CSIAM Trans. Appl. Math. Vol. 3, No. 1, pp. 57-81
doi: 10.4208 / csiam-am.SO-2021-0008 March 2022

Efficient and Unconditional Energy Stable Schemes
for the Micropolar Navier-Stokes Equations

Jie Shen! and Nan Zheng?'*

! Department of Mathematics, Purdue University, West Lafayette, IN 47907, USA.
2 School of Mathematical Sciences and Fujian Provincial Key Laboratory on
Mathematical Modeling and High Performance Scientific Computing, Xiamen
University, Xiamen, Fujian, 361005, China.

Received 31 January 2021; Accepted 14 June 2021

Abstract. We develop in this paper efficient numerical schemes for solving the microp-
olar Navier-Stokes equations by combining the SAV approach and pressure-correction
method. Our first- and second-order semi-discrete schemes enjoy remarkable prop-
erties such as (i) unconditional energy stable with a modified energy, and (ii) only a
sequence of decoupled linear equations with constant coefficients need to be solved at
each time step. We also construct fully discrete versions of these schemes with a spe-
cial spectral discretization which preserve the essential properties of the semi-discrete
schemes. Numerical experiments are presented to validate the proposed schemes.
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1 Introduction

We consider in this paper the so-called micropolar Navier-Stokes equations [16]:
w+u-Vu—1pAu+Vp=21,V xw+f,
V-u=0, (1.1)
jwit+ju-Vw—c1 Aw—coVV -w+4r,w =21,V xu+g,
where u is the linear velocity vector, p the pressure and w is the non-divergence free
micro-rotation field (angular velocity of the rotation of particles of the fluid). The func-
tions f(x) and g(x) denote external sources of linear and angular momentum, respec-

tively [13], which depend upon external fields explicitly. The material constants j, v, v;,
c1 and ¢ are all positive.
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This system is supplemented with the following initial and boundary conditions:

uli—o=uo, ufpn=0, 12)

Wli—o=wo, W[an=0.
When the micro-rotation effect is ignored (i.e., w =0), (1.1) reduce to the celebrated
Navier-Stokes equations. The kinematic Newtonian viscosity v; is essential for the flow of
micropolar fluids, so that the velocity and the micro-rotation are coupled and the global
motion is affected by the micro-rotations. The micropolar fluid is less prone to instability
than the classical fluid [5,7,22], and this model can describe some polymeric fluids and
fluids containing certain additives in narrow films [6].

Mathematical properties of the micropolar Navier-Stokes equations have been stud-
ied in [8,13,18,20]. In particular, the global existence of weak solutions and the local
existence and uniqueness of strong solutions are all well understood. From a numerical
point of view, there are some attempts in designing numerical schemes for the micropo-
lar Navier-Stokes equations. For instance, a penalty projection method is proposed and
suboptimal error estimates are proved in [17]; a semi-implicit fully discrete scheme is pre-
sented in [15] which requires to solve a saddle point problem for velocity and pressure at
each time step; in a related work [21], a fractional time stepping technique is proposed to
decouple the computation of pressure and velocity. The nonlinear terms in these work are
treated either implicitly or semi-implicitly, so that a coupled linear or nonlinear system
with variable coefficients has to be solved at each time step.

Recently, the so called scalar auxiliary variable (SAV) approach [24] is introduced for
gradient flows. The SAV approach introduces an auxiliary variable and treat all nonlin-
ear terms explicitly, making it possible to construct linear, decoupled, unconditionally
energy stable schemes which only require solving linear systems with constant coeffi-
cients at each time step. The SAV approach has also been successfully applied to solve
Navier-Stokes and related dissipative equations which are not gradient flows [11, 12].
In this paper, we combine the SAV approach with the pressure-correction method (see,
e.g., [10]) to construct efficient numerical schemes for the micropolar Navier Stokes equa-
tions. More precisely, the semi-discrete schemes we construct using the SAV approach
enjoy the following remarkable properties: (i) unconditionally energy stable with a mod-
ified energy; and (ii) at each time step, only a sequence of Poisson type equations need to
be solved.

Unlike in the case of gradient flows for which any consistent Galerkin type spatial
discretization will preserve the nice properties of the semi-discrete SAV schemes, special
care has to be taken to choose compatible spatial discretization for pressure and velocity,
which is different from the usual inf-sup compatible discretization in a coupled approach.
We constructed fully discrete schemes with Galerkin spectral-discretization in space that
full preserve the two essential properties of the semi-discrete SAV schemes, and present
several numerical experiments to validate our results.

The reminder of the paper is organized as follows. In Section 2, we construct the
semi-discrete first- and second-order SAV schemes with pressure-correction to decouple
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the pressure from the velocity. In Section 3, we prove that both the first- and second-order
schemes constructed in the last section are unconditionally energy stable with a modified
energy. In Section 4, we construct a fully discrete scheme and prove its stability. Some
numerical experiments are presented in Section 5 followed by some concluding remarks
in Section 6.

2 SAV scheme for the micropolar NSEs

We start with some notations and results that will be subsequently used.

We consider the system (1.1) on a finite time interval [0,T] and in an open, bounded,
connected domain Q C R? with smooth boundary dQ. Let us introduce the standard
Sobolev spaces H™(Q)) whose norm are denoted by || ||,;. In particular, the norm and
inner product of L?(Q)) are denoted by ||- || and (-,-), respectively.

We denote

H={ucl?(Q)|divu=0, u-n|r=0}, V=H}(Q)NH. (2.1)
Recall the following identity
[Vul|?= |V xu|?+||V-u|?, VueH}(Q). (2.2)

Denote

b(u,v,w) :/Q(u~V)v~wdx, (2.3)

which satisfies the following skew-symmetric property
b(u,v,w)=—b(u,w,v), Vu€eH, v,weH(l)(Q). (2.4)
The micropolar NSEs (1.1) satisfy a dissipative energy law. Indeed, taking the inner prod-

uct of the first equation in (1.1) with u and the last equation in (1.1) with w, in the absence
of the external force f and g, we obtain immediately the energy dissipation law:

d (1 2 ] 2
= (5 ul+Lwi?)
=— (| Vul*+a1|[[VW[[*+c2 || V-w* +4v, | Vw]|?). (2.5)

Given a constant Cyp >0, we introduce a SAV R(f) defined by
1 .
R2()= [ Z(lu(t) P+jw(t)2)dx+ Co:=E(), (2.6)

where E(t) —Cy and R?(t) — Cy is half of the total energy %Hqu—l—%Hsz
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Taking the time derivative on both sides and using (2.4), we have

"1
2RR;= | = j d
¢ /Qz(uut+]wwt) X

:/(;%(uut—kjwwt)+u-Vu-u+ju-Vw-w
=2, (uV xw+wV xu)dx. (2.7)

We can then reformulate (1.1) into the following expanded system:

R(t) R(t)

ut—l—mu-Vu—voAu—kVp:Zvrﬁwa—kf, (2.8a)
V-u=0, (2.8b)
jwi+j R(1) u-Vw—c1Aw—c,VV -w+4v,w =21, R(t) Vxu+g, (2.8¢)
E(f) VE(t)
ZRRt:/ 1(uuﬁ—jwwt)—k R(®) (u-Vu-u+ju-Vw-w
02 E(t)
—2v,uV xw—2v,wV xu)dx. (2.8d)

If R(0) =+/E(0), we find that a solution to the above system is R(t) = /E(t) with (u,w)
being the solution of (1.1). Instead of solving (1.1), we shall solve the expanded system
(2.8).

2.1 The first-order SAV pressure-correction scheme

In order to construct a totally decoupled unconditional energy stable scheme, we com-
bine the SAV approach for Navier-Stokes equations [12] to deal with nonlinear terms and
the standard pressure-correction method [10] to decouple the pressure from the velocity.

Scheme I. Assuming @i", u”, w" and p" are known, we update @"*!, u"*!, w"*1 and p"*!
as follows:

sn+1_ .n Rn+l
u = u + \/ﬁun'vun_VOAﬁn—H_’_vpn
n+1
=2u, ==V xw'+£, &0 =0; (2.9a)

VvV E
u?’l-i-l_ﬁfl-‘rl Y ;
V(" —p") =0,

At
V-u"l=0, u"lnjyn=0; (2.9b)
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wn+l —wh Rn+1

H ; n, n_ o A\ n+1
Y —I—]\/ﬁu Vw" —c1Aw
n+1
—CZVV-W”+1+4er”+1:2Vr\/ﬁqu +g"; (2.90)
Rn+l R" 1 un+l_un wn+1_wn
oRN+1 / n+1 - n+1
At 02 \" AL TIW At
Rn+1 n n+1 n+1
+ u-Vu'-ad"m +Hju" - Vw' e w'
\/E—( j
21"V xw" —2u, W' TV x ") dx; (2.9d)
where 1
E”ZZ(IIH”IIZHI\W”IIZHC@ (2.10)

The above scheme is weakly coupled together by R"*!, and can be efficiently imple-

mented as follows:
Rn+1

Setting ¢" 1 = /& and

ﬁn+l ~n+1_|_cn+1 n+1 un+1: n+l_|_cn+1 n+1

2.11)
n+l__ ;Z—‘rl_'_é'ﬂ-i-l 2+1 p _p1+1+§n+1 1’1+1

7

w

in (2.9a)-(2.9¢c), and collect the terms with or without ¢"*! respectively, we obtain the

following decoupled equations for (@™, u/ ™, wit! pttl) i=1,2:
't —u”
Y —p AT VP =, @ty =0, (2.12a)
1 a(pn-i-l_pn)
1 _ Sl 1 1 _
NG P?)—Ev'uiﬁ , Tbn—of
T+l ~1’l+1 AtV(P¥+l pn)/ (212b)
n+1 w'
le—c1AW”+1—c2VV witl
—Hh/rw”+l g” , WT+l’aQ:0, (2.12¢)
and
ﬁn+l n+1 n n n+1
N ——+u"-Vu"—yyAa) " +Vpy =21,V xw", lon=0, (2.13a)

n n ~1 J prl_
Apy —ph) = V 5, w,o 0,

uy ! —ﬁZ“ AV (p5 ™ —p3), (2.13b)
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n+l

j At +ju"- VW' —c AWy =, VV - wi

+4v, Wit =20,V x@", witlyn=0. (2.13¢)

Each of the above decoupled equations is a Poisson type equation so it can be efficiently
solved. After we solve (2.12)-(2.13), we plug (2.11) into (2.9d), to obtain a nonlinear
quadratic algebraic system for R"™! which can be solved directly using the quadratic
formula or with a Newton iteration. Note that the time step may need to be sufficiently
small for (2.9d) to have a real positive solution.

To summarize, the algorithm consists of the following steps:

Step 1: Compute (@', i=1,2) from (2.12a) and (2.13a), then determine (u} ™! p!*!, i=
1,2) from (2.12b) and (2 13b). Finally, obtain (w] n+1 i—=1,2) from (2.12¢) and (2.13c);

Step 2: Plug (2.11) into (2.9d), and solve R"*! by using a Newton iteration;

Step 3: Determine @"*!, u"*!, p"*1, w"*! from (2.11), goto the next time step.

2.2 A second-order SAV rotational pressure-correction scheme

We can construct a second-order scheme by combining the SAV approach with a rota-
tional pressure-correction method [10]. To simplicity the notation, for any sequence {v" },
we denote 0" 1 =2¢" —p" 1,

Scheme II. Assuming @"~ Lan w1 u", w

@1, w1, w'tl and p"*! as follows:

"1 w" and p"~!, p" are known, we update

3ﬁn+l —4u" _}_unfl Rn+1

l—ln—H _Vﬁn—H

2At v/ Ent+l
Rn+1
— v AW 4 Vp" =20, ————V x W £ @y =0; (2.14a)

1/En—&-

n+1l_na&n+l
3u 3u +V(pn+l p +)(V0Vun+l) 0,

2At
V-u’”l :0, ui’lJrl‘n’aQ :0, (214:b)
,3W”+1 —4wW" _|_wnfl . Rn+1 +1 1 1
] +j——u""" VW'~ AW" "
2At En+1

Vx @4 gt (2.14¢)
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2Rn+

(BRUT—ARM R 1 g B0 A L w 3w —aw 4w !
2At 02 20t 2At
R+l

T v/ En+1
20, @" IV x W' 20, WV x @ dx; (2.14d)

where E"*1=2E" — E"~1 with EF defined in (2.10).
The above scheme can be efficiently implemented as the first-order scheme. More

(ﬁn+l .VﬁnJrl ‘ﬁn+l +jﬁn+l .VWnJrl ‘WnJrl

. . n+1 _ Rn+1
precisely, setting §" " = Wi d
ﬁn—H ﬁn—i-l Cn—i—l n+1, un—i—l _u;z—&-l Cn—i—l n+1’ (2 15)
n+1 n+1 n+1 n+l n+ n+1 n+1 n+1 :
w' T =w{T ¢ , p=p e ,

in (2.14a)-(2.14c), and collect the terms with or without &**! respectively, we obtain the

following decoupled equations for (i ”H,u?ﬂ Hl,pf‘ﬂ) i=1,2:

3i n+1_4 n n—1

n = ARV =T, @0 =0, (2.16a)
a('bi’l+1

A n+1__ ~n+1’ 0

ol —ZAtv lan =
ZAt

u;l'H_ﬁ;’H v('b?’l-i-l, 7’l+1_pgl+l pl +XV0V u?’l-i-l, (216b)

3wn+l 4w _}_anl
—a AW = VYV Wit 44y, wi T =gt

2At
w;Z—H’BQ:O; (216C)
and
3ﬁn+1
zzt _|_ﬁ1’l+1,Vﬁn+1 0 A~7’l+1_|_Vpg:2Vrv><w7’l+1, ﬁg+l|aQ:0, (2'17a)
3 ~ ) n+1
Agy = @V'ugﬂl (p laa =0,
2At
ugl—&-l:ﬁ;—i-l V(Pn—i-l, (,bn+1_l7£l+1 ph +XVOV un—i—ll (2.17b)
n+1
J—— 2At +ja" VW — o AWS T — 0 VV Wi T dy, Wit =20, V x @7,
w; oo =0. (2.170)

After we solve (2.16)-(2.17), we plug (2.15) into (2.14d) to obtain a nonlinear algebraic
equation for R"*! which can be solved with a Newton iteration. Hence, the computa-
tional procedure for the second-order scheme is essentially the same as the first-order
scheme, only requiring solving a sequence of Poisson type equations plus a nonlinear
algebraic equation at each time step.
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3 Unconditional energy stability

We prove in this sections that the two schemes presented in the last section are uncondi-
tionally energy stable.
We start with the first-order scheme.

Theorem 3.1. In the absence of the external force f and g, the scheme (2.9) satisfies the following
discrete energy law unconditionally:

EML_gn < —At(vp || V" |2 4-c1 || Vo TP+ o || V-w" T2+ 4u 0" TH?),  (B.1)

where ’ )
5n+1_lHunJrlHZ_’_lHwn+1H2+|Rn+1’2_’_A_tHV n+lH2 (3_2)
~1 4 2 VP

Proof. Take the inner product of (2.9a) with @**! and use the identity

p— 2
a(a—b) 2 b 2(a b)?, (3.3)
we obtain
2 ) o 6w P ()
2At 2At VE1 !
Rn+1
v || Va2 (V" a" ) =2u, (V xw",a"t1). (3.4)
v/ En+1
Next, we rewrite (2.9b) as
u LAV T =a T AV, (3.5)

and take the inner product of above with itself on both sides, notice that (Vp<*+1,uf+1) =

—(p**1, vV -uF1) =0, we get
w2+ ARV p 2 =@ P 280 (@, V) + A2V p 2. (3.6)

Summing up (3.4) and (3.6), we obtain

1 a2 2 G g2 At ntiy2 At 2
(P )+ w2 A et - Ao
R +1 1912
n. n o ~n ~n
+\/W(u Vu", 0" ) || VA |
Rn—H
=2, (V xw,a"). (3.7)

A /En+1



J. Shen and N. Zheng / CSIAM Trans. Appl. Math., 3 (2022), pp. 57-81 65

n+1

Taking the inner product of (2.9¢c) with w"™, we obtain

n+1

v/ En+l

‘ n+1)2 _ n||2
Sl (w2 2) 4 5

+c1 || VW2 4o || V- w2 4u, | w2

n+1)

||w — W24 j—=(u"-VW", W

25, B (T, w! (3.8)
_Vr\/W( xa",w'). .

On the other hand, we derive from (2.9d) as

(’Rn+l’2 ’Rn’2+’Rn+l R”’)

At
1 n+1 2 ny|2 n+1 ny|2
(P [ ) =]
L HAL(2 (a2 (12 L 41 on|2
L (WP ) 4w -
Rr+1

+/Q\/E_(u Vu'-a" o ju Vww (3.9)
21, @IV x w21, W' TV x @) dx. (3.10)

Summing up (3.7), (3.8) and (3.9), we obtain

1
4At

n—+1(2 ny 2 n|2
g (W P e  w )

At At
n+1|2 n|2 n+1 n n+12 n|2
7 (IR R R - RP) 4+ E vt 2= B v

— (|| VA" > +c1 || VW' T2 co || V- w12 440, W' TH|2), (3.11)

g (2 = flu |2 [ —u)?)

which implies the desired result (3.1). O

Remark 3.1. Note that £"!—Cy defined in (3.2) is an approximation to the total energy,
and |R"™1|>—Cy is an approximation to half of the total energy. In particular, £"*! in-
cludes the norms %||u" ||+ ||w"*!|> which will be essential in the convergence and
error analysis of the scheme.

Next, we consider the second-order scheme for which the proof of energy stability is
much more delicate.

Theorem 3.2. In the absence of the external force f and g, the scheme (2.14) satisfies the following
property unconditionally:
£ " < —Mt(wo(1- XY [TH P 4 e[ Va0 P4 o[V " [P - P,
(3.12)



66 J. Shen and N. Zheng / CSIAM Trans. Appl. Math., 3 (2022), pp. 57-81

where
1 .
5n+1:g(Hun—&-lH2+qun—&-l_unHZ)_i_l(Hwn—i-1H2+szn—&-l_wnH2)
1 At
—}——(|R”+1’2—|—’2R”+1—Rn’2> HV( n+l_|_qn+1)H2 H n+1H2
2 2xvo
Proof. Using the identity
2(3a—4b+c,a)=|al* +|2a—b* — |b|* — |2b—c|*+|a—2b+c|?, (3.13)

we can obtain

<3ﬁn+l_4un+unl ﬁﬂ+1>
2At !

:%(ﬁn+l_uﬂ+1/ﬁﬂ+1)+ﬁ(3u”+l_4un+un71/ﬁn+1_un+1)
+ﬁ(3un+l_4un+un71,un+1)

42(””“”2 a2 @ - ?)
+ﬁ(3u”+1—4u”+un—llun+1)

4216(”“”“”2 [ L2+ @ — a1 2)

g (P 20— 2 |~ 2w - P

+ [l —2u" +u" ).
Then, taking the inner product of (2.14a) with @"*! and using the above, we obtain

3
4At

+

(H~n+1H2 H n+1H2_|_H~n+1 un+1H2)

1
4At(
+ [u" Tt —2u" +u" 1 ?)

n+1

[l 2 4 20" — w2 — a2 — 20" —u" 2

( n+1 vunJrl ~n+l)_'_VOHV~H+1H2+(Vpn/ﬁn+1)

(V xw" @+, (3.14)

Similarly as in [19], we introduce a sequence {q"} defined by

" =xwV-i"+q"' with g 1=4"=0, (3.15)
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and rewrite (2.14b) as

2 2
\/g n+1+_Atv l’l+l_,r_ n+1 :\/§~1’l+1+_Atv n+ n .
u 7 (p q) i e (p"+4")

Taking the inner product of above with itself on both sides, we get
3w+ S ARV (g P
4
=3[[@" P +4Ar(@ T,V (p" ") + S ARV (p" +4") I,

Notice that

i} . i oy )
AALH(@"T, Y (p" +q")) =40t (@, Vp") — %(q”“—q”,q )

SN n ZAt n n n
=4AH(@", Vp )+%(Hq 2= llg" 2+ g™ —q" %)

Thanks to (3.15), we have

2At
P lg" 1 =" || = 2xvo At |V -a" |2 <2xvo At Va2,
0

Combining (3.16) with (3.17) and (3.18), we get

3 n+1 2 ~n+1 2 At n+1 n+1y12 At n ny (|2
o e 4At|| P+ S IV g R =SV (44
=@ 9+ (g~ | "+1|| >+%nv-ﬁ"+luz.

We then derive from (3.14) and (3.19) that

1 —
g P2 | | 20"

+||un+1 2u’ +un 1H2+3||~n+1 n+l||2)

1 1
=2F n+1 n+l 2__ n ny |12 n+1)2 _ n|2
HV( W= IV )P+ a1 =5l

2xvp
Rn+1

T v/ En+1

Vo ~n+112 R
<A0
<% V@ | +2w\/1§—+

(ﬁn—H _Vﬁn—i-l,ﬁn—&-l) +1 H Vﬁn—i-l ||2

n+1
(V % Wn+1 n+l)

67

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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Next, we take the inner product of (2.14c) with w"*1, and use (3.13) to obtain

m(|‘wn+l”2+||2Wn+1—WnH2—||Wn||2—szn—Wnile—FHWn+l—2Wn+Wn71H2)
. Rn+l n+1 —n+1 n+1 n+1)2 n+12 n+12
]\/W( -Vw )+ [ VWP o[ VW TP dv [ W
Rn+1
=2v, \/W(vw”“ wt). (3.21)

Using again (3.13), we derive from (2.14d) that
ZAt (|Rn+1’2_|_’2Rn+1 Rn|2 |Rn|2 |2Rn R"™ 1|2+|Rn+1 ZRn—FRn 1| >

1
8At(,|un+1’|2_’_H2un+l nHZ_HunHZ_qun_unfl’|2_’_Hun+l_2un_’_unle2)

8At(IIW’”leJrHZW — W2 = w2 2w — w4 w2 w2
Rr+1
_|_/ (ﬁn+1-Vﬁn+l-ﬁ”+1—|—jﬁ”+1-vwn+l-wn+l
En+1
20, @" IV x W 2p, W TV x @) dx. (3.22)

Summing up the results of (3.20), (3.21) and (3.22), we arrive at
SAt(!IH”HHZJrHZH”+l w2 flu"|— [2u” —u" %)

+ 8At(HW”+l [+ f2w" ! — w2 = w2 = [|2w" —w" T 2)

2At<’Rn+l|2+|2Rn+l Rn|2 ’Rn’2 IZR” R~ l,)

1 1
=0 n+1 n+l 2__ n ny |2 n+12__ n||2
LIV =S IV g 4 gl = 5|

S_ <VO <1_%) HVﬁ”+1H2+C1HVWn+lH2+C2Hv'wn+lH2+4VrHWn+1H2>/

which implies the desired result (3.12) since 0 < xy <1. O

4 Fully discrete schemes with a spectral discretization in space

Unlike the SAV schemes for gradient flows [24], the stability results in the last section
does not automatically carry over to all Galerkin spatial discretizations. Note that in the
proofs of Theorems 3.1 and 3.2, the equations for @"*! and w"*! in the schemes (2.9) and
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(2.14) are interpreted as weakly satisfied, while the equation for (u"*!,p"*1) are inter-
preted as strongly (pointwise) satisfied. Hence, the main difficulty is to derive the dis-
crete analogs of (3.6) and (3.16) which are obtained from the fact that (2.9b) and (2.14b)
are satisfied everywhere in the spatially continuous case.

We observe that using the usual Py x Py_; spectral discretization for Stokes problem
[2] can not satisfy (3.6) and (3.16) pointwise so the proofs of Theorems 3.1 and 3.2 can not
carry over to the discrete case. Indeed, (2.9b) corresponds to a different mixed problem
(cf. for instance, [1, 3]) than the usual Stokes problem. For the sake of efficiency, we seek
a space discretization of its equivalent formulation (in the space continuous case) (2.12b).
From the proof of Theorem 3.1, we see that the key to preserve the stability in the fully
discrete case is that (3.5) and (3.6) are also satisfied in the fully discrete case. Note that
with (3.5), we can derive (3.6) if

(Vptu*t 1) =o. (4.1)

Therefore, we need to choose fully discretization of (2.12b) such that the discrete versions
of (3.5) and (4.1) are satisfied. To this end, we consider a spectral discretization for the
space variables as follows. Let Q=(—1,1)%, and Py be the space of polynomials of degree
less than or equal to N in each direction. We denote

Xy=(Py)!, X{=span{vePy:vlagn=0}, X{=(X})", (4.2)

and discretize (2.12b) as follows: given p¥, € Py and i};"! € XY, find p;t! € Py such that
1
(VK™ =pR), Vimy) = - (@, Vmy),  ¥my Py, (43)

which is a discrete Poisson equation in the weak form for p;t! — p¥;, and set
it =alt = AtV (pi - ph). (4.4)
Obviously u”Jrl € Xn. We derive from (4.3)-(4.4) that
(u”N+1,VmN) =0, Vmy€Py.
We then derive from the above and (4.4) that
lli P+ ARV 2 = [ P28k (a L VPl + AR [V, (45)

which is the discrete analog of (3.6).
We can now construct a fully discrete version of the scheme (2.9).
Find ﬁ”N+l ex?, (u ”“,p”N“) € (Xy,Pn), W ”H X} and R”NJrl €RR such that

1
~ (u”NJrl —uf,vn) -+ (Vu”Jrl Vvy)

R?’H—l

ﬁ

' vy), VYwnex®; (4.6a)
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1
(Vi1 =ph), Vin) = (@, V), V€ Py,

u t=alt = AtV (pi = pi); (4.6b)
A]t(W”NH—w”N,vN)—Fcl(Vw”l\frl,Vvl\;)%—CZ(V-W”+l Vvn) +4v, (wivy)
Rn+l )
= \/I\é_n(Zer><ﬁ”N—]u”N-Vw”N,vN)—}-(g”“,vN), Vv €Xd; (4.6¢)
N
2Rn+1 RnN+l_RnN_ 1 nJrlunN+l nN n+1wnN+l_wnN
N Y A v A A )
RH—H
+\/I\é_n(u”N-VuN ””H—I—]uN Vwi-w ”“
—2v, 85V x Wiy —2v, Wi x @il ) dx; (4.6d)
where
n 1 n |2 . n |2
EN:Z(HuNH +illwii %) +Co. (4.7)

The implementation procedure of the above scheme is exactly the same as in the spatial
continuous case. More precisely, at each time step, one only has to solve a sequence of
Poisson-type equations for ii};"! and p};"!, and a second-order equations with constant-
coefficients for w”NH. Note that (4.6b) is indeed a discrete Poisson equation in weak form.
These Poisson type equations and second-order equations with constant-coefficients can
be solved efficiently by using the matrix-diagonalization technique [4, 23].

Therefore, by following exactly the same procedure as in the proof of Theorem 3.1,
and thanks to (4.5), we can prove the following:

Corollary 4.1. In the absence of the external force f and g, the scheme (4.6) satisfies the following
discrete energy law unconditionally:

ELT—EL < —At(vo | Vi PP + o1 || Vi I + oo |V w12 +4dv, [l TH1?),  (4.8)

where ’
£ = 21+ oo P+ Ry P B P (4.9)

Similarly, a fully discrete version of the second-order scheme (2.14) is as follows.
Find @, € XY, (uf™,pith) € (Xn, Py), Wit € XY and RYM €R such that

2At (311”N+1 411N—|—11 VN) —|—V()(VﬁnN+1,VVN)

= (2v, Vxwi —al . vavy) - (Ve — £ vy), YwneXl;  (4.10a)
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(VP = pi+xvo Vi), Vimy) = AT —— (@t Vmy), Vmy€Py,
2At
uitt=ayt - V(p”N“— P+ xwVagth); (4.10b)
2]At(3w”+1 élw’f\,%—w”]\,’l,vl\;)%—cl(Vw’;\,“,VV]\;)%—CZ(V-W”Jrl V-vy) +4v, (Wit vy)
Rn+1
= \/W(ZVVqu”Jrl —jayt - VWit v + (8" vn),  Yvnex¥; (4.10c)
1 -1
51 3RAT 4R+ RY,
N 20t
(1 g 3ul —dul +ul ! Liw 13Wn+1 AWl +wi
0z \"N 20t jw 20t
Rn+l
+ ;_\In-H( n+1 VunN+l ﬁnN+1+jﬁnN+l'vwnN+1 wnN+1
—2v, AV x Wi = 2u, Wi IV @ dx; (4.10d)

where Ef;"t =2E% — El7 ! with EX; defined in (4.7).

We observe that (4.10b) is still a discrete Poisson equation in weak form, so the above
scheme can be efficiently implemented exactly as in the first-order case.

In order to prove the stability, we observe from (2.14b) that

(u!,Vmy)=0, Vmy € Py. (4.11)
On the other hand, setting
gy =xwV- iy +qi !t with gy =4%=0, (4.12)
we can rewrite the second equation in (2.14b) as
Wl AR () = 6 2 ARY () (413)
We then derive from (4.11)-(4.13) that
3llul 2+ = At2||V( nily gy |12
=3||ay" > +4at(ay, V(pnN+qu))+§At2||v(pnN+qu)”2/ (4.14)
which is the discrete analog of (3.16).

Therefore, by following exactly the same procedure as in the proof of Theorem 3.2,
and thanks to (4.14), we can prove the following:
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Corollary 4.2. In the absence of the external force f and g, the scheme (4.10) satisfies the following
property unconditionally:

el gl < — At<u0<1——)Hv~"+1y|2+cluv@u"+lu2+c2uv w”+1y|2+4v,uw"+ly|2>

(4.15)
where

e = (||u”“||2+|\2u”+1 ug,||2)+l(|\w”+1|\2+|\2w”+1 wnNHZ)

o (IR P-4 [2RY - ?V|)+—Hv< R+ + Hq”“!lz-

5 Numerical results

In this section, we present some numerical results using the SAV schemes for the MNSE.
We consider 2D micropolar fluids by assuming that the x3-direction of the velocity com-
ponent u3 is zero, and the axes of rotation of particles are parallel to the x3-axis [5, 14].
Then the unknowns are

u(x,t)=(u1(xt),u2(xt)), w=w(xt), p=pxt), x=(x1,x2),

the external forcing functions are

£= (it falxb), g=g(xt),

and the system (1.1) becomes

ui+u-Vu— (v+v,) Au+Vp=2v,V xw—+f,
V-u=0, (5.1)
jwi+ju-Vw—ci Aw+4v,w =21,V xu+g,

where
Jur, OJuy Jw Jw

qu:a—xl—a—xz, Vxw= (E,—a—m)

We consider a square domain Q)= (—1,1)2 C R? with Dirichlet boundary conditions on
the linear velocity u and the angular velocity w. We use the spectral spatial discretization
described in the last section.

Unless otherwise specified, we take Cp=0.01.
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5.1 Convergence tests

We first verify the first- and second-order accuracy of the proposed numerical schemes.
We fix the physical parameters to

i=1, =2, (5.2)

and solve (1.1) with right hand sides f and g chosen so that the exact solution is

u(x,y,t) = rrsin(t) (sin?(7rx)sin(27ty), —sin (27rx) sin? (7ry ) ) 7,

p(x,y,t) =sin(t)cos(mx)sin(my), (5.3)
w(x,y,t) = rtsin(t) sin®(7rx) sin? (7ry).
We use 100x 100 modes to discretize the space variables, so the spatial discretization error
is negligible compared to the time discretization. We take x =0.5 and list the errors at T=
0.2 in Tables 1-8. We observe that both Scheme I and Scheme II achieve the expected first-

and second-order accuracy in time, respectively, except that the pressure convergence
rate for the Scheme II is about 3/2 which is consistent with the error analysis in [9].

5.2 Validation of energy dissipation

In this example, we validate the unconditional energy dissipation of the proposed SAV
scheme. We set the external body forces f=0, g=0.

Table 1: Error and convergence rates of Scheme | where v=v, =1.

ot |lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorwl|leo | Rate
125%10~2 | 2.30E(-3) | - | 1.12E(-2) | - | 640E(:3) | -
625x10-3 | 1.10E(-3) | 1.01 | 6.00E(-3) | 0.91 | 3.20E(-3) | 0.99
3.125x1073 | 5.67E(-4) | 1.00 | 3.00E(-3) | 1.02 | 1.60E(-3) | 1.00
1.5625x 1073 | 2.83E(-4) | 1.00 | 1.40E(-3) | 1.04 | 8.09E(-4) | 1.00
7.8125x10% | 1.42E(-4) | 1.00 | 7.04E(-4) | 1.03 | 4.05E(-4) | 1.00

Table 2: Error and convergence rates of Scheme Il where v=v,=1.

ot |lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorwl|leo | Rate
25x10~2 | 3.81E(-4) | - | 1.86E(-3) | - | 7.22E(-5) | -
125%102 | 1.07E(-4) | 1.83 | 7.30E(-4) | 1.35 | 1.99E(-5) | 1.86
625x10°3 | 2.88E(-5) | 1.89 | 2.39E(-4) | 1.61 | 5.32E(-6) | 1.90
3125x1073 | 7.53E(-6) | 1.93 | 6.86E(-5) | 1.80 | 1.39E(-6) | 1.94
1.5625x 1073 | 1.94E(-6) | 1.96 | 2.17E(-5) | 1.66 | 3.54E(-7) | 1.97
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Table 3: Error and convergence rates of Scheme | where v=v,=0.1.

ot lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorwl|le | Rate
125%x10~2 | 1.60E(-3) | — | 6.90E(-3) | — | 7.44E(4) | -
6.25x1073 | 8.24E(-4) | 0.98 | 3.40E(-3) | 0.99 | 3.75E(-4) | 0.9
3.125x1073 | 4.16E(-4) | 0.99 | 1.70E(-3) | 1.01 | 1.88E(-4) | 0.99
1.5625x1073 | 2.09E(-4) | 0.99 | 8.51E(-4) | 1.01 | 9.44E(-5) | 1.00
7.8125%x10~% | 1.05E(-4) | 1.00 | 4.24E(-4) | 1.00 | 4.73E(-5) | 1.00

Table 4: Error and convergence rates of Scheme Il where v=v,=0.1.

ot lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorwl|le | Rate
25x10~2 | 457E(-4) | — | 339E(3) | - | 155E(5) | -
125x1072 | 1.19E(-5) | 1.94 | 1.07E(-3) | 1.66 | 4.19E(-6) | 1.89
625x1073 | 3.03E(-5) | 1.97 | 2.98E(-4) | 1.85 | 1.08E(-6) | 1.96
3.125x10~3 | 7.65E(-6) | 1.98 | 8.49E(-5) | 1.81 | 2.73E(-7) | 1.98
1.5625x10~3 | 1.93E(-6) | 1.99 | 3.04E(-5) | 1.48 | 6.86E(-8) | 1.99

Table 5: Error and convergence rates of Scheme | where v=v,=0.01.

ot lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorw|leo | Rate
25x1072 | 240E(-3) | - | 127E(-2) | - | 2.68E(4) | -
125%102 | 1.20E(-3) | 1.01 | 6.40E(-3) | 0.99 | 1.36E(-4) | 0.97
625x10-3 | 5.90E(-4) | 1.00 | 3.20E(-3) | 1.00 | 6.89E(-5) | 0.99
3125x1073 | 2.96E(-4) | 1.00 | 1.60E(-3) | 1.00 | 3.46E(-5) | 0.99
1.5625x 1073 | 1.48E(-4) | 1.00 | 8.03E(-4) | 1.00 | 1.73E(-5) | 1.00

Table 6: Error and convergence rates of Scheme Il where v=v,=0.01.

ot lerrorulleo | Rate | |lerrory|2 | Rate | |lerrorwl|leo | Rate
5x1072 1.50E(-3) | - | 6.90E(-3) | - 4.67E(-5) -
25x1072 | 4.06E(-4) | 1.84 | 2.20E(-3) | 1.65 | 1.66E(-5) | 1.49
1.25%1072 | 1.05E(-4) | 1.95 | 6.19E(-4) | 1.83 | 4.51E(-6) | 1.88
625x10~3 | 2.67E(-5) | 1.98 | 1.72E(-4) | 1.85 | 1.16E(-6) | 1.96
3.125x1073 | 6.74E(-6) | 1.99 | 5.60E(-5) | 1.62 | 2.94E(-7) | 1.98

We take the initial conditions as:

u(x,y,t) |1=0 = art(sin®(rrx) sin(27ty), —sin(271x) sin? (7ry) ),

p(x,y,t)|e=0 =a(sin(my) —2/7), (5.4)
w(x,,t)|i=0 = arrsin®(7rx)sin? (1y).
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Table 7: Error and convergence rates of Scheme | where v=v, =0.005.

ot |lerrory||le | Rate | |lerrory|y | Rate | |lerrorw| e | Rate
5x10~2 | 540E(-3) | — | 248E(2) | — | 3.96E(4) | -
25x1072 | 2.60E(-3) | 1.06 | 1.27E(-2) | 0.97 | 2.08E(-4) | 0.93
125x10~2 | 1.30E(-3) | 1.01 | 6.40E(-3) | 0.99 | 1.06E(-4) | 0.97
625x1073 | 6.46E(-4) | 1.00 | 3.20E(-3) | 1.00 | 5.34E(-5) | 0.99
3.125%x10~3 | 3.24E(-4) | 1.00 | 1.60E(-3) | 1.00 | 2.68E(-5) | 0.99

Table 8: Error and convergence rates of Scheme Il where v=v, =0.005.

ot |lerrory||le | Rate | |lerrory|o | Rate | |lerrorw | | Rate
5x10~2 | 140E(-3) | — | 634E(:3) | — | 472E(5) | -

25x1072 | 3.83E(-4) | 1.84 | 1.88E(-3) | 1.75 | 1.67E(-5) | 1.50

125%1072 | 9.93E(-5) | 1.95 | 5.18E(-4) | 1.86 | 4.55E(-6) | 1.88

625x10~3 | 2.53E(-5) | 1.98 | 1.45E(-4) | 1.84 | 1.17E(-6) | 1.96

3.125%x10~3 | 6.37E(-6) | 1.99 | 4.95E(-5) | 1.55 | 2.96E(-7) | 1.98
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Figure 1: Comparison of different schemes with ¢; =2, a=3, v=v,=1.

75

In Figs. 1-4, we compare the time histories of energy computed using the SAV scheme
and the usual semi-implicit scheme with v=1v,=1,0.1,0.01, and 0.005, respectively. The
space is discretized with 128 x 128 spectral modes. We observe that at larger time steps in
Figs. 3(a) and 4(a), the usual semi-implicit scheme will blow up, but the modified energy
of the SAV scheme is still dissipative although the original energy may increase at larger
time steps. For sufficiently small time steps, all schemes dissipate the energy at the correct

rate.
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Figure 2: Comparison of different schemes with ¢y =2, =3, v=v,=0.1.
160 : . 70 : :
----- Original energy of SAV scheme. —-=-= Original energy of SAV scheme
Modified energy of SAV scheme Modified energy of SAV scheme
140 — — —Energy of semi-implicit scheme 1 . = = —Energy of semi-implicit scheme
120 E

Energy

45 .
0 0.05 0.1 0.15 0 0.05 0.1 0.15
T T

(a) At=0.005 (b) At=0.003

68 T - 68 T -
----- Original energy of SAV scheme —-—-—Original energy of SAV scheme

66 1\ Modified energy of SAV scheme | | 66 Modified energy of SAV scheme |
— = —Energy of semi-implicit scheme

— — —Energy of semi-implicit scheme

48
0 0.05 0.1 0.15 0 0.05 0.1 0.15

T T

(c) At=0.002 (d) At=0.001

Figure 3: Comparison of different schemes with ¢; =2, =3, v=v,=0.01.
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Figure 4: Comparison of different schemes with ¢; =2, «=2.2, v=v,=0.005.

5.3 A realistic example: Stirring of a passive scalar

In this example, we set =0, g=25(x—1), j=1and ¢; =2.
To simulate the passive scalar, we supplement the system (5.1) with a passive trans-
port equation [21]
pt+u-Vo=0, (5.5)
where u is the velocity in (5.1).
The initial condition for ¢ is defined as:

1, y<0,

5.6
0, y>0. (56)

@li=0=

We first solve the micropolar Navier-Stokes equations (5.1) using the Scheme II with
128 x 128 spectral modes in space and with the initial conditions

u|t:O:O/ W’t:0:0/ p]t:():l. (5.7)
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(a) T=0 (b) T=5 (¢c) T=10

d) T=15 (e) T=20 (f) T=25

Figure 5: Mixing of a convected passive scalar ¢ with v=1,=0.1 and the time step is At =0.005 by means of
an applied torque.

Then, we solve the transport equation (5.5) using the fourth-order Runge-Kutta scheme:

( Ky =F( go”,tn)
At
_ n
—P<q) + Kl/tn 2 )/
At
_ 5.8
Ky=F(¢" + 2 K2,tn =) (5.8)
:F(QO —|—AtK3,tn+]),
At
qo”“:¢”+€(K1+2K2+2K3+K4).
\

where F(¢,t)=—u-Vg.

Evolutions of the variable ¢ with different values of v =v, are plotted in Figs. 5-7. We
observe that as v and v, decrease, the mixing slows down and leads to long waiting times
or poor completion of chemical reactions [16].

6 Concluding remarks

In this paper, we combined the SAV approach with the pressure-correction method to
construct efficient numerical schemes for the micropolar Navier-Stokes equations. The
SAV approach allows to treat nonlinear terms explicitly while still being unconditionally
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@) T=0 (b) T=5 (©) T=10

d) T=15 (e) T=20 (f) T=25

Figure 6: Mixing of a convected passive scalar ¢ with v=v,=0.01 and the time step is At=0.002.

@) T=0 (b) T=5 (©) T=10

(d) T=15 (e) T=20 () T=25

Figure 7: Mixing of a convected passive scalar ¢ with v=1;,=0.005 and the time step is At=0.002.
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energy stable. The pressure-correction method, standard version is used for construct-
ing the first-order scheme and the rotational version is used to construct second-order
scheme, allows us to decouple the pressure from the velocity. Both the semi-discrete
first- and second-order schemes enjoy the following remarkable advantages:

e Only a sequence of decoupled linear elliptic equations with constant coefficients
need to be solved at each time step so they are very efficient and easy to implement;

e They are unconditionally energy stable with respect to a modified energy.

Unlike in the case of gradient flows for which any consistent Galerkin type spatial dis-
cretization will preserve the nice properties of the semi-discrete SAV schemes, special
care has to be taken when constructing fully discretization of micropolar Navier-Stokes
equations. We constructed a special version of the spectral-Galerkin discretization for
the semi-discrete SAV schemes of micropolar Navier-Stokes equations and shown that
these fully discrete schemes preserve their essential properties. We presented several nu-
merical experiments to demonstrate the effectiveness of our approach and validate out
theoretical results.

We only showed that the SAV schemes are energy stable without error estimates. The
main difficulty in carrying out an error analysis is that the nonlinear algebraic equation
for R"*! may not have a real positive solution. It is reasonable to expect, and it is true in
practice, that for time steps sufficiently small, the nonlinear algebraic equation for R"*!
does have a real positive solution, but a rigorous proof is still elusive and will be left as a
future endeavor.
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