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ANALYSIS OF DIVERGENCE-FREE H! CONFORMING FEM
WITH IMEX-SAV SCHEME FOR THE NAVIER-STOKES
EQUATIONS AT HIGH REYNOLDS NUMBER

YONGBIN HAN, YANREN HOU, AND MIN ZHANG

ABSTRACT. In this paper, we analyze the first-order implicit-explicit type
scheme based on the scalar auxiliary variable (SAV) with divergence-free H!
conforming finite element method (FEM) in space for the evolutionary incom-
pressible Navier-Stokes equations at high Reynolds number. The stability and
a priori error estimates are given, in which the constants are independent of the
Reynolds number. The velocity energy estimate is given without any condi-
tion on the time step, however, the a priori error estimates for the velocity are
obtained with severe time step restrictions. In addition, a Reynolds-dependent
error bound with convergence order of k£ 4 1 in space is also obtained for the
velocity error in the L? norm with no time step restrictions. Here, k is the
polynomial order of the velocity space. Some numerical experiments are car-
ried out to verify the analytical results.

1. INTRODUCTION

As we know, a large number of works have been devoted to construct efficient
and stable numerical methods for solving the evolutionary Navier-Stokes equations
[T5L16L26], in which the velocity and the pressure are often coupled together by the
incompressibility constraint. A coupled approach often requires solving a saddle
point problem at each time step, which makes it difficult to solve numerically. It is
highly desirable to be implicit with respect to the linear Stokes terms and explicit
with respect to the nonlinear terms, so that we only need to solve the linear Stokes
problem with constant coefficients at each time step. Thus, the setup of linear
systems and solvers or preconditioners can be done once and reused at each time
step. Further, if a decoupled method can be used to solve the Stokes problem,
such that we only need to solve a series of Poisson-type equations, it will be more
efficient.

However, the completely explicit treatment of the nonlinear terms would in-
troduce severe time step restrictions to obtain the energy stability. Recently, the
developed method [20] based on the IMEX-scalar auxiliary variable (SAV) scheme
with the spectral method in space for the Navier-Stokes equations is uncondition-
ally energy stable without any condition on the time step. It is decoupled and only
needs to solve a sequence of Poisson-type equations. Subsequently, the IMEX-SAV
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scheme combined with the finite difference method in space was analyzed in [I8]. It
is proved that the velocity and pressure errors have the second-order convergence
rates in time and space. Furthermore, the IMEX-SAV scheme combined with finite
element method (FEM) in space has been developed for the Navier-Stokes equations
in [27], in which the rigorous unconditional stability and optimal error estimates
are given. However, the above IMEX-SAV schemes need to solve a nonlinear al-
gebraic equation for the SAV, which is very difficult to show that it always has a
positive solution. Later, the new SAV-pressure correction methods in [I9] and the
high-order IMEX-SAV schemes with Fourier-Galerkin method in space proposed in
[14] are constructed, in which one only needs to solve a linear algebraic equation
for the SAV. In [19], a rigorous error analysis for the first-order scheme is carried
out to prove that the velocity and pressure errors are first-order accurate in time
without any condition on the time step. In [I4], a rigorous error analysis for the
high-order IMEX-SAV schemes is carried out in a unified form, in which the time
step is only required to be bounded by a constant independent of the mesh size h.

We notice that in a fully discrete formulation, the error analysis results in [I41[18],
27) are dependent on the inverse of the viscosity, which may be only applicable to the
case of low Reynolds number. Recently, for the high Reynolds number problem, an
enormous amount of work has proved that the constants in the velocity error bounds
are independent of the inverse of the viscosity, see the recent review article [IT].
And, it is well-known that the IMEX type schemes have a severe time step constraint
for the high Reynolds number problem. As we can see, a variable step IMEX BDF2
method combining inf-sup stable FEM with grad-div stabilization is analyzed in
[12]. Tt is proved that a stronger CFL condition is needed, which relaxes the CFL
condition in [9] for the high Reynolds number problem. However, so far there is no
strict error analysis for the IMEX-SAV schemes at high Reynolds number. We were
motivated by the question that in view of the fact that the IMEX-SAV schemes
are unconditionally energy stable, whether they have the Reynolds-robust error
bounds for the velocity without any condition on the time step for the high Reynolds
number problem. In this paper, we consider a divergence-free H' conforming FEM
in space combined with the IMEX-SAV scheme proposed in [I9] for the Navier-
Stokes equations. Notice that the divergence-free H' conforming FEM to approach
the evolutionary Navier-Stokes equations was analyzed in a space semidiscretization
formulation, where the error estimates for the velocity are independent of both the
Reynolds number and the pressure [24].

In this paper, we analyze the divergence-free H' conforming FEM with the first-
order IMEX-SAV scheme for the Navier-Stokes equations at high Reynolds number.
The stability and a priori error estimates are given, in which the constants are
independent of the negative powers of the viscosity. The velocity energy estimate
is obtained with no time step restrictions, however, the a priori error estimates for
the velocity are given under the CFL condition of the form At < Ch2. As we
can see, error analysis of the IMEX-SAV methods in the literature stresses that
the error bounds are obtained with almost no time step restrictions. However, a
careful review of the proofs of those error bounds reveals that they depend strongly
on the Reynolds number. To the best of our knowledge, it might be the first time
in the literature to prove that the IMEX-SAV type schemes have the Reynolds-
robust error bound O(h* 4+ At) of the velocity under the CFL condition for the
Navier-Stokes equations at high Reynolds number.
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In addition, readers should not be misled to think that this is a worse method
than those previously published in the literature where errors bounds are obtained
with almost no time step restrictions. To avoid this, we continue to complete
the error analysis with the error bounds obtained with no time step restrictions
similar to that in [I9] for the two-dimensional case, in which the error constants
are dependent on the negative powers of the viscosity. We obtain the Reynolds-
dependent error bound O(h¥*! + At) for the velocity L? error. Notice that the
error analysis results in [27] are suboptimal with convergence order of k in space.
Furthermore, we also give some comments on the three-dimensional case. Finally,
we carry out some numerical experiments to demonstrate our analytical results.

The outline of the paper is as follows: In Section 2] we present some preliminaries
and notations. In Section [3 we present the divergence-free H' conforming FEM
with the first-order IMEX-SAV scheme and give the unconditional energy stability
estimate. In Section Bl we carry out a rigorous error analysis for the velocity.
Numerical experiments are presented in Section [l to validate our theoretical results.

2. PRELIMINARIES AND NOTATIONS

Consider a domain D, the Sobolev spaces W7P(D) for scalar-valued functions

are defined with associated norms || - [|yi.»(p) and seminorms |- |y, (py for j > 0
and p > 1. When j = 0, Wo?(D) = LP(D), and when j = 2, W/?(D) = H’(D).
For simplicity, || - |wir() is used to denote the norm both in W/?(Q) and in

[W“’(Q)]d. We use || - ||; (resp. |-|;) to denote the norm (resp. seminorm) both
in H/(Q) and in [HJ (Q)}d We use || - ||z» to denote the norm both in LP(£2) and

in [L”(Q)]d. The inner product and norm of L?(2) or [LQ(Q)]d will be denoted
by (-,-) and | - ||, respectively. The norm of the dual space H~(Q) of H} () is
denoted by || - [|-1. The exact meaning will be clear by the context. Vector- and
tensor-valued functions or spaces will be indicated with bold letters. In addition,
introduce the Bochner space LP(0,T;Y)(1 < p < c0), where Y is a Banach space.
lv]| 2 0,7,y represents a discrete approximation of |[v||Ls(o,1;v)-

Assume that 2 € R? (d = 2,3), is a bounded convex polygonal or polyhedral
domain. We consider the following incompressible Navier-Stokes equations:

ou—vAu+ (u-Viu+Vp = f, (0,T] x £,

V-u=0, (0, 7] x £2,

(1) u =0, (0,T] x 012,
u(0,z) = uo(x), £,

where wu is the velocity field, p the kinematic pressure, v > 0 the kinematic viscosity,
ug an initial velocity and f represents the external body force. We introduce the
following spaces

V= HU(Q), Q=13(9) = {g L2<ﬂ>,/qux —0}.

The weak formulation of () can be written as follows: find (u,p): (0,7] — (V,Q),
such that

@ (Oru, v) + va(u,v) + c(u,u,v) + b(v,p) = (f,v), YwveV,

b(u,q) =0, Vg€ Q.
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Here, the multilinear forms are defined by

a(u,v) = . Vu:Vvde, clu,u,v)= /Q (u-V)u-vde,

bu,q) = — /Qq(v ) dz.

The weakly divergence-free space is denoted by V4V = {v € V : V- v = 0}.
Let 75, be a shape-regular and quasi-uniform simplicial mesh of {2 with mesh size

h = Ir{na%( hk, where hy denotes the diameter of the element K € T,. We consider
SIS

the Scott-Vogelius pair of order k € N for the velocity and the pressure, as follows:
Vi=[B'NV, Qu=P" NQ,
with ~
Py = {v, € C() : vp|k € Pr(K),VK € Tp},
P2 = {an € L*() s anlx € Pooa(K), VK € T},

where P;(D) denotes the space of polynomials of degree [ > 0 on a domain D.
The spaces V;, and @}, form an inf-sup stable FE pair on meshes without singular
vertices for k >4 (d =2) and k > 6 (d = 3), and on barycenter-refined meshes for
k > d, see [2[A[T3l25]. Namely, there exists 8 > 0, independent of the mesh size h,
such that

(3)

nf b(vh, qn)
n€Qn\{0} v, evi\ {0} [Vnl1 llgnllL>

The global spaces V,, and @) are divergence-conforming, namely, V-V, C Q.
Introduce the exactly divergence-free space

Vhdiv = {Uh ev,: b(vh,qh) =0, th € Qh}
We will use the Poincaré-Friedrichs inequality
o] < CIVoll, Yo e Hy(Q).

Notice
c(u,v,w) = —c(u,w,v), Yv,weV, Yuec VI,

therefore c(u, w,w) = 0, Vw € V,Vu € VIV, Let u € VU v, w € V, then for
d =2, it holds [3]

1 1 1 1
(4) c(u, v, w) < Cllu 2 |Vul|Z [ Vo w] | Vw]=.

Define the discrete Stokes operator Ay, : VhdiV — Vhdi":
(AhUh, wh) = (V’Uh, th), V’Uh, wyp € Vhdiv.

It is symmetric and positive definite, see [I5.24]. Note that from the definition, it
follows that for Vv, € VAV,

(5)
1A 2onl| = Vorll, IV (A" 2onll=llonll,  [V(AR) " onl =11(Ar) " 2ol

Let Inu € V,, be the Lagrange interpolant of a continuous function w. The
following bound can be found in [4, Theorem 4.4.4]

(6) lu — Inulwmr k) < cinghy " ulwne k), 0<m<n<k41,

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



DIV-FREE FEM FOR THE NSE AT HIGH REYNOLDS NUMBER 561

where n > d/p when 1 < p < oo, and n > d when p = 1. Let Plw denote the
L?-projection of w onto Qy, then there exists C, independent of k such that for
0<j<s<i+1,1<p< oo [I0, Theorem 1.45],

(7) lw— Plwlwio) < Ch I wlwenq), YweW (Q)NQ.

We have the following inverse inequality such that for 0 <n <m < 1,1 < ¢ <
p < oo [0, Theorem 3.2.6],

nfmfd(%fi)
(8) lvnllwmr k) < Cinvhig lvnllwnaxy, Yon € V.
We use the following Sobolev’s embedding [I]: For 1 < p < d/s, let ¢ be such that
% = % — 5. There exists a constant C' such that
11 .
[0l Lo ) < Cllvllwer@), — 2 7 Yo e WHP(Q).

If p > d/s, the above inequality is valid for ¢’ = oc.
For the following analysis, the discrete Stokes projection will be used to split the
velocity error [24]. The following Stokes problem is given by

_VAus+va =g, Qv
(9) V-us =0, Q7
us; =0, 09,
with g = f — Ou — (u - V)u — Vp = —vAuw, in which (u,p) is the solution of (I
with w € V. N H¥1(Q) and p € Q N H*(Q)(k > 1), thus, the pair (u,0) is the
solution of (@)). The Scott-Vogelius FEM reads as follows: find (usp, psn) € Vi X Qp,
such that for V(vp, qn) € Vi X Qp,

va(tsp, vp) + (v, psi) + b(Ush, qn) = (g, vn).

Then, ugy, is defined as the discrete Stokes projection wsu of uw, which is exactly
divergence-free. It is straightforward that a(u — mwsu,v,) = 0,Vv, € Vhdi". We
have the following estimate [T1124]:

- s h — Ng < Csh i f — .
(10) lw = msu 2 + hlu — wouly < ojnf lu—vnl1
In addition, the following maximum norm estimates hold [5]:

1
(11) lu—mu| o < Coch (ln E) |ulypt,co,
(12) [msulwre < Coslufwre,

where C', does not depend on v. Assume that the solution (u, p) of () is sufficiently
smooth in time such that we can take g = 9;(—vAw) in ([@). Then, we have

(13) |0t (u — weu)|| 2 + h|0i(u — wsu)|; < Ch inf ||0iu — vp||1-
VREVS
Introduce the following two essential lemmas, which are frequently used in fully

discrete analysis of the Navier-Stokes equations.

Lemma 2.1 ([I5] Lemma A.56]). Let At, B, ay,,by,c, be non-negative numbers
such that

N+1 N+1 N
aNH—l—Athn§B+Athn+AtZ’ynan, for N >0,
n=0 n=0 n=0
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is given, then it holds

N+1 N N+1
aN+1+Athn §exp(Athn)(B+Athn), for N > 0.
n=0 n=0 n=0
Lemma 2.2 ([15, Lemma 7.67]). Let v, 0y, 0yv € L2(t",t"+1; L2(02)), then
n+1 vt — o 2
(14) [0p" ™ — THL?(Q) < At|0uv|[72(4n gnr1;12(0))-

3. THE IMEX-SAV SCHEME

In this section, we present the divergence-free H' conforming FEM with the
IMEX-SAV scheme based on the SAV-pressure correction method in [19] for the
Navier-Stokes equations. Nevertheless, it is noted that the following analytical ideas
are quite different from that in [19].

Firstly, the Navier-Stokes equations can be rewritten into the following equivalent
system:

8tu+&u-Vu—uAu+Vp:f,

(15) exp(~7)

V-ou= Oa
and
) U =T e

with the scalar auxiliary variable ¢(t) = exp(—#), see [19]. We consider a uniform
partition of the time interval [0, T'] with step-size At. Set At = T'/(N+1),t"™ = nAt,
0<n<N+1. Let u) be an approximation of uy and ¢° = 1. The IMEX-SAV
scheme can be written as follows: find (u} ™, pi*t! ¢"+1) such that for V(vy, qs) €
Vi X Qn,

(17)
un+1_un qn+1
(hTth’ vp)+va(u) vh)—i—b(vh,pzﬂ)—i—ﬁc(uﬁuﬁ,vh):(f"+1,vh)7
exp(— T )
b(uZJrlv Qh) = 0,
and
¢t —q" 1 1 1 1
18 = " —c(u,ul, ul ).
(18) At 7! exp(—tn;l)C( o )
Now, by similarly following [19], we show how to solve [IT)-(I8) efficiently. Set
(19) = up W
Ph =P W
with Wntl = exp(%)q”‘*l. We can insert (I9) in (I7) to obtain
ull' —up
(20) (T’Uh) + Va(u?;17vh) + b(vh7p?:;;1) = (fn-Hth)v Vv, € th

b(ui}t,an) =0, Van € Qn,
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and
!
(21) (T’ vp) + l/a(ugzl,vh) + b(’uh,pgzl) +c(up,up,vp) =0, Vo, €V,
b(ug—"};la qh) - 07 VQ}L € Qh'

Once u"+1 and p”+1 (i = 1,2) are solved, we can obtain W"*! from (IR) by

T + At otntt gntt
(Trar — e etuhut,ugi?) ) exp(- e
tn+1 el 1
= exp(——)e(up, uh, uyy ) + N

Thus, uZ“ and pzﬂ can be obtained from ([I9). In addition, the high-order IMEX-
BDF SAV schemes in time can be similarly constructed.

We notice that at each time step, (20) and ([ZI)) can be solved by the iterative
penalty method, see [4, Chapter 13] and [2I]. Thus, we only need to solve a series
of positive-definite Poisson-type problems with constant coefficients.

Next, the velocity energy estimate is given without any condition on the time
step, in which the constants are independent of the negative powers of the viscosity.

Lemma 3.1. Let f € L*(0,T; L*(Q)), uo € L*(Q), and u) is an approzimation
of wg. Then, we have the following stability estimate: for 0 <n < N,
n+1 n+1

|| nHHL"‘ + Z _”uh ||L2 + P+ Z ¢

n+1 n+1

(22) + Z —Atlg|? + VAtZ N

3 n+1
< exp(1 )( [unllZ: + 5 \q0|2+ TAtZ”fj”L?
j=1
Proof. Firstly, taking (vp,qn) = (uZ“,pZ'H) in ([T yields
(23)
“ZH_UZ +1 1 g+ gt +1 1, n+l
(g uy, ) va(uy™  up ™)+ (s up, wy ) = (T ).
At exp(— T )
Due to
(24)  (uptt —wpuptt) = (|| R+ eyt = gl — (ugllFe)-
Inserting ([24) in (23]), we can get
(25)
L nt1y2 Lo g1 nt1 gt n+1
5“'“% 72 + 5“"% —up||3. + vAt|uj ‘1 + At exp(— ) c(up, up,uy™ )
T
Huh”L2 + AL ).
Multlplymg @) by ¢"*1At, we have
(26)
1| n+1‘2 | |2 1| n+1 n|2*—lAt| n+1‘2—|—At v ( n+1)
q 2 —q - T q exp(_tn+1) uhvuhauh .
T
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Combining (25]) and (28], we can obtain

(27)
n+1 n+1
Hu"“||p+z—lluh u)” \|L2+ "“2+Z ¢ — 7
Jj=1
n+1 n+1
+Z At\q |2+uAtZ|uh|
n+1 n+1 . ]
<3 ||uh\|L2+—|q0\2+ZAt Foug, =)+ Y AU ug
j=1 j=1
n+1 1 n+1
<5 ||uhHL2+—|q°\2+Z (AL?[| 772 + TAtZHfJHL2
j=1 Jj=1
n+1

At 1 ;
+Z_Huh ||L2 "‘Z h||2L2

n+1 n+1

1 3 Atl ;
§||uh\|L2 +—|q0\2+ TAtZHfJHLerZ e, — ||L2+Z [ [[72-
j=1
Then, using Lemma 2], we can finish the proof. O

Remark 3.2. In the absence of the external force f, from the first inequality of
@), we have the following energy estimate: for 0 <n < N,

1 n+1 1 n+1
2” n+1||L2+Z_”uh uh ||L2+ n+12+2 ¢
j=1
n+1 n+1

1
+ Z S+ vAtZ iy < Sl + 51"

4. ERROR ANALYSIS FOR THE VELOCITY

In this section, we present the error estimates for the velocity in Theorems [4.1]
and @3l Let (u "+1,p2+1, q"™) be the solution of (I7)-(8) and (u,p,q) be the
solution of (IH)-(I8). Then from Lemma Bl we have

(28) lupll < co. |¢™ < e, YO<m<N+1,

where the constants ¢; (i = 0,1) are independent of h and v~!. Assume u €
L (0, T; WH>°(€2)), then we have

(29) [u™[l1,00 <C, VO<m < N+ 1.
In the following error analysis, we will frequently use ([28) and (29). We set

u" —up = (u" —mwu") — (up —wu") =n" — ey,
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Theorem 4.1. Let u% = mw,ug and ¢° = 1, and assume the following reqularities

for the velocity solution uw of (2):
(30) Onu € L*(0,T; HY(2)), 0yu € L*(0,T; H (1)),
w € L®(0,T; H* 1 (0)), we L>®(0,T; Wh>(0)).

Let the time step satisfy
(31) Atful|Feo 0,750 0y < B

Then, for small enough h, there holds the following error estimate: for 0 < n < N,
(32)

n+1 ]
[ — G 4 e TR+ ALY ! = ug|f < Clu, pu, O, T) (WP + (AL)?),

j=1
with a constant C(u, Oyu, Oyyw, T) independent of n, h and v=".
Proof. The proof can be divided into Steps [IH5l

Step 1. Firstly, we have the following error equation with the test function eZH €
Vhdiv:

ul Tt —
(Ot — = e ) va(n™ et — va(e ™ )t
33
( ) Q(thrl) ( n+1 un+1 enJrl)_ qn+1 C(un un en+1) _0
tnt1 ) »©h g+l hy %hy©p - Y
exp(— ") exp(—“7—)

We expand the left argument of the first term of ([B3) in the form

n+1 n
dyunt! — Uy T U

(34) At

= 0y(u" — w ") + Oy un T —

mout —mwaut et — el
At At ’

Using (34), one can obtain
(35)

nEe + e = enlis — llenliie) +va(er ™, ep ™)

n+1

ong e
= (0 (u" T =), el )+ (O
q(tn+1) c(unJrl unJrl en+1) _ q

() h

—Tmsu”

At
n+1

TsU
- e ) Fvaln™ et

+ { tn+1)0(u2au2762+1)}'

exp(— 7

Next, we estimate all terms on the right-hand side of ([B5). For the first term on
the right-hand side of (BH), we have
(36)

1 1 1 1 1712 ||‘3;LhLl - EZH%
(Op(u" T — weu™ ), e} ™) < C(1+ AY|| 0 (u T — meu™ |72 + BRI
+ llex iz
n+1 nt1y(12 ||eZ+1_€Z||2L2 n2
< OO (u"T = u™ )|+ + len | 72
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Using Lemma [2.2] the commutation of temporal derivative and projection, and the
stability estimate of the projection, we have

n+1

At

+1 TsU — 7T

(|0 u™ ke H2 < A Oyl agn pni1.p2(2)

(37) = At”ﬂ's(attu)HLQ(t"7t7"+1;L2(Q))

2
< CAOuul[ 12 (gn prsr 11 (2))-
For the estimate of the second term, we use (37)) to obtain

n+1l _ n
TsU TsU en+1

((9t7rsun+1 - At »Ch )

7rsu"+ — T 6'rL—i-l
(38) < C(1+Ab)|pmeumt! — THLQ n 16&“'” + Il 12
2 ler™ — epll7e
< CAtHattuHL2(tn7tn+1;H1(Q)) + 16AL + lle hHL2

For the estimate of the third term, it is straightforward that va(n"*!, e} ") = 0.

Step 2. We notice that in the error analysis, the most important term to deal with
is the fourth term on the right-hand side of [B5]), which can be rewritten as follows:

1 1 1 gt 1
c(un+ 7un+ Z+ ) tn+1 (uhvuhveZJr )
eXp(—T)
= c(u" "t et — c(um u el ) + c(ut, um, ef ) — c(uf, uy, et
@1 @2
en+1
+ ﬁduhyuhveﬁﬂ)-
exp(—“7—)
O3
First, we have
(39)
C(un-i-l _ ,ul'rL7un-',-17 ez-{-l)
||enJrl EZIIia n2 n+12 n+1 ny2
S ——a Tlenllz: + €A+ A Vu" " [Te [ — uw™||72
32At
||enJrl ‘32”%2 ny2 n+1)(2 2
N lenllz: + C(L+ AALVU™ ||z [0l T2(4n gnt1,02(02))-

Then, similar to [39]), we have

c(u" wtl — eZ-H)

(40) n+1

ey ehHL2
- 32At

By combining ([39) and ([@0), we can obtain

+ el + C+ A AL " [ [OrulTon pnirimr ()

0, = C( n+l _ un un+1 n+1) —|—C( unJrl —u” ez+1)
”en+1

ehH 2 n
S 16—AtL +C(llenllz: + At”atu”%z(tn,tn+1;H1(n)))~
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Denote

@2 = C(unv un, e;LL) - C(U’Za U’Zv 62) + C(unv un, 6Z+1 - e;LL) - C(U’Z, ’LLZ, eZJrl - e;zl) .

O21 OG22

By writing u™ — u} = n" — e} and uj = e} + u" —n", respectively, and then
applying Hoélder’s inequality, and Young’s inequality, we have

(41)

O91 = c(u” —uy,u", ep) + c(up, u" —ujp, ep)

=c(n" u", ep) — cle, u", ey) +c(ey, 0", ey) + c(u”, 0", ey) — c(n",n", ep)

< IVan [z 0™ + 2|V [ = llep|” + 21 V0™ | e lleg | + [[u" [ = lek |
+ "z [V 1 + V0" [ 0”12

< C(ln"72 + IV [z + llenllz2),

where we use c(u}, e}, e}) = 0. By applying Hélder’s inequality, the inverse in-
equality () and Young’s inequality, we have

C_')22 = C(una un7 BZ+1 - 62) - C(’U,Z,’U,Z, 6Z+1 - 62)
= el —uf e~ ef) + eluf,u” — uf, €)™ —ef)
= C(U’n - ’U’Za una ez—i_l - BZ) + C(UZ, nna 62+1 - 62) - C(U’Za 62, 6Z+1 - BZ)

n||2 n+l _ _n
<1+ At|lup |7 ) len Al
h? 64At
+ C(At+1)]|e}]|3-.

Now, we assume that for 0 <n < N,

2
L+ OAtn™ |7 + CR?|[ V" |2

4h?
bz
At the end of the proof, we will verify the reasonableness of ([@2]). With the restric-
tion condition on the time step ([@2]), we have

n+1

5||eh _eZH%? n|2 n| 2 n2
O, < T G6iAL +Cn" |22 + IV0"[I72 + llepll72)-

Combining the above estimates, we can obtain
(43)

C(unJrl’ ,uanrl, GZ+1) _

q"t! 1
t"+1 C(’“’Z? ’U’;Ll7 ez-i_ )
exp(— T )

1
3llen " —enlZe

- 16A¢
Step 3. Next, we give an error estimate for the scalar auxiliary variable. We notice
that the last term on the right-hand side of (@3] can’t be easily bounded, while it

can be balanced with a term from (@3]).
Firstly, subtracting (I8) from (I6]) leads to

O [LHIVA" 72 +lleRl|Zs + AtN0wl g pniripr(2)) +Os.

+1
EZ B EZIZ 4 lenJrl
At T1
(44) —1 n . n . ntl n+1 n+1 n+1 n+1
:exp(_ﬂz;l)(c(uhvuhauh ) _C(u , U , U )) +Eq 5
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with B+ = w —q¢(t"*1). Multiplying both sides of (@) by e/ t* yields

|en+1|2 |eg‘2 N ‘€n+1 _ 6"‘2 _‘en+1|2
2At 2At d
_en—i-l
oy (R i ) — el i)
T
(45)  —elupam —ufa ) —e(ut T - u utt amt) 4 Epteptt
_en—i-l en+1
=——c(up, up, ep ) + —————c(uf, up, n" )
exp(—+7—) exp(—*7—)
en+1
eXP(q_ RS ) c(uy; u - uy, un+1) + E;H_leg-H’
T

where we use c(u" ! —ul, u" T w" ) = 0. Using ul! = e} +u™ — 0", the second
term on the right-hand side of (@3l can be bounded by

n+1
€q

tn+1 (’U’Z? uZ) nn+1)

exp(— )
n+1
,%(C(uﬁ,u”,nnﬂ) Lol el n™) — c(ul,n"n" )
exp(— )
n+1
(46) :%(C(u;& u”, nn+1) - C(U‘Zv nn+la 62) - C(’UJZa 77"7 Tln+1))
exp(— "¢ )

<Cleg ™ llup IV | oo lln™ | + Cleg ™ [l Rl VR

+ Cleg ™ llug ™ I Vn™ |
1
<gpleat P+ Clleql + Clm™ 1

The third term on the right-hand side of ([@5) can be bounded by

6n+1
q pre C(’U,Z, unJrl _ ’U,Z, unJrl)
exp(— T )
W) <Olupllumt — up )|Vt g en

1 n
< IR + ClleR | + Clln™12 + C A0l en g,y

For the last term on the right-hand side of (@3]), we have

n n 1 n
(48) E} ettt < 4T| 2+ CALguel| T2 gm gnrr-
By combining ([6])-[@S]), we can obtain
n+1|2 n|2 n+1 _ n 2
|€ | ‘€q| |6 | + i‘en+1|2
2At 2At
n+1
(49) <——e(up, up, e ) + O(lleq]|* + Clln™ 1> + Ol 12
exp(—“7—)
T

+ At”atu”zLQ(tn7tn+1;L2(Q)) + At”(ht H%Q(tn7tn+l))'

Notice that we can use the first term on the right-hand side of ([@9) to balance
the last term on the right-hand side of ([3).
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Step 4. Next, we can conclude ([B2)) with the a priori assumption ([@2)). To the end,

we combine (B3 and [@9), and use ([B6), (B8) and @3] to obtain

n+1 |€Z+1‘2 n+1 2
2AtH ||L2‘|' AL +vlep [
< sllelie + S c{Jom™ s + s + 0™ s + V7"

+ At”attunL2(tn,t"+1;H1(Q)) + At”atuHL2(tn’tn+1;Hl(Q)) + At”C]tt HL2(tn’tn+1)}
+Cllerlze-

Summing over all discrete times, and by |[e}[|7. = 0 and |e)|* = 0, we can get

n+1 n+1 n+l
.2 -
len Iz + 1™ P+ vALy lefly < CALY Gi+ Aty Cllel |7,
j=1 i=1 7=l

with
Gj = 0’ |22 + ln’ HIZe + 107 122 + IV’ 2
+ A 0uwl| T2 51 4 29y + AT T2 051 15, 1112y + At eel T2 51,099
Thus, the discrete Gronwall Lemma [Z.1] can be applied, and one gets

n+1 n+1
2
(50) et H i, + et + vat S fe] |, < exp(CT)(CAL S Gy).
j=1 j=1

The application of the triangle inequality gives

n+1
" — w7 + el TP + AL Z lu/ — )|}
j=1
n+1 n+1
<2+ 20t Y R 4+ exp(CT)(CAL Y Gy)
j=1 j=1

Then, by using ([I0) and ([I3]), we can conclude [B2)) with the a priori assumption
[@2)). So, before we complete the proof, we need to verify the reasonableness of

@2).

Step 5. Finally, we can check that due to [3l), the a priori assumption ([@2]) always
holds for small enough h. To the end, we will prove that for small enough h, it
holds that

(51) up Lo < 2(|wllLe0.1:Lo= (2))

for 0 < n < N, so that the CFL condition (BI]) implies ([@2)).
First, there exists hl such that if h < hy, the right-hand sides of (I0) and

() are bounded by SC he 1wl Lo (0,755 (0)) and [|w|| Lo (0,72 (02)), Tespectively.
Furthermore, by the trlangle inequality, we have

5
sl o o.rie ) = gl 120

Then, due to (31, there exists hy < hy such that if h < hs, the right-hand side of
2)) is bounded by 6402 ||u||Lm(O T.L=(Q)"
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Now, we prove (BI) by mathematical induction. For h < ho, (BI) holds for
n = 0 with u) = wsug. Supposing (5I) holds for n < m, we can show that this
assumption is also true for n = m + 1. Indeed, if (&) holds for n < m, then ([B2)
holds for n = m. By using the inverse inequality (), for h < hg, we have

i M | e < fup ™ = ™ [ [l

< Cyoh~ 2 Hu;anrl _ ﬂ_sum-i-lH + H”S“mHHLw

< Cineh™ 2 ™+t — w1 4 G h ™2 [ — |

5
+ ZHU’HLOO(O,T;LOO(Q))

< 2l Lo 0,752 (@) -
Consequently, (BI)) also holds for n = m+1. Thus, we have completed the proof. O

Remark 4.2. In the above proof, we first conclude (B2) with the a priori as-
sumption ([@2). Then, at the end of the proof, we verify the reasonableness of
([@2). Furthermore, to check the effectiveness of [{#2), we use the inverse inequality
||| e < Cinvh™ % ||up|| to obtain

hd+2 h2
< .
Chnllupll? = llupl

Thus, it will be more convenient to compute the value of ”ijj—Tg at each time step
h
in the following numerical experiments.

Next, based on the above analysis framework, we present the error analysis with
error bounds obtained with no time step restrictions for the two-dimensional case,
which is similar to that in [I9]. It is proved that a Reynolds-dependent error bound
O(R¥*! + At) for the velocity L? error is obtained with no time step restrictions.
Notice that for the SAV scheme combined with the FEM [27], the velocity L? error
is only suboptimal with convergence order of k in space.

Theorem 4.3. Let 2 C R2, ug = moug and ¢° = 1, and assume the regularities
of the wvelocity solution. en, we have the following error estimates: for
th locity soluti Th h the following timat
0<n<N,

™t — w2, + el ? < C(u, Oy, Opu, T, v (W22 £ (A1)?),
n+1
VALY ) —u|f < C(u, 0pu, O, T,v ™) (h?F + (At)?),

j=1
with a constant C(w, dyu, Oyw, T,v=1) independent of n and h.
Proof. The proof follows that of Theorem [£.T]with the changes that we will comment

on. Notice that much of our previous analysis can be reused for the new error
bounds, except for the handling of the nonlinear term ©5.
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For ©4;, we have
O21 = c(n",u", ep) — c(ep, u” e) + c(e,n" ef) + c(u™,n", e}) — c(n",n", ef)
< IV |[pee I + 2 V" || e [lef |* + 2 V" || = [lef||* + éVHVeZ\P
+ %IIU"||2L<>0||77”||2 IV e [l
< CUIn"I3a + I + llefl3:) + SIveq)?,

where only the handling of the term c(u™, n", e}) is different from that of (IJ). By
writing uj = e} +u" —n", we have

O = clu” — ufu, e — ef) + clu, u” —uf 7~ ef)
= o — e~ ef) — c(u” et — efln) + clefn" e — ef)
el et — ) — e(uf ef ef ™~ ef)
G221
||€Z+1 _62”%2 ni|2 ni2 n|2 n|2
< o ClLe 4 CATur w32 + O Va3 e 3

1 1 1
+ C;ll”"\l%w ™ 172 + nglVBZHH%z + nglVeﬁflliz
+ CAVY" [ Ze 0122 + CAL[VD" [}« |lef |22 — Ozr.
For the term ©Oagg1, by writing uj = e}l + u" —n", and using @), (I0) and the
inverse inequality (&), we can obtain

n+1 —+1 n+1

Oa21 = c(u", e, €5 —ep) +clef, e, ep” —ep) —c(n” ef, ey —ejp)
= —c(u", ey ef) —clef. ey ef) +e(n" ep T ef)
1 1 1 1
<[lu"| oo (Ve 2 [ efl 2 +Cllefl 2 2 [ Verll 122 Ve 2 llefll 2 Ve 2 2
1 1 1 1
+Clm |22 V0" (|22 Ve 2 lleh |22 Ve | 22
< lulr=IVer iz llenlcz + CllerllzVer | 2 Ven ™ | 12
+ OV 2| Ver ™ || 2 leq ]| 22
C 1
< Ot IVup Rz + v e e,
where we use the classical embedding inequality |[Vu™| 2 < C||Vu™| L~. With no
time step restrictions, we can obtain
||‘BZ+1 —enlZe 1 2 1 2 1 +1)12
=% Tt CA+ )ln"llze + vIVepllze + vlVey™ |z
1 C
+C(1+ ;)||62||2L2 + ;HVU’Z”%?”EZH%Q'
Then, following Steps [l of the proof of Theorem B we can conclude the proof.

Notice that when the discrete Gronwall lemma is applied, the stability estimate
AtV (12, < € from @22) will be used. O

Jj=1
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Remark 4.4. Notice that the estimate of ©291 is only limited to the case of d = 2.

For the three-dimensional case, we have

||6;1hLl — 62“%2 4AL o 2

—2 2 L 4 ul||5v||VeR]Fe.
i S g3 Ve

As before, we first assume that for 0 <n < N,

_ n _n _n+l n
Oa21 = c(uy,, ey, e —ep) <

1

16

We can show that for small enough h, (52)) always holds with the time step con-
straint

(53) At < min {

At
(52) o

v

e
64]|2 12w (0,700 2)) =0
Arguing as in Step [l of the proof of Theorem H.] it is easily proved that for small
enough h, we have

lupllpee < 2llullpe oL 9)-
Thus, (B2)) will be a consequence of ([B3]). So, with the time step constraint (G3)),
the similar error estimates can be also obtained for the three-dimensional case.

Remark 4.5. Here, for the two-dimensional case, the Reynolds-dependent error
estimates don’t require any time step constraint, as in [I9], but for the three-
dimensional case, the error estimates are obtained with the time step constraint
(B3). Notice that for the SAV pressure-correction scheme, the error analysis does
not require any time-step constraint, which is only limited to the two-dimensional
case. For the three-dimensional case, it has some technical difficulties, see [19].
For the three-dimensional case, error estimates obtained without any time step
constraint will be our future research direction.

5. NUMERICAL STUDIES

In this section, we present some numerical examples to check our analytical
results, which were implemented in the NGSolve software [23]. We use the Scott-
Vogelius pair with £ = 2 in Example B.1] and Example B2l and & = 4 in Example
For applying the Scott-Vogelius pair with £ = 2, we use a sequence of the un-
structured regular and quasi-uniform triangulations with mesh size h = 1/M, then
an additional barycentric refinement of the triangulations was applied to guaran-
tee the satisfaction of the discrete inf-sup condition. For & = 4, we use a general
shape-regular mesh without the additional barycentric refinement [I3].

Example 5.1. In this example, we test an analytical solution with a small value
of v to check the effectiveness of the CFL condition. Furthermore, the optimal and
suboptimal convergence rates in space are observed for large and small values of v,
respectively.

Let the domain 2 = (0,1)” and choose the exact solutions of () [7] given by

w(z,y,t) = 6 +4cos(4t) [ 8sin®(rz)(2y(1 —y)(1 —2y))

10 —8msin(27z) (y(1 —y))? ’
p(z,y,t) = %{)}8(4@ sin(mx) cos(my).

We take the small viscosity v = 1078, and the final time 7" = 1.6. We use the
above-mentioned mesh with M = 10 to observe the variation of the errors with
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respect to At. For temporal discretization, to compare the IMEX-SAV scheme, we
use the semi-implicit and IMEX schemes without the SAV, in which c(uj, uzﬂ, vp)
and c(u},u},vy) are used as the discrete convection terms, respectively. From
Table [[l we can observe that the IMEX scheme is conditionally energy stable and
has the matched errors, which are comparable to that of the semi-implicit scheme.
The semi-implicit scheme is better in the respect that there is almost no restriction
on the time step. The IMEX-SAV scheme is unconditionally energy stable, however
conditionally has the matched errors with restriction on the time step. These are
consistent with our theoretical results.

We can compute the value of At,, = ke (see Remark 2)) at each time step.

R
From Figure[Il we can observe that whenever the actual time step At (solid line)
is smaller than the computed time steps (dotted line), or whenever the actual time
step is close to the minimum value of the computed time steps, the IMEX-SAV
method has the matched errors, in which the errors are comparable to that of the
semi-implicit scheme, see the actual time step At = 3—50, %,ﬁ,ﬁlﬁo in Figure [II
and Table[Il On the contrary, the IMEX-SAV method hasn’t the matched errors,

see the actual time step At = 55, 45,45, 765 in Figure [l and Table Il

TABLE 1. Behavior of errors for the IMEX, IMEX-SAV and semi-
implicit schemes with respect to the time step

At Tunllpe Tu—unllzs V(@ = unlizz o= pallge IV - wnllgs o) — "]
IMEX

21—0 nan nan nan nan nan —
% nan nan nan nan nan —

% nan nan nan nan nan —
6 1.85e+00 1.63e+00 1.26e+02 3.42e+00  2.02e-14 —
@ 9.69e-01 8.52e-02 7.30e+-00 5.77e-02 8.12e-15 —
0 9.68e-01  6.87e-02 5.58e+00 4.07e-02 1.55e-14 —
980 9.68e-01  6.79e-02 5.51e+00 3.98e-02 5.63e-15 —
Wlfso 9.68e-01 6.76e-02 5.48e+00 3.95e-02 3.62e-15 —

IMEX-SAV

21—0 1.14e+00 6.18e-01 4.67e+01 6.93e-01 7.50e-15 3.68e-01
# 1.16e4+00 6.58e-01 4.86e+01 6.84e-01 1.68e-14 3.62e-01
%0 1.07e4+00  5.26e-01 3.66e+01 6.86e-01 5.80e-15 3.63e-01
%TO 1.02e+00 3.28e-01 2.83e+01 6.28e-01 4.13e-15 3.32e-01
@ 9.69e-01 8.50e-02 7.26e+-00 5.95e-02 5.45e-15 5.39e-03
50 9.68e-01  6.87e-02 5.58e+00 4.07e-02 2.88e-15 4.22e-05
1980 9.68e-01  6.79e-02 5.51e+00 3.98e-02 2.53e-14 2.38e-05
Wlfso 9.68e-01 6.76e-02 5.48e+-00 3.95e-02 1.23e-14 1.67e-05

Semi-Implicit

21—0 9.63e-01  6.19e-02 5.06e+00 3.50e-02 6.26e-15 —
% 9.57e-01  6.50e-02 5.32e+00 3.68e-02 4.41e-15 —
%0 9.63e-01  6.54e-02 5.35e+00 3.76e-02 2.87e-15 —
%TO 9.67e-01  6.57e-02 5.35e+00 3.81e-02 2.91e-15 —
570 9.68e-01  6.64e-02 5.40e+00 3.86e-02 2.94e-15 —
0 9.67e-01  6.69e-02 5.44e+00 3.90e-02 9.89e-15 —
1950 9.68e-01  6.71e-02 5.45e+00 3.91e-02 3.15e-14 —

L 9.68e-01 6.72e-02 5.46e+00 3.92e-02 2.73e-15 —
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FIGURE 1. Time evolution of the computed time steps (dotted
line) and actual time step (solid line), from left to right: At = o,
1535 1o (see first row) and At = 535, &5, 1955 7550 (See second
row)

Furthermore, we can give the first-order IMEX-SAV-Adaptation (ISA) scheme,
which can be written as follows: find (u} ™, ™! ¢"*1) such that for V(vp, qs) €
Vh X Qh7

“nﬂ_uvﬁ 1 1 gt 1
(hTa 'vh)_‘_ya(’u’hn—‘r 7vh)+b(’uhapz+ )+ﬁc(u2a 'LLZ’, ’Uh) = (fn+ avh)v
n eXp(—T)
b(uZH,Qh) = Oa

and

qn+1 —q" 1 n+1 n ,n . ntl

et +7nc’u’auau )

At, T eXp(—t:,Jfl) (ui, uit, wi ™)

with the adaptive time step At,, = #(here, tntl =1+ At,).
rill72

TABLE 2. Errors of the IMEX-SAV-Adaptation and semi-implicit
schemes with the adaptive time step At, and the mesh with M =
10

At Jlupllpz lu — unllpe IV (w = up)llpz [lp — prllpz IV - wsllpe [g(T) — g™ 1
Semi-Implicit Aty 9.84e-01  6.76e-02 5.59e4-00 4.17e-02 7.76e-15 -

ISA Aty 9.84e-01  6.99e-02 5.80e+4-00 4.58e-02  5.13e-14 3.15e-04
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FIGURE 2. Time evolution of the adaptive time step

For the semi-implicit scheme, we use the same time-step size as that of the
ISA scheme. From Table 2] we can observe that the errors of the ISA scheme are
comparable to that of the semi-implicit scheme. From Figure[2] we can see the time
evolution of adaptive time step.

Next, we test the convergence rates of the velocity, pressure and scalar auxiliary
variable errors. As for temporal discretization, the IMEX-SAV scheme was applied.
We set the time step small enough to ensure that the spatial error dominates over
the temporal error. We take the small time step At = 0.1(1/M)3. The above-
mentioned meshes are used with M = 4,8,16,32. From Table Bl the velocity,
pressure and scalar auxiliary variable errors have the error bounds, as predicted
by the theoretical estimates in Theorems 1] and [A-Tl With the same settings, for
large value of v, v = 107!, the optimal convergence rates in space for the velocity
L? errors can be observed from Table El

TABLE 3. Errors and convergence rates with the IMEX-SAV
scheme ([I7)-(8) with v =108
M |lu—wunll2 Rate ||p—pnllr2or2) Rate |q(T)— ¢V Rate

4 1.56e-01 - 7.56e-02 - 4.61e-04 -

8 4.35e-02 1.84 1.46e-02 2.37 2.01e-05 4.52
16 1.11e-02 1.97 2.67e-03 2.45 2.68e-06 291
32 2.87e-03 1.96 5.60e-04 2.25 3.79e-07 2.82

TABLE 4. Errors and convergence rates with the IMEX-SAV
scheme ([I7)-(8) with v = 10~*
M |lu—wup|z2 Rate |[|p—pullrzo.ri2) Rate |g(T) — ¢V Rate

4 7.14e-02 - 3.04e-01 1.75e-04 -

8 6.26e-03 3.51 6.63e-02 2.20 2.24e-05 2.97
16 6.23e-04 3.33 1.52e-02 2.12 2.81e-06 2.99
32 8.37e-05 2.90 3.74e-03 2.02 3.51e-07 3.00

Example 5.2. Here, we test whether the error estimates are obtained with no time
step restrictions for a larger value of the viscosity. To this end, we test a numerical
example in [I9] to see if similar results can be obtained.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



576 YONGBIN HAN, YANREN HOU, AND MIN ZHANG

We consider the following exact solution of () on the domain 2 = (0,1)%

sin(t) sin? (7x) sin(27y)
— sin(t) sin(2mz) sin®(7y)

p(z,y,t) = sin(t)(sin(my) — 2/7).

We set T =1 and v = 0.1. The above-mentioned mesh is used with M = 230,
which can ensure that the temporal discretization error is dominant over the spatial
discretization error.

We test the convergence rates for the first-order and second-order IMEX-SAV
schemes, respectively. The second-order IMEX-SAV scheme can be written as fol-
lows: find (uZH,pZH,q”“) such that for V(vp, qn) € Vi X Qp,

u(z,y,t) =

)

(54)

Su—dul 4u ! g™ n oam

(—* 2Ah . ,Uh)+Va(uT17 'Uh)“‘b(vhapzﬂ)"' gt c(tp, ay,, vp) = F(vp),

t exp(—-7-)
b(UZJrlMIh) =0,
and
3qn+l _ 4qn + qn—l 1 1
55 = — = ntl Anv Ana s i
( ) AL Tq + eXp(—tn;I)C(Uh Up, Uy, )

with 4! = 2u} — u}" ' and F(vy) = (f"*',v;). Here, we use the first-order
IMEX-SAV scheme in the first time step.

The first-order convergence rates in time for the velocity, pressure and SAV errors
are observed in Table Bl The second-order convergence rates for the velocity and
SAV errors, and nearly second-order convergence rate for the pressure errors are
observed in Table[6l These are basically consistent with the results in [19].

TABLE 5. Errors and convergence rates with the first-order IMEX-

SAV scheme ([I7)- (I8

At |lu — w2 Rate |[|p —pnllr2o.r:2) Rate [¢(T) —¢V*!| Rate
1—10 4.39e-03 - 2.13e-02 - 1.76e-02 -
% 2.08e-03 1.08 1.02e-02 1.06 9.01e-03 0.97
= 1.04e-03 1.00 5.11e-03 1.00 4.55e-03 0.99
= 5.25e-04  0.99 2.57e-03 0.99 2.29e-03 0.99
TABLE 6. Errors and convergence rates with the second-order
IMEX-SAV scheme (B4)-(E5)
At Jlu— w2 Rate |p—pnlr2omr2@) Rate |q(T)— ¢Vt Rate
& 2.94e-04 - 3.11e-03 - 1.39¢-03 -
2% 8.81e-05 1.74 6.32e-04 2.30 3.97e-04 1.81
% 1.88e-05 2.23 1.59e-04 1.99 9.74e-05 2.03
8—10 5.03e-06 1.89 4.73e-05 1.75 2.36e-05 2.05
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Example 5.3. In this test case, we test a classical benchmark problem, where a
laminar flow around a cylinder is considered [17,22].

The domain §? is a rectangular channel, [0, 2.2] x [0, 0.41] with a circular obstacle
of radius r = 0.05, which is centered at (0.2,0.2) within the channel. The boundary
0% is decomposed into I'yyt := {x = 2.2}, the outflow boundary, T';, := {z = 0},
the inflow boundary, and I'yqi := OQ\ (I U Lput), the wall boundary. On Iy, we
prescribe the Dirichlet boundary condition

1 [ 6y(0.401 —7) } _

u(O’ y? t) = 0.412
On Ty, we prescribe the homogeneous Neumann boundary condition (—vVu +
pI)n = 0. The homogeneous Dirichlet boundary condition for the velocity is im-
posed on I'yqy. The viscosity is set as v = 1073,

We use a (curved) unstructured triangular mesh around the cylinder, in which
the mesh consists of 1368 cells with mesh size h =~ 0.04 away from the cylinder, and
h =~ 0.01 around the cylinder, see Figure [Bl Notice that we use the Scott-Vogelius
pair with k£ = 4, which allows us to use a general mesh without the additional
barycentric refinement. For the temporal discretization, the second-order IMEX-
SAV scheme is applied with At = 3 x 107°. First, we start a simulation with an
initial velocity, which is computed by solving the steady Stokes solution of this
problem. Then, the computed velocity solution at ¢ = 1 is saved and this solution
will be used as the initial velocity at ¢ = 0 for the following simulation, see Figure
Bl The final time of the following simulation is taken to be T' = 8.

Notice that in the implementation, to deal with the complex boundary condi-

tions, the discrete convection term in (55) should be replaced by csgew (@, a7, u) )

n+1) 1 n+1l -~

_ 1 Y R ) ~n n : :
= gc(uyp,ay,u), — sc(ag,wy™,4f) such that in a continuous sense,

Cskew (U, w,u) = 0, with the exact solution w of this problem.

FI1GURE 3. Sketch of the mesh and the initial velocity magnitude
(color corresponding to velocity magnitude from 0 to 2.133)

Quantities of interest in Example are the drag and lift coefficients at the
cylinder. At each time step, we compute the drag and lift coefficients, which are
defined as [15]

Cdrag = _20((dt’u’27 e-’E) + l/a(’U,Z, ex) + b(emp;i) + C(’U,Z, U’Z? ex))?
aire = —20((dvuy, ey) + va(uy, ey) + b(ey, py) + c(uy, uj, ey)),
3u2—4u271+u272 uZ—u271

where dyup = AT , when n > 1, dyuyy = —t—x—, when n = 1.
Here, e, and e, are continuous piecewise quartic functions taking values e, =
[1,0]” and e, = [0,1]7 on those nodes on the surface of the cylinder, respectively,
and vanishing on all the other nodes. We compute the maximum and minimum

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



578 YONGBIN HAN, YANREN HOU, AND MIN ZHANG

drag coefficients, max carag = 3.22795 and min cqrag = 3.16468, respectively, and
the maximum and minimum lift coefficients, max iy = 0.98786 and min ¢y =
—1.02273, respectively, which are comparable to the results in the literature [1722].
In Figure [l the velocity magnitude at T' = 8 is shown.

vara TAVAVAVAVAYS _ _ TAVAVAVAVAVAVA-mor
v L L L
vin

RVAVAVAVAVAVAVAVi

ATV, 2
FAVAVAVAYAVAY A A ; « AVAV FAAVAVAWA nnunnv‘uuv‘uuuvﬂ‘V.ab
n‘nnuuuvﬂu‘uw' ATATATAVS™ S,

FIGURE 4. The velocity magnitude of flow around a cylinder at
T = 8 (color corresponding to velocity magnitude from 0 to 2.209)

APPENDIX A. ERROR ANALYSIS FOR THE PRESSURE

In this appendix, we present the error analysis for the pressure. First, we make
the error splitting, as follows:

P —pi = (" =P 'p") = (pp — PYp") = — e,
where P¥~1p" denotes the L?-projection of p™ onto Q.

Theorem A.l. Under the assumptions of Theorem [A1], we have the following
error estimate:

N+1
At " = phl3
n=1
SO+ RIT _ma (0 = w4 165 2) 4 Iy vy
N+1
+ At Z " —up|f + 1022 0.4n+1.12(2)) F+ (A0l F2 0 4n 1,511 (12
n=1

+ (A2 |0l F2 g v +1.12(02)) )
with a constant C independent of h and v=*

Proof. Notice that much of the analysis is very similar to that of [7}[8], so we only
concentrate on what is really different, mainly the nonlinear terms and the scalar
auxiliary variable. We can refer to [7,8] for more details.

First, we have the following error equation
(56)

b(v}“ n+1)

=b(vn, ) + (O (u" T — wu ), vp) + (Opmou T —

— (Dl o) +va(u™ — ult vy)

G 1 1 q" !
+ ¢+l c(un—i- 7un+ 7vh) - tnt+1 c(”hv“’ﬁavh)v
exp(—+7—) exp(—“7—)
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n

n+1
. e —e
with Dyeltt = So—°r Denote

n+1

¢ = C(unvuna vh) - exp( tn+1)c(uz7u2? vh)
T

é1
+ (™™ —um u" ) + (™ u T = vy) .

$2

By using Hoélder’s inequality, we have

anrl

(bl :C(un7un7vh) - C(UZ,’U,Z,’U}L)

exp(—7-)

qn+1 qn—i-l
:ﬁc(un —up,u",vp) + VSN
exp(—7—) exp(—-7—)
en—i—l
q

C(U’Za u" — u;zla vh)

tn+1 C(unv u”, vh)

exp(—-7—)

<C(|lu" —up | + leg T DIVonll,

where we use |[u}|| L (o) < C from (EI) and |¢"] < ¢1,Y0 < n < N + 1. Similarly,
we have
P2 = —c(u" Tt —u” vy, u" ) — c(u, vy, u" T — u™)

1
< C(At) 2 ||8tu||L2(tn7tn+1;L2(Q)) ||V’Uh||L2.

Then, the above estimates are combined to obtain
1
(57) ¢ <C(|[u" —up|| + leg ™+ (A1) 2 10w 2 (m pns 1,22 (2))) [ Von]-

We take the test function vy, = (A;) ' Dief ™ € V,A¥ in (56), and use (57) and
) to obtain

_1 _1
|Dsep ™| -1 < Ch™2||(Ap) "2 Dyep ||
< ChmE {vum = w4 (fu = g fep
1
+ (At) 2 ||6tu||L2(tn7tn+1;L2(Q)))

1
mou™tt — wun

o™ e + orm gt = T Ty,
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where we use (3) in [§], (B) and the inverse inequality (8) to get the first inequality.
Applying the discrete inf-sup condition (@), (57)) and (B8], we can obtain

b(vy,, entl
5||€Z+1||L2 < sup M
wnevi\o  |Vhly

< C{IIDeey M l-x + g™ e + vlu" — iy + Gyt

mou ! — o
- T = gl + e

+(At)? Hatu||L2(t",t"+1;LQ(Q))) +10m™ L2 }
<O+ ) e + et —upttyy
+(
+ (

At )2 0ccw|| L2 (en gnt1. 11 (2)) + ([[u™ —ug || + |€"+1\

AL)2 (Ol L2 en en1sL2(2y) + 10" | 2 }-
Finally, by applying the triangle inequality, we can conclude the proof. ]

Remark A.2. By combining Theorem [AJ] and (32]), we can obtain

N+1
(At Z [p" — pitll22)2 < C(u, Oy, e, p, T)(1 4+ h™2)(h* + At).

This kind of error bound can be seen in [§].
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