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Abstract

In this work we propose a novel Hybrid High-Order method for the incompressible Navier—
Stokes equations based on a formulation of the convective term including Temam’s device for
stability. The proposed method has several advantageous features: it supports arbitrary approx-
imation orders on general meshes including polyhedral elements and non-matching interfaces; it
is inf-sup stable; it is locally conservative; it supports both the weak and strong enforcement of
velocity boundary conditions; it is amenable to efficient computer implementations where a large
subset of the unknowns is eliminated by solving local problems inside each element. Particular
care is devoted to the design of the convective trilinear form, which mimicks at the discrete
level the non-dissipation property of the continuous one. The possibility to add a convective
stabilisation term is also contemplated, and a formulation covering various classical options is
discussed. The proposed method is theoretically analysed, and an energy error estimate in h*+!
(with h denoting the meshsize) is proved under the usual data smallness assumption. A thorough
numerical validation on two and three-dimensional test cases is provided both to confirm the the-
oretical convergence rates and to assess the method in more physical configurations (including,
in particular, the well-known two- and three-dimensional lid-driven cavity problems).

Keywords. Hybrid High-Order methods, incompressible Navier—Stokes equations, polyhedral el-
ement methods, a priori error estimate
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1 Introduction

In this work we propose a novel Hybrid High-Order (HHO) method for the incompressible Navier—
Stokes equations based on a formulation of the convective term including Temam’s device for stability
[54].

Introduced in [25], HHO methods are new generation discretisation methods for PDEs based on
discrete unknowns that are broken polynomials on the mesh and on its skeleton. Unlike classical
finite element methods, the notion of reference element is not present in HHO, and basis functions
are not explicitly defined. Instead, the discrete unknowns are combined to reconstruct relevant
quantities inside each element by mimicking integration by parts formulas. These local reconstructions
are used to formulate consistent Galerkin terms, while stability is achieved by stabilisation terms
devised at the element level. The HHO approach has several advantages: it is dimension-independent;
it supports arbitrary approximation orders on general meshes including polyhedral elements, non-
matching junctions and, possibly, curved faces [12]; it is locally conservative; it is amenable to efficient
(parallel or serial) computer implementations. The HHO method proposed in this work has additional
advantageous features specific to the incompressible Navier—Stokes problem: it satisfies a uniform inf-
sup condition, leading to a stable pressure-velocity coupling; it behaves robustly for large Reynolds
numbers; it supports both weakly and strongly enforced boundary conditions; at each nonlinear
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iteration, it requires to solve a linear system where the only globally coupled unknowns are the face
velocities and the mean value of the pressure inside each element.

The literature on the numerical approximation of the incompressible Navier—Stokes equations is
vast, and giving a detailed account lies out of the scope of the present work. We therefore mention here
only those numerical methods which share similar features with the HHO approach. Discontinuous
Galerkin (DG) methods, which hinge on discrete unknowns that are broken polynomials on the
mesh and have the potential to support polyhedral elements, have gained significant popularity in
computational fluid mechanics. Their application to the discretisation of incompressible flows has
been considered, e.g., in [5, 11, 18, 19, 26, 41, 43, 47, 51, 53]. We particularly mention here [26],
where a DG trilinear form based on Temam’s device was proposed which, unlike the one considered
here, leads to a non-conservative discretisation of the momentum equation. Linked to DG methods
are Cell Centered Galerkin methods, which hinge on incomplete polynomial spaces; see [20, Section 4]
for their application to the incompressible Navier—Stokes problem. A second family of discretisation
methods worth mentioning here are Hybridisable Discontinuous Galerkin (HDG) methods, which can
be regarded as an evolution of DG methods where both face and element unknowns are present.
Their application to the incompressible Navier—Stokes equations has been considered, e.g., in [16, 39,
49, 50, 55]; see also [30] (and, in particular, Remark 5 therein) for a comparison with HHO methods.
More recent polyhedral technologies have also been applied to the discretisation of the incompressible
Navier—Stokes equations. We cite here, in particular, the two-dimensional Virtual Element Method
(VEM) of [8]; see also the related work [7]. For a study of the relations among HDG, HHO, and VEM
in the context of scalar diffusion problems, we refer the reader to [10, 24]. Finally, as regards HHO
methods, applications to incompressible flows have been considered in [1, 13, 29, 30].

For a given integer k& > 0, the HHO method proposed here hinges on discrete velocity unknowns
that are vector-valued polynomials of total degree < k on mesh elements and faces, and discontinuous
pressure unknowns of total degree < k. Based on the discrete velocity unknowns, we reconstruct inside
each element: (i) a velocity one degree higher than element unknowns, leading to the characteristic
O(h*+1)-approximation of the viscous term; (ii) a divergence in the space of scalar-valued polynomials
of total degree < ¢ whose purpose its twofold: with ¢ = k, it is used in the discretisation of the pressure-
velocity coupling; with ¢ = 2k, it appears in Temam’s contribution to the convective trilinear form;
(iii) a directional derivative used to formulate the consistent contribution in the convective term. The
convective trilinear form embedding Temam’s device is the first main novelty of this paper, and it
mimicks at the discrete level the non-dissipation property valid at the continuous level. Stability in
the convection-dominated regime can be strenghtened by introducing a convective stabilisation term,
for which a variety of classical options are here adapted to the HHO framework. The main source
of inspiration is [23], where HHO methods for locally degenerate scalar diffusion-advection-reaction
problems are developed. The second important novelty of this work is the extension of Nitsche’s
technique to weakly enforce boundary conditions on the velocity in the HHO scheme. The weak
enforcement of boundary conditions can improve the resolution of boundary layers and simplifies the
practical implementation.

Theoretical justification and numerical validation of the proposed method are provided. From the
theoretical point of view, we prove an error estimate in A**?! for the discrete H}-like norm of the error
on the velocity and the L2-norm of the error on the pressure. As customary for the Navier-Stokes
equations, this error estimate is derived under a data smallness assumption. Following the ideas in
[30], one could also prove convergence without any smallness assumption on the data nor additional
regularity on the exact solution. These developments are omitted for the sake of brevity. From
the numerical point of view, we provide a thorough assessment of the proposed method using well-
known benchmark problems from the literature. Specifically, the convergence rates with or without
convective stabilisation and with strongly or weakly enforced boundary conditions are assessed using
Kovasznay’s solution [45]. The robustness in the convection-dominated regime is assessed, on the
other hand, simulating the two- and three-dimensional lid-driven cavity flows for Reynolds numbers
up to 20,000 and polynomial degrees up to k=8. For these test cases, no analytical solution is
available, so we compare with results from the literature.

The rest of this work is organised as follows. In Section 2 we discuss the continuous problem and
formulate a key remark that will inspire the design of the discrete trilinear form. In Section 3 we
discuss the discrete setting, with particular focus on the local reconstruction operators at the heart



of the HHO method. In Section 4 we discuss the discretisation of the various terms, highlight the
properties relevant for the analysis, formulate the discrete problem, and carry out its convergence
analysis. Section 5 contains a thorough numerical validation on tests commonly used in the litera-
ture. The flux formulation of the method highlighting its local conservation properties is derived in
Section 6. Finally, Appendix A contains the proofs of intermediate technical results. Readers mainly
interested in the numerical recipe and results can skip this technical appendix at first reading.

2 Continuous setting and a key remark

Let Q C R d € {2,3}, denote a bounded connected polyhedral domain with boundary Of.
We consider here a Newtonian fluid with constant density. Denote by f € L2?(2)¢ a force per
unit volume, by v > 0 a real number representing the kinematic viscosity, and set LZ(Q) :=
{q € L*(Q) : fQ q= 0}. The weak formulation of the incompressible Navier—Stokes equations reads:
Find (u,p) € H}(Q)? x LE() such that

va(u,v) + t(u,u,v) + b(v,p) = / fv Vv € HE(Q)?, (1a)
Q
—b(u,q) =0 Vg € L*(Q), (1b)

with bilinear forms a and b and trilinear form ¢ such that
a(w,v) = / Vw: Vo, b(v,q) = —/(V-v)q, t(w,v,z) = /(w-V)v-z
Q Q Q

Here, w-V is the differential operator w-V = ijl w;0;, so that, if w = (w;)i=1,...a, w = (U;)i=1,....d;

d, then (w-V)u-v = Z?,j:l w;(0;u;)v;. In (1), we have considered wall boundary
conditions for the sake of simplicity: other usual boundary conditions can be considered.

The well-posedness of problem (1) for small data hinges on the coercivity of the viscous bilinear
form a, on the inf-sup stability of the pressure-velocity coupling bilinear form b, and on the non-
dissipativity of the convective trilinear form ¢. These same stability properties, along with suitable
consistency requirements, are key to the design of a convergent HHO method. A coercive discrete
counterpart of the bilinear form a has been proposed in [28]; see also [23] concerning the weak
enforcement of boundary conditions. Inf-sup stable HHO counterparts of the bilinear form b, on the
other hand, can be found, e.g., in [1, 9, 29]. Here, we generalise them to incorporate weakly enforced
boundary conditions.

Let us examine the non-dissipativity property of ¢ in order to illustrate the strategy used to
mimick it at the discrete level. We start by noting the following integration by parts formula: For all
w,v,z € HY(Q)?,

.....

/Q('wV)v-z+/ﬂ(w-V)z-v+/(V-w)(v~z) = /m(wn)(v-z), (2)

Q

where n denotes the outward unit normal vector to 9. Using (2) with w = v = z = v (u being the
velocity solution to (1)), we get

t(u,u,u) = /Q(u-V)wu = —% /Q(V-u)(wu) + %/ (un)(uu) =0, (3)

oN

where we have used (1b) to infer V-u = 0 and cancel the first term, and the fact that w vanishes on
99 to cancel the second. This relation expresses the fact that the convective term does not contribute
to the kinetic energy balance, obtained taking v = u in (1a).

When attempting to reproduce property (3) at the discrete level, a difficulty arises: the discrete
counterparts of the terms in the right-hand side of (3) may not vanish, since the discrete solution may
not be “sufficiently” divergence-free (see Remark 13) and/or it may not be zero on 9. To overcome



this difficulty, the following modified expression for ¢t can be used as a starting point, an idea which
can be traced back to Temam [54]:

t(w,v,z) = /(w-V)v~z + 1 / (Vw)(v-z) — 1/ (wn)(v-z). 4)
0 2 Ja 2 Joq
Repeating the above reasoning, it is a simple matter to check that this trilinear form satisfies the
following generalised version of property (3): For all w,v € H'(Q)¢, #(w,v,v) = 0. This means, in
particular, that £ is non-dissipative even if w is not divergence free and v does not vanish on 9 (as
may be the case for the discrete velocity).

3 Discrete setting

In this section we establish the discrete setting. After briefly recalling the notion of mesh and
introducing projectors on local polynomial spaces, we define the spaces of discrete unknowns and the
local reconstructions upon which the HHO method is built.

3.1 Mesh

Throughout the paper, we will use for the sake of simplicity the three-dimensional nomenclature also
when d = 2, i.e., we will speak of polyhedra and faces rather than polygons and edges. We define
a mesh as a couple My, := (Tp, Fr), where T, is a finite collection of polyhedral elements 7' such
that h := maxpey, hr > 0 with hr denoting the diameter of 7', while F}, is a finite collection of
planar faces F. It is assumed henceforth that the mesh M, matches the geometrical requirements
detailed in [34, Definition 7.2]; see also [31, Section 2]. Boundary faces lying on 92 and internal faces
contained in € are collected in the sets ]—"};‘ and F} , respectively. For every mesh element 7' € Ty, we
denote by Fr the subset of F}, containing the faces that lie on the boundary 0T of T. Symmetrically,
for every F' € Fy, we denote by Tr the subset of 7, containing the elements that share F' (one if
Fe ]—"}L, two if ' € ]—"}i’). For each mesh element T' € T, and face F' € Fr, nrp is the (constant) unit
normal vector to F' pointing out of T. For any boundary face F' € ]-'}j, we denote by Tr the unique
element of 7Tj, such that F' € Fp, and we let np = ng.p.

Our focus is on the so-called h-convergence analysis, so we consider a sequence of refined meshes
that is regular in the sense of [31, Definition 3| with regularity parameter uniformly bounded away
from zero. The mesh regularity assumption implies, in particular, that the diameters of a mesh
element and its faces are uniformly comparable and that the number of faces in Fr is bounded above
by an integer independent of h.

3.2 Notation and basic results

We abridge into a S¢ b the inequality a < Cb with constant C > 0 independent of h, v, and, for
local inequalities, on the mesh element or face. We also write a ~¢ b for C~'a < b < Ca with C as
above. When the constant name is not relevant, we simply write a < b and a ~ b.

Let X denote a mesh element or face and, for an integer [ > 0, denote by P!(X) the space
spanned by the restrictions to X of polynomials in the space variables of total degree < [. We denote
by 74 : L}(X) — P!(X) the L2-orthogonal projector such that, for all v € L*(X),

/ (v — whv)w =0 Yw € PH(X). (5)
b'e

The vector- and matrix-valued L?-orthogonal projectors, both denoted by 7rlX7 are obtained apply-
ing 7rlX component-wise. The following optimal W#P-approximation properties are proved in [22,
Appendix A.2] using the classical theory of [36] (cf. also [14, Chapter 4]). Let s € {0,...,1 + 1}
and p € [1,00]. It holds with hidden constant only depending on d, I, s, p, and the mesh regularity
parameter: For all T € Ty, all v € W#P(T), and all m € {0,..., s},

o~ mholwmacry S By olwencr), (62)



and,if s>1and m <s—1,

1
h2 v — Thv|wmw () S B ™ olwen(r), (6b)

where W™P(Fr) is the space spanned by functions that are in W™P(F) for all F € Fr, endowed
with the corresponding broken norm.

At the global level, the space of broken polynomial functions on 7}, of total degree < [ is denoted
by P!(T3), and 7T£L is the corresponding L?-orthogonal projector. Broken polynomial spaces form
subspaces of the broken Sobolev spaces W*P(Ty,) := {v € LP(Q) : vp € W*P(T) VT € Ty, }, which
will be used to express the regularity requirements in consistency estimates. We additionally set, as
usual, H*(Tp,) := W2(Ty).

3.3 Discrete velocity space

Let a polynomial degree k > 0 be fixed. We define the following space of hybrid discrete velocity
unknowns:

QZ = {Qh = ((UT)TETM (’UF)FE}‘,L) L vT € Pk(T)d VT € 77L and v € ]P)k(F)d VF € fh}

For all v, € Qﬁ, we denote by v, € P¥(T;,)? the vector-valued broken polynomial function obtained
patching element-based unknowns, that is

Vp|T = VT VT €Ty, (7)

The restrictions of U and v, € U to a generic mesh element T' € 7T;, are respectively denoted by U
and vy = (v, (VF)rer,). The vector of discrete variables corresponding to a smooth function on 2
is obtained via the global interpolation operator It : H*(Q)? — U¥ such that, for all v € H'(Q)<,

Lo = ((7}vr)re, (FEv|p) Fes,)-
Its restriction to a generic mesh element T' € Ty, is Ik : H(T)* — U%. such that, for all v € H'(T)?,
Itv = (7o, (Tho)p) rery). (8)
We equip Q’fb with the discrete Hj-like norm such that, for all v, € QZ,

1
2
l1n = ( D lurllfr+ ) hfwlllvF%zw)d) ; (9)

T€eTh FeFp

vy,

where, for all T € Tp,

2
ozl = (vaTnizmdm > h;lnvpvﬂ;md) : (10)
FeFr

In the analysis, we will frequently invoke the following discrete Sobolev embeddings in U Z, which
state that, up to a certain ¢ depending on the space dimension, the L%-norms of the broken polyno-
mial function (7) obtained patching element unknowns are controlled (uniformly with respect to the
meshsize) by the discrete H(}-like norm.

Proposition 1 (Discrete Sobolev embeddings). Let 1 < g < oo ifd=2and 1 < ¢ <6 if d = 3.
Then, it holds with hidden constant depending only on §2, k, q, and the mesh regularity parameter:

Vv, € U}, lvnllLaye S llwplln- (11)

Proof. See Section A.1. We also refer to [22, Proposition 5.4] for the proof of a similar result in the
subspace (51) of Qﬁ with strongly enforced boundary conditions. O

An immediate consequence of Proposition 1 is that the map ||-||;.5 is a norm on UY.



3.4 Local reconstructions

We next introduce the local reconstructions at the core of the HHO method along with their relevant
properties. Throughout the rest of this section, we work on a fixed mesh element T" € T},.

3.4.1 Gradient

Inspired by the principles of [31, Sections 4.3.1.1 and 4.4.2], for any integer £ > 0 we define the local
gradient reconstruction G4 : Uk — P¢(T)%%? such that, for all v, € U4 and all T € PY(T)?%4,

AG?QT:T:—/TUT-(V~T)+ Z /va-TnTF (12a)

FeFr

= /TV'UT T+ Z (vp —vr) TR (12b)

FeFr F

The right-hand side of (12a) mimicks an integration by parts formula where the role of the function
represented by v is played by vz in the volumetric term and by vp in the boundary term. The
reformulation (12b), obtained integrating by parts the first term in (12a), shows that GSuv; stems
from two contributions: the gradient of the element-based unknown and a boundary correction in-
volving the differences between element- and face-based unknowns. If ¢ > k, it follows from [30, Eq.
(22)] that, for all v € H*(T)4,

/(Gél’;v —~Vv):7=0 VrePHT)™ (13)
T

Comparing with the definition (5) of the L2-orthogonal projector, this gives, in particular,

GhIkv = 7k (Vo). (14)
The following approximation properties for (GKT ol %) have been proved in [30, Proposition 1]: For
all v € H™(T)? with with m = ¢+ 2 if £ < k, m = k + 1 otherwise,

1 _
IGTLv = Vol L2 (ryaxa + W3 GrLiv — Vol Laoryaxa S B o] g (e (15)

3.4.2 Velocity

From G%., we can obtain a reconstruction r5" : Uk — P*1(T)4 of the velocity one order higher

than element-based unknowns as follows: For all v, € U ’%, r?“gT is such that

/(VT§~+1QT —Gho) : Vw =0 Vw e PFH(T)Y, /(r?rlyT —wvr) =0,
T T

that is, the gradient of & v, is the L2-orthogonal projection of Ghvp on VP*1(T)4 and vk v,
has the same mean value over T as the element-based unknown vy. We note for further use the
following characterisation of i v, obtained writing (12b) for 7 = Vw:

/ Vrptlor : Vu = / Vour: Vw + Z / (vp —vr)-Vwnrp. (16)
T T FeFr r

This velocity reconstruction will play a key role in the approximation of viscous terms, as detailed in
Section 4.1.

3.4.3 Divergence

For any integer £ > 0, a discrete divergence reconstruction D§~ U ’% — PY(T) is obtained setting, for
all v, € U%,
Diwy = tr(Gruy).



This discrete divergence will be used with ¢ = k in the pressure-velocity coupling (see Section 4.2)
and with £ = 2k to incorporate Temam'’s device for stability in the convection term (see Section 4.3).
An immediate consequence of (15) is that, for any v € H™(T)¢ with m as in that equation, it holds
that

| D4 L0 — Vvl 2y S R o]y (17)

For further use, we record the following characterisation of D4, obtained from (12b) with 7 = ¢l 4:
For all v € QI;«,

/TDéaqu:/T(V-vT)qu Z /F(vpfvT)nqu Vq € PY(T). (18)

FeFr

Writing this formula for £ = 2k and ¢ = k and letting, in both cases, ¢ span P¥(T), it is inferred that,
for any vy € U,

W?(D%kQT) = Dé;QT' (19)
Another consequence of (14) together with the linearity of the L2-orthogonal projector is the following
relation: For any v € H(T)4,

DiItv = wh(V-v). (20)

3.4.4 Directional derivative

For the discretisation of the convective term, we also need a reconstruction of directional derivatives
inspired by [23, Eq. (12)]. The main novelty is that here the advective velocity field is represented
by a vector of discrete velocity unknowns w, € U¥ rather than a smooth field on T see also [3]
for similar developments in the context of miscible displacements in porous media. Specifically, the
directional derivative reconstruction G5 (wy;-) : Uk — P*(T)% is such that, for all v, € Uk,

/TQI%(QT;QT)-,Z = /T(wT-V)sz + Z /F(wF-'nTF)(vF —vr)z Vz € PF(T)4. (21)

FeFr
In the above expression, the role of the advective velocity inside the element and on its faces is played
by wr and wr, respectively. For all z € P*(T)?, writing (12b) for £ = 2k and T = 2z ® wr =
(ziwr,j)1<i,j<a and comparing with (21), one can see that it holds

/Tgl;‘(QT;QT)'Z = /T(wT'GQTk)ET'Z+ > /F(wF —wr)nrp(ve —vr)-2, (22)

FeFr

where, recalling that (GQTkgT)ij approximates the partial derivative with respect to the jth space
variable of the ith component of the function represented by w,, we have set (wr-G2)v, =

(E?:1 wTJ(G?pkyT)ij) L This shows that G5 (w,; v;) differs from (wp-G2¥)v, in that wp re-

places w7 in the boundar)f’..t.erm. The approximation properties of the discrete directional derivative
relevant in the analysis are summarised in the following proposition.

Proposition 2 (Approximation properties of the discrete directional derivative). It holds: For all
T €Ty, allve WHH(T)n HFY(T)?, and all z € PH(T)4,

< Rt ol g (ya|vlwa a2 pagrya. (23)

/T (glzc“(ll;ﬂv;l]%v) — (UV)v) .

Proof. See Section A.2. O

3.5 A discrete integration by parts formula

In this section we prove a global discrete integration by parts formula which plays the role of (2) at
the discrete level. It also establishes a link between the discrete directional derivative and divergence
reconstructions. As in the continuous setting, this formula plays a central role in proving a non-
dissipation property for the convective trilinear form (see point (i) in Lemma 8) and justifies the
specific formulation adopted for Temam’s device in (41).



Proposition 3 (Discrete integration by parts formula). It holds, for all w,,, v,z € QZ,
S [ (dhtwrier)zr + vrGhtwszp) + Dius(vrzn)
T

TeTh
= — Z Z /F(wp.nTF)(’UFffvT).(zF—zT)#» Z /F('wF'nF)'UF'ZF (24)

TeT, FEFr FeFp

Remark 4 (Comparison with (2)). Compared with its continuous counterpart (2), formula (24) con-
tains one additional term in the right-hand side where the differences between face and element
unknowns in v, and z; appear. This term reflects the non-conformity of the HHO space.

Proof of Proposition 3. Let an element T € T, be fixed. Expanding first G5 (wq; v;) according to
its definition (21) with z = zp, then integrating by parts the first volumetric term, we obtain

/Tg];“(QT§QT)'zT:/T(wT'V)'UT'zT‘i‘ Z /F(wF"nTF)(UF—’UT)'ZT

FeFr

:—/TUT-(wTV)zT—/T(V-wT)UT'ZT

+ Z / (wrnrp)(ve-zr) — (Wrpnrp)(vr-zr) + (Wrngpp)(vr-27)]
FeFr F

=T +% 4+ Ts.
(25)
Using again (21) this time with v, = 2z and z = vy, we obtain for the first term

= — k W, 2 ) UT wrpNnrrp)\zp — 27 ) V7.
T, = /T G (wy: 27) +F§T /F ( ) ) (26)

Invoking the characterisation (18) of the discrete divergence reconstruction with ¢ = 2k and ¢ =
vr-z7, we get for the second term

%o = —/TD%kwT(vT-zT) + F;T /F(wp —wr)-nrp(vrzr). (27)

Plugging (26)—(27) into (25) and rearranging, we obtain

[ (ghwrivr)zr + vrGhwrizp) + D wr(or-ar))
T

= Z /(wF~nTF)(zF-vT—zT-'UT—|—zT~'uF).
FeFr F

Summing the above equality over T' € T} and adding the quantity

- Z Z /F(wF'"TF)(UF'ZF)+ Z /F(wF-nF)(vF-zF)zo, (28)

TeTn FEFT FE]—','?

the conclusion follows after observing that zp-vr —zp-vr+2zrvp—2pvp = —(vp—vr)-(2F — 27).
Formula (28) is justified observing that, for any internal face F' € Fj such that F' € Fp, N Fr, for
distinct mesh elements T1,T5 € Ty, it holds that (wp-npp)(vp-zr) + (Wpnnr)(Ve-zr) = 0 owing
to the single-valuedness of wg, vr, and zp. O

4 The Hybrid High-Order method

In this section we discuss the discretisation of the viscous, pressure-velocity coupling, and convective
terms. We then formulate the discrete problem.



4.1 Viscous term

To discretise the viscous term, we introduce the bilinear form ay, : QZ X Qﬁ — R such that

an(wy, vy) = Z ar (wyp, vr)
TeTh
k41 kt1 1 (29)
+ Z / (=Vritwr npvp +wp-Vryvn np + hplwevp),
F
FeFp

where the terms in the second line account for the weakly enforced boundary conditions a la Nitsche,
while the element contribution ag : Q’% x U ’% — R is such that

ar(wr,vr) = (VT?FIQT’ VT’7€“+1QT)T +sr(wr, vr). (30)

In the right-hand side of (30), the first term is the usual Galerkin contribution responsible for con-
sistency, while s : Q? X Qé — R is the following stabilisation bilinear form that penalises the
difference between the interpolate of the velocity reconstruction and the discrete unknowns:

1
st(wr, vr) = Z . / (07 pwy — Spwyp)-(85 pvp — 85v7), (31)
FeFr BJE
where, for all v, € U%, the difference operators are such that, recalling the definition (8) of I,

k+1

hrk (WIZCFTIJC“HQT - v, (ﬂ]}'(rT QT)\F - 'UF)Fe]-‘T)-

k k .
(6TQT7 (5TF2T)F6J-‘T) = lTTT Vp —Up =

The role of this stabilisation bilinear form is to ensure the following uniform local norm equivalence
(see, e.g., [28, Lemma 4], where the scalar case is considered): For all T' € T}, and all v € Q]fp,

ar(vr,vr) et ||QT||%,T> (32)

with ||-||1,r defined by (10). It holds (see, e.g., [31, Proposition 3.1]): For all T € T and all
v € HF2(T)4,
sT(Lyo, 10)* S R (o] i rye. (33)

The properties of the bilinear forms a; relevant for the analysis are summarised in the following
lemma.

Lemma 5 (Properties of ay). The bilinear form ay, has the following properties:

(i) Stability and boundedness. It holds with ||-||1.n defined by (9): For all v, € U},
a(vy,v) ~er ol (34)

(ii) Consistency. It holds: For all w € HE(Q)? N H*2(T;,)? such that Aw € L?(2)4,

sup
Qh€Q§1H2h l1,n=1

/ Aw-vy, + ah(ﬂiw,gh) S hk+1"w|Hk+2(7-h)d. (35)
Q

Proof. See Section A.3. O

Remark 6 (Variations for the Nitsche terms). Several variations are possible for the terms responsible
of the weak enforcement of boundary conditions in (29). Specifically, a symmetric variation is obtained
replacing inside the sum over F' € J’-',L3 the term fF wF~Vr’}j;1gTan by — fF wF~Vr§;F1QTF np. This
term can also be removed altogether, leading to the so-called incomplete variation. One can also add
a penalty coefficient > 0 in front of the penalty term, writing | " nh}lw r-vp. The lower threshold
for i leading to a stable method depends on whether the skew-symmetric, symmetric or incomplete
versions are considered. For the skew-symmetric version, in particular, stability is obtained provided
7 > 0, and the expression (29) corresponds to 7 = 1. The penalty parameter is present in our
implementation, and values larger than 1 have sometimes been required in numerical experiments;
see the comments in Section 5.1.



4.2 Pressure-velocity coupling

The pressure-velocity coupling hinges on the bilinear form bj on QZ x P*(T;,) such that

bh(y,qn) == — > /DT’UT ar+ Y / VEME)(Ty (36)

TETh FeFp

where g7 := gpp. The second term in the right-hand side of (36) accounts for the weak enforcement
of boundary conditions. The relevant properties of by are summarised in the following lemma.

Lemma 7 (Properties of by,). The bilinear form by, has the following properties:

(i) Consistency/1. It holds, for all v € H} ()4,
bu(Lyhv,qn) = b(v,qn)  Van € P*(Th). (37)
(ii) Stability. It holds: For all g, € P :=P*(T;,) N L3(9),

lanllz2) < sup by (v}, qn)- (38)
v, €UF,||lv, ll1,n=1

(iii) Consistency/2. It holds: For all ¢ € H*(Q) N H*1(Ty),

sup
v, €UF |l ll1,n=1

/ Vv, —bp(vy,, mhq)| S K gl grs - (39)

Proof. See Section A.4. O

4.3 Convective term
Let w;, € U Z To discretise the convective term, inspired by (4), we introduce the global trilinear
form t;, on Qz X Ql,j X Qﬁ such that

th(wy,, vy, 2p,) = Z tr(wp, vy, 27) — Z / wpnp)(VpzF), (40)

TETh Fe]:b

where the second term in the right-hand side accounts for weakly enforced boundary conditions while,
for all T' € Ty, the local trilinear form t7 on Q’% X Q’% X Q? is such that

1
tr(wr.vrzr) = [ Ghtwrivr)zr+g [ D%’@T(w-zﬂ
+3 3 [ @enre)wr —vr)ze - 20). @)
2 FeFr

The second and third terms embody Temam’s device [54], and are crucial to obtain skew-symmetry
and non-dissipation properties for t; detailed in the following lemma.

Lemma 8 (Properties of t,). The trilinear form tp, has the following properties:
(i) Skew-symmetry and non-dissipation. For all w;,, v, 2, € Qﬁ, it holds that
1

th(wy,, vy, 2) = 3 / gT(wTva) Zr — U gT(wT’ZT)> (42)
TET

so that, in particular, for all w;,, v, € Q]Z,

th(@mﬂmﬂh) =0. (43)
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(ii) Boundedness. It holds: For all w,,,v,,z, € U,

[th(wp, vy, 2)| Scp llwp e llog e llzg s (44)

(iii) Consistency. It holds: For all w € H(Q)® N WHFHLA(T, )4,

sup
Eh,egﬁ7”£h”1,h:1

1
/ <(wV)’IUZh + 2(V'w)w’zh) - th(lﬁwvl’fiwvéh)
Q
< W wllwra@alwlwrranye. (45)

Proof. See Section A.5. O

Remark 9 (Reformulation of t5,). Expanding the discrete directional derivatives appearing in (42)
according to their definition (21), we arrive at the following reformulation of t;, which shows that,
in the computer implementation, one does not need to actually compute g?( ;) nor D2F:

th(wy,, vy, 2p)

:% Z [L(wT'V)vT'ZT */T'UT‘(’U)T'V)ZTJFZ /F(’wF'TLTF) (’UF~ZT7,ZF"UT)

TETh FeFr

4.4 Convective stabilisation

When dealing with high-Reynolds flows, it is sometimes necessary to strengthen stability by penalising
the difference between face and element unknowns. Fix p : R — [0, 00) a Lipschitz-continuous function
and, for T € 75, and a given w, € U, define the local stabilisation bilinear form jr(wq;-,-) :
Uy xUf — R by

jr(wps vy, 2p) = F;T /F éP(PeTF(wF))('UF —vr)(2F — 27). (46)

Here, the local (oriented) Péclet number Perg : PF(F)? — R is such that, for all w € P*(F)?,

PeTF('w) = hF w.”ZTF .

On boundary faces F' € FP, we simply write Per(w) instead of Per, (w). As already pointed out in
[6, 17, 23], using the generic function p in the definition of the convective stabilisation terms enables
a unified treatment of several classical discretisations (in the notations of [6], A(s) = p(s) + 3s and
B(s) = —p(s) + 3s; in the notations of [23], p = 3|A|). Specifically, the HHO version of classical
convective stabilisations is obtained with the following choices of p:

e (Centered scheme: p = 0.

1

5|s]. In this case, the definition of jr(wq;-,-) simplifies to

o Upwind scheme: p(s) =

. WrpNnrr
ir(wpsvp,vp) = Y / |27|(UF —ur)(2F — 27).
F
FeFr

e Locally upwinded 6-scheme: p(s) = 1(1—6(s))|s|, where § € C}(-1,1),0<f <land§=1on
[—1,1]. This choice in (46) corresponds to the centered scheme if [Perp(wr)| < 4 (dominating

diffusion) and to the upwind scheme if |Perp(wp)| > 1 (dominating advection).

o Scharfetter-Gummel scheme: p(s) = § coth(3) — 1.

11



The advantage of the locally upwinded 6-scheme and the Scharfetter—-Gummel scheme over the upwind
scheme is that they behave as the centered scheme, and thus introduce less numerical diffusion, when
Perp(wpr) is close to zero (dominating viscosity). See, e.g., the discussion in [32, Section 4.1] for the
Scharfetter—-Gummel scheme.

For w;, ¢ U ﬁ, the global stabilisation bilinear form jp(wp;-,-) : QZ X QZ — R is obtained by
assembling the local contributions and by adding a penalisation at the boundary to account for weakly
enforced boundary conditions:

. . 14
in(wyivy, z) = Y r(wpsvp, ze) + Y / 7 P(Per(wr))vpzp. (47)
TET, reFp/FOE

Lemma 10 (Properties of ji). The stabilisation term jj, has the following properties:

(i) Continuity. It holds, for all v,,w),, 2,2 € QZ,

. . _d
lin(0ns 250 25) = n(wn; 25, 23)| So; B 75 oy — wyllnllzalluslZ4lls- (48)
(ii) Consistency. It holds: For all w € Wh4(Q)4 N WHFLA(T) and all z, € UY,
sup lin(Lhw; Tiw, z,)| S WY |w|lwaaya[wl e a g, - (49)
Eh,egﬁv‘léhl‘l,h,zl
Proof. See Section A.6. O

4.5 Discrete problem
Recall that we have set P} := P*(T;,) N L3(Q) (see Lemma 7). The HHO discretisation with weakly

enforced boundary conditions of problem (1) reads: Find (w;,,pn) € UF x PF such that
vap (W, vy) + th(Un, U, v,) + 0 (Wh U, v,) + br(vy, pr) = / fon Vo, €Uy (50a)
Q
—bn (s, qn) =0 Vg, € PF. (50D)

As usual in HHO methods, boundary conditions can also be strongly enforced seeking the velocity
approximation in the following subspace of Q’;:

Uk o= {v, = (on)rem (vr)res,) €U} vp =0 VF e R}, (51)

The HHO discretisation with strongly enforced boundary conditions of problem (1) then reads: Find
(wy,,pn) € Q’Z,O x PF such that

vap(Wy, vy) + th (W, Wy, vy) + jn(wpy; wy, v,) + br(vy, pr) = / fon, Vo, eUr, (52a)
Q
—bn(wy, qn) =0 Vg, € P5(Tn).  (52b)

Some remarks are of order.

Remark 11 (Simplifications). Since both the discrete velocity w,;, and the test function v, in (52a)
are in U ,I;O, the terms involving sums over F € Fp in the bilinear forms aj;, and by, (see, respectively,
(29) and (36)), in the trilinear form t; (see (40)), and in the convective stabilisation term j, (see
(47)) vanish.

Remark 12 (Mass equation). For all v;, € Qﬁo, we have that

bp (v, 1) = - Z /TD?QT:— Z Z /FUF'TLTFZO,

TET TeT, FeFr
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where we have used the definition (36) of b;, and the strongly enforced boundary condition in the
first equality, the relation (18) after integrating by parts the first term in the right-hand side in the
second equality, and the single-valuedness of interface unknowns together with the strongly enforced
boundary condition to conclude. As a consequence, (52b) was written for any g, € P*(7},), and not
only g, € PF as in (50b). This is a key point to prove the local mass balance (66b) below, which
requires to take g, equal to the characteristic function of one element (which, of course, does not
have zero average on ().

Remark 13 (Incompressibility constraint). Equation (52b) is equivalent to DXw; = 0 for all T € Ty,
and expresses the fact that the HHO velocity field solution to (52) is incompressible. Notice, however,
that the fact that DEw, = 0 for all T € T, does not imply, in general, that D2*u, = 0, which justifies
the introduction of the second term in the expression (41) of the local convective trilinear form.

4.6 Convergence analysis

We investigate here the convergence of the method. We focus on the version (50) with weakly enforced
boundary conditions. The proofs carry out unchanged to the version (52) with strongly enforced
boundary conditions after accounting for the fact that face unknowns on the boundary vanish for
vectors of discrete unknowns in QZ,O' We estimate the error defined as the difference between the
solution to the HHO scheme and the interpolant of the exact solution, denoted for short by

(@hvﬁh) = (lﬁu’ ﬂ-;ip) € QZ,O X PflLC (53)

As usual for the Navier—Stokes equations, the error estimate is obtained under a smallness assumption
on the data. To specify this smallness assumption, we denote by Cp a Poincaré constant in HE ()¢
and, using e.g. [22, Proposition 7.1], we take C such that, for all w € Hg(Q),

| T w

l1,n < Crl|lwll gz oy (54)

Theorem 14 (Discrete error estimate for small data). Assume that the forcing term f satisfies, for
some a € (0,1),
V2C,

Co+ G4 CrCp

1 llz2(@)e < a( (55)

where Cy, Cy and C; are defined in (34), (44) and (48), respectively. Let (u,p) € Hg () x LE(2)
be a solution to the Navier-Stokes equations (1) and (u,ps) € Uy x PF be a solution to the HHO
scheme (50) with weakly enforced boundary conditions. Assume that uw € WrTLA(T )4 HF+2(T;, )4
and that p € HY(Q) N H*Y(Ty), and let (@,,pn) be defined by (53). Then, it holds with hidden
constant independent of h, v and «,

lay, = gl + v+ 1) pn = Ball L2 ()

<(1- Oz)ill/ilthrl (1/|U|Hk+2(7‘h)d + ||u||W1,4(Q)d|U|Wk+1,4(7‘h)d + ‘p|Hk+1(7‘h)) . (56)

Remark 15 (Rates of convergence and convergence without regularity assumption). As in [30, Corol-
lary 16], one can deduce from (56) the estimate

IV rry = V| g2 qpaxa + (v + 1) Hlpn — pll 29

g (1 — a)_ly_lhk"‘l (V|'U..‘Hk+2(7’h)d + ||u||W1,4(Q)d|U|Wk+1,4(7—h)d + |p|Hk+1(7—h)) ,

where V}, denotes the broken gradient on 7; and riﬂgh is defined by patching the local velocity
reconstructions: (riﬂﬂh)lT = r?“ up for all T € Tp,. Also following the ideas in [30], we could prove
the convergence of the solution to the HHO scheme towards the solution to (1) without requiring any
smallness assumption on f or any regularity property on the solution other than (u,p) € H}(Q)? x

L3(9) (see [30, Theorem 14]).
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Proof of Theorem 14. (i) Estimate on the velocity. Set
(en,€n) == (uy, — Uy, pr — Dn). (57)

Defining the consistency error &, : U ’fb — R such that

gh(yh) = / fon— Vah(@hayh) - th(@m@haﬂh) _jh(@héﬁhaﬂh) - bh(Qhaﬁh)a
Q
we have, substituting [, f-v;, in (50a),
Vah(ﬁh?ﬂh) + th(ﬂhyﬂhayh) - th(@m@hyﬂh)

+in(up;wn, v) — jn(Gy; Gy, v,) + br(vy, en) = En(vy,).  (58)

Make v;, = e;,. The skew-symmetry property (43) of t, together with linearity in its second argument
yield 0 =ty (uy,, ey, ep) = th(wy,, uy, €,) — th(uy,, @y, €;,) and thus, by the boundedness (44),

tn(wy, wy,, ep) — th(iy,, @y, e,)| = [th(e,, Uy, e,)] < Ct”Qh”%,h”@h”l,h'
Moreover, by the continuity property (48) of j, and the positivity of j,(u,; ey, ep),

jh(ﬂﬁ%ﬂmgh) *jh(@m@haéh) :jh(uh;gh,gh) Jrjh(Hm@h,Qh) *jh(@m@h’gh)

> — Cih' |y, — @, Iy (59)

Lhll@nll1kllen
Finally, by (50b), (37) and (1b), we have

br(en, €n) = br(uy,, €n) — br(dy, €n) = br(wy,, €n) — b(u, €,) = 0.
Hence, coming back to (58) with v, = e;, and using the stability (34) of ap,

Enlen) = [vCa— Colnllin — Cin* %ty 1.0 Nlewl

_d .

[vCa = (Co+ Cih*=1) Cov™ Cpll (e Nl
(1= a)vCallenl? n, (60)

v

Y

where we have used the definition (54) of Cj, the basic estimate |lul/g )¢ < v Cp| f |l L2
(obtained by using v = w in the weak formulation (1)), and (55).

To estimate &, (ep) from above, we recall that f = —vAu + (u-V)u + Vp, so that, for any
vy, € Qfm

enton) = v ([ dwon (o) + ([ @Opwon - (i i)

— jn(y; g, vy,) + (/ Vpvp, — bh(”mﬁh)) .
Q

Using the consistency estimates (35), (45) (together with V-u = 0), (49) and (39), all the elementary
components of &, (v;,) can be estimated and we find

1,h- (61)

Applied to v;, = e;, and combined with (60), this proves the estimate on the velocity error in (56).

1En(vp)| S Rt (V|U|H’v+2(ﬁ)d + ||u||W1~4(Q)d|u|Wk+1’4(7—h,)d + \MHHI(T;,)) l|lvy,

(ii) Estimate on the pressure. To estimate the error on the pressure, we start from the stability
property (38) of by, and we use the error equation (58) to write

lenll2) S sup by (vy,, €n)
v, €UF, v, ll1,n=1

= s (Enw) —vanlenvy) — th(wpw,v) + (@ i, w)  (62)
v, €UF, [lv,ll1,n=1

_jh(ﬂ}ﬁﬂmﬂh) +jh(@h§@hyyh))~ (63)
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By trilinearity of ty,
(W Wy, v)) — Ly, @y, v;) = thley, W, vy) + th (g, €, 0p). (64)
By bilinearity of jp(w;-, ),
In (@ g, vp) = jn(wpy; wy, vy) = j(ly; @y, v)) = Jn (W Uy, vy) — jn(wy; €, y)- (65)

Hence, the estimate (61) on &, (v,) and the boundedness properties (34) of a; (together with a
Cauchy—-Schwarz inequality) and (44) of t;, along with the continuity estimate (48) on j, (with
(thw}méhaé;]) - (@h;ﬂhaghvgh) and (yhaﬂhvéhaé/h) - (Q}mga Qhagh)) yleld

lenllzz) S BT (vl gesa(rya + lullwiaya[wlweriacr,ya + [plge )
_d
+vlenllin+ (14275 leslln (luy,

l1,n + Nl l1,m) -

The proof of the estimate on ||py, — pr||z2(q) is completed by plugging into the expression above the
estimate on ||ey,||1,, already established in (56), by using the definition (54) of C7, and by writing
h < diam(Q) and [Jug,[l1,n S v Fllp2(q)e (obtained using v;, = w,, in (50a) and invoking (34), (43),
jn(up;up, uy,) > 0, and (11) with g = 2). O

4.7 Links with other methods

As noticed in [28, Section 2.5] for pure diffusion equations, the lowest order HHO method (that is,
the discretisation of the diffusive bilinear form presented in Section 4.1 with k=0) is a particular case
of the Hybrid Finite Volume method, which is itself a specific instance of the Hybrid Mixed Mimetic
(HMM) method [35]. This comparison was extended in [23, Section 5.4] to advection—diffusion—
reaction equations, where it was shown that, with a convective term discretised using the directional
derivative (21) (with a known velocity field instead of w;) and a stabilisation term as in Section 4.4,
the HHO method for k=0 corresponds to the HMM discretisation of advection—diffusion—reaction
equations presented in [6].

An initial version of the HMM method, in its Mixed Finite Volume form, was applied to the
Navier—Stokes equations in [33], with upwinding of the convective term, albeit using a stabilisation
of the diffusion that did not exactly reproduce linear solutions (contrary to sr defined by (31) for
k=0). This scheme was modified in [32] to use the standard HMM stabilisation that includes (31)
(with k=0) as a specific case, and to include all the various discretisations of the convective term as
in [6] or Section 4.4. The HHO method we present here can therefore be considered as a higher-order
extension of the HMM scheme for Navier—Stokes as in [32, 33]

As shown in [24, Section 4], the HHO method for diffusion equations is very close to the non-
conforming Virtual Element Method (VEM) [4] and the high-order mixed Mimetic Finite Difference
method [46]. The nonconforming VEM has been proposed and analysed for the Stokes equations in
[15], with strongly enforced boundary conditions. The HHO methods of Section 4.5 differs from the
one presented in this reference, among others, in the choice of the degree for element-based unknowns
(k instead of k — 1), which is crucial for the optimal convergence of the convective term appearing in
the complete Navier—Stokes system. Another relevant difference is the possibility to weakly enforce
boundary conditions.

5 Numerical tests

This section contains an extensive numerical validation of the proposed HHO methods. All the steady-
state computations presented hereafter are performed by means of the pseudo-transient-continuation
algorithm analyzed by [44] employing the Selective Evolution Relaxation (SER) strategy [48] for
evolving the pseudo-time step according to the Newton’s equations residual. Convergence to steady-
state is achieved when the Euclidean norm of the momentum equation residual drops below 10712, At
each pseudo-time step, the linearised equations are exactly solved by means of the direct solver Pardiso
[52], distributed as part of the Intel Math Kernel Library (Intel MKL). Accordingly, the Euclidean
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norm of the continuity equation residual is comparable to the machine epsilon at all pseudo-time
steps. The code implementation makes extensive use of the linear algebra Eigen open-source library
[42].

5.1 Kovasznay flow

We start by assessing the convergence properties of the method using the analytical solution of
[45]. Specifically, in dimension d = 2 we solve on the square domain Q := (—0.5,1.5) x (0,2) the
Dirichlet problem corresponding to the exact solution (u,p) such that, introducing the Reynolds

number Re := v~! and letting \ := % — (RTez + 471'2) E, the velocity components are given by
A .
ui(x) := 1 — exp(Azy) cos(2mza), uz(x) := — exp(Az1) sin(2mza),

2T

while the pressure is given by
1 A
p(x) = —3 exp(2Az1) + 3 (exp(4X) —1).

We take here v = 0.025, corresponding to Re = 40.

We consider computations with polynomial degrees k € {0,...,5} over a sequence of uniformly
h-refined Cartesian grids having 2¢ (i = 2,3,...,7) elements in each direction. We report in Tables
1 and 2, respectively, the results for the methods (52) with upwind stabilisation and (50) without
convective stabilisation. While any other combination is possible, this setup is preferred here since
we noticed that adding the convective stabilisation term with weakly enforced boundary conditions
can require in some cases to introduce a penalty parameter larger than 1 in the last term of (29);
see Remark 6 on this point. We have observed that this can also be avoided by simply removing
convective stabilisation on the boundary from (47).

The following quantities are monitored (see (57) for the definition of the errors): the energy norm

of the error on the velocity ||e,|l,.n == (l/ah(gh,gh))%, the L?-error on the velocity [len||z2(q)e, the
L?-error on the pressure ||ep||12(), and the assembly and solution times (respectively denoted by Tass
and 7y,) running a serial version of the code on a 2017 quad-core CPU laptop. The assembly time
takes into account: (i) the element-by-element computation of bilinear and trilinear forms; (ii) the
element-by-element static condensation; (iii) the assembly of the statically condensed matrix blocks
into the global matrix; (iv) the introduction of a Lagrange multiplier to control the mean value of
pressure over {); (v) in case of strong boundary conditions, the elimination of boundary face unknowns
from the global matrix. We remark that the assembly of the trilinear form requires to revert static
condensation in order to compute the velocity solution over mesh elements. This back solve post-
processing can be performed element-by-element, but its computational expense is comparable to that
of matrix assembly: indeed, all bilinear and trilinear forms need to be recomputed. To avoid incurring
this cost, in our implementation the back solve is performed element-by-element during the matrix
assembly, meaning that the bilinear and trilinear forms are computed once and twice, respectively.
The solution time refers to the wall-clock-cpu time required by the direct solver to perform the LU
factorization of the global system matrix and compute the solution increment to update the globally
coupled unknowns.

Denoting by e; and h;, respectively, the error in a given norm and the meshsize corresponding
to a refinement iteration ¢, the estimated order of convergence (EOC) is obtained according to the
following formula:
loge; —loge;t1

EOC= ————=>——.
0c log h; — log hit1

Besides discretization errors, EOCs and computation times, in Tables 1 and 2 we also report the size
of the statically condensed global system matrix (Ngof) and its number of non-zero entries (Ny,).
Numerical results confirm the theoretical h-convergence rates estimates; the EOC for the pressure
error in L? norm is around (for strongly enforced boundary conditions) or exceeds (for weakly imposed
boundary conditions) h**1, and we approach an EOC of h**! and h**+2 for the velocity error in the
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Table 1: Convergence results for the Kovasznay problem at Re = 40 with strongly enforced boundary
conditions and convective term stabilisation.

Naot Nus lenlln,  EOC |enllr2@e  EOC  |lenllp2@ EOC Tass Tsol
k=0
65 736 9.37e-01 - 1.40e-01 - 6.84e-01 - 1.31e-02 8.52e-03
289 3808 1.13e4+00 -0.27 5.50e-01 -1.98 1.96e-01 1.80 5.92e-02 4.90e-02

1217 17056 9.14e-01 0.31 2.26e-01 1.28 1.02e-01 0.94 1.02e-01 1.06e-01
4993 71968 6.26e-01 0.55 7.89e-02 1.52 3.52e-02 1.54  3.10e-01 4.46e-01
20225 295456 3.87e-01 0.70 2.47e-02 1.68 9.78e-03 1.85 1.02e+00 2.17e4-00
81409 1197088 2.47e-01 0.65 8.06e-03 1.61 3.09e-03 1.66  3.73e+00 1.49e4-01

k=1
113 2464 7.31e-01 - 5.37e-01 - 2.49¢-01 - 2.51e-02 1.72e-02
513 13056 3.83e-01 0.93 1.54e-01 1.80 4.29e-02 2.54 4.77e-02 4.72e-02

2177 59008 1.02e-01 1.90 2.13e-02 2.85 3.98e-03 3.43 1.29e-01 1.79e-01
8961 249984 2.93e-02 1.80 2.97e-03 2.84 6.54e-04 2.61 5.13e-01  1.01e+4-00
36353 1028224 8.23e-03 1.83 3.99e-04 2.90 1.28e-04 2.35  2.05e+00  5.28e+00
146433 4169856 2.26e-03 1.86 5.21e-05 2.94 2.65e-05 227  7.25e400 2.97e+01

k=2
161 5216 3.50e-01 - 2.09e-01 - 6.42e-02 - 3.44e-02 2.26e-02
737 27872 3.76e-02 3.22 1.34e-02 3.96 2.07e-03 4.95  6.95e-02 6.88e-02

3137 126368 6.96e-03  2.43 1.31e-03 3.36 1.48e-04 3.80  2.66e-01 3.60e-01
12929 536096 1.06e-03  2.72 9.48e-05 3.79 1.77e-05 3.07 1.11e400 2.02e4-00
52481 2206496 1.55e-04  2.77 6.36e-06 3.90 2.27e-06 2.96 4.16e4+00 1.13e+01
211457 8951072 2.21e-05 2.81 4.13e-07 3.95 2.72e-07 3.06 1.51e+01 6.02e+01

k=3
209 8992 7.93e-02 - 4.41e-02 - 7.58e-03 - 4.59e-02 3.00e-02
961 48256 6.23e-03 3.67 1.98e-03 4.48 2.97e-04 4.67 1.20e-01 1.13e-01

4097 219136 4.16e-04  3.90 6.43e-05 4.95 1.32e-05 4.49  5.05e-01 6.10e-01
16897 930304 3.09e-05  3.75 2.20e-06 4.87 8.19e-07  4.01  1.83e+00 3.27e+00
68609 3830272 2.28e-06  3.76 7.40e-08 4.89 5.12e-08 4.00 7.04e4+00 1.79e4-01
276481 15540736  1.63e-07  3.81 2.42e-09 4.93 3.14e-09 4.03  2.81e4+01  1.09e4-02

k=4

257 13792 1.42e-02 - 7.89e-03 - 1.83e-03 - 7.29e-02 4.23e-02
1185 74208 4.24e-04  5.07 1.14e-04 6.11 2.05e-05 6.48  2.29e-01 1.87e-01
5057 337312 1.81e-05  4.55 2.57e-06 5.48 6.39e-07 5.00  9.31e-01 9.60e-01
20865 1432608 6.90e-07  4.71 4.55e-08 5.82 2.28e-08 4.81  3.64e4+00 5.71e+4-00
84737 5899552 2.59e-08  4.74 7.59e-10 5.91 7.64e-10 4.90 1.43e+01 3.34e+01
341505 23938848  9.53e-10  4.76 1.23e-11 5.95 2.42e-11 4.98  5.75e+01  2.05e+02

k=5

305 19616 2.28e-03 - 1.05e-03 - 1.70e-04 - 1.28e-01 5.63e-02
1409 105728 4.01e-05  5.83 1.05e-05 6.65 2.05e-06 6.37  3.95e-01 2.19e-01
6017 480896 7.21e-07  5.80 8.98e-08 6.87 3.21e-08 6.00 1.60e+00 1.32e+00
24833 2043008 1.37e-08  5.72 7.89e-10 6.83 5.43e-10 5.88  6.45e+00  8.29e+00
100865 8414336 2.56e-10  5.74 6.72e-12 6.88 9.14e-12 5.89  2.54e+401 5.01e+01
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Table 2: Convergence results for the Kovasznay problem at Re = 40 with weakly enforced boundary
conditions and no convective term stabilisation.

Naot Nus lenlln,  EOC |enllr2@e  EOC  |lenllp2@ EOC Tass Tsol
k=0
97 1216 1.07e+00 - 3.93e-01 - 6.80e-01 - 2.68e-02 2.31e-02
353 4800 1.70e4+00 -0.67 9.58e-01 -1.28 2.79e-01 1.28 3.41e-02 3.71e-02

1345 19072 1.44e400 0.24 3.89e-01 1.30 1.32e-01 1.09  6.68e-02 8.04e-02
5249 76032 8.77e-01 0.72 1.18e-01 1.72 4.93e-02 1.42  2.15e-01 3.52e-01
20737 303616 4.78e-01 0.88 3.23e-02 1.87 1.49e-02 1.72  8.07e-01  1.95e+4-00
82433 1213440 2.46e-01 0.96 8.32e-03 1.96 4.08e-03 1.87  3.19e+00 1.47e4-01

k=1
177 4256 1.02e+4-00 - 7.27e-01 - 2.69e-01 - 1.44e-02 1.60e-02
641 16768 4.20e-01 1.28 1.66e-01 2.13 4.96e-02 2.44 3.59e-02 4.25e-02

2433 66560 1.40e-01 1.58 2.66e-02 2.64 8.60e-03 2.53 1.09e-01 1.70e-01
9473 265216 4.06e-02 1.79 3.55e-03 291 1.29e-03 2.74  4.62e-01  1.10e400
37377 1058816 1.03e-02 1.97 4.37e-04 3.02 1.79e-04 2.85 1.91e+00  5.64e+00
148481 4231168 2.61e-03 1.99 5.46e-05 3.00 2.96e-05 2.60 7.07e400 3.32e+01

k=2
257 9152 5.50e-01 - 3.16e-01 - 1.20e-01 - 2.23e-02 2.33e-02
929 36032 7.58e-02 2.86 2.46e-02 3.68 6.03e-03 4.31 6.11e-02 7.47e-02

3521 142976 1.23e-02 2.62 1.84e-03 3.74 3.69e-04 4.03  2.4le-01 3.90e-01
13697 569600 1.70e-03  2.86 1.12e-04 4.03 3.63e-05 3.35 1.02e4+00 2.21e4-00
54017 2273792 2.21e-04 295 6.87e-06 4.03 3.84e-06 3.24  3.62e4+00 1.17e+01
214529 9085952 2.80e-05 2.98 4.28e-07 4.00 3.72e-07 3.37  1.40e+01 6.76e+01

k=3

337 15904 1.10e-01 - 6.02e-02 - 2.90e-02 - 3.85e-02 3.26e-02
1217 62592 9.17e-03  3.58 2.30e-03 4.71 7.22e-04 5.33 1.05e-01 1.23e-01
4609 248320 6.93e-04  3.73 7.74e-05 4.89 2.38e-05 4.92  4.65e-01 6.74e-01
17921 989184 4.81e-05  3.85 2.44e-06 4.99 1.18e-06 4.34 1.82e+00 3.73e+00
70657 3948544  3.13e-06  3.94 7.88e-08 4.95 5.79e-08 4.35 6.79¢e+00 2.0le+01
280577 15777792 1.99e-07  3.97 2.51e-09 4.97 2.68e-09 4.43  2.68e+01  1.20e4-02

k=4

417 24512 2.46e-02 - 7.32e-03 - 5.12e-03 - 6.26e-02 4.68e-02
1505 96448 9.27e-04  4.73 2.17e-04 5.08 7.04e-05 6.19 1.93e-01 1.89e-01
5697 382592 3.61e-05  4.68 3.62e-06 5.91 1.11e-06 598  8.13e-01  1.02e400
22145 1523968 1.24e-06  4.87 5.36e-08 6.08 3.07e-08 5.18  3.13e4+00  6.02e+4-00
87297 6083072 4.01e-08  4.95 8.21e-10 6.03 8.08e-10 5.25 1.19e+01 3.37e+01
346625 24306688  1.27e-09  4.98 1.28e-11 6.00 2.03e-11 5.31  4.68e4+01 2.02e+02

k=5

497 34976 6.48e-03 - 1.76e-03 - 1.02e-03 - 1.23e-01 7.22e-02
1793 137600 7.07e-05  6.52 1.34e-05 7.04 4.58e-06 7.81  4.06e-01 2.95e-01
6785 545792 1.28e-06  5.79 1.10e-07 6.94 4.40e-08 6.70  1.51e+00 1.56e+00
26369 2173952 2.20e-08  5.87 8.84e-10 6.95 5.86e-10 6.23  5.67e+00 8.48e+00
103937 8677376 3.56e-10  5.95 7.20e-12 6.94 7.42e-12 6.30  2.28e+4-01 5.14e+01
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energy and the L? norm, respectively. Focusing on the velocity errors, we remark that the convergence
rates provided by method (52) with strongly enforced boundary conditions are slightly sub-optimal,
while method (50) with weakly enforced boundary conditions is very close to providing optimal rates
of convergence. We numerically verified that this occurrence is to be ascribed to convective term
stabilization, active in the former while switched off in the latter configuration. Note that the EOC
of k=0 degree discretizations is severely impacted, probably due to the higher relative significance
of the upwind stabilization with respect to the centered contribution in the discretisation of the
convective term. Indeed, the highest jumps between element and faces unknowns are observed for
under-resolved low degree computations.

5.2 Two- and three-dimensional lid-driven cavity flow

We next use the HHO method (52) to solve the lid-driven cavity flow, one of the most extensively
studied problems in fluid mechanics. The computational domain is either the unit square Q = (0,1)?
or the unit cube Q = (0,1)?, depending on the flow space dimensions. Homogeneous (wall) boundary
conditions are enforced at all but the top horizontal wall (at o = 1), where we enforce a unit
tangential velocity (that is, u = (1,0) if d = 2, w = (1,0,0) if d = 3). We note that this boundary
condition is incompatible with the formulation (1), even modified to account for non-homogeneous
boundary conditions, since the solution to the lid driven cavity does not belong to H!(2)%; it is
however, as mentioned, a very classical and well-understood test that informs on the quality of the
numerical scheme. Due to the crucial importance of suitably enforcing the velocity discontinuity at
the top corners of the cavity we rely on strong imposition of boundary conditions.

In Figures 3, 4, 5, and 6 we report the horizontal component u; of the velocity along the vertical
centerline z = % and the vertical component us of the velocity along the horizontal centerline x5 = %
for the two dimensional flow at Reynolds numbers Re := % respectively equal to 1,000, 5,000, 10,000,
and 20,000. The reference computation is carried out on a 128 x 128 Cartesian mesh with k=1. For
the sake of comparison, we also include very high-order computations with k=7 on progressively finer
Cartesian grids: 16 x 16 for Re = 1,000, 32 x 32 for Re = 5,000, 64 x 64 for Re = 10,000, and 128 x 128
for Re = 20,000. The high-order solution corresponding to Re = 1,000 and Re = 20,000 are displayed
in Figure 1. When available, also references solutions from the literature [37, 38| are plotted for the
sake of comparison.

We remark that the solid gray and black lines outlining the behavior of low-order (k=1) and high-
order (k=T7) velocity approximations, respectively, are perfectly superimposed at low Reynolds num-
bers, while significant differences are visible starting from Re = 10,000. In particular, at Re = 20,000,
k=1 computations are in better agreement with reference solutions by Erturk et al [37]. Nevertheless,
since high-polynomial degrees over coarse meshes provide accurate results at low Reynolds numbers,
we are led to think that k=1 HHO computations are over-dissipative at high Reynolds. Indeed, strong
velocity gradients observed close to cavity walls and multiple counter-rotating vortices developing at
the bottom corners are known to be very demanding, both from the stability and the accuracy view-
points. Note that the thin jet originating at the top-right corner is contained in exactly one mesh
element, both on the 16 x 16 grid for Re = 1,000 and on the 128 x 128 grid for Re = 20,000, see
Figure 1.

The three-dimensional lid-driven cavity flow is computed at Re = 1,000, see Figure 2. In Figure
7 we report k=1,2,4 HHO computations over 323,162, 83 hexahedral element grids of the unit cube,
respectively (we double both the mesh step size h and the polynomial degree k in order to perform
high-order accurate computations at reasonable computational costs). Comparing the velocity at
horizontal and vertical centerlines (passing through the centroid of the unit cube ¢ = (0.5,0.5,0.5))
with reference solution from the literature [2], we demonstrate the ability to accurately reproduce
the flow behaviour with coarse meshes and relatively high polynomial degrees (k=4). As opposite,
the mismatch region observed in a neighborhood of the negative peak of the u; velocity component
distribution suggests that both k=1 and k=2 HHO computations are over-dissipative. For the sake
of comparison, in Figure 8, we report higher-order accurate k=4 and k=8 HHO computations over
163 and 83 hexahedral grids of the unit cube, respectively. These latter velocity solutions are in
very good agreement with both the reference solutions of [2] and the k=4 HHO computation over
the 8 hexahedral grid. The three-dimensional lid-driven cavity computations were run on a dual 18
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Figure 7 HHO discretizations specs || Figure 8 HHO discretizations specs

degree grid | Ngot Npz  Nedor || degree  grid Naot Ny, Nedot
k=1 323 | 890k 86M 524k || (k=2) (323) | (1747k) (343M) (1310k)
k=2 163 | 211k 39M 164k k=4 163 522k 244M 573k
k=4 83 61k 27TM T2k k=8 83 182k 239M 338k

Table 3: Three-dimensional lid-driven cavity flow. For each HHO discretization of Figure 7 and 8§,
we report the size of the statically condensed global system matrix (Ngof), its number of non-zero
entries (N,,) and the number of elemental degrees of freedom (Nygor = (d + 1) dim(P*(73))). The
k =2, 323 grid HHO discretization is included for the sake of comparison.

cores Xeon CPU cluster node exploiting a shared-memory, thread-based implementation, both matrix
assembly and LU factorization are performed in parallel exploiting 36 concurrent compute units.

In Table 3 it is possible to evaluate the computational expense of three-dimensional lid-driven
cavity flow computations in terms of global system matrix properties and degrees of freedom count.
It is interesting to remark that doubling the mesh step size together with the polynomial degree is
beneficial, not only from the accuracy viewpoint, see Figure 7, but also from the computational costs
viewpoint. Indeed, the global matrix size (equal to the number of unknowns after static condensation),
the number of non-zero entries of the global statically condensed system matrix, and the number of
element unknowns (note that only pressure averages survive after static condensation) decreases on
coarser meshes with higher polynomial degrees. Note that the same h-coarsening plus p-refinement
strategy employing discontinuous Galerkin (dG) instead of HHO would have led to a significant
increase of the number of Jacobian matrix non-zeroes entries, in particular a £ = 8 dG discretization
would have topped at 1.5 billion non-zeroes. Indeed, when considering a d-dimensional flow problem,
the leading block size of the global sparse matrix grows as the size of polynomial spaces in d—1 and
d variables for HHO and dG methods, respectively. This crucial difference suggests that significant
efficiency gains might be obtained in the context of implicit time discretizations employing high-order
HHO discretizations.

Figure 1: Two-dimensional lid-driven cavity flow, velocity magnitude contours (10 equispaced values
in the range [0, 1]) for k=7 computations at Re = 1,000 (left: 16x16 grid) and Re = 20,000 (right:
128x128 grid).
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Figure 2: Three-dimensional lid-driven cavity flow at Re = 1,000 computed by means of a k=8,
8% hexahedral elements grid HHO discretization. Left, velocity magnitude contours (10 equispaced
values in the range [0,1]) over the vertical mid-plane whose top edge is aligned with the velocity
vector. Right: Streamlines color-coded by velocity magnitude.

6 Flux formulation

We show here that the discrete problem (52) with strongly enforced boundary conditions admits a
reformulation in terms of conservative numerical fluxes.

Proposition 16 (Flux formulation). Denote by (wy,ppn) € QZ’O x PF the unique solution to (52)
and, for all T € Ty, and all F' € Fr, define the numerical normal traces of the viscous and convective
momentum fluzes as follows:

visc o k+1 k
Prp (HT) =V (_VTT urnrr + RTF’I_J,T) )

UM v
" r) = e | M ap +ur) — o p(Pere(up))(ur — ur)|.

where, letting Db := {ayr == (ap)rer, : vr €PH(F)? VF € Fr}, the boundary residual oper-
ator Ry = (R ) per, : Uk — Db is such that, for all vy € UX.,

- Z (R];“FQTvaF)F = st(vr, (0, Qs7))-
TETh

Then, for all T € T, it holds: For any (vr,qr) € P*(T)4 x P*(T),
1
/ vk ug - Vor — / ur-(up-V)vp — 5/ DZ*u . (up-vr) — / pr(V-vr)
T T T T

+ Z /F( T (ur) + SFF (ur) + procr) -UT=/Tf~vT, (66a)

FeFr

/TUTVqT— Z /F(UF'TLTF)QTIO- (66b)

FeFr

Moreover, the numerical normal trace of the global momentum and mass fluxes are conservative, i.e.,
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for any interface F € F} such that F € Fr, N Fr, for distinct mesh elements Ty, Ty € T,

(7% (ur,) + ®XF (ur,) + prynnr) + (B5h (ug,) + ®EF (ur,) + prynr,r) =0, (67a)
ur-nmr+urnnr =0. (67b)

Proof. The following equivalent expression for the viscous bilinear form aj;, defined by (29) descends
from [31, Lemma 3.3], where the scalar case is considered: For all v, € Qﬁyo,

ap(uy,vp,) = l/ Vrkug . Vektly, — Z / Vs (ug)-(vp vT)] . (68)
TeTh

FeFr

Using the global discrete integration by parts formula (24) and accounting for the strongly enforced
boundary condition, for any v, € Uj, ; the convective trilinear form defined by (40) evaluated at
(wy,, uy,v;,) can be rewritten as follows:

th(@haghayh) =

_ Z |:/ uTgT ’U,T,UT /DTUT uT’UT
T

TeTh

Z/UFnTF up —ur)(v F_'UT)‘|-

FGJ"

Hence, expanding G5 (wp;vy) according to its definition (21) with w, = w, and z = up for all
T € Ty, in the previous expression, adding j,(w,; u,,v,), and rearranging the terms we obtain

th(wy,, uy,vy) +in(uy; uy, v,) =

5 [fertersien s w3 [ s o] o

TeT FeFr

where we have further observed that (vp — vpp) € P*(F)? to insert 7k into the expression of the
convective flux. Finally, writing the definition (36) of by, for ¢, = pi and expanding, for all T' € Ty,
DEw; according to its definition (18) with £ = k and ¢ = pr, we obtain

by (wy,, pn) = — Z [/ prV-vr + Z / prnrre: UFUT)]- (70)

TETh FeFr

Plugging (68), (69), and (70) into the discrete momentum equation (52a), we obtain, for all v;, € Q’,io,

1
Z /VVTI;~+1UT Vva/uT~(uToV)vaf/D?pkgT(uTmT)f/pTVmT
T T 2 Jr T

TETh
Z /fUT

+ Z / @7 (up) + ST (ur) + procr) ((vr — vp ]
TET

FeFr

Selecting v, such that vy spans P*(T)? for a selected mesh element 7' € T;, while vy = 0 for all
T € Th\{T} and vp = 0 for all F' € F},, we obtain (66a). On the other hand, selecting v;, such that
vy =0 for all T € Ty, v spans P¥(F)9 for a selected interface F € ]:,il such that F' C 917 N 9T» for
distinct mesh elements T1,T2 € Ty, and vp = 0 for all F' € F, \ {F'}, we deduce (67a).

The discrete local mass balance (66b) is a straightforward consequence of (52b) expanding DA
according to its definition (18). As a matter of fact, accounting for Remark 12, we can take as a
test function gj, such that, for a selected mesh element T' € Tj,, gr spans P¥(T) while gr» = 0 for
all 7" € T, \ {T}. Finally, the continuity of the mass fluxes expressed by (67b) is an immediate
consequence of the single-valuedness of face unknowns. O
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Remark 17 (Finite volume local mass and momentum balances). Let an element T € T}, be fixed. We
start by observing that, taking in (66a) vy constant in 7', the terms in the first line of this expression
vanish. As a matter of fact, the first, second, and fourth terms involve derivatives of vy, while,
recalling (19), we can write for the third term —3 [, D2 u;(ur-vr) = —% [, Dbugp(urvr) = 0,
where we have used (50b) to infer Duy = 0 and conclude. Hence, letting now vy be successively
equal to the vectors of the canonical basis of R?, we have the following finite volume-like local
momentum balance:

Z / T (ur) + RFR (wp) + procr) Z/f- (71a)
T

FeFr
Similarly, taking in (66b) gr = 1, we have the following finite volume-like local mass balance:
Z / uF ’I’LTF —0 (71b)
FeFr

The relations (71) are relevant from the engineering point of view, as they guarantee that both
momentum and mass are preserved at the local level. From the mathematical point of view, they can
be used, e.g., to derive a posteriori error estimators by flux equilibration.

A Proofs of intermediate results
This section collects the proofs of the intermediate results required in the analysis.

A.1 Discrete Sobolev embeddings

Proof of Proposition 1. Let v;, € Q,’f It follows from [26, Theorem 2.1] (see also [27, Theorem 5.3])
that

N[

lonllzas < | D IVOTlZeiyoa + D hplloaleliae + D bp'llvre iz | - (72)
TETh FeF} FeFp

where, for all F € ]—"}l such that F' € Fp, N Fp, for distinct mesh elements 77,7> € Ty, we have
introduced the jump operator such that [vs]|r = vy, — vy, Forall F € ]-'}L, inserting +vp and
using a triangle inequality, it is readily inferred that ||[vn]r|lr2(pye < v, — vEllL2(p)e + V1, —
vl p2(pye. Similarly, for all F' € Fp we can write [or, ||r2(rye < Jor, — vpllp2(rye + [0r]p2(pya.
Plugging the previous inequalities into (72), we obtain

”vhHL‘?(Q)d S Z ||VUTH%2(T)dXd+ Z Z hg‘lH’UF_vTH%Q(F)d—"_ Z h}1||”F||2L2(F)d
TET FeF, TeTr FeFp

Using the relation ) Jpcz > rer. ® = D rer, 2orer, ® and recalling the definitions (9) of ||-[|1,, and
(10) of ||-[J1,r yields (11). O

A.2 Approximation properties of the discrete directional derivative

Proof of Proposition 2. Set, for the sake of brevity v, := Inv. Writing (22) for w, = vy = 94 and
summing and subtracting [.(97-V)v-z, we infer that it holds

/ (gg@T;ﬁT) B (UIV)U> i / [(07-GT" )y — (07-V)v]-2 +/ (v —o7)-V]v-z
T : ) (73
+ Z/ Vp —O7)nrp(VF — O1)-2 = T + Ty + Ts.
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For the first term, using the orthogonality property (13) with 7 = (z ® n%v), we can use a Holder
inequality with exponents (4,2,4) to get

1Ty = \ / (GFop — Vo) 1 2@ (b7 — m3v)| < |lv — 70| pa(r)a|GFOp — VU 2 (ryaxallz]| pagrya,
T

where we have additionally used the linearity, idempotency, and L*-boundedness of 71"% (see [22,
Lemma 3.2]) to write |07 — 730 a(rya = |75 (v — 7G0) || pa(rye S lv — 30| pa(ya. Using the ap-
proximation properties (6a) of the L?-orthogonal projector with [ =0, p =4, s = 1, and m = 0 for
the first factor and the approximation properties (15) of the gradient reconstruction with ¢ = 2k for
the second factor, we get

1T1] S hljc“+1"U|H’“+1(T)d|v|W1v4(T)d||ZHL4(T)d~ (74)

For the second term, a Holder inequality with exponents (2,4,4) gives

|Ta| S [Jv - "AJTHL?(T)dlU‘WL“(T)d||z||L4(T)d S h§“+1|v|Hk+1(T)d|’U|W1v4(T)d||ZHL4(T)d’ (75)

where we have used the optimal approximation properties (6a) of the L2-orthogonal projector with
l=k,p=2,s=k+1, and m = 0 to conclude.

For the third term, we will need the following discrete trace inequality, valid for all « € [1, o0], all
T € Th, and all F € Fr:

[ollLo(ry S hp*|lvllacry Vo € PYT), (76)
with hidden constant additionally depending on « and ! (but not on v or T). After observing that,
owing to the linearity, idempotency, and boundedness of 7%, it holds, for « € {2, 4},

|oF — @THLQ(F)d = ||7"1kw('U - Wlfr”)HLa(F)d NYCEs F%UHLQ(F)‘%
we can write
%3] S Z v — WIJC“UHL%F)‘!”'U - WITC‘UHL‘l(F)de”L‘*(F)d
FeFr
S W o s orya vl wagrya | 2] pagrya, (77)

where we have used the approximation properties (6b) of the L2-orthogonal projector with [ = k and,

respectively, « =2, m =0,and s =k+ 1 and « =4, m =0, and s = 1 to bound the first two factors

inside the summation, and the discrete trace inequality (76) with oo = 4 to bound the third one.
Plugging (74), (75), and (77) into (73) yields the conclusion. O

A.3 Viscous term

Proof of Lemma 5. (i) Stability and boundedness. Let v, € UY. Summing (32) over T € T, and
using the resulting equivalence in combination with (29), we can write

an(v o) = Y ar(vpor) + Y hElvrlliema e Y lerlie + D0 hetllvorliege..
TET, FeF} TET, FeF?

(ii) Consistency. Let, for the sake of brevity, W, := ffl'w and set, for all T € T, wr := rl}“l’%w.

It follows from [28, Lemma 3] (see also [21, Theorems 1.1 and 1.2]) that it holds: For all T' € Tp,
1
IV (wr — w)ll2(ryaxa + h ||V (@1 — w)l r2oryaxa S Byt ] sz rya. (78)

Integrating by parts element by element and using the fact that vp is single-valued for F € Fi to
insert it into the second term, we can write

/QAwmh:— Z </TVw:VvT+ Z /FanTF~(vva)> + Z /Fanp'uF. (79)

TETh FeFr Fef}f
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On the other hand, plugging the definition (30) of ar into (29), and expanding, for all T' € Ty, r]% Ly,

according to (16) with w = Wy, we can write

ap(wy,,v,) = (/ Vwr : Vor + Z /VanTF vF—'vT)> — /VwTFnF vp
T€Tn FeFp

FeFr

+ Z ST(@T7QT)7 (80)

TeTh

where, to cancel the remaining terms inside the sum over F € ]-"}f, we have used the fact that
wp = 0 for all F € F} owing to the assumed regularity w € Hg(Q)¢. Summing (79) and (80), and
using Cauchy—Schwarz inequalities for the first and last terms, the Holder inequality with exponents
(2,00,2) together with ||n7p||pema < 1 for the second term, and the definition (10) of ||-||;,7 and
hr < hr, it is inferred that

1 ~
SJ Z (”V(ﬁ)T - w)||L2(T)d><d + h%||V(wT — 'LU)HL2(8T)d><d) ‘7

Aw-vp, + ay (@h, Qh)
Q

TeTh
_1
+ Z h NV (W, —w) | p2(pyaxa hp? |ve||L2Fp)e
FeFp
~ ~ 1 1
+ Z st(Wr, Wr)?s(vy, V)2
TETh

Using the approximation properties of (78) of W, to estimate the terms in the first two lines and the
consistency (33) of the viscous stabilisation bilinear form sy together with the fact that sy (v, vp)2 <

llor |17 owing to the local seminorm equivalence (32) to estimate the term in the third line, we arrive
at

[ Awon -+ antin 0| £ 3 W wlmesarylo
Q

T€Th FG]-'b

S w| e ¢y ya hp lvrllLzmya

S hk+1|w|H’“+2(Th)d”QhHLh’

where the conclusion follows from Cauchy-Schwarz inequalities on the sums over T’ € T, and F € Fp.

Passing to the supremum over the set {gh cuy : |vylln = 1} yields (35). O

A.4 Pressure-velocity coupling

Proof of Lemma 7. (i) Consistency/1. Using the definition (36) of the bilinear form by, the commut-
ing property (20) of the discrete divergence together with the fact that boundary unknowns in I ﬁv
vanish since v € H}(Q)¢, we obtain, for all g, € P¥(Ty,), letting g7 = qp 7 for all T' € Tp,

bu(IFv, qp) Z/ﬂ'T (V-v)g Z/VvqT—b(v an)-

TETh TETh

(ii) Stability. We proceed as in [13, Lemma 17]. From the surjectivity of the continuous divergence
operator from H{ ()4 to L2(2) (see, e.g., [40, Section 2.2]), we infer the existence of v,, € HZ(Q)?
such that —V-v,, = g, and [|vg, || g1(q)¢ < [lgr||, with hidden constant depending only on Q2. Using
the above fact, we get ||lgnl|? = — [(V-vg,)an = br(Lfv,,,qn), where we have used (37) with
v = v, . Hence, denoting by $ the supremum in the right-hand side of (38) and using the boundedness
property (54) of the global interpolator, we can write ||gx||> < $||Lfvg, [1.n < $llvg, lar e < Sllanll-
Simplifying yields (38).

(iii) Consistency/2. Integrating by parts element by element and using the regularity ¢ € H*(£2)
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together with the fact that vg is single-valued for all F' € .7-','1Z to insert it into the second term, we
can write

/quh P (/T (V-ur) + Z/ vp — vT) nTF>+ Z/ VENE). (81)

FeFr FE]—'b

On the other hand, recalling the definition (36) of by, and expanding, for all T € T, D%v, according
to (18) with £ = k and ¢ = qu‘T, we have that

br(vy,mha) = — Y (/T (Voor)+ > /WTQ\T (vr —vr) nTF)

TeTh FeFr

+ Z /TFTFQ|TF vEpNE),

FeFp

(82)

where we have used the definition (5) of 7 together with the fact that V-vy € PE=1(T) c P¥(T) to
remove the projector from the first term inside the summation over T' € T,. Subtracting (82) from
(81), taking absolute values, and using Holder inequalities with exponents (2,2, 00) together with
||nTF||Loo(F)d S 1 and hF S hT, we get

1 1
/ Vqvp, — bh(”hﬂ}’f@‘ < Y Y hilla—mrarlew) bt lve —vrla ey
Q TETh FefT

+ ) hi Na = T a2y bp® lvr] L2y

FeFp
_1
SO R ey logllue + Y R gl gy et [vel e,
TE7—}L FG]‘-’E

where we have concluded using the optimal approximation properties (6b) of the L?-orthogonal
projector with [ =k, p =2, s = k+ 1, m = 0. Using Cauchy—Schwarz inequalities on the sums over
T € Ty, and F € Fp and recalling the definition (9) of ||-||1,, gives

| v = vnten )| € 2 el ol
Q
Passing to the supremum over the set {Qh cUy : |lupllin = 1} yields (39). O

A.5 Convective term

Proof of Lemma 8. (i) Skew-symmetry and non-dissipation. To prove (42), plug the definition (41)
of t7 into (40) and use the discrete integration by parts formula (24) to write

( /DTwT ’UTZT Z / wpnTF ’l)Ff’UT) (ZFZT)>
FE]-'
=—= Z/ Gh(wp;vyp) zT+ngT(wT,zT Z / WpNF)VF-ZF.

TeTh Fe}‘b

TETh

The non-dissipation property (43) immediately follows letting z; = v;, in (42).
(ii) Boundedness. Accounting for (42), it suffices to prove that it holds, for all w,,,v;, z;, € QZ,

Z /gT Wy V) 2T

TeTh

(83)

N ”wh”l h||’Uh||1 h
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then apply this bound twice exchanging the roles of v, and z;,. Recalling (22), we can write

) /T(wT'G%k)ﬂT'ZT

TETh

< +

Z Z (wF — ’wT)”I’LTF(’UF — ’UT>-ZT =%+ %s. (84)
TeT), Ferp ’ F

To estimate the first term, we preliminarily observe that ||G2TkgT||L2(T)dxd < Jlupllh,r, as can be

easily verified letting T = G%kQT in (12b) written for ¢ = 2k, then applying Cauchy—Schwarz and
discrete trace inequalities (see (76)) to bound the right-hand side. Then, Holder inequalities with
exponents (4,2,4), first on the integral over T" then on the sum over 7' € Ty, yield

T < Z ||wTHL4(T)d||G2Tk2THL2(T)dXdHZT||L4(T)d

TeTh

< lwrllpsyallorlrlizolls s (85)
TeTh

< wnllzs@allopllinllzalloa@ye S lwpllnllegllpllz, e,

where we have used the discrete Sobolev embedding (11) with ¢ = 4 to conclude. For the second
term, we will need the following reverse Lebesgue embeddings, proved in [22, Lemma 5.1]: For all
(o, 8) € [1,00], all T € T, and all F € Fr,

[0l ocry S IFIS "B ollpery Vo € PYF). (86)
We have that

<Y Y Nwe —wrllpapyllvr = vrllegallzr) )
TeTy, FEFT

_1
S znllpa)e Z Z hiptllwp —wr| papyallve —vrlp2(p)a
TeTh, FEFT

_1 1
Sllznllipage Y. > bt IFI7 5 |wp — wrl g2 (pyllvr — vrll2ipe
TeT, FeFr

_1 _1
Sllznlizage Y. D hplllwr — wrllpeye hp? lvr — o1l 2
TeTy, FEFT

S lznllnllwsllnllonlln,

where we have used a Hélder inequality with exponents (4,00, 2,4) together with |[nrr|| e pye < 1
in the first line, the discrete trace inequality (76) with a = 4 followed by [|z7||Ls(r)a < [|2n |14 (0)e for
all T € Ty, in the second line, the reverse Lebesgue embedding (86) with («, 8) = (4,2) in the third

line, the bound h;i IF|~% < h;ifT < hpt = h;%h;% (valid since d < 3) in the fourth line, and
the discrete Sobolev embedding (11) with ¢ = 4 followed by a discrete Cauchy—Schwarz inequality on
the sums over T' € T}, and F' € Fr and the definition (9) of ||-||1,5 to conclude.

(iii) Consistency. Set, for the sake of brevity, @, := Ifw. We decompose the argument of the
supremum into the sum of the following terms:

5= 3 [ [@V)e - Ghtriag)] 2

TeTh
1 R ~
Ty = 5 E / [(V~w)w — (D%kQT)wT] ZT
T
TETh

Ts = % SN | (pnrp)(@p —dr)(zr — 27),

TeT, Ferr

34 = *% Z /F(’ﬁ)F’n,F)(ﬁ)FzF)

FeFp
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Using the approximation properties (23) of the discrete directional derivative followed by the discrete
Sobolev embedding (11) with g = 4, it is inferred for the first term:

1T1] S PP w| i (g5 ya [wlwaoya |zl paaye S R w] e (e lwlwra oyl 21 m- (87)

Note that the assumption w € H}(Q)? N W*H14(T,)? ensures that w € WH*(Q)? since wy €
WHHLA(T) ¢ WYA(T) for all T € Tj, and the traces of w at the interfaces F' € Fi are continuous
(owing to w € H(Q)4).

The second term is further decomposed inserting +(V-w)wr-zr:

1 R 1 .
o= 2 Z /(V'w — Doy )lor-z7 + 2 Z / (Vw)(w —r)zr = To1 + Tap.
T T
TETh TeTh

After observing that (V-w — D2*w,) is L%-orthogonal to functions in P¥(T) as a consequence of
(13), and that 79w -z7 € PF(T), we can write

Toal =5 Y /(V'w — Doy (W — whw)-zp
T

1
2 TETh

S Z IV-w — Dty || 2y lor — 79wl pacryall zr || Loy
TEThH

5 hk+1|w‘H’“+l(Th)d "U)|Wl,4(Q)d Héh |1,h-

To pass from the second to the third line, we have used the approximation properties (17) of the
divergence reconstruction with ¢ = 2k to bound the first factor, the linearity, idempotency, and
L*-boundedness of 7\"% followed by the approximation properties (6a) of the L2-orthogonal projector
with [ =0, p=4, m =0, and s = 1 to estimate the second factor as follows:

[wr — ww| parye = |75 (w — 7Gw) | pagrya S lw — 7wl parya S hrlwlwarya,

the discrete Sobolev embedding (11) for ¢ = 4 for the third factor, and a discrete Holder inequality
on the sum over T' € T, with exponents (2,4,4) to conclude. On the other hand, Holder inequalities
with exponents (4,2,4) followed by the approximation properties (6a) of the L?-orthogonal projector
withl =k, p=2, m=0, and s = k + 1 give for the second contribution

1Ta2] S W w] g (1 ya [wlwra ezl pa@ye S B w]grss (e lwlwaa el 210,

where we have used the discrete Sobolev embedding (11) for ¢ = 4 to conclude. Collecting the above
bounds, we arrive at
|Ta| S WM w| g (5, ya [wl oy |2 || 1,0 (88)

To estimate the third term, using a Holder inequality with exponents (4, 00, 4,2) we obtain

Tl < Y > wrllpapyellior — wrllpaeyallzr — 20l L2y (89)
TeT, FeFr

For the first factor inside the summations, we use the L*-boundedness of 7%, followed by a local trace
inequality in L* (see, e.g., [22, Eq. (A.10)]) and the fact that hr < diam(Q) < 1 to write

_1
lwr|lLagmye S llwllagye S hp* (lwllzarya + hrl[Vwl piryixa) $ by wllwraera-

For the second factor, using the linearity, idempotency, and L*-boundedness of m%. followed by the
optimal approximation properties of 7r’§~ we obtain

. N . N k+2
[p — Wl gy = 7w — w7)|Larye S |lw—dr|parye S by tw|weriarya.
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Collecting the above estimates, we can go on writing

1 k+§
T3l S D0 Y hptlwlwrsirye by Hwlwrinsye |28 — 20l L2y
TeTn FEFT

%

. (90)

< hk+1||’w||W1,4(Q)d|w|W’<+1v4(77L)d <Z Z hF1||ZF — zT“iZ(F)d)
TeT) FEFT

S B wllwraggya[wlwesaogyallz]1n,

where we have used Holder inequalities with exponents (4,4, 2) on the sum over T' € T, and F € Fr
together with hp < hy < h to pass to the second line, and the definitions (9) of ||-||1,, and (10) of
I/l1,7 to conclude.
Finally, after observing that w vanishes on 02 owing to the assumed regularity, we have for the
fourth term
T4 =0. (91)

Collecting the bounds (87), (88), (90), and (91), and observing that |w|grr1(7;)a S |wlywrrr.a(r,)e,
the conclusion follows. O
A.6 Convective stabilisation

Proof of Lemma 10. (i) Continuity. Since p is Lipschitz-continuous,

v

P plPere(or) - 1op(Pere(wr)| <

v

hF|PeTF(’UF) — PeTp(wF)\ S "UF — Wrpg|.

Hence, setting e, = v;, — wy,

‘jh(yh;zh,éw —Jh(wh;éhé%)‘

S Y > | lerllzr —zrllzh — 27+ Y /IeFl\ZFIIZ%I
F

TeTr FeF, VI FeF?
< Y Y llerllieryllzr — zrllz2ryellze — 27 2y
TeTr FEF,

+ Z ler|lLo(ryallZzrllL2(pyall 2Rl L2 (pye
FeFp

_1 -1 _1
S Z Z |F|"2hpllerllL2(rya hp®lzF = 27llL2(m)a hp? 127 — 27 )| L2(p)a
TeTr FEF),

_1 —1 _1
+ Z |F| 2hF||eF||L2(F)d hF2||zF||L2(F)d thHz/FHLQ(F)da (92)
FeFp

where the second inequality follows from the Holder inequality with exponents (00,2,2), and the
conclusion is obtained using the reverse Lebesgue inequality (86) with («, 5) = (00,2). We then
write, for F' € Fr,

_1 _1 _1
I~ hpllerllieima < [FI 2hpller — el + [F| " Ehpller]| 2
1.3 _1 -1 1
< |FI72hilleyllin + [F["2hphy? |T|7||ler| Lo 1y

_d
<h " leplln,

1
where we have used the triangle inequality in the first line, followed by [|er —er| r2(p)a < hE|lep|l1n,

the discrete trace inequality (76) with a = 2, and Hélder’s inequality [|er||p2(rye < |T‘%||6T||L4(T)d
d

in the second line. The conclusion follows from |F| ~ h% ', |T| ~ h$, hp < hr, hQT_5 <

diam(Q)1~5h1~% and, owing to the Sobolev embedding (11), ler|lLarye < llerllra@ys S llenllin-
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The proof of (48) is complete by plugging this estimate on |F|7%hF||eFHL2(F)d into (92), by using
Cauchy—Schwarz inequalities and by recalling the definition (9) of ||||1,x-

(ii) Consistency. Let v, := Ifw. Since p is Lipschitz-continuous and p(0) = 0 we have |p(s)| < |s|
for all s € R. Hence, |Perp(tr)| < hplﬁ’—f‘. This firstly shows that the boundary penalisation in
jn(Ww),; Wy, z,) vanishes (since Wy = 0 for all F € FP, given that w = 0 on 91), and then, by
Holder’s inequality with exponents (4, 4,2),

(@ z) < Y /|wp|\wF—wT||zF—zT|
F

TeT, FEFT

S Z Z |wrllaryallvr — wr|Lar)allzr — 27/l L2 (F)a-
TeT, FeFr

This right-hand side is the same as in (89), and the estimates performed on 3 in the proof of Lemma
8 (see (90)) therefore show that (49) holds. O
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