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Abstract

By the standard theory, the stable Qui1,k-Qk k+1 /chl divergence-free element con-
verges with the optimal order of approximation for the Stokes equations, but only order &
for the velocity in H'-norm and the pressure in L?-norm. This is due to one polynomial
degree less in y direction for the first component of velocity, a Q1,5 polynomial. In this
manuscript, we will show a superconvergence of the divergence free element that the order
of convergence is truly k + 1, for both velocity and pressure. Numerical tests are provided
confirming the sharpness of the theory.
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1 Introduction

The divergence-free finite element method is mainly for solving incompressible flow problems,
such as Stokes or Navier-Stokes equations, where the finite element space for the pressure is
exactly the divergence of the finite element space for the velocity. In such a method, the finite
element velocity is divergence-free pointwise, i.e. the incompressibility condition is enforced
strongly. Traditional finite elements enforce the incompressibility weakly, cf. [17, 9]. That is,
in order to satisfy the inf-sup stability condition, the incompressibility condition is weakened
by either enlarging the velocity space or decreasing the pressure space. This often leads to
some sub-optimal methods, or a waste of computation, due to the imperfect matching of two
spaces. It may lead to inaccurate mass conservation, which is critical in certain computational
problems.

A fundamental study on the divergence-free element method was done by Scott and Vogelius
([18, 19]) that the Pyi1/P@ 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, 14, 15, 16, 23, 24, 25].

Starting from the most popular element, the Q1/Py element ([6, 7]), there is a series of
work on ) mixed finite elements on rectangular grids in 2D and 3D. Brezzi and Falk showed
that the Qg+1/ Q%c element is unstable in [10], for any & > 0. Here Qﬁc denotes the space of
discontinuous piecewise-polynomials. In [21], Stenberg and Suri showed the stability, but a sub-
optimal order of approximation, for the Qg+1/ Qgc_l element for all £ > 1 in 2D. Bernardi and
Maday proved the stability and the optimal order of convergence for the Q4+1/ P,fc element, cf.



[4]. Ainsworth and Coggins established [1] the stability and the optimal order of convergence for
the Taylor-Hood Q+1/Q element, where the pressure space is continuous too. The Bernardi-
Raugel element ([5]) optimizes the Qx+1/Q% | element, when k = 1, by reducing the velocity
space to Q1,2-Q2,1 polynomials. Here the first component of velocity in the Bernardi-Raugel
element is a polynomial of degree 1 in z direction, but of degree 2 in y direction. To be precise,
the Bernardi-Raugel element enrich the ()1 velocity space by face-bubble functions. Similar
to the Bernardi-Raugel element, a divergence-free finite element, Qp41 4-Q k+1/ Qﬁcl (k >2),
was proposed in [25], which further optimizes the Bernardi-Raugel element by increasing the
polynomial degree of pressure from (k—1) to k. The nodal degrees of freedom of this divergence-
free element and the Bernardi-Raugel element are plotted in Figure 1. This divergence-free
element was extended to its lowest-order form, k& = 1, i.e., Q271—Q172/Q§ld, in [14]. Here the
space Qgcl for the pressure is the space of discontinuous (J; polynomials with all spurious
modes removed, i.e., eliminating one degree of freedom at each vertex. In the construction,
the pressure space is exactly the divergence of the velocity. Thus, the resulting finite element
is divergence-free pointwise. In such a case, the discrete pressure space can be omitted in the
computation. By an iterated penalty method, we obtain the pressure solution as a byproduct,
cf. [24] and Section 4 below. However, by the standard finite element theory developed in
[14, 25], this divergence-free element converges at order k only, due to a degree k polynomial
in y for the first component of uy. This cannot be improved by the standard theory, where
the optimal order of convergences is derived from the inf-sup stability. In this manuscript, we
further study this Qy1 x-Qk k+1divergence-free element and show its superconvergence, that it
does converge at order £+ 1. Further the velocity of the Q41 1-Q x+1divergence-free element
may be ultraconvergent, i.e., two orders higher than the standard convergence, provided the
interpolation polynomial is divergence-free. The extension of this divergence-free element to
3D is straightforward, so is its superconvergence property.
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Figure 1: Nodes of uy,/py, for divergence-free (top) and Bernardi-Raugel elements.

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 establish a superconvergence for the
divergence-free element. In Section 4, we provide some test results confirming the analysis. In
particular, we show the order of convergence of the divergence-free element is one higher than
that of the rotated Bernardi-Raugel element.



2 The Q41 4-Qrr+1 divergence-free element

In this section, we shall define the divergence-free 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 a model stationary Stokes problem: 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 €,
divu=0 in Q, (2.1)
u=20 on 0f2.

The weak form for (2.1) is: Find u € H}(Q)? 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(9).

Here H}(£2)? is the subspace of the Sobolev space H!(2)2 (cf. [11]) with zero boundary trace,
and

(2.2)

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

b(v,p) = /Qdivvpdx,

(f,v) :/vadac.

Figure 2: Three levels of grids, and a macro-element grid (for £ = 1 only).
The finite element grids are defined by, cf. Figure 2,
Tn = {K | UK = Q, K = [14, 7] X [ye,yq] with size hx = max{zy — T4, Yq — ye} < h}.

We further assume, only for the lowest-order element k£ = 1 in (2.3), that the rectangles in grid
Tr, can be combined into groups of four to form a macro-element grid:

Mp={M|M=U_K; = [zi-1,2i+1] X [yj—1,yj+1], Ki € Th, UK; =Q}.
See the 4th diagram in Figure 2. The polynomial spaces are defined by

Qri=1{ Y. iz},  Qr=Qx

i<k,j<l



The Qit1,k-Qk k+1(k > 1) element spaces are

V,, = {Vh S C(Q)2 | Vil € Qrt1k X Qrir+1 VK € T, and  uplyq = O} , (2.3)
Py, ={divuy | uy € Vi }. (2.4)

Since [, pn = o divu, = [, up = 0 for any pj, € Py, we conclude that
Vi, C Hi(Q)?, P, cL3(Q),

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

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

2.5
b(uh7Q) =0 Vq € Pp. ( )

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 the
discrete pressure spaces, the linear system of equations (2.5) always has a unique solution, cf.
[24]. Furthermore, such a solution uy, is divergence-free: by the second equation in (2.5) and
the definition of Py in (2.4),

b(up, q) = b(up, —divuy) = || div Uh”%z(g)g = 0. (2.6)

In this case, i.e., V), C Z = {divv | v € H}(Q)?}, 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 [18, 19, 14, 25]), Py, 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 Py, 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, 9, 8, 20, 24] for more information.

3 Superconvergence

As usual, the superconvergence is obtained by the method of integration by parts, cf. [12, 22].
But we have a long series of lemmas dealing with each term in the bilinear forms a(-,-) and
b(-,-).

For a convenience in referring components of the vector velocity, we define the two inho-
mogeneous polynomial spaces:

Vi1 = {¢ € Hy(Q) | ¢|x € Qryrx VK € Ti}, (3.1)
Ve ={¢ € Hj(Q) | d|x € Qur+1 VK € T}, (3.2)

k > 1. That is,

Vi = Vi1 X Vi, k> 1.
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Figure 3: Three types of interpolation nodes, k = 3.

The interpolation operator I, is defined for the two components of u:

Tj, : HY(Q) x HJ(Q) — Viy X Vi,

Lu=1I, (:j) = (:}‘j) . (3.3)

To define uy at the Lagrange nodes, we define its vertex nodal values, then internal edge values,
and finally internal values, by solving the following equations sequentially (see Figure 3):

(u—uz)(af)=0 at four vertices of K, VK € Ty, (3.4)

/ (u—up)pr—1(x)de =0 on the top and bottom edges of K, (3.5)
Y=y;

/ (u—ur)pr—2(y)dy =0 on the left and right edges of K. (3.6)

/ (u—ur)qr—1k—2dx =0 on the square K, (3.7)
K

where p;, € Py, the space of 1D polynomials of degree k or less, and g ; € Q. By rotating x
and y, vy is defined similarly /symmetrically to uj.

Lemma 3.1 (two-order superconvergence) For any Qi1 function ¢ € Vi 1, defined in (3.1),
for any u € H*3(Q), and for all k > 1,

| /Q (u — ur)stbudx] < CRPF2 u sss [ 1. (3.8)

Proof. We first consider the estimation on the reference element K = [—1,1]2. Since ¢ €
Qk+1,k, we have an exact Taylor expansion:
yh! o
¢x(l‘7 y) = %(377 0) + yl/}zy(xv 0) +o md]myk—l(‘xv 0) + gwxyk (x, 0)7 (39)
where 1, (z,0) and all ¢,,; (z,0) are P, polynomials in x only. We will perform the integration
by parts repeatedly. First, for the lower order terms in (3.9), we notice that, by the definition
of uy in (3.5) and (3.7),

/ (u = ur) oy Vs (z,0)dx

K
1
- / (u — )by (2, )=y dy — / (u — )y ey (2, 0)dx
—1 K
=0  whenj=0,1,....k—2. (3.10)



Please be aware that v,2,;(z,0) € Py_1(z). Hence, we need to deal with only the last two
terms in (3.9).
For the last two terms in (3.9), in order to do integration by parts, we express polynomials

y*~1 and y* by derivatives of another polynomial.

(y2 __1)k+1 y2k+2 (k +_1)y2k y2k+2

W) =TT T @l @kxo T ez e, B

sD(£1) =0, j=0,1,---,k (3.12)
1

s,(f”) (y) = Hyk + pr—2(y), (3.13)

Here por(y) and pr_o(y) denote a polynomial of degree 2k and (k — 2), respectively. We note
that, as in (3.10), the integral of (u — uy), against px_s(y) is zero. Thus, surprisingly simple,
we have

/ (u - uf)x¢x (-TU, y)d.%'dy
K

- /K (= ur)a (585D ()b (2,0) + 5872 () (2, 0)) ey

y=1

1
= [ = e g @0) 4 5 @2, 0)]

y=—1

- /K (= ur)ay (50 (Y)gyi1 (2, 0) + st () (2, 0))dady. (3.14)

Let us consider the first boundary integral in (3.14), on the top edge of the square K. By (3.4)
and (3.5),

1
/ (= ur)e (2, 1)), (1) s (2, 0)dx

-1

= [(u—uz)(ﬂc D)sM (1 Vb (2, 0)}

r=—1

1
— s (1) /1(u — ur)(, D)ya e (z,0)dz = 0, (3.15)

noting again that ,2,k-1(7,0) is a Py_1 polynomial in x only. The other boundary integral
in (3.14) is also 0 as ”L/Jzz k(x,0) € P,_; too:

1
/ (u— up)a(z, DsE(1 wmyk(:c,mdx

-1

= [(U_UI)(x 1) (k+1 ( )wzy (‘T O)

r=—1

1
- s,(f“)u)/ (u — up)(, D)o, (z, 0)dz = 0.
-1

That is the boundary integrals in (3.14) are all zero. We repeat the integration by parts in
this direction, while the boundary terms would be zero by (3.12) and (3.5). By the integration



by parts k times more, (3.14) would be

/ (u - uI)x@Z}xdl‘dy
K

= - / (4 = wr)ay (s Wy (,0) + stV (2, 0)) dwdy
K

_ /K (1 — 1) gy (57 gy (2, 0) + 554, i (2, 0))dardy

1
- / 1(“’ - uf)fcy(x? 1)(35;6—_11)1?961/‘*1 (I‘, 0) + Sl(ck)wxyk (.’B, 0))zil—1dx

_ /K (= ) gy (57 gyt (2, 0) + 554, i (2, 0))dardy

= (—1)k+1 /f((u — uI)mka (Sk_lwxykA (x,0) + Skwxyk (,0))dzdy. (3.16)

We will perform the integration by parts one last time. But this time, we will treat the two
terms in the last integral differently.

/K(u — UL k4185 —1Ygyr—1 (2, 0)dzdy = — /K(u —UJ) g2k 18— 1Pyh-1(, 0)dxdy

1
+ / [(u - u[)xyml Sk*].qvbyk*l (z, 0)]2;1,1 dy,
-1

/K(u — ) pyet1 53Uy (z, 0)dzdy = — /K(u = UT) gyht2 8k Ygyk (T, 0)ddy.

For the second integral, the boundary term disappears by the condition (3.12). For the first
integral, we note that the boundary integrals will be cancelled due to the opposite line integrals
on two sides of the vertical edge x = x; or due to the boundary condition on ¥. We note also
that the (k+1)st and (k+2)nd partial derivatives on uy above are all zero. Hence, we get (3.8)
by summing over the estimation on all rectangles K € 7Ty, plus a scaling and the Schwartz
inequality,

/Q(U — ug)zrdx
= ZK:/K(U—UI)z%dX

= Z(—l)k—&-Q[ (uxzykﬂsk,ld}ykﬂ +nyk+23k’l,/1xyk) dx
K

K
< Z C‘U|Hk+3(f<)‘¢‘H1(k) = CZ hk+2‘U’H’f+3(K)W|H1(K)
K K

<CR**2|ul gres ) |91 o)

Z /K(U — ug)zedx

K

We note that the semi H!'-norm is needed above to bound Yyr—1. Thus k > 1 is required. g

In the proof, we can see that the decrease of one degree polynomial in y does not change
the super-approximation of Q414 in = direction. After (3.16), if we skip the last step of
integration by parts, we would get the following corollary. That is, we avoid \wyk_1 |2 when
k =1 which cannot be bounded by || 1.



Corollary 3.1 (one-order superconvergence) For any Qii1x function ¢ € Vi1, defined in
(3.1), for any v € H*2(Q), and for all k > 1,

| /Q (u — ur)athadx] < CHF ] s |46 . (3.17)

Symmetrically, switching z and y in Lemma 3.1, we prove the following lemma.

Lemma 3.2 (two-order superconvergence) For any Qp k41 function ¢ € Vy, o, defined in (3.2),
and for any u € H*3(Q), if k > 1,

| /Q (u — ur)ybydx| < CHF*2Jull guss |16l 1. (3.18)

For the same reasons in Corollary 3.1, we get the following corollary from Lemma 3.2.

Corollary 3.2 (one-order superconvergence) For any Qpp+1 function ¢ € Vi, o, defined in
(3.2), for any u € H**%(Q), and for all k > 1,

| /Q (u — ur)ybydx] < CHF*jul use |16l 1. (3.19)
1

Though the interpolation order is (k+2) in above two lemmas, only the (k+1) order in two
corollaries can be achieved in computation due to the coupling of terms in mixed formulation.
We prove the approximation properties in the lower polynomial direction next. Now, even for
k = 1, we have a two-order superconvergence.

Lemma 3.3 (two-order superconvergence) For any Qui1k function ¢ € Vi, 1, defined in (3.1),
for any u € H*3(Q), and for all k > 1,

| /Q (u — ur)ybydx] < CHF*2Jul russ |16l 1. (3.20)

Proof. Again, we first consider the estimation on the reference element K = [—1,1]%. Since
the polynomial degree in y is too low, we do Taylor expansion in x direction, different from
the last lemma.

Paan

k
pr(x’ y) = ¢y(07 y) + xd}xy(o’ y) + -+ %kay((L y) + m¢xk+ly(oa y)

Again, similar to (3.9), the integral of (u — us), against 27 terms are zero if j < k — 1,
[ 0= wr), 27, 0. g) oy
K

1
— / [(u— ul)qupxjy(o, y)]‘Zil_l dx — / (u— uf)sz/;xjyz (0,y)dzdy = 0,

-1 K



noting that xj@szyz(o,y) € Qk—1k—2- Using the polynomial function si(x) defined in (3.11)
we have, cf. (3.14),

/ (u — ur)ypydady

K
- /K (= )y (57 (@) iy (0, 9) + 58D (@), (0, ) ) drdy

1 =1
= [ [yl @ 0.+ 57 @i, 0]y

- /K (= ur)ay (55 (@)t (0, ) + 502 (@) i, (0, ) ddy.

Here, for the first time integration by parts, the boundary integral disappeared by (3.4),
(u—uy)(£1,£1) = 0. In the next (k+ 1) times of integration by parts, the boundary integrals
on x = +1 would be zero, directly by the boundary condition (3.12) of si(x).

/ (u - ul)y¢ydxdy = (_1)k+2 / (u - uI)ac]ﬁLZy(skwacky(O? y) + S;c+1¢ack+1y(07 y))dl‘dy

K K
Thus,
[ = wnody] < Cllsssa, i Vol
< C|U|Hk+3(K)|w||H1(f()-
The rest proof repeats that of Lemma 3.1. 1

As for above lemmas and corollaries, we can get the following corollary from Lemma 3.3

Corollary 3.3 (two-order superconvergence) For any Qi1 function ¢ € V1, defined in
(3.1), for any u € H**2(Q), and for all k > 1,

| /Q (u — ur)ytbydx] < CH*Jul guse ] . (3.21)
1

Corollary 3.4 For any Qy k+1 function ¢ € V, o, defined in (3.2), and for any u € HF3(Q),
and for all k > 1,

| /Q (u — up)yibyds] < CH2[ul| gess [0l 1, (3.22)
| /Q (u — up)ybydx] < CH*Jul guse ] . (3.23)
1

Now we study the superconvergence in the both bilinear forms.

Lemma 3.4 For any (vi,,qn) € Vi, x Py, defined in (2.3) and (2.4), and for any u € H3(Q)N
Hj (),

\a(u - Ihu, Vh)‘ < Chk+2HuHHk+3(Q)2 HVhHHl(Q)2, k> 1, (3.24)
la(u — Tyu, vy)| < CHF |l v e Vil pe, k> 1, (3.25)
|b(u —Thu, gn)| < CE*ul|grraollanll L), * > 1, (3.26)

where Ipu is the interpolation of u defined by (3.3).



Proof. (3.24) is a combination of (3.8), (3.20), (3.22), and (3.18). (3.25) is a combination of
(3.17), (3.21), (3.23), and (3.19).

For (3.26), we will lose one order of convergence. Let g, = divwy, for some wj, = (¢,%) €
V. We have, denoting u = (u,v),

wu—umm»=§;¢gm—unm+w—vnwwx+wmm

Here we have two old integrals, fK(u —uy)zPrdx and fK(v —vr)yydx, and two new integrals,
S (u—ur)phydx and [-(v — vr)y¢rdx. The approximation order can be one order higher for
the two old integrals. For the two new integrals, by symmetry, we consider [ (U —up)zhydx.
We use the following Taylor expansion on the reference element K in the y direction. We
note that the Taylor expansion in x direction would lead to a too high order polynomial in y
direction each term in (3.27) below.

yk—l k

?/)y(%y) = ¢y($a O) + yd}yQ(SU’ 0) R m%k (x’ 0) + %wyk‘ﬂ (SU’ 0) (327)

Here all 1, (z,0) are polynomials of degree k in z. That is, a generic term ijyj+1 (2,0) € Q-

This is the same as the generic term ijwj (,0) in the early Taylor expansion (3.9). Thus
repeating the proof of Lemma 3.1, we get

/ (1 — g )ty — / (= ) (585 (2, 0) + EFD i (2, 0) )y
K K
= (—1)k+1 /Kuxykﬂ (Sk_ﬂbyk (z,0) + S%wyk-kl (2,0))dzdy.

For the second integral, we can do an integration by parts to raise one more order. But we are
limited by the first integral above to get only

‘ / wr)pydx

Similarly, we have the same bound for | I} (u— yd)xdx’ (3.26) follows by the Schwartz
inequality and the scaling of referencing mappings 1

< ull sy 1911

Finally, we estimate the approximation to p.

Lemma 3.5 For any function vj, € V},, defined in (2.3), and for any p € H**1(Q) N LE(Q),

|[fw%@—mmxscMHWﬂmmmHu (3.28)

where pr is a special nodal interpolation of p in Py, defined in (3.29) below.

Proof. We note that P, are discontinuous @} functions, P, = div V. We define an interpo-
lation operator for Py, via that I, for V}, defined in (3.3). For a p € H?(Q) N L3(£), Arnold,
Scott and Vogelius shown in [3] that there is a w € H3(2)2 N H}(Q2)?, such that

divw =p, and [|w|gs <C|p|g2-

10



For simplicity, we assume the above lifting exists up to order k + 1. We define
pr = divwy, (3.29)

for w; = Ipw defined by (3.3). In order to use (3.26), we use notations:

_(u _ (ur (9
w=\,) W= vlvvh—¢‘
Repeating the proof in Lemma 3.4, we get
]/ div vy (p — pr)dx| = \/ div vy, div(w — wy)dx|
Q Q

~| /Q (= ur)e + (v — v7),) (b + y)dx

()], ()],

< O Ipll g 1Vl g

< Cthrl

We derive the main theorem.

Theorem 3.1 The finite element solution (up,pr) of (2.5) has the following superconvergence
property, one order higher than the optimal order,

lun = Tpull g+ llpn = prllzz < CEM(Jull grss + [lpll ), (3.30)
where the interpolations (Iu,pr) are defined in (3.3) and (3.29).

Proof. By the inf-sup condition shown in [14, 25], it follows that, cf. [17], for all (wp,r,) €
Vh X Ph,

sup a(wn, vi) + b(vy, 1) + b(Wh, qn)

> C(lwallgr + lIrnllz2)- (3.31)
(Vh,qn)EV R X Py, Ivallg + llanll 22

By Corollary 3.4 and Lemma 3.5, we have

lup, — Tpull g + |lpn — prll L2
a(up — Iyu, vi) 4+ b(vh, pr — pr) + b(up — I, qp)

<C sup
(Vh,qn)EV R X Py Vil + llgnllze

_c sup a(u —TIyu,vy) + b(vi,p — pr) + b(u — Iu, gp)
(Vh,gn)EV X Py Ivallar + llanllz2

< CP* ([l sz + [l rsr)-
Note that, due to the pointwise divergence free property, we have above that

b(up, —Ipu,qy) = b(—Ipu, gy) = b(u —Ixu, g).

11



Here, to be precise, we do not have a superconvergence for p in Theorem 3.1. As P,
are degree-k polynomials, the best order approximation to p in L?-norm would be (k + 1).
However, due to the mixed formulation, the convergence of py to p is limited to the optimal
order convergence of uy, which is (k — 1) in H'-norm as u;, has polynomial degree k only
in y direction for its first component. In this sense, the superconvergence result (3.30) does
liftt the order of pp by one. For £ > 1, we may have two order superconvergence for the
velocity. Such numerical examples are shown in [25] and in next section. That is, for some
special functions u, Iyu might be also in the divergence-free subspace of Vy,. If so, we have a
two-order superconvergence result.

Theorem 3.2 (two-order superconvergence) For some solution u of (2.1), if
Iyu € Zy :={z, € Vy, | divz, =0},
where Iy, is defined in (3.3), and if k > 1, then
Jun — Tpull e < CHE2 fu g (3.32)
Proof. By (3.24), limited in to the divergence-free subspace,

a(up, — Iyu,wy)

lluy, — Ipul|g < sup

wiEZn Wl 1
. |
— sup a(u — Tpu, wh) < CRFY2||ul| yess.
whEZy HwhHHl

4 Numerical tests

In this section, we report some results of numerical experiments on the Q41 k-Q¥ kx+1€lement
for the stationary Stokes equations (2.1) on the unit square Q = [0,1]2. 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 the unit square.

We choose an exact solution for the Stokes equations (2.1):

u=curlg, p=Ag. (4.1)
Here
g=2%" —2*)?(y* — ).
So we can compute the right hand side function f for (2.1) as
f=—Acurlg+ VAg. (4.2)

We note that, unlike [25, 14], we intentionally choose a non-symmetric solution so that no
ultraconvergence would happen, which does not exist in general. The solution p is plotted in
Figure 4.
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(00,00, 17.578)

(0.0, 1.0)

(10,10, -13.046)

Figure 4: The solution p (the errors are shown in Figure 5.)

We compute the Stokes solution on refined grids, cf. Figure 2, by the divergence Q1 x-

Q. k+1element (2.3) and by the rotated Bernardi-Raugel element [5, 9, 17]:

VIR = {v, € COO?* N HG(Q)? | Vil € Qi1 X Quis1 VK € Th},
PP = {qn € L{(Q) | anlx € Qr—1} -

Following the analysis in [14], the stability of the rotated Bernardi-Raugel element would be
proved. For the rotated Bernardi-Raugel element, the system of finite element equations is
solved by the Uzawa iterative method, cf. [9, 17, 13]. The stop criterion is the difference
|p,(ln) — p,(lnfl)| < 1075, We list the number of Uzawa iterations in the data tables by #Uz.
Here the interpolation operators are standard Lagrange nodal interpolations [11].

Table 1: The errors e, = u — Iyu and €, = p — py for (4.1).

P P I Y PR
Qr+1,k-Qr k+1divergence-free element, k = 1 #it
2| 0.264345 1.341770 5.965379 4
310102329 1.4 | 0.795594 0.8 | 1.896372 1.7 4
4 10.026839 1.9 | 0.219469 1.9 | 0.481076 2.0 3
5 0.006773 2.0 | 0.055901 2.0 | 0.120363 2.0 3
6 | 0.001697 2.0 | 0.014035 2.0 | 0.030083 2.0 3
71 0.000424 2.0 | 0.003512 2.0 | 0.007520 2.0 3
rotated Bernardi-Raugel element (4.3) #Uz
2| 0.570990 3.531380 7.497615 29
3| 0.244967 1.2 | 3.028368 0.2 | 6.943183 0.1 65
41 0.074335 1.7 | 1.797533 0.8 | 3.300598 1.1 | 136
51 0.019849 1.9 | 0.946426 0.9 | 1.575390 1.1 | 297
6 | 0.005080 2.0 | 0.481087 1.0 | 0.762341 1.0 | 330
710.001281 2.0 | 0.241916 1.0 | 0.373990 1.0 | 204

For the Q41 x-Qk k+1divergence-free element, the pressure does not enter into computation,
but is obtained as a byproduct, because P, = div V},. The resulting linear system of Q41 x-
Qg k+1divergence-free element equations can be formulated as symmetric positive definite.
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Then the iterated penalty method [13, 25] can be applied to obtain the divergence-free finite
element solution for the velocity, and a byproduct p, = divwy for the pressure. In our
computation, the iterated penalty parameter is 2000. The stop criterion is the divergence
|| div ugn) lo < 107°. The number of iterated penalty iterations is also listed as #it in the data
tables.

In Table 1, we list the errors in various norms for the Q11 x-Qx r+1divergence-free element
and for the rotated Bernardi-Raugel element, for £ = 1. It is clear that the order of convergence
is 2, one order higher than that of latter. We note that the convergence order is only 2 for
Q2,1-Q1,2 divergence-free elements in L?-norm, i.e., no L?-superconvergence. But we do see
L?-superconvergence for k > 1 next.

Table 2: The errors e, = u — Iu and €, = p — py for (4.1).

lenlez h" | lenlmr P" | lenlle "
Qr41,k-Qk k+1divergence-free element, k = 2 #it
1] 0.322530 0.0 | 1.580066 0.0 | 3.546405 0.0 3
2 10.071851 2.2 ] 0.699614 1.2 | 1.010498 1.8 4
3 1 0.005510 3.7 | 0.089611 3.0 | 0.131816 2.9 3
4 1 0.000355 4.0 | 0.010471 3.1 | 0.015587 3.1 3
51 0.000022 4.0 | 0.001280 3.0 | 0.001904 3.0 3
6 | 0.000001 4.0 | 0.000159 3.0 | 0.000236 3.0 3
7 | 0.000000 4.0 | 0.000020 3.0 [ 0.000029 3.0 3
rotated Bernardi-Raugel element (4.3) #Uz
1] 0.645475 0.0 | 4.250791 0.0 | 1.143688 0.0 27
2 10.191342 1.8 | 2.518701 0.8 | 5.499136 — 67
310.025892 29| 0.673622 1.9 | 1.621194 1.8 | 100
4 10.003307 3.0 | 0.172036 2.0 | 0.441596 1.9 | 156
51 0.000419 3.0 | 0.043543 2.0 | 0.113029 2.0 | 266
6 | 0.000053 3.0 | 0.010954 2.0 | 0.028424 2.0 | 130
7 | 0.000007 3.0 | 0.002747 2.0 | 0.007117 2.0 | 101

In Table 2, we list the computation results for k = 2 elements. Again, the divergence-free
element is one order higher than the rotated Bernardi-Raugel element. To show the difference
in the two elements, we plot the errors by two elements on level 4 grid in Figure 5. One
can see the advantage of the divergence-free element, which fully utilizes the approximation
power of up by lifting the pressure polynomial degree. Of course, another advantage is the
divergence-free solution after such a lift. We finally report the results for £ = 3 in Table 3.
All numerical results confirm the theory, and also show the sharpness of the superconvergence
analysis.

Finally, we test the two-order superconvergence in Theorem 3.2. We choose a symmetric
function as the exact solution of the Stokes equations (2.1):

u=curlg, g=2%u—22>%@y-1y?> (4.4)

Comparing to the data in Table 3, we can see, in Table 4, that the velocity does converge with
another order higher than the optimal order. This is predicted in (3.32). Here the order of
convergence for the pressure is the same as that in Table 3. It indicates that the analysis in
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(00,00, 0.203)

(0.0,1.0)

(10,10, -0.109)
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(10,10, -0.627)

Figure 5: The errors of p;, for the divergence-free (top) and BR elements.

Theorem 3.1 is sharp. Here we have an order-two superconvergence in L?-norm too, for the
velocity. But this is not proved in this manuscript.
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