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Abstract

These notes are based on lectures given in a Short Course on Theo-
retical and Numerical Fluid Mechanics in Vancouver, British Columbia,
Canada, July 27-28, 1996, and at several other places since then. They
provide an introduction to recent developments in the numerical solu-
tion of the Navier-Stokes equations by the finite element method. The
material is presented in eight sections:

1. Introduction: Computational aspects of laminar flows
Models of viscous flow
Spatial discretization by finite elements
Time discretization and linearization
Solution of algebraic systems
A review of theoretical analysis
Error control and mesh adaptation

8. Extension to weakly compressible flows
Theoretical analysis is offered to support the construction of numerical
methods, and often computational examples are used to illustrate the-
oretical results. The variational setting of the finite element Galerkin
method provides the theoretical framework. The goal is to guide the
development of more efficient and accurate numerical tools for com-
puting viscous flows. A number of open theoretical problems will be
formulated, and many references are made to the relevant literature.
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1 Introduction

In the following sections, we will discuss a computational methodology for sim-
ulating viscous incompressible laminar flows. The description of the numerical
algorithms will be accompanied by a heoretical analysis so far as it is relevant
to understanding the performance of the method. In this sense, these notes
are meant as a contribution of Mathematics to “CFD” (Computational Fluid
Dynamics).

Figure 1: Nonstationary flow around “CFD” for Re = 500, driven by rotation of
the outer circle and visualized by temperature isolines; from Turek [98].

The established model for viscous Newtonian incompressible flow is the the
system of Navier-Stokes equations,

ov—vAv+v-Vo+Vp=f V=0, (1)

in some region € x (0,7") with appropriate initial and boundary conditions.
We concentrate on “laminar” flows, i.e., on flows with Reynolds number in the
range 1 < Re < 10°, where Re ~ ol /v . The numerical solution of this system
involves several typical difficulties:

e Complicated flow structure = fine meshes!
e Re>1 = locally refined and anisotropic meshes in boundary layers!

Dominant nonlinear effects = stability problems!

Constraint V-v =0 = implicit solution!

Sensitive quantities = solution-adapted meshes!



Accurate flow prediction requires the use of large computer power, particularly
for the extension from 2D to 3D, from stationary to nonstationary flows, and
from qualitative results to quantitatively accurate results. The key goals in
the developing tools for computing laminar flows are:

e fast (nonstationary calculations in minutes or hours),
e cheap (simulations on workstations),
e flexible (general purpose solver),

e accurate (adaptive error control).

1.1 Solution method

The method of choice in these notes is the “Finite Element Method” (FEM) for
computing the primitive variables v (velocity) and p (pressure). This special
Galerkin method is based an a variational formulation of the Navier-Stokes
problem in appropriate function spaces, and determines “discrete” approxi-
mations in certain finite dimensional subspaces (“trial spaces”) consisting of
piecewise polynomial functions. By this approach the discretization inherits
most of the rich structure of the continuous problem, which, on the one hand
provides a high computational flexibility and on the other hand facilitates a rig-
orous mathematical error analysis. These are the main aspects which make the
FEM increasingly attractive in CFD. For completeness, we briefly comment
on the essential features of the main competitors of the FEM:

e Finite difference methods (FDM): Approximation of the Navier-
Stokes equations in their “strong” form by finite differences:
+ easy implementation,
—  problems along curved boundaries,
— difficult stability and convergence analysis,
— mesh adaptation difficult.

e Finite volume methods (FVM): Approximation of the Navier-Stokes
equations as a system of (cell-wise) conservation equations:
+ based on “physical” conservation properties,
—  problems on unstructured meshes,
— difficult stability and convergence analysis,
— only heuristic mesh adaptation.

e Spectral Galerkin methods: Approximation of the Navier-Stokes
equations in their variational form by a Galerkin method with “high-
order” polynomial trial functions:

+  high accuracy,
—  treatment of complex domains difficult,
— mesh and order (hp)-adaptation difficult.



This brief classification must be superficial and is based on personal taste. The
details are the subject of much controversial discussion concerning the pros
and cons of the various methods and their variants. However, this conflict
is partially resolved in many cases, as the differences between the methods,
particularly between FEM and FVM, often disappear on general meshes. In
fact, some of the FVMs can be interpreted as variants of certain “mixed”
FEMs.

1.2 Examples of computable viscous flows

Below, we give some examples of flows which can be computed by the methods
described in these notes. More examples including movies of nonstationary
flows can be seen on our homepage: http://gaia.iwr.uni-heidelberg.de/.
Some of the computer codes are available for research purposes:

e FEATFLOW Code (FORTRAN 77) by S. Turek [96], [97]:
http://gaia.iwr.uni-heidelberg.de/ featflow/.

e deal.IT Code (C++) by W. Bangerth and G. Kanschat [5]:
http://gaia.iwr.uni-heidelberg.de/ deal/.

A collection of experimental photographs of such “computable” flows can be
found in Van Dyke’s book “An Album of Fluid Motion” [99]. In the following,
we present some examples of viscous flows which have been computed by the
methodology described in these notes. Most of these results emerged as side
products in the course of developing the numerical solvers and testing them for
standard benchmark problems. All computations were done on normal work
stations.

Example 1. Cavity flow: The first example is stationary and nonstationary
flow in a cavity driven by flow along the upper boundary (“driven cavity”).

Figure 2: Stationary driven cavity flow in 2D for Re = 1, 1000, 9000 (from left to
right); for Re > 10000 the flow becomes nonstationary; from Turek [98].



Figure 3: Simulation of nonstationary 3D driven cavity flow for Re = 100; from
Oswald [66].

Example 2. Vortex shedding: The second example is nonstationary flow
around a circular cylinder (“von Karmén vortex street”)

Figure 4: Von Karmén vortex street; experiment with Re = 105 (left; from Van
Dyke [99]), and 2D computation with Re = 100 (right; from Turek [98]).
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Figure 5: 3D simulation of vortex shedding behind a cylinder for Re = 100, coarse
grid and flow visualized by particle tracing; from Oswald [66].



Example 3. Leapfrogging of vortex rings: Two successive puffs of fluid
are injected through a hole and develop into vortex rings dancing around each
other. The second ring travels faster in the induced wake of the first and slips
through it. Then the first ring slips through the second, and so on.

Figure 6: Leapfrogging of two vortex rings; experiment for Re &~ 1600 (left;
from Van Dyke [99]) and 2D computation for Re ~ 500 (right; from [46]).

1.2.1 EXTENSIONS BEYOND STANDARD NAVIER-STOKES FLOW

The numerical methodology described in these notes has primarily been de-
veloped for computing viscous incompressible Newtonian flows. However, ex-
tensions are possible in several directions. These include flows in regions with
moving boundaries, as for example pipe flow driven by rotating propellers, and
flow of non-Newtonian fluids modelled by a simple power-law rule. The exten-
sion to certain low-speed compressible flows will be discussed in more detail
below in Section 8.



1) Flow regions with moving boundaries

Figure 7: Velocity plot of 2D flow in a box driven by a rotating cross, computed by
a “virtual boundary” technique; from Turek [97].

2) Flow of a non-Newtonian fluid

Figure 8: Computation of the flow of a non-Newtonian fluid around a circular
obstacle in a 2D channel (“power-law” v = v(1 + |D(v)|)~!): stationary flow in
the Newtonian case (left) and nonstationary flow in the non-Newtonian case (right),
both for the same Reynolds number Re = 20; from Turek [98].

3) Low-Mach-number compressible flow
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Figure 9: Computation of compressible flow in a chemical flow reactor: flow con-

)

figuration and mass fraction of excited H2(V:1 computed on a locally refined mesh;

from Waguet [103] and [10].



2 Models of viscous flow

The mathematical model for describing viscous (Newtonian) flows is the system
of Navier—Stokes equations, which are the equations of conservation of mass,
momentum and energy:

Op+ V-[pv] =0, (1)
A (pv) + pv-Vo — V-[uVv + suV-ul] + Vpy = pf, (2)
O (cppT') + cppv-VT — V- AVT] = h. (3)

Here, v is the velocity, p the density, pi,; the (total) pressure, and T the
temperature of the fluid occupying a two- or three-dimensional region €2. The
parameters p > 0 (dynamic viscosity), ¢, > 0 (heat capacity) and A > 0
(heat conductivity) characterize the properties of the fluid. The volume force
f and the heat source h are explicitly given. Since we only consider low-
speed flows, the influence of stress and hydrodynamic pressure in the energy
equation can be neglected. In temperature-driven flows, h may implicitly
depend on the temperature and further quantities describing heat release, as
for example by chemical reactions. Such “weakly compressible” flows will be
briefly considered at the end of these notes in Section 8. Here, the fluid is
assumed to be incompressible and the density to be homogeneous, p = py =
const. , so that (1) reduces to the incompressibility constraint

Vo=0. (4)

In this model, we consider as the primal unknowns the velocity v, the pressure
P = piot , and the temperature T'. For most parts of the discussion, the flow
is assumed to be isothermal, so that the energy equation decouples from the
momentum and continuity equations, and the temperature only enters through
the viscosity parameter. The system is closed by imposing appropriate initial
and boundary conditions for the flow variables

V=0 = UO> Ulyigia = 0, ULy, = v, (:uanv + pn)\Fout =0, (5)
and corresponding ones for the temperature, where I'yigiq, I'in, I'owt are the
rigid part, the inflow part and the outflow part of the boundary 00, respec-
tively. The role of the natural outflow boundary condition on I',,; will be
explained in more detail below.

In the isothermal case, assuming for simplicity that py = 1, the Navier-

Stokes system can be written in short as
ov+vVuv—vAv+Vp=f, V=0, (6)

with the kinematic viscosity parameter v = p/po. In this formulation the
domain 2 may be taken two- or three-dimensional according to the particular
requirements of the simulation. In our examples, we shall mostly refer to the



two-dimensional case. Through a scaling transformation this problem is made
dimensionless, with the Reynolds Number Re = UL/v as the characteristic
parameter, where U is the reference velocity (e.g., U ~ max [v™|) and L the
characteristic length (e.g., L ~ diam(f2) ), of the problem.

As common in the mathematical literature, we assume that U = 1 and
L =1 and consider v := 1/Re as a dimensionless parameter characterizing in
some sense the “complexity” of the flow problem. Then, the length of the time
interval over which the solution develops its characteristic featuresis T~ 1/v,
and the relevant scale of its spatial structures is 0z ~ /v (width of boundary
layers). This has to be kept in mind when the right spatial mesh size h and
the time step k is chosen for a numerical simulation which is supposed to
resolve all structures of the flow; for a more detailed discussion of the issue of
reliable transient flow calculation see [54].

2.1 Variational formulation

The finite element discretization of the Navier-Stokes problem (6) is based on
its variational formulation. To this end, we use the following sub-spaces of the
usual Lebesgue function space L*(Q) of square-integrable functions on §2:

L) = {p € LX) (v,1) =0},
H'(Q) = {ve L*(Q), 0vel?*), 1<i<d},
Hy(I;Q) = {ve H(Q), vyr =0}, T C o,

and the corresponding inner products and norms

mm:/wm,wb@mm,
Q
IVoll = (o, V)2, Jlolls = (o] + Vo]

1/2

These are all spaces of R-valued functions. Spaces of R%valued functions
v = (v1,...,v,) are denoted by boldface-type, but no distinction is made
in the notation of norms and inner products; thus Hy(T;Q) = H(I'; Q)4
has norm |jo]; = (320, lvi[|?)"/2, ete. All the other notation is self-evident:
Oyu = Ou/0t, du = Ou/dx;, O,v = n-Vu, 0, = 7-Vuv etc., where n and 7 are
the normal and tangential unit vectors along the boundary 052 .

The pressure p in the Navier-Stokes equations is uniquely (possibly up to
a constant) determined by the velocity field v. This follows from the fact that
every bounded functional F(-) on H}(T'; Q) which vanishes on the subspace

J1(T;Q) = {v e Hy(T';Q), Vv =0}

can be expressed in the form F(p) = (p, V) for some p € L?(2). Further,
there holds the stability estimate (“inf-sup” stability)

inf { sup M}ZVO>O, (7)

a€L2(Q) | peH}(r;0) Vel

9



where L?(2) has to be replaced by LZ(€) in the case T' = 9. For proofs
of these facts, one may consult the first parts of the books of Ladyshenskaya
[58], Temam [88] and Girault/Raviart [29]. Finally, we introduce the notation

a(u,v) :=v(Vu, Vo), n(u,v,w):= (u-Vo,w), b(p,v):=—(p, V-v),
and the abbreviations
H:=H)(I;Q), L:=L*Q) (L:=LjQ) in the case I' = 09Q),

where I" = I';,, UT', ;454 . Then, the variational formulation of the Navier-Stokes
problem (6), reads as follows: Find functions v(-,¢) € v +H and p(-,t) € L,
such that vj—g = 1Y, and setting I':= T, U Lyigid

(O, ) + a(v, ) +n(v,v,9) +b(p,v) = (f,p) Yo eH, (8)
(Vou,x)=0 VYxeL. 9)

It is well known that in two space dimensions the pure Dirichlet problem
(8), (9), with T,y = 0, possesses a unique solution on any time interval
[0, 77, which is also a classical solution if the data of the problem are smooth
enough. For small viscosity, i.e., large Reynolds numbers, this solution may be
unstable. In three dimensions, the existence of a unique solution is known only
for sufficiently small data, e.g., |[v°||; &~ v, or on sufficiently short intervals of
time, 0 <t < T, with T~ v.

2.2 Regularity of solution

We collect some results concerning the regularity of the variational solution
of the Navier-Stokes problem which are relevant for the understanding of its
numerical approximation. One obtains quantitative regularity bounds from
the following sequence of differential identities

sdellol® + v Vol* = (f.0),

3di||Vol* + v Av|* = —(f, Av) + (v-Vv, Av),

1di|| 0w |)? + vV Owl)? = (9. f, Bw) — (8pv-Vv, Bv),

1dy||[VOw||* + v]|Adwl]* = = (O, f, Adw) + (Opv-Vu, Adw) + ..,
Ld || OFv|]” + v|| V|| = (87 f, Ofv) — (97v-Vv,dfv) — ...,

which are easily derived by standard energy arguments; see [40] and [41]. As-
suming a bound on the Dirichlet norm of v,

sup [|[Vo(t)]] < M, (10)

te(0,T

the above estimates together with the usual elliptic regularity results im-
ply that v is smooth on € for 0 < t < T, if all the data and 0f) are

10



smooth. However, for the purposes of numerical analysis one needs regu-
larity estimates which hold uniformly for ¢ — 0. To get such informa-
tion from the above equations requires starting values for all the quantities
o[, Vo], [[0wll, |VOw]], |02v]|, ete., at ¢ = 0. However, there is a problem
already with ||[V0,v(0)]|, as has been demonstrated in [41].

2.2.1 COMPATIBILITY CONDITIONS AT ¢t =0

To investigate this phenomenon, let us assume that the solution {v,p} is
uniformly smooth as t — 0. Then, applying the divergence operator to the

Navier-Stokes equations and letting ¢ — 0 implies:
(i) in Q:

V(0w +v-Vv) = V-(vAv — Vp) —  V:(°-Vo') = —Ap°,
(ii) on 09

ov+vVo=vAv—-Vp —  Oigu=o + 0Vl = vAW? — VpY,

where ¢ is the boundary data, v° the initial velocity and p° := lim; . p(t)

the “initial pressure”. Hence, in the limit ¢ = 0, we obtain an overdetermined
Neumann problem for the initial pressure:

Ap’ = —V-(v"-Vo°) in Q, (11)
Vpo‘m = vAV — 9,gj—0 — vV, (12)

including the compatibility condition
&po‘m =7 (VA — 9ygj4—o — v°- V"), (13)

where 7 is the tangent direction along 0f. If this compatibility is violated,
then lim;_o{||V3v(t)|| + [|[VOw(t)||} = oo; see [41]. We emphasize that (13)
together with (11) is a global condition which in general cannot be verified for
given data. Without (13) being satisfied the maximum degree of regularity is
right in the middle of H? and H?; see [78]. In view of the foregoing discus-
sion, the natural regularity assumption for the nonstationary Navier-Stokes
equations (without additional compatibility condition) is

P eI (Q)NHQ) = sup (V@) + |00} <00, (14)

te(

Example: Flow between two concentric spheres (“Taylor problem”)

Let the inner sphere with radius r;, be accelerated from rest v = 0 with a
constant acceleration w, i.e., v, (n, 79, 7p)" = 74, cos(0)(0,0,wt)” (in polar
coordinates), while at the outer sphere, we set v, = 0. Accordingly, the
Neumann problem for the “initial pressure” takes the form

Ap(] =0 in Q, (9np0|89 = 0,

11



which implies that p° = const. However, this conflicts with the compatibility
condition (13) which in this case reads
8¢p0‘F = —0,(v"ny) =0 = —Tin cos(f)w # 0.

in

In order to describe the “natural” regularity of the solution {v(t),p(t)}, as
t — 0, and as t — oo, in [41] a sequence of time-weighted a priori estimates
has been proven under the assumption (10) using the weight functions 7(t) =
min(¢,1) and e, with fixed o > 0:

r(ty 2| Vrore@)| + [V ol | < K (15)
and

t
et [entsprem{erarun)P 4 [ ol de < . (10
0

forany m>2,n>1.

Open problem 2.1: Devise a way to construct for any given initial data
v (e.g., fitted from experimental data) and any € > 0 a smooth initial data
Y € Ji(T;9Q), such that ||[v° — 0°||; < €, and the resulting solution of the
Navier-Stokes equations satisfies the compatibility condition (13) at t =0.

2.3 Outflow boundary conditions

Numerical simulation of flow problems usually requires the truncation of a
conceptionally unbounded flow region to a bounded computational domain,
thereby introducing artificial boundaries, along which some kind of boundary
conditions are needed. The variational formulation (8), (9) does not contain
an explicit reference to any “outflow boundary condition”. Suppose that the
solution v € v+ H, p € L is sufficiently smooth. Then, integration by parts
on the terms

v(VoVe) — (p, V-¢) = {vo,v — pn}tddo+ (—vAv + Vp, ¢)



yields the already mentioned “natural” condition on the outflow boundary
vo,v —pn =0 on [yy. (17)

This condition has proven to be well suited in modeling (essentially) parallel
flows, see, e.g., [46], Turek [93, 97]. It naturally occurs in the variational
formulation of the problem if one does not prescribe any boundary condition
for the velocity at the outlet suggesting the name “do nothing” boundary
condition.

In the following, we present some experiences in choosing the boundary
conditions implicitly, through the choice of variational formulations of flow
problems used in finite element computations. To fix ideas, let us begin by
considering a common test problem, that of calculating nonstationary flow
past an obstacle (here an inclined ellipse), situated in a rectangular channel.

- S
I‘; o Q 5

Figure 10: The effect of the “do nothing” outflow boundary condition shown by
pressure isolines for unsteady flow around an inclined ellipse at Re=500; from [46].

We impose the usual no-slip boundary conditions on the channel walls and
on the surface of the ellipse, while a parabolic “Poiseuille” inflow profile is
prescribed on the upstream boundary. We denote again by I' that portion of
the boundary on which Dirichlet conditions are imposed. At the downstream
boundary S = I',,;, we decide to “do nothing” and leave the solution and
the test space free by choosing H = H}([';Q) and L = L*(Q). This results
in the free-outflow condition (17). The results of computations based on (17)
show a truly remarkable “transparency” of the downstream boundary when it
is handled in this way; see Figure 10 where almost no effect of shortening the
computational domain is seen.

13



2.3.1 PROBLEMS WITH THE “DO NOTHING” OUTFLOW CONDITION

Although, the “do nothing” outflow boundary condition seems to yield very
satisfactory results, one should use it with care. For example, if the flow re-
gion contains more than one outlet, like in flows through systems of pipes,
undesirable effects may occur, since the “do nothing” condition contains as
an additional hidden condition that the mean pressure is zero across the out-
flow boundary. In fact integrating (17) over any component S of the out-
flow boundary (a straight segment) and using the incompressibility constraint
Vv =0 yields

/pndOZV/an’UdO:—V/atUdOZU(SQ)—U(Sl)ZO.
s s s

Here s; denote the end points of S at which v(s;) = 0, due to the imposed
no-slip condition along I'. Consequently, the mean pressure over S must be
ZEro:

/SdeZO. (18)

To illustrate this, let us consider low Reynolds number flow through a junction
in a system of pipes, again prescribing a Poiseuille inflow upstream. In Figure
11, we show steady streamlines for computations based on the same variational
formulations as above, each with the same inflow, but with varying lengths
of pipe beyond the junction. Obviously, making one leg of the pipe longer
significantly changes the flow pattern. The explanation of this effect is that by
the property (18), in Figure 11 the pressure gradient is greater in the shorter
of the two outflow sections, which explains why there is a greater flow through
that section.

Figure 11: The effect of the “do nothing” outflow boundary condition shown by
streamline plots for flow through a bifurcating channel for Re = 20; from [46].

2.3.2 MODIFICATION OF TRANSPORT OR DIFFUSION MODEL

The foregoing example suggests that one might consider formulating problems
more generally, e.g., in terms of prescribed pressure drops or prescribed fluzes;
we refer to [46] for a thorough development of the corresponding variational
formulations. Both choices of boundary conditions lead to well posed formu-
lations of the problem. However, the situation is less satisfactory than in the
case of pure Dirichlet boundary conditions. Although the variational problem

14



looks well set in this situation, surprisingly there is a problem with its well
posedness. The related Dirichlet problem of the Navier-Stokes equations, sta-
tionary as well as nonstationary, is well known to possess weak solutions (not
necessarily unique or stable) for any Reynolds number. The standard argu-
ment for this result is based upon the “conservation property” (v-Vov,v) =0
of the nonlinear term, which is obtained by integration by parts and using
Vv =0. In the case of a “free” boundary this relation is replaced by
(v-Vo,v) = —%(n-v,v2)p, I =uyly, (19)
which generally does not allow to bound the energy in the system without a
priori knowledge of what is an inflow and what is an outflow boundary. As a
consequence, in [46] the existence of a unique solution could be shown, even
in two space dimensions, only for sufficiently small data. Kracmar/Neustupa
[57] have treated the case of general data by formulating the problem as a
variational inequality including the energy bound as a constraint. This still
leaves the question open whether one can expect existence of solutions for
the original formulation with general data. A positive answer is suggested by
numerical tests which do not show any unexpected instability with the discrete
analogues of the formulation (8), (9) in the case of higher Reynolds numbers.
One may suspect that this theoretical difficulty can be avoided simply by
changing the variational formulation of the problem, i.e., using other varia-
tional representations of the transport or diffusion terms. It has been sug-
gested to replace in the momentum equation (8) the Dirichlet form (Vv, V¢)
by (D[v], D[¢]), with D[v] = 5(d;v; +8;v;)¢,_, being the deformation tensor.
This change has no effect in the case of pure Dirichlet boundary conditions
as then the two forms coincide. But in using the “do nothing” approach this
modification leads to the outflow boundary condition

n-Dlv] —pn =0 on [y,

which may result in a non-physical behavior of the flow. In the case of simple
Poiseuille flow the streamlines are bent outward as shown in Figure 12.

Another possible modification is to enforce the conservation property on
the transport terms. Using the identity V(3|v|?) = v-(Vv)T, the transport
term can be written in the form

vV = v-Vo —v:(Vo)" 4+ IV|o]%.
This leads to a variational formulation in which (v-Vv, ) is replaced by

b(v,v,0) = (v-Vv,$) — (¢-Vv,v), (20)

while the term %|v|2 is absorbed into the pressure. An alternative form is

b(v,v,¢) == L(v-Vv,¢) — L(v-V,v), (21)

15



which is legitimate because b(v,v,¢) = (v-Vv,¢) for v e J;(Q). Notice that
in both cases b(w, ¢, ) = 0 for any w. The corresponding natural outflow
boundary conditions are, for (20):

vO,v —pn =0, (22)
with the so-called “Bernoulli pressure” p = p + 1[v|?, and for (21):
vO,v — 3|n-v’n — pn = 0. (23)

Both modifications again result in a non-physical behavior across the outflow
boundary; streamlines bent inward as shown in Figure 12. Hence, for physical
reasons, it seems to be necessary to stay with the original formulation (8), (9).
For a detailed discussion of the boundary conditions, and for an extensive list
of references, we refer the reader to Gresho [34] and Gresho and Sani [35].

Figure 12: The effect of using the deformation tensor formulation (top) or the
symmetrized transport formulations (middle) together with the “do nothing” outflow
boundary condition compared to the correct Poiseuille flow (bottom); from [46].

Open Problem 2.2: Prove the existence of global smooth solutions (in 2D) for
the original variational Navier-Stokes equations with the “do nothing” outflow
boundary condition for general data.

16



3 Spatial discretization by finite elements

In this section, we recall some basics about the spatial discretization of the
incompressible Navier—Stokes equations by the finite element method. The
emphasis will be on those types of finite elements which are used in our codes
for solving two and three dimensional flow problems, stationary as well as
nonstationary. For a general discussion of finite element methods for flow
problems, see to Girault/Raviart [29], Pironneau [68], and Gresho/Sani [35].

3.1 Basics of finite element discretization

We begin by a brief introduction to the basics of finite element discretization of
elliptic problems, e.g., the Poisson equation in a bounded domain Q C R? (d =
2 or 3) with a polyhedral boundary 0f2,

—vAu = f in Q. (1)
We assume homogeneous Dirichlet and Neumann boundary conditions,
u|FD = 07 81’LU“FN = 07 (2)

along disjoint components I'p and I'y of 02, where 02 = I'p UI'y. The
starting point is the variational formulation of this problem in the natural
solution space H := H}(T'p;Q): Find u € H satisfying

a(u, ¢) :=v(Vu, Vo) = (f,¢) Vo€ H. (3)

To discretize this problem, we introduce decompositions, named T, , of
into (closed) cells K (triangles or quadrilaterals in 2D, and tetrahedra or
hexahedra in 3D) such that the usual regularity conditions are satisfied:

o 0= U{K c Th} .
e Any two cells K, K’ only intersect in common faces, edges or vertices.
e The decomposition T; matches the decomposition 92 =T'p Uy .

In the following, we will also allow decompositions with “hanging nodes” in
order to ease local mesh refinement. To each of the decompositions Ty, , there
corresponds a mesh-size function h = h(z) which is piecewise constant such
that hjx =: hx. We set hg := diam(K) and denote by pg the radius of
the ball of maximal size contained in K . We will also use the notation h :=
maxger, hi . The family of decompositions {T}}; is said to be (uniformly)
“shape regular”, if

chx < pr < hg, (4)

and (uniformly) “quasi-uniform”, if

max hx < ¢ min hg, (5)
KeTy, KeT),
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with some constants ¢ independent of h; see Girault/Raviart [29] or Bren-
ner/Scott [19] for more details of these properties. In the following, we will gen-
erally assume shape-regularity (unless something else is said). Quasi-uniformity
is usually not required. Examples of admissible meshes are shown below.

Figure 13: Regular finite element meshes (triangular and quadrilateral)

On the decompositions T}, , we consider “finite element spaces” H), C H
defined by
H,;, = {Uh € H, Uplk € P(K), K € Th},

where P(K) are certain spaces of elementary functions on the cells K. In
the simplest case, P(K) are polynomial spaces, P(K) = P,(K) for some
degree r > 1. On general quadrilateral or hexahedral cells, we have to work
with “parametric” elements, i.e., the local shape functions are constructed by
using transformations g : K — K between the “physical” cell K and a
fixed “reference unit-cell” K by vy x(¢x(-)) € P.(K). This construction is
necessary in general in order to preserve “conformity” (i.e., global continuity) of
the cell-wise defined functions v, € Hj, . For example, the use of bilinear shape
functions ¢ € span{l,x1, s, 172} on a quadrilateral mesh in 2D employs
likewise bilinear transformations g : K — K. We will see more examples of
concrete finite element spaces below.

In a finite element discretization, “consistency” is expressed in terms of
local approximation properties of the shape functions used. For example, in the
case of a second-order approximation using linear or d-linear shape functions,
there holds locally on each cell K :

v = Inv| k + hi||V (v — 1) ||k < bk ||V x, (6)
and on each cell surface 0K :
v — Lyollor + hicllOn(v — L) lore < by V20l|x, (7)

where Iyv € Hj is the natural “nodal interpolation” of a function v €
H N H*Q), ie., v coincides with v with respect to certain “nodal func-
tionals” (e.g., point values at vertices, mean values on edges or faces, etc.).
The “interpolation constant” is usually of size ¢; ~ 0.1—1, depending on the
shape of the cell K.
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With the foregoing notation the discrete scheme reads as follows: Find
up € Hj, satisfying

a(un, dn) = (f, 1) Von € Hy. (8)
Combining the two equations (3) and (8) yields the relation

a(u —un, o) =0, ¢ € Hy, (9)
which means that the error e := u — w; is “orthogonal” to the subspace

Hj, with respect to the bilinear form a(-,-). This essential feature of the
finite element Galerkin scheme immediately implies the “best approximation”
property
Vel = min ||[V(u— . 10
IVel = min [|V(u — @)l (10)

In virtue of the interpolation estimate (6), we obtain the (global) a priori
convergence estimate

IVell < erhllV2ull < eres h |1 f]], (11)

provided that the solution is sufficiently regular, i.e., u € H?(Q), satisfying
the a priori bound
V20| < esll £]]- (12)

In the above model, this is the case if the polygonal domain 2 is convex.
In case of reduced regularity of u due to reentrant corners, the order in the
estimate is correspondingly reduced. In the case of approximation by higher-
order polynomials, r > 2, and higher order of regularity of u, the estimate
(11) shows a correspondingly increased power of h. The order of h in the
“energy-error” estimate (11) can be improved by shifting to the L?-norm. This
is done by employing a duality argument (“Aubin-Nitsche trick”); see, e.g.,
Brenner/Scott [19]. Let z € H be the solution of the auxiliary problem

—vAz = |le|'e inQ, 2=0 ondQ, (13)
satisfying an a priori bound ||V?z|| < c¢g. Then, there holds
lel| = (e, —vAz) = ale, z) = ale, z — Iz) < cresh|| Ve, (14)
and we conclude the improved a priori L?-error estimate
lell < ciesh?|If]]- (15)

In order to convert the problems (8) into a form which is amenable to prac-
tical computation, we introduce the nodal basis {¢},...,¢N}, N = dim H,,,
of the space Hj,, defined by ¢} (a;) = d;;, 1,5 = 1,..., N, where a; are the
nodal points (e.g., the vertices) of the mesh. Then, setting

N
Uh — xi hs
1=1
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problem (8) is equivalent to the linear algebraic system
Az =b, (16)

for the “nodal value” vector = = (z;)Y,. Here, the “stiffness matrix” A and
the “load vector” b are defined by

A = (CL( ;w (b?z))szl ’ b = ((f7 Qb;L))ZJ\;l :

In the case of variable coefficients and force the integrals have to be computed
by using integration formulas; in our implementations usually Gaussian formu-
las are used. For the pure diffusion problem the stiffness matrix A is symmet-
ric and positive definite. Its condition number behaves like x(A) = O(h™?),
where the exponent -2 is determined by the order of the differential operator
A (it is independent of the spatial dimension and the polynomial degree of
the finite elements used).

Below, we show a sequence of hexahedral 3D meshes used for computing
the “puff-puff low” mentioned in the Introduction; observe the successively
refined approximation of the curved boundary.

Figure 14: Sequence of successively refined hexahedral meshes for computing the
“puff-puft” flow in 3D.

3.2 Stokes elements

We consider the stationary Navier-Stokes problem as specified in Section 2.
In setting up a finite element model of the Navier-Stokes problem, one starts
from the variational formulation of the problem: Find v € v"+H and p € L,
such that

a(“? 30) + n(v, U, SO) + b(p, ¢) = (fa 90) V¢eH, (17)
b(x,v) =0 Vyxe€L. (18)

The choice of the function spaces H € H'(Q2)) and L C L*(2) depends on the
specific boundary conditions imposed in the problem to be solved. On a finite
element mesh T;, on 2 with cell width A, one defines spaces of “discrete”
trial and test functions,

H, “C” H, L, C L.
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The discrete analogues of (19), (20) then read as follows: Find v;, € vi® + H,
and py € Ly, such that

an(Vn, ©n) + 1a(Vn, Uhs On) + br (P, on) = (f,on) ¥V on € Hy, (19)
bh(Xn,vn) =0 Y xn € Ly, (20)

where vi" is a suitable approximation of the inflow data v™. The notation
H; “C”H indicates that in this discretization the spaces H; may be “noncon-
forming”, i.e., the discrete velocities v;, are continuous across the interelement
boundaries and zero along the rigid boundaries only in an approximate sense;
in this case the discrete forms ay(+,-), bn(-,-), nu(s,+,-) and the discrete “en-
ergy norm” ||V - ||, are defined in the piecewise sense,

a'h(gba,lvb) = Z V(V¢a Vw)K, bh(X>¢) = Z (Xv V'¢)K,

KeTy, KeTy

1/2

m(6,0.8) = > 0V O, [1Voll= (D IVelk)
KeTy, KeTy

In order that (19), (20) is a stable approximation to (17), (18),as h — 0, it is
crucial that the spaces Hyx L, satisfy a compatibility condition, the so-called
“inf-sup” or “Babuska-Brezzi” condition,

f { b (qn, wp)

sup
gn€Lp

ot wn) L g, (21)
uneht, Tanl ||th||h}

Here, the constant v is required to be independent of A. This ensures that
the problems (19), (20) possess solutions which are uniquely determined in
H; x L;, and stable. Further, for the errors e, := v — v, and e, := p — pp,
there hold a priori estimates of the form

IVeulln + llepll < ch{IV20ll + [ Vpll} - (22)

A rigorous convergence analysis of spatial discretization of the Navier-Stokes
problem can be found in Girault/Raviart [29] and in [41, 43].

3.2.1 EXAMPLES OF STOKES ELEMENTS

Many stable pairs of finite element spaces {Hj, L,} have been proposed in the
literature (see, e.g., Girault/Raviart [29], Hughes et al. [49] and [77]). Below,
two particularly simple examples of quadrilateral elements will be described
which have satisfactory approximation properties and are applicable in two
as well as in three space dimensions. They can be made robust against mesh
degeneration (large aspect ratios) and they admit the application of efficient
multigrid solvers. We note that, from the point of view of accuracy, in our
context quadrilateral (hexahedral) elements are to be preferred over triangu-
lar (tetrahedral) elements because of their superior approximation properties.
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Both types of elements may be used in the spatial discretization underlying
the discussions in the following sections.

1) The nonconforming “rotated” d-linear Ql/PO Stokes element

The first example is the natural quadrilateral analogue of the well-known tri-
angular nonconforming finite element of Crouzeix/Raviart (see [29]). It was
introduced and analyzed in [77] and its two- as well as three-dimensional ver-
sions have been implemented in state-of-the-art Navier-Stokes codes (see Turek
[93, 96], Schreiber/Turek [83], and Oswald [66]. In two space dimensions, this
nonconforming element uses piecewise "rotated” bi-linear (reference) shape
functions for the velocities, spanned by {1, z,y,2* — y*}, and piecewise con-
stant pressures. As nodal values one may take the mean values of the velocity
vector over the element edges (or, alternatively, its point values at the mid-
points of sides) and the mean values of the pressure over the elements. For the
precise definition of this element we introduce the set 0T, of all (d — 1)-faces
S of the elements K € T}, . We set

Qvl(K) = {qogb;l . q € span{l,z;,2? — xfﬂ, i=1, ...,d}}.

The corresponding finite element spaces are

H, — Uh€L2(Q)dZ ’Uh|K€é1(K)d, KET}H
i Fs(vpk) = Fs(vnkr), S COKNOK', Fs(v,) =0, SCT |’

Ly = {an € L: quix € Po(K), K € T),},

with the nodal functionals

Fa(on) =15 [

v, do, Fx(pn) = |K|_1/ pp d .
S K

1
. mephdl"

Y 1
LRREEEEP SRR e = | vnds
1 Co T fr h
o I Jrvnds e

1 Sy pnd s /
G} .

Clearly, the spaces Hj, are non-conforming, H;, ¢ HY(Q)¢. For the pair
{Hy,, L,} the discrete “inf-sup” stability condition (21) is known to be satisfied
on fairly general meshes; see [77] and [13]. For illustration, we recall from [13]
the essential steps of the argument.

Proof of the “inf-sup” stability estimate (21): Using the continuous “inf-sup”
estimate (7), we conclude for an arbitrary pj, € L, that

|br (ph, @)| |br (Ph, ThO)| |Vrué||
Yollpu|l < sup —=—-= < sup sup .
’ sert IV~ moer,  IVrdll  senn [V

(23)
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where r,¢ € Hy, is an approximation to ¢ € H satisfying
bn(Xn, @ —7Tnd) =0 Vxn € L, [Vrgl < allVoll. (24)

These properties are realized for the @1 /Py Stokes element by the natural
nodal interpolation defined by

/rh¢d0:/¢do Y S € OT.
S S

Then, the first relation in (24) is obvious, and the H' stability follows from

IVragllz = > {(Thcb,an?“hcb)ax — (9, Arhﬁb)f{}

KeTy

= (V6, Vo) + Y {6 — 6, 0urnd)ox — (md — 6, Amid)ic }

KeTy

The argument becomes particularly simple for parallelogram meshes. In this
case Op7pPr = const. and Ar,¢x = 0, such that the last sum vanishes. The
general case requires a more involved estimation. Now, the desired “inf-sup”
stability estimate follows with the constant v = 7o/c. .

As discussed in [77], the stability and approximation properties of the
O /Py Stokes element depend very sensitively on the degree of deviation of
the cells K from parallelogram shape. Stability and convergence deteriorates
with increasing cell aspect ratios. This defect can be cured by using a “non-
parametric” version of the element where the reference space @Q1(K) := {q €
span{1,&,7,&% — n?}} is defined for each element K independently with re-
spect to the coordinate system (&,7) spanned by the directions connecting
the midpoints of sides of K . This approximation turns out to be robust with
respect to the shape of the elements K , and the convergence estimate (22)
remains true. Below, we will relax this requirement even further by allowing
the elements to be stretched in one or more (in 3D) directions.

Finally, we mention an important feature of the Q; /P, Stokes element (see
[93]): It possesses a “divergence-free” nodal-basis, which allows the elimina-
tion of the pressure from the problem resulting in a positive definite algebraic
system for the velocity unknowns alone. The reduced algebraic system can be
solved by specially adapted multigrid methods; see Turek [93].

2) The conforming d-linear Q1 /@y Stokes element with pressure stabilization

The second example uses continuous isoparametric d-linear shape functions for
both the velocity and the pressure approximations. The nodal values are just
the function values of the velocity and the pressure at the vertices of the mesh,
making this approximation particularly attractive in three dimensions. With

QI(K) = {qowj_"l VS Span{lvxiuxixja 7’7.] = 17' . ‘7d}}7
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the corresponding finite element spaces are defined by
H, = {o e HITQ)": vyx € QK K €Ty},
Ly = {me H'(Q): ayc € QulK), K €T},
with the nodal functionals (@ vertex of the mesh T )
Fo(un) = vn(a),  Fa(pn) = pa(a) .

- Uh(a)> ph(a)

Uh(a)> ph(a)

This combination of spaces, however, would be unstable, i.e., it would violate
the condition (21), if used together with the variational formulation (19), (20).
In order to get a stable discretization, it was proposed by Hughes et al. [49],
to add certain least squares terms in the continuity equation (20) (pressure
stabilization method),

b(Xn,vn) + cu(Xn:Pr) = gn(Vni Xn), (25)
where
a
cn(xn pn) = — > (Vo Von) k.
KeTy
a
9n(vns Xn) = — > W (Vxn, |+ AU, — v Von)
KeTy,

The correction terms on the right hand side have the effect that this modi-
fication is fully consistent, since the additional terms cancel out if the exact
solution {v,p} of problem (17), (18) is inserted. On regular meshes, one ob-
tains a stable and consistent approximation of the Navier-Stokes problem (17),
(18), for which a convergence estimate of form (22) holds true. The argument
follows a slightly different track than that used above for the nonconforming
Q1/P, element; see [13].

Proof of the “inf-sup” stability estimate (21): From the continuous stability
estimate (7) we conclude that

\Y% \V4 v B
ol < sup L@ YO IVl (V@ — 1)

sup p , (26)
moeH, ||VTholl  ger [Vl sen Vol
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where r,¢ € Hy, is an approximation to ¢ € H, satisfying

/
(3 w2l —raolli) " + 190l < c.lVol. (21)

KeTy,

The existence of such an approximation can be shown by employing an aver-
aged nodal interpolation. From this, we obtain

|(ph>v¢h /2
Ylpwll < c. sup WiVl ,
oneH,, HV(b H <K€ZT K)

which yields the desired stability estimate with the constant v = 7o/c. .

It was shown in Hughes et al. [49], and later on in a series of mathematical
papers (see, e.g., Brezzi/Pikdranta [21], and the literature cited therein) in
the context of a more general analysis of such stabilization methods, that this
kind of discretization is numerically stable and of optimal order convergent for
many relevant pairs of spaces Hy x Ly, .

The stabilized Q1/Q1 Stokes element has several important features: With
the same number of degrees of freedom it is more accurate than its triangular
analogue (and also slightly more accurate than its nonconforming analogue
described above). Furthermore, it has a very simple data structure due to the
use of the same type of nodal values for velocities and pressure which allows
for an efficient vectorization of solution processes. Thanks to the stabilization
term in the continuity equation, standard multigrid techniques can be used
for solving the algebraic systems with good efficiency (see the discussion in
Section 5 below).

We note that the triangular analogue of this element is closely related
(indeed almost algebraically equivalent) to the “inf-sup” stable MINI-element
(see Brezzi/Fortin [20]) which is based on the standard @);/Q;-element and
stability is achieved by augmenting the velocity space by local cubic bubble
functions.

The stabilized Q1/Q1-Stokes element has been implemented in several 2D
and 3D Navier-Stokes codes (see, e.g., Harig [38], Becker [7], and Braack [17]).
However, it was already reported in Harig [38] that the convergence properties
of this element sensitively depend on the parameter o and may deteriorate on
strongly stretched meshes. We will come back to this point below.

3.3 The algebraic problems

The discrete Navier-Stokes problem (19), (20), possibly including pressure sta-
bilization (25), has to be converted into an algebraic system which can be
solved on a computer. To this end, we choose appropriate local “nodal bases”
{¢t,i=1,...,N,} of the “velocity space” Hy, and {x},i=1,...,N,} of the
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“pressure space” Lj and expand the unknown solution {vj,p,} in the form
Ny Np
__an 7 _ J
Uh = U +Z$i¢h, ph—zxiXh-
i=1 j=1

We introduce the following matrices:

N’u NP7N'U

i 4 i 4 i dY) Ve
A= (ah(¢h7 ¢?l>)i7j:17 B = (bh(Xiu ¢‘;L>)i,j:1 ) C= (Ch(th Xgl))i,j:l’
N(z) = (np(of+ X0 2 df, &, 03) + 1 (0, 03 #L))NU

1,7=1’
b= ((f,0))—ai, é)) —na(oi v 6))5", el) = (gnlonixd)) %,

Here, A is the stiffness matrix, B the “gradient matrix” with the associated
“divergence matrix” — BT ; N(-) is the (nonlinear) transport matrix and b the
load vector into which the nonhomogeneous inflow-boundary data have been
incorporated. Further, C' is the matrix arising from pressure stabilization and
¢ the (nonlinear) correction term on the right-hand side. Occasionally, we will
use the abbreviation A(-) := A+ N(:). For later use, we also introduce the
velocity and pressure “mass matrices”:

N N
Mv = ((¢h> le))i,j:l’ Mp = ((Xh> X?L))Zj:l

With this notation the variational problem (19), (20) can equivalently be writ-

ten in form of an algebraic system for the vectors z € RY and y € R of

expansion coefficients:

Ax + N(z)x+ By = b, (28)
~B'z +Cy = c(z). (29)

Notice that for this system has the structure of a saddle-point problem (for
C = 0) and is generically nonsymmetric. This poses a series of problems in
solving it by iterative methods. This point will be addressed in more detail in
Section 5, below.

3.4 Anisotropic meshes

In many situations it is necessary to work with (locally) anisotropic meshes,
i.e., in some areas of the computational domain the cells are stretched in order
to better resolve local solution features. Such anisotropies generically occur
when tensor-product meshes are used to resolve boundary layers. In this case
the mesh T}, is no longer “quasi-regular” and the discretization may strongly
depend on the deterioration of the cells measured in terms of “cell aspect
ratios”. On such meshes three different phenomena occur:

- The constant ¢; in the interpolation estimates (6), (7) may blow up.

- The constant « in the “inf-sup” stability estimate (21) may become small.
- The conditioning of the algebraic system may deteriorate.
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Figure 15: A sequence of locally anisotropic tensor-product meshes with aspect
ratios op = 10,100, 1000, for computing the driven-cavity flow.

It is known that for most of the lower-order finite elements (including the ele-
ments considered here) the local interpolation estimates remain valid even on
highly stretched elements (“maximum angle condition” versus “minimum an-
gle condition”). Accordingly, the failure of the considered Stokes elements on
stretched meshes is not so much a problem of consistency but rather one of sta-
bility. Hence, we will discuss the stability in more detail; the approximation as-
pects have been systematically analyzed in Apel/Dobrowolski [2], Apel [3], and
the literature cited therein. The main technical difficulty arises from the dete-
rioration of the “inverse inequality” for finite elements ||V || < chi ||énllx
on stretched cells. Further, the solution of the resulting algebraic systems,
e.g., by multigrid methods, becomes increasingly difficult. For simplicity, we
concentrate the following discussion on the special case of cartesian tensor-
product cells as shown in the figures above and below; here the “cell aspect
ratio” is defined by ox = h,/h, and the maximum “mesh aspect ratio” by
o), i= MaXger, Ok - We consider aspect ratios of size o, ~ 1 — 10%.

hy, K

h
As a model problem, we consider the stationary Stokes equations
—vAu+Vp=f, Vu=0, in(Q, (30)

with homogeneous Dirichlet boundary conditions ujpo = 0, on a bounded
polygonal domain € € R?. Using the notation introduced above, the finite
element formulation of this problem reads as follows:

an(n, @n) + bn(pr, ¢n) = (f,v) Vou € Hy, (31)
bh(uh,xh) =0 Vxh € Ly,. (32)
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1. First, we consider the nonconforming @1 /Py Stokes approximation which
uses “rotated” bilinear shape functions for the velocities and piecewise con-
stants for the pressure. Above, we have introduced its “non-parametric” ver-
sion where local cell coordinates {{x,nx} are used for defining the local shape
functions on each cell as vk € span{l, &k, N, € — N5 } . In this way one ob-
tains a discretization which is robust with respect to deviations of the cell from
parallelogram shape. It has been shown in [12] that this non-parametric ele-
ment can be modified to be also robust with respect to increasing aspect ratio.
This modification employs a scaling of the local coordinate system according
to the cell aspect ratio o := hy/h,,

Un|k € span{l, {k, ok MK, 5?( - U?{U%(} .

Figure 16: Pressure and velocity norm isolines for a driven-cavity computation with
the standard isotropic Q1/Py element (left) compared to the anisotropically scaled
version (right); from Becker [7].

Furthermore, the “inf-sup” stability estimate (21) is preserved on such
meshes with a constant ~ independent of the mesh aspect ratio o, . To
demonstrate that this scaling is actually necessary for the stability of this
element, we show in Figure 16 the results of a “driven cavity” calculation on
meshes with o, = 32 using the standard isotropic approximation compared to
the anisotropically scaled version. The instability caused by the large aspect
ratio exhibits spurious pressure peaks and vortices along the boundary.

2. Next, we consider the stabilized ();/Q1—Stokes approximation which uses
continuous (isoparametric) bilinear shape functions for both the velocity and
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the pressure. As seen before, this discretization becomes “inf-sup” stable if
the discrete model is augmented by a least-squares term of the form

(V-up, xn) + c(pn, xn) = “correction terms”. (33)

On quasi-uniform meshes, we obtain a stable and consistent approximation of
the Stokes problem but this approximation sensitively depends on the choice of
the form ¢(+,-) and may deteriorate on strongly stretched meshes. Again, the
approximation property of the ;/Q); element is not the problem. The inter-
polation estimates (6) and (7) remain valid also on high-aspect-ratio meshes
(as defined above) with constants independent of o, . However, the proper
design of the stabilization (33) is delicate. We consider the following three
different choices for the stabilizing bilinear form:

Cl(p,Q) = OZZKeTh|K|(Vp,VQ)K,
C(p7 q) = Co (p7 q) =« ZKETh h%((vp7 V(])K )
c(pq) = « EKe’]Th {hi(ampa 0:q) K + hz(aypu ayQ)K} .

The form ¢ (-,-) is built in analogy to the MINI-element, since condensation
of the bubble functions leads directly to the cell-wise scaling factor |K|. We
see that c¢i(+,-) gets smaller with increasing oy, , an undesirable effect which
is avoided by e¢(+,-). Finally, cs(-,-) distinguishes between the different co-
ordinate directions which requires the use of a local coordinate system in the
definition of the stabilization. By a local “inverse estimate” for bilinear func-
tions on (arbitrary) rectangles we get the stability relation c3(pp, pr) < ||lpnll?,
which appears necessary for the stabilization to achieve uniformity with re-
spect to the mesh aspect ratio. This may be seen by writing the discrete
system (31), (33) in matrix notation

s allv]- 1)

where C; corresponds to the stabilizing bilinear form ¢;(-,-). The Schur com-
plement of the main diagonal block A is ¥ = C; — BTA7'B. Then, the
stability constant v in (33) is given by (see [13]):

Y2 = Apin (M) (34)

where M denotes the mass matrix of the pressure space L, (piecewise con-
stants in this case). This correspondence can be used in order to experimentally
determine the dependence of the stability constant v on the various parame-
ters of the discretization, particularly the cell aspect ratio. We may detect
by counting the number of cg—iterations (preconditioned by the mass matrix
M ) needed to invert the Schur complement. The convergence rate p of the cg-
iteration applied to the preconditioned Schur complement MY is linked to
the condition number x = cond(M ') by the following well-known formula
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These test calculations use a sequence of anisotropic grids obtained by one-
directional refinements. The results are given in Table 1.

Table 1: Number of cg-iterations; from Becker [7].
o |2] 4] 8]16] 32[64[128]
c1 || 8118 [39]98 559 | =« *

co || 8118 39|88 193 | =* *
cs || 81162931 29|27 | 24

inflow }y.g.;i+p.n=0

-

Figure 17: Pressure isolines for a jet flow in a channel calculation with the Q1/Q1
element using isotropic stabilization (top and middle) compared to the anisotropic
stabilization (bottom); from Becker [7].

The interpretation of these observations is as follows: The increase of the
stability constant for c¢(-,+) stems from the fact, that v ~ 072 — 0 with
increasing aspect ratio, whereas the bad behavior of ¢s(+, ) can be explained by
the growth of \e.(X) &~ 02 due to fact that we only have cy(p, q) < o||pl|ll¢|l -
We also see that the anisotropic stabilization by c3(+,-) leads to an aspect-
ratio-independent behavior. Similar effects are also observed for the accuracy
of the different stabilizations; see Becker [7] and [13].

Open Problem 3.1: Prove the approzimation property (27) on general mesh-
es with arbitrary aspect ratio o. The special case of tensor-product meshes

has been treated in Becker [7] (see also Apel [3].
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3.5 Treatment of dominant transport

In the case of higher Reynolds numbers (e.g., Re > 1000 for the 2-D driven cav-
ity, and Re > 100 for the flow around an cylinder) the finite element models
(19), (20) or (19), (25) may become unstable since they essentially use central-
differences-like discretization of the advective term. This “instability” most
frequently occurs in form of a drastic slow-down or even break-down of the
iteration processes for solving the algebraic problems; in the extreme case the
possibly existing “mathematical” solution contains strongly oscillatory com-
ponents without any physical meaning. In order to avoid these effects some
additional numerical damping is required. The use of simple first-order artifi-
cial viscosity is not advisable since it introduces too much numerical damping.
Below, we describe two approaches used in the context of finite element dis-
cretization: i) an adaptive upwinding, and ii) the streamline diffusion method.
Alternative techniques are the “characteristics Galerkin method” (for nonsta-
tionary flows) and the “discontinuous finite element method” which require
major changes in the discretization and will therefore not be discussed here;
for references see Pironneau [67], Morton [63] and Johnson [51].

3.5.1 UPWINDING

In the finite element context “upwinding” can be defined in a quite natu-
ral way; see, e.g., Tobiska/Schieweck [90] and Turek [97], and the literature
cited therein. Here, the upwinding effect is accomplished in the evaluating
of the advection term through shifting integration points into the upwind di-
rection. This modification leads to system matrices which have certain M-
matrix properties and are therefore amenable to efficient and robust solution
techniques. This is widely exploited in the finite element codes described in
Schreiber /Turek [83], Turek [97] and Schieweck [82].

Following [97], we briefly describe the upwind strategy for the noncon-
forming “rotated” bilinear Stokes element. Each quadrilateral K € T} is
divided into eight barycentric fragments S;;, and for each edge I'; and mid
point m; on I' the “lumping region” R, is defined by R; := Ugea,Sik , where
Ay = {k,m; and my, belong to the same element K'}. The boundary of the
lumping region R; consists of the edges I'y, := 051, NOSk, i.e., OR; = Ugep, L.
In this way we obtain an edge oriented partition of the mesh domain 2, = U, R;.

mTL
Suk | Sn K K’
Skn Sm
m Mom,
Ski Sl
Stk | Sim
1w ﬁlk
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A modification of the nonlinear form n(uy, vy, wy) is now defined by

ﬁh(uh, Vh, wh) = Z (1 — Alk(uh)) (vh(mk) — vh(ml)) wh(ml) / Up Nk dS,

Kl 1y

where )\, are parameters depending on the local flux direction. Setting

1
Ti=— up-ny ds
vJry,

possible choices are

0, forz <0

{ (1/)2+2)/(1+x), forz >0
1/(2 —2x), forz <0

>
AN = { L, forz >0 } (“simple upwinding”),

Ak } (“Samarskij upwinding” ),

It can be be shown (see Tobiska/Schieweck [90]) that this upwind scheme is of
first order accurate and, what is most important, the main diagonal blocks of
the corresponding system matrix A + N(-) become M-matrices. This is the
key property for its inversion by fast multigrid algorithms.

The described upwind discretization can generically be extended to the
three dimensional case. An analogous construction is possible for the con-
forming @)1/Q; element with pressure stabilization also in two as well as in
three dimensions; see Harig [38].

3.5.2 STREAMLINE DIFFUSION

The idea of “streamline diffusion” is to introduce artificial diffusion acting only
in the transport direction while maintaining the second-order consistency of
the scheme. This can be achieved in various ways, by augmenting the test
space by direction-oriented terms resulting in a “Petrov-Galerkin method”, or
by adding certain least-squares terms to the discretization. For the (stationary)
Navier-Stokes problem, we propose the following variant written in terms of
pairs {¢,x} € HxL: Find v, € vi" + H;, and pj, € Ly, , such that

an(Vn, on) + 1p(Vn, Vs On) + On(Pr, V-dn) + su({Vh; Pa}, {0n, Xn})
= (f, on) + ra({vn, or} {Pns Xn}) (35)

for all {¢n, xn} € HX Ly, where, with some “reference velocity” oy, ,

sn({vn pnk {dm xn}) = > 5K{(Vph + Un-Vun, VXn + Un-Von )k

KeT,
+(V'Uh,V'§Z5h)K},
ru({vn pn} {dns xn}) = D O (f + vAvh, Vi + 00 Vn) k.

KeTy
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The stabilization parameters dx are chosen according to

5K:min{@ e } (36)

y T —1
v |vlk
This discretization contains several features. The first term in the sum

Z 5K{(Vph, Vxn) i + (0n-Vop, 0y Von) g + (Veup, vﬁbh)K}

KeTy

stabilizes the pressure-velocity coupling for the conforming @1/@Q; Stokes el-
ement, the second term stabilizes the transport operator, and the third term
enhances mass conservation. The other terms introduced in the stabilization
are correction terms which guarantee second-order accuracy for the stabilized
scheme. Theoretical analysis shows that this kind of Galerkin stabilization ac-
tually leads to an improvement over the standard upwinding scheme, namely
an error behavior like O(h*?) for the finite elements described above; see To-
biska/Verfiirth [91], and also Braack [17] where the same kind of stabilization
has been applied for weakly compressible flows with chemical reactions. For
linear convection-diffusion problems the streamline diffusion method is known
to have even O(h?) convergence on fairly general meshes; see [107].

Open Problem 3.2: Derive a strateqy for choosing the stabilization parameter
O in the streamline diffusion method on general meshes with arbitrarily large
aspect ratio oy, .

Open Problem 3.3: The streamline diffusion method (like the least-squares
pressure stabilization) leads to a scheme which lacks local mass conservation.
Recently, for convection-diffusion problems an alternative approach has been
proposed which uses a “discontinuous” Galerkin approximation on the trans-
port term and combines (higher-order) upwinding features with local mass con-
servation. The extension of this method to the incompressible Navier-Stokes
equations (and its practical realization) has yet to be done.
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4 Time discretization and linearization

We now consider the nonstationary Navier-Stokes problem: Find v € v+ H
and p € L, such that v(0) =" and

(O, ) + alv, ) +n(v,v,9) +b(p,¢) = (f,»), YepeH, (1)
b(x,v) =0, Vx€eL. (2)

The choice of the function spaces H C H(2)? and L C L?(2) depends again
on the specific boundary conditions chosen for the problem to be solved; see
the discussion in Section 2.

In the past, explicit time stepping schemes have been commonly used in
nonstationary flow calculations, mainly for simulating the transition to steady
state limits. Because of the severe stability problems inherent to this approach
(for moderately sized Reynolds numbers) the very small time steps required
prohibited the accurate solution of really time dependent flows. In implicit

time stepping one distinguishes traditionally between two different approaches
called the “Method of Lines” and the “Rothe Method”.

4.1 The Rothe Method

In the “Rothe Method”, at first, the time variable is discretized by one of
the common time differencing schemes; for a general account of such schemes
see, e.g., Thomée [89]. For example, the backward Euler scheme leads to a
sequence of Navier-Stokes-type problems of the form:

kot (0" =" 0) +a(v”, 9) + n(v", 0", 0) + (", 9) = (", 9), (3)
b(x,v") = 0. (4)

for all {¢,x} € H x L, where k, =t, —t,_1 is the time step. Each of these
problems is then solved by some spatial discretization method as described
in the preceding section. This provides the flexibility to vary the spatial dis-
cretization, i.e. the mesh or the type of trial functions in the finite element
method, during the time stepping process. In the classical Rothe method the
time discretization scheme is kept fixed and only the size of the time step may
change. The question of how to deal with varying spatial discretization within
a time-stepping process while maintaining higher-order accuracy and conser-
vation properties is currently subject of intensive research. It is essential to
do the mesh-transfer by L? projection which is costly, particularly in 3D if full
remeshing is used in each time step, but is easily manageable if only meshes
from a family of hierarchically ordered meshes are used.

4.2 The Method of Lines

The traditional approach to solving time-dependent problems is the “Method
of Lines”. At first, the spatial variable is discretized, e.g. by a finite element
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method as described in the preceding section leading to a system of ordinary
differential equations of the form:

Ma(t) + Az(t) + N(z(t)z(t) + By(t) = b(t), (5)
~BTx(t) + Cy(t) = c(t), t>0, (6)

with the initial value z(0) = 2. The mass matrix M , the stiffness matrix

A and the gradient matrix B are as defined above in Section 3. The matrix
C and the right-hand side ¢ stem from the pressure stabilization when using
the conforming @);/@Q1 Stokes element. Further, the (nonlinear) matrix N(-)
is thought to contain also all terms arising through the transport stabilization
by upwinding or streamline diffusion. For abbreviation, we will sometimes use
the notation A(-) := A+ N(+).

For solving this ODE system, one now applies a time differencing scheme.
The most frequently used schemes are the so—called “One-Step-6 Schemes”:

One-step 0-scheme: Step t, 1 — t, (k = time step):

[M 4 0kA™ 2" + By" = [M — (1—-0)kA" |2 + 0kb™ + (1—-0)kb™ !
—BTz" +Cy" = ",

where 2" ~ x(t,) and A™ := A(z™). Special cases are the “forward Euler
scheme” for 6 = 0 (first-order explicit), the backward Euler scheme for 6 = 1
(first-order implicit, strongly A-stable), and the most popular Crank-Nicolson
scheme for 6§ = 1/2 (second-order implicit, A-stable). These properties can
be seen by applying the method to the scalar model equation @ = Az . In this
context it is related to a rational approximation of the exponential function of
the form

1—(6—1)x
1+6A

The most robust implicit Euler scheme (6 = 1) is very dissipative and there-
fore not suitable for computing really nonstationary flow. In contrast, the
Crank-Nicolson scheme has only very little dissipation but occasionally suffers
from unexpected instabilities caused by the possible occurrence of rough per-
turbations in the data which are not damped out due to the only weak stability
properties of this scheme (not strongly A-stable). This defect can in principle
be cured by an adaptive step size selection but this may enforce the use of an
unreasonably small time step, thereby increasing the computational costs. For
a detailed discussion of this issue see [71]. A good time-stepping scheme of the
described type should possess the following properties:

Ro(=)\) = =e "+ 0(0-HAP+ AP, A<,

o A-stability (= local convergence): |R(—=\)| <1
e Global stability (= global convergence):

m1‘%@)\—>OO|R(_)\)| <1- O(k) :
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e Strong A-stability (= smoothing property):

mRe,\qm\R(—)\ﬂ <1-6<0.

e Low dissipation (= energy preservation):

IR(=\)| =1 — O(|Im}|), for Re A — 0.

Alternative schemes of higher order are based on the (diagonally) implicit
Runge-Kutta formulas or the backward differencing multi-step formulas, both
being well known from the ODE literature. These schemes, however, have
not yet found wide applications in flow computations, mainly because of their
higher complexity and storage requirements compared with the Crank-Nicolson
scheme. Also less theoretical analysis is available for these methods when ap-
plied to large stiff systems. Some comparison of their stability and approxi-
mation properties is made in [72]; see also [65]. However, there is still another
method which is an attractive alternative to the Crank-Nicolson method, the
so-called “Fractional-Step-6 Scheme” originally proposed by Glowinski [30] and
Bristeau et al. [22].

Fractional-Step-0-scheme: (three substeps: ¢, 1 — t,_119 — ta_g — t,)

(1) [M+afkA™ 010 4 9k By~ "0 = [M —B0kA™ 2" ! + k",
_BTxn—l—i-@ + Cyn_l+9 — Cn—l—i-@

(2)  [MABOkA 12" + OkBy" ™" = [M —af kA" 0" 10 g kb0
—BTLUn_G 4 Cyn—G — Cn—G’

(3)  [M+abkA")z" + 0kBy" = [M —B0kA™ 2"~ + 0kbi =0
—BTa" + COy™ = .

In the ODE context this scheme reduces to a rational approximation of the

exponential function of the form

(1— af@'\)(1 — BON)?

Ro(=A) = (1+ afN)2(1 + BO'N)

— e+ O(NP), N <1.

Here 0 = 1—+/2/2 = 0.292893..., 0'=1-20, a € (1/2,1],and 3 =1—a, in
order to ensure second-order accuracy, and strong A-stability,

g

mRe,\_m ‘Rg(—)\ﬂ = a <1.

For the special choice o = (1—26)/(1—6) = 0.585786... , there holds af = 3¢’
which is useful in building the system matrices in the three substeps. This
scheme was first proposed in form of an operator splitting scheme separating
the two complications “nonlinearity” and “incompressibility” within each cy-
cle t, — t,1 9 — t,y1. However, the Fractional-Step-6 scheme has also very
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attractive features as a pure time-stepping method. It is strongly A-stable, for
any choice of o € (1/2,1], and therefore possesses the full smoothing property
in the case of rough initial data, in contrast to the Crank—Nicolson scheme (case
a = 1/2). Furthermore, its amplification factor has modulus |R(—\)| ~ 1,
for A approaching the imaginary axis (e.g., |R(—0.8¢)] = 0.9998...), which is
desirable in computing oscillatory solutions without damping out the ampli-
tude. Finally, it also possesses very good approximation properties, i.e., one
cycle of length (20+6')k = k provides the same accuracy as three steps of the
Crank-Nicolson scheme with total step length k/3; for more details on this
comparison see [72] and [65].

We mention some theoretical results on the convergence of these schemes.
For the Crank-Nicolson Scheme combined with spatial discretization as de-
scribed in Section 3, an optimal-order convergence estimate

lop, = v t) ]| = O(h* + k?) (7)

has been given in [44]. This estimate requires some additional stabilization
of the scheme but then holds under realistic assumptions on the data of the
problem. A similar result has been shown by Miiller [64] for the Fractional-
Step 6-Scheme. Due to its stronger damping properties (strong A-stability)
this scheme does not require extra stabilization.

4.2.1 COMPUTATIONAL TESTS

Below, we present some results of the computational comparison between the
backward Euler scheme, the Crank-Nicolson scheme and the Fractional-Step-6
scheme. The flow configuration is shown in Figure 18: flow around an inclined
plate in the cross-section of a channel at Re = 500. The spatial discretization
is by the nonconforming “rotated” bilinear Stokes element described in Section
3 on a uniformly refined mesh with 13,000 cells.

$

Figure 18: Configuration of plate-flow test, coarse mesh and streamline plot.

The first test concerns accuracy. Figure 19 shows that the backward Euler
(BE) scheme is not suitable for computing time-periodic flows with acceptable
time-step widths, while the Crank-Nicolson (CN) and the Fractional-Step-6
(FS) scheme show equally satisfactory results. This similar accuracy is further
confirmed by comparing a more sensitive error quantity (mean pressure) in
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Figure 20. Finally, we look at the stability of the schemes. Figure 21 demon-
strates the lack of robustness of the Crank-Nicolson scheme combined with
linear time-extrapolation in the nonlinearity for larger time steps.

Figure 19: Pressure isolines of the plate-flow test: BE scheme with 3k = 1 (top
left), BE scheme with 3k = 0.1 (top right), CN scheme with 3k = 1 (bottom left),
FS scheme with £ = 1 (bottom right); from [65].
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Figure 20: Mean pressure plots for the plate test with fully implicit treatment of
the nonlinearity; left: CN scheme with 3k = 0.33; right: FS scheme with k& = 0.33,
both compared to a reference solution (dotted line); from[65].
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Figure 21: Mean pressure plots for the plate test with linear time-extrapolation;
left: CN scheme with 3k = 0.11; right: FS scheme with k£ = 0.11, both compared to
a reference solution (dotted line); [65].
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4.3 Splitting and projection schemes

As already mentioned, the Fractional-Step-6 scheme was originally introduced
as an operator splitting scheme in order to separate the two main difficulties
in solving problem (1) namely the nonlinearity causing nonsymmetry and the
incompressibility constraint causing indefiniteness. At that time, handling
both complications simultaneously was not feasible. Therefore, the use of
operator splitting seemed the only way to compute nonstationary flows. Using
the notation from above, the splitting scheme reads as follows (suppressing
here the terms stemming from pressure stabilization).

Splitting-Fractional-Step-0 Scheme:

(1) [M 4 abkAlx" "0 1 0k By = [M — pOkA]z" " + 0k —
_ean—lxn—l’
BTI’n_1+6 — 0’
(2)  [M + BOEA" )20 = [M — o' kA" 10210 — @'kBy" 0 4 0k,

(3) [M + abkAlz" 4+ 0kBy" = [M — ﬁHkA]x"_e — OkN™ 920 4 gpbn?,
BTz" =0.

The first and last step solve linear Stokes problems treating the nonlinearity
explicitly, while in the middle step a nonlinear Burgers-type problem (without
incompressibility constraint) is solved. The symmetric form of this scheme
follows the ideas from Strang [87], in order to achieve a second-order splitting
approximation. The results of Miiller [64] suggest that the optimal-order con-
vergence estimate (7) remains true also for this splitting scheme. However, a
complete proof under realistic assumptions is still missing.

Open Problem 4.1: Prove that the Splitting-Fractional-Step-0 scheme is
actually second order accurate for all choices of the parameter o € (%, 1].

In these days, the efficient solution of the nonlinear incompressible Navier-
Stokes equations is standard by the use of new multigrid techniques. Hence,
the splitting of nonlinearity and incompressibility is no longer an important
issue. One of these new approaches uses the Fractional-Step-6 scheme in com-
bination with the idea of a “projection method” due to Chorin [24]; for a
survey see Gresho/Sani [35]. Finally, Turek [95] (see also [97]) has designed
the “Discrete Projection Fractional-Step-6 scheme” as component in his solver
for the nonstationary Navier-Stokes problem.

Next, we address the problem of how to deal with the incompressibility
constraint V-v = 0. The traditional approach is to decouple the continuity
equation from the momentum equation through an iterative process (again
“operator splitting”). There are various schemes of this kind in the litera-
ture referred to, e.g., as “quasi-compressibility method”, “projection method”,
“SIMPLE method”, etc. All these methods are based on the same principle

39



idea. The continuity equation V-v = 0 is supplemented by certain stabilizing
terms involving the pressure, e.g.,

Vu+ep=0, (8)
V- —eAp=0, Onploa = 0, (9)
Vu+edp=0, D=0 = 0, (10)
V- —ed;Ap =0, Onpjoa = 0, pp=o =0, (11)

where the small parameter ¢ is usually taken as € ~ h®, or ¢ ~ k” , depending
on the purpose of the procedure. For example, (8) corresponds to the classical
“penalty method”, and (9) is the simplest form of the “least squares pres-
sure stabilization” scheme (11) described above, with ¢ ~ h? in both cases.
Further, (10) corresponds to the “quasi-compressibility method”.

These approaches are closely related to the classical “projection method” of
Chorin [24]. Since this method used to be particularly attractive for computing
nonstationary incompressible flow, we will discuss it in a some detail. For
simplicity consider the case of homogeneous Dirichlet boundary conditions,
vjpo = 0. The projection method reads as follows. For an admissible initial
value v", choose a time step &, and solve for n > 1:

(i) o™ € H (implicit “Burgers step”):
E~Ho" — ™Y — v A" 4+ 0"V = 7 (12)
(i) v™ = Po" € Jo(Q2) (“Projection step”):
V" =0, nujpg=0. (13)

Here, the function space Jo(2) is obtained through the completion of the
space {¢ € D(Q2),V-¢ = 0} of solenoidal test functions with respect to the
norm of L2(Q). This time stepping scheme can be combined with any spatial
discretization method, e.g. the finite element methods described in Section 3.
The projection step (ii) can equivalently be expressed in the form

(i) " ="+ kV", (14)
with some “pressure” p" € H'(Q), which is determined by the properties
(ii”) AP =k7IV-0", 0Py = 0. (15)

This amounts to a Poisson equation for p" with zero Neumann boundary
conditions. It is this non-physical boundary condition, 9,p" 5, = 0, which
has caused a lot of controversial discussion about the value of the projection
method. Nevertheless, the method has proven to work well for representing the
velocity field in many flow problems of physical interest (see, e.g. Gresho [32]
and Gresho/Chan [33]). It is very economical as it requires in each time step
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only the solution of a (nonlinear) advection-diffusion system for v (of Burgers
equation type) and a scalar Neumann problem for p" . Still, it was argued that
the pressure p" were a mere fictitious quantity without any physical relevance.
It remained the question: How can such a method work at all? A challenging
problem for mathematical analysis!

The first convergence results for the projection method was already given
by Chorin, but concerned only cases with absent rigid boundaries (all-space
or spatially periodic problems). Later on, qualitative convergence was shown
even for the pressure, but in a measure theoretical sense, too weak for practical
purposes. Only recently, stronger results on the error behavior of this method
have been obtained (see, e.g., Shen [84, 85] as well as [73], and the literature
cited therein). The best known error estimate is

[0" = v(tn)llo + 15" — p(tn)llor = O(F), (16)

where ' CC Q is a subdomain with positive distance to the boundary 0€).
This shows that the quantities p™ are indeed reasonable approximations to
the pressure p(t,), and finally confirms that Chorin’s original method is a
first-order time stepping scheme for the incompressible Navier-Stokes problem.
The key to this result is the re-interpretation of the projection method in the
context of the “pressure stabilization methods”. To this end, one inserts the
quantity v ! = "1 —kVp"! into the momentum equation, obtaining

N — 0" = vAT 4 (0"-V)T" + VT = 7 g = 0, (17)
V" — kA" =0, Ouplhg = 0. (18)

This looks like an approximation of the Navier-Stokes equations involving a
first-order (in time) “pressure stabilization” term, i.e., the projection method
can be viewed as a pressure stabilization method with a global stabilization
parameter € = k, and an explicit treatment of the pressure term. Moreover, it
appears that the pressure error is actually confined to a small boundary strip
of width § ~ v/vk and decays exponentially into the interior of Q. In fact, it
was conjectured that, setting d(z) = dist(z, 0Q2),

15" (x) — p(z,t,)| < cexp (-aé(j_]i) VEk+O(k). (19)

This conjecture is supported by numerical experiments for the pressure stabi-
lization method applied to the stationary Stokes problem and by some model
situation analysis in E/Liu [25]. The analysis of this boundary layer phe-
nomenon requires the study of the singularly perturbed Neumann problem

(vIV-AL'V — eAn)g = €eAp, inQ,  Ongon = Onpjoa, (20)

where Ap denotes the Laplacian operator corresponding to Dirichlet bound-
ary conditions. Clearly, V-A,'V is a zero-order operator mapping L?(f2)
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into L?*(2). For this problem, one would like to know a decay estimate of the
form

lglle; < cexp (ﬂ\%) IVpll + cve || Apl], (21)

for interior subdomains Qs := {x € €, dist(x, 02) > §}, from which a point-
wise result like (19) could be inferred. Such an estimate could be proven in
[73] only for the case that the “global” operator V-AL'V is replaced by the
“local” identity operator. In the general case the corresponding result is still
an open problem.

Open Problem 4.2: Prove an analogue of the a priori decay estimate (21)
for the non-local operator V-Aglv.

The occurrence of the pressure boundary layer is demonstrated in Figure 22
for a simple model problem on the unit square with known polynomial solution.
It is even possible to recover the optimal-order accuracy of the pressure, O(h?),
at the boundary by postprocessing, e.g. by linear or quadratic extrapolation
of pressure values from the interior of the domain; see Figure 23 and Blum [15]
for more details on this matter.

Figure 22: Sequence of pressure-error isolines obtained by the Chorin scheme with
k=25-10"2,6.25-1073, 1.56-10~2 (model problem with v = 1 on the square); from
Prohl [69].

Figure 23: Pressure error plots for a polynomial Stokes solution before (left) and
after (right) correction by extrapolation to the boundary; from Blum [15].
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An important step towards the solution of the “boundary layer problem”
has been made in Prohl [69, 70] by introducing the “Chorin-Uzawa scheme”,
which reads as follows:

(i) Implicit “Burgers step”:
N =" = AT 0"V V(T = p" ) = 7 O = 0.
(ii) Pressure Poisson problem:
AP = k7IV0", 0npihg = 0.
(iii) Pressure and velocity update:
vt =" — KV, pt=p" ' —aVa", a<l.

The reference to the name “Uzawa” is due to the fact that this scheme par-
tially resembles the structure of the well-known Uzawa algorithm for solving
stationary saddle-point problems; see Girault/Raviart [29]. It corresponds to
a quasi-compressibility method using the regularization

V" + o kdp™ = 0. (22)

This splitting scheme does not introduce a singular perturbation in the pres-
sure equation and is therefore supposed to be free of any spatial boundary
layer. However, it suffers from a “boundary layer” at time ¢t = 0 in case of
natural initial data not satisfying unrealistic global compatibility conditions;
recall Section 2 for a discussion of such conditions. The conjectured suppres-
sion of the spatial pressure boundary layer by the Chorin-Uzawa scheme is
confirmed by computational tests; see the example presented in Figure 24.
A supporting analysis has been given in Prohl [70] for a modification of the
Chorin-Uzawa method to a “multi-component scheme” which allows for the
convergence estimate

Ip" = p(ta)ll < ck, t, > 1. (23)

Figures 24 show pressure error plots obtained for a given polynomial solution
on the unit-square with viscosity v = 1; the time step is k£ = 1/100 and the
spatial discretization uses the Q1 /@1 Stokes element with pressure stabilization
on a uniform mesh with mesh-size h =1/64.

Figure 24: Pressure error plots for a polynomial solution produced by the standard
Chorin scheme (left) and the Chorin-Uzawa scheme (right); from Prohl [69, 70].
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The projection approach can be extended to formally higher order projec-
tion methods. The most popular example is Van Kan’s Method [100]: For
admissible starting values v° and p° compute, for n > 1 and some o > %:

(i) o™ € H (second order implicit Burgers step), satisfying

EH" — 0" = LA@@" + oY) 0V + Vph T =

(i) p"e HY(Q): V" =" — akV(p" — ptl).

A careful examination of this scheme shows that it can also be interpreted as
a certain pressure stabilization method using a stabilization of the form

Vo —ak?0,Ap=0, inQ, Onpjoa = 0, (24)

i.e., this method may be viewed as an (implicit) quasi-compressibility method
of the form (11) with e ~ k?; see [74] and Shen [86].

The projection method may be combined with any of the spatial discretiza-
tions described in Section 3. It should be remarked that the simple first-order
Chorin scheme is not suitable for computing stationary limits since it has
not the from of a fixed-point iteration. In contrast to that, the second-order
scheme of Van Kan is designed as a defect-correction iteration and may there-
fore lead to convergence towards steady state solutions. However, in this case
it requires extra pressure stabilization when used together with the conform-
ing (Q1/Q)1 Stokes element; in fact the stabilizing effect of the projection step
disappears as ak?9,Ap — 0.

Open Problem 4.3: The efficient use of projection methods requires an au-
tomatic time-step-size control which should monitor deviation from the fully
coupled solution. Design such a method for high-order schemes.
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5 Solution of the algebraic systems

In this section, we describe solution algorithms for the finite-dimensional prob-
lems arising from the discretization presented in the previous sections. These
problems form huge and highly nonlinear algebraic systems with a character-
istic structure which is exploited by the algorithms. The solution procedure
consists of several nested loops. Usually the outermost loop is an implicit
time-iteration. In each time step, the arising nonlinear system is solved by a
quasi-Newton or defect-correction iteration. The discretization by finite ele-
ments leads to a sparse structure in the system matrices which is exploited by
the iterative solution method. Even in the case of the Laplace operator (which
is always a part of the system), the inversion by a direct solver or a simple
iterative scheme like the “conjugate gradient” (CG) method is prohibitive due
to the bad conditioning of the matrix with decreasing mesh size. Therefore,
the use of multigrid methods is mandatory, either directly as solvers or as
preconditioners for a robust iterative schemes like the “generalized minimal
residual” (GMRES) algorithm. Since the systems to be solved are in general
non-symmetric and indefinite, the construction of “good” multigrid algorithms
requires special care.

5.1 Linearization

The time stepping schemes described above require in each time step the so-
lution of nonlinear systems of the form

oM +vA+ N(v)jv+Bp = g, (1)
~BTw+eCp = ¢, (2)

where o = (0k)™' and (on a quasi-uniform mesh) e ~ h%. The operators
involved correspond to differential operators as follows:

M ~id., A~ —diag(Ap), N(v)~v-V,
B~V, —-BT~= (C~-Ay,

where Ap and Ay denote the Laplacian operator combined with (homoge-
neous) Dirichlet or Neumann boundary conditions, respectively. The right-
hand sides g and ¢ contain information from the preceding time level. Here
and below, the same notation is used for the (discrete) velocity v and pressure
p and the corresponding nodal vectors. The following iteration schemes are
formulated on the continuous level without incorporating stabilization, i.e., we
set e=0 and ¢c=0.

a) Newton method:
Starting from some initial values v°,p® € H x L (for example, taken from the
preceding time level), one iterates:

1. Defect: d'=g— (oM +vA+ N(@'))v' — Bp'.
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2. Correction:  [oM +vA + N'(v)]w' + B¢t =d', BTw'=0.
3. Update: o' =ol + \w!, p*t=pl+ Ng¢" (N damping factor).

This iteration has been observed to converge very fast, provided that it con-
verges at all. The problem is its lack of robustness particularly in the case of
larger Reynolds numbers. This is due to the structure of the operator to be
inverted in each iteration step:

N'(v)w = v-Vw + w-Vo.

It contains a reaction term w-Vv which effects the main diagonal of the system
matrix in an uncontrolled manner and may cause divergence of the iteration.
This problem may be avoided by simply dropping the reaction term in the
Jacobian which results in the following fixed-point defect correction iteration.

b) Fized-point defect correction:
Starting from some initial values v°,p° € H x L (taken again from the pre-
ceding time level), one iterates:

1. Defect: d'=g— (oM +vA+ N(v'"))o' — Bp'.
2. Correction:  [oM +vA+ N(W)w' + B¢ =d', BTw' =0.
3. Update: ot =ol 4+ \w!, p*t=p'+ N¢ (N damping factor).

In this scheme the preconditioning operator A’(v!) = vV only contains
a transport term which can be stabilized by any of the methods described
above: upwinding, streamline diffusion, etc. Normally, within the time step-
ping scheme, only a few (usually 3-5) steps of the defect correction iteration
are necessary for reducing the initial residual down to the level of the dis-
cretization error. This is our method of choice used in the codes mentioned in
the Introduction.

¢) Nonlinear multigrid iteration:

The multigrid method can be applied directly to the nonlinear system; see
Hackbusch [36]. This may lead to faster convergence but its optimization is
difficult and depends very much on the particular problem. Because of this
lack of robustness, we do not advocate “nonlinear” multigrid for solving the
Navier-Stokes equations.

d) Nonlinear least-squares cg method:

The (nonlinear) least squares cg-method for solving systems like (1) has been
proposed by Glowinski/Periaux [31]. Starting from an initial guess z°, a se-
quence of approximate solutions (z!);>¢ is obtained by minimizing the least

squares functional
|Vwl|* — min! (3)
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where w is determined by {v,p} through the equation
[cM + vAjw — Bq = “defect” of {v,p}, BTw =0. (4)

It can be seen that each nonlinear cg-step actually requires only the solution of
three linear Stokes problems which can be efficiently done by linear multigrid
techniques. This method is very robust as it is based on the minimization of
a positive functional, but the speed of convergence drastically slows down for
larger Reynolds numbers. For example, the 3-D driven cavity problem can be
solved by the stationary version of the least squares cg method up to about
Re = 2000; for further details, see [38].

5.2 Solution of the linearized problems

The problem to be solved has the form

R AP

where, with some initial guess v,
S=0cM+vA+ N(v).

The difficulty with this system is that the matrix A is neither symmetric nor
definite. It is usually too large for the application of direct solvers (like the
LU decomposition by Gaussian elimination) and also the traditional iterative
methods (like SOR iteration or Krylov space schemes) do not work sufficiently
well. This suggests the use of multigrid methods which are particularly suited
on very fine meshes. However, the construction of efficient multigrid algorithms
for solving the indefinite system (5) is not at all straightforward. Therefore,
as a simpler alternative the Schur complement approach has become popular
which will be described in the following subsection.

5.2.1 SCHUR-COMPLEMENT ITERATION

In the system matrix A the main block S is regular and usually robust to be
inverted. Hence, the velocity unknowns may be eliminated from the system
by inverting S which leads to:

[BTS™'B+eClp=B"S'g+c, v=5S"'g— Bp). (6)

The “Schur-complement” matrix ¥ = BTS™1B 4 ¢C is regular. Neglecting
the influence of the nonlinear term N (), its condition number behaves like

cond(X) = O(h™?) for vk < h*, cond(X) = O(1) for vk > h%

This suggests the use of iterative methods for its inversion, e.g., Krylov space
methods like the GMRES or the bi-cg-stab method. In the essentially non-
stationary case, vk > h?, only a few iteration steps suffice. In nonstationary
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computations where vk < h?, preconditioning by an approximation of the
Neumann-type operator BT M~!B is necessary. In each iteration step the op-
erator S~! has to be evaluated which amounts to solving a linear transport-
diffusion problem. In the case of the nonconforming Q, /Py Stokes elements
combined with upwind stabilization of advection S becomes an M-matrix.
This facilitates the iterative inversion of X, particularly by multigrid meth-
ods. The non-exact inversion of ¥ makes the step ¢ — %~'¢ a preconditioning
step within the iteration for inverting > . Hence, the number of inner iteration
steps should be kept fixed during the whole solution process. Another strategy
for compensating for the error in the evaluation of S~! is to embed the outer
iteration (6) into a defect correction process; see Bank, et al., [6]. The conver-
gence usually deteriorates for increasing Reynolds number, because of loss of
“symmetry”, and for decreasing time step k, because of the bad conditioning
of the operator BTB ~ A. For larger Reynolds number the convergence of
the Schur complement iteration becomes slow and special preconditioning is
necessary. The construction of effective preconditioners is not easy since the
operator Y is not available as an explicit matrix. Another stability problem
occurs on meshes containing cells with large aspect ratio. Because of this lack
of robustness, the Schur complement method has less potential than the direct
multigrid approach which will be described below.

Open Problem 5.1: Derive a formula for the dependence of the conditioning
of the Schur complement operator ¥ = BT S™1B+eC on the Reynolds number
and on the mesh aspect ratio oy, .

5.3 Linear multigrid solution

The main idea underlying a multigrid method is the fast reduction of high-
frequency error components by “cheap” relaxation (“smoothing”) on the fine
meshes and the reduction of the remaining low-frequency error components by
defect correction on coarser meshes (“coarse-grid correction”); see Hackbusch
[36] and Wesseling [104], for an introduction to multigrid methods.

5.3.1 MULTIGRID AS A PRECONDITIONER

Let A be the finite element system matrix of the linearized equation (5) or an
appropriate approximation. While the theory of multigrid is well developed
for scalar elliptic equations, the situation is less clear for complicated systems
as considered in this paper. From mathematical analysis, we know that the
use of the multigrid method as a preconditioner in an outer iteration (e.g., a
Krylov space method such as GMRES) requires less restrictive assumptions
than using the multigrid method directly as a solver. In the first case, de-
noting by M the action of a multigrid step, it is sufficient to have an upper
bound for the condition of the product M., whereas in the second case,
the eigenvalues of the iteration matrix B = I — MA have to be uniformly
bounded away from one. Therefore, we choose the first option to construct
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a robust iteration scheme for the system (5). As basic solver, one may use
the “generalized minimal residual method” (GMRES) for the preconditioned
matrix MA . Here, the multigrid operator M can be interpreted as a certain
approximate inverse M ~ A~!. It is not necessary to calculate this matrix
explicitly; it is sufficient to evaluate the matrix-vector product ME, i.e., to
apply the multigrid iteration for a fixed right-hand side.

5.3.2 MULTIGRID AS A SOLVER

The multigrid iteration makes use of the hierarchy of finite element spaces
VoCcViC...CcVy,

obtained, for example, in the course of a systematic mesh refinement process;
strategies for an automatic adaptive mesh refinement will be discussed below
in Section 7. The connection between these spaces is given by “prolongation
operators” P! | :V,_; — V; and “restriction operators” Rf‘l Vi—=V_. In
the finite element context, these operators are given naturally as

P/ | injection, RI™' L? Projection.

The main ingredients of a multigrid scheme are the smoothing operators
S; on each grid level 0 <[ < L (I=0 corresponding to the coarse initial mesh
and [ = L to the finest mesh). The explicit form of these operators will be
described below. The multigrid iteration

Mg = Ml 20, 6), (7)

on level [ with initial guess zy and with m; pre- and my post-smoothing
steps is recursively defined as follows:

Multigrid Algorithm M(l, z,&) for [>0:
For [ =0, the multigrid algorithm is given by an exact solver M(l, 2, &) :=
A€ For >0, the following recursive iteration is performed:

1. Pre-smoothing m; times: 2 1= 8" 2.

2. Residual on level (: ry =& — Apz.

3. Restriction to level [—1: ri_1 = Ryry.

4. Coarse grid correction starting with go = 0: ¢ := M(I—1,q,71-1) -
5. Prolongation to level [: 29 =21 + Pi_1g.

6. Post-smoothing my times: M1, 2, &) = S 2.
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If the multigrid recursion is applied v-times on each mesh-level, one speaks
of a V-cycle for v =1 and of a W-cycle for v = 2. If the multigrid iteration
is used only as a preconditioner for a robust outer iteration scheme, usually
the V-cycle suffices. If multigrid is used as the primary solver, particularly in
the case of nonsymmetric problems, the W-cycle is more robust and therefore
to be preferred. In this case, the F-cycle as indicated in the figure below
is a compromise between V- and W-cycle. The multigrid cycle with ~ > 2
becomes too expensive and is not used.

V, e

V, .

v, »
\'A .

Figure 25: Scheme of the multigrid V-cycle (left) and the F-cycle (right)

The design of a multigrid algorithm for solving the system (5) requires
special care. In particular, the choice of the smoother is a delicate matter
since the standard fixed-point iterations do not work for the indefinite matrix
A . This problem can be tackled in various ways.

(1) Damped Jacobi smoother: In the case € > 0, the matrix A is weakly defi-
nite which makes it possible to apply even standard methods like the damped
Jacobi iteration. However, the resulting algorithm is not very robust and pa-
rameter tuning requires care; see [38] for an application to 3-dimensional model
problems. For larger Reynolds number the method slows down and multigrid
convergence may get lost.

(2) Block-Gauss-Seidel smoother: A simple and successful smoother for the
matrix A can be obtained by a cell-wise blocking of the physical variables
within a global Gauss-Seidel iteration. This was originally proposed by Vanka
[101] for a finite difference discretization of the Navier-Stokes problem. We
briefly discuss its analogue for the nonconforming “rotated” Q; /Py Stokes
element. The velocity and pressure unknowns corresponding to a cell K or
a patch of cells are grouped together. Indicating the corresponding element
system matrices by index “loc”, these blocks of local velocity and pressure
unknowns are simultaneously updated according to
Slocvf:cl + Blocpfjcl = “known”, Bicvfotl = “known”,

where Sjoe = 0 Mjpe+1VAjpet+Nioe(Ur) . This iteration sweeps over all cell-blocks.
The local Stokes problems have the dimension dj,. =9 (in 2D) or dj,. = 19
(in 3D), respectively. The corresponding matrices (in 2D) are described in the
following figure.
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For cost reduction, the main diagonal blocks Sj,.; may be “lumped”, Sj.; =
Dyye,i . Furthermore, for increasing robustness, the iteration is damped, vffl =
vh 4+ w(@ — ) with w ~ 0.9. The good performance of this smoother for
the Q,/Py-element has been demonstrated in Schreiber/Turek [83], Schieweck
[82], and Turek [97], and for the ();/Q;-element in Becker [7]. We illustrate
the performance of the multigrid algorithm described above for the Q; / Po-
element by results obtained for solving the driven-cavity problem on grids as

shown below.

Figure 26: Driven cavity mesh (left) and computed results: pressure isolines (mid-
dle), velocity plot (right).

Table 2: Multigrid convergence rates (2 pre- and 1 post-smoothing step by the
“Vanka smoother”) and number of outer fixed-point iterations on uniformly refined
meshes.

#cells | 1600 6400 25600 | #iter
Re=1 0.081 0.096 0.121 4
Re = 100 0.098 0.099 0.130 6
Re =1000 | 0.227 0.245 0.168 9
Re = 5000 | 0.285 0.368 0.370 18

We note that a similar block-iteration can also be used in the context of a
incomplete block-LU-decomposition for generating a multigrid smoother; for a
detailed discussion of this approach see Braack [17].

From the common multigrid theory for elliptic equations we know that
point iterations loose the smoothing property for large mesh-aspect ratios oy,.
The remedy is the use of a smoother which becomes a direct solver in the limit
op — o0o. Consequently, since our smoother acts like a point—Gauss—Seidel

ol



iteration on the velocity unknowns, we expect problems in the case of strongly
stretched grids. Our strategy to overcome this difficulty is as follows: Since
we expect the cell aspect ratio ox to be large only in a small part of the
computational domain, we should use an adaptive smoother. This means that
we will combine the point smoother with a more robust version just where we
need it, for instance on elements with large og. In this approach the nodes
are grouped in the direction of the anisotropic mesh refinement and iterated
implicitly leading to a process which may be termed “stringwise” block-Gauss-
Seidel method.

Let us finally mention a critical problem especially in the use of non—
uniform grids. The use of iterative solvers makes it necessary to define a
stopping criterion. To this end, we need to measure the residual in the right
norm. Clearly, the common weighting by the number of unknowns is not ap-
propriate on non—uniform grids. For an approach towards a solution of this
problem based on the Galerkin orthogonality inherent to the multigrid process,
we refer to [11] and Becker [8].

(8) Discrete projection smoother: Finally, we present an approach to con-
structing multigrid solvers for the indefinite system (5) which uses the idea
of operator splitting as introduced above in Section 4 on time-discretization
schemes; see Turek [95, 97]. This method is particularly efficient in the nonsta-
tionary case when o = 1/k balances v/h?. In the following, we consider the
linearized problem arising within a time-stepping scheme as described above
in combination with spatial discretization by a Stokes element which does not
need pressure stabilization. This problem has the form

Sv"+ Bp" = g", BTv" =0, (8)

with the (momentum) matrix S = oM +vA+ N(0"). The right-hand side ¢g"
and the approximation 9" are given from the preceding time level. Elimination
of the velocity unknown yields again the Schur complement formulation

BTs—prn — BTs—lgn’ ot = S—l(gn o Bpn> (9)

We have already mentioned that the solution of this problem by Krylov space
methods with evaluation of S~! by multigrid iteration becomes increasingly
inefficient for small time step k, larger Reynolds number, and on strongly
anisotropic meshes. This problem can be overcome by using instead a simple
Richardson iteration for the Schur complement equation (9) with a precondi-
tioner of the form BTC~'B. Popular choices for the preconditioning operator
C are:

e C~!' =T (corresponds to the SIMPLE algorithm).
e C~1= M~ (lumped mass preconditioning).

o C7'=M"1+a'BTB (Turek’s preconditioner)
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The resulting iteration is termed “discrete projection method” (see Turek [95]):
pn,H—l — pn,l o (BTC_lB)_l (BTs—prn,l . BTs«—lgn) ) (10)

us

After L iteration steps, on sets p" := p™’ and computes the corresponding

velocity component by solving:
Sv™ = g" — Bp" + o Yal — ScH)B(p™t — ptTh),

with some relaxation parameter « € (0,1). This construction of v"™ ensures
that the resulting velocity is in the discrete sense divergence-free, BTv" =
0, and suggests the name “projection method” for the whole scheme. The
discrete projection method is then used as a smoother within an outer multigrid
iteration.

In the special case L = 1, this scheme corresponds to a discrete version
of the classical projection methods of Chorin (for the choice p™”:=0) and of
Van Kan (for the choice p™° := p"~! see Gresho [32]. This operator-splitting
time-stepping scheme has the form:

1. So" = g" — kBp"! (Burgers step),

2. BTM~'Bq" = k~'BTp" (Pressure Poisson equation),
3. 0" =" — kM ' Bg® (Velocity update),

4. p" = p" L+ ag” (Pressure update).

All these schemes are variants of the “segregated” solution approach containing
the schemes of SIMPLE-type and other pressure correction schemes as special
cases; for a survey see [97] and [98].

The multigrid method with smoothing by the discrete projection iteration
(10) has proven to be a very efficient solution method for the fully coupled
problem (8); it is robust for all relevant Reynolds number (laminar flows) and
time steps. The whole solution process is based on efficient and robust “inner”
multigrid solvers for the subproblems “Burgers equation” and “pressure Pois-
son equation”. The concrete implementation of this algorithm (as described in
Turek [97]) requires about 1 KByte memory per mesh cell and shows almost
meshsize-independent convergence behavior. As the result, 3D simulations
with more than 107 unknowns requiring about 1 GByte of memory can be
done on modern workstations.

Open Problem 5.2: Derive a good preconditioner (smoother) for the Schur
complement iteration (10) in the transport-dominant case.
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6 A review of theoretical analysis

In this section, we give an account of the available theoretical analysis for
the discretization described in the previous sections. We concentrate on the
practical impact of these theoretical results; the main topics are:

e Problem of regularity at “t = 0”.

e Problem of global convergence up to “t = oo0”.

e Problem of realistic error constants.

We will identify some critical shortcomings of the available theory which lead
to challenging questions for further analysis.

We assume that the stationary or nonstationary Navier-Stokes equations
are discretized by the finite element method as specified in Section 3 combined
with one of the time-stepping schemes described in Section 4.

(I) For the spatial discretization, we recall the following two representative
examples of (quadrilateral) Stokes elements:

a) the nonconforming “rotated” d-linear Q; /P, element;

b) the conforming d-linear ();/Q); element with pressure stabilization.

Uh(a)> ph(a)

These discretizations are of second order expressed in terms of local approxi-
mation properties of the finite element functions used:

inf [lv— ¢l <ch?[V2el, ¢ € HNH*(Q).
¢neH),
(IT) For the time discretization, we think of the Crank-Nicolson scheme or the
Fractional-Step-0 scheme which are both of second order in terms of local trun-
cation error, e.g., for the Crank-Nicolson scheme applied to the homogeneous
heat equation, there holds

[ (0" =0 ) + L (A" + A < ek max 107v]| -1 .

n—1,n

In view of these local approximation properties and the stability of the
schemes, we expect a global a priori estimate for the errors €} := u(-,t,) — uj
and e} 1= p(-,t,) — pj, of the form

max {|le}]| +[lepll-1} < C(v, T, data){h* + k°}, (1)

0<t, <T
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with an “error constant” C'(v,T,data) depending on the viscosity parameter
v, the time-interval length 7" > 0, and assumed bounds M for the data of
the problem, e.g.,

M = ||V2U0|| —+ [SOU.JE; {Hf“ + ||8tf||} < Q.

If additionally the domain € is sufficiently regular (say, convex or with C*-
boundary), it is guaranteed that the solution {v,p} satisfies at least the a
priori estimate

sup {IV20ll + [0l + I Vpll} < oo (2)

Clearly, the size of the error constant C(v,T,data) is of crucial importance
for the practical value of the error estimate; we will come to this point in more
detail, below. At first, we have to consider the question of whether an error
estimate of the form (1) can be expected to hold at all. In general, the answer
is “no”, unless certain additional conditions are satisfied. This leads us to the
following discussion of the “smoothing property”.

6.1 The problem of regularity at “t = (0”

The second-order convergence of the time-stepping scheme expressed in the
estimate (1) requires an a priori bound of the form sup g 7 [|07v]| < oco. We
have seen in Section 2 that there is a principle problem with assuming this
degree of regularity in general. Even for arbitrarily smooth data the solution
of the Navier-Stokes problem may suffer from

lin {[|V0(1) | + [ Va0(t)]} = oo, (3)

unless certain non-local (and non-verifiable) compatibility conditions are sat-
isfied for the initial data. We recall from Section 2 the natural regularity as-
sumption for the (nonstationary) Navier-Stokes equations (without additional
compatibility condition):

W ETQNHA(Q) = sup (V)] + 10w} <o (4)

te(0,T]

Accordingly, the best possible error estimate for the velocity which can be
obtained under these “realistic” assumptions is

sup |le || = O{h* + k}. (5)

tn€(0,7]

This estimate is only of first order in time, in contrast to the postulated second-
order error estimate (1). As a result of the foregoing discussion we obtain the
following;:
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Conclusion: For any discretization of the nonstationary Navier-Stokes equa-
tions which requires more than the natural reqularity inherent to the problem,
meaningful higher-order error estimates must be of “smoothing type”.

We call an error estimate of type (1) a “smoothing error estimate” if it is of
the form

oup {tallfl] + /7 1} < €O T data){h + 47 (6)

tn€(0,T

This estimate reflects the well-known “smoothing behavior” of the exact solu-
tion {v,p} as t — 0 in the (realistic) situation (4):

sup} {trﬂ_lerv(t)H + t’"_lHﬁfv(t)H} < c{||V2UOH + data}. (7)

te(0,T

Smoothing error estimates of the form (6) have been established earlier for
standard parabolic problems like the heat equation in the case of rough initial
data; see, e.g., Thomée [89], as well as [62] and [71]. Corresponding results
for the Navier-Stokes equation have been given in [43] for higher-order spatial
semi-discretization and in [44] for the Crank-Nicolson time-stepping scheme. It
turns out that due to the nonlinearity of the problem, the maximal achievable
orders of smoothing error estimates under assumption (4) is O(h®) for the
spatial discretization and accordingly O(k?) for the time stepping (provided
that the scheme is strongly A-stable). This particularly implies the result
(6) stated above. The existence of a natural order-barrier for the smoothing
property of finite element Galerkin schemes applied to nonlinear problems has
been established by Johnson, et al. [53]. We adapt the following example from
[53] for the situation of H2-regular initial data as relevant for the case of the
nonlinear Navier-Stokes equations.

Example: Example of limited smoothing property
For z € (—m,m) and ¢t > 0, we consider the system of equations

o —0%u = 4min{v* 1}, wu(zr,0)=u"(z) :=0,

ov—0* = 0, v(z,0)=2"x):=m " cos(mz),

with periodic boundary conditions. For any fixed m € N and r € NU {0},
the exact solution is

u(z,t) = m 71— 62m2t) (1+ 2t cos(2mx)),

v(z,t) = m e ™ cos(ma) .

For spatial semi-discretization of this problem, let the Galerkin method be
used with the trial spaces

Sm = span{1, cos(x),sin(z), ..., cos((m — 1)z),sin((m — 1))},
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and let P,, denote the L? projection onto S,,. Since P,,v° = 0, taking as
usual P,u’ and P,,v° as initial values for the Galerkin approximation results
in the Galerkin solutions v,,(t) = 0 and u,,(t) = 0. Consequently, for fixed
t > 0, there holds

(e = w) (O = ()| ~ V2rm==2 = V2|°)h**,

if we set h := m™'. This demonstrates that, for v € H?*(—m,n), i.e., for
r = 2, the best achievable order of approximation for ¢ > 0 is indeed O(h®).

There is another remarkable aspect of the estimate (6) which concerns the
Crank-Nicolson scheme. This scheme, due to its absent damping properties
(not strongly A-stable), possesses only a reduced smoothing property. In conse-
quence, even in the case of the linear heat equation, for initial data v* € L?*(Q)
only qualitative convergence ||| — 0 (h,k — 0) can be guaranteed at fixed
t, =t > 0. For even stronger initial irregularity (e.g., v° = §, a Dirac
measure) divergence ||| — oo (h,k — 0) occurs. However, the optimal
smoothing behavior is recovered if one keeps the relation k& ~ h?. This unde-
sirable step-size restriction can be avoided simply by starting the computation
with a few (two or three) backward Euler steps; for examples and an analysis,
see [61], [71], and the literature cited therein. Surprisingly, such a modification
is not necessary for more regular initial data (half way up to the maximum
regularity), v° € H}(Q) N H*(Q). In this case the Crank-Nicolson scheme
admits an optimal-order smoothing error estimate of the form

llen]] < C’(l/, T, ||V2v0||,dat8u){h2 +t;1k2}, t, € (0, 7). ()

For the heat equation this is easily seen by a standard spectral argument; see
Chen/Thomée [23] and [71]. The extension of the smoothing error estimate (8)
to the nonlinear (nonsymmetric and nonautonomous) Navier-Stokes equations
is one of the main results in [44].

Finally, we mention some further results on smoothing error estimates rel-
evant for the Navier-Stokes equations together with some open problems:

e Second-order projection schemes, particularly the Van Kan scheme, have
been analyzed by Prohl [69, 70] and optimal-order smoothing error esti-
mates have been established.

e The second-order smoothing property of the Fractional-Step-6 scheme
has been proven by Miiller [64].

Open Problem 6.1: The construction of compatible initial data from experi-
mental data has already been formulated as a problem. If this is not possible, it
would be interesting to estimate the time length over which the error pollution
effect of incompatible initial data persists.

Open Problem 6.2: Establish the optimal smoothing property of any higher-
order (q > 3) time discretization schemes for the Navier-Stokes equations.
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6.2 The problem of convergence up to “t = o0”

The error constants in the a priori error estimates (1) usually grow exponen-
tially in time,
C(v,T,data) ~ Ke™,

unless the data of the problem is very small, actually of size 1%, such that
nonlinear perturbation terms can be absorbed into the linear main part. This
exponential growth is unavoidable in general, due to the use of Gronwall’s
inequality in the proof. In fact, the solution to be computed may be exponen-
tially unstable, so that a better error behavior cannot be expected. To improve
on this situation, one has to make additional assumptions on the stability of
the solution. Instead of requiring the data of the problem to be unrealistically
small, the solution {v,p} itself is supposed to be stable. This assumption
may not be verifiable theoretically; nevertheless it may be justified in many
situations in view of experimental evidence. A discussion of various types of
stability concepts for nonstationary solutions of the Navier-Stokes equations
in view of numerical approximation can be found in [42, 45].

Ezxponential Stability: A solenoidal solution v is called (conditionally) “expo-
nentially stable”, if for each sufficiently small initial perturbation w® € J;(2),
|wP|| < &, at any time t, > 0, the solution @(t) of the perturbed problem

00 — VAU +0-Vo+Vqg=0, t>t,
starting from o(to) = v(ty) + w°, satisfies
(v =)@ < Ae™ [, t > to, (9)

with certain constants A > 0 and a > 0. In this assumption it is essential
that the decay of the perturbation is proportional to the size of the initial
perturbation ||w®||. For global strong solutions this concept of exponential
“L2-stability” is equivalent to corresponding stability concepts expressed in
terms of stronger norms, e.g. the H! norm; see [45]. It has been proved
in a series of papers [42, 43, 44] that exponentially stable solutions can be
approximated uniformly in time, i.e.,

sup [lop — v+, ta)|| < C{R* + &%}, (10)

th>1

In this estimate the error constant C' = C(A,«) depends on the stability
parameters of the solution. The proof uses a continuation argument. We
sketch its essential steps for semi-discretization in time by the backward Euler
scheme.
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Proof of the global error estimate (10):
(i) We recall the local bound for the error " = v(t,) — v},

le"|| < E(ta)k, t, >0, (11)

involving the exponentially growing error constant FE(t) := Ke" . By conti-
nuity, it can be assumed that this error estimate holds with the same constant
for all solutions neighboring the true solution v. The proof of this statement
is technical and uses the particular properties of the discretization scheme
considered. Further, let T'= Nk be a fixed time length such that with the
stability parameters of the solution v, there holds

Ae™T < (12)

1
2

Figure 27: Scheme of induction proof (following [42])

(ii) Suppose now that the desired error estimate is already known to hold on
some time interval (0,¢,,], t,, > T, with error constant K, := 2E(T). Let
0(t) be the solution of the perturbed problem

Ot — VAT + TV + V=0, t>tn,

starting at t,, with initial value o(¢,,) = v;"*. In virtue of the assumed expo-
nential stability of the solution, there holds

I(o = D)) < A= le™ ||, ¢ > t,

for sufficiently small k guaranteeing |[e”|| < 0. Then, stepping forward by
time length 7', we obtain

le™ | < (v = 0)(tm + T + [[6(tm + T) — v
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Here, the first term is bounded by K.k, in view of (11) and the induction
assumption (12), while the second one can be controlled by FE(T)k, using the
local error estimate (11) for © — vy . Hence, it follows that

le™ | < K.k.

The assertion then follows by induction with respect to multiples of T'.

The argument presented for the global error estimate (10) appears simple
and general; however, in concrete situations involving simultaneous discretiza-
tion in space and time there are several technical difficulties. The initial value
for the perturbed solution o(t¢,) in the induction step may not be admissi-
ble (i.e., not exactly divergence-free or even nonconforming). Further, the use
of the local error bound (11) for the perturbed error © — v, requires control
on higher-order regularity of the corresponding initial value ©(t,). These and
some other complications can be overcome as shown in [42, 43, 44], for different
types of spatial as well as time discretization.

6.3 The problem of realistic error constants

In the preceding sections, we have discussed the derivation of qualitative a pri-
ori error estimates, local as well as global in time. Now, we turn to the more
quantitative aspect of the size of error constants relating to the question of
practical relevance of the a priori results. To this end, let us briefly summarize
the results of a priori error analysis presented so far:

a) In the stationary case, we can guarantee convergence behavior like
leo]| < Ch”

provided that the solution v is sufficiently smooth and locally unique (i.e., the
linearization of the nonlinear Navier-Stokes operator at v is regular). Then,
the error constant C(v,v) depends on bounds on the regularity of v as well
as its “stability”, on the viscosity v, and of course on the characteristics of
the discretization.

b) In the nonstationary case, we can guarantee convergence behavior like
lex|| < C{R" + K7} 0<t,<T,

provided again that the solution v is sufficiently smooth. The error constant
C(v,T,v) depends on bounds on the regularity of v, on the viscosity v, and
additionally on the length of the time interval T'.

A question naturally arises: How large is C'? In “normal” situations as, for
example, for the Poisson problem or the heat equation, the error constant may
be shown to be of moderate size C' ~ 1 —10*, depending on the situation and
the care spent in the estimation. The qualitative conclusion from the estimates
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may then be that the the error bound is reduced by a factor of 2~ ™*{P4} if the
mesh size is halved in space and time. The (not unrealistic) hope is that this
carries over to the true discretization error. Unfortunately, the Navier-Stokes
equations do not at all a “normal” problem; it is of mixed elliptic-hyperbolic
or parabolic-hyperbolic type with degenerating ellipticity. This has decisive
consequences for the size of the error constants C'.

Normalizing the flow configuration as usual to characteristic length L =1
and velocity U = 1, the Reynolds number for common cases is Re = v~ ! ~
1 —10%, which relates to “laminar” flow, and the characteristic time length is
T ~ 1/v. This means that it takes the time T =~ v~! for the flow to reach
a characteristic limit behavior, e.g. stationary or time periodic. The question
can now be made more precise: How do the error constants C' depend on Re ?
This dependence has several sources:

e the explicit occurrence of v in the differential operator,

e the dependence of the solution’s regularity on v (boundary layers),
e the dependence on the length of the time interval T ~ 1/v,

e the dependence of the solution’s stability on v .

Let us discuss the mechanisms of these dependencies separately.

(i) Structure of the differential operator:
The standard procedure in the stationary case is to absorb the lower-order
terms into the linear main part —vAwv which leads to the dependence

C~v

In the nonstationary case the lower-order terms are absorbed into the term
dyv by the use of Gronwall’s inequality resulting in

Cr~ el Ko~ sup (o7l Vol ~ v 12,

This dependence on v can be formally removed by using streamline-diffusion
damping for the transport term, but it leaves the T-dependence.

(ii) Regularity of solution:
For small v boundary layers of width ¢ ~ /v occur. This implies that

supg|Vo| ~ v2 O~ || VP~ e,

This problem can be solved by proper mesh refinement in the boundary layer.

(7ii) Length of the time interval:
It was demonstrated above that the local “worst case” error constant

C ~ eKT/l/
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becomes independent of the time interval-length 77,

C ~ 6KT*/I/’

if the solution can be assumed to be exponentially stable. Here, T, is suffi-
ciently large but fixed. However, tracing constants in the proof, we see that
T, ~ v~! rendering this formally global error bound practically meaningless
for small v.

(iv) Stability of the solution:

The argument for proving error estimates for nonlinear problems rely on as-
sumptions on the stability of certain linearized tangent operators. The result-
ing error constants can in general not be assumed to behave better than

C ~ eKT/l/'

This exponential dependence seems unavoidable unless something different is
shown in particular situations. The observability of laminar flows even for
higher Reynolds numbers indicates that these flows may possess better stability
properties than expressed by the “worst case” scenario addressed above. An
analogous conclusion may be true even for turbulent flows with respect to
certain averaged quantities.

Conclusion: [In general, one has to admit that the error constants depend
exponentially on v~ , unless something different is proven. Realizing that
even in the range of laminar flows, 20 < Re < 10%,

620 ~ 5_108’ 6100 ~ 1043’ 61000 ~ 00,

the practical meaning of available a priori error estimates seems rather ques-
tionable!

The above observation seems to indicate that there is a conceptual crisis in
the theoretical support of CFD as far as it concerns the computational solu-
tion of the Navier-Stokes equations. This is contrasted by the abundant body
of research papers reporting successful computations of viscous flows and the
good agreement of the obtained results with experimental data. Hence, we
reformulate the question: Is there any theoretical support that certain flows
(i.e., solutions of the Navier-Stokes equations) can actually be computed nu-
merically. 1f the answer were “no”, everybody should be worried. We again
emphasize that the presence of an asymptotic error estimate of the form

v—u| < C{RP + K¢
| |

cannot be taken as justification for the meaningful performance of a numerical
scheme, unless the error constant C' is shown to be of moderate size at least for
certain model situations of practical interest. Reliable flow simulation requires
computable error bounds in terms of the approximate solution; the elements
of such an a posteriori error analysis will be described in Section 7 below.
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In proving useful error estimates, we have to deal with the question of
proper concepts for describing the stability of solutions relevant for numerical
approximation. Qualitatively, all stability concepts may be equivalent but
this strongly depends on the viscosity parameter v . The choice of the wrong
norm may lead to unfavorable dependence on v, like O(r2) rather than the
generic behavior O(r~1). Actually, the fundamental question whether there
are practically interesting situations in which the solution of the Navier-Stokes
equations are stable, with stability constant cg ~ ! seems open. Results in
this direction appear necessary for a rigorous error analysis of discretization
schemes. However, until now, practically meaningful a priori error bounds are
not even available for such basic situations as Couette flow (constant sheer
flow) and Poiseuille flow (constant pipe flow); we will address this question in
more detail in the following section.

6.4 Towards a “quantitative” a priori error analysis

The following discussion is of conceptual nature. In order to abstract from the
nonessential technicalities of finite element discretization, we consider the ide-
alized situation of an “exactly” divergence-free approximation, using subspaces
V, € V= J1(Q). Accordingly, the discretization delivers only approxima-
tions v, € V;, to the velocity v € V. The associated pressures p, are then
to be determined by post-processing. Further, we restrict us to the very basic
case of homogeneous Dirichlet boundary conditions vjsq = 0.

6.4.1 'THE STATIONARY CASE

We begin with the stationary Navier-Stokes problem
—vAv +v-Vo+Vp=f V=0, inQ, vge=0. (13)
Using again the notation
a(v, ) = v(Vo, V), n(v,0,9) = (v-Vu, ),

the “pressure-free” variational formulation seeks v € V | such that

A(v; ¢) :==a(v,¢) + n(v,v,0) = (f,¢) Vo€V, (14)
The corresponding finite element discretization seeks v, € Vj, , such that
A(vn; ¢n) = (f, 1) Vén € Vi (15)

All error analysis of this discretization is based upon the (nonlinear) Galerkin
orthogonality:

A(v; n) — A(vni on) =0, ¢n € Vi, (16)

In the following, we denote the error by e :=v — vy, .
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a) The “small data case”, ||Vo|| ~ v:
The Fréchet derivative taken at v of the semi-linear Form A(-;-) is given by

L(v; ¢, ) = a(é,¢) + n(v, &, ¢) + n(d, v, ¥).

Under the “small data” assumption, this bilinear form is coercive on V with

“stability constant” cg = cg(v) ~ v71:

VoIl < csL(v; b, 9).
Linearization and Galerkin orthogonality then leads to the relation
||V€|| S CSL(Uv €, 6) = CS{n(ev €, 6) + A(U7 U —= ¢h) — A(Uh; v — ¢h)}7

with an arbitrary approximation ¢, € Vj to v. From this we infer that, for
sufficiently small A,
Vel < esCh, (17)

with an error constant C' = C(||V?v||, data) .

b) The general case of an “isolated” solution:
Now, the solution v is assumed to be stable in the sense that

Vol < cs iUp L(v,¢,¢)

AT (18)

with some “stability constant” cg = cg(v,v). Again, by linearization and
Galerkin orthogonality, it follows that
Vel < esCh. (19)

Further, assuming stability of the Fréchet derivative in the form

L(v, ¢, %)

ol <es  sup ——5—, (20)
vevrrz@) || V2|
one may apply the usual duality argument to obtain the L?-error bound
le]| < esCh. (21)

These results rely on the assumption of stability of the problem expressed
in terms of the stability constant cg; see [56]. In order to use the resulting
estimates, on has to determine these constants either analytically, which may
rarely be possible, or computationally by solving dual problems. Numerical
experiments for the driven-cavity problem reported by Boman [16] show a
dependence like cg(v) ~ v~ in the (“laminar”) range 1 < Re < 10®. This
investigation should be extended to other elementary flows in order to see
whether linear growth cg ~ Re is generic for laminar flow. The answer is not
clear yet, as indicated by the following simple example.
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An example of “bad” stability (from Tobiska/Verfiirth [91]): For the worst-case
scenario, we quote the one-dimensional Burgers equation

— VU +0v, =0, € (—1,1), v(-1)=1, v(1) =-1.

The exact solution is v(z) = —2«, vtanh(a,x) , where «,, is the unique positive
solution of 2va,tanh(a,) = 1. Linearization at this solution results in the
boundary value problem

—VZge T V2 + 2V, = f T € (_17 1)7 Z(_1> = Z(1> = 07

which has the solution

T t
2(z) = —V_leU(:”)/”/ e U/ (/ f(s)ds+ c) dt,
-1 0

where U is a primitive of v and the constant ¢ is determined by imposing
the boundary condition z(1) = 0. We ask for the best possible bound in the
stability estimate

vi[zllgr < C@)Iflla-r
For the particular choice f(z) = cosh(a,z), there holds

cosh®(a,) — cosh® (o, 2)

2(z) =

3a2vcosh?(a, )

Since

l2lloe < V22ll1 [1fll-1 < 2V2]| fllee,

it follows that, for v <1,
2lloe > v floos

and consequently, C(v) ~ e'/¥. This seems to indicate that Burgers equation
is not numerically solvable which, however, contradicts practical evidence. The
explanation may be that for the performance of discretization stability is es-
sential in other more local measures then those considered above.

Open Problem 6.3: Ezxplain the success of discretization methods in comput-
ing solutions to the Burgers equation despite its bad conditioning with respect
to the “energy morm”.

6.4.2 'THE NONSTATIONARY CASE

We now turn to the nonstationary Navier-Stokes problem posed on a time
interval I = (0,77,

O —vAv +v-Vo+Vp=f inQx I, wvjpg=0, vp—9g= W0, (22)
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The corresponding (pressure-free) space-time variational formulation uses the
function space V(I):= H'(I; V) and the space-time forms

@) = [@0rdt. aro.0) = [ alo.v)a
ni(v,6.6) = [ n(v.6.0)dr

1

Then, a solution v € V(I) is sought satisfying
A(v;d) = F(¢) Vo € V(I), (23)
where F(¢) := (f,¢)1 + (v°,¢(0)) and
A(v; ) = (¢, 0)1 + ar(d,¥) + ni(v, ¢, 9) + (°, 6(0)).

Here, the initial condition v(0) = v° is incorporated weakly.

In the following conceptual discussion, we restrict ourselves to the semi-
discretization in time leaving the spatial variable “continuous”. The discretiza-
tion is by the “discontinuous” Galerkin method of degree r = 0 (“dG(0)
method”) which is a variant of the backward Euler scheme. The time interval
I =10,T] is decomposed like 0 =ty < t; < ... <ty =T, and we set

Im = [tm—lu tm), ]{Z(t) = ]{Z‘[m = tm — tm—l-
For piecewise continuous functions on this decomposition, we write

v = slg& v(tm £s), v

Accordingly, we define the discrete semi-linear form

M

Awi0) = 3 {00, 0)m+ an(v,6) + nulv,v.0)

m=0

+ 3 ([ 67 + (v, o),

m=1

and the time-discrete Spaces
Vi(I) = {vp € L*(I; V), v, € Po(I,), m=1,..., M}.
The time-discrete approximation then seeks a v, € Vi (I), such that
Ax(vg; o) = For) Vo € Vi(I). (24)

We note that this formulation contains the initial condition v(0) = v° in the
weak sense. The essential feature of the dG(r) schemes are their Galerkin
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orthogonality property. Using the fact that the continuous solution v also
satisfies the discrete equation (24), we have

Ap(v; dr) — Ap(vrs o) =0, ¢ € V(I). (25)

In order to estimate the error e := v—v; , we may employ a “parabolic” duality
argument. The adjoint of the Fréchet derivative of the governing semi-linear
form taken at the solution v is given by

L*(vi ¢, 2) = (¢, =02)1 + as(, 2) + ni(v, ¢, 2) + 1y (o, v, 2) — (¢(T), 2(T)).

Then, we introduce the “dual solution” z € V(I) as solution of the space-time
“dual problem”

v;¢,2) = (e(T),¢(T)) V¢ € V(I). (26)
6),

we obtain the error representation

le(T)]| =

(vie, 2)

L¥(
Taking now ¢ = e in (2
L*
= (e,—0z)r + as(e, z) + ny(v, e, z) + ns(e, v, 2).

Using the Galerkin orthogonality (25) and interpolation estimates on each
subinterval I,,, we conclude the estimate

Je(T)| = i {(f2=20m = (W)™, 2 = ) |

< es{ max o] + max [k},

with the “stability constant” cg = cs(v,T,v) given by

T—kn
[Hog(kar) |2{ 1211 + | 1og(kar)| ™/ / 02 dt } < esll=(D]]. - (27)

The result is the “final time” a priori error estimate
le(T)|| < eLyes max [[kd.v]], (28)

where Ly, := max; (1 + log(k:))l/z.

Conclusion: The foregoing discussion shows that proving a priori error es-
timates for numerical approximations is closely connected with the study of
stability properties of linearizations of the Navier-Stokes equations, i.e. with
hydrodynamic stability; for more details see [55]. The goal is to derive a
priori estimates of the type (18), (20) and (27) with quantified constants
cs = cs(v, T, data). The dependence of these constants on the Reynolds num-
ber may be linear in “good” cases or may deteriorate to exponential in “bad”
cases. Such exponentially unstable flows are not computable over relevant in-
tervals of time. The same question will also be crucial for the derivation of a
posteriori error estimates discussed in Section 7, below.
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6.5 The problem of stability constants (A critical review of hydro-
dynamic stability theory)

Most of the traditional stability theory for fluid flow is of qualitative nature
being based on eigenvalue criteria through a linearized stability argument.
The theoretical results are in good agreement with experiments concerning
the critical Reynolds number at which the first bifurcation occurs; well-studied
examples are the Bénard problem and the Taylor-Couette problems. But they
do not fit with experiments for the other fundamental case of parallel flow.
There are several paradoxes observed:

e Poiseuille flow (between two parallel plates) is predicted to turn turbulent
at Re ~ 5772 through 2d Tollmien-Schlichting waves, while experiments
show instability with essential 3d features somewhere in the range Re ~
1000 — 10000 depending on the experimental setup.

e Couette flow (parallel shear flow) is supposed to be stable for all Re > 0,
but experiments show instability for Re ~ 300 — 1500 .

This failure of theory was blamed on the deficiency of linearized stability theory
being valid only for small perturbations. However, linearized stability theory is
okay, but was only wrongly interpreted. In dynamic systems governed by non-
normal matrices, one has to look at the size of the total amplification factors for
the initial perturbation and not only at the sign of the eigenvalue’s real parts. It
is observed that, for example in Poiseuille flow there occurs amplification by a
factor of 10* for Re > 549. Some of the relevant references on this subject are
Landahl [59] and Trefethen et al. [92], to mention only a few. More references
can be found in [54, 55| where this new concept in hydrodynamic stability
theory is discussed in view of numerical approximation. In fact, the question
of quantitative hydrodynamic instability and that of numerical computability
of laminar flows are closely related. In transition to turbulence one seeks to
establish lower bounds on the growth of perturbations in order to understand
how a laminar flow may develop into a turbulent flow. In error control in CFD
for laminar flows one seeks upper bounds of the growth of perturbations related
to discretizations of the Navier-Stokes equations.

We want to illustrate the phenomenon of error amplification by two simple
examples taken from [55].

a) An ODE model:
At first, we consider the simple ODE system

u')1 +rwy +we = 0, (29)
wg + vwsy = 0. (30)

Here, vw; stand for the diffusion terms and w, in the first equation for the
coupling in the transport term of the linearized perturbation equation of the
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Navier-Stokes equations. The corresponding coefficient matrix

(i)

is non-normal; the only eigenvalue A = v has algebraic multiplicity two. This
is just the situation described above. For this linear system the solution cor-
responding to the initial values w(0) = w® is given by

wy(t) = e ) — te ™ wd,  wy(t) = e ws.
We see the exponential decay of the second component and the linear growth
over the interval [0,v7!] to size wi(v™') = v=te  w) of the first component
before the exponential decay sets in. The component wy acts like a catalyst in
the first equation. Although exponentially decaying it first causes w; to grow;
the later exponential decay is irrelevant when by the growth to size v~ !w? the
linearization is no longer valid.

b) A simple flow model:

Next, we consider a very simple configuration: the flow in an infinite pipe
2 = R xw extending in the x;-axis with cross section w in the (x9, z3)-plane.
The flow is driven by a volume force f = (fi(zq,23,t),0,0)" (gravitation) in
x1-direction. The solution is supposed to have the form (like x;-independent
Poiseuille flow):

v = (vi(x2,73,1),0,0)", p=p(a,t).
Then the Navier-Stokes equations take the form
Oy —VvAv +0ip=fi inw, vya, =0.
The corresponding linearized perturbation equation is

8tw1 - I/Aw1 + ’018111)1 + 82’01’(1]2 + 831)111)3 + 81(] = 0 y
0tw2 — VAUJQ + v101w2 + 82q = 0 5
8tw3 - VAU)3 + Ulalwg + 83(] =0 y

with the incompressibility condition dyws + Oz3ws = 0, and the initial and
boundary conditions wy;—¢ = w® and wja, = 0. Even this simple problem is
still too complex for an explicit solution. Therefore, we simplify it further by
assuming that the perturbed solution {w,q} is also independent of ;. This
corresponds to looking at a fluid in a long vertical tube under gravity or in a
long rotating tube with varying speed of rotation. Under this assumption the
perturbation equation reduces to

8tw1 — I/Awl + 821)111)2 + 83’(]1’(1]3 = 0,
Oywy — VAW, + +0yq = 0,
&gwg - VAU)3 + +83q = 0.
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In this system the equations for the components w := {ws, w3} together with
the constraint dyws + 03ws = 0 form a two-dimensional Stokes problem which
can be solved independently of the first equation. Hence, we are in a similar
situation as in the above ODE example. For the Stokes subsystem we have
the standard a priori estimate

lo@) < e™™[lw?l], ¢ =0,

with k£ = diam(w). The first equation does not contain the pressure. Using
the result for w we obtain for the first component w; the bound

oy (@)} < ce™™ {tllwil| + @°|I}, ¢ > 0. (31)

Hence, we see that for this model problem, one can show that the error constant
in the a priori error estimate (1) grows at most linearly with the Reynolds
number:

C(v, T,data) ~ max{T, Re}.

It is an open question whether this linear dependence on Re is generic for a
larger class of flow problems. Numerical experiments for the lid-driven cavity
flow show such a dependence.

Open Problem 6.4: Prove a posteriori stability estimates like (31) for more
practical problems (e.g. Poiseuille flow) possibly with respect to different norms.
Is there any indication that linear growth in time of perturbations may be
generic to the Navier-Stokes equations?
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7 Error control and mesh adaptation

This section is devoted to concepts of error estimation and mesh optimization.
The goal is to develop techniques for reliable estimation of the discretization
error in quantities of physical interest as well as economical mesh adaptation.
The use of a finite element Galerkin discretization provides the appropriate
framework for a mathematically rigorous error analysis. On the basis of com-
putable a posteriori error bounds the mesh is locally refined within a feed-back
process yielding economical mesh-size distributions for prescribed error toler-
ance or maximum number of cells. On the resulting sequence of refined meshes
the discrete problems are solved by multi-level techniques.

The general concept of residual-based error control for finite element meth-
ods is described in the survey article by Eriksson/Estep/Hansbo/Johnson [26];
this technique has then been further developed for various situations in [12, 14].
The application to incompressible flows is extensively discussed in Becker
[7, 9]. Extensions to compressible flow including chemical reactions are given
in Braack [17]; see also [18]. A survey of applications of this approach to a
variety of other problems can be found in [75].

7.1 Principles of error estimation

The discretization error in a cell K splits into two components, the locally
produced error (truncation error) and the transported error (pollution error)

it = el + e, )
The effect of the cell residual px on the local error ey, at another cell K’ is
governed by the Green function of the continuous problem. This is the general
philosophy underlying our approach to error control.

Tl

? P, (cell residual)

ET (cell error) GT,T, Green function

Figure 28: Scheme of error propagation

(I) A priori error analysis: The classical a priori error estimation aims at
estimating the error to be expected in a computation which is still to be done.
These bounds are expressed in terms of powers of a mesh size h and involve
constants which depend on the (unknown) exact solution. In this way, only
asymptotic (as h — 0) information about the error behavior is provided but
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no quantitatively useful error bound. In particular, no criterion for local mesh
adaptation is obtained.

(1I) A posteriori error analysis: The a posteriori error analysis generates
error estimates in the course of the computation. Accordingly, these bounds
are in terms of computable local residuals of the approximate solution and do
not require information about the exact solution. However, a posteriori error
analysis usually does not provide a priori information about the convergence
of the discretization process as h — 0.

We illustrate the basic principles underlying error estimation by considering
perturbations of linear algebraic systems. Let 4, A € R™*" b, b € R™ be given
and solve .

Az =0, Az =b (perturbed problem). (2)

For estimating the error e := x — , there are several approaches. The a priori

method uses the “truncation error” 7:= Ax — b= A(x — 7),

e=A"r = e| <éslrll, (3)

with the “discrete” stability constant &g := [|A~!|.

uses the “residual” p:=b— Az = A(z — 7),

The a posteriori method

e=A"p = ||| <esllpll, (4)

with the “continuous” stability constant cg := [|[A™!||. Alternatively, we may
use the solution z of the “dual problem” A*z = ||e||"'e, to obtain

lell = (e, A%2) = (b= AZ, 2) = (p, 2) < [|pll l|2[| < cSlipll, (5)

with the “dual” stability constant ¢} := ||A*~!||. Of course, this approach does
not yield a new result in estimating the error in the ls-norm. But it shows the
way to bound other error quantities as for example single components |e;].
An analogous argument can also be applied in the case of nonlinear equa-
tions. Let F, F': R® — R" be (differentiable) vector functions and solve

F(x)=0, F(&) =b (perturbed problem). (6)

Then, the residual p:=b — F(Z) satisfies

p=F(z) - F(7) = ( /O 1 F'(i + se) ds) e = L(x, ©)e, (7)

with the Jacobian F’. The term in parentheses defines a linear operator
L(z,z) : R — R™ which depends on the (unknown) solution z. It follows that
lell < esllpll, with the (nonlinear) stability constant cg := || L(z,Z)~!||. Below,
we will use this duality technique for generating a posteriori error estimates in
Galerkin finite element methods for differential equations.
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7.1.1 A DIFFUSION MODEL PROBLEM

For illustrating our concept, we start with the (scalar) model diffusion problem
—Au=f inQ, wu=0 ondQ, (8)

posed on a polygonal domain €2 C R?. In its variational formulation one seeks
u eV :=HLQ) satisfying

(Vu, Vo) = (f,¢) VoeV. (9)

We consider a finite element approximation using piecewise (isoparametric)
bilinear shape functions (see Section 3). The corresponding finite element
spaces V;, C V are defined on decompositions T of € into quadrilaterals
(“cells”) K of width hg = diam(K). We write again h := maxger hx for
the maximal global mesh width. Simultaneously, the notation h = h(x) is
used for the continuously distributed mesh-size function defined by hjx = hx .
For ease of mesh refinement and coarsening we allow “hanging nodes”, but at
most one per edge. The shape of the corresponding modified basis function is
shown in Figure 29.

I I+1 I+1 ! I+1
o o ¢1+ = ¢1 - iﬁb;

1+1
&5"

Figure 29: @7 nodal basis function on a patch of cells with a hanging node

The discrete problem determines wu, € V}, by

(Vun, Von) = (f, on) Yén € V. (10)

We recall the “Galerkin orthogonality” of the error e := u — uy,

(Ve, ngh) = 0, Cbh eV, (11)

73



We seek to derive a posteriori error estimates. Let J(-) be an arbitrary “error
functional” defined on V' and z € V' the solution of the corresponding dual
problem

(Vo,Vz)=J(¢) VopeV. (12)
Setting ¢ = e in (12) results in the error representation
J(e) = (Ve,Vz) = (Ve,V(z — I}2))
= {(—Au 4 Aup, 2 — 1n2) i — (Opun, 2 — Ihz)aK} (13)

KeT

= S {4 Bz = B = 3o (Tl 2 — B,

KeT

where [Vuy] is the jump of Vuy, across the interelement boundary. In the
second equation, we have used galerkin orthogonality. This gives us the a
posteriori error estimate

] < nlun) = D7 hicd prclun)one (=) + porc(unlwo (=)}, (14)

KeTy,

with the cell residuals

prc(un) == hi | f + Aunllie,  porc(un) == b ||n-[Vun) | ox,

and the weights

wi(2) = hil|z — 2|k, wor(z) = %h}5/2||z — Inzllox -
These quantities are normalized, such that they can be expected to approach
certain mesh—independent limits as A — 0. The interpretation of the relation
(14) is that the weights wg(z) describe the dependence of J(e) on variations
of the cell residuals pg (uyp),

dJ(e)

o5 ~ hwi(z) ~ himaxg|V2z|.
K

We remark that in a finite difference discretization of the model problem (8)
the corresponding “influence factors” behave like wy(z) ~ h% maxg |z|.

In practice the weights wg(z) have to be determined computationally. Let
zp € V3, be the finite element approximation of z,

(Von, Van) = J(n) Vou € Vi (15)
We can estimate

wx(2) < crhi V22 & crmax [Vizl, (16)
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where V22, is a suitable difference quotient approximating V?z. The inter-
polation constant is usually in the range ¢; ~ 0.1 — 1 and can be determined
by calibration. Alternatively, we may construct from z, € V} a patchwise
biquadratic interpolation I }(Lz)zh and replace z — I,z in the weight wk(z) by
1 }(L2)zh—zh . This gives an approximation to wg(z) which is free of interpolation
constants.

One may try to further improve the quality of the error estimate by solv-
ing local defect equations, either Dirichlet problems (a la Babuska/Miller) or
Neumann problems (& la Bank/Weiser); see Backes [4]. References for these
approaches are Verfiirth [102] and Ainsworth/Oden [1]. Comparison with sim-
pler mesh adaptation techniques, e.g. refinement criteria based on difference
quotients of the computed solution, local gradient recovery “ZZ technique” (a
la Zienkiewicz/Zhu [106]), or other local “ad hoc” criteria have been reported
in Braack [17] and in [75].

By the same type of argument, one can also derive the traditional global
error estimates in the energy and the L? norm.

(i) Energy-norm error bound: Using the functional
J(¢) = [[Vel| 7 (Ve, Vo)

in the dual problem, we obtain the estimate

IVel <Y b prc(un) wic(2) < er Y b pic(un) |V 2]

KeT KeT

where K is the union of all cells neighboring K. In view of the a priori bound
|Vz|| < cs =1, this implies the a posteriori error estimate

IVell < () o= ex( Stk prcm?) (17)

KeT

(ii) L*-norm error bounds: Using the functional

J(6) = llel (e, 0)

in the dual problem, we obtain the estimate

lell < > R prc(un) wic(2) < er Y bk pic(un) | V22 i

KeT KeT

In view of the a priori bound ||[V?z]| < ¢ (cg =1 if Q is convex), this implies
the a posteriori error bound

lell < i (un) = eres (3 he prcm?) " (18)

KeT

75



7.1.2 A TRANSPORT MODEL PROBLEM

As a simple model, we consider the scalar transport equation

G-Vu=f, (19)

on a domain  C R? with inflow boundary condition u = g along the “inflow
boundary” 0Q_ = {z € 0Q, n-f < 0}. Accordingly, 90, = 0Q \ 0Q— is
the “outflow boundary”. The transport vector (3 is assumed as constant for
simplicity; therefore, the natural solution space is

V= {ve [}Q), 3-Vo e LAQ)}.

This problem is discretized using the Galerkin finite element method with
streamline diffusion stabilization as described above. On quadrilateral meshes
T, , we define again subspaces V, = {v € H'(Q), vx € Q:1(K), K € Ty},
where @1 is the space of “isoparametric” bilinear functions on cell K. The
discrete solution uy, € V}, is defined by

(B-Vup = f,0+063-Vo) + (n-(g —un), ¢)oa_ =0 Vo eV, (20)

where the stabilization parameter is determined locally by dx = hg. In
this formulation the inflow boundary condition is imposed in the weak sense.
This facilitates the use of a duality argument in generating a posteriori error
estimates. Let J(-) be a given functional with respect to which the error
e = u — uy is to be controlled. Following our general approach, we consider
the corresponding dual problem

(B:Vo,2400:-Vz) = (n-B,2)oa. = J(¢) VOV, (21)

which is a transport problem with transport in the negative -direction. We
note that the stabilized bilinear form Aj(-,-) is used in the duality argument,
in order to achieve an optimal treatment of the stabilization terms; for a de-
tailed discussion of this point see [75] and [47]. The error representation reads

J(e) = (B-Ve,z—z, +03:V(z — z1)) — (n-fBe, z — zp)aa_,

for arbitrary zj, € Vj,. This results in the a posteriori error estimate

[T(e)| < nup) ==c1 Y hi{ﬂK(Uh)wK(Z) + paK(uh)waK(z)}, (22)

KeT

with the cell residuals

PK(Uh) = h;_{1||f - ﬁ'VUhHK, PaK(Uh) = h[_{g/2||n'ﬁ(uh - g)”aKmaQ,,

and cell weights (setting & := z — z3,)
wic(2) = Wil + 018 VEllxc}. - worc(2) = hi €l loxcron...
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We note that this a posteriori error bound explicitly contains the mesh size hy
and the stabilization parameter dx as well. This gives us the possibility to si-
multaneously adapt both parameters, which may be particularly advantageous
in capturing sharp layers in the solution.

We want to illustrate the features of the error estimate (22) by a simple
thought experiment. Let 2 = (0,1)x(0,1) and f = 0. We take the functional

J(u) == (1,n-Bu)aq, -
The corresponding dual solution is z = 1, so that J(e) = 0. This implies
(1,n-Bup)aa, = (1,n-Bu)sn, = —(1,n-09)sqa_ -
recovering the well-known global conservation property of the scheme.

7.1.3 EVALUATION OF THE ERROR ESTIMATES

To evaluate the error estimates (14) or (22), one may solve the corresponding
perturbed dual problem numerically by the same method as used in computing
up, yielding an approximation z, € Vj, to the exact dual solution z. However,
the use of the same meshes for computing primal and dual solution is by no
means obligatory. In fact, in the case of dominant transport it may be advisable
to compute the dual solution on a different mesh; see [47] for examples. Then,
the weights wg can be determined numerically in different ways:

1. We may take z, = I,z € V}, as the nodal interpolation of z and use the
local interpolation properties of finite elements to obtain

wi = hi'llz — Inzllx < erhi | V2|,

with an interpolation constant c¢; ~ 0.1 — 1. Here, V22 is the tensor of
second derivatives of z. Then, approximation by second-order difference
quotients of the computed discrete dual solution z, € V}, yields

wi = | Vizn(k)] (23)
rx being the center point of K.

2. Computation of a discrete dual solution z,, € V), in a richer space
Vi D Vi, (e.g., on a finer mesh or by higher-order elements) and setting

wi ~ hillaw = Inaw |k (24)
where [z, € V), denotes the generic nodal interpolation.

3. Interpolation of the discrete dual solution z;, € Vj, by higher order poly-
nomials on certain cell-patches, e.g., biquadratic interpolation [ ,(lz)zh:

wi ~ WP 2 — 2|k (25)
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Analogous approximations can be used for the weights wgr . Option (2) is
quite expensive and rarely used. Since we normally do not want to spend
more time in evaluating the error estimate than for solving the primal problem,
we recommend option (1) or (3). Notice that option (3) does not involve
an interpolation constant which needs to be specified. The computational
results reported in [14] indicate that the use of biquadratic interpolation on
patches of four quadrilaterals is more accurate than using the finite difference
approximation (23).

7.2 Strategies for mesh adaptation

We use the notation introduced above: wu is the solution of the variational
problem posed on a 2-dimensional domain 2, u, is its piecewise linear (or
bilinear) finite element approximation. Further, e = u—uy, is the discretization
error and J(-) a linear error functional for measuring e. We suppose that there
is an a posteriori error estimate of the form

[T <ni= ) B prc(un) wic(2), (26)
KEeT,

with the cell residuals pg(uy) and weights wg(z). Accordingly, we define the
local “error indicators”

Nk ‘= h%( pi (un) Wi (2).

The mesh design strategies are oriented towards a prescribed tolerance T'OL
for the error quantity J(e) and the number of mesh cells N which measures
the complexity of the computational model. Usually the admissible complexity
is constrained by some maximum value Np.x.

There are various strategies for organizing a mesh adaptation process on
the basis of the a posteriori error estimate (26).

e FError balancing strategy: Cycle through the mesh and equilibrate the
local error indicators,

TOL

This process requires iteration with respect to the number of cells N.

o [ized fraction strategy: Order cells according to the size of nx and
refine a certain percentage (say 30%) of cells with largest nx (or those
which make up 30% of the estimate value 7) and coarsen those cells
with smallest 7. By this strategy, we may achieve a prescribed rate of
increase of N (or keep it constant as may be desirable in nonstationary
computations).
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e Mesh optimization strategy: Use the representation
ni= 3 Mopclw)ona) ~ [ baPA@de(29)
KeT, @

for generating a formula for an optimal mesh-size distribution hgp ().

We want to discuss the strategy for deriving an optimal mesh-size distribution
in more detail. As a side-product, we will also obtain the justification of the
error equilibration strategy. Let Nn.. and TOL be prescribed. We assume
that for TOL — 0, the cell residuals and the weights approach certain limits,
prc(un) ~ b [ Vunllox — plax) ~ |D*u(k)),
wic(2) m bz = Dizllox — wlzk) = [D*2(xk)].
These properties can be proven on uniformly refined meshes by exploiting

super-convergence effects, but still need theoretical justification on locally re-
fined meshes. This suggests to assume that

nAT = / W) A(x)de,  N= ) hihd= / hz) 2de,  (29)
Q KeT, Q

with the weighting function A(x) = p(z)w(x). Now, let us consider the mesh
optimization problem
n—min!, N < Ny

Applying the usual Lagrange approach yields the necessary optimality condi-
tions

% Ug(h 0 Adr + -+ 1) ((h+ 1) d Nmax)} =0

for any variations ¢ and p. From this, we infer that
oh(x) A(z) — 2\h(z) 3 = 0, / h(2) 2 dz — Nypy = 0.
)
Hence, we obtain

hz)= (A A@) T = G=ntA=a

and

)\_1/2/14(:@1/2 dx = Nyaz, I/V::/A(z)l/2 dzx.
0 0

This gives us a formula for the “optimal” mesh-size distribution:

AZ(NV,,Z)Q N hopt(g:)z(NVWL)”Z;(@AM. (30)
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In an analogous way, we can also treat the adjoint optimization problem N —
min!, n < TOL. We note that even for a rather “singular” error functional
J(+) the quantity W is bounded, e.g.,

J(e) =Ve(0) = Alx) =z = W:/\x|_3/2dx<oo.
0

Open Problem 7.1: Make the “mesh optimization strategy” rigorous, i.e.,
prove the proposed convergence of cell weights and residuals under (local) mesh
refinement. This could be accomplished by proving that for piecewise linear or
d-linear approximation, there holds

mh_)o{mgx |V2uu|} < c(u),

where Viuy, is a suitable second-order difference quotient.

7.2.1 COMPUTATIONAL TESTS

(1) The diffusion model problem: We begin with the model diffusion problem
(8) posed on the rectangular domain Q = (—1,1) x (=1, 3) with slit at (0,0).
In the presence of a reentrant corner, here a slit, with angle w = 2w, the
solution involves a “corner singularity”. It can be written in the form u =
Yr'/?2 + @, with r being the distance to the corner point and @ € H?(Q).
We want to illustrate how the singularity introduced by the weights interacts
with the pollution effect caused by the slit singularity. Let the goal be the
accurate computation of the a derivative value J(u) = 01u(P) at the point
P =(0.75,2.25). In this case the dual solution z behaves like

V22(2)] = d(2) ™ +r(2) 2,

where d(z) and r(x) are the distance functions with respect to the points P
and (0,0), respectively. Notice that in this case, the dual solution does not
exist in the sense of HJ (), such that for practical use, we have to regularize
the functional J(u) = dyu(P) appropriately. It follows that

Dre(P)| ~er Y h%pK(uh){d}?’—l—r;{g/z}. (31)
KeTy
Equilibrating the local error indicators yields

_h _TOL

TOLN/?2
S TOL g (TOY

N

and, consequently,

N= S = (TLOL)W 3 hid? ~ (TLOL)W.

KeTy, KeTy,

80



This implies that N, ~ TOL™" which is better than what could be achieved
on a uniformly refined mesh. In fact, the global energy-error estimate leads
to a mesh efficiency like J(e) ~ N7YV2 ie., N, ~ TOL™2. This predicted
asymptotic behavior is well confirmed by the results of our computational test
shown in Figures 30 and 31 (for more details, we refer to [14]).

i

Figure 30: Refined meshes with about 5,000 cells for computing 0;u(P) using the
weighted error estimate 7yeigns (middle) and the energy error estimate ng (right);
from Backes [4].

T T
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Figure 31: Test results on the slit domain obtained by the weighted error estimator
Nweight: comparison with the true error (left) and comparison of efficiency with that
of the energy error estimator ng (right); from Backes [4].

(1) The transport model problem: Next, we consider the model problem (19)
on the unit square 2 = (0,1)x(0,1) C R? with the right-hand side f = 0,
the (constant) transport coefficient 8 = (1,0.5)7, and the inflow data

g({L’,O):O’ g(O,y):l
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The quantity to be computed is part of the outflow as indicated in Figure 32:

J(u) ::/Fﬁ-nuds.

The mesh refinement is organized according to the “fixed fraction strategy”
described above. In Table 3, we show results for this test computation. The
corresponding meshes and the primal as well as the dual solution are presented
in Figure 32. Notice that there is no mesh refinement enforced along the upper
line of discontinuity of the dual solution since here the residual of the primal
solution is almost zero.

Figure 32: Configuration and grids of the test computation for the model transport
problem (19): primal solution (left) and dual solution (right) on an adaptively refined
mesh.

Table 3: Convergence results of the test computation for the model transport prob-
lem (19).

Level N | J(e) n n/J(e)
01 256 | 2.0le-2| 2.38e-2| 1.18
1 310 | 1.82e-2 | 1.96e-2 | 1.08
2| 6341 1.09e-2 | 1.21e-2| 1.11
3 964 | 7.02e-3 | 8.23e-3 | 1.17
4 1315 | 6.25e-3 | 7.88e-3 | 1.26
o || 1540 | 5.37e-3 | 6.94e-3 | 1.29
6 || 2050 | 4.21e-3 | 5.37e-3 | 1.27
7 2128 | 4.11e-3 | 5.21e-3 | 1.27

7.3 A general paradigm for a posteriori error estimation

The approach to residual-based error estimation described above for the linear
model problem can be extended to general nonlinear systems. We outline
the underlying concept in an abstract setting following the general paradigm
introduced by Johnson, et al. [26].
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Let V' be a Hilbert space with inner product (-,-) and corresponding norm
| -1, A(-;-) a continuous semi-linear form and F'(-) a linear form defined on
V. We seek a solution u € V' to the abstract variational problem

Alu;9) = F(¢)  VoeV (32)

This problem is approximated by a Galerkin method using a sequence of finite
dimensional subspaces Vj C V parameterized by a discretization parameter
h. The discrete problems seek u;, € V), satisfying

Aun; on) = F(én)  Véun € V. (33)

The key feature of this approximation is the “Galerkin orthogonality” which
in this nonlinear case reads as

A(u; on) — A(un; on) =0, ¢p € Vi (34)

By elementary calculus, there holds

1
A(u; @) — A(up; @) = /0 A'(su+ (1 — s)up; e, ) ds,

with A’(v;-,-) denoting the tangent form of A(-;-) at some v € V. This leads
us to introduce the bilinear form

1
L(u,up; ¢,9) == /0 A'(su+ (1 — s)up; 9,0 ds,

which depends on the solutions u as well as ;. Then, denoting the error by
e = u — uy, there holds

1
L(u,up;e, ¢p) = / A'(su+ (1 — s)up; e, ¢p) ds
0
= A(u;dn) — Alun;dn) =0, ¢ € Vi

Suppose that the quantity J(u) has to be computed, where J(-) is a linear
functional defined on V. For representing the error J(e), we use the solution
z € V of the dual problem

L(u,up; ¢,2) = J(¢)  VoeV. (35)

Assuming that this problem is solvable and using the Galerkin orthogonality
(34), we obtain the error representation

J(e) = L(u,up; e,z — zp) = F(z — z) — Alup; 2 — z), (36)

with any approximation zj € V},. Since the bilinear form L(u,uy;-,-) contains
the unknown solution wu in its coefficient, the evaluation of (36) requires ap-
proximation. The simplest way is to replace u by wuy, yielding a perturbed
dual problem

L(up, up; ¢,2) = J(¢)  VoeV. (37)
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We remark that the bilinear form L(up, up;-, ) used in (37) is identical to the
tangent form A’(up;-,-). Controlling the effect of this perturbation on the
accuracy of the resulting error estimate may be a delicate task and depends
strongly on the particular problem under consideration. Our own experience
with several different types of problems (including the Navier-Stokes equations)
indicates that this problem is less critical as long as the continuous solution
is stable. The crucial problem is the numerical computation of the perturbed
dual solution Z by solving a discretized dual problem

L(uh, Up; ¢, 2h) = J(¢) V(b e V. (38)

This then results in a practically useful error estimate J(e) ~ 7(uy).

Open Problem 7.2: Analyze the effect of the error introduced by the lin-
earization steps (37) and (38) on the quality of the a posteriori error bound
and design a reliable strateqy for controlling this error.

7.3.1 THE NESTED SOLUTION APPROACH

For solving the nonlinear problem (32) by the adaptive Galerkin finite element
method (33), we employ the following iterative scheme. Starting from a coarse
initial mesh Ty, a hierarchy of refined meshes T;, + > 1, and corresponding
finite element spaces V; is generated by a nested solution process.

(0) Initialization i =0 : Start on coarse mesh T, with
véo) e W.
(1) Defect correction iteration: For i > 1, start with

0 — Vi—1 € ‘/z

i =

(Y

(2) Iteration step: Evaluate the defect

(AP, ¢) == F(¢) — A ¢), ¢ € Vi

Choose a suitable approximation A’ (UZ-(j ) -) to the derivative A’ (’Ui(j ). )

(with good stability and solubility properties) and solve the correction equation

5U§j) eV fl’(v(j)'évi(j),@ = (d,(j)a¢) Vo € V..

7 )

For this, Krylov-space or multigrid iterations are employed using the hierarchy
of already constructed meshes {Tj, ..., To}. Then, update vi(j D — vi(j )+)\,-5ij )
(A € (0,1] a relaxation parameter), set j = j + 1 and go back to (2). This
process is repeated until a limit v; € V;, is reached with a certain required
accuracy.

(3) Error estimation: Solve the (linearized) discrete dual problem

Zi S ‘/Z . A/<Ui; ¢7 Zi) = J((b) v¢ € ‘/iv
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and evaluate the a posteriori error estimate

|/ (e)] = 7(v3)-

For controlling the reliability of this bound, i.e. the accuracy in the determina-
tion of the dual solution z, one may check whether ||z; — z;_1]|| is sufficiently
small; if this is not the case, additional global mesh refinement is advisable. If
N(v;)) <TOL or N; > Ny, then stop. Otherwise cell-wise mesh adaptation
yields the new mesh T;,;. Then, set ¢ =i+ 1 and go back to (1).

This nested solution process is employed in the application presented below.
Notice that the derivation of the a posteriori error estimate (3) involves only
the solution of linearized problems. Hence, the whole error estimation may
amount only to a relatively small fraction of the total cost for the solution
process.

7.4 Application to the Navier-Stokes equations

The results in this section are collected from Becker [7, 9]; see also [12]. We
consider the stationary Navier-Stokes equations

—vAv +v-Vu+ Vp =0, V=0, (39)

in a bounded domain Q C R?, with boundary conditions as described in
Section 2,

,U|F7“z'gid = 07 U|Fin = Uzn’ Vanv - pn|Fout = 0
As an example, we consider the flow around the cross section of a cylinder in
a channel shown in Figure 33. This is part of a set of benchmark problems

discussed in Schéfer/Turek [81].

0.15m U=v=0
-
O,H) —
0.16m| U=V=0
outlet
Afront Aback 10. Im
inlet S Y
0.15m U=v=0
(0,0) S — x
- 2.2m .

Figure 33: Configuration of the benchmark “flow around a cylinder”
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Quantities of physical interest are, for example,

pressure dI'OpZ JAp('Uap) = p(a'fr’ont) - p(a'back)a

2
drag coefficient: Jarag(V,p) = UzD/n-a(v,p)ex ds,
s

2
72D /s n-o(v,p)e, ds,

where S is the surface of the cylinder, D its diameter, e, and e, the cartesian
unit vectors, U the reference velocity, and o(v,p) = %V(VU + Vo) + pI the
stress force acting on S. In our example, the Reynolds number is Re =
U2D/v = 20, such that the flow is stationary. For evaluating the drag and
lift coefficients, one may use another representation obtained by the Stokes
formula, e.g., for the drag:

lift coefficient: Jige(v,p) =

2 2
Jdrag = % /Sn'o'(vup>ew ds = U2D /{;{U(U,p)Véx + VU(Uap>'ém} d(l},

where €, is an extension of e, to the interior of 2 with support along S;
see Giles, et al. [28] and Becker [9]. This representation in terms of a domain
integral is more robust and accurate than the original one involving a contour
integral.

The discretization is by the finite element Galerkin method using the con-
forming ()1 /Q; Stokes element described in Section 3 with least-squares pres-
sure stabilization and streamline diffusion stabilization for the transport. In
order to incorporate this scheme in the abstract framework described above, we
rewrite it in a more compact form. To this end, we introduce the Hilbert-spaces
V := HxL of pairs u := {v,p} and their discrete analogues V; := H,xL, of
pairs uy := {vn, pr} . Accordingly the Navier-Stokes equations can be written
in vector form as follows:

_|—vAv+u-Vo+Vp| |f
)

Further, for u:={v,p} and ¢ = {9, x}, we define the semi-linear form
A(u7 ¢) = V(VU> V,lvb) + ('U'V'U, ’QZ)) - (p> Vw) + (V"U, X)>

and the linear functional F(¢) := (f,%). Then, the stationary version of
the variational formulation (8) is written in the following compact form: Find
u €V + (vi",0)7 ) such that

Alus¢) = F(¢) VoeV. (40)
Using the weighted L2-bilinear form

(v, W)y == Z 0k (Vv, V),

KeTy
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the stabilized finite element approximation reads as follows: Find wu;, € V,, +
(v™,0)T such that

Alun; ¢n) + (Lun, Sén)n = (F, ¢n) + (F, Sén)n Von € Vi, (41)
where the stabilization operator S is defined by

S = vAY +v-Vip + Vx ’
0

with the parameter ¢ specified by (36). This formulation contains the pressure

and transport stabilization as described in Section 3.

The question is now how to construct a mesh as economical as possible on
which the quantities Jap(v,p), Jarag(v,p) and Jyp(v,p) can be computed to
the required accuracy, say, of 1% . The a priori design of such a mesh is a
difficult task as will be demonstrated by the results of numerical tests below;
Table 34 shows a collection of possible a priori meshes.

Figure 34: Examples of meshes designed for the benchmark problem “flow around
a cylinder”; the first three meshes on the left, “Grid 1”7, “Grid 2”, and “Grid 3”7, are
coarse initial meshes which are to be uniformly refined.

Now, we will discuss the use of a posteriori techniques for constructing
economical meshes. We denote the discretization error for the pressure by
ep := p—pp, and that for the velocity by e, := v—7v;,. By standard arguments
relying on the coerciveness properties of the Fréchet derivative of the operator
L, one derives the following energy-norm a posteriori error estimate

IVeull + llepll < eres( Y- { (W + )1 Rua)) I + (42)

1/2
1V -onlle + vl [Tl B |+ )
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with the residual R(uy) := vAv, — v,-Vu,, — Vpp, . In this estimate the “...”
stand for additional terms representing the errors in approximating the inflow
data and the curved boundary S'; they can be expected to be small compared
to the other residual terms and are usually neglected. In this estimate the
interpolation constant c; can be determined and is of moderate size c¢; ~
0.2. The most critical point is the stability constant cs which is completely
unknown. It is related to the constant in the coerciveness estimate of the
tangent form A’(v;-,-) of A(+;-) taken at the solution v,

A(0;2,6)
Vuwll + |lq|| < ¢ sup{—},
IVell+lall < es 90\ I+

where z = {w,q} and ¢ = {¢,x}. In order to use this error bound for
mesh-size control, we have set it to cg = 1.

The error estimate (42) is not appropriate for controlling the error in lo-
cal quantities like drag and lift since it measures the residual uniformly over
the whole computational domain. One way of introducing more a priori in-
formation into the mesh refinement process based on (42) is to start from an
initial mesh which is already refined towards the contour S. Alternatively,
one may also use (on heuristic grounds) additional weighting factors which
enforce stronger mesh refinement in the neighborhood of S. The resulting
global error indicator reads as follows:

Vel + eyl < cres( Y ow{ (b + 0) [ Rl (43)
KeT),

1/2

1V -onlle + vl [Tl 3 f 4+ )

where the weights o are chosen large along S'.

Correctly weighted a posteriori error estimates can be obtained following
the general line of argument described above. The approximate dual problem
seeks z := {w, q} € V satisfying

Al(up; 0, 2) + (L' (up)*p, Sz)s = J(p) Vo eV, (44)

where A'(up;-,-) and L'(up)* are the tangent form and adjoint tangent op-
erator of A(+;-) and L(-), respectively. The resulting weighted a posteriori
estimate for the error e := u — u;, becomes

|J(e)| < Z {pKwK%—paKwaKij%“w%”%—...}, (45)
KeTy,
with the local residual terms and weights defined by
pr = |R(un)lx, wk =llw—wi|x+ dx|vaV(w—wpn)+ V(g —an)llx,
pox = sv[n[Vulllox,  wox = [lw — whlox,

pi = IV-uplle, wi’ =lla—anllx.
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The dots “...” stand again for additional terms measuring the errors in ap-
proximating the inflow and the curved cylinder boundary. For more details on
this aspect, we refer to [14] and Becker [9]. The bounds for the dual solution
z = {w,q} are obtained computationally by replacing the unknown solution
u in the convection term by its approximation w; and solving the resulting
linearized problem on the same mesh. From this approximate dual solution
Zn , patchwise biquadratic interpolations are taken to approximate z in eval-
uating the weights wﬁ?, 1 ,(f),%h — 25, &~ 2z — z,. This avoids the occurrence of
interpolation constants.

Table 4 shows the corresponding results for the pressure drop computed on
four different types of meshes:

(i) Hierarchically refined meshes starting from coarse meshes of type “Grid 1”
and “Grid 2” as shown in Figure 34.

(ii)) Adapted meshes using the global energy-norm error estimate (42) with
enforced refinement along the contour S'; see Figure 43.

(iii) Adapted meshes using the weighted error estimate (45) for the pressure
drop; see Figure 42.

These results demonstrate clearly the superiority of the weighted error estimate
(45) in computing local quantities. It produces an error of less than 1% already
after 6 refinement cycles on a mesh with less than 1400 unknowns while the
other algorithms use more than 21000 unknowns to achieve the same accuracy
(the corresponding values are printed in boldface). Corresponding sequences of
meshes generated by the weighted energy error estimate (42) and the energy-
error estimate (43) are seen in Figures 35 and 36.

Table 5 contains some results of the computation of drag and lift coefficients
using the corresponding weighted error estimates. The effectivity index is
defined by I.sf := n(us)/|J(e)|. Finally, Figure 37 shows plots of the dual
solutions occurring in the computation of pressure drop, drag and lift.
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Table 4: Results of the pressure drop computation (ref. value Ap = 0.11752016... );
a) upper row: on uniformly refined meshes of type Gridl and Grid2, b) lower row:
on adaptively refined meshes starting from a coarse mesh Grid1; from Becker [7]

Uniform Refinement, Grid1l Uniform Refinement, Grid2

L N Ap L N Ap
1 2268 0.109389 1| 1296 0.106318
2 8664 0.110513 2 | 4896 0.112428
3| 33840 0.113617 3 | 19008 0.115484
4 | 133728 0.115488 4 | 74880 0.116651
5 | 531648 0.116486 5 | 297216 0.117098
Adaptive Refinement, Gridl Weighted Adaptive Refinement
L N Ap L N Ap
2 1362 0.105990 4 | 650 0.115967
4 5334 0.113978 6 | 1358 0.116732
6 | 21546 0.116915 9 | 2858 0.117441
8 | 86259 0.117379 11 | 5510 0.117514
10 | 330930 0.117530 12 | 8810 0.117527

HHad

e ‘

: 1

Figure 35: A sequence of refined meshes generated by the (heuristically) weighted
global energy estimate; from Becker [7].

Figure 36: A sequence of refined meshes generated by the weighted error estimate
for the pressure drop; from Becker [7].
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Table 5: Results of the cylinder flow computations of drag and lift (ref. values
Cdrag = 9.579535... and cjpr = 0.0106189...) on adaptively refined meshes starting
from a coarse mesh of type Gridl; from Becker [9].

Computation of drag Computation of lift
L| N Cdrag Ndrag | Ller || L | N Clift gt | Lefs
3| 251 | 5.780186 | 2.0e—1 | 0.5 || 3| 296 | 0.007680 | 2.9¢e—3 | 5.0
4 | 587 | 5.637737 | 5.8e—2 | 0.6 || 4 | 764 | 0.009249 | 1.4e—3 | 5.0
5| 1331 | 5.568844 | 1.0e—2 | 1.6 || 5 | 1622 | 0.009916 | 7.3e—4 | 5.0
6 | 3953 | 5.576580 | 2.5e—3 | 2.0 || 6 | 4466 | 0.010144 | 5.0e—4 | 2.5
7 | 8852 | 5.578224 | 8.7e—4 | 2.5 7 | 8624 | 0.010267 | 3.8e—5 | 2.0
8 | 16880 | 5.578451 | 6.5e—4 | 1.6 8 | 18093 | 0.010457 | 1.9e—5 | 2.0
9 | 34472 | 5.578883 | 2.1e—4 | 2.0 9 | 34010 | 0.010524 | 1.2e—4 | 1.6

Figure 37: Velocity plots of the dual solution for pressure drop (top), drag (middle),
and lift (bottom); from Becker [9].

7.5 The nonstationary case

The extension of the approach to mesh adaptivity described above to the non-
stationary Navier-Stokes equations is presently under development.

(I) The traditional method for a posteriori time-step selection is based on the
concept of controlling the local “truncation error” but neglecting the global
error accumulation. In its simplest form this strategy uses the condition

Lesk (U, — Up) = TOL, (46)

where U;! and ng are the solutions computed from the preceding approx-
imation U""! at t,_; by a second-order scheme (e.g. the Crank-Nicolson
scheme) with time-step sizes k and k/2, respectively. For a more detailed
description of techniques of this type, we refer to Turek [97].
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(IT) The extension of the residual-based error control described above to non-
stationary problems is based on a time discretization which has also the fea-
tures of a Galerkin method. These are for example the so—called “continuous”
or “discontinuous” Galerkin methods of polynomial degree r > 0 (“cG(r)” or
“dG(r)” methods). The lowest-order examples are the dG(0) method which (in
the autonomous case) is equivalent to the backward Euler scheme, the dG(1)
method which is similar to an implicit Runge-Kutta scheme of third order, and
the ¢G(1) method which can be interpreted as a variant of the Crank-Nicolson
scheme. In particular, the dG(1) method is attractive for solving the nonsta-
tionary Navier-Stokes problem because of its superior accuracy (compared to
the dG(0) method).

The result of error estimation using a duality argument is an a posteriori
error estimate of the form (see [55] and Hartmann [39])

Uz = uta)ll =Y (kS wmlldU | + .-} (47)
m=1

where U™ = k2 (U™ — U"™') are the time-difference quotients of the com-
puted solution and w,, are weighting factors obtained by solving a “backward
in time” space-time dual problem. The dots “...” refer to residual terms of
the spatial discretization. The main problem with this approach is its huge
computational work; in a nonlinear problem the “forward” solution {U;"}7 _,
enters the linearized dual problem as coefficient and needs therefore to be
stored over the whole time interval. Moreover, in this way error control can
be achieved only at single times ¢, or for the time-averaged error. Controlling
the error uniformly in time requires (theoretically) to solve a dual problem at
each discrete time level resulting in prohibitively high cost. The economical
realization of this concept for computing nonstationary flows involving global
error control is still an open problem.

Open Problem 7.3: Devise a strategy for adapting the stabilization parame-
ters 0x simultaneously with the mesh size hyx on the basis of the a posteriori
error estimate (45).

Open Problem 7.4: Derive an a posteriori error estimate of the form (45)
for the full space-time discretization of the Navier-Stokes equations and device
a strategy for simultaneous adaptation of mesh sizes hx and time steps k, .
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8 Extension to weakly compressible flows

In this last section, we discuss the extension of the computational methodology
described above to certain compressible flows. The flows of interest are those
in which density changes are induced by temperature gradients resulting for
example from heat release by chemical reactions. Such “weakly” compress-
ible flows are characterized by low-Mach-number speed and hydrodynamically
incompressible behavior. Here, the dominant problem is that of stiff velocity-
pressure coupling while shocks or large pressure gradients do not develop. We
recall the system of conservation equations for mass, momentum and energy,
in the case of a stationary flow:

V:[pv] =0, (1)
pv-Vv — V- [uVv + suV-ul] + Vpe = pf, (2)
cppv-VT — V- AVT] = h. (3)

Here, again v is the velocity, p the density, p,,; the (total) pressure and T
the temperature of the fluid occupying a two- or three-dimensional region 2.
The dynamic viscosity p > 0, the heat capacity ¢, > 0, the heat conductivity
A, the external volume force f and the heat source h are given. Since we only
consider low-speed flows, the influence of stress and hydrodynamic pressure in
the energy equation can be neglected. In general, f as well as h implicitly
depend on the temperature T and on further quantities describing the release
of heat for example through chemical reactions. Here, we will simply consider
the heat source h as given. The coupling between pressure and density is
assumed as that of a perfect gas,

Ptot = RpTv (4)

where R is the gas constant. As mentioned above, we consider hydrodynam-
ically incompressible flows. Accordingly, the pressure is split into two parts,

ptot(x7 t) = ﬁ(t) _'_ phyd($7 t)7

namely the spatial mean value

b |0 / pral, 1) d,
Q

and the “hydrodynamic pressure” ppyq(z,t). In a weakly compressible flow,
the pressure variation due to hydrodynamic mechanisms is assumed to be small
compared to the mean value of the total pressure,

|Dhya| < 1D,

which is determined by thermodynamic effects. Accordingly, we call Py, (t) =
p(t) the “thermodynamic pressure”. In the “low-Mach-number approxima-
tion” the hydrodynamic pressure occurs in the momentum equation

pv-Vu — V- [uVv + suV-0l] + Vppya = pf, (5)
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while the pressure-density coupling in the equation of state (4) is expressed in
terms of the “thermodynamic pressure”
Py,

P = RT (6)
In many applications, this set of equations has to be supplemented by further
conservation equations for species concentrations and complicated nonlinear
source terms representing the chemical reactions. Here, we restrict ourselves
to the simple case of low-Mach-number flow, where temperature variations
are induced by outer source terms. The thermodynamic pressure P,(t) is

supposed to be determined by a priori considerations; for more details, see
Braack [17] and also [18].

Open Problem 8.1: Estimate the error caused by neglecting stress and hy-
drodynamic pressure in the energy equation. Prove corresponding error bounds
for the low-Mach-number approximation in terms of the Mach number.

Since in the above approximation the density occurs as a secondary vari-
able determined by the temperature through the equation of state, it appears
natural to use the pressure p := pp,q together with the velocity v and the
temperature 7' as primal variables in the computational model. We use the
equation of state to rewrite the continuity equation as an equation for velocity
and temperature:

Vou—-T"wVT=0. (7)

Furthermore, introducing the modified pressure p := ppyq — %/J,V%J, the mo-
mentum equation can be written as

pv-Vv = V- [uVo]+ Vp =pf, (8)
while the energy equation keeps the form
cppu-VT — V- AVT] =h . 9)

The temperature-dependent functions p = pu(7T") and ¢, = ¢,(T") are usually
given in terms of polynomial fits from data bases. The density p is expressed
by the algebraic relation (6) in terms of the temperature. The system is closed
by imposing appropriate boundary conditions,

=0, v, = V" ponv +pnpr,,, =0, Toa = T, (10)

ULy igia
where again I'yigiq, I'in, T'owe are the rigid part, the inflow part and the outflow
part of the boundary OS2, respectively. For questions of well-posedness of this
type of problem, we refer to the relevant literature, e.g., Feistauer [27] and
Lions [60].

The starting point for a finite element discretization of problem (7), (8), (9),
and (6) is again its variational formulation. To formulate this, we introduce
the natural function spaces as already used above,

LcL*Q), HcHY )Y RcHY(Q).
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for the pressure p € L, the velocity v € H, and the temperature T" € R. For
a compact notation, we set V := L x Hx R. Prescribed Dirichlet data ¢ and
T can be included by seeking the weak solutions in appropriate sub-manifolds,

pel, veiv+H, TeT+R.

Then, the triple u := {p,v,T} is determined by the variational equations

(Vu,x) — (T '0-VT,x) =0, VxelL, (11)
(po-Vu, ) + (uVov, V) — (p, V-9) = (pf,¥) V¢ € H, (12)
(pc,u-VT,7) + (AVT,V7) = (h,7) Vm € R. (13)

In the following analysis, we consider for simplicity only the case of pure Dirich-
let boundary conditions. In this case the pressure is determined only modulo
constants and the corresponding solution space is L = L2(Q).

Now, the finite element discretization replaces the (infinite dimensional)
function spaces L, H,and R by finite dimensional discrete spaces denoted by
Ly, Hy , and Rj,. Here, we think of finite element spaces based for example on
conforming (); approximation for all physical quantities. The corresponding
discrete solutions py € Ly, v, € U, + Hy, and T}, € Th + R;, are determined
through the system

(Vevn, xn) — (T o VTh, xn) = 0, Vxu € Ly, (14)
(por-NVop, ) + (1NVoR, VoR) — (pn, Vebn) = (pf,0n) Yo € Hy, (15)
(pepvn-NTh, m) + (AVTy, V) = (h,m,) Vm, € Ry, (16)

with coefficients p = p(13,) and ¢, = ¢,(13). The compact formulation of the
system (14)-(16) makes use of the semi-linear form

Alu; ) = (V-u,x) = (T70-VT, x) + (pv-Vo, ) + (uVv, Vi)
—(p, V) + (pc,o-VT,7) + (A\VT, V),

and the linear form
F(¢) = (pf,¥) + (h,m),

defined for triples u = {p,v,T}, » = {x,¥, 7} € V. With this notation, the
problem reads as follows: Find u € u + V, such that

A(u;¢) = F(¢) VeV (17)

where 4 represents Dirichlet boundary data for all components. The corre-
sponding discrete problem reads: Find uy € 4 + Vj, such that

Alup; ¢n) = F(¢n) Vo € Vi (18)

In general this system is unstable and needs stabilization with respect to the
stiff velocity-pressure coupling as well as the transport terms.
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8.1 Least-squares stabilization

The stabilization is introduced into the system (18) by using pressure stabi-
lization and streamline diffusion as discussed above in the context of the in-
compressible Navier-Stokes equations. The corresponding stabilization terms
are listed below:

e Pressure stabilization:

sp(un, Xn) = Z ak (0p-Vo, — V- [uNVop| + Vpr, Vi) k

KeT,

rh(unxn) = > ax(pf, V)i -

KeT,

e Streamline diffusion for the velocities:

sh(un,¥n) = Y Oxc(pn-Von — V[V op] + Vi, pon-Vby) i,

KeT,

ri(un, ) = D Sk (pf, pon V) -

KeT,

e Streamline diffusion for the temperature:

sh(un, T, Xn) = Y i (pepOn- VT = VAAVTL], peytn-Va)
KeTy,

v (ns Ty Xn) = Y ic(hy peyn-Vn) K
KeT,

Here, v, is a suitable approximation to the current velocity field vy , taken
for example from a preceding iteration step. We denote the sum over these
h-dependent stabilization terms by s,(+,-) and r,(+), respectively,

su(tn, @) = sp(un, X) + sy (un, ¥) + s, (un, ),
ri(un, ) = 1} (un, X) + 74 (un, ) + 74 (un, 7).
Then, with Ap(+;-) := A(:;+) + sn(-,+) and Fp(-) := F(-) + rp(-), the discrete

equations can be written in compact form

Ap(un; @) = Fi(dn) Vo € Vi, (19)

In order to ensure symmetry for the resulting stabilized system, «j should
be taken equal to dx. The stability and consistence of this formulation can
be analyzed by similar techniques as used in the case of the incompressible
Navier-Stokes equations; see Braack [17]. One obtains the following condition
for the parameters O :

I | PV oo - A |pcp@h|oo -
S = |+ — . 2
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Open Problem 8.2: Derive a formula for the stabilization parameters g
and vg which leads to a robust scheme on general meshes with large aspect
ratio oy, .

8.2 Computational approach

For solving the model for weakly compressible flow introduced above, we want
to use the methodology discussed for incompressible flows.

(i) Ezplicit defect correction coupling:
The simplest way to use an “incompressible solver” for computing weakly com-

pressible flows is by a defect correction iteration. The step {pﬁl_l, vﬁ;l, T,ll_l} —
{pl v} . T}} of this scheme proceeds as follows:

1. The nonlinear coefficients (density, transport vectors, etc.) are frozen at
{pﬁl_l,vﬁl_l,T,ll_l}. Corresponding corrections {0p!,dv!, 0T} € Vj, are deter-
mined by solving the linearized system:

(V-0vh, xn) = (d" xa),  Vxn € Ln,

(puy, Vo0, 6n) + (1Y 605, Vbp) = (6p),, V-on) = (d 6n) Yoy, € Hy,
(pe ol BN OT), mh) + (AT}, V) = (i 7)Yy, € Ry,

where di', dl7', and di' are the defects of the iteration {p} ", vy, T} '} .
For the sake of robustness, the pressure and transport stabilization described
above has also to be applied to this problem.

2. The new solution vector is obtained by

P =0t FRoph, v = v v, T =T+ k0T,
with some relaxation parameter x; € (0, 1], and the density is updated ac-
cording to p} = Py, /(RT}) .

3. The iteration is continued until some stopping criterion is satisfied.

In each step of this iteration a linearized Navier-Stokes problem supplemented
by a heat transfer equation is to be solved. This may be accomplished by using
the methods described above for the incompressible Navier-Stokes equations.
Hence, the “incompressible solver” is used for preconditioning the defect cor-
rection iteration for solving the full system (18). However, this simple defect
correction process may converge very slowly in the case of large temperature
gradients (e.g., caused by strong heat release in chemical reactions). This lack
of robustness can be cured by making the iteration more implicit.

(ii) Semi-implicit defect correction coupling:
In order to achieve better control on the variation of temperature, one may
use the following more implicit iteration:
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1. The nonlinear coefficients (density, transport vectors, etc.) are frozen at
{pi=t vt )71} . Corresponding corrections {dp}, dv},6TF} € Vj, are then
determined by solving the linearized system:

(V-6u3,, xn) + (T o V6T, x) = (di ' xn)  Vxu € L,

(pvh V803, ¢n) + (1Y 6V,, Vér) — (0p, Vo) = (dy ' ¢n)  Vou € Hy,
(pe,ul 2N T}, mh) + (AT}, V) = (i 7)Y, € Ry,

where di', di™', and d' are the defects of the iteration {p}, ", vy, T} '} .
Again, the pressure and transport stabilization described above has to be ap-
plied.

2. The new solution vector is obtained by

ph =0y Ry, vy = vy vy, T =T + k6T,

with some relaxation parameter x; € (0, 1], and the density is updated ac-
cording to p} = Py,/(RT}) .
3. The iteration is continued until some stopping criterion is satisfied.

This solution method has been used in Braack [17] for the simulation of low-
Mach-number combustion processes; see also [10] and [18].

8.3 The algebraic system

In each substep of the defect correction iterations described above, we have to
solve linear problems for the coefficients z; = {z, z{"), 27

2, xy xy '} including the
components for pressure, velocity and temperature in the basis representations

N

N N
v T
m=3 %, w3 e, Tim 3,
7=1 j=1

=1

The system sub-matrices corresponding to the different components are ob-
tained from the coupled system by taking first test functions of the form

¢h = {¢h7 07 O}
Ap(up; {14,0,0}) = (Vevp,vn) — (T}, 05V T, ¥p)
+ ) 0k (pon-Von — V-(uVor) + Vi, Vi) i -

KeT,

Analogously, taking the test functions ¢, = {0, ¢y, 0}, we obtain the equation
for the velocity components,

Ap(uni {0,9,0}) = (pUn-Vup, n) + (VUL VU,) — (r, Veaby) +

Z O (pup-Vop, — V-(uNVuy) + Vo, por-Viby) k
KeT,
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and by taking the test functions ¢, = (0,0, m,) the equation for the tempera-
ture component,

Ap(un; {0,0,9n}) = (pcptn-VTh, ) + (AVTL, Vi) +
> vrclpeyon VT, — V-AVT, pe, v Vid,) -

KeT,

Ordering the unknowns in a physically block-wise sense, i.e., marching through
the set of nodal points and attaching to each node the corresponding submatrix
containing the unknowns of all physical quantities, we obtain “nodal matrices”
A;; of the form

Bpp pr BpT
Ai i = B vp B ) B vT 5
B Tp B Tv B T

where the indices p, v, T' indicate the corresponding contributions. Looking
at the equations, we see that almost all physical components are coupled with
each other; only the pressure does not appear in the temperature equation,
i.e., Br, = 0. Several of the other couplings are of minor importance and
may be neglected in building an approximating nodal matrix .Zij to A .
One could think of a complete decoupling of the flow variables {p,v} from
the temperature T (or other state variables describing for example chemical
reactions) resulting in an approximation of the form

N By By 0
Aj=| B, Bn 0
0 0 Bpr

However, such a simplification is not appropriate in computing processes in
which the temperature has a significant influence on the flow field and vice
versa. For example, in combustion problems, density variations are mainly
caused by changes of the temperature. A detailed discussion of this issue can
be found in Braack [17] and in [18].
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8.4 An example of chemically reactive flow

We close this section by presenting some results from Braack [17] on computa-
tions for low-Mach-number flows with chemical reactions. The configuration
considered is the model of a methane burner with a complicated geometry
and using a sophisticated reaction mechanism. A stoichiometric mixture of
methane C'H, and air Oy/Ny flows from the bottom of the burner through
a sample of slots of uniform width 2mm and three different heights (varying
from 14mm to 11 mm). The columns have a uniform width of 1.5mm. The
inflow velocity is uniformly 0.2m/s. The Reynolds number in this model is
about Re = 90. The geometry is shown in Figure 38.

burnt gas flamefront

14 m /—\
,0mm

I I13mm 1 g] I I

unlform |nflow of CH4/02/ Nz

Figure 38: Geometry of a methane burner; from Braack [17].

Due to the heating of the slots, the flow accelerates up to approximately
1m/s. Since this is higher than the flame velocity of a stoichiometric methane
flame the flame front is located above the slots. For lower inflow velocities,
the flame moves downstream into the slots and extinguishes as a result of the
heat loss by the cold walls.

If the solution is assumed to be spatially periodic, it is sufficient to restrict
the computational domain €2 to only three slots, as shown in Figure 39. The
boundaries at the left and right hand of {2 are symmetry boundary conditions.
The walls of the slots are described by Dirichlet conditions for the temperature
and Neumann conditions for the species. The calculation on the coarsest mesh
(with 1344 cells) uses a time-stepping procedure to provide a physically correct
starting value. Then, on the finer meshes the stationary fixed-point defect
correction iteration converges. In order to obtain ignition, the temperature for
the initial solution is set to 2000 K at the points above the slots. The reaction
mechanism is that of Smooke [80] with 15 species and 84 elementary reactions
(42 bidirectional), supplemented by two further species, N and NO, and 4
additional reactions to describe their formation.
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The solution is obtained on an adaptively refined mesh with refinement
criterion based on the linear functional

J(u) = |Q|_1/de,
Q

in order to capture the temperature distribution accurately. The finest mesh
is shown in Figure 39; we see local mesh refinement at the flame front and
below the slots where the velocity field changes. The mesh is automatically
adapted and no hand-fitting on the basis of a priori knowledge of the solution
is necessary to find the appropriate balance of the mesh-size distribution. The
CPU time required for such a simulation with about 5,000 cells (=~ 100,000
unknowns) is approximately 6 hours on a Pentium II (233 Mhz) when the
initial guess on the coarse grid with approximately 1300 cells is given.

The computed pressure and the main velocity component are shown in
Figure 39. Due to the strong heat release the flow accelerates by a factor of
10 at the outflow of the slots. At the walls of the slots, Dirichlet conditions for
the temperature are imposed, varying linearly from 298 K at the bottom up to
393 K, 453 K and 513 K for the three different walls. This leads to a higher
outflow velocity at the longer slot compared to the shorter ones. Therefore,
the lift-off of the flame is substantially higher at the longer slot, leading to the
common Bunsen cone formed by two neighboring longer slots.

Figure 39: Results of the methane burner simulation: velocity and temperature
profiles (left and middle), finest mesh with 5,000 cells (right); from Braack [17].
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