An A Posteriori Error Estimator for a Finite
Volume Discretization of the Two-phase Flow
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Abstract We derive a posteriori error estimates for a multi-point finite volume
discretization of the two-phase Darcy problem. The proposed estimators yield
a fully computable upper bound for the selected error measure. The estimate
also allows to distinguish, estimate separately, and compare the linearization and
algebraic errors and the time and space discretization errors. This enables, in
particular, to design a discretization algorithm so that all the sources of error are
properly balanced. Namely, the linear and nonlinear solvers can be stopped as soon
as the algebraic and linearization errors drop to the level at which they do not
affect to the overall error. This can lead to significant computational savings, since
performing an excessive number of unnecessary iterations can be avoided. Similarly,
the errors in space and in time can be equilibrated by time step and local mesh
adaptivity.

Keywords Finite volumes, a posteriori error estimates, darcy model, fully com-
putable upperbound, twophase flow.
MSC2010:65M08,65M50,76S05.

1 The two-phase flow model

Let 2 Cc R4, d > 1, denote a bounded connected polygonal domain and let 7z > 0.
Let w denote the wetting phase (e.g., water) and o the non-wetting phase (e.g., oil),
and let there be given sources f,, fi, € L?((0,#); L?(£2)) and a (constant) porosity
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¢ € (0, 1]. We consider the two-phase flow (see, e.g., [3]): Find U := {P, S,, Sw},
with P the pressure and S, p € {o, w}, the saturations, such that

3t(¢So) +V. (VO(P7 So)uo(P’ So)) = fo in £2 x (0, tr),
at((PSw) + V- (wu(P, Sw)uy (P, Sw)) = fw in £2 x (OJF)’ (1)
So+Se =1 inx(0 ).

For p € {o,w}, v, denotes here the mobility of the phase p defined as the ratio
of the relative permeability to the viscosity. In (1), u, and u,, are such that

u,(P,S,) :=—-KV (P + Pcﬁp(Sp)), for p € {o,w},in 2 x (0,75), (2)

where P ,(S,) is the capillary pressure and K denotes a piecewise constant,
uniformly elliptic tensor-valued field corresponding to the absolute permeability.
To find some example of the physics laws (capillarity pressure, phase mobility) or
of the absolute permeability see [7].

Problem (1) is complemented by the initial conditions:

So(-,0) = S? and P(-,0) = P°, in £, 3)
as well as by no-flow boundary conditions:
u,(P,S,) ng =0, in 982 x (0, tg). ()

The purpose of this paper is to propose fully computable a posteriori error
estimates for the discretization of (1)—(4) by cell-centered finite volume methods
in space and the backward Euler scheme in time. In particular, we consider the
multi-point finite volume method proposed in [1]. Using a dual error norm is
motivated by, e.g., [8]. Developing the ideas of [4-6, 9], we in particular separate
the estimate into contributions representing the space discretization error, time
discretization error, linearization error, and algebraic error. Then, at each time
step, the linearization algorithm and the iterative algebraic solver can be stopped as
soon as the corresponding errors no longer affect the total error, and space and the
time errors can be equilibrated.

2 Discretization by the finite volume method

2.1 Notations

Let .7 = {T} denotes a partition of £2 into simplices or rectangular parallelepipeds
(the extension to general polygonal meshes is possible via the introduction of
simplicial submeshes). For rectangular parallelepipeds, we further assume that K
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is diagonal to perform H (div; £2)-conforming reconstructions. For every element
T € 7, we denote by |T| its measure and by A7 its diameter. Let # = {0} be
the set of faces of the mesh and, forall T € 7, set #r := {0 € % | 0 C T}
The time discretization is defined by a strictly increasing sequence of discrete times
{t"Yo<n<n such that 1 = 0 and t¥ = . For 1 < n < N, we define the time
interval 1, := (¢"~',¢"] and the time step " := ¢" — ("~

2.2 The finite volume scheme

The discrete problem reads: Forall 1 <n < N,all T € 7, and all p € {o, w}, find
U7 = {P},S), Sy r} such that

\T] [ n " n ”
e (SpT =S Tl) + D Py Sirio) Frre = for = 0. ()

o€

where f'r = (f,, Dr and f = & frn o fp(t)dt. We set PP := (P° 1)r /|T|,
S(?T = (Sg, D)r/|T|, and impose S]  + S}, 7 = 1 forall0 < n < N.Furthermore,
Fore = Fpro ({U%.}.#,) is a multi-point approximation of the flux of the phase p
leaving 7' € .7 through the face o0 € .#r that depends on the unknowns associated
to the elements of the face stencil ., C 7. The numerical flux is assumed to

be conservative, i.e., for all internal faces o C 97 N 87>, there holds F”"

p.Ti0 =
—F" P The upwind cell T*(o) is equal to 77 if Fp Tie = 0, to 7> otherwise.
For boundary faces o C BT N 52, F, 1, = 0 to honor the no-flow boundary

condition (4), and we can leave T, (o) undeﬁned

Forall0 <n < N and T € .7, the unknown S, ;. is eliminated using the local
volume conservation equation SO,T + SW,T = 1. We introduce the reduced set of
unknowns U" := {P",S}}, where P" = {P7}res and S) = {S] }res. With a
little abuse of notation, for a function £(Sy), we write £(S,) to mean &(1 — S,).
As a consequence, vy (S,) and P,y (S,) are equal to vy (1 — S,), Pew(l — S,) and
u, (P, 1 — S,) respectively. Equation (5) becomes, forall 1 <n < N,allT € 7,
and all p € {o,w}

D", (U") =0, with, (6)
D1 (@) = ¢ L1y sy Piy .
,,,T( )= ¢r_”(_ ) (Sor — )+Z vy( T*(a)’ oT*(a)) pTa_fp,T’
o€
7

where j = 1if p = w and 0 otherwise.
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2.3 Linearization

Problem (6) is a system of nonlinear algebraic equations that can be solved using
the Newton algorithm. For a fixed 1 < n < N, let U" * be given (typlcally,

ﬁn’o = ﬁn_l). For 1 < k, anew estimate Un is computed from the previous U
by solving the following system of linear algebraic equations: For all T € .7 and
all p € {o,w},

aDn e} i1 <5371,
> (O -0 = @ @)
Uz
T'eT T
where ﬁ’;’ ={P}", k S k} denotes the approximate solutions in 7" at the n-th time

step and k-th Newton iteration. We suppose that (8) is solved using an iterative

linear solver. For a fixed 1 < n < N and k > 1, let T be given (typically,
k0 n k—1

U” ). Then, at a given step i > 1, we have, forall T € 7 and p €
{O,W},
aD’;;T —nki k-1 n gkl nk.i
o (T =07 + 00, @) =Ry )
g OV
where RZ:I{T‘i is the algebraic residual, while ﬁ;’k’i = {Pp*, S;’;f’} denotes the

approximate solution at the n-th time step, k-th Newton iteration, and i-th linear
solver iteration.

3 A posteriori error estimate

3.1 Space-time approximate solutions

Let, for 0 < n < N and p € {o,w}, S;,h be the piecewise constant function
such that S, ;7 = S,7 forall T € 7. We introduce the space-time function
S, e continuous and piecewise affine in time, and such that S, ;. (t") = S ; , for
0 < n < N.Inorder to give a meaning to the gradient operator appearing in (2), we
need to postprocess the approximate cell pressures { P} } re o and capillary pressures
{P pT}TGg, PCPT = Pc,p(S;,T), p € {o,w}. As in [5, 6, 9], we introduce an
elementw1se postprocessing of { P7}res and {P, r}res, | < n < N, yielding
piecewise quadratic functions P” and P” o (Ph is given by a projection of the

initial pressure P%. As for the saturations, th and PC .p.hr are the space-time
functions, continuous and piecewise affine in time, and such that Pp,hr @t = P”
and P; 5 (t") := P, ;- respectively.
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3.2 Error measure

Set X = L*((0,tr); H'(22)). For ¢ € X, let |o|% = [i" [IVe|>dt and
|| denotes the L?-norm on 2. We suppose that the solution (P, S,,Sy) of
the problem (1)-(4) has the necessary regularity to permit the following weak
formulation characterization: For all ¢ € X, and all p € {o, w},

/0 06S5,).0) — (v (P. Sy (P.S,). Vo), — (fp@)aldt = 0. (10)

The aim of the following measure is to evaluate the residual of the approximate
solution and the nonconformity of the approximate pressure (i.e., the facts that
(P;”, onts Sw.iz) do not satisfy (10) and that Pp. ¢ X in general) Note that if
S, »r coincide with S, p € {o, w}, and P;” with P, the error measure equals zero:

”I(Sp - S]?,h‘ﬁ pP— Phr)|||

= sup /0 § (0:(Sp) — 0 (dSpie), )

peX. llollx=1

(1D

- (UP(P, Sp)up(Ps Sp) - vp(ﬁhrs Sp,hr)up(ﬁhrv Sp,hr)s V(P) dr

1

+ inf
sex

IF _ B
/ H Up(Phta Sp,ht)up(Phra Sp,ht) - Up(Sa Sp,ht)up(87 Sp,hr)”z dt}
0

3.3 A posteriori error estimate

We let RIN(T) := [Po(T)]¢ + Po(T)x and RTN(T) := [Po(T)]¢ + [Po(T)]x,
on simplices and on rectangular parallelepipeds respectively, and we introduce the
Raviart-Thomas—Nédélec space

RTN(.7) := {v; € H(div, 2) | vijr € RTN(T), ¥T € T}.

Following [2,4, 5, 9], in order to obtain an estimate on (11), we introduce for 1 <
n < N and p € {o,w} the flux reconstructions 6’,, € RTN(7) such that for
1<n<N,TeZ,T'e I, (TNT =or7),and p € {o,w},

(0007 loyyrs Doy = UP(PT*(U)’ S(’;Tl(a)) pTo (12)

The following local conservation property is obtained by the Green theorem from (6)
and (12):
(fpn _at(¢Sp,hr)_ phvl)T =0. (13)
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Let us now define the residual estimators ny ¢ » the diffusive flux estimators
1pE,1,p» and the nonconformity estimators 1y r. , as

o = Sy 0 @Spe) VOl
Mo O = |0 = 5 (Prc Spap (Pres Sp) )] (14)
Mer,®) = | Vp(Phes Spne Wy (Prc, S ) (0) = p Ses Spne Y Sy Spe) (1) 1 -
Here 6, € X is continuous and piecewise affine in time and such that 6, (") = 47,

with 6} := ﬂm( i) forall0 < n < N; .7, is an averaging operator as in [5,6,9].

Theorem 1 (Guaranteed a posteriori error estimate). Let p € {o, w}. Then

|||(Sp - phrs P — Phr)”l =< {Z/ Z (f)RTp + nDFTp(t))zdt§

Inreg (15)

l

Z/ Z(nNCTp(Z)) dl}

Inres

Proof. The proof is straightforward using the definition of the error measure (11)
and following the techniques of [5]. The second term in (15) clearly issues from the
second term in the right hand-side of (11). We thus only have to prove that the
first term is an upper bound on the first term in the right hand-side of (11).
Let ¢ € X, |l¢llx = 1,and p € {o,w}. Set w, 1= v,(P,S,)u,(P,S,) and
Wphe i= U(th, » ;”)u,,(PhT, ».ir)- Then using the characterization of the weak
solution (10),

/0 (0 (@S,) — 0 ($Spe)s @) — (Wp — Wpe, V) }dt

- /0 Ay = 9 @S- 0) + (Wpe. Vo)L,

Letnow 1 <n < N be given. Adding and subtracting (0;,},, V@), using the Green
theorem, the local conservativity property (13), the Poincaré inequality, and the
Cauchy-Schwarz inequality, we obtain

(fps @) — (at(¢Sp n)s @) + (wp,hrs Vo)
= (fp - at(¢Sp,hr) V-6’ pho @) + (Wp ht — 0’;,,],, Vo)
f _at(¢Sphr) V0" ph P — HO‘/’)"'(thr_aph,V(P)

> iy, + e, OVl
TeT

IA
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where Iy denotes the L?-orthogonal projection onto piecewise constants on .7 .
The assertion follows by the Cauchy—Schwarz inequality and by ||¢|x = 1. O

3.4 Identification of different components of the error

Letl <n <N, T € Z,and p € {o,w}. In Section 2.2, we define the nonlinear
system (6) and we solve it in Section 2.3 using an iterative solver for the Newton
algorithm. Let assume we are at the n-th time step, k-th Newton step and i-th
linearization step. We introduce the following notations:

K. 7| e k=1 n—1 ki, k=1 gnk—1 K
AZ,TI = ¢r_” I:(S;,Tl - S;,T ) — Sp,T ] , B;,T,:r = VP(P;I;(U) ’S;,T;(U))F;,T,(II‘
The linear system (9) is then equivalent to the following sum of diagonal terms and
face fluxes:

aA;;:l;:i aB;:l;:; n k=l n.k,i
a0 > U +D, U7 ) =Rz (16)
T oeFr T'eSy T

Let us now define a linearization flux F;i' € RTN(.7) and algebraic solver flux
n.k.i —n ki

r;," € RIN(.7) such that 0';}@’ =0, + r';)],i’ and such that

; Bk ‘ ‘
—n ki T, K, k,
05 07 loyr Doppr = Y ﬁTf’ and (V-r)5 " Dy = —Ry7. (17)
T e Ir

Note that y};i' is fully specified; r;:];’i can be constructed as in [6]. This gives

—n ki

(fy = 0u(@Sy3 )=V 0,5 Dr =(V-r3 " Dr,  pefowh (18

We can now define the same estimators as in (14) and we have:

n.k.i n.k.i n.k.i n.k.i n.,k.i n.k.i

ki
nR,T,p + nDF,T,p(t) + nﬁC,IT,p(t) = ntm,T,p(t) + nsp,T,p(t) + nlin,T,p(t) + nalg,T,p’

with

Tt o 0= |0 (PR Sk (B SEL @ =0, (B4 S, (B sk

ki . ki ki

Mo, () =1R7, + maer, ), (19)
ki . 5.k ki 5.k ki ki

r’;lin,Tl.p(t)': 0 UI’(Phn l’ S;,h l)uP(P}:l l’ Sgh - op,h T’

ki, i
Uzlg,lr_,,:lll”}, .
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3.5 Adaptive algorithm

To solve the nonlinear system (6), let us introduce the following algorithm, for 1 <

n<N.

1. Choose initial saturations S"* and pressures P"? according to (3). Typically, we
putS*0 = Sl and P"0 = P"~!. Setk = 1.
2. Setup the hnear system (8).

a.

b.

Choose some initial saturation S/** and pressure P"*. Typically, we
let S1*0 = §m4k=1 and P40 = Prk=1 Seti = 1.

Perform a step of a chosen iterative method for the solution of (8),
starting from 8%~ and P"*/~!_ This gives approximations S"** and
Pn,k,i.

Postprocess locally the pressures P"-</.

Construct the fluxes 52:’,{1’1 € RTIN(Z), p € {o,w}, according
to Section 3.4.

For p € {o,w}, from the algebraic residual vectors RZ”"" construct the

fluxes r”’ ];’ € RTN(.7), as described in Section 3.4.
We evaluate all the indicators (19)and define their global versions by
their Hilbertian sums. The convergence criterion for the linear solver is:

k, k, k,
My < Va4 Moy + 1), pefo.wh.  (20)

Here, 0 < yag =< 1 is a user-given weight, typically close to 1.
Criterion (20) expresses that there is no need to continue with the
algebraic solver iterations if the overall error is dominated by the other
components. If (20) is reached, set S/ := Sk and P"* := Pk If
not,i :=i 4 1 and go back to step 2(b).

3. The convergence criterion for the nonlinear solver is:

Mt < Vin (S + ms). P € {o.wh. 1)

Here 0 < yu, < 1 is a user-given weight, typically close to 1. Criterion (21)
expresses that there is no need to continue with the linearization iterations if the
overall error is dominated by the other components. If criterion (21) is reached,
finish. If not, k := k + 1 and go back to step 1.

Additionally, for all 1 < n < N, the space and time estimators 7g, , and 7, ,
should be made of similar size.
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