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Abstract

We develop a novel Hybrid High-Order method for the incompressible Navier—Stokes problem
robust for large irrotational body forces. The key ingredients of the method are discrete versions
of the body force and convective contributions in the momentum equation formulated in terms
of a globally divergence-free velocity reconstruction. Two key properties are mimicked at the
discrete level, namely the invariance of the velocity with respect to irrotational body forces
and the non-dissipativity of the convective term. A full convergence analysis is carried out,
showing optimal orders of convergence under a smallness condition involving only the solenoidal
part of the body force. The performance of the method is illustrated by a complete panel of
numerical tests, including comparisons that highlight the benefits with respect to more standard
formulations.
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1 Introduction

Let Q c R3 denote an open, bounded, simply connected polyhedral domain with Lipschitz boundary

0Q. Letv > 0be areal number representing the kinematic viscosity of the fluid, and let f € L?(Q)* be

a given vector field representing a body force. Setting U = H& (Q)3and P := {q e L*(Q): fQ q= 0},
we consider the steady incompressible Navier—Stokes problem: Find (#, p) € U X P such that

va(u,v) +t(u,u,v) + b(v,p) =€(f,v) VYvel, (1a)

~b(u,q) =0 Vg € LX(Q), (1b)

with bilinear forms a : U XU - R, b: U x L*>(Q) — R, and £ : L*>(Q)> x U — R defined by

a(w,v) ::fQVw:Vv, b(v,q) ::—fQ(V-v)q, £(f,v) ::fg;f-v, 2)
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and trilinear form ¢ : U X U X U — R such that
tiw,v,2) = f((wa) XV)-Z. 3)
Q

Above, V- and VX denote, respectively, the divergence and curl operators, while X is the cross product
of two vectors. The convective term in (3) is expressed in rotational form, so p is here the so-called
Bernoulli pressure, which is related to the kinematic pressure pgiy by the equation p = pyi, + %lu 2.
The domain Q being simply connected, its first Betti number is zero, and we have the following
(Helmholtz—)Hodge decomposition of the body force (see, e.g., [2, Section 4.3]):

f =g+ vy, @

where g is the curl of a function in H (curl; ) whose tangent trace vanishes on 0Q, ¢ € H'(Q) is such
that ||[Vi/|l;2q)s = 1, and 2 € R™. The goal of this paper is to design an optimally convergent Hybrid
High-Order (HHO) discretization method for problem (1) robust with respect to large irrotational
body forces, that is, for which velocity error estimates uniform in A and independent of the pressure
can be established. The robustness property should additionally be obtained without relying on the
Hodge decomposition (4) of f, which is typically not available and whose numerical approximation
may be computationally expensive to obtain.

The problem considered here is related to recent works pointing out the relevance of restoring
at the discrete level the L?-orthogonality between irrotational and discretely divergence-free vector
fields [36]; see also the bibliographic section therein for previous references on this subject. A lack
of this orthogonality property may indeed result in poor approximations of the velocity field, whose
error estimate has an adverse dependence on the pressure. In [36], the author proposes a modification
of the original Crouzeix—Raviart scheme [16] where the test function in the right-hand side is replaced
by an interpolate in the lowest-order Raviart-Thomas—Nédélec space [38, 41]. An extension of these
ideas to arbitrary order HHO approximations of the Stokes problem is proposed in [19], where the
authors derive error estimates for the velocity that are independent of the pressure and uniform in
the kinematic viscosity. These ideas are further developed in [35], where the notion of discrete
Helmbholtz projector is introduced to achieve a similar goal in the context of classical Finite Element
discretisations of the Stokes and Navier—Stokes problems; see also the recent paper [1].

The novel contribution of this work consists in extending the construction of [19] to the fully
nonlinear Navier—Stokes problem, focusing on matching simplicial meshes [13]. Given an integer
k > 0, the proposed method hinges on velocity unknowns that are polynomials of total degree < k
at elements and faces, and pressure unknowns that are polynomials of total degree < k at elements.
Two key ingredients ensure that the method retains the optimal convergence properties of the original
HHO method while attaining robustness for large irrotational body forces, namely:

1) areconstruction of the velocity gradient in the full space of polynomials of total degree < k to be
used, in conjunction with an HHO stabilisation, in the discretisation of the viscous term;

2) a reconstruction of the velocity in the Raviart-Thomas—Nédélec space of degree k to be used in
the discretisation of the convective term and of the body force.

Both reconstructions are devised at the element level and, while the former requires the (inex-
pensive and embarrassingly parallel) solution of a local problem inside each element, the latter is
obtained by simple prescription of the local Raviart—-Thomas—Nédélec degrees of freedom. This
subtle design results in error estimates for the H'-like norm of the velocity and the L?-norm of the
pressure in #K*!. These error estimates are robust with respect to large irrotational body forces in the
sense made precise above, that is, they are uniform in A and do not depend on the pressure. Notice



that a more trivial choice such as, e.g., using the Raviart—-Thomas—Nédélec velocity reconstruction
also for the diffusive term would result in the loss of one order of convergence. The proof of these
robust estimates hinges on the discrete counterparts of two key continuous properties, namely the
invariance of the velocity with respect to A and the non-dissipativity of the convective term, and
leverages an a priori bound on the velocity uniform in A. Crucially, this bound only involves g, and
therefore persists in the limit A — oo. Intermediate results of independent interest used in the analysis
are novel Sobolev inequalities for the Raviart—-Thomas—Nédélec velocity reconstruction.

The proposed ideas potentially apply to other hybrid methods for incompressible flows; see, e.g.,
[7,9-11, 15, 21, 26, 33, 40, 43, 45] and references therein. In view of their tight relation with HHO
methods [14], Hybridisable Discontinuous Galerkin method deserve, in particular, a more in-depth
discussion, which will make the object of Remark 14 below. A point that is worth emphasising here
is that even methods that produce globally divergence-free velocity approximations (as a direct output
or after post-processing) do not automatically deliver robust error estimates. As a matter of fact, a key
point consists in using globally divergence-free fest functions for the discretisation of the body force
and convective terms in the momentum balance equation, which may not be the case when the global
divergence-free property for the velocity is obtained through Lagrange multipliers at faces. We also
mention here virtually divergence-free numerical methods [4, 5] (see also [3, 12]). Nevertheless, they
may constitute an interesting path for future research in the direction of discretisation methods robust
with respect to large irrotational body forces.

The rest of the paper is organised as follows. In Section 2 we discuss three properties of the
continuous problem that will play a key role at the discrete level. In Section 3 we introduce the discrete
setting, including the local reconstructions at the core of the HHO method. Section 4 contains the
formulation of the discrete problem and includes, in particular, the definition and properties of the
novel discrete convective trilinear form. The convergence analysis is carried out in Section 5, while a
complete panel of two-dimensional numerical tests is provided in Section 6, including a comparison
with the standard HHO scheme of [7].

2 Three key remarks

We start by highlighting three properties of the continuous problem that will play a key role in the

design and analysis of the method:

1) velocity invariance, which establishes that, by modifying the irrotational part of the body force in
the Hodge decomposition (4), the velocity field remains unchanged;

2) non-dissipativity of the convective term, expressing the fact that the nonlinear term in the momen-
tum equation does not contribute to the kinetic energy balance;

3) uniform a priori bound on the velocity, which establishes how the velocity solution of problem
(1) is bounded only by the solenoidal component of the body force g in the decomposition (4).

2.1 Velocity invariance

Denote by ng the unit outward normal vector to Q. Recalling the Hodge decomposition (4), the
first property is expressed by the following relation: For allv € U,

€(g+/lV1ﬁ,v):€(g,v)+f/lV1p-v
Q

=f(g,v)—fgfw (V-V)+W=f(g,v)+b(v,/w),

where we have used the linearity of ¢ in the first equality, an integration by parts together with the
strongly enforced wall boundary condition in U to cancel the boundary term in the second equality,

o)



and we have concluded using the definition (2) of the bilinear form b. A straightforward consequence
of (5) is that the velocity field is unaffected by the irrotational part of the body force, which is why we
refer to this property as velocity invariance (with respect to 4). Mimicking (5) at the discrete level
will be crucial to cancel the pressure contribution from the discretization error in Theorem 11 below;
see, in particular, (76). This is, in turn, a key point to achieve robustness in A.

2.2 Non-dissipativity of the convective term

The integration by parts formula in the following proposition generalizes [28, Lemma 6.7] to less
regular functions and removes the divergence-free assumption.

Proposition 1 (Integration by parts). Let X denote a simply connected open polyhedral subset of Q.
Forallv,w,z € Hl(X)3, it holds

f((wa)xv)-zzwav-z—waz-v, (6)
X X X

where we recall that, if y = (yj)1<j<3 € R3, Vwy = Z?:l yioiw.

Writing (6) for X = Q and recalling the definition (3) of the trilinear form ¢, we obtain the second
key property, namely: For any w,v € H'(Q)3,

t(w,v,v)szwv-v—wav-v=O, (7)
o) o)

which expresses the fact that the convective term is non-dissipative, i.e., it does not contribute to the
kinetic energy balance obtained taking v = u in (1a). In Section 4.4, we will leverage (6) with X
successively equal to the mesh elements to derive a reformulation of the convective term that will
inspire the design of a consistent and non-dissipative discrete trilinear form. The discrete counterpart
of (7), expressed by (46) below, will play a key role both in deriving an a priori bound on the discrete
velocity uniform in A (see Lemma 8) and in proving the error estimate of Theorem 11.

Proof of Proposition 1. First of all, observe that all the integrals in (6) are well-defined with the
assumed regularity (use generalized Holder inequalities with exponents (2,4,4) and the embedding
H'(X) — L*(X)). It then suffices to prove (6) forv,w,z € D(X)3, the space of restrictions to X of
functions that are of class C;° in an open set containing X, and conclude by density.

Recalling the vector identity

(Vxw)xv =Vwy —V(w -v) + (Vv)Tw,

we can write

f((wa)xv)‘zzfva-z—fV(w-v)-z+f(Vv)Tw-z::wav-z—Zz+iZ3. (8)
X X X X X

For ¥, applying integration by parts we arrive at

‘Iz=f (w-V)(z-n)—f(w-V)(V-z)- )
0X X

For T3 we can write, denoting by ® the tensor product of vectors in R,

3

I3=Z L@iv_iwjzi=fXVv:w®z:—LV-(W®Z)-V+LX(z-n)(w-v),

i=1 j=1



where the conclusion follows from an integration by parts. Using this last equation and the identity
V-(w®z)=(V:-2)w+ Vwz, we obtain

‘13:—f(V-z)(w-v)—waz-v+ (z-m)(w-v). (10)
b'¢ X X
Plugging (9) and (10) into (8), we finally get (6). ]

2.3 Uniform a priori bound on the velocity

The third property is an a priori bound on the continuous velocity uniform in A. Taking v = u in
(la), g = p — Ay in (1b), and summing the resulting relations, we can write

va(u,u) +t(u,u,u) + b(u,p) —b(u,p— ) =(f,u) =€(g, u) + b(u, 1),

where we have used the Hodge decomposition (4) of f followed by the velocity-invariance property
(5) to conclude. Simplifying the terms involving the bilinear form b in the above expression, invoking
the non-dissipativity property (7) to write ¢ (u, u, u) = 0, and recalling the definition (2) of the bilinear
form a, we can go on writing

V|u|12v_11(g)d =va(u,u) =l(g,u) < lgll2quallull2qe < CrligllL2q)aulg (g

where Cp denotes a Poincaré constant in Q. Simplifying, we arrive at

ulgiap < v ' Coliglizy- (11)

A crucial point is that, contrary to the classical estimate |u g1 gy < vLGpll £l 12(q)? Obtained without
resorting to the velocity-invariance property (5), the a priori bound (11) persists in the limit 4 — co.
This bound, along with its discrete counterpart proved in Proposition 8, allows us to establish error
estimates under the smallness assumption (68), which only concerns the solenoidal part g of the body
force (see (4)).

Remark 2 (A priori bound on the pressure). It cannot be expected, in general, to have an a priori
bound on the ||p|;2(q) uniform in A.

3 Discrete setting

In this section we establish the discrete setting. We start by introducing the notations for the mesh, local
and broken polynomial spaces, and projectors thereon. We next define the global space of discrete
velocity unknowns together with the corresponding discrete norm. Finally, discrete reconstructions
of the velocity and of the gradient devised at the element level are discussed.

3.1 Mesh

We consider a refined mesh sequence (7, )n~0 Where, for a given i > 0, 73, is a matching simplicial
mesh characterized by the scalar & := maxreg;, hr, with hr denoting the diameter of the element
T € 7,. The mesh sequence is assumed to be shape-regular in the usual sense; see, e.g., [13, Eq.
(3.1.43)]. We denote by ¥, the set collecting the faces of 7}, partitioned as ¥, = 7—;11 U 9’7hb, with 7-‘h‘
collecting the interfaces contained in {2 and ﬁb the boundary faces contained in Q. For any T’ € 7y,
we denote by Fr the set collecting the faces of 7, that lie on the boundary 07 of T and, for any
F € Fr, we will refer with nrr to the normal unit vector to F' pointing outwards with respect to 7.

To prevent the proliferation of generic constants we often write @ < b in place of a < Cb with
C > 0 independent of v, 4, h, on the exact solution, and, for local inequalities, also on the mesh
element or face. The dependencies of the hidden constant will be further specified when relevant and
also in theorem statements for the sake of easy consultation.



3.2 Local and broken spaces and projectors

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 < I. The L?-orthogonal
projector 7t : L'(X) — P/(X) is such that, for all v € L'(X),

f(v —mvw=0  vweP(X). (12)
X

Vector and matrix versions of the L?-orthogonal projector are obtained by applying ng( component-
wise, and will both denoted with the bold symbol J'l'é( in what follows. Optimal approximation
properties for the L?-orthogonal projector are proved in [20, Appendix A.2] using the classical theory
of [22] (cf. also [8, Chapter 4]). Specifically, let s € {0,...,1 + 1} and r € [1, +c0]. Then, it holds
with hidden constant only depending on /, s, r, and the mesh regularity parameter: For all T € 7, all
ve WS (T),and all m € {0, ..., s},

v = mhvlwmr ry < B lwsr ), (13a)

and,ifs>landm < s -1,

l v
he|v = mhvlwmr 7y S B Vlws.r (1), (13b)

where W"" (Fr) is the space spanned by functions that are in W”>" (F) for all F' € ¥, 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!(75,), and 712 is the corresponding L>-orthogonal projector such that, for all v € L'(Q),
(nflv)|T = anV|T for all T € 7. Broken polynomial spaces form subspaces of the broken Sobolev
spaces

WS (Tp) ={v e L"(Q) : vir e W*'(T) VT € T},

which will be used to express the regularity requirements in consistency estimates. We additionally
set, as usual, H*(7,) = WS2(T5).
3.3 Discrete spaces and norms

Let a polynomial degree k£ > O be fixed. We define the following global space of discrete velocity
unknowns:

Q’,‘l = {Kh =((vr)res,» VF)Fer,) 1 VT € PX(T)3 forall T € 7, and v € PX(F)3 forall F € ﬁ} .

Forally, € U ];l, we denote by vy, € Pfl (7)? the vector-valued broken polynomial function obtained
patching element-based unkowns, that is

(Vh)lT =vr VYT €YT,.

The restrictions of U ’;l andy, € U ﬁ to a generic mesh element 7' € 7, are respectively denoted by U ’}
and v, = (vr, (Wr)Fres). The vector of discrete variables corresponding to a smooth function over
Q is obtained via the global interpolation operator I} : H'(Q)* — U¥ such that, for all v € H'(Q)?,

k., . k k
Ly = ((mpvir)res, (MeViF)Fes,)-



Its restriction to a generic mesh element T € 7y, is I ; HU(T)? - U ’; such that, for all v € H'(T)?,

3 ko ook
Iy = (v, (WpV iF)Fes;)-

We furnish U ];l with the discrete H'-like seminorm such that, for all v R €U ﬁ,

1
2
1y lhn o= ( > ||zT||iT) , (14)

TeT,

where, forall T € 7y,

1
2
1
. 2 2 2 . . -1 2
2l = (VY21 2 yma + 1275 or) T with vz a7 .=(§ W e =vell g | - (19
FETT

For further use, we note the following boundedness property of the global interpolator: For all
v € H(Q)3,

I vlln < Crlvlg (16)
with real number C; > 0 independent of both /& and v. Its proof relies on the stability properties of
the L2-projectors on elements and faces proved in [20, Proposition 7.1].

The global spaces of discrete unknowns for the velocity and the pressure, respectively accounting
for the wall boundary condition and the zero-average condition, are

Us o= A{v, = (ODres, OF)rer,) €Uy ivp =0 YFeFY),  Pr=P T)nP. (17)

In the analysis, we need the following discrete Sobolev embeddings in U Z o (see [20, Proposition
5.4]): For all r € [1, 6] it holds, for all v, € g’;l,
il < 11y, llun- (18)

where the hidden constant is independent of both % and y,, but possibly depends on Q, k, r, and
the mesh regularity parameter. It follows from (18) that the map ||-||;,, defines a norm on U ﬁ 0

Classically, the corresponding dual norm of a linear form £, : U ﬁ o — Ris given by

ILallins = sup | La(xy)]. (19)
v eUS o llvy, Il =1
3.4 Velocity reconstruction

Robustness with respect to A hinges on the usage of a divergence-preserving velocity reconstruction
in the discretization of the body force and convective terms. Let an element T € 7}, be fixed, and
denote by

RTNX(T) = PX(T)3 + xPX(T)

the local Raviart—-Thomas—Nédélec space of degree k; see [38, 41]. We define the local velocity
reconstruction operator R’; :U ’; — RTNX(T) such that, for all v el §

fR’;KT.w=fvT-w, Vw € PKI(T)3, (20a)
T T

RYv, -nrr =vp-nrp VF € Fr. (20b)



Classically, the relations (20) identify R’; uniquely; see, e.g., [6, Proposition 2.3.4]. Moreover, for
any v € H'(T)3, a direct computation shows that R’}L §v =1 Hk%TN,TV’ where 1 IETN’T is the local
Raviart-Thomas-Néd¢lec interpolator. Finally, for all y,. € U ’;, we have that

1
k 1
IR7v: —vrllLaagy S E hpllve =vr) - nrElli2p
FeFr

1
< D hElve =vrllgay < hrlvgh o,
FeFr

ey

where the first bound follows from [19, Lemma 2], the second from a Holder inequality along
with [[n7F ||~y = 1, and the third from the definition (15) of the |-|; s7-seminorm together with
hp < hr.

Letnow RTNX(7;,) = {v € H(div;Q) :v1 € RTNK(T) forall T € 771} denote the global Raviart—
Thomas—Nédélec space on 7. A global velocity reconstruction RIZ U ’;l — RTNK(75) is obtained
patching the local contributions: For ally, € U 1;;’

(Rfv,)ir = Rky, VT €7,

Observe that RZ v, is well-defined, since its normal components across each mesh interface are
continuous as a consequence of (20b) combined with the single-valuedness of interface unknowns, and
itholds, forany v € U, Rﬂ Zv =1 fI‘WN’ ,,v- Notice that the global reconstruction Rl;, v, € H(div;Q) is
merely a theoretical tool which need not be constructed in practice as, in the practical implementation,
only the local reconstruction R’} v is needed while looping over the mesh elements.

The following proposition contains novel Sobolev inequalities for the velocity reconstruction.

Proposition 3 (Sobolev inequalities for the velocity reconstruction). It holds, for all r € [1, 6] and
k
ally, e U, ,,
IR e @p S 112l (22)
where the hidden constant is independent of both h and y,, but possibly depends on €, k, r, and the
mesh regularity parameter.

Proof. Let a mesh element T € 7, be fixed. Inserting +vr into the norm and using a triangle
inequality, we can write

k k
||RTKT||Lr(T)3 < IR7v, — VT”L’(T)3 + ||VT||L’(T)3' (23)

Let now an integer [ > 0O be fixed. From the discrete Lebesgue embeddings proved in [20, Lemma
5.1], it follows that, for all (@, 8) € [1, +c0], all T € 7, and all v € P/(T),

3_3
IVllay < by P lvliLs .- (24)

with hidden constant independent of 4, T', and v, but possibly depending on /, @, 5, and the mesh
regularity parameter. Then, in the first term of (23) we get that

33 3_1
k ) k T2
IR7v, = vrllLrrys S by 2NIRpYy —vrllpaerys S by *lvyliers (25)

where we have used (24) with (a, 8) = (r,2) in the first inequality and the bound (21) in the second.
Thus, plugging (25) into (23), raising the resulting inequality to the rth power, using the inequality
(a+b)" < a” +b" valid for any nonnegative real numbers a and b, and summing over T € 75, we get
6,77—
IR YL 1E, s S D g 1vplt or + I9ally, o =t T1 + Ta (26)
TeT,



To estimate the first term, we distinguish two cases. If » € [1, 2), denoting by hg the diameter of Q,
we write

302-r)
Z hy he® 1vrlior
TeT,
3(2 r)
r r
< hg Z hy * 1vrlior
TeT, : (27)
r r
r 3
A
Te’]L TeT,
<m0 el < Mgl
where we have used the fact that iy < hq to pass to the second line, a Holder inequality with
exponents (—, %) on the sum over T € 7, to pass to the third line, the mesh regularity to infer

2 TeT, hT < Xreq;, IT| < €] along with the definitions (14) and (15) of the local and global discrete

norms to pass to the fourth line, and h;ZIQl%Tr < 1 to conclude. If r € [2, 6], on the other hand, we
write

6-r L
= >0 h? vl v ar < hg? 2| D7 g ar | < 1wy I (28)
TeT, TeT,

where we have used hr < hg along with 6%’ > 0 and |y lior < |lv,ll1,n along with r —2 > 0 in
the first bound, and the definitions (14) and (15) of the local and global discrete norms together with
ho < 1 to conclude.

For the second term, on the other hand, the discrete Sobolev embeddings (18) readily give

L < vy lln. (29)
Plugging (29) and, depending on r, either (27) or (28) into (26), the conclusion follows. m]

3.5 Gradient reconstruction

Let an element T € 73 be fixed. For any polyomial degree [ > 0, we define the local gradient
reconstruction operator G4 : UX — P/(T)3*3 such that, for all . € U% and all 7 € P/(T)>,

fTGlTKT:T:—fvT (V- T)+ZfVF TATF. (30)

Fefr

In (30), the right hand side is designed to resemble an integration by parts formula where the role
of the function represented by v, is played by v7 in the volumetric term and by v ¢ in the boundary
term. This gradient reconstruction will be used with [ = k in the viscous term (see Section 4.1) and
with [ = 2(k + 1) in the convective terms (see Section 4.4). The following properties hold (see [21,
Proposition 1]):

(i) Boundedness. For all y,. € UK. it holds
IGTY Iz < lvgllir. 31)
(ii) Consistency. For all v € H™(T)? withm = [ + 2if [ < k, m = k + 1 otherwise,
IGTLTY = V¥ll2 gy + h%”Gé"Ll;"KT — Vllz2aryse S BET I gm ey, (32)

A global gradient reconstruction Gil : Q;‘l — P!(7;)%*3 can be defined setting, for all v, € Q’,j,
(Gflgh)g = G’}KT forall T € 7.



4 Discrete problem

In this section, we discuss the discretization of the various term appearing in (1) along with the
corresponding properties relevant for the analysis, we formulate the discrete problem, and we establish
an a priori bound on the discrete velocity uniform in A.

4.1 Viscous term

The viscous term is discretized by means of the bilinear form a;: U ﬁ x U ﬁ — R such that, for all
mh, Kh, € gia

apn(W,, vy,) = f Gﬁﬁh : GI;ZKh + Z st(Wrs Vp),s (33)
Q TeT,

where, for any T € T, st : U ’} X g; — R denotes a local stabilization bilinear form designed
according to the principles of [18, Section 4.3.1.4], so that the following properties hold:

(i) Stability and boundedness. There exists C, > 0 independent of % (and, clearly, also of v and )
such that, for all y, € U’ ﬁ

2 -1 2
Ca”Kh”l,h < ah(Kh’Kh) <C, ”Khlll,h‘ (34)

(ii) Consistency. For allw € U N H**2(7;)? such that Aw € L?(Q)?, it holds
1Ean W3 e < B Wlgiea ;. (35)

where the linear form &, ,(w;-) : U Z — R representing the consistency error is such that
Eanwyy,) = —f Aw v, —an(Liw,v,). (36)
Q

A classical example of stabilization bilinear form along with the proofs of properties (34) and (35)
can be found in [21], to which we refer for further details.

Remark 4 (Alternative formulation). An alternative formulation with analogous properties is obtained
expressing the consistent contribution in (33) in terms of a local velocity reconstruction in PX*1(T).
For further details on this choice, considered in the numerical tests of Section 6, we refer to [7].

4.2 Pressure-velocity coupling

The pressure-velocity coupling hinges on the bilinear form b, : U’ fl x P*(7,) — R such that, for all
(), Gn) € Uy X BX(Tp),

sy = - [ (7 Rhv,) an (37
Q
The bilinear form bj, enjoys the following properties:

(i) Consistency. It holds, for allv € U,
ba(Liv, qn) = b, qn) Vi, € PE(T). (38)
(ii) Stability. It holds, for all g € Py, with PX defined by (17),

lgnll2 ) < sup bn(vy,, qn). (39)

k
v, UL vy, =]

10



Property (38) follows observing that, by construction, Rﬁ! ﬁv =1 ]'I‘%Tth, hence V - (Rfll ’;lv) =

V.- ]’f{TN’ WV) = ﬂZ(V - v) (see, e.g., [24, Lemma 3.7]), and the projector ﬂ,’j can be removed since

qn € P (T3). Property (39) classically follows from (38) using Fortin’s argument (see, e.g., [24,
Lemma 2.6]) after recalling the boundedness property (16) of the interpolator.

Remark 5 (Implementation). The practical implementation of the bilinear form by, does not require the
computation of the global velocity reconstruction R¥, and relies instead on the following equivalent
expression: For all (v, q) € U x PX(7y,),

b (v, qn) = Z [fT vr - Vqr — Z L(VF : "TF)CIT] .

TeT, Fe¥r

4.3 Body force
Denote by ¢}, : L2(Q)3 x Q;‘l — R the bilinear form such that, for any ¢ € L*(Q)3 and any y, € g’,;

Ch(oy,) = fg 4 Rv,. (40)

This bilinear form has the following properties:

(i) Velocity invariance. Recalling the Hodge decomposition (4) of f, it holds
Eh(g + AVY,v,) = Lh(g.v,) + by, Amyy) Vv, € Uj . (41)
(ii) Consistency. For all ¢ € L2(Q)3 n H*(7;,)3,

1Een (@ s < B 1Blx )5, (42)

where the linear form &g 5 (¢;-) : U Z — R representing the consistency error is such that
Sen(@:vy) = ln(d,v)) _f¢‘vh- (43)
Q

The velocity invariance property (41) is the discrete counterpart of (5) and enables the cancellation
of the terms involving the pressure in the expression (76) of the discretization error. It can be proved
writing

h(g +AVy,y,) = th(g,v,) + f AVY - Ry,
Q
=lh(g,vy,) - L Ay (V-Rjy,) + A nZp Q)

= ta(g.v,) - fg Arky (V- RLy,)

= 0n(g,v,) + (v, i),
where we have used the linearity of £; along with its definition (40) in the first line, we have integrated
by parts the second term and observed that the normal trace of R’;l v,, vanishes on 9Q as a consequence
of (20b) together with vy = 0 for all F € 7-'hb in the second line, we have used the definition of the
global L?-orthogonal projector ﬂ;‘l after observing that V - Rflg n € Pfl (1) in the third line, and we
have recalled the definition (37) of the pressure-velocity coupling bilinear form b, to conclude.
For the proof of the consistency property (43), we refer the reader to [17, Chapter 8].
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4.4 Convective term

The discrete counterpart of the convective trilinear form ¢ defined by (3) is designed so as to approx-
imate, for any w € U, the quantity

Eh((VXw) X w,z,) = f(wa) xw-Rjz,,
W= z

which naturally appears, with w = u, in the discretization error; see (76) below. Applying Proposition
1 with X successively equal to the mesh elements T € 7},, we can reformulate this quantity as follows:

G((Vxw) xw,z,) = > f(wa)xw-R’}gT = f(wa-RigT—VwR’;gT-w). (44)
Teq, YT Teq, YT

Starting from this expression, we obtain a discrete counterpart of ¢ by replacing inside each element
the continuous velocity and gradient by the corresponding reconstructions introduced in Sections 3.4
and 3.5, respectively. Thus, we introduce the global trilinear form ¢, : U fl xU fl xU ﬁ — R such that

(W ¥y 2,) = Y Wy, vy, 2p), (452)
TeT,

where, forany T € 7y, t7 : Q; X Q; X Q; — R is defined as

tT W Vs 24) = f Gé(k“)mTR';gT 'RI;ET —fG%(k“)mTR’}gT -R’}KT. (45b)
T T
The choice of the polynomial degree 2(k + 1) for the gradient reconstruction is justified in the

following remark.

Remark 6 (Reformulation of #;,). In the practical implementation, one does not need to compute the
gradient reconstruction operators G%(k“) to evaluate 7;,. As a matter of fact, expanding this operator
in (45) according to its definition (30), we have that

(WY 2,) = ) [ f VwrRyv, - Ryzy - f VWTR'%ET'R’%KT]
T T

TeT,
- . Rk Rky.. .
+ (Wr —wr) - Ryz,. (Ryvy - nrr
TeT, Ferp ¥ F
- (W —w )-Rkv (sz “n )
F T YT TAT TF ) -
Teq, Ferr ¥ F

The properties relevant for the analysis are contained in the following lemma.
Lemma 7 (Properties of t,). The trilinear form t;, has the following properties:
(i) Non-dissipativity. Forallw,,v, € U ﬁ it holds that

th (Khe Khe Kh) =0. (46)

(ii) Boundedness. There exists a real number C, > 0 independent of h (and, clearly, also of v and
A) such that, for all Wi V%, € Q’Z,

lth Wy, vy, 2,1 < Cellwy lunllvy Iz, ls- 47)
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(iii) Consistency. It holds, for allw € U N W*L4(73)3 and all z, € Qfl,

1E0m W Mne € K Wl s 19 byt g s (48)
where the linear form &, p(w;-) : U ’;l — R representing the consistency error is such that, for
all z, € Q’;l
Enw3z,) = L ((Vxw) X w,z,) — tn(Lsw, Ik w,2,). (49)
Proof. (i) Non-dissipativity. Immediate consequence of the definition (45) of #;,.

(ii) Boundedness. By (45), it suffices to prove that it holds, forall w,,v,, z n € U ﬁ,

. 2(k+1 k k
T=|) f G Vw REy - REz | < 1wy iy llnliz, s,
T ey, T
h

then use this bound twice with v, and z, swapped. Using Holder inequalities with exponents (2, 4, 4),
the bound (31), and again a discrete Holder inequality on the sum over T € 7, we have that

2(k+1 k k
T D NG w il IREY, sy IR 2 llarys
TeT,

k k
< D0 Il IR vl RS 2 sy (50)
TeT,

k k
S AWyl p IR, v Nl Ls @3 IR, 2, sy < 1wy llunllyy, Ntz s,
where, to bound the last two factors, we have invoked the discrete Sobolev embeddings (22) with
r=4.

(iii) Consistency. First of all, let us verify that the first term on the right hand side of (49) is well
defined. By the assumed regularity, w € W5*(Q)? (combine the fact that the jumps of w vanish
across interfaces since w € U and the regularity w € WL4(71)?), and we can write

HCVXW) X Wllr2qp3 < IVXWII sy Wl S IWllwia)s Wl )3

where we have concluded using the embedding H 1(Q) < L*(T). This shows that (Vxw) X w €
L*(Q)3, so this quantity legitimately appears in the first argument of ¢j,.

Letnow w, = I' ’;lw. Using (44) and the definition (45) of ¢;, we have that

Ern(wiy,) = Z L (wa 'R§§T - Vle}gT ’ w)

TeT,
2k+1) o~k X 2k+1) . ok ko
+ E‘ (_fGT KTRTKT'RTETJFIGT WrRyz, 'RTKT)'
TeT, T T
h

Inserting into the right-hand side of this last equation the quantity

* Z f (G%(kH)ETW : R];ET + G%(kH)ETRI;ET : W)’
Teq, VT

13



we arrive at

Enwiv,) = Y f(Gz“‘”“ —Vw)REz, w+ f(Vw GV ww - Rz,

TeT, TeT,

+ Z fGZ(k+l)wT(w R WT) RTZT+ Z sz(k+1)f\ szT (RTwT W)

TeT, TeT,

z3 T4
(51)
We next proceed to estimate the terms Ty, - -, T4.

(iii.A) Estimate of T,. For the term T, we add in%w in the third factor, so we have that

ZI(GZ("““ ~ VW)REz,. - (W - ﬂTw)+Zf(G2(k+1)A — Vw)RSz, - 79w

TeT, TeT,
= 11’1 + 31’2.

To bound T 1, we use Holder inequalities with exponents (2,4, 4), the approximation properties (32)
of G2V with I = 2(k + 1) and m = k + 1, and (13a) of the L?-projector with [ = 0, m = 0, r = 4,
and s = 1, so it holds that

2(k+1) A
Tl s D 1GE iy = Vwllpagrysa IR 2 llpscrys 1w = 73w lscrys
TeT,
(52)

< hk+1 |W |Hk+l (7;1)’% ”R;'(lgh ||L4(Q)3 |W |W1,4(Q)3
< hk+1 |w|Hk+l(7;L)3 ”gT”],h IWlwl,4(Q)3,
where, in the last step, we have used the discrete Sobolev embedding (22) with » = 4 and recalled

that the assumed regularity implies w € Wh4(Q)3.
For T », we start by observing that

Tio= ), f(Gi“‘“@T —Vw) 1w @ Rkz,.
T

TeT,

Integrating by parts the term involving Vw and using, for each element T € 7}, the definition (30) of
G%(k”) withy, = w, and 7 = 71'0Tw ® R'}gT (this is possible since Jr(%w ® R?gT e PH+I(T)33 ¢
Pz(k+1)(T)3X3), we get

Tis = f(nTw W)V (adweRkz )+ Y. > f(an w)-(nyw®Rkz n7p). (53)

T€77L TeT, Fefr

We have V- (7rTw ®RI}ZT) = ﬂTw(V Rk 7%7) € P*(T)3. Then, recalling the definition (12) of 7rT, the
first term of the right hand side of (53) vanishes. Moreover, 7rTw ®R’}§an F= 7rTw (R 7% BT F) €
P*(F)3 (see (20b)). Then, by definition (12) of 71";, the second term of the right hand side of (53)

vanishes as well, giving
T2 =0.

Combining this result with (52), we conclude that

1T1] < B Wl i g 311z a1 W sy (54)
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(iii.B) Estimate of T,. For the term T, in (51), we insert J_rngw into the second factor, so we can

write

T, = f(Vw G W) w - mdw) - RSz, + f(Vw G2 V% yndw - Riz,.
TeT, TeT,

= 12’1 + 32’2.
(55)
We bound T, ; similarly as done with T; ; in (52), that is, we use Holder inequalities with exponents
(2,4,4), the approximation properties of G;(k“) and 7r0T, and (22) with r = 4, so it is inferred that

c 1
1Tl € K Wl (W sy llz g - (56)

To estimate T » in (55), we integrate by parts the term involving Vw and we use, for each element
T € 9, the definition (30) of Gz(k”) with v, = w, and 7 = T ® 7rTw (this is possible since
Riz, @ mhw e PHI(T)¥3 ¢ P2<k“)(T)3X3) to write

oo =- Z f(w rkw T§T®7roTw)+ f(w ﬂ'Fw) (RTz ®ﬂ'Tw)nTF,
TeTn TeT, Fefr

(57)
where we have cancelled the first integral in (57) observing that

V- (Riz, ® 7)w) = VREz, 70w + Rhz (P-mw) e PX(T)’,

and using the definition (12) of 7r . To bound the second term in (57), we add the quantity +7* Rl;gT
in its second factor, so we get that

f(w 7er) (RTZT®7TTW)HTF—f(W 7er) [(RTZT 7rT TzT)®7rTw] nrr
(58)
+f(w—7r]f¢w (7Y T§T®7TOTW)”TF’
F

where we have cancelled the second integral of the right hand side of (58) using the definition (12)
of n’; after observing that (n%R%gT ® 7t0Tw)|FnTF e PO(F)3 c PK(F)3. So, plugging (58) into (57)
and applying Holder inequalities with exponents (4, 2,4, co0) along with ||r7Fll ~)p = 1, we can
write

Toal < Y > W = whwllpsep IR 2, — 79 RE2 N2 7wl s ey, (59)
TeT, FeFr

To estimate the first term in (59), we add in’;w, SO we can write

k k k k
lw = 7pwlliarys < lapw —wpwllipsgy + lw = apwllpsg)ys
k k k k
S mwp@@ew = willpapys + 1w —awpwllpapy S w —wpwllpag)y,

where, in the last line, we have used the L*-boundedness of n’; (see [20, Lemma 3.2]). Thus, using
this last inequality in (59), we get

k k 0 pk 0
1T22] < Z Z lw = wrwllLsrypllR7 2y = A7 R 2 2 ry I Wil Lacr)s
TeT;, Ferr

k+1 k
< Z hT+ |W IWk+1,4(T)3 IRTET |H1 (T)3 ”W “WI,4(T)3 .
TeT,

(60)
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To pass from the first to the second line, we have used the approximation properties (13b) of the
Lz-orthogonal projector, with [ = k, m = 0,r =4, and s = k + 1 for the first factor and with m = 0,
r =2, and s = 1 for the second factor. For the third factor, we have used the L*-boundedness of
n(% and a local trace inequality (see, e.g., [20, Eq. (A.10)]) together with hy < hg < 1 to write

_1
||7T(])~w”L4(F)3 S Wllpsrys S hytliwllwragrys. To further bound the second factor in (60), observe
that we can write

k k
|RT§T|H1(T)3 < |RT£T - ZT|H1(T)3 + |ZT|H1(T)3' (61)
For the first term in the right-hand side, we can proceed to write
k —1| pk
IR72, — zrlpiry S hy lIR7Z, — 2rllp2erys S |z hors

where we have used the uniform local inverse inequality [[VvI[ 27y < h}l VIl 2(ry valid for any

~

polynomial function v and the bound (21) in the second inequality. Thus, plugging the above
inequality into (61) and recalling the definition (15) of the ||-||;,7 seminorm, we get

k
IR7 2 |m1 )y < Nzl

Plugging the above bound into (60), using a discrete Holder inequality with exponents (4, 2, 4) on the
sum over T € 7y, and recalling the definition (14) of the ||-||;,,-norm, we arrive at

k+1
T2l S B IWlyreracg, 312 ILnlwllwia gy

Combining this estimate with (56), we finally bound (55) as

T2l < B W hyions gy 19 llws o 1z - (62)

(iii.C) Estimate of T3 and T4. Moving to T3, we use continuous Holder inequalities with exponents
(2,4,4), the boundedness (31) of G3**" and (16) of I% to infer, for all T € Ty,

A

2(k+1
||GT( )£T||L2(T)3x3 S Wk s

discrete Holder inequalities on the sum over 7' € 7, with exponents (2, 4, 4), and the Sobolev inequality
(22) with r = 4 to obtain

7

ko 14

1Tl < Wlgnap | D 1w = REBzllEs | 11z, ln-
TeT,

To bound the addends in the second factor, recall that R?ﬁT = R’;L éw =1 ]ETN,TW and use the
approximation results of [24, Lemma 3.17] to write, for all T € 7y,

k k+1
||W - IRTN,TW ”L4(T)3 S hT+ |W |Wk+l,4(T)3 .
In conclusion, we have that
k+1
T3] < AT Wl @ [Wlwrea g3 12 k- (63)
Using similar arguments as for T3, we have for the last term

k+1
1Tal S B Wl @pllzg sl Wiy ks gy o (64)

(iii.D) Conclusion. Taking absolute values in (51), recalling the definition (19) of the dual norm, and
invoking the estimates (54), (62), (63), and (64), the conclusion follows. ]
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4.5 Discrete problem

The HHO discretization of problem (1) then reads: Find (&, py) € U ’,;0 X P,’; such that

Vap (Zh’ Kh) + th(ﬂh, u, Kh) + bh(Khe pr) = th(f, Kh) th € gh,O’ (65a)
—bn(u,, qn) =0 Van € PX(Th). (65b)

The existence of a solution to (65) for any f € L*(Q)> can be proved using a topological degree
argument as in [21, Theorem 1]. Similarly, uniqueness can be proved along the lines of Theorem 2
therein under a smallness condition on e2 f. These arguments will not be repeated here for the sake
of conciseness, and we will limit ourselves to proving the discrete counterpart of the uniform a priori
bound (11) on the velocity, which will be needed in the convergence analysis.

Proposition 8 (Uniform a priori bound on the discrete velocity). Let (u,,pn) € U lfl 0 X P’g be a
solution to (65). Then, recalling the Hodge decomposition (4) of f, we have the following uniform a
priori bound for the velocity:

ey lln < v llgl2)s- (66)

Proof. We use similar arguments as for the continuous problem; see Section 2.3. Taking vy, = u, in
(65a), gn = pn — /ln,'jzﬂ in (65b), and summing the resulting relations, we get

van(W, w,) + (W, wy, w,) + by, pr) = by (W, pp — Amy)
= Cn(f.v)) = Ch(g 1) + by, Amf),

where we have used the discrete velocity invariance property (41) to conclude. Simplifying the terms
involving the bilinear form bj, in the above expression, invoking the non-dissipativity property (46)
to write 75, (u,,, u,,u,) = 0, we arrive at

Vah(ﬂh’ Eh) =ln(g, Zh)-

Using the stability of a;, expressed by the first inequality in (34) in the left-hand side along with the
Cauchy—Schwarz and discrete Poincaré inequalities (the latter corresponding to (22) with r = 2) in
the right-hand side, we get

2
vCalluy, Iy, < van(u,, u;) = tn(g u,;) < ||g||L2(Q)3||R£Eh||L2(Q)3 < lIgllz2p3llu, lln-
Simplifying by ||z, |1, yields the desired result. O

Remark 9 (Efficient implementation). When solving the system of nonlinear algebraic equations
corresponding to (65) by a first-order algorithm, all element-based velocity unknowns and all but
one pressure unknowns per element can be statically condensed as described for the Stokes problem
in [19, Section 6.2]. As a result, after strongly enforcing the Dirichlet boundary condition on the
velocity, we end up solving at each iteration a linear system of size

k+d-1

dcard(?-“hi)( d-1

) + card(7y).

Notice that the presence of the velocity reconstruction Rfl in the right-hand side of (65a) slightly
modifies the static condensation procedure with respect to the one described in [19, Section 6] in that,
comparing with Eq. (47) therein, the linearised convective term appears in the left-hand side, while
the first term in the right-hand side has a nonzero second component (reflecting the fact that also face
unknowns are used to discretise the body force).
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Remark 10 (The two-dimensional case). The two-dimensional version of the method (65) will be
considered numerically in Section 6. Denoting by u;,i = 1, . . ., 3, the component of the velocity field
along the Cartesian axis x;, the two-dimensional plane velocity problem can be recovered from (1)
setting u3 = 0 and assuming that u#; and u; do not depend on x3. In practice, the expression (45) of
the discrete trilinear form naturally lends itself to two-dimensional implementations, since we have
removed the (inherently three-dimensional) curl operator exploiting Proposition 1.

5 Convergence analysis

We estimate the error defined as the difference between the solution to the HHO scheme and the
interpolate of the exact solution, denoted by

(@, pn) = kw7t p) € US  x PE. (67)
Theorem 11 (Error estimate for small data). Recalling the Hodge decomposition (4) of the forcing
term f, we assume that it holds, for some a € (0, 1),
v2C,
C,C/Cp’
where Cq, C;, and Cy are defined in (34), (47) and (16), respectively, while Cp is the continuous
Poincaré constant appearing in (11). Let (u,p) € U X P and (u,, pn) € Qﬁ X Pl]; solve (1) and (65),

respectively. Assume the additional regularity u € HK2(73)3 and p € HY(Q) n H**Y(7},), and let
(@, Pn) be defined by (67). Then, it holds:

gll2p < @ (68)

ey, = 2l + v~ lpn = Pullzzy < B A = )™ (ulgreaigy s + v sy @ yeens gy -
(69)
where the hidden constant is independent of v, A, h as well as (u, p).

Before proving Theorem 11, some remarks are in order.

Remark 12 (Robustness with respect to irrotational body forces). Crucially, the error estimate in
Theorem 11:

(i) is established under a data smallness condition which only involves the solenoidal part of the
body force, and is thus valid for arbitrary A in (4);

(ii) is uniform in A, meaning that the right-hand side is independent of this parameter and of the
pressure. The latter point is crucial since, recalling Remark 2, one cannot expect that the
pressure remains bounded as 4 — oo.

These properties are obtained without requiring an explicit (exact or approximate) knowledge of
the Hodge decomposition (4) of the body force. Instead, they result from the careful design of the
discretizations of the body force itself and of the convective term. In both cases, a key role is played
by the H (div; Q)-conforming velocity reconstruction of Section 3.4.

Remark 13 (Comparison with the exact solution). Starting from (69) and proceeding as in [21,
Corollary 16], one can derive the following error estimates that explicitly compare the discrete and
exact solutions:

IGKu, - Vullzgpa < B (1 =)™ (lulgrag s + v lwisplulyesgys)  (70)

and
+v

hk+l 1

”ph _pHLZ(Q) < (lulHk+2(‘7;,)3 + V_l||u||W1,4(Q)3|U|Wk+l,4(r]z)3 + |p|Hk+1(7;l)) . (71)

-
Notice that the estimate (70) on the velocity remains uniform in A, while a dependence on A appears
in the estimate (71) for the pressure through the term |p| Hk+1(7;) (see Remark 2).
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Remark 14 (Comparison with divergence-free Hybridisable Discontinuous Galerkin methods). It has
been shown in [14] that HHO methods are intimately linked to Hybridisable Discontinuous Galerkin
(HDG) methods, which therefore deserve a more in-depth discussion. In this context we will focus,
in particular, on divergence-free HDG methods.

In [9], the authors propose a two-dimensional divergence-free HDG method based on approxi-
mations of degree (k — 1) of the vorticity inside elements and of degree k of the velocity inside each
element and at mesh edges. Error estimates in /¥ (as opposed to h**! for the present method, which
is valid both in two and three space dimensions) are proved. The right-hand side of the velocity error
estimate of [9, Theorem 4.1] is independent of the pressure, which seems to indicate that the method
can achieve robustness with respect to irrotational body forces, although this property is not explicitly
brought up in the discussion.

In [10], the authors consider an HDG method based on polynomial approximations of total degree
< k of the velocity gradient at elements, of the velocity at elements and faces, and of the pressure
at elements. Convergence in #**! for the L2-norm of each variable is proved for a suitable choice
of the penalty parameter, and a divergence-free velocity post-processing is also proposed. Contrary
to (70), the right-hand side of the estimate on the velocity given in [10, Theorem 2.4] depends on
the pressure, indicating a potential lack of robustness with respect to large irrotational body forces,
i.e., for 4 — oo. This is possibly due to the fact that the discretisation of the convective term and of
the body force do not make use of a divergence-free test function, showing that methods that yield
globally divergence free velocity approximation are not necessarily robust. Indeed, the main takeaway
message of the present work is that, in order to achieve robustness with respect to irrotational body
forcees, divergence-free test functions should be used in the discretisation of the body force, of the
convective term and, in the unsteady case, of the time derivative. When the global divergence-free
property for the discrete velocity is enforced through Lagrange multipliers, the test functions in these
terms should be replaced by their projection on a H(div; Q)-conforming space, which is precisely the
idea underlying the velocity reconstruction of Section 3.4 and the formulations of Sections 4.3 (body
force) and (4.4) (convective term).

In [33], the authors consider an HDG method with velocity unknowns that, for any integer k > 1,
are polynomials of degree k inside each element and (k — 1) on each face. This choice, combined
with the stabilisation of [32, 39], delivers convergence in #* for both the velocity energy norm and
the pressure L?-norm. In contrast with the present work which gives a formal proof, the method
presented in [33] is only numerically evaluated, and it is unclear whether a robust behaviour with
respect to large irrotational body forces can be expected or not.

More recently, a divergence-free HDG method has been presented in [43], for which a pressure-
robustness property is numerically demonstrated; cf., in particular, Section 4.3 therein. Given an
integer k£ > 1, the HDG method hinges, in this case, on approximations of the velocity at elements
and faces of degree k, and of the pressure at elements of degree (k — 1), and at faces of degree
k (in the present method, pressure unknowns of degree k at element are considered, with only one
pressure degree of freedom per element remaining after static condensation; cf. Remark 9; our method
therefore gives a reduced computational cost, since produces fewer unknowns). The numerical results
show a convegence in #**! and A* for the L?>-norms of the velocity and of the pressure, respectively.
This method also constitutes an improvement of previous works [31, 42] in that it conserves locally
both the mass and the momentum.

Proof of Theorem 11. (i) Estimate on the velocity. Set (e, €p) = (4, — @, pn — Ppr) and define the

consistency error linear form &, : U’ ’;l — R such that, forally, € U fl 0’
En(vy) =Cn(f,vy) —van(@, v,) — tn (@, &y, v,) = bp(vy,, Pr)- (72)

We next proceed to establish a stability property and an upper bound for &,.
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(i.A) Stability. Substituting £, (f, v, ) from (65a) in (72), we get

8h(zh) = Vah(ﬁ;,, Kh) + th(E],V u,, Kh) - th(éh, 2]/19 Kh) + bh(Khv €n). (73)
Choose v, = e,,. Using the skew-symmetry (46) of #;, together with linearity in its second argument
yields

0=1n(uy,. e,.e,) =tn(u,, u,e,)—th(u, a,e,)
and then, using its boundedness (47),
|th(ﬂhsﬂhs£h) - th(ﬁh,ﬁhagh)l = |th(£h’ﬁh’gh) - fh(ﬁh,ﬁh,ghﬂ
= |th(£h’2h’£h)| < Ct”ﬂ},”ihngh”l,h-

By (65b) and (38) with g, = €, along with (1b) with g = €, it is readily inferred that

bu(e, €n) = 0.

Therefore, returning to (73) with y, = e, and using the coercivity (34) of ay,

Enley) = (vCa = Cilldy, i) lley 17,

-1 2 2 (74)
> (vCa = v CCICRIgN 20 ) lleylIT, = (1= a)vCalle, I s

where, to pass to the second line, we have used the boundedness property (16) of the interpolator
along with the continuous a priori estimate (11) on the velocity to write

2,0k < Crlulgiqp < v CrCeligllzaays, (75)

while the conclusion follows from the data-smallness assumption (68).

(i.B) Upper bound. To bound &(y,) from above, starting from (72), we use the fact that f =
—vAu + (VXu) X u + Vp almost everywhere in €, the linearity of £}, in its first argument, add and
subtract fg vAu - vy, and recall definitions (36), (43), and (49) of the consistency error linear forms
to write

Sh(gh)=—vau-vh—vah(Llflu,gh)+é’h(—vAu,Kh)+fvAu-vh
Q Q

vEa,n(Wivy,) Sen(-vAuy,) (76)
~bp (v, D VD, v,) + Cn(VXu) X w,v,) —tp (@, @, v,),
St,h(lﬁlh)

where we have used (41) with g = 0 and ¢ replaced by p in the cancellation. Thus, taking absolute
values and using the consistency properties (35) of ay, (42) of €5, and (48) of ¢;,, we arrive at

|8h(2h)| S hk+1 (V|u|Hk+2(7;l)3 + ||u||W],4(Q)3|ulwk+1,4(7]'1)3) ”Khlll’h- (77)

(i.C) Estimate on the velocity. Making v, = e, in (77) and combining with (74) proves the estimate
on the velocity error in (69).

(ii) Estimate on the pressure. Let us now estimate the error on the pressure. Starting from the stability
property (39) of b;, and using the error equation (73), we write

llenllz2q) < sup [Sh(Kh) —vap(e,,v,) —th(u,, u,,v,) + th(ﬁh,ﬁh,ﬁh)] . (78)
v €U oy, lln=1
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By trilinearity of ¢, it holds
th(ﬂhv Eh’ Kh) - fh(ﬁh, Ehs Kh) = th(gha Eha Kh) + th(ﬁh’ th Kh)

Plugging this equation into (78), using the bounds (77), (34), and (47), and multiplying the resulting
inequality by v~!, we obtain

-1 k+1 -1
v ||€h||L2(Q) < h*t (|u|Hk+2(7;l)3 +v ||u||W1,4(Q)3|u|Wk+1,4(7—h)3)

-1 A
+ lley I + v eyl (gl + N, ) -

We conclude using the estimate on ||e, ||, already established in (69) and combining the a priori
estimates (66) and (75) with the data smallness assumption (68) to write

. -1
Ny lln + e < v llgllzgps S v. o

6 Numerical tests

In this section we propose an extensive numerical validation of the proposed method, including
comparisons with the original HHO method of [7]. Our implementation is based on the SpaFEDTe
library! and makes extensive use of the linear algebra Eigen open-source library [27]. All the steady-
state computations presented hereafter are performed by means of the pseudo-transient-continuation
algorithm analyzed by [29] employing the Selective Evolution Relaxation (SER) strategy [37] 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 residual for the momentum equation drops below
10712, At each pseudo-time step, the linearised equations are exactly solved by means of the direct
solver Pardiso [44], distributed as part of the Intel Math Kernel Library (Intel MKL). Accordingly,
the Euclidean norm of the residual for the continuity equation is comparable to the machine epsilon
at all pseudo-time steps.

6.1 Kovasznay flow

The first numerical example is meant to assess the convergence rates of the method. Let Q =
(—0.5,1.5) x (0, 2). We solve the Dirichlet problem corresponding to the exact solution (%, p) of [30]

1
such that, defining the global Reynolds number Re = % and letting 4 := Re — (Re2 + 47r2) *, the
velocity components are given by

A
up(x) := 1 —exp(Axy) cos(2mxy), ur(x) == 7 exp(Axy) sin(27xy),
Vs
while the pressure is given by
1 A
p(x) = -3 exp(24Axy) + > (exp(42) —1).
We take here v = 0.025, corresponding to Re = 20, and consider computations with polynomial
degrees k € {0, ..., 3} over a sequence of uniformly /-refined simplicial grids. The Figure 1 shows

the coarsest mesh used. Recall the notation of Theorem 11 and let, for the sake of brevity,

€, :zﬂh_ﬁha €n ::ph_ﬁh-

thttp://spafedte.github.io

21


http://spafedte.github.io

We monitor the following quantities in Table 1: Ngor and Ny, denoting, respectively, the number of
discrete unknowns and nonzero entries of the statically condensed linearized problem; ||epll,n =
(vap(en, en)) %, the energy norm of the error on the velocity. By virtue of the global norm equivalence
(34), an estimate in #%*! for this quantity is readily inferred from (69); ||ep|;2(q)« and ||€x |l 2(q), the
L?-errors on the velocity and the pressure, respectively. Each error measure is accompanied by the
Estimated Order of Convergence (EOC) which, denoting by e; an error on the ith mesh refinement
characterized by the meshsize #;, is computed as

_ loge; —loge;i

EOC = .
log h; —log hj41

Figure 1: Coarsest mesh used in Section 6.1 .

The results collected in Table 1 show that both the energy norm of the error on the velocity and
the L2-norm of error on the pressure converge as h**! as expected. Additionally, the L>-norm of the
error of the velocity converges as #K*2. This numerical observation is coherent with the theoretical
results for the Stokes problem; see, in particular, [19, Theorem 7].

6.2 Robustness of the velocity error estimate

The second numerical example, inspired by [34, Benchmark 3.3], is meant to demonstrate the
robustness of the proposed method for large irrotational body forces. Specifically, we want to assess
numerically the fact that the approximation of the velocity is independent of both A and p. Letting
Q = (0,1)> and A > 0, we solve the Dirichlet problem corresponding to the exact solution (u, p) in
(1) with velocity components given by

up(x) = -y, ur(x) = x,
and pressure given by
2,42
x5+ x51
S - R
p(x) X1 3 4

We set v = 1, then observe that the force in (1a) is purely irrotational, i.e.,
fix) =34x],  fa(x) =0.

In the computations, we take A € {10, 10%} and consider polynomial degrees k € {0,...,3} over
a sequence of uniformly A-refined simplicial grids. The coarsest mesh used here is similar to the
one showed in the Figure 1. Tables 2 and 4 collect the numerical results for 4 = 10 and A = 10,
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Naot  lleyllvn  EOC llenllp2 e EOC  ll€nllp2@) EOC
k=0
80 1.39e+00 - 6.75e-01 - 1.17e+00 -
352 6.65e-01 1.06  3.20e-01 1.08 3.54e-01 1.72
1472 4.02e-01  0.73 1.17e-01 146  1.58e-01 1.17
6016 2.13e-01 091 3.37e-02 1.80 6.00e-02 1.40
24320 1.09e-01 097  8.85e-03 1.93 252e-02 1.25
k=1
160  6.84e-01 - 3.98e-01 - 4.35e-01 -
704 1.56e-01 2.13  4.85e-02 3.04 6.26e-02 2.80
2944  421e-02 1.89 5.07e-03 326 1.19e-02 240
12032 1.10e-02 194 6.27e-04 3.01 2.84e-03 2.06
48640 2.80e-03 197 791e-05 2.99 7.04e-04 2.01
k=2
240  1.47e-01 - 7.28e-02 - 1.16e-01 -
1056  2.22e-02 273  3.65e-03 432 7.54e-03 3.95
4416  2.95e-03 291  2.49e-04 3.88 8.18e-04 3.20
18048 3.74e-04 2.98 1.65e-05 392 996e-05 3.04
72960 4.70e-05 299  1.05e-06 397 1.24e-05 3.01
k=3
320 4.42e-02 - 1.44e-02 - 1.77e-02 -
1408  2.29e-03 4.27 3.50e-04 536 7.60e-04 4.54
5888  1.46e-04 3.97 1.09e-05 5.01 4.85e-05 3.97
24064 9.38e-06 396  3.57e-07 493 3.04e-06 3.99
97280 5.94e-07 3.98 1.14e-08 497 1.90e-07 4.00

Table 1: Convergence rates for the numerical test of Section 6.1.
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Naot  lleylhn  EOC llenllp2 e EOC  ll€nll2@ EOC
k=0

113 2.30e-15 - 1.60e-16 - 4.94e-02 -
481 4.70e-15 -1.03 2.15e-16  -0.42 2.50e-02 0.98
1985  1.05e-14 -1.16 5.04e-16 -1.23 1.25e-02 1.00
8065 2.23e-14 -1.08 9.44e-16 -090 6.27¢-03 1.00
32513 1.05e-13 -2.23  1.25e-14 -3.72 3.14e-03 1.00

k=1

193 6.32e-15 - 4.86e-16 - 1.45e-02 -
833 1.39e-14 -1.14  6.10e-16  -0.33 3.64e-03 1.99
3457  3.3le-14 -1.25 1.76e-15 -1.53 9.12e-04 2.00
14081 7.26e-14 -1.14  3.09e-15 -0.82 2.28e-04 2.00
56833 1.85e-13 -1.35 1.07e-14 -1.79 5.70e-05 2.00

k=2

273 1.14e-14 - 5.57e-16 - 5.28e-04 -
1185  2.79e-14 -129 1.14e-15 -1.03 6.60e-05 3.00
4929  6.76e-14 -1.28 3.0le-15 -141 8.25e-06 3.00
20097 1.46e-13 -1.11  7.58e-15 -1.33 1.03e-06  3.00
81153 4.06e-13 -1.48  2.99e-14 -1.98 1.29¢-07 3.00

k=3

353 2.33e-14 - 1.26e-15 - 6.36e-14 -
1537  5.46e-14 -1.23  254e-15 -1.01 8.78e-14 -0.46
6401  1.30e-13 -1.25 6.06e-15 -1.25 1.94e-13 -1.15
26113  2.97e-13 -1.20 1.33e-14 -1.13 5.33e-13 -1.46
105473  6.79e-13  -1.19  3.52e-14 -1.41 9.00e-13 -0.76

Table 2: Convergence results for the numerical test of Section 6.2, 4 = 10, present formulation (65).
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Nof lle,ll,n  EOC llenllz2@e  EOC ll€nll2@ EOC
k=0

113 1.61e+00 - 1.94e-01 - 3.65e-01 -
481 8.38e-01 094  5.28e-02 1.88 1.74e-01  1.07
1985  4.26e-01 0.98 1.37e-02 1.95 6.66e-02 1.38
8065  2.14e-01 099  3.48e-03 198 2.25e-02 1.57
32513  1.07e-01 1.00  8.75e-04 1.99 7.02¢e-03  1.68

k=1

193 1.69e-01 - 1.25e-02 - 3.69¢-02 -

833 4.31e-02 197 1.61e-03 296 8.58e-03 2.11
3457 1.09e-02 199  2.04e-04 298 2.12¢-03 2.01
14081 2.73e-03 199  2.58e-05 299 534e-04 199
56833  6.85e-04 2.00 3.23e-06 299 134e-04 1.99

k=2

273 7.10e-03 - 4.25e-04 - 1.89e-03 -
1185  8.98e-04 298  2.70e-05 398 2.39%-04 299
4929 1.13e-04 2.99 1.70e-06  3.99  3.00e-05 2.99
20097  1.42e-05 3.00 1.07e-07  3.99 3.76e-06  3.00
81153 1.77e-06 3.00  6.69¢-09 4.00 4.70e-07 3.00

k=3

353 2.46e-14 - 1.61e-15 - 3.69e-14 -
1537  6.00e-14 -1.29 3.8le-15 -1.24 1.0le-13 -1.45
6401 1.41e-13  -1.23  7.21e-15 -092 1.78e-13 -0.82
26113 3.29e-13 -122  1.67e-14 -1.21 5.4le-13 -1.60
105473 7.27e-13  -1.14  4.75e-14 -1.51 1.0le-12 -0.90

Table 3: Convergence results for the numerical test of Section 6.2, 4 = 10, original HHO formulation
of [7].
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Naot  lleylhn  EOC llenllp2 e EOC  ll€nlli2@) EOC
k=0

113 2.66e-11 - 2.15e-12 - 3.93e+03 -

481 3.62e-11 -0.44  228e-12 -0.08 2.00e+03 0.98
1985  3.34e-11 0.12 1.58e-12  0.52  1.00e+03  0.99
8065 4.69e-11 -049 1.24e-12 035 5.02e+02 1.00
32513  4.50e-11  0.06 1.03e-12  0.27 2.51e+02 1.00

k=1

193 2.52e-11 - 2.69e-12 - 1.35e+03 -

833 392e-11 -0.64 23212 021 3.4le+02 1.99
3457  4.38e-11 -0.16 3.62e-12 -0.64 8.53e+01 2.00
14081 7.99e-11 -0.87 7.83e-12 -1.11 2.13e+01 2.00
56833  1.52e-10 -0.93 1.74e-11  -1.15 5.33e+00 2.00

k=2

273 4.76e-11 - 2.80e-12 - 5.28e+01 -
1185  4.82e-11 -0.02 3.44e-12 -0.30 6.60e+00 3.00
4929  8.69e-11 -0.85 7.34e-12 -1.10 8.25e-01 3.00
20097 1.60e-10 -0.88  9.00e-12  -0.29 1.03e-01 3.00
81153  2.77e-10 -0.79  2.10e-11  -1.22  1.29e-02  3.00

k=3

353 2.14e-11 - 9.25e-13 - 1.62e-10 -
1537  3.6le-11 -0.75 2.09e-12  -1.18 1.48e-10 0.13
6401  5.94e-11 -0.72  394e-12 -092 1.8%-10 -0.35
26113  6.17e-11 -0.06  2.10e-12 091 1.46e-10 0.38
105473 1.0le-10 -0.71  9.28e-12  -2.14 39le-10 -1.43

Table 4: Convergence results for the numerical test of Section 6.2, 1 = 10°, present formulation (65).
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Naof lleylvn  EOC  llenllp2qe  EOC  lenll 2 EOC
k=0

113 1.53e+05 - 1.80e+04 - 4.55e+04 -

481 2.57e+06 -4.08 1.17e+05 -2.70 1.21e+06 -4.73
1985  2.62e+05 330 6.29e+03 422 1.05e+05 3.53
8065  2.05e+04 3.67 3.25e+02 427 4.53e+03 4.53
32513  1.05e+04 0.97  8.48e+01 1.94 8.67e+02 2.39

k=1

193 Not converged

833 Not converged
3457  1.05e+03 - 2.01e+01 - 2.27e+02 -
14081 2.67e+02 198  2.52e+00 2.99 5.34e+01 2.09
56833  6.69e+01 2.00  3.16e-01 3.00 1.34e+01 2.00

k=2

273 4.73e+02 - 2.71e+01 - 3.19e+02 -
1185  8.98e+01 240 2.70e+00 3.33 2.39e+01 3.74
4929  1.13e+01 2.99 1.70e-01 3.99 3.00e+00 3.00
20097 1.42e+00 3.00 1.07e-02  3.99 3.76e-01  3.00
81153  1.77e-01 3.00 6.69¢e-04 4.00 4.70e-02 3.00

k=3

353 2.62e-11 - 1.65e-12 - 1.63e-10 -

1537  4.67e-11 -0.84 4.45e-12 -143 1.72e-10 -0.08

6401 6.57e-11 -049 5.10e-12  -020 1.54e-10 0.16
26113 7.23e-11 -0.14 348e-12  0.55 1.65e-10 -0.10
105473 1.21e-10 -0.74 1.0le-11  -1.54 2.4le-10 -0.54

Table 5: Convergence results for the numerical test of Section 6.2, 1 = 10°, original HHO formulation
of [7].
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respectively, obtained using the formulation (65). For the sake of comparison, we also report in
Tables 3 and 5 the corresponding results obtained using the original HHO method of [7].

A first important difference highlighted by the numerical results is that the velocity field is exactly
reproduced by the formulation (65) proposed in this work, whereas this is not the case for the original
HHO method of [7]; compare the third and fifth columns of Tables 2—5. This is a consequence of the
pressure-independence of the error estimate (69) together with the fact that the we are considering
an affine velocity field. A second, related, remark is that the velocity approximation for the present
method is independent of A (for both of the values considered we have zero-machine error), whereas
increasing the value of A has a strong impact on the velocity approximation for the classical HHO
method of [7]; compare the third and fifth columns of Tables 3 and 5.

6.3 Two-dimensional lid-driven cavity flow

The third numerical test is the two-dimensional lid-driven cavity problem. The computational domain
is the unit square Q = (0, 1)> and we set f = 0. Homogeneous (wall) boundary conditions are enforced
at all but the top horizontal wall (at x, = 1), where we enforce a unit tangential velocity # = (1,0). In
passing, notice that, in this classical test, the boundary condition is incompatible with the formulation
(1) since the solution does not belong to H LQ)4.

In Figures 2, and 3, we report the horizontal component u; of the velocity along the vertical
centerline x; = % and the vertical component u; of the velocity along the horizontal centerline
Xy = % for the two dimensional flow at global Reynolds numbers Re := ‘% respectively equal to 1,000,
and 5,000. The reference computation is carried out setting k = 1 and using a uniform structured
simplicial mesh obtained starting from a 64 X 64 decomposition of the domain. For instance, the
Figure 1 shows the 4 X 4 decomposition of the current domain. For the sake of comparison, we also
include very high-order computations with k£ = 5 on structured simplicial meshes obtained starting
from 16 X 16 and 32 X 32 decompositions of the domain for Re = 1,000 and Re = 5,000, respectively.
References solutions from the literature [23, 25] are also included for the sake of comparison. The
numerical solution obtained using the proposed method is in excellent agreement with the reference
results for both values of the Reynolds number. For Re = 5,000, the very high-order computation
gives sharper transitions close to the walls which, as noticed in [7], seem more physically sound.

To check the robustness of the method with respect to irrotational body forces, we then run the
same test case but with

f = AVW,

where ¢ = %(x3 +y3). Observe that this body force is completely irrotational, so the velocity
approximation obtained using the proposed method (65) should not be affected (and, therefore,
should not depend on A). To verify this, we report in Figure 4 computations for Re = 1,000 and
A € {103, 10°}, using k = 1, and the simplicial mesh obtained starting from a 64 x 64 decomposition
of the domain. As expected, the velocity profiles are not affected by the value of 4. The same plot
also contains the results obtained with the original HHO formulation of [7], but only for A = 103
(convergence was not achieved for A = 10°). In this case, the velocity profiles are clearly affected by
the presence of the body force, and large oscillations are observed with this value of A.

Conlcusion

We have extended the HHO method of [19] to the fully nonlinear Navier—Stokes problem by intro-
ducing a novel HHO discretisation of the convective trilinear form based on a velocity reconstruction
in the local Raviart-Thomas—Nédélec space obtained working element by element. On matching
simplicial meshes, this extension results in a method robust for large irrotational body forces which
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Figure 2: Two-dimensional lid-driven cavity flow, horizontal component u; of the velocity along the
vertical centerline x| = % and the vertical component u; of the velocity along the horizontal centerline

Xy = % for Re = 1,000.
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vertical centerline x| = % and the vertical component u, of the velocity along the horizontal centerline

x3 = 1§ for Re = 5,000

29



uj
-1 -0.8 -0.6 -04-02 0 02 04 06 08 1

: —‘/l = 103, pr‘esent‘work‘ :

— 1 = 10°, present work 108

08| 4=10%17 | 06

1 0.4

0.6 - 0.2

N ) IS

0.4 1 -0.2
- —0.4
0.2 1 0.6
0.8

0 ‘ ‘ ‘ ‘ -1

0 0.2 0.4 0.6 0.8 1

X1

Figure 4: Two-dimensional lid-driven cavity flow with irrotational force f = AVy with A € {103, 10°}.

Comparison between the present method and the original HHO formulation of [7]. The plot represents

the horizontal component u; of the velocity along the vertical centerline x; = % and the vertical

component u, of the velocity along the horizontal centerline x, = % for Re = 1,000.
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preserves the order of convergence of the original one. We have presented two-dimensional numerical
studies illustrating the performance of the proposed method, as well as the benefits compared to more
standard formulations. Three-dimensional numerical tests are left for a future, application-oriented
publication. The extension of the divergence-free velocity reconstruction of Section 3.4 to general
polygonal and polyhedral meshes is currently under development.
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