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Introduction

Introduction

A notre époque, la conception et 1’optimisation des installations et des procédés chimiques
s’appuient nécessairement sur la connaissance précise des propriétés thermodynamiques,
comme par exemple, les équilibres entre phases, I’enthalpie et la capacité calorifique du
mélange. Ces propriétés peuvent étre mesurées par différentes methodes. Méme si posséder
des données expérimentales est toujours souhaitable, les mesures restent longues et colteuses
a effectuer et il n’est pas concevable d’acquérir ’ensemble des données nécessaires a la
recherche des conditions opératoires optimales des procédés. 1l est donc essentiel de disposer
d’un modeéle puissant, permettant de prédire avec la plus grande précision possible les

propriétés thermodynamiques.

Depuis 2004, 1’équipe ThermE du LRGP développe le modele PPR78 (Predictive Peng-
Robinson equation of state 1978) qui repose sur une méthode de contributions de groupes
permettant de predire le coefficient d’interaction binaire K;jj(T) de 1’équation d’état cubique de
Peng et Robinson. En 2008, quinze groupes étaient définis et il était donc possible d’estimer
les kj; pour n’importe quel mélange renfermant des alcanes, des aromatiques, des naphténes,
du CO,, du Ny, du H,S et des mercaptans. La méme année, ce modeéle a été incorporé a la base
thermodynamique des logiciels de simulation SIMULIS THERMODYNAMICS et
PROSIMPLUS commercialisés par la société PROSIM. L’objet de ce travail s’inscrit dans un
cadre tres précis, destiné a étendre, par 1’ajout de six groupes supplémentaires qui viennent
compléter les groupes déja existants, le modéle PPR78 et ainsi permettre 1’étude complete des
fluides pétroliers. Les six nouveaux groupes incluent la molécule d’eau (H,0), la molécule
d’hydrogéne (Hy) ainsi que quatre groupes pour modéliser les alcenes. Une étude approfondie
de la capacité du modele PPR78 pour prédire les enthalpies et les capacités calorifiques

d’excés a également été menée.

Dans le chapitre 1, nous nous intéresserons en premier lieu aux bases théoriques de 1’étude
des mélanges de fluides. Une fois ce travail préliminaire effectué, nous préciserons la théorie
qui sous-tend le modéle PPR78, les groupes inclus dans ce modéle et le mode opératoire

employé pour I’ajustement des parameétres.

L’eau intervient dans de nombreuses applications industrielles. Du fait qu’elle est

fortement polaire, les équations d’état cubiques sont en général incapables de bien décrire ses
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propriétés thermodynamiques. La prédiction des équilibres entre phases de systémes
contenant des hydrocarbures, des gaz (N, H,S, CO,) et de I’eau devient alors plus délicate.
Les modeéles qui sont capables de decrire de tels mélanges sont habituellement de type
hétérogeéne (coefficient d’activité pour décrire la phase liquide). Cependant, ces modéles de g©
ne sont pas applicables aux mélanges sur de larges gammes de températures, de pressions et
de compositions. Le chapitre Il comportera les résultats obtenus suite a 1’ajout du nouveau

groupe H,O au modele de contribution de groupes PPR78.

Au cours des années passées, l'utilisation des alcénes comme des réactifs, des
intermédiaires, ou des produits finis a énormément augmentée dans I’industrie chimique,
pétrochimique et polymérique. Par conséquent, la connaissance précise des équilibres entre
phases de systemes contenant des alcénes est essentielle pour la conception et 1’optimisation
des procédés. Le chapitre Il montrera la précision de notre modéle quant a la description des
équilibres liquide-vapeur et du lieu des points critiques de mélanges binaires contenants des

alcenes.

L’hydrogeéne est fréquemment rencontré dans le domaine pétrolier, notamment dans les
procedes d’hydrodésalkylation, d’hydrodésulfuration, d’hydrocracking, etc. De plus, depuis
quelques années, la pollution et ’effet de serre sont devenus de sérieux problémes sociétaux,
c’est pourquoi la transition de 1’énergie ‘fossile’ a 1’énergie propre utilisant H, semble
inévitable. Le groupe H, sera inclus au modéle PPR78 dans le chapitre IV et nous
présenterons les résultats concernant la prédiction du comportement de mélanges

asymétriques.

Notons que I’enthalpie d’excés et la capacité calorifique d’exceés sont des propriétés
importantes pour I’analyse énergétique et exergétique des procédés. De plus, jusqu’a présent,
trés peu de travaux ont été réalisés sur la restitution de ces propriétés par un modeéle
thermodynamique sur un large intervalle de température et de pression. Dans le chapitre V,
nous nous intéresserons au probléme de la prédiction des propriétés thermodynamiques telles
que I’équilibre entre phases, 1’enthalpie d’exceés et la capacité calorifique d’exces, en

définissant le nouveau modele E-PPR78 (enhanced PPR78).
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Chapitre 1. Bibliographie et description du modéele PPR78

Dans ce chapitre, nous aborderons les différentes notions théoriques liées au calcul des
propriétés thermodynamiques par des équations d’état cubiques. Apres la description de ces
équations d’état cubiques et des régles de mélange les plus largement utilisées, nous
présenterons le modele développé durant cette these : le modéle PPR78 (Predictive Peng-
Robinson equation of state 1978). Il s’agira évidement de rappeler I’équation d’état ainsi que
les regles de mélange choisies. Ce modeéle est rendu prédictif par le calcul du coefficient
d’interaction binaire kj; a partir d’'une méthode de contributions de groupes qui sera ensuite
détaillée. Enfin, nous présenterons le mode de calcul de ’enthalpie molaire d’excés hF et celui

de la capacité calorifique molaire d’excés a pression constante cp- par le modéle PPR78.



Chapitre 1. Bibliographie et description du modele PPR78

I.1 La relation d’équilibre entre phases

Soit un systéme a n. constituants, a la température T et sous la pression P. A ’équilibre
entre phases (équilibre liquide-vapeur noté ELV, équilibre liquide-liquide noté ELL et
équilibre liquide-liquide-vapeur noté ELLV), la température T, la pression P et le potentiel

chimique g; de chacun des constituants sont uniformes dans tout le systéme polyphasique.

On pourra donc écrire :

Gitig (T.P,X) =Tj vap (T, P, Yy) (cas de 'ELV)
Vie Lne , 1Tisiq o (T.P.X*) =Tjjig p(T.P. x") (cas de I'ELL)

_ _ _ . 1-1)
Titig o (T-PX%) =Ti jig p(T.P. XP) =T 1o (T, P,Y) (cas de IELLV)

avec x=(x1,...,xnc),x°‘ =(xf‘,...,x?{c),x[3 =( [fxﬁc) ety =(y1,...,ync)

ou x; est la fraction molaire du constituant i dans la phase liquide, x;* la fraction molaire du
constituant i dans la phase liquide a, xi la fraction molaire du constituant i dans la phase

liquide B et y; la fraction molaire du constituant i dans la phase vapeur.
I1 existe deux grandes approches pour expliciter la relation (I-1) :

* ’approche ¢ — ¢ (approche homogéne ou symétrique),

* I’approche y — ¢ (approche hétérogene ou dissymétrique).

L’approche utilisée au cours de ce travail de thése est ’approche homogéne ou symétrique
(¢ — ¢). Pour I'illustrer, nous prenons I’exemple d’une solution diphasique liquide-vapeur.
Dans cette approche, le potentiel chimique de chaque constituant dans chaque phase est
exprimé en prenant comme référence le gaz parfait pur a la méme température et sous la
méme pression que le mélange. Les constituants liquide et gazeux étant traités

mathématiquement de la méme maniére (méme référence), on qualifie une telle approche

symétrique. On peut donc écrire :

Gitig (TP X) =07 (T,P)+R-TIn[ X; - 9y ig (T, P, X) |

(I-2)
gi,vap (T: P, y) = gi.(T’ P) +R-T-In [Yi " ®i,vap (T, P, Y)J

A 1’équilibre liquide-vapeur :
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Xi @it (T, P.X) =Y; @i yap (T.P,Y) Vie Ing (I-3)

Cette équation est la condition d’ELV pour la méthode ¢ — ¢. Elle relie la température, la
pression et la composition des phases liquide et vapeur en équilibre. Cette approche présente
le net avantage d’étre applicable a haute pression et de permettre le calcul d’autres propriétés
du mélange. Les coefficients de fugacité ¢; doivent étre calculés par une équation d’état

cubique par exemple, aprés avoir défini des régles de mélange.

1.2 Equations d’état cubiques

Les équations d’état cubiques sont trés utilisées dans le domaine de la thermodynamique
des fluides. Depuis les premiers développements datant du 19°™ siécle, nombreuses créations
et améliorations des équations existent dans la littérature. Parmi les plus connues, nous allons
tout d’abord citer celles de Van der Waals, de Redlich-Kwong, de Soave-Redlich-Kwong et

de Peng-Robinson.

I.2.1 L’équation d’état de Van der Waals

En 1873, Van der Waals' a proposé la premiére équation d’état cubique capable de prédire
et représenter aussi bien les phases liquides que gazeuses. Son expression pour un corps pur

s’écrit :
_1R-T,
_ "8 P
P:R—E—%:Prépwm avec CZ X I1-4)
V— v azzR T
64 P,

Elle représente la pression par la somme de deux termes, I’un répulsif contenant le paramétre
b, relatif aux interactions répulsives, I’autre attractif contenant le parameétre a, relatif aux
interactions attractives entre sphére dures. Les valeurs de ces parametres a et b peuvent étre

déterminées par application des contraintes critiques :

P, —P(T,, V) =0
(aP/ov),| =0 (1-5)

T=T, V=V,

(6%P/av?) =0

T=T,,v=V,

T
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L’équation de VAW est d’une précision insuffisante, ce qui a conduit a de nombreuses

modifications, donnant lieu a des équations améliorees.

1.2.2 L’équation d’état de Redlich-Kwong

En 1949, Redlich et Kwong? ont proposé une équation d’état dans laquelle ils modifient la
partie attractive de 1’équation de VAW ainsi que le parametre a qu’ils expriment en fonction
de la température T. Pour un corps pur, elle possede la forme :

poo RTe

et O ~0,08664

C

. R2.T2
_RT A e a(T)=Q, <
v-b v-(v+b) P.

o(T) =T /T

1.2.3 L’équation d’état de Soave-Redlich-Kwong

P a(T) et Q, ~0,42748 (1-6)

En 1972, Soave® a modifié I’expression du terme attractif a(T) dans I’équation originale de
Redlich et Kwong, en faisant dépendre la fonction o(T) de la température T et du facteur

acentrique o :

R2.T?

c

a(T) = [1+ m(1-T/T, )T a1-7)

m=0,480+1,574m—0,1760°

a(T)=Q, a(T) et Q, ~0,42748(inchange)

Le paramétre m est spécifique du constituant considéré puisqu’il dépend du facteur acentrique
du corps pur. L’introduction du facteur acentrique par Soave ajoute donc un troisiéme
parametre (o) aux deux premiers (T¢ et Pc) qui intervenaient tant dans 1’équation d’état de
VAW que dans I’équation originale de Redlich-Kwong. Cette équation portant le nom
d’équation Soave-Redlich-Kwong (SRK) permet une nette amélioration du calcul des

équilibres liquide-vapeur.

-10 -
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1.2.4 L’équation d’état de Peng-Robinson (1976)

En 1976, Peng et Robinson* ont proposé une nouvelle équation en utilisant la fonction o(T)
de Soave et en améliorant le terme attractif pour mieux représenter les propriétés

volumétriques en phase liquide. Pour un corps pur, elle s’écrit de la maniére suivante :

b=0Q, RTe o Q, ~0.0777960739
c
R2.T2
R-T a(T) a(T)=Q, ¢ a(T) et Q, ~0,457235529
p= — avec (I-8)
v-b v:(v+b)+b-(v-b) ¢

a(T):[1+ m(l—\/ﬁ)}z

m = 0,37464 +1,54226» — 0, 26992

1.2.5 L’équation d’état de Peng-Robinson (1978)

En 1978, les méme Peng et Robinson® ont proposé une extension du modeéle de 1976, afin
d’améliorer la précision de leur équation pour les constituants lourds. Une seconde expression

du parameétre m en fonction du facteur acentrique du corps pur a été rajoutée par les auteurs :

{Si ©<0,491 m=0,37464-+1542260—0, 269920 -

si m>0,491 m=0,379642 +1,48503m— 0,164423wm +0,0166660°

IIs recommandent 1’utilisation de la premicre expression pour des corps purs dont le facteur
acentrique est inférieur ou égal au facteur acentrique du décane et la seconde pour les
constituants dont le facteur acentrique est supérieur a celui du décane. Cette équation désignée

par I’abréviation PR78 est largement utilisée pour les hydrocarbures et les fluides pétroliers.

1.2.6 Autres développements des équations d’état cubiques

Aprés les travaux de Redlich et Kwong, de Soave et de Peng et Robinson, le
développement des équations d’état cubiques a suivi trois grandes voies. La premiére consiste
a modifier a nouveau le terme d’attraction des équations d’état, notamment la fonction a(T) ou
le dénominateur du terme d’attraction. La deuxieéme est d’améliorer le terme de répulsion. Les
nombreux travaux issus de ces deux voies peuvent étre trouvés dans 1’article de Wei et Sadus®.
La troisieme grande voie consiste a appliquer une translation de volume au terme répulsif

ainsi qu’au terme attractif.

-11 -
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1.2.6.1 Modification du terme d’attraction

On présente brievement ci-aprés quelques-unes des modifications du terme d’attraction et
on notera que Valderrama’ fait, entre autre, le point dans son article de revue sur la plupart
des améliorations du terme attractif des €quations d’état. De plus, on remarquera que la
détermination de D’enthalpie par une équation d’état cubique fait intervenir la dérivée
premiere de la fonction a(T) par rapport a la température T, alors que la dérivée seconde
intervient pour la détermination des capacités calorifiques. D’apres Trebble et Bishnoi®, la
qualité des résultats de tels calculs est un moyen d’évaluer la validité de nouvelles équations

d’état cubiques.

Les fonctions a(T) utilisées dans les équations d’état cubiques s’expriment en fonction de

ac (valeur de a calculée au point critique) et de la fonction o(T) :
a(T)=a;-a(T) (I-10)

La fonction a (T) intervient dans le terme attractif et joue un grand role dans la précision du
calcul des equilibres liquide-vapeur. Aprés la fonction o(T) de Soave, de nombreux auteurs
ont proposé de nouvelles fonctions o(T) pour améliorer les équations d’état cubiques. Parmi

les plus connues, on peut citer les fonctions suivantes :

# En 1983, Mathias et Copeman® ont établi une fonction o(T), avec trois paramétres

ajustables sur des données expérimentales :

2

{1+ &1 (1-T/Te )+, (1—\/ﬁ)2 +Cy (1—\/T/_TC)3} SiT<T,

o(T)=| 1+ (1-T/T, )T SiT>T,

R
—
_|
~
Il

(I-11)

Ou ¢y, ¢, et c3 sont tabulés dans la banque de données D.D.B. (Dortmund Data Bank) pour de

nombreux constituants purs.

& En 1986, Stryjek et Vera'® ont proposé une modification de I’équation de Peng-Robinson.
Cette modification porte sur le facteur m qui n’est pas seulement fonction du facteur
acentrique, mais dépend de la température et d’une constante my qui est specifique a chaque

fluide. Le parametre m est de la forme :

-12 -
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m=m, +m1<1+JT/TC )(0,7—T/Tc)

avec : my =0,378893+1,4897153w - 0,1713184w? +0,01965540°

(1-12)

Les valeurs numeriques de m; ont été ajustées pour de nombreux corps purs d’intérét
industriel. Les auteurs recommandent que m; soit considéré comme nul a température

supercritique. La fonction alpha s’exprime alors par :

a(T)=| (1-J?ﬁ§)+mla—T[Q)@L7—T[Q)T SiT<T,
(1-13)
) —

ol

& En 1991, Twu et al.'* ont développé une fonction alpha faisant intervenir une forme

1+mg
2
a(T)=|1+mq T[Q)] SiT>T,

logarithmique :
a(T):(TVTéf“M_Dexp{L[l—(T/T5f¢M}} (1-14)
qui permet de bien représenter la pression de vapeur et la capacité calorifique du liquide pour

plus de 1000 molécules.

En 1995, Twu et al.**** ont proposé une fonction alpha basée sur une approche différente. Ils

ont considéré une fonction linéaire par rapport au facteur acentrique de la forme :

¢m:(wnf%%ﬁﬁpf(wnfﬂ}

ol = (T/T, )bo eXp{bl [1_(T/Tc )bz }} o

o(T) = a@ 4+ (o(oc(l) — oc(o)) avec

Les parametres L, M, N, ap, ai, az, bo, by et b, dépendent des équations d’état choisies et leurs

valeurs sont données par les auteurs.

En ce qui concerne le dénominateur du terme d’attraction, Patel et Teja'* ont établi une

équation a trois parametres qui s’exprime par :

-13-
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2 12
a(M =0, 1 a(T)
C
p-RT_ a(m) avec b:QbR'TC (I-16)
v-b v:(v+b)+c-(v-b) A
oo R T
PC

Le facteur de compressibilité critique correspondant a cette équation d’état est relié au facteur

acentrique par la relation :

z, =0,329032—-0,0767990+0,0211947° (1-17)
Qy est la plus petite racine positive de 1’équation :

Qf +(2-32,)Qf +3220, - 22 =0 (1-18)

Qa et Q¢ se calculent par les relations :

{Qa =322 +3(1-22,)Q, + Q2 +1-32, (1-19)

Q. =1-3z,

Ils ont pris la fonction alpha de Soave :

a(T) =[1+ m(l—\/T/_Tcﬂ2 (1 - 20)

avec : m =0,452413+1,309820— 0, 295937 >

Les résultats obtenus a 1’aide de cette méthode présentent une amélioration, en particulier

pour le calcul des volumes, par rapport aux équations a deux parametres.

1.2.6.2 Translation de volume

Du constat que les volumes molaires calculés sont toujours plus grands que les valeurs
expérimentales et que, pour un composé donné et une équation d’état donnee, 1’erreur
commise est plus ou moins constante en fonction de la température, Péneloux et al.”® ont
proposé le concept de translation de volume qui permet d’améliorer la prédiction des

propriétés volumiques sans modifier les conditions d’équilibre liquide-vapeur (ELV). Leur

-14 -
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correction consiste a utiliser un volume translaté vV =v+c également appelé pseudo volume.

L’équation d’état cubique générale corrigée proposée par Péneloux s’écrit :

P=

R-T a(T)
— — —aveCc <~ ~ R-T (1-21)
V-b 9(v+1b) b=0Q,—*

Ou vy est le parameétre caractéristique de 1’équation d’état et ¢ un facteur de correction
volumique dépendant du constituant pur étudié qui peut étre calé sur des valeurs
expérimentales ou estimé a partir de la corrélation suivante :c=0-R-T./P,, ou 0 est une
fonction du facteur de compressibilité de Rackett (zra). Les valeurs des constantes vy et f)b , et
les expressions de 0 pour quelques équations sont données par les auteurs. Cette méthode de
translation de volume pour équations d’état cubiques est recommandée dans le calcul des
propriétés volumiques des corps purs et des mélanges.

1.2.7 Les équations d’état cubiques de ’ensemble principal

Pour un corps pur, les équations d’état cubiques de I’ensemble principal peuvent étre

écrites sous la forme :

(1-22)

: )eR%et (a, b)eR?
R-T a Ve {(r1 r,)eR" et (a, b)eR:

P= —
v-b (v-b-p)(v-b-r) | =|r,|

Les valeurs des constantes r; et r, de quelques équations d’état cubiques sont données dans le

tableau suivant :

Tableau I-1. Valeurs des parametres ry et r, pour quelques équations cubiques.

Equation n I

Van der Waals (VdW) 0 0

Soave-Redlich-Kwong (SRK) -1 0
Peng-Robinson (PR) 1-V2 1442

Les équations d’état explicites en pression permettent de calculer les grandeurs d’écart au

gaz parfait définies par :

X% (T,v) = Xx*(T,v) = x*(T, V) (I-23)

-15-
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ou x*(T,V)est une grandeur d’état du fluide réel de température T, de volume molaire v et de
pression P(T,v). x*(T,V) est une grandeur d’état du gaz parfait de méme température T et

volume molaire v que le fluide réel. La pression du gaz parfait est alorsP* =R -T/v = P(T, V).

Et xe{h, u, s, g, & cp, C, ..}.

1.2.7.1 Calcul des fonctions d’écart lorsque ry # r;

On commence toujours par déterminer 1’énergie de Helmholtz d’écart car a est fonction
caractéristique dans les variables T et v. Les autres grandeurs molaires d’écart s’en déduisent

simplement, comme illustré ci-apres.

# Energie de Helmholtz molaire d’écart :

Par définition :
a(Tv)=-" {P(T,v) —E]dv (1 24)
+00 VvV

En insérant 1’équation (I-22) dans 1’équation (I-24), il vient :

aéC(T,v):R-TIn( Vb}rb-a(T) In[v_b'rlj (I-25)

(R—=r) \v-b-r
# Energie de Gibbs molaire d’écart :

Ona: g% :aé°+(P-v)éC =a®°+P-v—P-v* =a®* +P.v—R-T et par conséquent :

éc boT v a(T) v-b-p ) R-T-b_ a(T)-v B
g mV=RT In( ijrb-(rl—rz)ln[v—b-rz}r v-b (v-b-r)(v-b-n) (1-26)

# Entropie molaire d’écart :

aaeC

Elle s’obtient par la formule : s = —[ J . L’entropie molaire d’écart s’écrit dans le cas
\

des €équations d’état cubiques de I’ensemble principal :

-16 -
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séC(T,v)=R.|n(V_bj— 1 da - v-b-n
v b-(n —rz) dT  \v-b-r,

# Energie interne molaire d’écart :

Ona: u

u(T,v)

1

=a* +T-s* et par conséquent :

da v-b-n
- = Ja-T- 2|
b'(rl—rz) dT v-b-r,

# Enthalpie molaire d’écart :

De hé :uéch(p.V)éC —u€+P.v—R-T, on déduit :

he(T,v) =

R-T-b

v—-h

~a(m)-v 1 [(a_7.d2)
(V—b-rl)(V—b.r2)+b-(rl—rz) (a ! de In(

# Capacité calorifique molaire d’écart a volume constant :

i éc
Elle est définie par la relation : ¢ :Lag_l_ J . Ainsi :
\"

cec (T,v) =

-T d?a v-b-n
-In
b-(n—1) dT?  \v-br,

# Capacité calorifique molaire d’écart a pression constante :

Elle s’obtient par la formule :

c&(T,v) =c¥(T,v) R +T-(kr -v)-(B-P)’

avec .

e

oP
oT

v v-b)’  (v=b-n)?*(v-b-rp)?

R da 1

]_

v—b_d_T'(v—b-rl)(v—b-rZ)

-17 -

v-b-r
v-Db-r,

)] e e

@j_
oP );

|

(1-27)

(1-28)

(1-29)

(1 - 30)

(1-31)

(I-32)
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1.2.7.2 Calcul des fonctions d’écart des équations d’état cubiques de I’ensemble principal

lorsque ry =r;

On note r = r; = rp. L’équation (I-22) s’écrit donc a présent :

p(T,v) =T al) - (1-33)
v-b (v-b-r)
Il vient alors:
& Energie de Helmholtz molaire d’écart :
a®(T,v) =RTIn (Lj—@ (1-34)
-b) v-r
# Energie de Gibbs molaire d’écart :
géC(T,v):RTIn( Y j—a(T)+R'T'b— am).v_ (1-35)
- v—-r v-b (v-b-r)
# Entropie molaire d’écart :
séC(T,v)=R-|n("—‘b]—i-d—a (1-36)
Vv v—r dT
# Energie interne molaire d’écart :
o8]
u(mv)=~——~2 (I1-137)
vV—r
# Enthalpie molaire d’écart :
héC(T,V):R'T'b_ a(T).VZ_ 1 (a_Td_aJ (1_38)
v-b (v-b-r)* v-r aT
# Capacité calorifique molaire d’écart & volume constant :
(T v)—L-& (1 - 39)
YR (v=rn)? dT?
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% Capacité calorifique molaire d’écart & pression constante :

CE (T, V) =c(T,v) R+ T (k7 -V) - (B-P)? (1 40)

avec .

o y_| _RT__2am) -
T v-b? (v-n)?

R G 1
v—b dT (V_r)2

(1-41)
B-P
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1.3 Application des équations d’état aux mélanges

Les équations d’état pour les corps purs peuvent étre appliquées a des mélanges en
considérant 1’influence mutuelle des différents composés sur les paramétres des équations
d’état, qui nécessite 1’utilisation de régles de mélange. On notera qu’un article de revue assez

complet a été écrit sur ce sujet par Ghosh*® en 1999.

1.3.1 Régles de mélange classique

Les regles de meélange les plus répandues sont sans doute celles de type Van der Waals.
Ces regles de meélange sont souvent appelées regles de mélange classiques ou régles de
mélange quadratiques. Si ’on considére un mélange a n. constituants, elles s’écrivent de la

facon suivante :

N, Ng
am :szi 'Xj'aij avec . aij :‘,aiaj (1—k”) et klj :kji

i=l j=1

n, ne (I—42)
bm =szi ijlj avec . b” Z%(bi +b])(1_llj) et I” = Ijl

i=l j=1

Ou aj et bjj représentent les parametres d’interactions correspondant a deux espéces
différentes. kjj et ljj sont appelés coefficients d’interactions binaires, 1’un associé au parameétre
am, 1’autre associé au paramétre by, qui sont ajustables sur des données expérimentales. Un
cas particulier frécquemment rencontré est le cas ou le parametre Ij; est posé égal a zéro et une

regle de mélange linéaire sur le covolume est obtenue, ce qui améne :

n. ng
am :Z Xi'Xj,’ai'aj(l—kij)
= (1-43)

N¢
bm = in . bi
i=1

Remarque : Lorsque 1’équation d’état est utilisée pour représenter un systeme multi-

constituant, nous notons an et by, les parametres a et b du mélange.
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1.3.2 Regles de mélange non conventionnelles

Du fait que les régles de mélange classiques sont utilisées avec succes uniquement pour les
mélanges apolaires ou faiblement polaires, plusieurs autres regles de mélange ont été
développées dans le but de représenter les mélanges asymétriques et/ou polaires. Les régles de
mélange s’agissant d’introduire une dépendance des régles de mélange par rapport a la

29, 17-18

densité ne sont pas discutés ici, car ils détruisent la nature de 1’équation d’état cubique

sans présenter des nettes améliorations. En outre, de nombreux travaux reposent sur une

10, 19-22

variation du paramétre d’interaction avec la composition A titre d’exemple,

Panagiotopoilos et Reid® ont présenté la fonction am(T,x) sous la forme :

n. ng
am= D 0 XX A ay | 1-kiy+ (ki — ki) x; | avee ky =k (- 44)

i=1 j=1

Signalons que ces modifications rendent ces régles de mélange flexibles et capables de
représenter le comportement de mélanges multiconstituants contenant des molécules telles
que I’eau, I’acétone ou le méthanol, Elles ne sont cependant pas applicables a des mélanges

23-24

complexes tels que les fluides pétroliers™". L’autre inconvénient est le non respect de la

dépendance quadratique du second coefficient du viriel pour ces regles de mélange.

1.3.3 Régles de mélange de types EoS/gF

Une autre approche consiste a intégrer dans les régles de mélange des équations d’état
(EoS) les modéles d’énergie de Gibbs d’excés (gF), conduisant & 1’apparition de nouvelles
regles de mélange. De nombreux auteurs ont suivi ce chemin qui consiste a égaler
I’expression de g= déterminée pour une EoS a I’expression de g& issue d’un modéle de
coefficients d’activité. Ce dernier ne dépend pas de la pression. Certains auteurs proposent
pour raccorder les modéles, de faire tendre la pression vers I’infini (c’est le cas de Huron et
Vidal® par exemple). D’autres proposent de faire tendre la pression vers zéro (c’est par
exemple, le cas de Michelsen® puis de Dahl et Michelsen®” qui ont mis au point les régles de
mélange MHV-1 et MHV-2). En 1992, Wong et Sandler %% ont proposé des régles de mélange
similaires ot g a été remplacée par 1’énergie de Helmholz d’excés a©, et qui respectent la
variation quadratique en composition du second coefficient du viriel. Dans ce qui suit, on

commence par présenter trés succinctement les régles de mélange de Huron-Vidal puis, on
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aborde les régles de mélange & compacité constante qui ont été choisies pour mettre au point
le modéle PPR78.

1.3.3.1 Regle de mélange de Huron-Vidal

L’expression de gE obtenue a partir d’une équation d’état cubique de 1’ensemble principal

est donnée par :

OEos (T.V.X) _gr (T.v.x) , 95(T.v.%) | 95 (T.v. %)

R-T R-T R-T R-T

ETv,x) <& x

K000 S ) ws
)

(1 - 45)

g (T.v.x) _ 1 i Xi-ai [ Vi=bi RN e O
RT rl—rz i—1 bIRT V;k—bi-l"l b R T V—bm'rl

gE(F{Tj¥,X) P(TVX)( ZX VJ

En 1979, Huron et Vidal® ont d’abord développé une régle dont I’état de référence est

1’état a pression infinie.

Lorsque P — oo, v— b, Vi — b;, gEoS :gf, ou gyE est I’énergie de Gibbs d’exces issue

d’un modele de coefficients d’activité, 1’énergie de Gibbs sous pression infinie s’écrit :

E _ Ne .
lim gEOS(T!V’ X) _ 1 In 1 I’2 in aI _ am (I _ 46)

qui se réarrange en :

N E
. T,P , X -
anm Z _ﬁ_gy( — 0, X) .C= 1 In(l rZJ (1-47)
by = 'b; C n-r, (1-n

L ’approche de Huron-Vidal permet d’intégrer les modéles de g dans les régles de mélange
des équations d’état. Cependant, les modéles de g& sont établis pour représenter correctement
les basses pressions, et comme ces regles de mélange sont proposées a pression infinie, il
n’est pas possible d’utiliser les paramétres des modéles de gt directement dans 1’équation

d’état.
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1.3.3.2 Regles de mélange a compacité constante

Le but de cette partie est de dresser une approche qui consiste a intégrer dans les régles de
mélange a compacité constante des équations d’état cubiques les modeles d’énergie de Gibbs
d’exces (gE). Cette approche est basée sur 1’approximation d’ordre zéro du modéele quasi-
réticulaire de Guggenheim?®, initialement proposé par Péneloux et al.*°. La validité du modeéle
quasi-réticulaire repose sur I’hypothése que le réseau sur lequel sont placées les molécules ne

subit pas de déformation pendant le processus de mélange, qui s’effectue alors a compacité

constante :
p=lm B (1 48)
\) \)

On notera que le volume v; est ici le volume molaire du constituant i pur dans 1’état de
référence, avant mélange a compacité constante. Il ne doit pas étre confondu avec le volume

molaire v du constituant i pur a la méme température et la méme pression que le mélange.

Le but de ce qui suit est de déterminer une expression des regles de mélange a compacité

constante. Pour davantage de clarté, la démonstration est divisée en quatre sous-parties.

(a) Théorie de Guggenheim

Dans I’approximation d’ordre zéro du modele quasi-réticulaire, 1’énergie de Helmholtz
molaire d’excés a volume constant a= (ou ’exposant V indique volume constant) peut
s’écrire comme la somme de deux contributions :

EV __ EV , JEV _
a =85th + s (I 49)
Afin d’éviter la confusion avec le parametre a dans les €équations d’état cubiques, nous
noterons par la suite a (en gras), I’énergie de Helmholtz molaire. Dans 1’expression (I-49), le
premier terme est appelé terme athermique (ou combinatoire). Il tient compte des effets dus

aux différences de taille et de forme des molécules. Ce terme peut lui-méme étre decomposé

en deux termes selon la théorie de Guggenheim :
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N¢ v
EV _ i
Aoy =R T E X; In( vj
E.V i

Aath = aFIory +aForme avec . (1-50)

aForme =R-T- quxl In[ J

* @;est la fraction volumique du constituant i : ¢; = X; V/Z LX)V

+ 0, est la fraction de surface du constituant i : 6; = x; 'Qi/Z?—cli' q; -

* v,est une mesure du volume de la molécule i. C’est un nombre sans dimension car les

volumes sont exprimés par rapport du méthane.

* g,est une mesure de la surface de la molécule i (nombre sans dimension car rapporte a la

surface du méthane).

» zest I’indice de coordination du quasi-réseau sur lequel sont supposées réparties les

molécules.

Le second terme est appelé terme résiduel. Il représente les effets des interactions

moléculaires et prend la forme de la fonction d’excés de Van Laar :

ZZq. Q)X X} D

gEV _2i= = (I-51)

res 2 c
Zq,— X
j=1

g; est une mesure de la surface de la molecule i et @; représente une énergie dite

d’interéchange.

(b) Ecriture d’une équation d’état généralisée en fonction de a=V

Se basant sur la thermodynamique classique, 1’énergie de Helmholtz molaire d’exces a

pression constante a=*, peut étre écrite sous la forme :

nc nC
a®" (T,P,x) =2, (T,P,x) - > x;a; (T,P)—=RT » x;InX; (1-52)
i=1 i=1
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ou a’f est I’énergie de Helmholtz molaire du constituant i pur.

Vi (T,P)
Cependant: a (T,P) =  a(T,vy) - I P-dv (1-53)
— —
le volume molaire la pression est P, \7

estv; (T,P) (pression du constituant
i avant mélange a
volume constant)

En négligeant I’influence de la pression entre P et P; sur 1’énergie de Helmholtz molaire des

constituants purs, on peut écrire : a; (T,P) =a. (T, V;)

. . . s EV >, .
L’¢énergie de Helmholtz molaire d’excés a volume constant a=" s’écrit alors :

nC r]C nC
a®V(T,v,x)=a,,(T,V,X) —ina’f(T, Vi) - RTin Inx; avec:v= in -V (I-54)
i=1 i=1 i=1

Comme expliqué précédemment, les équations d’état explicites en pression : P(T,v,x) ou

z(T,n,X) permettent de calculer I’énergie de Helmholtz molaire d’écart au gaz parfait :

8 (T, V,X) = a0 (T,V, X) +| @ (T, V, X) —aly (T, v, X) | (I-55)
avec : a,, (T,v,x)—ar (T,v,Xx) = —J.[P(T, V, X) —ﬂ}dv = RTInMdn (I-56)
. v 0 n

De méme, dans le cas d’un constituant i pur :
9

a (T,v;)=al(T,v;) +[a?(T, v;)—a; (T, Vi)] =a; (T,v;) + RTJ.Oni Zi(T’—ni)_ldﬂi (I-57)
i

En utilisant les équations (I-55) et (I-57), I’équation (I-54) devient :

N ng Ne
| Son i ] S-S 1
i=1 i=1 i=1

En introduisant la grandeur molaire partielle @’ , le contenu de la premiere parenthése dans

I’équation (I-58) peut étre écrit :
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al (T, V,x) - Zxa(Tv) Zx [3°(T,v,X)— a(T,v;)] (1 - 59)
i=1 la pression est  la pression est
P*=RT/v P’=RT/v;

L’¢énergie de Helmholtz molaire partielle du constituant i dans un mélange de gaz parfaits

vaut :

3’ (T,P,x)=a; (T,P)+RTInx; (I-60)
On peut ainsi écrire :

3’ (T,v,x)=a;(T,P*) +RTIn; (I-61)

La variation isotherme de I’énergie de Helmholtz molaire d’un constituant 1 pur peut étre

écrite :

Aa; =RT InYL —RTIn— (T constante) (I-62)
V2 P

L’équation (I-61) devient alors :

a3’ (T,v,x)=a’(T,P") +RTIn E_ +RTInx; =al(T,v;) +RT In X0 (1-63)
; v
|
L’équation (I-59) s’écrit :
nC
am (T, v,X)— E xia; (T,v;) =—-RT In[ j (1-64)
; X - Vi
i=1 I I

Finalement, 1’équation (I-58) devient :

a®V(T,v,x) =| ap (T,v, ) —af (T, v,%) |- ixi L& (Tvi)—af (T,vy) |+ RTiXi In (%) (1-65)

i=1 i=1

E\V
aFIory

En remplagant le terme de Flory aFlory par I’expression (I-50), on peut écrire :
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nC
A (T.V,X) —ah (T,v,X) = Y x; &) (T,v) —a} (T,v;) | +ag’ +afn, (1-66)
i=1

En dérivant 1’équation (I-56) par rapport a n puis en réarrangeant cette équation, on obtient

I’expression suivante de I’équation d’état :

z(T,n,x):%[a(am(T’V'X;;a’.“(T’V’X))J 1 (1-67)
T,x

En combinant les équations (I-66) et (I-67), il vient I’expression générale d’une équation

d’état en fonction de a®V :

o [$, [elaiaw-aimw)] | [o(aE raEh) )
z(T,n,x)_RT[;x[ o L{ o - +1 (I—68)

(c) Application de I’équation d’état généralisée aux équations d’état cubiques de
I’ensemble principal

Les équations d’état cubiques de I’ensemble principal pour un mélange peuvent étre écrites

sous la forme suivante :

RT am
v-by, (V=bnn)(V-bpnr,)

P(T,V,x) = (I1-169)

Les valeurs des constantes ry et r, de quelques équations d’état cubiques sont données dans le

tableau (I-1). De maniére équivalente :

2(T,v,X) = P(T,v,X)-v v anV (1-70)
RT v-b, RT(V-b,r)(Vv-by,r)
En introduisant la compacité (v = b/n)), I’équation (I-70) devient :
*= baET
z(T,n,X) = ! ull = —o-Q'(m) avec m (I1-71)
1-n RTbyp(I-nn)d-nr) 1-n Q) =

(L-mr)L-nry)
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En égalisant les équations (I-68) et (I-71), on obtient :

%, | olai v —alv) a(aEé'sv+aE(’)\r/me)} _ 1 aom a-
R_{izllx[ on :IT{ on _ +1_1—Tl a-Q'(m) (I-72)

Cependant, comme expliqué par Péneloux et al.%°, les équations d’état cubiques de type Van
der Waals ne contiennent pas de parametres liés a la forme des molécules dans le terme

répulsif. En effet, Zrgp =1/(1—m) est une fonction qui ne dépend que de la compacité n. 1l

s’ensuit alors : aEé\r/me =0. L’équation (I-72) s’écrit donc :

o _RT|& [oa(Tovi) -3 (T ) 6aFé'sV] .
RTa-Q(n)—E—n[;x{ o JT{W ., ~RT 1-173)

En appliquant I’équation (I-67) au constituant i pur, on obtient :

Rl o -1) (1 74)

{a(a?(T,vo—ar(T,vi))}
8T]i T

De méme, en appliquant 1’équation (I-71) au constituant i pur :

Z,(T.m) =ﬁ—ai Q) (1-75)

En combinant les équations (I-74) et (I-75) et en tenant compte que la compacité est

constante (; =), il vient :

l:@(a?(T,Vi)—ai'(T,Vi))} :E{i_a__Qr(n)_ljl (1_76)
on ; nll-m

A ce stade, 1’équation (I-73) devient :

Nc E,V
s AR G
i=1 Tx
(1-77)

% 6aEﬂVj
- [RTa; -Q'(m)]—m| =X
;X[ ;i -Q'(M)] n[ n )
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En se rappelant que RTa.=a,,/b,,, [voir I’équation (I-71)], on obtient :

an(TX) <o &) n (aar%sv] 18
by () ZI:X b, Q) o (=7

Le second terme de la partie droite de 1’égalité ne dépend alors nécessairement que de T et X,

on note donc :

o [eay _
E(T'X)‘Q'm)( on JTX (=7

L’équation (I-78) devient :

an(TX) X, a(T) .
m_;x, b E(T,x) (1-80)

Cette equation est une premiére expression des regles de mélange a compacité constante. Il

suffit ensuite de choisir une fonction d’exces appropriée pour le terme E(T,X).

(d) Expression de la fonction d’excés E(T,x)

En intégrant la relation (I-79) entre n = 0 pour lequel arz’ = 0 (le mélange se comporte

comme un mélange de gaz parfaits, c’est-a-dire, une solution idéale) et n, il est possible de

EV .

trouver la relation liant la fonction E(T,x) et ag;

n , n -,
ag (T.n,x) = f EM0)-QM) 4, _ 7,5 j QM) 4 (1-81)
0 N o

N~
En notant Q(n) = J mdn , I’équation (I-81) devient :
n
0

alY (T,m,x) = E(T,x)xQ(n) (1-82)

En utilisant I’équation (I-71), on a :
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'|"| 1

1 1-n-r

Q= [ LMW dn = -In( ! 2) (1-83)
5 M h-r, (l-nn

De plus, il est possible de montrer que pour un liquide incompressible (n —1) :

gEP —afV (1-84)

Cette expression peut étre démontrée par les équations de (I-85) a (I-88).

nC nC
Par définition : g&(T,P,x) = Om —ingf(T, P)-— RTin Inx; (I—-85)
i=1 i=1

En rappelant 1’équation (I-54) puis en remplacant a par (g—P-v),ona:

nC nC
a™V(T,V,X) =g —P-v= D x; [gi(T.P)-P,-v; |- RTY x;Inx; (1 86)
i1 i1

En soustrayant les équations (I-85) et (I-86), il vient :

g=F-a"v =P~v+Zcxi[gT(T,Pi)—g?(T,P)—Pi ;]
=1 (1-87)

Ne Ne P Ne
:P~in-vi+ZXi'J.P Vi'dP—Z];Xi'Pi'Vi
i=l i:1 i:

En supposant que les volumes molaires ne dépendent pas de la pression (fluides

incompressibles), I’équation (I-87) devient :
nC nC nC

gE'P —a.E’V = P'in 'Vi +in 'Vi (PI —P)—in 'Pi 'Vi :0 (I - 88)
i=1 i=1 i=1

A partir de 1’équation (I-84), on peut écrire :

E,V
rés

agy (T —>1LX) =05 (T,n—>1) (1-89)

L’équation (I-82) est toujours vérifiée, y compris lorsque 1 tend vers 1. On déduit donc :
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gres(Tn_ﬂ-X) goores 1 _ 1-1, B
E(T,x) = ) c avec:C=Q(Q) = —, In[l—rlj (I-190)

Les modéles de gf classiques (Redlich-Kister, Margules, Wilson, Van Laar, NRTL,
UNIQUAC, UNIFAC, ...) ne dépendent pas de la pression. On peut conclure que

E(T,x)= grEéS/C est proportionnel a la partie résiduelle de n'importe quel modéle de gF.

En suivant I’équation (I-80), les régles de mélange & compacité constante s’écrivent :

(1-91)

Compatibilité des regles de mélange de Van der Waals avec les regles de mélange a

compacité constante

Les régles de mélange de Van der Waals s’écrivent :

n. ng
=330 1K)
= 1-92)

Ne
bm = in . bi
i=1

Ces regles de mélange sont compatibles avec la régle de mélange a compacité constante
[équation (I-80)]. Pour le prouver, il suffit de remplacer les paramétres ay et by, dans

I’expression (I-80) par les expressions de la regle de mélange de Van der Waals.

On commence donc par exprimer le terme d’exces E(T,X) dans le cas ou an et by, suivent les

regles de mélange de Van der Waals.
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E(T,x) = Zx _,_b_m
e ZZX "X a; -a; jd-kj)
=D X (1-93)
- PRIR
j=1

Ne Ne n. ng

ZXp;:lelxj.bj—Zl:Zl:xi.xj ,ai'aj'(l—kij)

1= = i=l j=

nC
PRIRT
[

A ce stade, on utilise une petite astuce de calcul qui permet d’obtenir une expression finale de

kij plus élégante :

Ne Ne ne N
a.
in-b—foxrbj_ZZx X
i=1 ] i=l j=1 3
L ne e (I—94)
=—ZZ +ZZZXI J
i=1 j=1 i=l j=1
On revient a I’expression de E(T,X) :
n n
[ 1a;- b. 14a; -b.
szi'x{z Ib- J+E Jb. | ‘\/ai'ai'(i—ku)}
i=1 j=1 i j
E(T,x) .
ij’bj
= (1-95)

On introduit a présent les paramétres &; définis par :
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5 :bﬂ (1- %)

On définit le parametre E;; par :
Ejj =87 +57 —25;8; (1K) (1-97)

Il vient finalement :

Ne

Ne
szi 'Xj‘bi bjEIj

=2H (1-98)

nC
D Xjb;
i1

E(T,x) =

N |-

En comparant les équations (I-51) et (I-98), il apparait clairement que la fonction E(T,x) est
une fonction d’excés de type Van Laar. En utilisant 1’équation (I-97), il est a présent possible

d’exprimer le paramétre kij des regles de mélange de Van der Waals :

2
i = Eij—(5; - ;)

= I-99
’ 26;5; (1=99)
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1.4 Le modéle PPR78

1.4.1 L’équation d’état et les régles de mélange dans le modéle

Le modéle PPR78 (Predictive Peng-Robinson equation of state 1978)**%" utilise 1’équation
d’¢état de Peng et Robinson dans sa version de 1978° désignée par 1’abréviation PR78. Les
regles de mélange que nous associons & PR78 pour le traitement des systémes multi-
constituants peuvent s’exprimer de deux maniéres qui sont compatibles : régles de mélange a
compacité constante ou une fonction d’excés de type Van Laar est choisie, et regles de
mélange de type Van der Waals. Ce modéle est rendu prédictif par le calcul de paramétre Ej;
qui intervient dans la fonction d’excés de type Van Laar ou du coefficient d’interaction
binaire ki qui intervient dans les régles de mélange classique, a partir d’une méthode de

contributions de groupes.
Pour un corps pur, I’équation d’état PR78 s’écrit :
_RT a;(T)
V—bi V'(V+bi)+bi'(v—bi)
R =8,314472 J-mol ™. K

o “1+¥6v2+8-6v2-8

3

P avec

~ 0.253076587

bi :Qb CYi et Qb = X>j_3

c,i

2
R®-T¢; T 8(5X +1)
ai(T)=Q, L1em | 1- |— || et Q,=———7~0,457235529
Pei Tei 49-37X

si o; <0,491 m; =0,37464 +1,54226; —0, 269927
si o; > 0,491 m; =0,379642 +1,48503; —0,164423w? +0,01666607

~ 0.0777960739 (I-100)

P est la pression, T la température, R la constante des gaz parfaits et v le volume molaire. T,
Pci et o sont respectivement la température critique, la pression critique et la facteur

acentrique du corps pur i.

L’application de cette équation PR78 a un mélange nécessite 1’utilisation de régles de
mélange. Le modéle PPR78 peut étre vu comme la combinaison a compacité constante de

I’équation PR78 et d’un modéle de gt de type Van Laar, dans le cadre de 1’approximation
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d’ordre zéro de la théorie de Guggenheim (modéle quasi-réticulaire)®, initialement proposée

30
|

par Péneloux et al.” Le modéle PPR78 est donc une approche de type équation d’état/énergie

de Gibbs d’excés (EoS/gt)® dont les régles de mélange s’écrivent :

m(T Z) Z a(T) gres

o (I-101)
i 1ZZzizjbibjEij(T) .
Ores _ 1 i<l j=1 _N< -

avec =fo = - et C= ) |n(1+ﬁ)~o,6232

C
Dz
=1

zj est la fraction molaire du constituant i dans le mélange et n; le nombre de constituants du

mélange. g5 est la partie résiduelle (non athermique) de I’énergie de Gibbs d’excés.

Pour définir complétement le modéle PPR78 et le rendre prédictif, il est nécessaire
d’estimer le parametre Ejj qui intervient dans la fonction d’excés de type Van Laar. A ce titre,
nous avons développé une méthode de contributions de groupes dont I’expression littérale est
issue des travaux antérieurs de Kehiaian et al.*® et Abdoul et al.**. L’expression de Ej

s’écrit alors :

Bui
Ng Mg (Akl j
=1 1=

Ng est le nombre de groupes définis par la méthode (a I’heure actuelle, vingt et un groupes
sont définis pour le modéle PPR78 et ng = 21). aik représente la fraction de la molécule i
occupée par le groupe k, ¢’est-a-dire 1’occurrence de présence du groupe k dans la molécule i
divisée par le nombre de groupes présents dans la molécule. Ay = A et By = Bk sont des

parametres qui quantifient les interactions entre les groupes k et | (Axk = Bk = 0).

Le modele PPR78, basé sur 1’équation d’état de PR78, peut également étre vu comme une

méthode de contributions de groupes pour le calcul du coefficient d’interaction binaire kij

-35-



Chapitre 1. Bibliographie et description du modele PPR78

intervenant dans les regles de mélange de type Van der Waals (linéaire sur b et quadratique

sur a) :
am(T,Z)=ZC:ZC:ZiZj aiaj (l—k”(T))
i=1l j=1

(1-103)

b (z) = izibi
i1

Le paramétre d’interaction binaire K;j; intervenant dans I’équation précédente est calculé a

partir de la formule suivante :

_;ZZ(aik — ) (o — o)A (292_:_.15)

k=1 1=1
,ai(M)-a;(T)
b; - b;

J

[Akfl] [ fm M T
b, b.
(1- 104)

kij(T) =

Les valeurs des paramétres d’interactions entre groupes Ay et By pour les différents groupes

définis par la méthode sont donnés dans le tableau (I-2).
1.4.2 Groupes définis par le modéle

# Groupe 1 : CH3

C’est le groupement méthyle. 11 est présent deux fois dans tous les alcanes linéaires. On le
trouve dans les alcanes ramifiés. Il peut également étre présent chez les cycloalcanes ou les

molécules aromatiques.

Par exemple, le groupe 1 est présent deux fois dans la molécule de propane, trois fois dans

celle d’isobutane et une fois dans celle de méthylcyclohexane :

H CH;3
CH; o e
CH;3 Hs CH CH, CH,
\CHZ} cHy” cH, cHy”
Propane Isobutane Méthylcyclohexane
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& Groupe 2 : CH;

C’est le groupement méthyléne. Il est présent dans les alcanes linéaires, ramifiés. Il n’est
jamais impliqué dans une insaturation (cycle ou liaison double). 1l ne figure donc que dans les
groupements alkyles des cycloalcanes et des molécules aromatiques. A titre d’exemple, il est

présent trois fois dans la molécule de 3-éthylpentane et une seule fois dans la molécule

d’éthylbenzene :
CH3 C CH
C|Hz/ c|/ H\ﬁ/ eH,
CH; CH H}H3 CI—KC CH
Sorr” o S
3-éthylpentane Ethylbenzene

N.B.: A partir des groupes 1 et 2, on peut construire, entre autre, toute la série des alcanes

linéaires.

& Groupe 3 : CH

C’est le groupement méthyne. Comme le précédent, ce groupe est rencontré chez les
alcanes ramifiés (mais pas linéaires) ou dans les groupements alkyles des molécules. Il n’est
jamais impliqué dans une insaturation. Par exemple, il est présent une fois dans la molécule

de 3-éthylpentane ainsi que dans la molécule d’isopropylbenzéne :

CHs CH==CH CH
oy / 3
CH\ /C—CQ
CH, H CH3 \ /
ey e CH—CH CHs
3-éthylpentane Isopropylbenzene

# Groupe 4 : C

Comme les deux précédents groupes, le groupe 4 figure dans les alcanes ramifiés (mais pas
linéaires) et les groupements alkyles. Il n’est pas mis en jeu dans une insaturation. On utilise
ci-apres ce groupe 4 par les molécules de 3-éthyl-3-méthylpentane et de tertiobutylbenzéne

qui le contiennent chacune une fois.

CHgs

c||-|z/ /CH=CH CH,
CH;, C Hs CH C—C~ Y
Sonr [N \ 7/ N\
CH, CH—CH CHs
3-éthyl-3-méthylpentane Isopropylbenzéne
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N.B.: A partir des groupes 1, 2, 3 et 4, on peut construire, entre autres, toute la série des

alcanes ramifiés.

& Groupe 5 : CHy

Le groupe méthane est particulier. C’est une molécule qui a été exclue de la série
homologue des alcanes linéaires (représentables a partir des groupes 1 et 2) car elle posséde
un comportement atypique et n’est pas représentée correctement lorsqu’elle est incluse avec
les autres molécules de la méme série. Cette spécificité est bien connue : les premiéres
molécules d’une série homologue doivent souvent faire 1’objet d’un traitement spécifique

dans la mis en ceuvre des méthodes de contributions de groupes.

& Groupe 6 : CH;

Le cas de la molécule d’éthane est complétement identique a celui de la molécule de
méthane. Sa représentation par deux groupes 1 n’étant pas convaincante en termes de

contributions de groupes, elle constitue un groupe a elle seule.

& Groupe 7 : CHapo

Le groupe 7 décrit tous les groupes CH impliqués dans un cycle aromatique (a la
différence du groupe 3, ou les groupements CH sont impliqués dans des chaines alkyles mais
pas dans des cycles ou noyaux aromatiques). On utilise ce groupe par la molécule de benzene

qui le contient six fois et la molécule de toluene qui le contient cing fois :

C C CH
oy F
CH H CH H

Benzéne Toluéne

& Groupe 8 : Cypo

De méme que le groupe 7, ce groupe C n’est présent que dans les noyaux aromatiques. A
titre d’exemple, on le retrouve deux fois dans la molécule de 1,4-xyléne et une fois dans la

molécule d’éthylbenzene :

c CH C CH

c|/ H\ﬁ/ 3 c|H/ H\ﬁ/ th,
C H CH H

ey \CH} \CH}

1,4-xyléne Ethylbenzene
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L J GI‘OUpe 9 . Cpo]y aro

Ce groupe matérialise les atomes de carbone impliqués simultanément dans deux cycles
aromatiques. Dans la plupart des cas, les contributions du groupe 9 sont identiques a celles du
groupe 8. Dans certains cas particuliers, on peut étre amené a différencier ces deux groupes.
Pour illustrer ce groupe, on représente la molécule de naphtaléne et celle de 1-
méthylnaphthaléne qui contiennent ce carbone poly aromatique (i.e. imbriqués dans deux

noyaux aromatiques) chacune deux fois :

CH\C H\ CH\ /
SO T
C C H }—KC C
FKCH A CH/C O CH
Naphthalene 1-methylnaphthaléne

N.B. : On notera que les groupes 7, 8 et 9 conjugués aux groupes 1 a 4 permettent de décrire

toutes les molécules aromatiques.

# Groupe 10 : CHy, ¢y

Ce groupe CH, n’est présent qu’a I’intérieur du cycle d’un cycloalcane. Il ne doit pas étre
confondu avec le groupe 2. Il est par exemple présent six fois dans la molécule de

cyclohexane et cing fois dans la molécule de méthylcyclohexane.

Hs
cH, 2\CHZ CH, %H/C
CH; H, H,
\CHZ/C H}
Cyclohexane Méthylcyclohexane

L Gl'Ollpe 11 . CHcyc|/Ccyc|

A T’instar du précédent, ce groupe n’est présent que dans les cycles des cycloalcanes. On
notera que le modeéle PPR78 ne fait pas la distinction entre le groupe CH et le groupe C
lorsque ceux-ci sont impliqués dans un cycle. 1l convient bien entendu de ne pas le confondre

avec les groupes 3, 4, 7, 8 et 9.

La molécule de 1,1,4-triméthylcyclohexane ci-dessous contient un atome de carbone C et un
groupement CH imbriqués dans le cycle. Le groupe 11 y est donc présent deux fois. De méme,

dans la molécule de décaline, le groupe 11 est présent deux fois.
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H;
H H H
2\
C|Hz/C Z\|C Hs c|r{c i CH,
CH CH, CH, CH H,
cHy” CHy” cHy” \CHZ}
1,1,4-triméthylcyclohexane Décaline

N.B. : A partir des groupes 10 et 11 ainsi que des groupes 1 a 4, il est possible de représenter

tous les cycloalcanes.

# Groupe 12 : CO,

Comme les groupes 5 et 6, ce groupe est une molécule a lui seul : le dioxyde de carbone.

& Groupe 13 : N,

Le Groupe 13 est la molécule de diazote (ou simplement azote).

& Groupe 14 : H,S

I1 décrit la molécule de sulfure d’hydrogene.

& Groupe 15 : SH

Ce groupe sulfhydrile caractérise la fonction chimique thiol (équivalent de la fonction
alcool dans laquelle I’atome d’oxygéne est remplacé par le soufre). Il est impliqué dans toutes

les molécules de mercaptans (R—SH, ou R désigne un groupement alkyle quelconque).

A titre d’illustration, on représente la molécule d’éthylmercaptan qui contient une fois le

groupe 15 :

CH
che NsH

Ethylmercaptan

# Groupe 16 : H,0O

Le Groupe 16 est la molécule d’eau.

# Groupe 17 : C;H,

Le cas de la molécule d’éthyléne est identique a celui de la molécule d’éthane. Le groupe

17 décrit la molécule d’éthyléne.
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% Groupe 18 : CH; 4c/CHgc

Le groupe 18 décrit tous les groupes CH, et CH impliqués dans les alcenes linéaires,
ramifiés ou dans les groupements alkyles des molécules (mais jamais des carbones impliqués
dans un noyau aromatique ou un cycle). Il ne doit pas étre confondu avec les groupes 2, 3, 7,
10 et 11. La molécule de propene ci-dessous contient un groupement CH, et un groupement
CH donc le groupe 18 est présent deux fois. De méme, ce groupe est présent quatre fois dans

la molécule de 1,3-butadiéne et deux fois dans celle du styrene.

C CH
c|/ H\ﬁ/ Nch,
CH CH; CH, C C CH
e e XHZ New’
Propéne 1,3-butadiéne Styrene

& Groupe 19 : Cyc

A T’instar du précédent, ce groupe n’est présent que dans les alcénes linéaires, ramifiés ou
dans les groupements alkyles des molécules. A titre d’exemple, on illustre ci-apres ce groupe
19 par les molécules de 2-méthyl-1-butene, de 2-méthyl-1,3-butadiene et de beta-pinene qui le

contiennent toutes une fois.

CH,
I
PN
C H C CH CH CH
Kc} ScH, Kc/ e, | o]
CHZ ' _CH3
CH, CHs Nch” C\CH
2-méthyl-1-buténe  2-méthyl-1,3-butadiéne Beta-pinéne

L3 GI‘Ollpe 20 CHcycIaIc/CcycIaIc

Ce groupe n’est présent que dans les cycles des cycloalceénes, mais pas dans un noyau
aromatique ou dans un naphténe. Il ne doit pas étre confondu avec les groupes 3, 4, 7, 8, 9, 11,
18 et 19. Par exemple, le groupe 20 est présent deux fois dans la molécule de cyclohexéne.
Pour la molécule de limonéne et celle d’alpha-pinene ci-aprés, un carbone C et un groupement

CH sont imbriqués dans le cycle des cycloalcenes donc le groupe 20 y est présent deux fois.

N.B. : On notera qu’avec les groupes 17, 18, 19 et 20 conjugués aux groupes 1 a 4 ainsi

qu’aux groupes 7 a 11, il est possible de représenter tous les alcénes.
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CHs
CH7—CH CH =€
Z\CH /N /ot cH
T A A c'r(
CH, H CH, —CHjs
\CHz/C CH—CH, CH,  >“cH” C\CH
Cyclohexéne Limoneéne Alpha-pinéne ’

& Groupe 21 : H»

Le Groupe 21 est la molécule d’hydrogene.

1.4.3 La fonction objectif

Les valeurs des paramétres d’interaction Ay et By entre groupes ont été ajustés sur des
données d’ELV expérimentales. Les parametres dans le tableau (I-2) sont ceux qui

minimisent la fonction objectif suivante :

I:obj,bulle + I:obj,rosée + I:obj,comp.crit + I:obj,press.crit
Fobj = avec
Nputte + Nrosée 2ncrit
oo I, I )
FObj bulle =100 Z 0,5 1 |AX| = ‘Xl,exp - Xl,cal‘ = ‘Xz,exp _Xz,cal‘
i=1 X1 exp X2,exp i

Nrosée Ay Ay
Foj,rosée =100 z 0,5 Jl ex|p y|2 ex|p |Ay| = ‘yllexp - yl,cal‘ = ‘YZ,exp - YZ,caI‘ (1-105)
i

c c . _ -
I:obj,comp.c:rit - 1002 0,5 + J |AXC| - ‘Xcl,exp ~Xclcal ‘ - ‘Xc2,exp ~Xc2cal ‘
i=1 Xcl,exp XcZ,exp i
e ‘Pcm exp ~ Pem cal‘
FObj press.crit — lOOZ

i=1 |:)cm,exp

Nbulles Nrosée €L Nerit SONt respectivement le nombre de points de bulle, le nombre de points de
rosée et le nombre de points critiques. x; et y; sont respectivement la fraction molaire du
constituant le plus volatil dans la phase liquide et la fraction molaire du méme constituant
dans la phase gazeuse. Evidemment, X, = 1-x; et y, = 1—y;. Pcm st la pression critique du

mélange binaire et X, est la fraction molaire critique en constituant le plus volatil.

Les points critiques de mélange ont une influence deux fois plus grande qu’un point de
bulle ou de rosée sur la fonction objectif car deux écarts interviennent pour un point critique :

I’écart a la composition critique et I’écart a la pression critique. Il est a noter que les écarts en
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composition sont moyennés sur les deux constituants du mélange de maniere a éviter un
impact trop important des points expérimentaux dont la composition est trés faible ou trés
¢levée sur les parametres ajustés. Prenons 1’exemple d’un point de bulle expérimental dont la
composition serait Xiexp = 0,001. Si celui-ci donne Xjca = 0,002, I’écart concernant le
constituant 2 sera trés faible (Axz = 0,1%) tandis que I’écart concernant le constituant 1 sera
trés grand (Ax; = 100,0%). Dans ce cas, la fonction objectif que nous avons retenue vaut
50,05%.

Malgré cela, certains binaires contenant de 1’eau continuent de présenter des difficultés lors
de I’ajustement des paramétres. En effet, pour ce genre de systémes, a température faible et
modeérée, les points de bulle expérimentaux ont des compositions trés faibles (x; < 0,01) et les
points de rosée expérimentaux ont des compositions trés élevées (y1 > 0,99). Si ces points
sont majoritaires dans une base de données, la fonction objectif peut alors étre assez élevée.
Dans ce cas, I’ajustement des parameétres ne se fait, en réalité, que sur ce genre de points
puisque D’écart dii aux autres points d’ELV est négligeable. Ce phénomeéne peut donc
entrainer une mauvaise représentation des ELV ou 0,01 < x3(y1) < 0,99, et une mauvaise
restitution du lieu des points critiques. Pour limiter ce probléme, un point de bulle ou de rosée
dont la composition est inférieure a 0,01 ou supérieure a 0,99 [x1(y1) < 0,01 et X;(y1) > 0,99],
et qui présente un écart supérieur a 45% est automatiquement exclu du calcul de la fonction

objectif globale (Fo;).

Dans la plupart des cas, 1’ajustement des paramétres a été réalisé par la méthode de quasi-
Newton de Broyden, Fletcher, Goldfard et Shanno (BFGS). Cependant, il est a noter que pour
certains groupes, nous avons eu recours a une méthode beaucoup plus basique, de type essai-
erreur, pour effectuer I’ajustement car il apparaissait clairement que la méthode BFGS ne
conduisait pas au minimum de la fonction objectif. Ce phénomeéne peut peut-étre s’expliquer

par I’existence de nombreux minima locaux.
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Tableau I-2. Matrice des paramétres d’interactions entre groupes Ay et By, (en MPa) du modéle PPR78. ND = Non Déterminé.

CHZ,aIc

CHcyclalc

CH3 CHZ CH C CH4 CZHG CHare» Can:» Cpolyaro CHZ‘cycI CHcycI/Ccycl COZ NZ HZS SH HZO CZH4 ICH Calc H2
(G1) (G2 (G3) (G4) (G5) (G 6) G7) (G 8) (G9) (G 10) (G11) (G12) (G13) (G194 (G 15) (G 16) (G17) (Glgl)c (G 19) (G°y2°g')° (G 21)
CH3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
G 0
CH, A, = 74.81
(G 2) By, =165.7 0 - - - - - - - - - - - - - - - - - - -
CH Aj3=2615 A, =5L47
G3) B,;=3888 B,-=7961 0 ° - ° ° - - ° - ° B ° B B ° ° ° ° °
C A, =3967 A, =8853 A, =-3057
G 4) Bi =8043 B, =3150 B,=-2508 0 : ° " - - " - " ° ° - ° ° ° ° ° °
CH, Ai5=3294 A, =3672 A,=1452 A, =2639
(G5) B =-3500 B,=1084 B, =3016 B,=5315 O ° ° : : ° : ° B ° B B ° ° ° ° °
C,Hs Ag=8579 A, =3123 A, =1743 A,=3332 A,=1304
(G 6) Bis=-2951 B,=8476 B,=3521 B,=2038 B, =6863 0 B - - B - B B ° B B ° ° - - -
CHaro Ay =9025 A, =2978 A, =1033 A, =1589 A, =6726 A, =4118
(G7) B -1461 B,=5817 B,=1918 B,=6132 B, =1675 B,=5079 O - - : - : - - - - - - - - -
Caro A =6280 A,=3775 A,=6177 A,=7961 A, =1393 A, =-3.08 A,=-1338 ) ) ) ) ) ) ) ) ) ) ) ) )
(G 8) Bis=4186 B,=1448 B,=-3397 B, =-3260 B,=4643 B,=1304 B,=2025 0
Cpolyaro Ag=6280 A,=3T775 A,=6177 A,=7961 A,=1393 A, =-3088 A,=-13.38 A, =0.000 ) ) ) ) ) ) ) ) ) ) ) )
(G9) Bio-4186 B,=1448 B,=-3397 B,=-3260 B,=4643 B,-1304 B,=2025 B,=0000 0
CHacyal ALg=4038 A, =1278 A =109 A, =1771 A, =3637 A,,,=8579 A,,,=2917 A, =3431 A, =3431
(G 10) BLi=9590 B, =2837 B,,=-9093 B,, =6019 B,,,=2642 B,,,=7686 B,,=69.32 B,,=9539 B,,=9539 0 : ° B i B B i i B B B
CHoyalCoyet Ar1i=9848 A, =-5490 A, =-2265 A, =1784 Ay, =40.15 A, =1029 A, =-2642 A, =-1057 A, =-1057 A, =-5010 i i i i i i i i i i
(G 11) By =2316 B,,=-3195 B,,=-5L47 B,,=-1095 B, =2553 B,,=-5284 B ,=-7802 B,, =-2865 B,, =-2865 B, --8911 O
CO, A pp=1640 A,,,=1369 A,,=1843 A,,,=2879 A,,,=1373 A, ,=1355 A ,=1026 A,,,=1101 A,,,=2673 A, ,=1301 A, ,=9128 ) : ) ) : : ) ) )
(G 12) B,;,=2690 B,,=2546 B,,=7621 B,,=3462 B, =1942 B,=2395 B,,,=1613 B,,=6376 B,,=4444 B,,=2258 B, ,=8201 0
N, A3=5274 A, ,=8228 A,,,=3654 A, ,;=2639 A,,,=3790 A,,,=6159 A, =1852 A,,,=2840 A,,;=7181 A, ,=1795 A ,=1009 A, ,=98.42
(G 13) B, j3=8719 B,,,=2028 B,,,=5219 B, ,=7726 B,,,=37.20 B,,,=8492 B,,,=4906 B,,,=1892 B, =1892 B, =546.6 B, ,=2498 B, ,=2214 0 - - : - - - - -
H,S A, =1584 A, ,=1346 A,,=1939 A, =3051 A,,,=1812 A ,=1572 A, =2196 A,,=1029 A,,=1029 A, , =1208 A, =-1613 A, ,=1349 A_, =3195
(G 14) B, =2412 B,,=1383 B,,=3078 B,,=-1431 B, =2889 B,,=2171 B ,=1304 B, =-85719 B,, =-8579 By, =1630 B,,=-1476 B,,=2014 By, =5501 0 - - - - - - -
SH A =7999 A, =4505 A, =4255 A, =6829 A, =706.0 ND A5 =2855 Ay =1072 Ay, =1072 A, =446.1 A, =4118 ND ND Ay =-T721
(G 15) B, =2109 B,,=6273 B, =547 B, =154 B, , 1483 B, ,=3920 B, =1094 B,, =1094 B, =549.0 B, =-3088 B, =15%61 0 B i B B B B
H,0 A 5 =3557 A, =4324 A, =9714 ND A, =2265 A, ,=2333 A =2268 A, =5435 A, =1340 A, =4211 A, =2440 A, =5593 A, =2574 A, =6039 A, =30.88
(G 16) B, =11195 B, =12126 B, =567.6 B, =4722 B, =5147 B,,,=6218 B, =4118 B, =-6588 B, =13031 B, ,=-6039 B,,=277.9 B, =5490 B, =599.1 B, =-1136 0 - - - - -
CoHs A, =7206 A, =5971 A, =1767 A,,,=3195 A, -1460 A, =7549 A, =2025 A,,=6520 A,;=1990 A, =3534 A, =-3843 A, =7309 A, =8853 ND ND Ay, =1632 i i i i
(G17) B,,,=39.12 B,,,=7858 B, =1180 B,,=-2481B,,,=3020 B, =1922 B,,=9402 B, =1252 B,,=3820 B, =5250 B,,=-6884 B, =1153 B, =100.1 By =1612 0
CHpai/CHale  Auis=5422 A, =1167 A, =1184 A ,,=5079 A, =5284 A,;=2642 A, ,=8519 A, ,=-7069 ND Ay s=27.11 ND A, =59T1 A, =1252 ND ND Ay =2243 A, =17.16 ) ) )
(G 18) B ,=1424 B,,=2951 B,,=1589 B,,=-2845 B,,=1105 B, ,=5044 B, =-7549 B, =36.72 By 45 =454.7 B, =2103 B, =2855 By 1 =5199 B, ,,=36.72 0
Catc A,=1156 A,,=6039 A, =1036 ND ND ND A, =1029 A, =2176 ND 010 =—29.85 ND A =2368 A, =4557 ND ND ND 110 =-13.04 Ay, =2162 i i
(G 19) B, =1184 B,,=2728 B, =4306 B, =-1681 By, =-170.2 By, =-149.3 B, =-186.0 By, =3054 By, =6520 By, ,=1349 0
CHeyctale/ Coyctale Ao =177.1 A, =000 A, , =30.12 ND ND ND A, =6177 Ay, =3431 ND Ay, =5147 A, =-2917 A, =87.85 ND ND ND ND A, =—4495 Ay, =1198 A, =-3929 i
(G 20) B,, =3589 B,, =-7.206 B,, =1038 B, ,,=5490 B, =-37.75 By, =2546 B, , =-1458 B, , =9437 By =2248 By, =-7206 By, =-1973 0
H, A, =2028 A,,=1325 A, ,=4152 A,, =2265 A, ,=1561 A, ,=1376 A, =2848 A, =377.5 A, =5490 A ,=2320 A,,=-3140 A,,=2659 A,,=6520 A,, 1458 ND A, =8308 A, =1513 A,, =1630 A,, =6300 A, =483.1
(G 21) B,,=3174 B,,=1472 B,,=7264 B,,=1812 B, =929 B, =150 B,,=1750 B,,=1201 B, =1476  B,, =1675 B,,=-2258 B,,=2683 B,,=7010 B, , =8235 Boy=-1379 By, =1651 By, =3222 B,, =5731 B, ,=2417 0

8/4dd aJapow np uonduasap 18 alydesborqrg ‘| amdeyd
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1.4.4 Calcul de Penthalpie molaire d’excés h™ par le modéle PPR78

L’enthalpie molaire d’exces hF est définie par 1’équation :
nC

hE(T,P,2) =h(T,P,2)~ > z;hi (T,P) (1-106)
i=1

Pour calculer aisément 1’enthalpie molaire h (T,P,z) totale du mélange et 1’enthalpie molaire

du constituant i pur h; (T,P), on introduit les grandeurs d’écart :

h(T,P,z) =h*(T,z) +h®(T,P,2) = izih;(T) +h®(T,P,2)

= (1-107)

hi (T,P) =h; (T)+h{°(T,P)

En injectant 1’équation (I-107) dans 1’équation (I-106), 1’enthalpie molaire d’excés s’écrit

alors:
7 nC 7
hE(T,P,2) =h*(T,P,2) - > z;h{°(T,P) (1-108)
i=1
Puisque les équations d’état cubiques sont exprimées dans le jeu de variables (T, v, z), on peut
écrire :
7 nc 7
hE(T,P.2) =hE(T,v,2) =h®(T,v,2)- Dz (T, vi(T, P)) (1-109)
i=1

Ou v est le volume molaire total stable du mélange a la température T et sous la pression P ;

vi est le volume molaire stable du constituant i pur & la température T et sous la pression P.

N.B. : Si le mélange se trouve dans le domaine diphasique : liquide-vapeur (LV), I’enthalpie

molaire d’écart h® peut étre écrite

hé(T,v,2) =1 - hﬁ‘g1 TV, x)+(1-1))- h\é,gp (T,v,y)avec: 1, = Yizh (1-110)
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ou X= (xl,..., ch) est le vecteur des fractions molaires dans la phase liquide, y = (yl,..., ync)

est le vecteur des fractions molaires dans la phase vapeur, t, est la proportion molaire de la

phase liquide, hﬁ% (T,v,X) est I’enthalpie molaire d’écart de la phase liquide de composition X,

et hecp(T Vv,Y) est I’enthalpie molaire d’écart de la phase vapeur de composition y.

On a déja établi précédemment 1’expression de I’enthalpie molaire d’écart avec les équations

d’état cubiques de I’ensemble principal [voir 1’équation (I-29)]. En prenant r, =—1-+/2 et

r, =—1++/2, on obtient les expressions suivantes pour le modéle PPR78 :

R-T-bn(z) an(T,z)-v

h*(T,v,z) = v-b,,(2) V[v+bm(Z)]-l-bm(Z)[V_bm(Z)]

V+(1+/2 )b, (2)
—;.(am(T z)—T.dam(T’Z)j-m (1442 )b (I-111)
242 b, (2) dT v+(1—J§ )bm(z)
hé (T, vi) = h*(T,v,z; =1)
nC nC
Sachant que an,(T,2) = > > 77 [aja; (1-k;;(T)) (régles de mélange de Van der Waals),
i=1 j=1
I’expression de la dérivée premiére de am(T,z) par rapport a la température s’écrit :
a, da; da;
da,,(T,z L a7+ dk (T
(”:j(T)j =3 22| (1- k(1)) — 4T —dT dT = o ~ faa ” (1-112)
z

A ce stade, il est maintenant nécessaire de déterminer 1I’expression de la dérivée premiére de
kij(T) par rapport a la température. Pour davantage de clarté, la formule du coefficient

d’interaction binaire k;j(T) est divisee en trois parties :
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Ng Ng Bu_4
f(T):_%ZZ( Ol — | )( ajl)Akl.(Z%;.lSj[Aku }
k=1 k=1
k1= 9D e | g(r) - [vaélm VQ(T)J (5-5,f (1-113)
h(T)=2——— a() )

Finalement :

diy (1) hM[F'(M=g'(M |-h M[F(N)-g(M)]

. 189 g A (B 29815 [ik 1}
(0= 2 oo oa-op 5 2o 22
(I-114)
e 50 206,55 -57) 5 5 = LT

h'(T)=2(8;8,+8,3,)

1.4.5 Calcul de la capacité calorifique molaire d’excés a pression constante et par

le modeéle PPR78

Similairement au cas de I’enthalpie molaire d’excés hF, la capacité calorifique molaire
d’excés a pression constant cp- peut étre exprimée en fonction de la capacité calorifique &

pression constant molaire d’écart cp™ dans le jeu de variable (T, v, z).

Par définition :
nC

Ch(T.P.2) =Cp(T,P,2)~ ¥ ziCp;(T.P) (1-115)
i=1

On fait ensuite apparaitre les grandeurs d’écart au gaz parfait :
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nc )
¢p(T,P,z) =cp(T,2)+ C‘E,C (T,P,2) = Zzic;,i (T,P) +cp(T,P,2)
i—1

(1-116)
¢hi(T.P)=ch;(T) +c5(T.P)
En insérant 1’équation (I-116) dans I’équation (I-115), On obtient :
z nc z

c5(T,P.2) =5 (T,P,2) = > zicE5(T,P) (1-117)

i=1
Pour les équations d’état explicites en pression, on préfere :

7 nc 7
CE(T.P.2)=cB(T,v,2) =cB(Tv,2)— > zcE (T, vi(T, P)) (1-118)

i=1

Ou v est le volume molaire total stable du mélange a la température T et sous la pression P ;

vi est le volume molaire stable du constituant i pur & la température T et sous la pression P.

N.B. : Si le mélange se trouve dans le domaine diphasique : liquide-vapeur (LV), la capacité

calorifique molaire d’écart cs*° peut étre écrite

TV 2) =71 -CFiq (T30 + (170 CFgp (T, V1Y) avec = 11— (I-119)
i

ou X= (xl,..., ch) est le vecteur des fractions molaires dans la phase liquide, y = (yl,..., ync)

est le vecteur des fractions molaires dans la phase vapeur, . est la proportion molaire de la

phase liquide, cf:_,‘f"q(T,v, X) est la capacité calorifique molaire d’écart de la phase liquide de

composition Xx, et cﬁclvap(T,v, y) est la capacité calorifique molaire d’écart de la phase vapeur

de composition y.

En prenant les équations (I-31,32), r, =—1—+/2€et r, =—1++/2, les expressions de la capacité

calorifique molaire d’écart a pression constante issues du modéle PPR78 s’écrivent :
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CEC(T,v,z) = C\é,C(T,V, 2)-R+T(kt -v)(B-P)2

-1
RT 2-ay,(T,2)[v+by(2)]
Kr-V= 2~ 2
[V=bu@]" [V(v+by(2)+bn(2)(V—by(2))]
avec |p.po— R _9an(T.2), 1
v-b,,(2) dT V[V+by(2)]+bn(2)[v-bn(2)]
es _ T .dzam(T,z)_ i v+(1+\/§)b (2)
Y22y () dT? v+( J_)b (2)

cp,(Tv) c (Tvz =1)

(1-120)

La dérivéee seconde de an(T,z) par rapport a la température suivante les régles de mélange de

Van der Waals s’écrit sous la forme:

da;
da, (T.2)] < dkiy(T) & g7 * -121
[ oT? : ]Zzz Zjzj (1_kij(T)) 2(aiaj)3/2 - dJT dT/— dT \/'—J de o )

La dérivée seconde de K;j(T) par rapport a la température s’écrit, en vertu de 1’équation

suivante :

02,1y MM M=g'M -0 MM -gM]f-20' M {hD[F M -g (M |- M[fM -9}

dT? [h(T)]3

Ay

(5152 +(-02)(61-53) | 51 - L

: d%a, /dT2 1 (da;/dT)
h'(T)=2(8,8, + 28,5, +5251) ; 0j = 2b, { al_l//z _E( ;_3/2 )
1 1

avec : g(T) 2[

ou f'(T), g (T) et h'(T) sont décrites par 1’équation (I-114).

=49 -
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Chapitre I1. Extension du modele PPR78 aux systéemes contenant

de ’eau

L’eau intervient dans de nombreuses applications industrielles. Lors de la production du
pétrole ou dans les conduites de transport, la présence d’eau dans les hydrocarbures peut
produire des condensats et/ou des hydrates de gaz. La connaissance de la solubilité des
hydrocarbures dans 1’eau est aussi importante, car les nouvelles politiques environnementales
imposent aux industries émettrices de gaz acides tels que CO, et H,S de limiter les rejets
atmosphériques. Dans les gisements, en cours de production de pétrole et de réinjection de
gaz (H2S, CO,), des fluides hydrocarbonés se trouvent fréquemment au contact d'une phase
aqueuse. Les conditions sont telles que les pressions peuvent atteindre de tres hautes valeurs
dans une large gamme de températures. De méme, la prédiction des équilibres de phases des
systemes « eau-hydrocarbures » sur de larges gammes de températures, de pressions est

nécessaire dans plusieurs procédés industriels.

L’objectif de ce chapitre est d’utiliser le modele PPR78 pour prédire et décrire les
équilibres entre phases de ces systéemes en présentant des phénomenes complexes :
« formation d’équilibres liquide-vapeur, liquide-liquide et liquide-liquide-vapeur.

« comportement de Type III d’aprés la classification de Van Konynenburg et Scott* pour la

plupart des systemes binaires.
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1.1 Introduction

The phase equilibrium behavior of systems containing water is important in a wide variety

of engineering®* and geological®®

applications. However, such systems show extreme non-
ideality that produces unusual and complex thermodynamic behavior. Thus, development of a
phase equilibrium model for such systems over wide ranges of temperature and pressure is a

difficult and challenging task.

Cubic equations of state (EoSs) developed originally for hydrocarbon mixtures with kinds
of mixing rules are most commonly used for phase equilibrium computations because of their
simplicity and accuracy. For the (water + hydrocarbon) mixtures, cubic EoS with classical
mixing rules can not correlate fairly the mutual solubility. To overcome this deficiency,
unconventional mixing rules were developed by several authors, e.g. local composition
mixing rules by Tsonopoulos and Heidman’ and by Economou and Donohue.?, density-
dependent mixing rules by Mathias and Copeman® and empirical mixing rules by Michel et
al.®, while most of such models require the use of at least one additional interaction
parameter. The results of liquid-liquid equilibrium prediction obtained by some of these

methods are reasonable, but the critical locus predictions have not been examined.

New mixing rules that combine cubic EoS with excess free-energy models have been
developed over the last decade, e.g. Wong-Sander (WS)", the modified Huron-Vidal first-
order (MHV-1)** and the modified Huron-Vidal second-order (MHV2)® mixing rules.
Several authors presented the critical locus calculations using these mixing rules that include
several water + hydrocarbon systems, such as Kolar and Kojima**, Alvarado et al.*®, Polishuk
et al.'® and Castier and Sandler.*” Recently, Wang and Wong®™® examined simultaneously
liquid-liquid equilibrium and critical behavior by using both WS and MHV2 mixing rules.
They found that the correlation of mutual solubility was satisfactory, but results in spurious
branches of critical locus and phase behavior that have no experimental support. It was
demonstrated that local-fitted models must be used with extreme caution when applied for

predicting phase behavior over wide ranges of temperature and pressure.

In the last 20 years, numerous investigations have been carried out towards the
development of other EoS for associating fluids based on statistical mechanical consideration.
Galindo et al.'® have used the statistical associating fluid theory-hard sphere (SAFT-HS) to

describe the phase behavior of some systems containing water with an excellent description of
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the critical lines and coexisting phases. Associated perturbed anisotropic chain theory
(APACT) and statistical associating fluid theory (SAFT) were studied by Economou and
Tsonopoulos® for the calculation of LLE of (water + hydrocarbon) systems. Nevertheless, the
increased complexity of APACT and SAFT and the explicit calculation of hydrogen bonding
do not improve the fits of water solubility nor does it provide a quantitative description of the
hydrocarbon solubility. Voutsas et al.?* used the cubic-plus-association (CPA) EoS to model
the phase equilibria of water-containing systems with accurate hydrocarbon solubility in the
water-rich phase. A study of phase equilibria for (water + hydrocarbon) mixtures using the
CPA, SAFT and PC-SAFT (perturbed-chain SAFT) with a monoparametric mixing rule was
presented by Aparicio-Martinez and Hall.?? These three models predicted the general shape of
the global phase diagrams qualitatively, however, the simultaneous prediction in a
quantitative way of critical locus, three-phase equilibria and equilibrium composition is only
possible with the PC-SAFT model. Despite their complexities over a simple cubic EoS,
investigations of the abilities of these approaches to produce consistent phase behavior for
many kinds of such systems over wide ranges of temperature and pressure have hardly been

examined.

In this work, the H,O group is added to the PPR78 model (predictive 1978, Peng-Robinson
EoS) so as to predict the mutual solubility and critical loci of (water + hydrocarbon) systems.
Such a model combines the widely used Peng-Robinson equation of state (EoS) with a group
contribution method aimed at estimating the temperature-dependent binary interaction
parameters (k;;(T)). In our previous papers®>?°, fifteen groups were defined: CHs, CH,, CH, C,
CH4 (methane), CoHg (ethane), CHaro, Caro, Crused aromatic ringss CH2,cycticv CHeyelic = Ceyelic, CO2,
N2, H,S and -SH. In this paper, the interactions between this new group (H,O) and the fifteen
ones previously defined are determined. It is thus possible to estimate, at any temperature, the
kij between two components in any mixture containing paraffins, naphthenes, aromatics, CO,

N2, H.S, mercaptan and water.
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11.2 Database and reduction procedure

Table II-1. List of the 56 pure components used in this study

Component Short name Component Short name
methane 1 1,2-dimethylbenzene(o-xylene) 12mB
ethane 2 ethylbenzene eB
propane 3 1,3,5-trimethylbenzene(mesitylene) 135mB
n-butane 4 1,2,4-trimethylbenzene 124mB
n-pentane 5 1-metylethylbenzene(cumene ) iprB
n-hexane 6 propylbenzene prB
n-heptane 7 naphthalene BB
n-octane 8 1-methylnaphthalene 1mBB
n-nonane 9 1,1'-biphenyl Bph
n-decane 10 phenanthrene Phe
n-undecane 11 cyclopropane C3
n-dodecane 12 cyclopentane C5
n-tetradecane 14 methylcyclopentane mC5
n-hexadecane 16 cyclohexane C6
n-octadecane 18 methylcyclohexane mC6
n-eicosane 20 cycloheptane C7
2-methylpropane(isobutane) 2m3 ethylcyclohexane eC6
2-methylbutane 2m4 cyclooctane C8
2,2-dimethylpropane(neopentane) 22m3 1,2,3,4-tetrahydronaphthalene(tetralin) tet
2-methylpentane 2m5 cis-decalin cCC6
3-methylpentane 3m5 trans-decalin tCC6
2,2-dimethylbutane 22m4 carbon dioxide CO;
2,4-dimethylpentane 24m5 nitrogen N2

2,2, A-trimethylpentane(isooctane) 224m5 hydrogen sulfide H.S
2,2,5-trimethylhexane 225mé water H,0
benzene B methyl mercaptan 1sh
methylbenzene(toluene) mB ethyl mercaptan 2sh
1,3-dimethylbenzene(m-xylene) 13mB propyl mercaptan 3sh

Table (II-1) presents the list of the 56 pure components involved in this study. The pure

fluid physical properties (T, Pc and o) used originate from two sources. We have used Poling

et al.* for alkanes, cyclo alkanes, aromatic compounds, CO,, N,, H.S and H,O. As some

mercaptans were missing in this book, the DIPPR database was chosen for these pure

components met in our study. Table (II-2) details the sources of the binary experimental data

used in our evaluations

31-186

along with the temperature, pressure and composition range for

each binary system. Most of the data available in the open literature (4437 bubble points +

3194 dew points + 151 mixture critical points) have been collected. Our database includes

VLE data on 46 binary systems. The 30 parameters (15 Ay and 15 Byj) determined in this

study [see table (1-2)], are those which minimize the objective function defined in equation

(1-105).
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Table I1-2. Binary systems database

Binary system Temperature range  Pressure range (bar) X; range y; range Number of bubble Number of dew Number of binary References
(1% compound-2™ (K) (1% compound liquid (1% compound gas mole  points (T,P,x) points (T,P,y) critical points

compound) mole fraction) fraction) (Tem, Pem,y Xe)

3-H,0 256.21-663.20 0.10-3300.00 0.000001-0.999310 0.031000-0.999480 437 416 17 3139

4-H,0 298.15-707.00 1.04-3101.00 0.000002-0.999500 0.040000-0.999500 203 189 17 40-46

5-H,0 273.20-646.70 0.24-769.00 0.000010-0.115000 0.018000-0.115000 9 0 10 ar-48

6-H,0 373.11-699.00 3.43-2467.00 0.004249-0.998000 0.015000-0.977000 37 146 14 454952
H,0-7 298.15-629.60 0.08-324.00 0.001000-0.999000 0.322000-0.971000 12 12 3 47,58-54
H,0-8 422.04-552.76 6.55-88.60 0.012000-0.999960 0.086000-0.736000 19 17 0 5557

H,0-9 473.15-553.15 20.10-88.26 0.100000-0.575000 0.575000-0.840000 5 5 1 54

H,0-10 423.15-613.20 4.90-303.00 0.006700-0.999500 0.029000-0.989000 70 139 4 50, 56-60
H,0-12 473.15-633.00 18.63-219.40 0.073000-0.997700 0.367000-0.985300 28 28 4 54,61

H,0-16 413.50-638.15 2.68-294.20 0.018000-0.999500 0.667500-0.999500 163 139 6 62:63

H,0-20 523.15-625.35 41.38-181.42 0.240000-0.923000 0.923000-0.995000 6 6 1 s

2m3-H,0 278.15-649.00 1.01-1070.00 0.000010-0.999910 0.070000-0.200000 6 0 8 46,6466
2m4-H,0 298.15-298.15 1.01-1.01 0.000012-0.000012 - 1 0 0 6
22m3-H,0 278.15-318.15 1.01-1.01 0.000006-0.000017 - 4 0 0 6566
2m5-H,0 298.15-628.15 1.01-709.27 0.000003-0.055585 0.044049-0.124928 31 8 0 65, 67
3m5-H,0 298.15-298.15 1.01-1.01 0.000003-0.000003 - 1 0 0 8
22m4-H,0 298.15-298.15 1.01-1.01 0.000004-0.000004 - 1 0 0 6
H,0-24m5 298.15-298.15 1.01-1.01 0.999999-0.999999 - 1 0 0 8
H,0-224m5 298.15-353.15 1.01-5.01 0.999999-1.000000 - 5 0 0 65.68
H,0-225m6 298.15-298.15 1.01-1.01 1.000000-1.000000 - 1 0 0 6

1-H,0 273.10-649.20 0.97-2500.00 0.000026-0.295000 0.062000-0.999910 665 434 13 69-103

2-H,0 259.10-673.15 0.63-3700.00 0.000008-0.340000 0.135000-0.999970 257 242 8 75-76, 84, 85, 90, 97-98, 104-112
H,0-B 293.15-613.15 0.04-2976.68 0.000100-0.999981 0.201465-0.938909 225 162 2 52, 65, 67, 113-122
H,0-mB 298.15-641.33 1.01-607.95 0.019230-0.999899 0.483000-0.971300 51 16 0 58, 85, 67, 114, 123
H,0-13mB 398.15-473.35 2.74-20.04 0.027850-0.999800 - 10 0 0 14
H,0-12mB 298.15-373.50 0.53-1.29 0.218700-0.999970 - 12 0 0 65, 124
H,0-eB 298.15-568.10 0.09-106.80 0.004300-0.999974 0.691000-0.778000 18 11 1 55,665,125
H,0-124mB 298.15-298.15 1.01-1.01 0.999991-0.999991 - 1 0 0 6

H,O-iprB 298.15-298.15 1.01-1.01 0.999993-0.999993 - 1 0 0 8
H,0-1mBB 533.54-673.15 17.23-174.50 0.040000-0.996900 0.393000-0.960000 41 45 3 %,126
H,O-Phe 419.80-542.00 3.61-10.55 0.061000-0.072700 - 26 0 0 62

C3-H,0 294.26-377.59 1.17-42.74 0.000072-0.002400 - 45 0 0 127

C5-H,0 298.15-298.15 1.01-1.01 0.000040-0.000040 - 1 0 0 6

H,0-mC5 298.15-298.15 1.01-1.01 0.999991-0.999991 - 1 0 0 &

H,0-C6 298.10-683.15 0.32-1546.69 0.001130-0.999988 0.203940-0.994094 68 88 2 52, 65, 68, 120, 128
H,0-mC6 298.15-298.15 1.01-1.01 0.999997-0.999997 - 1 0 0 &

H,0-C7 298.15-298.15 1.01-1.01 0.999995-0.999995 - 1 0 0 8

H,0-eC6 310.90-561.40 0.10-99.30 0.000810-0.999998 0.603000-0.755000 19 14 1 55,125
H,0-C8 298.15-298.15 1.01-1.01 0.999999-0.999999 - 1 0 0 &

H,O-tet 573.15-672.85 10.44-179.00 0.026000-0.997000 0.251000-0.956000 55 56 3 126

CO,-H,0 273.15-633.15 0.49-3600.00 0.000030-0.998100 0.055000-0.999300 1068 543 23 79, 82,106, 120-164
N,-H,0 257.44-659.00 3.40-2710.00 0.000023-0.480000 0.034000-1.000000 265 261 9 32,01, 97, 150, 165-178
H,S-H,0 283.15-603.15 1.55-206.85 0.000320-0.987000 0.008500-0.996970 522 196 1 62, 168, 176-184
1sh-H,0 310.93-588.70 0.77-206.84 0.002400-0.265000 0.138000-0.975700 19 16 0 185-186
2sh-H,0 323.12-588.70 0.39-206.84 0.000589-0.022700 0.122000-0.644000 13 6 0 165186
3sh-H,0 323.07-372.97 0.18-1.63 0.000109-0.000567 - 1 0 0 186

Total number of points: 4437 3194 151
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Chapitre 1. Extension du modele PPR78 aux systémes contenant de 1’eau

11.3 Difficulties in predicting the phase behavior of binary systems

containing water

11.3.1 Type 111 phase behavior
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Figure II-1. (@) Schematic representation of Type Il phase behavior in the pressure-temperature (P-T) projection. (@)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Red solid line: critical locus. Blue solid line:
vapor-liquid-liquid three-phase line. Dashed line: vaporization curves of the pure compounds. (b) Prediction of the critical
locus for the binary system: (methane(1) + H,0(2)), optimized on mixture critical points, using the PPR78 model. (@)
critical point of the pure compound, (O) experimental critical points. Solid line: calculated critical curve. Dashed line:
vaporization curve of the pure compound (water).

Most of the water containing systems exhibit a phase behavior of Type Il in the
classification scheme of VVan Konynenburg®, as shown in figure (11-1a). Critical lines of Type
I11 systems consist of two branches. One connects the upper critical end point (UCEP) of the
liquid—liquid—gas three-phase line with the critical point of the more volatile substance, while
the other starts at the critical point of the less volatile substance and goes to high pressures.
Furthermore, this critical branch in figure (II-1a) exhibits a critical temperature minimum
which is the case for most of the binary mixtures containing water. The high pressure part
going above the water critical temperature is called gas-gas immiscibility, but at these high
pressures the phases in equilibrium are highly compressed fluids with liquid densities and the

term fluid-fluid equilibrium might be more appropriate.

Such phase behaviors are known to be extremely difficult to predict with a cubic EoS. In
order to address this problem, we have calculated the critical line optimized on mixture
critical points for the system (methane(1) + water(2)) by using temperature-dependent BIP
(kij(T)). Figure (II-1b) indicates that the model is capable of predicting the P-T projection of

this system quantitatively using two group interaction parameters (As.16, Bs.16), Showing a fair
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agreement with experimental data, including the critical temperature minimum. However, BIP
(kij(T)) values calculated from these two parameters (As.is, Bs.16) at low and intermediate
temperatures are not competent to correlate the experimental data. Hence, the parameters
fitted on critical points could not describe very well the entire phase space in a wide range of
temperature and pressure. Furthermore, by varying the two parameters (As.1s, Bs.16), it was
found that the more accurate the predicted critical locus is, the worse the objective function
defined by equation (I-105) would be. As a consequence, we decided to define a compromise
between the accuracy of the predicted critical curves and the minimization of the objective

function, so as to the other systems with such kind of problem.

11.3.2 Atypical Type I11 phase behavior

400.0 T T T
TP/bav
H,O
200.0 A ) ]
I/I
/
7
UCEP/
’
A
n-eicoggne | T/K
0.0 T T S B —b

400.0 600.0 800.0

Figure II-2. Prediction of the critical locus for the binary system: (H,O(1) + n-eicosane(2)) using the PPR78 model. (@)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Red solid line: critical curves. Blue solid line:
vapor-liquid-liquid three-phase line.

For water containing systems, typical Type Il phase behaviors are observed for (water +
hydrocarbon) mixtures when the hydrocarbon has a relatively low molecular weight, with its
critical temperature below that of water, as could be seen in figure (I11-1a). When the carbon
number increases, the critical temperature of the hydrocarbon becomes higher than that of
water, and the critical locus under low pressures appears to be more significant. Figure (1I-2)
shows the prediction of critical locus for system (water(1) + n-eicosane(2)), the high-pressure
branch starts at the critical point of the more volatile substance (water) and goes to high
pressures as the temperatures rise. While the low-pressure branch sweeps a large temperature
range, reaching an extraordinary value of AT =176 K. That is why it is called atypical Type
Il phase behavior in this study. This phase behavior is in qualitative accordance with the
observation of Brunner’®. Nevertheless, it is really difficult for our model to predict

simultaneously the two critical branches.
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11.3.3 Difficulties of temperature-dependent BIP (k;;(T)) optimization
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Figure I1-3. Isothermal curves for the two binary systems: CO,(1) + H,O(2) and H,O(1) + n-decane(2) calculated with
Peng-Robinson equation of state (EoS) with different k; values. (+) experimental bubble points, (%) experimental dew
points, (O) experimental critical points. Solid line: calculated curves. (a) system CO,(1) + H,0O(2) at T = 298.15 K with two
different k;; values: kij;) = -0.119 and . (b) system H,0(1) + n-decane(2) at T = 583.15 K with two different k;;
values: Kij;) = 0.58 and

As outlined in the introduction, cubic EoS with classical mixing rules can not give a fair
correlation of mutual solubility for the (water + hydrocarbon) mixtures. However, both the
two liquid phases could be well predicted by using different BIP (k;). Taking (CO2(1) +
water(2)) for example [see figure (II-3a)], the major difficulty is that at T = 298.15 K, the k;
required for the water-rich liquid (kij = —0.119) is strongly different from the one required for
the CO,-rich liquid (kj = 0.180), while CO, contents in the gaseous phase have little k;
dependence. Therefore, the choice of ki becomes an issue. Considering that we have to
minimize the objective function defined by equation (I-105), the water-rich liquid curves are
better reproduced for the binary mixture (CO,(1) + water(2)), because there are more

experimental data points concerning CO; solubility in water.

Another difficulty of temperature-dependent BIP (ki(T)) optimization appears when at a
given temperature, we simultaneously observe a VLE region and a LLE region without the
existence of a three-phase line. Indeed a single k; seems to be insufficient to properly
correlate the experimental data in these two regions. Such a behavior appears in the
temperature range where the low-pressure critical line is present. Figure (II-3b) illustrates the
example of (water(1) + n-decane(2)) system for which we could not correlate simultaneously
the LLE (appropriate kj; = 0.30) in the high-pressure region, and the VLE with a VLE critical
point (appropriate kij = 0.58) in the low-pressure region, at T = 583.15 K, by using the same

kij value.
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1.4 Results and discussion

For all the data points included in our database, the objective function defined by equation
(I-105) is: F; =17.09%.

[

The average overall deviation on the liquid phase composition is:
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The average overall deviation on the critical composition is:
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The average overall deviation on the binary critical pressure is:

1002£‘Pcm,e;p - Pcm,cal‘}

A_P% _ l:obj,crit. pressure i=1 cm,exp i —19.97%
% = = =19,

ncrit ncrit

The value of the objective function for systems involving water is the largest one in
comparison to those obtained in our previous studies>°. Besides the explanations presented
in section 11.3, this high objective function value can also be explained by the following
reasons: (1) Some experimental data reported in the literature are generally inconsistent and
there are obvious scatters among them. (2) The immiscibility of water and hydrocarbons at
low and moderate temperatures inevitably increases the objective function. In order to
illustrate the accuracy and the limitations of our model, it was decided to define several
families of binary systems which could give a good representation of the whole database.
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11.4.1 Results for mixtures of (water + n-alkane)

In this work, all the (water + n-alkane) mixtures investigated exhibit Type Ill phase

behavior, with the BIP (kij(T)) decreasing remarkably with temperature.

Figure (l1-4a) shows the isothermal phase diagrams for (methane (1) + water (2)) at six
different temperatures. At the lowest temperature (T = 298.15 K), the region of liquid-liquid
immiscibility dominates the phase behavior. The mutual solubility increases with temperature.
At the highest temperature (T = 633.15 K), there is a small liquid-vapor region at low
pressures extending from the pure water and ending at the liquid-vapor critical point, and
another coexistence region appears in the high pressure region. Satisfactory results are
obtained at low and intermediate temperatures [see figure (I1—4a)]. Regarding the P-xy
envelope at T = 625.15 K, the experimental data points exhibit two coexistence regions: VLE
and LLE, while the calculated curves present only LLE. It is because the temperature
minimum is overestimated, as shown in the corresponding critical locus in an enlarged scale
plotted in figure (I1-4b). We can also observe that the slope of the critical curve is not very
accurate at high pressures. This is due to the compromise that we have defined, as previously
discussed in section 11.3.1. The isothermal phase diagrams for system (ethane(1) + water(2))
at seven different temperatures are shown in figures (l11-4c,4d). Similar phase behaviors are
observed except for the VLL three-phase line at T = 298.15 K, below which two LV regions
exist, as shown in figure (I1-4c). On the other hand, the compositions of ethane-rich liquid

curves at intermediate and high temperatures are underestimated [see figure (11-4d)].

Figures (11-5,6,7,8,9) present the P-xy diagrams and P-T projections for other systems
consisting of water and an n-alkane (from propane to n-hexadecane). In figures
(II-5a,5b,6a,6b,6c,7a,7d,8a,8d,9a,9b,9¢,9d), heteroazeotropes at low and intermediate
temperatures are accurately predicted by the PPR78 model, including the LLE region at high
pressures and the two VLE regions below the VLL three-phase line. We have to notice that
the predicted VLE under the VLL three-phase line for (H,O(1) + n-hexadecane(2)) are not
very accurate [see figures (11-9a,9¢,9d)]. As previously discussed in section 11.3.3, in the
temperature range where both the LLE and VLE are presented, without the VLL three-phase
line, it is really difficult to predict simultaneously the LLE and VLE. As a result, the
correlations of VLE at low pressures are not good for the systems containing a normal or long

chain alkane, which are plotted in figures (I1-7b,7¢,8b,8¢e,9¢). However, in general most of
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the liquid-vapor and liquid-liquid coexistence regions over a wide temperature and pressure
range are predicted with an acceptable accuracy.

Considering the P-T projections of the binary mixtures containing water and an n-alkane,
reasonable results are obtained for methane, ethane, propane and n-butane as shown in figures
(I1-4b,4e,5f,6e). It is interesting to notice that as the chain length of the n-alkane increases,
the critical curve at lower pressures appears to be more significant. Unfortunately, the quality
of the predicted critical locus decreases with the chain length of the n-alkane, for both the
low-pressure branch and the high-pressure branch. Regarding the systems containing an n-
alkane heavier than n-hexane [see figures (11-7f,8c,8f,9f)], the high-pressure critical locus
evolves directly from the water critical point to higher pressures without a critical temperature
minimum and the pressures of the low-pressure critical locus are underestimated. Moreover,
atypical Type Ill phase behavior could be observed for the system (H,O(1) + hexadecane(2))
in figure (11-9f). We notice here that some of the experimental critical points published by
Brunner'® for (water + an n-alkane) mixtures plotted in the P-T projections, do not appear in
table (II-2), and therefore they were not used to fit the parameters of our model because the

critical composition is generally unknown.
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Figure II-4. Prediction of isothermal curves and prediction of the critical locus for the two binary systems: (methane(1) +
water(2)) and (ethane(1) + water(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points,
(O) experimental critical points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line:
predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (methane(1) +
water(2)) at six different temperatures: T; = 298.15 K (k;; = 0.583), T, = 377.59 K (k; = 0.413), T3 = 523.15 K (k;; = 0.244),
T, = 603.15 K (kj = 0.191), Ts = 625.15 K (k; = 0.180), . (b) Critical locus of the system
(methane(1) + water(2)). (c) System (ethane(1) + water(2)) at T = 298.15 K (k;; = 0.626). (d) System (ethane(1) + water(2)) at
six different temperatures: T, = 344.26 K (k; = 0.511), T, = 473.15 K (k;; = 0.316), T3 = 573.15 K (k;; = 0.233), T, = 623.15
K (kj = 0.203), Ts = 629.15 K (k;; = 0.200), . (e) Critical locus of the system (ethane(1) +
water(2)).
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Figure II-5. Prediction of isothermal curves and prediction of the critical locus for the binary system: (propane(1) + water(2))
using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points, (®)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the PPR78 model.
Dashed line: vaporization curves of the pure compounds. (a) System (propane(1) + water(2)) at T = 310.93 K (k;; = 1.244). (b)
System (propane(1) + water(2)) at T = 360.93 K (k; = 0.881). (c) System (propane(1) + water(2)) at T = 369.65 K (k; =
0.831). (d) System (propane(1) + water(2)) at four different temperatures: T, = 422.04 K (k; = 0.587), T, = 473.15 K (k;; =
0.417), T3 = 573.15 K (kj = 0.195), T, = 593.15 K (k; = 0.162). (e) System (propane(1) + water(2)) at four different
temperatures: T, = 618.20 K (k; = 0.125), T, = 623.20 K (k; = 0.118), T5 = 628.20 K (k;j = 0.111), T, = 633.20 K (k; =
0.105). (f) Critical locus of the system (propane(1) + water(2)).
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Figure I1-6. Prediction of isothermal curves and prediction of the critical locus for the binary system: (n-butane(1) +
water(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical
points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the
PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (n-butane(1) + water(2)) at T = 310.93 K
(kij = 1.316). (b) System (n-butane(1) + water(2)) at T = 377.59 K (k;; = 0.854). (c) System (n-butane(1) + water(2)) at T =
410.93 K (k;; = 0.696). (d) System (n-butane(1) + water(2)) at three different temperatures: T, = 444.26 K (k; = 0.568), T, =
477.59 K (ki = 0.463), T3 =510.93 K (kjj = 0.376). (e) Critical locus of the system (n-butane(1) + water(2)).
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Figure II-7. Prediction of isothermal curves and prediction of the critical locus for the two binary systems: (n-hexane(1) +
water(2)) and (water(1) + n-octane(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points,
(O) experimental critical points, (LI) Bancroft point, (@) critical points of the pure compounds, (A) upper critical endpoint,
UCEP. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a)
System (n-hexane(1) + water(2)) at T = 473.15 K (k;j = 0.534). (b) System (n-hexane(1) + water(2)) at four different
temperatures: T, = 493.15 K (kj = 0.475), T, = 508.15 K (kj; = 0.434), T5 = 523.15 K (k;j = 0.397), T, = 548.15 K (k; =
0.340). (c) Critical locus of the system (n-hexane(1) + water(2)). (d) System (water(1) + n-octane(2)) at T = 513.15 K (k;; =
0.444). (e) System (water(1) + n-octane(2)) at two different temperatures: T, = 533.15 K (k; = 0.393), T, = 552.76 K (k;; =
0.347). (f) Critical locus of the system (water(1) + n-octane(2)).
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Figure II-8. Prediction of isothermal curves and prediction of the critical locus for the two binary systems: (water(1) + n-
decane(2)) and (water(1) + n-dodecane(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew
points, (O) experimental critical points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid
line: predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (water(1)
+ n-decane(2)) at T = 498.15 K (k;; = 0.500). (b) System (water(1) + n-decane(2)) at three different temperatures: T, = 583.15
K (kj = 0.287), T, = 603.15 K (k; = 0.248), T3 = 613.20 K (k;j = 0.229). (c) Critical locus of the system (water(1) + n-
decane(2)). (d) System (water(1) + n-dodecane(2)) at T = 523.15 K (k;; = 0.434). (e) System (water(1) + n-dodecane(2)) at
two different temperatures: T, = 603.60 K (kj = 0.244), T, = 633.00 K (k;; = 0.188). (f) Critical locus of the system (water(1)
+ n-dodecane(2)).
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Figure II-9. Prediction of isothermal curves and prediction of the critical locus for the binary system: (water(1) + n-
hexadecane(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental
critical points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves
with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (water(1) + n-hexadecane(2)) at
T =473.15 K (k;; = 0.605). (b) System (water(1) + n-hexadecane(2)) at T = 523.15 K (k;; = 0.435). (c) System (water(1) + n-
hexadecane(2)) at T = 548.15 K (k;; = 0.364). (d) System (water(1) + n-hexadecane(2)) at T = 573.15 K (k;; = 0.300). (e)
System (water(1) + n-hexadecane(2)) at four different temperatures: T, = 613.15 K (k;; = 0.210), T, = 623.15 K (k; = 0.189),
T3 =633.15 K (k;j = 0.169), T, = 638.15 K (k;; = 0.160). (f) Critical locus of the system (water(1) + n-hexadecane(2)).
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11.4.2 Results for mixtures of (water + branched alkane)

According to our data base, only a few experimental data are available for (water +
branched alkane) mixtures [see table (II-2)] : 51 bubble points, 8 dew points and 8 critical
points, among which none is reliable to fit the parameters of group 4 as defined by our group
decomposition. The two parameters (Aig-4 and Big.4) are thus set to zero. Moreover, most of
these experimental data describe the mutual solubility at low temperature and atmospheric
pressure which are not very useful for our data-fitting (the mole fractions are all zero or one).
As a result, the two parameters (Ais-3 and Big3) are basically fitted on critical points. The
prediction of critical locus of (2-methylpropane(1) + H,O(2)) and that of (2-methylpentane(1)
+ H,0(2)) are shown in figure (11-10). Similar to the (water + n-alkane) mixtures, the

prediction accuracy decreases with the chain length of the branched alkane.
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Figure I1-10. Prediction of the critical locus for the two binary systems: (isobutane(1) + water(2)) and (2-methylpentane(1)
+ water(2)) using the PPR78 model. (O) experimental critical points, (@) critical points of the pure compounds, (A) upper
critical endpoint, UCEP. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure
compounds. (a) Critical locus of the system (isobutane(1) + water(2)). (b) Critical locus of the system (2-methylpentane(1) +
water(2)).
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11.4.3 Results for mixtures of (water + aromatic compound)

For the binary mixtures which consist of water and an aromatic compound, BIP (k;(T)) is a
decreasing function of temperature, with an exception of (water(1) + 1-methylnaphthalene(2)).
As can be seen in figure (11-11), the system (water(1) + benzene(2)) exhibits Type Il phase
behavior. In general, the VLE, VLLE and LLE are fairly reproduced, whereas the temperature
minimum in the critical locus [figure (11-11f)] is slightly overestimated (AT ~10K) but the
slope of the evolution to higher pressures seems to be correct. We have to indicate that the
shape of the critical locus for such system is difficult to well reproduce with a cubic EoS even
by using temperature-dependent BIP (k;(T)) because the phase behavior switches to another
kind (Type IlI), which is not reasonable, if we try to improve the accuracy of the critical
temperature minimum. Figure (11-12) clearly presents the qualitative predictions of critical
locus for some other binary systems containing water and an aromatic compound (toluene, o-
xylene, ethylbenzene and n-propylbenzene), exhibiting Type Il phase behavior. Figures
(11-13a,13b,13c) are the plots of the isothermal phase diagram and critical locus for system
(water(1) + 1,3,5-trimethylbenzene(2)). Qualitative representation can be observed owing to
the fact that the solubility of water in 1,3,5-trimethylbenzne at high pressures are not accurate.
On the other hand, reasonable results are obtained for (water(1) + 1-methylnaphthalene(2)), as
shown in figures (11-13d,13e,13f). This system exhibits atypical Type Il phase behavior and
the high-pressure critical locus goes directly from the water critical point to higher pressures
without a temperature minimum [figures (11-13f)]. Furthermore, BIP (ki(T)) of this system is
a monotonous increasing function of temperature. Once again, we indicate here that most of
the experimental critical points for (water + aromatic compound) mixtures are obtained from

113,188

the work of Alwani and Schneider without the critical composition.
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Figure II-11. Prediction of isothermal curves and prediction of the critical locus for the binary system: (water(1) +
benzene(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical
points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the
PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (water(1) + benzene(2)) at T = 298.15 K
(kij = 0.594). (b) System (water(1) + benzene(2)) at T = 498.15 K (k;; = 0.163). (c) System (water(1) + benzene(2)) at T =
528.15 K (kjj = 0.134). (d) System (water(1) + benzene(2)) at three different temperatures: T, = 554.15 K (k;; = 0.112), T, =
568.15 K (kjj = 0.101), T3 = 573.15 K (k; = 0.098). (e) System (water(1) + benzene(2)) at four different temperatures: T, =
583.15 K (k;; = 0.091), T, = 593.15 K (k;; = 0.085), T3 = 603.15 K (k;; = 0.078), T, = 613.15 K (k;; = 0.073). (f) Critical locus
of the system (water(1) + benzene(2)).
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Figure II-12. Prediction of the critical locus for the four binary systems: (water(1) + toluene(2)), (water(1) + o-xylene(2)),
(water(1) + ethylbenzene(2)) and (water(1) + n-propylbenzene(2)) using the PPR78 model. (O) experimental critical points,
(@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the PPR78
model. Dashed line: vaporization curves of the pure compounds. (a) Critical locus of the system (water(1) + toluene(2)). (b)
Critical locus of the system (water(1) + o-xylene(2)). (c) Critical locus of the system (water(1l) + ethylbenzene(2)). (d)
Critical locus of the system (water(1) + n-propylbenzene(2)).
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Figure II-13. Prediction of isothermal curves and prediction of the critical locus for the two binary systems: (water(1) +
1,3,5-trimethylbenzene(2)) and (water(1) + 1-methylnaphthalene(2)) using the PPR78 model. (+) experimental bubble points,
() experimental dew points, (O) experimental critical points, (@) critical points of the pure compounds, (A) upper critical
endpoint, UCEP. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure compounds.
(a) System (water(1) + 1,3,5-trimethylbenzene(2)) at two different temperatures: T, = 603.15 K (k;; = 0.001), T, = 613.15 K
(kij = -0.004). (b) System (water(1) + 1,3,5-trimethylbenzene(2)) at four different temperatures: T, = 623.15 K (k;; = -0.008),
T, = 633.15 K (kj = -0.011), T3 = 643.15 K (k;j = -0.014), T, = 653.15 K (k; = -0.017). (c) Critical locus of the system
(water(1) + 1,3,5-trimethylbenzene(2)). (d) System (water(1) + 1-methylnaphthalene(2)) at T = 573.05 K (k; = 0.312). (e)
System (water(1) + 1-methylnaphthalene(2)) at two different temperatures: T, = 623.05 K (k;; = 0.342), T, = 673.15 K (k;; =
0.383). (f) Critical locus of the system (water(1) + 1-methylnaphthalene(2)).
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11.4.4 Results for mixtures of (water + naphthenic compound)

Although our data base involves eleven binary systems which consist of water and a
naphthenic compound, only 192 bubble points, 158 dew points and 6 critical points are
available in the open literature [see table (II-2)]. Furthermore, no experimental data point has
been found at low temperatures where the prediction of our model could be uncertain. The
experimental critical points without the critical composition are taken from the work of

1.2 and Jockers et al.'®®. By looking at the results obtained by our model, the

Broellos et a
predicted isothermal curves and critical locus of (water(1) + cyclohexane(2)) are shown in
figure (11-14), and those of (water(1) + tetralin(2)) and (water(1) + cis-decalin(2)) are
presented in figure (11-15). Although the compositions of the hydrocarbon-rich liquid curves
are not in close agreement with experimental data [see figures (I1-14c, 15a,15€)] and the
correlations of VLE are not very accurate in the vicinity of low-pressure critical branch [see
figures (11-15b,15¢)], all VLE, LLE and the VLL three-phase lines at moderate and high
temperatures are generally predicted with an acceptable accuracy, as well as the critical loci.
Type 111 phase behavior can be observed and BIP (k;;(T)) is a monotonous decreasing function

of temperature for these three binary systems.

11.4.5 Results for mixtures of (water + carbon dioxide)

Mixtures of (CO, + water) have been measured extensively [see table (II-2)] and there is a
vast amount of reliable experimental phase equilibrium and critical data. As can be seen in
figure (11-16f), the critical line starting from the critical point of water, goes through a
temperature minimum and rises steeply to higher pressures. This Type Il phase behavior is
well reproduced by our model although the prediction in the low pressure region do not have
perfect quality. At T = 298.15 K [see figure (II-16a)], the water-rich liquid is better
reproduced than CO,-rich liquid because of our objective function minimization, as outlined
in section 11.3.3. In general, the phase behavior of this family over a wide range of
temperature and pressure is fairly predicted by using the PPR78 model. Moreover, in figure
(11-16c.16d), we could observe that the experimental data measured by different authors are
generally inconsistent, which increases the objective function and makes our parameters-

fitting more difficult.
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Figure II-14. Prediction of isothermal curves and prediction of the critical locus for the binary system: (water(1) +
cyclohexane(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental
critical points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves
with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (water(1) + cyclohexane(2)) at T
=510.15 K (k;; = 0.404). (b) System (water(1) + cyclohexane(2)) at five different temperatures: T, = 520.15 K (k;; = 0.381),
T, =530.15 K (kj; = 0.360), T3 = 540.15 K (k;; = 0.340), T, = 560.15 K (k;; = 0.303), Ts = 580.15 K (k;; = 0.270). (c) System
(water(1) + cyclohexane(2)) at five different temperatures: T, = 600.15 K (k; = 0.240), T, = 623.15 K (k; = 0.210), T3 =
643.15 K (k;; = 0.186), T, = 663.15 K (kj = 0.164), T5 = 683.15 K (k;; = 0.145). (d) Critical locus of the system (water(1) +
cyclohexane(2)).

-76 -



Chapitre 1. Extension du modele PPR78 aux systémes contenant de 1’eau

400.0 T T
a) TP/bar
H,0(1)-tet(2)
T =573.15 K kjj = 0.152
200.0
X1uY1
0.0 T T P
0.0 0.5 1.0
2000.0 T T
(C) H,O(1)-tet(2 TP/bar
T, =653.15 K kj; = 0.105
T, =663.15 K kj; = 0.101
T3 =672.85 K k;j = 0.097
ZOOM
+ »
i +
1000.01
X1uY1
0.0 A P
0.0 0.5 1.0
2000.0 T
E) ?P/bar
1000.0
H,0(1)-cCC6(2)
T1=613.15 K kj; = 0.160
T, =623.15 K kj; = 0.152
T3 = 633.15 K kjj = 0.145
1 T4=643.15K k;j=0.139
———————— XuY1
0.0 — T T
0.0 0.5 1.0

2000.0 T
(0) Totoar
.‘
HO(1)-tet(2
T1=613.15 K kjj = 0.125
T, =623.15 K kjj = 0.120
7 T3=633.15Kk;;=0.114
T4 =643.15 K kj; = 0.109
150.0
1000.0
0.0
X1,Y1
0.0 A T T T 1
0.0 0.5 1.0
2000.0
_(d) i TP/bar
250.0
1600.0 1
1200.01
800.0
- 00
400.0 1
TIK
0.0 —D
100.0
2000.0 T T
Z(IZ ?P/bar
T ° L}’ t/bar 7
S water
7 UCEP," 7]
1000.0- i
ZOO M cis-decalin|
B A TIK 7
00 + —
550.0 750.0
- ater -
UCEP &
/F\gis—decalin TIK
0.0 T : === —P
100.0 500.0

Figure II-15. Prediction of isothermal curves and prediction of the critical locus for the two binary systems: (water(1) +
tetralin(2)) and (water(1) + cis-decalin(1)) using the PPR78 model. (+) experimental bubble points, () experimental dew
points, (O) experimental critical points, (@) critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid
line: predicted curves with the PPR78 model. Dashed line: vaporization curves of the pure compounds. (a) System (water(1)
+ tetralin(2)) at T=573.15 K (k; = 0.152). (b) System (water(1) + tetralin(2)) at four different temperatures: T, = 613.15 K
(kj = 0.125), T, = 623.15 K (k; = 0.120), T3 = 633.15 K (k;; = 0.114), T, = 643.15 K (k; = 0.109). (c) System (water(1) +
tetralin(2)) at three different temperatures: T, = 653.15 K (k; = 0.105), T, = 663.15 K (k; = 0.101), T = 672.85 K (k;; =
0.097). (d) Critical locus of the system (water(1) + tetralin(2)). (e) System (water(1) + cis-decalin(2)) at four different
temperatures: T; = 613.15 K (k; = 0.160), T, = 623.15 K (k; = 0.152), Ts = 633.15 K (k;; = 0.145), T, = 643.15 K (k;; =
0.139). (f) Critical locus of the system (water(1) + cis-decalin(2)).
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Figure II-16. Prediction of isothermal curves and prediction of the critical locus for the binary system: (CO»(1) + H,0(2))
using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points, (@)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the PPR78 model.
Dashed line: vaporization curve of the pure compounds. (a) System (CO,(1) + H,0(2)) at T = 298.15 K (k;; = -0.098). (b)
System (CO,(1) + H,0(2)) at four different temperatures: T, = 373.15 K (k; = -0.059), T, = 413.15 K (k; = -0.036), T3 =
433.15 K (kj; = -0.023), T, = 453.15 K (k;j = -0.010). (c) System (CO,(1) + H,O(2)) at six different temperatures: T, = 383.15
K (kjj = -0.054), T, = 423.15 K (k; = -0.030), T5 = 473.15 K (k;; = 0.004), T, = 538.15 K (k;; = 0.054), T5s = 541.15 K (k; =
. (d) System (CO,(1) + H,0(2)) at two different temperatures: T, = 548.15 K (k;; = 0.062),
T, =573.15 K (k; = 0.084). (e) System (CO,(1) + H,0(2)) at three different temperatures: T, = 598.15 K (k;; = 0.108), T, =
623.15 K (kj; = 0.133), T3 = 633.15 K (kj; = 0.144). (f) Critical locus of the system (CO,(1) + H,0(2)).
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11.4.6 Results for mixtures of (water + nitrogen)

Figure (11-17) presents the predicted P-xy diagrams at twelve different temperatures and
the predicted P-T diagram for (N2(1) + water(2)). The phase behavior of this family is very
similar to that of (methane(1) + water(2)). But the BIP (k;;(T)) decrease more remarkably with
temperature here, varying from 0.717 to -0.114, showing negative values at high temperatures.

11.4.7 Results for mixtures of (water + hydrogen sulfide)

The P-xy and P-T diagrams of (H,S(1) + water(2)) are plotted in figure (11-18). The VLE
and LLE phase behaviors are predicted with reasonable accuracy except that the correlation of
the H,S-rich liquid phase at high pressures is not very satisfactory [see figure (11-18b)] which
is the similar drawback as (CO,(1) + water(2)). According to our data base, the 719
experimental data points unfortunately do not contain any critical point in the critical locus
starting from the critical point of water. Thus, the prediction of the critical locus in this high-
pressure region has not been verified.

11.4.8 Results for mixtures of (water + mercaptans)

The study of these systems has been limited by the lack of experimental data. We found
only 43 bubble points, 22 dew points and 0 critical point in the open literature. The PPR78 is
able to represent the few experimental data for the binary systems: (methyl mercaptan(1) +
water(2)) and (ethyl mercaptan(1) + water(2)), shown in figure (11-19). Once again, the

performance of our model in the critical region has not been verified.
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Figure I1-17. Prediction of isothermal curves and prediction of the critical locus for the binary system: (N,(1) + H,0O(2))
using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points, (@)
critical points of the pure compounds. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curve of
the pure compounds. (a) System (N,(1) + H,O(2)) at T = 310.93 K (kj = 0.717). (b) System (N»(1) + H,0(2)) at six different
temperatures: T, = 373.15 K (k; = 0.492), T, = 423.15 K (k; = 0.351), T3 = 473.15 K (k;j = 0.232), T, = 513.15 K (k; =
0.148), Ts = 543.15 K (k;; = 0.089), . (c) System (N,(1) + H,O(2)) at five different temperatures:
T, = 603.15 K (kj = -0.019), T, = 623.15 K (k; = -0.053), T3 = 640.00 K (k; = -0.082), T, = 655.00 K (k;; = -0.107), T; =
659.00 K (kj; = -0.114). (d) Critical locus of the system (N5(1) + H,0(2)).
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Figure I1-18. Prediction of isothermal curves and prediction of the critical locus for the binary system: (H,S(1) + H,0(2))
using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points, (@)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the PPR78 model.
Dashed line: vaporization curve of the pure compounds. (a) System (H,S(1) + H,O(2)) at T = 303.15 K (k;; = 0.001). (b)
System (H,S(1) + H,0(2)) at T = 344.26 K (k; = 0.015). (c) System (H,S(1) + H,O(2)) at T = 363.15 K (k;; = 0.022). (d)
System (H,S(1) + H,0(2)) at three different temperatures: T, = 410.93 K (k;j = 0.039), T, = 423.15 K (k; = 0.044), T3 =
444.26 K (kj; = 0.052). (e) System (H,S(1) + H,0(2)) at three different temperatures: T, = 477.59 K (k;; = 0.065), T, = 533.15
K (ki = 0.088), T3 =588.71 K (k;; = 0.112). (f) Critical locus of the system (H,S(1) + H,0(2)).
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Figure I1-19. Prediction of isothermal curves for the three binary systems: (methyl mercaptan(1) + water(2)), (ethyl
mercaptan(l) + water(2)) and (n-propyl mercaptan(1) + water(2)) using the PPR78 model. (+) experimental bubble points,
() experimental dew points. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curve of the pure
compounds. (a) System (methyl mercaptan(1) + water(2)) at T = 366.48 K (k; = 0.178). (b) System (methyl mercaptan(1) +
water(2)) at two different temperatures: T, = 469.93 K (kj = 0.089), T, = 588.70 K (k; = 0.157). (c) System (ethyl
mercaptan(1) + water(2)) at two different temperatures: T, = 498.70 K (k; = 0.207), T, = 588.70 K (k;; = 0.204). (d) System
(n-propyl mercaptan(1) + water(2)) at T = 323.07 K (k;; = 0.747).
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11.5 Conclusion

In this study, the PPR78 model has been extended to systems containing water that are
highly non-ideal and most of them exhibit Type Il phase behavior. It is really difficult to
correctly predict the phase behaviors of such systems by using a cubic EoS, even with

temperature-dependent BIP (k;;(T)), for the following reasons:

« Temperature-dependent BIP (k;(T)) could not correlate simultaneously the critical behaviors
and the subcritical phase equilibria with quite high accuracy.

« For some of the mixtures in our study, it is impossible to perfectly reproduce both the water-
rich liquid phase and the hydrocarbon-rich liquid phase at one temperature by using a single

kij value.

* In the vicinity of the low-pressure critical line, there is no k;; value that could well predict at

the same time, the LLE at high-pressure region and the VLE at low-pressure region.

* The quality of the prediction of critical locus decreases with the chain length of alkane.

From a general overview on the results obtained in this study, we can conclude that
although quantitative predictions may not be of high quality for some of the studied systems,
the predictions using PPR78 model are qualitatively accurate for so many systems over wide
ranges of temperature and pressure. From now on, it is possible to estimate the BIP (k;j(T)) for
any mixture containing water, mercaptans, H,S, N,, CO,, naphthenes, aromatics and alkanes

at any temperature.
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Chapitre I11. Extension du modéle PPR78 aux systémes contenant

des alcenes

Les alcenes sont des molécules qui possédent une ou plusieurs doubles liaisons. Les
alcénes légers, en particulier I’éthyléne et le propéne sont obtenus par craquage du pétrole
brut. Au travers de diverses réactions (polymérisation, hydroformylation, alkylation,
oligomérisation...) ils entrent dans la fabrication de nombreuses molécules. La production des
alcenes plus lourds, comme par exemple le 1-hexene, provient principalement de la séparation
par distillation du vaste mélange d’alcénes issu de 1’oligomérisation de 1’éthyléne. En bref, au
cours des années passées, 1’utilisation des alcénes comme des réactifs, des intermédiaires de
synthése, ou des produits finis s’est énormément développée dans les industries chimique,
pétrochimique et polymérique. Par conséquent, la connaissance précise des équilibres entre
phases des systemes contenant des alcénes est essentielle pour le dimensionnement et
I’optimisation des procédés. Nous nous intéresserons dans ce chapitre a la présentation des

équilibres entre phases de ces systemes binaires.
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111.1 Introduction

The development of novel processes and products requires efficient thermodynamic
models capable of predicting the equilibrium properties without the use of experimental data.
Over the past years, the use of alkenes and cycloalkenes as reactants, intermediates, or end
products has significantly increased in the chemical, petrochemical and polymer industries.
Consequently, the accurate knowledge of the phase equilibria of systems containing alkenes is
vital for the optimal design of processes and products. In spite of this, systematic studies of
alkenes containing mixtures are really limited. In order to meet these requirements, Jaubert
and coworkers' developed a group contribution method allowing the estimation of the
temperature-dependent binary interaction parameters (k;(T)) for the widely used Peng-
Robinson equation of state. This model relies on the Peng-Robinson EoS as published by
Peng and Robinson in 1978 and the addition of a group contribution method to estimate the ki;

makes it predictive. It was thus simply called PPR78 (predictive 1978, Peng-Robinson EoS).

In our previous papers’ and Chapter II, sixteen groups are defined: CHs, CH,, CH, C,
CH4 (methane), C;H¢ (ethane), CHaro, Caro, Chused aromatic ringss CH2.cyclic, CHeyelic = Ceyelic, CO2,
N2, H,S, mercaptans and water. It was decided to add the alkenes and cycloalkenes to the
PPR78 model, in order to predict the phase behavior of petroleum fluids containing these
unsaturated hydrocarbons. To do so, four groups are defined: C,Hs(ethylene), CH3 aienic =
CHaikenic; Cakenic and CHeycloaikenic = Ceycloalkenic- The interactions between these four new
groups and the sixteen ones previously defined are determined. It is thus possible to estimate,
at any temperature, the k; between two components in any mixture containing paraffins,

aromatics, naphthenes, CO,, N, H,S, mercaptans, water and alkenes.
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111.2 Database and reduction procedure

Table I11-1. List of the 76 pure components used in this study

Component Short name Component Short name
methane 1 1-butene la4
ethane 2 cis-2-butene c2a4
propane 3 trans-2-butene t2a4
n-butane 4 1-pentene 1a5
n-pentane 5 1-hexene 1a6
n-hexane 6 1-heptene la7
n-heptane 7 1-octene 1a8
n-octane 8 cis-3-octene c3a8
n-nonane 9 trans-3-octene t3a8
n-decane 10 cis-4-octene c4a8
n-dodecane 12 trans-4-octene t4a8
n-tetradecane 14 1-decene 1al0
n-hexadecane 16 1-undecene lall
n-eicosane 20 1-hexadecene lal6
2-methylpropane(isobutane) 2m3 1-octadecene 1lal8
2-methylbutane 2m4 1,2-propadiene aa3
2,2,A-trimethylpentane(isooctane) 224m5 1,3-butadiene 13a4
benzene B 2-methylpropene 2ma3
methylbenzene(toluene) mB 2-methyl-1-butene 2mla4
1,3-dimethylbenzene(m-xylene) 13mB 2-methyl-2-butene 2m2a4
1,2-dimethylbenzene(o-xylene) 12mB 3-methyl-1-butene 3mla4
1,4-dimethylbenzene(p-xylene) 14mB 2-ethyl-1-butene 2elad
ethylbenzene eB 2-methyl-1-pentene 2mla5
1,2,4-trimethylbenzene 124mB 4-methyl-1-pentene 4mla5
1-metylethylbenzene(cumene ) iprB 2-methyl-1,3-butadiene 2m13a4
propylbenzene prB cyclopentene aC5
naphthalene BB cyclohexene aC6
1-methylnaphthalene 1mBB 1-methylcyclohexene 1maCé
phenanthrene Phe vinylbenzene(styrene) Ba2
cyclopentane C5 alpha-methylstyrene Bma2
cyclohexane C6 1,5-cyclooctadiene 15aC8
1,2,3,4-tetrahydronaphthalene(tetralin)  tet dicyclopentadiene gama
trans-decalin tCC6 p-cemene pcy
carbon dioxide CO, alpha-pinene ap
nitrogen N> beta-pinene bp
water H,O myrcene myr
ethylene a2 limonene(R+S) lamda
propene a3 limonene(R) Xi

Table (I11-1) presents the list of the 76 pure components involved in this study. The pure
fluid physical properties (T, Pc and ) used in this study originate from two sources. We have
used Poling et al.® for alkanes, cyclo alkanes, aromatic compounds, CO,, N, H,S, H,0 and
alkenes. For the missing components (some mercaptans and alkenes), the DIPPR database
was chosen instead. Table (111-2) details the sources of the binary experimental data used in

our evaluations®?3

along with the temperature, pressure and composition range for each
binary system. Most of the data available in the open literature (9263 bubble points + 6413
dew points + 143 mixture critical points) have been collected. Our database includes VLE
data on 196 binary systems. The 140 parameters (70 Ay and 70 By) determined in this study
[see Table (I-2)], are those which minimize the objective function defined in equation

(I-105).
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_96_

Binary system Temperature range  Pressure range X range yi range Number of bubble  Number of dew Number of binary ~ References
(1* compound-2" (K) (bar) (1% compound liquid (1% compound gas  points (T,P,x) points (T,P,y) critical points

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

a2-3 199.83-283.15 1.40-40.53 0.0440-0.9950 0.2608-0.9990 101 91 0 913

a2-4 322.04-388.71 13.79-67.02 0.0010-0.8250 0.0065-0.8720 31 31 4 “

a2-5 333.15-443.15 53.90-80.76 0.2900-0.8650 0.2900-0.8650 0 0 6 15

a2-6 293.15-491.28 2.79-95.65 0.0250-0.8550 0.2002-0.9880 137 41 12 1520
a2-7 212.30-535.40 0.81-108.42 0.0038-0.9699 0.0622-0.9998 364 202 14 16,17, 2125
a2-8 318.15-338.15 15.00-95.00 0.1924-0.8897 0.9605-0.9949 20 20 0 %

a2-9 293.15-333.15 2.78-30.89 0.0350-0.5620 - 12 0 0 v

a2-10 283.65-353.15 20.27-58.01 0.2100-0.9560 0.9984-0.9999 16 8 0 228
a2-12 263.95-348.15 1.01-91.19 0.0131-0.9500 - 62 0 0 2.2
a2-16 283.65-448.15 10.35-76.12 0.5493-0.9280 0.9440-1.0000 10 24 0 2,30
a2-20 295.00-573.15 4.90-244.40 0.0659-0.9520 0.9350-1.0000 118 49 5 3135
a2-2m3 292.95-393.15 10.10-65.76 0.0050-0.9490 0.0080-0.9500 36 35 5 38
a2-224m5 346.65-346.65 6.20-90.00 0.3000-0.6030 0.8890-0.9770 12 14 0 89-40
1-a2 103.94-248.15 0.10-60.80 0.0297-0.9851 0.1873-0.9996 193 218 0 12,41-45
a2-2 140.00-293.15 0.06-52.01 0.0335-0.9861 0.0500-0.9928 462 279 2 12,44, 4663
a2-B 210.00-552.75 0.84-118.55 0.0030-0.9244 0.1000-0.9920 163 60 9 17,19,22,39-40, 54-63
a2-mB 228.05-563.15 0.98-128.68 0.0220-0.9693 0.2530-0.9985 84 16 5 17,25, 39, 64-67
a2-14mB 283.15-303.15 3.95-9.83 0.0500-0.1770 - 10 0 0 e
a2-12mB 243.15-333.15 2.77-31.09 0.0240-0.4820 - 29 0 0 17.68
a2-13mB 223.15-293.15 1.82-12.77 0.0580-0.5100 - 16 0 0 &8

a2-eB 273.15-423.15 2.45-14.71 0.0130-0.2010 - 20 0 0 58,68
a2-BB 285.15-540.15 7.50-303.98 0.2447-0.8300 0.7114-1.0000 33 240 7 6976
a2-1mBB 348.15-448.15 15.29-38.67 - 0.9925-0.9997 0 7 0 %
a2-Phe 298.15-343.15 69.90-311.30 - 0.9894-1.0000 0 49 0 LT
a2-Cé 180.00-423.15 0.66-113.28 0.0040-0.8600 0.6990-0.9910 50 24 0 16.22.62
a2-tCC6 195.00-235.00 3.55-7.53 0.2012-0.9689 - 9 0 0 62
a2-CO, 223.15-298.15 7.32-69.17 0.0200-0.9880 0.0300-0.9640 301 301 4 087
N,-a2 120.00-260.00 2.68-110.38 0.0132-0.9658 0.1138-0.9994 87 132 0 12,88-90
a2-H,0 298.15-573.15 1.17-945.00 0.0000-0.0470 0.1600-0.9990 216 178 0 91-98
a3-3 228.65-360.93 0.95-41.61 0.0370-0.9940 0.0450-0.9950 621 534 0 49,96-109
a3-6 238.15-333.15 0.13-7.41 0.0282-0.7010 - 25 0 0 17,110
a3-7 238.15-333.15 0.13-7.39 0.0171-0.6830 - 40 0 0 17.22,110
a3-8 238.15-343.15 0.13-17.23 0.0282-0.9050 - 46 0 0 10113
a3-9 293.15-333.15 2.43-7.46 0.0990-0.6980 - 9 0 0 v
a3-lad 277.59-410.93 2.07-46.99 0.0170-0.9830 0.0480-0.9940 67 48 3 14
a3-13a4 273.20-333.20 1.60-24.43 0.0430-0.9720 0.1600-0.9930 25 25 0 15
lad-4 310.93-344.26 3.62-9.73 0.1000-0.9313 0.1140-0.9351 58 58 0 16117
1ad-7 353.15-443.15 2.05-40.65 0.0210-0.9350 - 49 0 0 2
1a4-1a6 373.60-373.60 4.05-14.30 0.0930-0.7690 0.3220-0.9190 5 5 0 18
1a5-5 273.15-468.50 0.26-35.30 0.1420-0.8600 0.2102-0.7511 50 9 3 119-120
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Table 111-2. (continued-1)

Binary system

Temperature range

Pressure range

X1 range

y1 range

Number of bubble

Number of dew

Number of binary

References

(1* compound-2" (K) (bar) (1% compound liquid (1% compound gas  points (T,P,x) points (T,P,y) critical points

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

1a6-6 302.92-333.15 0.30-0.89 0.0050-0.9750 0.0070-0.9790 84 62 0 1o
1a6-7 313.15-365.72 0.14-0.94 0.0494-0.9860 0.1490-0.9960 49 43 0 125121
1a6-8 328.15-328.15 0.12-0.73 0.0500-0.9500 0.3060-0.9950 11 11 0 122
1a7-7 328.15-371.00 0.24-1.01 0.0830-0.9390 0.1240-0.9100 51 14 0 128-130
1a7-8 328.15-328.15 0.11-0.27 0.1000-0.9400 0.2940-0.9720 11 11 0 130
1a8-8 352.97-398.43 0.27-1.01 0.1050-0.9000 0.1170-0.9210 40 20 0 181-1%2
6-1a10 348.52-438.51 1.01-1.01 0.0152-0.8250 0.1317-0.9899 19 19 0 18
8-1a10 400.03-442.37 1.01-1.01 0.0182-0.9618 0.0471-0.9891 34 34 0 1
6-1a16 472.10-572.50 7.84-40.07 0.2160-0.9787 0.8000-0.9995 21 21 2 184
12-1a16 368.95-544.25 0.01-1.01 0.0690-0.8320 0.2940-0.9900 45 45 0 1%
14-1a16 396.75-502.15 0.01-0.27 0.0580-0.9470 0.1140-0.9800 65 65 0 136-137
12-1a18 374.95-576.95 0.01-1.01 0.0100-0.8200 0.2050-0.9920 75 75 0 138
13a4-5 273.15-293.15 0.31-2.35 0.0474-0.9636 - 14 0 0 139
13a4-6 233.15-413.15 0.03-33.44 0.0380-0.9620 0.1560-0.9997 60 60 0 140141
13a4-7 233.15-413.15 0.03-33.44 0.0400-0.9760 0.2800-0.9997 61 61 0 1014
13a4-8 233.15-413.15 0.03-33.44 0.0220-0.9720 0.2840-0.9999 65 65 0 140-241
13a4-c2a4 278.15-338.15 1.10-7.83 0.0882-0.7498 - 16 0 0 142
13a4-t2a4 278.15-318.15 1.20-4.96 0.0529-0.9515 - 15 0 0 12
13a4-1a5 273.15-293.15 0.39-2.29 0.0702-0.9283 - 12 0 0 143
13a4-4 278.15-338.71 1.30-8.36 0.0944-0.9000 0.1172-0.9061 58 9 0 116,142
t3a8-8 388.35-398.48 0.80-1.01 0.1540-0.8860 0.1660-0.8930 15 10 0 B8
c3a8-8 388.01-398.54 0.80-1.01 0.1260-0.8990 0.1370-0.9060 15 10 0 8L
t4a8-8 387.52-398.54 0.80-1.01 0.1030-0.8990 0.1130-0.9070 15 10 0 13
c4a8-8 374.47-398.55 0.53-1.01 0.0990-0.8940 0.1090-0.9010 20 10 0 B8
4-c2ad 278.15-358.15 1.14-11.21 0.2642-0.8937 - 20 0 0 142
t2a4-c2a4 298.15-338.15 2.19-6.99 0.2755-0.8870 - 12 0 0 142
2m3-lad 277.00-416.00 1.61-38.50 0.2464-0.8420 0.4000-0.8420 12 0 4 144-145
2m3-13a4 278.00-338.00 1.66-9.65 0.2525-0.7522 - 12 0 0 145
lad-4mia5 323.15-423.15 1.32-32.51 0.0848-0.9703 - 90 0 0 16-147
1a6-224m5 313.15-365.23 0.14-0.94 0.0470-0.9550 - 39 0 0 148-149
a3-224m5 289.20-330.20 1.01-1.01 0.0601-0.2031 - 7 0 0 150
1-a3 100.00-273.15 0.04-42.28 0.0260-0.9940 0.1666-0.9999 109 55 0 12,49, 151-158
1-1a6 134.80-134.80 0.72-4.68 0.0725-0.8710 - 12 0 0 14
1-1a8 295.00-295.00 69.90-173.30 0.2883-0.5701 - 4 0 0 1%
2-a3 197.85-344.26 0.32-49.78 0.0140-0.9770 0.0450-0.9968 168 194 2 12,49,156-159
2-1all 298.15-318.15 3.03-52.77 0.0972-0.9853 - 30 0 0 160
a3-B 293.15-555.95 0.63-67.40 0.0310-0.9509 0.0792-0.9981 78 42 13 17,161-165
1ad4-B 298.15-298.15 0.41-1.02 0.0660-0.2450 - 4 0 0 166
13a4-B 298.15-413.15 0.25-33.44 0.0376-0.9740 0.2600-0.9995 41 41 0 140,167
1a6-B 283.15-348.80 0.07-0.94 0.0320-0.9616 0.0910-0.9620 90 38 0 168-172
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Table 111-2. (continued-2)

Binary system

Temperature range

Pressure range

X1 range

y1 range

Number of bubble

Number of dew

Number of binary

References

(1* compound-2" (K) (bar) (1% compound liquid (1% compound gas  points (T,P,x) points (T,P,y) critical points

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

B-1a7 328.15-328.15 0.29-0.43 0.0500-0.9500 0.1000-0.9540 11 11 0 12
B-1a8 283.15-323.15 0.02-0.33 0.1650-0.8870 - 24 0 0 1
4mla5-B 283.15-323.15 0.09-0.86 0.1050-0.9140 - 24 0 0 170
a3-mB 238.15-333.15 0.13-7.34 0.0200-0.5980 - 44 0 0 17,110,173
13a4-mB 233.15-413.15 0.03-33.44 0.0280-0.9820 0.2500-0.9999 64 64 0 10141
1a6-mB 283.15-381.30 0.04-1.01 0.0222-0.9715 0.0881-0.9920 63 21 0 148, 170, 174
1a7-mB 328.15-328.15 0.16-0.27 0.0500-0.9500 0.1180-0.9600 11 11 0 122
13a4-Ba2 243.15-363.15 0.10-4.55 0.0023-0.8110 0.3780-0.9995 27 17 0 175-176
mB-Ba2 312.35-413.25 0.07-1.01 0.0654-0.9000 0.1806-0.9677 19 19 0 171
1a6-12mB 337.27-414.60 1.01-1.01 0.0094-0.9792 0.0830-0.9983 21 21 0 174
a3-13mB 293.15-353.15 2.03-5.07 0.0300-0.4470 - 16 0 0 163
1a6-13mB 337.36-408.23 1.01-1.01 0.0195-0.9779 0.1171-0.9977 20 20 0 14
14mB-Ba2 323.15-323.15 0.03-0.04 0.0233-0.9465 0.0309-0.9603 25 25 0 s
1a6-eB 337.53-403.55 1.01-1.01 0.0290-0.9703 0.1666-0.9966 20 20 0 174
1a8-eB 394.95-408.45 1.01-1.01 0.0410-0.9470 0.0720-0.9610 16 16 0 180
eB-Ba2 324.38-370.15 0.05-0.27 0.0390-0.9780 0.0550-0.9840 65 65 0 181-182
a3-124mB 293.15-353.15 2.03-5.07 0.0520-0.4000 - 16 0 0 163
a3-iprB 293.15-614.55 2.03-80.40 0.0520-0.8950 0.2160-0.8950 16 0 7 163-164
BB-1al6 441.95-497.05 0.27-0.27 0.0630-0.9620 0.2470-0.9900 8 8 0 187
BB-1al18 364.85-572.25 0.01-1.01 0.0330-0.9200 0.3060-0.9940 56 56 0 183
a3-Cé 298.15-318.15 0.32-1.27 0.0132-0.0714 - 12 0 0 2
1a4-C6 298.15-298.15 0.41-1.02 0.0830-0.2870 - 4 0 0 166
13a4-C6 303.15-413.15 0.25-33.44 0.0200-0.9820 0.1480-0.9980 36 36 0 10
1a6-C6 313.15-313.15 0.26-0.44 0.0323-0.9584 - 29 0 0 168, 184
C6-1a8 313.15-313.15 0.10-0.24 0.2236-0.9834 - 12 0 0 185
a3-tet 273.15-293.15 1.13-9.97 0.1114-0.9822 - 31 0 0 107
CO.-a3 229.65-355.15 1.31-71.80 0.0140-0.9490 0.1190-0.9620 157 154 6 82:83, 86, 156, 186-187
CO,-1a4 273.15-318.15 3.14-75.07 0.0246-0.9400 0.2188-0.9850 53 48 2 86,188
CO,-13a4 303.00-333.00 6.00-79.30 0.0320-0.9080 0.2450-0.9660 73 76 0 189
CO,-1a5 303.15-328.60 13.50-84.30 0.1462-0.9300 0.8390-0.9826 37 37 0 1%0
CO,-1a6 303.15-393.15 9.95-120.90 0.0820-0.9769 0.8140-0.9929 154 94 5 1o1-194
CO,-1a7 303.15-343.15 10.10-73.15 0.0740-0.8030 0.9560-0.9950 24 24 0 108
CO,-1a8 333.15-333.15 12.17-102.39 0.1019-0.9607 0.9607-0.9607 10 0 1 1%
CO,-Ba2 308.00-393.20 14.39-162.40 0.0820-0.9908 0.8608-0.9989 111 108 7 186-201
CO,-1a16 314.20-531.30 9.85-51.40 0.0463-0.5050 0.9383-0.9806 15 5 0 202
N-a3 194.65-295.65 1.19-214.45 0.0090-0.4882 0.2320-0.9920 39 69 0 12,89, 208
N,-13a4 273.15-293.15 4.05-11.15 0.0025-0.0125 - 12 0 0 208
a3-H,0 294.26-623.15 1.50-2200.00 0.0000-0.9989 0.1830-0.9963 205 108 0 95, 205-209
1a4-H,0 279.15-417.15 1.83-68.26 0.0001-0.0010 0.5278-0.9994 32 42 0 210214
13a4-H,0 280.15-377.59 1.32-19.01 0.0001-0.0011 0.9980-0.9986 33 6 0 210,215
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Table 111-2. (continued-3)

Binary system

Temperature range

Pressure range

X1 range

y1 range

Number of bubble

Number of dew

Number of binary

References

(1* compound-2" (K) (bar) (1% compound liquid (1% compound gas  points (T,P,x) points (T,P,y) critical points

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

1a6-H,0 366.48-496.26 3.18-53.78 0.0000-0.9898 0.5647-0.7481 8 4 0 28
H,0-1a8 366.48-549.82 1.24-92.60 0.0087-0.9999 0.5870-0.7060 8 5 0 26
a2-a3 233.15-357.95 1.67-55.69 0.0200-0.9840 0.0640-0.9890 152 178 7 8, 12, 82,159, 217-218
a2-la4 273.14-393.15 2.05-66.40 0.0230-0.9610 0.1331-0.9980 141 84 0 147,217, 219-221
a2-1a6 293.20-373.60 7.70-87.80 0.0810-0.9440 0.7730-0.9858 18 18 0 20
a2-4mla5 293.15-423.15 3.43-85.10 0.0143-0.8670 0.6300-0.9870 47 23 0 118,247
a2-1a8 303.00-342.40 10.00-89.70 0.1170-0.9090 0.9651-0.9962 10 10 0 20
3-aa3 253.15-353.15 1.83-31.49 0.0009-0.9459 - 38 0 0 22
2mla4-5 283.15-298.15 0.40-0.81 0.1507-0.8001 - 24 0 0 us
2m13a4-5 298.15-313.10 0.71-1.25 0.0950-0.9500 - 37 0 0 119,223
5-2m2ad 278.15-298.15 0.27-0.68 0.1501-0.8002 - 25 0 0 19
2mla4-6 307.66-341.05 1.01-1.01 0.0120-0.8450 0.0358-0.9520 12 12 0 224
2m13a4-6 273.15-340.34 0.09-1.01 0.0207-0.9817 0.0575-0.9925 76 14 0 119, 225-226
2m2a4-6 313.94-340.58 1.01-1.01 0.0260-0.8817 0.0555-0.9522 13 13 0 2
2ma3-8 298.15-343.15 1.01-8.53 0.1840-0.9375 - 23 0 0 m
13a4-2m13a4 273.15-293.15 0.39-2.30 0.1264-0.9469 - 13 0 0 28
1a5-2m13ad 293.15-298.15 0.65-0.85 0.0680-0.9560 - 17 0 0 19
2ma3-2m13a4 318.55-367.55 5.07-10.30 0.0340-0.9778 0.0880-0.9900 26 26 0 220-2%0
2m13a4-2m2a4 298.15-311.70 0.64-1.14 0.0050-0.9950 0.0060-0.9957 96 75 0 119, 231-241
2mla4-2m13ad 293.15-293.15 0.62-0.67 0.1080-0.8849 - 7 0 0 19
2mlad-2m2a4 278.15-311.58 0.28-1.01 0.0109-0.9005 0.0131-0.7350 46 11 0 118,237
aa3-8 217.17-253.15 0.01-1.01 0.0060-0.9340 - 29 0 0 242
3-2ma3 321.48-412.04 13.79-41.37 0.0860-0.8530 0.1250-0.9030 29 29 1 243
2ma3-4 277.59-344.26 1.32-9.69 0.2500-0.7500 - 30 0 0 24
7-bP 358.15-368.15 0.10-0.91 0.0140-0.9790 0.1550-0.9970 25 25 0 245
1a8-bP 368.15-388.15 0.13-0.84 0.0300-0.9830 0.1510-0.9970 23 23 0 %5
2m3-2ma3 277.59-346.43 1.65-10.96 0.1000-0.9000 0.1059-0.9052 39 9 0 244,246
2m4-2m13a4 301.60-313.15 0.90-1.52 0.0369-0.9472 - 23 0 0 238, 247
2m4-2m2a4 302.53-308.80 1.01-1.01 0.1840-0.7760 - 5 0 0 238
3mla4-2m13ad 294.55-305.35 1.01-1.01 0.0597-0.9140 0.1130-0.9510 12 9 0 234,238
2m13a4-B 278.15-298.15 0.08-0.68 0.0860-0.8930 - 45 0 0 19
2mla5-B 283.15-323.15 0.07-0.66 0.0450-0.9340 - 24 0 0 170
12mB-Bma2 419.05-437.15 1.01-1.01 0.0500-0.9000 - 10 0 0 28
2mla4-mB 305.90-380.26 1.01-1.01 0.0105-0.9300 0.0919-0.9955 13 13 0 224
2m13a4-mB 308.41-375.65 1.01-1.01 0.0344-0.9510 0.2075-0.9895 11 11 0 224
2m2a4-mB 311.61-377.72 1.01-1.01 0.0249-0.9994 0.1681-0.9999 18 18 0 24
mB-Bma2 293.15-313.15 0.01-0.08 0.1202-0.8901 - 40 0 0 249
Ba2-Bma2 420.25-437.55 1.01-1.01 0.0400-0.9000 - 11 0 0 248
2m13a4-C6 278.15-298.15 0.11-0.69 0.1460-0.8810 - 59 0 0 18
C6-bP 343.15-358.15 0.05-1.10 0.0020-0.9580 0.0560-0.9980 23 23 0 245
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Table 111-2. (continued-4)

Binary system
(1* compound-2"

Temperature range

(K)

Pressure range
(bar)

X1 range
(1% compound liquid

y1 range
(1% compound gas

Number of bubble
points (T,P,x)

Number of dew
points (T,P.y)

Number of binary
critical points

References

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

CO,-2m1a5 303.15-343.15 10.20-74.30 0.0830-0.8480 0.8820-0.9930 24 24 0 1%
CO,-Bma2 308.00-393.10 29.80-180.90 0.1894-0.9257 0.9430-0.9988 67 60 0 167, 250
CO,-2ela4 313.15-373.15 24.30-115.50 0.2250-0.9770 0.8220-0.9770 30 0 3 1ot
CO-myr 323.15-323.15 70.40-94.60 0.5142-0.8560 0.9680-0.9972 6 6 0 1
N2-2ma3 273.15-293.15 4,05-11.15 0.0023-0.0126 - 12 0 0 204
a2-bP 288.15-308.15 43.73-74.99 0.7228-0.9933 0.9512-0.9986 49 17 0 2
5-aC6 278.15-298.15 0.09-0.60 0.1440-0.8420 - 40 0 0 18
6-aC6 278.15-298.15 0.05-0.19 0.0860-0.8680 - 40 0 0 18
7-1maCé 372.05-381.65 1.01-1.01 0.0890-0.9320 0.1500-0.9440 17 17 0 %8
13aC5-6 283.15-337.37 0.12-1.01 0.0600-0.9650 0.2050-0.4152 13 2 0 119,254
C5-aC6 324.15-353.50 1.01-1.01 0.0467-0.9171 0.1216-0.9679 16 16 0 25
C6-aC6 353.84-355.94 1.01-1.01 0.0240-0.9420 0.0270-0.9440 19 19 0 124
13aC5-gama 293.45-333.75 0.12-1.57 0.1680-0.8640 - 18 0 0 %6
aC6-aP 343.15-358.15 0.11-1.06 0.0250-0.9820 0.2810-0.9960 31 31 0 25
5-gama 313.10-323.10 0.10-1.44 0.0500-0.9000 - 46 0 0 28
C6-aP 338.15-353.15 0.10-0.79 0.0520-0.8140 0.3770-0.9990 18 18 0 245
7-aP 358.15-368.15 0.14-0.91 0.0440-0.9880 0.2690-0.9960 30 30 0 25
B-aC6 348.15-354.65 0.81-1.02 0.0680-0.9430 0.0820-0.9380 42 42 0 7259
13aC5-B 278.15-351.76 0.07-1.01 0.0272-0.8100 0.0607-0.4556 30 6 0 119,254
B-gama 356.65-372.25 1.01-1.01 0.5466-0.9361 0.9358-0.9946 8 8 0 %0
aC6-13mB 329.05-405.75 0.40-0.99 0.0280-0.9350 0.1840-0.9900 30 30 0 %1
aC5-eB 271.25-396.65 0.13-1.01 0.0370-0.9480 0.3260-0.9980 18 18 0 %2
aC5-iprB 278.65-398.65 0.13-1.01 0.0480-0.8960 0.5430-0.9980 17 17 0 %2
mB-15aC8 313.85-336.15 0.08-0.08 0.1000-0.9000 0.4000-0.9750 9 9 0 %3
aP-pcy 429.95-448.05 1.01-1.01 0.0427-0.9041 0.0948-0.9492 17 17 0 %4
CO,-aC6 315.45-347.25 19.53-112.06 0.1604-0.9554 0.9410-0.9889 45 45 0 265
CO,-lamda 293.32-348.12 8.30-129.35 0.0732-0.9966 0.9562-0.9998 100 135 4 266-274
CO;-aP 295.85-335.25 32.50-109.30 0.3007-0.9896 0.9718-0.9988 64 148 0 266, 275-276
CO-xi 315.00-323.20 3.00-100.50 0.0281-0.9540 0.9670-0.9998 53 37 0 ar-2n
a2-aP 288.15-308.15 44.71-73.69 0.7471-0.9950 0.9572-0.9980 52 17 0 %2
a2-xi 288.15-308.15 40.67-77.97 0.5864-0.9935 0.9742-0.9961 32 6 0 260
2m13a4-13aC5 307.50-312.80 1.01-1.01 0.0500-0.9500 0.0650-0.9560 27 20 0 235,239, 281
2m2a4-13aC5 310.87-313.00 1.01-1.01 0.0500-0.9500 0.0615-0.9440 18 18 0 235,239
2m13a4-gama 313.10-323.10 0.09-1.52 0.0490-0.9000 - 25 0 0 223
aP-lamda 429.50-450.00 1.01-1.01 0.0207-0.9843 0.0334-0.9905 47 47 0 264, 282
bP-lamda 439.35-449.45 1.01-1.01 0.0752-0.9712 0.1033-0.9759 16 16 0 23
Total number of points: 9263 6413 143

SOUII[R SaP JULUSIUOD SLRISAS XNe 8/ Hdd 3J3pow Np uoisuax3 ‘|11 asndey)d



Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

111.3 Difficulties in predicting the phase behavior of alkenes

containing mixtures

111.3.1 Uncertainty on the pure component vapor pressure

4.32

6.30
TP/bar

3.92 4

Al

T=324.82K
1lad(1)-4(2) * 1a4(1)-4(2)
13a4(1)-4(2) /‘( 1324(1)-4(2)

1a4(1)-13a4(2) i /* 1a4(1)-1324(2)
%
N

T=310.93K

X1,Y1

0.0 0.5 1.0 0.0 0.5 1.0

8.80

8.00 -

T=338.71K
Tad(1)-4(2)

13a4(1)-4(2)
4 la4(1)-13a4(2)

X1,Y1

0.0 0.5 1.0

Figure 111-1. Prediction of isothermal curves for the three binary systems: (1-butene(1) + n-butane(2)), (1,3-butadiene(1) +
n-butane(2)) and (1-butene(1) + 1,3-butadiene(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental
dew points, (LJ) experimental saturated vapor pressure of pure component, () saturated vapor pressure of pure component
according to Prosim. Solid line: predicted curves with the PPR78 model. (a) (1-butene(1) + n-butane(2)) at T = 310.93 K (k;;
=0.0043), (1,3-butadiene(1) + n-butane(2)) at , (1-butene(1) + 1,3-butadiene(2)) at T = 310.93 K
(kij = 0.0035).(b) (1-butene(1) + n-butane(2)) at T = 324.82 K (k;; = 0.0040), (1,3-butadiene(1) + n-butane(2))

, (1-butene(1) + 1,3-butadiene(2)) at T = 324.82 K (k;; = 0.0032). (c) (1-butene(l) + n-butane(2)) at T =
338.71 K (k;; = 0.0037), (1,3-butadiene(1) + n-butane(2)) at , (1-butene(1) + 1,3-butadiene(2)) at
T =338.71 K (k; = 0.0029).
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

Pure components which are similar in size, shape and chemical nature tend to form nearly
ideal or even azeotropic solutions. These types of solutions occur frequently in industrial
applications and are well-known for the difficulty of their separations. Consequently, the
accurate design of distillation units for these solutions requires models to accurately predict
the experimental VLE data. It is important to notice that even though our model is capable to
represent this kind of phase behavior, the uncertainty on the saturated vapor pressure of pure
component has increased the objective function and made our parameters-fitting more
difficult. In order to illustrate this problem, we take the measurements of Laurance et al.'®
that concern the three binary systems composed of C4 hydrocarbons as n-butane, 1-butene

and 1,3-butadiene.

The P-xy diagrams for the three binary mixtures ((1-butene(l) + n-butane(2)), (1,3-
butadiene(1) + n-butane(2)) and (1-butene(1) + 1,3-butadiene(2))) at T = 310.93 K are shown
in figure (I11-1a). The calculated saturated vapor pressures of n-butane, 1-butene and 1,3-
butadiene underestimate the experimental value (black hollow square) of 0.0009 bar (i.e.
0.03%), 0.0189 bar (i.e. 0.44%) and 0.0457 bar (i.e. 1.11%), respectively. As a result, the
phase envelopes calculated by our model are shifted to lower pressures. In addition, the
predicted P-xy diagrams for these three mixtures at T = 324.82 K are shifted to higher
pressures [see figure (111-1b)], which is a direct consequence of the feature that the pure
component saturated vapor pressures are overestimated. When the temperature reaches T =
338.71 K [see figure (I11-1c)], our model yields the phase envelopes in good agreement with
experimental data except for the left side of (1-butene(1) + 1,3-butadiene(2)), for which a
small difference between the calculated saturated vapor pressure and the experimental one can
still be observed. For comparison, we have plotted in figure (I11-1) (solid black squares) the
pure component saturated pressures at three different temperatures, obtained from correlations
available in the software Prosim, which indicates that the PR EoS predicts more or less well
the saturated pressures. In this case, only the experimental points at T = 338.71 K were used
for our data-fitting, although there are still some deviations on the saturated pressure. It is
indeed clear that the inaccuracy on the pure component vapor pressure observed for these

binary systems is not linked to the k;; value.
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

111.3.2 Difficulties of temperature-dependent BIP (k;;(T)) optimization

For some of the studied alkenes containing mixtures, it is really difficult to restitute both
the critical pressure and the critical composition. By looking at the binary system (ethylene(1)
+ n-butane(2)) at T = 338.71 K [see figure (111-2a)], kjj = 0.0000 makes the PR EoS able to
well reproduce the critical pressure, while the value needed for the critical composition is: k;
= 0.3000. It is therefore difficult to restitute both the critical pressure and the critical
composition with the same k;; value. Another difficulty is the simultaneous correlation of the
bubble and dew curves for binary systems containing 1,3-butadiene. Taking (1,3-butadiene(1)
+ n-hexane(2)) at T = 233.15 K for example, two P-xy diagrams calculated with two different
kij values are plotted in figure (I11-2b), which indicate that it is not possible to well predict
both the bubble and dew curves at one temperature, by using a single k;j; value. Moreover,
most of the binary mixtures containing 1,3-butadiene, show high mole fraction of the light
component in the vapor phase [see figure (I111-2b)], close to one, which will make the
objective function defined by equation (I-105) more important.

T T T T 0.20 T
_(a') i P/bar b) TP/bar
3
a2(1)-4(2) 1324(1)-6(2)
60.0 4 T = 338.71K - 7 T =233.15K

Kijmy= 0.0000 kiji= -0.0058
Kij= 0.3000 Kijo= -0.3829

0.10 4

40.0

X1,Y1 X1, Y1

20.0 , , : Ty 000 F— , : N
0.0 0.5 1.0 0.0 0.5 1.0

Figure 111-2. Prediction of isothermal curves for the two binary systems: (ethylene(1) + n-butene(2)) and (1,3-butadiene(1)
+ n-hexane(2)). (+) experimental bubble points, () experimental dew points, (O) experimental critical points. (a) System
(ethylene(1) + n-butene(2)) at T = 338.71 K with two different k;; values: k;;) = 0.0000 and . (b) System (1,3-
butadiene(1) + n-hexane(2)) at T = 233.15 K with two different k;; values: k;;;) = -0.0058 and
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

111.4 Results and discussion

For all the data points included in our database, the objective function defined by equation
(1-105) is: F,,;=8.80%.

The average overall deviation on the liquid phase composition is:

Npubble
Z (‘Xl,exp - Xl,cal‘).
] ' Fobj,bubble 6
AXq = =0.023. Moreover ———=7.95 %
Nbubble Npubble

The average overall deviation on the gas phase composition is:

Ndew

Z (‘yl,exp - yl,cal‘)i

4 (=
Ay, ==L =0.016 . Moreover —22% _10.08 %
Ndew Ngew

The average overall deviation on the critical composition is:

Nerit

Z(‘XCLEXp ~Xea,cal ‘)I

. =
AXy ==L —0.029. Moreover ~23CtCOMP _ 1459 o4
Merit Nerit

The average overall deviation on the binary critical pressure is:

Nerit P -P
1002(‘ cm,exp cm,cal‘}
F%— I:obj,crit. pressure i= Pcm,exp i _349%
%0 = = =2J.
Nerit Nerit

The value of the objective function indicates that the PPR78 model can give a good
representation of the systems studied in this work, although the results are not as good as
those obtained for the hydrocarbons and CO,. This slightly higher objective function value

can be explained by the following reasons:

(1) Some experimental data reported in the literatures are generally inconsistent and there are

obvious scatters among them.
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

(2) Several binary systems containing water, cannot be correlated accurately with a cubic
equation of state even with temperature-dependent k;;(T).

(3) The deviation between the calculated pure component saturated vapor pressures and the

experimental ones increases naturally the objective function.

(4) Nearly ideal or even azeotropic behavior is largely investigated in this study, which results

in significant objective function.

(5) A number of dew point compositions are not far away from one, which inevitably
increases the objective function. As we can see, the absolute deviation on the gas phase
composition is smaller than that on the liquid phase, however, the percent deviation on the gas
phase composition is two percent bigger.

In order to illustrate the accuracy and the limitations of our model, it was decided to define
several families of binary systems which could give a good representation of the whole data

base.
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

I11.4.1 Results for mixtures of [alkene (or cycloalkene) + n-alkane (or branched

alkane)]

In this family, 75 binary systems (4335 bubble points + 2676 dew points + 60 mixture
critical points) have been collected. It is therefore impossible to show graphically all the
results for this family. In order to well illustrate the accuracy of our model, it was decided to
present the results in several figures [figure (I11-3) to figure (111-9)] according to the

differences of phase phenomena.

Figure (111-3) shows the isothermal and isobaric phase diagrams in the sub-critical region
for ten binary systems. For the mixtures of (methane(1) + ethylene(2)), (ethylene(1) +
propane(2)) and (1,3-butadiene(1) + n-octane(2)) [see figures (111-3a,3b,3c)], the liquid
branch is nearly a straight line which means that the liquid phase is close to an ideal solution,
and the interval between the vapor and liquid branch is significant. The BIP(k;j(T)) is close to
zero and decreases slightly with temperature. The results for six other binary systems are
shown in figures (111-3d,3e,3f). In general, quite good agreements between VLE predictions
and experimental data points are obtained except that the dew curve of (1,3-butadiene(1) + n-
octane(2)) is not very accurate. Indeed, as discussed in section 111.3.2, it is difficult to well
predict both the bubble and dew curve simultaneously for the systems containing 1,3-

butadiene.

Figure (111-4) shows the isothermal and isobaric phase diagrams in both the sub-critical
and super-critical regions for six binary systems. It is important to notice that the whole phase
envelope and the critical points for (ethylene(1) + n-butane(2)) are not very satisfactory [see
figure (111-4b)], owing to the fact that the critical pressure and the critical composition can
not be simultaneously predicted, as discussed in section 111.3.2. After our data-fitting over the
whole database, the critical pressures of (ethylene(1) + n-butane(2)) are better reproduced
than the critical compositions. Nevertheless, accurate results are obtained for all these binary
systems over wide ranges of temperature and pressure, with BIP(k;(T)) increasing with

temperature except for (n-hexane(1) + 1-hexadecene(2)) [see figure (I11—4f)].

Figure (111-5) shows the isothermal phase diagrams at low pressures for six different
binary systems. The predicted phase envelops are in good agreement with experimental data.

Regarding two binary systems containing cycloalkene: (n-pentane(1) + cyclohexene(2)), (n-
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Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

hexane(1) + cyclohexene(2)), accurate results are obtained by PPR78, with negative
BIP(ki(T)) values decreasing and then increasing with temperature for both of them.

Figures (111-6,7) show the isothermal and isobaric phase diagrams for twelve binary
systems that contain two components of very similar volatility. The nearly ideal and
azeotropic phase phenomena, shown in figure (111-6) and figure (I11-7) respectively, are not
easy to be well reproduced and they will inevitably increase the objective function. Even
though small deviations between the calculated pure component vapor pressure and the
experimental one still exist for some of these binary systems, all these P-xy and T-xy
diagrams indicate that the PPR78 model is capable to well predict this kind of phase behavior.
BIP(ki(T)) is always near zero and it is interesting to notice that BIP(k;(T)) for each of these

ten systems decreases slightly with temperature.

Figure (111-8) shows the isothermal phase diagrams for four asymmetric binary systems.
As we can see, the phase envelops for (ethylene(1) + n-dodecane(2)) and (ethylene(1) + n-
hexadecane(2)) are slightly overestimated, however, the critical loci, the bubble and dew
curves for (ethylene(1) + n-eicosane(2)) are in good agreement with experimental data. From
a general view of these binary systems, we can conclude that PPR78 remains an accurate

model, regardless of the length of n-alkanes and alkenes.

Among these 75 binary systems of [alkene (or cycloalkene) + n-alkane (or branched
alkane)], only 13 ones present experimental critical points, and the predictions of the critical
loci are shown in figure (111-9). All these systems except for (ethylene(1) + n-eicosane(2)),
exhibit a continuous vapor-liquid critical curve between the critical points of the two pure
components, which corresponds to Type | or Type Il behavior in the classification of Van
Konynenburg and Scott?®*. Generally, these types of critical loci are accurately predicted by
our model. We have to indicate that obvious scatters can be observed for several systems. In
particular, the experimental critical points of (ethylene(1) + n-octane(2)) on the right side of
the mixture critical pressure maximum, appears in the critical locus of (ethylene(1l) + n-
heptane(2)) [see figure (111-9b)]. That is why these experimental points in that region are
slightly overestimated by our model. Meanwhile, Type IV phase behavior is exhibited by
(ethylene(1) + n-eicosane(2)) [see figure (I11-9c¢)], the mixture critical line extending between
the critical point of n-eicosane and the LCEP (lower critical end point) is well predicted, and
that extending between the critical point of ethylene and the UCEP (upper critical end point)
is out of the experimental support.
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Figure 111-3. Prediction of isothermal and isobaric curves in the sub-critical region for ten binary systems using the PPR78
model. (+) experimental bubble points, (%) experimental dew points. Solid line: predicted curves with the PPR78 model. (a)
System (methane(1) + ethylene(2)) at five different temperatures: T, = 150.00 K (kj = 0.0265), T, = 160.00 K (k; = 0.0248),
T3 = 170.00 K (kj = 0.0234), T4 = 180.00 K (k;j = 0.0221), Ts = 190.00 K (k; = 0.0210). (b) System (ethylene(1) +
propane(2)) at four different temperatures: T, = 199.83 K (kj = 0.0271), T, = 223.15 K (k;; = 0.0184), T3 = 243.15 K (k; =
0.0145), T, = 263.15 K (k;; = 0.0124). (c) System (1,3-butadiene(1) + n-octane(2)) at four different temperatures: T, = 303.15
K (kij = 0.0009), T, = 343.15 K (k; = -0.0018), T3 = 383.15 K (k;; = -0.0038), T4 = 413.15 K (k;; = -0.0051). (d) System (2-
methyl-1-butene(1) + n-hexane(2)) at P = 1.013 bar, system (2-methyl-1,3-butadiene(1) + n-hexane(2)) at P = 1.013 bar,
system (2-methyl-2-butene(1) + n-hexane(2)) at P = 1.013 bar. () System (n-dodecane(1l) + 1-octadecene(2)) at seven
different pressures: P, = 0.013 bar, P, = 0.027 bar, P3 = 0.067 bar, P4 = 0.133 bar, Ps = 0.267 bar, ,

. (f) System (1-hexene(1) + n-heptane(2)) at P = 0.940 bar, system (n-hexane(1) + 1-decene(2)) at P = 1.013 bar, system
(n-octane(1) + 1-decene(2)) at P, = 1.013 bar.
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Figure 111-4. Prediction of isothermal and isobaric curves in the sub-critical and super-critical regions for five binary
systems using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical
points. Solid line: predicted curves with the PPR78 model. (a) System (ethane(1) + propene(2)) at seven different
temperatures: T, = 223.15 K (k; = 0.0049), T, = 243.15 K (k; = 0.0065), T3 = 263.15 K (k;; = 0.0080), T4 = 283.15 K (k; =
0.0096), Ts = 303.15 K (k; = 0.0113), , . (b) System (ethylene(1) +
n-butane(2)) at four different temperatures: T, = 322.04 K (k;; = 0.0209), T, = 344.26 K (k; = 0.0218), T3 = 366.48 K (k;j =
0.0228), T4 = 388.71 K (k;; = 0.0240). (c) System (ethylene(1) + isobutane(2)) at six different temperatures: T, = 293.15 K
(kij =-0.0013), T, = 313.15 K (k;; = 0.0004), T3 = 333.15 K (k;; = 0.0025), T, = 353.15 K (k;; = 0.0049), Ts = 373.15 K (k;; =

0.0076), . (d) System (ethylene(1) + n-heptane(2)) at six different temperatures: T, = 266.48 K
(kij =0.0381), T, = 298.15 K (k;; = 0.0396), T3 = 366.48 K (k; = 0.0441), T, = 416.48 K (k;j = 0.0479), Ts = 449.82 K (k;; =
0.0505), . (e) System (ethylene(1) + n-heptane(2)) at three different pressures: P; = 13.790 bar,

P, = 55.158 bar, P3 = 96.527 bar. (f) System (n-hexane(1) + 1-hexadecene(2)) at three different temperatures: T; = 472.10 K
(ki = -0.0057), T, = 524.70 K (k;; = -0.0071), Ts = 572.50 K (k;; = -0.0083).
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Figure IIT-5. Prediction of isothermal curves at low pressures for six binary systems using the PPR78 model. (+)
experimental bubble points, (%) experimental dew points. Solid line: predicted curves with the PPR78 model. (a) System (2-
methyl-1,3-butadiene(1) + n-hexane(2)) at six different temperatures: T, = 273.15 K (k; = 0.0153), T, = 278.15 K (k; =
0.0147), T3 = 283.15 K (k;j = 0.0143), T, = 288.15 K (k; = 0.0138), Ts = 293.15 K (k; = 0.0133),

. (b) System (1-hexene(1) + n-heptane(2)) at T = 313.15 K (k;; = 0.0010), system (1-hexene(1) + n-octane(2)) at T =
328.15 K (k; = -0.0002), system (1-heptene(1) + n-octane(2)) at T = 328.15 K (k;; = -0.0001). (c) System (n-pentane(1) +
cyclohexene(2)) at five different temperatures: T, = 278.15 K (k;; = -0.0022), T, = 283.15 K (k;; = -0.0027), T3 = 288.15 K
(kij = -0.0028), T, = 293.15 K (k;j = -0.0025), Ts = 298.15 K (k;; = -0.0021). (d) System (n-hexane(1) + cyclohexene(2)) at
five different temperatures: T, = 278.15 K (k;; = -0.0090), T, = 283.15 K (k;; = -0.0097), T3 = 288.15 K (k;; = -0.0099), T, =
293.15 K (k;; =-0.0097), T = 298.15 K (k;; = -0.0094).
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Figure 111-6. Prediction of isothermal curves for six binary systems that contain two components of very similar volatility,
using the PPR78 model. (+) experimental bubble points, () experimental dew points. Solid line: predicted curves with the
PPR78 model. (a) System (propene(1) + propane(2)) at six different temperatures: T; = 280.00 K (k;; = 0.0087), T, = 290.00
K (kj = 0.0082), T3 = 300.00 K (kj; = 0.0078), T, = 310.00 K (k;; = 0.0073), Ts = 320.00 K (k;; = 0.0069),

. (b) System (1-butene(1) + n-butane(2)) at four different temperatures: T, = 310.93 K (k;; = 0.0043), T, = 324.82 K
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(kij = 0.0040), T3 = 338.71 K (k; = 0.0037), T, = 344.25 K (k;; = 0.0036). (c) System (isobutane(1) + 2-methylpropene (2)) at
five different temperatures: T, = 277.59 K (k;; = 0.0093), T, = 294.26 K (k; = 0.0084), T3 = 310.93 K (k;; = 0.0076), T, =
327.59 K (kj; = 0.0070), Ts = 344.26 K (k;; = 0.0065). (d) System (1-hexene(1) + n-hexane(2)) at three different pressures: P,
= 0.300 bar, P, = 0.600 bar, P3 = 1.013 bar. (e) System (1-heptene(1) + n-heptane(2)) at four different temperatures: T, =
328.15 K (k;j = 0.0012), T, = 343.15 K (k; = 0.0011), T3 = 353.15 K (k;; = 0.0010), T, = 363.15 K (k;; = 0.0009). (f) System
(1-octene(1) + n-octane(2)) at four different pressures: P, = 0.267 bar, P, = 0.533 bar, Pz = 0.800 bar, P, = 1.013 bar.
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Figure 111-7. Prediction of isothermal curves for six binary systems that contain two components of very similar volatility,
using the PPR78 model. (+) experimental bubble points, () experimental dew points. Solid line: predicted curves with the
PPR78 model. (a) System (propane(1) + 1,2-propadiene(2)) at five different temperatures: T, = 253.15 K (k;; = 0.0401), T, =
278.15 K (k;j = 0.0398), T3 = 303.15 K (k;; = 0.0392), T, = 328.15 K (k;; = 0.0386), Ts = 353.15 K (k;; = 0.0382). (b) System
(1,3-butadiene(1) + n-butane(2)) at four different temperatures: T, = 278.15 K (k;; = 0.0192), T, = 298.15 K (k;; = 0.0169), Ts
= 318.15 K (k; = 0.0150), T, = 338.15 K (k;j = 0.0134). (c) System (2-methyl-1,3-butadiene(1) + n-pentane(2)) at three
different temperatures: T; = 298.15 K (k;; = 0.0141), T, = 303.12 K (k;; = 0.0137), T3 = 313.10 K (k;; = 0.0131). (d) System
(n-pentane(1) + 2-methyl-2-butene(2)) at five different temperatures: T, = 278.15 K (k;; = 0.0122), T, = 283.15 K (k; =
0.0116), T3 = 288.15 K (k;j = 0.0109), T, = 293.15 K (k; = 0.0104), Ts = 298.15 K (k;; = 0.0098). (e) System (isobutane(1) +
1,3-butadiene(2)) at four different temperatures: T, = 278.00 K (k;; = 0.0286), T, = 298.00 K (k;; = 0.0244), T3 = 318.00 K (kj;
= 0.0209), T, = 338.00 K (kj = 0.0178). (f) System (2-methylbutane(1) + 2-methyl-1,3-butadiene(2)) at two different
temperatures: T; = 303.15 K (k;; = 0.0160), T, = 313.15 K (k;; = 0.0154).
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Figure 111-8. Prediction of isothermal curves for four asymmetric binary systems using the PPR78 model. (+) experimental
bubble points, (%) experimental dew points, (O) experimental critical points. Solid line: predicted curves with the PPR78
model. (a) System (ethane(1) + 1-undecene(2)) at two different temperatures: T, = 298.15 K (k;; = 0.0220), T, = 318.15 K (k;
=0.0201. (b) System (ethylene(1) + n-dodecane(2)) at four different temperatures: T, = 283.15 K (k;; = 0.0498), T, = 298.15
K (kj = 0.0506), T3 = 323.15 K (k;; = 0.0523), T, = 348.15 K (k;j = 0.0541). (c) System (ethylene(1) + n-hexadecane(2)) at
two different temperatures: T, = 283.65 K (kj = 0.0493), T, = 292.65 K (k; = 0.0498). (d) System (ethylene(1) + n-
eicosane(2)) at five different temperatures: T, = 323.15 K (kj = 0.0430), T, = 348.15 K (k; = 0.0445), T3 = 373.15 K (k;; =
0.0461), T, =398.15 K (k;j = 0.0479), Ts = 423.15 K (k;; = 0.0498).
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Figure 111-9. (a-d) Predictions of the critical locus for fifteen binary systems using the PPR78 model. (O) experimental
critical points, (@) critical points of the pure compounds, (A) Upper critical end point (UCEP), (W) Lower critical end point
(LCEP). Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curve of the pure compounds.
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111.4.2 Results for mixtures of [alkene (or cycloalkene) + alkene (or cycloalkene)]

Figure (111-10) shows the isothermal and isobaric phase diagrams for five binary systems
that contain two components of very similar volatility. From a general view over the results
obtained, the nearly ideal phase behavior and the azeotropes are predicted with satisfactory
accuracy, regardless of the uncertainty of pure component saturated pressure and some scatter
among experimental data points. At the same time, P-xy and T-xy phase diagrams in the sub-
critical area for nine different binary systems are shown in figure (111-11), and perfect results

are obtained by our model.

Figure (111-12) shows the isothermal phase diagrams in both the sub-critical and super-
critical regions for six binary systems. All the experimental VLE data for (ethylene(1) +
propene(2)), (ethylene(l) + 1-butene(2)), (ethylene(1l) + 4-methyl-1-pentene(2)) and
(propene(1) + 1-butene(2)) from low to high temperatures are predicted with excellent
accuracy. When the formula of the alkene mixed with ethylene becomes more complex (e.g.
alpha-pinene, beta-pinene), the mixture becomes highly asymmetric. And as a result, the

predictions are less satisfactory [see figure (111-12e,12f)].

The predictions of the critical loci for two binary systems in this family: (ethylene(1) +
propene(2)), (propene(1) + 1-butene(2)) are plotted in figure (I111-9d). Generally, accurate
results are obtained for various binary systems belonging to this family.

-115-



Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

T T T T T T
i a) TP/bar -(b) + R TP/bar
+
7.00 13a4(1)-c2a4(2) 7.00 13a4(1)-12a4(2) ]
Ty =278.15 K kj; = 0.0184 T1=278.15 K ki; = 0.0185
i T,=298.15K kij =0.0170 i i T, =298.15 K k;; = 0.0171 i
T, =318.15K k;;=0.0158 T3 =318.15 K k;j = 0.0158
T, =338.15 K k;j = 0.0148 T, =338.15 K k;; = 0.0148
5.00 -/ 5.00 -/"_
=+ + X1,Y1 e <+ ™ = X1,Y1
1.00 s T T P> 1.00 T T T
0.0 0.5 1.0 0.0 0.5 1.0
0.85 1 T T
C) 2mla4(1)-2m2a4(2) T T
T, =278.15 K kjj = 0.0001 e P/bar | | P/bar
T, =283.15 K kjj = 0.0001
T T3 =288.15 K kjj = 0.0001 T
T4 =293.15 K ky; =.0-600
15 K ; 1.00 2m13a4(1)-2m2a4(2)
0.65 - + T1=298.15 K kjj = 0.0106
' T, =303.15 K k;; = 0.0105
Tz =310.93 K kjj = 0.0102
i ¥
0.80 T
0.45 1
X1, Y1 / -
0.25 T T T P 0.60 T T T
0.0 0.5 1.0 0.0 0.5 1.0
312.0 314.0 T T T
TT/K f) 2m2a4(1)-13aC5(2 TT,K
P =1.013 bar
308.0 312.01
P =1.013 bar
2m13a4(1)-2m2a4(2)
4 2mla4(1)-2m2a4(2) —
XuY1 X1,Y1
304.0 T T T $310.0 T T T
0.0 0.5 1.0 0.0 05 1.0

Figure 111-10. Prediction of isothermal and isobaric curves for six binary systems that contain two components of very
similar volatility, using the PPR78 model. (+) experimental bubble points, (%) experimental dew points. Solid line:
predicted curves with the PPR78 model. (a) System (1,3-butadiene(1) + cis-2-butene(2)) at four different temperatures: T, =
278.15 K (k;j = 0.0184), T, = 298.15 K (k; = 0.0170), T3 = 318.15 K (k;; = 0.0158), T, = 338.15 K (k; = 0.0148). (b) System
(1,3-butadiene(1) + trans-2-butene(2)) at four different temperatures: T, = 278.15 K (k; = 0.0185), T, = 298.15 K (k; =
0.0171), T3 = 318.15 K (k; = 0.0158), T, = 338.15 K (k; = 0.0148). (c) System (2-methyl-1-butene(1) + 2-methyl-2-
butene(2)) at five different temperatures: T, = 278.15 K (k; = 0.0001), T, = 283.15 K (k; = 0.0001), T3 = 288.15 K (k;; =
0.0001), T, = 293.15 K (k; = 0.0001), Ts = 298.15 K (k; = 0.0001). (d) System (2-methyl-1,3-butadiene(1) + 2-methyl-2-
butene(2)) at three different temperatures: T, = 298.15 K (k; = 0.0106), T, = 303.15 K (k; = 0.0105), T3 = 310.93 K (k; =
0.0102). (e) System (2-methyl-1,3-butadiene(1) + 2-methyl-2-butene(2)) at P = 1.013 bar, system (2-methyl-1-butene(1) + 2-
methyl-2-butene(2)) at P = 1.013 bar. (f) System (2-methyl-2-butene(1) + 1,3-cyclopentadiene(2)) at P = 1.013 bar.
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Figure I111-11. Prediction of isothermal and isobaric curves in the sub-critical region for nine binary systems using the
PPR78 model. (+) experimental bubble points, () experimental dew points. Solid line: predicted curves with the PPR78
model. (a) System (propene(1) + 1,3-butadiene(2)) at four different temperatures: T, = 273.20 K (k; = 0.0083), T, = 293.20
K (kij=0.0076), T3 = 313.20 K (k; = 0.0071), T, = 333.20 K (k;; = 0.0066). (b) System (1-butene(1) + 4-methyl-1-pentene(2))
at four different temperatures: T, = 323.15 K (k;; = 0.0011), T, = 353.15 K (k;; = 0.0011), T3 = 393.15 K (k;; = 0.0010), T, =
423.15 K (kjj = 0.0010). (c) System (1,3-butadiene(1) + 1-pentene(2)) at two different temperatures: T, = 273.15 K (k; =
0.0122), T, = 293.15 K (k; = 0.0105), and system (1,3-butadiene(l) + 2-methyl-1,3-butadiene(2)) at two different
temperatures: T, = 273.15 K (k;; = 0.0032), T, = 293.15 K (k;; = 0.0016). (d) System (1-octene(1) + beta-pinene(2)) at two
different temperatures: T, = 368.15 K (k;j = -0.0010), T, = 388.15 K (k; = -0.0007), and system (cyclohexene(1) + alpha-
pinene(2)) at two different temperatures: T, = 343.15 K (k;; = -0.0184), T, = 358.15 K (k;; = -0.0173). (e) System (1,3-
cyclopentadiene(1) + dicyclopentadiene(2)) at three different temperatures: T, = 293.45 K (k;; = -0.0190), T, = 313.75 K (k;
=-0.0178), T4 = 333.75 K (kj = -0.0170), and system (2-methyl-1,3-butadiene(1) + dicyclopentadiene(2)) at two different
temperatures: T, = 313.10 K (k;; = 0.0155), T, = 323.10 K (k; = 0.0152). (f) System (2-methylpropene(1) + 2-methyl-1,3-
butadiene(2)) at two different pressures: P; = 5.066 bar, P, = 10.300 bar.
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Figure 111-12. Prediction of isothermal curves in the sub-critical and super-critical regions for six binary systems using the
PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points. Solid line:
predicted curves with the PPR78 model. (a) System (ethylene(1) + propene(2)) at seven different temperatures: T, = 233.15
K (ki =0.0048), T, = 263.07 K (k; = 0.0030), T3 = 283.15 K (k;; = 0.0024), T, = 298.15 K (k;; = 0.0021), T5 = 323.15 K (k;; =

0.0018), T = 348.15 K (k;; = 0.0017), . (b) System (ethylene(1) + 1-butene(2)) at seven different
temperatures: T, = 273.14 K (k;; = 0.0165), T, = 293.10 K (k; = 0.0167), T3 = 313.20 K (k;; = 0.0170), T, = 332.90 K (k; =
0.0173), Ts = 353.15 K (k;; = 0.0178), T, = 374.80 K (k; = 0.0183), . (c) System (ethylene(1) +

4-methyl-1-pentene(2)) at six different temperatures: T, = 293.15 K (k;; = 0.0185), T, = 323.15 K (k; = 0.0219), T = 333.40
K (kj = 0.0232), T, = 373.10 K (k; = 0.0282), Ts = 393.15 K (k; = 0.0309), T; = 423.15 K (k; = 0.0350). (d) System
(propene(1) + 1-butene(2)) at seven different temperatures: T, = 277.59 K (k;; = 0.0015), T, = 294.26 K (k;; = 0.0014), T3 =
310.93 K (kj; = 0.0014), T, = 344.26 K (k;; = 0.0013), T5 = 377.59 K (k; = 0.0012), T, = 394.26 K (k; = 0.0012),

. (€) System (ethylene(1) + beta-pinene(2)) at three different temperatures: T, = 288.15 K (k; =-0.0183), T, =
298.15 K (kj = -0.0103), T3 = 308.15 K (k; = -0.0061). (f) System (ethylene(1) + alpha-pinene(2)) at three different
temperatures: T, = 288.15 K (kj; = -0.0559), T, = 298.15 K (k;; = -0.0484), T3 = 308.15 K (k;; = -0.0457).
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111.4.3 Results for mixtures of [alkene (or cycloalkene) + aromatic compound]

and [alkene (or cycloalkene) + naphthenic compound]

Figure (111-13) shows the isothermal phase diagrams at low pressures for six binary
systems. The only drawback is that the small positive deviation from ideality of the system
(toluene(1) + alpha-methylstyrene(2)) has not been well predicted [see figure (111-13d)].
However, very good results have been obtained for the other five binary systems, including

the system (cyclohexane(1) + beta-pinene(2)) that contains a compound more complex.

Figure (111-14) shows the isothermal and isobaric phase diagrams in the sub-critical region
for eight systems. From the P-xy diagrams [figures (I11—14a,14b,14c)] we can see that the
liqguid and vapor branches of (1,3-butadiene(l) + benzene(2)) and (1,3-butadiene(l) +
cyclohexane(2)) can not be simultaneously restituted, as discussed in section 111.3.2, while
that of (1,3-butadiene(1) + toluene(2)) are in close agreement with experimental data. The T-
xy diagrams [figures (111—14d,14e,14f)] indicate that PPR78 can accurately predict the phase
envelops for the other five binary systems, including those containing a cycloalkene or a long-

chain alkene.

Figure (111-15) shows the isothermal phase diagrams in both the sub-critical and super-
critical regions for four binary systems. As shown in figures (111-15a,15b,15c), very good
results are obtained for (ethylene(1) + benzene(2)), (ethylene(1) + toluene(2)) and (ethylene(1)
+ cyclohexane(2)). Unfortunately, (ethylene (1) + naphthalene (2)) presents the worst results
in this study: Fopj = 18.35% over 33 bubble points, 240 dew points and 7 critical points. As
shown in figure (111-15d), most of the experimental data are dew points and most of the vapor
compositions are not far from one, which inevitably increases the objective function.
Furthermore, we have tried to find the best kj; to correlate the experimental data at each of
these temperatures: T = 332.10 K, 341.85 K and 352.00 K, nevertheless, there is no k;; value
that is able to exactly reproduce the phase envelope (liquid branch, vapor branch, critical
composition and critical pressure). By looking at the prediction of isothermal curves at five
different temperatures, reasonable results are obtained except for the P-xy diagram at T =
308.15 K. Moreover, it is surprising that BIP(k;j(T)) varies much more significantly with
temperature (kj; decreases from 0.1098 to 0.0011 as the temperature varies from 285.15 K to

352.15 K), compared to other systems investigated.
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Figure (111-16) shows the isothermal and isobaric phase diagrams for three binary systems
that contain two components of very similar volatility, and the predictions of critical loci for
five different binary systems. Two azeotropic curves for the system (benzene(l) +
cyclohexene(2)), the nearly ideal phase behavior of (ethylbenzene(1) + styrene(2)) and two T-
xy curves of (cyclohexane(l) + cyclohexene(2)) and (benzene(l) + cyclohexene(2)) are
respectively shown in figures (111-16a,16b,16c). Once again, the PPR78 model is capable to
well predict this kind of phase behavior. Regarding the predictions of critical loci [see figure
(111-16d)], the experimental critical points for (ethylene(1) + benzene(2)), (ethylene(l) +
toluene(2)), (propene(1) + benzene(2)) and (propene(1) + isopropylbenzene(2)) are predicted
with satisfactory accuracy. However, considering (ethylene(1) + naphthalene(2)), the critical
curve shows a pressure minimum and a pressure maximum, and the slope of the critical curve
at low temperature is very steep (a small change of temperature induces a large change of
pressure). Such Type |1l systems are really difficult to be well predicted by our model, which
was demonstrated in our previous parpers®®. That is why the predicted P-xy diagram for

(ethylene(1) + naphthalene(2)) was so poor [see figure (111-15d)].

-120 -



Chapitre I11. Extension du modéle PPR78 aux systemes contenant des alcenes

0.65

0.45 A

a)
1a6(1)-B(2)

- T1=283.15 K kj; = -0.0006

T,=298.15 K ky = -0,
Ts =303.15 K ky=<0.000
T, = 313.15 Ky
Ts = 32345 K Ky

- 3
-0.0002

0.80
TP/bar

b)2m13a4(1)—B 2)

T, = 278.15 K kjj = -0.0056
T, = 283.15 K kjj = -0.0050
T3=288.15 K kij =-0.0043
T4 =293.15 K kij =-0.0037
Ts =298.15 K kjj = -0.0031

TP/bar

X1,Y1 X1,Y1
0.05 T T $0.00 T T
0.0 0.5 1.0 0.0 05 1.0
T T T T
o) 9 omctn T
©) 186(1)-mB(2 TP/bar 0.08 4 ?nB 1)-Bma2(2 | | Plba
0.60 4  T1=283.15Kk;j=0.0003 T1=293.15 K kij = -0.0011
' T, =303.15 K k;; = -0.0022 T, =303.15 K kjj = -0.0010
T3 =313.15 K k;j = -0.0025 4 Ts=308.15 K kij = -0.0009 +
1 T4=32315Kk;=-0.0027 i T, = 313.15 K k;; = -0.0008
0.40
0.20
M X1,Y1 X1,¥1
0.00 T T $>0.00 . .
0.0 05 1.0 .0 0.5 1.0
0.80 T T 1.20 f T T T
e) TP/bar ) L | P/bar
- 2ml13a4(1)-C6(2) C6(1)-bP(2)
T, = 278.15 K k;; = 0.0382 7 T =343.15 K kyj = -0.0158
0.60 4 T, =283.15 K kj; = 0.0251 T, =358.15 K k;jj = -0.0150
: T3 = 288.15 K k;; = 0.0155
T4 =293.15 K k;j = 0.0084 0.80 -
- Ts=298.15 K kjj = 0.0032
0.40 4
i 0.40 -
0.20
X1,Y1 1 X1Y1
0.00 T T » 0.00 T T
0.0 0.5 1.0 0.0 0.5 1.0
Figure 111-13. Prediction of isothermal curves at low pressures for six binary systems using the PPR78 model. (+)

experimental bubble points, (%) experimental dew points. Solid line: predicted curves with the PPR78 model. (a) System (1-
hexene(1) + benzene(2)) at five different temperatures: T, = 283.15 K (k; = -0.0006), T, = 298.15 K (k;; = -0.0004), T3 =
303.15 K (kj; = -0.0004), T, = 313.15 K (k;; = -0.0003), Ts = 323.15 K (k;; = -0.0002). (b) System (2-methyl-1,3-butadiene(1)
+ benzene(2)) at five different temperatures: T, = 278.15 K (k;; = -0.0056), T, = 283.15 K (k;; = -0.0050), T3 = 288.15 K (k;; =
-0.0043), T, = 293.15 K (k;; = -0.0037), Ts = 298.15 K (kj; = -0.0031). (c) System (1-hexene(1) + methylbenzene(2)) at four
different temperatures: T, = 283.15 K (k;; = 0.0003), T, = 303.15 K (k; = -0.0022), T3 = 313.15 K (k;; = -0.0025), T, = 323.15
K (kj = -0.0027). (d) System (methylbenzene(1) + alpha-methylstyrene(2)) at four different temperatures: T, = 293.15 K (k;;
=-0.0011), T, = 303.15 K (k;; = -0.0010), T3 = 308.15 K (k;; = -0.0009), T, = 313.15 K (k;; = 0.0008). (e) System (2-methyl-
1,3-butadiene(1) + cyclohexane(2)) at five different temperatures: T, = 278.15 K (k;; = 0.0382), T, = 283.15 K (k; = 0.0251),
T3 = 288.15 K (k;; = 0.0155), T, = 293.15 K (k; = 0.0084), Ts = 298.15 K (k; = 0.0032). (f) System (cyclohexane(1) + beta-

pinene(2)) at two different temperatures: T, = 343.15 K (k;; = -0.0158), T, = 358.15 K (k;; = -0.0150).
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Figure 111-14. Prediction of isothermal and isobaric curves in the sub-critical region for eight binary systems using the
PPR78 model. (+) experimental bubble points, (%) experimental dew points. Solid line: predicted curves with the PPR78
model. (a) System (1,3-butadiene(1) + benzene(2)) at four different temperatures: T, = 303.15 K (k;; = 0.0007), T, = 343.15
K (kj = 0.0036), T; = 383.15 K (kj = 0.0070), T, = 413.15 K (kj = 0.0100). (b) System (1,3-butadiene(l) +
methylbenzene(2)) at four different temperatures: T, = 303.15 K (k;; = -0.0090), T, = 343.15 K (k; = -0.0107), T; = 383.15 K
(kij = -0.0119), T, = 413.15 K (k;; = -0.0126). (c) System (1,3-butadiene(1) + cyclohexane(2)) at four different temperatures:
T, =303.15 K (kjj = 0.0244), T, = 343.15 K (k; = 0.0029), T3 = 383.15 K (k;; = -0.0003), T, = 413.15 K (k;; = -0.0010). (d)
System (2-methyl-1-butene(1) + methylbenzene(2)) at P = 1.013 bar, system (2-methyl-1,3-butadiene(1) + methylbenzene(2))
at P = 1.013 bar, system (2-methyl-2-butene(1) + methylbenzene(2)) at P = 1.013 bar. (e) System (cyclohexene(1) + 1,3-
dimethylbenzene(2)) at two different pressures: P; = 0.400 bar, P, = 0.987 bar. (f) System (naphthalene(1) + 1-octadecene(2))
at four different pressures: P, = 0.013 bar, P, = 0.067 bar, P3 = 0.267 bar, P, = 1.013 bar.
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Figure 111-15. Prediction of isothermal curves in the sub-critical and super-critical regions for four binary systems using the
PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points. Solid line:
predicted curves with the PPR78 model. (a) System (ethylene(1) + benzene(2)) at six different temperatures: T, = 210.00 K
(kij = 0.0570), T, = 293.15 K (k; = 0.0092), T; = 348.15 K (k;; = -0.0021), T, = 398.15 K (k;; = -0.0082), Ts = 461.21 K (k;; =

-0.0137), . (b) System (ethylene(1) + toluene(2)) at six different temperatures: T, = 228.05 K (k;
=0.0403), T, = 248.15 K (k; = 0.0289), T3 = 292.65 K (k;j = 0.0139), T, = 346.65 K (k; = 0.0050), Ts = 373.15 K (k; =
0.0025), . (c) System (ethylene(1) + cyclohexane(2)) at six different temperatures: T, = 303.15
K (kj = 0.0410), T, = 323.15 K (k; = 0.0409), T3 = 348.15 K (k;; = 0.0408), T, = 373.15 K (k;; = 0.0408), T5 = 398.15 K (k;; =
0.0408), . (d) System (ethylene(1) + naphthalene(2)) at five different temperatures: T, = 285.15

K (kj =0.1098), T, = 308.15 K (k; = 0.0300), T = 332.10 K (k; = 0.0077), T, = 341.85 K (k;; = 0.0038), T = 352.00 K (k;; =
0.0011).
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Figure 111-16. Prediction of isothermal and isobaric curves for three binary systems that contain two components of very
similar volatility, and predictions of critical locus for five binary systems using the PPR78 model. (+) experimental bubble
points, (%) experimental dew points, (O) experimental critical points, (@) critical points of the pure compounds. Solid line:
predicted curves with the PPR78 model, dashed line: vaporization curve of the pure compounds. (a) System (benzene(1) +
cyclohexene(2)) at two different temperatures: T, = 348.15 K (k; = 0.0109), T, = 353.15 K (k; = 0.0110). (b) System
(ethylbenzene(1) + styrene(2)) at five different pressures: P; = 0.050 bar, P, = 0.067 bar, P3 = 0.133 bar, P4 = 0.150 bar, Ps =
0.267 bar. (c) System (benzene(1) + cyclohexene(2)) at P = 0.987 bar, systeme(cyclohexane(1) + cyclohexene(2)) at P =
1.013 bar. (d) Prediction of the critical locus for five binary systems.
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111.4.4 Results for mixtures of [alkene (or cycloalkene) + CO,(or N,)]

VLE measurements for the binary systems of [alkene (or cycloalkene) + CO;] were
extensively carried out by lots of investigators. Only four binary mixtures containing an
alkene and N, have been found, without any experimental critical point. Furthermore, no
experimental VLE data points of (alkene + H,S) is available in the open literature.

The (ethylene(1) + CO2(2)) system exhibits homogeneous positive azeotrope [see figure
(111-17)], and the phase behavior is very similar to that of (CO(1) + ethane(2)) studied in our
previous paper’ except that there is no temperature minimum in the critical locus of
(ethylene(1) + CO(2)) [see figure (111-17¢)]. The BIP(kij(T)) varies from 0.0535 to 0.0572 as
the temperature changes from 223.15 K to 293.15 K, and accurate results are obtained at any
temperature. Working with long chain or branched alkenes, or even with dienes, our model
can still give good representations of the experimental data in both the sub-critical and super-
critical areas [see figures (111-18,19)]. The accuracy of our model remains constant,
regardless of the alkene chain length (e.g. 1-hexadecene), as shown in figure (I11-20a).
Moreover, the predicted phase envelops of (CO(1) + alpha-methylstyrene(2)) and (CO,(1) +
cyclohexene(2)) are both in good agreement with experimental data [see figures
(111-20Db,20c)]. As the cycloalkene becomes more complex (alpha-pinene, (R+S)-limonene),
the liquid branches are slightly underestimated by our model. It is important to indicate that
for (CO2(1) + (R+S)-limonene(2)) [see figure (111-20e)], when the experimental temperature
varies from T = 323.00 K to T = 323.20 K, the difference in bubble pressure can be as high as
15 bar, which indicates that these experimental data have a great deal of scatter among them.
Figure (111-20f) shows the prediction quality of critical loci for five different binary mixtures
in this family. They all exhibit Type Il phase behavior in the classification of van

Konynenburg and Scott 2.

Regarding the mixtures of (alkene + N;), experimental data points are only available for
four binary systems. The bubble points of (N2(1) + 1,3-butadiene(2)) and (N2(1) + 2-
methylpropene(2)) [see table (111-2)] describe only the small solubility of N, in alkenes at low
temperatures, which have not been plotted here. Figures (l111-21a,21b) present several
isothermal diagrams predicted by our model for two binary systems: (N2(1) + ethylene(2))
and (N2(1) + propene(2)). The objective function is: Fqpj = 5.38 %, which demonstrates that
the PPR78 is able to predict accurately the phase behavior of these mixtures from low to high

temperatures, in spite of the overestimation of critical pressure at intermediate temperatures.
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Figure 111-17. Prediction of isothermal and isobaric curves and prediction of the critical locus for the binary systems:
(ethylene(1) + carbon dioxide(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O)
experimental critical points, () experimental azeotropic points (@) critical points of the pure compounds, (A) Upper critical
end point (UCEP). Solid line: predicted curves with the PPR78 model. Dashed line: predicted critical curves and azeotropic
curves (Pxy and Txy diagrams) and vaporization curve of the pure compounds (PT diagram). (a) System (ethylene(1) +
carbon dioxide(2)) at three different temperatures: T, = 223.15 K (k;; = 0.0535), T, = 231.55 K (k;; = 0.0538), T3 = 243.15 K
(kij = 0.0543). (b) System (ethylene(1) + carbon dioxide(2)) at four different temperatures: T, = 252.95 K (k;; = 0.0548), T, =
258.15 K (kj = 0.0551), T3 = 263.14 K (k; = 0.0553), T, = 273.16 K (k; = 0.0560). (c) System (ethylene(1) + carbon
dioxide(2)) at five different temperatures: T, = 276.65 K (k; = 0.0561), T, = 281.15 K (k;; = 0.0564), T3 = 283.16 K (k; =
0.0565), T, = 288.15 K (k;j = 0.0568), Ts = 293.15 K (kj = 0.0572). (d) System (ethylene(1) + carbon dioxide(2)) at three
different pressures: P, = 50.663 bar, P, = 55.729 bar, P3 = 60.795 bar. (e) Prediction of the critical locus for the binary system
(ethylene(1) + carbon dioxide(2)).
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Figure 111-18. Prediction of isothermal curves for four binary systems using the PPR78 model. (+) experimental bubble
points, (%) experimental dew points. Solid line: predicted curves with the PPR78 model. (a) System (carbon dioxide(1) +
propene(2)) at seven different temperatures: T, = 229.65 K (k; = 0.0920), T, = 273.15 K (k;; = 0.0757), T3 = 298.15 K (k;; =

0.0703), T, = 313.15 K (k;; = 0.0680), T5 = 323.15 K (k; = 0.0667), T, = 343.15 K (k; = 0.0647),

. (b) System (carbon dioxide(1) + 1-butene(2)) at three different temperatures: T, = 273.15 K (k; = 0.0827), T, =
310.85 K (k; = 0.0768), T3 = 318.15 K (k;; = 0.0760). (c) System (carbon dioxide(1) + 1,3-butadiene(2)) at three different
temperatures: T, = 303.00 K (k;; = 0.0463), T, = 313.00 K (k; = 0.0432), T3 = 333.00 K (k;; = 0.0380). (d) System (carbon
dioxide(1) + 1-pentene(2)) at three different temperatures: T, = 303.15 K (k; = 0.0826), T, = 313.15 K (k; = 0.0817), T3 =

328.60 K (k;; = 0.0805).
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Figure 111-19. Prediction of isothermal curves for four binary systems using the PPR78 model. (+) experimental bubble
points, (%) experimental dew points, (O) experimental critical points. Solid line: predicted curves with the PPR78 model. (a)
System (carbon dioxide(1) + 1-hexene(2)) at five different temperatures: T, = 303.15 K (k;; = 0.0845), T, = 323.15 K (k;; =
0.0831), T5 = 343.15 K (k;j = 0.0822), T, = 373.15 K (k; = 0.0819), Ts = 393.15 K (k; = 0.0822). (b) System (carbon
dioxide(1) + 1-heptene(2)) at three different temperatures: T, = 303.15 K (k;; = 0.0887), T, = 323.15 K (k; = 0.0873), T3 =
343.15 K (kjj = 0.0865). (c) System (carbon dioxide(1) + 2-methyl-1-pentene(2)) at three different temperatures: T, = 303.15
K (kj = 0.0706), T, = 323.15 K (k; = 0.0759), T3 = 343.15 K (k;; = 0.0845). (d) System (carbon dioxide(1) + 2-ethyl-1-
butene(2)) at three different temperatures: T, = 313.15 K (k;; = 0.0724), T, = 348.15 K (k; = 0.0870), T3 = 373.15 K (k;; =
0.1075).
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Figure 111-20. Prediction of isothermal curves for five binary systems, and prediction of the critical locus for five binary
systems using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical
points, (@) critical points of the pure compounds. Solid line: predicted curves with the PPR78 model. Dashed line:
vaporization curve of the pure compounds. (a) System (carbon dioxide(1) + 1-hexadecene(2)) at three different temperatures:
T, = 314.20 K (k;j = 0.0784), T, = 394.10 K (k; = 0.0787), T3 = 531.30 K (k;; = 0.0929). (b) System (carbon dioxide(1) +
alpha-methylstyrene(2)) at three different temperatures: T, = 323.00 K (k;j = 0.0767), T, = 353.20 K (k; = 0.0813), T3 =
393.10 K (kj; = 0.0965). (c) System (carbon dioxide(1) + cyclohexene(2)) at three different temperatures: T, = 315.45 K (k;; =
0.1000), T, = 333.85 K (k;; = 0.1026), T3 = 347.25 K (k;; = 0.1043). (d) System (carbon dioxide(1) + alpha-pinene(2)) at three
different temperatures: T, = 313.15 K (k;; = 0.0783), T, = 323.15 K (k; = 0.0804), T3 = 328.15 K (k;j; = 0.0816). (¢) System
(carbon dioxide(1) + (R+S)-limonene(2)) at three different temperatures: T, = 323.00 K (k;; = 0.0821), T, = 323.15 K (k; =
0.0822), T3 =323.20 K (ki = 0.0822). (f) Prediction of the critical locus for five binary systems.
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Figure 111-21. Prediction of isothermal curves for six binary systems using the PPR78 model. (+) experimental bubble
points, (%) experimental dew points. Solid line: predicted curves with the PPR78 model. (a) System (nitrogen(1) +
ethylene(2)) at five different temperatures: T, = 134.00 K (k;; = 0.0849), T, = 160.00 K (k; = 0.0841), T3 = 200.00 K (k;; =
0.0837), T, = 240.00 K (k;j = 0.0841), Ts = 260.00 K (kj = 0.0845). (b) System (nitrogen(1) + propene(2)) at four different
temperatures: T, = 194.65 K (k;; = 0.1463), T, = 218.45 K (k; = 0.1246), T3 = 260.00 K (k; = 0.0940), T, = 290.00 K (k; =
0.0757). (c) System (ethylene(1) + water(2)) at six different temperatures: T, = 310.93 K (kj; = 0.2922), T, = 377.59 K (k; =
0.3784), T3 = 410.93 K (k; = 0.4238), T, = 473.15 K (k; = 0.5136), Ts = 523.15 K (k; = 0.5909),

. (d) System (propene(1) + water(2)) at seven different temperatures: T, = 377.70 K (k;j = 0.4754), T, = 410.84 K (k;
= 0.3890), T = 441.15 K (k; = 0.3241), T, = 519.15 K (k; = 0.2002), T5 = 573.15 K (k; = 0.1390),

, . (e) System (1-butene(1) + water(2)) at T = 310.93 K (k;; = 0.9193). (f) System (1-
butene(1) + water(2)) at T = 417.15 K (k;; = 0.4910).
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111.4.5 Results for mixtures of (alkenes + water)

According to our data base, 502 bubble points, 343 dew points and no critical point have
been collected over 6 binary systems which consist of an alkene and water. Figure (111-21c)
shows six isothermal phase diagrams for (ethylene(1) + H,O(2)). At low temperature T =
310.93 K, immiscibility dominates the phase area. As the temperature increases, the mutual
solubility increases and the solubility of water in ethylene-rich liquid is more significant. It is
really difficult for our model to quantitatively describe these LLE in a wide temperature range.
Similar phase phenomena can also be observed for the mixture of (propene(1) + H,O(2)) at
seven different temperatures [see figure (I11-21d)]. Once again, solubility of water in
propene-rich liquid at low temperatures seems to be well predicted while the mutual solubility
at moderate temperatures becomes less accurate, especially the isothermal curves at T =
441.15K. At T = 603.15 K, the experimental isotherm seems to form a closed phase envelop,
while the predicted curves still present an open phase envelop to higher pressures. At T =
623.15 K, the predicted phase diagram presents two coexistent regions: VLE and LLE, but the
VLE are underestimated, compared to the experimental data. Considering (1-butene(l) +
water(2)), experimental points at two different temperatures are perfectly predicted, including
VLE and LLE [figures (111-21e,21f)]. The performance of our model for this system at higher

temperatures has not been verified.
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111.5 Conclusion

In this paper, the alkenic and cycloalkenic groups were added to the PPR78 model, and
accurate results are obtained over wide temperature ranges, owing to the fact that most of the
196 binary systems investigated here exhibit Type | or Type Il phase behavior in the
classification of van Konynenburg and Scott. It is important to notice that for the mixtures
that present nearly ideal phase behavior, small deviation between the calculated pure
component saturated pressure and the experimental one will induce a large change of the

phase envelop, especially for the azeotropic phase phenomena.

For all the binary mixtures studied, the BIP(ki(T)) is always near zero and it has a
necessary dependence on temperature, except that BIP(k;(T)) varies a lot from low to high
temperatures for the water containing systems. In conclusion, this paper makes it possible to
estimate the k; for any mixtures that contain cycloalkenes, alkenes, water, N, CO,,

naphthenes, aromatics and alkanes at any temperature.
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Chapitre V. Extension du modéle PPR78 aux systémes contenant
de I’hydrogéne

Depuis de nombreuses années, I’hydrogeéne est utilis¢é pour de multiples applications
industrielles. La principale utilisation de I’hydrogene est 1’¢limination du soufre,
naturellement contenu dans le pétrole, pour produire des carburants propres : la désulfuration.
L’hydrogene est aussi le carburant de fusées ou de lanceurs spatiaux comme ARIANE 5. 11 est
aussi utilisé :

» dans la chimie pour fabriquer des fibres textiles comme le nylon, des mousse polyuréthanes
ou des matiéres plastiques ;

* dans I’industrie du verre, pour fabriquer du verre plat ;

* dans 1’¢lectronique, comme gaz vecteur ;

* dans la métallurgie pour le traitement thermique de I’acier.

De plus, la pollution et I’effet de serre sont de plus en plus des sujets couramment discutés,
c’est pourquoi la transition de 1’énergie ‘fossile’ a 1’énergie utilisant H, (e.g. dans la pile a
combustible), sera nécessaire. Dans ce chapitre le groupe H, sera inclus au modéle PPR78 et

nous présenterons les résultats concernant la prédiction du comportement des mélanges

binaires asymétriques.
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1VV.1 Introduction

Hydrogen has wide applications in the petroleum and chemical industries, including
hydrodealkylation, hydrodesulfurization and hydrocracking. Apart from these, the great
attraction of hydrogen is that, once isolated, it is a clean burning fuel that produces neither
carbon dioxide (a greenhouse gas) nor toxic emissions and can be used for electricity
production, transportation, and other energy needs. It can be treated as the long-run solution
by reason of the environment problems associated with fossil fuels.

In many industrial processes, the VLE behavior of hydrogen containing mixtures in wide
temperature and pressure ranges is required to design and optimize the processes. It is
therefore necessary to develop models able to accurately predict the VLE in both the sub-
critical and critical regions, without the use of experimental data.

It is well known that cubic equations of state (cubic EoSs) are largely used for the
calculations in the refinery industry because they are simple, robust and predictive in certain
extent. However, at high densities, the properties of H, containing mixtures are likely to be
influenced by the quantization of translational motion as demonstrated by Sadus®. Therefore,
the description of the VLE of these mixtures with cubic EoS will be a challenge, owing to the

asymmetric nature of these mixtures and the quantum behavior of hydrogen.

In order to meet these requirements, many authors have used a cubic EoS with either a
modified alpha function (EI-Twaty and Prausnitz.?, Wang and Zhong®, and Twu et al.?), or
different methods for computing hydrogen-hydrocarbon binary interaction parameters Kkij;
(Moysan et al.”®, Gray et al.” and Valderrama et al.?). Other authors (Huang et al.’, loannidis
and Knox.' and Gao et al.'*) used a cubic EoS, together with complex mixing rules. Recently,
the SAFT equation of state has been successfully applied to predict hydrogen-hydrocarbon
phase equilibrium by Ghosh et al.*?, Florusse et al."* and Thi et al.*.

However, additional pure and binary parameters required in the cubic EoS can be used
only for the selected experimental data and they are usually unsuitable for extrapolation. The
SAFT equation of state is actually restricted to linear alkanes and alkenes. Among all the
authors that investigated the H,-containing mixtures, only Sadus® and Polishuk and Vera™

have calculated the critical loci in the P-T projection. However, their pressure domain was
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limited (up to 600 bar for Sadus' and 850 bar for Polishuk and Vera™) and they did not

analyze all the mixtures available in the open literature.

In this work, the hydrogen group is added to the PPR78 model (predictive 1978, Peng-
Robonson Eo0S) so as to predict the VLE and critical loci of hydrogen containing mixtures.
Such a model combines the widely used Peng-Robinson EoS with a group contribution
method aimed at estimating the temperature dependent binary interaction parameters (kij(T)).

1622 and Chapter II, 111, twenty groups were defined: CHs, CH,, CH, C,

In our previous papers
CH4 (methane), CoHg (ethane), CHaro, Caror Crused aromatic ringss CH2,cycticv CHeyelic = Ceyelicy CO2,
No, H.S, -SH, H,O, CH,=CH, (ethylene), CHaaikenic = CHaikenic, Caikenic @nd CHeycloalkenic =
Ceycloalkenic. I this paper, the interactions between this new group (H.) and the twenty ones
previously defined are determined. It is thus possible to estimate, at any temperature, the ki;
between two components in any mixture containing paraffins, aromatics, naphthenes, CO,, N,

H.S, mercaptan, water, olefins and Hs.
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V.2 Database and reduction procedure

Table I'V-1. List of the 47 pure components used in this study

Component Short name Component Short name
hydrogen H, 1,3,5-trimethylbenzene 135mB
methane 1 isopropylbenzene iprB
ethane 2 naphthalene BB
propane 3 1-methylnaphthalene 1mBB
n-butane 4 2-methylnaphthalene 2mBB
n-pentane 5 diphenylmethane Dph
n-hexane 6 phenanthrene phe
n-heptane 7 cyclohexane C6
n-octane 8 methylcyclohexane mC6
n-nonane 9 1,2,3,4-tetrahydronaphthalene(tetralin) tet
n-decane 10 trans-decalin tCC6
n-dodecane 12 1,1’-bicyclohexyl bey
n-tetradecane 14 carbon dioxide CO;
n-hexadecane 16 Nitrogen S
n-eicosane 20 hydrogen sulfide H,S
2-methylpropane(isobutane) 2m3 Water H,O
2,3-dimethylbutane 23m4 Ethylene a2
2,2, A-trimethylpentane(isooctane) 224m5 Propene a3
Benzene B 1-hexadecene 1a6
methylbenzene(toluene) mB 1-heptene la7
1,3-dimethylbenzene(m-xylene) 13mB 1-octene 1a8
1,4-dimethylbenzene(p-xylene) 14mB alpha-methylstyrene Bma2
ethylbenzene eB cyclohexene aC6
1,2,4-trimethylbenzene 124mB

Table (IV-1) presents the list of the 47 pure components involved in this study. The pure
fluid physical properties (T, Pc and @) used in this study originate from two sources. We have
used Poling et al.® for alkanes, cyclo alkanes, aromatic compounds, CO,, Ny, H,S, H-0,
alkenes and H,. As some mercaptans and alkenes were missing in this book, the DIPPR
database was used instead. Table (IV—2) details the sources of the binary experimental data

used in our evaluations®*1#?

along with the temperature, pressure and composition range for
each binary system. Most of the data available in the open literature (5446 bubble points +
3784 dew points + 114 mixture critical points) have been collected. Our database includes
VLE data on 46 binary systems. The 40 parameters (20 Ay and 20 Byj) determined in this
study [see Table (I-2)], are those which minimize the objective function defined in equation

(1-105).
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Table 1V-2. Binary systems database

Binary system Temperature range Pressure range (bar)  x; range y; range Number of bubble Number of dew points ~ Number of binary References
(1% compound-2™ (K) (1% compound liquid ~ (1* compound gas points (T,P,x) (T,Py) critical points

compound) mole fraction) mole fraction) (Tem, Pem, Xc)

H,-3 93.15-366.40 6.89-551.58 0.0013-0.6690 0.1100-0.9990 445 319 14 228

H,-4 144.26-394.25 20.68-534.34 0.0080-0.3410 0.2130-0.9985 124 100 0 282

Ho-5 273.15-463.15 6.93-275.90 0.0044-0.2590 0.3730-0.9965 110 29 0 3334

H,-6 277.59-506.48 12.40-689.48 0.0105-0.7000 0.1000-0.9980 159 98 8 3538

Ho-7 238.15-498.85 1.01-784.54 0.0005-0.8100 0.2500-0.9650 66 48 2 39-44

H,-8 248.15-543.15 1.01-173.30 0.0005-0.2500 0.0305-0.9068 145 115 0 35,36-42, 4547
Hp-9 298.15-324.65 1.01-1.01 0.0007-0.0008 - 3 0 0 40

H,-10 283.17-583.45 1.01-303.98 0.0007-0.5013 0.6025-0.9998 267 32 0 33,35, 40, 48-53
H,-12 344.30-422.00 14.20-347.15 0.0144-0.2990 0.9868-0.9993 36 12 0 5455

H,-14 328.15-473.15 40.53-303.98 0.0330-0.3260 - 12 0 0 53

H,-16 298.13-664.05 11.51-300.00 0.0180-0.5192 0.6054-0.9994 190 32 0 48,56-58
H,-20 323.20-573.25 9.94-129.10 0.0113-0.1289 0.9617-0.9996 37 10 0 49,59
Hp-2m3 310.93-394.26 34.48-206.85 0.0225-0.2470 0.2480-0.9571 22 22 0 54
H,-23m4 308.15-483.15 27.17-164.50 0.0268-0.1273 - 92 0 0 3
H,-224m5 26.50-523.15 1.01-1078.70 0.0006-0.8160 0.2470-0.9984 94 88 2 39-40, 42:43, 50, 54, 60
Ho-1 66.89-183.12 2.20-1414.00 0.0018-0.6800 0.0338-0.9998 606 643 15 30,6171
Hp-2 83.00-283.15 2.67-5625.00 0.0022-0.7980 0.0847-1.0000 400 425 11 2,66,72.75
H,-B 283.15-533.15 1.01-2941.99 0.0002-0.5940 0.0110-0.9984 227 191 0 39,42,45,76-84
H,-mB 208.15-575.15 1.01-327.00 0.0002-0.5140 0.2100-0.9976 125 60 0 35,39, 42, 50, 60,80, B5-86
H,-13mB 295.00-593.15 8.51-254.41 0.0053-0.3241 0.1741-0.9898 143 52 0 33,42,87-88
H,-14mB 308.15-573.15 26.66-148.75 0.0281-0.1550 - 117 0 0 3

H,-eB 295.00-298.15 44.13-294.20 0.0161-0.0839 - 7 0 0 42,80
H,-135mB 298.15-298.15 49.03-294.20 0.0151-0.0895 - 3 0 0 &
H,-124mB 295.00-295.00 69.90-173.30 0.0248-0.0571 - 4 0 0 42

Ho-iprB 323.00-488.15 6.89-303.98 0.0034-0.2870 - 27 0 0 53,89-%0
H,-Dph 462.75-701.65 20.27-253.31 0.0123-0.3056 0.4497-0.9989 27 27 0 &

H,-BB 373.20-423.20 42.90-193.90 0.0157-0.0567 - 14 0 0 &
H,-1mBB 328.15-730.05 20.27-303.98 0.0100-0.3362 0.3084-0.9980 110 36 0 3,53, 61-62
H,-2mBB 353.15-433.15 19.20-131.30 0.0061-0.0529 - 23 0 0 93

H,-phe 383.20-699.82 13.79-252.30 0.0038-0.0840 0.8275-1.0000 71 6 0 56.82,94-65
Ho-C6 293.15-523.15 1.01-690.37 0.0004-0.3667 0.5490-0.9973 279 69 0 33,42,76, 80, 84,89, 56-99
H,-tet 423.15-662.59 17.37-273.30 0.0100-0.2824 0.3765-0.9985 89 77 0 83,100-104
H,-mC6 295.00-498.65 24.52-961.05 0.0170-0.7900 0.4640-0.9780 36 27 1 42:43,80
H,-tCC6 338.15-473.15 40.53-303.98 0.0140-0.1950 - 12 0 0 5

H,-bcy 462.15-701.65 20.27-253.31 0.0054-0.4239 0.0602-0.9977 28 28 0 105

H,-CO; 219.90-298.15 9.30-1918.00 0.0013-0.6400 0.0425-0.9335 302 300 11 30, 106-113
Ho-N, 25.10-122.04 1.32-580.00 0.0119-0.6200 0.0821-1.0000 307 398 11 30,6770, 112, 114-126
Ho-H,S 243.15-273.15 10.13-50.66 0.0020-0.0200 0.3220-0.9100 11 11 0 12

H,-H,0 273.15-636.10 3.45-1013.25 0.0000-0.0164 0.1000-0.9994 146 82 0 57, 128135
Hp-a2 112.00-281.70 2.00-5998.30 0.0043-0.7800 0.0207-0.9997 304 309 23 2,68, 136-039
H,-a3 173.15-364.70 17.23-551.21 0.0044-0.4625 0.0288-0.9970 46 42 16 28,136,140
H,-1a6 313.20-453.20 40.53-303.98 0.0400-0.4140 0.6415-0.9977 60 48 0 53,141
Ho-1a7 333.15-473.15 40.53-303.98 0.0280-0.3530 - 12 0 0 5

H,-1a8 295.00-463.15 40.53-303.98 0.0240-0.3410 0.8740-0.9997 65 48 0 42,583,141
H,-Bma2 287.95-373.15 1.01-130.00 0.0000-0.0407 - 33 0 0 89-%0,142
H,-aC6 303.15-373.15 6.89-68.95 0.0024-0.0397 - 10 0 0 8

Total number of points: 5446 3784 114
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V.3 Difficulties in predicting the phase behavior of hydrogen

containing mixtures
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Figure 1\V-1. Prediction of the critical loci and prediction of isothermal curves for the binary system: (Hy(1) + ethane(2)). (+)
experimental bubble points, (%) experimental dew points, (O) experimental critical points, (@) critical points of the pure
compounds. (LJ) k; value corresponding to the temperature of experimental critical point (a) (solid line) prediction of the
critical locus using the Peng-Robonson EoS with classical mixing rules and a temperature-dependent k;; (dashed lines)
prediction of the critical loci using the Peng-Robonson EoS with classical mixing rules and three constant kj values. (b)
Prediction of isothermal curves at T = 149.50 K, using the Peng-Robonson EoS with classical mixing rules and two constant
ki values: and ki) = -0.097.

Most of the hydrogen containing systems exhibit Type IIl phase behavior in the
classification scheme of Van Konynenburg and Scott**. By considering our previous studies,
we can conclude that, even with a temperature-dependent k;j(T), the Peng-Robinsen equation
of state (EoS) is not able to predict accurately two kinds of Type Il critical loci: (1) The
critical curve shows a pressure minimum and a pressure maximum, and the slope of the
critical curve at low temperature (near the upper critical end point) is often very steep (a small
change of temperature induces a large change of pressure). The example of (ethylene(1) +
naphthalene(2)) can be found in section 111.4.3, Chapter I1l. (2) The critical line which starts at
the critical point of the less volatile substance goes through a temperature minimum and goes
steeply to high pressure. The example of (methane(1) + water(2)) can be found in section
11.3.1, Chapter II.

As shown in figure (IV—1a), the experimental critical data of (hydrogen(1) + ethane(2))
mixture starts from the critical point of ethane, then rises slowly until P = 1000 bar, and
finally goes steeply to extremely high pressure (P > 1000 bar). It seems to have a temperature
minimum at high pressures but we do not have any experimental support, even if the highest

critical pressure is as high as 5625 bar. In figure (IV—1a), were plotted three calculated critical
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loci (dashed lines) by using the Peng-Robinson EoS with classical mixing rules and three
constant k;; value ( , kij = 0.0084, and k;; = -0.1048). From this figure, it is obvious

that a single ki value can not manage this Type Il phase phenomena.

In the same time, we have fitted the 11 critical points by using temperature-dependent
BIP(kij(T)) and good results have been obtained [solid line in figure (IV—1a)]. The
corresponding ki-T curve is plotted in an enlarged scale in figure (I\V—1a). These results
indicate that by using the Peng-Robinson EoS with classical mixing rules, the k;; value has a
huge influence on the calculated critical locus and it has a significant dependence on
temperature. However, as discussed in chapter Il section 11.3.1, the parameters (As-21, Bs-21)
fitted on these critical points here could not describe very well the entire phase space in a
wide range of temperature and pressure. Furthermore, by varying the two parameters (As.21,
Bs-21), it was found that the more accurate the critical locus is, the worse the objective
function defined by equation (I1-105) would be. In these conditions, a compromise between
the restitution of VLE (or LLE) and that of critical loci appears to be necessary.

In spite of that, VLE in the temperature range [the gray part in figure (IV—1a)] where a
small change of temperature induces a large change of pressure is not an easy task. Firstly, it
IS necessary to notice that even if we do not consider the experimental critical points in this
temperature range, the objective function over VLE is significant. To illuminate this point, we
have plotted in figure (IV—1b) the isothermal diagram at T = 149.50 K by using the best ki;
value ( ) for this isotherm. The objective function over the 34 bubble points and 34
dew points is: Foy; = 18.71 %. Secondly, the objective function over VLE will be much more
significant if we consider only the mixture critical points in this temperature range. In figure
(IV—1b) we have plotted the isothermal diagram at T = 149.50 K (k;; = -0.097) by using the
parameters (As.21, Be-21) fitted on critical points. As can be seen, huge deviations appear on
both the bubble curve and the dew curve, and the objective function is: Foy; = 43.59 %. For
these reasons, we can conclude that the compromise between the representation of critical
points and that of the whole phase envelope in this temperature range become very weak. As

a result, the critical pressures in this region will be always overestimated.
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1VV.4 Results and discussion

For all the data points included in our database, the objective function defined by equation
(1-105) is: Fy,; =8.79%.

The average overall deviation on the liquid phase composition is:

Npubble
(‘Xl,exp ~Xycal DI

Axy = =L =0.015. Moreover
Npubble Npubble

Fobj,bubble .44 %

The average overall deviation on the gas phase composition is:

Ngew

Z (‘Y1 exp ~ Yical ‘)

F
Ay, == =0.014. Moreover —229% _ g 35 o4
Ngew Ndew

The average overall deviation on the critical composition is:

Nerit

Z (‘Xcl,exp ~ Xct,cal DI

. =
Axg =1L —0.020. Moreover -22et-comp _ g g4 o
Nerit Nerit

The average overall deviation on the binary critical pressure is:

i ‘ cm,exp cm cal‘
100 E 5
AP.% — I:obj,crit. pressure i=1 cm,exp .
%0 =

= L =11.02%
Nerit Nerit

The value of the objective function indicates that the PPR78 remains capable to predict the
phase behavior for binary systems involving hydrogen with good accuracy. Moreover, this
objective function value can be explained by the following reasons:

(1) Some experimental data reported in the literature are generally inconsistent and there are

obvious scatters among them.

(2) Large immiscibility at low temperature inevitably increases the objective function.
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(3) All the binary systems in this study present Type Ill phase behavior, which is difficult to
predict with a cubic equation of state even with temperature dependent k;;(T).

(4) We have made a compromise between the restitution of VLE (or LLE) and that of critical

loci.

(5) Some binary systems: (hydrogen(1) + ethane(2)) and (hydrogen(1) + ethylene(2)) are
really difficult to correlate even if we do not consider the experimental critical points, as

discussed in section 1V.3.

In order to illustrate the accuracy and the limitations of our model, it was decided to define
several families of binary systems which could give a good representation of the whole data
base.
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IV.4.1 Results for mixtures of [hydrogen + n-alkanes (or branched alkanes)]

In this family, various binary mixtures have been investigated experimentally and there is a
vast amount of VLE, LLE and critical points in our data base although we have not found any
critical point for mixtures containing an n-alkane heavier than n-heptane. All the 18 binary
mixtures belonging to this family exhibit Type Il phase behavior in the classification scheme

of van Konynenburg and Scott**.

We have plotted in figures (IV—2,3,4a,4b), the predicted isothermal diagrams for 12 binary
mixtures containing H, and an alkane. At low temperatures, the relatively low solubility of H,
in the alkane-rich phase and the high purity of H; in the other phase can be observed. As the
temperature increases, most of the isotherms form a closed phase envelop at moderate and
high temperatures. Considering the mixtures which consist of H, and a long chain n-alkane,
only the mutual solubility at low and moderate pressures can be observed and the prediction
of isothermal diagrams at higher pressures has not been verified because of the lack of
experimental data. These graphic results together with the objective function over all the
experimental points in this family: Foyj = 9.05 %, indicate that our model is able to correlate

these experimental data over wide ranges of temperature and pressure.

It is important to notice that the predicted phase envelope of (H2(1) + n-hexane(2)) at T =
477.59 K [figure (IV—3a)] and that of (H2(1) + isooctane(2)) at T = 523.15 K [figure (IV—4b)]
are not in good agreement with experimental data, because of the compromise between the
restitution of VLE (or LLV) and that of critical loci that was made in our study. Moreover, as
discussed in section V.3, the phase behavior of (Hz(1) + ethane(2)) between T = 129.80 K
and T = 169.40 K is very difficult to be well predicted [see figure (IV—2c)]. The experimental
points of this mixture in figure (IV—2c¢) indicate that the two isotherms at T = 149.50 K and T
= 169.40 K form a closed phase envelop, the critical pressure of which are at P = 4830 and
2685 bar, respectively. However, in spite of the compromise, the critical pressures are still

largely overestimated by our model.

As shown in figure (IV—4c), satisfactory results are obtained for all the experimental
critical points in this family. In order to compare our prediction with that of Polishuk et al.*,
we have plotted the critical locus in an enlarged scale [see figure (IV—4d)] and the predictions

obtained here are a little better, especially for (Hz(1) + ethane(2)).
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Figure TV-2. Prediction of isothermal curves for four binary systems: (hydrogen(1) + methane(2)), (hydrogen(1) +
ethane(2)), (hydrogen(1) + propane(2)) and (hydrogen(1) + n-butane(2)) using the PPR78 model. (+) experimental bubble
points, (%) experimental dew points, (O) experimental critical points. Solid line: predicted curves with the PPR78 model. (a)
System (hydrogen(1) + methane(2)) at seven different temperatures: T, = 66.89 K (k;; = -0.1302), T, = 90.75 K (k; = -0.0711),
T3 =113.10 K (k; = -0.0208), T4 = 127.00 K (k;; = 0.0086), Ts = 143.05 K (k;; = 0.0413),
. (b) System (hydrogen(1) + methane(2)) at seven different temperatures: T; = 120.00 K (kIJ

0.0061), T, = 130.00 K (k; = 0.0148), T3 = 140.00 K (k; = 0.0352), T4 = 150.00 K (k; = 0.0551), T5s = 159.20 K (kIJ =
0.0731), . (c) System (hydrogen(1) + ethane(2)) at four different
temperatures: T, = 129.80 K (k;; = -0. 0517) T, =149.50 K (k; = -0.0307), T3 = 169.40 K (k;; = -0.0105), T4 = 189.55 K (k;;
=0.0093). (d) System (hydrogen(1) + ethane(2)) at six different temperatures: T, = 212.15 K (k; = 0.0307), T, = 228.15 K
(kj = 0.0454), T3 = 240.15 K (k;j = 0.0562), T4 = 255.37 K (k;; = 0.0697), Ts = 268.15 K (k;; = 0.0808),

. () System (hydrogen(1) + propane(2)) at seven different temperatures: T, = 98.15 K (k; = 0.1291), T, = 173.15 K
(kj = 0.1464), T3 = 223.15 K (k;; = 0.1639), T, = 277.59 K (k; = 0.1858), T5 = 310.93 K (k; = 0.2001),

. (f) System (hydrogen(1) + n-butane(2)) at seven different temperatures: T, = 172.04 K

(kj=0. 0973) T, =213.60 K (kj = 0.1222), T3 = 260.93 K (k; = 0.1494), T, = 297.04 K (k;; = 0.1697), Ts = 327.65 K (k;; =
0.1866), ,
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Figure 1V-=3. Prediction of isothermal curves for six binary systems: (hydrogen(1l) + n-hexane(2)), (hydrogen(1) + n-
heptane(2)), (hydrogen(1) + n-decane(2)) , (hydrogen(l) + n-tetradecane(2)) , (hydrogen(l) + n-hexadecane(2)) and
(hydrogen(1) + n-eicosane(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O)
experimental critical points. Solid line: predicted curves with the PPR78 model. (a) System (hydrogen(1) + n-hexane(2)) at
seven different temperatures: T, = 277.59 K (k;; = 0.1782), T, = 310.93 K (k; = 0.2004), T3 = 344.26 K (k; = 0.2219), T4 =
377.59 K (kjj = 0.2428), Ts = 410.93 K (k; = 0.2634), . (b) System
(hydrogen(1) + n-heptane(2)) at four different temperatures: T, = 295.00 K (k;; = 0. 2050) T, =424.15 K (kj = 0.2899), T3 =
471.65 K (kj; = 0.3195), T, = 498.85 K (k;; = 0.3362). (c) System (hydrogen(1) + n-decane(2)) at seven different temperatures:
T, =283.20 K (kij = 0.2446), T, = 328.00 K (k; = 0.2774), T = 387.80 K (k;j = 0.3192), T, = 462.45 K (k; = 0.3693), Ts =
503.35 K (k; = 0.3960), . (d) System (hydrogen(1) + n-
tetradecane(2)) at three different temperatures: T, = 328. 15 K (kj = 0.3416), T, = 403.15 K (k; = 0.3950), T3 = 473.15 K (k;
= 0.4429). (e) System (hydrogen(1) + n-hexadecane(2)) at five different temperatures: T, = 461.65 K (k; = 0.4573), T, =
542.25 K (kj = 0.5120), T3 = 573.15 K (kj = 0.5327), T, = 622.85 K (k;j = 0.5658), Ts = 664.05 K (kj; = 0.5931). (f) System
(hydrogen(1) + n-eicosane(2)) at five different temperatures: T, = 323.20 K (k;; = 0.4268), T, = 373.20 K (k; = 0.4633), T3 =
423.20 K (kj; = 0.4987), T, = 473.55 K (k;j = 0.5337), Ts = 573.25 K (k;; = 0.6018).
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Figure IV—4. Prediction of isothermal curves for two binary systems: (hydrogen(1) + isobutane(2)) and (hydrogen(1) +
isooctane(2)), and prediction of the critical locus for six binary systems containing hydrogen and an alkane using the PPR78
model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points, (@) critical points of
the pure compounds. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization curve of the pure
compounds. (a) System (hydrogen(1) + isobutane(2)) at four different temperatures: T, = 310.93 K (kj = 0.3781), T, =
338.71 K (kj = 0.3733), T3 = 366.48 K (kj; = 0.3708), T, = 394.26 K (kj; = 0.3699). (b) System (hydrogen(1) + isooctane(2))
at six different temperatures: T; = 310.93 K (k;; = 0.3354), T, = 366.48 K (k;; = 0.3052), T3 = 423.95 K (k; = 0.3077), T, =
471.65 K (kj = 0.3176), Ts = 499.35 K (k;; = 0.3247),
the six binary systems containing hydrogen and an alkane using the PPR78 model.
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1V.4.2 Results for mixtures of (hydrogen + aromatic compound)

According to our data base, we have collected 1270 experimental data points over 13
binary mixtures, unfortunately, no critical point has been found. As a result, the prediction
quality of critical locus has not been verified. Due to the fact that our data-fitting procedure
was carried out by using VLE (or LLE) data, it is not surprising that the objective function
obtained in this family is quite good: Fqpj = 4.85 %. As shown in figure (I\V-5), the predicted
isothermal diagrams are in close agreement with experimental data. On the other hand, we
need to notice that the predicted curves of (H2(1) + methylbenzene(2)) at T = 568.15 K [see
figure (IV—5b)] are not very accurate because no compromise between the prediction of VLE
(or LLV) and that of critical loci was made in this family. By looking at six different binary
mixtures in figure (IV=5), BIP (kj(T) is very significant and it is an increasing function of

temperature for each system.

IV.4.3 Results for mixtures of (hydrogen + naphthenic compound)

Considering 5 binary mixture belonging to this family, only one critical point of (Hx(1) +
methylcyclohexane(2)) was found, among 647 experimental points available in the open
literature. The compromise between this critical point and the bubble and dew curves
representation was adopted. As a result, the bubble curve of (Hx(1) + 1,1°-bicylcohexyl(2)) at
T = 701.65 K is not very accurate [see figure (IV—6d)]. In spite of that, the objective function
obtained here is still quite good: Fqp; = 4.88 %. The corresponding prediction of isothermal

curves for four different binary mixtures is plotted in figure (IV—6).
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Figure IV-5. Prediction of isothermal curves for six binary systems: (hydrogen(1) + benzene(2)), (hydrogen(1) + toluene(2)),
(hydrogen(1) + 1,3-dimethylbenzene(2)), (hydrogen(1) + isopropylbenzene(2)), (hydrogen(l) + diphenylmethane(2)) and
(hydrogen(1) + 1-methylnaphthalene(2)) using the PPR78 model. (+) experimental bubble points, (%) experimental dew
points. Solid line: predicted curves with the PPR78 model. (a) System (hydrogen(1) + benzene(2)) at six different
temperatures: T, = 338.71 K (k;; = 0.3204), T, = 394.26 K (k; = 0.4314), T3 = 443.15 K (k; = 0.5260), T,= 473.15 K (k; =
0.5830), Ts = 503.15 K (kj; = 0.6391), . (b) System (hydrogen hydrogen(1) + toluene(2)) at five
different temperatures: T = 323.15 K (k;; = 0.3426), T, = 461.85 K (k; = 0.5103), T5 = 502.15 K (k; = 0.5671), T, = 542.15
K (kj = 0.6258), Ts = 568.15 K (k;j = 0.6650). (c) System (hydrogen(1) + 1,3-dimethylbenzene(2)) at six different
temperatures: T, = 353.00 K (k;j = 0.3877), T, = 413.00 K (k; = 0.4213), T3 = 462.40 K (k; = 0.4618), T, = 502.30 K (k;; =
0.5002), Ts = 542.60 K (k;j; = 0.5430), . (d) System (hydrogen(1) + isopropylbenzene(2)) at three
different temperatures: T; = 343.15 K (k;; = 0.4620), T, = 413.15 K (k;; = 0.5246), T3 = 488.15 K (k;; = 0.6027). (¢) System
(hydrogen(1) + diphenylmethane(2)) at four different temperatures: T, = 462.75 K (k; = 0.6928), T, = 541.85 K (k; =
0.8268), T5 = 621.75 K (k; = 0.9730), T, = 701.65 K (k;; = 1.1296). (f) System (hydrogen(1) + 1-methylnaphthalene(2)) at
five different temperatures: T, = 462.15 K (k;; = 0.4926), T, = 541.85 K (k; = 0.5750), T3 = 621.75 K (k; = 0.6721), T, =
701.65 K (k;; = 0.7810), T5 = 730.05 K (kj; = 0.8224).
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Figure IV—6. Prediction of isothermal curves for four binary systems: (hydrogen(1l) + cyclohexane(2)), (hydrogen(1) +
tetralin(2)), (hydrogen(1) + methylcyclohexane(2)) and (hydrogen(1) + 1,1’-bicyclohexyl(2)) using the PPR78 model. (+)
experimental bubble points, (%) experimental dew points, (O) experimental critical points. Solid line: predicted curves with
the PPR78 model. (a) System (hydrogen(1) + cyclohexane(2)) at four different temperatures: T, = 310.93 K (k;; = 0.2789), T,
= 344.26 K (k;j = 0.3331), T3 = 377.59 K (k;; = 0.3855), T, = 410.93 K (k;; = 0.4365). (b) System (hydrogen(1) + tetralin(2))
at four different temperatures: T, = 462.75 K (kj; = 0.4561), T, = 541.85 K (k;; = 0.5554), T3 = 621.75 K (k; = 0.6637), T, =
662.25 K (k;j = 0.7211). (c) System (hydrogen(1) + methylcyclohexane(2)) at four different temperatures: T, = 295.00 K (k;;
=0.1242), T, = 424.15 K (k; = 0.2412), Ty = 471.65 K (k;; = 0.2869), T, = 498.65 K (k;; = 0.3123). (d) System (hydrogen(1)
+ 1,1°-bicyclohexyl(2)) at four different temperatures: T, = 462.15 K (kj = 0.3354), T, = 541.85 K (k;; = 0.4239), T3 = 621.75
K (ki = 0.5118), T,= 701.65 K (k;; = 0.6000).
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I1V.4.4 Results for mixtures of [hydrogen + CO, (or N, or H,S or H,0)]

Mixtures of (H2(1) + CO,(2)) and (H2(1) + N2(2)) present many reliable experimental data.
As shown in figure (IV—9a), Type Il phase behavior can be observed for both of them. In the
vicinity of the critical point of the less volatile component (CO; or Ny), the critical loci are
perfectly predicted, as well as the corresponding P-xy diagrams [see figures
(IV—7a,7b,7c,7d)]. As the temperature decreases, our model has a tendency to overestimate
the critical pressure, which can be seen in some isotherms in figure (IV=7b) and figure
(IV=7d). In general, LLE and VLE of these two binary systems over wide ranges of
temperature and pressure are fairly predicted.

Considering (Hz(1) + H,S(2)), only 22 bubble points were collected. As a result, the
determination of the interaction parameters between group 14 (H,S) and group 21 (H,)
becomes uncertain, although values of A;;.14 and B;;.14 have been proposed [see table (1-2)].

The P-xy diagrams of this mixture can be found in figure (IV—7e).

In figure (IV-7f), we have plotted the phase diagrams of (H»(1) + H,0(2)) at five different
temperatures. All these experimental data points are predicted with reasonable accuracy. The
prediction of P-xy curves at higher temperatures and that of critical locus have not been
checked here because of the lack of experimental data. It is obvious that the solubility of H; in
the water-rich liquid phase has little temperature dependence and this low solubility of H,
inevitably increases our objective function. In spite of that, the objective function obtained for
(H2(1) + H20(2)) is: Fopj = 8.61 %, which indicates that PPR78 can give a good representation
of these available experimental data in the sub-critical region.
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Figure TV-7. Prediction of isothermal curves for four binary systems: (hydrogen(1) + carbon dioxide(2)), (hydrogen(1) +
nitrogen(2)), (hydrogen(1) + hydrogen sulfide(2)) and (hydrogen(1) + water(2)) using the PPR78 model. (+) experimental
bubble points, (*) experimental dew points, (O) experimental critical points. Solid line: predicted curves with the PPR78
model. (a) System (hydrogen(1) + carbon dioxide(2)) at five different temperatures: T, = 219.90 K (k; = -0.0211), T, =
244.90 K (kj = 0.0286), T3 = 259.90 K (k;; = 0.0577), T, = 274.90 K (k;; = 0.0865), Ts = 290.15 K (k;; = 0.1153). (b) System
(hydrogen(1) + carbon dioxide(2)) at seven different temperatures: T, = 237.00 K (k;; = 0.0130), T, = 245.00 K (k; = 0.0288),
T3 = 250.00 K (kj = 0.0386), T, = 260.00 K (kjj = 0.0579), Ts = 270.00 K (k;; = 0.0771), ,

. (c) System (hydrogen(1) + nitrogen(2)) at five different temperatures: T, = 63.15 K (k;; = 0.0141), T,
= 77.35 K (kj = 0.0340), T3 = 86.10 K (k;j = 0.0455), T, = 99.82 K (k;; = 0.0626), T5 = 109.00 K (k;; = 0.0735). (d) System
(hydrogen(1) + nitrogen(2)) at seven different temperatures: T, = 63.19 K (k; = 0.0142), T, = 70.35 K (k;; = 0.0244), T3 =
77.55 K (kij = 0.0343), T, = 83.67 K (kj; = 0.0423), T5 = 90.79 K (k;; = 0.0515), ,

. (e) System (hydrogen(1) + hydrogen sulfide(2)) at three different temperatures: T, = 243.15 K (k;; = 0.0163),
T, = 25815 K (kj = -0.1337), T3 = 273.15 K (k;j = -0.2399). (f) System (hydrogen(1) + water(2)) at five different
temperatures: T, = 323.15 K (k; = -0.8770), T, = 423.15 K (k;; = -0.2527), T3 = 473.15 K (k;; = 0.0848), T, = 523.15 K (k; =
0.4412), Ts = 573.15 K (k;; = 0.8178).
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IV.4.5 Results for mixtures of [hydrogen + alkene (or cycloalkene)]

According to our data base, VLE data are only known for six binary systems in this family.
The data-fitting procedure was well accomplished for the binary mixture (H,(1) + ethylene(2))
because enough experimental points have been collected, including 20 critical points. We
have plotted in figure (IV—8a,8b) fourteen isothermal curves for this mixture. As mentioned
in section V.3, even though we have made a compromise between the representation of the
critical points and that of the whole phase envelop, the critical pressures are still
overestimated at T = 166.15 K and T = 175.15 K [see figure (IV-8b)]. Meanwhile, LLE at
low temperatures and VLE in the vicinity of the critical points of ethylene are well described
by our model. The prediction of critical locus of this mixture is plotted in figure (IV-9b).

Regarding the binary mixtures which consist of H, and a linear alkene, critical points are
only available for (Hx(1) + propene(2)) and all the experimental VLE (or LLE) points were
measured at low and moderate pressures. As shown in figure (IV—8c), the P-xy diagrams of
(H2(1) + propene(2)) at five different temperatures are well reproduced, as well as the 16
critical points in the vicinity of the critical point of propene [figure (IV-9b)]. In figure
(IV—8d), we have plotted four predicted isotherms of (H2(1) + 1-hexene(2)), together with the
experimental points published by Vasil’eva et al.'*'. These authors have demonstrated that the
solubility of 1-hexene in the Hy-rich liquid phase at P = 300 bar has little temperature

dependence, which is very difficult to predict by our model.

The determination of the interaction parameters between group 19 (branched alkene) and
group 21 (H,) seems to be impossible because only 26 experimental points (H,(1) + alpha-
methylstyrene(2)) were collected in our data base. Similarly, only 10 experimental points of
(H2(1) + cyclohexene(2)) are available to fit the interaction parameters between group 20
(cycloalkene) and group 21 (Hy). It is therefore an easy task for our model to properly
represent these measurements with a good accuracy, however, extrapolation of our model to

these two groups will thus be uncertain [see figure (1V—8e,8f)].
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Figure IV-8. Prediction of isothermal curves for five binary systems: (hydrogen(l) + ethylene(2)), (hydrogen(l) +
propene(2)), (hydrogen(l) + 1-hexene(2)), (hydrogen(1) + alpha-methylstyrene(2)) and (hydrogen(l) + cyclohexene(2))
using the PPR78 model. (+) experimental bubble points, (%) experimental dew points, (O) experimental critical points.
Solid line: predicted curves with the PPR78 model. (a) System (hydrogen(1) + ethylene(2)) at seven different temperatures:
T, =112.00 K (k; = -0.0389), T, = 149.70 K (k; = 0.0040), T3 = 172.05 K (k;; = 0.0278), T, = 199.85 K (k;; = 0.0562), T5 =

227.55 K (kj; = 0.0833), . (b) System (hydrogen(1) + ethylene(2)) at
seven different temperatures: T; = 166.15 K (k;; = 0. 0216) T, =175.15 K (kj = 0.0311), T3 = 189.55 K (k;; = 0.0458), T, =
205.15 K (kjj = 0.0615), Ts = 220.15 K (k;; = 0.0761), . (c) System

(hydrogen(1) + propene(2)) at five different temperatures: T, = 199.85 K (k;; = 0. 1917) T, = 227.55 K (kj = 0.1749), T3 =
255.35 K (kjj = 0.1640), T, = 283.15 K (k;; = 0.1573), Ts = 297.05 K (k;; = 0.1551). (d) System (hydrogen(1) + 1-hexene(2))
at four different temperatures: T; = 313.20 K (kj; = 0.1945), T, = 353.20 K (k;; = 0.2081), T3 = 393.20 K (k;; = 0.2228), T, =
433.20 K (k;; = 0.2383). (e) System (hydrogen(1) + alpha-methylstyrene(2)) at three different temperatures: T, = 308.00 K
(kij = 0.4833), T, = 333.15 K (k;; = 0.5051), T3 = 373.15 K (kj = 0.5390). (f) System (hydrogen(1) + cyclohexene(2)) at two
different temperatures: T, = 303.15 K (k;; = 0.3722), T, = 373.15 K (k;; = 0.2659).

- 164 -



Chapitre 1V. Extension du modéle PPR78 aux systémes contenant de 1’hydrogene

a3

Tprnar B TP/bar

TIK

a3

400.0

TIK

2000.0 : : :

a) TP/bar 5000_0_(b)
1000.0

3000.0
CO,
N2
S T/IK
00.0 : = —p 00
50.0 250.0 100.0

T
250.0

..__D

400.0

Figure IV-9. Prediction of the critical locus for five binary systems using the PPR78 model. (O) experimental critical points,
(@) critical points of the pure compounds. Solid line: predicted curves with the PPR78 model. Dashed line: vaporization
curve of the pure compounds. (a) Prediction of the critical locus for three binary systems: (hydrogen(1) + nitrogen(2)),
(hydrogen(1) + carbon dioxide(2)) and (hydrogen(1) + methylcyclohexane(2)). (b) Prediction of the critical locus for two

binary systems: (hydrogen(1) + ethylene(2)) and (hydrogen(1) + propene(2)).
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1VV.5 Conclusion

The PPR78 model was extended to systems containing hydrogen with an objective
function of 8.79 % over 46 binary systems. In this work, all the systems exhibit Type IlI
phase behavior and it is necessary to make a compromise between the restitution of VLE (or
LLE) and that of critical loci. Concerning the binary systems consisting of H, and a
mercaptan, no experimental data is available in the open literature and the parameters Az1.15
and B;;1.15 have not been determined. Moreover, although the values of Azi.14, B21-14, A21-19,

B21-19, A21-20 and Ba;-20 have been proposed, their use is uncertain.

Generally, this paper allows us to conclude that, in spite of the asymmetric nature of
mixtures containing H,, the quantum behavior of H, and the Type 11l phase behavior for all
the binary mixtures investigated, the representations and predictions of LLE and VLE over a
wide range of temperature and pressure obtained here, using such a simple PR EoS, together
with classical mixing rules and temperature-dependant BIP (k;j(T)), can be considered as
satisfactory. Finally, it is possible to estimate the k; for any system containing hydrogen,
alkenes, water, mercaptan, H,S, N,, CO,, naphthenes, aromatics and alkanes whatever the

temperature.
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Chapitre V. Définition d’un nouveau modele baptisé E-PPR78 par
ajustement simultané des parameétres de groupes sur des données

d’équilibres entre phases et des données d’exces

Afin de concevoir, optimiser les procédés chimiques, il est essentiel d’avoir des
informations sur les propriétés thermodynamiques des systémes concernés. Les équilibres
entre phases, mais également les grandeurs d’excés (enthalpie d’excés, capacité calorifique
d’exceés) sont particulierement utiles dans les calculs de génie chimique. Pour cette raison, il
est trés important d’avoir un modele capable de prédire avec précision ’ensemble de ces

données.

Depuis 2004, le modele PPR78 a été développé en prenant uniqguement en compte des
données d’équilibres entre phases (équilibres liquide-vapeur, liquide-liquide et liquide-
liquide-vapeur). Les résultats obtenus indiquent clairement que ce modele est un modele
prédictif précis concernant la prévision des équilibres entre phases. Nous nous somme
cependant redus compte que sans étre mauvaise, la restitution des h® et des cp™ n’était pas
toujours satisfaisante. Dans ce chapitre nous nous proposons de réajuster les 420 parametres
du modéle PPR78 sur des données expérimentales incluant, entre des données d’équilibres
entre phases, de multiples données de grandeurs d’excés. Nous espérons ainsi ne pas trop
dégrader la restitution des équilibres entre phases et simultanément grandement améliorer la
prédiction des grandeurs d’excés. Ce nouveau modele a été baptisé E-PPR78 (enhanced
PPR78).
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V.1 Introduction

Today, the synthesis design and optimization steps of chemical processes require efficient
thermodynamic models to give a simultaneous representation of phase equilibria and excess
thermodynamic properties without having to perform costly and fastidious experiments. To do
so, Demiriel and Gecegormez* examined the performance of activity coefficient models like
NRTL and UNIQUAC and it was necessary to introduce temperature-dependent parameters
for both models to correlate simultaneously the vapor-liquid equilibria (VLE) and excess
enthalpy (hF) data. Chen et al.? used the virial-like Martin-Hou equation of state (EoS) to
correlate h® data of both liquid mixtures and gaseous mixtures. They also predicted the
isothermal binary VLE data using the parameters determined by correlating h® data. In recent
decades, the capability and the flexibility of cubic EoSs have been much improved,
particularly by introducing Gibbs energy (gF) mixings rules. These EoS/g® models can be
used to solve phase equilibrium problems even for some very complicated systems. Ohta’
applied the PRSV EoS with the modified Huron-Vidal first order (MHV1) and Wong-Sandler
(WS) mixing rules to correlate h® for some kinds of binary systems at low and high pressures.
The simultaneous representation of VLE and h® data over wide ranges of temperature and

pressure was performed only for four binary mixtures.

Despite the relative success of the above-mentioned approaches, none of them could
simultaneously predict the phase equilibria and excess properties for various binary mixtures,
covering a wide range of temperature and pressure. Since soon one decade, Jaubert and
coworkers*™® developed the PPR78 model (predictive 1978, Peng-Robonson EoS). This
predictive model relies on the combination of the Peng-Robinson equation in its 1978 version
with classical Van der Waals mixing rules (linear on b and quadratic on a). In addition a
group contribution method is used to accurately quantify the interactions between each pair of
molecules. Nowadays, the PPR78 model can manage complex mixtures containing alkanes,
aromatics, naphthenes, alkenes, carbon dioxide, nitrogen, hydrogen sulfide, mercaptans,
hydrogen and water. Successes and failures of PPR78 in the representation of phase
equilibrium properties (bubble and dew points, critical points, azeotropes, liquid-liquid phase

equilibria and so on) were largely studied, published and discussed by all PPR78 contributors.

Note that besides the phase equilibria, the excess thermodynamic properties, such as h® and

excess heat capacity (co5) are also important in chemical engineering designs and
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optimizations because they are used to calculate the energy and exergy balances of any
process for the development of heat pumps and other applications in heat exchange, heat
transport and heat storage. Hence, the capacity of the PPR78 model to predict h® and c" data
has been evaluated. A surprising feature of this model is that the predictions of h® and cp°
using the parameters determined by correlating phase equilibrium data, are in many cases
accurate over a wide temperature and pressure range, although quantitative predictions are not

very satisfactory for some of the studied systems.

The aim of the present work is to simultaneously correlate hF, co5 and VLE data. The new
model E-PPR78 (enhanced PPR78) thus obtained is capable to describe h%, cs5 and phase
equilibrium properties (bubble and dew points, critical points, azeotropes, liquid-liquid phase
equilibria) in mixtures formed by alkanes, aromatics, naphthenes, alkenes, carbon dioxide,

nitrogen, hydrogen sulfide, mercaptans, hydrogen and water.
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V.2 Why this work was conducted?

Before this work, the performance of the original PPR78 model to predict h® and cp" data
has been evaluated, showing reasonable results. Due to the fact that only VLE data were
employed in optimizing those original parameters, it could not always ensure an exact
representation of h® and cp=. In this work, a simultaneous correlation of h®, csF and VLE data
is carried out to develop the E-PPR78 model, which can be explained by the reasons as

follows:

& In 1996, Orbey and Sandler™ investigated the simultaneous correlation of VLE and h® with
cubic EoS and various types of mixing rules, such as two-parameter version of the Van der
Waals one-fluid mixing rule, several g& mixings rules, as well as the direct use of activity
coefficient models. Their study indicated that although these models could give good
correlations of VLE and hF separately, attempting to predict the values of one property with

parameters obtained from the other did not give satisfactory results with any model.

# Due to the fact that the predictions of h® and cpF are much less accurate than that of VLE by
using the original PPR78 model, a simultaneous correlation of h%, ¢o5 and VLE data by
making a compromise among them is really possible. We can expect that the accuracy of VLE

will not decrease significantly and that of h® and co= will be highly improved.

# The PPR78 model has been extended to systems containing hydrogen and twenty-one
groups have been defined until now. The 420 parameters (210 Ay and 210 By;) determined are
shown in table (I-2), among which 54 parameters (27 Ay and 27 By) are not available
because of the absence of experimental data. We have to notice that several parameters in
table (I-2) were proposed in spite of the limited quantity of experimental data, as discussed in

our previous articles*™*

and chapters 11, 111 and IV. Fortunately, a great deal of experimental
h® and cs° data have been collected in our database, which can be used as an excellent
complement to these groups where experimental VLE data are not sufficient. Consequently, it

is necessary to re-determine the parameters of our model by using VLE, h® and cpE data.

% As shown in our previous studies, the temperature-dependent binary interaction parameters
kij(T) of PPR78 plays an important role in the VLE prediction. Thanks to the parameters Ay
and By determined by using experimental VLE data, a group contribution method allowing

the estimation of BIP(k;(T)) was well established. By looking at the equations from (I-106)
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to (I-122) in sections 1.4.4 and 1.4.5 in chapter I, the influence of the first derivative of k;;(T)
with temperature (dki/dT) on h® becomes obvious, as well as that of dk;/dT and the second
derivative dzkij/dTZ on cp". In order to give an illustration, we have plotted in figure (V—1a)
three calculated hE-x curves of (benzene(1) + isooctane(2)) at T = 298.15 K and under P =
1.00 atm, with the Peng-Robinson EoS and Van der Waals mixing rules, together with
experimental points. The BIP(k;;) chosen here is: kj; = 0.0029, according to the PPR78 model.
hE-x curves in figure (V—1la) are calculated with three different dk;/dT values: dk;/dT =
—1.7x107* (in red), dk;i/dT = —5.7x10"° (in green) and dk;/dT = 0.00 (in blue), among which
dkii/dT = —1.7x10™ (in red) is the value obtained from the PPR78 model, and dk;/dT =
—5.7X10" (in green) is the best value to well describe these experimental h® points. The
influence of dk/dT on h® is very significant, despite of its small magnitude. Similar
illustration [see figure (V—1b)] and explanation apply to the influence of dzkij/de on cp-. We
must indicate that kj; = 0.0029 and dk/dT = —1.7x10™* taken here are those obtained from
the PPR78 model and only the influence of d°k;/dT? on cs" have been checked. It is obvious
that the cpF values change a lot as dk;/dT? varies from —1.0X 10" to 2.0X107° and the best
value fitted on experimental cp= points is: dzki,-/dT2 = —1.0X10"" (in green). Although the
original PPR78 model can give a good estimation of BIP(kij(T)), the estimation of
temperature-dependent dk;/dT and d°ki/dT® remains uncertain. For this reason, it is important
to re-fit the parameters Ay and By by using VLE, h® and cpE data, so as to establish a group
contribution aimed at estimating the temperature-dependent BIP(ki;(T)), dki/dT and dzkij/dTZ.

- T T T — 00 T T T
() ThE/(J/mol) - TCPE/(J/mOIIK)
1200.0 E B
_ b [u] _
. [n == ] .
2 Ty B(1)-224m5(2)
S -4.0 T=29815K i
800.0 b P =1.00 bar
P &, kij = 0.002869
dky/dT =-1.7x10*
E B(1)-224m5(2) E i e i
T=298.15 K 2, 2 _ —6
d’k;j/dT? = 2.0X 10
400.0 - P =1.00 bar o] 1 Y
: ki; = 0.002869 PiydT? = -1.0% 107
-8.0 1 E
i dkij/dT =-1.7x107" i
dki/dT = 0.00 X1 X1
0.0 T T T T T T _D
0.0 0.5 1.0 0.0 0.5 1.0

Figure V-1. Prediction of h&-x and cp5-x curves for the binary system: (benzene(1) + isooctane(2)) at T = 298.15 K and
under one atmosphere (P = 1.00 atm). (CJ) experimental h® and c,F points. Solid line: calculated curves. (a) Calculated h®
curves with Peng-Robinson EoS and Van der Waals mixing rules, using kj = 0.0029 (PPR78) and three different dky/dT

values: dk;/dT = —1.7x10 * (PPR78), (best fit) and dk;/dT = 0.00. (b) Calculated h® curves with Peng-
Robinson EoS and Van der Waals mixing rules, using ki = 0.0029, dky/dT = -1.7x10™* (PPR78), and three different
d’k;/dT? values: d’k;/dT? = 2.0x10 ® (PPR78), and d’k/dT? = —1.0x 10" (best fit).
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V.3 Database and reduction procedure

Table V—1. List of the 148 pure component used in this study

Component Short name || Component Short name || Component Short name
methane 1 1,2,3-trimethylbenzene 123mB cis-2-butene c2a4
ethane 2 1,2,4-trimethylbenzene 124mB 2-methyl-1-butene 2mla4
propane 3 1,3,5-trimethylbenzene 135mB 2-methyl-2-butene 2m2a4
n-butane 4 1-metylethylbenzene(cumene ) iprB 3-methyl-1-butene 3mlad
n-pentane 5 propylbenzene prB 2-ethyl-1-butene 2elad
n-hexane 6 butylbenzene buB 1,3-butadiene 13a4
n-heptane 7 tertiobutylbenzene thuB 1-pentene 1a5
n-octane 8 p-cymene pcy 4-methyl-1-pentene 4mla5
n-nonane 9 naphthalene BB 1-hexene 1a6
n-decane 10 1-methylnaphthalene 1mBB trans-2-hexene t2a6
n-undecane 11 2-methylnaphthalene 2mBB cis-2-hexene c2a6
n-dodecane 12 1,1°-biphenyl Bph trans-3-hexene t3a6
n-tridecane 13 diphenylmethane Dph trans-trans-2,4-hexadiene  tt24a6
n-tetradecane 14 phenanthrene phe 1,5-hexadiene 15a6
n-pentadecane 15 cyclopropane C3 1-heptene la7
n-hexadecane 16 cyclopentane C5 trans-2-heptene t2a7
n-heptadecane 17 methylcyclopentane mC5 cis-2-heptene c2a7
n-octadecane 18 trans-1,3-dimethylcyclopentane  t13mC5 trans-3-heptene t3a7
n-nonadecane 19 cis-1,2-dimethylcyclopentane c12mC5 1-octene 1a8
n-eicosane 20 1,1-dimethylcyclopentane 11mC5 trans-3-octene t3a8
2-methylpropane(isobutane) 2m3 ethylcyclopentane eC5 cis-3-octene c3a8
2,2-dimethylpropane 22m3 cyclohexane C6 trans-4-octene t4a8
2,2,3-trimethylbutane 223m4 methylcyclohexane mC6 cis-4-octene c4a8
2-methylbutane 2m4 ethylcyclohexane eC6 myrcene myr
2,2-dimethylbutane 22m4 propylcyclohexane prC6 1-nonene 1la9
2,3-dimethylbutane 23m4 isopropylcyclohexane iprCé 1-decene lal0
2-methylpentane 2m5 cycloheptane Cc7 1-undecene lall
3-methylpentane 3m5 cyclooctane Cc8 1-dodecene lal2
2,2-dimethylpentane 22m5 1,2,34- tet 1-hexadecene 1al6
2,3-dimethylpentane 23m5 trans-decalin tCC6 1-octadecene 1lal8
2,4-dimethylpentane 24m5 cis-decalin cCC6 styrene Ba2
2,2, 4-trimethylpentane(isooctane)  224m5 1,1’-bicyclohexyl becy alpha-methylstyrene Bma2
2-methylhexane 2m6 carbon dioxide CO, 2-methylpropene 2ma3
3-methylhexane 3m6 nitrogen N, 2-methyl-1,3-butadiene 2m13a4
2,2-dimethylhexane 22m6 hydrogen sulfide H>S 2-methyl-1-pentene 2m1la5
2,5-dimethylhexane 25m6 methyl mercaptan 1sh beta-pinene bp
3,3-dimethylhexane 33m6 ethyl mercaptan 2sh cyclopentene acs
3,4-dimethylhexane 34m6 propyl mercaptan 3sh 1,3-cyclopentadiene 13aC5
2,2,5-trimethylhexane 225m6 butyl mercaptan 4sh 3-methylcyclopentene 3maC5
2-methylheptane 2m7 isopropyl mercaptan iprsh cyclohexene ac6
4-methylheptane 4m7 isobutyl mercaptan ibush 1,3-cyclohexadiene 13aC6
2,2-dimethylheptane 22m7 tert-butyl mercaptan tbush 1,4-cyclohexadiene 14aC6
2-methyloctane 2m8 sec-butyl mercaptan sbush 1-methyl-cyclohexene 1maCé
2,2,4,4,6,8,8-heptamethylnonane  Hm9 hydrogen H; 1,5-cyclooctadiene 15aC8
benzene B water H,O dicyclopentadiene gama
methylbenzene(toluene) mB ethylene a2 limonene(R+S) lamda
1,2-dimethylbenzene(o-xylene) 12mB propene a3 limonene(R) Xi
1,3-dimethylbenzene(m-xylene) 13mB 1,2-propadiene aa3 alpha-pinene ap
1,4-dimethylbenzene(p-xylene) 14mB 1-butene lad

ethylbenzene eB trans-2-butene t2ad

Table (V—1) presents the list of the 148 pure components involved in this study. The pure
fluid physical properties (T, P and ®) used in this study originate from two sources. We have
used Poling et al.'? for alkanes, aromatics, naphthenes, alkenes, CO», N, H,S, H, and H-0.
As some mercaptans and alkenes were missing in this book, the DIPPR database was chosen

instead. The sources of the experimental phase equilibrium data can be found in our previous
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articles*™ and chapters 11, 11l and IV. Table (V-5) and table (V—6) in appendix detail the
sources of the experimental excess molar enthalpy (hF) and excess molar heat capacity (cqF)
data used in our evaluations along with the temperature, pressure, h® (or cs5) and composition
range for each binary system. The experimental h® data points have been collected for the
mixtures formed by alkanes, aromatics, naphthenes, alkenes, carbon dioxide, nitrogen,
hydrogen sulfide, mercaptans, hydrogen and water, while the experimental co= data points
have been found only for the mixtures containing alkanes, aromatics and naphthenes. Indeed,
most of the h® and cp° data available in the open literature have been collected. Furthermore,
for some binary mixtures, obvious discrepancy can be observed on experimental h® and cp®

data points [figure (V-2)].

In summary, our database includes 98757 VLE data points (55874 bubble points + 41412
dew points + 1471 critical points) over 800 binary systems, 28934 h® data points (18254
points in the liquid single-phase region, 5224 points in the gaseous single-phase region and
5456 points referring to the two-phase region) over 483 binary systems, and 2251 cp° data
points in the liquid single-phase region over 107 binary systems. The 420 parameters (210 A
and 210 By) determined [see table (V—2)], are those which minimize the following objective

function:

I:obj,b Ny + Fobj,d ‘Ng + I:obj,c. comp * Ne + I:obj,c. pres * ne + I:obj,hE ‘Npe + I:obj,cPE ‘Nepe
Np +Ng +Ne +Ne +Npe +Nepe

Fobj,global =

100 AX AX .
Obj b= ZO 5 + with AX = ‘Xl,exp - Xl,cal‘ = ‘Xz,exp - Xz,cal‘
Np i=1 Xiexp  X2,exp

100 Ay Ay .
Obj d = ZO 5 + with Ay = ‘yl,exp - yl,cal‘ = ‘yz,exp - y2,cal‘
Y1 exp Y2 &Xp J;

_ 100 CAXe | AX .
FObj c.comp — ZO 5 + with AX; = ‘Xcl,exp - Xcl,cal‘ = ‘Xcz,exp - XcZ,caI‘
Ne i=1 Xe1 ,exp Xcz,exp i

(V=1)

n
100 <&( AP, .
Fobjc. pres = n. (Pcmj with Ao = ‘Pcm,exp B Pcmr%"‘
C j=1 cm,exp i
n
100 <& ( AhE E hE
Fobjne = —— | WithAh ‘heXp Ca"
Nhe 57 Nexp .
n
100 &5 Ack . E_|E E
FobjcPE = = with Acp = ‘cpyexp —cplca|‘
nCPE i=1 CP,exp i
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Nb, N4, Nerit, Nhe @and Nepe are the number of bubble points, dew points, mixture critical points,
h® points and cp" points respectively. In a similar way, Fobjb, Fobjd» Fobjc.comps Fobjcpress Fobjhe
and Fobj cre are the objective function of predicted bubble curves, dew curves, mixture critical
point composition, mixture critical point pressure, h® curves and cp° curves, respectively. X; is
the mole fraction in the liquid phase of the most volatile component and x;, the mole fraction

of the heaviest component (it is obvious that x, =1-X,). Similarly, y; is the mole fraction in

the gas phase of the most volatile component and y, the mole fraction of the heaviest

component (it is obvious that y, =1—y, ). X is the critical mole fraction of the most volatile

component and X, the critical mole fraction of the heaviest component. Py, is the binary

critical pressure.

The objective function of hE and cpt (Fobjhercpe) Can be written as:

Fobj,he * Nhe + Fobj,cpe * NepE V-2)

(= -
obj,hE/cPE
Nhe +Nepg

In contrast to Fopjne, Fobjcre, the objective function of VLE (Fqpjvie) can be expressed as:

I:obj,b Np + I:obj,d ‘Ng + Fobj,c. comp ‘Ne+ I:obj,c. pres N (V—3)
nb + nd + nc + nC

Fobj,VLE =

Particularly, the objective function of critical points is:

1
I:obj,crit = E(Fobj,c. comp + I:obj,c. pres) (V_4)

In order to properly evaluate the uncertainty on the predicted h®: Ah®, which is the difference

between the calculated value and the experimental one, we have defined the average value of

temperature changes (AT ) by:

- 1 nhE AhE
AT=—— Z(AT)i with AT = = (V-5)
Nhe {3 Cp

where cp is the molar heat capacity of the binary mixture, AT is the temperature change for

one experimental h® point.
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Figure V-2. (a) Experimental hF points (CJ) for the binary system (n-hexane(1) + benzene(2)) at T = 298.15 K and under one

atmosphere (P = 1.00 atm). (b) Experimental ¢, points (CI) for the binary system (n-hexane(1) + n-heptane(2)) at T = 298.15
K and under one atmosphere (P = 1.00 atm).
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Table V-2. Group interaction parameters: (A, = Ay)/MPaand (By = By)/MPa. N.A. = Not Available

CHcyclalc

CH3 CHZ CH C CZHG CHaro Caro Cpoly aro CHZ‘cycI CHcycI/Ccycl COZ Hz
G1) G2 (G3) (G4 (G 6) G7) (G?8) (G9) (G 10) (G11) (G12) (G°V2°'6")° (G21)
CHs
G1 0 ) ) . ) . . . . . . ) )
CH, Ay, =65.54
G2 By, =1057 0 - - - - - - - R _ ) )
CH Ai3=2149 A, =39.05
(G3) B;,=2949 B,-4159 0 N - - - - - - - - -
C A =4316 A, =1345 A,=-86.13
(G 4) B, =5750 B, =1839 B, -8510 O - - - - - - - - -
CH, As=2848 A, =3775 Ag,=1314 A, =3095
(G 5) B;;=2025 B, =7481 B,=157.5 B, =3569 . - ° " " " - N N
C,Hs A =3775 A,=2085 A,=1561 A, =3881
(G 6) Bj;=8922 B, =6588 B,=9677 B, =-2248 0
CHaro A;;=9883 A,=2505 A, =5662 A, =1705 A, =41.18
G7) B;=1362 B, =6451 B,=129.7 B, =2841 B, =5079 O ° ° : : - - -
Caro A;p=108.60 A,=5147 A,=4873 A, =1283 A, =67.94 A, =-1647 i i i ) ) )
(G 8) Bis =103.60 B, =-7.549 B,=-8922 B, =189.1 By, =210.7 B,=1647 0
Cholyaro A =6249 A, =-17.84 NA NA NA A, =5250 A, =-3280
(G9) By =774.10 B, =-4.118 B, =252 B, =--569.3 0 - - - - -
CHayel A ip=4358 A, =8579 A, =7309 A, =208.6 A Agp=1270 A, ,,=2882 A, =37.40 A, =140.7
(G 10) B, 1p=6005 B,, =27.79 B,,=7137 B, =2944 B, By, =7343 B,,=6554 B, =5353 B,,=277.6 0 ° : N N
CHeyo/Coyer Au=284 Ay, =6348 A =-1208 A, =25.05 A, =1180 A =1200 A, =-9917 A, =-99.17 A, =1390
(G 11) B,y =1709 B,,=-7446 B,,=1853 B, =8133 B,,--2128 B,, =372 B,,=-1935 B,,=-1935 B, =3569 O - - -
CO, AL =1448 A,,=1414 A,,=1918 A, ,=3775 A, =1362 A ,=-9848 A, =1544 A,,=3311 A, ,=1441 A, =2162 ) )
(G 12) B.,,=4015 B,,=2371 B,,=3809 B, ,=1627 By, =235.7 B,,,=2536 B,,,=3744 B,,=2766 B,,=3541 B,,=-1328 0
N, AL13=3809 A,,=8373 A,,,-3836 A,,,=3418 Aoy, =6159 A =1853 A,,,=3438 A,,;=7024 A, =1795 A, -3315 A,, =9505
(G13) B 1;=8819 B,,,=1887 B,,,=3754 B, ;=6352 B, ., =84.92 B, ,=4907 By, =1712 B, =1889 B, ,,=5466 B, ,=3898 B, ,=2556 N -
H,S A, =1596 A,,=1366 A,,=1925 A, =3308 A, =1572 A, =2128 A, =9608 A,,,=9608 A, =1174 A, =7137 A, =1349
(G 14) B,, =2278 B,, =1246 B,,=5628 B, =-207.2 B,,=217.1 B,,=6.177 B,,=-3672 B,,=-3672 B, =1664 B,,=-127.7 B,,=2014 B . )
SH As=T7896 A, =4399 A, =3740 A, =6859 NA A =2TT6 Ay =1002 Ay =1002 Ay, =4931 A, =4632 NA
(G 15) B, =1829 B, =5048 B, =5209 B, =1547 B,,=4495 B, =-7364 By, =-736.4 B, =832.1 B,,=-3377 N N
H,O A 5 =3557 A, =4324 A, =9714 NA A, =2333 A, =2268 A;,,=5435 A,,;=1340 Ay =4211 A, =240 A, =559.3
(G 16) B ;s =11195 B, =12126 B, =567.6 B, =5147 B,,=6218 B,,=4118 B, =-6588 B, =13031 B, =-6039 B, =2779
CoHa A, =7892 A,,,=5971 A, =1479 A, =366.8 A, =7509 A, =2574 A, =97.80 A,,=2097 A, ,=3534 A, =2072 A,,=7309
(G17) B, =3500 B,,=8235 B,,=-5559 B, =-2193 B, B,,,=2093 B,,,=7892 B,,=6794 B,,=3819 B, =5250 B, =-6472 B, =1067 0 B B
CHoao/CHae  Auin=4873 A, =9.608 A, =8476 A, =1812 A,y =2677 A, ,=9951 A, =-4838 A, ,=6698 Ay ,=-1544 A, =2601 A,,=6074
(G 18) B, =44.27 B,,,=5079 B,,,=1932 B,,=419.0 By, =-5147 B,,=1990 B, =27.79 B,,,=5895 B, =2436 B,,=1349 B, =1839 N N
Catc A, =1026 A, =6485 A, =9162 NA NA A, =-1647 A, =343.1 NA Ay, =1596 NA A, =T4A8L i i
(G 19) B,,=2601 B,,=5182 B, =5490 B,,=6142 B, =8802 By, =140.7 By, 1, =—266.6
CHeyetalo/ Coyetalc Ao = 4701 A, 5 =3431 NA NA NA A, =3775 A, =2429 NA Ay, =3191 A, =1513 A,, =87.85 )
(G 20) B, , =1695 B,, =5113 B, ,=1716 B, =-7.206 By, =69.32 By, =2745 B, =66.91 0
H, A, =1740 A, =1554 A, =360 A,, =583 A, =151 A, =137.6 A , =2889 A, =4001 A,,=6029 A, ,=2361 A, ,=-518 A,,=2659 A, =460.8
(G 21) B,,=2395 B,,=2409 B,, =2879 B,,=2343 B,,=9299 B,,=1500 B,,=189.1 B,,=1201 B,,=1463 B, =1925 B,,=3431 B,,=2683 B,,=7010 By, =-1379 B, =165.1 B, ,=2167 0
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V.4 Results and discussion

Table VV—3. Several objective functions obtained by the original PPR78 model and the recent E-PPR78 model

Objective functions  PPR78 E-PPR78
Fobi.vie (%) 7.62 7.79
Fobjnercee (%0) 851.24 = 52.00
Fobj global (%) 21640 1873

Table VV—4. Several objective functions by family obtained by the original PPR78 model and the recent E-PPR78 model

Families Fobhb (%) Fob],d (% Fobhc‘comu (%) Fobl‘c‘nres (%) Fobl‘VLE (%) Fobl‘hE (% Fcbi,cPE (%)
PPR78 E-PPR78 PPR78 E-PPR78 PPR78 E-PPR78 PPR78 E-PPR78 PPR78 E-PPR78 PPR78 E-PPR78 PPR78 E-PPR78
Alkanes 3.76 3.99 5.51 5.49 5.99 6.19 4.18 4.03 4.52 4.64 628.73 48.77 327.75 25.73
Aromatics 5.82 6.09 6.10 6.28 6.53 5.00 4.97 4.26 5.93 6.13 88.20 34.90 3001.31 129.61
Naphthenes 3.92 411 452 4.63 2.88 452 1.56 1.65 4.01 4.23 1489.68 71.65 7037.97 58.44
CO, 7.47 7.96 8.42 8.39 6.96 6.20 3.30 3.22 7.79 8.03 64.96 45.56 0.00 0.00
\3 10.03 10.19 7.30 7.35 9.01 8.93 6.68 5.75 8.61 8.70 16.34 14.73 0.00 0.00
H,S 10.21 10.06 7.54 7.61 9.67 9.37 3.02 3.39 9.04 8.99 56.42 55.27 0.00 0.00
Mercaptans 13.73 12.81 7.91 8.47 0.00 0.00 0.00 0.00 12.06 11.56 362.89 27.58 0.00 0.00
H,0 18.33 18.42 15.67 15.73 22.29 21.95 19.97 20.10 17.09 17.16 54.84 54.85 0.00 0.00
Alkenes 7.95 8.33 10.08 10.33 10.29 10.84 3.49 3.39 8.80 9.12 235.09 39.95 0.00 0.00
H, 8.44 8.61 9.32 9.36 5.84 5.70 11.02 10.27 8.79 8.89 21.10 21.10 0.00 0.00
Total 7.42 7.66 8.01 8.08 7.12 7.26 4.87 4.68 7.62 7.79 568.82 49.62 4481.40 82.59

For the reasons discussed in section V.2, we have simultaneously correlated excess molar
enthalpy (hF), excess molar heat capacity (ce5) and vapor-liquid equilibrium (VLE) data in
this study. Table (V—3) presents the objective function of VLE (Fobjvie), hE/CPE (Fobjnercre)
and the global one (Fobjgiobar), Obtained by the original PPR78 model and recent E-PPR78
model. In table (V—4), the objective function of predicted bubble curves (Fopjp), dew curves
(Fobj,a), mixture critical point composition (Fobjc.comp), Mixture critical point pressure (Fobj,c pres).
VLE (FobjviE), h® curves (Fobj,he) and Cp- CUrVes (Fobjcre) are shown family by family,
according to our previous articles and chapters II, Il and IV. In addition, the objective
function over all the different families is shown at the bottom of table (V—4). Moreover, we

have presented several histograms in figure (V—3), so as to have an explicit observation
concerning FobjeLy, Fobjcrits Fobjne: AT (average value of temperature changes), Fobjcee and

AcE (average deviation on cp%).

Because of the simultaneous correlation of VLE, h® and cp%, the objective function over all
the VLE data (10 different families) in this study (Fobjvie = 7.79 %) becomes a littler higher
than that obtained by the original PPR78 model (Fonjvie = 7.62 %). However, the small
variation is absolutely acceptable and the objective function of the two families of binary
mixtures containing H,S and mercaptans seems to be better [see table (V—4) or figure (V—3a)].
Furthermore, the objective function of critical points (Fopjcrit) Over nine different families is
retained as shown in figure (V—3b) (dashed line), for which the original PPR78 model
exhibits a better Fobjc.comp While the recent E-PPR78 gives a better Fop;c press [see table (V—4)].
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On the other hand, thanks to the simultaneous correlation of VLE, hE and cpF, both the

objective function of h® (Fobjhe) and that of oo (Fobjcre) have been remarkably improved, as

well as the average value of temperature changes (AT ), as shown in table (V—4) and figures
(V-3c¢,3d,3¢). It is necessary to notice that h® data points in the liquid single-phase region and
ce" data points (available only in the liquid single-phase region) are much better correlated.
Meanwhile, the improvements in hF in the gaseous single-phase region and that referring to

the two-phase region are not so significant.

Although the simultaneous correlation of h&, cp™ and VLE data has been carried out in this
study, the objective functions of h® and cF is still much higher than that of VLE, which can

be explained by the reasons as follows:

(1) Some experimental h® and c= data reported in the literatures are generally inconsistent

and there are obvious scatters among them.

(2) A number of h® and cp" values are very close to zero and the small magnitudes inevitably

increase the objective function.

(3) The binary system in the gaseous single-phase region at low temperature and under one
atmosphere shows small endothermic mixing which is not easy to be well predicted by our

model.

What is more, the simultaneous correlation of h® and VLE data for the binary systems

containing H,O is always a difficult task, and the average temperature changes of this family

is: AT=4.51K.
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Figure V-3. Histograms of several objective functions (Foy;), average overall deviation on ot (E) and average value of

temperature changes (AT ), obtained by the original PPR78 model (in yelow) and the recent E-PPR78 model (in blue),
according to different families: alkanes, aromatics, naphthenes, CO,, N,, H,S, mercaptans, H,O, alkenes and H,. Dashed line:
objective function over all the families. (a) Objective function of VLE (Fyjvie). (D) Objective function of critical points
(Fobj,crit)- (c) Objective function of hE (Fojne)- (d) Average value of temperature changes (AT). (e) Objective function of ot

(Fobjcee)- () Average deviation on ce® (AcE ).
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Considering that 1075 different binary mixtures have been investigated in this study, it is
impossible to illustrate system by system, why the recent E-PPR78 model could give a better
simultaneous representation of VLE, h® and cp°. Taking the binary mixture: (benzene(1) +
isooctane(2)) for example, we have plotted in figure (V—4), the predictions of VLE, h® and
ce-, by using the original PPR78 model (dashed line) and the recent E-PPR78 model (solid
line). By using this recent model, the accuracy of predicted P-xy curves at six different
temperatures is retained, moreover, the predicted hF-x and cp5-x curves in the liquid singe-
phase region are in better agreement with experimental data [see figures (V—4a,4b,4c)].
Thanks to these recently obtained parameters Ay and By, reasonable values of BIP(k;;(T)) can
be observed in the temperature range: 200K < T < 600K [see figure (V—4d)], giving a good
representation of VLE. At the same time, the effect of temperature on BIP(k;(T)) has been
remarkably mitigated and as a result, the magnitude of dk;;/dT becomes less significant and
dk;/dT itself appears to be less temperature-dependent, especially at low and moderate
temperatures. The same explanation can be applied to dzkij/de. After our examination over
all the mixtures, we have found that by using these recently determined parameters (A, Bxi),
both dk/dT and d’k;/dT? for most of the binary mixtures at low and moderate temperatures,
become less temperature-dependent showing a magnitude less significant, as (benzene(1) +
isooctane(2)). However, both dk;;/dT and dzkij/dTZ at low and moderate temperatures can also
be more temperature-dependent showing a magnitude more significant. Such a behavior is
observed for the mixtures containing benzene (or cyclohexane) and an n-alkane. Briefly, the
recent E-PPR78 model can give a better estimation of temperature-dependent k;;, dk;/dT and
d’k;/dT?, and that is why a better prediction of h® and cp" are obtained, by retaining the good
prediction of VLE.

Since our database includes 98757 VLE data points (55874 bubble points + 41412 dew
points + 1471 critical points) over 800 binary systems and the prediction of VLE using the
recent model is very similar to that obtained by the original one, only the graphic results of h®
and cp" are presented in order to illustrate the accuracy and limitations of the recent E-PPR78
model. The following illustration is divided into four parts: h® in the liquid single-phase
region, ht in the gaseous single-phase region, hF referring to the two-phase region and cp" in

the liquid single-phase region.
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Figure V—4. Prediction of P-xy, h®-x, c;5-x ki-T, dky/dT-T and d’ky/dT>T curves for the binary system: (benzene(1) +
isooctane(2)). (+) experimental bubble points, (%) experimental dew points, ((1) experimental h® and ¢t points. Solid line:
predicted curves with the recent E-PPR78 model. Dashed line: predicted curves with the original PPR78 model. (a) Predicted

P-xy curves at six different temperatures: T, = 298.15 K, , T3 =318.15 K, T, = 328.15 K, Ts = 338.15 K,
. (b) Predicted hE-x curves at two different temperatures: T; = 298.15 K, . (c) Predicted cp5-x curves
at three different temperatures: T, = 298.15 K, T3 = 323.15 K. (d) ki-T curves calculated with the recent

model and the original one. (e) dk;/dT-T curves calculated with the recent model and the original one. (f) dzkij/dTZ-T curves
calculated with the recent model and the original one.
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V.4.1 Results of excess molar enthalpy (h®) in the liquid single-phase region
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Figure V—5. (a) Histogram of the objective functions of h® in the liquid single-phase region for ten families of binary
systems, with the number of experimental points on top. (b) Histogram of the average value of temperature changes
generated by the uncertainty on the predicted h® in the liquid single-phase region for ten families of binary systems, with the
number of experimental points on top.

The excess molar enthalpy (hF) in the liquid single-phase region has been extensively
measured and we have collected 18254 experimental points over 435 binary mixtures. For all
the data points in the liquid single-phase region, the objective function is: Fopjne = 53.14 %
[see blue dashed line in figure (V—5a)]. This objective function was caused by some nearly
zero experimental h® points and the relatively low hF values in the liquid single-phase region.
In addition, the objective function for each family is presented in figure (V—5a), except for the

mixtures containing H,S, H,O and H, where experimental data is not available. Similarly, the

average value of the temperature changes (E) generated by the uncertainty on the predicted
hE (difference between the calculated value and the experimental one) can be seen in figure
(V-5b). By looking at the mixtures containing CO,, its objective function is very close to the
average one, however, its Eappears to be 1.51 K, being about 7.5 times higher than that
obtained for all the binary mixtures. That’s why we have introduced AT to evaluate the
performance of our model. In order to have a further understanding of the prediction of h® in
the liquid phase, it is decided to present the h-x curves family by family so as to illustrate the

accuracy and limitations of our model.

V.4.1.1 Binary mixtures containing alkanes (n-alkanes and branched-alkanes)

Figure (V—6) shows the predictions of h® curves for the binary systems containing n-

alkanes, together with the experimental points. The excess enthalpies (h%) at the temperatures
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and pressures investigated are homogeneous (liquid state) over the entire composition range.
The predicted h®-x curves of (methane(1) + ethane(2)) at two different temperatures under P =
1.00 atm are almost symmetrical which are in good agreement with the experimental points,
including the effect of temperature on h® [see figure (V—6a)]. Regarding (ethane(l) +
propane(2)), the experimental h® values at T = 273.15 K and under five different pressures are
negative and the minimums appear at about x; = 0.6. Accurate results are obtained by our
model in a wide range of pressure except for the underestimation of the h® at P = 50.00 bar
[see figure (V—6b)]. Figures (V—6¢,6d) present the accurate predictions of our model for two
binary systems: (n-hexane(1) + n-octane(2)) and (n-hexane(1) + n-dodecane(2)). We can see
that once again both the temperature and pressure have an obvious influence over the h® value,
which are well predicted by our model. On the other hand, the accuracy could not be kept for
the mixture of (n-hexane(1) + n-dodecane(2)) [see figure (V—6¢)], which is also confirmed by
the results obtained for the mixtures containing n-heptane [see figure (V—6f)]. Although the
E-PPR78 model could not give a perfect representation of h® for the binary mixtures

consisting of a normal n-alkane and a long-chain n-alkane, the average value of temperature

changes are very small (A_T = 0.15 K) for the five experimental points of (n-heptane(1) + n-
hexadecane(2)) at T =298.15 K and P = 1.00 atm, plotted in figure (V—6f), which is the worst

case among the binary mixtures containing n-alkanes.

Figure (V-7) shows the prediction of h® curves for the binary systems containing
branched-alkanes. It is important to notice that the recent E-PPR78 model is much more
accurate than the original one in predicting the h® behavior for the mixtures containing
branched-alkanes. This is due to the fact that 10 parameters (5 Ax and 5 By) were re-
determined for the mixtures consisting of two branched-alkanes and consequently, the most of
the experimental h® points are better reproduced and at the same time the high performance of
our model for the VLE data is retained. Figures (V—7a,7b,7¢c,7d) show the results obtained for
16 different binary systems containing branched-alkanes at T = 298.15 K and P = 1.00 atm,
from which we can see that our model is generally capable to have a satisfactory
representation of the h® behavior for these mixtures. Once again, the h®-x curves for the
systems containing a long-chain n-alkane are underestimated [see figure (V—7b)], except that
the results of (2,3-dimethylbutane(1) + n-hexadecane(2)) appear to be correct. As shown in
figures (V—7e,7f), the effect of temperature on h® value can be observed for the two binary
systems investigated, which is well predicted by the E-PPR78 model.
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Figure V-6. Prediction of h® curves in the liquid single-phase region for the binary systems containing n-alkanes using the
E-PPR78 model. ((I) experimental h® points, (¢) temperature changes (AT). Solid line: predicted curves with the E-PPR78
model. (a) System (methane(1) + ethane(2)) at: T; = 91.50 K and P, = 1.00 atm, T, = 112.00 K and P, = 1.06 bar. (b) System
(ethane(1) + propane(2)) at T = 273.15 K and under five different pressures: P; = 50.00 bar, P, = 75.00 bar, P3 = 100.00 bar,
P, =125.00 bar, Ps = 150.00 bar. (c) System (n-hexane(1) + n-octane(2)) at T = 298.15 K and under three different pressures:
P, =1.00 bar, P, = 267.00 bar, P; = 488.00 bar. (d) System (n-hexane(1) + n-decane(2)) under one atmosphere (P = 1.00 atm)
and at three different temperatures: T; = 293.15 K, T, = 298.15 K, T3 = 308.15 K. (e) System (n-hexane(1) + n-dodecane(2))
under one atmosphere (P = 1.00 atm) and at five different temperatures: T, = 283.15 K, T, = 293.15 K, T3 =298.15 K, T, =
303.15 K, Ts =308.15 K. (f) Four different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (n-heptane(1)
+ n-octane(2)), (n-heptane(1) + n-decane(2)), (n-heptane(1) + n-dodecane(2)), (n-heptane(1) + n-hexadecane(2)) and the
temperature changes (AT) generated by the uncertainty on h® for five experimental points of (n-heptane(1) + n-

hexadecane(2)).
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Figure V—7. Prediction of h® curves in the liquid single-phase region for the binary systems containing branched-alkanes
using the E-PPR78 model. (1) experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a) Five
different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (n-hexane(1) + 2,2,4-trimethylpentane(2)), (n-
hexane(1) + 2 4-dimethylpentane(2)), (2,3-dimethylbutane(1) + n-hexane(2)), (3-methylpentane(1) + n-hexane(2)), (2,2-
dimethylbutane(1) + n-hexane(2)). (b) Four different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm):
(2,2-dimethylbutane(1) + n-hexadecane(2)), (2,2,4-trimethylpentane(1) + n-hexadecane(2)), (2,3-dimethylbutane(1) + n-
hexadecane(2)), (3-methylpentane(1) + n-hexadecane(2)). (c) Four different systems at T = 298.15 K and under one
atmosphere (P = 1.00 atm): (3-methylpentane(1) + n-dodecane(2)), (3-methylpentane(1) + n-decane(2)), (3-methylpentane(1)
+ n-octane(2)), (3-methylpentane(1) + n-heptane(2)). (d) Three different systems at T = 298.15 K and under one atmosphere
(P = 1.00 atm): (2,2-dimethylbutane(1l) + 3-methylpentane(2)), (2-methylpentane(1) + 3-methylpentane(2)), (2,3-
dimethylbutane(1) + 3-methylpentane(2)). (e) System (2,3-dimethylbutane(1) + n-hexane(2)) under one atmosphere (P = 1.00
atm) and at three different temperatures: T, = 283.15 K, T, = 298.15 K, T3 = 313.15 K. (f) System (2,2-dimethylbutane(1) +
n-dodecane(2)) under one atmosphere (P = 1.00 atm) and at four different temperatures: T, = 283.15 K, T, = 293.15 K, T3 =
298.15 K, T, =303.15 K.
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V.4.1.2 Binary mixtures containing aromatics

Figure (V—8) presents the predictions of h® curves in the liquid single-phase for the binary
systems which consist of an aromatic and an alkane. For the five binary mixtures containing
benzene at T = 323.15 K and P = 1.00 atm [see figure (V—8a)], the predicted h® are in perfect
agreement with the experimental points regardless of the chain length of n-alkane. It is
interesting to notice that the h® maximum of (n-hexane(1) + benzene(2)) is located at x; =
0.45, while the hF-x curve is skewed gradually to the right side as the chain length of the n-
alkane increases and finally the h® maximum of (benzene(1) + n-eicosane(2)) appears at X; =
0.71. We can therefore get some information that the difference in volatility between two
components in the binary mixture changes not only the h® value but also the shape of the h®-x
curve. Similarly, perfect results are obtained for five binary mixtures containing ethylbenzene
at T = 298.15 K and P = 1.00 atm [see figure (V—8b)]. As the aromatic becomes more
complex (1-methylnaphthalene), our model can always give a good representation of the
experimental h® points for the five different binary mixtures at T = 298.15 K and P = 1.00 atm
[see figure (V—8c)]. Considering the mixtures consisting of an aromatic and a branched-
alkane, we have plotted in figure (V—8d) four h=-x curves for the mixtures containing benzene
and an isomers of n-hexane at T = 298.15 K and P = 1.00 atm. In this case, the difference in
volatility between the two components in these four mixtures is not so obvious and as a
consequence, the h® values and the shapes of h®-x curve are very similar over the entire
composition range, which is accurately predicted by our model. Figure (V—8e) shows the
results obtained for the mixtures consisting of toluene and an n-alkane, from which we can
see that the experimental points of (n-hexane(l) + toluene(2)) are well predicted,
unfortunately, the others are overestimated little by little as the chain length of the n-alkane
increases. In this case, if we take the systems: (ethylbenzene(1) + n-hexadecane(2)) at T =
298.15 K and P = 1.00 atm [see figure (V—8b)], and (toluene(1) + n-hexadecane(2)) at T =
298.15 K and P = 1.00 atm [see figure (V—8e)] for comparison, it is really difficult for our
model to well reproduce simultaneously two sets of experimental h® points being nearly
identical for two different binary systems under the same condition. Worse still, the
comparisons between the predicted h® curves and the experimental points for five binary
mixtures containing 1,2,4-trimethylbenzene [see figure (V—8f)], indicate that the effect of the
chain length of n-alkane on the predicted h® values is much more significant than that on the

experimental ones. Although the maximum difference between the predicted h® and the
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experimental one for (1,2,4-trimethylbenzene(1) + n-hexadecane(2)) arrives at 267 J/mol, the

average value of temperature changes (AT = 0.64 K) for this mixture remains inappreciable.

Figure (V—9) presents the predictions of h® curves for the binary systems which consist of
two aromatics. As plotted in figure (V—9a), the experimental h® data are predicted with
accuracy for four different mixtures containing benzene, as well as the other three mixtures
plotted in figure (V-9b). Considering four mixtures containing toluene [see figure (V—9c¢)],
slightly positive (or negative) experimental h® values can be observed, which are
unfortunately overestimated by our model, with acceptable uncertainty. For the binary
mixtures containing two Xxylenes (or pseudocumene), it is necessary to indicate that we could
do nothing to improve the results shown in figure (V—9d), owing to the fact that the
parameters Ay and By have no effect on this kind of binary mixture. From the h® curves of
two mixtures at P = 1.00 atm and at four different temperatures [see figures (V—9¢,91)], we
can see that the results of (benzene(1) + 1,4-dimethylbenzene(2)) predicted by our model are
satisfactory while for (toluene(1) + 1,4-dimethylbenzene(2)), only the h®-x curve at T =

338.15 K seems to be accurate and the effect of temperature on h is underestimated.
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Figure V-8. Prediction of hE curves in the liquid single-phase region for the binary systems consist of an aromatic and an
alkane using the E-PPR78 model. (CJ) experimental h® points, (¢) temperature changes (AT). Solid line: predicted curves
with the E-PPR78 model. (a) Five different systems at T = 323.15 K and under one atmosphere (P = 1.00 atm): (benzene(1) +
n-eicosane(2)), (benzene(1) + n-hexadecane(2)), (benzene(1) + n-dodecane(2)), (benzene(1) + n-octane(2)), (n-hexane(1) +
benzene(2)). (b) Six different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (n-octane(1) +
ethylbenzene(2)), (ethylbenzene(1) + n-nonane(2)), (ethylbenzene(1) + n-decane(2)), (ethylbenzene(1) + n-dodecane(2)),
(ethylbenzene(1) + n-tetradecane(2)), ( ). (c) Five different systems at T = 298.15 K and
under one atmosphere (P = 1.00 atm): (n-heptane(1) + 1-methylnaphthalene(2)), (n-decane(1) + 1-methylnaphthalene(2)), (n-
dodecane(1) + 1-methylnaphthalene(2)), (1-methylnaphthalene(1) + n-tetradecane(2)), (1-methylnaphthalene(l) + n-
hexadecane(2)). (d) Four different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (2,2-dimethylbutane(1)
+ benzene(2)), (2,3-dimethylbutane(1) + benzene(2)), (2-methylpentane(1) + benzene(2)), (3-methylpentane(1) + benzene(2)).
(e) Six different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (toluene(1) + n-hexadecane(2)),
(toluene(1) + n-tetradecane(2)), (toluene(1l) + n-dodecane(2)), (toluene(1) + n-decane(2)), (toluene(1) + n-octane(2)), (

). (f) Five different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (1,2,4-
trimethylbenzene(1) + n-hexadecane(2)), (1,2,4-trimethylbenzene(1) + n-tetradecane(2)), (1,2,4-trimethylbenzene(1) + n-
dodecane(2)), (1,2,4-trimethylbenzene(1) + n-decane(2)), (n-heptane(1) + 1,2,4-trimethylbenzene(2)) and the temperature
changes (AT) generated by the uncertainty on hE for eighteen experimental points of (1,2,4-trimethylbenzene(l) + n-
hexadecane(2)).
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Figure V-9. Prediction of h® curves in the liquid single-phase region for the binary systems consist of two aromatics using
the E-PPR78 model. (CI) experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (benzene(l) + toluene(2)), (benzene(l) +
ethylbenzene(2)), (benzene(1) + n-propylbenzene(2)), (benzene(1) + n-butylbenzene(2)). (b) Three different systems at T =
298.15 K and under one atmosphere (P = 1.00 atm): (ethylbenzene(1) + n-butylbenzene(2)), (ethylbenzene(1) + n-
propylbenzene(2)), (n-propylbenzene(1) + n-butylbenzene(2)). (c) Four different systems at T = 298.15 K and under one
atmosphere (P = 1.00 atm): (toluene(1l) + isopropylbenzene(2)), (toluene(l) + ethylbenzene(2)), (toluene(l) + n-
propylbenzene(2)), (toluene(1) + n-butylbenzene(2)). (d) Four different systems at T = 298.15 K and under one atmosphere
(P = 1.00 atm): (1,3-dimethylbenzene(1) + 1,2-dimethylbenzene(2)), (1,4-dimethylbenzene(1l) + 1,2-dimethylbenzene(2)),
(1,4-dimethylbenzene(1) + 1,3-dimethylbenzene(2)), (1,3,5-trimethylbenzene(1) + 1,2,4-trimethylbenzene(2)). (e) System
(benzene(1) + 1,4-dimethylbenzene(2)) under one atmosphere (P = 1.00 atm) and at four different temperatures: T, = 288.15
K, T, =298.15 K, T3 =308.15 K, T, = 318.15 K. (f) System (toluene(1) + 1,4-dimethylbenzene(2)) under P = 1.01 bar and at
four different temperatures: T; = 298.15 K, T, = 308.15 K, T3 = 323.15 K, T, = 338.15 K.
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V.4.1.3 Binary mixtures containing naphthenes

As shown in figure (V—5), this family presents the highest objective function among seven

families investigated, meanwhile, its AT is even lower than the average one. This is because
some of the ht values are relatively low and the small magnitude of h inevitably increases
the objective function. Due to the fact that 8272 experimental points have been collected, it is

decided to present the prediction of h®-x; curves in three different figures.

Figure (V—10) shows the predictions of h® curves for the binary systems which consist of a
naphthene and an alkane. The predicted h® for five different binary mixtures containing
cyclohexane and an n-alkane at T = 313.15 K and P = 1.00 atm [see figure (V—10a)] are in
close agreement with experimental data. We have to notice that the h® behavior observed here
is very similar to that of the mixtures containing benzene and an n-alkane [see figure (V—8a)],
while the magnitude of h® value here is less important and the predicted h-x curve for the
mixture containing a long chain n-alkane is less accurate. As shown in figure (V—10b),
accurate results are obtained for the mixtures containing 1,1’-bicyclohexyl except that the
experimental points of (1,1’-bicyclohexyl(1) + n-hexadecane(2)) are a little underestimated.
Figure (V—10c) is the plots of four h® curves for mixtures containing methylcyclohexane and
an n-alkane at T = 298.15 K and P = 1.00 atm, from which we can see that the effect of the
chain length of the n-alkane is not well predicted by our model, as a result, only the h® curves
of (methylcyclohexane(1) + n-octane(2)) and (n-heptane(2) + methylcyclohexane (2)) appear
to be accurate and the experimental points are overestimated and underestimated for (n-
hexane(2) + methylcyclohexane (2)) and (methylcyclohexane (2) + n-decane(2)), respectively.
In figures (V—10d,10e), we have plotted the prediction of h® curves for ten different mixtures.
Even though the results of some mixtures are not in good agreement with experimental data,
the uncertainties are still acceptable. Furthermore, The h® curves of (cyclopentane(l) + 2,3-
dimethylbutane(2)) under one atmosphere and at three different temperatures [see figure
(V-10f)] indicate that the effect of temperature is significant on the small magnitude of h*,

which is well predicted by our model.

Figure (V—11) shows the prediction of h® curves in the liquid single-phase for the binary
systems which consist of a naphthene and an aromatic. Most of the predicted h® curves are in
perfect agreement with experimental data. By looking at the binary systems containing two

naphthenes [see figure (V—12)], the results obtained are not very satisfactory, especially for
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the mixture containing 1,1’-bicyclohexyl or cis-decalin, plotted in figure (V—12¢) and figure
(V—12f). As discussed previously, the parameters Ay and By have no effect on the binary
mixtures shown in figures (V—12a,12b). The results of (cyclopentane(1) + cyclooctane(2)) are
surprisingly good including the effect of temperature on hF, while the experimental data of
(cyclohexane(1) + cyclooctane(2)) are underestimated and the effect of temperature predicted
by our model seems to be wrong. It is important to notice that a small magnitude of h® value
increases the objective function. Moreover, the mixture like (cyclohexane(1) + cis-decalin(2))
shows an endothermic and an exothermic mixing in the cis-decalin-rich and cyclohexane-rich
region, respectively [see figure (V—12f)]. For this mixture showing a flexuous h® behavior,
the experimental points close to zero will generate a huge objective function. The same
explanation can be applied to the mixtures: (cyclohexane(l) + cyclooctane(2)) and

(cyclohexane(1) + methylcyclohexane(2)) shown in figures (V—12b,12c).
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Figure V—10. Prediction of h® curves in the liquid single-phase region for the binary systems consist of a naphthene and an
alkane using the E-PPR78 model. ((J) experimental h& points. Solid line: predicted curves with the E-PPR78 model. (a) Five
different systems at T = 313.15 K and under one atmosphere (P = 1.00 atm): (cyclohexane(1l) + n-hexadecane(2)),
(cyclohexane(1) + n-dodecane(2)), (cyclohexane(l) + n-decane(2)), (cyclohexane(l) + n-octane(2)), (n-hexane(l) +
cyclohexane(2)). (b) Four different systems at T = 298.20 K and under one atmosphere (P = 1.00 atm): (1,1°-bicyclohexyl(1)
+ n-hexadecane(2)), (n-dodecane(1) + 1,17-bicyclohexyl(2)), (n-octane(1) + 1,1°-bicyclohexyl(2)), (n-heptane(1) + 1,1°-
bicyclohexyl(2)), (n-hexane(1) + 1,1’-bicyclohexyl(2)). (c) Four different systems at T = 298.15 K and under one atmosphere
(P = 1.00 atm): (methylcyclohexane(1) + n-decane(2)), (methylcyclohexane(1) + n-octane(2)), (n-heptane(l) +
methylcyclohexane(2)), (n-hexane(1) + methylcyclohexane(2)). (d) One system at T = 298.15 K and under P = 1.73 bar: (2,2-
dimethylpropane(1) + cyclohexane(2)), and two different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm):
(2,2-dimethylbutane(1) + cyclohexane(2)), (2,2-dimethylpentane(1) + cyclohexane(2)). (e) Seven different systems at T =
298.15 K and under one atmosphere (P = 1.00 atm): (2,2-dimethylbutane(1) + trans-decalin(2)), (2,2,4-trimethylpentane(1) +
trans-decanlin(2)), (2,3-dimethylbutane(1) + trans-decalin(2)), (3-methylpentane(1) + trans-decalin(2)), (2-methylpentane(1)
+ trans-decalin(2)), ( ), (n-hexane(1) + trans-decalin(2)). (f) System (cyclopentane(1) + 2,3-
dimethylbutane(2)) under one atmosphere (P = 1.00 atm) and at three different temperatures: T, = 288.15 K, T, = 298.15 K,
T3 =308.15 K.
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Figure V-11. Prediction of h® curves in the liquid single-phase region for the binary systems consist of a naphthene and an
aromatic using the E-PPR78 model. (CJ) experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a)
System (benzene(1) + cyclohexane(2)) under one atmosphere (P = 1.00 atm) and at four different temperatures: T, = 280.15
K, T, = 297.40 K, T3 = 323.15 K, T, = 348.15 K, under P = 1.47 bar and at T = 363.15 K, under bar and at

,under P =14.10 bar and at T = 413.15 K. (b) Five different systems at T = 298.15 K and under one atmosphere (P
= 1.00 atm): (cyclohexane(1) + 1-methylnaphthalene(2)), (benzene(1) + cyclohexane(2)), (cyclohexane(1l) + toluene(2)),
(cyclohexane(1) + ethylbenzene(2)), (cyclohexane(1) + n-propylbenzene(2)). (c) Three different systems at T = 298.15 K and
under P = 1.01 bar: (benzene(1) + cyclooctane(2)), (toluene(1) + cyclooctane(2)), (ethylbenzene(1) + cyclooctane(2)). (d)
Three different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (benzene(1) + methylcyclohexane(2)),
(methylcyclohexane(1) + toluene(2)), (methylcyclohexane(1) + ethylbenzene(2)), one system at T = 300.05 K and under one
atmosphere (P = 1.00 atm): (methylcyclohexane(1) + 1,4-dimethylbenzene(2)). (e) Five different systems at T = 298.15 K
and under one atmosphere (P = 1.00 atm): (benzene(1) + 1,1°-bicyclohexyl(2)), (benzene(1l) + ethylcyclohexane(2)),
(benzene(1) + trans-decalin(2)), (methylcyclopentane(1) + benzene(2)), (benzene(1) + tetralin(2)). (f) Three different systems
at T = 298.15 K and under one atmosphere (P = 1.00 atm): (toluene(1) + trans-decalin(2)), (toluene(1) + ethylcyclohexane(2)),
(ethylcyclohexane(1) + ethylbenzene(2)).
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Figure V—12. Prediction of h® curves in the liquid single-phase region for the binary systems consist of two naphthenes using
the E-PPR78 model. () experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a) System
(cyclopentane(1) + cyclooctane(2)) under one atmosphere (P = 1.00 atm) and at three different temperatures: T, = 288.25 K,
T, =298.15 K, T3 = 308.32 K. (b) System (cyclohexane(1) + cyclooctane(2)) under one atmosphere (P = 1.00 atm) and at
four different temperatures: T, = 288.15 K, T, = 298.15 K, T3 = 308.15 K, T, = 318.15 K. (c) System (cyclohexane(1) +
methylcyclohexane(2)) under one atmosphere (P = 1.00 atm) and at three different temperatures: T, = 293.15 K, T, = 298.15
K, T3 = 308.15 K. (d) Four different systems at T = 298.20 K and under one atmosphere (P = 1.00 atm): (cyclopentane(1) +
tetralin(2)), (cyclohexane(1) + tetralin(2)), (cycloheptane(1) + tetralin(2)), (cyclooctane(1) + tetralin(2)). (e) Four different
systems at T = 298.20 K and under one atmosphere (P = 1.00 atm): (cyclopentane(1) + 1,1’-bicyclohexyl(2)), (cyclohexane(1)
+ 1,17-bicyclohxyl(2)), (cycloheptane(1) + 1,1°-bicyclohexyl(2)), (cyclooctane(1) + 1,1’-bicyclohexyl(2)). (f) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (cyclopentane(1) + cis-decalin(2)), (cyclohexane(1) + cis-
decalin(2)), (cycloheptane(1) + cis-decalin(2)), (cyclooctane(1) + cis-decalin(2)).
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V.4.1.4 Binary mixtures containing CO; (or mercaptans, or ethylene)

Figure (V—13) presents the predictions of h® curves in the liquid single-phase for the

binary systems containing CO, (or mercaptans, or ethylene). Considering the mixtures

containing CO, for which the average value of the temperature changes (AT) is the highest
among the families investigated [see figure (V—-5b)], we have plotted in figures
(V—13a,13b,13c¢) the hF-x curves of such mixtures. As shown in figure (V—13a), the predicted
hE curves of (CO,(1) + ethane(2)) at T = 272.10 K and under two different pressures are in
close agreement with experimental data. Meanwhile, the results of (CO(1) + toluene(2)) at T
= 298.15 K which is 6 K below than the critical temperature of CO2 (T¢ = 304.20 K) and
under two different pressures, become less accurate, especially for the h® curve at P = 106.00
bar [see figure (V—13b)]. As for the mixture (CO,(1) + n-decane(2)) at T = 303.15 K which is
just 1 K below the critical temperature of CO, and under two different pressures, both the two

h® curves are underestimated by our model, and the average value of the temperature changes

for 48 experimental points shown in figure (V—13c¢) is: AT = 2.40 K. In the open literature,
246 experimental points are available for the mixtures containing mercaptans and perfect
results are obtained for four binary mixtures containing n-butyl mercaptans at T = 298.15 K
and under P = 5.00 bar, as shown in figure (V—13d). Figures (V—13e,13f) give the hF-x plots
for the two binary mixtures containing ethylene. Reasonable results are obtained for the
mixture (methane(1) + ethylene(2)). By looking at (ethylene(1) + propane(2)) at T = 273.15 K
and under four different pressures, the effect of pressure on h® value is correctly predicted and
the h-x curve at P = 100.00 bar is perfectly reproduced. In general, the experimental points of

the mixtures containing ethylene are predicted with acceptable accuracy.
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Figure V—13. Prediction of hF curves in the liquid single-phase region for the binary systems containing CO, (or mercaptans,
or ethylene) using the E-PPR78 model. () experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a)
System (CO,(1) + ethane(2)) at T = 272.10 K and under two different pressures: P, = 45.00 bar, P, = 110.00 bar. (b) System
(CO,(1) + toluene(2)) at T = 298.15 K and under two different pressures: P; = 75.00 bar, P, = 106.00 bar. (c) System (CO,(1)
+ n-decane(2)) at T = 303.15 K and under two different pressures: P, = 75.80 bar, P, = 125.00 bar. (d) Four different systems
at T = 298.15 K and under P = 5.00 bar: (n-butyl mercaptan(1) + n-heptane(2)), (cyclohexane(1) + n-butyl mercaptan(2)),
(benzene(1) + n-butyl mercaptan(2)), (n-butyl mercaptan(1) + toluene(2)). (e) System (methane(1) + ethylene(2)) at T, =
150.00 K and P; = 10.58 bar, T, = 140.12 K and P, = 6.56 bar, T3 = 115.77 K and P3 = 1.43 bar. (f) System (ethylene(1) +
propane(2)) at T = 273.15 K and under four different pressures: P, = 75.00 bar, P, = 100.00 bar, P = 125.00 bar, P, = 150.00
bar.
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V.4.1.5 Binary mixtures containing alkenes

Figure (V—14) shows the predictions of h® curves for the binary systems containing linear
alkenes (one double bond or two double bonds). Considering the mixtures which consist of a
1-alkene and its corresponding n-alkane, we have plotted five hE-x curves for these mixtures
at T =298.15 K and P = 1.00 atm [see figure (V—14a)]. Obvious scatters can be observed for
the mixture (1-heptene(1) + n-heptane(2)) and it is interesting to notice that the h® value is a
decreasing function of the carbon number of 1-alkene (or n-alkane). Although the
experimental data are underestimated by our model, the uncertainty seems to be reasonable.
As plotted in figure (V—14b), perfect results are obtained for the mixtures containing 1-
hexene and a branched-alkane, as well as the mixtures containing a 1-alkene and a naphthenic
compound [see figure (V—14c)]. The prediction of h® curves for four binary mixtures
containing two linear alkenes are plotted in figure (V—14d), from which we can see that it is
really difficult to well predict the h® behavior for these mixtures where the volatility of two
components is very close. In figures (V—14e,14f), we have plotted the hE-x curves for the
mixtures consisting of an alkene and benzene (or cyclohexane). Reasonable results are
obtained by our model and the mixtures containing benzene are a little better predicted than

those containing cyclohexane.

Figure (V—15) shows the h® curves for the binary systems containing branched alkenes (or
cycloalkenes) in the liquid single-phase region. Only 241 points are available for the mixture
containing branched alkenes. It is therefore an easy task for our model to properly represent
these experimental points with a good accuracy [see figures (V—15a,15b)]. In figure (V—15c),
we have plotted the h®-x curves for five different binary mixtures which consist of
cyclohexene and n-alkane at T = 298.15 K and under one atmosphere. Perfect results are
obtained for the mixtures containing a normal n-alkane (n-octane, n-decane and n-dodecane),
while the prediction appears to be less accurate as the chain length of n-alkane increases. The
prediction of h® curves for the other 10 mixtures [see figures (V—15d,15e,15f)] indicates that
our model is capable to give a good representation of h® for the mixtures containing

cycloalkenes.
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Figure V—14. Prediction of h® curves in the liquid single-phase region for the binary systems containing linear alkenes using
the E-PPR78 model. (C0) experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a) Five different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (1-hexene(1l) + n-hexane(2)), (1-heptene(1) + n-
heptane(2)), (1-octene(l) + n-octane(2)), (1-nonene(1) + n-nonane(2)), (1-decene(l) + n-decane(2)). (b) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (1-hexene(1) + 2,3-dimethylbutane(2)), (1-hexene(1) +
2,2-dimethylbutane(2)), (1-hexene(1) + 2-methylpentane(2)), (1-hexene(1) + 2,2,4-trimethylpentane(2)). (c) Three different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (1-hexene(1) + 1,1’-bicyclohexyl(2)), (1-heptene(l) +
I.17-bicyclohexyl(2)), (1-hexene(1) + methylcyclohexane(2)). (d) Four different systems at T = 298.15 K and under one
atmosphere (P = 1.00 atm): (1,5-hexadiene(1) + trans-3-hexene(2)), (1,5-hexadiene(1) + 1-hexene(2)), (1-hexene(1) + trans-
2-hexene(2)), (trans-3-hexene(1) + trans-2-hexene(2)). (e) Five different systems at T = 298.15 K and under one atmosphere
(P = 1.00 atm): (benzene(l) + 1-decene(2)), (benzene(1) + 1-octene(2)), (benzene(l) + 1-heptene(2)), (1-hexene(l) +
benzene(2)), (1,5-hexadiene(1) + benzene(2)). (f) Five different systems at T = 298.15 K and under one atmosphere (P = 1.00
atm): (cyclohexane(1) + 1-decene(2)), (cyclohexane(1l) + 1-octene(2)), (cyclohexane(1l) + 1-heptene(2)), (1-hexene(1) +
cyclohexane(2)), (trans-2-hexene(1) + cyclohexane(2)).
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Figure V—15. Prediction of h® curves in the liquid single-phase region for the binary systems containing branched alkenes (or
cycloalkenes) using the E-PPR78 model. (C1) experimental h® points. Solid line: predicted curves with the E-PPR78 model.
(a) Three different systems at T = 303.15 K and under one atmosphere (P = 1.00 atm): (2-methyl-1,3-butadiene(1) +
benzene(2)), (2-methyl-1,3-butadiene(1) + n-hexane(2)), (2-methyl-1-pentene(1) + n-dodecane(2)). (b) System (2-
methylpropane(1) + 2-methylpropene(2)) at T = 298.15 K and under three different pressures: P, = 50.00 bar, P, = 100.00 bar,
P3 = 150.00 bar. (c) Five different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (cyclohexene(1) + n-
octane(2)), (cyclohexene(1) + n-decane(2)), (cyclohexene(l) + n-dodecane(2)), (cyclohexene(l) + n-tetradecane(2)),
(cyclohexene(1) + n-hexadecane(2)). (d) Four different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm):
(cyclohexene(1) + 1,1°-bicyclohexyl(2)), (cyclohexane(1) + cyclohexene(2)), (n-hexane(1) + cyclohexene(2)), (benzene(1) +
cyclohexene(2)). (e) Five different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (1,4-cyclohexadiene(1)
+ tetralin(2)), (benzene(1) + 1,4-cyclohexadiene(2)), (1,4-cyclohexadiene(1) + 1,1’-bicyclohexyl(2)), (cyclohexane(1) + 1,4-
cyclohexadiene(2)), (n-hexane(1) + 1,4-cyclohexadiene(2)). (f) System (alpha-pinene(l) + beta-pinene(2)) under one
atmosphere (P = 1.00 atm) and at three different temperaures: T, = 298.15 K, T, = 308.15 K, T3 = 318.15 K.
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V.4.2 Results of excess molar enthalpy (hF) in the gaseous single-phase region
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Figure V—16. (a) Histogram of the objective functions of hE in the gaseous single-phase region for ten families of binary
systems, with the number of experimental points on top. (b) Histogram of the average value of temperature changes
generated by the uncertainty on the predicted hE in the gaseous single-phase region for ten families of binary systems, with
the number of experimental points on top.

In the open literature, only 55 binary mixtures present experimental h® in the gaseous
single-phase region, nevertheless, 5224 experimental points have been collected. For all the
experimental points in the gaseous single-phase region, the objective function is: Fopjne =
26.70% [blue dashed line in figure (V—16a)]. The objective function here is much lower than

the one obtained in the previous case (h® in the liquid single-phase region), however, the

average value of temperature changes (AT = 0.79 K) obtained here is 4 times higher. It can be
argued that the mixture in the liquid state (always in sub-critical region) exhibits small or
moderate endothermic (or exothermic) mixing, whereas, the mixture in the gaseous state
could be in both the sub-critical and super-critical regions. We have observed that the mixture
exhibits huge or moderate endothermic effects if the mixing takes place in the vicinity of the
critical point of the pure component and otherwise, the mixture exhibits small or moderate
endothermic mixing. Because quite a good deal of experimental points in the gaseous state are
measured at temperatures close to the critical temperature of the pure component, and at
different pressures, the huge experimental h® value will make our objective function (relative
deviations) less important and at the same time, the absolute deviation (difference between the

calculated value and the experimental one) being more significant will inevitably increase the

average value of temperature changes (E). This explanation can be applied to the family of
binary mixtures containing CO, (or N, or Hy) shown in figure (V—16b), displaying Fopjne

lower than the average one with AT greater than the average one.
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In order to clearly illustrate the results obtained by our model, we have defined two
different temperature ranges: T < Tc, where the temperatures (T) are lower than the critical
temperature of the less volatile component (Tc,) and T > Tc, where the temperatures (T) are

higher than the critical temperature of the less volatile component (T¢y).

V.4.2.1 hF in the gaseous state over the temperature range: T < Tc»

Figures (V—17,18,19) present the predictions of h® curves in the gaseous state where the

temperatures (T) investigated are below the critical temperature of the less volatile component
(Tco).

As shown in figure (V—17), it is really difficult to predict accurately the hF behavior while
T < T, and under low pressures, for the binary mixtures which exhibit small endothermic

mixings. Most of the 215 experimental h® points are underestimated (Fobje = 40.20 %),

however, the temperature changes are very small (A_T = 0.16 K). On the other hand,
regarding the h®-x curves of two binary mixtures containing CO [see figures (V—18a,18b)] at
T = 293.15 K which is a little below the critical temperature of CO, (T¢ = 304.12 K), the h®
increase from low values to moderate values as the pressure increases for both mixtures.
Moreover, the prediction of h® curves seems to be more accurate (Fobjhe = 18.05 % for these

85 points). Meanwhile, the average value of temperature changes become more significant

(E = 0.73 K) due to the relatively higher uncertainty on the predicted hF at higher pressures.
In addition, the prediction of h® curves at the pressures near the critical pressure of CO, (P¢ =

73.74 bar) has not been examined because of the absence of experimental data.

In figure (V—18c), we have plotted the hE-y curves for six different binary mixtures
consisting of methane and an n-alkanes, under one atmosphere, where most of the
experimental points are underestimated by our model. Acceptable results are obtained for the
mixture (methane(1) + ethane(2)) at T = 303.20 K which is slightly below the critical
temperature of ethane (T¢ = 305.32 K) and the mixture (methane(1) + n-butane(2)) at T =
394.30 K near the critical temperature of n-butane (Tc = 425.15 K). Figure (V—18d) presents
the h® behavior for six binary mixtures containing n-octane at T = 403.20 K being far away
from the critical temperature of n-octane (T¢ = 568.70 K), from which we observe that most
of the experimental points are underestimated by our model and better results can be obtained
if the mixtures are less asymmetric (n-heptane(1l) + n-octane(2)). Considering the mixture
(methane(1) + H,S(2)) at T = 305.15 K and under three different pressures, shown in figure
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(V—18e), the h& curve at P = 5.07 bar are predicted with acceptable uncertainty, however, it
becomes much worse at P = 15.20 bar. The effect of pressure on h® predicted here is far away
from accuracy and that is why the objective function and the average value of temperature
changes are very high for the family of the mixture containing H,S (methane(1) + H,S(2) only)
[see figure (V—-16)].

As shown in figure (V—19a), the predictions of h®-y curves of the mixtures containing H,O
at T = 373.20 K and under one atmosphere, are more or less accurate except for the very
asymmetric system: (methane(1) + H,O(2)). This is confirmed by the results of the other two
mixtures: (H,O(1) + cyclohexane(2)) (less asymmetric) and (N»(1) + H>0(2)) (more
asymmetric) under P = 1.01 bar and at different temperatures [see figures (V—19b,19c)].
Obviously, these asymmetric systems result in significant objective function. Considering the
hE-y curves of (H,0(1) + n-heptane(2)) [see figures (V—19d,19¢)] at three different pressure-
temperature points in the super-critical region of n-heptane, huge endothermic mixings can be
observed. The objective function for these 15 experimental points in figure (V—19e¢) is only
10.65%, however, the average value of temperature changes arrives at 3.46 K. At the same
time, we have to notice that the large objective function and high average value of
temperature changes for the family of binary mixtures containing H; [see figure (V—16)] are
caused by the mixture (Hz(1) + H20(2)).
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Figure VV—17. Prediction of h® curves in the gaseous single-phase region for the binary systems using the E-PPR78 model.
() experimental hE points. Solid line: predicted curves with the E-PPR78 model. (a) System (methane(1) + ethane(2)) under
one atmosphere (P = 1.00 atm) and at three different temperatures: T; = 241.10 K, T, = 269.20 K, T5 = 298.20 K. (b) System
(ethane(1) + hexane(2)) under P = 1.01 bar and at three different temperatures: T, = 372.20 K, T, = 383.20 K, T3 = 403.20 K.
(c) System (propane(1) + n-hexane(2)) under P = 1.01 bar and at three different temperatures: T, = 344.20 K, T, = 363.20 K,
T3 =396.90 K. (d) System (n-pentane(1) + n-heptane(2)) under P = 1.01 bar and at three different temperatures: T, = 393.20
K, T, =403.20 K, T3 = 413.20 K. (e) System (methane(1) + cyclohexane(2)) under one atmosphere (P = 1.00 atm) and at six
different temperatures: T; = 363.15 K, T, = 373.15 K, T3 = 383.15 K, T, = 393.15 K, Ts = 403.15 K, . (f)
System (CO,(1) + benzene(2)) under P = 1.01 bar and at four different temperatures: T, = 354.50 K, T, = 368.00 K, T3 =
382.60 K, T, =398.60 K.
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Figure V—18. Prediction of h® curves in the gaseous single-phase region for the binary systems using the E-PPR78 model.
(0J) experimental h® points. Solid line: predicted curves with the E-PPR78 model. (a) System (methane(1) + CO,(2)) at T =
293.15 K and under five different pressures: P, = 50.66 bar, P, = 40.53 bar, P53 = 30.40 bar, P, = 20.27 bar, Ps = 10.13 bar. (b)
System (N,(1) + CO»(2)) at T = 293.15 K and under five different pressures: P, = 10.13 bar, P, = 20.26 bar, P; = 30.40 bar,
P, = 40.53 bar, P5 = 50.66 bar. (c) Six different systems under one atmosphere (P = 1.00 atm): (methane(1) + ethane(2)) at T
= 303.20 K, (methane(1) + propane(2)) at T = 302.20 K, (methane(1) + n-butane(2)) at T = 394.30 K, (methane(1) + n-

pentane(2)) at T = 403.50 K, (methane(1) + n-hexane(2)) at T = 407.70 K, ( ) at . (d)
Six different systems at T = 403.20 K and under P = 1.01 bar: (ethane(1) + n-octane(2)), (propane(l) + n-octane(2)), (n-
butane(1) + n-octane(2)), (n-pentane(1) + n-octane(2)), (n-hexane(1) + n-octane(2)), . (e) System

(methane(1) + H,S(2)) at T = 305.15 K and under three different pressures: P, = 15.20 bar, P, = 10.13 bar, P3 = 5.07 bar.
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Figure V—19. Projection of pressure-temperature and prediction of h® curves in the gaseous single-phase region for the
binary systems containing H,O using the E-PPR78 model. (C1) experimental h® points, (M) pressure-temperature points, (@)
critical points of the pure compounds, (A) upper critical endpoint, UCEP. Solid line: predicted curves with the E-PPR78
model. (a) Six different systems at T = 373.20 K and under one atmosphere (P = 1.00 atm): (methane(1) + H,0(2)),
(propane(1) + H,0(2)), (n-butane(1) + H,0O(2)), (n-pentane(1) + H,O(2)), (n-hexane(1) + H,0O(2)),
(b) System (H,O(1) + cyclohexane(2)) under P = 1.01 bar and at seven different temperatures: T, = 373.20 K, T, = 382.80 K,
T, =393.30 K, T, =403.20 K, T5 = 413.20 K, , T7 = 433.20 K. (c) System (N, (1) + H,O(2)) under P = 1.01
bar and at six different temperatures: T, = 373.15 K, T, = 380.15 K, T3 = 390.15 K, T, = 400.15 K, Ts = 410.15 K,

. (d) Pressure-temperature projection for system (H,O(1) + n-heptane(2)) with the pressure-temperature points
where the hE curves are predicted. (e) System (H,O(1) + n-heptane(2)) at: T, = 548.20 K and P, = 45.80 bar, T, = 573.20 K
and P, = 60.00 bar, T; =598.20 K and P; = 76.80 bar.
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V.4.2.2 hF in the gaseous state over the temperature range: T > T,

Figures (V—20,21,22) present the predictions of h® curves in the gaseous state where the
temperatures (T) investigated are higher than the critical temperature of the less volatile
component (Tcz). We have plotted the P-T projections for each binary mixture studied,
together with the P-T points, indicating at which temperature and pressure the h® behavior is

examined.

As shown in figure (V—20), the hE-y curves are well predicted for two binary mixtures
(methane(1) + ethylene(2)) and (N2(1) + ethylene(2)) over the temperature range: T > T, and
the pressure range: P < P, (critical pressure of the less volatile component). It is obvious that
both the temperature and pressure have a significant effect on ht in this region. The maximum
value of h® is a decreasing function of the temperature and an increasing function of the

pressure.

In order to well understand the h® behavior over the pressure range: P > Pc,, we have
plotted in figure (V—21) the h®-y curves for two mixtures: (methane(1) + CO2(2)) and (N(1)
+ methane(2)). At temperatures much higher than the critical temperature of the less volatile
component (Tc,), the maximum h® values are still a monotonic function of pressure but over a
pressure range wider than in the previous case [see figures (V—21c,21e)]. Once again,
accurate results are obtained by our model. At the temperature slightly above the critical
temperature of the less volatile component (Tcy), the effect of pressure on the maximum of h®
is no longer monotonic. Taking the mixture (methane(1) + CO2(2)) at T = 305.15 K for
example [see figure (V—21b)], as the pressure increases from 20.27 to 101.33 bar, the h®
maximum increases, reaches the maximum at P = 81.06 bar and then it drops a little. Similar
phenomena can be found for the mixture (N2(1) + methane(2)) at T = 201.00 K [see figure
(V-21d)]. It is difficult for our model to perfectly predict the highest (or near highest) hE-y

curve.

It is well known that, close to the critical point, small changes in pressure or temperature
result in large changes in density. And as a result, it is not surprising that the effect of pressure
on hF at temperatures slightly above Tc, is complex. In order to illustrate this complexity, h&-
y curves of the other two binary mixtures: (H2(1) + methane(2)) and (CO(1) + ethane(2)) are
plotted in figure (V—22). As shown in figure (V—22b), the maximum of the hE-y curves for
(H2(1) + methane(2)) is a monotonic increasing function of the pressure and the predicted
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curves at seven different pressures are in good agreement with experimental data. As for the
mixture (COx(1) + ethane(2)) [see figure (V—22d)], the effect of pressure on h® at T = 308.40
K is completely different, owing to the fact that the critical temperatures of two components
in the mixture are very similar. At P = 40.00 bar and P = 110.00 bar, the h®-x curves are
almost symmetric, while the curve at P = 55.00 bar and P = 83.00 bar is skewed a lot,
presenting a peak value on the left and right side respectively. Acceptable results are obtained
except for the underestimation of two peak values. In addition, we have plotted the h&-y
curves for the mixture (ethylene(1) + propane(2)) at T = 373.15 K and under four different
pressures in figure (V—22f), where the h® value is an decreasing function of pressure. It is
interesting to notice that the experimental points under each pressure show an endothermic
mixing and an exothermic mixing in the ethylene-rich and propane-rich region respectively
and the effect of pressure on both the endothermic and exothermic phenomena can also be
observed. In this case, even though the predicted h® curves are in close agreement with
experimental data, huge objective function will be generated by the small magnitude or even

the nearly zero value of experimental h® point.
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Figure \V—20. Projection of pressure-temperature and prediction of h® curves in the gaseous high-temperature region for two
binary systems: (methane(1) + ethylene(2)) and (N,(1) + ethylene(2)), using the E-PPR78 model. (1) experimental h® points,
(M) pressure-temperature points, (@) critical points of the pure compounds. Solid line: predicted curves with the E-PPR78
model. Dashed line: constant temperature. (a) Pressure-temperature projection for system (methane(1) + ethylene(2)) with the
pressure-temperature points where the h® curves are predicted. (b) h® curves for system (methane(1) + ethylene(2)) at T =
293.15 K and under three different pressures: P, = 34.45 bar, P, = 15.20 bar, Py = 11.14 bar. (c) h® curves for system
(methane(1) + ethylene(2)) at T = 313.15 K and under three different pressures: P, = 34.45 bar, P, = 15.20 bar, P3 = 11.14 bar.
(d) hE curves for system (N,(1) + ethylene(2)) at T = 283.15 K and under four different pressures: P, = 48.35 bar, P, = 34.54
bar, P3 = 20.72 bar, P, = 10.36 bar. () h® curves for system (N,(1) + ethylene(2)) at T = 338.15 K and under two different
pressures: P, = 48.35 bar, P, = 34.54 bar. (f) Pressure-temperature projection for system (N,(1) + ethylene(2)) with the
pressure-temperature points where the h® curves are predicted.
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Figure \V-21. Projection of pressure-temperature and prediction of h® curves in the gaseous high-temperature region for two
binary systems: (methane(1) + CO,(2)) and (N,(1) + methane(2)), using the E-PPR78 model. ((J) experimental h® points, (M)
pressure-temperature points, (@) critical points of the pure compounds. Solid line: predicted curves with the E-PPR78 model.
Dashed line: constant temperature. (a) Pressure-temperature projection for system (methane(l) + CO,(2)) with the
temperature-pressure points where the h curves are predicted. (b) h® curves for system (methane(1) + CO,(2)) at T = 305.15
K and under six different pressures: P, = 101.33 bar, P, = 81.06 bar, P3 = 70.93 bar, P, = 60.80 bar, P5 = 40.53 bar,

. (c) hE curves for system (methane(1) + CO,(2)) at T = 353.15 K and under seven different pressures: P, = 101.33
bar, P, = 91.19 bar, P; = 81.06 bar, P, = 70.93 bar, Ps = 50.66 bar, , P; = 10.13 bar. (d) hE curves for system
(N5(1) + methane(2)) at T = 201.00 K and under six different pressures: P; = 30.50 bar, P, = 40.40 bar, Pz = 51.50 bar, P, =
55.60 bar, Ps = 71.40 bar, . (&) hE curves for system (N,(1) + methane(2)) at T = 298.00 K and under five
different pressures: P, = 21.30 bar, P, = 41.50 bar, P; = 61.80 bar, P, = 82.10 bar, Ps = 102.30 bar. (f) Pressure-temperature
projection for system (N,(1) + methane(2)) with the temperature-pressure points where the hF curves are predicted.

-215-



Chapitre V. Définition d’un nouveau modeéle baptisé E-PPR78

150.0 T T T T T T
@ T T
' P/bar h=/(3/mol)
i E ’ Ho(1)-1(2)
H T=201.00K
100.0 1 E - Py =11.10 bar
| P; = 31.80 bar
* |:> P, = 41.70 bar
7 ! T | Ps =51.30 bar
i 800.0 Ps = 61.50 bar
' P7; =81.50 bar
- [ ] -
50.0 methane ‘
.
T TIK Y1
0.0 T T T T T T —D
150.0 200.0 250.0 300.0 0.0 0.5 1.0
120.0 T T T T T
C) . TP/bar 3000.0 E ThE/(J/m0|)
4 i i CO,(1)-2(2
: i T =30840K
! P1 = 40.00 bar
80.0 . P, = 55.00 bar
07 co; | T ] _Ps=65.00 bar
" 2000.0 P. = 75.00 bar
" : Ps = 83.00 bar
" ] Pz =110.00 bar
&thane: i
40.0 1 ' 1000.0- g
: TIK Vi
0.0 T T T T - _D 0.0 T T 1
260.0 280.0 300.0 320.0 0.0 0.5 1.0
160.0 T T T T 2000. T T
(e) [ TP/bar f) oo ThE/(J/mol)
‘ 4 —Ha2(1)-3(2)
T H T T=37315K
| P; =75.00 bar
" P, = 100.00 bar
i 1000. - {Ps=125.00 bar
I ’ P, = 150.00 bar
80.0 } B
b
topane
; 0.0 o ————eT i
; a5 . of oo
: T Hegom@io "
0.0 T T T . T T
200.0 300.0 400.0 0.0 0.5 1.0

Figure \V—22. Projection of pressure-temperature and prediction of h® curves in the gaseous high-temperature region for two
binary systems: (CO,(1) + ethane(2)) and (H,(1) + methane(2)), using the E-PPR78 model. ((1) experimental h® points, (M)
pressure-temperature points, (@) critical points of the pure compounds. Solid line: predicted curves with the E-PPR78 model.
Dashed line: constant temperature. (a) Pressure-temperature projection for system (H,(1) + methane(2)) with the pressure-
temperature points where the h® curves are predicted. (b) h® curves for system (H,(1) + methane(2)) at T = 201.00 K and
under seven different pressures: P, = 81.50 bar, P, = 61.50 bar, P; = 51.30 bar, P, = 41.70 bar, Ps = 31.80 bar, ,
P, = 11.10 bar. (c) Pressure-temperature projection for system (CO,(1) + ethane(2)) with the pressure-temperature points
where the h& curves are predicted. (d) h® curves for system (CO,(1) + ethane(2)) at T = 308.40 K and under seven different
pressures: P; = 40.00 bar, P, = 55.00 bar, P3 = 65.00 bar, P, = 75.00 bar, Ps = 83.00 bar, , P =110.00 bar. (e)
Pressure-temperature projection for system (ethylene(1) + propane(2)) with the pressure-temperature points where the ht
curves are predicted. (f) h® curves for system (ethylene(1) + propane(2)) at T = 373.15 K and under four different pressures:
P, =75.00 bar, P, = 100.00 bar, P3 = 125.00 bar, P, = 150.00 bar.

- 216 -



Chapitre V. Définition d’un nouveau modeéle baptisé E-PPR78

V.4.3 Results of excess molar enthalpy (h®) referring to the two-phase region
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Figure V—23. (a) Histogram of the objective functions of hE referring to the two-phase region for ten families of binary
systems, with the number of experimental points on top. (b) Histogram of the average value of temperature changes
generated by the uncertainty on the predicted hE referring to the two-phase region for ten families of binary systems, with the
number of experimental points on top.

According to our data base, 5456 experimental h® points referring to the two-phase (vapor-
liquid or liquid-liquid) region over 23 binary mixtures have been collected, among which
3305 points have been measured for 9 mixtures containing CO,. For all the experimental
points referring to the two-phase region, the objective function is: Fopjne = 59.77% [blue
dashed line in figure (V—23)]. The objective function here is close to that obtained in the

previous case (hF in the liquid single-phase region), however, the average value of

temperature changes (AT = 1.81 K) obtained here is much higher. This is because the binary
mixtures exhibit huge h® values at the temperatures and pressures where the two-phase region
is crossed, or even at the pressure-temperature points being a little above the critical point of
the mixture. As a result, the uncertainty (difference between the calculated value and the
experimental one) will be more significant and inevitably increase the average value of

temperature changes (A_T). On the other hand, nearly zero experimental points especially for
the mixtures showing flexuous h® behavior and the relatively low h® values for the mixtures in

the liquid-like super-critical region, will make the objective function more significant.

In this study, besides the prediction of h® curves at the temperatures and pressures where
the two-phase (VL or LL) region is crossed over the composition range, we will also present
the results of the mixture in the single-phase region over the entire composition range, in

order to illustrate the accuracy and limitations of our model and well understand the h®
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behavior during the phase transition from single-phase to two-phase (or two-phase to single-
phase).

Figure (V-24) shows the hF curves referring to the two-phase region for three different
binary mixtures, together with the isothermal diagram on the left side where the horizontal
dashed lines across the diagram correspond to the different pressures examined. Taking
(COy(1) + toluene(2)) at T = 413.15 K and P = 76.00 bar for example [see figures
(V—24a,24b)], the pure component toluene is in liquid state because the temperature is lower
than its critical temperature (Tc = 591.75 K) and the pressure is higher than its critical
pressure (Pc = 41.08 bar), while CO is a supercritical fluid (gas-like) because the temperature
is much greater than its T¢ (304.12 K) and the pressure is a little higher than its Pc (73.74 bar).
As shown in the isothermal diagram in figure (V—24a), the mixture is liquid over the
composition range: 0.00 < x; < 0.32 and consequently, the h® value decreases up to x; = 0.32
(exothermic mixing) due to the condensation effect of CO; [see figure (V—24b)]. On the other
hand, the mixture is in the gaseous state over the narrow composition range: 0.93 < y; < 1.00,
and as a consequence, the maximum h® value is located at y; = 0.93 (endothermic mixing)
owing to the vaporization effect of toluene. The section between x; =0.32 and y; = 0.93 in the
hE diagram corresponds to a change in the amount of liquid and gaseous phases across the
two-phase region. The other h® curves under four different pressures can be explained in a
similar way and moreover, very accurate results are obtained for this mixture. In figure
(V—24d), we have plotted the h® curves of (ethane(1) + propane(2)) at T = 323.15 K and
under three different pressures. At P = 50.00 bar where the pressure is slightly under the
critical pressure of the mixture, huge exothermic mixing and moderate endothermic mixing
takes place respectively in the liquid and gaseous states. As the pressure increases, moderate
negative h® values can be observed at P = 100.00 bar which is above the critical pressure of
the mixture. In this case, we can see that, the liquid-like fluid mixture is formed by liquid
propane and liquid-like fluid ethane. At P = 150.00 bar which is much higher than Pc¢ of the
mixture, the h® values are still negative with less important magnitude. In general, the
experimental points at three different pressures are predicted with acceptable accuracy. In
addition, we have plotted in figure (V—24f) the hF curves of (n-hexane(1) + toluene(2)) at T =
573.15 K and under three different pressures. By looking at the h® curve of the same mixture
at T = 298.15 K and P = 1.00 atm (hF-x curve in the liquid single-phase region) plotted in

figure (V—8e) in section V.4.1, we can observe that the h™ behavior at the pressures above Pc
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of the mixture is surprisingly similar to that in the liquid single-phase region at a much lower
temperature and pressure. Considering the results obtained here, except for the h® curve at P =

75.00 bar, the experimental points are well represented by our model.

Figure (V—25) shows the h® curves referring to the two-phase region for three binary
mixtures at a temperature slightly below the critical temperature of the less volatile
component, together with the isothermal diagram where a small phase envelop can be
observed. Regarding the mixture (Hx(1) + methane(2)) at T = 183.00 K, the maximum h®
value is observed at P = 41.40 K which is a little above the saturated pressure of methane. On
the other hand, the h® values at P = 77.10 bar (near Pc of the mixture) is less significant
because less methane is vaporized at this pressure. Generally, the h®-x curves of (Hz(1) +
methane(2)) in both the two-phase and single-phase region [see figure (V—25b)] are in good
agreement with experimental data, as well as that of (N2(1) + methane(2)) shown in figure
(V-25d). At the same time, seven ht curves of (CO,(1) + ethane(2)) at T = 291.60 K and
under different pressures are plotted in figure (V-25f). The h® curves at P = 40.00, 48.80 and
54.00 bar are similar to the ones of (H,(1) + methane(2)) and (N2(1) + methane(2)) across the
two-phase region, except for the exothermic mixing in the ethane-rich region. As the pressure
increases, another phase envelop is crossed at P = 56.00 bar and the mixture exhibits huge
endothermic mixing in the COy-rich region due to the fact that a great deal of CO, is
vaporized during the mixing procedure. Once again, accurate results are obtained.

Figure (V—26) shows the h® curves referring to the two-phase region for three binary
mixtures, together with the isobaric diagram where the horizontal dashed lines across the
diagram correspond to the different temperatures examined. At this step, we can notice that a
good representation of hF referring to the two-phase region depends not only on the accuracy
of volumic property but accurate prediction of phase equilibria as well. As we know, the E-
PPR78 model is able to predict perfectly the phase equilibria for the binary mixtures
containing alkanes, aromatics, naphthenes, CO,, N, and H,, thanks to which, the predicted h*-
Xy curves of these mixtures are in good agreement with experimental points [see figures
(V—24,25,26b,26d)]. Meanwhile, the h® values of (H2O(1) + benzene(2)) in figure (V—26f)
are overestimated by our model, and the uncertainty of h® can also be explained by reasons
that the prediction of the solubility of water in benzene (the branch of benzene-rich liquid) is

not accurate.
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As previously discussed in section V.4.2, the h® behavior over the temperature range: T >
Tco (in the gaseous single-phase region) is complex, because small changes in pressure or
temperature result in large changes in density near the critical point. It is also interesting to
present the h® behavior over the pressure range: P > Pcy Where the pressures investigated are
above the critical pressure of the mixture. In figure (V—-27), we have plotted the predicted h*
curves of two binary mixtures: (CO,(1) + n-pentane(2)) and (ethylene(1) + propane(2)) over
the pressure range: P > Pcy. The points in the P-T projections indicate at which temperature
and pressure the h® behavior is examined. The h curves of (CO(1) + n-pentane(2)) under P =
103.70 bar and at seven different temperatures are shown in figure (V—27b). The huge
negative ht values can be explained as resulting principally from the condensation effect of
gas-like CO,, while the huge positive h® values are a result of the vaporization effect of liquid
(or liquid-like) n-pentane. As the pressure increases at P = 124.50 bar, the huge endothermic
and exothermic mixings can still be observed, with less important magnitude on the extreme
hE values [see figure (V—27c)]. The same explanation applies to the mixture (ethylene(1) +
propane(2)) at P = 60.00 bar shown in figures (V—27d,27¢). Particularly, the hE curves of
(ethylene(1) + propane(2)) at P = 150.00 bar [see figures (V—27¢,27f)] which is much higher
than the critical pressure of the mixture. Both the supercritical ethylene and the mixture
become more liquid-like and, hence, the condensation and vaporization effects become less
important. Although the h® curves at T = 348.15, 363.15 and 373.15 K are not very accurate

(objective function: 161.37%), the average value of temperature changes (AT = 0.68 K) is

still acceptable.

In general, by looking at the h® behavior of the binary mixtures referring to the two-phase
(VL or LL) region, huge (or moderate) endothermic mixing is exhibited when one liquid (or
liquid-like fluid) pure component and one gaseous (or gas-like fluid) pure component form a
gaseous (or gas-like) mixture, or even when two liquid (or liquid-like fluid) pure components
form a gaseous (or gas-like) mixture ; contrarily, huge (or moderate) exothermic mixing is
exhibited when one liquid (or liquid-like fluid) pure component and one gaseous (or gas-like
fluid) pure component form a liquid (or liquid-like) mixture, or even when two gaseous (or
gas-like fluid) pure components form a liquid (or liquid-like) mixture. These phenomena
seem to be a consequence of change of state (vaporization or condensation) of the pure
components during the mixing. In summary, our model is capable to predict the h® behavior

for the binary mixtures referring to the two-phase region.
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Figure V—24. Isothermal diagram and prediction of h® curves referring to the two-phase region for three different binary
systems: (CO,(1) + toluene(2)), (ethane(1) + propane(2)) and (n-hexane(1) + toluene(2)), using the E-PPR78 model. ([J)
experimental h® points. Solid line: predicted curves with the E-PPR78 model. Dashed line: constant pressure. (a) Isothermal
curves for system (CO,(1) + toluene(2)) at T = 413.15 K. (b) hE curves for system (CO,(1) + toluene(2)) at T = 413.15 K and
under five different pressures: P, = 76.00 bar, P, = 106.40 bar, P3 = 126.70 bar, P, = 156.00 bar, P5 = 175.00 bar. (c)
Isothermal curves for system (ethane(1) + propane(2)) at T = 323.15 bar. (d) h® curves for system (ethane(1) + propane(2)) at
T = 323.15 K and under three different pressures: P; = 50.00 bar, P, = 100.00 bar, P3 = 150.00 bar. (e) Isothermal curves for
system (n-hexane(1) + toluene(2)) at T = 573.15 K. (f) hE curves for system (n-hexane(1) + toluene(2)) at T = 573.15 K and
under three different pressures: P, = 75.00 K, P, = 105.00 K, P3 = 125.00 K.
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Figure V—25. Isothermal diagram and prediction of h® curves referring to the two-phase region for three different binary
systems: (H,(1) + methane(2)), (N,(1) + methane(2)) and (CO,(1) + ethane(2)), using the E-PPR78 model. ([I) experimental
hE points. Solid line: predicted curves with the E-PPR78 model. Dashed line: constant pressure. (a) Isothermal curves for
system (H(1) + methane(2)) at T = 183.00 K. (b) hE curves for system (H,(1) + methane(2)) at T = 183.00 K and under eight
different pressures: P, = 91.30 bar, P, = 77.10 bar, P3 = 61.70 bar, P, = 51.60 bar, Ps = 41.40 bar, ,P;=31.50
bar, Py = 21.30 bar. (c) Isothermal curves for system (N,(1) + methane(2)) at T = 183.00 K. (d) hF curves for system (N(1) +
methane(2)) at T = 183.00 K and under six different pressures: P, = 21.40 bar, P, = 31.30 bar, P; = 40.80 bar, P, = 55.50 bar,

Ps = 71.60 bar, . (e) Isothermal curves for system (CO,(1) + ethane(2)) at T = 291.60 K. (f) h& curves for
system (CO,(1) + ethane(2)) at T = 291.60 K and under seven different pressures: P, = 31.00 bar, P, = 40.00 bar, P3 = 48.80
bar, P, = 54.00 bar, P5 = 56.00 bar, , P7 =62.00 bar.
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Figure V—26. Isobaric diagram and prediction of h® curves referring to the two-phase region for three different binary
systems: (CO,(1) + cyclohexane(2)), (methane(1) + methylcyclohexane(2)) and (H,O(1) + benzene(2)), using the E-PPR78
model. (CJ) experimental h points. Solid line: predicted curves with the E-PPR78 model. Dashed line: constant temperature.
(a) Isobaric curves for system (CO,(1) + cyclohexane(2)) under P = 75.00 bar. (b) h® curves for system (CO,(1) +
cyclohexane(2)) under P = 75.00 bar and at six different temperatures: T, = 308.15 K, T, = 358.15 K, T3 = 413.15 K, T, =
470.15 K, T5 = 508.15 K, . (c) Isobaric curves for system (methane(1) + methylcyclohexane(2)) under P =
138.00 bar. (d) hE curves for system (methane(1) + methylcyclohexane(2)) under P = 138.00 bar and at two different
temperatures: T; = 255.40 K, T, = 310.90 K. (e) Isobaric curves for system (H,O(1) + benzene(2)) under P = 164.00 bar. (f)
hE curves for system (H,O(1) + benzene(2)) under P = 164.00 bar and at four different temperatures: T, = 503.00 K, T, =
544.00 K, T3 =576.00 K, T, =592.00 K.
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Figure V—27. Projection of pressure-temperature and prediction of h® curves referring to the two-phase region for two binary
systems: (CO,(1) + n-pentane(2)) and (ethylene(1) + propane(2)), using the E-PPR78 model. (CJ) experimental h® points, (H)
pressure-temperature points, (@) critical points of the pure compounds. Solid line: predicted curves with the E-PPR78 model.
Dashed line: constant pressure. (a) Pressure-temperature projection for system (CO,(1) + n-pentane(2)) with the pressure-
temperature points where the ht curves are predicted. (b) h® curves for system (CO,(1) + n-pentane(2)) under P = 103.70 bar
and at seven different temperatures: T; = 308.15 K, T, = 323.15 K, T; = 348.15 K, T, = 373.15 K, Ts = 413.15 K,

, T; = 573.15 K. (c) hE curves for system (CO,(1) + n-pentane(2)) under P = 124.50 bar and at seven different
temperatures: T, = 308.15 K, T, = 323.15 K, T3 = 348.15 K, T, =373.15 K, T5 =413.15 K, , T, =573.15 K. (d)
Pressure-temperature projection for system (ethylene(1) + propane(2)) with the pressure-temperature points where the ht
curves are predicted. (e) h® curves for system (ethylene(1) + propane(2)) under P = 60.00 bar and at six different
temperatures: T, = 273.15 K, T, = 298.15 K, T3 = 323.15 K, T, = 348.15 K, Ts = 363.15 K, . (f) (ethylene(1) +
propane(2)) under P = 150.00 bar and at six different temperatures: T, = 273.15 K, T, = 298.15 K, T3 = 323.15 K, T, =
348.15 K, Ts =363.15 K,
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V.4.4 Results of excess molar heat capacity at constant pressure (cp")
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Figure V—28. (a) Histogram of the objective functions of ¢, in the liquid single-phase region for three families of binary
systems, with the number of experimental points on top. (b) Histogram of the average deviation on cs© (E ).

In this study, we have collected 2251 experimental co= points, over 107 binary mixtures.
Contrarily to what was observed for h®, only cs" data in the liquid single-phase region are
available. For all the data points, the objective function is: Foyjcpe = 82.59% [blue dashed line
in figure (V—28a)]. It is necessary to notice that the cp"-x curves could not be perfectly
predicted by our model because of the small magnitude of cp° value. In addition, some cpF
values are very close to zero which inevitably increases the objective function of cp" during

the adjustment, making our data-fitting more difficult.
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Figure V—29. Prediction of csF curves in the liquid single-phase region for the binary systems containing alkanes using the
E-PPR78 model. (CJ) experimental c,° points. Solid line: predicted curves with the E-PPR78 model. (a) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (2,2-dimethylbutane(1) + n-heptane(2)), (
), (2-methylpentane(1) + n-heptane(2)), (n-hexane(1) + n-heptane(2)). (b) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (2,2-dimethylbutane(l) + n-octane(2)), (
), (2-methylpentane(1) + n-octane(2)), (n-hexane(1) + n-octane(2)).
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Figure (V—29) shows the cp™-x curves for 8 different mixtures containing two alkanes at T
= 298.15 K and under one atmosphere. The objective function of this family of binary
mixtures is: Fopjcpe = 25.73 % and the absolute uncertainty on the predicted ce- (difference
between the calculated value and the experimental one) is only: 0.09 J/(mol-K). By looking at
the mixtures which consist of an isomer of n-hexane and n-heptane (or n-octane), all the cp"
values are slightly negative and the cp™-x curves are almost symmetric. Generally, the
prediction for the mixtures containing alkanes is in close agreement with experimental data,

and the effect of isomer structure on cp" value is well described by our model.

Figure (V—30) presents the results for the mixtures containing aromatics. The objective
function of this family is: Fopjcpe = 129.61 %, because poor results are obtained for the
mixtures containing 1,2,4-trimethylbenzene and the mixtures consisting of two xylenes.
Regarding the cp=-x curves of the mixtures containing 1,2,4-trimethylbenzene and an n-alkane
plotted in figure (V—30e), all the experimental points are underestimated by our model, and
unfortunately, the objective function is 1763.44 %. Moreover, as previously discussed, the
parameters Ay and By have no effect on the mixtures containing two xylenes [see figure
(V-30f)] and the objective function obtained for these binary mixtures is approximately
100 %. Despite of that, accurate results are obtained for most of the binary mixtures in this
family. As shown in figures (V—30a,30b), it is interesting to notice that the cp=-x curves of the
mixtures consisting of n-alkane and benzene (or ethylbenzene) are less symmetric and that the
change in cp™ value with the chain length of the n-alkane is also well predicted by our model.
Figure (V=30c) gives the plots of well predicted cp=-x curves for four binary mixtures which
consist of an aromatic compound and 2,3-dimethylbutane. It is obvious that the magnitude of
ce- value is a decreasing function of the chain length of the alkyl chain in the substituted
benzene ring according to the prediction of the E-PPR78 model. Unfortunately, this effect is
ambiguous for the experimental investigation. Considering four mixtures containing two
aromatics [see figure (V—30d)], all the predicted cp5-x curves are above the experimental data,
however, the maximum uncertainty presented by the mixture (benzene(l) + n-

butylbenzene(2)) at x; = 0.56, is only: Ace® = 0.5 J/(mol-K).

Figure (V-31) shows the cp™-x curves for 22 different mixtures containing naphthenes at T
= 298.15 K and under one atmosphere. The results of this family are reasonable although they
are less accurate than those obtained for the mixtures containing alkanes [see figure (V—28)].

It is really difficult for our model to well predict the cp™-x curves for the mixture
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(cyclohexane(l) + n-tetradecane(2)) [see figure (V—31la)], the mixtures containing a
branched-alkane and trans-decalin [see figure (V—31b)] and the mixtures containing two
naphthenes [see figure (V=31)]. In addition, the cp=-X curves for 6 different mixtures under
one atmosphere and at different temperatures are plotted in figure (V—32). We can see that the
temperature has a positive effect on the cs" value for these mixtures which is well predicted
by the E-PPR78 model.

In general, all these graphic results together with the average overall deviation on cp° (0.39
J/(mol-K)) [blue dashed line in figure (V—28b)] indicate that the E-PPR78 model is capable to

give a satisfactory representation of cp" for most of the binary mixtures investigated.
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Figure V—30. Prediction of ¢, curves in the liquid single-phase region for the binary systems containing aromatics using the
E-PPR78 model. () experimental ¢F points. Solid line: predicted curves with the E-PPR78 model. (a) Six different systems
at T = 298.20 K and under one atmosphere (P = 1.00 atm): (benzene(1) + n-hexadecane(2)), (benzene(1) + n-tetradecane(2)),
(benzene(1) + n-dodecane(2)), (benzene(1) + n-decane(2)), (benzene(1) + n-octane(2)), ( ). (b) Four
different systems at T = 298.20 K and under one atmosphere (P = 1.00 atm): (ethylbenzene(1) + n-tetradecane(2)),
(ethylbenzene(1) + n-dodecane(2)), (ethylbenzene(1l) + n-decane(2)), (n-heptane(1) + ethylbenzene(2)). (c) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (2,3-dimethylbutane(1l) + benzene(2)), (2,3-
dimethylbutane(1) + toluene(2)), (2,3-dimethylbutane(1) + ethylbenzene(2)), (2,3-dimethylbutane(1) + n-butylbenzene(2)).
(d) Four different systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (benzene(1) + n-butylbenzene(2)),
(henzene(1) + n-propylbenzene(2)), (benzene(1) + ethylbenzene(2)), (benzene(1) + toluene(2)). (e) Three different systems at
T = 298.15 K and under one atmosphere (P = 1.00 atm): (1,2,4-trimethylbenzene(1) + n-tetradecane(2)), (n-decane(1) +
1,2 4-trimethylbenzene(2)), (n-heptane(1) + 1,2,4-trimethylbenzene(2)). (f) Three different systems at T = 298.15 K and
under one atmosphere (P = 1.00 atm): (1,4-dimethylbenzene(1) + 1,2-dimethylbenzene(2)), (1,3-dimethylbenzene (1) + 1,2-
dimethylbenzene(2)), (1,4-trimethylbenzene (1) + 1,3-trimethylbenzene(2)).
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Figure V—31. Prediction of ¢, curves in the liquid single-phase region for the binary systems containing aromatics using the
E-PPR78 model. () experimental cp° points. Solid line: predicted curves with the E-PPR78 model. (a) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (cyclohexane(1) + n-tetradecane(2)), (cyclohexane(1) +
n-dodecane(2)), (cyclohexane(1) + n-heptane(2)), (n-hexane(1) + cyclohexane(2)). (b) Four different systems at T = 298.15
K and under one atmosphere (P = 1.00 atm): (2,2-dimethylbutane(1) + trans-decalin(2)), (2,3-dimethylbutane(1) + trans-
decalin(2)), (3-methylpentane(1) + trans-decalin(2)), (2,2,4-trimethylpentane(1) + trans-decalin(2)). (c) Three different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (benzene(1) + cyclooctane(2)), (benzene(1) +
cyclohexane(2)), (cyclopentane(1) + benzene(2)). (d) Four different systems at T = 298.15 K and under one atmosphere (P =
1.00 atm): (cyclohexane(1) + toluene(2)), (cyclohexane(l) + ethylbenzene(2)), (cyclohexane(1) + n-propylbenzene(2)),
(cyclohexane(1) + isopropylbenzene(2)). (e) Three different systems at T = 298.15 K and under one atmosphere (P = 1.00
atm): (toluene(1) + cis-decalin(2)), (toluene(1) + trans-decalin(2)), (methylcyclohexane(1) + toluene(2)). (f) Four different
systems at T = 298.15 K and under one atmosphere (P = 1.00 atm): (methylcyclohexane(1) + trans-decalin(2)),
(cyclohexane(1) + trans-decalin(2)), (cyclohexane(1) + methylcyclohexane(2)), (cyclooctane(1) + trans-decalin(2)).
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Figure V—32. Prediction of c," curves in the liquid single-phase region for the binary systems using the E-PPR78 model. (CI)
experimental c5 points. Solid line: predicted curves with the E-PPR78 model. (a) System (benzene(1) + n-heptane(2)) under
one atmosphere (P = 1.00 atm) and at three different temperatures: T, = 293.15 K, T, = 298.15 K, T; = 303.15 K. (b) System
(benzene(1) + 2,2,4-trimethylpentane(2)) under one atmosphere (P = 1.00 atm) and at three different temperatures: T; =
298.15 K, T, = 313.15 K, T3 = 323.15 K. (c) System (ethylbenzene(1) + 1,3-dimethylbenzene(2)) under one atmosphere (P =
1.00 atm) and at four different temperatures: T, = 321.65 K, T, = 315.65 K, T3 = 309.65 K, T, = 303.65 K. (d) System
(cyclohexane(1) + n-heptane(2)) under one atmosphere (P = 1.00 atm) and at five different temperatures: T, =298.15 K, T, =
308.15 K, T3 = 318.15 K, T, = 328.15 K. (e) System (cyclohexane(1) + n-tetradecane(2)) under one atmosphere (P = 1.00
atm) and at three different temperatures: T; = 288.15 K, T, = 298.15 K, T3 = 308.15 K. (f) System (benzene(1) +
cyclohexane(2)) under one atmosphere (P = 1.00 atm) and at four different temperatures: T, = 293.15 K, T, = 303.15 K, T3 =
308.15 K, T, =318.15 K.
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V.5 Conclusion

Before this study, the PPR78 model was capable to describe the phase equilibria for
complex mixtures containing alkanes, aromatics, naphthenes, alkenes, carbon dioxide,
nitrogen, hydrogen sulfide, mercaptans, hydrogen and water. Moreover, by fitting the group
parameters on vapor-liquid equilibrium (VLE) data only, the predictions of excess molar
enthalpy (hF) and excess molar heat capacity (cp"), although reasonable, could be highly
improved (the quality of predicted h® (or csF) curves for some of the studied binary systems
were far away from being satisfactory). In this study, the parameters of the PPR78 model
have been readjusted by using VLE, h® and cp® data, in order to have a simultaneous
correlation and prediction of VLE, h® and cs". Several conclusions can be made from this

work.

(1) By using this recent E-PPR78 model, the prediction quality of VLE is retained, as well as
that of mixture critical points. The accuracy of the predicted h® (or cp°) curves has been

remarkably improved.

(2) Both hF and ¢t in the liquid single-phase region are well described by our model. The
results of hF in the gaseous single-phase region at low temperature and under one atmosphere

are less accurate but still acceptable which can be explained by the small average value of

temperature changes (AT ).

(3) The predicted h® referring to the two-phase region and that in the temperature range: T >

Tco (critical temperature of the less volatile component) are in close agreement with

experimental data, although the average value of temperature changes (AT ) is relatively

higher owing to the huge magnitude of h® values.

(4) Considering all the binary systems studied, simultaneous correlation of h® and VLE for the

mixtures containing H,O is always the most difficult.

In general, the results obtained in this work indicate that it is possible for our model to
represent simultaneously the VLE, h® and cp" over a wide temperature and pressure range.
From now on, the recent E-PPR78 model was capable to describe both the phase equilibria
and excess thermodynamic properties such as h® and cp5, for complex mixtures containing
alkanes, aromatics, naphthenes, alkenes, carbon dioxide, nitrogen, hydrogen sulfide,

mercaptans, hydrogen and water.
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Appendix

Table V—5. Binary systems database (hF)

X range (1st

Binary system T y; range (1st z; range (1st Number of  Number of  Number of
emperature Excess enthalpy compound . . .
(1st compound- rage (K) Pressure range (bar) range (J/mol) liquid mole compound gas compound points points points References
2nd compound) 9 9 fr?iction) mole fraction) mole fraction) ~ (T,P,hEx)  (TP,hEy)  (T.P,hE2)
3-6 344.20-396.90 1.01000-1.01000 16.3000-47.1000 - 0.3650-0.8150 - 0 24 0 B
3-7 383.20-413.20  1.01000-1.01000 23.8000-63.7000 - 0.3660-0.8970 - 0 31 0 B
3-8 403.20-413.30  1.01000-1.01000 70.7000-96.2000 - 0.3630-0.7240 - 0 29 0 3
4-6 363.20-393.20  1.01000-1.01000 9.6000-20.3000 - 0.3310-0.7810 - 0 37 0 3
4-8 403.20-413.20  1.01000-1.01000 44.4000-71.6000 - 0.4000-0.7550 - 0 28 0 3
5-6 293.15-403.20  1.01000-1.01325 2.7000-9.0000 0.5000-0.5000  0.3970-0.6000 - 1 27 0 1314
5-7 293.15-413.20  1.01000-1.01325 10.0000-20.6000 0.5000-0.5000  0.3280-0.6280 - 1 29 0 1314
5-8 403.20-413.20  1.01000-1.01000 34.3000-44.5000 - 0.3940-0.7040 - 0 20 0 B
5-10 293.15-293.15  1.01325-1.01325 20.1000-25.5000 0.4876-0.6906 - - 3 0 0 15
5-16 293.15-293.15  1.01325-1.01325 149.1000-151.2000 0.4732-0.5589 - - 3 0 0 15
6-7 293.15-298.15  1.01325-1.01325 -28.4700-23.4000 0.0500-0.9500 - - 31 0 0 1618
6-8 298.15-413.20  1.00000-488.00000 0.4200-22.2000 0.1004-0.9003  0.2480-0.7530 - 32 20 0 13,1921
6-9 298.15-298.15  1.01000-1.01000 1.9000-9.9000 0.1061-0.8931 - - 19 0 0 2
6-10 293.15-308.15  1.00000-485.00000 0.4100-37.4000 0.0498-0.9620 - - 120 0 0 15.20,23:25
6-11 298.15-308.15  1.01325-1.01325 0.5900-25.9800 0.0474-0.9818 - - 68 0 0 »
6-12 283.15-308.15  1.01000-1.01325 1.0600-59.9000 0.0499-0.9829 - - 168 0 0 22132
6-14 298.15-298.15  1.01000-1.01000 6.7000-67.9000 0.0486-0.8986 - - 21 0 0 8
6-16 293.15-349.15  1.00000-1.01325 -31.6000-129.8900 0.0380-0.9860 - - 198 0 0 %2, 3041
7-8 298.15-413.20  1.01000-1.01325 0.0560-7.2000 0.0501-0.9510  0.3260-0.7440 - 22 20 0 13,42
7-10 298.15-298.15  1.01325-1.01325 1.9300-10.6400 0.0500-0.9500 - - 19 0 0 3
7-12 208.15-298.15  1.01325-1.01325 5.4300-30.3300 0.0501-0.9500 - - 19 0 0 4
7-16 293.15-323.15  1.01325-1.01325 33.4000-111.6000 0.2625-0.6651 - - 19 0 0 15.32,45
8-10 298.15-298.15  1.01325-1.01325 1.0390-4.9610 0.0500-0.9500 - - 19 0 0 4
8-12 298.15-298.15  1.01325-1.01325 3.4900-20.5100 0.0502-0.9499 - - 30 0 0 .47
8-16 293.15-323.15  1.01325-1.01325 33.0000-87.2000 0.4654-0.6417 - - 7 0 0 15,32
10-12 298.15-298.15  1.01325-1.01325 0.9400-5.1700 0.0501-0.9499 - - 19 0 0 “
10-16 293.15-293.15  1.01325-1.01325 45.0000-49.2000 0.5000-0.6279 - - 5 0 0 15,32
22m3-8 323.15-323.15  1.01325-1.01325 -92.5280-0.0000 0.2990-0.8550 - - 17 0 0 48
22m4-6 298.15-298.15  1.01000-1.01000 4.2000-5.9000 0.1811-0.8142 - - 5 0 0 49
22m4-7 208.15-298.15  1.01325-1.01325 3.9700-23.3700 0.0500-0.9500 - - 20 0 0 16
22m4-8 298.15-298.15  1.01000-1.01325 11.3600-35.2000 0.1002-0.9000 - - 13 0 0 19.50
22m4-10 298.15-298.15  1.01325-1.01325 12.7800-73.5500 0.0506-0.9498 - - 20 0 0 =
22m4-12 283.15-303.15  1.01000-1.01325 20.5300-156.3000 0.0501-0.9501 - - 83 0 0 728,51
22m4-16 293.15-298.15  1.01325-1.01325 58.7000-254.9000 0.1941-0.9482 - - 20 0 0 7.8
23m4-6 283.15-313.15  1.01325-1.01325 -5.5800-1.3500 0.0580-0.9309 - - 37 0 0 52
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Table V5. (continued-1)

Binary system

X range (1st

yi range (1st z; range (1st Number of  Number of  Number of

(1st compound- Temperature P b Excess enthalpy compound d " int int int Ref
2nd compound) rage (K) ressure range (bar) range (3/mol) liquid mole compound gas compound poin sE poin SE poin SE eferences

fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
23m4-7 298.15-298.15  1.01325-1.01325 1.6700-9.9300 0.0500-0.9500 - - 20 0 0 1%
23m4-8 298.15-298.15  1.01325-1.01325 5.9700-17.1800 0.1001-0.9000 - - 9 0 0 1
23m4-10 298.15-298.15  1.01325-1.01325 6.4400-46.8800 0.0390-0.9500 - - 20 0 0 z
23m4-12 283.15-303.15  1.01325-1.01325 14.9400-122.1000 0.0501-0.9501 - - 67 0 0 228
23m4-16 293.15-298.15  1.01325-1.01325 43.9000-209.2000 0.1808-0.9347 - - 17 0 0 20,87
2m5-6 283.15-313.15  1.01325-1.01325 0.6400-5.6200 0.0501-0.9377 - - 37 0 0 52
2m5-7 298.15-298.15  1.01325-1.01325 2.4800-13.0500 0.0500-0.9500 - - 20 0 0 16
2m5-8 283.15-313.15  1.01325-1.01325 6.9900-27.2000 0.1001-0.9000 - - 38 0 0 19,58
2m5-10 298.15-298.15  1.01325-1.01325 7.0300-44.4100 0.0433-0.9460 - - 19 0 0 z
2m5-12 283.15-303.15  1.01325-1.01325 14.3400-104.0000 0.0503-0.9501 - - 73 0 0 228
2m5-16 293.15-298.15  1.01325-1.01325 102.9000-194.8000  0.1664-0.8079 - - 22 0 0 st
3m5-6 283.15-313.15  1.01325-1.01325 0.0700-4.7500 0.0337-0.9473 - - 44 0 0 52
3m5-7 298.15-298.15  1.01325-1.01325 1.9400-10.9500 0.0500-0.9500 - - 20 0 0 16
3m5-8 283.15-313.15  1.01325-1.01325 5.6200-25.0000 0.1001-0.9001 - - 41 0 0 19,5354
3m5-10 298.15-298.15  1.01325-1.01325 7.6600-40.6700 0.0500-0.9499 - - 23 0 0 2,54
3m5-12 283.15-303.15  1.01325-1.01325 13.3500-104.8000 0.0501-0.9499 - - 76 0 0 228
3m5-16 293.15-298.15  1.01325-1.01325 114.3000-189.1000  0.2434-0.7947 - - 19 0 0 st
6-24m5 298.15-298.15  1.01325-1.01325 1.3000-7.6600 0.0501-0.9498 - - 19 0 0 5
24m5-7 298.15-298.15  1.01325-1.01325 8.1400-22.9900 0.1001-0.9005 - - 9 0 0 5
24m5-8 298.15-298.15  1.01325-1.01325 12.8900-34.6100 0.1041-0.8999 - - 12 0 0 5
24m5-12 298.15-298.15  1.01325-1.01325 17.8300-113.3000 0.0501-0.9500 - - 13 0 0 5
6-224m5 298.15-298.15  1.01000-1.01325 -11.6000-0.0000 0.0500-0.9498 - - 25 0 0 56-57
7-224m5 298.15-313.15  1.01325-1.01325 1.0000-21.0000 0.0500-0.9780 - - 54 0 0 5758
224m5-8 298.15-323.15  1.01325-1.01325 5.0400-26.1600 0.0500-0.9500 - - 34 0 0 .87
224m5-10 298.15-298.15  1.01325-1.01325 12.3600-69.5700 0.0501-0.9500 - - 19 0 0 57
224m5-12 298.15-298.15  1.01325-1.01325 20.5100-117.9400 0.0500-0.9500 - - 19 0 0 5
224m5-16 298.15-323.15  1.01325-1.01325 90.7000-233.5000 0.2615-0.9009 - - 13 0 0 32,45
22m4-23m4 298.15-298.15  1.01325-1.01325 0.4100-1.3500 0.0999-0.8999 - - 9 0 0 60
22m4-2m5 298.15-298.15  1.01325-1.01325 -2.6000-0.0000 0.1001-0.9001 - - 10 0 0 €0
22m4-3m5 298.15-298.15  1.01325-1.01325 0.2400-2.2400 0.0501-0.8990 - - 10 0 0 60
22m4-224m5 298.15-298.15  1.01000-1.01000 -10.2000-0.0000 0.2176-0.7456 - - 4 0 0 61
23m4-2m5 298.15-298.15  1.01325-1.01325 -6.9600-0.0000 0.1002-0.9005 - - 9 0 0 €0
23m4-3m5 298.15-298.15  1.01325-1.01325 -1.1100-0.0000 0.1023-0.8972 - - 9 0 0 60
2m5-3m5 298.15-298.15  1.01325-1.01325 0.4300-1.4000 0.1000-0.9003 - - 9 0 0 60
1-3 91.50-302.20 1.01325-1.01325 5.1000-155.3000 0.3019-0.8274  0.1380-0.8920 - 11 83 0 62:63
1-4 277.00-394.30  1.01325-1.01325 7.5000-51.2000 - 0.2090-0.8980 - 0 96 0 62
1-5 318.50-403.50  1.01325-1.01325 25.8000-67.9000 - 0.2550-0.7080 - 0 75 0 62
1-6 343.20-407.70  1.01325-1.01325 43.6000-99.3000 - 0.2940-0.8220 - 0 61 0 62
1-7 255.40-413.30  1.01325-138.00000 -729.0000-105.1000 - 0.3300-0.8420  0.0196-0.6019 0 37 33 62,84
1-8 410.20-418.30  1.01325-1.01325 84.0000-140.7000 - 0.3800-0.7960 - 0 19 0 62
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Table V5. (continued-2)

Binary system

X range (1st

yi range (1st z; range (1st Number of  Number of  Number of

(1st compound- Temperature P b Excess enthalpy compound d " int int int Ref
2nd compound) rage (K) ressure range (bar) range (3/mol) liquid mole compound gas compound poin SE poin SE poin SE eferences

fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
2-3 200.00-373.15  1.01325-150.00000 -2991.000-3547.000  0.0344-0.9855  0.0344-0.9850  0.0171-0.9855 199 75 404 6556
2-4 304.50-363.20  1.01000-1.01000 8.9000-19.0000 - 0.3770-0.6690 - 0 26 0 B
2-6 372.20-403.20  1.01000-1.01000 36.2000-51.7000 - 0.4340-0.7480 - 0 28 0 8
2-8 403.20-413.20  1.01000-1.01000 69.4000-122.4000 - 0.3940-0.7920 - 0 20 0 B
1-2 91.50-303.20 1.01325-1.01325 1.1500-84.9000 0.2825-0.7879  0.1470-0.8660 - 11 81 0 62:63
5-B 298.15-298.15  1.01325-1.01325 175.0000-886.3450  0.0434-0.8994 - - 37 0 0 67-68
6-B 290.65-323.15  0.80000-1.01325 19.7620-940.0000 0.0043-0.9918 - - 251 0 0 18,69-79
B-7 288.15-323.15  1.01000-1.01325 30.1000-1008.4300  0.0102-0.9756 - - 320 0 0 45,8092
B-8 291.15-323.15  1.01000-1.01325 158.3100-1037.0000  0.0560-0.9636 - - 85 0 0 67.72,91,93-94
B-10 298.15-323.15  1.01325-1.01325 112.5000-1072.3000  0.0384-0.9828 - - 155 0 0 68,72,83, 87
B-11 298.15-298.15  1.01325-1.01325 257.0000-1108.0000  0.1502-0.9588 - - 24 0 0 &7
B-12 298.15-323.15  1.01325-1.01325 70.0000-1164.0000 0.0490-0.9902 - - 83 0 0 o772
B-13 298.15-298.15  1.01325-1.01325 270.8860-1198.6800  0.1284-0.9649 - - 9 0 0 &8
B-14 293.15-323.15  1.01325-1.01325 46.2000-1263.0000  0.0353-0.9952 - - 277 0 0 67.72,83,95
B-15 298.15-298.15  1.01325-1.01325 172.0000-1293.0000  0.1613-0.9808 - - 25 0 0 &7
B-16 293.15-323.15  1.01325-1.01325 34.4000-1347.6000 0.0371-0.9965 - - 228 0 0 45,61.72,95
B-17 298.15-298.15  1.01325-1.01325 176.0000-1390.0000  0.1662-0.9827 - - 27 0 0 &7
B-18 323.15-323.15  1.01325-1.01325 127.0000-1213.0000  0.1265-0.9868 - - 46 0 0 &
B-20 323.15-323.15  1.01325-1.01325 145.0000-1266.0000  0.1428-0.9860 - - 61 0 0 &
22m4-B 298.15-298.15  1.01325-1.01325 433.2000-909.1000  0.1852-0.8522 - - 15 0 0 "
23m4-B 298.15-298.15  1.01325-1.01325 435.4000-913.8000  0.1500-0.8536 - - 13 0 0 ™
2m5-B 298.15-298.15  1.01325-1.01325 605.2000-920.5000  0.1810-0.7010 - - 18 0 0 ™
3m5-B 298.15-298.15  1.01325-1.01325 483.0000-921.3000  0.1400-0.7252 - - 17 0 0 "
B-224m5 298.15-323.15  1.01325-1.01325 427.0500-1018.2300  0.1566-0.9047 - - 26 0 0 45,9
1-B 363.15-413.15  1.01325-1.01325 19.0000-62.6000 - 0.2880-0.8710 - 0 60 0 o7
6-mB 293.15-573.15  1.01325-125.00000 22.0000-592.5000 0.0164-0.9758 - 0.0164-0.9757 425 0 92 18,69, 989
7-mB 255.40-323.15  0.79000-138.00000 36.4000-594.0000 0.0128-0.9687 - - 198 0 0 18, 45,88, 91, 100-105
mB-8 298.15-298.15  1.01325-1.01325 144.0000-568.0000 0.1396-0.9438 - - 29 0 0 106
mB-10 298.15-308.15  1.01325-1.01325 42.4000-618.4000 0.0349-0.9883 - - 119 0 0 83,106
mB-12 298.15-298.15  1.01325-1.01325 141.0000-630.0000 0.1767-0.9593 - - 31 0 0 106
mB-14 298.15-298.15  1.01325-1.01325 74.3000-725.9000 0.0554-0.9855 - - 58 0 0 83,106
mB-16 298.15-323.15  1.01325-1.01325 134.0000-777.0000  0.1552-0.9713 - - 41 0 0 45,106
6-12mB 298.15-323.15  1.01325-1.01325 236.0000-446.5000 0.1600-0.8200 - - 35 0 0 69, 107
7-12mB 298.15-298.15  1.01325-1.01325 287.5000-420.0000 0.2400-0.7700 - - 6 0 0 108
12mB-9 298.15-318.15  1.01325-1.01325 185.0000-440.0000  0.1590-0.8950 - - 31 0 0 105-110
6-13mB 298.15-323.15  1.01325-1.01325 200.0000-381.0000 0.1600-0.8300 - - 30 0 0 69,111
7-13mB 298.15-323.15  1.01325-1.01325 229.4000-401.4000 0.1599-0.7918 - - 23 0 0 45,108
13mB-9 298.15-298.15  1.01325-1.01325 198.0000-377.5000  0.1859-0.8807 - - 11 0 0 1o
6-14mB 298.15-323.15  1.01325-1.01325 163.3000-349.0000  0.1600-0.8300 - - 23 0 0 6
7-14mB 298.15-298.15  1.01325-1.01325 50.1000-347.0000 0.0690-0.9653 - - 35 0 0 83,108
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Table V5. (continued-3)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (Ist Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
14mB-9 298.15-298.15  1.01325-1.01325 134.8000-319.9000  0.1854-0.9025 - - 10 0 0 10
14mB-10 298.15-308.15  1.01325-1.01325 32.0000-330.1000 0.0306-0.9779 - - 88 0 0 83
14mB-14 298.15-298.15  1.01325-1.01325 55.1000-369.1000 0.0716-0.9783 - - 27 0 0 8
14mB-16 298.15-298.15  1.01325-1.01325 180.6000-412.7000  0.2010-0.9180 - - 10 0 0 108
7-eB 288.15-308.15  1.01325-1.01325 34.3000-568.9000 0.0143-0.9792 - - 81 0 0 104, 112-114
8-eB 298.15-298.15  1.01325-1.01325 99.0000-708.9000 0.0408-0.9277 - - 39 0 0 115-116
eB-9 293.60-298.15  1.01325-1.01325 296.3000-744.0000  0.1864-0.8810 - - 12 0 0 110,117
eB-10 298.15-298.15  1.01325-1.01325 111.0000-620.0000  0.0780-0.9613 - - 29 0 0 18
eB-12 298.15-298.15  1.01325-1.01325 97.0000-673.0000 0.1090-0.9718 - - 32 0 0 15
eB-14 298.15-298.15  1.01325-1.01325 129.0000-728.0000 0.1095-0.9680 - - 25 0 0 118
eB-16 298.15-330.00  1.01325-1.01325 13.7000-793.0000 0.1407-0.9971 - - 48 0 0 115,119
eB-18 303.15-330.00  1.01325-1.01325 117.0000-531.0000 0.8435-0.9706 - - 12 0 0 19
eB-19 311.45-330.00  1.01325-1.01325 115.0000-510.0000 0.8521-0.9732 - - 12 0 0 19
eB-20 313.02-330.00  1.01325-1.01325 90.6000-545.0000 0.8491-0.9799 - - 13 0 0 s
7-124mB 298.15-298.15  1.01325-1.01325 18.7000-274.1000 0.0195-0.9564 - - 16 0 0 120
124B -10 298.15-298.15  1.01325-1.01325 16.9000-252.4000 0.0567-0.9852 - - 18 0 0 120
124mB-12 298.15-298.15  1.01325-1.01325 16.5000-252.3000 0.0655-0.9873 - - 16 0 0 120
124mB-14 298.15-298.15  1.01325-1.01325 16.3000-266.4000 0.0743-0.9889 - - 22 0 0 120
124mB-16 298.15-298.15  1.01325-1.01325 18.4000-275.0000 0.1592-0.9885 - - 18 0 0 120
7-135mB 298.15-298.15  1.01325-1.01325 238.0000-308.6000  0.2640-0.7370 - - 6 0 0 108
135mB-16 298.15-298.15  1.01325-1.01325 157.6000-389.6000 0.1410-0.8960 - - 7 0 0 108
7-prB 298.15-298.15  1.01325-1.01325 410.0000-445.0000  0.3580-0.6150 - - 4 0 0 s
8-prB 298.15-308.15  1.01325-1.01325 259.0000-430.5000  0.1650-0.8015 - - 36 0 0 e
7-iprB 298.15-298.15  1.01325-1.01325 348.2000-507.0000  0.2750-0.7920 - - 7 0 0 108
7-1mBB 298.15-298.15  1.01325-1.01325 19.2000-753.9000 0.0070-0.9584 - - 15 0 0 120
10-1mBB 298.15-298.15  1.01325-1.01325 40.6000-697.5000 0.0178-0.9452 - - 15 0 0 120
12-1mBB 298.15-298.15  1.01325-1.01325 30.0000-652.6000 0.0088-0.9361 - - 20 0 0 120-121
1mBB-14 298.15-298.15  1.01325-1.01325 32.5000-616.5000 0.0724-0.9904 - - 15 0 0 120
1mBB-16 298.15-298.15  1.01325-1.01325 42.1000-597.5000 0.0361-0.9898 - - 29 0 0 120
phe-20 391.75-391.75  1.01325-1.01325 354.2630-1343.1500  0.0999-0.9007 - - 10 0 0 122
224m5-mB 293.15-363.15  1.01325-16.50000 39.4500-662.6000 0.0162-0.9615 - - 80 0 0 96, 123-124
1-mB 255.40-310.90  138.0000-138.0000 -97.0000-19.0000 - - 0.0128-0.9036 0 0 32 o4
B-mB 279.45-337.65  1.01325-1.01325 2.6000-79.1310 0.0358-0.9913 - - 154 0 0 18,70, 91, 125-133
B-12mB 293.15-323.15  1.01325-1.01325 23.2000-214.9000 0.0332-0.9753 - - 57 0 0 134137
B-13mB 289.45-323.15  1.01325-1.01325 30.3000-238.6480 0.0447-0.9701 - - 60 0 0 130, 134137
B-14mB 287.85-328.45  1.01325-1.01325 7.8700-177.6000 0.0197-0.9897 - - 302 0 0 126,129,133, 135-140
B-eB 293.15-298.15  1.01325-1.01325 15.8200-104.5000 0.0500-0.9500 - - 31 0 0 1143
B-124mB 298.15-298.15  1.01325-1.01325 96.5670-379.4050 0.0953-0.9422 - - 13 0 0 12
B-135mB 298.15-303.15  1.01325-1.01325 119.1180-441.9140 0.0965-0.9428 - - 22 0 0 128, 144
B-prB 298.15-318.15  1.01325-1.01325 12.7000-143.7000 0.0820-0.9627 - - 44 0 0 145-146
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Table V5. (continued-4)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (Ist Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
B-iprB 298.15-318.15  1.01325-1.01325 37.4000-107.1000 0.1972-0.9088 - - 39 0 0 1. 147
B-buB 298.15-318.15  1.01325-1.01325 57.3000-195.1000 0.1014-0.8952 - - 30 0 0 145-146
B-1mBB 298.15-298.15  1.01325-1.01325 88.0000-173.0000 0.1587-0.8493 - - 13 0 0 18
B-2mBB 309.15-318.15  1.01325-1.01325 54.0000-143.0000 0.1590-0.8833 - - 14 0 0 18
B-Bph 344.75-344.75  1.01325-1.01325 57.7780-144.8630 0.1354-0.8747 - - 12 0 0 19
B-Dph 308.15-308.15  1.01325-1.01325 1.3820-9.5880 0.1682-0.9094 - - 12 0 0 10
mB-12mB 298.15-298.15  1.01325-1.01325 9.4000-47.0000 0.0687-0.9476 - - 36 0 0 8L
mB-13mB 298.15-298.15  1.01325-1.01325 7.3000-43.0000 0.0603-0.9574 - - 17 0 0 B8
mB-14mB 290.65-338.15  1.01000-1.01325 4.1000-50.1000 0.0500-0.9500 - - 123 0 0 70,126,129, 131, 151
mB-eB 298.15-303.15  1.01325-1.01325 -12.7300-0.0000 0.0500-0.9500 - - 43 0 0 142-143, 152153
mB-124mB 298.15-298.15  1.01325-1.01325 38.6180-121.5030 0.1468-0.9063 - - 10 0 0 12
mB-135mB 298.15-298.15  1.01325-1.01325 31.3800-153.4270 0.1105-0.9509 - - 13 0 0 129
mB-prB 298.15-318.15  1.01325-1.01325 0.3000-4.9000 0.1061-0.9210 - - 39 0 0 145,154
mB-iprB 298.15-318.15  1.01325-1.01325 -28.1000-0.0000 0.1708-0.8930 - - 30 0 0 147,153
mB-buB 298.15-318.15  1.01325-1.01325 7.9000-22.3000 0.0789-0.9006 - - 50 0 0 145,154
13mB-12mB 288.65-298.15  1.01325-1.01325 0.4610-11.3000 0.0347-0.9822 - - 59 0 0 130, 156-156
14mB-12mB 288.65-298.15  1.01325-1.01325 0.7120-10.5510 0.0338-0.9649 - - 55 0 0 130,155-156
eB-12mB 298.15-343.15  1.01325-1.01325 2.5540-39.4400 0.0324-0.9650 - - 78 0 0 142,155
12mB-iprB 298.15-298.15  1.01325-1.01325 18.9600-92.5900 0.0997-0.9241 - - 18 0 0 w7
14mB-13mB 288.65-298.15  1.01325-1.01325 -10.8860-0.0000 0.0351-0.9666 - - 63 0 0 130,155-156
eB-13mB 298.15-343.15  1.01325-1.01325 3.2240-35.1500 0.0353-0.9652 - - 80 0 0 142,155
13mB-iprB 298.15-298.15  1.01325-1.01325 18.3300-97.7900 0.0904-0.9179 - - 18 0 0 w7
eB-14mB 298.15-298.15  1.01325-1.01325 -9.9500-0.0000 0.0365-0.9663 - - 50 0 0 142,155
14mB-124mB 298.15-298.15  1.01325-1.01325 14.9370-38.8280 0.1291-0.8929 - - 11 0 0 129
14mB-135mB 298.15-298.15  1.01325-1.01325 8.1590-28.6600 0.0968-0.9224 - - 13 0 0 129
14mB-iprB 298.15-298.15  1.01325-1.01325 -20.3100-0.0000 0.0888-0.9610 - - 19 0 0 157
eB-prB 298.15-318.15  1.01325-1.01325 -4.1000-8.0000 0.0562-0.9230 - - 43 0 0 145,158
eB-iprB 298.15-318.15  1.01325-1.01325 -3.7000-0.0000 0.1875-0.8489 - - 24 0 0 wr
eB-buB 298.15-318.15  1.01325-1.01325 9.1000-24.3000 0.1139-0.9306 - - 49 0 0 145, 158
135mB-124mB 298.15-298.15  1.01325-1.01325 0.7030-4.6020 0.0643-0.9144 - - 14 0 0 129
prB-buB 298.15-298.15  1.01325-1.01325 -2.6000-5.9000 0.0727-0.8893 - - 10 0 0 15
2mBB-1mBB 318.15-318.15  1.01325-1.01325 7.3000-44.4000 0.0550-0.9500 - - 8 0 0 8
5-C5 288.20-298.20  1.01325-1.01325 16.0000-58.4000 0.0663-0.9316 - - 25 0 0 19
C5-6 288.20-298.20  1.01325-1.01325 13.0000-60.8000 0.0635-0.9336 - - 28 0 0 19
C5-7 288.20-298.20  1.01325-1.01325 11.2000-71.1000 0.0688-0.9642 - - 38 0 0 15-160
C5-8 288.20-298.20  1.01325-1.01325 27.3000-87.2000 0.0939-0.9276 - - 26 0 0 19
C5-10 298.15-298.15  1.01325-1.01325 10.6000-108.9000 0.2011-0.9728 - - 11 0 0 160
C5-12 288.20-298.20  1.01325-1.01325 33.4000-166.9000 0.0833-0.9474 - - 26 0 0 19
C5-16 293.20-308.20  1.01325-1.01325 43.6000-268.1000 0.1051-0.9524 - - 37 0 0 10, 161
5-C6 298.15-298.15  1.01325-1.01325 7.9400-61.7100 0.0077-0.0623 - - 8 0 0 162
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Table V5. (continued-5)

Binary system
(1st compound-
2nd compound)

Temperature
rage (K)

Pressure range (bar)

Excess enthalpy
range (J/mol)

X range (1st
compound
liquid mole
fraction)

yi range (1st
compound gas
mole fraction)

z; range (1st
compound
mole fraction)

Number of
points
(T,P,hEx)

Number of
points
(TPhHEY)

Number of
points
(T,P,nE,2)

References

6-C6

C6-7
C6-8
C6-9
C6-10
C6-11
C6-12
C6-13
C6-14
C6-15
C6-16
C6-17
6-C7
7-C7
C7-8
C7-9
C7-12
C7-14
C7-16
6-C8
7-C8
8-C8
9-C8
C8-12
C8-14
C8-16
6-tet
T-tet
tet-12
tet-16
C5-23m4
22m3-C6
22m4-C6
23m4-Cé
2m5-C6
3m5-C6
22m5-C6
24m5-C6
C6-224m5

288.15-413.21

293.15-323.15
298.15-313.15
298.15-313.15
298.15-313.15
298.15-313.15
293.15-313.15
298.15-298.15
293.15-308.15
298.15-298.15
293.15-323.15
298.15-298.15
288.20-298.20
288.20-298.20
288.20-298.20
298.15-298.15
288.20-298.20
298.15-298.15
298.20-308.20
288.15-298.15
288.15-298.15
288.15-298.15
298.15-298.15
288.15-298.15
298.15-298.15
298.15-308.15
288.20-298.20
288.20-323.15
288.20-298.20
298.15-323.15
288.15-308.15
298.15-298.15
298.15-298.15
288.15-308.15
298.15-298.15
298.15-298.15
298.15-313.15
301.15-301.15
293.15-323.15

0.79000-300.00000

1.00000-285.00000
1.00000-290.00000
1.01325-1.01325
1.00000-290.00000
1.01325-1.01325
1.00000-291.00000
1.01325-1.01325
1.00000-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01000-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01000-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01000-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.01325-1.01325
1.00000-290.00000

1.7000-241.6000

4.9200-293.0000
3.6200-288.2000
176.1500-296.2000
2.5100-365.9000
86.0000-354.9000
2.1000-415.0000
102.0000-401.0000
2.2100-483.2000
104.0000-478.0000
1.7300-562.2000
119.0000-565.0000
62.4000-226.2000
20.1000-261.9000
72.9000-293.7000
44.8000-274.6000
109.7000-398.7000
79.2000-365.8000
139.3000-480.6000
48.0000-219.8000
19.3000-253.5000
65.1000-279.0000
40.0000-254.1000
112.0000-392.8000
77.1000-329.5000
102.3000-456.4000
139.1000-476.6000
60.3000-530.0000
138.4000-598.9000
156.4000-712.9000
-7.2400-4.9700
70.6000-98.5700
5.6000-154.2000
4.4700-167.0000
6.5000-205.6000
5.8000-185.6000
108.1000-181.4000
102.1600-172.0800
18.7000-190.5000

0.0018-0.9909

0.2030-0.9969
0.0895-0.9979
0.2948-0.8578
0.0500-0.9988
0.1642-0.9535
0.1213-0.9992
0.1236-0.9540
0.0292-0.9993
0.1275-0.9612
0.0091-0.9995
0.1593-0.9641
0.0598-0.8765
0.0641-0.9706
0.0915-0.9367
0.0605-0.9467
0.1095-0.9332
0.0857-0.9628
0.1366-0.8741
0.0827-0.9232
0.0706-0.9734
0.0845-0.9078
0.0587-0.9451
0.1166-0.9299
0.0779-0.9589
0.1022-0.9360
0.0970-0.9339
0.1034-0.9736
0.1599-0.9515
0.0775-0.9497
0.0367-0.9805
0.2370-0.7360
0.0400-0.9900
0.0070-0.9900
0.0068-0.9900
0.0200-0.9900
0.1880-0.7430
0.1758-0.7115
0.0571-0.9737

1535

68
120
32
115
53
100
27
176

[eNeolololoNeloloNeololololeollololololeolololoNelolololoNeloNoloNeoleloNeNolNo oo RNo]

[eNeolololoNeloloNeololololeollolollololeolololoNelolololoNeloNoloNoleloNoeNolNo oo RNo]

18,748, 69-70, 73, 76, 78, 99, 102,
162-208

20, 45, 81, 162, 182, 209
20, 162, 165, 182, 205, 210-212
182,213

20, 162, 165, 182, 214-215
165, 182

20, 162, 182, 205, 213, 216
165

95, 162, 165, 214

165

45, 95, 161-162, 165, 182, 217
165

218

218-220

218

219

218

219

218

221

219-221

221

219

221

219

221

222

45, 220, 222-223

222

45,222

224

225

202, 226-228

202, 227, 229

162, 202, 227

202, 227

182

96

20, 45, 124, 182, 211, 230
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Table V5. (continued-6)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (Ist Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)

C6-34m6 308.15-308.15  1.01325-1.01325 156.4000-224.3000  0.3478-0.8218 - - 8 0 0 A

C6-4m7 308.15-308.15  1.01325-1.01325 164.3000-219.5000  0.3953-0.8221 - - 9 0 0 A

23m4-C7 288.15-313.15  1.01325-1.01325 15.7700-168.3100 0.0249-0.9713 - - 96 0 0 1

23m4-C8 288.15-313.15  1.01325-1.01325 15.3400-185.3500 0.0275-0.9741 - - 96 0 0 22

1-C6 363.15-413.15  1.01325-1.01325 20.5000-67.9000 - 0.2860-0.8820 - 0 60 0 o7

C5-B 298.15-308.15  1.01325-1.01325 145.7000-647.0000  0.1030-0.9423 - - 36 0 0 ﬁ"fiﬁ‘; ot o 010

B-C6 280.15-413.21  0.80000-17.54000 3.3000-867.4800 0.0012-0.9987 - - 1397 0 0 129, 162, 167-168, 177, 180, 191,
195-196, 203-204, 207-209, 234-276

B-C7 298.15-298.15  1.01000-1.01325 98.3000-820.9000 0.1016-0.9689 - - 32 0 0 234, 277-218

B-C8 298.15-298.15  1.01000-1.01325 98.8000-818.4000 0.1113-0.9719 - - 36 0 0 234, 277218

B-tet 298.15-323.15  1.01325-1.01325 37.7000-163.0000 0.0750-0.9387 - - 25 0 0 45,219

C5-mB 298.15-298.15  1.01325-1.01325 146.0000-365.4000 0.1293-0.8932 - - 8 0 0 234
18, 69-70, 128-129, 132, 162, 178,

C6-mB 290.65-413.21  1.01325-17.54000 18.5200-627.5160 0.0530-0.9937 - - 132 0 0 234, 25, 280

C6-12mB 298.15-300.05  1.01325-1.01325 157.0000-631.7000 0.1003-0.8992 - - 30 0 0 93,112,281

C6-13mB 298.15-323.15  1.01325-1.01325 93.7080-575.6000 0.1800-0.9664 - - 32 0 0 45, 281-262

C6-14mB 288.15-313.15  1.01325-1.01325 20.1290-587.6900 0.0161-0.9930 - - 174 0 0 70,93, 129, 138, 281, 283-285

C6-eB 298.15-298.15  1.01325-1.01325 47.4000-584.2000 0.0250-0.9779 - - 57 0 0 112,282, 286

C6-124mB 298.15-298.15  1.01325-1.01325 146.8580-640.4870  0.0796-0.9303 - - 13 0 0 12

C6-135mB 298.15-298.15  1.01325-1.01325 142.0890-623.4160 0.0806-0.9312 - - 13 0 0 129

C6-prB 298.15-298.15  1.01325-1.01325 78.2000-694.1000 0.0500-0.9750 - - 20 0 0 26

C6-iprB 298.15-298.15  1.01325-1.01325 37.1000-542.4000 0.0250-0.9750 - - 19 0 0 %6

mB-C7 298.15-298.15  1.01000-1.01325 73.7000-622.3000 0.0864-0.9631 - - 23 0 0 234,278

C7-eB 298.15-298.15  1.01000-1.01000 73.7000-548.8000 0.0423-0.9241 - - 13 0 0 28

mB-C8 298.15-298.15  1.01000-1.01325 70.6000-619.7000 0.0949-0.9666 - - 26 0 0 234,218

eB-C8 298.15-298.15  1.01000-1.01000 65.1000-529.1000 0.0834-0.9617 - - 13 0 0 28

C6-1mBB 298.15-298.15  1.01325-1.01325 363.0000-936.0000  0.1218-0.9003 - - 14 0 0 148

C6-2mBB 309.15-318.15  1.01325-1.01325 395.0000-927.0000  0.1578-0.9154 - - 13 0 0 18

C5-C6 288.15-308.15  1.01325-1.01325 0.8600-35.4700 0.0106-0.9918 - - 98 0 0 173,233, 281

C5-C7 288.15-308.15  1.01325-1.01325 -16.0400-12.8800 0.0335-0.9790 - - 100 0 0 173,288

C5-C8 283.15-313.15  1.01325-1.01325 -56.6000-0.6300 0.0123-0.9831 - - 162 0 0 173, 289-2%0

C6-C7 288.15-318.15  1.01325-1.01325 -0.1100-9.1000 0.0299-0.9761 - - 104 0 0 173,291

C6-C8 283.15-318.15  1.01325-1.01325 -19.4000-19.3000 0.0212-0.9973 - - 174 0 0 173,288

C7-C8 283.15-353.15  1.01325-1.01325 -11.8000-4.7000 0.0296-0.9762 - - 137 0 0 173,201

C5-tet 288.20-298.20  1.01325-1.01325 58.3000-258.6000 0.0762-0.9370 - - 19 0 0 22

C6-tet 288.20-323.15  1.01325-1.01325 95.3000-503.0000 0.0944-0.9579 - - 31 0 0 5,222

C7-tet 288.20-298.20  1.01325-1.01325 158.9000-451.9000  0.1148-0.8712 - - 17 0 0 22

C8-tet 288.20-298.20  1.01325-1.01325 88.2000-436.7000 0.0976-0.9508 - - 18 0 0 22

6-mC5 298.15-298.15  1.01325-1.01325 52.3000-107.1000 0.2700-0.8400 - - 7 0 0 164

8/Ydd-3 9sudeq a)powr nesanou un, p uontuyaq ‘A amdeyd



-6€C -

Table V5. (continued-7)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (Ist Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
mC5-7 298.15-298.15  1.01325-1.01325 18.4000-96.0000 0.1369-0.9576 - - 11 0 0 160
mC5-10 298.15-298.15  1.01325-1.01325 22.8000-148.9000 0.1741-0.9677 - - 11 0 0 160
mC5-16 298.20-308.20  1.01325-1.01325 104.0000-300.0000  0.1139-0.9224 - - 13 0 0 161
6-mC6 273.15-298.15  1.01325-1.01325 4.9000-18.6000 0.0919-0.9116 - - 18 0 0 124,292
7-mC6 255.40-323.15  1.01325-138.00000 4.7000-89.0000 0.0958-0.9378 - - 77 0 0 45,101, 164, 202-204
mC6-8 298.15-298.15  1.01325-1.01325 13.3000-40.2000 0.1408-0.8898 - - 16 0 0 22
mC6-10 298.15-298.15  1.01325-1.01325 20.3900-80.3300 0.0810-0.9262 - - 11 0 0 24
mC6-16 273.15-308.20  1.01325-1.01325 65.0000-259.1000 0.1213-0.9366 - - 21 0 0 124,161
8-eC6 298.15-298.15  1.01325-1.01325 23.5000-41.1000 0.2500-0.8100 - - 6 0 0 164
6-tCC6 298.15-298.15  1.01325-1.01325 -34.2000-0.0000 0.0500-0.9500 - - 11 0 0 25
7-tCC6 298.15-298.15  1.01000-1.01325 -33.9000-0.0000 0.0990-0.9521 - - 36 0 0 220,247
6-cCC6 298.15-298.15  1.01325-1.01325 19.1000-111.0000 0.0500-0.9500 - - 11 0 0 25
7-cCC6 298.15-298.15  1.01000-1.01325 21.4000-139.2000 0.0500-0.9500 - - 32 0 0 220,2%
6-bcy 288.20-298.20  1.01325-1.01325 6.0000-33.0000 0.1261-0.9265 - - 17 0 0 adl
7-bey 298.15-298.15  1.01000-1.01000 8.5000-24.3000 0.1756-0.9274 - - 15 0 0 20
8-bcy 288.20-298.20  1.01325-1.01325 7.2000-46.2000 0.0774-0.9164 - - 16 0 0 »1
12-bey 288.20-300.05  1.01325-1.01325 20.8000-84.1000 0.0864-0.9085 - - 20 0 0 207-2%
bcy-16 298.20-308.20  1.01325-1.01325 24.0000-128.0000 0.0579-0.9478 - - 18 0 0 21
22m3-mC6 273.15-273.15  1.01325-1.01325 27.3000-34.0000 0.3410-0.7370 - - 4 0 0 124
224m5-mC6 273.15-298.15  1.01325-1.01325 11.0100-54.3900 0.0467-0.9500 - - 28 0 0 124,299
22m4-tCC6 298.15-298.15  1.01325-1.01325 15.4000-86.0000 0.0500-0.9500 - - 11 0 0 25
23m4-tCC6 298.15-298.15  1.01325-1.01325 8.2000-50.0000 0.0500-0.9500 - - 11 0 0 25
2m5-tCC6 298.15-298.15  1.01325-1.01325 -22.4000-0.0000 0.0500-0.9500 - - 11 0 0 2%
3m5-tCC6 298.15-298.15  1.01325-1.01325 -0.5000-5.8000 0.0500-0.9500 - - 11 0 0 25
224m5-tCC6 298.15-298.15  1.01325-1.01325 15.0300-73.8800 0.0996-0.9507 - - 18 0 0 241
22m4-cCC6 298.15-298.15  1.01325-1.01325 29.5000-158.4000 0.0500-0.9500 - - 11 0 0 2%
23m4-cCC6 298.15-298.15  1.01325-1.01325 25.9000-142.1000 0.0500-0.9500 - - 11 0 0 25
2m5-cCC6 298.15-298.15  1.01325-1.01325 20.9000-112.9000 0.0500-0.9500 - - 11 0 0 25
3m5-cCC6 298.15-298.15  1.01325-1.01325 23.8000-124.3000 0.0500-0.9500 - - 11 0 0 2%
2m7-cCC6 298.15-298.15  1.01325-1.01325 33.3000-178.7000 0.0500-0.9500 - - 20 0 0 296
1-mC6 255.40-310.90  138.0000-138.0000 -584.0000-0.0000 - - 0.0415-0.9060 0 0 36 o4
mC5-B 298.15-298.15  1.01325-1.01325 192.8000-755.0000  0.0877-0.9319 - - 11 0 0 160
B-mC6 298.15-308.15  1.01325-1.01325 51.9000-790.0000 0.0188-0.9855 - - 66 0 0 294, 300-301
B-eC6 283.15-298.15  1.01325-1.01325 230.0000-876.0000 0.1030-0.9011 - - 12 0 0 30z
B-tCC6 298.15-298.15  1.01325-1.01325 190.8900-766.4600  0.0997-0.9500 - - 20 0 0 il
B-cCC6 298.15-298.15  1.01325-1.01325 126.7000-776.3000 0.0500-0.9500 - - 24 0 0 45,296
B-bcy 298.15-298.15  1.01325-1.01325 229.9000-855.5000  0.0958-0.8723 - - 13 0 0 e
mC6-mB 255.40-310.90  0.79000-138.00000 57.2000-557.0000 0.0262-0.9622 - - 87 0 0 101-102, 124, 276, 301
mC6-14mB 300.05-300.05  1.01325-1.01325 85.0000-447.0000 0.0570-0.9400 - - 10 0 0 138
mC6-eB 283.15-298.15  1.01325-1.01325 60.7000-458.0000 0.0344-0.9583 - - 31 0 0 301-302
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Table V5. (continued-8)

Binary system

X range (1st

yi range (1st z; range (1st Number of  Number of  Number of

(1st compound- Temperature P b Excess enthalpy compound d " int int int Ref
2nd compound) rage (K) ressure range (bar) range (3/mol) liquid mole compound gas compound poin SE poin SE poin SE eferences

fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
mB-eC6 283.15-298.15  1.01325-1.01325 183.0000-584.0000  0.1033-0.8932 - - 12 0 0 s02
eC6-eB 283.15-298.15  1.01325-1.01325 183.0000-502.0000  0.1469-0.8868 - - 12 0 0 80z
mB-tCC6 298.15-298.15  1.01325-1.01325 166.1600-486.8300  0.0994-0.9011 - - 17 0 0 i
mB-cCC6 298.15-298.15  1.01325-1.01325 99.5000-539.1000 0.0500-0.9500 - - 20 0 0 2%
C5-mC5 298.15-298.15  1.01325-1.01325 -12.3700-0.0000 0.0678-0.9554 - - 10 0 0 20
C5-mC6 298.15-298.15  1.01325-1.01325 -112.3000-0.0000 0.0762-0.9605 - - 10 0 0 24
C5-tCC6 298.15-298.15  1.01325-1.01325 -270.5600-0.0000 0.0307-0.9736 - - 36 0 0 808
C5-cCC6 298.15-298.15  1.01325-1.01325 -129.1400-0.0000 0.0232-0.9894 - - 37 0 0 %08
C5-bey 288.20-298.20  1.01325-1.01325 -142.6000-0.0000 0.0519-0.9205 - - 19 0 0 21
mC5-C6 298.15-298.15  1.01325-1.01325 9.1000-46.8000 0.0526-0.8876 - - 11 0 0 160
C6-mC6 293.15-308.15  1.01325-1.01325 0.0300-23.1200 0.0342-0.9751 - - 87 0 0 124,143, 304
C6-eC6 298.15-298.15  1.01325-1.01325 27.9000-72.0000 0.1030-0.8896 - - 9 0 0 143
C6-tCC6 298.15-298.15  1.01325-1.01325 -7.4300-25.2200 0.0500-0.9753 - - 55 0 0 305-307
C6-cCC6 298.15-298.15  1.01325-1.01325 -3.8500-40.6000 0.0500-0.9765 - - 55 0 0 305-307
C6-hey 288.20-298.20  1.01325-1.01325 39.5000-126.0000 0.1237-0.9285 - - 19 0 0 21
C7-tCC6 298.15-298.15  1.01325-1.01325 -7.9000-0.0000 0.1450-0.9238 - - 8 0 0 306
C7-cCC6 298.15-298.15  1.01325-1.01325 0.5000-14.7000 0.1632-0.8638 - - 8 0 0 %06
C7-bcy 288.20-298.20  1.01325-1.01325 38.2000-158.4000 0.0997-0.9318 - - 17 0 0 21
C8-tCC6 298.15-298.15  1.01325-1.01325 -1.5000-8.4800 0.0500-0.9500 - - 20 0 0 306-307
C8-cCC6 298.15-298.15  1.01325-1.01325 3.7300-23.1000 0.0500-0.9500 - - 19 0 0 306-307
C8-hcy 288.20-298.20  1.01325-1.01325 36.4000-178.2000 0.0742-0.9564 - - 18 0 0 21
tet-tCC6 298.15-298.15  1.01325-1.01325 124.0000-245.0000 0.2046-0.8634 - - 9 0 0 308
mC5-mC6 298.15-298.15  1.01325-1.01325 -52.0400-0.0000 0.0595-0.9491 - - 10 0 0 204
mC6-eC6 298.15-298.15  1.01325-1.01325 1.1000-4.2000 0.1183-0.8783 - - 10 0 0 143
mC6-tCC6 298.15-298.15  1.01325-1.01325 1.2200-7.2000 0.0500-0.9500 - - 11 0 0 sor
mC6-cCC6 298.15-298.15  1.01325-1.01325 8.9900-49.2600 0.0500-0.9500 - - 11 0 0 so7
C02-5 308.15-573.15  75.80000-124.50000  -4022.000-4460.000 - 0.0387-0.9905  0.0387-0.9907 0 175 414 309-310
CO2-6 308.15-573.15  62.90000-125.00000  -4090.000-5050.000 - 0.0244-0.9918  0.0200-0.9918 0 176 547 11313
C02-9 373.15-373.15  75.00000-125.00000  -1980.000-252.000 - - 0.0584-0.9934 0 0 49 a4
C02-10 283.15-573.15  75.80000-125.00000  -4750.000-3370.000  0.0631-0.9939 - 0.0362-0.9945 102 0 301 315-316
C02-12 318.15-318.15  40.00000-140.00000  -2974.800-688.600 - - 0.0500-0.9980 0 0 170 s
C02-22m3 310.00-313.15  62.90000-104.40000  -4300.000-493.000 - - 0.0600-0.9800 0 0 118 8
1-CO2 283.15-353.15  5.07000-111.45700 6.000-3990.000 - 0.0950-0.9000 - 0 636 0 319-320
C02-2 217.00-323.15  1.01325-110.00000 -373.000-6514.000 0.0410-0.9790  0.0250-0.9780  0.0460-0.9790 118 185 105 321324
C02-B 354.50-398.60  1.01000-1.01000 31.9000-52.5000 - 0.3590-0.6210 - 0 40 0 2
C0O2-mB 298.15-573.15  69.80000-175.00000  -5660.000-7060.000  0.1150-0.9870 - 0.0347-0.9946 66 0 885 326-330
C0O2-C6 308.15-573.15  1.01000-143.90000 -4212.000-6510.000 - 0.0393-0.9902  0.0364-0.9902 0 137 716 825,351-383
N2-1 91.50-298.00 1.01325-102.30000 13.0000-3059.0000  0.1170-0.7140  0.0600-0.7840  0.1060-0.8530 12 75 28 334-336
N2-2 92.10-92.30 6.31000-7.90000 17.4000-178.0000 - - 0.0500-0.9980 0 0 41 337-338
N2-B 333.20-433.20  0.47000-1.02000 41.0000-71.7000 - 0.5000-0.5000 - 0 15 0 339

8/ 4dd-3 9sndeq sjapow nedAanou un,p uonrud ‘A aiideyd



-Tve -

Table V5. (continued-9)

Binary system

X range (1st

yi range (1st z; range (1st Number of  Number of  Number of

(1st compound- Temperature P b Excess enthalpy compound d " int int int Ref
2nd compound) rage (K) ressure range (bar) range (3/mol) liquid mole compound gas compound poin SE poin SE poin SE eferences

fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
N2-C6 333.20-433.20  0.44000-1.02000 40.3000-75.1000 - 0.5000-0.5000  0.5000-0.5000 0 15 4 359-340
N2-CO2 283.15-353.15  10.13000-121.59000  9.0000-4400.0000 - 0.1000-0.9000 - 0 693 0 341342
1-H2S 293.15-313.15  5.07000-15.20000 23.8000-190.8000 - 0.1840-0.8470 - 0 39 0 s
3SH-7 298.15-298.15  1.01325-1.01325 217.2000-724.1000  0.0900-0.8690 - - 12 0 0 s
4sh-7 283.15-333.15  5.00000-5.00000 72.0000-698.3000 0.0406-0.9630 - - 60 0 0 345
B-4sh 283.15-333.15  5.00000-5.00000 9.9000-146.7000 0.0479-0.9498 - - 58 0 0 5
4sh-mB 283.15-333.15  5.00000-5.00000 -91.2000-0.0000 0.0198-0.9495 - - 59 0 0 5
C6-4sh 283.15-333.15  5.00000-5.00000 103.0000-682.5000  0.0497-0.9497 - - 57 0 0 s
3-H20 363.20-393.20  1.01000-1.01000 43.3000-71.8000 - 0.3030-0.6920 - 0 40 0 346
4-H20 363.20-393.20  1.01000-1.01000 51.6000-88.4000 - 0.3120-0.7020 - 0 40 0 846
5-H20 363.20-698.20  1.01325-45.00000 57.9000-1877.0000 - 0.2020-0.7480 - 0 65 0 347-348
6-H20 363.20-648.20  1.01325-114.80000 82.0000-4467.0000 - 0.2980-0.7030 - 0 55 0 348349
H20-7 363.20-598.20  1.01000-76.80000 96.8000-8428.0000 - 0.3000-0.7010 - 0 86 0 348350
H20-8 363.20-648.20  1.01325-70.00000 153.3000-7700.0000 - 0.2060-0.7650 - 0 75 0 348,351
1-H20 373.20-648.20  1.01000-105.10000 26.7000-1699.0000 - 0.2890-0.7040 - 0 90 0 352-353
H20-B 363.20-592.00  1.01000-164.00000  47.6000-13680.0000 - 0.3810-0.6380  0.2100-0.9870 0 60 124 354-356
H20-C6 363.20-433.20  1.01000-1.01000 63.0000-126.7000 - 0.3520-0.7280 - 0 68 0 354-385
CO2-H20 308.15-648.20  1.01000-202.00000 -231.000-18379.000 - 0.2980-0.7020  0.0020-0.9690 0 55 484 357-361
N2-H20 373.15-698.20  1.01000-125.80000 25.2000-1315.0000 - 0.2550-0.7980 - 0 77 0 350, 362
H2S-H20 383.15-483.15  1.01325-1.01325 12.0000-35.5000 - 0.5000-0.5000 - 0 11 0 363
a2-3 273.15-373.15  50.00000-150.00000  -2440.000-3026.000  0.0211-0.9850  0.0281-0.9855  0.0088-0.9861 146 125 567 364
1-a2 115.77-313.15  1.01325-34.45000 16.5000-250.7000 0.2368-0.9313  0.2030-0.8160 - 18 36 0 365-366
a2-2 273.15-363.15  50.00000-150.00000  -436.200-2355.400 0.0205-0.9834  0.0143-0.9824  0.0152-0.9667 121 471 206 %67
a2-Co2 260.95-306.62  35.00000-110.00000  98.0000-2340.0000  0.0410-0.8510  0.0500-0.9010  0.0420-0.9640 51 47 76 368
N2-a2 283.15-338.15  10.36000-48.35000 28.7200-1147.0000 - 0.1230-0.9090 - 0 75 0 369
a3-3 323.15-323.15  50.00000-100.00000  17.1120-97.9830 0.0533-0.9531 - - 35 0 0 28
1a6-6 298.15-298.15  1.01325-1.01325 10.7000-61.1000 0.0475-0.9419 - - 17 0 0 188,370
1a6-12 293.15-293.15  1.01325-1.01325 96.5000-136.9000 0.2737-0.6299 - - 17 0 0 a
t2a6-6 298.15-298.15  1.01325-1.01325 22.6000-55.8000 0.1251-0.8495 - - 9 0 0 870
t2a6-7 298.15-298.15  1.01325-1.01325 24.1000-56.6000 0.1294-0.8771 - - 5 0 0 s
c2a6-6 298.15-298.15  1.01325-1.01325 21.4000-74.9000 0.0759-0.9037 - - 9 0 0 370
c2a6-7 298.15-298.15  1.01325-1.01325 32.5000-72.7000 0.1304-0.8781 - - 5 0 0 s
t3a6-6 298.15-298.15  1.01325-1.01325 21.4000-63.1000 0.1270-0.9058 - - 9 0 0 370
t3a6-7 298.15-298.15  1.01325-1.01325 28.7000-65.7000 0.1292-0.8769 - - 7 0 0 s
15a6-6 298.15-298.15  1.01325-1.01325 82.6000-246.6000 0.0968-0.8953 - - 9 0 0 872
6-1a7 298.15-298.15  1.01325-1.01325 30.1000-47.1000 0.1982-0.8115 - - 8 0 0 873
1a7-7 298.15-303.15  1.01000-1.01325 0.6090-59.1000 0.0021-0.8908 - - 26 0 0 870, 374-375
1a7-12 298.15-298.15  1.01325-1.01325 37.0000-97.0000 0.1790-0.9000 - - 9 0 0 876
t2a7-7 298.15-298.15  1.01325-1.01325 13.8000-45.5000 0.1309-0.8985 - - 9 0 0 870
c2a7-7 298.15-298.15  1.01325-1.01325 11.6000-63.0000 0.0692-0.8868 - - 9 0 0 870
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Table V-5. (continued-10)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (Ist Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
t3a7-7 298.15-298.15  1.01325-1.01325 21.0000-67.8000 0.0865-0.9076 - - 9 0 0 870
6-1a8 298.15-298.15  1.01325-1.01325 13.4000-29.4000 0.1813-0.8690 - - 10 0 0 sm
7-1a8 298.15-323.15  1.01325-1.01325 22.1000-39.8000 0.1727-0.8463 - - 12 0 0 i
1a8-8 298.15-318.15  1.01325-1.01325 17.2000-46.6000 0.1130-0.8850 - - 40 0 0 878
1a8-16 298.15-323.15  1.01325-1.01325 60.1000-163.8000 0.2656-0.9036 - - 12 0 0 %
t3a8-8 298.15-318.15  1.01325-1.01325 20.1000-55.1000 0.1250-0.8880 - - 33 0 0 878
c3a8-8 298.15-318.15  1.01325-1.01325 48.1000-57.6000 0.4640-0.5560 - - 7 0 0 878
t4a8-8 298.15-318.15  1.01325-1.01325 21.7000-64.0000 0.1220-0.8730 - - 36 0 0 578
c4a8-8 298.15-318.15  1.01325-1.01325 57.3000-66.3000 0.4490-0.6180 - - 6 0 0 378
1a9-9 298.15-298.15  1.01325-1.01325 23.3000-40.5000 0.1980-0.8240 - - 13 0 0 879
7-1a10 298.15-298.15  1.01325-1.01325 9.9000-26.7000 0.0971-0.8856 - - 9 0 0 s
1a10-10 298.15-298.15  1.01325-1.01325 18.0000-45.4000 0.1540-0.8550 - - 10 0 0 376, 380
8-1a12 298.15-298.15  1.01325-1.01325 77.0000-77.0000 0.6300-0.6300 - - 1 0 0 380
9-1a12 298.15-298.15  1.01325-1.01325 73.0000-73.0000 0.6000-0.6000 - - 1 0 0 380
1a12-12 298.15-298.15  1.01325-1.01325 88.0000-88.0000 0.4000-0.4000 - - 1 0 0 380
1a12-16 298.15-298.15  1.01325-1.01325 133.5000-133.5000 0.4700-0.4700 - - 1 0 0 380
2m4-1a5 363.13-363.13  15.00000-15.00000 19.7500-57.7900 0.1051-0.9049 - - 9 0 0 %1
1a6-22m4 298.15-298.15  1.01325-1.01325 11.3900-62.4600 0.0500-0.9500 - - 19 0 0 38z
1a6-23m4 298.15-298.15  1.01325-1.01325 13.8800-79.5200 0.0500-0.9499 - - 19 0 0 38z
1a6-2m5 298.15-298.15  1.01325-1.01325 10.7200-58.6700 0.0501-0.9500 - - 19 0 0 se2
1a6-3m5 298.15-298.15  1.01325-1.01325 9.8300-54.8800 0.0501-0.9500 - - 19 0 0 38z
1a6-224m5 298.15-298.15  1.01325-1.01325 10.0600-55.9000 0.0501-0.9500 - - 19 0 0 38z
224m5-1al2 298.15-298.15  1.01325-1.01325 154.5000-154.5000  0.5700-0.5700 - - 1 0 0 380
1a6-B 298.15-363.13  1.01325-24.12000 74.7540-591.5000 0.0364-0.9499 - - 58 0 0 188, 248, 383-384
15a6-B 298.15-298.15  1.01000-1.01000 95.0000-308.0000 0.1116-0.9004 - - 9 0 0 385
B-la7 298.15-298.15  1.01325-1.01325 137.8000-614.6000  0.0932-0.9550 - - 17 0 0 878, 363
B-1a8 298.15-323.15  1.01325-1.01325 152.8000-680.0000 0.1013-0.9587 - - 27 0 0 45,383,386
B-t3a8 298.20-298.20  1.01325-1.01325 578.0000-674.0000  0.3960-0.7560 - - 5 0 0 386
B-1al0 298.15-298.15  1.01000-1.01000 224.0000-704.0000  0.1174-0.8646 - - 9 0 0 385
1a6-mB 298.15-298.15  1.01325-1.01325 48.1800-268.0800 0.0500-0.9500 - - 19 0 0 364
mB-1a8 298.65-298.65  1.01325-1.01325 124.0000-316.0000 0.1740-0.9040 - - 12 0 0 386
mB-t3a8 298.65-298.65  1.01325-1.01325 233.0000-294.0000  0.3100-0.8160 - - 4 0 0 386
mB-t4a8 298.20-298.20  1.01325-1.01325 296.0000-344.0000  0.5250-0.6760 - - 2 0 0 386
1a7-eB 298.15-298.15  1.01325-1.01325 92.3000-264.7000 0.0901-0.8959 - - 9 0 0 383
1a8-eB 298.15-298.15  1.01325-1.01325 60.0000-302.3000 0.0615-0.9382 - - 28 0 0 383, 367
eB-Ba2 293.15-293.15  1.01325-1.01325 8.8760-12.1420 0.2490-0.7510 - - 3 0 0 388
1a6-C6 298.15-413.21  1.01325-13.78000 26.6540-233.5800 0.0500-0.9500 - - 42 0 0 178, 188, 384
t2a6-C6 298.15-298.15  1.01325-1.01325 97.0000-208.6000 0.0988-0.7761 - - 6 0 0 s
c2a6-C6 298.15-298.15  1.01325-1.01325 87.1000-193.0000 0.0993-0.7710 - - 6 0 0 s
t3a6-C6 298.15-298.15  1.01325-1.01325 61.7000-165.2000 0.0986-0.8400 - - 6 0 0 87
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Table V5. (continued-11)

Binary system

X range (1st

(1st compound- Temperature Excess enthalpy compound ya range (1st Z; range (1t Nu_mber of Nu_mber of Nu_mber of
2nd compound) rage (K) Pressure range (bar) range (3/mol) liquid mole compound' gas compound_ pomtsE pomtsE pomtsE References
fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
C6-1a7 298.15-298.15  1.01325-1.01325 173.9000-241.4000  0.3440-0.8101 - - 9 0 0 878
C6-1a8 298.15-323.15  1.01325-1.01325 81.7000-257.4000 0.1079-0.8970 - - 21 0 0 45,371
C6-c4a8 298.15-298.15  1.01325-1.01325 89.0000-174.0000 0.2440-0.8540 - - 13 0 0 37
C6-1a10 298.15-298.15  1.00000-1.00000 54,7000-293.5000 0.0718-0.9036 - - 18 0 0 24
1a6-tet 298.15-298.15  1.01325-1.01325 105.0000-223.1000  0.1399-0.7005 - - 9 0 0 389
1a7-tet 298.15-298.15  1.01325-1.01325 90.7000-235.6000 0.1048-0.6735 - - 8 0 0 389
1a6-mC6 298.15-298.15  1.01325-1.01325 10.0900-56.4100 0.0500-0.9500 - - 19 0 0 a4
1a6-bcy 298.15-298.15  1.01325-1.01325 26.8000-67.0000 0.1463-0.7601 - - 10 0 0 389
1a7-bcy 298.15-298.15  1.01325-1.01325 32.9000-64.0000 0.1553-0.7395 - - 8 0 0 389
a3-H20 363.20-393.20  1.01000-1.01000 41.0000-64.1000 - 0.3690-0.5960 - 0 42 0 346
a3-13a4 273.15-333.15  49.78000-49.78000 -79.9900-15.7100 0.0211-0.9810 - - 69 0 0 3%
1a6-t2a6 298.15-298.15  1.01325-1.01325 3.4000-9.2000 0.1033-0.8711 - - 9 0 0 31
1a6-t3a6 298.15-298.15  1.01325-1.01325 4.1000-11.4000 0.1047-0.9102 - - 9 0 0 3o
tt24a6-1a6 298.15-298.15  1.01325-1.01325 21.6000-73.7000 0.1104-0.8911 - - 9 0 0 o1
15a6-1a6 298.15-298.15  1.01325-1.01325 25.0000-72.3000 0.1018-0.8941 - - 9 0 0 31
15a6-t2a6 298.15-298.15  1.01325-1.01325 42.4000-177.9000 0.1048-0.8966 - - 10 0 0 3o
15a6-t3a6 298.15-298.15  1.01325-1.01325 18.4000-72.0000 0.1205-0.9101 - - 9 0 0 o1
t3a6-t2a 298.15-298.15  1.01325-1.01325 -2.7000-0.0000 0.1002-0.9129 - - 10 0 0 3o
2m13a4-5 293.15-298.15  1.01325-1.01325 150.0000-190.0000  0.5000-0.5000 - - 2 0 0 14
2m13a4-6 293.15-303.15  1.01325-1.01325 5.3000-214.1000 0.0075-0.9545 - - 25 0 0 14,392
2m13a4-7 293.15-298.15  1.01325-1.01325 210.0000-210.0000  0.5000-0.5000 - - 2 0 0 14
2mla5-12 283.15-303.15  1.01325-1.01325 38.1000-141.4000 0.2194-0.8933 - - 34 0 0 a
2m3-2ma3 298.15-323.15  50.00000-150.00000  5.4000-100.5000 0.0151-0.9634 - - 151 0 0 308
2m13a4-B 293.15-303.15  1.01325-1.01325 26.0000-263.2000 0.0382-0.9709 - - 25 0 0 14,392
2m13a4-C6 293.15-298.15  1.01325-1.01325 305.0000-330.0000  0.5000-0.5000 - - 2 0 0 14
6-aC6 293.15-298.16  1.01325-1.01325 45.0000-235.3000 0.0433-0.8898 - - 36 0 0 14,188, 304
6-13aC6 298.15-298.15  1.01325-1.01325 229.7000-436.9000 0.1347-0.8024 - - 9 0 0 39
6-14aC6 298.15-298.15  1.01325-1.01325 100.9000-443.3000 0.1837-0.9328 - - 10 0 0 39
aC6-8 298.16-298.16  1.01325-1.01325 58.0000-247.0000 0.1618-0.9476 - - 22 0 0 304
aC6-10 298.16-298.16  1.01325-1.01325 24.0000-293.0000 0.0757-0.9864 - - 23 0 0 304
aC6-12 298.16-298.16  1.01325-1.01325 55.0000-323.0000 0.1376-0.9662 - - 27 0 0 304
aC6-14 298.16-298.16  1.01325-1.01325 107.0000-408.0000  0.0957-0.9489 - - 20 0 0 304
aC6-16 298.16-298.16  1.01325-1.01325 54.0000-427.0000 0.0962-0.9623 - - 27 0 0 304
B-aC6 293.15-298.15  1.01000-1.01325 153.0000-389.3000 0.1247-0.8724 - - 21 0 0 14,188, 385
B-13aC6 298.15-298.15  1.01325-1.01325 42.4000-129.0000 0.0927-0.8643 - - 11 0 0 3%
B-14aC6 298.15-298.15  1.01325-1.01325 33.3000-86.7000 0.2030-0.8661 - - 11 0 0 39
C6-aC6 293.15-308.15  1.01325-1.01325 0.9400-116.7000 0.0451-0.9980 - - 36 0 0 14,188, 372, 315, 356
13aC6-C6 298.15-308.15  1.01325-1.01325 96.9000-358.3000 0.0714-0.9241 - - 24 0 0 872,395,307
C6-14aC6 298.15-308.15  1.01325-1.01325 115.0000-415.5000 0.0779-0.8970 - - 22 0 0 872,35, 397
aCe6-tet 298.15-298.15  1.01325-1.01325 76.1000-150.8000 0.1755-0.7462 - - 10 0 0 398

8/Ydd-3 9sudeq a)powr neaanou un,p uontuyaq ‘A amdeyd



- vl -

Table V-5. (continued-12)

Binary system

X range (1st

yi range (1st z; range (1st Number of  Number of  Number of

(1st compound- Temperature P b Excess enthalpy compound d " int int int Ref
2nd compound) rage (K) ressure range (bar) range (J/mol) liquid mole compound gas compound poin sE poin sE poin sE eferences

fraction) mole fraction) mole fraction) (T,P,h=x) (T,P,h%y) (T,P,h=2)
13aC6-tet 298.15-298.15  1.01325-1.01325 19.8000-48.4000 0.1251-0.7507 - - 9 0 0 38
14aC6-tet 298.15-298.15 1.01325-1.01325 6.7000-24.8000 0.1135-0.7707 - - 9 0 0 308
aC6-bcy 298.15-298.15  1.01325-1.01325 17.9000-37.2000 0.1717-0.6685 - - 9 0 0 %
13aC6-bcy 298.15-298.15  1.01325-1.01325 98.1000-292.6000 0.1329-0.6842 - - 12 0 0 %
14aC6-bcy 298.15-298.15 1.01325-1.01325 90.2000-282.1000 0.1209-0.7105 - - 9 0 0 398
1a6-aC6 298.15-298.15  1.01325-1.01325 52.6000-116.1000 0.1208-0.8632 - - 10 0 0 188
1a6-3maC5 348.15-348.15  8.00000-8.00000 5.9980-26.2400 0.0879-0.8864 - - 9 0 0 8L
2m13a4-aC6 293.15-298.15  1.01325-1.01325 60.0000-80.0000 0.5000-0.5000 - - 2 0 0 u
ap-bp 298.15-318.15  1.01325-1.01325 7.0000-13.2000 0.2000-0.7998 - - 21 0 0 399
H2-1 183.00-298.00  11.1000-102.3000 28.0000-3296.0000 - 0.0850-0.7480 0.0800-0.7280 0 85 24 384, 3%
H2-N2 147.00-298.00  5.6700-135.7800 11.0000-793.0000 - 0.0860-0.7940 - 0 323 0 336,400
H2-H20 373.20-699.20  1.0100-112.0000 29.4000-2084.000 - 0.2630-0.7380 - 0 126 0 352-353, 401
Total number of points: 18254 5224 5456
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Table V-6. Binary systems database (cp%)

Binary system (1st

Temperature rage (K)

Pressure range (bar)

Excess heat capacity range

X, range (1st compound

Number of points

References

compound-2nd compound) (J/mol/K) liquid mole fraction) (T,P,c¥ )

6-7 298.15-298.15 1.01325-1.01325 -0.0980-0.0000 0.1246-0.9081 19 402408
6-8 298.15-298.15 1.01325-1.01325 -0.2260-0.0000 0.0480-0.9780 30 404
6-12 298.15-298.15 1.01325-1.01325 -1.3720-0.0000 0.0564-0.9500 29 405
22m4-7 298.15-298.15 1.01325-1.01325 -0.6830-0.0000 0.0263-0.9713 45 402
23m4-7 298.15-298.15 1.01325-1.01325 -0.4920-0.0000 0.0311-0.9762 40 402
2m5-7 298.15-298.15 1.01325-1.01325 -0.2750-0.0000 0.0302-0.9467 28 402
3m5-7 298.15-298.15 1.01325-1.01325 -0.3190-0.0000 0.0322-0.9503 20 402
7-224m5 298.15-298.15 1.01325-1.01325 -0.3512-0.0000 0.0391-0.9620 24 406-407
22m4-8 298.15-298.15 1.01325-1.01325 -1.0850-0.0000 0.0522-0.9741 20 04
23m4-8 298.15-298.15 1.01325-1.01325 -0.7030-0.0000 0.0532-0.9532 17 404
2m5-8 298.15-298.15 1.01325-1.01325 -0.4530-0.0000 0.0748-0.9524 19 404
3m5-8 298.15-298.15 1.01325-1.01325 -0.5760-0.0000 0.0469-0.9285 21 404
6-B 298.20-298.20 1.01325-1.01325 -2.9100-0.0000 0.0953-0.9161 7 408
B-7 293.15-303.15 1.01325-1.01325 -3.6330-0.0000 0.0487-0.9317 43 409-410
B-8 298.20-298.20 1.01325-1.01325 -3.3800-0.0000 0.1110-0.8959 7 408
B-10 298.20-298.20 1.01325-1.01325 -4.1500-0.0000 0.0977-0.8999 7 408
B-12 298.20-298.20 1.01325-1.01325 -5.0900-0.0000 0.0916-0.8977 7 408
B-14 298.20-298.20 1.01325-1.01325 -5.9590-0.0000 0.2457-0.9237 5 4L
B-16 298.20-298.20 1.01325-1.01325 -7.2700-0.0000 0.0884-0.9006 7 408
23m4-B 298.15-298.15 1.01325-1.01325 -2.9190-0.0000 0.1498-0.8584 12 412-013
B-224m5 298.15-323.15 1.01325-1.01325 -2.9000-0.0000 0.1036-0.8990 27 414-416
6-mB 298.15-313.15 1.01325-1.01325 -1.6000-0.0000 0.1078-0.9041 13 a7
7-mB 298.15-298.20 1.01325-1.01325 -1.3780-0.0000 0.1013-0.9097 13 411, 414
mB-8 298.20-298.20 1.01325-1.01325 -1.3200-0.0000 0.0999-0.9069 7 408
mB-10 298.20-298.20 1.01325-1.01325 -1.8200-0.0000 0.0989-0.8966 7 408
mB-12 298.20-298.20 1.01325-1.01325 -2.4700-0.0000 0.0870-0.9054 7 408
mB-14 298.20-298.20 1.01325-1.01325 -3.7460-0.0000 0.1955-0.8608 5 4L
mB-16 298.20-298.20 1.01325-1.01325 -4.2400-0.0000 0.0872-0.9034 7 408
6-14mB 298.20-298.20 1.01325-1.01325 -0.4800-0.0000 0.1032-0.9039 7 408
14mB-16 298.20-298.20 1.01325-1.01325 -2.2000-0.0000 0.1002-0.9021 7 408
7-eB 298.20-298.20 1.01325-1.01325 -1.6500-0.0000 0.1313-0.8699 8 a
eB-10 298.20-298.20 1.01325-1.01325 -2.5220-0.0000 0.2053-0.8222 5 4
eB-12 298.20-298.20 1.01325-1.01325 -3.0560-0.0000 0.1261-0.8879 5 4
eB-14 298.20-298.20 1.01325-1.01325 -4.4540-0.0000 0.1836-0.8227 5 a
7-124mB 298.15-298.15 1.01325-1.01325 0.0750-0.3430 0.1174-0.9052 9 120
10-124mB 298.15-298.15 1.01325-1.01325 0.2220-0.6620 0.1142-0.9078 9 120
124mB-14 298.15-298.15 1.01325-1.01325 -0.1150-0.0000 0.0934-0.8734 9 120
7-prB 298.20-298.20 1.01325-1.01325 -1.4180-0.0000 0.1408-0.8704 6 411
prB-14 298.20-298.20 1.01325-1.01325 -4.0020-0.0000 0.2078-0.8525 5 4t
7-buB 298.20-298.20 1.01325-1.01325 -1.3870-0.0000 0.1721-0.8020 5 411
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Table V—6. (continued-1)

Binary system (1st

Temperature rage (K)

Pressure range (bar)

Excess heat capacity range

X, range (1st compound

Number of points

References

compound-2nd compound) (J/mol/K) liquid mole fraction) (T,P,c¥ )

buB-14 298.20-298.20 1.01325-1.01325 -4.4010-0.0000 0.1780-0.8388 5 at
23m4-mB 298.15-298.15 1.01325-1.01325 -1.6710-0.0000 0.1369-0.8511 12 412413
224m5-mB 298.15-323.15 1.01325-1.01325 -1.2700-0.9000 0.1102-0.9015 30 414-416
23m4-eB 298.15-298.15 1.01325-1.01325 -2.2840-0.0000 0.1600-0.8516 6 42
23m4-buB 298.15-298.15 1.01325-1.01325 -1.5440-0.0000 0.2055-0.8384 5 412
B-mB 298.15-298.15 1.01325-1.01325 -0.3150-0.0000 0.1127-0.8930 9 418
B-12mB 298.15-298.15 1.01325-1.01325 -1.4370-0.0000 0.1006-0.8931 9 48
B-13mB 298.15-298.15 1.01325-1.01325 -1.1090-0.0000 0.1045-0.8866 9 418
B-14mB 298.15-313.15 1.01325-1.01325 -0.8800-0.0000 0.1008-0.8772 15 418419
B-eB 298.15-298.15 1.01325-1.01325 -0.8710-0.0000 0.0962-0.8968 17 418,420
B-prB 298.15-298.15 1.01325-1.01325 -0.9410-0.0000 0.1936-0.8677 5 420
B-buB 298.15-298.15 1.01325-1.01325 -1.4510-0.0000 0.1349-0.8752 7 420
mB-12mB 298.15-298.15 1.01325-1.01325 -0.4620-0.0000 0.1096-0.8891 9 418
mB-13mB 298.15-298.15 1.01325-1.01325 -0.2100-0.0000 0.0949-0.8963 9 418
mB-14mB 298.15-298.15 1.01325-1.01325 -0.0340-0.0020 0.1159-0.8829 9 418
mB-eB 298.15-298.15 1.01325-1.01325 0.0160-0.0560 0.0932-0.9002 9 418
13mB-12mB 298.15-321.65 1.01325-1.01325 -0.1420-0.0000 0.0504-0.9464 79 421-422
14mB-12mB 298.15-321.65 1.01325-1.01325 -0.2200-0.0000 0.0499-0.9607 79 421-422
eB-12mB 298.15-321.65 1.01325-1.01325 -0.2820-0.0000 0.0502-0.9498 79 421422
14mB-13mB 298.15-321.65 1.01325-1.01325 0.0030-0.0260 0.0490-0.9517 79 421-422
eB-13mB 298.15-321.65 1.01325-1.01325 -0.0350-0.0000 0.0505-0.9499 86 421-422
eB-14mB 298.15-321.65 1.01325-1.01325 0.0400-0.3510 0.0526-0.9516 79 421422
6-C6 298.15-298.20 1.01325-1.01325 -1.4190-0.0000 0.0394-0.9533 34 403,409
C6-7 293.15-338.15 1.01325-1.01325 -2.7440-0.0000 0.0882-0.9604 49 209,403
C6-12 298.15-323.15 1.01325-1.01325 -3.9300-0.0000 0.0473-0.9630 234 423
C6-14 288.15-308.15 1.01325-1.01325 -6.1012-0.0000 0.0500-0.9502 52 a2
C6-224m5 298.15-323.15 1.01325-1.01325 -0.6000-0.0000 0.2496-0.7497 9 42
C5-B 298.15-298.15 1.01325-1.01325 -2.6640-0.0000 0.0933-0.8778 9 426
B-C6 293.15-318.15 1.01325-1.01325 -2.9810-0.0000 0.0955-0.9148 95 421-430
B-C8 298.15-298.15 1.01325-1.01325 -3.3760-0.0000 0.1235-0.9084 9 426
C6-mB 298.15-298.15 1.01325-1.01325 -1.9200-0.0000 0.0250-0.9750 21 431
C6-12mB 298.15-323.15 1.01325-1.01325 -1.1023-0.0000 0.2503-0.7498 9 432
C6-13mB 298.15-323.15 1.01325-1.01325 -1.7294-0.0000 0.2495-0.7520 9 432
C6-14mB 298.15-323.15 1.01325-1.01325 -1.1914-1.2102 0.2537-0.7415 9 432
C6-eB 298.15-298.15 1.01325-1.01325 -2.2300-0.0000 0.0250-0.9750 21 286
C6-prB 298.15-298.15 1.01325-1.01325 -2.1900-0.0000 0.0250-0.9750 21 26
C6-iprB 298.15-298.15 1.01325-1.01325 -2.0300-0.0000 0.0250-0.9750 19 26
mC5-10 293.15-293.15 1.01325-1.01325 -1.5440-0.0000 0.0862-0.8990 10 433
7-tCC6 298.15-298.15 1.01325-1.01325 -0.7650-0.0000 0.0500-0.9500 19 434
7-cCC6 298.15-298.15 1.01325-1.01325 -1.4580-0.0000 0.0500-0.9500 19 434
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Table V—6. (continued-2)

Binary system (1st

Temperature rage (K)

Pressure range (bar)

Excess heat capacity range

X range (1st compound

Number of points

References

compound-2nd compound) (J/mol/K) liquid mole fraction) (T,P,c¥ )

22m4-tCC6 298.15-298.15 1.01325-1.01325 -1.1720-0.0000 0.0500-0.9500 11 %%
23m4-tCC6 298.15-298.15 1.01325-1.01325 -0.9530-0.0000 0.0500-0.9500 11 2%
2m5-tCC6 298.15-298.15 1.01325-1.01325 -0.8270-0.0000 0.0500-0.9500 11 25
3m5-tCC6 298.15-298.15 1.01325-1.01325 -0.7660-0.0000 0.0500-0.9500 11 2%
224m5-tCC6 298.15-298.15 1.01325-1.01325 -0.7430-0.0000 0.0500-0.9500 19 434
22m4-cCC6 298.15-298.15 1.01325-1.01325 -1.3340-0.0000 0.0500-0.9500 11 25
23m4-cCC6 298.15-298.15 1.01325-1.01325 -1.2150-0.0000 0.1000-0.9500 10 2%
2m5-cCC6 298.15-298.15 1.01325-1.01325 -1.3980-0.0000 0.0500-0.9500 11 2%
3m5-cCC6 298.15-298.15 1.01325-1.01325 -1.2350-0.0000 0.0500-0.9500 11 25
224m5-cCC6 298.15-298.15 1.01325-1.01325 -1.2610-0.0000 0.0500-0.9500 19 a3t
B-mC6 298.15-298.15 1.01325-1.01325 -2.7100-0.0000 0.0500-0.9750 29 426,435
B-tCC6 298.15-298.15 1.01325-1.01325 -2.7990-0.0000 0.0500-0.9500 19 434
B-cCC6 298.15-298.15 1.01325-1.01325 -3.0960-0.0000 0.0500-0.9500 19 434
mC6-mB 298.15-298.15 1.01325-1.01325 -1.7500-0.0000 0.0250-0.9750 20 434
mB-tCC6 298.15-298.15 1.01325-1.01325 -1.6930-0.0000 0.0500-0.9500 19 434
mB-cCC6 298.15-298.15 1.01325-1.01325 -2.0460-0.0000 0.0500-0.9500 19 434
C5-mC5 293.15-293.15 1.01325-1.01325 -0.0270-0.0160 0.1252-0.9009 11 433
C5-mC6 293.15-293.15 1.01325-1.01325 0.0520-0.2900 0.0402-0.9117 12 433
mC5-C6 293.15-293.15 1.01325-1.01325 -0.2740-0.0000 0.0712-0.8951 14 433
C6-mC6 298.15-298.15 1.01325-1.01325 -0.2800-0.2800 0.0500-0.9750 20 435
C6-tCC6 298.15-298.15 1.01325-1.01325 -0.5290-0.3720 0.0500-0.9500 11 so7
C6-cCC6 298.15-298.15 1.01325-1.01325 -0.5130-0.5450 0.0500-0.9500 11 07
C8-tCC6 298.15-298.15 1.01325-1.01325 -0.2820-0.0680 0.0500-0.9500 11 so7
C8-cCC6 298.15-298.15 1.01325-1.01325 -0.4650-0.0000 0.0500-0.9500 11 so7
mC5-mC6 293.15-293.15 1.01325-1.01325 0.0730-0.2400 0.0608-0.9079 11 433
mC6-tCC6 298.15-298.15 1.01325-1.01325 -0.5850-0.0000 0.0500-0.9500 11 o7
mC6-cCC6 298.15-298.15 1.01325-1.01325 -0.8170-0.0000 0.0500-0.9500 11 so7
Total number of points: 2251
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Conclusions et perspectives

Au cours de cette étude, nous avons développé une méthode de contributions de groupes
permettant la prédiction du coefficient d’interactions binaires, ki, de 1’équation d’état de
Peng-Robinson dans sa version de 1978. Un des points clé de notre approche est que le
coefficient ki ainsi obtenu dépend de la température du mélange traité, de la structure
chimique des molécules étudiées ainsi que de la température critique, de la pression critique et
du facteur acentrique des constituants i et j. En d’autres termes, aucune information

supplémentaire, autre que celle nécessaire a la résolution de I’équation d’état n’est requise.

La majorité des diverses publications relatives au modele PPR78 sont restées plusieurs
années (et sont encore) parmi les dix publications les plus consultées des journaux Fluid
Phase Equilibria et Journal of Supercritical Fluids, et ont recu plus de deux cent cinquante
citations ce qui prouve incontestablement que ce modéle a suscité jusqu’a présent, un vif

intérét.

La premicere partie de ce travail de thése a consisté a étendre le domaine d’application du
modéle PPR78 en deéfinissant six nouveaux groupes. Le premier est le groupe H,O qui va
enfin permettre de modéliser les systémes aqueux, extrémement importants dans 1’industrie
petroliere. Les quatre groupes suivants (CH,=CH3, CH2aicene OU CHaicene, Caicene, €t CHeycloalcene
ou Ceycloalcene) permettent de modéliser ’ensemble des molécules comportant une double
liaison éthylénique. Finalement, le groupe Hy, a été rajouté car 1’industrie de 1’hydrogéne est
en plein essor. A I’heure actuelle, vingt et un groupes, permettant de couvrir I’ensemble des
molécules rencontrées dans 1’industrie pétrolieres (paraffines, naphtenes, aromatiques, N,
CO,, H,S, mercaptans, eau, hydrogéne) sont disponibles dans le modele PPR78. Les résultats
obtenus dans cette premiére partie indiquent sans ambiguité que ce modele est capable de
prédire avec précision les équilibres de phases pour des systemes présentant des diagrammes
de Type I et de Type Il. En revanche, des difficultés persistent pour certains diagrammes de
Type 111 et plus particulierement lorsque le lieu des points critiques passe par un maximum
puis par un minimum en pression avant de croitre rapidement vers une pression infinie. De
méme, le minimum en température que nous rencontrons dans divers systemes de Type Il est

difficilement corrélable avec précision.

Dans une deuxiéme partie, la précision du modele PPR78 pour prédire les enthalpies et les

capacités caloriques d’exces a été testée sur de multiples données expérimentales. Les
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résultats obtenus, sans étre catastrophiques, ont été jugés décevants. C’est la raison pour
laquelle, dans la derniére partie de ce mémoire 1’ensemble des 420 paramétres de groupes ont
¢été réajustés, non seulement sur des données d’équilibre entre phases mais également sur des
milliers de données de grandeurs de mélange. Cette nouvelle version du modéle PPR78 a été
baptisée E-PPR78 (ou la lettre E signifie enhanced, c'est-a-dire amélioré). L’immense
avantage de ce modele est que les parametres de groupes ainsi obtenus permettent de restituer
les équilibres entre phases avec une précision équivalente au modéle PPR78 original et qu’ils
conduisent, en outre, a une tres nette amélioration de la prédiction des enthalpies et des

capacités calorifiques d’exces.

A T’issue de ce travail de thése, nous disposons donc d’un modéle entiérement prédictif
capable de restituer les équilibres liquide-vapeur, les équilibres liquide-liquide, les équilibres
liquide-liquide-vapeur ainsi que les grandeurs d’excés avec une trés bonne précision.
N’importe quel mélange complexe d’intérét pétrolier peut étre modélisé par notre approche.
Le caractere prédictif du modéle E-PPR78 (aucun ajustement de parameétres sur des données
expérimentales n’est nécessaire) va sans nul doute fortement contribuer a son implantation

dans des simulateurs de procédés commerciaux comme ce fut le cas pour le modele original.

Les perspectives concernant le modele E-PPR78 sont nombreuses. En 1’état actuel, il
permet de prédire un coefficient d’interactions binaires, kijj, dépendant uniquement de la
température. C’est la raison essentielle pour laquelle il n’est pas capable de prendre en compte
de manicre trés satisfaisante des molécules polaires comme 1’eau ou les alcools. Afin de
pouvoir 1’étendre a de tels systemes, il sera nécessaire d’introduire un coefficient
d’interactions binaires qui soit non seulement une fonction mathématique de la variable
température mais également des variables fractions molaires. La forme d’un tel modele pourra

étre déduite de I’incorporation d’un modéle de coefficient d’activité a I’équation d’état.
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grandeurs de mélange de systémes complexes d’intérét pétrolier sur de larges gammes
de températures et de pressions

Nous avons développé un modele prédictif, utilisant le principe de contribution de groupes,
pour prédire avec précision, le comportement des fluides pétroliers. Ce modéle baptise PPR78
utilise 1’équation d’état de Peng et Robinson et des régles de mélange de type Van der Waals
avec un coefficient d’interaction binaire kj;, dépendant de la temperature. De telles regles de
mélange sont équivalentes a celles obtenues en combinant a compacité constante une fonction
d’exces de type Van Laar et une équation d’état cubique.

La premicre partie de cette étude a consisté a étendre le domaine d’application du modele
PPR78 aux systemes contenant de 1’eau, des alcénes et de 1’hydrogene, en définissant six
nouveaux groupes élémentaires. Une bonne précision du modéle est obtenue pour décrire les
équilibres de phases de systemes binaires impliquant ces constituants, notamment pour les
systémes présentant des diagrammes de phases de Type | et de Type II.

Dans la deuxiéme partie ’ensemble des parametres de groupes ont été réajustés, non
seulement sur des données d’équilibres de phases mais également sur des données de
grandeur de mélange. L’avantage de ce nouveau modéle E-PPR78 est qu’il permet de restituer
les équilibres de phases avec une précision équivalente au modele original et qu’il conduit a
une trés nette amélioration de la prédiction des enthalpies d’excés et des capacités calorifiques
d’exces.

Mots-clés : équation d’état, modeéle prédictif, méthode de contributions de groupes,
coefficient d’interaction binaire, équilibre de phases, enthalpie d’exces, capacité calorifique
d’exces.
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Development of the E-PPR78 model in order to predict the phase equilibria and the
mixing properties of complex systems of petroleum interest over wide ranges of
temperature and pressure

We have developed a predictive model, by means of a group contribution method, in order
to predict with accuracy, the behavior of petroleum fluids. The model called PPR78 uses the
Peng-Robinson equation of state and Van der Waals-type mixing rules with a temperature
dependent binary interaction parameter kj. Such mixing rules are identical to those obtained
by combining at constant packing fraction a Van Laar-type excess function and a cubic
equation of state.

The first part of this study consisted in extending the application of the model PPR78 to
systems containing water, alkenes and hydrogen, by defining six new elementary groups. The
phase equilibria of binary systems involving these components are accurately described by the
model, especially for the phase diagrams of Type I and Type II.

In the second part, all the group parameters of the original model were re-fitted by using
the phase equilibrium data, as well as the mixing property data. The advantage of this new
model E-PPR78 is that it is capable to correlate the phase equilibria with an accuracy which is
equivalent to the original model and it produces a very clear improvement in the prediction of
excess enthalpies and excess heat capacities.

Keywords: equation of state, predictive model, group contribution method, binary interaction
parameter, phase equilibrium, excess enthalpy, excess heat capacity.
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