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FINITE ELEMENT METHODS FOR A STREAM-FUNCTION — VORTICITY
FORMULATION OF THE AXISYMMETRIC BRINKMAN EQUATIONS

VERONICA ANAYA', DAVID MORA!, CARLOS REALES*, AND RICARDO RUIZ-BAIER!

ABSTRACT. This paper is devoted to the numerical analysis of a finite element approximation of the
axisymmetric Brinkman equations written in terms of stream-function and vorticity fields. A mixed
formulation is introduced involving appropriate weighted Sobolev spaces, and its well-posedness is
analyzed using the Babuska-Brezzi theory. We introduce a suitable Galerkin discretization based
on continuous piecewise polynomials of degree k > 1 for all the unknowns, whose solvability is
established using the same framework as the continuous problem and we derive optimal a priori error
estimates. A set of numerical examples are presented to illustrate the convergence and performance
of the proposed schemes.

1. INTRODUCTION

We consider the axisymmetric Brinkman equations, but formulated in terms of vorticity and
stream-function to describe viscous flow within a porous medium. The same principle, applied
for the two-dimensional Stokes equations in Cartesian coordinates has been extensively used (see
e.g. [19]). More recently, the axisymmetric case has been studied by Adbellatif et al. in [2],
decoupling the Stokes equations into two Poisson problems, and analyzing a spectral discretization.
Apart from the fact that computed stream-functions are the standard tool for flow visualization,
this kind of formulations enjoy some attractive features from the numerical viewpoint, since they
only involve two scalar unknowns to resolve the flow patterns, and the discrete solutions may lead
to exactly divergence-free postprocessed velocity fields. In addition, the pressure drops from the
formulation and can be recovered via a generalized Poisson problem whose datum comes from the
previously obtained stream-function (similarly to the decoupled methods recently proposed in [17, 5]
for the Brinkman equations). In the three-dimensional case the stream-function is a vector field,
and therefore these formulations are no longer substantially advantageous over classical velocity-
pressure ones. As in [2], we will focus on the axisymmetric case, where the cylindrical symmetry
reduces a three dimensional problem to a bidimensional one, and the stream-function is still a
scalar. The radial configuration implies that suitable weighted Sobolev spaces will appear in the
theoretical setting (see e.g. the monograph [12]).

Numerous studies involve different discretizations for axisymmetric viscous flows (see e.g. [1,
, D, 6, 7, 11, 13, 15, 18, 24]). Specifically, here we follow some ideas from [!] (where we have
proposed a stabilized mixed method to resolve axisymmetric velocity—vorticity—pressure Brinkman
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flows), but consider a mixed formulation written in terms of stream-function and vorticity. We note
that, as a consequence of the zero-order term and the variable permeability tensor, in this case the
problem cannot be decoupled as in [2]. Existence, uniqueness at the continuous and discrete level
is established using standard arguments for saddle-point problems (see [16]). The proposed finite
element discretization is based on piecewise polynomials of order k > 1 for all scalar fields, defined
on triangular meshes. In its lowest-order version, it represents only six degrees of freedom per ele-
ment, decoupled from a pressure solve (approximated in axisymmetric H!—conforming spaces and
having three degrees of freedom per element), thus being a very competitive method (for instance,
less expensive than the scheme introduced in [1]). A common goal, here satisfied automatically,
is to recover flow fields that satisfy exactly the incompressibility condition. In addition, our ap-
proach allows a direct computation of the vorticity with optimal accuracy, and without the need of
postprocessing. Our optimal order error estimates are derived from the continuous dependence on
the data and an appropriate Céa estimate, and we stress that these bounds are established with
constants independent of the viscosity. Moreover, a duality argument allows us to improve the
order of convergence of the vorticity and the stream function approximations in L?-norm.

The remainder of this paper is structured as follows. Section 2 collects the formulations of
the Brinkman problem for velocity and pressure in Cartesian coordinates, its reduction to the
axisymmetric case, and we recall its stream-function—vorticity form. The weak formulation in
mixed form, along with some preliminary results are also presented. Next, in Section 3 we prove
the unique solvability and stability properties of the proposed formulation. In Section 4 we introduce
the finite element discretization of our variational formulation, for which we prove a discrete inf-sup
condition uniformly with respect to the viscosity v and the mesh parameter h; and we establish
optimal error estimates. Some illustrative numerical tests are postponed to Section 5, and we close
with a few remarks and perspectives in Section 6.

2. FORMULATIONS OF THE LINEAR BRINKMAN EQUATIONS IN DIFFERENT COORDINATES

2.1. Cartesian coordinates. The linear Brinkman equations govern the motion of an incompress-
ible viscous fluid within a porous medium. The system is

(2.1a) K4 —vAu+Vp=Ff in,
(2.1b) divit =0 inQ,
(2.1c) w-n=0 ondQ,
(2.1d) curl A =0 on dQ,

where O C R3isa given spatial domain. The sought quantities are the local volume-average velocity
@ and the pressure field p. The permeability K is a symmetric and positive definite tensor and
without loosing generality we restrict ourselves to the isotropic case where the inverse permeability
distribution can be represented by the scalar function o, i.e. K~! = 51. The inverse permeability
has LOO(Q) regularity, with 0 < Omin < 0(2,9,2) < Omax a.€. in Q. For simplicity we assume a
constant fluid viscosity v > 0.

2.2. Axisymmetric case. Under axial symmetry of the domain, the forcing term, and the inverse
permeability, we can replace them by 2, f, and o, respectively, with 0 < omin < (7, 2) < Opax a.€.
in Q, and system (2.1a)-(2.1d) can be recast as a problem involving only the meridional domain
Q) and written in terms of unknowns u,,u, and p. In general, we will denote with * a quantity
associated to the three-dimensional domain €2, whereas vector fields associated to the axisymmetric
restriction will be denoted by v = (v, vs).
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Moreover, if we introduce a vorticity field, scaled with respect to viscosity, w = /vrotu, we
arrive at the following problem

(2.2a) ou++veurlyw+ Vp= f in Q,
(2.2b) w—+rrotu =0 in Q,
(2.2¢) divau =0 in Q,
(2.2d) u-n=0 on T,
(2.2¢) w=0 on T,

where the axisymmetric counterparts of the usual differential operators acting on vectors and scalars
read

1
div, v := Opvp + 17 tvp 4+ 0,v,, rOtw 1= Oy, — Oyvy,  curly @ = (0.0, —Orp — —0)".
r

2.3. Axisymmetric stream-function—vorticity formulation. Next, we realize that the incom-
pressibility condition (2.2c¢) is equivalent to the existence of a scalar stream-function 1 satisfying

u = curl, ¢, with ¢y =0 on I' (cf. Lemma 2.1 and [2, 19]). Therefore, (2.2) is re-written as
(2.3a) ocurly,y +veurlaw+ Vp = f in Q,
(2.3b) w — y/vrot(curly ¥) =0 in Q,
(2.3¢) =0 onT,
(2.3d) w=0 onT.

2.4. Recurrent notation and auxiliary results. Before stating a weak form to (2.3), we recall
some standard definitions of weighted Sobolev spaces and involved norms (see further details in
e.g. [21]). Let LH(Q) denote the weighted Lebesgue space of all measurable functions ¢ defined in
Q for which

P — P
HSOHLZ(Q) .—/Q|g0] r*drdz < co.

The subspace L%,o (Q) of L2() contains functions ¢ with zero weighted integral (¢, 1), = 0, where

(s,t)r0 ::/strdrdz,
Q

for all sufficiently regular s,¢. The weighted Sobolev space H(Q2) consists of all functions in L2()
whose derivatives up to order k are also in L2(f2). This space is provided with semi-norms and
norms defined in the standard way; in particular,

|90’12{}(Q) = /Q (|3r<p|2 + Iazgo\Q) rdrdz,

is a norm onto the Hilbert space Hi () HL%,O(Q). Furthermore, the space IZI%(Q) = HI(Q)NL2,(Q)
is endowed with the following norm and semi-norm, respectively (the former being v-dependent):
(2.4)

1/2 1/2
Kol = (Ieltaq + v Iela + vl @)+ Ielaie = (lel@ + 1ol @)
We will also require the following weighted scalar and vectorial functional spaces:
Hio(9) == {p e HI(Q)ip =0 on T}, H] (@) :={pe ()¢ =0 on I},
H(diva, Q) == {v € LI(Q)%divav € LI(Q)}, H(curly, Q) := {p € LI(Q); curl, ¢ € LI(Q)*},

)
H(rot, Q) := {v € L2(Q)%* rotv € L%(Q)} .
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We observe that as a consequence of [20, Proposition 2.1], the second entity in (2.4) is a norm

in ﬁ%O(Q) In addition, the spaces H(div,,2) and H(curl,, 2) are endowed respectively by the
norms:

. 1/2 1/2
H'U”H(diva,Q) = (”’UH%%(Q)Q + | leavHi%(Q)) / ) H‘SO”’H(curla,Q) = (HSDHi%(Q) + v| curl, 90‘@%(9)2) / )
and  [|¢[li(curly,0) == | curla @[l 2q):-
Moreover, it holds that
(2.5) Il @ < Ielieune < Vol Ve € AL@),
(2.6) el < leleuinm < Valolae Yo € AL,
The following result has been proved in [10] (see also [2]).

Lemma 2.1. Let Q be simply connected. For any s > 1, if v € [I?I%O(Q) N H5(Q))? satisfies

divav = 0, and v-mn = 0 on ', then there exists a unique potential ¢ € HfH(Q) such that
v=curlyp, and p =0 on .

On the other hand, let Hll/z(F) be the trace space associated to Hi(f2), and notice that the

normal trace operator on I' is defined by v — v - n|p, and it is continuous from H(div,, 2) into the
dual space of H 11 /2 (I'). We next recall the following Green identities have been established in [3].

Lemma 2.2. For any v € H(div,, Q) and ¢ € HY(Q), the following Green formula holds
(diVaU, Q)T,Q + (’U, VC])T,Q = <’U - n, q>T,F-
Lemma 2.3. For any v € H(rot,2) and ¢ € ﬁ%(Q), we have the following Green formula

(v,curly p)r0 — (@, 10t V), 0 = (V- t,0)r 1.

2.5. The variational formulation. Now we test system (2.3a)-(2.3b) against curl, ¢, with ¢ €
H%,o(Q% and 0 € H%yQ(Q), respectively:
(0 curly 9, curly @) + (Vv eurlyw, curly p), 0 + (Vp, curly 9),. 0 = (f,curla ), 0,
(w,0)r.0 — (Vv rot[curly 9], 0), o = 0.

Then, combining Lemmas 2.2 and 2.3 with a direct application of the boundary conditions, yields
the following variational problem: Find (¢,w) € HiQ(Q) X HiQ(Q) such that

a(ih, p)+b(ep,w)=F(p) Vo€ Hi (D),
(2.7) b(¥,0) —d(w,0)=0 V6 €H] (),
where the involved bilinear forms and linear functional are

a(y, ) == (ccurly 9, curly ), q, ble,w) = (v/v curl, w, curl, ©)ra,  dw,l) = (w,0),0,
F(SD) = (fa curl, ‘P)T,Q'

Remark 2.1. The discussion about possible shortcomings of the boundary treatment (2.3c),(2.3d)
and the associated issues in representing no-slip velocity conditions or other wall laws is not part
of the goals of this paper. We refer the interested reader to [3, 25]. However, we do stress that
imposition of tangential velocities poses no difficulty in our framework. For instance, if we want
to set u -t = u' with a known u' on T'y C T, then Lemma 2.3 suggest that the adequate test space
for the vorticity field would be

i, (@) = {p € Hl(Q:p =0 on T\ T}
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Also from Lemma 2.3, it follows that a non-homogeneous term
H(0) = <ﬁut7 0>7"7Ft Vo € I:Iit(Q)a
should appear in the second equation of (2.7).

3. WELL-POSEDNESS OF THE CONTINUOUS PROBLEM
In this section, we prove that the continuous variational formulation (2.7) is uniquely solvable.
With this aim, we recall the following abstract result (see e.g. [16, Theorem 1.3)):

Theorem 3.1. Let (X, (-,-)x) be a Hilbert space. Let A: X x X — R be a bounded symmetric
bilinear form, and let G : X — R be a bounded functional. Assume that there exists > 0 such that

(3.1) sup Alz,y) > Bllzllx Ve X.
yeX HyHX
y7#0
Then, there exists a unique x € X, such that
(32) Alz,y) =6(y) Vyed.
Moreover, there exists C' > 0, independent of the solution, such that
[z][x < ClIG]|x-

Theorem 3.2. The variational problem (2.7) admits a unique solution (¢, w) € ﬁ%O(Q) X ﬁ%Q(Q)
Moreover, there exists C' > 0 independent of v such that

(3.3) Wl + Il oy < ClF Iz

Proof. First, we define X := ﬁ%o(ﬂ) X ﬁ%o(ﬂ) (endowed with the corresponding product norm:
Il - Hﬁi(Q) and | - wﬁ%(ﬂ)’ respectively) and the following bilinear form and linear functional:

AW, w), (¢,0)) := a(y, ) + blp,w) +b(¥,0) — d(w,0),  G((¢,0)) := F(p).
To continue, it suffices to verify the hypotheses of Theorem 3.1. First, we note that the linear

functional G(+) is bounded and as a consequence of the boundedness of a(-,-) b(+,-), and d(-,-), one
has that the bilinear form A(,-) is bounded too with constants independent of v.

The next step consists in proving that the bilinear form A(-,-) satisfies the inf-sup condition
(3.1). With this aim, we have that for any (¢, w) € X, we define

@ = (Y + év/vw) € ﬁio(Q), and 0:=-we ﬁio(Q),

where ¢ is a positive constant which will be specified later. Therefore, from the definition of bilinear
form A(-,-) we obtain

A((,w), (3,6))
= (0 curly ¥, curly @), o + (Vv curly w, curl, @), o + (Vv curl, 8, curl, ¥),.0 — (w,0),.0
> Ominl| curly ?Z)Hi%(g)g + é(\/vo curly ¢, curlyw), o + év|| curlaz,uHi%(Q)2

+ (Vveurla v, curlaw)yo — (Vo curla h, curlaw) o + w5

22 2
Omj C~ 0.
> UminH CurlawHi%(Qp - %H CurlawHi%(Q)z - 5 m.axy” curl, w”i%(Q)Q
min

+ ev| curlawHi%(Q)Q + HwHi%(Q)

A2
__ Omin 2 ~ co 2 2
= | curlaqﬁHL%(Q)Q +c <1 - 2Umax) V|| curlaw||L%(Q)2 + ||W||L§(Q)a

2

min
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and choosing ¢ = Zi, we can assert that

A((W,w),(,0) = Cli(v,w) 1%,

with C' independent of v, where we have used (2.5) and (2.6) to derive the last inequality. On the
other hand, we notice that

(3.4) 10y = Dol and 18l ey < C (19030 + Ioliiygey )
and consequently
wp A0 (20) L M0, G0 | s e
poex e 0)lx 12 0)lx
(,0)7#0
which gives (3.3). O

Remark 3.1. Vorticity and stream-function are available after solving (2.7). On the other hand,
as a consequence of the Lax-Milgram Theorem, the pressure can be computed as the unique solution
of the following problem: Find p € H}(Q) N L%O(Q) such that

(3.5) (Vp,Vq)ra = G¥(q) :== (f — o curly ¥, Vg)ra Vg€ HI(Q)N L%O(Q).

This problem has been obtained by testing (2.3a) against Vq for a generic ¢ € HEH(Q) N L%’O(Q),
and using integration by parts in combination with the boundary condition (2.3d). Moreover, the
following continuous dependence holds: there exists C' > 0 independent of v such that

Pt @)z o) < ClliF Lz @2

Notice that, according to Remark 2.1, if tangential velocities is imposed on Iy, or if non-homogeneous
Dirichlet data are set for the vorticity, then G¥(q) should be replaced by G¥*(q) = (f — o curly ) —
Vveurlaw, V), q in (3.5). Analogously for the discrete problem (4.4).

4. MIXED FINITE ELEMENT APPROXIMATION

In this section, we construct discrete schemes associated to (2.7) and (3.5), define explicit finite
element subspaces yielding its unique solvability, derive a priori error estimates and provide the
rate of convergence of the methods.

4.1. Statement of the Galerkin scheme. Let {7, },~0 be a regular family of triangulations of
Q by triangles T" with mesh size h. For S C 2, we denote by Px(5), k € N, the set of polynomials
of degree < k. For any k > 1, we adopt the subspaces

(4.1) Zn = {on € M o(Q) : pulr € PL(T) VT € Ty},
(4.2) Qn = {an € HI(Q) : aulr € Pe(T) VT € Tp} N L3 4(Q).
Then, the Galerkin finite element method for (2.7) reads: Find (¢, wp,) € Zp, x Zj, such that

a(n, on)+b(en, wn)=F(en)  Veon € Z,
(4.3) b(’lﬁ]w Gh) —d(wh, Hh)z 0 YOy, € Zy,.

In turn, the discrete counterpart of (3.5) is: Find pj, € Qp, such that

(4.4) (Von, Van)ra = GV (q) := (f — o curla ¥, Van)ra  Van € Qu.
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4.2. Solvability and stability analysis. We now establish discrete counterparts of Theorem 3.2
and Remark 3.1, which will yield the solvability and stability of problems (4.3) and (4.4). First we
state a discrete version of Theorem 3.1.

Theorem 4.1. Let (X, (-,-)x) be a Hilbert space and let { Xy, } >0 be a sequence of finite-dimensional
subspaces of X. Let A : X x X — R be a bounded symmetric bilinear form, and G : X — R a
bounded functional. Assume that there exists By, > 0 such that

Az, ~
(4.5) sup Alxn,yn) Brllanllx Van € X
Y EXp Hth-X
y70
Then, there exists a unique xp € Xy, such that
(4.6) A(@n,yn) = G(yn) Yy € Xp.

Moreover, there exist C1,Cy > 0, independent of the solution, such that

lzallx < CillGla Nz, and |z —anllx < Co inf lz = yallx,
h

f
Xn
where x € X is the unique solution of continuous problem (3.2).

Proof. The proof follows from that of Theorem 3.1, and from the discrete inf-sup condition for

Al ). 0

The unique solvability and convergence of the discrete problem (4.3) are stated next.

Theorem 4.2. Let k > 1 and let Zy, be given by (4.1). Then, there exists a unique (Vp,wp) € ZpXZp,

solution of discrete problem (4.3). Moreover, there exist constants Cq, Cy >0 independent of h
and v, such that

(4.7) lenly ey + Ieon bz < Call e
and
(4.8) v — whHﬁ%(Q) + flw — Whmﬁ%(g) <y (Lphﬁhi)réfzhxzh(”@b - QDhHﬁ%(Q) + flw — Hh”’ﬁ%(g))a

where (1, w) € HY(Q) x HLY(Q) is the unique solution to variational problem (2.7).

Proof. We define &}, := Zj, X Zj, and we consider A(-, -) and G(-) as in the proof of Theorem 3.2. The
next step consists in proving that the bilinear form A(-,-) satisfies the discrete inf-sup condition
(4.5). In fact, given (¢p,wp) € &), we define

U;m“ Viwy) € Zn,

max

Op = —wh € Zy, and @ = (Yp +
and repeating the steps used in the proof of Theorem 3.2, we obtain the desired result. ]

We now establish the stability and approximation property for the discrete pressure.

Theorem 4.3. Let k > 1 be an integer and let Qp, be given by (4.2). Then, there exists a unique
solution pp, € Qp, to discrete problem (4.4) and there exists a constant C > 0 such that:

Pl @)z @) < Cllf @)
Moreover, there exists a constant C > 0 such that
(4.9)

I~ allgung, o+, i, (9= eliyey + o~ ) ).

_ <C( inf
[F ph”H%(Q)mLiO(Q)— <qth h0nEZp

€Qn

where C and C are independent of v and h, and p € H}(Q) N L3 ((Q) is the unique solution of
problem (3.5).
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Proof. On the one hand, the well posedness of problem (4.4) follows from the Lax-Milgram Theorem.
On the other hand, from the well-known first Strang Lemma, we have that

G (qn) — G¥(an)
Ip = prllm @iz @) < €9 inf Ip = anllmy ez @ + sup .
HL(Q)NL2 () o HI(Q)NL? 1 (Q) e s HQhHH%(Q)mLiO(Q)

To estimate the second term on the right-hand side above, we use the definition of G¥ (cf. (3.5))
and G¥» (cf. (4.4)) to obtain

G (qn) — G¥(qn)
sup
an€Qn HQhHH%(Q)ﬁL%O(Q)

< Clleurla(d) = n)lliz ()2 < CllY = ¥nllgi )
where in the last inequality we have used (2.6). Thus, the proof follows from (4.8). O

4.3. Convergence analysis. According to the theorem above, it only remains to prove that v, w
and p can be conveniently approximated by functions in Zj and Qp, respectively. With this purpose,
we introduce the Lagrange interpolation operator IT; : H}(Q) NH2(Q) — Zj,. Moreover, there holds
the following error estimate, whose proof can be found in [22, Lemma 6.3].

Lemma 4.1. There exists C > 0, independent of h, such that for all ¢ € H]fH(Q) :
lo — Mgl ) < CRE llollgsi gy -

We now turn to the statement of convergence properties of the discrete problem (4.3).

Theorem 4.4. Let k > 1 be an integer and let Zj, and Qy, be given by (4.1) and (4.2), respectively.
Let (¢,w) € ﬁ%Q(Q) X ITI%O(Q) and p € HY(Q) N Lio(Q) be the unique solutions to the continuous
problems (2.7) and (3.5), and (Yn,wn) € Zp X Zp, and py, € Qp, be the unique solutions to the discrete
problems (4.3) and (4.4), respectively. Assume that b € HYT1(Q), w € HYTY(Q), and p € HYTH(Q).
Then, the following error estimate holds true

Hf‘/} - whHﬁ%(Q) + ”W - Wh”ﬁ%(g) < Clhk (”w”H’f“(Q) =+ Hw”Hlf-*-l(Q))a

Ip = Pl @)z o) < C2hk<”PHH';+1(Q) F ¥ llgper ) + HWHH‘f“(Q)>'

where C1 and Cy are positive constants independent of v and h.
Proof. The proof follows from (4.8) and (4.9) and error estimates from Lemma 4.1. O

A natural consequence of this result is that the vorticity and stream-function approximations
converge also in the L2(Q)—norm with an order O(h¥):

lo —whlliz = O(*), and ||¢ — ¢nll2i) = O(RY).
Such an estimate can be improved by one order of convergence, as show by the following theorem.

Theorem 4.5. Under the assumptions of Theorem 4.4, there exists C > 0 is independent of h and
v such that

(4.10) lw = wnllzi) < CRF (WHH';H(Q) + HWHH’f“(Q))’

(4.11) 1Y = Ynllzi) < CR* (WHH’;“(Q) + ||WHH’;+1(Q)>-
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Proof. The core of the proof is based on a duality argument. We first establish (4.10). Let us
consider the following well-posed problem: Given g € L?(Q), find (p,&) € HiQ(Q) X HiO(Q) such
that

a(p, p)+b(p,£)=0 Vo € Hi ,(9),
(4.12) b(p,0) —d(0,€)=G(0) V0 € Hi (),

where G(0) := (g,0),q. Improvement of the estimates will require the following regularity: p €
H3(Q), £ € H3(Q), and we also assume that there exists a constant C' > 0, independent of v and g
such that

(4.13) [ollaz(0) + I€lla2(0) < CllgllLzg)-

Next, choosing (¢,0) = (¢ — ¥, w — wp) in (4.12), we obtain
(4.14) G(w —wp) =b(p,w — wp) — d(w — wp, §),
(4.15) and  a(y) — thn, p) + b(t — n, &) = 0.
Moreover, from (2.7) and (4.3) we have that:
bW = ¥n, &n) = dlw = wn, &) =0,
and  a(y) — ¥, pn) + b(pn,w — wp) = 0.
Thus, subtracting equations above and (4.15) from (4.14), we obtain
G(w —wp) =b(p,w —wp) — d(w — wp, §) — b(Y — Pn, &) + d(w — wh, n)
—a(y) — ¥, pn) = b(pn,w — wr) + a( — Pn, p) + b(¢) — ¢p, §)
=b(p — pn,w — wn) — d(w — wh, § = &) +b(Y — Vn, & — &) + a(t — tn, p — pa),;
for all (pp,&p) € Zp, x Zp,. Hence,
16w — )l < C(lp = ol oo = wnllizycy + 0 = wnlzgen 1€ — Eallizcey
+ H¢ - whHﬁ}(Q) |||§ - fh|||ﬁ}(g) + ||¢ - wh”ﬁ%(g)np - Ph”ﬁ%(g))
< Chk(”d’HH’fH(Q) + ||w”H]1V+1(Q)) (HP - Ph”ﬁ%(g) + |||f - é-hmﬁi(Q))a

for all (pn,&n) € Zp X Zp, where in the last inequality we have utilized Theorem 4.4. Taking
in particular (pp, &) as the Lagrange interpolants of (p,£) (see Lemma 4.1), and then using the
additional regularity result (4.13) in the above estimate, we obtain:

6 = n)| ORIl oy + el ) Moz
Thus, from the estimate above and the definition by duality of [| - [ 2(q), We arrive at

(gaw_wh)r,ﬂ
oo — wnllzy = sup L= oprt (o el g ),

gerz@)  l9liz)
where the constant C' is independent of h and v.

Finally, (4.11) follows from the same arguments as above, but instead of dual problem (4.12),
we consider the following one:

a(p, p)+b(p, €)= G(p)  Vyp € Hi,(Q),
b(p,6) —d(6,£)=0 v € Hi,(€2).
where in this case G(¢) := (g, ©)ra- O
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h || —¢n|li rate [[¢v — pllo rate |jw —wp|l1 rate |jw—wpllo rate ||p—pn|| rate
Approximation with £ =1
0.4138 2.1494 - 0.1853 - 0.4382 - 0.0542 - 6.4610 -
0.3501  1.1751 0.932 0.0842 1.277 0.3705 0.845 0.0375 1.554 5.6059 0.848
0.2290 0.6029 1.572 0.0212 2246 0.1724 1.802 0.0094 2.265 3.4136 1.168
0.1220 0.3521 0.853 0.0071 1.730 0.1028 0.821 0.0032 1.724 1.9000 0.929
0.0785 0.2130 1.141 0.0026 2.318 0.0619 1.149 0.0011 2.353 1.1731 1.094
0.0532 0.1417 1.044 0.0011 2.092 0.0412 1.044 0.0005 2.012 0.7850 1.030
0.0384 0.1007 1.050 0.0006 2.084 0.0294 1.033 0.0003 2.131 0.5491 1.098
0.0289 0.0755 1.011 0.0003 2.013 0.0220 1.029 0.0001 2.089 0.4115 1.010
0.0220 0.0581 0.983 0.0002 1.970 0.0168 0.986 0.0001 1.983 0.3170 0.974
Approximation with k£ = 2
0.4138 0.1675 - 0.0099 - 0.0993 - 0.0142 - 0.6899 -
0.3501  0.0596 1.743 0.0030 2.014 0.0410 1.243 0.0022 2.516 0.3413 1.797
0.2290 0.0197 2.608 0.0005 3.066 0.0114 2.023 0.0003 3.117 0.1164 2.134
0.1220 0.0062 1.831 0.0001 2.951 0.0037 1.976 6.6e-5 2.867 0.0353 1.982
0.0785 0.0023 2.259 2.2¢-5 3.157 0.0014 2.251 1.be-5 3.186 0.0132 2.123
0.0532 0.0010 2.069 7.le-6 2.993 0.0006 2.038 4.5e-6 2.981 0.0058 2.084
0.0384 0.0005 2.163 2.4e-6 3.130 0.0003 2.107 1.6e-6 3.193 0.0029 2.146
0.0289 0.0003 1.996 1.0e-6 2.970 0.0002 2.065 6.8e-7 3.098 0.0016 2.018
0.0220 0.0002 1.981 4.8e-7 2972 0.0001 1.992 3.0e-7 2.963 0.0010 1.991
Approximation with & = 3
0.4138  0.0258 - 0.0012 - 0.0050 - 0.0003 - 0.0044 -
0.3501  0.0109 3.288 0.0005 4.158 0.0019 3.385 0.0001 3.623 0.0012 2.843
0.2290 0.0015 3.543 4.3e-5 4.893 0.0004 3.247 1.3e-5 4.033 0.0004 2.987
0.1220 0.0001  3.526 2.3e-6  4.550 0.0001 2.955 1.2e-6 3.975 3.6e-5 3.143
0.0785  2.5e-5 3.670 3.1le-7 4.528 1.2e-5 3.104 1.7e-7 4.050 6.9e-6 3.166
0.0632  4.9e-6 3.532 3.6e-8 4.431 3.8e-6 2984 3.4e-8 4.077 2.2e-6 3.240
0.0384 1.3e-6 3.430 6.3e-9 4409 1.3e-6 3.204 8.7e-9 4.195 3.8e-7 3.440
0.0289  4.0e-7 3.679 1.6e-9 4.530 5.4de-7 3.136 2.6e-9 4.191 1.0e-7 3.154
0.0220 1.3e-7 3.387 4.4e-10 4.406 2.5e-7 2914 1.0e-9 3.960 4.1e-8 3.161

TABLE 1. Example 1: errors and convergence rates associated to the piecewise

polynomial approximation of stream-function, vorticity and pressure.

Remark 4.1. We observe that since uw = curly v, the velocity can be readily recovered from the

main unknowns of the underlying problem. More precisely, if (Yn,wn) € Zp X Zy, is the unique

solution of (4.3), then wy, := curly 1y, approzimates the velocity with the same order of the proposed
method. This result is summarized as follows.

Corollary 4.1. Assume that the hypotheses of Theorem /4.4 hold. Then, there exists C > 0

(independent of both h and v) such that

e = wnlliran0) = u— unllzaye < CH* (nwanH(m + HwanfH(m).

Proof. It is a consequence of Theorem 4.4.
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FiGURrE 1. Example 1: approximated stream-function, vorticity, and pressure dis-
tribution for the accuracy assessment test on the axisymmetric domain 2.

5. NUMERICAL RESULTS

In our first example we test the convergence of the proposed scheme when applied to the ax-
isymmetric version of the classical colliding flow problem (see e.g. [1, Sect. 5.1] for the Cartesian
case). The analytic solution is given as follows

Y(r,z) = 5rzt —r®, w(r, z) = 12/w(2r® — 5r2?), p(r,z) = 60r’z — 2423,

and it is defined on the meridional domain 2 having four sides defined by the symmetry axis (left
wall 7 = 0), bottom and top lids (z = 0 and z = 1, respectively), and the curve characterized by the
parameterization s € [0,1], r =1 —s/2+0.15 cos(7s) sin(7s), and z = s — 0.15 cos(7s) sin(ws). We
set the model parameters to ¢ = 10 and v = 0.1. The boundary conditions are non-homogeneous
and set according to the interpolant of the exact stream-function and vorticity (and the pressure
solve is modified according to Remark 3.1), whereas the forcing term f has been manufactured
using the momentum equation (2.3a). Errors for vorticity and stream-function were measured
in the H!(Q) and L2(Q)—norms (denoted hereafter with subscripts 1 and 0, respectively), while
those for the pressure correspond to the H}(Q) N L%}O(Q)—norm (denoted without a subscript).
The convergence history (obtained on a family of successively refined unstructured partitions of
Q) is collected in Table 1, confirming the expected behavior predicted by Theorems 4.4 and 4.5.
The approximate solutions obtained using the lowest-order method (k = 1) on a coarse mesh are
displayed in Figure 1.

Our next example addresses the well-known lid driven cavity flow. The domain under consid-
eration is the unit square = (0,1)2, discretized with an unstructured mesh of 80K triangular
elements. Following Remark 2.1, a tangential velocity u! = —1 is imposed on the top lid of the
domain (I'; C '), and on the whole boundary I" we set homogeneous Dirichlet data for the stream-
function. No boundary conditions are explicitely set for the vorticity. The forcing term is f = 0,
the viscosity is constant v = le — 2, and the inverse permeability is, in a first round, constant
o = 0.1. We also test the case where o is discontinuous across the line » = 0.4, going from
oo = 0.01 to o1 = 100. Stream-function, vorticity and pressure profiles for both cases are displayed
in Figure 2, where the bottom row shows a clear change of regime between the regions of high and
low permeability.

Finally, we perform a simulation of axisymmetric laminar flow past a sphere. The meridional
domain configuration is given in the left panel of Figure 3. The boundary of the meridional € is
decomposed into an inlet boundary (located at z = 0), an outlet (at z = 10), a “far-field” border
(on r = 2), the surface of the obstacle (centered at r = 0,z = 5 and with radius 1), and the
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FIGURE 2. Example 2: approximated stream-function, vorticity, and pressure dis-
tribution for the lid-driven cavity problem for constant (top row) and discontinuous
permeability (bottom panels).

symmetry axis is located at » = 0. The domain is discretized into 80K triangular elements and the
model parameters are v = 5e — 3, 0 = 0.1. The boundary conditions are set as follows: on I'syr, we
put vy =0 and w = 0, on I';, we set ¢ = r, on I's,, we set ¢ = %1"2 and w = 0, and on I'gps we put
1» = 0. The numerical results are depicted on the reflected domain in Figure 3, where we observe
flow patterns qualitatively agreeing with the expected results (see e.g. [9]).

6. CONCLUDING REMARKS

In the present paper we have analyzed a mixed finite element method to approximate a stream-
function—vorticity variational formulation for the Brinkman problem in axisymmetric domains,
which has been shown to be well-posed using standard arguments for mixed problems. The for-
mulation was discretized by means of continuous piecewise polynomials of degree k > 1 for all the
unknowns. We proved an O(h¥) convergence with respect to the mesh size in the natural H'-norm,
as well as a O(h**1) order in L?-norm by a duality argument, and all estimates are uniform with
respect to the fluid viscosity v. Finally, we reported numerical results that confirm the numerical
analysis of the proposed method. A distinctive feature of this method is that it allows discrete
velocities which are automatically divergence-free. Extensions of this work include the nonlin-
ear Navier-Stokes equations and coupling with transport problems arising from multiphase flow
descriptions, as in e.g. [23].
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in

FIGURE 3. Example 3: meridional domain (where the symmetry axis is vertical)
with obstacle and sketch of boundary decomposition; and approximate solutions for
stream-function, vorticity, and pressure.
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