UNIVERSIDAD DE CONCEPCION

CENTRO DE INVESTIGACION EN
INGENIERIA MATEMATICA (CT°MA)

A

Centro de Investigacion en Ingenieria Matematica

A perturbed twofold saddle point-based mixed finite element
method for the Navier-Stokes equations with variable viscosity

Isaac BERMUDEZ, CLAUDIO I. CORREA,
GABRIEL N. GATICA, JUAN P. SiLva

PREPRINT 2023-19

SERIE DE PRE-PUBLICACIONES







A perturbed twofold saddle point-based mixed finite element method
for the Navier-Stokes equations with variable viscosity™

Isaac BERMUDEZ T Craupio I. CORREAT GABRIEL N. GaticaS Juan P. Sival

September 7, 2023

Abstract

This paper proposes and analyzes a new mixed variational formulation for the Navier-Stokes equa-
tions with constant density and variable viscosity that depends nonlinearly on the velocity gra-
dient. Differently from previous works in which augmented terms are added to the formulation,
the present approach employs a technique previously applied to the stationary Boussinesq problem
and the Navier-Stokes equations with constant viscosity. Firstly, a modified pseudostress tensor is
introduced involving the diffusive and convective terms and the pressure. Secondly, by using an
equivalent statement suggested by the incompressibility condition, the pressure is eliminated, and
the gradient of velocity is incorporated as an auxiliary unknown to handle the nonlinear viscos-
ity. As a consequence, a Banach spaces-based formulation is obtained, which can be written as a
perturbed twofold saddle point operator equation. We analyze the continuous and discrete solv-
ability of this problem using a relevant abstract theory developed specifically for this purpose, by
linearizing the perturbation and applying the classical Banach fixed point theorem. In particular,
given an integer £ > 0, feasible choices of finite element subspaces include piecewise polynomials
of degree < /¢ for the gradient of velocity, Raviart-Thomas spaces of order ¢ for the pseudostress,
and piecewise polynomials of degree < /¢ for the velocity. Finally, optimal a priori error estimates
are derived, and several numerical results illustrating the good performance of the scheme and
confirming the theoretical rates of convergence, are reported.

Key words: Navier-Stokes equations, nonlinear viscosity, Banach spaces, mixed finite element
methods, a priori error analysis
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1 Introduction

The development of mixed finite element techniques for Newtonian and non-Newtonian incompressible
fluids has received special attention in recent years. The Navier-Stokes problem with variable viscosity
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refers to the mathematical description of the motion of a fluid whose viscosity coefficient is not constant
but rather varies with respect to position and/or time. This problem is more complex than the
conventional Navier-Stokes problem for Newtonian fluids with constant viscosity since it requires a
more sophisticated numerical solution. In the context of augmented methods, a mixed finite element
approach for solving the Navier-Stokes equations with a viscosity that depends non-linearly on the
magnitude of the velocity gradient has been recently introduced and analyzed in [6, 5]. In the first
approach, the modified pseudostress tensor used in [8] is employed, which, like the one from [21],
involves diffusive and convective terms as well as pressure. The second approach takes into account
the dependence of the viscosity on the strain rate tensor, resulting in a more physically relevant model
that incorporates both deformation and vorticity as auxiliary unknowns. Additionally, in both works,
the pressure unknown is eliminated through an equivalent statement implied by the incompressibility
condition. In turn, due to the convective term, and in order to stay within a Hilbertian framework,
the velocity is sought in the Sobolev space of order 1, which requires the incorporation into the
variational formulation of additional Galerkin-type terms arising from the constitutive and equilibrium
equations. Although, the augmentation procedure avoids the need to prove continuous and discrete
inf-sup conditions, which yields, in particular, more flexibility for choosing finite element subspaces, the
complexity of both the resulting system and its associated computational implementation increases
considerably, leading to much more expensive schemes. This latter remark constitutes our main
motivation to look now for non-augmented schemes.

In the context of nonlinear twofold saddle point operator equations, also known as dual-dual vari-
ational formulations, there has been a diverse range of theories developed over the past two decades.
These theories arose from the need of applying dual-mixed methods to a class of nonlinear boundary
value problems in continuum mechanics. In [14], the Babuska-Brezzi theory in Hilbert spaces is gen-
eralized to a class of nonlinear variational problems, and in [16], a natural extension of the abstract
framework for continuous and discrete nonlinear twofold saddle point formulations is derived. More
recently, a fully-mixed finite element method has been developed and analyzed for the coupling of the
Stokes and Darcy-Forchheimer problems in [1]. This method was later extended to the coupling of
the Navier-Stokes and Darcy-Forchheimer problems with constant density and viscosity in [10]. The
main novelty of these works is the use of a new approach that leads to Banach spaces and a twofold
saddle point structure for the equation of the corresponding operator. The continuous and discrete
solubilities of this structure are analyzed in both papers using a suitable abstract theory developed
for this purpose in the context of separable reflexive Banach spaces.

According to the previous discussion, the goal of the present paper is to extend the applicability
of the Banach spaces framework discussed above by introducing a new fully-mixed formulation for
the Navier-Stokes equations with constant density and variable viscosity, without any augmentation
procedure. The analysis and results from [10] are used to achieve this goal. The paper proves the
well-posedness and uniqueness of both the continuous and discrete formulations using a fixed point
argument and an abstract theory for twofold saddle point problems. An a priori analysis is also per-
formed, and optimal rates of convergence are derived. Given an integer £ > 0, piecewise polynomials
of degree < / for the gradient of velocity, Raviart-Thomas spaces of order ¢ for the pseudostress, and
piecewise polynomials of degree < £ for the velocity are feasible choices. The paper is structured as
follows. In the rest of this section, we provide an overview of the standard notation and functional
spaces that will be utilized throughout the paper. In Section 2 we introduce the model problem of
interest and define the unknown to be considered in the variational formulation. Subsequently, in
Section 3 we identify the twofold saddle point structure of the corresponding variational system. We
then proceed to analyze the continuous solvability and the equivalent fixed point setting in Section
4, and present the corresponding well-posedness result, assuming sufficiently small data. In Section
5, we investigate the associated Galerkin scheme by utilizing a discrete version of the fixed point
strategy developed in Section 4 for the continuous case. Additionally, we derive the associated a



priori error estimate in the same section. Furthermore, in Section 6 we specify particular choices of
discrete subspaces that satisfy the hypotheses from Section 4 and provide the rates of convergence of
the Galerkin schemes. Finally, we present several numerical examples in Section 7, which illustrate
the good performance of the fully mixed finite element method and confirm the theoretical rates of
convergence.

Preliminary notations

Throughout the paper, 2 is a bounded Lipschitz-continuous domain of R™, n € {2, 3}, which is star
shaped with respect to a ball, and whose outward normal at I' := 02 is denoted by v. Standard
notation will be adopted for Lebesgue spaces L!(€2) and Sobolev spaces Wht(Q) and Wé’t(Q), with
I > 0and t € [1,+00), whose corresponding norms, either for the scalar and vectorial case, are
denoted by || - |lo,s0 and || - [|1.0, respectively. Note that WO(Q) = LY(Q), and if t = 2 we write
H'(Q) instead of W2(Q), with the corresponding norm and seminorm denoted by || - [0 and | - |;.q,
respectively. On the other hand, given any generic scalar functional space M, we let M and M be
the corresponding vectorial and tensorial counterparts, whereas | - || will be employed for the norm
of any element or operator whenever there is no confusion about the spaces to which they belong.
Furthermore, as usual, I stands for the identity tensor in R : = R™*" and | - | denotes the Euclidean
norm in R := R"™. Also, for any vector fields v = (v;)i=1, and w = (w;);=1,, we set the gradient,
divergence, and tensor product operators, respectively, as

6’1}1' . " 61)]-
Vs <a$j>i i=1 A= Z %j’ and vOw:= (inj)i»j=1,n-
J=1Ln J= 1
Additionally, for any tensor fields 7 = (7i;)ij=1,n and ¢ = ((ij)ij=1,n, We let div(7) be the diver-
gence operator div acting along the rows of 7, and define the transpose, the trace, the tensor inner
product operators, and the deviatoric tensor, respectively, as

€ (), S d._ 1
T = (Tji)ij=1n, tr(T) = iz:l’r“, T:(:= i;l 7ijGij, and T¢:= T — ﬁtr(T)]I.
On the other hand, given ¢t € (1, 400), we also introduce the Banach spaces
H(divy; Q) = {T cL2(Q): div(r) € Lt(Q)}, (1.1)
H(divy; Q) = {7’ cL2(Q): div(r) € Lt(Q)}, (1.2)
which are endowed with the natural norms defined, respectively, by
[T laivi0 o= [ITlloe + div(T)llose V7 € H(div; Q) (1.3)
[T llaivese = [ITlloe + [[div(T)llose V7 € H(divy; Q). (1.4)

Then, proceeding as in [15, eq. (1.43), Section 1.3.4] (see also [7, Section 4.1] and [11, Section 3.1]), it

(1, +o0) ifon =2 there holds

is easy to show that for each ¢t € { [6/5,+00) if n=3"

(- v,0) = /Q{T Vv + vdiv(r)} Y (,v) € H(divi; Q) x H(Q) (1.5)
and analogously
(tTv,v) = /Q{T Vv + v div(r)} Y (7,v) € H(divy; Q) x HY(Q), (1.6)

where (-, -) stands for the duality pairing between H=1/2(T") and H'/?(T"), as well as between H~1/2(T)
and H'/2(I).



2 The model problem

2.1 The Navier-Stokes equations with variable viscosity

The Navier-Stokes problem with variable viscosity and constant density consists of finding the velocity
u and the pressure p of a fluid occupying the region 2, such that

—div(p(|Vu|)Vu) + (Vu)u+Vp = f in Q,

(2.1)
diviu) =0 in Q, u=g on T, /sz,
Q

where the given data are a function p : RT — R describing the nonlinear viscosity, a volume force f,
and the boundary velocity g. The right spaces to which f and g need to belong are specified later on.
Note that g must formally satisfy the compatibility condition

/Fg-u =0, (2.2)

which arises from the incompressibility condition of the fluid, and that uniqueness of a pressure solution
of (2.1) is ensured in the space

L3(Q) = {qe L3(Q) : /Qq = o} : (2.3)
Furthermore, we assume that y is of class C!, and that there exist constants ju1, o > 0, such that

< p(s) < peoand gy < op(s)+sp(s) < pp s >0, (2.4)

which, according to the result provided by [20, Theorem 3.8], implies Lipschitz continuity and strong
monotonicity of the nonlinear operator induced by g, which is defined later on (cf. (3.9)). We will go
back to this fact in Section 4. Some examples of nonlinear u are the following:

pu(s):= 2+ and  u(s) = ag+ (1 + s%)F72/2 (2.5)

1+s
where g, a1 > 0and 3 € [1,2]. The first example is basically academic but the second one corresponds
to a particular case of the well-known Carreau law in fluid mechanics. It is easy to see that they both
satisfy (2.4) with (u1,pu2) = (2,3) and (p1,p42) = (a0, a0 + a1), respectively. The forthcoming
analysis also applies to the slightly more general case of a viscosity function acting on  x RT. Next,
proceeding similarly as in [6], we introduce the pseudostress tensor unknown, which is defined by

o:= pu(|lVu))Vu—(u®@u) —pl in Q. (2.6)

In this way, noting that div(u® u) = (Vu)u, which makes uses of the fact that div(u) = 0, we find
that the first equation of (2.1) can be rewritten as

—div(e) = f in Q.

In turn, it is straightforward to prove, taking matrix trace and the deviatoric part of (2.6), which
can be understood as the constitutive equation expressing o in terms of u, that the latter and the
incompressibility condition are equivalent to the pair

o = u(|Vu))Vu— (u®@u)® in Q, and

p = —%tr(a + (u®u)) in Q. 27)



Thus, eliminating the pressure unknown which, anyway, can be approximated later on by the post-
processed formula suggested in (2.7), we arrive, at first instance, at the following system of equations
with unknowns u and o:

o = p(|Vu))Vu — (u®@u)® in Q,

—div(e) =f in Q, u=g on T, /Qtr(a—k(u@)u)):(). 28)

Finally, since we are interested in a mixed variational formulation of our nonlinear problem, and in
order to employ the integration by parts formula typically required by this approach, we introduce
the auxiliary unknown t := Vu in Q. Consequently, instead of (2.8), we consider from now the set
of equations with unknowns t, u, and o, given by

t=Vu in Q, o%=p(th)t—(ueu)? in Q,

—div(e) =f in Q, u=g on T, /Sztr(a—i-(u@u))zo. (29)

3 The fully mixed formulation

In this section we derive a Banach spaces-based fully-mixed formulation of (2.9). The integration by
parts formula provided by (1.6), along with the Cauchy-Schwarz and Holder inequalities, play a key
role in this derivation. We begin by looking originally for u € H!(2). Then, multiplying the first
equation of (2.9) by 7 € H(div; ), with ¢t € { Eé};:ioio) g Z ;
parts formula (1.6), and using the Dirichlet boundary conditions for u, which implicity assumes that
g € H/(T"), we find

2
3 applying the integration by

/ T:t +/ u-div(t) = (tv,g)r V1 € H(divy; Q) . (3.1)
Q Q

It is clear from (3.1) that its first term is well defined for t € L?(92), which, along with the free trace
property of t, suggests to look for t € L2(£2), where

L2(Q) = {s cL2(Q): t(s) = o}.

In addition, knowing that div(7) € L!(Q2), we realize from the second term and Hélder’s inequality
that it suffices to look for u € L¥ (), where ¢ is the conjugate of t. Next, it follows from the second
equation of (2.9), that formally

/Qu(t\)t:s—/ﬂad:s— /Q(u®u)d:s =0 Vs € L2(Q), (3.2)

from which we notice that the first term is well-defined, whereas the second one makes sense if o is
sought in L2(€2). In turn, for the third one there holds

/Q(u®u)d:s = ‘/Q(u®u):s

which, necessarily yields ' = 4, and thus ¢t = 4/3. Finally, looking for o in the same space of its
corresponding test function 7, that is o € H(div, /33 Q), the equilibrium equation in (2.9) is tested as

< lu

0.4:2 [ullo,a;2 lIsllo,g (3.3)

—/Q"‘di"("> _ /Qf.v vveLA(Q), (34)
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which forces f to belong to L*3(Q). Now we consider the decomposition

where

Ho(div, 3 Q) = {T € H(div,,s;Q) : /Qtr(r) - 0}.

It follows that o can be uniquely decomposed as o = o+ ¢gll, where, according to the third equation
of the second row of (2.9),

. 1 1
oo € Ho(divys;Q) and co = o] /Qtr(cr) = ) /Qtr(u®u). (3.6)

In this way, the constant ¢y can be computed once the velocity is known, and hence it only remains to
obtain o. In this regard, we notice that (3.2) and (3.4) remain unchanged if o is replaced by (. In
addition, thanks to the fact that t is sought in L2(Q), and using the compatibility condition (2.2), we
realize that testing (3.1) against 7 € H(divy/3;2) is equivalent to doing it against 7 € Ho(divy/s;€2).
Thus, redenoting from now on o as simply o € Ho(div,/3;(2), and suitably gathering (3.1), (3.2) and
(3.4), we arrive at the following mixed formulation: Find (t,0,u) € L2.(Q) x Ho(divy/3; Q) x L4()
such that

/u(!t])t:s —/o’d:s —/(u®u)d:s =0 Vs € L%tr(Q),

Q Q Q

—/Td:t —/u~div(7') = —(tv,g)r V7 €Hy(divys;Q), (3.7)
Q Q

—/Qv-div(cr) = /Qf-v VVEL4(Q).

Next, we observe that (3.7) has a perturbed twofold saddle point structure. Indeed, we first define
the Banach spaces

H; = L2(Q), Hy := Ho(divy3;9), and Q := LY(Q), (3.8)

which are endowed with the norms ||-[|o,, [|*[[div, 5;0. and |- [lo,4;0, respectively. Next, we introduce the
nonlinear operator A : H; — H), and the bounded linear operators B; : H; — HY, and B : Hy — Q/,
given by

[A(r),s] ::/Q,u(|r|)r:s Vr,s e Hy,
[Bi(s), ] := —/ﬂrd : S V (s, 7T) € Hy x Hy, (3.9)
[B(C),v] = —/Qv-div(g) V(¢,v) € Hy x Q.

Hereafter, [-,] stands for the duality pairing between the corresponding Banach space involved and
its dual. In turn, G € Hj, and F € Q' are the bounded linear functionals defined by

G, 7] == —(tv,g)r VT e€H,, (3.10)

and

[F,v] = /Qf-v VveQ. (3.11)



Regarding the boundedness of G and F, we first observe, using the identity (1.6) and the continuous
injection iy : HY(Q) — L4(€2), that

HG7TH < max {17 Hi4H}”gH1/2,F HT||div4/3;Q V7 eH,. (3'12)

In addition, it follows by Hélder’s inequality that

[IF,v]] < Iflloaszallvliose YveQ. (3.13)

According to the above, the fully mixed formulation (3.7) can be rewritten as: Find (t,o,u) €
H; x Hy x Q such that

[A(t),s] + [Bi(s), o] /(u@u)d:s =0 Vs e Hy,
Q
[Bi(t), 7] +[B(7),u] — [G,7] VT eH,, (3.14)
[B(o), V] = [F,v] Vv e Q.

4 The continuous solvability analysis

In this section, we analyze the solvability of (3.14). For this purpose, we employ the recently developed
theory, in the context of reflexive and separable Banach spaces, which is described in [10, Theorem
3.4].

4.1 The fixed-point strategy

We begin by rewriting (3.14) as an equivalent fixed point equation. To this end, we proceed to linearize
the perturbation (third term of the first equation of (3.14)) defining for each w € Q the functional
Hy : Hy — R by

[Hy,s] = /(W @w)d:s Vs € Hy, (4.1)

Q

and let T : Q — Q be the operator given by
T(w) = u Vw e Q, (4.2)

where (t,o,u) € H; x Hy x Q is the unique solution (to be proved later on) of the following system
of equations:

[A(t)7 S] + [Bl(s)v U] = [HW')S] Vs e Hy,
[Bi(t), 7] + [B(T),u] = [G,T] V71 € Hs, (4.3)
[B(o),v] = [F,v] Vv e Q.

Thus, we realize that solving (3.14) is equivalent to finding a fixed point of T, that is u € Q such that



4.2 Well-definedness of the operator T

We continue by establishing the well-definedness of the operator T, equivalently, that problem (4.3) is
well-posed. To this end, we employ the abstract theory mentioned above for this type of twofold saddle-
point operator equation. More precisely, let Hy, Hs, and Q be separable and reflexive Banach spaces
so that theirs duals Hj, H), and Q' are separable and reflexive as well. In addition, let A : H; — H)
be a nonlinear operator, and let By : H; — H), and B : Hy — Q' be bounded linear operators. Then,
given (H, G, F) € H} x H, x Q', we are interested in the following nonlinear variational problem: Find
(t,o,u) € H; x Hy x Q such that

[A(t),S] + [31(5)70] = [H, S] Vs € Hy,
[Bi(t), 7] + [B(T),u] = [G,T] V1 € Hy, (4.4)
[B(o), v] = [F,v] Vv eQ.

The following abstract theorem establishes sufficient conditions for the well-posedness of (4.4).

Theorem 4.1. Let K := N(B) and assume that

i) A:Hy — H) is Lipschitz continuous, that is there exists a constant v > 0 such that

[A() = A(S)llmy < vlr —sllm, Vr,seH, (4.5)

ii) for each s € My, the family of operators A(- +s) : Hy — H} is strictly monotone with a
monotonicity constant a > 0, independent of s, that is

[A(t +58) — Ar +s),t —1] > a|t—r|f, Vt,reH, (4.6)

iii) there exists a positive constant 3 such that

sup 1B(r), v] > Blvlilg YveQ, and (4.7)
rery |7 E
T#0

iv) there exists a positive constant 31 such that

Bi(s), T
supi[ 1(8), 7] > pil7lm, YTeEK. (4.8)
sem;, |sl|my
s#0

Then, for each (H,G,F) € H} x Hj, x Q' there exists a unique (t,o,u) € H; x Hy x Q solution of
(4.4). Moreover, there exists a constant C' > 0, depending only on v, «, 3, b1, ||B1|| and ||By||, such
that

(6,0 Wl xizcq < C{IHl + 1G] + [Fllgr + A e } (49)

Proof. 1t follows from a straightforward application of [10, Theorem 3.4] to the particular case of the
exponents p; = po = 2 considered there. ]

Now, if A becomes linear, the above theorem reduces to the following.

Theorem 4.2. Let K := N(B) and assume that



i) A:Hy — H) is linear, bounded and Hy-elliptic, that is, there exist constants v, > 0 such that
IAG) ey, < vllslly, — and  [A(s);s] > als|f, Vs e Hi, and (4.10)

i1) the hypotheses iii)-iv) of Theorem 4.1 are satisfied.
Then, for each (H,G,F) € H| x H), x Q' there exists a unique (t,o,u) € H; x Hy x Q solution of

(4.4). Moreover, there exists a constant C' > 0, depending only on vy, o, B, p1, | B1|| and | By, such
that

(6,0 W)l xa < € {IHlg, + Gy + [Flla} (411)
Proof. 1t suffices to observe that the linearity, boundedness, and ellipticity of A imply that this
operator is Lipschitz continuous and strongly monotone, and that A(0) = 0. Therefore, the proof
follows from a straightforward application of Theorem 4.1. O

We remark here that (4.11) is equivalent to an inf-sup condition for the bilinear form arising after
adding the left-hand sides of (4.4) in the linear case of A. More precisely, letting

[«S(I‘, p,W), (SaT7V)] = [.A(I‘), S] + [Bl(s)v p] + [Bl(r)a T] + [B(T)7W] + [B(p)7 V] ) (412)

for all (r, p,w), (s, 7,v) € H} x H} x Q, there exists a constant C' > 0, depending only on v, «, 3, f1,
|B1]| and ||B}||, such that

Sup [S(I‘,p,w), (S? T? V)]

(s,7,v)€H] xHo X Q (s, 7, V) |y <, xQ
(S7T7v)¢0

> C”(rvpvw)HHlXHQXQ (413)

for all (r, p,w) € H; x Hy x Q.

We now verify that problem (4.3) satisfies the hypotheses of Theorem 4.1. To this end, in what
follows we establish the Lipschitz continuity and strong monotonicity of A, as well as the continuous
inf-sup conditions for B and Bj.

Lemma 4.3. Let vy, := max{po,2us — p1}, where py and pp are the bounds of p given in (2.4).
Then, for each r,s € L2(Q), there hold the following inequalities:

[A(r) = A(s)lley, < Yullr — sllm,, (4.14)

and
[A(r) — A(s),r —slu; > g [|r — ||, - (4.15)
Proof. See [20, Theorem 3.8] for details. O

Lemma 4.4. There exists a constant 8 > 0, such that

sup 1B(7).v] > Blvilq YveQ. (4.16)
T€Hy H HHQ
T#0

Proof. See [11, Lemma 3.3] or [4, Lemma 3.5] for details. O



In turn, in order to prove that B satisfies hypothesis iv), we need to recall a useful estimate for
tensors in Ho(div,/3;€2). Indeed, suitably modifying the proof of [15, Lemma 2.3], one can show that
there exists a positive constant c¢;, depending only on 2, such that

alltlloe < 1700 + div(T)]loa/s0 V7 € Ho(divys; Q). (4.17)

Lemma 4.5. There exists a constant 51 > 0, such that

sup BLELTL g |7llm, VT eK. (4.18)
seii;  |8lm,
s#0

Proof. In order to satisfy the continuous inf-sup condition for B, it is necessary to first realize t hat
K = N(B) (cf. (3.9)), is given by

K = {T € Ho(divy3; Q) :  div(r) = 0 in Q} (4.19)

Then, given 7 € K such that 79 # 0, we have that 7¢ € L2,(£2), so that bounding the supremum in
(4.18) by below with s = —79, it follows that

JBis).7) ‘/Jd‘s . /Jd”d

sup >
e sl o lslon ~ 7los

5750 S#O

= [0,

which, using (4.17) and the fact that div(7) = 0, implies that B; satisfies the inf-sup condition with
a constant 31 = c¢;. On the other hand, if 7¢ = 0, it is clear from (4.17) that 7 = 0, and so (4.18)
is trivially satisfied. O

Consequently, the well-definedness of the operator T can be stated as follows.

Theorem 4.6. For each w € Q there exists a unique (t,o,u) € Hy x Hy x Q solution to (4.4), and
hence we can define T(w) := u € Q. Moreover, there exists a positive constant Ct, depending only
on Yy, p1, B8, B, | Bill, [|B1ll, and ||i4||, and hence independent of w, such that

ITW)lloa0 = llulq <[/t 0, w)|m xmxq < CT{H“’H%A;Q"‘ Igll/2r + ”f\|0,4/3;9}' (4.20)

Proof. 1t follows from Lemmas 4.3-4.5 and a straightforward application of Theorem 4.1. In turn,
estimate (4.20) is a direct consequence of (4.9) (cf. Theorem 4.1) and the boundedness of G (cf.
(3.12)) and F (cf. (3.13)). O

4.3 Solvability analysis of the fixed-point scheme

Knowing that the operator T is well-defined, in this section we address the solvability of the fixed-
point equation (4.2). To this end, in what follows we first derive sufficient conditions on T to map a
closed ball of Q into itself, and then we apply the Banach Theorem to conclude the unique solvability
of (4.2). Indeed, given ¢ > 0, from now on we let

W(0) = {w €Q: |wlosa < 5}. (4.21)
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Lemma 4.7. Assume that § < % and that there holds
T

(4.22)

N|

cr{llglh o + Ifloassa} <
Then T(W(3)) € W(J).
Proof. Given w € W(J), we know from Theorem 4.6 that T(w) is well defined and that there holds
|T(W)lo40 < Cr {||W||(2),4;Q+ Iglli/2,r + Hf||o,4/3;9} < CT52+g <4,
which confirms that T(w) € W (). O

We continue with the continuity property of the operator T.

Lemma 4.8. There ezists a positive constant L, depending only on B, ||Bi1||, and py1, such that

IT(w) = T(W)lo.s0 < Lz {Iwl

o4+ [Wloaa pIw = Wllo.s0 (4.23)

for all w,w € Q.

Proof. Given w,w € Q, we let T(w) := u and T(w) := u, where (t,o,u) € H; x Hy x Q and
(t,o,u) € Hy x Hy x Q are the corresponding unique solutions of (4.3). Then, subtracting both
systems, we obtain

A~

[A(t) — A(t),s] +[Bi(s),o — o] = [Hw — Hg,s] Vs e Hy,
[Bi(t —t), 7] +B(r),u—1] = 0 V7 € Hy, (4.24)
[B(o—&a),v] =0 VveQ.

In particular, taking s = t — tand T = o — o, we realize from the second and third equations of
(4.24) that

~

Bi(t~%),0 — 5] = ~[Blo — &),u—1] = 0,
which, along with the first equation of (4.24), yields
[A(t) — A(t),t —t] =[Hyw — Hg,t — 1],

whence, using the stric monotonicity of A (cf. (4.15)) and the definition of Hy (cf. (4.1)), we find
that

It — ¢

1 ~ ~
00 < AWl + ¥ oo Iw—Floxo. (4.25)

In turn, from Lemma 4.4 and the second equation of (4.24), we bound |ju — 1| 4,0 as follows:

~

[B(r),u—1u] _

- 1 L Bt —t),7] _ Bl =

lu—ullos0 < 5 sup =325 < It —tlloa- (4.26)

B ren, 17| B reu, gy B

T#0 T
Finally, by combining (4.25) and (4.26), we have that
~ ~ By ~ ~
()~ P lose = fu-losn < 2 {Iwloso + [¥losa} Iw - Flos.

which confirms the announced property on T (cf. (4.23)) with Lt := ‘ﬁéﬂu . O

1
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Owing to the above analysis, we now establish the main result of this section.

1 Bm

1
Theorem 4.9. Assume that 6 < — min {—, —
2 Cr ' [|Bi]l

hypothesis of Lemma 4.7 holds, that is

} and the data are sufficiently small so that the

)
Cr {lglliar + I€lossof < 5- (4.27)
Then, the operator T has a unique fized point u € W(9). Equivalently, the problem (3.14) has a unique

solution (t,o,u) € Hy x Hy x Q. Moreover, there holds
16,0 ), xq < 20 {lglljar + [Floaa ) (4.29

Proof. We first recall that the choice of § and assumption (4.27) guarantee, thanks to Lemma 4.7,
that T maps W(0) into itself. Then, bearing in mind the Lipschitz-continuity of T : W(J§) — W(J) (cf.
(4.23)), a straightforward application of the classical Banach theorem yields the existence of a unique
fixed point u € W(J) of this operator, and hence a unique solution of (3.14). Finally, regarding the a
priori estimate, we first observe from (4.20) that

IT@los0 = luloso < (0wl e < Cr { i+ lghr + [oayasa}, (4.29)
from which, using that
2 ].
ullg.e0 < dllullosn < 20y [(t, 0, ) ||, xHy xQ 5

we arrive at

I'T(u)

040 = [[ulfose <[t o, w)|lm xH%Q
1
< 5 6o Wl xixa + Or {lgh o + I€loa/s0

which yields (4.28) and concludes the proof. O

5 The Galerkin scheme

In order to approximate the solution of our fully-mixed variational formulation (3.14), we now in-
troduce the associated Galerkin scheme, analyze its solvability by applying a discrete version of the
fixed-point approach adopted in the previous section, and derive the corresponding a priori error
estimate.

5.1 Preliminaries

We begin by introducing finite element subspaces Hj p,, ]EJIQ’}” and Qj, of the spaces L2, (€2), H(div,/s; ),
and L*(Q), respectively. Hereafter, h := max{hx : K € 75} denotes the size of a regular triangulation
Tr, of Q made up of triangles K (when n = 2) or tetrahedra K (when n = 3) of diameter hx. Then,
letting

Hap = Ho(divys; Q) NHay,, (5.1)

12



the Galerkin scheme associated with (3.14) reads: Find (ts, op,up) € Hyp, x Hap x Qp such that

[A(tn),sn]  + [Bi(sn),on] — / (up@up):sp, =0 V7 € Hyp,
Q
By (), 74] + [B(rh), un] — (Gl VrhE€Hy,, 02
[B(or), Vi = [F,va] Vv eQp.

Then, we adopt the discrete version of the strategy employed in Section 4.2 to analyse the solvability
of (5.2). To this end, we let T} : Qp — Qp, be the discrete operator defined by

Th(wy) =u,  Vwy, €Qyp, (5.3)

where (ty,, op,up) € Hj p, x Ha p, X Qp, is the unique solution (to be confirmed below) of the following
system of equations:

[.A(th), Sh] +[Bl (Sh), O'h] = [Hwh, Sh] Vs € Hl,}u
[Bl(th), Th] + [B(Th), uh] = [G,Th] V1 € HQ’}“ (5.4)
[B(on), Vi) = [F, vp] Vv € Qp.

Then, similarly as in the continuous case, we realize that solving (5.2) is equivalent to finding a fixed
point of T}, that is u; € Qp, such that

Ty(up) = up,. (5.5)

5.2 Discrete solvability analysis

In this section we proceed analogously to Sections 4.2 and 4.3 and establish the well-posedness of
the discrete system (5.2), equivalently of (5.5). To this end, we need to introduce certain hypotheses
concerning the arbitrary spaces Hy j,Hs 5, and Qp,, and the discrete kernel associated with the linear
operator B, that is

Ky = {T €Hap: [B(rh),va] =0 Vv e Qh}. (5.6)
More precisely, from now on we assume that:
(H.0) va:[27h contains the multiplies of the identity tensor I,
(H.1) div(Hy;) C Qa,
(H.2) K = {78 7 €Ku} CHyy, and
(H.3) there exists a positive constant 34, independent of h, such that
sup B0Tn) Vil

ThEHQ’h HThHHZ
Th#0

> Ballvillq Vvi € Qp. (5.7)

We highlight here that as a consequence of (H.0) we can employ the discrete version of the decom-
position H(divy/3;€2) = Ho(divy/3;€2) @ RI, namely Hy = Haj @ RI, thanks to which Hyj (cf.

13



(5.1)) can be used as the subspace where the unknown o, is sought. However, for the computational
implementation of the Galerkin scheme (5.2), which will be addressed later on in Section 7, we will
utilize a real Lagrange multiplier to impose the mean value condition on the trace of the unknown
tensor lying in Hy p.

In turn, according to the definition of B (cf. (3.9)), it follows from (5.6) and (H.1) that
Kp = {r €Hyp: div(ry) =0 Yv, € Qh}, (5.8)

which yields the discrete analogue of (4.18), that is, given 7, € K, such that 7% # 0, we realize that
sp, = —7% € Hyj, (which follows from (H.2)), and thus

Bi(sp), T
sup M > Brallmnllm, VT e, (5.9)

pEHy, ShlHy
spey ,  |Isnllm
Sh§£0

with constant S14 = ¢ (cf. (4.17)). On the other hand, if 7§ = 0, it is clear from (4.17) that
7, = 0, and so the discrete inf-sup condition for B; (cf. (5.9)) is trivially satisfied.

In addition, we recall that the Lipschitz-continuity and strict monotonicity of A (cf. Lemma 4.3),
is also valid on H j, x H ,, which means that, with the same constants -y, and p;, there hold

[A(rn) = Alsn)llmy < Y llen = splle, Vrn, s, € Hup, (5.10)
and

[A(rn) — A(sn),tn — snlmy > g o —snllfy, Vrea,sn € Hyp. (5.11)

In this way, bearing the above discussion in mind, we are now in a position to establish the discrete
analogue of Theorem 4.6.

Theorem 5.1. For each wj, € Qy, there exists a unique (tp,op,up) € Hyp x Hap, X Qp solution to
(4.4), and hence we can define Ty(wyp) = uy, € Qp. Moreover, there exists a positive constant C q,
depending only on vy, pi1, Be, Bi,a, |Bill, [|B1ll, and ||i4]|, and hence independent of wy,, such that

ITh(wnr)lloge = [[unllq < [(th, on, wn) || xH. xQ

(5.12)
< Crgq {HWh

B+ liglliyor + IElloasso } -

Proof. Thanks to the discrete inf-sup conditions for B (cf. (H.3)) and B (cf. (5.9)), and the inequal-
ities (5.10) and (5.11), the proof follows from a direct application of Theorem 4.1. We omit further
details. O

Having established that the discrete operator T}, is well defined, we now address the solvability of
the corresponding fixed point equation (5.5). Then, letting dq be an arbitrary radius, we now set

W(da) = {wh €Qn: |wnlloan < 5d}. (5.13)

Then, reasoning analogously to the derivation of Lemma 4.7, we deduce that Tj; maps W(dq) into
itself under the analogue discrete assumptions, namely
0q 1

% and 6y < .
g M %= 900,

Cra{lgllyjor + IElos/s0 ) < (5.14)
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We emphasize that the above is exactly the same as for the continuous case (cf. Lemma 4.7), except
that the constant Ct and the radius 0 are replaced by Ct 4 and dq4, respectively. Moreover, employing
similar arguments to those from the proof of Lemma 4.8, we are able to prove the discrete version of

(4.23) with constant Lp4 = %7 that is
1
ITh(wn) = Ta@n)llo.se < Lra{IWalloaa + [¥alloaaf wn = Falose  (5.15)

for all wy, ,wy, € Qp,, which proves the continuity of T},.
According to the above, the main result of this section is establish as follows.
Theorem 5.2. Assume that 64 and the data are sufficiently small so that they satisfy (5.14). Then,

the operator T}, has at least one fized point up, € W(d4). Equivalently, the problem (5.2) has at least
one solution (tp,op,uy) € Hy j x Hyp x Q. Moreover, under the further assumption

1 . 1 Bam
dq4 < — min , , 5.16
¢ < gmin{ G T (5.16)

this solution is unique. In addition, there holds

|(th, o h, up) |, xHx@ < 2CTq {Hng/Q,F + [|f] 0,4/3;Q}~ (5.17)
Proof. The fact that T}, maps W(dq) into itself, together with the continuity of T}, (cf. (5.15)), allow
to apply the Brouwer Theorem to conclude the existence of a solution to (5.5), and hence to (5.2).
Next, the assumption (5.16) and the Banach fixed-point Theorem imply the uniqueness. Finally, the a
priori estimate is consequence of Theorem 4.1 and analogue algebraic manipulations to those utilized
in the proof of Theorem 4.9. O

5.3 A priori error analysis

In this section we consider finite element subspaces satisfying the assumptions specified in Section 5.2,
and derive the Céa estimate for the Galerkin error

It —tallx = [t = talloo +llo = onlloaso + u—unlosn, (5.18)

where t := (t,o,u) € X := H; x Hy x Q and t), = (th,on,up) € Xy, := Hyj x Hyp, x Qp, are the
unique solutions of (3.14) and (5.2) respectively, with u € W(d) and uj, € W(dq). In what follows,
given a subspace Zj, of an arbitrary Banach space (Z,|| - [|z), we set

dist(z, Z;,) = uelg |z — 21l z VzeZ. (5.19)
Zh h

In turn, in order to simplify our analysis, we recall a previous result concerning the operator 4. More
precisely, we employ the following lemma.

Lemma 5.3. The operator A defined in (3.9) has a first-order Gateaux derivative DA. Moreover,
for any s1 € Hy, DA(s1) is a bounded and H;-elliptic bilinear form, with boundedness and ellipticity
constants given by vy, and py, respectively.

Proof. See [16, Lemma 3.1]. O
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We begin by introducing the global operator P : X — X', and for each w € Q the linear functional
Fw : X — R associated with the variational formulation (3.14), that is

[P(I’, P W)? (S, T,V)] = [A(I‘), S] + [Bl (S)vp] + [Bl(r)vT] + [B(T)7W] + [B(p),V] ’ (520)
[Fw, (s, 7,v)] := /(w ®@w)? s+ [G, 7]+ [F,v], (5.21)
Q

for all (r, p,w), (s, T,v) € X. In this way, we realize from (3.14) and (5.2) that there holds
[P(t),81] = [P(t4),8h] + [Fu— Fu, ,81] V8n € Xy, (5.22)
whereas the triangle inequality gives for each 1), = (rp, pp,, Wp) € Xp
IE—tnllx < 1€~ Fullx + [1F2 — tullx - (5.23)

In order to establish a connection between the second term on the right-hand side of the above
inequality and the operator P, we proceed almost verbatim as in [16, Theorem 3.3]. In fact, given
Sh, T, € X}, we can write

—

Lgq S
[P(E), 5] — [P(F1), 1] = /0 AP + (1= ). 5]}

1 (5.24)
— [ PGt -+ (1 i)~ 5250 d
0
where DP : X — £(X,X’) is the first-order Géateaux derivative of the operator P : X — X’. More
precisely, for any §1 := (s1,71,v1), ¥ := (r,p,w), § := (s,7,v) € X, DP(S;)(r,S) is obtained from
(5.20) by replacing [A(r),s] by D.A(s1)(r,s), that is

DP(81)(¥,8) :=DA(s1)(r,s) + [Bi(s), p] + [Bi(r), 7] + [B(T), w] + [B(p), v] . (5.25)

Thus, for any 81 € X, (5.25) induces the definition of an operator in £(X,X'), which, according to
Lemma 5.3, satisfies the hypotheses of the discrete version of the linear Theorem 4.2 with constants
independent of h and of §7. Consequently, bearing in mind that in this case the discrete version of the
estimate (4.11) is equivalent to a global discrete inf-sup condition (cf. (4.13)), it follows that, there
exists C > 0, depending only on 7, , 1, 81, ||B1]| and $, such that

L ~ DP(51)(t), — T, Sh
16, —Fullx < C sup (81)( ;Sh)

speXy, ||§hHX
)20

On the other hand, the continuity of DA implies the same property for DP, and hence there exists
to € (0,1) such that (5.24) becomes

[P(Eh), §h] — [P(Fh),gh] = DP(/L()E}L + (1 — ,U,())I_"h)(f)h — Fh, §h) . (5.27)
It follows from (5.26) (with §; := poty + (1 — po)¥y) and (5.27) that
- ~ P(ty),8h] — [P(¥h), 8,
ch_l—.‘hHX <C sup [ ( h)vsh] [ (rh)ash]

spEXy thHX
5,40

Vs, € X. (5.26)

(5.28)

Next, since P is Lipschitz continuous, with a constant 7, depending only on =, , ||Bi|| and [|B}]|, we
subtract and add P(t), and use (5.22), to find that

[P(tn), 4] — [P(F4),84] = [P(tn) — P(t),84] + [P(t)

—,

= [Fu, —Fu,8n] + [P(t)

P (1), 83

P (1), 8] (5.29)

IN

{ (Iallq + IhwnllQ ) Il = wnllq + 5 € = Fallx } ISillx
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which, replaced back into (5.28), gives

I8 — Fallx < C{ (Ilullg + lunllq) Iha = wnllq +7 €~ Falx } - (5.30)

Finally, the triangle inequality (cf. (5.23)) along with (5.30) and the fact that ||ul/q and |lu|lq are
bounded by § and 4, respectively, yield

[~ Eullx < (1+75C) inf |[€~Shlx +C (0 +d) |u—uslq. (531)
h

In this way, our main result for the error ||t — ty||x is stated as follows.

Theorem 5.4. Assume that the hypotheses of Theorems 4.9 and 5.2 hold, and let t = (t,o,u) e X
and t, = (ty, 00 ,uy) € Xy, be the unique solutions of (3.14) and (5.2), respectively. Assume further
that

1

(0+0a) < 2

: (5.32)

Q

where C is the global inf-sup constant of DP. Then, there exists a positive constant C, independent
of h, such that
||t — thHX < Cdist(t, Xh) . (5.33)

Proof. 1t suffices to use (5.32) in (5.31), which yields (5.33) with C' := 2(1 + aé) O

We end this section by remarking that (2.7) and (3.6) suggest the following postprocessed approx-
imation for the pressure p

1
Dp, = —ﬁtr(ah + (uh®uh)) —cop in Q, (5.34)

where

i o)
Con = — A7 riuay uy ) .
n|Qf Jo

Then, applying the Cauchy-Schwarz inequality, performing some algebraic manipulations, and em-
ploying the a priori bounds for |lul|g4;0 and ||[upl/o,4:0, we deduce the existence of a positive constant
C, depending on data, but independent of h, such that

Ip = prlog < C{lle = aulloa + I = wlloan}- (5.35)

Thus, combining (5.33) and (5.35), we conclude the existence of a positive constant C, independent
of h, such that

[t = thlle, +llo —onllw, +lu—unllq+lp = prlloa

_ (5.36)
<C {dist(t,Hl,h) + dist(o, Hy ) + dist(u, Qh)} .

6 Specific finite element subspaces

In this section, we introduce specific finite element subspaces Hj j,, ﬁz,h, and Q, of the spaces L2.(Q),
H(divy/s3;€2), and L*(€), respectively. These subspaces satisfy the hypotheses (H.0), (H.1), (H.2),
and (H.3), which were introduced in Section 5.2 to ensure the well-posedness of our Galerkin scheme.
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6.1 Preliminaries

In what follows, given an integer £ > 0 and K € Ty, we let Py(K) be the space of polinomials of
degree < ¢ defined on K, whose vector and tensor versions are denoted by Py(K) := [Py(K)|™ and
Py(K) := [Py(K)]™*", respectively. Next, we define the corresponding local Raviart-Thomas spaces
of order /¢ as

RT[(K) = Pg(K) @PK(K)X VK €T,

and its associated tensor counterpart RT,(K'), where x is a generic vector in R := R™. In turn, we let
Py(Trn), Pe(Tr) and RT,(7T;) be the global versions of Py(K), Py(K) and RT,(K), respectively, that is

Py(Th) = {Vh ceL?(Q): wulg €ePy(K) VK¢ Th},
PUT) = {Tn €L2Q): Talk €PK) VK €T},
RT,(T5) = {Th € H(div:Q): Thlx € RT(K) VK ¢ Th}
We stress here that there hold Py(7;,) C -

implicitly utilized below to introduce the announced specific finite element subspaces. Indeed, we now
define

C L*(Q) and RTy(7,) C H(div,/3;9), inclusions that are

Hyp = LE(Q) NP(Th), Hap = RTe(Th), o)
Hyp = Ho(div4/3;Q) ﬂ]ﬁlgﬁ, and Qp = L4(Q) NPy(Tr) .

6.2 Verification of the hypotheses (H.0) -(H.3)

We now confirm that the subspaces defined by (6.1) satisfy the hypotheses (H.0)-(H.3). Indeed, it is
easily seen that Hy j, satisfy (H.0) and (H.1). Next, in order to check (H.2), we recall from (5.8) that

]Ch = {Th € HQ,h : diV(Th) =0 VVh € Qh}? (62)

from which, using that the divergence free tensors of RT,(7;) are contained in Py(7) (cf. [15, Lemma
3.6]), it follows that K, C P¢(73). Hence, noting that certainly tr(r$) = 0, for all 7, € K, we
deduce that (Kp,)¢ C L2,(Q2) NPy(T,) = Hyp, which proves (H.2). Finally, (H.3) is proved precisely
in [9, Lemma 5.1] (see also [12, Lemma 6.1]).

6.3 The rates of convergence

Here we provide the rates of convergence of the Galerkin scheme (5.2) with the specific finite element
subspaces introduced in Section 6.1, for which we previously collect the respective approximation
properties. In fact, thanks to [13, Proposition 1.135] and its corresponding vector version, along with
interpolation estimates of Sobolev spaces, those of H 3, Hy j, and Qy, are given as follows:

(AP}L) there exists a positive constant C, independent of h, such that for each I € [0,¢ + 1], and for
each s € H'(Q) N L2.(Q), there holds

dist(s,Hip) == _inf s = suloe < CH [sia
h 1,h

(APY) there exists a positive constant C, independent of h, such that for each | € [0,¢ + 1], and for
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each 7 € H'(Q) N Ho(divy/3; Q) with div(r) € WH4/3(Q), there holds

dist(r,Hzp) == _inf |7 = Tallaiv, 0 < Ch'{|Ir
n€ta p

e+ 1AV () lasso |

(AP}) there exists a positive constant C, independent of h, such that for each [ € [0, ¢ + 1], and for
each v € Wh4(Q), there holds

dist(v,Qn) = inf [Iv — valloan < Ch |[viiian -
h h

The rates of convergence of (5.2) are now established by the following theorem.

Theorem 6.1. Let (t, o,u) € Hy xHy x Q and (th, o, uh) € Hy p, xHy p, x Qp be the unique solutions
of (3.14) and (5.2) with u € W(§) and u, € W(da), whose existences are guaranteed by Theorems
4.9 and 5.2, respectively. In turn, let p and pp given by (2.7) and (5.34), respectively. Assume
the hypotheses of Theorem 5.4, and that there exists | € [1,£ + 1] such that t € H{(Q) N L2(Q),
o € H(Q) N Ho(divys;Q), div(e) € WH/3(Q), and u € WH(Q) . Then, there exists a positive
constant C, independent of h, such that

||((t,0',l,l) - (thvahvuh)H]HhXHzXQ + ||p — Ph |O,Q

< {lulliao + It

1o + ol + ldivie) s ) -

Proof. Tt follows straightforwardly from the Céa estimate (5.36), and the approximation properties
(APY), (APY), and (AP}). .

7 Computational results

We now turn to the computational results, which mainly refer to the numerical verification of the
rates of convergence anticipated by Theorem 6.1. The examples in 2D and 3D to be reported below
have been developed with the finite element library FEniCS [2]. In all them, the linear systems
emanating from the Newton-Raphson linearisation, with the zero vector as initial guess and iterations
stopped once the absolute or relative residual drops below 10~%, have been solved with the multifrontal
massively parallel sparse direct method MUMPS [3]. In turn, the condition of zero-average pressure,
which, owing to (2.7), entails to fix the trace of the tensor quantity & + (u®u), is imposed by means
of a real Lagrange multiplier. Subsequently, errors are defined as follows:

e(t) =t —trlloe,  elo) =llo—onlaiv, 0,
e(u) = [u—wplloae, e =Ilp—prlog,

whereas convergence rates are set as

_ log(e(x)/e(x))

= e

Vx € {t,o,u,p},

where ¢ and € denote errors computed on two consecutive meshes of sizes h and h. In addition, we
refer to the number of degrees of freedom and the number of Newton iterations as dof and iter,
respectively.
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7.1 Example 1: 2D smooth solution

In our first numerical test, we consider the computational domain Q = (0,1)2, and set the nonlinear
viscosity to

>0. .
T+s Vs>0 (7.1)

In addition, we define the manufactured exact solution:

_ 2 9 [ —cos(mx) sin(7y) B
p=v =y, u= ( sin(wx) cos(my) )’ t=Vu,

and o = u(|Vu|)Vu— (u®@u) —pl,

so that the load function f and the Dirichlet datum g are computed accordingly. Table 7.1 shows
the convergence history for a sequence of quasi-uniform mesh refinements, including the number of
Newton iterations for the approximations. The experiments confirm the theoretical rate of convergence
O(Rt*Y) for £ € {0, 1}, provided by Theorem 6.1. In addition, the number of Newton-Raphson
iterations required to reach the convergence criterion based on the residuals with a tolerance of 1e —8,
was less than or equal to 4 in all runs. Sample of approximate solutions with £ = 1 and dof = 279041
are shown in Figure 7.1.

| Py — RT, — Py
dof h e(t) r(t) e(o) r(o) e(u) r(u) e(p) r(p) | iter
121 0.7071 | 1.26e 4 00 * 1.71e 401 * 4.11e — 01 * 7.55e — 01 * 3
465 0.3536 | 6.20e — 01 | 1.02 | 8.99¢ 400 | 0.93 | 2.26e — 01 | 0.86 | 3.69¢ — 01 | 1.03 3
1825 | 0.1768 | 3.10e — 01 | 1.00 | 4.59e +00 | 0.97 | 1.16e — 01 | 0.96 | 1.82e — 01 | 1.02 4
7233 | 0.0884 | 1.55e — 01 | 1.00 | 2.31e +00 | 0.99 | 5.84e — 02 | 0.99 | 8.86e —02 | 1.04 | 4
28801 | 0.0442 | 7.77¢ —02 | 1.00 | 1.16e 4+ 00 | 1.00 | 2.92¢ — 02 | 1.00 | 4.33e — 02 | 1.03 4
114945 | 0.0221 | 3.89¢ — 02 | 1.00 | 5.79¢ — 01 | 1.00 | 1.46e — 02 | 1.00 | 2.15e — 02 | 1.01 4
P; —RT; — Py
dof h e(t) r(t) e(o) r(o) e(u) r(u) e(p) r(p) | iter
289 0.7071 | 2.75e — 01 * 4.46e + 00 * 1.55e — 01 * 2.60e — 01 * 4
1121 | 0.3536 | 7.35e — 02 | 1.90 | 1.22¢ 400 | 1.87 | 4.11e —02 | 1.91 | 5.62¢ — 02 | 2.21 4
4417 ] 0.1768 | 1.93e — 02 | 1.93 | 3.58¢ — 01 | 1.77 | 1.05e — 02 | 1.97 | 1.30e — 02 | 2.11 4
17537 | 0.0884 | 4.93e —03 | 1.97 | 1.02e — 01 | 1.82 | 2.64e — 03 | 1.99 | 3.17e — 03 | 2.04 4
69889 | 0.0442 | 1.24e —03 | 1.99 | 2.76e — 02 | 1.88 | 6.62¢ — 04 | 2.00 | 7.84e — 04 | 2.01 4
279041 | 0.0221 | 3.12e — 04 | 1.99 | 7.31le — 03 | 1.92 | 1.66e — 04 | 2.00 | 1.95e¢ — 04 | 2.01 4

Table 7.1: Example 1, convergence history and Newton iteration count for the Py — RT, — P, approxi-
mations of the Navier-Stokes model with variable viscosity, and convergence of the Py—approximation
of the postprocessed pressure field, with £ € { 0, 1}.

7.2 Example 2: 2D smooth solution in a non-convex domain

Now we illustrate the accuracy of our method in the non-convex domain 2 := (—1,1)2\ [0,1]2. The
data f and g are computed so that the manufactured exact solution is defined as:

— cos(2my) sin(27rx)> t — Vu

p =sin(mz)exp(y), u= < sin(2my) cos(2mx)

and o = u(|Vu|)Vu— (u®@u) — pl.
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Figure 7.1: Example 1, P; — RT; — P; approximation with dof = 279041 of velocity gradient compo-
nents (top panels), pseudostress components (center panels), and viscosity, velocity component with
vector directions, and postprocessed pressure field (bottom row).
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The variable viscosity is defined in the same way as in Example 1. The convergence history for
a sequence of quasi-uniform mesh refinements with ¢ = 1 is shown in Table 7.2. As proven by
Theorem 6.1, the mixed finite element method converges optimally with O(h?). Additionally, Figure
7.2 displays selected components of the numerical solution, which were obtained using the P —RT; —P;
approximation with dof = 238603.

| P, —RT; - P,
dof h e(t) r(t) e(o) r(o) e(u) r(u) e(p) r(p) | iter
383 1.1180 | 8.59¢+00 | =+ | 2.07e+ 02 * 8.07e — 01 * 4.63¢ 400 | =
941 | 0.6212 | 3.93e+00 | 1.33 | 9.23e+01 | 1.38 | 4.15e — 01 | 1.13 | 2.46e 4 00 | 1.08
3646 | 0.3171 | 1.13e+00 | 1.85 | 2.40e +01 | 2.00 | 1.29¢ — 01 | 1.74 | 5.48¢ — 01 | 2.23

15233 | 0.1582 | 2.85e — 01 | 1.98 | 6.25e +00 | 1.94 | 3.29¢ — 02 | 1.96 | 1.29¢ — 01 | 2.08

59869 | 0.0795 | 7.40e — 02 | 1.96 | 1.94e+00 | 1.70 | 8.50e — 03 | 1.97 | 3.38¢ — 02 | 1.95

238603 | 0.0398 | 1.85e — 02 | 2.00 | 6.03e — 01 | 1.69 | 2.16e — 03 | 1.98 | 8.50e — 03 | 1.99

[ SN =N SN RN

Table 7.2: Example 2, convergence history and Newton iteration count for the fully-mixed P; — RT; —
P, approximations of the Navier-Stokes model with variable viscosity, and convergence of the Pi-
approximation of the postprocessed pressure field.

7.3 Example 3: 2D non-smooth solution in a non-convex domain

The third example is devoted to show that the rates of convergence are affected when the exact solution
does not have enough regularity, in particular if it has a singularity near the vertex with major angle
of a non-convex domain. In fact, here we consider again the L-shaped domain  := (—1,1)%\ [0, 1]?,
define the manufactured exact solution:

— l-z [ —cos(mx) sin(my) B
"o 2(x —0.02)% +2(y — 0.02)2~ v < sin(7z) cos(my) )’ t=Vu,
and o = p(|Vu[)Vu — (u@u) —pl,

and compute the data f and g accordingly. The variable viscosity is defined in the same way as in
Example 1. The convergence history for a sequence of quasi-uniform mesh refinements with ¢ = 1
is shown in Table 7.3. As announced, suboptimal rates arise in this case, which is explained by the
fact that the pressure exhibits high gradients near the corner region of the L-shaped domain. This is
observed in Figure 7.3 below where selected components of the numerical solution, obtained with the
Py — RT; — Py approximation and dof = 238603, are displayed.

y P; — RT; — Py \
dof h e(t) r(t) e(o) r(o) e(u) r(u) e(p) r(p) | iter
383 1.1180 | 1.10e + 01 * 5.58¢ + 02 * 1.20e + 00 * | 4.26e+01 | =* 3
941 | 0.6212 | 6.98¢ +00 | 0.77 | 3.72¢4+02 | 0.69 | 5.67e —01 | 1.27 | 2.35e + 01 | 1.01
3646 | 0.3171 | 7.23e 4+ 00 | —0.05 | 4.57e 4+ 02 | —0.31 | 3.66e — 01 | 0.65 | 1.88e + 01 | 0.33

15233 | 0.1582 | 4.50e 400 | 0.68 | 3.74e+02 | 0.29 | 1.43e—01| 1.35 | 1.17e + 01 | 0.68

59869 | 0.0795 | 2.57e +00 | 0.82 | 1.83e+02 | 1.04 | 6.60e—02 | 1.12 | 6.21e+ 00 | 0.92

238603 | 0.0398 | 1.22e 400 | 1.07 | 7.49¢+01 | 1.29 | 2.05e — 02 | 1.68 | 2.64e + 00 | 1.23

T W W W W

Table 7.3: Example 3, convergence history and Newton iteration count for the P; — RT; — Py approx-
imations of the Navier-Stokes model with variable viscosity, and convergence of the Pi-approximation
of the postprocessed pressure field.
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Figure 7.2: Example 2, P —RT;—P; approximation with dof = 238603 of the fluid velocity magnitude,
velocity gradient magnitude, pseudostress component, and postprocessed pressure field.

7.4 Example 4: 3D smooth solution

Next we illustrate a three-dimensional problem. In this case, we consider the cube domain = (0, 1)3,
and define the nonlinear viscosity as

u(s) = ag+ a1 (1 + s2)5-2/2

with ag = 2/5, ag = 1/2, and 8 = 1. The data are suitably adjusted according to the exact solution
defined by the functions:
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Figure 7.3: Example 3, P; —RT;—P; approximation with dof = 238603 of the fluid velocity magnitude,
velocity gradient magnitude, pseudostress component, and postprocessed pressure field.

sin(m z) cos(m y) cos(m z)
p =sin(zyz), u= | —2cos(rx)sin(ry) cos(rz) |, t=Vu,
cos(m x) cos(my) sin(m z)
and o = u(|Vu|)Vu— (u®u) — pl.

The convergence history for a sequence of quasi-uniform mesh refinements with £ = 0 is shown in
Table 7.4, while some components of the approximate solutions with dof = 3360769 are displayed in
Figure 7.4. We observe that the Newton method exhibits a behavior independent of the meshsize,
achieving the tolerance of 1e — 8 in four iterations in all cases. Again, the mixed finite element method
converges optimally with O(h), as it was proved by Theorem 6.1.
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] Py — RTy — Py \
dof h e(t) r(t) e(o) r(o) e(u) r(u) e(p) r(p) | iter
889 0.8660 | 2.61e 4 00 * 8.08e 4 00 * 5.65e — 01 * 2.61e — 01 *
6817 0.4330 | 1.41e 400 | 0.89 | 4.21e4+00 | 0.94 | 3.0le —01 | 0.91 | 2.02e — 01 | 0.37

53377 | 0.2165 | 7.31le—01 | 0.95 | 2.14e+ 00 | 0.97 | 1.55e — 01 | 0.96 | 1.15e — 01 | 0.82

422401 | 0.1083 | 3.71le—01 | 0.98 | 1.07e+ 00 | 1.00 | 7.79e¢ — 02 | 0.99 | 5.34e — 02 | 1.10

3360769 | 0.0541 | 1.87e — 01 | 0.99 | 5.36e — 01 | 1.00 | 3.90e — 02 | 1.00 | 2.40e — 02 | 1.15

N

Table 7.4: Example 4, convergence history and Newton iteration count for the Py — RTy — Py approx-
imation of the Navier-Stokes model with variable viscosity, and convergence of the Py-approximation
of the postprocessed pressure field.

7.5 Example 5: 3D cavity problem

To conclude the set of numerical examples, we apply our mixed method with £ = 0 to the driven
cavity flow problem in the cube domain © = (0,1)? by using the same sequence of quasi-uniform mesh
refinements from Example 4. Again, the viscosity is taken as the Carreau law (2.5) with ap = 1,
a1 = 0.1, and 8 = 1. The external body force is zero, and the three-dimensional flow patterns
are determined by the boundary conditions only: a unidirectional Dirichlet velocity is set on the
top lid g := (1,0,0)*, and no-slip velocity u = 0 are imposed elsewhere on I'. Some approximate
solutions obtained with dof = 3360769 are depicted in Figure 7.5. As expected, abrupt changes are
observed near the top corners of the domain, where the Dirichlet datum is discontinuous, and where
the pseudostress is concentrated. The maximum number of iterations required over the course of the
Newton-Raphson loop was 3.
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