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Abstract At first, a semi-discrete Crank—Nicolson (CN) formulation with respect to time
for the non-stationary incompressible Boussinesq equations is presented. Then, a fully dis-
crete stabilized CN mixed finite volume element (SCNMFVE) formulation based on two
local Gauss integrals and parameter-free is established directly from the semi-discrete CN
formulation with respect to time. Next, the error estimates for the fully discrete SCNMFVE
solutions are derived by means of the standard CN mixed finite element method. Finally,
some numerical experiments are presented illustrating that the numerical errors are consis-
tent with theoretical results, the computing load for the fully discrete SCNMFVE formulation
are far fewer than that for the stabilized mixed finite volume element (SMFVE) formulation
with the first time accuracy, and its accumulation of truncation errors in the computational
process is far lesser than that of the SMFVE formulation with the first time accuracy. Thus, the
advantage of the fully discrete SCNMFVE formulation for the non-stationary incompressible
Boussinesq equations is shown sufficiently.

Keywords Non-stationary incompressible Boussinesq equations - Stabilized Crank—
Nicolson mixed finite volume element formulation - Local Gauss integrals and parameter-

free - Error estimate - Numerical simulation
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1 Introduction

The non-stationary incompressible Boussinesq equations are a nonlinear system of partial
differential equations (PDEs) including the velocity vector field and the pressure field as
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well as the temperature field (see [17,18,23]), which are also known as the non-stationary
conduction-convection problem and may be denoted by the following nonlinear system of
PDEs.

Problem I Find u = (u1, u2), p,and T such that, forty > 0,

u,—vAu+ wu-Vu+Vp=Tj, (x,y,)e2 x (0, ty),
V.-u=0, (x,y,)eR x (0, tn),
T; —yo_lAT+(u~V)T =0, (x,y, €2 x (0, tn), (D

ulx,y, t) =uo(x,y,t), T(x,y,t) =@, y,1), (x,y,1)€d2 x (0, ty),
u(x,y,00 =u(x,y), T(x,y,0) =¢(x,y) (x,y)eR,

where 2 C R? is a bounded and connected domain, u = (u1, us) represents the fluid
velocity vector, p the pressure, T the temperature, ¢y the total time, j = (0, 1) the unit
vector, v = 4/ Pr/Re, Re the Reynolds number, Pr the Prandtl number, y9 = +/Re Pr, and
uo(x, y,t), uO(x, y), ¢(x,y,t)and ¥ (x, y) are given functions. For the sake of convenience
and without loss of generality, we may as well suppose that ug(x, y, t) = u°(x, y) = 0 and
¢(x, y,t) = 0 in the following theoretical analysis.

In general, there are no analytical solutions for Problem I due to it being a system of
nonlinear PDEs including the velocity vector, the pressure, and the temperature. One has
to rely on numerical solutions (see, e.g., [9,17,18]). However, most of the existing papers
use either the finite element (FE) method or finite difference (FD) schemes as discretization
tools.

Compared to FD and FE methods, the finite volume element (FVE) method (see [6,13,
22]) is considered as most effective discretization approach for PDEs, since it is generally
easier to implement and offer flexibility in handling complicated computing domains. More
importantly, it can ensure local mass conservation and a highly desirable property in many
applications. It is also referred to as a box method (see [3]) or a generalized difference method
(see [14,15]). It has been widely used to find numerical solutions of various types of PDEs,
for example, second order elliptic equations, parabolic equations, Stokes equations, and the
Navier—Stokes equations (see, e.g., [2—4,6-8,11,13-15,22,24,25]).

A fully discrete FVE formulation without any stabilization (see [16]) and a fully discrete
stabilized mixed FVE (SMFVE) formulation (see [17]) for the non-stationary incompressible
Boussinesq equations are proposed, but they do only have the first-order time accuracy. Thus,
in order to obtain sufficiently time accuracy, they need to refine time steps so that moving
forward steps and the accumulation of truncation errors in the computational process could
greatly increase. Therefore, in this study, we improve the methods in [16,17] and establish
a fully discrete stabilized Crank—Nicolson (CN) mixed finite volume element (SCNMFVE)
formulation based on two local Gauss integrals and parameter-free for the non-stationary
incompressible Boussinesq equations. Thus, although the trial function spaces of velocity,
temperature, and pressure of SCNMFVE formulation are the same as those in [16,17], the
SCNMFVE solutions improve one-order time accuracy more than those in [16,17] such that
it could alleviate the calculating load and the accumulation of truncation errors in the com-
putational process. In addition, an optimizing reduced Petrov—Galerkin least squares mixed
FE formulation based on residuals (see [19]) and a reduced mixed FE formulation with-
out any stabilization (see [20]) have been established for the non-stationary incompressible
Boussinesq equations, but they are completely different from the fully discrete SCNMFVE
formulation since the FVE method is entirely different from and far more advantageous than
the FE method as is mentioned above.
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The remainder of this article is organized as follows. In Sect. 2, we first present the
semi-discrete CN formulation with respect to time for the non-stationary incompressible
Boussinesq equations. And then, we establish directly the fully discrete SCNMFVE formu-
lation from the semi-discrete formulation with respect to time. Thus, we could avoid the
discussion for semi—discrete SCNMFVE formulation with respect to spatial variables such
that our theoretical analysis becomes simpler than the existing other methods (see, e.g.,
[11,12,17]). In Sect. 3, the error estimates for the fully discrete SCNMFVE solutions are
derived by means of the standard CN mixed FE (CNMFE) method. In Sect. 4, some numerical
experiments are presented illustrating that the numerical errors are consistent with theoret-
ical results, the computing load of the fully discrete SCNMFVE formulation are far fewer
than those of the SMFVE formulation with the first time accuracy, and the accumulation
of its truncation errors in the computational process is far lesser than those of the SMFVE
formulations with the first time accuracy. Thus, it is shown that the fully discrete SCNMFVE
formulation for the non-stationary incompressible Boussinesq equations is far more advan-
tageous than the SMFVE formulation in [17]. Section 5 provides main conclusions and some
discussions.

2 Semi-Discrete Formulation About Time and Fully Discrete SCNMFVE
Formulation

2.1 Semi-Discrete CN Formulation About Time

The Sobolev spaces along with their properties used in this context are standard (see [1]).
Let X = Hj(2)%, M = L}(2) = {q € L*(22); [, gdxdy =0}, and W = H] (). Thus,
a mixed variational formulation for Problem I is written as follows.

Problem II Find (u, p, T) € H'(0, t5; X)? x L%(0, txy; M) x H'(0, ty; W) such that, for
almost all € (0, ty),

(us,v) +a(w,v)+a(u,u,v)y —b(p,v)=(Tj,v), Vv € X,
b(q,u) =0, Yqg € M,
(Ty, ) +d(T, ¢) + ar(u, T, ¢) =0, Vo e W,
ux,y,0)=0,7(x,y,0) =vy(x,y), (x, y)€£2,

where (-, -) denotes inner product in L?(£2)? or L*(£2) and

(©))

a(u,v) = v/ Vu - Vvdxdy,Vu,v € X, b(q, v) =/ q divvdxdy,Vv € X,q € M,
Q Q
1
ai(u,v,w) = 5/ [(@VV) - w— (uVw)-v]dxdy, Yu,v,we X,
Q
1
aw,T,p) = 5/ [(-VT)p — (u-V¢)T]dxdy, Vu € X,VT,¢ € W,
Q

d(T,¢) =y, /Q VT - Védxdy, VT, ¢ € W.

The above trilinear forms a; (-, -, -) and ax (-, -, -) hold the following properties (see [16,
18]):

ai(u,v,w) = —a;(u, w,v), aj(u,v,v) =0, Vu,v,wec X, 3)
az(u7 Ta ¢) = _az(u7 (Pv T)? az(u7 ¢7 ¢) = 0! Vu € Xa VT9 ¢ S W (4)

@ Springer



558 J Sci Comput (2016) 66:555-576

The above bilinear forms a(-, ), d(-, -), and b(-, -) have the following properties (also see
[16,18]):

a(v,v) > v|v}, Yve X; |a(u,v)| <vluliv];, Vu, veX, o)
d(p,d) = vy o1}, Vo € Wi |d(T, )| < vy ' IThI¢li, YT, p e W,  (6)
b(q, v)
> Bligllo, Yq e M, (7
vex 1V

where f is a constant. Define

a(u,v,w - ar(u, T,
No = sup ¥ No = sup 2(7@ )
wvwex Ul -] - |wly weX,(T.p)ewxw ul - [T - ol

The following result is classical (see Theorem 1.4.1 in [23] or Theorem 5.2 in [18]).

Theorem 2.1 Ifyy € L%(82), then the problem 11 has at least a solution which, in addition, is
unique provided that || ||(% < 21)21‘1\//(2N0t1§l exp(tny)+ vyoNg), and there are the following
prior estimates

laellg + vIValyagga < ¥ IGexpen), TG+ v IVT 1322 < 115

Let N be the positive integer, k = # /N denote the time step increment, f,, = nk (0 <n <
N), and (u", p", T™) be the semi—discrete approximation of (u(¢), p, T) at t, = nk(n =
0,1,...,N)about time, #" = (u" +u""1)/2,and T" = (T" + T"~1) /2. If the differential
quotients u; and 7; in Problem II at time ¢ = ¢, are, respectively, approximated by means
of the backward difference quotients du" = (u" — u”’l)/k and 9, 7" = (T" — T”’l)/k.
Thus, the semi—discrete CN scheme for Problem II with respect to time is written as follows.
Problem III Find (u", p", T") € X x M x W (1 < n < N) such that

@",v) + ka(u", v) + kay(@", a", v) — kb(p", v)

=k(T"j,v)+ @', v), Vv e X,
b(g,u") =0, Vg € M, 9)
(T", ¢) + kd(T", §) + kar(@", T", ¢) = (T""', ¢), Vo € W,
u0=0, Tozw(x,y), (x,y) € 2.

There are the following results for Problem III.

Theorem 2.2 Under the assumptions of Theorem 2.1, Problem IIl has a unique series of
solutions (u", p", T"Y e X x M x Wn = 1,2, ..., N) such that

w13 4+ kI V" o < /v 1ol o, (10)

—1/2 —1/2
IT™ o + kyy 2IVT o < max{2, vV2ky, YW, kIp"lo < Cliwli, (1)

where C used next is a constant independent of k, but dependent on  and known data. And if
(w,p,T) € [Hi(2)NH?*($2)1* x [H (2) N M] x [HJ ($2) N H?(£2)] is the exact solution
for the problem I, we have the following error estimates

lwe(t) — " llo + kLIV @(ta) — w™)llo + | p(ta) — p"ll0] < CK?, (12)
IT () = T"lo + kI V(T (1) — T™)llo < CK*, 1 <n < N. 13)
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Proof First, we prove that Problem III has a unique series of solutions. For 1 <n < N, we
consider the following linearized auxiliary problem:

( )+ka( )+ka1( m— l’ m? ) kb(pm’ )

—k(T”J v)—l—(u” l,v), YoeX,m=1,2,...,
b(q,ul) =0, VgeM,m=1.2,...,
(m,¢)+kd(T,:;,¢)+ka2( LT = (T0 " ¢), YoeW,m=1,2,...,
ud =0,m=0,1,. TO =y (x,y),m=12,..., (x,y) €.

(14)
By taking v = u”, +u’~!, g = p’,and ¢ = T + T"~! in the system of equations (14),
and by using (3) and (4), Holder inequality, and Cauchy inequality, we obtain
2 (13— Nl 1) +kvllV (ult+u) 13 = 2k (T2, ulty +ull")
< KT+ T =1V (g +up ) o (15)

k _ kv _
< AT+Ty 1||%1+7||V(uf,,+u;z D13

and
2 (1T llo = I 11G) + vy IV (T + T ™) lIG = O (16)
Summing (15) and (16) from 1 to n and simplifying yield
" . . k " . .
a3+ kv DIV (ahy + ) I < 2 T+ T2 17)
i=1 i=1
and
T2+ kg 31 (7 + i) 1 = 20013, (1)

i=1

By using (18), from (17), we obtain
n
a1 + kv DIV (ad, + i) 1 < v 0l 13, 19)
i=1

By extracting square root for (18) and (19) and using (Z;’:] blz) 172 > ZL] |b;|/+/n and
lla + bllo > llallo — l|b]lo, we obtain

1Tl +kyg IV T llo < max(2, v2kyg Y, (20)
Nl 115+ kn/VI Vg llo < y/v="v0ll¥ llo- 2D

By using the first equation of (9), (7), (20), and (21), we easily obtain
pmllo < Clivlh. (22)

Thus, for 1 < n < N, if ¢y = 0, the system of linear equations (14) has only zero
solution. Therefore, the system of linear equations (14) has a unique series of solutions
@, pnsTh) € X xMxW (m=1,2,...). Because the spaces X x M x W are weakly
and sequentially compact Hilbert spaces, by fixed point theorem (see [21]), we can conclude
that the sequence of solutions (u},, pi, T,7) € X x M x W has a subsequence [without loss
of generallty, we still might denote by (u)),, p,, T%)] that is uniquely and weakly convergent
to (u", p", T") € X x M x W for Problem III, i.e., Problem III has at least a series of
solutions (u", p", T") € X x M x W(n = 1,2, ..., N). Using the same technique as the
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proof of the uniqueness of solution for Problem II (see Theorem 1.4.1 in [23] or Theorem
5.2in [18]), we can prove that the series of solutions for Problem III is unique.

Second, we prove that (10) and (11) hold. By taking v = " + u"~!, ¢ = p”, and
¢ = T" + T"! in Problem III, and by using (3) and (4), H6lder inequality, and Cauchy
inequality, we obtain

2 (" 15— "~ 13) +kvllV (" +u" ) g = 2k (T" j, u" +u" ")
<k||T" - 1||V( a0 (23)

<—||T"+T” 1||21+ S IV (" +u" ") |13

and
2(IT™ 13 = 1T 13) + kyy "IV (7" + T"7Y) 13 = 0. (24)
Summing (23) and (24) from 1 to n and s1mplifying yield
n . , k n ) )
I3+ kv 319 (' +u ) 13 = o PILESENE 25)
and
T + ko 319 (77 + 7)1 = 2113, (26)

i=1

By using (26), from (25), we obtain
n
G+ kv DTNV () I < v ol @7)
i=1

By extracting square root for (26) and (27) and using (Zl 1 b; )1/2 > > |bil/«/n and
lla +bllo = llallo — lIbllo, we obtain

17"l + kv, 2IVT" o < max {2.V2kyy 2 1w, (28)
" [I§ + kDI Ve o < /v~ vl ¥ lo- (29)

By using the first equation of (9), (7), (28), and (29), we easily obtain
IP"llo < Clivlh. (30)

Finally, we prove that the error estimates (12) and (13) hold. Put " = u(t,) — u",

"=T(,) —T" and n" = p(t,) — p". Subtracting Problem III from Problem II taking

t = tn_%, v=ce"+e"!, o =0"+ 0" and q = n", using Taylor’s formula, we obtain
that

_ kv _ EET -
l€" 15— lle" = IG + IV (" + ") 1§ =k (0" + 0" 1) j, e" + ")
3

24
k3

uir (E1p), " + ") @31
+ 7 (Vg (E2n), V(e" + €' 1)
k3
~7 Tu@nj.e +e7') + @,
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16" 15 — 16"~ l||0+ ||V<0" " HIg

3 3

= 53 (Tur ). 0" +0"7) o 0 (VT (G2a). VO™ +0"D) 40 (32)
where @ = kay(u(t,_1). ut,_1).€" + €'"') — kay@".a",¢" +€""") and ¥ =
ka(u(t, 1), T(t,_1),0" + 6"~ 1)~ kax(@, 77, 6" + 01) (tay < Eins 20 &35 L1,

oon < ty). By using Taylor s formula, Holder inequality, and Cauchy inequality, there are
Ein € [ta—1.1,] (i =4, 5) such that

& = kay (u(t, . utt, ). +e" ) —kay (@@, e" + ")

= kay (w(t,_p) =" utt, ). e" + ") +kay (@, ) — " e" + ")
2 2 2
3

=kfa1(u (Ean),u(t,_1),e" +e"~ l)Jrﬁal(u u(Esp). " +e" )
16 1t\&4n), n—1 16 t1(85n

kv 1\ 12 k> NO
< E”V (eil + e’ ) “0 + 128v ”Vu(t)”Wzoc(tn 1.tn;L2)

% (18O R, o + IVE"I3)

(33)
By using Holder inequality and Cauchy inequality, we have that
k3 n—1 k3\) n n—1 k3 . n n—1
% (w111 (1), €" +e )+T(Vun(é§2n),v(e +e'7)) — T (Ti(E3n)j. " + €' ') |
kv K 9vk5
=5V (e" + e 113 T s ||u”W3°°(t H Y T e ”Vu”W“O(t LtniL2)
9 5
||T||W3°°(t,1 Litns —l)- (34)

Combining (33) and (34) with (31), using Holder inequality and Cauchy inequality, and
simplifying yield

kv 3k ~
le" 13 — lle" 113 + -V (e"+e" )5 < —le" + "2, + CH, (35)
where C? =

641) ||u||W3°c(t ]t'Hfl) ||vu||W200(z ]yanLz + 161) ||T”W3°O(t,, Lt H™ I)

s 2 L) (||Vu(r>||Lm(, oy HIVEIR)
By using the same technlques as proving (33), there are ¢;, € [t,—1,ty] (i = 3,4) such
that

W = kaz (w(t,_1). T, 1), 0" +6"") —kay (@, T, 6" +6"~")

k _ K N2yo
<% IV (6" +6"~") 13 + ° INT O 5y200, o2 IVE" 1
S5a72
Novo
e IVEO By, ) IVT Ol 20, 2 (36)
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By using Holder inequality and Cauchy inequality, we have that

3 3

k
24 (Tttt(;ln) 0" + 9;171) + —

VT (&), V(O + 6" !
470 ( 11 (S2n) ( ))

k n n—1 k ks
= 7”V(0 +6 ) ||()+ 144 ”T”W’Mw(tn Lt H™ I)+ ||VT||W200(I Lt L2 (37)
Combining (36) and (37) with (32) and simplifying yield

_ k _ R
o™ — e~ + mnv(@" +6" ) 115 < C°, (38)

where C2k° = °V° Vu()|? VT ()| +2IT|

W2°°(t Jtn ~L2)|

N2
AT oo, 0oty T °V°||VT<r)||
Summing (38) from 1 to n yields that

L2911, tn: L2) W21, 1,1y HY)

2
w2 200 (4, l‘niLz) ”Vu ”0

k< C R
||9"||%+%Z||v(9’ +0) 17 < k. (39)
i=1

By extracting square root for (39) and using (>}, biz)l/2 > >0 o 1bil/«/n and |la +
bllo = llallo — lIbllo, we obtain

k ~
16" lo + Z—MHW”HO < CJink?, (40)

which yields (13). By (35) and (40), we have
kv A
"5 — lle" MG + -1V (" + ") 115 = C3K, (4D
where ég = 12yoézToov_1k3 +C2. Summing (41) from 1 to n yields that
||e”||2+k—vzn:||v (e" +el'—‘) 12 < C2nk’ (42)
0T g - 0= Conk,

By extracting square root for (42) and using (>} bl.z)l/ 2

bllo = llallo — lIbllo, we obtain

> 2o lbil/y/n and |la +

k
lle™ llo + inw "o < C3/ink>. (43)

By using Taylor’s formula, there are &;,, € [#,—1, 1,1 = 5,6,7, 8,9, 10, 11) such that
1
b(p(t) = p'v) = (" =" v) + 2 (V" + "), V)

1
+§ [al (e” —I—eﬂJ, u(tn_%), v) +a (ﬁn’ e+ en,17 v)

(@ + 0. 0)]
2 k2 k2
-3 (uttt(sﬁl)v v) — (uttt(gén) v) — (Vutt($7n) V)

k2 k2
(Vun(sz;n) Vo) + - b(v P (Eon))— —al(un(élon) u(t, 1))
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Fig. 1 Left chart is a triangle K partitioned into three sub-regions K. Right chart is a sample region with
dotted lines indicating the corresponding control volume V;

K2 K2
—Eal(ﬁ”, u(€11n), v) — 1—6(Tn(§3n)j, v), YveX. (44)

Then, with (40), (43), (44), (7), Holder inequality, and Cauchy inequality, we have that

b(pty) — p",v) _

I p(ta) — p"llo < B~" sup Ck. (45)

veX Vullo
Combining (45) and (43) yields (12), which completes the proof of Theorem 2.2. ]

2.2 Fully Discrete SCNMFVE Formulation for Problem I

In order to establish the fully discrete SCNMFVE formulations for Problem II, it is necessary
to introduce an FVE approximation for the spatial variables of Problem III (more details see
[2,3,14,15]).

Firstly, let J;, = {K} be a quasi-uniform triangulation of £2 with 7 = max hg, where hg
is the diameter of the triangle K € 3, (see [5,10,18]). In order to describe the SCNMFVE
formulation, we introduce a dual partition 3;‘, based on J;, whose elements are called the
control volumes. We construct the control volume in the same way as in [2,3,14,15]. Let
Zx = (xk, yx) be the barycenter of K € Jj,. We connect zg with line segments to the
midpoints of the edges of K, thus partitioning K into three quadrilaterals K,(z = (x,y) €
Z,(K),where Zj,(K) are the vertices of K). Then with each vertex z € Z; = UKE%h Zn(K)
we associate a control volume V;, which consists of the union of the sub-regions K, sharing
the vertex z. Finally, we obtain a group of control volumes covering the domain £2, which is
called a barycenter-type dual partition I of the triangulation 3, (see Fig. 1). We denote the
set of interior vertices of Z;, by Z;.

Since the FE triangulation 3, is quasi-uniform, the dual partition J} is also quasi-uniform
(see[2,3,5,10,14,15,18]). Moreover, the barycenter-type dual partition can lead to relatively
simple calculations. To this end, the trial function spaces X5, W), and M}, of the velocity,
temperature, and pressure the velocity, the temperature and the pressure are, respectively,
defined as follows:

Xy = {on € XN C@)%; wilk € [21(K)P, VK € 33},
Wy, = {wy € WNC(R2); wilk € Z1(K), YK € 3},
My = {qn € M; qnlx € Z1(K), VK € 3},

@ Springer



564 J Sci Comput (2016) 66:555-576

where &1 (K) is the linear function space on K. Note that they are different from those in
[16]. Itis obvious that X, C X = H}(£2)?and W), C W = H}(£2).For (u, T) € X x W, let
(ITypu, p; T) be the interpolation projection of (u, T') onto the trial function spaces X, x Wj,.
Then, due to the interpolation theory of Sobolev spaces (see [5,10,14,16,18]), we have the
following error estimates

lu — Myul, < CR*"luly, Yue H*(2)*,m=0,1, (46)
\T — pu Tl < Ch*™|T|a, VT € H*(2),m =0, 1, 47)

where C in this context indicates a positive constant which is possibly different at different
occurrences, being independent of the spatial mesh size & and temporal mesh size k.

The test spaces X and W), of the velocity and temperature are, respectively, chosen as
follows:

Xn = {vn € L2(2)%; walv, € [Zo(V)IP(V. N 3S2 = 0),
vply, =0V, N3 #0), YV, € 3} ),
Wi = {wn € L*(2); waly, € Po(V)(V. N2 = ),
wply, =0(V. N3 # 9),VV, € 3} }, (48)

where Z,(V,) is the constant function space on V,. In fact, they can be spanned by the
following basis functions

I, (x,y) € Vg,

0, elsewhere, Vz € 2. (49)

¢Z(xﬂy) = [

For (u, w) € X x W, let (IT;fu, p;w) be the interpolation projection of (#, w) onto the
test spaces f(h X Wh, 1.€e.,

(Miu, pjw) = D @), w(2)e:. (50)

zeZZ
By the interpolation theory of Sobolev spaces (see [5,10,14,16,18,26]), we have
lu — Mfullo < Chuli: w — pjwlo < Chlwl;. 51)

By using the same principle as mentioned in [16,17], the fully discrete SCNMFVE for-
mulation for Problem II is written as follows.
Problem IV Find (u}, pj, T)') € X; x My x Wy, (1 <n < N) such that

(B, TT50n) + (&, T3 on) +avn (@ @, TT50n) + b (9 T on)

:(T}:’j,H;:vh), Yo, € Xy,
b (qn, u}) + Du (P}, qn) =0, ) Yan € My,
(0T, pyon) +dn (T}, pron) + azn (@), T}, piion) =0, Von € Wi,
up =0, T =ppir(x,y), (x.y) € 2,
(52)
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where
ap (ul}, IMfv,) = —v Z/ (va(2) V) - nds; (53)
V. e} Ve
bu (qn. Mivn) = D wa(2) / qnnds: (54)
V. €3] 3Vz

avy (wj, wi, Mop) = ((u; - V) wy, MTioy) + ((divay) wy, Tivn) /2;

dﬂ#mmw=—m12hwm/ VT - nds; (55)
V. €3] 3V
ax (wh. Ty pion) = (- V) T, pien) + ((divay) T, p}) /2: (56)
Dy (pji.qn) =€ [/ 21Dthd)cdy—/ quhdxdy], (57)
K, K,1

Ke3y

here ¢ is a positive real number and f K.i g(x, y)dxdy indicate an appropriate Gauss integral
on K that is exact for polynomials of degree i (i = 1, 2) and g(x, y) = pnqn is a polynomial
of degree not more thani (i = 1, 2).

Thus, for all test functions g, € M, the trial function p;, € M), must be piecewise constant
when i = 1. Consequently, we define the L2—projection operator oy, : L2(£2) — Wh such
that Vp € L%(£2) satisfies

(P qn) = (npsqn)s Yan € Wi, (58)

where W;, C L2(£2) denotes the piecewise constant space associated with Jj,. The projection
operator o, has the following properties (see [5, 18]).

llenplio < Clipllo, Vp € L*(2), (59
Ip —anpllo < Chllplli, Vpe H' (). (60)

Now, using the definition of g;, we can rewrite the bilinear form Dy, (-, -) as follows:

Dy (pn, qn) = €(pn — 0nPh» qr) = €(Ph — QhDPh> Gh — Ohqh)- (61)

3 Existence, Uniqueness, Stability, and Error Estimates for the
SCNMFVE Solutions

In order to discuss the existence, the uniqueness, the stability, and the error estimates of the
solutions for fully discrete SCNMFVE formulation with the second-order time accuracy or
Problem 1V, it is necessary to introduce some preliminary lemmas.

From [3,14,15,22] we have the following two lemmas.

Lemma 3.1 There hold the following results:

ap (up, Iyvp) = a(up, v),  a (vp, wp, Miug) =0, Vuy, vy, wy € Uy,
dn (Tw, pjin) = d(Tn, n).  az (wn, Tn, pjiTh) =0, YTy, ¢ € Wy, Vuy, € X,
by (pn, Ijvy) = —b(pp,vy), Vv, € Xp,Vpu € M.
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Further, ap(up, I} vy) and dp(Ty,, pjfwy) are all symmetric, bounded, and positive defi-
nite, that is,
ap (wp, IMivp) = ap (vn, Tjug), Vup, v, € Up;
di (T, pjwn) = dp (Wi, o5 Th) . YT, wy € Wy,

and there exist a positive constants ho > h > 0 such that

an (wp, Miug) = viupld, lan (wn, Tive) | < viiwglillonlli, Yug, vy € X
dn (Tn. p3Tn) = vg "NTulf. ldn (T, pjwn) | < CollThlllwallt, YTh, wy € Wp.

Lemma 3.2 There holds the following statement:
(wn, IIyvp) = (vp, Tfup), Yup, vy € X
Foranyu € H™(2)? (im =0, 1) and v, € Xy,

[, v) = (. TTfvp) | < CH™* fullwlloglla. n=0, 1.

Set |||lunlllo = (upn, H;fuh)l/z, then ||| - |0 is equivalent to || - ||o on Xy, namely there exist

two positive constants C1 and Cy such that

Cillupllo < llunlllo < Callwpllo, VYup € Xp. (62)

Remark 1 For scalar functions, i.e., if u;, and vy, in X}, are, respectively, substituted with wy,
and T}, in Wy, the results of Lemma 3.2 hold (see Theorem 3.2.1 and Lemma 5.1.5 in [14]).

The following discrete Gronwall Lemma (see [5,17,18]) is useful for the proofs of the
existence, the uniqueness, the stability, and the error estimates of the solutions for Problem
IV.

Lemma 3.3 If {a,} and {b,} are two positive sequences, {cn} is a monotone positive
sequence, and they _satisfy a, + b, < ¢, + )\er'l;ol a;(A > 0) and ay + by < co, then
an + by, <cpexp(nr)(n=0,1,2,...).

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

Theorem 3.4 Under the hypotheses of Theorems 2.1 and 2.2, there exists a unique series of
solutions (), py., T)')(n = 1,2, ..., N) for the fully discrete SCNMFVE formulation with
the second-order time accuracy, i.e., Problem IV satisfying

i lo + 177 llo + kI Vasllo + IV Ty lo + VAl pillo < CUIY llo + kIVY o), (63)

which shows that the series of solutions of Problem IV is stable.

Proof First, we prove that Problem IV has a unique series of solutions. Because the finite
dimensional subspaces X, x My x W), are also weakly and sequentially compact Hilbert
spaces, by using the same as the technique to prove that Problem III has a unique series
of solutions and apply to fixed point theorem (see [21]) to Problem IV, we can prove that
Problem VI has a unique sequence of solutions (u}, p;, T)!) € X, x My, x Wj,.

And then, we prove that (63) holds. By taking v, = uj, in the first equation of Problem
IV and g;, = pj, in the second equation of Problem IV and by using Lemmas 3.1 and 3.2,
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Holder inequality, and Cauchy inequality, we obtain

1 _ _ —n s _
5 (1108 = 11~ 118) + koI VR 3 + kel — on i1 = & (T Miy) — (64)

IA

k- kv _
EIIT;?IIL + 5 IV, I5-
It follows from (64) that

e 113 — e~ 113 4 2k | VP I3 + 2kell pff — papil3 < kv T2, (65)
Summing (65) from 1 to n yields that

kv <& . . "
a3 + 5 DIV (wf, + ™) 15+ 2kellpf, = pnphl < ko™ DT ITHIZ1 (66)
i=1 i=1

If p; # O, then it is easily see that ||pyllo > llonpjllo from (2.51). Therefore, there
exists a constant § € (0, 1) such that 8| pj. llo = llox pj, llo. By extracting square root for (66),

using (377, biz)]/2 > > |bil//n, lla + bllo > llallo — lIb]lo, and Lemma 3.2, and then,
simplifying, we obtain

n 1/2
lwpllo + kIl Vayllo + vkl pjillo < C(kZ ||T;||21) : (67)

i=1

By taking ¢, = Y_}:’ in the third equation of Problem IV and by using Lemmas 3.1 and
3.2, Holder inequality, and Cauchy inequality, we obtain

. k .
TG = W10+ 509 (57 + T ) 15 = 0. (68)
Summing (68) from 1 to n yields that
k< C
TG+ 5 = >0 (T + ) 1§ = 1w}, (69)
i=1

By extracting square root for (69) and using (Z?:O blz) 172

llallo — lI®]lo, and Lemma 3.2, we obtain

= 2= |bil/V/n lla+Dbllo =

175 o +klIVT; o < CUI¥llo + kIIVllo)- (70)

From (67) and (69) and by using Lemma 3.2, we obtain
lufllo + kIIVuillo + V&l pillo < Clivrllo < CUIV llo + kIIVY [ ll0)- (71)
Combining (70) with (71) yields (63). If p; = 0, (63) is correct, which completes the
proof of Theorem 3.4. O

Put

o ((Spu", Qnp™): (v, qn)) = a(Spi", vy) + ar(Spu”, Spu”, vy)
—b(Qup", vi)+b(gn, Spu"),
o (@", p"): (. qn)) = a@", vp)+ay@", @", vy)—b(p", vy)+b(gp. u"). (72)

By using the stabilized CN mixed FE (SCNMFE) methods (for example, see [12,17,18])
for the non-stationary Navier—Stokes equations, we obtain the following Lemma 3.5.
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Lemma 3.5 Let (Syu”, Qpp") be the Navier—Stokes projection of the solutions (u", p") for
Problem Il on Uy x My, that is, for the solutions (u", p") € U x M for Problem III, there
exist (Spu”, Qpp™) (n = 1,2, ..., N) such that

ket ((Shit", Qnp™); (vn, qn)) + (Spu™ — Spu™ ™", vy) +kDyp(Qup", qn) (73)
= kot (@", p"): (n, qn))+@" — """ vp), Y(vp. qn) € Up x My, n=1,2,...,N,
S’ = Mul(x,y), u®=ux,y), (x,y) €. (74)

Then, there hold
ISpu™ I+ 11Qnp o < C (Il + 11p"lo) . 1<n<N. (75)

If k = O(h) and the solution (u", p) € H*(2)> x H' () (n = 1,2,..., N) for
Problem III, then there hold the following error estimates

" — Spu™llo + kI (u" — Spu”) llo + kIl p" = Qup"llo < Ch%, n=1,2,...,N.
(76)

Remark 2 In fact, (73) and (74) are the system of error equations between standard SCN-
MFE formulation and the semi-discrete CN formulation about time of the non-stationary
Navier—Stokes equations, thus (75) and (76) are directly obtained from SCNMFE method
(for example, see [12,17,18]).

By the FE methods (see, e.g., [5,10,18]) for elliptic equations, we have the following
Lemma 3.6.

Lemma 3.6 Let R, : W — W), be a generalized Ritz projection, i.e., for given uj, € X,
"' e W, and Th”*l € Wy, andforanyT" € W(n=1,2,..., N), there exist Ry,T" € Wy,
(n=1,2,..., N)such that

(Rth, wh) + kd (Rth, wh) + kay (l_lz, R,T", wh) — (R/,T”_] , wh) = (Tn, wh)
+kd (T", wy) +kay (@, T", wp) — (T" ', wy), Ywp € Wy, n=1,2,...,N. (77)
If ", p", T") (n = 1,2, ..., N)are the solutions of Problem Ill and T" € H2(2)NW,
we have the following inequalities

IRWT" llo + KIVR,T"lo < CIVT"lo, n=0,1,2,...,N, (78)
IRWT" = T"llo +kIV (R T" = T") lo < CR*[¥lla, n=0,1,2,...,N. (79

Theorem 3.7 Let (u, p, T) be the solution for Problem Il and (uj,, p,, T;') the series of
solutions of fully discrete SCMNFVE formulation with the second-order time accuracy (that
is, Problem 1V). Then, under the hypotheses of Theorems 2.2 and 3.4, if p2 = p® =0 (or
pY = 0np°), h = Ok), Nov ||Villlo < 1/4, and ¥ € H' (), we have the following
error estimates

l(ta) = wyllo + 17 () = T llo + kLl p(t) = Pyllo + 1V a(t) — o
HIV (T = T) o] < CR2[ 1, n=1,2,...,N. (80)
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Proof By subtracting Problem IV from Problem III taking v = vy, ¢ = g5, and ¢ = ¢y, and
by using Lemmas 3.1 and 3.2, we obtain the system of error equations:
(" —ulp, vp) + (u) — ITfupy, vy, — T} vy) + ka (@" — @), vy)

+kay (@", ", vy) — kaiy (@), @j, [T*vy,) — kb (p" — pjl. vp)

=k((T" =T j. o) — k(T j, T} vp — vp) + (u”’1 — uZﬁl, vh)

— (™ o = w) . Ven e X n=12. N,

b (qn, w" —uy) — & (ph — onpy. an — onqn) = 0,¥qn € My, n=1,2,...,N,
(T" = T3 on) = (Ty1 plon — o) +kd (T" — Tl on) + kaz (", T", ¢n)

—ka (@), T ppen) = (777" = TV o)

—(T}lrhl,p;lkgoh —(ph),V(ph eW,, n=12,...,N,
W —up =0, T°—T) =y ) -y, @y e

1)
Let (" = Qup" — pj, E" = Spu" — uj, and E" = Spu” — i) By using (73) and the
system of error equations (81), we obtain

1 _ _ i}
§||E”||(2) +kv|E")} = (Spu" — u", E") + ka (Syu" — a", E")
B} _ 1
+ (0" — uj, B") + ka (&" — @), E") — 2 (E"", E")
= (Spu" " —u""' E") + kb (Qnp" — p", E") + kay (", @", E")
—kay (Spu", Spu", E")—kay (@",u", E") + kay, (@}, a},, IT; E")
+kb (p" — pji, E") — (u} — Mju}l, E" — [T} E")
_ _ 1

+ (uz—l T H;E”) — S — B

n (u”—‘ —u ! E”) k(T =T j, B

—k(T;'j, I;E" — E")

=k((T"—T}j,E") — k(T j, I E" — E") — kay (E}}, i}, E")
_ _ 1 _

+kayy (i}, ), E" — [T} E") + 5 (E"'E""") + kb (¢", E")

- (uz —u}” — 1T} (uZ — uz_l) ,E" — H;[E”) . (82)
By using Lemma 3.2, Holder inequality, and Cauchy inequality, we have

k (T" =T j. E") —k (T} j, T;E" — E") |
< CkIT™ = T oI E™lo + CkR VT 0]V Enllo

vk|
8

If k = O(h), by using inverse error estimate and Taylor’s formula, we obtain

< Ck||T" = T2 + Ck|| B2 + Ckh* + — || VE" |2, (83)

-1 -1\ 7 2 2 1y 7
| (wh =™ = 1 (g, — ™) B = 1TE") | < CH g, — ™ 1By

_ _ kv _
= Ch* (IVE"IG+ IV (Sw" = S =) g + IVE"HG) + - IVE" [
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kv _
< Ch|E"|} + CK*h® + Ch| E""|3 + §||VE"||%. (84)
O

Noting that b(gp,, Spu" — u™) = —ke(Qnp" — pr(Qnp™), gn — Prqn), by the properties
of operator p;, and the second equation of (81), we have

b(t", E") = b(", Spu” —a") + b (¢", " — i)

= =S =" " —ang") = 5@ — g™ " — e
< _fng.n _ n2 f n—1 _ n—1,2 ]85
= — 218" — ang" I3+ 15" — ns™ IR, (85)

If Nov—! [Vuyllo <1/4(n=1,2,...,N), by Lemma 3.2, (3), and (8), we obtain
klayy (@), al, E" — [T} E") —a; (E", @}, E") | < Ckh* + %”nvE”ng. (86)
Combining (83-86) with (82) yields that
IE" 5 + kvl VE" |5 + %Slls“” — ont"llg - %n;"*l —ont" M1
< Ckh* + CI*h> 4+ | E" Y3 + ChI E" Y3 4 ChI E™|3 + Ck|T" — T (13- (87)

By summing (87) from 1 to n, if & is sufficiently small such that Ch < 1/2 in (87) and
pY = p® =0 (or p) = Q) p°), we obtain that

n
IEAIIG + 2kv D IE G + kell " — ong" 115

i=1

n n—1
< Cnkh* + Ck > |TH = T3 + Ck > I Eil3. (88)
i=1 i=0

Applying Gronwall Lemma 3.3 to (88) yields that

n

IEA G +k D IVEG+kllg" — ent" I

i=1

n
<C (h4 +k D NT =T ||3) exp(Ckn). (89)

i=1

By extracting square root for (89) and using (er‘l:o bl?)]/2 > Z?:o bil//7, lla + bllo >
llallo — lI&]l0, we obtain

n 1/2
1Enllo + KIV Enllo + k(1Ig" o — llent" llo) < c(h4 +k DT T} ||5) . (90)
i=1
If ¢" # 0, then [|¢"]lo0 > llon¢" |lo. Thus, there is a constant w € (0, 1) such that
oll¢™lo = llon¢™ llo- Then, by using triangle inequality, (90), and Lemma 3.4, we obtain
n 1/2
" — witllo + kLIV @" — uj)lo + 7" = phllo] < c(h4 +k D NIT = TG

i=1

oD

@ Springer



J Sci Comput (2016) 66:555-576 571

Lete, = RyT" — T}'. On the one hand, by using the system of error equations (71), and
Lemma 3.6, we obtain that

1 e _ o 1
Slenlly +kyg IVanls = (en. &) +kd(@n, &n) = 5 (ens en1)
= [(RaT" = T",2,) + kd (R\T" — T", &,)]
_ - — 1
+ [(T" — T;?, en) + kd (Tn - Thn, en)] - E(env en—1)
=[(RaT" ' =T""" &) +kao (0", T", &) —kao (it}, Ry T", &y)]
+ [(T]«;/la p;’:én - én) + kayy, (ﬁ27 T;’ p;én) — kay (ﬁna Tna En)
_ _ o 1
+ (T"i1 - T}:’_l,en) - (T,f ],p;fe,, - e,,)] - E(e,,_l, en)
1 _ - -
= S + (T4 =T pjien — &)
+kay, (@}, T}, pién) — kas (i}, RyT", &) . 92)
By using Lemma 3.2, Holder inequality, and Cauchy inequality, we obtain

(T =T ™", pjen — &) < Ch(lleallo + 1Ry T" = T"llo + A T" = T" "
T = RaT" o + llen=1110)Véullo

IA

k _
Ch (h* + K*h* + lleall] + llea—1113) + %uwn I3, (93)

1 1 1 1
S(enten) < Sllentliollenllo < Z||e,H||5 + Zuenné. (94)

If Nov—! ||Vft’;,||0 <1/4(mn =1,2,...,N), by using Lemmas 3.1 and 3.2, (4), Holder
inequality, and Cauchy inequality, we obtain

n _ _ - k _
kax (@}, T, pjen) — kaa (i), RaT". &) < - V@, 5+ Ckh*. 95)
0
If k = O(h), by combining (93-95) with (92), we obtain
lealls + k1Venllg < Ck (h* + lleall§ + llea—1113) + llea1115- (96)
Summing (96) from 1 to n and using Lemma 3.6 and (27) yield that

n n
lenlld +kyvg ' D1V G < Crkh* + lleoli§ + Ck > lleslI

i=1 i=1
n n
< Ch*+Ck > lleillg+ClIRwY = 15+ Clly — pn ¥ llg < Ch*+Ck D lleillg. (97)
i=1 i=1

If k is sufficiently small such that Ck < 1/2 in (97), we obtain

n n—1
lealld + kyg ' D IVElG < Ch* + Ck D leill5 (98)
i=1 i=0

Applying Gronwall Lemma 3.3 to (98) yields that

n
leall§ +kyvg ' DIV lI5 < Ch* exp(Cnk) < Ch*. (99)
i=1
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Fig. 2 The computational field and boundary conditions of flow

By extracting square root for (99) and using (>}, 171.2)1/2 > > 1bil//n and |la +
bllo = llallo — lIbllo, we obtain

leallo + k[ Venllo < Ch?. (100)
By using triangle inequality, (100), and Lemma 3.6, we obtain
17" = Titllo + kI (T = T) llo < Ch®. (101)
Combining (91) with (101) yields that
lu” —wjllo + kLIV (" —up) o+ Ip" — pjllo] < Ch*. (102)

Combining (101) and (102) with Theorem 2.2 yields (80). If ¢ = 0, (80) is also correct,
which completes the proof of Theorem 3.7.

Remark 3 1t is known from Theorem 3.4 and its proof that, if ||y ||; is sufficiently small, then
the conditions Nov‘1 ”V’ZZ lo<1/4(mn=1,2,...,N)in Theorem 3.7 hold.

4 Some Numerical Experiments

In this section, some numerical experiments are used to show that the advantage of the fully
discrete SCNMFVE formulation for the non-stationary incompressible Boussinesq equations.

Computational field £2 consists of the channel of width to 6 and length to 20 and two same
rectangular cavities at the bottom and top of the channel. Its two rectangular cavities all are
width to 2 and length to 4 (see Fig. 2). It is first divided into some small squares with side
length Ax = Ay = 0.01, and then each square is linked with diagonal in the same direction
divided into two triangles, which constitutes triangularizations 3, with 2 = +/2 x 1072 The
dual decomposition 3}, is taken as barycenter form, namely the barycenter of the right triangle
K € 3, is taken as the node of the dual decomposition. Take Re = 1000, Pr = 7,and ¢ = 1.
Except inflow of left boundary with a velocity of u = (0.1(y —4.5)(5.5 — y), 0f 4.5 <
y < 5.5) and outflow of right boundary with velocity of u = (1, u2)7 satisfying u, = 0 and
ur(x,y,t) =u1(19,y,1) (19 <x <20,2 <y <8,0 <1t <ty),all initial and boundary
value conditions are taken as 0. Time step increment is taken as At = 0.01.

Firstly, the numerical solutions of the velocity, temperature, and pressure obtained by the
SCNMFVE formulation Problem IV with the second-order time accuracy at + = 5000 are
depicted graphically at the bottom charts in Figs. 3, 4, and 5, respectively. If we find the
solution at = 5000 by means of the SMFVE formulation with the first-order time accuracy
in [17], in order to obtain the same accuracy solution as that of the SCNMFVE formulation,
the time step for the SMFVE formulation must be taken as k = 0.0001. Thus, the numerical
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Fig.3 Top chart is the SMFVE solution of velocity u and bottom chart is the SCNMFVE solution of velocity
u when Re = 1000 and Pr = 7 at time ¢t = 5000

1 I 1
20 40 B0 80 100 120 140 160 180

Fig. 4 Top chart is the SMFVE solution of temperature 7" and bottom chart is the SCNMFVE solution of
temperature 7 when Re = 1000 and Pr = 7 at time ¢t = 5000

solutions of the velocity, temperature, and pressure obtained by the SMFVE formulation at
t = 5000 need implement 5 x 107 steps, which are 100 times for implementing steps 5 x 10°
of SCNMFVE formulation such that it increases greatly the truncation error accumulation
in computational process. The numerical solutions of the velocity, temperature, and pressure
obtained by the SMFVE formulation at t = 5000 are depicted graphically at the top charts
in Figs. 3, 4, and 5, respectively. Comparing every two charts in Figs. 3, 4, and 5 shows that
the solutions obtained by the SCNMFVE formulation are better than the SMFVE solutions.
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Fig.5 Top chart is the SMFVE solution of pressure p and bottom chart is the SCNMFVE solution of pressure
p when Re = 1000 and Pr = 7 at time t = 5000
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Fig. 6 When Re = 103 and Pr = 0.71, the top chart and the bottom chart are the relative errors (log 10) of
the SMFVE solutions and the SCNFVE solution of the velocity u, the temperature 7', and the pressure p at
the time ¢ € (0, 5000], respectively

Especially, the the SCNMFVE solutions of the temperature and pressure are far better than
the SMFVE solutions.

The curves of the top and bottom charts in Fig. 6 are the relative errors (log 10) of
the SMFVE solutions and the SCNMFVE solutions at time ¢ € (0, 5000] with respect to
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L?-norm, respectively. Due to the truncation error accumulation in computational process,
the errors of numerical solutions appear increase (see Fig. 6), but the truncation error accu-
mulation for the SCNMFVE formulation Problem IV is far smaller than that for the SMFVE
formulation and the relative errors (which illustrate that the numerical errors are consistent
with theoretical results, since they does not exceed 2 x 10~*) of SCNMFVE numerical solu-
tions are far smaller than those of the SMFVE solutions (also see Fig. 6). Moreover, it is
shown that the fully discrete SCNMFVE formulation for the non-stationary incompressible
Boussinesq equations is far more advantageous than the SMFVE formulation in [17].

5 Conclusions and Discussions

In this study, we have established the semi-discrete CN formulation with respect to time
for the non-stationary incompressible Boussinesq equations and have built the fully discrete
SCNMFVE formulation based on two local Gauss integrals and parameter-free directly from
the semi-discrete CN formulation with respect to time. Thus, we have avoided the discussion
for semi-discrete SCNMFVE formulation with respect to spatial variables such that our
theoretical analysis becomes simpler than the existing other methods (for example, see [11, 16,
17]). We have also provided the error estimates for the fully discrete SCNMFVE solutions and
have used some numerical experiments to illustrate that the numerical errors were consistent
with theoretical results, the computing load for the fully discrete SCNMFVE formulation
was far fewer than that for the SMFVE formulation with the first time accuracy, and its
accumulation of truncation errors in the computational process was far lesser than that of
the SMFVE formulation with the first time accuracy. Thus, we have shown the advantage of
the fully discrete SCNMFVE formulation for the non-stationary incompressible Boussinesq
equations, i.e., the fully discrete SCNMFVE formulation not only has the second-order time
accuracy, but it also satisfies the discrete B-B inequality. Thereby, it is different from existing
other methods (for example, see [11,16,17]).
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