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Abstract

In this paper we extend the recently introduced edge stabilization method to the
case of nonconforming finite element approximations of the linearized Navier-Stokes
equation. To get stability also in the convective dominated regime we add a term
giving L?-control of the jump in the gradient over element boundaries. An a priori
error estimate that is uniform in the Reynolds number is proved and some numerical
examples are presented.
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1 Introduction

The solution of the Navier-Stokes equations for incompressible flow using finite
element methods remains a challenging problem, in particular if the objective
is to construct a method which remains robust and accurate for a wide range
of Reynolds numbers. The discretization must assure not only satisfaction
of the Babuiska-Brezzi condition but also stabilization of the convective terms
and sufficient control of the incompressibility condition. Approximations using
non-conforming Crouzeix-Raviart (CR) elements are attractive for the velocity
approximation in combination with elementwise constant pressures, since they
satisfy the Babtuska-Brezzi condition and have local conservation properties.
This discretization was proposed and analyzed in [13] and a stabilized version
using the streamline diffusion stabilization was analyzed in [11]. In neither
of these cases the high Reynolds number limit was treated. Moreover, in a
recent paper, [4], the authors showed that a stabilized nonconforming finite
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element method using the Crouzeix-Raviart element remains uniformly stable
in the vanishing viscosity limit for the generalized Stokes’ equation. However,
the discretization of convection dominated problems using CR-elements are
not stable without both a weak coupling on the element inflow boundary
as in the discontinuous Galerkin method and streamline diffusion stabiliza-
tion of the convective terms in the interior of the element (see [10,9,12]). In
this respect, the element needs stabilization from both the streamline diffusion
method and the discontinuous Galerkin method. Considering the fact that the
method uses more degrees of freedom than the continuous Galerkin approxi-
mation this seems suboptimal. Moreover, the streamline diffusion stabilization
has the drawback that it does not permit lumped mass for time stepping. In
this paper we therefore propose to apply the recently introduced edge stabi-
lization operator (see [2,3]) to the lowest order Crouzeix-Raviart element for
the stabilization of the convective terms. We prove that this operator stabi-
lizes exactly that part of the convective term which is not already included
in the approximation space. In this sense this is the smallest perturbation
needed to make the Crouzeix-Raviart element stable for convection-diffusion
problems. This stabilization method has the advantage, as compared to other
stabilized methods, that we may lump mass for efficient timestepping, we do
not add any additional degrees of freedom, and we do not need any special
structure of the mesh. For Oseen’s equation we prove an optimal a priori error
estimate in the energy norm independent of the Reynolds number. Another
attractive feature of the proposed stabilization is that, unlike SUPG, here the
stabilization parameter is independent of the flow regime; we illustrate this by
proving an L? a priori error estimate for the velocities in the case of low local
Reynolds number. Finally, we study the performance of the numerical scheme
on some linear and nonlinear model cases.

2 A finite element method for the Oseen’s equation

We consider, in Q C R? with boundary 9€, the problem of solving
cu+B-Vu+Vp—2uV-e(u)=f, inQ
V-u=0, inQ (1)
u =0 ond
where u, 8 € [H3(Q) N Hy(div; Q)]4, B € WHe(Q), p € L3(2), f is a given
source term, o and p are bounded positive functions. By Hy(div;2) we denote

the functions in [L?(Q2)]? such that V - u = 0, and by L3(2) the functions
in L*(Q) with zero mean value. The weak form of this problem is to find



(u,p) € [HE(Q)]4 x L(Q) such that

{ a(u, v) + b(p, v) = (f,v)
b(g,u) =0
¥ (v,q) € [HA(Q)] x LA(Q),

where
a(u,v) == (cu, v)+ (8- Vu, v) + 2(ue(u), e(v))

b(p,v) = =(p,V-v) and (f,v):=(f, v)

We let (-, ) denote the Lo-scalar product with the corresponding norm || - || =
(-,-)"/2. The H*(£2) norm will be denoted by || - ||s.o- The well posedness of
the above problem follows by the Lax-Milgram lemma applied in the space
[HE(Q)]"NHo(div; Q). The finite element method consists of seeking a piecewise
polynomial approximation u;, € Vj, pn, € Q. We let V}, denote the space of the
lowest order non-conforming Crouzeix-Raviart elements. Let 7}, denote a shape
regular triangulation of the domain Q, £(K) the set of all faces of an element
K €Ty, € := Uker, £(K) the set of all faces in 7y, Egq := {e € € : e C 00},
and & = & \ Esq the set of the boundary and inner faces respectively. For a
given piecewise continuous function ¢, the jump [¢] and the average {¢} on
a face e € £ are defined by

[Pl(x) =

lim, o+ (p(x + sn) — p(x — sn)) if e ¢ 0N
lim, o+ = —p(x — sn) if e C 00

Lim, o+ (p(x + sn x —sn))if e ¢ 0N
m(w):{z (pl@+sm) + pla = sn) if e ¢

slim,_o+2¢(x — sn) if e C 00

where m is a normal unit vector on e and « € e. If e C 0§2 we choose the orien-
tation of n to be outward with respect to (2 otherwise n has an arbitrary but
fixed orientation. For the nonconforming finite element functions, continuity
across edges e will only be enforced with respect to

je(wn) = [[on] ds.
Using this definition our finite element space may be defined as
Vi i= {vp, € [L2()]?: vi|x € [PUK)]Y, VK € Ty, je(vy) =0, Ve € £}
Moreover we introduce the space of piecewise constants with mean value zero,

Qn = {an € Li(Q) : aulx € Ro(K)},



and the subspace W), of V}, such that
Wi = {w, € Vi : (V- wp,qn)n = 0,Yq, € Qn}

where (V - wp,qn)n = Sx(V - wy, qn)k. Since the above spaces are H'-
nonconforming we introduce the broken norm equivalent of the L?-norm

el = > el
K

and the broken H'-seminorm

ulh = > |uli «-

K

The local mesh size is defined by

hi = max hok,

and we will assume that hg /hox < C where C is a fixed constant. We will use
C and c as generic constants taking different values every time. To indicate
their provenance or main dependence, a subscript may be added, e.g., ¢,. We
introduce the interpolation operator r,u : [H'(2)]¢ — V" defined by

1
rou(e.) = H/@uds,

where . is the midpoint of the edge e. The L?-projections onto the spaces are
also required for the analysis. Let mo, : L*(K) — Pyo(K), nf, : [L*(K)]* —
[Py(K)]¢ denote the L2-projection onto the constant functions on K and
mp ¢ [LA(K)]? — Vj, the standard L2-projection onto the finite element space.
For the above defined interpolation operator and projections we need some
approximation and stability properties. These, and some inverse inequalities
are collected in the following lemmas

Lemma 1 For the interpolation operator ry, there holds, if w € [H*(Q)]¢ then
Hrhu—uHh—i—h|rhu—u|h < Crhz. (3)
Moreover, if V -u =0 then rpu € Wy,

PROOF. The proof of the interpolation estimate is given by Crouzeix and
Raviart [7]. The second claim is immediate noting that

/V-rhudx:/ V. ude =0
K K

by the definition of the interpolant.



Lemma 2 For the L? projection the following H' stability holds,

T puln < Csllul|1o-

For the error analysis, we shall use the following trace inequality

Lemma 3 Forv € H'(K) there holds
ol < G lelf + hlloli i) o € (), 0
where Cy is a constant independent of hy
We also need the following local inverse inequality.
Lemma 4 Let u;, € V), where Vj, is defined on a shape reqular mesh then
IVunlx < by Cillun]
with C; independent of K.

PROOF. For proofs of lemmas 24, see , respectively, Carstensen [5], Thomée
[14], and Ciarlet [6].

Our finite element method reads: find u, € Vj, such that
an(wn, v) + bp(Ph, vi) + Ju(n, vi) = (f, vn)
br(qn, up) = 0

V (Vh, qn) € Vi X Qn,

where

l\DI»—t

ah(uh,vh) (O”U/h—f-ﬂ V'u,h,vh ; 5 nuh {’Uh}>
+ (2ue(un), €(vn))n, (6)

bn(Ph, V) = —(Phs V - On ) (7)
and the jump terms take the form

ulunw) = 32 [ phbB [VunlB, - [Tolds
+Z/ Yol + 1B nlhor)holt - V]t - Volds ()

+Z%/ how[(t - Vauy) - n)[(t - Vo) - n]ds.



Here 3, is the interpolant of 8 on W), and ¢ is a unit vector perpendicular to
n. The gradient jump term serves three purposes. It stabilizes the convective
terms (the first sum in (8)), it assures that Korn’s inequality is satisfied (the
Yot part of the second sum in (8)), it gives additional control of the divergence
inconsistency error (the third sum in (8)). The last two properties can be
obtained by introducing a lower order penalizing term (see [4]), but the use of
the jump of the gradient has the advantage of allowing for one point quadrature
in the implementation and from the point of view of analysis it is practical.
In the case of three space dimensions the tangent vector should be replaced
by the tangent tensor Vu, x m. In the following we will for simplicity only
consider the two dimensional case for the tangent vectors.

Remark 5 The analysis below holds with only minor modifications if 3 is re-
placed by B;, also in the convective term. This is convenient when timestepping
the Navier-Stokes equation: 3 may be taken as the solution uy of the previous
timestep.

In the analysis we will not distinguish between the different stabilization pa-
rameters, they will all be denoted . We introduce the following shorthand
notation

Al(un, pr), (Wh, qn)] = an(twn, v4) + by(pr, v1) — bn(gn, wn).

To simplify the analysis we will assume that the exact solution (u, p) belongs to
[H%(Q)]? x H'(Q); it then follows that the formulation (5) enjoys the following
consistency property.

Lemma 6 Foru € H*(Q) and p € H'(Q) there holds

Al(w —wp, p = pr), (O, )] + Ju(u — up, vy) = R(u, p,vy) (9)

for all (v, qn) € V" x Q. Where the consistency error due to the noncon-
forming approzimation is given by

R(u,p, ) ———Z 2pe(u) -n, (o) o + 5 Z Py [on )k

PROOF. This is an immediate consequence of the regularity hypothesis: if
u € H*(Q) then the trace of Vu is well defined and hence j(u,v;) = 0. The
consistency error is obtained by integration by parts,
1
>_(2ue(u),e(vn)) = > _(=21V - (u), vn) + 5 (ue(w) - 1, [U]) oy

K K

and

[\le—‘

Z(pav vh)K_ Vp?”h
K

Zp7vh OK
K



2.1 Preliminary lemmas

In this section we will prove some preliminary results that will facilitate the
analysis. The main result of this section is lemma 7 where we show that that
the jump-term (8) controls the difference between the convective derivative
and its quasi interpolant on the finite element space. This lemma is the key
ingredient to derive error bounds that are independent of the Peclet number.
Then we prove the coercivity of the bilinear form. The triple norm that we
will use is given by

H‘2 1/2

[l (wn, an) 1P = llo" 227 + 1200 + IV - willf; + Ju(wn, wn) + ¢ llanl?

where ¢, is a constant depending on the problem parameters o, p, 3 to be
specified later. Note that although for the Crouzeix-Raviart element V-u;, = 0
on each triangle the formulation must include a stabilization of the jump of the
normal velocity due to the H(div,{2) consistency error. Therefore the triple
norm must be chosen as a discrete norm on (H(div, Q) N p'/2[H}(Q)]?) x
L%(€2). The triple norm is dominated, at low Reynolds numbers, by the H'(2)
contribution, and at high Reynolds numbers by the part of the jump term
controlling the inconsistency in the divergence. This latter term prohibits the
decoupling of the velocities and the pressure and the order of the estimate
can be no better that the approximation properties of the pressure space. We
introduce the space of functions that are piecewise linear on each element

Vi =y € L*(Q) 1 ylx € P(K)}]"

We now introduce a quasi interpolant based on local averages 7, : Y, — V.
Let x; be the midpoint of the face shared by element K and element K’ then

{u(x;)} for x; an interior node
Thu(x;) =
u(x;) for x; a boundary node

In the following lemma we prove that the projection error is bounded by the
jumps in the gradient.

Lemma 7 Let 3, € V}, and wy, € Vj, then
1hY2(By, - Vawn — T (By, - Vwn)) [P < ja(wn, wy,)
where jg(wp, wy) is given by

] = hixh . 2d
Jﬁ('wha'wh) ;Wj/amag khox(By, - [Vwy])“ds

with hyir denoting the triangle size perpendicular to the side on OK and g
1 a parameter depending only on the number of space dimensions.



PROOF. First note that (V3,- V)V, C Y} so that the projection 7, (3, - Vwy,)
makes sense. Now consider any triangle K and note that using the Crouzeix-
Raviart basis functions {gpi}le, with ¢, associated with node x; we may write

d+1

B, - Vwi|x =Y By, - Vwp () pi(x)

=1

and
d+1

By - Vwn) i = D {8y - Vwn(z:) }pi(z).
i=1
Taking the difference of the two functions in a nodal point yields

Br - Vwn(@:)|x = {By - Vwn(@:)} = By(@:) - [Vwn(:)].

Note that if the node is on the boundary, the right hand side is zero. It follows
that for any K € 7;, such that 9K N9 = ()

|RY2(8), - Vwy, — 78y, - V) [1%
2

= / hi <d+1 > By Vwn(z:) — {By - th})%) dx

d+1 2

</ hy (Zﬂh th]<p> da. (10)

We now evaluate the integral using nodal point quadrature and note that since
the nodes of the Crouzeix-Raviart element are on the midpoints of the element
sides this is exact for second degree polynomials in two space dimensions, hence

1h2 (B - Vws, — 7By, - V)% = ZhK—@h zr) - [Vuy)?

EhKhaKmaKkﬁh( k) - [V (x))* (11)

where mor, = [y i, dT with 0K}, the face associated with quadrature point k.
In three space dimensions the midpoints of the faces has to be supplemented
with the six midpoints of the edges of the tetrahedron to yield an exact quadra-
ture formula (with weights 1/15 for the midpoints of the faces and 3/20 for
the midpoints of the edges). One may then easily show that

1hi(By - Vwn — 7By, - Vaur) |1 %

< gz hKhészKk (Bu(@e) - [Vun(a)])® (12)

It follows, using the Simpson quadrature formula in two dimensions and a
quadrature taking the midpoint of the face and the corner-points in three



dimensions and noting that the weight for the midpoint is #‘ll, that

IBY2(By, - Vwn — 7a(By, - Vwn)) % < 7a /aK hichorcs (By, - [Vu])®ds. (13)

Where 74 = 1/4 in two dimensions and v, = 10/9 in three dimensions. We
conclude by taking the sum over all triangles K € 7 noting that all boundary
contributions vanishes thanks to the definitions of the quasi interpolant.

Remark 8 A consequence of the above proof is that the jump term edge in-
tegral may be evaluated using midpoint quadrature on the faces. In fact the
first part of the jump operator given in (8) can be substituted by the discrete
operator given by (11) in two space dimensions and by (12) in three to get op-
timal values of the stabilization constants. The integral formulation however
still remains practical from a theoretical viewpoint since it is consistent for
H?-reqular solutions.

As was pointed out in the previous section we only stabilize using the jumps
in the gradient. However we need to establish a result showing the equivalence
between the jumps in the solution and the jumps in the tangential gradient.

Lemma 9 For the interior penalty term (8) there holds

S 12 2 By < e, wn).
K

S B2 w3y < el w)
K

and
Ju(wp, wp) < cy|wpl
for all wy, € V.

PROOF. By the midpoint continuity of the Crouzeix-Raviart element we
note that we may write, with £ a coordinate along e with midpoint &;,

[wi(E)]le = [t - Vw]le(€ = &)

and
[wi(§) - nfle = [(T- Vwy) - n]](§ — &)

Hence we have

[won@Pde = [t V(€ €06 = o5 [ W]t~ Ve

which proves the first claim. The proof of the second claim is equivalent. The
last claim finally is an immediate consequence of the trace inequality (4).



Lemma 10 For the consistency error the following upper bound holds

|R(w, p,vn)| < (eubllullzo + Chlplli) ju(vn, vn)

PROOF. Using the zero mean value property of the Crouzeix-Raviart space
followed by the Cauchy-Schwarz inequality we obtain

1/2
Rl o) < ¢ (102200 elu) -~ wie(a) - ) )
K
1/2
(S
K
1/2

1/2
+c(ZhKr|p—m,hpr|§K) (Zh;n[vh-nm%K) ()

The claim now follows using the trace inequality (4), standard interpolation
and lemma 9.

Let us now investigate the coercivity properties of the discretization of the
convective terms.

Lemma 11 For the convective terms there holds

(B Vun wn) = 5 3 (8- nlu, {w}) (15)

K

PROOF. The result follows by integrating by parts elementwise in the left
hand side and using the equality [zy] = [z]{y} + {z}]y]. The integration by
parts yields

Z(ﬂ . V’U,h, uh)K = % ;/81([/8 snuy - ’U,h] ds — Z(’U,h,ﬂ . V’U,h)](. (16)

K K

We rewrite the edge term in the following fashion

B -nuy-uy =28 nlu - {u,} (17)

and the proof is completed using (17) in (16).

To prove the coercivity of our operator we also need the following discrete
Korn’s inequality

10



Lemma 12 For w;, € V}, there holds

Ol Pl < 12p)2e(wn) 17 + ju(wh, wh).
PROOF. See Brenner [1].

The coercivity of our formulation is an immediate consequence of lemma 11
and lemma 12.

Lemma 13 For all (wy,, qn) € Vi, X Qp, there holds

Clelp!Pwnly + o' Pwp|* < Al(wn, an), (wn, an)]

PROOF. First of all notice that the terms by (wuy, p) cancel. We may write

Alawn, @), (wn, )] = o + 11 (20) el + (8 Vuon, win
3 X (8 nfwi] fwn).

Using lemma 11 for the convective term we get

(B - Vwy, wy) — lz (B - n[wy], {w,}) = 0.

2%

The proof is then completed by applying lemma 12.

3 Stability

In this section we will prove an inf-sup condition for our discretization vital
for the convergence analysis.

Theorem 14 (Stability). If (uys,pn) € Vi x Q) then there holds

Al(u yPn), \(Wh, g +]u Up, W
cllpll < sup AL P), (W @)] + Ju(un, wn)
(wn,qn)EVRXQp H|(whaq}l)|||

(18)

where the constant c;s depends only on the parameters p,o,B,y and remains
bounded from below when p — 0.

11



PROOF. We prove the above inf-sup condition in two steps. First we will
prove that there exists (wp, qn) € Vi, X @, such that

I Can, o) 17 < Al(wn, o), (wns gn)] + Ju(wn, w) (19)

and then we conclude by proving that

[ICwn, g )l < Clll (wn, pa)lll

For the first step we note that by lemma 13 we have choosing w, = uy, g, = pn
O%{|Ml/2uh‘i+H01/2uh||2+ju(uh>Uh) < Al(wn, pn), (Wn; pr)]+Jju (s, ws) (20)

To control the L?-norm of the pressure we note, following [8], that by the
surjectivity of the divergence operator there exists a function v, € [Hg ()]
such that V-v, = p;, and |v,|1,0 < ¢||pp||- Therefore we now choose wy, = r,v,
and g, = V - uy. By the stability of the quasi interpolation operator r, we
have

lrnvpll + |ravpln < cllpall- (21)
Moreover, using the definition of the quasi-interpolant r,v, we have
lpall* = (p1, V- vp) = > _([pn]. v, - m), =

> Alpnlrnvp - n), = (pr, V- ravy)n. (22)

e

As a consequence of (22) we may write

A[(uh>ph)a (’l“h’Up, W uh)] + ju(uh> Th,vp) = ||ph||2 + HV ’ uhH2
+ (Uuh, T’h’l}p) —+ (,uVuh, VT’h’Up)h + (ﬁ . V’U;h, rhvp)
1 .
~3 ; (B - nfun], {ravp}) o + Julun, Trvy).  (23)

Using Cauchy-Schwarz inequality, Young’s inequality, and the stability (21),
we readily deduce

1
(Uuh>rhvp) > _Cay‘al/2uh||2 - §||ph||2> (24)

1
(2pe(un), €(rnvy))n > —culu'Puplh — gHPhHQ’ (25)
and by applying the third inequality of lemma 9

. . ‘ ‘ 1
Fu(Wn, Thp) > —ju(wn, wp) 25 (rhvp, rav,) Y2 > = (un, ug) — §||ph||2-
(26)

12



It now remains to bound the convective term. An integration by parts yields
1
(B - Vun,ravp) = 53 (8- nlua], {rnvp})
K

= (B Vriwy) — 5 3 (B nfun), [y )) e (27
K

For the first term we clearly have

(un, B - Vrpvp) = =2¢[|B]| ool wnl|[pa]- (28)

For the second we use the H'-regularity of v,, the trace inequality (4) and
the local inverse inequality to obtain

1
5 > (B n{upt, [rhv, — vy)) i > —QZ 18| oo iy | wn | ok (| ThVp — Vpllok
K
> zz 18] 20w (a0 (i [ | % +hKnuhHlK>1/2h”2||vpr|1,K

> —2Cc||B| @y llunll [[pall- - (29)

Combining (28) and (29) we obtain

1 1
(B Vuy, rpv,) — 5 ; (B nlu],ravy) 55 > callunlld, — gHPhHQ' (30)

Using now (24)—(26) and (30) to find a lower bound for the expression (23)
we get

. 1
Al(un, pr), (T1hvp, V - up)] + Ju(up, rpvy,) = inhHQ + |V - up|?

12 V2 n + julun, up)) (31)

_Ouaﬁ’y(HO— 'U’hHQWL‘#

where

Cs CM
Clopy = Max | Coy —, =5, Cy | -
o Ck

Combining (20) and (31) we conclude that (19) holds for the choice w; =
wp, + (2C,06,) a0y, gn = pn + V - uy,. More precisely we have, with ¢, =
(QCMUQ’Y)_I’

1 4
i\H(Uh,ph)HP < Al(un, pn), (wn, gn)] + Ju(un, wp). (32)
It remains to prove that

1w, gu) Il < Cll Cun, pa)lll

this is obtained simply by noting that

W Pwils < | Pl + ' Peravply <0 Punly + pciellpal® (33)

13



Proceeding in the same fashion for the other terms in the triple norm yields

I(wh, @) lI* = [ wh|3 + 02w ||? + ju(wh, wi) + |V - wl|* + [lgn]?
< | Pupl? + (|0 2| + G (un, ug)
+2[|V - up|* + Clpnl?

< Cll(wn, pu) [II?
(34)
and we conclude that

Cisll (e, ) 11 (wn @) Il < (e, ) I* < Alwn, pr), (whs qn)] =+ G (tan, w1,)-

Clearly the constant c¢;s is independent of A and furthermore it does not vanish
for vanishing pu.

4 Error estimates

We will now proceed to derive a priori error estimates in the triple norm. The
estimate takes the form

(e —up,p —pr)l]| < Ch

The energy norm estimate is independent of the Peclet number, indicating that
the proposed method should be stable for a wide range of Reynolds numbers
when applied to the full Navier-Stokes equations.

Lemma 15 (Approzimation) Consider the projection (my yu, mo np) of the ex-
act solution
(u,p) € [H*(Q)]" x H'(Q)

onto the finite element space Vi, X Q. For the projection error there holds
I[(m1pw — w, monp — p)||| < Ch

where C < (1 + p'/2 4+ |B]2hY2 + 01 2h + YY) ||ul|aq + cxllpl|10-

PROOF. By the optimal approximation property of the L2-projection we
have

lo"? (L pu — w)|| < coh?

and
|mo,np — p|| < Ch.

14



We now consider r,u — m pu. Noting that rpu — m pu = 7 p(rpu — u) we
obtain using the H'-stability of the L2-projection for the Crouzeix-Raviart
element on locally quasi uniform meshes, (see [5])

||V(7’h'u, — 7T1’h’u,)||h S CSHV(’Fh’U, — ’U/)Hh S C'SC'Th (35)
and we conclude that

1229 (7)1 < b

and
||V . (’U, — 7T17h’ul)||h S Ch

Finally we estimate the penalizing term j, (7 ,u — w, T pu — u)

; /8 V(= w)ds <2 ; /8 (V(mpu = w))ds
<23 (R IV(mpu — w)|l% + hrllull3 k) < Ch
K

where we have used the trace inequality (4) in the second inequality. We
conclude that

Ju(mipu — w, m o — w)? < eyV2 (1 4 g% + |B1Y2hY?)h|u20

Lemma 16 (Continuity). Let n = w1 yu—u and = 7o pp—p be the projection
error of the velocity and the pressure respectively, then there holds

A[(nv <)7 (’th, qh)] +Ju("77 ’th) - R(’U/,p, ’th)
< Cll(m Ol + (e + csh )] ullan + Chlplh,o)ll (wns @)l

PROOF. Clearly we have using Cauchy-Schwarz inequality
(om,wn) < Cllan]|[l|(wn, )| < colll(m, Ol (n, g Il

(2ne(n), e(wn)) < Clu'nlulll(wn, )l < culll(m, QNI (wn, gl

Ju(m; wn) < [l (n, Ol (wn, ga)l

We consider now the terms expressing the pressure velocity coupling. By the
orthogonality of the L?-projection my; we have

b(<> wh) = (7T0,hp — P, V- wh)h = 0.

Using once again the Cauchy-Schwartz inequality we readily obtain

b(gn,m) = (an, V- m)n < [[[(wn, gu)lI] [ (m, OIII
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It remains to treat the convective term and the nonconsistency term. Let us
first consider the convective term, an integration by parts yield together with
the addition and substraction of 3, yields

(8-, wn) 5 3 (8 i, w01)) = ~(n, (B—B,)-Vwn) —(n. By - T

£ 30208, by = 1+ 1T+ 11 (36)

The first term is controlled using a local inverse inequality and a local approx-
imation result for 8 — 3,,.

1/2
1< |l (z ||m|%V1,oo<K>h%<||thr|2)
K

< cg||nl|Cillwn]l < cgh?[[[(wn, gu) Il w20

Using lemma 7 we have for the term 17

IT = ((n, (B, - Vwy, — ﬁh(/gh -Vwy)))
< B 2|28, - Vwy, — 7(8 - Vwy))|
<y V2R ju(wh, wa) < ey B2 (wn, an) ||| |ullz0- (37)

For the term I11 we obtain using the trace inequality (4) and the approxima-
tion properties of the L2-projection.

1/2
I17 < (Z (18- n[wy], [th>aK) 18- nll 2 ) I{mHlox
K
< j(wn, wn) 2 Y118 - nll 2 o IH{nHlox
K

< j(wn, wp)Pegh®? ||u20.

Only the nonconsistent residual remains to be bounded and we conclude the
proof by applying lemma 10.

Theorem 17 Let (u,p) € [H2(Q)]¢ x HY(Q) be the solution of (1) and let
(un, qn) € Vi X Qy be the finite element solution of (5). Then there holds

(e — wn, p = pu)lll < (coh + ¢+ cgh'? + )|z
+ Ch|pnll1o (38)

16



PROOF. We will consider the discrete error e} = m,u — u, and €] =
To,nP — Pp, since using lemma 15 we have

(v —wn,p—pu)lll < [[[(w — 710w, p — m000)|l
+ [[[(m1 pw — wn, o0 — 1) |||
< Ch+|||(mipw — wp, Tonp — 1) ||

where C' is the constant given in lemma 15. By lemma 14 we have

A[(GZ, 62)7 (wh> Qh)] + ju(eZ> wh)

cisll| (e, ep)Il < (39)
P | (2on, gn) |l
Using now Galerkin orthogonality we may write
A[(n7 C)? (wh7 Qh>] + ju(na ’th) B R(“’? b, wh)
cislll (el eplll < (40)

1w, gn)

where nn = 7 ,u — uw and ¢ = mp — p. We conclude the proof by applying
lemma 16 and lemma 15.

Remark 18 Since the estimate is only first order, due to the low order ap-
proximation of the pressure and the inclusion of the divergence in the triple
norm, the virtues of the streamline stabilization are not obvious. We could
in fact proceed with an inverse inequality in term II of (36) and still have
the same formal convergence order of the triple norm. It is however known
that this would destroy stability of the velocities for problems with important
gradients. This is illustrated in the numerical section.

As we mentioned in the introduction the interior penalty method is indepen-
dent of the Reynolds number. Of course, for low local Reynolds number the
numerical scheme is stable without stabilization (except for the Korn’s in-
equality), so that the stabilization may be eliminated. We will however show
that this is unnecessary for our discretization by proving that even when
keeping the stabilizing terms our discretization has optimal L?-convergence
of the velocities in the local low Reynolds number regime in spite of the fact

that s is independent of p. Consider the dual continuous problem of seeking
¢ € [H)(Q)] and r € L(2) such that

o¢p—B-Vo—2uV-e(p)+Vr=e in(Q,

(41)
V-p=0 1inQ
where e := u — uy,, and assume that we have the regularity estimate
@l 20) + [Tl 1@) < llell- (42)
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We recall that since uj, € W), and r,¢, € W), we have V-e =0 and V - (¢ —
rn@d) = 0 elementwise. Multiply the first line of (41) by e and integrate by
parts to obtain

lel* = an(e, @) + jule, @) = > _(2pm - &(o). [€])ox + ;(r, - ef)ox.

K

Where we have used the partial integration

—(e,8-Vo) =Y k(B-Ve,d)x — Xk (B ne, ¢>8K
=Yk(B-Ve, @)k — 5 K (B-nlel, {d}) sk

and the divergence free property of the error and of ¢. Using Galerkin or-
thogonality, the divergence free property of the interpolant and the zero mean
value property of the Crouzeix-Raviart element, we obtain

el = an(e, ¢ — 1) + jule, @ — r49p)
Xk 2pn-e(@) - 7i,m - () [e])ox
— Xk 2un-e(@) - 75,n - e()), (¢ — radl)ox
+ Xk (r = monr, (1 - €])ox

+ Xk (P — monp; [ (& — Thed)])ox

< Il )1 11(@ — b, )| + eaule, )2 (Sic [l — rapll3c) "’
(S hicll2e2(n - (@) — wm - (@) Byor) Nl (e, 0)]
(S huellr = monrllaor) ™ Ml (e, 0}
(S hicll2i2(n - () — wm - e(@)IByon) (& — b, 0)]

1/2
+ (ke hcllp = monpllzaor) - 1l (@ = rngp, 0)]]]

Using lemma 15, the trace inequality (4) and error estimates for rj, and for
piecewise constant interpolation, we arrive at

lel” < Ch (1lite. Ol + hllaall iz + Bllpllin ) (10llaiey + Il
and thus we have

Theorem 19 Under the regularity assumption (42), the Lo—error in the ve-
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locities can be estimated as

lell < Ch? (Jlull o) + Pl @) (43)

5 Numerical results
5.1  Convergence study in the case of small viscosity

Let A = (= — (=2 +1672)"/2) /2. Then the exact solution to (1) is given by

up (21, 19) = 1 — 1 cos 27 @y,

)\:cl )\

ug (1, x2) = sin 27 x5,

N[

with 8 = u, 0 = 0 and a right hand side matching the exact solution. In our
examples, we also chose C' to give zero mean pressure. We solved this problem
approximatively on Q = (—1/2,3/2) x (0, 2), using stability parameters =y, =
v =1/100 and v = 1/4.

In Figure 1 we show the convergence for yu = 1073, and in Figure 2 for u =
107°. Note that the absolute value of the pressure decreases linearly with the

inverse of p in Lo, which is why the absolute error in pressure is smaller in
Fig. 2.

—e—  Vdocity
o Pressure

log(L z-error)
IS \ IS \
[¢;] [o)] (6, 6]

'
~
T

-2.5
log( h)

Fig. 1. Convergence for ;= 1073
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log(L Z-error)
© , N, o, &
(6] o] (6] ~ 6] o)) [6;]
T T T T T T T
[e]

3 -2
log( h)

Fig. 2. Convergence for y = 1075

5.2 Stability in the Navier-Stokes case

We show the influence of the different stabilizing terms for the lid-driven
cavity flow in Q = (0,1) x (0,1) and with g = 1073, In Figure 3 we show
the numerical solution of Navier-Stokes equations (with 8 = u) after 15 fixed
point iterations, we present the solution using only upwind fluxes, as well as
the fully stabilized solution. Note that we do not get a wiggle free solution
without the jump in the convective derivative. On the other hand, in Figure
4 we show the solution obtained using only the jump in convective derivative
as stabilization. This solution is markedly less diffusive, yet still completely

stable.

R = <= - =
G L £t S LEREINY
[ Ay [ P R S
’ : o ! [ = — = N

SN \ T e e T N \
)#ﬁ R Y Al z \LIXJ,}
I e T
AN iy VN ~ A Y S S
/ / I e N I 7 /
£l R N - //;/,ﬁ
M PN NN TN
co R I Pl S
L ENRNLN e e A
v N NS - T P
v O b

Fig. 3. Approximate solution of the velocities, left:with fluxes only and right: with
fluxes plus jump of the convective derivative.
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Fig. 4. Approximate solution of the velocities with jump of the convective derivative
only.

5.3  Navier-Stokes flow over a step

Finally, we give an example of Navier—Stokes flow over a step using increasing
Reynolds numbers. The computational domain is given by Q = (0,4) x (0,1)\
(1.2,1.6) x (0,0.4), and the boundary conditions are: w = (0,0) at the upper
and lower parts of 02; u = (425 (1 — x2),0) at the inflow; natural boundary
condition at outflow (not traction free: the viscous operator was written as
—pAw for this example).

We give the velocities and pressures (shown L?-projected onto the continuous
space {v € C%Q) : v|g € P(K),VK € T,} for ease of presentation) com-
puted without the edge fluxes, and compare in Figure 8 with a computation
with fluxes. Clearly, the fluxes introduce too much artificial viscosity into the
method (at least when combined with the gradient jumps). This could be im-
proved by tuning the gradient jump parameter, but the conclusion is that the
flux terms are indeed not necessary.

6 Conclusion

We have studied a nonconforming stabilized finite element method for incom-
pressible flow. The velocities were approximated using the Crouzeix-Raviart
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Fig. 5. Approximate solution of the velocities and pressures at Reynolds number
100.

Fig. 6. Approximate solution of the velocities and pressures at Reynolds number
1000.

element and the pressures were chosen as piecewise constants. The numeri-
cal scheme proposed is of interior penalty type and remains stable in all flow
regimes without streamline-diffusion type stabilization. Instead we stabilize
the jump in the streamline derivative between adjacent elements. We prove
that this stabilization controls the part of the streamline derivative which is
not already in the approximating space, allowing an optimal order a priori
error estimate in the energy norm which is uniform in the Peclet (Reynolds)
number. Moreover the stabilizing term has the right asymptotic behaviour
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Fig. 7. Approximate solution of the velocities and pressures at Reynolds number
10000.

=

Fig. 8. Approximate solution of the velocities and pressures at Reynolds number
10000, with fluxes.

in the low Peclet regime and optimal order L? estimates for the velcities are
proved in this case. We present numerical results for different Reynolds num-
bers showing the robustness of the method and indicating optimal convergence
of the error in the L2-norm. We also test the stability of the scheme on the
lid-driven cavity flow and observe that the jumps in the streamline gradient
is the most important stabilizing term.

We believe that this scheme offers an attractive alternative to the ones pro-
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posed in [13] and in [11]. We have stability for all Reynolds numbers and may
still lump mass for efficient timestepping.
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