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ABSTRACT 

This papel' investigates how theories and data 
on phase cquilibria. and volumetric and transport 
properties of mixtures can be applied to sorne me­
chani6tl\S that have be.en proposed in the l iterature 
to aspects of EOR with COl . 

In this work, the multiple-variable approach 
for establisbing t he equation parameters (tempera­
ture , fugacity and density dependence) whLch has 
been applied by Joffe, Schroeder aod Zudkevitch 
(27) to the Redl Lch-Kwong (R-K) equation was exten­
ded and was also applied to the Peng-Robinsoo (P-R) 
equatioo and to establ isbing the interac t ion para ­
m.eters . 

RESUMEN 

En este trabajo se investiga como la teoria y 
datos sobre equ Uibrio de fase y las propiedades 
volumétricas y de transporte de mezclas pueden ser 
aplicadas a algunos m.ecanisnos que han sido pro­
puestos en la literatura sobre aspectos de Recupe ­
ración Mejorada de Crudo (EOR) con C02. 

En este trabajo el méto o de múltiple variable 
para establecer los parámetros de la ecuación (tem­
peratura, fugacidad y densidad) aplicados por Joffe. 
Schroeder y Zudkevitch (27) a la ecuación de Red­
lich-Kwong (R-K) fue extendido y aplicado tlllllbién 
a la ecuacióo de Peng-Robinson (P-R) estableciéndo­
se los parámetros de interacción. 

INTROOUCTtON 

Enhanced oil recovery (EOR) sigoificantly ~­
pacts above-grounds operations sucb as field sepa­
rations, treatment and processing at che gas planto 

Tbeoretical studies and operating data llave 
shown that when oil recover)' is eohanced by floo-

THERMODYNAMIC ASPECTS OF ENHANCED OIL 
RECOVERY WITH SUPERCRITICAL C02. 

diog with C02, revamping of gas-plant facilitíes is 
warraoted not only due to the obvious oeed to re­
cover the C02 and sweeten the products, but also 
because the quantity and quality of the gas after 
EOR can be different from those of the pre-EOR feed 
gas. 

In this presentatíon, theories and data on 
phase equilibria, and volumetric and transport pro­
perties of mixtures will be applied to some m.echa­
niSlls that have been proposed in the literature to 
aspects of EOR with C02. Tha aim i to present sim­
~listic ioterpretatioDs of published observations 
aod "drive-modeling" in teI1lls of chemical and gas 
eogineering thermodynamic terminology . It is reco­
gnized that any modeling of an EOR operations is an 
integral of many approximated rate related phenome­
na, of which phase behavior is ooly one. Nevertbe­
less, understanding and, hopefully, simulating the 
latter aspect may provide lead time for onsidering 
whether revamping the gas plant is desired. 

I MECHANtSMS OF EOR AND TERMODYNAMIC ASPECTS 

Although enhanced recovery via CÚl flooding is 
a relatively oew processing technique, the litera­
ture is replete with information and proposed ex­
planations for the way by which it workB. Lo esscu­
ce. che oil, brine and associated gas in the pore 
are induced by CO2 to migrate out of the pores aod 
e.ase their pumping to tbe aboye ground separators. 
This mobility is influenced by the natuTe of the 
rack, the phases in the pores, their 'interfacia1 
tensions , dcosities, viscosities and other physical 
properties whic.h in turo are funetioos of tempera­
ture and pressure. Heterogeoeity of tbe reservoir 
media can csuse undesired flo" patteros aud distri ­
butioos which sTe main csuses of reduces avee]) 
effic.icocy. A aimulatian pTogram ahould employ re­
liable lIlodels , including predic ting of PVT, phase 
and traosport properties. 
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Since mobili t i es , dispersions, etc . of fluids 
are t he key variables of the recovery process, de ­
velopment of an underscand ing and a predictive ca­
pability t o describe t he nature of che f l uids a t 
given instances, and/or l ocationa, has been consi ­
dered an imporcant contribution (4, 11, 14, 20, 21, 
22,23,24,35,36,37, 39 , 41, 43, 44, 50 ,53,55) . 
In che anthors' opinion , the nacure of each pha se, 
it s cOlDposit ion, density, viscosi ty and s rfac e 
tens i n enter calcula t i ons oI the variables i n ­
f luencing t he migration (f l ow) of che fluid mixtu­
res. Althoagh ot her variables can be ro.ore influen ­
c ial , descr ipcion oI the thermodynamic aspec ts can 
provide one needed t ool to reservoir engineer s. A 
qualitat ive assessment of the eff ect of t h rmody­
namic and transport phenomena on EOR with C02 1s 
given in 'rabIe l . 
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Different models have been propoae4 in the li ­
terature f or the mechanism of EOR wi t h inject i on of 
COz. Th1s 15 ma 1nl y due to t he f aet t ha t che expe­
rimental data that have been gathered of diff erent 
f luid s at different condit 10ns could not be explai ­
ned by a single modelo Hutchinson and Braun(24)sug­
gested a mechanism of "high pressure vaporization" 
where , f ollowing initial contact, t h lean gas va­
porizes enough light ends out of the rich 011 t a 
make the front of the flood miscible i n t he downs­
tresro 011. Ratbmell and Stalkup (44 ) and Ho m (21 ) 
discussed the coromon ond the different festures oE 
COz and propane miscibl e drivea. The pointed out 
that a t some conditions, COz f100d ing can resul t in 
an 1mmiacible drive. 

Met calfe and Yarboroug h ( 35) discussed diff er­
ent mechanisms f or "cold " wells, those at tempera ­
tures below the critical of COz, and "hot" reser ­
voi rs. They list ed t he condic ions at whieh miacibl 
and immisibl e drives with CO z can oc uro he vari ­
ous aspects of mult 1pl -contact -miscibility (MCM) 
bave been modeled by Metcalfe, Fussel and Shel ton 
(36). The approach proposed by these resea rch er s 

(3 5, 36) lilaS to desc ribe mechani sms and drives by 
simula t i ng ex t rac tion processes compu t a tions with 
t he use of triangular diagr ams . The ro l e pl ayed by 
t he l ight en1s and the adverse inf l uence of methane 
and n i t rogen on EOR wit h C02 were high1 ighted by 
Holm and Josendal (23), and by Or r, et a l (38 , 39, 
41) . 

Al the model a pr opos d in the las t t en years 
r ecognize the presence and t e effect s of multiple ­
phase f ormat i on. Renry and Me t calfe (20) presented 
data on single and mult ipl e contac t s between C02 
and West Texas crudes aod verified that conclusions 
deduced from s ingle contac t experiments are appl i ­
cable to model i ng multiple eon t act ~periment s . 

Many at temp ts have been made (1 4, 22, 35, 37) 
t o relate observed EOR phenomena to the phase be­
havior a nd t he var iar ions of t h e oil volume with 
pressure, i.e. swelling f o l lowed by contraet ion , in 
t he presence of COz as shown on curve 1 of F igure 
10. It ha s been desired to es t abl ish a t hermodyna ­
mic model for experimentally observed mi nimum rois ­
c ibility pressure (MMP) ; t he latter is establ ished 
by "slim-tube" experiment s. t n the authors' opioion, 
the relat ion between t his variable and c l ass i cal 
thermod ynamic considera t ions i5 no t dir ect o 

Tbe el f ec of COz flo oding and forma t ion of 
multipbases on t he viscosity , aurface tension and 
mobilit y and the impact a the flow character i stic 
of tbe phases, and tbe effic ieney of EOR, nave also 
been discussed in the literature. Sorne empirical 
limits have beeo proposed for the lowered viscosi ­
t y and int erfacia! tension '~f the oily (nont.letrirg) 
phases as to their beneficia! effec t s on efficient 
oil recovery. However, EOR phenomena are dif feren t 
at dif f erent conditiona. Vaporization, cond ena ­
tion, and extraet ion prevail a t iotermedate ternp ­
ratures, aboye 88°p and below 135 - 140°F (35 - 48 ) 
while condensation/ extraction prevail a t lower tem­
pera t ures, cheir effects on the t ranspor t pro per ­
ties and mobility also vary. Vaporizat ion / ood en­
satioo can be asaumed for EOa at tempera t ures a boye 
140 0 

p and l ow-miacibil ity drive may be t he rule 
for EOR of heavy o i J s. Recent data (6, l l )show t hat 
raid-range gr avity and sOlDe beavy oils also swell 
and t beir mixtures with CO ~ exhibit l ower viscosi ­
ties and in t erfacial tensions. 

Tbe aboye models emphasize the importane f ­
fects of the ro i s c ib " ity of t he l ight ends,inc l ud ­
ing the gasoline and kerosene in COz on l ow t m­
perature flooding. In essence , the gaso in /kero se­
ne / COz phase in t he f r ont nd of t he dr "ve can be ­
come the solven t f or lhe heavier fra ctions. 

Yarborough (61), Turek et al (53, SS ) , and Orr 
et al (3 0 , 31) proposed that t he phase beh vio. 
of syst ems encountered i n EOR wi th C0 2 can be des ­
cribed by equations of state (42 , 45) . With sorne 
modificatioos made t o accoDDJlodate t he mul t iphRBe 
behavior. In che 8ut hors' opinion, this in only a 
par t ial solution . Coefficient s and the nteraction 
pararoeters oE the empirical equ t ioos must be so 
selected bat reasona bly aecurace prcdictions of 
both phase behavior and denaities can b ~ J cu lRted. 
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In t his wor k , the mul t ipl e- variabl e a ppro a ch 
for establ ishing t h equation parame ers ( temper ­
t ure, fugaciey and density dependence) wh ' ch has 
been applied by Joffe, Schroeder and Zudkevi t ch(27) 
t o t he Red l ich- Kwong (R-K) equa t ion was extended 
and was alBO a pplied t o che Peng- Robi nson (PR)equa­
t i on and t o establ ishing the interact i on parameters . 

SOLUBIL ITY ANO OTHER EQUILtBRIA IN COl - HYOROCARBON 
SYSTEMS 

Appl ica t ion of Theorems by Lewis and Paynting 
and co r r ec t ing for nan ideal mixing yi elds t he sim­
pl e equation relating t he concen t ration of compoun 

in the liqui d (xi ) a nd t he vapor (Yi) i n a system 
under l ow-to- moderate pressures . 

dP ( 1 ) 

By def init i on, t he phase eq uil i br ium ra t i o, 

Kj =Y1 / xi , is obta ined f rorn equa t ion 1 tbrough the 

fo llowing equation : 

K. 
1. 0. P 

:LV 

i 
( 2) 

The varia bles are : P is the pressure ; P~ is 
vapor pressure of i at t : 0° and 0i are the f~gaci­
t y coefficients of i under pOsad P r espectively; yi 
is t he activity coefficient in the l i quid phase and 
t he exponent ial term sterns frem Lhe need to equate 
the s ides of Equation 1 under the pressure. 

When yí. 0 , 0~ aad the Po ynt í ng effect are
iassumed each t o equ51 unity, Equa t ion 1 reduces.... to 

RaouI t 's law. Under l aw pressures the ra t io 0i/0i is 
near unity and, hence the low pressure portion of 
the K vslues isotherm vary a s stlll:lght líne funetion 
of pressure on a l ogar i thmic scale . 

co 
Vslues of Yi, for some hydrocarbons a t infini­

te dilution i n caz, were cal culated from literature 
data on vapor-liquid and liquid-liquid equilibria 
tor binary systems with pat:'Bffinic hydrocarbons at 
temperatures around 80°F (~300K) snd 1000 paía 
( ~ 6.8 MPa ) 

The resu l ts are summarized in Tabl e 2 and are 
illustrated i n Figure l. The representstive values 
oE ~ for caz in Tabl e 2 scd t he observations of 

-

a . 	 AMA!.J$IS OP DAn r:I JIZNCD, • ••• , UdOE . lo l . AJIID lAC!T . •• • • 
tiID . aG . CUN. !!,., ",(UU' 

b . 	 AIIAL'ISU OP DA!'A ar OLM, l., J:tDOrA, l • • .aIIN$a., D. l o 101m 
ag, 1-.7•• JaJaJI . aIDC . DIC. ~'U. 21 . &. )17, (19' 8) 
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NUMBER OF' CARBON M'QKS nr PAAAfTU 

F IGURE 1. ACTIVlft cm::PFl cr!:NT 1\l' INYDIrrE DILtrrIO" 

~~W~'\~a ;S~O¡l~~"!~d 6.8 IIP. ) 

Francis (17 ), and Dandge et al (8) prov i de t hermo ­
dynamic confirmation t o t he conclusions of those 
who have stud1ed EOR vit h C02, i.e. a t the l ow tem­
perature ranse af eOR , around 80·F, caz 1s readily 
so l uble 10 light and medium range hyd rocarbons.Bow­
ever . it 1s sel ec: t iv e as a aolvent fo r h ydrocar ­
bons . Hence, liquid mixtures of COz and paraf f ins 
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'J'ABlZ 2 . 	 lJll'lJUU. DDDtlCIH AC'PIVI'f'Y COU"PICI!:Jn' 
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12 n- DODt:CM& 1., 22 " 
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15 n- P!l'l.'1'Al)CC.A8 1 . 7 .. 16 

11 .-1ttXADtCAIIE 1 . 6 5 58 3".11 
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lO S(II)Al-\IlE 1. 7 320 U 
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leavi<>r L!mfl hLy.anC eYhibi l dirlNtOl:l)' ( Splt t ting 
lo two l1quirl "lIaslls ) . T la le. of ~ etry in tile 
r valu" la I tlLr el .lndi<:Atlon that whUI 5cparBte 
1tquid phase are pre nt, both prust:s ·¡re r~ h 
\dth GO . . \8 ~CTa l llecs in que d ..,n are ej ­

of he critica! oC ~urbon diox.ijh. 
hi 8 (apo\" 500 psi) 

,­
cXl«nd 

n,is 15 

1<5 i e. 

,lt..1 h more 


PHASE EQUILIBR IA AT HIGH P RESSURES 


ANO CRITICAL LOCI 


r rOm studjes L t bl.n.'il"· s:::I[='; umlo<r pe SS\lre 

nd. \11'0. utiJ Izing the van der Wa31s ·qu.rtil1n, 
·:11 n('n pro=dictcd (t.n 1907) that he effects oi díf ­

fCTences of m 1ecular natur • nnd In bOl.11ns and 
f r eezlng po 	 n s would CdUS~ dl~conLinuitie5 in cri ­
tical locuH 	 su r-flll.; es. Thb '-"as t r confinned by 
the data of T!>ikli!:l nnd DÍ' Kriche'.'ski Clround 19'.l). 
SyaLemátic qtullie!'l ln t11e pa t 30 ar!l h:IV buile 
quit trl!4sure of data Cln sy!;t ," ·.od.!f hi~h 
pr- 9S1l es. \ 11 :onvnenburg nne! S Ot t ( ó) proposccl 
classlfyill~ binary mixtures nnd ritinü loei 
ccording lO what aff~·r th~ir tr nsitions be tween 
¡.;as-llquid. liqUl.d-1 iqulfl , sol.ld- olid and s -SOfí 
p ;¡"C equilibrin. 'lht2se curv~ • cClg¿ther wnh pur 
- ,·ompQn ..n~ vapol" pres re (¡,"d in »om« cases IIzeo­
trapes) curves forro l he pr lnt ipal boJulw r i ·s, 1n P 
T S"p3ce!J . ,"lf lh "ur ates repl"esent.lng ec¡uil ibriUll\ 
<DIIOng luid nd salid ptlllses. UBin!; 115 abasia 

hE P-T proyect-ions 1) n" dc 1 nd ti reO! phase 
t"urVl!' resulting from t.1 eir cnlcullrtioll , V n .:on\"­
nenbur ' rouped fluid "hase diagrams nto f1ve ma­
jar cl-lases. 	desigll!lted I ro V. 

The \' n l\onyn nuurR' · el I ·"ific.atlon in )Ul­

1ined tll I'i¡:ur 2. In each chlls lhere • re m=y 
9uhdllsees. Classes 1 Ild 1I "neompas!i binar)' "Y6­
tema.,f (1mpollnd~ whuse c rÍl1 ' J t~peratul"\!s are 
close to ea~h othcr. Henee, the critica1 tocl are 
contlnlloua. Nonídeal mix1O\I ( yeffects) Cdn cause 

b. CLASS Ira. Cu.sS 1 

\ 0 
t'O,¡/C,"¡o 	

~1/C11I1l 
1:'C13/C¡", c. 

pp 

T . 	 T 

e . CLASS V 
c:. CLASS !:II 	 d. Cl.J>.5S IV 

C01/CU • u 

pp 

T T 

fIGU RE 2. 	 C1.ASSES OY 1'liASE A.~D CIUTlCAL B.EIiAV10R (5&) 
FOR MIXTURES ENCOUNTERED IN EOR WITH CO2 
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a~eotrapes and deformation, i.e. deviations from 
the dOl11e shape, of the crítical curve, as shown 
in Figure 2a far mixtures cf light hydrocarbon 
with C02. Stronger repulsive forces (large values) 
cause separation into two liquid phases, as ahowo 
in Pigure 2b. TIle co~hination of strong repulsían 
(two liquida) and large differences in critical snd 
free~ing temperstures re[lect themselves in [he 
behaviors described by the subclasses of Class IlI. 

In Claases nI, IV :md V, the critical 1oc i 
are oot cootinuous; they do nat cannect lhe crlti ­
cala of the ¡rute co .. pounrls. Tn each s)'Btem cf theae 

LIQtlID/LIQUID 
CRITICA!.. LOCUS 

Gl\S/L!QUID 
CRlTlCAL LOCOS 

p 

(o) 

fIGURE ]-a 

SCHEMATIC 
TBREE DLME~SIO.AL 

classes, ant' portian oí Lhe criLi, 11 curve st.lrts 
fr01ll the critical of ehe li ht cam!,' und, CR' olld 
extends to Lhe llpper Critica] Hiscihil it:y painr ,U, . 
The other bram' h stans :lt thL' critü:"l point of 
the h<!avy compound, CQ. with [he roaIllI<:.ncy lOlo/ard 
CR' bUl the curve never re3ches Cs' In sVBtel1l~ uf 
el "ses 1 \' ilnd V, it nd s ti t t he 1 JW" r e r i tic 1 
mi b'C:ib ib,ty temperatllre. L. In Cla.s Il!. lL m.lV 

or may not mergc "'Üll he locus Ol tlt 1iquid - I i ­
quid critical misClb 'llity poines J[!p"nilioS 011 th" 
1'II:Ignüude o[ the differt'oces in rcez:l.O anu cnt í­
cal tt:!mperatures llf Lhe compooents. Thla is i.llus­
trated in Figures ::l mlU 4. 

CRITICAL LL 
SOLUBILlTY 

r 
p 

c" '1'2 

GAS!LIQUID 
CRITlCAL, 

THREE PHASES 

BOUNDARY 


v 

.x oc 'i oí el 

FIGURE 3. 	 SCHEMATIC or CLASS 111 ~ITH LL CRIT!CAL 15 A 
COllTINUhTIOll or O::E Sl'.A: eH OF THE LG CRlTICAL. 
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p 
p

t 1 

FIGURE 4 . SCHEMATIC SKETCHES OF CLASS 111 

VJ\POR/LlQUID OR 
VAPOR/SOLIO 

The behavior of binary mixtures of ligbt hy­
drocarbons, .g. Cl to C6 in heavier hydrocsrbons, 
where tbe critical temperoture differences are sig­
nificant, are defined by Classes IV and V. Partial 
miscibility regions in the vicinity of the critical 

SUBCLASSES OF CO WITH HYOROCARBONS
2 

LIQUro/LIQUID 

poin t of the light ompound, as sholo/tl in Figures 
2d and 2e, are common. For example. tbe process of 
propane deasphalting is an example of commerciaJ. 
applicatioD of tbe phenolllenon illustrated in Figure 
2e, Class V. 

PHASE EOUILlBRIA INTERPRETATlON OF EOR ANO 

SUPERCRITICAL EXTRACTION 


As has been pointed out in the literature, 
EOR with pressuri:ted propane drive at tempersttLres 
below the propane's critical, can be teraed as con­
densation/extraction, In t ne initial step. and at 
high nougb , temp ratures, 120 to 200op, tbe propane 
forma a separate pbase with light hydrocarbons ex­
tracted from tbe oil. Class V behavior . As the 
front progresses, propane becames less dominaDt and 
a single pbase fOl:llls. Ethane may produce similar 
results at temperatures around or below its criti ­
csl , 90·F. thougb higber pressures are needed. Met­
haoe and nitrogen , on tbe otber hand, have very low 
critical temperacures ando therefore, are leaa so­
luble in oi! and do not forro separate liquid phases 
wirh extracted light enda at tbe temperatures in 
question. Consequently, these ligbt compounds can 
be used only in immiscible EOR drives. Moreover, 
their presence reduces the efficiency of miscible 
drives. 

Pbenomena ,01 EOR with C01 can eacb be explain­

ed as one or more steps in a series . The number 
aud nature oE Buch atepa depend on the composition 
of che oil and the temperature and pressure in the 
well . lt should be borDe in mind that at tbe ini­
tial contact several unsteady-state transEers occur 
simultaneously. A portion of tbe oil, main1y its 
front end. evaportates and if tbe temperature is 
lover than tbe upper limit of observed liquid phase 
dichotomy, assumed around lJ5°F (20), vhen a dew 
peint concentration is reached. s second phase. L2. 
rich witb COz is formed along the LLC curves of 
Figures 2c. ld and le. Both pnasea are _I..ich witb 
COz. Tbe front oI tbe driv extracts more hydrocar­
bons until the second pbase. L2, disappears.At tem­
perature aboye tbe pestulated limit, no second li ­
quid pbaae forma. 

Mixtures of COl witb tbe bulk of the llIiddJ.e­
distillate, Cl~ to ClO range, are aasumed to bebave 
as subclasses of Class 111 . As illustrated in Fi­
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gures 3 and 4, tbe bebaviar of mixtures of tbe 10­
wer normal paraffinic components fo che middle dis­
tillate can be represented by tbe data and cnarts 
for normal hexadecane witb COz, Figures 2c, 3a, 4a 
and 5. 

In tbis syatem, tbe lower branch of tbe dis­
continuous critica1 locus stretches f rom the cri ­
tical fo COz, Ca, to the point u, at Tu, whicb re­
presenta and abrupt termination of the two liquida 
and vapor tbree phase region. Tbe otber branch, 
which resembles a "csmel's back and neck" i real­
1y composed of two merging curvea. Tbe brancb 
starting at point Ca' in Figure 3a and Figures 4a, 
4b and 4c , called bere in tbe "camel's tail", ex­
tends to the camel's shoulders, at T~, a point bet­
ween CT2and CP2' tbe temperature of U, where tbe 
neck starts. lt is tbe conventionally knawn gas­
liquid critical locus. The neck section heavy 
dashes in Figure 3a, is the líquid/líquid cr1t1­
cal miscíbilíty crítica! locus. In tbis case, the 
sectiona tbat of the gas-1íquid and tbat of the 
liquíd-liquid critical lící merge and form a con­
tinuous curve. 

In Fígure lb, an isotherm ae T2, crossection 
at a temperature between e snd Tu, tbe one for O, 
shows schematically the three phase equilibrium 
boundary and tbe regíon of miscible BOR. Starting 
with pure CH along the arrow, at any pressure abo­
ve tbae of tbe boundary, injected COz dissolves in­
to the C16' 

!be C16 swella but does not throw up until 
point A is reacbed. Adding more COz. beyond tbe 
concentration of A causes tbe al'pearance oi' the se­
cond liquid pbase 1.2 and when the mixture is v~y 
rich witb COl, at point 11, L1 disapperars, at po1nt 
B, and onl.y phase 1.2 exists. At a lower pressure, 
below tbat of ~~, a vapor pbase appears. More 
C02 will shift the wbole system into tne gaseDUs 
state. Needless to aay, operating at tbe latter si ­
tuation would be impractical economically. 

At pressures above Cr~ one 1iquid phase exists 
throughout the entiTe compoaition range. 

From viewing Figure 3, it is clear that at any 
temperature above Tu, only one 1iquid pbase í5 pos­
sible. Tbus, only a vapor and a liquid exist, 8S 

described by tbe dew-and-bubble nvelopea at T, 
and TIo . Eacb of these envelopea ends at a true g~sl 
liquid critical point of the CUlel-back locus. D~­
ferent behavior is exhibited by systems contain1Dg 
caz and heavier hydrocarbona. As illuatrated in y~­
gores 4b aud 4c, tbe rigbt band branch of the cr~­
tical curve turns upward at temperatures far aboye 
Tu. Figuratively, the came1 bas turned into a sitt ­
ing ostrich in Figure 4b and into chargÍDg SWlm 

(or Cobra) in Pigure 4c. 

Consequently, a gap exista, as shown by the 
dotted right side curve of Figure 2c; and wore ex­
plicitly in figures 4b sud 4c. Within the tempera­
tute gap, the dew and bubble curvea do not . meet, 
st a critical point, a t least st an atta ~na bl e 
pressure. This may provide some understanding to 
the phenomena of EOR of heavy oila with CO~ (6,11) . 

Aa metamorphoses in critica l loci are direct­
1y influenced by the nature of the campouuds, sud 
differences in freezing aud critica! temperatures, 
presence of nitrogen and methane in either 1DJec­
tion gas snd / or the reservoir fluid can induce it . 
At statie conditiona, mixtures of caz and a fra­
tion witbin the gasoline/kerosene range of Classes 
TI and lIla can turo into a combination oi Classes 
IlIb, lIlc snd V. In reality, ail phenomena may 
occur either simultaneoualy, or appear at ane time, 
or a locatían, during snd along the COz drive path. 
When several different phenomena occur simulta­
neously. the overall systea demonstrates an inte­
gral single type oi behavior wbich may re5emble 
any or none of them. For tbat reason , flash ca1­
eulations of the entire bulk bebavior are needed. 

PRESENTACION OF AH OIL AS C¡ .. 

The introduction of gas cbromatography to the 
petro1eum inspection 1abarataty greatly improved 
the accUTacy of defining che ligbt end part and tbe 
general nature of che oil. Bowever, if insufficient 
information is provided, the advantage becomes a 
dísadvautage. Tbia is tbe case when tbe oil, which 
is tbe raiaon d'etre for EOR, iB indequate1y defin­

'ed, or worse, is on1y mentioned as C in reports 
aud publications. 7+ 

The aimplified spproach of representing petro­
leum h:actions as normal paraffina i5 easy to un­
derstand, aince there are plenty of data on the 
latter compounds. However , from the ata rís t ic al 
peint, it introduces errora. Even among par8ffins, 
isam.ers boil witbin a reasonably na=ow range, but 
their freezing points vary significantly . For ez­
ample the isomers of decane bave a relatively nar­
row boiling range, 147·C for 2, 2dm-4-ethyl hexane, 
and 174·C for tbe normal. However, the ireezing 
point of the notmSl decane is -29.66·C and that of, 
l-methy1 nonane, witb tB ~ 165.7·C, is -98.7·C; the 
freezing peinr of the lovest boiling isomer i5 not 
available. lt could be dedueed tbat the eritical 
pbenOlllena tbat bave been observed on system of COl 
and líght bydrocarbons with normal paraffins re­
flact the effect of tbe higb freezing point5 oí the 
normal paraffins and, therefo-re, do not represent 
the entire family. Oil fractiona are not in the 
salid state; the contain solids and normal paraf­
fina in solutiona. They would be better deseribed 
by isomera of alkyl cyclo cOIIIpounda that have hi­
gher boiling points than normal paraffina aud, with 
the exccption of the rigid first members, bave much 
lovar freezing pointa. 

Neglecting tbe importance of defiuing tbe oil 
in terms correlab1e by petroleum engineering proce­
dures (1) is ve:ry c.ollDOn in EOR mode1 programming. 
Tbis subjeet will be diacusaed later in cbis pre­
sentat ion. lt will be shown tbat signific.antly dif­
ferent computarion resulta aud conclusions may be 
reached even if tbe nature of the Cl¡ó+ residue is 
not well defined (54, 55) . 
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PREDICTlON OF PHASE 8EHAVIOR ANO SIMULATIONS OF 

INST ANT ANEOUS SITUATlONS 


Equation 1, the classical "standard stat"", me­
thod, fnlls to meet [he requirement thae al1 K 
ratios equal unity ae the cTitical poine (27, 61, 
62). tt does not provid ' fnr reliable pr~iction~ 
at high pressures. However, equations of stare can 
accOtD!llodate thia r 'Quirement. 

Predictions of K ratios with equations of ata­
te are rigorous, to che degree of val.idity of tI! 
empirical asaumptions. Equilibrium is defined by 
Equations J, below, where the fugacities t and

iLt iV of component i in pllllses V and L are equal. 

r. r. 
L,¡ ~ 

sinee t '" ~ ~. X.P , the equi­iv 'lJivY/ and xi¡, ,,1 
librium ia defined by 

0· Y.p (4)
1v 1 

ThUB, 

K. ( 5)
1 

UtiLization of equations of state, such as the 
Redlich and Kwong (45) 

RT 
p"---- (6) 

V - b T 7'zV(V+b) 

and tbac oí Peng and Robinson (42) 

RT a (T) 
p=--- (7) 

v - b V {V+b)+b(V-b) 

requir B es bliaron che cO'!Ifi.t:ients ol 
tbe campon ts, i, j, etc. nd thuse oC 
ture. Hence, diflerent f~ 
cients haY been ~ployed y iff@renc r s r h¿f 
(9, 10,27,31,53,57,511,61). Predidions of K 

-

valves encompass tríal and error routines and re­
sults chat qualitatively agree with exper imentnl 
data re obtained. 

Althaugh the use of triangular digrams in fUO­
deling EOR with C~ has been proven valuable, it 
has been recognized that the changes in Classes and 
in the natures of fluida would impose quite a bur­
den on the designers. Therefore, the use of eql,Jat­
ions of atate has, naturally, gained wide acceptan­
ce. 

!he propasal af Joffe et al (!7) follawing 
esrlier wark by Wilson, that the Redlich-Kwong e­
quation c n be made to describe systems within che 
critical regian and that it can describe petraleum 
fractions, nas been fUuch simplLlied by Hamam el al 
(! 9) and improved by Yarbarough (61). In these ¡¡re­
diecion methods. the coefficients a sud b alang 
the v por pressure e'uve oí' a compound are terop ra­
ture depeodent. They are establi~hed by trial and 
error by attempting to meet two erLteria : (1) the 
fugacitl.es oí the vapor and che hquid must be 
equal, ud (2) the experimental liquid density i5 
rceproduced . 

Predictions af the phase behavíor of mixtu­
res have beeu done by che same equntians oí st Le. 
!he parameters af the mixtures are cstablishe" [rom 
cembining equatione modified by l.nteractian para­
meters, kij or \lij for Lhe R-K equati n aud eij 
and Dij for che Pcn~ Rob1DSon equation. ú"itera and 
Schneider (lO) sud Yarborollgh (61), and 1'lIrek et al 
(53) have proposed ~hc use of a aeeond íntersetioD 
parameter far the coefficient b of che Red 1 i e h­
K~ng equatioD. In all previous work. the inter3c­
t10n parameters were ~stablished from phase equili ­
brium data oo1y; prediction of pita e equl.\ibriUlll 
being the objective. 

A NEW CORRELATION APPROACH· INTERACTION PARAMETERS 
FROM 80TH PHASE ANO DENSITY DATA 

Jn this study, the objective ia expanded. lbe 
ínteracrion parameteTs of che equations of Blote 
were established from d t. an both phase ~quilibri8 
and mixtures densitieB correlated simultaneollsly. 
Thus. lh cross co fficients 8i · and bij of lh.e 
Redlich-kvan& equ8clon equetion were evaluated (ID, 
27. 61) as 

12 
aij ( t - kij) (sU jj) (8) 

ano 

b. 0- v.. )(b. + b ) ( )
1J 

~ 

I.J U jj
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!he relationships which hao been used by Turek 
et al (53) for the cross coefficients of the 
Redlich-Kwong equation were used in this work for 
establishing the binary cross coefficients far the 
Peng-Rabinson equation . 

h a . . (1 - C ) (a .. a .. ) (lO)
1J ij 11 JJ 

and 

( 1 + D • • ) (b ... b .. ) (11)
iil.J J .1 b. 

~J 2 

The cross coefficients oi equations 8 and 9, 
aud of 10 and 11, werc used wich coefficients for 
pure compounds nd fraction in Equacions 6 and 7 
respectively. However, there ia a difference b~t­
ween the vey coefficients a and b of the light hy­
drocarbons and C07 wece established and the way 
chese coeflicient ~ere established for eompounds, 
heavier chan propane. 

In eicher correlation, the coefficients a and 
b ae temperatures belov cheir critical were esca­
blished by che procedure utlined by Joffe, 
Schroeder and Zudkevicch (27). When the Peng-Robin­
son equation is used, the parameters a and b ror 
sny individual camponent or a petroleum fraction, 
are calculaced from 

a ­

and 

b ­

!be 
cienes {l 

functiona 

saturated 
relation. 

RZT2 
cQ -1'­a e 

RT _c_
\lb l' c 

(12) 

(13) 

temperature dependence of the coeffi­
and n is differenc from that for che 

b R b' •a(TR'w ) proposed by Pen8- o l.UBOn, Sl.Dce 
liquid densities are included in the cor-

The compariBon in Table 3 ilIustraces how 
application of chis multivariable correlation ap­
proach, i.e., lDaking a and b temperature depen­
danc, improves the capabilicy of che P-R equation 
to predict the densicy of liquid COz. 

Since supercritical gaaes playa must impor­
tant role in EOR and its phenomena, emphasis was 

-

added to improving ti e correlations' ca pab il i t fes 
ro predict their properü"s within the range of 
80°F aud 250°F (300 K to 415K). For this rea50n,the 
coeffiefeots a & b of Equations 6 and 7 for meth­
aoe, and eth.1ne and COa at temperac',res aboye Lheir 
criticals, were established by the ssme procedure, 
i.t!., al each temperature and pressure the coeffi­
cients were calculnted from cheir densities and 
fugacities. IUPAC compendia of data, ~.g. 

Reference 2, were used. The procedure which 
!o/ill be described in derail in another publicat ion 
is an expansion oí cbar proposed by Wensel and 
Rupp (59) who used a single paint for establishing 
representative (coeff~cients). It is very similar 
to the approach of TUl"ek et 1 (53 For ilJ ustra­
tion, the varintions of aud b for CO 2 fune­
tions of temperature and pree u witnl.n t e range 
of eondition of "Ilol EOII.", ..bov proas,", r­
ed in Figures 6 and 7. 

le hA been recoge' <ted chile. when tbe co e (fi­
eienes a and b oí sny two ~rameter's equation oI 
state become dependent variables, the nature of the 
equation liin'iges (18,29). Conse uent.1y, tb depen­
dency equetiona a; , (T .P) and b f" (T ,P) and 
their derivativea and integrals. etc. had to be 
builc ioto the derivatioD of the fuga lty coeffi­
cients and other derived v rinbles. 

!he interaeeion parameters k'l.j snd Víj snd Cij 
and Dij for varioDs binaries ol CO z snd ñydro r­
bons from C, to CH, tlnd bi.naries of hydrocarbons. 
were eetablished Iroq literacure data on phase at 
equilib~ium and densities. For oila divided into 
petroleum fractioDs, a generalized empirica! cor­
relatíon was developed by fitting che interaction 
coefficients to polynomial functions of che hydro­
carbon accentric factor 

This geoeralized equation however does nor 
aceount for the effeets of tempcrature and pressure 
that have beeD observed but neglected. For example. 
the binary system of C02 and hexad~cane ia probably 
che most studied member of Class 111, Figur A 2e, 
3, 4a and 5. Portions oC the isotherm at 90 0y 
given in Figures 3b and 5, abo", [he parabols - like 
compositioo-preasure relation for t~e liquid-liquid 
eqllilibriwn. As shoWTI on Figure 5, several attempts 
to predict che boundrLes of the partial miscibili­
ty region wieh equatioos of sta te "'he-reby [he sin­
gle interaction parameters (kij or Cij) is a ron'­
taot have noc beeo very succes5(ul. HOwever, ",heo 
en effect of pres8ure on either interáctLoo parame­
ter ",as iotroduced, excellent agreement8 ",ere fOllnd. 
Aleo, good agreemene vas found ",hen predicced and 
experimental vapor and Iiquid equilibrium at a 
higher temperarure (140°F or 60'C) were compated,as 
shown in "Figure 11. Surprinsingly, che interaecion 
parameters KiJ. for eombining th~ • i and BJ coeffi­
~ients of the Red~ich-Kwoog equation, and Cij the 
coeffieient for combining tbe same coefficienta of 
che Peng-Robin90o equatioo, [bat repr sent tite e.f­
fect oí pTessure 00 he liquid/liquid quilibrium 
of this system vary as s raigbt line functions of 
the syatem preasur . !bis is illustrated in Figure 
8. Accounting for tbis eHect, though of qu stiooed 
thermodynamic basis (18), enabled the description 
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of the liquid-liquid equilibrium curve and the cri ­
tical lIliscibility presaure of the binary COa - hexa­
decaDe at 90·F, shown in Figure 5. 

In this study, the coeff icients a and b of 
the-equations of state of petroleum fractioDs ~ere 

'l'UUll 

Colllpa.daan at Saturated Liquid VoluaeB tor C02 

Peng-Robinson Bquation 


'1'. Il • , t5ar Uquid I!IOlar Vo1-~,cc/llOl.e 

Lit. CAl.dU 0/0 'Irr ca1cU) , Err. 

50.0" 0.14 

51.U1 0.7) 

54.0n 1.11 

56.SU 1.09 

st.50~ 0.21 

fI.l7~ -l.U 

64."0 -6.U 

u .... -1.07 

10.n, U.lO 

.....a 0.00 

~'CI.OO U.SII ....7721 51.SU '.&:1 
a ••• oo 45."0 51.n, U.072 4.81 

21'.00 50."5 5'.410 57.U5 1.11 

291.00 55.134 55.911 61.059 9.07 

2".00 n.uI 5!1.37' I6.U' 11." 
JOO.OO 11.0115 14 • .,0 74.171 U.U 

10a.00 70.UO ".a" U.Olll 11." 
10).00 n.'JO ".U3 ".051. ao.u 
)04.00 n."! n.70) lJlI.160 '7.21 

,04.U n.'u 94.440 111.140 n.51 

_, (1) Cltl'1h&1 hn9-_J..o._ corP-l..U.... 1411 

Cll ~fh4 l'tilV-lIIDbJ.._. TbJJo ...,rk 

•. <n~-----------------, 

_to;JU..... , .......... t_.,...
...... .......... ... ,.=---a .. ' • .-a
.. ,....... 

rIGU R!: 6 COUPICJ.EHT iJ ...I.( 27 l toa 'rIlE REUC- R08..l'~SOM EQUATI0N (44J 
PURfl 1'°111 ) AT ~N!lAlIc:t> on. ucOVERr CONt>I'l'IONS 
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established far individual Darrow cuts(lO% volumes) 
of the TBP distillatioD curves. The ~ethods of the 
API Data Dook (1) were followed. 

The method (correlation) for establishing pa­
rameters a, b, kjj, Vij' Dij and Cij of th~ equa­
tioos will be discussea separately. 
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"'"'-Ull ..... 
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PHASE OISTRIBUTtON SIMULATION TRIAl 

OISCUSSION ANO COMPARISON 


The generalized correlation for parameters snd 
interaetion ~oeffieients for rhe t'eng-Robinson 
equation ond the computer roatine fo'[" aimulating 
liquid diebo tomy was tested. Two e:umples have. beea 
prepared to illustrate both strength and weaknesses 
of the tbeories and impressions from evaluations 
presented earlier in this manuscript. TIlese exam­
pIes were nOl selecead but the result are presented 
ss obtained with the Duthora' explanations . lt is 
expected that highlighting and diacusaing weaknes ­
ses and neeLla wil p'["olUote futuTe progress '["a t her 
than criticislll . 

SIMUlATlONS OF PHASE OISTRIBUTION 

lil A of Turek et al (53) was selected fo'[" the 
phase separation qimulation. llowever, the prepara ­
tion of tite data was quite an undertaking. TIle data 
in Table 10 of l\eference 53 provide a detailed ana ­
lysla of the C7+ portian of the oil. Unfortunately 
the frac t ioml are definad by theh number of Larbon 
atoffi$. This unEortunatt:'ly leavea a reader/correla­
tar uninforrn"d "hout 1 he r-haracteriz¡¡tion oI lhe 
oi1, i.e . boiling point, MW and gravity distribu­
~ion. 311 of whí h aro! needed [or establlshing pn­
ramel er far equatlons of stdee .md 'lefining inte­
raetion ilnd behavior in mixtu'["e". Additional infor­
matton About il A given in Table 10 of Refcrence 
53, the molecular weight and the densiey af lh" C7 + 
ail ,lt 288.7 K, ...ere uaefu1 in [he authors attempts 
tu characterlze the oil. 

In pr~paratioo for phas equilibrium calcula­
tions, [he oi1 was characterized in terms of petro­
leuro engineering variables, NSP, GAPI gavity and 
molecular weight. The following procedure ...as used. 

The fTac lions were lumped mto lat:ge rangiag 
fTac: tÚlns, e.le ti encolllpass1ng three to five rno­
lecular weight groups. A representative com­
pound was selected for each af the new frac­
tions. 

Based on the assumption thar chere ia less di­
versiry i n the normal boiling point o[ paraf ­
fins, than arornatics and naphlhenes, each frac­
tlon "'as assigned the normal boiling point oE 
the nO'["1D81 paraffins of rhe assigned molecular 
weight of rhe [t:acrion. A TBP curve ",as then 
drawn to estsblish the rn 13.1 average ba i l ing 
point (MASP) of the oil and hence its characte­
rizatian K. 

For the irst ['["La!, the APT procedure for re­
latíng molecular weight, API gravity, and the 
Watson K was used to estimare the (irst - rrial 
densiey ("API graviry) curve. Then the deosit~ 
of the oil was caleulated and cornpared against 
rhe published experimental value . 

Sioce t he firsr trial value was far from the 
exparimental, new TSP and grsvity curves were drawn, 
values read aod rhe trial p'["ocedure repeated until 
a reasonable agreement the experimental and calcu­
lated grsvity oE the oil "'as achieved. 

Ihe results from the final trial are shown in 
Table 5 and Figure 9. For a gond match oE rhe mo­
lecula r ",eighta and the oil gravity, the data on 
normal parafiins, used as an initial guess, doteed 
curve in Figu'["e 9 was too far from describins the 
oil which has finally eharacterized ro be naph ­
then i c. 

AH initial trials did not yield reasonable 
characteruation of the oil and its pItase distribu­
tion after lDixing with C0 1 • Following Lhe aclvice al 
Turek (54) Oil A of ~eference 53 was redefined as 
Oil B2 ol Reference 55. The characterizstion simu­
lation/interpretatian trial and error routine was 
repeated and che oil waa finally s atig[actot:ily 
c:barac:terized . 

lo phase eqnilibrium calculac i ons a sirnulation 
of mixing/flashing the '["ecombined oil (front - end 
combined wieh the C7+) yielded the resulte in Table 
6 . WiLh 75% ove'["ull (mole) CO 2 added, the mixture 
formed rwo liquid phases witb the cornpos:i.tions 
aplit. molecular weights and gravities 8S present­
ed and cOl1lpared against the data oi. Turek et al 
(Table 11 of Reference 53) . As shown in Table 6,the 
overall agreement between calcula led and experimen­
ta 1 values is ver)' good. However, ir h i g h 1 ig h e ­
major weaknesses. 

1. 	 The correlatioo oeeds furtber refinemeot to lm­
prove predictiona of phsse distribution of the 
e! to Có compounds. 

2. 	The characterizarion of che oil, in Table 5, i5 
sOmewha t inadequate. The phase split s imulation 
yielded 80rnewhat erroneous molecular we1ghts for 
the oils (liquida 1 and 2) . 

TRIAl SIMUlATIONS OF OIL SWElLING 

ANO CONTRACTIOIII 


Less satisractory were che results from simu­
lacLons of volume changes resulting from injeccing 
C0 2 und er pt:essure into oilB . The objective vas to 
reproduce t he 8...elling-foLlowed-by- contraction pat­
tet:n illuBtrated by Hollll and Josendall (23) fo'[" the 
Mead-Strawo Stock Tank Oi1 (STO),ahown as curve 1 
of Figure JO. 

As presented in Column 2 aE Table 1 of Refe ­
tence 23 informabon on che Head-Sct:awn STO is OOr­
dly adequate far c:harácterizing the oil for sensi­
tive computation. The sama trial-and-et:ror routine 
which had been [0"[ Amoco's OH A (53, 54, 55) in 
preparatían of che feed stream of Tables 5 aud 6, 
yielded the aasumed chat:acteri:tation oE the STO 
shown in Table 7. 
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• OIlLV OKl!l EXP!:RIXIII!rAL PODI'l' 

TABU 7 

IlIIrRPREAT 10N o IIEA¡¡"ST1lA.~ STIXK· TANJ·OIL (STO) 


C~I'O\.IIIU euc-
IltI ve ~ 

Xi t n Cr 
110. ~- /ti lf ZJI 'A~l Sp. Gr . 

fIl"f 
el/Mol!! 

1 Cl 44 0.0179 0.0179 107 0.508 l. 55 
Z C4 58 O.Oln o.o.n 111 0.S8 l.lZ 
3 C5 7l 0.0>1 ) 0.1028 127 0.6l0 5.908 

• 145.A72 ro 0.06.12 0.1690 1'2 0.6988 8.15 0.07l8 
~ 23O.AS) 100 0.1111 0.28 57 O./ISI ".11 0.1238 
6 l20.A51 UO 0.17 0.'5 51 0.1753 28. 58 0.1895 
7 'le .41 162 0.15 0.60 41 O.IIZO) 29.62 0.167 
8 500 Al'.5 190 0.10 0.70 )].5 .8576 n.53 D.lIJ' 
9 511S .l26. S 230 l).\O 0.00 26. 5 0.8956 25.68 0.1114 
10 670 A20 275 0. 10 0.90 20 0.9J4ij 29.'~ 0.U14 
11 790 AI6 lfll Q.051 0.961 17 O. 9~~9 ZJ.OO 0.068 
Il 'ISO A-9 495 0.039 100 9 1.0071 19.16 0.005 

C¡¡t 193 tJ2.S 

Ql1 180 311. U.837 2iZ.S 0.8912 

lNlE t 

CDl'AIIISOII CIf Uqulll-LIqUIlI fUSIl 

OIL A CIf TIIm El 111. (53) 


CASfC¡;.~~ ~~ ~~ ~~~~S4tto. ~LA 

Lqufcil 
CCI!IPOnerrt PmtclNr.•. 

0.00 0.00~ 
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e-!tl00 1101. \ 
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1.!14 
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O... 
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A simulation of t he volume ratio vs. pressure 
of the C02 flooded STO was a tedious task. I t was 
assume tbat the ratio of C02/PV was kept constant 
at all pressures . Consequeotly, the ra t io of moles 
C02 to moles oil should llave vari ed wi th pressure. 
The computed va1ue of V/Va under different pressu­
res at 135°F did not jibe with those o f Bolm and 
Josendal (curve 1 in Figure 10). 

!be authora postulated that the i njection of 
CO,. under pressure swells the oi1 until a paint of 
incipient dichotomy (split) is reached. Beyond this 
paint, around 1500 psia for curve 1 of Figure 10, a 
second liquid phaae, containing C02 and a portion 
of the light end of che oil, forms. The oil-rich 
pbase then, becomes denaer and hance the sudden 
drop in the V/VO curve . Bowever, the cOllLputations 
yielded a lIIuch lrilder decline in the vIvo r a t io 
curve (curve la in Figure 10). l e was assumed that 
the cause Lor the discrepancy vas the authors' mis­
interpretatious of Bolm and Josenda l ' s data. !be 
computationa were than carried ou t in an a ttempt to 
simulate the bebaviar of Oi l A of Turek e t al (53, 
55) as defined in Table 6. !be calcolated volume ­
tr i c behavioT of tbe oil-rich pbase of the system 
containing Oil A and C02 i s presented s curves 2 
and 3 of Figure 10. Curve 2 depi cts the VIVo ratio 
of t he oil-rich pbase along the single pbase inci­
pient dichotomy curve and corve 3 represents t he 
ratio for the same oil- rich pbase at constant ove­
rall 75 mole %C02. Ln these cases t oo, the sbarp 

drop in the V /VO curve which bac been ant icipsted 

to coincide witb the f ormation oI tbe light pbase 

was not ver ified. 


The disappointing failure t o simulate / verify 
the ShaTP change in the density oI the oil - rich 
phase could be attributed to any and! or combinatiou 
of the Iollowing weaknesses in the definition oI 
the probl em and in the omputer- progtammed pbase 
equil i brium pred i tion and the lIIAterial balance si ­
mulat ion procedures. 

The procedure used t o add COz aa pressure was 
inc reased. Tbe deseription given in Holm and 
Joseodall (23) qaa very general. 

Oifficulties in the tbree flash algoritbm to 
properly discern between the small differences 
in K valves and densities in the tbree phase 
region. An algorit bm which works well tor 
aqueous systems may not neeesssrily work well 
the two liquid pbases are rieh in C02. 

Can binary incersction psrameters which have 
tradit i ona1ly been assumed to be independent 
of t emperature and pressure properly reflect 
the complicated mixtures inberent in BOR? The 
case illustrated in Figures 5 and 8 for the 
c02/c binary would indicate tbat this is not 
so . 

The equations used i n the correlation oí t he 
a and b equation of state parameters for C02 
may not properly reflect the rapid changes in 
these parameters near the critical paint shmm 
in Figures 6 snd 7. 

-

The number of degree of freedom as determined 
by t he Pbase Rule ia qui t e l arge (berween 19 
and 21) f or the systems used in Figure 1 0. 
5ma11 dif ferencea in t emperature Or pressure 
or t he bulk carbondioxide composit i on can l esd 
to very di fferent r esults, particular ly i n the 
region of incipient dicho t omy . 

The seet ion enclosed by tbe dashed 1ines of 
Figure 10 represents the region which the 
au t bora feel places che greatest demands on 
equation of state and the type of al go r i t hm 
used. Failare in this region can be a ttribut ­
ed to an a l goritbms ioability t o parperly pre­
dict pbase splitting, as was ment ioned above, 
Or the mixture may be in t he cr i tical Tegion, 
wheTe any EOS will bave dif f i culty . 

By usÍDg inteTaction paramet ers in the KOS, 
which ar e neitber tunctions oi t emperature or 
pressuTe, one may get results which are en­
couraging on che one hand (flash calculation 
in Table 6) and completly erroneaua on the 
other (failure t o ca lculate the critic 1 s01u­
bility pressure Figure 5) . 

In t his atody the autbora bave tried to brí ng 
together, through the use of equations of s ta te,so ­
me of the theories sud observat ions of supercriti­
cal extrac tion as applud to EOR. Due to tbe inhe­
rent complexity of che EOR process, it is evident 
tbat much worlt remains to be done i n chis area be­
fore the same confidence tbat i8 applied t o normal 
bydrocarbon processÍDg is applied here. 

' .1 

I ,. ....~ ......,,:··.........' 1
~ 
g ...,e 

• 
I " 

"r~""---<I' 
" , " 

o. ,Q 

0 .1' 

.... ¡ 
i 
! 

o.n ! . 
1 , ...... ..L.Iu...L..1..LJu...L..1. ............L..1..L...I........"-'-~,o~.·..·,. 


I"lOOq • . Inu,..C't..um ,.r.-t;.U'.....yi llljl "h.ft 

tr::W:..:rdC:Oei~~ú.~L,~, ) 

141 -

Rev. Téc. lng. , Un i v . Zulia, Vol. 10. No. 1, Edición Especial , 1987 



• • 

• • 
• • 

•• 

1000 

900 

800 

700 

6DO 

ro. 
o 

,: Súo 	 ] 0 

..., 
.~ 

60"':;¡~.... P 
•· .• ~t'"

".'. 
SO 

4C 

.. 	 ~" 
% 	

¡¡¡
400 	 20 "5,., 	 " o 	 ~ 

o'" ]00 	 lD 

~ 
:o: ..' 
~ 200 GA.AVIT _ 2' .1°I\.PI 

lOO 	 · 10 

20 40 60 10 100 

MOLlE: APORU&:Il 

FIGURe 9. ... 1'JIAcT1011~ir~~~~~2 IS]) 

Rev. T~c. Iug., Un1v . Zulla , 

l.' 
a.w I1.. 

1,4 

~• l., ¡; 

! l.' 	 '~ • • "'-- ..,. l. 

""'-.. ~ ~ ... 
".,. I •.. . ... 	 "­

lOo 1... 1... - .... ­...... " 11: 

f1cw:! lO CIIoY!,l 11 Oll '-0.._ \IIfJlI MlPITUII .... Ar flCKAlIII !III'SUI" 

•• EX'p.rl••nea.1 data ot K1n9 et .•1. ( U ) 

• O.tcul.ated vith .odlt1ed Penq-Robin.llon 

•
• • 

• :• 
• ~ 

• ~ 

• 
• 

• 

• 
•• 

G•• O.S O. fi Q. 7 0.8 0.9 l . O 

JilOLE FRACTIQ!4. C02 

nGtl'RE: 11. 	 CW1.PAR150H' O,.. '!:XJ)E.RIM'OITA.L• • , . AAD CA~TrD•• • PK.lSJ: 
COKPOSITtO~t$ f1JR 11It CARBQN DfOXlDE - HEXADECAN.E: SYS7O! 
A"t 1410 t)EC r 

- 142 -

Vol. 10, No . 1, Edición Especial, 1987 

l.'" 
180 

170 

1~1)-

151)­

1.0 

130­

g .. IZO­

:> " 
11 0

l.'l " ..'" 
100 

1m 

80 

70 

01)­

50 

... 




ACKNOWLEDGEMEfIIT 

The authars wish to expresa their gratitude to 
Dr. Franklio M. Orr oí Stamford Research !natitute 
aod Urs. Robert S. MetcaHe. David P. Berglltao and 
Edward A. Turek oI Amoco Produetion Company for 
providing inIormation, fruitful discussions and 
suggestioos eoneerning the presented material. 

REFERENCES 

[1] 	 Am. Pet. Institute, Techn i eal Data Book - Petro­
1eum Refining Chapters 1, 2, 3, 4, S, 6, and 8. 

[2] 	 ANCUS', S., AMSTRONG, B. amI DE REUCK, K.M. : In­
ternational Tbernodynamic Tables of the Fluid 
Stste of Carboo Dioxide, Pergamon Presa, New 
York, (1976). 

[3] 	 BAKER, L.E., PIERCE, A.C. and LUKS, K.O., 
"G,lb/u, weJlgy fl.1IiLty~ 06 pluue. e.qu.<..i .lbJtia" . 
Soco 	 Peto Rng. Jour, 22 : 731-742, (1982). 

B~, .A.L., DOWDEN, "".E. and KIJNZMAN, W.J. : 
"MLlc..W.t:.e Flui.d fU.6pla.c.eme.n.t - p!l.et:U.c..tlon 06 
M.u.c..lb.i1.Uy", Peto Traos. AIME , Vol. 219 pp.2 29 
-237 , (1960). 

[5] 	 CRAROENSOMEUT-AMON. T., Ph. O. Dissertation,Ri: 
ce Uoiversity (1985) . 

Chung, F- T-B, Jones, R. and Tbam, .ILK. : "He.avy 
Oil. Rec.ove.Jty by CO Irtrni..6Ubte Vü plac.lUllelt-t 
Me.:thod", Preseoted at 1st International Syrnpo ­
sium 00 Enhanced Oil Recovery, Maracaibo, Vene­
zuela, (Feb. 19-22, 1985). 

[7J 	 CULLICK, A.S. aod MATRIS, M.L . : "Vvu>.(;Uu. 
and v,u,c.ol..u.i.u 06 /.U.xtWlu 06 Cmon V.iox..úie 
and n-Ve.c.arte. 6Jtom 310-~o 403K and 7 ~o 30 MPa~ 
Jour. Chem. Eng .. Data, 29, No. 4, 371 - 394, 
(1984). ­

[8] 	 DANDGE, n.K., HELLER, J .P. aod WILSON, K.V. : 
" S:tIw.ct1.vle - Sol.u.b.U1.ty COMef.a.U.on: OJt.g a n'¿c. 
Compound6 and Oe.nt.e CaJtbon V.Lctide. 8.úla.Jty SI/I.­
teJll.6"., Ind. Eng. Chem. ?roe. 'Res. Dev. , ~, 
No. 1, 24, 162, (January, 1985). 

[9J DEITERS, U.K., Fluid Phase Equilibria, 13, (part 
1) 109 (1983). 

[10] DEITERS, U. and SCHNEIDER, G.M. : "Fl.ul.d ~­
twt.eA ~ IUgh 'PJl.Ut.W!.et. Compu;W!. ~CJJio.;Uont. 
06 .the Phat.e. EQu..iUb1LÜ1 ruuf The CMlica.i Phe.­
nomwa i.n Fw.d Ri.l'UVl.y M..c:x,t.wtu 6JtOm .the. 
Red.U.c-h-Kw1ng Equa;Uon 06 sta.te.", Ber. der 
Bunsen Gese1schaft, 80, No. 12, 1316 (1976). 

DE 	 PlIDROZA. T.M., EMB!D, S., ESCOBAR, E. ,Rusi­L1l1 
nek, 1. and Yabrudy, E. : "E.6.tud.i.o I~rt.g1Utl Ve 
/..a RWJ.pe.JtaC.i.611 Me.jollAda Ve Un CJr.u.do Vwezola­
no Me.cLiIlnte /..a lnyec.c..i6n Ve COz", presented at 
1st Intern. Symp. 00 EOR, Maracaibo,Veuezuela, 

(Feb. 19-22, 1985). 

[12] 	 ELGIN, .T.C. and ¡:ffilNSTOCK, J.J., JOUl:. of Chem . 
Bng. Data, i. No. 1, 3 ( 1959) . 

[13] 	 ENICK, R., HOLDER, G. and MORS~. B. : "C4u:.¿­
ca.i a.nd ThJr.e.e Pluu.e. Be.háviolt UI .the CmOl1 
V.i.oxi.deITlÚdec.ane. SyAtem" presented at the 
AIChE National Meeting, llouston, (March 24-25, 
1985) . 

ENICK, R.M., ROLDER, G.D . and MORSI, B.1. : irA 
TI! l'/ImO dyllll!!Ú.c. eOJrJle.tat;.¿o ItA o6the. M.¿ n.(.mu.m 
M.i.6c.i.b.LUty PItet.hWte .út COz fl.oocUng 06 Pe.tJr.o­
l.enm RUlVI.vo.(Jr..t,", Preseoterl a t AIChE Meeting, 
Houstoo, Texas, (March 24- 25, 1985). 

[15] 	 FALL, D.J. and LUKS, K.O. : "Pha.6 e. Equil.¿­
Wa. BeJw.vioJt 06 .tite SYl.ÚJIIJ¡ CMbon [Uox..úie & 
N-VotILlc.otváIne. ami CaJtbOtl V.lo:u.de. & n-Voc.o.&a ­
rte", 	 Jour. Che¡¡. Eng. Data, 29,413 . (1984 ). 

FALL, D.J . FALL. J.L. and LUKS, K.O.: I,U­
qu.1.d- L.iqru:d-VapOlt 11r111.i.6u.b.<Li;ty L.iJn.i..U.Q¡ COz 
& n p;vta6ft.<.rt /.!.ix.tuAu", Jour, Chem. Rng. Data. 

[17] PRANCI S, A.W., Jour . Phys. Ch~., 58, 10 99, 
(1954) . 

[ 18 J GRAY, R., Commeots made a t 64t:h Annual. Cooven­
tion of the GPA. Rouston, Texas , (March 18- 20, 
1985). 

19J 	 HAMAM, S.E.M., CHUNG, W.K., ELSHAYAL , 1.M. aod 
LU, B.e-Y. : "GVUVt.a.Uzed TempeJta;i:ul!.e.- Vepel1 ­
dVlt PiWlmUe/Ló o~ lite Re.dUc.k- KWlI:g Equ.a.t.W rt 
olÍ Sta..te. tÍOJt VapOJt -U.qu.úi. Eqt.úUbJt.i.Lun Ca.tc.u1.a.­
.ti.otU," , Ind. Eog. Chem. Proc. Des. Dev. 16,No . 
1 . 51, (1977 ) 	 ­

[20] 	 HENRY. R.L. and METCALFE, R.S.: "MuLt.iple 
Phat.e. GwVl.iLt.<:oI'l Vwt.i.ng CO 2 ftoorUng " , Soc o of 
Peto Rng. J our, 23, 595-601, (1983). 

[2 1] 	 HOLM, L.I'¡. : "A Compa!!..i.t.oll 06 P'wpa.ne and CO2 : 

Sol.veltt FloOcUng PJLOC.Ul. U" I AIChE Jour, 7, No. 
2,179, (1961 ). ­

[22J HOLM, L.M. and JOSENDAL , V.A. : "Mec.han,u,m6 06 
Oil. V,u,pla.c.ement by CMbol'l V.lox..úie.," J . l' e t • 

ec h o (De, 1974), pp. 1427 -1438. 

[23] 	 ROUI, L.~. and JOSENDAL, V.A. : "E66ect 06 Oil. 
CompOh.u..<.on on M.i..su.bte. TI/pe O,Ú,p.(J.tc.I?JTien.t by 
CMbol1 V.i.oJUde.," SOCo Peto fog. Jour 22, pp. 
87-98, (Feb . 1982) . ­

[24] 	 HUTCRINSON, C.A., Jr. and BRAUN, P.R., Phase 
relations of miscible diaplacement and oil re­
covery. AIChe Jour, I : 64-72., (1961). 

[25] 	 HWANG, S.C., LIN, Y- N, HOPKE, S.W. and KOBAYA­
SHI, R. : "R~rt 06 Uqt.úd-Uqu.úi. Equ.'¿U ­
bJtiwn Be.hav.iolL a.t Low Tem'{leJttLtu.!l.U .to Vapo!t ­
Uqru:d Equ..U..üvt.i.a Be.hav.wJt. a..t IUgh Tem p(!!UÚU. ­
!tu a.nd Ele.v~ed PItet..6W!.U", Gas Proc . AsaDe., 
Proceeding nf 57th Annual Conventioo (1978) . 

- 143 -


Rev. réc . Ing ., .Univ. Zulia, Vol. lO, ~o. 1, Edición Especia~. 1987 


http:PItet..6W
http:Uqt.�d-Uqu.�i
http:PJLOC.Ul
http:P'wpa.ne
http:Vwt.i.ng
http:p;vta6ft.<.rt
http:V.lo:u.de
http:CJr.u.do
http:PJl.Ut.W!.et
http:Sol.u.b.U1.ty
http:M.u.c..lb.i1


J OFFE, J . and ZUOKEV ITCH, D. : " Fugac.i.ty coe.n ­
6,{,c,ú ..nt6 ú ¡ G<u M.ix,;ttVI.eA Con.t.a.úL&tg u .g ht HIj­
dAoCQ4bOnh and C~bon D~~~n, I nd. End.Chem. 
Fundam 2.. 455 , (1966 ) . 

[Z7J 	 JOFFE, J., SCHROEDER, G.M . a ud ZUOKEVITCH, D., 
AI ChE Jour. ~, 496 , (197 0). 

[28 ] KINC, M.B., KAS SIM, K., BOTT , T .R., SHELDON,J. 
R. and MAHMUD . R.S. : "Plt.e.d..i.c-Uon O ~ Mu.:tual 
Sotub.a.i.t.i..e.6 O 6 He.a.V !l Campo11 eJ'l.U, w.i.th SUPell ­
cJt.i.t.i.cal and SUghrty Su.bCJLUi.cal S olv~lItl> : 
The. Role. 06 Equ~nh 06 sta.te. and Sorne. AppU­
c..a.t.W1Il> 06 a S.impie. EJC. pt1l1de.d la..t.Uc.~. Model a.t 
SubcJLi.Uc.al T I1mpe.lUltuJLeA", Ber. der ,Bungenge­
selscha f t , 88 , No. 9 , 81 2 (1 984). 

[29J 	 K:lSTENMACHER, B., Comments made at 64th Annua 1 
Convent i on of t he GPA, Bouston . Texas. (Harch 
18- 20 , 1985). 

LARSEN, L. L . , SILVA, M.K. and ORR , P .M., J r. : 
"C02 - hyc!Jw CítJLbon p¡lJUe. beJu¡v,w1L .út model 4yl> ­
t e.m<> - palI.t 3 : CO2 - C1 -C I 6 ''. S UlHli t t ed t o 
Fluid Phase Equilibria, (1984). 

LARSEN , L.L . , TAYLOR, M.A. snd ORR, F .M. J r . : 
"C02 - HydAoCítJLbol1 phaóe. be.MV.(OIt. .(n modei. hljÓ­
te.ml>- PaJLt 2 : CO2 -es - Ció", Submit:ted to Fluid 
Phase Equilibria ( 1985). 

LIPHARD, K.G. and SCfUffiIDER, C .M., J our. Chem. 
Thermodyn, l , 80S (1 975). 

Mc HUCH, M.A., SECKNER, A. J. snd YOGAN, T. J . : 
" H.<gh PitUóulLe Pha.6 e. Be.hav.i.o1L 06 8.úuVr.y M,ix ­
.twr.e.<> 06 Oc;taCOM ne. and CaltbOIl D,wJÚde" . I nd. 
Eng . Cbem. Fundam. 23 , 493, ( 1984) . 

MELDRUM, A.B. and NIELSEN , R.F. : l/ A 4tJ.uiy 06 
t hltee- pluue. eqlÚUbiUo. 601t. caJlbOfl d.i.xode. - hy­
CÍltCc.allbofl m.ú.tuJl.u", Pr od. Monthly 22 - J 5 , 
(August 1955) . 

METCALFE. R. S. aod YARBOROUCR. L. : "The 1'.6 ­
6ect 0 (., pMl>e. equ..i..U.bJUa On ,the. COa d,ú,ptac.e ­
me.,Ji: me.chan.<.óm" . Soco Peto Eng. Jour . II :24 2­
252, (1 979) . 

METCALFE, R. S., PUSSEL, D.D . ,and She1 t o n, J .L. : 
"A Mu.U.i.c.ell. Equ..i1.i.bJúum Se.pa!Ut.ti.OIl Model 601l 
the. s.tudy olÍ Mu.Ui.pl. Collta,ct ~t.U.c..i..b.i.Ut.Ij .(n 
1Uc.h G<u DJt.(ve.", Soc. Pet. Eng. JOUT. ,13, 147. 
(luDe 1973). 

MUNCAN, N. : "CaltbOIl Vi.ox..i.de. H.oad..i.n8 - Funda­
mvr.ta.lt., " J. Can. Peto Tech. pp. 87- 92, (Jan. ­
M'arch 198 1). 

ORR, P.M .• LlEN, C.L . and Peeltier, M.L . : "u,­
c¡u..i.d Pha.6e. Belltlv.(.olL .&1 CO - HljdltOC/lbOtl Sy.6 ­
t.e.mh " , Preprint , ACS M.eeting Atlanta, Georgia, 
(Marc h 29- April 1, 1981 ) . 

ORR, F .H . , YO, A-D and LIEN. C. L.: " Phaó e 
8e.hav.(.o1l 0(, CO and C.l!.Ude. oil. .út low Te.mpvr.a. ­
tUlte. RUeIlvoW", S OCo oE Peco Bog. J our. n . 

-

480 , 	 (1981) . 

ORR, F. M • • Jr . acd JENSEN, C.M. : "lnteJtpltaa­
.ti.on 06 PlLeAJolLlle. COlltp06~ 11. Pha.t. e V.úlg1taJfl6 
áOIL COa - CJw.de Oil Syl>.t(1Jl1Ó ", paper SPE 111 25 
pr esented a t the 57th SPE Annual Fall Techni­
eal Conferenc e an d Exhibit íon , New Or l eans , LA, 
(Se pt. 26- 29, 1982 ) . 

QRR , F .M. J r., and TABER , J.J. : "V,¿¿ p.ea,c.eme.nt 
06 Oil. by Caltbon V.i.oJÚde. , Nw Mex..ico Eneltgy:' 
Res. a nd Dev. l ns t . , R por t EI1!D2 - 6 9 - 3 306 , 
(Hare h 1982). 

PENC, D. Y. and ROBINSON, D.B., Ind. Eng.Funda ­
men t als 11, 1 , 59 (19 76). 

r4 31 	POULSRN, D.K. : , "Well.. S.t.únu..fa.ti.otL w.i.th COa- N ' . 
t, 8o.ttollt - Hole n:e.a.tmwt. Voiume, Fl.LW1 Ve.n­
4.i.ttj' . Oil sod Gas Jouro , _' 14 2 , (Oet 26 , 

RATHHELL, J .J., STAI.KUP , P. I. and BASS INGER, 
R. C. : "A LaboltlU:OIt. y lnveAt..i.gCLt.i.on 06 M,¿¿Ubie. 
V,¿¿ptacemwt by Caltbon V.i.o JÚde", paper SP E 
3483 presenten a t SPE- AIME 46th Annual Pall 
Meet i ng. New QrIean~ , La ., Oct. 3- 5, (19 71) . 

REDLtCA, O. and KWONG, J.N.S., Chem. Rev . 44, 
233 	 ( 1949). 

SCllNEIDER, G.H. : " Phy4,{,c hem.i.cal plt.btc..(pteA 06 
EWa.c.t.i.on Wilh SuplVt.CJt..U.i.c.a.l Ga.6eA", Angewan ­
dt e Chemie, Iternat. Edit. Engl. !l. 716 , 
(1978) . 

SCllNEIDRR, C .K., ALWANl , A., REIM . W. HORVATH, 
E., sud FRANCK, E.U . : "Pha..6 (!J~.te.i.cI'g eJAk.c.htlt 
und K~c.he. E!tl>c.he..i.nwTge.n .(n b.úuVt.en MUc.h­
.6ljóte.m b.lA 1. 500 baJt : CO mil n-Octa.n, ¡¡-Un­
de.co.n, N- TJt.(de.can und n-Huade.can." Chem i e-ing. 
'rechn. 39. 649 , (196 7) . 

[48] 	 SI:tELTON, J. L. and YARllOROUGH, L. : "Mu.W.pl.e 
pha.6e beM.v,w1L Ut pMOUl> me.d.la. dl.l.lt.Ütg CO2 0It 
Jt.ich-glU 6iaod.i.ng " , J . Peto Tech . , ll : 1171 , 
11 78, (1977). 

STEWARI, W.C. and NIELSON, R.F. : "Pha..6 e eq/Ú.­
UbJUa 6M rn.i.dwt.u 06 CttILbor¡ d.loUde. and 4e.­
vellal noJunai. ócttwta.ted h.ydAoCA/tbonh". Pro d. 
Montbiy, 27-32, (January 1954). 

[ SO J STALKUP, F. 1. : "eMboa V,wude. /.f.ú,c..i.bLe. Fia ­
od..i.n8 : Pa.&,t, PlLeA mt and Ouil.o Ok áOIL Fut:wu?... 
J. Peto Tec h . , pp. 1102-1 112, (AugUBt 1978 ) . 

(51] 	 STREETT. W. B. : "Pha.6e E quiUbJL.ia.út fiu.úL 
and SoUd M.i.x..twr.u a..t /Ug h PlteAÓtVI.eA". Page 3 
in "Chem.ic.aL Eng.útWLing a..t SupeJr..C.JU;Ucal 'F.i.u. ­
.(d ConcUt.i.oM. Ed4c!tl>". Paulait is, M. E.. Pen­
ninger. J .H. L. , Gray, R. D.Jr. and Dav id son, 
Phill i p, Aun Arbor Science (Butterworth) (1983). 

SWAID, 1., NICKEL , D. and SCHNEIDER,G- M. : "NIR­
Spec.tlr.oócop.i.c. Inve..U:4Ja..ti.olll> On PhlUe 8e.fuw.ÚJ1I. 
06 Low-Vo~~ Oll.ga~ SUb4ta.nC.e.h ~ Su­
plVt.cJt.i,Uca.l Caltbotl f)~Ude.", lo Press: Fluid 
Phase Equilibria (1985). 

144 -

Rev. Tec. lng. , Univ. Zu11a . Vol. l O, No . 1 , Edic ión Especial , 1987 

http:Inve..U:4Ja..ti
http:ConcUt.i.oM
http:Chem.ic.aL
http:PlteA�tVI.eA
http:quiUbJL.ia.�t
http:6iaod.i.ng
http:b.�uVt.en
http:EWa.c.t.i.on
http:S.t.�nu..fa.ti
http:p.ea,c.eme.nt
http:mvr.ta.lt
http:Vi.ox..i.de
http:t.U.c..i..b.i.Ut
http:Mu.Ui.pl
http:me.chan.<.�m
http:SubcJLi.Uc.al
http:la..t.Uc
http:M.ix,;ttVI.eA
http:Fugac.i.ty


TUREK, E.A . , METCALFE, R.S., YARBOROUGH L. and 
ROBINSON, R. L. : "P?uu.e Equ-iUblÚa bl CO r Mul­
t.ic.ompcnent HycVwca.Jt.bon S/:f¿.tll1lt¿, : ExpeJt.Úrle.nta.l 
Va.t1l ami. MI ImpltO ved PJr.ed.(cUon TecWC¡l.le~ soc . 
Peto Eng. our. 24, 308 , (1 984). 

(54] 	 TUREK , E. A., Personal Communication , (1985) . 

[55] 	 TUREK, E.A., METCALFE, R.S. and FISHBACK,R.E.: 
"Phau.. BeJlIlV.(.o1t 06 Seveltal COz -Wu.t Te.x.ru. Re­
he!r.VO.(;¡ oa Syótem¿,". SPE Paper No .1J11 7 , 59 t h 
Annual SPE Conference, Houston, Texas, Septem­
ber 16- 19, (1984 ). 

VAN 	 KONYNENBURG, P. H. and SCOTT, R. L . : "Tlle 
CJU.Uca1. Unu a.n.d PflJl.6 e Equ-iUbJúa..in. 8.Uuvuj 
valt del!. WattU ~u", Phil. Trans. Roy.Soc. 
298, 	495, (1980) . 

[5 7] 	 VIDAL, J., Fluid Phase Equilibria • .!.l,(Part 1), 
15 (1983). 

[58] 	 VIDAL, J. : "Pluu.e. Equ...ii..i.blÚa «lid Venóily Cal. ­
CJ..Lta.t.i.oM 601r M-ix.tuJtu .in .the CJU.Uc.a.i. Rang e 
l<J.Uh SUIIpl.e Equa.t.i.oM 06 St.a.te", Ber .der Bun­
segeselschft 88, No . 9, 784, (1984). 

[S9J 	 WENSEL, H. and RUPP, W. : "Ca1.c.ui.a.UOII 06 Pha. ­
611. Equ...i1.Ü>JUUm .in Sy4.te.m ContiLúLú1fl Wa.tel!. a.nd 
Sl.lp~c.a.i. Componentl.>", Chem. Bng. Sci. 33 
683, (1978 ) . -' 

[60] 	 WnSON, C.M . and WIENER, M.D. : "A c omput elt 
hlodel. 601t Cal.cui.a.tútg Phy6.ic.ai. aIld T/¡eJrmod.ina ­
llÚe. PltOpe!t.Ue.ó 06 Syl1.the.ti.c Ga 6 pitO c.e¿.¿, 
St7!.MJrrl>", Paper 14 Page 256 in Phase Equili ­
bria and Fluid Properties in the Chemical In­
dus t ry", T. S. Storviek and S. 1. SandI er Edi­
tors o ACS Symposium Series 60 ., Am . Chem.Soc. 
Wash ' gton, D. C., (1977). ' 

(61] 	 YARBOIlOUGH, L. : "AppUca.t.i.on 06 a GeJleJr.O..Uz ­
ed Eql.lll,túm 06 s.ta,te :to PÚ'toteum ReHltv oDr. 
Ftu.úi6". Equation of State in Engineer ing. Ad ­
vanees in Chemistry Series, K.C. Chao and R.L. 
Robioson (eds). American Chem. Soc., Washing­
ton, 	DC (19 79), 182. 385-435. 

[62] 	 ZUDKEVITCa, D. and STREETT, W.B. : "Flu...id 
Ati.x..twlu a.t H..i.gh PJLeMUltu - BeJlIlv.io1t alld AppU­
ca.t;.¿on¿,", Present a t 9th CoCATA Meeting, Jeru ­
salem , Israel, (June 26-July 2 , 1984),( Proce ­
edings in Print). 

Recibido el 13 de eneltO de 1987 

- 145 -


Rev. Téc. 103., Univ. Zulla, Vol. lO, No. 1, Edición Especial, 1987 


http:AppUca.t.i.on
http:Phy6.ic.ai
http:Equ...i1
http:Equa.t.i.oM
http:Equ-iUbJ�a..in

