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Abstract

It is shown that the conforming Q2 1.1,2-Q} mixed element is stable, and provides opti-
mal order of approximation for the Stokes equations on rectangular grids. Here QQ2.1.1.2 =

sdydy

Q2,1 X Q1,2 and Q2,1 denotes the space of continuous piecewise-polynomials of degree 2 or
less in the z direction but of degree 1 in the y direction. Q) is the space of discontinuous
bilinear polynomials, with spurious modes filtered. To be precise, @] is the divergence of
the discrete velocity space (2,1.1,2. Therefore, the resulting finite element solution for the
velocity is divergence-free pointwise, when solving the Stokes equations. This element is
the lowest order one in a family of divergence-free element, similar to the families of the
Bernardi-Raugel element and the Raviart-Thomas element.

Keywords. mixed finite element, Stokes, divergence-free element, quadrilateral element,
rectangular grids.
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1 Introduction

In the finite element methods for computing incompressible flows, such as Stokes or Navier-
Stokes flows, the incompressibility condition is usually enforced weakly, cf. [21, 8]. In order
to satisfy the inf-sup stability condition, the incompressibility condition is weakened often by
enlarging the finite element space for the velocity or decreasing the space for the pressure.
This does not only waste computational work, but also lead to inaccurate mass conservation,
especially in a long time range computation, and to large local errors. A natural approach
would be choosing the divergence of the finite element space for the velocity as the space for
the pressure. This would generate a divergence-free finite element, i.e., the incompressibility
condition holds exactly for the finite element solution. Nevertheless, the method does not work
when commonly used finite elements are used for the velocity, known as a type of locking.

A fundamental study on the method was done by Scott and Vogelius (23, 24]) that the
PkH—P,fC method is stable and consequently of the optimal order on 2D triangular grids, for
k > 3. Here the velocity space is the continuous piecewise-polynomials of degree (k+1) or less
while the the pressure space is the discontinuous piecewise-polynomials of degree k or less, or
the divergence of the velocity, to be precise. There are several other such divergence-free finite
elements, cf. [2, 18, 20, 29, 30, 31].

In this manuscript, we propose a new, low-order, divergence-free element on rectangular
grids, extending the family of divergence-free elements in [31]. This is the lowest order element
in the family, and of most interest. The velocity space is the continuous (21 X Q1,2 space,
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Figure 1: Degrees of freedoms for the velocity uy and the pressure py.

i.e., the first component of velocity is a piecewise polynomial of degree 2 in = direction but
degree 1 in y direction while the second component is a rotation of the first one. The pressure
space is the subspace of discontinuous bilinear polynomials, the divergence of the velocity, to
be explicitly. The nodal degrees of freedom of the finite element pair are shown in Figure 1.
We note that it is not new to use different polynomial degrees in different directions, when
solving partial differential equations involving V- and curl operators, cf. [27, 16]. The stability
and the optimal order convergence will be proved for the new divergence-free element.

There is a long series of work on @); mixed finite elements on rectangular grids in 2D and
3D. In [27], Stenberg and Suri showed the stability, but a sub-optimal order of approximation,
for the QkH—Q%il element for all £ > 1 in 2D. Bernardi and Maday proved the stability and
the optimal order of convergence for the Qg 1-P3¢ element, cf. [4]. Ainsworth and Coggins
established [1] the stability and the optimal order of convergence for the Taylor-Hood Q4 1-
Q) element, where the pressure space is continuous too. Brezzi and Falk showed that the
QkH—QzC element is unstable in [9], for any & > 0. The new divergence-free method is an
optimization of the unstable QQ—QCIIC element, shown unstable by Brezzi and Falk. Here we
decrease the ()2 space for the velocity to (2,1.12. This reduces the dimension of velocity by
a factor of 2. Meanwhile, we decrease the space chc for the pressure to @}, by removing all
spurious modes, i.e., eliminating one degree of freedom at each vertex. We have to emphasize
that the discrete pressure space is introduced for the analysis, but not in the computation. By
an iterated penalty method, we obtain the discrete solutions for the pressure without coding
the pressure element, as the pressure solution is a byproduct, cf. [30] and Section 4 below.
This is an advantage of the divergence-free element, which is not carried to other mixed-finite
elements, neither to nonconforming (discontinuous) locally-divergence-free elements [6, 10, 12,
15, 14, 17, 28|.

The new @2,1.1,2 element is similar to two other finite elements, the Bernardi-Raugel element
and the Raviart-Thomas element. The Bernardi-Raugel element has the same structure for the
velocity approximation, i.e., the Q21,12 velocity space, but the Qo pressure space, cf. [5, 27].
So the element is not divergence free and loses one order of approximation in theory. The
Raviart-Thomas element also has the same structure for the velocity space, (21.1,2. But the
space is of discontinuous, or an H(V-) space, to be exact, cf. [22].

The rest of the paper is organized as follows. In Section 2, we define the finite element for
the Stationary Stokes equations. In Section 3, we show the inf-sup condition and the optimal
order convergence for the newly proposed (2 1.1,2 element. In Section 4, we provide some test
results confirming the analysis. We also make a numerical comparison with the most popular
Q1/Py element.



2 The ()21.12 divergence-free element

In this section, we shall define the new finite element for the stationary Stokes equations on
rectangular grids. The resulting finite element solutions for the velocity are divergence-free
point wise.

We consider the stationary Stokes flow: Find the velocity u and the pressure p on a 2D
polygonal domain €2, which can be subdivided into rectangles, such that

—Au+Vp=f~f in Q,
V-u=0 in Q, (2.1)
u=20 on 0f).

The weak form for (2.1) is: Find u € Hj()? and p € L§(Q) := L*(Q)/C ={p e L?| [op =0}
such that
a(u,v) +b(v,p) = (f,v) Vv e H}Q)?

b(u,q) =0 Vg € L§(Q).

Here H{(Q)? is the subspace of the Sobolev space H(Q2)? (cf. [11]) with zero boundary trace,
and

(2.2)

a(u,v) = / Vu- Vv dz,
Q

b(V,p):— QV'Vpdl',

(f,v) :/vada:.

Figure 2: Three levels of nestedly refined grids, and a macro-element grid.
The finite element grids are defined by, cf. Figure 2,
T, = {K |UK = Q, K = [24, 73] X [Je,ya] with size hyx = max{zy — 2o, yq — Yo} < h} )

We further assume, though the analysis can be easily extended to the general case, that the
rectangles in grid 75 can be combined into groups of four to form a macro-element grid:

My ={M|M=U"K; = [vi_1,2i11) X [yj—1,yj+1), K; € T, UK; = Q}.

See the 4th diagram in Figure 2. Let the polynomial spaces (21, Q1,2 and @)1 be defined by

Qra=1{ > cyz'y’}, Qr = Qk k-

i<k,j<I



The ()2,1;1,2 mixed element spaces are

Vh = {Vh S C(Q)2 ‘ Vh‘K S Q271 X QLQ VK € %, and uh\aﬂ = O} 5 (23)
P, = {V -y ‘ u, € Vh} . (2.4)

Since [ pn = oV -up = [y up =0 for any pj, € Py, we conclude that
Vi C H&(Q)Qu Py, C Lg(Q)7

i.e., the mixed-finite element pair is conforming. The resulting system of finite element equa-
tions for (2.2) is: Find u, € V, and pp, € Pj, such that

a(up,v) +b(v,pp) = (f,v) Vv e Vy,

2.5
b(up,q) =0 Vg € Py. (25)

Traditional mixed-finite elements require the inf-sup condition to guarantee the existence of
discrete solutions. As (2.4) provides a compatibility between the discrete velocity and discrete
pressure spaces, the linear system of equations (2.5) always has a unique solution, cf. [30].
Furthermore, such a solution uy, is divergence-free: by the second equation in (2.5) and the
definition of P in (2.4),

b(up, q) = b(up, =V -up) = V- uh||%2(9)2 = 0. (2.6)

In this case, we call the mixed finite element a divergence-free element. It is apparent that the
discrete velocity solution is divergence-free if and only if the discrete pressure finite element
space is the divergence of the discrete velocity finite element space, i.e., (2.4).

We note that by (2.4), P, is a subspace of discontinuous, piecewise bilinear polynomials. As
singular vertices are present (see [23, 24]), P, is a proper subset of the discontinuous piecewise
(1 polynomials. It is possible, but difficult to find a local basis for P,. But on the other side,
it is the special interest of the divergence-free finite element method that the space P} can be
omitted in computation and the discrete solutions approximating the pressure function in the
Stokes equations can be obtained as byproducts, if an iterated penalty method is adopted to
solve the system (2.5), cf. [13, 8, 7, 26, 30] for more information.

3 The stability

The central task is to prove the inf-sup condition, or the LBB condition ([21, 8]), for the
discrete finite element spaces:

inf  sup _bvia) > C, (3.1)

0£¢€Pnvev,, [[VIlmllallze —

for some constant C' > 0 independent of the grid size h. We will construct a velocity v in four
steps for a given discrete pressure ¢ € Pj,. vq will matches the integrals [ 4 on each macro-
element, constructed globally. vo will be constructed locally so that V - vo match ¢ — V - vy
at all four vertices of macro-elements. vs will be constructed to match ¢ — V - (v 4+ v3) at
all mid-edge points of macro-elements. v4 will be constructed within each macro-element to
match ¢ — V - (v + v 4+ v3) at the center point of the macro-element.
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Figure 3: The two components vj, 1 and vy, o of vj, on a macro-element M.

Lemma 3.1 For any q € Py, defined in (2.4), there is a function vi € V}, such that

/MV V] = /Mq VM € Mh, and HV1HH1(Q)2 < CHQHLQ(Q) (32)

Proof. For any g € Py, by the theory on regular inversion of the divergence operator devel-
oped by Arnold, Scott and Vogelius in [3], there is a u, € HT*(Q)2 N HL(2)? such that

V- uq(may) = Q(ﬂf,y) a. e. for (ajay) € Q,
and

gl < Cllgll 2,

for any 0 < @ < 1/2. Let the nodal interpolant be v; = I,u, where the interpolation operator
I, is defined by nodal values except the integral values at mid-edge points of macro-element

(cf. Figure 3):
/ Ug,1ds :/ Up,1dS, 1 =1,3,
e; e

/ Ug,2ds :/ Up,2dS, i = 2,4,
e; €;

u,; = (Uq,l uq,z)T, vy = (’Uh,la'Uh,Z)

where
T

Such a nodal interpolation is stable, cf. [25] for example, that

IThugll g1 ()2 < Cllugl| g ()2

Further, the interpolant also preserve the divergence on each macro-element:

/V-vlda:dy:/ vi - nds
M oM
:/ Uh71d8+/ Uh72d8—/ vhvlds—/ U, 2ds
el e2 es3 €4
:/ uq,lds—l—/ qugds—/ vq,lds—/ Vg,2ds
el €2 €3 €4

:/ V'uqda:dy:/ qdxdy,
M M



cf. Figure 3. 1

After matching the integral value of ¢ on each macro-element M by V - vi, we next match
the four vertex-values of ¢ — V - vy on M.

Lemma 3.2 For any q € Py, defined in (2.4) such that [,,q = 0 VM € My, there is a
function vo € Vy, such that

V-va(a)) = q(a}’) VM e My, (3.3)
/Y%w:0VMeMm (3.4)
M

[vall )2 < Cllall2 (o) (3.5)

Here aZM, 1 <1< 4, are the four vertices of macro-element M.

Proof. According to Scott and Vogelius [23], all vertices in 7}, are singular, which means a
function ¢ € Pj, because ¢ = V - wy, for some wy, € Vy, is subject to a minor continuity
constraint:

>_(-D'g(a) =0, (3.6)

where aZKi are the vertices of four elements K; meeting at an internal vertex, shown in Figure
4. But, at a boundary vertex A or B, when less than four squares meet, see Figure 4, we have

q(a37) =0, q(ay®) = q(az®). (3.7)

At point A, there is no construction for vo. We will construct part of vo for the two vertex-
values of ¢ at a boundary point B in Figure 4.

PA
Ksg K7
C
M2 — — M1
a§2 afl ag(f’
5K Ks | B
3 4 5
sz~ |y as
M3 — — M4

Figure 4: Four macro-elements meeting at a singular vertex, a™', cf. (3.7).

7 )

Let the point B in Figure 4 be (xi41,y;). Let

T
(q(aé(,s)(xifx)(xwrl*x) (Yj+1—y) 0) , (x,y) € Ks

(@it1—2i)  (Yj+1-Y5)

T
Voo = <Q(a§5)($i_$)($i+1_$) g 0) » (z,y) € K5 (3.8)

(@it1—2i)  (Yj—yj-1)

T
(0@, all other K € T,




By the condition (3.7), vy € Vj. By (3.8), we have

K¢ Ks
_ Q(a) a = (12 ,(13 )
V- vi(a) =
0 all other vertices of M € M,,.

We note that V - vyg(a) # 0 at mid-edge points of M, such as C' shown in Figure 4. Further,
we preserve the divergence each macro-element, such as

V - vpodx = V- vpodx = / Vo - nds
Kg BKG

Ti41 . -
= [ (sl e )0 ) ar=0

We compute the semi-H' norm of vy in two steps.

My

8Vb0

/KG (W) dudy ; 2(ad ) (@ir1 — 1) (Y1 — v5)s

3, 1 i1 — )3
/ ( VbO) dedy = —q*(a KG)(93+1 ;) .
Ko \ Oy 30 Yj+1 = Yj
On the other side, the L? norm and L* norm are equivalent on the reference square K =
[—1,1]2 for Q1 polynomials. There is a constant C such that

K

After being scaled by the reference mapping,

2
Tit1 — X4
il < C (1+ C2 200 ) @) i — )05~ ) < Clallage

Summing over the two elements Kg and K5 in Figure 4, it follows that

Vol ()2 < CllallL2 (), (3.9)

where the constant C' depends on the maximum aspect ratio of the grid (independent of h.)
The construction on the other boundary vertex afg is similar, cf. Figure 4. Next, at an internal

vertex, a{{ !in Figure 4, we need do the above construction three times:

Vb1 = Q(a§(3)WK2,K3 supported on K3 and K3),

Vi = (q(aéﬁ) — q(a§3)) WK, Ko supported on Ky and K7),

by (3.6)),

where W, i, are special functions similar to that in (3.8). Here the second components of
Wi, ks and Wi, i, are zero while the first one of wg, g, is zero. Hence f u Vv =0on
each of four macro-elements. We sum all such vp; to define vy satisfying the requirements of
the lemma. Since the support of vp; are non-overlapping, except that at most 2 nonzero vy;
may occur at each internal vertex,

(
(

Vi3 = (q(afl) - q(a2 )+ q(a3 )) WK, K, (supported on K; and Kj)
= qlay )W K, (
)-

[vallz1 )2 < 2Call L2 @),
where C is defined in (3.9). 1



After we match the integrals and the four-vertex values of ¢ € P, on macro-elements, we
will next match ¢ at mid-edge points on each macro-element.

Lemma 3.3 For any q € Py, defined in (2.4) such that [,,q = 0 and q(aM) = 0 for all
M € My, there is a function vy € Vy, such that

V -v3(bM) = q(bM) VM e My, (3.10)
/ V-v3=0 and V-v3(a)=0 VM e M, (3.11)
Vsl (@32 < Cllalle@ (3.12)

Here bf\/[, 1 <1 <8, are the eight mzd-edge points of macro-element M, and {af\/f} are the four
vertices of M.

Proof. There are two types of mid-edge points of macro-elements, such as b§3 (on the bound-
ary) and bf ¢ (in the internal), shown in Figure 5. We consider an internal mid-edge point first.
By (3.6), see Figure 5,

q(b5") = q(b7"®) — q(b3") + a(b3"). (3.13)
We will construct a v,,o to correct ¢ at 655 but not to alter the match made in last lemma at
vertices of M, such as A and C shown in Figure 5. Similar to, but different from, (3.8), let

X CE2 T
(@) — aeF s o yyg)) 0)  (w) € Ko
T
((a(0ffe) — qof ) s it g) " (2, y) € Ky
T
Vino = (<q<b{<6>—q(b?))éf;;;l) o 13 ) (2,y) € K (3.14)
bK6 _ bK1 (i1—x)® (y— y] 1) r K
(a(b®) — q(off ")) gty vy (2,y) € Ks
T
(0 0) : all other K € T,

Here bi® = (z;,y;) is assumed.

A
Ky b§7 c
My — pEel < M
3
bi | e
* B
b§<4 655
M3 — — My

Figure 5: Mid-edge singular points on a macro-element My, cf. (3.7).

By the condition (3.14), v,,0 € V. It preserves the divergence each macro-element, such

as
Ti4+1 0
V - Vipodx = / Vo - Dds = / Vimoly=y; - ( > dx = 0.
M, OM; x;—1 _1



Further v,,o reduces the degrees of freedom of ¢ at a singular vertex bfl from 3 to 2. That is,
letting ¢ = ¢ — V - v, by (3.13) and (3.14),

a(by") = a(b1°) = a(by™),  a(by") = a(b1®) = q(by").

But it remains that
G(aM) =0 at all corner vertices a™ (3.15)

Ha
We note that the construction of v, is on four rectangles, but vyy can be done on two
rectangles. Here we have to use fully the property that the first component of vy, is a degree 2
polynomial in x, to preserve (3.15). A calculation like (3.9) shows that

[Vimollz1 )2 < Cllallz2)- (3.16)

Now, for g, because of (3.15), the situation at the boundary point C' is the same as the
situation at an internal mid-edge point béﬁ, see Figure 5, i.e., the two values of § at two sides
of a mid-edge point are the same. For easier notations, we consider ¢ at a mid-edge boundary
point, the boundary node C. By (3.6), q(b57) = q(bé{s). Different from (3.8), we have to
construct a v,,1 on four rectangles, instead of two, in order not to perturb the matches already
made by v,,0 at mid-edge vertices of M, see Figure 5. This is similar to (3.14):

) o T
(q(b§7)(x - xiJrl) ((yng_:rll_yy])) 0) ) (.’E, y) € K7
(_ (bK7) ($i—1—$)2 (yj+1*y) O)T (.1‘ ) c K.
92 ) (@i =wi1)? (i1—v;) ) ’ Y 8
Vinl = (q(b§7)($ - 3%-1-1)% 0) () e K
(_ (bK7) (wi—1—2)? (y—y;j—1) O)T (x ) c K,
q 2T (931'—931'—1)2 (Z/j*yjfl) ’ Y 6
(0 0) . all other K € Tj.

Here 65(7 = (z441,y;) is assumed. As the last two times, it is straightforward to verify that
Vi € Vi, fMl V-vm =0 and
[Vinillgr < Cligllze- (3.17)

By the construction, we have

K7 1K
@ vty = {10 =T
" 0 rest corner vertices and mid-edge points of M € My,.

Finally, we add all such v,,o (one for each internal mid-edge point of M) and v,,; (one for
each of four mid-edge points of M) to get

V3 = vao + val.
Since the nonzero overlapping is 4 in v3 (four times by each component of v3), we have
Vsl iz < 2v2|dllr20)-
where C' is from (3.16) and (3.17). The proof is completed. 1

The last step is to match ¢ at the center point on each macro-element. After doing so, we
would get the following inf-sup condition.



Theorem 3.1 Let k > 2. The mized finite element pair (Vy, Py) defined in (2.8) and (2.4)
is stable, i.e., the inf-sup condition (3.1) holds.

Proof. For any q € P, we construct a v € V, to satisfy (3.1). By (3.2), there is a vi € V,
such that

/(q—V-vl):O VM € My,
M

[villz )z < Cillgllzz)-
By (3.3), there is a stable vy € V}, such that

[V -vy—(qg—V -v1)]|y (@) =0 VM € My, and for 4 vertices a} of M,
[vallzi)2 < Callg — V- vill L2
By (3.10), there is a v3 € V}, such that
(V-vs—(¢q—V-vi—=V-vy)) (b;w) =0 for all 12 corner
and mid-edge points b;-w of M,
Ivallai)2 < Csllg = V- vi = V- vallr2(q)-

Ko | K1

Ks | Ka
C37 |y

Figure 6: The center singular point of a macro-element M, cf. (3.7).

For ¢ = ¢ — V- (v1 + vy + v3), we have, on each macro-element M, G(a) = 0 at all 12

points except the center point cZKj , shown in Figure 6. For simplicity, let us assume the four
rectangles K; of M are squares. Then, by (3.7) and [ v @ = 0, the degrees of freedom of ¢ at
the center point of M would be 2, i.e., cf. Figure 6,

~r K ~r K ~ K ~0 K
G(ey?) = —qleg®),  qlept) = —q(e3?).

We construct a v4 whose divergence is zero on M and matches the two values of ¢ at the
center point. Let, cf. Figure 6,

5 on Kl,

(é(cfﬂ—ﬂc?% (@ie1=0)® @in1-y) |
2 2(zir1—i) (Yj+1—Y5)

Qe ) =iles™) @) (y=yj-1) 0
2 2@it1—xi) (W —yj—1)

)
( ) , on Ky,
Ve = (q<c4 >;q<c?3> (z—20)®  (y=y;-1) 0) . on K,
( )
0

2(zi—xi—1) (Y —Yj-1)

s M)=d(cs?) (@—2)®  (yjr1-Y) 0
2 2(zi—wi—1) (Yj+1—Y5)

, elsewhere,

5 on KQ,

10



( Q(033)+‘1(C44) (zig1—2) Z/g+1 y) ) on K
2 (Tit1—2i) 2(yj+1— yj ’
W K3y |~ Ky T
(0 4(ez ) +d(e, ®) (@—mi—1) (Yj+1—y) ) on Ko
2 (xifxz l) 2(y]+1 y] T ’
o Kg\ | ., K
Veo = (O Glez 2)+a(c, *) (m—mi—1) (Y—yi-1) ) on K
2 (xl*xz l) 2(y] Yji— l ’
o K3y .o Ky T
(0 G(ez ?)+d(e, *) (mig1—x) Z/ Yi—1) ) on K4
2 (ziv1—x:) 2(y5—yj—1) ’
0, elsewhere,

where we assume 053 = (xj,y;). Then we let v4 = ) (ve1 +Ve2). By the construction, we have

q—V -va=0, |vallgr < Cuflql|r2-
Finally, we define
V= —V] — V2 —V3— V4.

It follows that

IVIla @2 < IVillai@e2 + Ivallm @2 + Vsl a2 + [[Vall o)

< Cillgll2 ) + Calllall 2y + Vil ar)2)
+ Cs(llallz2() + IVillzr @)z + Iv2llzr@)2)

+ Cu(llgll 2 + Vil @)z + IVl + IVsllar @)2)

< (C1+Co+ O3+ Cy+ C1Ca + ) [|all 2 ()
and that

b(v,q) = (=V -v,q) = lla]72(

> (C1+ Co+Cs4 Cy+ C1Co + ) IVl 2 llall 2@

(3.1) is proved with C > (C; + Cy + ...)7!

Corollary 3.1 The discrete pressure space (2.4) is characterized by

Py {q |alk € Q1 VK € Th,/gq— 0; > (—=1)'q(af) = 0},

(3.18)

where aZKi are defined in (3.6), and ig = 4 at an internal vertex, but ig may be 1 or 2 at the

boundary.

Proof. In the proof of Theorem 3.1, we constructed a v = —v; — vo — v3 — vy for any ¢ in
the set of (3.18), such that V - v = —¢;. Thus the P, defined in (3.18) is a subset of that P,
defined in (2.4). On the other side, by the proof of Lemma 3.2, we known that V - v}, satisfies

the constraints in (3.18) for all v, € Vy,.

Theorem 3.2 The discrete solution (up,pr) of (2.5) approximate that of (2.2) in the optimal

order:

lu = wpll ) + 1P — pallze) < CR™™ T (lull gz + 1ol @)

11

(3.19)



Proof. By the inf-sup condition (3.1) and the standard mixed finite element theory [21], it
follows that

[u—wnllgr) + Ip — Prllz2) < C(vhilel{,h [u = vul g2 + qgggh P — anll2(0))
<C( inf [[u—=vullgip2+ inf [|p—anllr2@)
VREV qnEP;,

where P, is the space of continuous )1 polynomials with mean value zero:
P, = {qh € C%(Q) | / an =0, qulx € Q1 VK € :r,,} (3.20)
Q

We note that P, C P, because functions in P, satisfy the constraints in (3.18). The theorem
is proven as both spaces V}, and P, provide the optimal order of approximation. ]

4 Numerical tests

In this section, we report some results of numerical experiments on the ()2 1.1,2 element for the
stationary Stokes equations (2.1) on the unit square Q = [0, 1]?. The grids 7}, are depicted in
Figure 2, i.e., each squares are refined into 4 sub-squares each level. The initial grid, level one
grid, is simply one unit square. The computed inf-sup constants, i.e., the maximum constant
C'in (3.1), are listed in Table 1. This confirms Theorem 3.1 that the (21,12 element is stable.

Table 1: The inf-sup constants for (3.1) on Figure 2 grids.

level | dimV}, | dim P, || C in (3.1)
2 6 6 0.60615
3 42 38 0.54410
4 210 174 0.52552
) 930 734 0.52069
6 3906 3006 0.51931

We choose a simple exact solution for the Stokes equations (2.1):
u=Vxg, p=—gu- (4.1)
Here
g=2"(x —2%)*(y — ).

So we can compute the right hand side function f for (2.1) as

—Gyxx — G — Jzzxzx
f=-AVxg-—V = Y yyy , 4.2
J Jea ( Gz T Goyy — Gyzz > ( )

In Table 2 we list various norms and orders of convergence for the finite element solutions
in the spaces V}, x P, defined in (2.3)-(2.4). Here we do enough iterated penalty iterations
(cf. [25, 30]) until the iterative error is smaller than the truncation error each time. We plot
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10,10, -16415)

Figure 7: The solution p; and the error on the level 4 grid.

Table 2: The errors e, = u —uy and €, = p — py for the Q21,12 div-free element.

lenlgr A" | lenlrz A" | lenle  B™ || llenllzz A" | llen[l. A"
0.00000 0.000000 0.000000 2.9212 7.20000
1.21102 0.107128 0.199477 1.8436 0.7 | 6.66677 0.1

0.31197 2.0 | 0.027245 2.0 | 0.045769 2.1 | 0.4541 2.0 | 1.44615 2.2
0.07836 2.0 | 0.006825 2.0 | 0.011004 2.1 | 0.1129 2.0 | 0.37275 2.0
0.01961 2.0 | 0.001707 2.0 | 0.002709 2.0 | 0.0282 2.0 | 0.09273 2.0
0.00490 2.0 | 0.000427 2.0 | 0.000676 2.0 | 0.0070 2.0 | 0.02346 2.0
0.00123 2.0 | 0.000107 2.0 | 0.000169 2.0 | 0.0018 2.0 | 0.00590 2.0
0.00031 2.0 | 0.000027 2.0 | 0.000043 2.0 || 0.0004 2.0 | 0.00148 2.0

© 00 O U = W N

the solution pp and the error on the level 4 grid in Figure 7. In Table 2, the velocity errors
are denoted by e, = u — uy where u is defined in (4.1) and uy is an interpolation of u. The
pressure errors in Table 2 are listed as €, = p—py for p defined in (4.1) and p; an interpolation.
The standard optimal order of convergence, provided in Theorem 3.2, for |ley|| 71 and ||ep]| 2 is
1. But we obtain an order two convergence for them, due to the superconvergence on uniform
grids.

Table 3: The errors e, = u — uy and €, = p — py for the Q1/Fy element.

lenln A" len|rz A" lenli, A" || llenllzz A" | llenlli,  P™
0.95466 0.103190 0.226339 3.9982 5.02027
0.33184 1.5 | 0.037889 1.4 | 0.051456 2.1 || 1.0103 2.0 | 1.91412 1.4
0.08849 1.9 | 0.010256 1.9 | 0.013588 1.9 || 0.1723 2.6 | 0.44291 2.1
0.02247 2.0 | 0.002613 2.0 | 0.003376 2.0 || 0.0308 2.5 | 0.15302 1.5

Y UL W

Finally, we make a brief comparison between the new divergence-free element and the
most popular Q1/P element, cf. the references in [19]. The convergence data for the Q1 /Py
element are listed in Table 3. We have a super-convergence for the Q)1 /Py element. The degree
of freedom for the velocity in Q21.12 is about twice of that in Q/F,. But as we do not
introduce the pressure space P in computation, the total unknowns in the linear system for
the Q2,1,1,2 divergence-free element are about the same as that for the Q1/FPy element. The
convergence of (Q2,1.1,2 is better than that of the Q1/P, element, seen on level 6 computation in

13



Tables 2 and 3. On the other side, the linear system for the divergence-free Q2 .12 element is
much easier to be solved, as we solve positive-definite systems each step, thanks to the iterated
penalty method.
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