ANALYSIS OF A STABILIZED CNLF METHOD WITH FAST SLOW
WAVE SPLITTINGS FOR FLOW PROBLEMS

NAN JIANG * AND HOANG TRAN

Abstract. In this work we study Crank-Nicolson Leap-Frog (CNLF) methods with fast slow wave
splittings for Navier-Stokes equation plus a Coriolis force term, which is a simplification of geophysical
flows. We present a new stabilized CNLF method where the added stabilization completely removes the
method’s CFL time step condition. We give a comprehensive stability and error analysis. We prove that for
Oseen equation + rotation term, the unstable mode (for which ™1 +4"”~1 = 0) of CNLF is asymptotically
stable. Numerical results are provided to verify the stability and the convergence of the methods.

1. Introduction. One of the most common time discretizations in atmosphere and
ocean codes is the implicit-explicit combination of the Crank-Nicolson and Leap-Frog meth-
ods, usually abbreviated as CNLF. The usual description is that CN is used to discretize
physical effects corresponding to fast waves and low energy while LF for high energy slow
waves. One issue about this method is that the time step restriction of CNLF can be very
restrictive if the normal splitting is not perfectly done, i.e., if some fast waves are present
in the LF terms. Our aim herein is to provide an analytic, nonlinear energy stability and
convergence analysis of a stabilized CNLF introduced in [1], which is unconditionaly stable,
based on a splitting of the NSE + rotation/Coriolis force motivated by the above descrip-
tion. This work is only one step to the very complex motivating application and many open
questions (some surveyed in Section 1.1 below) remain.

Consider thus the NSE + a rotation/Coriolis force, a great simplification of the geo-
physical flow, [2], on a bounded domain subject to either no slip (the typical case herein)
or periodic boundary conditions:

ur+u-Vu—vAu+ Vp+ fo x u= f(z,t) in Q,
V-u=0in Q, (1.1)
u(z,0) = up(x) in Q and u = 0 on IN.
Suppressing the spatial discretization, we must identify the parts to be discretized by

CN vs. LF. Let U(z) denote a smooth, averaged fluid velocity. Rewrite the momentum
equation as

us + N(u,p) + Alu) = f(z,t), and V-u =0, in Q,
where

N(u,p):=(u—U) -Vu—vAu+ Vp (fast wave component),

Alu) :=U -Vu+ fo X u (slow wave component).

We shall discretize in time by CNLF using the above splitting. The first time discretization
we study is CNLF based on FAst-SLow splitting, which we call FASL: given u®,u!,p!
(computed by some other method), find u?,u?,- - -, p?,p3, - - - satisfying

unJrl _ unfl N N(unJrl + unfl anrl +pn71
2At 2 ’ 2
V-u"t =0, in Q,
and «" ! =0, on O9.

)+ AW”) = [, (1.2)
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Here selected mean flow U(z) is assumed to be divergence free, satisfy the same boundary
conditions as u(z,t) and stationary. The stability region of LF is the interval {z : Re(z) =0
and —1 <Im(z) < +1}. Thus, root condition analysis, [3], [4], suggests that skew symmetry
of A is essential and for such A the time step restriction

At||Al| <1 or At (|AUZU| + fc|> < const (1.3)
is necessary.

This motivates us to develop for this application a stabilization of CNLF introduced in
[1] (STAFASL), which eliminates all restrictions for stability while maintaining an accuracy
comparable to that of FASL. Our scheme reads: given u°, u!,p! (computed by some other
method), find u?,u?,- -, p? p3, - - - satisfying

n+1l _ , n—1 n+1 n—1 n+1 n—1
U U " N(u +u ’ P +p )
2At 2 2
FA@™) 4+ 2AtATA (T — ) = (1.4)
V-u"t = 0.

The stabilization method was introduced in [1] and its stability was proven for the time
dependent Stokes problem. The result is extended here to the fast-slow decomposition of
NSE + rotation force, still without any CFL type time step restriction, with a new and
comprehensive error analysis given.

Generally, it is believed that CNLF will damp only the mode u™*! 4+ 4"~1; there is no
damping in the unstable mode where u"*! + u"~! = 0. Roundoff error can lead to growth
in the unstable mode, spurring development of corrective time filters, [2], [5], [6], [7]. For
the linearized form of NSE (Oseen equation), we prove that this is not the case: CNLF
discretization also damps the unstable mode. This extends a result from [8] to the flow
problem (1.1). The damping of unstable mode for full NSE is an open question.

Our paper is organized as follows. In Section 2, we give necessary definitions and
state well-known results which are used throughout the paper. In Section 3, for spatial
discretization in FASL by a variational method (we specify FEMs but the same proof holds
for Galerkin spectral methods and Thom’s finite difference methods), we prove that FASL
is stable in the absence of round off errors under CFL condition, see Theorem 3.1. The
unconditional stability of STAFASL is established in Section 4. In Section 5, we prove that
for Oseen equation + rotation term, the unstable mode of CNLF is asymptotically stable.
Section 6 is devoted for a complete convergence analysis of STAFASL. Finally, numerical
experiments are given in Section 7 for verifying our theoretical results.

1.1. Previous work. The implicit-explicit Crank-Nicolson and Leap-Frog method is
widely used in atmosphere, ocean and climate codes, e.g., [5], [6], [7], [9] and has recently
been used for uncoupling groundwater-surface water flows, [10]. Stability of CNLF by root
conditions was proven in 1963 [3] and by energy methods for systems in [4]. Two related
stability questions remain. First, the time step restriction (1.3) from the LF component can
be too restrictive if the normal splitting into fast but low energy modes and slow but high
energy modes is not perfectly done and if the problem parameters are too big. Second, the
unstable mode (for which u"*! 4+ 4"~1 = 0) of LF is not damped by CN. Thus, modular
time filters, like the Roberts-Asselin-Williams filter [5], [6], [7], have been developed to deal
with this issue. The stabilized CNLF scheme presented in this paper addresses both of the
issues: it is unconditionally (no time step condition) stable and the unstable mode, while
not eliminated, is controlled for the linearized model. Stabilized CNLF, like CNLF, is a
3 level method and approximations are needed at the first two time steps to appropriate
accuracy, [11]. The stabilization in stabilized CNLF herein is similar in spirit to [12], [13],
[14]. For a general theory of IMEX methods see [15], [16], [17]. The instability of CNLF
for nonautonomous systems was studied in [18].
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2. Notation and preliminaries. Let 2 be an open, regular domain in R? (d =
2 or 3). The LP(Q2) norms and the Sobolev W} () norms are denoted by || -||z» and | - R

respectively. In particular, the L?(Q2) norm and the inner product are denoted by || - || and
(-,+). H*() is used to represent the Sobolev space W¥ (), with norm || - ||x. For functions
v(x,t) defined on (0,7'), we define (1 < m < c0)

T 1/m
[Vlloo k= EssSupiorylo(t, )|k, and [[v]lmx = (/ [o(t, ')ant> :
0
The space H~%(() is the dual space of bounded linear functions on H} (). A norm for
H=Y(Q) is given by

, U
o= sup LY
over (@) VY

Let X be the velocity space and @ be the pressure space:
X = (Hy(), Q = L§(Q).
The space of divergence free functions is
V ={veX :(V-v,9)=0,Vq € Q}.

The norm on V* (the dual of V') is defined as

(f.0)
« = sup .
171l = sup 1o

A weak formulation of (1.1) is: Find w : [0,T] — X, p: [0,T] — @ for a.e. t € (0,7
satisfying:

(4er0) + (- Y, 0) + (T, V) — (.Y - ) + (fo X wv) = (f,0) , Vo € X
u(z,0) = u’(z) in X and (V -u,q) =0, Vg € Q.

We denote conforming velocity, pressure finite element spaces based on an edge to edge
triangulation of Q (with maximum triangle diameter h) by

XpCcX,QnrCQ.

We assume that X, and @, satisfy the usual discrete inf-sup condition. Taylor-Hood el-
ements, discussed in [19], [20], are one commonly used choice of velocity-pressure finite
element spaces. The discretely divergence free subspace of X, is

Vi ={vn € Xp: (V-vn,qn) =0, Vg, € Qn}.

We assume the mesh and finite element spaces satisfy the following inverse inequality (typical
for locally quasi-uniform meshes and standard FEM spaces, see, e.g., [19]): for all v, € X},

||V op|l < Cinollvnl]

where ¢, depends only on the shape (h./pe, he = diam(e) and p, is the diameter of the
largest ball that can be inscribed in e) of the elements, [21].
Define the usual explicitly skew symmetric trilinear form

1 1
b* (u, v, w) := i(u-Vv,w) - i(u-Vw,v).
3



Then for any up,vp, wp € Xp,
* 1
b (uh,vh,wh) = / Up, - VUh - Wh dx + 5 / (V . Uh)(vh -wh) dﬁ, (21)
Q Q

which can be easily proved by integrating by parts and using uy|ga = 0.
b* (u, v, w) also satisfies the bound

b*(u,v,w) < Cllul| 1 [Voll[[Vw]], for all u,v,w € X.

3. Stability of FASL with the CFL condition. In this section we prove nonlinear,
long time stability of FASL under a CFL type condition for Navier-Stokes equations with
a Coriolis term.

The fully discrete approximation we study of (1.1) with FASL is: Given uZ_l, uy, pz_l , pz,l
find uZH € Xy, pZH € Qy, satisfying

n+1 n—1 n+1 n—1 n+1 n—1
Uy — Uy, o Uy Uy, + uy,
b _
( AL 7Uh) + ( 9 Uv 9 7Uh)
n+1 n—1 n+1 n—1
+
(#ph,v.vh) + (VR ;“h , Voy,) (3.1)

+b*(Ua u27vh) =+ (fC X UZ7Uh) = (fn,vh)a VUh S Xh,

(V-up™ ) =0,  VYau € Qn.

The selection of the averaged velocity is necessarily application dependent. Many choices
of U are possible; the theorem below only needs U = U(z) and U - 71)pq = 0. The compu-
tational aim is to choose so that the nonlinearity in the implicit CN discretized terms to be
smaller.

THEOREM 3.1 (Stability of FASL). Consider FASL method. Suppose the following
timestep restriction holds

At < ([Ullsscinoh™ + I fcllee) ™ (3.2)

then for any N > 1,

2
n+1 +uz 1

A
Z Sz

n=1 (33)
1 *
5 (lunll + Tuh]1?) + A (U, i, up) + At(fo x up,up),

2 (12 + +ZvAtH

where B =1 — At(||U||ooCinoh ™t + || foloo) -

n+l, n—1
Proof. Set v, = % in (3.1). Multiplying through by 2At and applying Young’s
inequality to the RHS, we get

SO = g 1) + A (U, ™ 4 ™) (34)
+A(fo x w, up Tt w4 vAE HVW 2 < %Hf"\ﬁ
We rearrange the terms on LHS of (3.4). Firstly,
1 _ 1 _
S U 2 = Tl ~H1%) = (|\U”+1H2 + [kl = Sk 1+l =),
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The next two terms could be rewritten as follows, with notice that they are skew-symmetric

A (U, uft, uf ™+ uf ™) = A" (U, up, uf ™) — Ath* (U, uf ™t ult),

At(fo x ul,uf ™ +ul ™) = At(fo x uft,up ) — At(fo x uf ™ ul).

Summing up (3.4) from n =1 to N, it gives
1
(HUN+1H2 +[lun 1) + Atb*(a up s up ™)+ At(fo x up’ upy ™)
N
At 1
<> - I I3+ §(HU;11H2 + [[upl?)

+ Z vAt
n=1

+ Atb*(Ua uhv uh) + At(fc X U%, ullz)

n+1 n—1
i

Denote
s = (Iluhﬂll2 + [lup|?) + A" (U, upy, up ™) + At(fe x uj, up™).
Applying the inverse inequality to the trilinear term gives
A (U, upy, up ) < AU |ooCinoh™ |ug g - (3.5)
The other skew symmetric term can be estimated as follows
At(fo x up, up™) < At folloollup | up - (3.6)
Hence,
n—‘,—l 1 n+12 n|2
"2 2 Sl + lurl®)
— At Ullsocinoh™ bl lug 1| = At folloo llu Mg |

11 _ .
> (5 - 51 et~ + cl) ) P (3.7

11 _ .
+ (5 = 5o ™ + ) ) 2

— 1 n n
> (1= AU i~ + el)) (G + 5l )

Let B = (1 — At(||U|lwCinvh ™ + ||fc|loo)). Then under the timestep condition, (3.3)
follows. O

4. Stability of STAFASL. In this section, we prove the unconditional stability of
STAFASL for Navier-Stokes equation with a Coriolis term. The added stabilization elimi-
nates the restriction on the timestep from CNLF, which gives us the unconditional stability.
Same as in Theorem 3.1, U only needs to satisfy U = U(z) and U - fi|spq = 0.

With FEM discretizations, we apply the usual explicitly skew symmetric trilinear form
defined in Section 2 for both nonlinear parts discretized by CN and LF respectively to
maintain the skew symmetry of the nonlinear terms. For the part discretized by LF, by
(2.1), we have

1
b* (U, uy,vp) = / U-Vuy - v, dx + 3 / (V-U)(up, - vp) de, (4.1)
Q Q

Therefore for compactness, define the linear, skew symmetric operator

1
Ah(’U) I:U'VU+§(V'U)U+fCXU-
5



Then by (4.1),

b*(Uv u;zb>vh) + (fC X uz’vh) = (Ah(u;zb)vvh) ) (4'2)

Note by (3.5) and (3.6) in the proof of Theorem 3.1, we derive an upper bound on the norm
of Ah

[AR]] < 1T lcoinuh™ + 1| fellos (4.3)
and name (||U||ooCinuh™* + || fc|l) ™! the CFL limit.

The stabilization we study is 2AtA% Ay (u) ™ —u} ') and STAFASL scheme reads: find

(u ”H,pZH) € X;, x Qp, satisfying, for all vy, E Xn,qn € Qp,

n+1 n—1 n+1 n—1 n+1 n—1
U —u +u +u
(h h ,vh> + b2k b7, h

2AL 2 2 »Un)

n+1 +’U/Z 1
2
,V o) + 208 (Ap(up ™t —up ), A (vn)) = (F7,vn),
(V : UZH,%) = 0.

5 (U uf, o) + (fo x uftyon) + (V2 , Voy) (4.4)

_( n+1 +p;LL 1

2

THEOREM 4.1 (Unconditional Stability). STAFASL is unconditionally stable. Specif-
ically, for any N > 1, there holds

1
|| N+1II2 + i |? + AL An(up™ ) I* + 2882 A (up) |

1
lun 1” + S llupl|? + 2827 A (uf) ||
+ 2087 | A (up ) |I* + At(An(uj z:llfnll2

n+1 n—1
Proof. In (4.4) set v, = % and multiply through by 2A¢. This gives, after
adding and subtracting 3 |[uf||? + 2A¢%||Ap (u})]]?,

(G212 + FI0RI? + 282 IAME )P + 288 Jan(u)l

= (GlatIP + Gl 12+ 28R IAM I + 287 s D) (05)
+A* (U, up, "+1—|—uh )+At(fc><uh, "+1—|—u2 h
n+1 n—1 n+1 n—1
+2Atu||V%H N %).

Applying Young’s inequality to the RHS, (4.5) reduces to

1 n n
(317112 + Sl I? + 282 IAn P + 2824 )]

n 1 n— n n—
= (GatIP + 3l 12+ 2APIAMGDIP + 287 IAn(a D) (4o)
A )+ Ml x4
n+1+uz 1H2

+AW|V S,
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By integration by parts we have
b (U up, up ™ ) = (U - Vup + =

Thus,

cnti o= (Ah(uﬁ),uzﬂ), and
1 n 1 n n
E"ts = ||u U+ S g1 + 2887 An (u )| + 2487 An (up)|1*

Using skew symmetry of A, (4.6) can be rewritten as

E™t: — ErTr 4 Ag(CnE — e (4.7)

n+1 n—1
+u At
N T

Summing up (4.7) from n =1 to N results in

n+1 + U;LL 1 ”2

N+2 NJr2
ENTz 4 AtC +AtZy||V :

n=1

(4.8)

N
< Bh i A S
>~ v : *

By Cauchy-Schwarz inequality
ALCN*TE = At(Ap(u) ), ull ) = —AL(AL (), ul)

1
< AL An (DI + 1%,

and the stability follows. O

5. Asymptotic stability of the unstable mode for Oseen equation plus rota-
tion term. In this section, we show that the unstable mode of CNLF is actually stable for
the time dependent Oseen problem + rotation/Coriolis term:

us +U - Vu—vAu+ Vp+ fo xu = f(z,t) in Q,
V-u=0in Q, (5.1)
u(z,0) =up(x) in Q© and u = 0 on IN.

Here, U (z) is assumed to be a smooth, divergence free velocity field. The stability of unstable
mode of CNLF for full NSE + rotation term is an open question.

5.1. The damping of unstable mode of FASL scheme. The corresponding FASL
time stepping method for (5.1) is: Given uZﬁl,uz,pzfl,pﬁ, find UZH € Xp, pZH € Qp
satisfying

n+1 n—1 n+1 n—1 n+1 n—1
Up — — Uy +py ) +up
( IAE ) h) ( ) 7v Uh)+y(v 9 ,V’Uh)
+0* (U, uy,vn) + (fo x up,vn) = (f™,vn), Yo, € X, (FASL-Oseen)

(v : U’Z-‘rlv Qh) = 07 th S Qh-
7



THEOREM 5.1. Consider (FASL-Oseen). Suppose the following conditions hold,
At < CFL limit, (5.2)

then both the stable mode and the unstable modes are stable. In particular, if the body force
f =0, all modes are asymptotically stable:

w a0 and  upt —wlT— 0 as o — 0. (5.3)

n—1

. +u un+1+un71 .
Proof. The only different term (7’1 —U) - V-—5-1— of NSE from the time

+1 n—1
dependent Oseen problem vanishes after taking inner product with “& s Therefore

we use the stability results of Theorem 3.1 without proving. As in the proof of Theorem
3.1, we have for the time dependent Oseen problem with Coriolis term

n+1 _’_uz 1 H2

s S RN A 5

At
< e, (54)

where

1 1 * n
€8 = S (P = f 1) + A (U, uf w1 + At(fo x ufl g ).

Under condition (5.2), which is exactly the same as (3.2), we have the following stability
result
N 2
1 n+1_|_un 1
5 (Shar P 4 G 12) + Y vaae [ (5.5

n=1

N
At o1 .
<y —lIf I3+ 5 (lup ? + llup 1?) + At (U, up, uy) + At(fo x up,up,).

where 8 = (1 — At(||U]|ooCinvh ™! + || fclloo))- The stable mode is stable. In particular, if
the body force f = 0, dropping nonnegative terms in the LHS, then (5.5) reduces to

N n+1+ n—112
SV 5 Uh < C(v,ul,u}). (5.6)
n=1

C(v,ul),u}) is independent of N, so letting N — oo gives
IV (upt + = h) — 0 as n —> 0o. (5.7)

By Poincaré inequality, we have

n+1

uptt +uf =t — 0 as m —> oo. (5.8)

Next we prove, under the same condition, the unstable mode is also stable. Set v, =
uZ‘H — uZ_l in (FASL-Oseen), multiply though by 20At, where 6 > 0, and then add and
subtract At||u}||?, (FASL-Oseen) becomes

SUAL([[Vuy | + HVUZIIQ) — SvAH([[Vup || + [ Vup %)
+26 A" (U, ujt, uf ™ — w1 4+ 20A(fo x ujt, uf ™ —ut) (5.9)
+5||un+1 HQ — 25At(fn n+1 uz 1).

Denote

D"tE = a4 Sy AL VUl + [Vl ?).
8



Adding (5.4) and (5.9) and applying Cauchy-Schwarz and Young’s inequalities give, for any
a, 0 <a<l,

n+1 n—1
Dtz _ pnes +VA1€||V%H2

2004 (Ap (up), up T —up ) < ||f"||2 ||f"||2

+ 5Hu”+1 w2 (5.10)

Recall that
Ap(v):=U-Vo+ = (V U)v+ fo xw.

Summing (5.10) from n =1 to N gives

n+1 n—1
DN+2+Z[VA15||V+uh||2+a5||u"+1 u2_1||2} (5.11)
n=1
N
1 At VAN
5V <D Y[+ SR
n=1

where

N
= > 208t (A (up), up ™t —upt).

n=1

Let Coo = (||U|locCinvh™ + || felloo). Using (3.5) and (3.6) from the proof of Theorem 3.1,
we have the following bound on BV

Z 20 (Ap (uft), up Tt — ul YY) = 264t (Ap (u}), ui — uf)

n=1
N oy )
+25Atz {Q(Ah(u — o 2) 1) i(Ah(uZ_i_uZ—z) u 1)]
Al |
< 20At(An(up), uj, — up) + 25Atz |:QCOO||UZ — w72t —
=2
5 Clluf g - u;;-ﬂ (5.12)

1 n n— n n—

< 25At(Ah(’u,h) —uh) —|—26Atz |: <2||uh — 2H2 ||U +1 up 1”2)

e (2uz+u22n2 st — ) |

= 2§At(Ah(uh) - Uh) + 26Atz |: Oo”u”JFl uzleQ
n+1 n—1
+u N -
+On (SIVE 4 St - ) |,

where 0 < € < 1. Plugging (5.12) into (5.11) gives

DN*: 4 At(v

200 0 u”+1+u” 1
ZIIV b b2



At =) a
+5(a7(AtC Mt C )Z\ L gyn=l) 2 (5.13)

n=1
N OTAt
< 258 (An(u). i — ) + D 3 [ S+ S0 ]
n=1
Under the conditions

(9% (0%
5 5.14
pelom 11 (5.14)

both the stable and the unstable modes are stable. Since o and € are arbitrary in (0, 1), the
second condition in (5.14) is equivalent to At < C'!. This is the same condition, (3.2), to
ensure stability of (FASL) in Theorem 3.1 and therefore also a sufficient condition for the
stability of the time dependent Oseen problem. § > 0 is also arbitrary, so we can always
pick & to have the first condition in (5.14) satisfied. By Theorem 3.1, under the time step
restriction (5.2), eV +3 s positive and therefore DV +3 is also positive:

1 1
Dt 2 (S + gl ) + vt P+ [V 1), (5.15)

Dropping nonnegative terms in LHS of (5.13) gives

5(a7(AtC’ +€Atc )ZHU"H w2 (5.16)

< 20At(Ap(ul),uf —ud) + D3 4 Z [ 1112 + IIf”II2

So the unstable mode is also stable. In particular, assume the body force f = 0, dropping
some nonnegative terms, (5.16) reduces to

Z [t — w7 < C(6, €, v, u, up) < oo (5.17)

n=1

C(8,e,v,ul), u}) is independent of N, so letting N — oo gives
[uptt — w2 — 0 as  n — 0. (5.18)

This completes the proof of Theorem 5.1.
|

5.2. The damping of unstable mode for STAFASL scheme. The stabilization
we added to FASL eliminates the time step condition, controlling the stable mode. We next
prove that this stabilization also eliminates the time step restriction for Oseen problem plus
a rotation/Coriolis term, controlling both the stable and unstable modes.

The corresponding STAFASL time stepping method for (5.1) is: Given u} ™' u,
Pn ,ph, find u"‘”'1 e Xn,p ”‘H € Qy, satisfying

n+1 n—1 n+1 n—1
(%, o) — (%, V-w) (STAFASL-Oseen)

—|—I/(V 5 , Vo) + 2At(Ah(Un+1 — unil), Ap(vp))
+b*(U7 U?L,Uh) + (fc X uZath) = (fnavh); V/Uh S Xha

(v : UZ+17qh) = 07 th S Qh-
10



THEOREM 5.2. Consider (STAFASL-Oseen). Both the stable mode and the unstable
modes are unconditionally stable. In particular, if the body force f = 0, all modes are
unconditionally, asymptotically stable:

wptt rul ™t — 0 and  upt —wlT— 0 as o — 0. (5.19)

Proof. The regular stability proof will follow exactly the proof of Theorem 4.1 and we
will use its results without proving. As in the proof of Theorem 4.1, we have

E™t: — Eror 4 Ay(CtE — 0 e (5.20)
n+1 n—1
+u At
+Aty IIVf”H2 —lIf [
where
C"E = <Ah<uh> z“>, and
B = || up P+ §||u}}||2 + 288 | Ap (up TH1Z + 24887 | A (up) ||

Now set vy, = uZH — u;fl in (STAFASL-Oseen), multiply through by 26At¢, where § > 0,
and then add and subtract §At||ul||?, (STAFASL-Oseen) becomes

v AL([[ Vg H* + HWZ’IIQ) — SuAH([[Vap | + [ Vup %)
+26Atb*(U w up Tt — ) 4 26At( fo xuf,up =t (5.21)
+5H“n+1 1||2 +4(5At2HAh( n+1 >||2 _ 26At(fn n+1 ’U’Z )

Denote
D"E = B 4 AtC™E 4 Su AVl + ||V |?).

Adding (5.20) and (5.21) and applying Cauchy-Schwarz inequality to the RHS gives

n+1

D D gttt e St — w2
HASAL || Ap (uf T — ;;—1)\|2+25At(Ah(uh) uptt — (5.22)
< Sz + 20n 2
Summing (5.22) from n =1 to N gives
N u n—1
DAEESS [mtnv;“hH? Sl — 2 (5.23)
=

N
At
HARIANRH ]+ BY < D Y[ S 2
n=1
where

N
= 26At(Ap(up),up Tt —uph.

n=1

11



For BY, applying Young’s inequality gives, for any ¢, 0 < € < %

n n— 5 N n
BN < 562 it — w112+ b > AR Ay (). (5.24)

n=1

The second term on the RHS can be rewritten as
2 n TL—2
uj, +up Up — Uy 2
A
)+ A ()|
n—2

uy —u e
)P+ 20 A (L)1 = | An(up =)

AR (ui)II* = [|An(

n n—2
Uy, + Uy,

= 2[|An(

Then (5.24) becomes

]
BN<5EZ||un+1 TP AL A ||2—fZAt2HAh ol

6 n n— n n—
+5e ZAt2 (AR Cuft 4 ™) I1P + 1| A (ufy = u2)]) - (5.25)

n=2

After shifting the index of the second sum, we obtain

)
BY <3 gt - A A (ul, ||2—72At2 (A (2|
n=1
N—
) -
?Z AL (| An (g + D+ An g =) (5.26)

Plugging (5.26) into (5.23) gives

Nl
++h

DYV Ay T Zuu”“ i
N-1
A Vn+1+u212—£A2A P a2 5.27
+ [vAt) I = S At AR (up™ 4wy~ )l (5.27)
n=1
N-1

)

# 3 [IARIAGE R - AR ]

1)
< D' 1 LA () |2+Z[ ||f"||2+2mt2|f“}

Under the following conditions
1
2 —_— R—
At||Ap ]| < 25 and 4> 5o (5.28)

we have the stability of both the stable and unstable modes. Since € in (0, %), we pick € = i

and the second condition is satisfied. Note ||Ap]|« is bounded
[Anlle < CUUI+ IV -Ull + lfelD),

and § > 0 is arbitrary. So we can always pick §, such that
v
8AL[[AnI2”
12

d <



Let 6 = t5a775,7z- Then (5.27) reduces to

N+1+u
P SN A e ZWH )

2
yAt u"“—i—u i n n—
Z IV oAl S M - (6.29)
n=1

< D'*E 4 AR AL ()P + Z [ 12 4+ 26n2 712

By Theorem 4.1, EN*2 + AtCN*3 is positive and therefore DV*2 is also positive
DNtz > o || A || up |2 4+ A A (uy 2 (5.30)
+2At% ”Ah(uh )? + 5VN(HVUN+1||2 + vz [[?).

In particular, assume the body force f = 0, dropping some nonnegative term, (5.29) reduces
to

=

Z [| n+1 +UZ 1”2 + ||un+1 u271||2] < C(V, u?ﬂu}ll) < 00. (531)

C(v, u?L, u,ll) is constant independent of N, so letting N — oo gives
Jupt™ + a2 — 0  and  fuptt —up M2 —0 as n— oco.

This completes the proof of Theorem 5.2.
]

6. Error Analysis for STAFASL. We proceed to give an a priori error estimate for
the approximations studied herein. Due to the intricateness of the proofs, for the compact-
ness, we only analyze the error of STAFASL scheme. With minor modifications, we will
get the analogous results of convergence rate for FASL.

Let t" := nAt,n=0,1,2,..., Ny, and T := NpAt. Denote u™ = u(-,¢"). We introduce
the following discrete norms:

Nt
ol = O 1807 bl = s 1ol
n=

THEOREM 6.1 (Convergence of STAFASL). Consider STAFASL scheme. Suppose
(u,p) satisfies the following regularity conditions:

we L0, T; HH(Q)) N H(0,T; H*(Q)) N H(0, T; L*(2)),
p € L*0,T; H"TH(Q)) N H*(0,T; L*(Q)), and f€ L*(0,T; L*(Q)).

Then, for At sufficiently small, there is a positive constant C independent of the mesh width
and time step such that

N
1 3
5 (17124 2P + 482 AP + At Ve + e
n=1
C(T+At)(1+U_3||‘VU|H§O’O) 1 1112 2 1\ (12

13

< exp(




5 3,
+1H6°||2+4At2llAh(60)H2) +CR* (v + v + v YIVU ) [l (6.1)

+C(A) Y Ipull3 o + Ch** 2 Iplll3 o0 + CR*THIARIP 13 g0
AR 2 [y |3 i1 + C(A)* (luesel|3, 0 + VI Ve

|§,0 +v! ||vutt||§,0

- k
AT HIVUIP IV uee 13 0 + AR AR [luel3 0 + 222 AL AR uell3 40)

STAFASL is a 3 level method. To obtain (u}”p}b) one must use another method, e.g.,
Crank-Nicholson. Note the errors in this first step will affect the overall convergence rate of
our method.

Consequently, for Taylor-Hood elements, i.e. £ = 2,s = 1, we have the following result.

COROLLARY 6.2. Under the assumptions of Theorem 6.1, with (X, Qn) given by the
Taylor-Hood approzimation elements (k = 2,5 = 1), €° assumed to be 0, using a second
order method in the first step, we have

1 3
UM+ e + 48] [ An(e™)][?]
ol v
+At; LIV + e 2 < C((An! +h).

Proof. (Theorem 6.1)
The variational formulation of STAFASL is, for all vy, € Vi, qn € Qp,

“zﬂ — “271 At (A n+1 n—1 A
( SAL ;o) 4 208 (Ap(up ™ —up™h), Ap(vn))
+b* (U, up,vp) + (fo x uy, vp) (6.2)
n+1 n—1 n+1 n—1 n+1 n—1
er(vw,vvh)er*(uh -;uh _U, Uy, ;—uh )
n+1 n—1 n+1 n—1
p +p U +u "
_(%’v ~vp) + (qn, V - %) = (f", vp).
At time t", the true solution (u,p) of the NSE + rotation force satisfies
(un+1 _ un—l )+ OAL (A ( n+1 n—l) A ( ))
v U —u v
AL » Uh h s Ap(Un
; " " un+1 _|_un—1
+0* (U, u",vp) + (fo x u™,vp) + V(Vf,Vvh) (6.3)
n+1 n—1
p +p n n
~E T V) = () 7 )
for all vy, € V},, where 7(u™;vy) represents the consistency error
n. o un+1 - un71 o n At (A n+l _ n-—1 A
T(u";vp) = oAt ("), vn ) +2 t( n(u u""r), h(Uh))
n+1 n—1
B, ) + B (U ", o) + v (V(“‘;“ —u), wh)
n+1 n—1
+ n
~— "V w).

Let

e" =u" —up = (u" — L") + (Tpu™ —up) =n" + &7,
14



where I u™ € V}, is an interpolation of 4™ in V},. Subtracting (6.2) from (6.3) gives

n+1l _ ¢n—1
(s o) 280 (A€ — €71), Au(on)) + (An(€™), 1)

n+1 n—1 n+1 n—1 n+1 n—1

+V(V£+§ Vop) + 0" (u™,u", vp) — b*( ;—uh , ;uh ,UR)
n+1 + un 1

—b*(U,u" — fh vp) — 2At (Ah(u"'H — u”_l),Ah(vh)) (6.4)

un+1 _ un—l n+l . n—1
= (2At — ut('ytn)ﬂ)h) - (%,U}l) — 2A¢ (Ah(n”+1 — n"_l),Ah(vh))
" n+1 + n—1 n+1 + n—1
— (An), vn) = (VT Vo) + (P = V- wn)

+v (V(unﬂgunl - u"),Vvh) — (Z% —p", V- up).
for all g, € Q. By the skew symmetry of Ay, we have
(An(€), " ety = omHe — o,
where
CmE = (An(€"),€"Y),
Cn = — (An(€),€"71) = (An(€" 1), €M) -
Set vy, = "L 4+ €771 €V}, and sum up (6.4) fromn=1ton =N

S IEV I €V = € — 1€°1%) -+ 28e (1An(E¥ ) + 1 An (™I

— AR (NI = [An(E)I?) + VT2 — '3 4 Z IV +¢h)?

N n+1 n—1
u tu n n n—
= {V (V(2 —u"), V(" ¢ 1)) (6.5)
n=1
n+1 n—1 n+1 n—1
7b*(un7un,§n+1 +§n71)+b*( ;‘Uh ’ ‘;Uh 7£n+1+€n71)
n+1 n—1 n4+1 n—1
* n_ +up n+1 n—1y _ (N —-n n+1 n—1
+0" (U, u 5 T AT (T )

F2AE(Ap (= w1, A€+ €07))
—9At (Ah(nn+1 _ 7)”_1)7 Ah(fn+1 + gn—l)) _ (Ah(nn)7€n+1 + gn—l)

n+1+ n—1 N .. pn+1 +pn71 N ..
v (V’72",V<s g 1)) + (2 —d" V(e 1))

n+1 n—1
_ (p —;p —pn,V'(fn+1 _’_é-n—l)) }

Define the £ energy terms by
n+3 1 n n n n
B8 o= S (672 + 16712 + 402 An (€I + 482 A€M,
Then (6.5) can be rewritten as
N+1 N+1 ol v n+1 n—1y]12
Ee 2 4+ ACN T3 +AtZ§HV(£ +& Y

n=1

15



041 . n+1+un71 " " e
=BT+ AtC' 3 +At2{ ( #fu),V(f e 1))

n=1

n+1 +UZ 1 n+1+uz 1

_b*(un7un,€n+1 +§n—1)+b*( ; §n+1+€n—1)
2 2
w1 n—1 n+1 n—1
* n_ U TUy g1 ety (1 TN g ened
+5°(Uyu et e - (Lo et ) (66)

+2At(/\h(un+1 _ un—1)7Ah<£n+1 4 fn—l))
28t (A =) A€ +€07) = (Anr), € €0

n+1_|_ n—1 " . n+1+ n—1 " o
v (V”Q”,w e 1)) + (pr—qh,V-@ e 1))

n+1 n—1
p + p n n n—
- (2 SNV g 1)) }
Now we bound the right hand side of the equation above. First,

(VS e e e )

v " e un+1 +un—l "
< 52lIV(E e 1)||2+16VHV(#—U )12 (6.7)
v tn+1
< GIvE e P w2l [ VPt

n+1+un—1 n+1+un—1

For the nonlinear term, adding and subtracting b*(*—% , LEnTL 4 en ) we

have

n+1 +UZ 1 n+1+u2 1

b, g g ) (M T Y gy
T (6.
e P A
(U~ T ;“2_1,5”“ +¢M7)
(D : u e - N
i L e )
The RHS of (6.8) can be bounded as follows. First,
(T AT e oy
S (U T e ey
i ;unilv u ;runfl LT T (6.9)
—b¥( nH;“Z 1’ n+1;“n717£n+1+§n71)
+b*( W;UZ . n+1;un_17£"+1+§"‘1)

16



n+1 n—1 n+1 n—1
_b*( + up, + Up,

5 : 5 &M e
_ b*(n”“ ‘577"71 n gntt ;f”fl’ utt ‘g“nfl ety gne)
n+1 Lol gl gl gntl g en—l -
—l—b*( h_ + ,enHl 4 gnly
;(nn—&-l + ,'7n—12 un—H 4 un—l 2§n+1 N fn—l)
2 ’ 2 ’
+b*(€n+1 _;_ gn—l , uﬂ-‘rl _;_ un—l ’ §n+1 N €n—1)
i (T AT e gty

Estimation of the right hand side of (6.9): First

nn—i—l +n7z—1 un+1 +un—1

5 , 5 7gn-i-l + fn—l)

nnJrl +,,7n71 nnJrl +nn71 un+1+un71 . o
< oI o A ot et o)

< 2Vt e P

n+1 n—1 n+1 n—1 n+1 n—1
—ynT n"Tt 4+ u"
ror e v

Next, applying Young’s inequality

(6.10)

n+1 n—1 n+1 n—1
e e ) (6.11)
n n—14 n n— 3 unJrl +Un71
<O+ T EIVET + DIV ——

+1 n—1
n n— — tu n n—
< 64IIV( T ThIP+Cr 3||V7II €t + et

2 19(emtt 4+ e 1|2 + cf?’nvun%us"“n? +llEn1?)
- 64 2 ’

The last term in (6.9) can be bounded as follows

n+1 n—1 n+1 n—1
* +u 4 n n—
b (L B, e e
2 2
n+1 n—1 n+1 n—1
+u n +n _
<c|ve 5 1A% 5 IV (E +e )

n+1
< ZIVE +e NP+ Cr VL

(6.12)

P e T e
2 2 .

We next bound other terms in (6.8):

un+1 +u7L—1 un+1+un—1

b (

5 , 5 7€n+1 + gn—l) _ b*(un7u7L7£n+1 =+ gn—l)

_ b*(un+1 _|_un—1 " un+1 +un—1

o e ) (613)
n+1 n—1
+b*(un7u —;u _un,gn—i-l +§n_1)

un—i—l +un—1 " N e un+1+un—1 "
< IV — IV + e (17— + [ V")
17



< Z|v(ertt 4 en b2

T 64
o 9 e e v
< SV + e
Fou ARV vy [ P
Finally,
T A P
= b*(U,u" — M,é"“ +&mh
e ey
— (U — untl zu’b_17§n+1 el b (U, n ;‘77"_1 Jentl pgnm1y,
where
b = LI e ey
<cIvuver - L et 4 o)
< LwEt 4 e+ o TU v - e
N
< LI e R+ o AIVUE [ [Vl
and
i, T : M gty ey
<CITUIIv T v et 4 )
< LIvie s e+ oo v e T T

(6.14)

(6.15)

(6.10)-(6.15) give a bound for the RHS of (6.9). Next, we estimate the pressure terms

pn+1 +pn—1 , 3
( 5 _qh’V.(£L+1+§n 1)
n+1 n—1
p +p n n—
<P e e
n+1 n—1
v _ 1 b +p
< n+1 n—1\12 C 1 _ 2
< ZIVE eI + e E—E g
v ntl | en—1y2 IR A S A n 2
< gIVETHETOIT+ Cv(] 5 "7+ llp" = anll)
tn+1
v . _ - :
< IV + e P+ ov a8 [ palPa + 1 R
tn—l
and
n+1 n—1
p +p n n n—
(2 —p" V(€ e 1))

18
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pn+1 + pnfl
<

v _ _
< ZIVE T e P+ ov Y

—p" V(T + )| (6.17)
n+1 n—1

p +p a2

— 7"l

v _ _ bnt1
< GIvE e E +oval [ e

n

For the stabilization term,

At (Ap(u"*t a7 AR (€ +€"7)
= At (AjAp(u™Fh —u7h), & )
< CALARAR (™ —u D[V (T + )|
< CABY A AR (™ — TP 4+ V(e e (6.18)
gt 2
gcm%*/ﬂ (/t A;Ah(ut)dt> dQ+6L4||V(§”“+§”*1)||2
tn

< cm%*l/ﬂ <2At/ |A;§Ah(ut)|2dt> dQ + 6—”4||V(§7”L+1 + &2
tn—l

gt

v
<catyt [ s P+ ITE + e
t 1

n—

Also,

At (Ah(nn+1 n 1),Ah( n+1 gnfl))
= At (A;;Ah( n+1 nn 1) £n+1+£n 1)
< CAH A AR (™ = DIV + €Y
< OAPY ARG = P+ L IVET e (6.19)
Tt 2 v
:CAt21/_1/ (/ A;;Ah(nt)dt> dQ+ || V(M + P

Q tn—1 64

gt

<cacv [ ( / |A;;Ah<m>|2dt> 40+ Zvet 1 e)?
a \Jin—1

tn+1

— * v n n—
ccady [ I+ GIVE eI

tn—

The rest of terms can be estimated as follow

n+1 n—1

n -7 n+1 n—1
(L — et e
< O T et e (6.20)
- 2A¢
n+1 n—1
<oy —-n 2, vV n+1 n—1y||2
<o P + Vet )|
1 gt 2
SOlfl/ 7/ (m¢)dt dQ++ IV e
O At tn—l
tn+1

1 v " e
< CAtTly 1/ Imellde + S IV (€ + €17
tn—1

19



and
(An(r"), €74 +m1)
< Ol IVE" + )] (6:21)
< OV ARG + ZIIV(E + €I

Also,

n+1 n—1
v(w” i >,V<§"“+5”1>)

n+1 n—1
T ivient +&v ) (6.22)

n n— v n n—
<[V 4"+ S IVET I

<v[V(

Finally,

2At
un+1 n—1

_ — U
<o 2AL

tn+1
< CAt3 1 /

tn—1

<un+1 _ unfl

o ut(tn),gnJrl + §n1>

v
— ()| + g IV e (6.23)
et + 196"+ + €]

Having bounded each term on the right hand side from (6.8)-(6.23),we now have the following
inequality:

N
N+3 1 14 n n—
E, +AtCN+2+AtZZ||V(§ o enh))?

n=1
N
0+1 _1 P Vi B
< B4 A Hmz{@ VT e R + e )
n=1

+CO(v 4 v A+ VUL VG 4 o)

un+1 +UZ_1 n+1 +nn—1

e P (6.24)
2 2
n+1 n—1 n+1 n—1 n+1 n—1
1M +n n +n U +u
+Ov | — IV T — IV ——— I

tn+1
+CvTH(AF / lpeell*dt + h***2[[p™ [ 241) + CllAR ™)1

tn—1
tn+1 tn+1

c -
g [ nlPde o [ (P + v Fual® vV
tn—1 tn—1

AU HIVU ][V | + A7 AR (o) | + IIAZAh(m)IIQ)dt}

As in the proof of stability, we have

1
BN AtCNtT:

> SIEYH? + AA AR E TP + 1€V + 487 An (™))

N[ =

~ AL AAEV I + lEVIP) (6.25)
20



A\
DO =

3
NP + leﬁNll2 +4AL AR (EV)I]
and

1
EST? 4 At

< SIEN +AALARED] + 1€ + 4A¢% | An(€”)]I?)

N =

HRALAE? + 5€17) (6.26)
< SIENIZ + 8ARIAWENI? + 211 + 4Ae% An ()]

Applying interpolation inequalities to (6.24) gives

N
1 3 v " n
5 (1657124 21612 + 402 IA NI ) + At Y- FIVEn 4
n=1
1 5
< 3 (1112 + 8ACIAEDIE + ZIePIP + ane|an(e®)1?) (6.27)
N+1
FAELYD O+ vVl [ ) €12 + Ch2 (w4 70 4 0~ [ VU ) [l
n=0

+C (A v Ipeell3.0 + CR** 20 IpllI3 o1 + CE* AR P ull13 444
AR 2 Jug||3 gy + CAY (lueeell 0 + vIIVurell3 o + v I Vuell3 o
_ k
+v VU P IVul3 o + A5 AP [well3 o 4+ 22 AG Aw luell3 51r) -

We use the discrete Gronwall inequality, Lemma 6.3 below, without proving, for reference
see [27].
LEMMA 6.3. Let D > 0 and Ky, An, Bn,Cy > 0 for any integer n > 0 and satisfy

N N N
AN +AtY B, <AtY knAn+AtY Cn+D for N >0.
n=0 n=0 n=0

Suppose that for all n, Atk, <1, and set g, = (1 — Atk,)~t. Then,

N N N
AN + At Z B, < exp(At Z Inkn)[At Z Cpn + D] for N > 0.

n=0 n=0 n=0

Let At be sufficiently small, i.e., CAt < (14+v73||Vul[|%, o). We can apply the lemma
and obtain

N
1 3 v " "
> (nsN“n? + ZlEV I + 4At2||Ah<5N>||2> + ALY ZV(EH )R
n=1
C(T + A1 +v~?|[Vul[l%.0)
1= CAt(1+v=3([Vulll% o)

< cap( HE R NGL

5 3, -
+11€°1% + 4At2||Ah(£°)II2) +CR* (v + v + v YIVU )l I3 k41 (6.28)
+C(A v Ipuell3 0 + CR* 20 Ipll13 ain + CH* AR [ull13 142

+CR* 2 |ug |13 oq + C(At)4(|\uttt||§,o +[[Vul3 0 + v [ Vuul
21




130+ W52 AG Al e

AU HIVU IV ueel13,0 + 147 An]I? [l S ki)

Recall that e™ = n™ + £". Use the triangle inequality on the error equation to split the
error terms into terms of n and &:

N
1 3 v n "
5 (1 1R 4 e 4 48PAME) ) + A0S KT + P
n=1
1 3 Ry
< 5 (17 1P 4+ 2N 1P + 482 AENIP) + a3 XITET eI (629)
n=1

N
1 3 v n n—
o3 (IR + 0+ 4821An0I ) + 8¢ Y FIV G + )
n=1
Applying inequality (6.28), using the previous bounds for 7 terms, and absorbing constants

into a new constant C, we have Theorem 6.1.
0

7. Numerical tests. We present three numerical experiments to test the algorithms
proposed herein. First, given exact solutions, we verify the convergence rates of our methods.
Second, we will test the stability and confirm that STAFASL successfully eliminates time
step condition for stability which affects FASL. Finally, our methods is tested with the
benchmark problem of flow around a cylinder. This experiment shows that STAFASL
successfully produces the vortex street, thus not over-stabilizing the solutions, while flows
generated by FASL are not stable and blow up shortly. The code was implemented using
the software package Free FEM++.

7.1. Test 1: Green-Taylor vortex. The first test is designed to verify the conver-
gence rates of our methods. We select the velocity field given by the Green-Taylor vortex,
[22], [23]. The exact velocity field is given by

ui(z,y,t) = — cos(wmz) sin(wﬂ'y)eﬂ‘”z“zt/f ,
us(z,y,t) = sin(wnx) cos(wwy)e*%ﬂ”ztﬁ , (7.1)
US(Iayat) = 07

—4w?n?t/T

1
p(x,y,t) = —z(cos(mec) + cos(2wmy))e

defined on the domain Q = (0,1)%. We take
w=2T=1,7=Re=500, h=1/m, At = h,

where m is the number of subdivisions of the interval (0,1). We choose the Coriolis term
fc = (0,0,1) and utilize Taylor-Hood finite elements for the discretization. Newton it-
erations are applied to solve the nonlinear system with a |Jw(j1) — we)llai) < 1071
as a stopping criterion. Convergence rates are calculated from the error at two succes-
sive values of h in the usual manner by postulating e(h) = Ch® and solving for 3 via
B = In(e(hy)/e(h2))/In(hi/h2). The boundary conditions could be taken to be periodic
(the easier case). Instead we take the boundary condition on the problem to be inhomoge-
neous Dirichlet: up = tezqer, on 0§2. The exact velocity field is not very sensitive in time,
so we choose the mean velocity field to be:

Ui (z,y,t) = — cos(wmz) sin(wmy) ,
Us(z,y,t) = sin(wrzx) cos(wmy) , (7.2)
Us(x,y,t) =0.

The errors and rates of convergence are presented in Table 9.1 and 9.2. From the tables,

we see that the rates of convergence of both algorithms confirm the predicted convergence
rates from theory, and the errors of STAFASL are comparable with those of FASL.
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7.2. Test 2: Stability test. In this experiment, we test and compare the stability
conditions of our methods for fluid flows with Coriolis force. We confirm the time step
restriction for stability of FASL as well as the unconditional stability of STAFASL.

Let Q = (0,1)? and v = 1/Re = 100. We take the source term f and the boundary
condition to be 0 and the initial condition is given by

up(z,y,0) = 22%(1 — 2)?y(1 — y)(1 — 2y) exp(7x),
ug(z,y,0) = x(1 — x)(7z2 — 3z — 2)y2(1 — y)2 exp(7x),
uz(z,y,0) = 0.

We compute kinetic energy E™ = 3||uy||? using two methods proposed herein: FASL and
STAFASL. For a system lacking of external energy exchange and body forces, the true
kinetic energy decays over time, thus, the variation of its numerical approximation could
give us a clear conclusion on the schemes’ stability: big growth means the scheme is unstable,
decay means the scheme is stable and the unstable mode is damped. Since the velocity also
quickly converges to 0, it is reasonable to choose mean velocity U = 0. Under this setting,
the CFL condition (3.2) of FASL becomes At < || fc|l <!

Let h = 1/10 and final time T = 10.0, the variation of energy in time is plotted at
different time step size to show the experimental stability restriction of our methods. We
run the test with different values of f¢, i.e., fo = (0,0,200), fc = (0,0,20), fo = (0,0,0.02)
to verify how time step restriction depends on rotation force.

Our result is shown in Figure 9.1. We observe that STAFASL is unconditionally stable
in all cases. In the meantime, FASL is shown to be stable with At < 2—(1)0 and At < 2%
for fo = (0,0,200) and (0,0,20) respectively. In case fo = (0,0,0.02), FASL is virtually
stable with all time step size. These results are completely match with the CFL condition
(3.2).

7.3. Test 3: Flow around a cylinder. Our final numerical experiment is for two
dimensional Navier-Stokes flow around a cylinder. This is a well known benchmark problem
taken from Shéfer and Turek [24]. The flow patterns are driven by interaction of a fluid
with a wall, which is an important scenario for real, industrial type flows. Such flows are
critical if stabilizations are considered to be useful. It is also interesting since success and
failure are clear (vortex street or not) and thus comparison of higher order statistics is not
necessary to reach a clear conclusion.

We consider domain 2 to be a 2.2 x 0.41 rectangular channel with a cylinder of radius
0.05 centered at (0.2,0.2). The cylinder, top and bottom of the channel are prescribed
no-slip boundary conditions, and the inflow and outflow profiles are

6 .
u1(0,y) = u1(2.2,y) = e sin(nt/8)y(0.41 — y),

u2(0,y) = uz(2.2,y) = 0.

We set the external force f = 0, the viscosity ¥ = 1072 and the rotation term fo = 0. The
mean velocity is chosen to be the solution to the corresponding stationary problem with the
inflow and outflow profiles

12
= 04127
UQ(Oa y) = U2(22a y) =0.

Ui(0,y) = U1(2.2,y) (0.41 —y),

For this setting, it is expected that, as flow increases, from ¢t = 2 to t = 4, the eddy behind
the cylinder becomes unstable. Between ¢ = 4 and ¢t = 6, the eddies are then shed on
alternate sides of the cylinder and a vortex street develops. The vortices are still visible at
t=38.

The solutions to FASL and STAFASL are computed with Taylor-Hood elements on a
triangular mesh providing 27803 total DOFs, refined near the cylinder (see Figure 9.2), and
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time step At = 0.01. Newton iterations are applied to solve the nonlinear system with a
w1y — willar @) < 1078 as a stopping criterion. These simulations are under-resolved;
fully resolved computations of the NSE will require upwards of 100,000 DOF's and At less
than 0.001.

First, we observe that for FASL, Newton iteration fails to converge at ¢t = 0.62. Figure
9.3 shows that the approximated energy of FASL has already gone up and is 171% bigger
than true value before Newton iteration diverges. Therefore, the instability of FASL at
At = 0.01 must account for this. This instability illustrates the practical difficulty of
assigning a precise numerical value to the CFL limit for the timestep. On the other hand,
the simulation result of STAFASL is satisfactory: this method is stable and the flow pattern
produced by STAFASL is matched with that of resolved solutions in [25] and [26]. This
evolution can be seen in Figure 9.4, where the vorticity contours are plotted at t = 2, 4, 5, 6
and 8. Our test reaffirms that STAFASL produces acceptable simulations while unaffected
by time step restriction like FASL.

8. Conclusions. CNLF is generally believed to be unstable in the unstable mode
(u"tt — y"~1) and the timestep restriction imposed by LF can be very restrictive. This
report gives a comprehensive stability analysis that proves, for Oseen+rotation term, the
unstable mode of CNLF is actually stable under the same type timestep restriction im-
posed by LF for the stability of the stable mode (u™*! 4+ u"~1). We also propose and
analyze a stabilized CNLF (STAFASL) that eliminates the timestep restrictions of CNLF
for NSE+rotation term, based on a fast-slow splitting method. Further, this stabilization
method also removes the timestep restriction for stability of the unstable mode of the Oseen
problem. Still, proof of controlling the unstable mode of the full NSE+4rotation term is an
open question. Numerical tests confirm the second order convergence rate of STAFASL
and the superior of the STAFASL over FASL in stability.
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h At lu—upllcc Rate [[Vu—Vupllz Rate
/8 1/8 15171 — 5.813¢+0 -

1/16 1/16 1.219e-2 3.637 9.897e-1 2.554
1/32  1/32 9.906e-4  3.621 1.366e-1 2.857
1/64 1/64 7.118e-5  3.799 1.848e-2 2.886
1/128 1/128  4.868e-6  3.870 2.615e-3 2.823

TABLE 9.1
The convergence performance for FASL.

h At lu—upllcc Rate [[Vu—Vupllz Rate
/3 18 1.468¢-1 - 5.814¢+0 -

1/16 1/16 1.211e-2  3.600 9.902¢-1 2.554
1/32  1/32 9.898e-4  3.613 1.366e-1 2.858
1/64  1/64 7.865e-5  3.654 1.849¢-2 2.885
1/128 1/128 1.740e-5 2.176 2.618e-3 2.820

TABLE 9.2
The convergence performance for STAFASL.
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System energy

Fic. 9.1. The decay of kinetic energy computed by CNLF (left) and CNLFSTAB (right) with several
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FiG. 9.2. Mesh for the computation.
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FASL, At=0.01
--- FASL, At=0.001
-- STAFASL,At=0.01
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Fic. 9.3. The kinetic energy of flow around a cylinder.

Fic. 9.4. STAFASL: The vorticity contour at times 2, 4, 5, 6, 8.

27



