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A MIXED FORMULATION FOR THE BRINKMAN PROBLEM *

PANAYOT S. VASSILEVSKIT AND UMBERTO VILLA ¥

Abstract. The Brinkman model is a unified law governing the flow of a viscous fluid in cavity
(Stokes equations) and in porous media (Darcy equations). In this work, we explore a novel mixed
formulation of the Brinkman problem. Introducing the flow’s vorticity as additional unknown, this
formulation allows for a uniformly stable and conforming discretization by standard finite elements
(Nédélec, Raviart-Thomas, piecewise discontinuous). The theoretical results are illustrated with
numerical experiments. Based on our stability analysis of the problem in the H (curl; Q) — H (div; Q) —
L?(Q) norms, we derive, in a follow-up paper ([34]), a scalable block diagonal preconditioner which
takes advantage of the auxiliary space AMG solvers for H(curl) and H(div) problems available in
the preconditioning library hypre ([19]) developed at LLNL.

Key words. Brinkman problem; Stokes-Darcy coupling; saddle point problems; block precon-
ditioners; algebraic multigrid.

Introduction. The Brinkman equations describe the flow of a viscous fluid in
cavity and porous media. It was initially proposed in [1], [2] as a homogenization
technique for the Navier-Stokes equations. Typical applications of this model are in
underground water hydrology, petroleum industry, automotive industry, biomedical
engineering, and heat pipes modeling.

Mathematically speaking the Brinkman model is a parameter-dependent combi-
nation of the Darcy and Stokes models. Since in real applications the number and
the locations of the Stokes-Darcy interfaces might not be known a priori, the unified
equations in the Brinkman model represent an advantage over the domain decom-
position methods coupling the Darcy and the Stokes equations. However, the high
variability in the PDE coefficients, that may take extremely large or small values,
negatively affects the conditioning of the discrete problem which poses a substantial
challenge for developing efficient preconditioners for this problem.

Another challenging aspect of the Brinkman model is the construction of a sta-
ble finite element discretization ([35]). In [24], it is proved that inf-sup compatible
finite element for Stokes (Taylor-Hood, P2 — P0, Crouzeix-Raviart — PO, mini ele-
ments) will lead to non-convergent discretizations in the limit Darcy case (viscosity
v — 0 or inverse permeability k — oo0) and that Raviart-Thomas elements for the
discretization of the velocity field fail in the case v # 0, since they are not H'(Q)-
conforming. Numerous approaches have been proposed in the literature to address
the numerical stability of various discretizations. Among those, in [12] and [13], the
authors introduce jumps penalization on the normal component of the velocity field
or on the pressure field to stabilize the Crouzeix-Raviart — PO finite elements or P1
— PO finite elements, respectively. In [15], an augmented Lagrangian approach and a
least squares stabilization is explored in order to use inf-sup compatible Taylor-Hood
elements also in the Darcy case, while in [24] and [18] high order non-conforming
elements are investigated.

In the present paper, we analyze a mixed formulation of the Brinkman problem,
in which we introduce the (scaled) flow vorticity as additional unknown. We prove

*This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07TNA27344.

T panayot@Illnl.gov, Center for Applied Scientific Computing, Lawrence Livermore National Lab-
oratory, P.O. Box 808, L-561, Livermore, CA 94551, U.S.A.

fuvilla@emory.edu, Department of Mathematics and Computer Science, Emory University, At-
lanta, GA 30322, U.S.A.



2 P. S. Vassilevski, U. Villa

the well-posedness of the mixed formulation in the abstract framework of de Rham
homology and Hilbert complexes, extending to the Brinkman problem the analysis of
the mixed formulation of the Stokes problem in ([8], [4]). The numerical stability of
the method is guaranteed by an appropriate choice of the finite elements spaces. The
particular choice of Nédélec, Raviart-Thomas and piecewise discontinuous elements,
in fact, reproduces the same embedding and mapping properties of the continuous
spaces in the finite elements spaces. The linear system obtained after finite element
discretization has a symmetric saddle point form. In contrast to the penalization
methods for the Brinkman problem ([12], [13]), the proposed approach allows for a
conforming discretization by standard finite elements. We also illustrate our analysis
with numerical examples regarding the behavior of the discretization errors in the
H (curl; Q)-norm of the vorticity, in the H(div;Q)-norm of the velocity and in the
L?(2)-norm of the pressure. We numerically observe some suboptimal error behavior
of the (scaled) vorticity in the Darcy limit, while velocity and pressure exhibit uniform
error decay rates with respect to the inverse permeability coefficient k(x).

We should point out on one possible disadvantage of the mixed formulation ap-
proach, namely that the Hodge decomposition holds only for particular sets of bound-
ary conditions ([4]). On the other hand, the proven stability of our mixed discretiza-
tion allows us to consider effective preconditioning techniques for the discrete saddle
point problem. Following the approach in [25], we construct in [34] a block diagonal
preconditioner with optimal convergence properties based on the stability analysis
of the continuous problem. Such preconditioner has on its main diagonal the finite
element matrices corresponding to the H(curl; ), H(div;), and L?*(Q) norms in-
volved in the stability estimates. To improve the efficiency of the preconditioner, we
resort (in [34]) to the recently developed auxiliary space multigrid preconditioner for
H(div) and H(curl) problems. The resulting (inexact) block-diagonal preconditioner
appears to be robust with respect to constant and smoothly varying coefficient k(x).
The general case of fully robust (with respect to coefficient variation) preconditioning
method is still an open problem. One possible approach is to develop appropriate
adaptive (element-based) algebraic multigrid techniques that respect the entire de
Rham complex on coarse levels. For some progress in that direction, we refer to [30],
[23].

The remainder of the present paper is structured as follows. In Section 1, we
briefly derive the mixed formulation of the Brinkman problem based on the Hodge
Laplacian, and, in Section 2, we provide a stability estimate for the weak formulation.
In Section 3, we address the numerical discretization of the mixed formulation with
Nédélec, Raviart-Thomas and piecewise polynomial discontinuous finite element which
leads to a large sparse saddle point linear system. In Section 4, we briefly outline
our block-diagonal preconditioner. Finally, in Section 5 we present numerical results
illustrating the error behavior of our discretization schemes for the case of constant
coefficient, smoothly varying coefficient, and discontinuous coefficient.

1. Mixed formulation of the Brinkman Problem. We assume that 2 is a
bounded simply connected domain in R? with a regular (Lipschitz continuous) simply
connected boundary 992 that has well-defined (almost everywhere) unit outward nor-
mal vector n € R?. In what follows, sometimes we borrow some terminology from the
finite element exterior calculus, e.g. from [8], without explicitly referring to this (or
other) source. However, we keep this to a minimum to ensure that the presentation
is self-contained. We also mostly consider the case d = 3, as the analysis can be
extended to the two-dimensional Brinkman problem with minimal variations.
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The generalized Brinkman problem reads

—vAu+k(x)u+Vp==£f(x), VxeQ

div u = g(x), Vx e
uxn=g, on 0f) (1.1)
—p+rvdivu=h, on 09,

where v > 0 is the fluid viscosity and k(x) is the inverse permeability of the medium.
The challenge of this problems is when the coefficient k¥ = k(x) takes two extreme
values O(1) and O(1/e) in different parts of 2. In the part of the domain with
k = O(1), the PDE behaves like a Stokes problem, whereas in the rest of the domain,
it behaves like the Darcy equations.

In the present work, for simplicity, we assume natural boundary conditions on ).
However, other set of boundary conditions, like the essential boundary conditions
(u-n =u,, o¢xn = 0;), can also be treated in a similar way. For the Hodge
Laplacian, natural boundary conditions are also known in the literature as electric
boundary conditions while the essential ones as magnetic boundary conditions due to
the close relation with Maxwell’s equations. In our work, we do not consider the case
of full Dirichlet boundary condition, as the mixed formulation is harder to analyze; it
leads to suboptimal discretization error behavior ([4]).

To obtain a mixed formulation of the Brinkman problem (1.1), we exploit the
vector calculus identity

Au = V div u — curl curl u,
and we define the (scaled) vorticity variable
oc=ccurlu, € =+u.

After some straightforward manipulations, the mixed formulation reads

o—ccurlu=0, Vx el

ccurlo —e2Vdivu+k(x) u+Vp=f(x), VxeQ

div u = g(x), Vxe (1.2)
uxn=g, on 0f)
—p+e3divu = h, on O9.

1.1. Functional spaces and orthogonal decompositions. We now introduce
some notation used throughout the remainder of the paper. For vectorial functions
u,v € L%(Q) = [L3(Q)]¢ and scalar functions p,q € L2(f2), we define the inner
products (u,v) = [ou-v dQ and (p,q) = [, p ¢ dQ. Similarly, we denote by ||v|| and
lp|l the norms induced by the above inner products.

To come up with the weak formulation of the system (1.2), we introduce the functional
spaces Q, R and W, defined as
- Q= H(cur; Q) = {o € L*(Q) | cwrl o € L?(Q)}, equipped with the norm

171G = 171 + [leurl 7%
- R=H(div; Q) := {u € L*(Q) | div u € L*(Q)}, equipped with the norm

VIR = IIvI* + [1div v
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- W = L*(Q), equipped with the norm

gl = llall*.

We denote with Q*, R*, and W* the dual spaces of Q, R, and W, respectively.
It is clear that in the case of essential (magnetic) boundary conditions, the respec-
tive spaces Q, R are proper subsets of H(curl; ), H(div;Q2); Q, R then consist of
functions with vanishing tangential or normal boundary traces.

We need next the orthogonal decompositions of H(curl; Q) and H(div; ) asso-
ciated with the kernels of the respective differential operators. Such decompositions
are of utmost importance in the stability analysis of the mixed problem, and for the
derivation of the auxiliary space multigrid preconditioners for such spaces ([5], [6]).

The assumption that the domain 2 is simply connected with simply connected
boundary, also called contractible (that is, any cycle in  is homologous to a point in
1), guarantees that de Rham sequence

0— HY(Q)\R —— H(curl; Q) — H(div; Q) - L2(Q) — 0 (1.3)

is exact. In other words, the space of the k-harmonic forms has dimension 0 for all k =
1,2,3, or, equivalently, we have that range(V)* Nker(curl) = {0} and range(curl)~*
ker(div) = {0}. Therefore, we have that these nullspaces are defined as X = {7 €
H(cur; Q) | 3y € HY(Q) : 7 =Vy}and Y = {v € H(div;Q) | F¢ € H(curl; Q) :
v = curl ©}. The original spaces admit the following orthogonal decompositions:

H(cur; Q) =X @ X+, Hiv;Q) =YY",
which imply the Poincaré inequalities

[T ewto) < Allewrl 74 ||r2@), VTt e Xt

and  [[v' | g@ivie) < Bldiv vz, VvteYd, (1.4)

with constants v and (8 which depend only on the domain 2. The orthogonal com-
plement spaces are characterized as

L ={r e Hlcwl;Q)NnH(div;Q) |divr =0inQ, 7-n=0o0n N},
and YJ- {veHiv;Q)|3¢p € H}Q): v=Vo}.

For more complete characterization of such spaces and for the orthogonal decompo-
sitions in the case of essential (magnetic) boundary conditions we refer, for example,
to [33, Appendix A] or [26, 31].

2. Weak formulation. To obtain the weak formulation, we first multiply
system (1.2) by 7 € Q, v € R, ¢ € W and integrate over (:

/a-‘rdQ—/e(curlu)-‘rdQ:O, V7TeQ

Q Q

/5(curla')-vd(2—/52 (Vdivu)~de—|—/k‘(x)u-de+/(Vp)-de:

Q Q Q Q
:/f-de, VveR

/dlvu qdQ) = /quQ VqgeW.
Q
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By letting y7(7) = (n X T|yq) X 0, 7,(V) = n - v|pq and exploiting some basic
integration-by-parts identities ([27, Chapter 3]), the non-conforming terms become

—/5(curlu)-TdQ:—/su-(curl‘r)dQ+/ e(uxn) yp(r)dS =
o9
Q Q

—/5u-(curl7’)dQ+/ eg-yr(T)ds,
[219]
Q

and

—/52 (Vdivu)-de+Q/(vp)-de=

Q
= /52 (div u) (div v) dQ2 — /p (div v) dQ2 + /(p — &2 divu) y,(v) dS =
Q Q o0

- Q/ 22 (div ) (div v) d2 — Q/ p (div v) d© y é h 4 (v) dS.

Therefore a weak solution o € Q, u € R, and p € W of (1.2) satisfies the following
variational problem

/O'-TdQ—/EU'(CuﬂT)dQZ—/Eg~’YT(T)dS, VTreQ

Q Q 9
/5(curla)~vdﬂ+/52 (div u) (div v) dQ+/k(x)u~def/p(divv) dQ) =

Q Q Q

:/f-deJr/hfyn(v)dS7 VveR
Q 19}
/(divu)qu:/quQ7 YqgeW.
Q

Q

(1.5)
The variational problem above can be written as an abstract saddle-point problem
of the form
PROBLEM 1.1. Find (o,u,p) € Q X R x W such that

m(o,T) —c*(u,7) =F(r), VTeQ
—c(o,v) —a(u,v)—d(u,v) +b*(p,v) =G(v), VveR (1.6)
b(u, q) =H(q), VqeW
where
m(o, 7) = (o, 7), o, TEQ
clo,v) = e(Co, v), occQ, veR,
a(u, v) = ¢&2(Bu, Bv), u, veR, (1.7)
dlu, v) = (k(x)u, v), u, veR,
b(u, q) = (Bu, q), ueR, geWw.

Here C, B denote some differentiation operators (curl and div), and F € Q*, G € R*,
H € W* are bounded functionals that take into account volume forces and boundary
conditions.
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2. Well-posedness of the mixed variational formulation. Before studying
the well-posedness of the mixed formulation of the Brinkman problem (1.1), we recall
the following classical result due to Babusgka ([9]).

THEOREM 2.1. Let B : X x X — R be a symmetric bounded bilinear form on a
Hilbert space X which satisfies the inf-sup condition

o := inf B(z,y)

sup ———— > 0. (2.1)
0#yeX 0£zeX llzll x [yl x

Then the problem of finding B(x,y) = §(y) for all y € X is well-posed: it has a
unique solution x for each § € X*, and the following a priori estimate holds

1
ol x < =[Sl x-
@
In what follows, we assume that the inverse permeability coefficient k(x) belongs
to L>°(Q) N L3(Q), and we let kyax < +00 be a constant such that
0 < k(x) < kmax almost everywhere in (.

Since (by assumption) the inverse permeability k(x) and the viscosity €2 can not both
vanish at the same time, there exist constants Kyin > 0 and K.y < +00, such that

0< Rmin = kmin + 52 < k(X) + 52 < kmax + 52 = RKmax-

For the stability analysis of Problem 1.1, we use the following weighted norms

2 2 g 2
Imllq, = ITI"+ ——llc7 %,
max
”VH%{W = "Emin”VH%{ = ﬁmin||v||2 + ”min|‘BV‘|2v
1
2 2
qilw, = qil -
v, KmaXH |

REMARK 2.1. The weighted space Q,, can be interpreted as intersection of Hilbert
2
spaces, that is Q. = L?(Q) () ==—H (curl; Q). This space is equal to H(curl;§)) as a

Kmax

62
Rmax

set, but the corresponding norm approaches the L?(Q) norm as tends to zero. In

other words, the smaller this ratio, the less control we have on the L?(Q) norm of the
curl of functions in Q.. For a detailed characterization of the intersection of Hilbert
spaces and of their dual spaces we refer, for example, to [11, Chapter 2] and [25].

The stability of the mixed formulation of the Brinkman problem, which is our
central result, is stated below.

THEOREM 2.2. Ife > 0 and k(x) € L=(Q) N L%(Q), 0 < fmin < k(x) + % <
Kmax almost everywhere in §, then for given continuous linear functionals F € QF),
G € R}, H € W} the generalized Brinkman problem (1.1) admits a unique solution
and the following a priori estimate holds:

lollg, + ik, + 1215, < COQUFIG, + Gk, + 15,
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where C(Q) is a constant depending only on the domain.

Proof. The variational mixed formulation of the Brinkman problem (1.1) can be
written in the form of Theorem 2.1, where X = Q,, x Ry, x W, and B denotes the
symmetric bilinear form

%(Ua u,p;7,Vv, Q) = (Ua T) - 5(“7 CT)
—¢(Ca,v) — (k(x) u,v) — £2(Bu,Bv) + (p, Bv) + (Bu,q), (2.2)

and §(7,v,q) = F(1) + G(v) + H(q).

Then, Lemmas 2.3 and 2.4 imply Theorem 2.2, by establishing respectively the
boundedness of % and the inf-sup condition (2.1) required by Babuska’s theorem
(Theorem 2.1).
|

LEMMA 2.3. Under the hypothesis of Theorem 2.2, there exists a constant M
such that for any (o,u,p), (7,v,q) € Qu X Ry x Wy,

|B(o,u,p;7,v,q)] <

RKmax 1 1
M= (Jlo|g, + [[ullz, + el )* (I7lq, + ViR, + lali,)* -

min

Proof. Simple applications of Cauchy—-Schwarz inequalities show that the desired
boundedness holds with M = 2. Indeed, we have

1B(o,w,p; 7, v,q)| < |lol[[7] +elul[CT +l[Callllv]+
+ kax [ull[v]| + [ Bul[ [ Bv| + [Ipll|Bv] + || Bulllqll <

1
2

e? 1
< (117 + =100+ (s b 0l + (e + DBl + 1)

g2 1 3
(1712 + 21+ (s + ) VTP + e+ DBV + = [al?) .

LEMMA 2.4. Under the hypothesis of Theorem 2.2, there exists a constant a(§2),
depending only on the Poincaré constants vy and 8 in (1.4), such that for any (o, u,p) €
Qu X Ry, x Wy, there exists a triplet (T,v,q) € Qu X Ry X Wy, such that

1 1

B(o,u,p;7,v.q) = aQ(lolg, +lulk, + I, (711G, + VIR, + i, )?
Proof. By the orthogonal decomposition of H(div), we can write
u=_Cpt +ut, where pt € X+t and ut € Y*.

Thanks to the orthogonal decompositions and the Poincaré inequalities in (1.4), we
have

letlle <7lCe™ Ir <llulr, [u|r < B]Bull. (2.3)

In a similar way, using also the exactness of (1.3), we can write p = Bw=, where
wt €Y' and

Iw*llr < BlIBw | = Blpllw. (2.4)
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For some positive real numbers a;, i = 1,2, 3,4 (to be specified later on), we choose
T=0—-ampt€Q, v=-u—-alotasw cR, g=p+aBucW. (2.5)
By direct substitution, we obtain
B(o,u,p;7,v,q) = o] —ai(o,¢7) —e(u,Co) +ear(u,Ce™)
+e(Co,u) +eaz||Co|® —caz(Co, wh) + || VE)u||? + az(k(x)u, Co) — as(k(x)u, w)
+ £2||Bul|? + e2ay(Bu, BCo) — e%as(Bu, Bw>) — (p, Bu) — as(p, BCo) + as(p, Bw™)
+ (Bu, p) + a4 Bul|*.

Exploiting orthogonality and obvious simplifications, noticing that (u, CeL) = ||Ce*||?,
the above expression reduces to

B(o,w,pi7,v,q) = o] +ear||Co|* —ai(a,¢h)
+eas|[Col® + [|VEG)u|® + as(k(x)u,Co) — as(k(x)u, w")
+ &2||Bul|? — %a3(Bu, p)
+ as||p||* + aal|Bul]*.

Applying Cauchy-Schwarz and Young inequalities, and the Poincaré inequalities
(2.3), (2.4), the remaining inner products are estimated as follows:

L<1 2ajl2<l Qﬁchz
(@) < 5lo I + Ll I? < SllolP + Latlce P,
1 1
laz(k(x)u,Co)| < £IVEG? + a3l VERICa P < 11VEGu|? + akmas|Cor|,
1 1
jas (bx)u, wh)| < L IVEBI? + aIVEGW 2 < £ lv/EGRul? + 3k 5 111,

2
|e%as(Bu, p)| < €*||Bul® + Z@sII;OH2

Substituting the above inequalities in the expression for B we have

1
%(a‘,u,p;‘r,v,q) > 5”0.”2 (EG’Q - a’kaWX) ||CU||2

ki ai
+ =5l + ( - ;f) ICp™ I + ay | Bul?

62
+ (a1 = a}lnne? + ) 17

Then we choose a1 = 35 = O(c), a2 = 3—~=52 = O(555), a3 = rreny =
O(=2-) and a4 = Kuin, so that
1 9 )
Blo,wpiTviq) 2 5lol* + 4—\\&7”
max

1 2
F T 2Pl

kmin

T

[u ||2+ ||C<P I + min | Bul|* +
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Recalling that u = u* + Ce* and by using the second inequality in (2.3), we have

kmin
2

2
ul? + 52 [Co™|* + Kmin [ Bu?
. 2 .
2 B (lut? + ICo|12) + £z lICot 1P + 5
. . . 2 .
b s ) 2 4 (K 4 2% ) [ICo |2 + Sy | Bul?
2 . 2 )
(3 + shhmin + 552 ) It |2 + (B + 25 ) oo |12 + =g
£ min(1, %, %) Kmin ([0t +A||C‘PL||2) + g | Bu |2
~29 F) Rmin HUHZ + R’Em ||[),ll||2

Bu||?

wh g

v

Bul?

%min(l,
%min(l,

72
L L) i [l

v IV

=2

Using this estimate in the above estimate for 8, implies

g2 1
Bloupirova) 2 e@) (o1 + 0ol + sl + ol )

=@ (lolg, + lulg, +lpli,). (26)

where ¢(12) is a constant depending only on the Poincaré constants v and [.
To conclude, we notice that

(Imlg, + VIR, +llalfy,) < P (lolg, + k., + I, ) . (2.7)

where ¢(2) is a constant depending only on the Poincaré constants v and 3. In fact,
the following inequalities hold:

1 n g2 1
7l <lelg, +allleTla, <lolg, + ;IIUH% < lollg, + QIIUH%{W,

1
3IVIR, < lulk, + a3minllColl® + afrmn W [&

2
Kmin€ Fomi
< ulk, + —5—lICal® + c(8) 5= pliv
K’max ’%max
9 Kmin 2 RKmin 2
< ulg, + lollg, +cB)——Ipliv,
RKmax Rmax
1 2 2 2 Bull? < 2 ”r?nin 2 2 Kmin 2
Salid, < ol + a3 ——IBul? < ol + = )ik < ol + 2 fulf,.
max max max
Above, ¢(f) = ﬁl‘;’l). Therefore the inf-sup condition for B follows by taking
a() = c(N)e(Q). O

3. Discretization. In this section, we discuss the discretization of the complete
de Rham complex, even though the Brinkman problem explicitly involves only the last
three spaces of the sequence. In order to achieve stability of the discretized problem,
the discrete spaces S, C H'(Q), Qn € Q, R, C R, W), C W should preserve the de
Rham complex structure of the continuous case (see [7, 8] for more details):

HO\WR —V— Q@ -, R W

l l | |

Sp\R V. Qs _curl | R, _div | W,

div
—
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A standard choice for numerical discretization of the Hodge Laplacian is the
following. For a given integer r > 0, we let .S;, be the continuous piecewise polynomial
of degree at most r + 1, Qy, the (r + 1)-th order Nédélec finite elements ([28]), Ry,
the r-th order Raviart-Thomas finite elements ([32, 28]), and W}, the discontinuous
piecewise polynomials finite element of degree at most 7.

In fact, this choice of finite elements guarantees that the commutativity property

curl T} = TR curl, and div I} = I1}Y div

holds ([5], [6]). Here, IIY : V + V}, denotes the canonical interpolation operator
from the continuous space V into the finite element counterpart V;,, V:=Q, R, W.

Moreover, the above commutativity property together with the exactness of the
continuous de Rham complex (for simply connected domain Q with simply connected
boundary) implies the discrete orthogonal decompositions

R, = CUI‘IQh D thh, and Qh = V5, & curl, Ry,

where Vj, : W;, — Ry, is the adjoint of the map —div: Ry — W}, and curl, : Ry, —
Qp, is the adjoint map of curl : Qp — Ry,.
An important result in [7, 8] guarantees that the discrete Poincaré inequalities

Tt lq < Anllcurl 7Lz, V7t € curl, Ry, 31
and  [|vir||r < Bplldiv vit|lzz, YV viE € VW, (3.1)
hold with constants 7, and (), bounded independently of h. Since VW) ¢ YL
and curl,R; ¢ X1, the above results is not trivial, and it requires the construction
of a bounded cochain projector operator 7, from the continuous to the discrete de
Rham complex. Such bounded projectors can be derived by composing the canonical
interpolation operators ITY with commutative smoothing operators ([14]). Then 7y, <
Y|l7mr |l and B, < B||71|, where the norm of the cochain projector |7y || is uniformly
bounded with respect to h. We refer to [7, 8] for the complete proof.

3.1. Analysis of the discrete problem. We now proceed with the analysis of
the finite dimensional approximation of the variational problem, Problem 1.1. The
Galerkin formulation of the problem reads

PROBLEM 3.1. Find (o, up,pn) € Qn X Ry, x Wy, such that

m(on, ) —c*(ap, ) =F(m), VY7 €Qn
—C(O’h,Vh) —a(uh,vh) — d(uh,vh) +b*(ph7vh) = G(Vh), A vy, € Ry,
b(un, qn) = H(qn), VaneW,

Stability of the Galerkin problem, Problem 3.1, is equivalent to the inf-sup con-
dition for 9B restricted to the finite element space ([10]), which is stated below.

LEMMA 3.1. Under the hypothesis of Theorem 2.2, there exists a constant ay,
depending only on the constants ~y, and By, in the discrete Poincaré inequalities (3.1),
such that for any (op,up,pn) € Qn X Ry X Wy, there is a triplet (Th, Vh,qn) € Qp X
Ry, x Wy, for which the following estimate holds:

B(Oh, W, Phs Thy Vi, Gh) =

1 1
an(lonlly, + lanllk, + Ipalliv,)? (ITallg, + IIvallk, + laali, )2
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Proof. The proof in the discrete case closely follows the proof given before for the
continuous case in Lemma 2.4. Given u;, € Ry, there exists cp,J; € curl,Ry, € Qp, and
uf; € VW, C Ry, such that

u, = curl oy + i, epllq < mllewl o [|r,  luy g < Bulldiv ug.

Similarly, given p, € Wj, there exists wi- € VW, such that p, = div wy- and
Wi lr < Bnrllpnllw. The result now follows by taking

™ = ah—algoﬁ € Qp, Vi, = —up—aqcurl O'h-’-agW}J{ € Ry, qn = pp+aygdiv ufl‘ e Wy

instead of (2.5), and by using the discrete Poincaré inequalities (3.1) instead of the
continuous ones (1.4). O

The convergence of the discrete solution to the continuous one directly follows
from the stability and consistency of the discrete problem.

THEOREM 3.2. Let (o,u,p) € Q x R x W be the solution of the continuous
Problem 1.1 and let (op,un,pr) € Qn X Ry x Wy, be the solution of the discrete
Problem 3.1. Then

lo = onllg, +llu—unlg, + Ip—paliy, <

w w

M Kmax 2 2 2 2
1+ ——— inf |lo—m 4+ inf |[u—v + inf - .
(14 2t ) (g o= mlly, + g, il + i - anliy,
Proof. The proof of this theorem is a direct application of the Babuska Theorem in
[9], and follows from the discrete inf-sup condition in Lemma 3.1 and the boundedness
of the bilinear form 8 in Lemma 2.3. O

Assuming certain smoothness of the continuous solutions and some regularity of

the finite element mesh, the above theorem implies the standard error estimate
lo —anllg, + lu—wlk, +lIp—puliy, = O,

for the choice of (r + 1) — th order Nédélec elements, r-th order Raviart-Thomas, and
r-th order piecewise discontinuous elements. We refer to [17, 28, 16, 3] for a detailed
analysis of the approximation properties of the Nédélec and Raviart-Thomas spaces.

In the following and in the numerical experiments, we restrict ourselves to the
case r = 0, i.e., to the first order Nédélec space Qy},, the lowest order Raviart-Thomas
space Ry, and the piecewise constant elements, Wj,. Such choice, as well known, leads
to discretization error of first order.

4. Preconditioning. The discrete Galerkin problem, Problem 3.1, leads to the
solution of a large sparse linear system

BX =B (4.1)
where the block matrix B and block vectors X and B read:
M -C7T 0 ) F

B=|-C -A-D BT|, X=|U|, B=|G|. (4.2)
0 B 0 P H
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Here ¥ € RIM(Qn) U ¢ RIMBL) - p ¢ RIMWA) denote the vectors collecting
the finite element degrees of freedom o}, i =1,...,dim(Qy), u}, i =1,...,dim(Ry)
and pi, i =1,...,dim(W,), and M, C, A, D, B are the finite element matrices whose
entries are given by

M;; = m(o}, i) = (o7, Th), i,j=1,...,dim(Qy)
Cij = clay, vi) =« (curl g}, v}), i=1,...,dim(Ryp), j=1,...,dim(Qp)
Aij = a(wy, vi) =& (div g, divvy), ij=1,...,dim(Ry)
D; ;= d(uy, v}l) = (k(x) ufl,.vﬁl), i, =1,...,dim(Ry)
B;j =b(uj, ¢},) = (divuj, ¢},), i=1,...,dim(Wp), 7 =1,...,dim(Ry).

The discretized linear system (4.1) has the form of a symmetric saddle-point
problem. In fact, if we reorder the unknowns as (¥, P, U), then B admits the form

M 0 -oT
0 0 B
-C BT —(A+D)

It is clear then that B has dim(Qy)+dim(W}) positive eigenvalues and dim(Ry,) neg-
ative eigenvalues. An effective iterative method to solve linear system with symmetric
indefinite matrices is minres ([29]) employing a symmetric positive definite precondi-
tioner P.

To derive the preconditioner, we follow the approach presented in ([25]) to precon-
dition symmetric saddle point problems in a functional space setting. According to the
authors, the mapping properties of the differential operators of the continuous prob-
lem suggest that block diagonal preconditioners are natural choice for saddle point
problems. More specifically, given a stability estimate for the continuous problem in
some functional spaces, the block diagonal matrix, in which the blocks represent the
discretization of the inner products in those spaces, leads to a uniformly bounded (in
terms of h) preconditioner for the saddle point discrete system of interest.

As before, we consider the positive numbers wg = Kix, WR = Kmin, Wiy = —
and introduce the symmetric positive definite variational forms

Kmax ’

q(on, )= (o, 1) +wg(curl op,curl 7,),  on, T, € Qy
r(up,vp) = wg(up, vy) + wr(div upy, div vp), up, vy € Ry (4.3)
w(ph, qn) = ww (Ph, qn); Ph> qn € Wh.

The above forms define weighted inner products in Q,, R, and W,,.
Therefore Lemma 3.1 and Lemma 2.3, based on [25], imply that a mesh indepen-
dent preconditioner for the saddle point problem (4.1) is given by

Q 0
0 0
0

w

0
P = R , (4.4)
0
where ), R, W are the matrix representation of the weighted inner products q(o7,, 71.),
r(up, vy), and w(pp,qn) in (4.3). Moreover, letting K(P~'B) denote the spectral
condition number of the operator P~1B, the estimate

S % Rmax

Qp Kmin

K(P~'B)
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holds with M in Lemma 2.3 and «y, in Lemma 3.1, independent of h (see [34] for the
details).

In the particular case of constant coefficient k(x) = kg, the condition number is
independent of both the mesh size and ky. However, in the general case of variable
coefficient, the number of minres iterations to solve the preconditioned system will
still depend on the ratio %

We remark that, to improve efficiency, it is worth to substitute P~! with a spec-
trally equivalent operator P! that is easier to apply. For example, a viable approach
is to let P be an auxiliary space AMG preconditioner of P. In the numerical results
section, we use these preconditioners to solve the discrete systems needed for com-
puting the discretization error. For a more detailed description of the preconditioners
and their parallel performance, we refer to [34].

5. Numerical Results. The numerical results presented in this section are ob-
tained using the finite element library MFEM [http://code.google.com/p/mfem/],
developed at Lawrence Livermore National Laboratory (LLNL). MFEM is a general,
modular, parallel C++ library for finite element methods research and development.
It supports a wide variety of finite element spaces in 2D and 3D, as well as many
bilinear and linear forms defined on them. It includes classes for dealing with various
types of triangular, quadrilateral, tetrahedral and hexahedral meshes and their global
and local refinement. Parallelization in MFEM is based on MPI, and it leads to high
scalability in the finite element assembly procedure. It supports several solvers from
the hypre library (http://www.llnl.gov/CASC/hypre/). In particular, in our tests
we used the auxiliary space algebraic multigrid solvers for H(curl) and H(div) ([21],
22)).

The initial meshes used in our simulation were generated with the unstructured
mesh generator netgen [http://www.hpfem.jku.at/netgen/].

The numerical results presented in this section were obtained on hera, a high per-
formance computer at LLNL. Hera has a total of 864 nodes connected by InfiniBand
DDR (Mellanox). Each node has 16 AMD Quad-Core Opteron 2.3Ghz CPUs, and
32GB of memory. Hera is running CHAOS 4.4, a linux kernel developed at LLNL,
specific for high performance computing.

Our code was compiled with the Intel mpiicc and mpiicpc compilers version
11.1.046.

The numerical results in this section aim to verify the accuracy of the mixed
formulation. In particular, we analyze three different test cases: the first for a constant
inverse permeability coefficient k(x) = ko, the second one for a variable but smooth
coefficient, and the third one for discontinuous coefficient.

5.1. Discretization error for constant coefficients.. We study the accuracy

of the discretization as function of the ratio E% in the case of constant inverse perme-

ability k. Obviously if E% = 0 the Brinkman problem reduces to the Stokes problem,
while if E% — oo the Brinkman problem approaches the Darcy limit.
The analytical solution is given by

sin(mx) cos(my) — cos(mz) sin(mx) sin(my) sin(mz)
e = e |sin(mwy) cos(mz) — cos(mz) sin(my) | , Uep = |[sin(mz)sin(mx) | ,
sin(7z) cos(mwx) — cos(my) sin(mz) sin(mz) sin(my)

Pex = 8.0sin(ma) sin(wy) sin(mz).
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Fic. 5.1. The unstructured mesh used in our accuracy tests.

The right hand side and the natural boundary conditions on 0f) are prescribed ac-
cordingly to the analytical solution. To avoid poorly scaled right hand sides, for a
given ratio % we choose k and €2 such that max(k,e?) = 1.

The domain 2 = [0, 1]? is discretized with an unstructured tetrahedral mesh with
474 elements (Figure 5.1). The original mesh is uniformly refined 5 times, and each
element of the mesh is divided in 8 through a bisection algorithm for tetrahedrons.
The total number of degrees of freedom ranges from around 2 thousand unknowns on
the coarsest mesh up to 65 millions on the finest mesh.

In Figure 5.2 we show the relative discretization errors in the H (curl; ), H(div; )
and L?(2) norms. The systems were solved by using preconditioned minres with a
stopping criterion based on the relative residual norm. As expected from the theory,
uy, linearly converges to u., in the H(div;)) norm and p; linearly converges to pe,
in L*(Q2). Moreover the errors are independent of the ratio . The scaled vorticity
o, instead, converges linearly to o, for moderate values of E%, while it shows a
degradation in the error behavior for higher values of such ratio.

5.2. Discretization error for non-constant smooth coefficients.. Now we
consider the case of non-constant coefficient k(x). For Q = [0,1]® and ¢ < 1 being a
positive number, we take

1
k(x) = Sin(my) sin(r2) ¢ Vx=(x,y,2) € Q. (5.1)

The number ¢ controls how large are the variations in the coefficient k(x), since k(x)
ranges between kpi, ~ 1 and kpax ~ % We let the viscosity v = €2 = 1 and we
choose the right hand side and the natural boundary conditions on 9f) be such that
the analytical solution is given by

0 sin(7ry) sin(mz)
Oczact — ﬂSin(ﬂ_y) COS(TFZ) 5 Uezact = 0 5 Pexact = —T.
—m cos(my) sin(mx) 0

In this test we use the same initial mesh and refinement strategy as in the previous
case of constant coefficients.
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Fi1G. 5.2. Relative discretization error in the case of constant coefficients for different choices
of the ratio 8%
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Fic. 5.3. Relative discretization error in the non case of constant coefficients for different
choices of the ratio Emax
kmin

In Figure 5.3 we report the relative discretization error with respect to the an-
alytical solution. In all cases, we observe a linear error decay in the H(curl;Q) —
H(div; Q) — L?(Q) energy norms of vorticity, velocity, and pressure.

5.3. Discretization error for coefficients with jumps. For this test we con-
sider the analytical solution of the so-called circular preferential flow pathway pro-
posed in [20]. Such solution describes the steady flow of an incompressible fluid
through a circular channel of radius R and length L in an infinite porous medium
in response to a constant pressure gradient % in the direction of the channel. In-
side the preferential channel the inverse permeability is 0 (Stokes equations), outside
is constant and equal to k. Using a cylindrical coordinate system, r stands for the
distance from the centerline of the preferential channel, 0 is the angle, and z is the

coordinate along the centerline; r, 8, X are the unit vector in the radial, tangential,
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and centerline directions. The analytical solution of the flow is given by

ﬁ—ﬁ(—%)é ifr<R
g = A K[/)(\/ET) 2 .
ﬁ QRW 0 ifr > R,

Ap R2_r2+%+2RKD(\/ER)>)A( ifr<R

u={ WL ' VE Ki(VER)
Ap (4 2R Ko(Vkr) \ & .
inL E"_WKF(\/ER))X itr> R,
_Ap Ap

P=or 1™
where K, K7 are the modified Bessel functions of II type.

In Figure 5.4, we show the velocity and vorticity profiles in the radial direction.
The velocity is continuous and differentiable with respect to r for each value of k,
while the vorticity has a jump in the radial derivative at the interface between the
preferential channel and the porous medium (r = R). Moreover for large value of
k, we observe a boundary layer in the porous medium next to the interface with the
preferential channel. In Figure 5.5, we show the three-dimensional solution computed
on the finest mesh.

The geometry for this test is a cylinder of radius 2 and length L = 1. Inside this
cylinder we embed a cylinder of radius R = 1 representing the preferential channel. To
improve accuracy, element faces are oriented as the interface between the preferential
channel and the porous medium so that no element belongs to both regions. The
total number of degrees of freedom ranges from three thousand on the coarser level
up to 10 millions on the finest one.

In Figure 5.6, we show the behavior of the discretization error for different values
of the inverse permeability %k in the porous medium surrounding the preferential chan-
nel. We observe that the discretization errors in the H(div;2)-norm of the velocity
and L?(Q2)-norm of the pressure are optimal with respect to the choice of finite ele-
ments (O(h)). Similarly to what we already observed in the constant coefficient case,
the H(curl; Q) norm of the discretization error for the vorticity field admits linear
decay only for moderate values of the inverse permeability k; while for higher values
(k = 10%), we do not have convergence to the analytical solution. Indeed, to correctly
capture the steep gradient in the vorticity field, local anisotropic mesh refinement
should be used due to the developed boundary layer.

Conclusions. In this paper, we analyzed a mixed formulation of the Brinkman
problem by introducing the (scaled) vorticity as an additional unknown. The well-
posedness analysis of the mixed formulation was based on the Hodge decomposition,
and the numerical stability of the method was guaranteed by an analogous results
on the discrete level. The particular choice of Nédélec, Raviart-Thomas and piece-
wise discontinuous elements, in fact, reproduces the same embedding and mapping
properties of the continuous spaces in the finite elements spaces. Differently from
penalization methods for the Brinkman problem, our approach provides a conforming
discretization by standard finite elements. Discretization errors in the H(div; ) norm
of the velocity and in the L?(£2) norm of the pressure show uniform linear decay rate
with respect to the inverse permeability coefficient k(x). Ounly the (scaled) vorticity
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F1a. 5.4. Velocity and vorticity profiles in the radial direction for different values of k.
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F1G. 5.5. Numerical solution of the preferential channel on the finest grid (k =1): velocity on
the left, vorticity in the center, pressure on the right.

is approximated with less accuracy as we approach the Darcy limit.

Despite the increased number of unknowns, the algebraic linear system obtained after
the finite element discretization can be efficiently solved with Krylov iterative methods
using block diagonal AMG preconditioning (demonstrated in [34]). A disadvantage
of the mixed formulation proposed in this paper is that the Hodge decomposition
holds only for particular sets of boundary conditions. As proved in [4], without the
Hilbert complex structure, the numerical method is less accurate. Future develop-
ments of interest include upscaling techniques and construction of a coarse hierarchy
that respects the de Rham complex with good approximation properties, to handle
the non-constant coefficient case with both upscaling and solver (multigrid) purpose.
The latter is feasible based on appropriate element-based algebraic multigrid (AMGe)
technique. For some progress in that direction, we refer to [30], [23]. Finally, in the
presence of stable hierarchy of coarse spaces, for stochastic coefficients, multilevel
Monte-Carlo process can be employed in order to perform numerical simulations for
underground flow of practical interest.
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