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1 Introduction

Flows that are turbulent occur in many situations in nature. The simulation of turbulent
flows is a very active area of research. Nevertheless, turbulence is not a mathematically
defined term.

All incompressible, viscous flows are governed by the Navier-Stokes equations. The
structure of the equations does not change when describing turbulent or non-turbulent
flow. One way to distinguish these two types of flow was discovered by the physicist
Osborne Reynolds who, after performing a series of experiments, extracted from the
data of the flows he experimented on a dimensionless number, the Reynolds number,
that for each type of flow experiment can be used to mark the onset of turbulence.
This number can be interpreted as the ratio of inertial forces to viscous forces and the
higher this number is, the more likely it is for the flow it describes to be turbulent. This
interpretation of turbulence is compatible with the interpretation of a turbulent flow as
being one where the nonlinearity in the Navier-Stokes equations is dominant.

It seems easier to describe non-turbulent flow. This is laminar flow, which can be
described as flowing in layers that are not mixing. Generally, one pictures a turbulent
flow as consisting of lots of vortices of different sizes, as for example in a tornado or
in smoke rising from a burning cigarette. A large range for the size of the structures
that make up the flow is characteristic for turbulent flows and herein lies the difficulty
when representing them numerically. Generally, if a grid has enough grid points to
accurately represent the smallest flow structures of turbulent flows, then this number
of grid points will be too large for direct numerical simulation (DNS). Due to time and
memory limitations, it is simply not feasible. From a very simplified numerical point of
view, one could then interpret turbulence simply as the occurrence of structures in the
flow that is to be simulated that are too small as to be represented on the given grid.

One way to deal with structures that are too small to be represented on a given grid
is to introduce a turbulence model, or subgrid model. The goal is to model, based
on physical considerations, the influence of the small scales on the large scales without
actually representing the small scales. This method is called Large Eddy Simulation.
One disadvantage of this method seems to be the fact that different subgrid models lead
to widely different results, making it difficult to choose the right result.

This work concerns itself with the properties of the Leray-a model of turbulence. It
was introduced in 2005 by Cheskidov et al. (2005) and it traces back to the method for
proving the existence of weak solutions of the Navier-Stokes equations used by Leray
(1934).

In the first section, the Navier-Stokes equations that model incompressible flows will
be derived. Whether or not a flow is turbulent cannot be seen from the structure of
the equations themselves. This information is encoded in the Reynolds number, which
will also be introduced in the first section. In the second chapter the Leray-a model
and its origins will be presented. A first reason why this model seems more suitable for
turbulence modeling then previous models is discussed: an upper bound for the dimension
of its attractor is much lower than would be expected for 3D models. A derivation of
this upper bound following Cheskidov et al. (2005) is presented.



The third chapter consists of a numerical analysis of the Leray-a model discretized by
the Crank-Nicolson scheme using @2/ Pldisc finite elements and following Layton et al.
(2008).

The last chapter is concerned with actual turbulence modeling. In it, following Geurts
and Holm (2003), the Leray-a model is recast as a Large Eddy Simulation, which actually
implies a subgrid model. Finally, the results of numerical simulations of a turbulent

channel flow at Re, = 180 performed with the code MooNMD from John and Matthies
(2004) are presented.



2 Introduction to the Navier-Stokes Equations

In this section we give a concise derivation of the Navier-Stokes equations for incom-
pressible viscous fluids. It mostly follows Landau and Lifshitz’s Fluid Mechanics course,
see Landau and Lifshitz (1959). After that the Reynolds number will be introduced.

2.1 A Brief Derivation of the Navier-Stokes Equations

Let Vj be a small control volume in the body under consideration Q. Let p = p(x,y, 2, t)
denote the density, p = p(x,y, z,t) the pressure and u = u(x,y, z,t) the velocity of the
fluid at point = (z,y, z) in space and ¢ in time. Let n(z,y, z) be the outer unit normal
to Vy. Then, the mass of fluid in our control volume at time ¢t = ¢ is fVo p(z,t1) dx and
the mass of fluid flowing through the boundary at time t = t1 is [, (pu-n)(z,t1) dz.
As the difference in mass between two distinct points in time ¢; and t; must equal the
sum of flow over the boundary, we have, using the Gaussian formula on the boundary
integral,

to
/ p(x,ta) — p(z,t1) de = —/ V- (pu(z,t)) dxdt.
Vo ty Vo

Assuming p € C1(2 x [0,00)), we can divide by to — t; and, letting t, — #; and using
the fundamental theorem of calculus, we get

Op(x,t1)de =— | V- (pu(x,ty))de.
Vo Vo

As our control volume V) CC  was chosen arbitrarily and so were t1,t2 € [0,00), we

get that

dp dp

—+V. == V- -Vp=20 1

PV (pu) = L4 oV ke Vp (1)
pointwise. This is called equation of continuity and it describes conservation of mass.
The pressure being denoted by p, an expression for the outside forces acting on our test
volume Vj is — |, vy P dS. Considering that p is a scalar valued function, we use the

Gaussian formula on each component of the vector pn to get
— / pndS = — VpdV.
1A% Vo

We can interpret this to mean that the fluid surrounding the control volume exerts on
it a force —VpdV and considering Vj to be a unit volume, this force is —Vp. Now, this
total outside force is responsible for a change in movement (i.e. acceleration) inside the
unit control volume, and considering p to be the mass per unit volume, we have

du

au _ 2
P Vp, (2)

where % represents the acceleration of a fluid particle moving in the volume. What we

dt
du

need, however, is an expression of ¢ in terms of fixed points in space. To this end, we



consider u along the parametrized curve c(t) = (x(t), y(t), 2(¢),t). Then

du / /
B o) - <1

Oou Ou Ou Ou Ox Oy 0z
= ((%’83/’82’(%) lect) - <6t’3t’8t’1> |t
ou
a’c(t)-

Plugging this into our above equation (2), we get

= (u-Vu)|eq) +

(u-Va)+ 24 = —;Vp. (3)

This is Fuler s equation or equation of motion.

Using Euler s equation (3), we can now get an expression for the change of momentum
in our fluid. Momentum is defined as mass times velocity, so in our control unit volume
it would be pu. The rate of change of momentum in componentwise notation then is

0 Guz 8,0

Using the same notation, the Euler’s equation (3) and the continuity equation (1) become

8% = Z Oui — 1 Op Euler

Yozy  p oz ’
@ = — Z M Continuit ®)
ot v

aaﬁk

Plugging the equations (5) into the equation for the rate of change of momentum (4), we
get

0 _Op d(puiuy) Ol
9t %) = 5, Zk: Dy Za Oup + puiti) = Zaxk' (©)
L,

II;% is called the momentum flux tensor. It represents the transfer of momentum due to
the mechanical transport of fluid particles and the pressure acting on the volume.

Up to this point, we have not concerned ourselves with any distinguishing properties
our fluid might have. As the introduction says, it is supposed to be incompressible and
viscous. Incompressibility means that there is no expansion or compression in the fluid,
meaning that the density p is basically constant. This assumption changes nothing in
Euler s equation but it considerably simplifies the equation of continuity.

gt +V-(pu) =0  then becomes V-u=0, (7)

meaning the velocity in an incompressible fluid is divergence-free.
Viscosity is the term for internal friction. It depends on the size and shape of the particles



comprising the fluid and the attraction between them. Honey, for example, has a higher
viscosity than water. This will obviously change the transfer of momentum in our fluid
and therefore the momentum flux density tensor. Therefore, when including viscosity in
our model, we will have to change the equation of motion for our model.

We start by adding a term —o;; to the momentum flux density tensor. The tensor —o;i,
is supposed to model internal friction. This occurs only when fluid particles move with
different velocities. Therefore, —o;, must depend on the spatial derivatives of u. There
can be no term in —o;; without these derivatives as —o;, must vanish for constant wu.
So —oy, will be a linear combination of these derivatives. It must also vanish in the case
of uniform rotation. Let w be the angular velocity and let r be the displacement vector.
Then, u = w x r. Consider as an example uniform rotation in the x-y-plane:

= u = Tw

0

ow 8

0
w=10], r=
w

Then, 2% +3 au’“ = 0. Seeing this, we make the ansatz

) Oz
B ou; Oug 8“1
Uzk—CL(awk 8.%1) +bz zk>

where a and b are functions independent of u. It turns out to be convenient to write this

in the form
Oou;  Oug oy 8ul
Oik =1 (6:% Fre Oik Z > + &0ik Z

where n > 0 and & > 0 are called coefficients of viscosity.
Now we plug the new II;; back into the expression for the rate of change of momentum

(6):

81‘k
6p 8u1
= o P2 “ka“l% AP

B Oou; 1 0p
_p<_;uk8xk_p8:r> (pu +28

0 Ol 9 .
a(puz) = - ; = - g Bzx (5zkp + puiug alk)

Ot
former Euler

L Oui  Op
~Par T

which means we have to have

8ul B Oou; 10p 1 0
Z kf)xk p Ox; + pzk: 8xk02k




as our new equation of motion. If we now expand the derivative of o, we get
8 82%‘ Buk 8uk 8uk
zk: BTvkam =7 zk: aa:kaa:k 837 Z Bxk 3 Z oxy
aQUZ‘ 8uk
=12 G (3”“) ag@axk

1 0
= nAu; + (377 + §) oz, (V-u).

Putting all of the above together our new Euler equation in vector form is

(‘;t+(u V)u ) = —Vp+nAu+ (;nﬂ-’) V(V - u).

We have already seen in (7) that incompressible fluids have divergence-free velocities.
Therefore the equations of motion and mass conservation for incompressible, viscous
fluids are
ou n 1
— +(u-V)u > — —Au = —=Vp,
( ot p p (8)
V.-u=0.

The set of equations (8) are the Navier-Stokes equations for incompressible, viscous flow.
We see that the new equation of motion differs from the old by the term %Av, which
models viscosity. The ratio v := % is called kinematic viscosity, as opposed to n, which
is called dynamic viscosity.

2.2 The Reynolds Number

Dimensional analysis is an important tool in model theory and experimental physics. The
goal is to extract from the model a dimensionless number which captures the essence of
the model in the sense that comparing these numbers allows us to evaluate the extent to
which different processes governed by the same model are similar.

If as an example we wanted to study the flow past an object in a given space, the type of
the flow will be determined by the shape of the object, the velocity of the flow and the
kinematic viscosity v = . If we take a sphere, its shape is then completely determined
by one number, the radius and the unit of this number is length (L). The units of u

and v are, respectively £ T and , where T represents the unit of time. Then, the only
dimensionless number that can be formed from these quantities is
ul
Re = —. 9
5 )

This is the Reynolds number. The fraction Re can also be interpreted as a ratio of
inertial to viscous forces:

ul  puLl  inertial forces
Re = — = =

v n viscous force




This allows for the interpretation that the Reynolds number measures the turbulence in
a flow. The higher the Reynolds number, the more turbulent the flow.

The two interesting cases are Re — 0 and Re — oco. For Re — 0, the non-linear term
in the Navier-Stokes equations can be neglected and they reduce to the well-understood
Stokes problem. It describes creeping flow. In the other case, the flow exhibits turbulent
behavior and this is the form of behavior we are interested in.

Whether a flow is turbulent or not cannot be seen from the Navier-Stokes equations
directly, which are the model for all kinds of flow. Turbulence is not a mathematically
defined term. One could therefore think of turbulence as the opposite of non-turbulence.
Non-turbulence would then be the behavior of a flow which is laminar, meaning its layers
are basically not mixing. Each flow experiment will have a Reynolds number below
which the flow is considered not turbulent and above which it is considered turbulent.
Distinguishing flows in this way goes back to Osborne Reynolds, see Pope (2000). He
performed an experiment of injecting dye into a flow through a pipe and then realized
that the behavior of the flow could be described by one number: the ratio %, which is
the Reynolds number.

3 The Leray-a Model

Following Layton (2008), we first motivate the interest in a priory estimates of the L2
and H' norms of our possible solution.

The total kinetic energy is defined by %mass*velocityz. This means that the total kinetic
energy of a fluid with constant density p and velocity v on a domain € is

1

p/ lul? da.

2" Ja
The space L?(12) is defined as the set of all functions u :  — R such that

2
Jull oy = [ Juf? dx < o
Q

where the norm is induced by the scalar product

(U,’l))Lz(Q) :/U’Udﬂ?,
Q

where in this instance ¥ is the complex conjugate of v. Please note that in the following,
7 will have a different meaning. This can of course be extended to functions u : Q — R%:

LX) = {u = (uy, ug, ..., uq) : @ — R, uj € L%(Q) for all ]}

=

d
and ||UHL2 Q HUJHLz
Q)4
7j=1



The space L2(2)? is therefore the set of all velocity fields with finite kinetic energy.
From now on, for convenience we drop the L? subscript and denote by (-, -) the L? scalar
product and by ||| the L? norm. But it is not only the velocity itself that is important.
As we have seen in Section 2.1, changes in velocity are what cause one layer of fluid
to exert force on another layer of fluid. This force must be finite for the velocity to be
physically relevant. The space that models this is the Hilbert space H}(€). It is defined
as the closure of

{u QR ue CHQ) and w =0 on aQ} in |- 10y

This norm is defined as follows:

1
gy = (el + 19ul?)

Suppose we have already found (u,p) smooth, such that (u,p) solves the Navier-Stokes
equations. We multiply the equation of motion by u itself and integrate over the domain

Q. We get
th/u +/uVuuy/Auu+/Vpu—/fu

After integrating by parts, the second term and the pressure term vanish because of
V -u = 0. We are left with

1d

5 Il + v [Vl = ()

After integrating this in time on (0,¢) and using the fundamental theorem of calculus,

OF +v [ I9ul? = 3@+ [ (70

With our interpretation of the norms as above, this states (see Layton (2008), Chapter
8):

we get

kinetic energy(t) + total energy dissipated over [0, ¢]

= initial kinetic energy + total power input.

This is the energy equality that Leray in Leray (1934) called energy dissipation relation.
We can see from this relation what an appropriate space for our solution might look like.
The terms on the left-hand side should be finite and so we define:

T
L*0,T; H} (Q)) := {u(-,t) € H}(Q) Vte[o,T]: /0 ||uHH& dt < oo},

L=(0,T;L*(Q)) = {u(-,t) € L*(Q) Vt€[0,T]: ess supgeer |lul] < 0o} .



More generally, for a Hilbert space V' we can define

T 1/p
LP(0,T;V () := {u(-,t) eV(Q) Vtelo,T] (/0 ||Vu\|{’/) dt < oo} .

After deriving this integral form of our equations, we can already see that there is a way
to interpret the equations that does not require the solution u to be in C? any more.
In fact, after introducing the notion of weak derivative, we do not need our solution to
be differentiable in the classical sense at all. Leray first introduced the notion of weak
derivative in Leray (1934). The modern definition is derived by way of partial integration
of smooth functions and the realization that the expression

/QuDa¢da:: (—1)|a|/QD°‘u¢da:,

where « is a multiindex, still makes sense for u, D%u € L], () and so called test functions

¢ € CX(R). Leray showed the existence and uniqueness of so-called regular solutions
for the Navier-Stokes equations, but only for an interval of time [0,7"). He could not
show that these solutions would not become irregular in finite time and he states in his
introduction in Leray (1934): “In fact it is not paradoxical to suppose that the thing
which regularizes the motion- dissipation of energy - does not suffice to keep the second
derivatives of the velocity components bounded and continuous.” However, when in the
original Navier-Stokes equations he replaced (u - V)u by (@ - V)u, where @ is a mollified
version of u, he could show that the resulting solution to this mollified system of equations
would not become irregular and in fact exists for all times, see Leray (1934), §26. The
limit of these solutions of mollified systems, which he called turbulent solution, see Leray
(1934), §26, is what is known today as a weak solution. There is more than one notion of
weak solution, though. One can construct weak solutions by way of the Galerkin method.
As it is not known whether weak solutions are unique, it is not known whether a solution
obtained by passing to the limit with Leray s method is the same weak solution as is
obtained by the Galerkin method.

Jean Leray obtained his results by solving a mollified system and then showing that
the limit of the solutions to such mollified systems is in some sense a solution of the
Navier-Stokes equations. The Leray-a model now attempts to do the same. Instead of a
convolution, it uses an approximation of this convolution. The mollified system is

gtua —vAu®* + (@ - V)u* +V(p*) = f,

V-u® =0,
= P x u”,
where u® is the solution for that specific o, u® is the mollified version of u® and as
u®* — u® for @ — 0, this system converges to the Navier-Stokes equations.

We now fix @ > 0 and chose u® = (I — a?A)~1u®, the smoothing kernel associated with
the Green function of the Helmholtz operator, as is done in Cheskidov et al. (2005), the

10



presentation which we are following in this chapter.
The Leray-a model for some o > 0 fixed then is the following:

gu—quH—(ﬂ-V)u—l—Vp:f,

ot
V-u=0,
T =u— a’Au, (10)
v periodic, with periodic box Q = [0, 27 L]3,
+ initial condition.
We are looking for a solution in the periodic box © = [0,27L]® so as to not have to

concern ourselves with boundary values. Looking for a periodic solution also allows us to
use Fourier analysis in some of the proofs. We will instead require our solution to have
the property [,vdx = 0. This will take care of solutions that would only differ by an
additive constant. We define

H:{UZ’UGLQ(Q), V.v=0, visperiodicin €, /vdaz:()}
Q
and
V:{v:veHl(Q), V-v =0, visperiodicin {2, /vdsz}.
Q

For v € H, one can show V - v € L?(2), see Temam (1984). This is true by assumption
for v € V. Further, one can define a scalar product on V' by

((u,v)) = (Vu, Vo).

It induces a norm on V' denoted by |ju||y, := ((u,u))'/?. Because the Poincaré inequality
is valid on V' we have

1
2 2
[o]|* < N [olly (11)

and the norm induced by the scalar product ((-,-)) is equivalent to the H'-norm on V.
As V is a Hilbert space, because of the theorem of Riesz we can associate with u € V an
operator A : V' — V' such that

((u,v)) = (Au,v) Yo eV.
Since for u € V N H? we have
(Au,v) = ((u,v)) = (Vu, Vo) = —(Au,v) = — (Au,v),

we can interpret A as the Laplace operator —A in the distributional sense. In order for
Au to actually be a function, we need v € V N H2. We define the domain of A in V as
D(A) :=V N H% We then have the relations

DA CcVCcHCV,

11



where the embeddings are continuous and the embedding V' < H is compact because the
embedding H' < L? is compact by the Rellich Lemma. These relations are needed to
fulfill the assumptions of the Aubin compactness theorem, which is needed in the proof
for existence of a solution to the Navier-Stokes equations.

With the help of the norm in V', we can define dimensionally homogeneous norms in
H'(Q) and H?(Q) as follows:

2 2 2
lulls = Ao (Jlull® + o2 full)

2 2 2 4 2
s =23 (Jlull® + 20 Jull}, + o* | Au]?)

Using this definition of the H2-norm, |ul* = Hﬂ - aQAEHZ and ((u,v)) = —(u, Av) for
v € H?, we immediately get for @ € H?

—12 2
7l 52 = AT [l

and therefore
At lull < @l gz < 220 lull, (12)

meaning the norm of @ in H? is equivalent to A1 [|u[. We now make more precise the
notion of weak solution.

If u is a smooth solution of (10), we take the L? scalar product in V with a function
v € V to arrive at

((iu,v) + v((u,v)) + b(u,u,v) = (f,v) Yv eV,

where b(u,v,w) = Z / uigvjwj,
Q Xg

ij=1

(13)

where herein, we just assume that the functions in this expression are smooth enough for
b to make sense. By setting

(B(u,v),w) = b(u,v,w) Yu,v,w €V,

we define a bilinear operator from V' x V into V’. By partial integration, this operator
has the properties

<B (u’v) 7w>V’ == <B (uvw) 7U>V’

= (B (u,v),v)y, = 0. (14)

Interpreting % as the distributional derivative, (13) is equivalent to the functional equal-
ity

d _
ZU~ vAv + B(u,u) = f.

12



This allows us to interpret the equation as an equation in V’. We now only have to
assume f € V' for this to make sense. The Leray-a-model (10) then becomes

iu—l—l/Au—l—B(ﬂ,u) = f,

dt
(I+a*A) tu =7, (15)
V-u=0,
u(0) = wo,

where u € V. Note that it is not necessarily clear what is meant by u(0) = ug. One needs
to clarify why a function from V can be evaluated in a point. This is usually clarified
through an analysis of the problem, see Temam (1988), Chapter 2 for a discussion.
This is the weakest possible formulation of the Leray-« model. There are several different
formulations for weak and strong solutions of the Navier-Stokes equations. They mostly
differ in the function spaces that are used. Generally, a weak solution is a solution of
a functional differential equation like (15), making the solution a function with values
in a dual space. By strong solution, one then usually means a more regular solution
with values in the function space obtained by stronger assumptions on the data of the
equation. For an extended introduction to the modern theory of existence and uniqueness
of solutions of the Navier-Stokes equations, see Temam (1984). For a shorter overview
of the methods used in the proofs and the function spaces, see Temam (1988).

Finally, we present Leray “s results from 1934 as stated in Cheskidov et al. (2005):

Theorem 1. Let T >0, v > 0, a > 0 be given.
If f € V', up € H then (15) has a unique weak solution on [0,T]. That is, there a
function

we L0, T); H) 0 L2((0,T): V) N C([0, T]; H)  and %u € L2((0,T); V')

such that J
(gm0 )+ v lduo) + (B@u.0) = (1,9

for every ¢ € V., where w = (I + aA)™lu and up = u(0).
If f € H, up € V then this unique weak solution is a strong solution on (0,T). That is

u € L*((0,T); D(A)NC([0,T);V) and %u c L*((0,T); H)

such that p .
(o) +r(vu o)+ (B@a.o = [ (.0
for every ¢ € V where w = (I + aA)tu and uy = u(0).

We are going to assume that f is independent of time, which makes (15) an autonomous
dynamical system.

13



3.1 A Priori Estimates

As motivated by the introduction, next we are going to establish a priori L? and H'
estimates for solutions of these equations. The presentation follows Cheskidov et al.
(2005).

3.1.1 L2-Estimate

Taking the inner product of (15) with u itself and using the property of the operator B
(14) gives

1d

ol ol = (). (16)

We continue using the Cauchy-Schwarz inequality and Young s inequality with p = ¢ = 2
and the estimate of the L2-norm (11):

(f. ) VA1

[RANIEE II—foII\/VM IIUII_2 N LI+ =5 lull®

< — - .
< s 191+ 5 Tl

IN

Therefore, after using the estimate of the norm (11) in the last step once more, (16) reads

1d

2dt [ull® + v [Jull}, < 2 /\ IF117 + 5 ||U”v

— lul)? 2 < 17
il HUll Fvully < 1//\1 1712 (17)

d 2 2 1 2
= — A < — .
2 P+ Xl < = |1

We would like to bring this into a form on which we can use the Gronwall inequality.
Therefore, we define

d K% _
o Jul* < Iy v Jul? = —i. (18)

We now derive an inequality for @ by differentiating. Note that we assume f to be
independent of t. Therefore, we get

Now setting ¢ = —v A1, we can use the Gronwall inequality to obtain

t
u(t) < a(0)exp </ —vA; ds) = u(0)exp (—vAit) . (19)
0
Resubstituting the definition of @ (18) in (19) yields

IR o e < ( WA o o )||2) exp (—vAt).

I£11*
(vA1)?

(20)

= Ju®)l* < (1 - exp(~vAit)) + [[u(0)||* exp(—vAit) =: R(t).

14



From this, we see that
1
li | < — =R
imsup [u(t)] < - [

t—o0

From (12) it immediately follows that

lim sup H@HH2 <\ R.

t—o00

After integrating the middle equation in (17) on (0,¢) we can also verify

e,
1

()| +v/ Ju(s)I} ds < (@) ++121

which means we have u € L%((0,t),V) for all t > 0.

3.1.2 H!-Estimate

To establish an a priori H'-estimate, we take the inner product of (15) with Au:

1d
5 7 Iullv + v [ Aul® + (B(G, u), Au) = (f, Au)
1d

® 33 Jull?, + v || Al = (f, Au) — (B(@,u), Au).

We proceed by estimating the right-hand side from above. We get
(f, Au) — (B(@,u), Au) < |(f, Au)| + |(B(@, u), Au)|

and by using the Cauchy-Schwarz inequality and Young s inequality with p = ¢ = 2 we
get

V2 VY HfH 1
fl\fH \[HA ull < + vy Aul®.

Using Cauchy-Schwarz, ||(u - V)v|| < ||ul| ;o [[Vv|| whenever u € L, Young s inequality
with p = ¢ = 2, and the Sobolev inequality in three dimensions, we also have

|(f; Au)| < [[f[ ]| Aul| =

((B(@, u), Au)|
<[[B@@, uw)[l |Aull < [[@ll o [Vull [[Aul|

V2 V7

\/>||UHL°° [[ully ([ A II\f *H [ *||A [
2

< 1||UHH2 lull} + *||AU||-

2%

So, for the right-hand side we have

U
5 IAulP+- w3 el

2
2%

|(f; Au) = (B(@, u), Au)| < |(f, Au)|[+|(B(@, u), Au)| <

15



In total, we have

(21)

1d HfH2
—vl||Au

3
2%

Using the estimate for the H?-norm of @ from equation (12) and the L%-estimate already
established for u in (20), we get

2
[l < 432 flul]? < a3 (la(O)]2 vt + I (4~ ooy o ax2rirye.

(A1v)?
Using this in (21) we get
1d
57 U ullf + V||AUI|
f 1A acia?
P g axtry = VI 1 99N e ey
1/)\2

d 21 £ 802>\2
= @HUII?AVIIAUHQS ” L lully, R(t)%.

v )

Setting K (t) = max { 20717 802)‘2 L R(t)? } we get

d
27 llly + v [l Aul® < K () (1 + [Jull?)-
——

>0

d
= luliy < KO+ ul})

N %(1 +lul?) < K@+ [[ul)?).

After setting w(t) = (14 [|ul|?), we again use the Gronwall Lemma. This then gives

w(t) < w(s)exp ( / t K(r) d7> :

1 (22)
= 1+ [u@®)lly < (1 + [lu(s)]5)exp (/ K(7) dT) :

Since K is integrable on (0,7) for all T by the definition of R, this means if we suppose
u(0) € V, we have v € L*>®([0,T];V).
3.2 Estimate of the Global Attractor

We consider the dynamical system
d

U= F(u), up=u(0). (23)
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Note that with equations (15), we have a formulation of the Leray-« model like this with
F(u) = f —vAu+ B(u,u).

We say the state of the system is described by w which is an element of a metric space
H, meaning v : [0,T] — H, u(t) € H for all ¢t for which u is defined.

If f does not depend on time, this is an autonomous dynamical system. In general, the
operator F' and with it the solutions of the system (23) depend on a parameter \. In
our case, this is the Reynolds number. Experiments (see: Taylor experiment) suggest
that if X\ is small in a certain sense (dependent on the geometry of €2 and the viscosity
of the fluid), then for ¢ — oo the flow will converge to a unique stationary solution of
the problem (23), meaning to the solution of the problem F\ = 0. As X gets larger and
larger, there will be more than one stationary solution. Solutions of problem (23) will
then converge to one of these solutions dependent on the initial values they belong to.
For even larger A the stationary solutions disappear and we have periodic solutions, then
quasi-periodic solutions and finally fully turbulent solutions. This is usually taken to
mean that the Fourier expansion of the solution u does not consist of discrete frequencies
anymore, see Landau and Lifshitz (1959), §26,/27. One can still examine the behavior of
solutions u(t) as t — oo and if u(t) — X as t — oo for some subspace X C H which in
a sense to be made precise later is invariant under the dynamics of the system (23), one
can still extract information on the long time behavior from the structure of the set X.
This set X is a so-called attractor. It describes the long-time behavior of a flow. A
comprehensive text on attractors is Temam (1988) and in it Temam writes: “It is our
understanding here that the number of degrees of freedom of a turbulent phenomenon is
the dimension of the attractor which represents it”. In this sense, the dimension of the
attractor of the Leray-a model is a measure of its complexity.

Let L denote the typical length scale of the flow under consideration and Iz the viscous
dissipation length scale, which is the smallest length scale (dependent on v) that one
needs to resolve, see Chapter 3 for a more detailed explanation. Cheskidov et al. (2005)
calculate that the dimension of the attractor of the Leray-a model is proportional to
(L/14)'*/7, whereas the number of degrees of freedom for the 3D Navier-Stokes equations
is assumed to be proportional to (L/l4)%. This suggests that the Leray-a model is less
complex and therefore easier to simulate numerically.

3.2.1 Attractors

Before we can begin estimating the dimension of the attractor of the Leray-a model, we
need to first establish its existence and this requires some definitions.
The evolution of the system (23) is described by the operators S(¢) which are defined by

u(t) = S(u(0),  S(0) = Id,
S(t+s)=5(t)S(s),
and therefore form a semi-group. Writing u(t) = S(¢)u(0) of course only makes sense if
there is a unique solution of the problem (23).

The orbit or trajectory of ug is Ur>0S(t)uo, and an w-limit set for ug is the set w(ug) =
Ns>0Us>s5(t)up. We can interpret this to mean that the w-limit set is the set where the

17



trajectory of u(0) leads. An w-limit set can of course be defined for whole sets of initial
values, the name w-limit set is a lot more fitting then.
We call X C H an invariant set for the semi-group S if X = S(¢)X for all ¢ > 0.

Definition 1. Let B C U, U open in H, be a subset of the metric space H. B is
absorbing in U if the orbit of any bounded set By C U enters B after a certain time, in
other words:

VBy C U, By bounded 3ty (Bo) : S(t)Bo cB Vt> to(Bo).
Finally, we can define what an attractor is:

Definition 2. Let H be a metric space. An attractor is a set X C H that has the
following properties:

(i) SHX =X, Vt>0

(i) X possesses an open neighborhood U such that for every ug in U

dist(S(t)uo, X) = 0 ast— oo where dist(z,X) = in)f( dist(x,y).
ye

(1ii) We say that X C H is a global attractor for the semi-group {S(t)},~, if X is a
compact attractor that attracts the bounded sets of H.

Next, we need a tool for proving the existence of a global attractor. Before we do that,
we need one more definition:

Definition 3. We call the operators S(t) uniformly compact for large t, if for every
bounded set By there is a ty such that

U s@Bo

t>to
1s relatively compact.
Now we have the following theorem for the existence of an attractor:

Theorem 2. Let H be a metric space. Assume the operators S(t) are uniformly compact.
Further assume there is an open set U and a bounded set B C U such that B is absorbing
in U. Then the w-limit set of B,

X = Q)LJS@R

is a compact attractor that attracts the bounded sets in U. It is also the maximal bounded
attractor in U.

One now generally first shows existence and uniqueness of solutions for the problem
(23). Then, one finds an absorbing set and shows that S(t) is a compact operator. Using
Theorem 2, one can then establish the existence of an attractor for the system.
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For the Leray-a model (15) we already have existence and uniqueness of solutions from
Theorem 1. Therefore, the solution operators S(t) exist. From the L2-estimate (20) we
already deduced

1
limsup ||u(?)] < — =: R.
msup [u(®)] < - ]

Therefore,
Bi(H) :={we H :|w| <R}

is an absorbing ball for the solution u(¢): the trajectory of any ug € By where By is a
bounded set in H will eventually after a time ty = to(By) end up in Bi(H).
From (12) we immediately get that

By(H) = {w € H : |lw|| > < 2\ R}

is an absorbing ball for u(t). We now use the H! estimate to prove compactness of
the operator S(t). First, integrating the middle equation in (17) on (¢,r) gives us the
estimate

/HT u(m) || dr < |lu®)]?® + MT
¢ v OT < e o

< 2rRy for t > to(By) and ug € By.

Then, we use this estimate and the uniform Grénwall Lemma on the inequality for the
H'-norm

L )2 < (1 Ju(s)]2Jexp ( | K dT)

derived in (22). Using notation from the uniform Gronwall Lemma, we then have g =
K(t), y = (1 + |Jully)?, h = 0 and because K (t) is integrable and because of (24) we get
the estimates

t+r tr
/ y(s)ds=r +/ ||u(s)”%/ ds <r(l+4+2Rp) =:a3 fort > tyBy,
t t

t+r t+r
/ g(s)ds = K(s)ds =: ay.
t t
Now, the uniform Grénwall Lemma gives us the estimate
ar
Ju(t + )|y < 73 exp (a1) = (14 2Rp) exp (a1) =: Ry,

and we see that the ball Ba(V'), by which we will denote the ball with radius Rs in V/,
is an absorbing set. But we have also bounded u in the V-norm depending on ug being
bounded in the H-norm. This means if ug is bounded in H, after a certain time u will be
bounded in V. In other words, for any bounded set By in H there will be a time tg such
that S(t)By C B2(V). But By(V) is bounded in H} and as we know from the Rellich
Lemma, the embedding H' < L? is compact. Therefore, the embedding V «— H is
also compact and By (V) is relatively compact in H. Then, S(¢) is a uniformly compact
operator. Now Theorem 2 guarantees the existence of a global attractor:
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Theorem 3. Let ug € H and also f € H. Then, the Leray-a model possesses the unique

global attractor X in H and
x=Usw®B.

s>0t>s

Note that in a similar way an absorbing set and attractor in V' can be derived from
the a priori H'-estimates.

3.2.2 The Estimate

Following Cheskidov et al. (2005) we will now estimate the Hausdorff dimension of the
global attractor. This is done by tracking the evolution of a small volume element in the
attractor.

In any Hilbert space H, because it is endowed with a scalar product, one can for each
element ¢ of this Hilbert space define a linear operator

L,:H—R, Lgyw):=(p,v)u.

Analogously, if H is an (at least) m-dimensional Hilbert space, one can, using m elements
©1, .-, pm of this Hilbert space, define an m-linear operator by

V1R ...Qpn: H" - R,
m
P1R ... ® Py = H(%’,Uz‘)H Yui,...,vm € H.

i=1

Now one can define the so-called m-exterior product of H, usually denoted by A" H,
which is the space spanned by all the sums

V1 A POm = Z(_l)osoa(l) &R ... ®S00(m)7

o

where ¢ is a permutation and @1 A ... A ¢, is called wedge product. On this space, one
can define a scalar product as follows:

(gOl Ao e ANpm, V1 A ... /\djm)/\mH = det{(wi’wi)H}lgi,jgm’

where of course ¢1,...,0m,¥1,...,¥m € H. This scalar product in the usual way
induces a norm. As the norm of the determinant of a matrix equals the volume of
the parallelepiped spanned by the columns of the matrix, [p1 A ... A @] A" H Can be
interpreted as the volume of the volume element spanned by ¢1,..., pn. Therefore, if
we want to get an idea of how a small volume element develops, we need an estimate for
the norm of the wedge product of the functions spanning it.

Setting F' = I + a?A, we first suppose that u(t) C X for some t > to and that it is a
solution of

%u—{— vAu+ B(u,u) = f,
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Let £ € V denote a small disturbance that we add to u € V. Then we get

%(mf) +vAu+E) +BEFE M u+&),u+&) =f+0(E?)

& %54— VAE + B(F~'u, &) + B(F~'¢,u) = 0.

This means the disturbance evolves according to

d
F ¢ =n),
£(0) = o,

where A(t)§ = vAE + B(u, &) + B(n, ).

Let &(t) = (§1(t),&52(t),&;3(t)) denote solutions of this system corresponding to initial
values £;(0) = {9 and let Qn(t) be the L?—orthogonal projection from L? to the N-
dimensional subspace spanned by &;(t), <j<N- Then, assuming A(t) Fréchet-differentiable
and denoting by Tr the trace of an operator, analogously to Temam (1988) Section V.2.3,
we can derive an equation governing the evolution of the N-dimensional volume element:

[(Ex Ao NEN) ()| v g2

=[(& A ... NEN)(0)| v p2 exp (—/0 Tr(Qn(T) o A(T) 0 QN(T))) dr.

If we can now find a constant K = K(N) dependent on the dimension N such that

liminfi/ Tr(Qn(T) o A(T) 0o QN (7)) dT > K(N) > 0,
0

t—o0

then we have shown that

’(fl AN /\f]v)(t)’ANLz < ’(61 VAN /\§N)(0)’/\NL2 eXp(—K(N)t),

for some t > tp, meaning we have exponential decay of the volume element inside the
attractor. This already suggests that the attractor must be finite-dimensional. A theorem
from Temam (1988), Chapter V.3.3, Theorem 3.3 then gives the result that the Hausdorff
dimension of the attractor will be less or equal to N if also N >1. Therefore, this estimate
is what we are trying to establish.

We begin by selecting 11 (t), . .., ¥n(t), an L-orthonormal basis of span{&;(t),...,&n ()}
and we let (; = F~1(¢);). Using the definition of trace and (B(u,v),v) = 0 for u,v € V
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we then estimate for a fixed time ¢:

2

((QN(> () QN %7% Z 1/’]71/}3

Jj=1

NE

Tr(Qn(t) o A(t) 0 QN (1)) =

<.
Il
—

I
™=

VH%IIV (B(@, ¥;),v5) + (B(Gjs ), ¥5)

<.
Il

Mz M=

VH%IIV (B(Gru), ¥5)

N

Z (¢ w)

vl —

1

.
Il

Further, using the definition of B, we have

N N N 3
> (B =[G )| = | [ X3 G,
j=1 7j=1 j=114,k=1
N 3
/ vl 3 3 Il
j= lz,k 1
/|VU| Z Z ey | using G, = ZCHZ’Z,-
]l 1i,k=1 =1

/ |Vul Z Z lcjvj,04,.]  using orthonormality

7j=14k=1

N 1/2 N N
< [va [ Ser) Sl
Q =

j=1i=1

—(on@)? =X

N

2

< ol /Q vul 3 151
j=1

12 [ N )

< llonllm ( / |w) > 1o
j=1% ,

=1

= llon | oo lully NY2.

1/2

We will need two more Propositions before we can proceed with estimating the trace.
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Proposition 1. Let v = a/L. Then for every functz’on (e H2(Q)
¢l < CErL)H (¢ +a2A0)]

Proof. We will use the Fourier transform of a function in this proof. Note that there are
several definitions of the Fourier transform. Here, it will be defined by

b= (o) [ cterosp (k%) d.

Therefore, we can represent ( as
A x
= k— ) . 2
2)= Y Gexp ik ) (26)
kez3

We can calculate the L?-norm of ¢ in terms of its Fourier coefficients é , using on each
component of the exponential function the fact that for n € N we have

/27rL (int) di 2L forn=0
exp(in =
0 P L(exp(in2rL —1)) =0 fornL €N, n#0.

We then immediately get

162 = || 32 G exv (m%) > 64 [ e (it ) exp (i) da
kez3 k,lez3 (27)
ZZCkCl/ eXP(( )dx—Z‘g‘k‘ [¢]
k,leZ3 (27rL)3

Using the definition of A, we calculate

AC=—-A¢ =— Z ngaa (exp (zk%)) =- Z ékf: <£kj>2 exp (2]{%)

kez? = kez3  j=1
= Z 2@ exp(zk )
kez3
(28)
Now using (28), (26), v = ¢ and (27), we can also calculate
2
2 L L
¢+ AC||” = ( ]k] > Ck exp (zkz)
kez3

2

-3 (+ S| e - Z(H?jrkﬁ) > [af | ey’

keZ3 keZ3

(1 +y W)Q (27L)%.

9
Ck

(]

(29)
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We now use all of this to derive the bound we actually want. By using the Fourier
expansion of ¢, the fact that |exp(i¢)| =1 for all p € R, multiplying by 1 and using the

inequality S, (axbr) 2 < (32, ar) /232, b) /2, we get

lZék exp (k)| < D |G
keZ3 kez3
~ |2 9 9 2 9 9 —2 %
= 5 (Jaf (earie) (re2e) ) (30)
kez3
3 3
(el rrwe)) (X (erwp)
kez3 kez3
Now we prove that there is C'= C(7) such that
> (142 R) " <. (31)

kez3

We start by choosing ¢} > 0 such that ¢Z < z% and therefore

2.2\ 2 - 224/3
Z<1+’y |k:|) g;)(urc )

keZ3

-2

For a number a € R we denote by [a] the smallest number n € N such that n > a. We
then split the sum as

io:(l—i—c2 2 4/3> L [(61%3/2]( + ciy? 4/3> 2+ i (1+02 2 4/3) -
p=0 p=0 p=[(e1m)*/?]

(32)
Writing P := (1 + 0%72]34/ 3)72 and expanding P, we see that we can estimate

P<1 and P< ——ur.
= = s/

Using the first estimate for the first sum and the second estimate for the second sum in
(32), we obtain

[(e1y) /] = .
DRI P .
p=0 p=[(cn) 2

o0 1 1A\ s/ 1\ 13/ 1 \**
<1 ~(3/2) / — dp=14( =) =1+ 2
<1+ (a7) + (1) ~3/2 ciyipd/3 b + 3?2 * 5\ c3q? " 5 \efr?

=:C?(v),
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and have therefore achieved our goal. Immediately using this estimate (31) and (29) in
(30), we get

¢l <€) Y- (\ékf (1+4? u<:|2)2)é = C(N(2rL) 2 ¢ +a

keZ?

which is the desired estimate. O

Proposition 2. Let {11 ...1¢n} be orthonormal in the L* inner product. Let (; € H?(S)
such that ¢; = (I + ?A)~'(¢;), j=1,2,...,N. Let |py(z)]* = Zjvzl ¢ ()2, Then
there exists a constant Cp(7y) independent of N such that

x| < Cr(y)(2mL) 2.

Proof. Let ©1,...,0xn € R be such that Z;V:1 @? = 1. Then, using the result of Proposi-
tion 1 on each (; individually, using the definition of v;, the assumption that Zjvzl @? =1
and finally the orthogonality of (w) *, we get

N N

> 05¢(@)| < CHErL) ™ Y65 (¢ + o’ Ag)

Jj=1 j=1

1/2

= C(y)(2nL)~3/? Z@ﬂ/}] = C(y)(2rL)~3/? 292
7=1

= C(y)(2rL)

for all z € . Squaring the inequality and denoting by C;-‘: the k-th component of the
vector (;, we get
2 N 2 N 2

N
Yo@ )| + Yo | +[Yedw) sctmen? cen
j=1 j=1 J=1

Choosing first ©; = (Z;Vﬂ C}(:c)z)_l/QC}(x), we obtain

N

S @)? < C(H)2rL) 7, weq.

j=1

Next, choosing ©; = (Zjvzl CJ?(J:)Q)_UQC} (x) and then ©; = (Zjvzl C}(w)?’)_lﬂg(m), we
obtain analogous estimates for Zjvzl(CJQ(:):))Q and Zj-v:l(c 33 (7))%. Finally, we have

N N
on (@) =D G @) =D ¢+ ) G Z@’ 2 <3C(7)*(2rL) %, zeq.
j=1 j=1 j j=1

=

O
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Plugging the results of Proposition 1 and Proposition 2 into (25) and then using the
Sobolev-Lieb-Thirring Inequality in three dimensions (n = 3, m = 1), we obtain

Tr(Qn ()A(t) o 15013 = lu@®)lly lonll e N2

[; 115 — [[u(t)|ly Cr(y)(2nL) 32N/

i:;y
ﬁ:y
B 2/3

> ver ((27L)) 7 N3 — Ju(t)ly, Cr(y)(2rL) /2N
= ves LN — (), O () (2w L)~3/2N/2,

We now have

Tr(Qn(t) o A(t) o Qn (1)) > ves L2NO/3 — llu(t)]]y CF(’}/)(QTFL)_?’/QNUZ’

which means

T
liminf% /0 Tr(Qn(t) o A(t) o Qu(#)) dt

T—o0
1 T 1/2
> vea L2N?3 — Cp () (20 L) 732 NY2 lim sup <T / u(t)||3 dt)
0

T—o00

Defining €reray, the mean rate of dissipation of energy, and l4, the viscous dissipation
length scale, by

” msup (1 [ ol at) and 1= (2 )1/4
€Leray ‘= su imsu u(t t an =
Leray (27TL) ()EX t—)oop T 0 v d €Leray

we then have

T—o00

T
liminf% /0 Tr(Qn(t) 0 A(t) 0 Qn(t)) dt

3 1/2
> VCQL72N5/3 - CF(V)(QWL)73/2N1/2 ((QTFL) 6Leray>
v

>0

12/7 6/7
o N> <L> <CF(7)> '
ld (&)

Therefore, according to the so called trace formula explained in the beginning of this
chapter, we have

I\ 12/7 6/7
Hausdorff dimension of X =: dy(X) < < i ) <CI;(7)> .
d 2
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4 Numerical Analysis

4.1 Finite Element Method

At its heart, the finite element method relies on the weak formulation of a problem.
Transforming the problem into a problem formulated in the right function spaces, in this
case a Hilbert space, one can use theorems from functional analysis such as Riesz, Lax-
Milgram or Babuska’s extension of the Lax-Milgram theorem, see for example Layton
(2008), Chapter 2 Theorem 9, to prove existence and uniqueness of a solution for the
weak formulation of a problem. In classical PDE theory, one would then further use regu-
larity theorems to obtain conditions under which such a weak solution is actually regular.
The aim of the finite element method, however, is to approximate a solution given by the
above theorems. To this end, one has to assume that the Hilbert space H in which the
solution lives has a countable orthonormal basis. Then, one can select finite-dimensional
subspaces Hi, Ha,... C H that approximate H from within. This means that for each
v € H, there will be a sequence (vg)ren with vy € Hy, for each k that converges to v. In
the case that we can formulate our problem so that it only involves the scalar product of
a certain Hilbert space, we can use the theorem of Riesz to get existence and uniqueness
of a solution. In the case that the bilinear form involved is not the scalar product but
is still continuous and coercive, meaning there exists a constant C' > 0 independent of v
such that C ||v||3; < a(v,v), we can use the Lax-Milgram Theorem.

In the case of the Navier-Stokes equations, however, there is one more difficulty. The
equations contain two unknowns, the velocity v and the pressure p, that also live in two
different function spaces. By choosing a divergence-free subspace from which the approx-
imation functions come, one can eliminate the pressure from the weak formulation. In
practice, the construction of a divergence-free subspace is not that easy (see for example
the Argyris finite element). One then has to use what is called a mixed method. Instead
of eliminating the pressure from the equation, one of the bilinear forms involved will take
variables from two different spaces, namely the pressure space (Q and the velocity space
X. But this means that the coercivity condition, that guaranteed existence of a solution,
needs to be modified.

If a is coercive on H, it follows that

Cllolly < sup L&

Yv € H.
weH ||w||H

This weaker condition now makes sense for a bilinear form b : H x IT — R, where II is
another function space. The condition

b(v,p
Cply < sup 222
vEH HUHH

Vp e 11

is called inf-sup condition. The discrete version of this, meaning the inequality that has
to hold for the approximation functions from the finite element spaces, is the discrete
inf-sup condition or LBB" — condition, named after its inventors:

b
0<C< inf sup M
g€l yepn |[0]| g7 gl
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The LBB"-condition can not only guarantee the existence and uniqueness of a pressure
pl for the velocity v", but also ensures that the choices for the finite element pressure
space and the finite element velocity space fit, so to speak. An example for what can go
wrong if LBB" is not satisfied is given in Layton (2008), Section 4.3.

Another important question to consider when choosing a finite element space is whether
it is conforming, meaning it is actually contained in the function space it is supposed to
approximate. In the following analysis, we will always suppose the finite element space
to be conforming and to satisfy the LBB" condition. An extensive treatment of finite
element spaces and their properties can be found in Brenner and Scott (1994).

A common choice of finite element spaces for fluid dynamics are the so-called @2/ PldiSC
elements. They are used in our numerical experiments and they are defined as follows:
Let T be a triangulation of . Then, the velocity-space X" is defined by

XM =Qy:= {vh c Hi(Q): vh’_r is triquadratic V7 € T} .
The pressure space is defined by
Q" = pflisc .= {qh € Li(Q): qh‘T is linear V71 € T} .

Note that the pressure space is not presumed to be continuous across cells.

If we choose X = H} and Q = L% we obviously have X* € X and Q" C Q. Therefore,
Q2/ Pldisc is conforming. It also satisfies the LBB" condition, see Matthies and Tobiska
(2002).

4.1.1 The Stokes Problem as an Example

The Stokes equations are given by
—Au+Vp=f, V-u=0,

where as usual w is the velocity of the fluid and p is the pressure and we suppose u
vanishes on 9Q2. The variational formulation then is

/Vu:Vv—Vmp:/f-v Vv € X, /V-uqu Vq € Q,
Q Q Q
where X and ) are some appropriate function spaces. Setting
a(u,v) := / Vu:Vv and b(u,q):= / V - ugq,
Q Q
this becomes
a(u,v) — b(v,p) = F(v) Vv e X, b(u,q) =0 VYqeQ. (33)

These expressions now make sense for u € H () = X and p € Q where
QZ{(]ELZ:/qzo}.
Q
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The bilinear form a is coercive on H}(£2), as can be seen by using the Poincaré-Friedrichs
inequality:

2a(v,0) =2 [ Vol = [Vol*+ |V
> [|Vol* + C [[o]|* = max {1, C} Vo] s -
As a consequence of the continuity of b, see Layton (2008), Chapter 4, the space
V={veH)Q): bv,q=0 VqeQ}

is a closed subspace of H{ () and therefore itself a Hilbert space. Since b(u,q) = 0 in
(33), we are looking for a solution w € V. The problem of finding u then becomes the
problem

Find w € V, such that a(u,v) = F(v). (34)

As a is coercive, Lax-Milgram guarantees the existence of a unique solution to this part
of the problem. Having determined u € V', the equation

b(v,p) = a(u,v) — F(v) =: F(v) Yv e H}(Q) (35)

now must hold for the pressure p. If we assume the inf-sup-condition to hold for b, we
can then use Babuska’s extension of the Lax-Milgram Theorem, see Layton (2008), or
prove existence directly as is done in Brenner and Scott (1994). This also means that
finding (u,p) € (H}, Q) such that (33) holds is equivalent to finding a solution u € V
such that (34) holds and then finding p € @, such that (35) holds.

4.2 Numerical Analysis of the Leray-a Model
This analysis is based entirely on Layton et al. (2008). In their paper higher order

deconvolution models are studied of which the Leray-a model is a special case. The
computations herein are their calculations restricted to that special case. Herein, we
will restrict ourselves to the non periodic case, as the analysis does not differ from the
periodic case except for notation.
4.2.1 Preliminaries
In the non-periodic case the spaces used are

Q=1I% X:H&:{veHl(Q), v:OonaQ}.
The space of weakly divergence-free functions is

Vi={veX, (V-v,9)=0 Vge@}.

The finite element spaces X" and Q" are assumed to be conforming, i.e., X* ¢ X and
Q" C @ and to satisfy the LBB" condition. We can for example think of Qy/Pf*¢
elements. The discretely divergence-free subset V* of X" is

Vvh = {vh € Xh,(V-vh,qh) =0 Vo' e Qh}.
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As usual, the L2norm will simply be denoted by ||-|| and the L? scalar product by
(-,-). In H* = W*2 the norm is denoted by |-, the semi-norm by |-[,. The spaces
LP((0,T); H*) are defined by having finite norms which are defined by

1
T D
ol . = ( Ja ->||’,;) for 1< p < oo, (36)

and
HvHoo,k :=ess sup |jv(t,-)]], forp=o0. (37)
0<t<T

D\ 7
.

The analogues for the discrete spaces are

i :
Mol = (me%) .
n=0

v U, _1

1
2

)p’k = <§:1 At

and

v Ul

= sup ‘

ol = sup fonll:|||os ]|
0<n<M 00,k 1<n<M

1 .
2 k

For an operator f : V7, — V5 the operator norm is defined as follows:
1 ()l
[f]ls == sup ===
veEW HUHV1

The following approximation properties of finite element spaces such as the ones above
are used repeatedly:

Lemma 1.
inf [u—vl| <CRF M |uly,,, we HHQ), (40)
veXh
inf |lu—ovl; <CHF|ulp,,, uwe HHQ), (41)
veEXh
inf ||lp—rl| <CR pl,yy, pe HTH(Q). (42)
reQh

This is a corollary of the Bramble-Hilbert Lemma, see for example Brenner and Scott
(1994), Chapter 4.
Next, as the Leray-a model involves a filtering operation, we provide some definitions
and results for it.

Definition 4. For v € L*(Q) and « > 0 the filtering operation on v is v, where U is the
unique solution of
—a?AT +T =w. (43)

U is called continuous differential filter. We denote by F := (—a?A + I) and write
F~ly=7.

In order to define a discrete filter, we will need the two following definitions
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Definition 5. We define the L*-projection TI" : L? — X" by
(Il"v —v,6) =0 Vee XM,
and the discrete Laplacian Ap, : X — X" by
(Apv, &) = —(Vo,VE) VEe XN (44)
We set Fj, = —a? Ay, + 117,
Then, the discrete version of this filter can be defined:

Definition 6. Forv € L?(Q) and o > 0 the discrete filtering operation on v is T", where

ol is the unique solution in X" of

(Vo VE) + (0", 6) = (v,€) Ve X" (45)
We write 7" = F{lv.
—h
Note that we only assume v € L?, which means an expression like Vo' | which will

appear in the error analysis, makes sense. The next two lemmata provide us with some
estimates on the discrete filter.

Lemma 2. Forv € X, it holds

7| <ol |[v7) < 19l (46)

Proof. In the definition of the discrete filter (45), set & = ©". We then have, using
Cauchy-Schwarz and Young’s inequality with p = g = %

o? (vﬁ"‘, V@h> + <ﬂh,ﬁh) = (v,@h)
- vel o <[ (o) < 3P P
= 2o < ol + o
o <o

For the second inequality,we use the definition of the discrete Laplacian (44) on the first
term in the definition of the discrete filter (45), then set & = A,o" and then use the
definition of the discrete Laplacian again to obtain, in the same way as in the previous
inequality,

—a? HA,ﬁhH2 + (@",A,ﬁh) = (U,Ahi’l)
S I ey
o]+ [ < (7e70) < w3 o

- Hwhu < ||Vol.
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Lemma 3. Forv € X, Av € L?() it holds

a? HV(U - @h)Hz + Hv —@th <C sup {21V + v =&l } + Ca* | Av]”.

Proof. By definition of the discrete filter 7" satisfies
o? (V" V¢) + (@) = (v,€) Vg€ X", (47)
and by assumption v satisfies
o? (Vo,VE) + (v,€) = —a?(Av, &) + (v,€) VE e XM (48)

Setting e = v — " and subtracting the first equation (47) from the second equation (48),
we obtain

a?(Ve,VE) + (e,€) = —a?(Av, €). (49)

Let & € X" be arbitrary. Then, e = (v — @) — (7" — ©) =: 1 — ¢, where ¢ € X" and we
have split the error into a part that lies in X* and into one that doesn’t. The right-hand
side of the inequality that we want to prove suggests that the strategy should be to keep
the terms involving 7 on the right-hand side and to estimate from above terms involving
. We then have

042(V77a v&) - OéZ(VQO, Vf) + (777 f) - (907 5) = _QQ(Avv 5)
= oV, VE) + (,€) = a®*(Av, ) + a*(Vn, VE) + (1, €).

Setting £ = ¢ and using Cauchy-Schwarz, Young’s inequality with p = ¢ = 2 on the term

in the middle and Young’s inequality with € = i on the first and the third term, we get

2 |[Vel® + [lel® < a® [(Av, )| + @ |(Vn, Vo) + [(1, )|
< o || Avll Il + o [Vl Vel + n] el

1 2 2 1 2 1 2 2
< S llel® + o Av]® + a2 [Vall* + o* S [IVell” + [Inll
Multiplying by 2 and bringing every term involving ¢ to the left-hand side, we get
2 2 2 2 2
a2 [Vl + [lell* < 20" [ Av||* +a® [Vl|* +2|In]*.

h

We now use v — 7" = e = n — ¢ and the above calculation to obtain

2 2
o [ —a")" + o " = aIvel® + fel?
2 2 2 2
<2 (?|Val2 +a? Vel + Inl* + ¢l?)
2 2 2
(a®19nl + Inl* + o o)

(a2 IV =) + llo = 3l” + o | Aw]?)

IN
Q Q

<
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As ¥ was arbitrary, we get
@ ||V || + |- < C jnf, {219 = I + v — &I} + Ca® | Ao].
O
Lemma 4. For v € H*! it holds
o =" < Clan® + W) [l + Ca? AR
Proof. We begin by splitting the difference:
e
From the definition of the filtering operation we immediately get
lo =7l = o* [AF o]
For the second term, we use the definitions of the differential filter (43) and the discrete
filter (45):
0a*(V0, V) + (0,6) = (v,€) ¥ € X",
o*(VO", VE) + (0", &) = (v,§) VEe XM

Setting e = 7 — " and subtracting the above equations, we get
a?(Ve, V&) + (e,6) =0 VEe XM

This is exactly the same situation as in (49) in the previous lemma, except we do not
have a right-hand side. This means that from here, we can proceed in the same way as
in the previous lemma to obtain an estimate, but we don 't have the contributions from
the right-hand side. Also using inequalities (40) and (41) in the last step, we then arrive
at

s+ o= < g o156 o+ -

= H@—@h

< (C(a inf |V(v— + inf ||v—
| < Clo inf V@ =& + inf, |7 —é])
< C(ah® [0]yyy + R [l yy) = Clah® + Y [o],
Putting everything together, we get
o= <o -v1+ 77|

< o?||AF || 4+ C(ah® + B o], -
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Note that the estimate provided by Lemma 4 is only useful if ¥ can actually be bounded

independent of a. We just note that under the assumption that 9Q € C*+3 and v €
HE(Q)N H*1(Q), one can show v € H} (Q) N H*3(Q) and [9]l; < Clvll; for j = 0,1,2,
where C' does not depend on «. This means an assumption of v € H& would be enough
for this estimate to make sense. Estimates for higher k are possible under additional
assumptions, see Layton et al. (2008), Remark 2.15 and references therein.
Also note that in the definition of the discrete filter (45) the solution is sought in X" and
not in V", which means that the discrete divergence of the discrete filtering operation "
is not necessarily zero and therefore incompressibility, which was modeled by the velocity
being divergence-free, is not preserved. This can be rectified by modifying the model. In
the Navier-Stokes equations the nonlinear term can be expressed as an instance of the
trilinear form b(u, v, w) = ((u-V)v,w) which, under the assumption that u is divergence-
free, is skew-symmetric. If we now want to replace u by @ as is done in the Leray-a model,
and w is not divergence-free, we have to modify the equation to preserve skew-symmetry
and with it incompressibility. One easily calculates

1 1. . 1 _
§b(u,v,w) - _§b(u7w7v) - §<(v ’ U)’U,'U}),

1 1 1
= b(u,v,w) + 5((V SRS —ib(ﬁ,w,v) + ib(ﬁ,v, w).

=:b*(u,v,w)

Now b*(u, v, w) is clearly skew-symmetric and we see that we have to modify our model

by adding £ ((V - w)v, w).
Definition 7. The skew-symmetric trilinear form b* : X x X x X — R is defined by

1 1
b* (u, v, w) := 5((u -V)v,w) — 5((u -V)w,v).
We note that for v,w € X and u e V
b*(u, v, w) = ((u-V)v,w)
and b*(u,v,v) =0 Vu,v € X.

The Leray-a model modified to preserve incompressibility then is

1
ut—|—(ﬂ-V)u—|—§(V-ﬂ)—VAu+Vp:f,
Vou=0 in Q% (0,7),

-+ boundary conditions and initial condition,

or in its weak formulation
(ug,v) + b*(w, u,v) + v(Vu, Vu) + (p, V- v) = (f,v) Vv e X,
(V-u,q) =0 VYgeqQ,

-+ initial condition.

We now list some properties of b* to be used later.
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Lemma 5. For u,v,w € X and v, Vv € L*(Q) the trilinear term b* can be bounded:

\ 1

b (u, v, w)] < 5 (el Vol wll + ul [Velllvlle) (50)

0% (u, v, w)| < Co(Q) [[Vul[ [Vol [Vw], (51)
1 1

6% (u, v, w)| < Co(Q) [[u]|2 [[Vul[2 [Vl [Vwl]. (52)

Proof. We make use of the generalized Holder’s inequality for three functions:

1 1 1
ul [o] Jw] < lullgq [0llge [wllgr for =+ =+—-=1, 1<p,qr<oo.
Q q p T

For the first inequality (50) we get, using the triangle inequality and the assumptions v,

Vv € L™,
N 1
" (u, v, 0)] < 5 [ul Vol [w] + [ |ul [Vw]|v]
Q Q

1
3 (IIWHOO/ Jul [w] + H’UHOO/ Jul va|>
Q Q

1
< 5 UIVoll [Vullllwll + vl [Vl [Vl

IN

For the second inequality (51) we use the generalized Holder’s inequality with ¢ = 2 and

p = r = 4. Using the Sobolev embedding theorem with ¢ = 4, p = % and therefore
m = % and then the interpolation inequality with s = 0, so = 1 and © = %, we have

the estimate for the L*-norms

1 3
lullpe < Cllull 3 < Cllull e 1wl 7 -

Due to the Poincaré inequality, the H! norm and ||Vv||,» are equivalent on Hj. We then
get
6% (u, v, w)| < full pa [[VOl] 2 lwll pa + l[ull o [Vl g2 [[0]] L4
< Clull* [ Vull* [ Vo] ] [Vl
o+ lull 3 1Vl [wl ol 90
One more application of the Poincaré inequality on the terms not containing gradients

gets us the desired result. For the last inequality (52) we use the generalized Holder “s

inequality with p = 3, ¢ = 2 and » = 6. Using the Sobolev embedding theorem with

qg = 3, p = 2 and therefore m = % and then the interpolation inequality with s; = 0,

so=1and © = %, we have the estimate for the L3-norm

1 1
lulls < Cllull,y < Cllullzz ull
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and using the Sobolev embedding theorem with ¢ = 6, p = 2, and therefore m = 1 we
get the estimate for the LS-norm

[ull e < Cllull g -
Again using the equivalence of norms mentioned above, we get
167 (u, v, w)| < ull s [[Vll g2 lwll gs + llull s [Vl g2 [vll s
< Cllullz |Vull2 | Vol [ Ve .
O
For the estimates in the next section, we will need the discrete Gréonwall inequality.

Lemma 6. Let At, H, ay, by, ¢y, d, > 0 such that

l l !
a,+Athn gAtZdnan+Athn+H,

n=0 n=0 n=0

and suppose Atd, < 1 Vn. Then,

l l dn l
aH—Athn < exp <At§1—Atdn> (Athn—i—H> .

4.2.2 Analysis of the Crank-Nicolson Scheme

= (U"Z#“) is used.

Throughout this text, the notation v, 1
The Crank-Nicholson method is a time-stepping method that can be derived by taking
the average of a forward Euler at time ¢ = t,, and of a backward Euler in ¢t = t,;.
The discretization in space is done by finite element methods. However, there are two
different notions of Crank-Nicolson method in the literature. To illustrate, let

ou

— = F(u

5 = L)

be some type of differential equation, where F is some kind of (differential) operator.
Then, using forward Euler at time ¢, and backward Euler at time ¢, yields

Upt1 — U Un+1 — Un
F.E. ”*Tt" = F(uy), B.E.;”*T = Fluny1),
and taking the average of these yields
Uptl — U 1
L (B ) + F ). (5)
If F' is linear, this is equivalent to
Un+1 — Un
U ). (54)
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One can now define the Crank-Nicolson method by the averaging which results in (53)
or simply by defining it as (54). Herein, the numerical analysis will be performed for the
version given by (54). The results are valid for the version (53) also, which is lacking
some terms compared to (54). The version (53) will because of its simpler form be used
in the computations.

As it will play a key role in the numerical analysis, the first lemma provides some general
estimates regarding the quantity v, , 1.

Lemma 7. Assume u € C%(t,, tny1; L2(Q)).
If u is twice continuously differentiable in time and uy € L*((tn,tnt1) X ), then

tn+1

‘2 < C(At)S/ e ||? . (55)

tn

Assume uy € COtp, tnr1; L2(Q)).
If w is three times continuously differentiable in time and wys € L*((tn, thi1) X Q), then

2 tn+1

< C(a? / |2 dt. (56)

tn

Up+1 — Un
A e

Assume Vu € COty, tni1; L3(Q)).
If the function Vuy is continuous in time and Vuy € L?((ty,tnr1) x ), then

tn+1

HV(UM% - u(thr%))Hz < C(At)2/ Ve || dt. (57)

tTL

Proof. This proof is based on the Taylor expansion with remainder in mean value form.
For u € C?(t",t"*1) we can write

2
ten) =ty ) +ulty) (5) + 5 (51) v en€ byt

2
u(ty) = u(tn+%) + ut(tm_%) < 5 2> for ¢y € (tn,tn+%).

This gives us

2
= C(A) luge(c1) + wge(c2)||

S (wnler) + unle)

< (80?5 ) (el + st )

using 3 [lug(c1) + g (e2)||* < luee(er)||* + |luge(c2)|*. Because of the triangle inequality,
the norm of a continuous function is a continuous function. As we assumed u to be

twice continuously differentiable in time, this means the function ¢ — |Jug(t, )| 2 is
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continuous. Therefore, we can apply the midpoint rule. The midpoint rule for integrals

tn 1
states that there exists £ € (tn,tn+;> such that (5%) luge(E)|1> = .72 [Juge]|* dt. We
2 n
then get

c@n? () Qe + Junen )

_ s [ [0 2 fn+} 2
= C(At) HuttH dt + HuttH dt
tn+% tn

3 tn+1 9
— o(a) / el dt,
tn

where the constant provided in the midpoint rule (here: £) and the ones we get from the
Taylor expansion (here: ¢1,c2) are the same, because the constant in the remainder of
the Taylor expansions comes precisely from the midpoint rule.

The next two proofs follow the exact same pattern. In order to prove (56), we expand u

as
At ut (1) FAEN? wg(c At\?
ultnr) = ulty 1) + uelt, 1) <2> +T+2 (2) X mé 1) (2)

for c; € (tn+%,tn+1) and

for co € (tp,t

ntl ) and proceed as above. The proof for (57) is exactly the same. O
Because it is utilized so often in the error estimates, we present a quick estimate on the
norm of v, , 1, although it is easy to derive. One uses the definition of a norm induced

2

by a scalar product, the triangle inequality and the Cauchy-Schwarz inequality to obtain

2 1 2 _ 1 2 2
= 7 lonsr + vl < 7 (lonsrl® +21@arr,vn)] + llon])

Un_,'_%

IN

2 2
(lfomsall” + 2 lfonstl onll + loall?)
(58)

IN

2 2 2 2
(el + e + llewl* + floal )

2 2
(Honsal® + flonl?) -

N N e

Therefore we have
M-1 ‘
n=0

Finally we present the scheme that will be analyzed.

M
2 1
< 37 5 (sl + loall?) < D ol (59)
0 n=0

n=

Upyd
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Algorithm 1. (Crank-Nicolson Finite Element Scheme for the Leray-a Model).
Let At >0, (wo,qo) € (X", QM), f € X* and T = MAt, where M is an integer.
Forn=0,...,M —1, find (wZH,qZH) such that

L rh hoh N G e U S S h h h h
E(wnﬂ—wn,v)—i—b wZ+% )W 15 Y —(qn+%,V-v)+V(an+%,Vv>
_ h h - yh
—(fn_%,v) Yo' e X",
(V-ulin) =0 w'eq"

Since we assume the LBB" condition to be satisfied, as explained in the previous
section, this is equivalent to the problem to find a velocity in V*:

1 ——h
<wz+1 —wh, vh> +b* (wh w Uh> +v (th

h
At n+i ’ n+37 n+%’vv )

(60)
= (fuszo0") Wt evh

Now we do the analysis. First we note

Lemma 8. The scheme (60) has a solution wlh for each time step l = 1,..., M. The
scheme is also unconditionally stable and allows the a priori bound

2
’
*

M-1 M-1

2 2 2 (%At
5 o < 2205
n=0 n=0

where C' is the constant from the Poincaré inequality.

Proof. The proof for the existence of a solution is an application of the Leray-Schauder
principle, see for example Layton (2008). By replacing every wy, 41 in the w,, 1-terms by
2

a variable z € V", we define a family of operators B, : V" — V" setting y = B,(z), by

o [z +wh " z+w! z+wh
(y,v) = —Atdb 5 R —Atv (V 5 , Vv

+ (wZ,v) +At(fn+%,v)
:= (Bn(2),v).

If the operators B,, are compact and if any solution z)y = AB,(z)) for 0 < A < 1, should
it exist, allows a bound ||z)||;, < 7 independent of A, the Leray-Schauder fixed point
theorem guarantees the existence of a solution to the fixed point problem z = B, (z).
That means for an initial value w! the existence of a bounded solution w 41 1s guaranteed.
Therefore it is sufficient to prove the compactness of the operator By. For convenience
of notation, we define a(z) = Z+2wg.

In order to prove compactness, we define the operators

T:X*=>Vh T(9) =2z st. (z,0)+ Atw(Va(z),Vv) = gv) Yo eV, (62)
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the solution operator of the Helmholtz equation, and
——h
N:VPh 5 X* st (N(2),0) = (Atfr +wh,v) — Atb*(a(2) ,a(z),v) Yo e V. (63)
2

We then have By = T o N. T is obviously linear. It is also bounded as can be seen
by setting v = z in the Helmholtz equation (62). One then uses the definition of the
operator norm on g, the Cauchy-Schwarz inequality and the fact that |[v|| = ||v|| Hi <
(C 4+ 1) ||Vv||, which follows from the Poincaré inequality, to obtain

5 1 1
I]1? + At (v (Z +2“’0> ,w) = |l2|]* + Atvs V2| + 5 Atw (Vuf, Vz) = (9.2)

= Vel < 10,2+ | (Vo V2| < o il el + [k 192

- Aty
2C N
< -

< < lgll 1921 + | b vz

2C
= Vel < 5, ol + [Vt
1920 < < Nl + || vuh

Once more, we use that the H}-norm is equivalent to ||[Vv|| and we see that T is a
bounded operator.

As bounded linear operators are continuous, T is continuous. Because compositions of
a continuous and a compact operator are compact, we now only have to prove that
N is compact, as By = T o N. But we have V. C H! and by the Rellich Lemma,
the embedding H' — H 1 s compact. If we prove that N is continuous from H 1 to
V*, N is itself the composition of a compact and a continuous operator and therefore
compact. The difficulty lies in bounding the nonlinearity b*. Assuming a(z) € L> N L*
and Va(z) € L™, we can use the inequality (50), the Poincaré inequality, the property
(46), the nestedness of LP spaces and the Sobolev embedding theorem with ¢ =4, p = 2
and m = % to obtain

b (=)' a(2),v)

b (a(2)" a(2), )| = sup
e el
< oo [T [ATa@ I 1ol + 1901 o]
ey [ve]

< Clla(z)]l < Clla(z)l[gs < Clla(2)]l 5 -
Therefore,
N(z),v
Ve : ||Ef||)v :
‘(Atf% —i—wg,v)‘ + At
=p 190l

< at||fy]| +[wb]| +atla@l,g < Cllal,g

HZ

V]

b (a(2)", alz), )
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where C' = C(||fl],, ||wh||, , At). Therefore, N is continuous and By is compact.
Finally, we check whether a z) satisfying (z),v) = A(Bo(z)),v) for some A € [0,1] is
bounded independent of \. We use By =T o N, set v = a(z) in the definition of T' (62),
use the property b*(u,v,v) = 0 and the assumption A < 1 to obtain

(za,v) = AN(B(zy),v) YveV
& (2, v) + Atr(Va(zy), Vv) = A(N(zy),v) Yo eV
= (2x,a(zn)) + Atrv(Va(zy), Va(zy)) < At(f% +wh a(zy)).

Taking the wf-term to the left-hand side, using the definition of the operator norm on
the f- term, the Poincaré inequality on ||a(z)|| and the Peter-Paul inequality with e = v/
we obtain

2

1
2

1 > [t O IVa(z)]?
il _ < 21« YA
5 (11 HwOH)MwWa(mu < a2l .

£+ Aty

2 (64)

A+ g et =2

02
= IVa(@)I’ < 25

= |[Va(z))| < M.

Further, we have
V]| = HVZ)\ 4Vl - vw’gH < HVZ)\ + ngH+vagH — 2|[Va(z)| < 2M+ngH .
Once more we use the Poincaré inequality to obtain

laallx < (€ + DIVl < (C+1) (2M + ngH) .

Therefore, z) is bounded independent from A. This means that the operator By possesses
a fixed point which is the solution to our scheme. As mentioned above, this same proof

works for B,, whenever an+1/2H* < C and HwZH* < C for some C. For the a priori

estimate (61), which is basically the same calculation as (64), one sets v = w" 1 in the

2
scheme (60). Using the definition of the operator norm, the Poincaré inequality and in

the last step the Peter-Paul inequality with € = v one obtains

1 h 2 2 B 2
2At Hw”“H B ) +Vvan+% < ‘(fn+%,wn+%)‘ =< CHfm% .
02 2 v h 2
§27 1 +§van+1 vn.

Multiplying by two and bringing all terms involving Vw . to the left-hand side and

finally summing fromn =0ton =M — 1 and multlplylng by At completes the calcula-
tion. O

Next, we present the main convergence result:
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Theorem 4. Let (u(t),p(t)) be a strong solution of the NSE with either no-slip boundary
conditions or being periodic with zero mean such that for k € N the bounding norms are
finite. Suppose (wh,ql) are approzimations of (u(0),p(0)) such that estimates (40) - (42)
i Lemma 1 hold and u € L™ (H’Hl), peEL>® (HS‘H) for some k,s € N. Then for small
enough At there is a constant C = C(u,p) such that

H‘U_'wh‘H 0 < H(At)hva)+0hk+1 |Hu|||oo,k+1’
o0,

1
M-1 3
2 1
(VN Z_;) HV (“n+% - wﬁ%) H ) < H(AL hy o) + Cva (A [ Vug5
1
+ Cr2ht el es1 5
where
N S B | 1
H(81,0) = O[30 (Il s + 19 ) + 73l

_1 2 -1 -3
08 (lull ey v (]| + 072 111.))

Ty apstl H

1 _
pL 27S+1+V QO‘QHAF 17“‘“2,0
1

S CUAER a7

+ (@02 (e

_1 1
loo + v 2 Ipullag + I feelloo + 22 [Vuwllgo

2]

The constant C* is dependent on v: C(v) = exp(v=3T). There is a smallness assump-

-1 2 -1 2 _1
0 [Vunl g+ v E IVulldg +v7E [V

2

-1
tion on the time step needed in the Gronwall Lemma: At < C (1/*3 | \VU\H;O + 1) :
Proof. At time ¢, 1 a strong solution u of the Navier-Stokes equations satisfies

2

((ut,vh> + ((u . v)u,vh) — (p,v . vh> +v (Vu, Vvh>> ‘t=tn+; = (f, Uh)’tztn_‘_;'

(65)
In order to approximate our scheme from Algorithm 1, we first write (65) as

Un+1 — Un p — h h h
(2550 ) 8 (g ) (P 908) = (5,01.7 09

(66)
= (fn+%7vh) + IntErr (un,pn;vh) Vol e VI
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where the usual interpolation error here takes the form

ok [ Untl T Un h h

IntErr (un,pn,v ) = <At —ut}t:tn+%,v > +v (v“n+§ —Vu}t:tn+%,VU >
h * h
+ b ( Upg 1y Up g 1,0 )—b (u{t:twé,u‘t:twé,v >

* —h h
—-b (un+%—un+% 1 Uppds U )

h
- (anr; _p‘t:thr%’v v ) <f‘t tsd _fn+§7v )

This is now in a form that can be compared to the Crank-Nicolson Algorithm (60). Note
that

* h * h * —h h
b <un+%’un+%’v) b (u‘t:tn+;’u‘t:tn+;’v> b (u”+% Unt g ’“n+%’v)

—_h h h
:b* <un+1 n+1,’U ) —b*<u}t:tn+lau|t:tn+lvv )
3 2

and this contains terms of the form b* (Tpi1", Un, V") + b* (W™, Unt 1, v™) that would not
be present in the simpler Crank-Nicolson scheme, see the beginning of this chapter.
Setting e, = u, — w, we proceed by subtracting the Crank-Nicolson scheme (60) from
(66) and obtain an equation for the error in each step:

1 * [—— * h
N (€n+1 en,vh)+b (un+%h,un+%, )—b ( nd ,wz+;,vh>+u(V6n+1,V1}>
= (pn+;,V-vh) + IntErr (un,pn;vh> Vol e VI
2
(67)

Denoting by U, the L2-projection of u‘t:tn in V", we can decompose the error e, into
the part that lies in V" and the part that is orthogonal to V" by writing
en = (up —Up) — (W —Uy) := n, — ol Here, ¢! € VP and the strategy is again to keep
the terms involving n and to estimate from above the terms involving ¢. We now choose
h — SOZ+; in (67) and separating the parts of the error that lie in V" and those that do
2

not, we get for all ¢" € Q"

(h )—i—uAt A\ +Atb* wh he Lol
spn—&-l @nv 90 TH-% ) n+§7 SOTLJ’,%
* [ —h h
+ Atb <en+; YUy Ls n+l>
= (nn+1 N> § ) + Atv (Vnn+1,V<p ) +At( 41 ¢Vl )

+ IntErr(unapn; gon_;’_% )7
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and then, using (¢}~ ¢l o1 1) = (el =l (P +0l) = § ([lehall” = 1e]7)

ande_ 1 ntl —nn+2 902—1—% and b*(u,v,v) =0 and (77n+1 —77n7%0n+1) =0 we get

[V

2

1 2 2
5 (bl = o2l + vt o,
—h
h —h h h
:yAt(VnnJr%,chnJrl)—Atb* <nn+% ,un+%,g0n+%)+Atb* <goz+% 7unJr%,@?Hl)

* h h
+ At IntErr <un,pn; thJr;)
2

h * [ ——h h
< |t (Fsy Vel ) [+ 807 (Mgl )|

* 7h * 7}1 h
+ |Atb +1 , n+ ,80 + |Atb +1 s ML 750n+

+ ’At (pn_% —q 7V-@n+%)’ + ‘At IntErr (un,pn;¢n+%)‘.
(68)

We proceed by bounding the terms on the right-hand side. First, we use the Cauchy-
Schwarz and the Peter-Paul inequality with ¢ = 10 to obtain

VAL (Vnn+%,V<pZ+;) < UAt an "
2
uAt

s

n+2
2

I

o 179

+ CvAt HVmH%

n+2

and then we again use Cauchy-Schwarz, the fact that ||V - ¢| < ||[Ve|| and Peter-Paul
with € = % to obtain

N B
VAt

+ CAtv™ ‘

HV§0n+2 pn+1 — 4 H

We proceed by treating the b*-terms. Using the already established inequality (50) for
b* and Peter-Paul with € = 1 and (46) we estimate:

1 1
i (T sy 2y )\SCN!%#'”L\QHV%# T 7
At 2
T [Ven
_ 2
+ CAtv HVnn+% oL ‘VunJr% ,

44



1 1
n||2
* h h
s (g )| <o | oo -
I/At h 2
< —
=20 Hv‘pn+%
2

-1 h
+ ot vl

h
oy [7mey

For the third term, we use the the same properties of b*, the properties of the discrete
filter from (46) and then Young’s inequality with ¢ = % and p = 4 and ¢ = 4 to obtain

20 3
1 1
* g h Atllor 7 non
At () ek, ) < CA cpn_i_% "z vt
< CAt cpZJr; HVUH+2
v AL h _3 4
< 20 chn+ + CAty H(p HVu

Recall that we assume wh to be the solution we computed using the scheme Algorithm 1
by starting with wo being the projection of ugy into V*. Then, by assumption H‘Po H =0
and summing (68) from 0 to M — 1 we obtain

Ly, M-1 R
3ot +var 3 vl

< Cv3At Z H(p :

HVu

2

+ CvAt Z anm% ’

(69)

+Cv AL Z Hw

2

- 2
~1
+ Crv At z_;] HPTH% —qH + At

M-1
Z IntErr(un,pn;SOZJrl) :
n=0 ’

We will take care of the terms on the right-hand side involving ¢ later and proceed
in further bounding the other terms on the right-hand side of (69). We use (59), the
approximation property estimate (41) and the definition of the discrete norm (38):

M—1 5 M
Cvat > [T || < cvaty |V
n=0 n=0

M
k 2 k 2
< CVAch2 ‘un‘k_H < Cl/h2 H|UH‘2,I€+1 '

n=0
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For the next term, we use the approximation property estimates (40) and (41) and in the
step after that we use Cauchy’s inequality on each summand and then apply the same
steps as in (58) just with the exponent 4. In the last step, one uses the definition of the
discrete norm to obtain

M-1
2
~1
Cv At Z ‘nn_% ann-i-% HVun+%
n=0
M-1 2
< O AL Y (sl + lal) (V7m0 + 1950 [ 942
n=0
M-1 2
< Oyt Atp?F+! Z (!Un+1|i+1 + ‘un-‘rl’k—i-l |un‘k+1 + |“n|z+1> Hvunri*%
n=0

M M
< Cy~ipH! (Atz [tnljsr + ALY IIVun||4>

n=0 n=0
—112k 4 4
= Cv B (|l [ oy + 1 Vunllo)
(71)
For the next term, we start by using the already established a priori estimate (61) to

absorb the Hw2+ -terms into the constant. Note that we assume At = O(v). Otherwise,

1
2
the constant we get from the a priori estimate is C' = C(%) We then again use the
approximation inequality (41), (58)-type calculations and in the last step again the a
priori estimate, this time to estimate the gradient of w”

n+%'
M-1 5
cv A |l [ vt | [
h M-1 2
<covtar Y |vul |||V
n=0

<At Y (19l + 19m) Vol

n=0

(72)

M-—1
< Cv~tAth2k Z (’Un+1|i+1 + !un!iﬂ) vaZ—kl
n=0 ’
1,2k 4 h
<Cv'h (Atzo\un‘kﬂ + At ZO |l )
n= n=

2k —1 4 1 AR 1 ~ ?
< On% ot (Wl gy + 5 [ouk]| + 8¢ S [ fasn]
n=0

1 2 1
k. — 4 h 2
= oyt ([l + 5 [+ 22 W11, )
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For the pressure term we add a zero, use the approximation inequality (42) and the
integral inequality (55) and the definition of the norms to get

M-1

-1
Cv Atz
n=0

M-1
<Cv ' RPTPAL Y Hp(t 1)

<cv! <h25+2 H

n|| N h||? 2
Pnyl =4 H <Ccvlaty Hp(t%%)—q H +‘ ’
n=0

’ +A g_lC At)3 e 24 (73)
t t t
+1 n=0 ( ) /tn Hptt”

pn-}—% - p(tn—&-%)

s

p1

2

+ (A Ipsell3, ) -

yert (A Ipeell2 0

We proceed with the interpolation error. Using in the first step the Cauchy-Schwarz and
Cauchy’s inequalities and in the second step the integral inequalities (56) and (55) from
Lemma 7 respectively, we get

2
Un+1 — Un h h 2 1| upt1 — up
‘(At—ut(tnj%)a%ﬁ;)‘ < *‘<Pn+1 B T—Ut(tm_%) -
9 tn+1
<5 el oo [ el ar
tn

and

2

IN
[

AR A CRYR
5 1 (75)
(A / | il .

tTL

[CCET AN EE

IN

L n
3

Using Cauchy-Schwarz and Peter-Paul with ¢ = % and in the second step Lemma 7 we
obtain

‘ 2

2
—1
+Cv Hanr% _p(tn+%)
9 tn+l (76)
L ovl(An? / lpll? dt,
tn

—
INA

ver

1
n+3

h 1%
‘(pn+% - p(tn+l)7 % @n+§ E ‘

IN

v h
6 Ve

and (with € = 8, because this term already has a v )

v Vaty, 1), Ve, )| < vt |+ ov||v Vat,, )|
| (Vg = V). Ve )| < G5 [Fensg |+ 0 [Ty - Vutty)|
U 9 tn+l (77)
< v+ ovang [ ful ar
tn

For the b* terms we get, using (51), Peter-Paul with € = &, the fact that

v

(Ja| + B)? < 2 <|a]2 + ]b[2) and Lemma 7 and then Cauchy “s inequality under the inte-
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* h * h
B (s =l )ty @y ) 0 () v = ult ). 00 )|
<] (s st o] ¢ ]

00 ([t 7 s~ )

2 2 et 2
-1 3
<Cv <HVun+1 >(At) / V]2 dt+— ‘w

tn

V¢Z+§

+ Hu(t

tn+1 2 2
SCy—l(At)S/ Hvun+l HVuttH2+HVu(tn+%)‘ V|| dt + — wa
t’l’L
7tn+1 4
< Ccvi(At)? 1vunJrl fHVuttH + Vu(t, 1) +1||Vutt||4 dt
tn 2 2 2
2
161 7¢hs
1/ A4 4 4 Loas [0 4
— vl (AY) (‘V“mé +HVu(tn+%) )+cu— (Af) / [V ||* dt
tn
Y vt ‘2
16 HW’H% ‘
(78)

For the last term, we start by using (50), then using the assumption that a strong solution
of the Navier-Stokes equations is for each ¢, a function in L*° and so is Vu. Then, we use
the Poincaré inequality on ¢ and then again Peter-Paul with € = % and finally Lemma 4
to get

* ——h h
b <un+%_un+% 7un+l7¢n+l)

Silu 1 =TT ‘Vu OO‘LPZJF% +%’“ﬂ+§_m Upy 1 “V¢n+2
\Wm%
< 15 |79y oy -
< [V ot [|aFtul® + ovt (a2h 4 hP ) [l
(79)

Finally, we combine the estimates (74) - (79) to establish an estimate for the interpolation
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error:
M—-1
. h
At Z IntErr(Umpm SOn_A'_%)

n=0
) 1 M—1 ,
) + iAtV Z;) <HV§0n+§
n=

M-1 9
<ac Y ([lehey )
n=0

+Cvtat HAF_IUHE ot Cv~t (a2h2k + h2k+2) \ﬂ|§7k+1

(80)

2 — 2 2 2
T 0<At>4( el 2o + v Dl + el 2 + v [ Vel

‘4
40 /)"

Now finally, we can use the estimates (70) - (73) in (69) and also plug the estimate for
the interpolation error (80) into it. Multiplying by two and taking the terms involving
Vi from the right-hand side to the left-hand side, we get the estimate

IVl + v IVl + v || Tuy

2

2

9 M-1
h h
Jie]| "+ vae 32 v,
n=0

M-1 4
SAtZ C(ySHVunJrl +1> H902+l
n=0 ? 2
_ 4 4 2
+ O (fullld oy + 11Vl o) + Ovh? ful B .y

2
s (oo (i 01
2

2

1Oyt H

—1,_4 —1,.112
pal,.. F vt ARl

+Covt (azh% + h2k+2> |H|§7k+1
+C(At)? ( lueell3o + v peelis o+ Ifell3 o + v IVueells o + v [Vl o

‘4
40 )"

Using (59) on the term involving ¢ on the right-hand side, we finally get

+ v IVl 10 + v |||V

2

2

9 M-—1
h h
el o S e

2
+ terms involving various norms.

ot

M-1
<At) C (u*?’ [V, ||* + 1> ‘
n=0

In this form, we can now apply the discrete Gronwall Lemma. Using notation from the

Lemma itself, we see d, = C (73 ||V, ||* + 1) and ¢, = 0. If we suppose
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—1
IIVaull|t, s < oo and At < c(u*3\\m\\\;o+1) , then Atd, < 1 for all times n.
Further, we have

M-—1 d M-—1
At " < (Op8 At = Cv=3T
2 a2 v,

and the application of the Grénwall Lemma yields

2

9 M-1
h h
ol vae 32 vl
n=0
~o— — 4 4 2
< Cexp (Cv°T) [ L (Y ul 32+ NIVl ) + A2l 1 40

2 2
#0270 (b + 0 18, ) ) o725 o

2 2,s+1

1l HAF_IUH;O Lt (azhzk + h2k+2) ||E||§k+1

+ C(Af)4( luseellz o+ v~ el + el 0 + v Vel o+ v [ Vuselly o

)]

+ vt H|Vu\HiO +v7t H ‘Vu;

2

=: H?.
(81)
From this, we immediately get Hcp%H < H. As M was not specified, this estimate holds

for all times n. After one application of the triangle inequality and a last application of
the approximation property (40) the proof is almost done:

un—wz

leall = |
on
< Ch**ulyy + H,

< llun = Unl + |

As this holds for all n = 0,... M, it will hold for the maximum over all n and so we
arrive at the desired estimate:

[fu=w]], < H@tRa)+ OBl

For the estimate of the gradient we use the assumption that u is a strong solution.

Therefore, we can estimate Vu| =t . < CVu, 41 Then, after adding some zeros and
=t,,1 L
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using the approximation inequality (41) and the integral inequality (57), we get

2 2
HV (un+% —wZ+%)" = HV (un-l—% —u(tn+%)+u(tn+%)—Un+% —wZJF% +Un+%>H
2 2
<[[¥ (s = wtta ) [+ 09

tn+l
< C’(At)3/ uge||* dt + CR [un [}y + CRF Jupia [y

tn

2
+[[vens

2
+C‘Vg0n+%

Summing from n = 0 to n = M — 1, multiplying by ¥At and using (81) on the gradient
of ¢, we get

M-1
2
v Y (9 (g =l )| < O (A el o + ALH + B2 ) -
n=0

Taking the square root, we arrive at the desired estimate. ]

Under the assumptions of this last theorem and the assumption that the finite element
space used is the @2/ Pld"sc elements, it immediately follows

Theorem 5. Suppose k=2 and s=1 and suppose v € H> N H&. Then, the error is of
order

1

M-1 9 2
. h . h _ 2 2 2
Il wmm“(ym;)\\v(unﬁ wnﬁ))\) 002 + (80) + a).
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5 Turbulence Modeling

In this last section, we investigate the turbulence modeling qualities of the Leray-a
model. In the same way as the Navier-Stokes equations model all kinds of flows, laminar
or turbulent, in the Leray-a model itself there is no mention of turbulence. Following
Geurts and Holm (2003), we will recast the Leray-a model as a typical Large Eddy
Simulation, seeing that it automatically implies a subgrid model. Last, we show some
simulations of a turbulent channel flow at Re, = 180, following John and Roland (2007),
and using the code MooNMD, see John and Matthies (2004).

5.1 Large Eddy Simulation

Turbulent flows are characterized by having structures, called eddies, of various scales.
Seeing as in reality, it will be far too expensive to compute (or resolve) all scales (large
eddies and small eddies) of a turbulent flow, one needs to think about what scales are
important to resolve.

Driven by viscosity, larger eddies break down into smaller eddies until the smallest struc-
tures are so small that they are ground down by dissipation. Their kinetic energy is
finally dissipated by the viscosity of the fluid. This process is called the energy cascade.
The next question then is that of the smallest scales in a turbulent flow. Following Kol-
mogorov’s hypothesis that at sufficiently high Reynolds numbers the small scale motions
are isotropic i.e., invariant under shifts in space and time and invariant under rotations
and reflections of the coordinate system, it is possible to estimate the smallest scales in a
turbulent flow, as long as one knows two parameters of the flow: the rate of dissipation
of turbulence energy, herein denoted by € and the kinematic viscosity v. Experiments
show that e is proportional to a ratio of velocity and length scales:

ud

e~ 7 (82)

One can then define the so-called Kolmogorov scales

A:(f)i, uy = (ev)1, tAz(’Z);. (83)

One can infer from this, as is done in John (2006), that these scales are actually dissi-
pative scales, i.e., scales at which the kinetic energy of eddies possessing these scales is
dissipated by viscosity. Plugging into the definition of smallest length scale A from (83)
the expression for the rate of dissipation (82), one easily calculates

N

A~ Re%L.

Using this similarity one can, depending on a given grid size, find a bound on the Reynolds
number of a flow that can be accurately represented on this grid. An example is given
in John (2006). This shows that Direct Numerical Simulation (DNS), which aims to
represent all scales of a flow down to the smallest Kolmogorov scale, is an expensive
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endeavor. However, one can think of the large eddies as those eddies that contain enough
energy to have a lot of influence on the overall development on the flow. Therefore
it is mostly the large eddies that are important to resolve in a numerical simulation.
Nevertheless, the smaller eddies do have influence on the larger eddies. So even if one
does not fully resolve them, one needs to consider their influence on the larger eddies.
In Large Eddy simulation (LES), the resolved large scales are defined by an average.
Usually, one uses a convolution with an appropriate filter function g. The large scales
(u,p) are therefore defined by

O Iy g e

Seeing as the support of @ lies in a ball of radius « if the support of the filter function
lies in a ball of radius 1, it is the parameter « that defines the large scales. The small
scales are then simply defined as the difference

W =u—u and p =p-—p.

The general idea of a Large Eddy Simulation then goes as follows: we filter the whole set
of equations, trying to get a new equation for only the large scales w. If there are terms
that still involve the small scales v’ or equivalently the whole function u, we try to model
that term using only terms involving . We will of course apply this line of thinking to
the Navier-Stokes equations

Ou+ (u-Vyu—vAu+Vp=f, V.u,

here for simplicity in componentwise notation (where summation over repeated indicees
is implied),
Osu; + u]@ju,- — l/ajajui + ip = fi, ajuj =0,

which, using d;u; = 0, is equal to
Oyu; + Bj(ujui) — I/ajajui + 0ip = fi, 8juj =0.

First, we filter the whole system of equations and make the assumption that the filtering
operation and the differentiation operators commute to get

Oyt + 03 (5757) — v0;0;; + Oip = f} (84)

o;u; = 0.
Recognizing that in general w;u; # u; u;, we introduce the so called turbulent stress

tensor
Tij = UjU; — ZT] Uuq, (85)

which allows us to reformulate problem (84) as

(86)

ou; + 0;(uju;) — v9;05U; + 0ip = fi — 9y7ij,
o;u; = 0.
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Now, the left-hand side only contains the filtered (and therefore less expensive to com-
pute) w. The right-hand side still contains the whole function u, containing large and
small scales. Through the appearance of the small scales on the right-hand side the effect
of the small scales on the large scales is modeled. The function w is what we want to
solve for. The right-hand side is the term that we need to model in order to get an
equation for only the large scales. The choice of an expression only involving large scale
terms for 7 then is the choice of a turbulence model, sometimes called subgrid model. For
an overview of models and the problems that come with them, see John (2006); for an
extensive treatment of the topic, see Pope (2000) or Sagaut (2006).

There are of course problems associated with this kind of turbulence modeling. For
starters, different turbulence models produce very different results, seemingly contra-
dicting the assumption that the small scales are isotropic and therefore have an almost
universal character, see Geurts and Holm (2006).

This is a problem that the Leray-a model solves. From the model itself, we can derive
an LES-type model like the one in (86), where 7 will be a slightly different expression.
But by having a filter L and its inverse given explicitly, 7 now automatically only con-
tains u-terms, so there is no need for additional subgrid modeling. The subgrid model is
automatically implied by the Leray-a model itself!

To derive this, we proceed as is done in Geurts and Holm (2003) and first present the
Leray-a model in componentwise notation. It then reads

Oyu; + u;05u; — vO;0u; + Oip = fy,

8juj = 0,
L@TZ = Uq,
where for example L = —a?A + I, as in the previous sections. We proceed by replacing

every u by L(uw). Then, we use the assumption that 0;u; = 0 (alternatively, we im-
pose zero boundary conditions) to get for the convective term w;0;(Lw;) = 0;(ujL;).
Subtracting this and adding L0;(w; u;) on both sides, we get

Lowu; + L8j (1TJ 171) — I/ajaj’lTZ’ + O;ip = fz — Gj (WL@) + LBj (Wj ’sz), Gjuj =0.

We now assume the filtering operation L to be invertible and adopting the notation
L™ 'p=pand L™'f = f and then applying the inverse operator L~ to the equation, we
get

Oy + 05 (5 ;) — v;05u; + 0;p = fi — L7105 (L) + 05 (5 ;)

_ 87
= fi— 05 | LM (wjLw) — uj ug 57

=My

Comparing (87) to (86), it is immediately apparent that the Leray-a model directly
implies a subgrid model, as the tensor m;; only contains large scale terms and filtering
operators that are explicitly given. So (87) is already the new equation for the large
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scales w that can now be solved by discretizing with a method of choice.

Note that the assumptions used herein, namely the assumption that the operator L and
the differential operators commute and the assumption that 7 is divergence-free, are not
entirely unproblematic. In practice, commutation errors will occur and are non-negligible
especially near the boundary, see John (2006). In general, u will not be divergence-free
just because u is. This can certainly not be derived from the Leray-a model itself.
However, this assumption does follow from imposing zero boundary values for u and w
and applying the V operator to the equation for w.

5.2 Numerical Simulations

In our simulations, we consider the flow through a channel, using an anisotropic grid in
wall normal direction. The simulations were performed on a coarse grid and a finer grid.
Because the filter width parameter a should be connected to the width of the mesh A as
a = Ch, where C is the filter width constant, the focus of our numerical experiments laid
on comparing different values of C on the same grid. Note that unlike in the numerical
analysis, « is not constant on the grid, as the grid is anisotropic. As there are different
ways of measuring the width of a mesh cell, we performed our experiments for three
different measures, namely the geometric mean, the diameter of the cell and the shortest
edge of the cell. The results were compared to results from Moser et al. (1999).

5.2.1 Channel Flow

We consider the flow through a rectangular channel 2. The bottom wall is at y = 0, the
top wall is at y = 2H and the center line is at y = H, z = 0. The flow is predominantly
in the z-direction, making it the stream wise direction. The velocity varies mainly in
the y-direction, which is the cross stream direction. The z-direction, which is also called
the span wise direction, is assumed to be large compared with the height of the channel.
This allows us to assume that the flow is statistically independent of z, except of course
at and near the walls. However, in our experiments homogeneous Dirichlet boundary
conditions were only used in y-direction and periodic boundary conditions were used in
the x- and z-directions, making the channel infinitely long and infinitely wide, so as to
not have to deal with walls and the problems they pose. This will mean that statistics no
longer vary with 2z, making the flow statistics only dependent on y, see also Pope (2000),
Chapter 7, Wall flows for a similar set-up. This type of flow is, as one would expect,
statistically symmetric around the mid-plane y = H.
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5.2.2 Algorithm

The Leray-a model is first discretized in time by a simplified Crank-Nicolson method,
see Chapter 4, section 4.2.2, (53) to yield

1
Unp+1 + §At (_VAUTL—H + (Un+1 : v)“n—&—l + Vpn—H)

1 1
= Uy — §At (—vAuy, + (U - V)uy + Vpp) + §At(fn + ) b (88)

\% “Un+1 = 07

(Id - OKQA) Un4+1 = Un41- J

This is transformed into variational form and discretized by a finite element method
using the @2/ PldiSC finite element. Finally, this is linearized to resemble an Oseen system,
meaning in the nonlinearity one replaces (n+1 - V)un+1 by (@ - V)upy1. This is then
solved by a fixed point iteration. Problem (88) then becomes:

Given U, 11" = Ty, solve in each time step

1 3
(Uﬁlvv) + §At (V(V%(Qh V) + ((Un+1(k71) : V)Ugi)lv”) + (pgila v U))
1
= (up,v) — iAt (u(Vun,v) + (T - V)up,v)
1
+u V) + 5O+ furr,0),

(v : Ug?p Q) = O)
(Id - o®A) w7 ®) = uﬁfjl

In the numerical experiments themselves, the deformation tensor formulation was used.
Herein, the term (Vu, Vv) is replaced by the term 2(D(u), D(v)), where
D(u) = %(Vu + VuT). This is solved using homogeneous Dirichlet boundary conditions.
The Crank-Nicolson scheme was applied with an equidistant time step of At = 0.002.
The grid that was used is uniform in the periodic directions x and z. It is anisotropic
in the wall normal direction y, where the spacing of the nodes becomes finer and finer
towards the wall. The nodes y; are then given by

i

y'zl—cos<>, 1=0,...,Ny,
(2 Ny Yy

where N, is the number of cell layers in y-direction. Our coarse grid consists of 8 x 8
cells in the z- and z-directions and and 16 layers of these cells in y-direction. For the
fine grid, we refined once more in the y-direction, resulting in 32 layers of cells.

5.2.3 Statistics of Interest

As we want to compare our results to a direct numerical simulation of the channel flow,
there are some statistics that were computed.
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Let u"(t,z,y,2) = (U(t,z,y,2),V(t,z,y,2), W(t,z,y,2)) be the solution computed by
using the method described above. Let N, denote the number of grid points in the
direction indicated by the subscript a. The first statistic of interest is the spatial average:
as the grids used are uniform, the spatial mean velocity at time ¢, in the plane y =const.

is denoted by
N N,

<uh(tn,x,y,z)> = NlN Zzuh(tmxiayazj)'

s : :
=1 j=1

If we average these in time, again keeping in mind that the time steps are uniform too,
we get the mean velocity profile depending on y:

hean() = ( (" (trs9,2)) ) = 55 5 (' (tns2y2)) . (89)

n=0

The first secondary statistic used is the Reynolds Stress Tensor. It is derived from the
Navier-Stokes equations in exactly the same way as the turbulent stress tensor 7, see
(85) , except that we now interpret the bar over u as an averaging of our choice instead
of as a given filter. If we denote this averaging of our choice by (-), the equations (86)
then read

O (ui) + 0 ((uy) (ui)) — v0;0; (wi) + 0; {p) = (fi) — Ry,
81- <ul> = 0,

where
Rij = (ujug) — (ug) (uy)

is the general form of the Reynolds Stress Tensor. From this equation, we can interpret
the Reynolds Stress Tensor as the force that determines how the average (u;) develops.
As the averaging is one of our choice, there is more than one version of the Reynolds
Stress Tensor used in the literature, depending on what kind of averaging was used. Here,
we will present results for the component Ry, := Ry, of the Reynolds Stress Tensor,
which we define as

Ryw = <<uv>s>t - <<U>s>t <<U>s>t' (90)

The diagonal components of the stress tensor are called normal stresses and the off-
diagonal components are the shear stresses. Naturally, what is shear stress and what
is normal stress depends on the choice of coordinate system, but useful distinctions can
be made between isotropic and anisotropic stresses. Seeing as the trace of a tensor is
invariant under coordinate transformations, the term %Ef’zl (Rj;), which is the trace
of the Reynolds Stress Tensor normalized by the dimension, is called isotropic stress.
Therefore, the deviation from isotropy can be expressed by R;; — % 2?21 R;;05;.

In contrast to free shear flows, a channel flow is a wall flow, meaning that the viscosity
of the fluid is an influential parameter at the walls of the channel. The total shear stress
can be derived from the averaged momentum equation. This is solved for the pressure
term. The other terms then model the stress and the term containing the viscosity v
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is called viscous contribution, see Pope (2000), Section 7.1.2 for details. If we assume
zero boundary conditions, at the wall the so called wall shear stress is entirely due to the

viscous contribution
(%)
Tw = PV .
dy /o

This stress will influence the flow dependent on its distance from the wall. Therefore,
the introduction of so called wiscous scales, dependent on 7, is appropriate. These are

pe
ur =,/ — friction velocity, o, =V P Jiscous length scale,
V V 7w

UrQ U
Re, = —— friction Reynolds number, yt = g _ Uty
v oy v

wall units.

The friction Reynolds number in our numerical experiments is Re, = 180. Herein, the
simulated friction velocity is approximated by a one-sided difference at each wall and
then the average will be computed, giving

uh = 1 <Umean(y:£in> _ Umean (2 — yr—gin))
= Jr + 9
Ymin 2- Ymin

T2

where ygin is the minimum height of a cell. This will be used to normalize the secondary
statistics.

Finally, we can give the definitions of the statistics used in the simulations. The first
order statistic we calculate is the mean velocity. Results for this statistic will be shown
for the first component Upean(y) of ul...(y) from equation (89). For clarity, we also
show a plot of the difference of the mean to the reference mean. The Reynolds Stress

Tensor component that is shown was calculated by

Rl
(up)?

The root mean square turbulence intensities were computed by

Ryy :=Ryg 1=

N

R 13 h
R —3 Zj:l R

h
Ur

Urms =

Finally, we note that when actually using the Large Eddy Formulation of the Leray-a
model to compute a solution, there should be a slight modification when computing the
statistics, as is pointed out by Winckelmans et al. (2002). As we want to compare our
results to a Direct Numerical Simulation, we will have to compare the statistics of uPN¥,
which is the result of the DNS calculation, to the statistics of @, which is the result of
Large Eddy Modeling. It is natural to assume that

(u) ~ (@),
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as u is just a filtered version of u. Therefore, we can directly compare the first order
statistics. For the second order statistics, we use the fact that the tensor m;; from (87),
after being filtered once more, can be written as

mij = Uj U; — ujui.

We also use the fact that averaging is homogeneous, meaning
(uy = (1) <= (u) a ~ (u) a < (ua) ~ (ua) .

The Reynolds Stress Tensors RPVS of u and RiLjES belonging to w are then related by

)

RENS = (ug) (ug) — (wiug) ~ () () — ()

~ (@) () — () — (% @) = RGPS = ().

5.2.4 Results

According to the rule « = C'hg, where hg is some measure of the cell K, the filter width
« varies in wall normal direction.

For the cell measure hg, three different options were tested. Denoting by h,(K), hy(K)
and h,(K) the lengths of the edges of the cell K, we define

cubic(K) := /hyhyh,, diam(K):=/h3 +hZ+h2, edge(K) :=min{hy,hy,h.}.

In the first stage of our experiment results for values of C' in the range of C' = 0.2,0.3, ...
0.9,1.0,1.2,1.5,2.0 were computed for each of these cell measures on the coarse grid.
Depending on the results, additional finer values were computed.

The results on the coarse grid are presented in Figures 1, 2 and 3. We classify the results
by first comparing the mean profile and selecting acceptable values of C'. Then from these
values of C' we choose the one that is nearest to the secondary statistics of he reference
and declare it as the best value.

For the Cubic measure (Figure 1), values C = 0.1 and C' = 0.15 were the closest to the
mean velocity profile of the reference mean velocity profile from the DNS simulation.
The computed root mean square intensities (rms,) do have the correct form, but highly
overpredict the values. The overprediction is smallest for C' = 0.1. None of the results
for the Reynolds Stress Tensor component (R,,) are particularly good. The form of
the curves is similar to the reference values for C = 0.1, C' = 0.15 and C = 0.2, but
the oscillations near the wall are quite pronounced. These are both effects that will be
lessened considerably on the finer grid. All in all, for the cubic cell measure, the value
C = 0.1 seems to be the best value.

For the diam cell measure, the values of the filter width constant for which the
mean velocity profile was acceptable were somewhat lower than the values for the edge
measure. As can be seen in Figure 2, only the value C = 0.025 produced reasonable
results. Especially the root mean square intensities are far overpredicted for the other
values.
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Figure 1: Cubic on coarse grid
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For the cell measure edge, we show the full range of values for C, see Figure 3. In
terms of the quality of their mean velocity profile, none of the results are particularly
good, but the values C' = 0.3 through C' = 0.8 are comparable. As the root mean square
intensity and the Reynolds Stress Tensor are best for C' = 0.8, this is the value we select
as best result.

The results for the fine grid are presented in Figures 4, 5 and 6.
On the fine grid, the only two values of C' that produce a reasonably close velocity profile
for the measure Cubic are C = 0.2 and C' = 0.3, see Figure 4. These two values are also
the only two values that produce curves that have the correct shape for rms, and the
Reynolds Stress Tensor. Of these, C' = 0.3 far overpredicts rms,. We select C' = 0.2 as
the best value. We see that the overpredictions and oscillations are lessened.

For the measure Diam on the fine grid, similar to the situation on the coarse grid, only
C = 0.025 produces acceptable results for all considered statistics, see Figure 5.

For the measure Edge, the differences between the results for different C' were minimal,
especially in the range [0.2,0.8]. Of these, C' = 0.8 yields the best results for the second
order statistics, which is why we pick it as the best value.

A comparison shows that the best result on the coarse grid is produced for the measure
Diam and the value C' = 0.025, see Figure 7, but this is also the only value that Diam
produces a reasonable result for. On the fine grid, Figure 8 shows that the best result is
also achieved by selecting the diam measure.

All in all, the dependence on « can clearly be seen. For the measures Cubic and Diam
the range of C' that produced acceptable results is relatively small. No choice of C' was
a perfect fit for the reference value profile.
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6 Summary and Outlook

We have seen that due to the smaller dimension of its attractor, theory suggests that the
Leray-a model of turbulence is easier to simulate numerically than other 3d models of
turbulence. Our own numerical experiments did not produce a value for the filter width
« that produces perfect results. It might be interesting to consider the question of what
would be a perfect result. After all, even if it implies its own subgrid model, the Leray-«
model is still just a model of turbulence. The question of how accurately it can depict
turbulence and what accuracy means in this context might be interesting to consider.
Still, some experiments do suggest that the Leray-a model might be better at depicting
the turbulent character of a flow than the usual Large Eddy Simulations, see for example
Figure 1 in Geurts and Holm (2003).

Nevertheless, more numerical experiments using the Leray-a model and studies that
compare the results of experiments using the Leray-a model to the results obtained by
other turbulence models are needed.

An interesting candidate for an even better turbulence model seems to be the so-
called LANS-a Model, which is an extension of the Leray-a model. These two models
are investigated in Geurts and Holm (2006), where the authors record the result that
“the Leray model is more robust but also slightly less accurate than the LANS-« model.
The LANS-a model retains more of the small-scale variability in the resolved solution”.
The authors do note that this increase in accuracy requires a corresponding increase
in spatial resolution. This of course will result in an increase in memory consumption
and computational time compared to the Leray-a model. Again, more experiments are
needed to quantify whether this increase in computational cost is justified compared to
the increase in accuracy.
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7 Appendix

As notation and nomenclature are not consistent throughout the literature, this will be
a list of standard inequalities that are used throughout the text.
Cauchy’s inequality

b O Y
ab < — + —.
-2 2
Cauchy’s inequality with ¢
b2
b<ea+ —.
ab < ea” + Ie
Cauchy-Schwarz Let (-,-) denote a scalar product and let ||-|| denote the norm in-
duced by this scalar product. Then
[(a,0)] < [la]/ [|b]]-
Young’s inequality
a? b1 1 1
ab< —+—, —+4+-=1.
p q qa p

Young’s inequality with ¢

ab < ed’ + C(e)b?, C(e) = (ep)%qqfl.

Peter-Paul
b < ca® n b2
a .
- 2 2€
Set € = % in Cauchy with € to obtain this.
Holder -
luvllr < lullpe lollge, 1 <p,q,< 00 5+1—)=1.

Gronwall s inequality, differential form Let g, h be non-negative, summable func-
tions on [0, T]. Let y be a non-negative, absolutely continuous function on [0, 7] that for
a.e. t € [0,T] satisfies

dy

W - h
at =9

y < exp </Otg(s) ds> <y(0) + /Ot hs) ds> .

Uniform Grénwall Lemma, see Temam (1988). Let g, h, y be three positive locally

integrable functions on (tg,00) such that 3’ is locally integrable on (tg,00) and which
satisfy

Then, y also satisfies

dfiéng-h for t > to,
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and

t+r t+r t+r
/ g(s)ds < ay, / h(s)ds < aq, / y(s)ds < as, fort > tp,
1 1 1
where 7, a1, as, ag are positive real constants. Then,
a
y(t+r) < (73 + a2) exp(ay), Vt > to.

Poincaré inequality Let u € WHP(Q), Q bounded with Lipschitz boundary and
1 <p < oco. Then there is a constant C' = C(p, 2) such that

lu = uallL: < ClIVul 2,
1
where ug = / u(y)dy.
€2 Jo
On bounded domains 2 C R™ a Poincaré-type inequality of the form
1
2 2
< = |V,
ol < 7 1ol

where A1 is the smallest eigenvalue of the Stokes operator —A, holds for functions in H&
and for functions in H! with periodic boundary conditions. This can be derived using the
Fredholm alternative and the fact that the Rayleigh quotient of the negative Laplacian

Ce . . IVwll?
can be minimized by A;: min ””;ﬂ!! = A1

Interpolation inequality for Sobolev spaces Let 51 < s9 and s = ©s1+ (1 —0)sa,
where 0 < © < 1. Then

e 1-6
[0l s < N0l ol Vo € H.

Sobolev embedding theorem

Julgagany < O lllrmogry for - =~ =
N being the dimension.

Sobolev inequality in 3 dimensions

C
Jull = < 7 ol
1

where \; is again the smallest eigenvalue of the Stokes operator.

Generalization of Sobolev-Lieb-Thirring inequality, see Temam (1988). Let Q
be a bounded set of R with regular boundary. Let ¢;, 1 < j < N be a family in H™(Q)*
which is finite and orthonormal in L?(Q2)*. We then have

N

‘Q’2m/n2/ ’Dm@j‘Q deCINl—i-Qm/n,
; Q
7=1

where ¢ depends on n,m and the shape of €.

71



References

Susanne C. Brenner and L. Ridgway Scott. The mathematical theory of finite element
methods, volume 15 of Texts in Applied Mathematics. Springer-Verlag, New York, 1994.
ISBN 0-387-94193-2.

Alexey Cheskidov, Darryl D. Holm, Eric Olson, and Edriss S. Titi. On a Leray-
o model of turbulence.  Proc. R. Soc. Lond. Ser. A Math. Phys. FEng. Sci.,
461(2055):629-649, 2005. ISSN 1364-5021. doi: 10.1098/rspa.2004.1373. URL
http://dx.doi.org/10.1098/rspa.2004.1373.

Bernard J. Geurts and Darryl D. Holm. Regularization modeling for large-eddy simu-
lation. Phys. Fluids, 15(1):L13-L16, 2003. ISSN 1070-6631. doi: 10.1063/1.1529180.
URL http://dx.doi.org/10.1063/1.1529180.

Bernard J. Geurts and Darryl D. Holm. Leray and LANS-a mod-

elling of turbulent mixing. J. Turbul., T:Paper 10, 33 pp. (elec-
tronic), 2006. ISSN  1468-5248. doi:  10.1080/14685240500501601. URL
http://dx.doi.org/10.1080/14685240500501601.

Volker John. On large eddy simulation and variational multiscale methods in
the numerical simulation of turbulent incompressible flows.  Appl. Math., 51
(4):321-353, 2006. ISSN 0862-7940. doi: 10.1007/s10778-006-0109-9. URL
http://dx.doi.org/10.1007/s10778-006-0109-9.

Volker John and Gunar Matthies. MooNMD—a program package based on mapped
finite element methods. Comput. Vis. Sci., 6(2-3):163-169, 2004. ISSN 1432-9360. doi:
10.1007/s00791-003-0120-1. URL http://dx.doi.org/10.1007/s00791-003-0120-1.

Volker John and Michael Roland. Simulations of the turbulent channel flow at Re, =
180 with projection-based finite element variational multiscale methods. Internat. J.
Numer. Methods Fluids, 55(5):407-429, 2007. ISSN 0271-2091. doi: 10.1002/fld.1461.
URL http://dx.doi.org/10.1002/£1d.1461.

L. D. Landau and E. M. Lifshitz. Fluid mechanics. Translated from the Russian by
J. B. Sykes and W. H. Reid. Course of Theoretical Physics, Vol. 6. Pergamon Press,
London-Paris-Frankfurt; Addison-Wesley Publishing Co., Inc., Reading, Mass., 1959.

William Layton. Introduction to the numerical analysis of incompressible viscous flows,
volume 6 of Computational Science & Engineering. Society for Industrial and Ap-
plied Mathematics (SIAM), Philadelphia, PA, 2008. ISBN 978-0-898716-57-3. doi:
10.1137/1.9780898718904. URL http://dx.doi.org/10.1137/1.9780898718904.
With a foreword by Max Gunzburger.

William Layton, Carolina C. Manica, Monika Neda, and Leo G. Rebholz. Numerical
analysis and computational testing of a high accuracy Leray-deconvolution model of
turbulence. Numer. Methods Partial Differential Equations, 24(2):555-582, 2008. ISSN
0749-159X. doi: 10.1002/num.20281. URL http://dx.doi.org/10.1002/num.20281.

72



Jean Leray. Sur le mouvement d’un liquide visqueux emplissant l'espace. Acta
Math., 63(1):193-248, 1934. ISSN 0001-5962. doi: 10.1007/BF02547354. URL
http://dx.doi.org/10.1007/BF02547354.

G. Matthies and L. Tobiska. The inf-sup condition for the mapped Qy/ P,fi_sf element in
arbitrary space dimensions. Computing, 69(2):119-139, 2002. ISSN 0010-485X. doi:
10.1007/s00607-002-1451-3. URL http://dx.doi.org/10.1007/s00607-002-1451-3.

Robert D. Moser, J. Kim, and N.N. Mansour. Direct numerical simulation of turbulent
channel flow up to re=590. Phys. Fluids, 11:943-945, 1999.

Stephen B. Pope. Turbulent  flows. Cambridge University Press, Cam-
bridge, 2000. ISBN 0-521-59886-9. doi: 10.1017/CB0O9780511840531. URL

http://dx.doi.org/10.1017/CB09780511840531.

Pierre Sagaut. Large eddy simulation for incompressible flows. Scientific Computation.
Springer-Verlag, Berlin, third edition, 2006. ISBN 978-3-540-26344-9; 3-540-26344-6.
An introduction, Translated from the 1998 French original, With forewords by Marcel
Lesieur and Massimo Germano, With a foreword by Charles Meneveau.

Roger Temam. Navier-Stokes equations, volume 2 of Studies in Mathematics and its
Applications. North-Holland Publishing Co., Amsterdam, third edition, 1984. ISBN
0-444-87558-1; 0-444-87559-X. Theory and numerical analysis, With an appendix by
F. Thomasset.

Roger Temam. Infinite-dimensional  dynamical systems in  mechanics and
physics, volume 68 of Applied Mathematical Sciences. Springer-Verlag, New
York, 1988. ISBN 0-387-96638-2. doi:  10.1007/978-1-4684-0313-8. URL
http://dx.doi.org/10.1007/978-1-4684-0313-8.

G.S. Winckelmans, H. Jeanmart, and D. Carati. On the comparison of
turbulence intensities from large-eddy simulation with those from experiment
or direct numerical simulation. Phys. Fluids, 14:1809-1811, 2002. URL
http://dx.doi.org/10.1063/1.1466824.

73



