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Abstract. A semi-discrete scheme about time for the non-stationary Navier-Stokes
equations is presented firstly, then a new fully discrete finite volume element (FVE) for-
mulation based on macroelement is directly established from the semi-discrete scheme
about time. And the error estimates for the fully discrete FVE solutions are derived by
means of the technique of the standard finite element method. It is shown by numeri-
cal experiments that the numerical results are consistent with theoretical conclusions.
Moreover, it is shown that the FVE method is feasible and efficient for finding the nu-
merical solutions of the non-stationary Navier-Stokes equations and it is one of the
most effective numerical methods among the FVE formulation, the finite element for-
mulation, and the finite difference scheme.
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1 Introduction

Let O C IR? be a bounded and connected polygonal domain. We consider the following
incompressible non-stationary Navier-Stokes equations.

Problem 1.1. Find u= (u1,u;) and p such that, for T>0,
w—vAu+(u-Viu+Vp=f, (xy,t)eQx(0,T),
V-u=0, (x,y,6)eQx(0,T),
u(x,y,t)=@(x,y,t), (x,y,t)€0Q02%x (0,T],
u(x,y,0) =uo(x,y), (x,y)eq,

(1.1)
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where u = (u1,uy) represents the fluid velocity vector, p the pressure, T the total time,
v=1/Re, Re the Reynolds number, f(x,y,t) the prescribed body force vector, ¢(x,y,t)
and uo(x,y) are the boundary and initial values, respectively. For the sake of convenience,
without loss of generality, we may as well suppose that ¢(x,y,t) =0.

The system of the non-stationary Navier-Stokes equations is one of the important
model system of equations in fluid dynamics. It has been successfully and extensively
applied in many fields of practical engineering [1-3]. Due to its nonlinearity, there are
no analytical solutions in general. One has to rely on numerical solutions. The finite
volume element (FVE) method [4-6] is considered as one of the most effective numeri-
cal methods due to its following advantages. First, it preserves the integral invariants
of conservation of mass as well as that of total energy. Second, it has higher accuracy
and is more suitable for computations involving complicated boundary conditions than
the finite difference (FD) method. Third, it has the same accuracy as the finite element
(FE) method but is simpler and more convenient to apply than the FE method. It is also
known as box method [7] or generalized difference method [8,9]. Although it has been
used to solve various types of partial differential equations, it focused on stationary par-
tial differential equations and linear equations, for example elliptic problems, parabolic
equations, Stokes equations, and viscoelastic problems, etc (see [4-17]).

Although some FVE methods for nonlinear Navier-Stokes equations have been pro-
vided, they are mainly based on stabilized and penalty FVE methods (see [18-21]). Even
if the stabilized and penalty FVE methods for Navier-Stokes equations can enhance the
stability of the numerical solutions and their theoretical analyses (e.g., stability and con-
vergence) are conveniently achieved, the condition number of the coefficient matrices in
their discrete systems would greatly increase. What’s more, their numerical solutions
would distort and diverge their accuracy solutions (in fact, the penalty term is an ar-
tificial viscosity). Thus, the theoretical study for fully discrete FVE method without any
stabilization and penalty for the non-stationary Navier-Stokes equations holds more gen-
erality and more technologies required than those in [18-21]. So it has important theo-
retical meaning and practical value to do the theoretical analysis about the stability and
error estimates of the fully discrete FVE method without any stabilization and penalty
for non-stationary Navier-Stokes equations. Especially, to the best of our knowledge,
as so far, there are no relative results published to do directly the theoretical study for
the fully discrete FVE method without any stabilization and penalty for non-stationary
Navier-Stokes equations. Therefore, we will do these studies in this paper and provide
the numerical experiments for illustrating the feasibility and efficiency of FVE method
without any stabilization and penalty. It is also shown that the FVE method is more sta-
bile than FE method and FD scheme by comparing their numerical solutions. Especially,
we here directly derive a new fully discrete FVE formulation based on macroelement
without any stabilization and penalty from the semi-discrete formulation with respect
to time and do theoretical study which could avoid the semi-discrete FVE formulation
about spatial variable and satisfy discrete Babuska-Brezzi (B-B) inequality (see [23, 24]).
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It is a new study attempt for the non-stationary Navier-Stokes equations.

The plan of this paper is organized as follows. In Section 2, a semi-discrete formu-
lation with respect to time for the non-stationary Navier-Stokes equations and its error
estimates are provided. In Section 3, a new fully discrete FVE formulation based on
macroelement without any stabilization and penalty for the non-stationary Navier-Stokes
equation is directly established from the semi-discrete scheme about time. It avoids the
semi-discrete FVE formulation about spatial variable and satisfies discrete B-B inequal-
ity. In Section 4, the theoretical analysis about the existence and uniqueness and error
estimates for the fully discrete FVE solutions are derived by means of the standard FE
method. In Section 5, some numerical experiments are provided for illustrating that the
numerical errors between the fully discrete FVE solutions and the the accuracy solutions
are consistent with the theoretical results obtained previously, that FVE method is feasi-
ble and efficient for finding the numerical solutions of the non-stationary Navier-Stokes
equations, and that the FVE formulation is one of the most effective numerical methods
by comparing the FVE solutions with the FE solutions and the FD solutions for the non-
stationary Navier-Stokes equations. Section 6 provides main conclusions and discussion.

2 Semi-discrete formulation about time and error estimate for
the non-stationary Navier-Stokes equations

The Sobolev spaces in this paper are standard (see [22]). Let U=H}(Q)?, M=L3(Q) =
{q€L?(Q); |,9dxdy=0}. Then the variational formulation for Problem 1.1 is as follows.

Problem 2.1. Find (u(t),p(t)):[0,T] — U x M such that

(ug,0)+a(uw,v)+a1(w,u,0)—b(v,p)=(f,v), Yvel,
b(u,q)=0, VgeM, (2.1)
u(x,y,O) :uo(x,y), (X,y) €Q),

where (-,-) denotes L? inner product, a(u,v) = v(Vu,Vv), b(v,q) = (dive,q), and
am (w,0,w)=((u-V)v,w)+((divu)v,w)/2=[(uVo,w)— (uVw,v)]/2.

The following property for trilinear form a;(-,-,-) is often used (see [1-3,13-16,23]).
u1<ulvlw):_al(ulwlv)lul(ulvlv)zol vu/v/u)E u/ (223)
a1 (w,0,w) |+ |a1 (w,u,v)|

N 101 101 101
<Co([fullglul? [0l +ullolglolF) wlllwl:, Vu,o,wel, (2.2b)
lay (u,0,w)|+ |a1 (w,u,0)|+ |a1 (v,w,u)|

~ 1 1 1 1
<Co([ull[ollgloli +[ullg[F [ol1)llzlo, Vu,o,wel, (2:20)

where C; and C, are two constants independent of u, v, and w.
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The bilinear form a(-,-) has the following properties (see [1-3,13-16,23]):
a(v,0)=vlv|?, Yoel; |a(uo)|<vluliv), Yu, vel. (2.3)

The bilinear form b(-,-) satisfies the following continuous B-B inequality (see [1-3,13-16,
23])

b(g,v
sup ) > glgl, vgem, (2.4)
vel |U’1
where B is a constant independent of v and g.

Define

No— sup —#2w@)
u,o,well ’u|1 : |U’1 : |w|1

Thanks to (2.2a)-(2.5), when Nov~!|| f||_1 <1, Problem 2.1 has a unique solution, and there

holds the following result (see [1-3,13-16,23]):

(2.5)

[ello+llaeell 22y + 1Vl 22y + lpll212)
<C(Jlmolls+11Flliz2y+Noll I iz, + | Fllzre 1), 6
where |- || gm g1y is the norm of H™ (0,T;H' (Q))) or H™(0,T;H' (Q0)?)?2 (m>0and [ > —1)
and C is a constant.
For given positive integer N, let k=T/N denote time step, " be the semi-discrete

approximation of u at t,=nk (n=0,1,---, N). Let ;u" = (u" —u" 1) /k denote the approx-
imation of u;, then the semi-discrete approximation scheme about time reads as follows.

Problem 2.2. Find (u",p") € UxM (1<n<N) such that
(0", 0) +a(u",v)+ay (w1 u",v)—b(v,p") = (f"v), Yoel,
b(u",q) =0, Vge M, (2.7)
u’ =uo(xy), (xy)€Q,

where f" = f(t,,x,y) is the value of f(t,x,y) at point t,.

There holds the following theorem for the semi-discrete formulation about time namely
Problem 2.2.

Theorem 2.1. Ifug€ H2(Q)? and f € L*>(0,T;H~(Q)?)?, then Problem 2.2 has a unique solu-
tion series (u",p") € Ux M (n=1,2,---,N) which satisfied the following stability

"5 +vk Y Va5 < uoll§+v—"k Y IF 114, (2.8)
i=1 i=1

n .
kY lIp'llo < 87" (2llmollo+KkNo | Vo 3+2Nov " o3
i=1

RN 2 Y27 (14 2V ) (ke Y F12) . @)
i=1 i=1
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And when f € W»*(0,T;H*(Q)?)? and Nov—||Vu(t)|lo < 1/2, there hold the following error
estimates:

lu(t,)—u"|1 <Cok, |p(ty)—p"l0<Ck, n=1,2,---N, (2.9)

where

Co=2v||u(t)lwzee (1) + Nol Var(tn) o | Vate | o 12,
C= [ll(B)llwam (1) + Nol Var(8) [lwree 12) | Var (t) llo+ Co(v+ No | Vu(ta) [l0) | / B,

are two constants independent of k.

Proof. Let A(u",v) = (u",v)+ka(u",0)+kay (u"1,u",v), F(v) = (kf"+u""',0). Then for
given u" 1 and fixed n and k, A(u",v) is bounded bilinear form and satisfies

A" ") = [[u" [§+kv ][ Vo |[§ > ol [u” |3, (2.10)

where g =min{kv,1} is a constant independent of u". For given "~ ! and f, F(v) is a
continuous function on U, we know from (2.4) that kb(v,q) satisfies B-B condition too.
Then Problem 2.2 has a unique series of solutions (u",p") €U x M (n=1,2,---,N) from the
theory of existence and uniqueness of solution for mixed variational problem (see [23—
25]).

Let v=u" in Problem 2.2. With (2.2a) and Hélder and Cauchy inequalities, we have
o [§+ vl Vo [ = (" ")+ ka (u”" ") = K(f*,u") + ("~ u")
<KL 11l v u"llo+ 1" flol| " o

1. _
<5 [ A 12+ Rl Ve [§+ [l 5+ [l 13]. (2.11)
From (2.11), we obtain that
[ | +kv (| Va" [[§ < kv [ £12 4 [l (2.12)

Summing (2.12) from 1 to n yields (2.8a).
With (2.4) and Problem 2.2, we have

kb(v,p")
kBl p" |lo <sup ——=——=~
AP o =328 ool
n__ ,n—1 n n—1 ,n _ n
:sup(u u" o) +ka(u",v)+kay (u " u",0)—k(f ,v).

vcll IVl

(2.13)
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By summing (2.19) from 1 to n and using with Holder inequality, we obtain

kBY_lIp'llo <llu" | -1+ lluoll -1 +kv)_ | Var' lo+kNo Y|V ol Ve llo+k Y11 Fll-1

i=1 i=1 i=1 i=1
n i n .
<[l" lo+[mollo+KkNol|Varo[5+, Y [ £l -1+2kNo Y[ V2

i=1 i=1

n . 1/2
+\/knv(kv2|\Vul||%>
i=1

n .
<2||uo|lo+kNo||Vuo[g +2Nov ™" [[uo|§+kNov 2} || £/11%4
i=1

+ (14+-2Vknv) (kv‘l Z Hf"u’il)l/z. (2.14)
i=1

Combining (2.14) and (2.8a) yields (2.8b).
Subtracting Problem 2.2 from Problem 2.1 taking t =t, and then taking v =u(t,) —
and g=p(t,)—p", using Taylor’s formula, we obtain

V[V (u(ta) —u") |G =alu(ts) —u",u(ty) —u")
=(R(t)u(tn) — ") —ar (u(ty) —u" " u(ts) u(te) —u"), t€[tu1,ta], (2.15)

where R(t ft )(t—s)ds/k. 1f f e WL>(0,T;H'(Q)?)?, we have u e W>>(0,T;

H?*(Q)?NH} 1 (Q) )2 by the regularity (see [1-3,23]). Then from Hoélder inequality, we get
that

V[V (u(tn) = ") [§=(R(E), (b)) —u") —ay (u(tn) =" u(tn) u(ty) —u")
—ay(u" —u"Lu(ty),u(t,) —u")
<Kl () lwzes (111 1V (e (£0) =) lo + Nol [ Vau (£) lo[| V7 (se(£) — ™) |I3
+kNo[|Vau(tn) lo]| Vare || o (12) [V (e (1) — ") [fo- (2.16)

And if Nov—!||Vu(t)|lo <1/2, we have
|V (u(ty)—u")|o<Cok, n=0,1,2,---,N, (2.17)
where Co=2v{|u(t) [lw2e (gr-1)+Nol| Vae(tn) [0Vttt || L (12)] is @ constant independent of k.

Subtracting Problem 2.2 from Problem 2.1 taking t =t,, and using Taylor’s formula yield
that

(R,0)+a(u(ty)—u",v)+ar(u(ty) —u(t,_1),u(t,),v)+ar(u(t,_1) —u""Lu(t,),v)
=b(v,p(ty)—p"), tE€[th_1,tn)- (2.18)
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Then, if f € W*(0,T;H (Q)?)?, u € W>*(0,T; H*(Q)*NH} (Q)?)?, with (2.4), Holder in-
equality, and (2.17), we have

1. b(o,p(ts) —p")
) —p" < BL el o Nl | VA A
Hp( 71) p HO—ﬁ sup ||VUH0

vel

:‘[Tlsup[(R,v) +a(u(ty)—u",0)+ar(u(ty) —u(t,_1),u(t,),0)

vel
+ay(u(ty) =" u(ts),©)]/[[Vollo
<B [kl (t) waeo 111y +Nokl Vau(8) [l oo 12| Vit () [0
+ ||V (u(tn) —u") o+ Noll V (u(tu1) — ") ol V() o]
<Ck, (2.19)

where C= [[|u(t) llwzs (11-1) + Nol| Var(8) |l wior2) | Vit (b)) lo + Co(No | Vae(ta) o +v)]/B s a
constant independent of k. The proof of Theorem 2.1 is finished. O

3 A new fully discrete FVE formulation for the non-stationary
Navier-Stokes equations

3.1 The basic theory of FVE method

In order to construct the fully discrete FVE formulation for the non-stationary Navier-
Stokes equations, it is necessary to introduce the triangulation and dual partition for
computational field ) (more details see [6-9,23-25]).

Firstly, let Sy, = {K} be a quasi-uniform triangulation of Q) with maximum diameter
2h=max{2hg}, where 2hy is the diameter of the triangle K € 3y, and the interior angle
of any triangle K € Sy, is smaller than 71/2. For any K € Sy, connect its third midpoints
cutting K into four triangulations which reconstructs a quasi-uniform triangulation 3, =
{K} of Q with maximum diameter h=maxhy, where h is the diameter of triangle K& Jj,.
Let Z,={z; }f\illJer (zi=(x;,y;)) be the nodal points of triangulation 33, where Z; ={z; }?ill
is the interior nodal points of the triangulation 3y, and {Zi}l]'\i ‘v, 11 the nodal points on
Q).

Next, we introduce a dual partition 3}, based on 3y, whose element are called the
control volumes. We construct the control volume in the same way as in [6-9]. Let zx =
(xx,yx) be the barycenter of K € J;,. We connect zx with line segments to the midpoints of
the edges of K, thus partitioning K into three quadrilaterals K, (z= (x,y) € Z,(K), where
Z1,(K) are the vertices of K). Then with each vertex z € Z; = Ukeg, Zi(K), we associate a
control volume V,, which consists of the union of the sub-regions K, sharing the vertex
z=(x,,y.). Finally, we obtain a group of control volumes covering the domain Q, which
is called a barycenter-type dual partition 37, of the triangulation 3y, (see Fig. 1).
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Figure 1: Left chart is a triangle K partitioned into three sub-regions K,. Right chart is a sample region with
dotted lines indication the corresponding control volume V.

The dual partition 3} is known as quasi-uniform, if there exist two positive constants
C; and C, independent of spatial mesh size h such that

Cih? <mes(V;) <G, VV,€S,

where mes(V,) denotes the measure of V,. If the triangulation 3, is quasi-uniform, then
the dual partition 37, is also quasi-uniform (see [6-9,23-25]).
The trial function spaces U}, of velocity and M}, of pressure are respectively defined
as follows:
u,= {Z)h GXQC(E)Z; Uh’[( GP%(K), VK e %h}/
My ={qn € L§(Q); qulk € Po(K), VK € S},

where P; (1=0,1) are I-th polynomial spaces on K. It is obvious that U, C U= H}(Q)?
and U, and M, satisfy the following discrete B-B inequality (see [23,24,26])

b(gy,v po
sup Ll >Bllgnllo, Vqne My, (3.1)
vp,ely "vh‘l

where B is a constant independent of 1 and k.
Let IT;, be the interpolation projection of U onto Uy, then if u € H2(Q)), it follows from
the interpolation theory on finite element spaces (see [6-9,23-25]) that

|u—TTyu|y <CH*"luls, m=0,1, (32)

where C in this context indicates a positive constant which is possibly different at dif-
ferent occurrence, being independent of spatial mesh size & and time step k. The test
function space U, is chosen as follows

0, = {v, € L2(Q)?; vylv, € Po(Vo)2(VV2€S%), wplv, =0(V2NdQ#¢)},  (3.3)
which is spanned by the following functions

1/ (x/]/) E VZ/

Vz=(x,,y,)EZ;s. (3.4)
0, (xny)gv., 1)L

¢:(x,y) = {
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Forwe U, let H;w is interpolation projector of w on l:lh, ie.,

Mw= ) w(z)¢.. (3.5)

z€Z;
By the interpolation theory of Sobolev space [9,23-25], we have
|[w—IT,w(lo < Chlwl. (3.6)
Moveover, the interpolation projection I'l} satisfies the following property (see [11]).

Lemma 3.1. If v, € Uy, then
/K(vh—Hth)dxdy:O, KG%h} th_nzvhHL’(Q)SChKthHW“(Q)/ 1<r<oo0.

From [9, 11, 18-21, 23], we have the following two lemmas.

Lemma 3.2. For K€ 3y, and z € Zy, let S; =mes(V;), Sx =mes(K), and z;, zj, and zy are the
three vertices of K,

x « 1
155 = TG ll5= ) ui(Z)Szzg Y [uh(zi) +ui(z)) +u5(21) 1Sk, (3.72)
V€S KeSy,
ouy(z)\2 | 9uy(z)\?
mli= Y, (=) +(—=—) |5k (3.7b)
b= L[ (2]
15 5, = N2 |15 o+ 2803 1 (3.7¢)

Then the pairs of norms |-|1y, and |-|1, ||-|lon and |-|o, || |l1p and ||-||1 on Uy are equivalent,
respectively.

Lemma 3.3. There holds the following statement
(up I 0y) = (o IT5uy),  Vuy,o, € Uy, (3.8)
Forany u€ H"(Q)? (m=0,1) and v, € Uy,
[(,08) = (w,IT0) | < CH™ [l e[| o3[}, 2 =0,1. (3.9)

Set |||un||o= (I T;uy) /2, then |||- || |o is equivalent to ||-||o on Uy, i.e., there exist two positive
constants Cz and Cy independent of mesh size h and k, such that

Callunllo < |llunlllo < Callunllo, Vuy €Uy (3.10)
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3.2 A new fully discrete FVE formulation for the non-stationary
Navier-Stokes equations

Though the trial function space U}, satisfies U}, C U (conforming element) like finite el-
ement method, the test function space U, ¢ Uy,. As in the case of nonconforming FE
methods, this is due to the loss of continuity of the vector functions in Hh on the bound-
ary of two neighboring elements. So the bilinear forms a(u,v) and b(v,p) in Problem 2.1
must be revised accordingly. By using Green’s formulation, we have that

Au-vdxdy:—/ Vu-Vvdxdy-l—/ (vVu)-nds, (3.11a)
Vz vz

Vz
Vp-odsdy=— [ pdivodsdy+ [ po-nds 3.11b
/Vz p-vdxdy Vzplvvxy aVzpvns ( )

where [,,, denotes the line integrals, with the counter clockwise direction on the bound-

ary oV of dual element; n = (nl,nz)T denotes the unit outer normal vector to dV;. So the
bilinear forms a(u,v) and b(v,p) in Problem 2.1 can be rewritten as

a(uo)=v ) /Vu Vodxdy — / (vVu) nds] (3.12a)
V€S,

b(o,p)=— Y / -d—/ divodxdy). 3.12b

(v,p) oy avzpv nds Vzp ivodx y] ( )

Since U, is the piecewise constant vector function space with the characteristic functions
of the dual elements V, as the basis functions, we have that

a(u,0)=—v Z/ (vVu)-nds, Yucl, Yvel,, (3.13a)
V€S0V
Z / po-nds, VpeM, Yoell,. (3.13b)
Put
ay (uy; I1,0p) :—1/2/ (vn(zj)Vuy)-nds, (3.14a)
Vz
by (1T 0,91) = th z]/a qnnds. (3.14b)
V..
]

Thus, from [9, 11, 18-21, 23], there holds the following lemma.
Lemma 3.4. There hold the following results:

ay (up, LT,0) = a(uy,op), Vuy,vp €Uy, (3.15a)
by (11,0, pn) = —b(vn, i), Vo,eUy, Vpn€My. (3.15b)
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Further, uh(uh,Hth) is symmetric, bounded, and positive definite, i.e.,
ay (up, I o) = ay (o, I uy),  Yuy,o,€Uy, (3.16)
and there exist three positive constants hy, Co, and Co such that, when 0 < h<hy,
ay (uy, ) > vy |3, ay (e, XG00)| < Colla |1 lonllr, Vo, 0p € Up (3.17)
There exists a constant B> 0 independent of h and k such that

bh H*Uh, h b(v ’ ~
sup TPl _ g, 0Bl 5 gy e (3.18)
el thul vp,ely thul

Then a new fully discrete FVE formulation based on macroelement for Problem 2.1 is
written as follows.

Problem 3.1. Find (u},p}) € Uy x Mj, (1<n < N) such that

(0! XT¥vp) +a(ull,op) +ay, (u) w115 0,) —b(vp, pl)
:fﬂ,HZUh), Vo,eU,, n=1,2,---,N,

(3.19)
b(ul,qy)=0, Vg,€M; n=12,--N,
ug:Hhuo, (x,y)€Q,
where
oy ()l TToy) = (1Y) uf! o)+ ((divauf I0) /2. (3.20)

Remark 3.1. Problem 3.1 is also referred to as Euler backward one step fully discrete FVE
formulation. The trilinear form ayj, (uZ’l,uZ,H;‘lvh) satisfies (see [20,21])

(™, T )|

~ 1 1 1 1
<Co(luy ™l g 1 15 + Ny g Loy~ 3 [ 1) lowllo, V™ h o€ty (3.21)

4 Existence and uniqueness, stability, and error estimate of the
fully discrete FVE solutions for Problem IV

In order to derive the existence and uniqueness, the stability, and the error estimates of
the fully discrete FVE solutions for non-stationary Navier-Stokes equations, it is neces-
sary to introduce the following discrete Gronwall Lemma (see [22,23]).

Lemma 4.1 (Discrete Gronwall Lemma). If {a,}, {b,}, and {c,,} are three positive sequence,
and {cy, } is monotone, they satisfy

n—1
an+by<cy+AY a;, A>0, ag+by<co, (4.1)
i—0
then

ay+by <cpexp(nd), n>0. (4.2)
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By the standard FE method for non-stationary Navier-Stokes equations (see [1-3,22,
23]), we have the following lemma, whose proof is provided in Appendix A.

Lemma 4.2. Let (S,u™,Qyp") be the Navier-Stokes projection of the solutions (u",p™) for Prob-
lem 2.2 on Uy, x My, i.e., for the solutions (u",p") €U x M for Problem 2.2, there exist (Spu”,Qup™)
(n=1,2,---,N) such that

kA ((Surt”,Qup™); (o, qn)) + (Spu” — Sy o) =k A((u", p"); (01,41) )
+W"—u""10,), Y(vpq) €Uyx M, n=12,--,N, (4.3a)
Shuo :Hhuo(x/y)/ uo :uo(xly)/ (x’y) € Q’ (4.3b)

where Ay ((Snut",py); (on,qn)) =a(Spu" o) —b(vp, Qup") +b(Spu" ) +a1 (Spu™ ", Spu vy),
A", p"); (on,qn)) = a(u" o) = b(vy, p") +b(u",q4) +ar ("~ u" op).

If the solution (u",p") € H*(Q)?x H'(Q) (n=1,2,---,N) for Problem 2.2, then there hold
the following error estimates

n . .
" =St |[§+kv Y[l = Spu'|[F <CHY, - [[p" = Qup" [lo < Ch. (4.4)
i=1

There hold the existence, uniqueness, and stability of solutions for Problem 3.1.
Theorem 4.1. Under the assumptions of Theorem 2.1, there exists a unique series of solutions

(uj,pp) (n=1,2,---,N) to fully discrte FVE formulation Problem 3.1 satisfying the following
stability

o 13+ 13 16 +K Y e 13 < C (o5 + 1L £11Z 151, (4.5)
i=1

Proof. Let a(ul!,vy) = (0, ITivy,) +ka(ul, o) +kay, (u)—,ul, IT5oy), F(vy) = (u) ' ITio,) +
k(f",IT;v,). Then Problem 3.1 can be rewritten as
a(uy,op) —kb(vy,py) = F(vy), VYo,el,, n=12,---,N,
b(uﬁ,qh):O, thEMh, n=1,2,---,N, (4.6)
ul) =TT,u, (x,y) €Q.

For givenu) ‘€U, and f"€ H~1(Q)?, itis obvious that i(-,-) is the bounded bilinear form
and F(-,-) the bounded linear form. If u ' € U, is bounded, for example, || Vu]!||o <
Ny 1y /2 (Due to the solution for Problem 2.1 satisfying a similar condition), from (2.2),

(3.21), and Lemma 3.3, we have
(a1 = (o, T+ ke (o) Ky, o~ )
> [|uy |15+ kv | Ve 15— kCaNov | Ve o]l | 0 /2
> (1-0.25kCG3N) | |3+ 0.75kv]| Varf |3 > alluf [, vai € U, @7)
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where & = min{(1—0.25kC3N3)C3,0.75kv}. Thus, if k is sufficiently small such that
O.25kC§N§ <1, the bilinear form 4(-,-) is coercive. In addition, kb(vy,p}) also satisfies
discrete B-B inequality. There exists a unique series of solutions (u},p}) (n=1,2,---,N)
for (4.6), i.e., Problem 3.1 based on saddle theorem of mixed FE methods (see [1-3,23,24]).
Taking v,=u; and g,=pj, in Problem 3.1, by using Lemmas 3.2-3.4, (3.21), Holder inequal-
ity, and Cauchy inequality, we obtain that

H‘”hH‘O"‘kV’”hh— (f", Hh”h)+<”h ! Hh”h)+k‘11h(uh Lujy Tl uj)

. kC
<Ckv 1||f”|\21+ [Vu h|o+—|\|uZ 1!Ho+ o 115+ = e 13- (4.8)

Further, we get from (4.8) that

k

_ C
o 15+ v o [} < Cho=H L 12+ (1~ 15+~ i G- (4.9)

Summing (4.9) from 1 to n and noting that u2 =TI1,up, we have that
2 i 2 1y 2 2
o B+ Yl < C (ol 3k Y 712+ R ). (4.10)
i=1 i=1 i=0

If k is sufficiently small such that Ck<1/2 in (4.10), it can be reduced that

noo n n—-1
o -+ Yo B < C (o B+l IR Y ). @
i=1 i=1 i=0
Applying discrete Gronwall Lemma 4.1 to (4.11) yields

no n
o 15+kv Yl F < C (o5 +ov ™" 311 1124) exp(Ch) <C(lmo I+ flIF (1) (412)
i=1 i=1

Using Problem 3.1, (3.18), (2.5) and Holder inequality yields that

k|b ol
Bkllpyllo < sup M
vpely lon 1

— sup [[ (1}, TT;01) 4Ky (1, 04) | + kayy (L, T 03)

vpely
—k(f" XTyop) — (= TGo0) 1)/ [[on] 1
C (Il lo-+kv a1 +,Nolla; ™ [l a1+l £ | -1+ [l o)
C(lluollo+ 1 flle(r11))- (4.13)

Combining (4.13) and (4.12) yields (4.5), which completes the proof of Theorem 4.1. O

<
<
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Remark 4.1. The inequality (4.5) in Theorem 4.1 shows that the solutions of Problem 3.1
is bounded, stabilized, and continuously depending on the initial value uy and the body
force term f.

There are the following results of convergence, i.e., error estimates of the solutions
(u},py) (n=1,2,---,N) for Problem 3.1.

Theorem 4.2. Under the hypotheses of Theorem 2.1, if the solutions (uj,,p}}) of Problem 3.1

satisfy |uj |1 <Ny /2 (n=1,2,---,N), then there hold the following error estimates between the
solutions (u",p") (n=1,2,---,N) to Problem 2.2 and the FVE solutions (u},,p}}) (n=1,2,---,N)
to Problem 3.1,

n . .

0" = |F+kv Y |u' —uj,[§ <C(H*+K), (4.14a)
i=1

[p" = ppllo <C(h+k). (4.14b)

Proof. Subtracting Problem 3.1 from Problem 2.2 taking v = v, and q = g5, and using
Lemmas 3.1, 3.3 and 3.4 yield that the system of error equations

(u" —ujl, o)+ (u) =1L}, 0, — 1T 0,) +ka(u" —u),vy)
+kay ("L u" o) —kay, (u] = ull XT5oy,) —kb(vp, p" — plt)
=k(f" =TT, f", 0, —TT0p) + (u" ' —up 0y

+(up 1T o, —1Tvy), Vo,eU,, n=1.2,--,N,
b(un_uzlqh)zol VQhth/ n:1/2/"'/N/

u® —ud) =uo(x,y) —ILuo(x,y), (x,y)€Q.

(4.15)

Put e" = S,u" —uj. By using the system of error equations (4.15), (4.3a), and Lemmas 3.3
and 3.4, we obtain that

le" [[§+kvle" [§ = (e",e") +ka(e" e")
=(Spu" —u",e")+ka(Spu" —u",e")+ (u" —uj,e") +ka(u" —uj,e")
=(Spu" —u",e") +ka(Syu" —u",e")+kb(e",p" —pl) —kay (u"',u",e")
+kay, (u)ul e )+ (u" = e") — (u) — 1Tl e" — 1T e")
(T T e —TTe) k(7 — T ", e~ TTe")
=(Spu" —u",e" )—I—ka(Shu”—u”,e”)—kb(e”,th”—p”)—l—(e”_l,e”)
—kay (u" 1 u", ") +kay, (u] ull IT5e") + (" = Spu )
R ) (a0 ) Tl
k(" T £",e" ~TTje") — ()~ —TTj (uf— ), € ~TT;e")
() k(e T~k (¢ ") (416)
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Using (3.9), (4.4), Holder inequality, and Cauchy inequality, we have

x * vk
|k(f" =115 f" " —1T;e")| < CkR*(| f"||1]e" | < Ckh*|| f" H%+§\e”\% (4.17a)

_ 1 _
[(e" Ve < 5 (1le" 5+ [le"[13)- (4.17b)
With inverse error estimate theory and Taylor’s formula, we have that

|Gy —aa ™! =TT (y — ;™) " — L") | < Ch?[uay — a1 |e" [}

k
<CI|e" R+ Ch |V (S = Sy ) [+ Ch¥ "~ - e
_ kv
<Ch||e" 1|\%+Ck2h3||ut||2m(Hl)+Ch|\en|\%+§ye”ﬁ. (4.18)

If |uji]; < No_lv/Z (n=0,1,2,---,N), by using (2.2), (2.5), (3.9), (3.21) and Lemma 3.1, we
obtain that

k
klay, (u) =t uy,e" —T1re") —ay (" ' uj,e")| < Ckh*+ ZV le"|3. (4.19)
Combining (4.17a)-(4.19) and (4.16), we obtain
le™ |5+kvle" |} < Ckh* +Ck*h>+|e" " |5+ Chl|e" =" |5+ Chlle" I5. (4.20)

Summing (4.20) from 1 to n, if h is sufficiently small such that Ch <1/2 in (4.20), we have

n ) n-1
le"|5+2kv Y _ |e'|F < Cnkh*+Cnik®h® +21e°||5+Ch Y _ [|e'][3. (4.21)
i=1 i=0

Due to Lemma 4.2 and (3.2), ||S;u° —u°||3+ ||uo—u))||3 < Ch*. By using Gronwall Lemma
4.1 and Cauchy inequality, we obtain

n .
le"||5+kvY " |e'[F < C(h*+kh®)exp(Cnh) < C(h*+K2). (4.22)
i=1

Using (4.4) and triangle inequality yields that

n . .
" =) |24 kv Y [ — a2 < C(HE+K2). (4.23)
i=1
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From (3.18), (2.2), error equation (4.15), and Lemma 4.2, we have that

0 on |b(vy, Qup" — )|
BlIQup" —pillo < sup Ly
el thul
n__.n b n__ ,n
< sup b0y, Qup" —p )’Jr sup |b(on,p" —py)|
vpely thul vpely thul
<CllQup" = p"lo+|k (" —u}, o) + (uf — TTujt, 0, — T y)

—(u"1 —uZ_l,vh) — (uZ_1 —HZuZ_l,vh —IT0p)+a(u" —uZ,vh)]

+ar(u" " —ull o) +ay (u ! —uZ‘l,uZ,vh)

+ay (uy =y op = Thyop) = (f" =10 £ o = Th0n) | / o
<CllIQup" = p"lo+k~" (Il —aujllo-+l" "~ ]lo)
" |+ | = a0 g — |+ R ]
<C(h+k). (4.24)

Applying triangle inequality and Lemma 4.2 yields that
lp" =pillo < C(h+k), (4.25)
which completes Theorem 4.2. O

Combining Theorems 2.1 and 4.2 yields the following results.

Theorem 4.3. Under the hypotheses of Theorems 2.1 and 4.2, there hold the error estimates
between the solution (u,p) to Problem 2.1 and the solutions (uj,pj;) (n=1,2,---,N) to Problem
3.1:

() =iy llo+k Y[V (ki) —mj,) o < Clk+1), (4.26a)
i=1
Ip(tn) —pillo <C(k+h), (4.26b)

where C is a constant which is only dependent on v, Q), maximum total time upper bound T, uy,
and the force term f, but independent of k and h.

5 Some numerical experiments

In this section, we present some numerical experiments with a physical model of cavity
flow of Reynolds number Re=10° by the fully discrete FVE Formulation, i.e., Problem
3.1 to validate that the results of numerical computation are consistent with the theo-
retical conclusions. Moreover, it is shown that FVE method is feasible and efficient for
finding the numerical solutions of the non-stationary Navier-Stokes equations and that
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Figure 2: When Re=103, the left chart, the center chart, the right char are respectively the stream line figures
of the FD solution, the FVE solution, and the FE solution of the velocity u at the time level t=2.
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Figure 3: When Re=103, the left chart, the center chart, the right chart are respectively the stream line figures
of the FD solution, the FVE solution, and the FE solution of the pressure p at the time level t=2.

FVE formulation is one of the most effective numerical methods by comparing the FVE
solutions with the FE solutions and the FD solutions for the non-stationary Navier-Stokes
equations.

Let the side length of the cavity be 1 and Q=[0,1] x [0,1]. We first divide the cavity into
100 x 100=10000 small squares with side 1 ength Ax=Ay=0.01, and then link diagonal of
the square to divide each square into two triangles in the same direction, which composes
triangularizations 3, (h=+/2x1072) and combines into Sy;,. The dual decomposition 3}
is taken as barycenter dual decomposition, i.e., the barycenter of the right triangle K€ Sy,
is taken as the node of the dual decomposition. We take a time step increment as k=0.01.
Let the initial value and the boundary value of u = (u1,uz) be up(x,y) =¢@(x,y,t) = (yx,0).
And let f=0o0n Q.

We find a FVE numerical solution (uj,p}!) by Problem 3.1 when n =200 (i.e., t =2),
whose u; and pj) are depicted graphically at the center charts in Figs. 2 and 3, respectively.

We also find a numerical FE solution (u}},p}}) when n=200 (i.e., t=2) by the following
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fully discrete FE formulation:

(!, on) +ka(ul! o) +kay (u " ull o) —kb(pll o) = (u) o), Vo, €Uy,
b(qh,uZ) =0, th eM,, i=1,2,---,200,
u)=(xy,0), (xy)eQ,

whose u} and pj are depicted at the right charts in Figs. 2 and 3, respectively.

We also find numerical FD solutions ”?,j+1/2,i'”g,j,i+1/2 and p;?z. (i,j=0,1,---,100; n =
0,1,2,---,200) by the following FD scheme:

[ijl,z‘ —2pjitpj+ii L P —2pjitpji+1 ] "_R
Ax? Ay? ’

n+1 _ pn M n+l _ ~n M.,
1,j+%,i_Pj+%,i Ax[p Fi Pl Ui+l Gj,i+% Ay[pblﬂ piils

where
1 1 n
=——IF 1.—F 1. ]'"+—I[G,.,1—G..

wax s Fioy] +kAy[ i3~ Giimtl
F''y =u?. —Lu” ot ——ul ol Ul )
Jt+31 1j+3.i Ax 1j+3.i 1j+1Li Lj,i Ay 2,j+5,08 Ljt+zits 1j+3/i—3
pjadiot ™2yt iyt i | Mim i 2 e Lt

Ay Ax

Gn :un _Luﬂ (u’rl” _un”)__un (u’rl _un )
ity T 2dity Ay 2ty BARL T2 Ay iy N2 iy T2 00

vk [”2,j1,i+§ _2”2,]',z‘+% FUy il n Uy ji-1 _2”2,]',1'+% iy it3 ] n
Ax? Ay? ’

when 1=200 (i.e, t =2), whose (4] ;. ;5 /U3 ;;.1,,) and p}; are depicted graphically at

the left charts in Figures 2 and 3, respectively.

The curves of the left chart, the center chart, the right char in Fig. 4 are respectively
the relative errors of the FVE solutions, the FD solutions, and the FE solutions at time
t€ (0,2]. Since the fully discrete FVE formulation Problem 3.1 keeps conservation law of
mass or energy, it is more stable than the FD scheme and the fully discrete FE formulation
and the errors of its numerical solutions are smallest among three formulations, which
does not exceed 4 x 10~2. Moreover, it is shown that the results for numerical examples
are consistent with those obtained for the theoretical case.

Comparing the FVE solutions with the FD solutions and the FE solutions implement-
ing numerical simulation for t =2, we find that for the fully discrete FVE formulation
Problem 3.1 the required computing time is about 6 minutes, while for the fully discrete
FE formulation is about 12 minutes, and FD scheme is about 5 minutes, computing time
of the fully discrete FVE formulation Problem 3.1 is almost as same as the times of FD
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Figure 4: When Re=103, the left chart, the center chart, the right char are respectively the relative error figures
of the FD solutions, the FVE solutions, and the FE solution of the velocity u and the pressure p at the time

te(0,2].

scheme, but is only a half of time of the FE formulation and the computing error accu-
mulations of FVE solutions are far smaller than those of the FE solutions and the FD
solutions.

It has been shown that FVE formulation is one of the most effective numerical meth-
ods by comparing the above results of the numerical simulations of FVE formulation with
those of FE formulation and FD scheme for the non-stationary Navier-Stokes equations.

6 Conclusions and discussion

In this paper, we have first derived the semi-discrete formulation with respect to time for
the non-stationary Navier-Stokes equations. Next, we have directly established the new
fully discrete FVE formulation based on macroelement from the semi-discrete formula-
tion with respect to time. Then, we have provided the error estimates between the fully
discrete FVE solutions and the accuracy solution by means of the standard FE method for
the non-stationary Navier-Stokes equations. Finally, we have provided some numerical
experiments to validate that the numerical errors between the fully discrete FVE solu-
tions and the accuracy solution are consistent with the theoretical results obtained previ-
ously, that FVE method is feasible and efficient for finding the numerical solutions of the
non-stationary Navier-Stokes equations, and that the FVE formulation is one of the most
effective numerical methods by comparing the results of the numerical results of the FVE
formulation with those of the FE formulation and the FD scheme for the non-stationary
Navier-Stokes equations.

Although some stabilized or penalty FVE methods for the non-stationary Navier-
Stokes equations have been presented, the FVE formulation here is a direct discrete
method (without any stabilization and penalty) based on macroelement and the dis-
crete B-B inequality satisfied which includes more generality than those of stabilized or
penalty FVE formulations. Moreover, though some stabilization or penalty FVE formu-
lations have better stabilization than those without any stabilization, they are easy to
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cause distortion from their accuracy solutions, i.e., are easy to deviate the original so-
lutions. Therefore, making the study of the FVE method without any stabilization for
the non-stationary Navier-Stokes equations has far more important and more serviceable
than those with stabilizations. In addition, the research method here is directly to estab-
lish the fully discrete FVE formulation from the semi-discrete formulation with respect
to time and to do theoretical analysis which avoids the semi-discrete FVE formulation
with respect to space variable, that is it is unnecessary to discuss the semi-discrete FVE
formulation with respect to space variable. These are the improvement and innovation
for the existing methods which is a new study attempt.

Appendix

The proof of Lemma 4.2 is as follows.
Let A(i1!, ) =a(i}, oy )+a1 (], 4),0y)+ (i), 0,) /k and F(v,) = (i} 1, 05) /k +(f",0p).
Then mixed FE formulation for Problem 2.1 is follows

A}, op) = b(oy, p}) =F(vy), Yol n=12,--,N,
b(ii},q,) =0, Vg,eM;,, n=12,--,N, (A1)
i) =TT, uo, (x,y) €.

For given @i} ' € U, and f" € H~1(Q)?, it is obvious that A(-,-) is the bounded bilinear
form on Uy, x U, and F(+) the bounded linear form on Uj,. It follows from (2.2) and (2.3)
that

Aty i) =(d

>alluy|7, Vup U, (A2)

where & = min{v,1/k}. Thus, the bilinear form A(:,-) is coercive. In addition, U}, My,
and b(vy, pj}) satisfy discrete B-B inequality (3.1), there exists a unique series of solutions
(iiZ,ﬁZ) (n=1,2,---,N) for (A.1) based on saddle theorem of mixed FE methods (see [1-3,
23,24]).

Put Spu" =i (n=0,1,---,N) and Q;p" =pj, (n=1,2,---,N) in (A.1). Subtracting (A.1)
from Problem 2.2 taking v =v), and q =g, yields (4.3a) and (4.3b). It easily follows from
standard mixed FE error analysis (see [1-3,22,23]) that (4.4) holds, which completes the
proof of Lemma 4.2.
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