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Abstract

A global finite element nonlinear Galerkin method for the penalized Navier-Stokes
equations is presented. This method is based on two finite element spaces Xy and X,
defined respectively on one coarse grid with grid size H and one fine grid with grid size
h << H. Comparison is also made with the finite element Galerkin method. If we choose
H= 0(6"1/ At/ 2), € > 0 being the penalty parameter, then two methods are of the same
order of approximation. However, the global finite element nonlinear Galerkin method
is much cheaper than the standard finite element Galerkin method. In fact, in the finite
element Galerkin method the nonlinearity is treated on the fine grid finite element space X},
and while in the global finite element nonlinear Galerkin method the similar nonlinearity
is treated on the coarse grid finite element space Xz and only the linearity needs to be
treated on the fine grid increment finite element space W;,. Finally, we provide numerical
test which shows above results stated.
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1. Introduction

In the numerical simulation of the Navier-Stokes equations one encounters three serious
difficulties in the case of large Reynolds numbers: the treatment of the incompressibility con-
dition divu = 0, the treatment of the nonlinear terms and the large time integration. For the
treatment of the incompressibility condition, one use the penalty method in the case of finite
elements [1-2] and for the treatment of the nonlinear terms and the large time integration, one
use the nonlinear Galerkin method in the framework of finite elements [3]. However, in this
work the finite element nonlinear Galerkin method is only used in the time interval [to, c0) and
the finite element Galerkin method is used in the finite time interval {0,%0], to > O is finite.

Our purpose here is to present a new global finite element nonlinear Galerkin method for
the penalized Navier-Stokes equations in the framework of finite elements. This numerical
simulation is done in the time interval [0, 00). Moreover, we analyze the convergence rates of the
finite element Galerkin method and the global finite element nonlinear Galerkin method. If H =
O(e~'/*h'/?) is chosen then the global finite element nonlinear Galerkin method provides the
same order of approximation as the finite element Galerkin method, where ¢ > 0 is the penalty
parameter. However, in the global finite element nonlinear Galerkin method, the nonlinearity
is treated on the coarse grid finite element space Xy and only the linearity is treated on the
fine grid increment finite element space Wj; while in the finite element Galerkin method the
nonlinearity needs to be treated on the fine grid finite element space X;. Hence, under the
convergence rate of same order, the global finite element nonlinear Galerkin method is much
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cheaper to implement computationally than the finite element Galerkin method. Finally, we
provide numerical test which shows the above results stated.

2. The Penalized Navier-Stokes Equations

Let © C R? be a bounded open set with Lipschitz boundary I' = 8. The Navier-Stokes
equations of incompressible flows reads

%—VAU+(UV)U+gradp:f’ V(x,t)EQXR+, (21)

divu =0, V(z,t) € @ x RT, (2.2)

where u = u(z,t) is the velocity vector, p = p(xz,t) is the pressure, ¥ > 0 is the kinematic
viscosity and f represents the volume driving forces, for simplicity, the constant density p was
taken equal to 1.

For the penalized equations we suppress the pressure p and the incompressibility equation
(2.2) and introduce in (2.1) a penalty term, Ygrad divu, & > 0 the penalty parameter. Hence,
we obtain the penalized Navier-Stokes equations:

du,
ot

1
—vAu, + (u; - Viu, + i(divue)u6
— Lgraddivu, = f, V(z,t) € Qx RF. (2.3)
£

1
We have also introduce the supplementary nonlinear term E(djvus)ua which make (2.2) well

set.
The equation (2.3) is supplemented by boundary and initial conditions:
u. =0, onI xRT, (2.4)
ue(z,0) = uo(x), Veel (2.5)

We introduce the basic spaces:
Y = L*(Q)?, X = H}(Q)?
provided with the scalar products and norms
(w,v) = [u(z) v(z)dz, |u| = (u,u)'/?, Yu,v €7,
((u,v)) 2({ gradu - gradvdz, ||u| = ((v,%))Y/?, Yu,v € X.

Moreover, we also introduce the following operators:

1
Au = —Au, B(u,v) = (u-V)v+ E(divu)v,
Du = Zgra,d divu.
£

1t is well-known [1-2] that A is a linear unbounded, self-adjoint positive closed operator with

the domain
D(A) = X n H*(Q)?,

and the inverse A~! of A is a compact self-adjoint operator in Y. Then, we obtain the abstract
equation

du,

p + vAu. + Du, + B(ug,ue) = f. (2.6)
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Also, we introduce the bilinear forms:
a(u,v) = v < Au,v >= v((u,v)),
d(u,v) = K(divu, divv),
€

and the trilinear forms:
1 1
b(u,v,w) =< B(u,v),w >= = / (u-V)v wde — = / (u- Vw - vdz
2Ja 2 Ja

Then there hold the following estimates (see [1-2]):

b(u,v,w) = —blu,w,v), Yu,v,w € X, (2.7)
|6, v, w)| < colul™/?[lul[*2(fvlllw[*?[lw]| ™ + [v]*/Zlv]*/2[jw]]),
Jbo(u, v, w)| < collu|*/?lull"/?[fo]| + [[ulllv]™*|[v]|*/2)w]*/?lw]|*/2, (28)

for all u,v,w € X and
|B(u,v)| < ex(ful™?| Aul*?||o]| + [Jullfo]*/?| 4v[*/?),
|B(u, )| < ea(ful|lull*/|[v] /2| Av[/? + [[ull[v]/?| A0]*/?), (2.9)
for all u,v € D(A) and
lul < ATV |lull, Vue X. (2.10)
With the above notations, we obtain the variational formulation of (2.5)-(2.6): Find u. €
L>*(R*;Y)N L?(0,T; X), VT > 0 such that

(dk,v) + a(ue,v) + d(ue, v) + blue, ue,v) = (f,v), Yve X, (2.11)

dt
us(O) = Up. (2.12)

We recall that for ug given in H = {v € Y;divv = 0 and v - n|r = 0} and f € L>®°(R*;Y),

(2.11)-(2.12) admits a unique solution u, € L¥(R*;Y) N L%(0,T; X), VT > 0 ( see [1-2] ).
Furthermore, we can prove that if ug € X N H, then the solution of (2.11)-(2.12) satisfies

the following regularities:

lue (D) < MZ, ¥t >0, O (213)
t
lue (N < MF, v / |Aue(7)%dr < fluoll* + M3t, Vt>0, (2.14)
0
where M; and M are positive constants and
2
2 _ 2 foo e
Mg = |uol +2V2—/\%, Joo = St‘leg|f(t)|

Proof. Taking v = u, in (2.11) and using (2.7), (2.10), we obtain

3 el + il = (7, < el + UL
which yields
dit|u5|2 + oAkl + el < 217w (2.15)
Integrating (2.15) and using (2.12), we have
vArt 2 2, 2f% ot
e lue(t)]* < |uol® + m%—(e 1 —1), (2.16)

(2.17)

?

v t4+1 2 2
5[ Il < ol + 2=
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2
Ilue(f)llzd'r < [uol® + —°—°t. (2.18)

From (2.16), we derive (2.13).
Next, we take v = Au in (2.11). Then we have

1d
24t
Thanks to (2.9) and the Young inequality, we derive

(f, Aue) < ZlAu* + v P, (2.20)
1b(tse, e, Aue)| < 26 fue]?fuell| Au [/

v 2
< Z|Aue‘2 + 42(;)3c‘1‘|u5|2||u€||4. (2.21)

14 .
”’U,5“2 VlA’U,SlZ + E‘VdIVUsP + b(usy Ue, Aus) = (f, AUE) (2.19)

Combining (2.19) with (2.20)-(2.21) we arrive at
d 2 4
Ll + viducl? < 2152+ 4C)etuel? el (222)
First we deduce from (2.22) that
2 4
Y Shtgy, y=llull’, h= 117 g=4() etluclllucll®. (2.23)
Integrating (2.23) from 0 to ¢, 0 < ¢ < 1 for ¢, we obtain
2 t
v®) <3+ 212+ [ gtrutryar (224)
0
From (2.13), (2.18) and the classical Gronwall lemma, we have
2 4 2f2
y(8) = lue@)® < (lluol® + = £%) exp(2() et Mg (fuol” + )y Yostsl (2.25)

In order to estimate ||uc(t)||, Vt > 1, let we recall the uniform Gronwall lemma (see [2]):
Lemma 2.1. Let g, h, y be three positive locally integrable functions on (to, o) satisfying

d
d—i <gy+h fort>tg, (2.26)
t+r t+r t+r
/ g(T)dr < ay, / h(7)dr < ao, / y(7)dr < a3z, Vt>to, (2.27)
t t t

where v, ay, ag, as are positive constants. Then
y(t+r) < ( +az)exp(ai), Vt2to. (2.28)

Thanks to (2.13) and (2.17), the COIIdlthIlS (2.26)-(2.27) in Lemma 2.1 are satisfied. Hence,
by applying Lemma 2.1 with t, =0, r =1 to (2.23), we arrive at

luc (@ < Mj, Ve 1, (2.29)

which and (2.25) yields
e (®I? < ME, VE>0. (2.30)

Finally, by integrating (2.22) and using (2.13), (2.30), we obtain
’ 2 4
1// | Aue (1) 2dr < J|uol® + (;fzo + 4(;)3C%M§Mf)t. (2.31)
0

Combining (2.30) with (2.31) yields (2.14).
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3. Finite Element Galerkin Method

Let Q be a convex bounded smooth domain in R? and let {73} be a family of triangulations
of Q2 made of triangles K of size h. For a given triangulation 7, a finite element space X;, ¢ X
is defined by

Xp = {'U c C(Q)z nX;'UhIK € P,VK € Th}.

We assume that the family of triangulations {7} be quasi-uniform. Then for the finite
element space X}, the following approximate properties hold:

(H:) For each v € D(A), there exists an approximation I,v € X}, such that
[v — Inv| + hllv — Inv|| < eah?®|Av|, Vv € D(A), (3.1)

(where I, : C(2) — X} is the nodal value interpolant ) and the following inverse inequalities
hold

lva]l < csh™Yon|, Von € Xp. (3.2)
Next, we define the L?-orthogonal projection P, : Y — X}, as follows
(Prv,vp) = (v,vh), Yup € Xp,veY.

Then the following properties which are classical consequences of (Hy) (see [3-4]) will be
very useful.

([Prv]| < eq]lvll, Vve X, (3-3)

[v — Pro| + hllv — Puo|| < csh®|Av|, Vv € D(A)
[dive — Ppdivy| < c4h|Av|, Vv € D(4A), (3.4)
lv — Puu| < eqh|v]], VveX. (3.5)

With the above statements, the standard finite element Galerkin approximation of (2.11)-
(2.12) based on X}, consists of defining a function vector u;, from R* into X} such that

d
(%7’0) + a(u}” 'U) + d(Uh, 'U) + b(Uh, Uh, ’U) = (f, v), V'U c Xh’ (3.6)

up(0) = Prup. 3.7

For the finite element Galerkin approximate problem (3.6)-(3.7) there holds the similar
existence results to ones of problem (2.11)-(2.12) and the following boundedness:

lun(®)|* < MG, llun (O < M, vt > 0. 3.8)

We aim now to derive the error estimates for the finite element Galerkin method in terms
of the parameter h.
Setting E = Phpu. —up, then (2.11)-(2.12) and (3.6)-(3.7) yield the following error equation:

(%f—, v) + a(E,v) + d(E,v) + b(ue, ue, v)

— b(up, up,v) + d(ue — Prue,v) =0, Yv € Xj, (3.9)
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where E(0) = 0. Taking v = F in (3.9) and using (2.7)-(2.10), we obtain

1d
§£|E|2 +||E|? + g|divE|2 + b(te — Prte, e, E) + b(E, ug, E)
+ b(uh,ue - Ph,ue,E) + d(us — Pru, E) =0, (3.10)
[b(ue — Prtte, ue, E)| < 2coA; /?|[ue — Prte|||lue ||| E|
v 124 _
< g“Enz + gcg)‘l Hiuel* flue — Pauell?, (3.11)
v 2 4
[b(E,uc, E)| < ZHEII2 + (;c%lluell2 + (;)“c‘éluelzlluellz)IEI2 (3.12)
v 8 _
|b(uh,u5 - Phus:E)| < g”EHZ + ;Cg)‘l 1”“h”2”ue - Phus”27 (3-13)

|d(ue — Phue, E)| < g|div(us — Pyu.)||divE]
< %|divE|2 + —2V—E|divuE — Pydivu.|?. (3.14)
Combining (3.10) with (3.11)-(3.14) yields
d
ZIBI? + V| BJ? + Z|divE]® < g(0)| B

v, .. . 16 —
+ —|dive, — Prdivuc|? + 763/\1 (e l? + Nlunl®) e — Pruell?,

4 4
where g(t) = —c2|luell® + 2(=)3cd|uc|?|lucl|?. Thanks to (3.4), (3.8) and (2.14), the above
v v
inequality yields
d o 2, YVyom2 2 32 oy 1ap2 Yy 2,2 2
$|E| + v||E}| +g|d1vE| < g(¢)|E| +(7¢:0/\1 M; +g)c4h |Au,|?. (3.15)
Integrating (3.15), we obtain

1 t
|E(t)|2+z// | El2dr + g/ |divE|*dr
0 0

t 2 ¢
< exp(/ g(T)dT)(g + 3jc(z)/\l‘lMlz)thz/ [Auc|dT. (3.16)
0 0

With the triangle inequality, (3.16) yields

e (£) — un (DI + v / e — unldr

t
+ g/ |divu, — divug|?dr < k(t)(1 + g)h2 (3.17)
0
where , .
k(t) = ci exp{/ g(T)dT}/ |Au5(T)|2d7' max{1, 3—/\2ch12}
0 0 VAL

Thanks to (2.13)-(2.14), k(t) is uniform bounded as t — 0 and k(t) — oo as t — oo.

With the above discussions, there holds the following convergence theorem.

Theorem 3.1. If ug € X, divug =0 and f € L¥(R";Y), then ux(t),t > 0, satisfies the
error estimates (3.17).

4. Global Finite Element Nonlinear Galerkin Method

In this section, we are given two parameters h and H with H > h > 0. As in sections, we
introduce the associated space X, and Xy with Xz C X}. In the applications Xz corresponds
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to a space associated to a coarse grid, while X}, corresponds to a space associated a fine grid.
We consider the following splitting of Xj:

Xpn=Xyg+W,, W= (I - PH)Xh.

Note that Xz and W), are orthogonal with respect to the scalar product (-,-). The following
property of W}, will be often used.
(H2) There exist two constant ¢5 > 0, 0 <~y < 1 such that

|lw| < esH||lw|l, Vw € Wh, (4.1)

Y(ll? +llwl®) < o +wl®, Yo € Xa,w € Wh. (42)

We refer to [3-4] for the proof of this property.
The global finite element nonlinear Galerkin method associated to (Xp, Xpg, W) consists
in looking for an approximate solution u”* of the form

uP=y+z withu? € Xy, ye Xy, ze W,

such that
dy
E,U) + a(y+z1v) + d(y"_zvv)
+b(y + 2,y + z,v) = (f,v), Vve Xy, (4.3)
dz
(Ez,w) +a(y+ z,w) +d(y + z,w) + b(y, y, w)
+b(y, z,w) + b(z,y, w) = (f,w), Yw & W, (4.4)
y(0) = Pguo, 2(0) = (Pr — Pp)uo- (4.5)
We consider a basis {e1, -, ep,ept1,---,€q} of Xp such that {e1,---,e,} is a basis of Xg.

Then setting

q P q
uM(#) =D gintdess y(t) = gin®es, 2(8) = Y gin(t)e;.
j=1 j=1 j=p+1
Clearly, (4.3)-(4.5) is equivalent to an ODE for the g; 5,1 < j < g. The existence and uniqueness
of a solution of this problem defined on a maximal interval [0,7}) follows promptly from the
standard theorems on the Cauchy problem for ODEs.
We aim now to show that 7} = +oo thanks to some a priori estimates.
By taking v =y in (4.3), w = z in (4.4) and adding the corresponding relations, we obtain

Ld, hpo B2 o Y qi0a k2 h
24 o 2 4 i ? = (£,0)
Yo k2 1 2
< = _ .
< 2P + o 1P, (46)
where, the equality (2.7) is used.
Therefore, by using (2.10) we have
d 2v, . -
E|uh|2 + vAg [uf? + —V|d1vuh|2 < v IATtsup |F(1))2. 4.7)
€ £>0

Integrating (4.7), we get that

uP ()% < e M Pougl? + (1 — e D 2AT 2 sup | £(¢)[2
' o
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<Huol? + v 2t sup | F(8)12 = MZ, Vt>0. (4.8)
>0

This estimate guarantees that the solution of (4.3)-(4.4) can not blow up in finite time. So
that Ty, = +o0.
Hereafter, we consider the discrete analog A € L(X}y, X}) of the operator A given by

(Ah(:bv 1/)) = V—la(¢a ¢) V¢7¢ € Xy.

Then by the usual method (cf.[2 — 3]), we can prove that if ug € X,diva® = 0 and f €
L®(R*;Y), then u* € L=(R*; X) N L2(0,T; D(A4)),¥T > 0, and

" ($)1* < M5, "N < M, Vt20. (4.9)

We aim now to derive error estimates for the global finite element nonlinear Galerkin method
in terms of the two parameters H and h.

We set £ = up —ut, e = Pyup —y, € = (I — Pg)uy, — 2z, then the finite element
Galerkin approximation and the global finite element nonlinear Galerkin approximation yield
the following error equation:

dE
(E?v) +a(E,v) +d(E,'U) +b(E7uh7U)

+ b(u®, E,v) +b(z,2,(I — Pg)v) =0, Vv € Xp,. (4.10)
Taking v = E in (4.10) and using (2.7), then we obtain

%&d—tlEP +v||E|? + g|divE|2 +b(E,un, E) + b(z,2,€) = 0. (4.11)

Using again (2.8) and (H>), we have
o, i, B < IR + (Ced + (Y efunllunlPIEP, (4.12)
bz, 2,6)] < coes 22l < LB + v~y cBed (413)

Due to the definition of A, we have
l1211? < 2H?|Anz|? < ZH?|Apu®|? (4.14)
2% <y~ Hi®| (4.15)

Combining (4.11) with (4.12)-(4.13) and using (4.9), we have
d v, .. 2
FIEP + A BIP + 2B < gIBP + 2 eH M A, (416)

where 4 4
g(t) = (S +2() g Mg)l|wt|[* € L0, T), ¥T > 0.

Integrating (4.16), we get that

t t
B +v / |B|2dr + 2 / |divE[?dr
0 0

t t
< %cgc‘;MfH“ exp( / g(r)dr) / | Apu 2dr < K(t)H. (4.17)
0 0

Combining A(4.17) and the convergence rate of u; yields the convergence rate of the global
finite element nonlinear Galerkin method.
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Theorem 4.1. If uy € X, divug =0 and f € L®(R";Y), then
¢
lue(t) — uh ()| + 1// llue — u®||Pdr < k(t)(e *h% + H*), Vt>0 (4.18)
0

Furthermore, it is well known [5,6] that the convergence rate of the penalized method is as
follows: ‘

t
[u(t) — ue(£)[2 + 1// lu(T) — ue(7))|?d < k(t)e, Vt>O0. (4.19)
0
Remark. Theorem 3.1, Theorem 4.1 and (4.19) indicate

lu(t) — up(t)]® + 1//0 [u(7) — un(7)||Pdr < k(t)(e + 7 1R%), Vt>0, (4.20)

[u(t) — uP(t)® + I//t lu(r) = u®(7)||2d7 < k(t)(e + e A2 + H?), Vt>0, (4.21)
0

namely, the global finite element nonlinear Galerkin method provides the convergence rate of
same order as the standard finite element Galerkin method if we choose H = O(e~1/*h1/?).

However, in this method, the nonlinearity is treated on the coarse grid finite element space
X and only the linear subproblem needs to be solved on the fine grid finite element incremental
space W}, while in the finite element Galerkin method the nonlinearity needs to be treated on
the fine grid finite element space X;. Due to h << H,dim Xy << dim X} the method presented
in this paper can save much more computational time than the standard finite element Galerkin
method.

5. Numerical Test

We describe here the results of numerical test performed with the global finite element
nonlinear Galerkin method (NG method). Comparison is also made with the standard finite
element Galerkin method (SG method). In fact, to proceed to numerical test we need the time
discretization of the semi-discrete schemes (3.6)-(3.7) and (4.3)-(4.5). Here we use the Euler
implicit difference scheme for the time discretization, where At > 0 is time step size.

We set @ = (0,1) x (0,1), » =0.005, T =2,e =0.001 and choose

1 1 1
h = - H = — At = —.
20’ 10’ 25
The flow confined in this domain is driven only by constant boundary velocity on the top edge
T = {(z,y)|z € (0,1),y = 1}. Particularly, we take

ulp =1, ulso\r = 0.

There are a little difference between our example and the problem we discussed but they are
not intrinsic and will not cause any significant difference.

To compare the accuracy of the SG approximation u; with NG approximation ", we need
know the exact solution of our example. Here we treat the standard Galerkin approximation
up+ obtained on a fine grid (grid size is A* = 113) as the exact solution.

The following two figures give the L?-error comparison of SG and NG approximations and
the energy comparison (L?-norm) of them. In the figures, k stands for time step, thin curve
stands for the true solution and the thick curve and dashed curve stand for the SG and NG

approximations respectively. It is shown that uj, and «” has almost the same accuracy.

h



616 Y.N. HE, Y.R. HOU AND L.Q. MEI

N 2} Norm
L Brror &
1,728—153* 6.326 - £3
L5M - 23 5,592 - £3
1.420 - £3 487 - 3
1.267 - £3 4143 - E3
___________________ - »

Next, by the numerical test results, we find that the CPU time of computing u corre-
sponding to the SG method is almost as three times long as that of u" corresponding to the
NG method. The saving of CPU time of NG method comes from two reasons. One is that
NG method need less computation on each iterative step than SG method. The other reason
is the iteration on each time step for solving the nonlinear equation of NG method is easier to
converge than that of SG method because the computing scale of NG method is smaller than
that of SG method.

Hence, the numerical test and numerical analysis of section 4 show that the global finite
element nonlinear Galerkin method is superior to the standard finite element Galerkin method
in the numerical computations of the penalized Navier-Stokes equations.
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