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Abstract A coupled Legendre-Laguerre spectral element method is proposed for the Stokes
and Navier-Stokes equations in unbounded domains. The method combines advantages of
the high accuracy of the Laguerre-spectral method for unbounded domains and the geomet-
ric flexibility of the spectral-element method. Rigorous stability and error analysis for the
Stokes problem is carried out. Numerical results indicate that the proposed method is very
effective for some realistic flow problems in unbounded domains, such as flows passing a
circular cylinder.
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1 Introduction

There have been many theoretical and numerical investigations on using spectral methods
for solving PDEs in unbounded domains. For an overview on this subject, we refer to the
book by Boyd [3] and a more recent review paper by Shen and Wang [18]. However, to
the best of the authors’ knowledge, essentially no effort has been made on using a spectral
method for direct simulation of flow problems in unbounded domains. A first step in this
direction was made in a recent paper [1] where the authors studied the Legendre-Laguerre
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spectral method for the Stokes equations in a semi-infinite channel. In that paper, the authors
constructed stable discretization spaces using Legendre and Laguerre series for the Stokes
problem and derived a sharp estimate for the inf-sup constant. However, due to the one-
domain approach, the results in [1] can not be directly used for complex geometries such as
those encountered in simulating flows passing obstacles.

In this paper we continue the work started in [1] and aim at developing a coupled
Legendre-Laguerre spectral-element method for Stokes and Navier-Stokes equations in
complex unbounded domains. The method will combine advantages of the high accuracy
of the Laguerre-spectral method for unbounded domains and the geometric flexibility of the
spectral-element method. In order to validate the method and show that it can be applied to
realistic flow problems, we will implement it to simulate flows passing a cylinder and com-
pare the results with the approach using an artificial boundary with non-reflecting boundary
conditions [20].

On the theoretical side, we shall carry out stability and error analysis of the coupled
Legendre-Laguerre spectral-element method for the Stokes problems in a simple geome-
try, for the sake of the clarity. It is evident that this analysis can be extended to complex
geometries by using standard arguments of the spectral-element method.

The outline of this paper is as follows. In Sect. 2 we present the Stokes problem in a semi-
infinite channel and formulate the coupled Legendre-Laguerre spectral-element method for
the Stokes problem. In Sect. 3, we study the stability of the coupled Legendre-Laguerre
spectral-element method and provide an explicit lower bound for the inf-sup constant. Then,
we carry out a rigorous error analysis for the proposed method in Sect. 4. We provide in
Sect. 5 implementation details of the method for the Stokes and time-dependent Navier-
Stokes equations, and present several sets of numerical results, including numerical simula-
tion for the flow passing a circular cylinder.

We now introduce some notations/conventions which will be used throughout the paper.
Let 2 be an open connected domain, and @ > 0 be a weight function on €2, and we denote

by (u,v)q., = fg uvwdS2 the inner product of Li(Q) whose norm is denoted by || - ||, -
We set L§ () = {v e LL(Q) : [, vodQ = 0}. We use HZ'(Q) and H}J', () to denote the
usual weighted Sobolev spaces with norm || - ||,;.0.. In cases where no confusion would

arise, o (if w = 1) and 2 may be dropped from the notations. We denote by ¢ or c; generic
positive constants independent of the discretization parameters. We also use the expression
A < B to mean that A < ¢B. Throughout this paper we will use boldface letters to denote
vectors and vector functions.

2 Stokes Problem in a Semi-Infinite Channel

An important motivation for developing coupled Legendre-Laguerre spectral element
method is to solve challenging problems in multiple-dimensional infinite domains. A par-
ticular application is to simulate the flows passing an obstacle in a semi-infinite channel.
An essential step in developing numerical schemes for such problems is to study the Stokes
problem in a semi-infinite channel.

To fix the idea, we consider the semi-infinite channel Q ={x: 0 <x <400, -1 <y <
1} with boundary 0<2. We define two subsets of Q:

Q ={x:0<x<a,-1l<y<l}, Qt={x:a<x<oo,—-1<y<l}

We also denote T* = 9Q NIQ* (k=+)and [y =9Q~ NIQT.
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Fig. 1 Domain configuration for the coupled Legendre-Laguerre method

An illustration of the domain configuration is shown in Fig. 1.
For any function v defined in 2, we use v~ and v™ to denote the restrictions of v to Q~
and Q, respectively. We define (-, -); (k==) and (-, -)r by

(u",v")k=/ uFvfdx, (9. P)r =/<p¢d<f~
Qk r

Obviously, we have
(I/l, U)Q = (M_, U_), + (M+, U+)+.
Consider now the Stokes problem in the semi-infinite channel:

—Au+Vp=f inQQ,

V-u=0 in 2,
Q2.1
upe =0,
lim,_, . u =0.
Its weak formulation is: find (u, p) € Hj ()% x L*(2), such that
{(Vu,Vv)—(V-v,p):(f,v) Vv € H} (Q)%, 2.2)
(V-u,q)=0 Vg € L3(Q). '

Now we define the coupled Legendre-Laguerre approximation. Let £;(x) and L;(y)
be respectively the Laguerre and Legendre polynomial of degree i and j, and £;(x) =
L;(x)exp(—x/2). We recall the following orthogonality relation:

Iopoo N 2
(x —a)L;(y) Lo (x —a)L, = §imbin. 2.
/—I/a Li(x —a)L;(y)Lm(x —a)L,(y)dxdy o 18 8 (2.3)

Let Py (€27) be the space of all polynomials of degree < N in 2~ with respect to each
variable x and y. We define the space Py (1) by

I@’M,N(Sﬁ) = span{ﬁ,-(x —a)L;(y),i=0,1,...,.M;j=0,1,..., N}
Let us denote by A the pair of parameters (M, N), and define
Xy =H (@ N{w:v ePy() 0t e By y(24)),

My ={q:q~ €Py »(27), g+ €Py1y_2(Q)).
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We define the discrete inner product (-, -) o by

@ YIn=(@ Y v+ @ YN

N N M N
=YY 0 Y Enon, Y > ST E IV TE o).

m=0 n=0 p=0 ¢g=0
where
o = &L 600) o, = (0, 0,,), 0<mn<N,
+ g+ £+ + A+ +
qu = (51,17’52,4)’ Dpq :(wl,p’wlq)’ 0<p=M, 0=<g=N,

with & and @, (resp. §,, and w, , or %‘Z P and a)Z}L q) the Legendre-Gauss-Lobatto points

and the associated weights in [0, a] (resp. [—1, 1]). While é‘ 1+ » and (I)l+ » the Laguerre-Gauss-

Radau points and the associated weights in [a, +00). The associated discrete norms are
denoted by | - llx, [I - llar,— and [| - a7+

Then, the coupled Legendre-Laguerre approximation to (2.2) is: Find uxr € X, par €
M s, such that

{ Vup, Vo )n = (V-on, padr =, o) You € X, 2.4)

Vupn, g =0 Van € My

The coercivity and continuity of the bilinear form (Vw -, Vo) o and the continuity of
the bilinear form (V - v, gar) A can be verified easily by using the property of the discrete
norm associated to the Legendre-Gauss-Lobatto quadrature [2] and the fact that

M

f pgdx =Y pEqEldx, Vp.qePy(RY), 2.5)
0 k=0

where {ék, @y} are the Laguerre-Radau points and weights in [0, 00), and
Py (R™) =span{Lo(x), £ (x), ..., Lu (x)}. (2.6)
More precisely, we have

(Vou, Vo) = (Vo Vo) n— + (Vi Vol s

2ol -+ 1055 =llonllf g, You € X,
(Vwy, Vo) = (Vwy, Vo) a - + (Vwl, Vol )y +

< IVwylla - IV lla - + IV VR

< IVuxllxvlVovlyv S llwallielvalie,  Ywn, vx € X,
(Vevn, gn = (Vv g)dn— + (V- 0l g3 n+

SV -vln-lgnla - + 1V - v la s lgi .

Slvvliellavloe, Yva € Xar gy € My
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Then it is well-known that the well-posedness of the coupled formulation (2.4) relies on the
so called inf-sup condition [4]:

—(V -
inf  sup M > Ba >0, 2.7

aveMn yyrex e IV llellgnllo.e

where B is the inf-sup constant.

3 Estimation of the inf-sup Constant

This section is devoted to the estimation of the inf-sup constant.

Theorem 3.1
inf “WVv DN v Y, 3.1)
7€My vex e V1112l llo.2
Proof Let us first remark that
Vv, a=N-v,q9), Yge My, ve Xy.

Consequently, it suffices to prove (3.1) with (V - v, ¢) in place of (V - v, g) n.
Let g € M. We start with Q~ and decompose ¢~ as

G =qy +r (32)

such that g, € L(z)(Q‘) NPy_»(27) and r~ is a constant. Then, it is known (cf. [2]) that

. .. _ 1 . _
there exist a positive constant 8, ~ N~ 2 and a function v, € HO1 (Q7)2NPx(27)3?, such
that

_ _ _ 1 _
V.vy =—q, and |lvgllie- S —=lg; llo.e-- 3.3)
N

Given a function g € Xy satisfying
/ g-ndo=|Q (34)
To

where | Q27| is the measure of 27. We denote by w, a function in HoI (Q7)2NPy(27)? such
that

(V-wy,q) =(V-g,9), YgeLi(Q)NPy (Q). (3.5)
Then define v~ := g — w;, which satisfies

(V-97,9)-=0, VgeLi(Q)NPy,(Q), and

ffr.n*da=/ g ndo =2, (3.6)
r Ty

Denoting v~ = v, — r~ v, using (3.2), (3.3) and (3.6), we find that v~ € HY(Q7)? N
Py (R27)2, v r-=0,v"p, = T 8ry and

—(Vv,g)-=—(V-(vyg —rv),qy +r )-=(qy.9,)- + r)? /s;_ V-0 dxdy.
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So we obtain
~(V-v7.q7)- =gy g + PRI (3.7)
We now consider QF. We recall from [1] that there exists a positive constant ,3;, ~ M~"and

a function v{ € H} (QM)? N I@’M,N(Q+)2 such that

1
Vovg=—¢" and |ujlher S '8—+||¢]+||0,Q+. (3.8)
M

For the same function g € X »- given in (3.4), let w; be a function in H, (27)? NPy v (QH)?
such that

V-wl,@)s=(V-g,9)y, VgePy iy (7). 3.9)

Then define " := g — w which satisfies
=+ d ~+ _ I@’ +
Vi, =8&r,, and (V-97,9); =0, Vg ePy_inyo(Q7). (3.10)

Denoting v* = v — r~ 9", using (3.8) and (3.10), we have v* € H'(Q%)? N Py (21)2,

vhre =0, v, = r~gr,> and
—(V-vt gD ==V 0 =T, = gt g 3.11)
Now define
{ v~ inQ,
V=
v in QF,

then v € X, and from (3.7) and (3.11), we find
_(V ‘v, CI) = _(v ‘v, q_)— - (V : 'U+, q+)+
=gy 5. + Q1+ g7 15 o+
=g 5o +lg* 5o+ =l4ll5.q-

By the definitions of v~ and v*, and using (3.3), (3.5), (3.8) and (3.9), we get

_ _ e < 1 _ i Ci _
lv"lhe-=llvg —r7 v e S —=ligo loo- +1r v e~ < —=llg" llo.e-,
N B

and

1 1 1
—=+ — 15t
||v+||1,sz+ = ||"(T —r v et S —+||q+||0,9+ +lr v e+ < Cz(—+ + —,> llgllo.e;
M Bu By

where ¢y, ¢; depend on g and |2~ |. Combining the last three results leads to

—(V-v,q)n g1l o
> | : > Bullgllo.e
vl ﬂ—,llq llo,o- + Cz(ﬁ—+ + F)”Q”o,sz
N M N
where B = min(By. B;;) = min(N~2, M~"). O
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4 Error Estimates

We carry out in this section error analysis for the coupled Legendre-Laguerre spectral ele-
ment method to the Stokes problem.

4.1 Some Preliminary Approximation Results

We start with some notations and definitions which are needed in the following error analy-
sis. Let w, (x) = x"e™ and @, (x) = x". We now recall some approximation results collected
in the recent review paper [18] for the Laguerre functions {£}, which correspond to the gen-

eralized Laguerre functions {£\"'} in [18] with index & = 0.

We first introduce some suitable functional spaces. Let us denote éx =0, + % We define
forallm > 1,

B"(R"):={v:fvel] (RN, 0<k=<m}, @.1)

equipped with the following norm and semi-norm

m 172
Ak o N
lvllgm = lozvllz, | [vlige =110 v]a,-
k
k=0

We also define
B™(RT):={v:d,ve B" ' (R")},

endowed with the norm and semi-norm:
||U||g;n = |0Vl gm-1, |v|é:’ = |0x V] gm-1.

Let 7y, be the L7, -orthogonal projector from L7, (R™) into Py (R™) defined by:
[o ]
/ (v — T V) puwodx =0, Vv e Ly (RY), ¢y € Py(RY).
0
Then, we define the operator 7, . from L?(R™) into Py (RY) by (cf. [17]):
v (x) = e Py (v(x)e?),  Yve L*(RY).
It can be easily verified that
o0 o0
/ (v — Ty V) Pudx =/ (Wx)e? =y (W(x)e?))e ™ pydx =0,
0 0

Vou € Py (R™).

Consequently, 7, is the orthogonal projector from L?(R™) into Py (R). The following
result is a special case (¢ = 0) of Theorem 3.3 in [18]:

Lemma 4.1 Forall v e B™ (RY), m >0, we have

18! (v — A0y S M2, 0<I<m. 4.2)
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Next, we set Wy, = {v € Py (R™) : v(0) = 0} and define 771{/1’2( (R*) — Wy by:

Owo

o0
/ =73 0) ¢ w0dx =0 Ve € Wiy
; ,

Then, we set Wy, = {ve=*/2: v € Wy} and define n;,lox H}(R*) > Wy by
Fyv(x) = e (v(x)e?), Vv e Hj (RT).
We can verify that
(v =732 0) V) + — (u Aatv,u) =0, Yue Hy(RY), vy € Wy, 4.3)
and the following result holds (cf. Theorem 3.4 in [18]):
Lemma 4.2 Forallve Hj(RT) N lg’jf’(R*), m > 1, we have
o = Ayovlh S M2 lls, - (4.4)
Now let 7, v C(RY) = Py (R") be the interpolation operator at the Laguerre Gauss-
Radau points. The following result is a special case (¢ = 0) of Theorem 3.8 in [18] (which
was first proved in [11]):
Lemma 4.3 Forall ve C(R*) N B™(R*) N B™(R"), m > 1, we have

o= ucvllo S M35 (18701, + (n b2 187 v1la, ) *5)

For any v € H' (R+) we set D(x) = v(x) — v(0)e™*/2, and define the quasi-orthogonal
projection operator 7, . : H'(R') — Py (RY) by

fr,{mv :=7AtI D+ v0)e ™% VYve HY(RY).
Then we have the following result.
Lemma 4.4 Forallve H'(RY)N E’;”(R*), m > 1, we have

[REEGARI TS M58 0]ls,, -

Proof By definition, we have (fr}{“ v)(0) = v(0), and v — f[l V=0 — frJ{JOXA We then
derive immediately from Lemma 4.2 that

~1.0 1_m ~
lv— 7y il =10 =7y 0l SM2 2 8" 0115, -
Furthermore, a direct calculation shows that

" (w(0)e™?) = v(0)d" (e =0, m=>1.
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Thus
Ao =0"v — " (w(O0)e ) ="y, m=>1.

This completes the proof. ]

We now recall some approximation results by Legendre polynomials. Let us denote A =
(=1, 1). Let Iy : L2(A) — Py(A) be the L?(A)-orthogonal projector defined by

1
/ (=TI v)pdz=0, V¢ ePy(A),
-1
and Ty : H} (A) — P} (A) be the H| (A)-orthogonal projector defined by

1
/ 3.(v — T v)d.0dz =0, Ve e PS(A).
-1

We use z here to denote either x or y.
Alsolet Iy : C(A) — Py (A) be the interpolation operator based on the Legendre-Gauss-
Lobatto points. Then, we have the following results (cf. [8, 10]):

Lemma 4.5
lv—Tyvllo SN llvlly, $=0, ve H(A);
v — Tl S Nflull,, k=0,1, s> 1, ve HL (A)NH (A);
lv—1Iyvllo S NFlvlly, s>1, veC(A), ve H'(A).

For any v € H'(A), we set #(z) = v(z) — v(—1) 5% — v(1) 2 € Hj (A). We define a
quasi-orthogonal projector T1}, : H'(A) — Py(A) by

1—|—z

=T + v(— 1)—+ (1 (4.6)

By definition, we have (l'[}vv)(jzl) =v(%1), and v — l'[}vv =0 — 1'111\}017. We then derive
immediately from Lemma 4.5 the following:

Lemma 4.6

lv—TIyols + Nllv = Tyllo SN ol,,  s>1, ve H (A).
4.2 Error Analysis

Let R = (a, +00). We denote by L%(A, B (R;)) the space of the measurable functions
viA— E”I(R:) such that

10l 30,0+ :={ / oG I, R+dy} < .
A fra

In particular, the norm of L*(A, L*(R)) is denoted by || - [lo.o+, which is defined by

12
) ) 2
lvllo,+ == llvllo0,0+ = ([ v dx> .

Qt
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Moreover, for any non-negative integer n, we define
n 2 pt d/v 2 2/ p+ .
H"(A,L*(R)) == {v: P EL(ALY(R))), 0=<j=<ng,
y.

the norm of this space is given by

/v

8y/

Ivllowm e+ = Z

=0

Finally for any non-negative integer m, n, we define the following spaces
Y™n(QY) = H" (A, LX(R)) N H"™'(A, BL(R})) N H'(A, B" (R))),
A" QY)Y = H"(A, LA(R})) N L2(A, B"(R))),
B"M(QY) ;= H"(A, LX(R})) N H' (A, B"(R)) N H' (A, B"(R})),

endowed respectively with the following norms

2 2 2 2
Nolyor = (10030 0 + 1003, oo + 1013 00)

1
2 2 2
ol e = {10100 00 + 100}

(ST

ol gon = (1013000 + N0, g + 1013, o)

We are now in a position to derive the error estimates.

Theorem 4.1 If the solution (u, p) of problem (2.2) satisfies u € H}(Q)* N{v:v~ €
HO(Q ) vt e Y™ QN pelp:p € H'(Q), pt e A" (@M}, 0 > 1,
m=>1,n>1;And fe{v:v e H(Q )% vt e B#QHIYINCEQ), p>1,r>1,5> 1.
Then the solution (u s, par) of (2.4) admits the following error estimates:

lu—unlho SN oo+ 1P lo-r.2) + N1 " llpa-

1_m —
+ M2+ N Mt |y + 107N ntin1)
+ +

+ (M) + DM2E LN f g,
1 _ oy e
Ip = palloe S == [ N U loa- + 1P o107+ N 71 -
B
1 _m
+ 2 E N g+ 1P i)

+ (nM)? + HMz~? +N—S)||f+||éis].
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Proof Let

Vy ={ony eXn:(V-vy,@)n=0,Yg € My}

For any u € H, (2)?, we define

- _ L0 1 —
L =My_, Oy, u, xeQ,
= =T #l u xeQt
u — N—-1,y"*M x> ’

where 1'[,1\;(11‘}, and IT),_, , are the operators Iy", and I1},_, in the y and x directions,
respectively. Then, from the properties of the Legendre-Gauss-Lobatto and Laguerre-Gauss-
Radau quadratures, we have (Vrr,, Vo) = (Vmr,, Vour), Yoa € X . Therefore, for all
vy € X, wWa € Vi, we have
Vwp, Voy) = (Vwy, Vo) n

=Ny —u), Vo) + (V@ — 1), Voy) + (VT — wa), Vo) x

S(u—wylio+u—mlio)lvnhie+ wy —mlielvavhie

S(u—wylio+u—muli0)lvnlie

The above result together with Theorem IV.2.5 of [2] leads to

< Vwar, Von) — (Vwy, Vo) x
lu—unlioS Inf ||u—wyliet+ sup
wa eV v EX N |vN|1,Q

lp—gnlloe+ sup (frony = (f, o)

+ in
aNE v EX N lvalie

f
N EMNr
S inf Ju—wylie+lu—mlie+ inf [[p—gnrloe

wareVar gN EMN

(fooanw — (f o)

)

+ sup
v EXN |vN|l,Q

and

1 .
lp —palloe S o—| inf |u—walio+lu—mlie
B | waeVa

. (fooa)n — (f o)
+ inf |p—qnlloo+ sup .
qNEMN vArEX N lvalie

Now we estimate the terms on the right-hand side of the above two inequalities.
Firstly, for all f € {v:v™ e H?(Q7)?, vt € B (Q1)%} N C%Q), we know from [2]

(f L vINn-— (o) SN lpalvvlhie, YoveXy.
On the other hand, we have
(f+a UX[)NA- - (f+7 vj\—[)+
SUST = Invyduac f Hllogr + 15 = Ty Zue f loat) 0k Lar

SUST = Invyf oo+ 1 = Do f ¥ ot + N7 o
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+ MR a0 0o
SN Flloss + MEEULf oy 0 + An MY fH6,0)
F N s + M2 a0 0] ot
SN o +ME A fH o,y + A0 MY fF o, D05 o
So we get
(fooandn — (f. o)
=[(f " v ne — (o +H I v — ()4

— — 1 1_r s
SWNNf Npe- + (0 M)2 + DM2"2 + N )||f+||gis)|vj\f|l,$2~

Secondly, by the approximation property of H}\}?y and 7 1}4,1’ we find

ad + + a A1 a 10
— =) < |z — 7y ) | — Ry (=TI 1)
8x 0,9+ 3x 0.9+ 8X 0,9+
1 m A 3
< Mz %|5mull. + N7 —7L u
~ X ||w,”7|;0,9+ ox M,x Oin—Lat
Lom A len i A
SM2 2|0 ulla, 0.0t + N T 10x8 | wgin—1,0+
0 d
+ + 1,0 1,0 ]
Ha—(u —m,) < 8—(u IMy—, u —l'IN 1y (@ — Ty )
y 0,0+ y 0,Q+

1— lom A
SN Mulloner + M2 2007 0yullg, 0.0t
From the above two estimates, we get
1 _ ni
ut =7 s S (V' M2 uy .

Similarly, by the approximation property of Hzlv and H}\}O in Lemmas 4.5 and 4.6, we find

_ —_ 1—

lu” =7, o~ SN 7 lulloq--

Thus, we obtain

lu—mulio Sl —m, 1o +lu" —m) o

_ _ 1_m
SN ullog- + (N + M272) lu]ymr.

Now, by Lemma IV.1.2 of [2], Theorem 4.1 of [1] and Lemma 4.5, we have

. 1
inf lu—wpyliog=<|1+—-—) inf |u—wxyle
wy eV Brn ) waeXa

1
1,0 1 - 10 L0+
So—lum -1 Oy_y 4 e+ |u* — ”M IMyZ, yu'ler

Nﬂ N—-1,y
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— —G .. — 1 _m —n
SAY [N o+ M Nty ]

It now remains to estimate inf,,.cp, I|p — gullo,o- By the approximation results of 7y
and Iy ,, we have

inf lp—gnlloe <llp” —My-2,0n-2.p oo + Ip" — Oy_zyFm—1:p oo+
qN EMNr

| 1- A
SN"Np o1, + N 7P  lom-1.0+ + 1P — Ap—1xp oo+

1- - l—ny .+ lom am—1 _+
SN P Nlo-ro- + N "p llom-1.0+ + M2 2107 plla, 0

1 _m

SNUp N1 +(M272 + Nl_”)||p+||ATl:n—1-
As a direct consequence of the above estimates, we finally obtain

e —unlie SN 7B oo + 12 lomr.0-) + N 21 f 7 llp0-

1 _m —n —
+ (M N o + 1P yee1)

+(((n M)T A+ DMP™2 4 N7 g

Ip = pallog S BY [ N B oo + 1P lnmr.02) + N21f 7 lp0-
1 _m —n —
+ (M N U o + 1P yete1)

+ (((n M)+ DMITE N F ] 0

5 Numerical Computations

We present in this section several numerical tests to illustrate the theoretical results estab-
lished in previous sections and to demonstrate how the coupled Legendre-Laguerre spectral
element method can be used to simulate realistic flow problems in unbounded domains.

5.1 Numerical Computation of the inf-sup Constant

We first compute the inf-sup constant S, described in Sect. 3. To this end, we consider the
case that ¢ = 2 and the domain is decomposed into two elements only.

Inserting the expansions of u and p,r into (2.4), the resulting set of algebraic equations
can be written in a matrix form,

Diu, =0, (5.8)

where f s a vector representation of the f at the LGL and LGR nodes. The matrices
Ay, Dy and By, are block-diagonal matrices with 2 blocks each. The blocks of A - are
the discrete Laplace operators, and those of D are associated to the different components
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of the discrete gradient operators, while blocks of B, are the mass matrices with respect to
each component of f.
Eliminating u ,, from (5.7)—(5.8), we obtain

DAY Dy p,, =D AyBx f . (5.9)
D —

SN

The matrix Sar := D,TVA;[' D, is usually referred as the Uzawa matrix. A typical procedure
for solving (5.7)~(5.8) is to first solve p N from (5.9), and then solve u . from the Poisson
equation (5.7) with known p .

The Uzawa matrix is of dimension (M + N — 1) x (N — 1), full, symmetric and posi-
tive definite. A usual procedure to solve (5.9) is to use a preconditioned conjugate gradient
method with the mass matrix B A as a preconditioner [2, 5, 7, 15]. In this procedure each
outer iteration requires the inversion of two Laplace operators (A, matrix) which can be
carried out by the fast diagonalization method (see [13]). Hence, the efficiency of the method
is dictated by the condition number «» of Ej_\,l Sn. A well known fact is that the condition
number « is linked to the inf-sup constant via the relation x = ﬂ% [15]. As a result, the

inf-sup constant B, affects the efficiency of the iteration method to solving (5.9).

The first computational investigation is concerned with the lower bound on the inf-sup
constant derived in Sect. 3. In the left of Fig. 2, we plot the variations of B versus M in
log-log scale for several N. We observe that 8 is independent of N while it decays as ﬁ
In the right of Fig. 2, we plot the variations of B, versus N for several M. We observe
that 8, remains to be constants as we vary N with M fixed. These results seem to indicate
that By = O(ﬁ), which is the same as in the coupled Laguerre-Legendre approximation
in [1]. However, we were not able to improve our estimate in Sect. 3 to match this numerical
observation. There are possibly two scenarios for this discrepancy: (i) the numerical results
show in Fig. 2 have not reached the asymptotic range; and (ii) the lower bound for the inf-
sup constant in Sect. 3 is not optimal. In any case, this is an issue of academic interest only
since in practice we always use M > +/N 50 B ~ min(N~2, M=) ~ M~

-3 Ned —— 0.1
N=8 ——
N=12——
N=16—=—
N=20——
-3.5¢
4L
0.01}
4.5}
-5
M=4 ——
M=8 ——
M=12——
M=16—&—
-5.5 I I I I I 0.001 I I I | | | | M=2(\)+
1.5 2 25 3 3.5 0O 5 10 15 20 25 30 35 40 45
log(M) N

Fig. 2 Left: inf-sup constant Bar vs. M; right: inf-sup constant Sar vs. N
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5.2 Numerical Tests for the Convergence Rate

The next numerical test is carried out to check the convergence behavior of the coupled
Legendre-Laguerre spectral element method in case of a more general domain decomposi-
tion. To this end, we divide 2~ and Q7 into several non-overlapping macro-elements.

To simplify the presentation, we assume that all elements are rectilinear. We partition 2~
into K~ non-overlapping elements:

Q=& ane =0 fork#l
k=1
i.e., we partition A, = (0, a) in x direction into K, parts:
Kx
Ao=JAL  ALNAL=0. fork+#l,
k=1
while partition A = (—1, 1) in y direction into K, parts:

Ky
A=A A NA' =@, for k#1
k=1

Obviously, we have K~ = K, x K,. At the same time, we divide QT into KT = K, non-
overlapping parts, i.e., we divide y direction of Q7 as in 7. The finial domain configuration
is illustrated below:

(0, 1) - (a, 1) T+
y
'l Q (Leg-Ieg.) |To O+ (Laguerre-Legendre) T—vx
(0,1) r- (ar1) r+
We consider the Stokes problem with the following analytical solution
_ sin(x) cos(y)e™ _ x
= ((sin(x) —cos(x))sin(y)e™ )’ p = cos(x) cos(y)e

in the computation domain €2 that is the union of the following two sub-domains:
Q ={x:0<x<2,-1<y<l}, Qf={x:2<x<o00, -1 <y<l1}.

Then we further decompose ~ into 16 equal macro-elements, and Q7 into 4 equal macro-
elements. In Fig. 3, we plot, in a semi-logarithmic scale, the H'-velocity and the L?-pressure
errors in 7 as a function of N with M fixed (figure on the left) and in Q7 as a function
of M with N fixed (figure on the right). We observe that the errors converge exponentially
which is a typical behavior for spectral methods with analytical solutions.
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0.01 u 1 5]
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Fig. 3 The velocity and pressure errors as a function of N and M: left, errors in Q7 ; right, errors in Q%

5.3 Applications to Flow Simulations

We now consider simulations of fluid flows passing a cylinder. To understand what and how
the computations will be done, we review below the time discretization algorithm to be used
here.

We consider the flow of an incompressible fluid around a circular cylinder placed in a
semi-infinite channel. The flow is governed by the following Navier-Stokes equations:

ar Re

du 1 . = i
{ Au+w-VYu+Vp=f inQ, (5.10)
V-u=0 in Q,

where u = (uy, uy), p are respectively the non-dimensional velocity and pressure, f is the
forcing term. The characteristic scales for the velocity and pressure are respectively the free-
stream velocity U and poU?, where py is the density. Re := Uv—D is the Reynolds number, with
D the cylinder diameter and v the kinematic viscosity. In our simulations, the free-stream
velocity is set to the constant (1,0). This means that during the calculations the velocity
remains this constant in the infinity downstream. In order to be able to use our method, we
define a new vector function w = (w, wy) := (u; — 1, u») so that lim,_,,, w = 0, which is

required by the Laguerre approximation. Then (5.10) becomes

at Re
V-w=0 in Q.

w1 . —f
{ Aw+ (w;+ 1L, wy) - Vw+Vp=f inQ, 5.11)

Usually, the nonlinear terms are treated explicitly either via a Adams-Bashforth scheme or a
characteristics scheme based on the operator-integration-factor (OIF) splitting method [14].
In most applications, the latter has shown advantage over the former thanks to the fact that
the OIF method allows for time-step sizes exceeding standard CFL limited time-step sizes.
For this reason, we use a semi-Lagrangian method (see, e.g., [19]), which is based on the
OIF splitting technique, to treat the time derivative and the convective terms. This tempo-
ral discretization results in a saddle point problem coupling the velocity and the pressure,
which is decoupled later via an additional splitting step. Such an approach was analyzed and
applied to various computations in the papers of Perot [16], Couzy et al. [6], and Lin et al.
[12]. The approach has a common foundation with traditional projection approaches which
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Fig. 4 Partition of domain and a
typical mesh
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p-L2+ 12—
1e-08 L Aline of slope 2 1e-09 ) Aline of slope 2 —
1e-04 0.001 0.01 1e-04 0.001 0.01
Dt Dt

Fig. 5 The velocity and pressure errors as a function of At: left, errors in 7 ; right, errors in Qt

lead to a Poisson equation for the pressure (cf. [9]). More precisely, we rewrite (5.11) under
the following form:

D 1 :
{ﬁ—ﬁAw—i—Vp:f in Q, (5.12)
V.-w=0 in ,
where % denotes the material derivative taken along a path moving with velocity

(w; + 1, w,). Then we use the second order backward differentiation scheme to dis-
cretize (5.12)

3wt 724Z/l" +a" éAwn+1 + Vpn+l — an _ fnfl in Q,
V. wn+1 =0 in Q,
where At is the time step, @" and "' are the transports at different instants of the previous
solutions on the characteristics. This time semi-discretization leads to a generalized Stokes
equation for (w"*!, p"*!) in each time step, which is further discretized in space by using the
coupled Legendre-Laguerre spectral element method described in the preceding sections.
We shall first test this approach with an analytical solution given by

_ cos(t) sin(x) cos(y)e™*
N (cos(l)(sin(x) — cos(x)) sin(y)e™

X

. > , p = cos(t) cos(x)cos(y)e .

We take the computational domain to be {x : 0 <x <00, —1 <y < 1}\Ry with Qp =
{(x,y): (x = )2+ (y — 1)> < 0.5%}. The computational domain €2 is first decomposed into
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Fig. 6 The velocity and pressure errors as a function of N and M: left, errors in Q7 ; right, errors in Q%
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Fig. 7 Legendre-Gauss-Lobatto/Laguerre-Gauss-Radau spectral element mesh for the unbounded domain
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Fig. 9 Standard
Legendre-Gauss-Lobatto spectral
element mesh for the bounded
domain

(a) Horizontal velocity, Leg.-Lag. (b) Horizontal velocity, Legendre

(c) Pressure, Leg.-Lag. (d) Pressure, Legendre

(e) Vorticity, Leg.-Lag. (f) Vorticity, Legendre

Fig. 10 Isolines of the horizontal velocity (a), (b), pressure (c¢), (d), and vorticity (e), (f) at 1 = 10. Left:
Legendre-Laguerre coupled method; right: Legendre method

two sub-domains:
Q ={x:0<x<2,—-1<y<I1}\Q, QF={x:2<x<o00,—-1<y<l}.

Then we further partition ™ into a number of macro-elements, and Q7 into several equal
macro-elements. In this case deformed elements have to be used to partition the domain.
A typical mesh for this problem is shown in Fig. 4.

We show in Fig. 5 the errors at £ = 1 in ™ and Q" as a function of the time step At
with N = 10, M = 48 fixed, second order accuracy in time is observed.
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(a) Horizontal velocity, Leg.-Lag. (b) Horizontal velocity, Legendre
(c) Pressure, Leg.-Lag. ) Pressure, Legendre

(e) Vorticity, Leg.-Lag. (f) Vorticity, Legendre

Fig. 11 Same as in Fig. 10, but r = 12

We now consider the flow passing a circular cylinder. The computational domain and the
spectral element mesh are illustrated in Fig. 7, with QT = (6.15, 00) x (—3.6, 3.6). A cylin-
der obstacle of diameter D = 1 is located at the origin. There are 210 Legendre-Legendre
macro-elements and 10 Laguerre-Legendre macro-elements extending to the infinity.

All the computations have been carried out for a Reynolds number of 200 by using our
coupled method with the Legendre polynomial degree N = 6, Laguerre polynomial degree
M =32, and the time step At = 0.02. In order to accelerate vortex formation, the cylinder
is artificially perturbed by performing impulsively started rotations with a clockwise angle-
velocity 0.2 between ¢ = 3.0 and 4.2, and a counterclockwise angle-velocity 0.3 between
t =4.5 and 6.0 (cf. Fig. 8).

The simulation results obtained in the unbounded domain are compared to the ones com-
puted by a standard Legendre spectral element method in a bounded domain using a non-
reflective artificial boundary condition [20]. A standard Legendre spectral element mesh
for the bounded domain is shown in Fig. 9. The bounded domain is partitioned into 310
Legendre-Legendre macro-elements.

In Fig. 10, we plot the isolines of the horizontal velocity, pressure, and vorticity at t = 10,
obtained respectively by using the coupled Legendre-Laguerre spectral element method and
the standard Legendre spectral element method. One observes a very good agreement be-
tween the two families of plots. The isolines at = 12 are plotted in Fig. 11. It is seen that
the results produced by the two methods remains indistinguishable. The computation is con-
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(= (=

(a) Horizontal velocity, Leg.-Lag. (b) Horizontal velocity, Legendre

(c) Pressure, Leg.-Lag. (d) Pressure, Legendre

(e) Vorticity, Leg.-Lag. (f) Vorticity, Legendre

Fig. 12 Same as in Fig. 11, butr = 14

tinued until the vortices reach the downstream domain. We present the results at t = 14 in
Fig. 12 where some vortices appear in the downstream.

We observe here some slight differences between the two approaches at downstream.
This is not surprising since the Legendre spectral element method uses, at the artificial out-
flow boundary, a non-reflecting boundary condition which is no longer valid when some
vortices reach the artificial boundary.

In Fig. 6, we present the errors at r = 1 with respect to N in 2~ with M =48 (figure on
the left), and with respect to M in Q* with N = 10 (figure on the right). One observes that
the errors decay exponentially until the time discretization errors dominate. These results
demonstrate that the Legendre-Laguerre coupled spectral element method for unbounded
domains possesses same convergence features as those of the conventional Legendre spectral
element methods for bounded domains.

6 Concluding Remarks
We have presented a coupled Legendre-Laguerre spectral element method for the Stokes and
Navier-Stokes equations in a semi-infinite domain. A detailed stability and error analysis has

been carried out for the Stokes problem in a semi-infinite channel. Namely, we established
the well-posedness of this method by deriving an explicit lower bound for the inf-sup con-

@ Springer



22 J Sci Comput (2010) 42: 1-22

stant, and derived error estimates by using the inf-sup estimate and the Laguerre/Legendre
approximation properties.

We have also implemented the new method to simulate the flow passing a circular cylin-
der, and compared the results with those obtained by using the standard Legendre spectral
element method which uses a non-reflecting boundary condition at an artificial boundary.
The new method enjoys the following advantages: (i) no artificial boundary is needed as
the method works directly in the infinite domain, eliminating the ad-hoc process of choos-
ing an artificial boundary and boundary conditions; (ii) the interface between the Legendre
spectral-element region and the Legendre-Laguerre region can be placed very close to the
obstacle, leading to potentially significant saving in the number of unknowns and CPU.
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