')'.'am.et:er, equa:t:i.o!k {2-13), (liters/gm,-mole)2 atm 

RK parq.mete:r;, equation (B-3), (lit;ere;/gm-mole)2 atm (°K)o.s 

A0 = BWR parame.ter, eq-µat:i,on, (2-42), (liters/ gm-mole) 2 atm 

b =. BWR parameter, equatio-q. (2-45), (liters/gm-mole) 2 

Lee-Edmister parameter, equation. (2-.14), liters/g)ll-mole 

RK parameter, equation (2~3), (liters/gm-mole) 2 

B0 = BWR parameter, equation (2-41), liters/gm-mole 

c = BWR parameter, equation (2-48), (liter1:;1/gm-mole)3 atm (°K) 4 

Lee-Edmister paramet;er, equat:ion (2-15), (liters/gm-mole) 2 atm 

C0 = BWR parameter, equation (2-43), (liters/gm-mole)2 atm (°K)2 

d =- Starling and Han BWR parameter, equation (2-50), 

(liters/gm-mole) 3 atm °K 

D0 = Starling and Han BWR parameter, equation (2-49), 

( li tep? I gm-m,ole) 2 a tm (°K) 3 

E :;= Starling and.H;an BWR parameter, equation (2-51), 
0 

(liters/gm-mole) 2 atm (°K)4 

f = Fugacity, atm 
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H • Enthalpy, Btu/lb-mole 

K .... Robinson-,,Chao intel;'action parameter, equation (2-34) 

Starling and Han SWR interaction parameter, equation (2-42) 

Equilibrium ratio, elsewhere 

P = Pressure, atm 

R = Gas constant, Btu/lb-mole7°R, equation (A-3) 

Gas constant, (liters/gm-mole) atm/°K, elsewhere 

S = Entropy, Btu/lb-mole-0 R 

T = l'emperature, 0 R, equation (A.,.,3) 

Temperature, °K, elsewhere 

V = Volume, liters/gm-mole 

x = Liquid mole fraction 

y - Vapor mole fraction 

Z = Compressibility factor 

Greek Letters 

C4 = BWR parameter, equation (2-47), (liters/gm-mole) 3 

Lee-Edmister coefficient, equation (2-17) 

Soave coefticient, equation (2-53) 

/3 = Damping factor, equation (A-6) 

= 

y = 

Lee-Edmbter ·parameter, equation (2-16) 

Solubility par.f;l.meter, equation (2-9), (atm) O · 5 

Activity coefficient, fL/F0 Lx 

BWR parameter, equation (2-44), (liters/gm-mole) 2 

€ = Tolerance limit 
"\, 

$ ~ Fugacity coefficient, f/Py 

v = Fugacity coefficient, fL/p 
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r = Summat:i.on 

w = .Acentric factor 

n = Chueh and Prausnitz parameter, equation (2-,,28) 

~ = Volume fraction 

St.t'bscr;i.pts 

a = Robinson-Chao parameter index, equation (2-28) 

b a Robinson-Chao parameter index, equation (2-29) 

c m Critical state 

i • Component number 

j = Component number 

k = Component number 

m = Mixture property 

r = Reduced property 

s = Saturated property 

L = Liquid state 

mi= Lee-Edmister constant 

m2 = Lee-Edmister constant 

= Average 

= Prime 

~ = Partia~ molar property 

Superscripts 

o = Standard reference staj:e 

(o) = Liquid fugacity coefficient reference state 

(1) = Liquid fugacity coefficient reference state 

V = Vapor state 
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Abbreviations 

calc. = Calcµlated 

ref = Reference.state 

BWR = Benedict-Webb-Rubin 

C&S = Chao and Seader 

L&E = Lee and Edmister 

R&C = Robinson and Chao 

RK = Redl.ich....,l{won~ 

S&H BWR = Starling and Fj:an Benedict-Webb~Rubin 

SRK = Soave Redlich-Kwong 
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