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Abstract

In this paper, we present new upscaled HDG methods for Brinkman equations in the context of high-contrast
heterogeneous media. The a priori error estimates are derived in terms of both fine and coarse scale parameters
that depends on the high-contrast coefficient weakly. Due to the heterogeneousity of the problem, a huge global
system will be produced after the numerical discretization of HDG method. Thanks to the upscaled structure
of the proposed methods, we are able to reduce the huge global system onto the skeleton of the coarse mesh
only while still capturing important fine scale features of this problem. The finite element space over the coarse
mesh is irrelevant to the fine scale computation. This feature makes our proposed method very attractive. Several
numerical examples are presented to support our theoretical findings.

1 Introduction

In this paper, we present a projection-based analysis of an upscaled hybridizable discontinuous Galerkin (HDG)
method for Brinkman equations. The Brinkman model can be written as

Vp—V-wVu)+rtu=Ff inQ
V-u=0 1inQ
u=g onJf)

with 2 € R™ being a bounded polygonal domain if n = 2 or a Lipschitz polyhedral domain if n = 3. Here, f and
g are given functions on 2 satisfying the compatible condition |, 90 9 - ds(x) = 0, pis the fluid pressure, u rep-
resents the velocity, v is the viscosity and « is a heterogeneous multiscale coefficient that models the permeability
of the porous medium. The coefficient k1 e L>(Q) satisfies 0 < a < k~t < B for some positive constants
«, . We assume that the variations of « occur within a very fine scale and therefore a direct simulation of this
model is costly.

The Brinkman equation has wide applications in the mathematical modeling of flows in heterogeneous fields
due to its flexibility in changing between a slow flow region and a fast flow region through the Darcy drag term
&~ 'u, for example, vuggy carbonate reservoirs, low porosity filtration devices and biomedical hydrodynamic
studies [28, 29]. When k — o0, this Darcy drag term can be ignored and we can obtain Stokes flow. On the
contrary, if K — 0, one can retrieve Darcy flow. In comparison, the simple Darcy model is only capable of
describing slow flow problems [30].

The upscaled HDG methods were introduced and studied in [26, 27] for Darcy flows. Therein, the authors
rigorously analyze the methods and optimal orders of convergence are obtained for both pressure and the gradient
variables. One feature of the upscaled HDG framework is that the only globally coupled unknowns are the numer-
ical trace and the average of pressure on the coarse skeleton. In addition, with the help of the HDG stabilization
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technique, the choice of the coarse space for the numerical trace is independent of the fine scale computations.
Several choices based on different spectral decomposition have been studied and tested in [27] for Darcy flows in
porous media.

In this paper, we propose to develop the upscaled HDG framework for the more challenging Brinkman equa-
tions. In [25], the authors proposed a mixed multiscale FEM for the Brinkman equations. The partition of unity
functions are used in order to construct a stable pair of the scheme. A main drawback of this approach is that the
approximation of the pressure is relatively weak due to the fact only piecewise constant functions on the coarse
mesh are used to approximate the pressure. Yet it is not clear how to enrich the space for the pressure without
destroying the stability of the method. With the HDG approach, we can improve the approximation of the pressure
significantly. Roughly speaking, in our approach, piecewise constant functions are used on coarse mesh for the
average pressure within each coarse cell only. The pressure itself is approximated by fine scale polynomials via
local solvers.

The main contribution in this paper are three folds. Firstly, this proposed upscaled HDG method for Brinkman
flow is nontrivial compared to the previous work on the elliptic problems [26, 27] due to its complicity involving
the balance between the pressure space and the velocity space. Secondly, comparing with our previous work in
[25], we have better error estimates for both velocity and pressure in the sense that the resulting error estimate
depends on the L? norm of x~! instead of L> norm as employed in the previous study for the velocity. In
addition, the pressure approximation is significantly improved. Indeed, in [25] the approximation for the pressure
is extremely weak because of the constraint of the discrete inf-sup condition. Thirdly, we have arrived at a general
error estimate that allows for using any conforming or nonconforming coarse edge space M y. This feature
makes the method much more robust due to the absence of the partition of unity functions, cf. [25]. Numerical
simulations are shown to verify our theoretical findings.

The remainder of this paper is organized as follows. The upscaled HDG methods are presented in Section 2
along with auxiliary notations. Its well-posedness is studied in Section 3. In Section 4, the upscaling structure
and local solvers of this upscaled HDG method are derived. The main error estimate and numerical results are
presented in Sections 5 and 6. Finally, we end our paper with a conclusion in Section 7.

2 Preliminary

We present in this section the main algorithm of our proposed upscaled HDG methods. To proceed, we start
writing the Brinkman equations as a system of first order equations

L—Vu=0 in (2.1a)

V- vL+Vp+rtu=f inQ (2.1b)
V-u=0 in ) (2.1¢)

u=g on 0f) (2.1d)

/ p=0. (2.1e)
Q

The two-scale finite element spaces are defined as below. Let 7z denote a decomposition of the domain 2 into
non-overlapping shape-regular coarse elements with maximal mesh size H and coarse edges £ := U7y, 0T
In each coarse element T' € Ty, let Ty, (T') be a regular quasi-uniform fine triangulation of 7" with mesh-parameter
hand £(T) := Uger, (@K \OT its interior edges. Denote the fine scale mesh 7, := Upe7y, To(T) and fine
scale edges &, := UgeT;, 0K. Each fine element K € 7}, is a shape regular triangle in 2D or tetrahedral in 3D.
We also define the internal fine-scale edges 52 = {ep € Exlen N Ex = (0}. We assume that « is piece wise
constant over the fine mesh 77},.

The methods we consider seek an approximation to (L, u,p, u|g, ) denoted by (ILj,, wp, P, Up, i), Which
belongs to the finite dimensional space Gy, x V', x P, x M,  where

Gn,={Gel?*(Th): GlxeGK) VKEcT} (2.2a)
Vi={veL*T)): vlgeV(K) VKecT,} (2.2b)
Py={qeL*(Th): dqlk € P(K) VKeTy} (2.2¢)
My g =M)® My. (2.2d)



Here, the spaces M 2 and M g are defined as

M, ={pncL*&): plrpeMyF,) YFcé&)} (2.2¢)
MY ={pc M,: wulp =0 VEFeEy} (2.2f)
My :={pcL*E&y): plr € Mgy(F) VFEc&y} (2.2g)

To describe how the approximation is defined, we need to introduce some notation related to integrals on
the triangulation 7. Here, we write (N, Z)7, = >0, (Nij, Zi )7, (0, Q)7 := 2221 (mi, Gi)7s,s and
(1, O7 = D ker, (), where (1,()p denotes the integral of n¢ over D C R™. Similarly, we write
(. Qo = Sy (s Gom and (0, Qo = Ygeer (1, Qox. where (1, ()p denotes the integral of
n¢ over D C R™~1. On the coarse mesh Ty, we also define (n, (o7, = Y iy (i, Gi)oTy and (n, Qory =
> ket (M, Qar. Similarly, we can define the integral over 7;,(T") and 07y, (T'). Furthermore, we write A < B
if A < CB for some constant C' independent of h, H and kL

The Galerkin approximation solution (ILj,, wp, pp, Un i) € Gp X Vi, X Py x My, g to (2.1) can now be
formulated as following

Ly, G)p, + (up, V-G)p, — (Up.m, Gnysr, =0 (2.3a)

WLy, Vo)1, — (P, V- 0) 7, + (5 un, v)7, — (Spn, vYor, = (£, v)7, (2.3b)
—(up, V@)1, + (WUpg-m, Qor, =0 (2.3¢)

(Sun, woro0 =0 (2.3d)

(pn, )75, =0 (2.3e)

forall (G,v,q,p) € Gy, x Vi, X Py, x M, iy where gh denotes the numerical flux and
/S\hn = Shn — T(uh — ’l/l\,h’H) = I/]Lhn — PpM — T(uh — 1/1\,}17H) on gh- (2.3f)

The flux is S := vIL — I p with I being the identity matrix in R™. To complete the system, the boundary condition
is imposed by
Up,ilon = PYg. (2.3g)

Here, P, is the L2-projection from L*(Ex) onto M 5.
To ensure well-posedness of the problem (2.3), we make the following assumption for the parameter 7:

Assumption 2.1. * On each fine element K € Ty, and every face F € 0K U &y, we assume that 7|p > 0.
Furthermore, there exists at least one face F* € OK such that T|p« > 0.

» Any element K € Ty, admits at most one face shared with the coarse skeleton Er;. Then F* := 0KNEy # 0,
with T|p~ > 0.

Note that, by taking particular choices of the local spaces G(K'), V (K), P(K) and M, i (F), together with
the linear local stabilization operator T, different mixed and HDG methods are obtained.

3 Solvability of the method

This section is devoted to the well-posedness of the proposed upscaling method (2.3). Let the set of local spaces
G(K) x V(K) x P(K) x Mp(F) be any admissible local spaces presented in [10]. On each fine element K,
there exists a projection ITj, (L, u, p) = (IIgL, IL,u, II,p) fulfilling the following conditions:

(ML, Gk = (L,G)x  forall G € G(K) C G(K) (3.1a)
(ITyu,v)x = (u,v)K forall v € V(K) C V(K) (3.1b)
(Iyp,a) = (p,q)x  forall g € P(K). (3.1¢)



For each F' € 0K, there holds

(VIIgLn — Dypn—7(I1,u), p)r

= (vLn —pn — Tu, puyp forall p € M (F). (3.1d)

Furthermore, the local spaces satisfy
V- -G(K)UVP(K) CV(K) VV(K) C G(K) IP(K) C G(K) (3.1e)
G(K)n|FCMh(F) V(K)|FCMh<F> P(K)n|FCMh(F). (3.1f)

Here, G(K) and V (K) are two auxiliary spaces to make the projection well-defined.

In addition, we define PZ as the L2-projection from L2(€h) onto M. Py denotes the L2-projection onto
the space My, .

Finally, we have the following lifting result on the local spaces.

Lemma 3.1. On each K € Ty, forany p € M, (F),F € 0K, if u
G € G(K) such that

r+ = 0, then there exists a function

(G,Vv)gk =0 forallv e V(K)
Gn|p = plp forall F € OK\F*.

This result was originally proved in [5] for a special case where K is simplex and all the local spaces consist
of polynomials of degree no more than k. We omit the proof in our general case since it is highly close to the
proof in [5].

We are now ready to prove the stability of the method.

Theorem 3.1. If the Assumption 2.1 is valid, then the system (2.3) admits the unique solution.

Proof. In view that the system (2.3) is square, It suffices to show that only zero solution exists given f = 0 and
g=0.
Let (G, v, q, ) := (Lp, wp, ph, Up, mr) in (2.32)-(2.3d). By adding them up, we deduce

(Ly . L) 7, + (57l , un) 7, + (San — Sam, G — uwn)or, = 0.
Owing to the definition of the numerical traces (2.3f),
(Ln, Lp) 7, + (5 ', wp) 7y, + (T(un — dnom) s wn — dn oo, = 0.

This implies that

L), =0, wu,=0and7(u,—Uppg)=0, (3.2)
whereas a combination of Assumption 2.1 reveals

Up,g =0o0n&y.
Consequently, (2.3b) becomes
YoeVy: —(pn, V-v)7, + (pan, v)or, = 0.
An application of integration parts leads to
YoeVy: (Vpy,v)y =0. (3.3)

(3.3) implies that py, is constant on each fine element 7" € 7}, and finally (2.3d) and (3.2) show that p;, = 0.
To complete, we need to show that @y, g vanishes on £p. Taking into account that all the rest unknowns are
zero, (2.3a) becomes
<’lAl,h,H, Gn>aTh =0, forall G € Gy,.



Given K € T, and for all F € 9K, due to the inclusion property G(K)n|r C M, (F), the above equation
implies

(P i, Gn)ox =0, forall G € G(K). (3.4)
By Assumption 2.1, 7 is positive on at least one face F* of K. This, together with the fact that 74, y = 0
by (3.2), proves Uy g = 0 on F*. Therefore, P(zfth’ g = 0 on F*. Then Lemma 3.1 verifies the existence of

G € G(K), which satisfies Gn|p = Pgﬁhﬂ for all F' € K\ F*. In combination with (3.4), we can deduce
Pgﬁhﬂ = 0. Hence, 4y, i = 0 on £ considering Pgﬁh,H\gg =y, . This ends the proof. O

Remark 3.1. If the stabilization term disappears, i.e., T = 0, then the system can be well defined provided that
the local spaces G(K) x V(K) are Hy;, conforming mixed elements. Apart from it, the following assumption
between the fine and coarse spaces is valid:

VF € Enandpe Mu(F):  |ullr S | Pulr.

This yields the mortar spaces for Brinkman equation, cf. [1].

4 Upscaling structure of the method

In this section, we present the upscaling structure of (2.3), which is a key to allow reducing the global computa-
tional cost. We follow the idea of hybridization technique for Stokes equation in [11]. To this end, we introduce
an additional Lagrange multiplier py € Wx with

Wy :={q€ L%(Q) 2qlr € Py(T), forall T € Ty }.

The new unknown py; approximates the average of the pressure over each coarse element.
Given (up,pu) € My x Wy, we can obtain (Ly,, wh, pp, Un i) € G X Vi, X P, X My, 7 coarse element-
wise by solving the following local linear system

La s G) 1y + (un, V-G) 71y — (Un,m, Gn)or, (1) =0 (4.1a)
(L, VO) 701y — (1> V- 0) 75,01y + (57w, 0) 00y — (Sume, v)am o)
(f, )71 (4.1b)
—(un, V@) 7,07y + (Wng -1, ¢ — Qor () =0 (4.1¢)
(Swn, wor, ryr =0 (4.1d)
Dh =PH 4.1e)
Up, o lor =Un (4.1f)

for all (G,v,q, i) € Gy, x Vi, x Py, x M, gy and T € Ty with G := ﬁ(q, 1)r.
The existence and uniqueness of the solution to the above system is proved in [10]. In fact, due to the linearity
of the system, we can further split the system as
(Ls whopns n, i)l = (Lo (Um), wn (@ ), pu (W), Un,m (W)
+ (L (Pr)s wn(Pw), pn(Pr)s n g (Pr)) + (Ln (), wn(f), pu(f), un,u(f))-

Here (L, (um), un (W), pr (Wi ), Un, () is the solution of system (4.1) by setting the data py = 0, f = 0.
The other two are obtained in a similar way. Moreover, it is obvious that

(L (e ), wn (P ), o0 (Prr ), Ut (Prr)) = (0, 0,91, 0). 4.2)

To eliminate the local variables and formulate a linear system over the coarse mesh 7y for the global variables
(Wp,pp) € My x Wy, we utilize the transmission equations and boundary conditions and obtain

Snn, Worpoa =0  forallpe My (4.32)
(ug -m, Qoo =0 forallg € Wy (4.3b)
uy = Pprg on 09 (4.3¢)

(Pr,1)o =0. (4.3d)



Take into account the equality (4.2), we deduce

V€ My : —(Sh(pu)n, wom\o0 = (PET, W)oTi\00-

Consequently, we can write the upscaled system as a saddle-point problem as: seeking (uy,py) € My x Wy
satisfying
ag(tm, p) + by (P, n) = Cu(p) forall u € My,

L - “4.4)
b (g, ug) =0 forallg € Wy.

The associated bilinear forms ay (+,-) on M x M g, b (+,-) on Wy x M g7, and linear form £z (-) on M g are

ap(v,p) == (S\h(y)nv M>aTH\aQ bu(q, p) = —(p-n, @aTH\aQ
U (p) = —Sn(F)n, wormon-

The main feature of this method is that we only need to solve the global system (4.4) on the coarse edges £ and
obtain (U, py) € My x Wy. The remaining unknowns can be revealed by solving the local system (4.1a)-
(4.1f) coarse element-wise. Namely, on each element 7' € Ty, given the boundary data of Uy |s7 and average
pressure pg |7, we can solve (4.1a)-(4.1f) on T and retrieve the local variables (Ly,, wp, pp, Un, ). In this manner,
we avoid solving the global system (2.3a) - (2.3e) via computation over the coarse system (4.4) on €.

5 Error estimates

In this section, we present a general error estimate of the HDG method proposed in (2.3). For the sake of simplicity,
we assume that the permeability coefficient x is piecewise constant on each fine element. Also, we only consider
2-dimensional case since there is no essential difference/difficulty to extend our analysis to 3-dimensional case.
We set all nonzero stabilization parameter 7 = 1. In what follows, we use || - ||x,p, | - |x,p to denote the standard
norm and seminorm on any Sobolev space H*(D), respectively. When k& = 0, we omit the index k and simply
write || - || p. For the sake of simplicity, we assume the fine scale triangulation 7y, is made of simplexes. In addition,
we specify the local spaces as follows:

Assumption 5.1. » Let k € N. The local approximation spaces are
G(K) = [PL(K)]"" V(K) = [Pu(K)]" P(K) := Py(K),
My(F) = [P(F)]"  G(K) = [P (K" V(K) = [Pea (K"
e The coarse space M g contains the piecewise constant vectors. i.e.,
VFe&y:PyF)C My(F).
We also introduce a couple of notations for the analysis:
EL =1L - L, e, :=IL,u—uy ep = 1l;p — pn
e, =Pyu—uppy E\gn =Sn —Syn=vln— pn — Syn.
Notice that by (3.1d) and the definition of Pg we have
vIlgln — pn — tILu = PY(vLn — pn — 7u) = P (Sn — Tu). (5.1
Let
o :=L—-TIgL d,:=u—-IL,u 0,:=p— Ilp.

The projection errors dr,, d,, and J, follow from the standard approximation properties of the projections, c.f.

[10]. Furthermore, the approximation property of L2-projection yields that for Pg. Assume that L, » and p have
piecewise regularity up to s > 1 on 7, and k = [s] — 1. Then it holds

10ull S h*(llwlls i + [Tl|s,5) 1ol S h* (el i + [Ll]s,5)
1ol < B> [Iplls, 5 lu— PRulle < b2l x
_1
I = PR)(Ln —pn)|r S 02 (ILlsx + pls.x) (5.2)

forall K € T, and F' € OK. We are ready to present our main error estimate results:



Theorem 5.1 (Estimate for E, and e,,). Assume that the exact solutions 1L, u and p have piecewise regularity up
to s > 1 on Tp. Let the nonzero stabilization parameter T = 1 and k = [s] — 1, then there holds

1L~ Lnll7 + 157 (w — a7,
S (s M8 + A H I 3R (lulla 7 + IL]a7)
+h L+ HE 678w~ Pulor

As for the pressure, the estimates depend on additional assumptions as:

1. if Assumption 5.2 holds. We have

_ 1 _ 1 _ 1 s
lp = prll7 < @+ 167 o) (R + s~ ) I Igh* (ILlls 7 + lulls,7)
%

— 1 _ _1
+ (L4 5 ) (1 + H2 [ )k 2 lu — Phullar,-

2. If Assumption 5.3 holds, we can obtain

H 1 _qk _ 1 e 1t
Ip=pll S (/5 U+ HEIRTHE) + 57 e ) (7% + 116~ 18) I 34
X (ILlls.7i + lells.7i) + HER* ¥ pllo 7

_ H 10 15y, —
+ (= 1HQ+\/3)(1+H2’IIR HIg)E lu = PRullor, -

To estimate the errors between the exact solution from (2.1) and the numerical approximation by (2.3), an
application of the projection properties (5.2) and the triangle inequality indicates that the estimates of [, e,, and
ep are sufficient. This is the aim of the following sections.

5.1 Some preliminary identities

First we establish the error equation for (2.3) that relates Ey, e,,, €, and e, to the known projection errors dy, and
0.

Lemma 5.1. The following identies are valid

(EL, G)7, + (€u, V-G)7, — (en, GnYor, = (oL, G)7,, (5.3a)

+ (u — Pu, Gn)or,
(VEL — ey, Vv)7, + (k 'ew, v)7, — (Egn, Vo7, = —(k 1., V)7, (5.3b)
—(eu, Va)7, + (€a, an)or, = —(u — Piru, qn)or, (5.3¢)
(@TM w)o\o00 =0 (5.3d)
(€u, Moo =0 (5.3¢)
(ep, )75, =0 (5.31)

forall (G,v,q,pn) € Gy, x Vi, x P, x M}, g. In addition, we have

Esn = vELn — epn —7(ey — €y) + (I — P)(vLn — pn) 4+ 7(Pu — Pyu). (5.4

Proof. Taking into account that the exact solution satisfies the same equations (2.3) combined with the property
of the projections (3.1), we can equip the exact solution with the projection and obtain

(EL, G)7,, + (ew, V-G)p,, — (u —Up g, Gn)or, = —(0L, G)7, (5.5a)
(VEL — T, , V)7, + (5 ey, v)7, — (Bsn, v)or, = —(k 64, v)7, (5.5b)
—(ew, V@)1, + (v —Up g, qn)or;, =0 (5.5¢)

(Esn, m)or\o00 =0

(eu, Moo =0

(ep, )75, =0



for all (G,’U,q,u) eGyxVy x P, x Mh,H~
The combination of P /[g0 = P2|5}?, (3.1f) and Py; = PY; on €y, yields

(u — ’lAl,h,H , G'I’L}aTh = <E;, Gn>a7*h + (u — Pyu, GTI,)@T}L
= <a, Gn>a7*h + <’LL — Pyu, Gn)aTH.

Consequently,
(w— B, Gn)or, = (€n, CnYo7, + (u — PYu, Gn)or,.
This reveals (5.3a) after inserting the above equation into (5.5a). In a similar manner, we can show that
~ — o
(u—unm, qn)or, = (€u, qn)or, + (u— Phu, qn)or,.

Together with (5.5¢), (5.3c) is derived.
To prove (5.4), by utilizing the identity (5.1) and the definition of the numerical trace (2.3f), we derive that

Iﬁgn =Sn — g;,n =vln —pn — (VLpyn —ppn — 7(up, — Up.m))
=vEin —eyn + 7(up — Upg) + (I — PY)(vln — pn)
+ P (vLn — pn) — (vIgLn — ,pn)
=vEin —eyn + 7(up — Upg) + (I — PY)(vLn — pn)
+ 7(Pou — ,u).
Finally, the proof is completed by invoking the definition of e,, and €. O
To arrive at the error estimate, we next provide an auxiliary equality.
Lemma 5.2. We have
(VEL, EL)7, + (v ew, eu)7, + (T(ew — €4), ew — €u)oT,
= (oL, EL) 7 — (04, eu)7s, + (Phu— Pu, 7(eu — €)o7
+(u—Phu, Eyn —eyn)or, .
Proof. The combination of (5.3d) and (5.3e) implies
(€, Bsn)or, = 0.

Adding up (5.3a) - (5.3¢) by taking (G, v, q) := (Er, ey, e,), together with the above equation and some algebraic
manipulation, leads to

(VEL, EL)7, + (e, en)7;, + (ELn —e,n — Egn, e, — €,)07;
=—(0L, EL)7, — (/»fleu, euw)T, + (u— P%u, vELn —epn)ory, .
By (5.4), the last term on the left hand side can be manipulated as follows:
(ELn —epn — Esn, e, — €,)a7;

= (1(eu — €2), €y — €a)oT, — (T(Piu— Prru), e, — €)o7,

— (I - P})Sn, e, — €u)or;-
The last term vanishes. Indeed,

(I - P})Sn, e, — €)or, = (I - P})Sn, eu)or, — (I - P)Sn, €)o7,

Consequently, the first term of the above expression vanishes due to the fact that e,,|s7;, € M, and the second
term vanishes because that €,, is single valued on £, and Sn = vILn — pn is continuous across all the interfaces,
so that

((I-P})Sn, ey)or, = ((I - P})Sn, &,)oq = 0.

Finally, we complete the proof by utilizing P s = P‘?L on &Y. O



5.2 Estimate for e,

In this section we present an intermediate error estimate for e, in terms of other errors. To this end, we first apply
a local estimate on each subdomain T' € Ty for e, — (e, )7, where (e,,)r denotes the average of e, on T'. Let (e,,)
be the average function of e,, over the coarse mesh Ty, i.e., (ep)|7 = (ep)r.

By virtue of [31, Corollary 1.2.4], there exists w € H(l)(T) s.t.

V-w=e,—(e,)rinT and [Vw|r < Crtlley, — (ep)rr (5.6)

An immediate outcome of (5.6) is

sup (ep = (ep)T, V- w)r

2 CTHG - (6 )THT- (57)
we HL(T)\{0} [Vwl|r P

Now our next step involves a bound for the left hand side of this inequality. To this end, we introduce a special
projection operator P, : H'(K) — V(K) defined as the unique polynomial, satisfies

(Prw, v)g = (w,v)g forallv e Py_(K), (5.8a)
(Pow, php- = (w, php- forall p € Py(F"). (5.8b)

Here F** denotes the face defined in Assumption 2.1 where the parameter 7|7+ > 0.
The approximation property of P, plays an important role in our further error analysis, which is asserted
below.

Lemma 5.3 (Approximation properties of P,). For each K € Ty, we have
lw - Prw|x S h|Vw|x
lw — Prwllok < 02 ||V,
withwg == U{K € T;, : K N K # (}.

Proof. The first inequality was proved in [5] Proposition 2.1 (vii). For the second inequality, let Zw denote the
Clément interpolant of w (component-by-component) on K, we have

lw = Prwllox < |w—Tw|lox + || Zw — Prwllox
< C1h? |V, + Coh™ % |Tw — Prwl|x
S0Vl

Here, C and Cs are constant depending on the regularity parameter of 7, only. In the last two steps we applied
approximation property of Clément interpolation, inverse inequality, the triangle inequality and the first inequality
in the lemma. O

The following lemma provides a crucial identity to bound the error of the pressure.
Lemma 5.4. Let T € Ty and w € HY(T), there holds
(ep, V- 'u])T = (Z/E[L, V'lU)Th(T) + (K,ileu R PT'w)Th(T) + (/fléu R PT'w)Th(T)
— (7(ew — €x), w — Prw) o, (1)-
Proof. A combination of the integration by parts and the property (5.8) indicate
(ep, V-w)7, () = (ep, V- Prw)g, (1) + (€, V- (w = Prw))7, (1)
= (ep, V- P-,—’w)Th(T) + <epn, w — P7w>37-h(T).
By utilizing the error equation (5.3b) with v = P, w restricted over T, we arrive at
(ep , V- w)T;L(T) = (VE[L, VPTw)T;L(T) + (Hﬁleu , P‘rw)Th(T) + (Iiiltsu , P‘rw)Th(T)
+ (epn, w — Prw)or, (1 >— (Esn, Prw)or, (1)
= (VEL, V)7, (1) + (v ew, Prw)7, 1) + (8780, Prw)7, (1)
+ (epn, w = Prw)or, (1) — (Bsn, Prw)or, (1)
— (VEL, V(w — P w)) 7, (1)



Then integrating by parts upon the last term and utilizing equality (5.8) lead to

(ep, V- w)7, (1) = (VEL, Vw)7, (1) + (v eu, Prw)7, (1) + (5784, Prw)7, (1)
+{epn, w — Prw)or, (1) — (Esn, Prw)s7, (1)
— ((VELn, w — Prw)s7;, (1)

Considering (2.3d) and (2.3f), and that S is continuous across all interior face F' € £?, together with (3.1f) and
the fact that w = 0 on 9T, we deduce that

<E§n, ’w>a7—h(T) = <Shn — STL, ’w>a7—h(T) = <Shn — Sn, ’w>3T = 0 (59)
After inserting this term into the previous expression, we arrive at

(ep, V-w)7, (1) = WEL, Vw)7, (1) + (v e, Prw) 7, (1) + (7 80, Prw)7, (1)
— (VELn —epn, w — Pﬂu)aTh(T).

An application of the trace identity (5.4) and (5.9), yields

(ep, V-w)7, 1y = (VEL, V)7, (1) + (5~ eu, Prw)7, (1) + (k7160 , Prw)7, (1)
— (r(ew — €u), w — Prw)or;, (1)

+{(I - PE)Sn, w — P;w)or, (1)

+

T(Pgu — Pyu), w— Prw)or;, (1)

To complete the proof, we will estimate the last two terms. The continuity of S across all interior faces F' € &)
shows the first term vanishes.

((I - P3)(vLn — pn), w — Prw)or, (1)

(I = P3)((vLn — pn) , w)or, () — (I = P3)((vLn — pn) , P-w)or; (1)
(I = P)((vLn — pn) , w)or = 0.

For the last term, notice that Pgu = Ppjuon 0T, (T)\OT, therefore, we have
(T(Phu — Pyu), w— Pow)yr, (1) = (T(Phu — Pyu), w — Prw)or = 0.
The last step is due to the fact that w € H(T'), Assumption 2.1 and (5.8). O

As a consequence of the inf-sup condition (5.7) and Lemma 5.4, we obtain the upper bound to pressure error
lep — (ep)rlir:

Lemma 5.5 (Estimate for |le, — (ep)r||7). Given T € Ty, there holds

1 1, L _
ley = (ep)7ll75 (1) S L7 () + HZ 672 157 2eull 7.1

1 1 — _
+h2 72 (ew — €)o7, (r) + 27l Iz (|l

s, 7.1y + 1L, 75,(1))-

Proof. We bound the terms on the right hand side of the identity in Lemma 5.4 individually. An application of the
Holder’s inequality to the first term yields

(Ev, Vw)7, 7y < |ELll7 1) [[Vwllr.
Take into account that 1 is piece wise constant over the fine mesh 7}, we derive
(k'ew, Prw)y(r) = (k 'ew, )7, (r) + (k'ew, Prw — Prw)y,r) = A+ B (5.10)
with Py, being the L2-projection onto P}, (K) for K € Tj. The generalized Holder’s inequality implies

_ _1 1%
A= (v"ew, w)T, (1) < I 2eulln I8 IZ oy lwlla ). (5.11)
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By virtue of the Sobolev embedding, there exists a positive constant Cjy,, depending on T satisfying
1
|wllpa(r) < CimpH? [[Vw||7.
Inserting the above result into (5.11), we deduce
A S HE 677672 eull o) I Vel (5.12)

With respect to B in (5.10), a combination of the generalized Holder’s inequality and the inverse estimate [24,
Section 4.5] leads to

_ _1 13
B:=(k""ey, Prw — Pyw)7, (1) < |62 eyl |67 12 Prw — Prwl|pa7, (7))

Ll s -1
S s I 2 eull 7 o) |1 Prw — Prwll 7 (r)
Then the triangle inequality, together with the approximation property of Py, and P, yields
I I T
B <h 26736 2 eullr, (o ([w = Prw| 7, (1) + [[w = Prwl7, (1))
10 1,3 _1
Sh2lR7HIZ I8 2 el ey Vw7 (5.13)
A combination of the estimates (5.10), (5.12) and (5.13) indicates
1 1. 1
(v 'ew, Prw)y ) S H? w73 (|57 el 7,0y [ Vwllr.

In view that k! is piecewise constant on 7;, s > 1 and (5.2), analogously, we can derive the estimate for the
third term,

(K760, Prw)g () = (k764 , Prw — Pow) 7, (1) S |67 lzl16ull 75 () IVw]| 7
<SP 7 ([|ul

s 7(0) T Llls,75.1)) - [Vl
An application of the Cauchy-Schwarz inequality to the last term leads to
(r(eu — €u), w — Prw)or, 1) < [7(€u — €u)llor, (1) lw — Prwllor, (1)
1 —~
S b2 |r(ew — €u)llo, ) [ Vwl 7.

Finally, if we combine the estimates of the four terms, together with (5.7), then we obtain the estimate as shown
in the lemma. O

To the end of estimating e, two estimate on (e,,) are presented under a stronger Assumption 5.2 and a weaker
Assumption 5.3, respectively.

Assumption 5.2. (a) There exists a coarse triangulation 7/:;1 such that each face F' € Ep is a face of an element
Ky € Ty. Ty is a refinement of Ty.

(b) Py(K)C V(K) YK €Th, and Py(F)C My(F), VF €&
Assumption 5.3.
P(K)CV(K) YK€7T, and P(F)CMy(F) VFe&y.
Theorem 5.2 (Estimate for (e,)). Assume that h < H and 7 = O(1).

1 If Assumption 5.2 holds. Then we can obtain

_ _1 g1
lep)lm S IBLl7 + llep = (el + I~ o (s~ beull + A ulz ). 6.1

11



2 Ifthe spaces Vi, and M gy satisfy Assumption 5.3, then we have

1 _1 1 —
el S HE (K4 lep = ()l + [Bnllz) + 117 (eu — €)lor ) (515)

_ 1 1
+ Il (In Beulm, +h*Hull 5,

1 s—1 )
+ H? (h 2(ILlfs, 7 + Iplls,77.) + [Ju — PH“”OTH)-

Proof. Denote the classical P, — P; Taylor-Hood element on Tz as Vi x Q C H o(9) x L2(). By virtue of
[31, Corollary 1.2.4], there exists w € H3(Q) s.t.

V-w=(e)in2 and [Vwla < C7leyllo
We can define a Fortin projection II;w € V iy On fH, cf. [4], satisfying

(V- -ILiw,q)g = (V- -w,q)q forall g€ Qg (5.16a)
[VILiw[o < C||Vwlq. (5.16b)

Assumptions 5.2 implies that IT; w € V', and ITyw|g,, C M . After taking v := IT;w in error equation (5.3b),
we arrive at

(VEL —Te,, VILiw) 7, + (5 e, Tw)7, — (]ﬁgn, Mw)sr, = —(k 16, Thiw)7, . (5.17)
By application of error equation (5.3e), this leads to
(]Egn, IIyw)sr, =0.
Owing to (5.16a), we can obtain
(VEL — ey, VILw)7, = (VEL —1(ep — (¢p)) , VILiw) 7, — ((ep) , V - Thw),
= (VEL — I(ep — (ep)) . VILiw)7, = [|(ep)[[3.
Inserting the above two identities into (5.17) in combination with some algebriac rearrangement, yields

I(ep)1* = (VEL — (e — (ep)) , VILiw) 7, + (57 ew, Thiw)7, + (5718, Thaw)s, .

Finally, an application of the generalized Holder’s inequality, Sobolev embedding H}(Q) < L*(Q2) and Lemma
5.5, shows

l(en)l? < VI wlla(EL 7 + llep = (ep)ll7)
+ (I 2 eullzs + 572 8ullz) I el Mw] s oy
S IVILwlo (IEL7; + llep — (ep)]

— _1
7+ I (s 2 eyl

1
7+ 0 6ul7))
— _1 _1
S lep)lla (B2l + llep = (o)l + s~ s Feullz + 5 Flullz) )-

Here, the last step is due to (5.16b) and the approximation property (5.2). This verifies (5.14).

Now we prove (5.15) with a weaker assumption (5.3) on the local spaces. In this case, the above argument
is no longer available due to the fact that II;w does not exist if the local spaces only contain piecewise linear
polynomials. Instead, we take v = Il ,w in (5.3b), where II,w € V;, N H (1)((2) denotes the Scott-Zhang
interpolation of w, cf. [21]. The following approximation properties hold

lw — M,w|mno S A ™| Vw|e, for m=0,1, (5.18a)
1
|lw — I,wlo7, S h2||Vwl|a. (5.18b)
We start by the following identity

lep)la = ((ep), V-w)7, = ((¢p), V- Hyw) 7, + ((¢y), V - (w — Iw))7,
((ep), V- Igw)7, +((ep) , (w — Mgw) - m)a,

12



By taking v = I, w in error equation (5.3b), we obtain
(vErL —Ie, , VIIgw) T, + (ke , Mgw)T, (Egn Myw)sr, = —(k 16, , M,w)T,
As a consequence, we can rewrite this error equation as
lep)lly = (VEL —T(e, — (e)) , VILgw)7, + (5 ew, Tyw)7, — (Esm, Tgw)or,

+ ("5715u  Hgw) 7, +((ep)  (w — I, w) - n)ary,
=Ty 4+ T5. (5.19)

We will estimate 7} to 75 one by one. Analogous to the first case, we can bound 73, T5 and Ty by

Ty 5 lep)la(BLliz, + llep — (ep)l),
_ _1 _1
Ty + T3 S eplialls o (5 *eullr, + 5 ullo7, ).

Invoking the Cauchy-Schwarz inequality, together with (5.18b) and an application of the inverse estimate, results
in

Ts < [l(ep)llo7s | (w = Tyw) - mllor, S H 202 |(ep)llo]| Vwllo
1.1
S H2h2|(ep) -

Utilizing (5.3d) and (5.4), T can be written as

T3 = (Egn Pyw — Il w)sr,
= (WELn — (ep — (ep))n, Pyw — Igw)sy, — (T(ew — €4), Pyw — Hgw)ar,
+((I — P))(vLn — pn) + 7(Plu — Pyu), Pyw — Mgw)s7,
—((ep) s Pyw — Iyw)or,

= T3 + T30 + T33 + T34.

We will estimate the four terms in the last equality. In order to estimate 73; to 753, we first will first bound
[Prw — Igw|o7, by
[Pyw —gw|or, < |lw—Pywloy, + [lw — gwlsr,
< |w — Plwllor, + llw — PRwllor, + [w — Mgwllar,
S(H? +h2) 2l(ep)lla-

Next we can apply Cauchy-Schwarz inequality, inverse inequality and (5.2) on top of the above estimate to arrive
at

1. _ 1
T S H2h™ 2 (|[Eellz, + llep — (ep)ll7:)ll(ep) s
Ty S H? 7% (e — &2)|lo7 |l (ep) s

1
Tys S H (= P)(vLn = pn)llom; + u— Plulor, + |u— Phullar ) ll(ep) o

1/, 4 1 )
S H: ( (Llls, 7 + lwlls, 7 + lIplls,7) + [lw — PHUIIaTH) [[(ep) |-

Finally, noticing that (e, ) is piecewise constant over 7z, we have

T34 = —((ep), Pryw — Igw) oy, = —((ep) , Phw — Hgw)or,
= —((ep), w — Mgw)a7;, < ||(ep)lloTsllw — Mgwllor,
< H 2 h7|(ey)
< H 207 |(ep) |3

In view that if h < H, the bounds for 75 and T34 can be absorbed by the left hand side of (5.19). The proof is
completed after combining the estimates from 7} to 75. O
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5.3 Main error estimates

In this section, we are concerned with the main error estimate for the proposed upscaling HDG method (2.3) in
terms of two results. The first results shows the estimate of Ej,, e,, and e,, — €,,. Whereas the second one is on
the pressure estimate.

Theorem 5.3 (Estimate for E, and e,,). Assume that the exact solutions 1L, w and p have piecewise regularity up
to s > 1 on Tp. Let the nonzero stabilization parameter T = 1 and k = [s] — 1, then there holds

1 —
7 + 77 (ew — €u)loT,

13 _1 13
S U7HG + R ) e HIGR (lulls, 7, + L5 7)

_1 1 13 a
+h72(1+ H? |77 [|§)[lw — Phullar, -

_1
IELll7. + 572 eyl

Proof. By application of Lemma 5.2,

(VEL,EL) 7, + (K 'ew, eu) T, + (T(ew — €4) , eu — €2)oTs (5.20)
= (oL, E)7, — (57104, eu)7s + (Phu— PYu, 7(ey — €2))ory

+(u—Phu, Eyn —e,n)or, .

We will estimate the terms on the right hand side one by one.
By virtue of the Holder’s inequality, the first term can be bounded by

1
7(1/5]1‘, EJL)T;L < Z(VEL, E]L)Th, + (I/(s]L, 5]11)771' (5.21)
The generalized Holder’s inequality and the inverse inequality lead to

_ _1ly 1% _1
—(k 16U7eu)7-h, < Ci2h ™ 2|k 1”6“‘;u||771,||’<5 2ey| 7,

with Ciyyz being a positive constant depending only on the shape regularity parameter of 7. An application of the
Young’s inequality yields

—(K18y, €u) 7 < Cinah |50l 64]

1o 1
2 + 4l fe, |2 . (5.22)

By application of the Holder’s inequality, the third term can be estimated by
(Phu— Pu, m(e, — €)o7y
= (Plu—u, 7(ey — €))ory; + (u— Phu, m(e, — €))os
< (lu = Pyullor, + llu — Prullar,)IIr/* (e — €)o7
Then the projection property (5.2) and the Young’s inequality lead to

(Piu— PYu, m(e, — €)o7y (5.23)

—~

_ 1 —
< K Mull7, + lu — Phullor, + 7 (r(e —€4), eu — €4)or,-

4

Now we estimate the last term in (5.20). By Assumption 5.1, M z; contains piecewise constant. Then we can
write the last term in the Lemma 5.2 as

(u — PYu, BEpn — eyn)or,

= (u— PYu, ELn)or, — (u— Phu, (e, — (ep)r)n)oTs

S BV u = PRrullor ([Ewllz, + llep = (ep)rll7)-
An application of Lemma 5.5 and the Young’s inequality result in
) 1 2 -1 2
(u—Phu, Bn —epnjor, < J([ELli7, + 572 eull7;) (5.24)

— — o - s
+hTH 1+ H|w o)l — Phuls, + 167 &R (ulls,7 + L5, 7)
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Inserting the estimates above (5.21), (5.22), (5.23) and (5.24) into (5.20), by Cauchy-Schwarz inequality and
trace inequality, we get

_1 1 —~ _ —
IELIZ, + 1572 eull, + 1172 (ew — €)l37, S I0LlF, + A7 Ik alldullF,
17] 1] — — 5]
+[|Phu — Phulbs, + ™ (1 + Hl|x™ o)l — Phul3s,
+ R a7, + kT HIRR (lulls, 7, + L] s,75)-

Finally, by the approximation property of the projections (5.2) with some algebraic manipulation, we can obtain
the estimate shown in the lemma. This completes the proof. O

In combination with Lemma 5.5, Theorem 5.2 and Theorem 5.3, we can derive the pressure estimate.
Theorem 5.4 (Estimate for e,). Let the assumptions in Theorem 5.3 be fulfilled.

1. if Assumption 5.2 holds. We have

_ _1 1% 13
lepll7 S (L4 -7 o) (™2 + [l IS I ISR (Llls,7 + lleells7)
%
Q

+ (L [la ) (L + HE a3 u — Phulor,.
2. If Assumption 5.3 holds, we can obtain
< H L 1.3 -1 -1 —1|3 1|z ps
lesllm, S (13- + HHIEHE) + 57 la) (h7F + I~ 1Dl A
1,61
X (ILlls.7 + llwllsz) + HZR* =2 plls.7,
_ H Lo 13\, —
+ (157 o 44/ )L+ H [ )R Hu = PRrullor,-
Proof. An application of Theorem 5.3 and Lemma 5.5 leads to

1 _ 1/2 1 _ 1 _ 1 s
7 S U+ H2 s M) (72 + a7 12 IERT (lullsm + 1L s7)
— 1
+ (L4 HlwHa)h™ 2 |lu — Pullar,-

llep — (ep)l

An application of Theorem 5.2 shows the results. O

Finally the main result Theorem 5.1 can be obtained by triangle inequality, Theorem 5.3 and Theorem 5.4 and
the approximation properties of the projections (5.2).

6 Numerical results

In our experiments, we take the domain Q = [0,1] x [0,1], » = 1, Re = 1, X = Re/2 — /Re?/4 + 472 and the
source term f and boundary data g are

~(v(A\% = (27)%)e?® cos(2my) + Ae?MT [ 1—e*cos(2my)
F= ( v(27\ — A3/ (27))e? sin(27y) > 9= <)\/(27r)e’\7” sin(27ry)> '

Let 7 be a regular quasi-uniform rectangular mesh over {2 with maximal mesh size H and let 7}, be a regular
quasi-uniform triangulation over each element 7' € T3 with maximal mesh size h. Take h = /2 x 2~7. Note
that the fine scale h can resolve the coefficient £~ !. The regularization parameter 7 := 1. For K € Tp,, F}, € &,
and Fg € &y, the local fine element spaces are

G(K) == P{(K) V(K) = P}(K) P(K) = Pi(K)
M (Fp) := PE(F) My (Fy) = Py (Fu).

. . . . . P -1 .
Four numerical results are shown with coefficient x~! of different contrast values (i.e. e r), which are
depicted in Figure 1. Their contrast values are of orders 1e7, 1e5, 1e3 and 1el, respectively. The coefficient ~*

takes low values in the background, which represents the fast flow region.

15



The relative errors of the gradient velocity (L), velocity (u) and pressure (p) are depicted in Table 6 for
H = /2272,1/2273,1/227% and v/227°, respectively. Theorem 5.3 implies a convergent rate of 3,/2 for this
example. One can observe from Table 6 that the convergent rate improves as the contrast in the coefficent
decreases. The convergent rate for coefficient in Figure 1(a) is slowest that equals 1.01, 1.32 and 1.88 for L, u
and p, respectively. The convergent rate in Figure 1(d) is the fastest with rate of 1.69, 1.42 and 1.83 for L, » and

p, respectively.
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(a) Permeability field 1

1
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0.2
0
0 0.2 04 0.6 08 1

(b) Permeability field 2

™~

(c) Permeability field 3

Figure 1: Permeability fields

(d) Permeability field 4

Fig.1(a) Fig. 1(b)

H L u D L u D
V2272 | 180.59 91.95 513.27 | 79.26 97.85 104.27
V2273 | 7091 7827 73.61 | 50.51 4533 27.13
V2274 | 3875 2647 2494 | 2320 1520 555
V227% | 1739 1261 543 11.08  5.66 2.24

Fig.1(c) Fig. 1(d)

H L u D L u D
V2272 | 4394 731 7.74 7.84 039 2847
V2273 | 3310 341 4.67 1.77  0.05 5.55
V2274 | 1411 0.76 1.60 047  0.01 1.28
V2275 | 532 0.16 0.52 0.17 0.007 0.44

7 Conclusion

Table 1: Convergence history in percentage (%)

In this paper, we have proposed new upscaled HDG methods for Brinkman equations with high contrast coeffi-
cient. The main goal is to solve Brinkman equations on the coarse mesh where the coefficient is not well resolved.
Nevertheless, the numerical solution can achieve a certain convergence rate measured by the coarse-scale mesh
size. To this end, on top of the classical HDG finite element space, an extra coarse-scale space over the skeleton

16



of the fine mesh is designed. In application, this extra space is arbitrary and can be the reduced space or the
multiscale space. The convergence of this upscaled HDG method relies on the approximation property of this
extra space. Furthermore, the convergence is proved which depends weakly on the heterogeneous high-contrast
coefficient. Numerical results are shown to verify our theoretical findings. Future work related to this project is
to apply this framework to more complicated heterogeneous permeability field which might involve more scales
and difficult geometry. To this end, we may consider to use offline spectral decomposition to construct the coarse
space Mp.
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