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Abstract

This paper presents a pressure-robust enriched Galerkin (EG) method for the Brinkman
equations with minimal degrees of freedom based on EG velocity and pressure spaces. The
velocity space consists of linear Lagrange polynomials enriched by a discontinuous, piece-
wise linear, and mean-zero vector function per element, while piecewise constant functions
approximate the pressure. Since the Brinkman equations can be seen as a combination of
the Stokes and Darcy equations, different conformities of finite element spaces are required
depending on viscous parameters, making it challenging to develop a robust numerical solver
uniformly performing for all viscous parameters. Therefore, we propose a pressure-robust
method by utilizing a velocity reconstruction operator and replacing EG velocity functions
with a reconstructed velocity. The robust method leads to error estimates independent of a
pressure term and shows uniform performance for all viscous parameters, preserving min-
imal degrees of freedom. We prove well-posedness and error estimates for the robust EG
method while comparing it with a standard EG method requiring an impractical mesh con-
dition. We finally confirm theoretical results through numerical experiments with two- and
three-dimensional examples and compare the methods’ performance to support the need for
our robust method.
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1 Introduction

We consider the stationary Brinkman equations in a bounded domain 2 € R? ford = 2,3
with simply connected Lipschitz boundary d£2. The Brinkman equations describe fluid flow
in porous media characterized by interconnected pores that allow for the flow of fluids,
considering both the viscous forces within the fluid and the resistance from the porous media.
The Brinkman equations provide a mathematical framework for studying and modeling
complex phenomena such as groundwater flow, multiphase flow in oil reservoirs, blood flow
in biological tissues, and pollutant transport in porous media. In this paper, for simplicity,
we consider the scaled Brinkman equations for fluid velocity u : 2 — R? and pressure
p:2— R,

—vAu+u+Vp=f in$2, (1.1a)
V.-u=0 in£2, (1.1b)
u=0 onads2, (1.1c)

where v € [0, 1] is a viscous parameter. Mathematically, the Brinkman equations can be seen
as a combination of the Stokes and Darcy equations. When v — 1, the Brinkman equations
approach a Stokes regime affected by the viscous forces, so standard mixed formulations
require the H'-conformity for velocity. On the other hand, since the Darcy model becomes
more prominent as v — 0, finite-dimensional spaces for velocity are forced to satisfy the
H (div)-conformity. This compatibility in velocity spaces makes it challenging to construct
robust numerical solvers for the Brinkman equations in both the Stokes and Darcy regimes.
The numerical tests in [10, 18] show that standard mixed methods with well-known inf-sup
stable Stokes elements, such as MINI and Taylor-Hood elements, produce suboptimal orders
of convergence in the Darcy regime. Moreover, with piecewise constant approximations
for pressure, the standard methods’ velocity errors do not converge in the Darcy regime,
while mesh size decreases. On the other hand, Darcy elements such as Raviart-Thomas and
Brezzi-Douglas—Marini do not work for the Stokes regime because they do not satisfy the
H'-conformity. Therefore, the development of robust numerical solvers for the Brinkman
equations has had considerable attention.

There have been three major categories in developing robust numerical methods for the
Brinkman equations. The first category considers Stokes/Darcy elements and adds stabi-
lization (or penalty) terms or degrees of freedom to impose normal/tangential continuity,
respectively. This approach allows Stokes elements to cover the Darcy regime [3, 21] or
H (div)-conforming finite elements to be extended to the Stokes regime [14-16, 21]. Also,
the stabilized method in [2] coarsens a pressure space and applies a stabilization term on pres-
sure, while the robust method in [18] uses an enlarged velocity space. The second approach
is to introduce another meaningful unknown and define its suitable formulation and finite-
dimensional space, such as velocity gradient [7, 9, 11, 24], vorticity [1, 5, 20], pseudostress
[8], and Lagrange multipliers at elements’ boundaries [13]. The third direction is the develop-
ment of a velocity reconstruction operator, first introduced in [17], mapping Stokes elements
into an H (div)-conforming space. In a discrete problem for the Brinkman equations, recon-
structed velocity functions replace Stokes elements in the Darcy term and the test function
on the right-hand side. This idea has been adopted for a uniformly robust weak Galerkin
method for the Brinkman equations [19], which inspires our work because of its simplicity
in modification.

The enriched Galerkin (EG) velocity and pressure spaces have been proposed by [22,
23] for solving the Stokes equations with minimal degrees of freedom, keeping local mass
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conservation. The velocity space consists of linear Lagrange polynomials enriched by a
discontinuous, piecewise linear, and mean-zero vector function per element, while piecewise
constant functions approximate the pressure. More precisely, a velocity function v = v +v?
consists of a continuous linear Lagrange polynomial v€ and a discontinuous piecewise linear
enrichment function v2, so interior penalty discontinuous Galerkin (IPDG) formulations are
adopted to remedy the discontinuity of v”. These velocity and pressure spaces satisfy the
inf-sup condition for the Stokes equations, so they are stable Stokes elements.

Our research focuses on developing a robust numerical method for the Brinkman equations
using the EG velocity and pressure spaces with minimal degrees of freedom. Since the EG
spaces are stable Stokes elements, simply adding the Darcy term (u, v) g to the Stokes discrete
problem in [22] only works for the Brinkman equations in the Stokes regime. However, such
a standard approach fails to produce accurate velocity solutions in the Darcy regime despite
decreasing mesh size before resolving a mesh size condition, 4 < /v, impractical in the
Darcy regime. Hence, to develop a robust EG method, we employ the velocity reconstruction
operator [12] (inspired by [17]) to map the EG velocity to the first-order Brezzi—-Douglas—
Marini space, whose consequent action is preserving the continuous component v¢ and
mapping only the discontinuous component v? to the lowest-order Raviart-Thomas space.
Compared to the Stokes solver in [12] modifying only the right-hand side, we replace the EG
velocities in the Darcy term and on the right-hand side with the reconstructed linear H (div)-
conforming velocity. Therefore, with this simple modification, our resulting EG method
yields pressure-robust error estimates and shows uniform performance from the Stokes to
Darcy regime (including v = 0) without any restriction in mesh size. Through two- and
three-dimensional examples, we compare the numerical performance of the standard and
robust EG methods with the viscous parameter v € [0, 1] and mesh size /&, emphasizing the
robust EG method’s uniform performance in solving the Brinkman equations. Compared to
the existing numerical solvers for Brinkman-Darcy coupled problems with sharp interface,
our method considers one governing equation in the whole domain using variable viscosity or
permeability without requiring appropriate numerical schemes in different subdomains. The
challenge in the sharp interface setting may need advanced finite element functions/schemes
and different analysis techniques in error estimates. Our robust method can overcome such
difficulties by implementing the Brinkman equations uniformly.

The remaining sections of this paper are structured as follows: Some important notations
and definitions are introduced in Sect.2. In Sect. 3, we present the standard and robust EG
methods for the Brinkman equations, recalling the EG velocity and pressure spaces [22] and
the velocity reconstruction operator [12]. We prove the well-posedness and error estimates
of the EG methods in Sect. 4, verifying the uniform performance of the robust method from
the Stokes to Darcy regimes. Section5 validates our theoretical results through numerical
experiments in two and three dimensions. Finally, we summarize our contribution in this
paper and discuss related future research in Sect. 6.

2 Preliminaries

In this section, we introduce some notations and definitions used in this paper. For a bounded
Lipschitz domain D € R4, where d = 2, 3, we denote the Sobolev space as H*(D) for a
real number s > 0. Its norm and seminorm are denoted by || - ||s,p and | - |5 p, respectively.
The space H 0(D) coincides with L2(D), and the L2-inner product is denoted by (-, -)p.
When D = 2, the subscript D will be omitted. This notation is generalized to vector- and
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tensor-valued Sobolev spaces. The notation H& (D) means the space of v € H'(D) such
that v = 0 on 0D, and L%(D) means the space of v € L2(D) such that (v, 1)p = 0. The
polynomial spaces of degree less than or equal to k are denoted as P, (D). We also introduce
the Hilbert space
H(div, D) := {v € [L*(D)]? : div v € L*(D)}
with the norm
VI3 @i,y == IVIIG.p + lldiv V[I§ p.

For discrete setting, we assume that there exists a shape-regular triangulation 7, of £2
whose elements T € 7}, are triangles in two dimensions and tetrahedrons in three dimensions.
Also, &, denotes the collection of all edges/faces in 7, and &, = 5;; U Sﬁ , Where E,‘l’ is the
collection of all the interior edges/faces and S,f is that of the boundary edges/faces. For each
element T € 7y, let hy denote the diameter of 7 and ny denote the outward unit normal
vector on dT. For each interior edge/face e € &£ shared by two adjacent elements T and
T, we let n, be the unit normal vector from 7% to 7. For each e € S;l’ , n, denotes the
outward unit normal vector on d£2. In a triangulation 7}, the broken Sobolev space is defined
as

H'(T;) == {v € L*(2) : v|r € H(T), VT € T},

equipped with the norm
1/2

. 2
lvlls.z; = | D vl 7

TeTy

When s = 0, the L%-inner product on 7}, is denoted by (-, -)7;,. Also, the L2%-inner product
on &, is denoted as (-, -)g,, and the L2-norm on &, is defined as

172

. 2
lwllog, = | Y_Ivl5.

eeéy
The piecewise polynomial space corresponding to the broken Sobolev space is defined as
Pi(Th) = {v € L*(2) 1 vlr € P(T), VT € T).
In addition, the jump and average of v on e € &, are defined as

(o] = vi—v  one €&y, () = (vt +v7)/20ne e &,
v v oneegr, T v oneeé&y,

where v is the trace of v| 7+ one € 9T TNIT ~. These definitions are extended to vector- and
tensor-valued functions. We finally introduce the trace inequality that holds for any function
ve HU(T),

i, < ¢ (h;‘nvné,T +hT||vU||%,T) : 2.1)

3 Enriched Galerkin Methods for the Brinkman Equations

We first introduce the enriched Galerkin (EG) finite-dimensional velocity and pressure spaces
[22]. The space of continuous components for velocity is

C = (v€ e [H ()14 :vC|7 € [PI(D))Y, VT € Tp)).
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The space of discontinuous components for velocity is defined as
D, = (vP € L?(2) : VP |7 = c(x —x7), c € R, VT € Tp,},

where x7 is the barycenter of T € 7j,. Thus, the EG finite-dimensional velocity space is
defined as
Vi, :=Cj, ®Dy.

We note that any function v € V}, consists of unique continuous and discontinuous compo-
nents, v = v€ + v2 for v€ € C;, and vP € Dj,. At the same time, the EG pressure space
is

Qi =g € L§(R) 1 qlr € Po(T), VT € Tj}.

Therefore, we formulate a standard EG method for the Brinkman equations with the pair of
the EG spaces Vj x Q) by adding the Darcy term to the Stokes formulation [22].

Algorithm 1 Standard enriched Galerkin (ST-EG) method
Find (uy,, pp) € Vj, x Qp such that

va(uy, v) + c(uy, v) —b(v, pp) = (£, v) Vv eV, (3.1a)
b(u,,q) =0 Yq € Oy, (3.1b)

where
a(v, w) == (Vv, VW), — ({(Vvine, [wl)g, (3.2a)

— ({(VWine, VD) g, + p(h; V], [W])e,
c(v,w) == (v, W), (3.2b)
b(w.q) = (V- w.q)7, — (W] ne. {gh)g, - (3.2¢)

In this case, p > 0 is a penalty parameter, and &, = |e| 1/(@d=1) \where |e| is the length/area of the edge/face
e e Sh.

Remark 1 Since the enriched functions in Dj, contain discontinuity, Algorithm 1 employs
interior penalty discontinuous Galerkin (IPDG) formulations for well-posedness. The sym-
metric, non-symmetric, and incomplete IPDG methods can be applied under suitable
assumptions of p, as discussed in [21]. For simplicity, we only consider the symmetric
IPDG formulation because we can easily extend the symmetric method’s results to the other
IPDG methods. On the other hand, for the cases with small v (< 1), the ST-EG method fails
to produce stable and accurate velocity solutions unless mesh size satisfies the impractical
condition & < /v. For this reason, we will improve it by imposing a velocity reconstruction
operator.

We develop a pressure-robust EG method for the Brinkman equations with any value
of v € [0, 1]. First, the velocity reconstruction operator [12] is defined as R : V;, —
BDM;(7,) C H(div, £2) such that

/(Rv) ‘nep1 ds = /{v} -nep1 ds, Vp1 € Pi(e), Ve € 5;‘,’, (3.3a)
e e
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/(Rv) ‘nepy ds =0, Vpi € Pi(e), Ve € £, (3.3b)
e

where BD M (7;) is the Brezzi-Douglas—Marini space of index 1 on 7j. Then, we propose
the pressure-robust EG method as follows.

Algorithm 2 Pressure-robust enriched Galerkin (PR-EG) method
Find (uy, pp) € Vj, x Qp, such that

va(uy, v) + &y, v) — b(v, pp) = (£, Rv) vV eV, (3.4a)
b(u,,q) =0 Yq € Qp, (3.4b)

where a(v, w) and b(v, w) are defined in (3.2a) and (3.2c), respectively, and

&(v,w) := (Rv, RW)7;, . 3.5)

Remark 2 Using the velocity reconstruction operator R, we force discrete velocity functions
in V, to be H (div)-conforming. We replace the velocity functions in the Darcy bilinear form
(v, w)7;, in (3.2b) and on the right-hand side with the reconstructed velocity Rv. Thus, as
v — 0, the term (Rv, Rw)7, with the H (div)-conforming velocity dominates the PR-EG
formulation in Algorithm 2. This modification leads to stable and accurate velocity and
pressure solutions with any v € [0, 1], demonstrated by the optimal convergence orders in
error analysis in Sect.4 and numerical experiments in Sect.5.

4 Well-Posedness and Error Analysis

In this section, we show well-posedness and error estimates for both ST-EG and PR-EG
methods, focusing more on the PR-EG method’s analysis. The error estimates demonstrate
that:

— The PR-EG method’s velocity and pressure errors decrease in the optimal order of conver-
gence in both the Stokes and Darcy regimes, so we expect stable and accurate numerical
solutions with any v > 0 as h decreases.

— The ST-EG method’s errors converge in the first order with 4 under the condition 2 < /v
impractical in the Darcy regime, highlighting the need for the PR-EG method.

We first introduce the discrete H'-norm in [22] for all v € [H(} (SZ)]d,

2 2 —1/2 2
VI = 1VvI3 7 + pllhe VI3 ¢,

where p is a penalty parameter. With this norm, the coercivity and continuity results for the
bilinear form a(-, -) have been proved in [22]: For a sufficiently large penalty parameter p,
there exist positive constants k1 and k7 independent of v and & such that

a(v,v) >« ||v|% vy € Vy, 4.1)
la(v, w)| < ia||Vlellwle Vv, w e V. 4.2)

Then, we define an energy norm for Brinkman problems involving the discrete H '-norm and
Lz-norm,
2. 2 2
V= = viiviie + vl
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The following lemma shows an essential norm equivalence between ||| - ||| and |-||¢ scaled
by v and A.

Lemma 1 For given v and h, we define a positive constant Cxg (Norm Equivalence) as

CNE = C\/ v+ h2,

where C is a generic positive constant independent of v and h. Then, the following norm
equivalence holds: For any v € Vy, we have

livlle < Vv +erth?|vie < IVl < Cxellvlle, 4.3)
for some small 0 < ¢1 < 1. Moreover, the constant Cxg is bounded as
Cne <C(Wv+h) 4.4

for some generic constant C > 0.

Proof We observe each term in the energy norm
IVII? = vIvIE + V13-
Since v|7 is a linear polynomial in the second term, a scaling argument implies
Ivllo = ChlIVYllo,7, = Chllvle.

Thus, we obtain
IvI? < € (v + A2 |IvIIZ.

On the other hand, the inverse and trace inequalities lead to
2 —2002
Ivlig < Ch=IvIG,
where C contains pj. In this case, we assume C > 1 and set ¢ := 1/C, so

W+l vz < lIvii*.

Let us introduce the interpolation operator in [23] IT;, : [H*(£2)]¢ — V), defined by
IT,w = Hwa + Hth,

where I'IhC w € Cj is the nodal value interpolant of w and IT hD w € D, satisfies
(V- HhDW, Dr = (V- (w-— HhCW), 1)r for all T € 7;,. The following interpolation error
estimates and stability [23] are used throughout our numerical analysis:

W — IT,w|j 7, < Ch™ 7 [Wl, 0<j<m<2, VwelH*@2)]4, (452
lw — ywle < Chlwla, vw e [H*(2)1%, (4.5b)
I Tywle < Clwly, vw € [H} ()14 (4.5¢)

For the pressure, we introduce the local L2—pr0jecti0n Py : H'(£2) — O, such that (g —
Pog, 1) = 0forall T € 7. Its interpolation error estimate is given as,

llg = Pogllo < Chliglli, Vq € H'(£2). (4.6)
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The operator R defined in (3.3) has the following interpolation error estimate [12]:

172

Ilv—="Rvlo < Chllhe "“[Vlllo.g, < ChllVlle. Vv € Vp, 4.7)

where C is a positive constant independent of v and A.
The interpolation error estimate (4.7) allows to have a lower bound of |||v||| with another
energy norm

VIl = vIvIE + IRVIG
obtained by replacing ||v]|o in |||v]|| with || Rv]o.
Lemma2 Foranyv € Vy, it holds
Vil < c*lIvil, (4.8)
where c* is a positive constant independent of v and h.
Proof It follows from (4.7) and Lemma 1 that

VIIVIE + IIRVIG < € (vIVIE + cth®IVIE + IVIG) < ClIvII>.

O
4.1 Well-Posedness of the PR-EG Method
We first prove the coercivity and continuity results concerning the energy norm ||| - |[| .
Lemma3 Forany v,w € Vj, we have the coercivity and continuity results:
va,v) +&v, v) = Killvili%. 4.9)
va(v, w) + ¢(v, w)| = K[Vl Wiz, (4.10)

where K1 = min(k1, 1) and Ky = max(xa, 1). The constants k1 and ky are defined in (4.1)
and (4.2), respectively.

Proof If we observe the bilinear forms a(-, -) and ¢(-, -) and use the coercivity (4.1), then we
have

va(v, v) + &, v) = kv |[vIIz + IR
> min(er, DIV]I%-
Moreover, it follows from the Cauchy—Schwarz inequality and the continuity (4.2) that

[va(v, w) + €(v, w)| < kv|[vllellwlle + IRv[olIRwllo

< max(k2, D[IVlIzlIWllz-

Next, we prove the discrete inf-sup condition for the problem (3.4) in Algorithm 2.

Lemma 4 Assume that the penalty parameter py is sufficiently large. Then, there exists a
positive constant C1 := Cis/(c*Cng) such that
b(v,
inf sup — 4o o @.11)
a€Quvev,, VIR liglo

where Cis > 0 (Inf-Sup), independent of v and h, is the constant for the discrete inf-sup
condition in [22]. The constants Cxg and c* are defined in Lemmas 1 and 2, respectively.
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Proof We first recall the results of discrete inf-sup condition in [22]: For any ¢ € Q) C
L%(.Q), there exist a vector v € [HO1 (£2)]¢ and a constant Cs > 0 independent of & and v
such that
b(I1v, q)

I Thvlle
Thus, by the upper and lower bounds of |||v]|| in (4.3) and (4.8), we obtain

b(ITyv, q) b(ITyv, q)
Cisllgllo < Cxp— Il < ¢*Cpp —n 22
* AT Tyl

Cisligllo =

Therefore, we obtain the well-posedness of the PR-EG method in Algorithm 2.
Theorem 1 There exists a unique solution (uy, py) € Vi X Qp to the PR-EG method.

Proof Tt suffices to show that u, = 0 and p, = 0 when f = 0 because V; and Qj are
finite-dimensional spaces. Choosing v = uy, in (3.4a) and ¢ = pj;, in (3.4b) and adding the
two equations imply va(uy, u,) + €(uy, uy) = 0. Hence, [|uy]llz = 0 by (4.9), sou;, = 0.
If up, = 0in (3.4), then b(v, py) = 0 for all v € Vj,. Therefore, the inf-sup condition (4.11)
yields || pullo = 0, so pp, = 0. ]

Remark 3 Most of the results for the well-posedness of the ST-EG method in Algorithm 1
are similar to those of the PR-EG method. Thus, we omit the details here.

4.2 Error Estimates for the PR-EG Method
Let (u, p) € [H} (£2) N H*(2)14 x [L3(£2) N H'(£2)] be the solution to (1.1a)~(1.1c). We
define the error functions used in the error estimates
Xpi=u—Ilyua, e, :=Ihu—w,, & :=p—"Pop, € :=Pop— pi
First, we derive error equations in the following lemma.
Lemma5 Foranyv € V, and g € Qp, we have

va(ey, V) + ¢(ep, V) — b(v,¢,) =11 (u,v) + h(ua, v) + I3(u, V), (4.12a)
b(en, q) = —b(xp, q), (4.12b)

where the supplemental bilinear forms are defined as follows:

li(u,v) :=va(llpu —u,v),
L(u,v) :=v(Au, RV - V)7,
3(w, v) := (RITju —u, Rv)7,.

Proof Since —(Au, v)7;, = a(u, v) for any v € V, from [22], we have

—v(Au, Rv)7, = —v(Au, V)7, — v(Au, Rv — V)7,

va(u, v) — v(Au, Rv — V)7,

va(ITpu, v) —va(llpu —u, v) — v(Au, Rv — V)7,
By the definition of €(-, -), we also have

(u, Rv)7, = ¢(Tpu, v) — (RIIu —u, Rv)7,.
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Since Rv - n7 is continuous on 37 and V - Rv is constant in 7', integration by parts implies
(Vp, Rv)7, = =b(v, Pop).
Hence, we obtain the following equation from (1.1a),
va(ITpu, v) 4+ ¢(ITpu, v) — b(v, Pop) =
(£, Rv) +1Li(u, v) + L(u, v) + I3(u, v).
If we compare this equation with (3.4a) in the PR-EG method, we arrive at
va(ey, v) +c(ep, v) — b(v, €p) =11 (u, v) + 12 (u, v) + 3w, V).

For the second equation (4.12b), the continuity of u and (3.4b) in the PR-EG method lead
us to

(V-u,q)7, =b(u, q) =0=Db(uy, q).

O
We present estimates for the supplementary bilinear forms defined in Lemma 5.
Lemma 6 Assume thatw € [H2(£2)]? and v € V},. Then, we have
1w, V)| < C/vh|wl2lIVII% (4.13a)
ll(w, )| < CV/vh|wl2lIviiz, (4.13b)
113w, v)| < Chilwll2[lIvlll = (4.13¢)

where C is a generic positive constant independent of v and h and may vary in each case.

Proof Tt follows from (4.2) and (4.5b) that

[l1(w, V)| = [va(ITyw — w, V)|

IA

vio [ITpw — wilelvle
< Cvh|wl2lvle

< CVvh|wll2Ivll=-
On the other hand, the Cauchy—Schwarz inequality and (4.7) lead to

|(w,v)| = ’U(AW, RV — V)Th}

IA

VIwll2'Rv = vllo
< Cvhllwl2llvlle

< CVvh|wl2lIvill -
Using the Cauchy—Schwarz inequality, (4.7), (4.5¢), (4.5a), and (4.8), we get the following

upper bounds,
lI3(w, V)| = [(RITyw — W, Rv)7, |
< |(RIDyw — IMyw, RV) 7, | + |(ITyw — w, Rv) 7, |
< ChllTpwllglRvllo + IHTxw — wllol RV (o
< ChiwlillIvilz-
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In addition, we expand the continuity of b(-, -) in [22] to be relevant to the error equations
(4.12) because x, =u—Ilhu ¢ Vyand &, = p — Pop ¢ Q.

Lemma7 Foranyv € Vy and g € Qp, we have

[b(v, &) < Chllplhlivle, (4.14a)
[b(x 1, 9)| < Chligllollall2, (4.14b)

where C is a generic positive constant independent of v and h and may vary in each case.
Proof First, we use the Cauchy—Schwarz inequality to get
(v, &) =1V v, &7, — (V] ne, {En})g, |
= € (I9¥lo.7 lgnllo + Ihg V211 lo.g, 11 (Endlo.e, ) -

Then, the trace term is bounded by using the trace inequality (2.1) and interpolation error
estimate (4.6),
1/2
e (& 13.¢, < C (I1€x1G + K2 1VER I 7;) < CR2IIpI

because V&, = V(p — Pyp) = Vp. Hence, the definition of the discrete H'-norm and
estimate (4.6) imply
[b(v, &)l < Chllpllilivile.

Similarly, it follows from the Cauchy—Schwarz inequality, trace inequality (2.1), and (4.5b)
that

—1/2 1/2
DOt @)1 = € (IVxllo.zi lallo + I8¢ *Leadlog, 10 (aMlo.g, )
< Cliglollxalle < Chligloflull2-

Therefore, we prove error estimates of the PR-EG method in Algorithm 2.

Theorem 2 Let (u, p) € [Hy (2)NH?(2)1? x [L3(£2) N H' ()] be the solution to (1.1a)—
(1.1¢), and (uy, pp) € Vi, x Qy, be the discrete solution from the PR-EG method. Then, we
have the following pressure-robust error estimates

1Tpu — g < Ch(+/v + Dul2,
IPop — prllo < Ch(v + v/v)[ull2 + Ch*|ull2.
Proof We start with the error equation (4.12a),
b(v, €,) = va(ey, v) + ¢(ep, v) —[1(u, v) — r(u, v) — I3(u, v).
Then, it follows from (4.10) and (4.13) that
b(v, en) < C (llenllr + /vhllulz + hlull2) Vil -
From the inf-sup condition (4.11) with (4.4), we obtain
lenllo < C(v +h) (llenllz + v/vhlull2 + hlulz2) . (4.15)
We also choose v = e, and ¢ = €, in (4.12) and substitute (4.12b) into (4.12a) to get

va(ep, ep) + C(ep, ep) = —b(xp. 1) +11(u, ep) +(u, ep) +3(u, ep).
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Here, it follows from (4.14b) that
[b(x;, €n)| < Chllull2ll€nllo- (4.16)
Therefore, from (4.9), (4.13), and (4.16), we have
lleall7 < C (hllull2llenllo + v/vhlul2llerllz + 2llullzllenllz) -
We also replace ||€;, ||o by its upper bound in (4.15) omitting high-order terms,
llellz < € (Vvhlulzllerllz + lul2llenllz + vh*[ul3) .

In this case, the Young’s inequality gives

Vvhlualollesllz < i 2 + < e 12
vhalal2|||en < —u —llien s
R 2a 2 2 R

h? o
hul2||le < —Jlul?+ =lexll>.
lull2llenlli < 5 lul3 + 5 el

Therefore, it follows from choosing a proper « that
llenll% < Ch*(v + Dul3,

which implies that
llenllz < Ch(/v+ Dllul.

If we apply this estimate to (4.15), then we obtain
lenllo < Ch(w + V) [ull2 + Ch* ull2.

m}

Remark 4 We emphasize that the error bounds in Theorem 2 are pressure-robust and have no
detrimental effect from small v. With v — 0, the PR-EG method’s velocity errors decrease in
the optimal order, and pressure errors do in the second order (superconvergence is expected).
This result implies that the PR-EG method produces stable and accurate solutions to the
Brinkman equations in the Darcy regime.

In addition, we prove total error estimates showing the optimal orders of convergence in
velocity and pressure.

Theorem 3 Under the same assumption of Theorem 2, we have the following error estimates

lla —wllg < Ch(v/v+ Dlul2,
Ilp = pullo < Ch (v + VWl +lIpl1) -

Proof We recall x;, = u — IT,u and observe the energy norm,

lxall% = viXalz + 1Rx15-
Then, it follows from the triangle inequality, Theorem 3.1 in [6], (4.7), (4.5¢), and (4.5a) that

IRxnllo < IRxn — xnllo+ I xnllo
< IRu—ullp + [RIpu — Hpullo + | X1 llo
< Chllul;
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Hence, since || x,lle < Ch|lul2 from (4.5b), the error bound is

Ixnllg < Ch(v/v+1) llull2.

Furthermore, the pressure error estimate is readily proved by the triangle inequality and
interpolation error estimate (4.6). O

In conclusion, the proposed PR-EG method solves the Brinkman equations in both the
Stokes and Darcy regimes, having the optimal order of convergence for both velocity and
pressure.

4.3 Error Estimates for the ST-EG Method

For comparison, we present error estimates of the ST-EG method in Algorithm 1.

Theorem 4 Let (u, p) € [H} (2) NH*(£2)1? x [L3(22) N H' (£2)] be the solution to (1.1a)~
(1.1¢c), and (uy, pn) € Vi X Qp be the discrete solution from the ST-EG method. Then, we
have the following error estimates

h
17w —wplll < C | (Vv + Dhlulla + [ 2+ —— | Il |
v+c1h2

IPop = prllo < C [ + Vv)klul2 + (Vv + Dhllpli] .
Proof See Appendix A. O

Remark 5 Theorem 4 explains that the errors converge in the first order with 4 under the
condition i < /v easily satisfied in the Stokes regime. However, the velocity error in the
Darcy regime may not decrease with & due to the pressure term in the velocity error bound,
that is, when v — O,

h 1
——lrlh > —lrl-
Vv + c1h? Vel

We will also confirm these theoretical results through numerical experiments. For this reason,
the ST-EG method in Algorithm 1 may not be effective in solving the Brinkman equations
with small v, which highlights the need for the PR-EG method in Algorithm 2.

5 Numerical Experiments

This section shows numerical experiments validating our theoretical results with two- and
three-dimensional examples. The numerical methods in this paper and their discrete solutions
are denoted as follows:

— (ujT, p7T): Solution by the ST-EG method in Algorithm 1.
— (u;®, p;®): Solution by the PR-EG method in Algorithm 2.

While considering the scaled Brinkman equations (1.1) with the parameter v, we recall the
error estimates for the ST-EG method in Theorem 4,

h
I Tu — w ™| S (Vv + Dhfuallz + |+ —— ] lIplh. (5.1a)
v+ c1h?
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IPop — pi"llo S (v + V/whllullz + (Vv + Dhlpl, (5.1b)

and the error estimates for the PR-EG method from Theorem 2
ITu — w5l < Vv + Dhjlulz, (5.2a)
IPop — piRllo < (v 4 Wkl + A [ul. (5.2b)

We mainly check the error estimates (5.1) and (5.2) by showing various numerical exper-
iments with v and h. We also display the difference between the numerical solutions for
ST-EG and PR-EG in the Darcy regime, which shows that the PR-EG method is needed
to obtain stable and accurate velocity solutions. Moreover, we present permeability tests
by applying both EG methods. The permeability tests enhance the motivation of using the
PR-EG method for the case of extreme viscosity or permeability.

We implement the numerical experiments using the authors’ MATLAB codes developed
based on iFEM [4]. The penalty parameter is chosen as p = 3 for all the numerical experi-
ments.

5.1 Two Dimensional Tests

Let the computational domain be 2 = (0, 1) x (0, 1). The velocity field and pressure are
chosen as

u— < 10x2(x = D2y(y = D@y = 1)

—10x(x — 1)(2x — Dy (y — 1)2> » p=102x =Dy - D).

Then, the body force f and the Dirichlet boundary condition are obtained from (1.1) using
the exact solutions.

5.1.1 Robustness and Accuracy Test withv > 0

We compare the ST-EG and PR-EG methods to see robustness and check their accuracy
based on the error estimates (5.1) and (5.2). First, we interpret the ST-EG method’s velocity
error estimate (5.1a) depending on the relation between coefficient v and mesh size h. The
first-order convergence of the energy norm with 4 is guaranteed when v > A2, but it is
hard to tell any order of convergence when v < 2 due to the term A /+/v + c1h2. On the
other hand, the velocity error estimate for the PR-EG method (5.2a) means the first-order
convergence in & regardless of v.

In Fig. 1, we check the discrete H I_error for the velocity scaled by v, \/v|lu —uy| ¢. Itis
a common component of the energy norm |[|u — u||| and |[[u — uy|||z. The ST-EG method
tends to produce errors increasing with O(h~'/2) when h > /v, while the errors decrease
with O(h3/%) when h < /v. This result supports the error estimates (5.1a) (superconvergence
may happen because we solve the problem on structured meshes) and means that a tiny mesh
size is required for accurate solutions with small v. However, the PR-EG method’s errors
uniformly show the first-order convergence, O(h), regardless of v. This result supports the
error estimates (5.2a), so the PR-EG method guarantees stable and accurate solutions in both
the Stokes and Darcy regimes.

We fix v = 10~ and compare the velocity errors and solutions of the ST-EG and PR-EG
methods. Table 1 displays the energy errors and their major components, the discrete H'-
errors scaled by v and L>-errors. For the ST-EG method, the energy errors decrease in the
half-order convergence because the L2-errors are dominant and decrease in the same order.
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ST-EG: Velocity errors with v and h PR-EG: Velocity errors with v and A
1 -1
10 3 ] 10 !

10° 107
o =
5 510
| -1 |
=10 =
3 i

102

-
S,
&

102 10

102 107"
h h

102

Fig. 1 Convergence history of velocity errors with 4 when different v is given

Table 1 A mesh refinement study for the velocity errors of ST-EG and PR-EG with # when v = 1076

h ST-EG

fIhe — udT Order Vlu—uiT g Order lu—ufTo Order
1/4 2.926¢+0 - 7.457e—2 - 2.925¢+0 -
1/8 2.120e+0 047 L117e—1 —0.58 2.117e+0 0.47
1/16 1.476¢+0 0.52 1.572¢—1 —0.49 1.467¢+0 0.53
1/32 1.037¢+0 051 2.188e—1 —0.48 1.014¢+0 0.53
1/64 7.576e—1 045 3.010e—1 —0.46 6.952¢—1 0.55
h PR-EG

e —upRil 5 Order Vvlu—u®| g Order lu—ufR o Order
1/4 1.265¢—2 - 2.608c—4 - 1.265¢—2 -
1/8 2.493¢-3 234 1.072e—4 1.28 2.491e-3 234
1/16 5.267c—4 2.24 4.8%4¢—5 113 5.244e—4 2.25
1/32 1.209e—4 2.12 2.364e—5 1.05 1.186e—4 2.14
1/64 3.035e—5 1.99 1.164¢—5 1.02 2.803e—5 2.08

However, the H'-errors keep increasing because i # /v = 1073, so the H'-errors will
become dominant and deteriorate the order of convergence of the energy errors. On the other
hand, using the PR-EG method, we expect from (5.2a) that the energy errors and major
components converge in at least the first order of /. Indeed, Table 1 shows that the H'-errors
decrease in the first order with &, while the L%-errors reduce in the second order. Since the
energy error involve both H'- and L?-errors, the energy errors decrease in the second order
because of the dominant L?-errors but eventually converge in the first order coming from the
H'-errors.

In Fig. 2, the PR-EG method produces accurate velocity solutions clearly showing a vortex
flow pattern when v = 107 and 4 = 1/64. In contrast, the numerical velocity from the
ST-EG method includes significant oscillations around the boundary of the domain.
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ST-EG: u1, u2, and p with the velocity vector fields, from left to right

1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
Oé‘ 0.5 1 0&‘” 0.5 1 00 0.5 1
-1 0 1 -1 0 1 -5 0 5
; PR-EG: u1, ug, and p w1ith the velocity vector fields, from left to right
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
o0 0.5 1 .
-0.05 0 0.05

Fig.2 Numerical solutions of ST-EG and PR-EG when v = 10 %andh = 1/64

Table2 A mesh refinement study
for the pressure errors of ST-EG
and PR-EG with 7 when
v=10"9

@ Springer

ST-EG

IPop — P llo Order lp = p3"llo Order
1/4 9.664e—1 - 1.358e+0 -
1/8 4273e—1 1.18 6.428e—1 1.08
116 2.125e—1 1.01 3.209e—1 1.00
1732 1.109%—1 0.94 1.636e—1 0.97
1/64  5.864e—2 0.92 8.399e—2 0.96
h PR-EG

IPop — piFllo Order lp = pERilo Order
1/4 3.899e—4 - 9.547e—1 -
1/8 6.010e—5 2.70 4.802e—1 0.99
1/16 7.703e—6 2.96 2.404e—1 1.00
1/32 8.865¢—7 3.12 1.203e—1 1.00
1/64 1.060e—7 3.06 6.014e—2 1.00
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Table 3 A mesh refinement study for the velocity and pressure errors of the ST-EG and PR-EG with & when
v=0

h ST-EG

[l — “;?T”E Order [l — “;?THO Order 1Pop — p}?Tllo Order
1/4 7.244e+0 - 2.940e—1 - 5.550e—2 -
1/8 1.217e+1 —0.75 2.316e—1 0.34 2.369¢—2 1.23
1/16 1.785e+1 —0.55 1.659¢e—1 0.48 1.030e—2 1.20
1/32 2.523e+1 —0.50 1.165e—1 0.51 5.077e-3 1.02
1/64 3.548e+1 —0.49 8.174e—2 0.51 2.540e—3 1.00
h PR-EG

[[u — u}lelg Order [lu— “;E,)R”O Order 1Pop — P;l,DR”O Order
1/4 1.735e+0 - 8.896e—2 - 1.724e—-2 -
1/8 6.491e—1 1.42 1.696e—2 2.39 4.817e-3 1.84
1/16 2.866e—1 1.18 3.693e—3 2.20 1.220e—3 1.98
1/32 1.371e—1 1.06 8.671e—4 2.09 3.048e—4 2.00
1/64 6.750e—2 1.02 2.107e—4 2.04 7.607e—5 2.00

Moreover, the pressure error estimates (5.1b) and (5.2b) tell us that the convergence order
for the pressure errors is at least O (%) in both methods. However, the PR-EG method can
produce superconvergent pressure errors because the term A%| p||; is dominant when v is
small. In Table 2, the pressure errors of the PR-EG method, ||[Pop — p,ll)Rllo, decrease in
at least O(h?), which means superconvergence compared to the interpolation error estimate
(4.6). On the other hand, the ST-EG method still yields pressure errors converging in the first
order with 4. Since the interpolation error is dominant in the total pressure errors || p — pnllo,
the errors in Table 2 have the first-order convergence with / in both methods. Therefore, the
numerical results support the pressure error estimates (5.1b) and (5.2b).

5.1.2 Performance in Darcy Regime (v = 0)

We numerically solve the Brinkman equations with v = 0 (equivalent to Darcy flow) using
the ST-EG and PR-EG methods. We consider the same domain £2 = (0, 1) x (0, 1) and
choose different velocity field and pressure

_ < sin(mx) sin(y)

COS(ﬂx)COS(n'y)> ., p =sin(wx)cos(ry),

with a non-homogeneous Dirichlet boundary condition. In Table 3, the ST-EG method’s
velocity errors do not converge in the optimal convergence orders, while its pressure errors
decrease in the first-order convergence, as expected in (5.1b). Some velocity errors are even
increasing. From (5.1a), we can expect that the velocity errors will never converge in the
optimal convergence order because it never holds & < ,/v. However, the PR-EG method
guarantees the optimal convergence orders presented in (5.2a). The PR-EG method’s pressure
errors decrease in the second-order convergence as expected in (5.2b) with v = 0. This result
demonstrates that the PR-EG method performs well with Darcy flow, producing stable and
accurate velocity solutions and implying superconvergence of pressure errors.
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Fig.3 Permeability map; blue
regions mean K = 1 and red
regions mean K = 1070

5.1.3 Application to a Heterogeneous Porous Medium

In this test, we consider the original Brinkman equations
—udu+ %u—l—Vp:f inQ, (5.32)
V.-u=0 in$2, (5.3b)

with viscosity s = 107 and permeability K given as the permeability map in Fig. 3.

The permeability map indicates that fluid tends to flow following the blue regions, so the
magnitude of numerical velocity will be more significant in the blue regions than in the red
ones. The blue and red regions imply:

— Blue regions: u = 10%and K = 1in (5.32) = v = 1 in (1.1a) with scaled pressure
and body force.
— Red regions: © = K = 107%in (5.32) = v = 10"%in (1.1a).

We set the velocity on the boundary of the domain as u = (1, 0) and body force asf = (1, 1).

We mainly compare the magnitude of the numerical velocity obtained from the two meth-
ods in Fig. 4. We clearly see that the PR-EG method’s velocity is more stable than the ST-EG
method’s velocity containing nonnegligible noises (or oscillations) around the boundary. This
result tells that the PR-EG method is necessary for stable and accurate velocity solutions to
the Brinkman equations with extreme viscosity and permeability.

5.2 Three Dimensional Tests
We consider a three-dimensional flow in a unit cube £2 = (0, 1)3. The velocity field and
pressure are chosen as

sin(wx) cos(iry) — sin(;wrx) cos(wz)
u = | sin(wry)cos(rz) —sin(wry)cos(rx) |, p =sin(wx)sin(wy)sin(rz).
sin(mrz) cos(mrx) — sin(mwz) cos(wy)

The body force f and the Dirichlet boundary condition are given in the same manner as the
two-dimensional example.
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ST-EG: Magnitude of numerical velocity PR-EG: Magnitude of numerical velocity
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0.8 0.8
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PR-EG: Zoomed plot at a different angle
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Fig.4 Numerical velocity solutions of ST-EG and PR-EG on the permeability map

5.2.1 Robustness and Accuracy Test

In the two-dimensional tests, we checked that the condition i < /v was required to guarantee
the optimal order of convergence for the ST-EG method, while the PR-EG method showed
a uniform performance in convergence independent of v. We obtained the same result as in
Fig. 1 from this three-dimensional test.

Table 4 displays the velocity solutions’ energy errors and influential components, com-
paring the PR-EG method with ST-EG when v = 10~°. The ST-EG method’s energy errors
tend to decrease because the dominant L2-errors decrease, but the H!-errors scaled by v
increase. These H !-errors may make the energy errors nondecreasing until 4 < /v = 1073,
However, the PR-EG method guarantees at least first-order convergence for all the velocity
errors, showing much smaller errors than the ST-EG method. This numerical result supports
the velocity error estimates in (5.1a) and (5.2a), and we expect more accurate solutions from
the PR-EG method when v is small.

In addition, we compare numerical velocity solutions of the ST-EG and PR-EG methods
when v = 107° and & = 1/16 in Fig.5. The velocity solutions of both methods seem
to capture a three-dimensional vortex flow expected from the exact velocity. However, the
velocity of the ST-EG method contains noises around the right-top and left-bottom corners,
where the streamlines do not form a circular motion.

In Table 5, as expected in (5.1b), the ST-EG method’s pressure errors decrease in at least
first-order. On the other hand, the PR-EG method’s pressure errors, ||Pop — p}fR llo, decrease
much faster, showing superconvergence. This phenomenon is expected by the pressure esti-
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Table4 A mesh refinement study for the velocity errors of the ST-EG and PR-EG with 4 when v = 107

h ST-EG
flu —u3Ty| Order Wl —uiT|e Order flu —ufTlo Order
1/4 1.086e+1 - 3.669e—1 - 1.085e+1 -
1/8 8.553e+0 0.35 5.814e—1 —0.66 8.533e+0 0.35
1/16 6.202e+0 0.46 8.389%e—1 —0.53 6.145e+0 0.47
1/32 4.418e+0 0.49 1.165e+0 —-0.47 4.262e+0 0.53
h PR-EG
llw— u,ljR|||R Order Vllu—upR e Order flu —uf®lo Order
1/4 3.738e—1 - 2.684e—3 - 1.828e—1 -
1/8 8.797e—2 2.09 1.346e—3 1.00 3.026e—2 2.59
1/16 2.079e—-2 2.08 6.600e—4 1.03 6.203e—3 2.29
1/32 5.101e-3 2.03 3.256e—4 1.02 1.441e—-3 2.11
ST-EG: Streamlines and magnitude PR-EG: Streamlines and magnitude
Velocity Magnitude Velocity Magnitude
1.3e-14 0.5 1 15 2.1e+00 1.3e-14 05 1 15 2.1e+00

Fig.5 Numerical velocity solutions of ST-EG and PR-EG when v = 107 %andh =1 /16

mate (5.2b) when v is small. Moreover, the orders of convergence of the total pressure errors,
Ilp — pnllo, for both methods are approximately one due to the interpolation error.

5.2.2 Application to Different Permeability Regions

We apply piecewise constant permeability to the original Brinkman equations (5.3) in the
cube domain £2 = (0, 1)?,

[ 1078 if x| < (0.25),
K() _{ 1 otherwise.

The other conditions are given as; viscosity u = 107°, boundary condition u = (1, 0, 0),
and body force f = (1, 1, 1).
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Table 5 A mesh refinement study h

ST-EG
for the pressure errors of the oT oT
ST-EG and PR-EG with 4 when IPor — pj; " llo Order lp = pj;~llo Order
v=10"°
1/4 1.564e+0 3.357e+0 -
1/8 5.599¢—1 1.48 1.613e+0 1.06
1/16 1.781e—1 1.65 7.804e—1 1.05
1/32 5.717e-2 1.64 3.846e—1 1.02
h PR-EG
IPop — pERllo Order lp— PRl Order
1/4 1.109e—1 - 2.973e+0 -
1/8 1.241e-2 3.16 1.513e+0 0.98
1/16 1.344e—3 3.21 7.598¢e—1 0.99
1/32 1.609¢—4 3.06 3.804e—1 1.00
ST-EG: Streamlines and magnitude PR-EG: Streamlines and magnitude
Velocity Magnitude Velocity Magnitude
0.0e+00 3.6e+02 00e+00 05 1 15 2.1e+00

Fig.6 Numerical velocity solutions of ST-EG and PR-EG when 7 = 1/16

We expect the fluid flow to be faster out of the ball with large permeability, and it tends
to avoid the ball and be affected by the boundary velocity. The streamlines and colored
magnitude of the PR-EG method’s velocity in Fig. 6 exactly show such an expectation on
the fluid flow, while the ST-EG method fails to provide a reliable velocity solution.

6 Conclusion

In this paper, we proposed a pressure-robust numerical method for the Brinkman equations
with minimal degrees of freedom based on the EG piecewise linear velocity and constant
pressure spaces [22]. To derive the robust method, we used the velocity reconstruction oper-
ator [12] mapping the EG velocity to the first-order Brezzi—-Douglas—Marini space. Then,
we replaced the EG velocity in the Darcy term and the test function on the right-hand side
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with the reconstructed velocity. With this simple modification, the robust EG method showed
uniform performance in both the Stokes and Darcy regimes compared to the standard EG
method requiring the mesh restriction 4 < /v that is impractical in the Darcy regime. We
also validated the error estimates and performance of the standard and robust EG methods
through several numerical tests with two- and three-dimensional examples.

Our efficient and robust EG method for the Brinkman equations can be extended to
various Stokes-Darcy modeling problems, such as coupled models with an interface and time-
dependent models. Also, the proposed EG method can be extended for nonlinear models, such
as nonlinear Brinkman models for non-Newtonian fluid and unsteady Brinkman-Forchheimer
models.
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Appendix A: Proof of Theorem 4

We recall the error functions

Xp i =u—Ilu, e, :=Ihu—uy & :=p—"Pop, € :=Pop—pn
and derive error equations.
Lemma8 Foranyv € V, and g € Qp,, we have

va(ey, v) +c(ep, V) —b(v,€) = l1(u, v) +l4(u, v) + b(v, &),
b(es, g) = —b(x;. 9),

where 11 (u, v) is defined in Lemma 5, and the other supplement bilinear form is defined as
follows:
l4(u, v) := (IThu —u, v)7,.

Proof We have —(Au, v)7, = a(u, v) for any v € V from [22], which implies that
—v(Au, V)7, =va(llu,v) —va(llu —u,v).
The definition of ¢(-, -) also gives
(w, V)7, =c({Tpu,v) — (Tpu —u,v)g,

and integration by parts and continuity of p lead to

(Vp.¥)z, = ) (p.v-nr)ar — (p. V-1 = =b(v. p).
TeT,

Thus, the equation (1.1a) imposes

va(ITpu, v) + c(ITpu,v) —b(v, p) = (£, v) + 11 (0, v) + l4(u, v).
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By comparing this equation with (3.1a) in the ST-EG method, we arrive at
va(ep, v) +c(en, v) — b(v, €p) = [1(w, v) + [4(u, v) + b(v, §).
Moreover, it follows from the continuity of u and (3.1b) that
(V-u,g)7;, = b, ¢) =0 =Db(w, g),
which implies the second equation. O
In what follows, we prove an estimate for the supplemental bilinear form in Lemma 8.
Lemma9 Assume thatw € [H2(£2)]? and v € V},. Then, we have
la(w, V)| < CRZ WiVl
where C is a generic positive constant independent of v and h.

Proof Using the Cauchy—Schwarz inequality and (4.5a), we get the following upper bounds

lla(w, V)| = |(ITyw — w, V)7,
< 1Ipyw — w(lollvllo

< Ch|whIvIlI.

Proof of Theorem 4

Proof We apply (4.10), (4.8), (4.14a), (4.13), (4.3), and Lemma 9 to the first error equation
in Lemma 8,

b(v, €;) = va(e,, v) +c(ey, v) — 1w, v) — 4w, v) — b(v, &)

=C <|||eh||| + Vvhlullz + A% ull2 + (I1vll-

h
——IIrlh
Vv + c1h?

Thus, the results in Lemma 4 with (4.4) imply

lenllo < C(Vv +h) <|||eh I+ V/vhlullz + k[l +

h
——lri)-
Vv +c1h?

We choose v = ej, and ¢ = ¢;, and substitute b(ey, €,) with —b(x/,, €;,) to obtain
va(e,, e;) +c(ey, e,) = —b(x,, €n) +11(u, ;) +14(u, ;) + b(ey, &,).
In this case, we estimate the term b(),, €;) using (4.14b),
[b(X . €n)| < Chllullzllenllo.

The term b(ey, &) is estimated by using (4.14a) and (4.3),
[b(en, &n)| < Chllpllillenlle < C

h
—|Iplhllexll
Vv +cih?

Hence, it follows from (4.9), (4.13), Lemma 9, and the above results that
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llexll* < € (hllullzlléhllo + Vvhlul2 el

+h?[[ull2lllex [l +

h
———=lpllllexll | -
Vv 4+ C1h2

Then, by using the bound of €, ||o and omitting high-order terms (A3 or %), we obtain an
upper bound

hlull2llenllo < € ((Vv + Whllulzllenll + vA a3 + A2l pl)

because /v +h < (+/2/c1)y/v + c1h?. If we apply the Young’s inequality to each term with
a positive constant «, we have

vh? o
Vohlull2llenll < ——Ilul3 + = llenll,
200 2

2 h 2, @ 2
= (lallz2lllexlll < Txllllllz + Elllehlll ,

h? ah?
R ull2liplh < Enun% + 7||p||%,
2

" Ipllllenll < 112 + Zlesll?
fotenz DI = 50 0 eqn) P T el

Therefore, a proper « implies

h2
2 2 2 2 2
llexll” = C [(v + DA% flu]lz + (h + m) llplll] ,
so we finally get
h
llexll < C | (Vv + Dhlullz + [ h + —— ] lIplh |-
v+ c1h?
On the other hand, we observe intermediate estimates and omit high-order terms (h2 or h3),
so we show the pressure error estimate,
lenllo < C [(WVv + B)lllenll + vhlull2 + 2l pll1] -

Thus, we bound [||ey ||| with the velocity error estimate, so we finally obtain

lenllo < € [(v + VWhlull2 + (Vv + Dhlpli],

when omitting h2-terms. O
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