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A Fully Discrete SCNFVE Formulation for the
Non-stationary Navier-Stokes Equations

Zhendong Luo' and Fei Teng?

Abstract: A semi-discrete Crank-Nicolson (CN) formulation about time and a
fully discrete stabilized CN finite volume element (SCNFVE) formulation based
on two local Gauss integrals and parameter-free with the second-order time ac-
curacy are established for the non-stationary Navier-Stokes equations. The error
estimates of the semi-discrete and fully discrete SCNFVE solutions are derived.
Some numerical experiments are presented to illustrate that the fully discrete SC-
NFVE formulation possesses more advantages than its stabilized finite volume el-
ement formulation with the first-order time accuracy, thus validating that the fully
discrete SCNFVE formulation is feasible and efficient for finding the numerical
solutions of the non-stationary Navier-Stokes equations.

Keywords: Non-stationary Navier-Stokes equations, stabilized Crank-Nicolson
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1 Introduction

Let Q C R? be a bounded and connected polygonal domain. We consider the fol-
lowing system of incompressible non-stationary Navier-Stokes equations.

Problem I. Find u = (u;,u3) and p such that, for T > 0,
u— VAU (VA Vp =, (630)EQ X (0,7),

divu =0, (x,3,1)€Q x (0,T),
u(x,y,0) = @(x,3,1), (x,9,1)€0Q x (0,T], M)
u(x,y,0) = u(x,), (x,7)€Q,

where u = (u;,uy) represents the fluid velocity vector, p the pressure, T the total
time, v = 1/Re, Re the Reynolds number, f(x,y,7) the given body force vector,
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©(x,y,t) the boundary value function, and u°(x,y) the initial value function. For
the sake of convenience and without loss of generality, we may as well suppose that
o(x,1) =0.

Problem I constitutes a system of nonlinear equations in fluid dynamics. It has
been successfully and extensively applied in many fields of practical engineering
[Temam (1984); Girault and Raviart (1986); Heywood and Rannacher (1982)]. It is
a difficult task to find the analytical solutions for the non-stationary Navier-Stokes
equations due to its nonlinearity. Especially, it is a more difficult task when its
computational field is an irregular geometrical shape in actual applications. One
has to rely on numerical solutions.

The finite volume element (FVE) method [Cannon and Lin (1990); Cai and Mc-
Cormick (1990); Siili (1991); Quarteroni and Ruiz-Baier (2011)] is regarded as one
of the most valid numerical methods thanks to its following virtues. First, it retains
the integral conservation of gross energy and that of mass. Second, it has higher
accuracy and is more suitable for cases involving complicated computational field
than the finite deference (FD) scheme. Third, it has the same accuracy as the fi-
nite element (FE) method but is simpler and more convenient to apply than the FE
method (In fact, a FVE formulation can be changed into a FD scheme in numerical
computation by means of FVE so that its algorithm implementation is very simple
and convenient, however its numerical analysis is provided by FE technique). It
is also known as a box method [Jones and Menziest (2000)] or a generalized dif-
ference method [Li, Chen, and Wu (2002); Li, Luo, and Li (2007)]. It has been
widely used to solve various types of partial differential equations, but it focused
on stationary partial differential equations and linear equations, for example, el-
liptic problems, viscoelastic problems, parabolic equations, Stokes equations, and
the stationary Navier-Stokes equations [Cai and McCormick (1990); Siili (1991);
Quarteroni and Ruiz-Baier (2011); Jones and Menziest (2000); Li, Chen, and Wu
(2002); Li, Luo, and Li (2007); Blanc, Eymerd, and Herbin (2004); Li and Chen
(2009); Ye (2001); Chou and Kwak (1998); Shen, Li, and Chen (2009); Yang and
Song (2009); Ammara and Masson (2004); Li, Shen, and Chen (2010); He and He
(2007)].

Although a semi-discrete stabilized FVE (SFVE) formulation with respect to spa-
tial variables based on the jump operator in pressure for the non-stationary Navier-
Stokes equations is proposed [He, He, and Feng (2007), without mentioning fully
discrete SFVE method], it is well known that it is yet unable to carry out directly ac-
tual numerical computations. Though the SFVE method based on two local Gauss
integrals and parameter-free is used to treat the stationary Navier-Stokes equations
[Li, Shen, and Chen (2010)] and the semi-discrete FVE formulation with respect
to space variables for the transient Stokes equations [Shen, Li, and Chen (2009)],
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to the best of our knowledge, there are no published results where the fully dis-
crete stabilized Crank-Nicolson (CN) FVE (SCNFVE) formulation based on two
local Gauss integrals and parameter-free with second-order time accuracy for the
non-stationary Navier-Stokes equations is established or the error estimates of the
fully discrete SCNFVE solutions for the non-stationary Navier-Stokes equations
are provided. Therefore, in this paper, a fully discrete SCNFVE formulation based
on two local Gauss integrals and parameter-free with the second-order time ac-
curacy is directly established from the time semi-discrete CN formulation for the
non-stationary Navier-Stokes equations so that it could avoid the semi-discrete SC-
NFVE formulation with respect to spatial variables, namely it is unnecessary to
discuss the semi-discrete SCNFVE formulation with respect to spatial variables
such that theoretical analysis here becomes simpler than the existing other methods
[see, e.g., Shen, Li, and Chen (2009); He, He, and Feng (2007)]. Consequently, it
is the improvement and innovation for the existing other methods and a new type
of study attempt for the non-stationary Navier-Stokes equations.

The plan of this paper is organized as follows. In Section 2, the time semi-discrete
CN formulation with the second-order time accuracy for the non-stationary Navier-
Stokes equations and the error estimates are derived. In Section 3, the fully discrete
SCNFVE formulation based on two local Gauss integrals and parameter-free with
the second-order time accuracy is directly established from the time semi-discrete
CN formulation. In Section 4, the existence and uniqueness and the error estimates
of the fully discrete SCNFVE solutions are proved by means of the stabilized CN
FE (SCNFE) method. In Section 5, some numerical experiments are used to vali-
date that the fully discrete SCNFVE formulation with the second-order time accu-
racy is more effective than the SFVE formulation with the first-order time accuracy,
thus meaning that the fully discrete SCNFVE formulation is feasible and efficient
for finding the numerical solutions of the non-stationary Navier-Stokes equations.
Section 6 provides main conclusions and some discussions.

2 Time semi-discrete CN formulation with the second-order time accuracy
and error estimates

The Sobolev spaces and norms used in this paper are standard [Adams (1975)].
LetU =H}(Q)*, M =L}(Q) = {q € L*(Q) : J,qdxdy = 0}. Then the variational
formulation for Problem I is read as follows.

Problem II. Find (u(t),p(t)) : [0,T] — U x M such that

(u,v)+a(u,v)+a;(u,u,v)—b(v,p) = (f,v), YweuU,
b(u,q) =0, VgeM, (1
u(x,y,0) =u(x,y), (x,y) €Q,
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where a(u,v) = v(Vu,Vv), a)(u,v,w) = [(uVv,w) — (uVw,v)]/2, b(v,q) = (divv,
q), and (-,-) denotes inner product in L?(Q) or L?(Q)? or L*(Q)>*2.

The following properties of trilinear form a (-, -, ) are known [Heywood and Ran-
nacher (1990) or Luo (2006)]:

ay(u,v,w) = —ay(u,w,v), aj(u,v,v)=0, Yu,ywelU. 2)

The following properties of bilinear form a(-,-) are also known [also see Heywood
and Rannacher (1990) or Luo (2006)]:

a(v,v) =Vv|Vv|3, W e U; |a(u,v)| < viu|i|v|;, Yu, veU. 3)

The bilinear form b(-,-) satisfies the following B-B (Brezzi-Babuska) condition
[Brezzi and Fortin (1991) or Luo (2006)]:

sup b(q,v)

veU |V

>ﬁ||q||07 \V/QGM, (4)

where B is a constant independent of v and ¢. Put

No— sup _a(wv,w) )
u,v,wel ’u|1 : ‘V‘l : ’Wh

Thanks to (2)—~(5), if Nov~!|| f|| 21y < 1, Problem II has a unique solution such
that [Heywood and Rannacher (1990) or Luo (2006)]:

eello =+ [[ue | 2z2) + [IVatl| 222) + [Pl 222y

(6)
< C(lly + 1 1222y +Noll £ 17 2y + ez a1)),
where || - {| yym(g1) are the norm of H™ (0, T;H!(Q)) or H™(0,T;H'(Q)?)*(m > 0 and
[ > —1) and C is a constant.
For given positive integer N, let k = T /N denote time step, t, = nk, u" be the
time semi-discrete CN approximation of u at#, =nk (n=0,1,---, N). Let du" =
(u" — u"") /k denote the approximation of u,, #" = (u" + u"~')/2, then the time
semi-discrete CN scheme with the second-order time accuracy for Problem II is
read as follows.

Problem III. Find (u",p") € U x M (1 < n < N) such that

(D", v) +a(@",v) +ai (@', @",v) — b(v, p") = (f*"2,v), W e U,
b(u',q) =0, YgeM, (N
u =u'(x,y), (x,y)€Q,
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where f”f% :f(tn_%).

There is the following theorem for the time semi-discrete CN formulation, i.e.,
Problem III.

Theorem 1 If u° € H'(Q)? and f € L*(0,T;L*(Q)?)?, then Problem Il has a
unique series of solutions (u",p") € U x M (n=1,2,...,N) satisfying the following
stability

!\u”!!o+vk2\\Vu’!\o )15+ v~ 1kZ',Hf"fH ®)
l
2 0112 v i—L2
IV ||5 < Vi[5 + kv Y (1 F72 15, 9)
i=1
kZHp lo < B~ (24 Vinv)[[u®llo+ B~ Nov |5

. 1/2 . (10)
“1(1 4+ 2vknv) (vlkZ Hf"‘ﬂ!ﬂ) +INov 2B Y (AR R,
i=0 i=1

And if u’ € H*(Q)%, f € W=(0,T;L*(Q)?)?, and Nov~'(|Vu(t)|lo < 1/4, there
hold the following error estimates:

lae(t) — " llo + (kv) 2|V (w(8a) — ") o < C(F),

N 11
1p() — Pl < Gk, n=1,2,...N, (b

~ 1/2
where C(f) =B~ [(vO)2C(f) + “4=CF) +llullws(o.raz)+ 3Pl =z2) +2C(F)

12 _

+ 2 ey + (c<f>+16"v—1/2||u||wz 1)) (1800l + V2| = -1))| and €2(f)

— T2ty ARV 813 (04 ¥ gy 0) + TV Ry 0
LOVT a3 5. g1 -
Proof Let A(u",v) = 4(u",v) + 2ka(u",v)+ka; (u",u"~",v)+ka; (u"" u",v), F(v) =
Ak(f"2,v) +4' ", v) — 2ka(u,v) — ka) ("', u"~",v). Then, for given u"~!
satisfying Nov~!||Vu"~!||op < 1 and fixed n and k, A(,-) is bounded bilinear form
and satisfies the following coerciveness

A", u") = 4| |[§ + 2kv | Vae" [[§ — kNol| Ve[ [3]| Va" " o > ato][u”I7, (12)

where o9 = min{kv,4} is a constant independent of #". For given "~ ! and f, F(-)
is a continuous linear function on U, we know from (4) that kb(v, q) also satisfies
B-B condition and ka; (#",u",v) is a continuous trilinear form too. Then Problem
01, i.e., A(u",v) + kay (u",u",v) —kb(v,p") + kb(u",q) = F(v) (V(v,q) € U x M)
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has a unique series of solutions (#", p") € U x M (n=1,2,...,N) from the existence
and uniqueness of solution for the stationary Navier-Stokes equations [Luo (2006)
or Brezzi and Fortin (1991)].

Let v =u" 4 u"~! in Problem III. With (2), Holder inequality, and Cauchy inequal-
ity, we obtain that

21113 — [l 13) + kv ||V (" + )3 = 2k(f72 " )
_1 _
S22 V" + w1 o (13)
_ _1 kv B
<2vf 2\\31+7IIV(M"+u” D13

It follows from (13) that
A3 — = 13) + kvIIV (" + w3 < kv £ (14)

Summing (14) from 1 to n yields (8).

Let v=u" — u"~! in Problem III. With (2), Holder inequality, and Cauchy inequal-
ity, we get that

2w — G+ kv || Ve |§ — Ve ] = 2k (7w —w )

: 1 2 L 12 (s)
< 2k flollu” — w"™ o < KL o+l — " f5
It is obtained from (15) that
e R R e R VA (16)
It is gotten by summing (16) from 1 to n that
n n
S i1
(kv) =" Y [l — G+ V|5 < ([ Vao G +kv Y (P2 116, (17)
i=1 i=1
which yields (9). With (4) and Problem III, we have
kb(v, p"
BP0 < sup 20)
veu  [[Vv]lo a8)
s p(un—unfl,v)+ka(un,v)+ka1(un,un,v)—k(f"*%,v)
=su .
velU Vvllo

By summing (18) from 1 to n and using Holder inequality, (9), and (17), we get
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that

n
kB Y. IIp'llo
i=1

n . n . n s 1
< 0+ [ kv 5 (9 o+ ko £ VA& 5172
1= = 1=

i=1

. 1/2
< o+ 14 o + Vi (kvz ||vafué>
n . n s 1

4o £ IVa3-4k E

. 12
< <||u0||3+v1k_2||f'r2 )

= 1/2
+|ru°uo+Fknv(kv e )
Ny <||u°||o+v lkZIIf‘ e, )

1/2

+Fknv(\u°uo+v i Hf"2||21>

< 2+ VEkny)|[u’llo+Nov™" |5

1/2
n n
(1 2vkn) (VIkZHf"%m RNV Y13
i=0

i=1

19)

which yields (10).
Put e" = u(t,) —u" and n" = p(t,) — p". Subtracting Problem III from Problem II
taking 7 = tn,%, v=e"+e" ! and g = 1", using Taylor’s formula, we obtain that

_ kv _
"5 — lle* 115 + S IV(e" +e DIl5

I;i(u,t,(gln) e +e' )+k:v(Vu,,(§2,,),V(e”+e"1))+CI>,

(20)

where & = kal(u(tnfé) u(tn 2) e'+e'" 1) kal(ﬁ" ﬁ” e’ —i—e”*l) (tn 1 é]n,
Ean < ty). If Nov~||Vu(t)||o < 1/4, by using Taylor’s formula, Hélder inequality,
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and Cauchy inequality, there are &;, € [t,—1,1,] (i = 3,4,5,6) such that

P = kai (u(t,_1).u(t, 1).e"+e"") —ka(@",@" " + ")
:kal(u(tn_%)—ﬂ”,u(tn_%),e”+e"_l)+ka1(12”,u(tn_%)—ﬁ",e”—l—e”_l)
_ _ IS _

=ka;(e"+€" l,u(tn_%),e”—i—e" 1)—|—Ral(u,,(&n),u(tn_%),e”—|—e” 1)

R LR

16 (utt(€4n) (tn 7) e +e' )"‘Eal(u utt(éSn) e'+e' 1) QD

k3

Eal(u ult(§6n) e +e )
<*HV(€"+€” 1)||0+ IIV(e +e" M5

k5

0 IVatO) 2wy, gz (VRO 2oy, a2y + IVE).

By using Holder inequality and Cauchy inequality, we have that

IS v
24('””(51") e+ 3"71)+T(Vun(<§zn) V(e'+e "))
K (22)

HV(e +e N5+ - 1+ 2VE [Vt

2
64v ||u”W3"N(ln,1,ln;H7 (tnflJn;Lz)'

Combining (21) and (22) with (20) yields that

_ kv _
lle" (1§ — lle" 15 + g\IV(e”+e" DIl6

S 5 2
64v||uHW} (s aei-1) T2VE [ Vlllfac o2y (23)
kSNo \V 2 \V 2 Vi |2
V()2 e VOB gy +IVER).
Summing (23) from 1 to n yields that
kv & Pl
He”H%JrgZHV(e’Jre’ DI
i=1

a 4 2

< 64v||uHW3°° l)+2TVk HVL‘HWZ,w(LZ) (24)

k4N no
o Ve ly22) <T||Vu(t)Hiz.m(Lz) +k). [Va II%> :
i=1

It is obtained from (24) and (9) that

l€"[lo+ (kv)'/2[|Ve"[|o < C(F)K*, 1<n<N, (25)
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where C?(f) = Ngv ™ {[ull1 g (12 + v I gy 1)+ TV 0l 5y
+16VTHM||W2M Hl) +TN2||un2w Hl)
By using Taylor’s formula, there are &;, € [t,—1,t,] (i =7,8,9,10,11) such that

Ilc(e"—enl,v)—k‘z/(V(e";—e”1),v)+;[a12(e”+e"1,u(tné),v)

b (@, + € )] = g (E1)¥) — (B v)
2 2

O Tt (Eo0), 7)o (Vata(G100), V9) + 50, (o) 26
2 2

e (Gron) ). v) — T (@ (E110).v)

- b(vap(tn) _pn), Wwel.

Then, with (25), (26), (8), Holder inequality, and Cauchy inequality, we have that

o 1 bV p(n) = p")
1/2
=ﬁ1k[2c<f>+<vk>1/2c<f>+(”2 )+ 3Pl

vk
24H“”W3°° L2)+ ||Vu||W2°°(L2) HV“||W2-°°(L2)]

1/2

1/2
_ k _ " i—1
+B 'k <C(f)+16v1/2||vu||wz=°°(L2)> H“OHO“‘(V lk;)Hf sz1>
C(f)k,

27

which completes the proof of Theorem 1.

3 Fully discrete SCNFVE formulation with the second-order time accuracy

3.1 Theory of FVE method

In order to get the numerical solutions of SCNFVE for Problem III, it is necessary to
introduce the FVE approximation for the spatial variables of Problem II by means
of the idea in Reference Li, Chen, and Wu (2002) [Li, Chen, and Wu (2002)].

Let 3, = {K} be the quasi-uniform triangulation of Q [Luo (2006) or Brezzi and
Fortin (1991)] and 3 the dual partition based on 3;. The elements in 3, called
the control volumes, are formed by means of the same approach as that in Cai
and McCormick (1990) or Li, Chen, and Wu (2002). Let zx be the barycenter of
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K € 3),. By connecting zx with line segments to the midpoints of the edges of K, it
is subdivided into three quadrilaterals K, (z = (x;,y;) € Z,(K), where Z,(K) is a set
of the vertices of K). Then the control volume V. is formed by the sub-regions K, of
the sharing vertex z € Zj, = Ukeg, Zn(K) (see Figure 1). Thus, all control volumes
covering the domain Q constitute the dual partition 3} based on 3. Z; represents
the set of interior vertices in Z,.

Figure 1: Left chart is a triangle K subdivided into three sub-regions K, and right
chart is a sample region with dotted lines indicating the corresponding control vol-
ume V.

The partition 3} is known as regular or quasi-uniform, if there exist two positive
constants C; and C,, being independent of the spatial mesh size /4 and temporal
mesh size k, such that

Cih* < mes(V,) < Gol?, WV, €3}, (28)
where mes(V;) denotes the measure of V.. Since the FE triangulation 3, is quasi-
uniform, so the dual partition 3 is also quasi-uniform [Li, Chen, and Wu (2002)].
The trial function spaces U;, and M;, of velocity and pressure are respectively de-
fined as follows:

Up={v, €XNC(Q)*: w|x € Z{(K),VK €3},

M, = {qh eEM: qh\K € (K), VK € Sh},

where #; is 1-th polynomial space on K. It is obvious that U, C U = H(} (Q)2. For
ucl = H& (Q)?, let IT,u be the interpolating operator of u onto the trial function
space Uy,. If u € H*(Q)?, it follows from the interpolating theorem of Sobolev
spaces [Li, Chen, and Wu (2002); Luo (2006)] that

Ipullo < Cllullo, |w—TTul, < Ch27m|u\2, m=0,1, (29)

where C in this context indicates the positive constant which is possibly different
at different occurrences, being independent of the spatial mesh size 4 and temporal
mesh size k.
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The test space Uj, of fluid velocity is defined as follows:

Uy = {vi € L*(Q)? : wplv, € Po(V2)* (V.NIQ =0);

30
vh]\/zzo(VzﬁaQ;é(D),VVZESZ} (30)
spanned by the following basis functions
1 ) x’ y E V.’ (o}
9:(x.y) = { 0 ilse\?vheré 2E 2 GD
For w € U, let ITfw be the interpolating operator of w onto the test space Uy, i.e.,
Mw =} w(z)¢. (32)
€7}

It follows from the interpolating theorem of Sobolev spaces [Li, Chen, and Wu
(2002); Luo (2006)] that the following error estimate

lw—TT;wl|lo < Chw|;. (33)

Moreover, there are the following properties for the interpolating operator IT; [Shen,
Li, and Chen (2009); Yang and Song (2009)].

Lemma 2 Ifv;, € Uy, then

/K(Vh —szh)dxdy =0,K €Sy ||lvn _HZVhHLr(Q) < Ch”vhHWl,r(Q),l Lr oo,
(34

3.2 Fully discrete SCNFVE formulation based on two local Gauss integrals
and parameter-free with the second-order time accuracy

Though the trial function space U}, satisfies U, C U like FE methods, the test space
U, ¢ U,. As in the case of nonconforming FE methods, this is due to the loss
of continuity of the vector functions in U, on the boundary of two neighboring
elements. So the bilinear forms a(u,v) and b(v, p) must be revised accordingly. It
is obtained by Green’s formula that

/Au-vdxdy: Z /Au~vdxdy

(35)
=-Y /Vu-Vvdxdy+ Z/ (vWu) - nds;
v.e3; Ve v,es; 7/ V:
/ Vp-vdxdy=— Y / pdivvdxdy+ )° / pv-nds, (36)
@ v.es; Ve v.eg; Ve
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where | oy, denotes the line integral, with the counter clockwise direction, on the
boundary dV, of the dual element; n = (ny,n,) is the unit outer normal vector to
dV.. So the bilinear forms a(u,v) and b(v, p) are respectively rewritten as

a(u,v) = [ Vu-Vvdxdy— [ (vVu) -nds] ; 37
VeS* / /‘W ©7

b = -nds — divvdxdy| .
(v,p) VE’SZ {/avzpv nds /Vp vy y] (38)

Since U}, is the piecewise constant vector function space with the characteristic
functions of the dual elements V, as the basis functions, there hold

a(u,v)=—v Z / (vVu)-nds, Vv € Uy, u € Uy; (39)
4 h
b(v,p) = / pv-nds, v € U,,Vp € M, (40)
VES*

Then, the fully discrete SCNFVE formulation based on two local Gauss integrals
and parameter-free with the second-order time accuracy for the non-stationary Navier-
Stokes equations is read as follows.

Problem IV. Find (u}}, p}') € U, x M, (1 <n < N) such that

(étuZ,Hth) +ay (i, 1T, vy) + ary (), @y, I, v,) + by (I vy, pl)
= (f"_%,HZVh), Vv, € Uy,

41)

b(uZth) +Dh(PZ,Qh) = 0, VQh S Mh7

uh - Hhu (x)y) € Q,
where ] = [u! +u}']/2;
ap(uy, Ivy) = —v Y, / z;)Vu}}) - nds; 42)
zjez;?9Vz
by(Lyvi,qn) = Y, valz; / gpnds; (43)
z;€Z;

ayp (uy, wy, vy = ((u) - )uhanhvh) ((divaey)uy, ITvy) /2; (44)
Dy(ppqn) = € {/ Phd thd)’/KIPZCIhdde}aphth € Mp, (45)

Ke3y,
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here ¢ is a positive real number and [ ; g(x,y)dxdy (i = 1,2) indicate the appro-
priate Gauss integrals over K which are exact for polynomials of degree i (i = 1,2)
and g(x,y) = pnqy is a polynomial of degree not more than i (i = 1,2). Thus, for all
test functions g;, € My, the trial function p, € M;, must be piecewise constant when
i=1.

Further, we define the L>—projection operator pj, : L?(Q) — Wj, such that ¥p €
L?(Q) satisfying

(P.qn) = (Pup,qn); Yqn € W, (46)

where W;, C L?() denotes the piecewise constant space associated with 3. The
projection operator py, has the following properties [Shen, Li, and Chen (2009); He
and He (2007); An, Sun, Luo, and Huang (2011)]:

lenpllo < Clipllo, Vp € L*(Q), (47)

lp—pwpllo < Ch|p|li, VpeH'(Q). (48)

Now, by using the definition of pj, the bilinear form Djy(-,-) can be rewrite as
follows:

Dy(ph.qn) = €(pr — PrPrqn) = €(Ph — PrPhsqh — Prdn)- (49)

4 Existence and error estimates of fully discrete SCNFVE solutions

In order to discuss the existence, the uniqueness, the stability, and the error es-
timates of the solutions for fully discrete SCNFVE formulation with the second-
order time accuracy or Problem IV, it is necessary to introduce some preliminary
lemmas.

From Cai and McCormick (1990), Jones and Menziest (2000), Li, Chen, and Wu
(2002), or Li, Luo, and Li (2007) we have the following three lemmas.

Lemma 3 Let z € Z;, St = mes(V;), Sk = mes(K), z;, zj, and zi be the vertices of
K € 3y, and define as follows: Yuy, € Uy,

[[#nllo.n = [TT,unllo

1/2
:{; Z[u%(z»wi(zj)+u,%<zk>1sz<} , °Y
KeSy,
- @\ (am\] . "
lup|ip = Z ( Ee >+< Iy ) Sk ; (5D
€K,
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1/2
lunllin = [lwnllg+ lualin] © (52)
Then the pairs of norms |- |1, and |- |1, || - |lo.n and || - ||o, and || - ||1,, and || - || are
equivalent on Uy, respectively.
Lemma 4 There hold the following results:
ap(up, 1T, vy) = a(uy,vy), Yup, vy, wy, € Uy, (53)
bp(IT,vp, pr) = —b(vi, pr), Vv, € Up,Ypy € M. (54)
Further, ah(uh,Hth) is symmetric, bounded, and positive definite, i.e.,
ap(up, IL,vy) = ap(vi, IGuy), Yup,v, € Uy, (55)
and there exist a positive constants hg = h > such that
an(up, Tup) = viug)?, |an (un, TGvy)| < Vw1 |vall, Yun, vi € Us. (56)
Lemma 5 There holds the following statement:
(up, I vy) = (v, Ilu),  Vuy, vy, € Up. (57)
For any u € H™(Q)* (m=0,1) and v, € Uy,
[(,v3) = (0, TT0)| < CH™ vl 7= 0,1 (58)
Set |||un|llo = (n, XT;up)' /2, then ||| -|||o is equivalent to || - ||o on Uy, namely there
exist two positive constants Cz and C4 such that
Csl[unllo < [l|unlllo < Callunllo, Vun € Up. (59)

The following discrete Gronwall Lemma [Luo (2006)] is useful for the proofs of
the existence, the uniqueness, the stability, and the error estimates of the solutions
for Problem IV.

Lemma 6 (discrete Gronwall Lemma) If {a, } and {b,} are two positive sequences,
{cn} is a monotone positive sequence, and they satisfy

_n_l -
an+by <cat+A Y ai, A>0, ag+bo < co, (60)
i=0

then

an+b, <cpexp(nd), n=0. (61)
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It is obtained by Lemma 4 and using the same approach as the proof of Theorem
4.1 in An, Sun, Luo, and Huang (2011) that the following inequalities

sup {2(“Z7H2Vh)+k[a(“z7vh) _Zb(vh)p;;)
(Vi,qn) EURX My,

+2b(uj, qn) + 2D5 (P )1}/ [1vall + llgnllo] 62)

> B([[wpllo + kl[Vaagllo + kl| phllo), ¥(u, ph) € Up X My,

where 3 is a constant independent of 4 and k and 1 < n < N.

There are the following results of the existence, the uniqueness, and the stability of
the solution for Problem IV.

Theorem 7 Under the hypotheses of Theorem 1, there exists a unique series of
solutions (u}},p}) (n=1,2,--- |N) to the fully discrete SCNFVE formulation with
the second-order time accuracy, i.e., Problem 1V satisfying

n » n it
|u2||8+kVZIuZI%<C<Ilu°\|%+kZHf’ 2||2_1>, (63)
i=1 i=1
n 0 1/2 < i—1 012 L i—12
kllpillo < C [ el +&2 Y (A2 + [l +E Y 2112 ) (64)
i=1 i=1

where C is the constant independent of h and k, which shows that the series of
solutions of Problem 1V is stable.

Proof Problem IV has a unique series of solutions (u},p)) (n =1,2,---,N) by
means of mixed FE methods (see Heywood and Rannacher (1982), Heywood and
Rannacher (1990), Luo (2006), or Brezzi and Fortin (1991)) due to inequality (62).
It is obtained by taking v;, = it} in the first equation of Problem IV and g;, = p} in
the second equation of Problem IV and by using Lemmas 3-5, Holder inequality,
and Cauchy inequality that

1 2 —11112 =12 2
5 w15 = [[]ae 6 +kvia|i + kellph — paphlg

(65)
_1 _ k _1 kv _
= k("2 W) < oI 2\\31+7\u2?-
It follows from (65) that
1 — 1~ 13+ v 53 )

_ - _ _1
< o 113 — 1o~ 115 + 2kv g |7 < kv 722,
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It is gotten by summing (66) from 1 to » that

n n
—i _ i1
e 15+ kv Y a7 < ([l [1F + kv Y lf 2

i=1 i=1 (67)

n
— i— 1
<ol IG+Av=" Y 172112,
i=1

which yields (63) from (29). It is obtained by using (62), the first equation of
Problem IV, Holder inequality, inverse estimate, and (63) that

Bkllpillo
< sup 2(uy, Iy vy) + kla(uy, vi,) — 2b(vi, ppy) +2b(u},, qn) +2Dy(pj, qn))
(Vioqn) €U XM, lvallt +1lgnllo
1
Dkay, (@, @, TTv,) — kap (W=, vy) +2k(f" 2, 15wy +2(u) 1 TTEvy,)
 sup 2T ) ey ve) 2K ) 207 )
v,€Uy lvall1

— n— _1
< 2kNo |t 1§ + Cll[ae™ {lo + KI1LF"2 | 1]
n 1 n 1
<C<|u2|5+|u2||o+k2||f SRR N T 2||-1>,
i=1 i=1

which yields (64) from (29) and completes the proof of Theorem 8.

The following Lemma 8 is obtained by means of the SCNFE methods [Li, Shen,
and Chen (2010); Luo (2006); Brezzi and Fortin (1991)] for the non-stationary
Navier-Stokes equations.

Lemma 8. Let (Spu”,Qyp") be the Navier-Stokes projection of the solutions (u", p")
for Problem IIl on Uy, X My, i.e., for the solutions (u", p") € U X M for Problem III,
there exist (Spu",Qpp") (n=1,2,...,N) such that, forn =1,2,....N,

ket ((Spit", Qunp™); (Viy 1)) + (Sptt™ — Spu = vp) + kD (Qnp", 1) =

ket (", p"); (Va,qn)) + W' —w" =" vy), Y (Vi qn) € Uy x My,
Shuo = Hhuo('x7y)7 uO = u()(x’y)’ (X,y) € Q’ (70)

where 'Q{((Shﬂnv thn); (vha Qh)) = a(Shana Vh) —b(Vh, thn)+b(Shun7Qh)+al (Shl_‘nv
Spit",vy,). Then, there hold
[Spu” |1 + 1Qnp" lo < C([[u"[[1 +[[P"l0), 1 <n<N. (71)

If the solution (u",p") € H*(Q)?> x H'(Q) (n =1,2,--- ,N) for Problem III, then
there hold the following error estimates

n
2 i 12 4
" — Sy |[§ + kv Y [l — S| < Ch*, 72)

i=1
|lp" —Onp"llo <Ch,n=1,2,...,N.
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Remark 1 In fact, (69) and (70) are the system of error equations between standard
SCNFE formulation and Problem III, thus (71) and (72) are directly obtained from
SCNFE method (see, e.g., Li, Shen, and Chen (2010), Luo (2006), or Brezzi and
Fortin (1991)) like the approaches in Heywood and Rannacher (1990).

Theorem 9 Let (u,p) be the solution for Problem II and (uj, p}.) the solution of
fully discrete SCNFVE formulation with the second-order time accuracy (i.e., Prob-
lem IV). Then, under the hypotheses of Theorems 1 and 7, if p2 =p®=0(or p2 =
Onp°), h=0(k), Nv_1||Vi}|lo < 1/4, u’ € H*(Q)% and f e W'=(0,T; H'(Q)?)?,
there hold the following error estimates

() — wpllo + k[l p(2) — Phllo + [[u(t) — i [|1]

73
<C(h*+k),n=12,..,N. (73)

Proof Subtracting Problem IV from Problem III taking v = v;, and ¢ = ¢, and
using Lemmas 4 and 2 yield the following system of error equations:

(u" — iy, vi) + (), — I, vy — Ivy) + ka(d" — iy, vy)
+kay(a",a",vy,) — kay,(ay,u,, I,vy) — kb(vy, p" — ph)
= k("2 T2 vy = Thw) + (' =™ )
+ (uZ‘1 —HZuZ‘l,vh —1ILvy), Vv, € Up,n=1,2,...,N;
b(u" —up, qn) — €(Ph — PuPh»9n — Prgn) = 0,Yqn € My,n=1,2,...,N,
W —ud) =u'(x,y) — I (x,y), (x,y)€Q.

(74)

Let {" = Qup" — pj, E" = Spu" —uj},, and E" =S,u" — ;. On the one hand, it is
obtained by using (69), the system of error equations (74), and Lemmas 4 and 5
that

1 _
EIIE”HéJrkVIE"I%
=(Spu" —u" E") + ka(S,u" —u",E")
_ _ 1
+ (u" —u},E") + ka(a" — u},E") — E(E"*I,E")
=(Spu" ' —u E") +kb(E",Qup" — p") + kay (@", " E")
— kay (Shl_ln, Shﬁn,En) —kay (l_ln, l—‘n’E”) + kalh(ﬁz, l_lz, HZEn)
+kb(E", p" — p},) — (), — Tuj, E" —TLE")
+ (uy ' Ty~ E" —TLE") + (u" ' —uy ' E")
1

— (St —uy ™ EY) Fk(f T f 2 B —TIE")
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=ka,(E),,u},E")

- (1“2—“2_1 — 10, (uj, —uy "), E" —IT;E") (75)
+ 5(E"*,E"*l) +kb(E", L") + kay, (@), @} E" —TT;E").

On the other hand, it is first obtained by using (58), Holder inequality, and Cauchy
inequality that

=1 * n— = =1 vk =1
k(" TG "2 B —TGE")| < CRIP|f" 21 |E"|y < Chii* + < [E"fR. (76)

And then, if k = O(h), by using inverse error estimate and Taylor’s formula, we
obtain that

() — u), " —TT(ufp — ), E" —TLE")| < CH? |y — ' |11 |E"
_ _ kv -,
< CR(|VE"|§+ |V (Spu" — S )|[§+ | VE" IHZ‘S)+§\E h (77)
kv -
<Ch||E”H%+Ck2h3+ChHE”_1H%+§|E"|%.

Next, noting that b(S,u" — u",q;,) = —ke(Qnp™ — Pr(OLP"),qn — Prqn), by the
properties of operator p;, and the second equation of (74), we have that

b(E", (") = b(Syi" — ", ") + b(w" — u],, ")
== -l = i) — S = il 8 = pud) 78)
ST Sa e [E )

Finally, if Nov~! |uj|l <1/4(1,2,...,N), then we get by Lemma 5, (2), and (5) that
_ _ _ _ kv _
Kl (i, 2, B~ TGE") —ar (B, i, E")| < Chi* + Y |E" 79)
Thus, it is obtained by combining (76)—(79) with (75) that

n il € n n € n— n—
IE"|[§ + kv |E !%JrEHC —pié H%—QHC P pn(C" 15

(80)
< Ckh* +CI*h? 4 ||[E" V|3 + Ch||[E" 1|3 4 Ch||E™||3.

If & is sufficiently small such that Ch < 1/2 in (80) and p{) = p® =0 (or p? = 0, p),
summing (80) from 1 to » yields that

n
ISt — w5+ kv Y |Suit' — |7
i=1 L (81)
SCh* ||l — W3 +Ch Y, ||Spu’ —ul)]|2.
i=0
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By Gronwall Lemma 6, Lemma 8, and (29), it follows from (81) that

no .
IE"([5+kv Y |E'|;
i=1

n
. (82)
< C kY |1+ kRl |7 gy + 1 [P 2]15 | exp(Cr)
i=1

< Ch*.

Noting that Y, a? > (Y7, a;)* /n and |a+b|, > |a|, — |b|, by using (72) and
triangle inequality, we obtain that

n
" —ullo+kv Y. |uf — |1 < CIP. (83)
i=1

If h = O(k), it is gotten from (62), error equation (74), inverse error estimate,
Lemma 8, and (83) that

BkIIS™ o
< sup 2(E" 1T;v,) + k[a(E},, vi) —2b(vy,, ") +2b(E" , qi) + 2Dy (P}, qn))
(Vhsqn) €U <My, lvall1 =+ llgnllo
b(v s n_ ph b , n__ . n
< C||E"|Jo 42k sup M—i—% sup bV, Onp" = p")]
v,eU, ||vh||1 v,eU), ||VhH1
< 2k sup ]k‘l [(u" —u},vp) + (u) — Iuf, vy, — TTvy) — (W —ul " vy

vieUy

—(uZ’1 — H};uﬁ’l,vh — H}“,vh)] +a(a" —ay,vy) +a)(a",a@" —ap,vy)

+a (U — gy, wy, TGvy) — (f" = TGf" v =T |/ [[vall

+CkQnp" = P"[lo + [[u" — ujlo)
SCh [k ([l —wllo + llu"™" =i~ o) + " — w1 + |~ — 2y~

1y — 1 [+ CR L]+ CORIQup" — o+ " — u o)
< Ch.

(84)

Applying triangle inequality and Lemma 8 to (84) yields that
Kllp" = pillo < Ch*. (85)

Combining (83) and (85) with Theorem 1 yields (73).

5 Some numerical experiments

In this section, some numerical experiments with two squared cavities at the bottom
and top of the channel are presented illustrating that the fully discrete SCNFVE
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formulation with the second-order time accuracy is more effective than the SFVE
formulation with the first-order time accuracy for the non-stationary Navier-Stokes
equations. Moreover, it is shown that the fully discrete SCNFVE method is feasible
and efficient for finding the numerical solutions of the non-stationary Navier-Stokes
equations.

Let computational domain Q consist of the width of the channel to 6 and its length
to 20 and two squared cavities at the bottom and top of the channel all are the same
width as length to 2 (see Fig. 2). Take Re = 1000, f = g = 0. Except inflow of left
boundary with a velocity of (u,v) = (0.1(y—2)(8 —y),0) (2 <y < 8) and outflow
of right boundary with velocity of (u,v) satisfying v =0 and du/dx = 0, all initial
and boundary value conditions are taken as 0.

(8.10) (12.10)

Wall Wall (20.8)
(0.8)
(8.8) (12.8)
Q
Inlet (8.2) (12.2) Outlet
(0.2) -
Wwall Wall (2020

(8.0) (12.0)

Figure 2: Physics model.

We divide the Q into small squares with side length Ax = Ay = 1072, and then link
diagonal of the square to divide each square into two triangles in the same direction,
which composes triangularizations 3, (h = v/2 x 1072). The dual decomposition

, 1s taken as barycenter dual decomposition, i.e., the barycenter of the right trian-
gle K € 3, is taken as the node of the dual decomposition. In order to satisfy the
condition k = O(h) in Theorem 9, we also take a time step increment as k = 1072
The parameter-free € = 0.01.

We find the SCNFVE solutions (u}, p) by means of SCNFVE formulation with
the second-order time accuracy when n =5 x 10° (i.e., t = 5000) and n = 6 x 10°
(i.e., t = 6000), which are depicted graphically at the the top charts in Figures 3
and 4 and at Figure 5, respectively.

By using the same U, x M}, as Problem IV, the fully discrete SFVE formulation
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. .
20 40 60 80 100 120 140 160 180
SCNFVE solution of velocity with second-order time accuracy

t=5000

1 1 1
20 40 60 80 100 120 140 160 180

SFVE solution of velocity with first-order time accuracy

Figure 3: When Re = 1000, the top and bottom charts are the SCNFVE solution
with the second-order time accuracy and the SFVE solution with the first-order
time accuracy of the velocity at the time level t = 5000, respectively.

with the first-order time accuracy is denoted as follows.

Problem V. Find (u},, p};) € Uj, X M), such that

(uy,vp) + ka(uy,vy) + kai (uy, u,,vi) — kb(pj,vi)

= (u’;fl,vh), Yv,eU,, n=1,2,...,N,

b(”Z:Qh) +Dh(PZ’CIh) = 0) VCIh S Mh7 n= 1725 "')Na
W) =T’ (x,y), (x,y) € Q.

If k = O(h), it is obtained by means of the same approach as Theorem 9 that the
error estimates for Problem V as follows

lua(t) —llo +&' 2| p(ta) = Pllo < C(k+h), n=1,2,...,N,

which is one-order lower than these of Problem IV. Thus, in order to get the same
accuracy as SCNFVE formulation Problem IV with the second-order time accu-
racy, the spatial mesh size 4 and temporal mesh size k for Problem V have to be
taken as O(h) = k = 10~*. When we find the solution at ¢ = 5000 by means of
SFVE formulation with first-order time accuracy, depicted graphically at the the
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t=5000

80
60
40
20

(] 1 1
20 40 60 80 100 120 140 160
SCNFVE solution of pressure with second-order time accuracy

1
180

t=5000

20 40 60 80 100 120 140 160 180
SFVE solution of pressure with first-order time accuracy

Figure 4: When Re = 1000, the top and bottom charts are the SCNFVE solution
with the second-order time accuracy and the SFVE solution with the first-order
time accuracy of the pressure at the time level r = 5000, respectively.

bottom charts in Figures 3 and 4, it is necessary to compute 5 x 107 steps, which
are as 100 times as those of SCNFVE formulation with the second-order time ac-
curacy. Especially, the SFVE formulation with first-order time accuracy includes
3 x 136 % 1010 degrees of freedom (unknown quantities) on each time-level, while
the SCNFVE formulation with the second-order time accuracy does only contain
3 x 136 x 10° degrees of freedom on each time-level, namely, the degrees of free-
dom of the SFVE formulation with first-order time accuracy on each time-level are
as 10000 times as those of the SCNFVE formulation with the second-order time
accuracy.

When we find the numerical solutions (u), p}) by means of SFVE formulation
with first-order time accuracy, it is nonconvergent at ¢ > 5500 due to truncation
error accumulation in computational process. However, the SCNFVE formulation
with the second-order time accuracy at + = 6000 is still convergent (see Figure
5), it is shown that the fully discrete SCNFVE formulation with the second-order
time accuracy is more effective than the SFVE formulation with the first-order time
accuracy for the non-stationary Navier-Stokes equations. Moreover, it is shown that
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1=6000

20 40 80 80 100 120 140 160 180
SCNFVE solution of velocity

16000 ¢
)51 0

E - R S VN

20 4(} 60 VBU 100 126 140 160 150

SCNFVE selution of pressure

Figure 5: When Re = 1000, the top and bottom charts are SCNFVE solutions of
the velocity and the pressure with second-order time accuracy at the time level
t = 6000, respectively.

the fully discrete SCNFVE method with the second-order time accuracy is feasible
and efficient for finding the numerical solutions of the non-stationary Navier-Stokes
equations.

6 Conclusions and discussions

In this article, we have first established the time semi-discrete CN formulation with
the second-order time accuracy for the non-stationary Navier-Stokes equations.
Then, we have directly established the fully discrete SCNFVE formulation with
the second-order time accuracy from the time semi-discrete CN formulation. Next,
we have provided the error estimates between the fully discrete SCNFVE solu-
tions with the second-order time accuracy and the exact solution. Finally, we have
presented some numerical experiments illustrating that the fully discrete SCNFVE
Formulation with the second-order time accuracy is more effective than the SFVE
formulation with the first-order time accuracy for the non-stationary Navier-Stokes
equations, thus validating that the fully discrete SCNFVE method with the second-
order time accuracy is feasible and efficient for finding the numerical solutions of
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the non-stationary Navier-Stokes equations.

Especially, the fully discrete SCNFVE formulation with the second-order time ac-
curacy is established from the time semi-discrete CN formulation with the second-
order time accuracy directly and avoids the semi-discrete SCNFVE formulation
with respect to space variables. It is unnecessary to discuss the semi-discrete SCN-
FVE formulation with respect to spatial variables. Consequently, it is a new type of
study attempt for the non-stationary Navier-Stokes equations and the improvement
and innovation for the existing methods.
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