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Motivations

Compositional Multiphase Darcy Flow
Discretization of Compositional Multiphase Flows
Discretization of Diffusion Fluxes

Numerical Results



CQO2 geological storage in saline aquifer

m Objectives
m Optimization of CO2 injection
m Optimization of CO2 trapping
m Risk assessment and management

m Models
m Compositional MultiPhase flow
m Geochemistry
m Geomechanics

4o, CO2dissolved in
formation water

= cozplume




Injection phase: 10 to 50 years

m Two phase Darcy flow

m Structural trapping
m Capillary trapping

m CO2 dissolution : 1z

CO2 water fraction

m Solubility trapping S 10 years

m Near-well alteration
m Drying and salt precipitation
m Risk of loss of injectivity




General Notations for compositional multiphase fluid

systems

m Phases: a € P
m Components: j € C
m Binary matrix of components in phases

(ieC)
(e eP) 1 .01
M = 0 1 1] —Ca
1 1 0




Set of present phases

m Due to thermodynamical equilibrium phases « € P can appear or
disappear

m The unknown Q denotes the set of present phases on each point of the
domain
9(x) e {R Cc P}



Formulation using the set of unknowns Q, P, §¢, C¢,

o€ Q

n=o Y GPCySCr Z=(a)

acoNP; Ejec nj
: aCa(P7 Ca)kfa(s) fe% :
n; i x2r - Lo VYY) =0,
> s =1,
acQ
Y Cr=1,a€Q,
ieC
fo(P,C*) = f(P,Cf),a#3€ QNP icC,

with
ve — —/\(v[P+ PC,Q(S)] — pa(P, ca)g),a xe)

Q is typically obtained by the fixed point equation: Q = Flash(P, 2).



Components present only in absent phases

For given Q and i, the set Q NP; can be empty.
m Hence, let us define the set

Co={ilQNP; =0}

m and the additional independent unknowns n; for i € Co.

Then, the following total set of unknowns:

(Q, P.S°,Ce, n,-)

iec*, a€Q,jeCo

matches the above total number of equations.



Example: dissolution of CO2 in the water phase

m P = {water,gas}
m C = {H20,C02}

w3 1)

Gas Saturation

CO2 water fraction

10 years




Example: near well drying of water due to CO2

injection

m P = {water,gas}

m C = {H20,C02, Salt}

11 1
'M:<11o

)

sSw

C02 W Pw = P2
Jater
Py =P SgPc(5g) = 0




Example: near well drying of water due to CO2

injection and salt precipitation

m P = {water, gas, mineral}
m C = {H20,CO2, Salt}

11 1
mM=|1 10
0 0 1




Cell Centered Finite Volume Discretization of

Compositional MultiPhase Flows

Discretization: set of cells K € M, neighbouring cells £ € 7 sharing the
face KL.

Let X = (P,C, S, Ci, nj’]C>‘ - the set of unknowns in the
’ i€C™, a€Qxk,jECo)
cell K.

LS R N SEED DN (o O SR O

LeET aEQ;cupﬁ'Pi

forall £ € M, ieC,with
m F2, = —Fp7 acell centered conservative discretization of the Darcy

Flux ve. n)CLdU
KL

K if Fg.>0,
m the upwinding K,p =
L it Fge <O.



Cell Centered Finite Volume Discretization of

Compositional MultiPhase Flows

The local closure equations are fully coupled to the conservation equations
Cx(Xc) =0

Solution algorithm: Newton type algorithm
m Residual computation
m Linear system reduction and solution
m Update of the unknowns X on the mesh M
m Update of the set of phases on the mesh M

Qi = Flash(Px, Zk)



Cell Centered, Consistent and Conservative

discretization of the Darcy fluxes

FICE:_F[:}CN/ —/\VP'n]C[;dU
KL

m Two Point Flux Approximation (TPFA):
Al KL
Fxc = % (PIC - Pﬁ),
KL

conservative, monotone, cheap but not consistent and convergent on
realistic meshes

m MultiPoint Flux Approximation schemes (MPFA):

Fic= Y TP,
NGS;C[,

conservative, consistent, but not always coercive and convergent



Vertex Approximate Gradient (VAG) scheme

Discrete function space: vertex and cell unknowns
Vp={useR,seV,ux e R,KeT|us=00n9Q}

Gradient reconstruction on Vp (conforming example):

Sardve Sadr ’ :
Xo = Z Card), Xs) Uo = Z Cardy,
seEV, SEV,

vK,U,eu = Z (US - uK)Qf(,cr,e
s€V,

Piecewise constant gradient in L2(Q)7:

Vpu = Vg ,eU On each tetrahedra , Xk, X,, Xs, Xsr, With € = s§’



Discrete variational formulation and fluxes

Bilinear form on Vp x Vp

ap(u,Vv) ://\VDU'V'DV ax

— i Z AfgS, (us/ - uK) (vs — VK)

KeT s,8'€Vk

= Z Z Fk,s(u) (VK - Vs)

KeT scVk

with the flux between the cell K and the vertex s defined by

Fics(u) = > A% (ux - us)

s'e€Vk



Vertex Gradient Finite Volume Scheme

The variational formulation: find u € Vp such that

ap(u,v) =Y vk / fdx forallve Vp
KeT K

is equivalent to

> Fis(u) :/ fdxforall KeT,
K

seVk
Z —Fks(u)y=0forallseV\oQ
KeT,

Conservative fluxes:

Fon(u) = ~Fics(u) = - AZ (v )

seVk



VAG scheme for MultiPhase Darcy flow discretization

The VAG scheme is unconditionaly coercive on general meshes (including
non conforming, with non planar faces, ...) and leads to a compact vertex
scheme after elimination of the cell unknowns.

The conservative linear fluxes

Fsk(u) = —Fk s(u) = Z Afed (Us’ - UK)

s€EVk

can be used for the discretization of MultiPhase Darcy flow.

Set M of cells K:



Which pore volume at the vertices?

m Conservative redistribution of pore volume from the cells to the vertices
m Pore volume taken from the highest permeability cells around the vertex

m Total pore volume: ¢x = / é dx
K

m Indicator of the transmissivity :

mBrs= > A

s'eVg
B BK s
B Bxs=p -
> Bus
LeTs
5}(2@;{73 ifK=s€eV,
KeTs
B ¢k =

ok(1— > Brs) ifK=KeT.

seEVk



Heterogeneous case

Data of the test case

m Injection of immiscible CO» in a liquid phase
m Reservoir size : [-100,100] x [0,50] x [0, 45] m®
m Heterogeneity ratio of 10*

m Coarse grid : 100 x 10 x 15 control volumes

_"

_ injector well at the center of the
mesh and layers : section y = 25 m
permeable medium

barrier




Heterogeneous case

Front of the gas saturation

P 0.0419
0.0314

I 0.0209

TPFA scheme

Two-Point Flux Approximation

Gas saturation

VAG is less sensitive to
VAG scheme Grid Orientation Effect.
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m Injection of miscible CO5 in a liquid phase

m Medium homogeneous but anisotropic

Near-Well case
Data of the test
m Deviated well

Hybrid mesh

Hexehedral mesh



Hybrid Near-Well mesh
Concentration of CO5 in water phase

MPFA O-scheme VAG scheme




Heterogeneous case

Mass of 002 in the reservoir
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Rate of variation of the mass of CO5 inside the reservoir




Conclusions

m General formulation of MultiPhase flow for a large class of models in
CO2 geological storage
m Vertex based discretization of Darcy fluxes
m Unconditionaly coercive on general meshes
m Easy to implement on general meshes (including non conforming, non
planar faces, degenerate hexahedra, ...)
m Easy to implement in usual cell centered MPFA reservoir simulator (based
on the graph of transmissivities)
m Compact scheme
m Much more efficient than MPFA on tetrahedral meshes

m Need to be further tested on industrial test cases
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