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A HYPERBOLIC-ELLIPTIC MODEL OF TWO-PHASE FLOW IN
POROUS MEDIA - EXISTENCE OF ENTROPY SOLUTIONS
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Abstract. We consider the flow of two-phases in a porous medium and
propose a modified version of the fractional flow model for incompressible,
two-phase flow based on a Helmholtz regularization of the Darcy phase veloci-
ties. We show the existence of global-in-time entropy solutions for this model
with suitable assumptions on the boundary conditions. Numerical experiments
demonstrating the approximation of the classical two-phase flow equations with

the new model are presented.

Key Words. Porous media flow, conservation law, elliptic equation, weak

solution, existence

1. The two Phase Flow Problem

Many geophysical and industrial processes like enhanced oil recovery and carbon
dioxide sequestration involve the flow of two-phases, say oil and water, in a porous
medium.

The variables of interest are the phase saturations s,, and s, representing the
saturation (volume fraction) of the water and oil phase respectively. We have the
identity:

(1.1) Sw+ 8o = 1.
Hence, we can describe the dynamics in terms of the saturation of either of the

two-phases. We denote the water saturation as s,, = s in the discussion below.
Assuming a constant porosity (¢ = 1), the two-phases are transported by [4]

(1.2) (sp)t +divy(v,) =0, r€{w,o}.

Here, the phase velocities are denoted by v,, and v, respectively. In view of the
identity (1.1), the two-phase velocities can be summed up to yield the incompress-
1bility condition,
(1.3) divy(v) =0, v =vy + V,.
The total velocity is denoted by v.

The phase velocities in a homogeneous isotropic medium are described by the
Darcy’s law [4]:
(1.4) v = =M\ Vapr + Aeprgk, 1 € {w,o}.

Here, g is the constant acceleration due to gravity, k is the direction in which gravity
acts and p, is the (constant) density of the phase r. The quantity A\, = A.(s,) is
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the phase mobility and p, is the phase pressure. Assume that the capillary pressure
i.e, pc = pw — Po 18 zero, we can sum (1.4) for both phases and obtain

(1'5) V= _/\T(s)vxp + ()‘wpw + )\opo)gkv

with p = p, = p, being the pressure and Ar = A, + A, being the total mobility.
Using (1.5), the gradient of pressure in (1.4) can be eliminated leading to

Vg = )\w(s)v+ Aw(8)Ao(s)
)\T(S) )\T(S)
Denoting the fractional flow function f as

f(S) )\w(S) )\w(S)

and the gravity function g as

(pw - po)gk-

TAr(s) Aw(s) FAo(s)’

9(s) = W(pw — P09,

the saturation equation (1.2) for water can be written down as
(1.6) st + div, (f(s)v + g(s)k) = 0.

Combining the saturation equation with the incompressibility condition (1.3) and
the pressure equation, we obtain the evolution equations for two-phase flow in a
porous medium:

s¢ + dive(f(s)v + g(s)k) =0,
(1.7) div,(v) =0,
v ==A7(8)Vap + (pwAw () + poro(s))gk.

The above equations have to be augmented by suitable initial and boundary con-
ditions.

The phase mobility A, : [0,1] — R is a monotone increasing function with
Aw(0) = 0 and the phase mobility A, : [0,1] — R is a monotone decreasing function
with A,(1) = 0. Furthermore, the total mobility is strictly positive i.e, A\p > A, >0
for some ..

The above equations are a hyperbolic-elliptic system as the saturation equation
in (1.7) is a scalar hyperbolic conservation law in several space dimensions with
a coefficient given by the velocity v. The velocity can be obtained by solving an
elliptic equation for the pressure p.

It is well known that solutions of hyperbolic conservation laws can develop dis-
continuities, even for smooth initial data, [8]. The presence of these discontinuities
or shock waves implies that solutions of conservation laws are sought in a weak sense
and are augmented with additional admissibility criteria or entropy conditions in
order to ensure uniqueness.

As the two-phase flow equations involve a conservation law, we need to define
a suitable concept of entropy solutions for these equations and show that these
solutions are well-posed. The problem of proving well-posedness of global weak
solutions of the two-phase flow equations (1.7) has remained open for many decades.
The main challenge in showing existence is the fact that the velocity field v acts as a
coefficient in the saturation equations. Although conservation laws with coefficients
have been studied extensively in recent years, see [1, 11, 7, 2] and references therein,
the state of the art results require that the coefficient is a function of bounded
variation. Many attempts at showing that the velocity field v in (1.6) is sufficiently
regular, for example is a BV function or has enough Sobolev regularity, have failed.
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Partial results (with strong assumptions on the velocity field or on the solution)
have been obtained in [14, 18] and references therein.

Another approach is to consider a modified version of the two-phase flow equa-
tions. Recalling that the two-phase flow equations (1.7) were derived under the
assumption that the capillary pressure was zero. Adding small but non-zero cap-
illary pressure leads to a viscous perturbation of the saturation equation, see [12].
The viscous problem has been shown to be well-posed in [12] (see also [5, 6, 16, 10]
for mildly degenerate diffusion coefficients). However, the fact that the coefficient of
viscosity can be very small leads to difficulties in numerical approximation of these
equations as the viscous scales have to resolved. Furthermore, sharp saturation
fronts might be artificially smeared due to the added viscosity.

Herein we consider a modified version of the two-phase flow equations and show
that global weak solutions exist for this modified problem. We are motivated by the
fact that the velocity field v in (1.6) needs to be regularized but the sharp fronts
in saturation should not be diffused. Hence, we suggest the following modification
of the Darcy’s law (1.4):

v, = —A.Vep+ Arprgk, 1€ {w,o},
—prAg A+ A = A ().

where fi,, ptyy € (0,1) are small regularization parameters.

The system (1.8) amounts to a Helmholtz regularization of the velocity field, or
more precisely of the phase mobilities via (1 — p,A,) " [Ar(s)]. Observe that this
kind of regularization is quite different from a viscous regularization which makes
the saturation smooth by dissipating energy at small scales. With the Helmholtz
regularization, the saturation equation will still possess shock wave (discontinuous)
solutions, while it is the velocity field that becomes more regular. Consequently, the
new “Helmholtz regularized” two-phase flow model is expected to correctly predict
the underlying flow phenomena. A chief feature of this new model will be that one
can prove rigorously that there exists global-in-time solutions; this is still an open
problem for (1.7).

(1.8)

1.0.1. Motivation for (1.8). In [17] Neumann derived Darcy’s law for single
phase flow in porous media by an averaging the potential flow (Navier-Stokes)
equations

Av = Vzpv
where p denotes pressure. We now briefly recap Neumann’s derivation of Darcy’s
law. We assume that the flow takes place in a system of small channels (pores) in
the rock. The continuity equation

divy (V) =0,
means that the pressure solves the Laplace equation
Ap =0, for x € the porous space.

The boundary of the porous space consists of the outer boundary, on which we can
impose boundary conditions, and the pore walls, on which it is natural to impose
a no flow condition. Let €2 denote the domain enclosed by the outer boundary, and
24 the porous space.

Let N be some averaging kernel, and let x, denote the characteristic function
of the pore space, and set

6= /Q N(x — ¥)xs(y) dy.
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For simplicity, we assume that the porous medium is homogeneous. Hence, the
porosity ¢ is independent of x. Next, define the averages

) = [ Nox=¥)xo)f(v) dy. and ()" = il

One key point in the derivation of Darcy’s law is the relation

(Vo) %)=V {(f)(x)+ [ Nx-y)f(yn(y)dS(y).

89,

Since the pressure p solves Laplace’s equation in €24, we have the solution formula

P60 = [ p)VaHx V) n(y)dS(y),
89094,

where H is the Green’s function on 24 N Q with boundary conditions as indicated

above. Now, p, and thus also v, is linearly dependent on the imposed boundary

condition p,. Neumann then uses a scaling argument to show that

v=Av)",

for some symmetric matrix A which is independent of the boundary conditions ®y.
Thus
(Av)" = (A (A(v)7)) = (AA)" (v)".

From this we get

(AA) (v)" = (Vap)" =V, (p)" + o N(x—y)p(y)n(y) dS(y).
¢

It turns out that (AA)™ is invertible, and we call its inverse, K, the permeability.
Furthermore, in many cases, the integral along the boundary of the porous media
vanishes, due to the many twists and turns of the pores. Then we are left with
Darcy’s law

(v) =KV, (p).
The matrix K is called the rock permeability.

For two-phase flow, it is not possible to derive Darcy’s law at this level of rigor.
However, one can motivate it by the following considerations. Assume now that we
have two-phases; oil and water. These are chemically inert, and do not dissolve in
one another, but we assume that on the scale of the pores, oil and water are mixed
well enough to define saturation. On a very small scale, much smaller that the
width of the pore walls, one phase will act similarly to the way the rock acts on the
fluid in the single phase case. See Figure 1 for an illustration of the three scales.
Now we have two velocities v° and vV, each of which satisfies the Navier-Stokes

Two phase scale Saturation scale Darcy scale

rock mixture

FIGURE 1. The three scales, in the middle scale one can define saturation.
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equation. For a given phase ¢ the other phase will act similarly to the rock in one
phase flow. Under this assumption, Darcy’s law for each phase reads

(v = KV i)y, i=w, o,

where we have chosen to indicate the dependence on the averaging kernel N. Next
we assume that the two fluids are uniformly mixed in each direction, so that K; =
AiI. Thus on the saturation scale we have two velocities and two pressures in each
point of the pore space. The continuity equation for each phase divy (Vi) = 0 now
reads

divky (N); Vo (pi)y =0, x € Qq,
with boundary conditions

AiVe (pi)y =0, x € 004,

The phase velocities v* are linearly dependent on f;, so again scale arguments lead

to the relation
(V=4 (V) )

where M is a different averaging kernel from N. We now assume that the matrices
A, and Ay, are equal. This amounts to saying that the rock does not discriminate
between water and oil. We assume that A is invertible, and can write

(e = (AT NV (i) )y
= <A*1)\>L (Ve (i) y)3s (vet another assumption)

:M*»Lm«mm%+MﬂwL4 (pi)n (v)M (x — y)n(y) dy .

Qe

=0 by twists and turns

Now assume that the saturation, and thus )\;, changes rapidly compared with the
size of the support of M. We are interested in p; = ((p) 5),,, the continuity equation
for (v*) , implies that

dive ((A7IA)}, Vafii) = 0.

For simplicity, we assume that A=! = I. We choose M to be the Helmholtz kernel
(1-— ,uAgC)_l, with p being a small parameter, and finally we end up with the usual
equations describing two-phase flow, but where the equation for the velocity (1.8)
is more regular than is commonly assumed.

1.0.2. Scope of the current paper. In this paper, we consider the two-phase
flow equations (1.7) but the modified version of the Darcy’s law (1.8). The notion
of weak solutions for this modified problem is defined and weak solutions are shown
to exist. Our existence proof proceeds in two steps. First, we define vanishing
viscosity approximations of the modified two-phase flow equations and derive a
priori bounds on the approximation solutions. In particular, compactness results
for the pressure and velocity fields are obtained. The second step is to obtain
compactness for the approximate saturations. Here, we employ a suitably adapted
form of the kinetic formulation for conservation laws (see [20] for a related approach)
and derive compactness for the saturation equation establishing the existence of
global weak solutions for the modified two-phase model.
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In addition to the heuristic motivation for the modified Darcy’s law (1.8), we
provide numerical evidence for the robustness of this approximation. In particu-
lar, the numerical experiments show that the solutions obtained with the modified
problem are close to those of (1.7). Furthermore, these modified solutions con-
verge to the solution of the classical two-phase flow equations as the regularization
parameter p, in (1.8) vanishes.

The rest of this paper is organized as follows: in section 2, we state the modified
two-phase flow model and define weak solutions. A priori estimates on the approxi-
mate solutions are obtained in section 3 and compactness for the saturation in terms
of the kinetic formulation is obtained in section 4. Numerical experiments compar-
ing the classical and modified form of the two-phase flow equations are presented
in section 5.

2. Statement of problem

The modified model for two-phase flows in a porous medium leads to the following
elliptic-hyperbolic system

Ors + divy (f(s)v + g(s)k(x)) =0, t>0,x€eQ,
divy (v) = 0, t>0,x€eQ,
v = —ArVxp + (pwlw + polo)k, t>0,x€q,
— DNy + Ay = Ay (8), t>0,x¢eq,
2.1) —1oAx Ao + Ay = Ao (), t>0,xe,
Ar = Ay + Ay, t>0,x€Q,
(f(s)v +g(s)k) - v = h(t,x), t>0,x € 0Q,
Oyp(t,x) =m(t,x), Ay(t,x)=As(t,x) = ’\—2*, t>0,xe€0Q,
Jop(t,x)dx =0, t>0,
s(0,x) = sp(x), x €,
where

(H.1) Q is an open connected subset of R¥, N > 1, with smooth boundary and
v is the unit outer normal;

(H.2) f and g are smooth functions, k : RV — R¥ is a smooth vector field, s,
and p, are positive constants, and h, m : (0,00) x 9Q — R are smooth
bounded maps such that

f(0) =g(0) =g(1
t

h(t,x) + A\ f(1) (W(t,x) - pr“’"k : u) >0,

A€ (e = P ) 4 (k) vl

IN
k=]

for every t > 0, x € 092, £ € R;
(H.3) Ay and A, are smooth and non-negative, A, > 0, and Ay (+) + Ao(+) > As;
(H.4) the initial datum satisfies the condition: 0 < so < 1.

If py = po = 0 we recover the classical two-phase problem (1.7).
The term g(s)k takes in account the gravitational effects.
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Regarding the assumption (H.2) we remind that in the physical model (1.7), we

have that
g/

£e(0,1)= f'(¢& >0, F0)=f'(1)=0, I € L™(0,1), k constant,
hence the conditions in (H.2) are satisfied if, for example, 7 is big compared to h
and k - v on (0, 00) x 99.
Definition 2.1. Let s, Ay, Ay, p: (0,00) x Q = R and v : (0,00) x Q2 — RV be
functions. We say that (s, Ay, Ao, D, V) is an entropy solution of (2.1) if

i) s € L®((0,00) x Q), Ay, Ay € L®((0,00) x Q) N L>®(0,00; WAT(Q)), 1 <
r < oo, p € L®(0,00; W32(Q)), v € L*(0,00; W22());

1) Aw, Mo, D, v are distributional solutions of the corresponding equations in
(2.1) and satisfy the corresponding initial and boundary conditions in the
sense of traces;

iii) for every test function ¢ € C°°([0,00) x RN with compact support

/OOO /Q (59 + (f(5)v + g(s)k(x)) Vi) dtdx

o
—/ / hgpdtdo+/ so(x)p(0,x)dx = 0;
o Joa Q

iv) for every test function ¢ € C*°([0,00) x Q) with compact support and any
C? convex entropy 1

/00/ (n(s)@tgo + (f(s)v + Q(s)k(x))vxga)dtdx +/ 1(s0(x))p(0,x)dx > 0,
0o Ja Q

where F and G are the corresponding entropy fluzes defined as follows

(22)  F(s)= /sn’@f'(odf, 66) = [ ©d @ ser

Let us point out the fact that the test functions considered in i) are not sup-
posed to have support contained in €.
Our main result is the following theorem.

Theorem 2.1. Assume (H.1), (H.2), (H.3), and (H.4). The initial boundary
value problem (2.1) has a solution in the sense of Definition 2.1.

We use the following approximation of (2.1)

Ose + divk (f(se)ve + g(se)k) = eAxse, t>0,x€qQ,
divk (ve) =0, t>0,x €,
Ve = —A7.Vipe + (pwlw,e + poloe)k, t>0,x€,
—pwAxNy e + Awe = Mw(se), t>0,xeq,
(2.3) —116BxNoe + Aoe = Ao(8e), t>0,x€e,
Are=Aye+ Ao, t>0x€eQ,
(f(se)ve + g(so)k) - v — €dys. = h(t,x), t >0, x € 090,
0pe(t,x) = w(t, %), Auwe(t:X) = Apo(t,x) = A, £>0, x €9,
Jo pe(t,x)dx =0, t>0,
5:(0,%) = 80,(x), x €1,

where € is a positive parameter and sy is a smooth approximation of sg.
The existence of a smooth solution (se, Ve, Ay, Ao, Pe) for the approximate
problem (2.3) can be proved using the same argument of [12, 18].
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3. A Priori Estimates and Basic Compactness

This section is devoted to some a priori estimates uniform with respect to € on
the solution (sg, Ve, Ay e, Ao, pe) of (2.3).

Lemma 3.1 (L estimate on {s.}.~0). We have that
0 <s:(t,x) <1 for each t >0, x € Q.

Proof. The maps with constant values 0 and 1 are a sub and a super solution for
the first equation in (2.3). Indeed both 0 and 1 solve the equation

Os + divy (f(s)ve + g(s)k) = eAxs,

and on the boundary (0, 00) x 9f2, thanks to (H.2), we have
=h S 07

s=0
=—f(l)ve-v+h

s=1

NS~ 5T+ po)k v+ h

[581,5 = (f(s)ve +g(s)k) - v+ h]

[saus = (f(s)ve +g(s)k) - v + h]

=\ f(1) <7r - p’”ka : 1/) +h>0.

The claim follows from (H.4) and the comparison principle for parabolic equations.
O

Lemma 3.2 (L™ estimate on {Ay ctes0, {Aoetes0, {ATc}es0). We have that

A
0< o < Aw,s(tax) < ||)‘wHL°°(O,1)’

3.1 As
( ) 0< ? < Ao,e<t7x) < ||A0||L°°(0,1)’

0 <A S A7e(tx) < [[Awllpoeo,1) + 1Rl (0,1 5
for each t > 0, x € Q1.

Proof. The maps with constant values 2= and ||A,|| L (0,1) are respectively sub and
super solutions for the fourth equation in (2.3): the first inequality is consequence
of the monotonicity of the elliptic operator —pu,, A + 1. The same argument works
also for the second inequality. The last estimate follows from the other two and the
definition of Ar .. O

Lemma 3.3 (Sobolev estimate on {Ay ¢ }es0, {Aoctes0, {ATctes0). Let 1 <r <
oo be fized. The following inequalities hold

Al oo (0,1)

—

Aol oo (0,1)
to

[Awll oo 0,1) N ”/\OHLOC(O,I)’
[l o

where C. is a positive constant dependent on v but not on fiy, fe, and €.

A <C,

weell g 0,002 ()

(3.2) [1o.ell oo (0,00,w2m (0)) < O

ATl Lo (0 00iw2m () < O
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Proof. From (2.3), we know that
/\w(ss) - Aw,s , —AA(,’E _ )\0(85) - Ao,s .
Hw Ho

Thanks to [3, Theorem 8.2], Lemmas 3.1, 3.2, and (H.3)
>\w(56(t7 )) - Aw,s (t, )
Hw L (Q)
[Aw (81l Loe ((0,00)x2) F 1Aw,ell Loc ((0,00)x2) < %, [Awll £ 0,1)
1% Hw
Ao(s:(t, ) = Noc(t, )
Lo

—AAy e =

||Aw,e (ta ) HW2J‘(Q) <c

(1

)

HAO,S (ta ) HWQ’“(Q) <e2
L (Q)

”)‘O(SE)“LOO((O,OO)XQ) + ”AO,EHLOO((o,oo)xQ) < 2CH)‘OHLOO(O,I)

>C2 ’

Ho Lo
where ¢; and co are positive constants depending only on r. That proves the first
two inequalities. The last one follows from the definition of Az . O

Lemma 3.4 (Sobolev estimate on {p.}c~0). There exists p > 2 independent on p
and € such that

(3.3) 12| Loe (0,000 (02)) <F
S.L,
T .
for some positive constants K, and k independent on fiy,, tho, and €.

(3.4) ||p6HL°°(O,oo;W3~7'(Q)) 1<r<p

Proof. Since p. satisfies the equation (see (2.3))
(3.5)
—divx (AT,Epre) = —divy ((prw,E + Pvo,e)k)
= - (prw,E + pvo,a)diVx (k) - (pwaAw,E + povao,s) -k,
the (fw, fto, €)-independent estimate in Lemma 3.2, (H.2), and [15, Theorem 1]
give (3.3).
Since (3.5) gives

1
Aps = A ((pw/\w,s +p0A075)diVx (k) + (pwvauh6 erOVXAOvE) k- VXAT’E .VPE) ’
T,e

and, from (3.2) and (3.3), VxArc - Vpe is uniformly bounded in L*(0, co; L"(2)), 1

<r < p, from [3, Theorem 8.2], (3.1), and (3.2) we have
K,

min{/iy, po}’

Differentiating (3.5) with respect to x;, ¢ € {1,..., N}, we get

(36) ||p5HL°C(O,oo;W2,T'(Q)) § 1 S r< 0.

1
Aaa:lps :F ((pwaxiAw,s + poaxi Ao,e)divx (k) + (prw,E + pvo,a)diVx (811 k)

+ (pwvxaziAw,a + povxamiAo,s) -k + (pwvaw,a + povao,a) : axlk
- aaciAsAps - Va:clAs -Vp. — VA, - vax,pe)

Since, from (3.2) and (3.6), the right hand side is uniformly bounded in L>(0, co; L™ (£2)), 1
<r < p, from [3, Theorem 8.2], (3.1), and (3.2) we have (3.4). O



TWO PHASE FLOW PROBLEM 571

Lemma 3.5 (Sobolev estimate on {v.}cso). The following inequality holds
Iy

Min{ b, Ho} ’
where p is the one introduced in Lemma 3.4 and I, is a positive constant dependent
on T but not on py,, fe, and €.

Proof. Since

||V5||L°°(0700;LP(Q)) <T,, ||Ve||Lm(07OO;W2,T(Q)) < 1<r<p,

Ve = —A7eVape + (Pwhuw,e + poloc)k,
and, for every i, j € {1,..., N},
02,0,Ve = — 02y N7 VDo = 00, A7V Oy pe — On; A7 VO pe — A1 VO3, pe
+ 02 4, (Pwhwe + Poloc )k + Do (Pul e + poloc)du k
+ O, (pulwe + Poloe)Ou K + (puwhwe + pohoc)O2 . K,
the claim follows directly from Lemmas 3.3 and 3.4. ]

Lemma 3.6 (Entropy Dissipation). Let ¢ > 0 and n € C*(R). The following
inequality holds
t
/n(sg(t,x))dx—&—a/ /n”(sg(T,x))|szg(T,x)\QdeX
< [ o)+ 1o Bl 0y + K o)

for each t > 0, where
K(n) = (”gHLw(oJ) ||77/‘|Loo(0,1) + ||9I77/HL1(0,1)) ||k||W1,oe(Q) (12| + |0%2)

(17 e o 17 e 01y + 17 1 0.1y )

Pw + Po
< (Il oo + 22322 [~ e ) 1092

In particular, if n(s) = £ we have

27
(3.8)
¢
2 2 2 ~
l[se(t, )20y + 25/0 [Vscse (T, )2y 4T < ll50.ell 720y + 211l L1 (0,0 x00) + Kt
for each t > 0, where

K =2( gl 0.1 Kl o (192 + [021)

Pw + Po
1o A (Il aepeom + 252 Wil ) 062

Proof. In light of (2.3)
Om(se) + divy (F(se)ve + G(s:)k)
+ (9(35)77/(55) - g(sa))divx (k) = eAxn(se) — 577”(58)|vx36|2a

where F and G are defined in (2.2). Integrating on €2, since the boundary conditions
in (2.3) say,
V5~V=—)\*7T+)\*pr+pok-l/, on 0N

using Lemmas 3.1, 3.5,

d 1! / .
T ; n(se)dx = — E/Qn (s€)|Vx55|2dx — /Q (g(ss)n (se) — g(se))dwx (k) dx
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+ / (F(se)ve + G(se)k) - vdo — ¢ Oyn(se)do
o9 o0

=— aAn”(ss)|szg|2dx — /Q (9(se)n'(s2) — G(se))divyk (k) dx
+ /89 (.7:(85) - f(Se)n/(ss))Vg -vdo +/ (g(sg) — g(ss)n/(sg))k - vdo

o9
—|—/ hn'(s:)do
o9
< g/ 0 (52) Vs [2dx
Q
+ (119l oo 0,1y 1712w 0,1 + 1G]] e 0,17 ) 1Kllypra.ce 0 (121 + [0€21)
+ (||f||Loo(o,1) H77/||Loo(o,1) + 1 F £ 0,1 )
puw +p
X A <|7TLoo((o,oo)xaQ) + A 5 5 ||k||Loe(Q)> (29

17" oo 0,0) 12t ) 21 (502 -
An integration with respect to ¢ gives (3.7).
Finally, by choosing n(s) = %, (3.7) gives (3.8). O

As a consequence of Lemmas 3.3, 3.4, 3.5 we have the following compactness
result.

Lemma 3.7. Let p be the exponent introduced in Lemma 3.4. There exist a sub-
sequence {e ren C (0,00), e — 0, and some functions

s € L*™((0,00) x ),
Aw, Ay € L((0,00) x Q) N L>®(0,00; W2T(Q)), 1<7 < oo,
p € L®(0,00; WHP(Q) N W"(Q)), 1<7r<p,
v € L®(0,00; L (Q) NnW>"(Q)), 1<r<np,
such that

Se, = 8 weakly in L"((0,00) x ), 1 <71 < o0,

,
Awe, — Ny weakly in L™((0,00) x Q) N L™ (0, 00; W7 (Q)), 1 </, 7 < o0,
Ao, = Ny weakly in L7 ((0,00) x Q) NL" (0,00, W>"()), 1 <1/, 1 < o0,
pe, —p  weakly in L' (0, 00; WP(Q) N W3 (Q)), 1<+, r < p,
Ve, = v weakly in L" (0,00; L?(2) N W27(Q)), 1 <+, < p.

4. Kinetic Formulation

Let us pass to the kinetic formulation of the first equation in (2.3).
From (2.3), we know

(4.1) Orse + f(8)VxSe - Ve + ¢'(8c) Ve - k + g(se)divy (k) = eAxse.
Let 1 be an entropy. From (4.1) we get
On(se) + Vi F(se) - ve + VxG(se) - k

+g(se)divx (k) ' () — eAxrp(se) = —en” ()| Vxse |,
where the entropy fluxes F and G are defined in (2.2)

(4.2)
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Lemma 4.1. The following identity holds in the sense of distributions
43) Brxe + divi (f'(€)xeve) + divx (9'(6)xck)

+ 0¢ (9(&)divx (k) xe) — 29 (§)divx (k) Xe — eAxxe = Deme,
where

(44) Xe(t,%,8) = X{e<s.(t0)},  Me = E6(ems (1)} Vxse|®, t>0,x€Q, £ ER,

and X{¢<sy and d(e—gy are the characteristic function and the Dirac delta associated
to the sets {& < s} and {£ = s}, respectively.

Proof. Let us consider the entropy
n(s)=(—-8§+, s EER
Since
77/(8) = X{¢<s}> 77,/(8) = 6{525}7
F(s) = xqe<s3(f(8) = f(©),  G(s) = xe<s3(9(s) — 9(£)),

(4.2) becomes

Or(se = )1 + Vi (xecs. 1, x)}( §))) - ve
(4.5) + Ve (Xqe<s. ()} (9 )) k
+ g(se)dlvx ( ) X{¢<s:(t,x)} — EAX(SE 5) = —Me.
Since
3587:(85 -84 = _8tX{£<sa(t x)} = —0tXe,

Oe (Ve (Xte<a. o (£(52) = £(€))) - ve
= (anE (X{f<sg(t,)()}(f(ss> - f(g)))) " Ve
- — (Vx(é{g:saa,x)}(f(se) - f(ﬁ)))) Ve =V (Xqe<se (t01 [/(€)) - Ve

= (O Vaxe Ve = jiwx (F(Oxeve).
Oe (Vi (xte<s. 1001 (9(52) = 9(£))) - k)
=(vx85(m<ss<tx (g(s2) - <>>>)
= — (Va(0gemes 00 (9052) = 9(6))) ) - k= Ve (e 9 (6) - K

=0
= —g'(§)Vxxe - k,
¢ (Q(Ss)diVx (k) Xge<s. ¢, x)}) = —g(se)divx (k) Oge=s. (1, = —9(§)divx (k) Og e,
OteAx(8e — &)+ = —eDxX{e<s. (t.x)} = —EAxXe,
we differentiate (4.5) with respect to £ and get
Fixe + divie (f'(€)x=ve) + 9/ () Vaxe - k+ g(§)divi (k) dex= — eAxxe = Ieme.
Finally, we observe that
9/ (©)Vxxe -k + g(§)divx (k) O x=
=divx (¢'(§)x=k) — ¢ (€)xedivx (k) + e (9(€)divx (k) x=) — g/ (§)div (k) xe
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=divy (¢' (&) xek) + ¢ (9(€)divy (k) xe) — 29" (€)divy (k) xe,
therefore we have (4.3). O

Lemma 4.2. There exist

X € L>((0,00) x 2 x R), m € M4 ((0,00) x 2 x R),
such that (using the same notation of Lemma 3.7 for the subsequence)
(4.6) Xer =X weakly-+ in L=((0,00) x Q x R),
(4.7 me, —m  weakly in M ((0,00) x Q x R),
(4.8) 0<x<1, Oex <0,

where M4 ((0,00) x QX R) is the set of positive Radon measures on (0,00) x 2 x R.
Moreover, the following identity holds in the sense of distributions

dex + divy (f'(£)xv) + divy (¢'(€)xk)
+ 0¢ (g(&)divy (k) x) — 24" (&)divk (k) x = dem.

Proof. The existence of x, m, (4.6), and (4.7) follow from Lemmas 3.1 and 3.6.
Since, from the definition,

(4.10) 0<Xe <1, Oexe = —Oe=s.(t)} <0,

we have (4.8).
We have now to prove (4.9). Due to (4.7) we have only to show that

(4.9)

(4.11) Xex Ve, — XV, in the sense of distributions on (0,00) x  x R.
Observe that, from (4.10) and Lemma (3.7), we know

(4.12) Xen = X Ve, =V, weakly in L?((0,00) x Q x R).

Since v, does not depend on &, thanks to Lemma (3.5),

(4.13) {v., }x is uniformly bounded in L?((0, 00); W'2(Q x R)).

We claim that

(4.14)

{0y Xe, }i is uniformly bounded in L'((0,T); W~ 5Y(Q x (—a,a))), T, a > 0.
Indeed, from (4.3), we know that
Oxe, = — div (f'(E)Xer Ver) — div (9 (€)X, k)
— 0 (g(&)divx (k) X<, ) + 29" (§)divx (k) Xe, + exBxXe, — Deme,,
Due to (H.2), (4.10), and Lemma (3.5),
(4.16)

(4.15)

{divy (f'(€)Xe, Ve, )} bounded in L>((0,00); W HHQ x (—a,a))), a > 0,

{divy (¢'(&)xe, k) }x bounded in L>((0,00); W™ 1>(Q x (—a,a))), a > 0,

{0 (g(f)dlvx( Xsk)}k bounded in L ((0,00); W~ Loo(Q x (—a, a))), a >0,
{9/ (&)divx (k) xe, }x bounded in L>((0,00) x Q x (—a,a)), a > 0.

Since
€xAxXe), — Ocme, =0c(ek(Se, — &)+ AxSe,)
=0 (exdivx ((5e, =€)+ VixSer) = ErXer | VcSer]?)
=divy (er0¢ (5c, — €)1 VieSer) — Oe(ekXer| Vcse, [*)
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= —divyx (Eszk vxssk) - 85(5kX€k |vx3€;C |2)7

thanks to (3.8) and (4.4), we have that also
(4.17)

{exAxXe, — Oeme, b bounded in L*((0,7); W~H(Q x (—a,a))), T, a > 0.
Therefore (4.14) follows from (4.15), (4.16), and (4.17). Due to (4.12), (4.13),
(4.14), and [13, Lemma 5.1] we have (4.11) and the proof is concluded. O

Lemma 4.3. Let n € C?(R). The following identity holds in the sense of distribu-
tions

Im(x) + divy (f (E)n(x)v) + divk (¢'(§)n(x)k)
+ 9¢ (g(&)divy (k) x1'(x)) — 29" (€)n(x)divx (k) = 7' (x)Iem.

Proof. Convolving both sides of (4.9) with a family of mollifiers and the arguing as
in [9, Lemma II.1] we get

Ain(x)+diva (f'(E)xv) 1" (x) + divx (¢ ()xk) 7' (x)
+ ¢ (9(&)divx (k) X) 7' (x) — 24 (§)divk (k) x1'(x) = 1 (x)Iem.

(4.18)

Since
divs (f'(€)xv) 0’ (x) =f'(§) Vxx - vir' (x)
=1 (€)Vx(n(x)) - v = divx (f(E)n(x)v) ,
divx (¢'(§)xk) 0’ (x) =¢'(§) Vxx - kn'(x) + ¢'(§)xdivx (k) 7' (x)
=4'(E)Vxn(x) -k + ¢’ (&) xdivx (k) 7' (x)
=divx (¢'(E)n()k) + ¢'(§) (xn'(x) — n(x))divx (k) ,

e (9(&)divx (k) x)n' (x) =g(&)divx (k) Dexnr’ (x) + ¢'(§)divx (k) x7'(x)
=g(&)divx (k) den(x) + ¢'(§)divx (k) x7'(x)
=0¢ (9(&)divy (k) n(x)) + ¢’ (§)divs (k) (xn'(x) = 1(x))
we have (4.18). O

Lemma 4.4. The function x defined in Lemma 4.2 takes only values 0 and 1. In
particular, there exists a function S € L*°((0,00) x Q) such that

(4.19) X(t,%,€) = X{e<s(tx)} a.e. (t,x,£) € (0,00) x 2 x R.
Proof. We use the entropy
n(x) =x —x

in (4.18) and get

0e(x — x*) + divx (f'(€)(x — x*)v) + divx (¢'(E) (x — x*)k)
(4.20) +0¢ (9(€)divx (k) (x — 2x?))

= 2¢'(&)(x — x*)divx (k) = (1 — 2x)9em.
Since from (4.8) and the definitions of x and m, we know
(1= 2)9m = Be((1 - 2x)m) + 2mex < De((1 — 2)m),

(4.21) Xx—x>>0,
(4.22) €€ (—00,0)U(1,00) = x(t,%x,&) =m(t,x,&) =0.
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The identity (4.20) gives

(4.23)

A(x — x*) +divy (f' () (x = xX*)v + ¢ (&) (x — x*)k)
+ ¢ (9(&)divy (k) (x — 2x*) + (2x — 1)m)
SQHQIHLoo(o,U [[divx (k )||L00(Q)(X_X2)'

K

Moreover, in light of (4.22),

/ ¢ (9(&)divk (k) (x — 2x?) + (2x — 1)m)d€ = 0,

therefore, integrating (4.23) with respect to x and ¢ and using (H.2)

4
dt

Thanks to the Gronwall’s inequality and the fact that (y — x?)

(x — x*)dxd¢

QxR

<= / divye (f(9)(x = xX*)v + g/ () (x — x*)k) dxd¢
QxR
e /QXJR(X X )dng
:/ (F'©O0x = x*)v +¢' (&) (x = x*)k) - vdodg
0N xR
—2Vdx
JrH/QX]R{(X X )d d§

[ (A (7= v 4 (Okev) (-8 dode

>0 (cf. (4.21))

<0 (cf. (H.2))

2
+/~6/9XR(X X°)dxdg

K — v2)dxd¢.
S/QxR(x X)dxd§

|t=0 =0, we have

x—x>=0 a.e. (0,00)Q x R,

and then x takes only values 0 and 1.
Finally, (4.19) follows from [19].

O

Proof of Theorem 2.1. Let {ex}reny and s be the one of Lemma 3.7. Due to the
the weak convergences Lemmas 3.7 and 4.2, we have S = s, where S is the one
introduced in Lemma 4.4, we have

indeed

Se, — s strongly in L™((0,7) x Q), T >0, 1 <r < o0,

%@@:Ak@&&ﬁ s@m:AwJ@@
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5. Numerical experiments

In order to test how close the model with ., > 0 and p, > 0 are to the model
with p,, = p, = 0, we have performed several numerical experiments.
We have simplified the equations to read

(5.1) v =ArVp+ (pulw + polo)k, t>0,x€Q,
(5.2) divk (ve) =¢q, t>0,x€Q,

(5.3) s¢ + divy (;\\ZEE (v+ (pw — Po) )\O(s)k)> =q, t>0,x€Q,

(5.4) Mo = tw,olDAyo=Apol(s), t>0,x€Q,

~

~—

where Ay = A, + Ay, A1 = Ay + Ao, k is the vector (0, 1) and the domain {2 is the
rectangle [0, a] x [0,b]. The boundary conditions are

</\w(5) (Ve + (pw — po) /\O(S)k)> v=0, t>0,xe00,

rr(s)
(5.5) v-r=0, t>0,x¢€09Q,
(5.6) Ao =X o(s), t>0,x €00 (in the trace sense),
(5.7) 5(0,x) = sp(x), x€.

The relative permeabilities of water and oil, A, and A,, are given by

Moo (Sw.0) = Sy o

so that \,(s) = (1 — s)2. The source term ¢ accounts for injection of water and
production of oil. Numerically, we model this term as a sum of “delta-functions”
located at the relevant wells.

We now specify the numerical scheme used to approximate (5.1)—(5.7). Let

Dk = ih% (kiz1,j — kij), Diki; = ihly (ki a1, — Kij) -
We divide © into N x M rectangles, such that h, = a/N, h, = b/M. As an
approximation to (5.4), (5.6) we use the scheme
58) {Aij —e(DfD; + DDy ) Aij = A(si;),1 <i<N,1<j<M,
Aij=A(sij),i=1,N,1<j<Mandj=1N,1<i<N.
This scheme is used both for A;’; ~ A, and A?j ~ A,. To solve the “pressure

equation”, (5.2) with boundary conditions given by (5.5) we use a finite volume
scheme similar to (5.8). Set

g lubiini )<< N 1<j< M,
Ai+1/2,j—

Aij+Ait1,5”°
i=0o0ri=N, 1 <5< M,

QpmE 1< j< M, 1<i<N,
P f— ] 1,3
bit1/2 j=0orj=M, 1<i<N.

Then the discrete analogue of (5.2) reads
(5.9) Dy ALy ;D pis + Dy Ay o DS pig = a5 — Dy vija o
for 1<i< N and 1< j < M. Here the gravitational source term is defined by

Yij+1/2 = POA?,J‘+1/2 + pr¥j+1/2'
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Given s;;, the total velocity is then found by solving (5.8) and (5.9), and defined
by

x _ AT +. . Yy _ AT +. . o
Viv1/2,5 = Ai+1/2,jDa: Dijs Vipy1y25 = Ai,j+1/2Dy Pij + Gij+1/2-
Once we have a total velocity on the cell edges, we can use a finite volume scheme
to advance the saturation in time

(5.10) Sl gn (D; e+ Dy (Fj{jH/Q + F;{j’.irj‘}z)) + hasj.

We have split the numerical flux into the part multiplied by the total velocity, and
the gravitational part. Set f(s) = Aw(s)/Ar(s) and g(s) = Ao(s)f(s). Then the
inter cell fluxes read

FZ o0 (8ij,8i41.5) = Vivaj2] (i) Vit1y2,5 > O
H1/2,5 150 St v¥ f(sit1,5) otherwise
i+1/2,5 i+1,j )
ol (ijs8i501) = Vigayed (5) Vi >0,
i,j+1/2 \ZJ» 21,5+1 y N h .
vy a2t (sij+1) otherwise,

F s (8ijy sije1) = (Pw — po) (g (min (si541,1/2)) + g (max (si,5,1/2))).

Having numerical methods for (5.1) — (5.4), we can formulate an “IMPES” method
to find the pressure and saturation as functions of time. As is commonly believed
in the reservoir simulation community, it is sufficient to update the total velocity
less frequently than the saturation. Hence, an algorithm for solving (5.1) — (5.4)
reads as follows:

Algorithm 1 Simple reservoir simulation

given s;j, g5, ', N, €
dt < T/N
for k=1to N do
solve (5.8) to get AY; and AY;
solve (5.9) to get v,  ; and U;‘{j.ﬁ,_l/Q
t<0
while ¢t < dt do
determine h by a CFL-condition
t—t+h
update s;; by (5.10)
end while
end for

Experiment 1. Our first test is a so-called “quarter five spot”, modeling injection
of water into a oil filled homogeneous horizontal reservoir, with one injection well
in the lower left corner, and one production well in the upper right hand corner. In
this case

1 ifi=j=1,

Po=pw =0, ¢gj=4-1 ifi=Nandj=M,
0 otherwise,
T=07 N=25s;=0, foralli j.

Weseta=b=1and M = N.
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Time 0.700 Time 0.700

o . 0.4 0.6 0.8

(b) p=0.01

FIGURE 2. Solutions to the unregularized and regularized versions
of the two-phase flow equations (2.1) without gravity. The plotted
quantity is the saturation of water. Left: pu = 0 and Right: p =
0.01 with p being the regularization parameter in (2.1). Both
solutions are computed with the IMPES scheme on a 200 x 200
mesh.

We compute the approximate solutions for the unregularized version of the two-
phase flow equations (1.6) and the regularized version (2.1) by varying the regu-
larization parameter p, = p,, = p in (2.1). We consider two different values of p
namely g = 0 (unregularized problem) and p = 0.01 and show the water saturation,
computed on a 200 x 200 mesh at time T" = 0.7 in figure 2. The figure shows that the
saturation consists of sharp fronts and including a finger at the upper right hand
corner near the production well. Furthermore, there are very few visible differences
between the saturations for the unregularized and regularized problems.

In order to obtain quantitative comparison of the two models, we vary the reg-
ularization parameter u by orders of magnitude and compute the L' norm of the
difference between the regularized and unregularized saturations and pressure. The
relative errors are shown in figure 3. The figure shows that the errors in pressure
are very small and converge to zero as the regularization parameter goes to zero.
Furthermore, the pressure errors are lower on the finer 200 x 200 mesh than the
100 x 100 mesh. The saturation errors are larger than the pressure errors. The
saturation errors do converge to zero for both the coarse and the fine meshes as the
regularization parameter tends to zero. However, the saturation errors are slightly
larger on the finer mesh than on the coarser mesh due to interaction between the
discretization error and the regularization error. The figure illustrates that the
regularized model (2.1) is quite close to the original two-phase flow equations (1.7)
with the difference being very small when the regularization parameter is close to
Zero.

Experiment 2. The second test case is intended to test the possible effects of
gravitation. The setup is supposed to model injection of water into a vertical
reservoir initially filled with oil. The injection point is in the top left corner and
the production is in the top right one. Since water is heavier than oil, water will
tend to sink to the bottom of the reservoir, where it will pile up since we impose
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FIGURE 3. The difference in L' between unregularized and regu-
larized versions of the two-phase flow equations (2.1) without grav-
ity. The plotted quantity is the log of i vs. the log of the relative
error. Left: Saturation error and Right: Pressure. We consider
solutions computed with the IMPES scheme on a 100 x 100 and
200 x 200 mesh.

no-flow boundary conditions. The parameters for this set up is
1 ifi=1,j=M,
Po=290, puw=17 ¢q;=4—-1 ifi=Nandj=M,
0 otherwise,
T=14, N=50, s;=0, forallq, j.

We have used a =2, b =1, and M = N/2.

We compute the approximate solutions for the unregularized version of the two-
phase flow equations (1.6) and the regularized version (2.1) by varying the regular-
ization parameter p in (2.1). We consider two different values of p namely p = 0
(unregularized problem) and p = 0.01 and show the water saturation, computed
on a 200 x 200 mesh at time 7" = 0.7 in figure 4. In contrast to the previous exper-
iment, there are qualitative differences between the unregularized and regularized
versions. These differences are visible near the production well. The regularized
version seems to include a finger whereas the unregularized version is yet to form
a finger near the production well. There is a roll-up at the bottom right corner in
the regularized version that is not visible in the unregularized version.

A quantitative comparison in terms of the L' norm of the differences between
the unregularized and regularized versions is shown in figure 5. The differences in
pressure are very small and tend to zero as p is reduced. As expected from the
saturation plots, the difference in saturation is greater than in the non-gravitational
case (compare with figure 3). However, the errors tend to zero as y — 0 showing
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FIGURE 4. Solutions to the unregularized and regularized versions
of the two-phase flow equations (2.1) with gravity. The plotted
quantity is the saturation of water. Left: p = 0 and Right: p =
0.01 with g being the regularization parameter in (2.1). Both
solutions are computed with the IMPES scheme on a 200 x 200
mesh.

that the regularized model leads to a solution very close to the two-phase flow
equations (1.7), even when gravity effects are included.

Time 1.400

=== 100 pts

=200 pts T

-0.2r

LOG(1EPSILON)

(a) Saturation

—a—100 pts

—e—200 pts

LOG(ERROR n P)
|
N
2}
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34 I I I I 1 I I I I
2 22 2.4 26 238 3 3.2 3.4 3.6 3.8 4

LOG(1EPSILON)

(b) Pressure

FIGURE 5. The difference in L' between unregularized and regu-
larized versions of the two-phase flow equations (2.1) with gravity.
The plotted quantity is the log of % vs. the log of the relative error.
Left: Saturation error and Right: Pressure. We consider solutions
computed with the IMPES scheme on a 100 x 100 and 200 x 200
mesh.
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6. Conclusion

We consider the flow of two-phases, say oil and water, in a porous medium.
The classical model of this flow involves a elliptic-hyperbolic system, based on
the Darcy’s law. The saturation is governed by a hyperbolic conservation law
and pressure obeys an elliptic equation. The problem of existence of global weak
solutions for this model is still open. The main difficulty being the lack of regularity
of the velocity field.

We propose a modified version of the Darcy’s law via a Helmholtz regularization
of the phase velocities. The resulting model is a hyperbolic-elliptic system with
more regular velocity field. The kinetic formulation of scalar conservation laws is
modified to show compactness of approximating solutions. The limit is shown to
be weak solution of the modified system.

We perform numerical experiments and show that the solutions resulting from
the modified version of the Darcy’s law are very close to those obtained from a
classical two-phase flow system. Furthermore, these approximations converge to
the corresponding classical two-phase flow solution as the regularization parameter
tends to zero. Thus, the numerical experiments provide an a posteriori justification
for the proposed model.

Since the problem of proving existence for the classical version of the two-phase
flow equations presents formidable difficulties, we propose that this modified version
of the Darcy’s law be used. It can be motivated by scaling arguments and we are
able to provide rigorous proof of existence. The main advantage of the proposed
model over non-zero capillary pressure models lies in the fact that the saturation
fronts are not diffused by this model. We plan to conduct more intensive numerical
study of the proposed model and compare it with the classical model in a future

paper.
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