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Abstract

A two-grid scheme based on mixed finite-element approximations to
the incompressible Navier-Stokes equations is introduced and analyzed.
In the first level the standard mixed finite-element approximation over
a coarse mesh is computed. In the second level the approximation is
postprocessed by solving a discrete Oseen-type problem on a finer mesh.
The two-level method is optimal in the sense that, when a suitable value
of the coarse mesh diameter is chosen, it has the rate of convergence of the
standard mixed finite-element method over the fine mesh. Alternatively,
it can be seen as a postprocessed method in which the rate of convergence
is increased by one unit with respect to the coarse mesh. The analysis
takes into account the loss of regularity at initial time of the solution of the
Navier-Stokes equations in absence of nonlocal compatibility conditions.
Some numerical experiments are shown.

1 Introduction
We consider the incompressible Navier—Stokes equations
u —vAu+ (u-Viu+Vp = f, (1)
div(u) = 0,

in a bounded domain Q C R? (d = 2,3) with a smooth boundary subject to
homogeneous Dirichlet boundary conditions v = 0 on Q. In (), u is the
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velocity field, p the pressure, v > 0 the diffusion coefficient and f a given force
field.

In this paper we study the following two-grid mixed finite-element method
for the spatial discretization of the above equations. First, for the solution (u, p)
of the fully nonlinear Navier-Stokes equations ([IJ) corresponding to a given initial
condition

u(-,O) = Uo, (2)

the mixed finite-element approximation (ug,pg) over a coarse mesh of diameter
H is computed. Then, for any time ¢ > 0, the postprocessed approximation
(T, pr) is obtained as the mixed finite-element approximation over a finer mesh
(h < H) to the following steady Oseen-type problem:

_VAﬂ+(uH(t)-V)ﬂ+Vﬁ—f_%UH(ﬂ} in Q
div(@) = 0 7 (3)
o = 0, on (9(2

In this paper we prove that, in terms of the fine mesh diameter h, this two-
grid technique is of optimal order in the sense that, for appropriate choices
of the coarse mesh diameter H, the method has the same rate of convergence
of standard mixed finite element approximations in the fine mesh. On the
other hand, for a suitable value of the discretization parameter h, the rate of
convergence of the postprocessed approximation in terms of H increases by
one unit the rate of convergence of the coarse standard approximation. The
improvement in precision is achieved in both the H' norm for the velocity
and the L? norm for the pressure in the case of linear, quadratic and cubic
elements. For other than linear elements the rate of convergence in the L? norm
of the velocity is also increased by one unit. We remark that time evolution is
performed only at the coarse mesh whereas at the fine grid the time appears
only as a parameter (see equation (B))), thus the name of static two-grid method.

Two-grid or two-level methods are a well established technique for nonlinear
steady problems, see [34]. In [25], [26] several two-level methods are considered
to approximate the steady Navier-Stokes equations. They require solving a
nonlinear system over a coarse mesh and, depending on the algorithm chosen,
one Stokes problem, one linear Oseen problem or one Newton step over the fine
mesh. The corresponding algorithms obtain the optimal rate of convergence in
the fine mesh for appropriate choices of the coarse mesh diameter H.

In the case of nonlinear evolutionary equations, two-grid techniques have
been proposed and studied in [I], [22], [24], [14]. In these methods, as opposed
to the method studied in the present paper, time evolution is also performed over
the fine mesh. The advantage of the method studied in the present paper is that
since the time integration is only carried out on the coarse mesh, computations
on the fine grid can be done at selected target time levels where an improved
approximation is desired, with the corresponding reduction of computing time,
specially if these target time levels are sufficiently spaced in time. For this



reason, although some of the two-grid methods that incorporate the evolution
in time of the fine mesh approximation are more accurate, the method we present
can still be more efficient in terms of computational effort for a given error level.

Two-grid techniques that integrate in time only on the coarse level have
previously been developed in [16], [I7] (see also [27]) for spectral methods, and
later extended to mixed finite-element formulations in [3], [4], [I0]. In all these
works the two grid method is referred to as postprocessed Galerkin method,
and, instead of (3], the approximation (@, pp) is found as an approximation to
the following Stokes problem

—vAU+Vp = f— Lupt) — (ug(t)  V)ug(t) 0 Q

div (@) ’ (4)

=0
u =0, on 0f).

—~

This two-grid method will be termed standard postprocessed method, to dif-
ferentiate it to that studied in the present paper, which will be termed new
postprocessed method. Both, the standard and the new postprocessed meth-
ods, have the same rate of convergence. However, as already noted in [12] for
nonlinear convection-diffusion problems, the new postprocessing technique pro-
duces more accurate approximations than the standard postprocessed method,
for moderate to small values of the diffusion parameter v. This will also be the
case in the numerical experiments in the present paper for moderate values of
the Reynolds number.

In the present paper we take into account the loss of regularity suffered by
the solutions of the Navier-Stokes equations at the initial time in the absence
of nonlocal compatibility conditions. Thus, for the analysis, we do not assume
the solution u to have more than second-order spatial derivatives bounded in
L? up to initial time ¢ = 0, since demanding further regularity requires the data
to satisfy nonlocal compatibility conditions unlikely to be fulfilled in practical
situations [19], [20]. Due to the loss of regularity at ¢ = 0, the best error bound
that we can obtain is O(H?®|log(H)|). For this reason we do not analyze higher
than cubic finite elements. The same limit in the rate of convergence was found
in [20] for standard mixed finite-element approximations and in [10], [I4] for
two-grid schemes.

In practice, any method to numerically solve evolutionary equations needs
of some time discretization procedure. For brevity reasons, we have preferred to
present the method in a semidiscrete manner without reference to any particular
time discretization. However, we emphasize that being static, the method we
present can be applied exactly in the same form, with any time discretization.
The analysis of fully discrete procedures can be developed along the same lines
that appear in [11], [13].

The rest of the paper is as follows. In Section 2 we introduce some prelim-
inaries and notation. In Section 3 we carry out the error analysis of the new
method. Finally, some numerical experiments are shown in the last section.



2 Preliminaries and notations

We will assume that Q is a bounded domain in R, d = 2,3, of class C™, for
m > 2. When dealing with linear elements (r = 2 below)  may also be a
convex polygonal or polyhedral domain. We consider the Hilbert spaces

H={ue L*©)*|div(u) =0, u-n|,, =0},
V ={ue Hj(0)*|div(u) =0},

endowed with the inner product of L?(®)? and H}(®)?, respectively. For [ > 0
integer and 1 < ¢ < oo, we consider the standard spaces, W4(2)¢, of functions
with derivatives up to order [ in L%(Q2), and H'(Q)? = WH2(Q)L. We will
denote by || - [|; the norm in H'(2)4, and || - | _; will represent the norm of its
dual space. We consider also the quotient spaces H'(Q2)/R with norm ||p|| i /g =
inf{||p+cll; | ¢c € R}.

We recall the following Sobolev’s imbeddings [2]: For ¢ € [1, 00), there exists
a constant C' = C(£, q) such that

1
ol < Cllvlwes, =

>0, g<oo, veW>()L (5)

|
Ul @

For ¢’ = oo, (@) holds with % <3
The following inf-sup condition is satisfied (see [I8]), there exists a constant
8 > 0 such that
in sup _@V-v) > B. (6)
a€L?(Q)/R ye g3 (Q)e [vll1llgllpe /=
Let I : L?(0)¢ — H be the L?(®)? projection onto H. We denote by A
the Stokes operator on @:
A:DA CH-—H, A=-IIA, D(A)=H*)nV.
We shall assume that u is a strong solution up to time t = T', so that
[u(®)lr < My, u(@)]z <Mz, 0<t<T, (7)

fgr some constants M7 and Ms. We shall also assume that there exists a constant
M5 such that 5
£l + [ felln + (| feell < M2, 0<t<T. (8)

Finally, we shall assume that for some k& > 2
k)2 [(k—2)/2] _
sup |0 + sup 1§ <40,
ogthH ¢ f||k—1—2Lk/2J jgo 0e ETH tf||k—2]—2

so that, according to Theorems 2.4 and 2.5 in [19], there exist positive constants
My, and K}, such that the following bounds hold:

()l + e ()2 + [P | r-1 . < Mar ()2,

(9)

t
/0 or-3(5) (Ilu(s) Ik + lus()i—a + Ip(3) [ F7x-1 /g + [IPs ()] Fs-s ) ds < K, (10)



where 7(t) = min(t,1) and o,, = e~ *=*)7"(s) for some a > 0. Observe that
for t <T < oo, we can take 7(¢t) = t and o0, (s) = s". For simplicity, we will
take these values of 7 and o,,.

Let T = (7, ¢)icr,, h > 0 be a family of partitions of suitable domains
Qpn, where h is the maximum diameter of the elements Tih € Th, and (b? are the
mappings of the reference simplex 7y onto 7/*.

Let r > 2, we consider the finite-element spaces
Shr = {xn €C(On) Dxnlp 0l € P (m) } € HY(On), S1, = Sn,NH (D),

where P"~1(79) denotes the space of polynomials of degree at most 7 — 1 on 7.
We shall denote by (X}, Qn,r—1) the so-called Hood—Taylor element [7] 21],
when r > 3, where

d
Xnr=(,)" Qnr—1=>Snr—1NL*(Dn)/R, r>3,

and the so-called mini-element [8] when 7 = 2, where Qp.1 = Sh.2 N L?(D1)/R,
and Xp o = (5272)0169183;1. Here, By, is spanned by the bubble functions b, 7 € Ty,
defined by b, (z) = (d 4+ 1)\ (z) - - - Ag11(2), if 2 € 7 and 0 elsewhere, where
A1(z), ..., Agy1(x) denote the barycentric coordinates of x. For these elements
a uniform inf-sup condition is satisfied (see [7]), that is, there exists a constant
B > 0 independent of the mesh grid size h such that

. (qhu v . Uh)
inf sup T =
0 €Qnr—1 vpeXy,, [vnll1llanllre/m

(11)

The approximate velocity belongs to the discrete divergence-free space

Vi = Xnr 0 {xn € Hy (D) | (qn, V- xn) =0 Vg € Qnr-1}

which is not a subspace of V.

Let (u,p) € (HX(Q)1NV) x (H(2)/R) be the solution of a Stokes problem
with right-hand side g, we will denote by s;, = Sp(u) € V3, the so-called Stokes
projection (see [20]) defined as the velocity component of the solution of the
following problem: find (s, gn) € (Xh,r, Qn,r—1) such that

V(VSh, V¢h) + (tha Qbh) = (ga ¢h) V¢h S Xh,?“; (12)
(V- sn,¥n) =0 Vi € Qnyr—1- (13)

The following bound holds for 2 <[ < r:
lw = snllo + hllu— snll < Ch!(lull + pll -1 =) (14)

The proof of ([[d) for @ = Qp, can be found in [20]. The bound for the pressure
is [18]
lp = anllzz/z < Cah'™" (llully + lIpll z-1/%), (15)

where the constant Cz depends on the constant 5 in the inf-sup condition (IT).



We consider the semi-discrete finite-element approximation (ug, pr) to (u, p),
solution of (I)—([). That is, given ug(0) = Hyug, we compute ug(t) € Xg ,
and py(t) € Qur—1, t € (0,T], satisfying

(tr, ¢u) +v(Vun,Vou) + b(um, un, ou) + (Vpu,on) = (f,0n) Voéu € Xu,,
(16)
(V-ug, ) =0 VY € Qur-1,
(17)
where b(u,v,w) = ((u- V)v+ £(V - u)v,w) for any u,v,w € Hj(Q)%.

For 2 < r <5, provided that (I4)—(I3) hold for I < r, and ([@)—-(0) hold for
k = r, then we have

H’I‘
Jo(t) s (@) o + Hllu(t) —un(0) < Ol 0<1<T, (18)
(see, e.g., [10, 19, 20]), and also,
Hrfl
lp(t) —pH(t)HL?/JR < CW’ 0<t<T, (19)

where ' =rifr<4andr’' =r+1ifr =5.

3 The new postprocessed method

The postprocessing technique we propose is a two-level or two-grid method. In
the first level, we choose a coarse mesh of size H and compute the mixed finite-
element approximation (ug,pm) to (u,p) defined by ([I6)-(I7). In the second
level, the discrete velocity and pressure (ug(t),pm(t)) are postprocessed by
solving the following linear Oseen problem: find (4 (t), pr(t)) € (Xn,r, Qnr—1)
h < H, satisfying for all ¢, € X} and ¥, € Qp,r—1

v(Van(t), on) + (uu (t) - V)un(t), ¢n) + (Vpu(t), ¢on) = (f(t) — i (t), ¢n), (20)
(V-an(t),yn) = 0. (21)

Equations (20)-(21]) can also be solved over a higher order mixed finite-element
space over the same grid. For simplicity in the exposition we will only consider
the case in which we refine the mesh at the postprocessing step.

Let us observe that projecting equation (20) over the discretely-free space
Vi, and avoiding for simplicity the dependence on ¢ in the notation, we get
that @y € V. satisfies

v(Vip,vp) + (ug - V)an,vn) = (f — 4o, én),  Yon € Vi (22)

We now prove that equation ([22)) is well-posed, i.e., for H small enough there
exists a unique function @y, € Vj, , solving ([22)). Let us denote by B¥ the bilinear
form defined by

BH(uh, vh) = V(Vuh, Vvh) + ((uH . V)uh,vh), Up, Vp € th. (23)



We proceed to show that B* is coercive which implies that there exists a unique
function @y, € V3, satisfying [22]). Let us also observe that once a unique 4y,
is found, using the inf-sup condition (1) one easily obtains the existence and

uniqueness of the pair (i, pp) satisfying (20)-(21)).

Lemma 1 Let By be the bilinear form defined in (23). Then, there exists a
constant C' such that for t > 0 the following bound holds:

r—1+4y

H
H
’B (’Uh,’Uh)’ > (V—CW

) lonlZ, Von € Vir, (24)

where v = 1/2 if the dimension d is d =2, and vy =1/4 if d = 3.

Proof To prove the coercivity of BH we follow [25, p. 2042]. Let us first
observe that for any vy, € Vj,

1
B (v, vp) = v||Vun||3 — §(V “UH, VR - Uh).

Let qg be the L? orthogonal projection of vy, - v, over Qg »—1, so that applying
standard finite-element theory [9] and interpolation theory on Hilbert spaces (see
e g. [31, g 112] we have ||’Uh CUp — QH||L2(Q)/R < CH" ||’Uh ~vh||7, for v € (0, 1]
Taking into account that the velocity u satisfies V - u = 0 then

B (v, v1) = v||Vun||2 — %(V (ug —u),vp - v — qH). (25)
And then
(V- (um —u),on - vn — qu)| < Cllug — ull1l|vn - vn — qullL2Q) k-
Following [25] p. 2042] we get
[on - vally < Clloall?, (26)

where y =1/2if d =2, and vy = 1/4 if d = 3. Using [26]) together with (I8]) we
get,

r—1

H
(V- (ug —u),vn - vn — qm)| < CWH’YHUIIH%-

Finally, going back to (25) we reach (24)). O

Let us observe that, for ¢ > 0 and H < (t"=2)/2y/C)}/("=1+7) a5 a consequence
of Lemmal Il there exists a unique @, € V;,, satisfying (22]).

We introduce now a linearized problem that will be used in the proof of
Theorem 1 where we state the rate of convergence of the new method. Let u
be the velocity in the solution (u,p) of [)-([2). We will denote by (v,j) the
solution of the following linearized problem

—vAv+ (u-Vv+Vj = d (27)
diviv) = 0



in the domain €2 subject to homogeneous Dirichlet boundary conditions. Let us
observe that since the divergence of u is zero the bilinear form:

B(v,w) =v(Vu,Vw) + ((u- V)v,w), v,weV.

associated to this problem is continuous and coercive. Since the solution v € V'
of [27) satisfies
B(v,w) = (d,w), YweV

by the Lax-Milgram theorem there exists a unique solution v. Due to (@) there
exists also a unique pressure j.

We will assume in the sequel that both problem (27) and its dual problem
satisfy the regularity assumption

lvll2 + 71z @)r < Clld]lo- (28)

The regularity assumption (28) can be proved by using the analogous regularity
of the Stokes problem and a bootstrap argument, see [25, Remark 2.1].

In the following lemma we state the rate of convergence of the mixed finite-
element approximation to the solution (v,j) of [27) defined as follows: find
(vn,Jn) € (Xn,r, Qn,r—1) such that

v(Vup, Vor) + ((w - Vvn, én) + (Vin, ¢n) = (d,¢n), Yén € Xn,r, (29)

(V-on, ) = 0, Von € Qn,r—1-(30)

Lemma 2 Let (v, j) be the solution of (27) and let (v, jn) be its mized finite-
element approximation. Then, the following bounds hold for 2 <1 <r

lv—=wnllo+hllo—wnlls < OB (Joll+ 1] m1-1/m) (31)
17 = dnllcee < CR=H (ol + 5l m-1/m) - (32)

Proof Let us denote by s, = Sp(v) the Stokes projection of v. More precisely,
(shyaqn) € (Xn,r, Qn.r—1) will be the solution of (I2)-(I3) with right-hand-side
g=d— (u-V)v. Let us denote by e, = sp, — vj,. Then, from (29) and (I2) we
get,

v(Vep, V) + (u-Vep,wp) = (- V) (sp, —v),wp), Ywp € Viee  (33)
Taking wy, = ey, in B3) and using (@) we get
vllenllt < Cllull p2as@nllsn = vliillenll2a < Cllullijalisn = vlillenlls,
so that
lenlls < Clisn — vl (34)

Since ||[v — vpll1 < ||lv — sull1 + llen]l1 applying (Id) we conclude hljv — vg |1
is bounded by the righ-hand side of [BI). The bound B2) for the pressure is



readily obtained by means of the auxiliary value kj, = g — jp. Subtracting (29)
from (BI)) and applying the inf-sup condition (1)) one easily gets

Bllknllz /e < vilenl + Cllullyyzllsn = vlh,

so that due to ([B4) and (I4) it follows that ||kp||z2/r is bounded by the right-
hand side of [B2). Since [|j — jnllr2/r <17 — anllrz/r + [[knllz2/r, applying (IH])
we finally prove ([32]).

We are left with the task of proving the bound for the L? norm of the error
in the velocity. We will argue by duality. Let us observe that

lenllo=  sup P (35)
pEL2 ©#0 llello

Let us fix ¢ € L? and let us denote by (w, k) the solution of the linearized dual
problem

—vAw — (u-V)w+ Vk = ¢, :
div(w) =0, } in €, (36)
u =0, on 0f).

As stated before we assume that this problem satisfies the regularity assump-
tion (28]), so that
[wllz + 1kl @) /m < Cliello- (37)

We will denote by (wp, kn) € (Xn,r, @Qn,r—1) the mixed finite-element approxi-
mations to (w, k). Reasoning exactly as before and applying ([B7) we obtain

lw—wnlls < Ch(wll2+ [kl /=) < Chllello, (38)
Ik —kallze < Ch(lwlle+ [kl z) < Chliglo. (39)
Integrating by parts we reach
(en,) = v(Ven,Vw)+ ((u-Vep,w) — ((V -en), k)

= v(Ven, Vw—wp))+ (v Vep,w—wp) — ((V-en), k —kp)
+v(Vep, Vwp) + ((u - V)ep, wp).

And then, applying (38) and ([B9) we reach

l(en, 0)l < Cvlenllibllello + Cllullizllenllihllello + CllenlliChwllo
+v(Ven, Vwp) + ((u - V)ep, wy)|. (40)

Then, to conclude, it only remains to bound |v(Vey, Vwy) + ((u - V)ep, wr)|
which by (B3)) is equal to |((u - V)(sn — v),ws)|. Let us decompose

[((w- V) (sn = v),wn)| < |[((w-V)(sn —v),wn —w)| + [((u- V)(sn —v), w)|.
Then, integrating by parts in the last term

[((w- V) (sn = v),wn)| < Cllulliyzllsn = vllillwn = wlly +[((u - V)w, sn = v)],



and the bound for the first term on the right hand side above concludes by
applying (I4)) and (B8). Finally, since

|((u- V)w, s, = v)| < Cllull 24/ [[Vw|[p2a]|sn — v]o-
Applying Sobolev inequality (B) together with (B7) and ([4]) we reach
|((u- V)w, sn = )| < Cllullizlielloh’ (1ol + 15l m-1/z)
so that the proof is finished. O

We now state some results that will be use to get the rate of convergence of the
new postprocessed method. The proof of the following lemma can be found in
[15, Lemma 4] for the case r = 2 and in [I0, Lemma 5.1] for r = 3, 4.

Lemma 3 Let (u,p) be the solution of (I)—(2) and let uy be the mized finite-
element approzimation to w. Then, there exists a positive constant C such that

C ,
lue(®) ~ i (®l1 < o H Nlog(H)[”, £ € (0.7), v =2,3,4, (41)

_ , c
AT T (w(t) = i () o < sy B log(D)], 1€ (0,T], =34, (42)

where v’ = 2 when r = 2 and ' = 1 otherwise.
The proof of the following lemma can be found in [10, p. 226].

Lemma 4 Let (u,p) be the solution of (I)—([2) and let ugy be the mized finite-
element approzimation to u. Then, there exists a positive constant C such that

c
lu(t) —up@)||-1 < WHTH [log(H)|, t € (0,T], r=3,4. (43)

We end this section with a theorem that states the rate of convergence of the
new postprocessed method.

Theorem 1 Let (u,p) be the solution of M)—@) and for r = 2, 3,4 let (@)—(Q)
hold with k = r 4+ 2. Then, there exist a positive constant C such that the
new postprocessed approximation (Un(t), pr(t)) defined by (20)-(Z1) satisfies the
following bounds for t € (0,T] and H small enough:

- C
u(t) —an(®)]1 < Ch+ mH2| log(H)|?, r=2, (44)
~ ¢ r—j ¢ r+1—j ;
[u(t) —an@®)ll; < prosyye LU e sy o |log(H)|, j =0,1, r = 3,{45)
~ c r— c r r’
Ip(t) = Pr)lz2/r < Wh T4+ WH |log(H)[", r=2,3,4, (46)

where v’ =2 for r =2 and ' = 1 otherwise.

10



Proof Let us consider the linearized problem (27) with right hand side d =
f — us. Then, the solution (v, j) of ([21)) is the solution (u,p) of (I)—([). Let us
denote by (vp,jn) its mixed finite-element approximation, that is the solution
of 29)—-(30). This approximation satisfy the error bounds (31l and (32)) for I = r.
Let us decompose u — @iy, = (u—vp) + (vp, —@p) and p—pp, = (p—jn) + (Jn — Pn)-
To bound the first terms in these two decompositions we will apply BI) and
32). In the rest of the proof we deal with the other two terms.

Let us denote by e, = v, — 4p. Subtracting (20) from (29)) it is easy to see
that ej, satisfies

v(Ven, Voén) + ((ug - V)en, o) = (g — ug, on) + ((ug —u) - V)on, ¢n),

for all ¢y, € V}, . Taking ¢, = e;, in the above equation and applying ([24) we
get that for H < (t("=2)/2y/C)Y/("=1%7) there exists a constant C' such that

lenlls < C(llue = amll-1 + lua — ullllon — ully + luz — ullollulla/2),
and applying (1)) from Lemma 3 ({I8]) and (BI]) we get

c . . C
||eh||1§WH |log(H)] Ry

from which ([@4) and the case j = 1 in ({@H]) are concluded.
We now get the error bound for the pressure. Let us denote r, = jn, — pn-
Subtracting (20) from 29)) and using () it is easy to obtain

(hH™ "+ H"), (47)

Bllrallze/e - < vllenlls + Clluslly2llenlly + [l — unll -
+Cllum — ullallon = ully + Cllum —ullollulls/2,
from which we get {6) applying (@T), ) from Lemma[3 ({I8) and @II).

To conclude we get the error bound for the velocity in the L? norm. We
will argue as in the proof of Lemma [ that is, recalling ([BH), for ¢ € L?()
we consider the solution (w, k) of ([B4]), so that [@0) holds, and we are left to
estimate |v(Vep, V) + ((u - V)ep,wy)|. Tt is easy to see that

v(Vep, Vwp) + (- V)ep, wr) = (b — u, wr) + ((wg — uw) - V), wy). (48)
Let us now bound the two terms on the right hand side of ([@8]). For the first
one, using [B7) and (B8)) we get

(dg —u,wp) = (bg —ug, wp, —w) + (g — ug, w)
i — el 1w — wlly + AT (i — u) ol Awllo
Cllis = uell -1kl ello + CIIAT I (s — ur)lfoll#llo.

IAIA

Applying now [@I) and [@2)) we have that (1 —uy, wy,) is O(H™| log(H)|/(t("=1)/2)

for r = 3,4. Finally, we will bound the second term on the right hand side of
#8). To this end we decompose

(g —u) - V)in, wn) (g —u) - V)(@n —w),wn) + (((ua — ) - V)u,wp)

<
< CHllan — ullillello + (((ur —u) - V)u, w),

11

Cllurr = ullj2llan = ullillwally + (((war — ) - V)u, wp)



where in the last inequality we have applied (I8) and we have bounded |Jwp||1 <
Clw|1 < C|l¢llo- Then, to conclude, it only remains to bound (((ug — ) -
V)u,wp). Adding and subtracting w we get

((urr —u) - Vywywn) = ((ugr —u) - Vyuyewp —w) + (((ug —w) - V), w)

< Cllug = ullollulls/2llwn — wlly + Cllug — ul|-1]|Vu - w]ly
< Cllug = ullohllpllo + Cllur — ul|—1[lull2]|wl|2
< Cllun —ullohllello + Cllum — ull-1ll¢llo,

where we have applied [87)). To conclude we apply ([I8) and Lemma [4 O

Remark 1 We observe from Theorem [I] that the postprocessed method in-
creases the rate of convergence of the Galerkin method in one unit in terms
of H, the size of the coarse mesh. In the case of linear elements the improve-
ment is only achieved in the H' norm of the velocity but it is not obtained
in the L? norm. Analogous results had been obtained for the standard post-
processing in the linear case, see [3], [I5]. Let us also observe that a correct
selection of the coarse and fine mesh diameters gives for the new postprocessed
method the same rate of convergence than the Galerkin method over the fine
mesh, although, of course, with different constants in the error bounds. The
advantage of the method we propose is the saving in computational effort. For
the method we propose the time integration is performed using the standard
Galerkin method over the coarse mesh and only at the final time we solve one
linearized Oseen-type problem over the fine mesh. Let us observe that, for ex-
ample, the selection H = h'/? allows to get for the new postprocessed method
the rate of convergence of the fine mesh in the H' norm when using linear ele-
ments. The selection H = h%/3 allows to get the rate of convergence of the fine
mesh in the H' norm when using quadratic elements, the choice H = h3/* gives
the rate of convergence of the fine mesh in the L? norm also for quadratics and
SO on.

The reason why we have not carried out the error analysis for higher than
cubic finite elements is that, as in the papers [20] and [I0], due to the loss of
regularity at ¢ = 0 no better than O(H?®|log(H)|) error bounds can be proved.

4 Numerical experiments

We consider the Navier-Stokes equations (Il) in the domain £ = [0,1] x [0, 1]
subject to homogeneous Dirichlet boundary conditions. For the numerical ex-
periments of this section we approximate the equations using the mini-element
[8] over a regular triangulation of © induced by the set of nodes (i/N,j/N),
0 <i,57 < N, where N = 1/H is an integer. We study the spatially semi-
discrete case. Hence, in the time integration (with the trapezoidal rule) suffi-
ciently small time steps were taken so as to ensure that errors arising from the
spatial discretization were dominant. In the first experiment we take the forcing

12
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term f(t,z) such that the solution of ([{)-(2) with v = 0.05 is

u(z,y,t) = mwtsin®(rx)sin(2my),
u?(z,y,t) = —ntsin®(ry)sin(2rz),
p(z,y,t) = 20ta’y.

When using the mini-element it has been observed and reported in the literature
(see for instance [32], [33], [B] [23], [28] and [29]) that the linear part of the
approximation to the velocity, uﬁl, is a better approximation to the solution u
than wuy itself. The bubble part of the approximation is only introduced for
stability reasons and does not improve the approximation to the velocity and
pressure terms. For this reason in the numerical experiments of this section
we only consider the errors in the linear approximation to the velocity. Also,
following [3], we postprocess only the linear approximation to the velocity, i.e.,
we solve problem (20)-(2I]) substituting uy and g by uly; and il respectively.
The finite element space at the postprocessed step is the same mini-element
defined over a refined mesh of size h small enough to capture the asymptotic rate
of convergence in the fine grid. The coarse and fine mesh sizes in the experiments
are H =1/6, H =1/8 H = 1/10 and H = 1/20 and h = 1/20, h = 1/26,
h = 1/32 and h = 1/36 respectively. For the postprocessed approximation we
also keep only the linear part. We apply the postprocessing step only once at
time ¢ = 0.5. In Figure [Il we have represented the size of the Galerkin and

NS; t=0.5 NS; t=0.5

slope=-0.76
slope=-1.10
G..
* S R

Errors

TTT6_ slope=-2.10

“a
R

1H 1H

Figure 1: Galerkin (solid lines) and postprocessed (dashed lines) errors in L2
(asterisks) and H'! (circles) for H = 1/6, 1/8, 1/10 and 1/12 and h = 1/20,
1/26, 1/32 and 1/36 respectively. On the left, errors for the first component of
the velocity. On the right, L? errors for the pressure.

postprocessed errors with respect to the inverse of the coarse mesh size H. On
the left part of the picture we present the results corresponding to the first
component of the velocity. The results obtained for the second component of
the velocity are analogous. On the right part of the picture we present the
errors in the pressure. In both pictures, we have used solid line for the Galerkin

13



method and dashed line for the postprocessed method. The errors are measured
in both the H! norm and the L? norm. In the picture, they are represented
by circles (H! norm errors) and asterisks (L? norm errors). We can observe
on the left of Figure [I] that, in agreement with the theory, the postprocessed
method using the mini-element does not increase the rate of convergence in the
L? norm of the velocity although the size of the errors are reduced. In the
H' norm, however, also as predicted by the theory, the postprocessed method
does increase the order of convergence by one unit (indeed, the errors of the
postprocessed method in the H' norm are slightly smaller than those of the
Galerkin method in the L? norm). The same improvement is observed for the
L? errors of the pressure on the right of Figure [l This means that we can
obtain the level of error corresponding to the fine mesh at essentially the cost of
the computation in the coarse mesh because the computation on the fine mesh
is performed only once at time ¢ = 0.5. Then, the dominant computational cost
is caused by the time evolution in the coarse mesh saving time when compared
with the time evolution in the fine mesh that is needed in a standard approach.

0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1

Figure 2: First component of the velocity for the Galerkin method with v = 0.01
and H = 1/10.

In the next experiment we will show that the new postprocessed method
produces better results than both the Galerkin method and the standard post-
processed method (@]). We consider now equations ([l) with initial condition

u'(z,y,t) = —6sin(mz)? sin(ry)? cos(ry),

u?(z,y,t) = 6sin(rx)? sin(ry)? cos(nz),

and forcing term f = 0. We take first v = 0.01. In Figure[2lwe have represented
the linear part of the first component of the velocity for the Galerkin method
with H = 1/10 at time T' = 0.5. In FigureBlwe show the standard postprocessed
approximation with H = 1/10 and h = 1/30. We can observe that the standard
postprocessing introduces some oscillations that were not present in the Galerkin
approximation. These oscillations are not reduced with a smaller value of h.
Finally, in Figure [l we have represented the linear part of the first component

14
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Figure 3: First component of the velocity for the postprocessed method with
v=0.01, H=1/10 and h = 1/30.

Figure 4: First component of the velocity for the new postprocessed method
with » =0.01, H =1/10 and h = 1/30.

of the velocity for the new postprocessed approximation and the same values
of coarse and fine mesh sizes, H = 1/10 and h = 1/30. We observe that this
approximation does not oscillate at all and it improves the accuracy of both
Galerkin and standard postprocessed approximations.

In the last experiment we repeat the experiment with a smaller value of the
diffusion parameter, v = 0.005, and the same values of H and h as that of
the previous experiment. As it was already observed in the case of convection-
diffusion equations [12] the behavior of the standard postprocessed method de-
teriorates as the diffusion parameter decreases.

We can observe that both the Galerkin and the new postprocessed approxi-
mations, see Figures Bl and [1 respectively, do not present oscillations. As before,
we can also observe the smoothing effect achieved by postprocessing with the
new method proposed in this paper. On the other hand, the standard postpro-
cessed method produces a completely wrong approximation, see Figure[6l Let us
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Figure 5: First component of the velocity for the Galerkin method with v =
0.005 and H = 1/10.

L L \ L L L L L
0 0.1 0.2 03 0.4 05 0.6 0.7 08 0.9 1

Figure 6: First component of the velocity for the postprocessed method with
v =0.005, H =1/10 and h = 1/30.

remark that, as it has been noted before in the literature, see [6], [30], the bubble
functions used in the mini-element to generate a stable mixed finite-element sat-
isfying the inf-sup condition (II]) have also a slightly stabilizing (over-diffusive)
effect for moderate values of the Reynolds number. This fact explains the non-
oscillating behavior of the linear part of the approximation to the velocity in
the Galerkin method of Figure Bl We can also observe, see Figure [ that the
over-diffusive effect appearing in the Galerkin approximation of Figure [l is at-
tenuated by postprocessing with the new method.
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Figure 7: First component of the velocity for the new postprocessed method
with » = 0.005, H = 1/10 and h = 1/30.
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