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Abstract

A model of the liquid-vapor phasepartitioning behaior of gastracersin water at
geothermatemperaturesnd pressuress presentedThis modelusesHenry’s coeficient
to describethe variationof the gastracersolubility with temperatur@andpressure A new
methodis describedor the determinatiorandrepresentationf Henry’s coeficients. The
methodusesexperimentallydeterminedvaluesof Henry’s coeficient and a thoretically
predictedvalueof behaior atthecritical point of waterto provide datawhich canbefitted
by a semi-empiricalcorrelation. No assumptionsegardingideal behaior are necessaty
The semi-empiricakorrelationis a modifiedversionof that presentedy Harvey (1996)
and betteraccountsfor high temperatureand non-idealbehaior. Setsof model coefi-
cientsaregivenfor arangeof possiblegastracers.Theresultingphasepartitioningmodel
is simpleand may be easilyimplementedn a numericalgeothermakimulator The use
and behaior of the modelis illustratedby its applicationto a numberof idealisedtest

problems.
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1 Intr oduction

Computemodellingof flows includinggeothermatracersis motivatedby thewidespreadise
of tracersin geothermatesenoir testingandmanagementThesetracermodelsareusefulfor

both the designandinterpretatiorof field tests. The tracersusedin geothermafields may be
broadly categorisedinto gastracersandliquid tracers.Gastracersare definedasthosetracer
chemicalghatare highly volatile, sparinglysolubleandareinjectedasa vapor Examplesof

gastracersncludethenoblegasesrefrigerantqe.g. R-23)andsulfur hexafluoride(SF;). Lig-

uid tracershave low or moderatevolatility andmay be injectedasliquids. Examplesinclude
tritiated water saltsolutions(e.g. NaBr) andvariousalcohols(e.g. methanol).Liquid tracers
may exhibit liquid-vapor phasepartitioning behaior similar or quite differentto that of the
geothermalwater As discussedn Trew et al. (2000), distinctive modelsof phasepartition-
ing behaior arerequiredfor eachof thesetwo tracercatagories. This paperdescribesecent
adwancesn modelsof the phasepartitioningbehaior of gastracers.

The descriptionof the liquid-vaporphasepartitioning of gastracersis basedon their sol-
ubility in water Gassolubility datain water at low temperaturesre relatively abundant,
however, they are scarcefor the higher temperaturegncounteredn geothermalreserwirs
(Schottel985,JapasandLevelt Sengerd 989). Suitablemethoddor extrapolatingow temper
aturesolubility dataor relationshipgo high temperaturemustbe consideredIn this research
it is assumedhatthe gastraceris only sparinglysolubileand,hence the gastraceris closeto
infinite dilution in theliquid phaseandits liquid-vaporpartitioningbehaior canbe modelled
by Henry’s law (Schotte1985). Henry’s law hasbeenusedoftenin geothermabpplications
wheregasesare present;for example: O’'Sullivan et al. (1985), Mroczek (1997) and Pruess
etal. (2000). Henry’s law requiresthe specificationof Henry’s coeficient which accountgor
the solubility of the gastracerin watervarying with temperatureand perhapsressure.The
representationf this coeficientis the key modelingconsideration.

A geothermaflow simulatorusuallyrequiresthata liquid-vaporphasepartitioningmodel
provide theliquid andvaporphasemassfractionsof tracerfor a given setof temperaturend
pressureconditions. Trew et al. (2000) describeghe calculationsrequiredto implementa

liquid-vaporpartitioningmodelfor gastracersin the widely usedTOUGH2 geothermakim-
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ulator program(Pruessl991,Pruesst al. 1999). In developingthe phasepartitioningmodel
describedn Trew etal. (2000)it wasassumedhatgasbehaior wasidealandthattheconcen-
trationof gastracersan boththeliquid andvaporphasesvasvery small. Consequentlygivena
temperature]’, anda partial gaspressure P, the massfractionsof tracerin theliquid phase,

X,, andin thevaporphase,, werecalculatedas:

P, M,

X0 = C(T) Moo @
_ PPy, T)

o= gps(gT) )

whereCy (T) is Henry's coeficient asa function of temperature), is the molecularweight
of the gas, Mu,0 is the molecularweight of water p, is the densityof the gasand p; is the
densityof steam.The gasdensitywascalculatedusinganidealgaslaw. Thevalueof Henry’s
coeficientis stronglytemperaturelependentHenry’s coeficientis alsopressuredependent,
however, in mostcasesa standardoressurestateof watervapor pressurds adoptedandthe
coeficientis givenatthe standardtatepressure.

In Trew etal. (2000)thetemperaturelependencef C'y wasrepresentedy fitting discrete
Cy valuesat a rangeof temperaturedy the Harvey (1996) correlation. The Harvey corre-
lation is attractve for its simplicity and only containsthree unknovn parameterghat must
be determinedrom experimentaldata. The discreteCy valueswere determinedor a given
temperature7’, from regressionf the gasdistribution coeficients, g (it wasassumedhat

B = Y,/X,), by using:

_ B(T)RT,p,s 3)

whereR is the universalgasconstantand’, is the absoluteemperatureThe gasdistribution
coeficientswereobtainedirom low temperaturdi.e. 20° C to 80° C) regressiongprovided by
Adams(1999).

The gastracerphasepartitioning model describedabose and usedby Trew et al. (2000)

waseasyto implementbecausef its simplicity. However, therewerea numberof limitations



to the model, including: the assumptiorof ideal gasbehaior; the assumptiorof very small

gasconcentrationsn all phasesthe uncertainextrapolationof low temperatureelationships
to geothermatemperaturesno accountingor pressureeffectsin the specificationof Henry’s

coeficient; andoccasionaproblemswith theHarvey correlationof the Cy valuesfor somegas
tracers.Thesdimitationsareaddressetly theresearclpresenteadn this paper

A phasepartitioningmodelis presentedvhich containssomesimilaritiesto that of Trew
etal. (2000).However, thismodelcalculatesnolefractionsfirst andthencorvertsthemto mass
fractionsandmostsignificantlyusesa modifieddefinition of Henry’s coeficient thatincludes
the effectsof non-idealbehaior andpressurelependence.

The experimentalcalculationand semi-empiricafitting of this modifiedform of Henry’s
coeficient occupiesa significantpart of this paper The determinatioranduseof this coefi-
cientdoesnot assumadeal gasbehaior andincorporateshe theoreticalbehaior of Henry’s
coeficientsatthecritical pointof water A modifiedform of thesemi-empiricaHarvey (1996)
correlationfor Henry’s coeficient is proposedhat retainsthe simplicity of the original form
but hasimproved fitting characteristics.The final expressiongiven for Henry’s coeficient
correlatesnot only temperatureeffects, but also pressureeffects. The necessarygorrelation
coeficientsaredeterminedor a selectionof gastracersandfinally someapplicationsarepre-
sented.

No attempthasbeenmadeto includethe effectsof salinity of the geothermabrine on the
phasepartitioningbehaior of gastracers.In generait is expectedhatthe solubility of thegas
tracersin theliquid phasewill decreasevith increasingelectrolyteconcentratiorfWalas1985,
Hermannet al. 1995, Smitset al. 1998,Gaoet al. 1999). This will be consideredurtherin

futurework.

2 A Liquid-V apor PhasePartitioning Model for Multiple Gas
Tracersin Water

A liquid-vaporphasepartitioningmodelthat canbe usedin a geothermaflow simulatorwill

generallyprovide expressiongor theliquid andvaporphasemasdractionsof gastracer How-



ever, thecalculationsaremosteasilyperformedo determineamolefractionsandthenthe mole
fractionsof tracerin eachphasearecorvertedinto massfractions.

Considera systemwith N gastracers.Givena low solubility, Henry’s law (Van Nessand
Abbott 1997)canbe usedfor tracer: to relatetheliquid molefraction, z;, to the vaporphase
molefraction,y;, thetemperature]’, andthe pressurep, as:

_uP

Z;

whereC7y, (T, P); is amodifiedHenry’s coeficientfor traceri thatincludesnon-idealbehaior
andaccountdor theliquid phasesolubility varyingwith temperatur@andpressureThe vapor
molefractionandthe pressureanbecorvenientlycombinednto asinglevariable: Py, = y; P.
This variableis identicalto the partial pressureof anideal gascomponenfrom Dalton’s law
of partial pressures.Thus,if the partial pressures usedasa dependenvariablealongwith
temperatur@andpressuretheliquid andvapormolefractionsof the gastracer: aredetermined

from:

P

y

i = L 5

Y= (T, P); )
Pgi

Y = ? (6)

Oncethe valuesof z andy have beendeterminedor the N tracers,theliquid andvapor

phasewatermolefractionsare:

N

Ty = 1-— ZQIZ (7)
z;l

Yo =1— Zyi- (8)
i=1

The massfractionvaluesthatarenecessaryor modellingthe phasepartitioningof the gas



tracerarecalculatedas:

X = ©)
Loy My + )5 T M;
Y; = yi M, (10)

Yo My + Z;\;l ijj.

where M is the molecularweight, X is the liquid phasemassfractionandY is the vapor
phasemassfraction. The useof thesemassfractionsin the TOUGH2 geothermakimulator
(Pruessl991, Pruesset al. 1999) hasbeendescribedn Trew et al. (2000). The key to this
phaseoartitioningmodelis themodifiedHenry’s coeficientwhichis discussedh thefollowing

sections.

3 Experimental Calculation and Fitting of aModified Henry’s

Coefficient

3.1 Henry’'slaw and a modified form of Henry’s coefficient

This sectionshovs how a modifiedform of Henry’s coeficient canbe obtainedfrom experi-
mentaldataandusedwith Henry’s law to calculateliquid molefractionsof gastracerin water
for a generaltemperatureand pressurestate. No assumptiorof ideal behaior is made. The
only assumptions thatthe solubility and,hencejiquid phaseconcentratiorof the gastraceris
sufficiently smallsoasto be approximatelyinfinitely dilute.

To accounfor anon-idealcomponent in anon-idealmixture,thequantitiesof fugacity, f,
andthepartialfugacityof component, f;, arenecessaryThefugacitymaybeeitherthatof the
mixture or that of the purecomponent, i.e. f;. Thefugacityandpartial fugacity aredefined
asthosequantitiesthatreplacepressureandpartial pressuren theideal pressuretemperature
andmolarvolumerelationshipsn orderto maintainthe validity of theserelationshipgor non-
ideal componentand mixtures(Walas1985). Whenmultiple phasesare presentthe partial

fugacitiesof component in the liquid and vapor phasesecomeequalwhenthe vaporand



liquid phasesrein equilibrium(VanNessandAbbott 1997),i.e.:

A A A
fi=1r="r (11)
Hypothetical
Liquid phase @ reference fugacit
partial gas , CH
fugacity Henry’s law
A
fg
True
relationshig
0 Liquid mole fractia, x 1
Infinite tracer Pure componer
dilution tracer

Figurel: Henry’s law.

Henry’s law is basedon the relationshipbetweerthe gastracerpartial liquid fugacity and
its liquid mole fraction, z. This is shavn in Figure 1. Henry’'s law definesa hypothetical
linearliquid phasepartialfugacityandliquid molefractionrelationshipgfor thegastracerwhich
correspondso the true stateat infinite liquid dilution of the gastracer(Bensonand Krause,
Jr. 1989). The slopeof this relationshipis the value of Henry’s coeficient, C'y;. The formal
definitionof Henry’s coeficientis (BensonandKrause Jr. 1989,VanNessandAbbott 1997):

]
Cy =lim*2 (12)

z—0 g

Wherefé is the partialfugacity of thegastracerin theliquid phase.

Although Henry’s coeficient is temperatureand pressuredependenitt is usuallygiven at
a standardpressurestateof watervaporpressure Pressuraependences recoveredby using
a Poynting correctionfactor (PCF) to referencethe standardstateHenry’s coeficient at the

watervaporpressureCy (T, P?), to thegenerapressurestate C'y (T, P) (BensorandKrause,



Jr. 1989):

Vy(P - P})

Cy(T,P)=Cy(T, P))exp RT.

(13)

wheref/gl is the partialliquid molarvolumeat infinite dilution andthe standardressurestate,
R is the universalgasconstantandT, is the absoluteaemperatureThe PCFis determinedoy
integratinganexpressiorfor therateof changeof fugacitywith pressureysingtheassumption
thatthe partial liquid molarvolumevariesnegligibly with pressurgWalas1985,Bensonand
Krause Jr. 1989).

The vaporphasepartial fugacity coeficient of the gastracer gﬁg, is definedas (Van Ness

andAbbott1997):
V=L (14)

where f;’ is the partialfugacity of thegastracerin thevaporphaseandy is themolefractionof
thegastracerin thevaporphase Rearrangemeranddivision by theliquid phasemolefraction
of tracer z, gives:

fq _ P
a a

(15)

Assumingthatthe solubility andmassof the gastraceris sufficiently smallsothatit is approx-
imatelyinfinitely dilute in theliquid phase(12) maybe usedto give the generalpressurestate
Henry's coeficientas:

¢y P

(16)

A Poynting correctionfactorcanthenbe usedto expressthe standardstateHenry’s coeficient

as.
ovyP ~VI(P - P3)
RT,

Cu(T,P}) = exp (17)




Experimentafgassolubility datais usuallyavailablefor gas-solentbinary mixturesasthe
molefraction of gasin theliquid solvent, z, ata givenpressureP andtemperature]’. Equa-
tion (17) canbeusedto determinexperimentalvaluesof Cy usingT’, P, andz, if y, qASg andVgl
canbedeterminedy auxiliary calculations Section3.2 describeshe calculationof y, sections
3.4and3.5describethe calculationof (ﬁ}; andf/gl andotherquantitiesnecessaryo evaluatey.
The experimentallyderived valuesof Cy (T, P?) arefitted by a semi-empiricalrelationship
which describegheir variationwith temperature.

Whenthesemi-empiricatelationshipbetweerCy (T, P?) andtemperaturés defined Henry's
law is usedto calculatethe liquid mole fractionsat a giventemperatureand pressure.Equa-

tion (17) canberearrangedo:

P[Py
r = m exXp T (18)
#3(T)

where P, = yP is the partial gaspressure. This expressionfor z accountsfor non-ideal
behaior aswell astemperatur@ndpressureeffects. It canbe obsenedthatif this equationis

furtherrearrangedo:

T = Ly - (29)

C3(T) exp [L(;_Pi)}

Ta

then the modified standardstateHenry’s coeficient, C%(7T'), implicitly containsthe partial
fugacity coeficient necessaryo accountfor non-idealbehaior. Equation(19) is identicalto
(5). It is proposedthenthat the modified Henry’s coeficient C}; = Cy (T, qu,)/q?)Z(T, P?)
ratherthenCy befitted usinga semi-empiricafit. Thisapproacthastheattractve featurethat
onceC, is fitted, the partial fugacity coeficient doesnot needto be calculatedevery time the

liquid molefractionof the gastracer z, ata giventemperatur@andpressures required.

3.2 The vapor phasemole fraction of gastracer

This sectiondescribeghe derivation of the calculationsequiredto determinghe vaporphase

mole fraction of gastracer y, givenT Pz experimentaldata. The derivationassumeshatthe



experimentaldatais for a binary mixture of gastracerandwaterandthat the solubility and
massof the gastraceris sufficiently small so asto be approximatelyinfinitely dilute in the

liquid phase.This meanghatthe actvity coeficient of the watercomponents very closeto

unity for all temperaturesaind doesnot needto be modelled(Fernandez-Prinand Crovetto

1985,Mroczek1997). In orderto take advantageof this, the expressionfor the vaporphase
molefractionof gastraceris basedn relationshipsnvolving the watercomponent.

Theliquid phaseactiity coeficientfor water ,,, is definedas(ManNessandAbbott1997):

1l
w = — 20
Yo = ok (20)
Thevaporphasepartialfugacity coeficient, é& is (VanNessandAbbott 1997):
. fo
v — w 21
& =% (21)
wherey,, is thevaporphasemole fractionof water At equilibrium:
fo=1s (22)

With rearrangemeng&ndusingthe factthatthe actvity coeficient of wateris one,the vapor

phasemolefractionof wateris:

T fw
¢y, P

Yu (23)
By definition the pure componentugacity at the standardpressurestate, P}, is: fS =
s Ps. The pure componentfugacity of water may be referredto a generalpressurestate
throughtheuseof a PCF:

V(P —P})

w — S PS
Ju = 6w Py exp RT,

(24)

Assumingthatz andy referto theliquid andvapormolefractionsof gastracerrespectely,

the expressiorrelatingthe liquid mole fraction of gastracerto the vapormole fraction of gas

10



tracerin abinary mixturewith waterat a givenexperimentakemperaturés:

V(P —P3)
RT,

(25)

An importantfeatureof (25) is its non-linearity Thevalueof q@fu alsodepend®ntheunknovn
vapormole fraction of tracery, thereforey mustbe determinedteratively. The calculations

requiredfor theauxiliary values:¢:,, 2, andV!; aredescribedn sections3.4and3.5.

3.3 Calculating the Henry coefficient,Cy (T, PS) whenonly g is known

For the gastracersR-134a,R-124and R-125 consideredn this researchexperimentall Px
datawasnot available. However, regressionf the gasdistribution coeficient, 3, with tem-
peraturenvereprovidedby Adams(1999). The gasdistribution coeficientrepresentshedistri-
bution of the gastracerbetweenrnthe liquid andvaporphasesndis theratio of thevaporphase
concentratiorio the liquid phaseconcentration If this ratio is expressedn units of molality,
it canbe rearrangedo give a distribution ratio in termsof the vaporandliquid phasemole

fractionsof the gastracer:
_y(l—=)
p= a (26)

This ratio canbe rearrangedo give an expressionfor the liquid phasemole fraction of gas

tracer:

B y
T By -p) @7

Theexpressiorfor x canbe usedtogethewith:

DL [V B 8)

to iteratively determinexr andy valuesfrom  valuesderived at low temperaturesrom a 3

regression.Thex andy valuescanthenbeusedto determinghe standardstateHenry’s coefi-
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cientsusing(17).

3.4 The Peng-Robinsonequation of state

A relationshipbetweerthe pressuretemperatureandmolar volumeof a gastracerandwater
mixture is necessaryo successfullydeterminethe auxilary values(¢?, V;} - qﬁg and Vul,)
necessarfor calculatingy, Cy andC%;. Onesuchrelationshigs thetheoreticaPeng-Robinson
equationof state(Pengand Robinson1976). This equationof statehasbeenwidely usedin
chemicalengineeringapplicationsandwasusedby Mroczek(1997)in his experimentalwork
with SF; atgeothermatemperatureandpressures.

For amixture,the Peng-Robinsorquationof state(PREOS)PengandRobinsonl976)is:

RT, a(Ty)

S T R v (T N

(29)

where P is the mixture pressure?, is the absolutetemperature}’ is the mixture molarvol-
umeanda andb aremixture parameterslependingon the purecomponentritical parameters
(T¢, PF), theacentricfactor(w;) andthe temperature For component in a multi-component

mixture,q; andb; aredefinedas:

2Tp2

(T) = 0457247 o (TY  u3) (30)
T..

bi(T) = 0.07780—]; ci (31)

ci

whereT is the temperatureeducedby the critical temperatureof component, i.e. 7] =
T,/T¢.

A numberof choicesof the (77, w;) functionhave beenpresentedn the literature(Peng
andRobinson1976, Tsaiand Chen1998), derived by fitting pure componentaporpressure
valuesandfinding the valuesof a suchthattheliquid andvaporphasefugacitiesmatchalong
the saturationcurve. In this researcha generalisedy function givenby Twu etal. (1995) has
beenused. The o function for eachcomponenis expandedasa power seriesin the acentric

factor and the unknown functionsfitted from vapor pressurevalues. The resultsare (Twu
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etal. 1995):

a=a® +w(a® - a®)

p
— 1.77634
a(O) =17 0.17181360.125283(1 I )

— r2.20517
a(l) =TT 0.60735260.511614(1 1 )

\
P

_ _qr—0.992615
o — r 0.79261560.401219(1 T )

T'r > 1%
—9.98471
(1) — r—1.98471 0.024955(1—T" )

\

Themixturevaluesof ¢ andb are(PengandRobinson1976):

%

_2 :2: k k.,
J

aij = (1 = %i5)\/aia;
b= 2,

(32)

(33)

(34)

(35)

(36)

(37)

wherez¥ is themolefractionof component in phasek of the mixture. The binaryinteraction

componenty;;, characterisethebinaryformedby components andj. Its valuewassetto 0.5

in this work, following Mroczek(1997). In additionto theseoriginal mixture rulesfor « and

b givenby PengandRobinson(1976)otherruleshave beenproposedincludingthosederived

from combiningGibbsfreeenegy modelswith anequatiorof statesuchasthePREOSFischer

and Gmehling1996, Dahl and Michelsen1990, Gupteet al. 1986, Dahl et al. 1991, Larsen

etal. 1987).

ThePREOSmMaybeexpressedsa cubicequationn the mixturecompressibilityfactor Z:

7~ (1-B)Z*+(A-3B*-2B)Z — (AB—-B*>-B*) =0
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where:

am P

A= T (39)
b, P

B = T (40)
PV

Z=pr (41)

The largestroot of this equationis the vapor phasecompressibilityandthe smallestpositive
root is the liquid phasecompressibility The partial fugacity coeficient for component: in

phaset, necessaryor furthercalculationsmaybe calculatedas:

In ¢f = %(Zk —1)—In(Z¥-B) -
A (Qij;?aﬁ - @) . (Zk +(1+ \/§)B> @)

2v/2B a b

3.5 Partial molar volumes

The partialmolar volumesarenecessaryor the determinatiorof the Poynting correctionfac-
tors, i.e. pressuredependencein the calculationof the vapor phasemole fraction and the
standardstateHenry coeficient. The molarvolumeof phasek of a mixture is relatedto the

mixture compressibilityfor thatphasgseeEquation(41)) as:

ZFRT
vk = If (43)
ovk  RT 0zF
0F = P o (44)

wherez* is themolefractionof gastracerin phasek. For an N componentixture,thepartial

molarvolumefor component is foundfrom the mixture volumeas(Walas1985):

N oV
i j

For a binary mixture, if theliquid mole fraction of the gastraceris z, thenthe waterand
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gascomponentpartialmolarvolumesin theliquid phaseare:

xa—‘/l
o0x
oV

V;:Vl+(1—a:)a—x (47)

Vi=V'—

(46)

The mixture molarvolumederivative with respecto the gastracermole fractionis found

from Equation(44) andthe PREOScubicequationfor the compressibility:

(% (213 —~(1-B)Z" + (A-3B*-2B) 7' — (AB— B> — B3)> =0 (48

29B QA 3B QA 3B
_ 07 _ 275 — 7' (5 —2(1+3B)g;) + By, +(4-2B-3B") 5 (49)
O (3212 —97(1-B)+A— 2B - 332)

To waluate%, the PREOSmust be solved to find Z! (the liquid phaseroot of the cubic
PREOS),and mixture valuesfor A, B, % and %—f arerequired. Using a single coeficient

mixing rule (equationg35) to (37)) thesemixture valuesare:

P

A= roms (L= 2)°a1 4 20(1 = 2)(1 — 22) Vara + 2°a) (50)
g—f - % (_2(1 - x)al + 2(1 — 2.’E)(1 — ’)/12)\/a,1a2 + 255@2) (51)
and
P
0B P
5 = ﬁ(b2 —by) (53)

3.6 The modified Harvey correlation for Henry’ s coefficients

The Harvey semi-empiricalcorrelationfor Henry’s coeficients (Harvey 1996,Harvey 1998)
usedby Trew etal. (2000)hasthe form:

A 117" 0.355 .
InCp =Py + 7+ pll=Tul Tfj) +CO(Ty) 4T (54)
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where A, B andC arecorrelationcoeficientsdeterminedoy fitting experimentaldata. This
correlationwasbasedon a numberof previousworks (JapasandLevelt Sengerd989,Harvey
andLevelt Sengerd.990)andwasfoundto beeffective for bothinterpolationandextrapolation
of Henry’s coeficientsfor a numberof gasesover a wide temperaturegange(Harvey 1996,
Mroczek1997,Harvey 1998).

Theterm B(1 — T7)%3% /T is importantasit correctlyreproduceshe divergentbehaior

of In Cy atthe solvent(water)critical point,i.e. (Schottel985):

dIn C H
dT

= —00. (55)

T=T¢

However, it is alsoknown that at the solvent (water) critical point (Beutierand Renon1978,

Schottel985,JapasandLevelt Sengerd989):
Cu(TS, P) = 64(Ts, Py P (56)

In this researcht hasbeenfoundthroughexperimentatiorthatthe limiting valueof C'y is not
representedby the Harvey correlationin the form of (54), althoughthe divergentbehaior of
In Cy is correctlyrepresentedTo representhe limiting value,givenin (56), it is necessary
thatt A+ C = In qgg(Tjj, P¢). In practice,this constrainthasbeenfoundto give a poorfit to
the predominantlylow temperaturexperimentallyderved Cy values.

It can, however, be obseredthatif Cy (T, Pg)/ég(T, P?) is to befitted by a correlation
similarto thatof Harvey (1996),thenthefinal threetermsmustdisappeaasthe solventcritical
pointis reachedi.e. 7;, — 1. A modifiedHarvey correlation(MHC) with thesecharacteristics
is proposechere:

CH (1 — TJ))O'S

In——=InP, +a
HGY Ty Ty

+ C(l _ TJ))O'S (qu)—OAIe(l—T,f))
(57)

The MHC retainsthe simplicity of only threeunknavn coeficients,a, b and¢, thatmustbe

fitted. The exponentof 0.8 hasbeenarrived at by experimentatiorandgivesgoodbehaiour.
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At the solventcritical point:
InCpr = In ¢} (T, PS) + In P (58)
asrequired.

3.7 An empirical correlation for the liquid phasepartial molar volumes

of gastracers

As showvnin (19), if pressureeffectsareto beincludedin theliquid-vaporpartitioningmodel,
thenthepartialmolargasvolumeatary giventemperaturés requiredo determinghePoynting
correctionfactor The calculationgequiredfor partialmolarvolumesgivenin Section3.5are
overly cumbersoméo usein animplementatiorof the partitioningmodelin a geothermatflow
simulator In addition,the effect of the Poynting correctionfactoris usuallysmall. Therefore,
it wasdecidedto investigatea correlationfor theliquid phasepartial molarvolumesin terms
of temperatur@ndmolecularweight. A collectionof gastracersidenticalto thoseconsidered
laterin Section4 (SFK;, R-13,R-14,R-22,R-23,R-116,R-C318,R-134a,R-124andR-125)
wereusedto developthecorrelation.

Equation(47) was usedto calculatethe partial molar volumesof the gastracersunder
consideration.The resultsover a temperaturgangefrom 0° C to approximately370° C are
shown in Figure2(a). Theexpectedbehaior is seen.For example,themolarvolumeof SF; at
its normalboiling point (-64° C) is estimatedo be0.73 x 10~*m?mol ™! (Mroczek1997),s0a
simpleextrapolationsuggestghatthepartialmolarvolumesfor SF; derivedfrom Equation(47)
andthePREOSarequantitatvely correct,atleastatlow temperatures-urthermoreit hasbeen
shawvn thatthe partial molar volume of a gassolutedivergesat the critical temperaturef the
solvent (Schotte1985). So the partial molar volume behaior of the gastracersis at least
gualitatvely correctat the critical point of water A studyof variousinfinite dilution partial
molar volumemodels,including the PREOS hasshowvn thatthe modelsareonly suitablefor
gualitative predictionsaroundthe solventcritical point (Liu andMacedo1995).

Themeanpartialmolarvolumesfor the 10 gastracersunderconsideratiorhave beensam-
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pled at a large numberof temperaturesamplepoints and have beenfitted by the non-linear

empiricalfunction:

. —6.7x 10717 +8.1x 10~
l T w
Tr) ~ 59
%( w) 15(1 _ TJ))I'QB ( )

Thisis shavn in Figure2(b).

x10°

T
O Mean values
— Fit to mean value$

— R-125
O Mean value

I I I I
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Temperature°C)

L L L L L
250 300 350 0 50 100 150

| | I
0 50 100 150 200
Temperature°C)

(@) (b)

Figure2: Infinite dilution partial molar volumesfor gastracers.Also shovn in arethe mean

valuesfor eachtemperature.

Thefit of the meanpartial molar volumesby a function of 7;, hasbeenfurthermoderated
by alinearfunctionof the molecularweightof thegas,),, to accountfor deviationsfrom the
meanvalues. The coeficientsof the moderatingfunction have beenfitted to all the datain a

leastsquaresenseThefinal form of the empiricalpartialmolarvolumefunctionis:

. —6.7x 107*T" +8.1 x 10~*
L(pr ~ w
V, (T, My) ~ (6.20M, + 0.34) RIS (60)

This moderatiorprovidesimprovedrepresentatioat no extra costof parametespecification.
Thequality of thefit to themeanvaluesandthe moleculaweightmoderatedit is shovn in

Figure3. In bothplots,thefitted partialmolarvolumesareplottedagainsthevaluescalculated

using the Peng-Robinsorequationof state. A perfectfit would lie alongthe diagonalline

shown in Figure3. Figure3(a)clearlyindicateshata significantimprovementn theempirical
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correlationfor thesegastracershasbeenachiezedthroughthe useof the molecularweight, at
almostneggligible extra computationakxpenseln particular thefit is quitegoodup to 350° C.
Figure3(b) shavs someinterestingresultsfor CO, andO,. Although (59) wasnotdetermined

usingCQO, or O,, thefinal correlation(60) is goodat predictingtheir partialmolarvolumes.
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Figure3: Characteristicof the meanpartial molar volumefit andthe successfumoderation
by themolecularweight.
3.8 Summary of the stepsrequire to fit the modified Henry’ s coefficients

This sectionpresentsan outline andsummaryof the stepsrequiredto determinethe modified

Harwey correlationcoeficients.

1. As describedn sections3.2to 3.5,experimentall’ Px or T'P 3 dataareusedto calculate
V. ¢, y (andz if unknown), V!, 4 and4?. The calculationof y is non-linearasy
andéfu areinter-dependentThesevaluesare determinedteratively. The experimental

valuesof Henry's coeficient atthe standardstate C, (T, P?), aredeterminedrom:

Py P

~VI(P - P;
C (T, Py) = exp % : (61)

2. Dueto the sparsityof experimentaldata,it hasbeenfound bestto scaIeCZ‘pt(T, P?) by

the partialfugacity coeficient of the gastracerat thecritical pointandfit thesevaluesin
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aleastsquaresensdy themodifiedHarvey correlation(MHC) describedn Section3.6.

Theresultof thisfit is theintermediateguantity: C' (T, P?).

3. TheC}L(T, P¢) functionis evaluatedfor anumberof temperaturefrom 0° C to 374 C

andamodifiedHenrycoeficientis calculatedas:

1* S
C’H (T’ Pw) ¢v(T PS)

—IC Rl G (T, Py). (62)
4. In orderto obtaina functionfor modelingpurposesthe C},” (T, P:) valuesarefitted in
aleast-squaresenseusingthe MHC describedn Section3.6. Theresultingcorrelation
givesCy, (T, P¢) which is a standardstateHenry’s coeficient modified to accountfor

non-idealitythroughtheinclusionof the standardtatefugacity coeficient.

5. The Poynting correctionfactorusingthe empirical correlationfor the liquid phasepar
tial molarvolumes(Section3.7) is addedto give a representatioof a modifiedHenry

coeficientapplicableto ageneratemperatur@ndpressurestate:

* L Q=T (- Ty
InCy(T,P)=InP; +a Tr +b Tr
o(1=Tp)**(Ty,) " exp (1 - Tp) +

—6.7 x 10777 +8.1 x 107*
15(1 — Tr)t-28TcTr

(6.20M, + 0.34) ( ) (P—PS). (63)

Thisis themodifiedHenry’s coeficientwhichis usedin (5) for calculatingthe gastracer

phasepartitioning.

4 Modified Henry’ s Coefficientsfor a Selectionof GasTrac-
ers

The selectionof possiblegastracersthat have beenspecificallyconsideredn this work are:
Sk, R-13,R-14,R-22,R-23,R-116,R-C318,R-134a,R-124andR-125. The HCFC gases

consideredhavelow ozone-depletiopotentialsandarenotto bephasedutundertheMontreal
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Protocol(Adamsetal. 1991). Thekey propertieof thesepossiblegastracersandthemodified
Harwey correlationcoeficientsresultingfrom the fitting processdescribedn Section3.8 are
givenin Tablel. A comparisorof Henry’'s coeficientsdeterminedisingthemethodgresented
in this paperandthemethodslescribedn (Trew etal. 2000)is givenfor SF;, R-134aandR-23
in Figure4. Theseexamplesllustratethatthe improvedtheoreticafoundationsandempirical
fitting procesdor Henry’s coeficients presentedn this researchare clearly superiorto those

of (Trew etal. 2000)atthetemperaturefoundin geothermateserwirs.

‘ Compound ‘ M (kg/mol) ‘ T¢(° C) ‘ P¢(MPa) ‘ w a b c ‘
H,O 0.018016 374 22.06 | 0.742 - - -
Sk 0.146056 | 45.54 3.76 0.215| -42.0138| 16.1840| 30.0582
R-13 0.104459 | 28.81 3.946 | 0.180| -60.0736 | 11.1937| 51.7480
R-14 0.088005 | -45.65 3.739 | 0.186| -66.1391 | 4.7463 | 66.3009
R-22 0.086468 | 96.15 4.97 0.221| -56.3330| 4.5208 | 53.9459
R-23 0.070014 | 25.74 4836 | 0.267| -82.3196 | 8.7996 | 73.3207
R-116 0.138012 | 19.85 3.06 0.28 | -79.9564 | 5.1976 | 79.3443
R-C318 0.200031 | 115.35 2.78 0.356| -86.7454 | 6.0113 | 84.0756
R-134a 0.102031 | 106.85 3.690 | 0.239| -59.0986 | 6.8705 | 54.0940
R-124 0.13648 126.75 3.72 0.281| -84.7575| 8.5418 | 76.0311
R-125 0.120022 | 68.85 3.44 0.259| -127.7211| 11.4972| 112.2099
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Tablel: Key propertiesandMHC coeficientvalues.
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Figure4: Comparisorof Henry’s coeficient correlationsusingthe methodgivenin Trew etal.
(2000)with thosederivedusingthe methodologypresentedn this research.

Figures5 to 14 showv the temperatureandpressurevariationsof the Henry coeficient cor-

relations.Also shavn is the availableexperimentaldataandthefit at eachstepin the process.
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The resultsindicatethat non-idealbehaior becomessignificantat approximately200° C. In
addition, it canbe obsered thatin generalthe variationin the modified Henry’s coeficient
with pressurdrom the standardstatepressuras small. The exceptionto this is nearthe crit-
ical temperaturef water It may be expectedthatfor mostpracticalsimulationsthe pressure
correctiontermin (63) is not necessaryhowever, giventhatit addsnegligible computational

overheadt canberetainedfor completeness.
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Figurel2: R-134a.
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5 Applications

5.1 Two-phasestream-tubeflow

The comparatie liquid andvaporbehaior of gastracersis bestobseredin a simplestream-

tubetestproblem.The problemandits specificationgreshavn in Figure15.
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/> mass flow rate: 10Rg/s

porosity: 0.1
permeability: 1.410°11 m2
mass flow rate: 10Rg/s

'/ enthalpy: 1.410° J/kg

Figurel5: The stream-tubéestproblemspecifications.

Fluid is injectedwith anenthalpy of 1.4 x 10 Jkg ', generatingatwo-phasdlow regime.
The steadystatepressureyapor pressurefemperatureand vapor saturationdistributions are

shavn in Figure16.

350 0.7
200
I SR 0.6
300 \
150 0.5
= —~ 5
3 £ 250 3
= L 5 04
g 2 =
2 100 g g
o 0.3
& E 200 §“
0.2
50
150
0.1
PSP —
0 W : 100 0
0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800
Distance from production well (m) Distance from production well (m) Distance from production well (m)
(a) Pressure. (b) Temperature. (c) Vaporsaturation.

Figurel6: Two-phasdlow conditionsat steadystate.

ThreegastracersareconsideredSF;, R-134aandR-23. The standardoressurestatevari-
ationsof Henry’s coeficientswith temperaturdor thesetracersareshowvn in Figure4. This
figurealsoshavsthatatthetemperaturesonsideredn this problem(100° C to 300" C) theCy
valuefor SF; derivedin thisresearclandthoseof Trew etal. (2000)aresimilar. It is expected
thenthat the the phasepartitioning model presentechereandthat of Trew et al. (2000) will

give similar resultssincethekey differencedie in the determinatiorof Henry’s coeficients.
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The gastracersare eachinjectedat a rate of 0.1 kg s=! for 20 minutes. The liquid and
vaporphasetracerconcentratiortime historiesat the productionwell areshown for the two-
phaseflow in figures17 to 19. Partitioning behaior calculatedusingthe Harvey correlation
coeficientsderived with the methodsgivenin Trew et al. (2000)is comparedo the models
presentedn this research.The implementationof the partitioning modelsin TOUGH2 has
beenvalidatedby comparisorwith known analytic solutionsfor single phasetransportand
convergenceanalysisfor multiple phases.

As expectedrom thelow gastracersolubility, at the productionwell the concentrationsf
thegastracersan theliquid phaseareatleastanorderof magnituddessthanthosein thevapor
phaseAlso, the expectedminimal differencebetweerthe Sk, masdractionsdeterminedrom
the modelpresentedn this researchandthat of (Trew et al. 2000)canbe obseredin figures
17(a)and 17(b). The differencedie in the peakpredictedtracerconcentratiorandnotin a
time shift of thetracerpulse thussuggestinghatthesearisedueto theemepgenceof non-ideal
behaior of the SK; tracerasthe concentrationncreasesin the caseof R-134aandR-23gas
tracersthe Henry coeficient modelsof Trew et al. (2000) predictlower solubilitiesat higher
temperatureshanthoseof this researchand, particularlyin the caseof R-23, this is clearly
erroneoudehaior. Figuresl7 to 19 shaws thatthe impactof the nev modelsis to retardthe
breakthroughimesof the gastracers.

In the single phaseregion, Figure 16(a) shavs that the differenceP — P; variesfrom
closeto zeroat the productionto over 100 bar at the injectionwell. Although the value of
P — P? is notnegligible, its impacton thefinal resultsthroughthe Poynting correctionfactor
remainsnegligible andfor mostpracticalsimulationsthe influenceof pressurevariationson
the phasepartitioningmodelsmay be negglected.However, giventhatits inclusionin the phase
partitioning model presentsnggligible computationaloverhead the term can be quite easily

retainedfor completeness.
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5.2 An idealisedthr ee-dimensionak esewoir

Theutility andvalueof gastracerphasepartitioningmodelscoupledwith a geothermateser
voir simulatoris illustratedby thefollowing problem. Steadystatetwo-phasecorvective flow
is formedin anidealisedreserwir of volume1 km?. The steadystatetemperaturendvapor
saturationiso-surbicesareshown in Figure20. 100kg of SFK; is introducedinto the centerof
thereserwir. The predictedransportovertime of the gastracerin theliquid andvaporphases
is shavn in Figure21. The sparinglysoluble SF; traceris preferentiallytransportedn the
vaporphasehowever, theflow is two-phaseandlocal equilibriumexistsbetweerthe phasest
every point. ConsequentlySF; is alsodetectedn theliquid phasefurther from the injection
point thanwould be the casefor a fully solubletracer For this examplethe cut-off detection
point hasbeennominally setto a massfraction of 102, This problemshavs how models
of tracertransportin geothermareserwirs canbe usedas predictve and correlatve toolsto

enhancéoththedesignandtheinterpretatiorof field tracertests.

(a) 200 C iso-surhce. (b) 10% vapor saturationiso-
surface.

Figure20: Temperatur@ndvaporsaturationiso-surfices.
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(a) Soonafterinjection. (b) Approximately50 days. (c) Approximately100days.

Figure21: Predictedspreadf SF; in thevaporandliquid phase®ver 100days.

6 Summary and Conclusions

A modelof liquid-vaporphasepartitioningof gastracersin waterat geothermatemperatures
and pressurehasbeenpresented.The key featureof this modelis the definition and deter
mination of the Henry’s coeficientsthat are usedin Henry’s law to modelthe liquid phase
mole fraction of gastracers.This coeficenthasbeenderived from first principlesandno as-
sumptionof ideal gasbehaior hasbeennecessaryThe definition of Henry’s coeficient has
beenmodified so that non-idealbehaior canbe easilyincludedin Henry’s law. Experimen-
tal valuesof Henry’s coeficient derived from solubility datahave beenfitted in two stepsby
a modifiedsemi-empiricaHarvey correlationthataccountdor thetheoreticalbehaior at the
critical point of water The semi-empiricalcorrelationalsoaccountdor pressure®therthan
thevaporpressuref water which is the standardstatepressure The new methodshave been
usedto determinecorrelationcoeficientsfor a rangeof gastracersandtheliquid-vaporphase
partitioningmodelshave beenappliedto sometestproblems.

The modelsandexperimentakeductionmethodsdescribedn this researchretainthe sim-
plicity andattractionsof thosepresentedn previousresearctby Trew etal. (2000). However,
thisnew researclnasreducedevelsof uncertaintyin theproces®f determiningheexperimen-
tal valuesof Henry’s coeficientsandhasproposeda new correlationof Henry’s coeficients

whichis satisactoryfor geothermatemperatureandpressures.
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