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A uniform and pressure-robust enriched Galerkin method for the
Brinkman equationd’
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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, piecewise linear, and mean-
zero vector function per element, while piecewise constant functions approximate the pressure. We
derive, analyze, and compare two EG methods in this paper: standard and robust methods. The
standard method requires a mesh size to be less than a viscous parameter to produce stable and
accurate velocity solutions, which is impractical in the Darcy regime. Therefore, we propose the
pressure-robust method by utilizing a velocity reconstruction operator and replacing EG velocity
functions with a reconstructed velocity. The robust method yields error estimates independent of a
pressure term and shows uniform performance from the Stokes to Darcy regimes, preserving minimal
degrees of freedom. We prove well-posedness and error estimates for both the standard and robust
EG methods. We finally confirm theoretical results through numerical experiments with two- and
three-dimensional examples and compare the methods’ performance to support the need for the
robust method.

Keywords: enriched Galerkin finite element methods, Brinkman equations, pressure-robust, veloc-
ity reconstruction, uniform performance
1 Introduction

We consider the stationary Brinkman equations in a bounded domain Q C R? for d = 2,3 with simply
connected Lipschitz boundary 99Q: Find fluid velocity u : Q — R? and pressure p : © — R such that

—uAu—&—%u—I—Vp:f in Q, (1.1a)
V-ou=0 inQ, (1.1b)
u=0 onoQ, (1.1c)

where p is fluid viscosity, K is media permeability, and f is a given body force. 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

—vAu+u+Vp=f inQ, (1.2a)
V-u=0 in§, (1.2b)
u=0 on 0, (1.2¢)

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
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it challenging to construct robust numerical solvers for the Brinkman equations in both the Stokes and
Darcy regimes. The numerical tests in [8] [I6] show that standard mixed methods with well-known inf-
sup stables 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 domain 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 stabilization (or penalty) terms
or degrees of freedom to impose normal/tangential continuity, respectively. This approach allows Stokes
elements to cover the Darcy regime [3], [19] or H(div)-conforming finite elements to be extended to the
Stokes regime [12HI4] [19]. Also, the stabilized method in [2] coarsens a pressure space and applies a
stabilization term on pressure, while the robust method in [I6] 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 [6][7} [, [22], vorticity [11 5, [I8], and Lagrange multipliers
at elements’ boundaries [T1]. The third direction is the development of a velocity reconstruction operator,
first introduced in [15], mapping Stokes elements into an H (div)-conforming space. In a discrete problem
for the Brinkman equations, reconstructed 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 [I7], which inspires our work because of its simplicity in
modification.

Our research focuses on developing a robust numerical method for the Brinkman equations with
minimal degrees of freedom. The enriched Galerkin (EG) velocity and pressure spaces have been proposed
by [20] for solving the Stokes equations with minimal degrees of freedom. 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€+4vP consists of a continuous linear Lagrange polynomial v¢ and a discontinuous
piecewise linear enrichment function v, so interior penalty discontinuous Galerkin (IPDG) formulations
are adopted to remedy the discontinuity of vP. These velocity and pressure spaces satisfy the inf-sup
condition for the Stokes equations, so they are stable Stokes elements. We first observe a standard EG
method derived from adding the Darcy term (u, v)q to the Stokes discrete problem in [20]. Our numerical
analysis and experiments show that the standard EG method provides stable solutions and convergent
errors for the Brinkman equations if a mesh size satisfies the condition h < /v that is impractical in the
Darcy regime (v — 0). Hence, inspired by [I7], we use the velocity reconstruction operator [10] mapping
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. Then, we replace the EG velocity in the Darcy term and the test function
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 without any restriction in a mesh size, which is verified by
our numerical analysis and experiments. Through two- and three-dimensional examples, we compare the
numerical performance of our robust EG and the standard EG methods with the viscous parameter v
and mesh size h. The numerical results demonstrate why the standard EG method is not suitable for the
Brinkman equations in the Darcy regime and show that the robust EG method has uniform performance
in solving the Brinkman equations.

The remaining sections of this paper are structured as follows: Some important notations and defini-
tions are introduced in Section[2] In Section[3] we introduce the standard and robust EG methods for the
Brinkman equations, recalling the EG velocity and pressure spaces [20] and the velocity reconstruction
operator [10]. We prove the well-posedness and error estimates of the standard EG method in Section
In Section [5] we show the robust method’s well-posedness and error estimates that mathematically verify
the uniform performance from the Stokes to Darcy regimes. Section [f] 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 Section
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2 Preliminaries

In this section, we introduce some notations and definitions used in this paper. For a bounded Lipschitz
domain D € R?, 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 || - ||sp and |- |5 p, respectively. The space H(D) coincides with
L?(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 tensor-valued Sobolev spaces. The notation H{ (D) means
the space of v € H'(D) such that v = 0 on 9D, and L%(D) means the space of v € L?(D) such that
(v,1)p = 0. The polynomial spaces of degree less than or equal to k are denoted as Py (D). We also
introduce the Hilbert space

H(div,D) := {v € [L*(D)]? : div v € L*(D)}

with the norm
VI Z @iv,p) = VI3 + [Idiv v[3 -

For discrete setting, we assume that there exists a shape-regular triangulation 7, of Q whose elements
T € 7 are triangles in two dimensions and tetrahedrons in three dimensions. Also, &, denotes the
collection of all edges/faces in Ty, and &, = & U 5};, where &7 is the collection of all the interior
edges/faces and 52 is that of the boundary edges/faces. For each element T' € T, let hy denote the
diameter of T' and nr (or n) denote the outward unit normal vector on d7'. For each interior edge/face
e € & shared by two adjacent elements T+ and 7, we let n. be the unit normal vector from 7% to 7.
For each e € &7, n. denotes the outward unit normal vector on Q. In a triangulation 7, the broken
Sobolev space is defined as

H:(Tp) == {v € L*(Q) : v|r € H¥(T), VT € Tp},

equipped with the norm

1/2
[vlls, 7 == (Z ”U”z,T) :

TETh

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

1/2
[vllo,e, = <Z ||v||3,6> -

ecéy

The piecewise polynomial space corresponding to the broken Sobolev space is defined as
Pu(Th) = {v € L*(Q) : v|y € P(T), VT € T}
In addition, the jump and average of v on e € &, are defined as

] = vt —v~ oneé€é&;, (v} = (vt +v7)/2 onee€éy,
o v oneé€ &, o v oneé€ &,

where v is the trace of v|p+ on e € 9T NIT~. These definitions are extended to vector- and tensor-
valued functions. We finally introduce the trace inequality that holds for any function v € H*(T),

10lI3.c < C (hz " IlIE - + bl Vol 7) - (2.1)

3 Enriched Galerkin Methods for the Brinkman equations

We first introduce the enriched Galerkin (EG) finite-dimensional velocity and pressure spaces [20]. The
space of continuous components for velocity is

C, = {v9 e [HX()]? : v € [P(T)]?, YT € Tp}.
The space of discontinuous components for velocity is defined as

D, = {vP € L*(Q) : vP|r = c(x — x7), c€R, YT € Tp,},
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where x7 is the barycenter of T' € 7;,. Thus, the EG finite-dimensional velocity space is defined as
Vi, = Cy & Dy,.

We note that any function v € V), consists of unique continuous and discontinuous components, v =
vC 4+ vP for v€ € Cj, and vP € Dj,. At the same time, the EG pressure space is

Qn:={qe L3(Q) : q|r € Py(T), VT € Tp}.

Therefore, we formulate a standard EG method for the Brinkman equations with the pair of the EG
spaces V5, X Qp, by adding the Darcy term to the Stokes formulation [20].

Algorithm 1 Standard enriched Galerkin (ST-EG) method
Find (up,pr) € Vi, x Qp, such that

va(up,Vv) + c(up, v) —b(v,pp) = (f,v) Vv € Vy, (3.1a)
b(up,q) =0 Vg € Qn, (3.1b)

where

a(v,w):= (Vv,Vw)r, — ({Vvin., [w])e,

— ({Vwin, [V])g, + p1(he W], [V)e,, (3.2a)
c(v,w) := (v,w)7, + p2(he[w], [V])e, , (3.2b)
b(W7 Q) = (V "W, Q)Th - <[W] ‘e, {q}>5h' (32C)

In this case, p; > 0 is an H'-penalty parameter, po > 0 is an L?-penalty parameter, and h, = |e|'/(¢=1),
where |e| is the length/area of the edge/face e € &p,.

Remark 3.1. This algorithm employs interior penalty discontinuous Galerkin (IPDG) formulations be-
cause any EG velocity function in V}, has a discontinuity. IPDG formulations include two penalty terms
scaled by h. with the penalty parameters p; and ps. The ST-EG method provides reliable numerical
solutions in the Stokes regime. However, this approach may not be effective in solving the Brinkman
equations in the Darcy regime because it requires H (div)-conforming discrete velocity functions. More-
over, the ST-EG method’s velocity error bounds may depend on a pressure term inversely proportional
to v.

For this reason, we develop a pressure-robust EG method that produces stable and accurate solutions
to Brinkman problems with any value of v € (0,1]. First, the velocity reconstruction operator [I0] is
defined as R : Vi, = BDM;(T;,) C H(div,2) such that

/(Rv) ‘nepy ds = /{v} ‘nepy ds, Vpy € Pi(e), Ve € &y, (3.3a)
/(Rv) ‘nep; ds =0, Vp1 € Pi(e), Ve € &, (3.3b)

where BDM; (Ty,) is the Brezzi-Douglas-Marini space of index 1 on 7Tp. Then, we propose the pressure-
robust EG method as follows.

Algorithm 2 Pressure-robust enriched Galerkin (PR-EG) method
Find (up,pr) € Vi, X Qp, such that

va(up,v) + ¢(up,v) —b(v,pp) = (£,Rv) Vv eV, (3.4a)
b(un,q) =0 Vq € Qn, (3.4b)

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

&(v,w) i= (Rv, Rw)7, + pa{helwl, [V])e, (3.5)
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Remark 3.2. 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 bilinear form (v,w)y;, in
and the right-hand side with the reconstructed velocity Rv. Thus, the term (Rv,Rw)y, with the
H (div)-conforming velocity dominates the PR-EG formulation when v approaches to 0 (the Darcy regime).
Moreover, the reconstructed velocity on the right-hand side allows us to obtain error bounds independent
of a pressure term inversely proportional to v.

4 Well-Posedness and Error Analysis for ST-EG (Algorithm

First of all, we introduce the discrete H'-norm in [20] for all v € V},

2

vz = Vv 0.8n"

57+ pulnc 2]

where p; is an H'-penalty parameter. With this norm, the coercivity and continuity results for the
bilinear form a(-,-) have been proved in [20]: For a sufficiently large H!'-penalty parameter p;, there
exist positive constants k1 and ko independent of v and h such that

a(v,v) > k|| v]2 Vv € Vy, (4.1)
la(v,w)| < ka||V]e|lw]le Vv,w e V. (4.2)

Then, we define an energy norm for Brinkman problems involving the discrete H!-norm and L?-norm,
2
VI == vlviiE + IVIE + p2llhe* V]I e, -

In this case, pp is an L2-penalty parameter that should be sufficiently large for well-posedness, and its
simple choice is po = p;. The following lemma shows an essential norm equivalence between ||-||| and
[I|le scaled by v and h.

Lemma 4.1. For given v and h, we define a positive constant Cxx (Norm Equivalence) as

Crp = c\/y+h2 (”2+1>,
P1

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

VVivlle < Vv +ab?|vie <[IVIl < Crellv]e, (4.3)

for some small 0 < ¢y < 1. Moreover, the constant Cyy is bounded as

Cye < C(Vv+h) (4.4)
for some generic constant C > 0.

Proof. We observe each term in the energy norm
2
IVI© = vIIvIE + 1V + p2llhe > V15 &, -
Since v|; is a linear polynomial in the second term, a scaling argument implies
[vllo < ChlIV Vo7 < Chlvlle.

For the trace term, we have

p _ p
pallhPW]|2g, < CH? (p) prllhs IR s, < OB (p) V2.

VI < ¢ (u+ 2 (5 . 1)) V2.
1

Thus, we obtain
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On the other hand, the inverse inequality and the same argument for the trace term lead to
IvI2 < Ch=2 (IvIE + pellht* VIR e, )
where C' contains p;/ps. In this case, we assume C > 1 and set ¢; = 1/C, so

2
(v +eh®) vz < IvIIF.

Let us introduce the interpolation operator in [21] TIj, : [H?(Q)]? — V}, defined by
I,w = 0w + 1P w,

where II{'w € Cj, is the nodal value interpolant of w and IIPw € D, satisfies (V - IPw,1)7 =
(V- (w—T§w),1)r for all T € T;. The following interpolation error estimates and stability [21] are
used throughout our numerical analysis:

\w — w7 < Ch™ I wl,, 0<j<m<2, VYwe[H*(Q)] (4.5a)
|lw —IIw| e < Chllw||a, vw € [H*(Q)]%, (4.5b)
Iwls < Clwls, vw e [ (@) (450)

For the pressure, we introduce the local L?-projection Py : H(Q) — Qy, such that (¢ — Pog,1)r = 0 for
all T € Tp. Its interpolation error estimate is given as,

llg — Poallo < Chllqll1, Vqe H'(). (4.6)

4.1 Well-posedness
We first prove the coercivity and continuity results concerning the energy norm ||-||.
Lemma 4.2. For any v,w € V},, we have the coercivity and continuity results:
va(v,v) +c(v,v) > Ki[|v]*, (4.7)

lva(v, w) + c(v, w)| < Ka||[v][[[w]l, (4.8)
where K1 = min(ky,1) and Ky = max(ke, 1).
Proof. 1f we observe the bilinear forms a(-,-) and c(-,-) and use the coercivity (4.1, then we have

va(v,v) +¢(v,v) = mv||v[E + V][5 + pallhe 2 V]I5 e,
> min(1, 1|V

Moreover, it follows from the Cauchy-Schwarz inequality and the continuity that

va(v, w) + c(v, w)| < wov|[vle[wle + [[vlloflwllo

+ (vealn Mo, ) (Ve wllloe, )

< max(rkz, D)[[[v[[[w]l-

Next, we prove the discrete inf-sup condition for the problem (3.1]) in Algorithm

Lemma 4.3. Assume that the penalty parameters p1 and p2 are sufficiently large. Then, there exists a
positive constant C1 := Cig/Cyg such that

b(v,
sup 2D 5 Guiglo, Vo€ Qn, (1.9)

vev, VIl

where Cig > 0 (Inf-Sup), independent of v and h, is the constant for the inf-sup condition for ||||e in
20).
/
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Proof. Tt follows from the discrete inf-sup condition in [20] and the upper bound of ||v||| in (4.3) that

b(v, b(v
Callallo < sup 2D < o up PO
veEV), ||VHE veEV), |||V|H

Furthermore, Lemma [4.1] yields the continuity of b(-,-) with [[v]|.

Lemma 4.4. For any v € V, and q € Qy,, there exists a positive constant C independent of v and h
such that

C
b(v,q)| € ——— vl|. 410
Proof. Tt follows from the continuity of b(-,-) in [20] and the upper bound of ||v||¢ in (4.3]) that
[b(v,q)| < Cliglollv]le < W\lf]l\olll M
O

Thus, we obtain the well-posedness of the ST-EG method in Algorithm
Theorem 4.5. There exists a unique solution (up,pp) € Vi, X Qp, to the ST-EG method.

Proof. Tt suffices to show that uh = 0 and pp, = 0 when f = 0 because Vj, and @, are finite-dimensional

spaces. Choosing v = uy, in and ¢ = py, in (3.1b)) and adding the two equations imply va(u, up)+

c(up,up) = 0. Hence, ||up|| = O by (4.7), so up, = 0. If up, = 0in (3.1), then b(v,py) =0 for all v € V.
4.9

Therefore, the inf-sup condition (4.9) yields ||px|lo = 0, so pp, = 0. O

4.2 Error estimates

Let (u,p) € [HE(Q) N H2(Q)]4 x [LE(Q) N HL(Q)] be the solution to (T.1a)-(T.1c). We define the error
functions used in the error estimates

xn=u—1Ilu, ep:=lpu—un, & :=p—"Pop, €n:=Pop—pn.
First, we derive error equations in the following lemma.

Lemma 4.6. For any v € Vy, and q € Qp, we have

va(ep,v) + c(ep,v) — b(v,e) =11 (u,v) + la(u,v) + s(TTpu, v) + b(v, &), (4.11a)
b(en, q) = —b(xn, q), (4.11D)

where the supplemental bilinear forms are defined as follows:

l1(u,v) :=va(llyu — u,v),
la(u,v) := (lIpu —u,v) 7,
s(Hhu,v) = p2<he[Hhu]v [v}>5h'

Proof. We have —(Au, v)7, = a(u,v) for any v € V), from [20], which implies that
—v(Au, V)7, =va(llpu,v) —va(Illu —u, v).
The definition of c(+,-) also gives
(0, v)7, = c(lpu,v) — (Hyu = w,v)7, — pa(he[llpul, [v])e,,

and integration by parts and continuity of p lead to

(VP,V)Th = Z <p7V . n>8T - (pa V. V)T - *b(V,p).

TeTh
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Thus, the equation imposes
va(Ilpu,v) + c(Ilpu, v) — b(v,p) = (£,v) + l1(u,v) + la(u,v) + s(Ilpu, v).
By comparing this equation with in the ST-EG method, we arrive at
va(ep,v) + c(ep, v) — b(v,ep) =11 (u,v) + la(u, v) + s(Ilpu, v) + b(v, &,).
Moreover, it follows from the continuity of u and that
(V-u,q)7;, =b(u,q) = 0=b(us,q),

which implies (4.11b}).

In what follows, we prove estimates for the supplemental bilinear forms in Lemma
Lemma 4.7. Assume that w € [H*(Q)]¢ and v € V},. Then, we have
l(w, v)| < CVvhlwll2llv]l, (4.12a)

[l2(w, v)| < Ch?[[wla[|Iv], (4.12b)
[s(Iyw, v)| < Ch? || w2V, (4.12¢)

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

Proof. Tt follows from (4.2)), (4.5b)), and (4.3]) that

Iy (w,v)| = [va(llw — w, V)|
< vig|Ipw — we[|v([e
< Cvhllwl2[[v]le
< CVvh|[wll2v]-

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

la(w, V)| = [(Tlhw — w, V)7,

< Mhw — wilof[v]
< CRwla|lv]l.

0

Finally, the Cauchy-Schwarz inequality, trace inequality (2.1)), and (4.5a)) imply

[s(Ilpw,v)| = |p2(he[II, W], [V])e, |
= |p2(he[llyw — W], [V])e, |
< pollh*Myw — wl[lo.g,
< [|h2[Mw — wlllo.e, IVl
< CR?|wleolv]|-

h1/2

[V] ||075h

O

In addition, we expand the continuity of b(-,-) in [20] to be relevant to the error equations (4.11)
because x, =u—Iu & Vi and &, =p — Pop & Q.

Lemma 4.8. For any v € Vi, and q € Qp, we have

[b(v,&n)l < ChlpllilIvie, (4.13a)
[b(xn, @) < Chllqllollull2, (4.13b)

where C' is a generic positive constant independent of v and h and may vary in each case.
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Proof. First, we use the Cauchy-Schwarz inequality to get

b(v. 6| = [(V-v.60)7 ~ (V- 0. (&))e,|
< & (I9vlom nllo + 14/l

P28 g, )

Then, the trace term is bounded by using the trace inequality (2.1) and interpolation error estimate

" 1/2 2 2 2 2 2 2
1022460} E e, < C (Ignl} + K21 VERI3 ) < Ch2pl:

because V&, = V(p — Pop) = Vp. Hence, the definition of the discrete H!'-norm and estimate (4.6))
imply

[b(v, &)l < Chllpll1]lvlle-
Similarly, it follows from the Cauchy-Schwarz inequality, trace inequality (2.1]), and (4.5b)) that

b0 @)l < € (Va7 lallo + 1222l lo e, 112 *{a lo.e, )
< Cliqllolixnlle < Chllgllollull2-
O
Therefore, we show error estimates of the ST-EG method in Algorithm [1| for the Brinkman equations.

Theorem 4.9. Let (u,p) € [H () N H2(Q)]? x [LE(Q) N HY(Q)] be the solution to (1.1a)-(1.1d), and
(up,pr) € Vi X Qp be the discrete solution from the ST-EG method. Then, we have the following error
estimates

h
yu — w,l| < C Dk ht —— ,
it = wil < € |7+ Dbl + (n+ =)
P~ pallo < © [(v-+ VPRIl + (V5 + Aol

Proof. First of all, we apply the continuity results (4.8)), (4.13a)), the estimates (4.12]), and the norm
equivalence (4.3)) to the error equation (4.11al),

b(v,e) = va(ep,v) +c(ep,v) — l1(u,v) — l2(u,v) — s(ITpu, v) — b(v, &)

<c (|||eh||| T Vohllulls + B2lul +

vl

h
ol )
Thus, the inf-sup condition (4.9) with (4.4)) implies

lenllo < C(Vv + h) (IIIehII +Vvh|ullz + h?||ullz + (4.14)

bl ).
We choose v = ey, in and ¢ = €, in and substitute b(ey, €,) with —b(xp, €,) to obtain
va(ep,er) + clep,en) = —=b(xn, en) + li(u,ep) + l2(u, ep) + s(Ilpu, ep) + blep, ).
In this case, we estimate the term b(xp, €) using ,
[b(xn,€n)| < Chllullz]lenllo- (4.15)

The term b(ep, &) is estimated by using (4.13a]) and (4.3)),

[blen, &n)| < Chlpllillenlle < C (4.16)

h
\/TWHPHHH%HL
Hence, it follows from (4.7)), (4.15)), (4.12), and (4.16) that

h

2 2

e < C| hljulla|le + rh||uall2|llenlll + 2% ||all2|llen |l + e .
llenll” < ( [allzllenllo + vvh|ul|2]lex| [[all2len]l St o2 Clh2|\29||1||| h|||>
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We use the estimate (4.14]) and omit high-order terms (h?® or h*) to obtain,

\/D+h h2
VU + e h?
< C ((Vv+h)hllullzllenll + vh*[ull3 + h?|lull2|pl)

hlall2flenllo < © ((ﬁ+ h)hlallz]len ]l + vh?ull3 + |u||2||p||1>

because /v + h < (1/2/c1)Vv + c1h?. If we apply the Young’s inequality to each term with a positive

constant «, then we have

vh? «
Vohlulllenll < 2 ull3 + 5 leall?
4

h
h2[|ullz]llenl]| <

« 2
5l + S lleall”

h? ah?
W ullalplh < 5 i3 + - ol
2

h
- < "
/V_’_cithHle'”eh”' = 20&(V+Clh2)

Therefore, a proper a implies

« 2
IplE + 5 lleall”,

h2
lenl” < € [0+ 12l + (24— ) ol

so we finally get

lleall < C [(ﬁ T Dhfulls + <h+ (4.17)

h
m) ||P||1} .

On the other hand, we observe the intermediate estimate (4.14)) and omit high-order terms (h? or h3) to
show the pressure error estimate,

lenllo < € [(vv + B)lllenll + vhlullz + Allpll] -

Thus, we bound ||ep]| with the velocity error estimate (4.17)), so we finally obtain

lenllo < € [(v + v)hllullz + (Vv + 1)hlp[1]

when omitting h%-terms. O

Remark 4.10. Theorem [L.9]explains that the errors converge in the first order with i under the condition
h < /v easily satisfied in the Stokes regime. However, the velocity error in the Darcy regime may not
decrease with h due to the pressure term in the velocity error bound, that is, when v — 0,

h 1
Wllplll - EHPHL

We will confirm these theoretical results through numerical experiments. For this reason, the ST-EG
method in Algorithm [I| may not be effective in solving the Brinkman equations with small v, which
motivates us to develop and analyze the PR-EG method in Algorithm [2]

5 Well-Posedness and Error Analysis for PR-EG (Algorithm

In this section, we prove well-posedness and error estimates for the PR-EG method in Algorithm [2| The
error estimates show that the PR-EG method’s velocity and pressure errors decrease in the optimal order of
convergence in both the Stokes and Darcy regimes, so we expect stable and accurate numerical solutions
with any v as h decreases.

We first define another energy norm by replacing ||v|g with [|Rv/||o,

2
VIl = vIIVIE + [RVIIE + p2llhe/*[V]

Ig,gh'

We also introduce the interpolation error estimate of the operator R in [10].

10
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Lemma 5.1. For any v € V,, there exists a positive constant C independent of v and h such that

Iv = Rvllo < Chllaz Mo, < Chilve: (5.1)

This interpolation error estimate allows to have the norm equivalence between ||v||; and ||v||¢ scaled
by v and h, similar to Lemma [4.1]

Lemma 5.2. For any v € Vy,, it holds

VY|[vlle < Vv +eah?|vlle < IVllg < Cusllvie, (5.2)
where Cyg 1s the constant defined in Lemma and 0 < co < 1 is a small constant.

Proof. Tt suffices to prove that |[Rv|o < Chlv|le for the upper bound because ||v||p is replaced by
IRv|o in the norm [|v[]|. Indeed, it follows from the triangle inequality, the error estimate (5.1)), and
the argument in the proof of Lemma [4.1] that

Rvllo < [IVllo + IRV = vllo < [[v[lo + Chllvlle < Chljv]e-

Hence, we obtain
VI = wIVIE + IRVIR + pal 2R e, < € (w402 (2 41) ) v
For the lower bound, we recall the result in Lemma [4.1] and apply to it,
IVIE < Oh (VI3 + pallb* MR e,

< Cn72 (IRVIB + [Rv = VI3 + p2n VI g, )

< O (IRVIR + 120 21 R g, + pall VIR 5, )

= Ch2 (IRVI + pallh2 VIR e, ) + Collhs 2 VIR e,
where Cjy contains p;/p2 but is independent of v and h. Then, for a sufficiently large p;, we have

p1— Co _
P2l < On7? (IRvIE + ool VIR s, )

Therefore, we set ca = (p1 — Cp)/(Cp1) and assume ¢y < 1 to have

c2h®|[ V][ < IIRVIG + p2llhe/2[v]

Ig,gh’

which implies
(v + e2h®)|[ve < [z

O

In addition, we prove the norm equivalence between [|v|| and ||v]|| using the results in Lemma

Lemma [5.1} and Lemma [5.2]
Lemma 5.3. For any v € Vy,, it holds

cellvile < VIl < ¢ livilz, (5:3)

where ¢, and ¢ are positive constants independent of v and h.

Proof. Tt follows from the results in Lemma[5.1] and Lemma [4.1] that
2
Vvl +IRvI§ < C (vIIVIIE + esh?[[v]E + IvIE) < Clivil™
Similarly, from Lemma [5.1] and Lemma [5.2] we obtain

2
Vvl +IvI§ < C (vIVIE + e2h?|[v]E + [RV]E) < Cllvilz-

11
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5.1 Well-posedness

Most of the results for the well-posedness of the PR-EG method are similar to those of the ST-EG method.
Thus, we briefly state and prove the results concerning ||| in this subsection.

Lemma 5.4. For any v,w € Vy, the coercivity and continuity results hold:
va(v,v) +&(v,v) > Ki||v|%, (5-4)
va(v, w) + ¢(v, w)| < K[| Iwll, 5.5)
where K1 = min(k1,1) and Ky = max(ka, 1).
Proof. The proof is the same as that of Lemma [£:2] so we omit the details here. O
Lemma 5.5. Assume that the penalty parameters py and ps are sufficiently large. Then, we have

b(v,q)
veEV), |HV|||72

for Cy = Cis/Cyg defined in Lemma .
Proof. Similar to the proof of Lemma the discrete inf-sup condition in [20] and the upper bound of

Ivlz in (5.2) imply

2 Cl“QHOa vq S Qha (56)

b(v, b(v,
OIS”qHO < sup ( Q) < Cyg sup ( q)~
vev, |[vie vev,, lIvilz
O
Lemma 5.6. For any v € Vi, and q € Qy, it holds
b(v, )l < ————allolIv] (.7
yq) = U+62h2 qllo R .

for a generic positive constant C independent of v and h.

Proof. Similar to the proof of Lemma this result is proved by the continuity of b(-,-) in [20] and the
upper bound of ||v||¢ in (5.2). O

Finally, we obtain the well-posedness of the PR-EG method in Algorithm
Theorem 5.7. There exists a unique solution (up,pp) € Vi X Qp, to the PR-EG method.
Proof. The proof is the same as Theorem so we omit the details here. O

5.2 FError estimates
We recall the error functions
xn :=u—1Ihu, ep:=lyu—uy, & :=p—Pop, €p:=Pop— pn,

where (u,p) € [H}(Q)NH2(Q)]4 x [L3(2) N H(Q)] is the solution to (T.1al)-(1.1c). Then, we derive error
equations for the PR-EG method.

Lemma 5.8. For any v € Vi, and q € Qp, we have

va(ep,v) + €(ep,v) — b(v,ep) =11 (u,v) + l3(u, v) + lg(u,v) + s(ITpu, v), (5.8a)
b(en,q) = —b(xn,q), (5.8b)

where l1(u,v) and s(Ilyu, v) are defined in Lemma and the other supplemental bilinear forms are
defined as follows:

l3(u,v) :=v(Au,Rv — V)T,
l4(u,v) ;= (RIIpu — u, Rv)7,.

12
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Proof. Since —(Au,v)p, = a(u,v) for any v € Vj, we have

—v(Au,Rv)7, = —v(Au, V)7, — v(Au, Rv — v)7,
=va(u,v) —v(Au,Rv — v)p,
=va(llpu,v) —va(llpu — u,v) — v(Au, Rv — v) ;.

By the definition of &(-,-), we also have

(u,Rv)7, = (RIIpu,Rv)7 — (RIIpu —u, Rv) 7,
= ¢(TTpu,v) — (RIIpu — u, Rv) 7, — p2(he[lIpul, [v])e,

Since Rv - n is continuous on 9T and V - Rv is constant in 7', integration by parts implies
(Vp, Rv)7, = =b(v, Pop).
Hence, we obtain the following equation from ,
va(llpu,v) + ¢(Ilpu, v) — b(v, Pop) = (f,Rv) + l1(u,v) + I3(u, v) + ls(u, v) + s(IIpu, v).
If we compare this equation with in the PR-EG method, then we arrive at
va(ep,v) + €(ep, v) — b(v,ep) =11 (u,v) + I3(u,v) + lg(u,v) + s(ITpu, v).
For the second equation , the continuity of u and in the PR-EG method lead us to

(V-u,q)1, =b(u,q) =0=Db(up,q).

O
We present estimates for the supplementary bilinear forms used in Lemma [5.8
Lemma 5.9. Assume that w € [H*(Q)]¢ and v € V},. Then, we have
li(w,v)| < CVVh|[wl2[[v]lg, (5.9a)
lls(w,v)| < CVVh|[wl2|[v]l%, (5.9b)
la(w,v)| < Chllwl|2][v]l, (5.9¢)
s(Ipw, v)| < CR*[w]2[[v]| (5.9d)

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

Proof. The estimates (5.9a]) and (5.9d)) are proved by the estimate in Lemmaand the norm equivalence
(5.3). On the other hand, the Cauchy-Schwarz inequality, (5.1)), and (5.2) lead to

|l3(W,V)| = |U(AW7RV - V)Th'
< vljwll2[[Rv —vllo
< Cvh|wlz2|vle

< CVvhl|wlz2|[vilz-
Using the Cauchy-Schwarz inequality, (5.1)), (4.5¢), and (4.5a)), we get the following upper bounds,

lla(w,v)| = |(RIIpw — w, RV) T, |
< |(RIpw — Ty w, Rv) 7, [ + [(Hyw — w, Rv) 7, |
< Ch|Iw(el|Rv(lo + [Tyw — wlo[|RV][o
< Chiwli[[v]l=-

Hence, we prove error estimates of the PR-EG method in Algorithm

13
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Theorem 5.10. Let (u,p) € [HL(Q) N H2(Q)]? x [LE(Q) N HY(Q)] be the solution to (I.Ta)-(T.1d),
and (up,pr) € Vi X Qp, be the discrete solution from the PR-EG method. Then, we have the following
pressure-robust error estimates

IMThu —unlll < ChA(VY + 1)l
[Pop = prllo < Ch(v + Vv)llullz + Ch?|ull2.

Proof. We start with the error equation ,
b(v,e) = va(ep,v) + ¢(en,v) — l1(u,v) — l3(u,v) — l4(u,v) — s(Ilu, v).

Then, it follows from and that

b(v,en) < C (llenlllx + vvhlulz + hlullz + 2*[ull2) vl
From the inf-sup condition with , we obtain

lenllo < C(Vv +h) (llenlllz + Vrhlullz + hlullz + h*[[u]2) . (5.10)
We also choose v =ej, and ¢ = ¢ in and substitute into to get

va(ep,ep) + €(en,er) = —=b(xh, en) + li(u, er) + 13(u,en) + la(u, ep) + s(llpu, ep).

Here, it follows from (4.13b)) that
[b(Xn:€n)| < Chllull2]leno- (5.11)

Therefore, from ((5.4)), , and (5.11]), we have
2
lenllz < C (Rllullzllenllo + vvhlullzllenllz + hllull2llenllz) .

while omitting h2-terms. We also replace ||ez||o by its upper bound in (5.10) omitting high-order terms,

llenllz < © (Vvhlulizllenllz + hllulzllenllz)

In this case, the Young’s inequality gives

vh? .  « 2 h? o« 2
Vihl|ull2llenllz < S -llullz + Sllenllz,  hllullzllenllr < 5 lullz + Sllenll%-

Therefore, it follows from choosing a proper « that
2
llexll < Ch*(v+1)|ull3,

which implies that
lenllz < Ch(vVv + 1)|ull2.

If we apply this estimate to ((5.10)), then we obtain
lenllo < Ch(v +Vv)l[ull2 + Ch*|lull,.
O

Remark 5.11. We emphasize that the error bounds in Theorem [5.10] 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 5.12. Under the same assumption of Theorem[5.10, we have the following error estimates

e = sl < Ch(vv + D]z,
lp = prllo < Ch ((v+ V) lull2 + [Ipll1) -
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Proof. For the velocity error estimate, we show
e = Tpullz < CVvhlullz.
More precisely, we recall x, = u — IIpu and observe the energy norm,
2
Ixnllz = vlixalz + IRXA G + p2ll ke XI5 e, -
Then, it follows from (5.1)), (4.5b)), and (4.5a)) that
IRxnllo < Rxn = Xnllo + [Ixnllo < Chllxalle + Ixnllo < CR?|lull2.
Also, from (2.1)) and (4.5al), we obtain
1/2
ke Dxnllloen < C (Ixalls + R IVxalls 7)™ < Ch?|ul2.
Hence, since ||xnl|le < Chllul|2, the error bound is

Ixrllz < C (Vrh+h%) |[ull.

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.

6 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:

e (uiT, piT): Solution by the ST-EG method in Algorithm
o (uj? pf®*): Solution by the PR-EG method in Algorithm

While considering the scaled Brinkman equations ([1.2)) with the parameter v, we recall the error estimates
for the ST-EG method in Theorem

h
Iyu — || < (Vv + Dh|u —|—<h—|—> , 6.1a
i w7l £ (V7 + Dals + (A4 =ty ) s (6.1a)
1Pop — i lo S (v + Vv)hllull2 + (Vv + Db, (6.1b)
and the error estimates for the PR-EG method from Theorem [5.10]
[ Tw — | £ (V& + Dhlfull, (6.22)
[Pop — pitllo < (v + Vv)h[ull2 + A?|[ull2. (6.2b)

We mainly check the error estimates (6.1]) and by showing various numerical experiments 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 considering the Brinkman equations with viscosity p and
permeability K and applying both EG methods. The permeability tests enhance the motivation of using
the PR-EG method for the case of extreme p or K.

We implement the numerical experiments using the authors’ MATLAB codes developed based on
iFEM [4]. The penalty parameters are p; = pa = 3 for all the numerical experiments.

6.1 Two dimensional tests

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

u= (T T ) =0t ey - )

Then, the body force f and the Dirichlet boundary condition are obtained from (|1.2)) using the exact
solutions.
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6.1.1 Robustness and accuracy test

We compare the ST-EG and PR-EG methods to see robustness and check their accuracy based on the error
estimates and . First, we interpret the ST-EG method’s velocity error estimate depending
on the relation between coefficient v and mesh size h. The first-order convergence of the energy norm
with h is guaranteed when v > h2, but it is hard to tell any order of convergence when v is smaller
than h? due to the term h/y/v + c1h?. On the other hand, the velocity error estimate for the PR-EG
method means the first-order convergence in h regardless of v. In Figure |1} we check the discrete

. () p— : .
100 s 10
1072
- =
=10 =
<= < -3
Z =10"! =10
\ v= \
B -a-v =102 ]
§ R v =107 § 107
10 - *v=10"

~~.
~..
-~
~
'~
~
~

v =106
- O(h™/?)

1073

102 107 102 107
h h
(a) ST-EG: Velocity errors with v and h (b) PR-EG: Velocity errors with v and h

Figure 1: Convergence history with h when different v is given.

H'-error for the velocity scaled by v, \/v|[u — up|lg. It is a component of the energy norm ||u — uy||.
The ST-EG method tends to produce errors increasing with O(h~'/2) when h > /v, while the errors
decrease with O(h*/?) when h < /v. This result supports the error estimates (superconvergence
may happen because we solve the problem on structured meshes) and means that a tiny mesh size is
needed 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 , so the
PR-EG method guarantees stable and accurate solutions in both the Stokes and Darcy regimes.

ST-EG
h lu— uiTm Order ﬁ”u — u,slTHg Order | |[u— uZTHO Order
1/4 9.695e-1 - 4.437e-3 - 1.763e-1 -
1/8 7.130e-1 0.44 6.645€-3 -0.58 1.619e-1 0.12
1/16 4.939e-1 0.53 9.015e-3 -0.44 9.999¢-2 0.70
1/32 3.430e-1 0.53 1.234e-2 -0.45 6.154e-2 0.70
1/64 2.402e-1 0.51 1.715e-2 -0.48 4.065e-2 0.60
PR-EG
h lu — uf*[[ | Order | /v|[[lu—ufF[¢ | Order | [Ju— ufFlo | Order
1/4 2.479e-2 - 2.045e-4 - 1.844e-2 -
1/8 4.774e-3 2.38 1.003e-4 1.03 2.727e-3 2.76
1/16 8.126e-4 2.55 4.797e-5 1.06 5.257e-4 2.38
1/32 1.565e-4 2.38 2.346e-5 1.03 1.180e-4 2.16
1/64 3.464e-5 2.18 1.160e-5 1.02 2.792e-5 2.08

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

We fix v = 107% 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. However, the H'-errors keep increasing unless
h < /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 that the energy errors
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and major components converge in at least the first order of h. Indeed, Table [1|shows that the H'-errors
decrease in the first order with h, 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
L2-errors but eventually converge in the first order coming from the H!-errors. In Figure [2| the PR-EG

1 ¥ 4 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
o B 0 4 0
0 0.5 1 0 0.5 1 0 0.5 1
[ | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -5 0 5
(a) ST-EG: u1, u2, and p with the velocity vector fields, from left to right
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
4
0 : 0
0 0.5 1 0 0.5 1 0 0.5 1
[ | |
-0.05 0 0.05 -0.05 0 0.05 -5 0 5

(b) PR-EG: u1, u2, and p with the velocity vector fields, from left to right

Figure 2: Numerical solutions of ST-EG and PR-EG when v = 10~¢ and h = 1/16.

method produces accurate velocity solutions clearly showing a vortex flow pattern when v = 1076 and
h = 1/16. In contrast, the numerical velocity from the ST-EG method includes significant oscillations
around the boundary of the domain.

ST-EG PR-EG

h 1Pop — pillo | Order | [[p— pillo | Order | [[Pop — pitllo | Order | [[p — pi¥lo | Order
1/4 5.783e-1 - 1.116e+0 - 1.110e-2 - 9.548e-1 -
1/8 1.682¢-1 1.78 5.088e-1 1.13 7.762e-4 3.84 4.802e-1 0.99
1/16 5.455¢e-2 1.62 2.466e-1 1.04 3.756e-5 4.37 2.404e-1 1.00
1/32 1.917e-2 1.51 1.218e-1 1.02 2.408e-6 3.96 1.203e-1 1.00
1/64 7.271e-3 1.40 6.058e-2 1.01 2.089e-7 3.53 6.014e-2 1.00

Table 2: A mesh refinement study for the pressure errors of the ST-EG and PR-EG with » when v = 1076,

Moreover, the pressure error estimates and tell us that the convergence order for the
pressure errors is at least O(h) in both methods. However, the PR-EG method can produce supercon-
vergent pressure errors because the term h2||p||; is dominant when v is small. In Table [2] the pressure
errors of the PR-EG method, ||Pop — p5*||o, decrease in at least O(h?), which means superconvergence
compared to the interpolation error estimate . On the other hand, the ST-EG method still yields
pressure errors converging in the first order with h. Since the interpolation error is dominant in the total
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pressure errors ||p — px||o, the errors in Table 2] I have the first-order convergence with h in both methods.
Therefore, the numerical results support the pressure error estimates ) and (| -

6.1.2 Error profiles with respect to v

We shall confirm the error estimates (6.1)) and (6.2)) in terms of the parameter v by checking error profiles
depending on v. We define the following error profile functions of v based on the error estimates and
show that these functions explain the behavior of the velocity and pressure errors with v:

0.3h 03 0.4

0.8 0.05
o B (v) = 0.8hy/v +0.05h = /v + —o- from (6.2a),

2
o BSL(v) = 2w + 3/ +03h = vt f+i’fmm G10),

32
0.5 0.01
32 +7[+ fI‘OHl ’

where h = 1/32. Figure [3| shows the velocity and pressure errors and the graphs of the above error

o E%(v) := 0.5h +0.01hy/v +0.01h* =

10° ‘ 107
l.. ........ o o | o e oo
S 1072 Fannmsnnsnnnnsnnsnnsnnsnnnnnnannnsass
107 b
= = | |@-ST-EG
> 519 -@-PR-EG /
2 \ ST
= 10 A E 5 (l/)
=5 =
E & 10
103 ¢
100 = = ———
10 ‘ 106 ‘
10710 10° 10° 10710 10° 10°
v v
(a) Velocity errors vs. v (b) Pressure errors vs. v

Figure 3: Error profiles of the ST-EG and PR-EG methods with varying v and a fixed mesh size h = 1/32.

profile functions when v decreases from 1 to 0 and h = 1/32. As shown in Figure [3| the velocity errors
for the ST-EG method increase when v is between 1 to 10~% and tend to remain constant when v is
smaller. The ST-EG method’s pressure errors decrease slightly and stay the same as v — 0. On the other
hand, the velocity and pressure errors for the PR-EG method significantly reduce and remain the same
after v = 10™%. This error behavior can be explained by the graphs of the error profile functions guided
by the error estimates and , so this result supports the estimates concerning v. In addition,
the velocity and pressure errors for the PR-EG method are almost 1000 times smaller than the ST-EG
method in Figure [3| Therefore, we confirm that the PR-EG method guarantees more accurate solutions
for velocity and pressure when v is small.

6.1.3 Permeability test

In this test, we consider the Brinkman equations (1.1)) with viscosity x = 10~¢ and permeability given
as the permeability map in Figure[dl 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 areas than
in the red parts. We set the velocity on the boundary of the domain as u = (1,0) and body force as
f = (1,1). We mainly compare the magnitude of the numerical velocity obtained from the two methods
in Figure |5l 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.
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0 0.2 0.4 0.6 0.8 1

Figure 4: Permeability map; red regions mean K ! = 105 and blue regions mean K ! = 1.
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(a) ST-EG: Magnitude of numerical velocity (b) PR-EG: Magnitude of numerical velocity

Figure 5: Numerical velocity solutions of ST-EG and PR-EG on the permeability map.

6.2 Three dimensional tests

We consider a three-dimensional flow in a unit cube € = (0,1)2. The velocity field and pressure are
chosen as

sin(mx) cos(my) — sin(wx) cos(nz)
u= | sin(ry)cos(nz) —sin(my) cos(mz) |, p=nsin(nz)sin(my)sin(rz) — 1.
sin(7z) cos(mwx) — sin(wz) cos(my)

The body force f and the Dirichlet boundary condition are given in the same manner as the two-
dimensional example.

6.2.1 Robustness and accuracy test

In the two-dimensional tests, we checked that the condition h < /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 . We obtained the same result as in Figure [I] from this three-dimensional
test. Table [3] displays the velocity solutions’ energy errors and influential components, comparing the
PR-EG method with ST-EG when v = 1075, The ST-EG method’s energy errors tend to decrease because
the dominant L?-errors decrease, but the H'-errors scaled by v increase. These H'-errors may make the
energy errors nondecreasing until 2 < /v = 1072, However, the PR-EG methods guarantee 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 and , 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 = 10~% and h = 1/16 in Figure @ 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.
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ST-EG
h [lu—uit[| | Order | /v[u—u}"||¢ | Order | [u—u;'[[op | Order
1/4 2.105e+0 - 1.379e-2 - 4.534e-1 -
1/8 1.627e+0 | 0.37 2.112e-2 -0.62 3.82%-1 0.24
1/16 || 1.172e+0 | 0.47 3.018e-2 -0.52 2.800e-1 0.45
1/32 8.219e-1 0.51 4.214e-2 -0.48 1.852e-1 0.60
PR-EG
h [lu —up¥| | Order | /v[u—u}*|s | Order | J[u—u;*|lop | 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

Table 3: A mesh refinement study for the velocity errors of the ST-EG and PR-EG with h when v = 1076.

Velocity Magnitude Velocity Magnitude
1 1

1.3e-14 0.5 15 2.1e+00 1.3e-14 05 15 2.1e+00

(a) ST-EG: Streamlines and magnitude (b) PR-EG: Streamlines and magnitude

Figure 6: Numerical velocity solutions of ST-EG and PR-EG when v = 1075 and h = 1/16.

In Table Ié-_ll, as expected in , 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 — pit|o, decrease much faster,
showing superconvergence. This phenomenon is expected by the pressure estimate when v is
small. Moreover, the orders of convergence of the total pressure errors, ||p — pp|lo, for both methods are
approximately one due to the interpolation error.

6.2.2 Error profiles with respect to v

We define error profile functions suitable for the three-dimensional test by determining constants in the

estimates (6.1) and (6.2):
o ESL(v) :=0.1h/v + _h +9h = E\/;—i— 1 + 9 from (6.14))
s v+ 302 16 V162 +3 16
6 0.25
o E4(v) :=6hy/v +0.25h = 1—6\/;—1— 5T from (/6.24)),
o 15 1 2.5
o E)5(v) =150+ h/V 4+ 2.5h = 167 + 1—6\/; + 16 from ([6.1b)),
o , 2002 0.2
o E%(v) i=2hv +0.02h/v + 0.2h% = 167 + F\/l_/-‘r 162 from (6.2b)),

where h = 1/16. In Figure EI, the PR-EG method’s velocity and pressure errors decrease when v changes
from 1 to 10™* and remain the same when v gets smaller. However, the errors for the ST-EG method
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ST-EG PR-EG

h 1Pop — pitllo | Order | [[p—pit]lo | Order | [Pop — pitllo | Order | [[p — pi¥llo | Order
1/4 1.346e+0 - 3.262e+0 - 1.109e-1 - 2.973e+0 -
1/8 4.983e-1 1.43 | 1.593e+0 | 1.03 1.241e-2 3.16 | 1.513e+0 | 0.98
1/16 1.805e-1 1.47 7.810e-1 1.03 1.344e-3 3.21 7.598e-1 0.99
1/32 6.216e-2 1.54 3.854e-1 1.02 1.609e-4 3.06 3.804e-1 1.00

Table 4: A mesh refinement study for the pressure errors of the ST-EG and PR-EG with » when v = 1076,

o
e

-
S
N

T w — |
[1Pop — pallo

1070 10 10°
v v
(a) Velocity errors vs. v (b) Pressure errors vs. v

Figure 7: Error profiles of the ST-EG and PR-EG methods with varying v and a fixed mesh size h = 1/16.

slightly increase or decrease when 10~ < v < 1, and they stay the same as v — 0. Thus, the errors of
the PR-EG method are almost 100 times smaller than the ST-EG method when v < 10~%, which means the
PR-EG method solves the Brinkman equations with small v more accurately. The error profile functions
show similar error behaviors in Figure |7| supporting error estimates and .

6.2.3 Permeability test

We apply piecewise constant permeability to the Brinkman equations (|1.1)) in the cube domain Q =
(0,1)%,
[ 1075 if |x| < (0.25)2,
K(x) = { 1 otherwise.

The other conditions are given as; viscosity u = 107¢, boundary condition u = (1,0, 0), and body force
f=(1,1,1). We expect the fluid flow to be faster out of the ball with small 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 Figure [§| exactly show such an expectation on the fluid flow, while the
ST-EG method fails to provide a reliable velocity solution.

7 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 [20]. To derive
the robust method, we used the velocity reconstruction operator [I0] 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 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 h < /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.
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Velocity Magnitude Velocity Magnitude
0.0e+00 3.6e+02 0.0e+00 05 1 15 2.1e+00

(a) ST-EG: Streamlines and magnitude (b) PR-EG: Streamlines and magnitude

Figure 8: Numerical velocity solutions of ST-EG and PR-EG when h = 1/16.

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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