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Abstract

The kinetic energy of a flow is proportional to the square of the L2(£2) norm of the velocity. Given a sufficient regular
velocity field and a velocity finite element space with polynomials of degree r, then the best approximation error in L2(0) is
of order r + 1. In this survey, the available finite element error analysis for the velocity error in L°°(0, T'; Lz((Z)) is reviewed,
where T is a final time. Since in practice the case of small viscosity coefficients or dominant convection is of particular interest,
which may result in turbulent flows, robust error estimates are considered, i.e., estimates where the constant in the error bound
does not depend on inverse powers of the viscosity coefficient. Methods for which robust estimates can be derived enable
stable flow simulations for small viscosity coefficients on comparatively coarse grids, which is often the situation encountered
in practice. To introduce stabilization techniques for the convection-dominated regime and tools used in the error analysis,
evolutionary linear convection—diffusion equations are studied at the beginning. The main part of this survey considers robust
finite element methods for the incompressible Navier—Stokes equations of order » — 1, r, and r + 1/2 for the velocity error in
L0, T; LZ(.Q)). All these methods are discussed in detail. In particular, a sketch of the proof for the error bound is given
that explains the estimate of important terms which determine finally the order of convergence. Among them, there are methods
for inf—sup stable pairs of finite element spaces as well as for pressure-stabilized discretizations. Numerical studies support the
analytic results for several of these methods. In addition, methods are surveyed that behave in a robust way but for which only
a non-robust error analysis is available. The conclusion of this survey is that the problem of whether or not there is a robust
method with optimal convergence order for the kinetic energy is still open.
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1. Introduction

Incompressible flows are modeled by considering the conservation of linear momentum and the conservation of
mass, leading to the incompressible Navier—Stokes equations, given here already in dimensionless form,

oou—vAu+w-Viu+Vp = f in (0,T] x 12,

Vu = 0 in (0,T] x 12, 1)
u = 0 in [0,T] x 042,
u@©,) = wuo() in £,

where (2 is a bounded domain in R?, d € {2, 3}, with polyhedral and Lipschitz continuous boundary 342, T € Ris a
final time, u is the velocity field, p the pressure, v > 0 the kinematic viscosity coefficient, u, a given initial velocity,
and f represents the external body accelerations acting on the fluid. Eq. (1) is already given as an equation without
physical dimensions, as it is used in numerical analysis and simulations. Consider now the underlying physical
problem. Let p [kg/m?] be the density of the fluid, u [k¢/m s] be its dynamic viscosity and define a characteristic
length scale L [m] and a characteristic velocity scale U [m/s]. Then, the dimensionless number

_ pUL
n

is called Reynolds number. Utilizing the characteristic time scale L/U [s], then one finds the relation v = Re™!.
Thus, a high Reynolds number flow leads to a small coefficient v in (1).

An important physical quantity of incompressible flows is the contained energy, which is the sum of the kinetic
energy %Hu(r)l% at time ¢ € (0, T], where || - ||o denotes the norm in L2(£2), and the dissipative energy. It is known
that a distributional solution exists, satisfying the energy inequality

Re

1 1 !
SNBOIG +VIVEIT2 0. 1202 = 5 18O + /0 /{ Sowd

for all t € (0,T], e.g., see [1, Chapter V, Theorem 3.1.1] or [2, Lemma 7.21]. In the present paper, we will
assume sufficient regularity so that weak solutions are indeed strong solutions and, hence, unique. More precisely,
Leray—Hopf solutions are considered, e.g., see [3]. The unique weak solution in two dimensions satisfies even an
energy equality. The kinetic energy of a flow belongs to the quantities of interest in many simulations.

This paper surveys available analytic results for the order of convergence of the finite element error in the kinetic
energy, more precisely, of the convergence of the velocity in L>°(L?), where

T /s /p
LP(L*y =L?00, T; L°(2))=3v : </ (/ lv|® dx) dt) <00, p,s€[l,oo)¢,
0 Q

with the application to each component of a vector-valued function and the usual replacement of the integrals with
the essential supremum if p = co or s = co. Since in applications often the case of small viscosity coefficients is of
importance, which leads eventually to turbulent flows, especially error estimates are considered where the constant
of the error bound does not explicitly depend on inverse powers of v, such that it does not blow up for v — 0. The
case where v is small (relative to the product of a typical velocity scale and a typical length) is often referred to
as convection-dominated, since, if Vu and Au have norms of similar sizes, the first order term (z - V)u dominates
the second order term —vAu.

Our aim is to investigate finite element approximations of the Navier—Stokes equations that are suitable for the
convection-dominated regime. This requires to analyze how the different terms in the Navier—Stokes equations affect
their finite element approximation at high Reynolds numbers. To this end, we begin this survey with a simpler case,
time-dependent linear convection—diffusion-reaction equations, in order to study a linear convective term. Then, we
consider the incompressibility condition and finally we also add the nonlinear term of the Navier—Stokes equations.
It will be analyzed how the different terms affect the rate of convergence of finite element methods for a regular
solution and v — 0. Typically, in the error bounds, it appears a product of an error constant and of norms of
the solution in Sobolev spaces. Our error analysis aims for error bounds with constants that are independent of
inverse powers of v. Of course, one must be aware that in practical situations the norms of the solutions will grow
as v — 0, but error constants that do not explode as v — 0 can be considered as the minimal requirement or
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necessary condition for a robust performance of a method in practical convection-dominated problems. Hence, this
survey provides both, some insight into which methods are expected to fail in practice, because they do not meet
the minimum requirement, and in particular a survey of those methods which are expected to be robust. Finally,
from the theoretical point of view, the question of deriving local error bounds for the methods is still open. Since
for realistic problems, a high global regularity of the solution cannot be expected, such local error estimates would
be more appropriate. That means, to prove bounds for the methods in a subset of the domain where the solution
is smooth, and to get optimal bounds for the error depending on norms of the solution in this subdomain. To the
best of our knowledge, there is almost no error analysis in this direction and the techniques needed probably have
not been developed yet. For evolutionary problems, the only references we know are [4] and [5], where local error
bounds for the SUPG method applied to linear evolutionary convection—reaction—diffusion equations are obtained.
Accordingly, we first consider the following time-dependent linear convection—diffusion—reaction problem

ou—vAu+b-Vu+cu = f in (0, T] x {2,
u = 0 on [0,T] x 912, )
u0,x) = uplx) in 12,

where b(t,x), c(t,x), and f(¢,x) are given functions, v > 0 is a constant diffusion coefficient, and uy(x) is the
initial data. Problem (2) describes the passive transport of a scalar quantity, like temperature or concentration, by
molecular motion, modeled with the diffusive term —vAu, and by a convective transport via a flow field . One
speaks of a convection-dominated regime if v < ||b|[roo( 0L, where L is a characteristic length scale. To provide
an idea of a typical range for diffusion and convection, in the temperature balance of the crystallization process
studied in [6], the diffusion coefficient is around 1.5 - 10~7 m°/s and the maximal velocity is of order 0.1 m/s. If
L =1 m is used for deriving non-dimensionalized equations, the convection in these equations is stronger than the
diffusion by around six orders of magnitude.

A common feature of the solutions of both the Navier—Stokes equations (1) and the linear convection—diffusion—
reaction equation (2) in the convection-dominated regime is the appearance of (very) small structures. The smallest
physically important structures or scales of turbulent incompressible flows are the so-called Kolmogorov scales
whose size, away from walls, is proportional to Re>/*L. The solution of (2) typically possesses layers, i.e., regions
of a small width of O(v) to O(v'/?) with very steep slopes of the gradient.

Standard spatial discretizations of (1) and (2), like central finite differences or the Galerkin finite element method,
try to predict the behavior of all important scales of the solution. However, in the convection-dominated regime, the
smallest scales are usually much smaller than the affordable mesh width, such that most of the small scales even
cannot be represented on such grids. Of course, scales that cannot be represented cannot be simulated. Standard
discretizations cannot cope with this situation and they lead usually either to a blow up of the simulations or to
meaningless numerical solutions that are globally polluted with spurious oscillations, compare also the numerical
results presented in Section 4.1.3.

The remedy consists in using so-called stabilized discretizations, which are usually denoted as turbulence models
in the case of turbulent flows. Such discretizations introduce in some sophisticated way numerical (artificial)
diffusion/viscosity in the discrete equations. A mile stone in this direction was the proposal of the Streamline-
Upwind Petrov—Galerkin (SUPG) method in [7,8] for steady-state convection—diffusion—reaction equations. The
first finite element error analysis for the steady-state as well the time-dependent convection—diffusion equations can
be found in [4,9]. The analysis was extended to the steady-state Navier—Stokes equations in [10,11] and the time-
dependent equations in [12,13]. The SUPG method is the core of a variational multiscale turbulence model proposed
in [14]. For other stabilized discretizations, like the Continuous Interior Penalty (CIP) method or Local Projection
Stabilization (LPS) methods, one can observe a similar development: they were first proposed for the steady-
state convection—diffusion-reaction equation and then extended to other equations, including (2) and (1). Since the
same ideas can be utilized for discretizing scalar convection—diffusion—reaction equations and incompressible flow
equations, these classes of equations are sometimes jointly presented in the literature, like in the most often cited
monograph in the field [15]. For completeness, it should be noted that, besides the purely mathematical approaches
for turbulence modeling mentioned above, there are many turbulence models whose derivation is based on physical
insight in turbulent flows, e.g., see [16], which do not have a counterpart for the scalar equation (2). Often, a
numerical analysis for such turbulence models is not available.

Finite element convergence analysis of partial differential equations usually assumes that the solution of these
equations is sufficiently regular, i.e., that it belongs to certain Sobolev spaces. Then, the goal consists in deriving
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so-called optimal estimates, where the order of convergence equals the order of the best approximation error in the
corresponding norm. The techniques for proving such estimates differ for different norms. For convection-dominated
problems, there is an additional important aspect: one has to track the dependency of the error bound on the data of
the problem, in particular on the coefficient v. The goal is to obtain error bounds where the constant does not contain
inverse powers of v and therefore it does not blow up as v — 0. Such estimates are called robust or semi-robust. The
latter notion is inspired from the fact that the error bounds contain norms of the solution of the partial differential
equation in Sobolev spaces, which are usually of higher order with respect to the spatial variable, these norms might
depend implicitly on v, and they might grow as v — 0. Another aspect for convection-dominated problems is that
the convergence of the method, in the sense that the mesh width tends to zero, is not of interest, because if the
mesh is sufficiently fine such that all important scales are resolved, a stabilization is not longer necessary. Instead,
the behavior on coarse grids is of importance, especially in practice. To distinguish these aspects, one speaks often
of ‘order of error reduction’ or ‘order of error decay’ instead of ‘order of convergence’ in the latter situation.

The main topic of this survey is the provable order of error reduction of the velocity error, where with respect
to the spatial variable the space L>(£2)? is considered. Given a finite element velocity space with continuous
piecewise polynomials of order r and assuming for the velocity solution of (1) that u(t) € H"+'(£2)?, then the best
approximation error in L*(£2)? is of order r + 1. Since for the kinetic energy error, applying the Cauchy—Schwarz
inequality, one has

lae()IG — len (@G < Nuet) — un(@)llo () + wn(@)]lo,

this error is proportional to the L?({2) norm of the velocity error and the optimal order of error reduction for the
kinetic energy is (r + 1). The finite element error analysis of time-dependent problems leads usually to estimates
where a sum of errors in different norms is finally bounded. One of these terms, emerging from the temporal
derivative, is the velocity error in L>(L?). To facilitate the comparison with the literature, also in this survey the
error analysis will be presented in terms of the velocity error in L>(L?) instead of the kinetic energy. One of our
motivations for compiling this survey is an open problem stated recently in [17]: It is open whether optimal and
semi-robust L>(0, T: L*(12)?) error bounds for the velocity can be proved for some method.

The present paper provides a survey on the state of the art of error estimates in L>(L?)' for the convection-
dominated regime of problems (1) and (2). The available analysis was revised for this survey such that the formulas
are dimensionally correct, i.e., if all quantities in a formula are equipped with physical units, then the operations in
this formula are well defined. In this way, the numerical analysis becomes physically consistent. The complete error
analysis of finite element discretizations of (1) and (2) needs usually several pages of estimates. In this survey, we
restrict the presentation only to the key steps of the analysis, which lead to the dominating term in the error bounds.
With this presentation, also important differences of the analysis between different methods are illustrated. Further
aspects of the realization of the methods, e.g., fully implicit approaches vs. implicit—explicit (IMEX) methods,
solution as a coupled velocity—pressure problem vs. projection methods, etc. will not be discussed here to focus the
presentation on the main topic. Several results from the finite element error analysis are supported with numerical
examples. Here, the expectations are illustrated for an academic problem with smooth solution, because only with
such a setup, it is possible to support the rates of convergence predicted by the analysis. Numerical simulations for
realistic problems, i.e., turbulent flows, possess usually quantities of interest that are not covered by the numerical
analysis and such simulations are outside the scope of this survey.

Section 2 sets up weak formulations of (1) and (2), introduces some notations, and provides some tools that
are used in the numerical analysis. Discretizations of the convection—diffusion—reaction equation (2) are studied
in Section 3. The bulk of the paper, Section 4, is devoted to finite element discretizations of the incompressible
Navier—Stokes equations (1). The current state of the art is summarized in Section 5.

2. Weak formulations and notations

Throughout the paper, standard notations will be used for Lebesgue and Sobolev spaces. The dimension is not
indicated in symbols of time—space function spaces and the corresponding norms.

1 When surveying the literature, error bounds will be discussed that were obtained for fully discrete problems. Strictly speaking, these
bounds are valid only in the discrete time instants and not in the whole time interval. For not unnecessarily complicating the notation, we
will use L®(L?) also in the case of fully discrete problems.
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For the convection—diffusion-reaction equation (2), it will be assumed that b and c¢ are sufficiently smooth
functions with respect to x and that

o < ult,x) = (c—%V-b) t,x) Y(tx) el0,T]x 2 3)

is satisfied. Let V = HJ({2). A variational form of (2) reads as follows: Given f € H~'(2), findu : (0,T] - V
such that

(Osu, v) + v(Vu, Vo) + (b - Vu, v) + (cu,v) = (f,v) YvelV, 4)

and u(0,x) = up(x). Here, (-, -) denotes the inner product in L?(2)? and (-, -) the dual pairing of Hol(.Q)d and
H™'(2), d € {1,2,3}. Inner products in L?(w) with @ # 2 will be denoted with (-, -),, and a similar convention
is used for the notation of norms.

Using for the incompressible Navier—Stokes equations (1) the function spaces

V=HjQ)Y, Q=L{2)={qeLl*) : (q.1)=0},

a weak formulation of problem (1) is as follows: Given f € H “1(2), find (u, p) : (0,T] — V x Q such that for
all (v,q) eV x Q,

(O, v) +v(Vu, Vo) + (- Viu,v) = (V-v, p) +(V -u, q) = {f, ), ®)
and u(0, -) = up(-) € V. An important subspace of V is the space of weakly divergence-free functions
ViV—{yeV : (V-v,q)=0 VgeQ}. (6)

Let {7,} be a family of triangulations of (2, where & > 0 indicates the fineness of Tj,. The mesh cells of T,
are denoted by K with sk being the diameter of K and 7 = maxgcg, hg. It will be assumed that the meshes are
conforming and quasi-uniform. In practice, anisotropic grids are of considerable importance. However, the analysis
of finite element discretizations on such grids has many open questions, in particular there are no contributions with
respect to the topic of this survey.

In numerical simulations, the infinite-dimensional spaces are replaced by finite-dimensional ones, e.g., V by V,,,,
V by V.., and Q by Q; where r,l € N denote the degrees of the local finite element polynomials. Most of the
available finite element analysis is for the case of conforming finite element spaces, i.e., the finite element spaces
are subspaces of the corresponding infinite-dimensional spaces, e.g., V;,, C V.

For the Navier—Stokes equations, the space of discretely divergence-free functions is defined by

ViV ={vy €V, : (V-vg)=0 Ygye Oni}. @

Clearly, there are less conditions for a function to be contained in fo" than to belong to V4V, In fact, for many
pairs V;, ./ Qp, of finite element spaces, it turns out that V,f“’ ¢ viv,
The following inverse inequality holds for each v, € V., e.g., see [18, Theorem 3.2.6],

nea(y-)

lvnllwmaky < cinvhg lvnllwrg ks ®)
where 0 <l <m<1,1<¢q <qg <oo,and | - |lwmnak) is the norm in W™ (K).
We will denote by m,u € Vj,, the elliptic projection defined by
(Vrpu, Vop) = (Vu, Vo) Vo, € Vi r. ©)

The following bound holds for any u € Hol(!Z) NH (), eg., see [18],
lu — mpullo + hllu — mpully < CH lull41. (10)

Generic constants that do not depend neither on the mesh width /4 nor on the diffusion/viscosity coefficient v
will be denoted by C.

To avoid technicalities that are not significant for the topic of this survey, the actual regularity assumptions on
the weak solution will not be stated explicitly in the formulation of the theorems, but it will be assumed that the
solution is sufficiently regular such that all terms appearing in the error bounds are well defined.
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3. Convection—diffusion-reaction equations

The first part of this section discusses briefly the Galerkin finite element discretization of the convection—
diffusion—reaction equation (4). If the best approximation error in L%(§2) is 741, then an error bound in L*(L?) with
constants independent of inverse powers of the diffusion coefficient of order r can be proved. Stabilized methods,
with the emphasis on the SUPG method, are the topic of the second part of the section. For these methods, robust
estimates of order r 4 1/2 can be derived.

3.1. The Galerkin method

The time-continuous finite element problem aims to find a function u;, € Vj,, that fulfills a problem of form (4)
for all test functions from V.. More precisely, u;, : (0, T] — Vj, is called Galerkin approximation if

@ty i) +v(Vup, Vo) + (b - Vuy, vp) + (cup, vp) = (fyvn) Y vy € Vi, (11)

with u,(0, x) being an appropriate approximation of ug(x).

It is well known that the standard Galerkin method leads to numerical solutions with non-physical spurious
oscillations in the convection-dominated regime when the solution of (4) possesses layers. However, if the solution of
(4) does not exhibit layers and if it is sufficiently smooth, the Galerkin method produces meaningful approximations
that tend to the solution of (4) with an order of error reduction r in L®(L?), independently of the value of v, which
will be proved in Theorem 3.1 and illustrated numerically in Example 3.2.

In most works on convection-dominated problems, the case uo > 0, the constant in (3), is assumed; see [15]. In
Theorem 3.1, we consider both cases g > 0 and po < 0.

Theorem 3.1 (Error Estimate for the Galerkin Method). Let u be the sufficiently smooth solution of (2) and uj, be
the finite element approximation defined in (11). Assume b € L*°(L*°) and ¢ € L*°(L*), then the following bound
holds for 0 <t <T

|1 —emnor|

lu(®) = un(@llo < e lup(0) — mhuollg + CH' K, + CH | oo gy 12)

Mo

the bound being also valid for po = 0 if |1 — e‘“0’| /ol is replaced by t. The constant is

Ky = 110l Loocary + (11| Looqzoey + hllcl Looqroe)) Nll poo g1y (13)

Proof. The error is split into e = u — uy, = (u — wpu) — (uy — mTpu) = n — ey, where myu is the elliptic projection
defined in (9). Subtracting (11) from (2) gives the error equation

(0ren, vu) +v(Vey, Vup) + (b - Ve, vp) + (cep, vp) = (T1 + T2, Vp), (14)

with the truncation errors vy = (d,u — 7, d,u) +cn and t, = b - Vn. Here, the commutation of elliptic projection and
temporal differentiation 9;(7w,u) = 7,0;u was used. Choosing v, = e, in the error equation (14) and integrating by
parts yields

1d 2 5
EEHehHo + wmollenlly < (T1 + 12, €p). (15)

Because of using the elliptic projection, the right-hand side of (15) does not depend on v. The non-negative term
with v on the left-hand side was neglected. Altogether, estimate (15) does not contain v such that the arising error
bound will also not depend on v.

Applying the Cauchy-Schwarz inequality gives

(r1 + 12, en) < ([[T1llo + lIz2llo) llenllos

and then, arguing as in [19, Lemma 3.1] leads to

d 5 1d 5 5
||eh||OZ||eh||O + uollerlly = EE”ehHO + wollerlly < Ulzillo + liT2llo) llenllo,

6
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which yields

d
E||€h||0 + wollerllo < litillo + lIz2llo-

Multiplying by e0' and integrating with respect to time, one obtains
t
lex@®llo < e [len(O)lo +/ e Mz ()llo + llTa()llo) ds
0

e (1 — ety
e len(O)lg + —— —— max (lri(s)lo + 03 (16)

IA

where, in the last term, the factor (1 —e~#0")/uo must be replaced by ¢ if uo = 0. Utilizing (10) and the assumptions
on the regularity of the coefficient functions leads to

max_([lzi(s)llo + I72(s)ll0) < Ch" Ku, A7)

where K, is the constant in (13). Inserting (17) in (16) and applying the triangle inequality together with (10) gives
(12). O

A similar result to that of Theorem 3.1 can be found in [20], where the error of the time derivative ||d,u — o,u||o
is proved to be O(h") with a constant independent of inverse powers of v, assuming sufficient regularity for the
solution.

Example 3.2 (Galerkin Method). Let 2 = (0, 1)*> and consider the convection—diffusion—reaction equation (2) with
the prescribed solution

u(x, y) = sin(mwet) sin(2rw x) sin(2mwy),

the convection field b = (1 —y, —2/3 + x)T, the reaction field ¢ = 1, the final time T = 2, and Dirichlet boundary
conditions on 9{2.

Fig. 1 displays the initial grid (level 1). This grid was refined uniformly using the standard regular refinement
by dividing each triangle into four triangles. Piecewise linear P; and piecewise quadratic P, finite elements were
used, see Table | for information on the numbers of degrees of freedom.

To mimic the continuous-in-time situation, a second order time stepping scheme, the Crank—Nicolson scheme,
was applied with the very small time step At = 107>. We checked that almost the same results were obtained for
At = 1074, such that the temporal error can be considered to be negligible.

If not mentioned otherwise, the linear systems of equations in all examples of this paper were solved with the
sparse direct solver UMFPACK [21].

The computational results obtained with the Galerkin method for four small values of the diffusion coefficient
are presented in Fig. 2. First of all, one can see that the errors in L*®(L?) are small, which indicates that for
this smooth problem even the standard Galerkin method computes meaningful numerical solutions. For P; finite
elements, the optimal second order of convergence can be observed in Fig. 2. In contrast, for P, finite elements,
the error reduction on coarse grids is not optimal. In the cases v = 107® and v = 1073, it is only of second order,
exactly as predicted by the analysis. For v = 107, it can be already seen that the order of convergence improves
to third order when the grids become sufficiently fine. Finally, if the diffusion is sufficiently large, v = 1072, the
optimal order is observed already on very coarse grids. Since similar observations were made in all other numerical
studies for convection—diffusion—reaction equations and the emphasis of this survey is on the convection-dominated
regime, only numerical results for v < 10~* will be presented in the remainder of this section. [

3.2. Stabilized methods of order r + 1/2 in L>®(L?)

As mentioned before, the Galerkin method produces numerical solutions in the convection-dominated regime
that are globally polluted with spurious oscillations if the solution of (4) possesses layers. In this situation, one has
to introduce a stabilizing mechanism in the discretization. In the ideal case, this mechanism removes all spurious
oscillations and gives numerical solutions with sharp layers. However, numerical assessments in [22,23] show that
there are only very few finite element methods with these properties, which are methods that use a so-called algebraic
stabilization. Most stabilized finite element methods localize the spurious oscillations in a vicinity of the layers and
reduce them considerably compared with the Galerkin method.

7
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Fig. 1. Initial grid (level 1).
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Fig. 2. Example 3.2 Galerkin method for the convection—diffusion-reaction equation.

Table 1

Numerical examples for convection—diffusion—reaction
equation, number of degrees of freedom (including
Dirichlet nodes).

Level Py P

3 41 145
4 145 545
5 545 2113
6 2113 8321
7 8321 33025
8 33025 131585

3.2.1. The SUPG method
The most popular method of this kind is the streamline-upwind Petrov—Galerkin (SUPG) method. This residual-
based stabilization adds artificial diffusion along the streamlines of the solution. It reads as follows: Given f €

L%(f2), find u;, : (0, T] — V,., such that
(0rup,, vy) + asup(Un, vp) + Z Sk @iup, b - Vop)g = (f, vp) + Z Sk(f.b-Vu)g Y, eV, (18
KeTy, KeTy,

with u,(0, x) being an appropriate approximation of u((x) and

asupG(Un, vp) = v(Vuy, Vo) + (b - Vuy, vy) + (cup, vp) + Z Sx(—eAuyp +b - Vuy +cup, b - Vup)g.
KeTy,
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Here, {6k} are local parameters that have to be chosen appropriately.

Let u have the physical unit unit(u), then the term (d;u;, v;) possesses the unit unit(u)zmd/s, where the unit md
comes from integration and the term /s from the differentiation with respect to time. For all other terms in (18),
one finds the same physical unit witw’m?/s by taking into account the units for the diffusion coefficient m?/s, the
convection field m/s, and the reaction field !/s. The stabilization term of the SUPG method has the physical unit
unit()unitw’m?/2. In order that adding this term to the other terms is correct from the dimensional point of view,
it has to have the same unit as the other terms. Consequently, it follows that unit(6x) = s. Thus, the stabilization
parameter is a time scale.

The numerical analysis for a stabilized method is performed usually in an associated norm. For u; € V., this
norm for the SUPG method is as follows

1/2

. 2 2 1/2 2
lunlisupa = | vIVurlg + D Sxllb - Vuyllg x + ll'unllg
KeTy,

The SUPG method for evolutionary convection—diffusion equations is analyzed in [24]. A main topic in [24],
for a full discretization in time and space, is the discussion whether the stabilization parameters {6x} should
depend on the length of the time step or on the mesh width. The latter situation can be studied by considering
the continuous-in-time method, because this method does not contain a time step. Assume that

b(t,x)=bx), V- -bx)=0, c(,x)=ck), (19)

Wo > 0, the mesh is uniform with mesh width %, and the stabilization parameters are the same for all mesh cells,
i.e., §x = 8. Also, considered only the convection-dominated regime, i.e., it is assumed that v < ||b||; h. The
stabilization parameter is defined to be

12
8§ = min L min 1 Ho MO/ 1Bk l L (20)
Aciny||b Lo 27 Alellzee” el Aveiny | T o llell o

Note that the physical unit of § is seconds. Formula (20) for the stabilization parameter can be obtained with a
slight revision of the analysis of [24] by carefully taking into account the dimensional issue. Then, the following
error estimate is derived in [24, Theorem 5.2].

Theorem 3.3 (Error Estimate for the SUPG Method). Let t < T < 00, let v < ||b|| = h, let the solution of
(2) be sufficiently regular, and let (19) and (20) be satisfied. Then, there exists a positive constant M, depending
on |luollr+1, lleell poocpgr+1y 10:(O)| poo(pgr+1y, 10nttll p2(yr+1y, and the coefficients of the problem, but not on inverse
powers of v, such that the following error estimate holds:

I — up)Ollo + llu — unll 2supg) < M’ 172 1)

Proof (Sketch). The proof of (21) in [24] covers several pages. Here, only a sketch is given that concentrates on
explaining the reason why estimate (21) leads to the order r + 1/2 in L®(L?).

As usual, the error is decomposed into an interpolation or projection error and a discrete remainder. The analysis
in [24] defines for this decomposition a function II,u(t) which is the solution of a formally steady-state problem.
The idea is to consider the solution u(¢) of the evolutionary problem (2) as the solution of a steady-state problem
with right-hand side f(¢) — d;u(t). Then, given t € (0, T'], Il u(t) € V), satisfies

asupg (yu(t), vy) = asvpg (u(t), vy) Y v, € Vi, (22)

9
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i.e., [T u(t) is the SUPG approximation to a steady-state problem whose solution is u(z). An error estimate for the
solution of the steady-state problem (22) is well known, e.g., see [15, Thm. III, 3.27],
lu() = Dyu@)Isuec < Crh™ 2 [u(@)ll 41, (23)
_ 172
where Cy = C (IIbll e + 85" + llcl oo k)"
One obtains with the triangle inequality

and 4 satisfies 0 < 8y < (§/ h).

lu(t) — up(®lsure < llu(t) — Hyu(t)|sup + | Hpu(t) — up(t)|lsupc- (24)

The first term on the right-hand side is of order r 4+ 1/2 by (23). The estimate of the second term is technically
involved. In the first step, a weaker norm is bounded: || II,u(t) — u;(t)|lo. To bound this norm requires an estimate
of the error ||9,u(¢) — 9,({I,u)(t)|lo. Using assumption (19), the convection—diffusion—reaction equation (2) can be
differentiated with respect to time to give a convection—diffusion-reaction equation for d,u of the same form as for
u and it is straightforward to show that o, (11, u)(t) = II,(d;u)(t). Then, applying (23) to d;u(t) yields

18,u(t) — 8, (Iu)(t)lIsupg = 13,u(t) — I (du)()llsupc < Cih" 21 3,u(t)]l11. (25)

The expression ||3,u(t) — 8;(II,u)(t)||o can be estimated with (25), since the L?(£2) norm is part of the SUPG norm.
In the second step, a bound for ||, (11,u)(t) — o;u,(t)||o is obtained using again (19) and applying the error analysis
of the first step. Both steps lead finally to a bound for the second term on the right-hand side of (24) in the stronger
SUPG norm with order r + 1/2. 0

Since the result of Theorem 3.3 holds for v < ||b|| e &, such that the situation 7 — 0 is not covered, the
notion error reduction will be used for discussing the error estimate, instead of convergence. The error estimate
(21) of Theorem 3.3 states that the order of error reduction of the SUPG method in L>®(L?) is r + 1 /2, i.e., it is
half an order better than for the Galerkin method, but still suboptimal by half an order, while the error reduction
of the L?(SUPG) norm of the streamline derivative is optimal of order r. In [24], also fully discrete cases are
considered and error bounds are derived for stabilization parameters that do not depend on the length of the time
step. As shown in the sketch of the proof of Theorem 3.3, an essential idea consists in reducing the error estimate
for the time-dependent convection—diffusion—reaction equation to an error estimate for a stabilized discretization
of a steady-state convection—diffusion—reaction equation. The finite element error analysis of stabilizations for the
steady-state equation is quite far developed, see [15]. In particular, checking the convergence analysis of the SUPG
method, e.g., [15, Thm. III, 3.27], one finds that the estimates of several terms, namely the diffusive term, the
convective term, and terms coming from the stabilization, lead only to order » + 1/2. The sharpness of this order
for the steady-state problem will be discussed at the end of this section.

Both, a weakly consistent SUPG method and a SUPG method using a reconstructed Laplacian are analyzed
in [25], where the order r 4 1/2 for the error in L>(L?) is proved. This order comes from using a result from the
numerical analysis of the stationary problem.

Example 3.4 (SUPG Method). The behavior of the SUPG method is illustrated at the same example that was utilized
for the standard Galerkin method, see Example 3.2. Exactly the same setup was used with respect to the temporal
discretization and the spatial meshes. The stabilization parameter, constant in each mesh cell, was set to be

L hg if v <hg,
16 | h%/v else.

The choice for the convection-dominated regime corresponds to the proposal of the parameter (20) with respect to
the mesh width.

The computational results for three small values of the diffusion coefficient are presented in Fig. 3. It can be
observed that for P; finite elements, the optimal order of convergence of the error in L>(L?) can be observed. For
P; finite elements, the order of error reduction on coarse grids, where coarse is to be understood with respect to the
diffusion coefficient, is suboptimal. The analysis predicts an order of r + 1/2 = 2.5, which can be clearly observed
for v = 107° and 1078. Thus, the numerical results match the analytic predictions very well. [

0g =

10
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Fig. 3. Example 3.4 SUPG method for the convection—diffusion—reaction equation.

3.2.2. Other stabilized methods

Apart from the SUPG method, other types of stabilizations can be applied and are analyzed in the literature.
Galerkin Least Squares (GLS) stabilizations are studied in [26] in combination with one-step 6-schemes as temporal
discretization. The continuous-in-time case is not considered. The GLS stabilization term has the form

Z Sk (f —(Ou —vAu+b-Vu—+cu), —vAv+b-Vv+cv)g.
KeTy,

Assumption (19) is made in the analysis of the GLS method and the spatial stabilization parameter is assumed to
be §x = 8 for all mesh cells K with § = O(Ar), Ar being the length of the time step. This type of assumption is
sometimes called inverse CFL condition. Observe that under this assumption, the spatial stability vanishes in the
continuous-in-time limit Az — 0. Also for the GLS stabilization, the physical unit of the stabilization parameter
is a time unit (second) since it is a residual-based stabilization. For applying the GLS stabilization in numerical
simulations in [26], a parameter is designed independently of the constraint coming from the length of the time step,
by minimizing the ‘elliptic part’ of the error bound, i.e., those terms that do not arise from the discretization of the
temporal derivative. This parameter depends on the mesh width. If the mesh width is sufficiently fine compared with
the length of the time step, such that the analytic results are applicable, one obtains in the convection-dominated
regime order r + 1/2 for the L% (L?) error.

An orthogonal subscale (OSS) method is analyzed in [27]. This method adds the stabilization term, in the fully
discrete case as considered in [27],

11\ . o\
Z <§+E> (I - Vu™™), T - Vv)) . — Z (ajuE) (@.b-Vv),

KeTy, KeTy

where IT is the L%(f2) projection in the finite element space and #" are so-called orthogonal subscales from the
previous time instant. These subscales can be computed locally. The analysis in [27] is performed for the backward
Euler scheme. It assumes that the stabilization parameters are constant ¢ = § and that they are bounded by a
multiple of the length of the time step: § < C Ar for some fixed positive C. Then, the error analysis leads to a
convergence of order » + 1/2 in L*®(L?). The reduction comes from estimating the diffusion, the convective, and
the stabilization terms with respect to a stabilized norm. In practice, a parameter choice of the form

v 181l ook -
Sk = (clh—2 + G5 e ey

K hk
is proposed, which is a time scale. In the convection-dominated regime, the stabilization parameter behaves like

hi /(C2lbll Lo (k))-
The local projection stabilization (LPS) method, as analyzed in [28,29], adds a stabilization term of the form

Z 8k (Ad — IIx)Vuy,, (Id — Ix)Vop)i (26)
KeTy
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where IIx is a local projection operator and Id is the identity operator. Clearly, (26) is a diffusive term, with the
additional diffusion acting only on the so-called fluctuations defined by (Id — IIx). The goals of both papers [28,29]
are to analyze the LPS method for different classes of temporal discretizations. In addition, an analysis for the
continuous-in-time situation is provided in [28]. The analysis for the LPS method is performed for a norm that
contains a contribution from the stabilization term (26), where the stabilization parameter should be chosen to be
8x ~ hk (note that from the dimensional point of view something like 8x ~ hi||b| Lok is appropriate since g
represents a diffusion). Like in [24], it is assumed that b and ¢ are time-independent functions. As usual, the error is
decomposed into an interpolation error, or here projection error, and a discrete remainder. From the results obtained
in [28,29], one finds that the order of error reduction in L®(L?) is r + 1/2 in the convection-dominated regime
v < ||b]l z k. In [28], already the considered projection error possesses this order, whereas in [29] this order comes
from bounding the discrete remainder. Inspecting the proofs, one finds that in both cases estimates of the diffusive,
the convective, and the stabilization term result in this order. A LPS method with fluctuations of the streamline
derivative b - Vu,, and additional nonlinear crosswind diffusion is analyzed in [30]. The analysis covers the case of
time-dependent coefficients. Also for this method, the order of error reduction r + 1/2 is obtained for the error in
L>®(L?) in the convection-dominated regime v < ||b|| . h.

A class of symmetric stabilization methods is studied in [31]. Several general assumptions on the stabilizing
term are made. A stabilization that satisfies these assumptions is the continuous interior penalty (CIP) method
whose stabilization term is given by

)
2 > [ Wb ne 0 el (V0 el s
F

KeT), Fedk

where § > 0 is a constant, F is a facet of K with diameter hp, nr is a fixed unit normal of F, and [|-|]» denotes the
jump across F. Other examples that fit into the framework of [31] are certain LPS methods and the OSS method.
The analysis is performed for the imposition of Dirichlet boundary conditions via Nitsche’s method. Two fully
discrete cases are analyzed. Both of them lead to the order of error reduction r + 1/2 in L%(L?) if v < ||b]| . h.
This order is determined by estimates of the diffusive, convective, and stabilization terms.

In [32], a so-called subgrid stabilization is analyzed. To this end, a decomposition Vj, = Vi @ V,/ of a finite
element space is utilized, where Vy is the standard space, e.g., P;. The space V, is constructed with the help of a
finer grid and V;/ is the subgrid space. Then, the stabilization is defined by a bilinear form V,/ x V' — R, which
is assumed to be in an appropriate sense coercive and bounded. A straightforward realization consists in defining
this bilinear form to be a diffusion acting on the subgrid scales. Another realization uses the streamline derivative
of the subgrid scales. The numerical analysis presented in [32] leads to the order of error reduction » 4+ 1/2 in
L®(L?) if v < ||b|| ;0 h. This order comes from interpolation estimates in certain norms that contain the diffusive
and the convective term.

Altogether, the principal motivation for the subgrid stabilization from [32], the OSS method analyzed in [27],
and LPS methods is the same: to introduce additional (streamline) diffusion on some appropriately defined small
or subgrid scales. In this way, all these methods fit in the framework of the variational multiscale method proposed
in [33].

Also for the discontinuous Galerkin (DG) approach, a robust finite element analysis is available, see [34] or
[35, Chapter 4.6]. In the considered methods, an interior penalty (IP) discretization of the diffusion term is applied.
For the coercivity of the corresponding bilinear form, a parameter in a term containing jumps across facets has
to be positive for the non-symmetric IP and it has to be also sufficiently large for the symmetric and incomplete
IP. The convective term is discretized with an upwind method. It is well known that upwind discretizations in the
context of DG methods lead to a control of the streamline derivative of the error, e.g., see [36]. In the situation that
v < ||b]| L~ h, a robust estimate for the error in L>®(L?) of order r + 1/2 can be proved, see [35, Theorem 4.28].

The error analysis of convection—diffusion equations aims at deriving error bounds where the constants are
independent of inverse powers of the diffusion coefficient v. Since the case of small diffusion coefficients is of
interest, a natural question is: What is known for the limit case v = 0, i.e., for linear transport equations? To survey
the literature concerning the error analysis of this type of equations is beyond the scope of this paper. That is why,
only some selected results will be mentioned here. The SUPG method is studied for linear transport equations
in [37]. For fully discrete cases, error bounds are derived such that the error in L>®(L?) is of order r + 1/2, where
the stabilization parameter depends on the length of the time step. A numerical example for linear finite elements

12
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Fig. 4. SUPG method for the convection—diffusion—reaction equation from Example 3.4 on a family of triangulations of Friedrichs—Keller
type. The initial grid (level 0) was obtained by dividing the unit square with a diagonal from bottom left to top right. It was refined
uniformly using the division of each triangle into four triangles.

is presented which shows second order convergence for the error in L®(L?). In [32], the subgrid scale method
is analyzed also for the transport equation. The order of convergence in L>(L?) is r + 1/2. The work [31] on
symmetric stabilizations considers also the case v = 0, for which the order  + 1/2 in L>(L?) is proved. A certain
kind of LPS method is analyzed in [38], for which an error bound for L*°(L?) of order r + 1/2 is derived and
second order convergence is observed in numerical simulations.

This section will finish with a brief summary.

e For many popular stabilized methods, the order of error reduction r 4 1/2 for the error in L>°(L?) can be proved
in the convection-dominated regime.

e The estimate for the error in L>(L?) is just a byproduct of the error analysis for a sum of (semi-) norms that
includes, besides the error in the L>(L?) norm, the error term of V(u — uy,) in L?(L?) multiplied with v!'/? and
some error term that is related to the studied stabilization.

e The reduction of the convergence order is caused by estimating terms that appear already in the stabilized method
for the steady-state problem. In fact, there is a principal open problem with respect to the steady-state case, which
is formulated in [39], see also [17]: no stabilized discretization of steady-state convection—diffusion—reaction
equations is known for which one can prove an optimal robust error estimate in L?(£2). For the SUPG method
and P finite elements in two dimensions, it is known that the order of convergence 1.5 for the error in L*(2)
is sharp, see [40], which is proved by considering special types of grids. However, on many other grids, second
order convergence can be observed such that for the steady-state problem optimal convergence in L*({2) might be
possible to prove for certain finite element spaces and with some appropriate assumptions on the mesh. For the
time-dependent problem, optimal order error reduction in L>°(L?) for the SUPG method and the P, finite element
could be already observed in Example 3.4. However, for P, finite elements, even using a structured family of
triangulations of Friedrichs—Keller type leads only to the order 2.5 predicted by Theorem 3.3 for v = 107® and
v = 1078, compare Fig. 4.

4. The incompressible Navier—Stokes equations

The first part of this section considers the Galerkin finite element discretization of the incompressible Navier—
Stokes equations. A robust estimate for the L>°(L?) error of the velocity is derived whose order is r — 1. In
Section 4.2, methods are surveyed for which robust estimates of order r can be proved. Then, Section 4.3 presents
stabilized methods where robust error bounds of order r + 1/2 could be derived. To the best or our knowledge, the
coverage of methods, for which provable robust estimates of order r — 1, r, or r 4+ 1/2, respectively, can be found
in the literature so far, is complete. As it is already noticed in the introduction, it is an open problem whether or
not there are methods which allow robust estimates of optimal order r + 1. Finally, Section 4.4 presents briefly
methods that behave in a robust way but for which only estimates are derived so far which are not robust.

13
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4.1. The Galerkin method

Section 4.1.1 reviews results from the classical finite element convergence theory. In this theory, optimal order
of convergence of the L>(L?) velocity error can be proved, however, the error bounds are not robust. Then, in
Section 4.1.2, the role of the continuity equation in the finite element error analysis and its impact on the convergence
order is highlighted. Considering a linearized flow equation and assuming in L?({2) a best approximation error for
the velocity of order r + 1, for certain inf—sup stable pairs of finite element spaces, including the popular Taylor—
Hood pairs, only order » — 1 can be proved for the velocity error in L>°(L?). The presented numerical example
demonstrates that robust estimates provide in fact correct information on the order of error reduction on coarse
grids. Section 4.1.3 discusses the effect of the discretization of the nonlinear convective term on the stability of the
discretization. It is shown that the so-called EMAC form of the discrete nonlinear term leads to a robust estimate
of order r — 1.

4.1.1. Classical finite element convergence theory

The convergence theory of the Galerkin finite element method for the evolutionary Navier—Stokes equations (5)
was developed in the seminal papers of Heywood and Rannacher [41-44]. In all of these papers, the viscosity
coefficient is assumed to be v = 1. Hence, there is no need to track the dependency of the error bounds on
this coefficient. Applying the analysis developed in [41—44] for small viscosity coefficients, it turns out that the
corresponding bounds are not robust. We like to emphasize that the small viscosity case was not a concern of the
authors of [41—44] in the development of their theory.

Let {V), C V} and {Q), C Q} be two families of finite element spaces that correspond to a family of partitions
{T1} of 2. The papers [41-44] consider pairs of finite element spaces that satisfy the discrete inf-sup condition

Vv
inf sup VA g @7

an€Qnvuevy, 1Vvrllolignllo
where B is independent of the mesh width 4 and the polynomial degree r.

In the first paper, [41], a bound of second order is proved for the L*°(L?) error of the velocity. This order is
optimal for inf—sup stable pairs with velocity finite element spaces of first order, e.g., for the MINI element [45].
The constants in the error bound grow exponentially in time, in general, even in the case in which the regularity
of the solution is uniform in time. For this reason, they are called local error estimates, regarding to their blow-up
for t — oo. The error analysis in [41] is restricted to second order convergence, independently of the polynomial
degree of the finite element spaces, because getting higher order error bounds would require the solution of the
Navier—Stokes equations to satisfy non-local compatibility conditions at the initial time, which are not assumed.

The second paper [42] considers the case in which a stable solution is approximated in order to derive uniform
bounds for the error constants as ¢ goes to infinity. Several concepts of stability are introduced: exponential stability,
quasi-exponential stability, and contractive stability to a tolerance. Error bounds of second order in space are proved
with constants that remain bounded as + — oo for exponentially stable solutions. Analogous bounds are also
derived in the case of quasi-exponentially stable solutions with the difference that u(z, x) in the error is replaced by
u(t + Bn(t),x +wy(t, x)), where wj, is a spatial rotation and f§, is a time shift with both time derivatives being of
order h2. Finally, for the case of a solution with a contractive stability to a tolerance, the discrete approximations
are proven to remain within a tolerance neighborhood of the solution of the continuous equation (5) and, with
appropriate additional assumptions, to inherit the property of contractive stability to a tolerance.

In the third paper, [43], optimal bounds of order up to five are proved for the L>(L?) error of the velocity,
without assuming local compatibility conditions. Thus, the presented analysis applies, e.g., to the Taylor—-Hood
pairs of finite element spaces P,/ P,_1, r € {2, 3, 4}, [46]. As in [41], the constants in the error bounds in [43] grow
exponentially in time. In addition, they possess a factor t!~"/2, r being the rate of convergence, so that except for
the case r = 2, considered in [41], the bounds explode as ¢ tends to zero. Under the assumption that the solution
is exponentially stable, the exponentially growing behavior in time could be removed from the constants of the
error bound. Whether the limitation to fifth order convergence in space can be avoided is left as an open question,
although in the special case of weakly divergence-free elements, it is stated that the results could be extended to
convergence order six up to a logarithmic term.

Finally, the fourth paper [44] provides an error analysis of a fully discrete method with the Crank—Nicolson
scheme as time integrator. A second order in time error bound is proved for the L*(L?) error of the velocity
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between the fully discrete approximation and the continuous-in-time approximation. The constant in the error
estimate behaves as ! as ¢ goes to zero. The bounds are valid for # — 0o when an exponentially stable solution
is approximated.

In summary, the classical finite element convergence theory of the Galerkin discretization of the evolutionary
Navier-Stokes equations provides, with some restrictions as mentioned above, optimal estimates for the velocity
error in L>°(L?). However, the error bounds are not robust. In the following, it will be shown that taking robustness
into account leads to an order reduction of the error bounds and that, in fact, the reduced order can be observed
for small viscosity coefficients on coarse grids, i.e., in the convection-dominated regime. Nevertheless, it would be
interesting to study carefully the classical analysis keeping track of the dependency on v~!, and, in particular, to
check if it is possible to obtain error bounds without exponential factor in the case of exponentially stable solutions.

4.1.2. On the impact of the continuity equation

This section studies the role of the continuity equation in the Navier—Stokes equations. To this end, the
evolutionary Oseen equations are considered, which contain the continuity equation but there is no influence of
a nonlinear convection term.

The time-dependent Oseen problem reads as follows

ou—vAu+®B-Vyu+Vp = f in (0,7T] x {2,
Vu = 0 in (0,T] x £2,
u = 0 on (0,7]x a2,
u@©,) = wo() in 2,

(28)

where the functions have the same meaning as for the Navier—Stokes equations (1) and b : (0, T] x 2 — R? is a
solenoidal vector field, i.e., V - b(¢,x) = 0 in {2 and for all times.
A weak formulation of problem (28) is: Find (u, p) : (0, T] — V x Q such that for all (v,q) e V x Q,

(Qu,v) +v(Vu, V) + (b - Vyu,v) = (V -v, p) +(V -u,q) = {f,v), (29)
and u(0,-) = wug(-) € V. Note that from the assumption V - b = 0, it follows that the convective term is
skew-symmetric, i.e.,

@ -Vv,w)y=—(b-Viw,v) Yv,welV. (30)

The space of weakly divergence-free functions is defined in (6) and the space of discretely divergence-free
functions in (7). Note that for many pairs of finite element spaces, discretely divergence-free functions are in
general not weakly divergence-free, i.e., Vgi" ¢ VIV, This property causes a number of difficulties in the analysis
and simulation of incompressible flow problems, compare [47]. In this section, only the situation V,g'iv ¢ ViV ig
considered, for the other case see Section 4.2.1.

To fix ideas in the exposition, we will study the Taylor-Hood pair of mixed finite elements in which V, =V}, ,
is the space of piecewise continuous polynomials of degree r > 2, satisfying homogeneous Dirichlet boundary
conditions, and Q;, = Q. ,—; is the space of piecewise continuous polynomials of degree r — 1 with vanishing
integral mean value. For the Taylor—Hood pairs, it holds that Vfli" ¢ V. The Taylor—-Hood pair with r = 2 is
probably the most popular inf—sup stable pair of finite element spaces.

In the analysis, the L?({2) projection Hh’_lp of the pressure p in (28) onto Qj ,—; is used. It is known that the
following estimate holds for m € {0, 1}

lp =1~ pllw < CH""llpll, ¥V p e H (1) (3D
Following [48], a modified Stokes projection s, : V — Vgi" is considered for the velocity, satisfying

(Vsn, Vi) = (Vu, Vv,) Vv, e Vi, (32)
The following bound holds for m € {0, 1}, compare [48],

I = spllw < CH™ ™" sy Y ueVOHT(QN (33)
It holds, see [49, (3.32)], [50, (21)], [51], that

Isallzee < C (lulla—zliull2)'/*,  [Vsallze < CIVal|. (34)
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Using s, as test function in (32) gives ||Vsyllo < ||Vullo. Then, one can conclude with (34) and the Riesz—Thorin
interpolation theorem that

IVsullLr < Cl[VullLr  for p € (2, 00). (35)

Assuming the necessary smoothness in time, a Stokes projection like (32) can be defined for d,u. Then, an error
bound of form (33) can be derived also for d,(u — s;,).
In this section, the Galerkin method for the Oseen equations (29) without any added stabilization is analyzed.
Letu, : (0,T1— Vi,, pn : (0,T] — Qp 1 be the Galerkin approximation satisfying
@eun, vi) +v(Vup, vy) + (b - Vyuy, vi) — (Vv pp) = (f,vn) Yoy € Vi,
(Vup,gn) =0 Vagn€ Qnr. (36)

Since the pair Vj, ./ Q-1 satisfies the discrete inf-sup condition (27), this problem is well posed. The following
theorem states an error bound for the Galerkin approximation to the velocity in L>(L?) in which the constant in
the error bound does not depend on inverse powers of the viscosity.

Theorem 4.1 (Error Estimate for the Galerkin Method). Let (u, p) be the sufficiently smooth solution of (29) and
assume b € L™°(L>). Let uy, be the velocity finite element approximation defined in (36). Then, the following bound
holds for 0 <t <T

lu(t) — up(®)llo < lun(0) — 5,(0)lo + Cth"' M, , + Ch"! Neell oocpar+ys
where

My = h (13l Loocary + 1Bl oo ooy el poogggrery) + 1P| Looqr).- (37)

Proof. The proof is similar to the proof of Theorem 3.1. The error is split into an interpolation error between u and
its modified Stokes projection s, and the discrete remainder ¢, = u;, —s, € VIV, A straightforward calculation,
taking into account the definition of the Stokes projection, leads to the error equation

BBy, Vi) + vV, V) + (B - V), vi) = (T1,vi) + (V- v, ) Vv, € Vi, (38)
where
T = @Qu—3si) +(b-VYu—s1), n=p—I"p.

Taking v, = ¢, in (38), neglecting a non-negative term on the left-hand side, and using the skew-symmetry (30),
which gives in particular ((b - V)¢, ¢,) = 0, yields

d
||¢h”0£”¢h“0 < (. ¢) +(V-¢,. ). (39)

This inequality does not contain the viscosity v any more, hence the resulting estimate will not depend explicitly
on v. The key step for estimating the last term consists in utilizing integration by parts

(V¢ )=( . p— I p)=— (. V(p — II; ' p)). (40)

Now, the estimate of the right-hand side of (39) continues by applying the Cauchy—Schwarz inequality, (33), and
(31) leading to

(T, ¢1) + (V- §y, 12) < CM, 1 Iy o,

where M, , is the constant in (37). To conclude proof, one argues as in the proof of Theorem 3.1, applies the
triangle inequality and again (33). O

In view of Theorem 4.1, one observes that for the Galerkin approximation to the velocity in the Oseen equations,
the suboptimal order of convergence » — 1 is proved with constants independent of inverse powers of v while, as
Theorem 3.1 shows, for the convection—reaction—diffusion model an order of convergence r can be proved. The
reduction of one order comes from the error bound of the second term in (39), which is the truncation error of the
pressure, see (40). Alternatively, an inverse estimate could be used, which leads finally to the same error bound.
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Table 2
Numerical examples for the Stokes and Navier—Stokes equations, number of degrees of freedom
(including Dirichlet nodes) for inf-sup stable pairs of finite element spaces on triangular grids.

P/ Py P,/ Pk barycentric P3/ P,

Level Velocity Pressure Velocity Pressure Velocity Pressure
2 210 144 170 41

3 290 41 802 576 626 145

4 1090 145 3138 2304 2402 545

5 4226 545 12418 9216 9410 2113

6 16642 2113 49410 36864 37250 8321

7 66050 8321

Stokes equations, P, /P, Stokes equations, P, /P,

10" b 4
10" | 9
102 k!
B B
3107} iz
= S10° ¢ E
2 2
= =
=107} E =
7 R 1
= =
107 b 1
10° b k|
s ] )
10 10° I ‘ ‘ ‘ il
2 3 4 5 6
level level

Fig. 5. Example 4.2 Galerkin method for the evolutionary Stokes equations, P,/P; (left) and P3/P, (right).

A first way to improve the situation is the use of inf—sup stable pairs of finite element spaces where the term
(V - ¢, 12) does not appear. This is the case if discretely divergence-free functions are weakly divergence-free,
see Section 4.2.1. Another way consists in adding appropriate stabilization terms to the Galerkin method, see
Section 4.2.2.

Example 4.2 (Galerkin Discretization of the Evolutionary Stokes Equations). The order of convergence predicted
by Theorem 4.1 is determined by the pressure term in M, p, the last term in (37). As already mentioned, the
term (V - ¢, 72), a coupling term of the finite element velocity and pressure that does not vanish if the finite
element velocity solution is not weakly divergence-free, is responsible for the appearance of the pressure in M, .
Dominating convection does not play any role in this respect. To support this observation, a numerical study for
the evolutionary Stokes equations, i.e., for (28) with b = 0, will be presented here.

The considered example is defined in 2 = (0, 1)2, the final time is T = 2, and the prescribed solution is given
by

sinz(nx) sin(;ry) cos(my)
— sinz(ny) sin(7r x) cos(mwx)

) . p(t,x,y) =20sin(rt) <x2y — é) ) 41)

The same spatial meshes and the same temporal discretization as in Example 3.2 were used. For the spatial
discretization, the Taylor—-Hood pairs P,/P; and P3/P, of finite element spaces were utilized. The numbers of
degrees of freedom are given in Table 2. A quadrature rule was applied that is exact for polynomials of degree
eight on triangles. This order of the quadrature rule is not necessary for assembling the matrices but it keeps the
quadrature error small for the calculation of the right-hand side and the L?({2) error of the velocity. Simulations
were performed for v € {1072, 107*, 1079, 1078).

Fig. 5 presents the numerical results. There are two important observations. First, if the mesh is sufficiently fine
with respect to the viscosity coefficient, one can see numerically the optimal order of convergence, as predicted
by the classical finite element convergence theory. But second, in the other situation, there is a clear decrease of

u(t; x,y) = 2m sin(wt) (
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the order of error reduction for v < 107*. Note that coarse meshes with respect to the viscosity coefficient are the
typical situation for high Reynolds number flows. In this case, the order of error reduction is described obviously
better by robust error bounds. From the results for the P;/ P, pair of spaces, one can conclude that the order r — 1
is a sharp prediction. [

4.1.3. On the impact of the discretization of the nonlinear term
In this section, the Galerkin approximation to the Navier—Stokes equations (5) is studied. Again, the situation
Vg” ¢ V& will be considered and for fixing ideas, as in previous section, the analysis will be presented for the
inf—sup stable Taylor—Hood pair of mixed finite element spaces.
Given f € L>(£), letu, : (0,T] — Vir pn o (0, T] = Qp,—1 be the solution of the following Galerkin
approximation of (5)
@un, vi) +v(Vuy, Vvp) + (@n - Viup, vi) — (Vv pp) = (F,vn) Y vp € Vi,
(V-up,q) =0 Vgn€ Qnra. (42)

The nonlinear term in (42) is called convective form of the nonlinear term in [2, Chapter 6]. It is not skew-symmetric
for Taylor—Hood pairs of finite element spaces. For (u;,, p;) satisfying (42), one cannot even prove boundedness of
the approximations, since in the stability analysis, the term ((uy, - V)uy, u;,) cannot be bounded.

Next, in addition to (42), a Galerkin approximation with a skew-symmetric bilinear form of the nonlinear term
is considered: Find u;, : (0, T] — V., pp : (0,T] = Qp -1 such that

Orp, vi) + v(Vuy, Vvy) + by, wp, vy) — (Vv pp) = (F,vn) Y, € Vi,
(Vup,qn) =0 Yque Qpnri, (43)

where, the so-called divergence form of the nonlinear term is given by
1
bw,v,w)=(u-Vy,w)+ 5((V -u)y,w) Vuv,welV. 44)
Notice the well-known property
b(u,v,w)=—-bu,w,v) Vu,v,weV, 45)

such that, in particular, b(u,v,v) = O for all u,v € V. There are several ways for estimating the convective term
(44) in the error analysis, depending on the smoothness assumptions on its arguments. Assuming somewhat more
than the minimal regularity, it holds that

1
b, v,w) < [lullollVvilL=lwllo + IV -wlolvliz<liwlo ¥ u,w e Vv e whey. (46)

A standard stability analysis proves that the velocity approximation using the skew-symmetric form (44) is
bounded in L*°(L?) with a constant that does not depend on inverse powers of v.

Theorem 4.3 (Stability for Skew-Symmetric Form of the Nonlinear Term). Let u;, be the velocity approximation
defined in (43). Then, the following stability estimate is valid for all t € [0, T]

lwn(@®llo < llua(0)llo +/ If(s)llo ds. 47
0

Proof. From the theory of the Galerkin method developed in [3], it is known that (43) has a unique velocity solution
uy,. Taking v, = uy, in (43), using the skew-symmetric property (45) and the Cauchy—Schwarz inequality gives

1
Ealluhllﬁ + vl Ve lI§ < Fllollzen lo-

Neglecting the second term on the left-hand side to get rid of v, dividing by ||u,l|lo and integrating in (0, T') lead
to (47). O

Despite the stability, it is not possible to derive error bounds with constants that are independent of inverse
powers of the viscosity. The important terms of the error equation are

1d
Mn«mn% + VIV, lI5 = —b@y, s, b)) — bW, by )) + -+ = =D, S5, )+ (48)
18
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Fig. 6. Example 4.4 Galerkin method for the Navier—Stokes equations, v = 1070, level 5, solution at r = 1.3409, left: convective form of
the convective term (42), right: divergence form of the convective term (44); note the different scalings.

where ¢, = u, —s;, with s, being the Stokes projection defined in (32). The second term on the right-hand side of
(48) vanishes due to (45). Then, using the estimate (46) for the convective term, Young’s inequality, and bounding
the norm of the divergence by the norm of the gradient yields

1d 1
Mnmu%wnwhné < I Vsullz=llpnllg + SIsullo V- @yllolidyllo +---

v 2 1 2 2
=< §||V¢h”0 + | IVsullze + a”sh”Loo ldpllg +--- - (49)

Hence, the application of Gronwall’s lemma leads to the appearance of v~! in the exponential factor. Note that with
minimal regularity assumptions on u, one even gets v~ in the exponential factor, e.g., see [2, Theorem 7.35]. An
alternative estimate that can be considered uses the inverse inequality (8)

Cinv

IV @illo = IVello = ==l llo,

which, however, leads finally to an inverse power of the mesh width in the exponential factor of the error bound.

Example 4.4 (Galerkin Method: Impact of the Discretization of the Nonlinear Term: Convective and Divergence
Form). For this example, in principle the same configuration is considered as in Example 4.2. Only, the right-hand
side of the problem is different since the prescribed solution (41) is now inserted in the evolutionary Navier—Stokes
equations (1) instead of the evolutionary Stokes equations. In each time instant, a nonlinear problem has to be solved.
For this purpose, a standard fixed point iteration (Picard iteration) was employed. This iteration was stopped if the
Euclidean norm of the residual vector was smaller than 107°,

Simulations were performed again on levels 3 to 7 and for v € {10‘4, 1079, 10‘8}. Using the convective form of
the nonlinear term (42), usually the numerical simulations blew up. Only if the spatial resolution was sufficiently
fine with respect to the viscosity, there was no blow-up: here for v = 10™* on levels 5-7 and for v = 107 on
level 7.

In contrast, we could not observe any blow-up if the divergence form of the convective term (43) was applied.
Fig. 6 presents a comparison of numerical solutions obtained with both discretizations of the convective term, shortly
before the blow-up of the simulation with the convective form of the convective term. Even if we could not observe
a blow-up if the divergence form was used, the numerical solution is globally polluted with spurious oscillations.
The errors of the velocity in L°°(L?) for the simulations with the divergence form are presented in Fig. 7. One
can observe that the errors are quite large, of order 1, which fits the theory since both ||u(?)|lo and ||u(t)|o are
bounded for a finite time interval, Theorem 4.3, so that also the maximal L2({2) error is bounded. Apart of this
fact, the Galerkin method with the divergence form of the nonlinear term cannot be used without stabilization in
the convection-dominated regime on coarse grids, in view of Figs. 6 and 7, where again coarse is to be understood
with respect to the size of the viscosity coefficient. [
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Galerkin method, divergence form, P, /P,

3N

g
5
2
S 2
2
)
g
=

¥ v=10"*

B8 v=10"°

1He—o v=10"%
3 4 5 6 7
level

Fig. 7. Example 4.4 Galerkin method for the Navier—Stokes equations, P,/P;, divergence form of the convective term.

Recently, a new discrete form of the nonlinear term has been proposed in [52], the so-called EMAC form
cu,v,w)=02D @m)v,w)+ (V-u)y,w),

where D (1) = (Vu + (Vu)T)/2 is the velocity deformation tensor. The EMAC form is the only discrete form
that conserves kinetic energy (for v = 0,f = 0), momentum (for f with zero linear momentum), and angular
momentum (for f with zero angular momentum) in the case that u is not weakly divergence-free. Using the EMAC
form requires a modification of the pressure. In [53], the Galerkin discretization of the Navier—Stokes equations (5)
with the EMAC form of the nonlinear term is analyzed. It is shown that under the assumption of a sufficiently
smooth solution, the nonlinear term can be bounded in a robust way. Altogether, a non-robust estimate of order r
is presented in [53], where the dependency on v~' appears in the pressure term of the error bound. However, it is
possible to derive a robust estimate, but only of order r — 1. The numerical study in Example 4.6 will demonstrate

that this estimate is sharp.

Theorem 4.5 (Error Estimate for the Galerkin Method with EMAC Form of the Nonlinear Term). Let the solution
of the Navier-Stokes equations (5) be sufficiently smooth and define

T
LT) = C / V()] o ds,
0

T
M,,=C ( f (R + h (u) a1 w41+ 1pe)],) ds>.
0
Then, the following error estimate holds for the Galerkin method with EMAC form of the nonlinear term
lu() — unllo < e (Ilun(0) — sp(O)llo + Muph" ") + CH lull ooggr+1),

with sj, being the Stokes projection. The constant M, , is dimensionally correct in three dimensions. For M, , to
be dimensionally correct in two-dimensional problems, the term (||u(s)|||| ||u(s)||2)1/2 in My, , must be replaced by

(hllu(s) 1 [()12) > + (uls)ll lluls)l) 2. (50)

Proof (Sketch). The error is decomposed in the form u —u;, = (u —s;) — (u, —s,) = n — ¢,, where s;, is the Stokes
projection defined in (32). Then, deriving the error equation in the usual way and using ¢, as test function lead to

d
||¢h||0£“¢h”0 < |, u, ¢y) — cCun, un, ¢p)| + (V- by, P —gqi)l + - -- (G

for arbitrary g, € Qp,—1-
The estimate of the difference of the convective terms in (51) follows [53]. A direct calculation yields

C(”? u, ¢h) - C(uha up, ¢h)
20
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=c(, u, ¢,) +clsn, 0, ¢,) — (S, P, &) — c(Pp, s, @) — (P, Sy D)) (52)

The last term on the right-hand side vanishes due to a property of the EMAC form. Now, a part of the fourth term
on the right-hand side is reformulated. Using the definition of the deformation tensor, integration by parts, the skew
symmetry of the divergence form of the nonlinear term, and again the definition of the deformation tensor yields

2D (¢h) Sy Pp)
= ((Vou)sn. dp) + (0. (Vo))
= ((sn - V), 91) + (@), - VI, 51)
=—=((V-s)¢n, 1) — (51 - VI, 83) — (V- @1)by. 51) — (@), - VIsi, by)

1
= —5((V “S)@p, b)) — (V- 9)@p, 81) — (@) - VIsu, §)

1
= =5V -5y, 61) = (V- $1)65 50) — (D (1) by B,).

Inserting this expression in (52) and collecting terms give

1
C(”» u, ¢h) - C(llh, Uy, ¢h) = C(Sh, n, ¢h) + C(’I: u, ¢h) - E((V : sh)¢hv ¢h) - (D (sh) ¢h’ ¢h) (53)

Applying Holder’s inequality, the stability (35) of the Stokes projection, a Sobolev embedding, and an interpolation
in Sobolev spaces yields for the first term

(s, . y) = QD (sp) 0. ¢3) + (V- )0, b3)

21D s) I3l s N nllo + IV - sull 3 lml 2o b llo
ClIVsullslnlizslidyllo < ClIVulslnliligsllo < ClValy2lnlhliy llo
C (llwllyllzell2) ' il N1 llo-

To estimate the second term, Holder’s and Agmon’s inequality are used to get

c(,u, @) < ClIValollulz=ligyllo < C (lulliliml)'’ Inllligylo-

The third and the fourth term in (53) are bounded just with Holder’s inequality. One observes that there is no inverse
power of the viscosity in the error bound of the discrete convective term.

The arguments above are dimensionally correct in three dimensions. In two dimensions, both || - |3 and | - || .6
should be replaced by || - [|,4, and arguing similarly, one concludes that the term (|lu(s)I|; || lu(s)ll,)"/? in M, ,
should be replaced by (50).

The pressure term on the right-hand side of (51) can be bounded robustly in the same way as in the proof of
Theorem 4.1, which gives a term of order r — 1. [

AN IA

IA

Example 4.6 (Galerkin Method: EMAC Form of the Nonlinear Term). The same problem as in Example 4.4 is
considered, with the same setup. Only the EMAC form was used as discrete nonlinear form. The results are presented
in Fig. 8.

Comparing with Fig. 7, it can be seen that there is a much better error reduction if the EMAC form is used
instead of the divergence form. For small viscosity coefficients and on coarse grids, one can observe for the P,/ P;
pair of spaces an order of error reduction of 1.5, which is the same observation as for the evolutionary Stokes
problem in Example 4.2. In case of the P;/ P, pair of spaces, the order of error reduction is 2, which is exactly the
order that is proposed by the robust error bound from Theorem 4.5. O

Theorem 4.5 and Example 4.6 allow to address another open problem stated in [17]: From the theoretical point
of view, the new EMAC form offers several attractive features. Further numerical studies are necessary to clarify
whether this form should be preferred also in simulations. With respect to robust velocity estimates in L*°(L?) for
the evolutionary Navier—Stokes equations, the answer is twofold. On the one hand, for the Galerkin method and
non weakly divergence-free and inf—sup stable pairs of finite element spaces, the EMAC form outperforms all other
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Fig. 8. Example 4.6 Galerkin method for the Navier—Stokes equations, EMAC form of the discrete convective term.

discrete nonlinear forms. It is the only form for which a robust estimate is possible, which is of order r — 1. But
on the other hand, as it will be shown in Section 4.2, using weakly divergence-free pairs of spaces or applying a
rather simple stabilization (grad—div stabilization) for non weakly divergence-free pairs with arbitrary form of the
discrete convective term leads to robust estimates of order r, i.e., one order higher.

4.2. Methods of order r in L™(L?)

This section presents discretizations whose order of robust error reduction for the velocity error in L>®°(L?) is
r. First, the Galerkin discretization with inf-sup stable pairs of finite element spaces and weakly divergence-free
velocity is studied, in Section 4.2.1. Second, Section 4.2.2 considers non weakly divergence-free and inf—sup stable
pairs of finite element spaces, where the Galerkin method is augmented either with a grad—div stabilization or with
a LPS stabilization for the velocity gradient. The final part, Section 4.2.3, discusses three methods for pairs of finite
element spaces that are not inf—sup stable and thus require a pressure stabilization. Two of these methods achieve
stability with respect to dominating convection with the same mechanisms as the methods from Section 4.2.2. For
the last method, it is shown that an appropriate pressure stabilization might be sufficient for stabilizing also dominant
convection.

4.2.1. Inf-sup stable and weakly divergence-free pairs of finite element spaces

This section considers the Galerkin method (42) for conforming inf-sup stable pairs of finite element spaces
with Vgiv C V9V There are a number of pairs that satisfy this property. The most popular one is the Scott—Vogelius
pair [54], P,/ Prdisi‘, r > d. However, the discrete inf—sup condition for the case r = d can be proved only for
special grids, so-called barycentric-refined grids, see [55,56]. Barycentric-refined grids are constructed from a given
simplicial grid by connecting the vertices of each mesh cell with the barycenter of that mesh cell. Notice that
although Vgi" C V9V, one should not use the notion that the approximation u,, is pointwise divergence-free, since
V - uy is not continuous across boundaries of mesh cells.

The use of weakly divergence-free pairs of finite element spaces is attractive from the point of view of the physical
consistency of numerical solutions. First, there is an exact conservation of mass in the sense that |V -u(¢)|o = 0 for
all times. Second, provided that possible consistency errors do not depend on the pressure, the numerical solution
satisfies a so-called fundamental invariance property: gradient forces on the right-hand side possess an impact only
on the discrete pressure. Closely connected to this property is the so-called pressure robustness of the method,
i.e., error bounds for the velocity do not depend on the pressure, compare (58). Thus, possibly large norms of the
pressure are not of importance for velocity errors. All these properties are in contrast to pairs of finite element
spaces that are not weakly divergence-free, see [47] for a comprehensive discussion of this topic.

It Vgiv C VIV, the finite element velocity solution u, is weakly divergence-free, hence the second term of
the divergence form (44) of the nonlinear term vanishes for u; and the convective form is skew-symmetric.
Consequently, one can use the convective form of the convective term in the numerical analysis as well as
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in simulations. There are less terms to be estimated with the convective form compared with the divergence
form.

The error analysis of the Galerkin method can be found in [57]. Error bounds of order r are proved for the L>°(L?)
norm of the velocity. Here, a simplified proof is presented. In this proof, the velocity approximation is compared
with the Stokes projection s, defined in (32) and the decomposition u —u;, = (w —s,) — (U, —Sp) = W —5,) — @, is
utilized. From the error equation, one obtains by using the definition of the Stokes projection and that ¢, is weakly
divergence-free

d
||¢h||OE||¢h|Io < (@ - Vyun, ¢1,) — (G0 - VIsu, &,)| + |(z1, 6]« (54)

where 1) = (d;u — 9;8;,)+ ((u - V)u — (s;, - V)sy,) . Note that in contrast to the case where the finite element velocity
is not weakly divergence-free, there is no pressure contribution in the error equation, i.e., a term like the last term
on the right-hand side of (39) does not appear. It was shown in Section 4.1.2 that exactly this term is responsible
for obtaining only order r — 1 for the velocity error in L>(L?). Using the skew-symmetric property of the nonlinear
term for weakly divergence-free functions and Holder’s inequality leads to

[(@n - Vup, ¢1) = (- Vs, 1) | < [(@4 - VIsi, 63)| + | (@ - Vs, 64| (55)
= (@) - VIsn. d4)| < [ Vsnllroell,lI5-

The first term of the truncation error is bounded by using the Cauchy—Schwarz inequality and (33) for the temporal
derivative

(0w — 0ysp, 1) < 10, — OysullollPnllo = Ch™NIull NIy llo-

For estimating the second term, Holder’s inequality, Sobolev embedding and interpolations, (34), and (33) are
utilized

(- Vou —(sn - Vs, ¢y) = ((@ —s1) - VI — (s, - V)(si — 1), ¢,)

< (Il = sull 61Vl 3 + lisallLo IV (si — wllo) $sllo

< C(IVullija + lIsulizee) llsn — ullilidy llo

< C (Ul lleli)'? + lsnlloo) s — w1l llo

< Ch" ([u]lyllw]l2)"? l[wll41 114 lo- (56)

Inserting the bounds for the truncation error and (55) in the error equation (54) and applying (34) yield
< <|v ch” (119 1z
77 19nllo = 1Vsnllecli@nllo + (lell, + Cllaell s Neell2) ">l 41)
< C||Vallz=li$yllo + Ch" (13l + (laelsllzell2) " all 1) -

Defining

T T
L(T)=C / IVu(s)leds, M, =C ( f (I13;u ()l + <||u||1||u||z>‘/2||u<s>||r+1)ds) : (57)
0 0
and applying Gronwall’s lemma give

g, (Dllo < " Tl (O)llo + " M 1"
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The proof is finished by applying the triangle inequality. Note that all steps of the proof are dimensionally correct
for d = 3, with the unit m***/$3 on both sides of all estimates.’

Theorem 4.7 (Error Estimate for the Galerkin Method and Weakly Divergence-Free Pairs of Finite Element Spaces).
For T > 0, assume that the solution of (5) is sufficiently regular and choose u,(0) = s,(0). Then, it holds for
te(0,T]

lu(t) — un(®)llo < T Myh" + Ch™  ull oo e, (58)
where L(T) and M, are defined in (57).

It should be emphasized that the error bound (58) for the velocity error does not depend on the pressure, since,
as already noted above, the pressure terms in the error equation vanish. This kind of error estimate is called
pressure-robust.

In [58], a fully discrete finite element method for the incompressible Navier—Stokes equations is analyzed where
Scott—Vogelius pairs of spaces P,/ Prdisf, r > d, are utilized for the spatial discretization and the so-called rotational
form of the nonlinear convective term is used. The rotational form goes along with a modified pressure, the so-
called Bernoulli pressure. Thanks to the use of weakly divergence-free finite elements for the velocity, the method
is pressure robust. The velocity error in L>(L?) is proved to be of order r, but the corresponding error bound is

not robust for small values of the viscosity coefficient.

Example 4.8 (Galerkin Method with a Weakly Divergence-Free Pair of Finite Element Spaces). The same problem
as in Example 4.4 is considered but with the Scott—Vogelius pair of spaces P,/ PldiSk. A barycentric refinement
needs to be applied to the grids arising from refining the initial grid from Fig. 1 leading to the number of degrees
of freedom given in Table 2. The errors obtained for the Galerkin method (42) are shown in Fig. 9. One can see that
the errors are small, where the order of error reduction is two on coarse grids and for small viscosity coefficients.
This observation corresponds to the analytic prediction. Third order convergence can be observed for the large
viscosity coefficient v = 1072 already on coarse grids and for smaller viscosity coefficients on finer grids. [J

The optimal behavior for large viscosity coefficients on coarse grids was observed also for other methods and it
will not be reported in further numerical studies.

Remark 4.9 (Summary of the Results for the Plain Galerkin Method). At this point, we can summarize the changes
in the rate of error reduction of the L>(L?) error of the velocity for the plain Galerkin method applied to the
different equations, which are discretized with H'-conforming velocity finite elements. For linear convection—
reaction—diffusion equations, using piecewise polynomials of degree r, while the optimal rate r + 1 is achieved
for v large relative to the coefficients of the first order terms, only rate r can be obtained when v — 0. For the
Stokes and Oseen equations only the rate » — 1 is achieved, while for the Navier—Stokes equations, one cannot even
prove robust error reduction unless the EMAC form of the nonlinear term is utilized (in that case the rate r — 1 is
recovered) or weakly divergence-free pairs of finite elements are used (in that case the rate is increased to r).

By far most of the finite element analysis for evolutionary incompressible flow problems has been performed for
H'-conforming velocity finite element spaces. However, many pairs with such velocity spaces do not lead to weakly

2 In order not to overload the presentation, dimensional correctness will be taken care of in the following only for d = 3. Only for this
method, the changes for d = 2 are addressed in some detail once more. Instead of (56), the following estimate is performed, applying the
same tools,

(@ - Vyu —(sp - Vs, ¢p)
= (@ —sp)-Vyu—(sp - V)si — ), ¢;,)
< (e = sullallVaell o =+ llsnll e V(i — w)llo) 9y llo
< C(lu=sul20Vuliz2 + lIsalle 1 Visn — wllo) Iy llo

= C (e = sullolla = sull)" lal el) 72 + lalloliall2) 2 llw = 411 ) by o

< " (Y2 (lal )72 + lallolall2) V2 Tl 41 1by o
Then, the expression for M, changes accordingly.
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Fig. 9. Example 4.8 Galerkin method for the Navier—Stokes equation, P>/ PldiSk on a barycentric-refined grid, convective form of the convective
term.

divergence-free discrete velocity solutions. Exceptions require usually a high polynomial degree and sometimes
special grids, like the Scott—Vogelius pair of spaces for r = d. An attractive alternative approach consists in using
H (div)-conforming velocity spaces. Such spaces are actually used for simulations of flows with small viscosity,
e.g., in [59], and one can find numerical analysis for stationary problems, e.g., in [60,61]. To the best of our
knowledge, there are only few contributions that study the finite element analysis of weakly divergence-free H (div)-
conforming finite elements for evolutionary incompressible flow problems. In [62], this kind of discrete velocity
spaces is considered together with pressure spaces such that a discrete inf-sup condition is satisfied. Concrete
examples for such pairs are Raviart-Thomas (RT) spaces of order r for the velocity and discontinuous pressure
spaces of order r on simplicial grids. Also, Brezzi-Douglas—Marini (BDM) spaces can be used for approximating
the velocity. It is referred to [47, Sec. 4.4] for more details concerning these spaces. The analysis in [62] is performed
for the evolutionary Oseen equations (29). Because H (div)-conforming functions are generally not H'-conforming,
special care has to be taken for discretizing the viscous term such that the consistency error becomes sufficiently
small. In [62], the symmetric interior penalty (SIP) form, which is well known from discontinuous Galerkin methods,
is applied. Since weakly divergence-free velocity finite element functions are considered, the convective form of the
convective term can be applied. It is augmented with an upwind term defined on the facets of the mesh cells. An
error bound of order r with constants independent of inverse powers of the viscosity is proved for the L>(L?) norm
of the velocity. Like in the H!-conforming case, (58), the bound is independent of the pressure. The restriction to
order r is caused from the bound of the convective term. The results from [62] are extended to the Navier—Stokes
equations in [63]. In [64], the authors improve the error bounds of [62], obtaining order r+1/2 for the Navier—Stokes
equations. This result fits into Section 4.3 and a sketch of the proof will be presented there, see Theorem 4.23.

4.2.2. Non weakly divergence-free inf-sup stable pairs of finite element spaces

This section presents two methods that achieve robust error reduction of order r for the velocity error in L>°(L?) if
the standard skew-symmetric form (44) of the nonlinear term is utilized. For one of these methods, even convergence
for the convective form of the nonlinear term is shown.

The Galerkin method with grad—div stabilization and inf-sup stable pairs of mixed finite elements is analyzed
in [50]. More precisely, the following discretization is considered: Find u, : (0, 7] — Vy,, pp : (0, T] = QOp,—1
satisfying

@eun, vi) + vV, Vvy) + by, wp, vi) + n(V -up, Vovy) = (Vv pr) = (F,vn) Yoy € Vi,
(V-up,gn) =0 Vqn € Qpr-, (59
where the nonlinear term is defined in (44) and p > 0 is the grad—div stabilization parameter. Note that the grad—div
term vanishes for weakly divergence-free finite element velocities, which gives the Galerkin method considered in

the previous subsection. The additional term in (59) can be derived by adding to the strong form of the momentum
balance of the Navier—Stokes equations (1) the vanishing term —uV(V - u), integrating the corresponding weak
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term by parts, and discretizing. This strong form is the origin for the notion grad—div stabilization, but sometimes
one finds also the notion div—div stabilization in the literature. From the dimensional point of view, the stabilization
parameter 4 has the physical unit m*/s, like a kinematic viscosity, e.g., compare the optimal parameters derived
in [65] for the Stokes equations with viscosity.

Grad—div stabilization was proposed originally in [66] for penalizing the violation of mass conservation of pairs
of finite element spaces where the velocity is not weakly divergence-free. This goal is usually achieved only to
some extent, e.g., see [47]. However, it is shown in [50] that also dominant convection is stabilized with grad—div
stabilization. The proof of the following error bound can be found in [50, Theorem 1].

Theorem 4.10 (Error Estimate for the Galerkin Method with grad—div Stabilization). Consider T > 0, assume
that the solution of (5) is sufficiently smooth, and let r > 2. Then, there exists a positive constant M, , depending
on ||luoll* and

T (1Ip@)I3 v
( / (% + T3> + (u+ T us)ll; lus)l,) ||u<s>||%+1> ds) , (60)
0
such that for t € [0, T] the following bound holds
lu(t) — wp(®llo < exp(L(T)/2)h" My, + Ch™ ul| pooggr1y,s (61)

where L(T) is
T 2
L(T)=1+ C/ (2 V()| o + w) ds.
0 2p

For (60) to be dimensionally correct in the case d = 2, the term |u(s)|; |u(s)|, must be replaced by
I ()l ()l + lluls)llo llwls)ll.

Proof (Sketch). Here, not the complete proof will be given, but only the usefulness of the grad—div stabilization in
the derivation of the error bound will be explained. The grad—div term is used in the error analysis for absorbing
some contributions from the nonlinear convective term. Considering only the important terms in the error equation
for ¢, = u;, — s, see (48), yields with (46)

1d
Mnmn% + IV, IG5+ 1V - @y lI5 < —b(dy. sh. dp) + -+

IA

1
Vsl ool 15 + S lIsullz V- dullolidnllo + -

IA

% 1
7V éullg + (umum + @nshnim) lullg+ - (62)

Another term that is bounded with the grad—div stabilization is the term coming from the pressure, i.e., the
second term on the right-hand side in (39)

e Iz 1 r—
(V- p— 1T 1p>sz||V-¢hu3+;np—Hh "plI3.

In contrast to (49), inverse powers of the viscosity are not present on the right-hand side of (62), but inverse
powers of the grad—div stabilization parameter. [

The result of Theorem 4.10 holds true for inf—sup stable pairs of mixed finite elements where the polynomial
degree r of the velocity space is larger by one than the degree of the pressure space. It is well known for the steady-
state Stokes and Oseen problem from [65,67] that an appropriate choice of the grad—div stabilization parameter
includes (semi-) norms of the solution in higher order Sobolev spaces, such that the parameter possesses the correct
physical unit, but these (semi-) norms are not accessible. Thus, the usual way in practice for proposing a computable
grad—div parameter consists in optimizing the derived error bound with respect to the order of convergence in space,
such that the result is independent of inverse powers of the viscosity. Since the constant in (60) depends on x and
™!, this approach gives u ~ 1 as asymptotic optimal choice for the grad—div stabilization parameter. In that case,
an order of convergence r is achieved for the L°°(L?) error of the velocity, see (61). For inf-sup stable spaces with
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the same polynomial degree, like the MINI element, Theorem 4.10 still holds, see [50, Remark 2]. In that case,
assuming for the pressure p € H>({2), one can choose y ~ h to achieve a linear order of convergence for the
L>®(L?) error of the velocity.

Next, the same approach, namely the Galerkin finite element method with grad—div stabilization, will be
considered, but using the convective form of the nonlinear term instead of the divergence form. Arguing as in
(54) and (55) yields

1d
577 18ala + 1V - Bals = (@ - Vsns ba)| + | (Gan - Vb b1)| + -
< IVsullliballg + | (@n - V)by 1) |+ (63)

Now, the second term on the right-hand side does not vanish. To handle this term, integration by parts, Holder’s
and Young’s inequality are used to obtain

1
|(wp -V, ¢y = §|((V “up)py, dp)l

1 1
=3IV - snllzoollghy 115 + SV @ullolidnliz<lidllo

w 1 1
ZIIV - Pullg + <§|IV “Spllze + m”¢h”iw) s 15-

Inserting this estimate in (63) leads to

=<

1d ,  3u 5 1 1 5 5
377 19nll0+ -1V - dullo = E”V'sh”L“+||Vsh||L°°+@”¢h”LOO lnllp +--- -
Utilizing now the following threshold condition, whose validity will be discussed below,
Ipsllo < Cunch®?, (64)

and applying the inverse inequality (8) give
191l < cineh ™l llo < cinyCire = C,

so that ||@, || L~ is bounded. For this result, the threshold condition (64) has to be proved. Assuming u;(0) = s,(0),
so that ¢,(0) = 0, a standard bootstrap argument can be applied for this purpose, see [68, Theorem 3.7]. Note that
the threshold condition (64) cannot be proved for low order elements such as the MINI element. Using u;,(0) = s,(0)
and applying the same analysis that proves Theorem 4.10 leads to ||@,|lo = O(h") for r > 2. Finally, the triangle
inequality together with (33) shows that |lu(?) — u,(¢)|lo = O(h"), r > 2, also in the case that the convective form
of the nonlinear term is used for the Galerkin method with grad—div stabilization.

Example 4.11 (Galerkin Method with grad—div Stabilization). The same setup as in Example 4.4 is considered, but
now the Galerkin method with grad—div stabilization (59) is used. Since the Taylor—Hood pairs of finite element
spaces P,/ P and P;/ P, were utilized in the simulations, the asymptotic optimal choice of the grad—div stabilization
parameter is a constant independent of the mesh width. For the simulations, u = 0.25 was chosen, which is the
same choice as in [50].

Results for the convective form and the divergence form of the nonlinear term are presented in Figs. 10 and 11.
First, comparing them with Figs. 6 and 7, the stabilizing effect of the grad—div method can be clearly recognized.
And second, there are basically no differences between the results of both discretizations of the nonlinear term,
which is in accordance with the analysis discussed in this section. For small viscosity coefficients and on coarse
meshes, the predicted second order error reduction for P,/P; and third order error reduction for Ps3/P, can be
observed. [J

In [69], the limit & — oo is studied for Taylor—Hood pairs of spaces P./P._;. Assuming that for the given
mesh the solution obtained with the Scott—Vogelius pair P,/P%*F is unique, i.e., that the Scott-Vogelius pair is
discretely inf—sup stable, then it is shown that the sequence of velocity solutions for the Taylor—Hood pair with
grad—div stabilization converges to the velocity solution of the Galerkin method for the Scott—Vogelius pair. Hence,
[69] establishes a connection between the method of Section 4.2.1 and the grad—div stabilization.
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Fig. 10. Example 4.11 Galerkin method with grad—div stabilization for the Navier—Stokes equation, v = 107°, level 5, solution at t = 1.3409,
left: convective form of the convective term, right: divergence form of the convective term.
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Fig. 11. Example 4.11 Galerkin method with grad—div stabilization, left: divergence form of the nonlinear term, right: convective form of
the nonlinear term.

In [70], a one-level LPS method is considered. For the finite element discretization, a pair of inf—sup stable spaces
with spatial order r, r > 2, is used, in which the velocity space V},, consists of continuous piecewise polynomials
and the pressure space Q) ,_; contains continuous or discontinuous piecewise polynomials.

For any K € T, let D(K) be a finite-dimensional space and IIx : L>*(K) — D(K) be the local L*(K)
projection into D(K). The local fluctuation operator o) . : L*(K) — L*(K) is given by o, gV =v — Illxv. The
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stabilization term S, is defined by
Sp(Wp,wp) = Z % (o7 x (Vvp), U;T,K(th)),( for vy, wy € Vi p,
KeTy

where {rx} are user-chosen non-negative constants. Since the stabilization is a viscous term, the stabilization
parameters are viscosity coefficients from the dimensional point of view. Finally, it is set

min ,__ : max .__
7, = min g, 7, = max Tg. (65)
KeT), KeT),

The LPS method studied in [70] reads as follows: Find uw;, : (0, T] — V},, pp : (0, T] = Q. ,— satisfying
Oy, vi) +v(Vuy, Vvy) 4 by, wp, vy) + Shnwy) — (Vv pp) =, vi) Y vy € Vi,
V-up,qi)=0 VYgyeQur, (66)

where the nonlinear term is defined in (44).

Two interpolation operators are defined in [70], where the first one is used to bound the velocity error and the
second one to bound the error in the pressure. The operator j, : V — V), , provides optimal approximation
properties and preserves the discrete divergence, i.e.,

V-0—jw)qn)=0 Vg, Qpr1, veV.
Let Cgp denote the following stability constant, see [70, (2.18)],

Linvllp < CaanllVllip, P € 12,001 v e W ()" (67)
The interpolation operator i, : L>*(f2) — Q). ,_ satisfies also optimal approximation properties, the stability
property

llg —ingllo < Cillgllo ¥ q € L*(12), (68)
and the property

(g —ing, )k =0 Y qelL*), r,e DK), K €T. (69)

The following estimated is proved in [70, Lemma 3.3]. Let v, € VIV, then

(Vv @ 6 < CaSinvi) P 1ll<[Ello, ¢ € LX), § € LX), (70)
holds true where

Cyi= Civd (71)

bl
min
V Th

with C; being the constant in (68) and rﬁnin is defined in (65). To prove (70), one uses that v, € V,d,iV and the
property (69) to get

(Vv ) =(Vrd-E—in@d )= > (0 x(V vi)b- & —in(@-8), .
KeTy,

Estimate (70) follows now by bounding the norm of the divergence with the norm of the gradient and then applying
(68).
The proof of the following theorem can be found in [70, Theorem 3.1].

Theorem 4.12 (Error Estimate for the LPS Method with Stabilization for the Gradient). For T > 0, assume for
the solution of (5) sufficient regularity, let r > 2, and let tx ~ 1 for all K € T,. Then, for the LPS approximation
defined in (66) with initial condition u,(0) = jyug the following bound holds

”u(t) - uh(t)HO < MexpMu,phra 0 <t < Ta (72)

where

L2(W1'°°)
2

29

€2, Cadiam(2)?lu])?
Mexp = exp Cstab“u”Ll(Wl*C’O) + 1)
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and
1/2

Ipl3,
. 2 2 2 2 2 L(H")
Mu,p =C < T||8,u||L2(H,.) + (V + _C;lnax + T (”u”LOO(LDO) + h ”u”LOO(WI,OO))) ||u||L2(Hr+l) + .[min ) )
h

with Cga, and Cy being the constants in (67) and (71), respectively.

Proof (Sketch). Considering only the important terms in the error equation for ¢, = u;, — jyu yields

1d .
Mnmn%+v||V¢h||3+Sh<¢h,¢h> < |—b@,u, ¢) + by, up, ¢)| + |(V -y, p—inp)| +-- .

To bound the last term, property (69), the Cauchy—Schwarz inequality, the definition of the stabilization term,
and the bound of the L?({2) norm of the divergence by the same norm of the gradient are utilized

d
(V- p—inp) = D (05 x(V-8). p—inp) < f_ Ip = inplloSu(@n. ¢1)">.

KeTy T,

Denoting by # = u — j,u and using the skew-symmetric property (45), the difference of the nonlinear terms is
decomposed as

b(uv u, ¢h) - b(uh» up, ¢h) = b(ns u, ¢h) + b(jhu’ n, ¢h) - b(¢h’ jhu» ¢h)'
Applying the bound (46) and Young’s inequality gives for the first term
b AT IVal e + T IV - 712122 + — (16,2
|b(n, u, @)1 < 2T (Inll5IIVulli~ + > I 'nllollullLoo+4T s l5-
With a similar bound as (46), one obtains for the second term
. 205 12 1 ) 2 1 2
1bCjntes 1, @)1 < 2T (| Vllgll jrtell o + ETIIV Jnll TNl + ﬁ”¢h”o-

For bounding the third term, one applies Holder’s inequality to the definition (44) of the nonlinear term and uses
(70) and Young’s inequality

A

. . Cq .
(s s )| < IV jintell ool 115 + TSh(¢hv &) 2@ lloll jnull oo

IA

1 , c; .
3 Sn(@ ) + (nwhunm + 7d||1hu||ioo) 15

The first term is absorbed by the left-hand side and the second term is handled with Gronwall’s lemma. Notice that,
since jpu is continuous, piecewise differentiable and vanishes on the boundary, for x € {2 one can write

1
Jnu(x) = /0 Vjnu((1 — §)x + §x) - (x — x0) d§,

for an appropriate xo € 92, so that one deduces that || ju| o < diam({2)||V juu||poc.
Altogether, all important terms can be bounded without introducing inverse powers of the viscosity coefficient.
The order of the interpolation terms in the bounds leads to (72). [

Example 4.13 (Inf-sup Stable Pair of Finite Element Spaces with LPS Stabilization for the Velocity Gradient®).
In [70], finite element spaces that satisfy the assumption of the analysis are mentioned. On quadrilateral or
hexahedral meshes, the combination of the mapped Q®"€/pdisk " > 2 gpaces for velocity and pressure and
D(K) = P._{(K) are suitable. In mapped spaces, the basis functions and nodal functionals are defined on a reference
mesh cell K and the spaces on the actual mesh cells are obtained with the corresponding map. The velocity space
on the reference cell K = [—1, 1]? is given by

QMK = Q,(K) + span {(1 — 2H(1 — 2HE 7", i = 1,2}.

3 We like to acknowledge Naveed Ahmed (Gulf University for Science and Technology, Kuwait City) for providing us the implementation
of this method.

30



B. Garcta-Archilla, V. John and J. Novo Computer Methods in Applied Mechanics and Engineering 385 (2021) 114032

Table 3
Number of degrees of freedom (including Dirichlet nodes) for Example 4.13.
qubble / Pldisk Qlanubble / Pzdisk
Level Velocity Pressure Velocity Pressure
1 114 24
2 226 48 402 96
3 834 192 1506 384
4 3202 768 5826 1536
5 12546 3072 22914 6144
6 49666 12288
LPS for velocity gradient, Q,"""" / plis LPS for velocity gradient, Q,;""" / pslisc
107" b
10"
E 102 E 102
[ i
2 107 } 2
10*
104 L 10° =
level level

Fig. 12. Example 4.13 LPS stabilization for the velocity gradient.

The same example as defined in Example 4.4 is considered. For defining the initial grid, level 1, the domain
2 was decomposed into four squares, see Table 3 for information on the numbers of degrees of freedom. The
stabilization parameter was set to be tx = 0.1, which is the same value as used in [70]. The result of the numerical
simulations, presented in Fig. 12, confirms the prediction from Theorem 4.12. [

4.2.3. Non inf-sup stable pairs of finite element spaces

The use of non inf—sup stable pairs of finite element spaces is appealing from the implementation point of view,
since the same principal finite element spaces can be used for velocity and pressure, but it requires a stabilization of
the discrete continuity equation, a so-called pressure stabilization, for obtaining a well-posed problem. For a recent
survey of pressure stabilizations, for the model problem of the Stokes equations, it is referred to [71].

Non inf-sup stable finite element approximations to (5) are studied in [72] and several methods are analyzed.
In particular, the case already mentioned above that the polynomial spaces for the finite element velocity and
pressure are the same, apart of the boundary condition and the vector-valued character of the velocity space, is
considered. For the pressure stabilization, a local projection stabilization (LPS) is used that is the so-called term-
by-term stabilization introduced in [73]. Term-by-term stabilization is a special variant of LPS. It is defined just on
a single mesh and the projection-based stabilization of standard LPS methods is replaced by an interpolation-based
stabilization. The stability and weak convergence for a method, including LPS stabilization for the convective term
and for the pressure, in natural norms of the solution of the Navier—Stokes equations are proved in [74].

In [72], fully discrete approximations to (5) with the implicit Euler method in time are analyzed. Here, for
consistency of presentation, we introduce the methods for the continuous-in-time case. Clearly, the basic ideas of
the fully discrete error analysis from [72] can be carried over to the continuous-in-time case with the appropriate
changes.

The first method studied in [72] is an extension of the Galerkin method with grad—div stabilization to non
inf—sup stable elements. This method, which includes an LPS term for the pressure, reads as follows: Find
u, : (0,71 = Vp,, pn + (0,T] = Qp., such that
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(aluh7 Vh) + v(vuh7 Vvh) + b(uh7 up, vh) - (V *Vh, Ph) + M(V sUp, V. Vh) = (fv vh) v Vi S Vh,r’
(V -up, gn) + Spres(Pr.qn) =0 Y g € Opr, (73)

where the nonlinear term is defined in (44), the LPS pressure stabilization is given by

Spres(Prs qn) = Y Tp k(07 (Y pi). 07 (Vi) » (74)
KeTy,

w and {t, g} are the grad-div and pressure stabilization parameters, respectively, and o = Id — a}ffl is the
fluctuation operator, where Id is the identity operator and o, ~!is a locally stable projection or interpolation operator
from L2(£2)? onto Y, ,_;. This operator can be chosen as the Bernardi-Girault [75] or the Scott—Zhang [76], [77,
§ 4.8], interpolation operator. The spaces Y}, ; are defined as follows:

Yii={vn € COUD) | vp, € P(K), YKeT,}, 1>1, Y, =),

where P;(K) is the space of polynomials on K of degree less than or equal to [. The following approximation
property holds for the fluctuations

loy 0llo = Il = o)M)llo < Ch* vl 1< <j+1. (75)
The physical unit of the pressure stabilization parameters is second, hence it is a time scale.
The proof of the following theorem can be obtained arguing as in [72, Theorem 3.5].
Theorem 4.14 (Non inf-sup Stable Pairs of Finite Element Spaces with grad—div Stabilization and LPS Pressure
Stabilization). Consider T > 0 and assume sufficient regularity for the solution of (5). Let r > 2 and let
ajh’ < Tpk < arh%, (76)

for some positive constants ay, ay independent of h and v. Then, there exists a positive constant M, , depending
on lluoll, and

T
(/ ((sz + 1) PO g + T}

0

» 1/2

+ (v i o+ TI2IT Ju)3) a2, ) ds)

such that for t € [0, T] the following bound holds
L(T) r r+1
lu(t) — up(@)llo < My, exp > h" +Ch luell poocprrrtys (77

where L(T) is

g 2
L(T)=1+Cf Ielkzs (z ||"(S>||3+I9|427”";2“2> s,
0

Proof (Sketch). This sketch stresses only the main new aspect if non inf—sup stable pairs of finite element spaces
are studied instead of inf-sup stable pairs.

For the proof of Theorem 4.14, see [72, Theorem 3.5], one compares the approximation u;, with &t, = Ryu € V;,
satisfying

(w—ty,vi))=0, Vv, €Y, 1. (78)

The interpolation operator Rju exists and satisfies optimal approximation properties, see [73]. In the proof of
Theorem 4.14, the nonlinear term is bounded as in (62) with s;, replaced by @,,. In [72, (3.27), (3.28)] it is shown
that ||| Lo and | Vi, | L~ can be bounded in terms of ||ul|; and |u||3, respectively, but with constants that are not
scale-invariant. Careful dimensional analysis shows that

. i=d . a=d
lanlle < CI22 Jlulla,  [Vaglle < CI212 [lulls.
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A new aspect for non inf-sup stable pairs of finite element spaces is that one cannot apply test functions that
are discretely divergence-free, since such finite element functions do not necessarily exist. Consequently, the error
equation contains a term that couples the discrete pressure p;, which does not appear in the error equation for
inf-sup stable pairs of finite element spaces like (38), and the divergence of the velocity test function. The finite
element pressure py, is compared with p;,, which is defined as the Lagrange interpolant of the continuous pressure
p to which one subtracts its mean. Property (78) is required for bounding the term (V - &y, A;,), which appears in
the error equation, where A, = p; — pj. Using that u is divergence-free, integration by parts, the range of o, -1
and (78) yields

(Vg a)| = (V- @y — w), k)| = 1@y — u, Vi)l = @, — u, 0 (Vap)l.

From this equation, one obtains with (76) and the approximation properties of @,
~ —172r 2 1
|(V s Up, )"h)l = CC(I h ”u”r+1 + Zspres()\hv )\h)v

such that the second term on the right-hand side can be absorbed into the left-hand side of the error equation. [

From the error bound (77), one observes the order of convergence r, r > 2, for the L®(L?) error of the
velocity. The error bound (77) is the analog to (61) for the Galerkin method with grad—div stabilization and inf—sup
stable elements. As for inf—sup stable pairs of finite element spaces, an asymptotic optimal choice of the grad—div
stabilization parameter with respect to the mesh width is i ~ 1, due to the appearance of both x and ©~! on
the right-hand side of (77). It is noted in [72] that under assuming additional regularity of the pressure, the choice
u ~ h is likewise asymptotically optimal.

From the point of view of the physical dimension, the parameters {z, x} are time scales. Hence, the inverse of
o) and ay are viscosity parameters. In fact, for the steady-state Stokes equations with viscosity, the parameter for
LPS pressure stabilizations, and also several other pressure stabilizations, has the form Ch%{/ v, e.g., compare the
review on pressure stabilizations [71]. But for these equations, one cannot derive robust error bounds, because the
dependency on inverse powers of the viscosity enters from estimating the pressure term. Inspecting the analysis
from [72], which leads to the robust estimate (77), shows that the choice 7, x = C h% /v does not enable to derive a
robust estimate since 7, ¢ has to be bounded from above without having the factor v available in the corresponding
expression.

Another method analyzed in [72] uses LPS stabilization of the velocity gradient in the discrete momentum
equation instead of grad—div stabilization: Find u;, : (0, 7] — Vi, p» : (0, T] — Q. such that

O, v) +v(Vuy, Vvp) + b(uy, up, vi) — (V- v, pp)

+ > ok (05 (VuR). o5 (V) o = (F.v) ¥ vy € Vi, (79)
KeT),

(V-up, q1) + spres(Prsqn) =0 Y g, € Oy,

where the nonlinear term is defined in (44) and the LPS pressure term in (74). The LPS velocity term is a viscous
term, hence the parameters {7, x} represent viscosity parameters.

Theorem 4.15 (Non inf-sup Stable Pairs of Finite Element Spaces with Velocity Gradient LPS Term). Let T > 0,
assume that the solution of (5) is sufficiently smooth, let r > 2, and let the stabilization parameters satisfy

2 2
athy < tpx < arhy, T < Tk < T, (80)

for some positive constants ay, oy, Ti, and o, independent of h. Then, there is a positive constant M, ,, which
depends on |uy||, and

T _ 4-d 12
( | () s+ T3 + (b4 70+ 71205 o)1) o)1, ds) ,
0
such that for t € [0, T] the error bound

L(T) r r+1
lu(?) —un(®llo < My,p exp 5 h" + Ch"" | poogr+1y

33



B. Garcta-Archilla, V. John and J. Novo Computer Methods in Applied Mechanics and Engineering 385 (2021) 114032

holds, where L(T) is given by

T 2
L =t+c [ 125 <||u(s)||3+|9|42dd _””(:)”2> ds.
0 2

Proof (Sketch). Again, the presentation will be restricted to the main issues in the proof of Theorem 4.15, see the
proof of [72, Theorem 4.5] for more details.

As in the proof of Theorem 4.14, u;, will be compared with #@;, satisfying (78). To bound error terms containing
the pressure appropriately, p, is compared with p, = R, p, where p, satisfies a property analogous to (78) for
scalar functions

(p—Pnqn)=0, VYgyeY, . (81)

Denote by ¢, = @, — u;, and by A, = p, — py. The main step in the proof is the bound of the nonlinear
convective term in the error equation. It will be shown that this term can be bounded with a constant independent
of inverse powers of the viscosity using only the pressure stabilization. Arguing as in (46), the first step of bounding
the nonlinear term is

. . 1 .
b(up, up, @1,) — by, ,, ¢,)| < | Viiy| o, 115 + (V- di)iin, b).

For the second term on the right-hand side, the key observation is that it has a structure that appears in the discrete
continuity equation. A decomposition of this term will be applied that allows to utilize the error equation with
respect to the continuity equation, introducing in this way Spes(-, -). More precisely, the decomposition has the form

(V- in ¢y) = (V- @y, 05y - ¢) + (V- by, (I — o))y - $))) . (82)

For the first term on the right-hand side of (82), one can use (0, o, @@y, - (bh)) as test function in the error equation,
since by the definition of the projection operator, it is an admissible choice. In this way, a link between the pressure
stabilization and the estimate of the nonlinear convective term is established

(V . ¢h’ O'hr(ﬁh . ¢h)) = spres(phs O';:(ah : ¢h)) + (V- ﬁhv a}:(ﬁz+l . ¢h)) (83)

Using the approximation properties of #;, and the L?({2) stability of the operator o], one obtains for the second
term on the right-hand side of (83)

- Sl 2 2 “lya 2 2
(V -y, o (@, - @) < Ch mollullFy, + Cy 7o |15

For the first term on the right-hand side of (83), one adds and subtracts pj, in the first argument of spres(-, -). Since
Spres(+, +) 18 a continuous, symmetric, positive semi-definite bilinear form, compare Assumptions Al and A2 for a
more general pressure stabilization, there holds in particular a Cauchy—Schwarz inequality. Utilizing this Cauchy—
Schwarz inequality, the bound of the pressure stabilization parameters (80), the L?({2) stability of oy, the inverse
inequality (8), the approximation properties of pj,, and the approximation properties (75) of the fluctuation operator
gives

spres(phv a}i(ﬁh . ¢h))

1 . . . 1
Zspres(pha Ph) + 3Spres(0h (uh . ¢h)’ Oy (uh : ¢h)) + gspres()\ha )"h)

IA

R . 1
Carh? (o7 (V(p — PG + llog (VPG + lloy (Vo @y - ))IIG) + 5 Spres (s 2n)

IA

R 1
< Carh™ || plI? + Canlldin)l7o b 15 + g SpresChs ).

To conclude the estimate of the nonlinear term, one needs to bound the second term on the right-hand side of (82).
To this end, the following result from [78, Theorem 2.2] is applied: for v € whoe)? and v, € Y, ,, it holds

I = o) -vi)llo < ChlVyliLelvalo. (84)
Applying (84) to v = &, and v, = ¢,, together with the inverse inequality (8) yields

(V). (I = o))y - $3)) < CIV - @y llohl Vit oy llo < ClIVillzoollpyll5-
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Collecting all estimates leads to
|bGun, un, 1) = b, iy, $p)| < C (IVith oo + (@2 + 73 D E4l1%) 1415-
2r 2 2 1

+Ch (052”17“;« + TZ”””,«.H) + gspres()hhv An). (85)
The first term on the right-hand side is handled as in the previous theorems by applying Gronwall’s lemma, the
second term becomes part of the error bound, and the last term is absorbed into the left-hand side of the error
equation. We want to emphasize that in the above proof, it is essential to have velocity and pressure finite element
spaces containing polynomials of the same degree. This fact comes from the application of (84) to a function in
the velocity space (v, € Y),,) together with the use of o] (@, - ¢,,) as a test function for the pressure.

To finish with the sketch of the proof of Theorem 4.15, it shall be indicated in which step property (81) is
required. Since there is no grad—div stabilization in the method, there is no direct control on the divergence of the
error and, as a consequence, the following term, which appears in the error equation, cannot be bounded in the
same way as in Theorem 4.14. Using the orthogonality property (81), ||V - @,llo.x < \/c_z’||V¢h||0,K, T,k > Tj, and
the approximation properties of p; gives

(p—Pn V- $y) = (p— pn, 0, (V- y))

172 1/2
< | D uxlp=pulsx | Vd| D wxlog(Veuls«
KeTy KeTy
_ 1
< Ch e plE + 7 D7 tokllop (VG - (86)

KeT),

The second term on the right-hand side is now absorbed into the left-hand side of the error equation. [

Hence, also method (79) provides convergence of order r for the velocity in L°°(L?) with constants independent
of inverse powers of v.

We like to mention that velocity fluctuations are also used to define turbulence models for the simulation of
incompressible turbulent flows. In so-called three-scale algebraic VMS-multigrid methods, proposed in [79,80],
the deformation tensor of the velocity fluctuations is the main part of the turbulence model and in the three-scale
coarse space projection-based VMS method, proposed in [81], fluctuations of the deformation tensor are the main
part, e.g., see [82] for a survey of VMS methods. The parameter used in these methods depends typically on the
numerical solution and therefore it is nonlinear.

Inspecting the proof of Theorem 4.15, it can be observed that the LPS term with the velocity gradient can be
replaced with a respective LPS term for the divergence

> Ttk (0 (V- un), o) (V- vp))
KeT),

with 7, ¢ ~ 1, and the same order of convergence as in Theorem 4.15 can be proved, compare [72, Theorem 4.6].

There is another LPS method for equal order pairs of finite element spaces for which a finite element error
analysis can be found in the literature. This method includes term-by-term LPS stabilization for the convective
term, the divergence and the pressure. However, the available error bound for this method is not robust. For this
reason, its discussion is postponed to Section 4.4.2.

It was already emphasized in the proof of Theorem 4.15 that the convective term in the error equation can be
bounded with a constant independent of inverse powers of the viscosity using only the pressure stabilization. Now,
the natural question is whether using only an appropriate pressure stabilization can lead to a method where error
bounds of this kind can be derived. This question is answered positively in [83]. While finishing the present review,
we became aware of Ref. [84], where equal order pairs of finite elements with symmetric pressure stabilization are
considered for discretizing the evolutionary Navier—Stokes equations. Robust error bounds of order r are proved for
the L>®(L?) error of the velocity. We found that essentially the same idea explained in the proof of Theorem 4.15
is applied to obtain the bounds in [84].

A fully discrete version of the following method with symmetric pressure stabilization, see Assumption Al
below for justifying this notion, using the implicit Euler scheme, is studied in [83]: Find uw;, : (0,7] — V.,
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pr : (0,T] — Q. such that
Oy, vy) +v(Vuy, Vvy) + by, up, vy) — (V -y, pp) = (f, vp),
(V- uy, Qh) + OlSpres(phv C]h) =0, (87)

where the nonlinear term is defined in (44), « is a parameter whose units are time over length squared (i.e., the units
of the inverse of the kinematic viscosity) and the pressure stabilization term should satisfy a number of assumptions.

Remark 4.16 (Assumptions on the Pressure Stabilization Term).

Al The pressure stabilization syres : Op,r X Qn,, — R is a symmetric, positive semi-definite bilinear form.
A2 Continuity. For all g, € Qp,,, it holds spres(qn, gn) < Clign ||% with a constant C > 0 independent of /& and v.
A3 Weak consistency. There exists a projection I, : Q — Q. , such that
lg — gllo < Chllglls, g€ QNH', 0=<s=<r+1,
and
spes(UIlig, hg)'* < CR|lglls, g€ QNH', 1<s<r

Typically, II, is the L?({2) projection or some interpolant for non-smooth functions like the Scott—Zhang
interpolant.
A4 There is an interpolation operator J; : V — V. such that for 1 <s <r and for allv € V and g;, € Oy, ,
1

2

_ 1
(Voo =Tw.q) <C Y h v =TwIGx + 1y =TwI3 | Spres(qn an)?.
KeTy

and
v = Ipll < CHH ™yl ¥y € HY(QY,
for m € {0, 1}, 1 <5 <r, with C > 0 independent of /4 and v.

Assumptions Al1-A4 are quite similar to those in [85], where finite element methods for the time-dependent
Stokes equations are analyzed. Pressure stabilizations can be divided into two classes, e.g., see the survey
[71]: residual-based stabilizations and stabilizations that use only the pressure. It turns out that practically all
stabilizations of the latter class satisfy Assumptions Al1-A4: the stabilization of Brezzi and Pitkdranta [86], the
stabilization of Dohrmann and Bochev [87], the orthogonal subscale stabilization proposed in [88], the classical
LPS stabilization [89], the term by term local projection stabilization from [73], and the continuous interior penalty
(CIP) stabilization proposed in [85,90].

The following error estimate is derived in [83, Theorem 2].

Theorem 4.17 (Non inf-sup Stable Pairs of Finite Element Spaces with Symmetric Pressure Stabilization). Let,
for T > 0, the solution of (5) be sufficiently regular and let r > 2. Let Assumptions A1-A4 for the pressure
stabilizations be satisfied, and let a« ~ 1. Then, there holds for t € [0, T] that
L(T) r r+1
lu(?) —un(®llo < My,p exp 5 h" + Ch™™ [l poogr1ys

where M, , > 0 depends on
T
(nuonf + / [a 1P + T 1PN 5 + T18uE)7
0
i 1/2
+ (v o 1217 ) el | ds)
and L(T) is defined by
T 4—d 4—d
L(I)=1 +Cf dkza (||u<s)||3 +o | ||u(s)||§) ds.
0
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Table 4

Numerical examples for the Navier—Stokes equations,
number of degrees of freedom (including Dirichlet
nodes) for non inf-sup stable pairs of finite element
spaces on triangular grids.

P/ P,
Level Velocity Pressure
3 290 145
4 1090 545
5 4226 2113
6 16642 8321
7 66050 33025

Proof (Sketch). For proving Theorem 4.17, u, is compared with s, defined as the velocity component of the pair
(s, 1ln) € (Vh,n Qh,r) SO]Ving

Vs, Vo) —allp, V -vy) = (Vu, Vvy) Vv, €V,
(V-sn,qn) + O(spres(lha gn) =0 Yaq,€ O,

A standard finite element error analysis shows that [|s;, — ullo + hl|V(sp, — u)llo + athSpres(p, IV < cht! el s1-
The finite element pressure solution p; is compared with p, = I, p, where I, is the projection in Assump-
tion A3. The same arguments as in the proof of Theorem 4.15 are applied to bound the nonlinear term. Estimating
the term (p — pp, V - @), with ¢, = s, — uy,, is different than in (86) and it requires to increase the regularity
assumptions on the pressure from H’({2) to H""'({2), compared with Theorem 4.15. Integrating by parts yields

N N . 1
(p =PV -¢) = =(V(p = ). ¢3) < CH T plrs1 + 7|I¢hllﬁ,
such that the second term on the right-hand side can be handled with Gronwall’s lemma. [J

Theorem 4.17 is formulated for quadratic and higher order finite elements. However, as stated in [83, Remark 3],
an analogous error bound can be proved also for linear elements. Concerning low order methods, in [91] a weakly
divergence-free method using continuous linear elements for the velocity and piecewise constants for the pressure is
considered. A stabilization term for the pressure is added to the method that is enhanced with a discrete divergence-
free convective field. A priori bounds of order / are obtained for the L>°(L?) error of the velocity with constants
independent of inverse powers of the viscosity.

Example 4.18 (Non inf-sup Stable Pairs of Finite Element Spaces). Numerical results for method (73) with grad—div
and LPS pressure stabilization and for method (87) with only LPS pressure stabilization are presented in Fig. 13.
Exactly the same problem and the same meshes are considered as in Example 4.4. Simulations were performed
for the P,/ P, pair of finite element spaces, see Table 4 for the corresponding numbers of degrees of freedom. For
method (73), the grad—div stabilization parameter was set to be u = 0.1 and the pressure stabilization parameter to
be 7, ¥ = 1.0. The pressure stabilization parameter in method (87) was chosen to be 7, ¢ = 0.1.

The numerical results in Fig. 13 show for small viscosity coefficients and on coarse grids second order error
reduction for the velocity error in L>°(L?), as predicted by numerical analysis. If the spatial grids become sufficiently
fine with respect to the viscosity coefficient, an increase of the order can be observed in this example for both
methods. [

4.3. Methods of order r +1/2 in L*®(L?)

This section surveys methods where the L*°(L?) error of the velocity can be proved to be of order r 4+ 1/2 with
a robust error bound. These methods are a special realization of the SUPG method, a CIP method, a modification
of the method with LPS stabilization of the velocity gradient (79), a similar method with a different type of LPS
stabilization, and a method based on H (div)-conforming discontinuous Galerkin elements. Except for the last one,
all the methods are formulated for equal order pairs of finite element spaces.
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Grad-div and symmetric pressure stabilization, P, /P, Symmetric pressure stabilization, P, /P,
107}
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Fig. 13. Non inf-sup stable pair of finite element spaces, method (73) (left) and method (87) (right).

Since the SUPG or streamline diffusion method is one of the most popular finite element discretizations for
scalar convection—diffusion equations, it is natural that it is utilized also in the context of the incompressible Navier—
Stokes equations (5). In fact, probably the first paper that analyzes a finite element method for the time-dependent
Navier—Stokes equations in the standard velocity—pressure formulation for high Reynolds number flows (small v),
paper [13], uses the SUPG method as stabilization.

A main topic of the analysis of the SUPG method for scalar convection—diffusion equations presented in [24] is
the choice of the stabilization parameter. By construction, this parameter is a time scale, see Section 3.2. However,
the major difficulties of the numerical solution of these equations arise from very small spatial structures, the layers,
such that it seems to be reasonable that the stabilization parameter should depend on the local mesh width and not
on the length of the time step. The first numerical analysis for stabilization parameters depending on the mesh
width was provided in [24], e.g., by considering the continuous-in-time situation, where a time step is not present.
However, for the SUPG method in the framework of the incompressible Navier—Stokes equations, an analysis of the
continuous-in-time situation does not yet seem to be available, to the best of our knowledge. For this reason, unlike
to the other methods discussed in this paper, a fully discrete version of the SUPG stabilization will be discussed
here.

In [13], a SUPG method is analyzed for space—time finite elements, where velocity and pressure spaces consist
of continuous piecewise linear functions (P;) in space and discontinuous piecewise linear functions in time. To the
best of our knowledge, there seems to be no extension of this analysis available to higher order finite elements in
space. Hence, the presentation below will be restricted to this case. A main assumption of the analysis in [13] is
that At ~ h.

Since it suffices for the discussion of the estimate of the velocity error in L°(L?) and it simplifies the presentation
considerably, the SUPG method will be considered here only in a form which was analyzed in [13] for |V - u;| >
C > 0, where C is an arbitrary constant not depending on v and the mesh width. Let 0 =" <¢' < ... <N =T,
denote by 2" = (2 x @1, M, ,’1"1 =V, x Pi(t""!, "), and QZ’I = Q1 X P;(#" ", t"). Then, the SUPG method
reads as follows: Find (uy, py) € V;’:,l X QZ,] such that forn =0,1,..., N and all (vy, q5) € V;’l’,l X QZ’I

(01, vi) on + asupc(@n; @n, pr), W, qn)) + (Vv -uy,, V- vp) on
+ ) Sk @un, 3+ iy - Vv + V) + @ o —uj _V; L)
KeTy

=(f.van + Y k(s dvn + @i - Vv + Vau)gn, (88)
KeTy,
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where K" = K x ("', "),

asupcWn; Wy, pn), Vi, qn))
1
= v(Vuy,, Vvp)on + ((wy, - Vuy, vi)on + E(V wi, uy - vi)on — (Vv p)on + (Vg gr)on

+ D 8k (wn - Voun + Vi, v + Wy - Vv + Vap)gn,
KeTy,

and

. 0
v = lim v(t" +5), u_ =u,.
s—>0+

Note that in contrast to formulation (18) for the scalar equations, the temporal derivative of the velocity test function
appears. The following error estimate is proved in [13].

Theorem 4.19 (Error Estimate for the SUPG Method). Assume that the solution of the Navier—Stokes equations (5)
is sufficiently smooth for T > 0. Let §x = 6 ~ h, At ~ h, u ~ h, and v < h. Then, for sufficiently small mesh
width h, there is a constant C that does not depend on h and v such that the velocity solution of the SUPG method
(88) satisfies

lu(™y —ujllo < Ch/? (89)

for all time instants t", n =0,..., N.

Proof (Sketch). The error analysis in [13] is performed in the norm

1 n—1
o, Il = 5 <||v'1||% + ) I =g+ ||v3||%> + V| V5 g
=1
+ 8019w + @y - VIV + Vallg s + 1V - vII§ g0 (90)

with $" = (2 x (0, ¢t"). It is clear that the bound (89) is obtained as a consequence of bounding the error in the
norm (90).

First, a stability estimate for the discrete solution is proved in [13]. This estimate is derived in the usual way
by utilizing the discrete solution as test function. As final step, a discrete Gronwall inequality is applied, which
requires that the length of the time step, and since At ~ h is assumed, the mesh width, is sufficiently small.

The proof of the error bound starts with considering the error equation, which is obtained by subtracting the
discrete equation (88) from the continuous equation. Splitting the errors u —uj, = (u — lyu) — ([hu —uy) =1 — ¢,
and p — pp, = (p — Jpp) — (Unp — pr) = (p — Jup) — Ay, wWhere I, and J;, are interpolation operators with the
usual interpolation properties, and rearranging terms of the error equation yields

n—1

s 230 = @ + @n - Vo, @p)sn + (V0 Adsn + D > 8v(An, i@y, + @y - VI, + VAu)gr + -+ .
=0 KeTy

Applying integration by parts gives

n—1
(s A = —(n. i) — > " b4t — (' o))
=0

—(m, (- V)P)sn — (V- - dp)sn — (), Vay)sn

n—1

+ )0 Su(An, 0y, + n - V)b, + Vi) + -

=0 KeT),
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Concentrating on some important terms, using the Cauchy—Schwarz inequality and Young’s inequality lead to

2 8
(s 2l < Ellﬂllé,sn + §||at¢h + @n - )y, + Vanllg g
n—1

1)
#2602 % 3 NANIG o + N0y + @ V) + Vial g+ ©1)
=0 KeT},

The second and fourth terms on the right-hand side of (91) are absorbed by the contribution of the SUPG term
on the left-hand side. Using the interpolation property of [|5]lo,s» and the choice of § gives that the first term is of
order i3, with respect to the square of the error. The asymptotic of § and the condition that v < & lead also for the
third term of (91) to third order.

There are even more terms leading to order 3/2, but in this sketch of the proof, it is concentrated to terms that
are related to the SUPG stabilization. The final step of the proof is again the application of a discrete Gronwall
lemma. [

An error analysis of the SUPG method applied to the non-conforming Crouzeix—Raviart finite element of lowest
order and combined with the backward Euler scheme as temporal discretization is presented in [92]. The SUPG
stabilization parameter depends on the length of the time step. Robust estimates are derived. For a certain relation
of the mesh width, the length of the time step, and a stabilization parameter for a velocity jump term, the velocity
error in L®(L?) is proved to be of order 4/3.

The stabilization terms of the SUPG method are part of a two-scale residual-based variational multiscale (VMS)
method for the simulation of turbulent incompressible flows proposed in [14]. This VMS method possesses two more
stabilization terms. Recent studies of a two-dimensional flow at high Reynolds number and at three-dimensional
turbulent channel flows in [93,94] show that the results obtained with the SUPG method and the residual-based
VMS method are similarly accurate.

In [90], a CIP finite element method to approximate the solution of the Navier—Stokes equations (5) is considered.
Equal order approximations of the velocity and pressure (u;,, py,), belonging to the spaces V;, . and Qj ,, respectively,
are taken and the boundary conditions are weakly imposed in the method. Incompressibility, convective dominance,
and pressure are stabilized by adding the following stabilization terms to the Galerkin formulation:

Jan )=y f Iy IVullp = IVl ds,
KeT), Feak ' F
. 2
it = Y3 [ st ne (5wl 09 ds, ©2)

KeT), Feak * F

Wpan) = Y Y /Fh% IV pullr - Vgl ds,

KeTy, FedkK

where the same notations as for convection—diffusion equations are used. In addition, /}u;, denotes the interpolation
of u;, onto the space V), ; of continuous piecewise linear polynomials.

The robust, with respect to v, stability of the method relies on the fact that the stabilization terms (92) control
some interpolation errors of the streamline derivative, the divergence, and the pressure gradient. More precisely,
let r,v denote the Oswald quasi-interpolant, compare [90, Definition 1], then the following bounds hold for any
wi € Vi1, vih € Viy, qn € Qpr, see [90, Lemma 3])

112 (wn - Vi = (O - VDG = Ciji, O ),
1RV vy = (V- v)IE < Cajvn, i), .

IR 2(V gy — r(Vau)lIZ < Cau(qn, qn),

where C1, C», C3 are positive constants.*

IA

4 We remark that the error analysis of the CIP method presented here follows closely [90], although, contrary to most methods in the
present paper, the analysis and the corresponding estimates are not necessarily dimensionally correct.
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Concerning the viscosity-independent control of the divergence, the following result is applied in the error
analysis of the method, see [90, Lemma 7],

CIR'PY -y |I§ < jGn, wn) + «(pa, pi) + luwn - G 5. (94)
Let II] denote both, the L2(2) orthogonal projection onto V}, , and Qj ,, then the following bound, analogous to
(84), is also essential in the error analysis, see [90, Corollary 1] and [78, Theorem 2.2],

Ty - vi) — - villo < Chl|Vullzolvallo, Y ue W), v, € Vi, 95)

In the following theorem, whose proof can be found in [90, Theorem 2, Corollary 3], the rate of convergence of
the velocity is stated.

Theorem 4.20 (Error Estimate for the CIP Method). Let the solution of (5) be sufficiently smooth and assume
v < h. Then, the following bound holds for the velocity approximation u;, of the CIP method with stabilization
terms (92)

lw —upllpoor2) = C(T, u, ph 2,

where C(T, u, p) does not depend on inverse powers of v.

Proof (Sketch). For proving the statement of Theorem 4.20, u;, is compared with IIu and p, with II] p. Denote
¢, =Iu—uy, n=u— Iju, and A, = II; p — ps. Some details concerning the bounds of the more involved
terms appearing in the error equation will be presented.

First, terms that come from a decomposition of the nonlinear terms in the error equations are considered. One of
them is (n, (u, - V)$,). Adding and subtracting 7, ;}uh and using the orthogonality properties of the L*(2) projection
with respect to the range of r;, yield

0, @i, - V) = (0, (@n — Lyun) - V@) + (0, (s, - V), — ri(lyun - Vy)). (96)
For the first term on the right-hand side, one obtains after some manipulations, including inverse inequalities and
the L°°(2) stability of the L>(2) projection,

@, (y, — Lyuy) - V) < ClIVallz (14115 + =~ 1mll5) -
The second term on the right-hand side of (96) is a truncation error, even of higher order than 2r + 1. For this term,
applying (93), one can prove

. Lyun - Vo, — ru(lyuy - V) < Cey ' WM nlg + e1C1ju, (D1 1),

where € is any positive parameter. Note that the square root of the first term on the right-hand side is of order
r+1/2.

For the term (V - uy, 5 - ¢,,), appearing also in the error equation, the control of the divergence given by (94) is
applied.

Bounding the term (V - u;, u - ¢,) covers three pages in the proof of [90, Theorem 2]. The first observation is
that one can take v, = 0 and g, = II] (u - ¢;,) in the error equation, which gives

(Vo I (- @) = (wn - m, I - 9y)) = Upis 1T (- @),)).
Then, adding and subtracting II; (u - ¢;) and using this equality yield
Vowpu-¢) = -wpu- ¢, — I - ¢))) + (wy - n, I} (- ¢y)), , — (pn, I (@ - ).
After some work and with the help of (95), one finally arrives at
(V- ) < Cea (W p, TT; p) + oy 2)) + Cey 'Rl VatllZc 9415 + Ces ulGoe j (s b1,

for any positive parameter ¢,. Then, it can be observed that, apart from applying (95), the stabilization terms included
to achieve the control over the divergence and the gradient of the pressure are essential to finish the estimate of this
term.
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Finally, another term appearing in the error equation in the proof of [90, Theorem 2] can be bounded as follows

> /aF Ly -npl’ [VIzu]] - [[Véil], ds

KeTyp FedK
< &3u, (@ D) + Cey' (R VUl @yl + (7o + 22 Vulljoo) (T u, II[w))

for any positive parameter 3. In this inequality, one can observe the application of the stabilization term added to
control the streamline derivative. [J

Fully discretized schemes with a CIP method as stabilization are analyzed in [95] for the evolutionary Oseen
equations (29). Concretely, the implicit Euler scheme, BDF2, and a pressure-projection method based on the implicit
Euler scheme are studied. Robust error estimates for the velocity error in L>(L?) of order r + 1/2 are proved.

Method (79), which is of order r, see Theorem 4.15, can be modified such that the order of error reduction is
increased by 1/2 in the convection-dominated case. This modification consists simply in using different scalings of
the LPS stabilization parameters than for the method from Theorem 4.15. The analysis of the modified method
requires a little bit higher regularity assumptions on the solution of (5) than for the error bound presented in
Theorem 4.15. A fully discrete version of the modified method is analyzed in [72].

Theorem 4.21 (Non inf-sup Stable Pairs of Finite Element Spaces with Velocity Gradient LPS Term and Modified
Stabilization Parameters). Let T > 0, assume sufficient regularity of the solution of (5), and let r > 2. Furthermore,
assume that the LPS pressure stabilization parameters in method (79) satisfy

athg < 1px < ohg,
and the LPS velocity gradient stabilization parameters satisfy

Bihg <1,k < Bohk, o7

with non-negative constants oy, &y, By, and B,. Assume that v < |ul|; .~ h, and

. a 1
8L+ cHlay o — < —, 98
( Ol Ml 5 =16 (98)
where c; is the stability constant ofo,:_l in L*(£2). Then, there exists a positive constant My, , depending on ||ugl|, h
and

T
( /0 ( (e + B;") |Ip(s)||i,,+1/R + Th|du)lz,,
_ 1/2
(Nl + 1217 (BT I3 + Thlu)I3) ) a2, ) ds )

such that for t € [0, T] the error estimate

L(T)
2

lu(t) — up()llo < My, exp < ) B2 4 CH | oo g

holds with L(T)

T
L) =1+C [ 1015 (lu)ls (1 +0ah 1215 o)l )) ds.
0

Proof (Sketch). Very similar arguments can be applied as in the proof for the fully discrete scheme from
[72, Theorem 6.1]. Here, only the main differences with respect to the proof of Theorem 4.15 will be mentioned,
which allow to prove order r + 1/2 for the L>°(L?) error of the velocity. The same notations are used as in the
proof of Theorem 4.15.

The major new aspects occur in bounding the difference of the nonlinear terms arising in the error equation.
For the method from Theorem 4.15, this bound was presented in some detail in the sketch of the proof. One can
observe that only the LPS pressure stabilization was utilized for obtaining (85) but not the LPS velocity gradient
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Pressure and velocity gradient stabilization, P, /P,

=
o
[N}

o
o
[

[[u—uy | ‘LQ(O,T:L2(Q))

=
S
S

level

Fig. 14. LPS stabilization of the velocity gradient with modified stabilization parameters.

stabilization. For the present method, the whole analysis for the difference of the nonlinear terms in [72] covers
more than four pages. This difference is decomposed into several terms. For one of them, one can derive the estimate

|b(un, un, @) — by, ., ¢y)|

1 . . 1 1 .
< (ﬁ + C (IVay L= + azhnuhn%v],w)) 5115 + g SoresCons ) + ¢ K; Tk oy (VoI5 «
h

4-d _
+CH T (wall Iy + 1217 (BT )13 + Thlu)I3) ul,,)

Note that the increased regularity for the pressure is needed at this step in order to gain half an order in the fourth
term of the error bound. The second term of the bound contains the pressure stabilization and the third term the
velocity stabilization. The first term is handled as usual by applying a Gronwall lemma. Also for bounding another
term of the decomposition of the difference of the nonlinear terms, one needs both stabilizations included in the

method to obtain
d

b, u, $y) — b(@y, &y, ;) < C 1217 ((Bih) ™ ()R + Tllu(s)|13) lu — iyl

1 1 .
+ ﬁn«bhu% + K; Tk lof (Vo3 &
h

The first term on the right-hand side of is of order O(h?*1) under assumption (97) for the stabilization parameters
7,k . The last term on the right-hand side shows that the stabilization of the velocity gradient is again utilized for
this estimate.

For bounding the truncation error, an increased regularity of the temporal derivative of the velocity is needed to
get [|du — driayllo < Ch™ 3], 41.

Condition (98) is needed to bound the term 2sps(o), (& - @,,), o} (&t - ¢;,)) which appears in the proof, and, in
particular, to absorb part of this bound in the left-hand side of the error equation. [

Example 4.22 (LPS Method with Velocity Gradient Fluctuations and Modified Stabilization Parameters). Again,
the same example and setup for the numerical studies are considered as in Example 4.4.

Numerical results are presented in Fig. 14. For the LPS method from Theorem 4.21, the P,/P, pair of finite
element spaces was utilized as spatial discretization, see Table 2 for the corresponding numbers of degrees of
freedom. The parameters were chosen to be 7, ¢ = 0.0014k for the pressure stabilization and 7, x = 0.01hg for
the velocity gradient stabilization. The linear systems of equations were solved iteratively with the flexible GMRES
method and a coupled multigrid preconditioner. It can be clearly seen from the results that the method behaves
robustly and that the order of reduction of the velocity error in L*(L?) is 2.5. O

In [96], a different kind of LPS stabilization is analyzed using, as in [72], equal order conforming elements for
velocity and pressure. LPS stabilizations for the velocity gradient and for the pressure are added to the standard
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Galerkin formulation. The LPS stabilization utilizes a mesh of macro elements for the projection (two-level LPS
method). For this two-level method, the error bounds in [96] depend both on the cell diameters of the original
and the macro element meshes, which are assumed to be comparable. Following the error analysis in [96], one
can deduce that, chosen the stabilization parameters to be both of the size of a macro element cell, a rate of error
reduction of order r + 1 /2 for piecewise polynomials of degree r can be proved. The key points in the error analysis
are similar to those sketched in the proof of Theorem 4.21, with some differences corresponding to the different
kinds of LPS stabilization.’

The last method that will be discussed in this section is a H(div)-conforming discontinuous Galerkin method
with upwind stabilization.® An error analysis of this method for the semi-discrete time-dependent Navier—Stokes
equations is presented in [64]. The finite element velocity space V},, is the space of functions in H(div, {2) that
restricted to a mesh cell K € T, belong to the space RT,(K) (Raviart—-Thomas) or BDM,(K) (Brezzi—-Douglas—
Marini), » > 1. The corresponding pressure space, Q7 consists of discontinuous polynomials of degree 7 = r or
7 = r — 1, respectively. For these spaces, it holds V - V., € O, 7. Denote by V,, the broken gradient, by JF, the
set of all facets, and by ¥ and 9’2 the subsets of interior and boundary facets, respectively. The jump [¢]r of a
function ¢ and its average {¢} across the interior facet F € 3";'1 are defined by

- P+~
[lr =" —¢~, {$}r= —
For the boundary facet F € F?, one sets

(ol = {o}r = &.

The method analyzed in [64] reads as follows: Find u;, : (0, T] — Vi, pn : (0, T] = Qp; satisfying for all
Wnyqn) € Virs Qi)

Owp, vi) + vap(y, vi) + byvi, pr) — bW, qn) + @y, wy, vi) = (f, vp), (99)
with

anu vi) = (Vittg, V) — Y / (Vi - D) + Qe - (Vv ) | ds
F

FeTy

+ > /; (%[[WJ]F : [[Vh]]F) ds,

FeTy
by(un, qn) = —(qn, Vi, - up),

cp(up, up, vi) = ((Wy - Vp)uy, vy) — Z /(uh ~n)lupllr {vi}p ds
Fed!

1
+ 2 /K Sl mollualrlvilr ds,
Fegy,
where o is a positive parameter that has to be sufficiently large. The discretization of the viscous term is the standard
symmetric interior penalty form. In the discretization of the convective term, an upwind flux is utilized in the last
term.
The proof of the following theorem can be found in [64].

Theorem 4.23 (H(div)-conforming Discontinuous Galerkin Method with Upwind). Let T > 0, assume sufficient
regularity of the solution of (5), and assume v < h. Then, the following bound holds for the velocity approximation

5 In [96], also the case of a one-level LPS method is considered, in which the projection is defined on the same mesh and the velocity
space has to contain appropriate bubble functions. However, the presented error analysis does not fit in this case. The reason is that the
application of [96, Lemma 2.4] requires to have equal velocity and pressures spaces. The same kind of argument was applied in the proof
of Theorem 4.15, see the comment after Eq. (85) about the application of (84), which is valid only in case of equal velocity and pressures
spaces. Eq. (84) is the analog to [96, (2.17), Lemma 2.4].

6 The presentation of this method follows closely [64] and it is, in contrast to most of the other methods in the present paper, not
necessarily dimensionally correct.
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u;, computed with method (99)
e — wpll o2y < (E@)F () + G@)'2h" 172,
where
E@) = Ce" T1VIitwoe)
F@) = R0 00, + (T + G+ Dl 1) 1212 i
G@) = Clh+ T)lull}

LO(HT+1)*

Proof (Sketch). For proving the statement of Theorem 4.23, the finite element velocity u; is compared with
the Raviart-Thomas interpolation Irru € Vj; ,. Thanks to the orthogonality properties of the Raviart—-Thomas
interpolation operator, the following bound can be obtained, see [64, Lemma 5.3],

(- Vien, ) < ClIVul o (Il + llenllg) . (100)

where e, = u;, — Igtu and § = u — Igru. More precisely, for the proof of (100) the mean value (u)x of u at each
mesh cell K € T, is added and subtracted to the velocity. The following bound holds

lu — @)k llp=x) < Chig IVl pok). (101)
Due to the properties of Irru, one has for any K € T

(((w)k - Vien, Mg = 0.
Then, applying (101) and the inverse inequality (8) yields

(- Vpen, n) = Z /((u — (k) Ve, -n dx < C||Vullslinllollenllo,
KeTy, K
from which (100) is reached by applying Young’s inequality.
For the estimation of the nonlinear term, (100) is used to achieve the following result, see [64, Lemma 5.4],

cnu,u, ep) — cp(up, up, ;) < C(L+h~[Vul e (Inl§+ A2 IVanllg) + CliVullzollesllg. O

Numerical studies with a smooth solution presented in [64] used the BDM,/ P, pair of spaces. In the case of
small viscosity coefficients and coarse grids, orders of error reduction for the velocity error in L?({2) at the final
time are reported that are larger than 1.5 but notably smaller than 2.

4.4. Methods with non-robust error analysis that behave numerically in a robust way

So far, only methods have been discussed for which robust finite element error estimates can be proved. However,
there are much more methods that behave in practice in a robust way, in particular, all methods which are utilized
for the simulation of incompressible turbulent flows. This section provides a brief survey on such methods for
which error estimates are available that are, however, not robust. Since there are no robust error estimates for these
methods, there is no analytic information on the order of error reduction with respect to the kinetic energy for high
Reynolds number flows simulated on coarse grids.

4.4.1. Large Eddy Simulation and other methods based on spatial averaging

Large Eddy Simulation (LES) is a widely used approach for simulating turbulent incompressible flows. LES
performs a scale separation in resolved (large) and unresolved (small, subgrid) scales by an averaging (filtering) in
space.

The simplest and one of the most popular LES models is the Smagorinsky model [97], which adds to the
momentum equation of the Navier—Stokes equations (5) the nonlinear viscous term

(Cs8%|Dul| pDu, D), (102)

where Cg > 0 is a user-chosen constant, § > 0 is the filter width, which is in practice connected to the local mesh
size, Du = (Vu + (Vu)")/2 is the velocity deformation tensor, and | - || denotes the Frobenius norm of a tensor.
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The continuous Smagorinsky model is mathematically well understood. Based on the property that the nonlinear
viscous operator is strongly monotone, it is shown in [98] that the variational form of the Smagorinsky model
admits a stable unique solution in two and three dimensions for arbitrarily long time intervals. Concerning the finite
element error analysis, [99] studies the error of the solution of a discrete Smagorinsky-type model to the solution
of the variational Smagorinsky model. The discrete model adds another viscous term of the form (vy(5)Du, Dv),
vo(8) > 0, to the Smagorinsky model. Then, a robust estimate for the velocity is derived, where the error bound
depends on inverse powers of vy(8). For sufficiently smooth solutions of the Smagorinsky model, also an estimate
for vy(§) = 0 is proved, where the error bounds, however, depend on inverse powers of §. For constant §, even for
small viscosity coefficients and on coarse grids, an optimal order of convergence of the velocity error in L>°(L?) to
the solution of the continuous Smagorinsky model is observed. In [100, Chapter 10], a Smagorinsky-type model is
studied, in which ||Du||r in (102) is replaced by ||Du|| r, where # = g=*u is a filtered (smoothed) velocity field with
an appropriate filter g. In the finite element analysis, the error with respect to the solution of the Navier—Stokes
equations is considered and non-robust error estimates are derived, see [100, Thm. 10.3]. Recently, a robust estimate
of the error between the numerical solution with the Smagorinsky model and the solution of the Navier—Stokes
equations of order 3/2 was proved in [101] under the assumptions that V), , and Qj; is an inf-sup stable pair of
spaces with V -V, . € Q. For the Scott—Vogelius pair of spaces P,/ Prdisi‘, r > d, on barycentric-refined grids,
the reduction to rate 3/2 compared with the optimal order r + 1 is r +1—3/2 =r —1/2. In [101], it is referred to
a lowest order pair that satisfies the assumptions, which is proposed in [102]. In this pair, the pressure is piecewise
constant and for defining the velocity space, a barycentric refinement of the grid for the pressure is applied. Then,
the velocity space is piecewise linear on the barycentric-refined grid, i.e., in each mesh cell of the original grid
there are (d + 1)* degrees of freedom of the velocity. In addition, some degrees of freedom correspond to normal
derivatives on facets. It turns out that it is not possible to impose Dirichlet conditions in the usual way, such that
the introduction of a penalty term for the tangential component is necessary.

A method that applies the spatial filtering as a post-processing step is studied in [103]. In the first step of this
method, an intermediate velocity field w, is computed with the Galerkin finite element method. Then, spatial filtering
is applied to w;, via the discrete Stokes filter: Find G,w;, =w; € V,,, and r, € Qj,; such that

(YW, Vvp) + W, vi) — (Vv 7)) = Wvi) Y vy € Vi,
V-wi,qn) = 0 vV gn € Oni,
where § is again the filter width, which is a multiple (larger than or equal to 1) of the local mesh width. It is stated
in [103] that this step introduces often too much numerical viscosity. For this reason, an approximate discrete

deconvolution operator is applied, leading to D;,w;,. A standard choice for approximate deconvolution operators is
the discrete van Cittert operator of order N, given by

N
Dy = ) _(d — Gy)"wp.
n=0

In practice, usually N € {0, 1, 2} is chosen. Finally, a relaxation step is applied to compute the velocity field for
the current time instant

up = (1= W + xDpwy,  x €10, 1].
The numerical analysis in [103] studies inf—sup stable pairs of finite element spaces. In the error analysis, instead
of the Stokes filter, the simpler differential filter

83 (VWi Vi) + Wi, vi) = Wi vi) Y vy € Vi, (103)

is considered, to reduce technical details. For the velocity error in L>®(L?), a non-robust error bound of order r is
derived. Variants of the method from [103], e.g., with a nonlinear filter or without approximate deconvolution are
analyzed in [104,105]. In these papers, the same principal result with respect to the velocity error in L>(L?) is
proved as in [103].

4.4.2. Variational multiscale methods
Variational Multiscale (VMS) methods for turbulent flow simulations are based on the variational form (5) of
the Navier—Stokes equations. The scale separation in resolved and unresolved scales is defined by projections into
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appropriate function spaces, which is an essential difference to LES. The basic principles of VMS methods, which
can be applied also to others than flow problems, are developed in [33,106]. There are quite different realizations of
these methods for incompressible flow problems, compare the recent reviews [82,107,108]. In particular, there are
VMS methods where the terms that model the impact of the unresolved scales on the resolved scales are derived
solely by mathematical arguments, like the residual-based VMS method from [14]. Other VMS methods employ a
second scale separation of the resolved scales and they utilize eddy viscosity models, like the Smagorinsky model.
It is well known that also LPS methods fit into the framework of VMS methods [109]. Because of the mainly
mathematically based derivation of VMS methods, there is the expectation that they are accessible to numerical
analysis.

Several papers analyze variants of the so-called three-scale projection-based VMS method from [81], which is
based on ideas from [110]. This method is designed for inf—sup stable pairs of finite element spaces. The finite
element momentum equation includes the additional term

(vr Duy, — Gy), Dvy), (104)

with the turbulent viscosity vy > 0 and the symmetric tensor-valued function Gy is defined by the L?({2) projection

(Duy, — Gy, Ly) =0 VILyelLy. (105)

The space Ly contains symmetric tensor-valued functions, e.g., piecewise constant tensors on the given mesh. The
motivation behind this method consists in restricting the direct impact of the turbulent viscosity to the so-called large
resolved scales Du;, — Gp. A numerical example for a smooth solution in three dimensions and a small viscosity
coefficient is presented in [81] that shows that the projection-based VMS method is more accurate on coarse grids,
in particular with respect to the velocity error in L>°(L?), than the Smagorinsky model. In [111], the case that vy is
a positive constant is analyzed. Then, (104) and (105) can be reformulated to give the additional term of the form
of a LPS stabilization, compare (26),

(vrdd — 11, )Duy, (Id — II.,,,)Dv,) ,

in the momentum equation, where II7,, is the L*({2) projection on Ly. Thus, the additional term has the same
principal form as the LPS term of the method from [70], which is discussed in some detail in Section 4.2.2. However,
the projection operators are different. Two estimates for velocity errors are presented in [111]. An additional
viscosity is defined, which is called multiscale viscosity in [112], and error bounds containing inverse powers
of the sum of v and the multiscale viscosity are derived. However, the bounds are not robust. First, there are
still terms with inverse powers of v and second, it cannot be excluded that the multiscale viscosity vanishes. The
analysis is extended to a projection-based VMS method with piecewise constant turbulent viscosity and grad—div
term in [112]. Convergence order r for the velocity error in L>°(L?) is proved. Thanks to the grad—div term, inverse
powers of v do not appear in the error bound. However, there are inverse powers of the sum of v and the multiscale
viscosity and again, one cannot exclude that in the worst case the multiscale viscosity vanishes. Altogether, the bound
derived in [112] can be considered to be almost robust. In [111,112], the continuous-in-time case is analyzed. Fully
discrete schemes, with piecewise constant vy and without grad—div stabilization are studied in [113,114]. In [113],
an uncoupled version of the projection-based VMS method is investigated, where the projection is computed in a
separate step, and in [114], an explicit treatment of the projection term is considered. Both papers do not take into
account the multiscale viscosity and non-robust bounds of order r for the velocity error in L>(L?) are derived. A
numerical study from [113] for a smooth solution, v = 2 - 1073, and the Taylor—-Hood pair P,/ P; shows that the
order of reduction of the velocity error in L>(L?) on coarse grids is smaller than optimal.

As mentioned before, the so-called term-by-term stabilization method is a special variant of a LPS method. A
finite element error analysis of a method including term-by-term LPS stabilization is provided in [115]. It is for a
fully discrete scheme with the implicit Euler time stepping scheme, the IMEX discretization of the convective term,
and equal order pairs of finite element spaces. Term-by-term stabilizations for the convective term, the grad—div
term, and the pressure gradient are utilized. The velocity error in L>(L?) is proved to be of order r. However, the
error bound is not robust since the constant scales like v=1/2.
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4.4.3. Other methods

The grad—div stabilization introduced in Section 4.2.2 results in a mutual coupling between all components of
the velocity. There are much more non-zero matrix entries than for other terms, e.g., the standard gradient form of
the viscous term or the convective, skew-symmetric, and divergence formulations of the convective term. In [116],
a sparse grad—div stabilization is proposed and analyzed that neglects several couplings of the standard grad—div
stabilization. The natural expectation is that the sparse approach possesses weaker stability properties than the
standard method. In [116], only the splitting error for a projection scheme is analyzed and the corresponding error
bound is not robust. Another method to facilitate the application of the grad—div stabilization in practice is proposed
in [117]. This modular method computes in the first step an intermediate solution (&, pj,) by solving the Galerkin
discretization of the Navier—Stokes equations. In the second step, a kind of regularization of the intermediate velocity
field is applied, which is based on the grad—div operator. Several variants of this step are investigated in [117], where
the simplest one is the solution of the variational problem

wAL(V -y, Vovy) 4+ Wy, vi) = (@, v) Y vp € Vi,

with an appropriate stabilization parameter u. For a fully discretized problem, a non-robust estimate for the velocity
error in L®(L?) of order r is derived for different variants of the modular grad—div stabilization. An extension of
this idea to the BDF2 temporal discretization is studied in [118], where a non-robust velocity estimate in L>(L?)
of order r is proved.

Inserting the differential filter (103) in the momentum equation gives the additional term (w;, — wy, v;)/(At).
This term has in some sense a similar structure like (104): it is the difference of some term containing the finite
element solution and a smoothed term with this solution, where smooth has to be understood in this context in the
sense of less oscillations or variations of values. Approaches of this kind has been explored also with respect to
the temporal evolution of the solution, leading to so-called temporal regularizations, which add, e.g., terms of the
form

yw—u) or —yAum-—nu) (106)

to the momentum equation. If f and # are smooth and y is sufficiently large, then both terms in (106) enforce
that u is also smooth. In temporal regularizations, # is chosen as the solution from a previous time instant, or a
combination of solutions from previous time instants, starting with an already smooth or smoothed initial condition.
In [119], a temporal regularization with

_VhA (un+1 - un)

is analyzed for inf-sup stable pairs of finite element spaces. A non-robust bound of the velocity error in L>(L?)
of order r is proved. A so-called stabilization of the curvature is considered in [120], which adds a temporal
regularization of the form

Y
; (_VAUn+1 + (un+1 . V)UnJrl + VPn+1)

with U,y = w41 —2u, +u,—y and P,y = ppy1 — 2py + pn—1. It is shown in [120], for inf—sup stable pairs of
finite element spaces, that the velocity error in L>(L?) is bounded of order r in a non-robust way.

5. Summary

In the convergence theory of finite element methods for evolutionary convection—diffusion equations and
incompressible Navier—Stokes equations, one can find two types of estimates: robust ones, where the constant in
the error bound does not depend on inverse powers of the diffusion or viscosity, and non-robust ones. The classical
convergence theory for the Galerkin discretization of the Navier—Stokes equations with inf—sup stable pairs of finite
element spaces predicts an optimal order of convergence for the velocity error in L>(L?), and with that for the
kinetic energy, in a non-robust way. However, numerical simulations with non weakly divergence-free pairs of finite
element spaces reveal that in the situation of small viscosity coefficients and coarse grids, the solution obtained
with the Galerkin method is polluted with spurious oscillations, even if the analytic solution is smooth, compare
Example 4.4. This is not the case for methods for which robust estimates can be derived. For such methods, one
obtains meaningful numerical solutions in this situation and even a certain order of error reduction, which is the
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Table 5
Discretizations of the incompressible Navier—Stokes equations for which robust estimates for the velocity error in L% (L?)
are proved.
Method Finite element Order Analysis Section
Galerkin inf-sup stable, EMAC form of r—1 [53] + Section 4.1.3
the nonlinear term Theorem 4.1
Galerkin inf-—sup stable, weakly r [57] Section 4.2.1
divergence-free
Galerkin H (div)-conforming, inf-sup r [62,63] Section 4.2.1
stable, weakly divergence-free
grad—div stabilization inf-sup stable r [50] Section 4.2.2
LPS for velocity gradient inf—sup stable r [70] Section 4.2.2
grad—div stabilization, LPS for non inf-sup stable r [72] Section 4.2.3
pressure
LPS for velocity gradient, LPS non inf-sup stable r [72] Section 4.2.3
for pressure
symmetric pressure stabilization  non inf-sup stable r [83,84] Section 4.2.3
SUPG Py /P, space—time finite 1.5 [13] Section 4.3
elements
CIP non inf-sup stable r+1/2 [90] Section 4.3
LPS for velocity gradient, LPS non inf-sup stable r+1/2 [72,96] Section 4.3
for pressure, modified parameter
(two types of methods)
H (div)-conforming DG with inf-sup stable r+1/2 [64] Section 4.3

upwind

notion used in this survey for the behavior of a method on coarse grids, can be observed. Thus, in the case of small
viscosity coefficients and coarse grids, only robust estimates provide useful information about the behavior of a
numerical method on coarse grids if the analytic solution is smooth. In this respect, robust error bounds can be
considered as the necessary condition (although perhaps not sufficient condition) for a good practical performance
in more realistic problems, where the solutions are unlikely to have bounded derivatives as v — 0.

For scalar linear convection—diffusion equations, robust estimates of order r+1/2 can be proved for many popular
stabilized methods. Sometimes, there are restrictions in the analysis, e.g., that the coefficients of the equation do
not depend on time. There are special situations, like in Example 3.4 for the SUPG method and P; finite elements,
where an optimal order of convergence can be observed in numerical simulations.

The situation is more complex for the incompressible Navier—Stokes equations due to the nonlinear convective
term and the interaction of velocity and pressure. Robust estimates could be proved so far only for methods whose
structure is relatively simple compared with methods that are actually used for turbulent flow simulations. These
more complicated methods might contain stabilization mechanisms already used in the simple methods, like the
grad—div and SUPG stabilizations in the residual-based VMS method. An overview of discretizations for which
robust estimates for the velocity error in L>°(L?) are known is provided in Table 5.

For the Galerkin method and inf—sup stable pairs of finite element spaces that are not weakly divergence-free,
only the EMAC form of the nonlinear term allows a robust estimate whose order is » — 1. The analysis carried
out in the present paper reveals how the different terms in the Navier—Stokes equations affect this order reduction.
In particular, the interaction between velocity and pressure is responsible for the order reduction to r — 1, unless
stabilization terms are added, while the nonlinear term is responsible for the lack of convergence, unless the EMAC
form is used or stabilization terms are added.

For other methods using inf-sup stable pairs of finite element spaces, robust estimates of order r for the
velocity error in L>(L?) are proved. Note that for many pairs of such finite element spaces, the velocity space
contains piecewise polynomials of degree r and the pressure space of degree r — 1. From the point of view of
physical consistency (mass conservation, fundamental invariance property, pressure robustness), the use of weakly
divergence-free pairs is attractive. However, their implementation might be somewhat involved. The question about
the possibility of yielding » + 1/2 convergence for these methods adding some kind of stabilization remains open.
For non weakly divergence-free pairs, the use of the grad—div stabilization is an appealing approach, because grad—
div stabilization is easily to implement. Implementing the LPS method for the velocity gradient is certainly more
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involved. Altogether, the best order of convergence of the velocity error in L>(L?) that could be proved so far
with a robust estimate for a method with inf—sup stable pairs of finite element spaces and using continuous velocity
elements is r. This is one order less than the best approximation error for the velocity with respect to L2(£2)7.
Consequently, the convergence order of the finite element error with respect to the kinetic energy is reduced by one
compared with the optimal order.

Concerning inf—sup stable pairs of finite element spaces with H(div)-conforming discontinuous velocity finite
elements, a robust estimate of order r 4+ 1/2 could be proved for an upwind discretization of the convective term.

There is a larger variety of methods where robust error bounds have been proved for non inf—sup stable pairs of
finite element spaces. Such pairs are often so-called equal order pairs, where both the finite element velocity and
pressure consist of piecewise polynomials of degree r. The stabilization mechanisms that lead for inf—sup stable
pairs to methods of order r give also methods of at least order r for equal order pairs. The parameter choice in the
LPS method for the velocity gradient can be modified such that even order r + 1/2 is reached, which can be proven
even for two different types of LPS approaches. There are two more methods with this order, the CIP method and
the SUPG method, where for the latter only analysis for r = 1 is available. Thus, with equal order pairs of finite
element spaces it is possible to achieve order r + 1/2 for the convergence of the velocity error in L>°(L?) with
robust error bounds, which is half an order less than the optimal order, and so it is the case of the kinetic energy.

By far most of the finite element error analysis that can be found in the literature is for H'-conforming methods.
Nevertheless, the analysis is not complete, e.g., for the SUPG method only a special case is covered and there
are many methods, discussed in Section 4.4, where robust error bounds are not yet available. A generalization
of H(div)-conforming discontinuous methods are so-called hybrid or hybridizable discontinuous Galerkin (HDG)
methods. Different formulations for such methods have been derived. However, a finite element analysis for the
time-dependent Navier—Stokes equations does not seem to be available, although these methods are used for the
simulation of turbulent flows, e.g., in [121]. Numerical analysis of HDG methods for the Stokes equations can be
found, e.g., in [61,122].

The state of the art is that there is no method for which robust estimates for the velocity error in L>(L?), and
with that for the error in the kinetic energy, of optimal order can be proved so far. This survey presented numerical
results for several methods from Table 5 and all of them showed that the analytic prediction of the order of error
reduction is sharp. An optimal order could not be observed for any of these methods. We performed with these
methods also simulations on a family of triangulations of Friedrichs—Keller type, like for the SUPG method for
convection—diffusion equations in Fig. 4. For brevity, the results are not presented here. Even on these regular
grids, none of the methods showed optimal error reduction of the velocity error in L*®(L?). Thus, one can conclude
that among the methods for which numerical studies are presented in this survey, there is no method with optimal
error reduction, even in special situations like regular grids. In summary, whether or not there is a method with an
optimal robust error bound for the velocity error in L>(L?), perhaps at least in special situations, remains an open
problem.

Another widely open problem is the question of local error estimates, that is, to obtain (robust) error bounds
in subsets of the domain away from layers. For time-dependent problems, only in [4,5] such estimates can be
found, for the SUPG method applied to linear evolutionary convection—reaction—diffusion equations. Further open
problems, like the analysis of the considered equations on anisotropic grids or numerical analysis for temporal or
spatio-temporal averages of errors are already stated in [17].
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