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Abstract

The purpose of this article is to study the convergence of a low order finite element approximation for a natural
convection problem. We prove that the discretization based on P; polynomials for every variable (velocity, pressure
and temperature) is well-posed if used with a penalty term in the divergence equation, to compensate the loss of an
inf-sup condition. With mild assumptions on the pressure regularity, we recover convergence for the Navier-Stokes-
Boussinesq system, provided the penalty term is chosen in accordance with the mesh size. We express conditions
to obtain optimal order of convergence. We illustrate theoretical convergence results with extensive examples. The
computational cost that can be saved by this approach is also assessed.

1 Introduction

The finite element method was proved to be very effective for the numerical simulation of Phase Change Materials,
described by Navier-Stokes equations supplemented with Boussinesq approximation for natural convection and an
enthalpy model for the evolution of temperature. A common approach is to use a single domain method [1, 2] for the
momentum equation. Projection schemes [3] or Newton based algorithms [1, 4] have been shown to give accurate
results. Enthalpy models have been proven to be suitable for phase change, even with different thermophysical
properties between the two phases, especially when combined with adaptive mesh refinement [5, 6].

The use of Taylor-Hood finite element for the velocity-pressure unknowns ensures convergence of the method [7].
The stability of the scheme is dictated by the inf-sup condition. Indeed, when this condition is uniformly satisfied at
the discrete level, the well-posedness of the underlying problem is ensured. As a result, the pressure does not exhibit
spurious modes. A large number of finite elements have been proven to satisfy the inf-sup condition, for instance
the classical Taylor-Hood element. The lowest equal-order finite element P;-P; pair does not satisfy this condition:
the finite element space for the velocity is not rich enough to control the spurious pressure mode. Apparition of
unphysical pressure oscillations has been highlighted in [8, section 5.2.5]. Several methods have been introduced
to neutralize spurious modes. One of the commonly employed consist to enrich the velocity space in adding one
degree of freedom per element, associated with the barycentre of the element. This new finite element, called Py,
can be used for many different equations. In order to avoid the instability problem related to the choice of P;
finite element for the velocity, several methods induce smaller discrete spaces for the pressure unknown and/or use
an additional stabilization: projection stabilization [9, 10], the stabilization based on two local Gauss integrations
[11, 12], symmetric pressure stabilization [13], and many others. This paper focuses on the stabilized finite element
method based on minimal pressure stabilization procedures introduced by [14]. The aim of the study is to estimate
the effect of changing the discrete problem to a penalized problem and get corresponding a priori error estimates.

There exists a vast literature on error estimations for Navier-Stokes equations. Error estimates for the Stokes problem
in a bounded smooth domain with slip boundary condition have been established [15], using P;-P; or Pj,-P; finite



element approximations and an additional penalty method on the boundary conditions. Estimation of the optimal
order of convergence for the velocity and the pressure for the time-dependent Stokes equation with discrete inf-sup
stable virtual space for k¥ > 2 and non-divergence free is analysed in [16]. Several pressure stabilizations are studied
in [17], with error analysis of time discretization schemes for corresponding Navier-Stokes equations.

The natural convection problem has been analysed using a Backward Euler and a fully Crank-Nicolson scheme with
a variational multi scale method and a stabilized term. Both schemes were proven to be unconditionally stable. Error
bounds were derived for a finite element space discretization satisfying the inf-sup condition [12]. The stability of
a finite element approximation scheme with inf-sup condition for phase change problems has been assessed in [18].
Assuming standard hypotheses on the discrete spaces, existence and stability of solutions of the Galerkin scheme
associated to Navier-Stokes-Boussinesq equations can be obtained [19]. Corresponding Cea’s estimate for smooth
solutions can also be derived. The use of mini element Pj;-P; pair was analysed in [7]. A priori error estimates were
derived for first and second order (in time) numerical schemes. Error bound using P;- P; pairs with (I > 1) have been
established with different pressure stabilization, for example Local Projection Stabilization [10] or grad-div pressure
stabilization [15].

This paper focuses on the approximation scheme introduced in [1]. A constant penalty term is added to the dis-
cretized mass conservation equation. From an algebraic point of view, this penalty term avoids the use of pivoting
by eliminating a null block in the discretization matrix. It also ensures that the discrete pressure has zero average.
We let this penalty term vary according to the mesh size, to recover convergence for the velocity and temperature
unknowns, even if the inf-sup condition is not satisfied, e.g. for the P;-P; pair. Using similar technique to [7], we
give a priori estimates and numerical illustration to support the use of such elements.

The paper is organized as follows: in §2, we present the finite element approximation for the natural convection. The
main result consists in Theorem 1 and is presented in §3, along with immediate corollaries illustrating the conver-
gence of the numerical scheme. In §4, we introduce a modified projection operator onto the finite element space, and
establish some approximation results. This operator allows us to prove Theorem 1 in §5. Finally, numerical results
for the projection operator as well as the natural convection problem are reported in §6, in agreement with theoretical
results.

2 Framework and discretization

2.1 Framework

Throughout the paper, §2 denotes a smooth bounded domain in R2. To use known regularity results, we assume
that its boundary 9<Q is of class C'***. We are interested in solving the natural convection problem modelled by the
Navier-Stokes equations supplemented with the Boussinesq approximation.

Denoting by u, p and 6 the dimensionless velocity of the fluid, pressure and temperature respectively, the Navier-
Stokes-Boussinesq system of equations reads:

Veu = 0, (1
Ju + (uV)u+ Vp — iV2u —fe(@)e, = F 2)

ot L B v

00 1
E+V-(9u)—V~ (RePrVG) g. 3)
fB stands for the Boussinesq buoyancy force, assumed to be a linear function of the temperature:
Ra

0) = ———80. 4
fB0) =5 53 4)

We denote by Ra, Re and Pr the Rayleigh, Reynolds and Prandtl numbers respectively. Finally, F' and g denote
external force and heat source.

The system (1)-(2)-(3) is supplemented with Dirichlet boundary conditions on u and 6.



2.2 Weak formulation

To use finite element approximations, a weak formulation of the previous system is needed. We introduce classical
Hilbert spaces :

X = HY(®), Q{qeL2<ﬂ>|/qu}, X=X xX, )

and define the following bilinear and trilinear forms: for u,v,w € X,p € Q and 6,v € X,

a(w,v) = (Vu,Vo), (6)
a0,¢) = (VO,Ve), )
b(u7p> = - (v : U,p) ) 3
clu,v,w) = % (uVv,w) — % (uVw,v), )
cwb,9) = 5 (wV0$) - 1 (uV,6), (10)

where (u,v) = [, u- v denotes the scalar product in L*(€2). If w € X is such that V - u = 0, operators (9)-(10) are
equivalent to

c(u,v,w) = (uVo,w) = /Q (uVv) - w, (11)
c(u,0,¢) = (uVh,y) = /Q (uVo) . (12)

If (u,p,0) is a solution to Eqns. (1)-(2)-(3) and (v,q,v) € X x L? x X, we obtain by integration by parts the
following weak formulation:

b(u,q) = 0, 13)

(G0) + oot o) + el o)+ b0.) - alOley0) = (Fo), (14)
00 1

(50) + mopratt.o) +etwo) = (.v). 15

2.3 Properties of bilinear and trilinear forms

From definitions (6)-(10), the following classical coercivity and continuity estimates hold: there exist some positive
constants «, &, A, A such that, Vu,v € X,Vp € Q and V0, ¢ € X,

ja(w,v)] < Al o], (16)
a(,0)] > alv]u, (17)
a0, 9)l < AllOlla @l (18)
a0,0) > a0, (19)
blu,p)| <l o]z (20)

We also use the continuity of trilinear forms c and ¢ : there exist positive constants C' and C such that, Vu, v, w € X
and V0,v € X,

1 1
c(u,v,w) < CfVulr: [[Voll: [w] 7. [[Vwl|Z., 21

o 0,8) < C|Vulls (V0] [0]2: VoL, 22)



Owing to skew-symmetry properties, v and w can be swapped in the right hand side of (21), and similarly 6 and v
in the right hand side of (22). In order to get the best possible convergence rate for the natural convection problem,
we rely on the continuity result of the following Proposition | that holds in the two-dimensional case.

Proposition 1. For any o > 0, there exists a positive constant C depending only on Q) and o such that

Vu,v,w, € X,
Yu,v,w,e X,

c(u, v, w)| < Cllullu-||v] g lwll g 23)

c(u, v, w)| < Cljv|| g [lull g [|wl| - 24)

Proof. We start with 0 < o < 1. Note that if (23) holds for 0 < o < 1, then it holds for any ¢’ > o.

From Cauchy-Schwarz and Holder inequalities, we have
[ wvou| < [9ollwnl < (9ol ol
Q

where ¢ > 2 issuchthato =1 — % and ¢* is such that % + q% = % The injections LY C H? and LY c H! are
continuous (see [20]), so that

/uV'v'w‘ < OVl [lull go [wll g < Cllwllme |o)lmllwl] -
Q

From this inequality, we also obtain

< Cllullge vl g [[w] a2

’/ uVwv
Q

Gathering the two inequalities, together with the definition of ¢ yields the desired result (23).

In order to prove (24), we use the fact that

c(u,v,w) = —/ uVwv — %/(V - u)vw.
Q Q

We proceed as before : the first term is treated using |uv|| 2, and the second one with ||wv|| 2.
O

Finally, we recall that X x @ satisfies the inf-sup condition (also called LBB condition, e.g. [21]): there exists § > 0
only depending on 2 such that, for all p € Q,

b(u,p
Bl < sup 2uP)

. (25)
wex\{0} [[wllm

2.4 Finite element approximation

Let us introduce a family of uniform and regular meshes 7y, indexed by h (typically the size of a triangle). Given an
integer ¢, and an element K € Tj,, we denote by Pp(K) the space of polynomials of degree less than, or equal to /,
defined on K. We introduce the following finite element spaces

Xi = {on e COQ% o e Bpu(K), VK € Ti) 6)
Qn = {an € C(Q)%an |kE By, (K)!, VK € Ti} @7
Wi = {uwn € CO%w |xe Py (K), VK € Tr) @8)

where p, > 1, p, > 1 and py > 1. In the applications, we want to use p,, = p, = pg = 1.



We are interested in the approximation of the natural convection problem for ¢t € [0;¢;] where ¢; is a given final
time. Let us choose /Ny a number of time steps, and define 6t = Jt\,—f We denote by t,, = ndt for any integer n and
(ul,pp,07) € Xi, x Qp x Wy, our approximation of (u™,p", 6™), where u” stands for u(t,,) (the same for p™, 6™).
Introducing the notations
uh_uzl 5 n_e;;_ezfl

T T
the discretized system corresponding to (13)-(15) is:
Find (uZ'H,ph'*'1 0"“) such that, for any (v, qn, ¥n) € Xp X Qp X Wh,

615’[1,2 =

b(up™, an) — (™ an) = 0, (29)

(5tu"+1,vh)+Re a(up ™ vp) + e(up T ul vy
+b(vn, pp ) — (fB(07 ey, vn) = (F™ vy, (30)
(6t92“,wh)+Relpra(ez+1,wh>+é< WL ) = (6" ) 31

The resulting system is a non linear problem solved using a Newton algorithm, as in [1]. 7y, is a positive constant that
might depend on the mesh size. This penalty parameter is the key player in our analysis, and deserve some remarks:

e it is well-known that, using Taylor-Hood element for the velocity-pressure for example allows one to use
v = 0. However, from a computational point of view, this leads to a invertible matrix with a zero diagonal
block. Hence, it requires some pivoting. Letting -y, > 0 removes the necessity of using pivots.

e since (), is not a subspace of @) (there is no constraint on the mean value of an element of Q)},), taking v, > 0
together with the boundary conditions on u;, and the Stokes formula ensures that the pressure has zero mean
value. In this respect, this term can be viewed as a penalty term.

e even if the couple X}, x QQp, does not satisfy an inf-sup condition, taking ~y;, > 0 will provide the well-posedness
of the linearised system, allowing the use of the Lax-Milgram lemma. In this respect, it can also be viewed as
a stabilization term. See also details in [22, Rem. 4.3, p. 67].

e it is clear that using a constant value for v, cannot lead to convergence when h goes to zero. We will show
however that, with a suitable choice of «y;,, we can obtain convergence for our problem.

Let us conclude this section with the introduction of suitable projection operators. We assume that there exists a
family of operators Cj, : L?()) — @Qj, that satisfies the following properties: there exists C' independent of A such
that, forany 0 < s < % ,s<r<1l+p,andge H (), the following inequality holds:

g — Crgllzrs < Ch"%|\qll v (32)

As projection operators, one might think of the Clément interpolant, or the Scott-Zhang interpolant [23]. Abusing
the notations, we also denote by C;, the H' projections from X to X}, and from X to W),. For these operators, (32)
is also satisfied since it can be inferred from their definitions

a(Chu,vp) = a(u,vp) Vu € X,v;, € Xp, (33)
a(Cp,n) = a0,¢n) V0 € X, ¢ € W (34)



3 Main convergence result

3.1 Notations and assumptions

Let 0 < o < 1 (close to 0) and define 67 = C,6". We define (an,pp) = Piﬁb‘gh’ (u™, p™), that is: for any v;, € X},
and any g, € Qp,

~n ~n ~n ~n 1 n i n
a(@y,,vn) + b(vn, py) — b(ay, qn) + v (Ph, qn) = m-a(u™,vp) + b(vy, p") — b(u", qn).

1
Re Re

The approximations properties of this operator are detailed in Section 4. The errors are decomposed as:
ey = u" —up = (u" —ay) — (u —ay) =10, — @y,
ey =p" —pp =" —Dp) = (Ph —Dr) =1y — ¥p.
cj = 0" — 0 = (0" = ;) — (00— Or) = mi — 5.
We also define R}, and Ry as :
RZ = atu" - (5tu”, Rg = 8,50” — 61/0”.

We can use (v, gn, ¥n) € Xp X Qp X W, as a test function in the weak formulation (13)-(14)-(15) at time ¢, 1 so
that:

b(u™t g, = 0, (35)

(B v0) + oo™ on) + el o)
+b(vn, p" ) = (f(0" ey, vn) = (F" T v,) — (R v), (36)
(6:0™ 1 ) + a(0" ) + (w0 ) (9" n) — (R, vn) (37)

RePr

In this article, we focus on solutions that exhibit mild regularity properties. This is expressed by the following
assumptions.

Assumption 1. u and 0 are bounded in H L and p is bounded in L?, and we introduce N' > 0 such that
vt € [05ty], lu(@)llzr + @)z + 10 |m < N. (38)
Assumption 2. There exists 0 < sg < pg suchthatw € L>(0,t5; H?), dyu € L>=(0,t5; H?), O € L>°(0,t5; L?),

pE LOO(O,tf;Hl), O € LOC(O,tf;Hl), 0 e LOC(O,tf;H1+89), 0:0 € L“(O,tf;Hsﬁ), O € LOO(O,tf;L2).
We then introduce

Mo(u,p, 0) := [|8spul|] o 12 + 10017 e (12) + 1017 e (10 (39)
00117 1oy + Il Foe 112y + P17 (1) (40)
1Pl (r2) + el zoe a2y + 1P 2o (o) (41)
F Pl T e 2y + 10l oo 2y + 100 e g1y + 100 e 12y (42)

Note that Assumption 1 is redundant with Assumption 2, but we keep it in order to separate terms that are bounded
by A from those bounded by Ms. Throughout the paper, we will denote by C' a positive constant that is independent
of h and M>. Unless stated otherwise, C' might depend on N, €2, o and/or the dimensionless parameters Re, Pr and
Ra. Its value may change at every line.



Theorem 1. Let (u,p,0) be the solution of (1)-(2)-(3) such that Assumptions 1 and 2 hold. Let 0 < o < 1 be a
small real number. Then the following error estimates holds for any n < Ny:

ozl + 1513 < C (682110l e 1) + 10BN (12 + B2 1612 e gy

. h4—2¢7 h4—a
+ h2k6||at9||%°°(Hse) + ﬂHUHZLw(m) + ﬂHPHQLoo(Hl)
Th Th

20112 h 4 ht
+ 'Yh”PHLoc(L?) + 72||UHL°°(H2) + 7“p||Lw(H1)
Th Th

h* ht
+ ’Yfi”PH%oo(Lz) + ?Hatuniw(m) + ?Hatp\\%oo(m) + 7;2L||3tp||ioo(L2)) (43)
h h
The proof of this theorem is postponed to Section 5. To get a convergence result, we need the following corollary to

this result.

Corollary 1. Under the assumptions of Theorem 1, the following error estimate holds, for h? <y, < 1:

h4—20
lenl? + lepll? < C(6t2+h289 + o +vﬁ) My (u, p,0). (44)
h

Proof. Using the triangular inequality, we obtain
lex 15+ lleglls < 209315 + 2ll5115 + 2lmi 15 + 2ling 115-

The first two terms correspond to the left hand side of (43), so that

4—20

h
I + g I3 < (&2 w1 w%) My (u,p. ).
h

For the last two terms, we use the properties of C;, and @y, see Eqns. (32) and (71)
2 2 h 2 h 2 2 2
21 = " = @51 < € (L + 2157 + o210 1 )
h

<C(h4+h4+72>M(up9)
>~ 5 —_— 2 y Vs 9
e

5115 = 116" — Cho™ |5 < Ch**2°0]|0"|31ssy < CH*T2P2 Mo (u, p, 0).
Owing to the assumptions on 73, the latter right hand sides are bounded by the right hand side of (44). O

Remark 1. The convergence rate is not limited by sg, therefore we can set s9 = 1 (e.g. pg = 1 means that we also
use Py elements for 0). Then the estimate becomes

h4—20‘
lenlZ + leg 2 sc(at2+h2+ o w) Ma(u,p,6).
h

If we choose v, = h, then we obtain
lex 15 + lleglls < € (6t + h*~7) Ma(u, p, 0)
and we get an almost first order accuracy in h, supported by our numerical results, see Section 6.

Remark 2. In Theorem I and its corollary, the constant C depends on o and goes to infinity as o — 0. Hence, we
do not recover the maximal order of convergence, but we can be as close as desired.



4 Modified Stokes projection

It is possible to establish a convergence result, similar to Theorem 1, by using Cpu and Cpp instead of u;, and py,.
However, this leads to a predicted convergence order of 1/2 in space, which is clearly not optimal. The purpose
of this section is to design a modified Stokes projection that will help to improve the convergence rate. We call it
modified Stokes projection since, strictly speaking, it is not a projection.

4.1 Definition of a family of operators

Definition 1. For any 0 < )\ < 1, we define the bilinear form ay on X x L? by

ax (), (0,0)) = F-a(w,0) + b(o,p) = b(u.0) + A(pr ).

We introduce a norm adapted to this bilinear form, viz.

1
lw,pllx == EHUHW + Vllpll 2

In the following, we will always assume that 0 < A < 1 and that Re > 1.

Proposition 2. ay is coercive and continuous with respect to the norm ||-||x. More precisely, there exist C,C"
independent of \ and Re such that, for any (u,p) € X x L? and (v,q) € X x L?,

C'lu, plI3 < ax((u,p), (u,p)), (45)
|a)\((u7p)7 (’U,q))| < C‘://XRie”uap”A|v7q”)\ (46)

The coercivity of ay directly derives from that of the bilinear form a, while the continuity is obtained from the
continuity of @ and b and Cauchy-Schwarz inequalities. Using this bilinear form, we define a family of operators in
the following way:

Definition 2. Let X be a closed subset of X and Q be a closed subset of L. Forany 0 < A < 1and 0 < v < 1, we
define the operator ]P’f}’wQ : X x L? = X x Q in a weak form. For any (u,p) € X x L2, ]P’i:’vg(u,p) = (@,p) €
X x Q is such that:

V(v,q) e X xQ,  ax((@,p),(v,9) = ay((w,p), (v,q)). (A7)

Owing to the coercivity and continuity of a), the operators Pflyg are well-defined. We want to use the operator

]P)')Y(hh th to establish convergence results for the natural convection problem. Note that, owing to (47), for (u,p) €

X x L2, if we define (up, pn) = PX"9" (u, p) and (@, p) = pX-L* (u,p), then we have

Yr,0 Yh,0
— PXnQnr (s 5
(uhaph) - P'yhh,fyhh (U,p) (48)
The modified Stokes projection is defined as IP’f; ’ bQ“. Hence, its properties can be established through the properties

of IP’,)Y(} . ;gh and Pii’_ﬁz. In order to study these two operators, we will repeatedly use Theorem 1.3 from [24] which

can be presented as

Theorem 2. Let f € L2 and g € H' N Q. Let (u,p) € X x Q such that

—pAu+Vp = f, 49)
V-u+Ap =g,

where 1, \ are positive constants. Then w € H? and p € H*, and there exists a constant C that depends only on
such that

pllullz + 1+ pM)pla < CUF e +plglla) - (50)



4.2 Analysis of the operators

X L2
4.2.1 The penalty operator P *;

In this subsection, we establish convergence estimates for different norms.

—PXL

Proposition 3. Let u € X and p € Q. Let us introduce (4, p) i

independent of vy, and Re such that

|u — @l g + vV Re|p — pIIL2< " 1ol 2
F F

Proof. From the definition of ]P’ 0 , * for any (v,q) € X x L?, we infer that

Ay, ((@,9), (v,9)) = av, ((w,p), (v,9)) =71 (D, ) -

Using the coercivity of a., , we obtain

C'llu—a,p—pl2, <ay,((@—u,p—p),(@—up—p))

< (.5 —p)l < ynllpllL2llp — pll >

(u,p). Then there exists a constant C

(51

(52)

Instead of directly applying Young’s inequality, we want to replace the norm of (p — p) by the one of (& — u). Using

2
(v,0) as a test function in the definition of IP,)Yi ’78 yields:

1
weX, —a(@—uv)+blv.p—p)=0.

Using the LBB condition (25), we deduce that
b(v.p—p) _ a(u—a,v) A

Bllp—pllrz < sup sup

= < o llu =l g
vex\{o} |[vllm vex\{oy  lvllm Re

Using this inequality in (52) yields

Cp,
lu—ap—pl5, < 5~ “ ol flu UI|H1<FIIPIIL2HU @, p = Pl

which in turn implies that

C
e — @, p = Blly, < —me|p| 2
VRe

From this inequality, we obtain
C%

1 -
—||U —Uu 1S p 2.
Inserting this inequality (55) in (53) yields

VRellp—pllrz < —=

/\

and the desired result is finally obtained from (55) and (56).

(33)

(54)

(55)

(56)

O

Proposition 4. Let w € X N H2 and p € H' N Q. Let us introduce (@,p) = PX L (u,p). Then @ € H?,

Yh,0
p € H* N Q and the following estimates hold, for C only depending on ):
@)l < C (Iullmz +nlpla)
1Bl < Clipllar,

1, Yo\ i~ Cvn
=l —ulue + (14 2) 15— Pl < =Ll

Re Re

(57)
(58)

(59)



Proof. We start by proving (59). Owing to the definition of Pi:ﬁz, we have
LA (@—u)+V(G-p) =0
Re v p=p) =5 (60)
Ve(u—u)+m(—p) = —Ynp-
Applying Theorem 2 with 1 = é and A = ~y;, yields (59).
From this inequality, we infer that
@ —ulm2 < Cynllpllae,
16— Pl < Cllpla-
Then (57) and (58) are obtained using triangular inequalities.
O

4.2.2 The projection operator ]P’fhh’ zfgh

Let us now turn our attention to the projection operator ]P,)fhh ;fgh.

Proposition 5. Ler 0 < s < p, and 0 < s’ < py. Letu € X NH' ™ and p € HYs'" N Q. Let us introduce
(un, pr) = PXn:Qn (u, p). Then the following estimates hold, for C depending only on §:

YhsVh
C Re hQS s
=, < S (Gl + Bl ). v
C Re3 h2(s+1) o
o=t < 2 (Pl + 1 ol ). ©
h

Proof. From the definition of the projection, for any (v, gn) € Xp X @, we infer that

Ay, ((u — Up, P — ph)7 (vha Qh)) =0.

Using this Galerkin orthogonality and the continuity of a., , we obtain

vy, (W —=up,p—pp), (W —wp,p — pn)) = ay, (w—wn,p—pp), (w— Cpu,p— Crp)) (63)
CvV Re
< NaD lw —un,p — pully, [lu — Chu,p — Cppll4, - (64)

Using the definitions of the norm and a.,, , we also infer that

||u — Up, P _ph||'2Yh S Oa"/h ((’LL — Up, P — ph)7 (’LL — Up, P — ph))

As a result, we obtain

CVRe
||'U/ — Up, P — ph”?yh S \/% ||u — Up, P _ph”’yh ||u - C}Luap - Cth’Yh'
Using Young’s inequality yields
C Re
lw—wn,p—pal?, < - lu— Cru,p — Cupl|2, .
which in turn implies that:
2C Re (1
= wnsp =l < 22 (= Crulfys + nllo— Cul ). (©9)

10



Using properties (32) of C, yields (61).
The L? estimate is obtained using a Nitsche-Aubin argument. Let us define w € X and r € Q such that

1
_— A = u—
Tre w+ Vr U — Up, 66)
V-w+y,r =0.
Since w — uy, € L?, we can apply Theorem 2 and we obtain w € H?, r € H' together with the estimate
e + il < Clla — s (©7)
—||w r u—u .
Re H? HT S hllL2
Owing to the definition of w and r, we have, for any v € X and q € L?
a"Yh ((’U), T)v (’U, q)) = (u’ — Up, U) .
Let us use this identity for v = w — u;, and ¢ = p, — p. Then we obtain
I — un|Z2 = ay, ((w,7), (u — un, pn — p))
= Gry,, ((’U, — Up,P — ph)7 (’UJ, _T)>
= a, ((u—up,p — pn), (w — Cpw,Cpr — 7).
Owing to the continuity of a., , we deduce that
CvV Re
[ — upll72 < N lw —wn,p = pully, [[w = Crhw, r — Cprly, (68)

Let us estimate the term ||w — Crw, 7 — Cp7||, . From the definition of the norm and the properties of Cj, (see (32)),
we infer that

1
w =Gy = Curl, < Ch (ol + VAl ).
Using the estimate (67) and Re > 1 leads to

lw = Chw, v = Chrlly, < ChVRelu — up| 2.

Inserting this inequality in (68) yields

o = w2 < SR n
U — UpfjL2 = U —Upn, P — Phily-
o Yh
Taking the square of this inequality, together with (61) yields (62). [

Remark 3. From (61) and (62), one can note that there exists a constant C' independent of h, but depending on )
and Re such that, foranyw € X N H*> andp € H' N Q,

h
|u —upllmr < C—= (|ullmz + [Ipla),
v

h2
lw —unllz> < O% (g2 + llpllar) -

From interpolation theory, we obtain the estimate, for 0 < s <1 :

h
VTh

2—s
w—uhm<c( ) (= + lpll) ©9)

11



. X
4.3 Error estimates for the operator I, hhg)Qh
We now have all the tools at hand to prove an approximation result for the operator that we want to use.

Theorem 3. Letu € X N H? and p € H' N Q. Let us introduce (up,py) = Pi’ib"?h(u,p). Then the following
estimates hold, for C only depending on §):

h? ,y2
= wnop =l < © (S ulle + W2 loly + ReR2lplf + 00 ) 0
Re?n* Re3ht
=l = € (B e + E il + 713 ). an
h

X, L?
:]P) ’

Zno (u,p) so that we have (up,pp) = PXn.@n (@, ). We start from triangular

Proof. Let us introduce (@, p) A

inequalities to get
2 ~ S ~ ~ 2
lw—wn,p—pulls, <2llu—a,p—7l35, +2/t—urp—pul3,
Let us now bound each term separately. From Proposition 3, we have the estimate

- . Cr?
lw—a,p— |2, < 7;”]9”%%

For the second term, we use Proposition 5 with s = 1 and s’ = 0 to obtain

Vi~ unp—pul?, < CE (L a2 i)
Yh — Yh Re

From (57), we infer that

- _ 5 _ CReh?® [ 1
||u — Up, P 7ph||’yh <

2
i 2 ho02 2
il 22 [l + )

Thus we have the desired estimate

h2 72
= wnsp =l < © (= ulle + Wl + Re 121l + T Il )

We proceed similarly for the L? estimate, bounding ||@ — w, || .2 using Proposition 5 and the error estimate (59), and
bounding ||@& — u|| 2 by V Re||2t — u,p — pl|,, and using (51). O

Remark 4. Note that Eqns. (70)-(71) give a convergence result only if v, — 0. The leading terms in (71) suggest to
take yp, ~ Rel/2h, which would lead to order 1 in the L? norm, which is consistent with the results of the numerical
simulations presented in Section 6.

Remark 5. We may need approximation results for the H® norm, for 0 < s < 1. There exists a constant C depending

on Q) and Re, but not on h, such that

h4—25
lu—unly. < © (V (alle + Ip120) +w%||p%2> . a2
h

This is obtained using the same decomposition as before, together with (69).

Let us end this section with a stability result.

Proposition 6. Let (u,p) € X x Q such that V - w = 0. Let us introduce (up,pp) = IP’f;L"bQ“ (u,p). There exists
C independent of w and p such that

lw —unl[gr < C(lullm + ple2)- (73)
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Proof. From the definition of (wy, py,) and the fact that V - u = 0, we infer that
1
Ay, ((uhvph)v (uhaph)) = Qg ((uvp)’ (uhvph)) = Ea(uvuh) + b(uhap)

Owing to the coercivity of a., and the continuity of a and b, we deduce that

o
Tollunllin < Cllunllns (lulls + lplle2)
Using the triangular inequality yields

lw—unllar < llulla + lJunllar < C([lullgr + [Ipllz2) -

5 Proof of Theorem 1

We are now able to prove Theorem 1, using the previously defined operator ]P’ffh",th. Owing to the definition of

ptt, ontt gt it summing (29)-(30) and subtracting (35)-(36) with corresponding test functions @t

e+ yields:

1
(@™ @l + 2oalel ™ el F ey e

n n 1 n n n n
= (Omp ™ et + Ea(nu“’ enth) + b(eptt

Ra
n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1
Fe(u" T u" T o) = e(up T up T ) — ReQPr(ea €y, ou )

+ (R on ™) = bt op ) + (L op ™) — (" ep )
= @Oyt o) + ay, (), (i o)

Ra
n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1
+C(u U ) Pu ) _C(uh yUp Py ) - Re2Pr (69 €y; Py )

+ (R ™) — (™ opth) (74)

Owing to the definition of ﬂZ“ and 152“, we obtain

Ay, (0 ), (00 el ™) — (™ et
= ao((u" ™ p" ), (et i) — aq, (@ Bp ), (et op ™)) =0.

Thus, (74) simply reads

1
(Gl o) + oalei ™ o™ + (e e

R
Ra
= Gy hen ) + (BT 00T - o6 ey o)
+ c(un+1, u"+17 ‘PZ-H) _ C(UZ+1, uz+1’ SOZ-H)- (75)

The left hand side of (75) is bounded from below by

1 «
o7 (195122 = llemlZa + ot = @all3a) + o lon I+l 15

13



so we are left with the right hand side to bound from above. Using Young’s inequality, we obtain

|Gt on™D| < o™ el ilze < 5 |I5t77"+1||m +35 H@"“IILz
(R on™D)] S IR el e < 5 ||Rn+1HL2 +3 ||<P e

where x,, and k), are some positive constants, independent of h, yet to be chosen.

The Boussinesq term is treated using the decomposition of e"+1 :

IA

‘( g-i-l n+1)‘

€y, Pl ||69+1||L2H90u+1”L2 < (g llze + log ™ lz2) lleh ™ e

*II??"“IILz + *H@"“IILz +llen 1z

/\

The trilinear terms are treated using

c(u" T ot — e(uptt upt op

1
o

— C( n+1 772+1’(pz+1)+c(nn+1 n n+1> (773+1a773+1,903+1)
R (AR RN B (PR

(76)

(77)

(78)

(79)

The first three terms are handled using (23)-(24) and a Young’s inequality, for 0 < o < 1, and the last two are treated

4/3

with (21) and the Young’s inequality zy < % + 3

|e(u™ L en ] < Clla™ Hanllnf e el
2

C
< B e+l
Ry

e w )| < Clu s I e
< o B e + sl
le(n ™ mt el | < CIIn”“IIH et o

e A TR [

1/2 1/2
(i w2+1)| < cnwz“umnu"“uH [ e eany 4

3/2 1/2
< Cllw™ Y| ||t ||sou+1|\ ;
< O e s + 2
= 13 HIP L2 12 HL»

1/2 1/2
et et ] < Cll s o e ||soz+1|| A Coal

3/2 1/2
< cnn"“nH g+ ||sou+1|| ;

< I 3N4||<P”“HL2 ||s0”+1||H1~

Note that for the last term, we used (73) to bound |71 || ;1. Gathering all these estimates leads to

; o (Hw“nm — s + lontt = @tle) + ol I + e s
Re Ra
+112 +1 +1 +1
< SIRL e + S0l M+ e e 732 + 5a o1
9"{‘:U n+1 / n+1 n+1 02 n+1 n+1(2
- llen i + Cullel ||L2+ ||?7 ||H1+72K [V V2N KT |72
u
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(82)

(83)

(84)
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O A4
there exists C independent of h, such that

!
where C], =1+ Re2Pr 2K3

Choosing k., =

9R ’
2& (lea 72 = llenllze + lentt — ©nllZ2) + 3ne ||<p”“HH1 + 5 Hw"“IIL
< C (IR + 11613 + lng 13 + IIn”“IIHa + Hn”“llm
+ g7 + llept1Zz). (87)

We proceed similarly to get an estimate on the temperature, based on the approximation properties of Cy,.

n+1

(e ™12 = ez + llep™ = whlZz) + s 7
26t TRe P

< C IRy 1z + 18emg ™ 1T + llng ™1 + Nl 1I72) - (88)

Summing the last two estimates and removing some positive terms from the left hand side yields:

oz (16020 = el + g 122 — ek l3) (89)
< C(IREH I3 + 1 13a + g T 03 + i e + I 3

+ 1RG4 10emg T2 + g T 1 + ™z + ||90”+1HL2)~

Before applying Gronwall lemma, we want to bound all the terms in the right hand side (except for the last two),
using the properties of Cp,0, uy, pr. We first notice that

HRn+1HL2 < C(St”@tt’uHLw(Lz), ||Rn+1||L2 < C’5t||3tt9|\Loo(Lz

g lze < Nl Lz < OB N0 oo (rr1+20, 18emg L2 < Ch** (|08 L= (2120

Then, using the linearity of the operator Pf; L",bQ“ together with estimates (72) and (70), we infer that

n+1 h4_20- 2 h4_0 2 2 2
I+ e < € (ol + S ey + R0l )
h h

R4 ht
4, < C (72||u||}{oo(Hz) + ?Ilplliw(m) +7?4L||pi°°<L2>) ’
h h
h? h?
e 172 < € (%H%"“%{z o + vill&P”“iz) !

h? h?
< 0 (0l + 10 ey + )
Owing to these estimates, we introduce the new quantity

E(u,p, 0,8t h,v) == 6t*|0uul Lo £2) + 0000 Fow (£2) + B¥ 10117 140
250 9 h472a 9 h476 9

+ W= 00| Loe (rro0) + =5 Ul Lo (mr2) + 5= [P To0 (a1

h Th

20012 ht oo ht
+ Pl T e 2y + ?HUHLW(H?) + 72Hp||L°°(H1)
h

h2
+ APl T oo (2 + ||atu||L°° (H?2) + ||atp||L°0(H1 + il 0pl T (12
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so that (89) yields

(lou 12 = lleullzs + e HIEs — lepllz) (90)

C (E(u,p, 0,0t h,y) + e 172 + llenttil7) - 1)

IA |~

Finally, we use the discrete Gronwall lemma, and we obtain the desired estimate, provided we choose u!, and 69
such that ¢ = 0 and ¢j) = 0.

6 Numerical results

In this section, we present numerical results to support theoretical estimates. It is worth mentioning that we performed
the tests on domains that are not of class C1''. We start by illustrating (70) and (71) before turning our attention to
the natural convection problem. We also illustrate the gain in computational cost allowed by the use of the linear
element instead of the standard Taylor-Hood elements. All simulations are performed using the open-source software
FreeFem++ [25, 26].

6.1 The modified projection IP’ii%Qh

Given (u, p), we compute (@p, pr) € Xp X Qp, such that
V(vh, qn) € Xn X Qp, vy, ((@nsPn)s (Vn, qn)) = ao((w, p), (vi, qn))- (92)

We want to illustrate the results of Theorem 3. The results for the P;-P; elements (i.e. p, = p, = 1) are better
than expected. Therefore, we also performed simulations using P; - Py elements, in order to illustrate the sharpness
of our error estimates (70)-(71). The choice of v, modifies the estimates and consequently the order of convergence.
Different values of ~;, are tested to reach the best estimate. We present some numerical results for the following
values of vy:

e 7, = 1077, which is not supposed to yield any convergence, neither for the velocity nor the pressure;

e v, = Re'/3h2/3, which is the best choice for the convergence of velocity in the H' norm: this should yield
convergence of order 2/3 for the velocity (L? and H' norms) and order 1/3 for the pressure;

e v, = Re'/?h, which is the best choice for the convergence of velocity in the L? norm: this should yield
convergence for the velocity of order 1 in the L? norm, order 1/2 in the H' norm, but no convergence in
pressure;

e v, = Re h?, which is not supposed to yield any convergence, and even explosion for the pressure.

6.1.1 Steady Burggraf flow (case MP—Bur)

We first focus on the Burggraf manufactured solution, see [1]. This case is a time-independent recirculating flow
inside a square cavity [0, 1] x [0, 1]. It is similar to the well-known lid driven cavity flow, but the velocity singularity
at the top corners of the cavity is avoided. The exact solution of the flow is:

ui(z,y) = xg'(x)W (y), (93)
ug(z,y) = —xg”

(x)h(y),
N 1 -
pay) = ) - g /Q Bz, y),
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with x > 0 is a scaling parameter and functions and the function p, g and & are defined by:
2

By = o (R Wgl) + 9" (@H ) + 59 @) (AR (y) - H'()?) ©4)
D
g(x) = ) + ER
h(y) = y'—v>
Note that the velocity at the top border of the cavity is:
up(z,1) = 2x(z* — 22% + 22),  wa(z,1) =0, 95)

which ensures the continuity of the velocity at the corners (u(0,1) = u(1,1) = 0), since non-slip walls are imposed
for the other borders: u(z,0) = u(0,y) = u(1,y) = 0. The Reynolds number Re is taken equal to 1 and x equal to
8.

In all the tables, the column “rate” reports the computed order of convergence based on the computed errors. Empty
cells mean that the iterative solver did not converge.

Y, ~ 10-7 v, ~ Rel/3p?/3 Vi ~ Rel/?h Yn ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 4.42E-03 5.27E-02 2.32E-02 3.92E-03
1/40 1.14E-03 | 1.95 || 3.63E-02 | 0.54 || 1.21E-02 | 0.94 || 1.01E-03 | 1.96
1780 || 2.93E-04 | 1.96 || 2.44E-02 | 0.57 || 6.25E-03 | 0.96 || 2.58E-04 | 1.97
17160 || 7.44E-05 | 1.98 || 1.61E-02 | 0.60 || 3.17E-03 | 0.98 || 6.55E-05 | 1.98
17200 || 4.78E-05 | 1.98 || 1.40E-02 | 0.62 || 2.54E-03 | 0.99 || 421E-05 | 1.98
Table 1: Case MP-Bur : ||u — wy||p2 for P1-P; elements.
Yh ~ 1077 Yn ~ Re'/3h?/3 Y ~ Re'/?h Yn ~ Re h?
h err | rate err | rate err | rate err | rate
1/20 2.09E+05 4.38E-01 5.01E-01 8.45E+00
1/40 5.49E+04 | 1.93 || 2.97E-01 | 0.56 || 2.82E-01 | 0.83 || 8.91E+00 | -0.08
1/80 1.41E+04 | 1.96 || 2.00E-01 | 0.57 1.56E-01 | 0.85 || 9.15E+00 | -0.04
1/160 || 3.56E+03 | 1.98 || 1.32E-01 | 0.59 || 8.57E-02 | 0.86 || 9.27E+00 | -0.02
1/200 || 2.29E+03 | 1.99 1.16E-01 | 0.61 || 7.08E-02 | 0.86 || 9.30E+00 | -0.01
Table 2: Case MP-Bur : |p — p,|| L2 for P1-Py element
Y ~ 10-7 v, ~ Rel/3p?/3 Vi ~ Rel/?h Yn ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 3.11E-01 3.57E-01 2.79E-01 2.85E-01
1/40 1.59E-01 | 0.97 || 2.16E-01 | 0.72 || 1.41E-01 | 0.98 || 1.45E-01 | 0.97
1/80 8.09E-02 | 098 || 1.35E-01 | 0.68 || 7.09E-02 | 0.99 || 7.37E-02 | 0.98
1/160 || 4.08E-02 | 0.99 || 8.48E-02 | 0.67 || 3.55E-02 | 1.00 || 3.71E-02 | 0.99
1/200 || 3.27E-02 | 0.99 || 7.32E-02 | 0.66 || 2.84E-02 | 1.00 || 2.97E-02 | 0.99

Table 3: Case MP-Bur : ||u — wp|| g for Pi-P; element
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We note from Tables 1-2-3 that (P;-P;) elements give the expected behaviour for v, ~ Re'/3h2/3 and Y ~ Re'/2h.
Nevertheless, we find a better performance than expected for v, ~ 107 and v;, ~ Re h?. However, the predicted
behaviour from Theorem 3 is recovered with (P;-F;) elements, see Tables 4-5-6.

Y~ 1077 Y ~ Rel/3p?/3 Yn ~ Re'/?h v ~ Re h?
h err | rate err [ rate err [ rate err [ rate
1/20 1.52E-01 5.39E-02 2.88E-02 9.09E-02

1/40 1.53E-01 | -0.01 || 3.66E-02 | 0.56 || 1.45E-02 | 0.99 || 9.10E-02 | 0.00
1/80 1.53E-01 | 0.00 || 2.45E-02 | 0.58 || 7.30E-03 | 0.99 || 9.11E-02 | 0.00
1/160 || 1.53E-01 | 0.00 || 1.61E-02 | 0.60 || 3.67E-03 | 0.99 || 9.11E-02 | 0.00
1/200 1.40E-02 | 0.62 || 2.94E-03 | 1.00

Table 4: Case MP-Bur : ||lu — up||p2 for P1-Py element

yp ~ 1077 v, ~ Rel/3p2/3 v ~ Re'/?h Yn ~ Reh?
h err | rate err | rate err | rate err | rate
1/20 1.27E+06 1.22E+00 3.06E+00 5.26E+01

1/40 || 6.39E+05 | 0.99 || 9.76E-01 | 0.32 || 3.15E+00 | -0.04 || 1.06E+02 | -1.01
1/80 || 3.20E+05 | 1.00 || 7.72E-01 | 0.34 || 3.19E+00 | -0.02 || 2.12E+02 | -1.00
17160 || 1.60E+05 | 1.00 || 6.09E-01 | 0.34 || 3.22E+00 | -0.01 || 4.24E+02 | -1.00
1/200 5.64E-01 | 0.34 || 3.22E+00 | -0.01

Table 5: Case MP—Bur : ||p — py,|| L2 for Pi-Py element

v~ 1077 Y ~ Re'/3p?/3 v, ~ Re'/2h Yn ~ Reh?
h err | rate err | rate err | rate err | rate
1/20 1.46E+00 3.60E-01 3.07E-01 9.04E-01

1/40 1.47E+00 | 0.00 || 2.17E-01 | 0.73 || 1.58E-01 | 0.96 || 8.93E-01 | 0.02
1/80 1.47E+00 | 0.00 || 1.35E-01 | 0;69 || 8.04E-02 | 0.98 || 8.91E-01 | 0.00
1/160 || 1.46E+00 | 0.00 || 8.49E-02 | 0.67 || 4.05E-02 | 0.99 || 8.90E-01 | 0.00
1/200 7.32E-02 | 0.66 || 3.24E-02 | 0.99

Table 6: Case MP-Bur : ||u — up| g for Pi-Py element

6.1.2 Steady natural convection (case MP—-NC)

The first test case MP-Bur is an academic validation, on a regular manufactured solution. We also assess the accuracy
of the modified Stokes projection on a more realistic case.

To do so, we consider the classical problem of the thermally driven square cavity [0, 1] x [0, 1], filled with air,
described by the system of equations (1)-(3). The left wall is kept at a constant hot temperature 6, = 0.5 and the

right wall is kept at a constant cold temperature 6. = —0.5. Top and bottom walls are adiabatic. Natural convection
flow is computed for the Rayleigh number Ra = 10*. The Prandtl number is set to Pr = 0.71 and the Reynolds
number to Re = %.

We compute a reference solution with (P»-P; - P) finite elements for the velocity, pressure and temperature on a fine
fixed grid with mesh size h = 1/500. -y, is taken equal to 0. The non linear system (29)-(31) is solved using a
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Newton algorithm. The initial state consists of motionless air (u = 0), with a linear distribution of the temperature.
For the time integration, we use a second-order Gear (BDF2) scheme and set §¢ = h. It has been proven in [7] that
this choice ensures convergence. Therefore, we use this result as reference solution.

The computations are performed until a steady state is reached. Then we use the computed (u, p) in the right hand
side of (92). The results are similar to the results for Case MP-Bur and still in agreement with theoretical estimates.
Since the results are similar, we only present the L? error on the velocity and the L? error on the pressure in Tables 7-8
(P;-Py) and Tables 9-10 (P -Fp).

Y~ 1077 Yn ~ Rel/3p2/3 Yn ~ Re'/?h Yn ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 6.86E-03 4.19E-02 3.51E-02 6.31E-03

1/40 1.72E-03 | 2.00 || 2.77E-02 | 0.59 || 1.86E-02 | 0.92 || 1.60E-03 | 1.98
1/80 || 4.28E-04 | 2.00 || 1.81E-02 | 0.62 || 9.56E-03 | 0.96 || 4.01E-04 | 2.00
1/160 || 1.07E-04 | 2.00 || 1.16E-02 | 0.64 || 4.85E-03 | 0.98 || 1.00E-04 | 2.00
1/320 7.42E-03 | 0.65 || 2.44E-03 | 0.99

Table 7: Case MP—NC : ||u — up|| L2 for Pi-P;-element

Y, ~ 10-7 v, ~ Rel/3p?/3 v ~ Rel/?h Vi ~ Re h?
h err | rate err | rate err [ rate err [ rate
1/20 7.33E+00 6.94E-03 6.53E-03 1.43E-02

1/40 || 2.31E+00 | 1.66 || 4.15E-03 | 0.74 || 3.50E-03 | 0.90 || 1.36E-02 | 0.08
1/80 || 1.25E+00 | 0.89 || 2.51E-03 | 0.73 || 1.84E-03 | 0.93 || 1.33E-02 | 0.03
17160 || 1.25E+00 | 0.00 || 1.54E-03 | 0.71 || 9.58E-04 | 0.94 || 1.31E-02 | 0.01
1/320 9.49E-04 | 0.69 || 5.01E-04 | 0.93

Table 8: Case MP-NC : ||p — py ||z for Py-P;-element

Y, ~ 10~7 vn ~ Rel/3p2/3 Y ~ Rel’?h Yn ~ Re h?
h err [ rate err | rate err | rate err | rate
1/20 1.35E-01 4.27E-02 3.71E-02 8.78E-02

1/40 1.35E-01 | 0.00 || 2.80E-02 | 0.61 || 1.99E-02 | 0.90 || 8.78E-02 | 0.00
1/80 1.35E-01 | 0.00 || 1.81E-02 | 0.63 || 1.03E-02 | 0.95 || 8.78E-02 | 0.00
1/160 || 1.35E-01 | 0.00 || 1.16E-02 | 0.64 || 5.23E-03 | 0.97 || 8.78E-02 | 0.00
1/320 7.43E-03 | 0.65 || 2.64E-03 | 0.99

Table 9: Case MP-NC : ||u — up,|| 2 for Py-Py-element
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Yh ~ 10-7 Yh ~ Rel/3p2/3 Yh ~ Rel/2h Yh ~ Re h?
h err | rate err [ rate err | rate err [ rate
1/20 7.49E+01 1.33E-02 1.49E-02 9.23E-02
1/40 4.44E+01 | 0.75 1.05E-02 | 0.34 || 1.48E-02 | 0.00 1.88E-01 | -1.03
1/80 3.58E+01 | 0.31 || 8.32E-03 | 0.33 1.53E-02 | -0.05 || 3.79E-01 | -1.01
1/160 || 1.43E+01 | 1.32 || 6.62E-03 | 0.33 1.58E-02 | -0.04 || 7.59E-01 | -1.00
1/320 5.26E-03 | 0.33 1.60E-02 | -0.02

Table 10: Case MP—-NC

“lp — ppll L2 for Pi-Py-element

As a result, even though (P;-P;) elements give better results than expected, the numerical results are in accordance
with our error estimates. These estimates seems to be sharp since the predicted rates are recovered for (Pi-Fy)

elements.

6.2 Natural convection in 2D

The convergence of our operator being assessed, we can illustrate the convergence properties for the natural convec-
tion problem. Note that in numerical simulations, we used a second order discretization in time, which only improves
the accuracy with respect to 6¢. The remaining of the estimate (44) still holds.

As for the modified projection, we illustrate Corollary 44 on two examples. The first one consists of a manufactured
solution, see [27]. The second example is a physical case of natural convection, compared to the reference solution
described in Section 6.1.2. A second validation is obtained by comparing the vertical velocity profile at mid-domain
(y = 0.5) to a spectral approximation [28].

6.2.1

’ Leading terms \ Yh \

expected order

2 h476
ot, h )=
h

9 Rel 3h2 3
b T Re?h

10~7

Stability

Convergence with an order 2/3

Convergence with an order 1

Re h?

Stability

Table 11: Expected order of convergence for ||u — up|| 2 and ||6 — 0y || 2

Manufactured solution (case NC-Nour)

We first consider the manufactured time-dependent solution suggested in [27]:

ur (@, y
us(z,y
0(z,y
p(z,y

€,

The values of the constants are reported in Table 12. The corresponding source terms are:
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71 Y2 P g 5P0 590 6U0 Qay (7%} Qg
01 01 0 10 01 10 1.0 005 04 0.1

Table 12: Parameters for case NC—Nour (96).

fu, = @ cos(t) cos(a)sin(b) — U,y sin(a) sin(b) + U, v2 cos(a) cos(b) o7
—U.uy(z,y,t) sin(a) sin(b) + Ue ua(x, y,t) cos(a) cos(b) + P. cos(a) cos(b)
2
+E uy (ZC, Y, t)a
fus = —ay cos(t) sin(a)cos(b) — U1 cos(a) cos(b) + U, 2 sin(a) sin(b)
—U.uy(z,y,t) cos(a) cos(b) + Ue uz(z,y,t) sin(a)sin(b) — P, sin(a) sin(b)
2 Ra
+E U’Q(Ia Y, t) - PrRe2 T(I7 Y, t)?
fo = g cos(t) cos(a)sin(b) — 6.1 sin(a) sin(b) + 6. v2 cos(a) cos(b)

—0.ui(z,y,t) sin(a)sin(b) + 0. ua(x,y,t) cos(a) cos(b) + ]%27[; 0. cos(a)sin(b),
ePr
where a = (z + 71t), b = (y +y2t) and U, = (8Up + o, sin(t)), 0. = (00p + o, sin(t)), P. = (0P + oy, sin(t)).

We want to assess the accuracy of our estimates with respect to h. Since we use a second order scheme in time,
we choose dt ~ h. Dimensionless parameters are chosen to emulate the convection of air, with a Rayleigh number
Ra = 105, a Prandtl number Pr = 0.71 and Reynolds number Re = /Ra/Pr. The errors are computed at the
final time t; = /2.

Y~ 1077 Yn ~ Rel/3h?/3 Yn ~ Re'/?h Y ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 8.79E-04 1.49E-02 1.71E-02 2.48E-02

1/40 || 2.15E-04 | 2.03 || 9.89E-03 | 0.59 || 9.48E-03 | 0.85 || 8.31E-03 | 1.58
1/80 || 5.25E-05 | 2.03 || 6.48E-03 | 0.61 || 4.99E-03 | 0.93 || 2.22E-03 | 1.90
1/160 || 1.30E-05 | 2.01 || 4.19E-03 | 0.63 || 2.56E-03 | 0.96 || 5.64E-04 | 1.98
1/320 2.69E-03 | 0.64 || 1.30E-03 | 0.98 || 1.42E-04 | 1.99

Table 13: Case NC—Nour : |u — up|| 2 for Py-Py-Py element

Y~ 1077 Yn ~ Rel/3p2/3 Y ~ Rel?h Yn ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 1.38E-03 4.57E-03 5.25E-03 8.16E-03

1/40 || 3.37E-04 | 2.03 || 2.41E-03 | 0.92 || 2.31E-03 | 1.19 || 2.03E-03 | 2.01
1/80 || 8.47E-05 | 1.99 || 1.47E-03 | 0.71 || 1.14E-03 | 1.02 || 5.31E-04 | 1.94
1/160 || 2.12E-05 | 2.00 || 9.34E-04 | 0.66 || 5.75E-04 | 0.99 || 1.35E-04 | 1.98
1/320 5.93E-04 | 0.65 || 2.88E-04 | 0.99 || 3.38E-05 | 2.00

Table 14: Case NC-Nour : ||0 — 61,2 for Pi-P;-P; element
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Y, ~ 10-7 Y ~ Rel/3p2/3 vi ~ Rel/?h v ~ Re h?
h err | rate err | rate err [ rate err [ rate
1/20 1.51E+04 6.81E-03 8.07E-03 1.44E-02
1/40 3.81E+03 | 1.99 || 4.71E-03 | 0.53 || 4.51E-03 | 0.84 || 3.96E-03 | 1.87
1/80 9.52E+02 | 2.00 || 2.81E-03 | 0.74 || 2.17E-03 | 1.06 1.09E-03 | 1.86
1/160 || 2.38E+02 | 2.00 || 1.70E-03 | 0.73 1.04E-03 | 1.06 || 5.27E-04 | 1.05
1/320 1.05E-03 | 0.70 || 5.11E-04 | 1.03 || 5.25E-04 | 0.01

Table 15: Case NC-Nour : ||p — p,|| L2 for P-Py-P; element

Since the error estimate of natural convection involves the error estimates of modified projection, we observe the
same behaviour as before i.e. the (P;-P;) finite elements seem to yield a better convergence rate than expected.
However, these results are in good agreement with our estimates. In particular, the correct convergence rates for
the velocity and temperature are observed for ;, = Re'/3h2/3 and Y = Re'/2h and the case v, = 1077 yields
computational issues for small values of h.

6.2.2 Natural convection in a square (case NC-Sq)

We are now interested in a physical case. We consider here the reference solution described in Section 6.1.2. We
numerically solve equations describing the classical natural convection with a finite element scheme (P;-P;-P;) and
we compare our results to this reference solution. The Rayleigh number is taken as Ra = 10, the Prandtl number
Pr = 0.71 and the Reynolds number is Re = /Ra/Pr. The results are presented in Tables 16-17-18.

yp ~ 1077 Y, ~ Rel/3p?/3 Vi ~ Re'/?h v, ~ Re h?
h err [ rate err [ rate err [ rate err [ rate
1/20 5.57E-03 1.15E-02 6.08E-03 5.28E-03

1/40 1.39E-03 | 2.00 || 7.00E-03 | 0.71 || 2.34E-03 | 1.38 || 1.34E-03 | 1.98
1/80 || 3.47E-04 | 2.00 || 4.43E-03 | 0.66 || 1.08E-03 | 1.12 || 3.36E-04 | 1.99
1/160 || 8.68E-05 | 2.00 || 2.81E-03 | 0.66 || 5.30E-04 | 1.03 || 8.50E-05 | 1.98
1/320 || 3.23E-05 | 1.43 || 8.09E-04 | 1.80 || 2.65E-04 | 1.00 || 3.21E-05 | 1.40

Table 16: Case NC-Sq : ||u — up|| 2 for Py-Py-Py elements

Y~ 1077 Y ~ Rel/3h?/3 Yh ~ Rel’?h Yn ~ Reh?
h err [ rate err [ rate err [ rate err [ rate
1/20 4.33E-03 1.76E-02 8.86E-03 6.59E-03

1/40 1.08E-03 | 2.01 || 1.04E-02 | 0.76 || 3.65E-03 | 1.28 || 1.67E-03 | 1.98
1/80 || 2.74E-04 | 1.97 || 6.42E-03 | 0.69 || 1.66E-03 | 1.14 || 4.24E-04 | 1.98
1/160 || 1.00E-04 | 1.45 || 4.06E-03 | 0.66 || 8.21E-04 | 1.01 || 1.41E-04 | 1.58
1/320 || 5.54E-05 | 0.86 || 1.20E-03 | 1.76 || 4.25E-04 | 0.95 || 6.70E-05 | 1.08

Table 17: Case NC-Sq : ||0 — 04|12 for Py-Py-Py elements

22



Figure 1: Case NC-Sq: vertical velocity profile at y = 0.5; comparison with results from [28]. The mesh size is
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h = 1/80.
Yh ~ 10~7 Yh ™~ Rel'/3p?/3 Yh ~ Rel/?h Yn ~ Re h?

h err | rate err | rate err | rate err | rate
1/20 2.34E-02 7.73E-03 1.15E-02 1.46E-02
1/40 2.17E-02 | 0.11 4.05E-03 | 0.93 7.22E-03 | 0.67 1.36E-02 | 0.10
1/80 2.10E-02 | 0.04 || 2.13E-03 | 0.93 || 4.32E-03 | 0.74 || 1.33E-02 | 0.04
1/160 || 2.08E-02 | 0.02 1.15E-03 | 0.89 2.51E-03 | 0.78 1.31E-02 | 0.01
1/320 || 2.07E-02 | 0.01 || 7.13E-04 | 0.69 1.46E-03 | 0.79 1.31E-02 | 0.01

Table 18: Case NC-Sq : ||p — py,||L2 for P1-Pi-P; elements

Once again, the results are in accordance with the theoretical results, even though the case v, = Re h? exhibits
slightly better results than expected.

We strengthen our code validation by comparing the final state with a profile obtained by a spectral code [28]. The
vertical vp g velocity profile is extracted at mid-domain (y = 0.5) and plotted in Figure 1 for the pair (P;-F;) and
the different values of -y, and compared to the reference solution vr,¢. The difference ||vpg — vgl| L2 is reported in
table 19.
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v =107"7 i, = Rel/3p?/3 v = Rel/?h vn = Re h?
h err [ rate err [ rate err | rate err [ rate
1/20 5.08E-03 7.76E-03 5.14E-03 4.85E-03
1/40 6.01E-04 | 3.08 1.55E-03 | 2.32 || 6.32E-04 | 3.02 || 5.57E-04 | 3.12
1/80 7.09E-05 | 3.08 || 4.29E-04 | 1.85 || 8.30E-05 | 2.93 || 6.43E-05 | 3.11
1/160 || 7.36E-06 | 3.27 1.42E-04 | 1.60 || 1.09E-05 | 2.93 || 6.59E-06 | 3.29
1/320 || 7.34E-07 | 3.33 1.01E-05 | 3.82 1.24E-06 | 3.13 || 6.29E-07 | 3.39

Table 19: Case NC-Sg: error on the centerline velocity || vpg — vLgl L2-

Differences decrease when the mesh resolution is increased. Our comparison with the spectral code guarantees
that our code gives a correct final solution. The numerical results for these different cases demonstrate the validity
of Corollary (44). The numerical results we presented confirm that the choice of 7, = Re'/3h?/3 is suitable to
obtain convergence on both velocity and pressure, but with non optimal rate 2/3 for the velocity. If one is interested
only in the velocity accuracy, then the choice 7, = Re'/?h yields the best convergence rate on the velocity, while
loosing convergence on the pressure. In summary, these two choices along with P;-P; finite elements are suitable
for simulating natural convection problems.

6.3 Computational cost
6.3.1 2D-Natural Convection

As stated before, the non linear system (29)-(30)-(31) is solved using a Newton algorithm. The number of Newton
iterations does not change when changing the order of the polynomials. Thus, using a direct solver for the linear
systems that are involved ensures a computational gain for the linear element compared to the quadratic element.
However, it is worth mentioning that, the use of an iterative solver (e.g. GMRES as in our simulations) yields a
reduction of the computational cost, even though the resulting systems are more ill-conditioned.

We compare the computation time between (P;-P;-P;) and (P;-P;-P,) finite elements for some of the previously
tested cases. In parallel, we compare the number of degrees of freedom for both pairs related to the mesh size h.
Since we observe similar behaviours for different values of h, we report in Table 20 the values for h = 1/160. The
number of degrees of freedom for the (P»-P;-P>) is about three times that of (P;-P;-P;) elements.

’ H Case NC-Nour H Case NC-Sg ‘

| [ P-P-P. | P,-P-P, | rate || Pi-Py-P, | P,-P1-P; | rate |
10-7 40 683 8641 [ 021 [ 84282 16607 [ 0.20
Rel/3n2/3 || 2465 8371 | 340 [ 3432 12438 | 3.62
Re'/?h 2419 8424 | 348 [ 4499 12714 | 2.83
Re h? 2470 8575 [347] 13951 14591 [ 1.05

ndof || 103684 | 335044 [ 323 [ 103684 [ 335044 [3.23]

Table 20: CPU-time (s) for different choices of v, with h = 1/160.

It is interesting to note that the choice of v, with Taylor-Hood elements (P»-P; ) for velocity and pressure, and P, for
temperature does not affect the computational time, while it has a visible impact for the (P;-P;-P;) computations.
The choices 7, ~ Re'/3h?/3 and 4, ~ Re'/?h, for which we have proven convergence of the scheme, give the
smallest computation times. This choices also bring a noticeable gain compared to P, computations.
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6.3.2 3D Natural Convection

We now consider the same case of natural convection of air described in 6.1.2 and add the third dimension in space.
We thus simulate the thermally driven cubic cavity [0, 1]3, filled with air. The temperature is fixed on the left (hot)
wall surface and the right (cold) wall surface. All the other lateral surfaces are adiabatic. No-slip walls are applied
for the velocity on all boundary surfaces. Simulations are made for Ra = 10% on a fixed and uniform mesh with
h = 1/40 for the finite element pairs (P;-P;-P;) and (Pp-P;-P,). CPU-time for different values of v is given in
Table 21.

’ ’}/h H Pl-Pl-Pl ‘ P2'P1'P2 ‘ rate ‘
1077 7761 20059 | 2.62
Rel/3p2/3 5476 17699 | 3.23
Re'/2h 5713 17964 | 3.14
Re h? 6 043 19084 | 3.16

[ ndof ][ 344605 [ 2194685 ] 6.37 |

Table 21: CPU-time for 3D-Natural-Convection.

As for the 2D case, we observe a non negligible reduction in the computational time, which supports the use of
low-order finite elements.

7 Conclusion

We introduced a new projection operator to establish an error estimate for the approximation of the natural convection
problem with linear elements. Using this operator and choosing a stabilization y;, accordingly, we are able to recover
almost first order accuracy in space. The error estimates on the projection and for the natural convection problem
are validated with extensive examples, which indicate that the predicted convergence rate is optimal. Moreover, the
choice of the stabilization parameter can be done in two ways. Using 7, ~ Re'/?h gives a better convergence
for the velocity, but does not yield any convergence for the pressure. Using 7, ~ Re'/3h2/3 would allow a slow
convergence in pressure, even though it reduces the accuracy for the velocity. In both cases, the computational time
is reduced, when compared to the standard Taylor-Hood elements for the fluid equations. This makes the suggested
scheme tractable for applications, even for 3D problems.

Preliminary simulations (not shown here) suggest that low order finite element approximation might also be used for
more complex applications, such as simulation of PCM (e.g. cases presented in [1, 4]). This remains to be proven
using similar techniques : however, the analysis of convergence is more involved, due to the phase change which
adds non linear terms in the energy equation.
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