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FLOW IN GROUNDWATER HYDROLOGY*
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Abstract. This paper deals with the development and analysis of a fully discrete finite ele-
ment method for a nonlinear differential system for describing an air-water system in groundwater
hydrology. The nonlinear system is written in a fractional flow formulation, i.e., in terms of a satu-
ration and a global pressure. The saturation equation is approximated by a finite element method,
while the pressure equation is treated by a mixed finite element method. The analysis is carried
out first for the case where the capillary diffusion coefficient is assumed to be uniformly positive,
and is then extended to a degenerate case where the diffusion coefficient can be zero. It is shown
that error estimates of optimal order in the L2-norm and almost optimal order in the L®-norm can
be obtained in the nondegenerate case. In the degenerate case we consider a regularization of the
saturation equation by perturbing the diffusion coefficient. The norm of error estimates depends on
the severity of the degeneracy in diffusivity, with almost optimal order convergence for nonsevere
degeneracy. Implementation of the fractional flow formulation with various nonhomogeneous bound-
ary conditions is also discussed. Results of numerical experiments using the present approach for
modeling groundwater flow in porous media are reported.
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1. Introduction. In this paper we develop and analyze a fully discrete finite el-
ement procedure for solving the flow equations for an air-water system in groundwater
hydrology, o = a,w [3], [14], [32]:

(1.1) thv-(paua):fw zeQ t>0,
kkyo
(1.2) Ug = — (VDo — pag), e, t>0,

where Q C R?, d < 3 is a porous medium, ¢ and k are the porosity and absolute
permeability of the porous system, po, Sa, Pa, Ua, and p, are the density, saturation,
pressure, volumetric velocity, and viscosity of the a-phase, f, is the source/sink term,
ko is the relative permeability of the a-phase, and g is the gravitational, downward-
pointing, constant vector.

Flow simulation in groundwater reservoirs has been extensively studied in past
years (see, e.g., [27], [29], and the bibliographies therein). However, in most previous
works the air-phase equation is eliminated by the assumption that the air phase
remains essentially at atmospheric pressure. This assumption, as mentioned in [12],
is reasonable in most cases because the mobility of air is much larger than that of
water, due to the viscosity difference between the two fluids. When the air-phase
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pressure is assumed constant, the air-phase mass balance equation can be eliminated
and thus only the water-phase equation remains. Namely, the Richards equation is
used to model the movement of water in groundwater reservoirs. However, it provides
no information on the motion of air. If contaminant transport is the main concern
and the contaminant can be transported in the air phase, the air phase needs to be
included to determine the advective component of air-phase contaminant transport
[7]. Furthermore, the dynamic interaction between the air and water phases is also
important in vapor extraction systems. Hence, in these cases the coupled system
of nonlinear equations for the air-water system must be solved. It is the purpose
of this paper to develop and analyze a finite element procedure for approximating
the solution of the coupled system of nonlinear equations for the air-water system in
groundwater hydrology.

In petroleum reservoir simulation the governing equations that describe fluid flow
are usually written in a fractional flow formulation, i.e., in terms of a saturation and
a global pressure [1], [8]. The main reason for this fractional flow approach is that
efficient numerical methods can be devised to take advantage of many physical prop-
erties inherent in the flow equations. However, this pressure-saturation formulation
has not yet achieved application in groundwater hydrology. In petroleum reservoirs
total flux-type boundary conditions are conveniently imposed and often used, but in
groundwater reservoirs boundary conditions are very complicated. The most com-
monly encountered boundary conditions for a groundwater reservoir are of first type
(Dirichlet), second type (Neumann), third type (mixed), and “well” type [8]. The
problem of incorporating these nonhomogeneous boundary conditions into the frac-
tional flow formulation has been a challenge [14]. In particular, in using the fractional
flow approach a difficulty arises when the Dirichlet boundary condition is imposed for
one phase (e.g., air) and the Neumann type is used for another phase (e.g., water).

This paper follows the fractional flow formulation. Based on this approach, we
develop a fully discrete finite element procedure for the saturation and pressure equa-
tions. The saturation equation is approximated by a Galerkin finite element method,
while the pressure equation is treated by a mixed finite element method. It is well
known that the physical transport dominates the diffusive effects in incompressible
flow in petroleum reservoirs. In the air-water system studied here, the transport again
dominates the entire process. Hence, it is important to obtain good approximate ve-
locities. This motivates the use of the parabolic mixed method, as in [18], in the
computation of the pressure and the velocity. Also, due to its convection-dominated
feature, more efficient approximate procedures should be used to solve the satura-
tion equation. However, since this is the first time to carry out an analysis for the
present problem, it is of some importance to establish that the standard finite ele-
ment method for this model converges at an asymptotically optimal rate for smooth
problems. Characteristic Petrov—Galerkin methods based on operator splitting [21],
transport diffusion methods [33], and other characteristic-based methods will be con-
sidered in forthcoming papers.

The main part of this paper deals with an asymptotical analysis for the fully
discrete finite element method for the first-type and second-type boundary conditions

(1.3) Do = Pan(x,t), el t>0,
Ug -V = do(z,t), zely, t>0,

where p,p and d,, are given functions, 92 = I'1 UT's with Iy and I's being disjoint, and
v is the outer unit normal to 9€2. We point out that petroleum reservoir simulation
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is different from groundwater reservoir simulation. In the latter case the pressures
are much lower, the variety of species is much larger, the topography plays important
role, and the needed accuracy for numerical approximations is often high (in partic-
ular, for the concentration of pollutants). Also, the flow of two incompressible fluids
(e.g., water and oil) is usually considered in the former case, while the latter system
consists of the air and water phases. Consequently, the finite element analyses for
these two cases differ. As shown here, compressibility and combination of the bound-
ary conditions (1.3) and (1.4) complicate error analyses. Indeed, if optimality is to
be preserved for the finite element method, the standard error argument just fails
unless we work with higher order time-differentiated forms of error equations, which
require properly scaling initial conditions. Next, we mention that a slightly compress-
ible miscible displacement problem was treated in [15], [19], [24], [34]; however, only
the single phase was handled, gravitational terms were omitted, and total flux-type
boundary conditions were assumed. Furthermore, the so-called “quadratic” terms in
velocity were neglected. The dropping of these quadratic terms may not be valid near
wells, and so the miscible displacement model was oversimplified both physically and
mathematically. The analysis of this paper includes these terms. Finally, only the
Raviart-Thomas mixed finite element spaces [35] have been considered in these earlier
papers. We are here able to discuss all existing mixed spaces.

The error analysis is given first for the case where the capillary diffusion coefficient
is assumed to be uniformly positive. In this case, we show error estimates of optimal
order in the L%-norm and almost optimal order in the L*-norm. Then we treat a
degenerate case where the diffusion coefficient vanishes for two values of saturation.
In the degenerate case we consider a regularization of the saturation equation by
perturbing the diffusion coefficient to obtain a nondegenerate problem with smooth
solutions. It is shown that the regularized solutions converge to the original solution
as the perturbation parameter goes to zero with specific convergence rates given. The
norm of error estimates depends on the severity of the degeneracy in diffusivity, with
almost optimal order convergence for the degeneracy under consideration.

The rest of this paper is concerned with implementation of the fractional flow
formulation with various nonhomogeneous boundary conditions. We show that all
the commonly encountered boundary conditions can be incorporated in the fractional
flow formulation. Normally the “global” boundary conditions are highly nonlinear
functions of the physical boundary conditions for the original two flow phases. This
means that we have to iterate on these global boundary conditions as part of the solu-
tion process. We here develop a general solution approach to handle these boundary
conditions. Results of numerical experiments using the present approach for modeling
groundwater flow are reported here.

The paper is organized as follows. In section 2, we define a fractional flow for-
mulation for equations (1.1)—(1.4). Then, in section 3 we introduce weak forms of
the pressure-saturation equations, and in section 4 a fully discrete finite element pro-
cedure for solving these equations. An asymptotical analysis is given in sections 5
and 6 for the nondegenerate case and the degenerate case, respectively. Finally, in
section 7 we discuss implementation of various nonhomogeneous boundary conditions
and present the results of numerical experiments.

2. A pressure-saturation formulation. In addition to (1.1)—(1.4), we impose
the customary property that the fluid fills the volume,

(2.1) Sa + Sw =1,
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and define the capillary pressure function p. by
(22) Pe(Sw) = Pa = Pu-
Introduce the phase mobilities
Aa = kra/lla, o= a,w,
and the total mobility
A=Ay + Ay

To devise our numerical method, it is important to choose a reasonable set of depen-
dent variables. Since p,, = —oo if s, is equal to the water residual saturation [3],
Pw cannot generally be expected to lie in any Sobolev space. Air being a continuous
phase implies that p, is well behaved. Hence, as mentioned in the introduction, we
define the global pressure [1] with s = s,,:

[T Awdpe
P=pa— | e

dg

- [ () e

where p.(s.) = 0. The integral in the right-hand side of (2.3) is well defined [1], [8].
As usual, assume that p, depends on p [8]. Then we define the total velocity

(2.3)

(2.4) u=—k\(Vp—G(s,p)),
where

AaPa + Awpuw
Aaba T AwPw

G(Svp) = Y

Now it can be easily seen that

(25&) Uy = QU + kAaQvac - k'AaQwﬁa
(25b) U/a = Qau - k)\wQavpc + k)\wqaﬁv

where ¢, = Ao/, @ = a,w, and p = (pg — pw)g. Consequently,
(2.6) U= Ug + Uy

Equations (1.1) and (1.2) can be manipulated using (2.1)—(2.6) to have the pressure
equation

_ 09Ny, Opa _
(27) VU—_at O;}pa <¢Sa at +uo¢ Vpll fa)?

and the saturation equation

08y 5
¢W+v . (Qwu + k‘)\aqw(vpc - p))

_ 5,20 L (4 0P _
= —Sw ot Do <¢5w ot + Uy Vpu fw)

(2.8)
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Terms of the form wu, - Vp,, @ = a,w have been neglected in compressible miscible
displacement problems [15], [19], [24], [34]. The dropping of these terms may not
be valid near wells. Also, if they are neglected, the model may not be qualitatively
equivalent to the usual formulation of two-phase flow. Hence, we keep them in this
paper. However, the water phase is usually assumed to be incompressible. With the
incompressibility of the water phase and the notation

¢(1 - S) dpa dpc
A S D(s) = — e
c(s,p) o (5) = —kAaquw——,
-1
gaa” ' (8) dpa
a(s) = kA, A(s,p) = —— )
(s) (s,p) o dp
o fw _ ~
fw — ?7 b(S,p) - _k>\aqupa
1 dp, 1 -
B(s,p) =~ (4aG(s,p) +a™ (8)kAwda (Ve = 5)) .
dpa ~ fa fw 8¢
5,0) = — LN wga(Vpe — §) - Gs,p) + 22 + L2 - 22
f()padp 9a(Vpe — p) - G(s,p) o T on T Bt
equations (2.7) and (2.8) can now be written as
0
(2.9) e(s.p) 5, + V- u= Als,p)u* + Bls,p) - u+ f(s,p),
(2.10) u=—a(s)(Vp—G(s,p)),
Jds ~ o
(2.11) ¢§ —V - (D(s)Vs — quwu — b(s,p)) = fuw — S
The boundary conditions for the pressure-saturation equations become
(2.12) p=pp(z,t), xel, t>0,
(2.13) w-v=d(z,t), x el t>0,
(2.14) s = sp(x,t), xel, t>0,
(2.15) (D(5)Vs — quu —b(s,p)) - v = —dy(z,1), x el t>0,

where sp and pp are the transforms of p,p and p,p by (2.2) and (2.3), and d =
do + dw.

The model given in equations (2.9)—(2.15) for the pressure p, velocity u, and
saturation s is completed by specifying the initial conditions

(2.16) p(z,0) = p°(x), x € 9,
(2.17) s(x,0) = s°(z), x € Q.

The later analysis for the nondegenerate case in section 5 is given under a number
of assumptions. First, the solution is assumed smooth; i.e., the external source terms
are smoothly distributed, the coefficients are smooth, the boundary and initial data
satisfy the compatibility condition, and the domain has at least the regularity required
for a standard elliptic problem to have H?(Q)-regularity and more if error estimates

of order bigger than one are required. Second, the coefficients a(s), ¢, and ¢(s,p) are
assumed bounded below positively:

(2.18) 0<ax<a(s) <a* < oo,
(2.19) 0 < ¢ < @) < @* < 00,
(2.20) 0 <y <c¢s,p) <" <oo.
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The capillary diffusion coefficient D(s) is assumed to satisfy
(2.21) 0< D, <D(s) <D* < 0.

Finally, an example of the air density function p, is given by the relation [3]

(2'22) pa(pa) = Poa (1 + pa) s
Poa

where pg, is the density of the air phase at the reference pressure po,.

While the phase mobilities can be zero, the total mobility is always positive [32].
The assumptions (2.18) and (2.19) are physically reasonable. Also, the present anal-
ysis obviously applies to the incompressible case where ¢(s,p) = 0. In this case, the
analysis is simpler since we have an elliptic pressure equation instead of the parabolic
equation (2.9). Thus we assume condition (2.20) for the compressible case under con-
sideration. Next, although the reasonableness of the assumption (2.21) is discussed in
[17], the diffusion coefficient D(s) can be zero in reality [13]. It is for this reason that
section 6 is devoted to consideration of the case where the solution is not required
smooth and the assumption (2.21) is removed. As a final remark, we mention that
for the case where point sources and sinks occur in a porous medium, an argument
was given in [23] for the incompressible miscible displacement problem and can be
extended to the present case.

3. Weak forms. To handle the difficulty associated with the inhomogeneous
Neumann boundary condition (2.13) in the analysis of the mixed finite element method,
let d be such that d-v = d and introduce the change of variable v = 7 +d in equations
(2.9)~(2.11). Then the homogeneous Neumann boundary condition holds for . Thus,
without loss of generality, we assume that d = 0. To be compatible, we also require
that this homogeneous condition holds when ¢ = 0.

In the two-dimensional case, let

H(div,Q) = {v € (L*(R))? : V-v € L*(Q)},

while it is accordingly defined in the three-dimensional case as follows:
H(div,Q) = {v € (L*(Q))* : V-v € L*(Q)}.

Also, set

V={ve Hdiv,Q):v-v=0on 'y},
M={weH (Q):w=0o0nT,}.

The weak form of (2.9)—(2.11) on which the finite element procedure is based is given
below. Let J = (0,T] (T > 0) is the time interval of interest. The mixed formulation
for the pressure is defined by seeking a pair of maps {u,p} : J — V x L%() such that

(3.1a) (a(s)u,v) = (V -v,p) = (G(s,p),v) — {pp,v-V)p, YveV,
B (csnPs) +(7 w)

= (A(s,p)u® + B(s,p) -u+ f(s,p).¥) Yy € L*(Q),
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where a(s) = a(s)™!, the inner products (-,-) are to be interpreted to be in L?(Q)
or (L*(Q2))4, as appropriate, and (-,-)p. denotes the duality between H'Y2(I'}) and
H~'2(T;). The weak form for the saturation s : J — M + sp is given by

(gbgj, v) + (D(S)Vs — qu(s)u — b(s,p), Vv)
(3.2)

. a¢
= <fu158t71)> *<dw71}>1—‘2 VUEM7
where the boundary condition (2.15) is used. Finally, to treat the nonzero initial
conditions imposed on s and p in (2.16) and (2.17), we introduce the following trans-
formations in (3.1) and (3.2):

s(z,t) =s(z,t) + s°(x),
p(,t) =p(x,t) +p°(2),
u(z,t) =u(z,t) + u’(z),
where u® = —a(s)(Vp? — G(s%,p")) and u = —a(s + s°)(V(p + p°) — G(s + ", p +

p%)) —u®(z). Then we have zero initial conditions for s, p, and u. Hence, without loss
of generality again, we assume that

(3.3) s9=p’=u"=0.

The reason for introducing these transformations to have zero initial conditions is to
validate equation (5.15) later.

4. Fully discrete finite element procedures. Let ) be a polygonal domain.
For 0 < h, <1l and 0 < h <1, let T}, and T}, be quasi-uniform partitions into ele-
ments, say, simplexes, rectangular parallelepipeds, and/or prisms. In both partitions,
we also need that adjacent elements completely share their common edge or face. Let
My, € Whe(Q) N M be a standard C%-finite element space associated with T}, such
that

1/2
@ il ¢, <C (; h%é“llvlli+1,q,x> . k21, 1<g< o0,
where hy =diam(K), K € Tj, and ||v||x,q & is the norm in the Sobolev space W*4(K)
(we omit K when K = Q and |[v|[y,x = [|v||x,2,x). Also, let Vi, x Wy =V}, x W, C
V x L?(2) be the Raviart-Thomas—Nedelec [35], [30], the Brezzi-Douglas—Fortin—
Marini [5], the Brezzi-Douglas—Marini [6] (if d = 2), the Brezzi-Douglas—Durdn—
Fortin [4] (if d = 3), or the Chen-Douglas [11] mixed finite element space associated
with the partition T}, of index such that the approximation properties below are
satisfied:

1/2
(42) it o-vl<C (Z hiTKHvi,K> , 0<r<k L,
K
1/2
(4.3) Juf V- (v=y)<C <Z helg ||V - vllf,;<> , 0<r <k,
' K

1/2
(4.4) o lw—df<C <Z hiTKllwlf,K> ; 0<r<k™,
' K
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where hy x = diam(K), K € Ty, [[v|| = [[v]o, " = k* + 1 for the first two spaces,
k™ = k* for the second two spaces, and both cases are included in the last space.
Finally, let {¢"}I'T be a quasi-uniform partition of J with t° = 0 and ¢"7 = T, and
set At" =" — "1 At = max{At",1 < n < nr}, and

Pt =P(tt), = (" =T /AL

We are now in a position to introduce our finite element procedure.

The fully discrete finite element method is given as follows. The approxima-
tion procedure for the pressure is defined by the mixed method for a pair of maps
{up,pp} € Vi x Wy, n=1,2,... ,np, such that

(4.50)  (a(spDup,v) = (Vo.pf) = (Glsp ™ p 7 ),0) = 0hv - v)p, Vo €V,
(4.5D)  (e(sp ™", ph~ DOk, ) + (V- uh, ) = (A(sy o pp~ D(wh ™ )?
+B(sp o) T e, 0) Y € Wa,

and the finite element method for the saturation is given for s} € My + s}, n =
1,2,... ,np, satisfying

(¢8sﬁ,v) + (D(szfl)VsZ — qw(szfl)uz — b(szfl,p}f), Vv)

4.6 - n
O (o) -, wen,

The initial conditions satisfy
(4.7) ph =0, sp =0, up =0.

After startup, for n = 1,2,... ,nr, equations (4.5) and (4.6) are computed as
follows. First, using 3271, qu’ and (4.5), evaluate {u},p}'}. Since it is linear, (4.5)
has a unique solution for each n [10], [28]. Next, using s}~ ', {u},pi}, and (4.6),
calculate s. Again, (4.6) has a unique solution for At” sufficiently small for each n
[40].

We end this section with two remarks. First, while the backward Euler scheme
is used for the time discretization terms in (4.5b) and (4.6), the Crank—Nicolson
scheme and more accurate time stepping procedures (see, e.g., [22]) can be used,
and the present analysis applies to these schemes. Second, the nonlinearities in the
pressure and saturation equations are handled by lagging in time. Consequently, a
linear system of algebraic equations is solved at each time step instead of a nonlinear
system. We point out that the analysis below extends to the nonlinear version where
we use sy, py, and u} in the coefficients of equations (4.5) and (4.6) instead of 5271,
pi~ !, and u}' ! (see the scheme (6.7) in section 6). In this case the time step At in
the condition (5.28) below would disappear.

5. An error analysis for the fully discrete scheme. In this section we give a
convergence analysis for the finite element procedure (4.5) and (4.6) under assumption
(2.21). As usual, it is convenient to use an elliptic projection of the solution of (2.11)
into the finite element space My. Let § = 3§, : J — M}, + sp be defined by

(5.1) (D(s)V(s—3),Vv) + (s —5,0) =0 Yve M, tel
Set

(5.2) (=s5—-35, &=35—sp.
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Then it follows from standard results of the finite element method [16], [31], [38] that

1/2
k
(5.3a) ¢+ Al < € (Z hyt +”|s||i+1,K> :
K

(5.3b) 1¢ll0,00 < CREF (log A1) 18l k41,005

where v = 1 for k = 1 and v = 0 for £ > 1. The same result applies to the time-
differentiated forms of (5.1) [41]:
9 1/2
k+1,K> ) .

2(k+1 ds
<c (Z p (nsniw +%
1 K

As for the analysis of the mixed finite element method, we use the following
two projections instead of the elliptic projections introduced in [15] and [19]. So the
present analysis is different from and in fact simpler than those in [15] and [19]. Each
of our mixed finite element spaces [4]-[6], [11], [30], [35] has the property that there
are projection operators I, : HY(Q) — Vj, and P, = L?-projection: L%(Q)) — W)
such that

0 0
S

1/2
(55) ||v—Hhv||<G<Zh§TKnvni,K> , 0<r<k 41,
K

1/2
(5.6) |V~(v—Hhv)llSO(ZhﬁTKw-vH%K) , 0<r<k™,
K

1/2
61 lw- Pl <C (Z hﬁfanni,K) , 0<r <k,
K
and (see, e.g., [9], [20])
(5.8) (V- (v—Tpv),w) =0 Yw € Wy,
(5.9) (V-v,w—Pyaw)=0 Yv eV,

Set p = Pyp, u = Il,u, and

(5.10) c=u—1u, [B=1u—up,
(5.11) n=p—p O=p—py
Note that, by (3.3) and (4.7),

(5.12) =0, =0, g°=0.

Finally, we prove some bounds of the projections § and p. Let 5 = 5, be the
interpolant of s in Mj. Then we see, by (4.1), (5.3b), the approximation property of
5, and an inverse inequality in My}, that

15011,00 <lIs = 8ll1,00 + lIs]1,00
<[5 = 5ll1,00 + 15 = Sll1,00 + lIsl1,00
<SChH3 = 3llo,co + IIs = 5ll1,00 + lIsll1,00
<Ch™H(|I5 = sllo,00 + lIs = Sllo,00) + lIs = 5ll1,00 + [Isl1,00
<Ch*(log h™1)Is[l+1,00 + [I5]l1,00-
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where «y is given as in (5.3b). This implies that ||5]/1,c is bounded for sufficiently
smooth solutions since k > 1. The same argument applies to ||05/0t||1 . Next, note
that, by the approximation property of the projection P, [28],

22 < Clptllo.co-

These bounds on p;, V3§, and V(95/0t) are used below.
We are now ready to prove some results. Below ¢ is a generic positive constant
as small as we please.

5.1. Analysis of the mixed method. We first analyze the mixed method
(4.5). Weset s=p=wu=0and s, =pp = up, =0 when ¢t < 0. The following error
equation is obtained by subtracting (4.5) from (3.1) at ¢t = t" and applying (5.8) and
(5.9):

(5.13)  (a(sp™ )" 0) = (V- 0,0") = ((asp ™) — a(s™)u",v) = (alsp~ o™, v)
+(G(s ") — G(sp~ ,pz 1),1)) Yv € Vp,

(c(si™"sph~")00™, ) + = (" p") = f(sp7hpi 1) )
+(A<" ey — AR W)
+ (B(s",p") -u™ — B(s)~ Lpp - uZ_l,w)
+ (s - o) o)

~ (el (B - o)) e,

Below C; indicates a generic constant with the given dependencies.
LEMMA 5.1. Let (u,p) and (up,pp) solve (3.1) and (4.5), respectively. Then

106" 1*+At 0|
< Co{At'(|ls' =" + 00 ||* + ||3G1||2)

(5.14)

(5.15)
0
+Ip" = POl + " = O + Hp —op'

+ Jut = u®)?},

where 0G* = (G(st,p') — G(s°,p°))/At! and
Op ou
G =col| % Nl ) -
< Ot || pee(yxa) Il Ol e (1x0) (/x4

Proof. Set v = 3! in (5.13) and ) = #* in (5.14), add the resulting equations at
n =1, and use (3.3), (4.7), and (5.12) to see that

(e(s%,p")00",00") + At' (a(s")05", 05" ZTI

where
Tll = ((04(3 ) —a(s ))(Ul 0) /31)7 T2 (a (s ) op )
T3 = (G(s',p") = G(s",p),08"), Ty = (A(s", )( N? = A(s%, %) (u%)?, 060"),

T = ((c(so,po) —c(sﬁpl))aa% 00 ) T = —(c(s° (i{; —9p >,ael),

Ty = (B(s',p') u' = B(s°,p%) -, 00%), Ty = (f(sl,pl) — f(s",0°), 00").
Then (5.15) can be easily seen. d
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LEMMA 5.2. Let (u,p) and (up,pn) satisfy (3.1) and (4.5), respectively. Then

v
o671 + > llos™ > A"

n=2

)
< ar{ 10812+ S {100 + 0"+ a2 + o™~ P

n=1
ap™ 2
(% o)

+o0" =" HIP + " = p P+ (O™ — 5"
+ls™ = s TP (10T + log" I + flen
Hlo(u™ —u" [ + [lu” — w2

IR 4 902 + \ 9 T Jjoem

2

_ n— n— 8 " U
+ (106 B o + 108" 3.0) |06 1P + | — 2

™1 + @+ 108" G oo 108" 2 ]

+ 1+ 106" MG

U+ 187 21P + o™y paen
for 2 <~ < np, where
0 0 0? 0
=0 ’ = < e . .
Ot oo (xe) ot Leoxa) 10 || e (rxq) ot Lo (IxQ)
Proof. Using difference equations (5.13) and (5.14) with respect to n, set v = 94"
and ¢ = 00" in the resulting equations, divide by At™, and add to obtain

HUHLN(JXQ

(5.16) (a(sp1)aB™,06™) + (c(sp—, pr—1)a(86™), 90™) ZT”

where
1

17 Atn((f(s”,p”)—f(sZ L) = (T = f(sp R R), 007),
1

_ [A(Sn—17pn—1)(un—1)2 _ A(S’Zi ’pz 2)(11/272)2],89”),

1
At

Ty = (B0 - = Bl ) )
- [B(Sn717pn71) ! unil - B(Sh 7p;7,L 2) UZ_2]7807L)7

n 1 n— n— ap/n/
77 = (e ) - el ) %

B e anfl o
(el ) = el ) o)
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n 1 ne1 a1y (0P oo
T35 _M(C(sh 1»Ph 1) <8t p)

n— n— 0 ot ~n— n
_C(sh 27ph 2) ( p&t _ap 1) 780 )a

1 — n— n— n— n— n
= (e 2m0 ) — el pp )08 00"),
1 - n— n
=5 (a(sh ™) —al(sy™)p" ", 08"),
mn 1 n— n— n— n
TS = Atn (Oé(Sh 1)0 Oé(Sh 2)0 laaﬁ )7

m __ 1 n—1 n n n—2 n—1 n—1 n
Ts =g ((alsi ™) —als™)u" = (als; ™) —a(s" )", 9"),

Ty = 5o (G 1") — G50 ~)
- (G(sn717pnfl) - G(SZ_QapZ_Q))a aﬂn)

Observe that the left-hand side of (5.16) is larger than the quantity

1 n—1 _n—1 n ny _ n—2 , n—2 n—1 n—1
(5.17) 2Atn{(c(3h Py~ 1)00™,00™) — (c(sp %, pp2)00" ", 00"}
+ (a(sp~hHop™,0p™) + Ty,
where
.1 s e L
I = e (1) — ™ i o ),

2239

We estimate the new term 75" in detail. Other terms can be bounded by a simpler

argument. To estimate 75", we write

T2 _Altn ({[A(S"7p”) _ A(Sn_l,pn_l)]
— [AGsphph ™) = Alsp 7)) ()2, 00™)

b (AR B ) = Al s (@) — ()2, 067)
o (A5 = Al 2 )W) — (un)?), 06)
o (A2 — ()~ ()2 1, 06")

4
=) T
i=1
Note that

[AGR B = A2 B2 = [AG™, ") — A"
0A

= o5 G e DT s 2)+(7p( PR A (A iy
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where

min{p,~, pp =} < Py < max{p) ', pp

min{p", p" "'} < p* < max{p",p" "'},

and similar inequalities hold for §‘2717 s". Consequently, with A" = At"~1/At" we
see that

13, = - (Goioc 406 - 0l - s} 00

82A ~— ~n 82A n— n n s" _snil n
- <[832(5h -3 )+8p83(ph '—p )] (u )QT,GG >

_ <g‘2{/\n[ann1 4 80”71] _ a(pn _pnl)}(un)2769n>

82‘4 ~— ~n aZA n— n— n pnfpnil n
- ([W(ph - )+8s8p(sh s 1)} (u )thnﬁ@ )7

so that
T3] < Co(Jlo¢™ 12 + 106" H1P + [[o(s™ — " DIIP + [I57 = 5"17
(5.18) ot = P 00" P+ 10071 + 0" — p 1P
+lon =t =PI+ sy = "R+ 100" ]1?),
where
1pr " ="l < Cu(llp™ = pp M+ 1™ — pp 2l
+ " =+ =R,

1

(5.19)

and an analogous inequality holds for 577 — 5™, Also, we see that

[As ™0 ™) = Al N((W")? = (u™)?)

0A n— n— 9A n— n— n n— n n—
:{&s(sh 1_5h 2)+37p(ph 1—ph 2)}(“ — Up, 1)(“ + uy 1)7

which implies that

T3] < 1 (14 106" F o + 100713 o) (1 -+ 115713 ) 167
T e R I L 4

Next, it can be easily seen that
T33) < Cr (s~ = 322+ ™" = g2+ 106™ ?)-
Finally, since
[ )% = (™)) = [(w™)? = ("))
_ ([uzfl _ “Z 2] _ [unfl _ unf2})(uzfl _’_unfl)
+ (un72 _ UZfQ)([qu2 _ uzfl] 4 [unf2 _ unfl])
4 ([un—l _ un—Z] _ [un _ un—l])(un—l 4 un—Z)
+ ( n—2>

un_un—l)(un_u ,
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we find that
T3] < CL((L+ 198" HIG o) 18" I + 1187217
100+ 0" — w2
+ lo" 2|17 + 106" (17) + llog™ 1|12,

Hence T3 can be bounded in terms of 73';, i = 1,... ,4. Other terms are bounded as
follows:

77| < Ca(lo¢™ 1P + 10" HI* + 0™ = s" DI + |57, — 5111
+ o™ = 12 o TP + 100" + oG — p I
BT =I5y~ = s"HIP + 00 ]17),

73] < Cr(lloc" 17 + log" M 12 + lo(s™ = s"HII* + (155" — 55112
+lpn =1 o TP + 100" + oG — p I
+ P55 = 517+ sy~ = s"7H1P + 00"

+ (L4 106" G 00 + 100" G o) 1877

S [ /s /i (g
+o(u" —u" %) +ellog" %,

T3] < Cu(lls™ = sy HIZ + llp™ = o~ HI1P + (00" |12 + [[o¢" ~H||?
+llon"HIE + o™ — p" I + 9(s™ — "]
+ 100" + 06" P + 15, — 517 + 155" — 8511%),

a T
<y ( <|an"||2 |5 o

dp 2
o (5 o)

(1 + 106" M5 o 00"~ > + 06" 1),

1+ (106" I3 o) 18" 1% + ellos™ 1%,

o™ [I* + 90" [1%) + ellop™ |1,

HGC’HII2 +og" I +llo(s™ — s" |17

+ s = sy P+ 155 = Sl +ellos’?,

Tl < Cl(H@C”‘lll2 0P+ [lo(s™ = s"THIIP + sy~ = sm T2
+[log"HIZ + ||39"_1H2 + 00" = p" I+ ey~ "I
+ 255" — P51 + 115557 — S5 11 + =ll95" 1%,

T3] < Co (1 + 198715 o + 100" 15 o) 00",

2
) (10" 13 00 + 106" 13 o0)

+llo@n™)|? + ||39"|2>7

T < C
77| < Ch
|Tg'| < C4
T3] < C

A~~~ I~

where E‘anl — 5" and ﬁ;’;l —pl (i=1,...,5) can be bounded as in (5.19), e.g.,

575" =01 < Clls™ = sy~ + lls™ — 537

(5.20) o PR
s = s+ s = s D).
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Now, apply these inequalities and (5.17)—(5.20), multiply (5.16) by At¢™, sum n, and
properly arrange terms to complete the proof of the lemma. 0

The three terms 77, i = 1, 2, 3, take care of the quadratic terms in the velocities,
which require more regularity on u than those without these quadratic terms, as seen
from Lemma 5.2.

5.2. Analysis of the saturation equation. We now turn to analyzing the
finite element method (4.6).
LEMMA 5.3. Let s and s, solve (3.2) and (4.6), respectively. Then

X
IVE2+ > logm|*Atr

—1112 — —
=G {HS7 =T 1T U+ 1071 + 11 + 187117 + o1

(Hasn n

O™ IZ + 1S I1Z + oo™ 12 + o™ 1% + lln™ I* + €™ 1T + 1|1

+ Ha(sn+1 _ Sn)HQ + ”Sn—i-l _ SnHQ + Hpn+1 _pn||2

~y—1
+ 1671 + 196" 1> + ||377"||2> A"+ V§”2||c’)§”|3mAt"}

n=1
Y
+e ) llopmPAtr
n=1

for 1 <~ < np, where

0
(|3

Proof. Subtract (4.6) from (3.2) at t = ¢™, use (5.1) at t = ", and set the test
function v = JE™ to see that

s
at

7||vs||L°°(J><Q)7 ||U|L°°(Jxﬂ)) .

L°°(J><Q)’ L (JxQ)

7
(5.21) (90", 0€™) + (D(sp~)VE", VOE™) = Y BY,
=1

where
B?z—( (—a ) 85”) By = (¢", 06",
B3 =((qu(s™) = qu(sp~))u",VOE"), B = ((u" —uf)qu(sp ™), VIE"),
B 00" 5) ~ s ) Voe), B = - (e shaet).

— ((D(s™) = D(s371)) V3", VOE™).

The left-hand side of (5.21) is bigger than the quantity

B

3

(pOE™, 0€™) +
1
C2An

1
A (D(sh Ve, ver)

(D(sp~?) Ve, ven™) + By,

(5.22)
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where Bg is defined by

1

B = s ((D(sp72) = D(s ) Ve, ven )

and is bounded by
(5.23) |BE| < Co(1+ 106" 5 o) IVE %
Next, it can be easily seen that

(5.24)

os™
|BY'| + B3| +|Bg| < Co <‘ T i [OC™ 17 + [I1¢™ 11> + ||§"|2> +ellog™ 2.

To avoid an apparent loss of a factor h in B}, i = 3,4,5,7, we use summation by

parts on these items. We work on BY in detail, and other quantities can be estimated
similarly. Applying summation by parts in n and the fact that £ = 0, we see that

> ((qu(s™) = qulsy™ )", Vogm) At"

= Z ({(Qw(sn) - Qw(sz_l)) - ((Qw(5n+1) - Qw<52))}un’ Vgn)

so that, using the same argument as for (5.18),

i BIAE"

n=1

(5.25) s g2 4 Ve ) AL 4 187 — 82‘1||2}

~y—1
+e (IV@II2 +) ||8€”2> :
n=1

where ||§} — 5" can be estimated as in (5.20). The term > _, B*At™ has the
same bound as in (5.25). Also, we find that

~y—1
< Cz{z (I9¢™ 1 + [lo(s™* = s™)1* + |13 — 3"+

n=1

(5.26)

~
> BrAt
n=1

-1

.
< 02{2 (901> + [lo™ > + 116" |12

n=1

+ (14 [|0€ 12 ) IVE™ ) At™

~y—1
+ [l + IIWIIQ} +e (IIV@II2 +> |3/6’"“||2> ,

n=1
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and
2 v—1
S| < o X (10612 4 1007+ = )P 4 5 - 574 P
= n=1
12+ 067 | + 77— 5
n+l _ n|2 n __,n|2 n|2 n
5.27) ™= sp2+ " — I+ [V 7) At

1
s = s |2+pv—p2|2}

y—1
e (HWHQ +> ||<9§"||2> :
n=1

Now, multiply (5.21) by At", sum n, and use (5.22)—(5.27) to complete the proof of
the lemma. O

Note that in order to avoid an apparent loss of a fact h, summation by parts
(i.e., integration by parts) has been exploited to estimate the B} (i = 3,4,5,7) terms.
If the usual error equations (5.13) and (5.14) are used, a difficulty arises from the
combination of the Dirichlet boundary condition (1.3) and the nonlinearity of the
differential system (2.9)—(2.11) since the global pressure and the total velocity appear
in these terms and boundary integrals result from the integration by parts (see [19]
for treating a simpler problem with no flow boundary condition using the usual ar-
gument). To handle this difficulty we use the time-differentiated forms of these error
equations and the homogeneous initial conditions, as mentioned before.

5.3. L2%-error estimates. We now prove the main result in this section. Define

o ap 0

Z hk <||p||L°° 0,4 HF (K)) T Hat L o
KEeTy, Lo (0,t; HF (K)) L2(0,4; HF™ (K))
+ Z hﬁj}-{‘-l <||u||L°°(0,t;Hk*+1 H )

KEThp L2(0,t; Hk*+1(K))

Js

+ > ! <|| 8| Loo 0,052+ 1 (1Y) + H = )

KETh L2(0,t; H-+1(K))

0's Oiu

+ At H ) H
Z ( ez N e 110 llee@)

+ At . ted

5“ L2(5iL2()
THEOREM 5.4. Let (u,p,s) and (un,pn, sn) satisfy (3.1), (3.2) and (4.5), (4.6),
respectively. Then, if the parameters At, h,, and h satisfy

(5.28) (h™42 + hy 2 (At + BE T+ BET 4 BFFY) - 0 as At, B — 0,
we have
[u™ —upll + [[p" — Pl + 8™ — sl + B[V (s" — sp)ll + 0" oy

nr an
I

where C = C(Cy,Cs,T).

n
_83h

9 1/2
At"} < CE(T),
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Proof. Take a (Cy 4 1)-multiple of the inequality in Lemma 5.3, add the resulting
inequality and the inequality in Lemma 5.2, and use (5.3)—(5.7), (5.15), and the
extension of the solution for ¢ < 0 to obtain

,
IVE 11> + 106712 + D (196" |1* + 95" |I1*) A"

n=1

< cg{e%m LR+ 67 + (157

1 . n i3 3 n
(5.29) +5 2 (IE7IF + 18711 + (16717 + l1oe™ |
n=1
+

100" HI* + 118" 21 + Ve~ HJ?
+ @+ 18" G ) 18" + £2(7))

< (10€™ 2 o + 196" 12 + |aﬂ"-1|3,oo>)w},

where C5 = C3(C1,C2). In deriving (5.29), we required that the ¢ appearing in
Lemma 5.3 be sufficiently small that (C7 + 1)e < 1/2; this increases Cy but not Cj.
Observe that, by (5.12),

Y Y
(5.30) 607]> < C Y [|0P At 2> ||00" At

n=1 n=1

The same result holds for £7 and 37. Combine (5.29), (5.30), and an inverse inequality
to see that

2l
N + 167117 + 1967112 + 18717 + D (19" |1° + 95" 1) A"

n=1

:
S IEMT + 1817 + [l0™ (1 + [|oe™ |
n=1

DO =

<Cg{(€2(t’y) +
(5.31)
+ (R by ) (100" + (18721 + (Ve

+ (1 h BB+ E2(t7)

< (19g™12) + 96" 2 + ||85"‘1|2))At”}.

We now make the induction hypothesis that

max (/€[ + 16”11 + 106" [1* + [15"]*)
n<y—1

(5.32) y=1
+ > (0€" P + 198™ 1) At™ < C4E(T),

n=1
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where Cy = 2C3¢7 3. Note that, by (5.12), (5.32) holds trivially for v = 1. Then, by
(5.32), (5.31) becomes

Y
V1T + 110717 + 11067112 + 1871 + > _ (19" |1* + |95"||*) A"
n=1
vy

1
SCz{EQ(t”) +5 > (€713 + 18117 + ll6™|1* + o6

n=1

(5.33)
+2(h™ %+ by ) CLEX(T)(1 + Cuhyy EX(T))
< (912 + 91|12 + 85"‘1“2))&"}-

Using (5.28), we choose the discretization parameters so small that
2(h™ %+ hy D) C3C4E*(T)(1 + Cuhy, “E3(T)) < 1/2.
Then it follows from (5.33) that

3
T+ 1671 + 1067112 + 18711 + D (10€™)1* + 95" |1*) At

n=1
.
< 03{52<m 37 (€ + 187 + 0 + ||ao”||2)At”},
n=1
which, together with Gronwall’s inequality, implies that

y
(5:34) N1+ 116717 + 11067 1> + 18717 + D (96" | + 198" |*) A" < C5(T),

n=1

where
Cs = C3(1 — CsAt) T/ < 90567 = Oy,

for At not too large. Consequently, the induction argument is completed and the
theorem follows. O
We remark that, if h and h,, are of the same order as they tend to zero, then

(h=d/? Jrh;d/z)(hl;*ﬂ +hl;** +hk+1) < Chfd/2(hk** +hk+1),
since k** < k* + 1. Since k > 1,
R=42RF S 0ash — 0, d=2,3.
Also, if k** > 2, we see that
h=2RF S 0ash — 0, d=2,3.

Thus, for (5.28) to be satisfied, we assume that k** > 2. This excludes the mixed
finite element spaces of lowest order, i.e., k** = 1. The lowest order case has to be
treated using different techniques. If the nonlinear coefficients «(s) and ¢(s, p) in (4.5)
are projected into the finite element space W}, the technique developed in [10] can be
used to handle the lowest order case. We shall not pursue this here. Also, the time
step At is required to satisfy the condition (5.28), which comes from the nonlinearity
of the pressure and saturation equations and the linearization scheme. It is clear from
(5.28) that this condition is not very restrictive for At.
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5.4. L°°-error estimates. The main objective of this paper is to establish the
L2-error estimates given in Theorem 5.4. For completeness, we end this section with
a statement of L°°-estimates for the errors s — s, and p — pp, in the two-dimensional
case.

THEOREM 5.5. Assume that (p, s) and (pn, sp) satisfy (3.1), (3.2) and (4.5), (4.6),
respectively, and the parameters hy, and h satisfy (5.28). Then

lo,00 < C'loghy t (E(T) + hE™

(5.35) max lp" — pp Pllzoe (e +1(02)))»

0<n<n

[t —1\7 k+1
(5.36) s 5" = sflose < C(1ogh™) (ECT) + sl raies o),
where C = C(C1,Co,T), v=1 fork=1, and v =1/2 for k > 1.

Proof. First, it follows from the approximation property of the projection P, [28]
that

_ o _1\1/2
(5.37) Ip" = 5" llo.c0 < O (log iy ) lp" -1
Also, from [28, Lemma 1.2] and (5.13), we see that
16" llo,00 < Clog hy, Hfla(sy ™) 8" + (als™) — a(sy~))u”
+a(sy )" + (Glsp~ph ™) = G(s™ M),
so that, by Theorem 5.4,

max 6" lo,.0 < Clogh,'E(T).

0<n<nrp
This, together with (5.37), implies (5.35). Finally, apply the embedding inequality
37]

€7 l0.00 < C(logh™") " l€" |1,
(5.3b), and (5.34) to obtain (5.36). O

6. Finite elements for a degenerate problem. In this section we consider a
degenerate case where the diffusion coefficient D(s) can be zero. Since the pressure
equation is the same as before, we here focus on the saturation equation. For simplicity
we neglect gravity. Then the saturation equation (2.11) can be written as

(6.1) qi)% —V - (D(5)Vs = qu(s)u) = fu — s%, (z,t) € Q@ x J.

For technical reasons we consider only the Neumann boundary condition (2.15)
(6.2a) (D(s)Vs — qu(s)u) - v = —dy(z,t), (z,t) € 0QxJ,

and the initial condition is given by

(6.2b) s(z,0) =s(z), 2€Q,

where 0 < s%(x) < 1, x € . We impose the following conditions on the degeneracy
of D(s):

B ls|H, 0<s<ay,
(6.3) D(s) > { B, a1 < s < asg,
B3]l — s[H2, as < s <1,
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where the 3; are positive constants and «; and p; (j = 1,2) satisfy the conditions
0<a <1/2<as<l, 0<pj <2

Difficulties arise when trying to derive error estimates for the approximate solution
of (6.1) and (6.2) with D(s) satisfying the condition (6.3). To get around this problem,
we consider the perturbed diffusion coefficient D, (s) defined by [12], [25], [36], [39],

D,(s) = max{D(s), "},

where k > 0 and g = max{u1, p2}. Since the coefficient D, (s) is bounded away from
zero, the previous error analysis applies to the perturbed problem:

(6.4a) qb% =V (Du(85) V8K — qu(sk)u) = fuw — SR%, (z,t) € Q x J,
(6.4b) (Dy(85)Vsk — qu(se)u) v = —dy(z, 1), (x,t) € 00 x J,
(6.4c) sx(,0) = s%(2), x e Q.

We now state a result on the convergence of s, to s as x tends to zero. Its proof
is given in [25] for the case where d,, = 0 and the right-hand side of (6.1) is zero, and
can be easily extended to the present case.

THEOREM 6.1. Assume that D(s) satisfies (6.3) and there is a constant C* > 0
such that

(6.5) C*lgu(s1) = qu(s2)|* < (D(s1) = D(s2)) (51 — s2), 0 <s1,80 <1,

where
D(s) = | Dle)de.
0
Then there is C' independent of k, s, and p such that

(6.6) Ils = sillpz+n (s p2+0(0)) < Ok

As shown in [25], the requirement (6.5) is reasonable. We now consider a fully
discrete finite element method for (6.4). Let M), be the standard C° piecewise linear
polynomial space associated with T}; due to the roughness of the solution to (6.1) and
(6.2), no improvements in the asymptotic convergence rates result from taking higher
order finite element spaces. Also, we extend the domain of D, and q,, as follows:

(D et
D““)‘{D,x—g) ife <0,

and
qw(§) =0 V€ € (—o00,0) U (1, 00).
Now the finite element solution s} : J — My, n=1,2,... ,np, to (6.4) is given by
(6.7a) (¢0sy,v) + (Dw(sp)Vsy — qu(sp)u™, Vv)
= (fg - sZag;n?v) —({dy,,v) 50 YU E My,

(6.7b) 9 = Pys?,
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where Py, is the L2-projection onto Mj,. The following theorem states the convergence
of s, to s. For (6.8) below to be satisfied, we see from (6.6) that the perturbation
parameter x needs to satisfy the relation x = O(h™), where )\, is given by

A= (4420)/(2 +4p + p?).

THEOREM 6.2. Let s and sp, solve (6.1), (6.2), and (6.7), respectively, and let the
hypotheses of Theorem 6.1 be satisfied. Then there is C' independent of k, s, and p
such that

nr
Cmaxs(E") — Ry + D I1s(E") — sRIEL, A"
(6.8) snsnr o

< C(h@TM (log h=1) T 4 AL™S7),

Ag+2
2

where Ay = (24 p)/(1 4 w).
The proof can be carried out as in [26], [36], and [39]; we omit the details.

7. Simulation with various boundary conditions. Let 02 be a set of four
disjoint regions I';, ¢ = 1,... ,4, and let I's = U;I'3 ; where each I'; ; is connected. As
mentioned in the introduction, the most commonly encountered boundary conditions
for the two-pressure equations are of first type, second type, third type, and well type.
Then we consider for a = w, a

(7.1) Pa = Pap(, 1), zeTy, t>0,

(7.2) U "V + Xa(Z, t, $)Do = Vo, t,8), x€Ta, t>0,

(7.3a) / (ww + ua) - v =v;(t), rels;, t>0,
s

(73b) Pa = paD($7t) + dj(t), WS F37j, t>0,

(7.4a) Pa = Pap (1), zeTy, t>0,

(7.4b) Uy * V4 X (T, t, 8)pw = U (x,t,8), €Ty, t>0,

where pap, Xa, Va, and v; are given functions, d; is an arbitrary scaling constant,
and v is the outer unit normal to 0€2. Note that I'; is of the first type, I's is of the
third type (it reduces to the second type as xo = 0), I's is of the well type, and on T'y
we have the Dirichlet condition for the air phase and the Neumann condition for the
water phase. Let ', ; =1, i =1,...,4, 51 =1 UIl's, and I's o = ', UT'4. Then the
global boundary conditions for the pressure-saturation equations (2.9)—-(2.11) become

(75) p= pD(xat)v x € Fp,h t> 0,
(76) U'V‘i’X(I,t,S)p:T(‘T,t,S), x GFp,Qv t> Oa
(77&) / u-v= Uj(t), HASS Fp,3,ja t >0,
p3.j

(77b) p= pD(LL',t) + dj(t), S I‘p’g’j, t>0,
(7.8) p = pap(x,t) + @(s), z€lpa, t>0,
(7.9) s =sp(x,t), zelsq,t>0,
(7.10) (Guu + kXaGw(Vpe — p)) - v

+ xw(®, t,8)p = Ty (z,t,8), €T, t>0,
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where pp and sp are the transforms of p,,p and p,p by (2.2) and (2.3), and
X = Xw + Xa;

De(s)
T=vw+va—xapc+x/o da (P2 1(€)) dé,
pe(s) 1

Ty = Vo + Xuw /0 qa ( . (5)) dg,

De(s)
o(s) = - /0 G (07 1(6)) dE.

We now incorporate the boundary conditions (7.5)—(7.10) in the finite element
scheme given in (4.5) and (4.6). The constraint V}, C V says that the normal com-
ponents of the members of V}, are continuous across the interior boundaries in Ty,
Following [2], [9], we relax this constraint on V3 by introducing Lagrange multipliers
over interior boundaries. Since the mixed space V}, is finite dimensional and defined
locally on each element K in T}, let Vj,(K) = Vj,|k. Then we define

Vi, = {v € (L2 ()% : v|x € Vi(K) for each K € Ty, },

O {r € L2< U ) rle € Vi - V| for each e € 9T}, ;

e=0,m €V, v, VeeT,1,

e=0,r2 €V v, Ve €T3 ;, foreach j,

(r—m3,r3)e =0,73 €V}, - Ve, Ve € FPA},

and W}, and M, are given as before. The mixed finite element solution of the pressure
equation is {u}, pit, €3} € Viyx Wi, x Ly, P pp i en-t =12, .n, satisfying

(c(sp ™ omnH)OpR ¥ +ZV up, ) = (Foh 1)) Vb € W,

(O‘(SZ 1) Zvv _Z{ V-U,pZ)K—(EZ,’Uﬁ/K)aK}Z(G(SZ »PZ 1)7“) V'UGV}L,
K

’U 77"
Z(uz . VK’r)aK\(FPJUFPA) = (T(SZ 1) X(Sh ha Tp.2 + Z J‘ pl3 :
K Pa )

Vr e Lh,o,{o},m
and the finite element method for the saturation is given for s € M), 4 s}, satisfying

(605, v) + (D(sp ) Vi — qu(syuh —b(sp " i), Vo)

¢7l
= (f”—sh TR v) — (Yw(s,™ h— Xuw(sp™ 1) N U)D, Yv € My,
for n = 1,2,... ,n7. The computation of these equations can be carried out as in

(4.5) and (4.6). Note that the last equation in the unconstrained mixed formulation
above enforces the continuity requirement on uy, so in fact up € V3. It is well known
[2], [9] that the linear system arising from this unconstrained mixed formulation leads
to a symmetric, positive definite system for the Lagrange multipliers, which can be
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TABLE 1
Convergence of pp, at T = lmin.

1/h | L%-error | L>®-order | L2%-error | L?-order

10 0.0570 — 0.0501 —

20 0.0343 0.73 0.0245 1.02

40 0.0186 0.88 0.0122 1.00

80 0.0090 1.05 0.0059 1.02
TABLE 2

Convergence of sp at T = 1min.

1/h | L*-error | L°°-order L2-error | L2-order
10 0.0766 - 0.0695 -

20 0.0526 0.55 0.0482 0.53

40 0.0295 0.83 0.0271 0.83

80 0.0167 0.82 0.0152 0.84

easily solved. Also, the introduction of the Lagrange multipliers makes it easier to
incorporate the boundary conditions (7.5)—(7.10).

We now present a numerical example. The relative permeability functions are
taken as follows:

krw = 8 — Srw, kra =1—35— Spq,

where s,., and s,, are the irreducible saturations of the water and air phases, respec-
tively. The capillary pressure function is of the form

pe(s) = (1= s){7(s™' = 1) + O},

where v and © are functions of the irreducible saturations. The water and air vis-
cosities and densities are set to be 1cP and 0.8cP, and 100kg/m?® and 1.3kg/m?3,
respectively. The permeability rate is 1 x 10712m?2. A two-dimensional domain of 4m
width by 1m depth is simulated. Finally, the boundary of the domain is divided into
the following segments:

I ={(z,y) :2=0,0<y <1},
Do={(z,y) :2=4,0<y<1}U{(z,y) 1 y=0,0<z <4},
F3:®7

IFy={(z,y):y=1,0<z <4}

A uniform partition of € into rectangles with h = Az = Ay is taken, and the time
step At is required to satisfy (5.28). The Raviart—Thomas space of lowest-order over
rectangles is chosen. Tables 1 and 2 describe the errors and convergence orders for
the pressure and saturation at time ¢ = 1min, respectively. Experiments at other
times and on finer meshes are also carried out; similar results are observed and not
reported here.

From Table 1, we see that the scheme is first-order accurate both in L? and L™
norms for the pressure, i.e., optimal order. Table 2 shows that the scheme is almost
optimal order for the saturation. Thus the numerical experiments in the two tables
are in agreement with our earlier analytic results.
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