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Modélisation Mathématique et Analyse Numérique

PREDICTION-CORRECTION LEGENDRE SPECTRAL SCHEME
FOR INCOMPRESSIBLE FLUID FLOW

HE Li1-PING!, MaAo DE-KANG? AND GUO BEN-YU?

Abstract. The initial-boundary value problem of two-dimensional incompressible fluid flow in stream
function form is considered. A prediction-correction Legendre spectral scheme is proposed, which is
easy to be performed. The numerical solution possesses the accuracy of second-order in time and higher
order in space. The numerical experiments show the high accuracy of this approach.

Résumé. Le probléme de fluide incompressible & deux dimensions est considéré sous forme de fonction-
courant. Un schéma de type prédiction-correction spectrale de Legendre est proposé, ce dernier étant
facile & mettre en ceuvre. La solution numérique possede une précision de second ordre en temps et
d’ordre supérieur en espace. Les résultats numériques montrent la grande préscison de cette approche.
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1. INTRODUCTION

Since Navier-Stokes equation plays an important role in studying incompressible fluid flow, there have been
a lot of literature concerning the existence, uniqueness, regularity of its solution. Usually the primitive equation
is considered, e.g., see [1,2]. Many methods are used for the numerical simulation of this problem, such as finite
difference method, finite element method and spectral method, e.g., see [2-8]. But we meet several difficulties in
calculation. For instance, if we use finite difference method, then we have to evaluate the pressure at each time
step. Some authors developed artificial compressibility method or small parameter method (see [9-12]). But the
accuracy is lowered usually. On the other hand, it is not easy to deal with the boundary value of the pressure
(see [13]). If we use finite element method or spectral method, then we need to construct a trial function space
with the incompressibility and some conditions ensuring the convergence. It is also a difficult job. Therefore
we look for alternative formulations of Navier-Stokes equation. One of them is the vorticity-stream function
form (see [1,3,4]). Since the incompressibility is included automatically and the pressure no longer appears
in this case, the above difficulties are removed in theoretical analysis and numerical experiments. However,
for the initial-boundary value problem, another difficulty comes out. It is how to deal with the value of the
vorticity near the boundary. For simplicity of analysis, it is assumed sometimes that the vorticity is given on
the boundary, e.g., see [1,4]. However it is not physical, and so brings in the errors. The third is the stream
function form in which only the stream function appears in the equation with the physical boundary conditions.
Let T >0 and Q = {(z,y) | |z| <1,|y| <1} with the boundary 9. u(z,y,t) and u are the stream function
and the kinetic viscosity, respectively. f(z,y) and ug(z,y) describe the source term and the initial state. A is
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ou ou
90 W= 5, and define

dy

the Laplacian. For simplicity, let u, =
G(u,v) = uy(Av)y — ug(Av),,.
Then the stream function form of Navier-Stokes equation is as follows (see [6])

2Au + G(u,u) — pA®u=f, in  Qx(0,T],

ot 5
U= 8_Z =0, on 0 x (0,7T], (1.1)
U(.’l?,y,()) :uo(a:,y), in QU oN.

The main merits of this expression are remedying the troubles mentioned above and keeping the physical
boundary value conditions naturally. But in opposite, the appearance of the biharmonic operator and the
nonlinear terms involving the third order derivatives with respects to the spatial variables bring in some other
difficulties in analysis. To our knowledge, there have been very few results for this problem. For instance, in the
field of spectral method, it still remains on the level of biharmonic equation. Two outstanding results were due
to Bernardi, Coppoletta, Maday [14] and Jie Shen [15], which increase the possibility of precise analysis and
efficient algorithm for the stream function form. Recently the authors considered this problem. The existence,
uniqueness and regularity of the weak solution are proved under some conditions in [16]. While a fully discrete
Legendre spectral scheme is proposed in [17]. Numerical results show the advantages of this approach. However,
since the nonlinear term is approximated by partially implicit technique in [17], the numerical solution possesses
the accuracy of first-order in time only.

In this paper, we propose a prediction-correction Legendre spectral scheme for (1.1). In Section 2, we
introduce the weak formulation of (1.1) and some results in [16,17]. In Section 3, we construct the prediction-
correction scheme. At each step, the nonlinear term is approximated explicitly. Thus we can solve it explicitly
and save the work. In Section 4, we list some numerical results which show the high accuracy of this method.
The main idea and techniques in this paper are also useful for other nonlinear time-dependent problems with
high order derivatives in space.

2. THE WEAK FORMULATION AND RELATED RESULTS

In this section, we introduce some notations and the weak formulation of (1.1). We also list some properties
of the trilinear form used for dealing with the nonlinear term G(u,u).

Throughout this paper, we use Sobolev spaces W"?(Q) and WP (Q). For p = 2, we denote these spaces by
H"(Q) and Hj(Q). Their definitions and properties can be found in [18,19]. We denote by || - ||, the norm of

WmP(Q). If p = 2, then the index p is omitted. In addition, let ||-|| = || - |lo. We recall that the usual semi-norm
| - |, is equivalent to the norm || - ||, in H{ (). Moreover for u € H3(Q),
[ule= | Aull. (2.1)

These notations are also applied to the vector function spaces (WP (Q2))? and (H"(Q))2. Let (-,-) be the usual
inner product of either (L?(2))? or L?(2). Denote the usual inner product of H*(2) by (-,-)s. The space H° (0,
T; WnP(Q)) is defined as in [19].

For any u,w € WH%(Q) and v € H?(Q2), we define the trilinear form

J(u, v, w) = (Av, uywy — uzgwy). (2.2)

It is shown in [16] that
J(u,v,u) =0, Yu € WH4(Q), v € H*(Q), (2.3)
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J(u,v,w) = —J(w,v,u), Yu, w e WH(Q), v e H*(Q), (2.4)
J(u,v,w) = —(G(u,v),w), Yu € H*(Q), v € H3(Q), w e H(Q), (2.5)
and for any u, v, w € H?(),
| J(u,v,w) | < CQ) [[u 2]l v 2l w2 (2.6)
Hereafter C'(£2) is a certain positive constant depending only on 2, which could be different in different cases.

Some more precise estimations for | J(u,v,w) | were established in [16].
We shall also use the following lemma.

Lemma 2.1. Let u, v, w € H3(Q). If, in addition, v € W*P(Q) with p > 2, then

| J(w,0,w) | <CQ) || Au [ | v [[w2r @)l Vo . (2.7)
If u € W2P(Q) with p > 2, then
| J(u,v,w) | < C(Q) || wllwzro)ll Av ||| Vo | (2.8)
and
| J(w,0,w) | <C(Q) || w lwzr@ll VoIl Aw | . (2.9)
Proof. Clearly
1 1 p—2
B + 5 + 2—]? =1.

By the Holder inequality and H*(Q) < L5 (Q),

| J(u,v,w) | < / Avuzw,dQY | + | / Avuyw,d |
Q Q

IA

P PN (R P 7 Y P L )

< OO [ Au [ v llwzr@ll Voo f -
Thus (2.7) follows. Next, since W2P(Q) < C(f2), we obtain

| J(u,v,w)| <| / Avuyw,dQ | + | / Avuyw,d |
Q Q

[ uz llo@ll Av [ wy [| + 1 uy lle@ll Av [ we |
C) [l u llwzr@ll Av [ Voo || -

INIA

Finally we prove (2.9). By integrating by parts, we have
J(u,v,w) = /(vxwyum — VgWaUgy + VyWylgy — VyWyly, )d
Q
+ / (Ug Uz Way — UyVUpWag + UgUyWhyy — Uy Uy Way )AL
Q

‘We have
| / Uy s 0520 | < [y eyl Vo ||| Aw |
and

| [ wryor0ad® ] <ty el o il e 1, oy
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The other terms can be estimated similarly. The proof is completed.
Now, let H5(Q) be the dual space of H§(), and (u,v) be the duality paring between H~5(Q) and Hj(Q).
For any u,v € HZ(2), we define J(u,v) € H 2(Q) by

<J(u7 v)v w>L(H*2,Hg) = J(Uw v, w)? Vw € Hg(Q> (210)
Let J(u) = J(u,u). Clearly (2.6) implies
1T (w) |—2< C(Q) || w3, Yu € HF(Q). (2.11)
We now turn to the weak formulation of (1.1). For given functions
feL*0,T; H3(Q)) (2.12)

and
up € Hy(Q), (2.13)
the weak solution of (1.1) is a function u € L?(0,T; HZ(£2)) such that

0
(EVU, Vo) + p(Au, Av) + J(u, u,0) + (f,0) g2, 52) = 0, Yo € H3(Q), (2.14)
u(:t,y,()) = U()(It,y)«

It is shown in [2,16] that if f € L?(0,7; H %(Q)) and up € H}(2), then (2.14) has unique solution u €
L2(0,T5 H§(€)) N L>(0, T; Hy())-

3. PREDICTION-CORRECTION SPECTRAL SCHEME

In this section, we present the prediction-correction Legendre spectral scheme for (1.1), and a theorem
concerning the convergence.

We denote by Py (2) the set of all algebraic polynomials of degree at most N in each variable. The subspace
Py (Q) N HZ(Q) is denoted by Viy. We shall use the following lemmas.

Lemma 3.1. Ifp > 2 and u € Py(Q), then
_2..9 4
| lr@< 2 P N? 77 [lu .
Proof. Let Li(x) be the Legendre polynomials of degree k, and
N
u(x,y) = > ariLi(x)Li(y) (3.1)
k,1=0

where
1 1
o =i+ 5)0+3) [ [ ule @) )dady.

By the orthogonality of Legendre polynomials,

N 1 —1 1 —1
_ 2
| wl= E | ak, | <k+ 5) <l + 5)

k,1=0
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Therefore
N N 1 N 1 1
2 1 1 2
S lari 1< (Y] [ar | (k+§) )2 (> (k NSV [ull
k,i=0 k,i=0 k,1=0

Since | Li(z) |[< 1 and | L;(y) |< 1, we obtain from (3.1) that
N

[u o) < Z laki | < —N+1)2 [l

Hence -
_9 o _
// ule,y) 17 dady < [ w520 w2 < 272N w7
Lemma 3.2 (see [20]). For any function u € Vy,

I Au < CpN? || V],

C) being a certain positive constant independent of any function u and N.
We define the orthogonal projection operator Iy x : HZ(Q2) — Vi, such that

(u - HQJ\]U,w)Q =0, Yo € Vy.
Lemma 3.3 (see [14]). If 0 <r <2 <o, then
| T yu ||, < C(r,a)N"™° || u ||, Yu€ H?(Q)N HF()

where C(r,0) is a certain positive constant depending only on r and o.
Now we consider the basis functions of Viy. The Legendre polynomial of degree k is of the form

1 dF

5o da;k( —Dk 1<z <1

Lk(a;)

A good choice of basis functions was due to Jie Shen [15]. In this case, we take

B 2(2k +5) 2k + 3
Yr(x) = di(Le(z) —1 T”Lk+2($) + %—”Lk+4($)),
dp = , 0<k<N—4.
V2(2k + 3)2(2k + 5)

Then Vy = {U/k € Rn}, Up(z,y) = i, (2)Yk, (y) and Ry = {(4,7)/0 < i,j5 < N — 4}. The matrices with

elements (Y, Yr) a (dwjj; )’ dwsl .

efficient algorithm. In particular, (

), 0 < k, k¥ < N — 4 are pentadiagonal. This feature provides an

i
d*Yi(z) d*p ()
= dz?2 ’  dx?
good condition number of the corresponding matrix.

) = Ok, which simplifies the calculation and leads to a

T
We now describe the scheme. We divide the interval [0, T into M uniform subintervals. Let 7 = i be the

step size and S, = {t =170 <1 < M — 1}. We denote by @(z,y,t + 7) the predicted value of u(x,y,t+ 7),
and

u(z,y,t +7) —u(x,y,t) . u(z,y,t +7) —u(x,y,t

u(z,y,t) = &,y )= uley >,ut(ﬂc,y,t>= Lt Al D)

T T
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Let n(z,y,t) be the approximation to u(z,y,t). For each t € S;, n(z,y,t) € V. Set n(z,y,0) = Il yug. The
prediction-correction scheme is composed of two steps as follows,

(Vi (), Vo) + g(A(n(t) + 0t + 7)), Av) + J(n(t), n(t),v) + (f(t),v) = 0, Vv € Vy, (3-2)

(V{0,900 + G010 + 1+ ) + ST ((0) 1), v)
3T+ )0+ 7)) + S+ 1)+ F(2),0) =0, W € Vi,

Obviously the approxunate solution at the initial time is well defined. To evaluate it, we only need to solve a
linear system. Now assume that the numerical solution at the time ¢ = n7 is known. Let

(3.3)

1
a(u,v) = (Vu, Vo) + §MT(AU, Av), Yu, v € Vn.

Clearly a(u,v) is a bilinear continuous and coercive form on Vi x Viy. Hence by the Lax-Milgram Theorem,
the numerical solution at the time ¢t = (n + 1)7 is determined uniquely. So this scheme has a unique solution as
long as f € C(0,T; L*(Q)) and up € HZ(1Q).

Now, let 1o > 0 and m > 1 be some constants. Define

E(z,t) =|| V2(t) |2 +55 (0 +m) | Az() |2 +50 30 (1 A2) |2 +ror || Vault) [2).

2 2

t'<t—r

t'eS,
By using Lemma 2.1 and Lemmas 3.1-3.3, we obtain the following result.
Theorem 3.1. Assume that f € H?(0,T;L*(Q)), uo € H3(Q) and for lo > 3, 11 > 2, u € L*(0,T; H*(Q)) N
HY(0,T; H(2)) NH?(0,T; H?(2)) N H3(0,T; HY(Q)). If 7 = O(N~*), then there erists a positive constant
M* depending only on u, 2, and the norms of uw and f in the spaces mentioned above, such that for allt € S,

E(u—n,t) < M*(r* + N2~2o . N—20 7 N2-20),

The proof of this theorem is given in [21].

4. NUMERICAL RESULTS

This section is devoted to numerical experiments. We compare the results of Scheme (3.2)-(3.3) to the results
of the following scheme (see [17])

(Vne(t), Vo) + u(A(n(t) + orne (t)),Av)
+J(n(t) + dmne(t),n(t),v) + (f(t),v) =0, Yo € Vy, t € S, (4.1)
77(337?/70) = H27Nu0( )

where 0,9 are parameters, 0 < o, 6 < 1. In all calculations, we take o = 0.5, = 0. For describing the errors,
we denote by (z;,y;) and w;; the nodes and the weights of the two-dimensional Legendre-Gauss quadrature
respectively. Define the relative error and the absolute error as

1
Zz] 1 |77(x17y]7 ) U(-Ti?yj?t) |2 Wi 5 ?
20
Zi,j:l | u(zi,yj,t) [* wij

E(u(t)) = (

and

u(t) = (Y I n(@,ys,t) — ulwi,y;t) 2 wiy)?.

4,J=1
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Example 1. Consider (1.1) with the exact solution
u(z,y,t) = AeP (1 + cosmx)(1 + cos y).

We take A = B = 0.1. The numerical results are presented in Tables 1 and 3. Table 1 shows the high accuracy
of Scheme (3.2-3.3). In particular, for suitably large N, e.g., N = 14, the numerical solution has the accuracy of
second order in time. Table 2 indicates that the numerical solution of Scheme (3.2-3.3) converges to the exact
solution as N — oo and 7 — 0. It also shows that this scheme is very stable for long time calculation even for
small N and big 7. In paricular, for N = 10, the accuracy of Scheme (3.2-3.3) with 7 = 0.1 is as good as Scheme
4.1 with 7 = 0.001. So we can save the work. Table 3 shows that the calculations are still stable for very small
w, even if p = 0. It shows again that Scheme (3.2-3.3) provides more accurate numerical results than (4.1).

Table 1. The errors E(u(t)) of Scheme (3.2-3.3), u = 0.5, N = 14.

t=1 t=2 t=3 t=4 t=25
7=0.1 3.919E-6 | 4.331E-6 | 4.782E-6 | 5.279E-6 | 5.825E-6
7=0.01 | 5905E-8 | 6.524E-8 | 7.208E-8 | 7.964E-8 | 8.798E-8
7 =0.001 | 6.576E-10 | 7.189E-10 | 7.873E-10 | 8.635E-10 | 9.482E-10
Table 2. The errors F(u(30)), u = 0.5.
Scheme (3.2-3.3) Scheme (4.1)
N =28 N=10 | N=12 N =28 N =10
T=0.5 3.612E-4 | 3.933E-4 | 4.070E-4 | 2.444E-2 | 2.438E-2
T=0.1 9.155E-5 | 3.675E-5 | 3.712E-5 | 4.920E-3 | 4.880E-3
7=0.01 |9.672E-5 | 1.749E-6 | 8.469E-7 | 5.367E-4 | 4.879E-4
7 =0.001 - - - 1.301E-4 | 4.876E-5
Table 3. The errors E(u(20)), N = 10.
Scheme (3.2-3.3) Scheme (4.1)
7=004|7=0.025| 7=0.01 | 7=0.001
w=10"3|3.487E-6 | 2.861E-6 | 4.325E-4 | 4.214E-5
uw=10"%]2.103E-5 | 1.658E-6 | 4.418E-4 | 4.248E-5
nw=20 2.114E-5 | 1.469E-6 | 4.452E-4 | 4.272E-5
Example 2. Consider (1.1) with the exact solution
(1221 - )

U(l‘,y,t)— H+Gt2+$2+y2

The numerical results are listed in Table 4. It also shows that Scheme (3.2-3.3) provides more accurate numerical
results than Scheme (4.1). In particular, it is stable even for long time calculation.
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Table 4. The errors E(u(t)) and E*(u(t)), p = 0.05,H =1,G =0.01, N = 12.

Scheme (3.2-3.3) Scheme (4.1)
7=0.1 7T=04 7=0.01
Flw) | Fa@) | Fm) | FEh) | Fw) | Bum)
t=20 | 4.232E-7 | 2.694E-6 | 5.189E-6 | 3.309E-5 | 6.051E-5 | 3.853E-4
t =40 2.462E-8 | 5.205E-7 | 3.854E-7 | 8.148E-6 | 1.101E-5 | 2.099E-4
t =60 | 3.553E-9 | 1.625E-7 | 5.657TE-8 | 2.588E-6 | 3.527E-6 | 1.613E-4
t =280 | 8.648E-10 | 6.936E-8 | 1.384E-8 | 1.110E-6 | 1.530E-6 | 1.227E-4
t =100 | 2.858E-10 | 3.559E-8 | 4.588E-9 | 5.712E-7 | 7.938E-7 | 9.883E-5
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