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Abstract

Various realizations of variational multiscale (VMS) methods for simulating turbulent
incompressible flows have been proposed in the past fifteen years. All of these realizations
obey the basic principles of VMS methods: They are based on the variational formulation
of the incompressible Navier—Stokes equations and the scale separation is defined by
projections. However, apart from these common basic features, the various VMS methods
look quite different. In this review, the derivation of the different VMS methods is presented
in some detail and their relation among each other and also to other discretizations is
discussed. Another emphasis consists in giving an overview about known results from the
numerical analysis of the VMS methods. A few results are presented in detail to highlight
the used mathematical tools. Furthermore, the literature presenting numerical studies with
the VMS methods is surveyed and the obtained results are summarized.
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1 Introduction

The accurate numerical simulation of turbulence is one of the more challeng-
ing scientific problems, with wide classical applications such as engineering,
weather, and climate forecasting, for instance, besides more recent applications
in medicine, astrophysics, or oceanography, among others. Fluid mechanics es-
tablishes that the motion of a viscous fluid is governed by the Navier—Stokes
equations, which constitute the basic model to perform numerical simulations
of turbulent flows: Let 2 € R, d € {2,3}, be a bounded domain with Lip-
schitz boundary I" and (0,7 be a bounded time interval, then these equations
are given by: Find a velocity field w : (0,7) x £2 — R? and a pressure field
p : (0,T) x £2 — R such that

Ou—2vV -D(u) + (u-V)u+ Vp= fin (0,7] x £2, )
V-u=01in [0,T] x £2.

These equations have to be equipped with an initial condition ug at ¢ = 0 and
with boundary conditions on the boundary I" of £2. The velocity deformation
tensor is the symmetric part of the velocity gradient D (u) = (Vu + VuT)/2.
Given data are the dimensionless kinematic viscosity v and the body forces
f. The first equation in models the conservation of momentum and the
second equation, the so-called continuity equation, models the conservation of
mass.

Flows at Reynolds number beyond the turbulence threshold develop a wide
range of space and time scales with nonlinear interactions and a seemingly
random behavior. Large eddies generate smaller and smaller eddies by iner-
tial effects, until these reach the viscous length scale, below which they are
destroyed by molecular friction. The computational complexity associated to
the accurate numerical simulation of such a wide range of space-time scales



makes direct numerical simulations (DNS) of the Navier-Stokes equations for
flows at large Reynolds numbers nowadays impossible. It is estimated that if
the improvement of the computational resources continues at the same rate,
an accurate computation of all scales of a turbulent flow will be possible only
by the end of the XXIth century.

Meanwhile, “turbulence” models aim to simulate statistical means of tur-
bulent flows (RANS —Reynolds Averaged Navier—Stokes— models), or rather
their larger scales (LES —Large Eddy Simulation— models). The traditional
models are based upon statistical theories of equilibrium turbulence at large
Reynolds numbers: The generation of small eddies draws energy from the large
eddies, and the total energy drawn may be estimated by statistical similarity
properties, basically the Kolmogorov theory that applies to eddies located in
the inertial range, in which only the convection effects are relevant. The ef-
fect of the creation of small eddies on the large ones is modeled by means of
an equivalent diffusion, named the “eddy diffusion” or “eddy viscosity”. The
actual mathematical structure of this eddy diffusion is built by similarity ar-
guments in such a way that the dissipated deformation energy of the resolved
scales equals the estimated energy drawn by the unresolved scales. In RANS
models the eddy diffusion affects all the flow scales, leading to an excessive
damping of large scales. However, RANS models (in particular the most popu-
lar one, the k— e model) are widely used in engineering due to their robustness
and economy of computational time (see [38, Chapter 4]).

Classical (explicit) LES models are formally obtained by convolution of
the Navier—Stokes equations with a smoothing kernel. The large scales are
determined by a cutoff length, that should be placed within the inertial range,
and the eddy viscosity acts usually directly on all resolved scales. LES models
provide more accurate results than RANS models, in particular for unsteady
flows, although they are much more costly and thus much less used in industrial
applications. LES models (as RANS models) are systems of partial differential
equations, that need to be endowed with initial and boundary conditions, and
solved numerically. The convolution with the smoothing kernel destroys the
no-slip boundary conditions, generating a source of errors, e.g., see [51]. The
numerical discretization leads to an additional numerical diffusion, needed to
reach stability. The accurate numerical simulation of LES models thus needs
high-order discretizations to prevent that the numerical diffusion masks the
eddy diffusion.

Variational multiscale (VMS) models propose an alternative to the “stan-
dard” turbulence modeling. VMS models are increasingly used as a promising
and successful approach that seeks to simulate large scale structures in turbu-
lent flows. However, there are fundamental differences between VMS methods
and LES methods. In contrast to LES methods, VMS methods consider large
scales which are defined by projection into appropriate function spaces. More-
over, VMS methods are based on the variational formulation of the model
problem, while the LES methods consider the strong form of the model prob-
lem. One of the promising features of the derived variational formulation and
the use of the projection for defining the scales is that the boundary condi-



tions are incorporated into the mathematical analysis in a natural way. Thus,
compared to classical LES based on filtering, the VMS approach does not
face difficulties associated to inhomogeneous non-commutative filters in wall-
bounded flows, and as consequence is mathematically consistent also in the
presence of boundaries.

VMS models were introduced in the seminal papers [80,83] as a general
technique to model the subgrid scales in the numerical solution of partial dif-
ferential equations. In parallel, in [T1] was introduced an alternative technique
for multiscale subgrid modeling. The application of VMS modeling to the sim-
ulation of turbulent flows was proposed in [85].

VMS methods have experienced a fast development, in particular their
application to the simulation of turbulent flows that has led to well-established
models. A relevant achievement of some of these models (the residual-based
VMS models) is that they do not need any modeling of the subgrid scales
by statistical theories of turbulence, in particular they do not include eddy
viscosity. The numerical diffusion inherent to those models plays the role of
the eddy diffusion.

There essentially exist two classes of VMS turbulence models, depending
on the resolution levels number of the scales:

— Two-scale VMS models: The large and small scales are respectively ap-
proximated by discrete spaces. A coupled set of equations for large and
small scales is derived, where each of them is driven by the residual associ-
ated to the other. The small scales are either modeled or resolved, leading
to

— Residual-Based VMS models: The unresolved scales themselves are
modeled in terms of the large scales, and their modeled expression is
inserted in the resolved scale equations, leading to a single set of equa-
tions for the resolved scales, with additional stabilizing terms modeling
the action of the unresolved scales. In particular, for the orthogonal sub-
scales (OSS) model, if all inertial interactions are kept in the modeled
terms, the numerical diffusion generated by this residual-based VMS
model is asymptotically equivalent, as the Reynolds number increases
to infinity, to the eddy diffusion dissipated by the unresolved scales.
Thus, the residual-based procedure does not make use of the statistical
theory of equilibrium turbulence, and no ad-hoc eddy viscosity model-
ing is required. Further, it retains numerical consistency in the finite
element equations. This approach, which hence rely on purely numeri-
cal artifacts without any modification of the continuous problem, was
seldom followed, the MILES (Monotone Integrated LES) approach [21]
being the main exception, until the (residual-based) VMS models were
introduced in the seminal papers [80,83] and subsequently proposed as
implicit LES techniques (ILES) for turbulent flows in [441[10]. It is worth
emphasizing that, while ILES techniques are usually considered to be
based on the addition of purely dissipative numerical terms, see [120,
Sections 5.3.4], this is not the case for instance of the OSS model with



dynamic subscales that allow to model backscatter similar to dynamic
LES closures, as shown in [II8] and discussed in Section
— Three-scale VMS models: The flow is decomposed into large resolved,
small resolved, and unresolved scales. A coupled set of equations for large
and small resolved scales is derived. The effect of the unresolved scales on
the resolved ones is modeled by means of an eddy viscosity term that only
acts directly on the small resolved scales.

— Residual-free bubble VMS models: The small scales are approxi-
mated by “bubble” finite elements which are residual-free to take into
account the effect of the unresolved scales. The final model consists of
a coupled system of partial differential equations for large and small
resolved scales of the flow.

— Projection-based VMS models: The large and small resolved scales
are jointly discretized in a single discrete space. A projection operator
into an underlying large resolved scale space is used to construct the
small resolved scales that appear in the eddy viscosity term.

— Algebraic VMS models: These models are similar to the projection-
based models, but the projection operator is built at the algebraic level
of the model, once the model is written as a set of nonlinear equations
in R™.

This classification of VMS methods also creates a division in the family of
turbulence models separating those that use eddy diffusion (in a more or less
sophisticated manner) to model the effect of subgrid scales, and those (residual-
based) that use a direct modeling of the subgrid scale flow by approximating
the related equations.

The aim of this review consists in presenting the different VMS methods
in a structured manner, comparing their derivation, numerical analysis (when
available), and their ability to solve turbulent flow problems. There are already
reviews of VMS methods available in [89[62,[92]. It is intended to update these
reviews, thereby putting special emphasis on the comparisons of formulations
of the methods and on aspects from numerical analysis.

1.1 Nomenclature
Standard symbols will be used for Lebesgue and Sobolev spaces. To simplify

notations, the domain is omitted if the space is with respect to {2 and vector-
valued spaces are denoted by bold symbols, e.g., L? = [L?(£2)]".

a(-,-) weak form of the viscous term
A(+;-,+) trilinear form for the left-hand side of Navier—Stokes
equations

b(-,-,+)  weak form of the convective term

bs(+,+,-)  skew-symmetric form of the convective term
¢(+;+,+)  trilinear form defining a turbulence model
f right-hand side of Navier—Stokes equations
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Tm
Tc

linear form for the right-hand side of Navier—Stokes equations
mesh width

local mesh width for mesh cell K

mesh cell

macro element

outward pointing unit normal on I’

continuous pressure

large scale pressure

small resolved scale pressure

resolved scale pressure

unresolved scale pressure

finite element space of degree k on simplices

finite element space of degree k on quadrilaterals or
hexahedra

final time

triangulation

continuous velocity

large scale velocity

small resolved scale velocity

resolved scale velocity

unresolved scale velocity

(u,p)"

P, on simplices, @); on quadrilaterals or hexahedra
space for continuous velocity

dual space of X

resolved scales (two-scale VMS) or large scales (three-scale
VMS)

small resolved scales (three-scale VMS)

unresolved scales

space of weakly divergence-free functions

finite element velocity space

finite element velocity space with discretely divergence-free
functions

space for continuous pressure

finite element pressure space

XxY

boundary of {2

filter width

dimensionless viscosity

turbulent viscosity

identity operator

projection operators

stabilization parameter for velocity

stabilization parameter for pressure, grad-div parameter
bounded domain



(,9) inner product in L?(£2) or L*(12)
(4 )w inner product in L?(w) or L*(w)
Il 1% norm in H*(§2)

|- llkw  morm in H*(w)
|- llkp  morm in W*»(0)

| [x seminorm in H*(£2)

| |k seminorm in H*(w)

| lkpw seminorm in WP (w)

Il lle Frobenius norm of a tensor

2 Finite Element Methods for the Incompressible Navier—Stokes
Equations

As already mentioned, VMS methods are based on the variational formulation
of the Navier—Stokes equations . This section introduces this formulation
and some properties are summarized. Then, the basic finite element discretiza-
tion, the so-called Galerkin method, is given and important properties are
stated.

2.1 The Incompressible Navier—Stokes Equations

For simplicity of presentation, the case of homogeneous Dirichlet boundary
conditions
u=0 in (0,7)x I

will be considered. Then the appropriate function spaces for velocity and pres-
sure are given by

d

X = [Hy@)" = {ve [H'(@2)]" v=00nT},

Y:Lg(n):{qeﬁ((z) : /quw20}.

The variational formulation of is derived by multiplying the momentum
equation with test functions v € X, the continuity equation with test functions
q € Y, and with integration by parts of the viscous term and the pressure term.
The resulting variational formulation reads as follows: Find (u,p) : (0,7) —
X x Y such that for all (v,q) € X xY

o ,0) + afu,w) + b, w,v) — (V- 0,p) = (£,0) in D*(0,T),
(V-u,q) = in D*(0,7), (2
u(0,z) = up(x) in 2.

Here, (-, -) denotes the duality pairing between X and its dual X™* = [H_l (Q)] ¢
and D*(0,T) is the space of distributions on (0, T"). The forms a and b are given



by
a(u,v) =2v(D (u),D(v)), blu,v,w)=((v-V)v,w), u,v,weX.
Using that u is divergence-free, one finds that
2v(D(u),D (v)) = v(Vu, Vv).
Applying Holder’s inequality, Sobolev imbeddings, interpolation theorems

in Sobolev spaces, Poincaré’s and Korn’s inequality one gets the estimate
1/2 1/2
b, v, w) < Cllully*[ID (w) [|"*[D (0) [oID (w) o ¥ w,0,weX. (3)
For studying the existence of a velocity solution of , this system is
usually considered in the subspace of divergence-free functions

Xgv={veX : (V-v,q)=0forallgeY}.

The second equation of states that u € X g;, for almost every time. For test
functions from X g;y, the pressure term in the first equation vanishes such that
only the velocity is left. Then, the velocity solution of can be computed
by solving the following problem: Find w : (0,7) — Xg;v such that for all
v € Xgiy

(Oru, v) + a(u,v) + b(u,u,v) = (f,v) in (0,7),

u(0,z) = up(x) in 2. (4)
An appropriately defined variational velocity solution satisfies [58|[134]
w € L?(0,T; Xaiv) N L™ (0, T; L, (£2)) (5)

with

Li () ={v : veL*(2),V-v=0,v-n|p =0}
In this space, the divergence has to be understood in the sense of distributions
and the boundary condition in the sense of traces. The initial condition also
makes sense in L2({2) as from u is weakly continuous from [0,7] into
L2(92).

The existence of a variational velocity solution can be proved in several
ways, e.g., by considering a sequence of regularized problems [107], with the
Galerkin method [78], or with the semi-group method [133]. However, the
uniqueness of the weak solution is an open problem for the practical relevant
three-dimensional case. Uniqueness can be proved with stronger regularity
assumptions than , e.g., with the assumption [130]

uw e L°(0,T;L(f2)) with g + % <1

The unresolved question of the uniqueness of a variational solution pos-
sesses some impact on the numerical analysis of discretizations of turbulence
models. Topics like error estimates are studied usually with the assumption
of a unique solution of the variational problem. To ensure this property for
the three-dimensional situation, one has to require a regularity of the solu-
tion which is stronger than in the formulation of the variational problem. But
in particular for turbulent flows, it is counterintuitive to assume additional
regularity of the solution.



2.2 The Galerkin Finite Element Method

The basic idea of finite element methods consists in replacing the infinite-
dimensional spaces (X,Y") in the definition of the weak problem (2)) with finite-
dimensional spaces (X, Y}). Here, only the case of conforming finite element
methods will be considered, i.e., the finite-dimensional spaces are subspaces of
the infinite-dimensional spaces X, C X and Y, C Y.

This section will describe the basic finite element discretization, the so-
called Galerkin discretization. Analytical tools which will be needed in the
finite element error analysis will be introduced.

The continuous-in-time Galerkin finite element discretization of the Navier—
Stokes equations reads as follows: Find (up,pr) : (0,T7) = X x Y}, such
that for all (vp,qn) € X XYy

(Ovup,vp) + alun, vp) + bs(up, wp,vy) — (V- vp,pp) = (. vn) in (0,7)
(V-up,qn) =0 in (0,7),
up(0,x) = ug,p(z) in 2,
(6)

where ug () is an approximation of the initial condition in the finite element
space and bs(wp, up, vy) is a skew-symmetric form of the convective term, e.g.,

bs(u,v,w) = % (b(u,v,w) — b(u,w,v)). (7)

Note that in the case u € X g;y it holds b(u, v, w) = bs(u, v, w). From (3) one
obtains directly

bs(u, v, w) < Clully”? D () [|5D (v) [lo[|D (w) o ¥ w,v,w e X. (8)

For problem @ to be well posed, the finite element spaces have to satisfy
the so-called discrete inf-sup condition

V- vy,
inf sup ¥ onan) > B3>0, 9)
qh€Yn,qn#0 v, € X, 05, #£0 ”vvh”O”qh”O

with 8 constant independent of the triangulation, [824].

Given a regular triangulation 7y, of {2 into a set { K'} of simplices, or quadri-
laterals (2D)/hexahedra (3D), the diameter of a mesh cell K is denoted by
hi and h = maxgeT, hx. The space of continuous functions whose restriction
to each mesh cell of 7} is a polynomial of degree less than or equal to k is
denoted by Pg. The space @y consists of continuous functions whose restric-
tion to each mesh cell is in each variable is a polynomial of degree less than
or equal to k. Popular pairs of spaces that satisfy @D on simplicial meshes
are the pairs from the Taylor-Hood family Py/Py_1, k > 2 from [77] and the
MINT element PP"®/P; from [6]. In PP"P| the space P; is enriched with local
bubble functions (i.e., functions that vanish at the boundaries of all elements
of Tp). On hexahedral meshes, again the Taylor-Hood pairs Qx/Qx—1, k > 2,
are popular, but also pairs with discontinuous pressure Qy,/PI5¢, k > 2.
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Let X, g4iv be the space of discretely divergence-free functions
Xhaiv ={vn € X : (V-vp,qn) =0forall g, € Yp,}.

Note that for all pairs of finite element spaces introduced above it holds
X div € Xaiv, i.e., the discretely divergence-free finite element functions are
generally not divergence-free. This issue and possible remedies are discussed
comprehensively in the survey [102].

With the discrete inf-sup condition @, the velocity finite element solution
of @ can be computed equivalently by solving: Find uj; € X} qiv such that
for all vy, € Xh,div

(Osun, vp) + a(up, vy) + bs(wn, wn, v4) = (fr,, o) in (0,7) (10)

and up, (0, ) = ug (). This formulation of the problem will be used in the
finite element analysis.

Analytical tools which are often applied in the finite element error analysis
comprise Young’s inequality

t t—a/p 11
abé 7ap+7bq7 a7bapvq7t€]Ra 74_7:17 pvqe (1700)7 (11)
p q P q

for ¢t > 0, Poincaré’s inequality in X
[vllo < ClIVollo VoeX, (12)
and Korn’s inequality in X
Vollo <CID () [lo VveX. (13)

Since the triangulations are assumed to be regular, the following inverse in-
equality holds for each v;, € X and each mesh cell K € Ty, e.g., see [40,
Theorem 3.2.6],

[Vnllm. i < cinhie ™ vnllix, 0<1<m. (14)

The Stokes projection is the solution of the following problem: Find uj €
X1, div such that

2vV(u(t,) —up), Vor) = (p(t,-),V-vn) Von € Xpaiv.  (15)

Let u(t,-) € (H*(2))%,p(t,-) € H*1(2), k > 1, and X}, possess a (k — 1)th
order approximation property, e.g., X is the finite element space Pr_1 on
simplicial meshes or Q_1 on quadrilateral /hexahedral meshes. Then a scaling
argument of [75, Lemma 5.3] gives the approximation properties of the Stokes
projection

- - 1
o — @nllo + hl|V (s — ita) o < CH* (nu(t,-)u n V|p<t,->||k1) . 6)
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and
Joutun) o+ 10T =)o < € (e e+ 2ot s )« (47

where the constants depend only on (2. Even for t = 0, the pressure can be
well defined, e.g., see [74].

Finally, a stability estimate and an error estimate for the finite element
velocity solution will be given. The presentation of the proofs will be omitted
for the sake of brevity. However, the principal approach for deriving results of
this kind is the same as for VMS methods, e.g., see Section [B4] for a detailed
presentation.

Lemma 1 Let uoy, € Xpaiv and f € L*(0,t; X'), then the finite element
problem has a unique solution up, € X, and it holds for all t € (0,T)
that

1
ln (N5 + VIVunlGa o pz) < luwonld + SIFIE0,nx0)- (18)
The stability bound depends on the inverse of v.

Theorem 1 Let 2 C R?, d € {2,3}, be a bounded domain with polyhedral
and Lipschitz continuous boundary, let f € L? (O,T; X’), ug € L3, (£2), and
ug,p, € Xhp,aiv. In addition, the following regularities are assumed for the so-

lution of
dueLl?(0,T;X'), VuelL*(0,T;L?), pelL?(0,T;L?). (19)

Then the following error estimate holds for the solution wy, of and for all
te(0,7)

I (= wn) ()3 + VIV (o = ) [0

< C{ (= Inw) N5 + VIV (w = Tnw) (726 1.2

lwo,n — Inw(0)]13

C
+ exp (ZﬁHVuH;(O’t;Lz))

FAIV (= Bw) 2 gy + v (100 (0 = Tnw) 320 )
+IV (u — Ihu) ||i4(0’t;1,2)”VUHizl(o,t;L?)
inf — a2 ) 20
+qh€L;?0,t;Qh) llp QhHL2(o,t,L2) (20)
b (Naon 2+ 1510y ) IV (= Tyw) 2., o
13/2 Allo ) L2(0,;X") L4(0,:L%) | (°

where Inu(t) is a projection of optimal order at time t, e.g., the Stokes pro-
jection, Oy Inu € L? (O,T; X') is assumed.

It can be seen that the error bound scales like the exponential of v 3.
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3 Basic Concepts of VMS Methods

This section discusses basic concepts of VMS methods. Starting point of all
VMS methods is the separation of the flow field into resolved and unresolved
scales. It should be emphasized once more that although this approach is in
principle the same as in LES, the definition of the scales is different. VMS
methods which use just resolved and unresolved scales belong to the class
of two-scale VMS methods. However, the VMS methodology allows further
decompositions of the resolved scales. The most common approach of this
kind is a decomposition of these scales into large resolved scales (or large
scales) and small resolved scales, leading finally to a so-called three-scale VMS
method.

The principal ideas behind two-scale and three-scale VMS methods will
be discussed below. For clearness of presentation, the weak formulation of
the Navier—Stokes equations will be expressed in a short form as follows: Find
(u,p): (0,T) = X x Y satisfying

A (u; (U,p), (’U,q)) = f(’U) v (’U7q) €EX XY (21)

with ©(0, ) = ug(x), where A(+;-,-) stands for the left-hand side of and
f(:) for the right-hand side of (2).

3.1 Two-Scale VMS Methods

A two-scale VMS method uses a decomposition of the scales in resolved scales
(w,p) and unresolved scales (u’,p’) such that

u=u+u, p=p+yp (22)
with the underlying direct sum decomposition
X=XaoX, Y=YaY. (23)

It should be emphasized once more that the decomposition of the scales and
the spaces is performed with variational projections.

Inserting decomposition in (21]), using the same decomposition for the
test functions, and the linearity of the variational formulation with respect to
the test functions gives

— an equation for the resolved scales
A (u5 (H7 ﬁ) ’ (§7 q)) +A (U; (ulvp/) ) (ﬁa a)) =f (6> ) (24)
— and an equation for the unresolved scales

A(u; (@,p), (v',¢) + Au; (v, p), (v, ) = £ (v). (25)
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To simplify notations, define

U(u)7 V<v>, and so on.
b q

Now, the form A(-;-,-) is decomposed into its linear part and the trilinear
convective term

A(w;U, V) = Ay, (U, V) + b(u, u,v).
Then, can be written in the form
Ay (U, V') + bW/ v/, v") = (Res (U), V') (26)
with

Ay (U, V') = Ay (U, V') + b (W', @, v') + b (w,u', '),
(Res (U) , V') = f(v') — A (U, V') = b(w,u,v").
Using the linearity of Ajy (-, ) and the trilinearity of b(-, -, -), a straightfor-

ward calculation gives that the operator Ay (U’, V/) is the Gateaux derivative
of A(+;+,-) at U in the direction of U’

Aw+enw;U+eU V') - A(uw;U, V')

lim
e—0 €
Ay (ﬁJr elU’, V’) +b(@+eu ,u+ceu,v') — A (ﬁ, V’) - b(u,u,v’)
= lim
e—0 g

= A (U, V') +b(u,u,v) + b(m, v/, v).

Equation provides an interpretation of the unresolved scales in terms
of the resolved scales: The unresolved scales are a function of the residual of
the resolved scales. Hence, there is a representation of the form

U =Fy (Res(D)). (27)

Inserting this representation in gives an equation for the resolved scales.

The operator Fy is generally not known. However, its knowledge is even
not necessary since if the unresolved scales are modeled with this operator,
then equation has the same complexity as the Navier-Stokes equations.
In this case there is no turbulence modeling. Two-scale VMS methods aim
to approximate Fy. Note that the model for Fyy does not need to rely on
considerations from the physics of turbulent flows, it might be derived just
with mathematical arguments. In Sections [4 and [6] concrete approaches
will be presented.



14

3.2 Three-Scale VMS Methods

In a three-scale VMS method, the flow field is decomposed into large (resolved)
scales, small resolved scales, and unresolved scales. Applying this scale sepa-
ration to the underlying solution and test spaces and specifying a direct sum
decomposition yields

X=XaXaX, Y=YaYaY/,

where the three scales are denoted by, respectively, 6, 6 and ()/ Accordingly,
one performs the scale decomposition of the solution

u=u+u+u, p=p+p+yp

and likewise for the test functions v =9 +v+ v, andq=q+ ¢+ ¢'.

In the same way as for the two-scale VMS methods, the derivation of a
three-scale VMS method starts by considering the variational form of
the Navier—Stokes equations for the different scales of the test function, using
again that the variational form is linear with respect to the test functions.
This approach results in a coupled system of three equations with respect to
the large scales, small resolved scales, and unresolved scales, which are defined
as follows: Find (u,p) : (0,7) — X x Y satisfying for all (v,q) € X xY

— the large-scale problem
A(w; (@, p), (0,9) + A(w; (4, p), (0,9) + A(w; (v, '), (9.7)) = f(v),

(28)
— the small resolved scale problem

A(w; (@, p), (v,9) + A(w; (4, p), (v,9) + A (w; (v, p'), (9,7)) = £(v),
(29)
— and the problem for the unresolved scales

A(u; (w,p), (v',q)) + A(u; (4, p), (v, q) + A (u; (u',p), (v',¢)) = f((g’o))-

In the modeling step of a three-scale VMS method, the following assump-
tions are taken into account:

— First, it is not intended to explicitly resolve any quantities which are termed
“unresolved”. Hence, equation for the unresolved scales is neglected.

— It is further assumed that the direct influence of the unresolved scales on
the large scales is negligible, i.e., in it is set

A (u; (u',p), (0,7)) = 0.

— Finally, the influence of the unresolved scales onto the small resolved scales
is modeled, i.e., in it is used

A(u; (v, p'), (0,9) ~ ¢ (u; (@, D), (@, 5), (¥,7)) - (31)

The turbulence model ¢(+; -, ) will be discussed below.
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The above assumptions lead to an abstract three-scale VMS method that
reads as a coupled system of the form: Find (@, p) x (u,p) € (X,Y) x (X,Y)
satisfying

(w + u; (w,p),(v,9)) + A+ @; (u,p), (v,7) = £(0) (32)
AT + w; (w,p),(v,7)) + AT + u; (u,p), (9,9))
+ c(u + u; (w,p), (u,p), (0,9)) = f(v) (33)

for all (7,9) x (3,9) € (X,Y) x (X,Y).

This problem may be reduced to a monolithic equations system for the
unknowns uj, = @ + U, p, = p + D by introducing the spaces X, = X ® x
and Y, =Y & % , and the restriction operators

I, :X,—-X andIl, :Y, =Y

by
I up, =, I.p, =P whenever up, =uw+u, and p, =D+ p.

Summing up and one obtains the equivalent problem: Find (uy, ps) €
(X1,Y}) satisfying

A(wp; (wn,pn), (Wn, qn)) + c(wns I (wn, pr), (I — II) (wn, pr),(I — II) (vh, qn))
= f(vn) (34)

for all (vn,qn) € (Xn,Ysn), where for brevity the notation IT = (Il,,,1I.) is
used, and I denote the component-wise extension of the identity operator to
vector-valued functions.

A characteristic feature of a three-scale VMS method is that the turbulence
model ¢(+; -, ) acts directly only on the small resolved scales. However, due to
the coupling of the small resolved and the large scales in and , the
model ¢(+; -, ) influences the large scales indirectly. In contrast to this situation,
the turbulence model in a classical LES method acts directly on all resolved
scales.

To specify a concrete three-scale VMS method, one has to define the spaces
for the large and small resolved scales and a model ¢(+; -, -).

For a finite element discretization of 7, there are two principal
approaches for choosing appropriate spaces:

— In the first approach, standard finite element spaces are used for the large
scales (X x Y). The finite element spaces for the small resolved scales
(3(\ x Y) require a higher resolution than the spaces for the large scales
since they should represent smaller scales. A proposal consists in using
bubble functions on the mesh cells for the small resolved scales. A detailed
description of this approach is discussed in Section

— The second way for choosing the spaces consists in using a common stan-
dard finite element space for all resolved scales and an additional large
scale space. Methods of this type will be addressed in Sections [8] and [0}
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In its turn, the discretization of requires a common space X X Y} for
the resolved scales and a restriction operator on the large resolved scales. This
operator may be defined by interpolation or projection on a coarser grid. The
explicit space of large resolved scales is not needed, it is implicitly considered
by means of the restriction operator. This kind of methods will be addressed
in Sections [6] and [IQ] .

The choice of the turbulence model ¢(; -, ) in may be guided by phys-
ical ideas in turbulence modeling. For VMS methods, widely used turbulence
models are eddy viscosity models of Smagorinsky type. Writing ¢(+; -, -) in the
form

¢(u; (w,p), (u,D), (v,9)) := (v2D (u), D (v)), (35)

three different versions of the Smagorinsky model within VMS methods can
be distinguished, where the second part of the name refers to D (u) in :

— the ‘small-small’ model

vr = Cs0%|D (@) ||r, (36)
— the ‘large-small’ model
vr = Cs0°|D (@) ||r, (37)
— the ‘all-small’ model
vr = Cs6%|D (u + @) ||p. (38)

Here Cg denotes a user-chosen constant, ¢ a scaling factor related to the mesh
width, and || - ||r the Frobenius tensor norm.

The Smagorinsky model is also a widely used model in LES. Its advantages
and drawbacks are well known. The most severe drawback is that it intro-
duces too much viscosity. To reduce this drawback, in [60L108] the so-called
dynamic Smagorinsky model was proposed, which computes Cg a posteriori
as a function in time and space, i.e., Cg = Cg(t,x). The use of the dynamic
Smagorinsky model is very popular in LES. Also a three-scale VMS method
with Smagorinsky model (with constant C's) can be interpreted as an approach
to reduce the viscosity introduced with this model. Here, the reduction comes
from the feature that the turbulence model is applied directly only to the small
resolved scales and not to all resolved scales.

4 Two-Scale Residual-Based VMS Method

A two-scale VMS method which is based on modeling residuals was proposed
in [I0]. The resulting method can be considered as a generalization of classical
stabilization methods for the Navier—Stokes equations.
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4.1 Derivation

Starting point of the derivation of this method is a decomposition of the spaces
of form . The resolved scales are defined either by the L? projection or the
elliptic projection. Note that the decomposition of X into a direct sum induces
that both the resolved and the unresolved velocity scales have homogeneous
Dirichlet boundary data as the functions in X.

Next, a perturbation series for a potentially small quantity is considered.
This quantity is € = HRes (ﬁ) H(X><Y)/' For this quantity to be small, X x Y
has to be sufficiently large. In fact, it is assumed that the larger X x Y, the
better U approximates U and the smaller is Res (U). The perturbation series
is of the form

U =eU| +eUy+...= Y U (39)
i=1
In particular, if e = 0, i.e., Res (ﬁ) =0, then U’ = Fyy (Res (ﬁ)) =0.

Inserting the perturbation series in the terms of equation for the
unresolved scales leads to

Ay (Zé%v’) =Y Ay (U}, V')
i=1 i=1

and

oo oo
b E alug,g c'ul, v’
i—1 i=1

= %b (uy, ul, v') + €2 (u, uh, v') + b (uh, uy, v')] + ..

o) i—1
225i Zb(u;,ug_j,v’)
i=2 j=1
These terms can be inserted in giving
© 0o 1—1 Res (ﬁ)
Ay (U, V)+) ¢ b(uj,ui_;,v') | = s< — VI
2 2| e s @)ooy

Collecting terms with respect to ¢ yields

P Res (U) ,>
Ay (U, V') = — , Vi, 40
( ) <HRes (U)H(xxv)/ (40)

i—1
Ay (U, V') = —Zb (ufuj_j,0") i>2
j=1

Hence, one obtains a system of variational problems where the computation
of U’ requires the knowledge of all U;- with j < 4. All equation of this system
have the same linear operator on the left-hand side.
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In [I0] it is proposed to truncate the series (39)) after the first term, i.e.,

/o o T /

U' ~ U} = ||Res (U)H(Xxy)/ U;. (41)
The function U’ can be obtained formally by solving the linear partial dif-
ferential equation with the operator Ay (U/l, V/). However, solving
analytically is generally not possible and the unresolved scale test functions
are in practice not available. From the mathematical point of view, there is a

formal representation of the solution of with a so-called fine-scale Green’s

operator
Res (U) )
U, =G — . (42)
Y (HReS (Ol x vy

In [I0] it is proposed to use a linear approximation of this operator

, Res (U)
Ul ~T —
[Res (0)

H(XXY)/

where 7 is a 4 x 4 tensor-valued function. Thus, the model of the unresolved
~ /

scales, denoted by U , becomes

~_/ ~_/ —_
U =¢U, =7Res (U) .

Now, this approach will be applied to the Navier-Stokes equations (|2).
There, the approximation of the resolved scales (wp,pp) is computed in a
standard finite element space. It is proposed in [I0] that the parameter T is a
diagonal tensor-valued functions, i.e.,

Tw 0 0 0
Tm 0y | 07 00

T‘((ﬂ@)‘ 0 07,0 | (43)
000

The model of the unresolved scales has the form

T — rRes [ (¥ ) = (™ (f — Ovup, + vAu, — (up - V) up — Vpy)
DPh —Tc (V . uh)
_ (resmp
— (o). (44)
This model can be inserted in the large scale equation .
In [10] it is proposed to neglect the models of the terms

(Opu/,vp) and 2v (D (u'),D(vy)).

Defining the large scales with one of the projections mentioned at the beginning
of this section, then one of these terms will vanish already in the derivation
of the method, the first term if the L2({2) projection is used and the second
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term in case of the elliptic projection. Additionally, the term of the continuity

equation with respect to the unresolved scales in is integrated by parts.
Inserting in and using the described modifications gives the re-

solved scale equation: Find uy, : (0,7) — Xy, prn : (0,T) — Y}, satisfying

(Orun,vp) + (2vD (up) , D (va)) + b (up, up, vn) + (V- un, qn)
— (V- vp,pn) — (resm,n, Van) — (rescn, V - vp) + b (r€Sm n, un, vp)
+b ('Uh, resm,h, vh) + b (resrﬂ,hv resm,h, 'Uh) = <fa 'Uh> (45)
for all (vp,qn) € Xp X Y.
Concerning the actual choice of the convective term, it is advisable from
the practical point of view that one does not need to compute a derivative of
the residual of the momentum equation. For this reason, it is proposed in [10]

to use the following form of the convective term, which is obtained from the
divergence form with integration by parts

b(u,v,w) = (V . (uvT) ,w) =— (uvT, V'w) . (46)

Direct calculations show that

(Vo)u = (u-V)v (47)
and
'U/UT w) = 'U/UT M w axr = v - 'U)T'LL xr = (v 'LUT'LL .
( ,v>/9( ): Vo d /Qw ) da = (v, Vo u). (48)

In the convective term of the resolved scales b (uy,, up, vy ) there is no resid-
ual and one can use in practice any other form of the convective term proposed
in the literature.

In analogy to LES models, the terms b (resy, j, wp, vp) and b (up, resm p, vp)
are called cross-stress terms. For the first cross-stress term, one obtains from

(@9, @), and

b(resm pn, Un,Vp) = — (resmyh (uh)T7V'vh) = — ((Vvh)T resm,h,uh>
= — (resm,h)T (Vup) up de = — (resm n, (Vor) up)
I?)
= — (resm,n, (un - V) vp) (49)

and for the second cross-stress term with and

b(up,resm p,vp) = — (uh (resm,h)T , V'vh> =— (resmyh, (Vvh)T uh)
(50)
The last convective term is called subgrid (or Reynolds-stress) term, again in
analogy to LES, and from it is given by

b(resm n,r€Sm p,vp) = — ((resm_,h ((resmyh)T , Vvh) . (51)
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As already mentioned, a diagonal tensor is used for 7 with the compo-
nents 7, and 7, see . The proposal for choosing 7, and 7. in [I0] is based
on dimensional arguments and not on numerical analysis. A derivation of the
stabilization parameter 7, for compressible flow equations based on such ar-
guments can be found in [I31]. In this paper, a product of a Jacobian matrix,
7, and the transposed of the Jacobian is considered. The dimensional argu-
ments lead to the conclusion that the blocks of this product are dimensionally
equivalent to some other matrix. Based on this conclusion, an ansatz for the
product is proposed, which contains the other matrix, and then the stabiliza-
tion parameter is derived. Since the whole derivation is somewhat involved,
its details will not be presented here but only the results.

Consider parametric finite elements with the bijective map Fx : K — K
and the inverse map Fgl . K — K with © — &. Differentiating Fgl leads
to the definition of the symmetric tensor G with

3 44 s
0%k Ok, o4 93,

Gij - 8.%‘1 al‘j ’
1

k=

Then, the stabilization parameter proposed in [I0] is given by

A —1/2
Tm = <A1€2 + (Uh)T(G (un) + Cian2||G||12~“) ) (52)

where ¢,y is the constant in the inverse estimate .
For the stabilization parameter 7., the vector g with g; = Z?.:l 0t ;/0x;
is defined and the proposal in [I0] consists in setting

Tec = (ngTg>71 .

The stabilization parameters and will be discussed in detail for a
special case in Example [I]

(53)

Ezample 1 Consider the reference cube K = [—1,1]3 and let K be a cube with
edges of length h which are parallel to the coordinate axes. Then the reference
map has the form

R 1 h0O
Fy : K=K, ﬁ:>—>§ OhO]lZ+b==x.
00h

Considering the inverse map, one finds that

0% 2 4 , 48
Du;, BT Gij = 7375, GllF = 73,

4

T

(wn)” G (un) = 35wl
Then, the stabilization parameter 7,,, becomes

4 Al 48 V?
™Tm = | — .
A2 T R2 KA

(54)
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For the parameter 7., one obtains g; = 2/h for i = 1,2,3, such that g7g =
12/h? and

h2
T 12

Now, the parameters and will be discussed for the different cases
in which one of the terms in dominates:

e The term 4/At?> dominates in , i.e., At is very small. Then one obtains
Tm = O(At) and 7. = O(h?/At).

e The term 4[|uy|3/h* dominates in (54)), i.e., there is a strong convection
and At 72 h. In this case, one gets 7, = O(h) and 7. = O(h).

e The term 48c;,,v%/h?* is dominating in , i.e., the viscosity dominates
or the mesh is very fine and At - h%. This situation leads to 7, = O(h?)
and 7. = O(1).

Tc

(55)

Thus, the parameter choice in the second and third case is the same as for
equal-order discretizations of the Oseen equations, see [124, Part IV, Sec-
tion 3.1] or [22]. In fact, in [I0] the two-scale residual-based VMS method was
applied with equal-order non-uniform rational B-splines (NURBS). ]

Considering the physical units of the stabilization parameters, one finds
that

T [(Vsz+m2/<s2m2>+m4/<s2m4>)71/2} = ls]

and
re s ()] = [

Thus, 1, is a time scale and 7. is a viscosity scale, and they are respectively
the time and viscous scales of the subgrid flow.

For At — 0 it holds that 7, — 0 and 7. — oco. An alternative definition of
the stabilization parameters for small time steps, which avoids this behavior,
was proposed in [79].

It can be expected that the parameter in the case of using velocity and
pressure finite element spaces that satisfy the discrete inf-sup condition @ has
to be chosen in a different way than proposed in [10]. This expectation is based
on the different choices for the Oseen equations, see [124, Part IV, Section 3.1].
In addition, numerical analysis for the transient Oseen equations with grad-div
stabilization in [50] shows that 7. = O(1) is the asymptotic optimal choice in
the convection-dominated regime, in contrast to 7. = O(h) as it was found in
Example [1} Since to the best of our knowledge, the two-scale residual-based
VMS method was not used so far with inf-sup stable pairs of finite element
spaces, the asymptotic correct choice of the stabilization parameter seems to
be an open problem in this case.

In [59] it is proposed to model the unresolved velocity scales or the subgrid
scale velocity with

1
ou' + —a' = f — [Oyup, — vAuy, + (up, - V) up + Vps], (56)

Tm
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instead of . A time-dependent evolution of the unresolved velocity scales
of this form was proposed in [48], see also Section [5| for a VMS method based
on time-dependent orthogonal subgrid scales.

4.2 Relations to Other Methods

From and it follows that
b(resm ph, Up,Vy) — (resmp, Van) = — (resmn, (un - V) vp, + Vap).  (57)

This term has just the form of the stabilization term of the Streamline-Upwind
Petrov—Galerkin (SUPG) method for the convection field wuy,.
Inserting the concrete formula of the residual of the continuity equation
gives the term
(1eV - up, V-vy), (58)

which is just a so-called grad-div stabilization term.

Both terms and are classical stabilization terms for the incom-
pressible Navier—Stokes equations.

There are similarities, but also differences, to the two-scale VMS method
with orthogonal subgrid scales presented in Section [} A discussion of these
issues is postponed to Section [5.2)

4.3 Numerical Analysis

Numerical analysis for the two-scale residual-based VMS method is not
available. However, the grad-div stabilization and the SUPG method are ana-
lyzed for the Stokes, the Oseen, and the stationary Navier—Stokes equations.

The grad-div stabilization arises from adding —7.V(V - u) = 0 to
the momentum equation in . Deriving the discrete weak form and applying
integration by parts leads to the term (7.V - up, V - v3). Since in finite element
methods the velocity is generally not weakly divergence-free, i.e., V - up, # 0,
the discretization of this term has an effect on the finite element solution.
Altogether, the grad-div stabilization can be considered as a penalization of
the violation of the continuity equation for finite element velocities.

The grad-div stabilization was introduced in [54]. It is well understood for
the Stokes equations

—vAu+ Vp = fin £,

V-u=0in 2 (59)

and for finite element methods which satisfy the discrete inf-sup condition @
Numerical analysis, e.g., in [90,[117] shows that for finite element discretiza-
tions satisfying @ the choice of the stabilization parameter 7. = O(1) with
respect to the mesh width leads to optimal error estimates. However, a good
choice of 7. depends usually on (unknown) norms of the solution (u,p) of
and on whether or not the sequence of weakly divergence-free subspaces
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contained in the discretely divergence-free spaces X, 4iv has an optimal ap-
proximation property.

The SUPG method was introduced in [81}28] for stabilizing scalar convection-
dominated convection-diffusion equations. Stabilizations of the Oseen equa-
tions and the stationary Navier—Stokes equations which contain the SUPG
term were analyzed in [72l[1TT1T36l/53], and extensions of the analysis can be
found in [I37IT0IT4]. Surveys of the results are provided in [221[124].

The SUPG stabilization was studied in particular for the Oseen equa-

tions
—vAu+ (b-V)u+cu+Vp= fin 2,

Veow=0in £, (60)

where b is a given weakly divergence-free convection field and c¢(x) > 0 in
2. In the numerical analysis, the SUPG method was often considered with
the grad-div stabilization and the so-called pressure stabilization Petrov—
Galerkin (PSPG) method. The PSPG method, introduced in [84], stabilizes
pairs of finite element spaces that violate the discrete inf-sup condition @D

Altogether, the SUPG/PSPG/grad-div finite element problem has the form:
Given f € L?(02), find (un,pn) € X1, x Yy, such that

A((un,pn) s (Vn,qn)) = L ((vn,qn)) ¥V (Vn,qn) € X X Ya,  (61)

with
A((u,p), (v,9))
=v(Vu,Vv)+ ((b- V)u+ cu,v) — (V-v,p) + (V- u,q)
+ D rex (Vou, Vo) + > e (lplg, lals) g (62)
KEeTh Eeé),
+ Z (—vAu+ (b-V)u+cu+ Vp, 7 (b-V)v+7Vq)
KeTh
and
L((v.0) = (f.0)+ > (F.7i (b V) v+ 75 Va) (63)
KeTh

Here, 7c,i,vE, T}, Th are local stabilization parameters and [|-] ; denotes the
jump across the face E of a mesh cell K.

Main goals of the numerical analysis are to show the existence and unique-
ness of a solution of and to prove finite element error estimates. These
estimates allow to derive information on asymptotic optimal choices of the
stabilization parameters in , .

In the available analysis, the stabilization parameters for stabilizing veloc-
ity and pressure were set to be equal 7, gk = 7h = 7h. For all K € Ty, it is
set

Tm = }(nea% Tm, Ky, Tc = Ir(nea%i Te, Ky, V= Erne%}i YE-
The well-posedness of problem can be proved by deriving an inf-sup con-
dition for the bilinear form A from with respect to an appropriate norm.
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The proof of this inf-sup condition poses some restrictions on the stabilization
parameters. Then a finite element error analysis can be performed. Equili-
brating terms in the error bound gives for the convection-dominated case the
following optimal choices of the stabilization parameters:

— for pairs of finite element spaces satisfying the discrete inf-sup condition
@ and the polynomial degree of the velocity space is higher by one than
polynomial degree of pressure space: 7, = O(h?),7. = O(1), and if ¥}, ¢
HY() then v = O(h),

— for pairs of finite element spaces that does not satisfy the discrete inf-sup
condition and the polynomial degree of velocity and pressure space is the
same: 1, = O(h), 7. = O(h), and if Y}, ¢ H*(£2) then v = O(1).

In simulations of turbulent flows, the use of anisotropic grids, in partic-
ular near the boundary, is often of great advantage. A numerical analysis of
residual-based stabilized finite element methods (SUPG/PSPG/grad-div sta-
bilization) of the Oseen equations on anisotropic meshes was performed in
2.

A numerical analysis of the SUPG stabilization for time-dependent prob-
lems is available so far only for scalar convection-diffusion equations in [103].
Optimal error estimates for the backward Euler scheme and for rather general
assumptions on the data were derived for a stabilization parameter 7, < At/4.
Thus, the stabilization parameter depends on the length of the time step as
in and .

In [88], an explicit formula for the fine-scale Green’s function was de-
rived. This function can be expressed in terms of the classical Green’s function
and the projection that defines the scale decomposition, see the beginning of
Section for possible approaches. A detailed analytical study of the fine-
scale Green’s function was performed for convection-diffusion equations in one
dimension. It was shown that in the convection-dominated case the form of
this function depends strongly on the projection. If the elliptic projection is
used, then the fine-scale Green’s function possesses the desirable properties to
be localized and attenuated, in contrast to the situation for the L? projection.

4.4 Experience in Numerical Simulations

In [I0] the two-scale residual-based VMS method was studied at an example
for isotropic turbulence and at a benchmark problem of a turbulent channel
flow with Reynolds number Re, = 395 based on the friction velocity and the
channel half width. For the turbulent channel flow it was observed that the
results for first and second order statistics obtained with quadratic NURBS
are almost identical to DNS results. A significant increase in accuracy was
observed when using second order NURBS instead of first order NURBS (@1
finite elements). The authors consider the results with second order NURBS
to be more accurate than those obtained with a spectral Fourier method from
[87].
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The two-scale residual-based VMS method from [I0] and the algebraic
VMS method AVM? described in Section [0} both applied with Q1/Q; finite
elements, were compared in [63] for a turbulent channel flow problem and
a turbulent flow in a lid driven cavity. With respect to several quantities of
interest, the two-scale residual-based VMS method showed less accurate re-
sults. In these studies, the simulations with the two-scale residual-based VMS
method were also somewhat less efficient. Computational studies in [65] for
a turbulent flow around a cylinder showed only small differences between the
residual-based VMS method and AVM?. From the point of view of efficiency,
both VMS methods proved to be clearly superior to the popular dynamic
Smagorinsky model.

In [59], equation was discretized in a space consisting of bubble func-
tions. The stabilization parameter 7, which was proposed in [59] possesses the
asymptotic behavior 7, = O(h) in the convection-dominated regime. Equal-
order pairs of finite element spaces, e.g., Q1/Q1, were used in the numerical
studies. These studies were performed at the turbulent channel flow bench-
mark problems. It turned out that in the case of a length of the time step that
was not too small, the differences of the results obtained with the steady-state
model of the unresolved scales and the time-dependent model were
small. However, for the time-dependent model , the results were more ro-
bust in the sense that the length of the time step did not possess much impact
on the results. For the steady-state model, the length of the time step enters
the definition of the stabilization parameters and . In particular, 7,
becomes small, see the discussion of the stabilization parameters at the end
of Section and a notable impact of the length of the time step on second
order statistics was observed.

A rotating turbulent flow, the so-called Taylor—Couette flow, was success-
fully simulated in [9] with the two-scale residual-based VMS method using C*!
NURBS, weak imposition of Dirichlet boundary conditions, and adaptive grid
refinement.

A direct calculation shows that the nonlinear term can be split in the form

(u-V)u = (Du)u + %(V X u) X U,

where V X u is the vorticity. A VMS method that uses a residual-based model-
ing for the unresolved scales of the terms on the right-hand side of this equation
was proposed and studied numerically in [T15L[14].

A residual-based VMS method with time-dependent subgrid scales for
variable-density flows at low Mach number was proposed in [67].

5 Two-Scale VMS Method with Orthogonal Subscales

A residual-based VMS method that uses orthogonal subscales was developed
in [44] for the Navier—Stokes problem. This model is referred as orthogonal
subscales (OSS) method.
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5.1 Derivation

As for the two-scale residual-based VMS method derived in Section start-
ing point of the OSS method is a decomposition of the spaces of form .
The resolved scales are represented in a standard finite element space. The
space of continuous solutions Z = X x Y is decomposed into Z = Z;, & Z’,
where Z;, = X, x Y}, represents the resolved scales, and Z' = X’ x Y rep-
resents the unresolved scales. In this context, the space Z' is called the space
of subgrid scales or subscales. Correspondingly, the solution is decomposed as
U = Uy + U’ and the test functions in the form V = V; + V'. With the
notations of Section 3| this corresponds to X = X,, Y =Y},.

The OSS method is derived as in [44] by considering first the transient
Oseen equations, so that the convection velocity is a given solenoidal velocity
field b. To present this method, let

M = diag(I,,0),

where I4 is the d x d identity matrix, and consider an approximation of prob-
lem f in time by the trapezoidal rule, to analyze how does the time
discretization affect the OSS method when using finite differences. Consider a
uniform partition of the time interval [0, 7] with time step At. The time step
level at which the algorithmic solution is computed is denoted by a super-
script. For 6 € [0,1] and U”"™ known, the trapezoidal rule applied to equation
for the unresolved scales (with the convection velocity u = b) consists of
finding U7 as the solution of the problem

(M3U"™, V') + (Lp(U""F0), V') = (Res(U} ), V') WV €Z', (64)
1
where 6,U"" = E(U””Jrl —U""), Ly is the linear operator defined as

cof) = (AT Y,

and Res(U'"?) is the residual associated to U}

Res(U™) = F — [M&tUZ + ﬁb(Uz+9)] , F= ({;) .

The following notation is used throughout this section

fn+9 — 0fn+1 + (1 o H)fn, 5tfn — Ait(fnJrl _ fn),

for any function f. For the sake of simplicity, it is considered throughout
this section that F' is time-independent and that the force vector belongs to
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the finite element space, or it is approximated by an element of this space.
Equation may be equivalently rewritten as

1
(M s V') (LU, V)
B (MHAtU/n V/) + (Res(U}™), V'), (65)

from where a closed-form expression for U’ has to be proposed.
The residual-based OSS strategy consists in setting the unresolved space
as
Z'=7ZinZz,

where Zi- is the L?(£2)-orthogonal complement of Z;, and in further approx-

imating
> Hy(K)
KeTy,

being thus Zj a bubble finite element space. The goals is now to properly
. / ! /
approximate U’ = U}, € Z),.
Denote U’y = U} | and assume that Lp(U37) and Res(U}+?) have
L?(K) regularity. The operator L, restricted to functions of Hy(K) is approx-
imated by a diagonal operator, so that

1
M@U’ S LU ~ (MMt +A > Ui, (66)

with Ag being a d x d non-singular diagonal matrix. Then, equation is
discretized by

1
Ut — 1 (MUY +Res(Up)| |, V] =0 VKET,
0 At K
1 -1
for any V), € Z,, Vi = V§1|K, T K = (MﬁAt —l—TKl) ,and T = A

Thus, one obtains

(U;;”“’ — 7 ( @U’" + Res(U”+9)> ,V§L> =0 YV} €2z,

where 7; denotes the time-dependent piecewise constant matrix function that
takes the value 7, ¢ on K. One can prove that space Z), is dense in Z i in
the L? norm, thus deducing

(U;;"“’ T (MMU"” + Res(U”+")) 7V?1> =0 YV, €z,

and, as a consequence

Iy (U;{"W — T ( @U“n + Res(U"+9)>) =0,
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where ITz. denotes the L?(2)-orthogonal projection on Zi-. Since U”"+9

Z;, C Zj;, then I, (U;™) = U™, and

S

1n+0 __ / —+0
U =151 l:Tt < HAtUhn+ReS(UZ ))} .
To simplify the computations, a further approximations may be considered

n 1
U;{ +6 R':TtHZ# <M

A Uyt + Res(U;#@)) : (67)

Indeed, for all V', € Z} one could write

(Hzt <‘rt ( @U/" +Res(U"+9)>> ,Z;l)
= (Tt ( @U”n + ReS(Un+0)> ’Z;l)

= Z Tt’[{( mU/7n+R (U;LH_Q),Z;II)
KeTy,

~ Z Tt,K (HZ}JL_ ( mU/7n +ReS(Un+9)) ,Z%)
KeTy, K

1 n n
= (TtHZ}JL‘ (MHAtU;{ + ReS(Uh—Hg)) ’Z/h> .

Again, from (7)), since U;" € Z}, C Zi, then iy (Uy") =Uy", and

K

In+6 mn n+0
Ut~ [ MtU + 1T, (Res(U ))] (68)

Next, to introduce this approximation of U ;;"M in the equation for the re-
solved scale discretized in time (with convection velocity w = b), denote
by L}, the adjoint operator of Ly, given by

Ly(v) = <—VA” - _<v Vi Vq)

Observe that if £;(V|k) has L?(K) regularity, then using U}, |s, = 0 for all
K € Tj, one has

(MSU"™ V) + (LU ), V) = (Lo(U" ), V)
(Ly(Vy), U™

> (Gvaui)
KeTh

where (MétU/’",Vh) = 0, since M6&,U"™ is orthogonal to Zj. Also, ob-
serve that 1. (M6:U},) = 0, since M6,U}, is a finite element function, and
IIz.(F) = 0, because of the hypotheses on F'.
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These modeling steps lead to the discretized equations for Up: Given Uy,
find U} € Zj, such that

(M&U}, Vi) + (Lo(UL ), Vi) — (EZ(Vh)aHZﬁ (ﬁb(UﬁJre)))

Tt

L
Vi) - (LML) (69

for all Vi, € Z},, where (-, -),, stands for the inner product defined by

t

(U,V)r, = (U, V) = Z T,k (U, V)k.

KeTy

In practice, as performed in Section the stabilizations of velocity and
pressure are decoupled. Hence, one considers a structure for the stabilization

matrices as
t
o Tm,KId 0
Tt’K - T 9

0 TC,K
where Tél) x> Te,k € R respectively are stabilization coefficients for velocity and
-1
1
pressure, and 7/, x = <6At + Tr;,lK) . Then, the (-,-),, inner product has

the structure

U V)r, = > mhxw,v)c+ Y Tex(p a)k- (70)
KeTy, KeThn

Inserting in leads to the discretized resolved scale equations

(Seul,vp) +a (uzw,vh) +b (b, uZ*G,'uh) + (V- upt? an)

— (Vo) + (Txp (b V™ + Vpi )b Vo + V) (71)

m

+ (HYhL (V . ’U,Z—"_(g)7 V- ’Uh)T = <f,’l}h> + %(u%’", b- V'vh + th)T];n
for all (vp, qn) € X, X Yy, with obvious notation. Second order derivatives of
finite element functions within element interiors have been neglected in .
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 pointed
out in [44] Remark 4].

Problem is the effective OSS method used as VMS discretization of
the transient Oseen equations, where Iy = I — IlIx,, Iy, = I —Ily,,
being ITx, (resp., ITy,) the orthogonal projection on space Xy (resp., Y3)
with respect to the inner product (-, ).+ (resp., (-,-)r.). A possible alternative
is to assume that the subscales do not change in time, and thus

Ut =U" = g [ﬁb(UZH)} :
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with

This approach would lead to the same stabilization terms as for the station-
ary problem. Since this basic assumption consists of neglecting the temporal
variation of the subscales, these latter are called quasi-static subscales in this
context. For quasi-static subscales, the second term in the right-hand side of
disappears and there is no need to store u;l" However, when the quasi-
static assumption is not used (cf. [48]), subscales need to be tracked by the
formula derived from

1
wp™ =t " — T (1 - Ix, ) (b Yt + vppto).

As for dynamic LES closures, the OSS approach with dynamic subscales allows
to model backscatter, as shown in [T1847].

The extension to the Navier—Stokes problem follows by considering b =
u"? in (71)). A fixed point (or Picard) algorithm could be considered for
linearization (i.e., the advection velocity is given by b = w"+%#~1) which leads
to a transient Oseen problem for the velocity uz+0’i within each iteration step
to which applies the previous formulation. 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
velocity b, that is to say, one will have b = uzw’“l + w1 This splitting
implies that the velocity subscale not only need to be tracked in time, but also
along the iterative process.

In the literature, the stabilization coefficients 7, i, ¢,k are computed by

(a) dimensional or convergence (a priori error) analysis (cf. [41421[43]), or by
(b) Fourier analysis (cf. [441[46]),

being the dimensional analysis approach the simplest way to recover the ex-
pressions for 7, i, ¢ i, by taking 7x = F(v, hi, ||bl/co,ic), where F' is a ma-
trix function whose structure aims at equalizing the dimensions of all terms of
the method (applied in a first stage to simplified equations, such as convection-
diffusion equations). In the case (a), one obtains for 7,,, x the expression

v [Blloo, i\ ™
Tm,K = (Clhi( + c2 hK7 > ) (72)

while in the case (b), one obtains for 7,,, i the expression

AU ALY
o oo, K
Tm,K = [(clh%() + (Cth ) ] ) (73)

where and yield a similar structure that takes into account the local
balance between convection and diffusion, and are asymptotically equivalent
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in v, hi, ||b||oo, k- In both case, one has

(74)

In expressions 7, c1,co are positive algorithmic constants properly
tuned (usually by an a priori error analysis). In most papers on OSS, it is
recommended to take the values ¢, = 4,c; = /¢; = 2 for linear elements (a
choice justified from the analysis of the one-dimensional convection-diffusion
equation and from many numerical experiments), and use the same values of
the algorithmic constants for quadratic elements, but taking hyx half the ele-
ment size (roughly the distance between locations of the degrees of freedom of
the element).

Remark 1 The above derivation of expression for U), is based upon the
assumption that the operator L, restricted to Zj |k is approximated by a diag-
onal operator. This assumption has been justified for the convection-diffusion
equation in [39].

5.2 Relations to Other Methods

The OSS method is strongly related to the two-scale residual-based VMS
method developed in [I0] and described in Section Indeed, both are two-
scale VMS methods which are residual-based (see [38, Sections 11.1, 11.7.2]),
that is the basic procedure is to keep all terms in the residual-driven struc-
ture of the resolved flow equations and to perform an approximated analytical
element-wise solution of the small-scale flow. Thus, both methods are con-
sistent methods, in the sense that the continuous solution exactly satisfies
the discrete equations, whenever it is smooth enough. The two methods con-
tain models for the Reynolds-stress and both cross-stress terms, in contrast to
classical stabilization procedures such as SUPG for instance, that accounts for
only one of the cross-stress terms (see Section 7 thus making both methods
powerful and efficient tools for the challenging computation of turbulent flows,
specially in transient and non-equilibrium regimes. Moreover, these procedures
do not make use of the statistical theory of equilibrium turbulence, and no ad-
hoc eddy viscosity modeling is required for both methods. At this respect,
it has been analyzed that one of the relevant features of the OSS method is
that it introduces the right amount of numerical diffusion on the large scales
which is asymptotically equivalent, as the Reynolds number increases, to the
eddy viscosity dissipated by the unresolved scales (cf. [TI847L[70]), given a
sufficiently fine computational mesh with characteristic mesh cell size h in the
inertial subrange of the studied (isotropic) turbulent flow.

One may note that the main difference between the two methods consists
in the approximation of the unresolved scales. In the OSS method, only the
orthogonal projection of the residual on the mean scales space is included.
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Indeed, if one considers the quasi-static version of the OSS method, the unre-
solved scales are approximated as

"~ 711, (Res(Uy)), (75)

where I, = IIz., while for the two-scale residual-based VMS method this
approximation holds but with the essential difference IIj, = I, and thus

U' ~ 1(Res(Uy)). (76)

5.3 Numerical Analysis

A numerical analysis for the OSS method applied to the Navier—Stokes prob-
lem, with convection velocity split into its finite element component and the
subscale, is not available. The subgrid terms have a complex structure that in-
cludes convective interactions between large and small scales, thus setting seri-
ous technical problems just to prove stability. However, several results from the
numerical analysis of the OSS method have been obtained for the convection-
diffusion-reaction equations in [42], for the Oseen equations in [4845], and
also for its extension to the steady linearized primitive equations of the ocean
n [37], always in the context of uniformly regular grids.

In [42], the stability and error analysis of the OSS method for the advection-
diffusion-reaction equations is performed, proving optimal error estimates.
This analysis have been further extended to the (stationary) Oseen equations.
In [45], it is shown that the OSS formulation adapted to the Oseen equations
is stable and optimally convergent to smooth solutions under proper regularity
assumptions on the advection velocity, and an adequate choice of the algorith-
mic parameters on which the method depends. Also a simple modification of
the OSS method that introduces less coupling in the discrete velocity-pressure
equations and possesses slightly better stability properties has been analyzed:
the idea is to control separately the components of b - Vu, and Vpp Tp,-
orthogonal to X, that is to use a sort of “term-by-term” stabilization, which
would lead to the stabilizing term

(Hxﬁ (b-Vup),b- wh) +(HX¢ (Vpn), vqh)ﬂj(ﬂw (V-up), V- vh>

Tm Tc

to be added to the standard Galerkin formulation, where the parameters 7,
and 7/, could even be taken different. Dropping the orthogonal projections, this
method reduces to a general version of the method analyzed in [32], which has
a consistency error that makes it only applicable with P; finite elements. In
any case, the numerical analysis is based upon specific discrete inf-sup condi-
tions for the stabilized approximations, which allow the use of equal velocity-
pressure interpolations and are essential for the stability of the methods. Also,
optimal control on the streamline derivative of the velocity field is guaranteed.
In [48], the stability analysis is extended to the transient Oseen equations with
tracking in time of the subscales.
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In [37], the extension of the analysis to the steady linearized primitive
equations is performed, by also adding a convergence analysis. Optimal error
estimates are obtained for smooth flows, again under proper regularity as-
sumptions on the advection velocity. The performed analysis is an extension
of the unified analysis of stabilized and mixed methods carried out for Stokes
equations in [33]. The main contribution from the analytical point of view is
the proof of a specific discrete inf-sup condition for the surface pressure, that
allows to estimate its L? norm in terms of the subgrid scales of the surface
pressure gradient, that are specifically bounded by the OSS discretization.

5.4 Experience in Numerical Simulations

Numerical studies with OSS method applied to incompressible flows may be
found in numerous publications. On the one hand, the numerical simulations
were performed to test the optimal convergence rate of the method for smooth
flows. On the other hand, the goal was to test the performance of the method
in simulating turbulent flows. Different variants of the method were tested,
depending on the following factors: Quasi-static or transient subscales, time-
step dependency or not of the stabilization parameter, linear or nonlinear
splitting of the convective velocity with respect to the subscales. Most of the
comparisons were performed with respect to the algebraic subgrid scale method
(ASGS), which consists in taking the subscales in the space of the residuals,
and thus is equivalent to the two-scale residual based VMS method described
in Section when quasi-static subscales are used, the time-step dependency
is included in the stabilization parameter, and the nonlinear scale splitting is
applied in the finite element equation only, and not in the subscale equation.
The numerical results highlighted the excellent accuracy of the OSS method
in the simulation of turbulent incompressible flows.

In [44], the numerical examples presented, the classical cavity flow problem
in two dimensions at Reynolds number Re = 5000 and the two-dimensional
flow around a cylinder at Re = 100, aimed to demonstrate that the OSS
method introduces less numerical diffusion than the ASGS method, while be-
ing equally stable. In particular, peaks were better captured. Likewise, in spite
of the smaller amount of numerical diffusion, the evolution to the steady state
was similar using the OSS and the ASGS method. Thus, the OSS can be con-
sidered as an alternative to reach steady states in a flow calculation. In general,
considering transient subscales led to better results, both in terms of accuracy
(with higher amplitudes and frequencies, that is, less numerical dissipation),
and of stability, eliminating some pressure oscillations in time encountered
when the subscales are considered quasi-static. However, if At is much larger
than 7,,, it seemed to be not necessary to track the subscales in time, since
considering them as quasi-static gave very similar results. It is also stated
that, concerning the computational cost for transient calculations, the OSS
formulation was very competitive with respect to the ASGS method, some-
times even cheaper, since less stabilizing terms appear. Moreover, these terms
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do not depend on the whole residual of the Navier—Stokes equations, which in
some situations may be expensive or very difficult to evaluate. Examples for
such situations are the presence of thermal or electromagnetic couplings, Cori-
olis forces, and, above all, nonlinear viscosities, coming either from nonlinear
constitutive models or from turbulence modeling.

The case of a turbulent flow over a cuboid-shaped surface was considered
in [I18]. A Reynolds number Re = 4500 based on the inflow velocity and ob-
stacle height was considered. In this work, the OSS approach with transient
subscales was implemented, and it was shown capable to predict backscatter,
as just for dynamic LES models, mainly close to boundary and shear lay-
ers, where it is known it could appear. Also, the possibility to add a simple
Smagorinsky model to the OSS formulation was considered. In this case, the
numerical results showed that the numerical dissipation is of the same order
as the subgrid dissipation introduced by adding the Smagorinsky model, ex-
cept in the zone of strong anisotropy (boundary and shear layers), where the
dissipation coming from adding the Smagorinsky model was higher than the
numerical one. The numerical evidences obtained here have been also experi-
enced and summarized in [47], where a more comprehensive comparison be-
tween the performance of the OSS discretization for fully developed turbulent
flows with and without the Smagorinsky model was analyzed. In particular,
two long term three-dimensional simulations, namely a flow over a plate and
a telescope, were reported. The first example considers a flow over a circular
plate supported on a column and inclined. It showed how the —7/3 slope of the
Kolmogorov pressure spectrum was well approximated by the OSS method.
The second example, the flow around a telescope, was intended to demonstrate
that the OSS method is also applicable to real flow problems. This problem
consists in the aerodynamic analysis around a building enclosing a large tele-
scope, where modeling turbulence is crucial to determine the optical quality
of the site where the telescope is placed. Again, the scientifically relevant issue
is whether or not the OSS model is able to capture the inertial range of the
Kolmogorov spectrum: it was observed that the pressure spectrum computed
by using the OSS method displays the correct —7/3 slope without using the
Smagorinsky model. The computation of some other relevant punctual statis-
tics revealed, as expected, that results are more dissipative with the addition
of the Smagorinsky model than without it.

Finally, an assessment of the OSS formulation modeling turbulent flows was
performed in [49]. The OSS formulation was tested for the decay of homoge-
neous isotropic turbulence (DHIT), the Taylor—Green vortex (TGV) problem,
and the turbulent channel flow (TCF). Thus, both bounded and unbounded
flows are considered.

The DHIT problem consists in analyzing the statistics of the turbulent
flow in a 3D box of size 2 = (0,27)% with periodic boundary conditions
in all directions, which is started with a field having a predetermined energy
spectrum. Structured meshed with N? linear, quadratic, and cubic hexahedral
elements (Q1,Q2, @3, respectively) were used, taking the mesh width h =
1/32,1/64,1/128, so that the h-p refinement analysis is also performed, as in
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[10]. The viscosity value was set such that the associated Taylor-microscale
Reynolds number is Rey = 952, which results in v = 3.5 - 1074,

The TGV problem aimed to show, in a relatively simple flow, the basic tur-
bulence decay mechanisms like the turbulent energy cascade, the production
of small eddies, and the enhancement of dissipation by the stretching of vortex
lines. The computational domain is the unit cube with periodical boundary
conditions. The initial flow generates 8 vortices with the same vortex scale. The
problem is solved using Re = 1600. The same structured meshes and elements
as in the DHIT problem were used. The TGV test is characterized by its lam-
inar evolution at the initial time steps, when the flow is strongly anisotropic
due to the structured large-scale vortices directly related to the initial condi-
tion. If the Reynolds number is large enough, the vortex-stretching process,
which activates the energy cascade effect, transfers energy from large to small
scales and the flow becomes unstable and turbulent. According to [23], the
flow becomes nearly isotropic for Re > 1000.

The TCF problem consists of a fluid that flows between two parallel walls
driven by an imposed pressure gradient which is defined by the Reynolds
number based on the wall shear velocity, Re,. The attention was restricted to
the cases Re,; € {180,395}. The problem was solved using the coarsest mesh
from previous test, 32% linear hexahedral (Q;) mesh cells, with refinement in
the wall-normal direction following a hyperbolic function.

Overall, OSS and ASGS yielded similar results, all displaying the features
of turbulent flows when reproducing global outputs such as energy spectra.
These methods were stable and converged to reference solutions, both when
the mesh was refined and when the polynomial order was increased. Further,
the effect of small time steps when the stabilization parameters depend on
them has been analyzed. Apart from the quality of the results, the OSS method
with dynamic subscales was convenient in terms of numerical performance. It
required more nonlinear iterations than ASGS, but less iterations of the linear
solver, altogether leading to lower computational cost. This fact has been
explained by plotting the number of solver iterations required to converge
as the time step size is reduced, for a fixed mesh in space. The number of
iterations (and as a result the condition number of the system matrix) blew
up exponentially for ASGS whereas it remained bounded for OSS. In both
formulations, ASGS and OSS, the use of dynamic subscales has been found
to be crucial for nonlinear convergence. In fact, in some cases quasi-static
subscales failed to converge.

All these numerical experiments suggest that the dynamic nonlinear OSS
model turns out to be really high-performing in terms of efficiency and ro-
bustness, showing enormous potential in simulating turbulent flows, also with
respect to purely classical LES model, such as the dynamic Smagorinsky model
[52] or the adaptive local deconvolution model [76] specifically designed as an
implicit LES model, when using a similar number of degrees of freedom. In
particular, an excellent agreement with respect to DNS data was recovered
on coarser meshes, in terms of total kinetic energy evolution, computation of
energy spectra (—5/3 law), dissipation rate evolution, and specific statistics
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of first and second order (such as mean streamwise velocity, root mean square
velocity fluctuations, Reynolds shear stress). The results also showed that the
dynamic nonlinear OSS formulation results to be unconditionally stable when
the skew-symmetric form of the convective term is used for the resolved scale
equation.

To conclude this section, the high capability of the OSS method in mod-
eling turbulence without any additional eddy viscosity term was pointed out,
which is due to its intrinsic dissipative structure, which furnishes an additional
argument in favor of the position to consider turbulence modeling a numerical
issue.

6 Local Projection Stabilization (LPS) Methods as Two-Scale
VMS Methods

Local Projection Stabilization (LPS) methods are stabilization methods that
provide specific stabilization of any single operator term that could be a source
of instability for the numerical discretization. They were introduced in [12] and
they could be viewed as simplifications of the methods described in Sections
and [} LPS methods are not fully consistent, but are of optimal order with
respect to the finite element interpolation. Moreover they are simpler to im-
plement than residual-based methods.

6.1 Basic Ideas and Derivation

As a single rule, the structure of LPS method is achieved by retaining in the
OSS method the specific interactions that stabilize convection or pressure
gradient, and by changing the global L? projection by local L? projections.
This leads to a family of methods, associated to the choice of the actual local
L? projection. The main derivation of LPS methods will be introduced for
the Oseen equations . The stabilization effect is achieved by adding least-
squares terms that give a weighted control on the fluctuations of the quantity of
interest. This control is based upon a projection operation 7y, : L2(£2) — Dy,
into a discontinuous finite element space Dy (the “projection”space). This
space is built on a grid M, formed by macro-elements built from the grid 7p,.
The component-wise extension of 7y, to vector functions is denoted by 7). The
LPS approximation of the Oseen equations reads: Find (up,pn) € Xp X Yy,
such that for any (vp,qn) € Xp, x Yy,

A((wn, pn)s (v, qn)) + Su((un, pn), (Vn, qn)) = (F,vn), (77)
where

A((un, pn), (Vn, qn)) = v(Vup, Vo) + (b- Vup + cup, vp) — (V- vp, pr)
+(V - up, qn),
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and

Sh((wh; pr), (Vn,qn)) = Z i (Kn(b - Vup), k(b Vop))
MeMy,

+ 3w (R (Vo). kn(Van)) - (79)
MeMy,

Here, k), = I —m}, is the “fluctuation” operator, while 75, and ), are stabiliza-
tion coefficients. Additional terms stabilizing (for instance) the discretization
of the divergence (grad-div term) can be added.

The stability of LPS methods is based upon local inf-sup conditions (see
Section [6.2| below): The local restriction X (M) of the velocity space X, (the
“approximation”space) to any macro-element M € M, must be rich enough
in degrees of freedom with respect to Dy (M), much as in mixed methods the
global velocity space X must be rich enough with respect to the pressure
space Y}, to achieve the discrete inf-sup condition @[) With this purpose, two
main approaches of LPS methods have been proposed (see [73]): In the one-
level approach, the approximation space is enriched such that the local inf-sup
condition holds and both X and Dy, are built on the same mesh. In the two-
level approach, the projection space is built on a coarser mesh level to satisfy
the local inf-sup condition. It is possible to consider overlapping sets of macro
elements (see [13]).

6.2 Numerical Analysis

In [I15], a general stability and convergence theory of LPS schemes for the
Oseen equations is given, see also [124] Part IV, Sections 4 and 5] for a
comprehensive presentation. A priori error estimates were obtained, with the
same optimal order of convergence as for the SUPG/PSPG method. The key
idea in the error analysis of the local projection scheme is the construction
of an interpolant into X which exhibits an additional orthogonality prop-
erty with respect to the discontinuous space Dy. To describe this analysis to
some extent, assume that the discrete velocity and pressure spaces are built as
X, = [H&(Q)]dmZ;‘f, Yy, = L3(2)N Zy,, where Z, is a standard finite element
space of polynomial order r without containing essential boundary conditions.
The following assumptions are assumed to hold:

Assumption A1l. There exists an interpolation operator is : H(2) — Z,
such that i, : HE(2) = Z, N HE(£2), and for all w € HY(M), M € M,

H’w—itho,M-i-h]W |w—ihw|1,M SChé\/f |w|l’w(M), 1<i<r+1, (79)

on a suitable patch w(M) D M.
Assumption A2. The fluctuation operator x; = I — 7, satisfies

Ikngllons < Chhylalin Vg€ H(M),Y M e My, 0<1<r.
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Assumption A3. There is a positive constant 3 such that the local inf-sup
condition

inf sup Mzﬂ VY MeMph>0

qn €DK (M) v, ez, (M) ||Uh |0,M HQhHO,M
holds, where Dh(M) = {dh|]\/[ s dy € Dh} and Zh(M) = {wh|M D wp € Zh}
Assumptions Al and A3 ensure stability of the LPS discretization , in
the sense that if max{v,c, 7as, h3;/pan} < C for all M € My, then, there is a
constant v > 0 independent of v and h such that

inf sup (A+ Sh)((vthh)(whvrh)) > 5,

(W an) EXnXYn (wprm)eXnxYn | (Ohs @)k | [(Wn, 7)||n

where the || - ||, denotes the grid-dependent norm
1/2
(v, )| = [v]v]i +cllvflo + (v + ) [lalo + Su((v, ), (v, )] "
Optimal error estimates are obtained under assumptions Al, A2 and A3:
Assuming that the solution (u,p) of the Oseen equations belongs to
[HE(2)NH™1(02)]4x LA(2)NH™1(£2), the choice of stabilization parameters
Tz =2 hag /||Bll 500,00 and pas >~ hay is asymptotically optimal and leads to

1/2
|[(w, p)—(wn, pr)l|ln < C ( Z (v + har) b (Hul\fﬂ,w(M) + HszJrl,w(M)) ) :
MeMy,

The key for the proof of this result is the existence of an interpolation operator
Jn + HY(2) v Zj, satisfying the following orthogonality and approximation
properties:
(w— jhw,qn) =0 Y qn € Dy, w € HY(R2),
lw = jnwllo,nr + s |w = jawli e < C Wy l[wllwon ¥V w € H' (),

with 1 <1 <r+1, for all M € My, where w(M) is the union of all elements
of M, that intersect M. The existence of such an interpolation operator turns
out to be a consequence of Assumptions 1 and 3.

Assumptions Al and A2 are standard in finite element approximations,
and are satisfied by well-known families of them. However, the local inf-sup
condition required by A3 is less standard. Several families of finite element
spaces satisfying this assumption may be found in references [12[13l[73}[1T5],
among others.

Recently, extensions of the analysis of LPS methods to the instationary
Navier—Stokes equations have been developed. In [4], the case of inf-sup sta-
ble pairs of finite element spaces was considered, where the second term in
Sy, from can be neglected. In addition, a grad-div stabilization term
was introduced in the discrete problem. For the continuous-in-time case, error
estimates were proved with constants that do not depend on inverse powers
of v. To obtain this property, the grad-div term played an essential role. The
analysis was extended in [3l[5] to fully discrete problems with BDF2 as tempo-
ral discretization and a decoupling of velocity and pressure computation via a
pressure projection scheme.
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6.3 LPS by Interpolation

A further simplification of LPS schemes is achieved when the local L? pro-
jection operator mr, is replaced by an interpolation operator from [L2(§2)]%
onto a projection space Dy, formed by continuous finite elements (see [34]). To
describe this approach, assume that the discrete velocity and pressure spaces
X, and Y, are formed by piecewise polynomial functions of degree | at most

Xn=(Va(2)NHs(2))¢, Yi=Vi(2) N Lj(2), (80)

where V,f = P, on simplices and V,f = (J; on quadrilaterals or hexahedra. It
is assumed that 7, is some stable approximation operator from [L?(£2)]? into

D; = [V,ﬁfl(ﬂ)]d. This interpolant may be defined as

Vae, myv)(x) = Mhv)(a)ea(), (81)
aeN

where N is the set of Lagrange interpolation nodes of Vé(()), p, are the La-
grange basis functions associated to A/ and II}, is some interpolation operator
by local averaging of Scott—Zhang or Clément kind. IT(v)(a) may be reduced
to a single nodal value if v is piecewise smooth. The fluctuation operator
kp = I — ), satisfies also the following extension of Assumption 2: There
exists a constant ), independent of h, such that

A4 vp € [Wl’p(.g)]d, VEKEe 77“ ‘K/h(’uh”,«’p’[( < Cp hl};r |Uh|l,p,w(K)> (82)

for r = {0,1}, 1 < p < 400, r < [. These two assumptions are verified by
quasi-local approximation operators such as the Girault—Lions [61], Bernardi—
Maday-Rapetti [16], or Scott-Zhang [129] type operators and local L? inter-
polation operators such as those considered in standard LPS methods [115].
The LPS method by interpolation is still stated by , but assuming that
the grids 73 and My, coincide.

The stability of this LPS method by interpolation follows from a specific
inf-sup condition, that will be stated, for simplicity, for uniformly regular grids.
That is, there exist two positive constants C; and Cs such that

C]hShKSCQh, VKEITh,Vh>O.

Lemma 2 Assume that the family of grids is uniformly regular. Then, the
following inf-sup condition holds

V vy,
Van € Yn, ||(Ih||0<0( sup V- vn.qn)

n h||nh<th>||o) C(s3)
oneX,  |vnl1
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Proof The proof is based upon an inf-sup condition, which is the global equiv-
alent of the local inf-sup conditions of LPS methods (Assumption 3), that is
stated without proof

Vo e ViU, o <0 swp  UmI gy
R EVEH(Q)NHL(£2) lvrllo
As 7, (V) € [V}ffl]d, the inf-sup condition yields
Tr(Vap),v
Imn(Fan)lo < € sup LY@ 0n) (85)
v EXp ”vhHO
As kp, =1 — 7y, it follows that
|(mrn(Van), vn)| < |(Van, vn)| + [£a(Van) [lollvnllo-
With the inverse estimate (14)), one finds
Van), Van,
n sup I < ¢ (s LTI (90
vRe€EXp ||'Uh||0 v, €Xp |’Uh|1
Substituting this inequality in yields
V - vy,
¥l <€ (sup L0 (Talo) . (560
vREX ) |'Uh|1

By [139], there exist two positive constants C and C5 independent of h such
that

V vy,
Yane Vi Cilalo < sp ) Canvale. (57)
VREXh
Since ||[Vanllo < [|kn(Van) o+ 7n(Van)]lo, combining and completes
the proof. O

The inf-sup condition is the basis for the stability of the method as
stated in the following theorem.

Theorem 2 Assume that the grids are uniformly reqular, f € [L*(2)]¢, b €
[L7(2)]¢ for some r > d and the stabilized coefficients Trc and py are of order
h2.. Then the discrete problem has a unique solution. Moreover, there
exists a constant C' > 0, independent of h and v, such that

viunli + v Su((un, o), (wn, i) ? < (|1, (88)

L [5llor , libllo.r
< 1 ’ - .
lpnllo < c( v Ay I L Fi (89)
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Proof Problem is equivalent to a square linear system of dim X, + dim
Y}, equations. Hence uniqueness of the solution is equivalent to its existence.
So one can proceed assuming that there exists a solution and prove that it is
unique. And to prove this, it is enough to prove estimates and . It is
assumed for brevity that ¢ = constant > 0.

1) Setting vy, = up, and g = py, in (77) gives

viuglt + cllunllg + Su((wn, pn), (wn,pr)) = (f, un).

Then, it follows that

1 1 1
lun|i < > I fll=1s lunllo < p | fllo, Sk((wn,pn), (wn,pr)) < E||f||2—1- (90)

2) To obtain the pressure estimate, the inf-sup condition is used

V *Uh,sPh
Cllpallo < sup Y omPr)

+ h”Rh(Vph)H() =1+11.
v EXp |Uh|1

As pug ~ h2, the second term is bounded by
c
[TT| < Sp((wn,pr), (wn,pr))"/? < $||f||—1-

To bound the first term, take ¢, = 0 in 7 leading to

(V-vp,pn) =(b- Vup,vy) +v (Vup, Vop) + ¢ (up, vp)

+ Z TK(I{h(b-Vuh),K,h(b-V’Uh))K — (f,vh>. (91)
KeTh

Due to the third estimate in , the stabilizing term has the bound

c
< =lfl-tllen-Vor)|-, - (92)

Z TK(nh(b'Vuh),mh(b'Vvh))K \f

KeTh

1/2
where for r € L%(2), |r|, = ( Z TK||7"||3’K> . The support of the P,

KeTy
basis functions associated to the grid 7T is denoted by O;, i =1,--- , R. Then,
R
0= U O;, and any mesh cell K € T}, belongs to at most m macroelements

i=1
O, for some m independent of h. This property follows from the regularity of
the family of grids. Then, one gets

R
lkn(b-Vor)l7 < Ch* Y~ llwn(b- Vou)ld o, (93)
=1
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As 7y, is locally stable and b € [L"(£2)]%, r > d, it follows that

R
lkn (0= VoR)ll2 < CR* Y > b Vol
i=1 KCO;
R
< Ch2 Z Z Hng,r,w(K)||vvh||(2),r*,w(K)7
i=1 KCO,

with 1/r 4+ 1/r* = 1/2. Due to the uniform regularity of the grids, the inverse
estimate

VK €TV pePB(K), |ploqx <ChY" =2 |pllox

holds. Then, ||Vvh||§’r*}w(K) < C p2d/r—d Z [Vv4||§ 7 and therefore one
TCw(K)
obtains the following estimate

R
k(b Vo) |2 < ORS00 N T IBIE i | VOR]5 w0y
i=1 KCO;

< CR*=AM|b|2 [ Vol[2,

where it was used that a mesh cell belongs to at most m macroelements.
Combining the last inequality with gives

> Tr(kn(b- Vug), kn(b- Vo))
KeTn

C
< — WY B0, |V .
=7 | Fll=1 [|6llo.r [[Vorllo

To bound the remaining terms in (91)), one uses

|(b- Vup,vy) + v (Vup, Vop) + ¢ (up,vn) — (F,vn)]
< O((w+ Bl unly + 1o + 1£1 1) bonls

bllo,r
<o (1 s 4 o fofont

Finally, by substituting the two last inequalities into one obtains

[llo.r . [Ibllo.r
II<C|1 . : . 94
n<o (1 By Blory gy, (o)
Combining the estimates for I and II with the inf-sup condition one
deduces (89). O

The error estimates are based upon this stability result, and the approxi-
mation properties of operator 7. The proof will be omitted for brevity.
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Theorem 3 Assume that the hypotheses of Theorem[d hold, that the operator
my, satisfies (82), that b € [H*(£2)]* with s > 1—1 and that the solution of the
Oseen problem verifies (w,p) € [HF1(02)]9 x HY(£2). Then the following
error estimates hold:

u —unli < C(blls, | Fllo, ) b, (95)
lp = pallo < C(Iblls, 1£ll0, ) ', (96)

where C(||b||s, || fllo, V) is a constant depending on ||b||s, || fllo and v that grows

as 1/\/v.

These stability and error estimates also hold for general regular grids (not
uniformly regular), although the proof is much more involved (see [34]). More-
over, in [I], a finite element error analysis of the LPS method by interpolation
for the time-dependent Navier—Stokes equations is presented.

6.4 Application to the Simulation of Turbulent Flows

A finite element three-scales projection-based VMS-LPS steady turbulence
model that includes general non-linear wall laws is presented in [125136]. Good
accuracy is obtained with benchmark turbulent flow problems on coarse grids.
This is a model with the structure that includes a multi-scale Smagorinsky
modeling of the eddy viscosity, which contains the restriction to the sub-filter
scales through a projection/interpolation operator (introduced in Section ,
and a LPS by interpolation stabilization of convection and pressure gradient,
in order to use the same interpolation for velocity and pressure. In addition,
it includes wall-laws modeling of the turbulent boundary layer. This provides
a discretization with a reduced computational cost, but that keeps the same
high-order accuracy with respect to standard projection-stabilized methods.
This model is presented here without wall-laws for brevity. The numerical
experiences with this model are presented in Section [I0.5]

Consider the steady version of the Navier-Stokes equations (2)): Find (u, p) €
X x Y such that for all (v,q) € X xY

a(u,v) + b(u,u,v) — (V-v,p) = (f,v),

(V-u,q) =0. (97)

These equations are discretized by approximating the spaces X and Y by the
spaces X, and Y}, defined by , and the variational formulation by: Find
(un,pn) € Xp, x Yy, such that:

a(un, vy) + bs(wn, un, vi) — (Pr, V- vp)
+c(up; up, V) + Sconv (Un; Un, vp) = (f,vn), (98)

(v * Up, qh) + Sprcs(phv qh)

for any (vp,qn) € Xp X Y.
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The trilinear form by is the skew-symmetric one of the convection form b
given in . The use of bs instead of b is needed to keep a correct energy
balance at the discrete level, that follows as bs(wp, vp,vy) = 0.

The form c is associated to the VMS-Smagorinsky modeling of the eddy
viscosity

c(uh;uh,'uh) = 2(VT(’Z\Lh)D(’i\Lh),D(6h))7 (99)

where the eddy viscosity vt is defined by
vr(v)(z) = (Cshk)?|D(v|k)(@)|r  for z € K,

and

Up = ppun, Un=ppon, pp=1-py,
Here, p,, is a uniformly stable (in H'(§2)-norm) interpolation operator (the
“restriction” operator) on X, where

X = V@), (100)

or

X = [VH()Y, (101)

and V}(£2) in is a sub-space of V}!(2) with larger grid size H > h
(typically, H = 2h or H = 3h). The restriction operator p, must be uniformly
bounded with respect to h, satisfy optimal error estimates , and preserve
the slip boundary conditions. In the framework of Section the large scales
space is given by

X =TI = pp) X,

However neither the space X nor S(\h appears in the discretization, only the
restriction operator p,, is needed.

In this way, this VMS method appears as a LES method where the cutoff
length § is of the same order as the grid size h. This size of the cutoff length
is reasonable as setting § > h then the numerical solution would solve scales
much smaller than the modeled ones, while setting § < h would generate a
large error in the computation of the modeled scales.

The forms scony and spres in correspond to a LPS method, given by

Sconv (Wni W, vn) = > T k(05 (wn - Vun), o, (wn - Vo)) k,
KeT

Spres (ph7 qh) = Z Tc,K(UZ,(vph)v O'Z(VQh))K
KeTh

Here, o}, = I —0o,, where o, is some locally stable (in the L? norm) projection

. . .. _ d P
or interpolation operator on the projection space Dj, = [V,f I(Q)] , satisfying
optimal error estimates, similarly to operator m;, given by (81). Also, 7, x
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and 7. i are stabilization coefficients for convection and pressure gradient,
respectively, given by

by adapting the expressions , where Tr|k is the local mean value for the
eddy viscosity on the mesh cell K, and Uk is the mean speed on K.

Model includes the main features and assumptions of a three-scale
VMS method. The method is based on a variational formulation and the de-
composition of the scales is defined by projection in the large-scales space X ,.
The turbulence model is applied only to the small resolved scales.

Here, the steady version will be considered while the unsteady one will be
studied in Section[I0] This model has a relatively simple structure as a turbu-
lence model. It may be programmed with ease from an existing finite element
solver for Navier—Stokes equations. The main difficulty is the computation of
the interpolation operators that appear in the stabilizing and eddy diffusion
terms, but it may simply be computed from point wise values of the functions
to interpolate, as was mentioned in Section [6.3]

The existence of solutions of model is based upon a linearization of
the model equations: Given wy, € X}, find (zp,7,) € X X Y}, such that

a(zn,vn) + bs(wp, zp,vp) — (rh, V - vp)
+C(wh; Zh, Uh) + sconv(wh; Zh, vh) - <.f7 vh>a (103)
(V *Zh, qh) + Spres('rha qh) = 0»
for any (vp,qn) € X5 X Y. The mapping wy, € X, — 2z, € X, admits a

fixed point by Brouwer’s Fixed Point Theorem which is the solution of model
(98). This follows from the stability estimates (that are stated here just for

the solution of (98)):
v{[D(un)llo + c(un; wn, un)
+5conv(uh; uhauh) + Spres(phvph) <C H.fH—lv (104)

1 lunli | |unl
<Cll+ —4—=+ —F——+ =
lonllo < € (14 o+ et 120} g,
where the second estimate is obtained from the first one and the inf-sup con-
dition , similarly to . A convergence result of solutions of to a
solution of the steady-state Navier—Stokes equations (97) can be proved.

Theorem 4 The sequence {(un,pn)}nso of solutions of the VMS-LPS model
@ contains a sub-sequence which is weakly convergent in [H'(§2)]4 x L?(£2)
to a solution of the steady Navier—Stokes equations (@)

Proof (Sketch) The eddy viscosity and convection-stabilization terms vanish
in the limit due to the estimates

le(un; un, vn)| < C W22 (D (up) 51D (vs) o, (105)
|cony (n; wn, )| < CR*~Y2 ID(uy)|[3 ID(vs)lo-
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The pressure stabilizing term also vanishes in the limit. To prove this, one
uses a representation formula. By [33], there exists a family of vectorial bubble
finite element spaces Zj, (formed by functions that vanish on the edges of all

elements), a family of bilinear uniformly continuous and uniformly coercive
forms on [H{(£2)], Si(-,-) such that

Spres(Ths qn) = Sh(Ru(04(V7rh)), Ru(0r,(Varn))) VY rh, gn € Y.

Here, Ry, : [H1(£2)]4 — Zj, is the static condensation operator associated to
Sh, defined as: Given ¢ € [H~1(2)]%, Ri(p) is the only element of Zj, that
satisfies: Sp(Ru(p),zn) = (@, 2n), ¥ zn € Zp. Then

Spres(Ph> Ph) = Sh(Ru(0},(Vpr)), Ru(or,(Vpn))),

and by estimate (L04)), one deduces that the sequence {Ry (07 (Vpr))}nso is
uniformly bounded in [Hg (£2)]%. Then, this sequence is weakly convergent to
zero in [HE(£2)]4, see [32, Lemma 4.1]. Assume that ¢ € D(£2) N L2(£2). Then,
o1 (Vap) strongly converges to zero in L?(£2). As

Spres(Ph> @n) = Sh(Ri(03,(Vpn)), Ru(05(Van))) = (04 (Van), Ru(05,(Vpn))),

one concludes that
lim spres(pha qh) =0.
h—0

The remaining terms in pass to the limit in a standard way. One then
concludes that the limit (u,p) satisfies formulation for all v € X and
q € D(2) N L3(2). By density it also holds for ¢ € Y = L&(£2). 0

For smooth velocity and pressure (u,p) and small data, method (98]) sat-
isfies error estimates of optimal order. It also satisfies an asymptotic energy
balance: Indeed, define the deformation energy Ep, the subgrid eddy dissipa-
tion energy Fgs, and the energy Esc and FEsp, respectively, corresponding to
the convection and the pressure stabilizing terms by:

Ep(u) = a(u,u) = 2v [ D(w)][3,
Bs(un) = cluwnsuwnwn) =2y (cShK)Z/ D (@) P da,
KeTn K
Esc(un) = scon(uniun,un) = > 7oxc o (un - Vun) |3, (106)
KeTy,
Esp(pn) = Spres(PhsPh) = Y mexllon(Von)ll3 k-
K€7-h

Then, if the sequence {(un,pn)}n>o is strongly convergent in [H'(£2)]? x
L?(02) to a solution (u,p) of the Navier-Stokes equations with regular-
ity [H2(£2)]¢ x H(£2), it holds

lim Ep(up) = Ep(u), lim Es(up) = lim Esc(up) = lim Esp(pn) =0,
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and then
}{%[ED(U;L) + Es(up) + Esc(un) + Esp(pn)] = Ep(u),

Thus, the total energy balance is asymptotically maintained in such a way
that the deformation energy passes to the limit. In addition, the dissipated
eddy energy and the subgrid energy due to stabilizing terms asymptotically
vanish.

If the the sequence {(wp,pn)}r>o is only weakly convergent in [H!(£2)]¢ x
L?(2) to (u,p), one cannot ensure that }llin% Esp(pn) = 0. Thus, it is only

—

d

possible to prove an asymptotic energy inequality of the form

Ep(u) < liinjgf[ED (un) + Es(un) + Esc(un) + Esp(pn)]-

7 Three-Scale Bubble VMS Method

This section presents the bubble VMS methodology with a three-scale decom-
position of the flow field using bubble functions for the small resolved velocity
scales. Bubble VMS methods can be considered as a direct realization of a
three-scale VMS method for finite elements by discretizing both equations
and with a finite element method. Earlier direct realizations used
Fourier spectral methods, at least in the direction of homogeneous isotropic
turbulence, and a separation into large and small resolved scales was performed
via the norm of the wave number vector, e.g., see [S86L87].

7.1 Derivation

There are several realizations of bubble VMS methods which differ in some
details, e.g., see [62,68,69081T2/TT3L3T]. Here, exemplary the derivation of
one of these realizations is presented.

Consider the decomposition of the resolved scales (up, pp,) into large scales
(w,p) and small resolved scales (u,p). Equation for the large scale test
function, after having neglected the coupling terms of the large and the unre-
solved scales, takes the form

(Orup, ) + (2vD (up) , D (D)) + b (up, up, ) — (V -0, pp)
+(V-upn,q) = (f,).

Applying the splitting of the resolved scales yields

(9yw,v) + (2vD (w) ,D (v)) + b (w,w,v) — (V- 9,p) + (V- @,q)
= (f£,9)—{(8:w,v) + (2vD (u),D (v)) (107)

—_ N o~

+b(up, @, v) + b (6, w,v) — (V-9,p) + (V-4,9) }.
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Similarly, one derives an equation for the small resolved scale test function

(0w, v) + 2(v +vr)D (u),D (V) + b (up, u,v) — (V-9,p) + (V- u,q)
= (£,9) - {(81, %) + (2D () , D (v)) (108)
+b(up,w,v) — (V0,9 + (V-%,q) }.

Here, the eddy viscosity term is already included, which models the effect of
the unresolved scales onto the small resolved scales with v being the subgrid
turbulent viscosity.

In bubble finite element VMS methods, standard finite element spaces are
used for the large scales, X x Y = X, x Y},. As pointed out in Section
the main goal of the bubble finite element VMS method is to use a higher
resolution spaces for the approximation of the resolved scales compared with
the spaces used for the large scale. This goal can be achieved either by using
higher order finite elements, or by refining the mesh, or by the combination
of both approaches. However, a practical problem that arises with all these
approaches is the computational cost of the solution process for the small
resolved scale problem which is much higher than for solving the large
scale problem (107). In order to obtain an efficient method, a bubble VMS
method can be used, in the sense that the small resolved scale problem is
considered in a space of bubble functions for the velocity. Recall that a function
v € H(£2) is called a bubble function with respect to a mesh triangulation 7,
if v| € HY(K) for all mesh cells K € Tj.

With respect to the model for the small resolved scale pressure, it was
proposed in [62[68,[69] to model the small resolved scale pressure in the form

p=— )Y m(V-u), (109)

KeTh

which is the same model as proposed in [I0] for the two-scale residual-based
VMS, see Section In ([109), {7c}ke7; is a family of stabilization parame-
ters which are usually defined to be piecewise constant. Using this proposal,
the small resolved pressure does not appear any longer in the large scale equa-
tion but its influence on the large scales is modeled. The contribution of the
small resolved pressure into the large scale equation leads to a so-called
grad-div stabilization term. Since the small resolved pressure p disappeared,
a divergence constraint for the small resolved velocity @ is no longer required.
And, since there is no longer a divergence constraint for w, it does not make
sense to have a term with this contribution in the divergence constraint for
the large scale equation (107)). Hence, all terms in the model and
coming from the divergence constraint which includes small resolved scales
will be neglected by setting

(V-u,q) =(V-u,q) =(V-u,q) =0.

Inserting these modifications in the small resolved scale problem (108]), one
obtains a simplified vector-valued equation for u. Motivated by the desire



49

to construct an efficient method, the small resolved velocity is searched in a
bubble space. Note that the space of these bubble functions /X\bub is infinite-
dimensional. However, from the practical point of view, this space has to be a
finite-dimensional space.

Usually, some further simplifying assumptions are made for the terms with
the small resolved velocity scales. The equation for the small resolved velocity
scales is only solved once for each time step, i.e., at the beginning, which yields
the solution a'". Consequently, this equation is linearized and all terms with
w are treated explicitly. Therefore, the temporal derivatives in and
have to be modified. Denoting quantities at time level n with a subscript n,
one can use for the large scale equation

an—‘—l " a(l) L

04t ~ ~ , 110
’ Atn+1 At7l+1 ( )

where At 11 = t,41 — ty, is the current time step. In the small resolved scale
equation, one assumes that the temporal change in the large scales can be
neglected, i.e., d;u = 0. Moreover, for reasons of efficiency, the gradient form
of the viscous term is used in the small resolved scale equation and some right-
hand side terms in the large scale equation. With the gradient form, the small
resolved scale equation decouples into three scalar equations since the system
matrix becomes a block diagonal matrix.

Inserting the models and the simplifying assumptions for the small resolved
scales into and leads to the following system of equations: Find
w:[0,7] = X,p:(0,T] =Y satisfying

(Oyw,v) + (2vD (w) ,D (0)) + b (uw,w,v) — (V-0,p) + (V- u,q)

+ > 7(V-wV-)k
KeTn

(1)  ~n
P N e g () oo
— (f.) {( pTe ,v)+<uVu ,Vv) (111)

+b (ﬁ" + a“),a(l),@) +b (a(”,ﬂ”,ﬁ) }

S

for all (v,g) € X x Y. The equation for computing the small resolved scales
]

— X\bub reads as
al —a" . |
. S ((V+VT)Va( >,va) +b (u;;,a( ),6)
=(f,v) - {(uVu”,Vﬁ) +b(up,w",0) - (V-0,p") (112)

+ > Tc(v.un,v.a)K}

KeTn
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for all v € /X\bub-

Note that both models for the small resolved scale and (112) can
be interpreted in the way that the small resolved scales are driven from the
residual of the large scales. The small resolved pressure is driven from the
residual of the continuity equation and the small resolved velocity from the
residual of the momentum equation.

In all bubble VMS methods, a principal question arises concerning an un-
physical property introduced by using bubble functions for modeling the small
resolved scales. These scales are represented by the bubble functions and are
allowed to move within a mesh cell but, due to the homogeneous Dirichlet
boundary conditions on the faces of the mesh cells, they cannot move directly
from one mesh cell to their neighbors. Hence, the small resolved scales are
bound to the mesh cells and there will be no direct interaction between these
scales across the mesh cell boundaries. However, by the coupling of the small
resolved scales to the large scales in , the information contained in the
small resolved scales is distributed indirectly to the other mesh cells.

7.2 Relations to Other Methods

The use of bubble functions for stabilizing dominant convection was already
proposed independently of VMS methods. These bubble functions solve equa-
tions with the residual obtained with a standard finite element method. For
this reason, this approach is called residual-free bubble (RFB) method. This
idea was first proposed for scalar convection-diffusion equations in [27] and
applications to laminar incompressible flows can be found, e.g., in [57]. Thus,
the bubble VMS method can be considered as a generalization of the RFB
method in the sense that a turbulence model is introduced in the equation for
the small resolved velocity scales.

7.3 Numerical Analysis

A numerical analysis for the bubble VMS method as presented in Section
does not seem to be available. However, error estimates for the closely related
RFB method were derived for convection-diffusion equations and the Oseen
equations.

Concerning scalar convection-diffusion equations, a priori error estimates
for finite elements on simplicial meshes were proved in [7L25126]. The case of
bilinear elements was studied in [122].

In [55], an approximate RFB method for the Oseen equations is analyzed
for the non-conforming Crouzeix—Raviart pair of finite element spaces. It was
shown that the exact RFB method is identical to some SUPG-type stabiliza-
tion in the case of constant coefficients. This SUPG-type stabilization was used
as approximation for the RFB method. An optimal estimate for the error in a
norm including the stabilization could be proved with a constant independent
of inverse powers of v.
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7.4 Experience in Numerical Simulations

The use of a bubble VMS method requires to approximate the solution in the
infinite-dimensional bubble space. In [68[69,62198] each mesh cell was triangu-
lated with a local grid and an approximation of the small resolved velocity with
Q1 finite elements was computed. In contrast, bubbles with a fixed polynomial
degree were used in [T12L[1T3l[31]. The methods from [T12|113l31] do not use
an eddy viscosity model in the bubble equations but a stabilization is obtained
by applying an upwind-type method to the convective term. Another option
that was studied in [O8TI3LB31] was to use quasi-static small resolved scales,
i.e., to neglect the temporal derivative for the bubble functions. This approach
saves to store the values for the small resolved scales from the previous discrete
time.

A comparison of a bubble VMS method with the unusual stabilized finite
element method (USFEM) from [56] and the Smagorinsky LES model (with
dynamic Cg or fixed Cg = 0.1) was presented in [69]. To stabilize the used
equal-order pairs of finite element spaces, the Pressure Stabilization Petrov—
Galerkin (PSPG) method was applied. As already mentioned, the local systems
in the bubble VMS method were solved on local grids in each hexahedral mesh
with @1 elements. For the use of the dynamic Smagorinsky model in the bubble
VMS, a second local grid was applied that was somewhat finer than the first
local grid. The numerical studies included turbulent circulating flow in a lid-
driven cavity at various Reynolds numbers and a plane mixing layer example
in two dimensions. For lid-driven cavity flow, the bubble VMS method led, in
comparison with the USFEM and the other methods, to a remarkable good
results.

Numerical studies in [98] compared the bubble VMS method with the
projection-based VMS method presented in Section 8] Benchmark problems of
turbulent channel flows were considered with the inf-sup stable finite element
pair Q2/Ps¢ on hexahedral grids. For the bubble VMS method inf-sup stable
pairs of finite elements on anisotropic grids were used. The static Smagorin-
sky models with Cs = 1 and with Cg € {0.5,1} were used for the
bubble VMS method. For quantities of interest, numerical studies for the flow
at Re; = 195 showed slightly better results for the quasi-static bubble VMS
method compared with the projection-based VMS method. On the other hand,
the projection-based VMS method gave superior results at Re; = 395. It is
mentioned that the implementation of the bubble VMS was rather compli-
cated. In addition, it turned out that the dominating term of the model is the
grad-div term which evolves from modeling the small resolved pressure. Incor-
porating only this term, without modeling the small resolved velocity, led to
stable simulations. However, applying in addition to the grad-div stabilization
also the bubble model for the small resolved velocity improved the accuracy
of the results. It is also mentioned that the large values of Cs were needed
for the solution of the problem on the coarse grids (5 x 5 x 5 sub cells)
for the local problems. Altogether, the use of the bubble VMS method is not
recommended in [98].
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In summary, bubble VMS methods which approximate the solution for
the small resolved velocity on local grids were implemented and studied from
two groups. None of these groups seems to use this type of VMS method any
longer.

The bubble VMS method from [I12/[T13] was studied in [IT3] at an isotropic
turbulence problem, a turbulent channel flow, and a turbulent flow around a
cylinder. It was shown that similar results can be obtained as, e.g., with the
two-scale residual-based VMS method presented in Section [4] and the AVM?3
method described in Section [0} It was observed that with quasi-static small
resolved scales the method loses stability for small time steps. The method
from [IT2|[IT3] was improved in [3I]. The improved method can be applied also
on tetrahedral grids and in the case of quasi-static small resolved scales there
is no instability for small time steps. For a turbulent channel flow problem,
simulated with the P; /P, finite element method, similar results were obtained
as with the residual-based VMS method from Section 4| with @1/Q: finite
elements. Results computed with P»/P» finite elements were considerably more
accurate than results with P;/P; for the same number of degrees of freedom.

8 Three-Scale Velocity Deformation Tensor Projection-Based VMS
Method

This section presents a method where the scale separation into large and small
resolved scales is defined with the velocity deformation tensor. Having defined
in this way small resolved velocity scales, an additional viscous term is intro-
duced where the turbulence model is acting directly only on the small resolved
scales. To shorten notation, this method is called in this section just “three-
scale projection-based VMS method”.

8.1 Definition of the Method

First, the projection-based VMS method will be defined. It will be shown
in Section that a special case fits perfectly into the general concept of a
three-scale VMS method described in Section 3.2

Let X}, XY}, be finite element spaces for the velocity and pressure which sat-
isfy the discrete inf-sup stability condition @, let Ly be a finite-dimensional
space of symmetric d X d tensor-valued functions defined on (2 and let vp
be a non-negative function that might depend on the finite element velocity
and pressure and on the mesh width. Then, the semidiscrete projection-based
VMS method (continuous-in-time) is defined as follows: Find w;, : [0,7] —
X, pr ¢ (0,T] = Yy, and Gy : [0,T] — Ly satisfying

(Orup,vp) + (2vD (ug) , D (vy)) + b(up, up, vp)
— (V- vn,pr) + 2vr (up, h) (D (ur) — Gu), D (vp)) = (
(V-up,qn) =0
(D (un) = Gu,Lg) =0,

7'Uh>

(113)
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for all (vp,qn) € Xy x Yy and Ly € Ly.

The main features and assumptions of a three-scale VMS method can be
observed quite well already in . The method is based on a variational
formulation and the decomposition of the scales is defined by projection in the
last equation of . The large scales are represented by Gy and the small
resolved scales by D (up,) — Gg. Thus D (uy) represents all resolved scales. In
the last term on the left-hand side of the first equation in it can be seen
that the turbulence model is applied directly only to the small resolved scales.

The method was proposed in [93] based on ideas from [105]. To
apply this method, one has to choose two parameters: the additional viscosity
vt (up, h) and the space Lg.

Concerning vt (up, h), numerical studies with method presented in
[93L98.[99L104L[T23] used a Smagorinsky models of the form

vr = 0552||D (uh) ||F7 (114)

vr = Cs0%||D (up) — Gu|lr, (115)
62

T = Csw\m(uh) —Guall2x)- (116)

The other parameter in (113)) is the space of symmetric tensors L. The
last equation in (113)) states that the tensor Gy is just the L? (£2) projection
OfID)(uh) into Lg: PLH L — LH7 D (’U) — PLHD (’U) = GH

(Pp,D(v)—D(v),Ly) =0 VLyeLy. (117)

With this notation and using the short form , one can reformulate ((113)
as follows: Find wy, : [0,T] = Xp, pn : (0,T] = Y}, satisfying

A (un; (wn,pr) , (vn, qn)) (118)
+ (2vr (un, h) (I = Py ) D (ur) D (vr)) = f(vn)

for all (vp,qn) € Xp X Yy,

The space Ly plays the role of a large scale space such that (I — Pr,, ) D (up,)
represents small resolved scales of D (up,). Of course, only scales should be sub-
tracted from D (uy) that are contained in this tensor. Hence, it is required that
Ly C {D (’Uh) NS Xh}.

Since Ly represents large scales, it has to be in some sense a coarse finite
element space. Similarly to LPS methods, there are essentially two possibilities:

— If X}, is a higher order finite element space, Ly can be defined as low order
finite element space on the same grid as X ;. This approach is studied in
[93] and it will be discussed below.

— The second possibility, in particular if X, is a low order discretization, con-
sists in defining Ly on a coarser grid, see [96] for a study of this approach
in the case of convection-dominated convection-diffusion equations.
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Since D (uy,) is a discontinuous piecewise polynomial tensor, choosing its
L?(02) projection in the same way seems to be natural. Thus, Ly should consist
of discontinuous piecewise polynomial tensors as well. It was elaborated in [93]
that for the sake of an efficient implementation of the one-grid method, the
use of discontinuous tensors for Ly is mandatory.

A projection-based VMS method which computes the projection in a post-
processing step was proposed and studied in [106]. That means, in the first
step of this approach, one can use the Galerkin finite element discretization
of the Navier—Stokes equations. Using the solution obtained in this step, one
computes in a second step the final solution by applying a projection. In [106]
the projection is constructed in such a way that it has the form of the eddy
viscosity term in . This approach can be considered as an operator split-
ting. Its advantage is that it is not intrusive, i.e., one can use for the first step
an existing code and needs to implement the projection only as an add-on.

8.2 Imbedding of the Method into the Basic Concept of a Three-Scale VMS
Method

In the case v being a positive constant, method can be transformed
to the abstract form f of a three-scale VMS method. To this end, the
three-scale partitioning given in Section has to be described by appropri-
ately chosen function spaces and projections.

Clearly, the continuous pair of spaces (X,Y") contains all scales. The finite
element spaces (X, Y}) contain the large and the small resolved scales.

Let X C [H' (Q)]d be a discrete space such that Ly = D (X g). The
space X g should be coarser than X j,. But in the definition of X gz, no essential
boundary conditions, like no-slip conditions, are incorporated. Thus, in general
Xy ¢ X . The pair of spaces for the large scales is given by (X g, Yy ) where
Yy is chosen such that a discrete inf-sup condition of type @D is fulfilled
for (X g,Yy). Then, the large scales Pgu of the velocity are defined by an
elliptic projection into X g and the large scales Pyp of the pressure by the
L?(02) projection into Yy; Py : (X,Y) — (Xu,Yy)

(D(u— Pyu),D(0y)) =0 V vy € Xy,
(w— Ppu,1) =0, (119)
(p_PHPaC]H):O VQHGYH.

Lemma 3 Commutation of the definition of the large scales and dif-
ferentiation. Let v € X, Ly =D (X y) and denote by Pr,,D (v) the L?(£2)
projection of D (v) into Ly defined in the last equation of (113)). Then

P, D(v) =D(Pgv) VwvelX. (120)

Proof From Ly =D (Vy) and P, D (v) € Ly it follows that there is a wy €
X gy such that Pr, D (v) =D (wp). Using the last equation of (113) gives

(D(’U—’u}H),]LH):O VLyge€Ly. (121)
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On the other hand, since Ly = D (X g), (119) is equivalent to
(D('D—PH’U),]LH):O VLyge€Ly. (122)

The statement of the lemma follows now directly from (121)) and (122) since
the elliptic projection is unique. a

Let vt be a positive constant. A straightforward calculation, using that
Pr,, is a L?(£2) projection and (I — Pr,,) is in the orthogonal complement,
shows that

(vr (I = Pry) D (un), D (vn)) = (vo (I = Pry ) D (un), (I = Pr,) D (vh)) .

Thus, (118) can be reformulated as follows: Find u, : [0,7] — X, pn
(0,T) — Yy, satistying

A(up; (wn,pr) » (Vn, qn))
+@uvr (I = Pry)D(un), (I — Pr,)D(vp)) = f(vn) (123)

for all (vp,qn) € X, X Yy, Decomposing X, = X g + /)Eh and Y, =Yg + ?h

—~

with X, = (I — Pg) Xp, Y = (I — Py) Yy, one obtains with (120)

(I — PLH)D(Uh) = ]D)(’Uh — PH’Uh) =D ((I — PH) ’Uh) = ]D)(i)\h) .
The decompositions wp, = Wy + Up, pp = Dy + PH, Vn = Vg + Uy, and
gn = Qy + qu are inserted into (123). Using the linearity of A (-;-,-) with

respect to the second and third component and writing the arising equation
formally as a coupled system gives

Ay +un; (Wn,Dy), WH,Gy))
+A (@w + up; (Un, pr) , (Um,qy)) = f (On) (124)

for all test functions (T, qy) € X g x Yy and

A(ug +un; (Wn,Py) , (Vn, qn)) (125)
+A (Wn + un; (Wn, Ph) , (Un, ) + 2vrD (wn) , D (vn)) = f (vn)
for all test functions from X, x ¥;,. The coupled system (124)—(125) possesses

exactly the form f. The unresolved scales are modeled only in the
equation for the small resolved scales (125)) with the model

¢ (un; (@a,Ppr) » (Wn, Pn) (U, Gn)) = 2vrD (un) , D (V1))

and this model influences the large scales solely indirectly by the coupling of

and (125).
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8.3 Relations to Other Methods

Let Ly C {D(vy) : v, € X} The limit cases of Ly lead to two well known
discrete models. In the case that Ly = {D(vy) : v, € X}, the second
term on the left-hand side of vanishes and the Galerkin finite element
discretization of the Navier—Stokes equations is recovered. If Ly = {O}, one
obtains an artificial viscosity stabilization of the Navier—Stokes equations with
a possible nonlinear artificial viscosity. If, e.g., v is the Smagorinsky eddy
viscosity model, the Smagorinsky LES model is recovered. In this sense one
can say that the three-scale projection-based VMS method is in between the
Galerkin discretization and an LES model of eddy viscosity type.

Comparing representation with shows that, apart from the
PSPG-type stabilization, the coarse space projection-based VMS method and
AVM? have principally the same form.

8.4 Numerical Analysis

A numerical analysis for projection-based VMS methods was presented in
several papers. In all cases, the principal way of performing the analysis was
the same as for the Galerkin discretization of the Navier—Stokes equations.
The main goal was to show that the inclusion of the VMS model leads to error
bounds where certain constants depend on a reduced Reynolds number (and
not on the Reynolds number as for the Galerkin discretization). These results
show in some sense that the projection-based VMS method possesses a smaller
complexity than the Galerkin finite element method.

The first analysis was presented in [94] for method and the case of a
constant turbulent viscosity vr. Two error estimates with constants depending
on a reduced Reynolds number were derived. In [05], the case of vr being
a Smagorinsky-type eddy viscosity including the small resolved scales was
studied. In this paper, the additional viscous term is defined differently than in
, namely as deformation tensor of small resolved scales 4, and not as the
small resolved scales of the deformation tensor D (up)—Gp, i.e., differentiation
and projection are interchanged in these definitions. The analysis for v being
a Smagorinsky-type viscosity required the use of different function spaces than
for a constant viscosity. Finally, the results of [94] were generalized in [123]
to the case of v being a piecewise constant viscosity. The analysis from [123]
was extended in [109] to the case of thermally coupled incompressible flows.

For the sake of keeping the presentation as simple as possible and of con-
centrating on the main issue, namely the reduced Reynolds number in the
error bound, an error estimate for the case of v being a constant will be
presented here.

For the finite element error analysis it will be assumed that (2 is a bounded
domain with polyhedral Lipschitz boundary, no-slip boundary conditions are
prescribed, (X, Y3) are assumed to satisfy the discrete inf-sup condition @,
and the continuous-in-time case is considered. Concerning the parameters of
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the VMS method it is assumed that v is a positive constant and that Ly C
D(Xy).

If vp is a positive constant, the projection-based VMS method can be
rewritten in the form (123)), i.e., it reads as: Find w, : [0,7] — Xp, pn
(0,T) — Yy, satistying

(Ovun,vn) + (2vD (up) , D (v))
+bs(wn, wn, vn) — (V- vp, pr)
+(21/T(I — PLH)]D) (uh) , (I — PLH)]D) (’Uh)) = (_f,'vh) Vo, € Xy,
(V-up,qn) =0 YV qn € Yy,

(126)

where the projection Pr,, was defined in .

The error analysis will be performed in the space X}, giv. For simplicity
let f = f,. Then the velocity from can be computed equivalently by
solving the following problem: Find wy, : [0,T] — X}, qiv such that

(Oyup,vp) + (20D (up) , D (vh)) + bs(wn, wp, vp) (127)
+ 2vr(I = P, )D (un) (I — P, )D (vn)) = (f,vn)

for all vy, € X qiv-

In the finite element error analysis, the error of the solution of to the
solution of the Navier—Stokes equations will be studied. The goal consists
in deriving an error bound which depends in the most terms on a reduced
Reynolds number or equivalently on an increased effective viscosity, in contrast
to the error bound for the Galerkin finite element method. In the limit
case Ly = {0}, method becomes the Smagorinsky LES model. Finite
element error estimates to the solution of the continuous Smagorinsky LES
model with constants independent of v were derived in [T0TL9T].

Next, an additional viscosity will be defined. Since Pp,, is an L?({2) pro-
jection, it follows for v € X and ||D (v) ||o > 0 that

el = L)) 3 = vr (ID(0) 13~ 1P, (o) 13)
(1 IPLB@IRY
- (1- B P
= vhaa®)ID (0) 3. (125)

In addition, from 0 < ||Pr,,D (v) |jo < ||D (v) ||o one obtains
0 < Vaqa(v) < vr. (129)

Note that if v depends on t then v,4q(v), too. From it follows that
Vadd(v(t,-)) € L*°(0,T) if vy is bounded almost everywhere in the time inter-
val. If | D (v) ||o = 0 then v = 0 since v € X. In this case, one sets vyqq(v) = 0.
The finite element error analysis requires some assumptions on the regu-
larity of the solution and the data of the Navier—Stokes equations. It will be

assumed that
fe(L*0,T;X%), wugec X, (130)
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and that possesses a solution (u,p) with
Vau € (L*0,T; L*)¥4, d,u € (L*(0,T; X*))¢, p e L?(0,T;L?).  (131)

Note, these assumptions imply that Serrin’s condition is fulfilled from what
follows that the solution of is unique, see Section

Before presenting the error analysis, an outline of the proof, following the
approach in [74l[75], will be given.

1. The stability of w and uy, is proved, i.e., it is shown that certain norms of
u and wuy, are bounded a priori by the data of the problem: f,ug,v, see
Lemma 4

2. An error equation is derived by subtracting from for test functions
from X}, giv. The error is split into an approximation term 7 and a (finite
element) remainder ¢,

e=u—up=(u—up) — (up, —up) =M — ¢, (132)

where up, € X qiv 18 a projection of w which satisfies certain interpolation
properties. An example for such a projection is the Stokes projection, see
f. Then, ¢, is taken as test function in the error equation.

3. The right-hand side of the error equation is estimated such that one obtains
an inequality of the form

d
T 100l6 + 91(¢, 81) < g2(t,m,w) + g3(t, w) [ D415, (133)

where all functions are non-negative for almost all ¢ € [0, 7.

4. It has to be checked that Gronwall’s lemma can be applied to , i.e., one
has to show that all functions in belong to L'(0,T). The application
of Gronwall’s lemma yields an estimate for ¢,,.

5. The error estimate for e is proved by applying the triangle inequality

to (L32).
Lemma 4 The solution wy of the finite element problem (127) satisfies

IIUh(t)IlﬁJr/0 (2 + 2vaaa (un (7)) 1D (ur) (7)I[ dr

t
C
< z % dr. 134
< luosl+ | gy e (134)
Consequently, it is uj, € (L>(0,T;L?))¢ and D (uy) € (L?(0,T; L?))%*<. The
velocity solution of the continuous problem (2) fulfills w € (L>=(0,T; L?))¢ and
D (u) € (L2(0,T; L?))4xd.

Proof Setting v;, = uy, in ((127)), using

1d

(Orup, up) = 5@”““\37
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and the skew symmetry of bs(-, -, -), the definition of v,4q, (128]), the standard
estimate of the dual pairing, Korn’s inequality , and integrating over (0, t)
with t < T gives

Slun®l3 + [ (20 + 2vnsa(an(m)ID () (DI dr
0

1 t
< 5||Uo,h||3+/0 IF (Dl x- [IVen()llo dr

1 ¢ C
<= 2 X
< sluonli+ [ g 1O dr
+/t 21/+2Vadd(uh(7'))
0

5 I () (7[5 dr-

Subtraction of the last term gives (134). D (up,) € (L?(0,T; L?))?*4. Taking
then the supremum of ¢ € (0,T) gives the statement u;, € (L>(0,T; L?)).

The proof for the solution of the continuous problem uses the same tech-

niques, compare also for the regularity of an appropriately defined varia-
tional velocity solution. m|

The stability estimate (134]) shows that the bound for u;, does not depend
on v~! as for the Galerkin discretization, see , but on the inverse of a
presumably larger viscosity term.

Theorem 5 Let (u,p) € X XY be the solution of and let up, € X, qiv be
the solution of where vy > 0 is a constant. Let the regularity assumptions
be fulfilled and let up be a projection of w into Xp awv such that n =
u —up, € Xpaiv satisfies optimal interpolation estimates of form @ and
. Let the reduced Reynolds number Reeq(vy) defined by

Rered(vr) = <21/ + inf 2Vadd(vh(t))> <oyl (135)

t€(0,T]
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Then, the error w — uy, satisfies for T >0
~ \\—1
1w = wp)(T)Ig + (Revea(un —@n)) ™ 1D (uw = un) 1720 1.2

<C inf {Il(u—ﬁh)(T)II%

An€L2(0,T;Yr)

~ 1 ~
+ (Rered(un — up))  ||D (u —up) Hi2(o,T;L2)

+exp (€ (Rerea(wn — @) 1D () 345 7.12)) [nuo n—n(0)]3
0+ o) [P (= ) |22 g 729
+ (Rerea(un = @n)) [100(w = @) 320, + 1P = Ml32(0,7,2)(136)
—|—H]D)(’Ll, uh)||L40tL2 ”D( )||L4OtL)

3/2 2
+ (Revea(un))/? luo.nl13 + (Revea(wn))™” 1 £1132(0 65 )

D (u — @) ||§4(0M2)} +url[(L = Pry)D (w) 1720 12 >H

for arbitrary uy, € X}, giv-

Proof The splitting of the error is performed with the help of a projection
up € Xhpaiv of u. Let t € [0, T] be arbitrary. It is required that the projection
fulfills the approximation properties and (|17) such that, e.g., the Stokes
projection can be chosen. Korn’s inequality (13)), with £ = 1, and the

regularity assumptions (131)) imply that
Vn € (L*(0,T; L?))**. (137)

Now, Step [2] of the proof is carried out by a straightforward calculation,
yielding

S Gnl3 + (20 + 2vaaa( @) ID (1) I3 (138)

= (0, @) + (2vD () , D () + (2v2(I = P, )D (n), (I — P, )D (¢p))
+bs(u, w, dy) = bs(wn, un, @) — 2vr(I — Pry)D (u), (I — Pr,)D ()
—(P =2, V- ¢y)

with arbitrary A\, € Yj.

In Step [3| of the proof, one has to get an inequality of form by
estimating the terms on the right-hand side of . All bilinear terms are
estimated essentially in the same way: using the Cauchy-Schwarz inequality
(or the estimate for the dual pairing), Korn’s inequality and Young’s
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inequality (I1)). In addition, (128) is used. One obtains

(@i, @p) < |10 x-[Vepllo < Clloml|x- (D (¢4) [lo

2V+2Va d) ¢
< %”D(%) 12 + —(h)llamll_%m

2V + 20,44 (¢
(2uD (1), D () < 20/|D (1) [Jo]D () llo
51D (82) 113 + 8D () I3,
lp = Mllo IV - dullo < Cllp = AullolD (1) llo
2+ Waaa @) 1y (5, 12
(vr(I = P, )D(n), (I — Pr,,)D(¢),))
< U = Pr, D (@) [+ 4vell(Z = Pr,)D () |3

_ M 1D (@) 13 + 4vaaa(m)ID () I3,
(

(VT(I PLH) ( )7 I— PLH)D(d)h))
< vrll(I = Pp,)D () [[ol[(I = Pry)D(¢4) llo

< Py (8, 13 + 4wl (1~ Pr, D (w) IR

IN

IN

(v : ¢h>p - )‘h)

IA

2
p— >\ )
2V + 2v544(0),) | nlo

The trilinear term is first decomposed into three terms. A direct calculation
gives
bs(ua u, ¢h) - bs(“’h; Up, ¢h) = bs('r’v u, ¢h) - bs(¢h7 u, ¢h) + bs(uh7 n, ¢h)

The terms on the right-hand side are estimated separately using the estimate
(8) of the trilinear term. One obtains by applying and Young’s inequality
(11) for the first term

b( 7u7¢h)
< Clmlls”* 1D (1) 116> 1D (w) [lolD (1) llo

2V + 2Vaaa(Py,) 2 2
< — T2 D _ D D
< 22D () 1 + s I I () oD ()
for the second term
b (¢h7u7¢h)
< Cllgnlle>ID (w) olID () 1152
2V + 20,44(Pp) 2 C 2 4
< T ERATR ID () |12 + D (u) [l
SEND @) 13 + g gy I 4alEID @) I
and for the third term
b (Uh»"%d’h)
< Cllunlle 1D (wn) 15[ (1) o [P () llo
2U + 20444 (0p,) 9 C 2
< 22 T 2raddiPR) - = .
< 2P (91, 1 + g ol () ollB () 1
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Collecting terms gives

1d v+ 2Vadd(¢ )
L L g3 + 22 2t @) iy 5, 2

C 5 )
m”amﬂx* + (8v + 8vaaa(m))ID (n) |5

C
s lp = Mnlld I—Pp,)D(u)|?
* o T ovaatan) P~ Awllo +8vz (7= Pry)D () [l

C

5oy ol () TolB () I+ s o3 () o I () ||3)]

c

4 2
e @y ™ ”o] I3

Applying the definition of the reduced Reynolds number ((135) and using that
Vadd (1) < v, see (129)), finishes Step [3| of the proof:

d Rered(¢),))
Tty + Eetl@n) i g2

<C

(Revea(dn)) 10emll5c- + (v + vr) D (1) 1§ + (Recea(en)) lIp — Anllf
+up|[(1 = Pr,,)D (w) |3
+ (Revea(9n)) (IlnHoHD (1) llolID () [I§ + unlloID (un) llo/ID (1) IIS)]

+C (Revea(#1))” 11D (w) 11515 15- (139)

To perform Step [4] of the proof, the L(0,T)-regularity of the terms ap-
pearing in (139 has to be studied. Let ¢t € (0,T] be arbitrary. One obtains

with Poincaré’s inequality , Korn’s inequality , the Cauchy-Schwarz
inequality, (T3T), and (T37)
t
/0 [n()llolD (1) (T)[lo/ID (w) (7)[I§ dr
t
< C/O D (1) (DD () ()13 dr

< CID () I g gy 1D () 21 g 2 < 00
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Similarly it follows with Holder’s inequality, Lemma [4, and (137) that
t
/O [ (7)o (wn) (T)llo I (1) (7)1 dr

t
< Huh||L°°(0,t;L2)/0 I () () o ID (1) (7l d
< Jwnll e 0,022 1D () [l 22 0,22) 1D () 110 4.2

1/2
< € (Revea(n))/* (Jluonlf + Revea (wn) 1 F12(0,5) ) 1D (1) 121,12
< 0.

The L!(0,T)-regularity of the other terms is a direct consequence of (131]),
@, () and (13D,

Applying Gronwall’s inequality and performing the last step of the proof
are straightforward. O

Even if the constants in the error bound do not depend on negative
powers of v, there is an implicit dependency on such powers via the norms of
u.

For the convergence of the error bound , the last term is the crucial
one since in contrast to all other terms it does not possess a factor with the in-
terpolation error 4 —wy. As the mesh width h — 0, the last term tends to zero
if vp = 0 or if Ly tends to D (X). In both cases, the Galerkin finite element
discretization @ of the Navier—Stokes equations is recovered asymptotically.
Otherwise, in particular if v and Ly are fixed and h — 0, one cannot expect
that the solution of the projection-based VMS system converges to the solu-
tion of the continuous Navier—Stokes equations. For fixed h and vp — 0, the
error bound tends to the estimate for the Galerkin finite element
discretization of the Navier—Stokes equations.

Let (u,p) € H"(2) x H*(2) for all times, k > 1, and consider the pair
of spaces Py/Pi_1 or Qr/Qk—1, k > 2. Neglecting in the following discussion
the squares at the terms in , then the optimal order of convergence of the
left-hand side of ((136]) is h*. All interpolation errors on the right-hand side
of converge at least with h*. The last term in the error bound contains
the L? projection of the deformation tensor into Lg. Hence, it is of order H*,
where H is the mesh parameter connected with L. Hence, for not spoiling
the convergence of the error bound, the additional viscosity has to be chosen
such that vt = c(h/H)?"*. In practice, e.g., if Ly is defined on the same grid
as xy, an explicit value for H is not available. But one can think of H being
H = Ch with C > 1. In this case, v should be just a constant independent
of the mesh width.

There is no improvement in the constant in the exponential, i.e., Reyeq =
2v~ 1 if there is a time ¢ at which vagq(¢y,(t)) = 0. Using the definition
of Vaaa, one finds that this situation is equivalent to || P, D (¢, (t)) |2 =
D (¢, (1)) ||I2 or equivalently, since Pr,, is the L? projection, to

(I —Pp,)D(up) = - Pr,)D(uy). (140)



64

That means, the small resolved scales of w;, and u, are the same. However, this
situation is unlikely for turbulent flows since these scales of u;, are considerably
influenced by the model that is used for the unresolvable small scales whereas
the interpolation u; does not possess any information about this model, e.g.,
if wy, is defined by the Stokes projection. In this case, is only likely if
there are only large scales in the flow, which is not the case in turbulent flows.

From the mathematical point of view, the difficulty consists in the fact
that the equations for laminar flows and turbulent flows are the same, namely
the Navier—Stokes equations . Since the analysis is carried out for , it
is not possible to distinguish between the two kinds of flows and the results
must also hold for the case of laminar flows. For such flows, vaq4(¢;,(t)) may
vanish and the error estimate of the Galerkin finite element method is

recovered, in which the constants depend on v~ 1.

8.5 Experience in Numerical Simulations

As already mentioned at the end of Section the three-scale projection-
based VMS method can be implemented as a one-grid method and as a two-
grid method. For the simulation of turbulent flows, so far only the one-grid
version was used.

The implementation of this version is described in detail in [93]. It turned
out that choosing Ly to be a space of discontinuous tensors and using a
basis that is L? orthogonal are essential for an efficient implementation. Both
requirements can be easily fulfilled by choosing a basis of piecewise Legendre
polynomials. Using a discontinuous space for Ly makes also sense from the
point of view that the functions of Ly are L? projections of deformation
tensors of finite element functions, which are usually discontinuous functions,
too.

If Ly is the same space during the whole simulation, one has to assemble
four additional matrices at the initial time. Three additional matrices have to
be assembled every time the computed velocity u; changes since these matrices
contain the factor vp and vy is chosen usually to be a Smagorinsky-type
model of form (T14)-(T16). After having assembled these matrices, one has to
compute few sparse matrix-matrix products. The resulting sparse matrices
have to be added to the matrices obtained in the Galerkin finite element
discretization of the Navier—Stokes equations. Satisfying the two requirements
on Ly stated above, it was shown in [93] that the resulting additional matrices
possess the same sparsity pattern as the matrices from the Galerkin method.
Thus, there is no need to change the sparsity structure of the matrices in an
existing code for simulating the incompressible Navier—Stokes equations.

The three-scale projection-based VMS method was studied comprehen-
sively at turbulent channel flow problems in [T04l[07.98]. Several options for
choosing the projection space (which was always static in time) and the eddy
viscosity model were compared. The simulations were always performed on
quite coarse hexahedral grids with the Q5 /P{i%¢ pair of finite element spaces.
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Often, the combination of choosing Ly to be the space of piecewise constant
symmetric tensors, the large-small Smagorinsky model , 0 as twice of the
length of the shortest edge of the mesh cell, and Cs = 0.01 gave results which
were among the best ones (and better than for the Smagorinsky LES model).
In [I04] it was shown that the projection-based VMS method is less sensitive
to the choice of the parameters in the Smagorinsky model than the Smagorin-
sky LES model. This property is due to the fact that the eddy viscosity model
influences much less scales directly in the VMS approach compared with the
LES method.

In [98] it was concluded that the choice of Ly has a much larger impact
on the results compared with the choice of vr. Based on this observation, a
method for choosing the space Ly adaptively was proposed in [99]. The basic
idea of this method consists in applying a lot of eddy viscosity in strongly
turbulent regions and to switch off the eddy viscosity in laminar regions. The
local turbulence intensity was estimated with the size of the local small re-
solved scales ||D(un) — Gu|r2(k). Based on these local values, four spaces
were assigned to Ly (K):

— Ly (K) = {0}: the eddy viscosity is applied locally to all resolved scales,
— Lu(K) = Py(K),

Lu(K) = P(K),

Ly (K)=D(Xp(K)): the eddy viscosity is switched off locally.

The proof of concept for this method as well as a number of parameter stud-
ies for choosing the adaptive projection space can be found in [99]. It turned
out that the projection space was chosen in the studied examples (turbulent
channel flow, turbulent flow around a cylinder) as it was expected. With ap-
propriately chosen parameters in the selection process for the local projection
spaces, the results for the channel flow problem were better than with static
spaces for Ly. For the turbulent flow around the cylinder, the results were
similar. Every change of the space Ly requires a new assembling of all seven
additional matrices.

The use of the three-scale projection-based VMS method with adaptive
choice of the projection space on tetrahedral grids with the Bernardi—-Raugel
element [I7] is described and studied in [I00].

In [123], the three-scale projection-based VMS method was studied in com-
bination with a grad-div stabilization term. Numerical studies for an isotropic
turbulence example showed that the grad-div term dominates the VMS term.

Usually, the computing times of the projection-based VMS method with
static projection space are a few percent longer than for the Smagorinsky LES
model (but the results are more accurate). Applying the adaptive choice of
the projection space leads usually again to somewhat longer computing times.

The three-scale projection-based VMS method with adaptively chosen pro-
jection space was used in the simulation of turbulent flows in population bal-
ance systems, modeling droplets in clouds, in [T9,20,128]. In all cases, a good
agreement of the simulated flow fields with experimental wind tunnel data
were obtained.
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For the projection-based VMS method that computes the projection as a
post-processing step, it was observed in [106] that one obtains similar results
for computing isotropic turbulence as for the method of form (113)).

9 Three-Scale Algebraic VMS-Multigrid Methods

Algebraic VMS-multigrid methods aim at introducing an additional viscous
term in the discrete momentum equation where the turbulent viscosity is di-
rectly applied to some small resolved scales. This goal is the same as for the
three-scale projection-based VMS method presented in Section 8| However,
the scale separation into large and small resolved scales is performed in a
completely different way in both methods.

The algebraic variational multiscale-multigrid method (AVM?) was pro-
posed and applied to convection-dominated convection-diffusion problems in
[64]. It was further developed and extended for application to turbulent flows
in [63L[65]. Finally, the use of a more sophisticated turbulence model was pro-
posed in [121].

9.1 Scale Separation by Plain Aggregation AMG

In AVM3, the construction of the small resolved scales uses an idea from AMG
(Algebraic Multi-Grid) methods. The motivation for this approach comes from
the desire to define the scale separation of the resolved scales without intro-
ducing another finite element space or another grid.

AMG methods are a proposal for transferring the ideas of geometric multi-
grid methods to problems where coarser geometric grids are not available, see
[135]. To this end, a multilevel structure is constructed that is solely based on
the matrix, which represents the problem on the given grid. In AMG methods,
coarser levels, discrete operators on these levels, and transfer operators (re-
striction and prolongation) are constructed. For the scale separation in AVM?3,
only the construction of one coarse level and the corresponding transfer op-
erators are needed. In AMG methods, transfer operators play a crucial role
for the efficiency of solving the linear system of equations. There are several
possibilities for constructing coarser levels in AMG methods, e.g., smoothed
aggregation [127] or plain aggregation [I38]. It is suggested for AVM? in [64]
to use the plain aggregation AMG to extract the small resolved scales. The
scale separation based on the plain aggregation AMG will be described next.

The degrees of freedom on the given grid correspond to the rows of the given
matrix A. In [63[64], some root degree of freedom i is chosen and an aggregate
is formed from the union of all degrees of freedom j for which the matrix entry
a;; does not vanish. Then, these degrees of freedom are removed from the list,
a next root degree of freedom is chosen and this procedure is continued until
all degrees of freedom belong to an aggregate. The aggregates represent the
degrees of freedom on the next coarser level. Denoting the fine and the coarse
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level in terms of the mesh width & of the geometric grid corresponding to the
fine level, then the aggregates on the coarse level were denoted in [63[64] by
3h.

Operators for the restriction of the residual R3" and the prolongation of
functions Pghh have to be defined. To this end, consider the matrix A which
differs from A only in the way the Dirichlet boundary conditions are replaced
with outflow boundary conditions. Let Ay be a matrix whose columns span
the kernel of A, i.e., it holds

Ady =0. (141)

The matrix on the coarse grid can be defined with the so-called Galerkin
projection

A%t = R AP,
Denoting the matrix which spans the kernel of A3h by flgh gives
0= A3rA3h = R3P APh A3h. (142)
From it follows that this equation is satisfied if
PR A = A,.

Based on this relation, the operators Pl and A3 can be determined simulta-
neously, for details see [64]. Finally, one sets

R = (P

Note that these operators are linear operators between finite-dimensional spaces
and thus they can be represented with matrices. For more details on the con-
struction of the operators and further considerations on AMG methods, it is
referred to [64].

The operator for defining the large scales is given by

St Xy — X, usp = Pl Ry,
that is, in the first step uy, is restricted to the aggregates and in the second step,
the representation of the aggregates in the finite element space is obtained.
The small resolved scales are defined by
up =usp + Uy, = U, = up — Usp. (143)
In AVM? presented in [63], the definition of the aggregates is based on the ma-

trix that contains the complete discretization of the velocity-velocity coupling
of the Navier—Stokes equations, including terms coming from stabilizations.
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9.2 Derivation

The derivation of Algebraic VMS-multigrid methods starts by considering first
the two-scale decomposition of the velocity and pressure

u=u,+u, p=p,+p

where (up,pr) € X, X Yy. The same decomposition is applied to the corre-
sponding test functions. After having neglected the equation with the unre-
solved scale test functions, the equation with the test function from the finite
element spaces remains

(Orun,vp) + (2vD (up) , D (vh)) + b (un, up, vi) + (V- un, qn)
—(V -vp,pn)

= (f,vn) — |0, vp) + (2vD (u), D (vp)) + b (up,u', vy)
+b (u, up,vp) + b (W vp) — (V-vp,p)| — (V- qn).  (144)

Consider now the terms in the brackets, and the splitting of the test function
v, = v3p, + Uy. Then, the assumptions for three-scale VMS methods from
Section 3.2] are taken into account:

— The direct impact of the unresolved scales and the large scales is negligible,
i.e., all the terms in the brackets with test function vs, are neglected.

— The direct impact of the unresolved scales onto the small resolved scales is
modeled with a turbulence model, i.e., all terms in the brackets with test
function ), are modeled. In AVM?, a Smagorinsky eddy viscosity model
of the form

V- (Csh?|[D (@) [[6D (@n)) = V - (vr(tn)D (w),,) (145)

was used, see [63].

A realization of the AVM? can be found so far only for the pair of finite
element spaces Q1/Q1 for velocity and pressure on hexahedral grids. Thus,
the introduction of an additional consistent stabilization was suggested in [63]
which includes the PSPG stabilization term as a model of the last term on the

right-hand side of ((144))

(V- sqn) = Y (Qpun — vAup + (wp - V)un + Vph = f, T Van) i
K€7-h

where {7 i } keT;, denote the stabilization parameters. This additional term
in the AVM? formulation circumvents the violation of the discrete inf-sup
condition in the case of equal-order pairs of velocity-pressure finite element
spaces.
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Inserting the models described above in (144), the AVM? reads as follows:
Find wp, : [0,T] — Xp and pp, : (0,T] — Y}, satisfying

(Orup,vp) + (2vD (up), D (vy)) + b (up, up,vr) + (V- up, qp)
—(V - vn,pn) + ur(un)D (un) , D (vh))

+ Y (Deun — vAuy, + (wn - V)un + Von, Ta,xk Van)
KeTn

= (f,on)+ D> (F, 7wk Van)k. (146)

KeTy

The small resolved scales 4, are computed with the help of the AMG approach
sketched in Section [@.1]

In [T21] it was proposed to use a more sophisticated turbulence model than
the Smagorinsky model , a so-called multifractal model of w'. Multifractal
modeling of unresolved scales is based on physical considerations, see [29,[30]
for a detailed derivation. As final result, the unresolved velocity scales can be
represented in the form

-1/2 1/2
w = Ciye (1 - a*4/3) 9—2N/3 (24N/3 - 1) T, (147)

see [121]. In ([147)), Csgs is a constant, the parameter « comes from the definition
of the large scales u®”, i.e., @ = 3 in (143)), and

N =log, (ZK) (148)

is the number of cascades, which depends on the local mesh width hy and the
viscous scale length A,. Model is inserted in .

In [I21], the value Cygs = 0.25 was used. The viscous scale length is about
six times larger than the Kolmogorov scale, [I21]. The following approxima-
tions were proposed in [121] [I19, Section 4.2.5]

}LK =C, (Re’;})BM

Ay
with C, =1/12.3 or C,, = 1/11.2 and
D h? h
Ret I e b Lunlahe
v

Thus, the value obtained on the right-hand side of is generally not a
natural number. In practice, the non-natural numbers which are computed
with the right-hand side of are used for N, which can be seen, e.g., in
[121, Figure 11] or [I19] Figure 4.7].

The multifractal modeling can be adapted to wall-bounded turbulent flows
and it allows backscatter, see [121L[119] for details. To enhance numerical stabil-
ity, it is proposed in [T2TL[119] to extend the multifractal model with residual-
based stabilization terms, namely the SUPG term, the grad-div term, and
the PSPG term. The arising method is called algebraic variational multiscale-
multigrid-multifractal method, AVM?, in [119].
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9.3 Relations to Other Methods

Since the algebraic VMS methods and the three-scale projection-based VMS
method presented in Section [8 have the same principal goal, to apply a tur-
bulent viscosity term directly only to some small resolved scales, their final
equations look similar, compare and . The additional PSPG-type
stabilization in was only introduced because an equal-order pair of finite
element spaces was used in [63].

9.4 Experience in Numerical Simulations

The algebraic VMS method AVM? was compared in [63] with the two-scale
residual-based VMS method from [I0] presented in Section |4l A turbulent
channel flow problem and a turbulent lid driven cavity problem were con-
sidered. The simulations were performed for ()1/Q; finite elements. It was
observed that the results with AVM? were more accurate in several aspects
and the simulations were somewhat more efficient. Only small differences in
accuracy and efficiency between both VMS methods were observed in [65]
for the simulation of a turbulent flow around a cylinder. Both VMS methods
turned out to be clearly more efficient than the dynamic Smagorinsky model.

AVM* was compared in [I19] also with the two-scale residual-based VMS
method from Section [4 and the dynamic Smagorinsky model. Again, the simu-
lations were performed with the Q1/Q1 pair of finite element spaces. It turned
out that the adaption of the method at the wall which is described in [I19]
is of great importance for computing accurate results. For turbulent channel
flows substantial better solutions were obtained with AVM* compared with
the other methods. Also for the turbulent flow around a cylinder, AVM* pro-
vided the best results near the cylinder. The computing times of AVM* and
the residual-based VMS method were similar.

The methods AVM? and AVM* were applied successfully also for the sim-
ulation of variable-density flows at low Mach numbers, see [66L120].

10 An Unsteady Three-Scale Projection-Based VMS Method

This section studies the thee-scales projection-based VMS turbulence model
for unsteady flows with the turbulence modeling given by . It has a
simplified structure with respect to residual-based VMS models, and equally
applies to laminar and turbulent flows without further adaptation. Globally,
it provides a good compromise between accuracy and computational com-
plexity. Finally, it allows a thorough numerical analysis, parallel to that of
Navier—Stokes equations, parallel to the analysis for the velocity deformation
projection-based VMS model presented in Section [8

Stability in the natural L? (0, T; Hl(Q)) and L (O7 T; LQ(Q)) norms will
be proved, so as weak convergence to a weak solution. The asymptotic energy
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balance only is valid for solutions with some additional regularity to the natural
one, otherwise one only recovers an asymptotic energy inequality. Also, the
error estimates for smooth solutions are of optimal order with respect to the
polynomial interpolation.

The analysis of more complex VMS methods, in particular of residual-
based methods requires further adaptations of the analysis that is presented
here. The subgrid terms have a very complex structure that includes convec-
tive interactions between large and small scales, thus setting serious technical
problems just to prove stability. This field of numerical analysis is nowadays
in progress.

10.1 Model Statement

The model stated in Section [6.4]is considered in its unsteady version. However,
for simplicity of notation, a stable mixed method will be studied (see [35] for
the analysis of the unsteady stabilized approximation with wall-laws), actually
the Taylor-Hood pair of spaces: X;, = [V/(2)]4, Yy, = V/7H(2), 1 > 2, are
considered, where it is assumed that the domain {2 is bounded and polygonal
(when d = 2) or polyhedral (when d = 3). The family of couples of spaces
(X1,,Y)) satisfies the discrete inf-sup condition (9). Two kinds of spaces of
small resolved scales are considered: the space /)Eh may be formed either by
polynomials of degree smaller than those of X:

X, = [VF@R)]!, with 1<k <1, (149)
or by polynomials of the same degree constructed on a coarser grid:
Xn = Vi), (150)

where typically H = ¢h for some ¢ > 2. A stable restriction operator p,,

X — X, satisfying optimal error estimates is associated to the method.
The following projection-based VMS model with Smagorinsky projection-
based eddy viscosity model is considered: Find (up,pn) € X, X Y}, such that

d
—(wn, up) + bs(un, up, up) + a(up, up) — (V- up, pp)

dt
+C(uh;uh7uh) = <f7uh>7 (151)
(V . uh,qh) = Oa
up(0) = wo,n,

for all (upn, qn) € X, x Y}, where ug p, is the Stokes projection of uy,(0) on X,
and the form c is again given by

c(up; un, vp) = 2vr(un) D(un), D(vh)),

with
uy, = (I - Ph)uh, vy = (I - Ph)'vh’
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where I is the identity operator, and the eddy diffusion vt is defined by the
small-small VMS-Smagorinsky modeling.

The role of the small scale (or high frequency) components uy, = (I—p;,)up,
that appear in the eddy diffusion term c is to absorb the energy consumed in
the formation of small eddies in the inertial range (the unresolved scales). So
the basic grid to build the space X should be fine enough to ensure that this
space covers the large scales and an initial segment of the inertial range. Only
the large scales are expected to be solved accurately.

In practice, a full space-time discretized model should be used. For the
sake of simplicity, as a model problem the semi-implicit Euler discretization

of (151]) will be considered:

— Initialization. u% = UQ -
— lteration. For n =0,1,--- , N — 1: Assume that u} € X} is known.
Compute uZH e Xy, pzﬂ € Y}, such that for all w, € X, qn € Y

ultt —
h h 1 1
<At ,uh> + bs(uﬁ,u’}# ,up) + a(uz+ ,up)

+C(U’Z+1; uz+1a uh) - (pZ+17 V- uh) = <.fn+17 'U/h>, (152)
(V : ’LLZ+17 qh) = 07

where At = T'/N for some integer number N > 1, and £ is the average
value of f in (t,,tn11).

The main hints for the analysis of model (152)), following [3§], are stated next.
The main point is to prove the weak convergence of the solution provided by
this model to a weak solution of the Navier—Stokes equations.

10.2 Stability and Convergence Analysis

To perform the numerical analysis of model assume that the family of
triangulations {7 }r>o is regular.

Important properties of the form ¢ defined by are summarized in the
following lemma.

Lemma 5 i) The form c is non-negative, in the sense that
c(w;u,w) >0, forall w, u € H'(R).
it) For any up, wy, € X},
le(wn; un, wp)| < CLR®=Y2 |D(@n) 13 1D(@r) lo. (153)
ii) For all w, uw € W'3(12),

c(w;w, w —u) — c(u;u,w —u) > Cy h? | D(w — ﬁ)||8,379. (154)
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w) For all wy, wp, z € X,

|c(wp; wp, zn) — c(up; wn, z5)| < (155)
C3 B2~ (|ID(wn) o + [P (wn)llo) [D(zn) o D (wh — u) o,

where the constants C1, Cy and C3 only depend on d, {2, and the aspect
ratio of the family of triangulations.

Let B be a Banach space. Consider the following semi-discrete norms,

N 1/p
lwnllir(z) = (Z At IIUZV%) s Ml = max lugs,
n=0 T

where up, = (u),u}, -+ ,ul) € BNT1. Also, consider the piecewise in time
function pp, : (0,7) — Y3 that takes the value p}! in the time interval (¢,, tp41),
and its primitive in time Py,

mw:ﬁm@m

To pass to the limit in the discrete formulation to a solution of the Navier—
Stokes equations, it is sufficient to obtain an estimate of P, instead of py,
which is much simpler from the analytical point of view. Consider also the
time increment of the velocity, Tsup(t) = wp(t + 6) — up ().

The stability of method is given in the following theorem.

Theorem 6 Assume that the family of grids {Th }n>o is reqular, f € [H~(£2)]¢,
and ug € L*(2). Then model ([152) admits a unique solution, which satisfies
the following estimates:

~ 3/2
Huh||l°°(L2(Q)) + \/;”uhHl?(Hl(Q)) +ﬁ||D(uh)ng/(La(m)
1
<1 (Iu@lo+ 51l ) (156)
HTzS'UJh(t)||iz(0,T_5;L2(Q)) S 02 61/27 fOT 0< ) < 1-‘7 (157)
and
| Prllice (L2 (2)) < Co, (158)

for some constant C; > 0 independent of h, At and v, and some constant
Cs > 0 independent of h and At, where h = min hg.

KeTh

Proof The proof is performed in several steps.

Existence and uniqueness of solutions of discrete problem. Problem (152)
can be written as



74

Find uﬁ“ e Xy, pZ‘H € Y}, such that for all wy, € Xy, q, € Yy,

a(ul ™t wp) + by (uf, up ™t wy) + c(u

n ~n+1
_(v ' whvpthl) = <.f 7wh>7
0,

(V- up q,) =

n+1l,,  n+l
r o Up 7wh)

1 n n
where a(u,w) = —(u,w) + a(u,w) and f o f"+1+ﬂ. The form a
At At

is an inner product on the space H{(f2) that generates a norm equivalent to
the H' norm. The existence of a solution follows from Brouwer’s fixed point
theorem that uses the positiveness of form ¢ and the inf-sup condition @ The
uniqueness of solutions is a consequence of the well-posedness of the discrete
problem (see [38, Chapter 9]).

n+1

Velocity estimates. Setting wy, = u,™ " and g, = pZH in || yields

1 n 1 n n n ~n+41
e S + Slluy ™ = whllf + Atv[D(up G + C3 h* At |D(ay )|

3
0,3,
1
< Sllupl§ + At < F7 uptt > (159)
Using Young’s inequality one obtains
n n n 2 ~n—+1
ey FHIE + [lep ¥ — i [[ + At v|ID(ug I +2CF b At||D(a )5 5,0
< g [§ + 48t~ £ By (160)
Then, if kK < N — 1, it follows that

k k
i G+ D ™t = wp g+ v At ID(ui G+ (161)
n=0 n=0
k k
2C50° ALY ID(ut) 1§ 5.0 < lupllg + 446w Y11 F 5.
n=0 n=0

Estimate (156) follows, because |[uonllo < [|w(0)]lo-
Velocity time increment estimates. Problem (152) is restated in the form

(atuh(t)7 wh) + bé(ﬁh(t - At)7 '&’h(t)7 wh) + a’(ﬁ’h(t)7 wh)
Fe(@n(t); wn, wn) — (Pu(t), V- wr) = (F1,(t), wn) (162)
(V-ap(t),qn) =0,

a.e.in [0,T], where uy, : [0,7] — X}, is the piecewise linear-in-time function

that takes the value u}} at t = t,, = nAt; uy, : (—At,T) — X, is the piecewise

constant function that takes the value u}™" on (t,,t,41), and @ (t) = ) in

(=At,0); and pp, f, : (0,T) = Y}, respectively are the piecewise constant-in-

time functions that take the value pj and f”“ in the time interval (¢, tp4+1).
Integrating (162) in (¢,t + §) for t € [0, — §] gives

t+46 t+6
(T5’U,h(t),'wh) = /t <.77h(s),wh> ds+l (ﬁh(s),V'wh) dt, (163)
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where
(Fn(s),w) = =bs(un(s — At), un(s), w) — a(tn(s), w)
—c(tp(s); an(s),w) + (Ff,(s),w), for all we Hy(12).
Using (V - msup(t), pr(s)) = 0 yields
T—6 T—-6§ ,t+6
/O (| swn (t)||§ dt = /0 /t (Fn(s), sun(t)) ds dt, (164)
From estimate ([153)), it follows that
[Fn(s) - < C{l + [[an(s — AT + (1 + Ch?)|ID(an(s))13
DG () o + 175 ()l |

Thanks to the stability estimate 1] one deduces that Fj € Ll(H_l)7 and
[Frllig-1)y < C for some constant C' > 0 independent of h and At. By
Fubini’s theorem, the right-hand side of ((164) is estimated by

T—0 T s
| Imsunae = | | ey deas

<42 ||]:h||L1(H*1) HD(TcSUh)HLZ(Hl) < C51/2HUh||L2(H1) < C61/2a

where U denotes the extension by zero outside [0, T — §] of a function v. Then

(157) follows.

Estimate of the primitive of the pressure. Let wjy € X,. Equation (162))
yields

¢
(Pu(e).wn) = un(®) ~ o wn) — [ (F(s).wn) ds
0
< O (llunllie 2y + lupllo + 1 F | z-1)) lwnlls < Cllwnls-
Estimate (I58) follows from the inf-sup condition ({9). O

The convergence of model to the Navier—Stokes equations is based
upon the stability estimates from Theorem [6 combined with some compact-
ness properties of injections between parabolic spaces. To state them, let con-
sider the Nikolskii spaces

N™P(0,T;B) = {f € LP(0,T; B) such that |f| zr, < +00},
for r € [0,1], p € [0, 00] with

1
||mep = 2213 57||7'5f||L”(0,T76:,B)'

The space N™P(0,T; B) is a Banach space if it is endowed with the norm

I fl v 0,58y = 1 fllzeo,m:8) + 11 f | mn-

The following Simon’s compactness theorem holds (cf. [I32]).
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Lemma 6 Let X, B, Y be Banach spaces such that X — B < Y where the
injection X — B is compact. Then the injection

LP(0,T; X)NN"P(0,T;Y) — LP(0,T;B) with 0 <r <1, 1 <p<+oo
18 compact.

Observe that by estimates (156|) and (157)) the functions w, are uniformly
bounded in N'/42(L?). Now, the convergence theorem can be stated.

Theorem 7 Assume that the family of triangulations {Tp}n>o is regular,
feL>(H™") and ug € L*(2). Then the sequence {(wn,pn)}nso provided by
method contains a subsequence that is weakly convergent in L? (Hl) X
H~Y(L?) to a weak solution (u,p) of the unsteady Navier-Stokes equations.

Proof The proof is performed in several steps.

Ezxtraction of convergent subsequences. By estimates and , the
functions uy, are uniformly bounded in L?(0,7; H'), in L>°(0,T; L*), and in
NV%2(0,T; L?). As the injection H*(2) < L"(£) is compact for 1 < r <
2d/(d — 2), by Lemmalf| with X = H'(2), B=L", and Y = L*(12), one de-
duces that the sequence {uy, }5,~0 is compact in L?(0,T; L"). Then the sequence
{up}n>o contains a subsequence (that is denoted in the same way) which is
strongly convergent in L?(0,T; L"), weakly in L?(0,T; H'), and weakly-* in
L>(0,T; L?) to some u. Also, by estimate , the sequence { P}, }p>0 is uni-
formly bounded in L>(0,T; L?). Then it contains a subsequence (that can be
assumed to be a subsequence of the preceding one) which is weakly-* conver-
gent in L°°(0,T; L?) to some P. It will be proved in the sequel that the pair
(u, 9;P) is a weak solution of Navier-Stokes equations.

Limit of the momentum conservation equation. The momentum conserva-
tion equation in (162]) may be re-written as

T T

- / (an (£), w3 ) (£) dt — (o, wy) 9(0) + / b (@, (1), @ (1), wn) o (t) dt
T T

+ / alin (), wh) p(t) dt + / (un (£); n (), wn) (1) dt (165)
0 0

T T
+/ (Ph(t),V-wh)g;’(t)dt:/ (F) () wp) o(t) dt, for all w € X,
0 0

for any function ¢ € D([0,T]) such that ¢(T') = 0, where ) : (0,T) = X} is
the piecewise constant in time function that takes the value uj on (tn,tn41).
By estimate the sequences 1, and 4, are also uniformly bounded
in L2(0,T; H") and in L>(0,T; L*?). Then, each one of them contains a subse-
quence weakly convergent in L?(0,7; H') and weakly-* convergent in
L>(0,T; L?) to some limits. But both limits should be equal to w since

max{||u, — ﬁhH%?(o,T;Lzy lwn — ||%2(0,T;L2) }

At
< Atfluollr 2.0 + 5 I Iz rm-1y:
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Time deriwative term. Let w € H (1)((2) Due to the approximation prop-
erties of Lagrange finite element spaces, there exists a sequence {wp}nr>o
such that wj, € X} that converges to w in X, in Hé(.Q) Observe that
if z € L°°(0,T; L*) N L?(0,T; L*), then by Holder’s inequality

1/3 2/3
Izl s o, < 12022 o ropey 1217500 720

Then, the sequences u, and u; strongly converge to u in L3(0,T; L3) and
T

. ! T !
Jim [ 0w = [ w0

Convection term. Integration by parts yield
N _ _ 1 o - .
bs(ty, (), wn(t), wn) = (uy, () Van(t), wn) =5 (V-ty, (t), wp-an(t)) ae i (0,7).

As @, and 4@y, strongly converge to w in L3(0, T; L?), and weakly in L2(0,T; H'),
both terms pass to the limit and

T

T
i [ b .m0 w0)p) = [ bu)u). el i

Diffusion terms. As @y, (t) is weakly convergent to w in L?(0,T; H'), it
holds

T T
li wn(t t)dt = t t)dt.
lim [ a0 e = [ aqut).we)
T
Also, lim c(tp(t); ap(t), wy) o(t) dt = 0. This statement follows from
(h,At)—0 Jo

(153)), that yields

T
/ (i (); @n (£), wp) (t) dt
0

T
SChZ‘d/Z/O D (en (D)5 D (wn)lo [ (t)] dt

< OB 2| D(un) 1320 1.22) IP(wn)llo 2]l e 0.1) -

Pressure term. As V - wy,(x) ¢/ (t) is strongly convergent in L2(0,T; L?) to
V- w(z)¢'(t) and (Py)p>o is weakly-* convergent in L°°(0,T; L?) to P, it
follows that

T

Jim [PV @) = [P w(a) o



78

Limit of the continuity equation. Consider some function ¢ € L3(£2), and
some interpolate q;, € Y}, strongly convergent in L3(2) to q. As uy, is weakly
convergent to u in H"'(£2), it follows that

T

T
JRCE DR i LS OPAECEE

Conclusion. As a consequence of the preceding analysis, u belongs to
L2(0,T; Hy) N L>(0,T; L*), P belongs to L>=(0,T; L?), and the pair (u, P)
satisfies

T
- / (w(t), w)!(t) dt — (0, w) 9(0)
T
+/O [bs(u(t), u(t), w) dt + a(u(t), w)] p(t)dt (166)

T T
T / (P().V - w)g () dt = / (F (), w)p(t) dt.

for all w € H{(12), ¢ € D([0,T]). Thus, the pair (u,d;P) is a weak solution
of the Navier-Stokes equations. As P}, weakly converges to P in L?(0,T; L?),
then p;, = 9, P, weakly converges to p = 9, P in H=1(0,T; L?). 0

The above proof shows that the eddy diffusion terms vanish in the weak
limit, and a standard weak solution of Navier—Stokes equations is recovered.
No eddy diffusion concentration effects take place in the weak limit.

10.3 Error Estimates

Let By, be a sub-space of a Banach space B. Given u € C°([0,T], B), denote

N 1/p
dlp(B)(u, By) = | At Z dp(u(ty), Bp)P ,
n=0

di(p)(u, Bn) = max dp(u(ts), Bn).
Theorem 8 Assume that the family of grids {Tp}tn>o is regular, that the
data satisfy f € C°(0,T;L?), 0,f € L*(0,T;H™ '), ug € W"*(2) and
that the unsteady Navier—Stokes equations admit a solution (u,p) €
C(0,T; WhH3) x C°(0,T; L?) such that 93w € L?(0,T; L*). Then the sequence
{(wn,pr)}n>0 given by the discrete projection-based VMS model satisfies
the error estimates

lw = wnllio(p2) + [ — wnllizmry < M(h, At) + C djoo 12y (w, X 1), (167)
[P = Phlliee(r2) < M(h, At) + C djoe (12) (P, Y3), (168)
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where
1
M(h, At) =C|At + do(u(O), Xh) + At de(LQ)(u, Xh) + dl2(H1)(u, Xh)
+ di2(12)(p, Ya)
+ B2 (dpa gy (u, X 5)? + dl4(H1)(u7/X\h)2)}7 (169)

and C is a constant independent of h and At, increasing with T .

Proof As u(ty) is divergence-free, its Stokes projection, defined by , sat-
isfies the estimate |D(w(t,) —o1)]lo < Cdyr(u(ty), Xp). Let Dp also denote
the L%(£2) orthogonal projection of p(t,) on Y;. Define the errors in velocity
and pressure by e} = u} — vy, A} = p; —Dp. Due to the regularity of data
and solution, the unsteady Navier—Stokes equations yield

(Gru(t), w) + a(u(t), w) + bs(u(t), u(t), w) — (V- w,p(t)) = (£(t), w)
(V : u(t)7Q) =0, (170)
u(0) = uo,
for all w € H{(2), ¢ € L2(£2), for all t € [0, T]. Subtracting term by term

(152) from (170) at ¢t = ¢,,4+1 one obtains the error equation: for all w, € Xy,
qn € )/Iu

eyl —ep 1 1 1
(H,wh> T alel wp) + by (u, w wp) — by (B @, w)

At
(V- wp, AP+ e(up ™ up ™ wg) — c(@pth gt w) = (ef Y wa),
(V-en an) =0, (171)
where e} "* € H™! is the consistency error, defined by
—=n+1l _ =n
<52+1, w) = (atu(tnﬂ) — u7 w) (172)
At
+bs(w(tnt1), w(tng1), w) — bs(ﬁﬁ,ﬁZ‘H, w)

+a(u(tnsr) —apth w) — c(@ythartt w)

_(p(thrl) - ?Z+17 V. w) + <.fn+1 - f(tn+1)>w>-
Due to the monotonicity of the form ¢ (Lemma [f]iii)), it holds
c(up upthwy) — et at wy) = 7 D(up Tt - 5.0 2 0.

Then the stability estimate (156|) holds when u} is replaced by the error e},

—n+1l . .. .
fZ is replaced by €Z+1 and ug 5, is replaced by e). Obtaining error estimates
for the velocity is then reduced to estimate the I*(H ') norm of the consis-

tency error €)' In particular, the penalty term 7"+ (w) = c(uy ™ a) !, w)
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that appears in the expression of EZH has to be bounded. Denoting e"‘*'1 =

(I - pp)eyt" and @(tosr) = (I — py)ultars) gives
IDEE)llo < IDE)llo + D@ (ts1)) o
< C D)o + ID(@ (1)) lo-

Combining this estimate with (153]) one deduces
[+ (w)| < C K22 DG D (@) o
< CR*2 (DG ™) + ID(@(ta+1))IIE) ID(@)]lo.

It follows that
DAt 3 0 < CRPEYD (IDERIG + 1D (@ (tn41)][5)

< ChQ(Q_d/Q) (dl4(H1)(u, Xh)4 + dl4(H1)(u,/X\h)4) .

This yields the last term in the error estimate (169). The estimates of the
remaining terms in the expression of e”“ are obtained by means of a
discrete version of the Gronwall Lemma used in the proof of Theorem [} to

conclude the error estimates and ( . O

The error estimates and would be of optimal order in space if
the term h2—4/2 (dl4(H1)(u,Xh)2 + dl4(H1)(u,3(\h)2) is at least of the same
order as the term dj2(g1)(u, Xp,) for sufficiently smooth w. If the spaces Xy,
and Xh are given by (1 1.] this happens if k > /2 + d/4 — 1. If spaces X
and X n are given by (|1 1-) then this property directly holds.

10.4 Asymptotic Energy Balance

In the steady case, the subgrid eddy dissipation energy is given by

s(up) = C% Z h3 /|ID) up)(x)|? de,

KeTy

see (106)). Then, Eg asymptotically vanishes as h — 0 and, using the notation
of Section it holds

lim [ED(uh) + Es(uh)] = ED(U)
h—0
In the unsteady case, the inverse estimates

ID(@n (8) o3, < Chye ™ |@n () ]o,rc, for 1 < <3,
D@ () llo.s, 5 < C R (ID(@n (1)) |02,
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yield

A~ 1—d/r |~ ~
Wi DR ()08, < C e ™" @n () o.ric ID(ER )3 2,1

Consequently, it follows that
Es(un) < € 1" [anllp om0 20,1000

Then, the subgrid energy Es(u;) asymptotically vanishes if 4y, is bounded
in L*°(L") for some r > d. However the standard stability estimates yield
uniformly bounds in L>°(L?) and then one cannot ensure that the subgrid
energy asymptotically vanishes.

10.5 Experience in Numerical Simulations

Some experience in numerical simulations of models and with LPS
stabilization will be reported here, respectively for steady and unsteady flows.
In [36] the results of simulations of the steady three-dimensional turbulent
channel flow at Re; = 180 with several VMS methods on relatively coarse
grids were compared:

— SMA model: The Smagorinsky LES model, given by
c(up;up,vp) = 2 (vr(up)D(up), D(vy)) ;

— VMS-S model: The small-small VMS-LPS setting, given by , ie.,
c(un; un, vp) = 2 (vr(un)D(up), D(Vn)) ;

— VMS-B model: The Berselli-Iliescu-Layton setting [18], in which:
(uns wn, o) = 2 (ve (T D(wn)) T D (wn), IT; D(wy))

where ﬁ,’: =1I—- ﬁh, and ﬁh is an interpolation operator on a coarser Py
finite element space;
— STAB: The purely stabilized method, i e., , with ¢ = 0.

Two versions of the VMS-S and the STAB methods were tested, one with wall
laws and the other with no-slip boundary conditions.

Equal-order interpolation P, for velocity and pressure were used. Also, a
Crank—Nicolson scheme for the temporal discretization was used, combined
with a linearization of convective and subgrid eddy viscosity terms. This ap-
proach provides a good compromise between accuracy and computational com-
plexity.

Table 2| displays a comparison of the L? errors in the stream-wise direction,
with respect to the DNS results from [116] with a grid four times finer in each
space direction. One can observe that the errors range between 11 % and
24 %, the best ones correspond to the VMS-S method with no-slip boundary
conditions. The accuracy provided by the methods with wall laws is acceptable
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Table 2

L2 norm of the deviation from the DNS profiles for the stream-wise velocity.
Methods | e{" (y+ e [0,180) |

VMS-S (NO-SLIP BC) 0.1141
VMS-S (WALL-LAW BC) 0.1734
0.1786

STAB (NO-SLIP BC) 0.1791
STAB (WALL-LAW BC) 0.2373

|

l l l
I ) | |
[ VMS-B (NO-SLIP BC) | |
[ SMA (NO-SLIP BC) | 0.1260 |
| l |
l ) | l

for this stream-wise direction, although reaching too high error levels for the
homogeneous (cross-flow) directions. The use of wall laws provides a reduction
of the computing time of about 35 %.

Also, Table [3] I displays the normalized (by the computed wu,) root mean
square (r m.s.) values of velocity fluctuations /(@2) = |[(u?) — (u;)?||*/? (i =
1,2,3) in wall coordinates y at the upper half-width of the channel, as a
measure of the error in turbulence intensities. Only the no-slip boundary con-
ditions were considered, as the errors with wall-laws were much larger. For
those second-order statistics the errors are larger than for the first order ones,
ranging around 30 %. Again, the VMS-S method is in general in good agree-
ment with the DNS data.

Table 3

L? norm of the deviation from the DNS profiles for the second-order statistics.

Methods ‘ eg et ey@ e(\)/@ ‘ (i112)
[ VMS-S (NO-SLIP BC) [ 0.2252 [ 0.1652 | 0.1108 | 01162 ]
[ VMS-B (NO-SLIP BC) | 0.2281 | 0.2018 [ 0.1246 | 0.1706 |
[ SMA (NO-SLIP BC) [ 0.3002 | 0.2236 [ 0.1597 [ 0.1249 |
[ STAB (NO-SLIP BC) [ 0.3781 [ 0.2536 | 0.1955 [ 0.1708 |

Only limited numerical experience with the solution of evolution turbulent
flows with is available. In [I] method with LPS stabilization of
convection, divergence and pressure gradient is applied to the simulation of
a high Reynolds number (Re = 10*) plane mixing layer flow, with accurate
results for relatively coarse grids. Equal-order interpolation P; for velocity and
pressure is used. Space and time accurate simulation of the pairing of primary
and secondary vortex is achieved. Quite accurate time evolution of the vor-
ticity thickness is computed with grids of 160 x 160 nodes. Also, model
with LPS stabilization has been extended to buoyant flows. Some recent yet
unpublished results obtained by the authors show that a similar accuracy for
the natural convection of high Rayleigh numbers (Ra) airflows in a differen-
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tially heated plane cavity (up to Ra = 107) is achieved with relatively coarse
grids.

11 Summary and Conclusions

The purpose of this article has been to present a state-of-the-art review of VMS
methods for the simulation of turbulent incompressible flows. These methods
are widely used nowadays as one of the most promising and successful ap-
proaches that seeks to simulate large scale structures in turbulent flows, also
in combination with advanced techniques such as, e.g., isogeometric analysis
[IOLIT].

The common feature of these methods is the use of multiple scales in model-
ing the turbulence, where the scales are defined by variational projections into
appropriate function spaces. Apart from this common feature, the realization
of VMS methods differs considerably, and a “jungle” of several types of VMS
methods is present in the scientific literature. So, even if there exist much re-
search work published on VMS turbulence models, the different VMS methods
are mainly used in the groups that proposed them, and there is no structured
presentation of them. The present review aimed at giving such a presentation
with the emphasis on derivation, numerical analysis in the framework of the
finite element method, and experience in numerical studies. In this way, the
common features of VMS methods should become clear as well as their main
differences.

Starting point was the presentation of the basic concepts of VMS methods:
The basis of all VMS methods is the separation of the flow field into resolved
and unresolved scales. VMS methods which use just resolved and unresolved
scales belong to the class of two-scale VMS methods.

Within two-scale VMS methods, the residual-based VMS method, the OSS
method, and LPS methods were presented.

The first two methods are residual-based models, since the basic procedure
consists in keeping all terms in the residual-driven structure of the resolved
flow equations and to perform an approximated analytical solution of the small
scale flow through a diagonalization procedure, where a proper definition of
stabilization coefficients is crucial. This procedure does not make use of the
statistical theory of equilibrium turbulence (eddy viscosity models). The main
difference between the two approaches consists in the fact that in the OSS only
the orthogonal projection of the residual on the large scale space is used. One
of its relevant features is that it introduces a numerical diffusion on the large
scales which is asymptotically equivalent, as the Reynolds number increases,
to the eddy viscosity dissipated by the unresolved scales, for sufficiently fine
grids. These methods are consistent.

In contrast, LPS methods can be considered as simplified methods that
provide specific stabilization of any single term that could be a source of in-
stability for the numerical discretization. Their structure could be achieved by
retaining in the OSS method the specific diffusive interactions that stabilize
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convection, divergence, and pressure gradient, and by changing the global L?
projection by local L? projections. This approach leads to a family of methods,
associated to the choice of the actual local L? projection. The main difference
with residual-based models is that they are not fully consistent, but of opti-
mal order with respect to the finite element interpolation. The fact that the
stabilization enjoys the right asymptotic behavior without full consistency al-
lows to decouple the stabilization of the pressure and the velocity. This feature
could be considered an important advantage with respect to the more com-
plex residual-based methods in view of practical implementations such as to
perform the numerical analysis, since it leads to a simpler and less expensive
structure.

Nevertheless, the VMS framework allows various other arrangements, go-
ing beyond a two-scale decomposition, so that other classes of VMS methods
can be distinguished. The most common approach allows a further decomposi-
tion of the resolved scales into large resolved scales (or large scales) and small
resolved scales, leading finally to a so-called three-scale VMS method. Within
three-scale VMS methods, a bubble VMS method, velocity deformation tensor
projection-based VMS methods, and algebraic VMS-multigrid methods were
discussed. All these methods include eddy viscosity modeling in the small re-
solved scale equations to model the dissipative effects of the unresolved scales.
The eddy diffusion only affects the small resolved scales, thus reducing or even
avoiding over-diffusive effects.

There are several realizations of bubble VMS methods which differ in some
details: The derivation presented in this work corresponds to the three-level
finite element method based on residual-free bubbles (RFB). The computa-
tion and storage of the RFB functions is computationally quite consuming
and several simplifications to solve the resolved small scale equation can be
performed. The resolved small scale pressure is not solved, but modeled as
in the residual-based VMS methods. On the one hand, the diffusive grad-div
stabilization appears in the large scale equation. On the other hand, this step
allows to eliminate the incompressibility restriction for the resolved small scale
velocity. Thus, the resolved small scale equations are approximated by a sys-
tem of convection-diffusion equations, where a subgrid eddy viscosity term is
added to model the effect of the unresolved scales on the small resolved scales.
However, these equations are strongly convection-dominated, which results in
the necessity to use large values in the coefficient of the eddy viscosity term.
From the computational point of view, the use of RFB-based VMS methods
is quite involved.

A different way of realizing a three-scale VMS method consists in adding
to the standard Galerkin formulation an eddy viscosity term that only affects
directly the small resolved scales. These scales might be defined as the L2
projection of the velocity deformation tensor into an appropriate large scale
space, which leads to the so-called velocity deformation tensor projection-
based VMS method. The large scale space can be defined on the same grid as
the finite element space, enabling an efficient implementation of the method.
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The structure of the method allows a thorough numerical analysis, along the
same lines as that of the Navier—Stokes equations.

Algebraic VMS-multigrid methods apply a different definition of the large
scales. In these methods, the scale separation is performed for the velocity (and
not for the deformation tensor). This separation uses components of an AMG
method thus avoiding to introduce another finite element space or another
grid, just matrix restriction/prolongation operators have to be defined, thus
creating a multilevel structure starting from a coarse level.

The numerical analysis has been developed to a different degree for the
individual VMS methods. Most results are known for LPS methods and the
velocity deformation tensor projection-based VMS method. For some other
VMS methods, at least results are available for simpler equations or for sim-
plifications in the formulation of the method. Analytical results concerning
the well-posedness of the discrete problems to guarantee the existence and
uniqueness of a solution, stability results to obtain a priori bounds on the so-
lution, or energy estimates are certainly of importance for practical purposes.
The situation is somewhat different for error estimates of the form or
because the constants in the error bounds become unrealistic huge even
for small times. However, current mathematical tools do not allow to prove
error estimates of a different kind. In summary, even if there are many results
concerning the numerical analysis of VMS methods, in comparison with other
approaches for turbulence modeling, there are still many open questions.

VMS methods were compared in numerical studies usually with LES meth-
ods, like the Smagorinsky LES method or the dynamic Smagorinsky LES
method. Generally, the results obtained with the VMS methods were not
worse, often even better than those of the LES methods. Excellent results
using for instance residual-based VMS models were first presented in [I0], ap-
plying isogeometric analysis for the space approximation [82]. In the recent
years, residual-based VMS methods have demonstrated to be able to simulate
(the large scales of) transient and steady turbulent flows with high accuracy.
However, there are relatively few comparisons of different VMS methods, see
[63.98] for some examples. In our opinion, comparisons of different numeri-
cal methods should be performed with the same code. Besides using different
codes for comparisons of different VMS methods, other aspects like the choice
of the finite element spaces (inf-sup stable or equal-order, degree of the poly-
nomials), the concrete grid, the explicit or semi-implicit treatment of certain
terms, the time stepping scheme, the stopping criterion for solving the non-
linear problem, the choice of the local mesh width for anisotropic mesh cells,
the concrete choice of parameters in the models, etc. might have an unknown
influence on the results. Since comprehensive studies of several VMS methods
within one code are not available, there will be no recommendation of VMS
methods to use. If one wishes to apply a VMS method for the simulation
of turbulent incompressible flow problems, the decision which concrete VMS
method should be used will be guided from subjective preference and from the
structure and the features of the used code.
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