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Abstract

In this paper we introduce and analyze a fully-mixed formulation for the nonlinear problem given
by the coupling of the Stokes and Darcy-Forchheimer equations with the Beavers-Joseph-Saffman
condition on the interface. This new approach yields non-Hilbert normed spaces and a twofold
saddle point structure for the corresponding operator equation, whose continuous and discrete
solvabilities are analyzed by means of a suitable abstract theory developed for this purpose. In
particular, feasible choices of finite element subspaces include PEERS of lowest order for the stress
of the fluid, Raviart-Thomas of lowest order for the Darcy velocity, piecewise constants for the
pressures, and continuous piecewise linear elements for the vorticity. A priori error estimates and
associated rates of convergence are derived, and several numerical results illustrating the good
performance of the method are reported.
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1 Introduction

The derivation of suitable mathematical and numerical models for the fluid flow between porous media
and free-flow zones has received a growing interest, due to its many applications in engineering and
biology, to name a few (cf., e.g., [7, 8,9, 10, 11, 15, 17, 24, 25] and the references therein). For instance,
filter design (cf. [17]) and reservoir models (cf. [9]) are just a couple of examples where models of
this kind are applied. The system can be viewed as a coupled problem with two physical systems
interacting across an interface: the first one being the free movement of a fluid, while the second
one being the flow in a permeable material. In the free-flow zone, the Navier-Stokes equations have
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become the traditional way to model the movement of this fluid, although when dealing with creeping
flows, or simply as a first step to treat the problem, the linear version of these equations, namely the
Stokes equations, may be considered. On the other hand, even when the Darcy’s law does describe
the flow through a porous medium, the complexity of this phenomenon has lead the introduction of
modifications to this model. One of them is the addition of a term which represents inertial effects,
known as the Forchheimer term, thus obtaining the Darcy-Forchheimer model. In this way, having
a model for both zones in the system, it only remains to specify proper conditions for the fluid flow
when crossing the interface. Indeed, the Beavers-Joseph, Saffman and Jones conditions (cf. [5, 33, 31],
respectively) are some examples of well-accepted methods to accomplish this purpose.

In this context, several finite element methods have been proposed. For instance, in [8, 17, 25]
the authors propose several fully-mixed formulations for the Stokes/Darcy problem, including an
augmented-type formulation in [8] and the treatment of a nonlinear Stokes equation in [17]. More
recently, using fixed-point arguments, in [11, 15] finite element methods for the Navier-Stokes/Darcy
problem have been developed. In all these works, the formulations are treated using tools for Hilbert
spaces, but the nonlinearity of the Darcy-Forchheimer model motivates the introduction of noncon-
ventional Banach spaces, as shown in recent work [10] where the authors analyze a primal-mixed
formulation of the Navier-Stokes/Darcy-Forchheimer system by means of a fixed point argument,
which albeit a useful technique, it requires that the boundary data and source terms are small, a
requirement that may transcend the theory and manifest in the numerical computations.

According to the above, the purpose of this work is to extend the results available in [24] for the
analysis of a fully-mixed formulation of the Stokes/Darcy problem for quasi-Newtonian fluids to the
coupling of the Stokes and Darcy-Forchheimer problems. We stress that, differently from [10], where
primal and mixed formulations, respectively, are applied to the fluid and the porous medium, in this
paper we employ dual-mixed approaches in both domains. Moreover, our analysis will be carried out
by means of a modified abstract theory for twofold saddle point problems, which on the one hand,
does not require any smallness-of-data assumption, and on the other hand, it allows us to pose the
variational formulation in terms of just Banach spaces. In addition, an a priori analysis is performed,
and while it is possible to prove that the finite element method is convergent with a sub-optimal rate,
the numerical results suggest that the method is optimally convergent provided the exact solutions are
smooth enough. In particular, we find that the interior Stokes variables can be approximated using
either PEERS or AFW elements, while the interior Darcy-Forchheimer variables can be approximated
using a combination of Raviart-Thomas elements and constant piecewise functions.

The rest of this work is organized as follows. First, we end this Section by introducing some notation
that will be used throughout the paper. Next, in Section 2 we introduce the modeling equations for
the free-flow zone, the porous medium and the interface, to then construct a fully-mixed variational
formulation that will be written as a nonlinear system with a twofold saddle point structure. Then,
in Section 3, we develop an abstract theory for this type of problems, and we analyze which are the
proper hypotheses on the spaces and involved operators to be imposed in order to guarantee the well-
posedness of both the continuous and discrete problems in rather general Banach spaces. Finally, in
Section 4, we apply this theory to the present context and specify a particular combination of finite
element subspaces that results in a well-posed fully-mixed finite element method, to then in Section 5
present some numerical examples that show its good performance.

Preliminary notations

Let us denote by  C R? a given bounded domain with polygonal boundary I'. Given p > 1 and s > 0,
standard notation will be adopted for Lebesgue spaces LP(f2) and Sobolev spaces (cf. [1]) W*P(Q)
with norm |[|-||s p:0 and seminorm | - |5 p.0. In addition, given an open subset I'g of I', with |I'g| > 0,



we let W*=1/PP(T) be the usual space of traces of W*P(Q) on I'g, with norm || - ls—1/ppro- On the
other hand, by M and M we will denote the corresponding vectorial and tensorial counterparts of
the generic scalar functional space M, and || - ||, with no subscripts, will stand for the natural norm
of either an element or an operator in any product functional space. In turn, for any vector fields
v = (v3)i=1,2 and w = (w;)i=1,2, we set the gradient and divergence operators, as

ov; 2. v,
Vv .= ( Z> and divv := -,
Ox; i,j=1,2 ; O

In addition, for any tensor fields T = (75)i =12 and ¢ = ((ij)i,j=1,2, we let div T be the divergence
operator div acting along the rows of 7, and define the transpose, the trace, the tensor inner product,
and the deviatoric tensor, respectively, as

2 2
1
0= (Tji)ij=12, tr(T):= Zlm, T:( = '-21 7ijCij, and T =T — itr(T)Iv
1= )=

where I stands for the identity tensor in R?*2. Furthermore, we set for 1 < p < oo

ry@ = {ae @ [ 4=o},

and for 2 < r < oo we define the Sobolev space
WO (div; Q) == {v eL(Q) : divv e L"(Q)}

endowed with the norm

| v Hr,div;Q = v| 0,0 T | divv HO,T;Q‘
In particular, for » = 2, we denote W%2(div, Q) =: H(div, ), a standard Hilbert space in the realm
of mixed problems. Finally, in what follows, | - | denotes the Euclidean norm in R?, and we employ ©

or 0 to denote a generic null element of a vector space, and we use C or ¢, with or without subscripts,
bars, tildes or hats, to denote generic constants independent of the discretization parameters, which
may take different values at different places.

2 The continuous problem

We begin by formally describing the movement of a Newtonian fluid back and forth between a free-flow
zone and a porous medium saturated with the same fluid.

2.1 The model problem

Let Qg and Qp be two bounded and simply connected polygonal domains in R? such that 9QgNONp =
Y # 0 and Qs N Qp = (. Then, let T'g := 0Ns\E, I'p := 92p\T and denote by n the unit normal
vector on the boundaries, which is chosen pointing outward on I'g U I'p and inward to Q2p on X,
where we also consider a unit tangent vector t (see Figure 2.1). Then, the model is constructed
using equations from both theoretical and experimental origin: the Stokes equations posed in the
free-flow zone (g, the Darcy-Forchheimer model in the porous medium )p, and a variation of the
Beavers-Joseph condition (1967) (cf. [5]) done by Saffman (1971) (cf. [33]) on the interface ¥. We
give details on these equations next, but before we continue, we introduce some additional notation.



Given % € {S,D}, 1 <p<ooand 1< q < oosuch that p~! + ¢~ = 1 we denote by (-, )% the inner
product between two scalars, vectors, or tensors in compatible Lebesgue spaces, i.e.,

(W, V)% = / wv, VYweLP(Qg), YVveLi(Qy),
Q%
(W, V)x := w-v, VweLl(Qg), VveLi(Qy),

Qx
(¢ 7)x = /Q Cir VCeLP(Qy), VT e LYQy).

Figure 2.1: Sketch of the domain for the coupled problem.

On other hand, given Ty C 9y, we recall that W/%P(Ty) is the space of traces of WP(Qy4) on T,
and define the continuation of a given & € W1/@p (T'9) by zero to the rest of the boundary as

& on Iy,
EX(€) = (2.1)
0 on 89*\F0.
Then, we introduce the space
W/ (Tg) = {5 e WY (Ty) : EBE (€) € WY9P(904) } (2.2)

endowed with the norm

e
1€l fgpro = IEX (Ol jgpon,  VE € WP (T0) .

2.1.1 Free-flow zone

For each arbitrary velocity field v, let e(v) be the symmetric part of the velocity gradient tensor Vv.
Then, given a source term fg, we seek in 2g a velocity field ug and a pressure field pg such that

—pAug + Vpg =fs  in Qg,
divug =0 in Qg,
us=0 onlyg,

where the last equation corresponds to a non-slip condition on the non-interfacial boundary I'g and
1 denotes the viscosity of the fluid. In this way, defining the stress and vorticity tensors as

1
og:=—psl+2ue(ug) and ~g:= 5 (VuS - (V“S)t) ’



respectively, the pressure can be eliminated from the system above as

ps = —%tr(ds), (2.3)

and the Stokes system can now be written as: Find (g, ug,ys) such that

1
VLIS — s = ﬂdg in Qs, (2.4&)
—diveog = fg in Qg, (2.4b)
us =0 on I'g. (2.4c)

2.1.2 Porous medium

When kinematic effects surpass viscous effects in a porous medium, the Darcy velocity up and the
pressure gradient Vpp do not satisfy a linear relation. Instead, a non-linear approximation, known
as the Darcy-Forchheimer model, is considered. When it is imposed on the porous medium Qp with
Neumann boundary conditions on I'p, the equations read: Find (up,pp) such that

f
%K_luD + ;|UD|UD +Vpp =gp inQp, (2.5a)
div up — fD in QD, (25b>
up -n=20 on I'p, 2.5¢)

where p is the density of the fluid, £ stands for the Forchheimer number of the porous medium,
and gp and fp are source terms. Here, K € L*°({2p) is a symmetric and uniformly elliptic tensor
describing the permeability of this medium, so that for each x € Qp we define gpin(x) := min{p :
0 is an eigenvalue of K(x)}, and deduce from the assumptions on K that there exists o > 0 such that

omin(X) > 00 >0 VxeQp. (2.6)

We recall in advance that one of the conditions that will be imposed on ¥ is the continuity of
normal velocities, and therefore an integration by parts of the compressibility condition (2.5b) leads
us to ask for fp to be a zero-mean function in Qp, that is, fQD fp=0.

2.1.3 Transmission conditions

At the interface between the free-flow zone and the porous media, the conservation of mass and balance
of normal forces are well-accepted conditions in literature (cf. [17, 25, 36]). On the other hand, there
are experimental conditions that must be satisfied, such as the Beavers-Joseph conditions (cf. [5]),
which relate the jump of the velocity field across the interface ¥ with the tangential component of
the normal stress (known as the traction). Among the different ways to simplify these conditions (cf.
[31]), we consider in this work those by Saffman (cf. [33]) coined as the Beavers-Joseph-Saffman (BJS)
conditions, which can be obtained by neglecting the tangential velocity in the porous medium at the

Beavers-Joseph conditions. In summary, we impose the following boundary conditions at the interface
>

1. Conservation of mass: ug-n =up - n,

2. Balance of normal forces: (ogn)-n = —pp,



3. The Beavers-Joseph-Saffman condition: (ogn) -t = —ux~!(ug-t),

where k is the friction coefficient. Considering that (n,t) is a local orthonormal basis on ¥, we can
rewrite 2 and 3 as a single equation, so that the transmission conditions become

us-n=up-n onx, (2.7a)

osn+ pk (ug -t)t = —ppn  on . (2.7b)

In this way, the Stokes/Darcy-Forchheimer (SDF) coupled problem consists of equations (2.4), (2.5)
and (2.7). We end this section by mentioning that, although only homogeneous boundary conditions
have been considered on I'p UT'g, it is possible to establish more general boundary conditions under
little modifications (cf. [17]).

2.2 A fully-mixed formulation

We now focus on developing mixed formulations for each one of the previous sets of equations in a
similar way to [25], where the authors introduce ugl|y. and pp|y as additional unknowns of physical
interest, which play the role of suitable Lagrange multipliers as well.

2.2.1 Stokes problem

First, we address the mixed formulation of the Stokes problem. On the one hand, uniqueness of the
pressure is ensured whenever pg € L3(Qg), which according to (2.3) suggests the introduction of the
space

Ho(div; Qg) := {r € H(div; Q) : /QS tr(r) = o} .

On the other hand, since the vorticity vs is a skew-symmetric tensor, this leads us to define the space
L2eu(Qs) := {77 el?(Qg):n+n' = 0}_

Therefore, proceeding as in [25], we first define the linear operator Ag : Ho(div; Qg) — [Ho(div; Qs)]
as .

Ag(os) = ﬂcrds YV os € Hy(div; Qg), (2.8)
and then we test the constitutive equation (2.4a) with ¢ € Hy(div;{2g) and integrate by parts, the
equilibrium equation (2.4b) with vg € L2(2g), and impose the symmetry of the stress tensor og in

a weak sense, which results in the weak problem: Find (os,us,7vs, %) € Ho(div;Qg) x L3(Qg) x
L2 eu(Qs) x ﬁééQ(Z) such that

(As(os),Ts)s + (div Ts,us)s + (Tsm, ¢ )5, + (75, Ts)s = 0, (2.9a)
(divos,vs)s + (os,ms) = —(fs,vs)s, (2.9b)
for all (75, vgs,ns) € Ho(div; Qg) x L2(Qs) x L2,..(Qs), where ¢ := —u5|2,
51/2 1/2
' (®) = {w e P (™) (pom 1)y =0}, (2.10)

and HééQ(E) = W;/Q’Q(Z). Actually, under the assumption that ug € W'%(Qg) with ug = 0
on I'g, the natural search space for ¢ is H(I]SQ(Z). However, the no-slip condition (2.4c¢) and the
incompressibility constraint divug = 0 yields the belonging to ﬁéé2(2).



2.2.2 Darcy-Forchheimer problem
Similarly to [18, 20], here we define the nonlinear operator Ap : L?(Qp) — L3/2(Qp) given by
My f 3
Ap(up) := ;K up + ;|uD|uD Vup € L°(Qp). (2.11)
In this case, the Neumman condition (2.5¢) motivates the introduction of the space for 2 < r < oo

WY (div; ) = {v € WO (div; 2p) s v-n =0 on Tp },

where the precise meaning of the statement “v-n = 0 on I'p” will be specified shortly. Hence, we
test the equilibrium equation (2.5a) with vp € WIOJE’) (div; Qp), integrate by parts, and introduce the
auxiliary unknown A := ppl|y € W1/33/2(X). In turn, the compressibility equation (2.5b) is tested
against gp € L%?(Qp)/R. In this way, we arrive at the weak formulation of the Darcy-Forchheimer

equations: Find (up,pp, ) € qu’]i (div; Qp) x Lg/Q(QD) x W1/33/2(%)) such that

(AD(UD),VD)D - (diVVD,pD)D - <VD : 1’1,)\>E = (gD,VD)D, (2.12&)
—(divup,qp)p = —(fp,qp)D, (2.12b)

for all (vp,qp) € WIQ’S) (div; Qp) x Lg/Q(QD). We now proceed to give a precise sense to the parity
(vp-m, )y, and to explain the reason behind the election of the space where A lives, but first, we
will need some previous results.

Lemma 2.1. Given p €]1,2[ and q €]2,+0c0[ satisfying p~! + ¢~ !

well-defined for all (v,€) € W (div; Qp) x WY4P(9Qp).

= 1, the parity (V'na§>aQD s

Proof. Tt is enough to see that v -n € W=Y99(90p), for all v.€ W4(div; Qp). O

Then, under the same ranges of p and ¢ indicated in Lemma 2.1, we now define the parity (v - n,§)sy,
for any v € W%4(div; Qp) and &€ € W/9P (%) as

(v-mn,&)s ::<V-n,E§)(§)>aﬂD, (2.13)

where EE () is the continuation of ¢ by zero on 9Qp\Y = I'p defined in (2.1). This parity is indeed
well-defined since [28, Theorem 1.5.2.3] guarantees that W/%P(¥) = W1/@P(%) (cf. (2.2) with Ty = %
and % = D), that is EE(¢) € WYaP(9Qp) for all € € W/4P(X), thus fulfilling the hypotheses of the
preceding Lemma. In this way, we can properly define the condition v-n = 0 on I'p. Indeed, for
v € W%4(div; p) this condition is understood in the sense that

(ven, B (&) )y, =0 VEE Wl/ar(rp),

which, in accordance to the notation and foregoing analysis, but now with I'o = I'p and % = D in
(2.2), means

(v-m,&)p, =0 YEeWHer(Dp).

2.2.3 Transmission conditions in weak form

Although we have considered the same transmission conditions as in [17, 25], it is necessary to clarify
in what sense they will be imposed, since the corresponding spaces are different. Hence, we first test
the conservation of mass condition (2.7a) with an arbitrary function £ € W1/33/2(), to then test the



traction constraint (2.7b) with an arbitrary v € IA{(I)(/)Q(Z), which yields the following weak form of the
transmission conditions on X

(o &)+ (up -né)g=0 VEeW/332(x), (2.14a)
(o5m, )y + (1 1\ )y — b, b)5 =0V b € HYA(S). (2.14b)

We show next that the duality pairings in the first equation are indeed well-defined.
Lemma 2.2. The duality pairing (1 - n, )y, is well-defined for any (¢, \) € Héé2(2) x W1/33/2(%).

Proof. According to the trace theorem, given ¢ € H(l)éQ(Z), there exists 12 € W%;(QS) and Cy > 0
such that

'YO("Z)‘Z =1 and HIZHLZQS < COH¢”1/2,2,2~

On the other hand, since W12(Qg) is continuously embedded into L”(€2g) (with boundedness constant
C;) for p > 2 (cf. [1, Theorem 5.4 (6)]), we have that 1 € LP({s), which together with the fact that
divip € L?(Qg), yields in a similar way to [30, Lemma 3.15] that

(90X )y = /E @-mA < C{IBllosas + Idivdlozas | INss/2s
< C(C+1) |9

1,2;Qg H)\”1/3,3/2;2 <C (Cz‘ + 1) Co HT/’H1/2,2;E H)‘H1/3,3/2;2 .

2.2.4 Resulting variational formulation

Following [23, 25], we put the weak forms of the Stokes, Darcy-Forchheimer and transmission conditions
(that is, (2.9), (2.12) and (2.14)) together to form a nonlinear system with a twofold saddle point
structure. In this way, denoting by

0_:: (O'S,HD), 7_::: (7-57VD)> z:(C57WD)> ﬁ:: (Lpa)\)a
. . . - (2.15)
V= (’(pvg)a W= (¢>P)» Y= (u57pD775')a n:= (VS>QDaT’S)a
and
X = Hy(div; Qs) x WP (div; Qp), Y == Hy)’(8) x W332(3),
Z = 1(9s) x Lg*(2p) X Lijau(Q25),
the fully-mixed formulation of the SDF problem is given by: Find (o, u,~) € X x Y x Z such that

)u] + [B(r),y] = [F7]

[A(),7] + [Bi(7),u r), ¥ : (2.16a)

[Bi(e),v] — [C(u),v] =[G1,v], (2.16b)

[B(o),n] =[G,n], (2.16¢)

for all (7,v,n) € X xY x Z, where the nonlinear operator A : X — X’ and the linear operators
B: X —2Z2 ,B:X—Y and C:Y — Y’ are defined as

[A(L), 7] = (As(¢s), Ts)s + (Ap(Wp),vD)D v TeX, (2.17)

[B(;),ﬁ] = (divTs,vs)s + (1s,ms)s — (divvp,qp)p VreX, ne’Z, (2.18)

[IB%l(ﬂ_"),\_;] = (Tsn, Y )y, — (Vp -0, )y, V‘FGX, \76Y, (2.19)

[C(wW),v] =p P t,¢-t)s— (¥ n,p)s+ (¢ 1) Vw,vey, (2.20)



and the functionals F' € X', G; € Y/ and G € Z’ are given by:

[Fv;] = (gp,VvD)D VT eX, (2.21)
[G1,v] =0 Vvey, (2.22)
[G.n] == —(fs,vs)s — (fp.ap)p Y meZ (2.23)

Notice that B and B; show a block-diagonal structure, and that C is positive semi-definite. In the
next section, we develop an extension of the Babuska-Brezzi theory to twofold saddle point problems
of the form given by (2.16), which will allow us to conveniently analyze that problem.

3 A modified abstract theory for a twofold saddle point problem

3.1 The continuous setting

Let X, Y and Z be separable and reflexive Banach spaces with duals X', Y and Z’ also separable and
reflexive Banach spaces. Additionally, consider bounded linear operators B : X — Z', By : X — Y/,
C:Y — Y’ (with C assumed to be positive semi-definite) and a nonlinear operator A : X — X'
Hence, given (F,G1,G) € X' xY' x Z', we are interested in the solvability of the following variational
problem: Find (t,o,u) € X xY Xx Z such that

[A(t),s] + [Bi(0),s] + [B*(u),s] = [F,s], (3.1a)
[Bi(t), 7]~ [C(o), 7] =[Gy, 7], (3.1b)
[B(t),v] =[G, v], (3.1c)

for all (s,7,v) € X xY x Z. In what follows, we adapt the analysis developed in [22, 23] to derive
sufficient conditions under which (3.1) is well-posed. We first let V be the kernel of B, and observe
that in order to guarantee the existence of a unique preimage tg € X such that B(tg) = G and
[tcllx = [[[tc]llx v (where [tg] stands for the equivalence class of tg in the quotient space X/V), we
require X to be uniformly convex (cf. [32, Remark A.1]). Therefore, from now on we assume that:

(i) X is uniformly convex.
(ii) B: X — Z' is surjective, that is, there exists 8 > 0 such that

B*(v),s
supM > Blvl, VvecZ.
seX || S HX
s#0
This condition is called “inf-sup condition” for B. Note that this gives an upper bound S~ for
the norm of the pseudoinverse of B.

As a consequence of these assumptions, we first observe that B has a continuous pseudoinverse B!
(cf. [34, Lemme 1.3 B.]). In addition, from the inf-sup condition for B we conclude that B* is injective,
and hence bijective onto R(B*) = °V. Since V is also uniformly convex, the third row of (3.1) is always
satisfied, and therefore it is possible to analyze the same problem with one less variable, as shown in
the following results.

Lemma 3.1. Under the assumptions (i) and (ii), the following problems are equivalent:

Find (t,o,u) € X XY x Z such that Find (t,0) € X XY such that
(P){ [A(t),s] +[Bi(o),s] + [B*(u),s] = [Fs],  (P){ [A(t),s0] + [Bi(0),s0] = [Fs0],
for alls € X. for all sp € V=R(B*)°.



More precisely, if (t,0) € X x Y is a solution for (P) and we define u € Z as the unique solution of
the problem: Find u € Z such that

[B*(u),s] =[F — (A(t) + Bi(o0)),s] VseX, (3.2)

then (t,o,u) is a solution for (P). Conversely, if (t,0,u) € X XY x Z is a solution of (P), then
(t,o) is a solution of (P) and u solves (3.2).

Proof. Given (t,0) € X x Y solution of (P), we first show that (3.2) has a unique solution. Indeed,
if (t, o) solves (P), then F — (A(t) +B* (o)) € °V = R(B*), and therefore there exists a unique u € Z
such that such that B*(u) = F' — (A(t) + Bj(o)), which is equivalent to A(t) + Bj(o) + B*(u) = F,
i.e., u is a solution to (3.2) and (t,o,u) solves (P). The converse implication follows by taking, in
particular, s € V = R(B*)°, and by using that, given (t,o) € X x Y, there exists a unique u € Z
solution to (3.2). O

Lemma 3.2. Under the assumptions (i) and (ii), problem (3.1) is equivalent to: Given tg € X such
that B(tg) = G, find (to,0) € VXY such that

[A(to+tg),s0] + [Bi(o),s0] = [F,so], (3.3a)
[Bl<t0 +tG)7T]_[(C(U)7T] :[leT]a (33b>
for all (sg, ) € VX Y. More precisely, if (to,o) is a solution of (3.3), and u is a solution to (3.

with t = tg + to and o, then (tg + to, o, u) solves (3.1). Conversely, if (t,o,u) € X xY x Z is
solution to (3.1), then (t — tg, o) (with tg € X such that B(tg) = G) solves (3.3).

2)

Proof. Given tg € X such that B(tg) = G (whose existence is guaranteed by the surjectivity of B),
(to, o) € VxY solution to (3.3) and u solution to (3.2) with t = to+t¢, then using that (P) = (P) in
Lemma 3.1, we see that (tg + tg, o, u) indeed satisfies (3.1). The converse implication holds trivially
by taking, in particular, s € V.= R(B*)° in (3.1a). O

Lemma 3.3. Under the assumptions (i) and (ii), problem (3.1) has a unique solution if and only if
(3.3) has a unique solution too.

Proof. Tt follows from Lemma 3.2 by noticing that given (t, o, u) a solution of (3.1), we let tg := t—tg,
with tg being the unique element in X such that B(tg) = G and [[tg|lx = [|/[tc]lx/v (Which follows
from (i) and (ii)), and we see that (to, o) indeed solves (3.3). O

According to the analysis above, our next goal is to study the solvability of (3.3), for which we
adapt the approach from [23]. Hence, we first need to show the well-posedness of the problem: given
tgc € X and 7 €Y, find ty € V such that

[A(to+tg),so| =[F —Bj(7),s0] VspeV. (3.4)

To this end, under some additional hypotheses we are going to prove that, given to and 7, there exists
a unique tg € V solution to the previous problem, i.e., A(- +tg) : V — V' is bijective, and also that,
if we consider 11 # Ty, then F' — Bj(11) # F — B} (72).

Henceforth, and motivated by the subsequent application to the model introduced in Section 2, we
assume that X = X; x X, where X; and X, as well as its duals X| and X}, are all separable and
reflexive Banach spaces. Nevertheless, we stress in advance that the forthcoming analysis can be easily
adapted to the case of a product space X7 X Xg X --- X Xy, with V € N, which certainly includes
the particular case of a single space X. According to the above, we now introduce the following
assumptions:
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(Ag) X and X9 are uniformly convex and separable Banach spaces,

(A1) there exists 51 > 0 such that

sup [ET(T)’ SU]

soeV | s0 | x
sp#0

> Biltlly VTey, (3.5)

(Ag) there exist v1, v2 > 0, <1, &2 > 0 and p1, p2 > 2, such that

2 pi—2
18) =A@ L < D 3ssllss = ill, +llss =l (Usi g, + Dl )™ ¢
j=1

for all s := (s1,82), r:=(r;,m2) € X := X; X Xo, and

(A3) for each tg € X, A(- +tg) : V— V' is a uniformly strictly monotone mapping. More precisely,
there exists a > 0, independent of tg, such that

[A(s +tg) —Alr +tg),s —r] > Oé{ll st —r1ll, +1ls2 =72 ||§<22}

for all s = (s1,s2),r = (r1,72) € VC X.

As a direct consequence of (Az)-(As), for each tg € X the operator A(- + tg) : V. — V' is bijective
(cf. [35]), and therefore, given 7 € Y, there exists a unique ty € V solution of (3.4). From this fact,
for each 7 € Y it is now possible to define to(7) as the unique element in V such that

[A(to(T) +tg),s0] = [F —Bi(7),s0] VspeV. (3.6)
Notice from this identity that for any 71,7 € Y there holds
[A(to(T) +te) — Alto(m) +tg),s0] = [Bi(m2 — 711),80] VspeV. (3.7)
In particular, choosing sy = to(71) — to(72), we get
[A(to(T1) + ta) — A(o(2) + ta), to(T1) — to(72) ] = [T2 — 71, Bi(to(71) — to(72)) ]. (3.8)

In this way, we first prove that a different choice of 7 € Y in (3.6) will give rise to a different solution
to(7) € V, and then we show an upper bound for || to(71) — to(72) || x in terms of || Bj (T2 — 71) ||

Lemma 3.4. Let 7,7 € Y such that to(m1) = to(72). Then, necessarily 71 = 7.

Proof. Under the hypotheses on 71 and 73, (3.7) becomes

[Bi(mo — 7T1),80] =0 Vsp€V,
which, together with the inf-sup condition (3.5), implies 7 = 7. O
Lemma 3.5. There holds

[ to(71) — to(m2) || x
2 V(pi=1) /9 1/(p2—1) (3.9)
< 2 max (HB;(TQ—n)H) ,<|IB%*{(Tz—n)II>
(0] (0]
forall , meEY.
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Proof. Recalling that V C X = X; x Xy, we split to(71), to(m2) € V as to(m1) =: s = (s1, $2) and
to(m2) =: r = (r1,r2), respectively. Hence

[to(T1) —to(m2) [x = [Is1 =71 llx, + 152 —72llx,,
and using (3.8), we find that
[A(s +tg) —A(r +tg),s —r] = [Bi(ra —71),s —r] < [ Bi(ra —71) [l[[s —r].

On the other hand, the outermost left hand side of the previous expression can be bounded below
using the strict monotonicity of A (cf. (Ag)), thus obtaining

of st = r IR, +1se = 2%, } < IBi(re = 70) I{lls1 = 7y, + 2 =72, }

which, after simple algebraic manipulations, and separating the cases || s1 — 1 ||y, < |/ s2 — 2| x, and
[s2 =712 lx, < lls1—71llx,, yields

92 p1=1) /9 1/(p2—1)
1=l +ls2 = raly, < 2maxd (21Bim=m 1) (2BiCr - )1 ,

thus finishing the proof. O

In light of the foregoing analysis, problem (3.3) is now equivalent to: given tg € X such that
B(tg) = G, find o € Y such that

[T(c), 7] :=[~Bi(to(c)), 7] + [Clo), 7] = [él,f] Vrey, (3.10)

where Gy = Bi(tg) — G1. Therefore, we now focus on proving that the operator T given by the
previous expression is bijective.

Lemma 3.6. The operator T defined by (3.10) is injective.
Proof. Let 11,7 € Y such that T(71) = T(72). it follows that
[T(m1) — T(m), 7]=0 VTe€Y,
whence, according to the definition of T, and taking in particular 7 = 75 — 71, results in
[B1(to(T) — to(T1)), 2 — 1]+ [C(T1 — ™), 7o —T1] = 0.
The foregoing equation, and the fact that C is positive semi-definite, allows us to deduce that
0 < [Bi(to(72) — to(71)), 72 — 711,
which, thanks to the identity (3.8), gives
[A(to(T1) + ta) — A(to(T2) + ta), to(T1) — to(T2)] < 0.

Since A(- + tg) is a strictly monotone mapping (cf. (As)), we deduce from the previous inequality
that to(71) = to(72), and by Lemma 3.4, 71 = 7. 0
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Next, we show the surjectivity of T by means of classical results from nonlinear functional analysis.
More precisely, we will see that, under the hypotheses that have been assumed for the solvability of
(3.3), the operator T is continuous and monotone, and therefore, of type M (cf. [35, Lemma 2.1}).
Then, by also proving that T is bounded and coercive [35, Corollary 2.2], the surjectivity of T is
ensured. We recall here that T is said to be bounded if it transforms bounded sets of Y into bounded
sets of Y.

Lemma 3.7. The operator T defined by (3.10) is continuous.

Proof. Let {T,}5°; CY and 7 € Y such that || 7, — 7| = 0 as n — oo. Thus, from the definition of
T, we get
[ T(7n) = T(7) lly+ = [ B1(to(T) = to(Tn)) + Clrn — 7) [l
< B [Hto(n) = to(7) lx + 70 =7y
Then, by applying (3.9) in the right-hand side of the previous inequality, we effectively see that
| T(7) — T(7) ||y, — 0 as n — oo. O

Lemma 3.8. The operator T defined by (3.10) is monotone.

Proof. Let 7,7 € Y. According to the definition of T, we have

[T(r1) = T(72), 71 — 2] _ [Bi(to(72) —to(71)), 71 — 2] N [C(T1 — 7)), 71 — ]
[ 71— 72|l | 71— 72| 71— 72|

Notice that, since C is positive semi-definite, we can discard the last term in the previous equation.
Then, using the identity (3.8) and the strict monotonicity of A (cf. (As)), we see that

[T(Tl) - T(Tg), T — 7'2] [A(to(’Tg) + t(;) — A(to(’ﬁ) + tg),to(Tg) — tO(Tl)]

>0
[ 71— T2

— )

[ 71— T2

thus proving that T is monotone. O

Lemma 3.9. The operator T defined by (3.10) is bounded.
Proof. Let 7 € Y. According to the triangle inequality and the definition of T, we see that
IT(7)lly: < [IT(7) =T(0) [y, + ['T(0) [ly-

< [[Bi|[ [ to(T) = to(0) [lx + [ICI[I7 Iy + [[Bi(to(0)) || -

In turn, from (3.9), we have

1/(p1—1) 1/(p2—1)
Ito(7) — t0(0) 1 < 2max { Creon) (2o }

and from the foregoing inequalities, we conclude that T is bounded. O

Lemma 3.10. The operator T defined by (3.10) is coercive.

Proof. Let 7 € Y. Similarly as in Lemma 3.8, we have

[T(r), 7] o [EBilto(7)), 7] _ [Alto(T) +te) — Alto(0) + tc), to(T)]

(ol - [Eall (el
_ [Ato(r) +ta) — A(tﬁ(f’) +t6), to(T) — to(0)] (3.11)
N [A(to(T) +tc) — A(to(0) + tg), to(0)]
[kl '
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Next, we show that (3.11) diverges when || 7| — oco. In fact, we will prove that the first term on the
right-hand side of (3.11) diverges while the second one remains bounded. First, thanks to the inf-sup
condition for B; (cf. (A1)), and the identity (3.7), we see that

Bill T lly < [ A(to(7) +ta) — Alto(0) +ta) || VT eY. (3.12)

Now, we set (s1,82) := to(T) + tg and (r1,72) := t9(0) + tg, so that applying the boundedness of A
(cf. (Ag)), the triangle inequality, and the fact that (cf. [1, Lemma 2.2])

(a+bP <27 HaP + ) Va,b>0,Vp>1, (3.13)
we get,

Bill 7 lly < [1A(s1,52) — A(ry, ) ||

2
pj—2
<y {cju si =75l +lls =il (s, + Dl ) }
= (3.14)
2
<> {<j\| sj =1 llx, + 275l 85 =i IR + 200l 85 — g Ml s 11 }
j=1
Then, it follows that |[to(7) +tc | = [[s1llx, + | s2llx, = o0 as || 7|l = oo. In this way, rewriting

the first term on the right-hand side of (3.11) in terms of (s1,s2) and (r1,7r2), and applying the
strict-monotone property of A (cf. (As)) and the foregoing inequality, we find that

[A(to(T) + ta) — A(to(0) +ta), to(T) — to(0)]

[l
_ [A(s1,82) — A(r1,72), (51— 71, 82 — 72)]
i (3.15)

- Bra(l st =i, + 1 s2 =72 [I%,)

- 2 )

., —1 _ 9
{CjH sj =1 llx, + 2Pyl 85—y IR + 22250l 85 — vy Dl g 1% }
j=1

which tends to infinity as || s1 ||y, + [ s2[|x, — o0, since (r1,72) is fixed (it does not depend on 7) and
p1, p2 > 2. On the other hand, for the second term on the right-hand side of (3.11), it suffices to see

that
[A(to(T) +ta) — A(to(0) +tc), to(0)]
|7 |l

In this way, the coercivity of T follows from (3.11) and the estimates (3.15) and (3.16). O

> 1 t0(0) || (3.16)

It follows straightforwardly from the foregoing analysis that T is bijective, whence the problem
(3.10) has a unique solution o € Y. Thus, according to Lemma 3.3, (to(o), o) is the unique solution
of (3.3), and thanks to Lemma 3.1, there exists a unique u € Z such that (to(o) + tg, o, u) is the
unique solution to (3.1). In what follows we prove an a priori bound for the solution of (3.3), to then
use this result to show an a priori bound for (3.1). To this end, and for further use along the paper,
we now recall Young’s inequality, which says that

oPaP b4

— ) b>0 3.17
p +5‘1q ,a,b>0, ( )

with p, ¢ €]1, +00[ conjugates, that is 1% + % =1.
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Lemma 3.11. Given tg € X, the solution (to(o), o) of the problem (3.3) is bounded above by data
and || ta ||

Proof. We begin by noticing, thanks to Lemma 3.5, that it suffices to bound | o ||y,. Proceeding
similarly as in [23, Lemma 2.1], using the fact that C is positive semi-definite, and according to the
notation introduced in (3.6) and (3.10), we have

[A(to(0) + ta) — Alto(0) + ta), to(e) — t0(0)] < [T(e) ~ T(0), 0] = | Gy~ T(0), |

where Gy = By (tg) — G1. Now, we set again (s1,s2) := to(o) + tg and (r1,r2) := to(0) + tg, and
then, according to the strict-monotone property of A (cf. (As)), we obtain

afllst=ri B + sz =72 %) < G =Tl ]y ,
from which we deduce that
Isi=milly, < Mo and sz —7allx, < MYP2 o |/, (3.18)
where M := a~!||G1 — T(0)||. On the other hand, using (3.12) and (3.14) we find that

Billolly < [[A(to(a) +ta) — A(to(0) + ta) [| = [| Als1, s2) — Alri, ) ||

. 1 _ 2
< {CjHSj =1l 20l = IR+ 22 sy =l s 1 }
j=1

which, using (3.18), results in

2
) - i—2 1/p; o o . i—1 i
By H o ||Y < Z{(ngl/Pg + 2Pj 27_7 ||Tj ||§g] ) ||0' ||Y/pj + (2133 3,ij(PJ 1)/173) || o ||§£’J )/pj} )
j=1

Then, suitably applying Young’s inequality (3.17) to each one of the products within the sum in the
foregoing inequality, and denoting by p’; the conjugate of p;, that is p’; := p;/(p; — 1), we conclude
that for each j € {1,2} there exist positive constants ¢; and ¢;, depending on p; and ji, such that

2 /
. L L yZn N o
HO' ”y < Z {Cj (ngl/PJ + 92P; 2'7]' ||Tj Hz)?g] 2) J + & MP 1} ’
j=1
which ends the proof. 0

Lemma 3.12. The solution of (3.1) is bounded above by data.
Proof. Let (t,o,u) be the solution to (3.1). We know that t = to(o) + tg, where (to(o), o) is the

unique solution of (3.3) and tg is the unique element in X such that B(tg) = G and |tg|lx =
[[tc]llx/v- In addition, according to the inf-sup condition for B (cf. (i)), we have

1 1 «
Itallx < ZIIGI and fluly < Z[[F—=A(to +tc) = Bi(o) || x -
B B

Then, the boundedness of the solution of (3.1) follows from the boundedness of the solution of (3.3).
O
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We summarize the preceding analysis in the following theorem, whose proof is immediate from the
recently exposed results.

Theorem 3.13. Let X1, Xo, Y and Z be separable and reflexive Banach spaces, and let X := X1 X Xo.
In addition, let A : X — X' be a nonlinear operator, andletB: X — Z' B1: X - Y, andC:Y — Y’
be linear operators, such that C is positive semi-definite. Then, given (F,G1,G) € X'xXY'xZ', consider
the variational problem: Find (t,o,u) € X XY X Z such that

[A(t),s] + [Bi(o),s] + [B*(u),s] = [F,s] VseX, (3.19a)
[Bi(t), 7] - [C(o),T] =[Gy, 7] VTeY, (3.19Db)
[B(t), V] =[G,v] VveZ. (3.19¢)

Additionally, assume that

i) X1 and Xy are uniformly convez,

ii) there exists B > 0 such that

B*
supmzm\v“z VveZz, (3.20)
sex  lslx
s#£0
iii) there exists B1 > 0 such that
B*
supM > Bty VTeY, (3.21)

speV H S0 ||X
S0

iv) there exists constants v1, y2 > 0, <1, 2 > 0 and p1, p2 > 2, such that

2

POENCIEDY {cj bsi=rill, + 2l =il (sl + 175 ly,)
j=1

pj—

2} | (3.22)

for all s := (s1,82), r:= (r1,7m2) € X, and

v) for each tg € X, A(- +tg) : V — V' is a uniformly strictly monotone mapping, that is there
exists a > 0, independent of tg, such that

A +ta) —Ar+ta)s—x] 2 afllsi—nl% +lsm-nlg ) (32)

for alls = (s1,82), r = (r1,r3) € VC X.

Then, the continuous problem (3.19) has a unique solution which is bounded in terms of data.

3.2 The discrete setting

We now consider a conforming finite element method for (3.19), and as usual, we require to impose
certain restrictions on the finite-dimensional spaces to be chosen. Hence, let X1, Xo, Y and Z be
separable and reflexive Banach spaces with duals X1, X}, Y’ and Z’, respectively, and let X := X1 x Xs.
Additionally, we consider bounded linear operators B: X — Z' By : X - Y/, C:Y — Y’ (with C
positive semi-definite) and a non-linear operator A : X — X’. Then, given (F,G1,G) € X' xY' x 7/,
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and Xy 5, Xop, Yy, and Zj, finite-dimensional subspaces of X1, X2, Y and Z, respectively, let X, :=
X1 p x Xap, and consider the discrete problem: Find (ts, o, up) € Xp, X Yy, x Z, such that

[A(th),sh]+[BT(Uh),Sh]+[B*(uh),Sh]:[F,Sh] V sy € Xy, (3.24&)
[El(th)aTh]_[(C(Uh)aTh] :[Gl,Th] V1, €Yy, (3.24b)
[B(th),vh] = [G,Vh] Y vy € Zy,. (3.240)

In order to stablish a well-posedness result for this problem, we need to define the “discrete kernel”
of B as follows
Vi = {Sh e Xy : [B(sh),vh] =0 Vwvye Zh} . (3.25)

Then, an immediate application of Theorem 3.13 to the present discrete setting gives us the desired
result.

Theorem 3.14. Assume that

i) there exists B, > 0 such that

B* Vh),Sh
sup [B"(va),5n] > Bullvilly, Y vi € Zn, (3.26)
spLEXp || Sh ||X
Sh7£0
ii) there exists 31 > 0 such that
B (74),S0,n
sup [Bi(7h). so.] > Brnllmally ¥V 1h € Ya, (3.27)
S0,n €V | S0,h |X
S0,n 70

iii) there exist constants v1, v2 > 0, <1, 2 > 0 and p1, p2 > 2, such that
[ A(sn) — Alrn) [ x;

2

pj—2
<y {<jH sih = Tinllx, + 75l sin =7l x, (H sinllx, + 1 75n HX].> } 7
j=1

(3.28)

for all sy, == (s1,h,52,n), Th := (T1h,T2.h) € Xp 1= X1 X Xop, and

iv) there exists oy, > 0 such that for each tgp, € X, there holds

[A(sh +tan) — Aty +tan),sn— ] > ap {H sth =11 %, + 1120 —T2n ||§?2} ;o (329

for all s, == (s1,n,82.0), Th := (r1,p,T2,0) € Vi, € Xy X Xop.

Then, the discrete problem (3.24) has a unique solution which is bounded in terms of data.

3.3 A priori error estimate

Let (t,o,u) and (tp,on,up) be the solutions of the continuous and discrete problems (3.19) and
(3.24). Then, at a discrete level, we have

A(ty) + Bi (o) + B*(uy) = A(t) + B (o) + B*(u) in X, (3.30)
Bi(ty) — C(op) =By (t) — C(o) in Yy, (3.31)
B(ty) = B(t) in Zj. (3.32)

We begin with a preliminary bound for ||u —uy || ,.
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Lemma 3.15. There exists C1 > 0, depending on data, |B|, |B1| and Bn, such that

lu—wnlly < Cr{lt—tully + o —anly + dist (w2} (3.33)

Proof. According to (3.30), for each z, € Zj, there holds
B*(up —zp) = A(t) — A(ty) + Bi(o0 —op) +B*(u—12z,) in Xj.

Then, using the discrete inf-sup condition for B (cf. (3.26)), and the boundedness properties of A, B
and B;, we obtain that
Brllan —zn |z < [[A() — Altn) [ + | Bi(o — on) || + [ B*(u — 2) || (334
< Callt —tallx + B le —only + B [[lu—2z4],,

where, according to (3.22), C4 depends on || t || and ||t ||, both bounded in terms of data, so that Cg
can be replaced by the resulting bound. Next, observing by triangle inequality that

lu—wz < lla—zllz + [lun —2nllz, (3.35)

and taking the infimum over all z;, € Z;, in the inequality resulting from the combination of (3.35)

and (3.34), we obtain (3.33) and end the proof. O
In a similar way, we present a bound for ||o — o, ||y

Lemma 3.16. There exists Cy > 0, depending on data, |B|, |B1| and By, such that

lo—only < Co {||t —ty |l + dist (o, Yy) + dist (u, Zh)}. (3.36)

Proof. According to (3.30), for each 7, € Y}, there holds

Bi(on — 1) = A(t) — A(ty) + Bi(o — ) + B (u—u,) in X,
which, using that [B*(z, — uy),s0,] =0 YV (So.n,2n) € Vi, X Zp, yields

Bi(o) — h) = A(t) — A(ty) + Bi(o — 7)) + B*(u—2,) in V.

Then, using the discrete inf-sup condition for B; (3.27) and the boundedness properties of A, B and
B, we obtain

Prullon —mnlly < Callt —tullx + [ Billllo —7ully + 1B [l[lu—znl,, (3.37)

which, upon another application of the triangle inequality, implies

Ca B3 |l B~ |
lo=onlly < g2ttt + (14 L) jo oy o B pu gy,
Bk B,k Bi.n
In this way, taking infimum over all 7, € Y, and z; € Zj in the foregoing inequality, we arrive at
(3.36) and conclude the proof. O

We now aim to bound ||t — tj, ||y, for which we first split each rj, € Xj, as T, + rﬁ, with T}, € V,
and rﬁ € Vﬁ, where, given any scalar product (-,-)x, in X, we set as usual

Vﬁ = {Sh € Xy <Sharh>Xh =0 Vrye Vh} . (3.38)
In this way, thanks to the triangle inequality, we can write
It —tu I < It = (5 + )] + I8 — Eall ¥ rn € X, (3.39)

Next, we bound ||t — (¥), + t;-)|| independently of t;. More precisely, we have the following result.
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Lemma 3.17. There exists Cs > 0, depending on IIB|| and B, such that for each rj, € X}, there holds
[t — (& + )]l < Cs 6 — ]| (3.40)

Proof. We first observe from (3.32) that for each rj, € X}, there holds

B(t —ry) = B(ty, —ry) =Bt — ) in Z),. (3.41)
In addition, we recall that the discrete inf-sup condition (3.26) can be stated equivalently as
B
sup 1B(sn). vi] > Bullsnllxy VsneXpy. (3.42)
VhEZp ” Vh HZ
V]-ﬁéo

Then, applying (3.42) to sp, = t; — r}f, and using (3.41), we get
Bulltiy — vyl < B(tn —xa)|l = [IB(t —xp)l| < B[t —rall Vra € Xa,
B

which yields (3.40), with 53 = (1 + 5), after a simple application of the triangle inequality. [
R

In order to complete the estimate for ||t — tj ||, it only remains to bound || ¢, — ¥y |. In fact,
denoting ty := (¥1,92) and Tj, := (p1, p2), we first observe, thanks to the strict monotonicity property
of A(- +t;f) on Vj, (cf. (3.29)) that there holds

o {191 = prl1%, + 192 = pall, } < (B + ) — A +61), 8 — 7]

(3.43)
= [A(tn) — A(Fn + ty), tr — Ta].
In turn, using (3.30) we obtain
Atn) — Aty +ty) = A(t) — ATy + t;) + Bi(o —op) + B (u—uy,), (3.44)
whence, as suggested by (3.43), in what follows we aim to bound
[A(t) — A(Fn + t5), B — Fu] + [Bi (0 — 04), & — Fn ] + [B* (0 — wp), by — B . (3.45)

The following lemmas provide preliminary bounds for each one of the three terms in (3.45).

Lemma 3.18. Let F4 : Rt — RY be the function defined by Fa(x) = v 4+ 2P~ 1 4 2P271 YV € RT.
Then, for each r; € X}, there holds

[A(t) — Ay +t7), 8 — T < CaFa(lt —rall) |n —Trll, (3.46)

where Cy is a positive constant depending on data, p1, p2, |B||, and By,.

Proof. Simple algebraic manipulations based on (3.22) (cf. Theorem 3.13 - iv)), the triangle inequality,
and the inequality (3.13) show that for each s, r € X there exists a positive constant C4, depending
on s, p1, and po such that

HA(S)—A(I‘) H < 5’A{HS_PH+HS—erl_1+”S_er_l}’

that is B
[A(s) —A(r) || < CaFa(lls—rl),

which explains the reason for defining F4 in that way. Hence, applying the foregoing inequality to
s=tandr =1, + tﬁ, and then employing the estimate (3.40) and the non-decreasing character of
F4, we find that

1A(E) = A(en + )l < CaFalllt =+ t)ll) < CaFa(llt —rall)
with Cy as announced, which yields (3.46) and finishes the proof. O

19



Lemma 3.19. For each r;, € X;, there holds

[Bi (o — on), th — Ta] < [Billllo — 7all [[6n — T

IB| (3.47)
+ 1Byl I+ [t —rnl[+Clllle =7l ¢ lon—7nl V7n€Ya.
Proof. Given ry, € X}, and 1, € Y}, we first observe that
[Bi(o —on),tn — 4] = [Bi(o — 7).t — Tp) + [Bi(1h — o), tn — T,
from which it follows that
[Bi(o —on), tn — 4] < [Bi|llo — 7l Itr — Tall + [Bi(7h — o), th — Tnl. (3.48)
In turn, recalling that t, =t + t;, and using (3.31), we deduce that
B} (Th — oh), th — ] = [Bu(tn — (Fn + t7)), 7w — o]
(3.49)
= [Bi(t — (tn +t;,)), 7h — o8] — [C(o — on),7h — a4,
whereas the positive semi-definiteness of C implies that
[Clo —op), T —op] > [Clo — 1), Th — on) - (3.50)
In this way, using now the boundedness of B; and C, we deduce from (3.49) and (3.50) that
[B} (14 — o), 8 — Th] < [Ba(t — (Fn +t3)), 7h — on] — [Clo — 1), Th — o]
< (1B e — e+ 601+ ICl o = 7l Nl — 7l
which, combined with (3.40) and (3.48), leads to (3.47), thus ending the proof. O
Lemma 3.20. For each ry € X}, there holds
[B*(u—up),ty — 7] < ||IB*|| ||tn — Trl| dist (u, Zp) . (3.51)
Proof. Given r;, € X}, and z;, € Zp,, we have [B*(z, — uy),t), — ] = [B(ty, — T1),2, —up] = 0, and
hence
[B*(u—up), tp — 4] = B (u—2p),tp — 1] < [[B*||[[u—zp)[| |[tn —Tall,
from which the required estimate follows. O

In this way, as a consequence of the previous three lemmas, we conclude the following bound for
the expression on the right-hand side of (3.43).

Lemma 3.21. There exist positive constants Cy (depending on data, p1, p2, ||B|, [|B1] and By) and
Cs (depending on ||B]|, ||B1]|, ||C|| and Bh), such that for each rj, € X}, there holds

[A(ty) — A(Fp +t5), 8 — Ta] < Cu {Ml(rh,rh) + dist (u, Zh)} [
N (3.52)
+ 5 Mg(rh,Th) HO'h — ThH V1, €Yy,

where
M (v, ) = Fa(llt —rall) + llo =7l

and
Mo (rp, 1) = [[t — ]| + [ — 73]
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Our next goal is to provide a bound for |[t, — r1|| that does not depend on t;,. For this purpose,
we now recall that, given N € N, r €]0,1[, and a; > 0 for all j € {1,..., N}, there holds

N
Sajp <N a" (3.53)

Then, we have the following result.

Lemma 3.22. Let G : Rt — R" be the function defined by G(x) = aP1/PL P /P2 4 gPa/P1 o gPh /P2
Vz € Rt. Then, there exists a positive constant Cg, depending on data, p1, p2, ||B|, [IB1]], ||C]|, an
and By, such that for each rp € X}, there holds

[ tn — T < Ce {g(/\/ll(rh,Th)) + G(dist (u, Z))
2 (3.54)
+

(M2(1‘h,7'h))1/pj lon — T ||1/pj} V1, €Y.
1

Proof. Recalling that t;, := (¥1,92) and T, := (p1, p2), we first deduce from (3.43) and (3.52) (cf.
Lemma 3.21) that

an {H O = p1 %, + 1192 = p2 |§(22} < Cy {Ml(rh,Th) + dist (u, Zh)} [tn — Tl
+  Cs Ma(ry, ) |on — 7l V1, €Y,

where [ty — T4l := [[91—p1llx; + |92 = p2lx,- Then, in order to isolate || 91 — p1 [}, + |92 — p2 I,
we appropriately use Young’s inequality (3.17) in the first two terms of the right-hand side of the
foregoing inequality, thus getting

191 = pall, + 192 — p2ll, < 5{(/\/11(1%771))]31 + (M (rp, 7))
, , (3.55)
+ (dist (u, Zy))™ + (dist (u, Z4))"? + Ma(rp, ) llon — 7l } ;

where p’; is the conjugate of p;, that is p; := p;/(p; — 1) for j € {1,2}, and C is a positive constant
depending on data, p1, p2, |Bl|, ||B1]|, |C||, ap, and Bj. Finally, noting that for each j € {1,2},
|¥; — pjllx, is certainly bounded by the right-hand side of (3.55) to the power 1/p;, and then using
(3.53) on the latter expression, we arrive to (3.54), thus ending the proof. O

We are now in a position to derive a preliminary estimate for ||t —t||. In fact, starting from (3.39),

employing the bounds given by Lemmas 3.17 and 3.22, and applying Young’s inequality (3.17) (with
an arbitrary parameter 6 > 0) to each term within the sum, we find that

It —tull < Callb—eull + Co§ G(Mulrnm)) + G(dist (u, Zy)

- 1 / 2 §pi (3.56)
A R o BRI

j=1 "7

from which a simple application of the triangle inequality to the expression || o, — 7, || yields

[t —tn]| < Crlllt—rul + llo — 7] + G(Mi(rn, ) + G(dist (u, Z))

, 2 (3.57)

+ (Mz(rh,rh))pj/pa} + Cg (Z p) H o — oy ” V(I‘h,Th) e Xy xYy,,
J

2
= J

1 j=1
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with a positive constant C, depending on data, p1, pa, ||B|, |B1ll, ||Cll, an, 8, and 6. Then, taking the
infimum over all those ry, € X;, and 1, € Y3, using the non-decreasing character of all the polynomial
functions involved, applying whenever necessary either (3.13) or (3.53), and performing some algebraic
manipulations, we obtain

It —ty] < Cs {dist (t, Xp) + dist (o,Y,) + G(dist (¢, X))

2

+ ) G ((dist (¢, X)) 1) + G(dist (0, Y5)) (3.58)
=1
2

+ g(diSt(mZh))} + Cs <ZCZ)J> o —aonl,

j=1 "7

where C~'8 is another positive constant with the same parameter dependence of 57. In particular, note
2 2

that the expressions Z (dist (t,Xh))p/j/pj and Z (dist (o, Yh))pg/pj, which arise from the first sum
j=1 j=1
on the right-hand side of (3.57), are dominated by G (dist (t, X)) and G(dist (o, Y3)), respectively.

Having establised (3.58), we are able to provide next the a priori error estimate for the full error.
More precisely, the main result of this section is stated as follows.

Theorem 3.23. There exists a positive constant Cy, depending on data, pi, po, IB|l, IB1], [|C||, can
and By, such that

It =t +llo—onl+[lu—us| < Co {diSt(taXh) + dist (o, Y3) + dist (u, Z)

2 (3.59)
+ G (dist (¢, X5)) + > G((dist (¢, X5))P 1) + G(dist (o, Y3)) + G(dist (u, Zh))}.

j=1

Proof. The a priori error estimate (3.59) for ||o — o7y, || follows from (3.36) (cf. Lemma 3.16) and
(3.58) by choosing a sufficiently small §. In turn, the corresponding upper bound for ||t —t || is
obtained from (3.58) and the one for || o — o7}, ||, whereas the estimate for || u — uy, || is consequence of
(3.33) (cf. Lemma 3.15) and the previous ones. We omit further details. O

4 Analysis of the coupled problem

We now turn to the analysis of the SDF problem using the theory developed in the previous section.
Recall that the variational formulation for this problem was proposed at the end of Section 2.

4.1 The continuous formulation

We first analyze the properties of the spaces and operators associated with the continuous formulation
of the SDF problem (cf. (2.16)) with the aim of applying Theorem 3.13. Recall that

X1 == Ho(div; Qg), Xp:= W (diviQp), X :=X; x Xy,
Y = HAS) x W/A2(S) and  Z :=L3(Qg) x LY*(Qp) x L2..(Qs).
Observe here that X is a uniformly convex space. Indeed, this property follows from Hanner’s inequal-

ity (which implies that LP() is uniformly convex when 1 < p < o0), from the fact that every closed
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subspace of a uniformly convex Banach space is uniformly convex, the continuity of the trace and
normal trace operators, and the orthogonal decomposition theorem. In turn, using similar arguments,
all of the other spaces are uniformly convex and separable Banach spaces.

Next, we verify that the rest of the assumptions of Theorem 3.13 are satisfied. More precisely,
we take advantage of the block-diagonal structure shown by B and B; and prove that these inf-sup
conditions can be reduced, equivalently, to four simpler inf-sup conditions. For this purpose, we first
introduce some technical results.

Lemma 4.1. Given 1 < p < oo and f € LP(Q)), define the sets Qo := {:c eQ: flx) = 0},
0y := Q\Qo and the function given by

= PR forx ey,
fa) = {O for x € Q.

-~

Then, for 1 < q < oo such that p~* + ¢~ =1 there holds fe LYQ), f= ]f\q_Zf in Oy a.e., and

-~

Aff:w%mfwﬂ&ﬂ=nmwﬂw

O,Q,Q :

Proof. 1t is direct from the definition of f We omit details. O

Lemma 4.2. For each 1 < p < oo, let V := {v € WP(div;Qp) : divv € Py(Qp)} with Py(Qp)
being the space of constant functions in Qp. Then, there exists C = C(Qp,p) > 0 such that

14 v oy < ClIVlopa, ¥VEV, (11)
and hence, with C:=1+ C, there holds

IV lpaiviap = 1V lopa, 14V Vigpa, < Clivigpa, YveV. (4.2)

Proof. Given v € V and w € W19(Qp), with 1 < ¢ < oo such that p~* + ¢~! = 1, we have from
Green’s formula that

(Vo w )y 1m0, wirraeap) = (V, Vw)p + (divv,w)p = (v, Vw)p +divv (1w)p .
In particular, taking a cut-off function w € C§°(€Q2p) such that fQD w = 1, we obtain

[divv| = |(v,Vw)p| < [[Vw

0,6:00 [IVllopap »
which yields (4.1) with C' = |Qp[Y? || Vwl|o g:0p- 0

Lemma 4.3. The operator B : X — Z' defined by (2.18) satisfies the inf-sup condition (3.20), that
18, there exists § > 0 such that

w7 -
sup L) S g1z viez, 13)
zex [I7llx

T#0

Proof. Recall that for any T = (15,vp) € X, 1= (vs,qp,ns) € Z,

[B(7),n] = (divTs,vs)g + (Ts,m5)g — (divvp,ap) p-
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Then, according to_the quasi-diagonal structure shown by B, (4.3) is equivalent to the existence of
positive constants 8 and [, such that the following separate inf-sup conditions hold:

diVTS,Vs + (Ts,Ms ~
sup Js T (T5\M5)s 5 Bl (veims) | ¥ (vims) € L2(Qs) x Lin(Qs)  (44)
Ts€X1 H TS HXl
T5#0
and (di )
IVVD,qdp i~ 3/2
sup 292D > Bllgp(lysma, ¥ ap € Ly *(Qp). (4.5)
vpEXa |vD HX2
VD7é0

To prove the foregoing inequalities, we proceed as usual by introducing suitable auxiliary problems.
Indeed, (4.4) holds by the analysis done in [21, Section 2.4.3.1] in the context of linear elasticity
(nonetheless, applicable in this case), whereas for (4.5), given ¢p € Lg/ 2(QD), we consider the Neu-
mann problem: Find w € W13(Qp) such that

Aw=¢qp in Qp, Vw-n=0 on 0Qp, and / w =0, (4.6)
Qp
where "
L 1 . . lgp|™/*qp if qp #0
'=qp — —~— d = ’
W] Jo, W { 0 ifgp=0.

Existence and uniqueness of a solution w € W3(Qp) of (4.6) is guaranteed by [13]. Hence, defining
zp := Vw and applying Lemma 4.1 with p = 3/2, we get

(divzp,ap)p = (Aw,ap)p = (@0,40)p = (@0:a0)p = | a0 Y3, - (4.7)

In turn, denoting by Cp the continuous dependence constant for (4.6), which is independent of w,
and employing again Lemma 4.1, we find that

~ ~ 1/2
20 o0, < llwllisa, < Colldp losa, < Collablosa, = Collap I, -

and )
) _ . 1/2
ldivzn sy = 10 losa, < 13 losay = a0 1X20, -
whence zp € qu’]i (div; Qp) and there holds
1/2
IZnlsaiven < (Cp+1) lapllys s, - (4.8)

In this way, bounding below with vp = zp, we deduce from (4.7) and (4.8) that

(diVVDan)D (diVZquD)D S 1 ”qDH
‘3,div;QD — Cp+1 0,3/2;Qp

sup >
vpex: I vpllx, 1z
vp#0

which gives (4.5) with B = ﬁ. O

Using similar techniques, we prove next that the inf-sup condition (3.21) holds for B;. To this end,
we first notice from the definition of B (cf. (2.18)) that its kernel becomes V. = X; x Xy, where

X1 = {TS - Xl : TS = Tgv and diVTS =0 } (49)

and
)Nfg = {VD € Xo: divvp € Py(Qp) } (4.10)

Then, the announced result is stated as follows.
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Lemma 4.4. There exists 51 > 0 such that

sup 7[18%1(_,;)’;]

zev |17 lx
740

>V, VveYy. (4.11)

Proof. We begin by recalling from the definition of By (cf. (2.19)) that for any 7 := (75,vp) € X :=
Ho(div; Qs) x W (div; Qp) and v := (9,€) € Y := Hy)* () x W/33/2(S), we have

[Bi(7),v] = (Tsm,9 )5, — (vp - 1,{)y

Then, according to the diagonal structure of By, establishing (4.11) is equivalent to proving the
existence of positive constants 51 and 51, such that

TSnvllp
Sup e > Bi |y 12002 V¥ € H1/2(2)7 (4.12)
TS€X1 H S HX1
T5#0
" (vp-n.6)
Vp - n, ~
sup. % > Bill€llyygaps ¥ EEW/HA(E). (4.13)
VD€X2 VD HXQ
VD7$0

Similarly to [17, 21], we introduce auxiliary problems to show that these inf-sup conditions hold.
Indeed, for the first one, given ¢ € Hl/ 2( ), we consider the problem: Find z € H!(Qg) such that

dive(z) =0 inQs, e(zin=Ry () on¥, and z=0 onlg, (4.14)

where Roo : [I/-\I(l)éQ(E)} — H1/2(Z) is the Riesz application (cf. [21, Section 2.4.2]). The variational
formulation for (4.14) reduces to (cf. [21, Eq. (2.64)]): Find z € H%S (Qs) such that

/ﬂ e(z):e(w) = <72501(1,b),w>Z Vwe H%S(QS).

In this case, the Korn inequality, the trace theorem and the Lax-Milgram lemma allow to prove that
this problem has a unique solution z & H%S(QS) and that there exists C's > 0 such that

Iz

< Cs |91 /2,005 - (4.15)

Then, defining (g := e(z) — <ﬁ Jsz- n) I, and employing the Gauss theorem, we readily get that
CS = ng, div CS = O, and / tr(CS) = 0,
Qs

which implies that (g € X;. In turn, recalling from the definition of HO/ 2(2) (cf. (2.10)) that
(¢ -n,1)y, =0, we also obtain

<CSD7¢>E = <e(z)n>¢>2 = <R(;01(¢)7¢ >E = ||¢||%/2,00;E : (416)

Hence, bounding below the supremum in (4.12) with 7 = (g, using the identity (4.16), and employing
(4.15) to get un upper bound of [|(s||x, in terms of [[4]|1/2 00,5, We arrive at the required inf-sup
condition (4.12). On the other hand, in order to prove (4.13), we now consider & € W1/33/2(%). Then,
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<A7§>Z

because of the identity [[£][1/33/2;x = sup A , there must exist A € W~1/33(%) such
AeW —1/3:3(x) ” H—1/3,3;E
A#0
that )
(A, &)s = 5 lEllys3/2:8 1A —1/3,3:5 - (4.17)

Next, we introduce an extension A of A onto W1/ 33(0€2p), which is defined by
(A,man, = (Anls)n Ve W2(00p), (4.18)

whence it follows that N
IAl=1/3,300, < IAl-1/33:5-
Having this extension in mind, we now consider the Neumann problem: Find w € W13(Qp) such that
1 o~

Aw = — (A 1)gq, in Qp, Vw-n=A on 00p, and / w = 0. (4.19)
p] Qp

From [26] we know that (4.19) has a unique solution w € W'#(Qp), and that there exists Cp > 0,
depending on Qp, such that w130, + [Awlosa, < Cp||All-1/33.00,- Then, defining zp = Vw,
we find that

lzpll3.aviep < CplIAll-13300, < CplIAl-1/33:5- (4.20)

In turn, according to (2.13), and using (4.17), (4.18), and (4.20), we get

<ZD : n7€>2 = <ZD -1, Eg(f»aQD - <K7 Eg(f))aQD
) (4.21)
= (A §x > E Hf”l/3,3/2;2 HZDHB,div;QD~

In this way, bounding below the supremum in (4.13) with vp = zp, and employing (4.21), we obtain

this inf-sup condition with the constant Bl = , which finishes the proof of the lemma. O

2Cp

We now proceed to show that A does satisfy hypotheses iv) - v) of Theorem 3.13. We begin with
the first of them.

Lemma 4.5. Let A : X — X' be the operator defined by (2.17). Then, there exist constants <1, > 0,
Y1,7v2 > 0, and p1, p2 > 2, depending only on the domains, such that

p
[As(Gs) = As(mo)llx; < s1liSs = Tsllx +mliCs = Tsllx, (sl + Imsllx )™, (4.22)

and

P2
| Ap(w) = Ap(vp)llxy < o2 Iwp = vbllx, +llwn = volx, (Iwollx, +Ivolle, )~ (4.23)
for all ¢ :== ((s,wp), T := (T5,vp) € X := X1 x Xo.

Proof. Given ¢ := (s, wp), T := (Ts,vp) € X, we easily see from the definition of Ag (cf. (2.8))

that there holds )

[As(Cs) — As(Ts)llx; < @HCS—TS\IXU
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1
which yields (4.22) with ¢; = —, 71 = 0, and p; = 2. In turn, according to the definition of Ap (cf.

2p
(2.11)), and employing the hypotheses on K (cf. Section 2.1.2) and the fact, by Cauchy-Schwarz’s
inequality, that || - [[o3/2,;0,, < 103 || - lo.3:0, We readily obtain

[Ap(wp) — Ap(vp)llx;

[T f
< ;HK Yoo IWwp = vbllos/20p + ;IIWD —VDHO,3;QD<HWDH0,3;QD + ||VD\|0,3;0D>

0 _ f
< " 1K loo 12012 |Wp — villos:0, + ;HWD —Vp 0,3;9D<||WDH0,3;QD + ||VDH0,3;QD)a

f
from which (4.23) follows with ¢ = K Koo |Qp|Y3, 42 = =, and py = 3. O
p p

Next, we show that A satisfies hypothesis v) of Theorem 3.13 with the same exponents p; = 2 and
po = 3 from the previous lemma.

Lemma 4.6. There exists a > 0 such that for each ¢ € X there holds

— — -

(4C+66) - AF+56).8~7] = aflcs —mll, + Iwp —voli,}.  (@424)
for all ¢ :== (¢s,wp), T:= (15, vp) € VC X := X; x Xo.

Proof. Let ¢ = (0s,g,up,c) € X. Then, given ¢ = (¢s,wp), T = (s, vp) € V, we certainly
have div (s — 75) = 0 (cf. (4.9)) and st tr(¢s — 75) = 0, whence according to the definition of Ag
(cf. (2.8)) and the lower bound from [6, Proposition IV.3.1] (see also [21, Lemma 2.3]), we find that

1
[As(Cs +5a) — As(Ts +05a),8s — Ts] > % 1¢s — 79)18 205

Cs
2u

4.25)
Cs Cs (
> 2% I¢s — "'S”c%,z;gs = o I¢s — TS||<2iiv;Q = I¢s — 71k, »

where Cg is a positive constant depending only on €2g. On the other hand, starting from the definition
of Ap (cf. (2.11)), and employing the properties of K (cf. (2.6)), the lower bound given by [27, Lemme
5.1], and the fact that div (wp —vp) € Py(2p) (cf. (4.10)) together with Lemma 4.2, we deduce that

[Ap(wp +up,g) — Ap(vVvp +upg),Wp —vp] = % [K™'(wp—vp),wp —vp]

f
+ ;HWD +upg

(wp+upg)—|vp+upg|(vb +upg),wp —vp]

I f
2 ; 00 ||WD - VD”(2),2;QD + ;C ||WD - VD’ 8,3;9D (426)

n f 5
> 5 lwp = voll§an, + ;CC Hlwo = vbll3 divian

f o~
> ZceCt |lwp — VD||§(2 .
p
. . . Cs £ A1
In this way, (4.25) and (4.26) lead to (4.24) with o := min {2—, -cC } O
pp

Therefore, the foregoing analysis and Theorem 3.13 guarantee the existence of a unique (5’, u, :y’) €
X XY x Z solution of the variational formulation (2.16).
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4.2 The fully-mixed finite element method

In this section we introduce and analyze a generic Galerkin scheme for (2.16), and propose specific
choices of finite element subspaces satisfying the required conditions for well-posedness.

4.2.1 Galerkin Scheme

We first consider arbitrary finite dimensional subspaces
: 0,3/ 1. =1/2
H,,(2s) € H(div; Qs), Hj,(2p) € WE (div;Qp), A5 () C Hy (D),

AP(E) CWB3R(), Ly(Qs) C LX), Lu(2p) € LY (Qp), Lu(Rs) € Les(s),

skew

set
Hy(Qg) = {T € H(divi Q) : c*7 € Hy(2s) Ve eR? |,

Hp 0(Qs) = Hp(Q2s) NHop(div; Qg),
Ly (Qs) = [Ln(Qs)]?,
and define the global spaces
Xsp=Hno(Qs), Xpp:=Hp(), Xn:=Xsnx Xpp,
Vi, i= A5 (2) x AP(2),  Zy = Ly(Qs) x Ly(Qp) x Ly (Qs) -
Then, the Galerkin scheme associated to (2.16) reads: Find (&, up,v5) € X5 X Y, x Zj, such that:

;h),ﬁh] + [B(‘l_"h),‘?h] = [F, ’7_"/1], (4.27&)
[El(t;h),\_;h] — [(C ﬁh),vh] = [Gl,\_;h], (4.27b)

-

[B(oh), 1] =[G, ], (4.27¢)
for all (74, Vi, M) € Xp X Yy, X Zj,, where, following (2.15), we employ the notation

on=(osn,upn), Th:= (Tsn,Vvpnr), Un:= (Pn,\n),
- - . (4.28)
Vi = (Yn,&n),  Yn = (Ush, PDAYSH), Mh = (VS.h, D, NS,h) -

Next, in order to apply Theorem 3.14 to prove the well-posedness of this scheme, we now specify
suitable hypotheses on the finite element subspaces introduced here. More precisely, we first assume
that B satisfies (3.26), which, noting again (as in the proof of Lemma 4.3) the quasi-diagonal structure
of this operator, is equivalent to the following discrete inf-sup conditions:

(H.1) there exists B > 0, independent of h, such that

(div Tsn, Vsn)g + (TshMs,n)

Sup 5 > Bll(vsn nsny) (4.29)
75,n€Hp,0(Qs) HTS,thiv;Q
75,70
for all (vsn,Ms.n) € Ln(Qs) x Ly (Qs), and
(divvp.n,qp,n) .
Sup L > Bllapal (4.30)

vp,h€HRL(QD) ”VD,hHS,diV;QD
vp,h7#0

for all gpr, € Lp(Qp).
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Next, in order to give a more explicit definition of the discrete kernel V; of B, we assume that
(H2) diVHh(QS) Q Lh(QS) and diVHh(QD) g Lh(QD)7
which yields V), = Xg, x Xp s, with

Xsp = {Ts,h € Hpno(Q2s) : (Tspnsn)g=0 Vnsp€Lln(Qs), and divrs, =0 },

and
XD,h = {VD,h S Hh(QD) : diVVDJL € Po(QD) }

Similarly, due to the diagonal structure of By, we can equivalently assume for the inf-sup condition
(3.27) that

(H.3) there exists 31 > 0, such that

(Tspm, ¥y )

sup TR > Ball H1/2,2;2 vV € AE(E), (4.31)
TS,hGXS,h H TS,h HdiV;QS
Ts,n 70
and < 0
VD,h -1, Gh -~
sup 2> B[ &n g zex Y én € AL (D). (4.32)
vD.h€Xpn VDl diviers,
vp,n#0

Hence, it remains to show that hypotheses iii) - iv) of Theorem 3.14 are satisfied. In fact, it is easy
to see that the former follows from Lemma 4.5 and the straightforward inequalities

I As(Csn) = As(Tsp)llxy, < [As(Csn) — As(Tsn)llxg

and
I Ap(Wp.n) = Ap(von)llxy,, < IAD(WDK) — Ap(vDw)lxy

for all &, = (CshWD.h), T = (Tsh,vDn) € Xn == Xgp X Xpp, whereas the latter is a direct
consequence of Lemma 4.6 and the fact that div ({ss — 7s,) = 0 and div(wpy —vpr) € Po(S2p)

for all &y := (CsnWpop)s Th = (Tsh VD) € Vi := Xgp X Xpp.

4.2.2 A specific choice of finite element subspaces

Let 7;LS and 7;LD be triangulations for 2g and Qp, respectively, both shape-regular in the sense of
Ciarlet-Raviart (cf. [12, page 247]), and assume that they match on ¥, that is, 7,° UT,P is a triangu-
lation of Qg U X U Qp. Furthermore, given an integer £ > 0 and a subset U C R?, we let P,(U) be
the space of polynomials defined on U of total degree < k, and denote its vector and tensor counter-
parts as Py (U) and Py (U), respectively. In addition, let by be the element-bubble function defined
as the unique polynomial in P3(T") that vanishes on 9T and fT br = 1, and let x € R? be a generic
vector. Then, we define for each T' € 7;;9 U 77LD the local Raviart-Thomas and bubble spaces of order
0, respectively by
obr 8bT>

RT(T) :=Po(T) +xPy(T) and By(T) := Py(T) <8a:2’ _871'1
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Then, we consider the following finite element spaces

H,(Qg) = {T&h € H(div; Q) : 7|, € RTo(T) & Bo(T) VT €T, } (4.33)
H,(Qp) = {vD,h e WP (diviQp) : vpul, € RTG(T) VT eTP } (4.34)
Ly(Qs) = {vs,h € L*(Qs): vsplp € R(T) VT eT }7 (4.35)
Ln(Qp) = {qD,h € LY*(Qp) : qpalp € Po(T) VT eTP } (4.36)
Ln(Qs) == {ns,h (_01 é) : nsp €C(Qs) and gyl € A(T) VT eT) } . (4.37)

Note that the foregoing definitions mean that we are considering PEERS elements (cf. [2]) for the
Stokes problem, whereas for the Darcy-Forchheimer part we use Raviart-Thomas elements (cf. [6,
3.12, Ch. III]. Now, denoting by ¥ the partition of ¥ inherited from the interior triangulations, we
assume, without loss of generality, that the resulting number of edges in X5, is even. Then, we let o,
be the partition of 3 that arises by joining pairs of adjacent edges of ¥, and denote the resulting
edges still by e. Since ¥, is automatically of bounded variation (that is, the ratio of lengths of adjacent
edges is bounded), we deduce that so is ¥o5. Hence, denoting by zo and z; the extreme points of 3,
we define,

AF(®) = {¥n €C(D): vnl, € Pile) ¥e€Toy and wn(w) = un(z1) =0 }, (4.38)
AS(D) = (A5 nHE (D), (4.39)
AP(%) = {gh;2—>R; &l € Poe) Vees, } (4.40)

We stress here that AP(X) is in fact a finite element subspace of W1/3:3/2(%) since, as established in
(28, Theorem 1.5.2.3-(a)], [L ey, W1=1/PP(e) coincides with W'~1/PP(X), without extra conditions,
when 1 < p < 2 (in this case p = 3/2).

We now turn to state the assumptions under which it is possible to ensure the validity of (H.1),
(H.2) and (H.3). Notice first that (H.2) holds trivially from the definitions given in (4.38)-(4.40).
Next, for the Stokes terms of (H.1) and (H.3) (that is, (4.29) and (4.31)), following [25] we introduce
the hypothesis of quasiuniformity in a neighbourhood Qg of the interface ¥ on the g-side. More
precisely, we assume that Q% has a Lipschitz-continuous boundary and that there exists ¢ > 0,
independent of h, such that

max hy <c¢ min hy VY h < hg.

TCOf TCOE
Under this new hypothesis, it is enough to prove the Darcy-Forchheimer part of (H.1) and (H.3)
(that is, (4.30) and (4.32)). To this end, we introduce the Raviart-Thomas interpolation operator of
lowest order in Qp. Indeed, given a sufficiently smooth vector field v : p — R2, we define IIY (v) as
the unique element in Hy,(2p) such that

/HhD(v)-n:/V-n Vee&P, (4.41)

€ €

where 5}? is the set of edges of 7;LD . The main properties of this operator are:

(a) for each p €]2,+oc[, the interpolation operator IIP is well-defined in WOP(div;Qp) (cf. [6,
I11.3.3)),

(b) for each p €]2,400], there holds
(divII)(v),qn) p, = (divv,gn)p YV an € Li(Qp), Vv e WOP(div; Qp),
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c)ifv-ne then v)-n=v-n
(c) if A7 (), then IIP(v) ,
(d) there exists ¢p > 0, independent of h, such that for each p €]2,+o0o[ there holds

D .
T2 | oy < €01V llsaivny, ¥ v € WOP(div; Q).

Notice that this estimate comes from [30, Lemmas 3.13 and 3.15], but in this case, the regularity
W9P(Qp) is not necessary.

The following results provide us the fulfillment of the remaining hypotheses to establish the well-
posedness of the fully-mixed finite element method given by (4.27) and the finite element spaces
(4.33)-(4.40).

Lemma 4.7. There exists 3 > 0, independent of h, such that

(divvph,qp,n)
sup e

vp,n€HR(2D) 1VD,h HS,div;QD
vD,n#0

> f H 4D,k ||0,3/2;QD Vqpn € Ly(Q2p).

Proof. Similarly as in [34, Example 3|, we proceed locally on each triangle of ’771D . More precisely, we
consider gp , € Lp(Q2p) and define g, € L3(2p) as

—

(/J\h‘T = QD,h‘T VTE/];ZDa
in agreement with the notation introduced in Lemma 4.1. Then, we set g, € L3(Qp) as

~ 1 ~
qdh = 4h — 757 dh-
1] Jay,
Similarly to the second part of the proof of the continuous inf-sup condition for B in Lemma 4.3,
we look for zp, € Hp(Q2p) such that divzp = g,. To this end, we consider the problem: Find

w € W3(Qp) such that

Aw=gq, in Qp, Vw-n=0 on 0Qp, and / w = 0. (4.42)
Qp

Since g, € L3(Qp), we deduce from the analysis in [13] that the foregoing problem has a unique
solution w € W'*93(Qp) with 0 < § < 1/3, and notice that Vw € W%3(div; Qp). Then, defining
zp, := 1P (Vw), we find that the continuous dependence result for (4.42) and the properties of the
Raviart-Thomas interpolator imply that

~ 1/2
I 204 [l 30, < Colldnllosa, < Collapnllysma,

and

. . D ~ 1/2
| divzp,p H073;QD = H div I (Vw) Ho,s;QD < lan 03:0p = X723 ”0,/3/2;QD'

Therefore, bounding below by zp j, € Hy(2p), we deduce that

(divvpn,ap.n)p
sup

vp,rh€HL(QD) | div VD,h Hojg;gD ~“Cp+1
vp,n7#0

laphllos/o0, ¥ apn € La(Qp),
which ends the proof. O
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Lemma 4.8. There exists 31 > 0, independent of h, such that

<VD,h -1, gh >E
sup ~———_ =

VD,hE)?D,h, H VD,h ||3,div;ﬂ
vp,n#0

> Billénllijssjms ¥ €AR(R).

Proof. Given &, € AP(X) C W1/3:3/2(2), we proceed exactly as in the second part of the proof of
Lemma 4.4 to derive the existence of zp € W93(div;Qp) such that divzp € Py(2p) and

1
(zp -0, &)y > 20, 1 €n ll1/3,3/2:5 12D I3, qiv:2,5 »

where Cp is the same constant from that proof. Then, according to the properties of Hf , there holds
diVHhD(ZD) S Po(QD),

(zp 0,8 )y = /E(HI?(ZD) n)&,  and H H?(ZD) H073;QD < cplzp Hg,div;QD .

In this way, bounding above with IIP (zp) € )}D,hy we find that

<VD,h 'nagh >E <HhD(ZD) -1, &y >E I~
sup = 70 > Brllén "1/3,3/2;2 ’
vDp,h€XD,h H VD,h ||3,diV;Q H h (ZD) H3,div;QD
vp,n7#0
5 1 . .
with g1 = 5epCp’ which finishes the proof. O

Consequently, the analysis of the present Section 4.2 and Theorem 3.14 imply the existence of a
unique (Eh,ﬁh,'}'h) € X x Yy x Zp, solution of the Galerkin scheme (4.27) with the finite element
subspaces introduced in Section 4.2.2. Moreover, a straightforward application of the abstract result
given by Theorem 3.23 to the present context yields the a priori error estimate

o —on||+]|u—u|+][v=—"n] < C{dist (0, Xp) + dist (0,Y) + dist (v, Zp)

2 (4.43)
+ G(dist (7, X5)) + Y G((dist (&, X5))» 1) + G(dist (0, Y3)) + G(dist (7, Zh))},

J=1

with a positive constant C' independent of h. Therefore, in order to derive from (4.43) the theoretical
rates of convergence of our discrete scheme, in what follows we recall from [10, Section 5], [16], and
[19], the approximation properties of the finite element subspaces involved, which are named after the
unknowns to which they are applied later on:

(AP7?) there exists C' > 0, independent of h, such that for each T¢ € Ho(div;Qg) N H!'(Q2g) with
div 15 € H'(Qg) there holds

it ms = Tsallaes < Ch{lImsllies + divrsile, |

75,n€Hp,0(Qs)

(AP,?) there exists C' > 0, independent of h, such that for each vp € Wg’g (div; Qp) N WH3(Qp)
with divvp € H'(Q2p) there holds

inf : VD — vpallsdivia, < Ch {HVD 1.3:0p + HdiVVDHl,QD} .

VDJlEHh(QD
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(APY) there exists C' > 0, independent of h, such that for each ¢ € ﬁééQ(E) N H3/2(%) there holds

inf - < Ch .
%GIRE(E)H'QD ¢h||1/2,2 > ||'¢||3/2,2

(APQ) there exists C' > 0, independent of h, such that for each & € W3/2(2) there holds

5hei/{1§(2) 1€ = &nlli/z,3/2: < Ch*? 1€11,3/2:5 -

(AP;}?) there exists C' > 0, independent of h, such that for each vg € H'(Qs) there holds

inf )HVS—Vs,h 0,05 < Chilvs|ios-

vs,n€LL(Qs

(APYP) there exists C > 0, independent of h, such that for each ¢p € Lg/2(QD) NWL3/2(Qp) there
holds

inf ) lap — 4dD,h \0,3/2;913 <Ch HQDH1,3/2;QD .

9p,n€LR (2D

(AP}®) there exists C' > 0, independent of h, such that for each ng € L2, (Qg) NH'(Qg) there holds

skew

inf  [[ns —msnlloos < Chinsllias-

15,hELL(2s)

It follows that there exist positive constants C(a), C(u), and C(v), depending on the extra regu-
larity assumptions for o, u, and '?, respectively, and whose explicit expressions are obtained from the
right hand side of the foregoing approximation properties, such that

dist (¢, Xp,) < C(a)h, dist (4,Yy) < C(u)h*?, and dist(v,%) < C(y)h.

In turn, we recall from Lemmas 4.5 and 4.6 that p; = 2 and pe = 3, which yields the conjugates p| = 2
and p’2 = 3/2, and hence the real function G introduced in the statement of Lemma 3.22 becomes
G(x) = o + 223 4 2%/* + 21/2 Yz € R*. In this way, replacing the above expressions into (4.43),
choosing only the dominant powers of h in the resulting expressions involving G, and performing some
minor algebraic manipulations, we derive the existence of a positive constant C(&, ﬁ,’?), depending
on C(a), C(u), and C(v), such that

|G =cnl+ [ a=unl+ 7= < C@ 67 {h+r+ 0240131 (444)

from which at least a sub-optimal rate of convergence of order O(h'/3) is confirmed for our Galerkin
scheme. Nevertheless, the numerical results to be reported below in Section 5 show more generous ex-
perimental rates of convergence than expected, which certainly suggests that eventually some technical
difficulties of the analysis might be stopping us of proving better theoretical results.

5 Numerical Results

In this section, we present some numerical examples that illustrate the performance of the fully-mixed
finite element method that has been presented in this work. The computational implementation was
carried out in two codes, each one using a different finite element for the Stokes part of the problem:
one based on MATLAB (Examples 1 and 2) with PEERS elements, and one based on FreeFem++ (cf.
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[29]) with AFW elements (Examples 3 and 4), and whose characterization is given by the following
set of spaces, which respectively approximate the pseudostress og, velocity ug and vorticity ~yg:

H, () = {m € H(div; %) : m|, € Pi(T) VT eTF |,

Ln(Qs) = {vh €L2(Qs): Vil €Po(T) VT €T }

0 1
L@ = {m () }): meri0g) ma wlenm vrers ).

For the sake of briefness, we only mention based on [24] (in addition to the original works by Arnold,
Falk and Winther, cf. [3, 4]) that this finite element does satisfy the inf-sup conditions (4.29) and
(4.31) and that it yields the same approximation properties as those mentioned for PEERS.

Concerning the nonlinear system (4.27), this is linearized using Newton’s method. The resulting
iterative scheme is: Given ulolh # 0, for m > 1, find (o_:,zn, 1_1‘,;”,:);,:”) € Xy, x Y, x Zp, such that

A@pE@. ] + [ By |+ [BED. A | = [F 7, (5.1a)
[Bu(o)). v | = [, =[G.W], (5.1)
| B(@h"). 7 = [E.iin], (5.1¢)

for all (74, Vi, mn) € Xp, X Yy X Z,, where

—

~ L oo
[A(ughl)(a’?),T}l} = (AS(O'Eh),TS,h)S + ;(K 1u]’5n,hva7h)D
—1 m
f _ f ubn,h “Upp _
+*<\UEh1\uth,VD,h) + - T,ug‘,hl “VDn |
p D p ‘uD,h b

and

-

~_ 5 f _ _
[Fm 1,’7‘}1} = [F,Th] +;<\u3hl\ughl,vD,h>D.

The linear systems (5.1) are solved by the multifrontal method from [14]. Then, iterations are simply
stopped whenever the relative error between two consecutive steps of the complete coefficient vector
measured in the discrete 2 norm is sufficiently small, that is,

H coeff "1 — coeff ™ H@

[coeft ™,

< tol,

where tol is a specified tolerance. We also recall that the pressure pg is post-processed as suggested
by (2.3). In this way, we define the error per variable

e(05) =105 — 5 gy €)= 10D —upllg s €0) = 10— D 1 om0
e(>‘) = H A=A H0,3/2;E7 e(uS) = H Uus —usp HO,Q;QS’ €(pD) = HPD — PD,h H073/2;QD7
e(vs) = llvs = ¥snllosas  €Ps) = lPs = psin g

as well as their corresponding rates of convergence

_log(elos)/e(os) | lonlelup)/c/up) | los(el)/€/(¢)

r(os) = log(hs/hy) log(hp/iy) log(hs/hL)
r(2) = log(e(N)/e'(N)) r(ug) = log(e(ug)/€'(us)) r(pp) = log(e(pp)/€'(pp))
T log(hy/Hy) 5 log(hs/Hy) bJ- log(hp/hy)
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r(vs) i= log(e(ys)/e(vs)) r(ps) == log(e(ps)/¢'(ps))
log(hs/g) log(hg/hs)
where h, and R}, (x € {S,D,X}) denote two consecutive meshes with errors e and €', respectively.
Notice that, since the natural norms to measure the error of the interface unknowns || A — A || /3,3/2:%
and || ¢ — @ [|; 9.9, are not computable, we have decided to replace them respectively by || - [l 39,5
and [ - |l /2,2 ine;5» Where the last one is defined based on the fact that H'/2(%) is the interpolating
space between L2(X) and HY(X):

1/2 1/2
19 1 jppsmes = % oo | % 1o ¥ 9 € HY(S).

Additionally, regarding the conditions fQ* Pep = 0 for x € {S, D}, and (¢ -n,1)5, = 0, these are
imposed via a penalization strategy. In what follows, we consider p = p = Kk = 1, K = I, and
tol = 1078, and take ulo),h as the discrete solution of the linear problem arising after the elimination
of the nonlinearity in the Darcy-Forchheimer equations, that is the second term on the left-hand side
of (2.5a).

We will see in the subsequent examples that the order O(h!/3) is easily achieved in all variables.
Moreover, they suggest that we are in the presence of a first order numerical method, i.e., O(h),
leaving open the question whether this can be theoretically proved or not.

5.1 Example 1

First, we consider the two-dimensional domain given by Qg :=]0,1[ x]0.5,1[, Qp :=]0, 1[ x]0,0.5[
and ¥ :=10,1[ x {0.5}. Then we take £ = 1 and let the source terms fs, gp and fp be such that the
exact solution to the SDF problem is defined by

—z sin(2mx) (xr — 1) (y — 1) exp(ay) (2 — =z + zy)
us =1 (y—1)% exp(zy) (2:U sin(2rz) — sin(2nx) — 27z cos(2wx) |

+ 2ma? cos(2mz) — zy sin(2nz) + ya? sin(27x)
ps := —m cos(mx/2) (y + 0.5 — 2cos(m(y + 0.5)/2)2) /4444331071,

1

o5 = [t (Vus + (Vus)t> —psL, ysi=g (Vus - (Vus)t>, @ = —ugl,,

—y sin(7y) (— sin(2mx) + 2z sin(27z) — 27w cos(2nx) + 2w’ cos(27r:v))
up =

—z(x — 1) sin(27x) (Sin(ﬂ'y) + 7y cos(ﬂ'y))
pp = zy (1 — z) sin(27z) sin(my), A := pD’E :

Notice that this solution does not meet all boundary conditions, hence the right hand side of (4.27)
must be modified properly. See Table 5.1 for the corresponding convergence history of a sequence of
quasi-uniform mesh refinements.

5.2 Example 2
Next, we consider the three-dimensional domain defined by Qg :=]0, 1[2x]0.5,1[, Qp :=]0, 1[2x]0, 0.5]

and ¥ :=]0,1[>x {0.5}. Then we take again £ = 1 and let the source terms fg, gp and fp be such
that the exact solution to the SDF problem is given by
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2? (1=2?)y* (1 -y)* (1 - 2)? sin(r)
us =V x [22(1—22)y?(1—y)? (1 —2)?sin(ry) | , ps:=(z° +y°) exp(z) — 1.069,
2? (1= 2%)y? (1 - y)* (1 - 2)? sin(rz)

o5 = [ (Vus + (Vus)t> —psl, 5= % (Vlls — (Vug)* )» ¢ = —us|y,
yz (1 — y) sin(27y) sin(nz) ((1 — ) sin(27x) — x sin(27x) + 272 (1 — ) cos(27mc))
up := | zz (1 — ) sin(27x) sin(7z) ((1 —y) sin(27wy) — y sin(27y) + 27y (1 — y) cos(27ry)) ,
zy (1 —z) (1 —y) sin(27zx) sin(27y) (sin(wz) + 7z cos(wz))
pp = (x —2?) (y — %) (z — 2%) —4.629- 1072, X:= pp‘E .

Here, we have assumed that the foregoing analysis can be extended to the three-dimensional case
with some minor changes on the interface conditions. See Table 5.2 for the corresponding convergence
history.

5.3 Example 3

Here, we test our method with Qg :=] — 0.5,0.5[x]0,0.5], p =] — 0.5,0.5[x] — 0.5,0[, ¥ =] —
0.5,0.5[x{0} and £ = 1. Then we consider source terms fg, gp and fp such that the exact solution
to the SDF problem is defined by

cos(mx)?(y? — 0.
us = <87r (31065227755)<sin()7r% (2 0—205.)25)2) . ps = exp(y) sin(z),

o5 = H (Vus + (Vus)t> —psI, s:= % (Vus — (VuS)t>, =

. —2y cos(mx)” _ - —
U= (—27r cos(mz) sin(rz)(y? — 0.25) )’ pp = exp(y)sin(z), A := ppls;.

This solution (which was also considered in [15]) does meet the boundary conditions of the problem,
except for the BJS condition (2.7b), hence, the right-hand side of (4.27) must be modified accordingly.
In Figure 5.1 we show part of the obtained numerical solution with 215,023 DOF using the AFW-based
finite element, whereas in Table 5.3 we show the convergence history of a sequence of quasi-uniform
mesh refinements.

5.4 Example 4

Finally, and inspired by [10], we focus on the performance of the numerical method with respect to
the number of Newton iterations required to achieve certain tolerance given different Forchheimer
numbers. Hence, we consider £ € {10°,10%,...,10°}, the tombstone-shaped domain described by
Qs == {(z,y) : 2>+ (y— 0.5)? < 1, y > 0.5}, Qp :=] — 0.5,0.5[* and ¥ :=] — 0.5,0.5[x{0.5}, and
source terms fg, gp and fp such that the exact solution is given by

[ mcos(mz) sin(my) . .
ug = (_ﬁ sin(rz) cos(my) )’ ps := sin(mx) sin(7y),
— t _1 t .
o5 = p (VUS + (Vug) ) —psl ys=g (Vus — (Vug) ), @ = —ugly,

e (CElE )

—sin(rx) cos(wy)) . pp =sin(ma)sin(ry), A:=ppy.
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As in the previous example, not all boundary conditions are met. In addition to the source term appear-
ing in the BJS condition (2.7b), the velocity on I'g is not zero, thus appearing the term (7g,n, ug >Fs
in the right-hand side of (4.27a). In Table 5.4 we appreciate the robustness of the present mixed finite
element method, as varying the Forchheimer number from 10° to 10% only increases the number of
Newton iterations from 5 to 14. For the case when £ = 10, we have depicted part of the solution in
Figure 5.2, while in Table 5.5 a convergence history is shown.

’ Finite Element: PEERS-based ‘
DOF | c(0s) | c(us) | cvs) | e(up) | ewn) | @) | OV
705 1.32527 | 0.03714 | 0.30565 | 0.49549 | 0.00374 | 0.52250 | 0.05398
2,685 0.65868 | 0.01658 | 0.11955 | 0.24963 | 0.00164 | 0.15914 | 0.01176
5,945 0.43919 | 0.01098 | 0.07406 | 0.16668 | 0.00106 | 0.08301 | 0.00535
10,485 | 0.32946 | 0.00822 | 0.05358 | 0.12508 | 0.00079 | 0.05298 | 0.00318
23,405 || 0.21969 | 0.00548 | 0.03446 | 0.08342 | 0.00052 | 0.02844 | 0.00160
92,885 || 0.10986 | 0.00274 | 0.01662 | 0.04172 | 0.00026 | 0.00995 | 0.00054
257,205 || 0.06592 | 0.00164 | 0.00983 | 0.02503 | 0.00016 | 0.00461 | 0.00025
h r(os) | r(us) | r(vs) | r(up) | r(pp) | r(p) r(A)
0.12500 - - - - - - -
0.06250 || 1.00863 | 1.16389 | 1.35427 | 0.98908 | 1.19169 | 1.71515 | 2.19906
0.04167 || 0.99964 | 1.01522 | 1.18108 | 0.99611 | 1.06945 | 1.60508 | 1.93986
0.03125 || 0.99924 | 1.00507 | 1.12509 | 0.99803 | 1.03674 | 1.56067 | 1.80589
0.02083 || 0.99946 | 1.00216 | 1.08839 | 0.99899 | 1.01977 | 1.53483 | 1.69143
0.01042 || 0.99979 | 1.00069 | 1.05186 | 0.99964 | 1.00747 | 1.51459 | 1.58061
0.00625 || 0.99996 | 1.00019 | 1.02836 | 0.99990 | 1.00231 | 1.50534 | 1.52885

Table 5.1: Convergence history for Example 1 showing the degrees of freedom (DOF) in the entire
domain, mesh sizes, errors and rates of convergence, on a set of quasi-uniform mesh refinements. Here,

h := max{hg,hp}.
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’ Finite Element: PEERS-based ‘
DOF || e(os) | c(us) | e(vs) | e(un) | ewo) | el@) | e
4,550 0.51956 | 0.00878 | 0.05928 | 0.22385 | 0.00127 | 0.01972 | 0.00707
34,596 || 0.26126 | 0.00287 | 0.02200 | 0.11631 | 0.00061 | 0.01047 | 0.00347

114,914 || 0.17363 | 0.00141 | 0.01209 | 0.07848 | 0.00041 | 0.00563 | 0.00197

270,272 || 0.12982 | 0.00084 | 0.00782 | 0.05912 | 0.00030 | 0.00359 | 0.00127

525,438 || 0.10361 | 0.00056 | 0.00556 | 0.04739 | 0.00024 | 0.00253 | 0.00091

905,180 || 0.08619 | 0.00040 | 0.00419 | 0.03954 | 0.00020 | 0.00190 | 0.00069

h r(os) | r(us) | r(ys) | r(up) | r(pp) | r(¥) r(A)

0.25000 - - - - -

0.12500 || 0.99181 | 1.61242 | 1.42993 | 0.94461 | 1.04795 | 0.91282 | 1.02621

0.08333 || 1.00764 | 1.74790 | 1.47774 | 0.97025 | 1.01802 | 1.52985 | 1.39845

0.06250 || 1.01093 | 1.80488 | 1.51203 | 0.98463 | 1.01224 | 1.56381 | 1.52434

0.05000 || 1.01072 | 1.84195 | 1.53185 | 0.99068 | 1.01049 | 1.56763 | 1.50496

0.04167 || 1.00965 | 1.86284 | 1.54380 | 0.99376 | 1.00863 | 1.56932 | 1.48874

Table 5.2: Convergence history for Example 2 showing the degrees of freedom (DOF) in the entire
domain, mesh sizes, errors and rates of convergence, on a set of quasi-uniform mesh refinements. Here,

h :=max{hg,hp}.

’ Finite Element: AFW-based ‘
DOF hs e(os) | e(us) | e(vs) | elps) || r(os) | r(us) | r(vs) | r(ps)
958 0.1875 || 4.4741 | 0.0802 | 0.5187 | 0.3396 - - - -
3,552 0.1085 || 2.1383 | 0.0366 | 0.2201 | 0.1020 || 1.3491 | 1.4357 | 1.5667 | 2.1989
13,736 | 0.0500 || 1.0405 | 0.0178 | 0.1068 | 0.0336 || 0.9305 | 0.9321 | 0.9336 | 1.4323
53,802 | 0.0274 || 0.5210 | 0.0089 | 0.0529 | 0.0112 || 1.1525 | 1.1464 | 1.1726 | 1.8400
215,023 | 0.0131 || 0.2572 | 0.0044 | 0.0261 | 0.0041 || 0.9510 | 0.9483 | 0.9518 | 1.3338
o | he [ eup) | cwp) | @) | ) | run) | reo) | @) | TN
0.2001 | 0.2500 || 0.1066 | 0.0188 | 0.5028 | 0.0416 - - - -
0.0938 | 0.1250 || 0.0522 | 0.0080 | 0.2219 | 0.0169 || 0.9405 | 1.1321 | 1.1797 | 1.2957
0.0494 | 0.0625 || 0.0255 | 0.0039 | 0.1060 | 0.0080 || 1.1182 | 1.1238 | 1.0658 | 1.0806
0.0262 | 0.0312 || 0.0129 | 0.0019 | 0.0523 | 0.0039 || 1.0736 | 1.0869 | 1.0183 | 1.0194
0.0141 | 0.0156 || 0.0064 | 0.0010 | 0.0260 | 0.0020 || 1.1267 | 1.1305 | 1.0108 | 1.0065

Table 5.3: Convergence history for Example 3 showing the degrees of freedom (DOF) in the entire
domain, mesh sizes, errors and rates of convergence, on a set of quasi-uniform mesh refinements.

’ Finite Element: AFW-based ‘

c h 0.3827 | 0.2481 | 0.1335 | 0.0664 | 0.0344 | 0.0172
100 5 6 6 6 6 6
10T 7 8 9 9 9 10
102 7 9 10 11 12 12
103 9 9 10 11 13 14
10% 9 10 11 12 13 14
10° 9 10 11 12 14 14
108 9 10 11 12 14 14

Table 5.4: Performance of the iterative method (number of Newton iterations) upon variations of the
Forchheimer number. Here, the global mesh size was calculated as h = max{hg, hp}.
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| Finite Element: AFW-based |
DOF hs e(os) | e(us) | elys) | elps) || r(os) | r(us) | r(vs) | r(ps)
230 0.3827 || 8.8506 | 0.4362 | 1.1581 | 0.7893 - - - -
842 0.2481 || 4.8830 | 0.2402 | 0.6452 | 0.3772 || 1.3721 | 1.3761 | 1.3497 | 1.7037
3,003 | 0.1335 || 2.4767 | 0.1225 | 0.3271 | 0.1179 | 1.0961 | 1.0874 | 1.0969 | 1.8778
11,443 | 0.0664 || 1.2393 | 0.0616 | 0.1631 | 0.0413 || 0.9910 | 0.9842 | 0.9964 | 1.5018
44,480 | 0.0344 || 0.6171 | 0.0307 | 0.0825 | 0.0148 || 1.0581 | 1.0582 | 1.0332 | 1.5595
177,960 | 0.0172 || 0.3065 | 0.0153 | 0.0405 | 0.0056 || 1.0098 | 1.0070 | 1.0271 | 1.4025
hp hs || e(up) | e(pp) | ele) | e(A) | r(up) | r(pp) | () | r(N)
0.3727 | 0.2500 || 2.8412 | 0.4139 | 1.0074 | 0.4076 - - - -
0.1901 | 0.1250 || 1.3973 | 0.1517 | 0.5125 | 0.2260 || 1.0542 | 1.4904 | 0.9749 | 0.8506
0.0978 | 0.0625 || 0.7094 | 0.0447 | 0.2301 | 0.0670 || 1.0192 | 1.8366 | 1.1552 | 1.7542
0.0535 | 0.0312 || 0.3558 | 0.0174 | 0.1111 | 0.0235 || 1.1458 | 1.5635 | 1.0509 | 1.5142
0.0249 | 0.0156 || 0.1769 | 0.0078 | 0.0556 | 0.0098 | 0.9151 | 1.0501 | 0.9973 | 1.2581
0.0145 | 0.0078 || 0.0879 | 0.0038 | 0.0285 | 0.0046 | 1.2838 | 1.3390 | 0.9654 | 1.1080

Table 5.5: Convergence history for Example 4 showing the degrees of freedom (DOF) in the entire
domain, mesh sizes, errors and rates of convergence, on a set of quasi-uniform mesh refinements with
Forchheimer number £ = 10.
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Figure 5.1: Part of the solution to Example 3. Results calculated with 215,023 DOF and an AFW-
based finite element.
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Figure 5.2: Part of the solution to Example 4. Results calculated with 177,960 DOF and an AFW-
based finite element.
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