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Abstract

In this paper we present a stabilized finite element method to solve the transient Navier—Stokes equations based on
the decomposition of the unknowns into resolvable and subgrid scales. The latter are approximately accounted for, so
as to end up with a stable finite element problem which, in particular, allows to deal with convection-dominated flows
and the use of equal velocity—pressure interpolations. Three main issues are addressed. The first is a method to estimate
the behavior of the stabilization parameters based on a Fourier analysis of the problem for the subscales. Secondly, the
way to deal with transient problems discretized using a finite difference scheme is discussed. Finally, the treatment of the
nonlinear term is also analyzed. A very important feature of this work is that the subgrid scales are taken as orthogonal
to the finite element space. In the transient case, this simplifies considerably the numerical scheme.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Let Q be an open, bounded and polyhedral domain of R, where d =2 or 3 is the number of space
dimensions, I' = 0Q its boundary and [0, 7] the time interval of analysis. The Navier—Stokes problem
consists in finding a velocity # and a pressure p such that

ou—vAu+u-Vu+Vp=f in Q, €07, (1)
V-u=0 in Q 1€]0,T], (2)

where v is the kinematic viscosity and f'is the force vector. These equations must be supplied with an initial
condition of the form # = #° in Q, t = 0, and a boundary condition which, for simplicity, will be taken as
u=0onT,t€]0,T].

Let us introduce some standard notation. The space of functions whose p power (p > 1) is integrable in a
domain w is denoted by L?(w), and the space of functions whose distributional derivatives of order up to
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m > 0 (integer) belong to L*(w) by H"(w). The space H,} () consists of functions in H'(w) vanishing on dw.
The topological dual of H}(Q) is denoted by H~!'(Q), and the duality pairing by (-,-). A bold character is
used to denote the vector counterpart of all these spaces. The L? inner product in @ (for scalars, vectors
or tensors) is denoted by (,),, and the norm in a Banach space X by | - ||,. This notation is simplified in
some cases as follows: (,-)o = (-, ), ] ||L2(Q) = ||, and if K is the domain of an element (see below)
I 2y = - Nl

Using this notation, the velocity and pressure finite element spaces for the continuous problem are
L*(0,7;7) and L'(0, T; 2), respectively, where 77 := H;(Q), 2, := L*(Q)/R. We shall be interested also
in the spaces # g := 7o X 2y, ¥ := HI(Q), 2:=1*(Q), # :=7 x 2. The weak form of the problem
consists in finding [u, p] € L*(0, T;7"9) x L'(0, T; 2,) such that

Ou,v) +v(Vu,Vv) + (u-Vu,v) — (p,V-v) = {f,v), (3)

(qa V- ”) =0, (4)

for all [v,q] € ¥"y x 2, and satisfying the initial condition in a weak sense.

The numerical approximation of problem (3) and (4) is in principle straightforward. However, apart for
the difficulties associated to the extremely complex physical phenomena that it may represent, there are
several well known numerical problems due to the mathematical structure of the equations.

The discretization strategy adopted in this work consists of two steps. First, the equations are discretized
in time using a finite difference time integration scheme, and then a finite element approximation is per-
formed in space. This procedure uncouples errors coming from the temporal discretization from those of
the spatial one. Nevertheless, it has to be remarked that the most common approach is to proceed the other
way around, that is to say, by discretizing first in space and then approximating the resulting system of
ordinary differential equations in time.

Concerning the temporal discretization, we will use here the generalized trapezoidal rule, which is the
simplest single step finite difference method. The stability of this scheme is analyzed for example in [1].
Convergence in the particular case of the backward Euler method is proven in [2] (see also [3,4]). However,
the ideas presented here can be applied to any other finite difference scheme.

Referring to the spatial discretization, it is well known that the standard Galerkin method may fail
basically for two reasons: the dominance of the (nonlinear) convective term over the viscous one when v is
small and the compatibility required for the velocity and pressure finite element spaces posed by the inf-sup
condition. Both can be overcome by resorting to a stabilized formulation. The one adopted in this work is
based on the subgrid scale concept and, in particular, in the approach introduced by Hughes in [5,6] for the
scalar convection—diffusion equation (see also [7,8] for related methods). The basic idea is to approximate
the effect of the component of the continuous solution which cannot be resolved by the finite element mesh
on the discrete finite element solution. An important feature of the formulation developed herein is that the
unresolved component, hereafter referred to as subgrid scale or subscale, is assumed to be L? orthogonal to
the finite element space, in a sense to be explained later. This idea was first introduced in [9] as an extension
of a stabilization method originally introduced for the Stokes problem in [10] and fully analyzed for the
stationary Navier-Stokes equations in [11]. The method of these papers is only intended to stabilize the
pressure, and not to deal with convection dominated flows. This, together with the goal of dealing with
transient problems, is what the formulation elaborated in this work permits.

A question that arises when a stabilized finite element method is applied to the equations coming from a
temporal discretization is how does this discretization in time affect the stabilized method. This is one of the
fundamental issues analyzed in this paper. It is shown here that the subgrid scale decomposition allows to
answer this question in a simple manner. In our particular case we start from a finite difference time dis-
cretization, but exactly the same ideas can be applied if a space-time finite element approximation is chosen.
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As we will see, the final conclusion is that the subgrid scales satisfy an evolution equation which needs to be
approximated to obtain a closed-form expression for them. We will call this process modeling of the sub-
scales, in analogy to what is done in turbulence.

Our modeling assumption is based on a Fourier analysis of the problem for the subscales, but of course
other options are possible. For example, the numerical formulations presented in [12,13] are based on
adding numerical diffusion to the subgrid components of the solution, which is another type of modeling
approach. Likewise, when subscales are approximated by bubble functions, as in [7,14-19], solving for them
is what can be considered the modeling step.

A related approach is the nonlinear Galerkin method and its variants (see [20-25] and references
therein). The idea now is to split the solution into large and small scales in space and use a different
treatment for them in time, generally with a coarser time approximation for the small scales. The goal again
is to obtain a numerical model (or a continuous decomposition as in [21]) whose computational cost be
driven by the large scales but in which the subgrid scales are approximately accounted for.

It has to be remarked that both in the development of the stabilized formulation for the stationary
problem and in its extension to the transient case, our arguments are heuristic. They are intended to lead to
a fully discrete problem from which improved properties with respect to the standard Galerkin method can
be expected. The validity of these properties can only be verified through the numerical analysis of the
method (which is open for the general nonlinear and transient problem) and the numerical experiments.

This paper is organized as follows. In the following section the bases of the stabilized formulation are
explained. For this, it is enough to consider the stationary and linearized form of problem (1) and (2), that
is, replacing the momentum Eq. (1) by

—vAu+a-Vu+Vp=f in Q (5)

(and of course dropping the initial condition), where a is a given solenoidal velocity field. The finite element
approximation of the linear problem (5) and (2) (Oseen problem) may suffer from instabilities due to the
velocity—pressure interpolation and from the dominance of the convective term over the viscous one. Both
are eliminated by using the stabilized formulation presented in Section 2, where it is motivated in some
detail. After presenting the problem to be solved, the subgrid scale decomposition is described. The sub-
scales, which are solution of a differential equation, are approximated as proportional to the independent
term of this equation. The coefficients of proportionality are called stabilization parameters. A method to
determine these parameters based on a Fourier analysis of the equation for the subscales is then presented,
which is applicable to any forcing term in this equation. The next step is precisely to select this term so that
the subscales be orthogonal to the finite element space, which leads to the formulation that we propose. It is
shown in [26] that the stability and convergence properties of this method are similar to those of related
formulations aiming to stabilize the pressure interpolation and the convective term, as those analyzed in
[27-32], among others. However, in our case the analysis is significantly more complex due to the fact that
the bilinear form associated to the problem is not coercive. Using appropriate norms, only an inf-sup
condition can be proven.

The second important point to be treated is how to apply the stabilized formulation to the equations
resulting from the temporal discretization of a transient problem. This is done in Section 3. Again, the
effects of the nonlinearity are irrelevant for this discussion, and it suffices to consider the linear equation

ou—vAu+a-Vu+Vp=f in Q, €07, (6)

instead of Eq. (1). After presenting the basic time discretization, it is shown that the decomposition into large
and subgrid scales leads to an evolution equation for the latter that can be modeled using the same ideas as
for the stationary case. Two implementation issues are then discussed. The first concerns how to track the
subscales in practice, and the second is a discussion on the possibility of treating some terms explicitly.
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Finally, the stabilization concepts developed in the linear case are applied to the fully transient and
nonlinear problem (1) and (2) in Section 4. This is can be easily done after a linearization of the problem.
The resulting scheme, which summarizes the method proposed in this paper, is presented in Box 1.

Some numerical results are presented in Section 5. The main conclusion that can be drawn from them is
that the formulation presented here is in general as stable as other related methods but less diffusive. From
the computational point of view, it may be advantageous in some cases. These and other conclusions are
finally stated in Section 6.

2. Stationary Oseen equations
2.1. Problem statement

In this section we consider the linear and stationary problem (5) and (4), supplied with the homogeneous
Dirichlet condition for the velocity field.
Let U = [u,p] € #. The equations to be solved can be written as

) — —vAu—&—Va-.uVu—&-Vp} _ m . )

in the domain Q and u =0 on I'. Let ¥V = [v,q] € #". The variational statement for problem (7) can be
written in terms of the bilinear form defined on #7y x #7, as

B(U,V):=v(Vu,Vv) + (a-Vu,v) — (p,V-v)+ (q,V - u) (8)

and the linear form L(V) := (f, v). Problem (7) with the homogeneous Dirichlet condition consists then in
finding U € %", such that

B(U,V)=L(V), YV eW, 9)

The standard Galerkin approximation of this abstract variational problem is now straightforward. Let
2, denote a finite element partition of the domain Q. The diameter of an element domain K € £, is denoted
by hx and the diameter of the finite element partition by 4 = max{/x|K € #,}. We can now construct
conforming finite element spaces ¥, C ¥*, 2, C 2 and #", = ", x 2, in the usual manner, as well as the
corresponding subspaces ¥, 20 and # 0 = ¥4 X 240. In principle, functions in ¥, are continuous,
whereas functions in 2, not necessarily. Likewise, the polynomial orders of these spaces may be different.

The discrete version of problem (9) is: find U, € # 7, such that

BU,, V) =L(Vy), YVi€Whp. (10)

The well posedness of this problem relies on the ellipticity of the viscous term and the inf-sup or
Babuska—Brezzi condition (see [33]), which can be shown to hold for the continuous problem. The first
property is automatically inherited by its discrete counterpart. However, the inf-sup condition needs to be
explicitly required. This leads to the need of using mixed interpolations, that is, different for # and p, and
verifying

. V-
inf  sup 20V )
w20 veryo 1l lvall;

>f>0, (11)

for a constant f independent of /.

Convenient velocity—pressure interpolations, such as equal interpolation, turn out to violate condition
(11). This is why many of the so called stabilized formulations have been proposed to approximate problem
(9). The idea is to replace (10) by another discrete variational problem in which the bilinear form B is
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replaced by a possibly mesh dependent bilinear form B, with enhanced stability properties. Likewise, it has
already been mentioned that instability problems may arise when the convective term dominates the viscous
one. Both this and the need to satisfy (11) can be overcome by using the finite element formulation de-
scribed next.

2.2. The subgrid scale approach

Let W = #, & W, where # is any space to complete #", in # . Obviously, # is infinite-dimensional,
but once the final method will be formulated, it will be approximated by a finite-dimensional space (cf.
Remark 2 below), although we will keep the same symbol # for it. The elements of this space are denoted
by V= [, q]. Likewise, let # 79 = # ;0 & W o, with % any complement of %7, in W ,. The space W will
be called the space of subgrid scales or subscales.

The continuous problem is equivalent to find U, € #7,, and U € ¥, such that

B(Uy, V)) +B(U, V) =L(Vy) YV €Wy, (12)

B(U,,V)+B(U,V)=L(V) YVeW,. (13)

Integrating by parts within each element in (12) and (13), it is found that these two equations can be
written as

B(Uh,Vh)+Z/l7-3*(V,,)dQ+Z/ it (qun+vn-Vv,)dl = L(V,), (14)
3 i-(pn+vn«Vu)dF+Z/V-f(f])dF:Z/I7~[F—£Z(Uh)]d!2, (15)

where >, stands for the summation over all K € 2, n is unit normal exterior to the integration domain,
and " is the formal adjoint of ., given by

—vAv, —a-Vvy, — th}

e (16

7w - |
Assuming that the exact tractions are continuous across inter-element boundaries, the first term of (15)
vanishes. This equation is then equivalent to

PWU)=R:=F LU, +Vion in KEPy Viewn €W, (17)
which must be satisfied together with boundary conditions on 0K that are unknown, but who must ensure
in particular the continuity of the diffusive fluxes across interior boundaries.

The element V), . appearing in (17) is responsible to guarantee that #(U) — [F — £(U,)] belongs to
W o> that is what (15) (without the first term) implies. Its expression depends on the choice of the space W,
and will be determined for the particular option that we will use later on. Here and below, orthogonality is
understood with respect to the L? inner product, unless otherwise specified.

The idea now is to approximate the solution of (17) with the appropriate boundary conditions by

U~1tw%R inKc2,, (18)

where 1y is a matrix of algorithmic parameters depending on K and the coefficients of the operator . This
approximation for U is intended to mimic the effect of the exact subscales in the volume integral of (14),
whereas the integral over the element faces will be neglected. Observe that the pointwise values of U are not
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needed, and thus (18) needs not to be understood point-wise. If the coefficients of .# are constant, only the
moments of U appear in (14) (£*(V,) is a polynomial).

Matrix 1 in (18) will be called the matrix of stabilization parameters. Its design is one of the corner-
stones in the development of stabilized finite element methods, many of which can be formulated in the
previous framework [5,34]. The heuristic approach proposed in this work is the subject of the following
subsection.

2.3. Behavior of the stabilization parameters from a Fourier analysis

To simplify the discussion, we may consider first the previous procedure applied to the convection—
diffusion-reaction equation

—VAu+a-Vu+ou=f in Q,
where © and f are now scalar and ¢ > 0 is a reaction coefficient. The counterpart of (17) is
—VvAi+a-Va+ou=r inKEeP,

19
r;:f—(—VAuh+a'vuh+GUh)a ( )

which must be solved approximately for the subscale #, u;, being the finite element approximation to u. In
what follows, it is understood that all the quantities are referred to the element K under consideration.
Likewise, for simplicity we will assume now that a is constant over element K.

As for the Oseen problem, the solution to Eq. (19) will be approximated by

a(x) ~ 1r(x), (20)

where 7 is a parameter to be determined. The purpose of what follows is to give an expression for 7 and to
precise in which sense tr approximates u.
Let us consider the following Fourier transform of a generic function g defined on K:

k) = [ e gl de o

where i = v/—1, & is now the diameter of element K and k = (ki,...,ky) is the dimensionless wave number.

The subscales # are the part of the continuous solution which cannot be approximated by the finite
element discretization. This means that their Fourier representation will be dominated by the components
with high wave numbers.

If n; is the jth component of the normal exterior to K, it can be readily checked that

Elh = [ ne el + i e (22)

an oK h

From this expression it is seen that if we are interested in high wave numbers, the second term in the
right-hand side of this expression dominates the first one, no matter which is the value of the function g on
O0K. Thus, for functions with high wave numbers we may approximate Eq. (22) by

w0~ i alh), 23)

All the properties valid for functions of rapid decay defined on R? apply to this case. We assume that this
in particular can be applied to the subscales # and its derivatives. Observe that (23) would hold if we assume
that the subscales vanish on the element boundaries, that is, they are bubble functions. This assumption is
very often adopted a priori, and thus our argument provides some heuristic justification to it.
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If we take the Fourier transform of Eq. (19) we will have that
. K Koo\
(k) ~ T(R)i(k), T (k) = ( ‘h—2|+1"7+ ) . (24)

Plancherel’s formula leads to
~2 1 2112 1 / LI
ully, ~——|lu 0y N —— T (k)|"|r(k)|” dk, 25
(el (Zn)dH 122 (e 2 Rdl (k)| |7 (k)] (25)

where both approximations come from neglecting the boundary values of & Since both |7 (k)|* and |#(k)|*
are nonnegative the mean value theorem implies that there exists a wavenumber k&, for which

Gt JL 1T WPP K = 7o [ 7 ak

Thls, together with Eq. (25) and using again Plancherel’s formula yields
lallx =~ |7 (ko)ll|rlx- (26)

This expression is what we were looking for. If we identify  in Eq. (20) with |7 (ko)|, it allows us to
conclude that if we take

=Jepre)(=4)] o

then, there exist values of ¢ and c, independent of h for which Eq. (20) holds, in the sense that both i and tr
have (approximately) the same L*-norm over element K. Moreover, c; is independent of the coefficients v, a
and o, whereas ¢, depends only on the direction of a, but not on its magnitude. The constant ¢; can be
identified with |ko|* and ¢, with |ko|| cos |, o being the angle between @ and ko. This in particular implies
that 3 < ¢;. Observe that k, depends on the residual 7(x) in Eq. (19), and thus the constants ¢; and ¢, will
also depend on it.

Let us consider now the application of these ideas to the Oseen problem, again taking the advection
velocity constant. The equation for the subscales (17) can be written as

—wWia+a-Va+Vp=r, (28)

Voi=r, (29)

where r; and r, are the components of R in (17). Without loss of generality, we may assume that r; is
divergence free, and that its potential component is included in the pressure subscale p.

The Fourier transform defined above applied to (28) and (29), neglecting again the behavior of the
subscales on the element boundary, yields

('h"'+h"> (k) + i (k) = (K) (30)
i%-f;(k):fz(k). (31)

Multiplying (30) by ik/k and using (31) and the fact that r, is divergence free, we get the Fourier-
transformed pressure Poisson equation

K ak LI
<7+ T>r2<k> bk =0, (32)
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from which we may approximate the pressure using the same reasoning as for the convection—diffusion

equation, that is, by
v+ e M 2 (33)
C1 h ’

where the constants ¢; and ¢, have the same interpretation as in (27).
Using the values of p(k) obtained from (32) in (30) it is found that the Fourier coefficients of the velocity
are

PR T, T2=

. K oak) . h
u(k) = (V|h—l+17> (k) — 1ka2(k).

It is seen that the second term only affects the component of ﬁ(k) in the direction of k. We will neglect the
contribution of », in &#. Apart from the fact that this will allow us to formulate a simpler method, this
approximation implicitly assumes that the subscales are driven by the residual of the momentum equations
r; rather than by the error in satisfying the incompressibility constraint by the finite element solution.
Moreover, from the analytical point of view we will need matrix tx in (18) symmetric and positive-definite
(see below) and since r; does not appear in the expression for p, r, cannot appear in the expression for a.
Therefore, the approximation we suggest for # is

-
N % la|
u~tr, 1= (Clﬁ) + 027

Remark 1. The stabilization parameter in Eq. (27) for the convection—diffusion-reaction equation behaves
asymptotically in /4, v, |a| and o as

(34)

v jal]™
T~ [clﬁ+a+cz7] .
This expression was proposed in [34] using a completely different reasoning. Likewise, from Egs. (33)
and (34) we see that
h2
Ty = —.
(G
This relationship between t; and 1, was also found in [35] based only on the convergence analysis of the
Oseen problem and using a stabilization technique similar to the Galerkin/least-squares (GLS) method,
found by dropping Vo in (17). It is simpler than what is proposed for example in [29,36,32] and,
moreover, can be justified from the previous heuristic reasoning.

2.4. Orthogonal subscales

The starting point of our developments have been the decompositions # = # 7, & # and #'o = W~ no D
W. If = denotes an isomorphism between two vector spaces, we have that W = %~ S NW and W) =
W }fo N % ,. Nevertheless, there are many possibilities to choose # and #. The particular one adopted in
this work is to take precisely

W =WrnW. (35)
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Note that %", is not closed in %", but it will be a closed subspace of the final approximating space.

To obtain a feasible numerical method we need to introduce some approximations. The first concerns the
choice for #",. First, we assume that functions in % already vanish on 0, and thus Wo~W. Addi-
tionally we assume that %", N %" ~ ¥}, which can be thought of as a nonconforming approximation for
the subscales. Altogether, this amounts to saying that

WomW =W (36)
With this approximation, it follows from (17) that

Vh,ort S ,%;/(J)- ~ Wln (37)

UcHWo=Wr, (38)

which means that V), o is a finite element function and therefore numerically computable. We refer to this
particular choice for the space of U, motivated by the election (35) and the approximation (36), as the space
of orthogonal subscales.

Imposing condition (38) in expression (18) for U we have that

(O, V) = (wlF = LU, Vi) + > (xViors Vi) =0 YV, €W (39)

K

Let us assume that matrices t¢ are all symmetric and positive-definite. From (39) it follows that V), o is
the projection of the residual #(U,) — F onto the finite element space with respect to the L? inner product
weighted element by element by the matrices of algorithmic parameters tx. We denote this weighted inner
product and its associated norm by

(X, ¥), = (., X, V) = > (X, %Yy, (40)

K K

1Yl =/ (Y, Y).. (41)

In these expressions, the functions X are Y need not being continuous for the local L? products to make
sense.
Equation (39) now becomes

(F - g(Uh)a Vh)z + (Vh,ort, Vh)I = 0, VV;, S Wh. (42)

If we call II, the projection onto #7,, associated to the inner product (40), hereafter referred to as t-
projection, we see that

Vh,ort == _H‘[[F - y(Uh)]v (43)

Likewise, we will denote by I1, o the t-projection onto # 7, ¢ and IT j := [ — I, where [ is the identity in %,
From (18) and (43) it follows that

U =T [F - £(U,)| inKe2, (44)

If this expression is now introduced in (14) and, as already mentioned, the integrals over the interelement
boundaries are neglected, we finally obtain the modified discrete problem: find U, € #7, such that

Bi(Up, V) = (F,V,) — (ITX(F), Z*(V),, YVi € Who. (45)
where the stabilized bilinear form B}, is

By(Uy, Vi) = B(Uy, Vi) — (I [(L(UW)], Z*(Vi)).. (46)
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The hope is that the stability properties of (45) are much better than those of the original discrete problem
(10).

Remark 2. Eq. (44), together with (37) and (38), indirectly determine the approximation to the space #" in
which the discrete solution is sought. This space is #7, enlarged with piecewise discontinuous functions
generated by functions in %7, as indicated by (44). We could have started the developments by identifying
4" with this finite dimensional vector space, which in this case would be an approximation to the space of
the continuous problem.

The previous developments are applicable to any linear system of convection—diffusion-reaction equa-
tions. Let us apply these ideas to the particular case of the Oseen equations. The adjoint of % is now given
by (16) and the matrix of stabilization parameters by

Tk = diag(‘fkk,fz‘](), TIK — TI,KIda (47)

where 1, is the d x d identity matrix and with 7, x and 7, x computed elementwise as indicated by (34) and
(33), respectively, and replacing the Euclidian norm of a by |a|_ ;, the maximum of the Euclidian norm of a
in the element domain K. Matrix 7 defined in (47) is symmetric and positive-definite, a requirement needed
for (40) to be an inner product.

We will introduce further simplifying assumptions that will lead to a method easy to implement and with
good stability properties. These are:

e The weighted projection I1, associated to the inner product defined in (40) will be approximated by the
L? projection, denoted by I1. Likewise, IT; will be approximated by IT* = I — I1. The difference between
I, and IT depends on the variation of the stabilization parameters from element to element. From the
computational point of view, it is very convenient to use I, since L?> projections can be computed very
efficiently.

e 1 .IT*(f ) = 0, which means that the force vector belongs to the finite element space ¥, or it is approx-
imated by an element of this space. In any case, the term 7, xIT-(f ) is of the same order as the optimal
error that can be expected. Taking for example a =0, for f € H"(Q), m = —1,0,..., we may expect
uc H"(Q), p € H"(Q) and an L? velocity error of order ¢(k"), with » = min{m +2,p + 1} and p
the order of the finite element interpolation, and this is precisely the order of t; x IT*(f ).

e Second order derivatives of finite element functions within element interiors will be neglected. They are
exactly zero for linear elements and for higher order interpolations disregarding them leads to a method
which is still consistent (in a sense explained later; cf. Remark 4).

Under these conditions, the second term in the RHS of (45) vanishes and the stabilized bilinear form (46)
reduces to

B[(U},, Vh) = B(Uh, Vh) + (Hl(a . Vu;, + Vp},),a . Vv;, + Vq;,)ﬂ —+ (HL(V . uh), V . Vh) (48)

1)
where B is defined in (8).

Once arrived to (48) it is observed that what the present method provides with respect to the standard
Galerkin method is a least-squares control on the component of the terms a - Vu, + Vp, and V - u;, or-
thogonal to the corresponding finite element spaces.

There is a simple modification of the bilinear form (48) which leads to another stabilized method with
slightly better stability properties. The idea is to control separately the components of a - Vu, and Vp,
orthogonal to #7,. The bilinear form associated to this method is
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B[[(Uh, Vh) = B(Uh, V],) + (Hl(a : Vuh)7a . Vvh)rl + (HL(Vph),th)Tl + (IYL(V : llh), V- Vh)rz. (49)

Dropping the orthogonal projection IT* the method reduces to a general version of that analyzed in [27],
which has a consistency error that makes it only applicable with P; elements.

Remark 3. Both methods I and II could be slightly modified by projecting onto %7, in (42) instead of
projecting onto #";,. However, even though the global convergence is optimal, projecting onto %", leads to
spurious numerical boundary layers, similar to those found for the pressure in classical fractional step
schemes for the transient problem (see for example [37]). Further discussion about this point can be found
in [10].

Remark 4. There is a way to formulate the present method in a manner that it can be viewed as consistent.
Indeed, if we introduce

By ([un, o Ens Onls [V, qns i val) == B([wn, ol i, n]) + (@ Vuy + Vpy — &y a- Vv + Vi — ).,
+(V-uy =05,V -vy— )

T,

the discrete problem is equivalent to find [uy,ps, &,,0n] € ¥ no X 2o X ¥4 x 2, such that Bj([uy, ps,
&y Only [Vrs Qs s 1)) = (F, wuy for all [vi, qu, 1, V4] € ¥ o X 2u0 X ¥ X 2. This problem is consistent in the
sense that, for smooth enough solutions [u,p] of the continuous problem, B;([u,p,a-Vu+ Vp,V - u],

[vh7qha”h7yh]) = <f’ vh>‘

3. Transient Oseen equations
3.1. Discretization in time

Let us consider now the transient Oseen problem, that is,
ou—vAu+a-Vu+Vp=f inQ, +€]0,T] (50)

V-u=0 inQ, ¢€]0,T] (51)

supplied with an initial condition and the homogeneous Dirichlet condition for the velocity. In order to be
able to use the same notation as in the previous section, we need to introduce the matrix

M = diag(1,,0),
which allows us to write Egs. (50) and (51) as
Mo, U+ #(U) =F, (52)

where the notation involved is the same as before. For the sake of simplicity, we will consider throughout
that F is time-independent.

Problem (52) needs to be approximated both in space and in time. For the time discretization we will
consider here the simple trapezoidal rule, although the ideas to be developed can be equally applied to any
other finite difference time integration scheme. If time is also discretized using finite elements, the meth-
odology would be the straightforward extension of what has been developed for the stationary problem.
However, the goal is to analyze how does the time discretization affect the stabilization method when using
finite differences.
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Let us consider a uniform partition of the time interval of analysis [0, 7] with time step size d¢. We will
denote by a superscript the time step level at which the algorithmic solution is computed. If 0 € [0, 1] and
U" is known, the trapezoidal rule applied to the variational form of Eq. (52) consists of finding U""" as the
solution of the problem

(M3, U", V) +BU VY =L(V) YV eW,. (53)

Here and in what follows, we use the notation

1
fn+() = Ofn+1 4 (1 _ g)fn, 5tfn = g(f'n+1 _fn)

for any function f.
3.2. Subgrid scale decomposition and modeling of the subscales

From the semidiscrete problem (53) we can now obtain the fully discrete formulation applying the same
ideas as for the stationary case. We start by considering the same decompositions " = %", ©@ #" and
Wo=Wno®W o, which allow us to split (53) into two equations, the first of which is

(Ms, U V), + (M3, U, V,) + B(U, V,,)+Z/0"+0-$*(V,,)d9:L(V,,) YV, € Who, (54)
K K

which corresponds to (14) of the stationary problem. Observe that we have already neglected the contri-
bution from the integrals over the element boundaries. Note also that there is a contribution from the
transient evolution of the subscales. These are solution of

M3 U" + 2(U"") =R inK € 2,

+0 +0 (55)
R? =F — [M5[UZ+$(UZ )]+ VhAOrtv

which is the counterpart of (17) for the stationary case. Again, V) o is an element in W é In what follows,
it is understood that the subscales are computed within each element K of the finite element partition 2.
We can equivalently write (55) as

1

U n+0
U+ R, (56)

1 -
M— n+0:M
< 96t+$>U

from where a closed-form expression for U has to be proposed. It is the same modeling step as for the
stationary case. There, the operator .# was replaced by matrix 7!, which was designed on the grounds that
both the exact and the modeled subscales had approximately the same L? norm over each element. To be
consistent with the approximations made in the previous section, let us introduce the matrix

1 o
T = <M@ + Tl) = dlag(fl,tldy T2)7 (57)

(L] -
= \oe T )

The modeling of (56) proposed is
1
05t

Once U’ is computed we can obtain U""'.

U =tM—U" + ‘L',R;'“]. (58)
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At this point we can impose that the subscales be orthogonal to the finite element space. This determines
the function ¥, . in #7;. The counterparts of Eqgs. (43) and (44) are

Vh,ort = *H[F - (MStUZ + g(UZ-H))):I’ (59)
o’ = r,M% U+l [F — (M3,U; + 2 (U;"))]. (60)

Expression (60) is what we were looking for.
3.3. Stabilized finite element problem
The previous development is general and applicable to any system of convection—diffusion-reaction

equations. Let us specialize it to the transient Oseen problem using the same approximations as for the
stationary case. First, observe that

IT*(F) =0, same approximation as for the stationary case, (61)
(M6, U;) =0, since M§,U), is a finite element function, (62)
(Mé,ﬁ”, V,) =0, since M, U" is orthogonal to # . (63)

Using (61) and (62) in (60), taking into account expression (57) for t, and neglecting the orthogonal
projection of second derivatives as we did for the stationary case, we obtain the expression for the velocity
and pressure subscales

1
W = v il T (0 Vi V), (64)
P =~ (V - uzw)7 (63)

which inserted into the equation for the finite element solution (54) and noting (63) yields

S, vi) + B(U W, + (T (a - V! + Vpit?),a - Vv, + Vai),,, + (I (V- u™"),V - w)

T2

|
= L(Vh) —|—9f5t(u”,a . Vvh + th)

This is the transient version of problem defined by the bilinear form B; defined in (48). The main differences
of the stabilizing terms of this transient problem with respect to the stationary one are

(66)

T

o The stabilization parameter 7, is replaced by 7, (see (57)).
e There is a RHS contribution that comes from the fact that subscales need to be tracked in time.

This fact gives an answer to the question of how does the finite difference time integration affect the
stabilization. First, we see that the stability parameter 1, is certainly affected by &¢. Expressions similar to
(57) have been proposed for example in [38]. However, if no RHS modification is introduced, the steady-
state solution would depend on the magnitude of 8¢ and the method would lack stability for 8¢ — 0. On the
other hand, if the present approach is used, it is clear that the stabilization terms tend to those of the
stationary problem as the steady solution is reached. This can be seen for example from (58): If U"*’ = U"
it is easily checked that U™’ = rR;”o. In fact, using this assumption is a possible alternative. We could
assume that the subscales do not change in time, and thus that U’ = U" always. This would lead to the
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same stabilization terms as for the stationary problem. Since the basic assumption is that the temporal
variation of the subscales is negligible, we call them quasi-static subscales.

It is interesting to note that in [20] the authors analyze a nonlinear Galerkin approximation of the
Navier-Stokes equations in which the temporal derivatives of the subgrid scales are also neglected. Fur-
thermore, the space of velocity subgrid scales used in this reference is also orthogonal to the space of large
scales for the velocity (pressures are not split), although in this case both are finite element spaces.

3.4. Tracking of subscales

For quasi-static subscales the second term in the RHS of (66) disappears and there is no need to store &".
However, when this approximation is not used, subscales need to be tracked. Let us describe how this can
be done.

Let us consider a standard Lagrangian finite element interpolation and expand Uj as

UZ(X) = ”Zp Na(x)Uzv (67)

where n, is the total number of nodes of the finite element mesh, U” is the nodal value of U} (x) at node a
and N,(x) = N,(x)I;.,, with N,(x) the shape (basis) function of node ¢ and I, the (d + 1) x (d+ 1)
identity matrix.

Using expression (60), (61) and (62), Eq. (67) allows us to expand the subscales as

- 1 - 1 -
U =tM——U" + 4 II*[F — (MU} + 2(U™")| = oM —— U" — ¢, IT*[2(U}™))

006t 06t
1 N Ilp
=t M-—U"— T (Z(N,))urt?

T HSt U ; [Tf (g( d))]Ua (68)
within each element K. Note, however, that UZ“9 does not depend on K. We thus conclude that the subscales
can be written in terms of a set of “nodal values” U,x, a =1,...,n,, K € 2, as

~ np ~
Ut = Z [t T (2(N,)|UY, inK €2, (69)
a=1
where, according to (68),
1 1 - n n
sk =M 5= Uy — Up (70)

Note that, in general, the set
{eI* (L(N))|x, a=1,....n, K€ P}

is not a basis for the space of subscales, but, according to (69), it spans this space. Obviously, it is un-
derstood that the coefficient U, x is zero when node a does not belong to element K. It is also interesting to
remark that if ¢, were the same for all the elements, UaﬁK would be the same for all the elements K sharing
node a, and thus the number of “nodal values” needed to track U would be n,.
For the particular case of the Oseen problem that we are considering, the equation to update the sub-

scales (68) can be explicitly written as

| [ﬁu} - Z {rl‘,HL(a-VNa) rl‘tHL(VNa)} {ug“}}

I;n+9 - 0 = ,EZHJ_ (v X Na) 0 pz-%—() )

where u, and p,, a = 1, ..., n,, are the velocity and pressure nodal values, respectively, and now N, = N,1,.
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This approach to track the subscales in completely general and can be used in any finite element im-
plementation. However, in the most common element based implementation another approach is possible.
In this case, the contributions to the global discrete variational equation are computed element by element
using numerical integration, and thus the subscales are only needed at the integration points. Instead of
using the “‘nodal values” given by (70), one can simply evaluate (68) at the integration points and store the
results for use in the next time step.

3.5. Explicit approximation of the subscales

Even if the finite element unknown u,, is treated implicitly in time, one could consider the possibility of
solving explicitly the subscale #. Of course, the pressure subscale p needs to be treated implicitly. The
problem for U"™" = [@"*!, 5"*'] to be solved instead of (55) is

S’ — VA" +a- V' + VT =,
~n+1 n+1
V.-at = 1’2+ ,
where r, and r, are the components of R, in (55). Following the same procedure as before, the expressions
found for @'*! and p"*' are

ot
Wt = (1 — —)i:" — 3T (a- V™’ + Vpt), (71)
T1
ﬁn+1 — _TZHL(V . un+l)'
For a fixed 7; we have that
ot
=0+ 0062), =1-21006R),
' ot T1
and thus (64) and (71) differ from a term of order @(3¢%). The expression for the pressure subscale has not
changed from (65).
Clearly, not much is gained by treating explicitly #. However, an important computational gain is ob-
tained if the orthogonal projection in (71) is computed as IT* = I — I1, with the identity applied in time step
n+ 0 and IT in time step n, that is, (64) is replaced by

=n T b ~n n 71 1 71
! = éu — i f(a-Vut + Vpit?) — I(a - V) + Vpp)].

This and other implementation aspects of the formulation presented here are similar to those of the
pressure stabilization technique described in [39].

4. Extension to the Navier—Stokes problem
4.1. Temporal discretization and linearization

Before discretizing in space the incompressible Navier—Stokes equations (1) and (2), let us consider the
time discretization using the generalized trapezoidal rule, as for the Oseen equations in Section 3. Using the
same notation as above, at each time step the problem to be solved is

5t”n + un+() . Vun+0 _ vAunH) + vpn+1 :f7 (72)

Vut? =0. (73)
Observe that the pressure computed in (72) has been considered evaluated at time level n + 1 (this simplifies
the final algorithm of the following section).
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This problem is nonlinear. Before going to the finite element discretization we can linearize it. Again,
several options are possible, but now we will restrict ourselves to the simple fixed point (or Picard) algo-
rithm, which leads to an Oseen problem within each iteration step. Denoting by /" the ith iteration of the
unknown f at time level n, the linearized form of problem (72) and (73) is

5[”71,1' + un+07i—l . vun+0,i _ vAun+(),i + vpn+l,i :f-7 (74)

Vot =0. (75)
This is the linear system to which we apply the previous developments.

4.2. Final algorithm

Problem (74) and (75) is clearly an Oseen problem for the velocity &%/, being the advection velocity
given by a = u"%~!. Hence, we can apply the formulation developed in the previous section in a
straightforward manner. However, there is an important remark to be made. When the unknown velocity is
split into its finite element component and the subscale, this decomposition also affects the advection ve-
locity a, that is to say, we will have

a= llZJrG"FI + ﬁn+0’i_1,

This implies that the velocity subscale not only need to be tracked in time, but also along the iterative
process. Of course, expression (64) is still valid, and it will allow us to carry out this tracking.

The final algorithm is written in Box 1. There are three points that we would like to emphasize of this
formulation, two of which are common with that of the transient Oseen equations:

e The velocity subscales appear also in the advection velocity a. It is not uZ*H’H, as for the standard Galer-

kin method, but " @01,

e The stabilization parameter t;, depends on the time step size dt.

e The velocity subscales appear both evaluated in the previous time step (the term coming from the ap-
proximation to their temporal derivative) and in the previous iteration (in a). Thus, they have to be
stored at each iteration and at each time step.

Remark 5. Apart from the particular time integration scheme and linearization method adopted in Box 1,
the main feature of this algorithm is that the projections onto the finite element space have been treated
iteratively using the same iterative loop as for the fixed point linearization of the convective term. As
mentioned in the previous section, it is also possible to treat these projections explicitly (that is, computed
with values of the previous time step), or even with a nested iteration within each linearization step. In any
case, we have observed from numerical experiments that it is important to treat the advective velocity
implicitly. If 6 = 1, one could perform a single iteration within each time step while keeping formal first
order accuracy. However, we have noticed that this may lead to instability problems. For example, when
stationary solutions are searched, the convergence towards the steady state can be nonmonotone.

Remark 6. In [13] the authors present also a multiscale decomposition of the incompressible Navier—Stokes
equations, but with a different goal than ours. Rather than obtaining a stabilized numerical method, they
intend to develop a physical model. However, the underlying concepts are similar. The main difference is
that instead of the closed-form expression for the subscales (64) (in fact its counterpart for the Navier—
Stokes equations) they model these subscales by adding a Smagorinsky-type eddy viscosity. Nevertheless,
our approach has an inherent modeling of the classical terms for which a closure equation has to be given in
turbulence, such as the Reynolds stress and the Cross stress [13]. How does our numerical method behave as
physical model is a point that needs further research.
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5. Numerical examples
In this section we present three simple numerical examples. The first is an example of the behavior of
the formulation for the stationary Oseen equations, whereas the other two are transient incompressible

flows computed with the formulation of Box 1. These examples are the classical cavity flow problem and the

flow over a cylinder. For much more complex applications (using quasi-static subscales) the reader is re-
ferred to [40].

5.1. Stabilized formulation for comparison

The formulation presented in this paper will be compared with the algebraic subgrid scale (ASGS)
method, as presented in [35], which is similar to the GLS method [29,32,36]. This formulation leads to

Box 1. Algorithm for solving the Navier—Stokes equations

e Read (or compute) #) and set p) =0, &’ = 0.
FOR n=0,...,N — 1 DO:

e Seti=0
o Setu ™ =u, Pttt = pr, w00 =,
WHILE (not converged) DO:
i—i+1
e Seta= uzw’H + g0l
e Compute 7,, and 7, from (34), (33) and (57)
e Compute the projections

& =1IHa- Va4 vpith

5}1 — H(V . uz+0.ifl)

e Compute /™" and p"'" by solving

(St v) + (a- V™ v + (VU ) — (B V) + (g, V-t
+ (a- Va4Vt a Vv, + Var). +(V-u V)

1 /.
={f,v) +0_5t (u”,a~Vvh —0—th> + (&, a- Vv, + Vg;)

Tit

Ty T2

+ (6;,7 V . vh)f:

Tit

e Update the subscales

~ . 1 _ n+0,i n+1,i
Pt =g, @"ﬂ — 1,01 (a- AR Y )

e Check convergence
END
e Set up converged values

nt0 om0 ~pt0 _ =pt+0i  n+l n+1,i
u, — %h ) -

u u u-\pp =Py

END
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the discrete variational problem

(5tu;1,i’ vh) + (”ZJrﬁj—l . v”2+ﬂi’ vh) + v(vuz+9,i7 vvh) _ (pZH‘i, v . vh) + (qh7 v . uz+9.i)
+ (S — vAT T Y vAvy + d T+ V)
+(Vuy V) = (o) + (F vAY, + Vv + V), (76)

instead of the problem in Box 1. Note that the main differences between both formulations are

e The advective velocity, which in (76) is u}""*"'. However, in the numerical examples we will use also this
velocity instead of & "*~' 4+ @*%~! in the algorithm of Box 1.

e The use of 7, in (76) instead of 7, in Box 1, related to the presence of #" in the second case, which is
absent in (76). However, as it has been mentioned at the end of Section 3.3, this difference disappears
using quasi-static subscales, a possibility that we will also consider in the examples.

e The term (f, vAv, + uZ“’ LTy, + th)r] in (76), which replaces the projection terms in the RHS of the
problem in Box 1.

e A very important fact from the computational point of view is that in (76) the Laplacian of both the
velocity and the velocity test functions within each element has to be added to the convective and pres-
sure terms to maintain consistency. The evaluation of second derivatives is a costly and cumbersome
process in finite element implementations which can be avoided by using the formulation of Box 1. Using
a standard finite element implementation with an isoparametric transformation from the integration do-
main to the real one, the calculation of second derivatives implies evaluating the Hessian at the integra-
tion points using isoparametric coordinates and transforming it to the Cartesian coordinates. However,
there is also the possibility of reconstructing the second derivatives from a least square smoothing of the
first in an iterative way as proposed in [41]. In any case, there is an additional difficulty in the evaluation
of the viscous term if the viscosity is variable (either due to a non-Newtonian behavior or to the use of a
turbulence model), since in this case its gradients would be required using the ASGS formulation, and
not with the method of Box 1.

e We have included the term S,uZ‘i in the expression of the element residual in (76). If time is discretized
using the discontinuous Galerkin method with a piecewise constant time interpolation, one arrives to
(76) with 0 = 1 and without this term. However, much better results are obtained if term is included.
This has also been observed in [41,42].

The formulation presented in this paper and summarized in Box 1 will be referred to as orthogonal
subscale stabilization (OSS), following the definition introduced in [9]. The particular implementation we
have used in the nodal-based one described in [43].

The numerical examples presented aim to demonstrate that the OSS introduces less numerical diffusion
than the ASGS method while being equally stable. In particular, peaks are better captured. Likewise, in spite
of the smaller amount of numerical diffusion, the evolution to the steady state is similar using the OSS and
the ASGS method. Thus, the OSS can be considered as an alternative to reach steady states in a flow
calculation. An additional conclusion will be that if &¢ is much larger than 7, it is not necessary to track the
subscales in time, since considering them as quasi-static leads to very similar results.

5.2. Oseen flow in an L-shaped domain

The purpose of this example is to check the performance of the OSS method in a simple stationary Oseen
problem but showing three features of practical interest: the presence of internal layers, of boundary layers
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and high pressure variations. These features appear in problems of physical interest, even though this one is
only introduced as a numerical test, without physical motivation.

The computational domain is taken as the interior of [0, 3] x [0,3]\[0,2] x [, 3]. The inlet is taken at
x =0, where a discontinuous inflow velocity u = (1,0) for 0<y<1/2 and u = (0,0) for /2 <y<1is
prescribed. A zero pressure is prescribed at the outlet y = 3 and on the rest of the boundary u is fixed to
(0,0). The Oseen equations (7) are solved, taking @ = (1,0) and v = 10~*. For such a small viscosity, the
inflow discontinuous profile propagates inwards with little smearing and a velocity boundary layer is
created at x = 3. We will refer to the given velocity a as the advection velocity, not to be confused with the
velocity # unknown of the problem.

The domain is discretized using 2000 biquadratic elements of equal size, yielding 8241 nodal points. For
these elements, second order derivatives cannot be neglected in the ASGS method (76).

Pressure contours and velocity vectors are shown in Fig. 1. These results have been obtained using the
OSS method, and are very similar to those obtained using the ASGS formulation. The differences are
observed in Fig. 2. Three main conclusions can be drawn from these. First, internal layers are approximated
similarly, with the same overshoots and undershoots in both methods. This could be expected, since both
the ASGS and OSS introduce, among other terms, streamline diffusion, but no cross-wind numerical
dissipation. From the y-velocity section at y = 2 it is seen that the OSS yields more oscillations near the
boundary layer, which are due to the fact that it introduces less numerical diffusion (observe that it only
affects the component of the gradient of the unknown orthogonal to the finite element space, not the whole
gradient). This is also the reason why the pressure variation is much better captured using OSS that ASGS,
as it is seen from the pressure section at the wall x = 3. A similar behavior was found in the numerical
examples presented in [9] for advection—diffusion and Stokes problems.

Referring to the cost of the calculation, it obviously depends on the particular implementation adopted.
We have dealt with the projections onto the finite element space iteratively. Giving the reference 100 time
units (t.u.) to the solution of the linear system in the first iteration, which is obviously the same for the OSS
and the ASGS methods, the construction of the system matrix has taken 13.57 t.u. for OSS and 24.59 t.u.
for ASGS. This additional cost of ASGS is due to the need of evaluating the whole element residual and, in
particular, second derivatives. Each further iteration of the OSS method, in which only the right-hand side
has to be updated and the system matrix is already factored, takes 6.31 t.u. In this example, eight iterations
have been needed to reach convergence with a tolerance of 107> in the relative Euclidian norm of the array
of velocity nodal values.

Fig. 1. Pressure contours (left) and vectors of the velocity unknown u (right) for the Oseen flow in an L-shaped domain.
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Fig. 2. x-Velocity at x = 1 (top), y-velocity at y = 2 (middle) and pressure at x = 3 (bottom) for the Oseen flow in an L-shaped domain.

5.3. Cavity flow problem

This benchmark test case consists in the prediction of various vortices inside the two-dimensional cavity
Q =]0,1[x]0, 1] when a velocity u, = 1, u, = 0 is prescribed along the lid y = 1. The results presented here
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Fig. 3. Streamline pattern for the cavity flow problem. Results obtained using the OSS method and the fine mesh.

correspond to a Reynolds number of 5000 and using the so called “ramp condition” (u = 0 at the corner
nodes).

The computational domain has been discretized using two meshes. The first one, referred to as coarse in
the following, consists of 40 x 40 uniform bilinear elements (1681 nodal points), whereas the second, which
we will call fine, consists of 5408 linear triangles and 2809 nodal points, and it is refined near the bound-
aries. The general streamline pattern obtained with this mesh is shown in Fig. 3. These results have been
obtained using the OSS method and the fine mesh, although they are very similar to those computed using
the ASGS formulation.

To determine the accuracy of the numerical results we have compared them with those presented in [44],
which were obtained using a very fine grid and have become a standard reference. The comparison of the
x- and y-velocity profiles along the cavity mid-sections x = 0.5 and y = 0.5 is shown in Fig. 4.

As it has been mentioned (cf. Remark 5), we have observed from several numerical experiments that the
OSS formulation is sensitive to the convergence tolerance within each time step. In this case we have
reached the steady state by stepping in time with 6z = 10 and using three iterations per time step. This leads
to a monotone convergence to the steady state that is shown in Fig. 5. For this particular case, it is slightly
better using the OSS than the ASGS method.

5.4. Flow over a cylinder

This example involves the flow past a cylinder, another widely solved benchmark problem. The com-
putational domain is Q = [0, 16] x [0, 8] \ D, with the cylinder D of diameter 1 and centered at (4,4). The
velocity at x = 0 is prescribed to (1,0), whereas at y = 0 and 8 the y-velocity component is prescribed to 0
and the x-component is left free. The outflow (where both the x- and y-components are free) is x = 16. The
Reynolds number is 100, based on the cylinder diameter and the prescribed inflow velocity. The finite ele-
ment mesh employed consists of 4000 linear triangles, with 2100 nodal points, being refined near the cyl-
inder.

In order to obtain the fully developed vortex shedding characteristic of this problem, 90 time steps have
been performed with 6 =1 and 0 = 0.5 (Crank—Nicholson scheme), employing for that the ASGS for-
mulation. The convergence tolerance within each time step has been taken as 1072, again in the relative
Euclidian norm of the array of velocity nodal values (a single Picard iteration has been needed to converge).
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Fig. 5. Convergence to the steady state for the flow inside a wall driven cavity.

The solution thus obtained shows a fully developed periodic flow pattern. These results have been taken as
the initial condition for a more accurate calculation, now computed with 6 = 0.1 and requiring a con-
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Fig. 6. Pressure and y-velocity contours at t = 2.5 for the flow over a cylinder. Results obtained with the formulation of Box 1.

vergence tolerance of 107*. Three Picard iterations have been performed for each time step, both for the
ASGS and the OSS methods.

Pressure contours and contours of the y-velocity component at ¢ = 2.5 (after the initial transient de-
scribed) are shown in Fig. 6. These results have been obtained using the OSS method and tracking the
subscales, although the corresponding pictures obtained with the ASGS formulation and the OSS method
with quasi-static subscales are very similar.

The period of the oscillations has been found to be 5.70 time units with the OSS formulation and 5.76
using the ASGS method. The values given in Ref. [45] (using the classical SUPG formulation) and [46] are
6.0 and 5.6, respectively. In Ref. [47], the period obtained with a very fine mesh (3426 Q,/P; elements,
14,000 nodal points) is 5.8 time units (see also [36] for results obtained using a similar stabilized formu-
lation). As explained in [48], the period depends on the width on the computational domain, and domains
wider than the one used here (which is very often used in the literature) are needed to guarantee that the
boundaries do not affect this period.

The temporal evolution of the y-velocity component at point (x,y) = (0.623,0.4) in the time interval [40]
is shown in Fig. 7. It is seen there that the ASGS method is slightly more diffusive than OSS. For this
method, on the other hand, tracking the subscales or assuming that they are quasi-static leads to very
similar results. The reason for this is that in this case &¢ = 0.1 is ten times larger than the average 1
(= 0.01). However, an interesting difference between both formulations can be observed from the pressure
evolution in time (also at point (0.623,0.4)), which is shown in Fig. 8. It is observed that both the ASGS
method and the assumption of quasi-static subscales in the OSS formulation lead to a spurious time step-to-
time step oscillation which is not present if the subscales are properly tracked. This effect is due to the
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variation of the element size from one element to another; it disappears if the mesh is refined or if only one
mesh size is used to compute all the stabilization parameters.

6. Conclusions

In this paper we have described a stabilized finite element method for the incompressible Navier—Stokes
equations based on the decomposition of the unknowns into large scales and subgrid scales.

The way to deal with the subgrid scales proposed here is to give a closed-form expression for them based
on a Fourier analysis of the problem of which they are solution. This can be considered a modeling strategy
alternative to the addition of subgrid viscosity [12,13], the use of a coarse time integration in the nonlinear
Galerkin method [23,25], or the approximation using bubble functions [7,17].
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The bottom line of our approach is a stabilized numerical method which consists basically of adding a
least-squares form of the component of the convective and pressure terms orthogonal to the finite element
space into the discrete problem, as well as a RHS term that comes from the temporal derivative of the
subscales which can be neglected if these are considered quasi-static.

Although not presented in this paper, the analysis of the linearized problem reveals that the method is
stable and optimally convergent using equal velocity—pressure interpolations, even in the case of convec-
tion-dominated flows. These results are confirmed by the numerical experiments presented here, which
show that the method has excellent accuracy. Nevertheless, localized oscillations near sharp layers are even
stronger than with other stabilized methods, such as that given by (76).

Concerning the computational cost, for stationary linear or mildly nonlinear problems the formulation
proposed here is certainly more expensive than (76), since the need to deal with projections onto the finite
element space makes the algorithm necessarily iterative. However, for transient calculations it is very
competitive, sometimes even cheaper, since less stabilizing terms appear. Moreover, these terms do not
depend on the residual of the Navier—Stokes equations, which in some situations may be expensive or very
difficult to evaluate. Examples of this are the presence of thermal or electromagnetic couplings, Coriolis
forces and, above all, nonlinear viscosities, coming either from nonlinear constitutive models or from
turbulence modeling.
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