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ALGORITHMS FOR COUPLED MECHANICAL DEFORMATIONS
AND FLUID FLOW IN A POROUS MEDIUM
WITH DIFFERENT TIME SCALES

FATIMA-ZOHRA DAIM, DANIELLE HILHORST, JACQUES LAMINIE, AND ROBERT
EYMARD

Abstract. In this paper, we solve a problem describing the mechanical de-
formations of a porous medium in the presence of a monophasic linear flow
or a two phase nonlinear flow with the purpose of modelizing subsidence of
hydrocarbon reservoirs. An essential characteristics of this problem is that the
mechanical deformation and the flow have different time scales. In petroleum
industry, one uses different very efficient simulators for the flow problem and the
mechanical deformations, which enables to handle complex models. Therefore
it is necessary to be able to combine as efficiently as possible the exploitation
of these simulators. We propose two alternative splitting approaches. The first
one is the staggered algorithm used by engineers, which amounts to a Gauss-
Seidel method in the one phase linear case. The second approach is based upon
the preconditioned conjugate gradient method. We use a numerical multi-scale
method in both of these algorithms. We compare these two approaches and we
show that the preconditioned conjugate gradient algorithm is faster and more
robust than the staggered algorithm. Applying the preconditioned conjugate
gradient algorithm therefore seems to compensate for the fact that the inf-sup
condition for the mixed discretization method is not satisfied when combining

the simulators for the mechanical deformations and for the flow computations.

Key Words. Porous media, Darcy flow, Mechanical deformations, Gauss
Seidel method, Nonlinear conjugate gradient method, Inf-Sup condition, Mixed

formulation, Multiscale algorithm.

1. Introduction

The production of oil and gas in soft highly compacting reservoirs induces an
important reduction of the pore volume, which increases the oil productivity. This
compaction leads to undesirable effects such as surface subsidence or damage of well
equipments. A well- known example of subsidence is the Ekofisk field in the North
Sea in Norway, where a sea floor subsidence rate of 42 ¢m/year has been reached
at the end of 1993 (see [11]). The cases of the Valhall field in Norway (see [9]) and
the Bachaquero (see [8]) and Tia Juana (see [7]) fields in Venezuela also illustrate
the importance of the subsidence phenomenon in oil production. The purpose of
this paper is to simulate the mechanical deformations of the porous media in the
presence of a Darcy flow in two space dimensions, taking into account that they



have different time scales.

The behavior of the skeleton is described through a linear elastic equation,
whereas we consider two alternative flow models, a monophasic linear case and
a two phase nonlinear one. The coupling between these equations is given by the
Biot’s law which connects the variation of the porosity of the ground to the vari-
ation of the mechanical deformations. The main physical unknowns for the linear
monophasic flow are the pressure and the porosity; as for the two phase nonlinear
flow, the unknown functions are the pressure, saturation and porosity, and the ge-
omechanical problem is written in terms of the displacement. A possible way is to
write a complete simulator involving all the flow and mechanical unknowns (see [2]),
but this seems to be too expensive. In practice the variation of the displacement
is much smaller than the variation of the flow unknowns which means that we are
dealing with a multi-scale phenomenon. In the petroleum industry, there already
exist different simulators which permit to separately solve the flow problem and the
geomechanical one, and since those simulators are very efficient and able to handle
complex models, it seems natural to combine them. Typically the flow simulators
are based upon a finite volume method whereas one applies a standard finite ele-
ment method for the discretization of the geomechanical problem. In practice, one
has to deal with the fact that geomechanical simulators are more expensive than
flow simulators; further one should keep in mind the fact that the inf-sup condition
is not satisfied by the mixed discretization method imposed by using the separate
simulators. The purpose of this work is to compare two splitting approaches in the
case of a two dimensional prototype, extending a previous study performed in a
one-dimensional case (see [4]):

e the first one, which has been introduced by engineers, is based upon the
computation of the flow unknowns and the displacement by means of a fixed
point method; more precisely one makes use of an iterative procedure and
we show that in the monophasic linear case this amounts to a Gauss-Seidel
type iteration method;

e the new splitting approach which we propose is based upon a preconditioned
conjugate gradient method.

In fact, we use a multi-scale coupling algorithm where we study the impact of ratio
of the time steps of the mechanical and fluid flow computations on the precision of
the numerical results.

The new algorithm turns out to be more robust than the first one; in particular
it works fine even though the Inf-Sup condition is not satisfied in the mixed dis-
cretization method and it is faster and less expensive. Note that the precision of
the computations is satisfactory as soon as the ratio of the two time steps is not
too large. These approaches are applied in both the cases where the mechanical
deformations of the ground are coupled to a mononphasic linear flow and to a two
phase nonlinear flow.

We present the two problems in Section 2. We will refer to the model with the
monophasic linear flow as to the linear model and we will call nonlinear model the
system involving the nonlinear two phase flow. In Section 3 we discretize the two
models and present the complete discretized problems. In Section 4 we show that
the Inf-Sup condition is not satisfied because of the mixed discretization which is
imposed by using separate simulators. We introduce in Section 5 the first splitting
approach which we refer to as the multi-scale staggered algorithm and we show that



in the linear case it amounts to a Gauss-Seidel method. In Section 6 we present our
new approach based upon the preconditioned conjugate gradient method in both
the linear and the nonlinear models. Finally, we present in Section 7 the numerical
results: the two approaches are compared in terms of robustness and convergence
rates.

2. Mathematical model

In this section, we assume small deformations of the medium and write the equa-
tions for the flow and the mechanical deformations of the ground.

We denote by €2 the computational domain of the geomechanics and by w C 2
the computational domain for the fluid flow so that the reservoir is completely
impermeable in @ \ w (see Figure 1). Furthermore we assume that € is much
larger than w since the mechanical effects can be observed on a much larger scale
than the scale of the reservoir domain; in particular the boundary conditions for
the mechanical unknowns must be set sufficiently far away from w. Moreover we
suppose that the solid matrix is incompressible. The coupling between flow and
mechanics is given by Biot’s law which connects the variation of the porosity of
the medium to its mechanical deformation. We also suppose that the medium is
submitted to the fluid pore pressure. For the sake of simplicity we do not take
into account the gravity force and the capillary effects in the case of the nonlinear
two-phase flow.
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F1GURE 1. The reservoir and the geomechanical domains.

We will study two models:

1. the first one describes the mechanical deformations of the porous media in
the presence of a monophasic linear flow and is referred to as the linear
model,;

2. the second one, which describes the same mechanical deformations as the
linear model, is coupled with a two-phase compressible flow; we refer to it
as the nonlinear model.

In both cases the coupling between the flow and the geomechanics is given by Biot’s
law. The full system consists in the equations governing the time evolution of the
fluid pore pressure p = p(x,t), the porosity of the medium ¢ = ¢(x,t), and in
the nonlinear model the fluid saturation S = S(x,t) and the displacement field
u = u(x,t) of the porous medium.



2.1. Monophasic linear flow. A monophasic linear flow of compressible fluid is
modelled by an evolution equation such that the unknown functions are the fluid
pressure p and the porosity of the medium ¢. The equation of mass conservation
is uniform parabolic and is given by

0 v 0
(1) (bopgcoa—f—%div(mVp)-l—pga—f:Q inw x (0,77,
with the boundary and initial conditions
in-n = 0 on vy % (0,77,
p = pp on Jw,
p(-,0) = po inw.

2.2. Two phase nonlinear flow. The two phase compressible flow, where we
neglect the capillary effects so that the water and oil pressures are equal, is given
by the system of equations

a . w krw o S .
E(pw(p)Sgb) — le(p (p) ol )mVp) = 0 inwx(0,T],
S . pzu(}p) kro,uw(S) .
a(po(p)(l — 8)¢) — div( » kVp) = 0 inwx(0,7T]
with the boundary and initial conditions
D = pp ondw x (0,71,
E_Vp-n = 0 on vy x (0,7 for i = 0 and w,
p('v 0) = Do in w,
S(-,0) = Sy inw.

The indices w and o denote respectively the water and oil phases.

Next we define all the quantities introduced above:

e vy a subset of the boundary of w;

e S = S(x,t) the saturation of the water phase, and 1 — S is the saturation
of the oil phase;

e p = p(x,t) the pressure of both phases;

e ¢ = ¢(u) the porosity of the porous medium and ¢q is the initial value of
the porosity;

e x the intrinsic permeability;

e ¢; the fluid compressibility of the phase i where i € {0, w};

e p; = p;(p) the density of the phase i, which linearly depends on the pressure,
such that it is given by p;(p) = p¥ (1 + ¢; p), where p? denotes the initial
density of the phase i;

o kr;j = kr;;(S) the relative permeability of the phase ¢ in presence of the
phase j;

e 7; the dynamical viscosity of the phase ;

e () a term source.

2.3. The geomechanical model. We suppose that the rock has an elastic behav-
ior so that the geomechanics is modeled by the elastic linear equation. We obtain
the elliptic equation

3 dive(u) — b(x)Vp =0 in Q x (0,77,
(3) { (u) = 2e(u) + A(div)T i Q x (0.7],



with the boundary conditions

u = 0 onlp,
c-n = q only,

where 'p NIy =0, TpUT'y = 0Q and 01 is the boundary of the domain . The
functions ¢ and € are respectively the stress and the strain tensors of the porous
medium with

e(u) = %(Vu + Viu).

A and p are the Lamé constants in drained conditions, q is a given function, and
the function b is defined by

b(x) :{ 0 in Q\w,

1 inw.

2.4. Biot’s law. The geomechanics and the flow model are coupled by Biot’s law
which connects the variation of the porosity of the porous medium to its mechanical
deformations. The corresponding equation is given by

o¢
(4)

. Ou
5= b(x) lea in Q x (0,7T].

3. The discretization

In order to approximate the fluxes and to insure the mass conservation, we
apply the finite volume method, which we refer to as FV, for the discretization
of the reservoir problem, and the finite element method, which we refer to as FE,
to discretize the geomechanical problem. The choice of the mesh points, which is
standard for such problems, is indicated in the Figure 2.

€, o )
HR HR
N [N
\ ! \ ! \
N N N
- 5 =
A \
[N [
P TN N
N !
N N
[ [
N \
N NI N
Nl N
@.\ @.\
\ [N [N
(NN TN
N N
N \,
Q\ Q\
\ S HERN
NN
Nt N
Ny Ny
S [N
NN [N
N N N
\(é ®
N i
8 [N |
RN RN
! !
N
[N i
(N N
NI i
i
N
- i

o The computation of the displacement on the vertexes of the triangles.

+ The computation of the reservoir unknowns in the centers of the control volumes.
F1GURE 2. The finite volume and the finite element mesh points.



In practice the variations of the displacement are slower than that of the unknown
functions of the flow problem; in other words we have to deal with a multiscale
phenomenon. The displacement u is computed at the times {T*},_; ... , such that

T'=0<T', - <TF<...<TP=T,

where {T%};—1.., is a partition of the interval [0,T]. We also suppose that
T — TF = AT for k = 0,....,p — 1 and refer to AT as the period of the
geomechanical computations. The unknown functions p, S and ¢ are computed
at the times tLFTL . ¢gmktl @kt where tOFTL = TF < ¢LEHL Ll <
toktl <o @bl = TR for all k € {0, ,p—1}. We denote by {T*}x—o.... »
the meeting times of the geomechanical and the reservoir simulations. We set
gLkl gkl — At n = 0,---,9g—1, k = 0,---, p— 1. The parameters
At and AT can vary in the course of the computations; for the sake of simplicity
we consider them as fixed in our presentation.

3.1. Finite volume scheme for the flow problem. Let 75, be the set of the
control volumes; we denote by m(K) the measure of the control volume K and by
N (K) the set of its neighbors. We define the transitivity between two neighboring
m(eK,L)
d(XK, XL)
their common interface; we remark that there is a point X in each volume element
K and that the segment [xx,xr] is orthogonal to the interface er . Further we
denote by d(xx,xy) the distance between the points xx and x. Finally we define
the approximations of the pressure, the saturation and the porosity by

volume elements K and L by Tk 1 = where m(ex 1) is the measure of

prar(xt) = pitEETL i (x ) € K x (tnkL gLkl
(5) Shoat(x,t) = S;L(+1,k+1 if (x,1) € K x (tk+] gntbh+l]

(bh,At(X, t) — ”?{-l—l,k:-i—l if (th) c K x (tn,k+1’tn+1,k+1]’
foralln=0,---,g—1and forall k =0,--- ,p— 1. In a similar way, we define the

quantities p} e, (i = o,w).

3.1.1. Discretization of the monophasic linear flow. In order to obtain the
finite volume scheme one formally integrates the equation (1) on the cell K X
(tohtL grt L1 this yields

(6)

n+1,k+1 n,k+1
p

p — k k
m(K)op’c, LK N K Z Tr.L ( n+1,k+1 _p;?LL +1)Jr
o 1N (K)
n—+1, k+1 n,k+1
+ m(K)p° 0P K _ An+1lk+1
At UK ’
gntlkt1
where Q}?Ll’kﬂ is the approximation of / Q dx dt. We suppose that
K tn,k+1
TIL{H”CH is obtained by linear interpolation, namely

ntlk+1 _ 0, k+1 A k+1 (n+1)At

foralln=0,---,¢g—1,k=0,---,p—1 and for all K € 75, where the variation of
the porosity Aqbl}?l on K over a period TF+! — Tk = AT, which is given by

Aqsk-i-l q k+1 ¢0 k+1



is computed by a discrete approximation of Biot’s law (see (14) below). Further we
introduce the vector notations

p" = (" N ker,, 8™ = (SM ) ker, and ADMT = (AT ) ker,

Let N, denote the number of the volume elements. The previous notations permit
to rewrite (6) as

(7) Rp p"HFH 4 Dy, AGFTL = g ¢, Dyp™F ! + At QTR

where

e R = ¢o co Dy, + At Ry;

e The symmetric positive definite matrix Rj, comes from the discretization
of the gradient operator;

e D, is a diagonal matrix such that its diagonal elements are given by dx x =
m(K)
for K =1,---,Ny;

e The right hand side At Q"' of the reservoir model (6) is such that

nt+l _ (i n+1,k+1>
" Py K
We successively substitute the pressures p™* ! forn = 1,---,¢—1 in (7) to obtain

the equation for p?*+1!

q—1
. A\ D
RY pohtl 4 (ZR@ (co 60 Dh>q—1—l) L Agh -
=0

—_

= At (CO (f)o Dh)q_l_i Rz Z’k—’—l + (Co qb() Dh)q pO,k—l—l.

Q

@
I
=)

3.1.2. Discretization of the nonlinear two-phase flow. We integrate (2) on
the space time element K x (t™F+1 ¢ +LE+1] 6 obtain

¢ n+1,k+1 n+1,k+lsn—|—1,k+1 . n,k+1 n,k+15n,k+1
K w,K K K w,K K
m(K) -
At
n+1,k+1
B ZLEN(K) Aw,K,L =0,

+1,k+1 n+1,k+1 +1,k+1 k41 nk+1 1
m(K) ?{ pZ,K (1_5}1( ) — 7;< PZ,K (1_5?( )_

At

n+1,k+1
N ZLEN(K) Ao,K,L =0,

1,k+1 1,k+1
where the terms of the form AZ+K’ L+ and AZ} ’L+ correspond to an “upstream

weighting scheme” (see [5]):

n,k+1 n,k+1
Puw K krw,o(SE™ ) n41,k+1 nt1,k+1

n+1,k+1 n+1l,k+1y .
et KTk 1 (pL — Pk ) if P > Pi ,
AL = PPk o v (§mk+1
L w,o L .
KTk L L pf“’kﬂ — p}“’k“) otherwise,
Nw
n,k+1 n,k+1
T Po, K krmw(SK ) ntlk4+1 n+1,k+1) i Lkt n+1,k+1
nt1,k+1 K LKL n (ry, Pk i pr > P )
Ao,K,’L = n,k+1 kr ° (Sn,k+1)
Po,L o,w\P[, ntl,k+1 n+1,k+1 .
k Tk, L pr — DY ) otherwise.



Next we rewrite (8) in the more compact form
(9) Rh(DhAq)k+1, Sn,k:—i-l, pn,k—l—l; Sn—i—l,k—l—l , pn—l—l,k—l—l) — 0,

where the operator R, is nonlinear. Given a variation of the porosity A®**! over
the period T — T* = AT and a pair (S™* 1 p™**1) one computes the solution
pair (SnTLE+L prtlLE+l) of Problem (9) by means of the Newton method. We
use the notation 72,;1 in the expression of the solution in order to have the same
notations as in the linear model; for all n =0,--- ,q — 1, we write

(10) (Sn—|—1,k—l—17 pn+1,k+1) — R;l(Dh A(I)k+1, Sn’k+1,pn’k+1).

In order to compute the last value of the pressure p?*+! which in turn will permit
to calculate the displacement at this time with the geomechanical module, we need
to perform ¢ computations by means of the Newton method. We use the notation
p?F Tt =R, 4(Dy AP*T!) for the successive results of the simulations:

(11) Forn=0,---,g—1
(Sn—l—l,k—i-l’ pn—i-l,k—l—l) — R}:l(Dh A@kz—kl) Sn,k}—l—l7 pn,k:—i-l).

3.2. Finite element computation of the geomechanical equilibrium. We
denote by up a7(., T%),k =0, ..., p, the piece-wise linear approximation of the func-
tion u(.,T%), which one obtalns by solving the discrete linear system

12)/ o (naz (o TH))ie(vi) dx—/(div Vi) Prad( %) dx = (B Az, Vi),
where

(fn. AT, vh) = / (a(uh,AT(.,Tk))n).vh ds —/ pp N.vy ds,
I'n

Ow
for all k = 0,---,p and for suitable test functions vj; here
3
o(u):e(u) = > oy5(u) €;(u),
i,j=1

with o(u) = (04):; and €(u) = (e;;); ;. Further the components of u* correspond
to the values of the vector function up ar(.,T k) at the vertices of the triangular-
ization. Using these notations and in view of (12) we obtain the matrix expression

(13) Gj u*t! — By, p?"t = Fi,
forallk=1,---,p—1, where
o Gy, is the symmetric positive definite stiffness matrix, and
e The sparse matrix By, = (bimn)m=1,.- 2N, n=1,..- N, corresponds to the cou-

pling between flow and mechanical deformations, N, is the number of the
vertices of the triangularization, and B is the transpose matrix of By,.

3.3. Discretization of Biot’s law. Next let us express the relation between the
discrete displacement and the discrete porosity, namely

(14)  m(K)Agh = / div{wp ar(x, T = up ar(x, T)} dx,
K

for all k =0,--- ,p—1, and for all K € 7,. With the vector notations introduced
above, (14) can be rewritten as

(15) D;, ADF T = BT (uF ! —uh).



3.4. The complete discrete problem. Finally we state the complete discrete
problem for both the linear and nonlinear models:

(16)
(i) in the case of the linear flow we have that
VE= ‘
Ri prhtt = —5<ZR2 (co b0 Dh)q—l—l) D, Ak ¢
1=0 o1 |
+(co G0 Dp)? POFT + ALY (co o Di)I T RY, QT
i=0
(ii) whereas in the case of the nonlinear flow we have
pq,k—l—l — R}:q(Dh A(I)k+1),
together with the system
(17) Gh uk+1 o Bh pq,k+1 — Fl}i—'—l)
D, Adkt! = BI(u*t! —ub),

foral k=1,---,p—1.

4. Inf-Sup Condition

In this section we show that the mixed method used in the discretization of
this coupled problem (Finite Elements-Finite Volumes) is not stable for the linear
model as well as in the nonlinear model. For the sake of simplicity, we consider
below the case that ¢ = 1 which means that At = AT. When the fluid has a small
¢, compressibility and the time step is small too, the linear system (16-17) is close
to

k+1 k+1

(18) <§% Bg)(ukﬂ):(g% k)

h p h
In view of the theorem 4.3, p. 127 of [1] we have that the mixed problem (18)
admits a solution if and only if the LBB condition (Ladyshenskaja-Babushka-
Brezzi condition) is satisfied. Here this condition reduces to where V}, is the space
of the piecewise linear functions. The condition (19) implies that the application
associated to the matrix By, is surjective. The Schur complement S;, associated to
the system (18) is given by S, = BY G}jl B. In this case, as we show in figure 3,
this operator is only positive semi-definite.

We remark that the inf-sup condition implies that the operator Sy, is definite.
Indeed, let {A;}i=1.... n be the eigenvalues of the Schur complement such that A\; <
Ao < oo < A\, and let {v;}i=1.. , be the associated eigenvectors. We denote
respectively by Nmin and 7max the smallest and largest eigenvalues of Ggl. We
have for all 2 =1,--- ,n,

(19) 3 3 > 0 such that [|By ni|| > B ||nn]]  for all ny, € Vi,

(20) TImin HBh ViH2 S S T]maxHBh ViH27
Tin [Ba vill? < A lvill® < max B vil|.
Therefore if the condition (19) is satisfied, it follows that

(21) Tmin ﬁz S )\17

which implies that the operator Sy, is positive definite.
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FIGURE 3. The dependance of the largest eigenvalue of S, L de-

pending on the mesh size.

Moreover if the fluid has a too small compressibility, the time step At should also
have a minimum value, which is rather constraining. However the constraint would
disappear with a different choice of the finite element method in the mechanical
simulator.

5. Multi-step staggered algorithm

We show in Figure 4 below a graphical representation of the algorithm which is
valid in both the cases of the linear and the nonlinear models; it clearly expresses
the fact that the mechanical deformations happen in a much slower time scale than
the porous medium flow.

Reservoir simulations pd 1
| | | | | | | | | | | |
| 1 1 1 1 1 1 1 1 1 1 |
At
A@k—l— 1
Clwk34-1 o ilvk — Zslzﬂ
' |
' |
llk—kl

Geomechanics computation

FI1GURE 4. Sketch of the iterations between reservoir and mechan-
ical computations on the time period AT

10



5.1. The case of the linear model. We solve the set of equations (16-17), where
¢, is a relaxation parameter, by means of a fixed point method. The corresponding
algorithm, where the iteration parameter is denoted by [, is given by
(22)

Initialization of the period:

p8’k+1 = p(l)’l€+1 = p%*, are given by the previous period,
APETL =0,

Iterations on the period AT = gAt:

For [ =0,---, until convergence,

Reservoir simulations:
Forn=0,---,g—1

Y

Rn pl_:—ll’k+1 +cr ¢o Dh(pljll’k+1 - pH,_k1+1) + AT D, A@f—u = ¢o Co thl_[_kl—i—l—i-

n+1,k+1
+At Q} :
Geomechanics computation:

Gy uff! + By, pfiit = F),

I+1 I+1
k+1 _ T k+1 k q,k+1 0,k
D, A@Hl =B, (ulJrl —u®) — ¢ o o Dh(plle — pY%F).

The parameter ¢, which is often used by the engineers in petroleum industry, is
refered to as the rock compressibility and the algorithm (22) can be seen as a

e —1
Gauss-Seidel method with a relaxation parameter v = (1 + —r> :
CO

Remark 1. The staggered algorithm (22) when ¢, = 0 and q = 1, which is a
classical splitting method, can be seen as a Block Gauss-Seidel method for solving
the pressure/displacement coupled system. Indeed this method consists in solving

system M x;.1 = N x;+b for each iteration [, where N is upper triangular matriz
of A and M = A — N. In our case

[ R, BI [ Rn O (0 -BI
a=( o= e ) v=(0 %)

o _ ( Dnp"+ B ut+ AL QH! (P
= Fht+1 y X[4+1 = k+1 |
h U

This method converges if and only if the spectre p(M~! N) < 1.

and

5.2. The case of the nonlinear model. As in the case of the linear model, we
use a fixed point method; we obtain the following algorithm

Period initialisation:

SOFT! = §Ok+1 — guk, AL — pOk+L — Kk are given by the previous period
ADFT! = 0.

Iterations on the period AT = gAt:

For [ =0,---, until convergence,

Reservoir simulation:
Forn=20,---,q—1,
Newton method :

k1 AT n+1,k41 0,k+1 Kbl okl 1,k+1 1,k+1
Rh(A(I) + +Cr(n+1)At(pl+1 - P * )7Sn + ,p" + 7Sn+ + ,pn—i— * )

=0.
Geomechanical computations:

k+1 q,k+1 _ pk+1
Gruy —Bup, =F,7,

k
Dy, A@f_:_ll = Bg (11?_:_11 — uk) — Cr Co Do Dh(p?+1+1 - p07k)'

11



6. Preconditioned conjugate gradient method

6.1. Linear model. To apply the preconditioned conjugate gradient method to
the linear model, we have two alternatives to construct the Schur complement.

1. Extract the expression of the displacement u**! from the first equation of
(17) and substitute it into the second one, and then replace the result in
the first one of (16).
2. Substitute the second equation of (17) in the first one of (16), extract than
the expression of the pressure p?**! from the result and substitute it into
the first equation of (17).
It seems difficult to apply the preconditioned conjugate gradient method in the first
approach because we can not define the matrix vector product, which is immediate

in the second case. Hence, we obtain using the second approach
(23)
(

q—1 T
- ‘B
(G 4B Ry S R o D)= B ) et =

1=0

qg—1
— FZ'FL}—(CO gf)o Dh)q pO,k:—|—1 +B, R;q (Z (Co ¢0 Dh)qflsz;L S?—Lk—i—l)’
=0
i, . ] BT
R% pq,k:+l = _ZRZ (Co b0 Dh)q—l—z 2h uk+1—|—
L i=0 q
(CongDh)q—l—iRz}'LS?l,kH o Dy ) pOEHL

Q

@
I
o

\

. . BT
where S;L”Ll’kﬂ = At QZ’kH + " uF foralli € {0,---,q—1}. We the apply the
q

preconditioned conjugate gradient algorithm to the first equation of (23) with Gy,
as preconditioning matrix and apply a fixed point algorithm to obtain the solution
of the coupled system (23).

6.2. Nonlinear model. We now extend the preconditioned conjugate gradient
method to the nonlinear case. From the formulas (16)-(17) we obtain

k+1 —q (T (v k+1 _ 1k _ k+1
(24){ thi BuTty, (B, (u W) = Fh—q’ T (i k+1 k
p? = R, U(BY (utt! - ub)).

We apply the nonlinear preconditioned conjugate gradient method to (24). The
residual at each iteration is given by

k+1 — T k+1 k k+1 k+1 k41 k+1
(25) Gp u'l —B, R, (B}, (ulj1 —u"))-F; = Gy, uljl —Bu p}; —Fit

In order to obtain the descent coefficient «;, we have to compute the gradient of
the left hand side of (25)
(26)

Vx (Gh x—ByR, (B}, (X—uk)))' d; = Gy~ d;—Vx (BhRZq(BZ (X—uk))> - dy,

and use the following finite difference approximation with x = ufjll

Vx (BhR;Q(BZ (u} —uk))) - d; ~

B R;q(B}j; (uﬁﬁl +ed; — uk)) - R;q(Bg (‘15111 - uk))
h )

€
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where € is a small parameter. Let us note by ﬁ?’kH the intermediate pressure given

by

By =Ry U(BY (] +edi—ub)),
We will speak of one reservoir simulation when we perform in fact a set of ¢ reservoir
computations; in order to obtain the descent parameter «;, we have to perform one
reservoir simulation.
(27)
Initialization of the period:
u’gH is given,

plFtt = ROYBT (uft! — ub)), — Reservoir simulation

ro =F/™ — G, ubtt + B, plFtt

Cdo =ro,

Zy) = d().
Iterations on the period AT = gAt:
For [ =0,---, until convergence

f)?flﬂ =R, ‘B (uft +ed; —u*)), — Reservoir simulation

~q,k+1 . q,k+1
yi=Gpdip1 — By Pit1 P :

€
(r1,2)

(YI, dl)’

ufjll — uf“ + oy d;,

o] =

P?flﬂ =R, 1(BE (Ufj_rll —u")), —— Reservoir simulation
iy = FiT - Gyl p
Gp zj41 =141, — Geomechanical computation
By = (I'l+1, Zl—|—1)
I4+1 (I"l, Zl) ,

diy1 =241 + Bid;.

Remark 2. We remark that the algorithm (27) coincides with the preconditioned
conjugate algorithm in the linear case (23).

7. Numerical results

First, we show numerically that the schemes which we use are of second order
under the stability condition. For the linear case, we construct analytical solutions
by choosing a pressure p and a displacement u, and computing the corresponding
right hand sides of (3), (1) and (4). We show that the staggered algorithm and
the preconditioned conjugate gradient algorithm both give similar results and we
also show that the preconditioned conjugate gradient algorithm is faster than the
staggered algorithm and more robust, in particular when the Inf-Sup condition
is not satisfied (see Section 4). Then, we study the influence of the ratio of the
time steps ¢ = AT'/At. In order to try to better simulate the physics, we also use a
second analytic solution as a test case, where the displacement u varies much slower
than the pressure p. In particular we check that the errors between the analytical
solution and the computational one are similar for the staggered algorithm and the
preconditioned conjugate gradient algorithm independantly of the ratio g. Moreover
it is not surprising that when ¢ is large these errors are very important whereas we
observe that for smaller values of ¢, the errors are close to those with the schemes
where ¢ = 1, that is where AT = At. This validates the multiscale approach. The

13



problem of the precise choice of ¢ is still open and will be the subject of future
work.

We then validate both algorithms in the nonlinear case with physical parameters.
We show the influence of the ratio ¢ and of the viscosity rates n,,, 7, on the behavior
of the solution; we note that the results which we obtain agree with the physical
previsions.

We conclude that the multiscale algorithm is well adapted and gives accurate re-
sults and that the preconditioned conjugate gradient method is less costly and more
robust than the staggered algorithm; in particular it permits to perform numerical
computations even in the case that the Inf-Sup condition is not fulfilled.

For most numerical results we refere [3].

7.1. Linear model. We define the following test case. We set 2 = [0,1]?, w C
1 272
with w = {g, g} and

paat) = 100 @) -2 (- ) (- 2 cold),
u(z,z,t) = 100 (22 —x)? (22 — 2)? cos(t) ( i ) :

where the time interval of the simulations is (0, 10]. We inject the functions p and
u in (1), (3), and (4) to obtain the right-hand-sides [3] and compare the staggered
and the preconditioned conjugate gradient algorithms in the case that At = AT
(i.e. ¢ = 1) and ¢, = 1; in this case one can check numerically that the Inf-Sup
condition is satisfied (see section 4). In what follows we denote by (pn,uy) the
approximate solution.

We observe in this case that the two approaches have a similar behavior (see
Figures 5 and 6). The order of convergence is equal to 2 for the pressure as Figure
5 shows. For the displacement field u (see figure 6) when Az > 1/45 we also have
second order accuracy, but this is not the case for smaller values of Axz. These is
due to the violation of the stability condition which has the form At < CAz?.

In Section 4, we have seen that in the case of small fluid compressibility the
Inf-Sup condition imposes a lower bound on At, which is not usual. The Tables 2
and 1 show that when the fluid has a small compressibility (¢, = 0.5), the staggered
algorithm converges only in cases that the time step At is not too small. Moreover
Table 1 shows the robustness of the preconditioned conjugate gradient algorithm
with respect to the staggered algorithm. We observe that the staggered algorithm
converges for the first period T' = 1 and then breaks down whereas the precondi-
tioned conjugate gradient algorithm converges rather fast. Table 1 shows how to
make the staggered algorithm converge. The idea is to perform the computations
either with a positive rock compressibility ¢, or with a larger time step. In any case
the robustness of the preconditioned conjugate gradient method can be observed
in terms of costs as well as of quality (see Tables 1, 2, and 3).

We now wish to validate both algorithms in the multiscale case where ¢ > 1. We
set Q@ = w = [0,1]? and we choose test functions such that the displacement field u
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varies less fast than the pressure function p.

p(r,z,t) = 10 (22 —x)? (22 — 2)? cos(2t) + 10,
u(z,z,t) = ((z2—2)% (22 - 2)? 4+ 10) cos(%) ( i ) .

In Figure 7, we remark that the error p— pj on the pressure for g equal to 1, 10 or
20 is similar for the two algorithms, which validates the multiscale method whereas
for ¢ = 50 to ¢ = 200, the error grows with g. The error on the displacement u (see
Figure 8) behaves in a similar way.

—&=- T=1.00
—<— T =3.00
—%— T =5.00
- T=7.00
—— T =9.00
-2.5 - y=2x
—3L
=
o
I =35
"
a
=3
o
4L
-4.5
-5 | | . . . . )
-4.5 -4 -3.5 -3 -2.5 -2 -15 -1
log(A x)
—2r = T-100
—<— T =3.00
—=— T =5.00
— T=7.00
—— T=9.00
—25 - y=2X

I
w
o

Iog(||Prsa -P ||L2(S2))

-4+

I I I I I I )
-4.5 -4 -3.5 -3 -25 -2 -1.5 -1
log(A x)

FIGURE 5. L?(w)-norm of the error p — py, as a function of Az, on
the left-hand-side with the staggered algorithm and on the right-
hand-side with the preconditioned conjugate gradient algorithm
with ¢ =1, ¢, =1 and At = 0.01.
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FIGURE 6. L?(2)-norm of the error u—uy, as a function of Az, on
the left-hand-side with the staggered algorithm and on the right-
hand-side with the preconditioned conjugate gradient algorithm
with ¢ =1, ¢, = 1 and At = 0.01.

1By =Pl Il 2,

I, =Pl Pz,

FIGURE 7. The relative error p — pj, in L?(w)-norm as a function
of time, on the left-hand-side with the staggered algorithm and
on the right-hand-side with the preconditioned conjugate gradient

algorithm for different values of ¢ with ¢, = 1, At = 0.01 and

Ax = 1/40.
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Staggered algorithm | P.C.G Algorithm
T Iterations CpPU Iterations | CPU
T =1 117 3.523E+1 7 2.079
T3 =3 X X 10 4.190
T° =5 X X 10 2.929
T =17 X X 9 6.649
T9 =9 X X 9 2.680

TABLE 1. The number of iterations to compute the solution at the
times T; and the corresponding CPU times for the staggered algo-
rithm and the preconditioned conjugate gradient algorithm with
qg=1,¢c,= 0.5and At = 0.01 (x indicates the absence of conver-
gence).

x
257

o
T

1, = Ul V1 2y

14, Ul IVl
‘

o
o

T

FIGURE 8. The relative error u — uy, in L?()-norm as a function
of time, on the left-hand-side with the staggered algorithm and
on the right-hand-side with the preconditioned conjugate gradient
algorithm for different values of ¢ with ¢, = 1, At = 0.01 and
Az = 1/40.

7.2. Nonlinear model. In this section, we consider the nonlinear model which
describes the mechanical deformations of the porous media in the presence of the
two phase flow for water and oil. We take 2 = w = [0,1]? as space domains and
suppose that water is injected in order to extract the oil. We fix the pressure p at
the outcoming phase whereas we fix a value for the water flux ), and we prescribe
@, = 0 for the oil flux at the incoming phase. The phases water and oil are
assumed to be compressible. The physical parameters are 7, = 5.1073 Pa.s, 1, =
1.1072 Pa.s, k = 21074 ¢9 = 0.30, p¥ = 950 kg.m=3, p° = 1000 kg.m =3,
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Relaxed by ¢, = 0.2, At =0.01 | ¢, =0 and At =0.1
T Iterations CPU Iterations CPU
T =1 13 4.176 23 6.740
T3 =3 12 3.872 25 7.300
T° = 13 4.196 24 7.160
T7 = 13 4.185 24 6.920
79 =9 13 4.208 26 7.650

TABLE 2. The number of iterations and the corresponding CPU
times to compute the solution at the times T; for the staggered
algorithm with ¢ = 1 and ¢, = 0.5 on the one hand with a relaxed
algorithm, and on the other hand by taking a larger value of At.

Staggered algorithm ¢ =1

P. C. G. algorithm ¢ =1

T Iterations CPU Tterations CPU
T =1 11 3.538 5 1.993
T3 = 12 3.871 9 3.318
T° =5 12 3.895 9 3.317
T =17 13 4.228 7 2.660
T9 =9 13 4.212 8 2.971

TABLE 3. Comparison of the efficency of both algorithms at dif-
ferent times with ¢ = 1 in a case where the Inf-Sup condition is
satisfied.

Staggered algorithm ¢ = 10

P. C. G. algorithm ¢ = 10

T! [terations CPU Iterations CPU
T =1 11 5.362 6 3.950
T3 =3 12 5.862 9 5.790
T° =5 13 6.356 10 6.399
T =7 13 6.378 8 5.170
T =9 13 6.361 9 5.800

TABLE 4. Comparison of the efficency of both algorithms at dif-
ferent times with ¢ = 10 in a case that the Inf-Sup condition is
satisfied.

cw = 41078 Pa=!, ¢, = 1.1078 Pa~!, A = 5.10% Pa, p = 2.10% Pa, atmospheric
pressure = 10°> Pa. The viscosities 7, and 7, and the compressibilities ¢, and c,,
of the fluids are prescribed in each simulation. We denote by R the ratio of the
viscosities, namely R = 1,/n,. We perform tests with different values of this ratio
to check its influence on the flow. The initial pressure is the atmospheric pressure
10° Pa and the outcoming pressure is 0 Pa.

Figure 9 shows the time evolution of the L?()-norm of the difference of the sat-
uration computed with different values of ¢ and the reference saturation computed
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with ¢ = 1, both for the staggered scheme and for the preconditioned conjugate
gradient algorithm. The figures 10 and 11 show similar results for the pressure and
for the deplacement. We observe that all three errors grow with ¢. This is not
surprising and it shows that one has to be slightly careful with the choice of gq.

Next we discuss the cost of the computations in terms of the number of iterations
and the CPU time. The tables 5 and 6 illustrate the comparison between the two al-
gorithms in the multiscale case where ¢ = 20. In the case that ¢, = ¢, = 4.107? (see
Table 5) we observe that the preconditioned conjugate gradient algorithm is less
expensive than the staggered algorithm. On the other hand when ¢, = 1.1078 Pa~!
and ¢, = 4.1078 Pa~?! (see Table 6) the two algorithms require a similar number
of iterations.

Figure 12 shows the oil saturation and the pressure when the viscosity rate
R = 100 or in other words when the oil phase is 100 times more viscous than the
water phase. We observe the presence of a preferred outcoming direction exhibited
by the finger at the time ¢t = 100 s; on the contrary the oil comes out in a symmetric
fashion in the case of Figure 13 where R = 1. The figures 14 and 15 show a similar
phenemenon at the time ¢ = 580 s. Let us remark that this agrees with the physical
predictions.

The previous results have been obtained on a squared mesh without any preferred
directions. The figures 16 and 18 exhibit two grids with different preferred directions
and their influence on the numerical results at the times ¢ = 100 s and ¢ = 580 s;
it turns out that one obtains completely different saturation profiles. Here the
numerical scheme cannot cope with the physical instability.

= q 20
<-q 50
——q 100

10 10

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
T,

FIGURE 9. The time evolution of the L?(2)-norm of the error be-
tween the reference solution (¢ = 1) and the approximate satura-
tions computed for different values of ¢ on the left-hand-side by
the staggered algorithm and on the right-hand-side by the precon-
ditioned conjugate gradient algorithm.
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FIGURE 10. The time evolution of the L?(Q)-norm of the error
between the reference solution and the approximate pressures com-
puted for different values of ¢ on the left-hand-side by the staggered
algorithm and on the right-hand-side by the preconditioned conju-

gate gradient algorithm.
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FIGURE 11. The time evolution of the (L?(£2))?-norm of the error
between the reference solution and the approximate displacements
computed for different values of ¢ on the left-hand-side by the stag-
gered algorithm and on the right-hand-side by the preconditioned

conjugate gradient algorithm.
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FIGURE 14. Saturation on the left hand s1de and pressure on the
right-hand-side at the time ¢ = 500 s with R = 100 on a regular
mesh.

FIGURE 15. Saturatlon on the left- han 81de and pressure on the
right-hand-side at the time ¢ = 500 s with R = 1 on a regular
mesh.
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FIGURE 16. Saturation at the time ¢ = 100 s with R = 100 and
two different meshes: on the left-hand-side with vertically stretched
cells and on the right-hand-side with horizontally stretched cells
ones.

EEE

FIGURE 17. Saturation at the time ¢ = 580 s where R = 100 and
two different meshes: on the left-hand-side with vertically stretched
cells and on the right-hand-side with horisontally stretched cells
ones.
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FIGURE 18 Pressure at time ¢t = 100 s where R = 100 and two

different meshes: on the left-hand-side with vertically stretched
cells and on the right-hand-side with horisontaly stretched cells
ones.
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Multiscale staggered algorithm ¢ = 20 | P. C. G. algorithm ¢ = 20

T Iterations CPU Iterations CPU

T! =20 126 0.611E+3 19 0.172E+3
T3 = 60 122 0.507E+3 17 0.145E+3
T7 =140 113 0.368E+3 16 0.107E+3
79 = 180 108 0.350E4+3 15 0.997E+2
T =200 104 0.378E+3 15 0.110E+3
T2° = 400 52 0.110E+2 12 0.524E+2

TABLE 5. Comparison in terms of iterations and CPU
times between the multiscale staggered algorithm and the

preconditioned conjugate gradient algorithm at the times
T, 73,77, 79 T and T?° with ¢, = ¢, = 4.107°2 Pa~!.

Multiscale staggered algorithm ¢ = 20 | P. C. G. algorithm ¢ = 20

T Iterations CPU Iterations CPU

T! =20 11 0.488E+2 14 0.319E+3
T3 = 60 11 0.464E+2 12 0.285E+3
T = 140 10 0.217E+2 12 0.142E+3
T9 = 180 10 0.216E+2 11 0.129E+3
T'° =200 9 0.196E+2 11 0.130E+3
T%0 = 400 6 0.130E+2 7 0.742E+2

TABLE 6. Comparison in terms of iterations and CPU
times between the multiscale staggered algorithm and the
preconditioned conjugate gradient algorithm at the times
T, 73,77, 7° T and T?° with ¢, = 1.1078 Pa~! and ¢, =
4.1078 Pa~ 1.

8. Operation cost

We apply the preconditioned conjugate gradient algorithm even in the case of a
slightly nonsymmetric problem. We have at each period the following computation
costs:

e We compute the initial residual, and the first descent direction, which re-
quires one reservoir simulation and one geomechanical computation.

e At each iteration we compute a; and the preconditioned direction z;yq,
which requires one reservoir simulation and one geomechanical computa-
tion.

e At the end of each period, we perform one reservoir simulation.

The fact that we need to perform two reservoir simulations at each iteration is not
constraining since one simulation requires 15 mn of CPU time whereas 6 hours are
necessary for one geomechanical computation.

Remark 3. The convergence criterium for both algorithms is based upon the relative
variation of the pressure from one iteration to the next; it is given by

P11 — Pill o
Patm

(28) <1077

where parm s the atmospheric pressure with j = 6 for the linear case and 5 = 3 for
the nonlinear model.
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