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Abstract: We consider a model for flow in a porous medium with a fracture in which the flow
in the fracture is governed by the Darcy-Forchheimer law while that in the surrounding matrix is
governed by Darcy’s law. We give an appropriate mixed, variational formulation and show existence
and uniqueness of the solution. To show existence we give an analogous formulation for the model
in which the Darcy-Forchheimer law is the governing equation throughout the domain. We show
existence and uniqueness of the solution and show that the solution for the model with Darcy’s
law in the matrix is the weak limit of solutions of the model with the Darcy-Forchheimer law in
the entire domain when the Forchheimer coefficient in the matrix tends toward zero.
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Analyse mathématique d’un modéle discret de fractures
couplant un écoulement de Darcy dans la matrice avec un
écoulement de Darcy-Forchheimer dans la fracture

Résumé : Nous nous intéressons & un modéle d’écoulement dans un milieu poreux avec une frac-
ture. Dans ce modéle I’écoulement dans la fracture est gouverné par la loi de Darcy-Forchheimer
alors que l’écoulement dans la matrice est gouverné par la loi de Darcy. Nous proposons une
formulation variationelle, mixte pour ce modéle et nous démontrons l'existence et 'unicité de la
solution. Pour montrer I’existence nous proposons aussi une formulation analogue pour un mod-
éle basé sur un écoulement Darcy-Forchheimer dans tout le domaine. Nous montrons I’existence
et 'unicité de la solution pour ce deuxiéme modéle et montrons que la solution pour le premiér
modeéle est la limite faible de celle du deuxiéme modéle quand le coefficient de Forchheimer dans
la matrice tend vers zéro.

Mots-clés : écoulement en milieu poreux, fractures, écoulement de Darcy-Forchheimer , solv-
abilité, régularisation, opérateurs monotones
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Introduction

Numerical modeling of fluid flow in a porous medium, even single-phase, incompressible fluid
flow, is complicated because the permeability coefficient characterizing the medium may vary over
several orders of magnitude within a region quite small in comparison to the dimensions of the
domain. This is in particular the case when fractures are present in the medium. Fractures have
at least one dimension that is very small, much smaller than a reasonable discretization parameter
given the size of the domain, but are much more permeable (or possibly, due to crystalization ,
much less permeable) than the surrounding medium. They thus have a very significant influence
on the fluid flow but adapting a standard finite element or finite volume mesh to handle flow in
the fractures poses obvious problems. Many models have been developed to study fluid flow in
porous media with fractures. Models may employ a continuum representation of fractures as in
the double porosity models derived by homogenization or they may be discrete fracture models.
Among the discrete fracture models are models of discrete fracture networks in which only the
flow in the fractures is considered. The more complex discrete fracture models couple flow in the
fractures or in fracture networks with flow in the surrounding medium. This later type model is
the type considered here.

An alternative to the possibility of using a very fine grid in the fracture and a necessar-
ily much coarser grid away from the fracture is the possibility of treating the fracture as an
(n — 1)—dimensional hypersurface in the n—dimensional porous medium. This is the idea that
was developed in [2] for highly permeable fractures and in [16] for fractures that may be highly
permeable or nearly impermeable. Similar models have also been studied in [I1} [0, [I7]. These
articles were all concerned with the case of single-phase, incompressible flow governed by Darcy’s
law and the law of mass conservation. In [I4] a model was derived in which Darcy’s law was
replaced by the Darcy-Forchheimer law for the flow in the fracture, while Darcy’s law was main-
tained for flow in the rest of the medium. The model was approximated numerically with mixed
finite elements and some numerical experiments were carried out.

The use of the linear Darcy law as the constitutive law for fluid flow in porous media, together
with the continuity equation, is well established. For medium-ranged velocities it fits well with
experiments [8, Chapter 5] and can be derived rigorously (on simpler periodic media) by homoge-
nization starting from Stokes’s equation [19] Bl 4]. However, for high velocities experiments show
deviations which indicate the need for a nonlinear correction term, [I2], [8, Chapter 5|. The sim-
plest proposed is a term quadratic in velocity, the Forchheimer correction. In fractured media,
the permeability (or hydraulic conductivity) in the fractures is generally much greater than in
the surrounding medium so that the total flow process in the limit is dominated by the fracture
flow. This indicates that a modeling different from Darcy’s model is necessary and leads us to
investigate models combining Darcy and Darcy-Forchheimer flow.

In this paper we consider existence and uniqueness of the solution of corresponding stationery
problems. Assumptions on coefficients should be weak so as not to prevent the use of the results in
more complex real life situations. Therefore we aim at weak solutions of an appropriate variational
formulation, where we prefer a mixed variational formulation, due to the structure of the problems
and a further use of mixed finite element techniques. For a simple d-dimensional domain €2 and for
the linear Darcy flow the results are well known (c.f. [9]) and rely on the coercivity of the operator
A coming from Darcy’s equation on the kernel of the divergence operator B coming from the
continuity equation and the functional setting in H (div, Q) for the flux and L?(9) for the pressure.
For the nonlinear Darcy-Forchheimer flow the functional setting has to be changed to W3(div, Q)
(see Appendix [A) for the flux so that A will remain (strictly) monotone and to L2 (£2) for the
pressure. This makes it possible to extend the reasoning for the linear case to the homogeneous
Darcy-Forchheimer problem and via regularization, using the Browder-Minty theorem for maximal
monotone operators, also to prove unique existence in the inhomogeneous case. This work is carried
out in the thesis [I8]; see also [I5] [I0, B] for related results. Here we extend this reasoning to the
situation of two subdomains of the matrix separated by a fracture with various choices of the
constitutive laws in domains and fractures. One would expect that the Darcy-Forchheimer law
is more accurate than Darcy’s law (and this will be partially made rigorous); therefore, (and
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4 P. Knabner € J. E. Roberts

for technical reasons) we start with a model having the Darcy-Forchheimer law throughout the
domain (though with strongly variable coefficients) and extend the aforementioned reasoning for
existence and uniqueness to this case, (Section ). By its derivation, Darcy’s law should be a
limit case of the Darcy-Forchheimer law. This is made precise in Section 4 by showing that the
solution of the Darcy model is a weak limit of solutions of the Darcy-Forchheimer model with
the Forchheimer coefficient (multiplying the nonlinear term) going to 0. This was shown earlier
in [5] under slightly different assumptions, but we include it here for completeness. This opens
up the possibility of treating various combinations of the constitutive laws. As rapid transport
is more likely to take place in the fractures, we explicitly treat the case of Darcy’s law in the
matrix and the Darcy-Forchheimer law in fractures. By using the full Darcy-Forchheimer model
as a regularization and deriving corresponding a priori bounds we can show the existence of a
solution as a weak limit of the regularizing full models (Section []). Uniqueness again follows as
in all the other cases from the monotone structure of the problem (see Appendix [A22]). Technical
difficulties stem from the different functional settings for the linear case and the nonlinear case. It
may be envisaged to extend this basic procedure in various directions. An obvious extension is to
the case of a finite number of fractures and subdomains, as long as the fractures do not intersect,
which is quite restrictive. But also a general case where d-dimensional subdomains are separated
by (d-1)-dimensional fractures, which are separated by (d-2)-dimensional fractures, etc. may be
attacked with this approach. Another extension could be the investigation of other nonlinear
correction terms to Darcy’s law: cf. [7].

The outline of this article is as follows: in Section [Il the model problem with Darcy flow in the
matrix and Darcy-Forchheimer flow in the fracture as well as the problem with Darcy-Forchheimer
flow in the matrix and in the fracture will be given. In Section [2] the existence and uniqueness of
the solution to the problem with Darcy-Forchheimer flow in the matrix and in the fracture will be
shown. Section[Blis concerned with showing that in a simple domain (one without a fracture) that
the solution of the Darcy problem is obtained as the limit of the Darcy-Forchheimer problem when
the Forchheimer coefficient tends to zero. Then Section [] takes up the problem for extending the
result of Section [B] to the case of a domain with a fracture in which it is shown that the problem
with Darcy-Forchheimer flow in the fracture but with Darcy flow in the matrix is obtained as the
limit of the problem with Darcy-Forchheimer flow everywhere as the Forchheimer coefficient in
the matrix tends to zero.

1 Formulation of the problems

1.1 Formulation with Darcy-Forchheimer flow in the fracture and Darcy
flow in the matrix

Let 2 be a bounded domain in R? with boundary T', and let v C 2 be a (d— 1)-dimensional surface
that separates () into two subdomains: Q@ C R4, Q=QUyUQy, 7= (21 N2W)NQ, I =
09, and T'; =T'N0oQ;. We suppose for simplicity that v is a subset of a hyperplane; i. e. that
~ is flat. Taking the stratification of natural porous media into account this seems to be a feasible
assumption covering a variety of situations. The extension to the case that « is a smooth surface
should not pose any major problems but would be considerably more complex as the curvature
tensor would enter into the definitions of the tangential gradient and the tangential divergence.
We consider the following problem, which was derived in [13, [14]:

au; +Vp, = 0 in €;
diva,; = ¢ in £ (1)
Di = Pdi on I';
together with
(ay + Byluy)uy +Vp, = 0 on vy
divuy, = ¢, +[u;-n—uy-n] on 7y (2)
Py = DPdy on Jy

Inria



Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium )

and the interface condition
pi = py+(=D)"R(Ew; n+fuiyr-n),  ony, i=1,2 (3)

where n is the unit normal vector on v, directed outward from €2y, « is a coefficient function on ~
related directly to the fracture width and inversely to the normal component of the permeability
of the physical fracture, the parameter ¢ is a constant greater than 1/2 and ¢ = 1 — &, and
for convenience of notation the index ¢ of the subdomains is considered to be an element of Z5
(so that if ¢ = 2, then ¢ +1 = 1). The tensor coefficients a;,i = 1,2, and «, are related to
the inverse of the permeability tensors on €2;,7 = 1,2, and -, respectively, and the coefficient
By is the Forchheimer coefficient on 7, assumed to be scalar. We assume that the functions

i : Q — R, a, : v — R4 are all symmetric and uniformly positive definite:
alx)? < x-ai(y)x < @lxf? Vy €Q;, xé€R?
QX < x O"Y(y) = @lXIQ Vy €v, x€R¥! (4)
and é7 < By(y) < B, Yy € 7,

where  a;, a., ﬂ > 0, and that the real valued coefficient function x : v — R is bounded
above and below by positive constants:

0<k<k(ly)<E Vye€nr. (5)

Note that only minimal assumptions concerning a;, ¢ = 1,2, ., and (3, reflecting the structure
of the problem are required and no further regularity, allowing for general heterogeneous media.
However this means that the standard functional setting of the linear case has to be modified and
thus also the regularity requirements concerning the source and boundary terms.

We make the following assumptions concerning the data functions ¢ and pgq corresponding
respectively to an external source term and to Dirichlet boundary data:

¢ =(q1,02,0) € L*() x L3(Q) x L*(7) ) (©)
pd = (Pd,1,Pd2,Pdn) € (W5 2(T1) N H2(T)) x (Ws2([2) N H=(I'2)) x Hz(0v),

where we have used the standard notation for the Lebesgue spaces LP, p € R, p > 1, and for the
Sobolev spaces W*P, k.p € R, p > 1; see [1I]. Following standard practice we often write H k
for the Sobolev space W*2, k € R. We have required more regularity of the data functions than
necessary for a weak formulation of problem (), @), ([B) in order to use the same data functions
for problem (), @), @) and for problem (), (I2)), (I3) given below.

To give a weak mixed formulation of problem (), @), @), we introduce several spaces of
functions:

M ={p=(p1,p2,py) : pi € L*(),i = 1,2, and p, € L32(v)}
2
Ipllae =" lIpil
i—1

The space M being a product of reflexive Banach spaces is clearly a reflexive Banach space with
the dual space

M/ = {f = (flanvf’Y) : fl S LQ(Ql)az = 1527 and f'y S LB(,Y)}

[fllae = lefz

=1

02,0, + If5ll0.34-

We also define
V= {v=(vi,v2,v,) : v; € (L*())%i=1,2, and v, € (L*(7))*"}
2
IVliv =" lIvillo2g. + [Ivyllos,

i=1
RR n°® 8443



6 P. Knabner € J. E. Roberts

and its dual space

VI = {g = (glagQag’Y) : gl € (L2(Qi))d’i = 1523 a'nd gW € (L%(’Y))d_l}
2

lglv: =" llgil
i=1

020 + llgyl

0,3~

Remark 1 For f = (f1, f2, fy) € M, respectively g = (g1,82,8,) € V', we have used the (*
norm on R3 to give the norm of f, respectively g, in terms of its three components fi, fo and f-,
respectively g1,82 and g, whereas the actual norm for the dual space would have used the {>° or
mazimum norm. However these norms are equivalent since R is of finite dimension and we have
found it more convenient to use the ' norms here.

For the domains Q1, Qs in R? and v in R?~1, respectively, we need minimal regularity to make
some of the expressions used below well defined. In particular, we need exterior normal vector
fields on the boundaries. To assume that the domains are Lipschitzian will be sufficient, and this
will be done henceforth. We will need in addition the space W defined by

W = {u = (uj,us,uy) € V: Divu:= (divuy, divug,divu, — [u; -n —uz -n]) € M’
and u; -n € L3(y),i = 1,2}
2

lullw = J[ullv + | Divuallw + 3 l[wi-nfloz,)-
i=1

One can show that W is also a reflexive Banach space and that

D = (D())? x (D(Q2))" x (D7) (8)

is dense in W (see e.g. [I8, Lemma 3.13]), where by D(O) is meant {¢jp : ¥ € C*°(R")}, for

O a bounded domain in R™. We also have that for v.€ W,v; € H(div,;),i = 1,2, and v, €

H(div,7) (since L3(v) C L%(7)) so that v; -n; € H™2(9Q;) and v, - n, € H™7(dy), where

n;, ¢ =1,2, and n, are the exterior normal vectors on 9);, ¢ = 1,2, and on 0, respectively.
Define the forms a : W x W — Rand b : W x M — R by

2 2
a(u,v) = Z / a;u; - v de + /(aV + By |usy)uy - vy ds + Z/Fa(«fui ‘n+&u; -n)v; - nds,
i=1 /€ g =177
2
b(u,r) = Z / divu,r; do + /(divu7 —[w n—uy-n])r,ds =< Divu,r > s m.
i=1 /S v
Note that the form a is continuous and linear in its second variable while the form b is clearly
continuous and bilinear. Define the continuous, linear forms g € W’ and f € M’ by
g: W-—R
2
Blv) = —Z; SPaa Vi 2y gty T S PV ™Y 2oy 5 (09
=

and f: M—R ©)

2
f(r) :Z/ qiridx+/q7r7ds.
i=1 /S g

The weak mixed formulation of (), () and (@) is

Find u € W and p € M such that
(P) a(u,v) —b(v,p) = g(v) Vv e W
b(u,r) = f(r) Vr € M.

Inria



Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 7

Define also, for the moment only formally (see Lemma [2]),

A:W-—W and B:W-—M
<A(u),v>w w=a(uv) VWweW < B(u),r > pr pm =0b(u,7) VreM

and note that B : W — M’ is simply Div : W — M’ so that for W, the kernel of B,
W= {v=(vy,ve,v,) € W: Divv = B(v) =0},
we have that

2
IViw = Ivlv + S lvi-nlloz,  ¥veW.

=1

1.2 Formulation with Darcy-Forchheimer flow in the matrix and in the
fractures

With Q,v,Q;,T,n;, i = 1,2,n, and n as well as o, ay, By, K, @i, @, Da i, Pd,y, €, and € as in the
preceding paragraph, and with 3; : €2; — R a function satisfying

B, < Bily) < Bi Vye, (10)

where ﬁz,ﬁl > 0, we now consider the following problem:

(a; + Bilui))u; +Vp; = 0 in Q;
divu,; = ¢ in Q; (11)
Di = Pdi on I’
together with
(y + By|uy)uy, +Vp, = 0 on ~y
divuy, = ¢, +[u;-n—uy-n] on vy (12)
Py = DPdy on 0v

and the interface conditions
pi = py+ (DR - n+E&uigy o), i=1,2. (13)

Due to the Forchheimer regularization in the matrix equations, the spaces in the earlier definitions
need to be replaced by spaces appropriate for the functional setting of the Forchheimer equations,
ie. L2(Q) by L2(f), and consequently L2(€%;) by L3(€;) for the dual spaces, thus obtaining
a (-version of the earlier spaces, i. e. Mg instead of M, etc. For the sake of clarity we state
explicitly:

Mg ={p= (p1,p2,py) : pi € L3*(Q;),i=1,2, and p, € L3/?(7)}
2

Ipllacs = 3 Ipillo g 00 + e llo g e
=1

The space Mg is clearly a reflexive Banach space with dual space

b={f=(ffo fy) : fi € L3(Qu),i=1,2, and f, € L*(7)}
2

£, =D I filloso: + [1fllo,3-

i=1
We also define

Vi = {v=(vi,va,v,) : v; € (L3())%,i = 1,2, and v, € (L3(7))* '}
2
Vlvy =D lIvillos.a, + [v4llos.y,
=1
RR n°® 8443



8 P. Knabner € J. E. Roberts

which is similarly a reflexive Banach space, with its dual space
Vi ={g= (81,828, : & € (L¥?())%i=1,2, and g, € (L*?(y))"""}

2
lgllv; =D llgillo,s.0, + &l
i=1

3 ..
15 0,5,y

Again we have used the equivalent ¢! norm instead of the £> norm to construct the product space
norm for M and Wj5. We also need the space Wy defined by

W; = {u=(uj,uz,u,) € Vg : Divu = (divuy, divuy,divu, — [u; -n —uy - nj) € M,'g

and u; -n € L3(v),i=1,2}
2 (14)

lullw, = lullv, + IDivullag, + > [[ui nfoz,.
i=1

One can show that Wj is a reflexive Banach space, that D, given by (), is dense in Wp, that for
v € Wpg, for i = 1,2,v; € H(div, ;) and v, € H(div,~) so that v; -n; € H~2(8;) and VoD, €
H~3(d7). Further v; € W3(div, ;) (see Appendix [A1]). Define the forms ag : Wy x Wz — R
and bg : Wg x Mg — R by

2
a(u) =3 [ (et sl vide o+ [ (a4 5y v
i=1 /8 g
2
+Z / k(éu; -0+ fuiyq - n)v; -nds,
=17

2
bg(u,r) = Z /Q divu;r; dez + /(divu,y —[u-n—uy-n])ryds =< Divu,r >, -
i=1 i Y
Note that the form ag is continunous and linear in its second variable while bg is continuous and
bilinear. Define the linear forms
g: Wg—R and f:Mg—R

as in (@) but with g € Wy and f € Mj; which is valid with the regularity assumptions in (@). The
mixed weak formulation of (1), (I2) and (I3)) is given by

Find u € Wg and p € Mp such that

(Ps) ag(u,v) —bg(v,p) = g(v) Vv € Wp
bs(u,r) = f(r) Vr € Mg.
Define again
Ag : Wﬁ — Wé and Bﬁ : Wg — M%
< Ag(u),v>vy,v =ag(u,v) VveWs < Bg(u),r > MMy = bg(u,r) Vr e Mg

for an equivalent operator equation and
WB = {u = (u1,us,uy) € W : Div u:= Bg(u) =0},

and note that 5

lalw, = [ullv, + 3 -l

i=1

0,2,7 Yu € ng. (15)

Remark 2 Note that none of the spaces Wg, Vg, \7\75, or Mg and neither of the operators bg nor
Bg depends on the coefficient 3. The index ( is used simply to indicate that these are the spaces
and operators used to define the problem (Pg).

Inria



Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 9

To obtain some of the estimates that we will derive in the following sections we shall make use of
the following technical lemma given in [I5, lemmas 1.1 and 1.4].

Lemma 1 For x andy in R"™, we have the following inequalities:

[xx=lylyl < (x|+Iy])x-yl (16)

1
=yl < (xx—lyly) - (x =), (17)
X “hx =y by | < VERx- b, (18)

Ix —yl*

—F < L—L-X—.
NEENE (m JM)( )

In (IR) and hereafter z — ||~ 2z on R™ means the continuation of this function on R™ \ {0} to
R™ obtained by defining |O|*%0 := 0, which by ([I§) is indeed Hélder continuous with exponent %

Here we introduce some notation that we will use throughout the remainder of the article: for
any positive integer n and any bounded domain O in R", we know that L?(O) — L?*(0) and that
the inclusion map is continuous so that there is a constant C'r, o depending on n and the measure
of the space such that if ¢ € L3(O) then ||¢||r2 < CrL.o||¢]/1s. Here we shall assume that Cf, is
a constant with Cr o < Cf, for all of the spaces O that we deal with. (There are only a finite
number for each problem.) Also we know that if s and ¢ are such that 1 < s <t < oo then the
¢% and /' norms on R™ are equivalent (since all norms on finite dimensional spaces are equivalent),
and we shall assume that there are positive real numbers Cy and ¢, such that if x € R™ then
col|x|er < [|x|[es < Col|x]|¢¢ for all dimensions n and all norms ¢° and ¢* with 1 < s <t < oo, that
we encounter in the problems that follow. (Again there will only be a finite number.)

(19)

2 Existence and uniqueness of the solution of the problem
(Ps) Darcy-Forchheimer flow in the fracture and in the
subdomains

To show the existence and uniqueness of the solution of (Pg), following the argument of [I5]
Section 1] we show that the operator Ag : Wz — Wj is continuous and monotone and is

uniformly monotone on ng to obtain a solution to the homogeneous problem with f = 0. (That
Bs : Wg — M’ﬁ satisfies the inf-sup condition follows just as in the linear case, cf. [I6], however
for completeness a demonstration is given in Appendix [A3). Then taking any solution to the
second equation of (Pg) (whose existence is guaranteed by the inf-sup condition) an auxiliary
homogeneous problem is constructed whose solution can be used to produce the solution of (Pg).

Lemma 2 The operator Ag : Wg — W,é is continuous and strictly monotone and is further-

more uniformly monotone on Wg.

Proof: To see that Yu € Wg, Ag(u) € Wé i. e. that Vu € Wp, Ag(u) is bounded, suppose
that u € Wg. Then, using the equivalence of norms in a finite dimensional space and Hélder’s
inequality, we have, for each v in Wg,

2 1
[ wduvide < Bicp [ it < 56 ( [ Guitas) ([ was)
Qi _ Q; Q; Q; ( )
< BCEwillg 5.0,lIvillo,s.0:-

We also have

/ o - vide < @llwgllo2.0 | villo2.0, < @CE uillo,s,0villo,s.0;- (21)

Q;

RR n°® 8443



10 P. Knabner € J. E. Roberts

As we have similar inequalities for the norms on v and as ¢ > £ we conclude that for each v € Wy,

| < Ag(u),v > W, Wi

Ag(u r = su
Ms(allw; = sz T
2
< sup {Z (@2 u Pl s 0.l1villos.a.)
VGWB —
v#£0 -
+ & G2l oo lIVallogs + By CElus I3 5 41+ o

II

(Zm n||027> (Zm n||027>} / Iviw,
S (@il

i=1

(22)

IN

CEluil 2, )
2
+ aWC%HuvHO,&v + ﬁ’yC?”u’YHg,&'y +¢R Z [u; - |

i=1

0,2,y

2

< aCil|ullv, +BCEully, + €7 Y [ui-n|
i=1

< (max{aCi, €7} + BCY|ullv,)ullws,

0,2,y

where @ is the max{@;, @z, @, }, and similarly for 3.

To see that Ag : Wz — Wj is continuous suppose that u and w are elements of Wjp.
Using Holder’s inequality and then inequality (I6]) along with the equivalence of norms in finite
dimensional spaces, we see that, for any v.€ Wps and for ¢ =1, 2,

12

/ Billulw; — [wilwi) - v de < Bl [wilu; — [wilwi [lo,3.0,[Ivi
< B:CHN (luillos.: + Iwillos.e)llw — willosevillosa-
Then using the analogous inequality for the nonlinear term on v we have

< Ag(u) — Ag(w), v > W), W

[Ag(u) — Ag(w)llw; = sup
vews Miw,
v #0
< ((ac%nu—wuw + BC(lullv, + Wiy, = wilv,) IVl
2 2
RS N w) nlozs 3 v -nlozs ) Vi,
=1 =1
< (max{@act, ¢r} + BC}(lullv, + [wliv,) ) Il = wilw,.

To see that Ag : Wy — Wy is strictly monotone suppose again that u and w are elements
of Wj. Then using inequality (L), for i =1, 2,

3

B.c
/ Bi(|ug|u; — |wilw;) - (u; — wy) de > _;é la; — w; (23)
)

Inria



Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 11

We also note that if 7,y € R then &(22 + y?) + 26xy > min{1,2¢ — 1}(2% + 3?). It follows that
Yu,w € Wy

< Ag(u) —Ag(w), u—w > W, Wy

3 2
> B wli, + mmin(1.26 — 133 - w) -0l
=1
2
> e85 (|u—w|%,5 £ w) )
> 0, o

(24)
where 3 = min{ﬁl,ﬁ2,ﬁ7}, and where we have equality only if u = w.
To see that Ag is uniformly monotone on WB it suffices to note that if u and w belong to \7\75

then
<Ag(u) = Ag(w),u-w>w w, = G([lu—wlw,)lu—wlw,

with
2
hally, + >l nlF.,
G(lullw,) = C(B 5.8 Talw
W
lally, + > [l nff.,
= C(B,k¢) izl — o0 asulw, — oo,
[ullv, + >l nlos
i=1
where we have used (I5). O

Lemma 3 The linear form bg : Wg x Mg — R satisfies the following inf-sup condition: there
s a positive constant 0g such that Vr € Mg

bg(v,r)
Os7llam, < sup bg(v,r).
vew; [[VIlwg,

Proof: See Appendix [A3] O

(25)

Proposition 1 The homogeneous problem

Find u}, € Wg and pj € Mg such that
(P} ap(ul,v) — bs(v,py) = g(v) Vv € Wj
ba(uy,r) = 0 Vr e Mg

has a unique solution.

Proof: That there is a unique solution in Wg to ag(uy,v) = g(v),¥v € Wg, i e. to Ag(u}) =g,
now follows from the Browder-Minty theorem, [20, Theorem 26.A[. That there is a unique pj € Mg

such that (uf,p?) is the unique solution of (Pf) then follows as in the linear case as the operator
Bg is still linear. ]

To handle a source term in the continuity equation we start from any solution to this equation and
construct an auxiliary homogeneous problem whose solution is then combined with the solution
to the (nonhomogeneous) continuity equation to produce the desired solution to the full problem.
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12 P. Knabner € J. E. Roberts

Theorem 1 The problem (Pg) admits a unique solution (ug,pg) € Wz x Mg.

Proof: Since, according to Lemma [3] bg satisfies the inf-sup condition, the subproblem of (Pg)

Find u € Wj such that
bg(u,r) = f(r) Vre Mg

has a (non-unique) solution. Let u* € Wy denote one such. We consider the auxiliary problem

Find u € W3 and p € Mg such that
(P3) ag(@+u*,v) —bg(v,p) = g(v) Vv € Wy
bﬁ(ﬁ,T) = 0 Vr e MB'

Just as in Proposition [[, this problem has a unique solution, as one can show, just as in Lemma
2l that
aj(u,v) :==ag(u+u”,v)

defines a continuous operator, strictly monotone on W3 and uniformly monotone on Wﬂ. Then,
due to the bilinearity of bg, u := 0 + u*, together with p is a solution of (Pg).
To show uniqueness we refer to Lemma [7in Appendix [A.2] O

3 Darcy as a limit of Darcy-Forchheimer - Simple Domain

Suppose here that O is a bounded domain in R? with boundary 0. The object of this section is
to show that the solution of the Darcy problem

a,u=—-Vp in0O
divu = ¢, in O
P="Doo on 00

may be obtained as the limit of a sequence of solutions of the Darcy-Forchheimer problems

a,ug + ﬂo |u§|Ug = 7Vp5 in O
divug = ¢, in O
P8 = Do on 00,

as B, — 0. As before we assume that the tensor coefficient function «a, : O — R%? is such
that
a, X < x-a,(y)x < @, lx[? Vy €0, x¢€RY, (26)

and the coeflicient 5, of the nonlinear term is assumed to be a positive real parameter as we are
merely interested in obtaining the Darcy problem as a limit of Forchheimer problems. Let

W(O) = H(div, O) M(0) = L*(0)

W5(0) = W(div, 0) Mg(0) = LE(0),
and recall that the image of the normal trace map on W(O) is H~2(9O) while the image of the
normal trace map on Wi (0) is W~3:3(90). Also as before the data functions are assumed to be

such that ¢ € L3(0) and p, , € W52 (90) N W 22(d0).
Define the bilinear forms a,, and b, by

L W(0) x W0) —» R and b, : WO) x M(O) —» R

(u,v) +— /anu v dx (v,r) /div(v) r dz,

(@]

re
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Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 13

and the linear forms g, € W(O)’ and f, € M(O)’ by

g, : WO) — R and fo : M(O) — R

Vo7 SPoor VR pd o). 5 3 00) ro /o Gor A,

so that the problem (Pparey) can be written as

Find u € W(O) and p € M(O) such that
(PDGTCy) Ay (u’ V) - bo (V,p) = 8o (V) Vv € W(O)
bo (u,1) = S0 Yre M)

Since a,, is elliptic (coercive) on the subset W(O) = {v € W(O) : b, (v,r) = 0, ¥r € M(O)} and
b,, satisfies the inf-sup condition on W(O) x M(O):

o

by (v,7)

a,[vlilwo) < ao (v, v) ¥v € W(O) and 0o 7oy € sup 2, Vr € M(0),
vew(0) [IVIlwio)

the Darcy problem (Pparey) has a unique solution (u,,,p,) € W(O) x M(0O),[9].

To give the weak formulation of the Forchheimer problem note that since Wz(O) C W(O) the
bilinear form a,, is also defined on Wz(O) x W3(0O) and that the bilinear form b, is also defined
on W3(0) x Mpg(O) (even though Mg(O) ¢ M(O)). Further b, also satisfies the analogous
inf-sup condition onWz(Q) x Mg(O) for some constant 6, . ; see [I8] or the more general version

.07
in Lemma 8l Now define the mapping a linear in its second variable, by

8,07
g o %(O) XVVB(O) — R

(u,v) — /O(ao + B, |u|)u - v dz,

and note that due to the regularity requirements on the data functions p, ,, and q,, that the linear
forms g, and f, are defined and continuous on Wz(O) and Mg(O), respectively, (as well as on
W(O) and M(0O)), so that the problem (Pporcn) can be written as

Find ug € W3(0) and pg € Mg(O) such that
(PFoTch) aﬁ,o(uﬁvv) - bo (vaﬁ) = 8o (V) Vv e VVg(O)
bo (uﬂar) = fo (T) Vr e MB(O)

It is shown in [I5] that the form a, . is continuous, strictly monotone on Ws(O), and coercive
on \7\75((9) = {v € W3(0) : b,(v,r) = 0,VYr € Mg(O)} [15 Proposition 1.2] and that the
Forchheimer problem (Pporcr) has a unique solution (u, ,,,p, ) € Ws(O) x Mg (0O), [15, Theorem
1.8]. Again see the more general vesion of this reasoning in Lemma

The demonstration that the solutions of the problems (Pgorcn) converge to the solution of
(Pparcy) is based on a priori bounds for u, , and p, , independent of the parameter 3. In this
section we will drop the spaces in the notation for the norms as only O or 90O appears.

Lemma 4 There is a constant C independent of 5 such that for B sufficiently small

1
”pg,o ”MB(O) + HuB,O ”W(O) + ﬂs ||uﬁ,OHO,3 <C.

In addition,
Blla, o |

0,3 — 0, as ﬁ — 0.
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14 P. Knabner € J. E. Roberts

Proof: Taking u,, for the test function v in the first equation of (Pporen) and noting that
W;(O) € W(O), as in Section [ (cf. estimate ([24])) one obtains

3
C
Qo Huﬂ,ng,Q + éﬁHuB,OHgB S go (uB,O) + b(uﬂ,(’)’pﬂ,o)
< ”go HW(O)/”uB,o HW(O) + Hdiv(ug,o)HO,BHpg,o HO,%
< gollwioy (I, o llo2 + [Idiv(u, o)lo,2)

+ [ldiv(u, o )llo,3llps,0ll0,2-

Next directly from the second equation of (Pporcr) (regarded as an equation in Mg(O)' = L3(0)),
we obtain

Idiv(u, o)llos = [lfolloa, (27)

and, as there is a continuous embedding M(0Q) < Mz(0), i. e. L*(0) < L2(O) so that the

second equation of (Propen) holds for test functions in L2(O) as well as for those in L2 (O), we
also have

Hdiv(uﬂ,o” 0,2 = Hfo'

Combining these last three inequalities we obtain

0,2- (28)

3
C
aolu,olfz + 5Bl 0l6s < llgollwioy(lusollos + 1 follo2) + I folloslpso oz

and
1 2 i 3 1 2
§Qo||uﬂ,0||0,2 + 56HuB,OHO,3 < 20 HgoHW(O)’ + HgoHW(O)’Hf' 0,2 + Hf(’)||073Hpﬂ,O||0,%
2o
< Di+|follosllpsellos,

(29)
where D; is a constant depending only on the coefficient o, and the data functions determining
g, and f,. Then with the first equation of (Propch), we obtain, Vv € Wz(O),

bo (Vips o)l < 4,0 (0, 6, V) + 80 (V)]

< Tollu, ollozlvioz + CPBl, o 13 5l v]

(@oCrllugolloz + CBlu, o

N

0,3 + 186 [lweoy IVIiws (o)

IN

3ot Ipaollys) IViwo):

where we again use C7, respectively Cy, here specifically for the continuity constant for the em-
bedding L3(0) — L*(O), respectively ¢3(R?) < ¢*(R?). Using the inf-sup condition for b on
W;(0) x Mg(O) we have
b
boolilog < sup Lo0r)
’ 2T vews(0) Vw0
and thus
oﬂ,o Hpﬁ,o HO,% < (EOCLHUB,O HO,Q + Cgﬂ”uﬁo Hg,S + Hpa,o ”%,%) . (30)

Plugging this estimate for pg into (29) we obtain

3
C
%QOHUB,O H%,Q + éﬁHuBO' 8,3
1 _
< D1+ 5—Ilfollos (FoCrllws olloz + CEBIu, o135+ IPaolly 3 ) -
8,0

Now using the inequality

a,CL 4 (a,Cn\’
2 foloaliusoloz < - (%) sl

« 0

1
(%,3 + Zgo ||uB,O H%,Q
B, 0 -0 8,0

1
D, + ZQO ||uB,OH8,2

IN
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Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 15

it is easy to see that

1

Zgo”ug,o|

Hfo ||0,30l§ﬂ”ug,o|

c 4 (@,0p\° 1
ot Zolwolls < Di+ (T8 IfolBs+ 5

=0 8,0

2
0,3

8,0

1
+9—Hfo ||0,3||pa,o|
8,0

< Di+ Dy +Cufllu,,|I§ 5+ Ds,

12
3°3

with constant terms D, which depends on f,,Cr,a,,a, and 0, ,, and D3, which depends on
fosPs.o and 0, ,, and a constant coefficient Cy, which depends on f,, 0, , and C,. Now using

Young’s inequality, (if p > 0 and % + % =1 then ab < % + %) with a = (8%(|u, o llo,3)% b =1,
p= % and ¢ = 3 one obtains

1 & 2 1, 1o

ZQOHUB,OHanL fﬂ”“ﬁ,o|8,3 < D +D2+D3+§C4ﬂl 2 (ﬂ ||u5,o||0,3)3+§c4ﬂ1 2
and that

l 2 i 1-3s _ 20 1-2s s 3 < D D D lc 1-2s

1% s oll0,2 + 9 B 3 el (B%luy ollo3)” < 1+ D2+ D3 + 3 43

or, in particular, that (with s = 3)

1

Zgollug,o|

c3 2 1
(2),2 + <§eﬁé — §C4> (5% lu, o lo3)> < Di+Ds+ D3+ 504 = Djy. (31)

Thus for 3 sufficiently small, we obtain an a priori bound on @ |lu, ,|o,2:
1 1
azllu, ollo2 <2(D4)?, (32)
and also that
1 Cg’ 1 2 -1
(55“11;3,0”0,3)3 < (552 - §C4> Dy

so that
1
Bz |lu,ollos — 0 as 8 — 0. (33)

Rewriting (31 as

1

03 2 1
ZQOHUBD Hg,Q + %6”“5,0”8,3 < Dy+ 504(ﬁ2 HuB,O| 0,3)3a
we obtain in turn an a priori bound for 3% lu, ollo,3:
1
B3Iu, o llos < (Da+€)7 (34)

with € > 0 arbitrarily small for 3 < . for some 3, > 0. Now combining ([B0), (32) and (34) one
obtains the following a priori bound on p, ., in L2(0):

2a,C, 1 C3 s 2 1
IPsollog < == (D) + 57585 (Da+ )% + 5—lpsolls g (35)
ﬂ,@gé 8,0 8,0
With (33), (32) and ([28) the lemma is completed. O
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16 P. Knabner € J. E. Roberts

From 32) and (B3), we conclude that if {§;} is a sequence converging to 0 then there is a
subsequence still denoted {f;} such that the sequences {uﬁjy o) and {10ij o} are weakly convergent

in (L2(0))* and in L? (O), respectively:
u, , =i (L*0)"  and  p, ,—pin L?(0), (36)
i. e. explicitly
/ au, - vdr— / ol - v de Vv € (L3(0))"  and / Py 0q dr — / pq dx Vg € L3(0O).
o 7 o o 7 o
(37)
Further, (3) implies that {37 uﬂjwo} converges strongly to 0 in L3(QO). Thus

— 3 3 ’
’/O 5j|u@j,o|uaj,o v de 0.2 = [Ivllo,3 (/o B; |uﬁj,o| dx) (38)

1
= [vllosllB; u,, oI35 — 0as B; 0.

< |‘V||073||6j|uﬁj,(’) |uﬁj,(’)|

Lemma 5 Assume that the spatial dimension d satisfies d < 6. Then the pair (0,p) defined by
(30) is a solution to (Pparey) and hence is the unique solution of (Pparey): @ = U, and p = p,,.

Proof: A priori, 1 € W3(0) C W(O) and p € M3(0) ¢ M(O). It follows from (B8) and (B7)
that

/anﬁ.v'dxi/odiv(vﬁadx:i<p6vo’v.n>H%(8(9),H7%(8(9) Vv e W(0). (39)

However, if v € D(O), then /aoﬁ. -vdr — /div(v)f) dz = 0 so that V) = —a,u € (L3(0))?,
o o

and thus p € Wl’%((’)). By the Sobolev embedding theorem, [I] , we have, if d < 6, then
Whi(0) c L2(0) = M(O). Also we have supposed that P, o belongs to W22(90) as well as

to W32 (00). Thus each of the terms of ) is well defined for v € W(O), and we have since
W;(0O) is dense in W(O) that

/o ol - v dr — /o div(v)pde = = <Poo,V D>, 00yt a0y TV € WO). (40)

Turning now to the second equation of (Pparey), we recall that f, = g, belongs to L*(O) =
Mp(0O)', and thus also to L?*(O) = M(O)’. As we have seen, the second equation of (Pgorcn)
implies that for each 8 > 0, div(u, ) = f € L3(0). This with [32) implies that u, ., is bounded
in the W(O) norm and that for a subsequence {3,} of {53,},ug, converges weakly to a in W(O).
It follows that

/Odiv(ﬁ)r dx:/oqor Vr € M(O).

Thus the pair (@, p) in W(O) x M(0O) is a solution of (Ppgrey) and (@1,p) = (u,,p,) by unique-
ness. o

4 Darcy as a limit of Darcy-Forchheimer - Domain with a
Fracture
The object of this section is to obtain the original problem (P) (with Darcy flow in the subdomains

Q1 and Q5 but Forchheimer flow in the fracture «) as the limit of the problem (7)5) (with Forcheimer
flow in the subdomains and in the fracture) studied in Section 2] when the Forchheimer coefficient

Inria



Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 17

in the subdomains 3 decreases to 0. In this section, as in Section Bl for simplicity we shall assume
that ; is the same constant, positive, real parameter for ¢ = 1 and i = 2:

B1=Pp0=08>0.

(The tensors 3, a; and a~ @), as well as « (@), remain as in Section [21) For each § sufficiently
small, let (ug,pg) € W x Mg be the solution of (Pg). We will derive a priori bounds on (ug, pg)
which are independent of §, thus obtaining a limit function which we shall show is a solution to

(P)-

Lemma 6 There is a constant C independent of 5, such that, for each B sufficiently small,

2

1
lugllw + llpsllats + 585D llupillose < C.
i=1

In addition,
2

1
B2 " |ugillose, — 0, as B — 0.
i=1

Proof: The proof follows closely the lines of the proof of Lemma [l Taking for test function
v = ug in the first equation of (Pg), noting that usg € W and that g € W', and letting C¢ denote
rmin(1,2¢ — 1) we obtain

2 3
C
5 (alualis + Lolusdds) +a

=1
<ag(ug,up) = g(ug) + bg(ug, ps)

2
Sa+ > Celug: nl3,

i=1

< llgllwlugllw + [Divag| s, [Ipsll g

2
= ||gllw- (Huﬂ”V + [Divug| v+ Y lJug,; - n||072,v) + [Divug | s, Pl mg
=1

and from the second equation we have Divug = f so that

IDivuagllag, = [1Flm
(41)

Divaglve = [ fllae-
Combining these estimates, analogously to ([29) we obtain
2 C3 C3 2
Z (Oé Fag,illG,2 + = Bllas,llG, ) +a[ug 52+ 58, lusAllos + Z; Cellug.i - n[g
< lighw: (||Uﬂ|v Fflae + 3 sl ) + 1L, ol
2 =1 2
< ligw: (Duﬁ,ino,g Fllusallosy+ 3 Jus,-nl

i=1 i=1

) 41 f L Ipolae, + D,

where the constant term D; depends on g and on f. Then, using Young’s inequality we have

> /1 cg 5 ) 2c€ 1< 5
> 3 ayllug il + 5 Blusillos | + e llusalion + 35558 ug 435 + §ZC€Hu57i'nHO,2
i=1

i=1
< ||f||M’B||PB||M5 + D1+ Dy,
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18 P. Knabner € J. E. Roberts

where D2 depends on g,gi,ﬁv, and C¢. The inf-sup condition for bg : Wg x Mg — R together
with the first equation of (Pg) yields

b
Osllpslne, < sup JoPP)
veWg HV”WL%

sup as (uBa V) - g(v)
vEW; (v lw,

IN

)

and using (20)
2

lag(ug,v) —g(v)] < Z(@iHuB,i 3)

2 2
+RE (Z g, - n||072,v) (Z [[vi - n||072,v)
1=1 i=1

48y [us yllo24V4llo.2ey + C7B, s 13 5411V o5, + llglwy Vi,

o2 + C7Bllug,illg sl ve

Then combining the last two estimates, analogously to ([B0) we have

03 +RE[lugi nflozy)

2
Oslpslim, < D (Crdifug,
1=1

(42)

+CLy |lugs o2, + ngvlluﬂ 2, ~ T Hg”W[Q

So

> (aulhusls + Folunidis)
=1

HfHM

2
1
0.3+ 52 Cellugi - g o
1=

<D+ Dy+ D3+

2
(Z Craillug,illo2 + CiBllugllg 5 + Réllug,i - nlloz2,)
i=1
+CLay [lug o2, + CEQB'yHuﬂ,WH%,?),v)’
where D3 depends on g, 03, and f. Then using Young’s inequality (three times with exponents 2
and 2 and twice with exponents 3 and 2) we obtain
2

> (Gedus,

=1

2
1 1
8) + gluslis + £33 Celug 3,
=1

2
2 1
S D1 + D2 + D3 + D4 + 5052 (ﬂé ||1131i||073)3,
i=1
_ (43)
with Dy depending on @;, a;, @, ., Bv,ﬁv,ﬁ, K, &, 05, and f, and, analogously to (31]),

2 a1 2 1
> (4_l||uﬂz||02 (36 P 505) (815

i=1

31
) +ZC£||uﬂ,i'n||g,2)

3
c
o luss 3z + 28, flug
< D1+ Dy+ D3+ Dy.
(Recall that 0 does not depend on j.) Hence

B%||lug,illos — Oas B — 0, i=1,2,
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Coupling Darcy and Darcy-Forchheimer flow in a fractured porous medium 19

as in (B3), and, as in (B2), (3) each of the terms [[ug,q[lo,2; [us,i - nllo2, [usyllo2q, usqlloss
1 —

and 33 |lug,ill0,3 is bounded by a positive constant D5, depending on @;,@,, 8.,,§, f and g but

independent of /3:

1
0.2y t llugsllozy + llusqllosy + B2llugillos < Ds. (44)

[ug,illo2 + |lug-n]

Combining (41)) and ([@4)) yields an a priori bound on ug; in the H(div, Q;)-norm. Equation (@I
also gives an a priori bound on divug , — [ug, 1 -n—ug, - 0] in the L3(y)-norm, which completes
the a priori bound of ||ug||w-.

To bound pg we recall [Z2)

2 2
05 (Z Ipg.illo,z + ||PB,7||0,%,7> < > (Craillugilloz + CEBllugill§ s + ERlugi - nllo.2,)
=1

i=1
+Cra, [ugs 4 |

02,7 T C7B,lup 5135 + llgllwy

and obtain for a positive constant Dg, depending on @i,av,ﬁwﬁ, &, f,g and 03 but independent

of B :
2
> lpsillo,s + llpsllo,s., < D, (45)
i=1
which gives the a priori bound on ||pg||a- O

Theorem 2 Suppose d < 6. There exists a unique solution (u,p) € W x M of problem (P), and
(u,p) is a weak limit of solutions (ug,pg) € W x M in the sense made precise below.

Proof: The proof follows from the error bounds (@4, (3] obtained in Lemma Gl As the spaces
H(div,Q;), L2(Q;), L3(y), L%(y) and L(y) are reflexive Banach spaces they are sequentially
weakly compact. Thus from [B2) and (BH), we conclude that if {8} is a sequence converging
to 0 then there is a subsequence {/3;} such that the sequences {ug, i}, {ps, ;} {Ugéﬁ}, {ps; 4}
{ug, i -n} and divug, , — [ug; 1-n —ug, »-n| are weakly convergent in H(div,;), L2 (£2;), L3(v),

L2 (v), L*(5) and in L3(v) respectively:

ug,; — w; in H(div,Q;) Ps,i — P inL3(Q)

ug,, = 0y in L3(y) P,y — Dy inL2(y)
divug, y — [ug,1 -m—ug,2-n] — 0, inL3(y) ug,;-n — W inL*(y)
and
Brug; — 0 in L3().
We remark that since [jug,; - n||H,%(BQi) < Cllug,ill g(aiv,0,) is bounded independently of 3 that

ug, ; - n converges weakly to u; - n in H—? (09;). Then since ug, ; - n converges weakly to u; in
L?(7), we have @1; = @; - n

We also note that divug, , € L?*(y) so that ug, , € H(div,v). Further, ||divug, -|r2(y)
and thus ||ug, | f(qiv,y) is bounded independently of 3 so that ug, , converges weakly to u,
in H(div, ). Following the same lines of reasoning we conclude that

u, =diva, — (0; - n — 02 - n).
Thus with @ = (01, G2, ty) we have t € W, and it is clear that
b(a,r) =< Diva,r >, = f(r), Vr e M,

i. e. the second equation of (P) is satisfied by .
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For each B > 0, the first equation of (Pg) is

ag(ug, v) —b(v,pg) =g(v),  VveWs,

2
S [ (ot Blapalun vide+ [ @+ B lass s v, ds
=1 i

Y
2 1 )
+Z/ ~(ugi-n+&ugipi-n)vi-nds —b(v,ps) = gv),  VveWs,
=

or

2 2
Z / Blug,ilug, - vide + / Bylugylugy - vy ds = _Z / iug,i - Vidr — / QyUp - Vy ds
i=1 7S g i=1 7S g

2 1 )
Y [ Reusimt Eusn mviomds £ b(vpa) H(), V€W,
=177

Then taking the limit as § goes to 0 we have, due to ([20) and Lemma

2
1im/ﬁ ug~|ug~ - vyds =— /a-ﬁ'-v-dx—/aﬁ -V ds
0./ v| B77| By TV 1:21 o, i " Vi 8 YUy T VY

2

1, . = -
—Z/ E(«fui ‘n+&0;41 -n)v; -nds+b(v,p) + g(v), Vv € W,
i=1"7

and in particular, for test functions v € (D(21))? x (D(22))? x {0},

2 2
E / aiﬁi ©V; dr — E / diVVi ]N)Z dx = 0.
i=1 7 i—1 7%

Thus Vp, = —a;1; € L?(;) and therefore p, € Wi s (Q;). From the Sobolev embedding theorem

we then have p;, € L?(€2;) (for d < 6) which means that p € M. Now from the density of Wj in
W we conclude that

2
lim /5v|u677|uﬂ,v vy ds = —Z / o0 - v de — / ay Uy - vy ds
p—0 vy i=1 Q; v
1
3 [ Hein G mvnds £ HvD) TRV, e W.
=17
Now there remains to see that
lim /ﬁv|uﬁﬂ|uﬂ,v "Vyds = /67|ﬁv|ﬁ7 " Vy ds, Vv, € LP(9).
B=0Jy v
Toward this end we define a mapping on L3(vy) x L3(v) by
(W, vy) /ﬁv|wv|wv " vy ds
v
and the associated mapping C : L3(y) — L3 (7). That the mapping C' is monotone and contin-
uous can be shown as in the proof of Lemma [2] where the monotonicity and continuity of Ag are

shown. Therefore C' maps weakly convergent sequences to convergent sequences; see [20]. Thus,
since ug , — U, we have that C(ug.) — C(@,) in L3(y) which now yields that

a(a,v) —b(v,p) = g(v), Vv e W.

Thus (@1,p) € W x M is a solution of (P).
As in ([24)) we see that A is strictly monotone on W. Thus we can refer to Lemma [ for
uniqueness. ]
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A Appendix

In this appendix for the sake of completeness we give the definition and some basic properties of
the spaces WP (div, ), and we include the demonstrations of some lemmas needed in the previous
sections.

A.1 The spaces W?(div, O)

We recall the definition given in [15], [I8] of the spaces WP (div, O) for O C R% a bounded domain
in R? and p € R a number with 1 < p:

WP(div, 0) := {v € (LP(0))¢ : divv € LP(0)} (46)

with norm
Ivllwr@iv,0) = [IVIlLr(o) + [|[divv]|Lr(0)-

As pointed out in [I5] and in [I8] it suffices to note that W?(div, ©) is a closed subset of (L?(O))? to
see that WP (div, O) is a reflexive Banach space. Further, normal traces of elements of W?(div, O)

belong to W57 (00).

A.2 A general uniqueness result

The object here is to show a uniqueness result that is used in the proofs of Theorems[Iland 2 that
if A, B and B! are the operators associated with a mixed formulation and A is strictly monotone
and B is surjective, then the mixed problem has no more than one solution; more precisely

Lemma 7 Let X andY be Hilbert spaces and let a be a form, linear in its second variable, on'Y XY
and b a bilinear form onY x X and let A:Y — Y’ and B: Y — X' be the associated linear
operators defined by < A(v),w >y y= a(v,w), Yw € Y and < B(v),r >x/ x= b(v,r), ¥r € X,
respectively. Suppose further that f € X' and g € Y'. Then if A is strictly monotone and B is
surjective, the problem

Findu eY and p € X such that
(P) a(w,0)—b(v,p) = glv) Yoey (47)
b(u, ) = f(r) VreX

has at most one solution.

Proof: Suppose that (u,p) and (w,s) € Y x X are solutions to (P). Then

a(u,v) —a(w,v) —=blv,p—s) = 0, YWweY
b(u —w,r) = 0, VrelX,

and taking as test functions v = v — w and r = p — s we obtain a(u,u — w) — a(w,u — w) = 0
or < A(u) — A(w),u —w >y y= 0. Then, as A is strictly monotone we have u = w. To see
that p = s we suppose the contrary and use the surjectivity of B to obtain an element v € Y
with < B(v),p — s >x/ x# 0. However, as v = w we have 0 = a(u,v) — a(w,v) = b(v,p — s) =
< B(v),p — s >x-,x contradicting the choice of v. O

A.3 Some inf-sup conditions

In this paragraph we give proofs of the fact that some of the bilinear operators considered in the
text satisfy the inf-sup condition.

Proof of Lemma [t This proof is just as that for the problem with Darcy flow in the fracture
and in the subdomain (see the proof of [16, Theorem 4.1]), only modified for the inf sup condition
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in the W3(div) x L2 setting as in the proof of [I5, Lemma A.3]. It clearly suffices to show that
the induced mapping Bg = Div : Wz — M% is surjective and has a continuous right inverse.
Given an element ¢ = (¢1,12,1,) € M/, to construct an element vy, = (v, va,v,) € Wy with
Bgvy = ¢ and |[vy|w, < C||7,/JHM/B one solves the auxiliary problem A¢ = in Q, ¢ =0 on T,
with right hand side ) € L3(2), the function that agrees with 1; on ;. The solution ¢ is in
W23(Q) if Q is sufficiently regular (otherwise we solve the same homogenous Dirichlet problem
on a larger more regular domain and take the restriction of the solution to €2), and ||¢]l2.3.0 <
C|l¥]lo.3.0 with a constant C' that depends only on . Then v := V¢ € (W3(€))? ¢ W3(div, Q)
and divv = ¢ € L3(Q) so that IV Ilws(@iv,o) < (1 4+ dC)|[¥]j0.3.0. We also have v; = Vig, €

(WE3(Q,))4 € W3(div, Q;) with divv; = v; € L3(£;) so that

[villws aiv.) < (1+ dC)||4)|

1 -
030 < (L+dC)=([V1llos0n +l[¥allos.e.) < Cllvllag.

As v; € (WE3(Q))4, we have v; - n; € W33(98;), where n; is the exterieur unit normal vector
on €, and it follows that v; - n; € L3(y) C L*(7) and

Vi nillo2ny < Vi millz 300, < [Villws@iv,e) < Cllvlmg,-

Thus the pair (v1,v2) is suitable for the first two components of v.

To obtain the third component v., note that as v € W3(div, ) we have vi -n; +v2-ng = 0 on
v, and thus the problem in the fracture domain ~ is decoupled from that in the subdomains €2; and
2. One has only to define v, := V¢, where ¢, is the solution of A¢, =1, in v, ¢4 =0 on J7.
It is straightforward to verify now that v, = (v1,va,v,) is a suitable antecedent for ¢ and that
the mapping 1 — vy is continuous from M,Iﬁ into Wp. O

Lemma 8 The inf-sup condition holds for the bilinear form b: W x M — R; i. e. there exists
0 € R such that for each r € M

b
up P2T)

> 07| am- 48
S T Il (48)

Proof: The proof of this lemma is just as that of Lemma [B] only the auxiliary problem in the
subdomains is in the H(div) x L? setting. As the auxiliary problems in the subdomains and in the
fracture domain decouple no difficulty arises from the fact that one of these involves H(div) x L?
while the other involves W3(div) x L2. O

Acknowledgement: We are grateful to the anonymous referee, who pointed out a considerable
simplification of the original proof of Theorem 1.
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