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Introduction

Introduction

Une connaissance (suffisamment) précise des propriétés thermodynamiques des corps
purs et des mélanges est un préalable impérieux a la modélisation des procédés. Les
JUDQGHXUV WKHUPRG\QDPLTXHV GILQWpPpUrwW SRXU OfpWXGI
OHV SURSULpWpPVY GYpTXLOLEUH HQWUH SKDVHV HVVHQWLH
procédés de séparation par exemple, et les propriétés énergétiques (enthalpie, entropie,

capacité calorifique) impliquées dans les bilans enthalpiques et exergétiques.

/ITLQIRUPDWLRQ UHODWLYH DX FRPSRUWHPHQW GHV SKDVL!
GIXQ V\\(dpsPpdir ou mélange) peut étre principalement générée de deux
manieres : soit on effectue des mesures, soit on utilise un modéle adapté pour les
SUpYRLU /HV PHVXUHV H[SPpULPHQWDOHY SUpVHQWHQW Of
généralement précise des SURSULpWpV GILQWpUrw (OOHV SUpV
OTLQFRQYpPQLHQW GH QYrWUH GLVSRQLEOHV TXH SRXU X
HISpPULPHQWDOHY 6H SRVHQW DORUV OHV SUREOQPHV GH C
PHVXUH GH OfH[WUD SR O DitdhsRdpératoite§. DL sV roddéles FeRaqt
LPSDUIDLWY OfXWLOLVDWLRQ GTXQ PRGgOH WKHUPRG\QL
écarts plus ou moins importants entre les propriétés prédites par le modéle et les

valeurs mesurées expérimentalement.

Les modeéles contiennent fréquemment des parametres ajustables (leurs valeurs ne

sont pas fixées par la théorie) qui sont généralement régressés sur des données
expérimentales. On notera par ailleurs que les modeles reposant sur des bases
physiques sont généralement plus pr RSLFHY j] OD SUDWLTXH GH OfH[WUI

modeles purement corrélatifs ne reposant sur aucun fondement physique.

$FWXHOOHPHQW LO QYH[LVWH SDV GH PRGqOH WKHUPRG\Q
DYHF XQH SUpFLVLRQ VDWLVIDLY én@a\phasesDpodvart existemp G Tp T X
dans la nature (liquide -vapeur, liquide-liquide, liquide -liquide -vapeur, solide-liquide,

solide- YDSHXU « $LQVL OH GpYHORSSHPHQW GH PRGQgOHV V
plus performants et polyvalents est un domaine actif de recherche.

'HX[ JUDQGHYV IDPLOOHYVY GH PRGqOHV WKHUPRG\QDPLTXHV
PRGqQOHV GH FRHIILFLHQW GYDFWLYLWp HW OHV pTXDWLRQ\

8Q PRGgQOH GH FRHIILFLHQW GYDFWLYLWp FDUDFWpULVH OF
i OTpWDW(QIOMKERRELQDQW j XQH pTXDWLRQ GJpWDW SRXU (
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des équilibres entre phases. Cette approche est toutefois limitée au domaine des basses

pressions.

/IHV pTXDWLRQV GTpWDW VRQW GLYLVpHV HQ GHXite§DWpJRU
en pression, soit explicites en volume. Seules les équations explicites en pression ont

la capacité de prévoir des équilibres de phases, y compris ceux impliqguant un composé
VXSHUFULWLTXH S3DUPL OHV pTXDWLRQV GfpWwbBnig H[SOLI
OfLQGXVWULH RX HQ UHFKHUFKH VRQW JpQpUDOHPHQW F
(Soave Redlich-Kwong, Peng 5 RELQVRQ « OHV pTXDWLRQV GYpWDW
SAFT, SOFF6%$)7 « HW OHV pTXDWLRQV GYpWDW VSpFLILTXHV
mélange (BWR, GERG, Span:DJQHU «

+LVWRULTXHPHQW OHV SUHPLQUHV pTXDWLRQV GYpWDW F
.ZRQJ « UHTXpUDLHQW OD FRQQDLVVDQFH GH SDUDPgWUH
critique et la pression critique) pour décrire un corps pur. Les déviations calculées

entre les prédictions de ces modeéles et les données expérimentales de pression de

vapeur saturante sont souvent tres importantes. Pour les minimiser, un troisiéme

parameétre fut introduit par Soave en accord avec la loi des états correspadants a 3
SDUDPgQWUHYV OH IDFWHXU DFHQWULTXH 'fDXWUHV DXWH
SDUDPgWUHYVY DMXVWDEOHY GDQV OHV pTXDWLRQV GYTpWDW
critiqgue et de la pression critique expérimentales (notamment a travers la fonction

alpha du terme attractif).

/IHV pTXDWLRQV G{pWDW FXELTXHV SHXYHQW pJDOHPHQW r
mélanges. Lorsque la théorie a un fluide est admise, la forme mathématique du modeéle

pour les mélanges reste la méme que celle du modele qur les corps purs. En revanche,

les parameétres du corps pur doivent étre remplacés par ceux du mélange. Les
expressions de ces derniers sont appelées régles de mélange. Différentes approches

existent pour les déterminer. Elles impliquent généralement un certain nombre de

parametres ajustables.

B3RXU rWUH DSSOLTXpHV DX[ FRUSV SXUV OHV pTXDWLRQV
FRQQDLVVDQFH GYDX PRLQV SDUDPgWUHV HW SDUIRLV EL
GX QRPEUH GH VLWHYV G 1D YagReFdopsViuR @ 1D diffdreiwep dgs F
pPpTXDWLRQV GYpWDW FXELTXHV OHV pTXDWLRQV GYfpWDW
HISUHVVLRQ PDWKpPDWLTXH XQ WHUPH GpFULYDQW OH SKf
hydrogéne. La description des mélanges nécessite, commepour les cubiques,
Of{DGRSWLRQ GH UqJOHV GH PpODQJH HW ELHQ VRXYHQW
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ELQDLUHY DMXVWDEOHYV $ OfKHXUH DFWXHOOH OHV pTXDW
GHV YHUVLRQV L QG XxadvdJtobténhnt plesVpardniettdas\Wle corps purs

estimables pour toutes les molécules courantes selon une procédure universelle et

robuste, et disposant de banque de données complétes ou de méthodes prédictives

pour les parameétres binaires).

(QILQ OHV pTXDWLRQV G1pWDBtidant 8y B hhélakge fepose® FRQ
VRXYHQW VXU XQ GpYHORSSHPHQW GX YLULHO RX GH Ofp(
généralement plusieurs dizaines de parametres ajustables par corps pur. Par leur

flexibilité, ces modéles permettent une excellente représentaion des données
H[SPULPHQWDOHY &HSHQGDQW OfDMXVWHPHQW GHV QR
FRQQDLVVDQFH GTXQ JUDQG QRPEUH GH GRQQpPHV H[SpUL!
GIpTXDWLRQV j XQ SHWLW QRPEUH GH PROpFXOHYV D\DQW X

LespTXDWLRQV GTpWDW FXELTXHV RITUHQW GRQF XQ@ ERQ FR
a-dire la possibilité de les appliquer a tout corps pur et tout mélange) et précision. Par
exemple, les versions originales des équations cubiques de SoavRedlich-Kwong et de
Peng 5RELQVRQ RQW OTDYDQWDJH GYrWUH DSSOLFDEOHV j
dispose de valeurs de température critique, pression critique et facteur acentriqgue. Ces

données sont souvent présentes dans des bases de données.

/ITREMHFWLI ¢H HNWWAIHVGKHILQLU XQH QRXYHOOH pTXDWLRQ
une amélioration significative de la représentation des équilibres entre phases et des

propriétés énergétiques des systemes contenant des molécules apolaires et polaires

mais aussides systP HV GDQV OHVTXHOV OH SKpQRPgQH GITDVVRFLI
PRGpOLVDWLRQ SDU XQH pTXDWLRQ GTpWDW HVW FODVVLT.

/ID SUHPLqQUH SDUWLH GH FH PDQXVFULW HVW GpGLpH j OD |
GH W\SH pTXDWLRQ GYpWDW F X Hhd boHne Jdpréder@eiibh VV D Q W

des équilibres entre phases et des propriétés énergétiques des corps purs.

&HWWH pWXGH GH OD PRGpOLVDWLRQ GHV FRUSV SXUV D
GILPSRVHU GH PXOWLSOHV FRQWUDLQWHYV POMHE@PPDWLTXF
avec la température afin de garantir une extrapolation fiable au domaine supercritique.

Deux modeles thermodynamiques induisant une excellente reproduction des

propriétés a saturation et des propriétés énergétiques sont alors proposeés.

La secon GH SDUWLH GH FH PDQXVFULW VIYLQWpPpUHVVH | OL
SURSULpWpV GHV PpODQJHV (OOH SRVH OYHQVHPEOH GH\
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GpYHORSSHPHQW GH QRXYHOOHV pT X DWsr&ylesdeBmg®d W F XE L
pouvant y étre intégrées y sont discutées et unebase de données de systémes
ELQDLUHY pTXLOLEUHV GH SKDVHV HQWKDOSLHV GH PpOD
permettant la validation et la comparaison des modéles thermodynamiques est

proposeée.



Partie 1
Etude des corps purs







Chapitre 1

Chapitre 1. L;v Btf-|bomv 7=D|-|] 1t0btt;v -rrtbttbH;\
purs ; bilan des connaissances acquises sur ce sujet depuis les

travaux de Van der Waals

I MfpWXGH GH OD PRGpOLVDWLRQ GHV FRUSV SXUV SDU OH\
SUpPpUHTXLV j OfpWX.GHDGISVY PHIOHD QFH SURSRV pHdebUt&/ FKURQ
DYHF OfpTXDWLRQ GipW&MW FXHD SDWUFHHVWDOQ/ UpVXPp GH C
PDWLQUH GYpTXDWLRQV GYpWDW FXELTXHV DX PRPHQW R-

Les apports de ma these a ce s@jt sont détaillés dans les chapitres suivants.

11.L=btt-| e fle|[Van der Waals (1873)

/ITpTXDWLRQ GYpWDW GIH IXWQ O®HBUMMLWH pTXDWLRQ Gfp!

reproduire avec satisfaction les courbes isothermesexpérimentales dans le plan
SUHVVLRQ YROXPH G fiXdoxyde Xi®c@ibhavhesuriégsipar Andrews

[2] quelques années plus tét Il existe une température en deca de laquelle les

isothermes dans le plan pressionvolume présentent des paliers horizontaux,

FDUDFWpPULVWLTXHV GX GRPDapeud e gupdEssuOde HaduelleOlésT X L G H

isothermes sont strictement décroissantes. A la valeur exacte de cette tempéature

FDUDFWpULVWLTXH OD FRXUEH LVRWKHUPH SUpVHQWH

KRUL]JRQWDOH TXH OfpTXD patvier® aGedrodir® GHU :DDOV

/IfpTXDWLRQ GIpWDW SURSRVpH SDU 9DQ GHU :DDOV HQ
UHSUpVHQWHU OH Vqulikrp QuRitegQY BB HY GHV FRUSV SXUV FH
DXWUH pTXDWLRQ GTpWDW QH SHUPHWWDLW MXVTX{DORUV
XQ SDUDPpWUDJH SHUPHWWDQW j VRQ pTXDWLRQ GYfpWDW
expérimentale de cette température limite qui sera connue sous le nom de température

critique, classiquement notée

/TpTXDWLRQ GIpWDW GH 9DQ GHU :DDOV GHV FRUSV SXUV V
(11)

avec lapression, latempérature et le volume molaire du systeme. Le parametre

est la constante des gaz parfaits et vaut 8,3144621.mol iLK L Le parametre est

appelé paramétre attractif, le parametre  covolume.




L;v DPtt-|bomv 75Dt:y tt@bttd;v -tS lourv rtuv;

Figure 11 Représentation schématique du plan pression-volume d'un corps pur. Les
courbes en pointillé sont les isothermes. Le palier horizontal GH OfLVRWKHUPH VXEF
est ici représenté par lesegment CB[3].

La loi des gaz parfaits ( ), connue des la fin du XVlle siécle, qui ne permet pas
de modéliser des équilibres liquide-vapeur, HVW REWHQXH ORUVTXH OfRQ

. Cette loisuppose TXH OHV PROpFXOHV GX V\VWgPR#diRQW SR
qgue leur volume propre HVW QXO HW TXIDXFXQH IRUFHNENeEQWHUDF

molécules du systéme.

(Q FRPSDUDLVRQ OfYpTXDWLRQ GIpWDW GH 9DQ GHU :DDOV
les molécules du systéeme ont toutesun volume propre incompressible et que par
conséquent, le fluide possédeun volume molaire minimal . Sous pression infinie ce

volume molaire est atteint : les moléculessont dans un état de compacité maximale,

leur volum e molaire ne peut plus étre réduit. Ce volume molaire minimal est appelé

covolume et noté . Pour un systeme composé de moléculesion sujettes a des forces
intermoléculaires, la prise en compte du volume propre des molécules peut ée
WUDGXLWH SDU OfH[SUHVVLRQ VXLYDQWH REWHQXH SDU P

(12)

Ce terme est ditrépulsif. A ceci, Van der Waals ajoute des interactions énergétiques
attractives entre les molécules du systeme. Physiquement, ces interactionsvisent a
réduire la pression dans le systtmeen SHUPHWWDQW j XQH PROpFXOH HQ PF




Chapitre 1

«freinee» SDU VHV SOXV SURFKHV YRLVLQHV GLPLQXDQW DLC
SDURLV GX V\VWgPH HW GRQF OD SUHVVLRQ HQ VRQ VHLQ

(13)

Le terme attractif et le terme répulsif ont alors été combinés par Van der Waals pour

obtenir son e XDWLRQ GTpWDW tebmesrepiliflxQEtevrheRafiractif » est
HQFRUH HPSOR\pH GH QRV MRXUV DILQ GYLGHQWLILHU OH\
GIpWDWSFXELTXH

/pTXDWI RS dite «cubique », car elle peut étre réécrite sousOD IRUP& GYIXQ
équation polynomiale de degré 3 du volume molaire

(14)

$LQVL OfpTXDWLRQ GTpWDW, ol vadOv@leGr idea ténip&aturs etU P HW
une valeur de la pressim fixées, de déterminer le volume molaire du corps pur par

recherche des racinesdu polynéme (1.4).

/ITpTXDWLRQ GTpWDW QGHHYDQFGISH QBDQW SDVcxXrWEel®LYVpH HC
décrit qualitative ment les phénomenes de transition de phases fluides elle ne permet

pas de reproduire quantitative ment les comportements expérimentaux. Les déviations

entre les propriétés calculées par le modele thermodynamique et les données
expérimentales restent élevées. Ainsi, de nombreux modeles thermodynamiques

dérivant du modéle de Van der Waals ont été proposés dans la littérature avec pour
REMHFWLI GI§ 2preseriteidnldes données expérimentales.

1.2. =Ptt-|bom 7=DP|-| 11t0btt; ]BDmbPu-tbvD; -rrtbttbon -tS 1o
paramétrage par application des spécifications critiques

TRXWHV OHV pTXDWLRQV GfpWDW GpULYDQW GX PBGqOH G
JpQpPUDOH VXLY D QVOHH W h TX PRAQL RQBAEBE p WiDs#vord discutées

par la suite) :

(15)

(Q FRPSDUDLVRQ D YHEFdOMppveXuRteYhd? §ont apparus :
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x La fonction , propre au corps pur, qui introduit une dépendance en
température GDQV OH WHUPH DWWUDFWL) laGtemperfprEXDW LR Q
réduite du corps pur, estdéfinie comme le rapport de la température du systeme
divisée par la température critique du composé

X Lesparamétres et ,généralementindépendantsdu corps pur étudié. Le cas
échéant, ces parametres sont ditsuniversels.

8QH pFULWXUH DOWH U QLB)\WduvaHt a&éire@chptieX @awé LeRifErature

[4] fait intervenir des coefficients et  plutdt que et

(16)

Comme illustré dans le[Tableau 1.1} sL OdhBis}t certaines valeurs spécifiques de et

(ou respectivement et )ainsigX{XQH FHUWDLQH H[SUHVMORQ GH C
retrouve des p T X D W L R @Wbiquépcduakvment utilisées.

'IDSUqV 9DOEGHYDRNFNDHXUY FHQWDLQHYV GYpTXDWLRQV GTp)
ont été développéesdurant le siecle qui suivit la proposition de Van der Waals. Les
TXDWUH pTXDWdépRri@as darfspléyTaéal)l. 1 ne sont donc pas les seules

équations ayant étereportéesdans la littérature. Cependant, ce sont celles ayat connu

les plus grands succesauprées de la communauté des thermodynamiciensdes fluides,
mais aussidesacteurs du monde industriel, notamment ceux du domaine pétrolier, au

cours du 20e siecle.

-10 -
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Equation ]
Année

GipWDW
Van der Waals

1873 0O O
[1]
Redlich-Kwong

1949 1 0
[6]
SoaveRedlich-

1972 1 0
Kwong [7]
Peng-Robinson

1976 2 -1

[8]

Tableau 1.1 Quelques équations d'état couramment utilisées ou rencontrées dans la

littérature

1.2.1. Paramétrage par application des spécifications critiques
Les parameétres et  sont traditionnellement déterminés par application des

spécifications critiques, des spécifications qui traduisent mathématiquement la
SUpVHQFH GYXQ SRé&@awerge]hopdcntel¢ L\RXQU OJLVRWKHUPH FULVW

composeétudié (comme observésur la|Figure 11) :

(17)

Les inconnues de ce systtmeVRQW OH YROXPH PRODLUH FULWLTXH F
GTpWDVWeos pWDQW O 9DEU jkyuativw &f F5SQ@teG,He @rme anglais pour

«ETXDWLR Q») Gifigi WuzWes parameétres et . La température critique

expérimentale et la pression critique expérimentale du composé sont donc

nécessaires pour résoudre O  p T X DLV L&=Q grandeurs ont été mesurées pour de
nombreux corps purs et certaines sont librement accessibles (site du NIST par

exemple : https://webbook.nist.gov/chemistry/ ). On notera que le volume molaire

-11 -
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FULWLTXH H[SpPULPHQWDO QYfHVW faRnétdéye pad applicaBdR XU HII1HF
des spécifiations critiques.

Les expressionsde , et REWHQXHYV SDU UpVRO &uatidhe(1@)X V\VWql

peuvent étre exprimées en fonction de la compacité critique qui elle-

méme ne dépend que de et

(18)

(19)

Les parametres et  étant universels (c.-a-d., les mémes pour tous les corps purs)
O fpTX@AY) mRrre que la compacité critique est également prédite universelle. La
connaissance des expressions de et grace aux équations (18) et (19) rend

SRVVLEOH OfXWLOLVDWLRQ GH OTpTXDWLRQ GpWDW FXEL"

7RXMRXUV SDU UpVROXWLRQ (@7, ¥ Vul\vhe Pridlai@TopifigdeDdy L R Q V
corpspur FDOFXOp SDU O 1 est{dms\WsttifrRépa6l 4 rehtibnw . Une
FRQVpTXHQFH GLUHFWH HVW TXH OH IDFWHXU GH ERPSUHV'

(110)

/Tp TXDWIORRIRQWUH TXH OfH]|[S edtl&néanie Quebddie soit le composé

étudié, , et étant les mémes pour tous les corps purs. /TpTXDWLRQ GYpWDW

contrainte par application des spécifications critiques a reproduire exactement les

valeurs de la température critigue expérimentale et de la pression critique
expérimentale, une déviation sur le facteur de compressibilité critique GH OfpTXDWLRC
G 1 p &&lEul& ne pourra se traduire que par un écartsur le volume molaire critique du
FRPSRVp FDOFXOp SDU OfpTXDWLRQ GTpWDW

-12 -
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Les valeurs de GHV TXDWUH pTXDWLR Jébleﬁdbﬂ'&idhwveﬂowééé( HV GX

dans lglTableau 1.2|:

ETXDWLRQ Gy

Van der Waals 0.375
Redlich-Kwong

: 0.333
Soave Redlich-Kwong
Peng-Robinson 0.3074

Tableau 1.2. Valeurs du facteur de compressibilité critique calculé par application des

spécifications critiques pour différentes équations d'état

En comparaison, la distribution des facteurs de compressibilité critiques

expérimentaux est illustrée sur lafFigure 12|:

Figure 12. Distribution des facteurs de compressibilité critiques (statistiques

réalisées pour 555 corps purs)[9]

Une valeur moyenne de 0.263 est obtenue pour le facteur de compressibilité critique,
soit une déviationde42 SDU UDSSRUW j OD YD @guAtion BEOV@irdeO pH DY H
Waals qui sera nécessairement égale a la déviation moyenne sur le volume molaire
critique. En pratique, on observe que la déviation sur le volume molaire critique causée
S D dphction des spécifications critiques se propageen partie aux volumes molaires
et en particulier a ceux de la phase liquide ,0 VIfHQVXLW TXH OHV SURSULpW
OD SKDVH OLTXLGH GHQVLWp FRPSUHMWDEKQOHW PG I X QW KH.

significative.
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1.22.L=btt-|bom 7=b|-|-KRwohg7184D)

'‘DQV OTREMHFWLI GIDPpOLRUptapriédE® PUTH @réRiGNVBIWIERQ GHYV
molaire -température) des corps purs Redlich et Kwong [6] proposéerent deux
PRGLILFDWLRQV GH OfpTXDWLRQ GH 9DQ GHU :DDOV

- '"IXQH SDUW OD deRa@leurs Bpararme@es et
- 'YDXWUH SDUW OfLQW UR G Hép@ilaRiQe GfetrpéfatitRQ FWLR Q

Ces modifications induisent la diminution dela valeur du facteur de compressibilité

critique FDOFXOp SDU OfpTXD Wt R facGt§uy \WeDddmpraddibilité L vV D
critigue de 0.333 est obtenu conduisant a une amélioration de la reproduction de
IDFWHXU GH FRPSUHVVLELOLWp V Xtdp®diteeitd prés€idh GX GRP
pour les composésconsidérés par les auteurscomme le méthDQH O WK D QH
butane (Figure 13), O 1K\ G U & kgl@*yde de carbone

Figure 1.3. Reproduction des facteurs de compressibilité expérimentaux du n-butane
par I'équation de Redlich-Kwong a 137.8°C et 237.8°(6]

Bien que la prédiction des pressions de vapeur saturantesoit grandement améliorée
SDU UDSSRUW j OfpTXDWLRI@ réte irssBtifai€ahte) pold Drogvand

nombre de composes.
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1.23.L=Dtt-|bom 7:Redlich:Kwong (1972)

Soave[7] a proposé une fonction différente de celle utilisée par Redlich et Kwong
qui a conduit a une nette amélioration de la reproduction des pressions de vapeur
saturante des corps purs. /DY D Q W R Jddim@akion proposée par Soave est que
celle-ci estentierement définie par la valeur du facteur acentrique  du corps pur, une

guantité introduite par Pitzer [10,11]]HW UpYpODWULFH GH OD QRQ. VSKpUL

Les valeurs dufacteur acentrique sont disponibles dans la littérature pour un grand

nombre de corps purs:

(117

ITXWLOLVDWLRQ G HpdfrietMunetexe&iEnte \WeprBdQction des pressions de

vapeur saturante des composés apolaires comme illustré dans I¢Tableau 1.3ou une

déviation inférieure a 5% est toujours obtenue la ou des déviations DO O D QWAMAK VT X 1]

VRQW REWHQXHYV DYHF OHwohRKDWLRQ GH 5HGOLFK

Composeé Redlich -Kwong Soave-Redlich -Kwong
Ethyléne 20.1% 2.0%
Propyléne 23.5% 0.7%
Propane 28.8% 2.0%
Isobutane 52.4% 2.4%
Cyclopentane 66.0% 0.8%
Toluéne 129.0% 0.8%
n-hexane 159.0% 1.9%
n-octane 268.0% 2.1%
n-decane 402.0% 1.0%

Tableau 1.3. Déviationsrelative s entre valeurs calculées et expérimentales dda
pression devapeur saturante de 9 corps purs.Les déviations ont été calculéessur une

gamme detempérature s réduite s supérieuresa 0.4 [7].

&HSHQGDQW (Cfap dexRedNchRwWonG fodifiee par Soave (abrégée en SRK)
ne permet toujours pas de calculer avec une précision acceptable les volumes molaires

du liquide a saturation.
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124, =btf-|bom 7=0b|-Robinsomi1976)

Peng et Robinson proposent en 1976[8] XQH pTXDWLRQ GfpWDW FXELTX
G D PrelOé &alcul des volumes molaires liquides 3R XU FH IDLUH LOV V{LQ)\
modifications proposées par Redlich et Kwong puis Soave en redéterminant les valeurs

des paramétres et GITXQH BDQWn dexdoppant une nouvelle expression
polynomiale du parametre de la fonction de Soave G D XW.Uhie Sé&te W

amélioration de la reproduction des volumes molaires liquides est atteinte, tant que la

température réduite reste inférieure a 0.9 ([Figure 14) tout en garantissant également

une excellente reproduction des pressions ¢k vapeur saturante.

Figure 14. Erreurs sur les volumes molaires liquides et gazeux calculés par I'équation

d'état de SoaveRedlich-Kwong et de PengRobinson [8]

1.3. ;v "ob;v 7=-IBDtbou-|bom 7;v Ptt-|bomv 7=D|-] 1t0btt;v ;Srto
Depuis la proposition initiale de Van der Waals M XV TX D X[ WUD Y Robingerl 3HQJ H'
deux JUD Q G HV armeliotdtibn®rit été proposées:

x La modification des paramétres et , qui permet, entre autres, Gf{DPpOLRUHU

la reproduction des propriétés volumiques a saturation.
Xx I TfDMRXW GTXQH GWSHIPSFDRDWHWHQQGDQV OH WHUPH DWW
GIpWDW JUKFH | ,MDplusRoQrinié lERQ celle proposée par Soave,

permettant une meilleure représentation des pressions de vapeur saturante

-16 -



Chapitre 1

Ces deux YRLHV G 1D P motleR gianldniei poursuivies par les chercheurs a
WUDYHUV OH PRQGH GDQV OYREMHFWLI GYDPpOLRUHU

expérimentales par les modeéles thermodynamiques.

1.3.1. Modification des paramétres ri1etr2

Les équations G Y p Wdpdgées par Redlich & Kwong ainsi que Peng et Robinson

considerent desparametres et  universels.

2Q UDSSHOOH TXYLO HVW pTXLYDOHQW FRPPH HHODIBVIUWI
OIDSSURFKH FKRLVLH SDU OHV DXWHXUV GHV SXEOLFDWLR

et  oudes paramétres et

Comme observé par Sbmidt et Wenzel [12], les paramétres et  des équations de
Redlich-Kwong, Peng-Robinson et Harmens [13] XQH pTXDWLRQ GTpWDW VS
mélange Nz2-O2-Ar) respectent la contrainte mathématique suivante :

(112)

CHVY DXWHXUV REVHUYHQW DXVVL TXHwOrfgpcowierwmien® GpWD!'
DX[ FRPSRVpV D\DQW XQ IDFWHXU DFHQWULT XRbbihgbn WDQGL
permet une meilleure représentation des molécules ayant un facteur acentrique de

0.35. Schmidt et Wenzel GpFLGHQW DORUV GYLPSHiv¥He& sz FRQWU

parametre
(113

Ainsi :

(114)

$LQVL OfpTXDWLRQ GIfpWDW GH 6FKPLGW BtW (0d@HO DGP

maniere équivalente et ) fonctions du facteur acentrique du corps pur choisi. Ce

faisant, les auteurs obtiennent des déviations sur les pressions de saturation tres
SURFKHV GH FHOOHYV FDOFXO pRoginBoyi FDP0@ %p lieX @eW.01R GH 3HQ
mais une nette amélioration de la représentation des densités liquides a satiration qui
passe de 4.7 DYHF Ofp T XD WRORIGBoG#H1L.3WCDIYHF OfpTXDWLRQ GH 6
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et Wenzelpour des composés apolaires ou faiblement polares loin de leur température

critique .

Forts GH FH VXFFqVautéufsDotWpbHogé des pTXDWLRQV GIpWDW FX
considérant des valeurs de et variables OfYpTXDWLRQ GH +D[4PHQV HW .

méme année que celle de Scimidt et Wenzel ainsi que celle de Patel et Tejg15] deux
ans plus tard. Des conclusions similaires a celle de Schmidt et Wenzel sont obtenues.

Bien que cette approche permette une nette amélioration des volumes molaires du

liquid e & saturation et puisse permettre une légére amélioration du calcul de la pression

de saturation HOOH QYfHVW SDV ODUJHPHQW XWLOLVpHet(Q HIIHW
dépendent du corps pur étudié rend difficile le passage ax mélanges pour lesquels

il faut alors déterminer des valeurs de et SURSUHV j OfpTXDWLRQ GYpWD

parfois en introduisantun par DPqQWUH VXSSOpPHQWDLUH j DMXVWHU L
des paramétres des mélanges plus complexe.

8QH DXWUH PpWKRGRORJLH GH PRGLILFDWLRQ &HI¥ pTXDW]
fonction  pour améliorer la représentation des pressions de vapeur saturante,et a

introduire un paramétre de translation volumiqgue (GRQW OfLQWpJUDWLRQ GDQ
GYipWDW GHV PpODQHHVD H\QWGY O R Y OL R\Witldd desDdedditésUp VH QW

liquides.

1.3.2. ;v =omil]|bomv N

Commemontrépar SRDYH Qf &adiRtIOMV (dépendant de la température) dans
OfpTXDWLRQ GTpWDW FXELTXH SH UleHaWepxéeQetatm désVH DPpC
pressions de vapeur saturante et seulement une faible amélioration des volumes

molaire s liquide s.

Les fonctions  peuvent étre classées en deux catégoriesgénéraliséesou spécifiques.
En effet, une fonction dont la détermination de la valeur numérique a une
température donnée ne nécessite que la connaissance duakteur acentrique et de la
température critique du corps pur est dite généralisée. A O ] L Q tettdives fonctions

dites spécifiques détaillées par la suite utilisent un certain nombre de paramétres
spécifiques au constituant considéré qui doivent étre préalablement ajustés sur des
données expérimentales permettant ainsi une meilleure reproduction desdites
donnéesexpérimentales. En contrepartie, ces fonctions  ne sont donc pas utilisables
VILO QTH[LVWH SDV GH GRQQpHYV H[SpULPHéeéaI®aY j ONLQ
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1.33. uolb7tu; 7=-ftv|;l;m| 7;v =oml]|bomv N
Que ce soitdin G 1 D M E3parairidtrespropres au corps pur dans le cad § X @ittion

spécifique RX VHV SDUDPgQWUHV XQLYHUVHOV ¢@gi#@li¢é®H FDV G
est nécessaire de définir quell es sont les propriétés thermodynamiques
dont on cherche a améliorer la reproduction . Pour des raisons pratiques, les
pressions devapeur saturante sont généralement les seules propriétés sur lesquelles
sont ajustées lesfonctions (Q HITHW RQ VDLW TXTLO HVW SULPRUG
GfpWDW FXELTXH GH ELHQ UHSUpVHQWHU FHWWH SURSUL
précision les équilibres liquide-vapeur des systemes multiconstituants. De plus, il
existe de nombreuses donnéesde pression de vapeur saturante dans la littérature,
FHUWDLQHY D\DQW pWp XWLOLVpHV SRXU DMXVWHU OHV SD
ainsi de générer une grande quantité de pseudepoints expérimentaux a partir de ceux

préalablement mesurés.

Comme étudié par Neau et al. [16,17], les fonctions généralisées existantdans la
littérature permettent une représentation satisfaisante de propriétés a saturation
autres que la pression devapeur saturante DORUY TXYfHOOHY QYRQW:SDV pWp
OTHQWKDOSLH GH YDSRULVDWLRQ DLQVL TXtkato e SDFLW p
UpVXOWDWY VDWLVIDLYVDQWY VRQW DXVVL REWHQXV SRXU (

le domaine supercritique.

Privat et al. [18] ont cependant réalisé OYDMXVWHPHQW GHV SDUDPqQWUHV
non généralisées sur les propriétés suivantes pression de saturation, enthalpie de

vaporisation et capacité calorifiqgue du liquide a saturation. Des déviations tres faibles

entre le modéle et les données expérimentales sont obtenues, validantO fLQWpUrW
GIXWLOLVHU GHV SURSULpWpPV VXS SwgeBrHs@wwabte podiv D X[ S LU
OTDMXVWHPH Q Vs @afanctond) DnBrggéidralisées. Cependant, il exise des

corps purs pour lesquels IHV GRQQpHV GYfHQWKDOSLH GH YDSRULVI
calorifique du liquide a saturati on sont indisponibles. Cette observation ameéne la

question : quelles propriétés doivent étre a minima incluse s dans la
SURFpGXUH GH UpJUHVVLRQ GHVY SDUDPqQWUHY GH OD IRQFW

résultats satisfaisants ?

'H SOXV FHWWH SURFpGXUH GIDMXVWHPHQWseGbs¢ SDUDP
uniquement sur des données subcritiques (les grandeurs a saturation) alors que la
fonction  doit pouvoir étre utilisée dansle GRPDLQH VXSHUFR&diWwWET XH FTH

extrapolation. A cause du grand nombre de paramétres pouvant étre présents dans ces
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fonctions  non généralisées,il existe un risque important que OfH[WUD8&REeDWLRQ
fonctions a haute température QDLW DXFXQ VHQRWKQWA matMaxse
représentation des propriétés supercritigues des corps purs se répercuterait
nécessairement sur la modélisation des systemes multiconstituants. La question

suivante peut alors étre posée: les para métres des fonctions spécifiques

ajustés sur des données GTpTXLOLEUH-vapéur X lp&ukent -ils étre

utilisés en extrapolation pour estimer des propriétés supercritiques ?

Comme nous allons le voir par la suite, i existe un nombre limité de contraintes
théorique s que doivent respecter lesfonctions ;aucune GTHQOGHSHUPHW GIDSSRL

une réponseau questionnement précédent (indiqué en gras).

Dans un premier temps, un état des lieux de ces contraintes est effectué puis quelques
fonctions de la littérature sont passées en revueles réponses aux questions posées
dans cette section ainsi que les suivantes trouveront leurs réponses dans les articles

accompagnant cemanuscrit.

1.3.3.1. om|u-bm]|;v vtu t;v =oml|bomv N
Par construction, on impose a toutes les fonctions G{rWUH XQLWDLUHYV j OD W

critique :
(L15

/IH QXPpUDWHXU GX WHUPH DWWUDFW LIla ofigiénU L gdotQ W

donc étre considérée comme une correction a apporter au terme attradif en dehors du
point critique, ce dernier étant parfaitement représenté lorsque les parametres et

sont déterminés par application des spécifications critiques et ne nécessient donc

pas de correction.

Si la fonction  venait a étre négative pour certaines valeurs de température, le terme
DWWUDFWLI GH OfpTX DewdeRdQ tebfieo MpDISH, AlgmertahDdinal la

pression du systtme 8Q WHO UpVXOWDW LUDLW j OTHQFRQWUH GH
pour qui les forces attractives diminuent la pression du systeme. La fonction  doit

donc étre positive.

Si les dérivées successives de la fonction par rapport a la température présentent des
discontinuités, les propriétés thermodynamiques dérivées WHOOHYVY TXH OfHQWKDC
capacités calorifiques présenteront également des discontinuités qui ne sont pas

observées expérimentalement.Ces propriétés dépendant respectivement des dérivées
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premieres et secondes de la fonction , lafonction , sa dérivée premiére et sa dérivée

seconde doivent donc étre des fonctions continues de la températurg16,17].

Enfin, il est observé en pratique que la fonction doit étre décroissante afin
GIDPpOLRUHU OD UHSURGXFWLRQ GHV GRQQpPHV H[SpULPHC

En conclusion, avant le début de cette these,les fonctions devaient respecter
O T H Q V H BdArdintedsuivantes :

(116)

'IDXWUHV FRQGLWLRQV HPSLULTXHNIRQW pWp SURSRVpPHYV

x Lafoncton GRLW WHQGUH YHUV ORUVTXHinfnD. WHPSpUDW XL
,O HVW HQ HIIHW FRPPXQ GH VXSSRVHU TXH OHNFHR/WFHV
aGLUH OH WHUPH DWWUDF Want nalids énfre TeX DwlEce® dG fp WD W
systéme a haute température et que seules les forces répulsives gouvernenta
physique du systeme. & §HSHQGDQW LO QTH[LVWH SDV GH GpPRQV!
permettant de valider cette hypothése.

x La fonction GRLW SRXYRLU SUpVHQWHU XQ m&tePd¢P DILQ
représenter les fluides quantigues (des molécules ayant un comportement
particulier a basse température) WHOV TXH OfKpOLXP HW OTK\GURJQgQF
&HV PROpFXOHV VRQW GHV FDV SDUWLFXOLHUV TXL QH V'
der Waals généralisée dont une conséquence est la stricte décroissance de la
fonction LQWHUGLVDQW OD SU p \dfanetidn G EXtQorie Diflisé€eX P
SRXU FRPSHQVHU XQ GpIDXW WKpRULTXH GH OfpTXDWL
représentation des fluides quantiques.

x La fonction doit pouvoir représenter les pressions de vapeur saturante des
coPSRVpVY GHSXLVY OH SRLQW WULSOH MXVTXTDX SRLQW FL
[TXWLOLYV DonlLidghs) Galant des paramétres ajustables plutbét que des
fonctions  généralisées peut permettre GI{DFFURVWUH OD SUpFLVLRQ (

G 1 pagwes en matiere de pressions de vapeur saturante
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Dans O 1 D U20]Lgré3eté dans le chapitre qui suit, nousnous sommes intéressés en
détail aux contraintes a imposer aux fonctions . &HWWH pWXGH D DERXWL j Ofr
GIXQH OLVWH GH FRQWUDLQWHYV D Xdriedd Qilégsds.SDU UDSSRUW

Il est désormais possible delister lesfonctions couramment utilisées, que ce soit
dans des publications scientifiques ou dans des simuéteurs de procédés,et de vérifier

si celles-ci respectent les contraintes précédemment énoncées

1.3.3.2. ;v =om1]|bmwiynoniikles
Les fonctions SRXYDQW VH UppFULUH VIRgAe @Da t&Ridéchrrée 1 X Q SR
de la température réduite sont dites polynomiales. A WLWUH GYH[HPSOle OD IRQI

Soave se réécrit

(117

avec . Une telle forme polynomiale impose a la fonction de diverger vers

lorsque la température tend vers , imposant nécessairement a la fonction
G 1 r Wdisdanke a haute température FH TXL YD | O doQtraRt@s\\su tesG HV
fonctions . Heureusement, cette divergence de la fonction polynomiale ne se
manifeste que pour des températures réduitestresspOHYpHYVY SRXU OHVTXHOOHYV

ou peu de procédeés industriels développés, limitantainsi le probleme en pratique.

La premiére fonction  polynomiale proposée a été celle de SoaveTres utilisée en
raison de sesexcellentes performances et de son caractére généralisé, elle présente

néanmoins quelques défauts mis en évidence dans la littérature[15,19,21]}

X Mauvaise reproduction des pressions de vapeur saturante desomposéslourds
a basse température
X Mauvaise reproduction des pressions de vapeur saturante des molécules

polaires a toute température, sauf au voisinage du point critique

Les fonctions  présentées cidessous sont des propositions visant a combler ces
lacunes en modifiant la fonction de Soave tout en conservant une expression

relativement similaire a la sienne.

La fonction généralisée développée par Peng et Rbinson en 1978[22] considére
différentes expressions de en fonction de la valeur du facteur acentrique dans la

fonction de Soave;
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(118)

Alors que la fonction  de Soave &ait été ajustée uniquement sur des composés ayant

un facteur acentrique inférieur ou égal a 0.5, les coefficients polynomiaux de cette
fonction  pour les composésdont le facteur acentrique est supérieur a 0.491ont été
ajustés surles pressions devapeur saturante de molécules ayant un facteur acentrique
FRPSULY HQWUH HW p YalfsWdidp W db exprapolaBdhX WLOLVH

Cette fonction est utilisée dans les modeles PPR7823,24] SRXU OTHQVHPEOH
composés ainsi que NRTL-PR [25] pour les hydrocarbures et les composés non
associés.

La fonction spécifigue de Mathias-Copeman[26] vise a améliorer la représentation
des composés polaires en introduisant 3 parametres ajusables , et par corps

pur :

(119

(Q HITHW LO D pWp REVHUYp TXYLO HVW QpFHVVDLUH G{XV
SXU DILQ GIREWHQLU XQH ERQQH UHSUQpetthpotiestidrR Q GHV
TXTXQ VHXO SDUDPgWUH &Bu#és mdEdulesV@age\h st Rexibilit®) eette
fonction  est utilisée dans de nombreux modéles dont PSRK27] et dans une version

PRGLILpH GI33], P& le cas ou et , la fonction  de Soave

est obtenue. En pratique cette fonction  est souvent découpée en deux parties dans
le domaine subcritique, O p T X DM R utilisée tandis que dans le domaine
VXSHUFULWLTXH(L19 fgvdcX DW LR Q est utilisée, créant ainsi une

discontinuité des propriétés dérivées au point critique [16,17].
Les fonctions de Stryjek-Vera des modéles PRSV[29] et PRSV2 [30] visent a
améliorer la reproduction des pressions de saturation a bassetempérature en ajoutant

une dépendance en température dans le paramétre de la fonction de Soave. La
fonction  du modéle PRSV2V {fpFULW DORUYV
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(1.20)

Les parametres , et sont des paramétres ajustables. Si la fonction

du modele PSRV est obtenue Cette fonction PRQWUH ELHQ OD QpFHVVLWp
une dépendance en température plus complexe que celle initialement proposée par
Soave pour reproduire les systemes a basse températurePDLV pJDOHPHQW OYDM

nombreux parametres ajustables.

On notera enfin les propositions successives faites par Soave ayant pour objectif
GTREWHQLU XQ idoniita@tH&¥ laBuQes de sa fonction de 1972. Bien que
permettant en effet une amélioration de la représentation des propriétés
thermodynamiques, les fonctions  proposéessont spécifiques et nécessitent donades
parametres ajustables pour chaque corps pur.Aucune de ces fonctions ne connut la

gloire de sa fonction de 1972.

1.3.3.3. Les fonctions Pexponentielles

Les fonctions exponentielles ont été introduites par Heyen [34] puis popularisées
par Twu et al. [19,35]. Ces fonctions, apparues a la fin des années 1980, ont pour
principal intérét de ne p as diverger a haute température, contrairement aux fonctions

polynomiales.

La fonction  proposée par Heyen a la forme suivante:
(121

Les parametres et  sont corrélables au facteur acentrique des corps purs mais les
corrélations données par Heyen ne sont pas applicables aux équations de Soave
Redlich-Kwong ou de PengRobinson. Elles conviennent pour une autre équation non

détaillée dans le présent manuscrit.

Twu et al. ont alors proposé une expression a2 [35] puis 3 [19] paramétres ajustables

pour plus de flexibilité :

(122)
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La fonction de Heyen est obtenue si . La fonction de Twu a 3 paramétresprésente
OITDYDQWDJH GYrWUH IOH[LEOH HW GH SHUPHWSgiOiHd XQH HJ
de vapeur saturante sur tout le domaine de température pour des molécules apolaires
HW SRODLUHV &HSHQGDQW O Y DriggdierniNifl orhkyeNim@oHarnt S DUDP «
de données expérimentales Pour pallier le manque éventuel de données;Twu et al. ont
alors proposé une version généralisée de leur fonction [36,37] qui dépend

linéaire ment du facteur acentrique :

(123)

Les valeurs des parameétres sont données dante|Tableau 1.4

Te " Tr>1

.0 L@ .0 L@

L 0.141599 0.500315 0.441411 0.032580

Redlich-Kwong M 0.919422 0.799457 6.500018  1.289098

N 2.496441 3.291790 -0.200000 -8.000000

L 0.125283 0.511614 0.401219 0.024955

Peng-Robinson M 0.911807 0.784054 4.963070  1.248089

N 1.948150 2.812520 -0.200000 -8.000000

Tableaul4. PDUDPgQWUHVY XQLYHUVHOV CgédnédlsdeRQFWLRQ . G

La fonction de Twu généralisée est découpée en deux parties OfXQH DSSOLFDEO
GRPDLQH VXEFULWLTXH GH WHPSpUDWXUH HW OYDXWUH DS
température. Pour le domaine subcritique, les parametres ont été ajustés sur les

données de pression de vapeur saturante GIK\GURFDUEXUHV 'DQV OH
supercritique, certains parametres ont été ajustés afin que les dérivées premiéres et

secondes des fonctions soient continues au point critique DILQ GTfpYLWHU TXH FH!
propriétés physiques calculéHVY VRLHQW GLVFRQWLQXHV WDQGLV TXH
DILQ GH UHSURGXLUH GHVY GRQQpHVY GH VROXELOLWpP GH Of
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Cette fonction  permet une meilleure reproduction des pressions devapeur saturante
a basse température que les fonctions de Soave etde Stryjeck-Vera. Cependant, a
cuVH GH OYDEVHQFH GH SDUDPqQWUHY DMXVWDEOHV VRQ X

aux systemes apolaires.

1.3.3.4. Comment générer des fonctions Bexponentielles a partir de fonctions b

polynomiales ?

Mahmoodi et Sedigh [38] ont proposé une méthode permettant de convertir une

IRQFWLRQ SRO\QRPLDOH HQ XQH IRQFWLRQ H[SRQHQWL

développements limités autour du point critique du corps pur. Cette méthode est peu

utilisée ; elle a pour principal intérét d fviter le probléme de divergence des fonctions
polynomiales a haute température. Comme évoqué précédemment, ce probléme de

divergence est toutefois négligeable en pratique.A WLWUH G  HigddhoBp@mHentO H

OLPLWp jlovieybrdhiméide la fonction  de Soave autour du point critique est:

(1.24)
La fonction  résultante est alors:

(1.25)
TXL QTHVW DXWUH Tde Heg@avdtQ FW LeR Q . Cependant, pour

que des résultats précis soient obtenus, és parameétres du polynéme donnant les
variations de doivent étre réajustés avant toute utilisation de la fonction

exponentielle.

1.3.3.5. Conclusions sur les fonctions

Un nombre limité de fonction s a été présenté dans ce manuscrit les fonctions

décrites précédemment sont jugéesreprésentatives des évolutions majeures qui ont pu

étre apportées aux fonctions . La représentation des pressions de vapeur saturante a

basse température pour des composés lourds et polaires peut étre correctement

effectuée si une fonction avec au moins 3 parametres ajustables est utilisée. Pour les

molécules apolaires pour lesquelles aucune donnée expérimentale ne serait disponible

DILQ GH UpDOLVHU OYfDMXVWHPHQW GHV SDWénerqlisédHYV OTX'

telle que celle de Twu est a privilégier.

Les fonctions  ne permettent cependant pas une amélioration desvolumes molaires
GHV FRUSV SXUV DORUV TXYLO VIDJLW O] GH OHXU SULQ
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précédemment, la O DM XV Weésl parb@&ttes et GH OfpTXDWLRQ GYfpWL

chaque corps pur (équation de PatetTeja par exemple) permet une nette amélioration
de la restitution des volumes molaires, mais peut difficilement étre appliquée a des

mélanges car il devient alors nécessaire de corréler les parametres et  du mélange

a ceux des corps purs La méthode de translation volumique vise a apporter une

réponse alternative tout aussi efficace et plus aisément transposable aux mélanges.

1.3.4. Laméthode de translation volumique proposée par Péneloux

La translation volumique est un concept qui fut développé et popularisé par Péneloux

etal. [39] afin Gafnéliorer la reproduction des volumes molaires du liquide a saturation
FDOFXOp SDU OfpTXDWLRQ GfpWDW leFpaagraphel pré&diénP H Gp WD
traitant des fonctions , les propriétés thermodynamiques Gp TXLOLEWape@LTXLGH
sont correctement représentées si une fonction assez flexible est utilisée dans le
PRGgOH &H QTHVW SDV OH FDV GHV SURSULpWpPV YROXPLT:
fonction, mais qui seronW JUDQGHPHQW PRGLILpHVY SDU OfXWLOLYV

translation volumique.

La méthode est dite de translation volumique, car elle se traduit, a une température et
une pressionfixées, par unetranslation GHVY YROXPHYV PRODLUHV GTXQH TXD
OH SODQ 3 Y HOOH VH PDWpULDOLVH SDU >XOQB [W UDHQW O |

volumes molaires (Figure 1.5).

Figure 15. lllustration de la méthode de translation volumique [40]
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Mathéem DWLTXHPHQW LO VXIILW GH UHPSODFHU GDQV OfHI[SL

les par la quantité

(1.26)

2+ O THI[SRWBigheVune quantité translatée + LFL O p T XtBXV.¢& pa€am®tfe

est ici supposé constant.

(Q UpDOLVDQW FH FKDQJHPHQW WRXV OHV YROXPHV PROD
WUDQVODWpPH VHURQW G LP pap apport @ ¥olditde mxl&re valciép
DYHF OfpTXDW L Rapsi&é&ep V¢ patan@tireQ peut donc étre ajusté afin de
reproduire exactement la valeur du volume molaire du liquide a saturation a la
température souhaitte SDU OTXWLOLVDWHXU GH OfpTXDWLRQ

Le parameétre de translation volumique a été corrélé par Péneloux etal. a un parameétre
relatif au corps pur, ici au facteur de compressibilité de Rackett [41] afin de

reproduire la valeur du volume molaire du liquide a saturation a une température

réduite de 0.7 :

(127)

Le facteur D pWp UHFDOFXOp SRXU FKDTXH FRUSV SXU SDU Ol

GipWDW FXELTXH SHUPHWWH GH UHSURGXLUH j XQH WHPS|
volume molaire du liquide a saturation obtenu par application de la corrélation de
Rackett [42] :

(1.28)

Les déviations calculées par Péneloux pour différentes familles chimiques de corps

purs sont reportées dansle[Tableau 1.5
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Soave - .
) o ) Peng - Soave -Redlich -
Famille chimique Redlich - _ )
Robinson Kwong translatée
Kwong

Alcanes 10.86% 4.47% 1.47%6
alcenes 10.04% 3.14% 0.90%
Cycloalcanes 8.06% 5.80% 2.1%%
Composeés

_ 14.52% 5.28% 1.12%6
aromatiques
Chloroalcanes 10.16% 5.51% 2.08%
Amines 9.70% 3.68% 1.7%%
Aldéhydes, cétones,

) 13.68% 4.56% 1.52%
esters, éthers
Alcools 10.93% 4.25% 3.80%
Composeés
_ _ 6.98% 10.7% 2.68%
inorganiques
Moyenne 10.55% 5.28% 1.94%

Tableau 15. Déviations relatives moyennes calculées pour trois équations d'état dont

une translatée [39]

8QH GpYLDWLRQ GTHQYLURQ HQ PR\HQQH HVW REWHQXH
YROXPLTXH VRLW IRLY PRLQV TXH OD GpdYée BoaMeRQ REW
Redlich-Kwonget2.5foism RLQV TXIDYHF O fp T XxXRobhinsehQPaaifrappeD W 3 HQ J
OD GpYLDWLRQ PR\HQQH REWHQXH DYHF OYpTXDWLRQ GH 6
nombre de composés différent, est de 1.80%.

Comme montré par Péneloux, la méthode de translation volumique présente
O 1D Y D Q WepasHndaliFer la valeur de la pression devapeur saturante calculée par
OfpTXDWL Rigsi, &Y palaDéites de la fonction  déterminés afin de reproduire
au mieux la pression de saturaton QTRQW SDV | rWUH UHFDOFXOpV ORUYV
HVW LQWURGXLW GDQV OYfpTXDWLRQ GYfpWDW ,0 HVW DLQ\
de la pression devapeur saturante des corps purs de celle des volumes miaires du

liquide a saturation.

Cependant, comme évoqué précédemment lorsque les données sont disponibles, il est
SUplpUDEOH GTDMXVWHU OHYV SésutlesPdphvidesi de @ddsdionl B8Q FW LR C
saturation, mais aussi sur celles G TH Q W K D @btiddtioB ldinsf que de capacité
calorifique du liquide a saturation. Or, VILO HV W E L HI& priesiQnQX vapxu
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saturante estinvariante par DS S OL F D W trtdd€atiGrf\olQnique O THIITHW GITXQH W
transformation sur les autres propriétés util isables GDQV OYDMXVWHPHQW GHYV .

des fonctions est mal connu.

SiOTHQWKDOSLH GH YDSRULVDWLRQ HW OD FDSDFLWp FDO
invariantes par translation volumigue OH GpFRXSODJH G HusteggmRdep G XUHV (
parametres de la fonction et du parametre pourra étre maintenu. Sinon il sera

QpFHVVDLUH GITHIITHFWXHU X @ i NFXIWWSTPUHIPg WL R XYOWXDQO T H
ces proprietés. SHWWH TXHVWLRQ HVW[40] piddeepdar @ Buey OTDUWLFO

1.35. =-fot| 7=Tm; 7Bbr;m7-m1; ;mdahslr® teriieucde translation

volumique

Lorsque le paramétre de translation volumique est choisi constant FRPPH FTHVW OH F
GDQV OYDUWLFOH a5HBIBpQBORXW HHRVVLEOH GYIDPpOLRUHL
reproduction des volumes molaires du liquide a saturation tant que la température

réduite du corps pur reste approximativement inférieure a 0.9. Au -dela il est nécessaire
GILQWURGXLUH XQH GpSHQ GuDpgrantetrel Q afidl id € r@pradDing/ léd) H

données expérimentales.Citons par exemple les propositions de Watson [43], Soreide

[44], Magoulas et Tassios[45], Ungerer et Batut [46], Ji et Lempe [47], Tsai et Chen

[48] et de Miqueu et al. [49] SHUPHWWDQW HIIHFWLYHPHQW GYREW
représentation des volumes molaires liquides pour tout le domaine de température

subcritique.

&HSHQGDQW LO D pWp WUQV W{W GpPRQWUp TXH OfLQV
température dans le paramétre de translation volumique est nécessairement
accompagne€d fLQFRKpUHQFHY WKHUPRG\QDPLTXHYV

x Pfohl [50] PRQWUH TXTXQH WUDQVODWLRQ YROXPLTXH GpS
induit un FURLVHPHQW G fldn¥ ReWpka présdidf+rvolume molaire,
phénoméne non conforme a la réalité expérimentale. Le croisement
G 1LV RWKH U P Hpér hillzMrd-bdeshire@M/de pressionscompatibles avec

ceux rencontrés dans des procédés industriels{Figure 1.6).
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Figure 1.6. Croisements d'isothermes pouvant étre observés lorsque le paramétre de

translation volumique est une fonction de la température [50]

x Salim et Trebble [51] montrent que, quelle que soit la dépendance en
température du parametre , des capacité calorifiques isochores négatives +
ce qui est théoriquement interdit +seront calculées a haute pression et que seul
un paramétre FRQVWDQW SHUPHW GH VYDIIUDQFKLU GTXQH

-XVTXY] SHX OH GRPDLQH GHhHode¥ RO lr&ahsldign GlHMNMgquesp W
dépendant de la température était méconnu et il était risqué de les appliquer. Les

travaux récents de Shi et al.[52,53] proposent une méthode permettant de déterminer

VL XQ FURLVHPHQW GYLVRWKHUPH SHXW rWUH REVHUYp C
OTpTXDWLRQ GTpWDW &H @ Dn 8dindiRreHig/coBfRrigE d€3 idquatoins Q
GipWDW LQFOXDQW XQ SDUDPqQWUH GH WUDQVODWLRQ YROC
Néanmoins, cette approche étant fondamentalement incohérente, HOOH QYD SDV p!
retenue dans le cadre de cette thése.

1.4.Ett-|bomyv teediyjues récentes applicables auxcorps purs

Comme discuté précédemment, la modification des fonctions et OTXWLOLVDWLRQ C
PpPWKRGH GH WUDQVODWLRQ YROXPLTXH FRQVWLWXHQW
modélisation des corps purs par les pTXDWLRQV G 9 p \Wdnaihs RMté&uksTodtH V

proposé des pTXDWLRQ We ®&/fip \SdawRedlich-Kwong et PengRobinson

intégrant ce type de modifications.

,FL OY{DWWHQWLRQ HVW SRUWpPpH j GHVY PRGgOHVY WKHUPRG
développésdans le but de modéliser des mélangesmais pour lesquels les auteurs ont

-31-



L;v DPtt-|bomv 75Dt:y tt@bttd;v -tS lourv rtuv;

dd porter une attention particuliére a la bonne représentation des corps purs, une étape
préalable a la bonne représentation des mélangesLeur application aux mélanges est
discutée dans un autre chapitre. Une présentation chronologique est ici proposée.

On notera que tous les modeles utilisent les valeurs de et GH OffpTXDWERQ GH 3

Robinson.

1.4.1. Le modele VTPR(2001)

La fonction de Twu a 3 paramétres ajustables est utilisée. La fonction de Mathias

Copeman était initialement utilisée , mais a finalement été supprimée a cause de la
discontinuité de la fonction au point critigue. Un paramétre de translation
YROXPLTXH LQGpSHQGDQW GH OD WHPSpUDWXUH HVW XYV
parameétre  est ajusté afin de reproduire le volume molaire du liquide a saturation

expérimental a une température réduite de 0.7.

1.4.2. Le modele UMR-PR (1990)[45,57]
Pour les composés apolaires, la fonction de Soave est utilisée PDLV OTH[SUHVVLRQ

est calculée par le polyndbme de degré 4 suivant
(1L29)

Pour les composés polaires, la fonction de Mathias-Copeman est utilisée dans le

domaine subcritique tandis que la fonction de Soave est utilisée dans le domaine
supercritique. Dans les premiéeres versions, un parametre de translation volumique

fonction de la température était utilisé mais a finalement été remplacé par un

parameétre constant a cause des incohérences causées par ce choix. Cette équation
GipWDW D pWp XWLOLVpH SRXU OH GpYHORSSHPHQW GH Ofr

[57] quelques années plus tard.

1.4.3. Le modéle PPR78(2004) [23,24]
La fonction de Peng et Rolinson de 1978 est utilisée. Aucun parametre de
WUDQVODWLRQ YROXHFIDIWKX @ HXWH WUW SXUNRLEOIARSBIEREpaQIfH VW S D\

auteurs.

1.4.4. Le modéle NRTL-PR (2006) [25]
Pour les composés non associes, la fonction de Peng et Robinson de 1978 est utilisée.
Pour les composés associés, une fonction de Soave modifiée, ou les parameétres

et doivent étre ajustés pour chaque corps pur, est utlisée:

-32-



Chapitre 1

(1.30)

$XFXQ SDUDPqWUH GH WUDQVODWL¢aQla YepOdeiam Xés QTHVW
propriétés volumiques QTHVW SDV pWXGLpH

Parmi les modéles cités, aucun ne permet un calcul prédictif des propriétés
thermodynamiques et volumiques des corps purs F fFatdird/combinant une fonction
généralisée ne présentant pas de défauthéorique (excluant ainsi les fonctions
polynomiales, donc celle de Soave) et un parametre constant calculé de maniere

prédictive .

Plus de détails concernant la diversitée desp TXDW LR QV G 1 pWwidiedax Eous X H V
de ces 150 derniéres années (depuisla proposition de Van der Waals) peuvent étre
trouvés dans les travaux de Valderramal5] et, plus récemment, de LopezEcheverry et

al. [58], eux-mémes faisantréférences a de nombreuses autres études bibliographiques.

1.5. Conclusion

/IYDPpOLRUDWLRQ GH OD UHSURGXpFMWKLLROQ EGUpe@Edl RISGH p W
YROXPLTXHVY GHV FRUSV SXUV SDU XQH pTXDWLRQ GTpWDW
la modélisation des mélanges Cette amélioration peut passer parla modification de la

fonction,  mais aussipar O YL QW U R@Kpavsrhdre® de translation volumique

constant.

Parmi toutes les fonctions disponibles dans la littérature, les fonctions de type
exponentiel sont a préférer aux fonctions de type polynomial pour des raisons de
comportement a haute température [21]. Cependant, lechoix des propriétés a régresser
ainsi que la méthodologie a adopter pour la détermination des parameétres des
fonctions  restent des questions ouvertes. Ainsi, les questions suivantes restent en

suspens:

x Est-il possible de dériver des contraintes supplémentaires sur les fonctions
par une approche plus théorique dont il faudrait tenir compte au moment de
OYDMXVWHPHQW &HYV SDUDPqQWUHV

X Les paramétres des fonctions non généralisées ajustés sur des donnéesle
SUHVVLRQ GH YDSHXU VDWXUDQWH GIHQWKDOSLHV
calorifique des liquides peuvent-ils étre utilisés en extrapolation pour estimer

des propriétés supercritiques ?
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X Est-LO S UXGH QMesGpaametresWikels fonctions sans données de

pression de saturation ?

'H SOXV OfDMRXW GTXQ SDUDPgWUH GH WUDQVODWLRQ Y
pour des raisons de cohérence thermodynamiquesnécessite de déterminer quelles
SURSULpWpPV XWLOLVpHY GDQV OfDMXVW Hdeit Quwatiaatldd/) SDUDP

par rapport au parameétre

Une fois les réponses aux questions précédentes établies, un nouveau modéle

thermodynam ique pour les corps purs pourra étre proposé puis développé.

Les articles faisant suite a ce chapitre visent a répondre aux questions soulevées dans

ce chapitre :

x J.-N. Jaubert, R. Privat, Y. Le Guennec, L. Coniglio, Note on the properties
altered by appl ication of a Péneloux #ype volume translation to an equation
of state, Fluid Phase Equilibria. 419 (2016) 88 95.
doi:10.1016/j.fluid.2016.03.012. [40]

Il est démontré que les propriétés suivantes: pression de vapeur saturante,

enthalpie de vaporisation et capacité calorifique liquide, utilisées pour
OIDMXVWHPHQW GHV SDUD P, ohUiRvEriaBtidspal RIEFW LR QV
paramétre de translation volumique V kgD choisi indépendant de la
température. Plus généralement, une liste exhaustive des propriété sinvariantes

SDU WUDQVODWLRQ YROXPLTXH HVW pWDEOLH 2Q GpP
décorréler OTDMXVWHPHQW GHV SURSU [péspov dévapeWrP RG\QDF
saturante, enthalpie de vaporisation, capacité calorifique liquide) par la fonction

de celui desvolumes molaires par le parametre de translation volumique.

X Y. Le Guennec, S. Lasala, R. Privat, J-N. Jaubert, A consistency test for .-
functions of cubic equations of state, Fluid Phase Equilibria. 427 (2016) 513 +
538. d0i:10.1016/}.fluid.2016.07.026. [20]

Il est démontré formelleme QW TXTXQH | RGtENE ceh@xe (de dérivee
VHFRQGH SRVLWLYH VXU WRXW OH GRPDLQH GH WHP.
fonction VSpFLILTXH PDO S D-Gdire patabigttée suffded/données
subcritiques qui ne vérifierait pas cette contrainte, peut induire des difficultés

majeures a représenter des comportements GpTXLOLE Ubvdpe@ LdEXL GH
systemes binaires 3DU DLOOHXUV LO HVW REVHUYp TXTLP
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WURLVLgPH GH OD IRQFWLRQ . VRLW QpJDWLYaH SHUPH
reproduction des propriétés supercritiques : enthalpie et capacité calorifique,

sans dégrader la reproduction des propriétés subcritiques, ni des
comportements de phasesdes systéemes binaires Une fonction respectant

O 1L Q¢ pded xantraintes établies (dérivée seconde positive et dérivée

troisieme négative) est alors dite cohérente ou de facon équivalente on dit
TXYHOOH SD\¥ ldohéréhcanddd/ fdhctions . La confrontation des

fonctions  de la littérature a notre test de cohérence montre T X § D X FaJ(HHD O H V
QTHVW F RIKgsUpgroQWY ttle certaines fonctions spécifiques peuvent étre

rendues cohérentes sous réserve quées parametres ajustablessoient contraints .

LHY FRQWUDLQWHY H[SOLFLWHYVY TXH GRLYHQW UHVSHF\

fonctions sont données en annexeGH OYDUWLFOH

Y. Le Guennec, R. Privat, S. Lasala, J-N. Jaubert, On the imperative need to
use a consistent .-function for the prediction of pure -compound supercritical
properties with a cubic equation of state, Fluid Phase Equilibria. 445 (2017)
45 153. doi:10.1016/}.fluid.2017.04.015. [59]

&HW DUWLFOH FRPSDUH OHV FDSDFLWpPV j SUpGLUH GH
fonction de Twu (& 3 parameétres) cohérente avec celHV GTXQH IRQFWLRC
non FRKpUHQWH /HV SURSULpWpV VXSHUFULWLTXHV F
résiduelle ainsi que la capacité calorifique résiduelle a pression constante.

I fpWXGH HVW UpDOLVpH VXU FRP SRREFPRCGRpeUt OHVTXI
fournir des données pseudo-expérimentales précises. En comparaison avec une

fonction incohérente, on observe XQH GLYLVLRQ GH ORMHVIMEXQSID
fonction cohérente est utilisée, démontrant ainsi les capacités
GIH[WUDSRODWLR QcahérentéeR QFWLRQ

Y. Le Guennec, R. Privat, J-N. Jaubert, Development of the translated -
consistent tc-PR and tc-RK cubic equations of state for a safe and accurate
prediction of volumetric, energetic and saturation properties of pure
compounds in the sub- and super-critical domains, Fluid Phase Equilibria. 429
(2016) 301 4312. doi:10.1016/j.fluid.2016.09.003. [60]

Les trois précedents articles ont pu mettre en évidence la possibilité de
GpFRUUpOHU OYDMXVWHPHQW GHV SURSULpWpV WKHUP
gue le besoin GIXWLOLVHU X Q Hohdre@té WiafsQle cadre du
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développement des modéles tePR et t¢-RK, une fonction de Twu a 3
parametres ajustés sur des données de pression deapeur saturante, enthalpie
de vaporisation et capacité calorifique du liquide a saturation a été utilisée. La
cohérence de la fonction  a été imposée.De plus un paramétre de translation
volumique, reproduisant le volume molaire du liquide a saturation expérimental
a une température réduite de 0.8 a été intégré au modele. Desqualités de
modélisation élevéessont obtenues pour les plus de 900 composés casidérées
issus de la base de donnéegsle la DIPPR. Les valeurs des parameétres de la
fonction de Twu ainsi quecelles duparamétre de translation volumique sont
données en annexe GH O Y DpouwWdthBddriHde ces composés. Des versits
généralisées des modelestc-PR et tcRK ont également été développées,
conduisant a des déviations plus faiblessur les propriétés (pression de vapeur
saturante, enthalpie de vaporisation, capacité calorifique liquide, densité liquide)
gue celles obtenues avec ls modeles de PengRobinson et de Redlich-Kwong

munis de la fonction de Soave.

x A. Pina-Martinez, Y. Le Guennec, R. Privat, J.-N. Jaubert, P.M. Mathias,
Analysis of the Combinations of Property Data That Are Suitable for a Safe
Estimation of Consistent Twu .-Function Parameters: Updated Parameter
Values for the Translated -Consistent tc -PR and tc -RK Cubic Equations of
State, Journal of Chemical & Engineering Data. (2018).
doi:10.1021/acs.jced.8b00640. [61]

Grace a la réévaluation des erreurs sur les corrélations fournies parla banque
de données de la DIPPR une mise a jour des modeles tePR et tcRK a été
réalisée, incluant les parametres de la fonction  de Twu ainsi que la valeur du
paramétre de translation volumique pour respectivement 1721 et 1489
molécules (contre respectivement 1116 et 997 moléculesauparavant). Il a
également été établi que les parametres de la fonction doivent étre aminima
ajustés sur des données de pression devapeur saturante. Si des données
GITHQWKDOSLH GH YDSR lte/ PalrifiQ® aRsdtur@tidn BddtS D
disponibles, il est alors recommandé GH OHV DMRXWHU j OD SURFpGXU
Les versions généralisées de modelestc-PR et tc-RK ont été mises a joura la
lumiére de nos nouveaux résultats(cf. Annexes A1l et A2).
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Chapitre 2. Article MNote on the properties altered by
application of a Péneloux Kype volume translation to an

equation of state ?

Jean-Noél JAUBERT, Romain PRIVAT, Yohann LE GUENNEC, Lucie CONIGLIO
Université de Lorraine, Ecole Nationale Supérieure des Industries Chimiques,
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Abstract

Since the pioneering work of Professor André Péneloux, volume translations are often
applied to cubic equations of state with the aim of improving the description of
volumetric properties. Such translations are either constant or temperature -dependent.
In any case, it is well-known th at both the translated and untranslated models return
the same vapor pressure for a given temperature but lead to different saturated molar
volumes. Being aware of the invariance of the calculated vapor pressure, it was decided
to investigate which properties among the enthalpy, the entropy, the internal energy,
the heat capacities, the speed of sound, the property changes on vaporization and many
others were altered by a volume translation. All these state functions are indeed
volume-dependent and the influence of the translation on their values needs to be
clarified. This is particularly important to understand on which experimental data the

volume translation should be fitted on.
Keywords

volume translation, volume correction, equation of state, departure functions,

equilibrium conditions.
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2.1. Introduction

Equations of state (EoS), routinely used in process and product design are pressure
explicit functions which quantify the relationship between the pressure, molar volume
and temperature of a pure component. In the crowd of the proposed models, the most
popular ones are certainly the SAFT-type and cubic EoS. It is however weltknown that
cubic EoS provide inaccurate liquid densities. To fix the ideas, the SoaveRedlich-
Kwong (SRK) [7] and the PengRobinson (PR) [8] EoS predict the saturated-liquid
volumes with an average deviation of about 16% and 8% respectively [18]. One
method to overcome this shortcoming is the so-called volume translation proposed by
Péneloux et al. in 1982[39]. This technique is widely applied in process and product
design where an EoS is used to estimate densities and other thermodynamic properties.
For a given component, the saturated-liquid volume calculated at a given temperature
is usually notably different from the experimental value but the difference between the
calculated and the experimental volume is more or less constant when varying the
temperature out of the critical re gion. Consequently, a temperature-independent
volume translation (all the calculated molar volumes are translated by a constant
amount c) significantly improves the description of the saturated liquid densities in the
low temperature range ( ). To overcome the failure of this principle near the

critical temperature, many authors [45,54,57,62#66] adopted a temperature-
dependent volume correction c(T). It is however well-established that temperature-
dependent volume translations are thermodynamically inconsistent since they lead to
the crossing of isotherms in a (pressure, volume) plane and to negative heat capacities
[50,67,68] .

In his pioneering paper, Péneloux explains that both the translated and untranslated
models return the same vapor pressure for a given temperature but lead to different
saturated molar volumes. Being aware of this result, it was decided to nvestigate which
properties among the enthalpy, the entropy, the internal energy, the heat capacities,
the speed of sound, the property changes on vaporization and many others were altered
by a volume translation. Returned from a pressure-explicit EoS, all these state
functions are temperature and volume dependent and the influence of the translation
on their values needs to be clarified. This is particularly important to understand on

which experimental data the volume translation should be fitted. Indeed:

1) if neither the experimental VLE data (vapor pressures, property changes on

vaporization) nor the other thermodynamic properties (enthalpy, entropy, etc.) are
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affected by a volume translation, the problem of reproducing liquid densities with an
EoS can be disconnected from the problem of predicting other thermodynamic
properties. In such a case, the volume translation would have to be fitted on density
data while the other E0S parameters (e.g. those involved in the cohesive parameter of
cubic EoS) should be fitted on all the other experimental data. Therefore, the volume
translation should be only applied to the molar volume returned by the EoS when a
density value is required. Such a correction would thus be a kind of external procedure
taking place oncethe EoS is solved.

2) if the volume correction alters both the experimental VLE data and all the other
thermodynamic properties (enthalpy, heat capacity, etc.), it is no more possible to
uncouple the problem of reproducing liquid densities from the proble m of predicting
other properties. In such case, the volume translation and the other EoS parameters

should be fitted simultaneously on all the available experimental data.

Another objective of this note is to compare the influence of both a temperature-
independent and a temperature-dependent volume translation on the properties

computable by an EoS.

The results presented in this paper are general and could be applied to any pressure
explicit EoS, e.g., SAFFtype or cubic EoS. We however do not see a real red to apply
a volume translation to a SAFT-type EoS since such equations are parameterized to

provide satisfactory estimation of liquid densities.

To close this introduction, we wanted to state that in a somewhat abstruse paper
published in 1993, working specifically on cubic EoS, Leibovici[69] was able to identify
a series of properties not influenced by a temperature-independent volume translation,

but however did not realize that his conclusions did not depend on the mathematical
expression of the EoS and never discussed thecase of a temperaturedependent

volume translation.

- 40 -



Chapitre 2

2.2. Effect of a Péneloux Kype volume translation along the volume axis

In this section, we want to establish the list of the properties which are affected and the
list of the properties which are unaltered by a Pénelouxtype volume translation. Two

cases are considered depending whether the volume translation is taken constant or
temperature -dependent.

Following Zabaloy and Brignole [70], we decided to avoid the concept of pseude
volume (), pseudo-covolume ( ) and pseudo equation of state introduced by Péneloux.
We indeed believe that such concepts have brought confusion expining why some
researchers applied the volume translation approach without using the original

formalism.

2.2.1. The concept of volume translation as introduced by André Péneloux.
By solving a Van der Waals (VdW)} W\SH (R6 65. 3d&ven TN P , the
calculated molar volume, noted , is generally notably different from the

corresponding experimental value. As a first example, we know by experience that the
volumes returned by the SRK Eo0S are generally too large and they thus need to &

reduced by a quantity c (the volume correction) in order to get a new volume  closer
to the experimental value than . The subscripts o and t refer to original (i.e.

untranslated) and to translated equations of state, respectively. As a second example,
depending on the studied component, molar volumes returned by the PR EoS are
either too large or too small: they thus need to be either reduced or enlarged and the

volume correction c is either positi ve or negative.

By definition of the volume translation c, the original and translated molar volumes

are linked by:

(2.2
Consequently, we can assert that obtaining a consistent translated EoS from an original
untranslated equation just consists in replacing by ( ) within th e untranslated
expression.

Mathematically speaking, this translation is thus defined by the following equation:

(2.2)
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Since the original and translated states of the considered pure fluid have the same
pressure and temperature (the two states only differ by the value of the molar volume),

one has:

(2.3)

Let us take as an example, the Van deWaals EoS. The original equation writes:
(2.4)

(the reason for which subscript o has been added to the covolumeb is discussed below).

Consequently, the translated form is:

(2.5)

According to Equ. (2.3) and as illustrated in |Figure 2.1| the Péneloux#type volume

correction corresponds to a translation of the whole original P -v isotherm (of the

amount c) along the volume axis.

Figure 2.1 Graphical illustration of the Péneloux -type volume translation concept.
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,Q 9DQ GHU :DDOVY{V WKHR#Es a ptiysidal FrirRaniRgd X B khe molar

volume when the pressure tends to infinity. Since the volume correction translates the

whole isotherm (see|Figure 2.1), the covolume (which is a particular molar volume)

automatically undergoes the same translation so that the translated covolume verifies:
. The same result can equivalently be obtained from Equ.(2.5): when the

pressure tends to infinity, the molar volume goes to which is, by definition,

the covolume of the translated equation. Equ. (2.5), i.e. the translated form of the VdW

EoS can be alternatively written:
(2.6)

It is noticeable that by applying a volume translation to the VdW EoS, the Clausius[71]
equation [Equ. (2.6)] is obtained. Consequently, the volume translation induced a
change of EoS. Although Equ. (2.6) and Equ. (2.5) are strictly equivalent, we
recommend to use Equ.(2.6) since it contains the true covolume. Comparison of Equs.
(2.4) and (2.6) makes it possible to conclude that the volume translation does not alter

the mathematical expression of the repulsive term. In both cases, it writes:

where b is the EoS covolume.
,Q FRQFOXVLRQ 3pQHORX[TV FRQFHSW FDQ EH VXPPDUL]JHG

1) Starting with a non-translated EoS: , the mathematical expression of the

translated equation is obtained by replacing by ( ) so that

2) In order to make appear the translated covolume (the true covolume of the
translated equation), must be replaced by ( ).

We can thus assert that a translated EoS can be obtained from an original untranslated

equation by replacing in the untranslated expression:

(2.7)
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2.2.2. Application of the volume translation concept to Van der Waals -type equations

of state

In the present section, results of the previous section are applied to the gecial case of
Van der Waals-type equations of state. For pure species, original (untranslated) cubic

EoS have the following general form:

(2.8)

ri1and rz are two universal constants of the EoS (not depending on the nature of the
studied fluid). For illustration, the values of these constants associated with classical

cubic EoS are reported in Table 1. bis the covolume (value taken by the molar volume

when the pressure tends to infinity). The cohesive parameter, ,

accounts for molecular attraction: is the value of  at the critical temperature
and isthe so FDOOHG . IXQFWLRQ ZKLFK LV WHPSHUDWXUH C
Van der Waals EoS for which ). Due to its definition, this function is equal to one

at the critical temperature:

EoS
Van der Waals (VdW) 0 0
SoaveRedlich-Kwong (SRK) + 0

Peng-Robinson (PR)

Table 2.1. Parameters for three different cubic EoS

The values of , and (the critical compressibility factor) are usually
expressed with respect to the experimental values of the critical temperature and
critical pressure by imposing the critical constraints recalled in Equ. (2.9):
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(2.9)
By applying these constraints to Equ. (2.8), one obtains:
(2.10)

The expression of the translated EoS is obtained by replacing in Equ(2.8) by ( )
and by ( ). We thus get:

(2.1)
that is:

(2.12
By applying the critical constraints to Equ. (2.12), one obtains:

(2.13
It is thus noticeable that unlike , is not a universal constant anymore: for a
given EoS (i.e., for given values of £t and rz) becomes componentdependent (this

is a simple consequence of the critical volume translation). The volume translation
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however does not ater ac ( ) and as previously mentioned modifies the true

covolume ( ).

To conclude this section, the translated and untranslated forms of the most industrially
used cubic EoS (i.e., the SRK and PR EoS) arprovided. For the sake of simplicity and

clarity, the subscripts t (for translated) and o (for original) are removed.

The original SRK EoS[7,72] writes:

with . (2.14)

so that, the expression of the translated SRK EoS is:

ZLWK (2.15

For the SRK Eo0S, Pénelouq39] recommends using:

(2.16)

where zra is the Rackett compressibility factor [41].

In a similar way, the original PR EoS [8], widely used for mixtures [23,54,57,73,74],

writes:
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ZLWK

(2.17
Consequently, the translated PR EOS is:

ZLWK (2.18)

For the PR E0S, Péneloux recommends using[75] the never published following
relation:

(2.19)

2.2.3. Properties altered by application of a Péneloux Kype volume translation to an
equation of state

The previous section has highlighted that a volumetranslation is equivalent to a change
of EoS; this is particularly visible when comparing Equs. (2.8) and (2.12). We thus
ZDQW WR VWXG\ WKH UHODWLRQV EHWZHHQ WKH WKHUPRG\
calculated from the original and the translated EoS. To do that, let us consider a pure
component at temperature T1and pressure PL modelled by an original (untranslated)
EoS. Its molar volume is vo(T1,P1) and the state of this fluid is identified by point A o in
Fig. 1. At the same temperatureT1and pressure Py, let us now consider the same pure
component modelled by the translated EoS. Its molar volume is thus vi(T1,P1) and the
state of this fluid corresponds to point Atin Fig. 1.

We basically know that:
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(2.20)

Let us address some other thermodynamic functions.

2.2.3.1. Chemical potential change

By noting , the real fluid chemical potential (molar Gibbs energy) and

the perfect gas state chemical potential at the same temperature and pressure as the

real fluid, one has from classical thermodynamics:

(2.22)

Where is the real fluid molar volume at selected T and P.

The chemical potential estimated from the original EoS (point Ao) satisfies:

(2.22)

Similarly, the chemical potential estimated from the translated EoS (point At) verifies:

(2.23)
By replacing by in Equ. (2.23), one has:

(2.24)
We thus get: (2.25)

As a conclusion, the translated and untranslated models predict different chemical
potentials.

By definition of the fugacity coefficient, one has:

(2.26)

6 Rhat (2.27)
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The fugacity is defined by: , SO that:

(2.28)
2.2.3.2. Entropy change
Entropy can be derived from by: . Derivation of
Equ. (2.25) gives:

(2.29)
where is the derivative of the volume translation with respect to the

temperature. From Equ. (2.29), it is obvious that both EoS give the same entropy if a
temperature -independent volume translation is applied. On the other hand, different

molar entropies are obtained by using a temperature-dependent volume translation.
To sum up, we can state that to obtain the numerical value of the molar entropy with
the translated EoS, i.e., , at set temperature T and pressure P, the following

steps have to be followed:

1) At the setT and P, solve the original EoS in order to get the original molar volume

)
2) Knowing Tand , compute the molar entropy for the original EoS, i.e.,

3) At the set temperature, compute the volume translation c¢ and its derivative with

respect to temperature, i.e.,

4) Calculate with Equ. (2.29), i.e.,

2.2.3.3. Enthalpy change
(2.30)

By combining Equs. (2.25) and (2.29), one has:

(2.31)

Regardless of the volumetranslation type (constant or temperature -dependent), the
two EoS generally predict different molar enthalpies. In the particular case where c is
a linear function of T, i.e., , we get so that, following Equ. (2.31), the two

EoS predict identical molar enthalpies.
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2.2.3.4. Internal energy change
(2.32)
By combining Equs. (2.31) and (2.20), one has:

(2.33)

We can thus conclude that both EoS return the same internal energy if atemperature -
independent volume translation is applied. On the other hand, different internal

energies are obtained if using a temperature-dependent volume translation.

2.2.3.5. Helmholtz energy change

(2.34)
By combining Equs. (2.33) and (2.29), we get:

(2.35)
and both EoS always give the same Helmholtz energy.
2.2.3.6. Constant pressure heat capacity change
Constant pressure heat capacity can be calculated from by:

. The derivation of Equ. (2.31) gives:

(2.36)

where Is the second derivative of the volume translation with respect to

the temperature. The translated and untranslated EoS thus give the samece if a

temperature -independent volume translation is applied.

2.2.3.7. Isothermal compressibility ( ) and volume expansivity (D change

By definition the isothermal compressibility is , SO that
Starting from: (2.37)
The chain rule gives: (2.38)
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Consequently: (2.39)

Such a result could have been deduced from Fig. 1 which highlights that:

By definition, the volume expansivity is , SO that
Since: , one has: (2.40)
Consequently: (2.41)

2.2.3.8. Constant volume heat capacity change

We know from classical thermodynamics that: (2.42)

From Equs. (2.36), (2.39) and (2.41) one gets:

(2.43)
Similarly to , the two EoS return the same if a temperature-independent
volume translation is applied.
2.2.3.9. Speed of sound
The speed of sound, denotedw, is defined by:

(2.44)

where Us the density and  the specific entropy.
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By introducing, where and are the specific heat capacities and the

molar weight M, starting from:

(2.45)

one gets:

(2.46)

and Jwill be the same for the two EoS if a temperature-independent

volume translation is used. Even so, the two EoS always lead to different values of the

speed of sound.

2.2.3.10. Second virial coefficient
The virial EoS [76] writes:

(2.47)
The second virial coefficient B(T) thus verifies:

(2.48)
We have:

(2.49)
Since:

(2.50)
one has:

(2.50)
By the end:
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(2.52)

This result was expected because the second virial coefficient has the feature of a

volume.

2.2.3.11. Vapor-liquid equilibrium condition

a) Vapor pressure

The original and the translated EoS lead exactly to the same vapor pressures. This is
DQ LOQWXLWLYH UHVXOW LI RQH UHIHUV WR OD[ZHOOfV HTXI

line cuts the p-v isotherm in such a way that the areas between the line and
the curve above and below the line are equal. Fig. 1 highlights that the areas are kept
during a translation of the whole isotherm so that the vapor pressure is not modified
(area DEJ= area DEWY , Wtein®tively possible to reach this conclusion by starting

from the uniformity of the pure -component chemical potential in the liquid and vapor
phases. At a given temperature, the vapor pressure () calculated by the original EoS

satisfies:
(2.53)

In the same way, the vapor pressure calculated by thdranslated EoS () must satisfy:

(2.54)

By sending Equ. (2.25) in Equ. (2.54), one has:

(2.55)

Let us here recall that ¢ is a component-specific parameter which, at the most, is
temperature-dependent (its value is not influenced by the pure-component

aggregation state). At equilibrium, the liquid and g as phases have the same

temperature so that even when the volume translation is temperature-

dependent. Equ. (2.55) thus writes:

(2.56)
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Solving Equ. (2.53) for and Equ. (2.56) for leads to:

(2.57)
At this step, let us recall [39] that for mixtures a linear dependence with respect to mole

fractions of the volume translation ( ) is the only one mixing rule which

leaves the phase equilibrium conditions unchanged.
b) Property change on vaporization

A property change on vaporization (e.g. entropy of vaporization) is the difference

between the molar property in the gas ( ) and liquid ( ) phases when a pure

component is in vapor-liquid equil ibrium. If M designates a property, one has:

(2.58)

By using the same notations as previous, one obtains:

(2.59)

As an example, the use of Equ(2.31) makes it possible to establish that the difference
between the enthalpies of vaporization calculated by the original and the translated

equations of state is:

(2.60)

The obtained value is zero because in both phases the temperature is the same and

consequently and

By having a look at Equs.(2.20), (2.29), (2.33), (2.35) and (2.36), we canassert that
, , , and are either constant, temperature-dependent or both
pressure and temperature-dependent. Consequently, these quantities have the same

values in the liquid and gas phases and both Eo0S return the same values for: ,

, , and . Equ.(2.43) shows that when a

temperature -independent volume translation is used so that in such a case, the original

and translated EoS return the same . On the other hand, when a temperature-
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dependent volume translation is used, the quantity is different from
. This is because in Equ.(2.43), the values of and are
different in the liquid and gas phases. In other words, and the two

EoS do not return a unique value for

Remark: as discussed by Zabaloy and Brignold70], the use of theClapeyron equation:

(2.61)

makes it possible to immediately conclude that the heat of vaporization is unaffected
by the volume translation. This is because both the translated and untranslated models
return the same saturation pressure and hence, the same derivative of the saturatio
pressure with respect to the temperature. They return different saturated molar

volumes but the difference between the saturated vapor and liquid volumes is

independent of C. Consequently,

and are also unaffected

by a volume translation.
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2.3. Conclusion
This note highlights that working with pure components, the application of a

temperature -independent volume translation on a given equation of VW DWH «

« leaves unaffected , the calculated: « affects, the calculated:
x Entropy: s x Volume
X Internal energy: u x Chemical potential: g
X Helmholtz energy: a x Fugacity coefficient:

x Constant pressure heat capacity:

x Fugacity: f
X x Enthalpy: h

X Speed of sound:w
X

x Second virial

coefficient: B
x Constant volume heat capacity:

X Vapor pressure:

X ALL the property changes on vaporization:

and

Vapor pressures, property changes on vaporization, but also many thermodynamic
properties like the heat capacities are not altered by a temperature-independent
volume translation. It is thus clear that the problem of reproduc ing both experimental
phase equilibrium and experimental thermodynamic properties can be separated from
the problem of reproducing experimental liquid densities. Working with cubic EoS, it
is advised to determine the parameters of the alpha function on many diversified
experimental data except densities (vapor pressure, heat of vaporization, heat
capacities) and in a second step to determine the value of the volume translation on
liquid densities and possibly speed of sound experimental data.

The use of sped of sound data is however subject to discussion. If it is only desired to
improve the modelling of liquid molar volumes, it is necessary to fit the volume -
translation value (c) on experimental saturated liquid densities, classically available

from small temperatures to the critical point. At this step, it could be argued that speed
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of sound data could be used as volumetric properties at supercritical temperatures. It
is however impossible to guarantee that a better prediction of the high temperature
speedof sound (w) data, improves the accuracy of the calculated supercritical molar

volumes. Indeed, w not only depends on v but is also a function of Jand which are

often misestimated by cubic EoS. A very interesting discussion onthe ability of cubic
EoS to predict the sound velocities in liquids can be found in a paper by Polishuk[77].
Such a paper demonstrates that working with cubic EoS, the covolumes are too big and

consequently the sound velocities are poorly predicted.

On the other hand, the application of a temperature-dependent volume translation on
DJLYHQ HTXDWLRQ RI VWDWH «

« OHDYHV XQ Dindtalvvlete: « DI H Fti\éalculated:

x +HOPKROWDHQHUJ\ x 9ROXPH

x &KHPLFDO SRWHQWLDC
Xx )XJDFLW\ FRMIILFLHQW
X )XJDFLW\

x (QWURS\

x (QWKIKOS\

X ,QWHUQD® HQHUJ\

Xx 9DSRU SUHVVXUH
X ORVW RI WKH SURSH

YDSRUL]DWLRQ

DQG
x &RQVWDQW SUHVVXUH

X &GRQVWDQW YROXPH KF

X 6SHHG RIZVRXQG
X 6HFRQG YLULDY FRHIIL

Once again, vapor pressures and property changes on vaporization (except )

are not altered by a temperature-dependent volume translation. On the other hand,

most of the thermodynamic properties like the heat capacities are now affected by the
volume correction. It is thus no more possible to uncouple the problem of reproducing

liquid densities from the problem of predicting other properties. Working with cubic
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EoS, it is advised to simultaneously determine the parameters of the alpha function

and those of the volume translation, c(T), on all the available experimental data.

The use of a temperaturedependent volume translation is however not advised since

it is a non-consistent thermodynamic approach [50,67,68] .
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A consistency test for r-functions of cubic equations of state

Highlights

1) A consistency test | R Ufunctions is derived.

2) .-functions must be positive, decreasing, convex with negative third derivative.
3) 9/( GDWD VR O H O\fuddtidh $"Hha/gkbEritical domain, not beyond.

4) .-functions should pass this test to safely extrapolate to the supercritical domain.

5) 1R -function from the literature passes the proposed consistency test.
Abstract

7KLV VWXG\ KL JkfOonctiokavisedvh Kb/ equations of state must be of class

C2?i.e. that their first and second derivatives must exist and must
be continuous, positive , monotonically decreasing , convex
and also verify , for any value of the temperature T. Our

SURSRVHG 3FRQVLVWHMNQFWWRHYW IPDWKHUVY DOO WKHVH
respect of one of them can entail low-accuracy prediction of binary phase diagrams
involving at least one supercritical compound (this statement is illustrated through the
case-studies of the CQx-argon and CQe-decane systems) as well as improper variations

of pure-component supercritical properties ( and ) with respect to the

temperature. Finally, an extensive study of the mosW O\ X \uddkons described in
the open literature is performed and shows that all of them fail this test. Some
component- GH S HQ G HuQafibns. may however pass this test but only if

mathematical constraints are added to their parameters.
Keywords

Alpha-function; Equation of state; Consistency test; Soave; Twu
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3.1. Introduction

Numerous modifications to the Van der Waals cubic equation of state (CEoS) have
been presented over the years[5], with the aim of representing with increasingly
accuracy the properties of complex systems. As a matter of facts, most of these
improvements do not incorporate a substantial difference in the functional
combination of attractive and repulsive forces, with respect to the original formulation
introduced by Van der Waals. As a rare exception, let us mention the CubicPlus-
Association model (CPA) [78], which combines the SoaveRedlich-Kwong attractive
and repulsive terms [7] with an association term introduced b y Wertheim [79]. Indeed,
analogously to the Van der Waals expression of the pressure equation1], a generic

CEoS may be written as the sum of a repulsive and an attractive term:

(3.2

Although the analytical expressions of the repulsive and attractive terms proposed in

literature do not correctly quantify the actual repulsive and attractive contributions to

pressure, their sum results in a quantitative representation of fluid properties being
VXIILFLHQWO\ DFFXUDWH WR PDNH WKHLU FRPELQDWLRQ V
VDQ GHU :DDO[BOWKHRU\’

Since the Van der Waalsproposal, even the most successful tweparameter CE0S still
expresses their attractive and repulsive terms by introducing a parameter ~ which is
D PHDVXUH RI WKH DWWUDFWLYH IRUFHV S3HQHUJ\ SDUDP
parameter ZKLFK LV D PHDVXUH RI WKH VL]H- Y3RQXWPU Q RL PWMKRIC

molecules. It results the general formulation of a two -parameter CEo0S:

(3.2)

where and  are two universal constants which depend on the selected CEoS.

The most successful theoreticall-based modification to the Van der Waals CEoS
consisted in the recognition by Clausius in 1879[71] of the temperature-dependency of
the energy parameter. In 1949, Redlich and Kwong[6] proposed the first temperature -
dependent formulation which resulted to be sufficiently accurate to gain popularity in
the industry. Starting from this outcome, many researches have been focused on the
improvement of the function al form of this term, which soon proved to strongly affect
the modelling capability of a CEoS in fluid equilibrium calculations. The attractive term

of any CEoS can be written as:
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(3.3)

l.e. as the product of the value of the attractive term at the critical temperature

multiplied by a so-called .-function 6 X FHunctions have a strong impact on the
accuracy of CEoS and must be selected with caution. Not only the properties of pure
compounds in the supercritical region are highly affected by the mathematical
H[SUHYVVLR Q-fuRdtiow Kut also the vapor-liquid equilibrium calculations of
multicomponent systems. From our experience, when applied to mixtures, the
accuracy of CEoS is equally affected by the choice of the mixing rules and by th
expressioQ R WriknEtion.

7KH ILUVW DLP RI WKLV SDSHU LV WKXV W Rurgtibhisheb@w WKH U
absolutely fulfil in order to guarantee safe predictions of the vapor -liquid equilibrium

and of derived thermodynamic properties at all temperatu res. Emphasis will be made

RQ WKH LQFD Sunétions \redressed on subcritical properties to correctly

extrapolate in the supercritical temperature domain without addition of
supplementary constraints during the regression procedure. Such constraints ensure,

DPRQJ RWKHUV WKH S U R SfdrdtionXSinvl&r W tbertoRsistdhkyHests

developed to certify the quality of experimental vapor-liquid equilibrium data, it is
SURSRVHG WR GHYHORS D-f&rRtQnsLi ¥.\Wd-t€rive aWstof sungiRtdnt .
FRQVWUDLQWY DSSOXEBPWOQRQWRBXF&®\ D WHVW DLPV DW LGt
functions are (or not) thermodynamically consistent and should (or not) be used. In

WKLV SDSHU WKLV FRQVLVWHQF\ Wftne¢tidhsdds@ed fremthe SSOLHG

literature.

3.2. ;=bmb|bom7 _bv|oubl-t O-1h]Juotm7 -m7 ];rmynctibnst-vvb=b1-|b
3.21. ;=bmb|bom -fuaction, N

As for the original Van der Waals equation of state, the critical attractive parameter

( ), the covolume and the critical molar volume of any CEoS can be

determined by applying the so-called critical constraints:
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(3.4)
where and are the experimental critical temperature and pressure and
where the critical molar volume is calculated by solving the CEoS under the
conditions and . The resulting critical energy parameter and

covolume  are usually expressed in terms of the CEoSdependent coefficients

and

(3.5)

While a covolume is necessarily temperature-independent [68] , the energy parameter

is written as the product of its value at the critical point, , and of a

temperature-depend H Q Milnction:

(3.6)
Doing so, it follows that is a non-dimensional factor which becomes unity at the
critical temperature

(3.7)

7 KH U H | Rfunidtion. should be considered as a deviation factor of the energy

parameter of a CEoS to its value at the critical temperature.

_+ N
One of the most influential contributions in the prediction of vapor pressures of non -

3.2.2. Historical backgroundam?7 ];m;u-t 1t-vvb=b1-fupctionso = |

polar and slightly polar pure compounds has been the introduction in 1972 of the Soave

.-function [7]. Over the years, further modifications have been introduced to this
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functional form, mainly aimed at improving the correlation of vapor pressures. Higher

accuracy was achieved by the addition of more parameters[26,29] but as stated by
Poling etal. [81] PRVW R-fuMtidns presented in literature have been developed
without evaluating their predictive capability in the supercritical domain. Indeed, the

6 R D Y-dnction diverges at very high temperature, leading to unrealistic calculations
RI WKHUPRG\QDPLF SURSH Ufanctidns ingpgiretU blyl RHe HSoave
formulation, called SR O\ Q R Pfuriatidns as they are polynomials of the squareroot
of the reduced temperature, should not be used at high reduced temperature. To
overcome this limitation, some authors proposed H[S R QH Q-tncibas [19,35+

37,82] which are positive and decreasing functions on the whole temperature range.

Aware of the benefits of using a S R O\ Q R Rfurizi@n. in the subcritical temperature
domain and using an H[S R Q H QfttidrOin.the supercritical temperature domain,
some authors proposed S L H F H Zfunttibns with different mathematical expressions

| R U Wrfnidtion depending on whether the temperature is above or below the critical
temperature, leading to possible dLV FR QW L Q X L Whlndtidn Bdrivatikeld at the
critical temperature. Although this approach seems to be a good compromise between
WKH FRPSOH [ Hwadtidd lexp&skion and the accuracy of results, it was objected
by Coquelet et al.[83] that conWLQXLW\ RI WKH ILUVW DQG VHFRQG G
function at the critical temperature must be enforced. If not, calculated residual
enthalpies and heat capacities show discontinuities at the critical temperature. This
abnormal behavior of the piecewise .-functions was also highlighted by Boston et al.
[84], Twu et al. [36,37] when they respectively proposH G W K H L YunBtiogg and
deeply analyzed by Neau et al[16,17].

As reported by Valderrama [5], num H U R Xfihctions can be found in the literature

and are compared in some recent papers[85,86]. Enumerating all the existing .-
functions is not of practical interest as only a dozen of them are used in the commercial
process simulation software. Therefore, a general classification of the .-functions

based on their mathematical form (polynomial or exponential) and on the unicity of

their formulation (T -overall formulation or piecewise) is presented in |Table 3.1
ORUHRYHU ZH IRXQG GHVLUDEOH W RfutgtioddV tognpotier-Kk WZR N
dependent .-functions and generalized ones. Parameters of component dependent

.-functions have to be regressed, component by component, on experimental data
ZKLOH FRHIILFLHQW MurRtiodd-hez tdeiebn@nedl /i@ correlations needing

the acentric factor DV LQSXW SDUDPHWHU 7K HunttioRslegh bd HQHUDC
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applied to pure compounds for which no experimental vapor -liquid equilibrium data,
except , are known. This advantage is counterbalanced by a less accurate prediction

of the thermodynamic properties.

Intherestol WKH DUWLFOH HPSKDYVL V-fuhttord havihgRar @veral Q W Z R
formulation: the model proposed by Soave (1972) (from now on, called Soave) and the
one introduced by Twu (1991) (from now on, called Twu91). Their expressions are

reported below.

x TKH 6 R DBftrdtion [7]

(3.8)

7 K L Munction is polynomial, generalized and it has a T-overall formulation. Having

UHJDUG WR LWV VLPSOLFLW\ DQG WR WKH DFFXUBF\ RI Ul
IXQFWLRQ VKRXOG EH UHJDUGHG DV D U H-fithttibnQTeseEHIRUH
reasons justify, in fact, its widespread popularity.

x The 7Z X -function [19]

(3.9)

7 K L Munction is exponential, component -specific and it has a T-overall formulation.
Parameters L, M and N have to be optimized, component by component, over
experimental data so that better accurDF\ LV H[SHFWHG LQ FRPSD-ULVRQ W

function.
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Component - GH S H Q G Highetons

T-overall formulation

_ ) Piecewise
(unique temperature formulation)
Soave (1984)[32] Stryjek-Vera[29]
Polynomial
Gibbons-Laughton [87] Mathias-Copeman[26]
Twu (1988) [35]
Exponential +Not any *
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Twu (1991)[19]

Trebble-Bishnoi [88]

Melhem-Saini-Goodwin [89] Boston-Mathias [84]

Polynomial &
Exponential

- 67 -



A consistency test for r-functions of cubic equations of state

Mathias [90]

*HQHUD O L-fuddBons

T-overall formulation Piecewise

(unique temperature formulation)

Soave (1972)7]

Polynomial +Not any *

Exponential Trebble-Bishnoi [91] Twu (1995) [36,37]
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(see appendix C for more details)

Table3.1 & ODV VL IL FiuAttidR€xommonly found in process simulation software.
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Component- G H S H Q G-fuQctons. are usually parameterized over vapor-liquid

equilibrium data, which are also the most reported data in the literature. Therefore,

PRVW R I-fdMd{idhs .will have a similar behavior in the subcritical temperature

domain. However, the literature lacks of specific, theoretically -based guidelines to

GHULY H-funcon. that could guarantee consistent predictions, also in the
VXSHUFULWLFDO WHPSHUDWXUH GRPDLQ RI WKHUPRG\QD
function itself and to its derivatives. With that respect, t he purpose of the next section

LV WR SUHVHQW UHT XL U Hfendt@vshoull fGBIW D SURSHU

33. I;ttbu;l;m|v =ou - 1o+umttion; m| N

Firstly, to avoid non- SK\VLFDO SRVLWLYH Y DO XH furdtichisksHouldW W U D F W
be positive and thus lead 0 a decrease of the pressure of the system when the attraction

between molecules increases. As stated by Deiterg92] D QHJDWILQFHWLRQ 3RQO\
UHVXOWY IURP FRPSHQVDWLQJ DQ LQVXIILFLHQW UHSXOVLI

a conseqtence of a maladjusted model but not as a theoretical valid behavior.

6 H F R Q GfOrctions should be constant at the infinite temperature limit. This
constant can be positive or zero. Colina et al.[93] give proof that the limiting value of
DW WKH LQILQLWH WHPSHUDWXUH OLPLW ZRXOG EH HTXI
infinite temperature, the cubic EoS reduces to a hard-body EoS, with residual internal
HQHUJ\ LGHQWLFDOO\ |JHUR DW DOO GHQVLWLHV" DQG LL

correctly represents hard-body repulsions. However, Abbott and Prausnitz

[94] and Sandler[95] OHDYH VRPH XQFHUWD L QWnctRQatArifinitéV KHU W K
temperature should assume a zero rather than a positive fnite value. Since no
unquestionable theoretical evidences have been found on this issue, we do not
FRQFOXGH DERXW WKH F RfghetidhQnfinity @210Opétdturel W K H

Thirdly, as temperature decreases, the average molecular kinetic energy is redaed,

resulting in a system where molecules are particularly prone to interacting, upon

collision. This explains why the CEoS energy parameter should become increasingly
LPSRUWDQW ZKHQ WHPSHUDWXUH GHFUHDVHV ,Q RWKHU
function of temperature, its first derivative has not only to be negative but has also to
cDQFHO RXW DW WKH LQILQLWH WHPSHUAD&Y KX shduldOdeP LW W R
QRWLFHG W KkfbDnationLis bbtkp positive and decreasing, it will automatically

admit a finite value at the infinite temperature limit.
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7KH ODVW SRLQW LV MuKdidVbQ B itR ipsDand\s&ddnd derivatives

with respect to the temperature have to be continuous functions of temperature in

order to avoid discontinuities in the calculated state functions. As highlighted in

Eq(3.100) . LQGHHG DSSHDUV LQ WKH PDWKHPDWLFDO H[SUH\
residual molar enthalp\ WKH ILUVW GHULYDWLYH RI . DSSHDUV
H[SUHVVLRQ RI WKH UHVLGXDO PRODU HQWKDOS\ DQG HQW
appears in the mathematical expression of the residual heat capacity at constant

volume.

(3.10)

We can summarize our observations by:

(3.13)

These conditions are often cited in the literature as sufficient conditions for consistent
predictions of thermody namic properties but: are they really sufficient? In the next
section, we are going to answer this key question through a case study: the calculation
of the isothermal phase diagram of the system CQ-argon at 253.1K, with the Peng-
Robinson CEO0S, associatd with two . functions that satisfy criteria in (3.11). Before
presenting calculation results over this system, it is worth pointing out that it is a
complex mixture to be modelled since it exhibits a type lll phase behavior in the

classification scheme of Van Konynenburg and Scott[96] .
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3.4. Case study: prediction of the CO »-argon binary phase diagram

The COe-argon binary system is considered as a key system for C@Capture and
Storage (CCS) applications[97]. It is desired to predict the phase diagram of this
system at 253.1K with the Peng-Robinson CEoS and highly efficient mixing rules
which combine the expression by Huron and Vidal [98] with the residual part of the
Wilson activity -coefficient model [99] . The two parameters of the Wilson model were
regressed in order to minimize the following objective function which takes into

account the deviations between calculated and experimental molar fractions of CQ;z in

the liquid (x) and gas (y) phases:

(3.12)

where is the experimental standard deviation associated to the ith data point of
property +

,Q RUGHU WR WHVW WKH L QfubibhQ@F the Rebultihiy HalduldtdmsF W H G
WZR GLIIHXHQWLRQYVY WKDW DUH WKH 6fgbtéhs, WegeG WKH
successively considered for both pure carbon dioxide and argon. The mparameter of

W KH 6 Rfbn¢tibn.was calculated by applying Eq. (3.8), while the three parameters

/0 DQG 1 RI WKHunttibX were determined by minimizing the objective

function expressed by Eg. (3.13), which takes into account the deviations between

calculated and pseudo-experimental vapor pressures (), enthalpies of vaporization

and saturated liquid heat capacities ( ):

(3.13)

The pseudo-experimental : and data were extracted from the

correlations available in the DIPPR database: for each property, 50 equidistant data

points were generated in the temperature validity range of the correlations. Following

this regression procedure, optimal parameters have beeQ REWDLQHG IRU WKH 7Z

function. Those are reported in|Table 3.2
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CO2 Argon

L 0.040 0.027

M 0.943 0.968

N 8538 8.213

Table3.2. 7Z X -function parameters of CO2 and argon obtained by minimizing
Eq. (3.13.

A significant difference between the two calculated phase diagrams of the CQ-argon

system is observable inFigure 3.1} To better analyze the cause of such a difference, it is

worth recalling that the two phase diagrams were modeled using the same CEoS and
the same mixing rules; they thus only differ inthe c KRLFH R-Fungtioi

Figure 3.1 Binary phase diagram of the CQ-Ar system at 253.1 K calculated with the
Peng SRELQVRQ &(R6 DQG VilAdRo Ipaidindteiri@ed/on subcritical
vapor-liquid equilibrium data.

KHQ WKH 6febtdiis.used for both compounds, a nearly perfect prediction of
the phase diagram is achieved (the continuous curve is extremely close to the
experimental data points). On the other hand, very poor results are obtained with the
7Z X -function. By having a look at the dashed curve in|Figure 3.1} it could be

erroneously concluded that the Peng-Robinson EoS is totally unable to correlate the

COz-argon system and that it over predicts the binary critical pressure and the
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solubility of argon in CO2. It is undeniably surprising to observe that the generalized

6 R D Y-fdnction, which does not contain any adjustable parameter, performs better

than the component- GHSH Q G H Q W -fuh£tdén that involves three adjustable
parameters per component. In order to better understand the origin of the significant
difference between the two calculated phase dagrams, it is necessary to analyze more
FORVHO\ HDFK RfundatibkdH(SwaZeRand Twu91) which were designed to
accurately reproduce pure componentvapor-OLTXLG HTXLOLEULXP GDWD
curves of CQ and argon are reported in|Figure 3.2|and|Figure 3.3| The two figures

highlight that, in the temperature range where the parameters were fitted (let us say
between 0.4Tcand Tc WKH 6RDYH D Quactib@sXare superimposed for both
pure components.

Figure 3.2 -curves of CQ parameterized on subcritical vapor-liquid equilibrium

data.
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Figure 3.3 -curves of argon parameterized on subcritical vapor-liquid equilibrium

data.

At the working temperature of 253.1 K, pure CQz is subcritical (Tc = 304.21 K) while
pure argon is supercritical (T = 150.86 K). Since for CQ the working temperature is
in the range where the parameters were fitted, it is not surprising to observe (see [
symbol in|Figure 3.2 WKDW DW WKLV W H P-fahttibbs/VexuthHhe $amél W Z R

value. On the other hand, at 253.1 K, argon is supercritical (T = 1.7), that is at a

temperature completely outside the range where the parameters were fitted. At this

WHPSHUDWXUH - XMXFHW MWRZRY . WDNH WRWDOdahe SB.BIARKUHQW Y
.Twu 80.2), as shown in[Figure 3.3| At this step it is thus possible to conclude that the

PLVPDW FKalke® far argon is the unigue responsible for the poor correlation of

the COz-argon vapor- OLTXLG HTXLOLEULXP G DMWbctidn av263WK.H 72Z X
Such a difference between .-function values in the supercritical domain, for both CO 2

and argon, appears to be caused by the presence of two inflection points along the

7Z X -curve. As highlighted by|Figure 3.2|and|Figure 3.3 7 Z X -functions of

argon and CQ: go from convex to concave to convex with a steep and quick deaase in
WKH FRQFDYH SBXWRI 2WMKXMKH RWKHU -Kix@6is $tfikth 6 RDY H

convex on the whole temperature range with a significantly slower decrease in the

supercritical domain. |Figure 3.2|and|Figure 3.3|thus give rise to two questions which

are addressed in the next section: are the two inflection points observed on the Twu91

.-curve the actual responsible for the poor correlation of the binary vapor-liquid
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equilibrium data and, above all, are such inflection points thermodynamically

consistent?

35. u; bm=t;1|bom rebraesthermodynamically consistent?
To begin, let us recall that at an inflection point, the curvature of a function chan ges

sign and hence its second derivative vanishes:

(3.14)

Among all th e thermodynamic properties that can be derived from a CEO0S, the residual
heat capacity at constant volume is directly proportional to the second derivative of the

.-function:

(3.19H
The  coefficient is given by:

(3.16)
with the heat capacity at constant volumeof the perfect gas. As a direct consequence,

L I D-Qurve exhibits an inflection points at temperature , the second derivative of
. ZLWK UHVSHFW WR WKH WHP $3HYDawW XY H YcBbnQels\oktldnd, VHH (T

thus, takes the value of that of the perfect gas, (see Eq.(16)), uniquely dependent
on temperature. It is thus possible to write that, at

(3.17
and whatever the molar volume is (i.e. irrespectively of the pressure), is the same

(that of the perfect gas). Since, at the temperature : results to be pressure
independent, all the isobaric curves ina - plane are going to intersect at such a

temperature. For illustration purpose, the change of  with respectto , calculated

for pure CO2 ZLWK W KH -fudction (see|Table 3.2(for values of L, M and N), is

shown in|Figure 3.4|within the pressure range 50-150 ba. As expected, at the two

reduced temperatures ( and ) where the .-curve exhibits an inflection point
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(i.e. where the second derivative vanishes) all the isobars (P bar =50, 100, 150) in the
( , ) plane intersect. Experimental evidences about this peculiar behavior have

never been observed and therefore we are convinced of its unphysical foundation.
Consequently, the presence of inflection points R Q-curves should be regarded as
thermodynamically inconsistent and should, thus, be avoided. In other words, the

VHFR QG G H U Liynbtldhis ¥hHeuld hever cancel out.

Figure 3.4. lllustration of the unphysical isobars crossing when the second derivative
R 1 D-Qunction cancels +case of CQ.

7R DYRLG LQFRQVLVWHQW L @ur@ethe WusRrgpdSdthezovivexRy@f W K H

W K Hunction, for any temperature value:

(3.19)

7KDW EHLQJ VDLG SDUD P Hunchidd ¥f G022 &ddKadgohhXve thus been

re-regressed in this section by imposing the constraint on the second

derivative (the mathematical aspects are derived in Appendix A). Corresponding values

for the L, M and N parameters are reported in|Table 3.3
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CO2 Argon

L 0.091 0.072

M 0890 0.919

N 3.805 2.667

Table 3.3. Parameters regressed for the Twu9l.- I XQFWLRQ ZKHQ FRQYH[LW\ R

curve is enforced.

.-curves obtained with and without the imposition of the convexity of the

corresponding Dfunction (Eq. (3.18)), are reported in|Figure 3.5|and|Figure 3.6| The
VHFRQG GHULYDWLY HurktionnsKalso Fap@pt&difo enable the reader to

attest that, as imposed, it is always positive.

Figure 3.5 -function of pure argon and its second derivative when the convexity

constraint is enforced.
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Figure 3.6 -function of pure CO2 and its second derivative when the convexity

constraint is enforced.

As highlighted by|Figure 3.5(at the working temperature of 253.1 K, the value of the

non- F R Q Y Hffinction of argon (being supercritical in this condition) is 0.19.
Differently, Twu91 L, M and N parameters optimized under the imposition of the
FRQYH[LW\ FRQVWU Bfiin@tidh @ldeDot 0.8 Rat Bh@ same temperature of
253.1 K. On the other hand, at 253.1. .-value of CQ, (being subcritical at that

temperature), is only slightly affected by the addition of the convexity constraint (see

Figure 3.6); it raises from 1.10 to 1.13.

Moreover, it should be noticed, from both |Figure 3.5|and [Figure 3.6| that major

F KD QJH\uRe€3, deriving from the imposition of constraint in Eq. (3.18), lie in the
supercritical domain, leaving almost unchanged the subcritical part of it. This is a
straightforward consequence of the fact that, as mentioned above, only subcritical data
were used in the optimization procedure. It is also possible to conclude that different
sets ofparameters leading to the same objective function value, i.e. leading to the same
Dfunction values in the subcritical domain, are obtained when Eq. (3.13) is minimized.
Such sets of parameters however lead to totally different behaviors in the supercritical

region.

Furthermore, |Figure 3.7|reports the comparison between experimental VLE data and
phase diagrams calculated by means of the PR(R6 HLWKHU FRPELQHG-ZLWK W
function (as previously shown in|Figure 3.1) or with the re -parameterized Twu91 model
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(L, M, N parameters collected in|Table 3.3). Comparing|Figure 3.1{and|Figure 3.7| that

only differ in the VLE calculations performed with the Twu91 model, it is possible to

attest that the imposition of the condition to Twu91 parameters [Figure

3.7) results in a spectacular improvement of the accuracy of such a modellFigure 3.7

also highlights that a similar accuracy of prediction is achieved using either the Twu91
~IXQFWLRQ ZLWK WKH FRQYH[LWYu&QVWUDLQW RU WKH 6RI

Figure 3.7. Binary phase diagram of the CQ-Ar system at 253.1 K when the convexity

constraint is enforced ( ).A satisfactory prediction of the binary phase

diagram being now achieved by the imposition of , our following priority

concern is the investigation of the necessity of adding new constraints to properly
predict state functions, such as enthalpies and heat capacities, also in the

supercritical domain.

3.6. Relevance of the parameters obtained by imposing 7yNF7$y » « |0 ru;7b1l]| v|-]

functions in the supercritical domain

Pseudo-experimental enthalpy () and heat capacity () were generated for pure

CQOz and pure argon in the supercritical domain, in particul ar for reduced temperatures
ranging from 1.2 to 5. The reference SpanWagner equation [100] was used in this work
to estimate properties of COz at 10, 59.7, 109, 159 and 209 bar, while the TegelelSpan-
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Wagner reference equation [101] was used for argon at 10, 42, 74, 106 and 138 bar.

Figure 3.8|shows the comparison between properties calculated with these reference

models and their values determined with the Peng-Robinson EoS combined with the

Twu9l Dfunction (see(Table 3.3|for values of L, M, and N). As it can be seen from

Figure 3.8¢ and|Figure 3.8¢, molar enthalpies () are well represented by the newly

U H J U H MdhELiGns for both CO2 and Ar: not only the numerical values are accurately

predicted but also the change of  with respect to the temperature is properly
reproduced. Totally different conclusions apply for the . The PengRobinson EoS
ZLWK WKH FXUUHQWQFMWLRQXPWHCECEFWV D 3ZDYH VKDSH™ ZK
of reference equations results in a weak change of the  with respect to temperature

(a2 minimum is only observed). Such unexpected behavir is particularly visi ble in

Figure 3.8p, relative to COz. By comparing|Figure 3.6|and|Figure 3.8p, it is noticeable

that both and FXUYHV H[KLELW WKH VDPH 3ZDYH VKD

temperature range. It is thus expected that the curve would exhibit a more realistic

WUHQG E\ UHPRYLQJ WKH 3ZDYH YW.STH doRhat, iviKdhough

to eliminate (see[Figure 3.6) the increasing part of such a function. In other words, it

is expected that the imposition of condition would resultin  variations

with temperature, calculated with the PR EoS, being similar to those obtained with the

reference equations.
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Figure 3.8. Prediction of supercritical of argon (a) and CQ: (b) and prediction of
supercritical of argon (c) and CQ: (d) when convexity constraint ( )

only is applied.

7R FKHFN WKLV K\SRWKHVLV WKH -axibD &f iC@LHhb\argdh WKH 7 Z

have been thus reoptimized under the simultaneous imposition of and

. Optimal values of parameters are reportedin|Table 3.4
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CO2  Argon

L 0.091 0.072

M 0.890 0.919

N 3.805 2.667

Table3.4. 3ADUDPHWHUYV UHJUH V VilGctibR WheN Both the convexity of
W K +gurve DQG WKH QHJIJDWLYLW\ RI WKHuWMtiohUG GHUL

are enforced.

.-functions that result from the use of th ese parameters|Table 3.4) are represented in

Figure 3.9(and|Figure 3.10| These figures also report the second derivatives, calculated

ZLWK UHVSHFW WR WHPSHU Buickdn$] A tddipO©dbange YhHhe/gtape/ K H V H
R1 W Kutve which results from the use of this new set of constraints concerns the
UDWH D W-fuhktibisklecrease to zero. It can be seen that the use of parameters

reported in [Table 3.3|(optimized over the unique constraint ) results in

.-functions that equal zero at a reduced temperature Tr ~ 4, while the application of

parameters optimized under the simultaneous imposition of and
J H Q H U Bfidtians that equal zero at higher reduced temperatures, Tr

> 8. Therefore, for such functions, the attractive term of the CEoS used for the

calculations still plays a relevant role at high temperature.

Supercritical and  of COz and argon are represented in|Figure 3.11 For both

compounds, the quality of prediction of is similar to the one previously obtained
ZKHQ WKH WKLUG G Huhttioms\abuld bk pokitleK®h the other hand, this

new set of parameters not only guarantees more accurate values but also correct
trends of  -variations with temperature, with respect to results obtained from
reference models

It is legitimate now to wonder what was the prize to pay to get such a large
improvement of the state functions in the supercritical domain. Were subcritical

properties damaged? To answer this question, deviations on , and for

both compounds have been calculated and reported inTable 3.5| The content of this

table enables the comparison betveen results obtained with the addition of the
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FRQVWUDLQW RQ WKH W Kiutt®BnGahe restsvabtéiHedRwhel Kty .
the convexity constraint was enforced. As highlighted by [Table 3.5 this huge

improvement on the prediction of the supercritical properties is marginally

counterbalanced by a small accuracy decrease of  of COz and argon. Moreover, it is

worth noting that of CQz is better predicted when the negativity constraint on the
WKLUG GHULY Dhttioiisreét s tHat. is calculated with the same

accuracy in both cases.

Finally, the COz2-argon binary phase diagram is represented inFigure 3.12 Impressive

results are obtained by the application of the full set of constraints ( and

), even slightly better than when only the convexity constraint is enforced.

As shown by|Figure 3.12] the resulting optimal Twu91 formulation is characterized by
DQ DFFXUDF\ VLPLODU WHin¢ishbW RI WKH 6RDYH
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Figure 3.9 -function of CO2 and it second derivative when constraints

and are simultaneously applied.

Figure 3.10 -function of argon and it second derivative when constraints

and are simultaneously applied.
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Figure 3.11 Prediction of supercritical of argon (a) and CQ: (b) and prediction of
supercritical of argon (c) and C&: (d) when constraints and
are both applied.

Constraints applied Error Psat Error @apH Error
0.27% 2.16% 3.95%
Argon
0.28% 2.30% 4.74%
0.56% 0.92% 5.52%
CO2
0.29% 1.01% 6.99%

Table 3.5. Comparison of the errors calculated on subcritical properties for CO2 and
DUJRQ ZKHQ RQO\ D FRQVWUDLQW R Q-fuMdfith ivapplieRdQ G GHULY

and when the constraint on the third derivati ve is added to the previous one.
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Figure 3.12 Binary phase diagram of the CQ-argon system at 253.1 K when

constraints and are simultaneously applied.

In conclusion, the addition of a new negativity constraint on the third derivative of the
~IXQFWLRQ L OHDGV WR D WKHUPRRMGHDm DR tHeDMdde\! FRQV L)
temperature range, avoiding non-physical  changes with resped to temperature, (ii)

allows for a good prediction of subcritical properties used in the regression procedure

and (iii) correctly extrapolates to the supercritical domain. We can thus claim that a

S U R SHfubction must satisfy all the following constrain ts:

(3.19)

The set of conditions reported in Eq. (3.19) establishes what we decided to call a
SFRQVLVWHQF\ WHMW TR RQVKHU ZRUGV LI RQH RI WKHVH
satisfied, the EoS will possibly return +depending on the temperature and pressure

domain zinaccurate or unexpected values.
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At this step, it could be argued that our derivations rely on the unique analysis of the
Ar + COz binary system which contains two molecules having the same size. In order
to convince the reader that our conclusions are general, the sizeasymmetric CO2 + n-
decane system is studied in the next seabn.

3.7. Study of a size-asymmetric binary mixture with classical mixing -rules: case of the
CO2 + n-Cyo System

In this section, our objective is to test the influence of the selected Dfunction on the

correlation of the properties of the CO2 + n-decane sizeasymmetric binary system with

the PR E0S. As was previously made, threeDfunctions will be compared: the soave D

function, an inconsistent Twu91 Dfunction (which fails the proposed consistency test)

and a consistentTwu91 Dfunction (which passes the proposed consistency test). To
treat this system, classical mixing rules are preferred over complex mixing rules for

two reasons: (i) excellent accuracy of prediction is achieved for this system by only

regressing a  over experimental phase equilibrium data and (ii) discussion will be
facilitated when it will come to compare different optim al values. Their expressions

are reported below:

(3.20)

In a first step, the isothermal ( P,x,y) phase diagram was calculated at 520 K with the 3

different Dfunctions. For COz2, the parameters are those determined in the previous

sections (seqTable 3.2|and|Table 3.4) and the plots of the inconsistent and consistent

Twu91l Dfunctions are shown in[Figure 3.2|and|Figure 3.9|respectively. For n-Cio, the

three parameters of the Twu91 Dfunction are those which minimize Eq. (3.13). They
were determined twice: (i) without any specific constraints and (ii) by simultaneously

imposing and in order to get a consistent Dfunction. At

520 K, CQ; is supercritical and as highlighted by|Figure 3.2[and|Figure

3.9/ at such a temperature, the inconsistent and consistent Twu91 Dfunctions have

very different values. On the other hand, n-Cio is subcritical so that

the two Twu91 Dfunctions, the parameters of which were fitted in this temperature
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range, have very similar values. Calculations of the phase diagrams at 520 K are

reported in [Figure 3.13 In this figure, no difference can be seen between the red full
FXUYH 6+ubctidh) and the blue dashed curve (consistent Twu91l Dfunction):

they are superimposed even in the vicinity of the critical pressure. Fitted values to

EH XVHG ZLWK WKH 6RDYH D Q GfutHaAs BrR 950 v&y\tldse With7 Z X

respective values of 0.14 and 0.11 which correspond to expected values of this

parameter.|Figure 3.13also highlights that the green dashed curve corresponding to

the inconsistent Twu91l Dfunction does not correlate badly the experimental data
points although it over predicts the critical pressure. However, th e major drawback

with the use of this inconsistent Dfunction is the value of the optimal which was
found to be equal to +2.43, far beyond an acceptable value. This abnormal  value

can be explained by the role this parameter plays when the inconsistent Twu91 D

function is used. Indeed, in this case, the endorses the role of a corrective term

which restores the quality of prediction of the CEoS by counterbalancing the wrongly
HV WL P Brelud @& COr at 520 K. At this step, one could believe that it is not necessary
W R U H J U Huhetio gakameters by imposing the constraints listed in Eq. (3.19) as

long as the , or any other parameter from any mixing rule, can compensate the

GHIHFWYV HuncWiK Hhis reasoning is however not admissible because, as
previously demonstrated, heat capacities and enthalpies of CQ at 520 K will be
HIWUHPHO\ SRRUO\ S{uHoBdnFwésitdt pdsswhie idroposed consistency

test. Therefore, atoo large  value is not only an unordinary value but also a warning

agDLQVW SRRUO\ -fundtibb hbatahheters .that might lead to inaccurate

predictions of supercritical properties of pure compounds.

In the next few lines, in order to convince the reader of the absolute necessity of using
D FRQVLV¥mELEDQ Wtheir calculations, the mixing enthalpies (hM) of the COz +

n-Cio system are predicted with the three considered Dfunctions (Soave, consistent
and inconsistent Twu91). Calculations are performed at 125 bar and at 470.11 K and
573.11 K and theresults are reported in|Figure 3.14jand|Figure 3.15 At 470.11 K and

125 bar [Figure 3.14), the inconsistent Twu91l Dfunction (that corresponds to

) over predicts by a factor 100 the experimental mixing enthalpies and

wrongly predicts a one-phase system whatever the composition is. On the other hand,
coupling a R ZLWK WKH FRQWu¢titvHQaVv 7 a X%.14 with the
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6 R D Ydnction leads to an accurate prediction of hM. It is believed that the consistent
7ZX -IXQFWLRQ SHUIRUPV EHWW-fhhttio KsBeQFigMrK 3.14pR D Y H

because its parameters were not only regressed on vapor pressures but also on

vaporization enthalpies and heat capacities (Soave solely parameterized hisDfunction

with the objective of reproducing the experimental vapor pressures). At 573.11 K and

125 bar [Figure 3.15 a non zexisting VLE is predicted and poor results are obtained for
the mixing enthalpies when a of + LV FRXSOHG ZLWK WKH LQFRQVL

IXQFWLRQ ZKLOH WifindtioNsZaRoviRfoY &ntHekt®llent adequacy between the
experimental points and the predicted curves.

In conclusion, we can state that the constraints defined by Eq. (3.19) apply whatever
the binary system. This section also pointed out that the classical Van der Waals mixing

rules, involvinga , do not permit to overcome the limitations of a poorly regressed
.-function. Indeed, when a very large is calculated to balance the deficiencies of a

non- F R Q V L V-Indti@nnot so bad VLE correlation can be achieved but extremely
poor predictions of the derived properties (here illustrated with the mixing enthalpies)

is performed.

Figure 3.13. Prediction of the CO;1-Cio SKDVH GLDJUDP DW . ZLWK GL
functions and classical mixing rules. 5HG IXOO FXUYH LV FDOFXOGDWHG Z
IXQFWLRQ ZKLOH EOXH DQG JUHHQ GDVKHG F XfuhgtiddY DUH FD
3DUDPHWH U Vfultio iVikset to calculate the green curve do not satisfy the
consistency test while parameters of the blue curve do.
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Figure 3.14. Calculation of the mixing enthalpies of the CO; i-Cio system at 470.11 K
and 125 bar.

Figure 3.15. Calculation of the mixing enthalpies of the CO2 i-Cio system at 573.11 K
and 125 bar.

Although it is claimed that the consistency test developed in this paper apply whatever
the component, a special attention should be paidtothe sc FDOOHG STXDQWLF IOXL
He and Hz. This is the aim of the next section.

3.8. The special case of quantic fluids (H: and He)

He and Hz, the critical temperatures of which are 5.20 K and 33.15 K respectively, are
qualified of quantic fluids as their low temperature physical behaviors can only be
represented if quantum effects are taken into account in the modelling procedure.

Consequently, they must be treated apart from other classical fluids. As an example,
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Gasem et al.[102] and Mahmoodi et al. [85] QRWLFHG W Kuh#tions KiHQ and

He are both regressed on vapor pressures, they exhibit an increasing and
concave portion followed, at least for H2, by a decreasing
and convex portion in the supercritical domain.

Working with quantic fluids and in order to determine the proper shap e (convex or

F R Q F D Y Hund®dns in the subcritical temperature range, let us recall that and

WKH VHFRQG G H U-tuvdiof havealway3dthi€ shme sign. We indeed can write:

(3.21)

Along the vaporization curve, i.e. when the pure component is in VLE, the 2 phases

have thesame temperature i.e. the same value and both the liquid and vapor
phases calculated from a CEoS have the same sign (the sign of the second

GHULY DW L ¥fthcRoin) EEKtildcted from the NIST databas e, the quantity of

He and H: for both the liquid and vapor phases are shown in|Figure 3.16{and|Figure

3.17

One can see that for H at a temperature lower than 28.5 K, experimental of the

liquid phase is negative while it is positive for the vapor phase. Therefore, at these low
WHPSHUDWXUHYV ZKHUH IOXLGV DUH T XD Qfirdtibn stoldH VHF R Q ¢
be both positive and negative. This coo WUDGLFWLRQ OHDGV XV WR DIILUP
function cannot represent simultaneously the liquid and vapor phases. In other words,

these fluids do not follow the 3-parameter law of corresponding states in the low

temperature range. It is also possible to conclude that data in the subcritical

WHPSHUDWXUH UDQJH DUH QRW UHOHYDuQabn& DWD WR ILW W

Although the quantum effects cannot be described by a 2parameter CEoS, it would be
valuable to accurately represent the behavior of He and H in some specific
temperature ranges due to their use in some chemical process plants. First, it must be
noticed that in most applications, the operating temperature is far above the respective

critical temperatures of these two compounds. Therefore, focusing on the subcritical
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temperature range is not relevant. Secondly, it is expected that at reasonably high
WHP S HUD W Xhttivh oV &aldh of these pure compounds behaves like a classical
fluid, i.e. it satisfies, all the criteria defined by Eq.(3.19).

,Q RUGHU WR YHULI\ Zfkrndtivns hfJH&R ahd IR ¥t sufficiently high
temperatures behave conventiondly, a regression of the Twu9l parameters was

performed on both subcritical [ and ] and supercritical [

and ] data. The same weight was given to all theproperties. Subcritical

were excluded from the regression procedure since values for the liquid and vapor
phases are conflicting. The supercritical experimental data were generated using the
NIST database at pressures of 10, 10@&nd 1000 bar, for temperatures varying between

DQG . ZLWK D VWHS RI . )J)RU FRPSDULVR® SXUSR

function parameters was also performed on (i) only subcritical data and (ii) only

supercritical data. Results of these calculations are reported in|Figure 3.18|and|Figure

3.19and numerical values of the MAPE are reported in|Table 3.6

Results shown infFigure 3.18Jand|Figure 3.19jare in accordance with previous literature
VWXGLHV DV BudiehY Wve DE@&Asing functions of temperature in the low

WHPSHUDWXUH UDQJH 7KH \dufyd af H2 WMthFpEr&veteR @glessed/ KH .

on supercritical data which is a monotonically decreasing, convex function of
temperature. This result is highly reassuring as at temperatures above 150 K (the

smallest temperature of the experimental supercritical data) we expect the fluid not to

EHKDYH DV D 3STXDQWLF IOXLG” DQ\PRUH L H WRSWUHVSHFW

The following conclusions can be drawn from|Table 3.6{|Figure 3.18Jand(Figure 3.19

x When the L, M and N parameters are only regressed on subcritical data, excellent

representation of the subcritical properties is achieved although an incr HDV L-Q J

function is calculated on this temperature range, demonstrating the unusual

EHKDYLRU RI IOXLGV LQ 3 TXDQWLF VWDWH" OHDQZKLOH
represented (segTable 3.6). As seen inFigure 3.18) LQ WKH FDYV HflétierH WKH .

goes to zero at a temperature of 40K (red dashed curve) and, thus, is unable to

DFFXUDWHO\ HIWUDSRODWH DW KLJKtdttionh Hid@thtleD W X U HV

for most of the actual processes involving this molecule.
x KHQ W-KiRction parameters are regressed on both subcritical and supercritical
properties, a slight accuracy decrease of prediction is observed for the subcritical

properties while supercritical ones are largely improved. This enhancement is
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FDXVHG E\ WKH VHub&@dh & highv teidperature, which is adjusted to
represent the residual heat capacities and enthalpies. This improvement is obvious
when attention is paid to the change of W K H +ihction with respect to the case
ZKHQ RQO\ VXEFULWLFDO GDWD Zhttieh 9 Mehydiffergnti G 1R Z \
from zero at temperatures above 150 K, dividing by two the error over heat
capacities while leaving almost unchanged the other properties. An excellent
improvement of the supercritical properties is also achieved when considering Ho.

x Finally, regression on solely supercritical properties is not desirable as errors on
saturated pressures and vaporization enthalpies skyrocket while the benefit on the
prediction accuracy of supercritical properties is not significant. More generally,
one can observe that on the temperature range for which experimental data were
JHQHUDWHG DQG XVHG LQ WKH U Hfondtibh' LR QricB/URFH G X L
decreasing, convex function of temperature. A graphical representation of the third
derivative would show that it is negative. This confirms that molecules which
EHKDYH DV 3TXDQWLF IOXLGV" LQ WKH ORZ WHPSHUDWXU
tendency at higher temperature and that the consistency test, defined by Eq(3.19),

is satisfied.
, Q FRQF O Xunttier@ of quantic fluids:

Exhibit a bell shape (increasing and concave functions) below 40 £50 K.
Become decreasing, convex and with a negative third derivative at temperatures
higher than 50 K (i.e. they satisfy Eq. (3.19)).

Should be regressed on both subcritical and supercritical data to achieve
satisfying representation accuracy of the thermodynamic properties on the

whole temperature range.
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MAPE (%)
Type of data
used in the Supercritical Supercritical

regression
procedure

Subcritical 0.001 3.68 20.79 100.00

He Supercritical 141.44 78.29 21.30 24.17

Both 1.75 7.00 18.09 42.77

Subcritical 0.02 3.17 54.52 58.91

H2 Supercritical 38.23 50.23 4.90 44.22

Both 2.16 4.66 6.08 56.27

Table 3.6. MAPE calculated for He and H2 with respect to the type of data used in the
UHJUHVVLRQ SURFH G Xfundtidd lpataikéters ZsKbcritical, supercritical

or both).

After this debate on the particular behavior of quantic fluids, the next section aims at
GLVFXVVLQ JuddtianFsKpublished in the open literature, pass the proposed
consistency test (see Eq(3.19)).
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Figure 3.16. Residual heat capacities of vapor and liquid phases of saturated H.

Figure 3.17. Residual heat capacities of vapor and liquid phases ofaturated He.
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Figure 3.18 2 S W L P Lflikc@ons of He. Small dashed curve is regressed on
subcritical data, large dashed curve is regressed on supercritical data, full curve is

regressed on both subcritical and supercritical data.

Figure 3.19. 2 S W L P L{tth&ions of H 2. Small dashed curve is regressed on
subcritical data, large dashed curve is regressed on supercritical data, full curve is

regressed on both subcritical and supercritical data.
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3.9. o 1tuu;nfindions available in the open literature pass the proposed

consistency test?
ODWKHPDWLFDO

F R Q dundficrRaQd/ itsRQccessvd derivatives aimed at

ensuring consistent and accurate calculations of thermodynamic properties in both

subcritical and supercritical domains have been identified along the previous part of

this paper (see EQq.(3.19)). This section evaluates which of the mosW O\ X-NuiHdBons

of the literature fulfil all these conditions. Mathematical derivations are detailed in

Appendices A to L and only main results are reported in[Table 3.7

The WZHOYH V HOdidhe &testhose which are generally available in process
simulation software. We selected:

1- Soave 1972

2- Soave 1984

3- Gibbons-Laughton
4- Stryjek-Vera

5- Mathias-Copeman
6- Mathias

7- Twu 1995

8- Boston-Mathias
9- Trebble-Bishnoi
10- Melhem-Saini-Goodwin
1% Twu 1988

12-Twu 1991

As highlighted in|Table 3.7

eight over twelve of these well N Q R Z-€unctions (Soave

1972, Soave 1984, Gibbond.aughton, Stryjek-Vera, Boston-Mathias, Mathias-
Copeman, Mathias, Twu 1995) fail the proposed consistency test whatever the values
RI WKH SDUDPHWHUYV DUH -ftttion®R (XrgbbleHBsDBrioQ Méhem -

Saini-Goodwin, Twu 1988, Twu 1991) pass the test but only ifconstraints (sometimes

drastic) are added to the parameters.

H FDQ WKXV FRQFOXGH WKDW SUHYVH Q Wfanctioh Whithvy LPSRV'
passes our consistency test for any values of the parameters.

From a practical point of view:
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1- Al -IXQFWLRQV ZKLFK GHU L YftthctionRtRe 86 KFHD ORMHGH3SRO\QRP L
~IXQFWLRQVS DUH QRW PRQRWRQLFDOO\ GHFUHDVLQJ X
special caution should be taken when those are applied to light supercritical
compounds at reduced temperatures above the temperature at which the minimum
R1 W K Huvidtions occurs.

2- TKH KLJKHU WKH QXPEHU RI| DG MKMWsEtGeHagIBrutHe PHWH UV
optimization procedure will be since more constraints on the parameters will have
to be added, to ensure that the function passes the consistency test. Tweparameter
.-functions appear as agood trade RIl EHWZHHQ FRPSOH[LW\ DQG IOH]JL
function formulation.

3- 3LHFH z{uvdtions should at least have 2 parameters in the subcritical and
supercritical temperature domains. Application of the continuity constraint of the
ILUVW DQG VHFRQG Gfuhdtior peiwitsYdiegtaRlishDelations between
subcritical and supercritical parameters. As a consequence, thermodynamic

properties, suchas and , would be kept continuous at the critical temperature.

4- W VKRXOG EH QRWLFHG WKDW D-RRc@ds iudidd WhR JHQHUD
paper (Soave and Twu 1995), none of them satisfiesall the constraints of the
proposed consistency test. For molecules with an acentric factor out of the range

or for the prediction of heat capacities just above the critical temperature, the

6 R D Y-#dnction should be preferred.

3.10. Conclusion
X 7TKH PDLQ FRQFOXVLRQ RI-fahktions MUstWLFOH LV WKDW .

1. Be of class Cz2, i.e., their first and second derivatives must
exist and must be continuous for any temperature value,

2. Be positive for any temperature value ,

3. Be monotonically decreasing for any temperature value ,

4. Be convex for any temperature value ,
5. Also verify for any temperature value.
All these requirements are absolutely necessary to get accurate and physically

meaningful behaviors in both the subcritical and supercritical domains. Other key

conclusions follow.
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Xx 7KH UROH -RrctWKidHat.least as important as the role of mixing rules. As
highlighted with the CO2-argon binary system, even with the most elaborated
PLILQJ UXOHV DQ -fuQdidh @M alwayHeadMo .poor results if at least
RQH FRPSRQHQW LV VXSHUFULWLFDO 7KH 4udctiohUVH
coupled with unsuitable mixing rules cannot lead to accurate results.

X When the parameters of component- V S H F L-fulbé&ions are fitted in order to pa ss
our consistency test [Eq. (19)], pure component properties in the supercritical
region are highly improved without deteriorating the accuracy of the calculated
subcritical properties.

X The parameter-optimization procedure, aimed at determining the parame ters of a
JLY H &unction by minimizing the deviations between calculated and
experimental vapor-liquid equilibrium data, can generate many sets of parameters
leading to similar objective function values (meaning that the same behavior is
observed when temperature is below the critical temperature of the pure compound)
but inducing totally different behaviors in the supercritical domain. The constraints
proposed in this paper make it possible to select the best set of parameters. It is
believed that similar constraints should be developed for SAFT-type EoS[103]. It
is indeed well-known that the fitting of the three p arameters , and on
saturation pressures and liquid densities leads to many triplets of solutions for
which the objective function is the same.

x 1RQH RI -Wrictibns currently published in the open literature passes the
proposed consistency test. Researches in this areghus need to be intensified.
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.-function

Class
C(%)

Condition(s)

Soave
(1972)

[7]

Soave
(1984)
[32]

D o

D ” :

Gibbons-
Laughton
[87]

Stryjek-
Vera[29]

Mathias-
Copeman
[26]
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: Class .
.-function (%) Condition(s)

Mathias
[90]

Twu
(1995)
[36,37]

(seecoefficients in Appendix C)

Boston-
Mathias
(84]

Trebble-
Bishnoi

[88]
Melhem-
Saini-
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Class

.-function C2(*) Condition(s)

Goodwin
[89]

Twu
(1988)
[35]

Twu
(1991)
[19]

Table 3.7. Mathematical DQDO\VLV Rl WKH-féh&igns. O\ XVHG .

IXQFWLRQ LV VDLG WR EH RI FODVV &6 LI WKH IXQFWLRQ LWV ILUVW GHULYDWLYH
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3.11. Appendices
3111 rr;m7bS 9 I-|_;l-|bl-t v|t7¢< o=-functi®d%pi®l+ N

Although classically expressed by introducing 3 adjustable parameters denoted L, M
and N (see Eq.(3.22) W KH 7 Zinctian can be alternatively written under a
simpler form involving three different adjustable parameters denoted L, Gand J(this
form appears more convenient to perform a mathematical analysis of the function and

its derivatives):

(3.22)

(3.23)
ZKHUH / DQG A DUH UHODWHG WR 0 DQG 1 IROORZLQJ

(3.24)

x ,V W Kfdnction of class C2? Yes.

It is recalled that a given function is said to be of class C if its first and second
derivatives exist and are continuous.

x ,V W Kidnction always positive? Yes.

X Is the first derivative of the .-function always negative?

7KH ILUVW GHUL YuhtidnYsH R1 WKLV .

(3.25)
The quantity is positive provided is positive itself.
Study of the sign of (reported in [Table 3.8):  is positive so P is a monotonic
function of . Therefore, is positive for any value of if the limits of P are

both positive when  tends to O or to
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Acceptable Yes, if Yes, if
) No No
solution?

Table 3.8. Limit of P at the infinite temperature limit with respect to the signs of L
DQG A

Summary: Is positive for any positive value of if:

(3.26)
Xx ,V WKH VHFRQG GHU L Y-iDrwtiory dwadys pasKive?.
Following Eq. (3.26), it is now assumed that and . The second derivative
R1 WKH 7Zukction writes

(3.27)

and being positive, the variable is also positive. Polynomial IS positive

if [104]:

(3.28)
Since , the second condition of Eqg. (3.28) is already true and can be left aside.

Finally, Eqg. (3.28) leads to a single inequality:
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(3.29)
X Is the third derivative of W K Hfunction always negative?

Inequalities (3.26) and (3.29) are now assumed to be true. The third derivative of the

7Z X -function is:

(3.30)
with . The quantities X, Y and Z are defined as

(3.3
Polynomial is positive if [104]:

(3.32)
Since (see Eq.(3.26)), the condition (where is defined by Eq. (3.31)) is
always verified. According to Egs. (3.30) and (3.32), it can be concluded that
IS negative provided:

(3.33)
A graphical representation of the constraints (red area) and (yellow area)

Is proposed in|Figure 3.20

&RORUHG DUHDV DUH IRUELGGHQ WR SDUDPHWHUV A DQG |
7TKH FRQFDYLW\ FRQfWtidDit &3¢/ rdpresdnteHi (the blue area is an area

wherein the condition is not satisfied). An analysis of the graphic shows
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that if the constraint is satisfied then the convexity constraint and the

constraint are automatically satisfied.

Figure 3.20. Representation of the set of constraints defined by Eq.(3.32).

X Conclusion:

7TKHUHIRUH W K-funciiahXis a. positive decreasing convex function of
temperature with a negative third derivative if one of the two following sets of

constraints is verified

(3.34)
Where the quantities X, Y and Z are defined by Eq.(3.31).
311.2. rr;m7bS 9 I-|_;l-|bl1-t v|T7<¢ o=-functi@3Byv N
7 K L Munction writes

(3.35)
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7TKLVIXQFWLRQ LV D SDUW.LF X Ofdbrigtichivith-N &et td\2KTHheieibde,
UHVXOWY GHULYHG LQ $SS Hforetioh §an Belus¥d kKoHleedne the

conditions on the L and M parameter V WKDW OHDG WR D FBWQMLVWHQW 7Z.

JRU WKHKXKQWFWLRQ WKH UHODWLRQV EHWZHHQ SDUDPHWHUYV

(3.36)
x ,V W Kidnction of class C2?  Yes.
x ,V W Kidnction always positive? Yes.
Xx ,V WKH ILUVW GHU L ¥inatibryahivdys nagktide?
By combining Egs. (3.26) and (3.36), one obtains:

(3.37)
x ,V WKH VHFRQG GHU L Y-iDnttiory aivdys paskive?.
It is now assumed that and . By combining Eqgs. (3.29) and (3.36), one
obtains:

(3.38)

A mathematical study of inequality (3.38) makes it possible to demonstrate that the

only acceptable values of M are such that:

(3.39)

Note that the combination of inequalities and (3.39) results in the single

inequality (3.39).

X ,V WKH WKLUG GH UL YiDndtibryatvayd négitide?

One assumes that and . According to Egs. (3.31), (3.33) and (3.36),

two possible sets of conditions ensure the negativity of

1. Either
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$V IRU W K H-furigtion, the constraint entails the convexity of the
7Z X -function and the inequality

(3.40)
2. Or

In the case of the Twu88 Dfunction, this inequality writes:

(3.41)
By solving numerically this inequality, one obtains:

(3.42)
Combining inequalities (3.39) and (3.42) leads to:

(3.43)

As previous, it can be proved that choosing the M parameter in this range
ensures alsotheon YH[LW\ RI W KHunetiox

Finally, according to Egs. (3.40) and (3.43), one deduces that the third derivative of
W K H 7 Z Xunction is negative provided:

(3.44)

x Conclusion:

7R VXPPDUL]H W Kfuhcflad Xs a positive decreasing convex function of
temperature with a negative third derivative if the following set of co nstraints is

verified (resulting from the combination of Egs. (3.37) and (3.44)):

(3.45)

3.113. rr;m7bS 9 I-]_;l-|b1l-t -m-tc<vbv ofangtion $3637+” N
7 K L Munction is said generalized since it does not involve adjustable parameters. The
sole knowledge of an experimental value of the acentric factor ( ) makes it possible to

evaluate
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(3.46)

The universal parameters ( , , for and LQYROYHG LQ WKL
function are reported i n|Table 3.9
T, 7 T, >1
0 @ 0 @
L 0.141599 0.500315 0.441411 0.032580
Redlich-Kwong M 0.919422 0.799457 6.500018 1.289098
N 2.496441 3.291790 -0.200000 -8.000000
L 0.125283 0.511614 0.401219 0.024955
Peng-Robinson M 0.911807 0.784054 4.963070  1.248089
N 1.948150 2.812520 -0.200000 -8.000000

Table 3.9. Universal parameters regressed for the Twu95 .-function.

Different sets of parameters are used in the subcritical and supercritical domains.
7KHVH SDUDPHWHUYV ZHUH U Hurdtidivdf elaSs @R REWDLQ DQ

X ,V W Kfdnction of class C2?

Yes, due to the addition of this constraint during

the regression procedure of the universal parameters (seeFigure 3.21)

The presence of salient points on the second derivative curves of this.-function can

however be noticed (which is the consequence of a norcontinuous third derivative of

the .-function).

x ,V W K-function always positive?

negative or high positive values of
X ,V WKH ILUVW GHU L Y-udttion HiwRyls Nedative? No (see Figure

3.21(b)).

No (see .-function curves plotted for

in Figure 3.21(a)).

X ,V WKH VHFRQG GH UL Y-iDn'tiory diwdy$s posKive?. No (seeFigure

3.21(c)).
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x ,V WKH WKLUG GH UL Y-inmtioly &lws&/s naigative? No (seeFigure

3.21(d)).

x Conclusion:

To conclude, Figure 3.21 shows that the consistency test proposed in this article (see
Eq.(3.19) is passed by molecules having an acentric factor ranging between 0 and 1.
For molecules having a higher acentric factor, the first and second derivatives of the
7Z X -function fail the proposed consistency test (this is for instance the case of n

alkanes heavier than n-Cz2).

/HW XV QRWH DOVR W K D-Walud,HREBIgrGod thieMthird Rieriveti¢el ofGhe
7 Z X -function is not constant on the whole temperature range (see Figure 3.21(d)).
Inevitably, poor predictions of heat capacities are obtained in the temperature domain
where the third de ULY D W LY H -fimctioN KsHpositive. For all molecules, this
temperature domain is located in the vicinity of the critical temperature, i.e., it can be
UHDFKHG LQ PDQ\ SUDFWLFDO FDVHV 3UHGLFWLRQV RI KI
function could thus EH OHVV DFFXUDWH WKDQ WKRVH FDOFXODW

functions.

-111 -



A consistency test for Nfunctions of cubic equations of state

Figure 3.21 The Twu  .-function (a) and its first (b), second (c) and third
derivatives (d) (case of the RK E0S).
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311.4. rr;m7bS 9 I-| _:l-|bl-t v|t7¢< o= |_; $u;0dunctioni88pbv_mob N

7 K L Munction contains only one adjustable parameter (L):

(3.47)

7KLVIXQFWLRQ FDQ EH VHHQ DV D SDUfthctioX @it N $ebty H R1 WK

1 and M set to 1.

x ,V W Kfdnction of class C2? Yes.
x ,V W Kidnction always positive? Yes.
X ,V WKH ILUVW GHU L ¥inatibryativdysd nagktide?

7KH ILUVW GHUL Yuhtudn¥dteR 1| WKLV .

$V D FRQVHTXH @ RepatiG.pi@vided L is positive.

X ,V WKH VHFRQG GH UL Y-Dnttior aiways paskive?.

7KH VHFRQG GHU L Yubatidn YnHedd WNieK LV .

X ,V WKH WKLUG GH UL YiDndtibryatvayd négitide?

The third derivative of the Trebble - % L V K &fittian is:

It is assumed that . Doing so, and

X Conclusion:

(3.48)

Yes.

(3.49)

(3.50)

7R FRQFOXGH WKH 7UH-H#Bddh pas3es the pbrapo&eR tonsistency test

provided
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3.11.5. Appendix E: mathematical study of the Melhem -Saini- 0 0 7 %o b-fund¥ion [89]

7 K L Munction involves 2 adjustable parameters (m and n):

(3.5)
X ,V W kifdnction of class C2?  Yes.
x ,V W Kidnction always positive? Yes.
Xx ,V WKH ILUVW GHU L ¥inatibryativdys nagktide?
The first derivative of the .-function is:

(3.52)
The quantity is positive if:

(3.53)
X Isthe secondderivat LYH RI Wuddtion always positive? Yes.
The second derivative of theMelhem-Saini-Goodwin .-function is:

(3.54)

Under assumption (3.53), all the coefficients of the polynomial Q are positive,

therefore, Q is always positive.
X ,V WKH WKLUG GHU L YfDnétibriatvayd ndgitide?

7KH WKLUG GHULMNDMWInYsH RI WKLV .

(3.55)
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By noting that:

(3.56)
it can be claimed that under assumption (3.53), all the coefficients of the polynomial R

are positive and thus . Consequently, the third derivative of the Melhem -

Saini- * R R G Z Lf@hction is always negative.

x Conclusion:

The Melhem-Saini- * R R G Z Lf@nction is consistent (i.e., positive, decreasing, convex

with a negative third derivative) provided
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3.116. rr;m7bS 9 I-| ;l-|b1-t v|t7< o= Hunctian[33]' N
7KH 6RD Y-fdnction involved a generalized parameter (m) correlated to the

acentric factor ( ):

(3.57)

The Soave72 functionis certainly the most employed .-function in the oil and gas
industries. It is in particular used in the PPR78 [23,73,74] and PR2SRK predictive
models [72].

x ,V W Kidnction of class C??  Yes.
x ,V W kidnction always positive? Yes.
X ,V WKH ILUVW GHU L ¥Dnatibryativdyd nagktide?

7KH ILUVW GHULYDW L-YuHctRn s KH 6RDYH

(3.58)

7KH OLPLW RI WKH |L U VMhc@oH WhelY thanempetatare tahEsHo . IS:

(3.59)
It appears that the firstderivat LYH R W KH -8uRdlionHs not always negative.

Due to its polynomial expression in , the 6 R DY Hfunction can only exhibit two

types of behavior, depending on the -value:
either the function is decreasing then increasing for increasing values of

or, the function is monotonically increasin g.

/TR GLVFULPLQDWH EHWZHHQ WKHVH WZR VFHQDULRYV

function when the temperature tends to 0 is now studied:

(3.60)

Case 1:
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If is positive (what is the case for more than 99% of the compounds), one has

and WKH 6 R D-YuHction. exhibits a minimum at a reduced

temperature denoted . For . LV D GHFUHDVLQJ IXQFWLR
an increasing function for . Such a behavior is observedfor the following
values of the acentric factor:

(3.61)

(3.62)

To understand WKHWKHU WKH LUUHJXODU EHK{uMdiighU(i.eRl WKH 6
LQFUHDVLQJ RI . )Rby affect practical applications, the relation between

and is now investigated. is obtained by solving:
(3.63)
Note that at , the 6 R D Y H-function cancels:
The evolution of with respect to the acentric factor is reported in Figure 3.22.
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Figure 3.22. DV D IXQFWLRQ RI O

To complete the analysis, some values of and are reported in|Table 3.10

for a series of real compounds of varioussizes (i.e., a large range of acentriefactor
values is covered). It is observed that in practice, is often higher than 1500 K,

largely above common temperatures encountered in practical applications.
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) RK CEoS PR CEoS
Acentric
Component Tc/K
IDFWRL
Methane 0.012 190.564 9.045 1723.566 12.591 2399.325
n-decane 0.492 617.700 3.330 2057.108 3.748 2314.913

n-eicosane 0.907 768.000 2.456 1886.582 2.705 2077.277

n_
_ 1.307 844.000 2.094 1767.355  2.305 1945.584
triacontane

Water 0.345 647.096 3.992  2583.530 4.595 2973.520
CO 0.224 304.21 4.905 1492.258  5.839 1776.253
Argon 0.000 150.860  9.507 1434.218 13.463 2031.065
Ethanol 0.644 514.000 2.904 1492.795  3.228 1659.020
Ammonia 0.253 405.650 4.641 1882.512  5.469 2218.676

Table 3.10. Values of Tmin for some chemical compounds using either the PR or RK
CEoS

Case 2:
This case is observed for the following values of the acentric factor:

(3.64)

(3.65)

In practice, this instance arises for molecules having negative acentric factors (e.g.,
helium, aluminum and arsenic). In such a case: and WKH 6RDYH

function is an increasing function of temperature for any positive value of . This

EHKDYLRU LV QRW GHVLUDEOH Dfgh&iovsteuld Hd esEdbnyWakH 6 RD Y +
molecules havingan DFHQWULF IDFWRU O LQ WKHHe)® BqJB.62) GHILQHG

X ,V WKH VHFRQG GHU L Y-iDnbtiory diwdys paskive?.
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It is now assumed that (which is obtained for acentric factor values lying
in the ranges defined by Eq(3.61) or Eq.(3.62)). The second derivative of the Soave72

.-function is:

(3.66)
Since , the convexity constraint is verified.
X Is the third derivat LYH R Wudd¢tion always negative?
7KH WKLUG GHULYDW L-fRctBAisSV KH 6 RDYH

(3.67)
As previous, assuming , the negativity of the third derivative is ensured.
x Conclusion:
When the quantity IS positive (i.e., for acentric-factor values lying in the

ranges defined by Eq(3.61) or Eq.(3.62), which is verified in practice for more than
Rl UHDO FRPSRQHQWHnctioW is idorSiRténY up to the temperature
defined by Eq.(3.63), which is generally higher than 1500 K (it can thus be claimed that

the Soave 72.-function is consistent on temperature ranges of practical interest).

6 X F K Efupction can thus be considered as fuly consistent in most cases explaining
why it has achieved great success in the industry.
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3.11.7. rr;m7bS 9 I-|_;l-|b1-t v|t7< o= [function T32]* N

7 K L Munction involves two adjustable parameters a and b:

(3.68)

x ,V W Kfdnction of class C2? Yes.

x ,V W Kidnction always positive? Yes.

7KH 6RD ¥fdnction can be written as a second order polynomial of the reduced

temperature

(3.69)
Polynomial is positive provided [104]:

(3.70)
X ,V WKH ILUVW GHU L ¥fnstibryahivays nabktive?
7TKH ILUVW GHULYDW L ¥udctehi8WKH 6RDYH

(3.7)
Polynomial is positive provided:

(3.72)

Note that the last condition is automatically satisfied. It appears that constraints (3.70)

and (3.72) are contradictory and cannot be satisfied simultaneously.

Therefore, if ais positive:

is negative, at least, on a certain temperature range

IS negative for any (positive) temperature value
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On the other hand, if ais negative:

is positive for any (positive) temperature value
is positive, at least, on a certain temperature range

Xx ,V WKH VHFRQG GHU L Y-iDnttiory divdys pasKive?.

7KH VHFRQG GHULYDWL-YuActen is3W KH 6RDYH

(3.73)
It appears that is positive provided b is positive.
X ,V WKH WKLUG GH U L YfDnatibryatvayd négitide?
7KH WKLUG GHU L-Wbcwoh WrilesR 1 WKH

(3.74)

It appears that is negative provided b is positive.

x Conclusion:

7KH RQO\ SRVVLELOLW\ IRU VDWLVI\LQJ ERWK WKH SRVLW

function and the negativity condition for its first derivative would be to set:

(3.75)

7KLV ZRXOG OHDG WR PRGLI\ WKH PDWKHP DWncttoD.@AsH[SUHVV

D FRQFOXVLRQ WuKdiiol Eabndthbass.the proposed consistency test.
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3.11.8. Appendix H: mathematical analysis of the Stryjek- (; u - -Ninction [29]

The Stryjek- 9 H U flunction involves one adjustable parameter () and one universal

parameter ( ):

(3.76)

The Stryjek-Vera .-IXQFWLRQ LV LGHQWLFBucticW Ror Wweldited6 RD Y H
temperatures above 0.7. Therefore, it suffers from all the identified defects of the Soave

.-function described in Appendix F. In addition, the Stryjek-Vera .-function exhibits
a discontinuous behavior in which is prejudicial to all derived E0S -properties

(enthalpy, entropy, heat capacity etc.).
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3.11.9. Appendix I: mathematical study of the Mathias - or;|-m dfunction [26]

7 K L Munction uses two different expressions depending on the temperature domain

considered (sub- or super-critical) and involves three adjustable parameters ( ,

)

(3.77)
X ,V W kidnction of class C2?
The first derivatives of the Mathias- & R S H P Efuipiction are:
(3.78)
It appears that:
(3.79)

The Mathias- & R S H P Efction is thus at least of class C.

The second derivatives of theMathias- & R S H P Efction are:

(3.80)
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Therefore, one has:

(3.81)

As a consequence, theMathias- & R S H P Br@ihction is of class C? provided c is set

equal to 0. Doing so, this .-function would loose one of its three adjustable parameters.
x Conclusion:

At this step, there is no need to pursue the study: it is obvious that the Mathias-
& R S H P Df@nhction cannot pass the consistency test since the @G-class condition

requires to annihilate coefficient DQG FRQVHTXHQWO\ WURCti®h R G LI\

expression.

In addition, it is remarkable that the Mathias - & R S H P Bf@hction is similar to the

6 R DY H-function for except that the universal parameter of the Soave

function is replaced by an adjustable parameter

If, as often seen in practice, the parameter is set to , the Mathias-& RSHPDBQ .
function would loose a second adjustable parameter ( ). It would result that the

Mathias-Copeman .-function would only contain one adjustable parameter ().

Furthermore, VLPLODUO\ WR Wiknktiod RtBeYMithias: & R S H P Bf@hction

exhibits an unphysical behavior at infinite temperature:

(3.82)
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3.11.10. Appendix J: mathematical study of the Boston- -| _ b - fusction [84]

The Boston- 0 D W K L-fDnétion contains one universal parameter

(3.83)

7KH UHODWLRQV EHWZHHQ S DWeRRetiVédHdy Bostorfard @l&@hias

assuming that

The first derivatives of and are equal at the critical
temperature,
The second derivative of has to be equal to zero atthe critical
temperature.

A priori, these assumptions do not guaranty for the function to be of class C2 and more
JHQHUDOO\ WR SDVV WKH SURSfBi¢tits. FRQVLVWHQF\ WHVW |

X ,V W Kifdnction of class C2?

The first derivatives of the Boston- 0 D W K LfDnétion are:

(3.84)

At , one has:

(3.85)

This proves that the Boston- 0 D W K L-fiDri¢tion is at least of class C.

The second derivatives of the Bostor 0 D W K L-fDn¢tion are:
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(3.86)
At , one has:

(3.87)
Since , the Boston- 0 D W K L-fDittion is thus not
of class C.

x Conclusion:

At this step, there is no need to pursue the study. Not being of class €, the Boston-

Mathias .-function does not pass the proposed consistency test.
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3.11.11. rr;m7bS 9 I-|_;l-|bl-t v|Tt7< o= {functien [®0]v N
7KH 0DW Kifulxtbn . contains one universal parameter ( ) and one

(component-dependent) adjustable parameter (p).

(3.88)
7KH H[SUHVVLRQV Rl SDUDPHWHUV / DQG A ZHUH GHULYHG

The first derivatives of and are equal at the critical
temperature,
The second derivative of is equal to zero at the critical temperature.

A priori, these assumptions do not guaranty for the function to be of class C? and more
JHQHUDOO\ WR SDVV WKH SURSHvtit&ES. FRQVLVWHQF\ WHVW |

x ,V W Kfdnction of class C2?

7KH ILUVW GHULYDWL YitheticR aer®f KH ODWKLDV .

(3.89)

At

(3.90)

7KLV SURYHV WK D WindéfiéhHs & DesétoL dags C.

7KH VHFRQG GHULYDWL Yfth&tioR arédV KH ODWKLDYV .
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(3.91
At , one has:
(3.92)
Since , the Boston- 0 D W K L-fDinttion is thus not
of class C.

X Con clusion:

At this step, there is no need to pursue the study. Not being of class€@ WKH ODWKLDYV .

function does not pass the proposed consistency test.
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3.11.12. rr;m7bS 9 I-|_;l-|bl1-t v|t7< 0= ]_; bOOo+functionq87} ] |om N

7 K Hfunction involved two adjustable parameters denoted X and Y:

(3.93)
x ,V W Kidnction of class C2?  Yes.
x ,V W Kidnction always positive?
Eq.(3.93) can be alternatively written :

(3.94)

Which is a secondorder polynomial of the square root of the reduced temperature.

Therefore, this polynomial is positive if [104]

(3.95)

As will be shown below, the parameter is necessarily negative to ensure that the .-
function is decreasing at low temperature. The third inequality of Eq. (3.95) can be
squared, both sides of the equation being negative, in order to solve this inequality with
respect to Y. The resolution of the inequality provides the following existence interval
for parameter Y

(3.96)
One can demonstrate that 7TKHUHIRUH SRVLWLYLW\ FRQG
function is, reminding that Y has to be negative:
(3.97)
X ,V WKH ILUVW GHU L ¥nstibryahivays naktive?
The first derivative of the Gibbons and Laughton .-function is:
(3.98)
When tends to O, the limit of EqQ. (3.98) is:
(3.99)
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Therefore, Y has to be negative

When tends to , the limit of Eq. (3.98) is:

(3.100)

Therefore, X has to be negative. This condition is contradictory with condition (3.95).

The reason of this contradiction is that the Gibbons and Laughton .-function exhibits
a minimum when (this behavior is similar to the one of the Soave 72 .-

function). As a conclusion, the Gibbons and Laughton .-function can only be

decreasing on a limited temperature range . As illustrated in Figure 3.23,

tKH PLQLPXP fRhctKid found at

(3.100)

Figure 3.23. Changes ofTrmin With respect to the change ofY for different values of X.

1RWH WKDW W K Hfurididn dtH R 1 W koHequal to zero.

(3.102)

Xx ,V WKH VHFRQG GHU L Y-iDnktiory dlwdys paskive?.
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The second derivative of the Gbbons and Laughton .-function is:

(3.103)

As a consequence, Is positive provided Y is negative.

X ,V WKH WKLUG GH U L ¥fDridtibryatveayd négitide?

7KH WKLUG GHULYDWLYH RI WK-HntioEEERQV DQG /DXJKWRQ .

(3.104)

As a consequence, is negative provided Y is negative.

x Conclusion:

The Gibbons and Laughton .-IXQFWLRQ EHKDYHV DfwnchbonF#pQo/d VWHQW
certain reduced temperature Trmin defined by Eq.(3.101) if

(3.105)

- 132 -



Chapitre 4

Chapitre 4. Article ©n the imperative need to use a consistent
r-function for the prediction of pure -compound supercritical

properties with a cubic equation of state ?

Yohann Le Guennec, Romain Privat, Silvia Lasala and Jedfoél Jaubert

Université de Lorraine, Ecole Nationale Supérieure des Industries Chimiques,
Laboratoire Réactions et Génie des Procédés (UMR CNRS 7274)

1 rue Grandville, 54000 Nancy, France.

DOI: 10.1016/j.fluid.2017.04.015

- 133 -



On the imperative needtouse - Tomvbv{zmmMN|bom =ou |_; ru;7b1l|bom;

Highlights

.-functions must be positive, decreasing, convex with negative third derivative.
Gain of accuracy resulting from the use of a consistent Dfunction is quantified.

'RUNLQJ ZLWK D HfRconlin¢rdase® by a.factor 9 the accuracy.

Abstract

Since Van der Waals, the attractive term of any cubic equation of state is

expressed as the product of its value at the critical temperature () by the so-called
alpha function. Our recent investigations made it however possible to conclude that to
get accurate and physically meaningful behaviors in both the subcritical and
supercritical domains, it was necessary to work with a consistent Dfunction, i.e., with
D Q-function which is positive, decreasing, convex and with a negative third derivative.
This paper aims at quantifying the gain of accuracy resulting from the use of a
consistent Dfunction when a cubic equation of state is used to calcubhte the properties
of a pure compound in the supercritical region. As a key conclusion, embedding a
F R Q V L V-iidti@riih a cubic equation of state instead of an inconsistent one entails

a division by a factor 9 of the deviations between calculated andexperimental data.

Keywords

Alpha function; Cubic equation of state; Consistency test; Supercritical properties
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4.1. Introduction

Since the Van der Waals proposal, tweparameter cubic equations of state (CE0S)

express their attractive and repulsive terms by introducing a parameter  which is a
PHDVXUH RI WKH DWWUDFWLYH IRUFHV 3HQHUJ\ SDUDPH)
parameter ZKLFK LV D PHDVXUH RI WKH VL]H-YRQWRH Q \RUFWYKRLC

molecules. It results the general formulation of a two -parameter CEo0S.:

(4.1)

where and are two universal constants depending on the selected CE0S. To make

the application of the critical constraints easier, it is convenient to write :

(4.2)

i.e. to express the attractive term as the product of itsvalue at the critical temperature

() by the so-called alpha function. Doing so, it follows that the dimensionless,

temperature-dependent Dfunction becomes unity at the critical temperature. In a
previous paper [200 ZH GHPRQVWUDWHG Wifkrativh QuRado RSy, W KH
second [86] and third derivatives should satisfy the following constraints over the

whole temperature domain:

(4.3)
$ Q -function which simultaneously satisfies all these criteria is labeled consistent and
the set of constraints reported in Eq. (4.3) was calledconsistency test for an Bfunction .
In other words, a consistent Dfunction is simply an Dfunction that passes the so
called consistency ted. In case of test failure, i.e., if one of these constraints is not
satisfied, the Dfunction is declared inconsistent. Our previous paper [20] and another

one by Peyman and Sedigh[38] made it possible to conclude that to get accurate and
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physically-meaningful behaviors in both the subcritical and supercritical domains, it
was absolutely necessary to work with a consistent Dfunction. Such a paper [20] also
highlighted that none of the Dfunctions classically available in process simulator
software (Soave 19777], Soave 198432], Gibbons-Laughton [87], Stryjek-Vera[29],
Boston-Mathias [84], Mathias-Copeman [26], Mathias [90], Twu 1995 [36,37],
Trebble-Bishnoi [88], Melhem-Saini-Goodwin [89], Twu 1988 [35], Twu 1991[19])
passes the consistency test for any values of their parameters. This latter conclusion
scared many researchers or companies that commercialize process simulator software
and we were asked to quantify the loss of accuracy resulting from the use of a
inconsistent Dfunction to calculate the properties of a pure compound in the
supercritical region. This is thus the aim of this note. While our first article [20] was
mostly devoted to the influence of the Dfunction on the reproduction of binary -system
phase diagrams, the present paper focuses on the impact of the kha-function
consistency on the modeling of pure-component supercritical properties. The strategy
adopted in this article is as follows: 9 pure compounds, for which an EoS developed by
the National Institute of Standards and Technology (NIST) was both available and
certified accurate in the supercritical domain are selected. For each of them, the Peng
Robinson [8] EoS combined with the Twu 91 Dfunction [19] is also applied. The 3
parameters of suchan Dfunction [19] are then regressed twice (respectively without

and with the imposition of consistency constraints) in order to accurately reproduce

subcritical data including vapor pressures , enthalpies of vaporization

and saturated liquid heat capacities . More specifically: the first set of
parameters is obtained without impo sing any constraint during the fitting procedure

and the resulting Dfunction is found to be inconsistent; the second set of parameters

results from a fitting procedure that ensures to get a consistent Dfunction. The two

sets of parameters are used therefter to estimate residual enthalpies ( ) and

residual constant-pressure heat capacities () in the supercritical domain. Results

obtained with each set of parameters are compared each other and with the pseude
experimental data (the adjective pseudo-experimental designates here the property
values calculated by using a NIST reference EoS consiered as accurate as

experimental data).
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4.2. Reasoning for CEoS andr-function choices

The volume-translated Peng-Robinson EoS combined with the three-parameter
7Z X -function [19] is considered in this study. We indeed gave proof during the
development of the translated -consistent Peng-Robinson (tc-PR) EoS [60] of the
HITLFLHQW FRXSOLQJ RI VXF KfuDcti&rf.FE6r & juvé Korporeiit, e

volume-translated Peng-Robinson EoS is:

(4.4)

and are the experimental critical temperature and critical pressure,

respectively. The volume translation is selected in order to exactly reproduce the
experimental value of the saturated liquid molar volume at a reduced temperature of
0.8. The Twu91 Dfunction, judged to exhibit the best compromise between complexity

and flexibility, writes:

(4.5)

is the reduced temperature and and are the three component-specific

adjustable parameters.

43.1;Ju;vvbom ruol;7tu:-funstighdatarieters over subcritical data
The three parameters of the Twu91 Dfunction were determined by minimizing an

objective function whic h takes into account the deviations between calculated and
experimental , and data. The considered experimental data are in
fact pseudo-experimental data that are generated with the help of the DIPPR database
that supplies temperature-dependent correlations for , and . The

following rules were applied for the generation of data:
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1) 50 equidistant pseudo-experimental data points were generated on their

temperature range of validity . In the case exceeds , it

was decided to set:

2) At some occasions, the minimum of the temperature range of validity of was
modified in order to ensure that (considering that most

industrial processes operate at higher pressure values).

3) If, for a given property and a specific pure compound, the relative error reported by
the DIPPR between correlated and experimental value was higher than 5%, the
property of the compound under consideration was no longer considered (pseudo

experimental data were not generated). In this paper, in particular, that was the

case for the saturatedliquid heat capacities ( ) of Kr and Xe.

In the end, the objective function is:

(4.6)

As previously mentioned, for each of the 9 pure compounds considered in this study
(see next section to get more information on how they were selected), the 3 parameters
of the Twu Dfunction were regressed twice. The first set of parameters was obtained
without imposing any constraint during the fitting procedure. For such molecules the

resulting Dfunction was found to be inconsistent and the corresponding parameters

are reported in|Table 4.1fin the columns headed "7 Z X -function parameters" . The

second set of parameters results from a fitting procedure that ensures to get a

consistent Dfunction i.e. an Dfunction that satisfies the constraints defined in Eq.
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(4.3). To reach this goal, Le Guennec et al[20] established that the 3 ( , , )

parameters should verify:

(4.7)

Such consistent parameters are also recorded ivlﬂ'ablm and representations of both
FRQVLVWHQW D Q GfuhcidnR &e/\lisibW& 1 (T able.4.1{for the nine selected
compounds. It is noticeable that in the subcritical temperature range where
HISHULPHQWDO GDWD ZHUH XVHG WR ILW WKH SDUDPHWHU
functions are very close (they are more or less superimposed) regardless of the
FRPSRQHQW 2Q WKH RWKHU KDQG RXuAttiBnis tAkK totalIlG RP DL Q

different values and exhibit very different shapes. We can thus anticipate totally

different calculated properties with each of these 2 Dfunctions. At this step, it is

legitimate to wonder what was the prize to pay to get a consistent Dfunction. As

highli ghted in|Table 4.1{(see column headed 'O.F."), and as expected, consistency is

always counterbalanced by an increase of the objective function value defined by Eqg.

(4.6). Such an increase is however exemely moderate and|Table 4.1|(see columns

headed "MAPE on , ) ) stresses that the consistent parameters solely
entail a lower accuracy of , leave almost unchanged the predictions of and
even improve the predictions of . It should be noticed that a modification of Twu

.-function parameters modifies the value of the volume translation parameter  (see

Table 4.1] column headed "Volume translation™) . In the next section, residual

enthalpies ( ) and residual constant-pressure heat capacities ( ) will be

calculated with the two sets of parameters. We thus believe it is important to recall that

a volume translation has no influence on the calculated but impacts the calculated
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. For more information, the reader is referred to our recent papers [19, 20] and to

the last section of this paper.

4.4. Selection of the 9 test-components and constitution of a database containing
supercritical and pseudo-experimental data

Our goal is to demonstrate the imperative need to use a consistent Dfunction for the
prediction of pure -compound residual enthalpies and residual heat capacities in the
supercritical domain. Since comprehensive sets of experimental enthalpy and heat
capadty data of pure species in the supercritical domain are very rare in open literature
and commercial databases, it has been decided to generate pseudexperimental data
by using very accurate equations of state. With this respect, the NIST Reference Fluid
Thermodynamic and Transport Properties Database (REFPROP) contains multi-

parameter EoS for 69 non quantic compounds. For these 69 molecules, a regression of

the Twu Dfunction parameters was performed over subcritical properties :
and (generated using the DIPPR database by following the procedure

presented in section 3) by minimizing the objective function defined by Eq. (4.6). The
regression procedure converged to consistent parameters for 39 components (57%)
meaning that the sets of ( , , ) parameters were inconsistent for 30 compounds.
Among these 30 compounds, 12 have parameters that partially violate the consistency
test recalled in Eq. (4.3). It is here meant that for these 12 components, the second
derivative of the Dfunction is, as expected, positive regardless of the temperature. On
the other hand, we can find temperatures for which the third deriv ative is positive. All

of the 18 remaining components have fully inconsistent ( , , ) parameters (we can
find temperatures for which and simultaneously ).

Among them, only 9 have a reference EoS which can be applied up to a reduced
temperature of at least 1.7 (EoS showing a lower upper bound of their temperature
range of validity are considered as insufficient for this study which focuses on the
prediction of supercritical properties). Our goal being to generate pseudo experimental
data in the supercritical region, these 9 components were kept as testcomponents.
These are: CH,, N2, CO, CQ, Propane, Ar, H2S, Kr and Xe. As previously explained, for
each of these 9 pure components, a second regression procedure with addition of the
constraints defined by Eq. (4.7) was performed in order to obtain a consistent set of

( , , )parameters.
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For each pure compound, pseudcexperimental values of supercritical and

were generated by applying the following rules:

1) In a first step, ten equidistant values of temperature were generated between

and the maximum temperature at which the NIST EoS can be applied. For

N2, CO DQG $U WKLV PD[LPXP WHPSHUDWXUH OHD&GV WR F
IXQFWLRQ RQ D ODUJH WHPSHUDWXUH UDQJH $V ZH LQW
function consistency on the supercritical property prediction, this behavior is not

desirable. For these three compounds, it was therefore decided to set the high
WHPSHUDWXUH OLPLW WR WKH WHPSHUDAstixiJwdlu® W ZKLF]
reaches 0.01. The ten values of temperature used to generate pseudexperimental

data of residual enthalpies and residual heat capacities are represented, for each

pure component, by vertical lines in|Figure 4.1

2) In a second step, at each of the ten temperatures defined in the first step,ten
equidistant pressures were generated between and 600 bar. The upper
pressure bound was fixed at 600 bar because most of the chemical processes have
a working pressure below this value and because most of reference EoS fromhe

NIST can be applied up to this pressure.

In the end, a total of 100 pseudo-experimental and 100 pseudo-experimental

data were generated, for each of the 9 pure compounds in the supercritical region by
using the very accurate NIST EoS. A comparison with two versions of thevolume-

translated Peng-Robinson cubic EoS, one using a consistentDfunction and the other

using an inconsistent Dfunction, can now be conducted.

4.5. Results
7KLV SDSHU DLPV DW VKR ZL-fudctidhkohsidteheyFow the usitg bf

prediction of supercritical properties like and . To reach this goal, for each of
the 9 components previously selected, the mean absolute percentage error (MAPE)
between calculated and pseudeexperimental data were calculated for both the residual
enthalpies and residual heat capacities and for both the consistent and inconsistent D

function. As previously explained, a total of 200 supercritical experimental data points

- 141 -



On the imperative needtouse - Tomvbv{zmmMN|bom =ou |_; ru;7b1l|bom;

(100 and 100 ) were considered for each component. Such MAPEs are
defined as:
(4.8)
(4.9)

Before going further, we believe it is important to bring to the reader's attention that
the experimental residual enthalpy may vanish. If this happens, the denominator in Eq.
(4.8) becomes zero and for such a data point the corresponding absolute percentage
error becomes infinite. As a consequence, and to avoid a bias in the MAPE calculated
by Eq. (4.8), we decided not to consider the experimental data points for which the
absolute percentage error was higher than where is the standard

deviation on the absolute percentage errors.

In a first step, to highlight the huge difference on the calculated and values

when a consistent or an inconsistent Dfunction is selected, it was decided to plot for

each of the 9 testcomponents, the abslute percentage error (APE) between calculated

and pseudo-experimental data for both the residual enthalpies (see|Figure 4.2) and

residual heat capacities (segFigure 4.3) and for both the consistent and inconsistent

Dfunction. On such plots is also visible the corresponding MAPESs. For a given data

point, such APEs are defined as:

(4.10)

(4.1

In a second step, in order to better assess the difference between the use of a consistent
and an inconsistent Dfunction we decided to define the so-called degradation factor

of a property X, , as the ratio of the MAPE obtained with an inconsistent D

function by the MAPE obtained with a consistent Dfunction. In other words:
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(4.12)

(4.13)

If the degradation factor, , Is higher than unity then the consistent Dfunction
performs better than the inconsistent function in predicting property X, and vice -versa.
For each of the nine pure compounds, MAPE on and MAPE on were

calculated for both the consistent and inconsistent Dfunction so that and

could be estimated. All the numerical values are recorded inTable 4.1|(see the

last 4 columns) and we can say that they speak for themselves. The smallest value of

is 1.8 and it is obtained for CO:. This means that the use of a consistent D

function improves by about a factor 2 the average absolute relative deviation on the

supercritical residual enthalpies. As a noticeable feature, can reach up to 20;

this is the case for pure propane. In other words, an average @viation of 100 % on the
residual enthalpies is obtained for propane with an inconsistent Dfunction whereas
such a deviation is reduced to 5% with a properly parameterized Dfunction (i.e. a

consistent Dfunction). On average, for the 9 test-components, . We thus

can claim that the use of a consistent Dfunction makes it possible to improve by
approximatively a factor 10 the accuracy on the supercritical residual enthalpy
calculations when the volume-translated Peng-Robinson CEoSis used. This is a really

huge improvement.

Similar conclusions can be conducted for the heat capacities. The smallest value of
is 1.2 and it is obtained for methane. On the other hand, the highest value, close
to 25, is obtained for propane. For such a component, the average deviation on
supercritical moves from 150% to 6% when an inconsistent Dfunction is
replaced by a consistent one. On average, is close to 8 highlightin g once again
the imperative need to use a consistent Dfunction to predict pure -component
supercritical properties. At this stage, it could be argued that the 9 test-components

(CH4, N2, CO, CQ, CGHs, Ar, H2S, Kr and Xe) are all small, non-polar and non-
associating. We however took into account all the compounds for which the
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unconstrained fitting procedure lead to fully inconsistent ( , , ) parameters and
for which a reference EoS could be applied in the supercritical domain, i.e., up to a
reduced of at least 1.7. In order to convince the reader that our conclusions apply to
any component, representations of both consistent and inconsistent Dfunctions for n -

decane (a heavy molecule) and rpentanol (a polar, associated molecule) are visible in

Figure 4.4| Such a figure clearly highlights that the plotted Dfunctions have exactly the

same trends as the ones depicted ifFigure 4.1f Although no pseudo-experimental data

are available, we can thus expect similar conclusions than those drawn with the 9 test

components.

4.6. A few words on the effect of the volume translation on the calculated h™s values
In this paper, all calculations were performed with the volume-translated Peng
Robinson EoS. As previously recalled, the volume translation has no influence on the

calculated but impacts the calculated . Following Jaubert et al. [19], we indeed

can write:

(4.19

The goal of this paper is to demonstrate the imperative need to use a consistentD

function for the prediction of pure -compound supercritical properties but since many
calculations were performed in the supercritical region, we can also have a look at

the effect of the volume translation on the calculated values. We indeed did not

find papers addressing this issue in the open literature. By using the consistent Twu D

function, it was decided to re-calculate all the values (typically 100 values for a

given component) by setting . The results are recorded inTable 4.2|for the nine

test-components. The temperature and pressure ranges at which calculations were

performed are identical to those used to fill [Table 4.1|(for each of the 10 ten selected

temperatures, ten equidistant pressures were generated between and 600

bar).

In [Table 4.2| for each component, the MAPEs between calculated and experimental

are determined in 3 domains of temperature. In the first domain, the reduced

temperature is between 1 and 2 ( ). The second domain corresponds to the
case where the reduced temperature is between 2 and 3 ( ) and in the last

domain, the reduced temperature is higher than 3. For some components, it was rot
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possible to perform calculations for reduced temperatures higher than 2 because we

were outside the validity range of the reference EoS developed by NIST.

Table 4.2|clearly highlights that for reduced temperatures lower than 3, the volume

translation has a strongly positive impact on the calculated . Increasing again the
temperature, the volume translation effect lowers and vanishes at a reduced

temperature of about 3.5. At higher reduced temperatures, the volume translation has

a negative influence on the calculated . It is however well-established that the

reduced temperature of most of the compounds involved in chemical processes are
lower than 3. We can thus assert that the volume translation has two positive effects:
it not only strongly increases the accuracy on the calculated liquid density but it also

improves the accuracy of the energy balances.

4.7. Conclusion

TKLY DUWLFOH OHDGV WR FRQFOXGH DERXW WKH-LPSHUD\
function with a cubic EoS so as to accurately reproduce experimental properties in the

supercritical domain. This paper focused on supercritical residual enthalpies and heat

capacities only but insofar as the two Dfunctions (consistent and inconsistent) take

totally different values and exhibit completely different shapes in the supercritical

region (segFigure 4.1), we believe that such conclusions can be extended to any other

property. Starting from a database of 69 compounds it was shown that in half cases
(43 DQ XQFRQVWUDLQHG UHunhttibhvpalaReédersk dvew stbtritical
e[SHULPHQWDO GDWD O H D gunatign, Ri€EndnQratR@te.Nevedsicy \bof .
adding mathematical constraints during the regression procedure.

Nine compounds for which the unconstrained regression of the parameters converged

WR D IXOO\ LQHmAQL V., HeeWan. find temperatures for which,
inconsistently, and simultaneously ) were selected to

VWXG\ WKH HITHFW RI UHJUHVVLQJ S Buw@éhHtoddistéMeyWKDW JXD
particular, deviations between experimental and calculated values of and for
temperatures varying between and at least and pressures varying

between and 600 bar were calculated with both a consistent and an

L Q FR Q V L ¥Mu\EHD®Q. WAIl .calculations done, we can claim that the deviations
REVHUYHG ZLWK D &(R6 HPEH GuadtignJtoDprediBt Gupereriticel Q W
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properties will be around 9 times smaller than with a CEoS embedding an inconsistent

one.

The imperative need, substantiated throughout this research, of assciating to cubic

EoS a consistent Dfunction when predicting pure -compound supercritical properties
DOVR YDOLGDWHV WKH H[WH@Qnétiov H7,86Y, idckRdwiddged té BeD Y H
consistent on a very large temperature range. This explains and justifies a posteriori its
widespread application in chemical engineering thermodynamics (e.g. in the PPR78
model [23,24,73,74]), in petroleum applications and its ability to reproduce complex
phase behaviors[96] .
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Figure 4.1 & KD QJH R Huh&téns with respect to temperature for the 9 test -components selected in this paper. 6ROLG OLQH +RQV
IXQFWLRQ GDVKHG O L-fQrdtior. QHeR.Q YeLivaMiHel Wentify the 10 temperatures at which pseudo experimental values of
residual enthalpies and residual heat capacities were generated with NIST equations of state.
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Figure 4.2. Absolute percentage error (APE) between calculated and pseudeexperimental residual enthalpy data [see Eq. (X.10)] for the 9

test-components selected in this paper.( ) consisten W-function, ( ) L Q FR Q V L-unitierQ 8vlid line: MAPE on calculated with a

F R Q VL V-ndti@nvdashed line: MAPE on FDOFXODWHG ZLWK -in@titmQFRQVLVWHQW .
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Figure 4.3. Absolute percentage error (APE) between calculated and pseudeexperimental residual heat capacity data [see Eq.(4.11)] for the

9 test-components selected in this paper.( |) consistent Dfunction, ( ) inconsistent Dfunction. Solid line: MAPE on calculated with a

F R QV L V-idhidt@nvdashed line: MAPE on calculated wiWK DQ L QFR-@NMLIMAWHQW .
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Figure 4.4. & KD QJH R HuhZtdns with respect to temperature for a heavy molecule (ndecane) and for a polar and associated molecule

(n-pentanol).
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Solid line: TZXDIXQFWLEF D D
FRQVLVWW SDUDPHWH/ 9RO XP 083(°RQ 0$3(°RQ
function, 72D WUDOQV 2 )F
dashed line: IXQFW F >(T >(T
inconsistent W\SH / 0 1 epprc >(T >(T >(T @ >(T >(T > (T
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&RPSRQl
&RQVL)\
&+ _QFRQV
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,QFRQV
&RQVL\
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&RQVL)\
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&RQVL)
&+ _QFRQV
&RQVL\
$U ,QFRQV
&RQVL)\
te _.QFRQV
U &RQVL\ 13
' ,QFRQV 1%
H &RQVL\ 1%
’ ,QFRQV 1%
OHDQ &RQVL\
YDOXH ,QFRQV
P0$3( PHDQ DEVROXWH SHU FHRBEWHAHWHYHRYQFWLRQ
Table 4.1 Calculated MAPE on , , and supercritical and with the volume-translated Peng-Robinson EoS and

either a consistent or an inconsistent Twu Dfunction.
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D U

&RPSRQ 35 (R6 W 0$3(PRQK(T @
WUDQV (
ar QRWUDQ)
1 WUDQV(
QRWUDQ"
20 WUDQV(
QRWUDQ"
22 WUDQV(
QRWUDQ"
o+ WUDQV (
QRWUDQ)
$U WUDQV (
QRWUDQ)
. 6 WUDQV (
QRWUDQ"
0 WUDQV (
' QRWUDQ"
N WUDQV(
' QRWUDQ"
W UDQV(
0HDQ YD GrwuD o

P0$3( PHDQ DEVROXWH SHUFHQWDJH HUURU

Table 4.2. Calculated MAPE on

translation.

with the PR Eo0S. Effect of the volume
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Highlights

Translated and consistent versions of the PR and RK cubic EoS are developed.
tc-PR is certainly the safest and the most accurate cubic EoS ever published.
Average deviations on vapor pressures are loweithan 1 %.

Average deviations on enthalpies and heat capacities are about 2%.

Average deviations on saturated liquid volumes are about 2.3%.

Abstract

In this paper, translated and consistent versions of the PengRobinson (tc-PR) and
Redlich-Kwong (tc-RK) cubic equations of state (CE0S) are developed. The adjective
consistent means that the Dfunction used in such models passes the consistency test
we recently developed and which guarantees safe extrapolation in the supercritical
region and safe VLE calculdion in multi -component systems. The adjectivetranslated
means that a volume translation aimed at exactly reproducing the experimental
saturated liquid volume at a reduced temperature of 0.8 was used. The key conclusion
of this paper is that the tc-PR EoSis certainly the safest and the most accurate 3
parameter cubic EoS ever published. Indeed the average deviations over roughly 1000

compounds belonging to different chemical families are:

and

In the case of a lack of experimental data to fit the 3 parameters of the Dfunction and
to determine the value of the volume correction, the second part of this study aims at
providing a generalized version of the tc-PR and tc-RK CEoS in which all parameters

can be estimated from the mere knowledge of the acentric factor.
Keywor ds

Equation of state; Consistent Dfunction; Volume -translation; Twu; Peng-Robinson;

Redlich-Kwong
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5.1. Introduction

As recalled in one of our recent papers[20] , numerous modifications to the Van der

Waals cubic equation of state (CE0oS)[1] have been presented over the years with the
aim of representing with increasingly accuracy the properties of complex systems.
Despite these modifications, the attractive and repulsive terms of CEoS are still
expressed by introducing a parameter a which is a measure of the attractive forces
between molecules and a parameterb which characterizes the size of the molecules. It

results the general formulation of a 2-parameter CEoS:

(5.1)

where riand r2 are two universal constants which depend on the selected EoSTo make

easy the application of the critical constraints, it is convenient to write:
(5.2)

I.e. to express the attractive term as the product of its value at the critical temperature
() by the so-called alpha function. The paper by Le Guennec et al.[20] highlights
WKDW ViknEetlons. have a strong impact on the accuracy of CEoS and they
consequently must be selected with caution. Not only are the properties of pure
components in the supercritical region highly affected by the Dfunction but also the
vapor liquid equilibrium (VLE) calculation of multi -component systems. It is today
acknowledged [20] that when applied to mixtures, the accuracy of CEO0S is equally
affected by the choice of the mixing rules and by the expression of the Dfunction. A
key point of the paper by Le Guennec et al[20] is the derivation of a list of constraints
[see Eg.(5.3)] an Dfunction should absolutely fulfill to guarantee safe predictions at

all temperatures:

(5.3)

- 155 -



Development of the translated -consistent tc-PR and tcRK cubic equations of state;

7KLV VHW RI FRQGLWLRQV KDV EHHQ B DXL RER QBALD QVBIQF
to the consistency tests developed to certify the quality of experimental VLE data

[105,106]. The paper by Le Guennec et al[20] also tested whether 12 Dfunctions,

generally available in process simulation software programs, were or not able to pass

the proposed consistency test. They concluded thateight over twelve of these welt

N Q R Z-@Qunctions (Soave 1972[7], Soave 198432], Gibbons-Laughton [87], Stryjek-

Vera [29], Boston-Mathias [84], Mathias-Copeman [26], Mathias [90], Twu 1995

[36,37]) failed the proposed consistency test whaever the values of the parameters are.

7KH IRXU UH Pfintt@ris@Trebble -Bishnoi [88] , Melhem-Saini-Goodwin [89] ,

Twu 1988 [35], Twu 1991[19]) pass the test but only if constraints (sometimes drastic)

are added to the parameters. Among them, the 3parameter Twu91 Dfunction:
(5.4)

was judged to exhibit the best compromise between complexity and flexibility. Twu
took inspiration from the previous work of Heyen [34,82], the Dfunction of which can
be recovered by setting M equal to 1. For this reason, the first part of this paper will be
devoted to determine a consistent set of (L, M, N) parameters for hundreds of pure
components and for both the Peng-Robinson (PR) [8] and the Redlich-Kwong (RK) [6]
equations of state which are still both commonly used in process simulation software
programs. A consistent set means a triplet of parameters ensuring that the Dfunction
is consistent i.e. it satisfies the constraints of Eq. (5.3). Following the procedure
proposed by Privat et al. [18], the parameters of the Dfunction will be determined by

minimizing an objective func tion which takes into account the deviations between

calculated and experimental vapor pressures , enthalpies of vaporization
and saturated liquid heat capacities . In order such consistent CEoS

can be used with pure components for which no experimental data is available, a
generalized and consistent form of the Twu Dfunction will be developed in a second

step.

It is also well acknowledged that the coupling of the most flexible Dfunction with any
cubic EoS will provide inaccurate liquid densities. Such a property is however
extremely important not only in the petroleum industry where the densities of crude

oils have to be accurately predicted but also when transport properties alculations are
required. Indeed, viscosity and surface tension calculations [107,108] require molar

- 156 -
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