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two-phase flows *
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Abstract

This paper develops a general abstract framework for a posteriori estimates for immiscible incom-
pressible two-phase flows in porous media. We measure the error by the dual norm of the residual
and, for mathematical correctness, employ the concept of global and complementary pressures in the
analysis. Our estimators allow to estimate separately the different error components, namely the spa-
tial discretization error, the temporal discretization error, the linearization error, the iterative coupling
error, and the algebraic solver error. We propose an adaptive algorithm wherein the different iterative
procedures (iterative linearization, iterative coupling, iterative solution of linear systems) are stopped
when the corresponding errors do not affect significantly the overall error, and wherein the spatial and
temporal errors are equilibrated. Consequently, important computational savings can be achieved while
guaranteeing a user-given precision. The developed framework covers fully implicit, implicit pressure—
explicit saturation, or iterative coupling formulations; conforming spatial discretization schemes such
as the vertex-centered finite volume method or the finite element method, and nonconforming spatial
discretization schemes such as the cell-centered finite volume method, the mixed finite element method,
or the discontinuous Galerkin method; linearizations such as the Newton or the fixed-point one; and
general linear solvers. Numerical experiments for a model problem are presented to illustrate the theo-
retical results. Only by stopping timely the linear and nonlinear solvers, speed-ups by a factor between
10 and 20 in terms of the number of total linear solver iterations are achieved.

Key words: two-phase flow; a posteriori error estimate; general framework; discretization error;
linearization error; iterative coupling error; algebraic solver error

1 Introduction

Let an open bounded polygonal (polyhedral) domain 2 C RY, d = 2,3, and a time interval (0,7), T >0, be
given and set @ := Q x (0,7). We consider the immiscible incompressible two-phase flow in porous media
in the space—time cylinder ) in the form

O (¢sq) — V- <kr’27(SW)K(Vpa + pasz)> = qa, (1.1a)
Sn F Sw =1, (1.1b)
Pn — Pw :pc(5w>' (11C)

Here the unknowns are s, the phase saturations, and p,, the phase pressures, & € {n,w}. The subscripts
n, w stand for nonwetting and wetting, respectively. Typically, the nonwetting phase is oil and the wetting
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one is water. For the sake of simplicity, we suppose that the porosity ¢, as well as the phase viscosities fiq
and the phase densities p,, are all constant. The permeability tensor K and the phase sources ¢, @ € {n,w},
are only supposed to depend on the space coordinate x and on the time ¢. For the sake of simplicity, we
suppose ¢, piecewise constant in time on time mesh defined below. In (1.1a)—(1.1c), z stands for the vertical
coordinate and g for the gravitation acceleration constant. The system (1.1a)—(1.1c) is nonlinear and coupled
because of the presence of p., the capillary pressure, and of k; ., the phase relative permeabilities, which
are all given functions of the wetting phase saturation sy. For example, in the Brooks—Corey [16] model,

K w(sw) = Ses ken(sw) = (1= s¢)?(1 = s7)

and .

2

pc(sw) = pdSe_ ’

where
S 1= Sw — Srw
o 1— Srw — Srn .
Here pq is the entry pressure and s, and s, are respectively the wetting and nonwetting residual satura-
tions. System (1.1a)—(1.1c) is degenerate as the phase relative permeabilities k, o, can become zero.

Define the phase Darcy velocities u,, o € {n,w}, by

kr (03 w
u, = —&K(Vpa + pagVZz). (1.2)

[e3

The initial condition is imposed through

Sw(-0)=s in . (1.3)

0
w
For the sake of simplicity, we suppose homogeneous Neumann and Dirichlet boundary conditions

u,ng =0 onI'y x (0,7), a € {n,w}, (1.4a)
Sw=pw =0 onIp x(0,T). (1.4Db)

Here 0Q = 'y UTp, InNTp = 0, both I'y and T'p are simply connected, and I'p is of nonzero measure.
Conditions (1.4) can be replaced by more realistic ones.

Problem (1.1a)—(1.4b) is of fundamental importance in petroleum engineering. Many results on this
problem and on its numerical approximation have been derived in the past. The analysis of (1.1a)—(1.4Db)
including the existence, uniqueness, and well-posedness results has been carried out in [54, 21, 6, 7, 23, 24,
25, 18, 51, 4], see also [3, 60, 34] for degenerate problems, and the references therein. For the use and analysis
of mixed finite element methods for the numerical approximation of (1.1a)—(1.4b) we refer to, e.g., [33, 9, 73]
and the references therein, for discontinuous Galerkin methods, to, e.g., [38, 39, 40, 8] and the references
therein, for cell-centered finite volume methods to, e.g., [45] and the references therein, and for vertex-
centered finite volume methods to, e.g., [48] and the references therein. Multiscale and mortar techniques,
efficient parallelization, and multinumerics and multiphysics formulations have been investigated in [63].
First adaptive mesh refinement strategies were prosed and tested in, e.g., [66, 26, 53, 22, 27]. Linearization,
linear solver techniques, and stopping criteria for multiphase flows are discussed in, e.g., [72, 56, 55].

The purpose of the present paper is to derive a posteriori estimates for numerical approximations of
the problem (1.1a)—(1.4b). Our estimates give a guaranteed and fully and easily computable upper bound on
the selected error measure, the dual norm of the residual augmented by the distance of the approximate
global and complementary pressures to proper function spaces. Recall that such error measure leads to
the energy error for linear problems (cf., e.g., [42]), and it is shown in [19] that this is an upper bound on
the error between the exact and approximate saturations, global pressures, and complementary pressures
for conforming discretizations. Our estimates also allow to distinguish, estimate separately, and compare
different error components. The principal error component is the discretization error, due to the numerical
scheme chosen, the local space mesh size, and the local time mesh size. This can be decomposed into space
discretization error and time discretization error. The subsidiary error component is the error due to various
iterative procedures involved in the calculation. This includes linearization error, iterative coupling error,
or linear solver error. We next devise adaptive algorithms where all the iterative procedures on a given time
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level are stopped whenever the individual errors drop to the level at which they do not affect significantly
the overall error. Simultaneously, the space and time discretization errors are adjusted so that they are of
similar size.

The benefits of such a procedure are twofold. Firstly, the overall error is controlled and strategies for ob-
taining a user-given final precision at the end of the simulation can be devised. Secondly, it is likely to lead to
important computational savings, as performing an excessive number of unnecessary linearization/iterative
coupling/linear solver iterations and using too fine (with respect to the other components of the error)
space or time meshes can be avoided. These concepts have been known for long time in the engineering
practice but only recently, rigorous mathematical analysis has been started in model cases. In particular,
linear solver error estimation and linear solver stopping criteria have been developed in, e.g., [13, 61, 10],
nonlinear solver error estimation and nonlinear solver stopping criteria are treated in, e.g., [46, 20], and
spatial and temporal errors are estimated and balanced in, e.g., [64, 65, 68, 58]. Inexact Newton methods
have been studied in, e.g., [11, 59, 35, 17, 36, 30, 29]. Herein, we build upon the results of [49, 42, 37, 47, 43]
which give guaranteed and robust a posteriori estimates with error components distinction.

The present paper gives a posteriori error estimates in a general setting without a specification of the
underlying numerical treatment. Examples of the application of this abstract framework to different discrete
formulations, spatial and temporal discretizations, linearizations, and linear solvers are given in Section 6,
with some further examples in [31, 19]. In order to unify the presentation, we have chosen once and for
all as the primary unknowns the saturation and pressure of the wetting phase. Adjustments to all other
choices are easily possible.

2 Preliminaries

We specify here the notation and function spaces used, characterize the weak solution, give our assumptions
on the approximate solutions, and define the error measure.

2.1 Function spaces and space and time meshes

We denote by H'(£2) the Sobolev space of functions from L?({2) which admit a weak gradient in [L?(2)]<.
The subspace Hf () of H(2) contains functions with zero trace on I'n. H'(2) and H} () functions are
continuous in the sense of traces. Let H(div, Q) be the space of vector-valued functions from [L?()]? which
admit a weak divergence in L?(Q). H(div, ) functions have a continuous normal trace, so that H(div,(2)
is appropriate for representing mass-conservative vectors. Denote

X = L*((0,7); Hp(Q)); (2.1)

T
lollx = { / ||Vv||2dt}

and observe that X is the usual energy space for parabolic problems and that ||| x is the associated energy
norm. Below, (-,-) stands for the L?(Q) scalar product and (-,-) for the duality pairing of (H}(£2))" and
(Hb ().

We consider a strictly increasing sequence of discrete times {t"}o<,<n such that t° = 0 and tV¥ = T,
together with a set of meshes {7;"}o<n<n. For all 1 <n < N, we define the time interval I,, := (7', ¢"]
and the time step 77 := " — t"~!. For all 0 < n < N, we assume that 7;" covers exactly €. The meshes
T can be composed of general polygonal (polyhedral) elements. For all K € 7", hx denotes the diameter
of the mesh element K. The discrete times and meshes can be constructed by a space—time adaptive
time-marching algorithm such as those of Sections 4.1, 4.3 and 5.1, 5.2, 5.4 below.

Let 0 <n < N. We first define the broken Sobolev space H!(T;") as the space of all functions v € L*(2)
such that v|x € H'(K) for all K € T;". The symbol V denotes the corresponding broken gradient, i.e., a
gradient of the function restricted to a mesh element K. We define P}(H'(T)) as the space of functions v
continuous and piecewise affine in time, given by v € H'(T;") for every discrete time t", 0 < n < N, i..,

for v € X, we set

1
2
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{v" = v(-,t") }o<n<n in H(T;"). We will use a similar notation P}(H}(9)) for functions continuous and
piecewise affine in time with values in H{ () and denote

1
v = 0wy, = =" =" ). (2.2)
T

Similarly, P?(H(div,)) stands for functions piecewise constant in time with values in H(div,Q); for v €
PP (H(div, Q)), we set v :=v(-,t)|rn.

2.2 Weak solution definition via the global and complementary pressures

In order to characterize the error in an approximate solution to (1.1a)—(1.4b), we first need to define the
weak solution of (1.1a)—(1.4b). Following [6, 7, 23, 24, 25, 4], we introduce the global and complementary
pressures. We would like to stress that these mathematical quantities only appear in order to describe the
weak solution and to measure errors but are not applied in the numerical schemes.

Let the phase mobilities be denoted by

Aa(a) := — ) a € {n,w}. (2.3)

We define the global pressure
An(a)

P(Sw,Pw) = pw+/ ) pc da 2.4a
(s0:70) @ (242)
and the complementary pressure
_ [ Av@Aale)
q(SW) T /0 )\W(a) 4 )\n(a)pc(a)da“ (24b)

Next, in order to simplify the arguments below, we define the functions v,,, a € {n, w}, of wetting saturation
and pressure (Sy, pw), by

VW(SW;pW) = K(AW(SW)VP(SW)I)W) + Vq(Sw)

+ Aw(Sw)ngVZ)a (253“)
Vn(sw;pw) = K(An(sw)vp(swapW) - Vq(sw)
+ An(8w)pugVz). (2.5b)

Note that v, (sw, pw) are formally equivalent to the phase velocities u,, given by (1.2) and are always well
defined.

We suppose that the data are regular enough so that the weak solution (Sy, pw) to (1.1a)—(1.4b), setting
Sn = 1 — Sy, can be characterized by

Sw € C([OaT],L2(Q))7 SW('vo) - nga
Qrsw € L2((0,T); (Hp(2))"), (2.62)
p(sw,pw) €X, (2.6b)
Sw) € X, (2.60)

/ {(9:(950), ) = (Va(sw, Pw), V) = (4o, ) }dt = 0
Vo e X, a € {n,w}. (2.6d)

We refer to [23, 45, 19] for details.
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2.3 Approximate saturations and pressures

Our a posteriori error estimates will be given for general approximate wetting saturations sy nr and general
approximate wetting pressures Py nr, not linked to any particular numerical scheme. More precisely, recalling
the definition of the space P!(H*(T)) from Section 2.1, we merely require sy pr, pw.nr € PL(H*(T)). Thus,
cases where sy pr and py pr are nonconforming in the sense that p(sw nr, Pw.nr) € X and q(sw,n-) € X are
included. In general, the notation vy, stands for a space—time function continuous and piecewise affine in
time and piecewise polynomial in space on the meshes 7, and v}’ := vp, (-, "), 0 < n < N, for the piecewise
polynomial in space. We also assume for simplicity that the initial and Dirichlet boundary conditions are
satisfied exactly, i.e. ng,h = 5% and Sy pr = pw.hr = 0on I'p x (0,7).

2.4 Error measure

The first question in a posteriori error estimates is that of the error “measure”. In linear problems, one
usually chooses the energy norm for a global error measure. In nonlinear problems, the situation is more
difficult. One approach consists in taking the dual norm of the residual, i.e., of the difference of the nonlinear
operator applied to the exact and approximate solutions, cf. [20, 37, 32, 43]. We also refer to [5, 69] for
the use of dual norms in singularly perturbed linear problems. The advantage is that such a measure is
dictated by the problem at hand; it simplifies the analysis and leads to sharper (and possibly robust, as
in [71, 37, 32, 43]) estimates.

Let sw, pw and sy, nr, Pw,nr be respectively the exact and approximate wetting saturations and pressures
as described in Sections 2.2 and 2.3. Let s, := 1 — sy and sy pr := 1 — Sy 1. We define the error measure
by

1(sw = Sw,hrs Pw = Pw,nr)l

T
= a @ 78 a,ht )y
{ae§w}{‘/’exas|u‘f|x—l/0 {< t($5a) H(@sanr), )

2

- (Voz(swapw) - Voz(sw,h‘rapw,hr)a V(p)}dt} }

peX Jo

+ { inf / HK()\W(SW,}”—) + )\n(sw,h‘r))

V(p(sw,h'rva,h'r) - ﬁ)”th}

, :
+{;nf / ||gv<q<sw,h7>—a>|2dt} :
acX Jo

For 1 < n < N, a local-in-time version on the time interval I,,, consisting in replacing in (2.7) the time
integrals fOT by fln and the space X by X|;,, is denoted by |||(sw — Sw,hrs Pw — Dw.hr)||l1,, -

The first term of the error measure (2.7) represents the dual norm of the residual; for p(Sw nr, Pw,nr) € X
and q(sw,nr) € X, it equals to zero if and only if sy, coincides with sy, and py p, with py, whenever the
weak solution is unique. The second and third terms measure the nonconformity; the terms K(Aw (Sw,nr) +
An(Sw.nr)) and K in front of the broken gradients represent weights with appropriate physical units and are
deduced from (2.5a)—(2.5b).

3 A general a posteriori error estimate

We present here a general a posteriori error estimate giving a guaranteed and fully computable upper bound
on the error measure (2.7).
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3.1 Pressures and velocities reconstructions

In order to proceed generally, without any specification of the numerical treatment used, we now make the
following assumption:

Assumption 3.1 (Reconstructions). We assume that there exist scalar functions ppr and qnr and vector
functions Ug pr, o € {n,w}, such that ppr,Gnr € X, Uanr € PY(H(div,Q)), and us pr-ng = 0 on 'y X
(0,7), a € {n,w}. Moreover, we suppose that Uq p- satisfy

(qg - azl((bsa,hT) - V'u&hv 1>K =0

(3.1)
VK eT)', V1<n<N, ac{nw}

We will call ppr the global pressure, qp, the complementary pressure, and U, pr, @ € {n,w}, the phase
velocities reconstructions, respectively.

Remark 3.2 (Pressures and velocities reconstructions). In the continuous setting, the global pressure
p(sw, pw) and the complementary pressure ((sy) belong to the space X, see (2.6b)—(2.6¢). Furthermore,
the normal traces of the phase velocities Vo (Sw,pw) (07 Ua), @ € {n,w}, are continuous and the equilibrium
condition

O (¢sa) + Vg = qa (3.2)

holds, cf. (1.1a) and (1.2), which expresses the mass balance and local conservativity for the phase fluxes.
These properties are not necessarily satisfied at a discrete level. The pressure reconstructions pnr, qnr and
the velocity reconstructions Ug nr, @ € {n,w}, of Assumption 3.1 restore the properties of the continuous
level at the discrete one.

3.2 A posteriori error estimate

We now describe our estimators. Let a time step n, 1 < n < N, and a mesh element K € 7,* be given.
Recall first the Poincaré inequality:

lp —erlx < CrxhellVelx Vo € HY(K), (3.3)

where ¢ is the mean value of the function ¢ on the element K and Cp g = 1/7 whenever the element K
is convex [62, 12]. For o € {n, w}, define the residual estimators

MRk = Cp.xhillgy — 07 (#sa,nr) — Voug pllx (3.4a)
and the fluz estimators
U?,K,a(f) = Hug,h - Va(sw,h‘rapw,h‘r)(t)HK- (3.4b)
The nonconformity estimators are given by
7717\lIC,K,1(t) = HK()‘W(S\’v,h‘r) + )‘H(SWWT))
V(p(Sw,hrs Pw,hr) = Prr) |15 (1), (3.4c)
N,k 2(t) = KV (a(swnr) = Gnr) | 5 (1) (3.4d)
We then have the following result:

Theorem 3.3 (A posteriori estimate of the overall error). Let (sw,pw) be the weak wetting saturation
and pressure characterized by (2.6a)—(2.6d). Let (Sw.hry Pw.hr) € [PLHY(T))]? be the approzimate wetting
saturation and pressure. Let the pressures and velocities reconstructions ppr, qnr, and U hr, @ € {n, W},
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satisfy Assumption 3.1. Let the estimators be given by (3.4a)—(3.4d). Then

lll(sw — Sw,hts Pw *pw,hr)|||

L S5 b baat) )

ae{n,w}n=1 In KeT"

{Z/ > (ot dt}% 39

I, KeTn

-

A5 et dt}%.

"KET"

Proof. The proof is straightforward using the definition of error measure (2.7) and Assumption 3.1. The
second and third terms in (3.5) follow immediately from (2.7). We thus only have to establish that the first
term is an upper bound on the corresponding term in (2.7). Let a € {n,w} and ¢ € X with ||¢||x =1 be
given. Then (2.6d) implies that

/ [(00(650) — 0($Sa ). )

a(Sw,pw) - (Sw hTy Pw, h‘r VSD }dt

/ { - at Qbsa h'r) ) (Va(sw,h‘rva,hr); v@)}dt

Let now 1 < n < N be given. Adding and subtracting (uf; ,, V), applying the Green theorem, the
assumption (3.1), the Poincaré inequality (3.3), and the Cauchy—Schwarz inequality,

(QZ - a?(qﬁsa,hr)a (P) + (Voz(sw,hﬂpw,hr); V(P)
= (go — O (¢8a,nr) — Voug 4, 0)
+ (Va(sw h7y Pw, hT) - ug,ha V(,D)

= Z { do — Of (PSa.nr) — v'ug,ha ®— PKr)K

KeT»

+ (Va(sw,h'rva,h'r) - u&hv V@)K}

< D ARk R ra )V}

KeTpr
Thus

N

> [ {(01(050) = 7 (G50r) )

n=1 I,

- (Va(Swan) — Va (Sw h7s Pw, nr), V) }dt

z/ > {0+ ) Vol et

In KeT

The theorem follows by the Cauchy—Schwarz inequality and using ||¢| x = 1. O

3.3 Concept of application to different numerical methods

For the theoretical analysis of this paper, we only need Assumption 3.1. The practical application of the
present framework to different numerical methods consists in specifying the construction of pp., qn-, and
Ug hr, o € {n,w} that we outline now.
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In conforming methods one obtains p(Sw. pr, Pw,hr) € X and q(sw,nr) € X, so that we can immediately
set Prr = P(Sw.hrs Pw,hr) and qnr := q(Sw,nr). In nonconforming numerical methods, we typically choose
br € PLHL()). B = Tuu(p(s o)) 0 < 1 < N, and G € PLHB(Q)), 6 = Tu(a(s)),
0 <n < N. Here Z,, is a postprocessing averaging operator which sets the Lagrangian degrees of freedom
inside €2 to the average of the values from the different elements sharing this degree of freedom, see [1, 50].

The choice of ug pr, @ € {n,w}, is more involved. In mixed finite element methods, in addition to
the approximate wetting saturation sy, - and pressure py p, described in Section 2.3, one also directly
obtains phase velocity approximations u, nr € P2(H(div,Q)), a € {n, w}, satisfying (3.1). More precisely,
for every time interval I,, 1 < n < N, typically u? , € RTN(7,"), where RTN(7,") is the Raviart—
Thomas-Nédélec finite-dimensional subspace of H(div, ©2), cf. [15]. In other numerical methods, obtaining
U, pr € PP(H(div,Q)) satisfying (3.1) is possible by means of local postprocessing. In the context of linear
elliptic equations, we refer the reader to [44, 70] for cell-centered finite volume methods, to [52, 2, 41] for
discontinuous Galerkin methods, and to [28, 57, 14, 71] for vertex-centered finite volume and finite element
methods. For nonlinear elliptic equations, such constructions are unified for different numerical methods
in [43]. In the context of two-phase flows, the constructions of uy pr, a € {n,w}, can be found in [31] for
cell-centered finite volume methods, in [19] for vertex-centered finite volume methods, and in [39, 40, 8] for
the discontinuous Galerkin method.

4 Stopping criteria and adaptivity for fully implicit discretiza-
tions

In this section we show how the abstract a posteriori error estimate of Section 3 can be adopted to fully
implicit discretizations of (1.1a)—(1.4b). We also describe how to take into account the additional error
from iterative linearization and iterative solution of algebraic linear systems and distinguish the different
error components. We finally propose stopping criteria for the various iterations and design a fully adaptive
algorithm.

4.1 A fully implicit formulation

Keeping py, and sy as unknowns and expressing s, as a function of sy, from (1.1b) and p, as a function of
pw and sy from (1.1c), we arrive at the following equivalent form of (1.1a)—(1.1c):

8t(¢5w) - v'()\r,w(sw)K(va + pwgvz)) = Gw, (413“)
*at(‘bSW) - V'()‘r,n(SW)K(V(pw JFPC(SW))
+pngVz)) = gn. (4.1b)

Let us now suppose some discretization of the above system in both space and time, starting from
5&7 » € HY(T?). We suppose implicit (backward Euler) discretization in time. This leads, on a time level n,
1 <n < N, to a system of nonlinear algebraic equations that can be schematically written in the form

SSy. SP, Sy ([ Dy (4.2)

SS,  SP} pr )\ Dr )’ '
where S7; is the algebraic vector of discrete unknowns corresponding to the wetting saturation s, , and Py
is the algebraic vector of discrete unknowns corresponding to the wetting pressure pg . In practice, (4.2)

is solved using an iterative linearization such as the Newton-Raphson method combined with an iterative
algebraic solver, by means of the following algorithm:

1. Let the initial wetting saturation SO (and pressure PY) be given. Set n = 1.
2. Set up the system of nonlinear algebraic equations leading to (4.2).

3. (a) Choose some initial wetting saturation S and pressure P, Typically, these are the saturation
and pressure from the last time step, S2~! and P?~!. Set k := 1.
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(b) Set up the following linear system: find S™* and P™*, the solutions to

(c)

Here SSTF—1 spri=t sgmk—t

SSn,k—l S]P;n,k—l Sn’k Dn’k_l
< SSg7k71 pr,kfl > < va{l,k > = < D§7k71 ) . (43)

and SP™F~! are matrices formed from S~ and PF~1 and

3

DE=1 and D=1 are vectors likewise formed from S™F~1 and PmF=1.

i

ii.

iii.

iv.

Choose some initial saturation S%*° and pressure P%0. Typically, S7*0 = Smk=1 and
PpR0 = prok=1 Qet j = 1.

Perform a step of a chosen iterative algebraic solver for the linear system (4.3), starting from
Snki=l and PRl This gives approximations S7%¢ and PR,

n,k,i

Build piecewise polynomial representations of the wetting saturations and pressures s’}
€ HY(T) and p%" € HY(T;") from S»%% and P™* according to the given numerical

n,k,i
w,h1?

n,k,i

w b these are affine in time on the

method. Define the space—time functions s and p

time interval I,,, given by sgjhl and p@jhl at time ¢! and by sg’fz’z and pz’f;’z at time t".

We use this refined notation in place of sy pr, pw,nr of Section 2.3.
This step only concerns nonconforming methods. From s:fvlff and pz’i’z, prescribe the recon-

structions piF" = 7, (p(sgiz,pvnvil)) and """ = Iav(q(s:;”i’i)). Define the global pressure

C ek amgky
reconstruction p;”"" and the complementary pressure reconstruction g, " (cf. Assump-

tion 3.1) affine in time on the time interval I,, by ﬁzfl and qul at time t"~1 (constructed

~n,k,i

from 9, ;,, pY, ;, for n = 1) and by p;,"™" and E{Z]” at time t".

. From the discretization, build the phase velocities reconstructions uZiz € RTN(7,"), a €

{n,w} (cf. Assumption 3.1). More precisely, the goal is to obtain the decompositions,
a € {n,w},

n,k,i _ yn,k,i n,k,i n,k,i
ua,h - da,h + la,h + aa,h ’ (443’)
Al 1 alht € RIN(T,). (4.4b)

Herein, ag’i’i will be used to monitor the error in the solution of the linear algebraic sys-

tem (4.3), IZIZZ will be used to monitor the error in the linearization of (4.2) by (4.3), and

deLZ will be used to monitor the discretization error. Structurally, this can be achieved as

follows:

A. From the given numerical meth_od7 reconstruct locally dZ:Z’l, a € {n,w}. Typically,
the degrees of freedom of dg’i’Z are directly prescribed using the available functions
Va (SV"VT, pvnvl,il), in any case, this construction should be independent of the linearization
used to obtain (4.3) and of the iterative algebraic solver used to solve (4.3).

B. From S™*% and P™%% compute the algebraic residual vectors R%** and R% of (4.3):
Rn,k,i
( R:zv,k,i )
SSn7k71 SPn7k71 Sn7k7i
= ( SS¥1V7k71 S]P):lv,kfl P‘T)Vl,k,i (45)

Dn,k—l )
S
(
n,k,i dpn,k,i

C. For simplicity, in this and in the next step, we suppose s’} and p_ ;" piecewise constant

on 7,*. Generalizations follow as in [43]. From the given numerical method, define

implicitly lglzz, a € {n,w}, such that

n n n,k,i n,k,i n,k,i
(Qa - at (¢Sa7hr) - v'(dayh + layh )a 1)K

. (4.6)
= R"™ Kk VK €T, «ac{nw}
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lnkz

It is crucial to ensure that |17 go to zero when S7* PmF the solutions of (4.3),
converge to Sy, Pr, the solutlon of (4.2).

n,k,i

D. Construct locally a)';>*, a € {n, w}, such that

(V-aih's D = Rl “n
VK €T,', «ac¢c{n,w},

using, for instance, the algorithm of [49, Section 7.3] or the simplification of [43, Sec-

n,k,i

tion 4]. It is crucial to ensure that ||al}""|| go to zero when R™"' go to zero.

vi. Check the convergence criterion for the linear solver (see (4.13a) below); if this criterion is
reached, set S™F := S™ki and Pk .= Pk Tf not, set 4 := i+ 1 and go back to step 3(c)ii.
(d) Check the convergence criterion for the nonlinear solver (see (4.13b) below); if this criterion is
. . i ~n,k,
reached, set S% := Sk Pn = Pm* and, for nonconforming methods, py := p;” Z,qh =qy .
If not, k£ := k + 1 and go back to step 3b.

4. Check whether the spatial and temporal errors are comparable (see (4.13c) below), whether the spatial
errors are equally distributed in the computational domain (see (4.13d) below), and whether the total
error is small enough (see (4.13e) below); if this is the case, and t™ < T, set n := n + 1 and go to
step 2. If not, refine the time step 7 and/or the space mesh 7,* and go to step 2.

4.2 An a posteriori error estimate distinguishing the space, time, linearization,
and algebraic errors

We now further develop the framework of Section 3 in order to distinguish the space, time, linearization,
and algebraic errors.
Fix a € {n,w} and consider the algorithm of Section 4.1 on the n-th time step, linearization step k, and
iterative algebraic solver step i. Observe from (4.4a), (4.6), and (4.7) that ugzZ satisfies
(g0 =0 (dspn) = Voup ', D =0 VK € Ty, (4.8)

a,ht

ie,u)y ZZ satisfies assumption (3.1). Rewriting (3.4a)—(3.4d) with these notations, we pose, for K € 7,7,

My = Cp ichicllqh — Op (psil) — Vel i (4.92)

M (8) = Wl = va it i) ()|, (4.9b)
M1 (1) = KO (i) + A (k)

V(p(suhrs D) = o)l (1), (4.9¢)

MGk 2 (1) = KV (a(siyt) = )i (0)- (4.9d)

We then have, as in Section 3.2, the local-in-time iterative-algorithms-running version of Theorem 3.3:

Corollary 4.1 (Local-in-time estimate for linearization and algebraic iterates). Let (Sy,pw) be the weak
wetting saturation and pressure characterized by (2.6a)—(2.6d). Consider the n-th time step, k-th lineariza-

tion step, and i-th algebraic solver step of the algorithm of Section 4.1. Let s, IZ; and pv ],2;, fJZTk and

10
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aert and ugil be as specified in Section 4.1. Let the estimators be given by (4.9a)—(4.9d). Then

k, k,
Il (sse =53 ers P = Pz

vl S ]S ot o) dt}%

ac{n,w} In KeTy

{/ > (% 2dt}% (410
NCKI

"KET"

1
3
ki 2
+ { [ 3 i) dt} .
In ke
We now distinguish the different error components. Define the spatial estimator
Nepte (£)

n,k,i n,ki  n,k,i
{ STyt = valsih o Ik
ac{n,w} (4.11a)

1
2
ki )2 ki 2 ki 2
K e) + (e () + (RS K 2(1) }
and, for o € {n, w}, the temporal estimators

k ki ki ki ki
W?m ;m(t) = HVa(S?V,hi,p@,hi)(t) - Va(S?v,hz,pa,hz)HK, (4.11b)

the linearization estimators

k, k,
77irlln Iz(a = ||17l ‘ K> (411(3)
and the algebraic estimators
k k,
Me k.o = Nt |- (4.11d)

Define also global versions of these estimators as

n,k,i nkz
Nt = / Z Ngp.dc (£) " dt » (4.12a)

I, KETTI

N

N[

Mt =1y / ST b m) at (4.12b)

ac{n,w} In KeTr

k, k,
=g 2 T Y Gkl (4.12)

ae{n,w} KeT;"

nglgk = Z Z 77:1;;(& ) (4.124d)

ac{nw} KeTp

W=

N

Corollary 4.1 and the triangle and Cauchy—Schwarz inequalities yield:

Corollary 4.2 (An a posteriori error estimate distinguishing the space, time, linearization, and algebraic
errors). Let the assumptions of Corollary 4.1 be satisfied. Let the estimators be given by (4.12a)—(4.12d).
Then

k, k,
i (sw = 8% ks P = D)Lz,
k, k, k,
<773ka+77‘?111 l+77i?n Z+77:1g 7

11
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4.3 Stopping criteria and optimal balancing of the different error components

We now discuss how to balance the error components of Corollary 4.2. _ _
In step 3(c)vi of the algorithm of Section 4.1, we evaluate 7", nkt nﬁf’z, and 77:1’;’1 and apply

T < Yarg (™ 4 it + i) (4.13a)

as the stopping criterion for the iterative solution of the linear system (4.3). Here 0 < ~aq < 1 is user-
specified weight. Criterion (4.13a) expresses that there is no need to continue with the linear solver iterations
if the overall error is dominated by the other components.

Similarly, in step 3d, we evaluate 77;‘1;’“’1, niFt - and nﬁ;]k’z and stop the iterative linearization of (4.2)
whenever

ki ki ki
Min " < i + 76, (4.13Db)

where 0 < yin < 1 is user-specified weight. Criterion (4.13b) expresses that there is no need to continue
with the linearization iterations if the overall error is dominated by the other components.

Finally, in step 4, we evaluate 7% """ and n:pkKZ for all K € 7,"*. The purpose is to achieve

sp
n,kyio o Mk,
Nep " R e (4.13¢)
{/ (77:;]3(1(15))2 dt} are comparable for all K € 7,7, (4.13d)
ITI,
and
n"t<em (4.13e)

Here 1™ is given by (4.10) and €™ is user-specified criterion for the maximal error allowed on the time interval
I,.

Remark 4.3 (Local stopping criteria). Following [49],[37], and [43], versions of (4.13a) and (4.13b)
localized on each element of the mesh T, should be used whenever one intends to refine adaptively the
meshes T;".

Remark 4.4 (Evaluation cost). The evaluation of the different estimators of Corollaries 4.1 and 4.2 and of
the stopping criteria (4.13a)—(4.13e) has linear cost in terms of the number of the elements of the meshes T .
Moreover, it can be done completely in parallel. In practice, the estimators maybe only evaluated always
after several iterations and various computational simplifications may be devised. Examples are given in
Section 6 below.

5 Stopping criteria and adaptivity for implicit pressure—explicit
saturations-type discretizations

We describe here our a posteriori error estimates and stopping criteria for implicit pressure—explicit satura-
tions-type discretizations.

5.1 Iterative coupling for the pressure—saturation formulation

We first proceed as in Section 4 to obtain (4.1a)—(4.1b). We keep the wetting phase saturation equa-
tion (4.1a), and we replace the nonwetting phase saturation equation (4.1b) by the sum of (4.1a) and (4.1b).
We thus arrive at the following equivalent “pressure—saturation” formulation of (1.1a)—(1.1c):

_v'(()‘r,w(SW)+)‘r,n(SW))K(pr +pwgVz)
Jr>‘1m1r1(SW)K(VPC(SW)JFPJm(JVZ*ngVZ)):qw + ¢n, (5.1a)
O(Psw) — V-(Ar,w (5w) K(VDw 4+ pwgV2)) =Gw- (5.1b)

This formulation leads to the following solution algorithm:

12
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1. Let the initial wetting saturation ng,h € HY(T) (and pressure pgv,h € HY(T?)) be given. Set n = 1.

2. (a) Choose some initial wetting saturation s"’o (870 is the corresponding algebraic vector). Typi-

cally, this is the approxnnate saturation frorn the last time step, s, h Similarly, for the pressure,

typically define pw b= D h Set k :=1.

(b) Set up the following linear elliptic problem, arising from (5.1a), with py, as the unknown:

(c)

—V- (A (s 1>+Arn<s3’,’::1>>
<K(Vpw + pugV2) + A (st ) (5.2)
xK(Vpe(sl k= 1) + pngVz — pwgV2)) = qw + Gn-

After a spatial discretization, this problem corresponds to, in matrix form,

Pnk 1Pnk an 17 (53)

where the matrix P?:*~1 and the right-hand side vector D™*~1 depend on S™F~1.

i. Choose some initial pressure P*0; typically, P7*0 = prk=1_Get j := 1.

ii. Perform a step of a chosen iterative algebraic solver for the solution of (5.3), starting from

iii.

iv.

vi.

. This step only concerns nonconforming methods. From s ;" an

Pr-ki=1 At the present stage, we have approximations S7*~! and P7-F-.

Build piecewise polynomial representations of the wetting saturations s&’; YeH L(T;") and

pressures pz’i’z € HY(T;") from S7kE=1 and P%1, according to the given numerical method.

n,k,i
w,h1?

at time t".

Deﬁne the space—time function p it is affine in time on the time interval I,,, given by

n,k,z

Pl AL at time "1 and by p
Set up the following problem Which arises from (5.1b): find sy such that

—V- (e (S5 DK (VPR + pwgV2))
= 4w — at(¢3W)'

Discretize (5.4) in space and in time. The temporal discretization is explicit This gives the
vector SR Build szfvlfj € H'(T;") and the space-time approximation s

at t"~! and by sZ/]ZZ at t".

(5.4)

w, th given by sw h

n,k,i d pn,k,z

w,h

constructions pZ’k’Z = Tav(p(s z’i’z,pg”;’z)) and EIZ”“ = Tav(q(s giz)) Define the global

prescribe the re-

n, ,’L

. ~n.k.i
pressure reconstruction p," and the complementary pressure reconstruction qZ’T "’ (cf. As-

sumption 3.1) affine in tlrne on the time interval I, by ;' and 47" at time t"~* and by
ank,i ~n,k,i

Ph

From the given discretization, reconstruct the phase velocities u,,"y i g RTN(7,"), a € {n,w}

(cf. Assumption 3.1). More precisely, we need to obtain the decornposmons (4.4a)—(4.4D).
n,k,i

Here, ag’,", lZ’Z’Z, and d””“ are used to monitor the algebraic, iterative coupling, and
discretization error, respectlvely. Structurally, this can be achieved as follows:

and q,”"" at time ¢".

A. From the given numerical method, reconstruct locally the fluxes dZ’IZ’i, a € {n,w}, asin

the step 3(c)vA of the algorithm in Section 4.1, using the functions v (s z’i’z,pg’i’z)
B. From S7k=1 and Pk compute the algebraic residual vector RZF::
R = P P 4 D, (55)

C. From the given method, define a vector field lgiz + 12,’?1 € RTN(7;") such that

i o | 1k
(gn +qn = Vo(dyp +dpy + 103

(5.6)
HIE) D)k = Rl VK €Ty

13
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In contrast to Section 4, where 1"’ s readily obtained for each individual phase o €
{n,w}, we have the sum of the total “iterative coupling error”. In order to obtain

l"’k’z € RTN(7,"), we apply local mass balance from (5.4):

(g = Bu(0s37) = V(AL + 103,

w,hT (57)
k=0 VKeT,
Combined with (5.6), this also sets lz,lfl
D. Construct a vector a?*? € RTN(7,") such that
(V-amki 1) = Rubi e YK e T, (5.8)

using, for instance, the algorithm of [49, Section 7.3] or the simplification of [43, Sec-
tion 4]. We set a*! equal to zero, in view of the fact that there is no algebraic error
associated with the saturation equation (5.4).

. Check the convergence criterion for the linear solver (see (4.13a)); if the criterion is reached,
set PR .= Pk Tf not, set i := i+ 1 and go back to step 2(c)ii.

(d) Check the convergence criterion for the iterative coupling (see (4.13b)); if this criterion is reached,
set Sn = Smki pno.= prk and, for nonconforming methods, pJl = pZ”“, qp = q”v’“ If not,
set Sl},k =Sy k. " k:=k+1, and go back to step 2b.

3. Check whether the spatial and temporal errors are comparable (see (4.13¢)), whether the spatial errors
are equally distributed in the computational domain (see (4.13d)), and whether the total error is small
enough (see (4.13e)); if this is the case, and " < T, set n := n + 1 and go to step 2a. If not, refine
the time step 7" and/or the space mesh 7, and go to step 2a.

5.2 Implicit pressure—explicit saturation formulation

Implicit pressure—explicit saturation discretization (IMPES) corresponds to the iterative coupling algorithm
of Section 5.1 where only one step in k (k = 1) is done.

5.3 An a posteriori error estimate distinguishing the space, time, iterative
coupling, and algebraic errors

We now use the framework of Section 3, or more precisely that developed in Section 4.2, in order to
distinguish the space, time, iterative coupling, and algebraic errors.

Fix a € {n, w} and consider the algorithm of Section 5.1 on the n-th time step, iterative coupling step k,
and algebraic solver step i. The approximate wetting saturation and pressure at our disposal at the present

stage are thus (szi;, pzfvl;;:_) Define

uppt = dipt 1+ al i € {n,wh
It follows from (5.6)—(5.8) that the reconstructions of the phases fluxes un’fl’z satisfy (4.8).

Replacing the terminology “k-th linearization step” by “k-th iterative coupling step”, Corollary 4.1
holds true for this case. Analogously, from the definitions (4.11a)-(4.12d) (Uﬁnk;( ., and 7k i represent the
iterative coupling errors), Corollary 4.2 also holds true for this case.

5.4 Stopping criteria and optimal balancing of the different error components

Stopping criteria to be used in steps 2(c)vii, 2d, and 3 of the algorithm of Section 5.1 for optimal balancing
of the different error components and overall error control are exactly the same as in Section 4.3.

14
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6 Applications to finite volumes and numerical experiments

We present here the application of our theoretical results and numerical experiments for two finite volume
discretizations of (1.1a)—(1.4b). We neglect the gravity terms (set z := 0), use the Brooks—Corey relations,
see Section 1, and consider a test case from [53] with

Q = (0,300)m x (0,300)m, T = 4-10s,
$=02 K=10""Im? g¢,=q =0s""

w=510""%kgm's7!, =210 kgm s,
Srw = S =0, pg = 5~103kgm_1s_2,

9 =020mall KeT?, K&K,

9 =0950on K eT?, K € K,

where I is the identity tensor and K the 18m x 18m block in the lower left corner. Let & be the 18m x 18m
block in the upper right corner. We assume homogeneous Neumann boundary conditions (1.4a) everywhere
except 0K N oY and 0K N 0f), representing respectively the injection and production wells. Here, we
impose the (inhomogeneous) Dirichlet conditions (1.4b) for the wetting phase saturation and pressure sy,
pw. These are respectively equal to 0.95 and 3.45-10°%kgm~'s=2 in the lower left corner and to 0.2 and
2.41-10%gm~'s~2 in the upper right corner. This is a classical setting for the quarter five spot problem,
where the flow is driven by the pressure gradient from the injection to the production well. Contrarily
o [53], we use the wetting residual saturation s,y equal to 0 and not to 0.15, in order to treat a possibly
degenerate problem.

We consider two classical discretization approaches. First, we test fully implicit cell-centered finite
volumes on uniform meshes consisting of rectangular parallelepipeds. Here, the approximations of the phase
velocities u, in (1.2) are H(div, Q)-conforming but the approximations of the global and complementary
pressures p(Sw, Pw) and q(sy) in (2.4a), (2.4b), respectively, are not Hp (2)-conforming. The second scheme
employs a vertex-centered finite volume method. Here the phase velocities are not H(div, Q)-conforming
but the global and complementary pressure approximations are Hy(Q)-conforming. In this latter case, we
employ iterative coupling and use adaptive meshing.

6.1 Fully implicit cell-centered finite volumes on regular rectangular paral-
lelepipeds
We consider here one fixed mesh 7y, consisting of rectangular parallelepipeds, and focus on adaptive stopping

of the linear solver using (4.13a) and adaptive stopping of the nonlinear solver using (4.13b) in the context
of Section 4.

6.1.1 Scheme definition

Let £ stand for the faces e of an element K € Tj, not lying on 9. We consider the following cell-centered
finite volume discretization of (4.1a)-(4.1b): for all K € Ty, define s{, ;- := 53 |x. Then, for all 1 <n < N,
look for s . P . piecewise constant on Tn, such that

s 1
w K w,K
¢7_7|K|+ Z FWGKL( whapwh)_oa (6.1&)
eKLeglnt
w K~ w K n
—p—————|K| + Z Fuexy w,hapw,h) =0, (6.1b)
eKLeglnt

15
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for all elements K € T} not contained in K and K ;in K and K , the Dirichlet boundary values are imposed.
The face fluxes are defined as

Ar,W(SQ,K) + )‘r,W(SQ,L)

Fyexr (ng,haﬁgv,h) == D) |K|
—n _=n
Pwi “ w0 1), (6.2a)
IxKx — x|
_ )‘r,n(sn K) + )‘r,n(sn L)
Fn,eKL (S:}v,hap:}v,h) = = 9 = |K|
—-n + Sn _ —N _"_ 877/
« Pw.r e w,L) (PW,K e W’K))|€KL|- (6.2b)
XK —xL|

Above, |K| stands for the measure of K € Tp, |ex | for the measure of ek, |[xx — x| for the distance of
the barycenters xx and xr, of K, L € T, and |K]| for the absolute value of K. (6.1a)—(6.1b) represents the
system of nonlinear algebraic equations (4.2).

6.1.2 Linearization and linear systems solution

Following Section 4, we obtain on the Newton—Raphson linearization step k& and algebraic solver step i
applied to (6.1a)—-(6.1b)

Sn,k,i ) ) .
WK Sk K|+ R (sht oy =Rk, (6.3a)
ex €€t
Sg];(l_s’\?vli k—1 n,k,i —n,k,i n,k,i
¢77|K| +ZFH eKr wh’ ’ﬁwlh’ ):_RH:I(7 ) (63b)
ex L EERT

where the linearized face fluxes take the analytical form, for o € {n, w},

N CRAN (6.4)

QLEK L,

=F,

Q,EeK L
a eKL s k 1 _n,k—1 n,k,i n,k—1
E : 8 Dy )'(SW,M —Sw.M )
Me{K,L}
OF,.c ;
Y oKL n k-1 —n,k—1 n,k,i —n,k—1
+ z : p wh ’pwh )'(pw,Mipw,M )
Me{K,L} w, M

n,k—1 —n,k—1
(Sw h ’pw h )

System (6.3a)—(6.3b) represents a cell-centered finite volume description of the system (4.5). We initialize
—1.-2

P9, = 2.41-10°%kgm™~'s™? everywhere except K, where we set P9 = 3.45-10%kgm™"s
6.1.3 Flux reconstructions and evaluation of the estimators

We now identify the error estimators of Section 4.2. We begin by identifying the fluxes d’ ZZ, 1 ZZ, and

aZ’Z’i of (4.4a). We construct them in the lowest-order Raviart-Thomas-Nédélec space RTNg(7p,), cf. [15].
As in [31, 43|, following [44] in the linear case, the degrees of freedom of dgﬁl and IZZZ are simply fixed

by the finite volume fluxes of (6.2a)—(6.2b) and (6.4): for all K € T, not contained in K, K and for all
eKr € Smt et

n,k,i n,k,i n,k,i —n,k,i
(A3 1), ey, 1= Aok (st D) (6.5)
and
n,k,i n,k,i —n,k,i
(da h Nk, 1)€KL = Fa,eKL (Sw,h apw,h )a (66)

a € {n,w}. On the boundary faces of K, the value is set to zero in accordance with the homogeneous
Neumann boundary condition (1.4a).
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We now identify a; h . These are obtained, following [43, Section 4], by performing v additional iterations

of the algebraic solver
n,k,i . yn,k,i+v n,k,i+v n,k,i n,k,i
aa,h T da,h + la,h - (da,h + la,h )’ (67)

where d"} ity +105 R are given by (6.5) with i replaced by i+v. This definition does not give exactly (4.7)
but is sunple and suﬂimently precise in practice for large enough v (set to 15 in the present numerical
experiments). Setting u"’k’z = d””“ + 1””“ + aZ’fL’Z, we obtain (3.1), up to the neglected misfit from the

construction (6.7) of a’ ]ZZ. By thls construction, the residual estimators of (4.9a) take very small values

and are neglected henceforth

In a cell-centered finite volume discretization, the piecewise constant pressure p..’ * does not have suf-
ficient smoothness required by our framework. Thus, following [70, Section 3.2.2], wo mtroduce a postpro-
n,k,i

cessed wetting phase pressure p_’}"", quadratic on all K € Tj:

e (S0 KV (037 50) = Ay s (6.8a)
p@’,ﬁ’l(x ) =Pl (6.8b)

nkz

This postprocessing links the pressure p_ ;" to the reconstructed flux d"’k’i by an equivalent of the Darcy

n,k,z n,k,z

law (1.2), whereas p..’}"" takes the value of the original finite volume pressure p_ '} at the barycenters. One

particular consequence of (6.8a) is that
va sy P e = dy |k (6.9)

on all K € T, so that the first terms in (4.11a) disappear for the wetting phase. Repeating the same
procedure for the nonwetting phase, we are lead to define the piecewise quadratic postprocessing p" e

e (e SOKY (pi k) = i . (6.10a)
k, k, ki
P (%K) = Pt + pe(si i) (6.10b)
In the nonwetting case, since we only have (6.10b) and not p,’; Pl = pe(shi) + pvnvl,iﬂK which would
match fully with (1. 1c) we do not have a complete equlvarlent of the phase velocities link (6.9). We,
however, consider the difference of v (s ””Z’Z, pzfv’];’z) and d;”,fbZ as negligible. Consequently, the nonwetting
phase first terms in (4.11a) disappear as well. Moreover,

N[

RS S A anz’fx an % (6.11)

ae{n, w} KeTn
in a simplification of (4.12b), exploiting the piecewise affine behavior in time. Thus, reconstructions (6.8a)—
(6.8b) and (6.10a)—(6.10b) of p"’k’z need not be constructed in practice.
We are now left with evaluating/approximating the nonconformity estimators 771’\11(];}( 1(t) and nﬁg%Q(t)
of (4.9¢)—(4.9d). We want to avoid the difficult constructions p(s.’ i;,p;ﬁ ]Z;) and q(s 1) according to (2.4a)
(2.4b). We thus, following (2.5a)—(2.5b), define a piecewise quadratic p"’k’z by

~(Aw sy %)+ Aa(s’7))

<KV (P ) = (dph' +dpi) |k, (6.12a)
B () = p(sWRL VR, (6.12b)
and a piecewise quadratic )" ki by
KV (@) = An(s3 KV (B 150) + d e, (6.13a)
G o) = alsui). (6.13b)
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In practice, we approximate the integrals in (6.12b) and (6.13b) by a quadrature formula. As usual, we

define ﬁZ’Tk’i and E|Z’Tk’i affine in time on the time interval I,,, given by p~' and q;~' at time ¢"~! and by

ﬁZ’” and E[Zl” at time t". Following Section 4.1, we also define ﬁZ’” = Iav(ﬁZ’k’i) and E]Z’” = Iav(ﬁZ’k’i).

We then approximate the space—time integrals

/1 n NG e (8)7 dt (6.14a)
~ T IR O () + AV E Bl
KO (s38) + Al )V (B~ = 87
+ (KOw(sy®) + (s V0 =),
K (A (578 + Mnlsu VR = B3 )x)
and
/ NG 2 (1) dt (6.14b)
Tfln

~
~

(IKV @™ — g™ 1% + 1KV @ —ap Ik
(KV@" —ap™), K@y —ar ))x).,

+ o

cf. [42, proof of Lemma 6.1].
Summarizing the above developments of estimators:

1. Identify the fluxes dZ:Z’i, lzzi’i, and azl,il by (6.5)—(6.7).

2. Construct the pressures py"*" by (6.12a)-(6.12b) and §;""’ by (6.13a)-(6.13b) and set up p;"*" and

qZ’k’i by the postprocessing averaging operator Z,s .

3. Evaluate nﬁ’k’i from (4.11c¢), (4.12¢) and n;ll’g’i from (4.11d) and (4.12d).

n

4. Approximate /" by (6.11).

tm

5. Approximate n*" of (4.12a) while omitting the first two terms in (4.11a) and using (6.14a)—(6.14b).

6.1.4 A further simplification of the estimators

. . . . k.1 k.1 k.1 .
The key for our a posteriori error estimates are the flux reconstructions d.’}"*, 177", and a’}>". It is

crucial to observe that in order to evaluate our estimators, we only need the [L?]? norms involving these
reconstructions. These can, however, be evaluated or approximated by quadrature formulas on each mesh
element, so that it is not physically necessary to construct the reconstructions; knowledge of their values at

quadrature points is sufficient. One can proceed similarly for the pressures ﬁZ’k’i, E{Zl” and their averagings
ﬁZ’k’z and E|Z’k’1; typically the quadrature points can be chosen equal to the localization of the Lagrange

degrees of freedom, so that we can only compute the coeflicients in the Lagrange bases. In Section 6.2.3
below, we give a concrete example of such a simplification in the context of vertex-centered finite volumes.

6.1.5 Computational performances

We evaluate here the computational performance of the above cell-centered finite volume approach. We
consider a uniform 50 x 50 spatial mesh, fixed in time. The initial time step 7' was chosen as 7! =
10°s and was not changed by the criterion (4.13c). In order to improve the numerical treatment, we
have employed a scaling of all the length units by 103, i.e., we express all length units in millimeters
instead of meters. The values of the wetting pressure than in particular range between 2410 and 3450,
instead of 2.41-10% and 3.45-10° in the original units. We have approximated the differentiation in (6.4)

numerically with a parameter ¢ = 10~!2. The systems (6.3a)—(6.3b) arise here from an exemplary algebraic
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Figure 1: Wetting saturation (top), spatial a posteriori error estimates 7}£;k];(t) (middle), and wetting

)

pressure (bottom) at times 1.3-10%, 2.6-10%s, and 4-10%s

solver, the generalized minimum residual method (GMRes) [67] without restarts, with the Jacobi (diagonal)
preconditioning.

We compare two computational approaches. In the classical one, the GMRes iteration in (6.3a)—(6.3b)
is continued until the relative algebraic residual becomes smaller than 10~!3, and the Newton linearization

is only stopped when
Smk _ Sn,k—l
H( PV;/zk o P“;z,k’fl )
w w

Here, || - ||w,0o stands for the weighted || - ||coc norm, where the weights for the saturation unknowns are 1
and the weights for the pressure unknowns are 1073, Together with the scaling of the length units, all the
quantities in (6.15) are of order 1. In the adaptive approach proposed in this paper, we rely instead on
the stopping criteria (4.13a) and (4.13b) with Yaiz = Yiin = 0.001. In order to evaluate the algebraic error
fluxes, we choose v = 15 in (6.7), i.e., we perform 15 additional GMRes steps. If (4.13a) is not satisfied,
then we directly set ¢ := ¢+ v. Thus we only evaluate (4.13a) each 15 GMRes steps and the additional steps
are not wasted.

In Figure 1, we illustrate the evolution of wetting saturation and pressure during the simulation. Tiny
oscillations can be remarked, since no upwinding or other stabilization has been used. We also plot in

<1071 (6.15)

W,00
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Figure 3: GMRes relative algebraic residual on each time and Newton step (left) and number of Newton
iterations on each time step (right)

Figure 1 the evolution of the spatial a posteriori error estimators n:pkKl (t) of (4.11a) approximated us-

ing (6.14a)-(6.14b) (divided by 7). We can see that they nicely follow the saturation front, while also
detecting errors at the inflow and outflow. The results of Figure 1 come from the case where the adaptive
stopping criteria (4.13a) and (4.13b) have been used, but practically undistinguishable results are obtained
using the classical stopping criteria.

We next investigate the behavior of the estimators of the different error components. In order to present
the results, we fix one time, 2.6-10%. In the left part of Figure 2, we track the dependence of the different
estimators on the GMRes iterations for the first Newton step on this time. The classical approach requires
1530 iterations until the relative algebraic residual becomes smaller than 107'3, whereas the adaptive
criterion (4.13a) only requires 435 GMRes iterations. In the right part of Figure 2, we plot the different
estimators as function of the Newton iteration. 11 iterations are necessary to reach (6.15), whereas only 3
iterations are sufficient to arrive at (4.13b).

Figures 3 and 4 then assess the overall computational performances of the two approaches. In Figure 3
we plot the GMRes relative algebraic residual on each time and Newton step (left) and the number of
Newton iterations on each time step (right). We can see that much higher (lower, respectively) numbers
are sufficient with adaptive stopping criteria. We note that in particular much fewer Jacobian matrix
assemblies are necessary in our approach. Figure 4 then gives the number of GMRes iterations for each
linear system solved (left) and the cumulative number of GMRes iterations as function of time (right). From
the last graph, we can conclude that in the adaptive approach the number of cumulative GMRes iterations
is approximately 12-times smaller compared to that in the classical one. In addition, this ratio is growing
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with the number of time steps.
Finally, Figure 5 gives an example of the reconstructed pressures which are at the heart of our spatial
estimators: the global pressure ﬁzl” of (6.12a)~(6.12b) and the complementary one ;""" of (6.13a)(6.13b),

n,k,i

= av(qh

anLk,i n,k,i nkz

as well as their averagings p;""" = Lo (p)’
a rough 10 x 10 mesh at time 1.3- 106

) and q, ). The plots are given on an example of

6.2 Iteratively coupled implicit pressure—explicit saturation vertex-centered fi-
nite volumes on adaptively refined meshes with hanging nodes

Here, following Section 5.1, we consider adaptive stopping of the linear solver (4.13a), adaptive stopping of
the iterative coupling (4.13b), adaptive choice of the time step (4.13c), and adaptive mesh refinement (4.13d).

6.2.1 Scheme definition

In addition to the simplicial meshes 7, let D}', 0 < n < N, be the dual meshes with dual volumes D
formed around the vertices of 7;*. In our setting, the dual meshes D}’ consist of squares and the vertices
of 7, are given by the square barycenters, see Figure 6, left and middle. We let V;"* stand for the space of
continuous, piecewise affine functions on 7,". In the wetting saturation space V;'; ~C V', the values in the

vertices of 7," lying in K are fixed to 0.95, and in those lying in K t00.2. Slmllarly, in the wetting pressure
space V', C V"', the vertex values in K are fixed to 3.45- 106kgm 1572 and in K to 2.41-10°kgm~'s~2.

Finally, D mt'n stands for all the elements of D} not contained in K and K.

The Vertex—centered finite volume scheme reads as follows. Define sgv n € VhO .

the vertices of 7.

s@'ﬁ;l eV, we look for pzfvl;; €V, discretizing the pressure equation (5.2) and realizing (5.3),

by the values of s0 at
Then, for all 1 < n < N and on a given iterative coupling step & > 1, with given

(el )+ Aa(sih ) KVpy ) np
k=1 — ,k—l

+)\r,n(SW7h )KVPC(SVnV,h )np, 1)6D\asl (6.16a)

=0 VD eDP"
Here, D, (s, k= “~1) stands for the function in V;* given by the values pe(s!" ]jj 1), where s"’]gl are the Vertex
values of S" k !, The discretization of the saturation equation then consists in explicitly computing sw n €

Vh,sw by
Sn,k — i ()\ (Sn,k—l)Kvpn,k np 1)

R (6.16b)

n—1 int,n
+ 540> DeD, .
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Figure 5: Reconstructed global pressure ﬁZ’” of (6.12a)—(6.12b) (top left), reconstructed complementary
pressure ;""" of (6.13a)-(6.13b) (bottom left) and their averaged versions p}"*" = Z, (p"*") (top right)
and 77" = T, (") (bottom right) at time 1.3-10%s

On i-th step of an iterative algebraic solver applied to (6.16a), we then obtain the realization of (5.5) in
the form

(s A D) K VR np
+>\r7n(Sz:iil)Kvpc(‘S?vllzil)'nDa l)aD\BQ (6173.)
n,k,i int,n
= _an,D VD € D, ",

whereas (6.16b) becomes the realization of (5.4),
n,k,i . T"

s =
w,D ¢|D|
+ S5 o D e D",

Arw (S:fv’k*l)KVpg’k’i np,1
( h h )aD\aQ (6.17b)

6.2.2 Flux reconstructions and evaluation of the estimators

Let S;_l’", 1 < n < N, be a simplicial mesh, a conforming refinement of all ’szl, Dy, 771”71, and 7,", see
Figure 6, right. For D € D}, we denote by Sp the restriction of 8271’” to D. All the flux reconstructions
will be constructed on RTNq(S; ™).

Following Section 5, proceeding in an equivalent but slightly different way, we first construct the fluxes

d™Re 1R and amké) the sums of the individual phase fluxes. Let 1 < n < N, k > 1, and i > 1. For

wn,h’ “wn,h’ wn
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Figure 6: A dual square mesh D} (left), the triangular mesh 7,” (in red, middle), and the fine triangular
mesh S;' "™ (in blue, right)

Dc D;lm"” and any face e of 8271"” included in @D but not in 99, we set, following (6.17a),

((dps + Lo np, 1)

= - (()\r,w(sgv”lzfl) + )\ryn(sz’7i71))KVpgv’,]Z’i~nD
+ A (e KV (s )mp, 1),

SW
and, similarly but evaluating the saturation terms on the saturation sgl;f obtained from (6.17b),
y
(d7vlv71’177}17,'nD7 1)6
= = (e (SR + A (503 KV mp
+ A (50K VP (508 ) np, 1) .
The fluxes through 9D N 9N are set to zero, in accordance with the Neumann boundary condition (1.4a).

This fixes the face normal fluxes over the boundaries of all D € DZ“"” but not those in the interior of

D e D;Im"”. For this purpose, we follow the equilibration of [71], see the construction of to in Section 4.3.3
in this reference. This gives

) ) 1 .
n,k,i n,k,i o n,k,i
_ (V'(dwn,h + lwnyh), Dk = E(RWILD’ 100 (6.18)
and 1 )
~(V-dyi Vi = 5 Ban by D
for all subsimplices K € Sp, where we set RQ:Z) = —(d?v’:_’}i-np, 1)ap\sq- This corresponds to the localiza-

tion of the mass balance equation (6.17a) over the individual elements K € Sp and simultaneously ensures

that ||lzf,§|| converges to zero as the iterative coupling converges. In particular, (5.6) follows. Similar
to (6.7), we finally define

n,k,i . yn,k,i+v n,k,i+v n,k,i n,k,i
n,h " dwn,h + lwn,h - (dwn,h lwn,h)'

We now split the total fluxes to the phase fluxes dZI;”LZ, lzzz, and aZ:ﬁ’i, a € {n,w}. We employ

the sa’guration/wetting phase balance equation (6.17b). As above, we first prescribe dvnvl,zl + lfvlzz For
D € D™ and any face e of Sﬁ_l’" included in @D but not in 99, we set

(A’ + 15 mp, 1),

= = (Aew(sih DEVRY mp, 1),
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and
(d"”ff np, 1),
= — (A (B KV np, 1)

We then once again following [71, construction of t2 in Section 4.3.3] equilibrate the remaining degrees of
freedom of (A" + l"’k’z)|D and dz’i’zb in such a way that

Sn,k,i o Sn—l
<¢7va A C AR DR ) =0 (6.19)
K
and that . .
n,k,? n7
Sw,D ~ Sw n,k,i o 1 —nk,i
<¢ T™n -V dw h ) - E(RW,D ) 1)K
K
nkyi_  n—1 )

for all K € Sp, where RW’]BZ = —(qﬁw, 1), (dW 5 "np, 1)ap\oq- As for avnv’i’l, we simply set it to

0, as there is no algebraic error associated with the computatlon of the wetting phase approximations. The
nonwetting phase fluxes are then fixed by

un,h = uwn,h - ug,h (620)

and similarly for all d, 1, a.

We are now ready to evaluate/approximate the estimators. We use directly (4.11d) and (4.11c). We
next approximate v, (sl ]Zz,pgiz) by —Ara(s™h l)KVpZ M with Poh i p?vlzz + Pe(sh Z) Then, similar
o (6.11), we approximate the time integral

nﬁ]m ~ { Z Z H>‘ra _VPZ,ZZ

ac{n,w KeT®
dim” (6.21)

2
—Ar,a(s’;zl)mp?iﬁ&} :
n,k,i n,k,i

Finally, as there is no nonconformity, both '), and 1"k 5 are zero, whereas it follows from the

equilibrations (6.18) and (6.19) that ng’]}ia are close to zero. Thus we can approximate

”’“~{ oo Y Ny

ac{n,w KeT!
el (6.22)

+>\r a( )Kv nﬁkﬂZ”K} .

It is to be noted that these estimators take the same form as those obtained in [19] (therein, no simplifications
have been made).

6.2.3 A simplified evaluation of the estimators

. . . . ki qnk, ki .
The above evaluation of our estimators relies on the flux reconstructions d ;" ot 1L . ay " ae{nw} Asin

Section 6.1.4, but here still in a more direct way, the physical constructions of these fluxes can be completely
avoided. All these flux reconstructions are in the RTNO(S,?_L") space. Let us likewise approximate
Ara (SR OKVPEE) i and (Ao (i YK VL, k in the space RTNo(K), for all K € Sp~ " We do so
by preserving the normal fluxes over all faces of every K (these are the degrees of freedom in RTNg(K)).
Then all we need to evaluate are the L?(K) norms of vectors from RTNo(K), K € Sp~"". Let v), €
RTN(K), vi = Y ce, Beve. Here e are the degrees of freedom, the face fluxes (ving,1)., and v, are
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the basis functions, v, = (x — a,), where a, = (ae,be)! is the vertex of K opposite to the face e. Let

1
2[K]
x5 = (zf,yy)" stand for the barycenter of a face e. Then it easily follows that

2
1
Vel = 2K { ( > Belwy - ae)>
fe€€K

ecli

+ (Z ﬂe(yf be)) }7
e€fk

using that the three-point face-barycentric formula is exact for polynomials of order two. Thus, it is enough
to obtain the degrees of freedom (face normal fluxes) for all the concerned fluxes, which is straightforward,
and then to use (6.23) in order to evaluate all the estimators.

(6.23)

6.2.4 Computational performances, uniform meshes

We test here the computational performances of our iterative coupling approach. We start by a setting
similar to Section 6.1.5. The spatial mesh is thus fixed, uniform 50 x 50, and the time steps likewise fixed
and of size 10*s; bigger time steps seem to block the convergence of the iterative coupling. The unrestarted
GMRes with Jacobi preconditioning is employed. The adaptive approach, with adaptive stopping criteria
with vale = Min = 0.001 and this time v = 5, is compared with the classical one, where the GMRes iteration
in (6.17a) is continued until the relative algebraic residual becomes smaller than 10713, and the iterative
coupling is only stopped when (6.15) is satisfied. We use the simplified evaluation of the estimators of
Section 6.2.3.

In the left part of Figure 7, we track the dependence of the different estimators on the GMRes iterations
for the second iterative coupling step at time 2.6-10%. 215 iterations are necessary in the classical case
versus 20 in the adaptive one. In the right part of Figure 7, the different estimators are then plotted as
function of the iterative coupling iteration. Only 3 iterations are needed in the adaptive case, versus 10 in
the classical one.

Figures 8 and 9 then assess the overall computational performances of the two approaches. Figure 8
plots the GMRes relative algebraic residual on each time and iterative coupling step (left) and the number
of iterative coupling iterations on each time step (right). We can see that much higher (lower, respectively)
numbers are sufficient in the adaptive case. Figure 9 then gives the number of GMRes iterations for each
linear system solved (left) and the cumulative number of GMRes iterations as function of time (right).
Overall, 18-times less total GMRes iterations are needed in the tested case.
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6.2.5 Computational performances, adaptive meshes

We finally test the iterative coupling vertex-centered finite volume approach in the fully adaptive case, relying
on all (4.13a)-(4.13d). In fact, the local version of the stopping criteria (4.13a)—(4.13b) of Remark 4.3, with
Yalg = Yin = 0.01, was used. As before, the unrestarted GMRes with Jacobi preconditioning was employed.
The initial time step was 71 = 5 - 103s; after 20 time steps, it has been brought to 10%s. The time error
is not dominating; these time steps are chosen as they ensure the convergence of the iterative coupling.
The initial spatial mesh was uniform 15 x 15 and was refined and derefined at each time step in order to
achieve (4.13d). More precisely, it turns out that better results are achieved when the adaptivity is driven
by the water phase components only, & = w in (6.22). At most two levels of refinement, where each square
can be refined into 9 subsquares, are allowed for this test case. Examples of the resulting adaptive meshes
are given in Figure 10. We can see that they follow very nicely the saturation front. More importantly, the
final result matches in quality the one with the finest meshes employed uniformly over the whole space—time
domain, for a several times smaller computational price. A detailed study of the adaptive mesh refinement
case will be presented elsewhere.

7 Conclusions
In the present paper, we have developed a comprehensive framework for a posteriori error control and

adaptivity for the immiscible incompressible two-phase flow in porous media. This framework covers various
formulations, numerical methods, linearizations, and linear algebraic solvers. An important use of our results
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Figure 10: Wetting saturation on adaptively refined meshes at times 1.3-10%s, 2.6-10%, and 4-10%s

is in adequate stopping of the iterative algebraic solvers and iterative linearizations. Still relying on fixed
spatial and temporal meshes, speed-ups by factors of tens can be achieved. Unlike the usual stopping criteria
employing the L?-norm of the relative algebraic residual or the L>-norm of the differences of the nonlinear
iterates, our estimates and criteria are expressed in a unified way relying on the common language of the
phase fluxes. With spatial and temporal meshes adaptivity, where error localization plays a crucial role,
still more important computational savings can be achieved through a wise usage of the computer resources,
while controlling the overall error. Applications to more complex settings, elaborate solution strategies, and
further model problems such as compositional flows will be presented elsewhere.
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