
MULTIPHYSICS MODELING OF ADVECTION-DOMINATEDTWO-PHASE COMPOSITIONAL FLOW IN POROUS MEDIAJOCHEN FRITZ, BERND FLEMISCH, RAINER HELMIGAbstra
t. A new multiphysi
s model for two-phase 
ompositional �ow is presented. It isdesigned to �t the level of model 
omplexity to that of the �ow and transport pro
esses taking pla
ein a given region of the domain. Thus, the model domain is divided into a subdomain whi
h a

ountsfor two-phase 
ompositonal pro
esses and another in whi
h single-phase transport is des
ribed. A
oupling of the simple and 
omplex equations gives rise to an e�
ient model. Spe
ial interest is pla
edin the dis
retization of the two-phase 
ompositional model in a �nite-volume 
ontext and an IMPEStime s
heme with de
oupled pressure and transport equations. For optimal subdomain determination,an easy-to-handle, adaptive s
heme is presented. The pra
ti
al usability is demonstrated on a reallive problem from 
arbon dioxide sequestration.Key words: multiphysi
s, domain de
omposition, multiphase �ow,
ompositional, sequential, de
oupled formulation1. Introdu
tion. The modeling of �ow pro
esses in porous media is used inmany environmental and engineering appli
ations. To gain insight to in
reasingly
omplex pro
esses, models in use be
ome in
reasingly 
omplex whi
h has obvious
onsequen
es for the 
omputational e�ort. When 
onsidering large systems, detailedmeasurements (su
h as saturations of 
ontaminants or 
on
entrations of 
ertain 
om-ponents) are usually only available in relatively small regions in whi
h 
omplex pro-
esses are assumed to o

ur, whereas fewer and simpler measurements may be avail-able in other parts of the 
onsidered domain. This poor spatial resolution of mea-surement data in large parts of the model domain questions the use of highly 
omplexand detailed models. More important, 
omplex pro
essesoften o

ur only in a smallpart of the domain of interest. in order to a

ount for these fa
tors, the 
oupling of atwo-phase 
ompositional model to a single-phase transport model is presented. Thisallows for the use of the 
omplex two-phase 
ompositional model only in the parts ofthe model domain where 
omplex pro
esses o

ur, whereas other parts of the domainare resolved by a simpler single-phase model.Coupling of di�erent models for the simulation of 
omplex pro
esses was for exam-ple originally dis
ussed in the 
ontext of domain de
omposition methods (e.g., [12℄).This was the motivation for [18℄, where the authors develop a multiblo
k frameworkto 
ouple fully impli
it and sequential two-phase �ow models. Further developmentsresulted in multiphysi
s 
oupling of single-phase (impli
it or sequential), two-phase(impli
it or sequential) and bla
k-oil (impli
it only) models as published in [19℄ and[17℄. However, the 
oupling of the di�erent models involved a nonlinear iterativesolver to mat
h the 
oupling 
onditions at the interfa
es. Furthermore, the bla
k-oil model was only presented in a fully impli
it formulation whi
h in turn involvesnonlinear solvers. Due to the relatively simple form of the pressure equations, theresulting smaller matri
es and the noniterative solution s
eme, sequential models re-quire less 
omputational e�ort per timestep, making them attra
tive in wide areas ofappli
ation ([4℄). The bla
k-oil model also 
ontains rather strong assumptions (waterphase 
ontains no other 
omponents than water, gas phase is only made up of lighthydro
arbons), limiting its appli
ability to 
ertain areas.To a

ount for the mentioned data 
olle
tion problem, a multi-s
ale multi-physi
smodel approa
h was presented in [16℄. In this study, the velo
ity is assumed to bedivergen
e-free. This assumption, however, is not true for 
ompositional multi-phase�ow, sin
e the mixing of phases in�uen
es the total �uid volume.1



We introdu
e a sequential multiphysi
s model for two-phase 
ompositional �owwhithout the need for nonlinear solvers and without restri
tions 
on
erning mis
ibility.For this purpose, we in
orporate the de
oupled formulation for two-phase 
omposi-tional �ow introdu
ed and analyzed in [21℄ and expanded to other formulations of thepressure equation in [7℄. We want to 
on
entrate on appli
ations like enhan
ed re
ov-ery of 
ontaminated soils or 
arbon dioxide sequestration, where we assume stronglyadve
tion-dominated problems and hen
e negle
t di�usion and 
apillarity.2. Physi
al Model.2.1. General balan
e equation. The mass balan
e equation per 
omponentin a multiphase 
ompositional model negle
ting di�usion is (e.g., [13℄)
∂Cκ

∂t
= −∇ ·

∑

α

vα̺αXκ
α + qκ ,(2.1)where Cκ = φ

∑

α

Sα̺αXκ
α denotes the total 
on
entration of 
omponent κ, and φ isthe porosity. Moreover, Sα and ̺α are the saturation and the density of phase α,respe
tively, while Xκ

α is the mass fra
tion of 
omponent κ in phase α. The sour
eterm of 
omponent κ in the unit mass per time is denoted by qκ. Given the mobility
λα = krα

µα

� where µα and krα are the dynami
 vis
osity and the relative permeabilityof phase α, respe
tively� , the pressure p, the permeability tensor K and the gravityve
tor g, the velo
ity of phase α is given by the extended Dar
y law as
vα = λαK∇ (p − ̺αg) .(2.2)2.2. Pressure equation. As a physi
al 
onstraint, the pore spa
e of the porousmedium must always be �lled with a mixture of �uids. That is, the sum over thevolumes of the phases inside a 
ontrol volume must equal the pore volume, or

(

∑

κ

Cκ

)

·

(

∑

α

να

̺α

)

− φ = 0 ,(2.3)where να = Sα̺α
∑

α

Sα̺α

denotes the mass fra
tion of phase α. Due to 
ompressibilitiesand mixing e�e
ts, the volume of a mixture is a�e
ted by 
hanges in pressure or total
on
entration. These volume 
hanges must be taken into a

ount in the pressureequation to 
onserve the total volume of the mixture at any point in spa
e. Following[7℄ or [14℄, the pressure equation is expressed by
−

∂vt

∂p

∂p

∂t
+
∑

κ

∂vt

∂Cκ
∇ ·
∑

α

Xκ
α̺αvα =

∑

κ

∂vt

∂Cκ
qκ ,(2.4)where vt is the total spe
i�
 volume of the mixture. The �nal pressure euqationis then obtained by inserting Dar
y's law (2.2) into equation (2.4). The unit of theterms of equation (2.4) is volume per time, thus it is essentially a volume 
onservationequation. The equation predi
ts 
hanges in total �uid volume 
aused by 
hanges in
on
entration of the 
omponents and 
ompensates them by adjusting the pressure �elda

ordingly. Sin
e the �rst-order approximation of the volume 
hanges in equation(2.4) is not perfe
t yet, volumetri
 errors may still o

ur. Therefore we follow thesuggestion in [21℄, where the authors add the residual of the volume 
onstraint (2.3)to the right-hand side of equation (2.4) to 
ompensate these errors in subsequent timesteps. 2



2.3. Flash 
al
ulation. The pressure and transport equations are evaluatedsequentially in every time step. Sin
e the transport equations (2.1) 
an only evaluate
hanges in total 
on
entration, the saturation and mass fra
tions have to be evalu-ated by a �ash 
al
ulation at the end of every time step. In [1℄, the authors presenta detailed des
ription of �ash 
al
ulations for arbitrary numbers of phases and 
om-ponents. Without going into detail on the derivation, the set of nα − 1 (nα is thenumber of phases) equations
∑

κ

zκ (Kκ
α − 1)

1 +
∑

α6=r

(Kκ
α − 1) να

= 0 ∀α 6= r ,(2.5)known as the Ra
hford-Ri
e equation has to be solved iteratively in order to determinethe mass fra
tion of ea
h phase να. In this equation, zκ = Cκ

∑

κ

Cκ
denotes the overallmass fra
tion of 
omponent κ in the mixture, whereas the equilibrium ratio Kκ

α relatesthe mass fra
tion of 
omponent κ in phase α to its mass fra
tion in a referen
e phase rthrough Kκ
α =

Xκ

α

Xκ
r

. A fast and adequately exa
t way to obtain the equilibrium ratiosis the exploitation of Dalton's, Raoult's, and Henry's laws as presented in [16℄. In this
ase, the equilibrium ratios stay 
onstant for the isothermal model. A more a

urateway is to in
orporate thermodynami
 equations of state (EOS) and 
al
ulate theequilibrium ratios from the 
omponent's fuga
ities in the di�erent phases, as des
ribedin [1℄ or [15℄. In this 
ase, the equilibrium ratios are subje
t to the phase 
ompositionsand, therefore, have to be updated in every iteration step. For simpli
ity, however,we use the former approa
h. The mass fra
tions of the 
omponents in the referen
ephase 
an be 
al
ulated from
Xκ

r =
zκ

∑

α6=r

(Kκ
α − 1) να + 1

,(2.6)while the mass fra
tions in the other phases 
an be obtained by rearranging thede�nition of the equilibrium ratios to
Xκ

α = Kκ
αXα

r .(2.7)For a two-phase two-
omponent system with the phases α = w, n and the referen
ephase being w, the Ra
hford-Ri
e equation redu
es to
νn =

z1
(

K1
n − 1

)

+ z2
(

K2
n − 1

)

(K1
n − 1) · (K2

n − 1)
,(2.8)whi
h 
an be dire
tly solved. For a stable two-phase system, the phase mass fra
tion

νn must have a value between zero and unity: 0 < νn < 1. Inserting these twoinequalities into equation (2.8) yields the stability 
onstraints (e.g., [20℄) for a two-phase system
∑

κ

Kκ
nzκ > 1 ,

∑

κ

Kκ
n

zκ
> 1 .(2.9) 3



If one of these 
onstraints is violated, the mixture is in a single-phase state. Violationof the former 
onstraint 
orresponds to a single wetting phase w, violation of the latterto a single nonwetting phase n. In these 
ases, the 
omposition of the remaining phaseequals the feed mass fra
tions Xκ
α = zκ.2.4. Single-phase transport. The pressure and transport equations for in
om-pressible single-phase transport 
an be derived as simpli�
ations from equations (2.1)and (2.4). By inserting the de�nition of the total 
on
entration into the mass balan
eequation (2.1) for one phase and applying the 
hain rule, we get

φ̺αXκ
α

∂Sα

∂t
+ S̺αXκ

α

∂φ

∂t
+ φSαXκ

α

∂̺α

∂t
+ φSα̺α

∂Xκ
α

∂t
= −̺α∇ · (vαXκ

α) + qκ .(2.10)Sin
e only one phase is present, the saturation equals unity and hen
e the derivativeof saturation in the �rst term on the left-hand side equals zero. For in
ompressible�ow, the derivatives of density and porosity also vanish. We now assume a volumetri
sour
e term Q of the present phase with a de�ned mass fra
tion Xκ
Q. Then the masssour
e of 
omponent κ is qκ = ̺QXκ

Q, and we 
an write the transport equation as
φ

∂Xκ

∂t
= −∇ · (vX) + QXκ

Q ,(2.11)where we negle
ted the indi

es of the remaining phase for better readability. Obvi-ously, the mass fra
tion of the sour
e must be de�ned in su
h a way, that the �owfrom the sour
e does not split in two phases. This transport equation must only besolved for one 
omponent in the binary system sin
e mass fra
tions sum up to unity.The pressure equation 
an also be simpli�ed for an in
ompressible single-phase sys-tem by deleting the �rst term on the left hand side and setting the remaining volumederivative ∂vt

∂Cκ to the re
ipro
al of the density ̺ of the present phase:
1

̺
∇ ·
∑

κ

Xκ̺v =
∑

κ

1

̺
qκ(2.12)On
e again using the 
hain rule and the fa
t that mass fra
tions sum up to unity, andusing the sour
e term as de�ned above, we get the pressure equation for single-phase�ow,

∇ · v = Q .(2.13)Our simple model of in
ompressible single-phase transport is thus des
ribed by equa-tions (2.11) and (2.13) 
ombined with Dar
y's law (2.2).2.5. Multiphysi
s. A 
omparison of the two pressure equations (2.4) and (2.13)reveals their resemblan
e: just as des
ribed above for equation (2.4), the terms ofequation (2.13) have the unit volume per time. Their 
ommon physi
al relevan
e isthe 
onservation of the total �uid volume at any point in spa
e. Also, the transportequations 
an be derived from ea
h other and represent the 
onservation of mass.This basi
ally opens the way for our multiphysi
s approa
h where the model domainis divided into two parts: one subdomain of spe
ial interest whi
h is modeled withhigher physi
al a

ura
y and the global domain where reasonable simpli�
ations 
anbe made. As an example, 
onsider �gure 2.1 where a model problem, as it 
ommonlyappears in environmental s
ien
es, is sket
hed. The domain is �lled with water ex
ept4
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Fig. 2.1. Multiphysi
s problem exampleat a spill of non aqueous phase liquid (NAPL) 
ontaining 
ontaminants. The 
ontami-nants are dissolved in water and transported by the water �ow. At the same time, theNAPL spill is displa
ed. Due to the solution of 
ontaminants in water, this s
enariowould have to be simulated using a two-phase 
ompositional model. However, thismodel is only needed in the area where the NAPL spill is situated. The rest of thedomain 
an be modeled using a single-phase transport model. Coupling these twomodels leads to our multiphysi
s approa
h. By exploiting the similarities of the pres-sure equations and writing both of them into the same sti�nes matrix as des
ribed inse
tion 3.3, there is no need for further 
oupling 
onditions and 
orresponding spe
ialsolution s
hemes.3. Numeri
al Model. The dis
retization of the equations des
ribed above isrealized using a standard 
ell-
entered �nite volume method (FVM) and an IMPEStime dis
retization. These are implemented in the toolbox DuMuX([11℄) whi
h wasbuild on the numeri
al environment DUNE ([2, 3℄). In every timestep, the pressureequation is solved impli
itly using the 
oe�
ient values of the old time level and,thereafter, the transport equation is solved expli
itly. The solution of the transportequations of single-phase and multiphase 
ompositional models and the pressure equa-tion of single-phase models have been dis
ussed by many authors, as for example in[8℄. We want to 
on
entrate on our solution strategy for the 
ompositional pressureequation (2.4).3.1. Dis
retization of the pressure equation. For the dis
retization of par-tial di�erential equations by the FVM, the model domain is divided into 
ontrolvolumes and the equation is integrated over ea
h 
ontrol volume G. The integrationof equation (2.4) over G and the use of the Gauss-Green formula yields
−

∂Vt

∂p

∂p

∂t
+

�
n ·
∑

α

(

vα̺α

∑

κ

∂vt

∂Cκ
Xκ

α

)

dΓ

+

�
∑

κ

(

∇
∂vt

∂Cκ
·
∑

α

Xκ
α̺αvα

)

dG = |V |
∑

κ

∂vt

∂Cκ
qκ ,(3.1)where Γ denotes the boundary of G. The integral of the total �uid volume �

vtdGis denoted by Vt. In the right hand side term, the sour
e is assumed to be pie
ewise
onstant so its integral equals its multipli
ation by the 
ontrol volume|V |. Inserting5



equation (2.2) and separating pressure gradients and gravity ve
tors , one gets
−

∂Vt

∂p

∂p

∂t
−

�
n

[

(K∇p)
∑

α

(

λα̺α

∑

κ

∂vt

∂Cκ
Xκ

α

)]

dΓ

−

�
(K∇p)

∑

κ

(

∇
∂vt

∂Cκ

∑

α

Xκ
α̺αλα

)

dG

= −

�
n ·

[

(Kg)
∑

α

(

λα̺α

∑

κ

∂vt

∂Cκ
Xκ

α

)]

dΓ

−

�
(Kg)

∑

κ

(

∇
∂vt

∂Cκ

∑

α

Xκ
α̺αλα

)

dG + |V |
∑

κ

∂vt

∂Cκ
qκ .(3.2)�

n· is dis
retized as∑
k

|Ak|nk· , where k is the index for the 
ell interfa
es as sket
hedon the left-hand side of �gure (3.1), and |Ak| is the area of the 
ell fa
e k, the pressuregradient ∇p is dis
retized by − p−pk

|uk|
uk

|uk|
, where p is the pressure in the 
urrent 
elland pk is the pressure in the k-th neighbor 
ell, while uk is the ve
tor 
onneting thetwo 
enters of gravity. The gradient of the volume derivative ∇ ∂vt

∂Cκ is dis
retized inthe same way as the pressure gradient. By a de
omposition of the 
ontrol volumeas sket
hed in �gure (3.1), the 
omputation of the volume integrals in the se
ondand fourth term of equation (3.2) 
an be 
arried out by using the standard fa
egradients of pressure and volume derivative. In parti
ular, ea
h interfa
e k is assigneda weighting fa
tor wk to de
ompose the 
ontrol volume to a subvolume wk · |V | (see�gure (3.1), right-hand side). Obviously the weighting fa
tors must sum to unity. Forthe integration, the 
oe�
ients inside the integral are evaluated at the interfa
e andmultiplied with the asso
iated subvolume. The dis
retized form of equation (3.2) isthen
−

∂Vt

∂p
·
pt−∆t − pt

∆t

+
∑

k

|Ak|nk · K
uk

|uk|

pt − pt
k

|uk|

∑

α

(

λα̺α

∑

κ

∂vt

∂Cκ
Xκ

α

)

+
∑

k

|V |wk

pt − pt
k

|uk|
K

uk

|uk|
·
∑

κ

(

−
∂vt

∂Cκ −
(

∂vt

∂Cκ

)

k

|uk|

uk

|uk|

∑

α

Xκ
α̺αλα

)

= |V |
∑ ∂vt

∂Cκ
· qκ

−
∑

k

|Ak|nk · Kg
∑

α

(

λα̺α

∑

κ

∂vt

∂Cκ
Xκ

α

)

−
∑

k

|V |wkKg ·
∑

κ

(

−
∂vt

∂Cκ −
(

∂vt

∂Cκ

)

k

|uk|

uk

|uk|

∑

α

Xκ
α̺αλα

)

.(3.3)Pressures marked with the supers
ript t are the unknowns and those with thesupers
ript t−∆t are taken from the last time step as all other 
oe�
ients. Equation(3.3) has to be set up for every 
ontrol volume and forms a linear system of equationswhi
h 
an be solved expli
itly for the pressures pt. It turnes out that the dis
ussedvolume integral in the se
ond and fourth term of equation (3.2) and their dis
retized6
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tor and interfa
e notation in FVM s
hemeversion in equation (3.3), respe
tively, do not lead to signi�
ant improvements of thegained solution and may as well be negle
ted. They may, however, have stabilizinge�e
ts in some setups.The evaluation of 
oe�
ients at the 
ell interfa
es is done by full upwinding. Theonly ex
eptions are the volume derivatives whi
h are always taken from the 
urrent
ell. The upwind 
ell is determined by evaluating ea
h total phase potential
Φα = p + ̺αg .At this point, spe
ial 
are must be taken for gravity-dominated systems where 
ounter-
urrent �ow may o

ur sin
e upwind dire
tions 
an be di�erent for di�erent phases.For the upwinding of 
oe�
ients during the setup of the pressure equation, the pres-sures of the last time step are used. Thus, an initial guess of the value of pressureis ne
essary for te �rst timestep. Also for the initialization of saturations and massfra
tions, an initial pressure guess is ne
essary. We use a standard two-phase fra
-tional �ow pressure equation with 
entrally weighted total mobilities (e.g., [6℄ or [13℄)to obtain su
h a guess.3.2. Evaluation of volume derivatives:. The volume derivatives ∂vt

∂Cκ are 
al-
ulated numeri
ally with a se
ant method (e.g., [5℄): In a pre-step, the transport equa-tion is evaluated with the last timestep's pressure �eld to determine in
rements. The
urrent phase split (or phase mass fra
tion) να is known from the last �ash 
al
ulationor by 
al
ulating
να =

Sα · ̺α
∑

α

Sα · ̺α

.The 
urrent total �uid volume is then determined by
vt,curr =

∑

α

να ·
1

̺α

.Now, the total 
on
entration of the �rst 
omponent is in
reased by the in
rement iκwhi
h was 
al
ulated in the pre-step, and a �ash 
al
ulation is performed. With themass fra
tions Xκ
α and the phase splits να, the total �uid volume vt,incr.κ with respe
t7



to the in
reased total 
on
entration 
an be 
omputed. The derivative 
an now easilybe found
∂vt

∂Cκ
=

vt,incr.κ − vt,curr

iκ
.This pro
edure is repeated for ea
h 
omponent.3.3. Multiphysi
s. As already mentioned earlier, the pressure equations of thetwo-phase 
ompositional and the single-phase transport model have the same physi
alrelevan
et, the same dimensions and the same unknowns. Exploiting this similarity,the two sets of equations are used in one system of equations. The entries of thesti�ness matrix are set a

ording to the position of the 
orresponding 
ontrol volumeinside the domain. If the 
ontrol volume is situated inside the subdomain for thetwo-phase 
ompositional model, the matrix and right-hand side entry is set a

ordingto equation (3.3). If the 
ontrol volume lies outside of the subdomain, the entriesare set a

ording to the dis
retized form of equation (2.13). This strategy 
an beapplied properly also for 
ontrol volumes adja
ent to the subdomain boundary sin
eall ne
essary 
oe�
ients 
an be determined: for the se
ond phase, they only haveto be set to zero outside the subdomain, and hen
e the 
orresponding terms in thetwo-phase 
ompositional pressure equation vanish. The only 
onstraint is that onlythe phase whi
h is present outside the subdomain 
an �ow a
ross the boundary. Thesame 
onsiderations as for the pressure equations are valid for the transport equations:all ne
essary 
oe�
ients 
an be determined by setting them to zero for the se
ondphase outside the subdomain, and thus all terms related to this phase vanish.3.4. Choi
e and adaption of the subdomain. For the proposed multiphysi
smodel, the 
hoi
e of an adequate sub-domain is 
ru
ial for the quality of the result.The above mentioned 
onstraint, that only one phase may �ow a
ross the subdomainboundary has to be ful�lled. Furthermore, demixing e�e
ts have to be respe
ted.Consider for example a domain �lled with water and residually saturated gas with apressure-driven water �ux. The gas dissolves in water and gets transported further.The solubility of air in water is proportional to pressure and sin
e pressure de
reasesdownstream exsolution of gas o

urs, produ
ing very small saturations of non-mobileair. If the solubility is ex
eeded outside the subdomain, the demixing e�e
t 
an notbe reprodu
ed sin
e no �ash 
al
ulations are 
arried out in the single-phase transportmodel. Exsolution of gas o

urs predominantly in 
ells adja
ent to the two-phase re-gion. That is be
ause the water whi
h 
omes from the upstream 
ell is fully saturatedwith gas, and the pressure is slightly smaller in the downstream 
ell. The most logi
al
hoi
e of the subdomain therefore 
ontains all 
ontrol volumes where two phases arepresent and � to avoid super�uous velo
ity 
al
ulations � all adja
ent 
ells. At theend of ea
h timestep, the 
ells inside the subdomain are 
he
ked: if two phases arepresent, the 
ell remains in the subdomain and also all neighbors be
ome part of thesubdomain. Furthermore, the mass fra
tions of the 
ells outside the subdomain 
anbe 
ompared to the solubility of the dissolved 
omponent. This quite easy de
ompo-sition 
an only be expe
ted to be su
esful in the 
ase of an expli
it solution of thetransport equations. In parti
ular, the ful�lment of the CFL-
ondition guaranteesthat no modeling error will o

ur, sin
e information is transported at most one 
ellfurther in one timestep.4. Examples. We demonstrate the performan
e of our approa
h with two exam-ples. The dynami
 adaptivity of the subdomain is shown on a two-dimensional exam-8



Fig. 4.1. Example for dynami
 subdomain adaptivity. From upper left to lower right, thesystem is shown for initial 
onditions and after 100, 200 and 300 timesteps, respe
tively. Thesubdomain is marked by bla
k squares.ple, whereas the appli
ability to real-life problems is demonstrated on the Johannsen-formation ben
hmark from 
arbon dioxide sequestration.4.1. Subdomain adaptivity. To demonstrate the subdomain adaptivity weset up a simple example in a re
tangular domain with no-�ow boundaries at the topand bottom and hydrostati
 pressure boundaries at the left and right. The domainis initially �lled with water, ex
ept for a given region where air is found in a lowsaturation. The water saturation at the left boundary equals unity, and on the rightthere is a free-�ow boundary. The pressure at the left boundary is higher than at theright and thus a pressure- and gravity-driven �ow is indu
ed. Several pro
esses o

urat the same time: 1) the air moves up and to the right, 2) in the two-phase region,air is dissolved in water, 3) exsolution o

urs further downstream. Figure 4.1 showsthe system at initial 
onditions and after 100, 200 and 300 timesteps, respe
tively.Saturation of water is displayed a

ording to the legend, and the subdomain is markedby bla
k squares. During the �rst 100 timesteps, the air moves adve
tively until theresidual saturation of 0.05 is rea
hed. Dissolution and exsolution produ
e a plume ofair with very low saturation. The subdomain grows to 
over the two-phase region.At some point, 
ells whi
h do not 
ontain gas any more, are no longer 
overed by thesubdomain as 
an be seen after 200 timesteps on the lower left of �gure 4.1. Finally,when most of the air has dissolved, the subdomain be
omes smaller again and movesdownsteam as shown on the lower right.4.2. Carbon dioxide sequestration ben
hmark. In [10℄, a ben
hmark prob-lem treating the inje
tion of 
arbon dioxide through a single well into a deep aquiferis presented (see also [9℄). The given grid is made up of 54756 
ontrol volumes. We
hose this ben
hmark to 
ompare the performan
e of the two-phase 
ompositionalmodel and the multiphysi
s model with a realisti
 problem. Both methods solvedthe given problems with 9540 time steps for the �rst 25 years of inje
tion. Figure9



Fig. 4.2. Results for the Johannsen formation ben
hmark after 25 years and 
orrespondingsubdomain4.2 shows the resulting saturation of 
arbon dioxide in the reservoir on the left-handside and the subdomain, whi
h o

upies 2355 
ells (4.3 % of the total domain) inthe last timestep, on the right-hand side. In this example, the multiphysi
s modelprovided a speed up of 21 % 
ompared to the full 
ompositional model. The numberof 
alls of the �ash 
al
ulation in the full 
ompositional model was 22 times as highas in the multiphysi
s model. In our example we used simple relations to determineequilibrium ratios (see se
tion 2.3) and a noniterative �ash, making the evaluationof the �ash 
al
ulation only marginally relevant for the overall 
omputational 
osts.However, a

ording to [20℄, for equation of state simulators, 70 % of the CPU timeis spent on �ash 
al
ulation, making the use of a multiphysi
s model, and hen
e theredu
tion of �ash-
al
ulation 
alls, highly attra
tive.5. Con
lusions . We presented a multiphysi
s method whi
h is able to 
oupletwo-phase 
ompositional �ow and single-phase transport models. The requirementfor the presented method is the 
on
entration of two-phase �ow in subdomains andpresen
e of only one phase in the rest of the domain. The model helps to minimizesuper�uous evaluations of material laws, whi
h results in savings of 
omputational
osts and data. In parti
ular, the potential in
rease in e�
ien
y is in�uen
ed bysizes of regions where two-phase �ow and mass transfer pro
esses o

ur, and the
omplexity of physi
al relations being used espe
ially in the two-phase region. Usinga simple adaptive s
heme, the subdomain size 
an be readjusted 
onstantly duringthe simulation to obtain an e�
ient dis
retization and simultaneously guarantee exa
tresults. However, further developments 
on
erning di�usion and 
apillary e�e
ts mustbe made in order to make the method usable for a wide ranges of appli
ation. Thismay make the solution of the transport equation problemati
, sin
e expli
it Euler (andalso Runge-Kutta) timestepping s
hemes 
an only deal with hyperboli
 equations.Although Pe
let numbers of Pe = 500 did not seem to 
ompromise the stability ofthe model in [14℄, simulation s
enarios in whi
h the in�uen
e of di�usion or 
apillarye�e
ts is high, will require operator splitting or other appropriate s
hemes.10
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