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Abstract

We propose and analyze an augmented mixed formulation for the time-dependent Brinkman—
Forchheimer equations written in terms of vorticity, velocity and pressure. The weak formulation
is based on the introduction of suitable least squares terms arising from the incompressibility con-
dition and the constitutive equation relating the vorticity and velocity. We establish existence and
uniqueness of a solution to the weak formulation, and derive the corresponding stability bounds,
employing classical results on nonlinear monotone operators. We then propose a semidiscrete
continuous-in-time approximation based on stable Stokes elements for the velocity and pressure,
and continuous or discontinuous piecewise polynomial spaces for the vorticity. In addition, by means
of the backward Euler time discretization, we introduce a fully discrete finite element scheme. We
prove well-posedness and derive the stability bounds for both schemes, and establish the corre-
sponding error estimates. We provide several numerical results verifying the theoretical rates of
convergence and illustrating the performance and flexibility of the method for a range of domain
configurations and model parameters.
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1 Introduction

Fluid flows through porous media with high Reynolds numbers occur in many industrial applications,
such as environmental, chemical, and petroleum engineering. For instance, in groundwater remedi-
ation and oil and gas extraction, the flow may be fast near injection or production wells or if the
aquifer /reservoir is highly porous. Many of the investigations in porous media have focused on the
use of Darcy’s law. Nevertheless, this fundamental equation may be inaccurate for modeling fluid
flow through porous media with high Reynolds numbers or through media with high porosity. To
overcome this deficiency, it is possible to consider the Brinkman—Forchheimer equations (see for in-
stance [16], [29]), where terms are added to Darcy’s law in order to take into account high velocity
flow and high porosity.

Several numerical methods for the Brinkman—Forchheimer problem have been developed previ-
ously. In [26] the authors propose and study a perturbed compressible system that approximates
the Brinkman—Forchheimer equations. A numerical method for the perturbed system based on a
semi-implicit Euler scheme for time discretization and the lowest-order Raviart—Thomas element for
spatial discretization is developed. In [27] the authors propose and analyze a pressure-stabilization
method, where the incompressibility constraint is perturbed as div(u) — eAp = 0. Then, a first-order
time discretization and a finite element method based on piecewise continuous polynomials for the
spatial discretization are considered. Second order error estimates in time are also obtained. In [25]
the coupling of the unsteady Brinkman—Forchheimer model with a variable porosity Darcy model is
developed and applied for simulating wormhole propagation. A semi-analytic time stepping scheme is
employed to handle the variable porosity. An error analysis for the spatial and temporal discretization
errors is performed. In [15] a mixed formulation based on the pseudostress tensor and the velocity
field is presented. By employing classical results on nonlinear monotone operators and a suitable
regularization technique in Banach spaces, existence and uniqueness are proved. A finite element
method for space discretization based on the Raviart—Thomas spaces for the pseudostress tensor and
discontinuous piecewise polynomial elements for the velocity, combined with a backward Euler time
discretization, is proposed and sub-optimal error estimates are derived. More recently, a three-field
Banach spaces-based mixed variational formulation is analyzed in [14], where the velocity, velocity gra-
dient, and pseudostress tensor are the main unknowns of the system. Existence and uniqueness of a
solution to the weak formulation, as well as stability bounds are derived by employing classical results
on nonlinear monotone operators. A semidiscrete continuous-in-time mixed finite element approxima-
tion and a fully discrete scheme are introduced and sub-optimal rates of convergence improving the
ones obtained in [15] are established. A staggered DG method for a velocity—velocity gradient—pressure
formulation of the unsteady Brinkman—Forchheimer problem is developed in [34]. Well-posedness and
error analysis are presented for the semi-discrete and fully discrete schemes. The method is robust
with respect to the Brinkman parameter. In [17] the steady state Darcy—Brinkman—Forchheimer
problem with mixed boundary condition is studied. The authors prove existence of a unique solution
under small data conditions. Then, the convergence of a Taylor—-Hood finite element approximation
using a finite element interpolation of the porosity is proved under similar smallness assumptions. In
addition, optimal error estimates are obtained. In turn, in [13], the steady Brinkman—Forchheimer
model is coupled with a double-diffusion equation. The velocity gradient, the pseudostress tensor, the
temperature and concentration gradients, and a pair of flux vectors are introduced as additional un-
knowns. Well-posedness for the resulting fully mixed continuous and discrete problems is established
in a Banach space setting, and error analysis is carried out.

On the other hand, there is another approach that is increasingly studied to solve fluid flow problems,
which incorporates the vorticity field as a new unknown in the system and results in different weak



formulations, see [3-5,123,/32]. This new strategy exhibits the advantage that the vorticity (which is a
sought quantity of practical interest in industrial applications) can be approximated directly with the
same accuracy as the velocity, see [23]. Vorticity plays a fundamental role in fluid flow problems as
well as in their mathematical analysis; in many cases it is advantageous to describe the flow dynamics
in terms of the evolution of the vorticity. In particular, for a vorticity—velocity—pressure formulation,
since no postprocessing of the velocity is needed to compute the additional field, boundary conditions
for external flows can be treated in a natural way, and non-inertial effects can be readily included by
simply modifying initial and boundary data |32]. Moreover, the formulation allows for smooth vorticity
approximations using continuous finite element spaces, in contrast to the discontinuous approximation
obtained by postprocessing the velocity.

The purpose of the present work is to develop and analyze a new vorticity-based mixed formulation of
the unsteady Brinkman—Forchheimer problem and study a suitable conforming numerical discretiza-
tion. To that end, unlike previous Brinkman-Forchheimer works and motivated by [4] and [3], we
introduce the vorticity as an additional unknown besides the fluid velocity and pressure. In the addi-
tion to the advantage of a direct, accurate, and smooth approximation of the vorticity, our approach
improves the suboptimal theoretical rates of convergence obtained in [15] and [14] for the pseudostress—
velocity and velocity—velocity gradient—pseudostress formulations, respectively. In particular, optimal
rates of convergence are obtained without any quasi-uniformity assumption on the mesh.

We remark that our formulation is based on the natural H'-L? spaces for the velocitypressure
pair, thus allowing for classical stable Stokes elements to be used. Since the three-field formulation
does not provide control of the velocity in the H'-norm, it is augmented with two terms to control
the curl and the divergence of the velocity. It is illustrated in the numerical section that these terms
improve the pressure robustness of the scheme, i.e., convergence of the velocity and vorticity that is
robust for small values of the viscosity, as well as its divergence-free property.

We establish existence and uniqueness of a solution to the continuous weak formulation by employ-
ing techniques from [31] and [13], combined with the classical monotone operator theory in a Hilbert
space setting. Stability for the weak solution is established by means of an energy estimate. We
further develop semidiscrete continuous-in-time and fully discrete finite element approximations. The
velocity and pressure are approximated by stable Stokes elements, whereas, continuous or discontin-
uous piecewise polynomial spaces are employed to approximate the vorticity. We make use of the
backward Euler method for the discretization in time. Adapting the tools employed for the analysis of
the continuous problem, we prove well-posedness of the discrete schemes and derive the corresponding
stability estimates. We further perform error analysis for the semidiscrete and fully discrete schemes,
establishing optimal rates of convergence in space and time.

Outline. We have organized the contents of this paper as follows. In the remainder of this section we
introduce some standard notation and needed functional spaces, and describe the model problem of
interest. In Section [2] we develop the velocity—vorticity—pressure variational formulation. In Section
we show that it is well posed using classical results on nonlinear monotone operators. Next, in Section
we present the semidiscrete continuous-in-time approximation, provide particular families of stable
finite elements, and obtain error estimates for the proposed methods. Section [5|is devoted to the
fully discrete approximation. Finally, the performance of the method is studied in Section [6] with
several numerical examples in 2D and 3D, verifying the aforementioned rates of convergence, as well
as illustrating its flexibility to handle spatially varying parameters in complex geometries.

Preliminary notations. Let Q C R?, d € {2,3}, denote a domain with Lipschitz boundary I'. For
s > 0 and p € [1,4+00], we denote by LP(Q2) and W*P(Q2) the usual Lebesgue and Sobolev spaces



endowed with the norms | - [|1p(q) and || - [[wsr(q), respectively. Note that WOP(Q) = LP(Q). If p = 2,
we write H%(Q2) in place of W2(£2), and denote the corresponding norm by || - |ms(0)- By H and H we
will denote the corresponding vectorial and tensorial counterparts of a generic scalar functional space
H. The L2(Q) inner product for scalar, vector, or tensor valued functions is denoted by (-,-)q. The
L2(T') inner product or duality pairing is denoted by (-, ). Moreover, given a separable Banach space
V endowed with the norm || - ||y, we let LP(0,T; V) be the space of classes of functions f : (0,7) — V
that are Bochner measurable and such that || f||¢e(o,7;v) < 0o, with

T
LA IEe 07w ::/0 LF@OIT dt, N fllueeo vy = esssup || f(t)]lv.

te[0,T

In turn, for any vector field v := (v;);=1,4, we set the gradient and divergence operators, as

dv; 4 9,
Vv = ( Z) and div(v) := —Z.
Ox; ij=1,d Z O ;

In addition, in the sequel we will make use of the well-known Hélder inequality given by

11
/Qlfgl < Ml gl ¥ F€LAQ), Vg € L), with 42 =1,

and the Young inequality, for a,b >0, 1/p+1/q =1, and ¢ > 0,
6P/2 1

ab < 5 ap+q5q/2bq. (1.1)

Finally, we recall that H!(Q) is continuously embedded into LP(Q2) for p > 1if d = 2 or p € [1,6] if
d = 3. More precisely, we have the following inequality

lwlle@) < lipll wlla @) Yw e HY(Q), (1.2)

with ||ip|| > 0 depending only on |2 and p (see [30, Theorem 1.3.4]).

The model problem. Our model of interest is given by the unsteady Brinkman—Forchheimer equa-
tions (see for instance [14H16}/19,26]). More precisely, given the body force term f and a suitable initial
data ug, the aforementioned system of equations is given by

(21; vAu+au+FluP2u+Vp=f div(u)=0 in Qx(0,7], (1.3)

u=0 on I'x(0,7], u(0) =uy in 2, (p,l)o=0 in (0,77,
where the unknowns are the velocity field u and the scalar pressure p. In addition, the constant v > 0

is the Brinkman coefficient, @ > 0 is the Darcy coefficient, F > 0 is the Forchheimer coefficient and
p € [3,4] is a given number.

2 The velocity-vorticity-pressure formulation

In this section we introduce a new velocity-vorticity-pressure formulation for (1.3). To that end, we
proceed as in [4] (see similar approaches in [3}/5]) and introduce as a further unknown the vorticity w,
which is defined by

%—% , ford =2,
w = curl(u) = Ox; Oz
V xu , ford=3.



Note that the curl of a two-dimensional vector field is a scalar, whereas for a three-dimensional one
it is a vector. In order to avoid a multiplicity of notation, we agree nevertheless to denote it like a
vector, provided there is no confusion. Then, employing the well-known identity [22, Section 1.2.3]:

curl(curl(v)) = —Av + V(div(v)) (2.1)

in combination with the incompressibility condition div(u) = 0 in © x (0,77, we find that (1.3]) can be
rewritten, equivalently, as follows: Find (u,w,p) in suitable spaces to be indicated below such that

aazl—i-ozu—FF\uP2u+vcurl(w)+Vp:f, w =curl(u), div(u)=0 in Qx (0,77, (2.2)

u=0 on I'x(0,7], u(0) =uwy in Q (pl)g=0 in (0,7].
Next, multiplying the first equation of (2.2]) by a suitable test function v, we obtain
(Oru, V) + a(u,v)g +F (JulP"?u,v)q + v (curl(w), v)o + (Vp,v)a = (f,v)q, (2.3)

0
where we use the notation J; := 7% Notice that the third term in the left-hand side of ({2.3) requires

u to live in a smaller space than L2(€2). In fact, by applying Cauchy-Schwarz and Holder’s inequalities
and then the continuous injection i, of H'(2) into LP(Q), with p € [3,4] (cf. (1.2))), we find that

[([ulP?uv)a| < lulfs Vo) < lilP lulfn g, Vi@ YuveH(Q), (2.4)

which together with the Dirichlet boundary condition u = 0 on I' (cf. (2.2])) suggest to look for the
unknown u in H(l)(Q) and to restrict the set of corresponding test functions v to the same space. In
addition, employing Green’s formula |22, Theorem 1.2.11], the fourth term in the left-hand side in

(2.3), can be rewritten as
(curl(w), v)o = (w,curl(v))o = (v x n,w)p = (w,curl(v))o VveHyQ).  (25)

Note that in 2-D the boundary term in (2.5) need to be replaced by (v -t,w)p. Thus, replacing
back (2.5)) into (2.3, integrating by parts the term (Vp,v)q, and incorporating the second and third
equations of (2.2 in a weak sense, we obtain the system

Dy, v)g + a(u,v)g +F (JuP2u,v)q + v (w, curl(v))g — (p,div(v))a = (f,v)q,
v(w, ) — v (¢, curl(u))g = 0, (2.6)
(¢, div(u))o = 0,

for all (v, 1, q) € Hy(Q2) x L%(Q) x L&(Q), where L3(Q) := {q cL?(): (¢, o= 0}.

Now, for convenience of the subsequent analysis and motivated by the well-known identity
IVVIE2i0) = leurl(v)llgz(q) + 1div(v)[E2(q) Vv € H(Q), (2.7)

which follows from (2.1]), we proceed to augment the system (2.6)) through the incorporation of the
following residual term arising from the second and third equations in ([2.2)):

k1 (curl(u) — w, curl(v) +¢)q = 0, ke (div(u),div(v))g = 0 V(v,¥) € H}(Q) x L2(Q), (2.8)

where k1 and ko are positive parameters to be specified later on.



Remark 2.1 We note that the first term in (2.8) is chosen to be skew-symmetric. While the symmet-
ric version of the term also results in a monotone operator, it leads to complications in the stability

bound for ||Opullr2(07.L2(0)) (cf. (3-34))-

Next, in order to write the above formulation in a more suitable way for the analysis to be developed
below, we now set

u = (u,w) € HY(Q) x L2(Q),

with corresponding norm given by

1/2
Il = 1)l = (Vo + 1)) Vv = (v,9) € HY(Q) x LA(@).

Hence, the weak form associated with the Brinkman—Forchheimer equation ([2.6)—(2.8)) reads: Given
£:[0,7] — L?(Q) and ug € H}(Q), find (u, p) : [0, T] — (H(2) x L2(Q)) x L3() such that u(0) = ug
and, for a.e. t € (0,7),

9 ! _ 1 2
57 €®), v+ [A®)), v] + [B(p(1),v] = [F(t),y] Vv eH(Q)xL¥(Q), (2.9)

— [B(u(t)), q] =0 VqeL2(Q),

where, the operators £, A : (H{(Q) x L2(Q)) — (H§() x LQ(Q)),, and B : (H{(Q) xL2(Q)) — L&(Q)’
are defined, respectively, as

[E(u),v] == (u,v)a, (2.10)
[A(u),v] := a(u,v)o +F (Jul’?u,v)o + v (w,9)q + v (w, curl(v))o — v (3, curl(u))o
+ k1 (curl(u) — w, curl(v) + )q + k2 (div(u), div(v))q, (2.11)
[B(v),q] == = (g, div(v))a, (2.12)
and F € (H}(Q) x L2(€))" is the bounded linear functional given by
[F,v] := (f,v)a. (2.13)

In all the terms above, [-,-] denotes the duality pairing induced by the corresponding operators. In
addition, we let B’ : L§(Q2) — (H{(Q) x LQ(Q))/ be the adjoint of B, which satisty [B'(¢), v] = [B(v), ¢
for all v = (v,v) € H}(Q) x L2(Q) and ¢q € L3(Q).

Note that the seminorm identity is stated for the case of Dirichlet boundary conditions for
velocity everywhere on I'. As indicated in |22} Section 3.2], the requirement can be relaxed to imposing
either u-n =0 or u x n = 0 (where n denotes the outward unit normal on the boundary) whenever
I is of class Cb! or if it is piecewise smooth without reentrant corners.

3 Well-posedness of the model

In this section we establish the solvability of (2.9)). To that end we first collect some previous results
that will be used in the forthcoming analysis.



3.1 Preliminary results

We begin by recalling the key result [31, Theorem IV.6.1(b)], which will be used to establish the
existence of a solution to (2.9). In what follows, Rg(.A) denotes the range of A.

Theorem 3.1 Let the linear, symmetric and monotone operator N be given for the real vector space
E to its algebraic dual E*, and let E; be the Hilbert space which is the dual of E with the seminorm

izl = (N z(@)? zekE.

Let M C E x Ej be a relation with domain D = {x €E: M(zx) # @}.
Assume M is monotone and Rg(N + M) = E;. Then, for each f € WH(0,T; E}) and for each
ug € D, there is a solution u of
0
a(/\/'u(t)) + M(u(t)) > f(t) ae 0<t<T, (3.1)
with
Nuec Whe(0,T;E;), u(t) €D, forall 0<t<T, and N u(0)=N up.

In addition, in order to provide the range condition in Theorem we will require the following
abstract result |13, Theorem 3.1], which in turn, is a modification of |12, Theorem 3.1].

Theorem 3.2 Let X1, Xo andY be separable and reflexive Banach spaces, being X1 and Xo uniformly
convez, and set X := X1 x Xo. Let A: X — X' be a nonlinear operator, B € L(X,Y"), and let V be
the kernel of B, that is,

V= {2):(2)1,122) €eX: B(v):O}.

Assume that

(i) there exist constants L4 > 0 and p1,p2 > 2, such that
2
i—2
lAw) = A@W)llx < La ) {Hui —villx, + (llwillx, + lvill )™ i — UiHXi} ,
i=1
for all u = (uy,u2),v = (v,v2) € X.

(ii) the family of operators {A(-+2):V = V': z€ X} is uniformly strongly monotone, that is
there exists v > 0, such that

[A(u+2) = Ao+ 2),u — 0] > yllu—o%,
for all z € X, and for all u,v € V, and
(iii) there exists 5 > 0 such that

wp B4
0AvEX vl x

> Blaly VaeY.

Then, for each (F,G) € X' x Y’ there exists a unique (u,p) € X XY such that
[A(u),v] + [B(v),p] = [F,v] VveX,
[B(u),q] = [G,q] VYgeY.



Next, we establish the stability properties of the operators involved in (2.9). We begin by observing
that the operators £, B and the functional F' are linear. In turn, from (2.10), (2.12)) and (2.13]), and
employing Holder and Cauchy—Schwarz inequalities, there hold

B),ql| < vl gz VY(v.q) € (Hy(Q) x L*()) x L§(Q), (3.2)
B, v]| < [fllea) IVIee@) < Il llvll Vv e Hy(Q) x L*(Q), (3.3)

and
[E@),v]| < lullllvl, [EW),v] = [vIfeq Yu,veHiQ)xLQ), (3.4)

which implies that B and F are bounded and continuous, and £ is bounded, continuous, and monotone.
In addition, employing the Cauchy-Schwarz and Hélder inequalities, the continuous injection of H' (£2)
into LP(§2), with p € [3,4], it is readily seen that, the nonlinear operator A (cf. (2.11)) is bounded,
that is

[AQ), v]| < Cu{Ilullew oy + gy + lwlleeey } vl (35)

with C4 > 0 depending on o, F, v, k1, and Ks.

Finally, recalling the definition of the operators &£, .4, and B (cf. (2.10)), (2.11), (2.12))), we stress
that problem (2.9) can be written in the form of (3.1)) with

— (! 2 2 _(u (€0 (A B
E = (Hy(9) x L*(Q)) x L§(%), u.-(p), N'_<O O)’ M.—<_B 0 . (3.6)
Let E} be the Hilbert space that is the dual of H}(Q2) x L*(Q) with the seminorm induced by the
operator £ := ((I) g) (cf. (2.10))), which is ||v|s = (V,v)sll/2 = [|[v[lL2@ Vv e H{(Q) x L?(Q). Note
that E} = L2(Q) x {0}. Then we define the spaces

B = (L3(Q) x {0}) x {0}, D := {(g,p) € (HY(Q) x L2(Q)) x L3(Q) 1 M(u,p) eE;,}. (3.7)

In the next section we prove the hypotheses of Theorem to establish the well-posedness of ([2.9)).

3.2 Range condition and initial data

We begin with the verification of the range condition in Theorem Let us consider the resolvent
system associated with (2.9): Find (u,p) € (H}(Q) x L?(Q)) x LZ(2) such that

[(E+A)(w),v]+[B(p),v] = [F.v] VveH)(Q) xLAQ), 58)
[B(u), q] =0 Vq e L§(Q),

where F € L2(€) x {0} ¢ (HA(2))’ x {0} is a functional given by F(v) := (f, v)q for some f € L2(1).
Next, a solution to is established by employing Theorem We begin by observing that, thanks
to the uniform convexity and separability of LP(2) for p € (1,+o0), the spaces H}(Q), L%(2), and
L(Q) are uniformly convex and separable as well.

We continue our analysis by proving that the nonlinear operator £ + A satisfies hypothesis (i) of
Theorem [3.2| with p; = p € [3,4] and py = 2.



Lemma 3.3 Let p € [3,4]. Then, there exists Lgr > 0, depending on v,F, and «, such that

[(€+A)) - (€+ AW
. (3.9)
< Lgr {Hu — vl + llw — Yl + (Iulla @ + IVIiE@)"  lu- VHHl(Q)} ,

for allu = (u,w),v = (v,7) € H}(Q) x L*(Q).

Proof. Let u = (u,w),v = (v,%),w = (w,¢) € H}(Q) x L?(Q). From the definition of the operators
E, A (cf. (2.10)), (2.11))), and using the Cauchy—Schwarz and Hélder inequalities, we deduce that

(€ +A)(w) — (€ + A)(v),w] < F [[[ulP~?u—[[P2v] 0 Wl (3.10)
+ 2 (v 4+ max{1l + a, k1, k2}) (lu— Vi) + |w — ¥llLz@) (W, D). '

In turn, using [6, Lemma 2.1, eq. (2.1a)], there exist a constant ¢, > 0 depending only on || and p,
such that )
[P = VP72 | g ) < e (Iullee) + [VlLe@) ™ e = VLo - (3.11)

Then, replacing back (3.11)) into (3.10), and using the continuous injection i, of H!(Q) into LP(£2) (cf.
(1.2), we obtain

. —2
1€+ A)() = (€ + AW < FlliplPep (lallmo) + VI @) lu=via @
+ 2 (v +max{1 + a, k1, ke}) (lu— vl + v —PllL@)

which implies (3.9) with Lgr = max {2 (v + max{1 + a, k1, k2}),F [|ip||P cp}. O

Next, the following lemma shows that the operator £ + A satisfies hypothesis (ii) of Theorem
with p; = p € [3,4] and pg = 2.

Lemma 3.4 Assume that k1 € (0,v) and kg € (0,+00). Then, the family of operators {(E+A)(-+z) :
H{j(Q) x L?(Q) — (H{(Q) x LZ(Q))/ .z € H{(Q) x L*(Q)} is uniformly strongly monotone, that is,
there exists ypr > 0, such that

[(E+Au+z)—(E+AV+z),u—v] > wrlu—v|?® VuveHj(Q) xL*Q). (3.12)

Proof. Let u = (u, = (v,v),z = (z,¢) € H}(Q) x L?(Q). Then, from the definition of the

operators &, .A cf. - ), we get

(E+A)(u+z)—(E+A)(V+z),u—yv]

\ <

= 1+a)||u- v||L2 +F(|u+z\p (u+z)— [v+z|P3(v+z),u —v)q, (3.13)
+ o lleurl(u — V)20 + 2 [div(n = v) 2oy + (v — 1) 0 — B2

In turn, using [6, Lemma 2.1, eq. (2.1b)], there exist a constant Cp, > 0 depending only on || and p,
such that

(Ju+ zP2(u+z)— |v+zP2(v+az),u— V)Q > Cp|lu— v||1£p(Q) Vu,v e LP(Q). (3.14)



Hence, replacing back (3.14) into (3.13]), and using the Cauchy—Schwarz and Young inequalities we
find that for all u = (u,w),v = (v,v) € H{(Q) x L2(Q2), there holds

(E+A)u+z)— (E+AV+z),u—yv]

> min {1+a, 1,50} (1= vl + leurl(a = v) 3o + ldivia - v)IZ)  (3.15)

2
+FCp llu=VIEoq) + (v =r1) o = ¢l
Then, assuming the stipulated ranges on k1 and k2, we can define the positive constants
v o= min{l—i—a,m,mg} and v :=v — K1, (3.16)

which together with the identity (2.7]), and neglecting the LP(2)-term in the right-hand side of (3.15)),
yields
[(E+A(utz) - (E+AV+2),u-v] > lu—v|fg +12le—Pliw,

which implies (3.12)) with g := min {71, ’yg}. O

Remark 3.1 We stress that the kernel of the operator B (cf. ([2.12)) ) can be written as V := KxL?(12),
where
K = {v cHI(Q): div(v)=0 in Q} . (3.17)

In turn, since the strong monotonicity bound holds on H} () x L2(Q), it is clear that it also
holds on V. Notice also that v € K (cf. (3.17)) implies that the term ks (div(u),div(v))q is not longer
required in to prove that the operator A is strongly monotone on 'V but in order to consider
classical conforming discrete spaces that are not divergence-free, we keep the ko-term and state the
result on the whole space Hy(Q) x L2(Q).

Remark 3.2 We also note that for computational purposes, and in order to maximize the strong
monotonicity constant ygr (cf. (3.16) ), we can choose explicitly the parameter k1 and ko by taking k1
as the middle point of its feasible range and ko > min{l + «, k1 }. More precisely, we can simply take

—L/ d > i {1 V}
K an K min + « .
1 2 2 Z 72

We end the verification of the hypotheses of Theorem with the corresponding inf-sup condition

for the operator B (cf. (2.12])).

Lemma 3.5 There exists a constant 8 > 0 such that

sup [B(v), q]

> Bllallz) Va€Li(). (3.18)
0£vEH](Q)xL2(Q) [[v]]

Proof. First, we recall from |20, Corollary B.71] the inf-sup condition

sup > Bllalie VaeLi(). (3.19)

orveri(@) [VIai(o)

Thus, (3.18) follows straightforwardly from (3.19) and the definition of the operator B (cf. (2.12)). O

The main result of this section is established now.
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Lemma 3.6 Assume r1 and kg as in Lemmal3.4l Then, given F = (/f, 0) € L2(Q2) x {0}, there emists
a unique solution (u,p) € (H{(Q) x L2(Q)) x L3(Q) of the resolvent system (3.8)).

Proof. First, we recall from (3.2) and (3.3) that B and F are linear and bounded. Then, as a
consequence of Lemmas|[3.3] and [3.5], and a straightforward application of Theorem [3.2|we conclude
the result. g

We end this section establishing a suitable initial condition result, which is necessary to apply
Theorem [3.1] to our context.

Lemma 3.7 Assume the initial condition ug € Ha, where
Hp = {V cHI(Q): AveL*Q) and div(v)=0 in Q} (3.20)

Then, there exists (wo,po) € L2(2) x LE(Q) such that uy = (ug,wo) and

(% 5 ) (%) e@mxonxo. (3.21)

Proof. We proceed as in 15, Lemma 3.6]. In fact, we define wy := curl(up) and choose py = 0 in €,
with up € Ha (cf. (3.20)). It follows that wy € L2(2) and py € LE(Q2). In addition, using (2.1)), we
get

veurl(wg) = —vAuy in Q. (3.22)
Next, multiplying the identities (3.22)), v (wo — curl(ug)) = 0 and div(ug) = 0 in Q by v € H}(Q),
¥ € L?(Q), and ¢ € L3(f), respectively, integrating by parts as in (2.5)), considering the fact that
k1 (curl(ug) — wp) = 0 and ko div(ug) = 0 in 2, and after minor algebraic manipulation, we deduce

(4 5)()- (%)

(fo,v)q = (—v Aug + aug + F [ug|P2ug, v)q,

where, Fo = (fp,0) and

which together with the additional regularity of ug, and the continuous injection of H!(Q2) into
L2P—1)(Q), with 2(p — 1) € [4,6], cf. (1.2), implies that

|, v)a| < {¥l1Auola) + o [uollLeqo) + F luoll3zs 1 g } IVliza@)
(3.24)
< ¢ {llauliea) + ol + 1o o, } IvILee)
Thus, Fg € L2(2) x {0} so then (3.21]) holds, completing the proof. O

Remark 3.3 The assumption on the initial condition ug in (3.20)) is not necessary for all the results
that follow but we shall assume it from now on for simplicity. A similar assumption to ug is also made
in (15, Lemma 3.6] (see also (14, Lemma 3.7] and [19, eq. (2.2)]). Note also that (uy,po) satisfying

(3.21)) is not unique.
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3.3 Main result

We now establish the well-posedness of problem ({2.9)).

Theorem 3.8 Assume k1 and k2 as in Lemma . Then, for each £ € WH1(0,T;L%(Q)) and ug €
Ha (¢f. (3:20)), there ezists a unique (u,p) = ((u,w),p) : [0,T] — (H(Q) x L2(Q)) x LE(Q) solution
to [2.9), such that u € WH*°(0,T;L2(2)) and u(0) = ug. In addition, w(0) = wg = curl(ug).

Proof. We recall that fits the problem in Theorem |3.1| with the definitions and . Note
that A is linear, symmetric and monotone since & is (cf. (3.4)). In addition, since A is strongly
monotone, it is not difficult to see that M is monotone. On the other hand, from Lemma|3.6] we know
that for some (F,0) € E; with F = (f,0), there is a (u,p) = ((u,w),p) € (H}(Q) x L2(Q)) x LE(9),
such that (F,0) = (N + M)(u, p) which implies Rg(N + M) = E;. Finally, considering ug € Ha (cf.
(3:20)), from a straightforward application of Lemma 3.7 we are able to find (wg,po) € L?(Q) x L3(£)
such that (uy,po) = ((wg,wo),po) € D. Therefore, applying Theorem to our context, we conclude
the existence of a solution (u,p) = ((u,w),p) to [2.9), with u € WH(0,T;L?(Q)) and u(0) = uy.

We next show that the solution of is unique. To that end, let (u;,p;) = ((w;,w;),p;), with
i € {1,2}, be two solutions corresponding to the same data. Then, taking with (v,q) = (u; —
u,, p1 — p2) € (HH(Q) x L*(2)) x LE(), subtracting the problems, we deduce that

1
B O lur — uQHiQ(Q) + [A(;) — A(wy),u; —uy] =0,

which together with the strong monotonicity bound of A (cf. (3.15)—(3.16)), yields

1 ~
5 O lu1 — W2|F2(g) + 71 lwr — w2l o) + 72 [lwi — w2lfaq) <0, (3.25)

where 41 := min {«, K1, k2 } and 7 is defined in (B.16]). Integrating in time (3.25)) from 0 to ¢ € (0,77,
and using that u;(0) = uz2(0), we obtain

t
s () = 20 oy + [ (s = vl + loon = wallaey) s < 0. (3.26)

Therefore, it follows from (3.26)) that u;(t) = ua(t) and wi(t) = wa(t) for all ¢t € (0,T]. Next, from
the inf-sup condition of the operator B (cf. (3.18))) and the first equation of (2.9), we get

Blipr = p2lliao) < sup (08w — ) ¥l + [Awy) - Alw).v))

=0,
0#£vEH] () xL2(Q) vl

which implies that py(t) = p2(t) for all t € (0,7, and therefore (2.9) has a unique solution.

Finally, since Theorem (3.1 implies that M (u) € L*°(0,T; E}), we can take ¢ — 0 in all equations
without time derivatives in (2.9)). Using that the initial data (ugy, po) = ((uo, wo), po) satisfies the same
equations at ¢ = 0 (cf. (3.21))), and that u(0) = ug, we obtain

(v — k1) (W(0) —wo,P)g = 0 Vap € LE(Q). (3.27)
Thus, taking ¥ = w(0) — wy in (3.27) we deduce that w(0) = wyp, completing the proof. O

We conclude this section with stability bounds for the solution of ({2.9).
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Theorem 3.9 Let p € [3,4]. Suppose that the stabilization parameters k1 and ko are taken as in
Lemma . Assume further that £ € WH1(0, T; L2(Q)) N L2P=D(0, T; L3(Q)) and ug € Ha satisfying
(3.21). Then, there exist constants Cgr 1, Cgr2 > 0 only depending on |Q|,v, o, F, and 3, such that

[ullree o,miL2()) + e o,mm @) + @l @) + IPlizor12 @)

(3.28)
< Cora {110 oo mancay + IEleonaon + lolg, + uolBaly + lollen )}
and
2
[allree 0,11 () < Csr2 {”fHL2(O,T;L2(Q)) + ||u0HE{>(Q) + ||UOHH1(Q)} . (3.29)
Proof. We proceed as in [15, Theorem 3.3]. In fact, we begin choosing (v, q) = (u,p) in . to get

50w wa + [A(w),u] = (£,

Next, from the definition of the operator A (cf. (2.11)), employing similar arguments to (3.15) and
using Cauchy—Schwarz and Young’s inequalities, we obtain

1 ! 0 1
iat\|u||i2(ﬂ)+§||u”i2 +F[ullf o) Al @) Fr2lwllfeg) < §Hf”i2(9)+ﬁ||uHi2(Q)v (3.30)

where 71 := min {a/2, K1, 52} and o is defined in (3.16)). Then, choosing 6 = 1/« yields

1
5 O Nl oy + 71 Nl ) + 72 lla@) < 5 Wy (3.31)

Notice that, in order to simplify the stability bound, we have neglected the term [u|7, () In the left
hand side of (3.30)). Integrating (3.31)) from 0 to ¢t € (0,7, we obtain

t t
Hmwé@+A(w@mmwmﬁmﬂwéc{ﬁnmﬁmw+W@ﬁm&, (3.32)

with C7 > 0 depending only on v and «.

On the other hand, from the inf-sup condition of B (cf. (3.18])), the first equation of (2.9)), the
stability bounds of F, &, A (cf. (3.3)), (3.4), (3.5)), and the continuous injection of H!(£2) into LP(12),
with p € [3,4], we deduce that

Blplzgy < sup [F,v] = [0 £(u),v] — [Au), V]
T 0AvEH}(2)x12(0) v

< G (Ifllz@ + lallen ey + Nl + @l + 100 allz )

with Cy > 0 depending on |Qf, |lip]l,»,F, and . Then, integrating from 0 to ¢ € (0,T] and using
similar arguments to 2) (cf. [14} egs. (3.32)—(3.33)]), we obtain

t
| i ds
sci{/’@mL D4 €2y ) ds+ [uO) g + [u(0) 122, + /n@uhm) }

13
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with Cy > 0 depending on |Q|, ||ip||, 7, F,, and B. Next, in order to bound the last term in (3.33)),
we differentiate in time the equations of (2.9)) related to ¢ and ¢, choose (v,q) = ((0;u,w),p), and
employ Cauchy—Schwarz and Young’s inequalities, to find that

1 2F .
201 (allalaoy + 25 Talagy + o Idiv(a) e + lle) + 100 alzqo
1 1 (3.34)
+ k1 (curl(u) — w, 9 curl(u))q + k1 (9 (curl(u) — w),w)q < §Hf|]%2(9) + §H8tu|]%2(m

where, using the linearity of the time derivative, it follows that
1
k1(curl(u)—w, drcurl(u))o+r1 (0 (curl(u)—w),w)q = 3 O (/ﬂchrl(u)HiQ(Q)—meHiQ(Q)). (3.35)

Thus, replacing back (3.35)) into (3.34), integrating from 0 to ¢ € (0,7, using (2.7)), the Cauchy—
Schwarz and Young’s inequalities, and some algebraic manipulations, we get

~ 2
)l q) + - s + 72 llw(t )Hmmﬁ/ 100 E2q) ds

t (3.36)
Cs { /0 11120y ds + 1 (0) I ) + 10(0) 310y + ||w(0)||%2(9)} ;

with 71,72 defined in (3.25), and C3 > 0 depending on v,F, and a. Note that according to the
stipulated range on k1, the term 73 [lw ()13 2 ¢ (@) is positive. Then, combining (3.36) with (3.33)), yields

t

(3.37)
2 1
(0 Baq + u >HL<;’Q)> + [[(0) 31 gy + Hw(O)H%zm)},

which, combined with (3.32) and the fact that (u(0),w(0)) = (ug,wo) and wy = curl(ug) in Q (cf.
Lemma , implies (3.28). In addition, the first term in the left-hand side of (3.36) and some
algebraic computations yields (3.29)) concluding the proof. O

Remark 3.4 We note that (3.29) can be expanded to include a bound on ||ullg(orL2()

lwllLee0,r:L2(0)), and |IpllLeeo.ri12(0)), using (3.36) and (3.37). We state it in this simpler form,
since the bound on |[ul|pe(o w1 (q)) will be employed in the next section to deal with the nonlinear
term associated to the operator A (cf. (2.11) ), which is necessary to obtain the error estimate.

4 Semidiscrete continuous-in-time approximation
In this section we introduce and analyze the semidiscrete continuous-in-time approximation of (2.9)).

We analyze its solvability by employing the strategy developed in Section Finally, we derive the
error estimates and obtain the corresponding rates of convergence.
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4.1 Existence and uniqueness of a solution

Let T, be a shape-regular triangulation of € consisting of triangles K (when d = 2) or tetrahedra K
(when d = 3) of diameter hf, and define the mesh-size h := max {hx : K € T }. Let (H}},H?) be a

pair of stable Stokes elements satisfying the discrete inf-sup condition: there exists a constant 5 > 0,
independent of h, such that

/qhdiv(vh) _
sup =L > Blgnlli2) Van € Hp. (4.1)
ozviery [Vl (o)

We refer the reader to [8] and [9] for examples of stable Stokes elements. To simplify the presentation,
we focus on Taylor-Hood [33] finite elements for velocity and pressure, and continuous piecewise
polynomials spaces for vorticity. Given an integer I > 0 and a subset S of R?, we denote by P;(S) the
space of polynomials of total degree at most [ defined on S. For any k > 1, we consider:

H! = {vi € [CO":  vilk € [Peni(K) VK €T} nH}(Q),
H, = {@ e C@Q): alx € Pu(K) VK€ Th}nL3@), (4.2)
HY .= {wh € [CEUD2 . k€ [PR(E)|WED2 v € Th}.

It is well known that the pair (H}},H}) in (4.2)) satisfies (4.1)) [7]. We observe that similarly to [3,5],

we can also consider discontinuous piecewise polynomials spaces for the vorticity, that is,
Hj = {wh € [LAQIUTD2 0wyl € PR(E))MD2 VK € 7%}

In addition to the Taylor-Hood elements for the velocity and pessure, in the numerical experiments
in Section |§| we also consider the classical MINI-element [8, Sections 8.4.2, 8.6 and 8.7] and Crouzeix—
Raviart elements with tangential jump penalization (see |18] for the discrete inf-sup condition for the
lowest-order case and, e.g., the recent paper [11] for cubic order).

Now, defining w;, := (up,wp), vy, = (vp,9;,) € HP x HY, the semidiscrete continuous-in-time
problem associated with reads: Find (uy,pp) : [0,7] — (H}; X H?:) x H) such that, for a.e.
t e (0,7),

c‘ft [E(up), vi] + [A(uy), v ] + [B(vy),pn] = [F,v,] Vv, € HY x HY,
—[B(uy), gr] =0 Y, € HY.

(4.3)

As initial condition we take (uy, o, pr,0) = ((Wh,0, Wh,0); Ph,o) to be a suitable approximations of (uy, po),
the solution of (3.23)), that is, we chose (uy, o, pp,0) solving

[A(wy0), vp] + B(vy),pro]l = [Fo,v,] Vv, € HY x HY, 4)
—[B(uy0); qn] = 0 Vqn € HY,

with Fog € L2(2) x {0} being the right-hand side of . This choice is necessary to guarantee that
the discrete initial data is compatible in the sense of Lemma which is needed for the application
of Theorem Notice that the well-posedness of problem follows from similar arguments to the
proof of Lemma In addition, taking (v, qn) = (0, Pr0) in [£4), we deduce from the definition
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of the operator A (cf. (2.11))), the identity (2.7), and the continuity bound of Fy (cf. (3.24)) that,
there exists a constant Cy > 0, depending only on ||, |[ip||, v, , and F, and hence independent of h,
such that

2 @ < 00{||110H2(p 1) —|—|]Auo|IL2 +||u0\|i2(9)}. (4.5)

lanolTs 0y + lunollfn @

In this way, the well-posedness of (4.3) follows analogously to its continuous counterpart provided in
Theorem More precisely, we first address the discrete counterparts of Lemmas [3.3] and whose
proofs, being almost verbatim of the continuous ones, are omitted.

Lemma 4.1 Let p € [3,4]. Assume k1 and k2 as in Lemma . Then, the family of operators
{(5 +A)(-+z,) H xHY - (H xHY) : 2z, € H} H‘;{'} is uniformly strongly monotone with
the same constant ygr > 0 from (3.12)), that is, there holds

[(€+ Ay, +2;) — (E+A) (v, +2) 1, — V] > yer [y, — vy 1%,
for each z;, = (zp, ¢y) € HY x HY, and for all w;, = (up,wp), vy, = (vi, ¥;,) € H x HY. In addition,
the operator € + A : (H}! x HY) — (H}! x HY)' is continuous in the sense of (3.9)), with the same
constant Lgp.

We continue with the discrete inf-sup condition of B.

Lemma 4.2 There exists a constant E > 0, such that

B(v4), an P
ap BBl Fy 0 e m, (4.6
0#£v, €H} xHY vl
Proof. The statement follows directly from (4.1)). O

We are now in a position to establish the semi-discrete continuous in time analogue of Theorems

B.8 and 3.9l

Theorem 4.3 Let p € [3,4]. Assume k1 and k2 as in Lemmal3.4. Then, for each compatible initial
data (uy, o,Pn0) = ((Wh0,wn0),Pro) satisfying and f € Wl’l(O,T; L2(R2)), there exists a unique
(wp, pn) = ((up, wp), pr) : [0, 7] = (HP x HY) x HY solution to ([1.3), satisfying uh e WI’OO(O,T; H})
and (up(0),wr(0)) = (up0,who). Moreover, assuming that ug € Ha satisfies ( and that £ €
L2P=1)(0,T; L%(2)), there exist constants C'Bp 1,CBp2 > 0 depending only on (€1, ||1p|| v,a,F, and B,
such that

[unllLee0,r12()) + 12 o,rm @) + lwnllr2 o2 @) + 1PrllLzo,re2 @)

< aBF’l{HfHLQ(P ey T Iflore @) (4.7)
+[lao |5, + ol g o + HAu0HL2(Q) + [[Augllrz(q) + Hu0HL2(Q)} ,
and
[upllree 0,758 () < aBF,2{ 1€ll200,7:12(02)) + HuOHII:)—I:%Q) + [[Auo|lr2(0) + HUOHL2(Q)} : (4.8)

Proof. According to Lemma the discrete inf-sup condition for B provided by (4.6) (cf. Lemma
4.2), and considering that (uy, o, ps,0) satisfies (4.4), the proof of existence and uniqueness of solution
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of ([4.3) with up, € WH°(0,7;H}') and u,,(0) = uy, follows similarly to the proof of Theorem by
applying Theorem Moreover, from the discrete version of (3.27)), we deduce that wp(0) = wy .
On the other hand, mimicking the steps followed in the proof of Theorem [3.9] we obtain the discrete
versions of (3.32)—(3.37). Then, using the fact that (uy(0), wn(0)) = (up,0,whno) and estimate (4.5)),
we derive (4.7) and (4.8]), thus completing the proof. O

4.2 FError analysis

Now we derive suitable error estimates for the semidiscrete scheme (4.3)). To that end, we first introduce
the discrete kernel of B, that is, V}, := K; x H, where

K= {va € H}': (g div(vi)lo = 0 Van € HJ, (4.9)

and recall that the discrete inf-sup condition of B (cf. (4.6])), and a classical result on mixed methods
(see, for instance |21} eq. (2.89) in Theorem 2.6]) ensure the existence of a constant C' > 0, independent
of h, such that:
inf — < inf — . 4.1
ok [u—wv| < C v, e [u — v | (4.10)
Next, in order to obtain the theoretical rates of convergence for the discrete scheme (4.3)), we recall
the approximation properties of the finite element subspaces H}, HY, and H}, (cf. (4.2)), that can be
found in [8], [9], and [20]. Assume that u € H'*$(Q),w € [H3(Q)]4"1D/2 and p € H*(Q), for some
s € (1/2,k + 1]. Then there exists C' > 0, independent of h, such that

inf [[u—vullaie) < CR°luflgisq), (4.11)
VhEHh
inf — < Ch? s 4.12
il lw—=YpllL2@) < |wllezs @) > (4.12)
inf '|[p—anlliz) < Ch°[Iplnso) - (4.13)
thHh

Owing to (4.10) and (4.11)—(4.13)), it follows that, under an extra regularity assumption on the exact
solution, there exist positive constants C'(u), C(d;u), C(p), and C(9;p), depending on u,w and p,
respectively, such that
inf — < C(u)h®, inf ||Oyu— < C(Oyu) h?,
b e = vyl < Clu) b l10ru = vyl < C(0u)
' . ' . (4.14)
inf [lp—anllq < C(p)h*, and  inf [0;p—qnllq < C(9rp)h®.
an€H}, an€H},

In turn, in order to simplify the subsequent analysis, we write ey = (ey,€u) = (U — Up,w — wp),
and e, = p — pp,. Next, given arbitrary v, := (V;,@p) : [0,T] = V}, (cf. (4.9)) and g : [0,T] — HY,
as usual, we shall then decompose the errors into

eg = 5g+ Ir]g = (6117 50-’) + (Tlua T’w) ) ep = 517 + T]p? (415)
with

du=u-—vy, 6w=w—17)h, Op=p—qn,
(4.16)

Mu=Vh—Un, Ny =Y, —Wh, MN,=0qn—Dh-
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In addition, we stress for later use that ;v : [0,7] — V}, for each v, (t) € V, (cf. (4.9)). In fact,
given (v, qn) : [0,T] — V3, x HY, after simple algebraic computations, we obtain

[B(atXh)7Qh] = 8t([6(!h)7Qh]) - [B(Xh)aat Qh] =0, (4-17)

where, the latter is obtained by observing that d; g5 (t) € H}.

In this way, by subtracting the discrete and continuous problems (2.9) and (4.3)), respectively, we
obtain the following system:

e v+ [A®) — Aw,), v, + [Blyy) )] = 0 Vv, € H < Hy .
[B(ew), gn] = 0 Vg eH.

We now establish the main result of this section, namely, the theoretical rate of convergence of the
discrete scheme (|4.3)). Notice that, optimal rates of convergences are obtained for all the unknowns.

Theorem 4.4 Let p € [3,4]. Assume k1 and ko as in Lemma [3.] Let (w,w),p) : [0,T] —
(H}(Q) x L2(Q)) x LE(Q) with u € WH*(0,T;L*(Q)) and ((up, wp),pp) : [0,T] — (H} x HY) x HY
with v, € WH(0,T; H}), be the unique solutions of the continuous and semidiscrete problems
(2.9) and , respectively. Assume further that there exists s € (1/2,k + 1], such that u €
H!I™(Q), w € [H(Q)]44-1D/2 qnd p € H*(Q2). Then, there exists C(u,p) > 0 depending only on
C(u),C(0ru),C(p),C(0p), |9, |lipl], v, F, B, and data, such that

lleullre0,r:L2) + lleulltzo,rm @)
+ llew|lLzo,me2) + lepllizo,rre@) < Clu,p) (hs + h* (p_1)> : (4.19)

Proof. First, adding and subtracting suitable terms in the first equation of (4.18)), with v, = n, =
(Mw M) : [0,T] = Vi, (cf. (4.9)), proceeding as in (3.15) and using the fact that n,(t) € Vj, thus

[B(n4),M,] = 0, we deduce that
200 1 l22(cy + 0 Ml 2y + F Co 1l + 1 leurd(m)|2
o Yt IMallL2(0) TMallr2(Q) p [IMullLe () 1 M) llL2(0)
+hiz [div(m)[f2(0) + (v = K1) 110120 (4.20)
< =000, M) — (8w, My — F(lulP"?u— [V4P"*Vh, ny)a — v(8w,my, + curl(n,))o
+v(ny,, curl(dy))a — K1(curl(dy) — 0w, curl(n,) +ny,)a + (9, — K2div(dy), div(ny))o .

Next, assuming k1 and ko as in Lemma using the identity (2.7)), the Cauchy—Schwarz, Hélder and
Young’s inequalities (cf. ((1.1))), some algebraic computations, and neglecting the term Hnu||ip(m in
(4.20) to obtain a simplified error estimate, we get

1 2 _ 2 2

5 O Imalizq) + Tor (Il @) + Imw 2

< C1 (1100 8ullEa(gy + I8ullisey) + (1 + I8 16uln ) + 186llEa@) + 1851220 )

VBF 2 2
+255 (Imalliu @) + I lee )
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where g := min {a, K1, Ko,V — /{1} and C is a positive constant depending on |Q, [|lip||, v, o, F, k1,
and ko, which yields

O Imulaqey + Tor (Iallf ) + 17122 o
4.21

<201 (1108ullEa() + 18ulliibigy) + (1+ 5 i) 18ullrs ) + 18w 320 + 1651172y )

Integrating (4.21)) from 0 to ¢ € (0,77, recalling that [[ul|y( ;a1 (q)) is bounded by data (cf. (3.29)),
we find that

t
IOl + [ (Il + i) ds
0 (4.22)

t
2(p—1
< Cy { /0 (10 8ullZ () + 18ulf o) + I18ul + 18,12 (q ) ds + Hnu(O)Hiz(Q)} ,

with Cy > 0 depending only on |Q, ||ip]|, v, o, F, k1, k2, and data.

Next, in order to bound the last term in (4.22)), we subtract the continuous and discrete initial
condition problems (3.23]) and (4.4)), to obtain the error system:

[A(uy) — Ay, ), vp] + [B(vn), po —prol = 0 Vv, € Hy x HY,

— [B(uy —Eh,o),Qh] = 0 Vg€ H’Z.
Then, proceeding as in (4.21)), recalling from Theorems and that (u(0),w(0)) = (ug,wo) and
(u7,(0), wn(0)) = (up,0,wn,0), respectively, we get

I70(0) s ) + 1m0 )12 < Co (110unllzaey) + 1, I + 1830 220 ) (4.23)

where, similarly to (4.16]), we denote 8y, = (8uy, 6wy) = (1o — V4 (0), wo —@h(O)) and 6p, = po—qr(0),
with arbitrary (v(0), ;,Lh(O)) € Vj, and ¢,(0) € HY, and Co is a positive constant depending only on
1, lipll, v, &, F, k1, and ka. Thus, combining and (4.23), and using the error decomposition
, there holds

t
lew(®) iz +/o (”euH%—Il(Q) + HewHiz(n)) ds < C'¥(u,p), (4.24)

where

t
Wawp) = [8ul)+ [ (1008l + 1800+ 180 + 18y ) s

+ (18 1P P + (18 I17 + 118012 -

On the other hand, to estimate ||e;||12(07;1.2(q)), We observe that from the discrete inf-sup condition
{1y

of B (cf. (4.6))), the first equation of (4.18)), and the continuity bounds of £, .4, B (cf. (3.4) (3.9), (3.2))),
there holds

§||np||L2(Q) < sup — ([0 E(en), vp] + [A(u) — A(uy), vi] + [B(vy,), 8,))

0z£v, cHI xHY v |
-2
< C3<H0teuHL2(Q) + [leullmr @) + (”uHﬂl(Q) + ”uhHHl(Q))p leullr () + lewllL2@) + H(spHLQ(Q)) )
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with C3 > 0 depending only on |Q|, |[ip ||, v, o, F, k1, and k2. Then, taking square in the above inequality,
integrating from 0 to ¢ € (0, T, recalling that both [[ul|y,c (o ;1 (0)) and |[ual|e o, r;m1 (0)) are bounded

by data (cf. (3.29), (4.8])), and employing (4.24]), we deduce that

t t
[ 1yl ds < 04{w<u,p>+ [ 1m0 ds}, (4.25)

with Cy > 0 depending on ||, [lip||, v, o, F, 5, K1, k2, and data. Next, in order to bound the last term
in (4.25), we differentiate in time the equation of (4.18]) related to 4, choose v, = (0¢ny,N,,), and
use the identity (3.35)), to find that

100 s+ 5 O Il + 1 lewml(m) sy + 2 v ) [y + (2 = 1) [ )

—(04 8w, O nu)e — @ (Fu, imy)a — F (JulP~>u — [up P~ 2up, dmy)e — v(0 0w, nw)a
— (0w, curl(0rmy))o + v(n,,, curl(0:0y4))a — k1(curl(dy) — 6, curl(Om,) — O, )a  (4.26)

— K10¢(curl(dy) — 0w, My, )o — K2(div(dy), div(9my))a + (0, div(9iny,))a
Notice that (), div(d;n,))a = 0 since (1,(t),0) € V}, (cf. and (4.17)). Then, using the identities
(0w, curl(9m,))a = 0 (8w, curl(ny))a — (014, curl(ny,))a
(curl(dy) — by, curl(0im,) — My, )a = 0; (curl(dy) — 0o, curl(n,) — 1y )a
— (curl(9;0y) — 940w, curl(n,) — ny)a, (4.27)
(div(du), div(9my))a = 9 (div(du), div(ny))o — (div(d:du), div(ng))a,
(0p, div(Omu))a = 9 (9p, div(ny))a — (8:6p, div(ny))o

In turn, using the Cauchy—Schwarz and Holder inequalities, in combination with the continuous injec-
tion of H'(Q) into L2P~1(Q), with 2(p — 1) € [4,6], cf. (.2), we deduce that there exists a constant
Cs > 0, independent of h, such that

IN

([P ~u = [usPup, e < Cs (g ) + 1nllpae-n )" lewlpae-n )10 muliao)

IN

-2
Cs (Il ) + lwallm @) lewllm @0 nulliz @) - (4.28)
Thus, integrating (4.26|) from 0 to ¢ € (0,77, using the identities (2.7) and (4.27), the estimate (4.28]),

the Cauchy—Schwarz, Holder and Young’s inequalities, and some algebraic computations, we find that
2 2 ! 2
73F<||"7u(75)||H1(Q) + Hnw(t)Hy(Q)) +/0 10 MullT2 () ds
! 2 2 2 2(p—2) 2
< Co ( /0 (160 8l + 191811220y + 18ullZa( + (ullzm o) + IMnllers @) ™ llewlf oy ) ds
t
18O + 185 (1) 12200y + 181 12 + 1850 1220y + / Imll? ds + ||nu<o>12>
2
+ 72 (a0l + o @liey) + 5 [ 1l
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Then, recalling that [[ully, ;a1 () and [[uslre (0,71 (Q)) are bounded by data (cf. (3.29) and (4.8)),
employing estimates (4.22) and (4.23]), and some algebraic manipulations, we deduce that

t
a3 @) + 1m0 )32y + /0 18k a2y s
t
2(p—
< Cy </0 (H&: Sull* + H@&)Hé(ﬂ) + ||5u||}§11)(91)) + [|64]1* + ||5p||1%2(9)> ds (4.29)
+ 18I + 18,(8) 1720y + 180 51710 + 19, I + uapongg(m) ,

with C7 > 0 depending on ||, ||ip||, v, @, F, E, and data. Thus, combining (4.25)) with (4.29)), and using
the error decomposition (4.15)), yields

t t
| Tty s < os{w<u,p>+||6p<t>uia(m+ R ds}- (4.30)

Finally, using the fact that v;, : [0,7] — Vj, and g, : [0,7] — H}, are arbitrary, taking infimum in ([4.24)
and ([4.30) over the corresponding discrete subspaces V;, and H?, and applying the approximation
properties (4.14]), we derive (4.19) and conclude the proof. O

5 Fully discrete approximation

In this section we introduce and analyze a fully discrete approximation of (cf. (4.3)). To that
end, for the time discretization we employ the backward Euler method. Let At be the time step,
T = NAt, and let t,, = nAt, n = 0, ..., N. More precisely, we let dyu" = (At)~(u™ —u™"!) be the first
order (backward) discrete time derivative, where u™ := u(t,). Then the fully discrete method reads:
given £ € L?(Q) and (uf,p) = ((up0,wnp), Pho) satisfying find (uy,py) = ((uj,w}).pp) €
(H} x HY) x HY, n=1,..., N, such that

di[€(up), vp] + [A(ug), vi] + [B(vy),pp] = [F" ] Vv, € HR x Hy, 5.1)
—[B(u}), qn] =0 Van € HY,
where [F", v, ] := (f",vp)q.
In what follows, given a separable Banach space V endowed with the norm || - ||y/, we make use of
the following discrete in time norms
N
[ullfoo.7,v) = At 21 Il and  Jlulle=orv) = max [lu” v (5.2)
n=

Next, we state the main results for method ([5.1)).
Theorem 5.1 Let p € [3,4]. Assume k1 and k2 as in Lemma . Then, for each (g%,p%) =

((uh0,wh0), Pro) satisfying (£4) and f* € L2(Q),n = 1,..., N, there exist a unique solution (uy,py) =
((uf,w}),py) € (H} x HY) x HY to (6.1)). Moreover, under a suitable extra regularity assumption on
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the data, there exist constants 631:,1, CN'BFQ > 0 depending only |9, |lip||, v, o, F and 5 such that

[unllese 0,7:L2(0)) + Atlldeanlle20,m;2(0)) + nlleo,rm (@)

+||wh||£2(0,T;L2(Q) +||ph||e2(o,T;L2( Q) < CBFl{HfHLz(p norrz) T IElLeree o) (5.3)
+ o, Q) g lluol 5 ) + ”AuOHL2(Q + [|Aug|r2(0) + Hu0HL2(Q)}a
and
anlle= 0,11 () < 6131?,2{Hf||L2(o,T;L2(Q)) + HuOH%_l}Q) + [|[Auo|[r2(0) + Hu0||L2(Q)}- (5.4)

Proof. First, we note that at each time step the well-posedness of the fully discrete problem ([5.1)),
with n =1,..., N, follows from similar arguments to the proof of Lemma [3.6

On the other hand, the derivation of (5.3 and (5.4) can be obtained similarly as in the proof of
Theorem In fact, we choose (v;,,qn) = (up,p}}) in (5.1), use the identity

(di g, up)o = 5 dt||uh||L2 +3 AtHdtuhHLQ : (5.5)

the definition of the operator A (cf. (2.11))), the identity (2.7} -, and the Cauchy—Schwarz and Young’s
inequalities (cf. (L.1])), to obtain

1 2 1 2 - 2
5 dellubllizg) + 5 Atlldeuglieie) + 5 lluklia) + Fllupllt o

) (5.6)
+7 Huthl + 72 ”‘-%HL2 5 ”an%_,?(Q) + b HUZHi?(Q) ;
~ 1
where 71 := min {a/2, K1, Hg} and 7, defined in (3.16)). Then, choosing § = —, we obtain
«
dy || l[32 (0 + At devi|F2 () + 271 0] [ o) + 272 [wWhllF2i0) < Hf”HLz : (5.7)

Notice that, in order to simplify the stability bound, we have neglected the term ||uZHLp(Q) in the
left-hand side of ([5.6)). Thus summing up over the time index n = 1,...,m, with m = 1,..., N, in
(5.7) and multiplying by At, we get
m m
HuZnH%%Q) +(Ar)? Z Hdtumi%m + At Z (”112”%11(9) + HWZH%B(Q))
n=1 n=1 5.8
m (5.8)
< cl{m S 7 2agey + ||ugu§2(m} ,
n=1
with C] depending only on v, a, k1, and Ko.
On the other hand, from the discrete inf-sup condition of B (cf. (4.6)) and the first equation of

(5.1), we deduce that

Ikl < Co {1 e + Il o) + Ik Bk + Nty + NIz b (59)
with Cy > 0 depending on [Q|, |lip||, v, @, F, and 3. In turn, using Young’s inequality (cf. (1.1))), we
readily obtain

p2) P~

- 1) (p— 1)
a0 R IE 5y < —— 7 Iy ) + 2
ho llL2(@) MUallpe p— he L) T

|| uplzstey
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which, together with (5.7), the fact that H'(f) is continuously embedded into L?(f2), the Young
inequality (cf. (1.1])), and simple algebraic computations, imply

2 1 2 (p—2 2 2
di ([ |20 + Mgl < (0= Dllugllf P >dt||um|i2 1y 1 125 o

-~ n nn2(p—2 -~ n 1 1
< Gy " 2oy MBI D < s 2000 + 5 b))
which, similarly to (5.8]), yields
1) 1) nn2(p—1 2(p—1
|50 +At2||uh||ﬂf(m < cg{Athf ||L§‘gm>+||u2||L§fgm>}, (5.10)
n=1

with C3 > 0 depending on ||, ||ip||, v, and «. Then, taking square in , using and ([5.10] -, we
deduce the analogous estimate of (3.33)), that is

83 il < {8 S (PSR + 1)

=l (5.11)
+udl2 0, + ufliEz 0 +Atz deaf || 2, } with m=1,..., N,

n=1

with C4 > 0 depending on ||, ||ip ||, v, o, F, and 3. Next, in order to bound the last term in (5.11)), we

choose (vy,,qn) = ((d¢u},w}),pp) in (5.1), apply some algebraic manipulation, use the identity (5.5))
and the Cauchy—Schwarz and Young’s inequalities, to obtain the discrete version of (3.34)):

udtuhHLz(m 5 & (0 IR 0+ 2 lliv (o) gy + v I3y ) + F (g P2 dpuf)o

45 A (0 a2 + s [div(de)2agqy + v 220 (5.12)
1 1

+ wi(curl(uf) - wi deurl(uf))a + w1 (dy(curl(uf) — wi) whle < Sl Fao) + 5 14k 1)

where, using again (5.5)), analogously to (3.35)), we can obtain the identity

k1(curl(uy) — wp, dicurl(uy))q + k1(di(curl(uy) — wi), wh)o

(5.13)
/{1 n n Kl n n

= i (lleurl(up) 220y — Iwh20y) + 5 At (lewrlidig) 3 — ldwp Bz -

In turn, employing Holder and Young’s inequalities, we are able to deduce (cf. [14} eq. (5.13)]):

(Ap)~

(g P2, duf)e > (I ) = I W) = = iy (514

Thus, combining (5.12)) with (5.13) and (5.14), summing up over the time index n = 1,...,m, with
m=1,..., N and multiplying by At, we get

- LF -
g 3 o) + > R L) + 12 Wi IF20) + At Y bl
=t (5.15)

< ¢ {At S I By + 012 gy + 1108 ) + Hw%lliz(m} :

n=1
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with 47 := min {a, K1, /{2}, ~v2 defined in (3.16)), and C5 depending on v, «, and F. Then, combining

(-1T) and (B.15) yields
n|2(p—1) n
AtZuphuLz o < cﬁ{AtZ (12550 + 17 22 )

2 1 .
R 800y + I IEE ) + I1uf @ +||w2|i2(m}, with m=1,...,N

(5.16)
with Cs > 0 depending on ||, ||ip], v, a,F,g, and p, which combined With , the fact that
(u),w?) = (upo,wnp) and the estimate (4.5)), implies (5.3). In addition, and ( . ylelds
(5.4)), which concludes the proof.

Now, we proceed with establishing rates of convergence for the fully discrete scheme . To that
end, we subtract the fully discrete problem ([5.1)) from the continuous counterparts (2.9)) at each time

stepn=1,...,N, to obtain the following error system:
de [E(e), vi] + [A(") — A(up), vi] + [B(vy),e;] = (rn(u),vih)o (5.17)
[B(eﬁ)7 Qh] =0 )

for all v;, € Hy x HY and ¢, € HZ, where r,, denotes the difference between the time derivative and
its discrete analog, that is

rp(u) = dyu” — O u(ty).

In addition, we recall from [10, Lemma 4] that for sufficiently smooth u, there holds
At Z Irn(W)f2i) < C@xu) (A%, with C(@uu) = C 0w s rpa)- (5.18)

Then, the proof of the theoretical rate of convergence of the fully discrete scheme (5.1]) follows the
structure of the proof of Theorem [£.4] using discrete-in-time arguments as in the proof of Theorem
and the estimate (5.18)) (see [14, Theorem 5.4] for a similar approach).

Theorem 5.2 Let the assumptions of Theorem [4.4) hold with p € [3,4] and s € (1/2,k + 1].
Then, for the solution of the fully discrete problem there exists C’( ,p) > 0 depending only
on C(u),C(0ru),C(0yu),C(p), C(0p), |, lipl], v, o, F ﬁ,p, and data, such that

leullese0,r;12(0)) + At l|di eull20,1:L2(0) + l€ullez o7 ()

~

+ lewllez0,riL2 ) + llepllezor2@) < Cu,p) (hs +hs 7D At) . (5.19)
Remark 5.1 For the fully discrete scheme (5.1)) we have considered the backward Euler method only

for the sake of simplicity. The analysis developed in Section[5 can be adapted to other time discretiza-
tions, such as BDF schemes or the Crank-Nicholson method.

6 Numerical results

In this section we present some examples illustrating the performance of the augmented mixed for-
mulation. The numerical methods have been implemented using open source finite element libraries
(FEniCS [1] and FreeFem++ [24]).
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Figure 6.1: Example 1. Samples of numerical solutions for the accuracy test up to T' = 0.05, using the
base-line parameters o = 100, ¥ = 0.01, F = 10, and p = 3.5 and a Taylor-Hood-Lagrange method.

Example 1: verification of spatial convergence

The analysis of convergence established in the previous sections is illustrated numerically using a
classical manufactured solution approach. Convergence rates under mesh refinement are computed
with respect to the closed-form velocity and pressure

[ tcos(mz)sin(my)

v (—t sin(mx) coS(Fy)) . p=tsin(ma) sin(my), (6.1)

and w = curl(u), defined on the unit square @ = (0,1)%, up to a time 7" = 0.05 and using a
fixed time step At = 0.01 (sufficiently small not to interfere with the accuracy verification of the
spatial discretization). Non-homogeneous Dirichlet boundary conditions for velocity as well as the
forcing term f are imposed according to the exact manufactured solutions, and the average of the
approximate pressure is constrained to match that of the exact pressure (the constraint being imposed
through a real Lagrange multiplier). As the Dirichlet boundary conditions depend on time, this needs
to be taken into consideration when implementing the initialization of inner Newton—Raphson iterates
for each time step.

After backward Euler discretization, the nonlinear algebraic system encountered at each time iter-
ation is solved with a Newton—Raphson algorithm with an absolute incremental tolerance of 10~ (on
the £2—norm of the finite element incremental vector), and each linear solve of the tangent system is
done with the unsymmetric multi-frontal direct solver MUMPS [2]. The finite element family used for
these numerical tests is Taylor-Hood—Lagrange (i.e., the three finite dimensional subspaces in (4.2)
with k£ = 1).

Table illustrates the numerical convergence of the proposed method for this case, which uses
the following model parameters values o = 100, v = 0.01, F = 10, and p = 3.5. We display velocity
errors in the H'(Q)—norm, vorticity in the L?(£2)—norm and pressure in the L?(£2)—norm, computed
at the final time

ew = [[u—wllmi(Q) ew=[w—wnlLeq); € =I[p—pnrllLzq), (6.2)
together with experimental rates of convergence

log(e(.)/e’(_))
log(h/W) '

rate :=
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DoF h eu rate €w rate €p rate avg it
69 0.71 3.67e-02 * 3.70e-02 * 9.12¢-03 * 3.00
213 0.35 9.97e-03 1.88 8.98e-03 2.04 1.66e-03 2.46  3.00
741 0.18 3.36e-03 1.57 2.08e-03 2.11 3.42e-04 2.28  3.00
2757 0.09 1.12e-03 1.59 5.09e-04 2.03 8.12e-05 2.08  3.00
10629 0.04 2.71e-04 2.05 1.26e-04 2.01 2.01e-05 2.01 3.00
41733 0.02 5.20e-05 2.38 3.16e-05 2.00 5.02e-06 2.00 3.00
165381 0.01 1.05e-05 2.30 7.89e-06 2.00 1.26e-06 2.00 3.00

Table 6.1: Example 1. Error history with respect to mesh refinement, computed at 7" = 0.05 using
the base-line parameters o = 100, v = 0.01, F = 10, and p = 3.5 and with a Taylor—-Hood-Lagrange
method.

where h and h’' denote two consecutive mesh sizes with errors e(y and e’(,), respectively. We also
tabulate the average of Newton-Raphson iterates (avg-it) needed through all time steps on each
refinement level. Approximate solutions for this case are plotted in Figure [6.1

Next we perform similar tests but now varying the Forchheimer exponent p and the Forchheimer
number F (Table . In Table (top) very slight differences (with respect to the error history
reported in Table in absolute individual errors are observed for coarser meshes, but after the first
two mesh refinements the convergences are identical for all cases, showing the optimal O(h**+1) rate
as predicted by the theory. In Table (bottom) the iteration count increases due to the strength of
the nonlinearity (for F = 10000) but the convergence rates remain optimal.

The next set of runs focuses on varying the Darcy number « and the viscosity v (see Table .
Optimal convergence rates are observed independently of the chosen Darcy number (see top table).
Regarding the variation in viscosity, Table (bottom) indicates an optimal convergence for vorticity
and pressure, whereas for velocity a clear sub-optimal convergence is attained for the case of smaller
viscosities.

To close this example, we note that for the cases discussed above (v = 1073,1074,107%) it is
possible to recover the optimal convergence by either setting a larger augmentation constant x;, or by
modifying the velocity norm to

en = [[u—wpllr2(0) + v[[Vu = Vuy|L2().

While the first remedy (putting k1 = 0.5, for example) does not align with Remark the method
seems to converge properly. This behavior is reported in Table All other examples will take the
stabilization constants as in Remark and the usual norms from (6.2)).

As usual for grad-div type stabilizations, the divergence-free property of the approximate solutions
is modulated by the parameter k5. This is exemplified in Table where the effect of increasing ko
is tested. We denote by Py(div(uy)) the L2-projection of div(uy,) into the space of piecewise constant
functions. As the mesh is refined, the > norm of the coefficient vector associated with Py(div(uy))
decreases down to 5.03e-11.
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DoF h eu rate €w rate €p rate avg it
p=3
69 0.71 3.67e-02 * 3.70e-02 * 9.17¢-03 * 3.00
213 0.35 9.97e-03 1.88 8.98e-03 2.04 1.66e-03 2.47  3.00
741 0.18 3.36e-03 1.57 2.08e-03 2.11 3.42e-04 2.28  3.00
2757 0.09 1.12e-03 1.59 5.09e-04 2.03 8.12e-05 2.08  3.00
10629 0.04 2.71e-04 2.05 1.26e-04 2.01 2.01e-05 2.01  3.00
41733 0.02 5.20e-05 2.38 3.16e-05 2.00 5.02e-06 2.00 3.00
165381 0.01 1.05e-05 2.30 7.89e-06 2.00 1.26e-06 2.00 3.00
p=4
69 0.71 3.67e-02 * 3.70e-02 * 9.17¢-03 * 3.00
213 0.35 9.97e-03 1.88 8.98e-03 2.04 1.66e-03 2.47  3.00
741 0.18 3.36e-03 1.57 2.08e-03 2.11 3.42e-04 2.28  3.00
2757 0.09 1.12e-03 1.59 5.09e-04 2.03 8.12¢-05 2.08  3.00
10629 0.04 2.71e-04 2.05 1.26e-04 2.01 2.01e-05 2.01  3.00
41733 0.02 5.20e-05 2.38 3.16e-05 2.00 5.02e-06 2.00 3.00
165381 0.01 1.05e-05 2.30 7.89e-06 2.00 1.26e-06 2.00 3.00

DoF h €u rate €w rate €p rate avg._it
F=10"*

69 0.71 3.67e-02 * 3.70e-02 * 9.11e-03 * 2.00
213 0.35 9.97e-03 1.88 8.98¢-03 2.04 1.66e-03 2.46  2.60
741 0.18 3.37e-03 1.57 2.08e-03 2.11 3.42e-04 2.28 2.80
2757 0.09 1.12e-03 1.59 5.09e¢-04 2.03 8.12¢-05 2.08 3.00

10629 0.04 2.71e-04 2.05 1.26e-04 2.01 2.01e-05 2.01  3.00

41733 0.02 5.20e-05 2.38 3.16e-05 2.00 5.02¢-06 2.00  3.00

165381 0.01 1.05e-05 2.30 7.89e-06 2.00 1.26e-06 2.00 3.00
F = 10*

69 0.71 3.68e-02 * 3.70e-02 * 2.64e-02 * 4.00
213 0.35 9.54e-03 1.95 8.98e-03 2.04 2.31e-03 3.52 4.20
741 0.18 2.76e-03 1.79 2.08e-03 2.11 3.63e-04 2.67 4.00
2757 0.09 8.57e-04 1.69 5.09¢-04 2.03 8.16e-05 2.15 4.00

10629 0.04 2.31e-04 1.89 1.26e-04 2.01 2.01e-05 2.02 4.20
41733 0.02 4.98e-05 2.21 3.16e-05 2.00 5.02¢-06 2.00 4.60
165381 0.01 1.05e-05 2.25 7.89e-06 2.00 1.26e-06 2.00 4.60

Table 6.2: Example 1. Error history with respect to mesh refinement, computed at 7" = 0.05 using
the base-line parameters a = 100, v = 0.01, and varying p with F = 10 fixed (top) and varying F with
p = 3.5 fixed (bottom).

Example 2: verification of spatial convergence in 3D

We also test the implementation and the accuracy of the method in 3D. This constitutes Example 2,
where we consider the exact solutions

tsin(mwz) cos(my) cos(mz)
u = | —2tcos(mz)sin(my) cos(mwz) | , p = tsin(wz)sin(ry) sin(rz),
t cos(mx) cos(my) sin(mz)
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DoF h €u rate €w rate €p rate avg_it

a=10""1

69 0.71 3.73e-02 * 3.70e-02 * 4.98e-03 * 3.00
213 0.35 1.52e-02 1.29 9.07e-03 2.03 1.53e-03 1.71 3.00
741 0.18 7.27e-03 1.07 2.09e-03 2.12 3.35e-04 2.19 3.00
2757 0.09 1.94e-03 1.91 5.09e-04 2.04 8.10e-05 2.05 3.00

10629 0.04 3.29e-04 2.56 1.26e-04 2.01 2.01e-05 2.01 3.00

41733 0.02 5.40e-05 2.61 3.16e-05 2.00 5.02e-06 2.00 3.00

165381 0.01 1.06e-05 2.35 7.89e-06 2.00 1.26e-06 2.00 3.00
a= 10"

69 0.71 3.67e-02 * 3.70e-02 * 6.46e-01 * 3.00
213 0.35 9.36e-03 1.97 8.98¢-03 2.04 5.09e-02 3.67 3.00
741 0.18 2.39e-03 1.97 2.08e-03 2.11 4.57e-03 3.48 3.00
2757 0.09 5.98e-04 2.00 5.09e-04 2.03 3.37e-04 3.76 3.00

10629 0.04 1.50e-04 2.00 1.26e-04 2.01 2.93e-05 3.53 3.00
41733 0.02 3.76e-05 1.99 3.16e-05 2.00 5.20e-06 2.49  3.00
165381 0.01 9.48e-06 1.99 7.89e-06 2.00 1.26e-06 2.05 3.00

DoF h €u rate €w rate €p rate avg_it

v=10""°

69 0.71 3.67e-02 * 3.70e-02 * 9.13e-03 * 3.00
213 0.35 1.00e-02 1.87 8.98e-03 2.04 1.67e-03 2.45 3.00
741 0.18 3.64e-03 1.46 2.09e-03 2.11 3.44e-04 2.27 3.00
2757 0.09 1.69e-03 1.11 5.09e-04 2.03 8.13e-05 2.08 3.00

10629 0.04 8.41e-04 1.00 1.26e-04 2.01 2.01e-05 2.01 3.00

41733 0.02 4.21e-04 1.00 3.16e-05 2.00 5.02e-06 2.00  3.00

165381 0.01 2.05e-04 1.04 7.89e-06 2.00 1.26e-06 2.00 3.00
v=10"*

69 0.71 3.67e-02 * 3.70e-02 * 9.13e-03 * 3.00
213 0.35 1.00e-02 1.87 8.98¢-03 2.04 1.67e-03 2.45 3.00
741 0.18 3.64e-03 1.46 2.09e-03 2.11 3.44e-04 2.27 3.00
2757 0.09 1.68e-03 1.12 5.09e-04 2.03 8.13e-05 2.08 3.00

10629 0.04 8.21e-04 1.03 1.26e-04 2.01 2.01e-05 2.01 3.00

41733 0.02 3.82e-04 1.10 3.16e-05 2.00 5.02e-06 2.00  3.00

165381 0.01 1.48e-04 1.37 7.89e-06 2.00 1.26e-06 2.00  3.00
v=10"3

69 0.71 3.67e-02 * 3.70e-02 * 9.13e-03 * 3.00
213 0.35 1.00e-02 1.88 8.98¢-03 2.04 1.66e-03 2.45 3.00
741 0.18 3.61e-03 1.47 2.09e-03 2.11 3.44e-04 2.27 3.00
2757 0.09 1.59e-03 1.18 5.09e-04 2.03 8.13e-05 2.08 3.00

10629 0.04 6.66e-04 1.26 1.26e-04 2.01 2.01e-05 2.01 3.00
41733 0.02 2.06e-04 1.69 3.16e-05 2.00 5.02e-06 2.00 3.00
165381 0.01 4.12e-05 2.32 7.89e-06 2.00 1.26e-06 2.00 3.00

Table 6.3: Example 1. Error history with respect to mesh refinement at 7" = 0.05,
the base-line parameters p = 3.5, F = 10, and varying « with v = 0.01 fixed (top) and varying v with
a = 100 fixed (bottom). A sub-optimal convergence in the velocity is observed for small viscosity.
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DoF h €u rate Cw rate €p rate avg_ it

v=10""°

69 0.71 3.48e-02 * 3.71le-02 *  4.82¢-03 * 3.00

213 0.35 9.67e-03 1.85 8.99e-03 2.04 1.51e-03 1.68  3.00

741 0.18 2.43e-03 1.99 2.09e-03 2.11 3.36e-04 2.17  3.00

2757 0.09 6.01e-04 2.01 5.10e-04 2.03 &.11e-05 2.05  3.00

10629 0.04 1.50e-04 2.00 1.27e¢-04 2.01 2.0le-05 2.01  3.00

41733 0.02 3.76e-05 2.00 3.18e-05 2.00 5.02e-06 2.00 3.00

165381 0.01 9.44e-06 1.99 8.01e-06 1.99 1.26e-06 2.00 3.00
v=10"1

69 0.71 3.48e-02 * 3.71le-02 * 4.82¢-03 * 3.00

213 0.35 9.67e¢-03 1.85 8.99¢-03 2.04 1.51e-03 1.68  3.00

741 0.18 2.43e-03 1.99 2.09e-03 2.11 3.36e-04 2.17  3.00

2757 0.09 6.01e-04 2.01 5.10e-04 2.03 8.11e-05 2.05  3.00

10629 0.04 1.50e-04 2.00 1.27e-04 2.01 2.0le-05 2.01  3.00

41733 0.02 3.75e-05 2.00 3.18e-05 2.00 5.02e-06 2.00  3.00

165381 0.01 9.42e-06 1.99 7.99¢-06 1.99 1.26e-06 2.00 3.00
v=10"3

69 0.71 3.48e-02 * 3.71le-02 *  4.82¢-03 * 3.00

213 0.35 9.67e¢-03 1.85 8.99¢-03 2.04 1.51e-03 1.68  3.00

741 0.18 2.43e-03 1.99 2.09e-03 2.11 3.36e-04 2.17  3.00

2757 0.09 6.01e-04 2.01 5.10e-04 2.03 8.11e-05 2.05  3.00

10629 0.04 1.50e-04 2.00 1.27e-04 2.01 2.0le-05 2.01  3.00

41733 0.02 3.75e-05 2.00 3.17e-05 2.00 5.02¢-06 2.00 3.00

165381 0.01 9.36e-06 2.00 7.92e-06 2.00 1.26e-06 2.00 3.00

DoF h ey rate €w rate ep rate avg.it

v=10"°

69 0.71 1.87e-03 * 3.70e-02 * 9.13e-03 * 3.00

213 0.35 2.74e-04 2.77 8.98e-03 2.04 1.67e-03 2.45  3.00

741 0.18 5.51e-05 2.32 2.09e-03 2.11 3.44e-04 2.27  3.00

2757 0.09 1.30e-05 2.09 5.09¢e-04 2.03 8.13e-05 2.08  3.00

10629 0.04 3.23e-06 2.01 1.26e-04 2.01 2.01e-05 2.01  3.00

41733 0.02 8.06e-07 2.00 3.16e-05 2.00 5.02¢-06 2.00  3.00

165381 0.01 1.96e-07 2.04 7.89e-06 2.00 1.26e-06 2.00  3.00
v=10"1

69 0.71 1.87e-03 * 3.70e-02 * 9.13e-03 * 3.00

213 0.35 2.74e-04 2.77 8.98e-03 2.04 1.67e-03 2.45 3.00

741 0.18 5.51e-05 2.32 2.09e-03 2.11 3.44e-04 2.27  3.00

2757 0.09 1.29e-05 2.09 5.09¢e-04 2.03 8.13e-05 2.08  3.00

10629 0.04 3.16e-06 2.03 1.26e-04 2.01 2.01e-05 2.01  3.00

41733 0.02 7.38e-07 2.10 3.16e-05 2.00 5.02¢-06 2.00  3.00

165381 0.01 1.45e-07 2.35 7.89e-06 2.00 1.26e-06 2.00  3.00
v=103

69 0.71 1.87e-03 * 3.70e-02 * 9.13e-03 * 3.00

213 0.35 2.74e-04 2.77 8.98e-03 2.04 1.66e-03 2.45  3.00

741 0.18 5.47e-05 2.33 2.09e-03 2.11 3.44e-04 2.27  3.00

2757 0.09 1.24e-05 2.14 5.09e-04 2.03 8.13e-05 2.08  3.00

10629 0.04 2.68e-06 2.21 1.26e-04 2.01 2.01e-05 2.01  3.00

41733 0.02 4.54e-07 2.56 3.16e-05 2.00 5.02¢-06 2.00  3.00

165381 0.01 7.80e-08 2.57 7.89e-06 2.00 1.26e-06 2.00 3.00

Table 6.4: Example 1. Error history with respect to mesh refinement at 7" = 0.05, computed using
the base-line parameters p = 3.5, F = 10, o = 100, varying v and using k1 = 0.5 (top), and k1 = v/2
with a different velocity norm (bottom).
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DoF h [ Po(div(up))lle=
ko = 0.005 Ko=1 k9 =100 ro = 50000
69 0.71| 2.81e-03 3.47e-03 8.30e-04  2.00e-06
213 0.35] 3.43e-03 &8.91e-04 1.14e-04 2.64e-07
741 0.18 | 2.28e-03 1.40e-04 1.10e-05 2.44e-08
2757 0.09| 1.13e-03 1.91e-05 1.57e-06 3.55e-09
10629 0.04 | 4.66e-04 2.50e-06 3.23e-07  8.50e-10
41733 0.02| 1.34e-04 3.20e-07 &.44e-08 1.27e-10
165381 0.01| 3.82e-05 9.01e-08 7.39e-09 5.03e-11

Table 6.5: Example 1. Decay of div(uy) (projected into the space of piecewise constants) with respect
to mesh refinement at T' = 0.05, computed using the base-line parameters p = 3.5, F = 10, a = 100,
v = 0.01, using k; = v/2 and increasing ko.

DoF h €u rate €w rate €p rate avg.it

Taylor-Hood—-Lagrange
484 0.87 4.81e-01 - 4.22e-01 - 7.8le-02 - 3.00
2688 0.43 1.32e-01 1.86 1.26e-01 1.74 1.30e-02 2.58  3.00
17656 0.22 3.98¢-02 1.73 2.93e-02 2.11 2.45e-03 2.41  3.00
127464 0.11 1.19e-02 1.74 7.12e-03 2.04 5.39¢-04 2.19  3.00
967624 0.05 2.85e-03 2.06 1.76e-03 2.01 1.32¢-04 2.02 2.67
MINI Element-Lagrange
334 0.87 2.56e+00 — 5.32e-01 — 7.79e-02 - 2.67
2028 0.43 1.45e+00 0.82 1.67e-01 1.68 2.23e-02 1.52  3.00
14320 0.22 4.93e-01 1.56 4.94e-02 1.75 1.41e-02 1.19  3.00
108120 0.11 1.96e-01 1.33 1.66e-02 1.57 5.92e-03 1.25  3.00
841384 0.05 9.15e-02 1.10 5.60e-03 1.57 1.76e-03 1.61  3.67
Crouzeix—Raviart—Lagrange
490 0.87 7.64e-01 - 6.46e-01 —  7.52e-02 - 3.00
3352 0.43 4.05e-01 0.92 2.14e-01 1.59 3.07e-02 0.77  3.00
24844 0.22 2.15e-01 0.91 6.06e-02 1.82 1.74e-02 0.94  3.00
191380 0.11 1.04e-01 0.99 1.94e-02 1.64 8.94e-03 0.95 3.00
1502500 0.05 5.03e-01 0.99 7.43e-03 1.47 4.50e-03 0.96 3.67

Table 6.6: Example 2. Error history with respect to mesh refinement in 3D, computed up to the final
time 7' = 0.03 using the parameters a = 100, v = 0.01, F = 10, and p = 4 and with three different
discretizations.

and w = curl(u), defined on the unit cube Q = (0,1)3, and now up to a time 7" = 0.03 and using
a fixed time step At = 0.01. We also use different discretizations. For this case we have used the
parameters a = 100, = 0.01,F = 10,p = 4 and tabulate the results in Table which indicate an
optimal convergence.
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At Fu rate E, rate E, rate avg it
0.5 2.82e-02 - 2.80e-02 - 2.80e-02 - 3.00
0.25 1.35¢-02 1.06 1.34e-02 1.06 1.35e-02 1.05 3.00
0.125 6.62e-03 1.03 6.57e-03 1.03 6.63e-03 1.03  3.00
0.0625 3.28e-03 1.02 3.25e-03 1.02 3.28¢-03 1.02 3.00
0.0312 1.63e-03 1.01 1.62e-03 1.01 1.63e-03 1.01  3.00
0.0156 8.15e-04 1.00 8.05e-04 1.00 8.20e-04 0.99 3.00

Table 6.7: Example 3. Error history with respect to time step refinement, computed up to the final
time T' = 1 using the parameters «a =1, v =0.1, F =1, and p = 4.

Example 3: verification of temporal convergence

To close the verification of convergence, we conduct a test to illustrate the convergence in time. The
time interval is subdivided, and instead of (6.1]) we consider the following manufactured solutions

u= <_ Sins(ig(@;céer x)> . p=exp(—t)(" —yY),

and w = curl(u). A fixed structured mesh of 40 elements per side is used to discretize the unit square,
and the parameters are « = 1, v = 0.1, F = 1, and p = 4. The time interval (0,1) is discretized into
successively refined segments and the convergence history is displayed in Table There we show
the errors in the ¢2(0,7; V) norm (cf. (5.2))), denoted as

1/2

N 1/2 N 1/2 N
B (St il )+ Bo= (A ) - = (XAl )

n=1 n=1 n=1

and the corresponding rates of convergence are

L log(E(.)/Egh))
= Toa(At/[AL])

where At and [At]" denote two consecutive time steps with errors E() and EE.), respectively. The
expected linear convergence is observed for all fields. For this case it suffices to take ko = k1 = 0.05
to achieve optimal convergence.

Example 4: flow in fractured porous media

Next we focus on two problems of application relevance, where closed-form solutions are not available.
We consider as computational domain a regularization of the upper-right quarter of the well-known five
spot geometry (see, e.g., [28]), that is, Q = (0,1)2\ (Bo.05(0,0)U Bo.o5(1, 1)), where B,.(x¢) denotes the
ball of radius r centered at a given point x¢ = (z¢, y¢). We generate a simple network of relatively large
fractures and generate a relatively coarse unstructured mesh made of 16954 triangles. The bottom
left circle arc is an inlet section (or injection well) I'j, on which we impose a constantly increasing
ﬁ. On the walls we set no-slip velocity, and on the outlet T'oy¢ (the producer
well, located at the top-right circle arc) we prescribe a zero traction condition (using a pseudo-stress,
as the formulation does not easily allow for exact stress reconstruction).

inflow velocity wy, =

For this example the external force is zero, the Forchheimer exponent is p = 3.2, the viscosity is
v = 0.0001, the final time is T = 3 and the fixed time step is At = 0.2. In order to illustrate the
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Figure 6.2: Example 4. Samples at t = 3, of numerical solutions for the quarter five-spot filtration
problem with embedded fractures. Velocity magnitude (left) velocity line integral convolution (centre
left), vorticity (centre right) and pressure (right) for fractures much less permeable than rock (top
row) and fractures much more permeable than rock (bottom).

ability of the model to capture the Stokes and Darcy regimes, the Forchheimer and Darcy coefficients
are taken heterogeneous in the following manner: On the bulk domain we use a normal random field
n(x) between -0.1 and 0.1, and take case A

a(x) = max(0.9 + 7(x)) in the rock, F(x) = Fmax(0.9 4+ n(x)) in the rock,
B Cmin in the fractures, N Frin in the fractures,
and case B as
a(x) = amin(0.9 +7(x)) in the rock, F(x) = Fmin(0.9 4+ n(x)) in the rock,
Omax in the fractures, Froax in the fractures.

That is, case A has fractures that are much less permeable than the rest of the domain while case
B follows the opposite arrangement. Here we have considered the constants Fpa.x = 5000, Fpin =
1, amin = 0.1, apmax = 500. In Figure we show line convolution integrals of velocity, pressure, and
vorticity profiles at the final time for both permeability distributions. A steep pressure gradient is
observed near the injection wells in both cases. We also see from the different velocity and vorticity
patterns in case B, that the flow avoids the region with lowest permeability. Both cases required
almos the same average number of Newton—Raphson iterations (3.73.vs 3.86) to reach the prescribed
tolerance of 1077.
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Figure 6.3: Example 5. Samples of velocity streamlines (left), vorticity streamlines (center) and
pressure distribution (right) at 7" = 1 for the lid-driven cavity test with discontinuous Darcy and
Forchheimer coeflicients.

Example 5: lid-driven heterogeneous cubic cavity

Finally, we conduct a simulation of the 3D lid-driven cavity flow within an inhomogeneous unit cube
Q2 = (0,1)3. On the top lid z = 1 we set the tangential velocity u = (1,0, 0) whereas the remainder
of the boundary has no-slip conditions. The fluid inside the cavity is initially at rest. With this
configuration, high pressure gradients are expected to develop near the discontinuity of the Dirichlet
data. We use a tetrahedral mesh of 82944 elements, a time step of At = 0.05 and run the test
until 7" = 1. The velocity-pressure pair is approximated with the MINI element. The body force
is f = 0 and the model parameters are v = 0.015, p = 4, a« = {1 if x < 0.5, or 100 otherwise}, and
F = {100 if x < 0.5, or 1 otherwise}. The numerical results are represented in Figure showing
velocity and vorticity streamlines. A large-scale recirculation influenced by the transfer of momentum
from the top surface to the rest of the fluid is observed, but the usually expected symmetric flow
structure is disrupted by the discontinuity of the Darcy and Forchheimer numbers across the mid-
plane z = 0.5.
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