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Introduction

The numerical solution of viscous incompressible flow problems is a hard and
challenging subject, which has received much attention in the last decades.
The main difficulties it poses are of three different kinds: first, the incom-
pressibility condition, and consequently the pressure computation, estab-
lishes a coupling between the unknowns of the problem which, in standard
formulations, restricts the freedom to choose discrete approximating spaces
to those satisfying a certain compatibility condition; second, the advective-
diffusive character of the equations may require of appropriate stabilizing
techniques or extremely fine meshes, specially in convection dominated flow
situations; finally, the nonlinearity of the equations increases the computa-
tional burder of the solution procedures.

Beyond those theoretical and computational challenges, the development
of numerical methods for incompressible flow equations is of an undoubtable
practical importance. These equations find numerous applications in dif-
ferent areas, both scientific and industrial, such as aeronautical sciences,
metereology, ocean dynamics, environmental flows, oil industry, turbulent
flows and many others. Besides, they are the basis for several extentions
to more complex flow situations, such as thermal flows, free-surface flows,
magnetohydrodynamics and others.

Many numerical schemes have been developed to approximate the so-
lution of flow equations. For the space variables, discretizations range from
finite differences, the simplest and most intuitive discretization method, to fi-
nite volume, finite element, boundary element and spectral element methods.
Finite element methods have proved to be the most versatile, since they can
cope with arbitrarily complex geometries and work on unstructured, auto-
matically generated meshes, are based on more rigorous theoretical grounds
and are liable to generalizations of arbitrary order of accuracy. As for the time
integration, all these numerical schemes can be sorted, in a first approach,
into single step, multistep and fractional step methods. These last methods
are also sometimes known as operator splitting or projection methods.

The present work is devoted to the study of fractional step, finite element
methods for the numerical solution of incompressible, viscous flow equations,
and in particular of the Navier-Stokes equations. The main advantages of
some of these methods over other time stepping strategies are the decoupling
of the unknowns of the problem, thus reducing the size of the discrete prob-
lems to be solved, and the possibility of employing space interpolations which
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do not satisfy the compatibility condition, such as equal order ones. This last
fact has been known for some time but, to our knowledge, not fully explained
up to now; the first objective of this thesis is to provide a full explanation for
it. On the other hand, projection methods are known to suffer from certain
drawbacks, the main one being the need to impose some boundary condi-
tions in one of the substeps of the method which are unphysical and may be
a source of error; the second objective of this work is to develop a fractional
step method which allows the imposition of the boundary conditions of the
original problem in all substeps of the method.

In order to find the ultimate reason why fractional step projection meth-
ods allow the use of arbitrary space interpolations, a new method is devel-
oped for the simpler, linear, steady Stokes problem. This method retains
the main features of projection methods for the full problem as far as space
discretization is concerned; in particular, it allows the use of equal order in-
terpolations, thus explaining why projection methods also do so. Optimal
order convergence in the mesh size is proved for this method under a com-
patibility condition on the approximating spaces which is weaker than the
standard one, and in particular satisfied by equal order interpolations. An
extention of this method to the nonlinear, steady problem is also studied,
and optimal order convergence, under the same compatibility condition as in
the linear case and assuming a unique solution of the problem, is also proved.

As for the treatment of boundary conditions, a fractional step method
is developed in which the viscous term is split into the two substeps of the
scheme, which, unlike in standard projection methods, allows to enforce the
boundary conditions conditions of the original problem in both substeps.
Convergence in the time step both for the intermediate and end-of-step
velocities of this method is proved in the spaces L%(2) and H}(f?); in this last
space, convergence of the end-of-step velocities does not hold for the classical
projection method, due to the wrong boundary conditions they satisfy. Our
fractional step method was also developed to explain the properties of a well
known predictor multicorrector algorithm, which is here shown to be of a
fractional step kind.

The primitive variable, velocity—pressure formulation of the equations has
been considered throughout this work, and, although possible, no attempt
has been made to extend it to other formulations. Moreover, simple bound-
ary conditions have been used in the theoretical developments presented here,
usually homogeneous Dirichlet conditions; in the numerical examples, how-
ever, 'matural’ boundary conditions have also been considered sometimes.
The extention of the theory to other kinds of boundary conditions is, again,
possible, but not pursued here.

Since we have considered only low to moderate Reynolds’ number flows,
leaving aside highly convective flows, we have found no need to stabilize
convection, and standard Galerkin formulations have been employed. In this
sense, we have only dealt with laminar flow regimes.

We have also restricted ourselves to bounded domains and finite time
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problems, since extentions to other cases pose some additional theoretical
difficulties into the formulations. Moreover, the numerical examples we have
actually solved are all two—dimensional, although the theoretical develop-
ments are also valid for three-dimensional problems.

This work is structured into five Chapters. In the first one, a review of
known results, which will be frequently referred to afterwards, is provided,
where the notation and terminology used here is also introduced; in partic-
ular, a description of several fractional step methods is presented, classified
according to different criteria. The second and third Chapters are devoted
to the study of the new method for the steady Stokes and Navier-Stokes
equations, respectively, which allow the use of equal order interpolations
and explain why projection methods also do so. The structure of these two
Chapters is similar, with some theoretical Sections first, where stability and
optimal order convergence both in H! and L? norms are proved, followed
by some computational aspects and the presentation of numerical results on
some test problems.

In Chapter 4 the fractional step method that we consider is introduced
and studied, for which first order convergence in the time step is proved
both for the intermediate and end—of-step velocities. A convergence theorem
which we originally proved for this method using more classical arguments
and less restrictive assumptions on the solution and domain is also given. A
variant of this method, using pressure correction, is also considered in this
Chapter, and first order convergence for the velocities is also proved for this
new scheme. An implementation of this pressure correction method as well
as some numerical results obtained with it are also provided in this Chapter.
Finally, in Chapter 5 a predictor-multicorrector algorithm is studied, showing
in what sense it can be understood as a fractional step method and how it
behaves in front of different space interpolations, both satisfying and not
satisfying the standard compatibility condition. Numerical results obtained
with this algorithm for two different space interpolations on several problems
are also presented.






Chapter 1

Preliminaries

This first Chapter is devoted to the introduction of the basic mathematical
concepts required for the development of the present work. In particular,
we first recall the equations of motion of an incompressible fluid; then we
review the basic function spaces, norms and forms needed for the study of
those equations; later on we introduce the basic theory of finite element
approximation and some standard results about mixed problems, and finally
we give a comprehensive presentation of existing fractional step methods for
the unsteady, incompressible Navier-Stokes equations, the study of which is
the ultimate objective of this thesis.

1.1 Flow equations

Let us recall here the basic theory of fluid mechanics, which can be found in
standard references such as [72]. The equations of fluid motion are obtained
from principles of conservation of physical quantities, and simplified under
various hypothesis. Several aspects of this theory are closely related to linear
elasticity theory.

We consider a region Q C IR, where d = 2 or 3, filled with fluid material.
The domain {2 is assumed to be open, bounded, connected and Lipschitz
continuous, that is, its boundary I' is a (d — 1)-dimensional locally Lipschitz
manifold. In particular, we will sometimes consider the case of {2 a convex
polygon in IR? or a convex polyhedron in IR?.

For a given T > 0, let p(x,t) and u(x, t) denote the density and velocity
of the fluid at a point x € { and time ¢t € (0, T'), respectively (boldface char-
acters denote vector quantities). Conservation of mass leads to the continuity
equation:

a
S+ Ve(pu) = 0 in@x(0,T) (1.1)
a a oy . .
where V = (z—,..., 7—). If the fluid is subject to a volumetric force
8131 axd

field f(x,t) per unit density, conservation of momentum leads to the Cauchy
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equations: f
Ou
ot

where ¢ is the stress tensor, representing the internal forces acting on the

fluid. In the case of a viscous fluid, where internal frictions are taken into
account, which is assumed to be Newtonian and isotropic, a constitutive
equation of the form:

+ (u-V)u — %V-a’ —f inQx(0,T) (12)

o = —pI + 2pe(u) + A(V-u)l (1.3)
is obtained, where p(x,t) is the fluid’s pressure, I is the identity tensor,
1, 0u; au,

€(u) is the deformation rate tensor with components €; = 5(

Ox; 8:1:,)
g is the dynamic viscosity of the fluid and A is its second viscosxty We
will assume that these two scalar parameters remain constant if there are no
temperature or density variations.” The unsteady Navier-Stokes equations
are then obtained under all these hypothesis:

6u+(u V)u+ Vp- 2V (u)-—%V(V-U) =f nQx(07) (14)

where v = p/p is the fluid’s kynematic viscosity and p(x,t) stands for the
fluid’s kynematic pressure (pressure divided by density).

We next consider the incompressibility condition, which estabhshes the
limits of the scope of this work. Conservation of fluid volume leads to the
condition:

V-uw=0 inQx(0,T) (1.5)

which will be frequently referred to in what follows. Equation 1.5 replaces the
continuity equation for an incompressible homogeneous fluid (that is, with
constant density in space), since then p is constant at all times. No equation
of state is then required to relate p and p. Equation 1.4 reduces in this case
to:

0
Bltl +(u-V)u + Vp — 2Ve(u) = f inQx(0,T) (L6)
Under the incompressibility condition, 1.6 can further be rewritten as:
Ou .
5 + (u-V)u + Vp — vAu = f inQx(0,7) (1.7)

where A is the Laplacian operator; equation 1.7 is the best known form
of the unsteady, incompressible Navier-Stokes equations. A third possible
formulation of the viscous term is obtained by making use of the vector
identity Au = V(V -u) — V x (V x u) and the incompressibility condition
1.5, resulting in the substitution of Auin 1.7 by —V x (V x u) (this is usually

10
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refered to as the rot-rot form of the viscous term, and is also employed in
some numerical methods). "

As for the convective term, some other formulations can also be consid-
O(uiv;)
69:,-
the summation convention is assumed on the i-th index. Under the incom-
pressibility condition 1.5, this formulation is equivalent to that of 1.7. The
skew-symmetric form (u-V)u+ 1(V - u)u, also equivalent to that of 1.7 for

an incompressible fluid, will also be frequently used.

Equation 1.7 is formally equivalent to its dimensionless form, provided
v = 1/Re, Re being the fluid’s Reynolds number defined as Re = paL/pu.
Here, @ and L stand for a characteristic velocity and length of the fluid’s
motion, respectively. We will make this identification throughout this work.

The equation system 1.6-1.5 (or 1.7-1.5) has to be completed with suit-
able boundary and initial conditions to form a well-posed initial/boundary
value problem. One generally assumes that the boundary I' can be parti-
tioned into two non-overlapping subsets I'p and 'y which accomodate given
Dirichlet and Neumann boundary conditions, that is to say, prescribed ve-
locitites and stresses, respectively:

ered. Thus, the j-th component of the conservative form is , where

u(x,t) = u(x,t), xeTlp, t€(0,T)
n-o(x,t) = h(x,t), x€In, t€(0,T) (1.8)

In equation 1.8, and throughout this work, n denotes the unit outward
normal to ', ¢ = —pI + 2ve(u) is the stress tensor (per unit density), i
is the prescribed velocity and h the prescribed stress. In the formulation
of equation 1.6 the condition h = 0 in 1.8 comes up as a natural boundary
condition, as is often employed in outflow boundaries, having the physical
meaning of a no stress condition. On the contrary, when the formulation of
equation 1.7 is employed, the natural condition for outflow boundaries does
not have a physical meaning.

Purely Dirichlet type boundary conditions for the velocity, or equivalently
'y = 0, are also considered sometimes. For consistency with the incompress-
ibility condition 1.5, in that case it is required that the net flux of @t through
I be zero:

/F n-i(x,t)dl = 0, Vte(0,T) (1.9)

In the theory to be developed in this work, homogeneous Dirichlet bound-
ary conditions will be frequently assumed:

u(x,t)=0, xerl, te(0,T) (1.10)

which is commonly referred to as the solid wall condition (no slip and no
penetration). However, in some of the numerical examples presented, natural
boundary conditions are also employed.

11
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An initial condition is also qul_‘lil'ed for the velocity:

u(x,0) : up(x), x€q, (1.11)

where ug is assumed to be incompressible (V-uy = 0). No initial or boundary
conditions need be specified for the pressure, although this variable is subject
to some a posteriori conditions (see Section 1.4).

The numerical approximation of the equation system 1.7-1.5-1.10-1.11 is
the main concern of this work. This system is an unsteady, nonlinear problem
coupled with the incompressibility constraint. Related but more simplified
problems are also important to deal with. Thus, at steady state one gets the
steady, incompressible Navier-Stokes equations:

(u-V)u + Vp — vAu = f in (1.12)

which retain the nonlinear, convective/diffusive character of the full problem.

Furthermore, under the assumption of slow motion, and for low Reynolds
number flows, the convective (quadratic) term can be neglected in 1.12, re-
sulting in the Stokes problem, which consists of equation 1.5 together with:

—vAu + Vp =f inQ (1.13)

This is the linear, steady counterpart of the original problem, still retaining
the coupling with the incompressibility constraint.

1.2 Function spaces, norms and forms

We introduce here the basic mathematical theory of L? and Sobolev spaces,
where weak solutions of the preceeding equations belong. The results stated
herein and the notation introduced will be of constant use in the following
Chapters. The general theory presented in this Section is rather classical,
and can be found in several texts such as (1] or [111]. However, some aspects
are specific to incompressible flow equations, mainly those related to the
divergence operator. These are treated in [19], [43], [71] and [105].

Let C°(§2) denote the set of infinitely differentiable real functions with
compact support on £, and D(Q) the space C°(f2) with a topology that
makes derivation continuous (see [83], for instance); the dual space of D(1),
denoted by D'(2), is the set of distributions on Q. Distributions are infinitely
differentiable in the sense of distributions.

Given 1 < p < 00, L?() is the space of real functions u such that u” is
absolutely integrable in © with respect to the Lebesgue measure in IR?. It is
a Banach space for the norm ||u||zr(a) = (Jn |u(z)|Pdz)'/?, and it is separable.
For 1 < p < oo, LP(Q) is reflexive and its dual space is L(§), for ¢ such
that 1/p + 1/q = 1; since we are assuming that  is bounded, one also has
that for 1 < s < r <.00, L"(Q) C L*(Q). The set C(R) is dense in L?(Q)
for1 <p < .

12
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The special case p = 2 is of main importance; L*(Q) is in fact a Hilbert
space for the scalar product: '

(u,v) = /;}u(:c) v(z)dz, Yu,v € L¥)

and norm:

] = (u, u)'/?

Here, and in what follows, the notation = is employed to denote equalities
by definition. The space L*({2) is usually identified with its dual space.

For p = o0, the space L=({2) consists of essentially bounded, real funtions
on £, which is also a Banach space for the norm ||ul|e = esssup,q{|u(z)|}.
Again, since Q is bounded L*(Q) C L?(Q) for all p € [1,00). One has that
(LYH(Q)) = L=(Q), but (L=(Q)) D L}() with an strict inclusion.

Any function f € L*(£2) can be understood as a distribution if one iden-
tifies < f,u >= (f,u), Vu € D(Q) (we use the notation <, > for duality
pairings). The Sobolev space of order 1, H(f2), consists of functions in
L*(€) such that their generalized first order derivatives (that is, derivatives
in distribution sense) are also in L#(2). It is also a Hilbert space with respect
to the scalar product:

() = (3, v)+§:(§“ )

i=1

and norm:

lulls = (w22

The inclusion H'(Q) C L*(R?) is compact. The closure of C3°(Q) in H(§)
for the norm ||ul|; is denoted by H}(Q2), and it is a proper subspace of H!((2).
To characterize the functions in Hj(f2), we need to recall a classical trace
theorem (see [43]): if the boundary T of £ is Lipschitz continuous, then there
exists a linear, continuous operator v, mapping H'(Q) into L?*(T') such that
for any u € C*(Q), 7o(u) is the restriction of u to I'. The subspace H}() can
then be shown to be the kernel of 7q, i.e., it consists of functions in H*()
which vanish at the boundary. The image space vo(H(f2)) is denoted by
H'Y%(T); its dual space is called H~'/2(T).

In the case  bounded, the classical Poincaré inequality holds; essentially,
it says that there exists Cq > 0 such that:

le| < Callull, Yue HNQ) (1.14)

where:

Il = 32 (g o)

i

13
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This shows that ||u]| is a norm'on H}(2), equivalent to ||u||;; the associ-
ated scalar product is: :

d du Ov
((uvv)) = ;(a—z;’ 6_1:,)’ Vu,v € H(}(Q)
The dual space of H}(Q) is denoted by H~1(Q).

Sobolev spaces of order higher than one are also required sometimes.
Thus, given m > 1, one considers the space H™(§2) made up with functions
in L?(Q) whose generalized derivatives up to order m are in L*(Q). It is also
a Hilbert space with respect to the scalar product:

(v))m= Y, (0™,0M), Vu,v € H™(Q)
In| <m

where 7 = (71,...,72) € N% and || = 7y + - -+ + 2. The norm in H™(Q) is
denoted by ||u||m. ‘

All the preceeding results have been stated for scalar functions u. The
extentions to d-dimensional vector functions u are made in the usual way,
with the help of product norms. Spaces like D(£2), L*(Q), H}(Q) or H}(£2)
will often be considered.

We now turn to the consideration of the subspaces needed for the treat-
ment of the incompressibility condition 1.5. One usually defines the space:

H(div,Q) = {u € L¥Q) / V-u € L*Q)}

which is a Hilbert space with respect to the norm |[ul{3, o = [u]* + [V - uf?,

Vu € H(div,Q). It is well known that there exists a normal trace operator

for functions in H(div,Q): if I' is Lipschitz continuous, then there exists a

linear, continuous operator 4; mapping H(div, Q) into H~*/?(T) such that for

every u € D(Q), 71(u) = n - up. The kernel of 7, is denoted by Ho(div, Q).
The set of smooth, solenoidal vector fields is defined as:

V={ueD()/V-u=0}

The closure of V in L*(Q) is denoted by H, and plays a key role in theory
of approximation of the Navier-Stokes equations . It can be shown that when
1 is bounded and T' is Lipschitz continuous:

H={uel?Q)/V-u=0, n1(u) =0}

that is, H consists of vector fields in L?(£2) with zero divergence and zero
normal trace at the boundary.

Since H is a closed subspace of L*({2), one has the decomposition L#(2) =
H @ H*'; the characterization of H' is a main concern in this context. It
derives from a theorem due to Ladyzenskaya (see [71]), which essentially
states that:

14
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H* = {ue L¥Q)/3p € H(Q), u= Vp}.

This is related to the classical Helmholtz decomposition of a vector field
into the sum of a solenoidal field and the gradient of a scalar function, and
ultimately to a powerful theorem proved by De Rham within the context
of distributions (see [84]). This characterization implies, in particular, that
for every u € L*Q), (u,v) =0 Vv € V if and only if u = Vp for some
p € H(Q) defined up to an additive constant.

The projection of L*(2) onto H, denoted by Py, is also of main impor-
tance, and actually gives name to a whole category of numerical methods (see
Section 1.5). It is obviously continuous on L?($2), but it also maps H*(R)
into itself and is continuous with respect to the norm of H'(Q) (see [105] or
[71]); that is to say, there exists a constant C; > 0 such that:

IPr(u)lly < Cillully, VueHY(Q)

One also considers the closure of V in H}(Q). This space is classically
denoted by V, but here we will refer to it as Y, keeping the notation V for
other purposes. It can be shown (see [43]) that when  is bounded and I is
Lipschitz continuous:

Y={ucH)Q)/V-u=0}

The decomposition H}(2) =Y @ Y, analogous to the previous one, can
be characterized in this case as follows (see [43]):

Y+ ={ueHyQ)/3pe L*Q), u=(-4)"(Vp)} (1.15)

where (—A)™! is the inverse of the Riesz representation isomorphism, that
is, —A: Hy(Q) — H™1(Q) defined by < —Au,v >= ((u,v)); 1.15 is to be
understood in the following sense: for every u € H}(Q), ((u,v)) =0Vv eV
if and only if ((u,v)) =< Vp,v >= —(p,V - v), Vv € H}(Q), for a certain
p € L*(2) determined up to an additive constant. The indeterminacy of
these functions p, as well as that of the pressure in some incompressible flow

problems, leads to the introduction of the quotient space L3(2) = L*(2)/IR.

The strong form of the incompressible Navier—Stokes equations considered
in the previuos Section is usually understood in distribution sense, resulting
in a weak formulation. For this, we need to introduce some continuous forms,
defined on appropriate function spaces, associated to each term of the equa-
tions. For the viscous term, two different forms will be considered, related
respectively to the Laplacian formulation (as in equation 1.7) and to the rate
of deformation tensor formulation (as in equation 1.6). For the former case,
one defines:

a(u,v) =v((u,v)), Vu,veHQ) (1.16)

15
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This 1s a bilinear, continuous forlﬁ on H(Q) which is coercive with respect
to the norm ||u||, since a(u,u) = v||ul||. As for the latter case, one defines:

d
a(u,v) =2ve(u) : e(v) = 2v Y (e5(u), &5(v)), Vu,ve Hy(Q) (1.17)
1J=1
This form is also bilinear, continuous and coercive on H3((2), due to the
Korn'’s inequality (see [43], page 82).
On the other hand, both the pressure gradient term and the weak form
of the incompressibility condition require of the bilinear form:

b(v,q) = —(q,V-v), Vge IL*(Q), Vv e HY(Q) (1.18)

which is also continuous with respect to the norms |g| and ||v||. Finally, the
standard formulation of the convective term gives rise to a trilinear form ¢

defined by:

c(u,v,w) = ((u-V)v,w), Yue H'(Q),v e H'(Q),w € H)Q) (1.19)

This form is well defined and continuous on these spaces (see [105]), and is
skew—symmetric in its last two arguments if u € H, that is, if V-u = 0 and
n - u = 0. Moreover, c posseses some other boundedness properties, such as

(see [104]): :

Cuu [ul[ [[v]| |[wl]|
Corz [u] [[v]] [Iw]l2
c(u,v,w) < { Coz [u] |[v]]2 ||wl]|
Chzo [|u| {[v]l2 [w]
Ca1o ||ullz [|v]] [w

The skew component of c is also used sometimes. Calling é(u,v,w) =
He(u,v,w) — c(u,w,v)),Vu € H(Q),v € H}(Q),w € H}(2), one has that
¢ is also trilinear continuous on these spaces (see [104]), and is the weak form
of the skew-symmetric formulation of the convective term introduced in the
previous Section. It satisfies ¢(u,v,v) =0 for all u and v.

To end this Section, let us introduce the spaces requiered for the evo-
lution problems. Given T' > 0, 1 < p < oo and a Banach space W with
norm ||u||w, the space L?(0,T; W) consists of functions u:(0,T) — W such
that: ||u||Lso,rw) = ST ||u(t)||’v’v)1/p < o0o. It is also a Banach space with
respect to the norm ||u||Lso,7;w). The space of essentially bounded functions
on (0,T) into W is denoted by L*(0,T; W), and is a Banach space with
respect to the appropriate norm. The spaces L?(0,T; W) possess similar
properties as far as separability and reflexiveness is concerned as L?() for
1 < p < 0o whenever W also has those properties. The case p = 2 is, again,
special: when W is a Hilbert space with scalar product (u,v)w, the space
L*(0,T; W) is likewise with respect to: (u,v) = fT(u(t),v(t))wdt. Spaces
like L2(0,T; HY(Q)), L*=(0, T; L*(Q)) and others will often be considered.
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1.3 Finite element approximation

This Section is devoted to the introduction of the basic results concerning
the approximation of the previous function spaces in finite elements. We first
summarize the definitions of finite element function spaces and then state an
approximation theorem and an inverse inequality in these spaces, under the
usual regularity assumptions on the meshes. This general theory reviewed
here can be found in standard references such as [25] or 83].

We consider a partition ©; of Q into elements {K.}, — 1,... e (n. is
the number of elements). For each element K, the diameter of K is denoted
by hg, and its sphericity (diameter of the maximum sphere inscribed in
K) by px. We also call b = maxgeo,(hx) and ¢ = mingeo,(0x). We
assume that each element is the image of a reference element K (bounded
and connected) through transformations Fx:K - K , which are supposed
to be diffeomorphisms. Functions 9 defined on K are transported to K by
taking v = ¥ o Fg'.

A finite dimensional subspace Rk(K ) (indexed by k € IN) of approximat-
ing functions is chosen on K; polynomial functions are usually employed.
Lagrange finite elements consider the degrees of freedom on Ri(K) as values
of the functions at a certain set of points ¥ = {a,}J =1,...,n,°f K, called
(reference) nodes (n, is the number of nodes per element) These points are
chosen so that the set of linear restrictions {p(é;)} j=1,...,n, on pis uni-

solvent in Rk(K ) that is, their values determine p in Rk(K ) in particular,
dim Rk(K )

Two classes of isoparametric finite elements (that is, those in which the
transformations Fi also belong to Ri(K)) will be considered. For simplicial
finite elements, K is the standard simplex in IR®. In this case, Rx(K) is the
set of polynomials in {z1,...,z4} of degree less than or equal to k, called Px.

( d+k )

g )

On the other hand, for quadrilateral (d = 2) and hexahedral (d = 3) finite
elements, K is the unit cube [0,1]% Ri(K) then consists of polynomials in
{z1,...,z4} of degree less than or equal to k in each variable, space denoted
by Qk. One has that dim @, = (k + 1)%.

With the help of these definitions, functions defined on ) are approxi-
mated by czther functions which, in each element, are the images of polynomi-
als in Ri(K). In other words, any function space V of those considered in the
previous Section is approximated by a finite dimensional subspace V},, whose
degrees of freedom are the point values at the (mesh) nodes Ej, = {a;};=1,..n,
(np is the number of nodal points); these are the images of the reference nodes
in K. When the elements K have straight sides (or plane faces, for d = 3) for
simplicial elements, or straight and parallel sides (or faces) for quadrilaterals
(and hexahedra) the transformations Fi are affine (that is, they belong to
Py(K)); in this case, the functions v = # o Fi* belong to Pk(K) and Qw(K),

It is easy to see that dim P, =
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respectively, whenever % belongs to Pi(K) or Qi(K).
Discrete finite element spaces like:

Vi={veL*Q) /| Ye=1,...,n, vk, = .0 Fg',é. € R}  (1.20)

are considered. If, moreover, one requires these finite element functions to
be continuous on 2, this approximating space is spanned by the functions
{Ni}i=1,... ,n, C Vi defined through the relations: N;(aj) = &;;; these
functions N; are called the standard shape functions.

For continuous functions v, a classical interpolate can be defined by:

p

v € CYQ) — Ma(v) € Vi / Uu(w)(z) =D v(a;)Nj(z) Vxe (1.21)

i=1

A projection operator Il can also be defined on more general spaces of
(not necessarily continuous) functions onto Vj (see [98], for instance). To
obtain approximating properties of the operator I, some restrictions have
to be enforced on the meshes. A family {©4}rso of discretizations of Q is

called regular if there exists (; > 0 independent of k such that i—l—{— >(G >0,
K

for all K € ©p, and for all A > 0. Regularity of {O}r>o means geometrically

that the elements do not collapse into segments as h tends to zero. If {@4}nso

is regular, if v € H™(Q) for r > 2 and if Ry = P or @y, then the following

approximation result holds (see, for instance, [98]):

Vm=0,...,r, |[[v—=Hp0)|}n < Cr*||v||,, (1'22)

where s = min{k + 1 — m,r — m}. In 1.22, and throughout this work,
C represents a generic constant independent of the mesh size h, possibly
depending on {2 and other constants.

Moreover, {On}rso is called uniformly regular, or quasi-uniform, as h

tends to zero if there exists (; > 0 independent of & such that % >(>0

for all > 0. Under this condition, the following inverse inequality can be
proved by scaling arguments (see [13]):

o
loalls < +lonl, Vor € Vi (1.23)

Both the approximation result 1.22 and the inverse inequality 1.23 will be
used in what follows.

1.4 Mixed problems and the LBB condition

The understanding of the properties of discrete approximations of incom-
pressible flow problems, as well as some other related mechanical problems
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(such as incompressible elasticity), led to the development of a general theory
of mixed problems. From the variational viewpoint, these are understood as
saddle point problems, the simplest of which is the optimization of a certain
quadratic functional under a hinear restriction on the appropriate function
space. The main example of a mixed problem within the context of incom-
pressible flow equations is the steady Stokes equations 1.13-1.5 with homo-
geneous boundary conditions 1.10; in this case, the linear restriction is the
divergence—free condition 1.5, and the Lagrange multiplier associated with
it is the pressure. This mixed character of the equations implies that the
approximating (in our case, finite element) spaces for velocity and pressure
should satisfy a compatibility condition in order to obtain optimal results,
as will be seen in what follows.

1.4.1 Mixed problems

A complete exposition of the theory of mixed methods, which came about
with the work of I. Babuska ([4]) and F. Brezzi ([14]), has been recently given
in [19], reference which we mainly follow here. A different approach can also
be found in [15].

If V and Q denote two real Hilbert spaces with norms ||v||v and ||q||q,
respectively,a: V x V — IR and b: V x  — IR are bilinear, continuous forms
with norms ||a|| and ||b]|, respectively, and f € V’, g € Q' are given, a general
mixed problem consists of finding « € V and p € @ such that:

a(u,v) + blv,p) = <fiv> YveV
bu,q) = <g,9> V9€Q (1.24)

The study of this problem leads to introduce the forms:

B:V = Q'/ < B(v),q>qxq=0b(v,q) VqeQ, YveV

B:Q — V'] < B'q),v >vixv="5(v,q) YveV, YVgeQ

Assuming that a is coercive on V, that is, a(u, u) > Ba||ully Vv € V, the
-conditions for a solution of 1.24 to exist are that ¢ € Im B and that there
exists a constant G, such that:

: 5(v, 9)
25 (2 ol Tidlamae) 27> © (1.25)
in which case u is unique and p is determined up to an arbitrary element of
KerB?. Condition 1.25 is usually refered to as the inf-sup or LBB condition,
after the work of O.A. Ladyzhenskaya ([71]), I. Babuska ([4]) and F. Brezzi
(114)). ..
The Stokes problem is cast into this framework by taking V = H}(Q),
@ = L*), a and b defined by 1.16 and 1.18, respectively, g = 0 and
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fe H‘I(Q) given. In this case, the form a is coercive and symmetric; the

forms B and B* ate defined by:

B:HYXQ) > I¥Q) / B(v)=V-v, VYveHQ)

B:L*Q)—H(Q) / B'(q)=Vq, VgeIL*(Q)

One then has that KerB* = {q € L?*(2) / gis constant on 0}, space
isomorphic to IR. Condition 1.25 was first proved for this case by O.A.
Ladyzenskaya (see [71]); existence and uniqueness of the velocity solution u
and existence of the pressure p defined up to an additive constant are thus
established (we are considering the Dirichlet case). This indeterminacy in
the pressure is usually surpassed by working on @ = L3(Q2), where B is
injective; however, in the discrete problem other linear restrictions may be
used (such as fixing an arbitrary discrete value of the pressure to zero).

1.4.2 Discrete approximations

We now turn to the consideration of an approximate discrete solution of the
mixed problem 1.24, where several difficulties may be encountered. Some of
these were observed in practice in the early stages of Computational Fluid
Dynamics, before this theory was even developed. We outline the basic
results in what follows, inspired again in [19)].

Let V}, and @ denote finite dimensional subspaces of V' and @), respec-
tively, where the index A refers to a mesh size. The discrete version of problem
1.24 reads: find u; € Vi, and pr € @4, such that:

a(un,vn) + b(wmps) = <fim> Ve €V,
blun,gn) = <g,9v>, Vgr € Qn (1.26)

Let By, and Bf denote the discrete equivalent to the operators B and B*
on V;, and Q. For a given g € @', let:

Zn(g) = {vn € Va/b(vn,qn) =<g,qn >, Ygn € Qn}

Then, if a is coercive on V, if Zx(g) # @ and if the discrete equivalent of
the LBB condition holds with a constant G independent of A:

: b(vh) ‘Ih)
inf ( sup 2Pr>2P>0 1.27

anEQn (thVh [|va|]lv HQh”Q/Kch‘) ’ (127
then there exists a unique vy € Vi and a p, € @4, defined up to an arbi-
trary element of KerBj}, solution of 1.26 which satisfy the following optimal
approximation property:
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llu—unllvy + llp—pullo/kerss < C(uilelghllu—vhllv + qégghllp-PhHQ/Kech)
(1.28)
with constant C depending on ||a||, ||b||, 8. and B, but not on h.
Unfortunately, the discrete LBB condition 1.27 does not hold for sim-
ple combinations of finite element spaces for velocity and pressure, such as
equal order ones. Those for which 1.27 holds are called div-stable in the
terminology of [12]. Problems may develop in the following circumstances:

o The constant 8 in 1.27 may not be bounded away from zero uniformly
in h; in this case, it is interesting to know the exact dependence of
[r with respect to h, so that weaker error estimates than 1.28 may be
obtained.

o KerB} ¢ KerB?; in this case, the discrete solution p, may be polluted
with unphysical (non constant) modes, called spurious pressure modes.
Moreover, Z;(g) may be empty, in particular for some nonhomogeneous
Dirichlet boundary conditions, leading to ill-posed discrete problems.

e (dim @x — 1) > dim Vj; this case leads to locking of the solution, since
there are more restrictions on it than degrees of freedom. The only
discrete divergence free vector field is the null one.

The problem of spurious pressure modes is, in essence, an algebraic prob-
lem. Calling K the matrix associated to the discretization of the form a, G
the discrete gradient matrix and G* the discrete divergence matrix, problem
1.26 can be written as:

(& ()= (1.29)

where U and P are the vectors of discrete values of velocity and pressure,
respectively, and Fj, F, come from external forces and (nonhomogeneous)
boundary conditions. The system matrix of 1.29 will have a nontrivial kernel
when KerB}, ¢ KerB!, since spurious modes satisfy GP =0, P # 0.

Some of the most popular examples of mixed finite elements for incom-
pressible flows are listed next, classified according to whether the discrete
pressure is continuous on {} or not; some of the terminology used applies
only to the two—dimensional case:

1. Discontinuous pressure quadrilateral elements.

(a) Q1Po element: the bilinear-velocity, constant-pressure element
does not satisfy the discrete LBB condition. For a regular mesh,
the kernel of the discrete gradient matrix is two—dimensional, con-
taining two independent spurious modes which are constant on the
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(b)

1

!
red and white cells of the mesh, viewed as a checkboard; they are
called checkboard modes. The constant 8, can be shown to be

O(R) in this case (see [78]). A thorough study of the properties of
this element was given in [85].

Q2P element: the biquadratic-velocity, linear-pressure element
is a div-stable element commonly used in practice. The pressure
values on each element can be understood as the pressure and its
first order spatial derivatives at the centroid of the element, in a
hierarchical way. In general, the element Q;P;_; is div-stable for
[ > 2 (see [43]).

2. Continuous pressure elements.

(a)

(b)

Equal order interpolations: elements where the velocity and pres-
sure are interpolated by continuous functions on the same mesh
points and to the same order of accuracy, such as @;Q; on quadri-
laterals or P, P, on triangles, are the simplest ones to implement;
however, these elements also present spurious pressure modes, and
yield unstable pressures which need to be filtered to get accurate
results. A study of spurious modes for these elements was given
in [86].

Taylor~Hood elements: it was found experimentally that a P, P,
continuous pressure approximation on triangles and a ¢,Q; on
quadrilaterals yielded stable and convergent results. Some analy-
sis of these elements were given in [9] and [109], and an extension

to P3P, and QxQk—1 (for k > 2) in [18].

1.4.3 Some stabilizing techniques

Several alternatives have been proposed to overcome the difficulties intro-
duced by mixed methods. Efforts have been directed into three main direc-

tions:

o The development of div-stable finite element combinations, some of
which we have just seen.

e The

stabilization of known unstable elements, in particular the Q, P,

element, through the use of appropriate filtering techniques ({95], [94]),
the use of macroelements ([97]) or by enriching the velocity space by
bubble functions ([3]).

¢ Obtaining alternative formulations of the original equations, which cir-
cumvent the LBB restrictions, either by employing non primitive vari-
ables (vorticity, streamfunction or others) or by augmented or stabilized
formulations. We summarize this last possibility for its relevance.
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Stabilized formulations of the Stokes and incompressible Navier—Stokes
equations developed from the original work on SUPG formulation for ad-
vective diffusive problems in [20] (which in turn was an extension of pre-
vious work on upwind finite differences), and the series of papers [57], [58]
and [59]. The consistent Galerkin Least Squares (GLS) formulation then
came about ([60], [61]). When applied to incompressible flow problems, it
allows the use of arbitrary velocity—pressure elements. For a given mesh
On = {K.}e =1, ... pn, With element sizes hx, the GLS method for the
Stokes problem can be understood as a modification of the discrete prob-
lem 1.26 by adding to each equation a multiple of the strong form of the
momentum equation:

a(up,vi) + b(Vh,pr) + D ax(—Aup+ Vpy—f,—Avp)g

Keeh

= < f,vp>, Vv, e Vy (130)

b(un,qn) + D ax(—Aup+ Vp,—f,Var)x =0, Vg € Qn
Ke0®,

where ag > 0 VK € 0Oy, (we have neglected the term 7,(V - u, V - v) from
1.30, which appears in the definition of the method, since it turns out to be
unnecessary). These new integrals are evaluated on element interiors, where
the approximating functions are sufficiently differentiable. Equations 1.30 are
the Euler-Lagrange equations of a saddle point problem with a Lagrangian
augmented by the addition, at element level, of a multiple of the square of
the residual of equation 1.13, residual which is to be minimized; this is why
this method is called Galerkin Least Squares.

Stability and optimal convergence for this and related methods were
proved in [37] and [17], in mesh dependent norms such as:

H(w,2) s = llull® + >0 hk |Vplk
Keo,

for any choice of Vj, and Q4; the coefficients ag (called 71 in the usual ter-
minology) are obtained as the diffusive limit of those of a similar method for
the Navier-Stokes case, yielding, after some simplifications (see [37]):
hk
ag = QOE (131)

For linear elements and small enough hg, a value of ap = 1/3 is optimal
(see [37]). For quadratic elements, an optimal value of ag = 1/9 was obtained
in [27] for a related scheme.

The stabilization of the pressure in these residual methods is mainly due
to the appearance of a nonzero diagonal term on the system matrix of the
discrete problem 1.29 multiplying the pressure, which comes from the term
(Vpr, Vagx) in 1.30.

A great amount of work has been developed recently on stabilized meth-
ods (see [5], [16], [35], [36] and [107], for instance).
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|
1.5 Description of fractional step methods

In this last Section we present several methods of fractional step type for
the time integration of the unsteady, incompressible Navier—Stokes equations
1.7-1.5, with homogeneous Dirichlet boundary conditions 1.10 (for simplicity
of exposition) and initial condition 1.11.

The common feature to these methods is the decomposition of each time
advancement step into a sequence of two or more substeps. The way this
decomposition is chosen in each method determines properties such as its
stability, convergence, order of accuracy in the time step, steady state reached
(if so), boundary conditions to be imposed in each substep, stabilization or
not of the pressure and type of fully discrete problems actually solved, as
will be explained in what follows.

We present the methods classified into four categories established accord-
ing to different criteria, which may well overlap with one another. Given the
great amount of fractional step methods developed nowadays, this presenta-
tion does not pretend to be exhaustive, but rather a wide view of the variety
of existing methods, paying special attention to the most significant ones;
besides, the classification could also respond to other criteria, but the ones
chosen here emphasize some ideas to which we will come back later on.

Some representative methods of each category are explained in more de-
tail. They are presented respecting as much as possible the structure and
notation used in their original references. Some of them are introduced di-
rectly in fully discrete form, after some space discretization (finite differ-
ences, finite elements, finite volumes or spectral methods) has already been
performed. However, we are mainly concerned with their semidiscrete for-
mulations, which are more general, not depending on the particular form of
space discretization used, and more suitable for the study of properties intrin-
sic to the time integration process, such as well-posedness of the intermediate
problems or appropriate boundary conditions for them.

In what follows, we assume that a constant time step §¢ > 0 is given, and
define the time levels t,, = n§t for n = 0,...,[T/6t].

1.5.1 Classical Projection Methods

We group here the first fractional step methods to appear in the literature
that gave rise to this kind of methods, as well as some of their closest variants
and studies.

The original ideas of fractional step methods for general evolution equa-
tions go back to the work of Yanenko (see [110]). The concept of a splitting of
the different operators appearing in the equations in succesive steps was first
introduced there. In the early times, this splitting was usually associated to
the different space dimensions. An interpretation of this general splitting in
the case of the incompressible Navier-Stokes equations can be found in the
scheme with (n + 1) intermediate steps of Temam (see II1.7.2 in [105]).
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But the actual origin of fractional step methods for Navier-Stokes equa-
tions is generally credited to the work of Chorin (see [22], [23] and [24])
and Temam (see [100], [101], [102] and [103]). The former is a 3-substep
method, in which the first two substeps can be thought of as an ADI scheme
(Alterning Directions Implicit) and the third one is a projection onto the
subspace of solenoidal vector fields (in a sense to be explained in what fol-
lows); for the case of periodic boundary conditions in a unit cube and for
a centered finite difference space approximation, it was shown in [24] that
provided 8t = O(h?), the convergence of this method was of first order in 8t
and second order in h. We present Temam’s method in more detail, since it
is the most popular of fractional step methods and one of the best studied.
We name it the classical method, and follow the presentation of III.7.1 in
[105].

Let us call k = 8t, and assume that f € L*(0,T; H) and uo € H. Given
u" € H, approximation of u at time ¢,, the first step of the classical method
consists of finding an intermediate velocity u™*'/2 such that:

n+l/2 n
ut/z —y — yAu"t/? + (un+1/2 . v)un-H/Z +

k
-;-(V.u"*“/z)u"“/2 = f~  (1.32)
url‘+1/2 - 0

An implicit backward Euler method is employed for the diffusive term,
and the skew—symmetric form adopted for convection is also approximated
implicitly. The force term f™ is the time average of f in [t,, tn41]. On u™/2,
the full Dirichlet boundary condition is imposed. The weak formulation of
1.32 consists of finding u™*'/2 € H}() such that for all v € H}(Q):

1
E(u"“/2 —u", v) + a(u™2 v) 4 Gut2 w2 v) = (fr,v) (1.33)

Once u™t'/? is determined, the second step consists of finding an end—of-
step velocity u™*! and a function p™*! such that:

u™tl — grtl/2

- + Vp*tt = 0 (1.34)
V.utt = 0 (1.35)
n-uftt o= 0 (1.36)

This is equivalent to saying that u™*! is the projection of u™'/? onto

the space H, so that equations 1.34-1.35-1.36 can also be written as u™*! =
Pg(u™+1/2). This is the reason why this method, and other related schemes,
1s usually called the projection method.
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As can be seen, the splitting of oﬁerators in this case consists of separating
the effects of incompressibility fromithose of diffusion and convection, which
are kept together. ‘

This classical projection method posseses some advantages over standard
single-step methods. From the computational standpoint, the main one is
the decoupling of the computation of the 'pressure’ p"*! from that of the
velocity; this is achieved with the help of a 'pressure Poisson equation’ (PPE,
from now on), obtained from equation 1.34. In fact, taking the divergence of
1.34 leads to:

Ap™tt = -I%:—V-u""'l/2 | (1.37)
n-Vpi‘Ifl =0 (1.38)

Once this Neumann problem is solved for p™*!, the final velocity u™*!
is obtained explicitly from 1.34. Another advantage of this scheme is that
the space discretization used in combination with it is not restricted by the
compatibility (inf-sup) condition encountered in the Stokes problem; this fact
has been observed by some authors who have used this method together with
different space discretizations, including some equal order finite elements.
But, to the author’s knowledge, the reason for this pressure stabilization has
not yet been fully explained. We provide an explanation for it in Chapter 2.

The classical projection scheme, however, presents some drawbacks too.
As can be seen in 1.36, the final velocity u™*! does not satisfy the correct
Dirichlet boundary condition, but only the normal component of it. This may
result in the presence of a numerical boundary layer in the solution, whose
size has been estimated to be O(v/v6t) (see [45], [79] and [106] ). Another
side of the same problem is the need to impose the unphysical homogeneous
Neumann boundary condition on p™t!, while the exact pressure satisfies, for
sufficiently smooth solutions (see [48]):

Ap(t) = V() — (u(t)- V)u(t)) (1.39)
n- Vp(t)lI‘ = n-(f(t) +vAu(t) - Z—l: ~(u- V)u)II‘ (1.40)

This has led several authors to believe that p™*! is not an approximation
of p(tn+1), but a mere auxiliary mathematical variable needed to enforce the
incompressibility condition on u™*! (a Lagrange multiplier), although both
u™+1/2 and u"t! are legitimate approximations of u(¢n41) (see [106]).

Convergence of this scheme to a continuous solution u was proved by
Temam (see [101] and [102]). He introduced the following approximating
functions:

u}:[0,T] = L3(Q) / uj(t) =u™*?, nk<t<(n+1)k

uZ:[0,T] - L¥Q) / ui(t) =u™, nk<t<(n+1)k
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ug: [0,7] — L*()) / ug is continuous, linear on ¢ on each interval
[nk, (n + 1)k] and ug(t,) =u™, for n=0,...,[T/k].

He proved convergence of u} (that is, of u™*'/2) to u in H}(Q); but for
u? and uy, the convergence was only in L?(Q), and this was due to the fact
that u™t! does not satisfy the correct boundary condition. In fact, he had:

o if d =2, u} (< =1,2) and u, converge to u in L?(0,T; L*(Q)) strongly
as k tends to 0, and weak-star in L*°(0,T'; L*(Q)); u} converges to u
in L*(0,T; H}(S)) strongly.

o if d = 3, there exists a subsequence k' of k such that u}, (i = 1,2)
and ug converge to u in L?(0, T;L?*(Q)) strongly as k' tends to 0, and
weak-star in L*°(0,T;L*(R)); u}, converges to u in L*(0,T; H}(Q))
weakly.

Further studies of this method have been performed by other authors.
The most relevant one is the work of J. Shen: in [90] he considered the clas-
sical projection method with a slightly different formulation of the convective
term, namely, (u” - V)u™t*/2. This results in a skew-symmetric weak form
c(u™, u™*/2 v), since u® € H. For this scheme, he proved first order error
estimates in the time step for u"*'/2 and u™*!, and order 1/2 error estimates
for p™*! and p"*! — kvAp™t!, in the appropriate sense. A mistake in the
original proof pointed out by J.L. Guermond (see [50]) was corrected in {92].
The definitions of order of approximation employed in these proofs are as
follows: given a Banach space X with norm || - ||x, a continuous function
f:[0,T) — X and a partition {t,'i}n —0,... Nof [0, T'] whose maximum step
tends to zero as k tends to zero, a function fi:[0,T] — X is a weakly order
o approximation of f in X if there exists C' > 0 independent of k& such that:

N
kY Ifuts) = FEIE < O™
n=0
On the other hand, fi is a strongly order a approximation of f in X if:

[[fu(th) = FE)E < Ok, ¥n=0,...,N

It was proved in [90] that both u™**/? and u™*! are weakly first order
approximations of u in L*(Q), and that p"*! and p™*! — kv Ap™*! are weakly
order 1/2 approximations of p in L%(Q). Once again, the incorrect bound-
ary condition satisfied by u™*! forbids to get satisfactory error estimates in
H}(Q).

In order to get improved error estimates, a modified scheme was also
considered in [90]. It consists of adding the term Vp" to 1.32 and regarding
the Lagrange multiplier of equation 1.34 as a pressure correction, rather than
an end-of-step pressure, that is, pV(p"+! — p") for some ¢ > 0. In this case,
both u™/2 and u™*! are strongly first order approximations of u in L2(),
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whereas p™t! and p"t! — kvAp™tiare weakly first order approximations of
pin L(Q).

More recently, a general framework for these classical projection meth-
ods has been introduced in [96], where it is shown that the classical method,
among others, with Shen’s formulation of the convective term, is uncondition-
ally stable (in the appropriate sense). A similar scheme was also considered

in [10], but it was obtained by arguments of approximate matrix factoriza- .

tion, and proved to be equivalent to a form of fractional step method. The
classical projection method was also used in [29] in conjunction with a finite
volume space discretization on unstructured triangular meshes.

1.5.2 Higher Order Methods

We have seen how simple splittings of the incompressible Navier-Stokes equa-
tions generally lead to first order schemes in the time step. Several alterna-
tives have been proposed to achieve higher order methods; we present some
of the most outstanding ones.

To the author’s knowledge, there are three main ways to develop higher
order fractional step methods, which are the use of improved velocity bound-
ary conditions, improved pressure boundary conditions and pressure correc-
tion, respectively, all of them developed in the mid-eighties.

As a representative of fractional step methods with improved velocity
boundary conditions we consider the work of Kim and Moin (see [65]). It
consists of the following fully discrete scheme, where a centered finite differ-
ence space approximation on a staggered grid is assumed (some staggered
grid finite differences are equivalent to Q1 P, finite element discretizations
with mass lumping):

nt1/2 n
U — U} 11 n R S e
"—'Et—' = EﬂL(u, +1/2 + u; ) + 5(3H‘ - Hi 1) (141)
ntl _ f'1+1/2
HH— = -G, Dt =0 (1.42)

In 1.41 and 1.42 u; represents the nodal vector containing the i-th compo-
nent of velocity, H is a discretization of the conservative form of the convec-
tive operator, which is approximated by an explicit, second order multistep
Adams-Bashforth method, and L is a centered discretization of the Laplacian
operator (a second order, implicit Crank-Nicholson method is employed for
diffusion, which enhances stability for low Reynolds number flows). In 1.42,
G and D are the discrete gradient and divergence operators, respectively;
this equation can be viewed as a projection step, and is actually solved by
a discrete PPE. The main novelty of this scheme, however, is the boundary
conditions imposed on the intermediate velocity: in the homogeneous Dirich-
+1/2 _ ag™ e, utl/2 = Vgn

-1

61:.-

let case that we are considering, these are u
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obtained through a Taylor expansion of u™'/2 (see [65]). An improvement of
this method was presented in [74], where a three-step Runge-Kutta scheme
was considered in which each step is decomposed into two fractional substeps
in a similar manner to Kim and Moin’s method. Improved velocity boundary
conditions for fractional-step methods were also studied by M. Fortin and
coworkers in [41].

Improved pressure boundary condition fractional-step methods stem from
the work of Orzag, Israelli and Deville (see [79]). For a one dimensional linear
model with no convection, a two—step method is devised in reversed order,
that is, with a projection step first and a diffusion implicit Crank—Nicholson
step second. The novelty, this time, is the second order boundary condition
n-Vp*! = —yn-(V x (V x u")) employed (the rot—rot form of the viscous
term is used), which is closer to the continuous boundary condition 1.40 than
the homogeneous Neumann condition 1.38. Several generalizations of this
idea can be found in [63]; in this reference, a three-step method is considered
consisting of an explicit Adams—Bashforth step for convection, followed by
a projection step and an implicit Adams—Moulton step for diffusion. The
projection step is solved via a continuous PPE with higher order pressure
boundary conditions obtained from the continuous one. Stiflly stable schemes
are also considered for the time derivative term, which enhance stability.
All these methods are used in combination with a spectral element space
discretization, and an extension to triangular spectral elements is provided
in [93].

A second order pressure—correction fractional-step method was intro-
duced by van Kan in [62]. It was developed for a system of ordinary dif-
ferential equations with a linear constrain, representing a finite difference
approximation of the Navier—Stokes equations on a uniform staggered-grid.
Namely, he considered a system of the form z = f(z) + Gp, G'z = g(t). In
this context, the pressure correction methods reads:

mn+1/2 — "

ot

wn-}-l _ mn+1/2

&t

= 3(f(="*/?) + f(z™)) + Gp~
— %G(pn+1 ____pn), Gt2}"+1 — gn+1

The second step is actually solved by a discrete PPE:

SCGE™ — ") = (g™ — Gram2)
2 &t

It is shown in [62] that the solution (z™,p") of this split scheme differs
from the solution of a coupled Crank-Nicholson method by O(6t)?, so that
this is also a second order method. A linearization of the convective term is
used for the extension of the method to the Navier-Stokes equations. Van
Kan’s method was recently used in [81] with a spectral method for the space
variables, in which the same mesh points were used for velocity and pressure.
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Another second order projection method was introduced by Bell, Colella
and Glaz in [8). They considered ‘an iterative scheme in each time step
which converges to the solution of a coupled Crank-Nicholson scheme. Each
iteration is decomposed into two substeps, the first one being a convective—
diffusive step, which is explicit in convection and implicit in diffusion, and the
second one an incompressibility step; thus, the k-th iteration of the scheme
is split as follows (see [8]):

u** — g

v n
7 = —2—A(u*"° +u") — [(u- V)ul /2
___Vpn+1/2,k
un+l,k+1 —a"

v n
vk DAtk ) - [(u V)u]

V'un+1.k+1 = 0

It is assumed that the convective term is computable from the velocity at
time t,, and the current approximation of the pressure p"t/2* by an explicit,
second order Godunov procedure (see [8]), and a standard finite difference
approximation is used for the Laplacian term.

Several fractional step projection methods were studied by P. Gresho in
[45). They include optimal projection methods, with optimal boundary con-
ditions for velocity and pressure, and simpler projection schemes, of which
there is a first order (Projection 1, equivalent to the classical projection
method), a second order (Projection 2, related to van Kan’s, Kim and Moin’s
and Bell, Colella and Glaz’s methods) and a third order version (Projection
3). These are presented in continuous, semidiscrete and fully discrete forms
(in [46]), the latter with a Q,F, finite element interpolation. Gresho’s Pro-
Jection 2 method also employs pressure correction.

More recently, error estimates of some of these and other higher order
splitting methods were proved by J. Shen in [91], in a similar way to [90]
and with the modifications of {92]. Roughly speaking, he showed that, under
several hypothesis:

o A pressure correction method similar to van Kan’s provided weakly
order (2—¢€) and strongly order (3/2—¢) approximations to the velocity
in L*(?) and weakly order (3/2 — ¢) in H'(2) for any € > 0, both for
the intermediate and the end-of-step velocities; he also proved weakly
order (3/2 — ¢€) error estimates for the pressure in L2(2).

¢ A method similar to Kim and Moin’s (for the linear unsteady Stokes
problem) provided weakly order 3/2 approximations to the velocity in
L?(Q) both for the intermediate and the end—of-step velocities, and
weakly order 1 estimates for a modified pressure in L2(Q2).

e A penalty—projection scheme with pressure correction provided weakly
order 2 approximations to the velocity in L%(Q) for the intermediate
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velocity, strongly order 3/2 in L?(f2) for the end-of-step velocity and
weakly order 3/2 in H'(Q) for both; the pressure was found to be

weakly order 3/2 accurate.

To end this subsection, let us mention the work of Dukovicz and Dvin-
sky (see [32]), where some higher order splitting methods are developed by
arguments of approximate matrix factorizations.

1.5.3 Viscosity splitting methods

We have seen that most fractional step methods employ a projection step
at some point of the calculations, thus uncoupling the effects of incompress-
ibility from all the other terms in the equations. Some other fractional step
methods, however, do not fully uncouple incompressibility from diffusion,
still splitting it from convection. We call them viscosity splitting methods.
As a clear example of this kind of methods, we consider the work of R.
Natarajan (see [77]). Developed from a general splitting of operators for
linear evolution equations, it consists of the following three-step procedure:

* n

u)‘_&:l —OvAu*+Vp" = f4+(1-0)vAu™ - (u™-V)u"
1
Vut = 0
W (1 gan 4 (a7 V) = 4 fudw -V
2
uﬁ‘ = 0
un.+1 _ uaon«
g AT+ VP = f 4 (1= OpAuT — (u - V)u
1
Veurt! = 9
n+1 —
“r =0

The parameters 6, A; and A; can be chosen to yield first and second order
accurate methods. As can be seen, in the first and third substeps an implicit
approximation of the viscous term is used together with the incompressibility
condition, with the help of a Lagrange multiplier related to the pressure, and
an explicit approximation of the convective term is considered. The second
substep is a nonlinear problem, which is fully implicit both in convection and
diffusion. This algorithm is discretized in space with a @, P; finite element
interpolation.
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The method just explained is similar to the well known 6-method of
R. Glowinsky and others (see [44]); The convergence of two fully discrete
0-schemes to a continuous solution was first proved by E. Fernandez-Cara
and M. Marin (see [38]), where stability restrictions on the time step were
also provided. Other stability and convergence results were proved in [67],
assuming a div-stable mixed finite element interpolation. The §-scheme was
also considered in [108], named as T'3 method; a T'6 method was developed
there, in which each substep of T'3 was split into two, so as to apply efficient
SUPG techniques to all convective terms appearing in the equations.

The three-step Runge-Kutta scheme of [74] mentioned in the previuos
subsection can also be considered a viscosity splitting method. In it, each
step is decomposed into two substeps: the first one is implicit in viscosity
and explicit in convection; the second one is also implicit in viscosity and
coupled with incompressibility. The implicitness parameters and boundary
conditions are chosen so as to achieve second order accuracy.

Other viscosity splitting schemes were studied by L-a Ying in a series of
papers in a continuous formulation (see [76] and the references therein). For
one of them, and in the 2-dimensional case, he proved O(ét) error estimates
for both the intermediate and the end-of-step velocities in L*=(0, T'; H3(2)).

Finally, a linearized stability analysis for a fully discrete, staggered—grid
finite difference two—step scheme was given in [70]; in this case, the second
step is also implicit in viscosity and coupled with incompressibility.

1.5.4 Other methods

We briefly review here other fractional step methods also present in the
literature.

A two-step projection scheme was considered by J. Donea et al. in [30],
where the first step was explicit both in convection and diffusion, and the
second was a projection step, solved by a discrete PPE; the method was ap-
proximated in space with a @, P, finite element interpolation. This scheme
is related to the velocity-correction method, developed and extensively used
by M. Kawahara and coworkers (see, for instance, [68]), employing a contin-
uous PPE for the projection step and equal order @,0Q); finite element space
interpolation.

The velocity correction method was also studied in [113], among other
schemes (such as a simple predictor—corrector method, Taylor-Galerkin and
Runge-Kutta type schemes) for the linear, unsteady Stokes flow of a slightly
compressible fluid. A fractional step method for both compressible and in-
compressible flow in a characteristic-Galerkin formulation was developed in
[112]; in both references, the inf-sup restrictions on the discrete approximat-
ing spaces are shown to be bypassed by the appearance, in the steady state
solution, of a nonzero diagonal term for the pressure in the system matrix.

A three-step explicit scheme was developed in [73], and more recently
a two-step, fully implicit, pressure correction method was presented in [51].
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An explicit and an implicit Taylor-Galerkin based three-step algorithms were
introduced in [53]. Other studies on splitting methods can be found in [33],
[99], [80] and [52], among several others.

1.5.5 Further comments and conclusions

We have now seen the great variety of fractional step methods for the un-
steady, incompressible Navier-Stokes equations existing nowadays. The main
advantages of many of these schemes, specially of projection methods using a
PPE, are the uncoupling of the computation of the pressure from that of the
velocity, thus reducing the order of the discrete systems of equations to be
solved, and the possibility of using discrete approximations not restricted by
the LBB compatibility conditions. The reasons for this latter fact appear not
to be fully understood up to now; the ultimate objective of the next Chapter
is to provide a full explanation of why these conditions do not apply to this
kind of methods.

Moreover, the problem of which boundary conditions for velocity and
pressure should be used in fractional step methods and the numerical bound-
ary layer and tangential slip velocities introduced by some of them have also
been met. Chapter 4 is mainly devoted to the study of a fractional step vis-
cosity splitting method allowing the imposition of correct velocity boundary
conditions in all substeps, while needing no boundary conditions at all for
the pressure.
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Chapter 2

A reformulated Stokes
problem

As has already been said, understanding the properties of approximations of
the Stokes problem 1.13-1.5 is crucial when trying to study the full unsteady
Navier-Stokes equations, since it serves as a linear, steady model embracing
the difficulties involved in the treatment of the incompressibility condition.
Appart from some cases of steady creeping flow with large viscosity values,
this problem is used as a physical model in incompressible elasticity problems.

The aim of this Chapter is to provide a stabilized pressure reformulated
finite element method to solve the steady Stokes problem 1.13-1.5 numeri-
cally, which works with 'most’ element pair velocity—pressure combinations.
These are only restricted by a compatibility condition which is weaker than
the standard inf-sup condition. In particular, the satisfaction of this weak
condition is proved for most equal-order interpolations. Under this restric-
tion, stability and optimal convergence both in H! and L?-norms and both
for the velocity and pressure variables are proved. The main idea behind
the method consists of introducing a new variable which at the continuum
level is the gradient of the pressure; a multiple of the residual of the equation
defining this variable is then added to the continuity equation, yielding a
consistent scheme.

But moreover, this method was ultimately studied to inherit the proper-
ties of classical fractional-step projection methods with a continuous PPE
with respect to the stabilization of the pressure, so as to explain in particular
why the compatibility conditions on the approximating spaces do not apply
to these methods.

In Section 2.1 we study the stabilizing properties of projection methods
for the unsteady, incompressible Navier-Stokes equations with respect to the
pressure solution; in Section 2.2 we introduce the reformulated Stokes prob-
lem, which we analyse in Section 2.3. In 2.4 we study the weak compatibility
condition required for the stability and convergence of this method, with the
use of a macroelement technique. The next Section deals with the computa-
tional aspects of the method and the study of different iterative techniques
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f
of the block Gauss-Seidel type for the solution of the algebraic system of
equations. Finally, we present some numerical results in Section 2.6.

2.1 Stabilizing properties of projection me-
thods

We make here some considerations concerning the discretization of classical
fractional step projection methods such as those of [22] and [101]. The basic
idea for this analysis stems from previous work of [112] and [28], and for the
incompressible case it can also be found in [26].

Since the analysis is linear in essence, we consider, for simplicity, the
unsteady Stokes equations with homogeneous boundary conditions:

a—u——uAu+Vp = f inQx(0,T)

ot
Veu = 0 inQ2x(0,T) (2.1)
u = 0 onI'x(0,T)

The classical projection method for this problem reads:

un+1/2 —u® . n

_T —vAu +1/2 = fn, ulr\+1/2 =0 (22)

u™tl — un+1/2 .

— — + VPt = 0, n-upt =0 (2.3)
V.ou*tt = 0 (2.4)

The projection step is usually solved via a PPE, which is deduced at the
continuous level by taking the divergence of equation 2.3 and using 2.4:

1
Ap*tl = —V . gt/ VPt =0 2.5
» m ,  mVpp (2.5)
A finite element discretization of each of these equations, not taking into
account boundary conditions (see Remark 2.1), yields:

BU™Yr = fm (2.6)

g “&Unwz + GP* = 0 (2.7)
GUttt = 0 (2.8)

Lpr+t = % Gtynti/? (2.9)

from 2.2, 2.3, 2.4, and 2.5, respectively, where B = M + §t K, M is the
mass matrix, K is the viscous stiffness matrix, F'* = §tF*+ MU", F" comes
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from the force term f", L is the scalar Laplacian matrix and the rest of the
notation was introduced in Chapter 1.

At this point, two alternatives are possible in order to deduce a fractional
step projection method, once a split-step time discretization as that of 2.2—
2.3-2.4 has taken place, which lead to entirely different schemes. On the one
hand, if a space discretization is introduced into the semidiscrete problem
2.2-2.3-2.4, it turns out that the linear equations to be finally solved are
2.6, 2.7 and 2.8. These two last equations have the form of the discretization
of a mixed problem, and restrictions in the choice of discrete velocity and
pressure spaces still apply. By isolating U™*! from 2.7 and substituting it
into 2.8, one finds:

§t(GMTIG) P = Gtynt? (2.10)

which, followed by 2.7, is the usual way to solve the projection step in this
type of methods (see [30] and [46]). However, the consistent mass matrix
which appears in 2.10 i1s too expensive to be inverted, and mass lumping is
usually employed here, the effects of which are extensively discussed in [46].

On the other hand, if the segregation of the pressure from the velocity is
done at a continuous level, by using equation 2.5, and then a space discretiza-
tion is introduced, the resulting system of linear equations to be solved is, in
this order, 2.6, 2.9 and 2.7. In this case, by eliminating U™*'/2 from 2.7 and
substituting it into 2.6 and 2.9, one gets:

BU™' 4+ §tGP™ = F 4 0(6t)*Pm (2.11)
~GU™ + St(L-GMT'G)PYT =0 (2.12)

It is thus seen that although at the continuous level it is equivalent to use
2.3-2.4 or 2.3-2.5, at the discrete level it is quite different to use 2.7-2.8 than
2.7-2.9. In the latter case, the matrix A = (L — G*M~'G) is introduced as
a nonzero diagonal term which stabilizes the pressure, in a way that will be
explained in what follows. This matrix, which appeared first in [87] and [64],
can be understood as a difference between two discrete Laplacian operators.

The matrix A was recently proved to be positive semidefinite in [28], thus
partially explaining its stabilizing properties, in a way which we outline next.
The technique employed for this purpose sets the basic grounds of the theory
to be developed in this Chapter. We are still considering no fixed boundary
conditions.

Proposition 2.1:  for any combination of finite element spaces Vi, and Qp
approzimating the velocity and pressure variables with continuous functions,
respectively, the matriz A is positive semidefinite.

PROOF: one defines the space
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f
VQr={vn € Lz(Q) [ Vi =Van, g € Qr}

which is a finite dimensional subspace of L*(£2). One defines, also:

Ep=Vu+VQs,

another finite dimensional subspace of L?(£2). Given a basis set {v1,...,Vnc}
of Vi, let us complete it with {v';,...,v'na} C Vi, orthogonal subspace of
Vi in Ej, with respect to the L2-product, to form a basis set of E, = V, @ Vi
(the indeces nc and nd refer to the continuous and discontinuous parts of
Vi, tespectively). Given a vector P, let p, € @Qn be the finite element
function with nodal values given by the components of P, and let us express
Vo as:

ne nd
Von =z +2" =) yvi+ Y yivi
=1

=1

We want to show that P*AP > 0; one has:

P'LP = (Vpn, V) = (2,2) + (z4,2%) = |z[* + |z
On the other hand, calling M~! = (M3'), one has:

nc

P G*M'GP = > (Vpw,vi)M5 (Vpr,v;)

1,7=1
= 3 > YV, Vi) MG (v, v5)
1,7=1m,l=1
= Y YmU(MuMG )My
i,5,m,l=1
= ) ymn(Q (O Mui M5 ) My)
ml=1 7=1 i=1
= Y YmYMu = |2[°
m,l=1
One gets, thus, PtAP = |z1|? > 0. ]

The components of Vp, belonging to Vit, which we call essentially dis-
continuous pressure gradients, are stabilized by the matrix A; we will see
in the next Sections how the other components are stabilized. We ob-
serve that for a given p, € @ with associated nodal vector P, one has:
P'AP =0 <= Vp, € V, ie., when Vp, is continuous. Defining the
space Qf, = {gn € Qn / Vgr € Vi}, we can determine the null space of A
by studying Qf, since dim Q§ = dim (KerA). We present some results con-
cerning the determination of this dimension for some common equal order

interpolations.
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We begin by the simplest one-dimensional case. For a mesh of linear
elements, let ¢, € @1 have a continuous derivative. Since Vgy is constant on
each element, it must be constant on 2, and g5 globally linear. We find, this
way, that dim Q§ = 2. If we now consider a mesh of N quadratic elements,
we have 2N + 1 degrees of freedom in @ and N —1 continuity conditions at
element boundary nodes, yielding dim @Qf = N + 2. A mesh of N elements
with polynomials of arbitrary degree k has dim Qf, = (k — 1)N + 2.

In the two-dimensional case the situation is different. We consider each
case separately:

e P; element: for a triangular mesh with linear polynomials, Vg, will be
constant on each element; if it is continuous, it must be constant on {2,
and g, globally linear. This gives dim Qf, = 3.

e (), element: for a mesh of quadrilaterals with bilinear polynomials, we

have that a;!h is constant on each element with respect to z; if it is
T

. o .0
continuous, it will be constant on z on all the domain, L m(y)

Oz
Bi; = 72(z) on Q. Since g is a
C?-function on element interiors, the Schwarz theorem implies that
m(y) = ny(z) = C, that is, 6—({: =Cz+ D, %‘;—h = Cy + E. This leads
to gn = Czy+ Dz + Ey + F, so that g is globally a @; polynomial.
Thus, dim Qf = 4.

globally. By the same argument,

In higher d-dimensional cases, it is easy to see that dimQj, = d + 1 for
the P, element and dim Q5 = 2¢ for the Q; element (functions of Q5 are
globally linear and multilinear, respectively).

This study of the kernel of the matrix A will be useful in the theory to
be developed in the next Sections.

REMARK 2.1: up to now we have deliverately omitted the imposition
of boundary conditions in the discrete systems of equations. If we take them
into account in the projection method 2.6-2.7-2.9, the matrix A should be
modified to A = L — G4(M;1G7)°, where the subscript 0 indicates that the
columns corresponding to all boundary components have been omitted, the
superscript 0 likewise for rows, and the subscript and superscript 7 refer to
normal components on the boundary omitted but free tangential components.
A similar analysis to the one performed for the matrix A, and in particular
an appropriate decomposition of the space Ej, would explain the stabilizing
properties of fractional step projection methods.
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2.2 Development of the method

2.2.1 The continuous pfoblem

We pretend to develop a finite element method for the steady Stokes equa-
tions with the same stabilizing properties as the fractional step methods just
considered. In particular, we want the matrix A = L—G*M ™G to be present
in this method. We will restrict our attention to a class of Stokes problems
with some additional regularity of the solution: we require the pressure gra-
dient to be in L*(Q). Following [43] (page 126), we first define a regular
Stokes problem as: ‘

Definition 2.1: let © C IR? be an open, bounded, connected set; then the
homogeneous Stokes problem:

—vAu + Vp = f inQ
Viu = 0 inQ (2.13)
u = 0 onT

is called regular if u € H3(Q)NY and p € HY(Q) whenever f € L#(Q), and
there exists a constant C, > 0 such that:

llullz + llpll: < Crif]

According to P. Grisvard (see [49]), the Stokes problem is regular when Q
is of class C? in any dimension of space. Moreover, when d = 2 it is sufficient
that € be a bounded, convex polygon.

This definition, however, is rather restrictive; for our purposes, it is suf-
ficient that p € H'(Q). We will call this case p-regular:

Definition 2.2: let © C IR? be an open, bounded, connected set; then the
homogeneous Stokes problem 2.13 is called p-regular if p € H()) whenever

f € L¥(Q).

In any of these situations, we consider the spaces: Vo = H}(Q), V =
L%(Q) and Q = H'(Q)/IR; this quotient space is isomorphic to the subspace
{g€ HY(Q) / [q qd2 = 0}. We then define:

Definition 2.3: given f € L%(R), the reformulated Stokes problem consists of
finding (u,p,w) € Vo X Q x V such that:
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—vAu + Vp = f inQ
Vp—w = 0 inQ)
V-u+ aof~-Ap+V-w) = 0 in (2.14)
u = 0 onl
n-Vp —n-w = 0 onl

where a > 0 is a constant.

This problem is, at the continuous level, equivalent to the p-regular Stokes
problem; its weak form 1is:

v(Vu,Vv) + (Vp,v) = (f,v), Vve, (2.15)
(v ) Q) + a(vpa Vq) - a(w, Vq) = 0, VgeqQ (216)
(Vp,y) — (w,y) =0, VyeV (217)

where the consistent boundary condition n-Vp—n-w = 0 has been enforced
weakly (see Subsection 2.6.3). For a p-regular Stokes problem, 2.14 has a
unique solution:

Proposition 2.2:  if the Stokes problem 2.13 is p-regular and £ € L*(Q), then
the reformulated Stokes problem 2.14 has a unique solution (u,p, w), where
(u,p) s the solution of 2.13 and w = Vp in Q. Moreover:

£
Ilu]| < ——C‘LI | (2.18)

where Cq was tntroduced in 1.14.

PROOF: existence is obtained from the properties of the solution (u, p) of the
p-regular Stokes problem; as for uniqueness, let us define the bilinear form

D on (Vo x @ x V)? by:

D(u,p,w;v,q,y) = v(Vu,Vv) + (Vp,v) + (V-u,q) + o(Vp,Vg)
- aw,Vq) — o(Vp,y) + a(w,y) (2.19)

and the linear form:

L(viq,y) = (f,v)
Problem 2.15-2.16-2.17 can then be written as:

D(u,p,w;v,q,y) = L(v,q,y), V(v,q,y)€ (VoxQxV) (2.20)
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The bilinear form D has the following coercivity property: for any (u, p, w),

one has:

D(u,p,w;u,p,w) = v|lu|f* + o/Vp—w|’

Therefore, if (u, p, w) is a solution of 2.20:

vijul* < (f,u) < [ff|u] < Calff]lul],

so that the stability condition 2.18 holds. If now (uy,p1, w:) and (uz, pz, W2)
are two solutions, the difference (u; — uz, p; — p2, W1 — ;) satisfies the homo-
geneous problem, that is, 2.20 with f = 0. Therefore, by 2.18, u; = u,, and,
by 2.15, (V(p1 — p2),v) = 0; Vv € H}(Q). The continuous LBB condition
1.25 ensures that V(p; — p;) = 0, so that p; and p, differ by a constant.
Finally, equation 2.17 implies that w, = w,. O

We have obtained, therefore, an equivalent formulation of the Stokes prob-
lem. Although at the continuous level not much is gained, we will see that
this formulation allows ’'almost’ any combination of approximating spaces
for the velocity and pressure, including equal order ones, at the expense
of introducing a new variable which at the continuous level is the pressure
gradient.

2.2.2 The discrete problem

We now consider a finite element discretization of the reformulated problem
2.15-2.16-2.17. With the notation of Section 1.3, the approximating spaces
for each variable are:

Vh,o = {Vh S CO(Q) N H(I)(Q) / VK € @h, (vh)]K = {IK o) FI_(-I, \A/K € Rkv}
Qrn = {g.€C%Q)/VK € O, (q)x = dx o Fg', dx € Ry}
Ve = {yh € CO(Q) / VK € Oy, (yh)lK =¥k o Ff;lt VK € ng}

Here, the indeces k,, k, and k, refer to (possibly different) orders of
approximation to the velocity, pressure and pressure gradient, respectively.
The discrete equivalent to 2.15-2.16-2.17 is, then:

V(Vuh, Vvh) + (Vph,vh) = (f, Vh),VVh € V],p (2.21)

(V-ur,qn) + o(Vpr, Var) ~ o Wi, Vi) = 0, Vgu € @ (2.22)
(Vor,yu) — (Wh,ys) = 0, Vyn€ Vi (2.23)

Existence and uniqueness of a solution of 2.21-2.22-2.23 is established

next, under a mild restriction on the approximating spaces. Let us first
introduce the matrix form of this problem:
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KU + GoP = F (2.24)
—GU + aLP — oG'W = 0 (2.25)
GP — MW = 0 (2.26)

where U, P and W represent the nodal vectors of uy, pp and wy, respectively.
By eliminating W from 2.26 and substituting it into 2.25 we get:

-GU + o(L-G'M'G)P = 0 (2.27)

The similarity with 2.12 is now clear; once again, the matrix A = (L —
G!M™1@G) is introduced in the discrete continuity equation, and stabilizes
the pressure.

Equation 2.23 essentially says that the discrete pressure gradient wy is
the L2-projection of the gradient of the discrete pressure, Vps, onto the
space V3. Recalling the space B = V4 + V@, introduced in Section 2.1, and
the decomposition B = Vi @ Vi of this space in the form Vg, = z + zt
for any gn € Qp, equation 2.23 is also equivalent to w;, = z. We know by
Subsection 2.1.1 that the component z! of Vg is stabilized by the matrix A.
We now decompose z into a component vanishing on the boundary, that is,
belonging to Vi, and an orthogonal component in V,. The first one will be
stabilized by equation 2.21; for the second one, we need to require a stability
condition on the approximating spaces. Namely, we define:

Eh 1 = V;;,o
Eh,2 = ‘/h‘l’—o N V;;
E.s = ViNE,

so that Ey = Ep; ® Ej, 2 ® Ep 3. Fori=1,2,3, we call P,; the L?~projection
of Eh onto Eh,i, and for 1 75 j, Ph,z‘j = Ph,i + Ph,j and Eh','j = E},,i & Eh,j.
In this notation, w, = P, 12(Vps). We require the interpolating spaces to
be such that the following stability condition holds: there exists k! > 0 such
that for all ¢, € @h, :

Vgl < Kk |Puis(Var)l (2.28)

This inequality says, basically, that the second component of Vg, can be
bounded in terms of the other two. As will be seen, condition 2.28 is weaker
than the standard inf-sup condition 1.27, and in particular satisfied by equal
order interpolations; it is a sufficient condition for existence, stability and
convergence of the discrete solution of 2.15-2.16-2.17:

Proposition 2.3:  if (Vio, @, Vi) satisfy 2.28, then there ezists a solution
(un, pr, wr) of 2.21-2.22-2.23; uy and wy, are unique, py is determined up to
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an additive constant on ).

PROOF: we will use both the matrix and function notation. Since the problem
is finite dimensional, it suffices to consider the homogeneous case f = 0. By
multiplying 2.24 by Ut 2.25 by P* and adding them up, we get, using 2.26:

U'KU + aP'AP = 0

This implies U = 0 and P € Ker 4, that is, Vp, = wy + w3 € Erj2. By

2.24, we then have GoP = 0; if we take M = ( ﬂgo ]Lgl
0

the decomposition Ej 12 = Ej 1 ® Ej, 2, this implies, by 2.26, that MoW; = 0,

that is, w; = 0. The inequality 2.28 then establishes that w, = 0, so that

wr, =0 and Vp, = 0. [

) , associated to

2.3 Stability and convergence of the method

We present a numerical analysis of the reformulated method, from which we
obtain optimal error estimates for the approximate solution, based on the
satisfaction of condition 2.28. Most of these results can be found in [26].

2.3.1 Stability
We begin by the following stability result:

Proposition 2.4: assume that the family of partitions O of Q is such that
the inverse inequality 1.23 holds, and that condition 2.28 also holds. Assume
also that a satisfies:

a h? < a (2.29)

for some a_ > 0 independent of h. Then, the solution of 2.21-2.22-2.23
satisfies the stability estimate:

l”(uh,Ph,Wh)”I < lel) (230)

where we have used the mesh——dependenf norm:

1 (Vay @r, Yi) | = vlivell + R[Van| + Alysl, (2.31)
for all (Vi,qn,yr) € Vio X Qr X Vi.

PROOF: the solution (uy, pr, W) satisfies:

D(un, phy Whi Un, pr, Wi) = v]|up|* + a|Vpr — wi|> = (f,un) (2.32)
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where D is the bilinear form introduced in 2.19. The stability estimate for
uy, is, therefore, the same as for the continuous problem:

Cqlf
llanl] < ———‘;l | (2.33)
Since Wy, = Pj12(Vpg), 2.32 also says that:
alPua(Ver)? = alVpn —wal? < Cof]{]ual),
so that, from 2.33:
Calf
|Prs(Vor) < \/noil—u! (2.34)
On the other hand, since P, 1(Vpr) € Vi o, we have, from 1.23:
|Pra(Ver)? = (Vpw, Pai(Vps)) (2.35)
= (f, P,a(Vpn)) — a(up, Pr1(Vpr))
< E[Pra(Ver)l + lal] [Jual] || P (Vo)
Calf] C
< (it + llall PEL G (V)
174
Estimate 2.30 now follows from 2.28, 2.33, 2.34, 2.35 and 2.29, noticing
that [wal> = [Poa(Vps)? + |Pa2(Ves)®. u

2.3.2 Convergence in natural norms

We now provide a convergence analysis of the method in the natural norms
for this problem, which are the H}~norm for the velocity and the L?-norm
for the pressure gradient, as given by the stability estimate 2.30.

Theorem 2.1: assume the same hypothests as in Proposition 2.4 hold, but
now suppose that a satisfies:
ah? < a < ayhk? (2.36)

with a_ and oy independent of h. Then, the solution of 2.21-2.22-2.23
satisfies the error estimate:

I (0 —wn,p = pr, V= wi) [l| < CE(k) (2.37)
with C > 0 independent of h and:

. 1 .
E(h) =  inf [ju-wi + By u—wil + ind [p— gl

Va€Vho RE

h i -V h i - .
* VP Vel R, Vel (238
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f

PROOF: the discrete problem 2.21-2.22-2.23 can be written as:

D(un, pr, Whi Vi, @ Y8) = L(Viy @, Y1), Y(Ve, @r, Y1) € (Vao X Qn X Vi)
(2.39)

Substracting 2.39 from 2.20 and taking as test functions (vp — up,qn —
Pr,Yh — Wi) € Vio X Qp X Vi we obtain:

D(u — up,p — pr, Vp — Wh;u — up, p — pa, Vp — W3) (2.40)
= D(u —up,p —pr, Vp — Wh; U — Vi, p — qn, VP — Y1),

for all (va,qr,Yr) € Vho X Qr X Vi. Using the definition of the form D, it is
found from 2.40 that: ’

a(u—up,u—up) + a(wp — Vpr, wp, — Vpp) = a(u — up,u — v)
+(Vp — Vpr,u —vi) + b(p — g, u — up) + (Wi — Vpp,yu — Vau).

Using the coercivity of a, the continuity of @ and b and Schwarz inequality,
we get:

[0 4
lu—unllf + —=Iwa = Vpul* < Cfllu—upfaffu—vals  (241)

+ |Vp— Vpal|lu — vl
+ P = aufflu—uplls
+  o|wh = Vil [ye — Vail]
Let us denote by E,,(-) the error in the H™ norm of either u, p or Vp

and In(u) = [[u = Va||lm, Jo(p) = |p—anl, To(Vp) = |Vp— Va| and Io(w) =
[Vp — ya|. Also, let G = |wp — Vpi|. We can thus write 2.41 as:

Ef(u)+~%G" < C[Er(u)]y(u) + Eo(Vp)o(u) + Io(p) Er(u) + aGlyn — Vau|].

(2.42)
Since:
[¥r — Vau| < lyn — Vp| + |Vp = V| = Io(w) + Io(Vp), (2.43)
from 2.42 we obtain:
EX(u) + oG < C[Ei(u)+hEo(Vp) + oG] (2.44)

X max {Il(u), I(p), %Io(u), M2 Io(w), al/zfo(Vp)} .
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The problem now is to bound Eo(Vp). We have that:

Eo(Vp) < |Vp— Praa(Var)l + | Pri2(Var) — Vsl (2.45)
< |Vp = Pri2o(Var)| + |Pra(Var) — Pra(Vos)

+ |Pr2(Var) — Pa2(Vor)| + | Prs(Vpr)-

Using now the stability condition 2.28, we obtain:

< C|Puis(Var) — Pras(Vpr)l  (2.46)
< C|Pua(Var) — Pri(Vpr)|
+ C|Pns(Var)l + C|Pus(Vpr)l.

|Pr2(Var) = Pr2(Vps)|

On the other hand:

[Van — Pri12(Van)l

|Proa(Van)| =
< Vg — Vp| + |V — P12 Van)l.

Using this in 2.46 it is found that:

< C [|Ph,1(VQh) - Ph,1(VPh)|
+ |Varn — Vp| + |Vp — Pr12(Vasn)|
+  |Prs(Vpn)l]

|Pr2(Var) — Pr2(Vps)l

Using this inequality in the estimate 2.45, we get:

Eo(Vp) (14 C)|Vp — Praa(Vas)| (2.47)
(1 + C)|Pei(Van) = Poa(Vpn)l

+ (14 C)|Prs(Vpr)| + C|Vp — Vau|.

<
+

Let us bound now the different terms in 2.47. If we still denote by Py,
the extension of the projection onto Ej ;2 = Vi from the whole space L?(2),
we have that:

|Vp — Pra2a(Var)|l < 1Vp — Pri2(Vp)| + | Pri2(Vp) — Pria(Var)l-  (2-48)

Since:

(Vp — Pu12(Vp),yr) =0  Vyw € Vi, (2.49)
and Pi12(Vp) — yr € Vi for yu € Vi, we have that:
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1

(Vp — Pr12(VD), Vp — Pr12(VD) + Pr12(VD) — ¥u)
(Vo = Pr12(Vp), Vo — yn)
|Vp — Pr12(Vp)| |V — yal,

IVp — Pr12(Vp)|?

A I

that 1s:

|Vp — Pr12(Vp)| < In(w). (2.50)

If || Pr,2|| is the norm of Pn12 as a linear operator from L*(Q) to Ej .,
since this norm is less than or equal to 1, we have that:

| Przll [VP — V| (2.51)

IPh,lz(VP) - Ph,lz(v‘]lf)l <
< Ip(Vp).

Using inequalities 2.50 and 2.51 in 2.48 we obtain:

IVp ~ Pr12(Vay)| < Io(w) + Io(Vp). (2.52)

The second term in 2.47 can be bounded using the first equation of the
problem, that is, 2.21, and making use of the inverse estimate 1.23:

|Pra(Var) — Poa(Vor)? = (Van— Von, Poi(Var) — Pui(Vps))
(Ve — Vpr, Pua(Van) — Poi(Vpsr))
(Var — Vp, P.ai(Var) — Pai(Vpr))
—a(u — ug, Pr1(Var) — Pr1(Vpsr))
(Varn = Vp, Poi(Var) = Poi(Vpr))

(e85, + 1)
|Pe1 (V) — Pra(Vps)l,

I+

IN +

X

Therefore:

lPhJ(VQh) - Ph'j_(vph)l < CLZUE]_(U) + Io(vp) . (253)

The third term in 2.47 is (1 4+ C')G and the last one is CIy(Vp). Thus,
using bounds 2.52 and 2.53 in 2.47 we obtain:

Eo(Vp) < C [Io(w) + I(Vp) + l~l-Z—“El(u) + G|, (2.54)

and using this in 2.44, we get:
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EX(u) + -ﬁ“—GZ < C[Bi(u) + hIo(Vp) + hlo(w) + (R + */?)G] (2.55)

x max { h(u), o) -}1;10(“), Q2 I(w), @/ 1o(Vp)

From the behaviour assumed for the parameter a, 2.55 implies that there
exist constants C; and C, such that:

Ei(n) < C'1ma.x{I;(u),%Ig(u),hIO(Vp),Io(p),hlg(w)}, (2.56)

C 1
¢ < Zmax {Il(u), =Io(u), h1o(V), Lo(p), hIo(w)}. (2.57)
Equation 2.56 is the error estimate for the velocity. Using 2.56 and 2.57
in 2.54, we obtain the error estimate for the pressure:

1
hEo(Vp) < Cs ma.x{Il(u), =Io(w), hIs(V), Lo(p), hIo(w)} . (2.58)
On the other hand:

]Wh and Vpl = leh - Vp —_ Ph,s(vph)l S Eo(Vp) + G. (2.59)
The theorem follows combining inequalities 2.56 to 2.59. U

We have obtained, therefore, ’optimal’ error estimates for the velocity
and pressure solutions. From the approximating properties 1.22 and the
definitions of V40, @r and Vi, it follows that:

Corolary 2.1:  if the solution (u,p) of 2.13 satisfies u € H'(2)NY and
p € H(Q) withr > 2, s > 1, then:

Il (a = an,p—pn, Vo= wi) ||| < CH (2.60)
with | = min{r — 1,s,ky, k, + 1, k; + 2}

It is thus possible to use discrete approximations in which the pressure is
interpolated with polynomials of one degree less than the velocity, and the
pressure gradient with two degrees less. Nevertheless, we will concentrate on
the case of equal order interpolation.

We have seen that for stability it was necessary that a_h? < «, whereas
for convergence we needed a_h? < a < ayh?. The behaviour of the coeffi-
cient a is mandated by this numerical analysis, and, as in the GLS method,
we take it of the form:
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. o

x

An extensitzm of this theory to the case where « is defined elementwise

h
by ax = ap—=, VK € Oy, and the integrals it multiplies on 2.22 evalu-

Q==

(2.61)

v
ated on each K, could be performed, which would allow the use of less uni-
form meshes, thus opening the door to selective mesh refinement. This local
method would not admit a continuous interpretation, and in it local inverse

inequalities like [[vp[l1x < ;’?“[‘Uhlx should be used. We have considered
K

this possibility in some of the numerical examples.

2.3.3 Convergence in L’*-norms

We use now the classical Aubin-Nitsche argument to obtain improved error
estimates for the velocity and pressure in the space L*(2), in a similar way to
[17] for the GLS method. The shift used in these duality arguments requires
of more regularity of the problem than was needed up to now.

Theorem 2.2: Assume that 1.23, 2.28 and 2.36 hold, and that the Stokes
problem 2.13 is regular. Then, the solution (up,pn,wy) of 2.21-2.22-2.23
satisfies:

lu —un| + k|p— prlrzay < ChE(R) (2.62)
where E(h) was defined in 2.38

PROOF: we begin by the estimate for the velocity. Let y € H}(Q)NY and
X € @ be the solution of the regular Stokes problem:

—Ay + Vx = u—u inf (2.63)
Vy = 0 inf
y = 0 onl
so that:
lIyll. < Crlu—u (2.64)
lIxlh £ Crlu—u

Let yn € Vo and xi € Qp be optimal order approximations to y and x,
respectively, satisfying:

Iy —yullm < CR™lyll2 (2.65)
lIx = xallm < CRT™|xlh
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for m = 0,1. We then have:

lu—uf’ = (u—wupu—w) = (Vy,Vu—u)) — (x, V- (u—us))
= (Vy-yn), V(u=us)) = (x—xn V- (u—u)))
+ (Vyn,Viu—ug)) — (xn,V-(u—u)) =T1 + T2 + Ts

We bound each term separately:

Tl (V(y——yh),V(u—uh)) - (X_Xhav'(u—uh))
Iy =yl I(w = wa)|l + C lx — x| [[(u — us)]]
Cll(u —wa)l[ (Rllyllz + A llxll1)

Ch[|(u—up)l|[(u - un)|

IAIAIA

by 2.65, 2.63 and the continuity of the operator V- on H}(Q?). Moreover:

T, = (Vys V(u—up))
—%(V(p —Pr),YR) = %(V(P —Pr),Y — ¥r)

< 2 Ve-mlly - yil < CR llylls V(o —p)
< Chlu—uw)l (V- )

by 2.21, 2.63 and 2.65. Finally:

s = —(xn V-(u—ug))

= a(V(p—pn),Vxr) — a(Vp— Wi, Vxz)
a[(V(—pn), Vixn — x)) + (V(p—pr), V)
(Ve —wa, V(xa— X)) — (VP = wa, V)]
a [(1V(p — p)l + [Vp = wal) (IV(xn = x)I + 1V])]
aC Vx| ({V(p —pr)| + |V — Wal)
C R? |(u —ws)| (IV(p — p&)| + |Vp — w4l)

I

IAIA A

by 2.23, 2.63, 2.65 and 2.36. We obtain the error estimate for the velocity
combining the above inequalities for Ty, T and T3. As for the pressure, we
call z € H}(Q) and ¢ € L3(2) the solution of the Stokes problem:

—Az+VE = 0 inQ (2.66)
V-z = (p—px) inQ
z = 0 onl
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Standard results for this problefn yield (see Remark 2.5, page 32 on {105]):

llz|]l < Clp—pal (2.67)
£l < Clp—psl
If z, € Vi o now satisfies:
1z — zallm < CR7™ ||zl (2.68)
for m = 0,1, we have:
lp—pl> = (—pp—p) = (V-2,p—pn)

(v : (Z - Zh))P - ph) - (Zh’ V(p - Ph))
—(z =21, V(p—p1)) + v(V(u—1),Vz)
—(z =2z, V(p—pn)) + v(V(u— ), V(zs —2))

+ v(V(u—-u),Vz)
< lz=zl V(e —pa)l + Cllu—unf|(llz —za|| + |l2l])
< Chllel[[V(p—pa)l + Cllz]| [[u— x|
< C(R|IV(p—pa)l + [lu—us]])p - pxl
and the estimate 2.62 is finally established. O

2.4 A weakened inf-sup condition

The stability and convergence results just proved rely on the satisfaction of
condition 2.28. The very existence of a discrete solution is affected by this
condition. We will see that this can be expressed in the form of an inf-sup
condition, and then we present an analysis of sufficient conditions for 2.28 to
hold, based on a macroelement technique. This will let us show that ours is
weaker than the standard LBB condition 1.27, and prove that equal order,
simplicial finite element interpolations of arbitrary order in two and three
dimensions and first order quadrilateral interpolations satisfy condition 2.28,
thus providing stable and convergent results of 2.15-2.16-2.17.
We first have the following previous result:

Lemma 2.1: condition 2.28 is equivalent to the ezistence of a constant k, > 0
such that:

inf ( sup M) >k, >0, (2.69)

‘Ih.th VhEEh,la Ivhl quhl
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- PROOF: assume that 2.28 is satisfied; then, for all g5 € Qx:
(Van, Pr1s(Var)) = (Puis(Vaw), Pris(Vaw)) = |Pras(Van)l
1
= [ Pr13(Van)| [Vl

and 2.69 holds with k, = 1/k.. On the other hand, if 2.69 is assumed, for all
an € Qn:

o< sup (Vgn, V1) _ (Pn13(Vqr), va) < 'Ph,ls(VQh)(’
Vi€EL 13 |th| Ivhl Va€ER 13 |th| |Vh)l quhl
so that 2.28 holds with k' = 1/k,. ' O

We will use this equivalence between our stability condition 2.28 and 2.69
in what follows to obtain sufficient conditions for it to hold, which are simpler
to check in practice than 2.28. Moreover, we will show that this condition is
weaker than the standard LBB condition 1.27.

2.4.1 Macroelement technique

The ideas used here to obtain simple conditions for 2.69 to hold are an
extension to our case of the theory of macroelement techniques, developed
mainly by R. Stemberg (see [97]). We take part of our notation from this
reference. A macroelement M is the union of one or more elements in ©. For
each h > 0, let My, be a collection of macroelements covering 2. One of these
macroelements M € My, 1s said to be equivalent to another macroelement
My € My, if there exists an homeomorphism G, : My — M such that:

(i) If Mo = Uj~; Ko,j, then M = UL, Gu(Ko,;), where Ko; € Opy,j =

1,...,m.

(iii) Gux, = Fx 0 F;{:, where K = Gp(Ko) and Fg and Fg, are the
mappings from the reference element K to K € O and to Ky € O,
respectively, introduced earlier.

Notice that equivalent macroelements can be associated with the same or
with a different finite element partition. Thus, with this definition, { Mp}rso
is split into a finite number of equivalence classes Ec;, ..., Ecy,.

Let us consider the spaces Vi, 0, Qurry Ve, B and Ep, © = 1,2, 3, defined
as their analogues Vio, @Qn, Va, Er and Eg;, ¢ = 1,2,3, but replacing the
partition ©, by the partition of a macroelement M € M, (the zero mean
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restriction is not imposed on Q) M).?.Also, Py, ; are the orthogonal projections
from E, to Eugi, 2 =1,2,3. '

We first show that if a condition like 2.28 holds in a macroelement, then
it also holds in :

Lemma 2.2: if there exists a constant C' > 0 such that

(Varlse < ClPuis(Var)le  Yan € Qn, (2.70)
for all M € My, then condition 2.28 holds for a constant k! independent of h.

PROOF: let g € Q4 and let vy, ; be the extension by zero of Py i(Vgn),? =
1,3, to the whole domain 2. Consider also the vector field:

vy = ZvM = Z(VM,l + Vus), (2.71)

M
Clearly, vp,1 € Exy C Epy YM and thus 3, Va1 € Epy. Let vpgs €
Ep12. Since Vi 12|m € Epryz = E;‘L"S (orthogonality in E,,) we have that:

‘/QVh'lz N (; VM,3> dQ) = ;/M Vh,lle Va3 dQ = 0, (272)

that is, >, Va3 € E,f‘,12 = Ep 3. Therefore, v in 2.71 belongs to Ej 13.

Let N, be the maximum number of macroelements to which an ele-
ment domain belongs, and N, the maximum number of element domains
per macroelement. Let us bound first |vy|:

lval? = A(;m)z a0
/n(%:("ﬂ‘)z“ > vM-va) 40

MEM MM #Q

< YhvalP+2 0 Y vadlvael
M

MEM MOM'#Q
St X (s lvael?)
M M#EM \MNOM'#£0
(1 + NMNK) E lvulz
M
< (14 NulNk) > |Vanli
M

< (14 NacNe) Nudl Vanl?,

IA

IN

that is, there exists a constant Cy > 0 such that:

[vi| < Co|Vanl. (2.73)
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On the other hand, from 2.70 it follows that:

/ﬂ Vgiovidd = 3 /M Vgh - Vae dQ (2.74)

= Z |PM,13(VQh)[2

M
1
- Vg 2
02 ;] th

1
5|V%|2-

v

v

But, using inequality 2.73:

/anh vy dQ = /n Pr13(Van) - vi dQ < Col Pris(Van)| [Van|-  (2.75)
The lemma follows combining inequalities 2.74 and 2.75 with k!, = CoC?. [

The next step is to give sufficient conditions for property 2.70 to hold.
First we give a rather technical lemma:

Lemma 2.3: Let M be a metric space with distance dist, X andY two subsets
of M and {Y,}.>0 a family of subsets of M such that:

lim [sup inf dlst(y“,y)] = hm [sup inf dist(y.,y)| = 0. (2.76)

pu—0 yu €Y, Y cY Yp €Yy

Let Z be another subset of M such that Y C Z and Y, C Z for all
p > 0. Consider a family of functions {fu}uso from M x M to IR that
converge uniformly in X X Z to a function f uniformly continuous in its
second argument. Then:

lim [mf sup |f“(:c,y#)|] = inf sup |f(z,y)|- (2.77)
z€X yey

u—0 leecX y“e A

PROOF: Let € > 0 be given. Since {f,} converges uniformly to f as p — 0
in X X Z:

Im=m) : Vu<m fuley)-fy)l<y Yy eXxz

Thus, if g < pq1: -
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inf sup lfu(2 )l < jnf |sup fu(e,y) = flz,9)l + sup |f(z,)]
e yeY, veY,

< §+;g§yes;ip 1f(=z,y)l (2.78)

Given z € X, let:

S) = s |f(@)] 2 Si(e) = suplf(z,)

Since f is uniformly continuous in its second argument in X X Z and

Y, Y, CZ:

36 = 8(e) : dist(y,y") < 8= [f(z,y) — f(=,9)| < ;—) Vee X, y,y' €2
(2.79)
Condition 2.76 implies that:

Apo = p2(8(€)) + V< pg, Yy, € YUY, JyeY /[ dist(y,,y) <8 (2.80)

On the other hand, we have that:

Tu=v() €X,UY [ |f(@,9.)] 2 Sulz) - 5 (2.81)
VyeY, —|f(zy) > —So(z) (2.82)

and therefore:

1£(2,9) = F(=,¥)] > Su(z) — So(=) — g, Vyev

If £ < min{p1, 2} and we take y such that condition 2.80 holds for the
Yy, that verifies condition 2.81, from condition 2.79 we have that:

é‘ > S,,(:c) - So(.’l)) —_ g

that is:

sup |f(z9)] < —6+sup |f(z,9)l

yeY,UY

Using this in inequality 2.78 it follows that:

inf sup |fu(2,9)| < inf sup |f(z,y)| +¢ (2.83)

zey

One can similarly show that if p 1s small enough:
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inf inf 2.84
inf sup|f(2,9)| < inf sup [fu(e, v}l + ¢ (2.84)
The lemma follows from inequalities 2.83 and 2.84. O

This result is used now to prove the following;:

Lemma 2.4: Let Ec; be one of the equivalence classes introduced above, 1 €
{1,2,...,n.}, and suppose that the following condition holds:

AM, € Ec; such that Yq € Q,

" Vq -vdM = 0, Vv e EM0,13 = Vq = 0. (285)

Then, there exists a constant C; > 0 such that, for all M € E¢;:

qulM < CiIPM,13(vq)|M Vq € QM- (2'86)

PROOF: Let us consider the following function defined on the class Ec¢;:

<. (VQ,V)M
PO = B 28 Vel 80

Inequality 2.86 is equivalent to saying that (M) > 1/C; for all M € E¢;
(this can be proved as Lemma 2.1).

From assumption 2.85 it is easy to see that S(M) > 0 for all M € Ec;.
Since M is defined by the coordinates of its nodes, 8 can be considered as
a function of these coordinates. Due to the quasi-uniformity of the fam-
ily {®}nso (or simply due to its non-degeneracy), all the nodes are isolated
points of IR?, and therefore they form a compact set. Thus, 8 can be con-
sidered as a function defined on a compact set. To prove that it is bounded
below by a positive constant it is enough to prove that it is continuous.

Let M, M' € Ec;. We want to show that 8(M') — B(M) as M' — M.
Let G : M — M' be the homeomorphism that relates M and M'. We denote

its Jacobian matrix (piecewise continuous) by DG. Let also:

1. =1 (! o s =1|(!
J'= max [DG™|(x),  j'= min [DG7|(x)), (2.88)
where | - | stands now for the determinant of a matrix. Here and below, we

use the symbol / to refer to quantities associated with M’. The two functions
in 2.88 depend on the macroelement M’ and tend to 1 as M’ — M, that is,
as G - L

Let us write the function B as:
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f

o i = (Vav)u
B(M) = qelgfa,o ilég f(Va:v) f(Vav) = IValalvise

where Q0 = {q € Qx| Vg # 0} and S is the the unit sphere of Ey 3.
Let v/ € Eu 13, ¢ € Qupo and v, g the pull-backs of v/ and ¢ (that is,
v=G'Vv =voG, ¢g=G*¢ = ¢'0G). It can be readily checked that:

/ V' -vAM' = / Vg-DG™!.v|DG|dM,
M M

/ v -v'dM'

/M, Vg - V'gdM' = /M (Vg-DG™) - (Vq-DG™) [DGlM.

/va .v|DG|dM,

If we introduce the abbreviation Vg = Vg-DG™ and denote by (s o
the L? scalar product in M with weight |DG|, we have that:

(V'qi, V')M' _ (ch, v)G,M

= = F5(Vgq,v), 2.89
Ve~ Wetlomdvien 1oV @Y (289

fl(vlql’ vl) —

where | - |g,» 1s the norm associated with (-, )¢, -

Since DG is nonsingular, if V'q’ # 0 then Vg # 0, that is, if ¢’ € Q0
then G*¢' € Q. If v/ € S, let us see where does v = G*v' belong. Let
v/ = v] 4+ v;, with v{ € E,v; and vi € Epp 3. Since v is continuous and
vanishes on OM' and G is continuous, G*v{ € E, ;. In general, G*vi, €
Ep 12 for all v, € E\p12. However, G*vy € Ey3 if v € Epp 3. This is due
to the fact that:

YW1z € Bpaz, / Viz - G*VidM = / (vi20 G™) - v4IDGldM, (2.90)
M M!

which is in general not zero since vi20 G}|DG| € Ej 2 if |DG| is not
continuous. Therefore, if S; = G*S’ then S; # S.

Using the previous results, the function 8 evaluated at M’ can be written
as:

B(M')= inf sup fo(Vg,v). (2.91)
‘IEQM,O veSeg

Now we use Lemma 2.3 to prove the continuity of S. Let:
1
Zz{veEM/§§1v1M52}. (2.92)
We have that:

|G*v]2, = /M’ v - v|DG1|dM, (2.93)
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and thus /77 < |G*v|y < V7', with j' and J’ defined in 2.88. If we take M’
sufficiently close to M, j' > 1/4 and J' < 4, so that S C Z and S; C Z.

It is now easy to prove that f(Vg, v)is uniformly continuous in the second
argument in Qo X Z and that fo(Vgq,Vv) converges uniformly to f(Vg,v)
in Quo X Z. To apply Lemma 2.3 it remains to check condition 2.76 with
Y =S and Y, = Sg, the parameter p being now replaced by the function G
and p > 0by G — L

Let Vo € S¢ C Ey and v = vy + v; € S8’ such that v = G*v/, with
vi € Ey 1 and v§ € Epp 3. Then v = G*v] + G*vy, with G*v| € E,,;; but
G*v; & Ey 3 (in general). Let: .

G*vy - w
DG oG W (2.94)

It is easily verified that the second component in w belongs to E,, 3, and
therefore v € S. A simple calculation shows that dist(vs,v) » 0 as G — I,
that is, as j/, J' — 1. Hence:

w=G"v] +

sup inf dist(vg,v) >0 as G- L (2.95)

vgeSg V€

AISO, given v=v;+ V3 E S, with vy € EM,] and V3 € EM|3, let:

vjo G1 - G*w'
—l-l_j—G_-l—O_éTl’ Ve T (296)

N |W'|M'.
It turns out that v, € S and that dist(v4,v) — 0 as G — I, thus
proving that:

w' =vioG™ +

sup inf dist(ve,v)—0 as G —L (2.97)

veS Ve€ESa
From 2.95 and 2.97 it may be concluded that hypothesis 2.76 holds in
the present situation and ultimately that the function 8 defined in 2.87 is
continuous, which is what had to be proved. O

Combining Lemmas 2.2 and 2.4 we obtain the following result:

Theorem 2.3:  Suppose that for all the equivalence classes Ec;, i = 1,...,n,
of macroelements of {Op}nso condition 2.85 holds. Then, there ezists a con-
stant k, > 0, independent of h, for which the inf-sup condition 2.69 is verified.

PROOF: let C = min{C}, ..., Cp_ }, where C; is the constant for the equivalence
class Ec¢; established by Lemma 2.4. Since for all A > 0 functions g, € Q4
restricted to a macroelement M € My, belong to @, we are in the hypothesis
of Lemma 2.2. The theorem follows from Lemma 2.1. O

We remark that condition 2.85 is the key to prove that a finite element
interpolation is stable for our method; it is similar to the condition obtained
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in [97] for the standard LBB condition, but weaker than it: the space where
v runs here (Ey, 13) is larger than in the standard case (Eag 1)

2.4.2 Equal order interpolations

We prove now that condition 2.28 is fulfilled by simplicial equal order finite
element interpolations with polynomials of arbitrary degree £ on the sim-
plex, both in two and three dimensions. They are only restricted by a weak
condition on the meshes at the boundary that will be specified next. This
result is achieved by applying the macroelement technique just considered,
which can also be extended to the case of equal order interpolations with
polynomials of @ on quadrilaterals and hexahedra.

Proposition 2.5: let k, = k, = kg = k in the definition of V.o, Qn and
Vi, and K be the standard simplez in R®. Let Ec; be a class of equivalent
macroelements with reference macroelement M such that there is at least one
intertor vertez, and, ford = 3 and k > 2, no element K C M has three faces
on OM. Then, condition 2.85 is satisfied on M.

PROOF: we prove condition 2.85 by imposing continuity of Vg, on M rather
than orthogonality to Ep 3, due to the difficulty of characterizing this space.
Orthogonality to Ej; is enforced directly.

Let us consider the case of linear elements (kK = 1) first, both for d = 2
and 3. For a given g, € Qn, Vg is constant on each element K C M; if we
assume Vgy, is continuous, it must be constant on M. Since we have assumed
the existence of at least one node P interior to M, orthogonality of Vgqx with
respect to velocity fields which take a value of one on P in each of the space
dimensions and zero elsewhere, implies the vanishing of Vg,

Let’s now turn to the case of higher order elements (¢ > 1). Given
gn € @, for each K C M the components of (V) x belong to Pr_;(X).
Thus, if these components are continuous, they can be determined by their
nodal values on a discretization of M with the same elements K but with
nodes corresponding to an interpolation with polynomials of degree k — 1.
Let n;y¢ be the number of nodes in the interior of M , denoted by Int(M ), and
ng-1 the number of nodes associated to an interpolation with polynomials
of Pr_;. Since the orthogonality conditions with respect to all continuous
vector functions that take arbitrary values at the nodes of Int(M ) are linearly
independent restrictions on Vgy, it is enough to prove that nj > ng—y.

Let’s consider the two-dimensional case first; for any triangle K C M ,
there are (k — 1)(k — 2)/2 nodes associated to Pi on Int(K) and (k + 1) on
each edge of K (including the vertices). Thus, there are (k—2)(k—3)/2 nodes
associated to P,_; on Int(K') and % on each edge of K. If an element K lies
on Int(M ), its contribution to njy is clearly greater than to nk—;. Thus, we
restrict the analysis to the boundary. Suppose first that all the elements have

60



CHAPTER 2. A REFORMULATED STOKES PROBLEM

at most one edge on the boundary. Let n. denote the number of elements
in M with one edge on the boundary, and n.4g the number of edges with one
node on the boundary; we study the various contributions to the difference

Nint — Ng-1:

o From element interiors: ng. X [(k—1)(k —2)/2 — (k- 2)(k - 3)/2] =
Nele X (k — 2)

e From edges with one boundary vertex (including it): neqg X [k—k] = 0

e From boundary edges, of which there are n.. due to the assumption

on M: ng. X [0 — (k—2)] = —nage x (k—2)

This proves that niy, — ng—1 > 0 in this case. If we now include triangles
with two edges on the boundary, the contribution to nyy is (k—1)(k—2)/2+
(k — 1), whereas the contribution to ng_y is (k — 2)(k — 3)/2+2(k - 2) + 1.
These two quantities are equal, so that we still have ny,, — ng_1 > 0.

Finally, in the three dimensional case each tetrahedron K C M has (k-
1)(k — 2)(k — 3)/6 nodes of P,(K) on Int(K), and (k — 2)(k — 3)(k — 4)/6
of Pp_1(K). As before,Awe first consider the case in which the elements have
at most one face on M. If nq. is the number of elements with one face on
oM , Nac the number of faces with one edge on oM , Nedg the number of edges
with one node on M and nug, the number of edges on &M, contributions
to Nynt — Ng_1 are:

¢ From element interiors: nqe X [(k — 1)(k — 2)(k — 3)/6 — (k — 2)(k —
3)(k —4)/6] = na. x [(k—2)(k - 3)/2]

e From the interiors of faces with one edge on the boundary: ng. X [(k —

1)(k—-2)/2—(k—2)(k—3)/2] = nfc X (k-2)
e From edges with one boundary vertex (including it): neqe X [k—k] = 0

e From the interior of boundary faces, of which there are n. due to the

assumption on M: ng X [0—(k—=2)(k—3)/2] = —ngex(k—2)(k—3)/2
e From boundary edges: npar X [0 — (kK — 2)] = —npar X (K~ 2)

Since ng. > npar in general, we find again that ny —nz_; > 0. If we now
consider elements with two faces on M , for each of them n;,, increases by
(k= 1)k —2)(k—3)/6 + (k — 1)(k — 2) + (k — 1), whereas the increase of
ng-q is only (k — 2)(k — 3)(k — 4)/6 + (k — 2)(k — 3) + (k — 2). O

We have proved, in summary, that simplicial equal order interpolations
of arbitrary order satisfy condition 2.28, thus yielding optimally convergent
results. We now prove that this holds for equal order bilinear quadrilateral
interpolations, under a mild nondegeneracy restriction on the mesh, to be
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specified next. The proof does not :quuiere of the macroelement technique,
since 1t is given in the whole of the domain:

Proposition 2.6: assume that the discretization Oy, of the domain §) is such
that there are at least two nodes in the interior of Q, if d = 2, or three nodes
if d = 3. Consider a finite element interpolation such that k, =k, =k, =1
in the definition of Vi o, Qn and Vi, and K is the unit square (d = 2) or cube
(d =3). Then, condition 2.28 holds.

PROOF: let us start by the two dimensional case first; we will show that
condition 2.85 holds on all the domain 2. We know by the study of the
kernel of the matrix A = L — G*M™'G of Section 2.1 that gradients of
discrete pressures p, which are orthogonal to Ej 3 are continuous, and that
for the @, element this can only hold if ps is globally a @, function, thus
determined by 4 arbitrary constants. Orthogonality of Vpy, which depends
on 3 arbitrary constants, with respect to velocity fields which vanish at the
boundary of €2 and take arbitrary values at the two interior nodes of the
mesh implies the vanishing of Vpy, since there are 4 of such fields that are
linearly independent.

In the three dimensional case, discrete pressures with a continuous gra-
dient are determined by 2® = 8 constants, so that 7 linearly independent
restrictions are enough to ensure the vanishing of Vp,. Since we are assum-
ing that there are at least 3 interior nodes, orthogonality to velocity vectors
defined from these nodes amounts to 9 independent restrictions, which imply

that Vph =0. ' D

We conjecture this result to be true also for equal order quadrilateral
(and hexahedral) finite elements of higher order, but have not come up with
a definite proof of this fact yet.

2.5 Computational aspects

We have studied several possibilities for the solution of the linear equa-
tion system 2.24-2.25-2.26, guided by some of the experience on the nu-
merical solution of algebraic systems existing nowadays. Direct Gaussian—
decomposition-based methods did not look appealing for solving 2.24-2.25-
2.26, due to the large bandwidth of the system matrix for this problem,
which is neither symmetric (although it can be symmetrized) nor positive
definite. We propose iterative schemes which take advantage of the structure
of problem 2.24-2.25-2.26; rather than standard Gauss—Seidel methods, we
considered generalized block Gauss—Seidel schemes, in which each iteration
is decomposed into a number of smaller linear problems with a symmetric,
positive definite matrix, if possible.

We first present in 2.5.1 a simple scheme which we call uncoupled block
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Gauss—Seide] method. In it, each equation from 2.24-2.25-2.26 is used to
obtain updated values of one of the three variables, velocity, pressure and
pressure gradient, from the others. This way, each of the smaller uncoupled
subsystems has a symmetric, positive definite matrix, K, L and M respec-
tively.

The slow convergence rates showed by this method led us to consider
another scheme, which we call coupled block Gauss—Seidel method. In it,
the velocity and pressure are solved together with an old pressure gradient,
which is then updated using the new values just computed. In this case, the
matrix for the velocity—pressure subsystem is either symmetric or positive
definite, but not both at a time. The matrix for the pressure gradient is
again the mass matrix. For it, the well known lumping technique was also
considered in both the coupled and the uncoupled schemes, and comparison
results with the consistent mass matrix case are provided.

Convergence results for the coupled block Gauss—Seidel scheme are much
better than for the uncoupled one, but still not competitive. In 2.5.3, we
present some techniques to accelerate this convergence, such as successive-
over-relaxation methods or equation rescaling.

As mentioned earlier, a possible variant of the reformulated method 2.21-
2.22-2.23 1s the use of a local parameter ag on each element K, specially
suited for nonuniform meshes. We present some numerical experience con-
cerning this possibility in 2.5.4.

In the implementation of the method we have studied 2-dimensional prob-
lems with interpolating polynomials of P, and P, on triangles and @, and
Q@ on quadrilaterals. Where possible, the same mesh nodes have been used
to define the elements for all four interpolations. In confined flow problems,
where the velocity is prescribed on all the boundary, a pressure datum of 0
is enforced on the last node in the global numbering.

For a homogeneous external force f = 0 and a nonhomogeneous boundary
condition, the Stokes problem scales with the viscosity, in the sense that if
(u,,p.) is the solution associated to a value of v > 0, one has that u, = u;
and p, = vp,;. We have therefore considered unit viscosity throughout.

2.5.1 Uncoupled block—Gauss—Seidel method

We consider the following iterative scheme for the solution of 2.24-2.25-2.26,
where P® = 0, W° = 0 and U° contains the prescribed velocity boundary
conditions and is zero elsewhere:

KU' = F — GoP™ (2.98)
oaLP' = oG'W'' + GIUF (2.99)
MW' = GP* (2.100)

Each subsystem has a symmetric, positive definite matrix; they are solved
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by the conjugate gradient method;E to a given tolerance €. In the lumped
mass matrix case, 2.100 is replaced by:

MW = GP (2.101)

where ML is the diagonal lumped matrix of M. In the P, element case,
rather than by the standard row-sum technique, M is computed by a nodal
quadrature rule obtained by splitting each P, element into 4 P, elements, in
order to avoid null entries.

The scheme 2.98-2.99-2.100 was iterated to convergence at a given tol-
erance €y,.. Lhe following convergence criterion was chosen:

Err(U*, PL,WH UL, PPYL W) = (2.102)
\Uf = U1,  |PP— P, Wi — Wity
X . ] . y > _<. unc
mox (o, Ps W) S

where | X|, is the Euclidean norm of a vector X.
Other permutations of the order in which the variables are updated in
2.24-2.25-2.26 were also considered. Two sets of three different permuta-

tions, even and odd respectively, are possible. Let us call I to 2.24, II to

2.25 and III to 2.26, equations which are used to update the velocity, pres-
sure and pressure gradient, respectively, from the last updated values of the
other variables; the initialization of the pressure as zero and the absence of
boundary conditions for the pressure gradient imply that III-I-II is equivalent
to I-II-III, and III-II-I equivalent to II-I-III. Four possibilities are therefore
left. We performed some tests with them which showed that they all pro-
vide practically identical results, and chose I-II-III (that is, 2.98-2.99-2.100)
throughout.

As a test problem, the standard cavity flow case was solved, which has
become a compulsory benchmark problem for incompressible flow codes. We
took the ramp case, in which the velocity is zero at the two upper corners
and one in the horizontal direction at the rest of the upper lid. A uniform
mesh of 21 X 21 nodes was used to discretize the unit square; it is shown in
Figure 2.1 for the P, element. The pressure was set to zero at the top right
corner. :

We put off for the next Section the analysis of the results obtained for this
problem, and concentrate here on the performance of the numerical scheme
to reach a solution. We allowed a tolerance of ey = 1073, A study of the
influence of the tolerance for the conjugate gradient method to solve each
subsystem of equations on the convergence of the whole iterative scheme
showed that a minimum number of iterations was needed for €, in the order
of 10™*, which is the value that we selected.

We tried to use values of the coefficient a of the order given by equation
2.61, with a value of ag near unity. But we found that larger values of ap
were needed for the iterative scheme to be stable; when a low value of this
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Figure 2.1: Cavity flow, uniform 21 x 21 mesh.

parameter was used, the scheme diverged. We will see in the next Section
how this affects the accuracy of the solution.. We finally selected ag = 40 for
the P, and @, elements and ap = 5 for the P; and Q.

The results obtained for this problem, in the form of number of iterations
needed for convergence and CPU time spent, relative to the P, element case
with a consistent mass matrix (in percentage of that case), are given in Table
2.1 for the four elements considered, both with consistent (C) and lumped
(L) mass matrix. As can be seen, this scheme is too costly, due to the
large numbers of iterations needed for convergence, specially in higher order
elements. The P, element case with a lumped mass matrix did not converge
at all.

Element P]‘C Pl-L Q1~C Q]*L P2‘C P2'L Q2~C Qz-L

[terations 106 | 66 126 39 212 - 571 | 195

Relative cost || 100 65 61 30 122 - 316 99

Table 2.1: Convergence of the uncoupled block-Gauss-Seidel method.
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2.5.2 Coupled block—Géuss-Seidel method.

We now introduce another iterative scheme for the solution of 2.24-2.25-2.26
with better convergence rates than the one just considered. The velocity and
pressure are now coupled in a unique linear subsystem, in which the value of
the pressure gradient at the previous iteration is used; this variable is then
updated with the new pressure. With the same initializations as before, the
scheme reads:

KU' + GyP* = F (2.103)
—GiU* + oLP' = oGW (2.104)
MW = GP! (2.105)

Notice that the equation system 2.103-2.104 for (U?, P?) introduces a
Laplacian term in the diagonal of the system matrix, in a similar way to
stabilized methods of the GLS type. In fact, for linear elements the system
matrix of this problem is the same as that of the GLS method 1.30; it is
positive definite but non-symmetric. The solution (U*, P*) can be obtained
in several different ways, such as a direct LU decomposition or the GMRES
method. We tried these two possibilities and decided to use the first one,
since the size of the problems that we deal with is small enough as to allow
a direct method of solution.

Mass lumping was also considered for the solution of 2.105; when a con-
sistent mass matrix was used, we tried solving 2.105 by a direct method and
by the conjugate gradient algorithm. In the latter case, and for a tolerance of
g = 107°, it took about 10 iterations to find the solution in the first global
iterations, but this reduced monotonically to 5 in the last iterations, as the
initial approximation was closer to the solution. Nevertheless, we chose to
use a direct method for 2.105.

Once again, due to the initialization of the pressure as zero and the ab-
sence of boundary conditions for the pressure gradient, it is inconsequencial
to start the iterations by the pressure gradient equation 2.105 or by the
velocity-pressure system 2.103-2.104.

The same convergence criterion 2.102 was used, and also the same test
case and mesh. We took a as in 2.61, with o = 1/3 for P, and @; and
ag = 1/9 for P, and Q,. We present the convergence results for this case
in Table 2.2. This time we show the number of iterations for convergence
with a tolerance of €., = 1073, together with the CPU time spent in the
first iteration (as a percentage of the total time in each case) and the total
CPU time relative to the P;-C case (in percentage of that case). We split
the time of the first iteration to emphasize that when using direct methods
to solve the linear subsystems of equations 2.103-2.104 and 2.105, it is the
first iteration that requires most of the computing time, since it is then that
the system matrices are assembled and factorized. The remaining iterations

66



CHAPTER 2. A REFORMULATED STOKES PROBLEM

Element Pl-C Pl-L Ql-C Ql-L Pz-C Pz-L Qz-C Qz-L

Iterations 16 12 35 13 41 45 118 42

1st. Iteration 76 74 66 71 67 64 50 64

Total CPU time || 100 (s 106 61 110 | 88 179 | 109

Table 2.2: Convergence of the coupled block-Gauss—Seidel method.

consist of the computation of the RHS vector and a backward and forward
substitution only.

It can be seen, again, that linear and bilinear elements show better conver-
gence properties than quadratic and biquadratic ones, and that mass lumping
also accelerates the convergence. For the reference P;-C case, the computing
time for this coupled scheme was 34% that of the uncoupled scheme for the
same case.

Finally, we present in Figures 2.2 and 2.3 the convergence history of each
variable for all four interpolations, from which it can be deduced that it is
the pressure and pressure gradient that dominate the convergence. It can
also be observed that in the first two iterations there is a drastic reduction
of the error.

2.5.3 Acceleration of convergence

The convergence results of the coupled block-Gauss—Seidel method are still
not satisfactory. We employed simple techniques to accelerate this conver-
gence, which yielded better results.

We first tried rescaling the different subsystems of linear equations in
2.24-2.25-2.26, to achieve a better conditioning of the global system matrix,
hoping this way to accelerate the convergence of our block-Gauss-Seidel type
schemes. Since the parameter a multiplying the Laplacian matrix in the
pressure equations is of order A2, too small for a diagonal term, we multiplied
this equations by a parameter 8, and replaced the pressure variable P by

R= %P, so that 2.24-2.25-2.26 becomes:

KU + BGoR
—BGU + B%ILR — BaG'W = 0 (2.106)
BGR — MW = 0

A dimensional analysis (by comparison with the diagonal term of the first
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Figure 2.2: Convergence history, consistent mass matrix: + P; Element;
e (J; Element; o P, Element; x @), Element.
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t

equation) suggested taking Aa = 4%y, where 7 is a free (dimensionless)
parameter of order 1. The definition of « then gives:

2v

Jaoh

It can be shown that this scaling of equations is equivalent to a diagonal
preconditioning strategy.

We performed several tests with the coupled-block-Gauss-Seidel scheme
2.103-2.104-2.105 applied to the rescaled equation system 2.106 and, after
varying the value of v by several orders of magnitude, we needed exactly the
same number of iterations in each case as for the original problem 2.24-2.25-
2.26, that is, those of Table 2.2. Nevertheless, scaling of equations improved
the performance of the iterative GMRES method when it was used to solve
the velocity—pressure system of equations.

We then considered standard successive-over-relaxation methods applied
to 2.103-2.104-2.105, with the same relaxation parameter w > 0 for all three
variables. Thus, this scheme was replaced by:

B =~ (2.107)

KU + GoPP = F
—GU' + alP' = oGW?
MW: = GF

where the variables are updated by:

U o= ol + (1-w)U?
PP = wP' 4+ (1-w)pP? (2.108)
W= oW 4+ (1-w)W?

Different optimal relaxation parameters were found numerically for each
element, all of them in the range (1,2); they all lowered substantially the
number of iterations needed for convergence. The results are summarized
in Table 2.3, where we give the optimal relaxation values for each element
together with the number of iterations needed for convergence and the total
computing time, once again as a percentage of the reference P;-C case of
Table 2.2.

We then allowed the possibility of using a different relaxation parameter
for each variable, w,, w, and wy, respectively, so that 2.108 was replaced by:

U = w0 + (1—(4),‘)U’.‘1
P wp P+ (1 —w,) P!
W = w, W 4 (1—w,) W
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Element Pl-C P]_-L Q]_-C Q1-L Pz-C Pz-L Qz-c Qz-L

w 13 | 1.3 1.5 1.5 14 | 1.4 | 1.79 | 1.79

Iterations 7 7 12 12 10 10 30 30

CPU time 90 76 90 76 93 86 122 | 100

Iterations 7 7 10 10 9 9 25 25
with w, =1

Table 2.3: Convergence of the relaxed coupled block-Gauss—Seidel method.

We found slightly improved convergence results only when we set w, = 1,
i.e., no relaxation for the velocity, and w, and w, equal to the optimal value
for each element. We expected this to be the 'best’ choice according to the
convergence histories shown in Figures 2.2 and 2.3, where it is observed that
it is the pressure and pressure gradient that slow the convergence. We also
show in Table 2.3 the number of iterations for convergence in this case, where
it can be observed that there is an improvement in some cases.

2.5.4 Local stability parameter

The uniform mesh used up to now is impractical in many situations, such as
when convection is present. We solved the same test case on a non-uniform
39 x 39 noded mesh, with increasing density of elements near the boundary,
made up with triangular linear elements (it is shown in Figure 2.4).

A question arises in this case about what value of the coefficient a is to be
taken when the mesh size is not constant for all elements. We first considered
the simple possibility of taking a unique value of « for all elements, as defined
in 2.61 for a value of h equal to the maximum element diameter (just as it
is defined). Then we adopted the idea of using a different value of & on each
element, evaluating the integrals it multiplies on 2.22 elementwise. The local
discrete reformulated problem reads:

v(Vup, Vi) + (Vow,vi) = (f,Ve),Vva € Who

(Veup,qn)+ D ax((Ven, Vau)k — (Wi, Var)x) = 0, Van € Qa
Ke0O,
(Vph,xh) — (W;,,xh) = 0, Vx,eW,
2
The local coeflicients are, again, defined as ag = ao—&, with ap = 1/3 for

the P, element. Although it is not computationally practical, the third equa-
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1
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Figure 2.4: Cavity flow, nonuniform 39 x 39 mesh.

tion should actually be replaced by 3" xco, oK ((Vph, Xp) K —(Wh, xh)K) =0,
so as to be consistent with the second equation.

A comparison of the two methods shows that the local one provides faster
convergence rates (as can be observed in Table 2.4) and more accurate results
(see the next Section). In Table 2.4 we present the number of iterations for
convergence in each case, the CPU time spent in the first iteration (as a per-
centage of the total time in each case) and the total computing time relative
to the global method with a consistent mass matrix. A unique relaxation
parameter w = 1.3 was used in this problem for all the variables.

Method Global-C | Global-L | Local-C | Local-L

Iterations 13 8 7 7
1st. Iteration 80 82 84 82
CPU time 100 75 93 76

Table 2.4: Comparison of global and local parameters.
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2.5.5 Summary of computational aspects

We have considered several possibilities for the solution of the linear equa-
tion system 2.24-2.25-2.26, resulting from a finite element discretization of
the reformulated Stokes problem 2.14. They include two iterative schemes of
the block~Gauss-Seidel type, which we call uncoupled and coupled, respec-
tively, and some other ideas such as rescaling or diagonally preconditioning
the equations and the use of successive—over-relaxation methods. For the
pressure gradient mass matrix, we also considered lumping methods.

After several tests on a uniform mesh for the lid-driven cavity flow prob-
lem with the P, @;, P, and @, elements, we have found that the most
efficient method is the coupled block-Gauss-Seidel scheme applied to the
original equation system (without rescaling) with selective successive-over—
relaxation, which acts on the pressure and pressure gradient variables with
an optimal relaxation parameter w,y, but leaves the velocity unrelaxed. Dif-
ferent optimal relaxation parameters were found experimentally for each el-

ement: 1.3 for the P, 1.5 for the @J;, 1.4 for the P, and 1.79 for the @Q),.

‘ For the P, element, the system matrix of the velocity—pressure subsystem
to be solved at each iteration of that method is the same as that of the GLS
method; this is also the case for the @); element, if the Laplacian term is
omitted on the GLS method from element interiors (for a mesh of parallel-
ograms, the transformations from the reference element are affine, and this
term vanishes identically for this element). The GLS formulation is one of the
most widely used methods nowadays for incompressible flow problems; like
our method, it is formulated in terms of primitive velocity—pressure variables,
and it also allows the use of equal order interpolations. When direct solution
methods are used to solve the velocity—pressure subsystems, the extra cost
of our scheme with respect to the GLS method is that of computing and
factorizing the mass matrix for the pressure gradient (if it is not lumped),
forming the right-hand-side vectors and performing forward and backward
substitutions at a few extra iterations, since the system matrices are com-
puted and factorized only once. This represents, in average, about 256% of

extra cost.

When nonuniform meshes are used, it seems more efficient to use local
stability parameters agx defined elementwise, rather than a unique global
parameter a.

Finally, mass lumping also accelerates the convergence of the unrelaxed
coupled block-Gauss-Seidel scheme, at the expense of a loss of accuracy
(see the next Section). However, it does not affect the convergence of the
faster over-relaxed coupled block-Gauss-Seidel schemes. It is, therefore, not
recommended for general use with this method.
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2.6 Numerical resulfs

We now present the numerical results obtained with the reformulated method
2.21-2.22-2.23 for three test cases: the cavity flow problem considered in the
previous Section, a problem with an analytical solution and a channel flow
problem problem on a trapezoidal domain. These problems highlight other
features of the method than those proved up to now, and confirm some of
these.

2.6.1 Cavity flow problem

We present some selected numerical solutions obtained for the cavity flow
problem in the convergence studies of the previous Section. The main flow
features which we looked at in this problem are flow symmetry about the
vertical centerline of the cavity and the pressure singularity at the two top
corners. We will show that the method provides an excellent capturing of
this singularity. Since the zero prescription for the pressure is enforced at the
top right corner (the 'last node’), the minimum pressure value corresponds
to the top left corner, and stablishes the (negative) pressure singularity.

We first present results obtained with the uniform 21 x 21 mesh, both
with and without mass lumping. Pressure singularity capturing degrades
with mass lumping. These results can be observed in Figure 2.5 for triangular
elements and Figure 2.6 for quadrilateral elements.

Better results were obtained with the finer 39 X 39 nonuniform mesh of
Figure 2.4. We compare the results obtained with a global stability parameter
o and with local parameters ag, both with and without mass lumping. The
solution was symmetric in all cases. We present the pressure results in Figure
2.7, where it is observed that the best results are achieved with local stability
parameters and a consistent mass matrix. .

We conclude that the best results obtained for this problem with the
nonuniform 39 x 39 mesh were for local stability parameters and a consistent
mass matrix, iterating the scheme 2.103-2.104-2.105 to convergence: a pres-
sure minimum of —1070 was achieved in this case. For the uniform 21 x 21
mesh, the best results correspond to the @, element with a consistent mass
matrix: the pressure minimum was of —1160 in that case.

2.6.2 A test with an analytical solution

We next consider a test problem with an analytical polynomial solution on
the unit square, with homogeneous Dirichlet boundary conditions, which
was introduced by J.T. Oden and coworkers (see [78]). We study this case
in order to check numerically the optimal error estimates proved in Section
2.3. Setting v = 1, a polynomial force is selected so that the solution of 1.13
is u = (uz,uy) with: .
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Figure 2.5: Cavity flow, uniform 21 x 21 mesh, triangular elements, pressure
contours: a) P, —C;b) P, —L;c) ,—C;d) P, — L.
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Figure 2.6: Cavity flow, uniform 21 x21 mesh, quadrilateral element, pressure

contours: a) @; —C; b) @1 —L; ¢) Q2—C; d) Q2 — L.
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Figure 2.7: Cavity flow, nonuniform 39 x 39 mesh, pressure contours: a)
global «, consistent mass matrix; b) global ¢, lumped mass matrix; c) local
a, consistent mass matrix; d) local «, lumped mass matrix.
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u, = z(1—2%)(2y — 6y® + 44%) (2.109)
u, = (2z—62%+4z%)y}(1 —y?)

for 0 < z,y <1, and the pressure solution is then:

p = z—2z° (2.110)

(so that p vanishes at the top right corner). With this test case, we first
performed a study of the influence of the parameter ay on the exact errors
of velocity, pressure and pressure gradient solutions in the L? and H, norms
on a uniform mesh; we will see, in particular, that there are minimum values
of these errors at critical values of the parameter, which we select. Uniform
meshes are used here so that a study of the order of error with respect to
a characteristic mesh size h can be provided, using the optimal values of
the parameter ag just obtained. The expected orders of accuracy for all the
variables, norms and elements have been found.

The first results we present were obtained with a uniform 21 X 21 mesh,
using the coupled block Gauss—Seidel method with a consistent mass matrix
and a tolerance of €., = 107°. In Figure 2.8 we show the variation of the
exact error of the velocity in L?(Q) and H}(f2), the pressure in L*(f2) and the
pressure gradient in L#(2), both with respect to Vp;, and wy, as a function
of the coefficient ag, for the elements Py, @1, P, and @,. It can be seen
that minimum values for the pressure error are attained for values of ag in a
range close to the optimal values of the GLS method for each element type:
1/3 for linear and bilinear elements and 1/9 for quadratic and biquadratic
ones; these are the values that we have used up to now, and that we adopt
in what follows. Nevertheless, minimum errors for the pressure gradient are
achieved at a larger value of ap than the critical one. The velocity errors
are less sensitive to variations of ag, but tend to be minimized close to the
optimal values of the GLS method. '

The variation of ap does not only affect the precision of the method but
also the convergence rates of the iterative scheme. It is seen in Figure 2.9
that the number of iterations required for convergence grows drastically with
an increase of o beyond the critical values, while small values of g yield
rapidly convergent schemes, at the expense of a loss of precision.

Having found optimal values of the parameter ag, we then checked numer-
ically the theoretical orders of accuracy of the velocity, pressure and pressure
gradient solutions as a function of the mesh size h, as given by Theorems
2.1 and 2.2.; we summarize these orders of error in Table 2.5 for reference.
To this end, we solved the reformulated Stokes problem 2.21-2.22-2.23 for
this test case on three uniform meshes with 11 x 11, 21 x 21 and 41 x 41

nodes, respectively, and with the four elements considered up to now. The
- 2

value of a was always computed as a = ao4—, and oy was taken as the
v
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Figure 2.8: Error variation with ag: o = fu—w|; + = [ju— uyf;
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Figure 2.9: Iteration for convergence with ap: + P; Element; ¢ Q); Element;
o P, Element; x @, Element.

optimal values just established. The results were obtained with the coupled
block-Gauss-Seidel scheme 2.103-2.104-2.105 with a consistent mass matrix
and a tolerance of €., = 1073; we also tried higher and lower values of the
tolerance: in the first case, larger errors were found, whereas in the second
the precision did not improve (but rather degraded due to round-off errors).
We present these results in Figures 2.10 to 2.14, where we have included the
errors for a P, P, mixed interpolation of the Stokes problem for comparison.
The linear regression coefficients computed for these lines are given in Table
2.6.

It can be observed that the optimal orders of accuracy predicted in Table
2.5, and even higher orders for the pressure solution, are achieved with our

Element {[ l[u—wi| | [p—pal | Hu—wil] | [V(p—pn)| | [V — wy| |
P, 2 1 1 0 0
B, Q, 3 2 2 1 1

Table 2.5: Theoretical orders of error in the mesh size h.
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Figure 2.10: Velocity error in L?: + P, Element;
Element; x @, Element; ¢ Mixed P, P, Element.
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Figure 2.12: Velocity error in H': + P, Element; e @Q; Element;
Element; x @, Element; ¢ Mixed P, P, Element.
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Figure 2.13: Pressure error in H!: + P, Element; e @Q; Element;
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Figure 2.14: Pressure gradient error in L?: + P, Element; e Q, Element;
o P, Element; x @9 Element.

Element || [u—us| | [p—pal | [l —wn]l { [VP = V| | [Vp— wi
P, 2.0 1.9 1.0 0.7 0.7
O 2.0 1.9 1.0 0.6 0.6
Py 3.3 2.3 2.0 1.4 1.4
Q | 32 2.3 2.0 1.4 1.5

Table 2.6: Oden’s flow: linear regression coefficients for different errors.
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Figure 2.15: Velocity error in L?: e Q; Element; x @, Element; O = GLS
method, @); Element; ¢ GLS method, ), Element.

method for all variables and norms. Moreover, both the discrete pressure
gradient and the gradient of the discrete pressure seem to converge for the
P, and @, elements to Vp, a fact which is not predicted by the theory.

We then compared the accuracy results obtained with our method to
those of the GLS formulation. We show in Figures 2.15 to 2.18 the errors
computed for the solutions on quadrilateral elements, both the @; and the
@2, for the GLS method and ours. The velocity solution is the same for the
two methods with both elements; the pressure solution, however, is slightly
more accurate for the GLS method than ours when using bilinear elements,
at least for the present value of the parameter ap; for biquadratic elements,
however, our method seems to be assymptotically more accurate.

2.6.3 Behaviour of the pressure near the boundary

This last example is intended to discuss a misbehaviour of the pressure near
the boundary which appears when using the GLS method, as described by
J.J. Droux and T.J.R. Hughes in [31]. Although this method is optimal both
in H! and L? norms, the pressure may be poorly approximated near the
boundary for linear elements. This is so because in this case the term vAuy
vanishes identically on element interiors, so that a wrong boundary condition
n - (Vp, —f) = 0 is being imposed weakly (see the modification of the GLS
method in [31] to overcome this difficulty).

In our reformulated method the boundary conditionn-Vp — n-w =20
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Figure 2.18: Pressure error in H': o @Q; Element; x Q; Element; O =
GLS method, @, Element; ¢ GLS method, ), Element.

enforced weakly is consistent with the original Stokes problem, so that correct
behaviour of the pressure near the boundary was expected. The same test
case as in [31] was considered, consisting of fully developed Poiseuille flow on
a 2-dimensional trapezoidal domain. We solved this problem on two meshes
of P, elements, with 13 x 13 and 25 X 25 nodes uniformly distributed along
the sides. The first mesh is shown in Figure 2.19. For this problem, there is
no external force, a parabolic velocity profile is prescribed both at the inlet
and outlet and a solid wall condition is imposed on the top and bottom edges.
The pressure gradient in this case is constant and horizontal.

The pressure contours obtained for the GLS method and the reformulated
method on both meshes are shown in Figure 2.20. Although they improve
with mesh refinement, the pressure results for the GLS method are not correct
near the boundary, whereas the results for our method are exact on both
meshes.
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Figure 2.19: Trapezoidal domain, coarse mesh.
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Figure 2.20: Trapezoidal domain, pressure contours: a) GLS method, coarse
mesh; b) GLS method, fine mesh; ¢) Present method, coarse mesh; d) Present
method, fine mesh.



Chapter 3

Reformulated Navier—Stokes
equations

The object of this Chapter is to extend the reformulated method studied in
Chapter 2 to the steady, incompressible Navier—Stokes equations 1.12. The
difference of this equations with the Stokes problem 1.13 is the appearance of
a nonlinear term embracing convective effects, which was neglected in 1.13.

The incompressible Navier—-Stokes equations model a large number of flow
situations, and are used in many practical applications. Moreover, they are
the 'next stage’ towards the study of the unsteady Navier-Stokes equations:
they are still affected by the incompressibility condition and they introduce
the difficulties relative to the nonlinearity, but not the time evolution yet.

The development and study of numerical methods to approximate the
solution of these equations has received much attention in the last decades.
Besides incompressibility, they have to deal with the treatment of the nonlin-
earity of the problem and the advective-diffusive character of .the equations,
which is specilly hard for high Reynolds number flows. Thus, nonlinear
solvers and, in some cases, techniques to stabilize the convection, are re-
quired to approximate these equations, as well as adequate treatment of
incompressibility.

We review a few basic facts about the steady, incompressible Navier—
Stokes equations in Section 3.1, concerning the existence, uniqueness and
approximation of solutions. In Section 3.2, we present the extention of the
reformulated method to this problem, while in 3.3 we prove stability and op-
timal convergence of the method to the solution of the equations, assuming
uniqueness of such a solution and the stability condition 2.28 of the linear,
reformulated Stokes problem. We then consider several possibilities for the it-
erative solution of the resulting nonlinear system of discrete equations, which
we present in Section 3.4. Finally, we show some numerical results obtained
with this method on three test cases, including a numerical convergence study
which confirms the optimal error estimates proved theoretically.
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CHAPTER 3. REFORMULATED NAVIER-STOKES EQUATIONS

3.1 The steady, inc’pmpressible Navier Sto-
kes equations

We recall here the steady, incompressible Navier-Stokes equations for refer-
ence, with homogeneous Dirichlet boundary conditions:

(u-V)u — vAu + Vp = f in
Viu = 0 inQ (3.1)
u = 0 onl

Complete studies of this equation system can be found, among others,
in [71], [105] and [43]. We mainly follow these last two references here.
With the definitions of the operators b and ¢ given in Section 1.2, and given
f € H1(Q), the weak form of these equations consists of finding u € H3(Q)
and p € LZ(Q) such that: v

o(u,u,v) + v(Vu,Vv) + b(v,p) = <f,v> VYveHy(Q)
b(u,q) = 0O, Vge Ly(Q)  (3:2)

Since we are assuming 2 bounded and Lipschitz continuous, problem 3.2
has at least one solution (see [43]), which satisfies 3.1 in distribution sense.
Uniqueness does not hold in general, but it holds for sufficiently small data
or sufficiently large viscosity. The precise form of these statements may be
written in different ways; following [105], we take it as the following condition,
where from now onwards we assume that f € L(Q):

. CaCulf
T = —'——‘;z—ll < 1 (33)
The constant Cq was introduced in 1.14 and Cjq; is the constant appearing
in the standard continuity condition of the trilinear form c.

Under the assumption 3.3, the solution (u,p) of 3.1 is unique. If the ho-

mogeneous boundary condition is replaced by a nonhomogeneous condition:

u=1u on'l

where 1 satisfies the null flux condition 1.9, similar existence and uniqueness
results can be obtained, the latter under a condition similar to 3.3.

Standard Galerkin finite element approximation of the Navier-Stokes
problem 3.2 is subject to the same compatibility restrictions as the Stokes
problem: the inf-sup condition 1.27 should hold for standard optimal con-
vergence results. This is the case for the @, P; element; for the popular @15
element, however, macroelement techniques may be used again.

We introduce here the matrix form of a discretization of the Navier-Stokes
equations 3.2 by the Galerkin finite element method. In the notation used
up to now, the discrete version of 3.2 can be written as:
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AU)WU + KU + GyP = F
GWU = 0 (3.4)

where A(U) is the convective matrix with a given (nodal) velocity field U.
Some iterative method should be used to find a solution of the nonlinear
problem 3.4; standard schemes for this problem are Picard’s iteration and
Newton—-Raphson’s method, which are first and second order schemes re-
spectively, apart from methods of gradient type (see [43]). One drawback
of Newton-Raphson’s method is that the initial approximation used in it
should belong to the attraction basin of the solution for the scheme to con-
verge. These two schemes take the following form in this context:

e Picard’s method:

AU + KU + GoP' = F
GiU* = 0

e Newton-Raphson’s method:

AU + AUU + KU' + GoP' = F + AU
GiUP = 0

We will use these two approximations in Section 3.4.

3.2 Development of the method

3.2.1 The continuous problem

We present our extension of the reformulated method for the Stokes problem
2.14 to the Navier—Stokes problem 3.1 with homogeneous boundary condi-
tions. Our analysis is valid for any trilinear form ¢ defined on (H}(Q))?
which is skew-symmetric in its last two arguments and continuous; it is also
restricted to a class of Navier-Stokes problems with some additional regular-
ity conditions, which we define next in a similar way to the Stokes case.

Definition 3.1: the steady, incompressible Navier-Stokes equation 3.1 is ca-
lled regular if its solutions satisfy u € H%(Q) and p € H' () whenever
f € L*(Q), and there ezists a constant C, > 0 such that:

lluflz + llpll. < C.If|
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|

As in the linear case, this is téo restrictive for our purposes. We only
need the pressure gradient to be in L*(£2); we call this case again a p-regular
Navier-Stokes problem:

Definition 3.2: the steady, tncompressible Navier-Stokes equation 3.1 is called
p-regular if its solutions satisfy p € H'(2) whenever £ € L%()

The reformulation of problem 3.1 that we propose is the following, where
we adopt the skew—symmetric form of the convective operator:

%(V-u)u +(u-V)u —vAu +Vp = f inQ
Vp—w = 0 in{
V-u + a(-Ap+Vw) = 0 inQ (3.5)
u = 0 onT
n-Vp —n-w = 0 onl

where, again, o > 0. Calling again Vy = H}(Q), Q@ = H(Q)/R and V =
L?*(f), and assuming f € L%(Q), the weak form of this problem consists of
finding u € Vp, p € Q and w € V such that:

Huuv) + (VR TY) + (Vpv) = (£v), Vel
(V-u,q) + «Vp,Vq) — o(w,Vqg) = 0, VYqe@ (3.6)

We prove that in case the Navier-Stokes problem is p-regular and under
the uniqueness condition T < 1, problem 3.6 has a unique solution, which is
the solution of the original problem:

Proposition 3.1: assume that the Navier-Stokes problem is p-regular and
that condition 3.3 holds; then, there ezists a unique solution (u,p,w) €
Vo x Q XV of 3.6, where (u,p) is the unique solution of 3.1 and w = Vp in
L3(Q).

PROOF: existence is a consequence of the properties of the solution (u,p)
assumed. To prove uniqueness, we define a form D on (V5 x @ X V)? as:

D(u,p,w;v,q,¥) = v(Vu,Vv) + (Vp,v) + &u,u,v) + (V- u,q)

+a(Vp,Vq) — a(w,Vq) — ao(Vp,y) + a(w,y)
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which is quadratic in its first argument and linear in its second. Problem 3.6
can then be written as:

D(u,p,w;v,q,y)=(f,v), ¥(v,q,¥)€ (Vo xQ@xV)
The coercivity of the linear problem is preserved due to the skew—sym-
metry of the operator ¢:

D(u,p,wiu,p,w) = vllull’ + o|Vp—w[’, V(u,p,w)€(VoxQxV)
so that the stability estimate:

Calf|
llull < == (3.7)
holds for any solution. Let now (u.,p.,w.) and (W, Pus, Wux) be two such
solutions. We call (1, 5, W) their difference, so that for all (v,q,y) € (V; X

QxV):

D(8,5,%;v,q,y) = —&(Uus, @, V) — &i,u,,v) + &d,i,v)  (3.8)

v|[al? + «|Vi-w* = D(4,5%;8,5,%) = —&i,u,,i)
Therefore:

_ - Calfl,,_
Al < Collalfllll < O Z2 e,
so that condition 3.3 implies @i = 0, that is, u. = u... The continuous LBB

condition ensures that there exists v € V4 such that:

L2 . (V5 V)
Blal* < =0
vl
according to 3.8 with G = 0; this implies p, = p.. in Q. Finally, w = V5 =0
yields w, = W,,, so that the solution is indeed unique. O

3.2.2 The discrete problem

Let now Voo C Vo, @Qrn C @ and Vi C V be finite dimensional subspaces
associated to a discretization of 2 into finite elements, indexed by A > 0.
The discrete version of 3.6 reads:

&(up, un, i) + v(Vup, Vvy) + (Vpr,vi) = (f,vr),Vvi € Vip
(V-llh,Qh) + a(vph,v%) - a(Wh,VQh) = 01 vthQh (39)
(Vor,yu) — (wn,ye) = 0, VyreW
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We prove existence of a solutiori of 3.9 as the limit of an iterative Picard’s
method. Given uj € Vi arbitrary, we generate a sequence (uj,ph,w}h) €
Vho X Qr X V4 such that:

E(ui’l,ui,vh) + V(Vu};,Vvh) + (Vp};,v;,) = (f,Vh),VVhE Vh,o
(V-u,qn) + VP, Va) — o(wy, Vgr) = 0, Vgu € Qn (3.10)
(Vp;nyh) - (w;17Yh) = Oa Vyh €W

This linear problem has a unique solution if the interpolation satisfies
condition 2.28: '

Proposition 3.2: assume that Vhp, Qr and Vi satisfy 2.28. Then, given
u;”! € Vi, 3.10 has a unique solution (u},pi, w}) € Vio X Qr x Vi.

PROOF: problem 3.10 can be seen as a reformulated Stokes problem; the
bilinear form associated to it is defined on (Vo X Qn x Vi)? by:

Di(uh) DPhyWh; Vi, Qh, Yh) = V(VUh, vvh) + (VPh; Vh) + é(ui_la Up, vh)

+(V - un, gr) + &(Vpr, Var) — (Wi, Var) — o Vpr, yr) + a(Wh, Yr)

This form satisfies the same coercivity condition as the linear problem,
since, for all (ux, pr, Wi) € (Vio X Qn X Vi)

Di(“h,Ph,Wh; uhaPh,Wh) = V”“h“2 + o|Vp, — Wh|2,

Problem 3.10 then reads:

Di(uh)ph) Wh; Vi, Qh,)’h) = (f’ Vh), V(Vh,, qh, Yh) € (1/}1,0 X Qh X Wl)
so that any solution satisfies the stability estimate:

Calf
lluall < ———‘:II | (3.11)

Moreover:

a|Pa(VeL)P = a|Vp, —wil® < (fu}) < —2—

so that:
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Calf|
(au)l/z

Since problem 3.10 is linear and finite dimensional, it is sufficient to show
that the homogeneous problem has a unique solution. Setting f =0 in 3.11
and 3.12, we get u}, = 0 and P, 3(Vp,) = 0. Taking v = P,1(Vp}) in 3.10,
given that |P,1(Vph)1? = (Voi, Pr1(Vph)), we obtain Py;(Vpi) = 0, and,
by 2.28, Vp, = 0. Finally wj = P 1,(Vpi) = 0. I

|1Poa(Vrs)| < (3.12)

We next prove that the sequence of iterates converges to a solution of
3.9. In particular, this establishes the existence of such a solution. For this
purpose, we require condition 2.28 and the inverse inequality 1.23 to hold;
we will also assume the uniqueness condition T < 1, which will be shown
later to be a sufficient condition for uniqueness here too.

Proposition 3.3: assume that the discretization O of Q is uniformly regu-
lar, so that the inverse inequality 1.23 holds, that the interpolation satisfies
condition 2.28 and that 3.3 also holds. Then, for arbitrary u) € Vi, the
sequence of Picard iterates (ui, pl,w}) converges to a solution (un,pn, Wr)

of 3.9.

PROOF: substracting 3.10 for 7 and ¢ — 1, we get:

v(V(u —ui), Vva) + (VB —5)va) (3.13)
+ &(ui?t — ,u},”l,vh) + &(ui v, — uh Lvi)= 0, Vvi € Vi
(V- (uh — uj, ") + a(V(Ph — P 1)’ Var) (3.14)
- o(wj, —w;,Vas) = 0, Van € Qn
(V(ph—ph ') yn) — (Wh—wi',yn) = 0,Vyne W (3.15)
Taking v, = uj, —uj ' in 3.13, g» = pi —p} ' in 3.14, y, = —a(wi—wi™)

in 3.15 and adding them up, we find:

ok~ i1+ @IV~ )~ (wh - ""‘)I’ (3.16)
+ &(uy - u g - uyt) =
Thus:
V”uh - “h 1”2 < Cm ”“;z - uh 2” ”“h 1” ”uh - uh 1”
CaCiu |f] |, ;- i i e
< — ”“h ! u, 2” ”“h — U 1”

v

or equivalently:
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i

||uh—uhlll Tljuy™ — w||

and, by induction:

Huh—‘uh 1” < Huh—uhHT‘"‘ < C T

The hypothesis T < 1 ensures the convergence of uj, in the finite di-
mensional space Vio. If we now take vy = Pp1(V(pi — pi ")) in 3.13, we
get:

1Pua(V@h = 27N = (V(on = 27), Paa(V(ps — 5h)))
= —y(V(uj —uj 1) Pur(V(pi — pi71)))
(:(u‘_1 _ u;‘-z, uh ,Ph 1(V(Ph —1))
= uituh — i, Paa (Vo — i)

< [pliwh = w7 + Cunlui —ummu'-‘u
+ Cun |lwf ] [luf, — w7 1] Paa(V(Bh — 2]
C i i i~
< (T P (Y, ~ 7))
so that:
|Paa(V(ph — 7)) < r‘- (3.17)

From 3.16 we also get:

1Pus(V(ph — oW = e [V(p,~pi ") = (Wi = wi )l

< Cmm ”“i—lll ”“;; - “h 2” ”uh - uh l“
S C T2i—1
which implies:
|Prs(V(ph ~ i) < CT1 (3.18)

From 3.17, 3.18, 2.28 and 3.3, convergence of pj to some ps in Qp is
established. Finally, wf1 = Ph,lz(Vp;;) also converges to some wy € V.
Taking the limit of 3.10 when ¢ tends to infinity, we prove that (us,pr, W)
is a solution of 3.9. N

The proof of Proposition 3.3 shows in particular that Picard’s method is
a first order scheme for this problem.

We have proved, in particular, that under the inverse inequality 1.23,
the compatibility condition on the interpolation 2.28 also required for the
linear problem and the uniqueness condition 3.3 of the standard continuous
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problem, a solution of the discrete reformulated problem 3.9 exists, which
can be obtained as the limit of the Picard iteration 3.10 starting from an
arbitrary u). To end this Section, we establish the uniqueness of such a
solution under the same conditions:

Proposition 3.4: assume that 1.23, 2.28 and 3.3 hold. Then, the solution of
3.9 is unique.

PROOF: the proof is essentially the same as in Proposition 3.1. Any solution
satisfies:

D(uh,Ph,Wh;Vh,Qh,}’h) =(f,vn), V(Va,gn,yn) € (Vo x Q x V)

and therefore:

Calf|

v

|lus|| <

If (WhpyPhoy Whix) and (Up sy Phosx, Whex) are two solutions, and we call
again ({ip, Pr, Ws) their difference, we find again that for all (vi,gn,yn) €

(Vo X Q X VA):

f)(ﬁh,ﬁh,v'vh; Vh, qh,yh) = —E(uh,**, ﬁh,Vh) — E(ﬁh,uh,,,vh) + E(ﬁh,ﬁh,vh)
(3.19)

This implies:

w||an]|? + a|Vn — Wal* = D(tin, Br, Wi n, Pry Wa) = —&(fin, Upa, )
and:

C111Calf
Al < S0l g, e
so that 3.3 implies @iy = 0. Taking now v, = P, 1(Vdr), g = 0 and y, =0
in 3.19, we find Py 1(Vpr) = 0, whereas v, =0, gr = pi and y,, = Wy, yields
Py 3(Vpr) = Vpp — Wy = 0. Condition 2.28 then ensures that Vp, = 0, and
ﬁna.lly V_Vh = Ph,lZ(Vﬁh) = 0 D

In summary, we have proved existence and uniqueness of a discrete solu-
tion of the reformulated Navier-Stokes problem 3.9, assuming the weak com-
patibility condition 2.28, the ’classical’ uniqueness condition 3.3 and some
regularity of the mesh: the discrete LBB condition is not required at all.



CHAPTER 3. REFORMULATED NAVIER-STOKES EQUATIONS

3.3 Stability and convergence of the method

We extend now the stability and éonvergence analysis performed in Section
2.3 for the reformulated Stokes problem to the Navier-Stokes case. The
conditions needed for this purpose are, again, the stability condition 2.28,
the inverse inequality 1.23, some regularity of the solution of the original
problem and a certain behaviour if the coeflicient « in terms of the mesh size
k; for this nonlinear problem, however, we will also require the uniqueness
condition 3.3.

3.3.1 Stability

Let us first establish a stability estimate, which is essentially underlying the
existence results already proved:

Proposition 3.5: assume that 1.23, 2.28 and 3.3 hold; assume also that o
satisfies 2.29. Then, the solution (un,pr,wWr) of 3.9 satisfies the stability
estimate:

W Can, pro wa) [l < Cfl, (3.20)

for some constant C independent of h, where |||.]|| is the mesh dependent
norm defined in 2.31.

PROOF: we proof that the Picard iterates (u},pj, w}) satisfy 3.20, so that
this will also hold for (u,pr,wr) by passing to the limit. According to

3.11, we have that |juj|| < Calf

, and by 3.12 and the assumption on «,

IPh,s(VP;,)I < %Ifl Moreover:

| Paa(Vrs)?

(Yo}, Ph.l(Ypf.)) . . (3.21)
(£, Par(Vpn)) — v(Vii, VP (VE}))
&(uj, uj, Paa(Vph))

< |Ph.1(VPh)| + v ||ajll ||?’h.1(VP;;)||

4+ Cua TR Pea (VR

< [lf{ +v C’(:/If| ’c; Clncnlfl C] iPhl(vPh)!
< C'hil |Pra(Vr3)l

according to 3.10, 1.23(,;’the continuity of ¢ and the Schwarz inequality. This
yields |Pu1 (Vi) < z—lfl Condition 2.28 then ensures that |Vpj| < %Ifl

and since |w}| = |Pr12(Vpi)| < |Vpi|, we prove 3.20 for (uj,pi, w}), and,
by taking the limit when ¢ tends to infinity, for (ux, pn, ws). |
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3.3.2 Convergence in natural norms

To prove optimal convergence of the discrete solution of 3.9 to the continuous
solution in natural norms, we repeat the analysis of the linear problem, only
modified to account for the effects of the convective term. We will therefore
focus only on these effects here.

Theorem 3.1: assume that the Navier-Stokes problem 3.1 is p-reqular, and
that conditions 1.23, 2.28 and 3.3 hold; assume also that a satisfies 2.36.
Then, the solution (uy,pr, Wr) of 3.9 satisfies:

Hl (2 = un,p — pr, Vp—wi) ||| < CE(R) (3.22)

for some sonstant C > 0 independent of h, where (u,p) is the solution of 3.1
and the interpolation error function E(h) was defined in 2.38.

PROOF: for any (V,qr, Y1) € Vap X @ X V, we have:

D(u — up,p — pr, Vp — Wh; Vh, qh, Y1)
= v»(Vu, Vi) + (Vp,vi) + &(u, u,vy) (3.23)
v(Vug, Vi) — (Von, vi) + &(un, ug, vi)
—_ E(u, Uy, Vh) - E(uh, u, V},)
= 2¢(up,up,vp) — &(u, up, v)
—  &(up,u,vy)
= &(up — u,un, Vi) + c(up, up — u, vy)

This implies, by the linearity of D in its second argument, that:

D(u — up,p — pr, VP — Wi; U ~ Us, p — pr, Vo — Wp)
= D(u—up,p—pn,Vp—Wiu—vs,p—aqn Vo—yi) (3.24)
+ &(up —u,up, Vp — ug) + &(up,un —u, vy — ug)

for any (Vh, gn,Y&) € (Vao X Qn X V). Coercivity of D implies that:
LHS of 3.24 = v||u — up||* + a|Vpr — w|?

whereas:

v(V(u—up), V(u—vz)) + (V(p — pr),u — vi) (3.25)
(V(gn — p)yu — up) + &(wh — Vpn, ¥n — Vi)
“S(u—up,u—up,u—vy) + é(un —u,up, vy — uy)

RHS of 3.24

+ + +

E(uh, Uy —u,vy — uh)
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For the linear part, the same argument as in Section 2.3 is valid here, so
that it will not be repeated. As for the quadratic terms, we have:
?

QT = ¢&u-—up,u—upu—vy) (3.26)
+  &(up —u,up, Vi —ug) + &(up,up —u, vy — up)
= &u—up,u—upu—vy) + &u—upusu—vy)
+  &(u—up,up,up —u) + up,u— up,u— vy)

+ &(up,u —up,up —u)
= &u—ug,u,u—vy) + éu—u, up,up —u)
+  &(up,u —up,u—vy)
2C111Calf|
< 2O Golll i = vl
C111Cqlf
Gl e

according to the stability estimates derived above for the continuous and
discrete solutions. The first term of 3.26 is the product of an error of the
method and an interpolation error, and it can be included in the convergence
analysis of the linear problem. The second term can be passed to the left—

Culf '
CnCalf| al |) [|[u — ux]]®. Condition 3.3 ensures that

this coeflicient is positive, and the analysis of the linear problem can then be
repeated. O

hand-side, yielding (v —

3.3.3 Convergence in L2-norm

We finally prove that the error estimates derived for the discrete solution of
the reformulated Navier-Stokes problem can be improved by an order in 4 in
the norm of L?(Q2), in a similar way to the Stokes problem. For the velocity
error estimates, we will need an auxiliary problem which we study first. In
a similar way to [21], we call y € H}(Q) and x € LZ(f2) the solution of the
following linear problem:

A v)) = Howysv) + &v,u,y)
- (x,V-v) = (u—u,v), VveH}) (3.27)
(V-y,q9) = 0, Vg e LY(Q)
Existence and uniqueness of a solution to this problem is guaranteed by

the stability estimate of the continuous solution u, the uniqueness condition
3.3 and the continuous LBB condition:

Lemma 3.1: assume that 3.3 holds; then, problem 3.27 has a unique solution
(y1 X)‘ '
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PROOF: taking v € Y, the first equation of 3.3 can be written as:

a™X(y,v) = v(¥,V)) = {un,y,v) + &v,0,y) = (u—us,v) (3.28)

The bilinear form a*"* is continuous in Y X Y, due to the continuity of the
trilinear form & on (H}(Q))? and the stability properties 3.7 and 3.11 of the
continuous and discrete solutions u and uy, respectively. Skew-symmetry of
¢ implies that, forall ve Y:

a®™(v,v) = v|v|]’ = &v,v,u) > v|[v|* = Ciut||v|*{|ull
C111Calf]|
- =2 | vl

>
> (v »

and the uniqueness condition 3.3 ensures that this coefficient is possitive, so
that a®* is coercive on Y. The Lax-Milgram theorem establishes existence
and uniqueness of a solution of 3.28 in Y, and the continuous LBB condition

1.25 that of x in L3(Q). O

This result is now used to obtain improved error estimates for the velocity
and pressure in the space L*({2), assuming more regularity on the domain:

Theorem 3.2: assume that the domain Q is such that the Stokes problem
2.13 is regular, that conditions 1.23, 2.28 and 3.3 hold, and that a satisfies
2.36. Then, the solution (un,pr, Wr) of 3.9 satisfies:

where (u,p) is the solution of 3.1.

PROOF: the proof is essentially the same as in that of Theorem 2.2 in Section
2.3, so that only the modifications related to the convective term will be
specified. The regularity now assumed on 2 implies that the estimates 2.64
hold for the solution (y,x) of the auxiliary problem 3.27. Let now y; and x
be optimal order approximations satisfying 2.65 and T; (i=1,2,3) the three
terms into which |u — up|? can be split (see the proof of Theorem 2.2); we
only need to account for T3, which is now:

T, = V(V}’h, V(u - uh)) - E(“Mya u- uh) + E(u — Up, ll,}’)
= —(V(p - ph)7yh) + E(uh’ Uy, Yh) - E(ll, uaYh)
— &up,y,u—ug) + u—u,u,y)
= (V(p—pa),y —y&) + &(un,up —u,y1) — &up,up —u,y)
+ E(uh —uu, yh) - E(Uh —u, uvY)
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I

IANIN IN +

(V{p—pr),y — ¥n) +§E(uh,uh —W,Yr—Y)

&(up —u, 0, ¥y, —y)

V(e — pu)l Iy = yal + Crua [|us — ul| (JJus|| + [[ul]) [y — ¥l
CR* [yl [V(p —pa)| + Ck |lur —ul| [ly]l2
Ch(h|V(p—rpr)l + [[(u—uz)l]) |(u—u)

and the error estimate for the velocity is established. As for the pressure,
we call again z and ¢ the solution of the Stokes problem 2.66 and z; an
approximation of z satisfying 2.68; we now have:

lp — pal?

-+

o+ +

AN+ + +

ININ +

(p=pr,p—p1) = (V-2,p—ps)
(V-(z—2),p—pr) — (2, V(P — pn))
—(z—2zr, V(p—pn)) + v(V(u—us),Vzy)
¢(u,u,zp) — &(un, un,zs)

—(z—21,V(p—p1)) + v(V(u—u),V(z —z))
(V(u —up),Vz) + &(u,u — un,zs)

c(u — up, up, z1)

~(z2 =21, V(p—pr)) + v(V(u—up),V(zr —z))
(V(u —ug),Vz) + &(u,u — up,z, — 2)

¢(u,u —up,z) + &u — up,up,zn — 2)

&(u — up, up, z)

|z — z&| [V(p — pn)| + v [la—un|[(||z — za|]| + z]])

Cqlf
Cin n| | |u—uh|(2|lz—zh|| +2||z“)

[CRIV(p—pu)| + Cllu—unll] ||z
C(R|V(p—pr)| + llu—unll)Ip — pxl

and the estimate for the pressure is established. O

3.4 Compﬁtational aspects

The discrete nonlinear equation system 3.9 can be solved numerically in
different ways. We studied and compared several possibilities for its solution,
all of which take the form of iterative methods.

With the notation introduced up to now, the equation system 3.9 relative
to a finite element discretization of the domain € can be written as:

AU + KU + GoP
—-GU + aLP - oG'W =
GP - MW = 0

S M

(3.30)
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This equation system is a nonlinear problem for the variables (U, P, W);

standard nonlinear solvers may be applied to it, but, once more, it seemed

appropriate to take advantage of the particular structure of the system, so as
to reduce its size and storage requirements. We decided to develop iterative
solvers based on the coupled block-Gauss-Seidel method for the linear prob-
lem introduced in 2.5.2 ( the uncoupled block-Gauss-Seidel scheme of 2.5.1
was impractical even for the linear case). We will first present the different
alternatives considered, which employ either a Picard or a Newton—Raphson
method for the nonlinearity, and then show their performance on a standard
test problem. We concentrate here again on the performance of each of the
different schemes, putting off to the next Section the analysis of the results
actually achieved, which, anyway, were almost the same for all the methods.

All the schemes are presented in the form of an iterative process for the
variables U, P and W. The same initializations as in the linear case are
assumed.

In the implementation on the computer, we have adopted the standard
formulation of the convective term (u - V)u, as in equation 3.1, although
the analysis of the reformulated method for the Navier-Stokes problem was
based on a skew-symmetric formulation. Nevertheless, the discrete velocity
field in this method is 'nearly’ incompressible, since, according to 3.9, we
have that V - u; = O(a|Vps — wy|). This quantity will be small, given that
a = O(h*?) and that both Vp;, and wj approximate Vp to optimal order in
k. The difference between the two formulations of the convective term in
this method is negligible.

3.4.1 Nonlinear iterative solvers

We considered several possibilities for the numerical solution of the nonlinear
system of equations 3.30, which we explain in what follows.

e Coupled formulation-nonlinearity scheme.

We considered the possibility of coupling the iterations required to solve
the linear problem with the coupled block-Gauss—Seidel scheme, which
we say are due to the formulation, with those of a nonlinear solver,
either by an explicit, Picard’s or Newton—-Raphson’s method.

The first and simplest alternative consists of evaluating the nonlinear
term A(U)U at the previous iteration values, in an explicit way. Thus,
a straightforward extension of the coupled block-Gauss—Seidel scheme
to the nonlinear case reads:

KU' 4+ GoP* = F—AUTHU?
—GtU' + oLP' = oG'W™?
MW: = @GP’
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The obvious advantage of tilis scheme is that the system matrix of
the linear problems to be solved at each iteration is the same for all
the iterations; it can thus be computed and factorized only once at
the beginning of the calculations, if direct methods are to be used for
these linear problems. The computational cost of this method is, in
principle, similar to that of the linear problem, but for the evaluation
of the convective residue A(U*~!)U*~! at each iteration and if a similar

number of iterations were required for convergence.

The explicit approximation of the convective term is a zero—th order
method. Its main disadvantage, however, is that it is highly.unstable,
even for relatively low Reynolds number flows; in our computations, we
could not go beyond a value of Re = 10 with this scheme. This makes

this alternative not usable in practical situations.

If a Picard’s approximation is used for the nonlinear term, the scheme

reads:

AU 4+ KU' + GoPP = F
—GiU* + oLP' = aG'W?
MW = GP*

whereas for Newton-Raphson, it is:

AU + A(UHUT + KU 4+ GoP' = F+ AUTHU?

=GU* + aLP' = oG'W?
MW' = GP

We expected this coupled schemes to combine the stability properties
of the nonlinear solvers with the convergence properties of the method
for the linear problem, maybe at the expense of a few extra iterations
with respect to the linear problem. However, the matrix for the linear
systems for velocity and pressure to be solved at each iteration is not
constant any more, and needs being computed and factorized at each
iteration. The mass matrix for the pressure gradient equations may,
again, be considered consistent or lumped. The convergence criterion
for this method is the same as for the linear problem, that is, 2.102.

This method produced acceptable convergence results, but still not
comparable to standard nonlinear solvers (see 3.4.2). Other sources
of trouble were that the method was unstable for large values of the
Reynolds number and that succesive over (or under) relaxation proved

inadequate in this case.

104



CHAPTER 3. REFORMULATED NAVIER-STOKES EQUATIONS

¢ Nested formulation—nonlinearity scheme.

We considered a second possibility consisting of a pair of nested loops,
an outer iterative process for the formulation, similar to the coupled
block—Gauss-Seidel scheme of the linear problem but with a fully im-
plicit approximation of the nonlinear term, and an inner iteration loop
to solve this nonlinearity at each of the outer iterations. That is, at
the i—th iteration level of the outer scheme, and with the following
initializations for the nonlinear solver: U*® = Ui~!, P#® = Pi~1 and
Wi® = Wi, the nested formulation-nonlinearity scheme with a Pi-
card’s method for the nonlinearity is:

AU YUY + KUY + GoPY = F
—GU% + alP% = oG'W*!
This scheme i$ iterated in j until the convérgence criterion:

|Ui,j _ Ui,j—-ll2 'Pi,j _ Pi,j—llz
(Uil 7 [P,

max( ) < €m (3.31)
holds. In that case, we set U* and P* equal to the last iteration values,
and update Wi~ as MW* = GP:. For Newton-Raphson’s case,

this scheme becomes:

A(US1Y U™ + A(UM)US! + KUY + GoPY = F
+ AU
~GyU% + aLP¥ = oG'W™?

In either case, the outer iteration loop stops when condition 2.102 is
satisfied.

These methods have the disadvantage that at each of the outer itera-
tions, a number of linear systems has to be solved with different system
matrices, which have to be computed and factorized every time. Nev-
ertheless, we hoped that as the outer iteration scheme proceeds, the
number of inner iterations needed to solve the nonlinearity would de-
crease, since the initial values for the nonlinear solver progressively ap-
proach the solution. This fact could, in principle, make these methods
competitive with the previous ones, but that was not the case.

o Nested nonlinearity—formulation scheme.

Finally, we developed a method in which the inner and outer iterations
loops of the previous schemes are performed in reversed order. That
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is, an outer iterative method is considered to solve the nonlinearity of
the full problem, within which’an inner iteration scheme of the coupled
block-Gauss-Seidel type is used for the formulation of the method. In
Picard’s case, setting U% = Ui~1, P% = Pi~! and W% = W7-! at
the j—th outer iteration level, this means:

I
3

AUTIHUY + KUY + GoP™
~GiUY + aLP% = oG'WH
MW = GP%

This scheme is iterated in 7 until:

Err(U, P43 Wi, Ui—hi | pi=td Wi 19) < e,

where the error function Err was defined in 2.102; the final values of
U3, P and W% are then taken as U7, P/ and U, respectively. The
outer iteration (in j) proceeds until:

Err(U7, P, W7 U PP W) < e

Convergence of this Picard’s iteration in j was proved theoretically in
Section 3.2.

In Newton-Raphson’s case, this becomes:

AU + AU U + KUY + GoPY = F+ AU U7
~GyU* + alP% = aG'W™H
MW" = GP%

These methods proved to be superior to any of the schemes previously
considered. At each of the outer iterations, a single system matrix
needs being computed, which is the same for all the inner iterations
(since it does not depend on (i — 1)). Moreover, the number of inner
iterations required to solve the linear formulation decreases as the outer
iteration scheme advances, becoming very small in the last stages, as
the initial approximation approaches the solution.

In the next Subsection we present a study of the computational perfor-
mance of all these different iterative schemes on a test problem. In particular,
we compare the convergence rates of these methods for the solution of the
reformulated Navier-Stokes equations 3.30 among themselves and with the
GLS method, which is again one of the most widely used methods for the
Navier—Stokes equations existing nowadays; besides, this scheme, like ours,
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is also formulated in terms of primitive variables and allows the use of equal
order interpolations.

The extension of the GLS formulation of the Stokes problem to advective-
diffusive equations first and then to a linearized form of the incompressible
Navier-Stokes equations was studied by L.P. Franca et al. in [35] and [36],
and convergence analysis for these methods were also given in [37]. For the
full nonlinear, incompressible Navier—-Stokes equations, the GLS method can
be written as:

+ V(Vu;,, VV;;) + (Vph, Vh)
+ Z ag ( (un - Vup — vAu, + Vo, — £, (up - V)vi — vAvy )K

Kety
= (f,vs), Vvi € Vho
(V * Up, qh) + Z oK ((uh . V)uh —vAuy, + Vp, — f, th)
Keé,
= 0, Van € Qn

(once again, we have omitted term 7,(V - us, V - v;,)) present in the original
formulation of the method, see [36]). The local parameters ax are taken here

again as ag = aol, where ag = 1/3 for the P, and Q; elements.

Notice that this scheme introduces additional nonlinearities in the prob-
lem, such as a cubic one or the dependence of the coeflicients ax on u.
Quadratic convergence rates of Newton-Raphson’s scheme are not preserved
for this problem, so that a Picard approximation is used for all convective
terms in these equations. The proof of convergence of this method to the
continuous solution is still an open problem.

3.4.2 Performance of the iterative schemes

As a test problem to evaluate the convergence rates of the different schemes
just presented, we considered again the cavity flow problem, this time for the
Navier-Stokes equations 3.1. This flow problem was solved at two different
Reynolds numbers, Re= 400 and Re= 1000.

We used the nonuniform 39 x 39 mesh of Figure 2.4, with a P1 element
interpolation. We employed local values of the parameter a. A consistent
mass matrix was taken for the pressure gradient in all cases (mass lumping
did not affect the convergence of the nonlinearity). These data were selected
because they displayed the best results in the linear case, so as to concentrate
here on the performance of the nonlinear solvers.

We present the convergence results for the different schemes in Table 3.1
for Re= 400 and in Table 3.2 for Re= 1000 (the explicit scheme diverged in
both cases). The methods are coded according to the following notation:

e CFNP: coupled formulation-nonlinearity Picard method
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e CFNNR: coupled formulationﬁ-nonlinearity Newton-Raphson method
e NFNP: nested formulation—nc;nlinearity Picard method

o NFNNR: nested formulation-nonlinearity Newton—-Raphson method
e NNFP: nested nonlinearity—formulation Picard method

e NNFNR: nested nonlinearity—formulation Newton—Raphson method

We include the performance rates for the GLS method for comparison.
We show the number of outer and, when applicable, inner iterations needed
for convergence in each case for the following values of the different tolerances:

e CFN: €0, = 1073,

o NFN: e.op = 1073, € = 107

o NNF: ey = 10-, ey = 105, for Re= 400,
o NNF: €on = 104, e = 10-3, for Re= 1000
o GLS: ¢y =1073.

which were chosen so that the precision of the solution of the inner iteration
loop did not influence the convergence of the outer loop, which was always of
0.1%, and so as to converge fastest in each case (in this sense, in the NNFP
case for Re=1000 a relaxation value of 1.3 was used). We also show the total
computing time, as a percentage of that of the NNFP scheme. The cases
that are not indicated in this Tables diverged. ‘

It can be observed that both in CFN and NFN based schemes the conver-
gence is dominated by the formulation, and rather slow; NFN schemes are
specially costly because of the need to form and factorize the system matrix
at each of the inner iterations. On the contrary, in NNF schemes the overall
convergence is dominated by the nonlinearity, and the convergence of the
inner iteration loops becomes faster as the outer loop proceeds; in particu-
lar, Newton—Raphson’s scheme requires a few iterations less than Picard’s,
but it is globally more expensive due to the evaluation of some extra terms,
and becomes unstable at Re=1000 (we tried starting it after as many as 5
Picard’s iterations and it still diverged). Finally, our NNFP scheme proved
to be a little more costly than the GLS method, given that it needed one
more iteration in both cases and that it has to deal with the inner iteration
loop for the coupling with the pressure gradient variable.

108



CHAPTER 3. REFORMULATED NAVIER-STOKES EQUATIONS

Scheme | Outer Iterations | Inner Iterations | Total CPU time
CFNP 17 - 200
CFNNR 17 - 285
NFNP 17 14,14,13,10,10,10 1461
9,6,6,6,6,6
5,5,2,2,2
NNFP 8 16,11,7,5,4,2,2,1 100
NNFNR 6 16,11,5,10,10,1 108
GLS 7 - 85

Table 3.1: Convergence of the nonlinear solvers, Re=400.

Scheme || Outer Iterations | Inner Iterations | Total CPU time
CFNP 67 - 563
NNFP 11 9,15,17,17,13,12 100
10,8,7,6,5
GLS 10 - 82

Table 3.2: Convergence of the nonlinear solvers, Re=1000.
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!
3.4.3 Summary of compiutational aspects

We have developed several methods.for the solution of the nonlinear discrete
problem 3.30, all of which take the form of iterative schemes with either
a Picard or a Newton—-Raphson approximation of the nonlinearity. After
several tests on a benchmark problem for two different values of the Reynolds
number, it turns out that the most efficient scheme is a system of two nested
loops, the outer one being a Picard iteration for the nonlinearity and the
inner one a variant of the coupled block-Gauss—Seidel scheme of the linear
problem with an additional advective term. This method remained stable and
convergent even for moderately convective problems, when Newton-Raphson
based schemes diverged due to poor initializations.

A comparison of the performance of this scheme with the GLS method for
the same test case indicates that the latter needs about 20% less computa-
tional time than the former, in average. However, the reformulated method
retains the quadratic convergence of Newton-Raphson’s iteration, which, al-
though unstable for high Reynolds numbers, can be very efficient in transient
problems. Moreover, we will show in the examples of the next Section that
our scheme produces more accurate results than the GLS method on the
same mesh. Besides. in one of the numerical examples of the next Section
we present a more detailed comparison of the numerical performance of our
Nested Nonlinearity—Formulation Picard method with the GLS method.

3.5 Numerical results

We present here some of the results obtained with the reformulated method
for the Navier-Stokes equations on three test problems: the cavity flow prob-
lem considered in the convergence analysis of the previous Section, a problem
with an analytical solution and a problem of Poiseuille flow through a junc-
tion of pipes. The second case was intended again to achieving the optimal
orders of accuracy in the mesh size proved theoretically for the different vari-
ables, norms and element types, while in the third one we give a detailed
comparison of the performance of our method with the GLS method.

3.5.1 Cavity flow problem

The results obtained in the convergence analysis of the previous Section
for the lid-driven cavity flow problem were identical for the different solu-
tion methods. We present the results of the nested nonlinearity—formulation
scheme with a Picard approximation of the nonlinearity, for Re=400 (in
Figures 3.1 and 3.2) and Re=1000 (in Figures 3.3 and 3.4), in the form of
streamlines and pressure contours. Secondary bottom left and right sub-
vortices, commonly found for these values of the Reynolds number, can be
observed, whereas no top left vortex is present. These results compare well
with benchmark solutions for this problem, such as those of [42] and [88],
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Figure 3.1: Cavity flow, Re=400, streamlines.

and other published solutions such as those of [6], [96] or [99], for Re=400,
and [30],[65], [96] or [99], for Re=1000. The pressure results also compare
well with those present in these references.

3.5.2 Kovasznay flow

In order to check numerically the optimal orders of accuracy proved theoret-
ically for the different variables and norms in Section 3.3, we considered a
problem introduced by Kovasznay (see [69]), modelling laminar flow behind
a two dimensional grid, in which an analytical solution of the steady in-
compressible Navier-Stokes equations with no forcing term is available. The
velocity solution u = (u,v) is given by:

uw(z,y) = 1 — e’ cos(2ry) (3.32)

A
v(z,y) = ge’\’sin(%ry)

for (z,y) € IR?, whereas the pressure is:

1
p(z,y) = po — 56’\z (3.33)

where pg 1s an arbitrary constant and the parameter A is given in terms of
the Reynolds Re number by:
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Figure 3.2: Cavity flow, Re=400, pressure contours.

Figure‘3.3: Cavity flow, Re=1000, streamlines.
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Figure 3.4: Cavity flow, Re=1000, pressure contours.

2
A= — — (— 447} < 0

This flow problem was solved numerically in [93] and [63] for a value of

Re= 40. We solved it in the domain ) = [——-2—,1] X [—-2—,%] for that value

of the Reynolds number (that is, for » = 0.025), with the four elements
considered and on four different uniform meshes, made up with 19 x 13,
31 x 21, 43 x 29 and 61 x 41 nodes, respectively. In all cases, the solution
was obtained by the nested nonlinearity-formulation scheme with a Newton-
Raphson approximation of the convective term and a consistent mass matrix
for the pressure gradient system, starting from the fluid at rest, but for
the prescribed boundary conditions (which were given by the value of the
analytical solution at the boundary). The tolerance for convergence in the
iteration for nonlinearity was e, = 107*, and the same value was taken for the
tolerance of the inner formulation iteration. It took 5 iterations of Newton—
Raphson’s method in all cases to find the solution. The only exception was
the P, element case with the finer 61 x 41 mesh: Newton—-Raphson’s method
diverged in that case; we used Picard’s iteration instead, which required 9
iterations to find the solution for the same values of the tolerances. The
number of inner iterations decreased with the outer iteration scheme in all
cases, from about a hundred in the first iteration, in the worst cases, to one
in the fifth iteration in all cases. No relaxation was used for this problem.

113



CHAPTER 3. REFORMULATED NAVIER-STOKES EQUATIONS - 114

1.E-01

L.E-03

) L2 Error Norm
LE-02
|

1.E-04

10 1.00
Mesh size (h)

Figure 3.5: Kovasznay flow, velocity error in L?: + P; Element; o Q
Element; o P, Element; x @2 Element; O = GLS method, Q;@Q; element.
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Figure 3.6: Kovasznay flow, pressure error in L*: + P, Element; o Q,
Element; o P, Element; X @2 Element; 0 = GLS method, @@, element.
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Figure 3.7: Kovasznay flow, velocity error in H': + P, Element; e Q,
Element; o P; Element; x @, Element; O = GLS method, Q;Q, element.
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Figure 3.8: Kovasznay flow, pressure error in H': + P, Element; e @,
Element; o P, Element; x @), Element; O = GLS method, ;@ element.
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Figure 3.9: Kovasznay flow, pressure gradient error in L?: + P, Element;
¢ (), Element; o P, Element; x @, Element.

We then computed the exact errors [u—uy|, [[u—usl|, |[p—prl, [VP—Vps|
and |Vp — wy| for each mesh and element. Since this is a confined flow
problem, we fixed the value of the pressure at the last node to zero, which
always corresponded to the top right corner (1.,0.5). We then had to take
po = 1e* in 3.33 so that the analytical solution also satisfied this linear
restriction.

The results obtained can be seen in Figures 3.5 to 3.9 as a function of the
mesh size, where we have included the errors obtained for the GLS method
with a @1Q; element interpolation for comparison. The linear regression
coefficients computed for these lines are shown in Table 3.3. As can be ob-
served, the theoretical orders of accuracy are found in all cases (they are
again those of Table 2.5); those of the velocity solution are specially sharp,
whereas for the pressure there seems to be a gain of one order of accuracy
both in L? and H!. In particular, the convergence of the pressure gradient
was not ensured by the theory for linear and bilinear elements, but never-
theless they display at least first order convergence for this variable. We
conjecture that this improvements in the accuracy of the pressure solution
are a consequence of some superconvergence phenomenon, which is probably
due to the extreme regularity of the meshes used (they are all made up of
uniform square elements).

Moreover, it is clearly seen that the GLS method, although optimal in
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Element || [u —up| | [p—pa| | [lu—wnl|| | [VP— Vpr| | [Vp— wi]
P 2.0 2.0 1.0 1.1 1.3
0 2.0 2.1 1.0 12 18
P, 3.0 2.9 2.0 2.0 2.0
Q, 3.0 3.4 2.0 1.6 1.7

Table 3.3: Kovasznay flow: linear regression coeflicients for different errors.

all cases, produces less accurate results than our method, specially for the
pressure. Once again, the @, element provides the most accurate results.

We present the numerical solution obtained with the P; element on the
31 x 21 mesh in Figures 3.10 and 3.11 for the velocity and the pressure,
respectively. All the solutions we computed were almost indistinguishable
from one another from a graphic point of view.

3.5.3 Poiseuille flow through a junction of pipes

We finally considered a test problem introduced by J.G. Heywood et al. in
[56), which consists of a fully developed channel flow in a pipe which bifur-
cates into two. This problem was considered in [56] to study the effect of the
truncation of an unbounded domain and the introduction of artificial bound-
aries; they were specially concerned about the effect of 'natural’ boundary
conditions in outflow boundaries, associated to different formulations of the
Navier—Stokes equations. Beside this issue of artificial boundary conditions,
here we use this problem as a numerical check of the performance of our
method with respect to the GLS formulation.

The geometry and mesh used for this problem can be seen in Figure 3.12;
we used bilinear quadrilateral elements. The mesh consists of 2076 nodes
and 1950 elements. A Poiseuille inflow was prescribed upstream, the no-
slip condition was enforced on the channel walls and natural conditions were
applied weakly at the two outlets. We also set f = 0 for this problem.

We iterated our NNFP scheme to convergence at a tolerance of e, = 1073,

starting from the fluid at rest, but for the inflow boundary condition, with
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Figure 3.10: Kovasznay flow, streamlines.

Figure 3.11: Kovasznay flow, pressure contours.
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Figure 3.12: Flow through a junction, mesh.

2
local parameters ag = aoil—]-{- with ap = 1/3, and for a Reynolds number
of 50 (as in [56]). It took 8 iterations of our scheme to reach convergence,
each of which needed 15,10,8,6,4,2,2 and 1 iterations, respectively, for the
inner loop to converge at a tolerance of €., = 107>. We also considered the
GLS method with a Picard iteration and the same initial values. It took 7
iterations of this scheme to reach a converged state.

In Table 3.4 we present the results of a study of computing times (in
seconds) for different phases of the two methods. The first row displays
the average CPU time spent per iteration in the two cases, which is then
split into the following four rows. The first one of these shows the average
cost of the computation and assembly of the system matrix for the velocity-
pressure equation; we have included here the times required for the common
terms of the two methods, that is, the Laplacian for velocities and pressure,
the gradient and divergence matrices and the advective term A(U*"!). The
next row shows the time needed for the additional terms with respect to the
previous ones: in the GLS method, these correspond to the extra terms in the
formulation, whereas in ours they are due to the need to evaluate the pressure
residue aGWi~!" at each of the inner iterations (of which there are 6 in each
of the outer ones in average). The average time for the matrix factorization
in each iteration-and the system solution (once per iteration in the GLS
method and 6 times, in average, in ours) is shown in the fourth row; it can
be deduced from it that it takes about 0.1 seconds, in average, to perform a
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CPU times || GLS method | Present method

Average per 18.2 18.4
iteration
Matrix 14.7 15.2
computation
Additional 1.7 0.6
terms
Matrix fact. 1.7 2.2
and solution
Pres. grad. - 0.3
solution
Total time 84 100

Table 3.4: Flow in a junction of pipes: comparison of performance of the two
methods.

forward and a backward substitution in this case (the unknowns are reordered
at the beginning of the program following a certain renumbering strategy
which minimizes the storage requirements of the system). Finally, we show
the average time (in the outer iterations) required in our method for the
pressure gradient residue formation and solution for all the inner iterations
(this gives about 0.04 seconds per forward and backward substitution for this
variable in this case). The total computing time, as a percentage of that of
our method, is given in the last row.

It can be concluded from these computations that the evaluation of the
extra terms in the GLS formulation makes it more costly to form the system
matrix for that case in each iteration; but the need to perform the inner
iteration loops for the coupling with the pressure gradient makes the average
cost per iteration comparable for the two methods. Once again, our scheme
needs one more iteration for the overall convergence, and this makes it about
19% more costly than the GLS method, in this example.

We show the results obtained for this problem in Figure 3.13, for both
the GLS method and ours. The pressure contours and streamlines are quite
satisfactory in both cases. To check the effect of the shorter outflow region
introduced in the computational domain, we computed the flux through the
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Method || Upper outflow | Lower outflow | Total outflow
GLS 0.36779 0.24369 0.61148
Present 0.36804 0.24344 0.61148

Table 3.5: Flow in a junction of pipes: flux through outflow regions.

upper and lower outflow sections for the two methods. Knowing that the
inflow flux was 0.61148, ideally one would like to find half of that flux flowing
through each outlet region, that is, 0.30574. The actual results obtained,
which can be seen in Table 3.5, are very similar for the two methods; in both
cases there is a greater flow through the upper section, but the total flux was

conserved very accurately.
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!

Figure 3.13: Flow through a junction: a) GLS method, streamlines; b)
GLS method, pressure contours; c) Present method, streamlines; d) Present
method, pressure contours.



Chapter 4

Viscosity splitting fractional
step method

In this Chapter we develop and study a fractional-step method for the solu-
tion of the unsteady, incompressible Navier-Stokes equations. These equa-
tions constitute the full nonlinear, time evolution problem of incompressible
viscous flow motion, whose numerical solution is of an undoubtable practi-
cal importance. Numerical methods for this problem have to deal with the
discretization of both space and time.

The fractional-step method that we consider is mainly intended to over-
come the difficulties encountered in projection methods regarding the impo-
sition of boundary conditions. In our method, each time step is decomposed
into two substeps, and in each of these the velocity boundary conditions of
the continuous problem are enforced. Moreover, incompressibility is split
from the nonlinearity, which are the two main difficulties met when solving
the Navier-Stokes equations.

Furthermore, this method was introduced during the study of a known
predictor-multicorrector algorithm applied to the solution of the unsteady,
incompressible Navier-Stokes equations, which was this way shown to belong
to the category of fractional-step methods. The study of this algorithm is
the object of Chapter 5.

We review some known facts about the unsteady, incompressible Navier—
Stokes equations in Section 4.1. In 4.2 we introduce the fractional step
method that we consider, and prove the convergence of this method to the
continuous solution. Moreover, under some stronger regularity assumptions
on the continuous solution, we prove some error estimates for the velocity
solution in the case of homogeneous Dirichlet boundary conditions; these es-
timates show that in this method both the intermediate and the end—of-step
velocities are weakly order 1 accurate in the time step in the space L*(Q2),
and weakly order 1/2 in H}(£); this last fact is possible due to the satisfac-
tion of the correct boundary conditions at the two steps of the scheme. The
pressure solution is also shown to be at least order 1/2 accurate. In Section
4.3 we consider a similar fractional step method, this time with pressure cor-
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rection; similar error estimates aré proved for this method for the velocity

and pressure solutions. We then make some further remarks on fractional

step methods, concerning the dependence of the steady state solution reached

with these methods with respect to the time step. Furthermore, in 4.4 we

present the fully discrete version of our viscosity splitting, pressure correc-

tion method with two different finite element space interpolations, and an

efficient implementation of this method, while in 4.5 we show some numerical

results obtained with it.

4.1 The unsteady, incompressible Navier Sto-
kes equations

We recall here the standard formulation of the unsteady, incompressible
Navier-Stokes equations in primitive velocity—pressure variables, assuming
" homogeneous Dirichlet boundary conditions for simplicity of exposition:

%%+(u,v)u+vp_,,Au = finQx(0,T)
Veu = 0 inQX(O,T)
u = 0onl'x(0,T)

u(x’O) = uo(X) in

Complete studies of this equation system can be found in [105}, which we
mainly follow here, and [71].

With the notation introduced in Chapter 1, the weak form of this problem
consists of finding two functions u € L*(0, T'; H}(Q)) and p € L*(0,T; L*(2))
such that, given f € L?(0,T; H™(Q)) and u, € H:

%(u(t), v) + a(u(t), v) + e(u(t), u(t),v) + b(v,p(t)) = (f,v), Vve Hg(ﬂ)
b(u(t),q) = 0, Vge LiQ)
u(0) = wo (4.1)

If the dimension of space is d < 4 and the domain Q is bounded and
Lipschitz continuous, problem 4.1 has at least one solution (u,p), which
satisfies u € L>(0,T; H) (see [105]). Uniqueness holds in the 2-dimensional
case; in fact, if d = 2 the solution (u,p) is unique, u is a.e. equal to a
continuous function from {0,7T] into H and lim, .o+ u(t) = uo in H. We
assume that this continuity result also holds in the three dimensional case.

Uniqueness and more regularity of the solution can be proved by assuming
more regularity on the data f and ug and the domain . In fact, according
to Heywood and Rannacher (see [54]), if d < 3 and { is such that the Stokes
problem is regular, and if one assumes:
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Al) uo € H¥(Q)NY and f,f; € L=(0,T; L*()).

A2) if d =3, sup,pq (|lu()ll) < M.

. : a : :
(the subindex t is employed hereafter for b—t) then the solution u of 4.1 is
unique and satisfies u € C°(0,T;Y), |[u(t) — uellz — 0 as t — 0 and:

R1) supyepor {Ilu(®)ll: + [u(t)l + [Vp(t)I} < C
R2) [7[lu()|Pdt < C
R3) fDTt!u“(t)lz dt < C

Condition A2 is automatically satisfied in the 2-dimensional case. Under
the assumptions A1-A2, it is also shown in [90] that, according to the
modifications introduced in [92]:

R4) [] |lue(t)llz. dt < C

These regularity results will be used in the following Sections. As is
common practice in this context, we will use repeatedly in our proofs a
discrete version of the Gronwall inequality. For the sake of completeness we
recall the result here, but we refer to Heywood and Rannacher ([55]) for a
proof. The version of this inequality that we shall use is the following:

Lemma 4.1: let a;, b;, i, 1 (1 € IN), k and B be positive real numbers such
that, forn > 0:

n+1 n+$l n+1l
Gnpr + kY b < kY wai + k). i+ B (4.2)
i=0 =0 =0

Suppose that ky; < 1 for all i, and set o; = (1 — kv;)~. Then:

n+1 n n+1
any1 + K Z b; < exp(kZa,-'y,-) (k Z ¢ + B) (4.3)
1==0 =0 =0

Moreover, as it is deduced from a Remark in page 370 of [55], when the
first sum on the right-hand-side of 4.2 extends only to n, then 4.3 holds for
all k& with o; = 1. In both cases, when all the coefficients 4; are bounded from
above, k = 6t and n < [T'/k], the exponential term in the right-hand-side
of 4.3 can be bounded by a constant C independent of k. This is the result
that we will actually use.

In some of our proofs we will also make use of the operator A~1, defined
as the inverse of the Stokes operator A = —PgA. The latter is defined for
u € D(A) =Y N H*), and is an unbounded, positive, self-adjoint closed
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operator onto H. Given u € H, b); definition of A, v = A~'u is the solution
of the following Stokes problem: |

—Av + Vr = u .
Vv =0 (4.4)
V|p =0

When Q is such that this problem is regular, there exists a constant
C; > 0 such that:

|1A )], < Ci|lull,-2z for s=1,2 (4.5)

Some inequalities were given by J. Shen in [90] for (A~'u,u), with u € H,
in terms of ||u||-1, and used there to deduce error estimates for the standard
projection method. Namely, he had:

Collul2; < (A7'w,u) < CPllullZ, (4.6)

where C; is the constant appearing in 4.5. But, as pointed out by J.L.
Guermond in [50] and corrected in [92], the first inequality in not correct
and has to be modified to:

Collu|} < (A7'u,u) (4.7)

With this modification, it is claimed in [92] that the results obtained in
[90] (and [91}) still hold if the norm |{u||-, is replaced by [|u||y: throughout
the proofs. This is not quite true, since he is still using the inequality 4.5 for
s = 1. We now show that in 4.5 with s = 1 the norm ||u||-; can be replaced
by ||u||y+, which is what we actually use in our proofs. Thus, given u € H
let us call v = A~'u; we have:

[[A7al]? = ((47'e,47M)) = ((v,V))
= (w,v) + (nV:v) = (n,v) =<uv>
< lallye (Il = lfally (A7 ]

Thus, we have proved that:

I47 ]l < [lu]ly:

We will use this result in what follows.

4.2 Viscosity splitting method

4.2.1 Development of the method

We present here a fractional-step method for the approximation in time of
4.1, in a semidiscrete form. The main purpose of introducing this scheme
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is to be able to enforce the boundary conditions of the original problem in
the two substeps of the method, thus overcoming the difficulties of standard
projection methods in this sense, which were explained in Section 1.5. This
1s achieved by splitting the viscous term into the two substeps. Some of
the results presented here can be found in [11]. The method is presented
depending on a free parameter § > 0, which we subsequently fix to 1.

First step: The first step of the method consists of finding, given u™ € Y,
an intermediate velocity u™t'/2 such that:

untl/2 _ yn

= — vAu™? — (1 -0)wAu™ + (u"- VI)u™? = f(t,4)

w2 = 0 (4.8)

where 0 < 8§ < 1. The approximation of the convective term may take other
forms; the semi-implicit approximation adopted here is taken from [90]. The
weak form of 4.8 can be written as:

aj(u™t? v) = L(v), VveH}Q) (4.9)

where the bilinear form aj is defined by:

aj(w,v) = (u,v) + 06tr((u,v)) + 8t((u"- V)u,v),

and the linear form I; includes the known terms of 4.8, namely l;(v) =
(u*,v) — (1—-6)8tv((u™,v)) + 6t(f(tss1), V). One has that af is continu-
ous and coercive with respect to ||u|| in H}(R), due to the skew-symmetric
character of the approximation of the convective term (which is in turn a
consequence of the solenoidal character of u™ and the vanishing of u™ at the
boundary) and the presence of the Laplacian term. The form /; is continuous
on H}(2) because of the Schwarz and Poincaré inequalities, so that existence
and uniqueness of u™*/2 is established by the Lax-Milgram theorem.

The fully implicit case § = 1 can be found in the original projection
method of R.Temam (see [100]) and in the method of J.Shen ([90]), among
others. The Crank-Nicholson case § = 1/2 is of main importance, since it
provides a second order approximation of the viscous term. It is present in
higher order methods such as [8], [45], [62] and [65]. The basic difference
among these methods is the treatment of the nonlinearity, which is normally
second order in time and explicit. The explicit case § = 0 has also been
considered before (see [30] or [73], for instance); we exclude it from the
present study because in that case the bilinear form af is not coercive on

Second step: For the second step of the method, we avoid using the stan-
dard projection idea; instead, we include a diffusion term together with in-
compressibility, which allows the imposition of the full boundary conditions
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for the velocity. That is, given u™*/2 from equation 4.9, we look for an
end-of-step velocity u™t! and an end-of-step pressure p™*! such that:

a™tl — gnt/2

5 — AU —u™t?) 4 Uptt = 0 (4.10)

V.utt = 0 (4.11)
utp = 0 (4.12)

Similar ideas to this scheme can be found in some of the viscosity splitting

methods of suhsection 1.5.3. The weak form of 4.10-4.11-4.12 consists of
finding u™*! € Hy(R2) and s™*! = §tp™t! € L(N) such that:

ag(u™™t,v) + b(v,s™) = DL(v), VveH(Q)
b(uttt,q) = 0,  Vge L§(Q) (4.13)

where now:

ag(u,v) = (u,v) + 86tv((u,v)) (4.14)

is a bilinear, symmetric, continuous form on H}(£2), which is also coercive
with respect to [|u]|, and I;(v) = ag(u™t?/?,v) is a known linear continuous
map. Problem 4.13 is a mixed problem, in which a4 is coercive and b satisfies
the continuous LBB condition 1.25, so that existence and uniqueness of a
solution (u™t!,s"*1) is guaranteed.

REMARK 4.1: By adding 4.8 and 4.10 one gets:

ntdl _ o0
“——&—-“— — fAu™! — (1 — B)vAu™ + (u” - V)u™2 4 V= £(t,,1)
(4.15)
where the implicit treatment of the viscous term in u™ and u™*!, and not

in the intermediate velocity u"*'/2, can be observed. Moreover, it is clear
from 4.15 that, at least for the linear problem, p™*! keeps its meaning as an
end-of-step pressure (this is not the case for some fractional step projection
methods). The advantage of using a split scheme like 4.8-4.10 rather than a
single (u, p) step is the decoupling of the convective effects from incompress-
ibility, which allows the use of suitable approximations for each term.

REMARK 4.2: Asin standard projection methods, a Poisson equation
can be derived for the pressure to solve 4.10-4.11-4.12. In fact, taking the
divergence of 4.10 and using 4.11 yields:

§t Ap™t' = (I-06tvA)V-u™? ¢ H7(Q) (4.16)

sufficient smoothness of the functions involved been assumed. But in order
that 4.16 and 4.10 imply 4.11, the incompressibility condition V -u™*! =0
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must also be enforced on the boundary (see [66]), as in the original method
of A.J. Chorin (see [22]). Besides, boundary conditions for p**' cannot be
directly derived, and p™*! is subject to integral conditions (see [82]). There-
fore, the original grad-div formulation 4.10-4.11 is adopted, which has the
advantage of allowing discontinuous pressure approximations and requires of
no boundary conditions at all for this variable. One drawback of solving
4.10-4.11 1s the need for the spatial approximation chosen to satisfy the dis-
crete LBB condition, a problem that will be encountered in the fully discrete
version of the method, and that the velocity and pressure unknowns have to
be dealt with at the same time. -

REMARK 4.3: This method can also be understood as a projection
method in a different sense than the classical one. In the space H}(2), let us
define the norm [[u]] induced by the scalar product ag, which is an equivalent
norm to ||uj|. Recalling the decomposition H}(2) = Y @ YL of Section 1.2
and the characterization of Y1, and calling Py the orthogonal projection
from Hj(Q2) onto Y in the norm [[u]], one has that for any v € H}(Q) there
exist u € ¥V and s € L%(Q) such that u = Py(v) and s = (I — Py)(v), or
equivalently, v = u + (—A)7!(Vs). That is to say, one has that:

ag(v,w) = ag(u,w)—(V-w,s""), Vwe HL(Q)
(V-u"q) = 0, Vg € L(9)

Equation 4.13 amounts to saying that u™*! = Py(u"*'/?), so that u™*!
is the projection of u™/2 onto Y with respect to the norm [[u]].

For the case § = 1, we first proved convergence of the intermediate and
end-of-step velocities to a continuous solution in the spaces H3({) and
L?*(Q), in the appropiate sense, in a similar way to the proof of the con-
vergence of the classical projection method given by R. Temam in [100]. The
convergence of u™*! in H}(£2) could not be obtained for the standard projec-
tion method, since in that case u™*! ¢ H3 () (it does not satisfy the proper
boundary condition).

We then obtained weakly order 1 error estimates in the time step for
u™t1/2 and u™*! in L?*(Q2) and weakly order 1/2 in H(Q), following the
ideas of J. Shen in [90] and under some more regularity conditions on the
continuous solution; the estimates for u™*! can be improved to strongly or-
der 1 in L?(Q) and weakly order 1 in H}(f2), under some rather restrictive
assumptions; we give the proof of this improvement in an Appendix. We also
obtained order 1/2 error estimates for the pressure.

4.2.2 Convergence of the method

We include here our first proof of convergence of the viscosity splitting, frac-
tional step method just considered, which is based on the proof of convergence
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of the original projection method ?given by R. Temam in [101] and included
in [105]. The proof for our scheme can also be found in [11].

Let us assume that £ € L?(0,T;L?*(Q)), and consider the weak form of
the unsteady, incompressible Navier—Stokes equations 4.1. Its solutions are
characterized by satisfying (see [105]) u € L?(0,T;Y") and:

d
7 (u),v) + ((u(®) - V)u(t),v) + »((u(t),v)) = (£@t),v), VveY
(4.17)
We consider the fractional step method 4.8 and 4.10-4.11-4.12 with § = 1,
but with an approximation of the force term f* which is the time average of
f in [t,,tn41] (as is taken in [105]). For this method, and calling k = 6t to
follow the standard notation in this context, we have:

Lemma 4.2: for all N = 0,...,[T/k] — 1, the following a priori estimate
holds:

N
|uN+1|2 + Z(lun-i-l _ un+1/2l2 + iun+1/2 . un|2)

n=0

N N
+ kv Y[R 4 ke Y (et -T2 <O (4.18)

n=0 n=0
0i2 Ci% T 2 . .
where Cy = [u®)? + —= [§ |f(s)|?> ds and Cq was introduced in 1.14.
v
PROOF: the proof is similar to that of Lemma 7.1.2 in [105]. Taking the

product of 4.8 with 2k u™*+'/2 and using the identity (a —b,2a) = |a|>— |b]* +
la — b]?, we get:

lun+1/2|2 _ lunlz + !un+1/2_unlz + 2uk||u"+1/2||2
= 2k(f*,u™?) < 2k|f"| lu™tt/?

2
< 2P| Calu ) < wkltR 4+ kD g
v
so that:
lun+1/212 _ !unlz + ]u"+1/2—u"!2 + Vk”u"+1/2”2
2
< Icg‘lﬁ"]2 (4.19)
v

Taking now the product of 4.10 with 2ku™*!, we get:
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Iun+l|2 _ |un+1/2|2 + |un+1_un+1/2|2 (420)

ko (R - a2 4 - ) = 0

Adding up 4.19 and 4.20 for n = 0,..., N, we obtain 4.18 using the fact
that (see [105]):

N T
EX PP < [ i) ds
n=0 0

W]

Notice the last term appearing in the left-hand side of 4.18, which is not
present in [105].

Lemma 4.3: for everym,N =0,...,[T/k] —1:

1) ™R <, i=1,2
2) K™ < Cofv

N
3) Z ’un+1 _ un+1/2!2 < Cl

n=0

N
4) Z Iun+1/2 _ un|2 S Cl

n=0

N
5) kY [lu™ — w2 <y fu

n=0

N
6) k> Iu"TF < Cyfv

n=0

PROOF: the proof is, again, similar to that of [105]. Parts 3) through 6)
follow from 4.18. Part 1) with ¢ = 1 and part 2) follow> from the addition
of 4.19 forn =0,...,m and 4.20 for n =0,...,m — 1. Finally, part 1) with
i = 2 is obtained by adding up 4.19 and 4.20 for n = 0,...,m. J

Notice that the bound 5) was not obtained in [105]. We now define some
approximating functions u} and ug in a similar way to [105], which were
mentioned in Section 1.5. We introduce a new function u} which we need for
the treatment of the convective term:

u}:[0,T] — L"‘(Q) / ui(t) =urt2 pk <t < (n+1)k
u:[0,T] — L3(Q) / ui(t)=u™!, nk<t<(n+1)k
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u}:[0,7] — L3(Q) / ud(t) =u", nk<t<(n+1)k
u: [0,7] — L¥(Q) /[ up is continuous, linear on ¢ on each interval

[nk, (n + 1)k] and ui(t,) =u®, for n =0,...,[T/k].

These approximating functions u} and u satisfy, for decreasing k:

Lemma 4.4: as k tends to zero,

1) uj and uy are bounded in L*(0, T;L%(Q)), i=1,2,3
2) uj and u; are bounded in L2(0, T; H}(Q)), i=1,2,3
3) (u? —u}) and (u} — u}) are bounded in L?(0, T'; Hy(£2))

PROOF: these results are a consequence of Lemma 4.3 and the definitions of
the functions. 0

The main novelty with respect to [105] is now the boundedness of u? and
ug in L%(0,T; HY(2)), together with that of the differences (u? — u}) and
(u — u}). Moreover:

Lemma 4.5;

1) |lui — ug||z2o,zsLay) < /kCh

2) |lui — ui|lr2, a2y < /4kCh

4kC.
3) Il — willz2o sy < /3 1

PROOF: part 1) follows from Lemma 4.3, part 3); 2) results from Lemma 4.3,
parts 3) and 4) and the triangle inequality. Finally, 3) is a consequence of
the definition of u; and Lemma 4.3, parts 3) and 4). (1

Following [105], let us now define f € L?(0,T;L*(R)) as fi(t) = f~ for
tn <t <ty and n=0,...,[T/k] — 1. Then:

Lemma 4.6:

L)) = —(@iO,v) — c(ul)ul.v) + (O,V)
= < gi(t), v >, Vvevy, Vte (0,T) (4.21)
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with g, bounded in L*(0,T;Y"). In particular, uy is a.e. equal to a continu-
ous function from [0,T) into Y.

PROOF: the weak form of 4.8 and 4.10-4.11-4.12 can also be written as:

un+1/2 —u"
————— V) + (W2 v)) 4+ c(ut, 2 y) (4.22)

k
= (f*,v), Vv € Hy(Q)
and:
ntl _ ontl/2
(u_____ku___,v) + u((u“+1—u"+1/2,v)) + b(V, n+1) (4.23)

0, VveHQ)
bu™t,q) = 0, Vge L)

respectively. By adding 4.22 and 4.23 for v € Y, one gets:

un+1 _ un
() + (@) 4 oun,umy)

= <fuo> VveY

so that 4.21 follows from the above definitions. Besides:

lgr@®llyr < vI[ag@®Il + Cu [Jui(®)]] lluk()]] + [6(2)]

where C11; > 0 is a constant related to the continuity of the trilinear form ¢
(see Section 1.2); the remaining statements are a consequence of Lemma 4.4

and Lemma III.1.1 of [105]. O

The proof of a convergence theorem is now ready:

Theorem 4.1: let f € L*(0,T; H) and u® € Y. Then, there exists a sub-
sequence k' of k and a solution u of the Navier-Stokes equations 4.17 such
that:
1) ul and ug converge to u in L*(0,T; L*()) strongly, i=1,2,3.
2) uj}, and . converge to u in L=(0,T; L*(Q)) weak-star, i=1,2,3.
3) u}, and up converge to u in L*(0,T; Hy(Q)) weakly, i=1,2,3.
For any other subsequence k" such that these convergence results hold, u
must be a solution of 4.17.

PROOF: since u (i = 1,2,3) and uy are bounded in L*(0, T; L%(Q2)), there
exists a subsequence k' (which can be taken the same for all 4 sequences)
and u’ (i = 1,2,3), u* € L=(0,T;L*Q)) such that:
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u, — u'in L%(0,T;L*) weak —star (i =1,2,3)
uy — u®in L®(0,T;L*Q) weak — star

Since ui, (i = 1,2,3) and up are bounded in L(0, T; H}(f2)), there exists
a subsequence of k' (which is also denoted by k') such that:

ui, — u'in L%*0,T;H3Q) weakly (:=1,2,3)
upy — u* in L%*(0,T; Hy(Q) weakly

This convergence also holds in L2(0, T; L*(2)). Since, by Lemma 4.5:
(uf —u}), (uf —u}), (uf —up)— 0in L*(0,T;L*(Q)) strongly,

it must be u! = u? = vw® =u*in L=(0,T; H) N L*(0,T;Y).

Since u?, € L=(0,T; H) N L*(0,T;Y), one has that u*(t) € Y a.e. in
(0,7), and u* € L*(0,T; H) N L*(0, T;Y).

The proof of strong convergence in L*(0, T; L*()) is the same as in [105],
and is therefore omitted. It only remains to show that u* is a solution of
4.17. The same argument as in [105] is used, so that the convergence results
already proved imply, by taking 4.21 to the limit when %' tends to 0, that:

d
EE(u*,v) + v((u*,v)) + c(u*,u’,v) = (f,v) VveY
in distribution sense in (0,T'), i.e., u* satisfies 4.17. This, in turn, implies
du* «
(see [105]) that iy LY(0,T;Y"), u*(0) = u® weakly in Y and u* is a.e.

equal to a continuous function from (0,7') into Y. These results ensure that
u* is a weak solution of 4.17, and the theorem is thus proved. O

In the two dimensional case, one has:

Corollary 4.1: let d = 2. Then, the convergence given in Theorem 4.1 is of
the sequence as a whole.

PROOF: this result is a consequence of the uniqueness of the solution u in
the two—dimensional case. O

In summary, both the intermediate u™+'/2 and the end—of-step velocities
u™*! have been shown to converge to u(tp41) in H3(Q), through the functions
u}, and uf respectively. This is an improvement with respect to {105], where
u™*! only converges in L*(Q).
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4.2.3 Error estimates

We now present an error analysis of our viscosity splitting, fractional step
method with parameter § = 1, which follows mainly the ideas of [90] with
the modifications introduced in [92].

Let us define the velocity error functions for this method as:

ntl +1

e = u(tpy1) —u”

en+1/2 — u(tn+1)—u"+1/2

We give an estimate for ¢! and e™t'/2; in particular, we show that both
u™*t! and u™*1/2 are strongly order 1/2 approximations to u(tny;) in L#(Q
& +
and weakly order 1/2 in H}(Q).

Lemma 4.7: if A1 and A2 hold, and if the Stokes problem is reqular, then
for N=0,...,[T/k] - 1:

N
leNH12 4 |eNHUZP 4 Z{|en+1 —emt/22 |e"+1/2—e"|2} (4.24)

n=0

N .
+ kv Z{”en+1||2 + ”en+1/2||2 + ||en+1_en+1/2”2} <Ck

n=0

PROOF: the first part of the proof is similar to that of [90]. We call R™ the
truncation error defined by:

%(“(tnﬂ)_u(tn)) — vA(u(tns)) + (u(tatr) - VIu(tne) + Vp(tar)
= f(tn-l-l) + R" (425)

so that:

1 rtatr
R* = ¢ / (t — t) un(t) dt
tn

Subtracting 4.8 from 4.25, we get:

%(en+1/2“en) — vA(e™?) = (u- V) — (u(tas1) - V)u(tnss)
We split the nonlinear terms on the right hand side of 4.26 into three
terms as in [90]:
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?
(0" V)™~ (utnsr) - V)u(tass) (4.27)
= —(e"- V)un+1/2 + ((u(tn) — u(tng1)) - V) a2

— (u(tn41) - V)entt/2

and then take the inner product of 4.26 with 2ke™'/2 to obtain:

[e"+1/2|2 — e + 2kv ”en+1/z“z + len+1/2 —e"[? (4.28)
= 2k <R ™2 > — 2k (Vp(tai), ™)
— 2kc(e™, utt? e2) 4 9k c(u(t,) — u(tnyy ), u™t/2, emt2)
— 2k c(u(tn+1), e"“/z, en+1/2)

We bound each term in the RHS of 4.28 independently:

e Taylor residual term:

2k <R, e™25 < 2k |[RY| [le™/?|
< Zfertip + ok|RAE,
= Zjerrip 4 D [ - e dll
< Bjjernray
+ 2 [ il de [ )
< Bjperrp g ok [ i, @

e Pressure gradient term:

—2k (Vp(tns1), e/ — ")
2k [Vp(tat)| [e™H1/? — e

1
S[em2 — e 4 2k [Vp(tas)l?

~2k (Vp(tnsa), /%)

IA I

IA

since V - e™ = 0.

o Nonlinear terms:
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—2kc(e”, u™t1 /2 et/ = 2k (e, emt/2 untl/2)
2k c(e™, en+l/2, u(tni1))

Ckle” |[e"+1/2“ u(ta)llz < Ckle| ”en+1/2”
];—Vlle"“/znz + Ckle™)

T

IA

IA

Ty = 2kc(u(ty) — Uty ), u™/? enti/2)

-2k c(u(tn) — u(tns1), e™tl/2 u"+1/2)
-2k c(u(ts) — u(tns1), e™ti/2 u(t,41))
Cklu(tn) = ultnss)| le™ 2] |fu(tnsa)ll2
gk [u(tn) = u(tasa)| [le™/2]]

tyn
?”en+1/2“2 + Okl‘/t. + utdt|2

k tn
_3_”Hen+1/2”2 + Ckz/; +1 Iutlzdt

IAIA I

IA

IA

Ty = ——2kc(u(t,,+1),e"+1/2,e"+1/2) =0

where we have used R1 and the boundedness and skew-symmetry prop-
erties of the trilinear form c.

From all these inequalities we deduce:

1
Ien+1/2l2 _ Ien,Z + kl/”@"+1/2”2 + 5Ien+1/2_enlz

tnt1 tn
< Ck/ g2, 4t + 0k2/ PluPdt (4.29)
tn tn
+ 28 [Vp(tana)* + Ckle™®
The proof is now different from that of [90]. From 4.10 we have:

en+l _ eﬂ+1/ 2

k
Taking the inner product of 4.30 with 2ke™*!, given that V . e™*! = 0
and that efff! = 0, we get:

— vA(e™! — emt1/2) _ yprtt = (4.30)

len-H.]z _ len+1/2lz + len+l_eﬂ+1/2I2 (4.31)
+ ko ([l = e 4 fle™ - &™) =0
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{
Adding up 4.29 and 4.31 for n=0,..., N, we find:

N
1
leN+1lz + Z{Ien+1 _en+1/2l2 + §len+l/2—en|2}

n=0

N
+ kv Z{”en+1”2 + Hen+l _en+1/2”2}

n=0

<Ok(/Tt 2 odt+ k[ ufdt Va(t)[?
< Ok (), tlhuallyde + k7 fufde + sup (Vo))

N
+ Ck Zle"[z

n=0

Applying the discrete Gronwall lemma to the last inequality and using
the regularity properties of the solution (u,p), we obtain:

N
|eN+1I2 + Z{'en-i-l _ en+l/2|2 + ‘en+1/2 — enIZ}

n=0

N
+ kv D {lle™? + [le™tt — ent/2)2) (4.32)

n=0

< Ck

We still have to prove the bounds for u™*'/2. From 4.31 and the triangle
inequality, we get:

N
IeN+1/2|2 + kuZHe““/sz

n=0

< |eN+1|2 + kV”eN+1”2 + IeN+1_eN+l/2|2

N-1
+ ku||eN+l _ eN~1-1/:e”2 + 2kv Z{”en+1”2 + ”en+1 _ en+1/2||2}

n=0
N
< |eN+1|2 + 2k Z{”en+1“2 + ”en+1 _ en+1/2“2}
n=0
N
Z !en+1 _ eﬂ+1/2,2
n=0
< Ck
according to 4.32, so that 4.24 follows. O

REMARK 4.4: Lemma 4.7 shows, in particular, that the method pro-
vides uniformly stable velocities in H(Q2), that is to say, that there ex-
ists a constant C' > 0 independent of the time step k such that for all
n=0,...,[T/k]-1:
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[l
n+1/2||

C (4.33)
(4.34)

IAIA
Q

[|u
We will use this bounds later on.

We are now in a position to obtain an improved error estimate for the
velocity. We will show that u™*'/2 and u™t! are actually weakly order 1
approximations of the solution in L?((2).

Theorem 4.2: if A1 and A2 hold, and if the Stokes problem is reqular, then
for N=0,...,[T/k] — 1 and small enough k:

N
kuZ(Ie"le + len+1/2,2) < CKk? (4.35)

=0

PROOF: let us call ¢"*! = p(tny1) — p™*. From 4.15 (with 6 = 1) and 4.25,
it turns out that:

l(e""’1 —e”) — vA(e"™) + Vgt (4.36)

k
= (llﬂ-V)llﬂ.*-ll2 - (u(t,,.,.l)-V)u(tn.H) + R"

We could take the inner product of 4.36 with 2ke™*?, whichisin Y (and in
particular satisfies the proper boundary condition); but then we would need
some extra regularity of e®*!, which we cannot prove (see the Appendix).
Instead, we take the inner product of 4.36 with 2kA~'e™*!, as in [90], and
use the self-adjointness of A™! to get:

(e"+1,A"1en+1) _ (e",A_le") + (en+1 — e",A"I(e"H _ e"))
— 2kv(Ae™!, A7te™Y)
= 2kc(u®,u™? A7te™1) — 2k c(u(tnr), U(Ensr), A2 )
+ 2k <R" A7l > | (4.37)

The treatment of the term —2k v (Ae™t!, A~le™*!) is simpler in our case
than in the standard projection method. In fact, if we take u = e™t! in 4.4,

we have:

—2kv(Ae™?, A7le™) = 2kv (e, —A(47le™))
' 2kv(e™ e™t! —Vr) = 2kv(e™, et
= 2kv|e™)?
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since V - €™t = 0. The right-hand-side terms are bounded as follows. For
the Taylor residual term we have:!

2k IR |y ||A7Te™|
2k [le™ lyr [[Rly
klle™ [ + kIR

n4112 -1 tnt 2
klle™|2, + k ||/t (t — t,) wy dt|[2

2k <R™" A7 let! >

IA A IA

nt12 o [in 2 tnt1 2
Bl + k7 [ (- t) dt/t |[ueel [ dt

tnt1
< Bl i3 + Ok [ llued o dt

For the nonlinear terms, we use the splitting 4.27 to express them as:

2k (c(u”, w2 4™ — c(u(tnsr), U(tasr), A7)
= 2k (——c(u(t,H.l), e™t1/2, A7'e™) + c(u(t,) — utns), u™t/?, Alemt)
— (e, un+1/2, A—len+1))

which we call I, IT and III, respectively. Then:

[a—
Il

—2k c(u(tny1), e™Y/2, A1)
2k c(u(tnyr), A”lemH, ent1/2)
Ck[u(tasa)llz |47 ™| [e™+/?]
CRlle™ly: [

k
Crlle™ | + —le™ /7]

IAIA I

IA

Il

kv
Cklle™l + {le™] + let! —emi/2?
+ kulle"+1||2 + ku”e"“ _en+1/2”2 _ kulle"+1/2|[2}

where we have used 4.31.

II 2k c(u(ts) — u(tasr), uu+1/2’ Alem)
Ck [u(ts) — u(tass)] [[u™/2] [[A™7e™ |,

tnt1
Ck| [ uedt] [+
tn

IA I

IA

IA

ta
Ckl/ +1 utdtlz + %Ien+1|2
tn

. e
Okz / +1 Iutlz dt + %’_j_len+llz
t

n

IA
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where we have used the bound 4.34. Finally:

I =

—2kc(e™, umt2 411
2k c(e™, A lem! untl/2)
2kc(e”, A7 e™  u(tny1))
2k c(e™, A7lem™t!, ent1/2)
L, + III

Ck (len-i»l, + Ien+1 _ en+1/2| + |en+1/2 _ en') ”en+1“Y'

_4_'en+1|2 + Ck (len+1 _ en+1/2'2 + 'en+1/2 _ enlz)

_ch(en, A~1en+1, en+1/2)
Ckle™ A7 e™ ||, [le™+/2)]
Ckle™| [e™+!] [le™+1/7)|

so that:

I, = 2kc(e™, A_len+1,u(tn+1))
< Ckle™| |[u(tns)llz ||A7 e |
< Ckle™ |le™ |y
<

kv
<
+ Cklle™|}
and:

IIIb -
<
<
<

IA

C k3/2 len+1| ”en+1/2”

%’_/_Ieu+1'2 + Ckz Hen«}-l/ZHZ

since, according to Lemma 4.7, [e"] < CkY/2. All these inequalities yield:

(en+1’ A—len+1) _

IN +

+ +

+

Adding up 4.38 for n =

(e",A'le") + (en+1 . en,A_l(e"'H _ e"))
kv|e™t!?

tn. tn
C k? /t gz dt + C K /t ! Jugf dt

Cklle™ [ + CE*|le™|P?
Ck Ien+1 _ en+1/2l2 + Ck Ien+1/2 _ enlz
Ck? “en+1 _ en+1/2”2 + C k? “en+1/2”2 (4.38)

0,...,N, we get:
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!

N :
(eN+1,A_1eN+1) + Z(en+1 __en’ A—l(en+1 _ en))
n=0

N
+ kv Z Ien+1|2

n=0

T T
Ck2 ’ uttllz,dt + Okz Ill.tl2 dt
] Y V]

IN

N N
+ CEk Y |le™Z + CE D [le™?

n=0 n=0
N N
+ Ck Z Ien+1 _ en+1/2l2 + Ck Z Ien+1/2 _ en|2
n=0 n=0
N N
+ Ckz Z “en+1 _ en+1/2”2 + Ckz Z ”en+1/2”2
n=0 n=0

Using now 4.7, the regularity properties R1 and R4 of the continuous
solution and the estimates of Lemma 4.7, we get:

N N
" F + 3 lle™ — e} + kv 3 [t

n=0 n=0

N
< CK + Ck Y |le™}3,

n=0

For sufficiently small k, we can apply the discrete Gronwall lemma to the
last inequality, and we get: -

N N
™, + 3 flem — emlB, + ko D[P

n=0 n=0
< CkK

n+1

and the estimate for u™t*! is proved. For u™*'/2, we have:

N N
kv Z Ien+1/2|2 < 2kv Z(lenHIz + len+1 _ en+1/2|2)
n=0 n=0
< CK
due to Lemma 4.7 and the estimate for u™*?, so that 4.35 is proved. O

REMARK 4.5: Shen’s proof of 4.35 for the standard projection method
in [90] is not quite correct. Apart from the corrections pointed out in [50],
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he uses the equivalence between |[u||-; and (A'u,u)!/? as norms on H in
an improper way. Apparently, he bounds:

“en+1“?;1 - ”en”il + ”en+1 “en”il

~ by:

C(e™™! —e™, 247 e,

which cannot be deduced from 4.6.

REMARK 4.6: since we are assuming that the domain Q is smooth
enough for the Stokes problem to be regular, we can assure that our semidis-
crete velocities u™t/2 and u™*!, which are solutions of elliptic problems on
Q, actually belong to H?(2). We can improve our error estimates for u™t?
to strongly first order in L?(Q2) and weakly first order in H}(Q) by assuming
that u™t1/2 is uniformly bounded in H?(Q2), that is, bounded by a constant
independent of k. But we cannot prove this assumption, so we keep our weak
order 1 error estimates (which are the same as those obtained in [90] for the
standard projection method) and give this improvement in an Appendix.

REMARK 4.7: in Theorem 4.2 we have proved that, in particular:

N

2 lle™*t — etz < OF?

n=0

But to get some pressure error estimates we would need this inequality

in terms of the norm |[|.||-;. This is the reason why the proof presented in
[90] of weakly order 1/2 pressure error estimates for the classical projection
method is not correct, as explained in [92]; in this last reference this proof
is modified for the linear Stokes problem, dropping the nonlinear terms. We
could also do so very easily here, but prefer to put off this question to the
Appendix, when, using the improved error estimates proved there, we can
deal with the full nonlinear problem and still obtain weakly order 1/2 error
estimates for the pressure in LZ().

4.3 A pressure—correction method

4.3.1. Development of the method

We now modify the viscosity splitting method of the previous Section to
account for pressure correction. This modified scheme will let us study the
predictor-multicorrector algorithm in Chapter 5. Another advantage of using
a pressure correction method will be explained in Subsection 4.3.3.

As was seen in some of the methods presented in Section 1.5, such as those
of [90], [62] or [81], the basic idea of pressure correction consists of including
a pressure gradient term in the first step of the method evaluated at the
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previous time step, and regarding the Lagrange multiplier of the second step
as a pressure increment, rather than an end-of-step pressure in itself. The
scheme is started by an arbitrary pressure p°, which we assume belongs to

H'(£2); then, the scheme reads:

First step: Given i" € Y and 5" € L3(R), we seek i"t'/2 such that:

FHY2 _ gn

g~ AT (L fpAR 4 (- V)E 4+ VR

£(tns1) (4.39)
ﬁn+l/2 |F — 0

The weak form of this problem consists of finding @"*+'/2 € H}(Q) such
that:

GEv) = B(v),  VveH)Q) (4.40)

where now I2(v) = l;(v) — b(v,7"). Since this linear form is also continuous
in H}(£), once more we have existence and uniqueness of a solution i"™+!/2
due to the Lax—Milgram theorem.

Second step: Given now ™'/ € H}(£2), we look for @"+! and **! such
that:

antl — gntl/2

5t — QA - @™ 4 gV(FT - 57) = 0 (4.41)

vV-attt = 0 (4.42)
"t = 0 (4.43)

where ¢ > 0 is an arbitrary parameter. The weak form of this problem
consists of finding 4" and ™! = 6t ¢ (p"*! — p) such that:

ag(@"tt,v) + b(v,5") = L(v), VYveH}Q)
b(a"tt,q) = 0, Vg € Li(Q) (4.44)

which is again a mixed problem.

By adding 4.39 and 4.41 we find:

ﬁn+1 —un

= = AR - (1- AT + (@™ - V)artl/2 4 vt

+ (1=¢)p" = f(tus1) (4.45)

where the implicit, but not necessarily fully implicit, character of the ap-
proximation of the pressure gradient term can be observed. This allows to
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choose ¢ = 6 to keep the same order of approximation in all the terms of
the equation, which is specially relevant if one takes § = 1/2 to get a second
order method (we will see how to obtain second order accuracy in a different
way in the next Chapter).

A pressure Poisson equation similar to 4.16 can also be developed in this
case, this time for the pressure increment (p"*! — 5"); but again it seems
impractical to use it.

The second step of the scheme can still be written as a generalized pro-
jection: @"™*' = Py(ii"*'/?); the Lagrange multiplier associated with it is
§t (p™*+! — p") this time, rather than 6t p™*! alone.

For this modified scheme we can prove the same first order error estimates
for the end—of-step and intermediate velocities as for the original one. Under
the assumption of uniformly bounded velocities in H?*(Q), we can improve
the estimates for the end-of-step velocities (see the Appendix).

4.3.2 Error estimates

We present an error analysis of our viscosity splitting, pressure correction
fractional step method with parameters § = 1 and arbitrary ¢, which is
similar to that of the previous Section. However, we will need some extra
regularity assumption on the semidiscrete pressure solution, which will be
stated in what follows.

We define the velocity error functions for this method as:

én+1 = 'l.l(tn.H_) —ﬁn+1

én+1/2 - ll(tn+1)—ﬁn+1/2

We give a first estimate for €"*! and &"*1/? which shows that both @"t!
and @"*1/? are strongly order 1/2 approximations to u(tny;) in L?(Q) and
weakly order 1/2 in H}(2), in a similar way to Lemma 4.7. Since the domain
is regular, the solution of the mixed problem 4.41 actually satisfies a™*! ¢
H%*(Q) and (p"** — ") € H'(Q2); since we are assuming that 3° € H'(Q),
this implies by induction that p"t! € H'(Q). We will assume that the norm
of Vp™t! is bounded uniformly in L?(Q), that is, that there exists a constant
C > 0 independent of k such that:

[Vt < G, Vr2>0 (4.46)
We then have:

Lemma 4.8: assume that A1 and A2 hold, that the Stokes problem is regular
and that 4.46 also holds; then for N = 0,...,[T/k] —1:
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!

N
|éN+1|2 4 |éN+1/2|2 + Z{Ién+1_én+1/2|2 + [én+1/2_é"|2} (4.47)
n=0

N
+ ky S{IRHR 4 (EP + |le - et < Ok

n=0

PROOF: the proof is similar to that of Lemma 4.7. Subtracting 4.39 from
4.25, we get:

%(énﬂ/z_én) — vAEH?) = @ V)E"? — (u(ten) - V)u(tes)
bR 4 VG b)) (448)

Taking the inner product of 4.48 with 2k&"*t1/2 and using the splitting
4.27 of the nonlinear terms, we obtain:

@2 — (& + 2hv e 4 [e —np (4.49)
= 2k <R" &2 > 1 2E(V(" = p(tasr)), €"F1/7)
— 2R (&, T2, E2) 4 2k c(u(tn) — utags), T2, &2
— 2k C(u(tn+1), éﬂ+1/2, é”+1/2)

We bound each term in the RHS of 4.49 as in Lemma 4.7:

2k < R™ &"t1/2 >

IA

)
3

-2k C(én, ﬁ"’+1/2’ é"’+1/2)

IA

k
Pl 1 crjenp

k tn |

2k c(ulta) = u(tara), EHLEHY) < P 4 O R / " el dt
tn

—2k c(u(tny), 8™1/2 &™) = 0

As for the pressure gradient term, we use 4.46 to get:

2k(V(p" - P(tn1))s én+1/2) = 2k(V(p" = p(tn+1)), etz - &)

< 2k |V(" = pltas)] [/ &

1
< g 4 R (IVF + [Va(tan)l?)
< %,én-{-l/z_énlz + Ck?

since V -e"” = (.

=n+1/2(2 bnt1 2
G2 4+ Ok [ ¢ w2y dt
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From all these inequalities we deduce:

’en+1/2|2 _ Iénlz + kl/”én+1/2”2 ,en+1/2 ~n,2

tnt1 tnt1

< ok/ w2, dt + C’k2/ YluPdt (450
tn tn

+ CK + Ckl&"?

From 4.41 we now have:

aentl _ én+1/2
k

Taking the inner product of 4.51 with 2keén*!, given that V .é"*! = 0
and that e"+1 = 0, we get an equality similar to 4.31, namely:

—~ vA(E™M — 8" _ gy ) = 0 (4.51)

IénH ‘z n+1/2!2 ‘~n+1 ~ﬂ+1/2l2 (4.52)

+ kv (“én+1“2 ”~n+1/2”2 + ”-n+1 ~n+1/2“2) —0

|é
Adding up 4.50 and 4.52 for n = 0,..., N, we find:

IeN+1lz {|~n+1 ~n+1/2'2 + _l_lén+1/2__én|2}

2

n=0
+ kVZ{”én+1”2 + |l~n+1 ~n+1/2”2}
n=0

< c'k(/0 a2, dt + k/:]utlzdt + k)

N
+ Ck Y |e"?

n=0

Applying the discrete Gronwall lemma to the last inequality and using
the regularity properties of the solution u, we obtain:

|eN+1l2 + Z{|~n+1 n+1/2|2 + Ién+1/2___énl2}

n=0

N
+ kv S {llEM? + |6 — &P (4.53)

n=0

< Ck

We still have to prove the bounds for @*t/2. Once again, from 4.52 and
the triangle inequality, we get:
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i

N
|~N+1/2]2 4 | Z ||én+1/2||2

n=0

|éN+1|2 + kV||éN+1”2 + |éN+1 -N+1/2|2

IN

+ kg - SRR 4 2kv2{né”“||2+n""+l U8

n=0
N
< EHP 4 2kw 3O{IlE 4 (e - &
n=0
E |-n+1 -n+l/2l2
n=0
< Ck
according to 4.53, so that 4.47 foﬂ&)ws. O

Once again we have, in particular, uniformly stable velocities in H3(Q),
which will be used later on. We now improve these estimates to weakly first
order, in a similar way to Theorem 4.2.

Theorem 4.3: if A1 and A2 hold, if the Stokes problem is regular and if
4.46 also holds, then for N =0,...,[T/k] — 1 and small enough k:

Z(r"“P + [&2P) < CR? (4.54)

n=0

PROOF: the proof is similar to that of Theorem 4.2. Let us call §**! =
P(tas1) — ¢p™tt — (1 — ¢)p". From 4.45 (with 6 = 1) and 4.25, we get:

(""'H e") — wvA(E™) + vgtt (4.55)
(0" - V)~ (ftnia) - V)ultuss) + R
Once again, we could take the inner product of 4.55 with 2ké™*1, which is
in Y (and satisfies the proper boundary condition); but then we would need

some extra regularity of e"*!, which we cannot prove (see the Appendix).
Instead, we take the inner product of 4.55 with 2kA~1e"*1, to get:

(-n+1 A—lén-i-l) _ (-n A—l-n) + (én+1 _én,A—l(én-i-l _é"))
— 2kv (A&, A71eH)

= 2k c(u", ~n+1/2’ A_lén+1) - 2k C(U(tn+1), ll(tn+1), A_lén+1)
+ 2k <R™" A7leM > (4.56)
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The same treatment as in Theorem 4.2 is given to all the terms in 4.56,
yielding:

—2kv(A&™ A7te™) = 2ky et

tn
2k <R, A7 > < k&2, + O /t g2 dt
k
~2kc{ultnnr), &L AT = CRIER, + S {E
+ Ien+1 -n+1/2]2 + kl/”én+1||2
+ kV”én+1 _én+1/2”2 _ kVHén+1/2”2}
kv
2he(u(te) — ltasr), B/, A7) < 0K [T + ey
tn
—2kc(én, ﬁn+l/2’A—1én+1) S k4 Ien+1|2
+ Ck(|'“+1 ~n+1/2|2 + Iéﬂ+1/2_én|2)
+ Ck”é"+1||§n
+ |~n+1I2 + Ckzllén+1/2”2
These inequalities yield:
(én+1,A-lén+1) . (én,A_lé") + (én-l-l _ én’A—l(én+l _ én))
+ kvl|e™t)?
tn tnt1
< 0k2/ M leel20 de + Ckz/ ! |uef? de
tn tn
+ Ck|&™f + Ck* e
+ Ckl~n+1 ~n+1/2|2 4+ Ckl~n+1/2 nlz

+ Okz ||~n+1 ~n+1/2”2 + Ckz “én+1/2“2 (457)
Adding up 4.57 for n = 0,..., N, we get:

(~N+1 A—léN+1) + Z(-n+1 ~n —l(én+1 _é"))

n=0

b ke 3P

n=0

2 ! 2,d Ck? g 2dt
Ck [uze|ly: dt + [
0 0

I

N N
+ Ck)|e™ |y + Ck 3 Jle™|)®

n—O n=0

_.*_ Ck Z |~n+1 -n+1/2|2 + Ck Z |~n+1/2 ~n|2

n=0 n=0
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N N
+ Ckz Z ”én+1 _ én+1/2”2 + Ck2 Z ”én+1/2H2

n=0 n=0

Using again 4.7, the regularity properties of the continuous solution and
the estimates of Lemma 4.8, we get:

N N
5 + Pl —& + ke 3 e

n=0 n=0
N
< CkE + Ck Z [|&™+1||%,

n=0

For sufficiently small &, we can apply the discrete Gronwall lemma to the
last inequality, and we get:

: N N
B, + D IE -, + ke D e

n=0 n=0

< CK

and the estimate for @"*! is proved. For @™t1/2, we have, once again:

N N
kv Z lén+1/212 S 2% v Z( én+1'2 + lén-H. _ én-}-l/zlz)
n=0 n=0
< CK
due to Lemma 4.8 and the estimate for @™, so that 4.54 is proved. 1

REMARK 4.8: once again, since we are assuming that the domain
is smooth, we can assure that our semidiscrete velocities @™t'/2 and a™+!,
actually belong to H?(2). We can also improve our error estimates for a"+!
to strongly first order in L2(2) and weakly first order in H}(2), by assuming
that i"+1/2 is uniformly bounded in H?(); we give this improvement in the

Appendix.

REMARK 4.9: these error estimates are valid for any value of the
parameter ¢, but are restricted by condition 4.46. However, this condition
is less restrictive than the uniform bound for the intermediate velocity in

H(Q).

REMARK 4.10: we also proved some error estimates for the pressure,
but again these depend on the improved estimates for the velocity; we present
them in the Appendix.
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4.3.3 Dependence of the steady state on the time step

In this subsection we address the issue of whether a steady solution obtained
by a fractional-step transient algorithm, when neither the forcing term nor
the boundary conditions depend on time, depends on the time step size used
to find that solution. We will show that, in general, when pressure correction
is used the steady solution is independent of the time step, while if it is not
used the final solution may depend on the time step if implicit approximations
of the viscous and/or the convective term are employed. This is so because
with pressure correction methods the intermediate and end-of-step velocities
turn out to be the same at steady state, while in the other methods they do
not. We will justify this idea on two methods: the classical projection method
and our viscositty splitting method. We drop the boundary conditions for
simplicity.

Classical projection method: let us recall here Shen’s version of the
projection method:

a™t/? — yr

50 — vAu™tY? 4 (0" V)uY? = f | (4.58)

un.+1 _ un+1/2
ot

A steady state is reached when u™t! = u™, u™*/2 = u™/2 and p*t! =
p", which we call u, u'/? and p, respectively. Adding up 4.58 and 4.59 at
steady state yields:

+ Vp™tt = 0 (4.59)

—vAu? 4 (u-V)ur? + Vp = f

If we now isolate u'/? from 4.59 and substitute it (formally) into this
equation, we get:

—vAu + (u-Viu + Vp + §t(—vAVp+(u-V)Vp) = f  (4.60)

It is thus apparent that (u, p) is not a solution of the steady Navier-Stokes
equations 1.12, but of the modified equation 4.60, which depends on ét. The
solution (u,p) will therefore also depend on the time step.

Classical projection method with pressure—correction: let us now
consider the pressure—correction projection scheme studied in [90]:

nd1/2 _ gn s
u 5 W Aun/2 + (u"-V)u"+1/2 + Vp" = f (4.61)
un+1 — u"+1/2

k

+ ¢V —p") = 0 (462)
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At steady state, we first obtain u™**/2 = u from 4.62 and then, from 4.61:

—vAu + (u-V)u + Vp = f
so that (u,p) is actually a solution of 1.12, and thus independent of 6t.

Viscosity splitting method: for the method presented in Section 4.2 with
0=1:

un+1/2 .

ot

urtl _ gntl/2
8t
We add 4.63 and 4.64 at steady state, and get:

— vAu™? 4 (u . V)u™t? = £ (4.63)

_ VA(un+l_un+1/2) + vprtl = 0 (4.64)

—vAu + (u-V)u'? + Vp = f

By isolating (formally) u'/? from 4.64 and retaining only first order terms
in the time step, we obtain:

ut’? = u + §t(I - 6tvA)'Vp
= u + O(8t) Vp

so that at steady state:

—vAu + (u-V)u + Vp + O(8t) ((u-V)Vp) = f

The steady solution does not satisfy 1.12 but this modified equation,
which depends on §t; it is therefore dependent on the time step.

Viscosity splitting method with pressure—correction: finally, we con-
sider the method of this Section, with § = 1 and arbitrary ¢:

un+1/2 —u"

— vAu™? 4 (0t V)u™Y? 4 Vpt = f (4.65)

6t
u™t! — un+1/2
—_—— — vA(u™*! —u“+1/_2) + ¢V(p"*"1 —-p") = 0(4.66)

&t

At steady state, we find again that u/? = u from 4.66, and then from
4.65:

—vAu + (u-Vju + Vp = f
The steady solution satisfies 1.12 and is independent of the time step.
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4.4 Computational aspects

We next consider the implementation of our viscosity splitting, pressure cor-
rection method with a finite element interpolation of the space variables.

4.4.1 Finite element discretization

We consider space discretizations of our viscosity splitting, pressure correc-
tion method 4.39-4.41 with parameters 6 = 1 and ¢ = 1.

Given two finite dimensional spaces Vi, C H3(2) and @ C L(Q), the
discrete equivalent to the weak problems 4.40 and 4.44 consists of finding °
u;:“/z € Vi such that, given uj € V}, and pj; € Qx:

1 n n n n n
SR ut )+ w2 v) + (R up v

+ b(vh)pZ) = (f(tn-{-l))vh), Vvh S V}; (467)

and upt! € V;, and ppt? € Q4 such that:

1 n n n 11 n
E{(uzﬂ - uh+1/2a"h) + v((uptt — “h+1/2,vh)) + b(ppt! — Pk, va)
= 0, Vi€ Vi (4.68)
buptt,gn) = 0, Van € Qn

respectively. We are mainly interested in the case when V}, and @ are defined
through a discretization of { into finite elements. In particular, we consider
two kinds of quadrilateral elements (in the terminology of two dimensions):
the bilinear velocity, constant pressure element (Q1F,), which does not satisfy
the discrete LBB condition and may develop spurious pressure modes, and
the biquadratic velocity, linear pressure element (@, P;), which is div-stable.

4.4.2 Numerical scheme

The matrix form of equations 4.67 and 4.68 is, in the notation used up to
now, the following:

Un+1/2 —-yn
M——e—— + KUY 4 AU™MU™Y? 4 GoP™ = F™(4.69)
nt+l _ Jrnt1/2
MU 5tU + K(Un+1 _ Un+1/2) + Go(Pn+1 _ Pn)
. 0 (4.70)
GeU™! = 0 (4.71)

The numerical solution of these equations presents some problems. On
the one hand, the system matrix for the intermediate velocity equation 4.69
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has to be computed and factorized once every time step, due to the implicit
approximation of the convective term; moreover, that matrix is not symmet-
ric, since the convective term is skew-symmetric. On the other hand, the
coupled system 4.70-4.71 has the structure of a mixed problem, with a zero
diagonal term in the incompressibility equation 4.71. Equation 4.70 can be
rewritten as:

B(U™ — U™/?) 4 §tGo(P™ — P™) = 0 (4.72)

where B = M + §tK was defined in Section 2.1. One can then isolate U™*!
from 4.72 and substitute it into 4.71, thus segregating the computation of
the pressure from that of the velocity; this yields:

(GB™Go) (P — P7) = < GhU™? (4.73)

But the computation of the system matrix for this pressure equation
requires of the inversion of a full matrix B, which is prohibitive in most cases.
We present an alternative way to solve 4.69-4.70-4.71, which bypasses the
problem of inverting the matrix B.

We propose an iterative solution of the discrete equations 4.69-4.70-4.71;
in it, each iteration consists of the solution of two diagonal systems and
another system with a symmetric, positive (semi)definite matrix, which is
simple to compute. This matrix need only be computed and factorized once
at the beginning of the calculation; the computational cost of each iteration
is, then, only due to the formation of three residual vectors, the solution
of two diagonal systems and a backward and forward substitution, if direct
methods of solution are used for the pressure system. If few iterations of
the proposed scheme are needed, it will be more efficient than solving the
original equations 4.69-4.70-4.71, which require of the inversion of the full
matrix B once and the computation and factorization of a non-symmetric
matrix for the intermediate velocity system, the formation of three right-
hand-side vectors and two backward and forward subtitutions every time
step. Most of the techniques employed here are adopted from similar ideas
within the context of the predictor-multicorrector algorithm to be studied
in the next Chapter.

Given the n-th step values U™ and P™ of velocities and pressures, respec-
tively, the iterative procedure starts with the initializations Uy /2 o,

m+l — ™ and Pyt! = P" for the values at time ¢,4;. Then, if U *1/2 and
Urt! are the i-th iteration approximations to U™t1/2 and U™+, respectively,
we consider the scheme:

U~n+1/2 _yr
MI_ZZ oy KU AUNUTT 4 GoP" = FTH(ATA)

n+1 _ Uﬂ+1/2

MBS g KUPR - U)o+ Go(PIY - )
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= 0 (4.75)
GUR = 0 (4.76)

At convergence, that is, when U,-Til/z = U,-"H/z, Urtl = Up*t and PIA =
P+l these values satisfy 4.69-4.70-4.71. The actual stopping criterion that
we use 1s:

Uz — Ur*te JURSY? - UFY, |PRY - PR,

[ZEvu PR [Uri A, B P 2 i P

max ( ) < &

where |X|; is again the Euclidean norm of a vector X.

We can also isolate UZYY! from 4.75 and substitute it into 4.76, so as to
segregate the computation of the pressure from that of the velocity. By doing
this, we obtain:

(G M Go) (Pt~ P7) = £-Ch(USHY* — StMTK(UF™ - U]V

(4.77)

To make the scheme computationally efficient, we consider the approxi-

mation of the matrix M by its lumped diagonal M7 in all its appearances,

which is common practice in similar contexts (see [46], for instance). The

computation of the system matrix for 4.77 then becomes feasible, since the
inversion it involves is then trivial. :

The actual implementation of the scheme, however, is somewhat different.

It is given in terms of nodal accelerations .4 and time derivatives of elemental

. ) " - prti2 _pn Ut _ yrti?
pressures, P. Calling -:11/2 = _;4—17_, ?.:'11 = = 5t H

P_n+1 — pr
=~ equations 4.74, 4.77 and 4.75 can be written, with the

and

Hn+l
‘Pt'-i-l -

approximation of M by M¥%, as:

ML 1."-:'11/2 —_ Rl

with:
Ry = F™* — KU — A(UMUPHE —~ GoP?
(66 (Go(M*)'Go) Py = Ry
with: B
R, = Gy(URY/? — st2(M*) K ATH)
and:

U,"::il/z — Uﬂ + 6tA::-11
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Finally:
M* A?—:ll = R,
with:

Ry = —6t (GoPIi! + KATH)

The end-of-step values are then corrected as:

Unt = U™+ StATH + st AT
= U + st Az
PR = PT o+ StPLY

In the next Section we present some numerical results obtained with this
scheme. )

In the implementation of this method we have adopted the rate—of-
deformation tensor formulation of the viscous term e(u), as that of equation
1.6. This formulation does not assume incompressibility, which is in general
not satisfied by the discrete velocity field, and, in outflow boundaries, the
natural boundary condition associated with it has the physical meaning of a
no stress condition. For the convective term we have employed the standard
formulation (u - V)u.

4.5 Numerical results

We present the results obtained with our viscosity splitting, pressure correc-
tion method with parameters § = ¢ = 1 on three test problems. The first one
is a test case introduced by van Kan (see [62]), intended to study numerically
the order of approximation of the scheme in the time step; the second one
is the classical problem of steady flow over a backward facing step, and the
third one is the problem of flow around a cylinder.

4.5.1 Numerical accuracy study

As a numerical check for the accuracy properties of the method, we considered
a test case introduced by van Kan (see [62]). It consists of the Navier-Stokes
flow on a unit square cavity in which an inflow velocity profile is prescribed
at the top wall defined by u((z, 1), t) = (0, — sin(w(z® — 3z% 4+ 3z))e(*~1/%) for
0 <z <1andt? >0, the bottom and left walls are solid walls and natural
boundary conditions are enforced on the right, outlet wall. As in [62], a
Reynolds number of 10 was selected, and the fluid was at rest at the start.
A uniform mesh consisting of 6 x 6 elements was used for the Q1 P, case; in
order to compare the results from both interpolations, the same mesh points
were used to define a 3 X 3 mesh for the Q,P; element.
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5t K1(6t) Kz(&t) K,p(b‘t)

1/60 | 21 | 35 | 23
1/64 | 20 | 34 | 24
1/80 | 2.0 | 30 | 22
1/85 | 20 | 29 | 21

Table 4.1: Van Kan’s flow, @; P, element.

&t K,l((gt) Kz(&t) np(ﬁt)

/75| 22 | 35 | 25
1/80 | 21 | 33 | 25
1/85 | 21 | 31 | 24

Table 4.2: Van Kan’s flow, @, P, element.

Let’s denote by «;(ét) the quotient:

(U:(68) — Ui(26) 12
Ki(6t) = 2

1 1 !
|U,-(§6t) - Ui(z(st)lz

where U; (i = 1,2) contains the i-th component of the nodal velocities ob-
tained at ¢ = 1 with the indicated time-step. Euclidean norms are used for
these vectors. Similarly, x,(6t) denotes the same quotient for the elemental
pressure (and eventually, pressure spatial derivative) values.

We show in Tables 4.1 and 4.2 the most accurate results obtained with our
viscosity splitting, pressure correction method with parameters § = ¢ = 1
for the two different space interpolations. We fixed the value of the tolerance
to 10~%; convergence of the iterative scheme was reached in 7 iterations in
average for the largest time steps to 4 for the smallest. It can be observed
that the scheme is, at least assymptotically, first order accurate in the time
step both in velocities and in pressures.
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Figure 4.1: Backward facing step, mesh.

4.5.2 Backward facing step

We then studied the well-known problem of the flow over a backward facing
step. This problem was extensively studied by B.F. Armaly et al. in [2], both
experimentally and numerically, and other numerical results have been given
by many authors (see [29], [36] or [65], for instance). Here we considered a
geometry similar to that of [2], that is, an inflow channel of length 2 and
height 1, an expansion ratio of 1 : 1.90 and a total channel length of 40. A
Poiseuille parabolic profile was prescribed at the inflow, with a maximum
velocity of 1; the top and bottom sides are solid walls, and natural boundary
conditions are enforced at the outlet. The mesh used for this problem, which
is finer near the step, can be seen in Figure 4.1, where the y-axes has been
magnified three times; it consists of 1305 mesh points, which were used to
define both the Q1 P and the Q, P, elements. There are 1220 and 305 of such
elements, respectively.

We solved this problem for three different values of the Reynolds number:
40, 200 and 400. This was defined upon the average inflow velocity (which
is 4/3 for our data), and the inflow channel height. It was obtained experi-
mentally in [2] that in this range of Reynolds numbers the flow is virtually
two-dimensional, so that planar numerical models become meaningful. With
a time step size of 6t = 0.01, we iterated the scheme 4.74-4.75-4.76 to con-
vergence in each time step with a tolerance of ¢, = 1073; this was obtained
in a very few iterations: 3 or 4 in the first steps, decreasing to 1 in the last
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steps. A steady state was considered when the accelerations were in the order
of 1075,

We show the results obtained for the different Reynolds numbers in Fig-
ures 4.2, for the Q1 P, element, and 4.3, for the Q,P;, in the form of steady
streamlines, where the z—-axes has been limited to the range [0,10]. It can
be clearly observed in these Figures how the reatachment length of the main
vortex increases with increasing Reynolds numbers, a characteristic of the
flow which is well known for this problem, since we are working within the
laminar Reynolds number range (see [2]). Moreover, the appearance of a
secondary separation bubble on the no-step wall at Re = 400 can also be
observed, which is in good agreement with the experimental results of [2].

4.5.3 Flow past a circular cylinder

We finally considered the challenging problem of the flow past a circular
cylinder, which has attracted the attention of several authors (see (7], [34],
[20], [93], [96], [99] or [108], for instance), This has become a compulsory
bechmark test for transient algorithms for Navier-Stokes equations.

It is well known that for low values of the Reynolds number, the solution
is steady and symmetric about a line parallel to the free-stream flow through
a cylinder diameter; a pair of symmetrical eddies develops downstream of
the cylinder. But beyond a critical value of Re (which is larger than 40),
the steady solution becomes unstable and a periodic solution develops, so
that vortex shedding sets in: vortices begin to generate periodically and
alternately from each side of the cylinder, and are 'transported’ by the flow
away from it. This scenario is known in the literature as a von Karman
vortex street.

We considered a cylinder of unit diameter and took a computational do-
main consisting of the rectangle [0, 21] X [0, 9], the center of the cylinder being
situated at the point (4.5,4.5). These data, however, may not be sufficient
to prevent any effect of the introduction of artificial boundaries on the com-
puted solution, as was recently studied in [7], who discussed the influence of
the location of the lateral boundaries on the computed flow field; we will see
how this may affect our computations. A unit free-stream horizontal velocity
was prescribed on the left boundary, whereas natural conditions are enforced
on all the others. The mesh used in this case can be seen in Figure 4.4, which
consists of 3000 nodes and 2880 of the @, Py elements.

We first solved the problem for a Reynolds number of 40, which is based
upon the free-stream velocity and the cylinder diameter, starting from the
fluid at rest but for the prescribed boundary condition. We iterated the
scheme 4.74-4.75-4.76 to convergence in each time step with a tolerance of
€ = 1072, which took an average of 2 iterations. After 1000 steps of size
&t = 0.005, the steady, symmetric solution had been reached, with accelera-
tions in the order of 107%. It can be seen in Figures 4.5, 4.6 and 4.7, where we
show, respectively, the streamlines, the stationary streamlines (that is, the
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Figure 4.2: Backward facing step, Q1P element, streamlines: a) Re = 60;
b) Re = 200; c) Re = 400.
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Figure 4.4: Flow past a cylinder, mesh.

tmma.lsmmr

ebtind

[T Y]

1 AB

3 AL

¢ ST

50N

[t —

1 i
__-_’_—_“__\__‘
———
—
e T —

Figure 4.5: Flow past a cylinder, Re = 40, streamlines.
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Figure 4.6: Flow past a cylinder, Re = 40, stationary streamlines.
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Figure 4.7: Flow past a cylinder, Re = 40, nodal pressure contours.
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Nodal Velocity
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Figure 4.8: Flow past a cylinder, Re = 100, nodal velocity history.

streamlines obtained assuming that it is the cylinder that moves with a con-
stant velocity of (—1,0)) and the nodal pressure contours obtained from the
elemental pressures after a least-squares interpolation process. Symmetry is
very accurately achieved.

We then raised the value of the Reynolds number to 100, which is the
one commonly used for this problem. We started the computation from
the steady solution obtained for Re = 40, and performed 19000 steps of
size §t = 0.025; in each of them, 1 or 2 iterations were enough to reach
convergence at the same value of the tolerance as before. We found that the
solution started oscillating freely at a time near ¢ = 110; the final periodicity
of the solution was reached by t = 170. In Figure 4.8 we show the history
of the horizontal velocity at a node situated at the point (9.0, 5.25), that is,
downstream of the cylinder and slightly higher. The qualitative change in
the solution regime can be clearly observed. In this case, no artificial trick
was needed to start up the periodic solution.

The streamlines obtained at the end of the computation (¢ = 475) are
shown in Figure 4.9. In Figure 4.10 we plot the stationary streamlines; the
wakes behind the cylinder can be clearly seen there. Finally, we show the
pressure contours in Figure 4.11. All these results compare very well with
other published solutions (see [34], [20], [96] or [108]).

Some flow features are generally used to compare quantitatively the solu-
tions obtained for this problem. Thus, the Strouhal number or adimensional
frequency of the solution is one of the most studied quantities; it is defined
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Figure 4.9: Flow past a cylinder, Re = 100, streamlines.
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Figure 4.10: Flow pést a cylinder, Re = 100, stationary streamlines.
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Figure 4.11: Flow past a cylinder, Re = 100, nodal pressure contours.

D . . . . .
as St = —, where D is the cylinder diameter, ug is the free—stream velocity
UoT
(in our case, both equal to 1) and 7 is the shedding period of the solution.

We performed a Fourier analysis of the nodal velocity signal within the time
range [175,475] (that is, for most of the developed periodic solution) in or-
der to find the dominant frequency of our solution. In Figure 4.12 we show
the Fourier spectrum obtained, from which we found a Strouhal number of
St = 0.18667 (smaller peaks can also be seen at twice and three times that
frequency), or equivalently, a period of 5.3571. This period is somewhat
smaller than the one generally admitted for this value of the Reynolds num-
ber, which is 6, that is, a Strouhal number of St = 0.16667 (see [20]). We
attibute this discrepancy to the fact that we are using a standard Galerkin
finite element interpolation, which is less dissipative than stabilized formula-
tions of the SUPG or GLS type usually employed for this problem. However,
discrepances in the value of the Strouhal number depending on the formula-
tion employed were also found by other authors (see [96] or [108]). Moreover,
the location of the lateral boundaries in our computational domain may not
be far enough from the cylinder to avoid any influence on the solution of the
artificial boundary conditions introduced by the formulation; in fact, it was
obtained in [7] that at least 12 cylinder diameters on each side of the cylinder
are needed to avoid that influence; otherwise, larger Strouhal numbers were
obtained. This may be another cause of increase of our computed Strouhal
number.
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