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Abstract

A model of the liquid-vapor phasepartitioning behavior of gas tracersin water at

geothermaltemperaturesandpressuresis presented.This modelusesHenry’s coefficient

to describethevariationof thegastracersolubility with temperatureandpressure.A new

methodis describedfor thedeterminationandrepresentationof Henry’s coefficients.The

methodusesexperimentallydeterminedvaluesof Henry’s coefficient anda thoretically

predictedvalueof behavior at thecritical pointof waterto providedatawhichcanbefitted

by a semi-empiricalcorrelation.No assumptionsregardingideal behavior arenecessary.

The semi-empiricalcorrelationis a modifiedversionof thatpresentedby Harvey (1996)

andbetteraccountsfor high temperatureandnon-idealbehavior. Setsof model coeffi-

cientsaregivenfor a rangeof possiblegastracers.Theresultingphasepartitioningmodel

is simpleandmay be easily implementedin a numericalgeothermalsimulator. The use

andbehavior of the model is illustratedby its applicationto a numberof idealisedtest

problems.�
Correspondingauthor. Email: m.trew@auckland.ac.nz
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1 Intr oduction

Computermodellingof flows includinggeothermaltracersis motivatedby thewidespreaduse

of tracersin geothermalreservoir testingandmanagement.Thesetracermodelsareusefulfor

both thedesignandinterpretationof field tests.The tracersusedin geothermalfieldsmaybe

broadlycategorisedinto gastracersandliquid tracers.Gastracersaredefinedasthosetracer

chemicalsthatarehighly volatile, sparinglysolubleandareinjectedasa vapor. Examplesof

gastracersincludethenoblegases,refrigerants(e.g.R-23)andsulfurhexafluoride(SF� ). Liq-

uid tracershave low or moderatevolatility andmaybe injectedasliquids. Examplesinclude

tritiatedwater, saltsolutions(e.g. NaBr) andvariousalcohols(e.g. methanol).Liquid tracers

may exhibit liquid-vaporphasepartitioningbehavior similar or quite different to that of the

geothermalwater. As discussedin Trew et al. (2000),distinctive modelsof phasepartition-

ing behavior arerequiredfor eachof thesetwo tracercategories. This paperdescribesrecent

advancesin modelsof thephasepartitioningbehavior of gastracers.

The descriptionof the liquid-vaporphasepartitioningof gastracersis basedon their sol-

ubility in water. Gassolubility data in water at low temperaturesare relatively abundant,

however, they are scarcefor the higher temperaturesencounteredin geothermalreservoirs

(Schotte1985,JapasandLevelt Sengers1989).Suitablemethodsfor extrapolatinglow temper-

aturesolubility dataor relationshipsto high temperaturesmustbeconsidered.In this research

it is assumedthatthegastraceris only sparinglysolubileand,hence,thegastraceris closeto

infinite dilution in the liquid phaseandits liquid-vaporpartitioningbehavior canbemodelled

by Henry’s law (Schotte1985). Henry’s law hasbeenusedoften in geothermalapplications

wheregasesarepresent;for example: O’Sullivan et al. (1985),Mroczek(1997)andPruess

et al. (2000). Henry’s law requiresthespecificationof Henry’s coefficient which accountsfor

the solubility of the gastracerin watervarying with temperatureandperhapspressure.The

representationof this coefficient is thekey modelingconsideration.

A geothermalflow simulatorusuallyrequiresthata liquid-vaporphasepartitioningmodel

provide the liquid andvaporphasemassfractionsof tracerfor a givensetof temperatureand

pressureconditions. Trew et al. (2000) describesthe calculationsrequiredto implementa

liquid-vaporpartitioningmodelfor gastracersin thewidely usedTOUGH2 geothermalsim-
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ulatorprogram(Pruess1991,Pruesset al. 1999). In developingthephasepartitioningmodel

describedin Trew etal. (2000)it wasassumedthatgasbehavior wasidealandthattheconcen-

trationof gastracersin boththeliquid andvaporphaseswasverysmall.Consequently, givena

temperature,� , anda partialgaspressure,��� , themassfractionsof tracerin theliquid phase,� � , andin thevaporphase,�	� , werecalculatedas:

� ��
 ������� ��� � �� H � O (1)����
�� � � ������������ � ��� (2)

where
���� ��� is Henry’s coefficient asa functionof temperature,

� � is themolecularweight

of the gas,
�

H � O is the molecularweight of water, � � is the densityof the gasand ��� is the

densityof steam.Thegasdensitywascalculatedusinganidealgaslaw. Thevalueof Henry’s

coefficient is stronglytemperaturedependent.Henry’s coefficient is alsopressuredependent,

however, in mostcasesa standardpressurestateof watervaporpressureis adoptedandthe

coefficient is givenat thestandardstatepressure.

In Trew etal. (2000)thetemperaturedependenceof
��

wasrepresentedby fitting discrete��
valuesat a rangeof temperaturesby the Harvey (1996)correlation. The Harvey corre-

lation is attractive for its simplicity and only containsthreeunknown parametersthat must

be determinedfrom experimentaldata. The discrete
��

valuesweredeterminedfor a given

temperature,� , from regressionsof the gasdistribution coefficients, � (it wasassumedthat��
 ���"! � � ), by using: ���� ���#
 � � ���%$��'& ����
H � O (3)

where $ is theuniversalgasconstantand �(& is theabsolutetemperature.Thegasdistribution

coefficientswereobtainedfrom low temperature(i.e. 20)+* to 80)#* ) regressionsprovidedby

Adams(1999).

The gastracerphasepartitioningmodeldescribedabove andusedby Trew et al. (2000)

waseasyto implementbecauseof its simplicity. However, therewerea numberof limitations
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to the model, including: the assumptionof ideal gasbehavior; the assumptionof very small

gasconcentrationsin all phases;the uncertainextrapolationof low temperaturerelationships

to geothermaltemperatures;no accountingfor pressureeffectsin thespecificationof Henry’s

coefficient;andoccasionalproblemswith theHarvey correlationof the
��

valuesfor somegas

tracers.Theselimitationsareaddressedby theresearchpresentedin thispaper.

A phasepartitioningmodelis presentedwhich containssomesimilaritiesto that of Trew

etal. (2000).However, thismodelcalculatesmolefractionsfirst andthenconvertsthemto mass

fractionsandmostsignificantlyusesa modifieddefinitionof Henry’s coefficient that includes

theeffectsof non-idealbehavior andpressuredependence.

The experimentalcalculationandsemi-empiricalfitting of this modifiedform of Henry’s

coefficient occupiesa significantpartof this paper. Thedeterminationanduseof this coeffi-

cientdoesnot assumeidealgasbehavior andincorporatesthetheoreticalbehavior of Henry’s

coefficientsat thecritical pointof water. A modifiedform of thesemi-empiricalHarvey (1996)

correlationfor Henry’s coefficient is proposedthat retainsthesimplicity of the original form

but has improved fitting characteristics.The final expressiongiven for Henry’s coefficient

correlatesnot only temperatureeffects, but alsopressureeffects. The necessarycorrelation

coefficientsaredeterminedfor a selectionof gastracersandfinally someapplicationsarepre-

sented.

No attempthasbeenmadeto includetheeffectsof salinity of thegeothermalbrineon the

phasepartitioningbehavior of gastracers.In generalit is expectedthatthesolubility of thegas

tracersin theliquid phasewill decreasewith increasingelectrolyteconcentration(Walas1985,

Hermannet al. 1995,Smitset al. 1998,Gaoet al. 1999). This will be consideredfurther in

futurework.

2 A Liquid-V apor PhasePartitioning Model for Multiple Gas

Tracers in Water

A liquid-vaporphasepartitioningmodelthatcanbeusedin a geothermalflow simulatorwill

generallyprovideexpressionsfor theliquid andvaporphasemassfractionsof gastracer. How-
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ever, thecalculationsaremosteasilyperformedto determinemolefractionsandthenthemole

fractionsof tracerin eachphaseareconvertedinto massfractions.

Considera systemwith , gastracers.Givena low solubility, Henry’s law (VanNessand

Abbott 1997)canbeusedfor tracer - to relatethe liquid mole fraction, .	/ , to thevaporphase

molefraction, 01/ , thetemperature,� , andthepressure,� , as:

.	/'
 01/2��43 � �5�6�4�7/"8 (4)

where
� 3 � �5�6�9�:/ is amodifiedHenry’scoefficient for tracer- thatincludesnon-idealbehavior

andaccountsfor theliquid phasesolubility varyingwith temperatureandpressure.Thevapor

molefractionandthepressurecanbeconvenientlycombinedinto asinglevariable: ��� / 
 01/;� .

This variableis identicalto thepartial pressureof an idealgascomponentfrom Dalton’s law

of partial pressures.Thus, if the partial pressureis usedasa dependentvariablealongwith

temperatureandpressure,theliquid andvapormolefractionsof thegastracer- aredetermined

from:

.	/'
 ��� /� 3 � �5�6�4�7/ (5)01/(
 ��� /� 8 (6)

Oncethe valuesof . and 0 have beendeterminedfor the , tracers,the liquid andvapor

phasewatermolefractionsare:

.	<=
?>5@ AB /DC(E .	/ (7)

0F<G
?>5@ AB /DC(E 0F/ 8 (8)

Themassfractionvaluesthatarenecessaryfor modellingthephasepartitioningof thegas
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tracerarecalculatedas:

� /'
 .	/ � /.	< � <IHKJ AL C(E . L � L (9)

��/(
 01/ � /01< � <IH J AL C(E 0 L � L 8 (10)

where
�

is the molecularweight,
�

is the liquid phasemassfraction and � is the vapor

phasemassfraction. The useof thesemassfractionsin the TOUGH2 geothermalsimulator

(Pruess1991,Pruesset al. 1999)hasbeendescribedin Trew et al. (2000). The key to this

phasepartitioningmodelis themodifiedHenry’scoefficientwhichis discussedin thefollowing

sections.

3 Experimental Calculation andFitting of aModified Henry’ s

Coefficient

3.1 Henry’ s law and a modified form of Henry’ scoefficient

This sectionshows how a modifiedform of Henry’s coefficient canbeobtainedfrom experi-

mentaldataandusedwith Henry’s law to calculateliquid molefractionsof gastracerin water

for a generaltemperatureandpressurestate. No assumptionof ideal behavior is made. The

only assumptionis thatthesolubility and,hence,liquid phaseconcentrationof thegastraceris

sufficiently smallsoasto beapproximatelyinfinitely dilute.

To accountfor anon-idealcomponent- in anon-idealmixture,thequantitiesof fugacity, M ,
andthepartialfugacityof component- , NM�/ , arenecessary. Thefugacitymaybeeitherthatof the

mixtureor thatof thepurecomponent- , i.e. M�/ . The fugacityandpartial fugacityaredefined

asthosequantitiesthatreplacepressureandpartialpressurein theidealpressure,temperature

andmolarvolumerelationshipsin orderto maintainthevalidity of theserelationshipsfor non-

ideal componentsandmixtures(Walas1985). Whenmultiple phasesarepresent,the partial

fugacitiesof component- in the liquid andvaporphasesbecomeequalwhen the vaporand
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liquid phasesarein equilibrium(VanNessandAbbott 1997),i.e.:

NMPO/ 
 NM(Q/ 
 NM�/ 8 (11)

Infinite tracer
dilution

Pure component
tracer

Hypothetical
reference fugacity

CH
Liquid phase 
partial gas 
fugacity

f̂ lg

Henry’s law

True 
relationship

Liquid mole fraction, x 10

Figure1: Henry’s law.

Henry’s law is basedon therelationshipbetweenthegastracerpartial liquid fugacityand

its liquid mole fraction, . . This is shown in Figure 1. Henry’s law definesa hypothetical

linearliquid phasepartialfugacityandliquid molefractionrelationshipfor thegastracerwhich

correspondsto the true stateat infinite liquid dilution of the gastracer(BensonandKrause,

Jr. 1989). The slopeof this relationshipis the valueof Henry’s coefficient,
��

. The formal

definitionof Henry’scoefficient is (BensonandKrause,Jr. 1989,VanNessandAbbott1997):�� 
SRUTWVXZY�[ NM Q�. (12)

where NM Q� is thepartialfugacityof thegastracerin theliquid phase.

Although Henry’s coefficient is temperatureandpressuredependentit is usuallygivenat

a standardpressurestateof watervaporpressure.Pressuredependenceis recoveredby using

a Poynting correctionfactor (PCF) to referencethe standardstateHenry’s coefficient at the

watervaporpressure,
���� �5�6� �< � , to thegeneralpressurestate,

���� �5�6�4� (BensonandKrause,
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Jr. 1989): ���� �5�6�9�#
 ���� �5�6� �< �]\Z^`_ a Nb Q� � �c@d� �< �$��(& e (13)

where Nb Q� is thepartial liquid molarvolumeat infinite dilution andthestandardpressurestate,$ is theuniversalgasconstantand �(& is theabsolutetemperature.ThePCFis determinedby

integratinganexpressionfor therateof changeof fugacitywith pressure,usingtheassumption

that thepartial liquid molarvolumevariesnegligibly with pressure(Walas1985,Bensonand

Krause,Jr. 1989).

The vaporphasepartial fugacity coefficient of the gastracer, Nf O� , is definedas(Van Ness

andAbbott1997):

Nf O� 
 NM O�0]� (14)

where NM O� is thepartialfugacityof thegastracerin thevaporphaseand 0 is themolefractionof

thegastracerin thevaporphase.Rearrangementanddivisionby theliquid phasemolefraction

of tracer, . , gives: NM O�. 
 Nf O� 0]�. (15)

Assumingthatthesolubility andmassof thegastraceris sufficiently smallsothatit is approx-

imatelyinfinitely dilute in theliquid phase,(12) maybeusedto give thegeneralpressurestate

Henry’scoefficientas: ���� �5�g�9�+
 Nf O� 0]�. (16)

A Poynting correctionfactorcanthenbeusedto expressthestandardstateHenry’s coefficient

as: ���� �5�6� �< �h
 Nf O� 0`�. \i^]_ a @ Nb Q� � � @j� �< �$��(& e (17)
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Experimentalgassolubility datais usuallyavailablefor gas-solventbinarymixturesasthe

molefractionof gasin theliquid solvent, . , at a givenpressure,� andtemperature,� . Equa-

tion (17)canbeusedto determineexperimentalvaluesof
��

using � , � , and . , if 0 , Nf O� and Nb Q�
canbedeterminedby auxiliarycalculations.Section3.2describesthecalculationof 0 , sections

3.4and3.5describethecalculationof Nf O� and Nb Q� andotherquantitiesnecessaryto evaluate0 .
The experimentallyderived valuesof

���� �5�g� �< � are fitted by a semi-empiricalrelationship

whichdescribestheir variationwith temperature.

Whenthesemi-empiricalrelationshipbetween
���� �5�6� �< � andtemperatureis defined,Henry’s

law is usedto calculatethe liquid mole fractionsat a given temperatureandpressure.Equa-

tion (17)canberearrangedto:

.G
 ���kml�npo]qrsZtu npo]q \Z^`_
a @ Nb Q� � �v@d� �< �$��(& e (18)

where ���w
 0`� is the partial gaspressure. This expressionfor . accountsfor non-ideal

behavior aswell astemperatureandpressureeffects.It canbeobservedthat if this equationis

furtherrearrangedto:

.x
 ���� 3 � ���]\Z^`_�y rz�{u n}|'~�|	�� q� oZ� � (19)

then the modified standardstateHenry’s coefficient,
� 3 � ��� , implicitly containsthe partial

fugacitycoefficient necessaryto accountfor non-idealbehavior. Equation(19) is identicalto

(5). It is proposedthen that the modified Henry’s coefficient
� 3 
 ���� �5�g� �< ��! Nf O� � �5�6� �< �

ratherthen
��

befittedusingasemi-empiricalfit. Thisapproachhastheattractive featurethat

once
� 3

is fitted, thepartial fugacitycoefficient doesnot needto becalculatedevery time the

liquid molefractionof thegastracer, . , at agiventemperatureandpressureis required.

3.2 The vapor phasemole fraction of gastracer

This sectiondescribesthederivationof thecalculationsrequiredto determinethevaporphase

mole fractionof gastracer, 0 , given ����. experimentaldata.Thederivationassumesthat the
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experimentaldatais for a binary mixture of gastracerandwaterandthat the solubility and

massof the gastraceris sufficiently small so as to be approximatelyinfinitely dilute in the

liquid phase.This meansthat theactivity coefficient of thewatercomponentis very closeto

unity for all temperaturesanddoesnot needto be modelled(Fernandez-Priniand Crovetto

1985,Mroczek1997). In orderto take advantageof this, the expressionfor the vaporphase

molefractionof gastraceris basedonrelationshipsinvolving thewatercomponent.

Theliquid phaseactivity coefficientfor water, ��< , is definedas(VanNessandAbbott1997):

��<=
 NM Q<.	<�M�< (20)

Thevaporphasepartialfugacitycoefficient, Nf O< , is (VanNessandAbbott 1997):

Nf O< 
 NM O<01<(� (21)

where01< is thevaporphasemolefractionof water. At equilibrium:

NM(Q< 
 NMPO< (22)

With rearrangement,andusingthe fact that theactivity coefficient of wateris one,thevapor

phasemolefractionof wateris:

01<=
 .	<�M�<Nf O< � (23)

By definition the pure componentfugacity at the standardpressurestate, � �< , is: M �< 
f �< � �< . The pure componentfugacity of water may be referredto a generalpressurestate

throughtheuseof aPCF:

M�<=
 f �< � �< \i^]_ a Nb Q< � �c@�� �< �$��(& e (24)

Assumingthat . and 0 referto theliquid andvapormolefractionsof gastracerrespectively,

theexpressionrelatingthe liquid molefractionof gastracerto thevapormolefractionof gas
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tracerin abinarymixturewith waterat agivenexperimentaltemperatureis:

>5@�0�
 ��< � >5@�.(� f �< � �<Nf O< � \Z^`_ a Nb Q< � �c@j� �< �$��'& e (25)

An importantfeatureof (25) is its non-linearity. Thevalueof Nf O< alsodependson theunknown

vapormole fraction of tracer 0 , therefore0 mustbe determinediteratively. The calculations

requiredfor theauxiliaryvalues:
f �< , Nf O< and Nb Q< ; aredescribedin sections3.4and3.5.

3.3 Calculating the Henry coefficient, �����%�x�m������ whenonly � is known

For the gastracersR-134a,R-124andR-125consideredin this research,experimental����.
datawasnot available. However, regressionsof the gasdistribution coefficient, � , with tem-

peraturewereprovidedby Adams(1999).Thegasdistributioncoefficient representsthedistri-

bution of thegastracerbetweentheliquid andvaporphasesandis theratio of thevaporphase

concentrationto the liquid phaseconcentration.If this ratio is expressedin unitsof molality,

it canbe rearrangedto give a distribution ratio in termsof the vaporand liquid phasemole

fractionsof thegastracer:

��
 0 � >�@�.(�. � >5@j0]� (26)

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

tracer:

.G
 0��H�0 � >�@j��� (27)

Theexpressionfor . canbeusedtogetherwith:

>5@j0�
 ��< � >�@�.(� f �< � �<Nf O< � \Z^`_�� b � Q< � �c@�� �< �$��'& � (28)

to iteratively determine. and 0 valuesfrom � valuesderived at low temperaturesfrom a �
regression.The . and 0 valuescanthenbeusedto determinethestandardstateHenry’scoeffi-
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cientsusing(17).

3.4 The Peng-Robinsonequationof state

A relationshipbetweenthepressure,temperatureandmolarvolumeof a gastracerandwater

mixture is necessaryto successfullydeterminethe auxilary values( Nf O� , Nb Q� , f �< , Nf O< and Nb Q< )
necessaryfor calculating0 , �� and

� 3
. Onesuchrelationshipis thetheoreticalPeng-Robinson

equationof state(PengandRobinson1976). This equationof statehasbeenwidely usedin

chemicalengineeringapplications,andwasusedby Mroczek(1997)in his experimentalwork

with SF� at geothermaltemperaturesandpressures.

For amixture,thePeng-Robinsonequationof state(PREOS)(PengandRobinson1976)is:

� 
 $��(&b @d¡ @ ¢ � �'&£�b � b HK¡Z��HK¡ � b @j¡Z� (29)

where � is the mixture pressure,�'& is the absolutetemperature,
b

is the mixture molar vol-

umeand ¢ and ¡ aremixtureparametersdependingon thepurecomponentcritical parameters

( �¥¤/ , �¦¤/ ), theacentricfactor( §�/ ) andthetemperature.For component- in a multi-component

mixture, ¢ / and ¡g/ aredefinedas:

¢ / � ���#
 ¨ 8p©�ª¬«®F© $�¯��¥¤/ ¯� ¤/ ° � �5±/ �%²�/;� (30)¡6/ � ���#
 ¨ 8 ¨ «¬«F³ ¨ $�� ¤ /� ¤ / (31)

where � ±/ is the temperaturereducedby the critical temperatureof component- , i.e. � ±/ 
�(&´!1�¥¤/ .
A numberof choicesof the ° � � ±/ �µ²�/¶� functionhave beenpresentedin theliterature(Peng

andRobinson1976,Tsai andChen1998),derived by fitting purecomponentvaporpressure

valuesandfinding thevaluesof ° suchthat theliquid andvaporphasefugacitiesmatchalong

thesaturationcurve. In this researcha generalised° functiongivenby Twu et al. (1995)has

beenused.The ° function for eachcomponentis expandedasa power seriesin theacentric

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

° 
 ° n [ q H�²j· ° n E q @ ° n [ q¹¸ (32)

�5±¥º»>j¼½½¾ ½½¿ °
n [ q 
À� ± ~ [�Á E¹ÂµEÄÃ�EÄÅiÆ [�Á E ¯:Ç:¯ Ã:Å � E ~mo`È�É2Ê Ë2Ë;Ì2Í2Î �
° n E q 
À� ± ~ [�Á � [ ÂÏÅ Ç:¯ Æ [�Á Ç E:EÄ��E¶Ð � E ~mo È � Ê �;Ñ¶Ò ÉUË � (33)

�5±�ÓÕÔ > ¼½½¾ ½½¿ °
n [ q 
À� ± ~ [�Á ÂÏÖ ¯ ��E Ç Æ [�Á Ð [ E ¯ EÄÖ � E ~mo`È�× Ñ Ê Ø2Ø � ÌÙÉ Ò �
° n E q 
À� ± ~ E Á Ö:ÃÏÐ%ÂµE Æ [�Á [ ¯ Ð7Ö Ç:Ç � E ~mo`È × ØÙÊ Ø2Ú2Î¶Ë¹É � (34)

Themixturevaluesof ¢ and ¡ are(PengandRobinson1976):

¢ 
 B / B LÜÛ®Ý/ Û®ÝL ¢ / L (35)

¢ / L 
 � >5@���/ L �gÞ ¢ / ¢ L (36)¡�
 B / Û Ý/ ¡g/ (37)

where Û Ý/ is themolefractionof component- in phaseß of themixture.Thebinaryinteraction

component,��/ L , characterisesthebinaryformedby components- andà . Its valuewassetto 0.5

in this work, following Mroczek(1997). In additionto theseoriginal mixture rulesfor ¢ and¡ givenby PengandRobinson(1976)otherruleshave beenproposed,includingthosederived

fromcombiningGibbsfreeenergy modelswith anequationof statesuchasthePREOS(Fischer

andGmehling1996,Dahl andMichelsen1990,Gupteet al. 1986,Dahl et al. 1991,Larsen

et al. 1987).

ThePREOSmaybeexpressedasacubicequationin themixturecompressibilityfactor, á :

á Å @ � >5@dâã��á ¯ H �Ää @då¬â ¯ @  âã��áæ@ �Ää â»@dâ ¯ @dâ Å �#
c¨ (38)
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where: ä 
 ¢¬ç �$ ¯ � ¯& (39)â?
 ¡ ç �$��(& (40)áv
 � b$��(& 8 (41)

The largestroot of this equationis the vaporphasecompressibilityandthe smallestpositive

root is the liquid phasecompressibility. The partial fugacity coefficient for component- in

phaseß , necessaryfor furthercalculations,maybecalculatedas:

RWè f Ý/ 
 ¡g/¡ � á Ý @é>��ê@�RUè � á Ý @dâÕ�ê@ä Þ  â ë  J L Û ÝL ¢ L /¢ @ ¡6/¡#ì RWè ë á Ý H � >íH Þ  �µâá Ý H � >5@ Þ  �µâ ì (42)

3.5 Partial molar volumes

Thepartialmolarvolumesarenecessaryfor thedeterminationof thePoynting correctionfac-

tors, i.e. pressuredependence,in the calculationof the vapor phasemole fraction and the

standardstateHenry coefficient. The molar volumeof phaseß of a mixture is relatedto the

mixturecompressibilityfor thatphase(seeEquation(41))as:

b Ý 
 á Ý $��� (43)î ï b Ýï Û Ý 
 $��� ï á Ýï Û Ý (44)

whereÛ Ý is themolefractionof gastracerin phaseß . For an , componentmixture,thepartial

molarvolumefor component- is foundfrom themixturevolumeas(Walas1985):

Nb Ý/ 
 b Ý @ AB L£ðC]/ Û ÝL ï b Ýï Û ÝL (45)

For a binarymixture, if the liquid mole fractionof the gastraceris . , thenthewaterand
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gascomponentspartialmolarvolumesin theliquid phaseare:

Nb Q< 
 b Q]@�. ï b Qï . (46)Nb Q� 
 b QmH � >5@�.(� ï b Qï . (47)

Themixturemolarvolumederivative with respectto thegastracermole fraction is found

from Equation(44)andthePREOScubicequationfor thecompressibility:

ïï .æñ á�Q Å @ � >�@dâã�µá�Q ¯ H · ä @jå¬â ¯ @  â ¸ á�Qò@ · ä â»@dâ ¯ @�â Å ¸�ó 
v¨ (48)î ï á Qï . 
 @�á Q ¯môZõô X @dá Q · ôZöô X @  � >íHKå¬âÕ� ôZõô X ¸ HKâ ôZöô X H �Ää @  â»@jå®â9¯Z� ôZõô Xñ å¬á Q ¯ @  á Q � >5@dâã��H ä @  â»@då¬â ¯ ó (49)

To evaluate ô"÷ {ô X , the PREOSmust be solved to find á Q (the liquid phaseroot of the cubic

PREOS),andmixture valuesfor
ä

, â , ôiöô X and ôZõô X are required. Using a single coefficient

mixing rule (equations(35) to (37)) thesemixturevaluesare:ä 
 �$ ¯ � ¯ · � >5@�.(� ¯ ¢ E�H  . � >¥@�.(� � >5@��	E ¯ � Þ ¢ E ¢ ¯ Hj. ¯ ¢ ¯ ¸ (50)î ï äï . 
 �$ ¯ � ¯ � @  � >5@�.(� ¢ E�H  � >5@  .(� � >5@���E ¯ � Þ ¢ E ¢ ¯ H  . ¢ ¯ � (51)

and

â?
 �$�� �µ� >�@�.(�%¡´E�Hd.P¡ ¯ � (52)î ï âï . 
 �$�� � ¡ ¯ @j¡£E�� (53)

3.6 The modified Harveycorrelation for Henry’ scoefficients

The Harvey semi-empiricalcorrelationfor Henry’s coefficients(Harvey 1996,Harvey 1998)

usedby Trew et al. (2000)hastheform:

RWè �� 
ÀRWè5� �< H ä� ±< HKâ � >5@�� ±< � [�Á Å Ç:Ç� ±< H �ø� � ±< � ~ [�Á ÐgE Æ n E ~mo È� q (54)
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where
ä

, â and
�

arecorrelationcoefficientsdeterminedby fitting experimentaldata. This

correlationwasbasedon a numberof previousworks(JapasandLevelt Sengers1989,Harvey

andLevelt Sengers1990)andwasfoundto beeffectivefor bothinterpolationandextrapolation

of Henry’s coefficients for a numberof gasesover a wide temperaturerange(Harvey 1996,

Mroczek1997,Harvey 1998).

Theterm â � >¥@�� ±< � [�Á Å Ç:Ç !1� ±< is importantasit correctlyreproducesthedivergentbehavior

of RUè �� at thesolvent(water)critical point, i.e. (Schotte1985):ù RUè ��ù � úúúú o C o`û� 
?@�ü 8 (55)

However, it is alsoknown that at the solvent (water)critical point (BeutierandRenon1978,

Schotte1985,JapasandLevelt Sengers1989):���� � ¤< �g� ¤< �ý
þNf O� � � ¤< �6� ¤< �%� ¤< (56)

In this researchit hasbeenfoundthroughexperimentationthatthelimiting valueof
��

is not

representedby theHarvey correlationin the form of (54), althoughthedivergentbehavior ofRWè �� is correctlyrepresented.To representthe limiting value,given in (56), it is necessary

that:
ä H � 
ÜRWè Nf O� � � ¤< �6� ¤< � . In practice,this constrainthasbeenfound to give a poorfit to

thepredominantlylow temperatureexperimentallyderived
��

values.

It can,however, be observed that if
���� �5�6� �< ��! Nf O� � �5�g� �< � is to be fitted by a correlation

similar to thatof Harvey (1996),thenthefinal threetermsmustdisappearasthesolventcritical

point is reached,i.e. � ±< ÿ > . A modifiedHarvey correlation(MHC) with thesecharacteristics

is proposedhere:

RWè ��Nf O� � �5�6� �< � 
vRUè5� �< H ¢ � >5@�� ±< � [�Á Ã� ±< H�¡ � >5@�� ±< � [�Á Å Ç:Ç� ±< H � � >5@�� ±< � [�Á Ã � � ±< � ~ [�Á ÐgE Æ n E ~mo`È� q
(57)

The MHC retainsthe simplicity of only threeunknown coefficients, ¢ , ¡ and � , that mustbe

fitted. Theexponentof ¨ 8}³ hasbeenarrivedat by experimentationandgivesgoodbehaviour.
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At thesolventcritical point:

RUè �� 
 RWè Nf O� � � ¤< �g� ¤< ��H�RUè5� ¤< (58)

asrequired.

3.7 An empirical correlation for the liquid phasepartial molar volumes

of gastracers

As shown in (19), if pressureeffectsareto beincludedin theliquid-vaporpartitioningmodel,

thenthepartialmolargasvolumeatany giventemperatureis requiredto determinethePoynting

correctionfactor. Thecalculationsrequiredfor partialmolarvolumesgivenin Section3.5are

overly cumbersometo usein animplementationof thepartitioningmodelin ageothermalflow

simulator. In addition,theeffect of thePoynting correctionfactoris usuallysmall. Therefore,

it wasdecidedto investigatea correlationfor the liquid phasepartialmolarvolumesin terms

of temperatureandmolecularweight. A collectionof gastracersidenticalto thoseconsidered

later in Section4 (SF� , 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 temperaturerangefrom 0)#* to approximately370)#* are

shown in Figure2(a).Theexpectedbehavior is seen.For example,themolarvolumeof SF� at

its normalboiling point (-64) * ) is estimatedto be ¨ 8}« å�� >´¨ ~ Ð V Å V��¬R ~ E (Mroczek1997),soa

simpleextrapolationsuggeststhatthepartialmolarvolumesfor SF� derivedfrom Equation(47)

andthePREOSarequantitativelycorrect,at leastat low temperatures.Furthermore,it hasbeen

shown that thepartialmolarvolumeof a gassolutedivergesat thecritical temperatureof the

solvent (Schotte1985). So the partial molar volume behavior of the gastracersis at least

qualitatively correctat the critical point of water. A studyof variousinfinite dilution partial

molarvolumemodels,including thePREOS,hasshown that themodelsareonly suitablefor

qualitativepredictionsaroundthesolventcritical point (Liu andMacedo1995).

Themeanpartialmolarvolumesfor the10 gastracersunderconsiderationhavebeensam-
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pled at a large numberof temperaturesamplepoints andhave beenfitted by the non-linear

empiricalfunction:

Nb Q� � �5±< ��� @ � 8 « ��>�¨ ~ Ð � ±< H ³]8 >	��>�¨ ~ Ð> ª � >5@�� ±< � E Á ¯ Ã (59)

This is shown in Figure2(b).
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Figure2: Infinite dilution partialmolar volumesfor gastracers.Also shown in arethemean
valuesfor eachtemperature.

Thefit of themeanpartialmolarvolumesby a functionof � ±< hasbeenfurthermoderated

by a linearfunctionof themolecularweightof thegas,
� � , to accountfor deviationsfrom the

meanvalues.Thecoefficientsof themoderatingfunctionhave beenfitted to all thedatain a

leastsquaressense.Thefinal form of theempiricalpartialmolarvolumefunctionis:

Nb Q� � � ±< � � �£�
� � � 8  ¨ � �#H�¨ 8 å © � @ � 8}« ��>�¨ ~ Ð � ±< H ³]8 >���>�¨ ~ Ð> ª � >�@�� ±< � E Á ¯ Ã (60)

Thismoderationprovidesimprovedrepresentationat no extracostof parameterspecification.

Thequalityof thefit to themeanvaluesandthemolecularweightmoderatedfit is shown in

Figure3. In bothplots,thefittedpartialmolarvolumesareplottedagainstthevaluescalculated

using the Peng-Robinsonequationof state. A perfectfit would lie along the diagonalline

shown in Figure3. Figure3(a)clearlyindicatesthatasignificantimprovementin theempirical
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correlationfor thesegastracershasbeenachievedthroughtheuseof themolecularweight,at

almostnegligible extracomputationalexpense.In particular, thefit is quitegoodup to 350)#* .

Figure3(b)showssomeinterestingresultsfor CŌ andŌ . Although(59)wasnotdetermined

usingCŌ or Ō , thefinal correlation(60) is goodat predictingtheirpartialmolarvolumes.
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(a) SF� , R-13, R-14, R-22, R-23, R-116, R-
C318,R-134a,R-124andR-125.
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Figure3: Characteristicsof themeanpartial molar volumefit andthesuccessfulmoderation
by themolecularweight.

3.8 Summary of the stepsrequire to fit the modified Henry’ scoefficients

This sectionpresentsanoutlineandsummaryof thestepsrequiredto determinethemodified

Harvey correlationcoefficients.

1. As describedin sections3.2to 3.5,experimental����. or ���¦� dataareusedto calculateNb Q< , f O< , 0 (and . if unknown), Nb Q� , Nf O< and Nf O� . The calculationof 0 is non-linearas 0
and Nf O< areinter-dependent.Thesevaluesaredeterminediteratively. Theexperimental

valuesof Henry’scoefficientat thestandardstate,
���� �5�6� �< � , aredeterminedfrom:� expt � �5�6� �< �#
 Nf O� 0]�. \Z^`_ a @ Nb Q� � �c@j� �< �$��'& e 8 (61)

2. Dueto thesparsityof experimentaldata,it hasbeenfoundbestto scale
� expt � �5�g� �< � by

thepartialfugacitycoefficientof thegastracerat thecritical pointandfit thesevaluesin
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aleastsquaressenseby themodifiedHarvey correlation(MHC) describedin Section3.6.

Theresultof this fit is theintermediatequantity:
� E � �5�6� �< � .

3. The
� E � �5�6� �< � functionis evaluatedfor a numberof temperaturesfrom 0)#* to 374)#*

andamodifiedHenrycoefficient is calculatedas:� E 3 � �5�6� �< �ý
 � E � �5�g� �< �Nf O� � �5�6� �< � Nf O� � � ¤< �6� ¤< � 8 (62)

4. In orderto obtaina functionfor modelingpurposes,the
� E 3 � �5�6� �< � valuesarefitted in

a least-squaressenseusingtheMHC describedin Section3.6. Theresultingcorrelation

gives
� 3 � �5�6� �< � which is a standardstateHenry’s coefficient modifiedto accountfor

non-idealitythroughtheinclusionof thestandardstatefugacitycoefficient.

5. ThePoynting correctionfactorusingthe empiricalcorrelationfor the liquid phasepar-

tial molar volumes(Section3.7) is addedto give a representationof a modifiedHenry

coefficientapplicableto ageneraltemperatureandpressurestate:

RUè � 3 � �5�6�4�#
 RWè5� �< H ¢ � >¥@�� ±< � [�Á Ã� ±< HK¡ � >¥@�� ±< � [�Á Å Ç:Ç� ±< H
� � >5@��5±< � [�Á Ã � �5±< � ~ [�Á ÐgE \i^`_ � >�@��¥±< ��H� � 8  ¨ � �#H�¨ 8 å © � � @ � 8 « ��>�¨ ~ Ð � ±< H ³]8 >���>�¨ ~ Ð �> ª � >�@�� ±< � E Á ¯ Ã � ¤< � ±< � �c@�� �< � 8 (63)

This is themodifiedHenry’scoefficientwhich is usedin (5) for calculatingthegastracer

phasepartitioning.

4 Modified Henry’ sCoefficientsfor a Selectionof GasTrac-

ers

The selectionof possiblegastracersthat have beenspecificallyconsideredin this work are:

SF� , R-13, R-14, R-22, R-23, R-116,R-C318,R-134a,R-124andR-125. The HCFC gases

consideredhavelow ozone-depletionpotentialsandarenotto bephasedoutundertheMontreal
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Protocol(Adamsetal. 1991).Thekey propertiesof thesepossiblegastracersandthemodified

Harvey correlationcoefficientsresultingfrom the fitting processdescribedin Section3.8 are

givenin Table1. A comparisonof Henry’scoefficientsdeterminedusingthemethodspresented

in thispaperandthemethodsdescribedin (Trew etal. 2000)is givenfor SF� , R-134aandR-23

in Figure4. Theseexamplesillustratethattheimprovedtheoreticalfoundationsandempirical

fitting processfor Henry’s coefficientspresentedin this researchareclearlysuperiorto those

of (Trew et al. 2000)at thetemperaturesfoundin geothermalreservoirs.

Compound
�

( ���!FV��¬R ) �¥¤ ( )#* ) � ¤ ( ����� ) ² ¢ ¡ �

H ¯ O 0.018016 374 22.06 0.742 - - -
SF� 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 4.836 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

Table1: Key propertiesandMHC coefficient values.
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Figure4: Comparisonof Henry’scoefficient correlationsusingthemethodgivenin Trew etal.
(2000)with thosederivedusingthemethodologypresentedin this research.

Figures5 to 14 show thetemperatureandpressurevariationsof theHenrycoefficient cor-

relations.Also shown is theavailableexperimentaldataandthefit at eachstepin theprocess.
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The resultsindicatethatnon-idealbehavior becomessignificantat approximately200)#* . In

addition, it canbe observed that in generalthe variation in the modifiedHenry’s coefficient

with pressurefrom thestandardstatepressureis small. Theexceptionto this is nearthecrit-

ical temperatureof water. It maybeexpectedthat for mostpracticalsimulationsthepressure

correctionterm in (63) is not necessary, however, given that it addsnegligible computational

overheadit canberetainedfor completeness.
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Figure5: SF� .
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Figure6: R-13.
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(b) Temperatureandpressurevariation.

Figure7: R-14.
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Figure8: R-22.
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Figure9: R-23.
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(b) Temperatureandpressurevariation.

Figure10: R-116.
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(b) Temperatureandpressurevariation.

Figure11: R-C318.
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Figure12: R-134a.
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(b) Temperatureandpressurevariation.

Figure13: R-124.
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(b) Temperatureandpressurevariation.

Figure14: R-125.

5 Applications

5.1 Two-phasestream-tubeflow

Thecomparative liquid andvaporbehavior of gastracersis bestobservedin a simplestream-

tubetestproblem.Theproblemandits specificationsareshown in Figure15.
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Figure15: Thestream-tubetestproblemspecifications.

Fluid is injectedwith anenthalpy of > 8p© ��>�¨ �
� �� ~ E , generatinga two-phaseflow regime.

The steadystatepressure,vaporpressure,temperatureandvaporsaturationdistributionsare

shown in Figure16.
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Figure16: Two-phaseflow conditionsat steadystate.

Threegastracersareconsidered:SF� , R-134aandR-23. Thestandardpressurestatevari-

ationsof Henry’s coefficientswith temperaturefor thesetracersareshown in Figure4. This

figurealsoshowsthatatthetemperaturesconsideredin thisproblem(100)#* to 300)+* ) the
��

valuefor SF� derivedin this researchandthoseof Trew et al. (2000)aresimilar. It is expected

thenthat the the phasepartitioningmodelpresentedhereandthat of Trew et al. (2000)will

givesimilar resultssincethekey differenceslie in thedeterminationof Henry’s coefficients.
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The gastracersareeachinjectedat a rateof 0.1 ��	�
~ E for 20 minutes. The liquid and

vaporphasetracerconcentrationtime historiesat theproductionwell areshown for the two-

phaseflow in figures17 to 19. Partitioning behavior calculatedusingthe Harvey correlation

coefficientsderived with the methodsgiven in Trew et al. (2000) is comparedto the models

presentedin this research.The implementationof the partitioningmodelsin TOUGH2 has

beenvalidatedby comparisonwith known analytic solutionsfor single phasetransportand

convergenceanalysisfor multiplephases.

As expectedfrom thelow gastracersolubility, at theproductionwell theconcentrationsof

thegastracersin theliquid phaseareat leastanorderof magnitudelessthanthosein thevapor

phase.Also, theexpectedminimaldifferencebetweentheSF� massfractionsdeterminedfrom

themodelpresentedin this researchandthatof (Trew et al. 2000)canbeobservedin figures

17(a)and17(b). The differenceslie in the peakpredictedtracerconcentrationandnot in a

timeshift of thetracerpulse,thussuggestingthatthesearisedueto theemergenceof non-ideal

behavior of theSF� tracerastheconcentrationincreases.In thecaseof R-134aandR-23gas

tracers,theHenrycoefficient modelsof Trew et al. (2000)predictlower solubilitiesat higher

temperaturesthanthoseof this researchand,particularly in the caseof R-23, this is clearly

erroneousbehavior. Figures17 to 19 shows that the impactof thenew modelsis to retardthe

breakthroughtimesof thegastracers.

In the single phaseregion, Figure 16(a) shows that the difference � @ � �< variesfrom

closeto zeroat the productionto over 100 ����� at the injection well. Although the valueof� @�� �< is not negligible, its impacton thefinal resultsthroughthePoynting correctionfactor

remainsnegligible andfor mostpracticalsimulationsthe influenceof pressurevariationson

thephasepartitioningmodelsmaybeneglected.However, giventhatits inclusionin thephase

partitioningmodelpresentsnegligible computationaloverhead,the term canbe quite easily

retainedfor completeness.
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(a)Liquid phase.
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(b) Vaporphase.

Figure17: Tracerbreakthroughtimehistoryfor SF� .

0

5e-09

1e-08

1.5e-08

2e-08

2.5e-08

3e-08

3.5e-08

4e-08

0 50 100 150 200 250 300

C
on

ce
nt

ra
tio

n 
of

 tr
ac

er
 (

kg
/m

 

3 )

Time from injection (days)

This research
Trew et al. (2000)

(a)Liquid phase.
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(b) Vaporphase.

Figure18: Tracerbreakthroughtimehistoryfor R-134a.
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(a)Liquid phase.
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(b) Vaporphase.

Figure19: Tracerbreakthroughtimehistoryfor R-23.
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5.2 An idealisedthr ee-dimensionalreservoir

Theutility andvalueof gastracerphasepartitioningmodelscoupledwith a geothermalreser-

voir simulatoris illustratedby thefollowing problem.Steadystatetwo-phaseconvectiveflow

is formedin an idealisedreservoir of volume1 �V Å . Thesteadystatetemperatureandvapor

saturationiso-surfacesareshown in Figure20. 100 �� of SF� is introducedinto thecenterof

thereservoir. Thepredictedtransportover timeof thegastracerin theliquid andvaporphases

is shown in Figure21. The sparinglysolubleSF� traceris preferentiallytransportedin the

vaporphase,however, theflow is two-phaseandlocalequilibriumexistsbetweenthephasesat

every point. Consequently, SF� is alsodetectedin the liquid phasefurther from the injection

point thanwould be thecasefor a fully solubletracer. For this examplethecut-off detection

point hasbeennominally set to a massfraction of >�¨ ~ E ¯ . This problemshows how models

of tracertransportin geothermalreservoirs canbe usedaspredictive andcorrelative tools to

enhanceboththedesignandtheinterpretationof field tracertests.

(a)200!#" iso-surface. (b) 10$ vapor saturationiso-
surface.

Figure20: Temperatureandvaporsaturationiso-surfaces.
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(a)Soonafterinjection. (b) Approximately50 days. (c) Approximately100days.

Figure21: Predictedspreadof SF� in thevaporandliquid phasesover100days.

6 Summary and Conclusions

A modelof liquid-vaporphasepartitioningof gastracersin waterat geothermaltemperatures

andpressureshasbeenpresented.The key featureof this model is the definition anddeter-

minationof the Henry’s coefficients that areusedin Henry’s law to model the liquid phase

mole fractionof gastracers.This coefficenthasbeenderived from first principlesandno as-

sumptionof ideal gasbehavior hasbeennecessary. The definition of Henry’s coefficient has

beenmodifiedso that non-idealbehavior canbe easily includedin Henry’s law. Experimen-

tal valuesof Henry’s coefficient derived from solubility datahave beenfitted in two stepsby

a modifiedsemi-empiricalHarvey correlationthataccountsfor thetheoreticalbehavior at the

critical point of water. The semi-empiricalcorrelationalsoaccountsfor pressuresotherthan

thevaporpressureof water, which is thestandardstatepressure.Thenew methodshave been

usedto determinecorrelationcoefficientsfor a rangeof gastracersandtheliquid-vaporphase

partitioningmodelshavebeenappliedto sometestproblems.

Themodelsandexperimentalreductionmethodsdescribedin this researchretainthesim-

plicity andattractionsof thosepresentedin previousresearchby Trew et al. (2000).However,

thisnew researchhasreducedlevelsof uncertaintyin theprocessof determiningtheexperimen-

tal valuesof Henry’s coefficientsandhasproposeda new correlationof Henry’s coefficients

which is satisfactoryfor geothermaltemperaturesandpressures.
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