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Abstract. In this paper we present an extension of the continuous interior penalty method
of Douglas and Dupont [Interior penalty procedures for elliptic and parabolic Galerkin methods,
in Computing Methods in Applied Sciences, Lecture Notes in Phys. 58, Springer-Verlag, Berlin,
1976, pp. 207-216] to Oseen’s equations. The method consists of a stabilized Galerkin formulation
using equal order interpolation for pressure and velocity. To counter instabilities due to the pres-
sure/velocity coupling, or due to a high local Reynolds number, we add a stabilization term giving
L2-control of the jump of the gradient over element faces (edges in two dimensions) to the standard
Galerkin formulation. Boundary conditions are imposed in a weak sense using a consistent penalty
formulation due to Nitsche. We prove energy-type a priori error estimates independent of the local
Reynolds number and give some numerical examples recovering the theoretical results.

Key words. finite element methods, stabilized methods, continuous interior penalty, Oseen’s
equations

1. Introduction. The construction of finite element methods for the incom-
pressible Navier—Stokes equations that are robust and accurate for a wide range of
Reynolds numbers remains a challenging problem. The standard Galerkin method
requires the fulfillment of the inf-sup or Babuska—Brezzi condition, which leads to
the need for formulations using mixed interpolations (see [7, 27]). From the compu-
tational point of view it is, however, more practical to use equal order interpolation
for the velocity and pressure spaces, which requires that stability is imposed in some
other fashion. One possibility is to construct stabilized finite element methods where
some terms are added to the standard Galerkin formulation in order to enhance the
stability properties of the method. To be useful the method must also be stable with
respect to the convective terms and give sufficient control of the incompressibility
condition.

A favored approach has been to stabilize both the velocities and the pressure
using the streamline upwind Petrov—Galerkin (SUPG) method originally proposed
by Brooks and Hughes in [9]. This method was first analyzed for the Navier-Stokes
equations in a velocity vorticity formulation by Johnson and Saranen in [32], and then
in a pressure velocity formulation by Hansbo and Szepessy in [29], by Franca and Frey



in [24], and by Tobiska and Verfiirth in [38]. The SUPG method owes its success to the
unified treatment of velocities and pressures. It allows for a priori error estimates that
are independent of the Reynolds number and has been used extensively in practice
with good results. Nevertheless, the SUPG method has some undesirable features:

artificial boundary conditions on velocities and pressure are introduced;
artificial nonsymmetric terms are introduced;
the least squares term introduces nonphysical pressure/velocity couplings;
the least squares term makes mass lumping impossible and the choice of time-
stepping methods limited; most clear-cut from a theoretical point of view is
a space-time finite element approach using discontinuous approximation in
time;

e it is not yet fully understood how to use mixed finite elements in combination

with the SUPG method (for recent advances see [26]).

To overcome these disadvantages, alternative stabilization techniques have been
developed such as the projection method proposed by Codina [17] and Codina and
Blasco [18], the subgrid viscosity method or local projection method proposed by
Guermond [28] and Becker and Braack [1], the polynomial pressure projection method
by Dohrmann and Bochev reported in [19], and the pressure-Poisson stabilization of
the Stokes equations proposed by Bochev and Gunzburger in [2].

Recently, the continuous interior penalty method of Douglas and Dupont [20]
was revived as an alternative. The idea is to add a least squares penalization on the
gradient jump between neighboring elements as a unified treatment of all the above-
mentioned instabilities. It was shown in [13, 15] that the method stabilizes both in-
stabilities due to dominating convection and instabilities due to the velocity /pressure
coupling. Moreover, it was shown in [10] how this method provides a natural link be-
tween conforming and nonconforming stabilized finite element methods. It was used
in [14] to provide a Reynolds number independent stabilized formulation for the clas-
sical nonconforming P; Crouzeix—Raviart approximation for the velocities combined
with elementwise constant pressures.

In this paper we extend the face oriented stabilization method to Oseen’s equa-
tions, using equal order interpolation for velocities and pressure. For the case of
similar stabilization strategies for element pairs satisfying the inf-sup condition we re-
fer the reader to [11]. We follow the framework proposed in [10] using weakly imposed
boundary conditions as introduced by Nitsche (see [36, 25]). Although the constants
of our analysis inevitably depend on the parameters of the problem (since the solu-
tion depends on the physical parameters), the stabilization terms allow us to trade
the need of coercivity in the H'-norm for coercivity in the weaker L?-norm plus the
stabilization term, which vanishes at optimal rate under refinement. To exploit this
in the analysis, we add a zero order term to Oseen’s equations. With this additional
term we obtain estimates that do not explode as the viscosity goes to zero, provided
the exact solution is sufficiently regular.

With the proposed method, all the above-mentioned inconveniences of the SUPG
method are alleviated. The formulation allows for general unstructured meshes and
variable polynomial degree. The main inconveniences of the present method, however,
are as follows:

e Added couplings in the Jacobian matrix: the bandwidth of the system ma-
trix doubles in two space dimensions and triples in three space dimensions.
This may increase the computational cost of the linear system solution, for
instance, if an incomplete LU factorization is used as preconditioner.



e The method requires stabilization terms to be evaluated on the faces of the
elements and hence a table of nearest neighbors for computation of the jumps.
Such features are present typically when using adaptivity with a posteriori
error estimation or for discontinuous Galerkin (DG) methods.
However, all stabilization terms have the same structure, allowing for one computation
of one global stabilization matrix based on the gradient jumps of one component. The
parameter values that change from time-step to time-step may then be updated using
locally averaged weights. When time-stepping the Navier—Stokes equations this means
that the stabilization matrix has to be constructed only once and for one component.
This is in stark contrast to the SUPG method, where the stabilization terms have to
be reconstructed at every time-step for consistency.

The outline of the paper is as follows: In the next section we introduce our model
problem, Oseen’s equations, and formulate the interior penalty finite element method.
In section 3 we discuss the question of stability, we prove a lemma of fundamental
importance for the stability of the method, and we show that the discrete problem
has a unique solution. We then proceed and prove (quasi-) optimal a priori error
estimates in section 4 with special focus on how to make the estimates independent
of the local Reynolds number. Finally, in section 5, we study the performance of the
numerical scheme on some linear model cases in three space dimensions. We make
some concluding remarks in section 6 and some outlooks to future developments,
with special emphasis on the relation between the present method and variational
multiscale methods (VMS) in large eddy simulations (LES).

2. A finite element method for Oseen’s equations. Let € be a Lipschitz-
continuous domain in R% (d = 2 or 3) with a polyhedral boundary 92 and outward
pointing normal n. We will consider the Sobolev spaces W(Q), with norm ||-||1n.,q,0,
m > 0, and ¢ > 1. In particular, we have L4(Q) = W%4(Q2). We use the standard

notation H™(Q) %' W™2(Q). The norm of H™() is denoted by | - [lm.o and its
seminorm by | - |,.0. The space of L?(2) divergence free functions is denoted by
Ho(div;€2). The scalar product in L?*(Q) is denoted by (-,-) and its norm by || - ||.q-
The closed subspaces H} (), consisting of functions in H*(£2) with zero trace on 99,
and L2(Q), consisting of functions in L?(£2) with zero mean in Q, will also be used.

Oseen’s equations take the form

cu+B3-Vu—2V-(ve(u))+Vp=~f in Q,
(2.1) V-u=0 in
u=0 on 09,

where u € [H}(Q)]? N Hy(div;Q), B € [WhH(Q)]4 N Hy(div;Q), p € L2(Q), €(u)
stands for the strain rate tensor

e(w) = 2 (Va+ (Vu)T),

f € [L?(Q)]? is a given source term, and o, v are positive constants.
The weak formulation of problem (2.1) reads as follows: find (u,p) € [Hg(Q)]¢ x
L3(9) such that

(2.2) V(v,q) € [Ho(Q)]" x L§(9),



where

a(u,v) o (cu, v)+ (8- Vu, v) + 2(ve(u), e(v)),
def

b(p7 V) = _(pa V- V).
The well-posedness of this problem follows by the Lax—Milgram lemma applied in the
space [H(Q)]4 N Hy(div; Q) (see, for instance, [27]).

Let {75 }o<n<1 denote a family of triangulations of the domain Q without hang-
ing nodes. For each triangulation 7, the subscript h € (0,1] refers to the level of
refinement of the triangulation, which is defined by

(2.3)

def
h = max hg,
KeT,

with hg the diameter of K. We also define the elementwise constant function }~L| K=
hx. The interior of a triangle K will be denoted by I% , and N (K) will stand for
the set of elements sharing at least one node with the element K. Moreover, we will
assume that the family {7}, }o<n<1 has the following regularity properties:

1. Local shape regularity: for all K € 75, with h € (0, 1] there holds

h
(2.4) K <,
PK
where py stands for the diameter of the largest ball contained in K, and cg
is a fixed positive constant.
2. Local quasi-uniformity: for all K € 7, with h € (0, 1] there holds

1
(25) —hg < hg < th/ VK’ GN(K)7

P
where p > 1 is a given parameter depending on the local uniformity of
{Th}Yo<n<1-

We will also assume that the data are sufficiently well resolved in the sense that there
exists pg > 1 such that

1
(2.6) %Hﬁ”O,o@,K’ < 1Bllo.co.xc < pgllBllo,0c,xr VE' € N(K).

Note that this is a hypothesis on the mesh and not on the data. Under the assumption
that B € WH°(N(K)) this can be ensured by

(2.7) 1Bl1,00n (1) < cahi' |8

for some constant cg > 0 small enough.
For the error analysis, we shall use the trace inequality

|O,oo,./\/(K)

(2:8) l0l3 o < Cr (B I0I & + hclvliE ) Vo € HY(K,

where C'7 is a generic constant independent of hy (for a proof, see [37, p. 26]).

For a given piecewise continuous function ¢, the jump [¢] over a face f is defined
by

LAl 4 {tﬁgg(w(x —inyg) —p(x+ing)) if f 709,
0 it fcCon,

where n; is a normal unit vector on f and x € f.



In this paper we let V;f denote the standard space of continuous functions of
piecewise polynomial order k > 1,

VEY fve HY(Q) : vk € P(K) VK €T},
and H?(7},) the space of piecewise H? functions
HY(T,) € {v:Q —R:vyxeHYK) VKeT,}.

For the velocities we will use the space [Vh} and for the pressure we will use Qﬁ =
VENL(2). In what follows, we let 7k, in k, and Cp, . denote (respectively) the L2-
projection operator, the nodal interpolation operator, and the Clément interpolant
onto the finite element spaces, and we make no notational difference between the
projection onto the velocity and pressure spaces. We also introduce a piecewise linear
approximated velocity B, € [V;!]? such that

(2.9) 18 = Bullo,co,5 < Chic|Bli,00,x VK € T

Here and in the following C denotes a constant independent of the problem pa-
rameters and the local mesh size, but not necessarily of the local mesh geometry.

Denoting the product space Wk dﬁf [V}f]d X QZ our finite element method reads as
follows: find (up,pn) € WF such that

(2.10)  an(up,vy) + bu(Pn, Vi) = bu(gn, un) + ju(an, va) + jp(Pn, an) = (£,vn)
for all (vp,,qn) € WF, and with
(2.11)  ap(up,vp) def a(up, vy) — (2ue(up)n, vy oo — (up, 2ve(vy)n) oo

— (B nup, vi)oa, + (Y(v/h)us, vi)ea

+ (ymax{|3|, y/ﬁ}uh S,V M0,
(2.12)  bu(pn,vi) < b(pn, va) + (s Vi - Mo,

213) julanvi) Y qeRel [ 8 0o onn: Tl - - Vvl ds
KeTy, oK

+ Z ’y§ ReK
KeTy,

/ [V - w][V - va] ds,

2

. def h% .
(2.14)  Jp(Pn.qn) = K%;h 7€(R€K)7H5”07007K /aK[[Vph]] [Van] ds,

n the outward pointing normal to 0f2, and using the notation
€ oo h € . €
Reg & M7 £ € min{1,A}, 9% € {x€dQ : (8- n)(x) <0},

(x,y) aQ = Z zy ds, BEHQ(ZL) with i~z|K def hi.
OKNON
K e T,

KNoQ#0

To keep down notation we have used a canonical stabilization parameter ~ for all
terms. In practice this term, however, can be chosen distinctly for different terms.
The gradient jump terms serve three purposes:



1. stabilization of the convective terms (the first sum in (2.13));
2. giving additional control of the incompressibility condition (the second sum
in (2.13)); and
3. making the discretization inf-sup stable (the sum in (2.14)).
We will see in the analysis that these three objectives are all obtained in the same
fashion and that essentially the gradient jump operator can stabilize any instability
provoked by a first order term.
Assuming sufficient regularity of the exact solution the above formulation is
strongly consistent. More generally we have the following result.
LEMMA 2.1 (modified Galerkin orthogonality). Assume that (u,p), the solution
of (2.1), belongs to the space [H3/2+2(Q)]% x L2(2), with e > 0, and let (up, pp) € WF
be the solution of (2.10). Then

ap(u —up, vp) 4+ by(p — P, vi) — br(gn, u —up) + ju(u —up, vi) — Jp(Pr,qn) =0

for all (vi,qn) € WE.

Proof. This is an immediate consequence of the consistency of the standard
Galerkin method and the fact that, under the regularity assumptions, j,(u,vp) =0
since [Vu]; = 0 for all interior faces f. 0

3. Stability of the method. Stability in the face oriented stabilization method
is based on the following lemma, which was proved for piecewise linear continuous
approximation in [10] (for a similar result with applications to DG methods see [33]).
Here we extend this result to arbitrary polynomial degree. Note that we give a lower
bound as well. This is not needed for the analysis but shows that in some sense the
stabilizing terms are optimal.

LEMMA 3.1. There exist an interpolation operator wj, . - [H?*(Tp,)]* — [VF]* and
constants vy, Viow depending on the local mesh geometry and the polynomial degree,
but not on the local mesh size, such that

. 1 * .
Viowds(Va, vi) < |h2 (B, - Vv — 5w (Br - Vvi)) 5o < 38(Vh, Vi)

for all vy, € [ViF]4, where

ovivi) =1 3 [ bklB, nPl[Tvini ds.
KeT, 70K

Proof. First note that, as pointed out in [10], [8}, - Vui] = 8;, - n[n - Vu,]. For

each node z;, let n; be the number of elements containing x; as a node. Then we
define a quasi-interpolant 7}, , of degree k by

% def 1
Th V(i) = o Z vig(zi) Vv € [H?(T)]“
' {K:z;€eK}

For each element K € 7;, consider the function

Q.
N

€

6k = hi(Bh - Vi — mh 1 (Bh - VVi) k).



o]
Clearly, 6k (z;) = 0 for each interior node z; €K, whereas on the element faces, i.e.,
for all nodes z; € 0K, we have

Scla) = S B (Vvng(a) — Tvase (27))
T {K' x;€K"}
(3.1) —hh— S B [Vvals(ay),

U
{K':z;€eK'} feP(K,K")
where P(K, K') stands for the set of faces between K and K’ (the shortest path). We
now introduce the reference element K and, for each K € 75, the affine mapping
Fix(X) = Bgx+bg Vxc K,

such that Fx(K) = K. Finally, let <p]K for j = 1,...,k be the basis functions on

K. Since 6k (z;) = 0 for each interior node z; € K ||6K o Fkl|/? . = 0 implies that

0,0K
§x o Fix = 0 in K. Therefore, by equivalence of norms on discrete spaces, using a

standard scaling argument (see [27, p. 96]) and (3.1), it follows that
165113, i = det Bx [|6x o Fxlfj 7
< Cdet Bk |6k © FKHO ok
—/ ! — |6k o Fx|* det Bx|By "1 d3
ok |B 0|

ds

< c|BIT<|/ 657 ds
oK

< Chy /BK |6k|? ds
k
gChK/aKZ\éx(wj)F(sof)QdS
<con, AKZ S Y ) [Tl ) as

" {K':z;€K'} e€ P(K,K’)

< Ol /aKZ D 1Bulay) - [Vval(a)) P (9f)? ds

" JEE(K)
<o S [180 tvwilras
feBE(K)

where, in the two last inequalities, E(K) denotes the set of faces containing some node
of K. On the other hand, the local quasi-regularity of 7; implies that the maximum
number of occurrences of a face in all the sets E(K) is bounded by a fixed constant
independent of hx. Then, by summation on K, we get the upper bound

10 By Vvi — 75k (Bn - Vv B <C S 1% Y / 18, - [Vva]o|? ds,

KeT, fEE(K)

<C’Z/ h2%|8y - [Vva]|? ds.

KeTy,



The lower bound follows by considering the L?-norm of the discontinuous function
§ over the reference patch G consisting of the reference element K and its nearest
neighbors. Clearly if ||6]| 5 = 0, then B, - Vvj, = 7} ; B, - Vvp, in G. This means that
By, - Vvy, is continuous in G and hence Y ren(r) Jy hx[By - Vva]?ds = 0. Hence by
norm equivalence on discrete spaces we have

3 / 16, - Vvi]2 ds < [|66]2 .

fEE(K)

The claim then follows in the same fashion as the first part of the proof by scaling
and extension to all of 7j,. ]

Using the same technique we immediately have the following corollary where for
simplicity the lower bounds are omitted.

COROLLARY 3.2. Under the same assumptions as Lemma 3.1 we have, with o > 0
and ¢ some function that is constant per element,

163 (Vv =7t (T v o <7 30 / ohic[V - val? ds,

KeTy,

(3.2) 16% (Van — mn(Va) 2o <7 30 / ohc | [Vanl? ds

KeT,

for all (vy,qn) € VV,iC and with v > 0 constants independent of h.
We now introduce the following mesh-dependent norm for the velocity:

2d
Ivell” = u(Vis va) + (18- 12 VAl g

+ ||’72(V/h)zvh||0,8ﬂ + IIW max{ |8, v/h} vy, - 13 oo

(3.3)

for all v, € [V}F]4.

The following lemma gives the coercivity of our discrete operator with respect to
this mesh-dependent norm.

LEMMA 3.3 (coercivity). There exists a constant C' > 0, depending only on §
and vy, such that

an(Vi, vi) + ju(vi, vi) > Cllvi |

for all vy, € [V}F]4.
Proof. From (2.10) we get

. 1 1 .
an(Va, Vi) + ju(Vi, va) = 02 valg o + 2[v2 e(vi)l[§ o + Ju(Vh, Vi)
1 1 1 ~. 1
+ 5”\5 : n|2Vh||(2),aQ + [ly2 (’//h)QVhH%,aQ

1 !
+ 7= max{|B,v/h}2 vy, - 0§ oo

— (4ve(vi)n, vi) g

where we used the fact that, after integration by parts and since V- 8 =0,

(B-Vvh,vi) = % (B-nvy, Vi) s -



The last term in (3.4) can be bounded using the Cauchy—Schwarz inequality followed
by a trace inequality, to obtain

Cr, 1 1,1, ~1
| {(dve(vi)n, vi) s | < 87||V2€(Vh)||3,9 +3le DRSS
In what follows we will assume that
(3.5) v >4Ct > 0,

and therefore

A(Y) difQ—S% > 0.

From (3.4), we then get

an (Vi va) + ju(vh, Vi) = 02 VAl o + A)lv2 €(va)lIR o + du(va, va)
518 vl o + 3172 (/R vl 0
+ lv® max{|B],v/h} 2 vy, - 0|3 o
and consequently
an(Vh, Vi) + Ju(Va,vi) > 03 Va|3 o + ju(Vh, va)

. ¥ 1 1
i {20 g | (I etlBa + Al on)
KNoQ#0

1 1 1,1, 1
+ §|||5 : n|2Vh||g7aQ + 1”72 (v/h)zvy |(2J,8Q
1 =01
+ |72 max{|8],v/h} 2 vy - n[lf so-
In particular, since 0 < h < 1 and by choosing (accordingly with (3.5))

’yd§f5+4C’T,

with € > 0 sufficiently small, one obtains

) < L VK €T, KNoQ#0D.
4hk
We then conclude the proof using Korn’s inequality (see [6]). 0

In what follows, we shall make use of the following discrete pressure and velocity
subspaces:

def .
Chr = {an € Q% : jplan,qn) = 0},
iv def
Vfik do {Vh S [Vfﬂd : bh(qh,vh) =0 Vg€ Cflb7k}.

In addition, Qﬁ\C}L’k will stand for the supplementary of C}Lk in QF, ie.,

Q= (QI\Ch 1) @ Ch k-



The following lemma ensures, in particular, that Vd is not trivial.
LEMMA 3.4. There exists a constant 3 > 0, mdependent of h, such that

it Sup |br (an, vi)|

Q;LECh

Proof. Let g, € C}, ;. From [27, Corollary 2.4], there exists v, € [Hj (2)]¢ such
that

(3.6) V-ve=qn |

Thus, using integration by parts and (2.12), we have

lanll3.e = (an, V- V)

= (qn, V- vqg =V 1 xvy) + (qn, V - Th 1 Vg)

(3.7) = (Van, vq = ThkVq) = (qn, (Th,kVg) - M)oa
+(qn, V- T,k vyg)

= (Van, Vg = ThkVq) = bn(qn, Th 1 V).
Since ¢, € C’,{yk, it follows that Vg, € [V/¥]9. Thus, using the orthogonality of the
L2-projection, we have

(Van, vq = ™ 1vq) = 0.

Thus, from (3.7), it follows that

[bn(an: ThkVe)l = llanlld o-
In addition, using H!-stability of the L2-projection (see [5]) and (3.6), we have
17n1Vall1o < Cllvgllia
< Cllgnllo.e:

which completes the proof. 0
We now state the well-posedness of the discrete problem.
THEOREM 3.5. The discrete problem (2.10) has a unique solution.
Proof. Problem (2.10) can be written, in operator form, as

Au, + BTp, = Mf in ([VFY,

3.8
(35 Buy,=Jp, in [Q}],
with A € L([VF, ([ViF9)), M e L(L2(Q)%, (Vif19)), B € L([Vi]%(QF)'), and
JeLr (Q’,?L, (Qﬁ)’) defined by
(Aup, vp) oy r(Wn, Vi) + ju(an, vi),
(ME,vh) = (£, va),
(Bvn,qn) o br(qn, vn),
(Tonsan) < G(pns an)-

10



We also introduce the operator B! € L([V}¥]4, (Ch1)") defined by

def
(B'Vi,qn) = bu(gn:vi) Y(Va,qn) € [Vi]? x Cj 4
in other words,

def
Blv, = (th)‘o}l1 . Vv, € [VF]4
From Lemma 3.4, it follows that B! is surjective and (B')T is injective (see [27,

p. 58]). We then deduce that V}?,i,;’ 4f Ker (BY) # {0}.
Let us consider the following reduced formulation (derived from (2.10) with (v, qz)

fihlz X (Qh\cill w)): find (ug,pp) € ,f‘;;’ X (Qh\C’ .) such that
Au, + BTp, = Mf i (V)

(3.9 . 1y
Buy, = Jp,, in (Qh\ch,k)'

Since, by construction, C,;k = Ker(J), we conclude that J is invertible in Q’Z\C&,C
Hence, from (3.9), we have

(3.10) =J ! QR\CE, Buy,.

By plugging this expression into the first equation of (3.9), we obtain that u, € Vhf{i,:
solves

(A+BTJ‘Q£\C B) w, = Mf in (V)

Existence and uniqueness of uy, follow by the positivity of A (Lemma 3.3) and the
nonnegativity of BTJ| Qk\Cl B. We may then recover p, uniquely from (3.10). There-
h

fore, the reduced problem (3 9) has a unique solution. On the other hand, from the
first equation of (3.9), it follows that

Awy, + BTy, — Mf € (Ker(BY))’,

with (Ker(Bl))O standing for the polar set of Ker(B'). From Lemma 3.4, it follows
that B' is an isomorphism from Cj , onto (Ker(Bl))o (see [27, p. 58]). Thus, there
exists a unique p' € C,ll,k such that

(3.11) Auy, + BTpy, — Mf = (B)™p! i ([VF]9)'.

Therefore, from (3.11) and (3.9), and by noticing that (B!)Tp! = BTp! and Jp' =0,
it follows that problem (2.10) has a unique solution, given by (uy, p, wef Prn—pt). d

4. Convergence of the method. The parameter for the pressure stabilization
scales as h% /||Blo,o,xk When the local Reynolds number Reg is big, and as h% /v
when Reg is small. The stabilizing terms acting on the velocity scale as ||3|0.00. 5 h%
at a high local Reynolds number and as Rek ||3]|0.c0,x h% for a low Reynolds number.
The factor Reg||8|0,00, 5 h3 in the velocity stabilization may be omitted in the low
Reynolds regime without perturbing the convergence. We will now show that this
scaling gives optimal a priori error estimates in the high (local) Reynolds number
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regime when the solution is smooth, (u,p) € [H¥*1(Q)]?*!, and in the low (local)
Reynolds number regime under standard regularity assumptions. We then prove,
using the Aubin—Nitsche duality technique (see, e.g., [21]), that the velocities have
optimal convergence order also in the L?-norm, when the local Reynolds number is
low, without any modification of the stabilization.

First, we summarize some stability properties of the L2-projection with weighted
norms and show an approximability result for the triple norm (3.3).

REMARK 4.1. In the remainder of this section, C > 0 stands for a generic
constant independent of h and the physical parameters.

To prove approximability for the L2-projection on locally quasi-uniform meshes
we need some additional stability for the L2-projection from [3] that we state here
without proof.

LEMMA 4.2. For p,n > 0 sufficiently small and for all ¢ € V;' satisfying

$>0, |Vo(x)|<nhz'é(x) ¥xeK, VK eT,
there holds

[¢mh kullo,o < Cllgulloe  Vu € L*(€),
oV ullo.q < ClléVulloo Yu € HY(Q).

A direct consequence of this result is stated in the following corollary.
COROLLARY 4.3. Under the assumptions of the previous lemma, we have

} 3
> g0 (u—mpu)ia | <C ( > ||¢II3,OO,Kh2(”‘”UIlfu,n>

|| <1 KeTy,

for allu e H"(Q), withr > 1, 1, def min{r,k +1}, 0 <1 <r,, a € N and 9% the
standard multi-index notation for high order derivatives.

In order to obtain localized estimates we now show that the weights appearing in
our stabilization allow for L2-stability.

LEMMA 4.4. Let ¢; € H*(Tp,), i = 1,...,5, be piecewise constant functions
defined by
def _1 . -1 def | 213 -3
¢1|K =V Z2min ReK B ¢2|K = H/@| O,oo,KhK ,
def , —1 1 _1 def ,_ def ;, _
¢3|K = hK2||ﬁ||g,oo,K£(ReK) 2, ¢4|K = ¢3|i{a ¢5|K = hKTa

with v > 1, for all K € Ty, and let ¢ def T, 1¢i- Then, there holds

di(pap) 2 < ¢ < (ppp)? i .
N L for i=1,2,
|v¢z‘| < CO(PBP - 1)hK ¢z‘
_1 1
Gipg p ' < ¢F < pépcbi}
IVo;| < colppp® — 1)y 6}
Gsp” " < @i < pT s,
Vi < co(p™ — 1)hi'¢3

in K, for all K € Tp,, with co > 0 the constant in (2.4).

for =34,
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Proof. We give the proof only for ¢1; the argument for the rest is similar. First,
note that for all K € 7,

i, —1
max¢] < max v 2 min{Re,7?,1}

(4.1) zeK ' T K'eN(K)

1 _1 1
= i 2 h 2 T3
K,rélﬁ[?K) min{ ||/8||O,oo,K KV 2}
We now distinguish two cases. On one hand, if Rex <1, we have ¢y = V73, Thus,
from (4.1) and since pgp > 1, it follows that

[V

« _
max <v
rzeK ¢1 -

< (pps)? dujxc-

1

_1 1
On the other hand, if Rex > 1, we get ¢1x = [|Bllo 5 xhy” - Therefore, from (4.1)
and the assumptions on the mesh (2.5) and (2.6), we have

1 1
-2 -2
o,oo,K/hK/ }

max ¢} < ma
max ¢ K,GN?(K){IIﬁI

1 _1 1
< (prs)21Bllo 50 P i’
= (ppp)* o1k -

The lower bound follows in a similar fashion.
Finally, for the derivative, using the bounds on ¢] and the regularity of the mesh
(2.4), and since pgp > 1, we obtain

max ¢] — min ¢}

|V¢)T|K|S zeK rzeK
PK
1 1
PaP)® — (ppp) 2
S(ﬁr) (psp) b1k
PK

< co(pgp — 1hy' ¢},

which completes the proof. ]

REMARK 4.5. It follows from Lemma 4.4 that for the weight functions ¢}, 1 <
1 < 5, the stability estimate of Lemma 4.2 holds, provided pg and p are sufficiently
close to 1. From now on we assume that this is the case.

The following lemma states the approximation properties of the L2-projection in
the triple norm || - [|.

LEMMA 4.6 (velocity approximability). Assume that pg and p are sufficiently
close to 1. Then, there holds

o —mnpal® < 0 Y (oh3e +max (v, |8llo.cc.rchrck B ) Il
KE,]-}L

for allu € [H"(Q)]¢, with r > 2 and ry = min{k + 1,7}.
Proof. First note that

lla = 7 geall® < flineu = mpall* + linen - ull”.
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We give the proof for the first term only. The argument for the second term is similar.
By the stability estimate for the L2-projection Lemma 4.2 we have

1. 1 .
o2 (ingu — mhpu)[g < Cllo? (0 —in )5 o

27y
<C Y ohirlul?,

KeTy,

Using now the H!-stability of the L2-projection on locally quasi-uniform meshes (see
[5]) we get

1 . 1 .
102V (ipgu — ) |5 o < Cllv2 V(ippu—u)|F g

<C Y vl ul,, g

KeTy,

We treat the boundary terms using the trace inequality (2.8) in combination with
Lemma 4.2 and approximation, which yields

(4.2) || max{|B],v/R}* (ip 1 — T kw2 50

— 1.
< CY " [lmax{||Bllo.co,i6, v} 2 (i st = 7h xW)[1§ o0
KeT,
KNnoQ#0

_1 .
<C 7 |lhg? max{[|Blo,ce.xc A} (i k= mhw) 13
KeTy,

<O Y [5(inan — w3 i

KeTy,

=C Y lgsmnr(ingu— w3

KeT,

< O3 max||Bllo,ce, i VIR ul, k.
K

The interior penalty terms are treated in the same fashion as the boundary terms.
We have

(4.3) Ju(u —mp e, v — 7y ) < Juinel — T p0, ip 0 — T p0)

+ ju(u —ippu,u — iy pu).

The first term in this inequality can be estimated using that {(Rex) < 1, the trace
inequality (2.8), an inverse inequality, and the H!-stability of the L2-projection (see
[5]), which yields

(4.4)
Julin gt = 7, ip g — m0) < C Y [1Blo,00 k ERer )|V (in gt = mk) 1§ o
KeT,
<C Y Bllo,coxhix llingu = m pullf
KeTy,
< Cll¢5(inpu — mhpw)[l§ o
<O 11Blloso kb3 Hul?, k-
K
and so the proof is finished. ]
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For the pressure, we have the following result.

LEMMA 4.7 (pressure approximability). Under the assumptions of Lemma 4.6,
there holds

. _
12 65 (p = T kD) 1500 + 107 (0 — Th ) 15,0 + 5 (TP, Th kD)

2s,—1
<C Z m1n{||,6'||OOOK,hK/V}h &’ ||PHSP,

KeT,

for allp € H*(Q) with s > 1 and s, o min{k + 1, s}.

Proof. As p may be only H'(f2), we must replace the nodal interpolant by the
Clément interpolant in the analysis. The proof for the first term is similar to (4.2), by
replacing iy by Cph . The estimate for the second term follows from Corollary 4.3.
Finally, for the interior penalty term, since [Ch xVp] = 0 and using a trace inequality
followed by an inverse inequality, we have

J(mnkp, mhgp) = Y, E(Rek) |[[V7Th,kp — Cn iVl

P T
<C Z &(Rek) ||/3|| IV7h ep — Ch kVPHoK
KeT, 0,00,K

< C(1¢5V k(e — Crip)|I§ 1 + 105V (0 — Crep) |15 1
+161(Vp = Ch VD)3 1)

2(sp—1
<0 Y wminf|Blgk schuc /v DI,
KeTy,

where we concluded using the stability lemma, Lemma 4.2, with weight function ¢},
and the optimal approximation properties of the Clément interpolant (see [16, 21]).
0

4.1. Energy norm error estimate. In this section we prove convergence in the
triple norm. These results are optimal independently of the local Reynolds number
when the exact solution is sufficiently smooth.

We start by proving a technical lemma.
LEMMA 4.8. For all vy, € [V}F]4, there holds

>k / 18y - nllo.cc.0x | - Fva][2ds < C (Gu(va, va) + [ VVald )
KeT,

> okt [ 19wl ds < € (Gulvnvi) + A Vvla)
KeTy,

Proof. Let A; denote the set of elements K € 7 such that §(Rex) > 1, and A,

the set of elements such that {(Rex) < 1. It then follows that |3|ec,0,xhrx < v for
K € A,, and we may write
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St [ 10 nlloonln TvalPds

KeTy,
< Z h2/ 18y, - 0llo.00.0 | [0 - VVL]|? ds + Z hKl// I[n- Vv,]]?ds
KeA, KeA2
<Y [ Hkee) In- Vva]? ds + Ol Vv o,
KeT,

where the last inequality follows by a trace inequality, an inverse inequality in the
second term, and extending the sums over all 7j,.
The second inequality follows in a similar fashion, noting that

> bk hK/ [V-viPds<C > thax{HﬁHOOOKhK,I/}/ [V-vi]%ds

KeT, KeT,
< 3 Bl € Rex) [ Vv ds+ [T,
KeA;
and so the proof is completed. 0

The main result of this paragraph is stated in the following theorem.

THEOREM 4.9. Assume (u,p) € [H"(Q)]? x H*(Q), with r > 2 and s > 1, is
the solution of (2.1) and (un,pn) € W[ is the solution of (2.10). Then, under the
assumptions of Lemma 4.6, there holds

SIS

mll— uhm § C [Z (Uh%g“ +max{\|ﬁ||0,m7KhK,y}h?{(m—l)) ||u|$*u,K‘|

KeKk
1
2
Tu 25,—1
+C max {0718l s }||u|,u,n+0<me{nmowm«/u}h ||p6p,> ,
) KeTy,

with rqy = min{k + 1,7} and s, = min{k + 1, s}.
Proof. Let us decompose the error u — uy, in two parts:
u—up=u—"mpEu+7ThEu—u, =€ —ep.
—_—— —/
T

e —€hn

We also consider the discrete pressure error

def
(4.5) Yn = Ph — ThkD.
It follows then that

lla = unfl < ™[l + llenll-

Lemma 4.6 gives an estimate for ||e™||. Hence, it suffices to estimate |le]|.
Using coercivity and orthogonality, namely, Lemmas 3.3 and 2.1, we get

Cllenll + jp(yn, yn) < an(en. en) + julen, en) + jp(yn, yn)
(4.6) =ap(e”,en) +bu(y",en) — bn(yn,e™)
+ jul€e™, en) = Jp(Th.xp, Yn)-
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By an application of the Cauchy—Schwarz inequality in the symmetric part of the
discrete elliptic operator and integrating by parts in the convective term, we obtain

an(e™,en) < [le"|lllexn]l + [(e™, B Ves)|
— (2ve(e™)n, eh>aQ —(e", 2V€(eh)n>ag )

where, for simplicity, the boundary term from the integration by parts has been
included in the first term on the right-hand side. We note that in the same way
we have, using the Cauchy—Schwarz inequality, a trace inequality and a local inverse
inequality,

(4.7) (2ve(en)n,e™)yq < Cllenfllle™]-

For the second boundary term we use the Cauchy—Schwarz inequality followed by a
trace inequality and an approximation argument, similar to (4.3)—(4.4), to obtain

1
2
(4.8) (2ve(e™)n, en)yq < C ( > Vh%r“_l)IIUIlﬁu,K> llexll-

KeT,

The convective term is controlled using a local inverse inequality, Lemma 4.4, Corol-
lary 4.3, and the orthogonality of the L2-projection, after having replaced the contin-
uous velocity field 3 by its piecewise linear interpolant 3;,,

[(e7, 8- Ven)| < |(e7, (B = By) - Ven)| +[(e”, By, - Ven)|

<C > |Blise.xllelloxhi | Venllo.x
KeT,

+ |(e", By - Ver — 7}, (B, - Ven))|

_1
<C Z 072 |B1,00, kW | P57 |
KeTy,

+ (e, By, - Ver =, x(By - Ven))|
< C}Iglea%{a_% 1Bl1,00,5 g 1]l c2flen]]
0,Q||¢51 (/Bh -Vep —m, 1(B), - Veh)) HO,Q'

Now we apply Lemma 3.1 to obtain

Ip2e"[lo,0ll¢z " (B, - Ven = mh x(Bn - Ven)) || o

1
o.xlloZenllo,x

+ || poe”™

1
2

< Cllgze™ oo ( > /E)K hicllB - nllo,00,0 [ - VUh]]IQd8>

KeT,

Nl=

2ry—1
<C ( > 11Bllo.0o. b IIU3u,K> lenll,

KeTy,

where we used Corollary 4.3 and Lemma 4.8 in the last inequality.
Collecting terms we have

_1
an(e”, en) < Clle™|llenll + € max {o™2|B1,00,ch }lenl
h

N

(4.9)
+C ( > maX{Ilﬂllo,oo,KhK,V}h%r“_l)ulli,x) llexl-

KeTy,
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For the second term in (4.6), using the orthogonality of the L2-projection, Lemmas
4.7 and 4.8, and replacing u with p in (4.2), we have

br(y™,en) = —(y", V-en — 7, ,(V-en)) + (¥, en - n)yq
* T — * 71
< leiy loallér (V- en — i (V- en))lloo + [61h2y™ lo.ocllenl

(4.10)

[N

. — 2s5p—1
<C ( > wmin{lBlo 5 k. hic /v R Ipllip,K> llenll-

KeTy,

In a similar fashion, after integration by parts in the third term, one obtains

br(yn,€™) = —(yn, V- €") + (yn, €™ - n)

= (vymew)
= (Vyn — 7, x(Vyn),e")
(4.11) < Cllé3 (Vyn — 7 (Vo)) lollgze™ 0.0

. 1 Tu—
< Cip(Yn, yn)? (Z max{[|Blo,0c, 1 hic, VY 1)ullfu,K) :

KeT,

Finally, using Lemma 4.7, for the interior penalty terms we have

. ; - . 1. 1
(4.12)  ju(e™, en) + jp(mhkp yn) < Clle™ |llenll + jp(7hnkp, Thp) 2 jp(Yns yn) 2

2
T . 1 . — 2s,—1
< Clelllenll + Cip(yn, yn)? (Z min{||Bllg oo s hurc /v K" pllﬁ,,,x) :

KETh

We conclude the proof by collecting the results of (4.9)—(4.12) in (4.6) and applying
the approximation lemma, Lemma 4.6. O

The following corollary follows from (4.6) in combination with (4.5) and Lemma
4.7.

COROLLARY 4.10. Under the assumptions of Theorem 4.9, there holds

. 1

dn(onpn) < € i {0 F 1B ccuschie [l

1
2

+C Z (O’h%“ + max{||3

KeK

|0,oo,KhK7V}h2(Tu_1)) |u||$u,K1

1
. — 2sp—1
+C ( > min{|Bllg ko ko e VYRR ||p|§p,K> -

KeTy,

REMARK 4.11. In a physical situation the velocity gradient on boundaries with no-
slip conditions is known to scale as |B|1,00,00 ~ v=2. If in the boundary layer h ~ v,
that is, a low local Reynolds number on the boundary, then the estimate is dominated
by the H*(Q)) contribution from the boundary that converges at optimal rate since
the layer is resolved. The condition (2.7) is satisfied with cg ~ ve showing that the
strongest constraint on the mesh is not that of (2.7), but that of the hTK contribution
on the boundary. In laminar free-flow we can expect |B)1,00,x < ¢||Bll0,00,x to hold,
and hence the convergence in the L?-norm in this regime is of the quasi-optimal rate
hFt3 for a sufficiently regular solution.
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4.2. Recovering the pressure. In this section, we provide an estimate of the
L2?-norm of the pressure error. This is the aim of the following theorem, which ensures
that the pressure converges at the rate of the velocity.

THEOREM 4.12. Assume (u,p) € [H"(Q)]? x H*(Q), with r > 2 and s > 1, is
the solution of (2.1) and (un,pn) € WF is the solution of (2.10). Then, under the
assumptions of Lemma 4.6, there holds

1 1 _1
I~ el < € (Cuo® + guae (18l schie,}? +0~ 1Bl )
h

with Cy the convergence rate of ||lu — ug|| given by Theorem 4.9, and Cr a positive
constant depending only on §2.
Proof. Following [27, Corollary 2.4], there exists v, € [H(Q)]¢ such that

(413)  V-vp=p—pn, |vpllo,oa <CLlp—prlloe, |vplie < Clp—pulloq,

with C, > 0 a constant, depending on €2, which scales as a distance. Thus, using the
modified Galerkin orthogonality (Lemma 2.1), we readily obtain

lp = pullie =@ —Dpr V- vp)

=(p—pn V- (vp — Wh,kvp)) + (p — ph, Th,kVp * n>aQ
+ap(W—up, Tk Vp) + ju(a = up, T V).
Thus, after integrating by parts, we get
(4.14)
llp — ph”g,ﬂ = (V(p —pn), Vp — 7rh,kvp) +ap(u —up, 7Th,kvp) + ju(u —up, 7Th,kvp) .

Tl T2

For the first term, using the orthogonality of the L2-projection, the Cauchy—
Schwarz inequality, Corollary 3.2, (4.13), and Corollary 4.3, we get

Ty = (V(p—pn) = T,k VD + T4 1. VDh, Vi — Th ik Vp)
< (Vp = 7 kYD) o2l (Ve — Tk vi) 0.0
+ Cllgs " (Vpn — 73, 1 Von)llo.all65 (Vp — Th kvy)

0,0
(4.15) . 3
<ol (S i« )
KeT,
+ Irpea%z{% ||ﬁ||0,oo,KhK};jp(phaph)é:| lp = pullo.-

Using the definition (2.11) of the bilinear form ay, and after integration by parts
in the convective term, we have
Ts < lu —wpfllimn e vpll + (@ —un, B Vo pvy)

4.16
( ) — (2ve(u — up)n, T Kk Vp a0 — (U — Uy, 20€(Th £ Vp)N) o0

For the convective term we have, using the H!-stability of the L2-projection (see [5])
and (4.13),

_1 1
(u—up, BV ivp) <0 2[|Bllo,collo? (0 —un) ool Vrnevilloe

(4.17) I
< Co™2|Bllo,cc.0lla = unllllp = prllo,o-
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The boundary terms are controlled in the following fashion:

(4.18) (2ve(u — up)n, m, K Vp)aa + (U — Uy, 2v€(T xVp)N) 50

< Ol(vh)Ze(u—wp)lo,00llmn vl + Cll(vh) % e(mh 1 vp)

lo.0aflu — .

In addition, as in (4.7) and (4.8), we have

> 1
0,00 + [[(vh)2 e(en) 0,00,

1

2

2 ru—1

<ol s wme >||u||3u,K> +flenl
KETh

[(vh) 2 e(u —wp)lo.00 < ||(vh)Ze(e”)

(4.19)

In the same fashion, we obtain
(4.20) 1(2vh) % e(mh kvp)ll0.00 < Climnkvsll.

Finally, from (4.13), it follows that

1 1
@20 vl <0 (Cuot + g (18l sl u}z) Ip— pallo
h

We conclude the proof by collecting the estimations (4.15)—(4.20) in (4.14), using
(4.21) and Theorem 4.9. ad

REMARK 4.13. Let us notice that the three terms appearing in the error estimate
of the previous theorem scale with the right dimensions.

4.3. Low Reynolds number optimality. The following theorem gives an op-
timal L2-error estimate for velocity when the local Reynolds number is low.

THEOREM 4.14. Assume that the solution (u,p) of (2.1) belongs to [H?(£2)]¢ x
HY(Q) and let (up,pr) € WE be the solution of (2.10). Assume also that

(422) H/GHO,OO,KhK <v VK € 7’}”
and that the solution (p,1) of the adjoint problem

op—B-Vo—2V-€(p) —Vy=u—u, in Q
(4.23) V-p=0 in €
=0 on 090

belongs to [H2(Q)]? x [H*(Q)] and satisfies
(4.24) Iellz,0 + [¢lLe < Cllu—unllo0.

Then, there holds

lu—upllon < ChQ(HuHZQ +1p |1,Q),

with constant ¢ > 0 independent of h, but depending on the physical parameters.
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Proof. Multiplying the first equation of (4.23) by u — u; and the second by
—(p—pn), integrating by parts, and using the modified Galerkin orthogonality (Lemma
2.1), it follows that

lu— uh”(%,@ = ap(u —up, @) + bu(p — P, p) — bn(y,u —up)
=ap(u—up, 9 — T rp) + bn(p — Phy — Thep) — bn(Y — Th Y, u — up)

Ty
+ju(u—up, o — k) + ip(Ph, ThEY) -
15 T3

Following the argument of the proofs of Theorems 4.9 and 4.12, and using Lemma 4.6
and (4.22), we get

Ty < Jlu—uplllle = mnrell + 1w —un, B+ V(e — mhip))|
— Que(u —up)n, p — T kP) oo — (U — up, 20€(p — T4 kP)N) 5
< Ch(flu—wan|llell2.0 + lp = prlloollellz.o + lu—wpfl|¥],0) -

Using Cauchy—Schwarz, Lemma 4.6, and (4.22), one obtains

N|=

T2 S ju(u — Uup, 0 — uh)%ju(%p — Th,kP, P — Wh,kcp)
3
< Ch2[lu — uplfell2,0-

Finally, from Lemma 4.7 and (4.22), for the last term we have

. 1., 1
T3 < jp(Phyn) 2 Jp(Th i, Th k1)) 2
. 1

< Chjip(pn,pn) 2 1Y

1,0

The proof concludes by combining the above estimations with Theorems 4.9 and 4.12,
Corollary 4.10, (4.22), and the assumed regularizing behavior (4.24). |

Let us sum up the results provided by Theorems 4.9 and 4.12. When the local
Reynolds number is high and the solution is regular, we enjoy an optimal O(h¥*2)
convergence order of the error in the L2-norm for the velocity and the pressure. For
less regular solutions, for instance, when the pressure is in H'(Q2) and the velocity
is in [H2(Q2)]?, we get an optimal O(h) estimate in the energy norm, when the local
Reynolds number is low, but a suboptimal estimate of O(h%) when the local Reynolds
number is high. This is due to the fact that the inconsistencies in the pressure
stabilization pollute the energy norm estimate for the velocities.

REMARK 4.15. Note that by adding the L?-coercivity, we can use the stabilization
term to control the convective term without using the H'-coercivity; this leads to a
quasi-optimal estimate in the weaker L%-norm, with a v-weighted H' contribution
showing that the stabilization handles the numerical instability induced by treating
nonsymmetric terms using the standard Galerkin method. In case 0 = 0 the H'
estimate obtained by a standard energy argument will scale as u_%, reflecting the
physical instability of the problem.

5. Numerical results. In this section we report several numerical experiments
that show the good convergence properties of our stabilized finite element method.
In particular, we recover the convergence rates obtained in section 4.
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F1G. 5.1. Convergence history: Linear elements (k = 1) (left) and quadratic elements (k = 2)
(right).

We consider problem (2.1) in three dimensions with nonhomogeneous boundary
conditions. The right-hand side f and the boundary data are chosen in order to ensure
that the exact solution of (2.1) is given by the following expression [22]:

ul(zla o, .’,Eg) _ bea(xlfxg)er(xzfxg) o aea(m37m2)+b(m17m2),

u2($17 1‘2,1’3) — bea(xz—x1)+b(9c3—x2) _ aea(xl—xa)—i-b(acg—aca),

U3(£L'1,IE2,SC3) _ bea(I37$2)+b(I17I2) _ aea(a:zfa:l)er(a:gfa:l)’
p(xl’x27x3) _ (CL2 + b2 + ab) |:ea(w1—w2)+b(w1—w3) + ea(wg—w3)+b(w2—w1)

+ 6G(I3m1)+b(m3m2)]

with B=u,0=1,v=10"% a=b=0.75, and Q = (0,1) the unit cube.

The resulting continuous problem was solved approximately using the stabilized
discrete formulation (2.10); however, the boundary conditions were strongly enforced.
All numerical tests have been performed using conforming linear and quadratic finite
elements for velocity and pressure, namely, Py /P, and P,/ P, (implemented in a three-
dimensional research code [23]). The stabilization parameter involved in the jumps
terms (2.13) and (2.14) were chosen as

if k=1,

\Hoo\»—*

D) if k=2.

In Figure 5.1 we show, respectively, the velocity and pressure convergence histories
for £k =1 and k = 2. Note that, in both cases, the numerical solution exhibits optimal
convergence order and is hence in agreement with Theorems 4.9 and 4.12.

We show in Figure 5.2 the pressure contours in two different meshes (which are
depicted in Figure 5.3) using linear elements. No spurious pressure oscillations are
observed. We report in Figure 5.4 the contours of the second component of uy, upe,
in the left plot with full stabilization and in the right plot setting the stabilization pa-
rameter for the term associated with the streamline derivative to zero, on the cutting
plane x = 0.5. Although the exact solution is smooth, the plot of the unstabilized
solution (right) exhibits spurious oscillations. Note that the spurious velocity oscilla-
tions (right) are completely controlled by the streamline-derivative jumps (left).
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.\ ) nk

mesh (196608 tetrahedra).

F1G. 5.4. Velocity (up2) contours on a cutting plane: Stabilized (left), with yg =0 (right).

In what follows we will replace, in (5.1), the expression for the pressure by

1
2x9 if 0<uay< 5,

p($1,1‘27$3) = 1
2(1—=z9) if iﬁxzﬁl

Clearly, this function satisfies p € H'(2) but does not belong to H?(Q). Figure 5.5
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Fia. 5.5. Cutting plane pressure: Coarse mesh and fine mesh.
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Fi1c. 5.6. Convergence history: Linear elements, nonsmooth pressure, stabilization, parameters
chosen as in (2.13) and (2.14).
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Fic. 5.7. Convergence history: Linear elements, nonsmooth pressure, parameters chosen as in
(2.13) and (2.14). Left: High Reynolds number. Right: Low Reynolds number.

shows the pressure contours in a cut of a coarse and a fine mesh. Once more no
spurious pressure oscillations are observed. Figure 5.6 shows the velocity and pressure
convergence histories using linear elements. We get the suboptimal O(h%) order for
the velocity in the H'-norm in the case of high local Reynolds numbers, in agreement
with Theorem 4.9. The L?-norm of the velocities, on the other hand, is still not
far from the quasi-optimal O(h%) convergence order. As expected, when the local
Reynolds is low (for instance v = 0.1), we recover the optimal O(h); see Figure 5.7,
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left graphic. In addition, as predicted in Theorem 4.14, we notice that the convergence
order for the velocity in the L?-norm is O(h?).

6. Conclusion and outlook. In this paper, we have extended the results re-
ported in [15, 13] to Oseen’s equations using equal order interpolation and finite
element spaces of arbitrary polynomial order. The stability properties of the method
are based on an interior penalty term giving L?-control of the jump of the gradient
over interior element faces. We have shown that such a stabilization operator may
be used to control all the nonsymmetric first order terms of Oseen’s equations and
that they give control only of the part of the operator that is not in the finite element
space. In this sense the proposed method is a minimal stabilized method (see [8]).

The convergence analysis shows that the method has (quasi-) optimal conver-
gence properties both in the L2-norm and in the energy norm when the solution is
sufficiently regular or the local Reynolds number is low. When physically realistic
regularities are considered (p € H'(Q)) and the local Reynolds number is high, the
convergence may become suboptimal O(h%) due to the inconsistencies in the pres-
sure stabilization. In some numerical examples we illustrated the theoretical results.
The method shows very good performance in all regimes. In particular, we observe
that in the high Reynolds number regime the scheme degenerates to the theoretical
O(hk“‘%) convergence in the L2?-norm predicted by the theory only in the case where
the pressure is only H! and where the theoretical prediction is O(h%).

The method presented here has some common features with VMS for LES as
introduced in [30]. However, unlike the VMS, where two scales V}, and Vi defined by
hierarchic meshes are considered (see, e.g., [35, 31, 4]), in our case the finite element
space V}, represents the only resolved scale and the “turbulent” viscosity acts only
on the gradient component that is not resolved on V. Recently, John and Kaya
[31] proposed a VMS using a projection method framework which essentially takes
the form of a standard Galerkin formulation for u; supplemented with the turbulent
viscosity acting only on the fine scales in the form of an additional term

(6.1) (vr(I — Pu)e(un), (I — Pr)e(va)),

where Pp is some map from fine scales to coarse scales. Comparing this now with
the face oriented stabilization method, we would choose H = h and thus make the
turbulent viscosity act only on the scales that are not resolved on the space Vj.

Applying Lemma 3.1 we immediately get an interior penalty interpretation of the

term (6.1), with Py o Th ko

1
i (1 =7 )e(un) g < D / vrhi[€e(un)] : [€(un)] ds,
KeT, 9K
and we conclude that a possible subgrid modeling term would be
Jjr(up,vpy) = Z / vrhile(up)] : [e(vn)] ds,
KeT, JOK\OQ

where the choice of vy now is a modeling issue. It should be noted that the choice
vy = vhgi gives us a term which is asymptotically equivalent to the face penalty
operator using the whole gradient. However, other choices of vy based on modeling
considerations are possible.
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For sufficiently high polynomial degree there exists a C' subspace of V}, with ap-
proximation properties. It follows that the solution may be decomposed into one C'!
part which is untouched by the stabilizing terms and another C° part which is penal-
ized. We conclude that the method enjoys the scale separation property characteristic
for VMS as proposed in [30] by polynomial order rather than by hierarchic meshes.
Future work will focus on the extension of the present method to the Navier—Stokes
equations both from a numerical and a theoretical standpoint.

Finally, we remark that the Nitsche-type weak boundary conditions used in this
paper, while nonstandard, have the benefit of acting as slip boundary conditions in
the high Reynolds number regime and as no-slip conditions when the boundary layers
are resolved; this may be favorable in LES (see Layton [34]).
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