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Abstract

In this paper, we propose and analyze a two-grid variational multiscale method for
the steady natural convection problem based on two local Gauss integrations
technique. This method possesses the best algorithmic characteristics of both
variational multiscale method and two-grid discretization. The main idea is to first
solve the nonlinear steady natural convection problem on the coarse grid, then to use
the coarse grid solution to fix the nonlinear terms, and to solve a linear problem on
the fine grid. Stability and optimal error estimates of the discrete solutions in both
one-grid and two-grid variational multiscale formulations are established. Finally,
some numerical examples are presented to verify the method'’s promise and testify
the theoretical predictions.

Keywords: natural convection problem; two-grid discretization; Oseen iteration;
variational multiscale method; error estimates

1 Introduction

The natural convection phenomenon is present in many real situations such as room ven-
tilation, double glass window design, etc. More importantly, it is behind the oceanic and
atmospheric dynamics. Let & C R? (d = 2 or 3) be a regular bounded open domain, we
consider the following steady natural convection problem:

—PrAu+ (u-V)u+Vp=PrRalT + y, C=elle], ing,

V.-u=0, in 2,

u=0, on 02, (1.1)
=V - (kVT) +(u-V)T = y,, in Q,

T=0, onl'y, 3£=0, onTy,

where Q is a bounded convex polyhedral domain, the unknown functions are the veloc-
ity u, the pressure p, and the temperature 7. e is a unit vector in the direction of gravi-
tational acceleration, y; and y, are known functions. # is the outward unit normal to €2,
and I'r = 9Q\I'g where I'g is a regular open subset of d€2. Pr, Ra, and k > 0 denote Prandtl
number, Rayleigh number, and thermal conductivity parameter, respectively.

The natural convection problem (1.1) is an important system with dissipative nonlinear

terms in atmospheric dynamics. This system not only contains the velocity and pressure,
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but also includes the temperature field, finding the numerical solution of problem (1.1) be-
comes a difficult task. For the research of the natural convection problem (1.1), there have
enormous works been devoted to the development of efficient schemes ([1-9] and the ref-
erences therein). For example, [3, 4] developed the mixed finite element method (FEM) for
problem (1.1). Cibik and Kaya [5] constructed a projection-based stabilization finite ele-
ment method. Galvin et al. [6] studied problem (1.1) with poor mass conservation in mixed
finite element algorithm for flow problems of large rotation-free forcing in the momen-
tum equations. Zhang et al. [7] developed the decoupled two-grid method. For the time-
dependent case, Benitez and Bermudez [9] considered a second order Lagrange-Galerkin
method. Boland and Layton [1] presented stability and error estimates for the Galerkin fi-
nite element spatial semi-discretization case. Manzari [8] used standard Galerkin FEM in
spatial discretization and an explicit multistage Runge-Kutta scheme in the time domain
for convection heat transfer problem.

It is well known that the small viscous problem is a challenge subject due to the sin-
gularity of the numerical solutions. As a result, much attention has been appealed to the
recent years. There are several numerical schemes have been developed for the simula-
tion of small viscous flows, such as the decoupled method [7], the variational multiscale
method [10-18], the defect-correction method [19, 20] and so on. Among them, the vari-
ational multiscale method is a popular numerical technique. This method is on the base
of the decomposition of the flow scales and definition of the large scales that is projected
into appropriate subspaces. In this work, we propose a new variational multiscale method
by defining the stabilization terms via two local Gauss integrations based on projection
operators. A significant feature of this new variational multiscale method is that the stabi-
lization terms are defined by the difference between a consistent and an under-integrated
matrix only involving the velocity gradient (and temperature gradient), rather than the
projection operator as used in the common variational multiscale method. This new vari-
ational multiscale method does not need to introduce extra variables and can keep good
accuracy. Zhang et al. have made some numerical examples in [21] to verify the efficiency
of this new variational multiscale method for problem (1.1), Shang [22] has presented an
error analysis of two level subgrid stabilized Oseen iterative method for time-dependent
Navier-Stokes equations. The main contribution of this work can be listed as follows. (1)
The theoretical analysis of new variational multiscale method based on two local Gauss
integrations for steady natural convection problem is provided. (2) A two-grid variational
multiscale Oseen iterative scheme for the steady natural convection problem is developed,
the corresponding error estimates are presented. Therefore, our work can be considered
as an extension and supplement of the existing results [18, 21, 22].

The paper is organized as follows. In Section 2, we present the notations and mathe-
matical preliminaries for the considered problem and finite element spaces. Based on the
elliptic projections of velocity and temperature, we formulate one-grid variational multi-
scale method, and apply the Oseen iterative scheme to linearize this nonlinear problem
in Section 3. Section 4 develops and analyzes a two-grid variational multiscale Oseen it-
erative method. Finally, some numerical tests are presented to testify the correctness of
the theoretical predictions and verify the effectiveness and efficiency of the developed
method.
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2 Preliminaries
2.1 Mathematical setting and basic results

The function spaces for the velocity u, the pressure p, and the temperature T are defined,
respectively, by

X= Hé(Q)d = {v e H'(Q)?:v=00n 3&2},

M=L3(Q) = {p e I*(2): (p,1)a = 0},

W={SeH(Q):S=00nT3},

V=Hyu(R)={veX:V-v=0in Q},
where the spaces L>(Q)™, m = 1,2, 3 are equipped with the standard L2-scalar product (-, -)
and L?>-norm | - [lo, H/(S2) denotes the standard Sobolev space with norm || - [|;. The space

X is endowed with the usual scalar product (Vu, Vv) and the norm ||Vul|o.
The weak form of (1.1) reads as follows: Find (u,p, T) € X x M x W such that

Pra(u,v) + c(u, u,v) + b(v,p) — b(u,q) = PrRa(T¢,v) + (y1,v),
ka(T,S) +c(u, T,S) = (y2,95),

for all (v,q,S) € X x M x W, where

a(u,v) = (Vu, Vv), a(T,S)=(VT,VS), b(v,q) =—(V-v,q),

c(u,v,w) = ((u- Vv, w) + %((V “u)v,w) = %((u Vv, w) - %((u -V)w,v),

G 7,5) = ((u- VT, 8) + 5 (V- 0)T,8) = 2 (6 VIT,8) 3 (- VIS, T).

1

2

The following lemma and theorem provide some important results for bilinear terms
a(-,+), a(-,-) and the existence and uniqueness of solutions for problem (1.1).

Lemma 2.1 (see [3]) Forall u,v,w e X and S, T € W, the following estimates hold.

|a(u,v)| < IVullolVVile,  |alwu)| = | Vull,

|a(T,S)| < IVT ol VSllo,  |a(T,T)| = IVTI,

e, v, w)| < N[ Vulo| VVllollVwllo,  |e(w,v,v)| =0,
e, T,S)| < NalVulloIV T ol VSllo,  [e(w, T, T)| =0,

- le(u,v,w)| - [e(,0,9)1
where Ni = SUPou,y,wex [watoivviovwlo @@ N2 = SUPouex040,y W TTalolvaloIvvTo "

Theorem 2.2 (see [3]) Under the condition

Pr! Pr

T
Ra At 1S T N2
2l + o e M- = o i

(2.2)
problem (1.1) admits a unique solution (u, T) and satisfies

IVullo < Prt Iyl + Rak ™ yall, IVTllo <k~ lyall (2.3)
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2.2 The finite element spaces
To introduce the finite element discretization of (2.1), we assume T*(R2) = {K} (here
w = H,h with H > h) to be a shape-regular triangulation of Q2 into triangles or quadri-
laterals (if d = 2), or tetrahedrons or hexahedrons (if 4 = 3) with mesh size 0 < i < 1. The
fine mesh 77(R) is found by a mesh refinement process of the coarse mesh. It is of worth
to mention that it is not necessary for our method, nor needed for the results of our con-
vergence theorems to hold. However, we assume the coarse and fine grids nested since
it will simplify our analysis substantially. Let X,, C X, M,, C M, W,, C W be three finite
element spaces associated with 7+(2) and satisfying the following assumptions.

(A1) Approximation. For each (u,p, T) € H*'(Q)? x HX(Q) x H**!(R), there exists an
approximation (7} u, p,p, 7 T) such that

|V (u=mpu) ]y < cullullias lp - pupllo < ci’llplls, (2.4)
IV(T=72T) |, <’ Tlhess 0<s<k, (2.5)

here and below, the letters c and C denote the general positive constants dependent at most
on the coefficients of the equations and the domain, but independent of the mesh size and
the iterative times m, furthermore, they are different at their different occurrences.

(A2) inf-sup condition. For the finite element spaces X,, and M, there exists a constant
B > 0 such that

(V : qu:,)
Bligullo< sup =

. Vg, €M, (2.6)
vueXvu0  1VVullo g :

It is noted that many mixed finite element pairs such as the Taylor-Hood element, the
MINI element, and the P5-P; element satisfy the above assumptions (Al) and (A2).
Set

Vi={v.€X,:(V-vu,q,) =0,Yq, € M, }.
It is well known that (see [10])

. 1\ .
vulg‘f/“ || Vv- VM)”O < C(l + E) V:lel)f(u ||V(v - V) YveV. (2.7)

0’

Under the above assumptions, the mixed finite element approximation of (2.1) reads:
Find a pair (u,,p,, T,) € X,, x M, x W, such that for all (v,,q,,S,)

iPm(uu, V) + c(uy, ty, vy) + bV, pu) — b(uy, q,) = PrRa(T, ¢, vy) + (v, v, (2.8)

k&(Tp,r S;/.) + E(u;u T/I.!S/,L) = (VZ: Sp,)

The following theorem establishes the existence and uniqueness of the numerical solu-
tions for problem (2.8) and provides the optimal L?-norm error estimates.

Theorem 2.3 (see [7]) Under the assumptions of (Al), (A2), and some assumptions as re-
gards the k,Pr,Ra, y1, y», problem (2.8) possesses a unique solution (u,,p,,, T,,) and satisfies

lu—wullo+ 1T = Tullo < Ci?, [V —wu)|y+ V(T =T, + lp-pullo < Cia.



Ma et al. Advances in Difference Equations (2016) 2016:85 Page 5 of 20

3 The variational multiscale method based on two local Gauss integrations
In this section, we shall first formulate the variational multiscale method, and then develop

the numerical scheme for the considered problem (2.1).

3.1 The variational multiscale method

Our variational multiscale method is based on two elliptic projection operators,
M : X — Ry = {ve Hy(Q)* :v|x € (P1)*,VK € E*(Q)},
2 : W — Ry = {S € Hy(R) : S|k € P,VK € E*(Q)},

which can be defined as follows (see [22]):

(VH}Lu, Vv)=(Vu,Vv), YueX,veR,,

(VI T,VS) = (VT,VS), VT eW,SeR,
and have the following properties:
IVIT u|, < | Vulo, VueX, [V |, <IVTlo, VT eW, (3.1)

where R; and R, are two spaces of polynomials of degree less than or equal to one.

1

Based on projections IT), and IT%, we define the following stabilization terms:

Gi(u,v) =y (V(I - TT})u, V(I - TT},)v), Vu,veX, (3.2)

Gy(T,S) =ar(V(I-TI2)T,V(I-TI7)S), VT,SeW, (3.3)

where a3, a5 > 0 are two user-defined stabilization parameters, typically chosen as o =
oy = O(w)® (here s > 0 is a constant related to the finite elements used for the discretization
of the considered problem).

Thanks to (3.2) and (3.3), the finite element variational multiscale method for problem
(2.1) reads as follows: Find (u,,p,, T),) € X,, x M, x W, such that

Pra(u,,v,) + c(u,, u,ve) + b, pu) — b(u,, q,) + Gi(u, vy)
=PrRa(T,¢,v,) + (Vi,vu), (3.4)
ka(T;u S;L) + E(uu: T;uSu) + GZ(T;U Su) = ()/2; S,u);

for all (vy,qu,S,) € Xy x My, x W,.

3.2 Stability and convergence of scheme (3.4)

The system (3.4) is nonlinear; it needs to be linearized in computations. A popular lin-
earization process is the one based on the Newton iterative method. However, it is well
known that the Newton iterative method is sensitive to the initial guess for the nonlin-
ear iterations, i.e., to guarantee the convergence of the Newton iterations, the initial guess
should be close enough to the solution (u,, T},). Here we use the Oseen iterative method
to solve (3.4).

From the definitions (3.2) and (3.3) of the projection operators IT, l'[i, we have

Gi(u,v) =y (V(I =TT, )u, V(I =TT}, ))

=1 (Vu, Vv) = (VIT,u, Vv), Vu,veX, (3.5)
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Go(T,S) = ar(V(I - T12) T, V(I - I17)S)

=ay(VT,VS) -y (VIT,T,VS), VT,SeW. (3.6)

By applying the Oseen iterative method to the nonlinear problem (3.4) and thanks to
(3.5) and (3.6), we develop the variational multiscale Oseen iterative scheme for the natural
convection problem: Find an iterative solution (u),, p), T);) € X, x M, x W), such that
(Pr+an)a(uy, v,,) + c(u ™ ull,v,) + b(va,’i) b(ul,,q,.)

= PrRa(T”g', V) + (i, ve) + al(Vl'Il Uy, VVM) (3.7)
(k+ 012) ( w pL) + C(un ! Tn pL) = (VZ:S;L) + O[Z(VH/ZLTs l: VS )
for all (v,,, gy, Sy) € X, X My, x Wy, n=1,2,..., with uf), =0, T =

Throughout this paper, we assume that p is small enough such that the iterative scheme

(3.7) is convergent. In order to keep notation brief, we define

A=Pr |yl + Rak Yyl B=k "yl
Theorem 3.1 The iterative solution (u),, T);) defined by (3.7) satisfies

”Vu"

Wo=4 IVT:|,<B Vvn=z1 (3.8)

Proof Let S, = T}, in the second equation of (3.7), we have

(k+02)a(T}, T) = (v2, T)) + o (VI TS, VT,

w’ wep?

We use the Cauchy-Schwarz inequality and (3.1) to obtain

(k+0l2)||VT,ZH <llyall-1 + o || VIT2 T2 1||0 <lrl- 1+052||VT’Z‘1||0.

no R

When n =1, we get

k+a)| VT, |, <llvalla = VT, < ||J/2|| 1 <kl

0= ktay

which shows that the second inequality of (3.8) holds for # = 1. We now assume it holds
for n =] and prove it holds forn =] + 1,

(k+a)|[VT |, < 2l + e | VT |, < K7k + ) 2]l

lo

As a consequence one finds
VT, < & Hlyalla (3.9)
Taking v, = u}, and q,, = p}, in the first equation of (3.7), and using (3.1), we obtain

(Pr+on) | Vu Il + o ||anuf;1 ||0 +PrRa T ||_1

ilo=

< lyilla +on| Vil |, + PrRak™ ] .
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Due to the facts that «; > 0 and ”2 = 0, we know that (3.8) holds for # = 1. Assume that
the first inequality of (3.8) holds for 1 = J. Taking (v,.,,) = (], p/}') € X,, x M, in the
first equation of (3.7) with n =] + 1, we get

(Pr+ay) | Vit |, < Il + ea || Vad, ||, + PrRak  lya

AR
<llyillz1 + aa(Prt yll-s + Rak™Hlyzll-1) + PrRak™ 1yl

Pr+oy
<

Ivallor + (Pr+an) Rak™ [l yal| .

Consequently, we obtain
IV, <Pt iyl + Rak™ [yl

which with (3.9) completes the proof. d

Theorem 3.2 Assume that (u,T) is the nonsingular solution to the natural convection

problem (1.1), oy and oy tend to zero as y tends to zero. Under the condition of
Pr+20; — 2N1A — 2(k + a3) ™' - PrRaN,B > 0, (3.10)

there exists jLo > 0 such that for all u < o, the solution (u), p),, T};) of (3.7) satisfies

S el V(- u),

inf ||V(u i) ||0

3 PrRaN,B
<C(B) Pr+a1+2N1A+ T LS
ue

k+0[2

d inf |p—Aullo +20mA + (N1A+ W)”V(uz—uﬁl) lo

mam k+(¥2
s PrRa(2k + 20y + NyA) nf ||V(T— T)”o s 2PrRawyB (3.11)
k + oty Tew, k+ay
d
||p—pZ||0§<§ +1> 1nf Ap =2 ||0+ﬁ(Pr+a1+2N1A)||V(u ),
+%A||v<uz—uz-l>||o 2RIl )
Y 2k + 205 + NoA | N»B Y
||v<T—TH>||0_h—zazzfenvgu||v<r-n||o L=,
200B
MR R (313)

k + 0oty
Here i, \,,, and T are the approximations of u, p, and T in X, M., and W, respectively.

Remark 3.1 As the velocity u and temperature T are coupled in system (2.1), the error

estimation for T — T} is coupled with the error u — uj;.
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Proof Setting (e, n,,¢;;) = (u — uj,p — p,,, T — T);) and subtracting (3.7) from (2.1), we
obtain the following error equations for the variational multiscale Oseen iterative scheme:

(Pr+a1)(Vell, Vvy,) + clu,u,v,,) = cul ™ ult, v,) + b(vi, ) — b€, q,.)

= PrR_a(qbZ{, V) :I— o (Vu, VV”_) - otll(Vl'I}LuZ-l, V), (3.14)
(k +az)a(gy, Su) +c(u, T, S,) —cluy, Ty, Sp)
=ay(VT,VS,) - ar(VIL, T/, VS ),

for all (v, qu,Syu) € X,o x M, x W,,. Taking v, € V,, and g, = 0, we get for any A, e M,

(Pr +o¢1)(VeZ, VVM) +clu,u,vy,) — c(uZ’l, ”Z'Vu) —(V-v,p-2,)

=PrRa(¢/;¢,v,) + aa(Vu, Vvy,) — o (VIT, i, V). (3.15)
Splitting e}, = p1 — &/ into p1 = u — u and &} = uj, — u, u is an approximation of % in V,,
splitting ¢}, = py — ¢}, with py = T — T and e, =T)~- T, T is an approximation of T in W
noting that

c(u,u,vy) — el ul,v,)

=c(uu—ul, +ull,v,) - c(ul"[l, ulh,vy)

= c(u, eﬁ, Vu) + c(e:’u uZ, Vu) + C(”Z - u:‘[l, uZ, Vu)

= C(Lt, P1, V;L) - C(M, 5:; V;/.) + C(pb Mﬁ, V,u)

— (& ull, ) +c(u —ul 7 ull,vy). (3.16)
In the same way, we have
&, T,S,) —c(uy ', T, S))
= c(u, p2, S) — (€, S,) + 2(efs, T11, Sy) + ey — ), T, S)) (3.17)

From the second equation of (3.14), one finds

(k +2)(Vey, VS,) = (k+a2)(V o, VS,) + e(w, T, Sy,) - ¢(u, T, S,.)

+ay(VIT T, VS,) — aa(VT, VS,).

We take S, = ¢}, using (3.17) to obtain

(k + Olz)(VSZ, VsZ) =(k+ otz)(V,Oz, Veﬁ) + Z(u, 02, s”) + E(eﬁ, TZ, eZ)
- -1 2 -1
+ C(”Z —u), T;’,ez) + az(VHMT;’ , VeZ) —a(VT, VsZ).
Thanks to Theorem 2.2, (3.1) and Theorem 3.1 we derive that

(k+ )| Vel ||, < (k+ a2 + N A) Vs llo + NaB|| Vel |

+NoB|V (), — u ") | + 2002B.
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With the help of the triangle inequality one finds

(k+ )| Vo, < (2k+2as + N2 A) Vs llo + NoB|| Vel ||,

+N23HV(uM - uﬂ_ )||0 + 2a0B.

We can get the error estimation (3.13) for 7'~ T}; by taking the infimum over W,,.
Now let us to prove (3.11). The applications of (3.15) and (3.16) lead to

(Pr+a1)(VE), Vv,,) = (Pr+an)(V oy, Vv,) + c(u, pr,vy) — c(u, &), v,,) + e, v,0)
— (& uly,vy) + c(u) — w7 uly, v, ) — Pr Ra()¢,v,)

—o1(Vu, Vv,) + al(VHIL uy, LVv) = (Vo v,p =)

Taking v, = £/}, we get

(Pr+ay)(VE), VE)
= (PI' +a1)(vp]r Vf”) + C(I/l, 01, g:) + C(pl: u:i’ 5:) - C( ;Z: I/l:i, %—;Z)
+c(u —u ' ull, £) — PrRa(¢)1¢,£))) — o (Vu, VE])

+ay (VIT w7, VED) = (V- £l p — M)

u#’

Thus

(Pr+an) [ V&7

< (Pr+ay + Nil|Vullo + Ny || Vi,

i1V otllo + N[ Vad o[V (s, = 7)

lo

+ PrRa||V¢” ||0 +a1||Vullo + g HVI'I1 n= 1||O
+N ”Vuu ”0 ”V‘su ”0 + \/_Ilp = Aullo
Making use of Theorem 2.2 and Theorem 3.1, we obtain
(Pr+an) | VEL||, < (Pr+ay + 2NA)[Vrllo + NA| V () — 7Y |
+PrRa|[Ve! | +20mA + NiA| VEL |, + Vdllp = Apllo- (3.18)

To complete the proof, the bound (3.13) is inserted into the one of (3.18), this gives

(Pr+oa) | V]
< (Pr+ag + 2N A)[[V pillo + NiA |V (), — ) |, + 2004 + NLA | VE] |

2k+§0[2 +N2A inf ”V(T T ||0
+ Q) TeW

+ \/6_1||p—)»,t||0 +PrRa[

N>,B
k+ [03)

o N, B e 200B
L | =y
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thus
PrRaN,B n
Pr+o; — N;A - W ”Vsu ”o
PrRaN,B PrRaN,B B
=< (Pr+oe1 +2N1A + k+—az> IVorllo + <N1A + ?OQZ) ||V(”Z - uZ 1) ”0

+200A +Vd|p -1l

PrRa(2k + 2ay + N> A)
+
k+ Oy

inf V(=T 2, (3.19)
TeW, + 0

Under the condition of (3.10) we find that

1 1
EPrH ver|, < 5 Pr([Voullo + | V&)

PrRaN,B

3
<(=P 2N A
_(2 r+op + 1A+ k+(x2

)||Vp1||o+ﬁ||p—xﬂ||o

2PrRaoyB
+2000A+ ——— + | NJA +
k+ oy

Pr RaN,B
k+ oy

)90 -l

PrRa(2k + 25 + N> A _
, PrRa@k+2a; + Nod) -, |v(T-T)],. (3.20)
TeW),

k+0[2

Taking the infimum over & € V),, A, € M,,, and using (2.7), we get the required result
(3.11).

Now, we present the convergence of p — p};. Letting A, be an approximation of p in M,
and setting p —p), = p-Au) - (pﬁ — Ay), from the first equation of (3.14) and (3.16) we get

(V- Vi Py = )‘M)

=(V-vp =) = Pr+an)(Vel, Vv,) —c(u, €, v,) — (€], ul),u,)

_ c(u/’i - u/’i’l, uly, v.) + o1 (Vu, Vv,) - al(VHLuZ’l, VVH) + PrRa(qﬁZ;, Vu)

<[Vdllp - xullo + (Pr+ay + N[ Vullo + Ny |Vt ] )| Vel

il Vel + PrRaf V],

+ Ny |Vt || |V (e = i) |+ ea (Vo + [ Ve ) ]IV vl

lo "

which together with the inf-sup condition and the bounds of || Vul||o, ||Vul"[1 llo, Va4, llo
yields

Bl =2l
<Vdlp-nullo + (Preas + Nil|Vullo + N || Vi | )| Vel ||,
+ N[V [ [V (), =) g + ea(IVullo + [V | ) + PrRa| Vi |
<Vd|lp - rullo + (Pr+on + 2N A) |V (u— ) |,

+ NiA|V (), — u") |, + 2004 + PrRa|| V(T - T7})

w ||0

Using the triangle inequality and taking the infimum over X, € M,,, we finish the proof.
O
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Corollary 3.2 Under the condition of Theorem 3.2, the solution (u},, p},, T);) € X, x M, x
W, defined by (3.7) satisfies

[V @=wi)lo+ lp=pilo+ V(T -T0)],
<cu’ + Gy + Crary + G| vV (ul, - ul’fl) ||0.

Remark 3.3 Corollary 3.2 shows that to ensure a good approximation, the variational

multiscale Oseen iterations should converge sufficiently. Moreover, the estimator suggests

the choice of the stabilization parameters o; = O(1*) and ay = O(®) which ensure optimal

convergence.

4 Two-grid variational multiscale method

Combining two-grid discretization strategy with the variational multiscale Oseen iterative
method presented in the previous section, we develop the two-grid variational multiscale
Oseen iterative method as follows.

Step 1. Find a coarse grid iterative solution (u}}, pf;, T7;) € X x My x Wy such that

(Pr+an)a(ufy, vi) + c(ufi ™, ullt, vir) + (v, piy) — b(ufy, qr)
=PrRa(TH¢,vir) + (v, v) + ea (VITLuli ™Y, Vivy),
(k + a2)a(Ty, Su) + cup™, TH, Su) = (v, Su) + aa(VIIZ, T, VSy),

for all (vy,qu,Sy) € Xy X My x Wy, n=1,2,...,m, and u?{ =0, Tg =0.
Step 2. Find a fine grid solution (4, pumn> Tn) € Xn X My x W), such that for all
(Vi G Sn) € X X My x W,

Pra(un, vi) + Uy, Wnns Vi) + C(Umns Uy, Vie) + 6Viy Prun) — (s, 1)
=PrRa(T &, vi) + (1, vi) + cugy, ugy, vin), (4.1)
ka(T s Sn) + Wty Toun> Sp) + (s Ths Sh) = (v2, Si) + ey, T1Y 5 Sh).

Remark 4.1 In our two-grid method, stabilization is only employed for the coarse grid
nonlinear problem, while the fine grid linear problem is a standard one-step Newton lin-
earization. Therefore, Pr, Ra, k should be in the range such that the standard linear prob-

lem on the fine grid is nonsingular and solvable.

Remark 4.2 The numerical algorithm (4.1) is a full linearization problem based on the
Newton iterative scheme. Similarly, based on the Oseen iterative scheme, we can develop
the following partial linearization problem: Find a fine grid solution (¢4, P> Tyun) € X X
My, x Wy, such that for all (vy, g3, Sy) € Xy, x My, x W,

Pra(un, vi) + ¢y, Wouns Vi) + b(Vis Pran) — B q1)
=PrRa(T,unl,vi) + (1, Vi), (4.2)
ka(Tun, Sn) + @), Toun» Sn) = (Y2, Sn)-

Theorem 4.1 Assume (i1, )y, T) be an approximation of (u,p,T) in X, x My, x Wy,
under the conditions of Theorem 3.2 and %Pr—NlA — k'PrRaN,B > 0. The solution
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(@m> P> Trn) defined by scheme (4.1) satisfies

1
5 Pr||V(u - Mmh)”()
<C(B) (§ Pr+2N;A + PrRa k-1N23> inf |[V(u-m)|,
2 ueXy
#Vd inf llp =l
+ (N1 ||V (e = ufy)

+PrRak™'N, | V(T = T77) || )|V (e — ufy)

lo lo

+PrRak™ (2k + NoA + No ||V (u — uy) ||0) Jinf | V(T - T)
TeW),

0’

Vd 1
_ <(1+X2) inf Jp-2 —(Pr+2N A) | V(1 —
lp th”0_< + g )Ahlth Ip h||0+ﬂ( v +2N1A) | V (s = s |

PrRa
B

V(T = To)

N;
+F1||V(u—u§_"1)||z+ 0’
HV(T_Tmh)Ho

< k’1(2k + NLA + N, ”V(u - uﬂ) Ho) Tinvi; ”V(T— T) ”0
€Wy

+ K NoB| V0t = ) | g + KN [V (e = aa) | o[V (7 = T57) | o

Page 12 of 20

(4.4)

(4.5)

Proof Setting (e, N> Pm) = (U — Uy, p — Pai» T — Trpp) and subtracting (4.1) from (2.1), for

all (vi,, qi, Sp) € X x My, x W), we have

Pr(Vey, Vi) + c(u, 1, viy) — e, hnn, Vi) — i ufs Vi) = (V- Vi P — Ponir)

+ (V * €m» qh) = PrRa(‘bm;: Vh) - C(u;-np M;—?! Vh)’
/((V(pm) VSh) + E(uv T, Sh) - E(”Z1 Tmh; Sh) - E(”ml’n T]t[nr Sh)
= —c(ugy, Tr}, Sn).

(4.6)

The remainder of the proof follows that of Theorem 3.2. Let (i, A, T) be an approximation

of (u,p, T). By limiting v;, € V}, splitting e,, = x1 — ¢ With x1 = 4 — &, ¢y = Uy, — %, and

splitting ¢,,, = x2 — ¥ with xo = T — T, Yy, = T,y — T, the trilinear terms transform into

(1, vi) = (U, thys Vi) = (Wpmir W31, Vi) + c(uﬁ, uyj, vi)

= c((u - u;f,) +ujl, u, vh) - c(u;’}, Uiy vh) + c(u = Uy Urps vh) - c(u —ufl, uy, vh)

= c(em uf, vir) + c(uf] e vi) + c(u — uff, u — ulff, vy).
In the same way, one finds

E(u, T, Sh) - E(ulr_n[, T Sh) - (_J(Ltmh, T;_[", Sh) + E(uﬂ, Tlr_[", Sh)

= ¢(tt, Pn» Sn) — (6 — uf], s S) + (e, Thy» Sn) + ¢(u — ulff, T — T}y, Si).

(4.7)

(4.8)
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Inserting (4.7) and (4.8) into (4.6) we get

Pr(Ve,, Vi) + clen, uf}, vir) + c(u}f, em, vin) + c(u — ulfl, u — ulj, vy)
—(V-vi,p—pmn) + (V- e, qn) = PrRa(p, ¢, vp),

4.9
k(v¢my VSh) + Z(u’ d)mvSh) - E(M - ujm-p ¢my Sh) + E(emy T]Zly Sh) ( )
+cw—uy, T-T7,S,)=0.
Setting Sy = ¥, the second equation of (4.9) can be written as
k(N Y, Vi)
= k(VXZ’ th) + E(Lt, Om> 1;[fh) - E(u - ujrfl[» Dm> 1/fh)
+ (e Tpfs W) + c(u—ulff, T = Tr, ¥n)
= k(VXZ) th) + E(M, X2 Wh) - Z(M - uzr X2 V/h)
+ (e Tpps W) + (u —ulff, T = T1, ¥n),
as a consequence we derive that
KIVYnllo < (k + NollVallo + Na ||V (= up) | ) IV x2llo + Na | VT3 [ I Venllo
+No |V (=) [ o[ V(T - T) |
< (k+NoA + No | V(= ) [ ) I Vx2llo + NaB| Vel
+ No |V (= 2) [ [V (T = T7) [ (4.10)

Applying the triangle inequality, and taking the infimum over W), we obtain the proof
(4.5).

Now, we present the error for u — u,,;,. Setting v, € Vj, and g, = 0, the first equation of
(4.6) can be written as

Pr(Ven, Vvi) = Pr(V x1, Vi) + c(em, uff, vir) + c(uf], €m, vi)

+ c(u —uf,u—uf, vh) —(V v, p— ) = PrRa(¢,,¢, vp).
Taking v;, = ¢y, which leads to

Pr(V o, Vo) = Pr(V x1, Vou) + c(em uff, on) + (1, x1,@n)

+ e — ujp,u—uyt, on) = (V- @ p = Ai) = PrRa(@m, 1)
Using Theorem 3.1 we obtain
Pr(Vullo < (Pr+2Ny | Vet | VIV xallo + Na| V (e — )| 2
+ PrRa | Veyllo + Vellp = hllo + Na | Vi oIV ulo

< (Pr+2NA) |Vl + Ny |V (1 — 262) |

+ PrRa [|Véyullo + Vdllp = hllo + NuA[ Vegyllo. (4.11)
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Inserting (4.5) into (4.11) to derive that

2
Pr (| Veullo < (Pr+2N1A) [V xallo + Ni ||V (u = ufy) |y + Vdllp = Anllo + NiAl Venllo

+ PrRa[k’1 (2k +N>A + N, ||V(u - u,’?) Ho) _inf ”V(T - T)”O
TeW),

+ KN B Y (1 = ) + KN |V (1= 65) [ |9 (T = 7))

< (Pr+2NiA + k' PrRaN>B) |V xullo + Ni | V (u — uf}) ”(2) +Vdlp=2allo
+ (N1A + k™ PrRaN2B) [ Vullo
+ k' PrRaN, ||V(u - ulrg) ”0 HV(T - Tlrin) ”o

+ k' PrRa(2k + NoA + N | V (1 — ufy) ||0) Tinvi; |v(T-T) ”0'
ewy,

Under the assumption of Theorem 4.1 one finds

1
5 Pr(|Vepullo < (Pr+2NiA + k' PrRaNoB) |V xa llo + Ni | V (1 — ) ||§

+Vd|lp =l + kK PrRaN ||V (u— ) |, | V(T - T1) |,

+ k' PrRa(2k + NoA + No ||V (u — ufy) Ho) Jinf | V(T - T)”O,
TeW),

Thanks to the triangle inequality and (2.7), and taking the infimum over (i, ;) € X, X My,
we finish the proof of (4.3).
Finally, we take g5, = 0 in the first equation of (4.6) to derive that
(V- Vi, P — i)
= (Vv p = An) = Pr(Ven, Vvi) — c(em, ul, vir) — (], €m vi)
—c(u — ulfy, u— ufj, vi) + PrRa(gms, vi)
<[Vdllp = rnllo + (Pr+2N1 | Vi | ) I Vemllo + Ni ||V (e — uf) Hﬁ

+PrRa | Veullo ]I Vvalo,
which combining (2.6) with Theorem 3.2 yields

Blpwi = rillo < Vdllp = Mullo + (Pr+2NiA) | Ve o

+ N ||V (=) |5 + PrRa | Veyllo,

by using [|p — pmnllo < [1Pmn — Anllo + lp = Anllo we have

Vd 1
lp = pmnllo < (1 + —> lp = Anllo + E(P”leA) IV @ = wm)],

B
N; PrR
+ IV lg+ =5 VT =T

We derive the error estimation (4.5) by taking the infimum over A, € Mj,. d
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5 Numerical experiments

In order to gain insights on the established theoretical results of one-grid and two-grid
variational multiscale methods for the natural convection problem in Sections 3 and 4,
we present two numerical examples in this section. Our main interests are to verify the
orders of convergence and compare the performances of different numerical schemes. For
comparison, the numerical results of the standard Galerkin FEM (2.8) are also provided. In
all experiments, the steady natural convection problem is defined on a convex domain Q =
[0,1] x [0,1] and the variational multiscale parameters a; = s = 0.14%. The mesh consists
of triangular elements that are obtained by dividing 2 into subsquares of equal size and
then drawing the diagonal in each sub-square. The software FreeFEM++, developed by
Hecht et al. [23], is used in our experiments and the linear solver UMFPACK is adopted
in our program. All numerical experiments reported in this paper were performed on a

PC with a core process (i5-3210M) and 4GB of random access memory.

5.1 An analytical solution: convergence validation

In this test our purpose is to verify the theoretical results of Theorems 2.3, 3.2, and 4.1
which have been established in Sections 3 and 4, respectively. The model parameters Pr,
Ra, and k are simply set to 1, the functions y; and y, are given by the following exact
solution:

uy = 10x%(x — 1)2y(y = 1)(2y - 1),

uy = —10x(x — 1)(2x — 1)y2(y — 1)2,

p=102x-1)(2y - 1),

T =10x2(x — 1)%y(y — 1)(2y — 1) = 10x(x — 1)(2x — 1)y (y — 1)%,

where the components of u are denoted by u; and u; for convenience.

In order to show the prominent features of the two-grid variational multiscale Oseen
iterative scheme (4.1), we compare the numerical results of one-grid variational multi-
scale scheme (3.7) and the standard Galerkin FEM (2.8). We consider the second order
discretization, where the Taylor-Hood element is applied to approximate the velocity and
pressure; the piecewise quadratic element is used to simulate the temperature. In this case,
the orders of convergence of velocity in H' norm, pressure in L? norm, and temperature
in H' norm should be 2. In the following test, we will verify these orders of convergence.
Il - llo denotes the L?>-norm and ||V - ||¢ is the H'-semi-norm.

In Table 1, we show the relative errors of the standard Galerkin FEM (2.8) between the
exact solution and the numerical approximations. As observed from Table 1, the contrac-
IVw-up)lo IV(T=Tillo 4nq IIP‘—tho become smaller and smaller as the

IVullo 7 1IVTlo Ipllo
mesh is refined, and the orders of these relative errors are around i as the mesh is refined

tion factors of errors

once.

In contrast, we show the errors between the exact solution and the numerical solutions
of both one-grid and two-grid variational multiscale Oseen iterative schemes (2.8) and
(4.1) in Tables 2-3, respectively. We observe almost no differences when comparing the
errors in Tables 2-3 with the same mesh sizes 4 = %, é, %, %, %, % with H = v/h. From
these data we can see that the one-grid and two-grid variational multiscale schemes retain
the same order of accuracy with second order discretization as the standard Galerkin FEM.

Finally, we compare the CPU time among different algorithms in Tables 1-3. From these

tables, we can see that the two-grid variational multiscale Oseen iterative method (4.1)
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Table 1 The errors of standard Galerkin FEM (2.8) for the steady natural convection equations

IV(u-up)lio

lp-phllo

IV(T-Th)llo

1/h TVallg Rate Tello Rate VTio Rate CPU(S)
4 0.166184 - 0.0485766 - 0.0962482 - 0.066
9 0.0354715 1.90444 0.00956673 2.00369 0.0211698 1.86743 0.305
16 0.0114207 1.96978 0.00302598 2.00057 0.00682614 1.96713 0.977
25 0.00470301 1.98792 0.00123938 2.00012 0.0028114 1.98789 2503
36 0.00227273 1.99434 0.000597686 2.00003 0.00135839 1.99453 5.081
49 0.00122789 1.99702 0.000322615 2.00001 0.000733861 1.99718 9.981

Table 2 The errors of variational multiscale method (3.7) for the steady natural convection

equations
1/h IV tu-up)lg Vﬁlgn:fo) lo Rate "p"_:lf'o"" Rate IVT-Th)llg VJ;_T'{,O) lo Rate CPU(S)

4 0.166197 - 0.0485818 - 0.0962482 - 0.08

9 0.0354721 1.90451 0.009566804 2.0038 0.0211698 1.86743 0.283
16 0.0114203 1.96981 0.00302599 2.00059 0.00682614 196713 0.901
25 0.00470303 1.98793 0.00123938 2.00012 0.0028114 1.98789 2.207
36 0.00227273 1.99434 0.000597686 2.00003 0.00135839 1.99453 4682
49 0.00122789 1.99703 0.000322615 2.00001 0.000733861 1.99718 8.804

Table 3 The errors of two-grid variational multiscale method (4.1) for the steady natural
convection equations

IV (u-up)llg

llp-ppllo

IV(T-Tp)llg

1/H 1/h Vil Rate Tollo Rate vTlo Rate CPU(S)
2 4 0.166184 - 0.0485766 - 0.0962505 - 0.044
3 9 0.0354715 1.90444 0.00956675 2.00369 0.0211715 1.86736 0.143
4 16 0.0114202 1.96978 0.00302598 2.00057 0.00682667 1.96713 0.393
5 25 0.00470301 1.98792 0.00123938 2.00012 0.00281136 1.98788 0915
6 36 0.00227273 1.99434 0.000597686 2.00003 0.0013585 1.99451 1.834
7 49 0.00122789 1.99702 0.000322615 2.00001 0.000733929 1.99716 3.390

uses less time than the numerical schemes (2.8) and (3.7). From the above tables, we can
see that the two-grid variational multiscale Oseen iterative method shows a good perfor-
mance for the steady natural convection equations due to this scheme not only keeping a

good accuracy but also taking the least computational cost.

5.2 Thermal driven cavity problem

The problem of thermal driven cavity is used as a suitable benchmark for testing the nat-
ural convection problem in the literature. The simplicity of the geometry and the clear
boundary conditions make this test attractive. The domain consists of a square cavity with
differentially heated vertical walls where the right and left walls are kept at 7, and T7, re-
spectively, with 7, > T;. The remaining walls are insulated and there is no heat transfer
through them. The boundary conditions are no-slip boundary conditions for the veloc-
ity at four walls (z = 0) and Dirichlet boundary conditions for the temperature at vertical
walls. As the horizontal walls are adiabatic, we employ % = 0. Figure 1 shows the physical
domain of the thermal driven cavity flow problem. In this test, we follow the parameters
set by Cibik and Kaya in [5] and take k =1, 5 = 0, T; = 0, and 7, = 1. While we consider the
air as the cavity filling fluid in our model, we take the fixed value Pr = 0.71. We perform
our computations for a Rayleigh number varying from 103 to 10°. The performance of the
two-grid variational multiscale method (4.1) is compared with the famous benchmark so-
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041 :
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Adiabatic,u=0
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0 0.2 0.4 0.6 0.8 1
Figure 1 The physical domain with its boundary conditions.

lution of [24] and some other authors such as Cibik and Kaya [5], Manzari [8], and Wan
et al. [25]. We also present the results of the standard Galekrkin FEM (2.8) where we keep
the same mesh sizes for the two-grid variational multiscale method (4.1) and the one-grid
variational multiscale method (3.7). Numerical simulations are obtained on the uniform
grid 64 x 64. The mesh sizes of two-grid algorithms are H = % and 4 = 6—14.

We start our illustrations by giving peak values of the vertical velocity at y = 0.5 and the
horizontal velocity at x = 0.5. Table 4 summarizes the maximum vertical velocity values at
mid-height and at mid-width for different Rayleigh numbers. We use SGFEM, OGVMM,
TGVMM to denote standard Galerkin FEM, one-grid, and two-grid variational multiscale
methods, respectively. For quantitative assessment, we include those velocity values ob-
tained by [5, 8, 24, 25]. As can be observed, as the Rayleigh number takes values 10® to
10, the results of two-grid variational multiscale Oseen iterative method are in excellent
agreement with the benchmark data even at coarser grid H = %.

Next, we present the vertical and horizontal velocity at the mid-height and mid-width in
Figure 2. It is obvious that as the Rayleigh numbers increase, the differences in the profiles
provided in Figure 2 are getting larger. These profiles are also comparable with a similar
one in [5, 25]. Combining with Table 4, we can see that the two-grid variational multiscale
Oseen iterative method is in good agreement with [5, 8, 24, 25].

Finally, we show the isotherms and streamlines of natural convection problem with the
two-grid variational multiscale Oseen iterative scheme (4.1) at different Rayleigh numbers.
We present these patterns in Figures 3 and 4. It is clear from the streamline pattern that,
as the Rayleigh number increases, the circular vortex at the cavity center begins to deform
into an ellipse and then breaks up into two vortices tending to approach to the corners of
differentially heated sides of the cavity. Therefore, we can conclude that the flow is faster
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Table 4 Comparisons of maximum velocity at y = 0.5 and x = 0.5 with different methods
(h=g5.H=3)

SGFEM OGVMM TGVMM Ref. [8] Ref. [5] Ref. [24] Ref. [25]
Ra=10°
x=05 3.6487 3.64869 3.64902 3.68 - 3.65 3489
y=05 3.69729 3.69777 3.69732 3.73 - 3.70 3.686
Ra=10*
x=05 16.18 16.1815 16.1928 16.10 15.90 16.18 16.122
y=05 19.6244 19.6317 19.6381 19.90 19.91 19.51 19.79
Ra=10°
x=05 34.7186 34.8201 34.7183 34.00 33.51 34.81 33.39
y=05 684705 68.5433 68.5738 70.00 70.60 68.22 70.63
1 : : & 1 ‘ — o ‘ ‘
- A Ra=1000
091 o 2:;3880 0.9r g% —6— Ra=10000 |1
05l Ra=100000 ol Fory —#— Ra=100000| |
07r 07t
06f 0.6f
%05 % osf
> x
0.4¢ 0.4t
03r 03t
02r 0.2t
0.1 01t 5 ]
% 0 20 -0 6 10 2 0 4 % %0 0 20 o 20 40 60 80
v-velocity u-velocity
(@) (b)
Figure 2 Comparison of velocity at the mid-width with different Rayleigh numbers. (a) vertical velocity,
(b) horizontal velocity.

(a) (b) © ()

Figure 3 The streamlines of two level variational multiscale method for natural convection problem.
(@) Ra=10% (b) Ra=10% () Ra=10°, (d) Ra=5 x 10°.

as the thermal convection is concentrated. With the increase of Rayleigh numbers, the
parallel behavior of temperature isolines is distorted as these lines seem to have a flat
behavior in the central part of the region. Near the sides of the cavity, isolines tend to be
vertical only. The temperature slopes with Ra = 5 x 10° at the corners of the differentially
heated sides are more immersed than the case of lower Rayleigh number. We note that
these graphics are also perfectly comparable with the ones given in the investigations of
[5, 8, 24, 25]. Both the data and the graphics show the efficiency and effectiveness of the

two-grid variational multiscale method.
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(@ (b) (© ()

Figure 4 The isotherms of two level variational multiscale method for natural convection problem.
(@) Ra=10% (b) Ra=10% () Ra=10°, (d) Ra=5 x 10°.
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