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ABSTRACT 

The phase behavior for m i x t u r e s containing n i t rogen, me thane , 

e thane , and propane , e s sen t i a l for the design of equipment for the 

s to rage and p rocess ing of na tura l pe t ro leum fluids and na tu ra l gas , 

has been studied in this invest igat ion. 

The vapor- l iqu id equil ibr ia of b ina ry and t e r n a r y m i x t u r e s at 

114. 05, 118. 32 and 122. 24 K, together with the conditions of p a r t i a l 

misc ib i l i ty in the liquid phase, have been exper imenta l ly de te rmined . 

Liquid phase invers ions have been exper imenta l ly invest igated 

for the b inary and t e r n a r y m i x t u r e s containing n i t rogen, me thane , and 

e thane; and the dens i t ies of these components have been found to be 

a ma in factor of the occu r r ence of the phenomenon. 

In addition to the d i rec t usefulness in the indus t ry , t he se data 

a l so se rve as a m e a n s to develope co r re l a t ion and predic t ion me thods , 

from which informat ion can be obtained in a r e a s where expe r imen ta l 

data a r e not avai lable . 

It ha s been found, in th is invest igat ion, that the Redl ich-Kwong 

equation of s t a te , when i ts p a r a m e t e r s Q and n a r e cons ide red 
a b 

a s a function of t e m p e r a t u r e at both the subcr i t i ca l and s u p e r c r i t i c a l 

condi t ions , i s capable of predict ing vapor- l iquid equi l ibr ium within 

2% for b inary s y s t e m s , within 4% for t e r n a r y s y s t e m s , and within 1% 

for l iquid-l iquid equi l ibr ium data. 

At tempts have been made to p red ic t c r i t i c a l t e m p e r a t u r e s , 

c r i t i c a l p r e s s u r e s and c r i t i c a l volumes of b ina ry m i x t u r e s containing 

n i t rogen , me thane , ethane, and propane . Equat ions of s ta te by 

C laus iu s , Wohl, and Redlich-Kwong have been used. It h a s been found 

that the modified Redl ich-Kwong equation i s capable of yielding improved 

r e s u l t s over those f rom exis t ing me thods . In the c a s e of the s y s t e m 
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m e t h a n e - p r o p a n e , for which a comple te set of expe r imen ta l data 

i s avai lable for compar i son , the p red ic ted r e s u l t s a r e within 0. 5% 

for c r i t i c a l t e m p e r a t u r e s , within 0. 7% for c r i t i c a l p r e s s u r e s , and 

within 2 . 3 % for c r i t i c a l vo lumes . 
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CHAPTER 1 

INTRODUCTION 

In the s teadi ly growing p e t r o c h e m i c a l indus t ry , efforts have 

been spent in col lect ing e x p e r i m e n t a l data so that they can be used 

in the indus t ry . A l so , co r r e l a t i on and predic t ion methods have 

been developed so that n e c e s s a r y information can be obtained with the 

m i n i m u m amount of a c t u a l data. In this study, the mix tu r e s of some 

of the ma jo r const i tuents of n a t u r a l gas and n a t u r a l pe t ro leum 

fluid, name ly , n i t rogen, me thane , ethane and propane w e r e chosen 

as the s y s t e m s for invest igat ion. The molecu la r s t r u c t u r e s of the-se 

compounds a r e re la t ive ly s imple so that predic t ive re la t ionsh ip may 

r e v e a l i t s effects e a s i e r . They a r e major const i tuents of many kinds 

of fuel and chemica l s and the p rope r t i e s of the i r m ix tu re a r e useful 

in the des ign of equipment for s torage and separa t ion . In the 

l i t e r a t u r e , data a r e avai lable for the s y s t e m s n i t rogen-methane J ' . 

n i t rogen-e thane , n i t rogen-n-bu tane ' , n i t r o g e n - m e t h a n e -

ethane , n i t r ogen -me thane -n -bu t ane , and n i t r o g e n - e t h a n e - n -
(R) 

butane . But the phase behavior concerning m i x t u r e s containing 

n i t rogen and propane has been repor t ed only par t ia l ly for n i t rogen-
(13) 

propane by Schindler , Swift and Kura ta in 19 66; and no work 

has been done for the t e r n a r y sy s t em n i t rogen -me thane -p ropane . 

T h e r e f o r e in th is r e s e a r c h at tent ion has been d i rec ted to e x p e r i m e n t a l 

inves t iga t ion of t h e s e s y s t e m s at cryogenic t e m p e r a t u r e s . To 

c a r r y out the study, an e x p e r i m e n t a l scheme was designed to 

inves t iga te exper imenta l ly the t h r e e b inary mix tu re s and the t e r n a r y 

m i x t u r e s containing n i t rogen , methane and propane at t h r e e 

i s o t h e r m a l condi t ions . A comple te set of e x p e r i m e n t a l data of th is 

kind enables one to t e s t many co r r e l a t i on and predic t ion me thods , and 

hopefully one method m a y be obtained so that m i n i m u m data a r e 

needed to es tab l i sh the n e c e s s a r y information for the indus t ry . 
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T h e p h a s e b e h a v i o r of t h e s e s y s t e m s w a s found to be r a t h e r 

c o m p l i c a t e d . L i q u i d p h a s e i n v e r s i o n and p a r t i a l m i s c i b i l i t y o c c u r 

in a d d i t i o n to vapor - - l iqu id e q u i l i b r i u m b e h a v i o r . When tv/o l i qu id 

p h a g e s w e r e in e q u i l i b r i u m wi th t h e v a p o r p h a s e , t h e e q u i l i b r i u m 

c o n d i t i o n s w e r e m o r e s e n s i t i v e to t e m p e r a t u r e c o n t r o l and to 

p r e s s u r e d i f f e r e n c e s , and t h e s a m p l i n g p r o c e d u r e b e c a m e m o r e 

diiCicult . E x p e r i m e n t a l da t a w e r e c o l l e c t e d s u c c e s s f u l l y e v e n u n d e r 

t h o s e c o n d i t i o n s . T h e s e da ta s e r v e d a s a t e s t of t h e a p p l i c a b i l i t y of 
/ "~f *"7 l / "°°7 O \ 

t he R e d l i c h - K w o n g e q u a t i o n of s t a t e in a m o d i f i e d p r o c e d u r e , 

for p r e d i c t i n g p h a s e b e h a v i o r . 

T h e m o d i f i e d R e d l i c h - K w o n g equa t i on of s t a t e w a s f u r t h e r 

a p p l i e d in p r e d i c t i n g c r i t i c a l l o c i of b i n a r y m i x t u r e s , w h i c h i s i m p o r t a n t 

in t h e i n d u s t r y : and t h e e x p e r i m e n t a l m e a s u r e m e n t of w h i c h h a s b e e n 

d i f f icu l t . It i s h o p e d t h a t by t h e a p p l i c a t i o n of an e q u a t i o n of s t a t e , 

such a s t h e R e d l i c h - K w o n g e q u a t i o n , t h e W o h l e q u a t i o n , o r t h e C l a u s i u s 

e q u a t i o n , t h e c r i t i c a l p r o p e r t i e s , P c , Vc and Tc c a n b e p r e d i c t e d . 
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CHAPTER 2 

LITERATURE SURVEY 

The study of phase behavior has been grea t ly advanced in 

r ecen t y e a r s . Exper imen ta l ly , equipment has been improved 

continuously, and high p rec i s ion of m e a s u r e m e n t s has been at ta ined. 

Theore t i ca l ly , due to the applicat ion of e lec t ronic compu te r s ,many 

of the compl ica ted calculat ions can be accompl i shed . 

Among many r e s u l t s of the r e s e a r c h work, a short survey 

was made and d i scuss ions w e r e m a d e , only to those which a r e 

concerned with th is work. 

2. 1 EXPERIMENTAL METHODS 

STATIC AND TOTAL PRESSURE METHODS 

In the s tat ic and to ta l p r e s s u r e me thods , a liquid mix tu re is 

al lowed to come to equi l ibr ium with i t s vapor inside the equi l ibr ium 

ce l l at i s o t h e r m a l condit ions. The conditions of t e m p e r a t u r e and 
(14) 

p r e s s u r e a r e r eco rded . In a s tat ic method , samples of liquid 

and vapor at equi l ib r ium a r e withdrawn and analyzed, 

In the to ta l p r e s s u r e method, the vapor phase composi t ions a r e 

ca lcula ted d i rec t ly from the rmodynamic re la t ionsh ips based on the 

liquid composi t ion and to ta l p r e s s u r e data ' . Agitat ion can 

be achieved by m e a n s by a magnet ic s t i r r e r or by the motion of 

ro ta t ing , rocking or shaking of the equi l ibr ium cel l . 

In t h e s e two me thods , it i s poss ible to a t ta in very c lose 

to t r u e equi l ib r ium. However , in the p r o c e s s of sampling in the 

c a s e of s ta t ic method, the equi l ibr ium can be great ly d i s tu rbed due 

to the withdrawal of m a t e r i a l which cause s a p r e s s u r e d rop . Espec ia 
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at low p r e s s u r e s , the amount of vapor r equ i r ed for ana lys i s b e c o m e s 

c o m p a r a b l e to the to ta l amount of vapor ins ide the equi l ibr ium ce l l , 

and hence the r e m o v a l of a sample wil l cause sharp d i s tu rbance . 

DEW-POINT AND BUBBLE-POINT METHOD 

In th is method, a gas mix tu re of known composi t ion i s in t roduced into 

an equ i l ib r ium ce l l in m e a s u r e d i n c r e m e n t s , under i s o t h e r m a l 

condi t ions . The equi l ibr ium ce l l may be t r a n s p a r e n t or opaque, and 

s t i r r i n g device ins ide the cel l i s equipped to ensu re wel l mixing. 

As m o r e i n c r e m e n t s of mix tu re at constant composi t ion a r e in t roduced, 

the m i x t u r e ins ide the cel l comes to the dew point, and then goes 

through the two-phase region and r e a c h e s the bubble point. The 

condit ions of dew-point and bubble-point a r e de te rmined by d i r ec t 

obse rva t ion or by some sensing device. This p rocedure i s r epea ted 

at s e v e r a l t e m p e r a t u r e s for each constant composi t ion m i x t u r e to 

de t e rmine the dew-point and bubble-point loop. The vapor- l iqu id 

equ i l ib r ium condit ions a r e then de te rmined through the i n t e r s ec t i on 

of the dew-point curve of one composi t ion with the bubble-point cu rve 

of the other composi t ion . 

This method has been developed for many yea r s and has 
(17) 

been frequently employed. Sage and Lacey improved th is 

appa ra tu s and used it for m e a s u r i n g equi l ibr ium data of light 

hyd roca rbons in the range of 20°C to 100°C. This appara tus was 

a l so adopted by the IGT group for the study of vapor- l iquid equ i l ib r ium 

at c ryogenic condit ions for the sy s t ems n i t rogen -me thane , n i t rogen -

ethane and me thane -e thane . 

The technique of sampling is avoided with th is appa ra tus since 

the composi t ion of the m i x t u r e s a r e p r e - d e t e r m i n e d . However , the 

technique for the de te rmina t ions of the dew-points and the bubble-

points i s difficult because to detect accu ra t e ly the f i rs t minute drop 

* Inst i tute of Gas Technology 
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of liquid formed and the d i sappearance of the las t sma l l gas bubble 

i s not easy at a l l . Moreove r , th is method cannot be used to study 

mul t icomponent s y s t e m s . 

DISTILLATION TOWER METHOD 

In th is method, the pr incip le of a s imple dis t i l la t ion i s adopted. 

A dis t i l la t ing tower can be built for l a rge sca le opera t ion , and modif ica­

t ion of the tower or taking the t r a y efficiency into account can be 

used to improve quality of data. This method is poor in the sense 
(281 

of a c c u r a c y . Based on the ace tone-wa te r sys t em by Chu et a l . , 
(29) and the study of a rgon-oxygen sys t em by Wang , who cons t ruc t 

a s t i l l with s e v e r a l sieve p l a t e s , the genera l reproducibi l i ty of data w a s 

+_ 3%, p r i o r to any c o r r e c t i o n . However , in the sense of p r a c t i c a l 

appl icat ion, th is method provides an appara tus for quick inves t iga t ions , 

and can be used to speed up the accumulat ion of data. 

FLOW METHOD 

In th i s method, a s t r e a m of gas m i x t u r e at constant flow r a t e i s 

passed through a cooler , upon -which pa r t i a l l iquefaction t akes p lace . 

Continuous r e m o v a l of the vapor phase in equi l ibr ium with the liquid 

phase upon condensat ion i s moni tored . The removed vapor and liquid 

a r e s to red and analyzed for composi t ion. 

S teckel employed th is method for the study of carbon 

monoxide-n i t rogen sys tem. Ruhemann and c o - w o r k e r s a l so adopted 
(31) 

th is method for the invest igat ion of the sy s t ems me thane -e thane , 
(32) 

and me thane -e thy lene . This method was a lso adopted by Stu tzman 
(33) and Brown to study s y s t e m s containing na tu ra l gas components . 

The t e m p e r a t u r e and p r e s s u r e inside the cel l is difficult 

t o con t ro l since rapid condensat ion t akes p lace . Also , near the 
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c r i t i c a l r e g i o n , t he s e p a r a t i o n b o u / c e n t h e v a p o r p h a s e and t h e 

l i qu id p h a s e b e c o m e s v e r y d i f f icu l t . H o w e v e r , l a r g e 

v a p o r and l iquid c a n b e s e p a r a t e d e a s i l y wi th only a s m a l l e x p e r i m e n t a l 

a s s e m b l y , and e q u i l i b r i u m c a n b e a p p r o a c h e d r a p i d l y due to t h e 

i n t i m a t e c o n t a c t b e t w e e n the l iquid p h a s e and v a p o r p h a s e . 

F O R C E D - R E C I R C U L A T I O N M E T H O D 

If the v a p o r p h a s e i s c o n t i n u o u s l y b r o u g h t b a c k and b u b b l e s 

t h r o u g h the l iquid p h a s e by r e c i r c u l a t i o n , t he v a p o r - l i q u i d c o n t a c t 

w i l l be c o n t i n u o u s and h e n c e e q u i l i b r i u m cou ld be a c h i e v e d f a s t . 

On t h e o t h e r h a n d , t h e bubb l ing of t h e v a p o r p h a s e s u p p l i e s m o r e 

t h a n enough s t i r r i n g and an a d d i t i o n a l a g i t a t o r s y s t e m cou ld b e 

o m i t t e d . T h i s i s t h e g e n e r a l i d e a of t h e f o r c e - r e c i r c u l a t i o n m e t h o d . 

T h i s m e t h o d w a s f i r s t d e v e l o p e d by Ing l i s and w a s l a t e r 
(19) m o d i f i e d and b r o u g h t i n to p r a c t i c a l a p p l i c a t i o n by Dodge and D u n b e r , 

who u s e d a m e r c u r y p u m p t o r e c i r c u l a t e t h e v a p o r p h a s e d i s t i l l e d 

f r o m t h e l iqu id . L a t e r . T o r o c h e s h u i k o v a d o p t e d t h i s a p p a r a t u s 

to s tudy t h e s y s t e m c a r b o n m o n o x i d e - n i t r o g e n ; and A r o g a n and 

>lica1 
(22) 

(21) 
K a t z for t h e s y s t e m m e t h a n e - h y d r o g e n . F u r t h e r a p p l i c a t i o n 

of t h i s m e t h o d w a s m a d e by D o v i s , R o d e w a l d and K u r a t a 

H a r v e y , P r i c e and K o b a y a s h i . T h e u s e of a t r a n s p a r e n t 

e q u i l i b r i u m c e l l and t h e u s e of b a t h fluid in t h e c r y o s t a t w e r e a d o p t e d 

by t h e s e r e s e a r c h e r s for t h e s t u d i e s of s y s t e m s c o n t a i n i n g m e t h a n e , 

e t h a n e and p r o p a n e . T h i s a p p a r a t u s i s p r o b a b l y t h e m o s t a c c u r a t e 

and r e l i a b l e one a m o n g the e x u t i n g m e t h o d s , and i t h a s b e e n w i d e l y 
(25) (26) (27) 

a d o p t e d 

In t h i s i n v e s t i g a t i o n , t h i s m e t h o d w a s adop ted , u s i n g a 

m a g n e t i c p u m p to r e c i r c u l a t e the v a p o r p h a s e . A d e t a i l e d d i s c u s s i o n 

(11) wi l l be g iven in the nex t c h a p t e r and a l s o by Chang ^ who w a s 

the f i r s t p e r s o n u s i n g the a p p a r a t u s in t h i s d e p a r t m e n t . 
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2 . 2 METHODS OF CORRELATION 

R e s e a r c h e r s have developed many methods to c o r r e l a t e 

expe r imen ta l data of m i x t u r e s re la ted to phase equi l ibr ia . The idea 

of us ing c o r r e l a t i o n methods is to organize the avai lable data and 

put t h e m into some genera l ized analyt ical exp res s ions or genera l ized 

c h a r t s so that one can put them into p r a c t i c a l appl ica t ions . Also 

methods of data reduct ion and cons is tency tes t a r e impor tan t for 

p r o c e s s i n g expe r imen ta l data. Among the many , the following wi l l 

l i s t a few methods , which a r e of i n t e re s t in this work. 

2 . 2 . 1 CONVERGENCE PRESSURE METHOD 

(34) Katz f i rs t observed that for m i x t u r e s of light hyd roca rbons , 

i s o t h e r m a l component K-values appeared to converge to unity when 

plotted agains t p r e s s u r e . This occurs in b inary sys tems a s wel l a s 

in complex s y s t e m s , as shown in F igure 2. 2. l a . The p r e s s u r e at which 

the K-va lues converge to unity i s the convergence p r e s s u r e for an 

i s o t h e r m a l plot of log K vs log P . It i s found to be a function of 

composi t ion. The re fo re , the convergence p r e s s u r e is cons ide red as 

a p a r a m e t e r to r e p r e s e n t the effect of composi t ion at h igher p r e s s u r e s 

when the idea l solution approximat ion is not valid. As shown in 

F i g u r e (2. 2. l a ) the dotted l ines r e p r e s e n t the behavior accord ing to 

Raou l t ' s law. The solid l ines r e p r e s e n t the typica l behavior of 

hydroca rbons at which the K-va lues approaches unity when the p r e s s u r e 

app roaches P . 

The Na tu ra l Gas P roduce r s 'Supp l i e r Assoc ia t ion (NGPSA) of 

Tu l sa , Oklahoma published a set of c h a r t s for twelve hydroca rbons 

plus n i t rogen in i t s 1966 Engineer ing Data Book. The K-va lues a r e 

p r e sen t ed as a function of t e m p e r a t u r e , p r e s s u r e and convergence 

p r e s s u r e . 
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F i g u r e 2. 2.1 (a) A Log-Log Plot of Equi l ibr ium Constant 
against P r e s s u r e . 
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F i g u r e 2 . 2 . 1 (b) I l lus t ra t ion of the Convergence P r e s s u r e 
Method to Evaluate Cr i t i ca l T e m p e r a t u r e 
and Cr i t i ca l P r e s s u r e . 
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Hadden and Grayson gave a set of d i a g r a m s in 1964 ' ^ f o r 

m o r e a c c u r a t e d e t e r m i n a t i o n of convergence p r e s s u r e . Two 

nomographs for different t e m p e r a t u r e r anges a r e given. One of 

t h e m goes down to -260°F . The convergence p r e s s u r e can a l so be 

used to c o r r e l a t e b inary and mult icomponent data to evaluate the 

c r i t i c a l p r e s s u r e and c r i t i c a l t e m p e r a t u r e of m i x t u r e s . This i s 

i l l u s t r a t ed in F igu re 2. 2. l b , fo r a b inary m i x t u r e . 

The convergence method is re la t ive ly convenient to use and 

yie lds genera l ly acceptable r e s u l t s at p r e s s u r e s l e s s than 80% of 

the convergence p r e s s u r e . Its d isadvantages a r e the difficulty 

of p r epa r ing the n e c e s s a r y cha r t s and the unce r t a in t i e s involved in 

es t imat ing the convergence p r e s s u r e . Cons iderab le p e r s o n a l judgement 

i s involved, with the resu l t that different w o r k e r s obtain different 

solut ions to the s ame problem. 

2 . 2 . 2 KELLOGG CHARTS ( 4 2 ) 

The Kellogg C h a r t s w e r e published in 19 50, by the M. W. 

Kellogg Company. 324 c h a r t s w e r e included under the t i t l e "L iqu id -

Vapor Equi l ib r ia in Mix tures of Light Hydroca rbons , MWK Equ i l ib r ium 

Cons tan t s , Polyco D a t a " . These cha r t s w e r e p r e p a r e d in t e r m s of 

composi t ion and MABP in d e g r e e s Fahrenhe i t . MABP stands for the 

m o l a r a v e r a g e boiling point. The cons t ruc t ion of the c h a r t s i s ba sed 
(43) 

on the Benedic t -Webb-Rubin equation of s ta te . Twelve 

hydroca rbons a r e included, namely , me thane , e thane, e thylene, 

p ropane , p ropylene , n -butane , i -butane , i -buty lene , n -pentane , 

i -pen tane , n-hexane and n-hep tane . These c h a r t s cover the t e m p e r a t u r e 

range f rom -100°F to 400°F (MABP from -255°F to 180°F) and at 26 

different p r e s s u r e s between a tmospher i c p r e s s u r e up to 3 600 ps ia . 

It should be mentioned that th is char t does not include ni t rogen. 
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2.2.3 LENOIR DIAGRAM 

This also includes a set of diagrams and a nomograph, which 
(44) 

were published by Canjander, Hipkin and Lenoir in I960. K-values 

as a function of temperature at 10 psia are given in the diagrams. 

Pressure correlation is given in terms of effective boiling point, which 

is a composition-dependent parameter. This is included in the 

nomograph. The method covers the temperature range 133 K to 

466. 5 K. 

(37) 
A similar set of diagrams was also prepared by Lenoir 

in 19 58, for carbon dioxide in hydrocarbon systems. The non-ideality 

caused by the presence of carbon dioxide in hydrocarbon systems 

are covered. The temperature range is between -60°F to 100°F. 

2. 2. 4 HAND METHOD FOR LIQUID-LIQUID SOLUBILITY CURVE 

For a ternary system with one consolute and two immiscible 
(45) 

liquids, Hand found that with a distribution equation, all the 

tie-lines can be converted to- horizontal if the appropriate 

composition units were selected. He proposed Equation (2. 2. 4), 

in which a, b and c represent the mole or weight fractions of the 

diluent, the solute and the solvent, respectively; K is an empirical 

constant, and the subscripts denote liquid phases one and two 

respectively. 

X 
a, a 

X,. + K X 
b l C l 

X 
I =

 a2 (2.2.4) 
X^ + K X 

b2 °2 

The use of Equation (2. 2. 4) provides a method to predict the compositions 

of all pairs of conjugate phases of a system if the isotherm and one 



-11-

t i e - l i n e a r e known. Good r e s u l t s w e r e obtained for the s y s t e m 

ace t ic acid (a) - benzene (b) - wate r (c ) , when the co r r e l a t i on es tab l i shed 

K = 9 for the sys t em. 

2. 2. 5 BLACK AND HARTWIG ( 4 o ) METHOD FOR LIQUID-LIQUID 

EQUILIBRIUM 

This method was p r i m a r i l y intended to use m o l e c u l a r s t r u c t u r e 

to help c o r r e l a t e and pred ic t d is t r ibut ion coefficients and solubi l i t ies 

as a function of the solvent d is t r ibut ion. It was designed to develop 

a mode l with the aid of a few equi l ibr ium data for s imple m i x t u r e s 

of se lec ted compounds . This model includes the definition of the 

d i s t r ibu t ion coefficient K., the ext rac t ion factor E , the solubili ty 
J J 

function rL , the solvent d is t r ibut ion K and the bas ic quantity 
K . 

r 

A s imple t e r n a r y sys tem contains 3 components r , i and s, in 

which r denotes the component which is m o r e non- idea l with the solvent, 

i r e f e r s to the component which d i s t r ibu tes between the two phase , 

and s denotes the solvent component. When the r - s b ina ry i s par t i a l ly 

m i s c i b l e , the liquid phase r r i ch in r component i s in equi l ib r ium 

with liquid phase s r i ch in s component . Then x will denote the 

compos i t ion in the s phase and y denotes composi t ion in the r phase . 

The re la t ionsh ip with the p a r a m e t e r s a r e given by 
K. = y . /x . (2. 2. 5a) 

J J J 
K = y / x ( 2 . 2 . 5 b) 

r r r 
K = y /x (2 .2 . 5c) 

s s' s 
K^ = (1 - y s ) / ( l - x s ) (2 .2 . 5d) 

A log- log plot of K , K, and K. vs K i s shown in F i g u r e (2.5) 
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100 

F i g u r e 2. 5 (a) 

0. 2 0 . 4 0 .6 0. 8 1.0 F igu re 2 .5 (b) 

x 

F i g u r e 2. 5 (c) 

F i g u r e 2 .5 I l lus t ra t ion of the Method by Black and Hartwig. 

(a) T e r n a r y l iquid-l iquid phase equi l ibr ium for the 
s y s t e m (s ) - ( i ) - ( r ) . 

(b) Log-log plot of K r , K h , and K^ vs K s 

• i 

(c) A plot of xi and y i vs x s and y s 
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In th is plot, r - s b ina ry i s pa r t i a l ly m i s c i b l e , K a s wel l as K , 
s r 

KL and K. app roaches unity at the plait point. This condition i s given 
by Equat ions (2. 2. 5b) and (2. 2. 5d) a s 1 - y approaches y and 1 - x 

1 s r s 
approaches x . 

r 

In F igu re (2. 5), the l imit ing slopes of the c u r v e s at the 

plait point a r e s t ra ight l ines . Let a, b and c be the values of the s lopes . 

Then the composi t ion of the plait point i s given by 

(x.) (a - c) 
i p. pt (a - b) 

(*J c 
q p. pt c - 1 

(x ) = 1 - (x.) - (x ) 
r p. pt l p. pt s p. pt 

At any fixed value of K , the quant i t ies K , K, and K. provide the 
s r h l 

n e c e s s a r y and sufficient informat ion for calculat ing comple te t e r n a r y 

l iquid-l iquid equi l ibr ia . A detai led d i scuss ion of th i s method wil l be 

given in Chapter 4. 

2 . 3 PREDICTION METHODS BASED ON SOLUTION THEORY 

When two or m o r e l iquids mixed toge ther to fo rm a solution, 

the m o s t n a t u r a l way is to postula te a mode l for solutions so that the 

p r o p e r t i e s of the mix tu re can be es tab l i shed f rom the p r o p e r t i e s of 

the pure l iquids . P r e s e n t t heo re t i c a l knowledge h a s not yet r eached 

a stage of development w h e r e th i s can be done with any deg ree of 

genera l i ty , although the solution theory may be cons ide red a s the 

only r igo rous way to solve the p rob lem so far. Among the many 

m o d e l s , e i ther in m a c r o s c o p i c or m i c r o s c o p i c approaches , it i s only 
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intended to review a few in th i s work , namely , the r e g u l a r solution 

t heo ry , the a t h e r m a l mixing theory , and the theory of group in t e r ac t i ons . 

2 . 3 . 1 SCATCHARD-HILDEBRAND'S EQUATION - REGULAR SOLUTION 
(47) 

THEORY K ' 

F o r some solutions , the excess entropy and the f.xcess volume 

of mixing can be neglected. Hildebrand found that s e v e r a l solutions 

of iodine behaved substant ia l ly in ag reemen t with these simplified 

a s s u m p t i o n s . And he defined a r egu la r solution based on these two 

condi t ions , t h a t i s , when 

A S E = 0 (2 .3 .1a ) 

AV = 0 (2 .3 .1b) 

the solution i s cal led a r egu la r solution. 

Sca tchard and Hildebrand ^ ' a s sumed that for molecu le s 

whose forces of a t t rac t ion a r e due p r i m a r i l y to d i spe r s ion forces t h e r e 

i s a s imple re la t ion between the cohes ive -ene rgy dens i t i e s , C -., C 
(49) and C . Introducing 5 , the solubility p a r a m e t e r of a pure liquid 

as the posi t ive square root of i t s cohes ive -ene rgy densi ty , they a r r i v e d 

at the e x p r e s s i o n s for activi ty coefficients for a b ina ry r egu la r solution; 

RT In Yi = V i e 2 [ 6 1 - 6 2 ] 2 ( 2 .3 .1c ) 

R T l n Y 2 = V 2 9 1
2 r _ 6 i - 6 2 ] 2 (2. 3. Id) 

w h e r e 8i 82 a r e volume fract ions and V , V a r e liquid volumes for 

component 1 and 2, r espec t ive ly . The r egu l a r - so lu t i on equat ions give 

a good semiquant i ta t ive r ep re sen ta t ion of act ivi ty coefficients for 

many solutions containing non-polar components , and they a r e used 

a s a b a s i s for many predic t ion methods . 
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2 . 3 . 2 FLORY-HUGGIN'S EQUATION - ATHERMAL MDCING THEORY 

The Gibbs energy of mixing cons i s t s of an enthalpy t e r m and 

an entropy t e r m . In the theory of r egu la r solutions for molecu le s 

of s i m i l a r s ize it is a s s u m e d that the entropy t e r m c o r r e s p o n d s to 

that for an idea l solution. However , when con s ider ing solutions of 

mo lecu le s of very different s ize , it ha s been found advantageous to 

a s s u m e zero enthalpy of mixing. These solutions a r e cal led a t h e r m a l 

m i x t u r e s and th i s behavior i s found in many polymer solut ions. 

Using the concept of a quas ic rys ta l l ine lat t ice a s a mode l for 

a liquid, an express ion for the entropy of mixing in an a t h e r m a l 

solution was der ived independently by F lo ry and by Huggins , 

ba sed on s t a t i s t i ca l a r g u m e n t s , which is beyond the scope of th i s 

work and i s not d i scussed h e r e . 

F lo ry and Huggins have shown that if the non-c rys ta l l ine po lymer 

and the solvent mix a the rma l ly , the change in Gibbs energy and 

in ent ropy a r e given by the r e m a r k a b l y s imple express ion 

M M 
A G A S = Z x. I n 0 . ( 2 . 3 . 2 a) 
RT R i i 

w h e r e 9 . i s the volume fraction of component i. 

2 . 3 . 3 THE THEORY OF GROUP INTERACTIONS 

The ea r ly work on group contr ibut ion to solution p r o p e r t i e s 

i s due to P i e r o t t i ^ ' , Deal and Wilson . The Analy t ica l 

Solution of Groups developed by D e r r and Deal p rovides a flexible 

m e a n s for r e p r e s e n t i n g excess free energy data. Renon and P r a u s n i t z 

and Wiehe and Bagley adopted a mo lecu la r a s soc ia t ion mode l in 

t he i r s tudies of a lkane-a lcoho l solut ions. Lee , Greenkorn and Chao 

developed a par t i t ion function for the desc r ip t ion of the configurat ional 
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p r o p e r t i e s of n o n - p o l a r and p o l a r c h a i n m o l e c u l e s by c o n s i d e r i n g 

g r o u p i n t e r a c t i o n s . T h i s a p p l i c a t i o n h a s b e e n s u c c e s s f u l i n r e p r e s e n t i n g 

a v a r i e t y of t h e r m o d y n a m i c p r o p e r t i e s of p u r e l i q u i d s a n d s o l u t i o n s , 

i n c l u d i n g m o l a r v o l u m e a n d h e a t of v a p o r i z a t i o n , e x c e s s e n t h a l p i e s 

a n d f r e e e n e r g i e s . L a t e r , C o l e m a n , G r e e n k o r n a n d C h a o e x p r e s s e d 

t h e t e m p e r a t u r e d e p e n d e n c e of t h e t h e r m o d y n a m i c p r o p e r t i e s in t e r m s 

of a T a y l o r s e r i e s e x p a n s i o n abou t t h e b a s e t e m p e r a t u r e a t w h i c h t h e 

g r o u p p r o p e r t y v a l u e s a r e e v a l u a t e d . H o w e v e r , t h e c o n c e p t of 

a d d i t i v e g r o u p c o n t r i b u t i o n i s found i n a p p l i c a b l e t o s t r u c t u r e s t h a t 

c o n t a i n c r o s s - l i n k i n g o r e x t e n s i v e b r a n c h i n g . 

A P P L I C A T I O N S O F R E G U L A R S O L U T I O N AND A T H E R M A L MIXING 

T H E O R I E S 

Wi th t h e s o l u t i o n m o d e l s e s t a b l i s h e d , m a n y r e s e a r c h e s 

h a v e b e e n c a r r i e d out b a s e d on t h e s e m o d e l s . A m o n g t h e m a n y 

i m p o r t a n t c o n t r i b u t i o n s , t he fo l lowing w i l l b e b r i e f l y r e v i e w e d ; 

(52) 
(1) M e t h o d of C h a o and S e a d e r 

(53) 
(2) C o r r e l a t i o n of C h a n g , C h a p p e l e a r and K o b a y a s h i 

(54) 
(3) C o r r e l a t i o n of O r e n t i l i c h e r and P r a u s n i t z 

(55) 
(4) C o r r e l a t i o n of van H o r n and K o b a y a s h i 

2 . 3 . 4 C H A O AND S E A D E R M E T H O D 

(52) 
A c c o r d i n g t o C h a o and S e a d e r , t h e K - v a l u e i s e x p r e s s e d 

i n t e r m s of t h r e e f a c t o r s ; 

K 
l l L 

i x. V P 
l 

] ( Y i t / c p . ( 2 . 3 . 3 a ) 
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w h e r e (f°._ / P ) i s the liquid fugacity coefficient of pure component i. 
l L 

cp̂  i s the vapor phase fugacity coefficient of component i 

"Yi i s the liquid act ivi ty coefficient of component i 

(56^ 
Following the t h r e e - p a r a m e t e r law of co r respond ing s ta tes of P i t z e r 

the (f° / P ) t e r m is exp res sed .3 the following: 
l L 

log ( f . / P ) = log ( f . ° /P ) ( 0 ) + u> log ( f° . /P) (1) ( 2 . 3 . 3 b ) 

Both the quant i t ies ( f° . /P) and ( f° . /P) can be e x p r e s s e d in t e r m s 

of reduced t e m p e r a t u r e and reduced p r e s s u r e ; 

log ( f . / P ) ( 0 ) = (A + A / T + A . T + A T 2 

r o r r 2 r 3 r 

+ A 4 T r 3 ) + ( A 5 + A 6 T r + A 7 T r 2 ) P r 

+ <A
8
 + A

9
 T r } P r 2 ' l o g P r ( 2 ' 3" 3 c ) 

log ( f° . /P) (1 ) = -4 . 23893 + 8. 65806 T - 1. 22060/T 
r r ' r 

-3.15224 T 3 - 0 .025 (P - 0 . 0 6 ) r r 

( 2 . 3 . 3 d) 

The cp t e r m can be calcula ted from the Redlich-Kwong equation of 

s ta te . F o r the evaluation of the v . t e r m , the Sca tcha rd -Hi ldebrand 

r e g u l a r solution mode l i s adopted. Hea ts of vapor iza t ion and liquid 

m o l a r volume a r e not being used for the evaluat ion of the so lubi l i t ies , 

ins tead expe r imen ta l vapor- l iquid equi l ib r ium data a r e used. The 

c o r r e l a t i o n i s applied to the s y s t e m s containing paraff ins , olef ins, 

a r o m a t i c s and naphthenes . At high t e m p e r a t u r e r a n g e s , the co r r e l a t i on 

i s successfu l but at lower t e m p e r a t u r e r a n g e s , the c o r r e l a t i o n fails 

quite baa iy 
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2 . 3 . 5 CORRELATION OF ORENTILICHER AND PRAUSNITZ ( 5 4 ) 

Solubility data for hydrogen in l iquids at low t e m p e r a t u r e and 

high p r e s s u r e have been c o r r e l a t e d by a re la t ionsh ip ; 

In ( fV2 / x 2 ) = In Ji + A / R T ( x 2 - 1 ) + v ~ ( P - P ° ) / R T 

(2 .3 .4a ) 

where jc^ = l imi t ( 2 . 3 . 4 b ) 
x 2 - 0 X 2 

^ 1 = " R T X 2 2 ( 2 . 3 . 4 c ) 

l n Y 2 = ~RT~ ^ l " 1} ( 2 . 3 . 4 d ) 

f2 = Y2*J4 X 2 ( 2 . 3 . 4 C ) 

Equat ions (2. 3. 4 c) and (2. 3. 4d) involve a s imple solution model for 

the evaluat ion of liquid act ivi ty coefficients. F r o m Equation (2. 3. 4 a ) , 

a s emi loga r i thmic plot of the ra t io f / x agains t to ta l p r e s s u r e at 

constant t e m p e r a t u r e should give a s t ra ight line for sma l l values of 

x . Oren t i l i che r and P r a u s n i t z have evaluated the constant A and 

the H e n r y ' s law constant JSf> for the following so lvents ; A, CO, C H . , 

N 2 ' C 2 H 6 ' C 3 H 8 ' C 3 H 6 a n d C 6 H 1 4 ' 

2 . 3 . 6 CORRELATION OF CHANG, CHAPPELEAR AND KOBAYASHI ( 5 3 ) 

The c o r r e l a t i o n of K-va lues of me thane in paraffinic and 

a r o m a t i c solvents at low t empera tu re sand high p r e s s u r e s was suggested 

by Chang, Chappe lea r and Kobayashi . The co r r e l a t i on is based on an 
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equation s imi l a r to that of Chao and Seade r . Th i s equation i s ; 

K i = — = ( - 5 — ) (*i'A>i ( 2 - 3 - 5 a ) 

1 \ X / 

The vapor phase fugacity coefficient was evaluated f rom the Redl ich-

Kwong equation of s ta te 

The liquid phase activity coefficient i s taken as the sum of 

the a t h e r m a l effect and the t h e r m a l effect. The a t h e r m a l effect i s 

ca lcula ted by the Mi l l e r -Guggenhe im re la t ion , and an 

e m p i r i c a l e x p r e s s i o n i s used for the t h e r m a l effect. The exp re s s ion 

for the t h e r m a l effect i s ; 

th n 
In Y = X 9 2 ( 2 . 3 . 5b) 

w h e r e Q i s volume fract ion of component 2; 

n i s taken a s 2. 6 

X i s de t e rmined through the exp re s s ion ; 

o a xv, _ n 

X = [ l n ( K l C p i ) - l n ( f . / P ) - l n Y l ] 0 ^ ( 2 . 3 . 5 c) 

The c o r r e l a t e d r e s u l t s a r e in good a g r e e m e n t with the K-va lues 

of m e t h a n e , having a r e la t ive deviat ion of +_ 5%, except in the vicinity 

of the c r i t i c a l point. However , the r e s u l t s a r e not so successfu l 

for h e a v i e r components . 

2 . 3 . 7 METHOD FOR HYDROCARBONS BY VAN HORN AND KOBAYASHI ( 5 5 ) 

(55) 
In 19 68, van Horn and Kobayashi used an approach s imi l a r 

(54) 
to tha t of Orent i l icher and P r a u s n i t z , to evaluate K-va lues for 

hyd roca rbons in paraffinic and a roma t i c solvents . The S c a t c h a r d -

Hi ldebrand equation i s empi r i ca l ly modified for the calcula t ion of liquid 
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fugacity and the B-W-R equation of s tate is used to ca lcu la te the vapor 

phase fugaci t ies . The genera l ized form of the co r r e l a t i on i s ; 

f ^ V* (P - P ) 

ta_i_ = A + A + £ _ _ i _ _ o . ( 2 . 3 . 6 a ) 
1 

2 
where A = A + A (5 - 6 ) 

B = B 1 + B 2 ( & 1 - 6 / 

c = c1 + c 2 / v 2 

V - = D1 + D 2 ( T / 6 2
2 ) 

The K-va lues a r e ca lcula ted by: 

?L -v 
Ki = ( I T P - ) / ( - ^ y - ) (2-3-6bi 

Excel lent ag reemen t of K-va lues was obtained by van Horn 

and Kobayashi . However , for heav ie r components , K-va lues at 

infinite dilution, r equ i red in the calculat ion, a r e not a lways ava i lab le . 

2. 4 PREDICTION METHODS BASED ON AN EQUATION OF STATE 

The pred ic t ion of phase equi l ibr ium needs the information concerning 

the quanti tat ive re la t ionsh ip between t e m p e r a t u r e , p r e s s u r e and 

composi t ions . Fo r the ana lys i s of phase equi l ibr ium, the equi l ib r ium 

dis t r ibut ion of some component i between two phases a and (3, we have 

H-.C - u.'3 ( 2 . 4 . 0 a ) 
1 1 

where \± i s the chemica l potent ial . 

In t e r m s of fugacity, it will be ; 

rl * r> 
i i = V (2.4.0b) 
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To ca lcula te fugacity, vo lumet r i c data mus t be avai lable , and 

p re fe rab ly in the fo rm of an equation of s ta te . Sortie people cons ide r 

that the m o r e compl ica ted an equation of s ta te i s , and the m o r e 

cons tan ts it con ta ins , the be t te r r e p r e s e n t a t i o n it gives for vo lumet r ic 

p r o p e r t i e s . This i s only t rue for a pu re component if plenty of 

vo lumet r i c data a r e avai lable to de t e rmine the cons tan ts with confidence 

and if the equation i s used only under those conditions of t e m p e r a t u r e 

and p r e s s u r e which w e r e used to de t e rmine the cons tan t s . However , 

for pred ic t ing the p r o p e r t i e s of m i x t u r e s from pure component data 

a lone , the m o r e constants one h a s , the m o r e mixing r u l e s a r e 

r equ i r ed . Since t he se ru l e s a r e subject to uncer ta in ty , it frequently 

happens that a s imple equation of s tate containing two or t h r e e constants 

i s b e t t e r for predic t ing mix tu re p r o p e r t i e s . The Benedic t -Webb-

Rubin and the Redlich-Kwong equatior 

of t he se kinds and a review -will be made h e r e . 

2 . 4 . 1 BENEDICT-WEBB-RUBIN EQUATION OF STATE ( 4 3 ) 

The following equation; 
C o 2 3 

P = RT p + (B RT - A - ~ ) p + (b RT - a) p r o o 2 r v 

T 
6 1 3 2 2 

+ a c p + —T- [ C p (1 + y p ) exp (-y p ) ] (2 . 4. la ) 
T 

(43) 
w a s proposed by Benedict and c o - w o r k e r s in 1940 , in which A , 

B , C , a, b , c , a and y a r e cons tan t s ; and p is the densi ty . 

The equation was used to r e p r e s e n t vo lumet r i c p r o p e r t i e s of 
(63^ 

pure non-pola r gases and liquids sa t i s fac tor i ly . In 1942 , th i s 

equation was used for hydrocarbon m i x t u r e s . In 19 51 , th i s equation 

was used for the calculat ion of vapor- l iqu id equi l ibr ium. 
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With e igh t c o n s t a n t s , t h e B - W - R i s a c o m p l e x e q u a t i o n a n d 

t h e r e f o r e , i <; u s u a l l y r e d u c e d in the fo rm of c h a r t s , for the p u r p o s e s 

of p r a c t i c a l a p p l i c a l ioii. 'J'he K e l l o g g c h a r t d i s c u s s e d in S e c t i o n 

(2. Z. 2) i s one e x a m p l e . A n o t h e r i s t h e D e P r i e s t e r ' s C o r r e l a t i o n . 

D c P r i e s t c r found t h a t t he fugac i ty func t ions f. / P x . 
/ : V i 7 i 

and P y. /f. r e l a t e d t o p r e s s u r e in l i n e a r or n e a r l y l i n e a r r e l a t i o n s . 

T h e r e f o r e t h e K e l l o g g c h a r t s a r e s i m p l i f i e d . T w o se t of p r o s s u r e -

t e m p e r . i l u r e - c o l i ipoi ' . i I i o n ( l J . ' l ' . C . ) e 1 i.'i'i'l :; .i r e ]> r e p . i . r e f I. In < >l if 
" L 

se t of c h a r t s , K - v a l u e s a r e s h e w n a s func t ions of (f . / P x.) and 
, - V 

(P y. Ii. ) , for t e m p e r a t u r e f r o m - 1 0 0 ° F to + 4 0 0 ° F , and p r e s s u r e s 

up to 1000 p s i a . K - v a l u e s for t w e l v e l igh t h y d r o c a r b o n s f r o m m e t h a n e to 

n - h e p t a n e a r e shown in 24 c h a r t s . In t h e o t h e r s e t of c h a r t s , a 

g e n e r a l i z e d c o r r e l a t i o n i s a l s o p r e s e n t e d in t h e f o r m of two n o m o g r a p h s ; 

one for t h e t e m p e r a t u r e r a n g e of - 1 0 0 ° F to 7 0 ° F , and t h e o t h e r 2 0 ° F 

to 400° F . T h e g e n e r a l i z e d c o r r e l a t i o n s e r v e s for p r e l i m i n a r y 

c a l c u l a t i o n s , wi th a v e r a g e a b s o l u t e d e v i a t i o n f r o m e x p e r i m e n t a l da t a 

of 15. 0%, w h i l e t h e P . T . C. c h a r t s g ive 6. 4%. 

T h e B - W - R e q u a t i o n h a s b e e n a p p l i e d t o p r e d i c t v a p o r - l i q u i d 

e q u i l i b r i a for t h e s y s t e m n i t r o g e n - c a r b o n m o n o x i d e s a t i s f a c t o r i l y 

by S c h i l l e r and C a n j a r . H o w e v e r , for p r o p a n e - c a r b o n d i o x i d e , 

n i t r o g e n - m e t h a n e and t h e s y s t e m s of l igh t h y d r o c a r b o n s c o n t a i n i n g 

h y d r o g e n , t h e B - W - R p r e d i c t i o n of K - v a l u e s d o c s not y i e ld 

s a t i s f a c t o r y r e s u l t s . 

S o m e a t t e m p t s h a v e b e e n m a d e t o m o d i f y t h e B - W - R e q u a t i o n 

in o r d e r t o y i e ld b e t t e r r e s u l t s for t h e p r e d i c t i o n of K - v a l u e s . L in 

and N a p h t a l i a d o p t e d t h e fo l lowing f o r m 

P - R T <£ + (B R T - A - C / T ^ ) p 2 + (b R T - a) p 3 

+ a c p + [ ( C p 3 / T 2 ) ( 1 + Yep ) e x p ( - v c ? ) ] 

(2 . - i . lb) 
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for the systems nitrogen-methane, methane-carbon dioxide, propane-
( £.Q\ 

carbon dioxide and n-butane-carbon dioxide. Stotler and Benedict 

made a change of the combining rule for A . 

2 2 
A =x A + x0 A +2 .874x ,x^ (2.4.1c) 

o 1 o, 2 o 1 2 

and consider C as temperature dependent, for the system nitrogen-

methane. 

2. 4. 2 REDLICH-KWONG EQUATION OF STATE 

(43) 
In 1949, Redlich and Kwong proposed the equation 

. RT a ,— . - . > 
P = - - — - — (2.4.2 a) 

( V " b ) T*v (v + b) 

which can also be transformed into 

where 

h = BP/z (2.4.2 c) 

A2 = 0 T 2 ' 5 / ( T 2 ' 5 P ) = a / R 2 T 2 ' 5 (2. 4. 2d) 
a c ' c 

B = Q T /TP = b/RT (2.4. 2 e) 
b c c 

Q = 0.4278 (2.4. 2 f) 

Qb = 0.0867 (2.4. 2 g) 

When applied to mixtures,the following combining rules were suggested; 

a = S £ x. x. a . (2. 2. 4h) 

b = S x. b. (2. 4. 2i) 
i l l 
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W = a., a.. ( 2 . 4 . 2 J ) 

This equation of s ta te has been chosen for c o r r e l a t i o n pu rposes and 

h a s been modified for predic t ion purposes by many r e s e a r c h e r s 
(53), (71), (73), (74), (77), (78), (131) _, . „ . . . . . , . 

. The following will be a shor t 

review of some which a r e of i n t e r e s t concerning th i s work. 

CORRELATION OF CHAO AND SEADER ( 5 2 ) 

As d i scus sed in Section (2. 3. 3), the v a p o r - p h a s e fugacity 

ent of component 

Kwong equation of s ta te . 

coefficient of component i , Cp . , i s ca lcula ted f rom the Redlich 

CORRELATION OF WILSON ( 7 ' 

(71) Wilson proposed a modification of the Redlich-Kwong 

equation. In th is modification while Q i s cons idered a s 0. 0867 in 

a l l condi t ions , Q i s cons idered as a t empe ra tu r e -dependen t p a r a m e t e r , 
a 

accord ing to the r e l a t i o n s : 

a . . / R T . 1 , 5 = 4 .934 [ l + k ( - r — - 1)]T L 5 b 
ii ci L 1 . J ri l 

ri 

( 2 . 4 . 2 k) 

a. = e .. a.. + (1 - 9 ..) a.. (2 .4 .21) 
ij ij i i iJ JJ 

w h e r e k and 0 a r e t empera tu re - independen t p a r a m e t e r s and T . 
ij r l 

i s r educed t e m p e r a t u r e of component i. Two vapor p r e s s u r e points 

w e r e n e c e s s a r y to de te rmine the t e m p e r a t u r e dependence of Q at ' a 
a c e r t a i n t e m p e r a t u r e . 

Th i s was used to c o r r e l a t e vapor- l iqu id equi l ib r ium data of 
(72) 

the system;, n i t rogen-me thane and he l ium-hydrogen . La t e r , Wilson 
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proposed another r e la t ion that combined Equat ions ( 2. 4. 2k), (2. 4 . 21). Good 

r e s u l t s w e r e obtained for the sys t em hydrogen-n i t rogen . However , for 

some other s y s t e m s , especia l ly those containing heav i e r hyd roca rbons , 

good a g r e e m e n t with exper imen ta l data could not be a t ta ined. 

(53) 
CORRELATION OF CHANG, CHAPPELEAR AND KOBAYASHI 

As d i scussed in Section (2. 3. 5), the Redlich-Kwong equation of 
~ V 

s ta te was used to evaluate the vapor phase fugacity coefficient, cp 
1 (72) Upon the appl icat ion of the R-K equation, the modification of Wilson 

was simplif ied to the re la t ion; 

w h e r e 

o r 

a.. = F (T / T , UJ) b. RT 1 ' 5 ( 2 . 4 . 2 m ) 
11 c' 1 

F (T /T,u>)= a/(b RT ' ) 
C T 

= 4 .934 [1 + (1.45 + 1. 62<«)(-^r- - 1. 0)] 

° - 1 2 ( Z . 4 . 2 » ) 
c 

A . 2 = a . . / (R 2 T 2 - 5 ) 
1 i v 

The cons tan ts for m i x t u r e s w e r e given by; 

A 2 = S y. A. ( 2 . 4 . 2 o ) 
I l 

l 

B = S y. B. (2 .4 . 2 p) 
i 

The desc r ip t ion of the non-ideal i ty of the heav i e r components in 

the vapor phase by using the Redlich-Kwong Equation in th i s way may 

be r e spons ib le for the fai lure of the method as d i s cus sed in Section 

( 2 . 3 . 5 ) . 



•26-

M E T H O D O F CHUEH AND P R A U S N I T Z ( 7 3 ) 

In 1968, C h u e h and P r a u s n i t z p r o p o s e d a d a t a r e d u c t i o n m e t h o d 

to o b t a i n b i n a r y p a r a m e t e r s f r o m b i n a r y v a p o r - l i q u i d e q u i l i b r i u m d a t a ; 

a n d f r o m t h e s e b i n a r y p a r a m e t e r s , t h e p h a s e b e h a v i o r of m u l t i c o m p o n e n t 

s y s t e m cou ld b e p r e d i c t e d . W h e n two p h a s e s a r e in e q u i l i b r i u m , t h e 

fo l lowing r e l a t i o n h o l d s : 

Cp . y. P = y . x. f. ( 2 . 4 . 2 q) 
i l ' l l l 

T h e m o d i f i e d van L a a r ' s m o d e l i s u s e d for t h e e v a l u a t i o n of t h e 

c o n s t a n t - p r e s s u r e a c t i v i t y coe f f i c i en t , y.. 

l n y . ( P ) = A ' ({) + B ' Cj) ( 2 . 4 . 2 1 9 ) 

2 c l c l 
A A O 

(Cj) - — (J) ) ( 2 . 4 . 2 r ) 
2 3 T 2' 

x v „ 
2 c2 

w h e r e (J> , = — ( 2 . 4 . 2 s) 
^ 2 x v + x v 

1 c l 2 c2 

A = a v ( 2 . 4 . 2 t ) 
22(1) c l 

B* = 3T1 a v ( 2 . 4 . 2 u ) 
2(1) 22(1) c l 

T h e a s t e r i s k in E q u a t i o n (2. 4. 2 r ) i n d i c a t e s t h e a d o p t i o n of t h e 

a s y m m e t r i c c o n v e n t i o n for t h e n o r m a l i z a t i o n of a c t i v i t y c o e f f i c i e n t s . 

S u b s c r i p t 1 r e f e r s t o t h e c o n d e n s a b l e c o m p o n e n t , and s u b s c r i p t 2 t o 

t h e n o n - c o n d e n s a b l e one . a , . i s c a l l e d t h e s e l f - i n t e r a c t i o n c o n s t a n t 

a n d -n t h e d i l a t i o n c o n s t a n t . 
^ \ 1/ 

~ V 
F o r t h e e v a l u a t i o n of the v a p o r - p h a s e fugac i ty c o e f f i c i e n t , cp 

t h e R e d l i c h - K w o n g e q u a t i o n of s t a t e w a s u s e d , w i th a m o d i f i e d p r o c e d u r e . 
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Ins tead of taking Q and n a s un ive r sa l cons tan t s , a s or ig inal ly proposed 

by Redl ich and Kwong, they evaluated the p a r a m e t e r s for each pure 

subs tance by fitting the vo lumet r ic data of sa tu ra ted vapor . The mixing 

r u l e s used w e r e ; 

b = E Y j b . ( 2 . 4 . 2 v ) 

n t . R T . 
bi ci 

i = P (2 .4 . 2w) 
ci 

a = S S y- y. a.. (2. 4 . 2 x ) 
1 j J J 

2 2. 5 
0 a . R T • 

a.. = — a ^ 5 ~ ( 2 . 4 . 2 y ) 
P c i 

2 2 5 
(Q . + Q .) R T .. ' 

a = _ a i aj c i L _ _ ( 2 . 4 . 2 z ) 
1J • 2 P .. 

c i j 

Z • • R T •• ,-> A -> V 

p ci.i ci.i ( 2 . 4 . 2 aa) 
cij V .. 

J c i j 

' = 3̂  .' V . ' + V . ' ) 
CJ CIJ 2 ' C l CJ 

(2 .4 . 2bb) 

Z .. = 0 . 2 9 1 - 0 . 0 8 ( — ~ L ) (2.4. 2 cc) 
c i j 2 

T .. = (T .. T ..) (1 - k ..) ( 2 . 4 . 2 dd) 
CIJ C l l CJJ IJ 

The pa ra rne te r k r e p r e s e n t s the deviation from the geomet r ic mean 
i j 

for T . . It i s a constant c h a r a c t e r i s t i c of the i-j in te rac t ion . To 
cij 

a good approximat ion k.. i s independent of t e m p e r a t u r e , densi ty or 

composi t ion , and i s e s t ima ted from expe r imen ta l b ina ry data . 
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The Redlich-Kwong equation was used again, for the evaluation 

of the p a r t i a l m o l a r volume, which was used for the calculat ion of 

p r e s s u r e dependence of the act ivi ty coefficients . The mixing ru le 

for V .. w a s ; 
c i j 

v •• = h ( v • + v •) (2 .4 . 2 ee) 
VC1J 2 V C 1 CJ 

F o r a solvent component , the s t a n d a r d - s t a t e fugacity was 

taken to be the pure liquid fugacity at ze ro p r e s s u r e . F o r a solute 

component , the s t anda rd - s t a t e fugacity was H e n r y ' s constant in the 

mixed solvent , c o r r r e c t e d to zero p r e s s u r e . 

To pred ic t mult icomponent vapor- l iqu id equi l ibr ia f rom the 

de te rmined b inary cons tan t s , the following re la t ions were used. 

~ V ~L 
f. = f. (2 .4 . 2 ff) 
1 1 . 

where f . = Cp . y. P (2 .4 . 2 gg) 

L (P ) o <P ) 
f . = v . r x. f ° r exp [ ( P - P r ) v

i L / ( R T ) ] 

(2 .4 . 2hh) 

This method genera l ly gives r a t h e r good r e s u l t s in sys t ems 

containing non-pola r components . But an e m p i r i c a l re la t ion like the 

van L a a r ' s mode l cannot r e p r e s e n t the act ivi ty coefficient of the 

heav i e r component re l iab ly even for non-pola r subs tances because it 

i s d i rec t ly evaluated from the vapor- l iquid equi l ib r ium composi t ions . 

The equi l ib r ium vapor composi t ion of the heav ie r component i s 

sma l l at low t e m p e r a t u r e s , and the re fo re i s subject to much g r e a t e r 

expe r imen ta l e r r o r . There fo re the act ivi ty coefficient evaluated based 

on th i s vapor composi t ion is bound to be e r r o n e o u s . 
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(74) 

The Redlich-Kwong equation of state was used to evaluate 

fugacity coefficients of a component, both in the liquid and the vapor 
(71^ i 5ft^ IT\\ 

phases. The approach of Wilson and Chueh and Prausnitz 

were modified. The modified approach evaluated both Q and o, 
a b 

from experimental data. It was intended to evaluate Q and Q 

separately for the saturated liquid phase and the saturated vapor phase. 

But it was found that negative values would result for the vapor phase. 

Therefore the values of Q and Q were established from the saturated 

cL D 

liquid properties. In the establishment of Q , Q values, the 
a (75) 

generalized correlation of Lyckman, Eckert and Prausnitz for 
fugacity coefficients was employed; 

log cp = (logcp) ( 0 ) + w d o g cp) ( 1 ) (2.4. 2 ii) 

where, (log cp) and (log cp) are functions of the reduced 

temperature, tabulated by Lyckman, Eckert and Prausnitz. Most 

of the combining rules were retained, except that for the interaction 

constant, a.. . From experimental vapor-liquid equilibrium 

data, the following relation was used.; 

a.. = (1 - C.) (a. a.) ° ' 5 (2.4.2JJ) 
ij iJ i J 

The constant C represents the deviation from the standard Redlich-
ij 

Kwone combining rules for a... It was assumed that C.. was 
6 to i j i j 

independent of the temperature, pressure, and composition of the system. 

The drawback of this method is that the fundamental condition, 

, s L 
cp ± = ep i 

" would not be satisfied. To avoid this, a method was 
In L\ 

proposed by Joffe, Schroeder and Zudkevitch . This method was 
, (132) _ _, J T (77) 

similar to that proposed by Lu et al. , and Chang and Lu 
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in the ca lcula t ion of pa r t i a l m o l a r volumes of liquid m i x t u r e s . In 
~ V ~ L 

th is method, the condition of cp . = cp . i s imposed on the v a p o r -

liquid equi l ib r ium. With the der ived working equation; 

n = o, 
a b 

In [ (Vv - b ) / ( V L - b ) ] - P (V v - V L ) / R T 

( T c / T ) 3 / 2 l n [ V L ( V L + b ) / V L (Vv + b)] 

(2 .4 . 2 kk) 

a s imul taneous solution with the Redl ich-Kwong equation would yield 

the va lues of Q and Q at t e m p e r a t u r e s below the c r i t i c a l point. 
cL D 

But Equat ion (2. 4. 2 kk) becomes inde te rmina te at the c r i t i c a l point, 
(74) 

and t he r e fo re the previous method has to be used at that condition. 

Of c o u r s e , at condit ions above the c r i t i c a l point, the t e m p e r a t u r e 

dependence of the Q and o values w e r e not taken c a r e of. 
a D 

(112) (17) 
METHODS OF LU ET AL. , v ; CHANG AND LU v , AND HSI 
AND LU (78) 

The Redlich-Kwong equation of s ta te with a modified p rocedu re 

was used to p red ic t liquid pa r t i a l mo la r vo lumes . The p a r a m e t e r s 

Q and Q w e r e t r e a t e d as t empe ra tu r e -dependen t . Values of t h e s e 

p a r a m e t e r s w e r e evaluated as a function of t e m p e r a t u r e by us ing 

vapor p r e s s u r e s and sa tura ted liquid dens i t ies of the pure components . 

It was shown that th i s modification did give a cons iderab le improvemen t 

for the r e p r e s e n t a t i o n of the behavior of pure liquids at high p r e s s u r e s . 

P a r t i a l m o l a r volumes of six b inary sy s t ems me thane -e thane , 

m e t h a n e - p r o p a n e , e thane-propane , n i t rogen-oxygen, n i t rogen -a rgon 

and a rgon-oxygen were studied and sa t i s fac tory r e s u l t s w e r e obtained. 

The dif ferences between the calcula ted and exper imen ta l V. values 

a r e genera l ly l e s s than 0. 2%. The succes s in the vo lumet r i c p r o p e r t i e s 
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of n o r m a l fluid m i x t u r e s by employing the modified Redlich-Kwong 

equation of s ta te in i t ia tes some further appl icat ions for the predic t ion 

of other t he rmodynamic p r o p e r t i e s such as vapor- l iqu id equi l ib r ium 

or excess the rmodynamic p r o p e r t i e s of mixing, e tc . 

(78) 
Hsi and Lu fur ther modified this p r o c e d u r e , by evaluating 

the Q , o p a r a m e t e r s as a function of t e m p e r a t u r e in the s u p e r c r i t i c a l 

s ta te . The values of Q and Q for a s u p e r c r i t i c a l component w e r e 

evaluated by means of exist ing p rope r t i e s of b inary m i x t u r e s . It 

was a s sumed that t hese values were unique for the component concerned . 

T h e r e f o r e , the Q and Q values of a supe rc r i t i c a l component A 
a b 

obtained from the p r o p e r t i e s of the A-B binary could be used for 

pred ic t ing p r o p e r t i e s for the A - C , A-D etc . . . p a i r s . The solubility 

of methane in n -hexane , cyclohexane, benzene and carbon t e t r a c h l o r i d e 

w e r e p red ic ted and w e r e found in sa t i s fac tory ag reemen t with 
(79) 

expe r imen ta l data of Lannung and Gjaldback . Total p r e s s u r e s and 

vapor composi t ions were a l so predic ted for the sy s t ems m e t h a n e - n -

pentane , me thane -n -hexane , methane -n -hep tane , m e t h a n e - e t h a n e -

propane and m e t h a n e - p r o p a n e - n - p e n t a n e , and were found in 

sa t i s fac to ry a g r e e m e n t with avai lable data in the l i t e r a t u r e . 

MODIFICATION OF THE REDLICH-KWONG EQUATION OF STATE BY 

SOAVE 

Soave proposed a modification of the Redlich-Kwong equation 

of s ta te by replac ing the constant a by a m o r e genera l t e m p e r a t u r e 

dependent t e rm , a(T) , such that 

a. (T) = a., a. (T) (2.4.211) 
l l i I 

w h e r e a (T) i s an ad imens iona l factor which b e c o m e s unity at T = T .. 
1 ' 0 5 0 5 C 1 

It w a s found that in a plot of a. vs T . , s t ra ight l ines w e r e obtained. 



- 3 2 -

Hence the following re la t ionsh ip was proposed for the evaluation of a. 

for pure s u b s t a n c e s ; 

0. 5 0 5 
a. = 1 + m. (1 + T . ' ) (2. 4. 2 m m ) 

I i n 

m. = 0. 480 + 1. 574 m. - 0.176 uu . 2 ( 2 . 4 . 2 nn) 
i i i 

w h e r e yy . was the acen t r i c factor of the subs tance . It was a l so c l a imed 

that th i s modif icat ion produced good r e s u l t s for the me thane -n -bu tane 

m i x t u r e up to the c r i t i ca l region. However it was found that the computed 

vapor p r e s s u r e s showed slightly S-shape deviations and that g r e a t e r 

deviat ions w e r e found for m ix tu r e s containing hydrogen. 

2. 5 CALCULATION OF CRITICAL LOCUS 

The theory of c r i t i c a l s tate of m ix tu r e s was wel l es tab l i shed by 

the work of Gibbs in 1928. Since that t ime only l imi ted a t t empt s 

have been made to obtain quantitative predic t ions of the c r i t i c a l s ta te 

f rom the r i go rous thermodynamic re la t ions that define the c r i t i c a l 

s ta te of m i x t u r e s . E m p i r i c a l co r re l a t ions for e i ther the c r i t i c a l 

t e m p e r a t u r e or t he c r i t i c a l p r e s s u r e of m ix tu r e s w e r e applied to 

m i x t u r e s usual ly r e s t r i c t e d to paraffins or light hydroca rbons . Recent ly , 

efforts have been made to use an equation of s tate for the predic t ion 

of c r i t i c a l locus . A few co r re l a t i on and predic t ion methods wil l be 

d i scussed h e r e . 

2 . 5 . 1 THE METHOD OF CONVERGENCE PRESSURE 

As d i s cus sed in Section (2. 2. 1), the method of convergence 

p r e s s u r e s e r v e s as a co r r e l a t i on method of calculat ing c r i t i c a l 

p r o p e r t i e s for b ina ry m i x t u r e s and mul t icomponent m i x t u r e s 
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2 . 5 . 2 C O R R E L A T I O N O F M A Y F I E L D ( 8 0 ) 

T h e a d d i t i v e l aw w a s a d o p t e d by Mayf i e ld to c o r r e l a t e c r i t i c a l 

t e m p e r a t u r e and p r e s s u r e of a b i n a r y m i x t u r e . H e found t h a t t h e T 
c 

of a b i n a r y m i x t u r e cou ld b e qu i te w e l l p r e d i c t e d f r o m t h e p u r e c o m p o n e n t 

p r o p e r t i e s if T w a s e x p r e s s e d in t e r m s of v o l u m e f r a c t i o n s . T h e 

w o r k i n g e q u a t i o n w a s ; 

%L „, %H . , r „ . 
TCM " TCL {^)+TCH{-m) ( 2 - 5 - 2 a ) 

F o r t h e c o r r e l a t i o n of P , h e p r o p o s e d a r e l a t i o n , w h i c h i s : 

P C D = P C M " P CH " ^ 5 " ( P C L " P CH> <2- 5 - 2 b > 

w h e r e P _ ~ w a s t h e d e v i a t i o n of t h e c r i t i c a l p r e s s u r e f r o m t h e v a l u e s 

C D 

of t h e a d d i t i v e law. It w a s found t h a t a l l t h e s e d e v i a t i o n s p a s s e d t h r o u g h 

a m a x i m u m v a l u e wh ich fe l l n e a r t h e poin t of 50% v o l u m e f r a c t i o n . 

A c o m m o n p lo t w a s e s t a b l i s h e d for P ^ ^ / P ^ , ^ b a s e d on t h e 
r C D ' CD m a x . 

h y d r o c a r b o n d a t a . T h e a u t h o r w a s a w a r e of s o m e l i m i t a t i o n s of t h i s 

c o r r e l a t i o n , t h a t t h e m e t h o d w a s a p p l i c a b l e to b i n a r y p a r a f f i n h y d r o c a r b o n 

s y s t e m s , a n d t h a t t h e m e t h o d for P w a s no t r e c o m m e n d e d for 

b r a n c h e d p a r a f f i n s , o l e f ins o r c y c l i c c o m p o u n d s . 

2 . 5. 3 C O R R E L A T I O N O F GRIEVES A N D THODOS ( 8 1 ) F O R P A N D 
O 

p O F M I X T U R E S 

G r i e v e s and T h o d o s found t h a t t h e r e l a t i o n s h i p of t h e c r i t i c a l 

p r e s s u r e of t h e m i x t u r e t o t h a t of i t s p u r e c o m p o n e n t s cou ld b e 

d e s c r i b e d by t h e r e l a t i o n s h i p of t h e v a p o r p r e s s u r e b e h a v i o r of t h e 

m i x t u r e c o m p a r e d w i th t h a t of i t s p u r e c o m p o n e n t s . It w a s a l s o 

found t h a t t h e s a m e cou ld b e a p p l i e d t o t h e c r i t i c a l d e n s i t y . P l o t s 



- 3 4 -

i i t 
of P / P and p _ / p _ agains t T / T , w e r e cons t ruc ted at cons tant 

t - » l - > C C D o 
composi t ions for b ina ry s y s t e m s . The two ra t ios P „ / P ~ and 

, C C 

p _ / p _ a r e r a t i o s of ac tual c r i t i c a l p r e s s u r e to p seudoc r i t i c a l 

p r e s s u r e (molar ave rage ) , and ac tua l c r i t i c a l densi ty to the r e c i p r o c a l 

of the m o l a r a v e r a g e of the c r i t i c a l m o l a r volumes of the pure components . 
i 

The d imens ion le s s p a r a m e t e r T , / T , was chosen to r e p r e s e n t the 
b ' b ( 

differences in the p r o p e r t i e s of the components . T , was the m o l a r 

ave rage of the n o r m a l boiling points of the two components , and T, 

was the boiling point of the m i x t u r e at a tmosphe r i c p r e s s u r e ca lcu la ted 

f rom the following equation by a t r i a l - a n d - e r r o r p r o c e d u r e ; 

xr = 14. 7 = P x + P 2 x 2 (2. 5. 3 a) 

The c o r r e l a t i o n was mainly der ived for hydrocarbon m i x t u r e s , and 

different c h a r t s w e r e es tabl i shed for "non -me thane s y s t e m s " and for 

" m e t h a n e s y s t e m s " . This method was a l so applicable to mul t icomponent 

s y s t e m s . Fo r example , for a qua ternay sys t em, the two heav ie s t 

component was f i r s t cons ide red ; then the p rope r ty of the m i x t u r e 

was combinedwith a th i rd component to fo rm a b inary m i x t u r e , and 

so on unt i l the l a s t component was cons idered . The expected e r r o r 

was c l a imed to be 2%. 

(82) 
2. 5. 4 METHOD OF HISSONG AND KAY v ' 

In 1970, His song and Kay used the Redlich-Kwong equation of 

s ta te for the pred ic t ion of T and P for b ina ry m i x t u r e s , and used 
O c 

D ie t e r i c i equation for V This method put i t s a t tent ion in the evaluat ion 
C 

of the in t e rac t ion p a r a m e t e r s a and b . a and b w e r e evaluated 

by an opt imiza t ion technique f rom expe r imen ta l c r i t i c a l p rope r ty data . 

Compar ing the r e s u l t s of using t he se a and b with the r e s u l t s f rom 

a and b _ ca lcu la ted by combining r u l e s f rom the va lues of a and b 
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for the pure components , t h i s method yielded be t t e r r e s u l t s . Twenty-one 

b ina ry s y s t e m s composed of m i x t u r e s of paraffinic, naphthenic and 

a r o m a t i c h y d r o c a r b o n s have been t es ted . A co r r e l a t i on c u r v e for 

r educed in t e rac t ion p a r a m e t e r s a and one for b w e r e p re sen t ed . 

But in th i s method, exper imen ta l c r i t i c a l daba a r e needed for the 

evaluat ion of the in te rac t ion p a r a m e t e r s and hence it is cons ide red 

a s a method of co r r e l a t i on . 

2. 5; 5 THE METHOD OF PAK AND KAY ( 8 3^ 

P a k and Kay calcula ted c r i t i c a l p rope r t i e s of b ina ry hydroca rbon 

m i x t u r e s in two different ways . The Redlich-Kwong equation of 

s ta te and the Redl ich-Ngo equation of s ta te w e r e used sepa ra t e ly , 
I Q?) 

and r e s u l t s w e r e compared . The approach of Hissong and Kay 

was adopted. In te rac t ion p a r a m e t e r s a and b w e r e evaluated 

by b e s t fit f rom exper imen ta l data of c r i t i c a l p r o p e r t i e s . In th is 

app roach , the bes t fit for a and b is based on P c and T c values 

of the m i x t u r e . A weighing factor a was used when the min imiz ing 

factor F was ca lcula ted according to the equation 

F = P D + Q T D ( 2 . 5 . 5 a) 

w h e r e P and T a r e the differences of the calcula ted and expe r imen ta l 

P and T va lues . 
C C 

If e x p e r i m e n t a l data of T and P w e r e not avai lable . P a k 

and Kay p r e sen t ed a c o r r e l a t i o n method to evaluate the in t e rac t ion 

p a r a m e t e r s a and b In that co r r e l a t i on , the s ize , s t r u c t u r e and 

c h e m i c a l na tu re of the components w e r e a l so cons idered . The c o r r e l a t i o n s 

a r e l i s ted below: 
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Wi th t h e R e d l i c h - K w o n g E q u a t i o n , t h e c o r r e l a t i o n s for 34 a l i p h a t i c s y s t e m s 

a r e ; 

a* = 1.024862 - 0 . 323559 V_ + 0 .019509 M_V_ + 0. 314712 Z D 

( 2 . 5 . 5 b ) 

b V = 0. 650971 + 0. 373944 P ( 2 . 5 . 5 c ) 

W i t h t h e R e d l i c h - K w o n g E q u a t i o n , t h e c o r r e l a t i o n s for 30 c y c l i c 

s y s t e m s a r e ; 

a* - 1.270310 - 0 .045239 M _ V _ - 0 .214428 T_ ( 2 . 5 . 5 d) 
1Z XV X\. x\. 

b V , _ = 0 .981005 - 0. 051121 M ^ V ^ + 0 .079274 V„ - 0. 0141091 W _ 
12 R R is. xv. 

( 2 . 5 . 5 e ) 

Wi th t h e R e d l i c h - N g o E q u a t i o n , t h e c o r r e l a t i o n s for 24 a l i p h a t i c 

s y s t e m s a r e ; 

a " = 1.060929 - 0 . 4 0 5 4 9 0 M_ - 0 .366815 T_ ( 2 . 5 . 5 f) 
12 K K 

b " = 0 . 0 9 2 4 8 0 + 0 .720709 P _ + 0 . 7 6 2 8 0 0 Z n - 0 .045713 V _ 2 

12 R R R 

( 2 . 5 . 5 g ) 

W i t h t h e R e d l i c h - N g o E q u a t i o n , t h e c o r r e l a t i o n s for 20 c y c l i c s y s t e m s 

a r e ; 
a * = 0.27116 + 0. 0399 51 M 2 - 1.047819 T B _ 2 + 0. 002928 UU 2 

12 is. s\ is. 

( 2 . 5 . 5h ) 

0 . 4 7 2 0 0 0 T ^ + 2 . 4 3 2 3 4 4 T B - 0 .170396 V_ 
R R 

b * = 0. 861850 - 0. 106540 M _ 2 - 0. 033744 M_ V + 0. 2279552 Z _ 
12 R R R R 

(2. 5. 5 i ) 
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M is the m o l e c u l a r weight r a t i o , m / m m ^ m 

T „ i s the c r i t i c a l t e m p e r a t u r e r a t i o , T , / T _ , 
R c l c2 

V_ is the c r i t i c a l volume r a t i o , V , / V _,, 
•K c l ' c 2 

Z i s the c r i t i c a l compress ib i l i t y r a t i o , Z / Z , 
R c 1 c 2 

tu i s the acen t r i c factor r a t i o , oi ,/w _ , 

and TB i s the n o r m a l boiling point r a t i o , TB / T B . 
R 1 2 

2. 5. 6 METHOD OF LIMITING SLOPES BY REDLICH AND KISTER 
(84) 

In 1962, Redlich and Kis te r der ived two exp re s s ions f rom the 

condition of a c r i t i c a l point for a b ina ry m i x t u r e . The der iva t ion was 

the rmodynamica l ly r i g o r o u s , and the equation were exp res sed in 

t e r m s of vo lumet r i c data. 
3 P \ J . . / o P \ / I J V \ R T 

J ^ v ^ v . T ^ ; v , T ^ l I oYj v , T U 7 1 V , T u ' l ' y , T Y i y 2 

( 2 . 5 . 6a) 

00 3 y l v , T B y l v,T 1 P , T 

P . T 

RT (y - y ) 
1 Z ( 2 . 5 . 6 b ) 

( yx y 2 ) 2 

F r o m t h e s e equat ions , it can be shown that the l imi t ing slopes of the 

T and P cu rves a r e r e p r e s e n t e d by 
C C 
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/ d T N , 1 V , ! 1 1 

UYl] C ( S
2 P / B T S v ) . y 

( 2 . 5 . 6 c ) 

iUU =(±?-) +(•*%-) f^-) (2.5.6d) 
( d y i C ^ y l ' v . T \ 5 T ) VfY{ d y ) c 

Hence in te rpola t ion of the c r i t i c a l t e m p e r a t u r e and p r e s s u r e between 

the c r i t i c a l points of the pure components can be pe r fo rmed based on 

these two equat ions . The l imit ing s lopes a t the c r i t i c a l points of the 

pure components for c r i t i c a l t e m p e r a t u r e and p r e s s u r e a r e given by: 

p l 

p 2 

h 

h 

= lim 

= lim 

= lim 

= lim 
y 1 = 0 

( d "1 ) C 

^ P ) 

( d "i ^c 

( d y i ) c 

( 2 . 5 . 6 e) 

( 2 . 5 . 6 f) 

( 2 . 5 . 6 g) 

(2. 5. 6h) 

And t h e s e va lues can be obtained from Equat ions (2. 5. 6 c) and (2. 5. 6d) . 

An i n t e rpo l a t i on function for c r i t i c a l p r e s s u r e was proposed 

a s the following: 

( P C 1 - P C 2 - P2> ( P C 1 - P C 2 - Pl> y i y 2 
P r = y, P C 1 + y 2

 p c 2 = 

U 1 Ox L K^C _ p ) y _ ( p _ p - p ) V 
1 Cl - C2 *V y l K Cl C2 p r y2 

(2 .5 .61 ) 
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The same function was applied for c r i t i c a l t e m p e r a t u r e in te rpola t ion , 

with the p r e s s u r e t e r m s rep laced by t e m p e r a t u r e t e r m s . 

An equation of s ta te was needed for the evaluat ion of the 

n e c e s s a r y t e r m s , and the Redl ich-Kwong equation of s ta te was used. 

The combining r u l e s used w e r e ; 

. ° - S . 0 . 6 S « . « T l T c l > - " / P c l
0 - S

+ T 2 T < a
, - " / P « 0 - 5 ) 

(2. 5. 6j) 

b = 0-0867 R (yx T C 1 / P C 1 + y 2 T C 2 / P c 2 ) ( 2 . 5 . 6 k ) 

The c r i t i c a l vo lumes of the pure components w e r e given by: 

V_ , = b . / 0.260 (2 .5 .61) 

V C 2 = b
2 / 0 - 2 6 0 ( 2 . 5 . 6 m ) 

The method was demons t r a t ed for the sy s t ems containing paraff ins . 

2. 5. 7 THE METHOD OF SPEAR, ROBINSON AND CHAO ( 8 5 ) 

The Redlich-Kwong equat ion of s ta te -was used to ca lcu la te 

c r i t i c a l p r o p e r t i e s . The following combining ru l e s w e r e used; 

a = a n x x
2 + 2 a1 2 ^ ^ + b ^ x ^ ( 2 . 5 . 7 a) 

b = b l l V 2 b l Z X l X 2 + b Z 2 X Z 2 ( 2 . 5 . 7 b) 

The in te rac t ion p a r a m e t e r s a and b w e r e r e l a t ed to the pu re 

component p r o p e r t i e s by the r e l a t i o n s : 

a i 2 = 8 a H a 2 2 ( 2 . 5 . 7 c) 



- 4 0 -

>12 • <i>f\7 b 2 2 ( 2 . 5 . 7 d) 

w h e r e Q and (j) were t r e a t e d as e m p i r i c a l p a r a m e t e r s . E m p i r i c a l 

adjus tment was made on gwith the intention to improve the calcula t ion 

of c r i t i c a l p r e s s u r e . It was found that with the ad jus tment , an 

ave rage e r r o r for c r i t i c a l p r e s s u r e was 5. 3%, among the 3 8 b ina ry 

s y s t e m s inves t iga ted , in which the following m i x t u r e s w e r e included; 

paraff in-paraff in , paraffin-non paraffin hyd roca rbon , hydroca rbon-non 

hydroca rbon and nonhydrocarbon-non hydroca rbon m i x t u r e s . 

Cer ta in ly improvemen t was obtained when compared with 0 = 1 
(t>l + b 2 ) 

and (p = —, , which was the case as Redlich-Kwong or iginal ly 
2JV^ 

adopted when they t r e a t e d a as a geometr ic ave rage and b as an 

a r i t hme t i c ave rage of the pure p a r a m e t e r s . 

2. 5. 8 METHOD OF CHUEH AND PRAUSNITZ ( 8 6 ) 

A c o r r e l a t i o n was proposed to e x p r e s s c r i t i c a l t e m p e r a t u r e 

of a m i x t u r e a s a quadra t ic function of the sur face fract ion Q defined 

b y ; 
x V 2 / 3 

9 i - ' » °* 2 / 3 ( 2 . 5 . 8 a ) 
E x . V c . 

F o r a b ina ry m i x t u r e , 

T C = e i T C l + 9 2 T C 2 + 2 e i e 2 T 1 2 ( 2 ' 5 - 8 b ) 

w h e r e T was a p a r a m e t e r c h a r a c t e r i s t i c of the 1-2 in te rac t ion . 
l u 

A s i m i l a r express ion was used for the c o r r e l a t i o n of c r i t i c a l 

vo lume. 

V C = 8 V C 1 + 9 2 V C 2 + 2 8 1 9 2 V !2 ' 2 ' 5 - 8 < : » 
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As for the c r i t i c a l p r e s s u r e , the c o r r e l a t i o n s of c r i t i c a l 

t e m p e r a t u r e and c r i t i c a l volume w e r e coupled with the Redl ich-Kwong 

equation of s ta te with modif icat ions . 

The combining r u l e s (2 .4 . 2 v) , ( 2 . 4 . 2 w) , (2. 4. 2 x) (2. 4. 2y) 

and (2. 4. 2 dd) w e r e used. A l so , the following combining ru le was 

u r e d ; 

i ( 0 . + n - )RT 1's ( v . + v ) 
a =

 4 a i a-1 C l 1 Ci C,i 
ij 0.291 - 0. 04 (w . + w .) l ' 

1 J 
In t he se e x p r e s s i o n s , the following re la t ionsh ips w e r e u sed ; 

n . = 0. 0867 - 0.0125 UJ. + 0.011 UJ*2 (2. 5. 8 e) 
bi i 1 

R T P ^ - Yr- <v<~- + b - ) 
" • = ( T T — % - * V - ) 7 ^ ( 2 . 5 . 8 f ) 

a i ^ VCi " b i C l ^ ( R T C . ) 2 

w h e r e (jy . i s the acen t r i c factor of the pure components . 

2 . 5 . 9 METHOD OF J O F F E AND ZUDKEVITCH ^ 8 7 ) 

The r igo rous ly der ived express ions of Redl ich and Kis t e r 

for the exis tence of the c r i t i c a l s ta te of a b ina ry m i x t u r e was adopted. 

Ins tead of using the l imit ing slopes ca lcula t ion, Joffe and Zudkevitch 

proposed a prediction method by solving s imul taneous ly those two 

exp re s s ions with an equation of s ta te ,yie lding the va lues of T , V 
C C 

and P of a b ina ry m i x t u r e . The Redlich-Kwong equation was used , 
C 

and the combining ru l e s (2. 5. 7 a) and (2. 5. 7b) w e r e used. 

The in te rac t ion p a r a m e t e r s a and b w e r e evaluated f rom 

the following p r o c e d u r e s : 
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(1) T h e p s e u d o c r i t i c a l t e m p e r a t u r e and p r e s s u r e v a l u e s of P i t z e r 

J TT , (88) 
and H u l t g r e n w e r e u s e d t o e v a l u a t e T a n d P _ 1 9 b y ; 

T 2 .5 , „ _ „ „ .. _. „ 2 .5 
n / P ~ = E E y. y . T _ . . * / P _ . . ( 2 . 5 . 9 a ) 
C m ' C m . . 7 i j C i j ' Ci j 

E E y . y . Y _ . . / P _ . . 
i j - J C i j / C i j 

T C m / P C m = E 2 y , y . Y _ / P _ ( 2 . 5 . 9 b) 

(2) T h e e v a l u a t e d v a l u e s of T and P w e r e u s e d t o e s t a b l i s h 

a i 2 a n d b12 b y 

a . . = 0 . 4 2 7 8 R 2 T . . 2 , 5 / P ^ - . ( 2 . 5 . 9 c) 
ij Ci j ' C i j 

b . . = 0. 0867 R T _ . . / P _ . . ( 2 . 4 . 9 d) 
i j C i j ' Ci j 

T h e c r i t i c a l l o c i for t h e s y s t e m s c a r b o n d i o x i d e - n - b u t a n e , 

and c a r b o n d i o x i d e - e t h a n e w e r e s t u d i e d . I m p r o v e m e n t w a s a c h i e v e d 

c o m p a r i n g w i th t h e r e s u l t s o b t a i n e d b y t h e l i m i t i n g s l o p e s m e t h o d 

of R e d l i c h and K i s t e r 

A s h o r t - c u t m e t h o d w a s a l s o u s e d t o c a l c u l a t e c r i t i c a l l oc i 

of b i n a r y s y s t e m s a s w e l l a s m u l t i c o m p o n e n t s y s t e m s . T h i s s h o r t - c u t 

m e t h o d w a s a m o d i f i c a t i o n of t h e l i m i t i n g s l o p e s m e t h o d of R e d l i c h 

a n d K i s t e r . T h e y a d o p t e d t h e r e l a t i o n of S u t t o n for t h e c o r r e l a t i o n 

of P c a n d T c 

P C = PC1 A + PC2 ^ 2 + yl V C A + B ( y l " y 2 } + C ( y l ~ y 2 ) 2 ] 

( 2 . 5 . 9 e ) 

T C = T C 1 ^ + TC2 y \ + yi Vt ° + E ( y l " y2> + F ( y l " y 2 ) 2 l 

( 2 . 5 . 9 f ) 
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F r o m t h e s e e x p r e s s i o n s , it followed tha t , 

d P 
("dT) = ^ c i - V t A + B + C] (2.5.9g) 

1 y, = 1 y l 

d P 
( T y J „ = - 2 * c 2 + V [ A - B + C] 

1 v , = U 
( 2 . 5 . 9 h ) 

Given one r e l i ab l e value of the c r i t i c a l p r e s s u r e at one composi t ion 

and the values of the t e r m i n a l s lopes , the equations (2. 5. 9 e) (2. 5. 9 g) 

and (2. 5. 9 h) w e r e solved s imul taneously for the t h r e e constants A, 

B and C. Hence the c r i t i c a l p r e s s u r e s for the whole composi t ion 

range could be evaluated from th is set of cons tan ts A, B and C. The 

s ame could be done for c r i t i c a l t e m p e r a t u r e s by evaluating D, E and 

F . 

'90) 
In 1969, Zudkevitch et al used another modification 

of Redl ich-Kwong equation of s ta te for the ca lcula t ion of c r i t i c a l 

locus . In th is p r o c e d u r e , the p a r a m e t e r s Q, and o w e r e cons idered 
a D 

as t e m p e r a t u r e - d e p e n d e n t p a r a m e t e r s , and w e r e evaluated with 

sa tu ra ted liquid densi ty data of pure components . The combining 

r u l e s used w e r e ; 
a = 2 2 x. x. a.. (2. 4. 2x) 

b = E X . b. (2. 4. 2v) 
1 1 

w h e r e a . . = ( l - C . ) j a. a. ( 2 . 4 . 2 jj) 
U i j J * J 

The p a r a m e t e r C.. was evaluated by bes t fitting of vapo r -

liquid equi l ib r ium data. 
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This modif icat ion h a s achieved i m p r o v e m e n t on the ca lcula t ion 

of c r i t i c a l loci of b ina ry m i x t u r e s . However , at t e m p e r a t u r e s above 

the c r i t i c a l t e m p e r a t u r e of a pure component the c r i t i c a l values of 

Q and n a r e used . In the ca lcula t ion of c r i t i c a l locus of a b ina ry 
a D 

m i x t u r e , m o s t of the t ime it occurs that the locus goes in between the 

two c r i t i c a l t e m p e r a t u r e s of the pure componen ts . Thus the c r i t i c a l 

t e m p e r a t u r e of a m i x t u r e is often h igher than the c r i t i c a l t e m p e r a t u r e 

of one of the p u r e components . If the c r i t i c a l values of n and Q 
a o 

a r e u sed a l l the t ime for th is component , the idea of t e m p e r a t u r e -

dependence of the Cl » ft, va lues i s sacr i f iced pa r t i a l ly . If the p r a c t i c e 
a D 

of cons ider ing Q and Q a s t e m p e r a t u r e - d e p e n d e n t i s successfu l , 
it would be logica l to cons ider that be t t e r r e s u l t s could be obtained 
if Q and Q a r e a l so cons ide red t e m p e r a t u r e - d e p e n d e n t at t e m p e r a t u r e s 

a t> 

above the c r i t i c a l va lues . This modif icat ion h a s been adopted in th i s 

r e s e a r c h and wi l l be d i scussed l a t e r in Chapte r F o u r . 
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CHAPTER 3 

EXPERIMENTAL INVESTIGATION OF PHASE BEHAVIOR OF 

SYSTEMS CONTAINING NITROGEN , METHANE, 

ETHANE AND PROPANE 

The phase behavior of m i x t u r e s containing n i t rogen and p ropane 

h a s been r e p o r t e d only pa r t i a l ly ; and it is de s i r ab l e to inves t iga te 

exper imenta l ly , as has been d i scussed in Chapter 1. A p r e l i m i n a r y 

study about the liquid phase invers ion , the p a r t i a l misc ib i l i t y , the 

vapor - l iqu id equi l ibr ium, and the c r i t i c a l reg ion of these m i x t u r e s 

h a s been m a d e , and a scheme has been designed to inves t iga te 

exper imenta l ly the vapor- l iqu id equi l ib r ium, and pa r t i a l misc ib i l i ty 

of the liquid phase for the b inary and t e r n a r y sy s t ems containing 

n i t rogen , methane and propane , at 114. 05, 118.32 and 122. 24 K. Liquid 

phase inve r s ions of the sys t ems n i t rogen-e thane and n i t r o g e n - m e t h a n e -

ethane occur at lower t e m p e r a t u r e s and has been exper imenta l ly 

inves t iga ted sepa ra te ly . According to the s cheme , the c r i t i c a l loci 

of t h e s e m i x t u r e s a r e to be invest igated through the study of 

pred ic t ion me thods . The detai ls of the expe r imen ta l invest igat ion 

wi l l be d i s cus sed in the following sec t ions . 

3. 1 APPARATUS 

A fo rced - r ec i r cu l a t i on type appa ra tu s was used in th i s 

inves t iga t ion . The vapor phase was r e c i r c u l a t e d past a c losed loop 

and through the liquid phase until the two phases reached equi l ib r ium. 

The whole appa ra tu s included the feeding s y s t e m , the equ i l ib r ium 

ce l l , the r e c i r c u l a t i o n loop, the sampling sys t em, the ana lys i s 

a p p a r a t u s , the c ryos t a t , the t e m p e r a t u r e and p r e s s u r e m e a s u r e m e n t 

d e v i c e s , and the t e m p e r a t u r e - c o n t r o l l i n g sy s t em. The expe r imen ta l 

appa ra tu s i s shown in F igure (3 .1a ) , and a schemat ic flow d i a g r a m 

i s shown in F igu re (3. l b ) . 
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F i g u r e 3.1a The E x p e r i m e n t a l A p p a r a t u s 
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THE FEEDING DEVICE 

Two vacuum pumps w e r e connected to the m a i n feeding l ine . 

A ca l ib ra t ed p r e s s u r e gage, t h r e e tanks of pu re g a s e s , and t h r e e 

empty mix ing- tanks w e r e a l so para l le l ly connected. One of the 

vacuum pump was a Welch " d u a l - s e a l " vacuum pump for lower 

vacuum, and the other was another Welch " d u a l - s e a l " pump 

equipped with a diffusion pump, for high vacuum. The t h r e e tanks 

of pure gases w e r e equipped with individual p r e s s u r e r e g u l a t o r s . 

The t h r e e mix ing - t anks , one of 2 - l i t r e and two of 300 -ml capaci ty , 

w e r e used for the p repa ra t ion of the feeding gas m i x t u r e s . 

THE EQUILIBRIUM C E L L 

The equi l ib r ium ce l l was m a d e of a 100-ml Jergus-on t r a n s p a r e n t 

gauge. The body was made of s ta in less s tee l , and was able to 

stand a p r e s s u r e of 3000 psia at 100°F. It was t e s t ed that it could 

stand b e t t e r than 1000 psia at cryogenic t e m p e r a t u r e s . I ts v is ible 

g l a s se s w e r e both 6 -^ inches long and i i n c h wide. All fittings 

w e r e m a d e of s t a in less s tee l and w e r e t e s t ed to be able to stand 

p r e s s u r e s g r e a t e r than 1000 ps ia . The deta i l s of the equi l ib r ium ce l l 

a r e shown in F i g u r e (3 .2) , and a schemat ic d i a g r a m of the equ i l ib r ium 

cel l and the c ryos t a t i s shown in F i g u r e (3 .3 ) . 

THE RECIRCULATION LOOP 

The r ec i r cu l a t i on of the vapor phase was produced by the 

act ion of an e lec t romagne t i c pump. The c i r cu i t i s shown in 

Appendix B. It contains t h r e e sec t ions : the power supply sect ion, 

the t iming cont ro l section and the pumping sect ion. The maj'or par t 

of the c i r cu i t i s s imi l a r to that of a F l i p - F l o p c i rcu i t to produce a 

squa re wave-output . The act ion of the r amp i s within the range of 



Figure 3. 2 The Equil ibrium Cell 
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1. 5 mi l l i second to 1 second per cyc le , and can be adjusted through 

a va r i ab le r e s i s t a n c e . A por t ion of the r ec i r cu la t ion loop was 

in the form of a shor t coi l . This por t ion was ins ta l led before the 

en t r ance into the equi l ibr ium ce l l at i t s bot tom. This pa r t would 

b r i n g the r ec i r cu l a t i ng vapor phase to sys t em t e m p e r a t u r e before 

it en te red into the equi l ib r ium ce l l . 

THE SAMPLING SYSTEM 

Vapor and liquid phases w e r e sampled s e pa ra t e ly . In the 

ca se of two liquid phases in equi l ibr ium with a vapor phase , all 

t h r e e phases w e r e sampled separa te ly . The vapor phase was 

ent rapped in a sampling bulb of 2 cc capaci ty connected along the 

r ec i r cu l a t i ng loop. T h r e e m o r e sampling bulbs w e r e connected 

sepa ra t e ly to t h r e e sampling t ubes , which w e r e made of 1/16" 

s t a in le s s s t ee l tubing and ins ta l led in the equi l ibr ium ce l l in such 

a way so that liquid samples at t h r ee different posi t ions could be 

wi thdrawn. Evacuat ion faci l i t ies w e r e connected to the sampl ing 
-3 

l ines and a vacuum of 10 m m Hg could be ensured before a sample 

was taken. Between the equi l ibr ium ce l l and the sampling bu lbs , 

needle va lves w e r e ins ta l led so that only sma l l samples w e r e taken 

for ana lys i s a l l the t i m e . 

THE CRYOSTAT 

A Dewar flask of 18 - l i t r e capaci ty was used as the c ryos t a t . 

The D e w a r flask was specia l ly made such that t h e r e w e r e two 

t r a n s p a r e n t s t r i p s on opposite s ides to allow visibi l i ty within the 

equ i l ib r ium ce l l . Isopentane was used as the bath fluid, and at 

t e m p e r a t u r e s lower than 110 K, a mix tu re of i sopentane and propane 

was used a s the bath fluid. Two high power Hi Torque s t i r r e r s supplied 

by C o l e - P a l m e r Company was used to e n s u r e wel l mixing of the bath 

fluid. Two heating e l emen t s , one of 200 wat t s was used as a constant 
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h e n t c r : t he o t h e r , of 100 w a t t s , w a s c o n n e c t e d to a 

t e m p e r a t u r e c o n t r o l l e r , t o r e g u l a t e t h e c r y o s t a t t e m p e r a t u r e t o 

H_ 0 . 0 3 K. T h e T h c r m o t r o l t e m p e r a t u r e c o n t r o l l e r , m o d e l 1053, w a s 

s u p p l i e d by H a l l i k a i n c n I n s t r u m e n t s C o m p a n y . T h e c o n t r o l l e r w a s 

c a p a b l e ol o p e r a ! jnr, by anyone of the t h r e e m o d e : ; : On-Off, 

P r o p o r t i o n a l o r P r o p o r t i o n a l wi th R e s e t . T h e c o n t r o l l e r w a s se t 

in t h e " P r o p o r t i o n wi th R e s e t " m o d e , in c o n n e c t i o n wi th a r e s i s t a n c e 

t y p e s e n s i n g c l e m e n t . T h e c r y o s t a t w a s equ i pped w i t h two 

r e f r i g e r a t i o n c o i l s . L i q u i d n i t r o g e n w a s fed in to t h e r e f r i g e r a t i o n 

c o i l s , p a s s e d in to a buf fe r t a n k and w a s v e n t e d in to a t m o s p h e r e 

u n d e r c o n t r o l l e d r a t e s t o give d e s i r e d d e g r e e of r e f r i g e r a t i o n . 

T H E ANALYSIS F A C I L I T I E S 

T h e s a m p l e s w e r e a n a l y z e d w i th a gas c h r o m a t o g r a p h m o d e l 

GC 2 0 0 / D I T supp l i ed by t h e M i c r o - T e k I n s t r u m e n t s I n c . , in c o n ­

j u n c t i o n w i t h a L a b o r a t o r y R e c o r d e r , a l s o s u p p l i e d by t h e M i c r o -

T e k I n s t r u m e n t s C o r p o r a t i o n . T h e d e t a i l s of s a m p l e a n a l y s i s w i l l 

be d i s c u s s e d l a t e r in t h i s c h a p t e r . 

T H E P R E S S U R E AND T E M P E R A T U R E MEASURING D E V I C E S 

T h r e e c a l i b r a t e d p r e s s u r e g a g e s s u p p l i e d by H e i s e B o u r d o n 

T u b e C o . I n c . , w e r e u s e d . T h e y c o v e r p r e s s u r e r a n g e s of 2 0 0 , 

500 and 1000 p s i a , wi th 0 . 2 , 0. 5 and 1 p s i a s u b d i v i s i o n s , r e s p e c t i v e l y . 

E a c h h a d b e e n c h e c k e d wi th a d e a d - w e i g h t g a g e . At l o w e r p r e s s u r e r a n g e 

a m e r c u r y m a n o m e t e r w a s u s e d to m e a s u r e t h e s y s t e m p r e s s u r e , 

t o +_ 0 . 5 m m Hg. T h e t e m p e r a t u r e of t h e s y s t e m w a s m e a s u r e d 

by two p r o t e c t e d - t y p e c o p p e r - c o n s t a n t a n t h e r m o c o u p l e s , i n s t a l l e d 

in t h e e q u i l i b r i u m c e l l . One t h e r m o c o u p l e w a s l o c a t e d at t h e u p p e r 

p a r t of the e q u i l i b r i u m c e l l , t h e o t h e r w a s l o c a t e d a t t h e l o w e r p a r t , 
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mean t to m e a s u r e the t e m p e r a t u r e of the vapor and liquid phases 

r e spec t ive ly . M e a s u r e m e n t s w e r e made with a Leeds and Nor th rup 

K-3 po ten t iometer and a Tins ley SRI ga lvanometer . The unce r t a in t i e s 

involved in the p r e s s u r e and t e m p e r a t u r e m e a s u r e m e n t s a r e bel ieved 

to be +_ 1 ps i and 0. 05 K respec t ive ly . The deta i l s of e r r o r ana lys i s 

wil l be d i s cus sed l a t e r in th is Chap te r . 

3 .2 EXPERIMENTAL PROCEDURES 

_2 

The appa ra tus was evacuated to lower than 10 m m Hg for 

over 24 h o u r s , at r o o m t e m p e r a t u r e . The equi l ib r ium ce l l was 

then i m m e r s e d into the c ryos ta t , which was filled with i sopentane . 

The c ryos ta t was wel l insula ted , and the top of the Dewar flask was 

appropr i a t e ly covered , for the purpose of insulat ion and for the 

purpose of prevent ing evaporat ion of i sopentane at the beginning 

of an exper iment when the c ryos ta t was under room t e m p e r a t u r e . 

Ni t rogen gas under a p r e s s u r e of 10 ps ig was used to force liquid 

n i t rogen into the cooling coi ls of the c r y o s t a t , and the t e m p e r a t u r e 

of the s y s t e m was lowered graduate ly a s the liquid ni t rogen evapora ted . 

The r a t e of evaporat ion of the liquid n i t rogen was control led in 

the buffer tank. The cont ro l was manipula ted by a valve, and the 

r a t e was indicated by a m e r c u r y m a n o m e t e r ins ta l led with a ventur i . 

About 4 to 6 h o u r s w e r e needed to b r ing the t e m p e r a t u r e 

of the c ryos t a t to the operat ion t e m p e r a t u r e of th is work, approx imate ly 

to 115 K. The sy s t em t e m p e r a t u r e was checked from t i m e to t i m e by 

taking read ings on the po ten t iometer . When it was indicated that 

the t e m p e r a t u r e was within a few d e g r e e s of the d e s i r e d t e m p e r a t u r e , 

the t e m p e r a t u r e con t ro l l e r was tu rned on. The pure gases w e r e 

charged into the equi l ib r ium cel l one at a t i m e , with the heavy 

component f i r s t and the light component las t . As the sa tura t ion 

p r e s s u r e was r eached , liquified gas would be obtained in the 

equi l ibr ium ce l l . It was always a r r a n g e d that approximate ly 50% of 
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th e equ i l ib r ium ce l l was filled with liquid. When the de s i r ed 

t e m p e r a t u r e was r eached indicated by the con t ro l l e r and by the 

the rmocoup le m e a s u r e m e n t s , the e lec t romagne t ic pump was act ivated 

and the vapor phase was withdrawn from the ce l l . The vapor phase 

was pas sed through the vapor sampling tube , the volume r egu la to r , 

the e lec t romagne t i c pump, the coil passage and was r e tu rned to the 

equi l ib r ium ce l l bubbling through the liquid phase . The t e m p e r a t u r e 

of the vapor phase was r a i s ed in the path outside of the c ryos ta t , 

but it was brought back to the sys tem t e m p e r a t u r e in the coiling 

passage before re tu rn ing to the equi l ibr ium cel l . F r o m repea ted 

exper imenta t ion , it was es tabl ished that 4 hou r s of continuous 

r ec i r cu l a t i on was long enough for the es tab l i shment of equi l ibr ium. 

If two liquid phases w e r e in equi l ibr ium with the vapor phase , two 

ex t ra h o u r s w e r e allowed for r ec i r cu la t ion . One hour was allowed 

for the phases to set t le after the r ec i r cu la t ion had been stopped. 

The vapor sample was entrapped in the vapo r - sampl ing tube and 

could be analyzed at the end of a run. Sampling of a liquid phase was 

c a r r i e d out by manipulat ing the needle valve which allowed the sample 

to be sucked into the evacuated sampling tube. A s m a l l e r amount 

was f i r s t sampled and d i sca rded and was used to purge the sampling 

tube and the connecting l ine. Then about 5 to 10 minu tes w e r e 

allowed to take another sample . The sampling tubes w e r e w a r m e d 

by hot a i r s t r e a m s to ensure wel l mixing of the gases inside p r i o r 

to a n a l y s i s . If the sys tem p r e s s u r e dropped slightly due to sampl ing, 

the hand-ope ra t ed volume regula tor was used to main ta in the sys t em 

p r e s s u r e . 

The complete t ime requ i red for one exper imen ta l point was 

approx imate ly 7 h o u r s , including the p r e p a r a t i o n of gas m i x t u r e s 

and the ana lys i s of samples . In the case of vapor- l iqu id- l iqu id 

equ i l ib r ium, an ex t ra 2 - i h o u r s w e r e r equ i r ed . To p r e p a r e the appj r a tu s 
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for a new sys t em, 2 days w e r e r equ i r ed , including the p r o c e d u r e 

of es tab l i sh ing the de s i r ed t e m p e r a t u r e for operat ion. 

The opera t ions of t e m p e r a t u r e control l ing and sample 

ana lys i s w e r e compara t ive ly m o r e compl ica ted than the o ther 

opera t ions and both wil l be d i scussed separa te ly in the iollowing 

sec t ions . 

THE CONTROL OF TEMPERATURE 

As desc r ibed on page 52, the t e m p e r a t u r e of the c ryos t a t was 

control led by a T h e r m o t r o l t e m p e r a t u r e con t ro l le r , m o d e l 1053, supplied 

by Hal l ikainen In s t rumen t s Company in conjunction with a sens ing 

e lement which was a r e s i s t e n c e t h e r m o m e t e r type, model 13 58-As3 

and was a l so supplied by the same company. The T h e r m o t r o l was 

capable to working in e i ther of the t h r e e m o d e s : On-Off, P r o p o r t i o n a l , 

o r P r o p o r t i o n a l with Rese t . A complete descr ip t ion of the opera t ion 

was given by the i n s t r u m e n t a l manua l , which was c losely followed 

to obtain m a x i m u m pe r fo rmance of the ins t rument . The On-Off 

mode was used to s e a r c h the des i red operat ion t e m p e r a t u r e , The 

P r o p o r t i o n a l mode was used to adjust the " g a i n " to m a x i m u m value 

poss ib le without producing "hunt ing" , which was indicated by the 

l a r g e r fluctuation of the t i m e cycle modulat ion of hea t output. The 

function of Rese t w a s to reduce propor t iona l offset to 1% of i t s value. 

When a d e s i r e d t e m p e r a t u r e had been es tab l i shed , the T h e r m o t r o l 

was opera ted under the " P r o p o r t i o n a l with R e s e t " mode . 

METHOD OF ANALYSIS 

Ana lyses of samples w e r e c a r r i e d out by gas ch roma tog raphy . 

A M i c r o - T e k gas ch roma tog raph , mode l GC 200/DIT supplied by 

the M i c r o - T e k I n s t r u m e n t s Inc . , was used in conjunction with a 
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M i c r o - T c k L a b o r a t o r y R e c o r d e r . T h e g a s c h r o m a t o g r a p h w a s 

o p e r a t e d wi th a 4 - f i l a m e n t ho t w i r e t h e r m a l c o n d u c t i v i t y d e t e c t o r 

u n d e r t h e cond i t i on of 200"C and 200 m a of c u r r e n t . A 4 - f t . long 

and ^-in. d i a m e t e r c o l u m n p a c k e d wi th P o r a p a k Q of 80-100 r n e s h i n 

an oven of 65° C w a s u s e d , t o g e t h e r wi th h e l i u m a s t h e c a r r i e r g a s 

aL a r a t e of 85 cc p e r m i n u t e a t 60 p s i g p r e s s u r e . A 7 - p o r t 

s a m p l i n g v a l v e w i th a 0. 5 m l s a m p l i n g loop s u p p l i e d by M i c r o - T e k 

I n s t r u m e n t s I n c . , w a s o p e r a t e d in an oven c o n t r o l l e d a t 3 5 ° C . T h e 

g a s c h r o m a t o g r a p h w a s o p e r a t e d in c o n j u n c t i o n -with a W e s t r o n i c 

R e c o r d e r , of one m i l l i v o l t s p a n , s u p p l i e d a l s o by t h e M i c r o - T e k 

I n s t r u m e n t s I n c . 

A s ' shown in the s c h e m a t i c d i a g r a m in F i g u r e ( 3 . 4 ) , t h e 

s a m p l i n g m a n i f o l d w a s bu i l t of A " O. D. s t a i n l e s s s t e e l t u b i n g s and 

A u t o c l a v e h igh p r e s s u r e v a l v e s . T h e un i t c o n s i s t e d of t h e s a m p l i n g 

t u b e S , a p r e c i s i o n p r e s s u r e gage P , t h e g a s c h r o m a t o g r a p h G, 

a v a c u u m s y s t e m A , a b u b b l e c o u n t e r C, and a m e r c u r y m a n o m e t e r 

F . A s m a l l s a m p l e w a s f i r s t t a k e n to p u r g e t h e e v a c u a t e d m a n i f o l d 

and t h e a u x i l l i a r y p a r t s . When a s a m p l e w a s c o l l e c t e d in t h e s a m p l i n g 

t u b e S , t h e v a l v e w a s opened to t h e e v a c u a t e d m a n i f o l d . T h e p r e s s u r e 

w a s shown on t h e p r e s s u r e g a g e , u s u a l l y abou t 35 p s i a . T h e s a m p l e 

w a s p a s s e d to t h e e v a c u a t e d s a m p l i n g loop in t h e g a s c h r o m a t o g r a p h , 

and t h e e x c e s s w a s v e n t e d t h r o u g h t h e b u b b l e c o u n t e r C i n t o t h e 

a t m o s p h e r e . W h e n t h e b u b b l e c o u n t e r gave 20 b u b b l e s , v a l v e " V " 

f r o m t h e s a m p l i n g t u b e w a s c l o s e d a n d v a l v e " b " to t h e m e r c u r y 

m a n o m e t e r w a s o p e n e d . T h e e x c e s s i v e p r e s s u r e in the un i t w a s 

r e l e a s e d t h r o u g h t h e m e r c u r y m a n o m e t e r u n t i l 765 m m Hg . T h i s 

p r o c e d u r e w a s u s e d to e n s u r e a l l s a m p l e s , i n c l u d i n g c a l i b r a t i o n 

r v n s , w e r e of t h e s a m e v o l u m e of 0. 5 m l u n d e r t h e s a m e p r e s s u r e 

of 765 m m Hg. Of c o u r s e , in s o m e c a s e s w h e n t h e s y s t e m p r e s s u r e s 

w e r e l o w e r t h a n a t m o s p h e r i c , t h i s m e t h o d -was no t a p p l i e d . In zliose 
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c a s e s , the s y s t e m was purged with the gas m i x t u r e for t h r e e t i m e s 

before ana lys i s was pe r fo rmed . 

THE PHENOMENON OF LIQUID PHASE INVERSION 

In the e x p e r i m e n t a l invest igat ion of l iquid phase inve r s ion , 

the c ryos t a t was ini t ia l ly main ta ined at 113. 7 K ( - 2 5 5 ' F ) . Ethane 

and me thane gases w e r e in t roduced into the sy s t em and a homogeneous 

liquid m i x t u r e was formed in the equi l ib r ium ce l l . The n i t rogen 

gas was gradual ly admi t ted and two liquid phases w e r e formed. The 

t e m p e r a t u r e of the c ryos t a t was lowered l e s s than 0. 2 K by control l ing 

the evaporat ion r a t e of liquid n i t rogen in the cooling co i l s . Then it 

was observed that the r e c i r c u l a t e d vapor , which was condensed 

before r e - e n t e r i n g the ce l l , r o s e slowly in the form of l a rge bubbles . 

The speed was so slow that bubbles accumula ted . When the bubbles 

b roke , the pos i t ions of the two liquid l a y e r s exchanged, a s shown in 

F igu re (3.13), in which the sequence of the exchange of posi t ions 

was shown. 

This liquid phase inve r s ion was observed for the t e r n a r y 

sy s t em N - C^ _ C in the t e m p e r a t u r e r an ge of 111. 72 K (-258. 8° F) 

to 113.67 K ( -255 .4 °F) . The r e c o r d e d values of t e m p e r a t u r e , 

p r e s s u r e and composi t ions of both liquid phases a r e p r e s e n t e d in 

Table (3. 15). It should be ment ioned that the ana lyses of t he 

composi t ions w e r e v e r y difficult due to the fact that only s m a l l 

amount of samples w e r e taken so that the t o t a l composi t ion 

could be main ta ined fair ly constant before and after the liquid phase 

convers ion took p lace . 

F o r the b ina ry sys t em n i t rogen -e thane , the liquid phase 

i nve r s ion took p lace at 109. 1 K (-2 63. 6° F ) , and the n u m e r i c a l 

va lues a r e a l so r e c o r d e d in Table (3. 15). It should a l so be ment ioned 
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h e r e that the liquid phases did not a lways i n v e r s e thoroughly. In 

many t i m e s , t h e r e was a sma l l port ion of the or iginal top layer 

left behind and stayed at the top while it should be at the bot tom 

after the phase invers ion . This i s due to the fact that the dens i t i e s 

of the two liquid phases a r e c lose to each other and hence a comple te 

separa t ion m a y not be obtained. A detai led d i scuss ion wil l be given 

in the " Discuss ion of R e s u l t s " . 

3. 3 MATERIALS 

The p u r e gases of r e s e a r c h grade used in th i s invest igat ion 

w e r e supplied by Matheson of Canada Limi ted , Whitby, Ontar io . 

The i r pu r i t i e s a r e l is ted below: 

Gas Minimum P u r i t y 
(mole %) 

-Nitrogen 99.999 

Methane 99 .65 

Ethane 99 .9 

P r o p a n e 99.99 

These gases w e r e used without fur ther purif icat ion. No 

detec table i m p u r i t i e s in t he se gases w e r e shown f rom the r e s u l t s 

of the gas ch romatograph . 

3 . 4 ERROR ANALYSIS 

In the expe r imen ta l m e a s u r e m e n t of phase equi l ibr ia , the 

m a j o r p a r t of e r r o r i s contr ibuted by the m e a s u r e m e n t of t e m p e r a t u r e , 

p r e s s u r e , and composi t ion. 
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ERROR IN TEMPERATURE MEASUREMENT 

The a c c u r a c y of the t e m p e r a t u r e m e a s u r e m e n t i s e s t ima ted 

to be +_ 0. 03 K. The es t imat ion i s based on the ca l ib ra t ion of 

t e m p e r a t u r e aga ins t vapor p r e s s u r e of me thane . The e x p e r i m e n t a l 

m e a s u r e m e n t s of methane vapor p r e s s u r e w e r e compared with the 
(133) 

smoothed data of A r m s t r o n g et a l . . The ave rage absolute 

deviat ion was 0. 02 K. The compar i son i s shown graphica l ly in 

F i g u r e (3.14). In th i s invest igat ion, two the rmocouples w e r e 

employed in the m e a s u r e m e n t of sys t em t e m p e r a t u r e , one for the 

vapor and one for the liquid. When the posi t ions of t h e s e two 

the rmocoup le s w e r e exchanged, the ca l ibra t ion showed an addit ional 

ave rage absolute deviation of 0. 01 K. It i s t he re fo re es t ima ted that 

the a c c u r a c y of the t e m p e r a t u r e m e a s u r e m e n t i s -f 0. 03 K. The 

ca l ib ra t ion cu rve of thermocouple number 2 i s shown in Appendix D. 

ERROR IN PRESSURE MEASUREMENT 

The accu racy of the Heise Gages is 0. 1% of full s ca l e . In 

th i s inves t iga t ion , a 500 psia gage was used for the m e a s u r e m e n t 

be tween 150-450 ps i a ; a 200 -ps ia gage was used for the m e a s u r e m e n t 

between 30-150 psia:, and a 1000-psia gage was used for the 

m e a s u r e m e n t s of a few points between 450-490 ps ia . Hence the 

m a j o r por t ion of the data is within the p r e c i s i o n of (0. 1%) x 500 psia) 

0. 5 p s i a ; a minor port ion of the data is within (0.1% x 200 psia) 

0. 2 p s i a ; and some points a r e within (0. 1% x 1000 psia) 1 ps ia . 

The re fo re the p r e c i s i o n of the p r e s s u r e m e a s u r e m e n t i s e s t ima ted 

to be within 0.1% of the va lues . F o r a few points the p r e s s u r e s 

w e r e below 30 ps ia , a m e r c u r y m a n o m e t e r was used , and the p rec i s ion 

i s e s t ima ted to be 1 % of the p r e s s u r e value. T e s t s with a dead-weight 

gage w e r e pe r fo rmed and the r e s u l t s conf i rmed that the a c c u r a c y 

given by the He i se Gage manufac tu re r w e r e r e l i ab l e . 
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ERROR IN CONCENTRATION MEASUREMENT 

The concent ra t ion e r r o r i s e s t ima ted by the reproducib i l i ty 

of the ca l ib ra t ion c u r v e s . The r e s p o n s e s of the gas ch roma tog raph 

w e r e ca l i b r a t ed against known synthetic s a m p l e s . The peak a r e a 

and peak height r e s p o n s e s were compared and it was found that 

the peak height r e s p o n s e s w e r e s imple r and they yielded be t t e r 

reproducib i l i ty . The ca l ib ra t ion cu rves were plots of composi t ion 

r a t io agains t peak height r a t io a s wel l as r e c i p r o c a l r a t i o s and absolu te 

quant i t ies so that the whole concent ra t ion range could be covered . 

The synthetic samples w e r e blended in a blending unit . 

The m i x t u r e composi t ion -was de te rmined vo lumet r ic ally and 

g rav ime t r i ca l l y . 

In the g r av ime t r i c a l de te rmina t ion , an a luminum bott le of 

300 cc and 220 gm. was used to p r e p a r e samples under a to ta l 

p r e s s u r e of approx imate ly 2 a t m o s p h e r e s . An ana ly t ica l ba lance 

with a c c u r a c y b e t t e r than 0. 1 mg was used for weight m e a s u r e m e n t s . 

The bot t le was warmed and cooled a few t i m e s to ensu re good mixing 

of the gases ins ide . 

In the vo lumet r ic de te rmina t ion , gases w e r e forced into 

the sampling bott le by a m e r c u r y m a n o m e t e r , the m e r c u r y level 

of which could be va r i ed by ra i s ing or lowering the m e r c u r y r e s e r v o i r 

and hence forced the gases into the bot t le . The pa r t i a l p r e s s u r e 

of each component was r eco rded , and the composi t ion of the m i x t u r e 

was ca lcu la ted according to the r eco rded pa r t i a l p r e s s u r e s . 

It was found that both methods ag reed with each other ve ry 

wel l . Hence the l a t t e r method was usual ly employed, due to i t s 

s impl ic i ty . However , when the p a r t i a l p r e s s u r e s of the components 

w e r e c lose to each other and the effect of gas diffusion might be 

inf luential , the l a t t e r method was used for double checking. 
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The graph in Appendix B shows one of the ca l ib ra t ion cu rves 

f rom which the reproduc ib i l i ty was es t imated to be 1%. 

However , t he se es t imat ions of e r r o r s a r e mean ing less when 

sampl ing p r o b l e m s a r e encountered. Exper ience from- th is exper ime: 

r e v e a l s that in th i s equipment the sampling of vapor h a s no p rob lem 

at a l l , whi le the sampl ing of the liquid phase c r e a t e s plenty of 

diff icult ies, espec ia l ly in the vapor- l iquid- l iquid equi l ibr ium expe r im 

In those c a s e s , the wi thdrawal of the sample was made very slowly 

and the volume regu la to r was opera ted at the same t i m e to ma in ta in 

the s y s t e m p r e s s u r e constant so a s to avoid the least poss ib i l i ty of 

d is turbing the equi l ib r ium. 

3. 5 EXPERIMENTAL RESULTS 

E x p e r i m e n t s w e r e c a r r i e d out according to the designed 

cheme and the m e a s u r e m e n t s w e r e made for the following s y s t e m s . 

I s o t h e r m a l condition (K) S y s t e m 

N i t r o g e n - P r o p a n e 

M e t h a n e - P r o p a n e 

Ni t rogen-Methane -
P r o p a n e 

Ni t rogen-Methane -
Ethane 

Equi l ib r ium 

Vapor - Liquid 

Vapor -Liquid-
Liquid 

Vapor-Liquid 

Vapor -Liquid 

Vapor - Liquid -
Liquid 

Liquid phase 
Invers ion 

114. 05, 118.32, 122. 24 

114. 05, 118.32, 122. 24 

114. 05, 118. 32, 122. 24 

114. 05, 118.32, 122. 24 

114. 05, 118.32, 122. 24 

111.32 - 113. 67 

N u m e r i c a l data a r e shown in Tables 3.1 - 3.6 
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DINARY SYSTEM NITROGEN-PROPANE 

The P - T l iquid-l iquid locus i s shown in F igure (3. 5), toge ther 
11° 1 

with the data by Schindler , Swift and Kura ta . This locus was 

m e a s u r e d in o rde r to es tab l i sh confidence of the appara tus for the 

m e a s u r e m e n t of p r e s s u r e and t e m p e r a t u r e for the sys t em containing 

ni t rogen and propane . Also , these m e a s u r e m e n t s se rved as a 

p r e l i m i n a r y study, which helped in the select ion of i s o t h e r m a l 

conditions for l a t e r expe r imen t s . It was found that the c ryos ta t 

could only be operated conveniently at t e m p e r a t u r e s above 110 K 

when isopentane was used as bath fluid. 

The vapor- l iqu id- l iqu id equi l ibr ium composi t ions at sa tu ra t ion 

p r e s s u r e s a r e p resen ted in F igure (3. 6). Two data points a r e 

obtained from extrapola t ion of the data by Schindler , Swift and Kura ta , 

and a r e compared with the e x p e r i m e n t a l m e a s u r e m e n t s of th i s work . 

As it i s shown in F igure (3. 6), some d i sc repancy is obse rved . Even though 

the d i sc repancy is not s e r i ous , it shows that ext rapola t ion of data 

is not always r e l i ab le . 

(133) The v a p o r - p r e s s u r e cu rves for the liquid region 

which is r i ch in propane at the t h r e e i s o t h e r m a l condit ions 

a r e shown in F i g u r e (3. 7). The cu rves a r e shown unt i l the solubili ty 

l ine, at which two liquid phases s epa ra t e from each other and a r e 

in equi l ibr ium with the vapor phase . The vapor phase composi t ions 

a r e m o r e than 99. 94% in ni t rogen and a r e not shown in F i g u r e (3. 7). 

The n u m e r i c a l values of the data a r e p re sen ted in Tab les 

(3.1), (3 .2 ) , (3 .3) , (3 .4) , and (3 .5) . 

BINARY SYSTEM METHANE-PROPANE 

Vapor- l iquid equi l ib r ium data for the b ina ry sys te in Me thane -

P ropane a r e shown in F igu re (3. 8). Equ i l ib r ium data w e r e de t e rmined 
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a t t h e t h r e e i s o t h e r m a l c o n d i t i o n s . T h e v a p o r p h a s e s a r e v i r t u a l l y 

a l l m e t h a n e , and a r e i n c l u d e d in F i g u r e ( 3 . 8 ) . T h e d a t a of W i c h t e r l e 
(100) (121) 

and K o b a y a s h i a t h i g h e r t e m p e r a t u r e s and t h e d a t a of W i l s o n 

a t l o w e r t e m p e r a t u r e a r e i n c l u d e d for c o m p a r i s o n i n F i g u r e (4 .16) . 

A s w i l l b e shown l a t e r in C h a p t e r 4 , a c o n s i s t e n t t r e n d i s i n d i c a t e d 

f r o m t h e s e s e t s of d a t a . T h e n u m e r i c a l v a l u e s of t h e d a t a a r e 

p r e s e n t e d in T a b l e (3 . 6) , ( 3 . 7), and (3 . 8). 

T E R N A R Y S Y S T E M N I T R O G E N - M E T H A N E - P R O P A N E 

T h e v a p o r - l i q u i d e q u i l i b r i u m d a t a and v a p o r - l i q u i d - l i q u i d 

e q u i l i b r i u m d a t a a r e p r e s e n t e d g r a p h i c a l l y in F i g u r e s ( 3 . 9) , (3 .10) , 

a n d (3.11). P a r t i a l m i s c i b i l i t y e x i s t e d in t h e n i t r o g e n - p r o p a n e b i n a r y 

and t h e s o l u b i l i t y c u r v e for t h e n i t r o g e n - m e t h a n e - p r o p a n e e x t e n d e d 

t o t h e p l a i t p o i n t , t h e c o m p o s i t i o n of w h i c h w i l l b e e s t i m a t e d in 

C h a p t e r 4 . E x p e r i m e n t a l t i e - l i n e s w e r e d e t e r m i n e d . T h e b i n o d a l 

c u r v e s o b t a i n e d a t t h e t h r e e t e m p e r a t u r e s i n d i c a t e a g r a d u a l c h a n g e 

i n s h a p e only i n t h e v i c i n i t y of t h e p l a i t p o i n t s . T h e n u m e r i c a l v a l u e s 

of t h e v a p o r - l i q u i d e q u i l i b r i u m d a t a and t h e v a p o r - l i q u i d - l i q u i d 

e q u i l i b r i u m d a t a a r e p r e s e n t e d in T a b l e s ( 3 . 9) to (3 . 14). T h e a m o u n t 

of p r o p a n e i n a l l v a p o r p h a s e s i s g e n e r a l l y v e r y s m a l l . F i g u r e (3.12) 

d e p i c t s t h e v a p o r p h a s e c o m p o s i t i o n s of t h e v a p o r - l i q u i d e q u i l i b r i u m 

d a t a a t t h r e e i s o t h e r m a l c o n d i t i o n s . 

T E R N A R Y S Y S T E M N I T R O G E N - M E T H A N E - E T H A N E 

L i q u i d p h a s e i n v e r s i o n for t h e s y s t e m s n i t r o g e n - e t h a n e , and 

n i t r o g e n - m e t h a n e - e t h a n e w a s i n v e s t i g a t e d . T h e c o n d i t i o n s of t h e 

o c c u r r e n c e of l i qu id p h a s e i n v e r s i o n a r e p r e s e n t e d in T a b l e (3 . 15), 

w h i c h i n c l u d e s t h e c o n d i t i o n s of t e m p e r a t u r e s , p r e s s u r e s , and 

c o m p o s i t i o n s . 
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F i g u r e 3.9 Liquid Compos i t ions of Vapor-Liquid Equi l ibr ium and Vapor -L iqu id -L iqu id 
Equi l ib r ium for the Sybtem Ni t rogen( l ) -Methane(2) -Propane(3) at 114 05 K 



F i g u r e 3 10 Liquid Composi t ions of Vapor -Liqu id Equi l ibr ium and Vapor -L iqu id -L iqu id 
Equi l ib r ium for the System Ni t rogen( l ) -Methane(2) -Propane(3) at 118 32 K 



F i g u r e 3.11 Liquid Composi t ions of Vapor-Liquid Equi l ibr ium and Vapor -L iqu id -L iqu id 
Equ i l ib r ium for the System Ni t rogen( l ) -Methane(2) -Propane(3) at 122 24 K 
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F i g u r e 3.12 Vapor P h a s e Composi t ions of Vapor-Liquid Equi l ib r ium for the System 
Nit rogen( l ) -Methane(2) -P ropane (3 ) . 
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CHAPTER 4 

THERMODYNAMIC ANALYSIS AND PREDICTION OF DATA 

The bas ic equation of equi l ibr ium between two phases a 

and p, which a r e at the same t e m p e r a t u r e , i s given by the equali ty 

of the fugacit ies for any component i in t he se p h a s e s : 

f°. = f.P 
1 l 

However it i s n e c e s s a r y to r e l a t e the fugacity of a component 

to d i rec t ly m e a s u r a b l e p r o p e r t i e s . This can be done by studying 

the dependence of fugacity on t e m p e r a t u r e , p r e s s u r e , and composi t ion , 

which a r e m o s t conveniently m e a s u r a b l e p a r a m e t e r s . F o r a 

component i in a sy s t em containing m components , the to ta l d i f ferent ia l 

of the logar i thm of the fugacity f. i s given by: 

3 In f. a In f . m - 1 
d In f 

P , x T , x j=l 

a In f . 
dx . 

J 
x . 

( S X i ' l . T . 
K 

K = 1. . . j - 1, j +1. . . m -1 (4-1) 

On the r ight hand side of Equation (4-1), the t h r e e t e r m s denote 

the t e m p e r a t u r e , p r e s s u r e and composi t ion dependence on fugacity 

respec t ive ly . The f i rs t t e r m can be exp re s sed in t e r m s of enthalpy 

by the the rmodynamic re la t ion : 

a In f. h° - h . 
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where h. i s the p a r t i a l m o l a r enthalpy of i , and h i s the m o l a r 

enthalpy of i in the idea l gas state at the same t e m p e r a t u r e . At 

the p r e sen t t i m e , ve ry l i t t le is known about enthalpies of fluid 

m i x t u r e s at high p r e s s u r e s , and usual ly expe r imen ta l vapor- l iqu id 

equi l ibr ium data a r e analyzed a s a function of p r e s s u r e and composi t ion 

and e m p i r i c a l c o r r e l a t i o n s a r e 'allowed to count for the t e m p e r a t u r e 

effect. 

The second t e r m in Equation (4. 1) can be re la ted to the p a r t i a l 

mo la r volume v . by 

l ' 

a In f . v . 

J. , X 

This can be neglected at low p r e s s u r e s for liquid m i x t u r e s ; but it 

mus t be taken into account at high p r e s s u r e r anges . 

A cons ide rab le body of knowledge h a s been accumula ted for 

the th i rd t e r m . Many emp i r i c a l and s e m i - e m p i r i c a l exp res s ions have 

been proposed . The equation of van L a a r , the Red l i ch -Kis t e r 

equation, and the regula r solution model of Sca tchard and Hi ldebrand 

a r e some of the usual ly employed ones. 

The folio-wing sect ions wil l give some d i scuss ions about these 

t e r m s . 

4 .1 LIQUID PHASE ACTIVITY COEFFICIENTS 

The fugacity of a compound i in a mix tu re i s r e l a t ed to the 

activi ty coefficient by 

f . = V. x. f°. (4.4) 
l i l l 
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where f . i s the fugacity of i in i t s s tandard s t a t e . The choice of a 

s tandard s ta te i s a r b i t r a r y ; and to m a k e a wi se choice depends very 

much on expe r i ence . Fo r a compound in the liquid phase , the u sua l 

p r ac t i ce i s to have the t e m p e r a t u r e of the sy s t em, a fixed composi t ion 

and a specified p r e s s u r e as the independent va r i ab l e s which de t e rmine 

the s tandard s ta te . F o r a mix tu re at the condit ion below the c r i t i c a l 

points of a l l i t s components , a convenient choice of the s tandard s tate 

i s the pure liquid at the sys t em t e m p e r a t u r e and a r e f e r e nc e p r e s s u r e 
r r 

P . If P i s chosen to be higher than a l l sa tu ra t ion p r e s s u r e s 
encountered , then a hypothet ical liquid s ta te can be avoided. 

In defining act ivi ty coefficients , t h e r e a r e two commonly used 

convent ions: 

y . -» 1 .as x. -» 1 (4. 5) 
T l l 

and 

Y -» 1 a s x -» 1 (solvent) 

•y_ -» 1 as x -• 0 (solute) 

(4.6) 

The convention desc r ibed by Equat ion (4. 5) i s s y m m e t r i c a l 

and i s eas i ly extended to solutions containing m o r e than two components 

and wil l be adopted in this work. 

r 
The choice of P a s the r e fe rence p r e s s u r e gives the y. 

values a s constant p r e s s u r e activi ty coeff icients . At i s o t h e r m a l 

condit ions, th is enables one to c o r r e l a t e the act ivi ty coefficients as 

a function of composi t ion only so that the effect of t e m p e r a t u r e , 

p r e s s u r e and composi t ion on activi ty coefficient can be cons ide red 

sepa ra te ly . 
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T h e p r e s s u r e d e p e n d e n c e of a c t i v i t y c o e f f i c i e n t i s g iven by 

t h e e x a c t t h e r m o d y n a m i c r e l a t i o n 

a In y . v . 

( T T - ) . = TT- (4-7) 

J. , x 

T h e fugac i t y of c o m p o n e n t i i n t h e l i q u i d p h a s e a t p r e s s u r e 

P , t e m p e r a t u r e T and m o l e f r a c t i o n x . , i s g i v e n by 

i Y i x . f . e x p p - ~ r d P (4 .8 ) 
t 

p r 

r 
° ( P ) w h e r e f . i s t h e s t a n d a r d - s t a t e fugac i ty of i a t s y s t e m t e m p e r a t u r e 

r 
T , and r e f e r e n c e p r e s s u r e P . 

T h e l i q u i d p h a s e a c t i v i t y coe f f i c i en t c a n b e e v a l u a t e d by 

u s i n g t h e R e d l i c h - K w o n g e q u a t i o n of s t a t e t o e v a l u a t e t h e fugac i ty 

and t h e p a r t i a l m o l a r v o l u m e . 

L i q u i d p h a s e a c t i v i t y c o e f f i c i e n t s c a n a l s o b e e v a l u a t e d f r o m 

gas p h a s e fugac i ty c o e f f i c i e n t s . 

A t t h e c o n d i t i o n of e q u i l i b r i u m , t h e fo l lowing e q u a t i o n h o l d s : 

~ v ° ° ' L 
P y. cp. = y. x . f . ( 4 . 9 ) 

} i ^ l ' i l l 

o T o v o v o 

A l s o , f. = f. = cp . P . (4.10) 
l i i i 

v . L ( P , - P ) . 
and yi =yi e x p I — | 

(4 . 11) 

S u b s t i t u t i n g (4 . 10) and (4. 11) i n t o (4. 9 ) , i t i s o b t a i n e d t h a t , 
L 

^ . v . ( P - P. ) 
~ v P ° v ° r i i ;-i 

P Y i C p . = v. x . c p . P . e x p ^ — 

(4.12) 
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or, after rearrangement, 

P p y , c p v 

Y . = " ^ — (4.13) 
1 „ v . (P - P. ) 

x. cp. P . exd zr= 
i y i l ^ RT J 

The gas phase fugacity coefficient can be evaluated from the second 

virial coefficients, by means of Equation (4. 14) 

v 2 , Pv \ 
lncp . = (y. B.. + y. B..) - In ( - r— J .. , , . 

y i v w i ii yj i j ' ^ RT / (4.14) 

In this investigation, the following combining rules were 

used: 

T.. = (T . T .) * (1 - k..) (2.4. 2 dd) 
ij ci cj ij 

v . . = i- (v .3 + v .3) 3 (2.4. 2bb) 
cij 8 c i cj 

cu.. = i (cu. + a>.) ( 4 . 1 5 ) 
2 ' i 

Virial coefficients can be evaluated from the correlation of Pitzer 

and Curl ( 9 1 ) . 

4. 2 PARTIAL MOLAR VOLUME 

The evaluation of partial molar volume for the compounds in 

a mixture is necessary,to account for pressure effect on fugacity, 

which becomes significant at high pressure conditions. 

From Equation (4. 3) and (4. 4) , 

a In f . a (In y £ x i f . ) 

( ^ i . = L B"P J 
v 

' T , x u u - ' T . x 

1 ( 4 . 1 6 ) 
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which simplifies to 

a In Y • a In f . v . 

T,x T,x 

If the standard-state fugacity, f . , is defined at a fixed reference 

pressure, P ,then the second term in Equation (4. 17) vanishes, and 
o 

Equation (4. 17) reduces to Equation (4. 7). However, if f . is defined 

at the system pressure, then Equation (4. 17) becomes 

— o 

3 In Y v - v 

( - T P ^ ) . ' ' H I
 (4-18> 

T ,x 
o 

where v . is the molar volume of i in the standard state, 
l 

Provided an equation of state is used, the partial molar 

volume of component i in a mixture can be expressed with the exact 

relation; 

a p 

W T . V , n. 
v . = , — !— (4.19) 1 /AP> 

va v T, all n 

where v is the total volume of the mixture containing n. moles of 
b l 

component i, etc. 

(77) 
If the modified Redlich-Kwong equation of state is used, 

Equation (4.19') becomes 

2 (S x. a..) - ab./ (v + b) 
R T ~i J J 1J X 

v - b [ v - b v (v + b) T°- 5 

V i ~ RT a j-2 v + b 

( v - b ) T •-

(4.20) 
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where the parameters a, b, b- and a a r e defined as 
1 ij 

a = E S x. x . a.. (2. 4. 2x) 
i j i j 

b = S x. b . (2. 4. 2 v) 
1 1 \ . . i 

l 

b . = o . RT . / P . ( 2 . 4 . 2 e) 
i bi c i ' ci 

a.. = n - R 2 T . .2" 5 / P •• (4.21) 
ij ai cij ' cij 

In t h e s e equat ions , 

° - 5 ( l - k ) 
T .. = (T . T .) U ij' 

CIJ C l c j J 

o .. = ( ci • + o . ) / 2 

a i j a i a j ' 

P .. = Z. .. R T . . / V .. 
CIJ CIJ CIJ7 CIJ 

A A 3 
V . . = i ( V . 3 + V .3 ) 

CIJ 8 C l CJ 

Z - 0.291 - 0.08 UJ.. 
cij i j 

UJ.J = (cui + u)j)/2 

These p a r a m e t e r s reduce to those of pu re components 

if i = j in Equat ions (2. 4. 2 x) to (4. 21). It should be ment ioned 

that Equat ions (2. 4. 2 x ) , (2. 4. 2 v), (2. 4. 2 e) and (4. 21) follow the 

p roposa l of Redlich and Kwong , Equat ions (2. 4. 2 dd), (4. 22) 
(94) 

and (2. 4. 2 aa) those of Chueh and P r a u s n i t z , and Equat ions (4. 23) 

and (4. 15), those of P i t z e r and h i s c o - w o r k e r s . Equat ion 

(2. 4. 2 bb) i s the well-known Loren tz re la t ionsh ip . 

(2. 

(4. 

(2. 

(2. 

(4 . 

(4. 

4. 2 dd) 

22) 

4. 2 aa) 

4. 2bb) 

23) 

15) 
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4 .3 EXCESS GIBBS F R E E ENERGY 

(93) 
The Red l i ch -Ki s t e r equation i s a p rope r co r r e l a t i on in 

many c a s e s for ac t iv i ty coefficients a t condit ions of constant t e m p e r a t u r e 

and p r e s s u r e . The E x c e s s Gibbs F r e e Energy for a b inary s y s t e m i - j 

can be e x p r e s s e d by a s e r i e s function of compos i t ion : 

E 
0. . = - ^ = — = x. 

2 
' i j RT -*-• * j [ B - C (x. - x.) + D (x. - x.) +. . . ] 

(4.24) 

E 
The t e r m x. x. p rov ides for the ze ro value of G at composi t ions 

i J 
cor responding to the p u r e components . 

Fo rmu la t i on of individual activity coefficients i s obtained by 

differentiation of Equat ion (4 .24) , and the expres s ions a r e ; 

In Y . = x. TB + C (3 x. - x.) + D (x. - x.) (5 x. - x . ) l 

(4.25) 

In y • = x. T B + C (x. - 3 x.) + D (x. - x.) (x. - 5 x . ) l Y i i L i J l j l j -I 

(4.26) 

(57) Wohl , in reviewing the var ious methods of r ep resen t ing act ivi ty 

coefficients, pointed out that the s e r i e s should be developed in such 

a way that the h igher t e r m s a r e c o r r e c t i o n s of the t e r m s of lower 

o rde r . Thus the Red l i ch -Kis t e r equation for a t e r n a r y sy s t em t akes 

the form; 
a Q 3 a O 

b Y . = D , , , t T S i - I x. (~r^M (4.27) Y i 123 a x . . , i v a x . ) 
1 1=1 1 

where O ^ = O ^ + Q ^ + Q 3 1 

+ x. x 2 x 3 [c + Dx (x2 - x 3 ) + D 2 (x3 - xx) + 

D 3 ( x 1 - x 2 ) +. . . ] (4.28) 
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i n w h i c h t h e t e r m s O , C and Q a r e t h e b i n a r y e x c e s s - f r e e -

e n e r g y func t ions a s e x p r e s s e d i n E q u a t i o n (4. 2 4 ) ; a n d C , D , D 
1 C* 

and D a r e t e r n a r y c o n s t a n t s . T h e t e r m s c o n t a i n i n g C, D , D 

and D a r e u s e d to t a k e i n t o a c c o u n t t h e i n t e r a c t i o n s b e t w e e n t h e 

v a r i o u s b i n a r i e s . 
(93) 

C o m b i n i n g E q u a t i o n s (4 ,27) and (4 .28 ) , t h e a c t i v i t y 

c o e f f i c i e n t s a r e e x p r e s s e d in t h e fo l lowing e q u a t i o n s : 

l n Y l = B 12 X 2 ( 1 " X l ) + C 1 2 X 2 ( 2 X 1 " X 2 " 2 X \ + 2 X 1 X 2 ) 

+ D12 X 2 ( 3 X 1 " 3 X 1 + 6 X 1 X 2 " ^ 1 X 2 " 3 X 1 X 2 + X 2 } 

" B 2 3 X 2 X 3 " 2 C 2 3 X 2 X
3

 ( x 2 " X
3

) " 3 D 2 3 ( x 2 ' * / 

+ B 3 1 X 3 ( 1 . " X l } + C 3 1 X 3 ( X 3 " 2 X 1 X 3 + 2 X 1 " ZX1] 

+ D 3 1 x 3 (x 2 + 6x 2 x 3 - 4x x x 3 - 3 x 2 x^ + 3 x 2 - 3 x 3 

+ C x 2 x (1 - 2x1) + D 1 x 2 x 3 (x 2 - x - 3x x x 2 + 3x1 x ) 

2 
+ D x 2 x (x - 2 x 1 - 3^ x 3 + 3 X j ) 

+ D 3 x 2 x 3 ( 2 X l - x 2 - 3X]L + 3x x x 2 ) (4 . 29) 

l n ^ 2 = B 12 X l ( 1 " x 2 ) + C 1 2 X l ( X1 " 2 X 2 " 2 X 1 X 2 + 2 X 2 ) 

, 2 , , 2 , 2 . 2 0 3 v + D x (x - 4x x + 3x - 3x x + 6x x - 3x ) 
\Ci J- •*- 1. Lt & J. Ct X. CM LI 

2 
+ B x_ (1 - x ) + C x (2x - x - 2x + 2x x ) 

23 3 2 ci 3 <L 3 c d. 3 

+ D 2 3 X 3 ( X 3 + 3 X 2 " ^ 2 X 3 " 3 4 + 6 x 2 X
3 " 3 x 2 X

3
} 

- B 3 1 x i x 3 - 2 C 3 1 x 1 x 3 ( x 3 - x 1 ) 

- 3 D 3 1 x 1 x 3 ( x 3 - x 1 ) 
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+ C x x x (1 - 2 x 2 ) 

+ Di x x x 3 ( 2 x 2 - x 3 - 3 x 2
 + 3 x 2 x ^ 

+ D 2 X 1 X 3 ( X 3 - x l + 3 x l X 2 " 3 x 2 X 3 ) 

+ D 3 x x x 3 (X]_ - 2 x 2 - 3x x x 2 +3x 2 ) (4 . 30) 

l n Y 3 = " B 1 2 X l X 2 " 2 C 1 2 X l X 2 ( X1 " x 2 ) 

" 3 D 1 2 X 1 X 2 ( X 1 - X 2 ) 2 + B 2 3 X 2 ( 1 - X 3 ) 

+ C 2 3 X 2 ( X 2 • 2 X 3 " 2 X 2 X 3 + 2 x 3 ) 

+ D 2 3 X 2 ( X 2 * 4 X 2 X 3 + 3 X 3 + 3 x 2 X 3 + 6 x 2 X 3 " 3 x 3 ) 

+ B 3 1 x x (1 - x 3 ) + C 3 1 x x ( 2x 3 - x , - 2 x 2
 + 2x x x 3 ) 

2 2 3 , 2 2 
+ D , , x , (x, + 3x„ - 4x, x„ - 3x„ + 6x, x„ - 3x, x j 

31 1 1 3 1 3 3 1 3 1 3 

+ C x x (1 - 2x 3 ) 

+ Dx xx x2 (x2 - 2x3 - 3x2 x3 + 3x
2 ) 

2 
-I- D 2 x x2 (-x-ĵ  + 2x3 - 3x3 + 3xx x3) 

+ D 3 X j x 2 ( X l - x 2 - 3x x x 3 + 3 x 2 x 3 ) (4. 31) 

S o m e s y s t e m s c a n be c o r r e l a t e d a d e q u a t e l y w i th on ly b i n a r y 

c o n s t a n t s , m e a n i n g t h a t a l l t e r n a r y c o n s t a n t s c a n b e c o n s i d e r e d z e r o . 

4 . 4 . T H E M O D I F I E D R E D L I C H - K W O N G ( ^ E Q U A T I O N O F S T A T E 

T h e R e d l i c h - K w o n g e q u a t i o n of s t a t e h a s b e e n d i s c u s s e d i n 

C h a p t e r 2. I n t h i s i n v e s t i g a t i o n , t h e p r o c e d u r e of m o d i f i c a t i o n by Lu 
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0321 '79) (78) 

et a l , Chang and Lu ' , and Hsi and Lu was adopted. 

The evaluation of the p a r a m e t e r s Q and Q as t e m p e r a t u r e - d e p e n d e n t 

at both subcr i t i ca l and s u p e r c r i t i c a l s t a tes wil l be d i scussed in 

the next sect ion. 

4. 5 THE EVALUATION OF Q and Q, 
a b 

The R e d l i c h - K w r i ^ equation, as given by the or ig inal au tho r s , 

z --Th-^-(Thr-) < 2 - 4 - 2 b > 
where h = B P / z ( 2 . 4 . 2 c) 

A 2 = Q T 2 - 5 / T 2 ' 5 P = a / R 2 T 2 ' 5 ( 2 .4 . 2d) 
a c ' c ' 

B = ft, T / T P = b / R T ' ( 2 . 4 . 2 e) 
b .d c ' 

E x p r e s s e d in t e r m s of fugacity coefficients, Equation (2. 4. 2b) 

b e c o m e s : 

In Cp L = Z_ - 1 - In Z - In (1 - h ) - (A 2 /B) In (1 + hL) 
JLi J_i J -J 

(4.32) 

or In cp V = Z - 1 - In Z - In (1 - h ) - (A 2 /B) In (1 + h ) 
^ V V V ' V 

(4.33) 

where cp and cp a r e fugacity coefficients of the liquid phase and 

vapor phase respec t ive ly . 

At equi l ibr ium, the fugacity of a component i in the l iquid 

phase equals to the fugacity in the vapor phase , and so a r e the fugacity 

coefficients. 

~ v " L 
f = f (4.34) 

l I 
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* v * L 
^ . = cp . ( 4 . 3 5 ) 

Combining Equat ions (4.32) , ( 2 . 4 . 2 b ) , ( 2 . 4 . 2 c) and (4 .35) , the 

following re la t ionsh ip is obtained: 
[ 1 - Z ( 1 - h )J( l + h ) 

In ZT <P + 1 - ZT + In (1 - hT ) + 
L L v L' h / l - hT ) 

• L l L 

l n ( l + h T ) = 0 (4.36) 
.Li 

(77) An i t e ra t ion loop of computat ion i s set up to evaluate 

Q and Q , employing Equation (4. 36) as the working equation. 
cL D 

The f i rs t step of the i t e ra t ion loop i s the evaluation of h 
L 

v 
with a given value of Z while assuming Cp = 1 . The second step 

is to ca lcula te A and B. The th i rd step is to compute Z and h . The 
r v v 

fourth step is to ca lcula te cp . The fifth step i s to ca lcula te h . 
L 

The i t e r a t i on loop comes to an end -when the change of h i s l e s s than 
L 

a specified t o l e r ance of 0, 00005. 

In th is work , the Q and Q values for n i t rogen, me thane , 

ethane, propane and carbon dioxide w e r e evaluated. Vapor p r e s s u r e 

and sa tura ted liquid density data of Din , Klosek and McKinley 

were used. Vapor- l iquid equi l ibr ium data w e r e a l so used for the 

sys t ems n i t rogen -me thane 

n i t rogen-e thane , n i t rogen-n -bu tane 
(97) (98) ., (99) (100), 

me thane-e thane , me thane -p ropane 
(101) (102) - (97) , 

me thane -n -bu tane , e thane-p ropane , and 
« , v < 1 0 3 ) 

ethane-hexane 
The de te rmined values of Q and Q a r e graphica l ly p r e sen t ed 

cL D 

in F i g u r e s (4. 1) to (4. 6). 
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4. 6 PREDICTION OF VAPOR-LIQUID EQUILIBRIUM 

The fugacity coefficients of component i in vapor and liquid 

phases can be evaluated for vapor- l iqu id equi l ibr ium data , by 

equations (4. 32) and (4, 33). F o r c components , the re la t ionsh ips 

a r e : 

f . = f V i = 1, 2 c (4.37) 
l l 

"L "" L 
in which f. = m . x. P 

l ^ l l 

v v 
f . = m . y. P 

l ^ I 7 i 

If the t e m p e r a t u r e and (c-1) independent l iquid-phase mole 

fract ions a r e specified, it should be poss ible to ca lcula te the to ta l 

p r e s s u r e and (c-1) independent vapor-phase mole fract ions -with 

the aid of Equation (4. 3 7). The c s imultaneous equations may be 

solved by a t r i a l and e r r o r p rocedure . A r b i t r a r y values of P and 
* v " L 
cp . a r e a s sumed , cp . i s calcula ted with Equation (4 .36) , and the 
vapor phase composi t ions a r e calcula ted by: 

y. = Ctp\/ i\)xi (4.38) 

and the to ta l p r e s s u r e i s ca lcula ted by 

C - ~ L ~ 
P = S * , / . p i (4-39) 

i=l 

This value of P is compared with the value from the previous t r i a l . 

Thus cp . i s r eca l cu l a t e again , unt i l the difference of P i s within 

a specified t o l e r ance of 0. 05 psia . Then the condition; 
c 

. * Y. = 1 (4. 40) 
1=1 1 



i s t e s t e d un t i l a s p e c i f i e d t o l e r a n c e of 0. 0001 i s m e t . 

(781 
A s c h e m e of thi.° i t e r a t i o n i s shown in F i g u r e (4. 7). 

4. 7 P R E D I C T I O N O F LTQUID-LIQUID E Q U I L I B R I U M WITH T H E 

R E D L I C H - K W O N G E Q U A T I O N O F S T A T E ( 6 2 ) 

F o r a s y s t e m wi th two l iqu id p h a s e s in e q u i l i b r i u m wi th the 

v a p o r p h a s e , t h e fo l lowing r e l a t i o n s h i p h o l d s ; 

f L 1 = f L 2 = f V ( 4 . 41 ) 

I 1 1 

w h e r e t h e s u p e r s c r i p t L 1 and L 2 s t a n d for l iqu id p h a s e 1 and l iqu id 

p h a s e 2 , r e s p e c t i v e l y . 

E x p r e s s e d in t e r m s of fugac i ty c o e f f i c i e n t s , E q u a t i o n (4. 41) 

b e c o m e s : 

- L I LI - L 2 L2 , . n . 
cp . x . = cp . x . (4. 42) i i ' i i 

and 
~ LI LI ~ v 
cp - x. = cp y. (4. 43) 

1 l i i 

a l s o , it i s n e c e s s a r y t h a t 
c Tl 
y x . = 1 (4. 44) 
i=l a 

C L2 
E x . = 1 (4 .45 ) 

i=l 
c 

and S y- = 1 (4 .46 ) 
i = l 

F o r a s y s t e m w i t h c c o m p o n e n t s , t h e r e a r e (3c + 2) v a r i a b l e s , w h i c h 
LI L2 

i s t he s u m of c (x .) + c (::. ) + c (y.) + T + P ; and t h e r e a r e (2c + 3) 

e q u a t i o n s , wh ich i s t h e s u m of c t i m e s (4 . 42) + c t i m e s (4 . 43) 

+ (4 . 44) + ( 4 . 45) + (4 . 46). If c = 2 , t h a t i s , t h e s y s t e m i s a b i n a r y 
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m i x t u r e , then t h e r e a r e 8 va r i ab l e s and 7 equat ions ; if c = 3 , that i s , 

the sy s t em in a t e r n a r y m i x t u r e , t h e r e a r e 11 va r i ab l e s and 9 equat ions . 

F o r s y s t e m s at i s o t h e r m a l condi t ions , if a liquid composi t ion 

is specified, the other unknowns can be obtained f rom the s imul taneous 

solution of the equat ions . An equation of s ta te can be used to 

calculate the fugacity coeff icients , and a modified R e g u l a - F a l s i 

method h a s been proposed by Yu for the n u m e r i c a l solution. 

4. 8 CORRELATION OF LIQUID-LIQUID EQUILIBRIUM DATA; THE 

METHOD OF BLACK AND HARTWIG ( 4 6 ) 

A simple t e r n a r y d i a g r a m for a sys tem composed of components 

r , i and s i s shown in F igure (2. 5). The symbol s denotes a solvent, 

r denotes the component which is m o r e nonideal with the solvent, and 

i r e f e r s to the component which d i s t r ibu tes between the two p h a s e s . 

In th is study, s r e p r e s e n t s n i t rogen, r for propane and i for me thane . 

F igure (2. 5) shows the case in which only the r - s b inary i s pa r t i a l ly 

misc ib le ; and the plait point, the binodal curve and the t i e - l i n e s 

a r e a l l shown. The symbol x r e f e r s to the composi t ion in the solvent 

phase , and y r e f e r s to the r phase . 

The d is t r ibu t ion coefficient K. i s defined a s y . / x . for any 
J J J 

component j ; the solubility function K^ is defined as the d is t r ibut ion 

coefficient for the to ta l non-solvent m a t e r i a l between phases r and s. 

These impor tan t quant i t ies a r e given in accordance with the re la t ionsh ips ; 

K = y / x ( 2 . 2 . 5 b ) 
r } r/ r 

K h = (1 - y s ) / d - x s ) ( 2 . 2 . 5 d ) 

K. = y. / x . ( 2 . 2 . 5 a) 
l }i ' I 

K = y / x ( 2 . 2 . 5 c) 
s ' s/ s 
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P h a s e equi l ibr ia for t e r n a r y s y s t e m s a r e developed in t e r m s 

of the t h r e e bas ic quant i t ies K , K h and K.. Each i s c o r r e l a t e d 

in t e r m s of K , the " so lven t d i s t r i bu t i on" . Two bas ic plots s e rve 

to c o r r e l a t e and de t e rmine the cons is tency of t e r n a r y l iquid-l iquid 

equi l ibr ia . The f i r s t , F igu re (2 . 5b), shows K , K^ and K. plotted 

vs . K on log-log s c a l e s . In the second, F i g u r e (2. 5c), the composi t ion s 
t 

of the solvent phase x . i s plotted against the solvent concent ra t ion x . 

S imi la r ly , y. i s plotted against y . At the plait point x . = y . and 

x = y . The solubi l i t ies x and y a r e 
S s s ' s 

* s = (K h - D / ( K h - K s ) (4.47) 

and y = x K , which is defined in Equat ion (2. 2. 5 c) . The solvent -
s s s 

free compos i t ions , the " a r o m a t i c i t y " when r e f e r r e d to an a r o m a t i c 

compound, a r e given by 

X ' i = (KP " Kfa V ( K r - K.) (4.49) 

and y ' . = x ' . K . /K . (4.50) 
1
 I I r h 

The t e r n a r y composi t ions x. and y. a r e ca lcula ted by 

x. = x*. (1 - x ) (4.51) 
I I S 

y i = y ' i ( 1 - y s ) ( 4 ' 5 2 ) 

As d i scus sed in Chapter 2, the values of a, b and c w e r e 

evaluated f rom plots of log K , log K. and log K h agains t log K . 
i J- s 

( x \ ) = (a - c ) / ( a - b) (4. 53) 
l ppt 

<x
s> ppt - c / ( c - » ( 4 - 5 4 ) 

Equations (4. 53) and (4. 54) w e r e used to es tab l i sh the plai t points 

in th i s study. 
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4 .9 LIQUID PHASE INVERSION 

The phenomenon of liquid phase inve r s ion h a s been obse rved 
(13) by Schindler , Swift and Kura ta in 1967. But only the desc r ip t ion 

of v isual obse rva t ions has been d i scussed that " t h e d is t r ibut ion of 

the two liquid phases changes " " a t approx imate ly -180°C" , for the 

b inary sy s t em n i t rogen-p ropane . No deta i l s of t e m p e r a t u r e , p r e s s u r e 

and composi t ion w e r e included, and no in t e rp re t a t ion of the phenomenon 

was given. In th i s invest igat ion, a detai led observa t ion of the liquid 

phase inve r s ion phenomenon was m a d e , for the b inary sys t em n i t rogen -

ethane, and t e r n a r y sys t em n i t rogen -me thane -e thane . With 

some r e s e a r c h of the dens i t ies of the pure components , a sui table 

explanation of the phenomenon was a l so a t ta ined. This will be 

d i scussed in Section (4.11. c) 

4.10 THE CRITICAL LOCI OF BINARY MIXTURES 

(12) 
The c r i t i c a l s ta te has been defined by Gibbs as that s ta te 

of a sy s t em at which a l l d is t inct ions between the two coexis tent phases 

van ishes . A one-component sys tem has only one c r i t i c a l s t a te , 

whe reas a mult icomponent sys t em h a s an infinite number of c r i t i c a l 

s t a t e s . At a b ina ry c r i t i c a l point, the conditions a r e : 

P-f-) = 0'(-^-f)=0 (4-55) 

OY1 ayx 

where g i s the m o l a r free energy, and y i s the mo le fract ion of 

component 1 in the m i x t u r e . 

E x p r e s s e d in t e r m s of fugacity coefficients cp^ and CP2 of 

the components 1 and 2 r e spec t ive ly , the condit ions a r e 

[ 
d lT€; >2 

1 = ",) (4.56) 
ayx , p > T y i y 2 
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r 
2 ^1 

a In (-zr- ) 

] P , T 

<- y l + y2} 

2 2 
y i y2 

(4.57) 

The fugacity coefficients can be expressed in terms of partial 

molal volumes v, and v of components 1 and 2 respectively 

In cp /RT ) d P 

In cp = J ( v /RT - 4 - ) d P 

(4.58) 

(4.59) 

Applying the Gibbs-Duhem equation to the molal volume v , of the 

mixture, 

a 
( ay x ) p 

= v i ' v 2 

the resulting expression is 

'2 
In 

or In 

( - ^ - ) 

v cp? ; 

( v , 
o 

fp 

- , dP_ 
V 2 ; RT 

j iLJ2_ ^ P 

o U y l ; P , T R T 

(4.60) 

(4.61) 

Differentiate with respect to y1 at constant P and T, and rearrange, 

two expressions are obtained: 

v RT 
) 

T 

v 2„ 

' a P K d v 

ay x ' V » T 
Uyx J V j T U p ; y j y i y 2 

(2. 5. 6a) 
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v 3 „ 2 

- 3 y l V ' T a y l v . T 8 ' 1 P . T 

2 2 2 

Uy,a-v ; T Uyx J P>T U y J v > T l ^ ) ^ 

RT (yx - y2) 

(yi V 
2 ( 2 . 5 . 6 b ) 

These a r e the two conditions for the exis tence of the c r i t i c a l 

state of a b ina ry mix tu re , exp res sed in t e r m s of vo lumet r ic data. 

APPLICATION OF THE THERMODYNAMIC RELATIONS 

The re la t ions (2. 5. 6 a) and (2. 5. 6b) can be solved toge ther 

with an equation of s tate to yield the values of V , T and P . An 
c c c 

equation of s ta te gives the re la t ionship of t e m p e r a t u r e , p r e s s u r e 

and volume of a mix tu re . Fo r a mix tu re of fixed composi t ion , the 

der ivat ive t e r m s in Equations (2. 5. 6 a) and (2. 5. 6b) can be obtained 

from the equation of s ta te . With the convenience of e lec t ron ic 

computer ca lcu la t ions , the values of t e m p e r a t u r e and volume for 

a mix tu re can be sea rched to satisfy the equations (2. 5. 6a) and (2. 5. 6b) 

s imul taneously . And those values a r e the t e m p e r a t u r e and volume 

at the c r i t i c a l point of the mix tu re with the fixed composi t ion. 

With the substi tut ion of the calcula ted T and V into the equation of 

s ta te , then P wi l l be calculated. This p rocedure was d i scussed 
c (87) 

in deta i ls by Joffe and Zudkevitch 

APPLICATION OF THE MODIFIED REDLICH-KWONG EQUATION OF 

STATE 

In tliis study, the modified Redlich-Kwong equation of s ta te 

was used . The modificat ion by Lu et a l . (134) Q ^ a n a n c j jJVi (77) 



•94-

(78) 
and Hsi and Lu which was discussed in Chapter 2, was adopted. 

The values of Q and n presented in Figures (4. 1) to (4. 6) were 
a b 

used. In order to used Equation (2. 5. 6 a) and (2. 5. 6 b) together with 

the equation of state, the necessary terms were derived and will 

be shown in the following, 

RT a P = v - b A 
1 2 V ( V +b ) 

a = ^ y / + ^ y 2 2 + 2 al2 y l y2 

2 2 
b = b v +b v , + 2 o,, v, v, 

1 yl 2 y 2 12 yl yZ 

( 3 a / a y i } P,T, v = 2 aiyl " 2 a2 y2 + 2 ai2 ( y2 " y l } 

( S b /S y l } P,T , v = 2 b l y l " 2 b2 y2 + 2 b12 (y2 " yl> 

teVay^p.T.v = 2 a i + 2 a 2 " 4 a i 2 

o V ^ ^ p . T . v = 2 b l + 2 b 2 " 4 b 1 2 

(a3a/a y ^ p ^ ^ = o , ( s 3 b / ^ 3 ) P > T ) V = o 

0 2 P / a y 2 J d v = - RT/(v - b) (0
 2 b/a y2 ) - RT/(v - b)' 

' 1 v , i l 

(a b/a yx)2 + 2 a / A (a b/a yx) ln((v + b)/ v) 

I 2 2 

+ 1/T 2 p- a a/a yx a b/B y1 + a B b / a y J 
[ l /b( v +b ) - 1/b" ln(( v + hVv)] 

- 2 a /T^ (ab/a y ) j}/b/(v + b) - 1/b ln((v + b)/v) 

+ 1/2 b/(v + b) ] 
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(aP/a yx) v T
 = R T / ( v " b ) 2 ih V a y ^ V - 2 R T / ( V - b)3 

0 b/a Yl) (a v /a Y l - a b/a Yl) - i/0 v (v + b)f (a 2a/a y2^ 

+ I/1T2V (v + b j ^ a ( a V a y 2 ^ + (a a/a Yl) (a v /ay x ) 

+ 2 (a a/a Yl) (a b/a yx)] - 2a/fr* v ( v + b)3] (3 b/a Yl) 

( a v / a Y l + ab /ayx) + I / T ^ V (V + b) ( a a / a y ^ ( av / ay^ 

-a / f r^v (v + b )^ (aa /ay x ) (av/a Y l ) 

(aP/av) T = -RT/(v - b ) 2 + a (2v +b) / [T2v 2 (v + b)2] 

J V(a 3 P/a y3^ v T dv = -RT/(v - b) (a 3b/a y ^ ) - 3RT/(v - b)2 

(a b/a y x ) (a 2b /a y2) - 2 R T / ( V - b)3 (a b/a Y l)
3+ I / T * 

( a 3 a / a y 3
1 ) [ i / b in((v+byv)] + I / T * [ 3 ( aa / a Y l ) 

( a 2 b / a y x) + 3 (a a / ay x )(ab/ayx) + a (a b / S y x)] 

[ l/b(v + b) - 1/b2 ln((v + b /v ) J - 6/T2 

2 2 2 
[ ( a a / a y ^ (ab/ayx) + a ( a b / a y 1 ) ( a V a y x)] 

[ 1/b/ (v + b) - 1/b3 ln((v + b)/v ) + 1/2 b/(v + b) 2 ] 

+ 6 a / T ^ ( a b / S Y l )
3 [ l / b ^ v + b) - 1/b4 ln((v + b /v ) 

+ 1/2 b / ( v + b)2 + 1/3 b/(v + b) 3 ] 

(a2P/ay2
x) V > T = RT/(v-b)2 ( a V a y ^ ) + 2RT/(v-b)3 (a b / a y / 

- 1/fT* v (v + b)] (a a/a y ^ + l/[ T°* 5 v (v+b)2 ] 



-96-

[ 2 (a a/a Yl) (a b/a Yl) + a (a b/a y x)] - 2a/[T£ v (v + b) ] 

(a V a y / 

( a 2 P / a y 1 a V ) T = - 2 R T / ( V - b)3 ( ab /a Y l ) +[( 2v + b)/Cr*v
 2 (v + b)2)] 

( a a / a Y l ) - 2a/[T^v (v + b)3](ab/a yx) - a/[T*v (v + b)2] 

(a b/a yx) 

( a v / a y ^ P ) T = - ( a P / a y ^ v - j T / ( a P / a v ) y T 

(^v/ay^p.T = -[a/ay1(aP/ay1)VjT]p>T/(aP/av)yiJ 

2 

+ [ a/a yx (a P/a v > T J P > T (a P/a yx> v f T / (SP/av) ^ T 

[ a / a y x ( aP /ay^ V , T 1 P , T = R T / ( v ' b ) 2 ^ V a y ^ ) - 2RT/(v - b)3 

(aVa Y l ) (a v/ay^ - ab/ayx) 

- l/[T* v (v + b)](a V a Y
2
X) + 1/[T* v (v + b) ] 

[ a a V ^ V 9a/9y19
v/ay1

 + 2 a a/a Y l a b/a Y l ] 

- 2a/[T2 v (v + b) 3 ] (ab/a Y l ) (a v / ay x + a b / a y x ) 

+ I/[T 2 v
2 (v + b)] (a a/a Yl) (a v/a y^ - a/fr * v (v + b) ] 

(aa / a Y l ) (av /ay j ) 

[ a / a y ^ a P / a ) i T ] P f T
 = 2 R T / ( V - b)3

(a v / a y i - a V a y ^ 

+ I / { T \ 2 ( V + b)2][a (2 a v / a y ^ ab / ay x ) + (2 v+b) ( a a / a Y l ) ] 

- 2/LT^v2 (v+b)3] [a(2 v+b) (a v /a Y l + 3b/aYl)J - 2/[T*V (v+b) J 

[ a (2 v + b) a v/a Y l ] 
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APPLICATION OF THE CLAUSIUS EQUATION OF STATE 

In 1880 Clausius supplemented the van der Waals equation 

by introducing a third constant. This supplementation makes a linear 

transformation in the volume coordinate for a pressure-volume plot 

so that the equation will fit experimental data in a better curve near 

the critical point. A comparison of various equations of state with 

experimental data by Shah and Thodos showed that the Clausius 

equation of state was capable of predicting reasonably well the 

critical isotherm up to the critical point. It is hoped that with three 

constants, this equation will improve the prediction of critical properties 

of a binary mixture. 

The Clausius equation of state is: 

P = ~ ^ — - *- Y- (4. 62) 

V " b T (v + c) 2 

where 2 ? R2 T 2 

a = 6 4 P C ( 4 ' 6 3 ) 

c 
R T 

b = v c - - 7 T ~ (4-64) 

C 

3 R T 
c = - ^ - - V c (4.65) 

C 

The Clausius equation of state was solved simultaneously together 

with Equations (2. 5, 6 a) and (2. 5. 6b) following the same procedure 

as described in last section. The necessary terms are derived and 

are shown in the following : 

_ RT a 

T (v + c ) 2 
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2 3 
27 R T 

c 
64 P 

c 

R T 
1, v c 

D - V - ' LJ 
c 4 P 

c 
3 R T 

c 
- 8 P V 

c 

the mixing ru l e s 

a = a l 7 l + a 2 y 2 t Z a ^ ^ ^ 

b = b l Y l + b 2 y 2 

C = C l y l + C 2 y 2 

T .. = (T . T .) ° ' 5 (1 - k..) 
cij ci cj ij 

R T .. 
£ i j _ 

P .. = Z — 
cij cij c i j 

UK. = (U>, + W .) i 
IJ x J 2 

Z = 0 . 291 - 0. 08 uu .. 

i i 3 
v . = i ( v -3 + v • 3) 

cij 8 ci CJ 

2 * 3 

p 2 c l 

a i i = Q a i R P . 
ci 

R T . 
c i 

b . . = v . - -,-> Q-L4 i i c i P . t*1 

c i 
R T . 

ci_ 
C i i = n c i P . " V c i 

C l 2 3 
R T .. a-- = ( ^ + ^W * p C1J 

ij ai aj ~ f 
c i j 
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i j 

i j 

R T .. 

vc i j - ^ C1J ( nw
 + <W.* 

= (Cl . + Ci .) 
c i c j 

P .. 
c i j 

R T .. 
i S21 

bi ' " b j J 

p. P .. 
c i j 

c i j 

( a a / a y x ) p > T f v = 2 ax Y l - 2 a 2 y 2 + 2 a ^ (y2 - y^ 

(a a /a Y 1 ) P j T > = 2 a, + 2 a^ - 4 a 12 

( a 3 a / a y 3
1 ) P ) T ; V = o 

( a V a y 1 ) p > T > v = \ - *2 

(a Vay x) P f T t = o 

( a c / a y 1 ' ) P j T ) v
 = c i " c 2 

(a c / a y i ) P | T | V = o 

V 

j oSyay2^ T
 d v = -RT/(V - b) (aVay2^ - RT/(V - b)' 

00 

(a b /a Y l ) 2 + I / T / ( V + c) (a 2 a / a y 2 ^ - I / T / ( V + c) 

? 2 2 
[ a a c/a y x + 2 a a/a yx a c/a y J + 2 a/T/(v + c) 

2 

(a c/a Yl) 

(a p / a Y l) T = RT / ( v - b ) 2 (a b / a Y l) -(a a / a Y I / T / ( V + c ) 2 

3 
+ 2 a / T(v + c) ( a c / a Y l ) 

(av/aP) T = V(aP/av) 
yi » x ' i» y i y i . T 
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(aP/a vy T = -RT/( v ~ b)2 + 2 a/ T/(v + c)3 

v 

J ( a 3 P / a y 3 J T dv = - R T / ( V - b) ( a 3 b / a Y
3 J - 3 R T / ( V - b)2 

1 v> 
oo 

(a b/a y) (a 2 b/a y \ ) - 2 R T / (v - b)3 (a b/a Y l )
3 

+ l/T/(v+ c) (a3a/ay3
1) - a/T/(v + c)2 ( ^ c / ^ y ^ ) 

- 3 /T/(V + c)2 (aa/aYl) (a2c/ay2
1) - 3 /T/(V + c)2 

(a a/a y x) (a c/a Yl) + 6 a/T/(v + c) (3 c/a Yl) (a c/a Y 1 ) 

+ 6/T/(v + c)3 (3 a/3 y^ (a c/a y / - 6 a/T/(v + c) 4 

(a c/a yx) 

( a ^ / a y ^ ) v T =RT / ( v - b)2 ( a V a y 2 ^ + 2 R T / ( V - b)3 

(a b/a y / - I/T/(V+C) 2 (9
 2 a / a y 2 ^ + 2 / T / ( V + c)2 

[ a 3 2 c / a y 2
1 + 2 3 a/3 Y l a c/a Y J - 6 a / T / ( v + c ) 4 

2 

(a c/a yx) 

(av/aY ) T = - (aP/ay^ v T/(ap/av) T 

(a 2P/a yx av ) T = 2 R T / ( V - b) (av /a yx - a b/a yx) 

+ 2/T/(v + c)3 (3 a/3 Yl) - 6 a/T/(v + c) (3 V/a Y l + 3 c / a Y][) 

( a ^ / a y ^ p ^ = -\.b/hvl ( a P / a y ^ V | T ] P > T A a P / a v ) y ^ T 

+ [ a/a yx (a P / a v > > T ] v> T (a P /a yx)v > T / ( a p/a v) ^ T v i 
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[a/ay, (aP/ayJ T ] _ P T / , , , 2 . 2, . 2 . 1 V , P T R T / ( v " b ) (a b / a y x) 

3 
- 2 R T / ( V - b) (3 b/a Yl) ( 3 v / a n _ a b / a y } 

- l /T (v + c)2 (a 2 a / 3 Y
2

X ) + 2/[T( v + c)3] 

2 2 
[ a 3 c/a y x + 3 a/3 Y l a v/3 Y i + 2 3 c/3 Y][ 3 a / 3 yx] 

- 6 a/T/( v+ c) (3 c/3 y^ ( 3 v / a Y l + 3 c/a yx) 

[ a / a y ^ a P / a v ^ i T j p ) T = 2RT/( v - b ) 3 ( a v / a Y l - ab /ay x ) 

+ 2/T/(v + c) (3 a/3 Yl) - 6a/T/(v + c) (3 v /a Y l + 3 c/a Yl) 

APPLICATION OF THE WOHL EQUATION OF STATE ( 1 1 3 ) 

The Wohl equation is : 

- RT a c . . . 
+ —r (4. 66) v - b v (v - b) 3 

v 
2 

where a = 6 v P (4. 67) 
c c 

b = i vc (4. 68) 

c = 4 vc
3 P c (4. 69) 

This equation was proposed in 1914 and was a modification of the 

van der Waals equation. In this equation, the v was not an experimental 

value, but was recommended to be v = RT / 3 . 75 P . It was found 
' c d c 

that for pure substances, along the critical isotherm, the values 

predicted by this equation agreed closely with the experimental values 

for the gaseous region up to P = 1. 0. It also predicted well the PVT 

behavior at higher temperatures and did not indicate significant 

deviations for the gaseous state for pressures above P - \ Q 
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To use th is equation for predic t ing c r i t i c a l loci of b ina ry 

mix tu r e s by the method desc r ibed , the n e c e s s a r y t e r m s a r e der ived 

and a re shown in the following: 

P =-51- - - 4 — - +
 c 

v - b v (v - b) 3 

( a P / a y ) v T = ( a V a ^ P T / ( v - b)2 - (aa/ay,)/v/(v - b) 

- (a b/a y,) a/v/( v - b) + (3 c/3 y() / v 

[ a ( a P / a y ) v > T / a y ] P ) T = ( a V a y f ) R T / ( V - b)2 

- (av/ay, - a b/ay,) (a b/ay,) 2 R T / ( V - b)3 

2 2 2 2 
- ( a a / a y ) / v / ( v - b ) - [ a (a b / a y ( ) - (aa/ay,Mav /ay,) 

+ 2 (aa/ay^ (ab /ay) ] /v / ( v - b ) 2 + 2 (ab/ay() 

3 2 
a (a v/a y( - 3 b/a y()/v/(v - b) - (3 a/a y()(a v/a y ()/v /(v-b) 

2 2 
+ a (a b/a y() (a v/a y() / v / ( v - b) 

2 2 3 4 

+ (a c/a y () / v - 3 (a c/a y) (a v / a y / v 

(a 2 P / a y2) ^ = RT (a V a y 2 / (v - b)2 + 2 R T (3 b/a y ) 2 / ( v - b)3 

2 2 2 2 
- (a a /ay ( ) /v/(v - b) - [ a (3 b/a y( ) + 2 (a a/a y,) 

( ab / ay ( ) ] / v / (v - b)2 - 2 a (ab/ay,) / v / ( v - b)3 

/ 2 , 2 3 
+ (a c/a y | ) / v 

( S P / 3 v ) = - R T / ( v - b ) 2 + a (2 v - b) / v 2 / ( v . b ) 2 - 3 c / V 4 

y!' 

( a 2 P/ay , av) T = - 2RT ( s b / a y ) / ( v - b ) + (z v - b) (aa /ay ( ) / v / (v-b) ' 

+a ( 3 v - b) (a b / a y ) / v2 /( v - b ) - 3 (a c/a y()/ v 
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[ a ( a P / a v ) y > T / a y J P j T - Z R T ^ V / ^ , - 3 b / a y i ) / ( v - b ) 3 

+ [a ( :2 a V a y , - ab/ay,) + (aa/ay,) ( 2 v - b ) ] / v ^ ( v -b)2 

- 2 a (2 v - b ) ( a v / a y , - a b / a ^ ) / v
2 / ( v - b) 3 

- 2 a ( 2 v - b) (a v / a y,)/ v3/( v - b ) 2 - 3 (a c/a y,)/v 

+ 12 c ( a v / a ^ ) / v ' 

1 

V (a 2P/a y2) v> T
 d v = - R T <a V a y2) / (v - b) 

- RT ( a b / a y / / (v - b ) 2 - ( a 2 a / a y 2 ) [ l n ( v - b ) - l n v ] / b T 

- [ a (a 2 b/a yf) + 2 (a a/3 y^ (3 b/a y() ] 

f- l/b/(v - b) - In [(v - b)/v]/b2]/T 

- 2 a (3 b/a y,)2 [ 1/b2/ (v - b) - 0. 5 /b/(v - b) 2 

+ l n [ ( v - b ) / v ] / b 3 j / T - ( a 2 c / a y 2 / 2 / T 2 / v
2 

r 

(a3p/ay,3) V j T
 d v - R T (aVay3)/(v - b) 

- 3 RT (ab/ay,) (aVay, ) / ( v - b ) 

- 2RT (ab/ay,)3 /(v - b)3 - (aVayf) [ ^ [(v-b)/v] j/bT 

- j a (3 3b/3 yf) + 3 (3 a/3 Y|) (3 b/3 y, ) + 3 (3 a/ay,) 

(ab/ay,)] f-l/b/(v-b) -In [( v-b)/vJ/b2]/T 

- fa (ab/ay,) (a b/ay,) + (aa/ay() (ab /ay,) ] 

j 1/b2/ (v - b) - 0. 5/b/(v - b)2 + In [ ( v - b)/v ]/b3 j /T 

+ 6 a(ab/ay()
3 [l/b)(v - b) - 0. 5/b2/(v - b)2 

+ In [ (v - b)/v ] / b 4 + 73/b/(v - b) 3 ] / T 



-104-

4.11 RESULTS AND DISCUSSIONS 

A) BINARY SYSTEMS 

E x p e r i m e n t a l vapor- l iqu id equi l ibr ium data w e r e de t e rmined 

for b inary s y s t e m s containing n i t rogen, me thane , and p ropane . 

F o r the sys t em n i t rogen-me thane , data were avai lable in 

the l i t e r a t u r e . The exper imenta l dew - and bubble - point 
(3) data of B loomer and P a r e n t and the i s o t h e r m a l vapor- l iqu id 

(4) equi l ibr ium data of Cines et a l . w e r e adopted. I s o t h e r m a l P - x - y 

values at the condit ions of 114. 05, 118. 32 and 122. 24 K w e r e obtained 

from graphica l ly c ros s -p lo t t i ng , and w e r e shown in F igure (4 .9) . Also 

shown w e r e t h r e e exper imenta l points m e a s u r e d in th is l abo ra to ry , and 

were found in good ag reemen t with those in terpola ted va lues . 

Data reduct ion was c a r r i e d out for these t h r ee b inary s y s t e m s , 

each of which included t h r e e i s o t h e r m s . These b inary vapor- l iqu id 

equi l ibr ium data w e r e a lso used to t e s t the appl icabi l i ty of the 

Redlich-Kwong equation of s ta te for predic t ion p u r p o s e s . Detai led 

d i scuss ions wil l be depicted in the following sec t ions . 

Liquid act iv i ty coefficients. Liquid phase act ivi ty coefficients 

w e r e ca lcula ted for the b inary sy s t ems n i t rogen-p ropane , and m e t h a n e -

propane , and a l so for the smoothed values in terpola ted f rom the data 

of Cines et a l . , and Bloomer and P a r e n t for the sys t em n i t rogen-

methane , at 114, 05, 118. 32 and 122. 24 K. The evaluat ions w e r e based 

on Equation (4. 8), coupled with the Redlich-Kwong equation of s t a t e , 

which was used for the evaluation of the component fugacit ies in the 

mix tu re and a l so the pa r t i a l m o l a r vo lumes . The r e f e r ence p r e s s u r e 

P in Equat ion (4. 8) was a r b i t r a r i l y chosen to be 500 ps i a , which was 

higher than any sa tura t ion p r e s s u r e encountered in th is study. In 
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doing so the hypothe t ica l liquid s ta te could be avoided. The n u m e r i c a l 

values a r e shown in Table (4.1) in Appendix A, and graphica l ly 

in F i g u r e s (4. 10) - (4. 14). The condit ions under which the Red l i ch -

Kwong equation of s ta te was applied w e r e d i scussed in sect ion (4 .4) . 

The evaluated act ivi ty coefficients w e r e c o r r e l a t e d with the 

Red l i ch -Kis te r equation. Equat ions (4. 25) and (4. 26). The r e s u l t s 

a r e shown in Table (4. 2) in Appendix A, in which the c o r r e l a t i o n 

constants a s we l l as ave rage absolute deviation and ave rage absolu te % 

deviation in y and y a r e r epor t ed . The data a r e wel l r e p r e s e n t e d 

by the Red l i ch -Ki s t e r equation. With t h r e e b inary cons tan t s , the 

data a r e r e p r e s e n t e d be t te r than 0. 3% in a v e r a g e ; with two b inary 

cons tan ts , the data a r e r e p r e s e n t e d with 1. 0% in a v e r a g e . The values 

for the n i t rogen-me thane s y s t e m exhibit l eas t deviat ion of 

a l l due to the fact that the va lues w e r e smoothed. The c o r r e l a t e d 

values a r e shown in F i g u r e s (4.10) to (4.14) a s l i nes , compared to 

the individual y va lues shown as points . 

A cons i s tency t e s t was pe r fo rmed by plotting In i i vs x 
^ ^ C* 

for the s y s t e m methane (1) - propane (2) as shown in F i g u r e (4.15). 

The a r e a t e s t shows that the data a r e cons is tent for th i s s y s t e m . 

However it should be noticed that for the t h r e e i s o t h e r m s 114. 05, 

118. 32 and 122. 24 K, th i s plot i s a l m o s t ident ica l , and th i s i s probably 

due to the sma l l t e m p e r a t u r e in t e rva l such that the t e m p e r a t u r e effect 

i s sma l l . This a r e a t e s t could not be pe r fo rmed for the s y s t e m 

n i t rogen-propane s ince the vapor- l iqu id equi l ib r ium data w e r e 

de te rmined only in the region in which the liquid was not sa tu ra t ed 

but was r ich in propane j and this reg ion was l e s s than 0.1 mole f ract ion 

of n i t rogen. Beyond this reg ion , two liquid phases appea red and v a p o r -

l iquid-l iquid equi l ib r ium took p lace . 
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A cons i s ten t t r end is indicated when the data of m e t h a n e -

propane sy s t em was compared to those r epo r t ed by Wichte r le and 

Kobayashi , as shown in F i g u r e s (4.16) and (4.17). It should be 

pointed out that in F igu re (4.17) , as the act ivi ty coefficients at infinite 

dilution a r e c o m p a r e d , the values for the i s o t h e r m 130. 37 K of Wichter le 

and Kobayashi show a g r e a t e r d i sc repancy from the t r end . This may 

b.j due to the fact that only t h r e e exper imen ta l vapor- l iqu id equi l ib r ium 

points w e r e r e p o r t e d bes ides the vapor p r e s s u r e s of pure subs t ances . 

Liquid act iv i ty coefficients w e r e a l so calcula ted f rom gas 

phase fugacity coeff icients , by using Equation (4.13). The r e s u l t s 

a r e shown in Table (4 .3) . Equation (4.13) involves d i rec t ly the value 

of vapor composi t ion , and the act ivi ty coefficients thus evaluated 

a r e sens i t ive to the accu racy of vapor composi t ion of the data. The 

conditions of th is invest igat ion w e r e at low t e m p e r a t u r e s such that 

the vapor composi t ions of propane in both n i t rogen-propane and 

me thane -p ropane sys t ems w e r e always lower than 0. 003 mole f ract ion, 

which was lower than the exper imenta l e r r o r , the value of which was 

0. 005 mole f ract ion. The r e s u l t s in Table (4. 4) r e v e a l very wel l 

this factor , a s one can find that the act ivi ty coefficients for n i t rogen 

and methane a r e of reasonable magni tude and ag ree wel l with those 

evaluated f rom Equation (4. 8); while those for propane a r e low and 

sca t t e r ing . 

P red i c t i on of vapor- l iquid equi l ibr ium. As d i s cus sed in 

Section (4. 6), the modified Redlich-Kwong equation of s ta te was used 

to p red ic t equ i l ib r ium p r e s s u r e and vapor composi t ion f rom exper imenta l 

data of t e m p e r a t u r e and liquid composi t ion. The n e c e s s a r y p u r e 

component p r o p e r t i e s and the i r r e s o u r c e s a r e l i s ted in Table (4. 5) ; 

and the Redlich-Kwong equation p a r a m e t e r s Cl and Q a r e shown 
cL D 

in F i g u r e s (4. 1) to (4. 6), the deta i l s of which w e r e d i s cus sed in Sect ion 

4. 5 . The n u m e r i c a l r e s u l t s a r e shown in Tables (4. 6) and (4. 7), i r 
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which the p red ic ted values a r e compared with the expe r imen ta l data. 

The deviation of the p red ic ted p r e s s u r e is l e s s than 2% as an ave rage 

and the ave rage absolute deviation of vapor composi t ion is l e s s than 

0. 005 mole f ract ion. It should be ment ioned that at the t e m p e r a t u r e s 

of 114. 05, 118. 32 and 122. 24 K, the vapor p r e s s u r e of propane at 

those t e m p e r a t u r e s w e r e es t ima ted by the F ros t -Ka lkwar f -Thodos 0^34) 

v a p o r - p r e s s u r e co r r e l a t i on , and the es t imated value was 0. 002 psia 

at 122. 24 K. The values of n . n. and k. . used in this ca lcula t ion 
w a ' u b ij 

a r e l is ted in Table (4. 9). 

P r ed i c t i on of l iquid-l iquid equi l ibr ium. The vapor - l iqu id -

liquid equi l ib r ium data for the sys t em n i t rogen-propane w e r e used 

to t e s t the"a~pp lie abil i ty of the modified Redlich-Kwong equation of 

state for p red ic t ion pu rposes . As d i scussed in Section (4. 7), a 

p rocedure of using a modified Rugu la -Fa l s i method was used 

to predic t the p r o p a n e - r i c h liquid phase (bottom liquid phase) composi t ions 

f rom the expe r imen ta l n i t rogen - r i ch phase (top liquid phase) 

composi t ions . The r e s u l t s a r e shown in Table (4. 8). Compared with 

exper imenta l ly m e a s u r e d composi t ions , the pred ic ted values have an 

average absolute percen tage deviation of 0. 8%. The pure component 

p rope r t i e s used a r e shown in Table (4. 5). However , it i s observed , 

that the in te rac t ion constant k. of Eq. (2. 4."2dd)for this calculation 
!J 

exhibits a dependence on t e m p e r a t u r e , as shown in F igu re (4.18). This 

in te rac t ion constant k.. ha s been cons idered as independent of t e m p e r a t u r e , 
1J (94) 

p r e s s u r e or composi t ion , and is the c h a r a c t e r i s t i c constant of 

an i - j pa i r . However , the t empe ra tu r e -dependence was observed 

h e r e for a b inary m i x t u r e , and composi t ion dependence was a lso 

observed for the t h r e e t e r n a r y i s o t h e r m s . This wil l be d i scussed in 

m o r e deta i l s in next sect ion. 
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B) TERNARY SYSTEMS 

The ternary system nitrogen-methane-propane was investigated 

at three isothermal conditions, for vapor-liquid equilibrium and 

vapor-liquid-liquid equilibrium. The equilibrium data were 

thermodynamically analyzed and correlated. The Redlich-Kwong 

equation of state was tested for predicting the vapor-liquid equilibrium 

and liquid-liquid equilibrium data. The detailed discussion will 

be given in the following sections. 

Liquid activity coefficients. Liquid phase activity coefficients 

were evaluated according to Section (4. 1). The reference pressure 

was arbitrarily taken as 500 psia. The values of the activity 

coefficientlTwere listed in Table (4.10) to (4.12). For each isothermal 

condition, the activity coefficients were evaluated for vapor-liquid 

equilibrium data, and also for the two liquid phases each of which 

was considered in equilibrium with the vapor phase in the case of 

vapor-liquid-liquid equilibrium. The excess-free-energy function 

Q was calculated from the experimental y values according to 

Q123 = X l l n Y 1 + X 2 l n v 2 + X 3 l n V3 (4- 91) 

The ternary Redlich-Kister equation was used to correlate the y 

values and the results are shown in Tables (4. 13). In Table (4. 13), 

the values of Q , the excess-free-energy function, evaluated from 

correlation constants are compared with the experimental C>23 

evaluated from Equation (4. 91). It is indicated from the results that 

ternary effect appears to exist in this system. The values of O ? 

evaluated with binary and ternary constants together give an average 

absolute deviation of 2. 5% from the experimental Q values. But 

evaluated from the binary constants alone, a deviation of 12% was 

resulted. 
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Howcvcr, a t tent ions should be drawn to the fact that the 

n i t rogen-propane b inary sys tem exhibited p a r t i a l misc ib i l i ty in 

the liquid phase at t he se t e m p e r a t u r e s . The vapor- l iqu id equi l ib r ium 

data m e a s u r e d for th is sys t em covered a composi t ion range of 0, 088 

mole fraction of n i t rogen before the liquid phase reached the l iquid-

liquid boundary. Natura l ly the b inary Red l i ch -Kis t e r equation 

r ep re sen t s the act ivi ty coefficients of th is sys tem up to the same 

composit ion range of 0. 088 mole fraction of ni t rogen. If t he se 

constants w e r e used to calcula te Q . 7 , for the t e r n a r y sy s t em over 

a complete ran^e of composi t ion, the long-range extrapola t ion would 

cer ta inly in t roduce cons iderab le e r r o r . 

Also , an a t tempt was made to evaluate activi ty coefficients 

from gas fugacity coefficients with Equation (4. 13). The n u m e r i c a l 

values a r e repor ted in Table (4.14) in Appendix A. Also 

included in t he se Tables a r e the compar i son with the r e s u l t s f rom 

Equation (4. 8). The r e s u l t s show a s imi l a r s i tuat ion a s for the 

binary s y s t e m s d i scussed in the previous section. 

Cor r e l a t i on of l iquid-l iquid equi l ibr ium data. The e m p i r i c a l 

co r re la t ion of Black and Hartwig was used to c o r r e l a t e the l iquid-

liquid equi l ib r ium data. As d i scussed in Section (4. 8), the values 

of K , K , K and K w e r e evaluated and a r e shown in Table (4. 15) 
r H l s 

in Appendix A, P lo ts of log K , log K and log K. agains t log K 

a r e cons t ruc ted as shown in F i g u r e s (4.19), (4.20) and (4,21), f rom 

which the s lopes of the cu rves at the l imit ing condition a s the plai t 

points a r e approached a r e evaluated. The values of the s lopes , a, b 

and c a r e shown in Table (4. 15). F r o m these va lues , the plait 

points w e r e e s t ima ted for each i s o t h e r m , by Equat ions (4. 53) and 

(4. 54); and the composi t ions of the plait points a r e shown in 

Table (4, 15). A l so , the va lues of x , and y w e r e ca lcu la ted by 
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Equat ions (4. 51) and (4. 52"), and a r e shown in Table (4. 15). The 
1 1 

values of x . and y . a r e plotted agains t x and y , r e spec t ive ly , 

as shown in F i g u r e s (4 .22) , (4.23) and (4 .24) . F r o m these p lo t s , 

cons is tency of the data i s indicated by the c u r v e s . 

P r ed i c t i on of vapor- l iqu id equi l ibr ium. Vapor composi t ions 

and sy s t em p r e s s u r e s for the t e r n a r y s y s t e m w e r e pred ic ted by 

using the modified Redlich-Kwong equation of s ta te a s d i scussed in 

Section (4. 6). The ave rage absolute deviation between the calcula ted 

and expe r imen ta l values of vapor composi t ion , Ay, i s 0. 003 mole 

fract ion; while the ave rage absolute deviation between the calcula ted 

and expe r imen ta l to ta l p r e s s u r e va lues , AP , i s 4%, If t he se r e s u l t s 

were compared to those of b inary s y s t e m s , the deviation of AP i s 

higher for a t e r n a r y sys t em. The r e s u l t s a r e shown in Tables (4. 16) 

to (4. 21). A m a i n contr ibut ion of the deviat ion carfTe^ from those 

points in the vicini ty of the binodal cu rve nea r , the sect ion w h e r e the 

liquid was r i ch in p ropane . The Redlich-Kwong equation of s ta te 

could not p red ic t accura te ly the phase behavior when the vapor phase 

was cons idered in equ i l ib r ium with the bo t tom liquid phase at the 

vapor- l iquid- l iquid boundary. But the r e s u l t s w e r e ve ry good when 

the vapor was cons idered in equi l ibr ium with the top liquid p h a s e . 

The pred ic ted va lues , toge ther with expe r imen ta l data , 

a r e shown in Tables (4.17) and (4. 20), for which the top liquid phase 

(the n i t r ogen - r i ch por t ion of the binodal curve) is cons ide red in 

equi l ibr ium with the vapor phase . The a g r e e m e n t i s as good as that 

for vapor- l iqu id equi l ibr ium data. However , when the bot tom liquid 

phase is cons idered as in equi l ibr ium with the vapor , as ment ioned 

above, convergency p rob lem was encountered , and it is not poss ib le 

to yield r easonab le r e s u l t s . N u m e r i c a l values w e r e shown in Tab les 

(4.18) and (4.21). 
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The predic t ion of l iquid-l iquid equilibrium.. The l iquid-l iquid 

equi l ibr ium data was used to t e s t the applicabi l i ty of the Redl ich-Kwong 

equation of s ta te with a modified R e g u l a - F a l s i method , as 

d iscussed in Section (4. 7). The calcula ted va lues , toge ther 

with exper imenta l m e a s u r e m e n t s and the differences between the 

two a r c repor ted in Table (4.22) in Appendix A. The r e s u l t s show 

good ag reemen t between the calcula ted and expe r imen ta l va lues . The 

average absolute deviations in composi t ion and p r e s s u r e w e r e below 

1%, as observed from the calcula t ions r epo r t ed in Table (4,22) , 

However, looking at the method with scru t iny , two points should be 

mentioned h e r e . 

F i r s t , th is method is l imi ted in predic t ing the sect ion of binodal 

curve in which the liquid is r ich in the heav i e r component . In th is 

ca se , the bot tom liquid phase r i ch in propane was pred ic ted from the 

top liquid phase r ich in ni t rogen. Unfortunately, the s y s t e m n i t rogen-

methane-propane at the t e m p e r a t u r e s of 114, 05, 118. 32 and 122. 24 K 

contains r a t h e r minute amount of propane in the top liquid phase 

(rich in n i t rogen) . The exper imenta l e r r o r on m e a s u r e m e n t s m a y 

have a profound effect on the outcome of the r e s u l t s . 

Secondly, it was observed that the in te rac t ion constant k.. 
i j 

for the b inary pa i r s containing propane and n i t rogen exhibited 

dependence on t e m p e r a t u r e and composi t ion. This h a s been ment ioned in 

the previous section in the d i scuss ion of r e s u l t s about the predic t ion 

of l iquid-l iquid equi l ibr ium for the sys tem n i t rogen -p ropane . F o r 

the sys t em n i t rogen-p ropane , the values of k.. va r i ed f rom 0. 075 to 0,1 
i j 

over the t e m p e r a t u r e range of 113. 22 to 12 5. 15 K, as shown in 

F igure (4.|8). F o r the sy s t em n i t rogen (1) - methane (2)- propane (3), 

the values of k was quite a constant with r e s p e c t to t e m p e r a t u r e 
yc* 

(0. 032 for 114. 05 K, 0. 031 for 118. 32 K and 0. 0304 for 122. 24 K) 
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and did not v a r y with composi t ion at i s o t h e r m a l condi t ions . But 

the values of k and k showed dependence on t e m p e r a t u r e as wel l 

as on composi t ion , as shown in F igu re s (4 .25) , (4.26) and (4 .27) . 

However, a theore t i ca l ly sound explanation or in t e rp re ta t ion cannot 

be given at the p r e sen t s tage , but neve r the l e s s th is i s a point 

worthy to not ice . 

The plait points es tabl i shed from the method of Black and 

Hartwig w e r e p r o c e s s e d with the calculat ions using Redl ich-

Kwong equation of s ta te . The k and k values used w e r e se lec ted 

from the t r end es tab l i shed as shown in F i g u r e s (4.18), (4.25) to (4 .27) , 

The r e s u l t s a r e shown in Table (4. 23). The m a x i m u m deviation in 

the pred ic ted p r e s s u r e is lower than 3%. 

Constant p r e s s u r e d i a g r a m s . The modified Redlich-Kwong 

equation of s ta te was used to cons t ruc t constant p r e s s u r e cu rves 

for the sys t em n i t rogen-methane -p ropane at the t h r e e i s o t h e r m a l 

condit ions. At each i s o t h e r m a l condition, liquid composi t ions 

were se lec ted sys temat ica l ly so that the whole t e r n a r y composi t ion 

range was covered . Vapor composi t ions and sy s t em p r e s s u r e s -were 

predic ted f rom the values of t e m p e r a t u r e and liquid composi t ion. 

The pred ic ted values of p r e s s u r e w e r e plotted against liquid composi t ion. 

F r o m graphica l in terpolat ion, liquid composi t ions w e r e es tabl i shed 

at constant p r e s s u r e condit ions. The r e s u l t s a r e shown in F i g u r e s 

(4. 28), (4. 29) and (4. 30). It was es tabl i shed e a r l i e r in th is d i scuss ion 

that the modified Redlich-Kwong equation of s tate predic ted sy s t em 

p r e s s u r e s from liquid composi t ions and t e m p e r a t u r e s with an ave rage 

absolute deviat ion of 4%. It is t he re fo re a s sumed that t hese constant 

p r e s s u r e c u r v e s a r e approximate ly 4% away from expe r imen ta l data. 

It should be mentioned h e r e that the d i sc repancy between the 

predic ted and expe r imen ta l values of p r e s s u r e is high in the vicinity 
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of the bot tom liquid p h a s e , the p r o p a n e - r i c h por t ion of the binodal 

cu rve , as have been ment ioned e a r l i e r in th i s d i scuss ion . This 

fact s t i l l s tands when the constant p r e s s u r e cu rves a r e cons t ruc ted . 

Therefore the constant p r e s s u r e c u r v e s cannot always connect with 

the expe r imen ta l t i e - l i n e s , due to th is d i sc repancy . Hence t he se 

connections could only be shown at the vicinity of the plait point, 

where the a g r e e m e n t between the predic ted and exper imen ta l values 

is good. 

C) LIQUID DENSITY AND LIQUID PHASE INVERSION 

The expe r imen ta l data of Klosek and McKinley , and those 
(95) of Din for dens i t ies at sa tura t ion p r e s s u r e of pure n i t rogen, 

methane , ethane and propane w e r e plotted in F igu re (4. 8), a s 

functions of t e m p e r a t u r e . F o r the light hydroca rbons containing 

1, 2, and 3 c a r b o n s , at low t e m p e r a t u r e r a n g e s , as shown in 

F igure (4. 8), the dependence of densi ty on t e m p e r a t u r e is smal l . 

However, the densi ty of ni t rogen does not behave in the s a m e m a n n e r . 

The density change is much l a r g e r due to change of t e m p e r a t u r e . 

As a r e su l t , the densi ty curve of n i t rogen i n t e r s e c t s the densi ty curve 

of ethane at 109. 1 K. At this t e m p e r a t u r e , the dens i t ies of n i t rogen 

and ethane a r e ident ica l . Fo r a mix tu re of n i t rogen-e thane at th is 

t e m p e r a t u r e , pa r t i a l misc ib i l i ty o c c u r s . At th is t e m p e r a t u r e , liquid 

phase inve r s ion a l so o c c u r s , for a b inary m i x t u r e with 0. 2014 mo le 

fraction of n i t rogen at the bot tom liquid phase and 0. 9453 mole 

fraction of n i t rogen at the top liquid phase . 

Also f rom F igu re (4. 8), it i s found that 94. 2 K is the i n t e r sec t ion 

of the densi ty cu rves of ni t rogen and propane . This a g r e e s ve ry wel l 

with the t e m p e r a t u r e of -180°C (93, 2 K) which is the liquid phase 

invers ion t e m p e r a t u r e for sys t em n i t rogen-p ropane , r e p o r t e d by 

Schindler , Swift and Kura ta ( " ) . 
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D) CRITICAL LOCI OF BINARY MIXTURES 

Mix tu res containing ni t rogen, me thane , and propane have been 

invest igated exper imenta l ly at cryogenic t e m p e r a t u r e , and the 

exper imenta l data thermodynamica l ly analyzed as shown in the 

preceedings sec t ions . As a pa r t of the r e s e a r c h scheme, the behavior 

of these m i x t u r e s at the c r i t i c a l region was a l so studied. Tb : 

r igorous ly der ived expres s ions of Redlich and K i s t e r , Equat ions 

(2. 5. 6a), (2. 5. 6b) w e r e adopted. These two exp re s s ions w e r e combined 

with var ious equations of s ta te , yielding different se ts of c r i t i c a l loci 

for these m i x t u r e s . Compar i sons were made among the different 

sets of r e s u l t s , and with avai lable exper imenta l data. F r o m these 

r e s u l t s , it was found that the modified Redlich-Kwong equation of 

s ta te , that with Q and Q cons idered as functions of t e m p e r a t u r e at sub-

cr i t i ca l s ta te and at supe rc r i t i c a l s ta te , was capable of predic t ing 

the c r i t i c a l loci c loses t to exper imenta l data, for b inary m i x t u r e s . 

THE CRITICAL LOCUS OF THE BINARY SYSTEM METHANE-PROPANE 

The sy s t em methane-p ropane i s one of those invest igated in 

this study. It h a s been exper imenta l ly studied m o r e thoroughly 

as far a s the c r i t i c a l locus i s concerned. The r e s u l t s r epo r t ed 
(99) by R e a m e r , Sage , and Lacey included PVT values at c r i t i c a l 

conditions. The values of c r i t i c a l t e m p e r a t u r e , c r i t i c a l p r e s s u r e , 

and c r i t i c a l volume w e r e r epor t ed for six composi t ions for th is 

sys tem. In th is study, the Clausius equation, the Redlich-Kwong 

equation and the modified Redlich-Kwong equation with Q and Qfe 

cons idered t e m p e r a t u r e - d e p e n d e n t at both subcr i t i ca l and s u p e r c r i t i c a l 

s t a tes , w e r e al l used , together with Equat ions (2. 5. 6a) and (2. 5. 6b) to 

predict P , T and V for the mix tu re over comple te composi t ion r c c c 
r anges . The r e s u l t s a r e shown in F i g u r j s (4.31), (4.32) and (4 .33) . 
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In F igure (4.31), the ca lcula ted T is shown as a function of composi t ion , 

together with the r e s u l t s r epor t ed by R e a m e r , Sage and Lacey ( . 

Only one cu rve i s shown due to the fact that c lose r e s u l t s w e r e 

obtained from the t h r e e different equations of s ta te . F o r the sake of 

c la r i ty , the p resen ta t ion of th is graph does not follow the conventional 

way in which ca lcula ted r e s u l t s a r e p re sen ted a s a cu rve and only 

exper imenta l values a r e p resen ted as points . However , numer ica l ly 

compared with the values repor ted by R e a m e r , Sage and Lacey , 

the r e s u l t s f rom the modified Redlich-Kwong equation of s ta te gave 

an ave rage absolute deviation of 0. 5%. 

The r e s u l t s of the calculated P a r e compared with the 
(9°9) r e su l t s of R e a m e r , Sage, and Lacey in F igure (4 .32) . It i s 

obvious that the r e s u l t s from the modified Redlich-Kwong equation 

of s tate a r e c lo se s t to the exper imenta l data . Numer i ca l compar i son 

shows an a v e r a g e absolute deviation of 0. 7%. This r esu l t shows that 

improvement h a s been achieved over the 1. 9% of that obtained by 
(851 

Spear , Robinson, and Chao , who w e r e using the given T to 

calculate P and w e r e compar ing to the exper imenta l data of the 

same a u t h o r s . 

The c r i t i c a l volumes a r e shown as a function of composi t ion 

in F igure (4. 33). It i s a l so obvious that those r e s u l t s from the 

modified Redlich-Kwong equation of s ta te a g r e e be t t e r with the data 
(99) 

of R e a m e r , Sage, and Lacey . Numer i ca l compar i son shows 

an ave rage absolute deviat ion of 6. 0%. The point at 0. 6772 mole 

fract ion of methane f rom R e a m e r , Sage, and Lacey i s far off the 

t rend of the other points . If th is point i s sc reened , the deviation 

is reduced to 2. 3%. The r e s u l t s f rom the Redlich-Kwong equation 

without modif icat ion a r e a l so shown in F igure (4. 33), A d i sc repancy 

is shown from t h e s e r e s u l t s . It i s that the predic ted values do not 

show a cons i s ten t t r e n d with the c r i t i c a l volumes of the pure components . 
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THE BINARY SYSTEMS NITROGEN-METHANE, NITROGEN-ETHANE, 

AND NITROGEN-PROPANE 

F i g u r e s (4 .34) , (4.35) and (4.36) show the r e s u l t s of ca lcu la ted 

T , P and V respec t ive ly , for the sy s t ems n i t rogen -me thane , and 

n i t rogen-propane ( r e su l t s of sys t em me thane -p ropane a r e a l so shown 

in these g raphs) . The r e su l t s of the sys t em n i t rogen-e thane a r e 

shown in F i g u r e s (4. 37), (4. 38) and (4. 39). It is special ly i n t e r e s t i ng 

to note that the ca lcula ted c r i t i ca l p r e s s u r e s of n i t rogen-e thane 

and n i t rogen-p ropane m i x t u r e s a r e ex t r ao rd ina r i l y high as compared 

to the c r i t i c a l p r e s s u r e s of the pure components . The h ighes t P 

of the n i t rogen -p ropane m i x t u r e s r e a c h e s a value 10-fold of those of 

the pure components . The extrapolated values from the data of 
(13) Schindler , Swift, and Kurata for n i t rogen-p ropane ; and those of 

Stryjek, Chappe lea r , and Kobayashi for n i t rogen-e thane a r e 

included in F i g u r e s (4. 35) and (4. 38). Although these two points 

for each s y s t e m can not confi rm the re l iabi l i ty of the pred ic ted r e s u l t s , 

they do indicate that the predic ted P values a r e at the r ight o rde r 

of magni tude . 

The expe r imen ta l value of T and P for the sy s t em n i t rogen-

methane f rom Bloomer and Pa ren t a r e a lso shown in F i g u r e s (4. 34) 

and (4.3 5). Good ag reemen t is indicated between these data and 

the r e su l t s p red ic ted by the modified Redlich-Kwong equation of s t a te , 

as shown in F i g u r e s (4. 34) and (4. 35). 

The p red ic t ed c r i t i c a l volumes for the s y s t e m s n i t rogen-

methane and n i t rogen-p ropane a r e shown in F i g u r e (4. 36); and 

those for s y s t e m n i t rogen-e thane a r e shown in F igu re (4 .39) . 

A deta i led compar i son of the r e s u l t s obtained from different 

equations of s t a te , for the sy s t ems n i t r ogen -me thane , and n i t rogen-

propane a r e p r e sen t ed in F i g u r e s (4.46) to (4. 51). 
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THE BINARY SYSTEMS METHANE-ETHANE AND ETHANE-PROPANE 

The ca lcula ted cu rves of T , P and V , r e spec t ive ly , for 

the b inary sy s t ems me thane -e thane , and e thane -p ropane , together 

with those of n i t rogen-e thane a r e shown in F i g u r e s (4. 37), (4. 38) 

and (4.39) . The c r i t i c a l t e m p e r a t u r e s for the me thane -e thane , 

and e thane-propane mix tu re s a r e shown in F igure (4 .37) . The 

resu l t s w e r e ca lcula ted from the modified Redlich-Kwong equation. 

The r e su l t s f rom the Redlich-Kwong equation without modificat ion 

agree ve ry wel l and hence a r e not shown in F igu re (4. 37). A l so , 

the T data of Matschke and Thodos for the sy s t em e thane-p ropane , 

and the data of Ruhemann ' ' for the sys t em methane-e thane a r e 

included in F i g u r e (4. 3 7). Good ag reemen t i s indicated for both 

sys t ems . The ca lcula ted r e su l t s of P from both the Redlich-Kwong 

equation and the modified Redlich-Kwong equation for the sys t ems 

methane-e thane and e thane-propane a r e shown in F igure (4. 38). The 

data of Matschke and Thodos and of Ruhemann a r e a l so 

included. It a p p e a r s that the r e s u l t s f rom the modified Redlich-Kwong 

equation of s ta te ag r ee be t t e r with the data in the l i t e r a t u r e . 

The ca lcula ted V for the s y s t e m s m e t h a n e - e t h a n e , and 
c 

e thane-propane f rom both Redlich-Kwong equation and the modified 

Redlich-Kwong equation a r e shown in F igu re (4 .39) . The r e s u l t s 

from the l a t t e r show be t te r ag reemen t with the p r o p e r t i e s of the 

pure components . 

THE SYSTEMS CARBON DIOXIDE -N BUTANE AND CARBON DIOXIDE 

ETHANE 

In o r d e r to compare the r e s u l t s obtained from different 

equations of s t a t e , the c r i t i c a l loci of th-jse two s y s t e m s w e r e ca lcula ted 
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and a r e shown in F i g u r e s (4. 40) to (4. 46). F o r the sys t em carbon 

d ioxide-n-butane , the Claus ius equation, the Redlich-Kwong equation, 

the modified Redlich-Kwong equat ion, and the Wohl equation were 

used. C r i t i c a l t e m p e r a t u r e s a r e plotted against composi t ions in 

Figure (4. 40). Good a g r e e m e n t is indicated between the expe r imen ta l 

data of Poe t tmann and Katz ' ' and the ca lcula ted r e s u l t s , except 

those f rom the Wohl equation of s ta te . The c r i t i c a l p r e s s u r e s a r e 

shown as functions of composi t ions in F i g u r e (4.41). Compar ing 

to the data of Poe t t amann and Katz ' ' , the r e s u l t s f rom the Clausu is 

equation and the modified Redl ich-Kwong equation show be t t e r ag reemen t . 

The cu rves of c r i t i c a l volume a r e shown in F i g u r e (4 .42) . The r e su l t s 

from the Clausu is equation a g r e e be t te r with the data of Olds , R e a m e r , 

Sage, and Lacey ^117^. 

The c r i t i c a l t e m p e r a t u r e s and c r i t i c a l p r e s s u r e s , r e spec t ive ly 

for the sy s t em ca rbon dioxide - ethane a r e shown in F i g u r e s (4. 43) 

and (4 .44) . The data of Kuenen a r e used for compar i son . The 

re su l t s obtained from the Claus ius equation, Redlich-Kwong equation 

and the modified Redlich-Kwong equation a r e quite c lose to each other 

It appears that those r e s u l t s from the modified Redlich-Kwong equation 

of s ta te a r e slightly be t t e r . The c r i t i c a l volumes of the carbon dioxide -

ethane s y s t e m a r e shown in F igure (4 .45) . The data of Khazanova 

and Lesnevskaya a r e a l so p resen ted . None of the r e s u l t s obtained 

from the Claus ius equation, the Redlich-Kwong equation, and the 

modified Redlich-Kwong equation s eem to a g r e e wel l with th is set 

of data. At tempts have been made to compare these r e s u l t s with 

bh 
0.5 

(871 
those r epo r t ed by Joffe and Zudkevitch . Although these authors 

used a slightly different combining r u l e s , namely , a = (a a ) 

and b = i (K + b ) ins tead of Equat ions (4. 24) to (4. 26), the calculat ing 

p rocedu re s w e r e ident ical to those used h e r e . It i s found that the 

r e su l t s obtained f rom the Redlich-Kwong equation in th i s study a g r e e a 
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well with those r epo r t ed by Joffe and Zudkevitch. Since t he se au thors 

only r epor t ed the i r r e s u l t s in g raph ica l form, the c o m p a r i s o n was 

difficult. However , the modified Redlich-Kwong equation of s ta te 

was found to be able to improve the r e s u l t s over the Redlich-Kwong 

equation without the modification. 

In th i s study of c r i t i c a l loci for b inary m i x t u r e s , the Wohl 

equation, the Claus ius equation, the Redlich-Kwong equation, and 

the modified Redlich-Kwong equation have been brought into applicat ion. 

Resul t s w e r e obtained for the b inary sys tems n i t rogen -me thane , 

n i t rogen-e thane , n i t rogen-p ropane , me thane -e thane , m e t h a n e - p r o p a n e , 

e thane-propane , ca rbon dioxide-e thane , and carbon d ioxide-n-butane . 

These r e s u l t s w e r e compared with the r e s u l t s of R e a m e r , Sage and 

Lacey , Spear , Robinson and Chao , Schindler , Swift, and 

Kurata , Stryjek, Chappelear , and Kobayashi , Bloomer and 

P a r e n t , Matschke and Thodos , Ruhemann , Poet tmarm 

and Katz Olds, R e a m e r , Sage, and Lacey , Kuenen , 

Khazanova and Lesnevskaya , and Joffe and Zudkevitch 

It was found that using an equation of s t a te , toge ther with 

the Equat ions (2. 5. 6a), (2. 5. 6b)derived by Redlich and Kis t e r , 

the c r i t i c a l p r o p e r t i e s T , P and V of a b inary m i x t u r e could be 
c c c 

p red ic ted with sa t i s fac tory accu racy , as was c la imed by many 
(82) (83) (85) (87) TJ_ * - , . , . , 

r e s e a r c h e r s . It was found in th is study, that with 
the modified Redlich-Kwong equation of s tate cons ider ing Q and 

a 
Q a s a function of t e m p e r a t u r e at both subcr i t i ca l s ta te and 

b 

s u p e r c r i t i c a l s ta te , the r e s u l t s could be further improved . The sys tem 

me thane -p ropane is a typical example . For this sys t em, a complete 

set of T , P and V data is avai lable and m o r e comple te compar i son 

can be pe r fo rmed . In genera l , the modified Redlich-Kwong equation 

of s ta te appea red to be able to yield be t t e r values of c r i t i c a l p r e s s u r e s 

and m o r e r easonab le loci for c r i t i c a l volume of a b ina ry m i x t u r e , v h i l e 

re ta in ing the a c c u r a c y of the p red ic t ion of c r i t i c a l t e m p e r a t u r e . 
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