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tsSummary. This work presents a two-phase 
ow model for 
ompressible 
uids 
oupledwith heat transport simulation. The 
oupling is realized via equations of state, whi
h areused to determine the relation between temperature, pressure and density of a 
uid. Thedensity 
orrelation is ne
essary to des
ribe the 
ompressibity of a gas or a liquid, further-more, density together with temperature a�e
ts 
uid vis
osity and thermal 
ondu
tivity.Using this 
oupled H2T-model, we developed a test s
enario based on an enhan
ed gasre
overy appli
ation. This test 
ase 
onsists of a 1D 
utout from a natural gas reservoir inthe vi
inity of the CO2 inje
tion well. The simulation shows the displa
ement of naturalgas by 
arbon dioxide at the �rst stage of inje
tion. A simpli�ed simulation with 
onstant
uid properties but similar 
onditions was 
ompared to an analyti
al solution to provethe validity of the governing equations.1 INTRODUCTIONSimulation of non-isothermal two-phase 
ow (H2T) has a wide range of appli
ations indi�erent dis
iplines like soil s
ien
e or 
hemi
al, environmental and petroleum industries.Today, numeri
al implementation of multiphase 
ow pro
esses is essential in nu
lear waste1



N. B�ott
her, C.H. Park, O. Kolditz, R. Liedldisposal, geothermal, or groundwater remedation appli
ations. Typi
al two-phase 
owproblems are liquid-gas or water-NAPL systems.If pressure and temperature within a system are high enough (typi
al in geologi
al for-mations), the 
uids in the system may exist in a super
riti
al state of aggregation. Inthis state, the 
uid properties show both liquid and gaseous behaviour: Fluids may beimmis
ible and are 
ompressible due to pressure 
hanges. So, simulation of super
riti
al
uid 
ow is not only important for geologi
al appli
ations su
h as 
arbon dioxide (CO2)-
aption and storage (CCS), enhan
ed oil or gas re
overy (EOR, EGR) or enhan
ed 
oalbedmethane re
overy (ECMR), but also for industrial appli
ations releated to super
riti
al
uid extra
tion.The 
riti
al point of a 
uid spe
i�es the temperature and pressure 
onditions, when itsstate of aggregation 
annot to be distinguished between liquid or gaseous. At this state,the 
uid has properties from both liquids and gases.1The motive for developing an H2T model for super
riti
al 
uids was to simulate the CO2storage pro
ess within an EGR appli
ation. In this proje
t, a natural gas whi
h is assumedto be pure methane is going to be displa
ed by 
arbon dioxide. Both 
uids are 
onsideredto be immis
ible and to be in super
riti
al state. Be
ause inje
ted and residing 
uids havedi�erent temperatures, the pro
ess is 
onsidered to be non-isothermal. Due to 
ooling andheating pro
esses, the 
uid volumina (and 
uid mobilities) are 
hanging. Unlike liquids,the volume 
hange of a super
riti
al 
uid due to pressure variations is not negligible. This
ompressibility of a 
uid 
an be determined by equations of state (EOS). In this work,we use EOS based on the Helmholtz free energy.2;3 Fluid transport properties as fun
tionof density and temperature are determined by highly a

urate 
orrelations designed for
arbon dioxide4;5 and for methane6 individually.Several works have been published dealing with super
riti
al 
uid 
ow in porous me-dia. However, this works are 
onstrained to monophasi
 and isothermal 
ow7;8 or haveexperimental emphasis.9;10;112 GOVERNING EQUATIONS2.1 Balan
e equationsMultiphase heat and mass transfer in porous media 
an be 
omputed by solving thebalan
es of heat and mass at ea
h point of the investigated domain. These 
ontinuityequations are partial di�erential equations (PDEs), whi
h 
an only be solved analyti
allyfor very simpli�ed 
onditions. In 
omplex geometries, PDEs 
an be solved numeri
allyby partitioning the regarded system into a �nite number of representative elementaryvolumes (REV). In this work, pore spa
e is 
onsidered to be 
onstant due to negle
tion ofme
hani
al deformation or pre
ipitation of solid matter. When sour
e or sink terms areavoided, the 
ontent of a phase � within an REV 
an be expressed as the 
hange of its2



N. B�ott
her, C.H. Park, O. Kolditz, R. Liedlsaturation S� and its density �� over time t:n�S����t = div (����K frp� � �gg) (1)where n is porosity, �� is mobility (5), p is phase pressure, g is ve
tor of gravity, and K isthe intrin
i
 permeability tensor. The use of this formulation of the 
ontinuity equationhas the advantage that 
apillary pressure is easy to handle sin
e it is no primary variable.12Capillary pressure is the pressure di�eren
e at the interphase of both phases and is de�nedby (8). In (1), primary variables are saturation S and pressure p. The 
hanging of densityof a 
uid 
an be for
ed by variation of pressure or temperature 
onditions a

ording to����t = ����p� �p��t + ����T �T�t (2)In 
ase of a liquid, the pressure based 
ompressibility is negligible. But, 
uids in super-
riti
al state of aggregation behave more like gases, so pressure 
hanges play an importantrole on the 
uid density. In this 
ase, an equation of state has to be used to des
ribe therelation between pressure, temperature and density.2.2 Equation of stateThe EOS used in this work are semi-empiri
al fundamental equations based on theHelmholtz free energy. This kind of EOS uses a theoreti
al approa
h, whi
h is 
orrelatedby a multitude of measurement data to a spe
i�
 
uid. This 
orrelation was developedby Span and Wagner (1996)2 for 
arbon dioxide and by Setzmann and Wagner (1991)3for methane. By the use of pre
ise EOS, it is possible to determine the 
ompressibilityof a 
uid due to pressure and temperature 
hanges. The Helmholtz free energy in itsdimensionless formulation, � (Æ; �) = �o (Æ; �) + �r (Æ; �) ; (3)
onsists of an ideal part, �o and a residual part, �r, whi
h des
ribes the deviations ofthe real gas from ideal gas behaviour. In its dimensionless form, the fun
tion argumentsdensity and temperature are given as normalized quantities. The normalization is per-formed with respe
t to 
riti
al values, so that Æ = �=�
 and � = T
=T . From (3), allthermodynami
 properties of a 
uid 
an be determined. The relation between pressureand Helmholtz free energy is given byp (Æ; �) = �1 + Æ��r�Æ � �RT (4)(4) 
an not be solved algebrai
ally for density, be
ause the term ��r=�Æ is a fun
-tion of density as well. So, it has to be solved by an iterative approximation. Thevan Wijngaarden-Dekker-Brent13 method turned out to be the most appli
able approa
h.This root-�nding approa
h guarantees 
onvergen
e as long as the values of the fun
tionare 
omputable within a given region 
ontaining a root.3



N. B�ott
her, C.H. Park, O. Kolditz, R. Liedl2.3 Constitutive equationsThe mobility �� of phase � is the relation between phase-permeability k� and phase-vis
osity ��. Considering non-isothermal, 
ompressible multiphase 
ow problems, �� is afun
tion of phase saturation, temperature and pressure:�� = � kr�(S�)��(p; T ) (5)In general, the phases of a two-phase system are indi
ated as wetting phase � = w andnon-wetting phase � = n. In this paper, the polar 
arbon dioxide is assumed to bethe wetting phase, while nonpolar methane is regarded as non-wetting phase. Relativepermeabilities for wetting and non-wetting phase are des
ribed by the Brooks&Corey14model: kr;w(Sw) = S2+3�?e ; kr;nw(Sw) = (1� Se)2(1� S2+�?e ) (6)where Se is e�e
tive saturation and �? is a soil distribution parameter. In both 
ases,the wetting-phase saturation represents the independent variable of (6). The e�e
tivesaturation Se is depending on maximal saturation Smax and residual saturation Sr;w of thewetting phase and is de�ned as Se = Sw � Sr;wSmax � Sr;w (7)At the interphase between wetting and non-wetting phase, a pressure di�eren
e known as
apillary pressure p
 
an also be estimated by the Brooks&Corey model:p
 = S�1=�?e � p0 (8)where p0 is the 
hara
teristi
 entry pressure. The transport properties (vis
osity andthermal 
ondu
tivity) of 
uids 
an be determined by 
orrelation fun
tions depending ontemperature and density. These empiri
al fun
tions were adjusted by measurement datafor ea
h 
uid individually and they 
onsist of three terms, des
ribing the respe
tive 
uidproperty at di�erent density regions:X(�; T ) = X0(T ) +X1(�; T ) + �X
(�; T ) (9)where X is either vis
osity � or thermal 
ondu
tivity �. X0(T ) is valid for the dilute gasregion, X1(�; T ) for the moderately dense gas region, and �X
(�; T ) is an enhan
ementterm needed 
lose to the 
riti
al point. A 
orrelation fun
tion for vis
osity of 
arbondioxide was developed by Fenghour (1998).5 This vis
osity representation 
overs thetemperature range 200K � T � 1500K and pressures up to 300MPa. The thermal
ondu
tivity of CO2 was determined by the 
ontribution of Vesovi
 (1990).6 This fun
tionprovides valid thermal 
ondu
tivities between 200K � T � 1500K and for pressures up to100MPa. For methane, Friend (1989)4 presented a 
orrelation for vis
osity and thermal
ondu
tivity in the range from about 91K to 600K and for pressures below 100MPa.4
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her, C.H. Park, O. Kolditz, R. Liedl3 NUMERICAL MODELLINGThe developed H2T model, equations of state for CO2 and CH4 as well as the respe
tive
onstitutive equations were implemented into the s
ienti�
 open sour
e 
ode OpenGeoSys(OGS).15 Using OGS, the model setup was tested by a simpli�ed enhan
ed gas re
overys
enario simulation. In this 
ase, the model domain was redu
ed to a 1D 
utout of thenatural gas reservoir in a depth of about 3500m. This 
utout 
onsists of homogeneousmatrial and has a length of 5m, starting from the inje
tion well on the left side (see Figure1). The wetting behaviour of the sandstone material is des
ribed by the Brooks&Coreymodel using a soil distribution index of �? = 2. Relative permeability and 
apillarypressure are given by (6) and (8). An overview of all used soil parameters is given inTable 1.
q
CO2

q
CH4

5m

Figure 1: Model domain of homogeneous 1D test s
enarioTable 1: Solid matrix properties and 
onstitutive relationshipsparameter value parameter valueabsolute permeability K 10�10m2 residual saturation SCH4 0 [�℄porosity n 0:03 [�℄ relative permeability kr;CO2 eq. (6)distribution index �? 2 [�℄ relative permeability kr;CH4 eq. (6)entry pressure p0 5000Pa 
apillary pressure p
 eq. (8)residual saturation SCO2 0 [�℄The size of the model domain is 
hosen su
h that the right boundary will not be in
uen
edby CO2 inje
tion within the simulation time. This s
enario shows the very beginning of anEGR pro
ess: at time t = 0, the reservoir is �lled 
ompletely with a natural gas mixture,represented in this 
ase by an amount of 99% of methane in super
riti
al state and 1%
arbon dioxide. As mentioned in se
. 2.1, there are no sour
e terms 
ontrolling the CO2storage pro
ess. When the inje
tion starts, the CO2 in
ow at the left model boundary isfor
ed through Diri
hlet boundary 
onditions (SCH4 = 0, pCO2 = 7:5MPa and T= 300K).Due to the 
onstant inje
tion, 
arbon dioxide displa
e
es the residing natural gas from5
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her, C.H. Park, O. Kolditz, R. Liedlleft to right. At the inje
tion point, the gradient of the CO2 saturation 
urve is verystrong at the beginning of the simulation, so the spatial dis
retisation in this region needsto be very �ne.4 RESULTSNon-isothermal, 
ompressible multi-phase 
ow in porous media 
an not be 
al
ulated alge-brai
ally, so there is no exa
t solution whi
h 
ould be 
ompared dire
tly to the simulationresults of the presented work. Available analyti
al solutions are 
onstrained to isothermal
onditions and handle with in
ompressible 
uids. One of those approa
hes is given byM
Whorther, (1990)16,17 where exa
t integral solutions for horizontal, steady-state 
owof immis
ible, vis
ous 
uids in porous media is presented. A dire
t 
omparison betweenM
Whorthers solution and our simulation results is possible, if all thermodynami
 andtransport properties of the involved 
uids are set to 
onstant values. Su
h an 
omparisonis shown in Figure 2(a). Both analyti
al and numeri
al results are based on identi
almaterial properties shown in Table 1. The plot shows the CO2 saturation pro�le alongthe model 
oordinate x at three points in time. At ea
h time, the numeri
al simulationresult shows ex
ellent agreement to the exa
t solutions, whi
h indi
ates that the 
hosenpressure-saturation s
heme of governing equations is appli
able for this purpose.
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(b)Figure 2: Comparison of (a) numeri
al simulation and analyti
al solution of isothermal,in
ompressible two phase 
ow of CO2 and CH4 and (b) results for isothermal, in
ompress-ible (dashed lines) as well as non-isothermal, 
ompressible (solid lines) behaviour.
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N. B�ott
her, C.H. Park, O. Kolditz, R. Liedl5 CONCLUSIONIn 
omparison to isothermal and in
ompressible 
uid 
ow, the developed model for the
ow of super
riti
al 
uids shows a slower CO2 migration within the natural gas reservoir,see Fig. 2(b). The di�eren
e between both model approa
hes has two reasons. Dueto the 
onsidered 
ompressibility, CO2 volume is de
reasing during the inje
tion, whi
hneeds additional energy. The other reason is the de
reasing CO2 mobility due to growingtemperatures. Unlike gases, the vis
osity of liquids and super
riti
al 
uids in
reases withgrowing temperatures. In the isothermal 
ase (dashed lines in Fig. 2(b)), the 
uid mobil-ity does not 
hange with growing temperature. So, the CO2-migration velo
ity (and theCO2 storage 
apa
ity of the reservoir) is overestimated. This shows the importan
e of 
on-sidering non-isothermal e�e
ts and 
ompressibility terms in multiphase 
ow simulationsof super
riti
al 
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