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TWO-LEVEL ITERATION PENALTY AND
VARIATIONAL MULTISCALE METHOD FOR
STEADY INCOMPRESSIBLE FLOWS*
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Abstract In this paper, we study two-level iteration penalty and variational
multiscale method for the approximation of steady Navier-Stokes equations at
high Reynolds number. Comparing with classical penalty method, this new
method does not require very small penalty parameter €. Moreover, two-level
mesh method can save a large amount of CPU time. The error estimates in
H' norm for velocity and in L? norm for pressure are derived. Finally, two
numerical experiments are shown to support the efficiency of this new method.
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1. Introduction

It is well known that the steady incompressible flows are governed by the following
nonlinear Naveir-Stokes equations:

—pAu+ (u-V)u+Vp=f1f, inQ,
divu =0, in Q.

(1.1)

Here 2 C R? ia a bounded domain with Lipschitz continuous boundary 9. u =
(u1,u2) denotes the velocity vector of the flows, p the pressure and f = (f1, f2)
the body force vector. The constant p = 1/Re > 0 is the viscosity with Reynolds
number Re. The solenoidal condition div u = 0 means that the flows are incom-
pressible. For simplicity, in this paper, we consider the homogeneous Dirichlet
boundary conditions

u=0, on 0. (1.2)

There have a large amount of papers about searching the efficient algorithms to solve
the numerical solutions of the system (1.1)-(1.2). However, when Reynolds number
is very high, many algorithms do not work well. The reason is that Navier-Stokes
equations (1.1) are the domination of the convection in the case of high Reynolds
number and the incompressible flows become very unstable. Thus, it is a challenging
task for searching efficient algorithms to solve (1.1)-(1.2) at high Reynolds number.
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Usually, many stabilized methods are studied to overcome the difficulties from high
Reynolds number, such as Galerkin least square methods in [3,4, 11], residual-
free bubbles methods in [5, 6], large eddy simulation methods in [14, 23], subgrid
scale methods in [9, 18], the defect-correction method [16, 17,19, 22|, variational
multiscale (VMS) methods in [12,13,28,29]. In classical VMS method, the large
scales are defined by projections into appropriate finite element space on the same
mesh for the velocity deformation tensor. Recently, Zheng et al. studied a new
VMS scheme based on two local Gauss integrations in [28]. This new scheme avoids
constructing the projection operator, and does not add extra storage, and keeps the
same efficiency as the classical VMS method.

On the other hand, the velocity u and the pressure p in (1.1) are coupled by the
incompressible condition div u = 0, which makes the Navier-Stokes system being
difficult to solve numerically. A popular strategy to overcome this difficulty is to
relax the incompressible condition in an appropriate way and result in a pesudo-
compressible system, such as the penalty method and the artificial compressible
method [25]. For penalty finite element method based on Taylor-Hood finite ele-
ment pair, if we suppose the solution (u,p) € H?(Q) x H?(Q), then the penalty
parameter ¢ is required to satisfy e = O(h?) so that the convergence rates are op-
timal. However, in this case, the condition number of the numerical discretization
for the penalty finite element method is O(e~'h~2), which result in a very ill-
conditioned problem when mesh size h tends to zero. In order to avoid the choice
of very small penalty parameter, Cheng & Abdul [1] studied the iteration penalty
method which can be viewed as the time discretization of the artificial compressible
method and also has been simply discussed for time-dependent Navier-Stokes equa-
tions by Shen [24]. From the error estimates for iteration penalty finite element
method, the penalty parameter ¢ and mesh size h only satisfy ¢¥ = O(h?) with
iteration number £ € N*. Thus for any € < 1, the optimal convergence rates can
21n|h|
In|e]
that the iteration penalty method has been applied to Navier-Stokes equations with
friction boundary conditions by Dai et al. [2] for one-level method and Li & An [20]
for two-level method.

reach if and only if the iteration number k satisfies k > | ] + 1. We also note

In this paper, we combine the iteration penalty method and VMS method based
on two local Gauss integrations with two-level discretization technique to solve the
numerical solutions of the system (1.1)-(1.2) at high Reynolds number. Two-level
discretizaion technique has become a powerful tool in solving nonlinear partial d-
ifferential equations. The basic idea is to capture ”large eddies” by computing the
initial approximation on the coarse mesh. and then to obtain the fine approxima-
tion by solving a linearized problem corresponding to nonlinear partial differential
equations on the fine mesh. More details can be referred to the work of Xu [26,27].
The two-level methods studied in this paper can be described as follows. In the first
step, we solve Navier-Stokes system (1.1)-(1.2) by classical penalty method on the
coarse mesh with mesh size H. In the second step, we solve Navier-Stokes system by
iteration penalty method and VMS method on the coarse mesh. In the third step,
we solve a linearized Navier-Stokes problem corresponding to Newton iteration by
iteration penalty method on the fine mesh.
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2. Preliminaries

In this paper, we use the standard notations H'(Q) and || - ||; with [ € N to de-
note the Sobolev spaces and the Sobolev norms. Especially for [ = 0, we denote
L?(Q) and || - || instead of H°(Q) and || - ||o, respectively. We also use the boldface
type notations H'(Q) and L?*(Q) to denote the vector Sobolev spaces H'(Q)? and
L?(9Q)2, respectively. The symbol ¢ always denotes some positive constant which is
independent of p and the mesh parameter h, H and the stable parameter o below,
and may be a different constant even in the same formulation. In addition, we will
use A < B to denote A < ¢B for some generic positive constant.
Introduce the following function spaces frequently used in this paper:

V=H}Q), M=L}0)={qe L*Q): / qdr = 0}.
Q
The norm in V is equipped by
lvlly = (/ Vv[2de)/2, VveV.
Q

It follows from Poincaré inequality that || - ||y is equivalent to || - ||1.

For the mathematical setting of the system (1.1)-(1.2), we introduce the follow-
ing continuous bilinear forms a(-,-) and d(-,-) on V x V and V x M, respectively,
by

a(u,v) = u/ Vu:Vvde, VuveV,
Q
d(v,q) = / qdiv vdx, YveV,qge M,
Q
and a trilinear form on V x V x V by

1
b(u,v,w) = / (u-V)v-wdz + 3 / (div u)v - wdx
Q Q

1 1
:f/(u-V)v-wdx—7/(u-V)w-vdx7 Vu,v,weV.
2 Ja 2 Ja

It is obvious that
b(u,v,w) = =b(u,w,v), Vuv,wevV. (2.1)
Moreover, b(u, v, w) satisfies the following inequalities:
b(u, v,w) < Nl[ullv[[v][v[[wllv, Vuv,weV,
b(u,v,w) < Nlully[|v][2||w]l, ¥ueV,veH*(Q),weL*Q),

where N > 0 depends only on (2.
Under the above notations, for given f € L*(), the variational formulation of
(1.1)-(1.2) reads as follows: find (u,p) € V x M such that for all (v,q) € V.x M

a(u,v) +bu,u,v) —d(v,p) = (f,v),

(2.4)
d(u,q) =0.
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If we introduce a generalized bilinear form on (V, M) x (V, M) defined by
B(u,p;v,q) = a(u,v) —d(v,p) +d(u,g),
then the problem (2.4) can be rewritten as
B(u,p ;v,q)+b(u,u,v) = (f,v). (2.5)
We recall the classical existence and uniqueness result [25] of the solution to the
problem (2.5) .
Theorem 2.1. Assume that p and f satisfy the following uniqueness condition:

202Nl <1, (2.6)
then the problem (2.5) exists a unique solution (u,p) € V x M satisfying

< inm. (2.7)

3. Iteration penalty and VMS methods

As mentioned in Section 1, the standard Galerkin finite element methods do not
work well for the system (1.1)-(1.2) at high Reynolds number. In this section,
we will give the VMS finite element approximation based on the iteration penalty
method. Let 7j be a family of quasi-uniform triangular partition of  into triangles
of diameter not greater than 0 < h < 1. Let P.(K) be the space of the polynomials
on K € Ty, of degree at most r. Define the finite element subspaces of V and M,
respectively, by

Wh:{Vh S C(Q), Vth GPQ(K), VKGE}, V,=W,NV,
Mh,:{qh 60(6)7 qh'K epl(K)a VKEE}QM

Then the following discrete inf-sup condition holds, i.e., there exists some posi-
tive constant 8 > 0 such that

d(wh,
Bllgnll < sup GLWn.0n) (3.1)

wrEV) ||Wh||V .

In order to obtain the error estimates, we denote R; and Qj the L? orthogonal
projections onto Vj, and My, respectively, which satisfy

||[v — Ryv|| + h||v — Ryv|ly SRV, YoeB*(Q)NV,i=1,23, (3.2)

llg — Quall SH|lgll;, ¥V qe HY(Q)NM,j=0,1,2. (3.3)
Following [15,18], the classical VMS method relies on the choice of the scale space

L, C L = L*(Q)?*2, where L, = Ro(Q)?*? with Ro(Q) = {v, € L*(Q), wn|x €

Py(Q), ¥V K € T}, and the stable parameter « < 1. Then the classical VMS
method for (2.4) reads as follows: find (up,pr) € Vi, x My and g, € Ly, such that

(1 + a)a(up, vi) — a(gy,, Vvi) + b(up, up, vi) — d(va, pr) = (£,vh), ¥V vi, € Vi,
d(up,qn) =0, V gy € My,

(gh - vuhvlh) =0, V1, € Ly.
(3.4)
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Although this VMS method preserves the stabilization at high Reynolds number,
but it brings the space Lj which needs the extra storage in the numerical compu-
tation. To avoid it, Zheng studied a new VMS method based on two local Gauss
integrations [28]. Their method avoids adding extra storage and keeps the same
accuracy as the classical VMS method (3.4). Define the orthogonal projection op-
erator Il : L — Lj, with the following properties:

((IﬁH)lagh):Oa VIEL,ghGLh, (35)
|| < ()], v1eL, (3.6)
(7 —TOU S B, V1€ LAB©)22, i=0,1. (3.7)

Then the discrete problem (3.4) is equivalent to: find (up,pr) € Vi, x M}, such that

a(up, vp) + b(up, up, vi) — d(vh,pr) + G(ap, vi) = (f,vi), Vv, € Vy,

(3.9)
d(un,qn) =0, Y qy € My,

where the stabilized term G(up,vy) is given by
G(uh, Vh) =« ((I — H)Vuh, (I — H)Vvh) .

It has been shown that G(uy,vy) is of the following equivalent form based on two
local Gauss integrations [28]:

G(up,vp) =« Z {/ Vuy, - Vvpdr — Vuy, - Vvhdx} ,
ter, Tk 71

where fTi g(z)dz describes an appropriate Gauss integral over T' € 7T, which is
exact for polynomials of degree i € N*. Denote

By (ap, pn; Vi, qn) = B(an, ph s v, qn) + G(ap, vy).

Then an alternative to the problem (3.8) is

B (un, pr; Vi, qn) + b(up, up, vi) = (£,vy). (3.9)

Moreover, By, is of the following matrix form

A B
BT 0

where the matrices A and B are from a(-,-)+G(-,-) and d(-, -) according to the bases
of V}, and Mj,, respectively. The matrix BT is the transpose of B. The matrix 0 is
the zero matrix, which brings the difficulty in solving (3.9) numerically. A popular
strategy to overcome this difficulty is the use of stabilized terms. Different stabilized
terms gives different stabilized methods. Here, we use the iteration penalty method
introduced by Cheng & Abdul [1]. Let € > 0 the small penalty parameter. First,
we give one-level iteration penalty method for the problem (3.8).
Step I: Find (u%,,p% ) € V), x M}, such that for all (vj,,qs) € Vi, x M},

a(ugmvh) + b(u(g)h’ ughavh) - d(Vmpgh) = (f7 Vh)7 (3 10)

d(u?,, qn) +e(®2,, qn) = 0.
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Step II: For k =1,2,---, find (uf,, p¥,) € V), x M}, such that for all (v, qp) €
Vh X Mh

a(uly,,vy) +b(uk,,ub, vi) —d(vi, pk,) + G(ak,, vi) = (f,va), (3.11)

d(u§h7 an) + dp?hv%) = 5(17’;{1, an)-

Remark 3.1. The problem (3.10) is the classical penalty finite element approxi-
mation for (2.4). Moreover, it has been shown that the solution (u?,,p?%) is of the
following optimal error estimate

[lu—ulyllv +[lp = p2ull < e(|[u = Ruully + [Ip — Qupl| + €llpl]). (3.12)

Since the discrete inf-sup condition (3.1) holds for our choices of V5, and My,
then it is easy to show that the problems (3.10) and (3.11) exist unique solutions
(u?,,p%,) and (uf,,pk,) by the classical arguments [8].

Theorem 3.1. Suppose that (u’;h,pfh) € Vi X My, is the solution to the problem
(3.11), then it satisfies
2k+1

TIII‘HZ, (3.13)

pl [y |5 + ellpEall* <

for k e NT.

Proof. Setting v, = u?, and g5, = p?, in (3.10), using (2.1) and Young inequality
leads to

I 1
pllulnl [} + ellpSll* = (£uly) < Sl + ﬂllfllz-

1
Then pi|[u, |3 +2¢][p2,||* < =[[fl|*. For k = 1,2, -, setting v;, = u¥, and g, = pf,
U
in (3.11), it yields
k k kok
pllak, 13 + ellpk 1> + G(uly,, uly,)
=(f,uf,) + (k" )

Hoipi0oqg2 1 2 E k2 &y k12
<SR + 51117 + Skl + S5
Noticing G(uF,,u¥,) > 0, we obtain

k 2k +1
k k k—
pllady |5 + ellpfll* < — |11 +ellpf 1P < - < pllfll2 +ellp2nll® <

1
- = lIn .
ju iz

O
Since V, C 'V and Mj, C M, subtracting (2.4) from (3.11) gives
a(u—uk, vp) 4+ b(u,u,vy,) — b(uk,, ub,  vy) — d(vi,p — pky)
+G(u - ulzhv Vh) = G(u7 Vh)a (314)

d(u — ulgthh) = 5(P]§h *pf;fﬂh)-
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Taking v, = Rpu —u¥, in the first equation of (3.14), we get

pl|Bra =[5 + al|(1 = I V(Ryu — )|
=a(Rpu —u, Ryu —ub)) +-b(uk, uby Rpu —uk) —b(u,u, Rypu —ul)
I I (3.15)
+d(Rpu—ub, p—p* )+ G, Ryu — b)) + G(Ryu —u, Ryu —uk)) .

I Iy
From Young inequality, the terms I; and I, are bounded, respectively, by
I < pl| Ryw = ully || Rpa = ubylly < Sl Rwu — uy ] + 20 Riu —ullf - (3.16)
and
L <a(|[(I =I)Vu|| + [|(I = I)(Rpu — w)[)[[(1 = ) V(Rpu — ugy)||
<G = IV (Ryu— k)| + a(([(1 = )V
+ /(I =V (Rpu —u)|]?). (3.17)
Using (2.1), the term I3 can be rewritten as
b(u¥, v, Ryu —ub,) — b(u,u, Ryu —ub))

=b(u — Rpu,u,u’, — Ryu) + b(Rpu — ufy u,uf, — Ryu)

+b(uf),, u — Ryu,uf), — Ryu).

Then under the following stable condition
22k + 1) 2N||fl <1, ke N, (3.18)
from (2.2) one has
I < N(|[ully + [[u&,[[v)[[a = Rpullv|[ug, — Rpully + N|lullv[juf, — Ryulf
< ullu— Ryullv|fudy - Ryully + b, — Riull}

< Sllub, = Ruwlff + 2ullu — Ruul} + 5llu, - Roulf- (3.19)

Setting g, = Qup — p¥, in the second equation of (3.14), it yields

I3 = d(Rhu - U’S;”p - th) + d(Rhu - u];m Qnp — pl;h)
= d(Rpu —ufy,p— Qup) + d(Rpu — u, Qup — pky) + d(u — uky, Qup — pky)
=d(Rpu—uf,,p— Qup) + d(Ryu —u, Qup — py)
+e(Qup — 1 1, Qup — pE) — £l|Qup — PEAII?

W 2 1
< gl = Ruulff, + P = Qupl* +1l|Qnp — pL4|* + %IIRhu—UII%/

2
£ _
+ %IIth—pfh,ll\? (3.20)
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where 77 > 0 is some small constant determined later. Combining (3.16)-(3.20) into
(3.15), we get

"

£l R — uly I}
1

<dp||Ryu —ulfy + %HRhu —ulf}y +al|(f - IVul]* + al|(I - I)V(Rpu — w)|]”

1H2

2 g2 _
JF;HP*QhPHQﬂL%HQhP*Pfh +1/|Qnp — 5112

Then from triangular inequality, we have

lu—uby ||y
< 1 « «
NIIRhu—UIlv+TWIIRhu—UI|v+ ;H(I—H)VUIH ;II(I—H)(Rhu—u)II
1 € k—1 8n k
+ —|lp — + — — +4/— D — . 3.21
Ml\p Qnpl| \/W”th pen 1) +4/ . [|@np — 2yl (3.21)

On the other hand, using (2.1), (3.7) and (3.14), we can estimate d(vy,p — p¥,) by
d(vi,p = pty) < @plla = udy[lv + call(I = ) Vul)||vallv,
which together with the discrete inf-sup condition (3.1) yields

2u
1Qnp — 1| < gllu* uly|lv + [|Qup — pl| + cal|(I — ) Vul|. (3:22)

32npu
62

Substituting (3.22) into (3.21) and choosing n satisfying
(3.7), (3.19), we obtain

1
B anda using

lu—ulyllv < |[u—Ruully +a'2[|(1 = I)Vul| + [Ip — Qupl| +ellp — L, |-
Using (3.22) again, we obtain
llp = P&l S [l = Ruully +a'/2||[(1 = I)Vul| + [[p — Qupl| +ellp — L, -
Combining the above discussion, we conclude the following lemma.

Lemma 3.1. Let (u,p) € Vx M and (uf,,pk,) € Vi, x My, be the solutions of

(3]

(2.4) and (3.11). Under the stable condition (3.18), they satisfy

k k ke—
[l |y +|lp—p5 || S llu—Ruully+a' || (=Tl [+|lp—Qupl [+l lp—pS, ||

(3.23)

As a direct consequence of (3.23), we immediately obtain the following theorem.

Theorem 3.2. Under the assumptions in Lemma 3.1, if (u,p) € H*(Q) x H*(%),
then we have the following error estimate:

[l — by llv + [lp —pkyl| S B* + ' Ph 4 e (3.24)

Proof. The estimate (3.24) follows from (3.2), (3.3), (3.7) and (3.12). O
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Remark 3.2. If the solution (u,p) € H*(Q) x H?(Q), the classical penalty finite
element approximation (3.10) satisfies the following error estimate:

lu—udyllv +lp = plull S h* +e.

As discussed in Section 1, if we only use the classical penalty method to solve Navier-
Stokes system, then the penalty parameter is required to satisfy ¢ = O(h?) such
that the optimal convergence rate holds. If we use iteration penalty method (3.10)-
(3.11), from the error estimate derived in Theorem 3.2, the penalty parameter only
satisfies e = O(h?) for some iteration number k € N*. Thus, the iteration penalty
21n |h|

method works well for any e < 1 if the iteration number k satisfies k& > | N ]
nle

4. Two-level mesh method

In terms of iteration penalty and VMS method in Section 3, two subproblems (3.10)
and (3.11) both need the iteration procedures to solve (u2,,p%,) and (uf,,p",).
Especially, when h tends to zero, these iteration procedures need to consume a
large amount of CPU time (see the first numerical experiment in Section 5). In
order to obtain the efficient algorithm, in this section, we will study two-level mesh
method based on iteration penalty and VMS method. From now on, H and h
with h < H are two real positive parameter. The coarse mesh triangulation 7y is
made as like in Section 3. And a fine mesh triangulation 7}, is generated by a mesh
refinement process to Ty. The conforming finite element space pairs (V3, M},) and
Vi, Myg) C (Vi, M},) corresponding to the triangulations 7, and Tg, respectively,
are constructed as like in Section 3. With the above notations, we propose the
following two-level mesh method corresponding to Newton iteration.

At Steps I and II, we solve (3.10) and (3.11) on the coarse mesh.

Step I: Find (u2;,p%y) € Vi x My such that for all (v, qn) € Vg X My

a(uly,vi) +b(uly, 0y, vy) — d(v,ply) = (f,vu), (4.1)

d(uly, qu) + ey, qu) = 0.

Step II: For k =1,2,--- , M, find (ufH,p’;H) € Vg X My such that for all
(Vi,qu) € Vg x My

a(uly,vy) +b(uly by vy) —d(va, pty) + G(aky, ve) = (f,va),

1 (4.2)
d(u];H’ QH) + 5(]7];;17 QH> = 5(p5;[ >QH)a
2In|H
where M € N* satisfies M > | ln||€| |] + 1 according to (3.24).
n

At final step, we solve a linearized Navier-Stokes problem on the fine mesh in
terms of Newton iteration.
Step III: Find (uep,pen) € Vi X My, such that for all (vy,qn) € Vi, x My,
aluen, vi) + b(uen, ulfy, vi) + b(ulfy, uep, vi) — d(vi, pen)
= (fv Vh) + b(ugffv U%p Vh)a (43)

d(cn, qn) + (Pens an) = (P, an).
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According to the results derived in Theorems 3.1 and 3.2, under the stable
condition (3.19), the solution (u”y, p¥;) € Vi x My to the problem (4.2) satisfies

2k + 1
M|u§H||%/+5||p§H||2STHfHQ’ k=1,2--- M (4.4)
and
o —ukyllv +llp—pbyll S H> + o' PH+M k=12 M. (45)

Now, we begin to estimate (ucp, pep) under a strong stable condition:

2y/2(2M + 1) 2N||f|| < 1, (4.6)
under which there holds [[u?] ||y < ﬁ Taking (vp,qn) = (Ueh, per) in (4.3) yields
a(Ueh, Wep) + b(uch, ulfy, uep) + ellpenl|* = (£, uen) + b(ulfy, ulfy, ur) + e(plfy, pen)-

(4.7
Then the left-hand side of (4.7) satisfies
M 2
a(Ueh, Uep) + b(Ueh, Ufy, Uen) + €[penl|
> pllacnlly + Nlfulg v [[uenl [} + €llpenl”
3p
> gy} +<llpen
The right-hand side of (4.3) satisfies
(fa ush) + b(ugb uévI[ia ush) + 5(10%171)5}1)
u
< lIflllluenllv + Iz llv [aenllv + ellp2z [ pen]
I 2 I €
< lMenll + llpenl* + =111 + Sz} + 7 llp2r |
1
Thus, it follows from (4.7) and (4.4) that
4 L € 7(2M +1)
bl < 12 + Glldh I+ Sl < S
Moreover, under the stable condition (4.6) there holds
202M + 1) [
Y ||fl| < =—. 4.
ucally < Il < (18)

Next, we give the error estimate for (uep, pen)-

Theorem 4.1. Let (u,p) € VN H?(Q) x M N H*(Q) and (wep, pen) € Vi, x M), be
the solutions of (2.4) and (4.3). Under the stable condition (4.6), there exists some
ho, Hy and g9 such that when h < hg, H < Hy,e < €q, there holds

l|w— ten||v + |Ip — penl] S h% + H* + ea'/?H + e H? + M+2, (4.9)
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Proof. Subtracting (2.4) from (4.3) leads to
a(u — Ugh, Vh) + b(ua u, Vh) - b(ué\/;{7 uEh? Vh) - b(ushv ué\/§{7 Vh)
+b(u%{7 Ué\/}{, Vh) - d(V}“p - th) = 07 (410)
d(u — Uep, qh) = 5(p5h - pé\g{7 Qh)

Taking v, = Rpu — ugy, in the first equation of (4.10), we get

,UHR}LU - uehH\Q/ = a(Rhu —u, Rpu — ueh) + d(Rhu — Ugh, P — pah)

Jl J2
+ b(ué\?—h Ugp, Rpu — ueh) + b(ua}u u%—[a Rpu — ueh) (4]_1)

—b(u,u, Rpu —ugp) — b(u%q, u%{, Rpu—u.g).

Js

Then using the similar methods for I; and I3 in the proof of Lemma 3.1, J; and J
satisfy

T < B Ry — e + 20l Rhu — w3 (4.12)
and

Jo = d(Rpu — ucp, p — Qrp) + d(Rpu — e, Qrp — pen)
= d(Rpu—ulf,p— Qnp) + d(Rhu — u, Qnp — pen) + d(u — ucp, Qup — pen)
= d(Rpu — Uep,p — Qnp) + d(Rpu — u, Qnp — pen)
+e(Qnp — X, Qup — ) — €lQnp — penl|?

I 2 1
< gHush — Rpulfy + ;HP — Qnp|> +nl|Qnp — penl)® + 277||Rhu —ully

2
€
+ o llQnp — P27, (4.13)
n
for some small positive constant 7 > 0. Concerning Js, we rewrite it as

J3 =b(u.p, —u,u, Rpu — ugp) + b(uch, uep — u, Rpu — ugyp,)
M
—b(uep, —up,uey —uy, Ryu —ugp)

=b(u.p, — Rpu,u, Rpu — up) + b(Rpu — u,u, Rpu — ugp)

Jy
+ b(Ueh, Rpu — u, Rpu — uep) + b(Rpu — uep, Rpu — ulfy, Ryu — uey,)

J5 J()
+ b(ué\/j{{ - Rhua Rhu - u?}—b Rhu - uah)- (414)

J7

Then using (2.2), all terms in the right-hand side of (4.14) are estimated, respec-
tively, by

Ji < Nl[ullv|juey, — Rpully + Nlully|ju — Ryullv[fue, — Ryully

< Hllun = Ruully + $lfuan = Rl + 51 ju — Roullp (4.15)
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and

Js < N|[uep||v|[u — Rpul|v|jue, — Ryully

< Lol = Ryulfy + plfu — Ryl (4.16)
and

Jo < N||Rpu — uly||v|jucn — Ryul[3
< N(|lu— Ryully + [[u = uly||v)|[uen — Ryul[3,
< Co(h? + H* 4+ o2 H 4 MY ||uy, — Ryul)? (4.17)
with C5 > 0 independent of u, h, H and €, and
Jr < Nljulfy = Rpulf|jues, — Ryully

2

o N
< 1/ — Ruulff + @(IIu —ulp [y +[Ju— Ruully). (4.18)

Substituting these estimates (4.12)-(4.18) into (4.11), there exists some hy, Hp and
g0 such that when h < hy, H < Hy, e < &g, there holds Cy(h?+ H?+a'/?H+eF1) <

%. Then we get
Llhen - Ryul

1
<nl|Qnp = penl® + 4plfu — Ryul[f, + il Ryulff,

2 g? N2
+ ﬁllpf Qupll* + %Hth*p%{HQ + E(Huf uli|[v + [Ju = Ryulfy).

Thus, from triangular inequality one has

||u7ush||v
4n 2 3
<A/ = N@np — penl| + 4w — Rpully + 4/ —[lu— Rpullv + —[|p — Qupl|
V V 1n 1
2 N N
+ 1/ —¢||Qnp — M || + —|lu — Rpu||? + —|ju—ul 3. 4.19
\ I el M” 1% MH cmllv (4.19)

Next, we estimate ||Qpp — pen|| according to the discrete inf-sup condition (3.1).
First, we note that
b(u,u,vh) - b(ué\/I[-Ia uEhavh) - b(usha u%—]avh) + b(ué\g-lv u%{vvh)
=b(u — ugp,u,vy) + b(u,u — Rpu,vy) — b(u — uep,u — Rpu, vy,)
+ b(ugp, — uiqu, Ryu — uéVI[i,vh) - b(u%{, usp, — Rpu,vy)
<(N|[ullv|lu = vy + Nl[ul|v|Ju— Ryully + N|ju — Ryully|[u—uc|v)||vallv
+ N([Ju—ucp|lv + [[u—ulfl[v)([[a = Rpully + [[u—ulf[[v)l[vallv

+ Nlulyllv([u = vely + lla = Ryullv)|vallv

3 3
SZuHu—uathHVth + ZMHU— Rpullv|[vallvy + NCsh?||[u — up||v|[vallv
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+ Co(H? + o2 H + MY |u — ey ||y ||va] v

+ N[u—ulp|lv([u = Ryully + |ju—uly[[v)lvallv

13 3
ST:HU— erlv||vnllv + ZMHU— Ruullv|[vallv + NCsh?||[u — up||v|[va|lv
+ Nlju—ulf||v(|lu = Ruully + [[a—ulf[|v)||[vallv, (4.20)

with some positive constant C3 independent of u,h, H and €. Then there exists
3

some hy such that when h < hg, there holds NC3h? < T/g Then it follows from

the first equation in (4.10) that

3
d(Vi,p — pen) <2p|[u —uep|v||vallv + ZMHU — Rpul|v||vallv
+ N|lu—ulfl[v([Ju— Rpully + [[u =l |[v)[[va]lv.
Using (3.1), we obtain

A(Vh, Qrp —p) +d(Vh,D — Pen
BllQnp — pen|| < sup ( )+ dl en)
VhEV) [[Vrllv

3p
<llp — Qupl| + 2p/[u — ucp|[v + = Rpully

+ Nl —uZf [l (|[u = Rpully + [Ju - uZyllv). (4.21)

We choose sufficiently small 7 such that \/1(;? = % then substituting (4.21) into
(4.19) yields
lu — ucp|lv
Sllu = Rpully + [[u = Ruulfy; + |lp — Qupl| + €l |Qnp — p2E || + [Ju — ulE |7
Therefore, we get from (3.2), (3.3), (3.7) and (4.5) that
[u—uplly Sh*+ H* +ea/?H + eH? + M+2,
Using triangular inequality and (4.23) again, we obtain
lp — penl] S %2+ H* + ea'/?H + eH? 4 M+2,
We complete the proof of this theorem by choosing hg = min{hq, ha}. O

Remark 4.1. From the error estimate derived in Theorem 4.1, if h, H and « satisfy
h=O0(H?),a=0O(H?) and eM*! = O(H?), then

[lu = wenllv +[lp = penl| £ h* + eh. (4.22)

To obtain the optimal convergence order O(h?), the penalty parameter is required
to satisfy e = O(h), which together with e*1 = O(H?) = O(h) implies that the
iteration number M = 1 at Step II. Thus, the two-level mesh method (4.1)-(4.3)
becomes

Step I:  Find (u’y;,p%;) € Vg x My such that for all (vi,qy) € Vi x My

uO ) +bu0 auo ) _d ) v = f7 )
CL( eH VH) ( eH> “eH VH) (VH peH) ( VH) (423>

d(ugHaQH) +5(P2H,QH) =0.
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Step II: Find (uiH,p;H) € Vg x My such that for all (vy,qy) € Vg X My

a(uly,ve)+b(uly, uly,ve) —d(vu,ply) + Guly,ve) = (fve), (4.24)

d(u;H7 qm) + E(piH7QH) = E(PSH, qu)-

Step III: Find (uep,pen) € Vi x My, such that for all (vy,qn) € Vi, x My

a(uep, vi) + b(ucp, uly, vi) + b(uly, uen, vi) — d(vi, pen)
= (f7 Vh) + b(uéHau:;H7vh)a (425)
d(uch, qn) + €(Pen, qn) = 5(]?;1{7 an)-

Remark 4.2. From the two-level mesh methods (4.23)-(4.25), we can see that the
VMS method is only used in solving the approximation solution on the coarse mesh.
It is different to the two-level mesh methods in [21] where VMS method is used on
the coarse mesh and the fine mesh.

5. Numerical results

In this section, we will give two different numerical experiments. The first numer-
ical is used to verify the convergence rate derived in the above sections. In the
second numerical experiment, we will test a popular benchmark problem-lid driven
cavity flow. In these experiments, we implement all algorithms by the finite element
software FreeFem++ [10].

5.1. Analytical solution
Consider € as the unit square in R2. We choose the exact solution as follows:

u(x,y) = (U1<$,y),UQ(.Z‘,y)), p(m,y) = x2 - y27
u(z,y) =2z —1)%y(y — )2y — 1), uaz(w,y) = —z(x—1)(2z — 1)y*(y — 1)

The force f(x,y) is determined by the original system (1.1). First, we use one-level

Table 1. One-level iteration penalty and VMS method with € = 0.5

% %
1/h |11||—ul|1|€h|v rate W rate  iteration numbers CPU (s)
1%
42 1.18764e-02 / 9.76563¢-04 / 33 19.694
62 2.28303e-03  2.034 1.92901e-04 2.000 11 43.984
82 7.23476e-04 1.997 6.10352e-05 2.000 7 107.031
102 2.95837e-04 2.004 2.50000e-05 2.000 6 252.936
122 1.42494e-04 2.003 1.20563e-05 2.000 6 553.135

iteration penalty and VMS method (3.10)-(3.11) to verify the convergence order
derived in Theorem 3.2 for different ¢ < 1. We take 1/h = 42,62,--- /12?2, Re =
10000, o = 0.1h2 and € = 0.5, 0.1 and 0.01. The numerical results for different € are
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Table 2. One-level iteration penalty and VMS method with € = 0.1

% T
1/h W rate W rate iteration numbers CPU (s)
1%

4% 1.16156e-02 / 9.76563e-04 / 30 17.225

62 2.28987e-03 2.002 1.92901e-04 2.000 10 38.253

82  7.23196e-04 2.002 6.10354e-05 2.000 6 90.754

102 2.95468¢-04 2.006 2.50001e-05 2.000 5 212.151
122 1.42343e-04 2.003 1.20563e-05 2.000 ) 472.061

Table 3. One-level iteration penalty and VMS method with € = 0.01

% %
1/h ||uTul|l’5h||v rate ||p|_;|)5h| rate iteration numbers CPU (s)
1%

4% 1.15942e-02 / 9.76563e-04 / 25 15.143
62 2.28760e-03 2.001 1.92901e-04 2.000 8 33.652
82 7.22579¢-04 2.003 6.10352e-05 2.000 ) 82.346
102 2.96354e-04 1.997 2.50001e-05 2.000 4 191.469
122 1.42389e-04 2.010 1.20563e-05 2.000 4 422.199

shown in Tables 1-3, from which we can see that although the optimal convergence
order O(h?) are obtained, however, the much more CPU time are consumed in
solving (u¥,, p¥,) since there need some iterative procedures in (3.11). Comparing
the numerical results in Table 4 below, which are solved by the classical penalty
method (3.10), the one-level iteration penalty method is not efficient enough.

Recall (ugh,pgh) the approximation solution of the one-level classical penalty
and VMS method defined by (3.10). If we choose ¢ = O(h?), then (u?,,p?,) is of
the optimal error estimate

[la—udyllv +[lp = plull < %

Table 2 displays the numerical results by using the one-level classical penalty method
with e = 0.1h2. By comparing the CPU times in Tables 1-3 and Table 4, the classical
penalty method is much more efficient than the one-level iteration penalty method.

Next, we give the numerical results by using the two-level iteration penalty and
VMS method (4.23)-(4.25). In this experiment, we select Re = 10000, o = 0.1h?
and € = h. The numerical results are displayed in Table 5, from which we can see
that two-level iteration penalty and VMS method can reach the theoretical conver-
gence rates of O(h?). Moreover, from the view of computational cost, we can obvi-
ously observe from Table 6 that two-level iteration penalty and VMS method saves
about 60% ~ 70% CPU time than one-level classical penalty and VMS method,
and obtains nearly the same approximation results.

In Table 7, we display the numerical results about the solution (u; I p; ) defined
by (4.24) on the coarse mesh. It follows from (4.5) that the approximation solution
(uly,ply) satisfies

lu—ulylly +llp - pigll S H?,
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Table 4. One-level classical penalty and VMS method

—uY _ 0
1/h [l = ugyllv rate llp = pell rate CPU (s)
[lullv [Ipll
42 1.19698e-02 / 9.76563e-04 / 1.577
62 2.36148e-03 2.001 1.92902e-04 2.000 8.219
82 7.46985¢e-04 2.001 6.10353¢-05 2.000 25.969

107 3.05946e-04 2.000 2.50001e-05 2.000 66.188
122 1.47539e-04 2.000 1.20563e-05 2.000 150.394

Table 5. Two-level iteration penalty and VMS method

1/H 1/h [l = uenfly rate [lp = penll rate CPU (s)
[|ul]v LIpll
4 42 1.20102e-02 / 9.76563e-04 / 1.659
6 62 2.31947e-03  2.028  1.92901e-04  2.000 3.349
8 82 7.29082e-04  2.011  6.10352e-05  2.000 9.078

10 102 2.98035e-04 2.004  2.50000e-05  2.000 21.982
12 122 1.43615e-04 2.002 1.20563e-05  2.000 46.547
14 142 7.74901e-05 2.001 6.50771e-06  2.000 89.632

due to ¢ = O(h),h = O(H?) and a = 0.1h%. The predict convergence rates of
O(H?) for velocity and pressure are derived for different coarse meshes.

Table 6. Comparison of CPU Time

1/h 62 82 102 122
one-level classical method 8.219 25.969 66.188 150.394
two-level method 3.349 9.078 21.982 46.547
save time 59.2% 65.0% 66.8% 69.1%

Table 7. Numerical results on coarse mesh

—_ul 1
B e N [

|[ullv |[pll
4 1.72488e-01 / 1.56250e-02 /
6 8.04284e-02 1.882 6.94444e-03 2.000
8 4.58990e-02 1.950 3.90625e-03 2.000
10 2.95220e-02 1.978 2.50000e-03 2.000
12 2.05302e-02 1.992 1.73611e-03 2.000

14 1.50867e-02 1.999 1.27551e-03 2.000
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5.2. Lid-driven cavity flow

08 —6— Ghia-Ghia-Shin
—+— Our method

X component of velocity
y component of velocity

Figure 1. Results for z component of velocity along vertical centerline (left) and y component of velocity
along horizontal centerline (right) at Re = 1000

x component of velocity
y component of velocity

Figure 2. Results for z component of velocity along vertical centerline (left) and y component of velocity
along horizontal centerline (right) at Re = 3200

For the test of two-level iteration penalty and VMS method, in this numerical
experiment, we consider the well known benchmark problem-the incompressible lid-
driven cavity flow. The flow domain is the unit square. On the top boundary, the
velocity of flow is u = (1,0). On the other boundaries, the zero Dirichlet boundary
conditions are imposed. In order to show the efficiency of our method for high
Reynolds number flow, we set Re = 1000, 3200, 5000 and 10000. In all experiments,
we choose H = 1/64,h =1/128, o« = 0.1H, & = h. The numerical results are shown
in Figs 1-4 compared with the results obtained by Ghia, Ghia & Shin in [7]. In
particular, we draw the x component of velocity along the vertical centerline and y
component of velocity along the horizontal centerline. Good agreements with the
benchmark results in [7] verify the efficiency of our method. To show the stability
of our method, we present the streamlines and the pressure contours of the cavity
flows at different Reynolds numbers in Figs 5-8. From these figures, we can see that
the main vortex moves towards the center of the cavity when Reynolds number
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Figure 3. Results for z component of velocity along vertical centerline (left) and y component of velocity
along horizontal centerline (right) at Re = 5000
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Figure 4. Results for z component of velocity along vertical centerline (left) and y component of velocity
along horizontal centerline (right) at Re = 10000

0.00102976
0.000898396
0.000486672
5.83851E-05
1.78365E-05
-8.30311E-07
-7.37274E-05
-0.00215656

X

Figure 5. Streamline of velocity and pressure contour at Re = 1000

increases. The second vortex appears in the right bottom corner of the cavity and
the third vortex appears in the left bottom corner of the cavity at Re = 1000. When
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0.00207396

0.000668423

1.19675E-05
-1.54393E-07
-0.000387243
-0.00830872

Figure 6. Streamline of velocity and pressure contour at Re = 3200

0.00195022

0.000663912

0.000117977
-6.94692E-08

Figure 7. Streamline of velocity and pressure contour at Re = 5000

0.00127647
0.000347285
1.51479E-06
-1.07809E-05
-7.31579E-05
-0.01
-0.05
-0.09
-0.10686

Figure 8. Streamline of velocity and pressure contour at Re = 10000

Reynolds numbers are chosen as 3200 and 5000, addition vortexes appear in the left
top corner and in the right bottom corner. At Re = 10000, the second vortex in
the right bottom corner becomes large, meanwhile, new vortex appears in the left
bottom corner. All numerical results coincide with the results in [7].
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