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Abstract We consider conforming finite element (FE) approximations for the
time-dependent Oberbeck-Boussinesq model with inf-sup stable pairs for velocity
and pressure and use a stabilization of the incompressibility constraint. In case of
dominant convection, a local projection stabilization (LPS) method in streamline
direction is considered both for velocity and temperature. For the arising nonlinear
semi-discrete problem, a stability and convergence analysis is given that does
not rely on a mesh width restriction. Numerical experiments validate a suitable
parameter choice within the bounds of the theoretical results.
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1 Introduction

In this paper, we consider non-isothermal incompressible flow using the Oberbeck-
Boussinesq approximation [I1[2]. This model is applicable if only small temperature
differences occur and hence, the density is constant. The equations read:

u—vAu+ (u-V)u+Vp+ g = f. in (0,T) x £,
Vou=0 in (0,T)x £, (1)
80 —ad+ (u-V)0=f, in (0,T)x
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together with initial and boundary conditions in a domain {2 C Rd, d € {2, 3}, with
boundary d52. Here w: [0,T] x 2 — R, p: [0,7] x 2 - R and 0: [0,T] x 2 = R
denote the unknown velocity, pressure and temperature fields for given viscosity
v > 0, thermal diffusivity a > 0, thermal expansion coefficient 5 > 0, external
forces fu, fy, gravitation g.

Discretizations using finite element methods (FEM) often suffer from spurious
oscillations in the numerical solution that arise for example due to dominating
convection, internal shear or near boundary layers or poor mass conservation.

The so-called grad-div stabilization is an additional element-wise stabilization
of the divergence constraint. It enhances the discrete mass conservation and re-
duces the effect of the pressure error on the velocity error (cf. [3l4]). It plays an
important role for robustness.

Local projection based stabilization (LPS) methods rely on the idea to separate
the discrete function spaces into small resolved and large resolved scales and
to add stabilization terms only on the small scales. In [5], LPS methods are
analyzed for the stationary Oseen problem, where an additional compatibility
condition between the approximation and projection velocity ansatz spaces is
assumed. Thus, stability and error bounds of optimal order can be established.
Furthermore, suitable simplicial and quadrilateral ansatz spaces are suggested that
fulfill the compatibility condition. In the paper [6], the authors provide an overview
regarding stabilized finite element methods for the Oseen problem, in particular
for local projection stabilization methods using inf-sup stable pairs. The unified
representation gives an overview over suitable ansatz spaces including parameter
design.

In [7] and [8], conforming finite element approximations of the time-dependent
Oseen and Navier-Stokes problems with inf-sup stable approximation of velocity
and pressure are considered. For handling the case of high Reynolds numbers,
local projection with streamline upwinding (LPS SU) and grad-div stabilizations
are applied and stability and convergence are shown. For general LPS variants, a
local restriction of the mesh width is required to obtain methods of (quasi-)optimal
order; this can be circumvented by using the compatibility condition from [5]. The
positive effect of additional element-wise stabilization of the divergence constraint
becomes apparent in the analysis as well as in the numerical experiments. Recent
results from [J] for the time-dependent Oseen problem reinforce the benefits and
stabilizing effects of grad-div stabilization for inf-sup stable mixed finite elements.
The authors show that the Galerkin approximations can be stabilized by adding
only grad-div stabilization.

Early numerical analysis for thermally coupled flow can be found in [I0}[IT]
12]. In [I3\[14], subgrid-scale modeling for turbulent temperature dependent flow
is considered. Since local projection and grad-div stabilization have proven useful
for a large range of critical parameters, we want to apply them to the Oberbeck-
Boussinesq model and assess their performance.

This paper is structured as follows:

In Section[2] we introduce a finite element semi-discretization for the Oberbeck-
Boussinesq model with grad-div and LPS SU stabilization and prove stability in
Section [31

We extend the convergence analysis without compatibility condition from [7]
for the Oseen problem and [8] for the Navier-Stokes equations to the thermally
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coupled setting in Section [4] Here, we can circumvent a restriction of the mesh
width. The estimates rely on the discrete inf-sup stability of the velocity and
pressure ansatz spaces and the existence of a local interpolation operator pre-
serving the divergence as well as on relatively mild regularity assumptions for
the continuous solutions. The convective terms are treated carefully in order to
circumvent an exponential deterioration of the error in the limit of vanishing
diffusion. Furthermore, a pressure estimate is given using the discrete inf-sup
stability. The applicability of the proposed methods to possible finite element
settings is discussed and the design of stabilization parameters is studied.

The subsequent Section [f]is devoted to the numerical simulation of incompress-
ible non-isothermal flow. First, we present the time-discretization of the model
and state some analytical results. We use a method called pressure-correction pro-
jection method, which incorporates a backward differentiation formula of second
order. We validate the theoretical convergence results with respect to the mesh
width and study the influence of grad-div and LPS stabilization on the errors for
the parameter range suggested by the analysis. As a more realistic flow, Rayleigh-
Bénard convection is considered. The stabilization variants are applied and their
performance evaluated via suitable benchmarks.

2 The Discretized Oberbeck-Boussinesq Problem

In this section, we describe the model problem and the spatial semi-discretization
based on inf-sup stable interpolation of velocity and pressure together with grad-
div and local projection stabilization of the velocity and temperature gradients in
streamline direction.

2.1 The Oberbeck-Boussinesq model

Let 2 C ]Rd, d € {2,3}, be a bounded polyhedral Lipschitz domain with boundary
9f2. For simplicity, we consider homogeneous Dirichlet boundary conditions for
velocity and temperature.

In the following, we consider Sobolev spaces W"P(£2) with norm
I llwm.e(2y,m € No,p > 1. In particular, we have LP(£2) = WOP(02). For K C 2,
we will write

[ullo := [lullL2 () llullo,rc == llull L2 (k)

lulloo := l[ullLee (), llulloo, & == llull oo (£
Moreover, the closed subspaces WOI’Q(Q)7 consisting of functions in Wl’Q(Q) with
zero trace on 912, and LE(§2), consisting of L?-functions with zero mean in £, will

be used. The inner product in L?(K) will be denoted by (-,-) . In case of K = 2,
we omit the index. With this, we define suitable function spaces:

Vo= W2 ()% Q:=Li(n), 6 1= Wr2(%).

The variational formulation of for fixed time ¢ € (0,T") reads:
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Find (u(t),p(t),0(t)) € V xQ x O such that it holds for all (v,q,) € VxQx6O

(Bru(t), v) + (vVu(t), Vo) + cu(u(t); u(t),v
—(p(t), V- v) + (86(t)g, v

(V-u(t) g

(0:0(t), ¥) + (aVO(t), V1)) 4 co(u(t); 0(t), ¥

= (fu(t),v), (2)
=0,

= (fo(t),%) (3)

—_ — — —

with
cu(w;u,v) = %[((w V)u,v) = (w- V)v,u)],

eo(w;0, ) = 3 [((w- V)0, ) ~ (w- V)s,0)].

The skew-symmetric forms of the convective term ¢, and ¢y are chosen
for conservation purposes. The forces are required to satisfy f, €
L2(0, 75 [L*(2)]%) 0 C(0, T3 [L2(2))Y), fo € L*(0,T5L*(R2)) N C(0,T; L*(12))
and g € L%®(0,T;[L>®(2)]?) and the initial data is assumed to fulfill
wy € [L2(2)]4, 6o € L*(2). In this paper, we will additionally assume that
w e L0, T;[Wh(2)]%) and 6 € L>=(0,T; W(2)) which ensures uniqueness
of the solution.

2.2 The Stabilized Semi-Discrete Model

For the discretization in space, finite element methods are applied. For the Galerkin
formulation of —, we approximate the solution spaces V, Q, © by finite
dimensional conforming subspaces V;, C V, Q) C Q, ©, C 6. We impose a
discrete inf-sup condition for V}, and @) throughout this paper: Let V;, C V' and
Q1 C Q be FE spaces satisfying a discrete inf-sup-condition

(V-vp,qn)

inf sup o Pwdh) 5 g 4
1 EON O} o v 0y TVRTIollan o )

with a constant 3; independent of h.
In particular, due to the closed range theorem, the set of weakly solenoidal
functions

Vi = {v € Viy | (g, V- vn) =0V g, € Qn} 5)

does not only consist of the zero-function.

The semi-discrete Galerkin solution of problem — may suffer from spurious
oscillations due to poor mass conservation and/or dominating advection. The idea
of local projection stabilization (LPS) methods is to separate discrete function
spaces into small and large scales and to add stabilization terms only on small
scales. The grad-div stabilization is an additional element-wise stabilization of the
divergence constraint and enhances the discrete mass conservation.

Let {75}, {Mp}, {£x} be admissible and shape-regular families of non-
overlapping triangulations. {Mj} and {£;,} denote macro decompositions of 2
for velocity and temperature, which represent the coarse scales in velocity and
temperature. In the two-level approach, the large scales are defined by using a
coarse mesh. The coarse mesh Mj, is constructed such that each macro-element
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M € M, is the union of one or more neighboring elements T € 7. In the
one-level LPS-approach, the coarse scales can be represented via a lower order
finite elements space on 7j. Another way is to enrich the fine spaces. We can use
the same abstract framework by setting M = 7. £}, is constructed analogously
for the temperature.

There is ny;, < oo such that all M and L are formed as a conjunction of at
most n;, cells T € Ty. Denote by hy, hps and by, the diameters of cells T' € Ty,
M € My, and L € Ly, respectively. In addition, we require that there are constants
Ci, C2 > 0 such that

hr <hpy <Cihp, hp <hp <Cohp VYTCM, TCL, Me My, LeELy.

We denote by Y, Y, ¢ H'(2)NL>®(£2) finite element spaces of functions that are
continuous on 7;,. We consider the conforming finite element spaces

Vi =0V, QnCY/NQ, On =Yy noe
for velocity, pressure and temperature, where Y}f is a finite element space of func-

tions on 7j,. Moreover, let D%, C [L%°(2)]4, D%h C L°°(£2) denote discontinuous
finite element spaces on My, for u, and on L;, for 6}, respectively. We set

Dy = {vplar: vp € Dy, ), DY = {¢nlr: v € DZ, ).
Later, we will write for combinations of finite element spaces
(Vi/Diir) AQn A (O1/DL).
If no LPS is applied, we omit the respective coarse space in the above notation.
For M € My, and L € Ly, let 7% : [L2(M)]Y — DY, =9:L*(L) — DY be

the orthogonal L2-projections onto the respective macro spaces. The so-called
fluctuation operators are defined by

wip s [L2(M)]Y = [L2 (M), K L2(L) = L*(L),

Ky = Id — iy, kG =1d—nY.

For all macro elements M € Mj, and L € L}, we denote the element-wise
constant streamline directions of uj, € V}, by uys € R? and u;, € R%. One possible
definition is

w = [ des = [ ) e, (6)

With the introduced notation, we can define the spatially discretized Oberbeck-
Boussinesq model with grad-div and LPS SU stabilization:
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Find (wp,pp,0,): (0,T) = Vi, x Qp, X O, such that for all (vy, qn, ) € Vi, ¥
Qn X Op:
(Brup, vp) + (VVup, Vor) + cu(up; up, vp) — (pr, V- vp) + (V- up, qn)
+(BgOh, v1) + sulup; un, vy) + th(un; up,vp) = (fu,vpn),  (7)
(04O, ¥n) + (aVOh, V) + co(up; 0n,0n) + so(un; 0p,¥n) = (fo,vn)  (8)

with the streamline-upwind (SUPG)-type stabilizations sy, sy and the grad-
div stabilization t; according to

su(wpsw,v) = Y Thg(war) (& ((war - V)u), sl ((war - V)o))ar,
MeM,,

so(wp; 0,0) = > i (wr) (k7 ((wr, - V)0), k1 ((wy - V)$)) L,
LeLly

th(wpsu,0) = Y yu(wn)(V-u, Vo)
MeMy,

and non-negative stabilization parameters 75, Tz, YM -

The set of stabilization parameters 75 (up,), 72 (us), var(up) has to be determined
later on. Let the initial data be given as suitable interpolations of the continuous
initial values in the respective finite element spaces as

up(0) = juro = up o € Vi, C [L2(R2)]%, 0,(0) = jobo =: b1 € O}, C L*(2),

where (ju,jg): V x © — Vj x O}, denote interpolation operators. We remark that
for solenoidal ug, we can find an interpolation operator j,, such that uy o € V[f“’
(cf. [15]).

We point out that due to the discrete inf-sup condition, we can search for
(up,pn,0p): (0,T) — Vﬁlf“ X Qp, X Oy, in — equivalently.

3 Stability Analysis

We address the question regarding the existence of a semi-discrete solution of
—. This is obtained via a stability result for u, € V,‘f’i” and 0, € Oy; it
yields control over the kinetic energy and dissipation. The definition of the mesh-
dependent expressions below is motivated by symmetric testing in —. For
v €V and 0 € O, we define

N[vll|Zps = vIIVoll + sulun; v, v) + ty(up; v, v),
017 ps = ol VO3 + sg(up; 0,0),

T
2 2
lvllZ2(0,1;2Ps) 1:/ lv@|Zps dt,
0

T
1012 0.riLps) = /0 0] ps dr.

The following result states the desired stability.
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Theorem 1 Assume (uy,pp,0n) € Vﬁfiv X Qp, X Oy, is a solution of (@—(@) with initial
data up, o € [L*(2)]%, 0.0 € L*(2). For 0 <t < T, we obtain
10| Loe (0,6:2(2)) < 10n,0ll0 + 1 foll L1 0,7:22(2)) =2 Co(T',0n,0, fo),
llunllooo,6502(2)) < lwnollo + 1 full 10,1502 (2))
+ BllgllLr 0,152 (2)) (1h,0ll0 + 1follL 0,7:L2(52)))
= C?L(T, Uh,05 9h,07 .fua f9)7
10nll22(0,6:.P5) < Co(T,0n,0, fo),
lunllzzco,0ps) < Cul(T,un0,0k,0, fus fo)-
Proof Let us start with the first claim for the temperature. Testing with ), = ), €
O in gives
ld
2 dt

Due to sg(up;0p,0;) > 0, it follows

10R113 + [0n)17 ps = (0:0h,01) + &l VO, + sp(wn; 0, 01) = (fo,01)- 9)

1d

d d
10nllo 35 16nllo = 5 1013 < Ifololionllo = 5 16allo < I follo-

Integration in time leads to
10n(D)llo < 10n,0llo + [ foll L1 (0,152 (2)) = Co(T 0n,0, fo)- (10)

For the velocity, we test with (uy,0) € V&% x Q) in

1d
5@”%”3 + [[lunlllZps
= (8tuh, uh) + (Vvuh, Vuh) + su(uh; uh,uh) + th(uh; up, uh) (11)
= (fu — Bgbh, up).
We obtain
d 1d
l[nllo 7 llwnllo = gaHuhHg < ([[fullo + Bligllec10nllo) [l llo-

Hence, %Huhﬂo < | fullo + Bllglloc||0n|lo- Integration in time and using stability of
the temperature give:
lun () llo < [lunollo + | fullt (0,622
+ Bllgll L1 (0,600 (2) 10 | Lo (0,422 (2))
< unollo + 1 fullzro,1502(2)) (12)
+ Bllgll L 0, 1;05 (2)) (10n0ll0 + 1 foll L1 (0,7:12(2)))
= Cu(T,up 0,0h.,0, fu, fo)

for all ¢t € [0,T]. In order to estimate the diffusive and stabilization terms, we go
back to @D, integrate in time and apply :

t t
1
| 18N ies ar < [ 1o lolen()lo dr-+ 318 ol
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1
< NOnllnoe 0,652 conllfollLr o502 ¢2)) + §||‘9h,o||g < Cy(T, 010, fo)*.

The analogous procedure for uy,, starting from and using (12)), yields:

t t
1
[ s s dr < [ 15(7) = Bg0n(lolfun(r)lo dr + 5 ol
0 0
< HuhHLoo(o,t;m(Q))(HquLl(o,t;L?(Q))

1
+ 5\|g|\L1(o,t;Lw(Q))||9h||Loo(o,t;L2(Q))> + §\|uh,o||g
< Cu(T7 uh,Oveh,O7.fu7 f@)Q'

Remark 1 The discrete inf-sup stability yields a stability estimate of the pressure
as well. The above theorem gives us existence of the semi-discrete quantities due
to the generalized Peano Theorem. If we assume Lipschitz continuity in time for
fu, fo and g, the Picard-Lindel6f Theorem yields uniqueness of the solution.

4 Quasi-Optimal Semi-Discrete Error Estimates

In this section, we derive quasi-optimal error estimates in the finite element setting
introduced above.

For the analysis, we introduce a decomposition of the error into a discretization
and a consistency error. Let (ju,jp,79): V X Q x © — V}, x Q) X O, denote
interpolation operators. We introduce

Eup = U — up, Ep,h =P — Ph, §o.n =0 — 0y,
Nu,h = U — Jul, Np,h = P — Jpb, ng,n = 0 — job, (13)
€u,h ‘= Jult — Up, €p.h ‘= JpP — Ph, eg,n ‘= Jogb — Op.

Indeed, the semi-discrete errors are decomposed as &,;, = n,5 + €un,

Ep.h = NMp.h T epn and &g, =19, + eo .-

4.1 Assumptions

For the semi-discrete error analysis, we need the following assumptions for the
finite element spaces and stabilization parameters.

Assumption 1 (Interpolation operators) Assume that for integers ky > 1, kp >
1, kg > 1, there are bounded linear interpolation operators ju: V. — V}, preserving the
divergence and jp: Q — Qp, such that for all M € My, for all w € V N [Wh2(2)]¢
with 1 <y < ky + 1:

Ly
o.M < Chypllwllywin.2(wy) (14)

[w = juwllo,m + har[|V(w — juw)]
and for all g € QW' 2(02) with 1 <l < kp + 1:

. . l
lla = dpallo.nr + harIV(a = Gp@)llo,p < Chipllallyin 2, (15)
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on a suitable patch wyy O M. Let for all M € My,
[v = jullco,mr < Charlvlwroo ) Vo e [Whe (@))% (16)

There is also a bounded linear interpolation operator jg: © — Oy, such that for all
L e Ly, and for all p € © N W 2(02) with 1 < lg < kg + 1:

1 = do¥llo,L + hLlV(¥ = dov)llo.c < CRL ¥ llwto2 (o) (17)

on a suitable patch wy, O L. In addition, assume for all L € Ly,, M € My,

1Y — do¥lloo,L < Chpl¥lwr o) vy € WH(0),
14 = Gowlloo,ar < Charllw.oe (wyy) vy € WHP(0). (18)

The last property for jg holds due to the fact that all M € Mj, and L € L)
are formed as a conjunction of at most ny;, < oo cells T' € 7. If the interpolator
is constructed such that the above estimates hold true on all T' € T;, the same
localized estimates hold on M € My, and L € Ly,.

Assumption 2 (Local inverse inequality) Let the FE spaces [Y,Zl]d for the velocity
and Yhe for the temperature satisfy the local inverse inequalities

IVwpllons < Chyfllwnllons Yy € [YE]%, M e My,

IV¢nllor < ChL Wnllor  Yon €YY, L€ Ly

Assumption 3 (Properties of the fluctuation operators) Assume that for
given integers ku, kg > 1, there are sy € {0,-+- ,ku} and sg € {0,--- ,kg} such that
the fluctuation operators ky; = Id — wy; and kK], = Id — r% provide the following
approzimation properties: There is C > 0 such that for w € [W'2(M)]? with
M e My, 1=0,...,5, and forp € WH2(L) with L € Ly, r =0, ..., sq, it holds

! 0
lsxrwllonr < Charllwllwrzary, Ikz¥llo,z < ChLIIYllwr2(L)-

Note that this is a property of the coarse spaces DY%; and D% and is always true
for sy, = s9 =0.

Furthermore, we need to satisfy some requirements on the stabilization param-
eters:

Assumption 4 (Parameter bounds) Assume that for all M € My, E € &, and
LeLly:

u 2 [ee) u
€ L°°(0,T), >0,
pnax Tar (uar) lung | (0,7) Thr (wpr) >
—1 [e’e]
e L™(0,7T), >0,
pax (var (unr) +yar(unr) ™) (0,7) Yo (upr)

max 7 (ug)ur|* € L(0,T), 9 (ug) > 0.
LeLly,
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4.2 Velocity and Temperature Estimates

This gives rise to the following quasi-optimal semi-discrete error estimate for the
LPS-model.

Theorem 2 Let (u,p,0): [0,T] = V4 xQ x O, (up,pp,04): [0,T] — Vﬁ”v x Qp X
Oy, be solutions of (@-@ and @-@ satisfying

we L0, T; [Whe(2)]Y), om e L*(0,T;[L*(2)]%), pe L*0,T;QNC(R2)),
0 € L0, T; W (2)), 90 € L*(0,T; L*(2)),  wy € L>(0,T;[L>(2)]%).

Let Assumptions and be valid and wp,(0) = juuo, 0,(0) = jgbo. We obtain for
€y, = jut — up, egn, = job — 0y, of the LPS-method @)—(@) forall0 <t <T:

2 2
llewnllTo0,602(02)) + lleo,nllLoe (0,602 (02))

+ [ (llewntirs +lleon(ries) dr

¢
5/ eCG’h("’G’uh)(tT){ Z [(V+T]1\L/I|UM‘2+7Md)“vnu,h(7)”(2),M
0 MeMy,

i I (D)3t + 100, (D)3
.(d 1
w88 (V) ()13 ar -+ min (7, ) ()18,

+ > [19m0n @I+ (h2” + Blgloc.z ) Inon (T30
LeLly,

+ (7L fur*) Vi (1113, + TzuL|2||n%<v0>(T>|%,L}} dr

with (Ny p» Mp,hs M9,0) = (W — Jurs,p — jpp, 0 — job) and the Gronwall constant

Can(w,0,up) =14 Bllglloc + |l 0y + 10lwroe () + llunlli
h2
2l e {—M 2t }
+ Mﬂé%l(h’{ wlulivee aryt + IS5 T |[uliy o0 (ar) )
—1. 12 2 (912 19
hyslo oo
+Mné?}\>/((h{’YM lull5e,ar} + Mné?\)/t(h{ M|0lwoe (ary
+ max {@wﬁvl,mw)} + max {vy; 101200}
MeMy Uynm MeMy, ’
Proof We use the interpolation operators ju: V. — V}, preserving the divergence,
jo: © — Op and jp: Q — Qp, from Assumption Note that juu € fo“’. Subtract-
ing from , testing with (vp,qn) = (ey,5,0) € V,‘f“’ x Qp, and using lead

to an error equation for the velocity:
0= (0t(u—up),eun) + (V(u—uy),Veyn) = (p—pn, V- eun) +culu;u, ey )
— cu(up;up, ey n) — su(up;up, ey n) — th(up; up, ey n) + (Bg(0 — 01),e41)
= (atnu,h, eu,h) + (8teu,h7 eu,h) + (anu,hv Veu,h) + (Vveu,h» Veu,h)

- (np,hv V- eu,h) + Cu(’“’; u, eu,h) — Cu (uh; Uh,s eu,h) + Su(uh; €u,h> eu,h)
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+ Su(uh; MNu,h> eu,h) — Su (uh; u, eu,h) + th(uh; €u,h>» eu7h) - th(uh;juuv eu,h)

+ B(geo,ns eu,n) + B(gN0,1s €un),

where we used (e, V -e,p) = 0 due to e, ) € V{f“’. With the definition of
|| -|l|Lps and the fact that (V - u,q) = 0 for all ¢ € L?(£2), this implies
1 2 2
50tllewnllo + lllewnlllZrs
_(atnu,h, eu,h) - V(vnu,hv Veu,h) + (np,hv V- eu,h) + Cu(uh; Up, eu,h)
— Cu (u; u, eu,h) - Su(uh; MNu,h> eu,h) - th(uh; MNu,h> eu,h)

+ su(up;u, ey ) — B(geo,ns eun) — B(gNo.n, €un)-

The right-hand side terms are bounded as:

1
— (O ps €un) < 10tmy pllollew,nllo < 1||3t77u,h|\3 + [lew,n 13,

_V(vnu,ha

.(d 1 2 1/2
(¥ ) < (30 min (Yl aliBar) llewnllizes.
MeMy, M

1/2
2 2
—sulwnimuprenn) < (D mrlunPIVn ) llewnllizes:

MeMy,
)1/2

u 20 .u 2 1/2
> il Pt (T 3a0)  llewnlllzps,
MeMy,

_th(uhznu h> €u, h) < (
MeMy,

su(up; u, euh

1
18(ge0.1, el < 75lg]

3 1
18(g70,1€0,)| < 1 Bllglloclien,nll3 + 5810 o ul13:

Therefore,

1 2 2
§3t||€u,h||0 +lllewnlllzps

< Z”at"lu,h”g + [lewnlld + culun; wn, enn) — culusu, ey p)

1/2

2 2

VolVm o+ (2 rirund 19, 003,00 )
MeMy,

1/2 . d 1 1/2
(X edhnulan) 4 (X min (il

MeMy MeMy,

u 2 u 2 1/2
+ (> rrlunPIst (VI3 ar) | llewnlllps
MeMy,

+ Bllglo (lleo.ull3 + llewnll3) +

Bllg 2
%Hm),h\b
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and thus via Young’s inequality
1 2 2
F0tllew,nllo + (1 = 2¢)lllew,nlllLps

1
< 210y I8 + llewnlls + [cu(wn; un, ewn) — culu;u, ey )]

5 5 )
+ 3¢ Z |:(I/+T]1\J;I|UM| +7Md)|‘vnu,h”0,M (20)
MeM,,

. (d 1 2 2 2
min (5, )87 e P (V)

3) + 28lee 3

2
+ Blglloo (lleonld + llew,n
Lemma [I] yields for the convective terms:

CU(ua u, eu,h) - Cu(Uh; Up, eu,h)

C 1 2 2 2
<SS manlar+ 3ellimnllps + 3elllewnliErs
MeM, M
+ | |u] +¢ max {h3;|ul? }—I—C max {lﬁw|u|2 }
1,00 ,00 i — ,00
wee(2) + € AE A |U]iee (ar) ¢ e, Uy, Mwres )

C EET 2 2
~ ma
+ € max (5l )+ ellunl [ lew

We incorporate this into and obtain with a constant C' independent of the
problem parameters, hys, hy,, the solutions and e

1
§5t|\€u,h||3 + (1= 56)|llewrlllZps

1 2 C 1 2
< flomali+ S Y ol
MeMy,

+ |1+ Bllgllos + [ulwr,e gy + €Mné%(h{h%\/[‘u‘12/Vlv°°(M)}

c h%/[ 2 }
+ € Mnéz.}\)/l{h {'YM |u|W100(M) (21)

C —1y 2 2 2
- Mné%(h{’YM lullSe, a7} + ellunllze | llew,nllo

(v + 7irlunr|* + vard) V7, 1115, 00

c
+o D

MeMy,

. d 1 2 2 2
- min (5, =) 18 a1 + 7R e Pl (V)3
vV YMm

+ Bllgllclles 15 + CBllglloclImo.nl5-
Now, subtracting from (3)) with ¢y, = eg , € Op as a test function leads to

1
§at||€0,h||(2) +les.n)Zps
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= —(0mo,hreo,n) — a(Vno,n, Veg ) + co(up; 0n,eq.n)
—co(u;0,e9.1) — so(un; 19,1, €0,n) + so(un; 0, eq.p).

With estimates for the interpolation terms and Young’s inequality, we have
1
5at||69,h||3 + (1= 26¢)[[eq,n]Lps
1
< 1||3t779,h||3 + lleg.nlld + co(un; Onyea.n) — co(u;0,eq.1)

3 0 0 0
+ 23 [(at Llur)IVn0ull3 2 + Ll I85.(VOI £ -
LeLly

(22)

The combination of (22)) and the difference of the convective terms in the Fourier
equation according to Lemma [I] with a constant C' independent of the problem

parameters, hys, hy,, the solutions and e gives
1
§3t\|ee,h\|3 + (1= 8)|[eo.nllLps

1 9 C 1
< = el
< ~[|0mea,nllo + ; E

2 c 1 2
ps @HU@,hHo,L o Z hTHﬂu,hHo,M
h

MeM, M

1
+ 3¢l|1nunll|7ps + 3elllewnll|Fps + 5\9|W1m(9)|\6u,h\|8

+

Lt 50w oy + ellunlle + € max {h310f5 < un)}

C hi o C —1)1p/2 2
< M g2 } < 0
e { M0 an o ma (10001} | lleo o
C 0 0 0
+= Z [(Q+TL|UL|2)HV779JL”3,L +TL|UL|2H”L(VG)H37L}‘

LeLly

Note that

2 2 2
[nyplllzps < E (v+7ilunm|® +vd) V0, 016,01
MeMy,

Adding (21) and (23) results in
1 1
30tllewnlld + (1= 8e)lllewnlliZps + 50leon 5 + (1 = 8e)lleonllZps

1 1 C 1
< Z\Iamu,hllﬁ + ZHat??e,hHg + - Z hTH’?u,h”%,M
MeMy, M

+ 14+ Blglloo + fulwroe (o) + e max {ARgluffan)

+ 9 e (B0}l
€ MeMp Uyn

C —1y, 12 1 2
70 max (i flulenn) + 5160w (o) llewnll

C
+(;+ce) S (vt rhrlun + e d) [V, 401300
MeMy,

(23)
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C .(d 1
+ 2 0 [min (0= Il ar + Tl 8k (Vu)l13 ar]
€ v M
MeMy
= 5 (S5 + Ol ) sl
LeL,
1
+ [+ 50w () + ellunllZe + Bllgll + GMHé%(h{h?\/[whz/Vlvm(M)}
C h3, C
bl M g - } — 6
+ B Mné.%\}/l( {’YM| |W1 (M) + p Mnéax {’YM || Hoo M}:| ”69 hHO
C
+= > [(a+Tz|uL\2)HV779,hll(2),L +Tg|uL\2Hfi%(V9)||g,L]
LeLly

We choose ¢ = %8 and get (where < indicates that the left-hand side is smaller or
equal than a generic constant times the right-hand side)

2 2 2 2
Otllewnllo + l1(ewn epn)lllzps + Otllea,nllo + lleq,nllZps

2 2 1 2
SN0y pllo + 19eme,mllo + Z hT”"]u,hHO,M
MeMy,

(14 Bllglloe + ey + max {ARpluffnoean) + sl

h2
- max { Ml o mas (3l 4 Bl o) | lewnl?

MeMy Uyp Me

+ > (v+irlua? +vard)

MeMy,

1

£ 3 [min (5= gl an + i s Pl (90 .00

MeMy, ™
+ ¥ (5 + Alollcs) ol

LeLly, L

+ | L+ [0lwroe (o) + lunlSe + Bliglioo + masx {h3rl0fsar)}

h2
DM g2, } 0
+ max {’YM| oo ary [ + (LA {VM 16112, M}} llea,nll3

+ 3 [(a+ L url) Va0l o + L w155 (VO 1.
LeLy
We require that all the terms on the right-hand side are integrable in time.
This holds due to the regularity assumptions on w and 6, Assumption [d] g €
L>®(0,T; [L>®(£2)]?) and the fact that the fluctuation operators are bounded. Ap-
plication of Gronwall’s Lemma for ||(ey 1, e0.1)I3 = llewnlld + llea.nll§ defined in
Theorem [2| gives the claim since the initial error (e, 5, eg,)(0) vanishes.

Corollary 1 Consider a solution (u,p,0): [0,T] = V4 xQ x O of (@—(@ satisfying

we L%(0,T; [Wh(2)]%) n L2(0, 75 W™ H2(2)]9),
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dru € L2(0,T; [Wh=2(02)]%),
pe L*(0,T; W t12(0) n (),
6 € L>=(0,T; W°(2)) n L0, T; Wrt1:2(2)),
80 € L*(0,T; Wko-2(2))
and a solution (wp,pp,0p): [0,T] — V5 x Q) x ), of (@—@) satisfying uy, €

L°°(0,T; [L>°(2)]4). Let Assumptions |4 be valid as well as wy, (0) = juuo, 6;,(0)
Jobo hold. For 0 <t < T, we obtain the estimate for the semi-discrete error &, j,

u—up, §gp =004

€0 nll o0 (0,622 (2)) + €0, 1700 (0,512 (2))

t
+ [ (ewn e + llna(lips) ar

t

< [ Conuo)yt-—r) 2(kp+1) s (é L) 2

N/o e E hy min il |\p(T)HWkp+1,z(wM)
MeMy,

+ 30 w3 [ e+ ) o) (24)
MeMy,

2(sy—kuy
10 a2y + Thelun PRAS T () Ry vat 2 |

k 6 2 —k
+ E h% 6 [H@te(T)H%ng,z(wL) + TL|uL|2hL(Se 9)”9(7_)”%‘/56“72(‘0”]
LeLly,

+ (14 11 Blglloc,r + o+ L url?) ||9(7')||$/V’€e+1v2(wL)} dr

with sy € {0, ,ku}, s9 €{0,--- ,kg} and a Gronwall constant as defined in Theorem
2

Proof We split the semi-discrete error as

Euh =Muh T €uhs Son="7on+€0n Eph =Mphtepn

and use the triangle inequality in order to estimate the approximation and con-
sistency errors separately. The interpolation results in V,‘{”“ X Qp X Oy, according
to Assumption [I] are applied to Theorem [2] Further, we take advantage of the
approximation properties of the fluctuation operators from Assumption [3] with
Su €40, ,ku}, sg € {0, ,kg}. This provides a bound for the consistency error
in the following way for all 0 <7 <¢<T

> At mirlunl? + dyan) [V, 0 (D13 1
MeMy,

- . (d
+ Y mlmen@IEa+ Y min(

1
a1
14
MeM, MeM, ™

1
+ Z (hT + 5||9\|oo,L) o, n (PIIE.L + (a+ 7L ur*) [ Vne.n(T)5 L
LeLly, L

G A
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<c Y oy (1 + Tirlun | + d’VM) () k12 ()

MeMy,
20kp+1) . (d 1
0 3 i min (5, NI,
MeMy, w

+ 3 02 (14 K Bllgloc, + o+ 7 url?) 100 oz, )
LEL}L

Furthermore, it holds

K
10, 1 (DB < C > AR 10w () [fy kw2 wrr)
MeMy,

2 2 2,2 2
Tirlunr PEh (Va3 <C Y0 mirlunPRE ullfyewsr2 oy
MeMy,

10eme.n ()5 < C Y BT N0 Fyke.2 0y )
LeLly,

0 0 0 5
Ll PIRL(VOE)IE.L < C Y mLlur PR 0T 1§y o2y -
Lely,

For the interpolation errors, we exploit the approximation properties from As-
sumption [T}

2(ky+1
I nIF<C ST BE T () k1.2 (onr)

MeMy,
2 2(ko+1 2
Ing.nlls < C > BEE VN0 k12, )0
LeLly
Nnun(Zps< > (v + mirlunl® +100d) 1V 4 (113 00
MeMy,
o
<C Z hak (V+T}\L4|UIVI|2+'7Md)”u(T)H%/Vkqulﬂ(wM)v
MeMy
0
o (MWips < Y (a+rLluc®)IVno.nl3.ar
LeLy
2k 6 2 2
<C Y R (a+ TLlunP) 10 ko2 0y -
LeLly

The combination gives the claim.

Remark 2 Note that the above results do not provide a priori bounds since the
Gronwall constant depends on ||uj||sc. This allows us to prevent mesh width
restrictions of the form

h h
_ harllunlloon 1 pe, _ Prlwlleor _ 1

R i il
eM B V57 o A,V&ia

similar to the ones obtained in [§].
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Remark 3 Provided a certain compatibility condition between fine and coarse
ansatz spaces holds true (according to [5]), we can improve the above results
similarly to the consideration in [8]. In particular, we obtain

2 2
llewnllZoe 0,602 (2)) + leo,nllToe (0,652 (2))

+ [ (lewni s+ leon(ries) ar

b (whun) (=) d 1 2
< G,h u,v,up —T s _
< C/O e E min (V, S )H’?p,h(T)Ho,M

MeM,,
1 1

+ 3 [+ ) 19000 (D00 + (72~ + = ) 00 (D100
MeMy, M M
o 10em (I -+ Tl Pl (V) (7)1

1
+ 30 [t L) IVnoaB.e + (55 + Blgllo,r) o, (7132
LeLly, L

+ L lur UKL (T0) ()31, + 19emo, ()31 } dr

with Gronwall constant

Ce(u,0,up) =1+ Bllgllo + [wlwri (o) + 10w (o)
2 2 h?\J 2
+ Mné%(h{hM‘u‘leoo(M)} + max {%|U|W1v°°(M)}
—1 2 2 2
+ max {7 S} + max (R0l an}
h%\/[ 2 -1 2
e {0y |+ ma (7 102,

6 2
+max{“u2,oo }+max{ u . }
e Tarlunlweo (ar) max TLlwn e (1)
For more details, compare with [16].

Remark 4 From the above estimates, we can derive an error estimate for the
pressure via the discrete inf-sup condition. If

we L%, T [WH(2)]),  up € L7(0,T3 [L7(2)]),

we obtain the estimate for the semi-discrete pressure error &, = p — pp, for 0 <
t<T

1€p,nl1 720,622 (2))
C 2 20 12 2
< 62{||at£u,h|L2(0,t;H1(Q)) + B7Mgl T 0,6:200 (2)) 10,011 2(0,1522 (2))
d
+ (Hu||2L2(o,t;Loc(Q)) + HuhH%%o,t;Lw(n)))||§u,h||2Loo(o,t;L2(Q))

t
+ (1/—|— max {yy/ |lunl?
(o s, O3l



18 H. Dallmann, D. Arndt

ma u 2 max d ) 2 psd
+M€A)/l<h{TM|uM| }+M€Mh{VM HNéunlllzps dr

t
+ / max {rplunl2t S rhhua Pty (Va)ll3 v
0 MeMy, Mem,,

with a constant C > 0 independent of the problem parameters, hp;, hy and
the solutions. We point out that the estimate is not optimal due to the term
H@tgu)hH%Q(O’t;H,l(m). In [9], an improved result for the Navier-Stokes equations
is obtained.

4.3 Suitable Finite Element Spaces

We address the question of suitable settings for our analysis in Theorem [2| and
Corollary [1} First, let us introduce some notation.

For a simplex T € T; or a quadrilateral/hexahedron T in R?, let T be the
reference unit simplex or the unit cube (—1,1)%. We are interested in so-called
mapped finite elements, that are constructed as transformations from the reference
element. Denote by Frp: T — T the reference mapping. For simplices T, Frr is affine
and bijective. In case of quadrilaterals/hexahedra, Fr is a multi-linear mapping
from 7' to arbitrary quadrilaterals/hexahedra. Henceforth, we require that Fyp is
bijective and its Jacobian is bounded for a family of triangulations according to

Jer, 2> 0: b <|det DFp(2)| < coh V& eT (25)

with constants c1, c2 > 0 independent of the cell diameter hp.
Let P; and Q; with | € Ng be the set of polynomials of degree < [ and of
polynomials of degree <1 in each variable separately. Moreover, we set

R (T) — Pz(T) on simplices T
! Tl Q (T) on quadrilaterals/hexahedra 7.

Bubble-enriched spaces are
IP?(T) = PI(T) + bT : Pl_Q(T), @?— (T) = QZ(T) + - span{iz_l, i=1,...,d}

with polynomial bubble function b := Hg:o N € I@’dJrl on the reference simplex 7'

with barycentric coordinates A; and with d-quadratic function (&) := Hle (1-2%)
on the reference cube. Define

Yh,—1:={vn € L*(2) : walr o Fr € Ry(T) VT € Ty},
Yh,l = Yh,—l N WI’Q(Q)

and bubble-enriched spaces Yh":il, analogously. For convenience, we write Vj, = Ry,

instead of V}, = [V}, ;] NV for the velocity (with obvious modifications for R})
and similarly for pressure and temperature.
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The presented approach is applicable to many combinations of ansatz spaces.
The interpolation property from Assumption [I| and the discrete inf-sup condition
hold for our finite element setting of Lagrangian elements

Vi, = Rz(:qf), Qn =Ry, -1y, O = Rz(c?

with ky > 2, kg > 2. It is shown in [I5] that there exists a quasi-local interpolation
operator that preserves the discrete divergence and has the needed approximation
properties in Assumption on simplicial isotropic meshes. It is argued in [15] that
the result can be easily extended to quadrilateral/hexahedral meshes and in this
case to ky = 2,d = 3.

In [6] (Table 1 and 2), fine and coarse discrete ansatz spaces are presented
that fulfill the approximation property of the fluctuation operators (Assumption
. We summarize possible variants of the triples (Vi /D%;) A Qn A (@h/D%) with
su€{l,... ku}, sg €{1,...,kg}.

— One-level methods:
(P, /Ps,—1) APk, 1 A (Pry/Psy-1),  (Quy/Qsu—1) A Qiyy—1 A (Quy /Qsp—1),
(P /Ps—1) AP_ (o, —1) AP /Psy—1), (Qi,, /Ps,—1) AP_(k,—1) A (Qu, /Psy—1)-
— Two-level methods (for the construction of the coarse space, see [5L6]):
(Pr, /Psy—1) AP, 1 A (Pry /Psp—1),  (Qi, /Qs—1) A Qieyy—1 A (Qiy /Qsp—1),
(P /Ps—1) AP_ (o, —1y A (B5 /Psg—1)s (Qu, /Psy—1) AP_ (g, —1) A (Qiy /Psy—1)-

4.4 Parameter Choice

The presented possibilities of finite element combinations result in a parameter
choice as

hQ(ku—Su) hZ(kg—Sg)
=70, 0<th(un) <762, 0< i (ug) <70-L—p—  (26)
lun] lurl

for M € My, and L € L, where ~o,7, 7§ = O(1) denote non-negative tuning
constants. With the parameter choice , Assumption M| is satisfied. In these
possible settings, we can apply Theorem [2] and Corollary [I We point out that in
order to get an optimal rate k in , one might want to choose

k= ku = kg = kp + 1.

A choice of grad-div and LPS SU parameters as in balances the terms in
the upper bound of the semi-discrete error . In addition, the Gronwall constant
does not blow up for small v if v5; > 0. An h-independent v,; (or at least
Ym > Ch) also diminishes the growth of the Gronwall constant with ||y 1.0 (@)
and [0]yy1,0 () and is therefore favorable. In case of uy; = 0, we set 7 (up) = 0
and 7¢(uz) = 0 if uy, = 0 as the whole LPS terms vanish. In [6], similar bounds
for the Oseen problem are proposed: 73, |bas|? < Chﬁ/[_‘g“ and yp; ~ 1.

Comparing the physical dimensions in the momentum equation and the Fourier
equation , we obtain

(a1 (unr)] %2 = [su(up;up,up)] = Ka{)%’uh)} ="



20 H. Dallmann, D. Arndt

[han)] 5 = bsaunson, o) = [ (S )] = 25

ot s

This suggests a parameter design as

mh(ur) ~hp/lupl,  Th(uar) ~ har/Junl, (27)

that is within the above (theoretical) parameter bounds. We will consider this
choice in the numerical examples.

The design of the grad-div parameter set {yps}ps is still an open problem, see
e.g. [I7] for the Stokes problem. An equilibration argument in our analysis (24))
suggests

'yMNmaX(O' Ipllwr2any ) (28)

Nwllwrsnzoan

Indeed, in different flow examples, the choice yields distinct yp: In case of
flow with f, = 0, (u - V)u = Otu = 0 and —vAu + Vp = 0 (Poiseuille flow),
we would choose yar = 0, as [|pllyr.2 o)/l ullwrr1.2(o) ~ v. For the Taylor-Green
vortex with f, = 0, one has ;u — vAu = 0 and (u - V)u + Vp = 0, thus leading
to [[pllwe2 o)/ llullwriizo) ~ 1. If v is small, yps ~ 1 follows. Unfortunately, ([28)
is not a viable choice for v,, in practice.

Especially in the advection dominated case, grad-div stabilization with vy, > v
has a regularizing effect. Furthermore, v,; > v is essential for the independence of
the Gronwall constant Cg j,(u, 0) of v. Corollary [I|and the above discussion clarify
that vp; = O(1) is a reasonable compromise. Our numerical tests also confirm this.

5 Numerical Examples

In order to validate the analytical results, we need to discretize the semi-discrete
formulation in time as well. The method we choose is a splitting method called
rotational pressure-correction projection method, which is based on the backward
differentiation formula of second order (BDF2). This method has been proposed
by Timmermans [I§] for the Navier-Stokes case and has been analyzed for the
linear Stokes model in [19].

With the constant time step size At > 0, the scheme reads:

Find u}, € V}, such that for all vj, € Vj:

3up, — 4uzt_1 + uZt_Q
2At

/Uh) +v(Vaupy, Vop) + cu(up; uhe, vp)
+ th(uﬁt; u2t7 'Uh) + Su(u}?ﬁ uﬁfn Uh) - (pZt_17 V- ’Uh) + ﬂ(g(tn)a;ﬁkv Uh)

T e 5 n— 1,
= (fu(tn),vp) + (gPZt b gpzt 24+ gpzt 5V ”h) : (29)

where 07/} := 207! — 07 ~? is an extrapolation of second order of the temperature
07

Find gj, € Qp, such that for all g, € Qp:

_ 3V -up
k=i Van) = (St ). (30)



Stabilized Finite Element Methods for the Oberbeck-Boussinesq Model 21

Find 6}, € ©p, such that for all ¥y, € Op:

30k — 405, ' + 05,
2At

7wh> + a(vegb V¢h)
+ co(uhy; Ohe, V) + so(une; One, ¥n)

= (fo(tn),vn).

Using this scheme, we want to confirm the results obtained above numerically and
investigate suitable parameter choices for the stabilizations. Therefore, we first
consider an artificial example using the method of manufactured solution. Due
to the fact that we know the analytical solution, we can observe in which cases
we obtain the desired rates of convergence. In the second example, we consider
Rayleigh-Bénard convection in a cylinder. This problem is well-investigated and
we consider the influence of stabilization on typical benchmark quantities.

Remark 5 For the fully discrete quantities, one can show stability according to

wnellie 0. 1:02(2)) + 1wnellie 0. 7.0 ps) + (A2 VDRt 0,7:22(02)
2 2
+ 10nellio 0,7;22(2)) + 10ntlliz0,7;2.P5)
S C(ugh uflpr%hpflzh 9?7,t7 eflLtv /87 g, fu, f9)7

cf. [16]. We expect that the convergence results for the stabilized Navier-Stokes in
[20] can be extended to the Oberbeck-Boussinesq model easily due to the similarity
of the momentum and the Fourier equations and their weak coupling.

5.1 Traveling Wave

We consider a time dependent, two-dimensional solution of the Oberbeck-
Boussinesq equations for different parameters v, o, 8 > 0 in a box 2 = (0, 1)2
with ¢ € [0,6 - 1073]:

u(z,y,t) = (100,0)", p(z,y,t) =0,

2 —1
0(z,y,t) = (1 + 3200at) /% exp (— (% + 100m~> (% + 4at> )

with g = (0, —1)T and (time dependent) Dirichlet boundary conditions for u and 6.
The right-hand sides fu, fy are calculated such that (u,p, ) solves the equations.
Initially, the temperature peak is located at x = % and moves in z-direction until
it finally hits the wall at z = 1,# = 0.005 and is transported out of the domain.
Note that the movement of the peak is one-dimensional.

The mesh is randomly distorted by 1%; h denotes an average cell diameter. We
use Q2 A Q1 A (Q2/Q1) or Q2 A Q1 A (QF /Q1) elements for velocity, pressure and
fine and coarse temperature. Since only the temperature ansatz spaces are varied
here, we write é‘H /Q1 for convenience.

As presented in Figure [I| we obtain the expected order of convergence for
the LPS-error |||u — wpl||rps + |[0 — 0n]lLps ~ h? even without stabilization.
Adding LPS stabilization for # does not corrupt this result. Note that even a high
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LPS error
=)
n
LPS error
>

103 1073
104 1074
-5 -5 L
10 10
1072 102 10" 100

Fig. 1: LPS-errors for different finite elements and choices of o and 8 with (a)
72, =0 and (b) 77 = h/|[up]loc,z, v =1

parameter 3 does not require any stabilization: Neither the discrete temperature
nor velocity or pressure fail to converge properly (not shown). In the interesting
case o = 1072, the LPS-errors become very large in the unstabilized case. LPS
stabilization in combination with Q;/Ql elements for 6, cures this situation
(Figure [1f (b)).

In the unstabilized case as well as in case of LPS SU with Q2/Q1 elements for
the temperature, the spurious oscillations of the discrete temperature cannot be
captured. These wiggles are directly visible in Figure [2| where 0}, (z,y = 0.5,¢ =
0.005) is plotted for z € [0,0.9]. The improvement becomes obvious if we use
enriched elements Q;‘/Ql.

5.2 Rayleigh-Bénard convection

We consider Rayleigh-Bénard convection in a three-dimensional cylindrical domain

3
0= {(w,y,z) e(- %%) \\/x2+y2 < % 2] < %}

with aspect ratio I' = 1 for Prandtl number Pr = 0.786 and different Rayleigh
numbers 10° < Ra < 10°. These critical parameters are defined by

= v Ra = |g|ﬂA0refL§ef.
e | 4e%

In this testcase the gravitational acceleration g = (0,0,—1)7 is (anti-)parallel
to the z-axis. The temperature is fixed by Dirichlet boundary conditions at the
(warm) bottom and (cold) top plate; the vertical wall is adiabatic with Neumann
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Fig. 2: Plot over temperature at y = 0.5 (z € [0,0.9]) at time ¢ = 0.005 with h =
1/16 in case of (a) Q2/Q; elements for ¢ = 0 (dotted line and for ¢ = lunll 2,

(solid line), (b) QF /Q; elements for ¢ = 0 (dotted line) and for 7¢ = ||uh||;c2L
(solid line), (v,a, 8) = (1,1073,1). The dotted and solid lines lie on top of each
other in (a)

boundary conditions % = 0. Homogeneous Dirichlet boundary data for the ve-

locity are prescribed. We use triangulations with N cells, where N € {10 - 83,10
163,10 - 323}, as well as a time step size At = 0.1 for N = 10-83, At = 0.05 for
N =10-16° and At = 0.01 for N =10 - 323.

As a benchmark quantity, the Nusselt number Nu is used. With B := {(z,y) €
(=1,3)? /22 +y2 < 1}, the Nusselt number Nu at fixed z is calculated from the
vertical heat flux ¢, = u.6 — a% from the warm wall to the cold one by averaging
over B and in time:

1 T
Nu(z) = F<a|B|(T —t0) [Ovottom — 0t0p|) / /B q-(z,y, 2, t) dz dy dt
to

with a suitable interval [to,T]. It is well known that the time averaged Nusselt
number does not depend on z. In order to assess the quality of our simulations, we
compute the Nusselt number for different z € {—0.5,—-0.25,0,0.25,0.5}, where the
heat transfer is integrated over a disk at fixed z. Then we compare these quantities
with the Nusselt number Nu®'® calculated as the heat transfer averaged over the
whole cylinder 2 and in time. The maximal deviation ¢ within the domain is
evaluated according to

o := max{|Nu®® — Nu(z)|, z € {-0.5,-0.25,0,0.25,0.5}}.

For comparison, we consider the DNS simulations by [2I] and denote the respective
ref

values by Nu
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For high Rayleigh numbers, boundary layers occur in this test case. In order to
resolve these layers in the numerical solution, the (isotropic) grid is transformed
via Tryz: 2 — 2 of the form

T
) T z tanh(4r) y tanh(4r) tanh(4z)
Toyz: (3,9,2)" = <r 2tanh(2)’ r 2tanh(2)’ 2tanh(2)

with r := /22 4+ y2.

(32)

(a) (b) (c)

Fig. 3: Temperature iso-surfaces at 7 = 1000 for Pr = 0.786, (a) Ra = 10°, (b)
Ra =107, (¢) Ra=10°, N =10-163, y5; = 0.1

A snapshot of temperature iso-surfaces for different Ra at T'= 1000 is shown in
Figure N =10-163 cells, grad-div stabilization with va; = 0.1 and Q2 A Q1 A Q2
elements for velocity, pressure and temperature are used. Whereas the large scale
behavior shows one large convection cell (upflow of warm fluid and descent of cold
fluid) in all cases in a similar fashion, with larger Ra, smaller structures and thin
boundary layers occur. For Ra = 10°, the flow reaches a steady state, whereas
Ra € {107,10°} results in transient flow. This is in good qualitative agreement
with simulations run by [21].

First, we want to determine the optimal grad-div parameters depending on
Ra. The resulting benchmark quantities without any stabilization and with op-
timal grad-div parameter are presented in Table [1} results for different grad-div
parameters can be found in [I6]. Only for Ra = 10°, the unstabilized case vy; = 0
gives satisfactory values for Nu®& and o; the discrepancy from Nu™®f is only 0.25%.
Addition of grad-div stabilization does not corrupt this result. For higher Rayleigh
numbers, vy; = 0 leads to Nusselt numbers strongly depending on z and differing
from the reference value by a large amount, for example by more than 88% of the
absolute value Nu*f in case of Ra = 10°. Even negative Nusselt numbers occur
for some z. Increasing the stabilization parameter to v3; = 0.01 can reduce these
differences to 12% for Ra = 10°. Also, the deviation within the domain can be
diminished considerably for all Ra > 10°. The optimal grad-div parameter found
by these experiments lies in the range v € [0.01,0.1] for all considered Rayleigh
numbers. We infer that this parameter can be chosen independently from Ra.
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Ra 10° 106 107 108 10°
Nu?ve o Nu2ve o Nu2ve o Nu2ve o Nu?ve o
nGD 3.84 0.04 8.65 0.34 | 1641 1.83 | 37.70 29.5 | 118.8 137.6
GD 3.84 0.03 8.65 0.02 | 16.88 0.11 | 31.29 0.70 | 55.52 1.35
Nuref 3.83 8.6 16.9 31.9 63.1

Table 1: Averaged Nusselt numbers and maximal deviations o for different Ra and
different grad-div parameters v, averaged over time ¢ € [150,1000], N = 10 - 83,
Q2 A Q1 A Q1 elements are used. nGD indicates that no stabilization is used (in
particular, v5; = 0), GD means that an optimal grad-div parameter is used: vy; =
0.1 for 10° < Ra < 10® and ~v,; = 0.01 for Ra = 10°. Nuef denotes DNS results
from [21]

Anyway, for all Ra € {10°,10%,107,108}, the reference values Nu™f obtained by
DNS can be approximated surprisingly well with the help of grad-div stabilization
on a mesh with only N = 10 - 82 cells. Also, the Nusselt number varies little with
respect to different z.

e T | NuRE o | Nup® o owy | NuTlE, oraen | Nupf,  oram
0 0 55.52 1.35 58.14 1.48 41.46 40.20 47.53 23.40
hul 0 53.84 1.41 58.27 1.47 38.71 43.03 44.30 24.79
0 hul 52.45  3.48 56.53 3.06 37.61 10.84 54.26 16.53
hul  hul 51.81 3.43 54.04  3.33 37.05 10.31 49.13 12.92

Table 2: Averaged Nusselt numbers and maximal deviations o for different
choices of stabilization and finite element spaces, Ra = 10°, averaged over time
t € [150,1000], N = 10 - 8%. The subscript Id means that an isotropic grid is
used; otherwise, the grid is transformed via T4y .. The additional ¢th indicates that
(Q2/Q1)AQ1A(Q2/Q1) elements are used and (QF /Q1)AQ1A(QF /Q1) are denoted
by bb. The label hul indicates that TX/I//QL = %h/||uh||w7M/L. Nu'®t denotes DNS
results from [2T]

In order to examine the influence of additional LPS SU and different grids, we
give an overview for different parameters with (Q2/Q1) A Q1 A (Q2/Q1), indicated
by th, and enriched (QF /Q1) A Q1 A (QF /Q1) finite elements, denoted by bb, in
Table Ra = 10° and the optimal grad-div parameter vy, = 0.01 are used.
Note that the Nusselt numbers calculated with enriched elements are in better
agreement with the reference value Nu™' = 63.1 than using (Q2/Q1) A Q1 A
(Q2/Q1) elements. Our simulations support the conclusion that additional LPS
SU stabilization is not needed in case of anisotropic grids that are adapted to the
specific problem; grad-div suffices and is even more favorable. Stabilization of the
velocity as 7y ~ h/||upllco,ps performs better than other LPS SU variants (see
[16] for the results for more parameters). We also test an isotropic and globally
refined grid, which is not particularly refined in boundary layer regions. In Table
[2 the subscript Id indicates this grid. In general, the calculated benchmarks differ
from the reference value Nu™f by a larger amount than the ones obtained on a
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grid that is refined within the boundary layer, even with the same number of
cells. However, in case of an isotropic grid, the deviation is very large if grad-div
stabilization is used solely; LPS SU stabilization becomes relevant: Since small
temperature structures in the boundary layer are not resolved, their influence has
to be modeled. Additional stabilization for the temperature serves this purpose.
For instance, in case of (Q2/Q1) A Q1 A (Q2/Q1) elements, it reduces oyq ¢ from
nearly 97% of the absolute value of the calculated Nusselt number Nu%ih in case
of (var, 7y, 72) = (0.01,0,0) to less than 30% if 7¢ = 1h/|lupllco, - The use of

enriched elements improves the results; a Nusselt number Nuff, = = 54.2603 is

reached for (yar, 78, 7) = (0.01,0, ih/lunlco,L)-
Further, we try to improve the results for Ra = 10° by using finer grids with
N =10 16® cells (with At = 0.05) and N = 10 - 32% cells (with At = 0.01). The
results are shown in Table [3] We first observe that adding LPS stabilization of
any kind decreases the Nusselt number; we achieve best results on the grid with
N = 10 - 163 cells for grad-div stabilization alone. The obtained values still are
too small by 4.1% for Taylor-Hood elements and by 2.8% for enriched elements.
On the finest mesh, the Nusselt number still differs from Nu**f by 1.5% if a grid
transformed via T4y, is used. We suppose that we can improve the results by
adding more degrees of freedom in the middle of the domain by transforming the
mesh in z-direction alone via T, : 2 — 2 of the form
T
Ts: (z,y,2)" — <a:,y, %) (33)
with r := y/22 + y2. The results for Nu®'® are best if additional LPS stabilization
of the velocity is used and we get as close as 0.1% to the reference value. With
grad-div stabilization alone, the Nusselt number differs from the reference value
by 0.7%. This supports the expectation that for the Nusselt number, resolving
boundary layers at the top and bottom is more important than at the hull.

N v Ty T8 | Nugve o Nyref

10163  th  Tyy. | 0.01 0 0 60.49 1.16 63.1
th  Tpy. | 0.01 hul 0 59.16 1.27
th  Tyy- | 0.01 0 hul 59.67  0.98
th  Try. | 0.01 hul hul 58.72 1.23
bbb Tyy. | 0.01 0 0 61.34 0.54

10323 th  Tay. | 0.01 0 0 62.14  0.68
th T, 0.01 0 0 62.65 0.55
th T, 0.01  hul 0 63.01  0.78

th T, 0.01 0 hul | 62.47 0.54

Table 3: Averaged Nusselt numbers and maximal deviations o for different grids
and choices of stabilization and finite element spaces, Ra = 10°, averaged
over time. th indicates that (Q2/Q1) A Q1 A (Q2/Q1) elements are used and

(QF /Q1) AQ1 A (QF /Q1) are denoted by bb. The label hul indicates that Tx[//OL =
%h/HuhHm’M/L. Nur®t denotes DNS results from [21]
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Fig. 4: Nu/Ra®3 (I' = 1, Pr = 0.786) for an anisotropic grid with N € {10-83,10-
163} cells, compared with DNS data from [21] (I" = 1, Pr = 0.786) and [22] (I" = 1,
Pr = 0.7). The grid is transformed via Tyy. for N € {10-8%,10- 163} and via T
for N = 10 - 323. The label th indicates that (Q2/Q1) A Q1 A (Q2/Q1) elements
are used and (QF /Q1) A Q1 A (QF /Q1) are denoted by bb. For 10° < Ra < 108,
(WM,T}(J,TE) = (0.1,0,0) is chosen; (VM,T}\‘/[,Tg) = (0.01, %h/||uh||oo7M,O) in case
of Ra = 10°

Figure 4] provides an overview over the obtained results (using the respective
optimal stabilization parameters and an anisotropic grid). We compare the reduced
Nusselt numbers Nu/Ra®3 for different finite element spaces, indicated by th and
bb as above, with DNS data from the literature. The Grossmann-Lohse theory from
[23] suggests that there is a scaling law of the Nusselt number depending on Ra
(at fixed Pr) that holds over wide parameter ranges. The reduced Nusselt number
calculated in our experiments is nearly constant. However, one does not observe
a global behavior of the Nusselt number as Nu o« Ra®3. But as in [21], a smooth
transition between different Ra-regimes Ra < 10%, 10 < Ra < 10® and Ra > 103
can be expected.

(96) (6g) o< Ra™
Ra=10° Ra=10" Ra=10° m mref
top 0.1295 0.0311 0.0084 -0.2970 | -0.285
bottom 0.1295 0.0293 0.0085 -0.2957 | -0.285

Table 4: Thermal boundary layer thicknesses at the top and bottom plates
(59>t"p/b°twm, averaged over r = /22 +y2 € [0,3], and slopes mtop/bottom
resulting from the fitting (dg) o< Ra™. The grid with N = 10-163 cells is transformed
via Tryz; Q2 A Q1 A Q2 elements are used. vy = 0.1 for Ra € {10°,107} and
yar = 0.01 for Ra = 10°. m™! denotes the slope proposed by [21]
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Table |4| validates that a grid transformed via Tyy. (together with grad-div
stabilization) resolves the boundary layer: For a grid with N = 10 - 163 cells, the
dependence between Ra and the resulting thermal boundary layer thickness (dg)
is in good agreement with the law (dg) o< Ra~-2%5 suggested by [21]. Here, the
thermal boundary layer thickness dy is calculated via the so-called slope criterion
as in [21]. &y is the distance from the boundary at which the linear approximation
of temperature profile at the boundary crosses the line § = 0. (dy9) denotes the
average over r = /22 + y2 € [0, 3].

All in all, our simulations illustrate that we obtain surprisingly well approx-
imated benchmark quantities even on relatively coarse meshes (compared with
DNS from the reference data). For example, for the grid with N = 10 - 163 cells,
we have a total number of approximately 1,400,000 degrees of freedom (DoF's)
in case of (Q2 /Q1) A Q1 A (Q2/Q1) elements. Enriched (QF /Q1) A Q1 A (QF /Q1)
elements result in 1,900,000 DoF's for N = 10- 162 cells. Refinement increases the
number of DoF's roughly by a factor of 8. In comparison, the DNS in [2I] requires
approximately 1,500, 000,000 DoFs.

The key ingredients are grad-div stabilization and a grid that resolves the
boundary layer. In case of isotropic grids, that are not adapted to the problem,
LPS SU stabilization for the temperature becomes necessary. Bubble enrichment
enhances the accuracy on all grids.

6 Summary and Conclusions

We considered conforming finite element approximations of the time-dependent
Oberbeck-Boussinesq problem with inf-sup stable approximation of velocity and
pressure. In order to handle spurious oscillations due to dominating convection or
poor mass conservation of the numerical solution, we introduced a stabilization
method that combines the idea of local projection stabilization with streamline
upwinding and grad-div stabilization.

A stability and convergence analysis is provided for the arising nonlinear semi-
discrete problem. We can show that the Gronwall constant does not depend on the
kinetic and thermal diffusivities v and a for velocities and temperatures satisfying
w e (L0, W), w, € [L%0,T;L5(2)]7, 0 € LZ(0,T;WH(02)).
The approach relies on the existence of a (quasi-)local interpolation operator
ju: V4 5 V¥ preserving the divergence (see [I5]). In contrast to the estimates
in [7] and [§] for the Oseen and Navier-Stokes problem, we can circumvent a mesh
width restriction of the form

hrllw 1 hr||w 1
. hall hHoo,Mgi and  Pey = clunlloor o 1

v N e ~ Va

even if no compatibility condition between fine and coarse velocity and tempera-
ture spaces holds. Therefore, the analysis is valid for almost all inf-sup stable finite
element settings.

Furthermore, we suggest a suitable parameter design depending on the coarse
spaces DY, and DY. Note that a broad range of LPS SU parameters 71, 7¢ is
possible. In particular, we achieve the same rate of convergence in the considered
error norm if 73, and 7¢ are set to zero. The LPS SU stabilization gives additional
control over the velocity gradient in streamline direction.

Re
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It is indicated by our analysis and numerical experiments that vy, = O(1)
is essential for improved mass conservation and velocity estimates in Wl’Q(Q).
We point out that grad-div stabilization proves essential for the independence of
the Gronwall constant Cg(u,,uy) from v and a. Though the analysis assumes
isotropic grids, the use of anisotropic ones in our numerical examples does not
lead to any problems. The need for additional stabilization can be avoided if the
grids are adapted to the problem. This is agreement with the numerical tests
performed in [7]. Especially, for boundary layer flows, the SUPG-type stabilization
v ~ h/||lunlloo,ps seems to be suited for modeling unresolved velocity scales if
isotropic meshes are used. The combination with enriched elements is favorable.

For Rayleigh-Bénard convection, the combination of grad-div stabilization, a
problem adjusted mesh and suitable ansatz spaces yields results that approximate
DNS data.

7 Appendix
Lemma 1 Let € > 0 and ( 0 e VI x Q x 6, (up,pn,0p) €V, dw X Qp X O,
be solutions of (md satz ing u € [Wl ()4, 6 e WI’OO(Q) and

up € [L(02)]4. If Assumptzons and hold, we can estimate the difference of the
convective terms in the momentum equation

cu(u; u, €y ) = cu(Wn; Un, €y h)

C 1 2 2 2
< — Z hTHnu,h”O,]W+3€H|"7u,h|“LPS+35|Heu,h|||LPS

€
MeM, M
2

C has
+ | lulwree (@) + ¢ max {hM|u|W1w(M)}+ o Ahax {W‘u‘wlw(M)}

C —1y 2 2 2
o MIE%(h{’YM lullSe,ar} + ellunllze | llewnllo

with C' independent of hpr, hyp, €, the problem parameters and the solutions. The
difference of the convective terms in the Fourier equation can be bounded as

co(u;0,e9.,) — co(un; On,eq.n)
C

-2 2 2 2
<= > hatlmuallar + 3elllmnlilies +3elllewnllips
MeMy,
1 2, C —2 2
+ 310w @ llewnlld + = D bz lnenld.

LeLy,
1
+ llea.nlld (2|9W1v°°(9) + ellunl3 + 6Mﬂé%<h{h?vf\9|%v1m(zw)}

h3,

C C
+ - Mné?\)/t{h {W‘9|Wl oo(M)} + - N}HaX {’YM H9Hoo M}>

with C' > 0 independent of the problem parameters, har, hy, and the solutions.
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Proof Similar estimates can be performed for velocity and temperature. We present
the steps for the velocity; for details for the temperature terms, we refer the reader
to [16].

We choose the same interpolation operators jy: v V,‘lﬁ” and jg: © — Oy, as
in Theorem [2} With the splitting n,, 5 + e, 5 = (v — jun) + (juw — up) from
and integration by parts, we have

Cu (u; u, eu,h) - C’U«(uh; Uhp, eu,h)

. 1 .
= ((uw—up) - Vu, ey n) + (up - V(u = juu),ewn) =5 (V- up)jurs, €un)

=T =T =:T3

Now, we bound each term separately. Using Young’s inequality with ¢ > 0, we
calculate:
o)

2
< S (Voo s (lewnlar + I70nllo3tllew

MeMy,
1
< ulwr@llewnld + > 7 |ulwree an Imuplloarhasllew,nlloar (34)
M
MeMy,
1 1 2 2 |2 2
<go O g lmunlEar+ (luhwioo) + € max (Wifulfreqn}) lewld.

MeMy,
For the term T3', we have via integration by parts
T3 = (up - V0 preun) = —(up - Ve n, Myp) — (V-up)ewn, myp) = 121 + Taa.

Term T34 is the most critical one. We calculate using Assumption [2] and Young’s
inequality:

T = —(un - Vewnmun) < S NunlloontlIVewnllo.atllu nllo
MeMy,

<0 Y unlloonrllenn
MeMy,

—1
lo,amhng 1M mll0,m (35)

2 2 C —2 2
<ellupllisolleunllo + - Z R M nllo,ar-

MeMy,

Using (V - u,q) = 0 for all ¢ € L?(£2), Assumption [1] and Young’s inequality with
e > 0, we obtain

T2u2 = *((V : uh)nu,h: eu,h) = ((V : (nu,h =+ eu,h))nu,hv eu,h)

< Y Imunloons (IV - ewnllons + 19 - munllo.ar ) lewnlo,as (36)
MeMy,

Chys
< Y b iy (IV - ewnllons + 19 - munllo,nr ) lewnlo
MeMy, ™

2

2 2 C {hM 2 } 2
< + +— m - .
> 6H|77u,h|||LPS €H|eu,h|HLPS p Me%\)/l{h ~ |U|W1,00(M) ”eu,hHO
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Utilizing the splitting according to , we have
T3 = (V- up)juss, ey n) = —=((V - up)ny ps €un) + (V- up)u, ey n) = To + T35

and use the same estimate as in (36)). For the term T35, we use that (V-u,q) =0
for all ¢ € L?(£2) and Young’s inequality:

T35 = [(V-up,u-eun)| = (V- (=g — €un +u),u-eypn)
< |(V “Ny,hs U eu,h)‘ + |(V “€y,h, U eu,h)|

1
< 3 (Ielloear I - illo,r = llewillo,u
MEM, M (37)
1
+ ||u MV IMIV - e M e M)
|| ”oo, v H 'u,,hHO7 \/’WH u,hHO,
<

2 2 c ~1y 2 2
lllnunlllzps + elllewnlllzps + < Mﬂé%(h{’YM llull5o,ar Hlew,n llo-

Combining the above bounds — yields the claim.
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