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Abstract

We consider in this work thermal multiphase multicomponent flows in porous media. We derive
fully computable a posteriori error estimates for the dual norm of the residual supplemented by a
nonconformity evaluation term. The estimators are general and valid for a variety of discretization
methods. We also show how to estimate separately the space, time, linearization, and algebraic
errors giving the possibility to formulate adaptive stopping and balancing criteria. Moreover, a
space-time adaptive mesh refinement algorithm based on the estimators is proposed. We consider
the application of the theory to an implicit finite volume scheme with phase-upwind and two-point
discretization of diffusive fluxes. Numerical results on an example of real-life thermal oil-recovery in
a reservoir simulation illustrate the performance of the refinement strategy and in particular show
that a significant gain in term of mesh cells can be achieved.

Key words: a posteriori error analysis, adaptive mesh refinement, compositional Darcy flow, thermal
flow, finite volume method

1 Introduction

The thermal multiphase compositional model in porous medium describes the flow of several fluids
through a subsurface under a non-isothermal condition. The governing equations are the conservation of
the amount of each component and the conservation of energy, which are partial differential equations,
supplemented by algebraic equations expressing the conservation of volume, the conservation of the
quantity of matter, and the thermodynamic equilibrium, see [18, 19, 14].

Thermal models are especially important for simulation of the enhanced oil recovery, where the in-
crease of temperature reduces the oil viscosity which in turn improves mobility and makes the production
easier and leading to better recovery indexes. Several methods of thermal simulation have been consid-
ered. We can cite, e.g., the recent works [35, 17, 41, 39, 33, 38, 20, 36]. Thermal processes play also an
important role in the modeling of geothermal reservoirs, see, e.g., [40] and the references therein.

A mathematical structure of multiphase thermal models of flow in porous media is proposed in [47].
The authors give a formulation and numerical solution of equations for modeling multicomponent, two-
phase, thermal fluid flow in porous media. For this purpose they develop an algorithm that achieves a
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better balance between stability and accuracy. This approach was used previously for reservoir simulation
of black-oil model [9] and also for compositional models [8]. Recently, it has been proposed in [10, 36]
to formulate the phase transitions as a set of local inequality constraints and use the complementarity
approach.

Many numerical methods have been proposed for the discretization of the multiphase compositional
model: finite differences and finite element methods in, e.g., [3, 7, 18, 50], mixed finite element methods
in, e.g., [24, 13, 15, 16], finite volume methods in, e.g., [34, 37, 30, 5, 1, 4], and recently vertex-centered
methods on general 3D meshes in [29]. Many adaptive mesh refinement algorithms have been considered,
cf. [31, 26, 17] for dynamic griding to thermal and isothermal models, and other recent works, cf. [46,
44, 39, 41, 33, 38, 42, 43].

The discretization of the thermal multiphase multicomponent model leads to a nonlinear, strongly
coupled systems of differential and algebraic equations. The resolution of these systems requires an
important computational effort. Therefore, proposing an adaptive algorithm to optimize this resolution
holds a special interest in reservoir modeling. To the best of our knowledge, this work is the first to
develop a posteriori error estimates to control the error and stopping criteria for the iterative algebraic and
nonlinear solvers for the general version of the thermal multiphase compositional model. We follow [49,
12] where a rigorous a posteriori error analysis for the immiscible incompressible two-phase flow was given
under the assumption that the flow process is isothermal, and [22], where a generalization to arbitrary
number of phases and components, still in the isothermal case, was done.

The paper is organized as follows. Section 2 details the unknowns and the physical properties related
to the general thermal multiphase compositional model and describes the governing equations that
constitute the mathematical system of the model. In Section 3 we consider a discretization of the
thermal model based on the two-points finite volume scheme in space and the backward Euler scheme
in time. Linearization by the Newton method and algebraic resolution by an arbitrary iterative solver is
also discussed. In Section 4 we postprocess the original phase pressures and temperature and we devise
their H} (Q)-conforming reconstructions, as well as H (div; Q)-conforming fluxes needed in the a posteriori
analysis. In Section 5 we introduce the weak formulation of the problem, define the corresponding error
measure, and derive the a posteriori error estimate. Section 6 finally illustrates the numerical results on
an enhanced oil recovery thermal process for heavy oil. We show results corresponding to adaptive mesh
refinement strategy saving an important number of mesh cells during the simulation, without affecting
the precision of the resolution.

2 The thermal multiphase compositional model

We consider the flow through a porous medium of several fluid phases, each composed of a finite number
of components from a given set. Mass exchange between phases as well as thermal effects are accounted
for. The precise formulation we use extends that of Eymard, Guichard, Herbin, and Masson [29] based
on the original paper of Coats [19]; see also [32] and [22].

Let Q C R?, d > 1, denote a bounded connected polygonal domain with boundary 92, and let tz > 0.
In petroleum-related applications, €2 typically represents a reservoir, while ¢ is the simulation time. We
denote by P = {p} and C = {c¢} respectively the set of phases and components. A synthetic description
of the fluid system is given in terms of the component-phase matrix M = [m¢peec, per € {0, 1}¢7 such
that, for all c € C and all p € P,

{1 if the component c is contained in the phase p,
Mep =

0 otherwise.

Given the component-phase matrix, we can define, for all p € P, the set of components present in the
phase p as C, = {c¢ € C; m, = 1}. Conversely, for each component ¢ € C, the set of phases containing ¢
is given by P. = {p € P; mcp = 1}.

2.1 Unknowns

The unknowns of the model are (i) the reference pressure P; (ii) the temperature T'; (iii) the saturations
S = (Sp)pep, representing the fraction of the pore volume occupied by each phase; (iv) for all p € P,
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the molar fractions of the components present in p, C}, := (Cp.c)cec,. The unknowns of the model are

collected in the vector
P

T
(Sp)peP
(Cp,C)pGP,cecp

X =

Finally, for each phase p € P the (average) phase pressure is given by
P, =P,(P,S):= P+ P. (S), (2.1)

where P, (S) is a generalized capillary pressure.

2.2 Fluid and medium properties

The porous medium is characterized by the following properties (the usual dependency on the unknowns
is provided in brackets): (i) the porosity ¢; (ii) the symmetric tensor K of absolute permeability; (iii) the
thermal conductivity A; (iv) the rock energy e.(P,, T, Cp); (v) the rock molar density .. These properties
can additionally depend on the space variable when heterogeneous media are considered, but it is assumed
for the sake of simplicity that the dependence on time is only via the variables of the model. Next, each
fluid phase p € P is characterized by the following properties: (i) the molar density (,(P,,T,C));
(ii) the mass density p,(P,, T, C}); (iil) the viscosity p,(Py,, T, C)); (iv) the relative permeability ky ,(S);
(v) for all ¢ € Cp, the fugacity f.,(Pp,T,C,); (vi) the phase enthalpy H,(P,,T,C}); (vii) the phase
internal energy e,(Pp,, T, C,). It is also convenient to define for each phase p € P the mobility given by
vp(Py, T, 8, Cp) i= (P, T, Cp) (520

2.3 The thermal multiphase compositional model

We summarize in this section the equations that govern the non-isothermal multiphase compositional
flow. For each component ¢ € C, we let [, denote the amount (in moles) of component ¢ per unit volume
given by

=6 Y (B, T,Cp)SCpe- (2.2)

pEP.

The conservation of the amount of each component is expressed by the following system of PDEs:
Ofle + V- @, = qe, Veel(, (23)

where, for each ¢ € C, q. € L*((0,tr); L%(£2)) denotes a source or sink and the component flur ®. has
the following expression:

Bo= Y B0, By =,0(P,T.5,Cp) i=1,(B,, T, 8,Cp)Cp v (P, T, Cy), (2.4)
pEP.

with v, denoting the average phase velocity given by Darcy’s law (in the following, g denotes the gravity
vector acting along —z and g its Euclidian norm),

vy = 0y(5, T,Cp) := =K (VF, — pp(Pp, T, Cp)g) = “K(VP, + pp(F, T,Cp)gVz) . (255)
The molar energy per unit volume is given by

eg =ey(X)=¢ Z (B, T, Cp)ep(Bp, T, Cp) Sy + (1 = §)Gren (B, T', Cyp). (2.6)
pEP

The conservation of energy is then expressed by the following scalar PDE:
Oren + V@ = Qum, (2.7)

where Qg € L?((0,tr); L?(£2)) denotes a thermal source or sink and

Bp=J+) ®pu (2.8)
peEP
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with Fourier flur J = J(T) := —AVT and phase enthalpy fluzes given by
Qp 1= 1p(Pp, T, 8,Cp)Hy(Py, T, Cp)vy (P, T, Cp).
For the sake of simplicity, we assume no-flow boundary conditions,
P,.ng=0forallceC and Ppy-ng=0o0nadNx(0,tr), (2.9)

where 02 denotes the boundary of 2 and ng its outward normal. At ¢ = 0 we prescribe the nitial molar
energy and the initial amount of each component by setting

ex(0)=¢€%,  1.(,0)=12 Vecec. (2.10)
The system is closed by the algebraic equations

> S, =1, Y Cpe=1 VpeP, (2.11)

peEP ceCyp

and enforcing the thermodynamic equilibrium expressed by > . (Np.—1) = >_ p Nc, —Nc inequalities
of fugacities (we have used the notation Ny for the cardinality of the set X).

To fix the ideas, we now present an example of a thermal multiphase multicomponent model which
is the case considered in the numerical experiment of Section 6 below. It is the thermal Dead Oil model
a steam-assisted gravity drainage process (SAGD), a technique of steam injection designed to increase
the oil mobility.

Example 1 (Dead Oil model). In the Dead Oil model we have three phases: the oil phase, the water
phase, and the steam phase, represented respectively by lowercase indices (w,0,s). We use also the
uppercase indices (W, O) to represent the two components of the model: water and oil, respectively. The
system of governing equations consists of the mass conservation equation of the water component

O (A(CwSw + G:55)) + V- (rwvw + vsvs) = qw,
of the mass conservation equation of the oil component
9¢(¢G0So) + V:(rovo) = qo,
and of the energy conservation equation
Oeg + V-(u— AVT) = Qpn.

Here,

eg = ¢e+ (1—9¢)(Gre., e:= Z CpepSp, U= Z vpH,v,.
pe{w,o,s} pe{w,o,s}
The algebraic closure equations are stated as follows: the volume conservation gives

Sw+ S0+ 855 =1,
the structure of the model together with the conservation of the quantity of matter imply
Cow =Csw=Co0 =1,
and the thermodynamic liquid—steam equilibrium relation reads
SSSW(T_Tsat(P)) =0.
We consider no-flow boundary conditions prescribed for the component fluxes,
(VwVyw + Vs0s) - g =0, on 9 x (0,tp),
(Vovo) - g =0, on 9 x (0,tp),
and also a condition of no-flow for the total energy fluz,
(=AVT +u) -ng =0, on 00 x (0,tp).

Finally the initial conditions are fixed as

eH('u 0) = 6%7

d)(Cwa + CSSS) = l%\/a
$CoSo = 1.
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3 Discretization and resolution

We consider here a discretization of the thermal multiphase compositional model of Section 2.3 which
naturally extends the scheme of [22, Section 2.2] to the non-isothermal case, see also [32].

3.1 Space-time meshes

Let (7n)1<n<n denote a sequence of positive real numbers corresponding to the discrete time steps such

that tp = 25:1 Tn. We consider the discrete times (£")o<n<n such that t := 0 and, for 1 < n < N,

t" := 3" | 7; then we define the time intervals I,, :== ("1, ¢"). For a function of time v with sufficient
regularity we let v™ := v(t"), 0 < n < N, and, for 1 < n < N, we define the backward differencing

operator

1

ofv = T—n(v” — " h

that we shall use for both scalar- and vector-valued functions.

Let (M™)o<n<n denote a family of meshes of the space domain . For every element M € M™,
we denote by |M] its d-dimensional Lebesgue measure and by hjps its diameter. For 0 < n < N, we
denote by £" the set of mesh faces. Boundary faces are collected in the set £ := {0 € £"; o C 90}
and we let £ == €7\ EP". We let also €y denote the faces of an element M € M™ not lying on
0Q. For an internal face 0 € £ we fix an arbitrary orientation and denote the corresponding unit
normal vector by n,. For a boundary face o € £>", n, coincides with the exterior unit normal ngq
of Q. We assume that the family (M™)o<,<n is super admissible in the sense of [27, Definition 3.1].
Super admissibility requires that for all cells M € M"™ there exists a point xy; € M (the cell center)
and for all faces o € £™ there exists a point @, € o (the face center) such that, for all faces o lying on
the boundary of M, the line segment joining »; with x, is K~ !-orthogonal to . Common examples of
super admissible meshes are Cartesian orthogonal grids (for diagonal permeability tensor K) or matching
triangular meshes that satisfy the (strict) Delaunay condition. In what follows we let, for all M € M™
and all o € 5]1\’;, dpro = dist(xpr, x,) and K, =K - n,.

3.2 Two-point finite volume discretization

In the context of two-point finite volume methods, the unknowns of the model are discretized using one
value per cell: For all 0 <n < N we let

Pry

Ty
X o= (X7 n X =
M ( M)IVIGM ’ M (S;L,M)peP
(Cg,c,M)pEPCGCp

VM € M".

For all time steps 0 < n < N and all M € M", the discrete phase saturations are collected in the

vector S = (SI’} ) pep while, for all p € P, the discrete molar fractions are collected in the vector
poar = (C) . ar)eec, - The initial condition (2.10) is augmented to
Xm(-,0) = Xy, (3.1)

with X/?A resulting from a steady-state equilibrium computation. For each phase p € P, the corresponding
phase pressure inside each cell M € M™ at time step 0 < n < N is given by

Pov = P (Pay, Shp) i= Py + Pe, (Shy)- (3-2)

The PDEs (2.3) and (2.7) expressing, respectively, the conservation of the amount of each component
and of energy, are discretized by requiring, for all 1 < n < N and all M € M™,

P (XR) = IMIOPless + Y Fenro(XRy) = [M|qly =0,  VeeC, (3.3)
0'653\’;

Ry (X)) = M0 e+ 3 (Frno(Xie) + Grro(X30)) = [MIQfar =0, (3.4)
Ueﬁ';v’;"
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where ¢7 = [ [iyac/(IM|70), Qs = [; Joy Qer/(|M]|72), and the accumulation terms are given,
for all 0 < n < N, by the following discrete versions of (2.2) and (2.6), respectively: For all M € M™,

l?,M lc M(XM - ¢ Z Cp Pg?MvTMa )SnMCn,qM Ve € Ca (35)
pEP.

n7 — i n = » 2;7; , 3 , n7 'I’l7 ep I’:T; , mn , o, _ rEr . , , v, .

€pr = enm (Xnyp) : ¢ZC(P a Tar Cp ) Sy e (Bpnrs Tag, Cpar) + (1 — @) Geen (P ars Thy, Cp ar)
pEP

(3.6)

The total flux of a generic component ¢ € C across an interface o results from the sum of the corresponding
fluxes for each phase p € P, i.e.,

Fonto(XR0) == > Fpenro(Xi), (3.7)
pEP.

and, similarly, the flux Fiy pr,» is given by the sum of the fluxes for each phase p € P, i.e.,

Fromo(Xiy) : ZFPH]\/IU(XM) (3.8)
peEP

where, for a given phase p, any M € M™, and any o € S}VI” with o = OM N OL,
Fpemo(X3y) =V, ( )Cn MTF Mo (XR), Fy im0 (X3y) = (X )H MTFP,M o(Xr), (3.9)

with phase upstream cell

Mt — M Py - P >0,
L otherwise,

and Cp,c MTa H;,M;’ and V;(X/T\L/l) = VP(P:MfaTJT\/[T? 71\L/I;ac MT)

molar fractlon, upstream enthalpy, and upstream mobility. In (3 9), we have introduced the two-point

finite volume approximation of the normal component of the average phase velocity on ¢ given by

denoting, respectively, the upstream

g

n n n K
[Pp,M - Pp7L + pp70'g (ZM - ZL)} ) QR = = VK € {MvL}a (310)

F,
dKG‘

p.Mo(Xhy) =

AN,
o ML
M+ ar

where pj , is an interface mass density of the phase p obtained by averaging the cell values in M and

L; cf. [22] for further details. Finally, for all M € M"™ and all o € 511\’4" with ¢ = OM N OL, the discrete
Fourier flux G, is given by

BmBL
Bum + Br

All boundary fluxes are set to zero to account for the homogeneous natural boundary condition (2.9).
To close the system, we enforce, for all 1 <n < N and all M € M",

Y Spm=1 Y Croy=1 VpeP, (3.12)

pEP ceCyp

Ty —TP),  PBx = Ax VK € {M,L}. (3.11)

G () = o] 5 2% o

and require that the thermodynamic equilibrium expressed in terms of (Z Ne, — Nc) equalities of

pEP
fugacities is satisfied in each cell. For further details we refer to [22] and the references therein.

3.3 Linearization and algebraic resolution

The discretization method of Section 3.2 requires to solve a system of nonlinear algebraic equations at
each time step, which we do using the Newton algorithm. For 1 < n < N and X}\l,’lo fixed (typically,
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Xfao = X\ '), the Newton algorithm generates a sequence (Xf\l,[k) k>1 with XX/’,’“ solution to the following
linear system: For all M € M™,

8R7L
S (AT (0 = ) + Ry () =0, veec, (3.13)
M/emn MY
8}%1121,M n,k—1 n,k n,k—1 n n,k—1
T (A (XM, - ) + Ry (XY = 0. (3.14)
M'eMn M’

The (approximate) solution to (3.13)—(3.14) is typically obtained using an iterative algebraic solver.
For 1 < n < N, a given Newton iteration k& > 1, and Xﬂk’o fixed (typically, Xﬂk’o = X;\l/’lk_l), the
iterative solver generates a sequence (chlk’i)izl solving the linear system up to the residuals given, for
all M € M™, by

n,k,e |M| 810 n, n,k,i n,k—
RCJI\C/I - n aXJr\f (X i 1)(XMk 7XMk 1) (315)
PSS Y T g a - a)  R (). veec,
M/EM™ egim
n,k,i |M| 86 n,k— n,k,i n,k—
Ry = o Gt () (g - )
F o n — n,k,t n,k—
DI aaf(?f T (A = g (3.16)

M/EM™ gegim

+ Z Z 6GM:7(Xnk 1)(X]7\l4,k7, XJ(L/I,/k:—l)_’_R?I’M(XEk—I)-

Thus, at time step n, Newton iteration k > 1, and linear solver iteration ¢ > 1, the residual vectors
n,k z n,k,i

Ry, Ry yy are given for all M € M™ by

, M )
Ry = |Tn| (ZCM(X"k DR zg;}) + > ENL Mgty Yeed, (3.17)
UGEXI"
n,k,i |M| n,k—1 n,k,i n— n,k,i n,k,i n
Ry = ~n (GH»M(XM )+ &y — HJ\l/I) + Z (FHMa JFGMU> — |M|Q% s (3.18)
oeglr

ki ki . . .
where £7y/" and €};"" are linear perturbations of the mass and energy accumulation terms defined as,
respectively,

oniki Ole, v (Xl\ri[,kfl)(Xl\rif,k,i 7 X&,kq)’ QE?/,[k,i o Oer m (Xj\q?ikfl)()(f/[,k,i _ Xﬂrﬁf,kq),

oM aay oxXy,
whereas the linearized fluxes F’ 1\]/6120 and Fﬁ,ﬁjg read
ki, ki ki ki
Foio = 2 Fpiliner  Fiidio = 2 Fpiivo (3.19)
pEP. peEP
with linearized phase fluxes
; _ OF, v _ ; _
e = Fpeano (0 ¢ 30 ot ooy e ity (san)
M/eM'n M’
; _ OF, H M,
Fpiive = Fpanano (00 + >0 =B () (g = ). (321
reMn M’
Finally, the linearized energy flux reads
; _ 0Gp _ ; _
Gt = Gara () + 3D I () (- gt ). (3.22)
M’'eMn M
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4 Approximate solution and reconstructions

In this section, we first postprocess the original piecewise constant finite volume phase pressures and
temperature approximations. We then detail how to obtain the flux reconstructions and smoothed phase
pressure and temperature that enter the definitions of the a posteriori estimators proposed in Section 5.
We will employ, for each time step n, H(div; Q)-conforming discrete fluxes belonging to the lowest-order
Raviart—-Thomas-Nédélec space RTN(M™) (see Brezzi and Fortin [11]). Recall that, for rectangular
parallelepipeds meshes such as the ones used in the numerical examples of Section 6 below,

RTN(M") := {vy, € H(div;Q); vp|pm € Qo1(M) x Q1 0(M) if d =2,
@0’111(M) X Ql,O,l(M) X Ql,l,O(M) ifd= 3, VM e Mn} .

For more general meshes one can either introduce a matching simplicial submesh of M™ and use the
simplicial version of RTN(M™), or use the construction proposed in [23, Appendix A].

4.1 Post-processing of the phase pressures and temperature

The original finite volume approximations of the phase pressures and of the temperature are piecewise
constant. To evaluate their gradient inside each cell, we define piecewise quadratic, possibly discontinuous
phase pressures and temperature as described in the following. Let a time step 1 < n < N, a Newton
linearization iteration k > 1, and an algebraic solver iteration ¢ > 1 be fixed. Following [28], we define

the fluxes I‘Z”}If’i € RTN(M"), p € P, and 1"”’“ € RTN(M") such that, for all M € M" and all

o e &y,
(Cort ) = Fparo (X)) VpeP,  (Tpy na1)e = Garo (X", (4.1)

with F ar,» and G+ defined by (3.10) and (3.11), respectively, and I‘Z”,]f’ing =0 on 09, I‘%’Zlng =0
on 09, thereby accounting for the no flux boundary conditions (2.9). The fluxes I‘Z‘f’i, p € P, defined
by (4.1) are discrete Darcy phase velocities. Motivated by (2.5) and following [48], we introduce for each
p € P the piecewise quadratic phase pressure P;t ’hk’z such that, for all M € M™,

. . . . ) ankyi 1) .
&, k, R p— ,k, (P Dm "
(=KVP ) = (T ) v — Kpp(Pyays Ty Cooyi)g) v and I){T = P,

Similarly, we define the piecewise quadratic temperature reconstruction 7' #% such that, for all M € M",

AV = TRy and (TR 1) = TR

1
|M]
From the above reconstructions we define the space-time functions P" th, p € P, and T,?T’k’i assuming
an affine-in-time behavior from the converged values at t"~! and the (possibly non converged) values
P mipe P, and T," k4 at t". For further use we also define the vector of reconstructed phase pressures

PZ’Tk’Z = (P;"hkf)pep Henceforth, V is to be understood as the broken gradient operator on M™ when

used for P;,ﬁ’ or T, kst

4.2 Saturations, molar fractions, amounts of components, and molar energy

The approximations of saturations, molar fractions, amounts of components, and molar energy obtained
using the finite volume discretization detailed in Sections 3 are piecewise constant in space. We define
forall0 <n < N, k>1,and i > 1, the functions of space such that

(Spnlae = Sy’ Vp e P
( ;ckfm nck;u Vp € P, Ve eCp,
(l?}f N = ln =l (XY Veel,

(5 = e’;;’x; = e (X,
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with I, and ey defined by (3.5) and (3.6), respectively. The space-time functions S;’,f;i p € P,

c, ’ck’hiT, pEP, céeCl, l?’;f;i, c e C, and ezlx are then defined therefrom while being continuous and

piecewise affine in time.
Remark 4.1. As detailed in [22, Section 4.2.2], the relations (3.2), (3.5), and (3.6) may not hold pre-
cisely for the discrete approximations P,?T’k’l, T,?T’k”, gk ok pnakii eykh’i, and ™" (the capillary

p,hT? “p,c,hT? * p,hT ? c,ht
pressure function applied to a piecewise polynomial is typically no more a piecewise polynomial and a

product of two piecewise affine-in-time functions is a piecewise quadratic-in-time function). Similarly,
whereas the algebraic closure equations (3.12) hold precisely, the equality of fugacities will be violated if
the local fugacity equations are not resolved exactly. We suppose the error from all these non-satisfactions
as negligible.

4.3 Hj-conforming phase pressures and temperature reconstructions

The approximations defined in Section 4.1 have sufficient regularity for the application of the piecewise
gradient operator, but are nonconforming. In order to define our a posteriori estimators below, follow-

ing [21, 6] in the model cases, we introduce space-continuous phase pressures and temperature recon-

structions defined by ‘B”;f - IaV(P;t ’hll“’i), Tz;k’i = IaV(T;LLT’k’i), where Z,, denotes the vertex-averaging

interpolator, cf., e.g., [2].

4.4 H(div;Q)-conforming flux reconstructions

Let a time step 1 < n < N, a Newton linearization iteration k£ > 1, and an algebraic solver iteration ¢ > 1
be fixed. We define the following flux reconstructions for use in the a posteriori estimates of Section 5:

e The discretization fluzes @gi’f’ih € RTN(M"), c € C, and @Z{f’};h € RTN(M™) such that, for
all M € M™ and all 7 € &y,

(Ggfif,hnMa 1)0 = c,M,a(X,/T\L/ik’i)v (63;:7[2{’hnMa 1)0 = FH,]M,U(X;\L/;]CJ) + GM,U(X/@{]C”L.(% )
4.2
with Fe a0, Frra,0, and Ga,» defined by (3.7), (3.8), and (3.11), respectively, while @Zi’f’jhﬂg =

@gi’s’;{,hng = 0 on 9N coherently with (2.9).

o The linearization error fluves O, € RTN(M"), ¢ € C, and O}y, , € RTN(M™) such that,
for all M € M™ and all 0 € }\;}’7
(eﬁhkg:h’n,M7 1)5 = Fcrf}\l;’;_ _ Fc,M,a(XJ\l/’[k’i),

(O wmar Vo = Fiht = Fuaro (X)) + Gl = Garo (X35,

with F'yy0, Fiht . and G defined by (3.19)-(3.22), while ©];", ng = O, ng = 0 on
o0

e The algebraic error fluzes Gng,g,h € RTN(M™), ¢ € C, and @Zfé’&h € RTN(M™) such that, for

all M € M" and for all o € E}7,
n,k,i . n,k,i n,k,i . n,k,i
(Qalg,qh'nM?l)aM = s (Galg,H,h'"Mv Don = —Ry 3y (4.4)
with ggff and RZ"A} defined by (3.17) and (3.18), respectively, with @Zl’;’;h-ng = 6217;’;1,}1‘”9 =
0 on 0f).

e The total fluzes ®7)" € RTN(M"), ¢ € C, and ©};;" € RTN(M™) are then obtained from the
above quantities letting

n,k,i . on,k,i n,k,i n,k,i n,k,i . on,k,i n,k,i n,k,i
0.y =04s.n t O, +0 O =Odisunt Ounmn T Calg (4.5)

dis,c, lin,c, alg,c,h’
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5 A posteriori error estimate

In this section we describe the weak solution for the thermal multiphase compositional model of Sec-
tion 2.3, we define an error measure composed of the dual norm of the residual augmented by a noncon-
formity evaluation term, and derive an a posteriori estimate allowing to distinguish the different sources
of the error.

5.1 Weak solution

We proceed in the same spirit as for the isothermal case considered in [22]. In the following, (-,-)p stands
for the L2-scalar product on D C Q and ||, for the associated norm; the same notation is used for both
scalar and vector arguments, and the subscript is dropped whenever D = ). We define

X := L?((0,tp); HY()), Y := H'Y((0,tp); L*()). (5.1)

Let € > 0 be a (small) parameter which only needs to satisfy ¢ < 1. We equip the space X with the
following norm:

1
N 3
2 2 - 2 2
lelx == {Z/I Z ||‘P||X,M dt} ) ||‘P”X,M = EhM2 lelar + Vel - (5.2)
n=1

n MeMn

This choice is motivated by the homogeneous Neumann boundary conditions (2.9). Taking € = 0 is
possible and classical when Dirichlet (pressure and temperature) boundary conditions are prescribed at
least on a part of the boundary, cf. [25, 49, 12]. We suppose sufficient regularity to satisfy:

Assumption 5.1 (Regularity of the exact solution). The weak solution of the multiphase compositional
thermal problem of Section 2.3 can be characterized as follows:

leeY Ve e C, (5.3a)
eg €Y, (5.3b)
P,(P,S)e X Vp € P, (5.3¢)
TeX, (5.3d)
&, c [L2((0,tp); L2(Q))]¢  Veed, (5.3€)
@y € [L2((0,tr); L*(2)))7, (5.3f)

tr tp
(Ol 0)0) = (@, Vo)t = [ (@)t Voe X veec, (5.3¢)

0
tr tp

| (@en o)) - @u Vo) 0}t = [ @upltar Voex. (5.30)

0 0
the initial condition (2.10) holds, (5.31)
the algebraic closure equations (2.11) and the inequalities of fugacities hold, (5.3))

where Py, l., ey, ®., and ®y are defined, respectively, by (2.1), (2.2), (2.6), (2.4), and (2.8).

We mention that existence and uniqueness of a weak solution has to our knowledge not been estab-
lished for the general thermal multiphase compositional model.

Remark 5.2 (PDEs fluxes). It follows from (5.3b)—(5.3a), the assumptions q. € L*((0,tr); L*(R)),
Qu € L?((0,tr); L?(Q)), (5.3e)—(5.3f), and (5.3g)—(5.3h) that actually

&, &y c L*((0,tp); H(div,Q)), (5.4a)
V@, =q.— 0l Ve e C, (5.4b)
V-®y =Qu — den, (5.4c)
®.ng=0 on 00 x (0,1tp) Ve e C, (5.4d)
Py ng=0 on 9 x (0,tp). (5.4¢)

Thus, the component flures ® i, ®. have continuous normal trace in a proper weak sense, the governing
equations (2.3) and (2.7) are satisfied with a weak divergence, and the boundary conditions (2.9) hold in
the normal trace sense. This in particular motivates the flux reconstructions (4.5).

10
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5.2 Error measure

Consider the approximate solution as specified in Sections 4.1-4.2, defined on the whole space—time slab
0 x (0,tr) (we omit here the indices n, k,¢ for simplicity). The error measure from [22, Section 3.3] for
the isothermal multiphase compositional model consists here of the quantities N, c € C, and N, p € P,
depending on P, Thr, Shr, (Cp hr)pep, defined as, respectively,

N,i=  sup / [(Ode — Orlenr, @) (1) — (B — B, Vi) (£)} dt, (5.5)

PEX ol x =1

with the exact component fluxes ®. defined by (2.4) and ®, ;. given by

= Z Qp,c,h‘r’ ¢p7c,h‘r = Vp(Pp,h‘ﬂ ThT7 ShT7 Cp,hT)Cp,C,hT’UP(Pp,hT’ ThT7 Cp’h"')’ (56)
PEP.:

and
::(;uéfx{cgc:/ 1, (P, ) (8) — @, 6p)(t)H2dt}, (5.7)

where, for a space-time function ¢ € L?((0,tp); H'(M)) (piecewise regular in space with respect to the
partitions M™), we have let

q’pﬁ(@) = VZ)(Pp,h-ra Th‘H ShT) Cp,hT)Cp,c,hTKV(P- (58)

As we consider a non-isothermal flow, we need to add some other contributions to define an error
measure taking into account the energy equation. We define

Nu =Nu(Phr, Thr, Shr, (Cp hr)pep)
. (5.9)

= sup {(ateH - ateH,h'ra @)(t) - ((I)H - QH,h'ra VSD) (t)}dta
pexlelx=1J0

with ®p defined by (2.8) and ®p . given by

Qe = Inr (Thr) + Z P 1 s (5.10)
peEP
where
q)p,H,h‘r = Vp(Pp,hrv Thr, Sh‘ra Cp,hT)Hp(PpyhTa Thr, Cp,h'r)'vp(Pp,h'rv Thr, Cp,hr)» (511)

and for a space-time function ¢ € L%((0,tr); H'(M)), we have let
Jnr () := =AVep. (5.12)

Note here that the definition (5.9) corresponds to the dual norm of the residual inspired from the weak
formulation (5.3h) related to the energy equation. We supplement this term by defining a nonconformity
measure for the temperature,

1
2

N = N (P Thrs Snrs (Coe )pew) = inf { /0 i |JhT(ThT)(t)—JhT(H)(t)Hth} L (5.13)

feX

Collecting all the previous contributions, we define the error measure for the multiphase thermal com-
positional model as

Ne = Ne(PhTaTh‘ra ShT: (Cp,hT)pEP {ZN +NH } + { ZNPQ +NT2} . (514)

ceC peEP

11
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A localized version of this error measure can be obtained as follows: For each approximation as
defined in Sections 4.1-4.2, we let

‘ . 2 : ; 2 :
Nk :{Zw’“h/v};’k’l} NN (5.15)

ceC pEP

with N7R7, e € €, Nk, p e PN, and NVj™* localized versions of respectively (5.5), (5.7), (5.9),
and (5.13), where time integration is performed on I,, instead of (0,tp).

The error measure for the exact solution satisfying Assumption 5.1 is zero. Conversely, shall the
approximate solution satisfy exactly the initial condition and have the error measure zero, then it satisfies
Assumption 5.1.

5.3 An a posteriori error estimate distinguishing the space, time, lineariza-
tion, and algebraic errors

In this section we propose an a posteriori estimate for the time-localized error measure (5.15) that we
subsequently adapt to distinguish the different sources of error.

5.3.1 A basic time-localized a posteriori error estimate

For 1 < n < N, we define the piecewise constant space functions ¢, ¢ € C, and Qf ,, such that
qrnlv = fln Sy e/ (|M|7), ¢ € C, and QY nla = fln Sy Qu/(|M|1y), respectively. For further use we
also define the piecewise constant space-time functions qc pr, Qi 1+, such that gc p-|1, = q? ne QE.nr|T
QY > Tespectively, for all 1 <n < N.

Let 1 < n < N, a Newton linearization iteration k£ > 1, and an algebraic solver 1terat10n i >1 be
fixed. It follows from (3.17), (3.18), the definition (4.5) of the flux reconstructions @™ ¢ e C, and

ch )
GZ’T, and Green’s theorem that there holds,

lc Xn,k—l + £n ki e 1
(q?h— ,]\/1( M ) LM CM_V@?}]:Z, :O VMEMH,
M

n

n

7—77/

e Xnkl +€nk176n_1 .
(o - 28 it geptin) —o varem
M

Let Cp := min{Cp u, s_%}hM. Then following [22] we define the following estimators:

qch ( n)— (ZCM(Xnk 1) +2nkz_ln 1) _V_GZL’,}/:,I'

77R,M,c =Cu e VeeC, (5.16a)

M= O Q= ) e (RY) + € — i) - vk (5.16h)
USROS (SRR () H VeI, Veec, (5.16¢)
M g (t) = [ OFT — @ (1) HM Vt € I, (5.16d)
k() = | (P 1) — \Ilp,c(qs;;’,jf)(t)HM Vi eI, VeeC, Vpe P, (5.16¢)
WEhnr(t) = TR0 — 0] o Ve L, (5.161)
A e =€ 2hag (7)) 7 lear (X07) = lear (XN 71) — 20 o Yeec, (5.16g)
771731:3\411 =& Thp(7) 7! HBH,M(X;\L/’[k’i) —enM (X}\"/’lk_l) - (’3?1]\}7 o (5.16h)

where the functions ¥, ., p € P, ¢ € Cp, are defined by (5.8), and @Z’:f and @zkhi respectively as
n (5.6) and (5.10). ’ ’

The proof of the following result is a straightforward generalization of that of [22, Theorem 3.3] and
is omitted for the sake of brevity.

12
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Corollary 5.3 (Time-localized a posteriori error estimate). Consider a time step 1 <n < N, a Newton
linearization iteration k > 1, and an algebraic solver iteration i > 1. Under Assumption 5.1 there holds,
with estimators given by (5.16),

2
n n,k,i n,k,i 2
Nc S {/ Z (anj\lc+nFMc(t)+nN:Mc) dt} CEC, (5173)
In Memn
1
n,k,i 2
p < { Z/ Y (D) dt} pEP, (5.17b)
ceCy In MeMn
1
2
N:I’kl {/ Z nlglj\jH_an?\jH( )"‘771?1:3\4}1) dt} ) (5.17c¢)
In MeMn
1
9 2
n MGM"

5.3.2 Distinguishing the different error components

Foral 1 <n < N,k>1,¢>1,and M € M", we define the spatial estimators evaluating the error
related to the spatial mesh choice,

1
2
ut { > (ﬁﬁgj&,p,c(t))z} tel, (5.18a)

PEP:

+n§é€§w(t) t € Iy, (5.18D)

n,k,: o nka n,k,i n,k,i/yn
nsp,]\/f,c(t) T nR,M,c + Hedis,c,h (I)c h7- (t )

n,k,i — n,k,i n,k,i n,k,i /n
Nsp, M, ) : MR T H@dis,H,h (I)H e (")

the temporal estimators evaluating the error related to the size of the time step,

n,k,i nkz n,k,i

ntm Mc - H¢C ht tn) (I)c ht ( )HM t S In; (5180)
n,k,i ki n n,k,i

Mo, g, (8) 7= H‘PHM (t") - (I)H,hr(t)HM t € In, (5.18d)

the linearization estimators measuring the error in the linearization of the nonlinear system (3.3)—(3.4),

k, L k,

nlrlbn ]CI c = Hgﬁn,cl,h ‘ + nIT\lIA ?\/[ o) (5186)
k, ki k,

Totinn = | Olinal, + A (5.151)

and the algebraic estimators that quantify the error in the algebraic iterative resolution of the linear
system (3.13)—(3.14),

n,k,i n k,i
nalg,Mc = H alg,c hH (518g)

n,k,i n,k,i
nalg M,H = “Qalg,H,hHM . (518h)

13



Global versions of these estimators are given by

n,k,i n,k,i 2
nsp{C { / Z nsp,ko dt} ) (5198‘)

N

71 ]\/IEM"
%
k k 2
Moms :{ (asire®) dt} : (5.19b)
n ]\/[eMn
1
9 2
ks k,
s ={2T” (niFre) } : (5.19¢)
MEM!L
1
9 2
ko ki
K —{27” (Mg ar.c) } (5.19d)
MeMn

and

1

/ (nii,mr(0) )2dt}2, (5.208)
12/

rL MeMn

-

Y (i u® )Zdt}, (5.20b)

In premn

=

-
]

27" Z (nﬁnkJCI H)z} ’ (520C)
MeMmMn
1

2

n 2

AR {QT Y (Migann) } : (5.20d)
]V[eMn

Using the triangle and Cauchy—Schwarz inequalities and Corollary 5.3, we can estimate the time-
localized norm N* of (5.15) as follows:

Corollary 5.4 (Distinguishing the space, time, linearization, and algebraic errors). Under the assump-
tions of Corollary 5.3, there holds, with the estimators given by (5.19)—(5.20),

hal-00856437, version 2 - 2 Sep 2013

ki k, n,k,i n,k,i n,k,i
Nen ! <{ Z (ngp cl +77tmc +7711n(' —’_nalg7 )
ceC

N

k k, k, k
+ (35 + et + i ek } : (5.21)

Criteria can be proposed in the same spirit as for the isothermal case considered in [22] for stopping the
iterative algebraic solver and the iterative linearization solver when the corresponding error components
do not affect significantly the overall error.

6 Test case

In this Section we present one of the SAGD process simulation, more precisely the Dead Oil model
presented in Example 1.

6.1 Model description

The reservoir considered in this test case is a 3-dimensional parallelepiped (100m x 1400m X 55m)
discretized by a nonuniform Cartesian grid, see Figure 1cbrown, right. We consider a homogeneous
anisotropic reservoir with 35% porosity, 1.94 - 107'2 m? horizontal permeability, and 0.97 - 10712 m?

14
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Figure 2: Relative permeability

vertical permeability. Two horizontal wells, injection and production well (in the Y direction) perforate
the reservoir, see Figure 1 cbrown, left.

The fluid is a heavy, viscous oil. Viscosity range is tabulated as a function of temperature, from
1.68-103Pa-s (at 23.89°C) to 0.741-1073Pa-s (at 455.44°C). The initial water saturation is equal to 0.15

so that the initial oil saturation is equal to 0.85.
The mass density of the oil for this test case is given by the following formula

po(P,T) = po,o(P,T) = pi [1 4 co(P — P™) + do(T — T*)],

with a constant compressibility of the oil component co = 72.5-10"'Pa~!, a constant thermal expansion
of the oil component do = 8.5-107*K~!, and a constant reference mass density p**f = 63.304. The water

mass density is given by
pw(T) = ag + T + asT?,

with a1 = 7.81-10%, a0 = 1.63 - 10°, and a3 = —3.06 - 1073. Water viscosity is given as for a standard
water following [45], (1.002 - 10~3Pa-s at 20°C).

The capillary pressure is set to zero and the relative permeability is shown in Figure 2. The thermal
conductivity A(t) of the rock is constant equal to 33. We mention that the thermal properties of the
rock are those of the so-called saturated rock. The compressibility of the rock is constant equal to
43.5-1019Pa~! and the lost in heat in the foot-wall is not simulated.

The SAGD (steam assisted gravity drainage) process is simulated for ¢t = 10 years. The reservoir is
initially assumed at hydrostatic equilibrium with a constant temperature equaling to 11°C. The initial
pressure is 7.27-105Pa at —400m. To get started the production of the reservoir we begin with a heating
phase of the surrounding region of production and injection wells in a period of 90 days. Then, the
production well is put into production for one day with high rate of liquid flow without injection to bring
down the pressure in the injection zone. Finally a period of injection/production (until 10 years) is held
during the simulation. In the model, the injection and production rates are controlled by the pressure
(24.81 - 105Pa for the producer and 25.36 - 105Pa for the injector).

15
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Figure 3: Approximate oil saturation (left) and spatial estimator of the oil phase (right) at 400, 1100,
and 2800 days (fixed mesh)
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Figure 4: Approximate temperature (left) and temperature spatial estimator (right) at 400, 1100, and
2800 days (fixed mesh)
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6.2 Approximate solution and a posteriori estimate

We show here the behavior of the approximate solution and the corresponding a posteriori estimate
during the simulation on a fine fixed grid.

Figure 3 shows the evolution of the oil saturation and the corresponding spatial estimator of the oil
phase 0, 5/, (5.18a) at different time steps. We see an error detected by the estimator around the wells;
importantly, this estimator detects the error that follows the movement of the oil front in the reservoir.
This result demonstrates that we have a good indicator of the corresponding error and suggests its use
in an algorithm of mesh adaptivity.

The results of the evolution of temperature and the temperature’s spatial estimator (1g, p; 1 (5.18b))
are summarized in Figure 4. Remark that the predicted error points out an important error in the zone
that follows the diffusion of the temperature during the simulation, which shall help us to choose wisely
the mesh to refine in order to equilibrate the distribution of the error over the domain and then reduce
the size of the system for resolution.

6.3 Adaptive mesh refinement

In this section we numerically assess an adaptive mesh refinement (AMR) strategy based on the space
error indicators derived in Section 5.3.2 by comparing the results with a reference solution obtained on a
fine grid. As we have a symmetry in the domain, of the flow of the fluid Figure 3, and of the diffusion of
temperature Figure 4, we present the results in what follows on the half of the domain only. To refine the
mesh adaptively we use a space criterion based on the spatial estimator of the oil phase ng, 5/, (5.184a).
The algorithm that describes the adaptive strategy can be sketched as follows:

Algorithm 6.1 (Adaptive algorithm).

Fix the fractions of cells to refine, (ief, and to derefine, (qeref

while ¢" < tg do {Time loop}
Solve the system (3.3)—(3.4).
Compute nglm,M,o? ngp,M,o'
Refine the cells M € M™ such that 12 1/ o > Crer maxzemn {0l 1o }-
Derefine the cells M € M™ such that ngp,M’O < (deref Maxy,c Aqn {T’gp,L,o}'
Adapt the time step if necessary.

end while

Figure 5 shows the evolution of the approximate oil saturation at different simulation times. We
remark that the refinement follows the front of saturation as time evolves, and then the derefinement
process is effected in the zones abandoned by the front of oil saturation.

Similar results can be appreciated in Figure 6 where we present the evolution of the temperature at
several chosen time steps. A refinement that follows the diffusion of temperature can be observed, as
well as a derefinement in the non-exposed zone.

The efficiency of the adaptive algorithm based on the spatial a posteriori estimator can be appreciated
in Figure 7. Figure 7a illustrates the cumulated rate of oil production during the simulation; we compare
here the result on the fine grid and the result with adaptive mesh refinement. We observe that applying
the refinement strategy does not affect the accuracy of the predicted oil production, which is industrially
the most important quantity.

The cumulative number of cells during the simulation is shown in Figure 7b. We remark an important
reduction in term of the number of cells using the adaptive refinement strategy in comparison with the
resolution on the fine grid. On average, the number of cells is reduced by 75%, which is a very important
gain.
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Figure 5: Approximate oil saturation at 2, 4, 8, and 10 years (adaptively refined mesh)
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