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Abstract

In this paper we review recent developments in the analysis of finite element methods
for incompressible flow problems with local projection stabilization (LPS). These methods
preserve the favourable stability and approximation properties of classical residual-based
stabilization (RBS) techniques but avoid the strong coupling of velocity and pressure in the
stabilization terms. LPS-methods belong to the class of symmetric stabilization techniques
and may be characterized as variational multiscale methods. In this work we summarize
the most important a priori estimates of this class of stabilization schemes developed in the
past 6 years. We consider the Stokes equations, the Oseen linearization and the Navier-
Stokes equations. Furthermore, we apply it to optimal control problems with linear(ized)
flow problems, since the symmetry of the stabilization leads to the nice feature that the
operations "discretize” and ”optimize” commute.
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1. Introduction

Among the most important points for the computation of flow problems is the choice of the
underlying discretization in space and time. An appropriate discretization should be accurate
and efficient (in terms of numerical costs). The accuracy is closely linked to their approxima-
tion and stability properties. Specifically, a finite element discretization for the Navier-Stokes
equation has to deal with the stiff pressure-velocity coupling and with the advective terms for
flows at higher Reynolds number.

Well established methods for steady problems are the Galerkin Least-Squares (GLS) tech-
niques, where certain stabilization terms are added to the corresponding variational formulation.
The basic idea is that those extra terms vanish for the exact (strong) solution, since they involve
the strong residual. Due to this feature those methods are called consistent. The technique of
streamline diffusion, see Johnson [1], to stabilize advective terms can also be accounted to these
residual-based stabilization techniques.
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A drawback of the residual-based methods is that they introduce a large amount of additional
couplings between the variables. This becomes troublesome especially for complex flows with
compressible features or with additional variables as in reactive flow problems. Furthermore,
an extension to non-steady problems is problematic since space-time finite elements have to be
used. For a discussion of such problems, we refer to [2].

In this work we give a review on the local projection stabilization (or short LPS) which
recently attracted the attention in numerical analysis. We collect the most important results
for this kind of finite element stabilization and present them in an integrated framework. We
mainly concentrate on the a priori results for pairs of finite elements of possibly different order
for pressure and velocity. The principle idea of this symmetric stabilization technique is to
project parts of the residual in order to obtain a stable scheme. Since not the full residual
enters in the stabilization, the (strong) consistency is sacrificed. However, the method has a
certain weak consistency property as explained later. As a consequence, this class of stabilization
techniques is still of optimal order. Moreover, one does not need to resort to space-time finite
elements for time stepping in order to stay consistent, but can apply any A-stable higher-order
finite difference scheme for the discretization in time.

An outline of this paper is as follows: In Section 2, we introduce some notation and sum-
marize basic material on the underlying finite element spaces. In Section 3, we consider the
Stokes problem for the description of a viscous fluid in the domain Q C R? with homogeneous
boundary conditions for the velocity (no-slip):

—Av+Vp=f in{, (1.1)
divv=0 inQ, (1.2)
v=0 ond. (1.3)

Here, p : © — R denotes the pressure and @ : @ — R? the velocity field. Basic ideas of the
LPS approach will be explained for equal-order finite element pairs for velocity and pressure
which do not pass the well-known discrete compatibility (or inf-sup stability) condition by
Babuska-Brezzi.

In Section 4, we extend the approach to the generalized Oseen system

—vAv+ (b-V)v+ov+Vp=f inQ, (1.4)
divv=0 inQ, (1.5)
v=0 ondN. (1.6)

with constant parameters v > 0 and ¢ € Rt and a given flow field b : Q — R?. A unified
analytical framework for the LPS method includes as well equal-order pairs for velocity and
pressure as pairs for which the Babuska-Brezzi stability condition is valid. Moreover, the
approach covers the so-called one-level and two-level variants of the LPS technique.

The Oseen system typically appears within the solution of the Navier-Stokes problem

v —VAV+ (v-V)V+Vp=f inQ, (1.7)
divv=0 inQ, (1.8)
v=0 ondf. (1.9)

as auxiliary problem if an A-stable implicit time discretization is applied first. This will be
considered in Section 5 as a reasonable approach to laminar flows. Moreover, the link of the
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LPS method to the concept of variational multiscale methods as a potential approach to large
eddy simulation in turbulent flows will be addressed there.

Finally, in Section 6 we discuss the application of the LPS method to optimal control
problems for the generalized Oseen problem. The symmetric form of the stabilization guarantees
the favourable commutation property between the operations “discretize”and “optimize”.

2. Notations and Preliminaries

Throughout this work, Q C R?, d € {2, 3} will be a bounded, simply connected, polyhedral
domain. Standard notations for Lebesgue and Sobolev spaces are used, e.g. L*(2) for the space
of square-integrable generalized functions over Q) with the inner product (-,-), H"(2) for the
Sobolev space of order r, and H} () for the Sobolev space with vanishing traces on 9. The
L?(w) inner product in w C  is denoted by (-,),, and the corresponding norm by | - [0 .-
The norm and seminorm on H'(w) will be denoted by || ||, and | - |;,. In case of w = Q, we
usually omit the index (2. In order to pronounce the vector-valued case, we write | - |12y
and || - [|{g1 (e for the norms in [L?(w)]* and in [H'(w)]%, respectively. The natural space for
the pressure p is

Q:=LiQ) = {qeLQ(Q)’ /qux:0}.

We denote the velocity field by v € V := [H}(Q)]¢. Both variables are sampled together in
u=(v,p) eU:=V xQ.

Let 7, be a shape-regular, admissible decomposition of €2 into d-dimensional simplices or
quadrilaterals for d = 2 or hexahedra for d = 3. hpr is the diameter of a cell T € 7; and
h = max{hy : T € T,}. Let T be a reference element of 7, Py(T") the space of complete
polynomials of degree k on T, and (@k(T) the space of all polynomials on T with maximal
degree k in each coordinate direction.

We will use the discontinuous finite element spaces on 7y, (k € N)

Pge = {vn € L*(Q) | vplr o Pr € Pp(T),T € T},
QdTi,k = {vp € L*(Q) | vn|r o Fr € Qu(T),T € Tp.},

as well as the corresponding continuous conforming finite element spaces
Pr o= Pi,NCQ), Qrk:=QF xNCQ).

These discontinuous spaces are mainly used for the definition of the stabilized scheme, whereas
the discrete solution is sought in the conforming finite element spaces (s, r € N):

Pu(T) = Pr, 1 (for simplicial meshes),
WA Q7,.x (for quadrilateral/hexahedral meshes) .

In particular, the finite element space for the pressure is
Qh,s = Ps(,Th) N Qa
and for the velocities is

Viri= [Pr(,]—h)]d nv,

)
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with 7, s € N, 1 < s <r. With these notations, for the discrete pressure it holds pj, € Qp s and
for the discrete velocity vy, € Vi, . The product space where the discrete solution uy, = (vy, pr)
is sought is given by

Uh,r,s = Vh,r X Qh,s .

For equal-order elements we will use the notation Uy, ;. := Uy, ;... Furthermore, we will use the
finite element space R%S := Q%’“PI in the case of quadrilateral meshes, and RS := qugch,rq
in the case of simplices, respectively.

In the analysis, local inverse inequalities on T' € 7, are used:

0,1 < \/EHVVhH[m(T)]dXd
< Ninvr2h;lllv}z”[L2(T)]d Vv, € Vh,'r'; (2-1)

[ div v

with a constant p;,, depending only on the shape-regularity.

The global Lagrange interpolants on the discrete spaces Pr, » or Qr, » (depending on the
type of mesh 73) are denoted by I}. For v € H*(T) with k > d/2 they satisfy the local estimate
(cf. [3], Sect. 4)

l—m

||U - I;L"UHm,T S CI

[oller, 0<m<I=min(r+1,k). (2.2)

T
kam
Here C7 is a constant independent of A, r,v, T but dependent on m and k.

The notation a < b is used for a < Cb with a suitable constant C' > 0 independent of all
relevant quantities, in particular independent of the local mesh sizes hr and the parameters v,

G and o.
We denote the Scott-Zhang quasi-interpolant (¢ > %) by

ZrHY Q)N Hg(Q) — Hy(Q)N P,

This operator has the following interpolation property for v|,,,, € H k(wT), k > t, on the patches
wr = Ugrgsg T

l,
-z < hr - 2.3
lv = Ziollmr S = lollkwr (2.3)

with 0 < m < I = min(r + 1,k). This quasi-interpolant can be extended to the vector-
valued case and to quadrilateral meshes, Z; : V. — Vj .. A similar interpolation operator
Zp HY(Q) — Ps(T3) is defined for the pressure.

3. Local Projection for the Stokes System with Equal-Order Elements

The Stokes problem (1.1)-(1.3) is the simplest model of an incompressible viscous flow. It
allows to present one of the basic difficulties of finite element methods for such flows: the
coupling problem between velocity and pressure.

3.1. Galerkin formulation of the Stokes problem

The standard variational formulation of the Stokes problem (1.1)-(1.3) is: Find u € U such
that

A(u,z) = (f,w) Vz=(w,q) €U, (3.1)
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where A(u, z) is defined by
A(u,z) .= (Vv,Vw) — (p,divw) + (divv,q).

The pure Galerkin approximation of (3.1) is not stable for equal-order elements, i.e., for u;, €
Uy, . This instability stems from the violation of the discrete inf-sup condition for Uy, ,: There
exists v > 0 independent of i with

. (phadiVVh)
inf sup ———= >
Pn€Qnvyevy, [Valilprlo

One possibility to overcome this so called LBB condition (Ladyshenskaya, Babuska, Brezzi) is
the introduction of stabilization terms:

u, € Uy : A(uh,zh) + Sh(uh, ~;Zh) = (f, Wh) Vzy, € Uh,r~ (3.2)

Several possibilities of those stabilization terms are investigated and analyzed. Depending on
the specific choice, the term Sy (up, -;z,) may depend on uy, and on further quantities, e.g. on
the right hand side f. Therefore, we use the symbol “” to indicate this. The among most
popular one is presented shortly in the following subsection.

3.2. Pressure stabilization by Petrov-Galerkin

The classical pressure stabilization Petrov-Galerkin (PSPG) scheme goes back to Hughes
and Franca [4]. In this method, the following stabilization terms to the Galerkin formulation
are introduced:

SPeP9(ap,, £ qp) = Z ar(=Avy, + Vo, — £, Van)r. (3.3)
TeT,

Taking a ar = aph? with ap > 0 large enough results in a stable discretization. This dis-
cretization is “fully consistent” in the sense that if the continuous solution u is smooth enough,
for instance if v, € C%(Q) N C(Q) and p, € C1(), the added terms vanish. This is an impor-
tant property of PSPG. However, for the discrete solution u; with low-order finite elements,
the term |(—Avy, + Vpp, — f)|x may be a rough approximation of the residual on element K.
Especially, the introduction of the stabilizing diffusive term for the pressure implies an artificial
pressure boundary condition of the form

a(Onpn —f-n) =0,

which leads to a decrease of accuracy close to the boundary. We refer to the analysis of
Rannacher et al. [5]. Further drawbacks of this method are as follows:

e The test function Vg; acts on the full residual of the equation. Therefore, second deriva-
tives have to be evaluated in the case of » > 2. This is also the case for r = 1 on non-
parallelograms, since the pure second derivatives do not vanish on the iso-parametric trans-
formed cells even if they do on the reference cell. This requires high numerical costs.

e The right-hand side enters also into the stabilization. This becomes troublesome in the
time-dependent case, because then the right-hand side contains information of the previous
time step. This requires the usage of space-time elements.

e The construction of efficient algebraic solvers is not trivial.
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e The extension of those residual-based stabilization techniques for more complicated flow
problems (for instance reactive flows) introduces a large set of additional couplings between the
different variables.

In order to allow even discontinuous pressure, a variant of this PSPG method was proposed
by Hughes and Franca [6] and a modified version was developed independently by Douglas and
Wang, [7]. Additional to (3.3), jump terms of the pressure across element edges (resp. faces
in three dimensions) are also added to the Galerkin term. A revival of such jump terms have
emerged due to the work of Burman, Hansbo and co-workers on edge oriented stabilization,
see, e.g., [2,8-10].

3.3. Global projection schemes

Codina & Blasco proposed in [11] a global orthogonal projection in order to overcome some
of the above mentioned short-comings. The principal idea is to add to the divergence free
condition the difference of the pressure gradient and its global projection. The projected space
is the discrete velocity space without Dirichlet conditions:

Vi = [Pr, ..
The L2-projection 7 : [L2(2)]4 — V), ,. is for v € [L2(€2)]* defined by
(Fpv, W) = (v,W) YW e V.
The fluctuation operator 5;“ given by
ﬁh =17y,
where I stands for the identity mapping, enters in the stabilization term:

S (pny an) = (a9 Vpn, Van) .

which itself enters in the discrete equation (3.2). Since ¥, Vp, can not be computed locally, we
get a coupled system:

A(up, zp) + S (pr, an) = (£, wr)  Vzp = (Wh,qn) € Upr, (3.4)
(9, Vpn, Vi) = 0 Vh € Vi, (3.5)

The expression ﬁthh can be considered as an additional variable which can not be eliminated
locally. However, it is possible to avoid this additional variable by some defect correction
method. We refer to Codina et al. [12] for details. The use of a local projection instead of
a global one avoids such an additional variable completely. This will be the matter of the
remaining part of this work.

Note, that due to the orthogonality condition (3.5), the stabilization term is symmetric:

S7* (0o an) = (@ Vpn, Var = #nVan)
_ (a1/25hvph, a1/21§hV¢Ih) .

Somehow related is the method of Cai, Manteuffel and McCormick [13]. With help of additional
variables, the second-order Stokes system is transformed into a first-order system. This also
leads to stable discretizations. This is an overall concept which may also apply to other systems
of PDEs, e.g., [14].
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3.4. Principle idea of local projection

Motivated by the global projection just presented, we want to use a local projection of the
pressure or its gradient. We will consider symmetric stabilization terms Sy, (p, gn) of the form:

S (p.q) == (9n(p), 9n(a)  Vp,q € H'(Q), (3.6)
with a local fluctuation operator
I HY(Q) — L*(Q).

This local property is linked to a possibly coarser non-overlapping, shape-regular mesh M, =
{M;}iecr constructed by coarsening 7, s. t. each M € M}, with diameter hjs consists of one or
more neighboring cells T' € 7. Moreover, suppose that there exists C' > 0 s. t. hy; < Chyp for
all T € T,, M € My, with T'C M. Here, we still allow for M}, = 7p,.

Before we present possible realizations of the stabilization terms S,llp *(pn, qn) based on local
projections, we specify some abstract conditions originally formulated in [15], but here specified
for the form (3.6):

Assumption 3.1. It exists a discrete pressure space @h, so that the pair Vy, , x @;l is LBB
stable.

Assumption 3.2. [t exists a continuous (not necessarily local) projection operator
Oy : Qnyr — Qn s
i.e., |Ippn| < Clpn| for all py, € Qn,r with a suitable constant C.

Assumption 3.3. The fluctuations with respect to Il can be controlled by the fluctuation
operator:

lon — rpulo S |9n(pr)lo Vo € Qe

Assumption 3.4. It should hold for 0 <1 <r

hl
19n(®@)o.nr < ﬁ|p|Hl(M) Vp e H'(M) VM € M.

In order to show stability. we will use the triple norm
1
Tullgire 2= (I + 12 + S (0. p)) /2

Lemma 3.1. As a consequence of the three Assumptions 3.1, 3.2 and 3.3, it exists a constant
v >0, so that

2z, €Up

Ips
sup { A(u;l, Zh) + Shp (pha qh)

= Y an|| gir Vuyp € Uy
"th ||| SLPS } /7||| ||| S;pe

Proof. Let up, = (v, pp) € Up, be given. The desired bound is obtained by constructing an
appropriate test function of the form zj, := uy + €y, with € > 0. Diagonal testing gives:

A(up,up) + Sﬁlps(pmph) = ||} + Sﬁlps(ph,ph) .
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Due to Assumption 3.1 the pair Vy ;. x th fulfills a LBB condition. This is equivalent to the
existence of a constant ¥ > 0 with the following property: For each p, € Q) exists a velocity
wy, € Vy, . with

wplt =1 and (P, V- wn) = ¥|pnlo-
We choose py, := IIpp, and yp, := (—wp|pr|,0) and use Assumptions 3.2 and 3.3:

A(an, yn) + S (91, 0) = €( — (Vvi, Vwy) + (0, V - wa)) [pn o
> e( = |vililwalt 4+ (Pr, V- wi) + (P — Pr, V- W) [palo
> (= [vali +AlBslo = Ipn — Bul) Ipnlo
> (= [vali + ciAlpallo — 29 (@n)l) Ipalo

The application of the inequality of Young leads to

! l
A(un,yn) + ShpS(Ph, 0) > C3||ph||(2) - C4|Vh|% - CSShpS(thph) )

with positive constants c3, cq,c5 > 0. With € > 0 small enough, we obtain the assertion. O

Now it is easy to show the a priori estimate for the solution of (3.2) with the stabilization
term S)P°(-, -):

Theorem 3.1. Let the fluctuation operator ¥y, : H(2) — L*(Q) fulfill the Assumptions 3.1-
3.4, and let up, = (vp,pn) be the discrete solution of the stabilized problem (3.2) with Sflps given
by (3.6). The continuous solution u is assumed to be in [H*T1(Q)]¢ x H*(Q). Then it holds on
quasi-uniform meshes with m = min(r, k):

h m
=it = lo <€ (1) (Vi + ok, (3.7

Proof. We give only the principal idea of the proof, because all details can be found in [15].
The a priori estimate is obtained by splitting the error in an interpolation part u — Zju and a
projection part Z;u—uy by use of the Scott-Zhang operator Z;. The bound for the interpolation
error is a simple consequence of the standard interpolation results of the Clement interpolant.
The bound for the projection error is obtained by the coercivity result of Lemma 3.1 in the
triple norm ||- || sips with the stability constant vy > 0. Now, we obtain with a suitable z, € Up, ,,
Iz givs =1 with the perturbed Galerkin orthogonality:

|Ziv = Vil + 1250 — palo < 120 — uill -

1 s
< ;(A(Z;;u —up,zp) + Szp (Zhp = Phyan))

1 ) .
= S(AZu—u,z) + SIP* (25D, qn)) -

The Galerkin term A(Z]u—u, z) is bounded properly due to the standard interpolation results
of ZJ. The stabilization part Sflps (Z5'p, qn) is controlled by:

1S5 (Zrp, an)| < 190(Zp)lo Shlan,qn)*/?
< (19125 — p)lo + 191.(®)l0) Sn(gn. an)*/?.
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Using Assumption 3.4, the interpolation properties (2.3) of Z; and

1S (qn, qn)|/? < |||Zh|||sflps =1.
gives the assertion. O

Now, we will give some possibilities of fluctuation operators 1, which satisfy Assumptions
3.1-3.4.

3.5. Patch-wise local projection of the pressure gradient

For the formulation of patch-wise local projection, we restrict ourselves for a while to a
certain class of meshes. We assume that the mesh 7;, results from a coarser mesh M, = Ty,
by one global refinement. Hence, the mesh M, consists of patches of elements; for instance in
two dimensions, four quadrilaterals can be grouped together in order to form one quadrilateral
of My, see Fig. 3.1. We introduce the L?—projections

Ton : L2(Q) — R3s .
This projection is characterized by
(¢ = Tang,¥) = 0 Vg€ L*(Q) V¢ € Rij.
The corresponding fluctuation operator proposed in [15] is
In(p) := a'/*(Vp =T Vp), (3.8)

with patch-wise constant parameters a depending on the local mesh size similar to the PSPG
method, oy ~ h3, for all M € M,,.

Lemma 3.2. The local fluctuation operator on patches (3.8) fulfills the Assumptions 3.1-3.4.
Hence, the a priori estimate of Theorem 3.1 holds.

Proof. In order to verify Assumptions 3.1-3.4 we specify the space th := Qap,r- The pair
Vh.» X Qah,r is well-known to be LBB stable, i.e. Assumption 3.1 holds. The projection IIj, := I},
is the nodal interpolation on Qap,», which is continuous (Assumption 3.2). Assumption 3.3 is
obtained by a standard scaling argument: We denote the quantities transformed onto the
reference patch M by ~. The nodal interpolator and the L?—projection onto M are denoted by
I" and 7, respectively. For py € Q. we estimate:

It — Ionpulosr < harlpn = Ipul 5
< hat[VBn = 7(VBn)lo 52
< hae|Von — 720 Von|o,m
N a}v/[Q IVor — T Von|o,m

= |9 (pn)lo,ar -

Finally, Assumption 3.4 is a simple consequence of the definition of Sip s, O
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Fig. 3.1. Type of meshes needed for patch-wise local projection for triangular meshes (left) or quadri-
lateral meshes (right) in Section 3.5. The bold lines indicate the mesh 73, the fine lines 7;,.

3.6. Local projections of the pressure itself

Instead of projecting the pressure gradient, one may project the pressure itself on finite
elements on a coarser mesh,

On(pn) = o>V (pr — Isypn) (3.9)

or, as an alternative in the case of r > 2, on finite elements of lower order and build the gradient
on the difference:

On(pn) =V (pn — I} 'pn).- (3.10)

For the verification of Assumptions 3.1-3.4 one may take @h = Qap,r OF @h = Qp,r—1 as stable
pressure space. From implementational aspects, (3.10) is very attractive, because the projection
acts very local only on cells and not on patches of elements. While such a projection remains
optimal for the Stokes problem (Assumptions 3.1-3.4 are fulfilled), the extension to the Oseen
system is not any more optimal.

These stabilizations can be considered as the subgrid modelling proposed by Guermond for
convection-diffusion problems [16] extended to the Stokes problem.

3.7. Relation to continuous interior penalty stabilization

A further discrete equivalent form proposed in [15] consists of the jumps of the pressure
gradients in normal direction across the interior edges of the patches. This stabilization is not
of the form (3.6) because it involves integrals along edges, but it remains symmetric.

We denote the set of internal edges of a patch T' € 7o, by Ep. The jump of the derivative
in normal direction n in a point x € e is defined by:

o1
Onp](2) = lim = (pn( + ) — pu(z — 7).
A possible stabilization term is:
Supman) = 3 3 a / [Bnpn][Ongnlds.
TeTon e€ET ¢

The free parameter has to be chosen as o, ~ h. In order to show the estimate (3.7), the
Assumptions 3.3 and 3.4 have to be replaced by:

Ipr — Tnpnls < Sh(pn,pn) Von € Qn,r
hl
1Su(p. @) < = |pliSu(g,@)"*  Vpe Hi(Q) Vg€ Hi(Q), 0<1<r.

rl
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Alternatively, one may build the sum over all interior edges of the triangulation, instead of
considering only the inner edges corresponding to patches of elements. This method on trian-
gular meshes is called continuous interior penalty (CIP) stabilization and has been analyzed by
Burman and Hansbo in [8] for convection-diffusion problems.

Remark 3.1. The requirement of the local projection (3.8) is the presence of the patch mesh
755, and the corresponding data structure to be able to assemble the local projection. A severe
drawback from the computational point of view is the increased finite element stencil compared
to the pure Galerkin formulation. This can be circumvented by applying a preconditioner with
the Galerkin stencil. One possibility is to use as preconditioner the matrix of the bilinear form

(uv Zh) = (A(ua Zh) + (Vphv QVQh) :

3.8. Numerical results

Numerical comparisons of the local projection related to (3.6) and (3.8) show exactly the
same order of convergence as PSPG. However, the sensitivity of the error with respect to the
stabilization parameter g is much less severe with LPS compared to PSPG. This feature is
illustrated in Fig. 3.2 for a two-dimensional Stokes flow with analytical solution. Whereas the
error is quite comparable for both methods when «g is small (g < 0.1). For large o the error
for PSPG becomes unbounded while the error with LPS is bounded on a quite small level. We
refer to [15] for the details.

L_2(p)

alpha0

Fig. 3.2. Comparison of the error |p — pn]o in dependence of the stabilization constant e for LPS and
pressure stabilized Petrov-Galerkin stabilization (PSPG).

4. Oseen Linearization

In this section, we extend the LPS approach of the previous sections to a more general
framework for the Oseen problem (1.4)-(1.6). Additionally to the compatibility problem be-
tween the discrete pressure and velocity problems, the main new problem is a proper treatment
of (locally) dominating advective terms or of an reaction term (which may stem from an implicit
time discretization of the Navier-Stokes problem).

Originally, Braack and Burman analyzed the LPS technique for the Oseen problem (1.4)-
(1.6) in [17] for low-order equal-order element pairs. Matthies et al. [18] developed a more
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general framework for equal-order interpolation of velocity and pressure. Very recently, an
extension to inf-sup stable interpolation pairs has been considered by Rapin / Lowe [19] and
by Matthies / Tobiska [20]. The presentation in this section follows the lines of Lube et al. [21]
where a unified approach to both cases, equal-order and inf-sup stable pairs, is given.

4.1. Variational formulation

The weak formulation for the Oseen problem (1.4)-(1.6) with homogeneous Dirichlet data
reads: Find u = (v, p) € U, such that

A(u,z) = (f,w) Vz = (w,q) € U, (4.1)
with the bilinear form
Au,z) := (vVv,Vw) + ((b-V)v+ov,w) — (p,V-w)+ (V-v,q). (4.2)

Let the viscosity ¥ € RT and the reaction term ¢ € R* be constant and the right-hand side
f € [L2(Q)]4 as before, For the advection field we suppose b € [L>(Q)NH ()] with divb = 0.
Usually, b is a FE solution of (1.4)-(1.6) with (divb,g,) = 0 for some g but divb does not
vanish pointwise. A remedy is to write the advective term in skew-symmetric form.

Beside a possible violation of the discrete inf-sup (or Babuska-Brezzi) stability condition
(e.g., in the case of r = s), the standard Galerkin finite element method for (1.4)-(1.6) may
suffer from dominating advection (and reaction) on relatively coarse meshes, i.e. in the case of
0 < v < hy||b||Le(r) (and/or o > hz' max(v, ||b||L=(7))) on certain cells T € 7.

An established finite element method for the Oseen system is the well-known streamline up-
wind/ Petrov-Galerkin (SUPG) method introduced in [22], and the pressure-stabilization /Petrov-
Galerkin (PSPG) method, introduced in [1,4]. The corresponding equation is of the form (3.2)
with the bilinear form A(:,-) given by (4.2) and the stabilization term

Sn(un, f325) = Y {((b V)vi +ovy —vAv, + Vp, —f,arVa, + 7r(b - V)wa)r
TeTh

+ (le Vh, UT div Wh)T} ,

with cell-wise constant parameters ar, 77, pr.

As an alternative we extend the idea of local projection as discussed previously for Stokes for
the Oseen system. In LPS-methods the discrete function spaces are split into small and large
scales and stabilization terms of diffusion-type acting only on the small scales are added. Here,
we have to control fluctuations of the velocity gradient or alternatively its directional derivative
in streamline direction together with additional control of fluctuations of the divergence-free
condition.

4.2. General local projection formulation
The local projection scheme reads: Find up, = (vp,,pn) € Up, s such that
A(up,zp) + Sips(uh, zp) = (f,wy), Vzn, = (Wh,qn) € Up s . (4.3)

For the definition of the stabilization term we follow [18]. At first, we define a FE space
Dy, 1,k € N. Possible choices will be discussed later in Remark 4.3. The subscript k£ indicates
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that this space will have a certain relation to Py (7). The restriction to M € My, is denoted
by
Dy (M) = {vn|ar | v € D i}

At second, we use the local L2-projection masx : L?(M) — Dp (M), k € N which defines the
global projection

Th,k - L2(Q) — Dh,ka (Wh,kv)|M = WM,k(U|M)

for all M € My,. Denoting the identity on L?(Q2) by I we define the associated fluctuation
operator Ky := I — mp k-

Khk : L*(Q) — L*(Q), ur u— Th kU -

These operators are applied to vector-valued functions in a component-wise manner, e.g., K,k :
[L2(2)]¢ — [L2(2)]?. The vector valued FE space Dy . is defined as the tensor product D} ; :=
[Dp.x]¢. With these notations, we are able to formulate the additional stabilization term

Sgps(u, z) := (knr(VD), akn+(Vq)) + (knr(b - VV), Tk (b VW))
+ (kn,s(V V), prin,s(V - w)). (4.4)

The parameter «, 7 and p are patch-wise constants on M € Mj,. An immediate consequence
of the special form (4.4) of the stabilization part is formulated in the following lemma:

Lemma 4.1. For all u,z € [H*(Q)]**! it holds:
Ips Ips Ips Ips
Shp (uau) > 07 |Shp (u,z)| § S}lp (uau)l/QShp (Z,Z)1/2 .
Proof. The results are obvious. U

Since S,llps(u, u) is non-negative, we may associate it to the discrete system (4.3) the semi-
norm

1/2
l
lallps = (AVVIE + oIV + S ()

Lemma 4.2. If the discrete scheme (4.3) has a solution uy, = (vi,pr), then the velocity vy, €
Vi, is unique.
Proof. Using the solution as a test function and integration by parts leads to:
(F,vi) = Alup, wn) + 57" (un wn) = fufips-
Hence, for the homogeneous system, f = 0, the discrete velocity vanishes. This implies unique-

ness for the inhomogeneous case. O

Lemma 4.3. For the error u — uy, of the continuous solution u € U of (4.1) and the discrete
solution up, € Uy, of (4.3) we have the perturbed Galerkin orthogonality:

A(ufuh,zh) = Sgps(uh,zh) Vzy, € Uyp.
Proof. Subtracting (4.3) from (4.1). O

Because the scheme is not fully consistent, we have to ensure that the consistency error is
small enough. This leads to an assumption of the approximation property of ;. This will be
discussed in the following subsection.
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4.3. Approximation property of the local projection

In order to obtain optimal convergence order, the following assumption must be valid:

Assumption 4.1. For all patches M € My, and k € N it must hold
l6n.6(0) o S %'”'*M Yoe H (M), 0<I1<k. (4.5)

Due to the construction of the vector-valued fluctuation operator, we get a similar estimate for
kn.k(v) with v € [HY(M)]?. This assumption ensures that the space D, j is rich enough.

Lemma 4.4. Letu € [HH1(Q)]4 x H»THQ) and b € (W!>°(M))? for each M € M. With
the approzimation Assumption 4.1 the stabilization term can be bounded by:

20,

» 5 h
l
S (u,u) S E (rgjv ((||b||(2lev°Q(M))dTM Jr’}/M)|"’|12U-1-1,M + TQJ\Z) 04M|p|12p+1,M)) )
MeMy,

with 0 <1, <7, 0<1, <s.

Proof. The assertion follows immediately by applying the Cauchy-Schwarz inequality and
Assumption 4.1. O

Remark 4.1. Assumption 4.1 is valid if 7, j, is chosen as the local L2-projection in Dy, 1, and
if Dy, (M) contains the polynomials of degree less or qual to k — 1,k € N, see [18], Remark 1.2.

4.4. Construction of a special interpolant

Assumption 4.2. The pair (Py(Ty), Dp ) fulfills this assumption if there exist B, > 0 s.t. for
every M € My, holds:
inf sup _Wnan)ar > O (4.6)
€Dk vy, ev;, (M) [Vnlloarllgnllo,n

with Yy, (M) := Pp(T,) N Hg (M).

Following [18], a special interpolant jj 5 is constructed, such that the error v — jj xv is
L?-orthogonal to Dy, for all v € Hg(Q). In the following lemma we use the notation of
neighborhoods of patches M € My:

wM::U{K : KeT,, KNM #0}.

Lemma 4.5. Let the Assumption 4.2 be valid for a pair (Py(73), Dni). Then there is for this
k an interpolant jp i : H () — Py (My,) with the properties

Jni(Hy () € Ho (), (4.7)
(v—Jnav,qn) =0  Vgn € Dpi Yo € H'(),

and for 1 <1 < k + 1.fulfilling the approzimation property for all v € H'():

. h . 1\ R
v = Gnavllons + 5o = dnsvliar S (143 ) AL lollwn- (4.9)

Br/ K
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Proof. Define the linear continuous operator By, : Y}, (M) — Dy, (M) by
(Brvns qn) = (vn, qn) Von € Yn k(M) qn € Dp (M)

and Wp, (M) := Ker(Bp,). The Closed-range Theorem yields via Assumption 4.2 that By, is an
isomorphism from Wy, j(M)+ onto Dy, x(M)" with

Brllvn|

o.M < || Bronllp, w(arys  vh € Wi (M)*,

where W}, ,(M)* is the orthogonal complement of Wy, (M) with respect to (-, ).
Let M € Mj, and v € H}(Q) be arbitrary. Then, there exists a unique zp(w, M) €
Wh,k(M)J‘ with

1
ll2n (v, M)llo,mr < EHU — Ifvllonm
such that
(Bhzn(v, M), qn) = (21 (v),qn)ar = (v — Ifv,qn)ar,  Yan € Dy p(M). (4.10)

Now, we define local operators jfb‘/fk :HY (M) — Yy (M), M € My, by
Jngev = (Ihv)|ar + zn (v, M).

As My, is a partition of 2, we define a global operator jj, 1 : H*(Q) — Yi.x by (jaxv)|ar = j%k’u.
Due to (2.2) jp i satisfies for 1 <! <k+1landallT € Ty, v € HY(Q)

2
. 1
o — nvllZar < (1 i @> o — IEo]2

<C(1+—1)2§ —h%l|||2 (4.11)
= V] .
/Bk TCM le l’ B

TET),

The approximation property in the H'-seminorm follows from the inverse inequality (2.1) for
zn (v, M) and the approximation property (2.2) for v—jp xv. Finally, the orthogonality property
(4.8) is a consequence of (4.10). O

Remark 4.2. The estimate (4.9) is optimal with respect to hps and seemingly sub-optimal
with respect to the polynomial order £ due to their arising negative powers.

Remark 4.3. The paper [18] presents different variants for the choice of the discrete spaces
Vi X Qn,s and Dy, x Dy, s using simplicial and hexahedral elements. There are basically a
two-level and a one-level variant (indicated by Mj, = Top, and M, = 7y, respectively).

e Consider the two-level variant first (as shown in Fig. 3.1 for d = 2). Given the spaces

Vh,r = [PT(,Th)]di; Qh,s :PS(,Th)mQ

for simplicial or hexahedral elements, the discontinuous coarse spaces are defined on M), with
polynomials of reduced polynomial degree as

Dh,r = [P/C\l/?hﬂ“—l]dv Dh,s = P/C\l/?h,s—l' (412)
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The inf-sup constants f3,/; in Assumption 4.2 are independent of h, see [18], Lemmas 3.1,
3.2. Moreover, the B scale like O(Vk) for simplicial elements and like O(1) for quadrilateral
elements in the affine linear case, see [19].

e The one-level variant with M = K starts from given discontinuous spaces (4.12) and uses
an enrichment of the local spaces Y, 1 (K), k € {r, s}. For simplicial elements, define the set

d+1
PP (K) = Pu(K) +b- Poa(K), b(@) = (d+ 1" [] \i(@)
i=1
with the barycentric coordinates j\i,i =1,---,d+ 1. The enriched spaces are defined as

Vir={ve[H NV : v|goFx € [P"(K)? VK € T},
Qns={g€QNHYQ): ¢k o Fx € P"(K) VK € T,}.

A similar construction is given in Section 4 of [18] for hexahedral elements. The inf-sup constants
Br/s in Assumption 4.2 are independent of h, see [18], Lemmas 4.1-4.5.

5. A priori estimates

Lemma 4.6. If the Assumption 4.2 holds for (Py(7y), Dpr) then we have a unique discrete
solution up, € Uy, s of (4.3) and the upper bound for the discrete pressure holds:

1
[prllo < Crllunllips + (€)1,
Br

with a constant

ClN\/_‘i‘\/@‘i‘mm(\/— \/—)H (L= ()

o+ max (|l oo (ayye + VT +

r)

and the Poincare constant Cp.

Remark 4.4. The design of the constant Cj implies upper restrictions on the parameters 75,
and pys and a lower restriction (away from zero) of apr. The proof of the estimate in Lemma
4.6 is based on the inf-sup constant of the continuous Stokes problem. The hope in the case
of inf-sup stable interpolation pairs V; X @ is to omit die pressure stabilization by setting
aps = 0. The constraint inf s ap; > 0 can be removed in this case. See also Remark 4.9.

Theorem 4.1. Assume for the solution of (4.1) the regularity u € [H»T1(Q)]? x H»+1(Q),
with 0 < I, < r, 0 <[, <s. Under the condition of Assumptions 4.1 and 4.2 for the pairs
(Pi(T1), Dp), k € {r, s} we have the a priori estimate for the discrete solution of (4.3):

L 2l
2 < hM ’ 2 p [P\ 2
lu —upllzs < Z Cu IVIIZ, 41,00 T Cht 5 12117, 41,00

MeMy,
c? (1+1)2 +h2( + 1+ 1)+ +|Ibl|3
= — v+ — _— 4+ — - T ,
M ﬁ'r‘ ™ an 1238 [W Ltv,oo (M)]e M

2 h2
P _ 2 M
cr, = (”m) s <o<M+MMS4) .

with the constants
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Proof. The error is split into two parts
u—uy = (V—jnrVv,p = jnsp) + (Jh,rV = Vi, h,sP — Dh)-

We start with the approximation error (v — jp »v,p — jn.sp). Lemma 4.5 yields

’ ‘ 112 B2l
I = rrvop = dnsp)lipe < (14 57) 32 atgontlpl o
MeMy,
182 h2 hQIU
+(1+E) Z [VJrUT—If +MM+TM||bH?Loo(M))d TQIUL_QHVHZH,WM- (4.13)

MeMy,
Now we estimate the remaining part Wy, := (wp, ) = (jhrV — Vi, jn,sp — Pr). The definition
of [| - || gives
"l (jh,rv — Vh, jh,sp - ph)mlps
(A+ S;llps)((jh,rv — Vi, Jh,sP — Ph), Wh)

IWallips
o (A + Silpé)((v — Vi, D — ph)) Wh) (A + Silps)((jhﬂ'v - V7jh,sp - p)7 Wh)
W allips Wil

=I1+11.
Applying Lemmas 4.3 and 4.4, the first term is bounded by
_ Sélps((vap%Wh)

I =
IWallips
h2 2y 3
2 2 2
S ( Z (ﬂ—AfU(Hb"WImOO(M)TM +vm) VT, 41,00+ 7,2—1\1/IPO‘M|p|lp+1,M)) .
MeMy

Now we consider the terms of I separately. Integration by parts and property (4.8) yield

(Vv(jhﬂ‘v - V)? VWh) + (U(jh,rv - V)a Wh) + ((b : v)(jhﬂ‘v - V)? Wh)

= WV (nrv —Vv),VWh) + (0jnrv — V), Wp) — (kn((b- V)Wh), jn,rv — V)
2, 1

1 h h3 3
S+ 3)( T 2t [t ok o) 1) TW e
r MeMy,

The orthogonality property (4.8) results in

|(p - jh,spa Y Wh)| = |(p - jh,spa ’ih,sv . Wh)|
B2l 2

1 _ 3
S St ) Tl
5T MeM,

Integration by parts (thanks to continuous discrete pressure) and again (4.8) lead to

(1, V- (v — V)
< (VP jnrv = V)| = |6ar(VrR), jorv — V)|

1 1 p3t?
(1 + E)( Z apy 22 |

MeMy,

A

%
2 rons) W alps. (4.14)

vl
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The estimation of the stabilization term is straight forward
l . .
|S}lps((]h,rv — V,Jh,sP — p)a Wh)

1 1
< (Sibps((jh,rv —V, Jn,sP — D), (GhyV =V, jhsD — P)) ’ (S;llps (Wh, Wh)) ’

1 3l 3
Sg) (X s [l e + mat] VI 1) Tl
r MeMy
21,

1 h 1
+(1+E)( > aMsgl%llplliﬂ,wM) W l1ps-
Mth

Adding up all inequalities for the estimate of |Wp,|ips = I + II together with the estimate of
(4.13) gives the assertion. O

Lemma 4.7. Under the same conditions as in Lemma 4.6 we obtain the following a priori
estimate for the pressure:

Ip = prlo < Cillu —anllips ,
with a constant C with the same parameter dependence as the one in Lemma 4.6, see [23].

Now we can calibrate the parameters aps, 7as and pps with respect to the local mesh size
har, the polynomial degrees r and s of the discrete ansatz functions and problem data. The
parameters are determined by minimizing and balancing the terms of the right hand side of the
general a priori error estimation. First, equilibrating the 737-dependent terms in C7}, yields

har
™ ~ . 4.15
6l (4.15)

Similarly, equilibration of the terms in C},; and C¥, involving pps and apy yields

ly—ly+1 plo—lot1

hyi M
Har ~ Tlo—Tot2’ Qpp Tlo—To427 (4.16)

where we used r ~ s.

Remark 4.5. The design of the stabilization parameters is much simpler than for the original
SUPG and PSPG stabilization. Nevertheless, the formula for 75 is not fully convincing as the
WhetLoo(M)-norm of the vector field b has to be computed. A refined analysis shows that one
can replace ||b||(yiv.0 (ar))a With ||b[[(pee(ar))e, see [21]. This is used in the computations below.

For the following results, we assume that the solution (v, p) of the continuous Oseen problem
is sufficiently smooth.
4.6. Equal-order elements

For equal-order interpolation r = s > 1, let [ = I, = [, < r, we obtain from (4.15), (4.16)

TohMm tohar aohar
™=, Un = , oy = . 4.17
Hb”(leOO(M))er 2 2 ( )




134 M. BRAACK AND G. LUBE

Then we obtain under the assumptions of Theorem 4.1

— 2 < (1 1 2 @ h 2
|||u uh"llps ~ + 3 Z 2l Mllplll—i—l,wM
" Mem

oh? hat
X bl wros s =50 ) IV o]

+7? (1/ +
r
Remark 4.6. We discuss the optimality of the result:
e For fixed polynomial degree r = s, we obtain the optimal convergence rates O(hll\—/;%) with
respect to hps if v < hpy and ohyy S 1.
e Due to the non-optimal convergence order of the interpolation operators jp i in the | - |1-
norm, these estimates are presumably not optimal with respect to polynomial degree r. Let us
assume that in Lemma 4.5 there holds

hM . 1 hM !
v = Jnwvliae S (1 + E) (T) [0llt.onr- (4.18)
A careful check of the proofs leads to
h h
bl (W (@y)ar r

Then the a-priori estimate in Theorem 4.1 would be optimal with respect to r too with the
possible exception of the factors depending on g,.

Remark 4.7. Please note that the present analysis covers only the case of continuous pressure
approximation. For an extension to discontinuous discrete pressure approximation, in particular
to the case of Qy/P_(—1)-elements, we refer to [19] for the two-level case.

4.7. Inf-sup stable elements

For inf-sup stable interpolation with » = s 4 1, assume [, =, + 1 = r and set

Toh agh?
— an =2 =20 (4.20)

™ = )
”bH(lefw(M))dTQ

according to (4.15) and (4.16). Then we obtain under the assumptions of Theorem 4.1
b= wlf < (14 5) 2 3t (sl
"7 MeMm

h3, har | 1N o0 o
+(vroF+ ||b|\(le,oo(M))dT—2 R HV”lerl,wM)'

2
ly,wm

Remark 4.8. We discuss again the optimality of the result:

e For fixed polynomial degrees of the (inf-sup stable) Taylor-Hood pairs V4, y4+1 X Qp.r, We
obtain the optimal convergence rate O(h%,) with respect to hys if v <1 and oh?; < 1.

e Assume again that (4.18) is valid in Lemma 4.5. A careful check of the proof leads to

har h2

1Bl (wiv .o (@)yar”’

Then the a-priori estimate in Theorem 4.1 would be optimal with respect to r and s too with
the possible exception of the factors depending on 3, and ;.
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Remark 4.9. For inf-sup stable pairs, a natural question is whether one can neglect the PSPG-
type stabilization terms, i.e., setting aips = 0 (see also Remark 4.4). This problem is considered
in [20] where a special interpolation operator is used which preserves the discrete divergence.

4.8. Some numerical results

Let us validate the design of the LPS parameters and the convergence rates for the Oseen
problem (1.4)-(1.6) in Q = (0, 1)? with the smooth solution

v(z) = (sin(rz1), —mx2 cos(mz1)), p(a) = sin(rz1) cos(mzs)

and data b = v, o = 1. A study of the one-level variant for equal-order pairs is given in [24].
The two-level variant is considered in [25] for equal-order and inf-sup stable pairs, see also [19].
Summarizing, all these experiments confirm the calibration of the stabilization parameters w.r.t.
has and the theoretical a-priori convergence rates.

Here we present some typical results using either Q2/Q2 and Q2/Q: pairs for veloc-
ity /pressure on unstructured, quasi-uniform meshes for the advection-dominated case v = 1076.
The coarse spaces of the two-level variant are defined as in Remark 4.3. Table 4.1 shows com-
parable results for the best variants of the inf-sup stable Q2/Q1 and the equal-order Q2/Q2
pairs with the exception of the pressure error.

Table 4.1: Comparison of different variants of stabilization for problem (5.4) with v = 107% h = 1/64.

Pair To Ho o0 V—vali Iv=vlo [V(v=vi)llo [lp—pnllo
Q2/Q1 || 0.0000 0.0000 0.0000 || 2.56E-1  5.42E-4 2.02E-1 2.31E-4
Q2/Q1 | 0.0562 0.5623 0.0000 | 1.91E-3  6.20E-6 1.66E-4 8.06E-5
Q2/Q1 || 0.0000 0.5623 0.0000 | 2.61E-3  7.42E-6 1.72E-4 8.05E-5
Q2/Q1 | 3.1623  0.0000 0.0000 || 1.87E-2 7.50E-5 1.56E-2 1.08E-4
Q2/Q> || 0.0000 0.0000 0.0000 || 2.38E+1  5.35E-2 1.45E+1 1.66E+3
Q2/Q2 || 0.0000 0.0000 0.0178 || 1.65E-2  3.48E-5 9.37E-3 6.96E-6
Q2/Q2 | 0.0562 1.0000 0.0178 | 9.30E-4  2.85E-6 2.14E-4 4.31E-6
Q2/Q2 || 0.0562  0.0000 0.0178 || 1.77E-3 4.18E-6 1.46E-3 3.25E-6
Q2/Q2 || 0.0000 5.6234 0.0178 || 3.26E-3 7.20E-6 2.00E-4 7.56E-6

Remarkably, the importance of the stabilization terms is different. The fine-scale SUPG-
and PSPG-type terms are necessary for the equal-order case but not for the inf-sup stable pair.
On the other hand, the divergence-stabilization gives clear improvement for the inf-sup stable
case and some improvement for the other case. Moreover, the PSPG-type term can be omitted
for the inf-sup stable case, see Remark 4.9.

The effect of increasing polynomial degree for inf-sup stable Taylor-Hood pairs Q,/Qr—1
with 7 € {2,3,4,5} is shown in Fig. 4.1 for v = 107% 0 = 1 and different values of h. Similar
results are obtained (but non shown) for equal-order approximation with @, /Q,-elements with
re{l,2,3,4,5}.

5. Navier-Stokes Problem

The treatment of the full non-stationary incompressible Navier-Stokes model (1.7)-(1.9) is
of major interest in applications. We start with a rather standard variant for the laminar
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Fig. 4.1. Polynomial convergence for the Oseen problem with v = 1075, ¢ = 1 for fixed h. The errors
IV (u —urn)llo (left) and ||p — pnllo (right) are shown.

case where the semi-discretization in time is performed first. Then we show the link to the
variational multiscale method which has some potential for the treatment of turbulent flows.

5.1. Horizontal method of lines

We start with the Navier-Stokes model in the following strong form

v —VvAV+V-(veVv)+Vp=f, V-v=0 inQp:=Qx1I (5.1)

with homogeneous Dirichlet condition v = 0 on 99 and time interval I := [0, T7.

The velocities and the pressure are sought in the Bochner spaces V' := H!(I,V), and
VP .= L%(I,Q), respectively. The product space will be denoted by V := V¥ x VP. The test
functions are in the space W := L?(I,U). The L?-scalar product over 7 will be denoted by
(-, )ay, and the corresponding L?-norm by | - [q...

The variational formulation of the Navier-Stokes equations (5.1) for u = {v,p} € V reads:
Find u € V such that v(-,0) = vg and

B(u, ) = (f, )
where B(u, ¢) is for ¢ = {1, £} defined by
B(u, ) = (0v,¥)a, — (VO V,V)a, + Vv, V)a, — (p,divep)q, + (divv,&)a,

A standard numerical approach to (5.2) is to semi-discretize in time first with an A-stable

YoeW, (5.2)

implicit scheme and to apply a fixed-point iteration within each time step. We split the time
interval I into subintervals I, = (tn—1,ts],n=1,--- ,N with 0 =tg <t; <--- <ty =T and
Tp = t, — tp—1 and introduce the space time slabs I,, x 2. Consider, for simplicity only, the
implicit Euler scheme. In the n-th time step it holds for u™ = {v",p"} :=u

Ay (u” ) = ga(u" @) Vo eW,

I,:
(5.3)
with

An(ua 90) = (Z/VV, Vw) + (%VMP) - (V XV, Vw) - (p7 diV?ﬁ) + (diVV,€)7

g, ) = (£, ) + (%v,w.
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A widely used linearization of (5.3) is the Oseen linearization (1.4)-(1.6) with ¢ := 7,,* and b
a suitable divergence-free approximation on v (for instance the last iterate in the nonlinear
iteration). Due to (b ® v, Vi) = —((b - V)v, 1), it leads to auxiliary Oseen problems

Vv, Vi) + (ov,9) + ((b- V)v, ) — (p,dive) + (divv, &) = (F,¢) (5.4)

with the linear functional f given by (f', ) := (£, ) + (ov™,9). Next, one discretizes the aux-
iliary problem in space and applies the LPS technique as discussed in Section 4. In particular,
the numerical analysis can be applied for each time step.

Remark 5.1. The analysis of Section 4 can be extended to problems resulting from Newton
iteration including the term (v - V)b. Sufficiently small time steps ensure coercivity of the
modified bilinear form A(-,-) appearing in (4.1). The analysis of the fully discretized Navier-
Stokes problem remains an open problem.

Here, we apply the LPS stabilization to the lid-driven cavity flow as a standard Navier-
Stokes benchmark problem (5.1) with f = 0. No-slip data are prescribed with the exception of
the upper part of the cavity where v = (1,0)7 is given.

A quasi-uniform mesh is used together with the Q2/Q1 and Q2/Q2 pairs using the two-level
LPS variant with scaling parameter 7y and po according to the Oseen case and ag = 0.

0 o0al Q2Q1, h=1/16 | |
] .
| ’ / ——— Q2Q1, h=1/64
[

/ B — - —Q2Q2, h=1/64
o5l 05 __ Sé |
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\\ 7 Q2Q1, h=1/16 04l -0s \@j \ I
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Fig. 5.1. Lid driven-cavity problem with Re = 5,000: Cross-sections of the discrete solutions for Q2/Q1
pair with 70 = ap = 0 and po = 1 and Q2/Q2 pair with 70 = ap = po = 1.

Fig. 5.1 shows typical velocity profiles for Re = 5,000. The results for h = é for both
variants are in very good agreement with [26]. The boundary layers are well resolved on this
quasi-uniform mesh. Moreover, the solution for a coarse grid with h = % is in good agreement
with [26] away from the boundary layers. The results for this nonlinear problem confirm the
previous remarks for the linearized problem of Oseen type. For the Q2/Q1 element, only the
divergence stabilization is necessary whereas for the Q2/Q2 pair all stabilization terms are
important.

In Table 5.1, we compare the positions and values of extrema of the velocity profiles for
different values of Re. The results for the two-level LPS scheme with the Q2/Q1 pair on the
fine mesh with h ~ 1/256 are slightly different from the results in [26,27]. On the other
hand, the LPS results on the coarser grid with h & 1/32 are in good agreement with the case

h =~ 1/256. We refer to h-convergence studies in [25].
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Table 5.1: Lid driven-cavity problem for different values of Re: Maxima and minima on cross-sections
z = 0.5 and y = 0.5; a) LPS Q2Q1, h = 1/32 b ) LPS Q2Q1, h = 1/256 ¢) GHIA82,h = 1/256 d)
ZHANGY90,h = 1/256.

[Re | Tt Ymin | Vmax Tmax | Vmin Tmin |
1000 | a) | -0.38512 0.17578 | 0.37404 0.16016 | -0.52295 0.9062
b) | -0.38857 0.17188 | 0.37692 0.15625 | -0.52701  0.91016
c) | -0.38289 0.1719 0.37095 0.1563 -0.51550  0.9063
d) | -0.39009 0.16992 | 0.37847 0.15820 | -0.52839  0.90820
3200 | a) | -0.42407 0.09766 | 0.42290 0.10156 | -0.55544  0.94531
b) | -0.43588 0.09375 | 0.43298 0.09766 | -0.56791  0.94922
c) | -0.41933 0.1016 0.42768  0.0938 -0.54053  0.9453
d) | -0.44006 0.09180 | 0.43814 0.09570 | -0.57228  0.94727
7500 | a) | -0.43940 0.07031 | 0.43749 0.07813 | -0.56560 0.96484
b) | -0.45479  0.06250 | 0.45837 0.06641 | -0.58045 0.96484
c) | -0.43590 0.0625 0.44030  0.0703 -0.55216  0.9609
d) | -0.46413 0.06445 | 0.47129 0.06836 | -0.58878 0.96289

5.2. Link to the variational multiscale method

One of the major challenges in computational fluid dynamics is the accurate computation of
different quantities of turbulent flows. Several new concepts have been proposed such as the dy-
namic multilevel methodology (DML) of Dubois et al. [28] or the variational multiscale method
(VMS) of Hughes et al. [29]. In VMS, reference is made to residual free bubble techniques,
see Brezzi & Russo [30], and subgrid viscosity as introduced by Guermond [31] to motivate an
approach to Large-Eddy simulation (LES) where the turbulence model acts only on the fine
scales. Here, we will show how the LPS method may be cast in the VMS framework.

In the VMS, see [29], a scale separation is performed. The turbulence model acts only on
the finer scales; however, certain model assumptions on the interaction between the scales are
made. To fix ideas, we use the three-level partition proposed in [32]. Hence we consider a
scale separation into large resolved scales, denoted by v, small resolved scales denoted by v and
unresolved scales denoted by v. The solution space is partitioned in a corresponding manner

v=VaeVae.
The function space W is partitioned similarly, W = W @ W& W, with corresponding test
functions, for instance, @ = {1, £} € W. We now write the exact equations of motions for each

scale
B(u,p) = (f,¢) YoeW,
B(u,$) = (f,¢) VpeW,
B(u,$) = (f,¢) VpeW. (5.7)

Introducing the linearized Navier-Stokes operator

B/(uau/a 50) = (atvlal/;)QT - (V/ QV+VRE V/,V”(/))QT
- (plv \ ¢)QT + (I/VV/, vw)QT + (V ! V/ag)QTv

the Reynolds stress projection and the cross stress projection operator

R(v,¢) = (vev,Vi)a,, C(v,v,¥) = (vev+Vvev,Vi)q,,
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respectively, we may reformulate the exact equations for each scale in a fashion that makes
evident the coupling between the scales. Following [32], the exact solution v € V for the
resolved large scales fulfills for all ¢ € W the equation

B(ﬁ7¢)+Bl(ﬁ7ﬁ7¢)_R(‘~’a )
=(f,¢) - B'(0,4,9) — R(V,9) + C(¥,%,9). (5-8)

The first line in (5.8) describes the influence of the resolved scales on the large scales, the
second line includes the influence of the unresolved scales on the large scales. Similarly, the
small resolved scales v € V fulfill for all ¢ € W:

B'(1,1,3) — R(¥,4)
= (£,¢) — B(w,9) — B'(1,0,¢) = R(V,9) + C(¥,v,4)). (5.9)
The unresolved scales v € V finally satisfy the following equation for all ¢ € w
B'(a+1,0,9) + R(v,¢) = (f,¢) - Ba+1,9).

As a consequence, the equation for the unresolved scales is driven by the residual of the resolved
scales. With the given equations we state the modeling assumptions as follows:

Modelling assumption (M1): The unresolved scales v have no “direct” influence on the
large scales, i.e.the second line of equation (5.8) is set to zero:

—B'(4,4,8) — RV, ¥) +C(v,Vv,9) =0 V peW. (5.10)

Modelling assumption (M2): The influence of the unresolved scales on the small scales is
modeled by an artificial viscosity term S : X x X — R with X := (V@& V)U W & W), acting
only on the small resolved scales. Hence we assume in (5.9) that for ¢ € W:

(M1) may hold true when the main features of the flow are resolved; hence this is the large eddy
assumption. (M2) implies that the unresolved scales only has the effect of dissipating energy
from the small resolved scales. Roughly speaking, if (M1) is satisfied then the design of the
subgrid model is less important as long as it allows for a sufficient rate of energy dissipation from
the resolved small scales to the unresolved scales. By the conservation properties of the Galerkin
method, insufficient dissipation may cause buildup of energy in high frequency modes leading to
spurious oscillations. Excessive dissipation will cause too much damping of the resolved small
scales leading to poorer resolution of the large scales through the Reynolds stress coupling.
Using these modeling assumptions and the L2—projection ITvg of the initial conditions onto
the resolved scales V¥ @ V¥ we obtain the formulation: (v +v)(-,0) =IIvy and
utu g:)) <f’fp>~ N Wf W (5.12)
a+u,Q)+Swv,p) =) Voew.

The subgrid model is chosen to be coercive on the small resolved scales, i.e.,

S(a,u) > ¢|val?, vaew,
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symmetric S(u, ¢) = S(p,u) Vu,p € X, and such that it vanishes on the large resolved scales
S(,p)=0, VpeWuUV. (5.13)

Assume that some finite element approximation Vj, of V represent the resolved scales Vj, =
V @ V. This space is then decomposed in large and small resolved scales by choosing V = Vg
where Vi C V. To indicate its dependence on h we equip the subgrid viscosity with a subscript,
Sh(-,-). The same discrete space is used for the test space W), = W @ W. The discrete version
of (5.12) becomes: find up, € V;, such that vy (-,0) = mvg and

B(up, @) + Su(tn, p) = (f,0) VoW, (5.14)

or using the scale separation property (5.13) of Sy(-, )

B(vi, @) + Sh(un, ) = (f,0) Yo €Wy, (5.15)

The properties of S (-, ) imply Galerkin orthogonality for the error u—uy, on the large resolved
scales:

Bu—up, @) =0 VgeWy. (5.16)

Consider again the time subintervals I,, = (tn,—1,tn],n=1,--- ,Nwith 0=ty <t; <--- <

ty =T and 7, :=t,, — t,—1. As time integration scheme, we apply, e.g., the Crank-Nicholson
scheme. It means that we choose piecewise d-linears ansatz functions and piecewise constant
(discontinuous) test function, precisely:

Vi = PMI, X)), Wy, = PY(I, X))

The spaces Vg and Wy are defined similarly by using X . With these finite element spaces we
now propose the following FEM: Find u, € ug+ Vp, so that it holds for u™ = {v",p"} := up|z,:

AP (u", 9) 4 Sp(u, @) = g (0" p) Yo € W, (5.17)
with
Azms(ua 50) = (Trjlvaw) - (V & v, VT/)) - (pa V. 1/)) + (v ' V,f) + (,LLVV, Vl/})a
95" (w, ) == (£, ) + (1, 'v,40) = (uVV, V) + (v © v, Vi) — Sp(u, ).

A widely used linearization of (5.17) is again the Oseen linearization (1.4)-(1.6). With these
notations, we take (4.4) as subgrid model. This subgrid operator satisfies (5.13) on simplicial
and on quadrilateral/hexaedral meshes exactly.

The numerical analysis of the VMS approach with the subgrid model of modified LPS type

Sy (w,2) = (kn, (YD), ki, (V) + (1,0 (VV), ki (VW) (5.18)

has been analyzed in [33]. The numerical analysis as well as the practical application of the
VMS is currently an area of very active research.

6. Adjoint Stabilization in Optimization

The numerical computation of optimal control problems with constraints given by partial
differential equations can be divided into two main approaches: One may consider first the
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discretized problem and then build the optimality condition. The other possibility is to formu-
late first the optimality condition on the continuous level and then discretize. Both approaches
lead to different discrete adjoint equations when discretization and building the adjoint do not
commute. This type of inconsistency takes place when conventional residual based stabilized
finite elements for flow problems as for instance streamline upwind / Petrov-Galerkin (SUPG)
are used, because they are non-symmetric. Consequently, the computed control is significantly
affected by the way of defining the discrete optimality condition.

An analytical error estimate for convection-diffusion-reaction equations with the SUPG
method is given by Collis and Heinkenschloss in [34] where for the two approaches “discretize-
optimize” and “optimize-discretize” different a priori estimates are derived. The estimate for
“optimize-discretize” has a better asymptotic behaviour in terms of powers of the mesh size.
In numerical tests, the largest difference is observed in the adjoint variable. For convection-
diffusion problems with a particular least-squares stabilization Dedé and Quarteroni [35] derived
an a posteriori estimate and used it for local mesh refinement. Becker and Vexler [36] presented
an a priori estimate for optimal control with such a scalar equation for finite elements with
local projection stabilization.

Since more inconsistent terms appear in systems of equations, Abraham et al. investigated
numerically the Galerkin Least-Squares (GLS) stabilization for the Oseen system in [37]. Herein,
a significant difference is observed between both approaches. Moreover, the computed control
appears to be very sensitive to the evaluation of stabilization parameters. Therefore, the authors
conclude that it is questionable whether the GLS approach is suitable for optimal control
problems.

Li and Petzold [38] discussed this topic as well in the context of (a) consistent discrete
boundary conditions for the adjoint problem and (b) adaptive mesh refinement. They propose
a combination of “discretize-optimize” and “optimize-discretize” by splitting the domain into
an inner part and a boundary part. The aspect of stabilization due to the presence of convective
terms or due to a saddle point structure of the primal equation is not considered.

Obviously, there is a need for symmetric stabilization so that discretization and building the
adjoint commute. The local projection stabilization has this feature. In this section we show
that LPS leads to a consistent and stable adjoint problem in the context of optimal control.

6.1. Oseen system with control and Karush-Kuhn-Tucker system

The Oseen problem as in (1.4)-(1.6) which additional control g € M := [L?(Q2)]? in the
momentum equation is given by:

—VvAv+ (b-V)v+ov+Vp+Bg=f inQ, (6.1a)
divv=0 1in Q, (6.1b)
v=0 ondfQ, (6.1c)

with a continuous linear operator B : M — M. All functions are in the same spaces as
previously in Section 4. Note, that the control q is written in bold face in order to prevent
confusion with the pressure test function g. The objective functional under consideration is of
the form:

1 N «
J(w,q) i= 5|Cv = 92 + S lal?, (6.2)



142 M. BRAACK AND G. LUBE

with a linear continuous operator C' : M — M, a target state v.€ M and a regularization
parameter a > 0. Hence, the optimal control problem reads

arg min {J(u7 q) : u is solution of (6.1) for control q € M} (6.3)

In optimization problems, u = (v, p) is called primal state, whereas the adjoint (or dual) state
u* = (v*,p*) describes the sensitivity of J(u,q) with respect to changes in the control. The
Karush-Kuhn-Tucker (KKT) system for u, u* and q is an equation system whose solution gives
the solution of the optimal control problem (6.3). In the case of the Oseen problem the KKT

system is given by:

—vAv+(b-V)v+ov+Vp+Bq = f inQ,
divy = 0 inQ, (6.4)
v = 0 ondQ,
—VAV* —(b-V)v* +ov* = Vp*+Cv = CvV inQ,
~divv* = 0 inQ, (6.5)
v = 0 ondf).
aq+ B*v: = 0 inQ. (6.6)

The equations for the adjoint state (6.5) are also of Oseen type, so that the LPS method would
be a possible way to discretize. In the next subsection we will give the corresponding discrete
version.

6.2. Stabilized discrete Karush-Kuhn-Tucker system

Starting with the continuous KKT system (6.4)-(6.6) and discretize the primal and dual
Oseen system with local projection stabilization, leads to:

A(Uh,Zh) + (th,Wh) + Sibps(uh; Zh) = (f7 Wh) VZh - (Wh; Qh) S XT,S; (67)
A(Zh7 u;;) + S}llps(u;;vzh) = (Ct(V - Vh)awh) vZh = (wha Qh) S Xr,sa
(aqn,yn) + (Vi, Byn) =0 Vyn € Mp, .

Here, Mj, is a finite dimensional subspace of M. Note, that the same discrete system is obtained
if we start with the discretized primal problem with LPS stabilization and form the KKT system
for the discrete primal equation. Due to the symmetry of LPS, discretization and optimization
commute. This is definitely different to residual-based stabilization where different discrete
KKT systems are obtained depending whether the KKT system is considered for the discretized
primal equation (“discretize-optimize”) or the continuous KKT system is discretized ( “optimize-
discretize ).

For the following lemma we need the discrete solution uy(q) = (vi(q),pr(q)) € X, s of the
discrete primal equation with the exact (optimal) control q:

A(un(q),z1) + (Ba, wn) + 5,7 (un(q), z1)
= (f7 W) Vazp, = (Wm qn) € Xrs - (610)
Analogously, the discrete adjoint solution for the exact (optimal) velocity is denoted by uj (v) =
(Vi (v), 7, (v)):
Azp, w(v)) + S5 (u(v), 21) = (C(F — V), Wn) Yz, = (Wh,qn) € Xy s - (6.11)
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Lemma 6.1. We suppose {u,u*,q} € [H™(Q)]3?*2 for the continuous solution of the optimal
control problem (6.4)-(6.6). Then it holds for the control q, of the discretized system with local
projection stabilization (6.7)-(6.9):
la—alo £ (1 —)la—Talo + —slvil@) —vio+ ~Ivi(@ ~vo.  (612)
qd —drnllo X i q — Im, 4]0 o l/? rd 0F Y n\d 0, .

for an arbitrary interpolation operator Ins, : M — My,

Proof. We introduce the interpolant s, q and apply the triangle inequality. Hence, it is
sufficient to bound the projection error |Ia;, @ — qpfo by the right hand side of (6.12). Due to
the existence and uniqueness of the continuous and the discrete Oseen problems the solution
operators S : L*(Q) — V and S, : L%(Q2) — V,, defined by S(q) = u and Sp(q) = uy
respectively, we can consider the reduced functionals

j@) :=J(S@),aq), jnla):=J(Sn(a)q).

The reduced optimization problems are:

min j and min j .
qu](Q) qn €My, ]h(qh)

The corresponding (continuous and discrete) optimality conditions are
j'(@)(y) = (v*, By) + (aq,y) =0 VyeM,
n(an)(yn) = (Vi,, Byn) + (adn,yn) =0 Vyn € My.

A basic calculus ensures j”(-)(y,y) > afy|? for all y € M and also for the discrete reduced
functional:

Jh ), yn) = alynl® Vyn € My
Furthermore, since j;(q) is at most quadratic, it implies for arbitrary yp € Mp:
Jn(an) (s yn) = dnldn +yu) () = dplan)() -
We obtain in particular for y, € Mp:
alynl?® < jn(an)(yn,yn) = jn(an +yn)(yn) — dnlan)(yn)-

Let us denote the discrete solution of the adjoint equation for given up = (Vi,pr) = Sh(Inm, Q)
by uj, = (v},pr), ie.

Az, 05) + S (@5, 21) = (C(V = Vi), wp)  Vzi = (Whoqn) € Xps - (6.13)
Due to the optimality conditions,

Jnlan)(yn) = 0= j'(a)(yn),
it follows especially for y;, := Inr, g — qp:
alln,a — anl* < ji (I, @) (Ia, a — an) = 5'(@)(Iv, a — an)

= (v, = V", B(Im,d — qn)) + (a(Im, 9 — q), In, 4 — dn)
SIVhE =V lo - I, a — anlo + al I, a — dlo - [1a,9 — arlo -
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In the last step we used the continuity of B. Now we apply Young’s inequality and get

(0% 1 ~x *
S inna-ald S 19 - v +all,a -l

By taking the square root on both sides we obtain

1,
I13r.a = anlo S Z1vh = v7lo + Has,.a — alo -

Hence, it remains to bound |V} — v*|o by the right-hand side of (6.12). This can be done by
introducing the discrete adjoint velocities v}, (q) which is the velocity component of the solution
of the discrete adjoint equation (6.11):

Vi = v*lo < 1Vh = vi(@lo + [vi(a) = v7]o- (6.14)
Subtracting (6.8) and (6.13) leads to the equation
Alzn, wj, = W) + S (w), — W, 2)
= (C(Vh — Vh),W}L) Yz, = (W}L, qh) S X,«,s . (6.15)

Since this discrete adjoint Oseen problem is stable, Vi — v} (q) depends continuously on the
right hand side C(vy, — vp). As a consequence, the first term of the right hand side of (6.14)
can be bounded by

Vi, = vi@lo S o 2I¥n — v]o -

The discrete primal equation (6.7) is stable, too, so that it makes sense to introduce the discrete
primal velocity vy (q) for the exact control q according to (6.10). Then the difference |vy, —
vi(q)]o can be bounded by the difference of the corresponding control.

Vi = vlo < |Vh = va(@)]o + [va(a) — v]o
<o Y2 I,a — dlo + [va(a) — v]o -

Summing up, we obtain

1 1 1, .
la—anlo £ (1+ — ) Hana—alo + —75Ivi(@) = vlo + ~[vii(a) = v*lo-
Hence, the L2-error in the control is bounded by the sum of interpolation error of the control

plus the discretization error of the primal and dual velocity, both for the exact control. ]

Remark 6.1. The dependence of 6~ seems to be problematic for small o. However, this
dependence can be avoided by a standard duality argument, so that the a priori results with
respect to the H'-seminorm of the previous sections are shifted to the L?-norm.

Now, we are able to derive an a priori estimate for u — uy in terms of the discretization
error for given exact control, u — u,(q), the discretization error for the adjoint velocities with
exact control, v* — v (q) and the interpolation error of the control, q — I, q:

Theorem 6.1. For the optimal control discretized with LPS we have the following a priori
estimate:

_ 1
llw = wnllips < o= wn(@lps + o0~ 2(1+ —)la ~ I, alo
(6702

1 1 N N
+ @""h(Q) —v]o + W”V —vi(a)]o- (6.16)
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Proof. 1t is sufficient to show:

lur(a) — unllips < 0_1/2||q —dnlo (6.17)

because then the assertion follows with the previous lemma. Let us first observe that due to
the coercivity property of the discrete operator it holds:

lun(a) — unll?, = A(un(a) — un, un(q) — up) + S;P* (un(q) — wp, up(a) — us)
= (B(an — q),uxn(q) —up)
<o 2|B(an — a)lollun(a) — unllips-

Now, we obtain with the continuity of B the bound (6.17). O

Remark 6.2. The quantities ||[u—un(q)|ips, [vr(a) —V]o and |v} (v) —v*|o on the right-hand
side of the estimate (6.16) are bounded by the a priori estimates of Section 4, because they
describe the error of a simple primal problem with the same control q. This completes the error
estimates for the optimal control problem.

7. Summary

In this paper we considered the state of the art in the analysis of finite element methods for
incompressible flow problems where spurious oscillations of the discrete solution are drastically
reduced by using local projection stabilization (LPS) techniques. These methods preserve the
favourable stability and approximation properties of classical residual-based stabilization (RBS)
techniques but avoid the strong coupling of velocity and pressure in the stabilization terms.

After explaining basic ideas of this approach to the Stokes problem, we presented a unified
framework for the analysis of different variants of the LPS method applied to the generalized
Oseen problem. The latter problem appears as auxiliary problem within each time step of
the calculation of the time-dependent Navier-Stokes problem if an A-stable implicit time semi-
discretization is applied first. Moreover, the LPS approach can be identified as a variational
multiscale method which provides a potential framework for the treatment of turbulent flows.

One major advantage of LPS-methods is the symmetry of the stabilization terms. This en-
sures that the operations ” discretize” and ” optimize” commute within optimal control problems
for linear(ized) flow problems.

The extension of local projection stabilization methods to optimal control problems for the
incompressible Navier-Stokes problem is a task for future research.

Acknowledgments. For the numerical results in Sections 4 and 5 we thank J. Lowe for his
valuable contributions.
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