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1 Introduction

The objective of this thesis is to discuss the eddy viscosity model for the turbulent flows.
The start of the study is the derivation of the Navier-Stokes equations. We use the
principle of the Newton’s second law, i.e., the conservation of mass and the conservation
of momentum, to form the Navier-Stokes equations. In the same time, we transformed
the equations into dimensionless Navier-Stokes equations to convenience our study in the
mathematical sense. We defined the domain that we worked on to be a three dimensional
hexahedron with periodic boundary conditions.

We defined the type of flows that we are interested in, which is the turbulent incom-
pressible flows. Because of the unknown term ,Reynolds stress tensor’ of the Navier-
Stokes equations, we seek for a computable term to replace it. Another point is the
difficulty of the numerical study. We noticed that not all the scales can be simulated by
the finite element method we applied. Because the eddies are not always large enough
to be represented on the grid, i.e., the discretization of the small eddies is impossible to
achieve. Hence, we introduced two solutions in this thesis, the Smagorinsky model and
the Verstappen model. In the thesis, we derived both of the Smagorinsky model and the
Verstappen model. And we explained in details, for the Verstappen model, the existence
of the eddy viscosity constant, and the reason we applied it into our models.

In the end, we performed several experiments with the code ParMooN. We proved that
the Verstappen model has a better behavior, in the sense of two quantities of interest,
whcih are the difference to the mean and the root mean squared tensor. We also noticed
that the Smagorinsky model with van Driest damping is for the quantity of interest
,Reynolds stress tensor’ a better simulation. The conclusion comes from the comparison
among all three best choices of the models, the Smagorinsky model, the Smagorinsky
model with van Driest damping and the Verstappen model.



2 Navier-Stokes Equations

Navier-Stokes equations are models that tell us how the flow within a domain behaves
as time flies. The equations come from the Newton’s second law and the conservation
of mass.

In general, according to Newton’s second law, we know that the force is equal to
mass times acceleration. Suppose we have a domain (2 that flow lives in, and we choose
an arbitrary w from 2. We say that the fluid in w has a defined mass, this mass is
defined by its density p[kg/m?]. Besides, we represent the route of the fluid as a 3D
route function, by the definition, the velocity and acceleration could be calculated as the
first and second derivatives of the route function. Regardless of the route function, we
could have a vector of velocity v(t,x) = (vi(t,x),vy(t,2),v.(t,2))[m/s]. We note that
the velocity depends on t and . And for each direction of the coordinate, we have a
velocity scale. Therefore, we can define acceleration by doing derivation on the velocity:

a(t,z) = dv(t,z)/dt[m/s?].

2.1 Conservation of mass

In this section, we want to study the mass of the flow in an arbitrary domain w. Since
we know nothing about the material of the flow, then we suppose that the density may
change as time and coordinate do. Hence we define the density p = p(t,x)[kg/m?].
Moreover, the mass of the flow in w is

m(t):/p(t,a:)d:z:.

According to the conservation of mass, the total mass in a domain doesn’t change
in time. The derivative of mass m(t) should be equal to 0, because m(t) is constant.
Hence,

d d
d
_/w(ﬁp(t,m)dm
= 0.

Since the rate of change of mass in w must be equal to the flux of mass pv(t,x) across



the boundary dw of w. Therefore,

jtm(t):/wcip(t,x)d:z:+/8w(,00)(tas)'nds

! (2.1)
— [ Giot.)+ V- (w)(t2)d

Because of the conservation of mass, i.e., equation (2.1)), and the arbitrary choice of
w we have the first equation of Navier-Stokes equations

op(t,x) + V- (pv)(t,z) = 0. (2.2)

Furthermore, if the choice of w depends on time, we can get an equation similar to
(2.1]), by using Reynolds Transport theorem [3],

d
p p(t,m)dx:/ 8tp(t,m)dx+/ (pv -n)(t, s)ds
w(t) w(t) Ow(t)
div_thm / Oup(t,x)dz + / V- (ov)(t, x)dx
(1) (1)
-/ | Ou0lt2) V- ()1, 2)d
w(t

Now we consider a special case, namely the case of an incompressible and homoge-
neous fluid. We define such flows (for instance of water or air) are incompressible and
homogeneous, if the density of such flows do not change as time or position changes. To
describe it mathematically, from , we have

d

%p(tﬂr) = atIO(t?x) +V- (pv)(t,:z:) =0.

Since p(t,x) = p is constant, hence dyp(t,z) = 0, and the second term becomes
pV -v(t,z) = 0.

Therefore, one property of incompressible and homogeneous flow is

V-v(t,x) = (0,1 + Oyva + 0,v3)(t,x) = 0.

2.2 Conservation of momentum

According to Newton’s second law, we can use the conservation of linear momentum to
get another equation of Navier-Stokes equations. The linear momentum of the chosen
domain {2 is related to density and velocity. If we define the momentum of a unit cubic
[m?] of the flow in unit time [s] to be pv(t,2) [kg/s - m?], then the linear momentum of
flow over an arbitrary volume w is,

P:/pv(t,a:)dm [kg - m/s = Ng].



Since the linear momentum depends on mass and velocity, we can derive the equation
to get Newton’s second law.

d d
ap = am . ’U(t,.’l:)
dv(t,x)
dt
=m-a(t,z)

=F.

Let fnet[N/m3] be the force density on the domain, then

F=m-a(t,x) = / Soet(t,z)dz.

w

Therefore we get

jt/pv(t,x)dm—/fnet(t,x)dx-

w

Similar to equation ({2.2)), replacing p with pv, we get

C;lt/pv(t,x)dx:/atpv(t,x)dx+ (v -n)(t, s)ds
w w Ow

:/8tpv(t,.1:)d:1:+/V-(ﬂva)(tam)dz
—/fnet(t,x)dm.

Using the chain rule we get V - (pvv?) = p(V - v)vT + p(v - V)v. Since the flow is
incompressible and homogeneous, V -v = 0. Replacing this with the term in the integral
function, we get

/ (O + (v - Vo) (t,2)das = / Fre(tz)dz.

Since we choose the domain arbitrarily, we finally get the Navier-Stokes equations as
follows,

p(Ow + (v-V)v) = fret.

We have already arrived pretty close to the final equation. Now we can decompose the
force. Since we have not only the force inside the domain w, but also, we care about the
force on the surface of the domain w. Firstly, we split the force density into two parts,
which we call internal force density and external force density. We refer to the external
force density as gravity, which is not so difficult to understand as a physical parameter.
However, the other internal force density is complicated to measure. We suppose the



force density on the boundary to be a function ¢(¢,z)[IN/m?]. Then the total measure
of the force of the domain w is

/wfnet(tam)dm/wfext(tam)dx+/awt(t,3)ds
- /w Folt,2)dz + /w v - S(t,)ds,

where S(t,z)[N/m?] is a 3 x 3 tensor, which is also named as Cauchy stress tensor, and
t(t,s) = S(t,z)n.
Therefore, the Navier-Stokes equations can now be written as follows,
pov + p(v-V)o =V -S = fext. (2.3)

Notice that the Cauchy stress tensor is symmetric, we have six unknown elements in
S. We can decompose the Cauchy stress tensor as the sum of viscous stress tensor and
pressure diagonal tensor.

S=V - PI, (2.4)

where V [N/m?] is a symmetric tensor, P [Pa] is a pressure vector, I is identity 3 x 3
tensor. Since the pressure only acts on the domain in the opposite direction, we use
negative sign here.

As for the viscous stress tensor, we define a tensor that depends linearly on the first
derivatives of the velocity,

V =aD(v) + b(V -v)L,

where (Vo)

Vo + (Vv
= P ), (25)
and v is the vector of velocity. Precisely analog to the Hook’s law of solid, one can write
the viscous stress tensor in the form,

D(wv)

V = 2uD(w) + (¢ — %")(v W)L, (2.6)

where p[kg/m - s] is called the first order viscosity and ([kg/m - s] is the second order
viscosity. If the fluid is incompressible, then the second term will be vanished. Hence,
we have,

S = 2uD(v) — PL (2.7)
Inserting (2.4) into the Navier-Stokes equations (2.3|), we have

p(O + @ Vo) 2V uD(w) = V- (¢~ LYV -0)T) + VP = foxe (0,T) x
Op+V-(pw)=0 (0,7] x Q.

(2.8)



If the fluid is incompressible and homogeneous, then insert V -v = 0 into ({2.8)), we have
f ext
P

1
owv+ (v-V)v—20V-D(v) + ;VP = (0, 7] x Q

(2.9)
V-v=0 (0, 7] x Q,

where v = %[m2 /s] is called the kinematic viscosity of the fluid.
The equation in (2.7)) gives us the form of Newtonian flows. We define those flows,
who obey the following two assumptions as Newtonain flows:

e the Cauchy stress tensor depends only on the first order spatial derivatives of the
velocity,

e the Cauchy stress tensor depends linearly on the first order spatial derivatives of
the velocity.

It is obvious that the right-hand side of (2.7) fully satisfies the two assumptions above.

2.3 Dimensionless Navier-Stokes equations

For mathematical analysis purposes and numerical simulations, we need to derive the
dimensionless Navier-Stokes equations. Firstly, we set several characteristic scales of the
flow problem. We define L[m] to be the characteristic length scale, U[m/s] to be the
characteristic velocity scale, and T*[s] to be the characteristic time scale. Suppose the
old variables in the Navier-Stokes equations are of the form (¢',2’)[s,m]. Then we
can reformulate the equations using the following variables:
o v ‘o t/
| YTw T
We can rescale the equations by multiplying % on both sides of the first equation in
, then applying the chain rule to get the rescaled equation. At the same time, after
rescale the equation, the time interval and domain are dimensionless. Suppose that the

old variables (#,2’) live in the domain (0,7"] x €', then we can now define T' = ITJ and
Q to be the rescaled domain of Q. Hence, we get the rescaled form as follows,
L 2v P L
0 -Viu——V-D V—s = —fex 0, 7] x Q
g0t e Vu = VD) F Vs = e (0.T] (2.10)

V-u=0 (0,77 x Q.

The complicated parameters in the equations above will also be replaced by fixed
physical parameters, i.e.,

P UL L L

= — t = —— = — <t s
pU27 Re v 5 S UT*? f pU fe t

p



where Re is called Reynolds number, and St is called Strouhal number. Therefore, after
inserting the parameters in the Navier-Stokes equations ([2.10)) we get the incompressible
Navier-Stokes equations as follow,
2
St&tu—k(u-V)'u—R—V-D(u)+Vp:f (0, 7] x Q
e
V-u=0 (0, 7] x Q.

(2.11)

We can simplify the notations in (2.11]) by using the dimensionless scale 7% = L/U
and v = Re™! to get the basic equation for mathematical analysis purpose.

ou+ (u-Viu—2vV-Du)+Vp=f (0, 7] x 0

V-u=0 (0,T] x Q. (2.12)

Since D(u) = 1(Vu + (Vu)T), we can replace V- D(u) in (2:12) with simpler form,

V- -Du) ==V - (Vu+ (Vu)T)

= —(Au+ nabla(V -u)) (2.13)

NP~

= —Au.

Inserting (2.13) into (2.12)) we have,

ou+ (u-Viu—vhu+Vp=f  (0,T] xQ

Vu=0  (0,7] x Q. (2:14)

Until now we have already got the general form of Navier-Stokes equations. For example,
the velocity and pressure stay unchanged, then the component dyu in (2.14]) vanishes,
we call such equation as the stationary Navier-Stokes equations.

2.4 Initial and boundary conditions

The Navier-Stokes equations contain a first derivative in time and second deriva-
tives in space. We seek for the numerical solutions of the equations. First of all, we will
define the initial value u(0,2) = ug(z) at ¢ = 0. The initial flow should be divergence
free since we have V -u = 0.

Generally we have several kinds of boundary conditions, here we only discuss Dirichlet
boundary condition. Suppose €2 is bounded and I' = 02 is the bound of the domain .
The Dirichlet boundary condition of the Navier-Stokes equations is defined as

u(t,z) = g(t, ), (0,7 X I'pii (2.15)

where I'pj;; C I' is a subset of the boundary in the domain. Specifically, if g(¢,z) = 0,
we say that it is a no-slip boundary condition.



Furthermore, another boundary condition, which is called do-nothing boundary con-
dition, is often applied in numerical simulations. As implied before, we define the stress
tensor as in (2.7)). Hence, the do-nothing boundary condition will be written as

Sn=0  (0,7] x I'bonot, (2.16)

where I'ponot C I' is a subset of the boundary in the domain.

This boundary condition tells us that the Cauchy stress tensor vanishes on the cor-
responding boundary. However, the do-nothing boundary condition does not fit for
all two-dimensional flow models, such as the Hagen-Poiseuille flow, i.e., the solution of
Navier-Stokes equations does not satisfy . But if we replace the Cauchy stress
tensor in with the velocity deformation tensor

S =vVu —pl, (2.17)

then the do-nothing boundary condition will be satisfied.

On the other hand, if the domain extends to infinitely end, we can apply the periodic
boundary condition to the case, which is, we can assume that in the direction of the
infinity extension the flow has a period of length [. Therefore, the domain will be
defined as Q = (0,1)? and the periodic boundary conditions are given by

u(t,x + le;) = u(t,x) V(t,z) € (0,T] x I. (2.18)

10



3 Turbulent Flows

3.1 The model of the turbulent flows

The model of dimensionless incompressible Navier-Stokes equations is the basis of nu-
merically simulating turbulent incompressible flows, since the Navier-Stokes equations
mainly tell us the fact that the linear momentum and mass are conservative.

Recall the Navier-Stokes equations with initial condition in , we replace v with
Re~! for simplifying mathematical symbols. The Reynolds number effects the second
derivative of the velocity. The range of Reynolds number decides the type of flow. In
fact, turbulent flows are characterized by a high Reynolds number. More specifically
the Reynolds number of the turbulent flows starts at several thousands. Therefore the
viscous term 2Re™!V - D(u) is much smaller than the convective term du + (u - V)u.
Since as the viscosity gets smaller, the system will be more unstable. Hence, a high
value of the Reynolds number ensures us the occurrence of turbulent flows.

However, we cannot give an exact definition of what is turbulent. According to physical
points of view, we can define those flow structures, which has not only large eddies but
also accompany with many very small flow structures, to be turbulent flows. Regardless
of the large eddies, we focus on the size of the smallest eddies that occur. The size will
be denoted by A.

The determination of the smallest size of turbulent flows is from the idea of isotropic
turbulence, which means that the velocity is statistically stationary under time shifting
and statistically homogeneous under coordination rotating or reflecting.

We know that large eddies are unstable and will break up into smaller ones. This
process continues until the Reynolds number Re(l) = u(l)/v of the eddies is sufficiently
small, such that the eddy is stable and effectively dissipating the kinetic energy. This
process is known as energy cascade. We denote the rate of dissipation by e[m?/s3]. In
the study of particular flows, we get to know that the value of ¢ is proportional to U3 /L,
and it is independent of the Reynolds number.

We want to describe the size of the smallest eddy. In fact, we cannot yet directly
measure the scale. However, from the work of Kolmogorov [5], we can define the so-
called Kolmogorov scales via his three hypotheses about turbulent flows:

1. At sufficiently high Reynolds numbers, the small scale turbulent motions are
isotropic.

2. In every turbulent flow at sufficiently high Reynolds number, the statistics of the
small scale motions have a universal form which is uniquely given by v and e.

11



3. In every turbulent flow at sufficiently high Reynolds number, the statistics of mo-
tions of scale [ in the range L > [ > X have a universal form uniquely determined
by ¢ and independent of v.

We define the unique length, velocity and time scales as Kolmogorov scales

A= (”3)4 m],  uy=(e)ijm/s], ty= (:)4 [s]. (3.1)

€
Therefore, the Reynolds number of the eddies of size A is

A
Re(\) = 22 =1, (3.2)
v
Since the value of Reynolds number is sufficiently small, the dissipation of the kinetic
energy will be effective.

We can also define the rate of dissipation. From ({3.3]) we can get two equations

€ 1
5:1/';_1/?,
) A (3.3)
_ W
€_Vﬁ‘

We can combine both of the right-hand side terms in the equations in (3.3) into one
equation, and it gives us the rate of the velocity to the length of Komogorov scale

w_ 1 (3.4)

Because the choice of A is small, this rate represents an approximation to the spatial
derivative of the Kolmogorov scales’ velocity, which is the velocity gradient. From
we observe that the velocity gradient is bounded uniformly with respect to the Reynolds
number. Then we can estimate the size of the Kolmogorov scales. Since

A V3 T 1 V3L T 1 V3 T 3
1= (2) 1o () o= () =ret

where L is the length scale, we can neglect the term to have

IS

3

A~Re 7. (3.5)

Numerical simulations are based on discretizations, which use meshes to compute an
approximation of solutions to the Navier-Stokes equations. However, the value of the
Kolmogorov scale raises the problem of the mesh size, i.e., the eddies of the smallest
size cannot be simulated with the meshes, they are far more micro as the meshes are.
Therefore we cannot get a direct numerical simulation with the help of a standard FEM
method.

12



Furthermore, we may as well notice that flows at high Reynolds number have different
behaviors in dimension two and three. We define w =V x u to be the vorticity. We can
apply the vorticity term in the Navier-Stokes equation and suppose the external force is
zero. Then we have

Ow —Re 'V -D(w) + (u- Vw — (w- V)u = 0. (3.6)

Since the Reynolds number is high, the second term will be ignored. Hence we get
the conservation form of vorticity to be

Dw
5 = O + (u-Vw >~ (w- V)u. (3.7)

From the equation we can see that the change of w depends on Vu. It implies that
in turbulent three-dimensional flows, the vortex stretching exists and it is an important
feature of the flows. But in dimension two, we cannot have the equation above. Since
the vorticity does not equal to zero in the third term and the velocity gradient is not
zero in the first two terms as well. We cannot observe any vortex stretching. Thus the
two-dimensional flow is not the same as turbulent flows in three dimensions. It is also
a reason that we always want the simulation to be established in the three-dimensional
space.

3.2 The classical large eddy simulation

The classical large eddy simulation (LES) provides us with a model of filtering out
the small eddies in the turbulent flows and modeling their effect on the large scales and
computing the behavior of the large eddy scales, such that we can apply this methodology
in the Navier-Stokes equations to get numerical solutions.

Since the elements we refer to are vector-valued functions and tensor-valued functions,
we should at first give the notations of inner product of two vector-valued functions and
Frobenius norm of matrices. We say that the inner product of two functions 4 and v in
the Lebesgue space L?(12) is

(u,v) :/u(m)v(m)dm.
Q

And the Frobenius norm of a matrix A C R"*" is

[

1Alp=(A:A)2 = [ 3
i,j=1

The basic approach of LES is to define scales by filtering. The large scales are defined
by doing convolution of the velocity with a filter function g(-). The filter function g(-)
can help us with filtering out small eddy scales. Therefore, if we have a domain © = R?
(d > 1) of the turbulent flow, we can define the large scale velocity field in the form of

1 [ [y
) = 5 |9 ( 5) )“(“’dm’ 38)

13



and the large scale pressure has the form

- [ (v
o) =555 9 (%ot ) @i, (59)

where the function d(y) gives us all eddies that are of size at least d(y). With the help
of (3.8)) and (3.9), we can define the small scales to be

(’u’lvp/) = (’U, - ﬂ'up _]5) (310)

We can simulate the large eddies by inserting (@, p) into the Navier-Stokes equations.
Since convolution is a linear operator, we can get the equation by averaging the general
Navier-Stokes equations. Hence, we have

O —2Re” 'V -D(u) + V- (uul) +Vp=f  (0,7] x R?
V-u=0 (0,7] x R? (3.11)
(0,-) =up;  R<

Furthermore, if we interchange the averaging operators with differentiation operators,
we can get the results with the Reynolds stress tensor, which is called space averaged
Navier-Stokes equations, as below

O —2Re 'V -D(@) + V- (@a’) + V- R(u,u) +Vp=f  (0,7] x R
V-a=0 (0,7]xR?  (3.12)
ﬁ(()? ) =1ug Rda
where -
R(u,u) = uul —au’. (3.13)

The Reynolds stress tensor composes of two averaging tensors. The space-averaged
Navier-Stokes equations are not closed. Because the divergence of the Reynolds stress
tensor is not defined in terms of . We will decompose it into two parts and observe the
properties. One choice is to construct the Reynolds stress tensor in the following form

tr(R(u,u))

R(u,u) — 3

= —2vrD(u), (3.14)
where v is called the turbulent viscosity, and the right-hand side is called eddy viscosity
model. We name this form of equation (3.14]) as the Boussinesq hypothesis [6].
The purpose of the construction is to add the diagonal term to the pressure p, which
is
tr(R(u,u))

p=pt——g L (3.15)

14



3.2.1 The Smagorinsky model

In the last section, we notice that the right-hand side of gives us an unknown
new term, the turbulent viscosity vp. Usually, the turbulent viscosity depends on the
solution, hence the new term is nonlinear. We need to model the turbulent viscosity. On
the other side, we know that € ~ U3 /L, where ¢ is the dissipation rate. We assume now
that for every length scale L, we have a relationship between this term and the velocity

scales U,. Hence, we have

Uit Uy

- €~ = 3.16
Lint J ( )
where we define Liy¢ to be the integral length scale and Uy, to be the corresponding
velocity scale. We can also use J to denote the filter width. Hence, we get the relationship

between Uit and Uy is

E ~v

U d ' U; 3.17
i~ () Ui (3.17)
Since for smallest eddies, we define the Reynolds number equals to 1. Then we have
)
Re(9) = s =1. (3.18)
vr

Hence we have the viscosity term, together with (3.17)), in the form of

ol

_1
vt = (SU(s ~ UintLintg(S . (3.19)

We also assume that the integral velocity scale depends linearly on the deformation
tensor of the filtered velocity, i.e.,

Uint ~ Lint||D(w)| F- (3.20)

Now we insert this term into (3.19), with an approximation of Liy ~ J, and an constant
coefficient, to get
vr = Cs6%|D(®)|| » (3.21)

where
tr(D?(-)) = D)l = 24(-)- (3.22)

From now on we get a model of the turbulent viscocity v with respect to §. In this
subsection, we state the Smagorinsky model, which gives us a solution to model the
dissipation rate of the Reynolds stress tensor. The diagonal components of the viscocity
stress tensor is added to the pressure p. We only need to consider the dissipation rate
of the right-hand side term of ie, V- (—vrD(u)). If we insert into the
dissipation term, we get

— V- (Cs8*ID(@) ]| )D(@)), (3.23)

where C'g is the dimensionless Smagorinsky coefficient, and § refers to the local mesh
width.

15



We can denote the space-averaged velocity and pressure (u,p) with their approxima-
tions (w,7) to get the momentum balance of the Smagorinsky model in the domain
(0,T] x Q as follows

ow — 2V - (v + Cs8?||D(w)||p)D(w)) + (W - V)w + Vr = f. (3.24)

In the paper of [4], we mentioned that the Smagorinsky LES model can cause too
much energy dissipation near the walls. We define a non-dimensional wall coefficient
yT = yu*/v, where u* = 7/p is the friction velocity at the nearest wall. Hence, y™
defines different layers from the wall. In this case, we introduce a damping factor in the
viscous sub-layer, which is inside viscous wall region y™ < 5, and the Reynolds shear
stress is negligible. According to the law of the wall, we can derive the viscosity model
of the Smagorinsky LES model with van Driest damping as follows,

—y\\?
vp = 05(52||D(ﬂ)HF <1 — exp <A>> ,

where A = 26, and Cyg is the same as in equation (42).

These models predict the dynamics of filtered turbulent flows. However, we can only
apply it to the case of turbulent flows, since the perturbance term does not vanish if
turbulent no longer exists. In the next section, we will introduce the Verstappen model
which fixes this defect.

3.2.2 The Verstappen model

The Verstappen model is an alternative model to the Smagorinsky eddy viscosity model.
According to the Kolmogorov hypotheses, the smallest eddies have a universal form, and
they are uniquely given by the viscosity v. The idea of the Verstappen model is to build
a sub-filter, filtering out the sub-filter scales in order to control the kinetic energy of
the fluctuation by its upper bound, which is the L? norm of the velocity gradient. This
process is called damping. In this model, we will discuss the evolution of sub-filter
eddies. We know that it is difficult to describe the dynamic of the eddies, which have
even smaller size than the sub-filter scale. Hence, the Verstappen model gives us an
assumption to describe the dynamic of the sub-filter eddies instead of looking into the
real development.

In this section, we will continue with the space averaged Navier-Stokes equation (3.12]).
We use u to represents the space averaged functions, where the filter involved the oper-
ation of integration. The function #t” — uu? depends on both % and u, and it has the
property of non-linearity and convection. Instead, we approximate the residual term by
applying a closure model 7(v), where

r(v) = —2v,D(v). (3.25)

We denote v to be the velocity field of the eddy viscosity model equation, and get the
following form,
v+ (v-Vv+Vp—2vV-D(w) = -V - 7(v). (3.26)

16



The replacement of 4 with v is to stress the difference between the variables in two
different models.

Here, we must emphasize that 7(v) # —R(u,u) = ua’ — uu?. Because we cannot
give a close form of 7(v). Therefore, in the Smagorinsky model, we define the closure
model as in (41). In the Verstappen model, we no longer use this formula but define a

new filtering operator,
1

Qs Ja,

which is known as a box filter. This box filter calculates the average of the velocity in
the domain 5. To be precise, we consider an arbitrary domain )5 with its diameter J.
Furthermore, we assume that the solution v has periodic boundary conditions on 25. We
are aware of the fact that the solution field v is not generally periodic on the boundary
of the domain 2s5. In our calculations, the periodic boundary conditions are necessary
and ¢ is the smallest scale that we can observe. In the meantime, this assumption can
help us with eliminating the boundary terms while doing integration.

We seek for a close form of the kinetic energy and its upper-bound. Therefore, we
introduce a test function v’ = v — v that represents small eddies, which means, the size
of the eddies in this residual field are smaller than the diameter of the domain. The
test function helps us to find out the close form of the kinetic energy. By doing weak
formulation of with the test function in the domain {25, we obtain,

v = v(z,t)dz, (3.27)

(B, v") + ((v- V)v,0') + (Vp,v) — (2vV - D(v),v') = (2V - (1.D(v)),v").  (3.28)

Since the equation contains both v and v’, we want to get rid of multi-variables.
Hence, we can derive easily from the test function to get v = v'+v. And we already know
that the solution field v is in the vector field of incompressible and homogeneous flows.
Therefore, we have the divergence of the velocity is zero, i.e., V-v =V - (v + ) = 0.
According to the definition of the box filter, ¥ is a constant for any arbitrary chosen
domain, then we get the divergence of the constant vector v is zero, i.e., V-9 = 0.
Because the divergence operator is linear, we can finally reach the divergence of the
residual field is zero, i.e., V - v’ = 0. Therefore, from we have the following
calculation of the weak formulation. Since

%(«/,v’) — (0w v)) + (W, 0) = 200", 0), (3.29)

the first term on the left-hand side can be decomposed into
(O, v") = (0w, v") + (Ow', )
1d
_ 55 o A
= (0yw,v") + 2 dt (V') (3.30)
d 1
. 2
= — - dx.

We notice that the integral part of the equation (3.30)) is the kinetic energy of the residual
field v’.
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Because of our assumption of periodic boundary conditions, we will eliminate the
pressure component by doing integration by parts as below,

(Vﬁ,v')z/m v -nds— (V-v,5)
S5

=—(V-v'.p)
=0.

(3.31)

We can apply equation (2.13]) to reduce the weak form of the component 2V - D(v) to
V - Vu. And also we can integrate by parts to get

—(2vV - D(),v") = —v(V - Vo,v’)

=— Vo v -nds+ v(Vv, Vo)
095
= v(Vo, Vv') (3.32)

=v(Vo, V') + v(Vo', V')
=v(Vo, Vv') + 1// |VY'||2da.
Qs

The same calculation is performed to the weak form of the component of v.D(v).
Under the assumption that v, is constant, we have the following equation,

(V- 1.D(v),v") = (V- D(v),v")

(3.33)

=——(Vo, V') — e

2 Jo,
In the paper [9], the components of equation (3.28) will be replaced by equations

(13.30) to (3.33). And a term is introduced as an integration of the energy, which refers

to as the complete energy transfers from v to the residual field v/, i.e., fﬂa T(v,v")dx.

V' ||2d.

And it will be used to substitute all the terms that contain both ¥ and v after inserting

the equations (3.30)) to (3.33))into the equation (3.28]). Therefore, we will get an equation
for the dynamics of the sub-grid scales as follows,

d/ o/ |2da = —y/ 1”Vv’]]2dm+/ T('D,v’)dx—ue/ Livo|Rdz. (3.34)
dt Q(; Q6 2 Qa Q(S 2
From the equation , we observe that the kinetic energy is related to the L2
norm of the velocity gradient. In order to damp the velocity gradient, we assume that
the eddy viscosity can be chosen to balance the energy transfer from v to v/, i.e., the
last two terms in balance. This assumption ensures us that no sub-filter scales
in equation would be produced. The left equation helps us with finding out the
evolution of the kinetic energy of v’. Since we have presently
d

1
— [ | |Pdx = —1// |Vo'||2dz < 0. (3.35)
dt Q(S 2 Q(S
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On the other hand, according to Poincare’s inequality, the dissipation rate of the small
scales, which is defined as the integral over Lo norm of the residual field, has an upper
bounded as below,

/ /|2 < 05/ V| 2dz, (3.36)
Qs Qs

where Cs is the Poincare constant and independent of v, for every v in the Sobolev space
Wh2(Qs). Tt is given by
5 2
Cs=1—] , 3.37
i=(2) (3.37)
for a convex domain.
Now we can use (3.36]) to bound the twice derivative of the kinetic energy in (3.35)) to

get
d/ o QV/ o
— v |dr < —— v ||“dx. 3.38
7 ), WPdr <=2 |l (3.38)

We can regard the left part of equation (56) as a differential inequality, since the right-
hand side constantly depends on the differential function itself. We can apply Gronwall’s

lemma to get
2
[ WP 2 < e (—”t) [ 1 0.0)d (3.39)
Qs Cs ) Jas

The inequality states that the kinetic energy of the sub-grid scales decays as fast as
exp(—2vt/Cs).

In the case of classical large eddy simulation model, the dissipation rate is denoted by
le(y+ ve)||Vv||?dx, where [ > §, and ; is an arbitrary domain with diameter [. Under
the consideration of energy transfer, the eddy viscosity should stop the progress from
large eddies breaking up and forming small eddies that have scale smaller than . Hence
the dissipation rate is decreasing at a rate controlled by fluid viscosity v.

We need to find out the minimum amount of eddy viscosity that satisfies the dissipation
condition, which is,

d 1 9 9
A Ly Gu)2de = _y/ | Aw|2dz < 0. (3.40)
dt Jo, 2 Qs

The determination of the eddy viscosity in this model will be derived in the same way
as in equation , i.e., by taking the L? inner product of equation with Aw,
and then integration by parts,

L G)de = —y/ |Av|dz +/ (0 V)o-Av— vl|Avf?) dz.  (3.41)
dt Qs 2 Qs Qs

We assume that the velocity v is sufficiently smooth such that all operations performed
below are well defined. We choose the solution space of the velocity v to be in the Sobolev
space W22(€s). Hence, we could derive that Vv is in the solution space W1H2(€s).
Therefore, the gradient of velocity field satisfies the Poincare inequality as follows,

|Vo||2dx < cg/ | Av|*dz. (3.42)
Qs Qs
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We can apply Gronwall’s lemma once more, together with equation (3.40]) to get the
upper-bound of the L? norm of the velocity gradient,

/ Vo|2dz < exp <—2”t>/ IVo]2(0, 2)dz. (3.43)
Qs C(S Qs

By replacing the right-hand side of (3.36|) with the inequality (3.43)), we can get the
upper bound of the kinetic energy

/ Io||dz < Csexp <—2”t>/ IV0|2(0, 2)dz. (3.44)
Qs C(S Qs

Because of equation ([3.40]), we can cancel out the left-hand side term and the first term
on the right-hand side to get

ve | ||Av||*dz = / (v-Vv-Avdzx. (3.45)
Qs Qs

In the paper [1], the right-hand part of (3.45)) is stated to be equal to 4f95 r(v)dz,

where r(v) = —%tr(]D)?’('v)) = — det D(v). Also this symbol is only proved to apply for
three-dimensional Navier-Stokes equations. Therefore, we have the following equation

/ (v-Vv-Avdr = 4/ r(v)dz
2 2 (3.46)

= —4/ det D(v) dz.
Qs

In the same time, we define g(w) = tr(D?(w)) with w = V x v, as in equation (3.22).

Then we can use the identity Av = —V xw = —V x V x v. And the left-hand side of
equation (3.45) would be induced as

4/ q(w)daz:/ ||V><w||2dx:/ 1A 2dz. (3.47)
Qs Qs Qs

Therefore, together with the definition of box filter in equation (3.27)), the value of v,
can be represented as

B fm r(v)dz B r(v)
o, )z g(w)’ (49

The estimation of g(w) is related to the following lemma.

Ve

Lemma 1. Let Q € R%, d € {2,3}, and letv € H'(Q) with periodic boundary conditions,
then it holds
IV0[I720) = IV - 9l Z2 () + IV X 0 720)- (3.49)
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Proof. First of all, a direct calculation of vectors, using definitions of the operators V,
V-, VX, tells us (see Lemma 3.155 in [2])

V x (V x v)(z) = —Av(z) + V(V -v) (). (3.50)

This equation is transformed to a weak form by multiplication with u € H'(£2), where
u is periodic on the boundary. We get the weak form as follows

(V x (V xwv),u) =—(Av,u) + (V(V -v),u). (3.51)

Now we need the transform of the right-hand side of equation (3.51)). We can use
integration by parts to get

(—Av,u) = —/ u- (Vv-n)ds+ (Vv,Vu), (3.52)
15)9)

(V(V-v),u)—/ (V-vju-nds — (V-,V ). (3.53)
o0

Since v is periodic bounded, we can derive that Vv and V - v are also periodic. It
turns out that the boundary integration vanishes.

This property is explained in details for d = 2. We can think about a case in a two-
dimensional domain. The bound of this domain is composed of Fy, Fs, E3 and FEjy,
which forms a boundary of a two-dimensional rectangle. And the direction of each E; is
referred to as n;, i = 1, 2,3,4. We have the value of the outflow to be defined as below

/BQU-(Vv-n)dx:/El+/E2+/Eg+/E4u~(Vv~n)dx

:/ u~(V'v~n1)da:+/ u- (Vv -ny)dx (3.54)
El E2

+/ u'(Vv-ng)dx—i—/ u- (Vv -ny)de.
E3 F4

Since we have periodic conditions on both Vv and wu, i.e.,.Vv|g = Vv|ge, Vv|gs =

Vv|g4 and also u|p1 = u|p2, u|gs = u|gs. In addition, we have ny = —ny and ng = —ny.
T )
Es
«— E; Ey b—
n ny

L.
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If we insert these terms into equation (3.54), we have the following equation

/—i—/ +/ =+ Vv~u-ndx:< Vv-u-nide + V'u-u-ngdx)
El1 JE2 JE3 JE4 E1l E2

—i—( Vv -u-nsdxr+ Vv-u-n4dx>
E3 E4
:( Vv -u-nyde — V'v-u-nldav)
E1 E2
—i—( Vv -u-ngdr — V'v‘u‘ngd:c)
E3 E4
=0.
(3.55)
Therefore, we only need to prove the following equation
(V x (V xv),u) =—(Av,u), (3.56)
where, it is clear to see that,
(V X '1))1
Vx(Vxv)=Vx|(Vxuv)
V xwv
(Vxv)s (3.57)

8y(V X ’U)g — BZ(V X ’U)Q
= | 0.(V xv); —0;(V xv)3
8m(V X ’U)Q — 8y(V X 'U)l

Hence, under condition that the test function has periodic bound, the weak formula-
tion goes to

(VX (Vxwv),u)=—((V xv)3,00u1) + (V xv)2,0.u1) — (V xv)1,0.u2)
+ ((V xv)3,05u2) — (V X v)2,0;u3) + (V X v)1, Oyus3)

= ((V xv)3,0,u2 — Oyu1) + ((V x v)2, 0,u; — Oyu3) (3.58)
+ ((V X 'v)l, 8y’u,3 — 8ZUQ)
=(Vxv,V xu).

We can now apply integral by parts, and the integrals on opposite boundaries cancel
again because of the periodicity of all functions and the derivatives. We can obtain the
following equation

(Av,u) = Vv -u-ndr — (Vv,Vu) = —(Vv, Vu). (3.59)
o9

We can combine equation (3.55)), (3.56)), (3.58]) and (3.59)), and insert u = v, to obtain

(Vxv,Vxv)+(V-v,V-v)=(Vo, Vo), (3.60)

which is equivalent to the desired equation (3.49)). O
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Lemma 2. Ifw is as v in Lemma[l] withw =V x v, then

[Vwl[2(0) = IV X wl|2(0)- (3.61)

Proof. We know that w is in the solution field H'(£2) with periodic boundary conditions.
We may as well find a v in the same solution field such that w = V x v. In the same
time, we can prove that equation (3.49) still holds, if we replace v with V x v. Because

8y’l)3 — 82’1)2
we define thatV x v = | 0,v1 — 0,v3 |. According to this definition of Vx, we have
8¢C’U2 — 8y’l)1
V - (V X v) = 0ypv3 — Op2¥2 + 0201 — OpyV3 + 02,02 — Oyov1 = 0. (3.62)

Therefore , the term ||V - (V X 'v)HLz Q = |V w2y = 0, for any w in the solution
field, combining with the equation (3.49) to get (3.61] - O

We can continue the estimation of the equation (3.48]). Since the value of eddy viscosity
model still depends on both v and Av. We can use Poincare inequality to get rid of Aw
as follows,

1
/ gw)de == [ |V x w|Pdz
Qs 4 Jo,
1 2
= IV xwllzzq,)
- 1
1Ivw wl[72(0,)
1
> G ZHWHH(Q(;) (3.63)
1
1
= 16, IV vl

1
= — v)dx.
Ca/ﬂéq()

Inserting equation ([3.63)) into equation ([3.48)) gives us an upper-bound of the eddy vis-
cosity model, but only depends on variable v

Ja, T(v)d r(v)

Ve < C5 = Cg:. (364)
fm v)d q(v)

In the paper [9], the eddy dissipation was derived from a scalar eddy viscosity model.
It is also possible to derive it by computing the eddy viscosity v, directly from equation
(3.64]). The problem is that we need to describe the behaviors of r and ¢ in the domain
Q5. Because the large-eddy simulation v is represents as v = v +v’. We can use it to

23



compute r(v) and ¢(v). We need to notice that r(v) can be negative, we would adjust
it to |r(v)| in the case of r < 0. We can approximate the LES velocity v by applying
approximate deconvolution method, which recovers some of the lost information while
filtering. Since v is the residual of the large eddies, we consider the expansion of v
around the average U, to get v’ ~ —1/24 §?Av. We can insert the value of v’ and apply
the definition of inner production to get the following estimation,

1) = LTVl
17
= V@ + o)
4
1 1
~ = T — —52AT
~ 4HV <fv 24(5 A’u)
1/__ &2 o 02 _
== <V'v - ﬂV(Av), Vo — 24V(Av))

2

(3.65)

4

2

_1 ((V'v, Vo) d (Vv,V(Av))+< -

24

2
- — Av AD)) | .
There are three terms on the right-hand side of the estimation (3.65]), we will take
the second and third one into consideration. We can apply integration by parts to the
second term, to get

(Vo,V(Av)) = Vv - Av-nds — (Av, Av). (3.66)
oN
Since we have periodic boundary condition on the solution field v, and due to the
linearity of the integration of the filter, we have also periodic condition on Vv. Hence, the
boundary integral in (3.66]) equals to 0. Therefore, by applying the Poincare inequality,
we have

(VB, V(AD)) = —(AD, AD) < —015\|wu2. (3.67)

Since there is a negative parameter in front of the term in equation (3.65)), we would

have
— —52 (Vo,V(Av)) > —62 —1 | Vol (3.68)
12 ’ — 12 Cs ' '

Now, we only need to apply Poincare inequality twice to the third term in equation

(3.65)) as follows,

(V(A9), V(AD)) = |V(AD)|? > clg”A””z > Cfguwn? (3.69)
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We can insert (3.68]) and (3.69) into (3.65) to get the following inequality

aw) = ; <(w, Vo) — %(VE,V(A@) + (;) (V(Av),V(Av))>
2i<HWH2+5 TV + (5 ;guvm?)
52 1 2\ 1

(1 12'05+<24> c)

LI N p—
.= o2
1—1—24 C&) | Vo

N———

(3.70)

Vo2

We can derive an estimation of ¢(v) using the inequality above, with ¢ = 1 + 72/24,
as follows,

q(v) > 2q(@) = 2q(v).
On the other hand, we can take the consideration of the idealized situation of homo-
geneous, isotropic turbulence. It suggests that

@), @]
(qw)”" )

Inserting the two relations above leads to

(3.71)

The last inequality was derived from the approximation ¢(v) = q(v) +O(6?), and r(v) =
r(v) + O(6?). Therefore, we can reformulation the Navier-Stokes equation using the
Verstappen model to have

O — V <<2u+2 o, E:g'uﬂ)( )||) ]DD(v)) + (- Vo+Vr=f. (3.72)



Now we need to look into the eddy viscosity model in . Since the constant
c =1+ 7%/24. According to [7], we will approximate it as ¢ = 3/2. And as defined in
, we have Cy depends on ¢. In the paper of [7], the mesh scale § = Cpw - hi is
used for the numerical study later on, where Cryy - h is the local filter width, and hx
is the length of the shortest edge of the mesh cell K. Therefore, we can derive the eddy
viscosity model in the Verstappen model as follows,

()|
q(v)

_ o 3 (Crw - hk % | — det D(v)|
~t2 ( ™ ) D)%
[ Crw - hi\? | det D(v)|
=o () DO

In the numerical study, we would choose the value of Cry to find the most suitable
parameter of the Verstappen model.

ve = 2¢C
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4 The Variational Multiscale Method

The variational multiscale method is applied for simulating the large flow structures.
The large scales will be defined differently as in the large eddy simulation. We consider
the large scales in the large eddy simulation as a space averaging filtering results. How-
ever, in the variational multiscale method, we define the large scales by projection into
appropriate spaces.

4.1 The definition of the VMS method

Suppose we have the Navier-Stokes equation as in , and we consider that it has
homogeneous Dirichlet boundary conditions. The idea of VMS method is to decompose
the flow into three scales, which is, the large scales (u, D), the resolved small scales (u, p)
and the unresolved small scales (v,p). And we haveu =u+u+u, p=p+p+p. We
define the field (v,q) € V x Q, where V = (H}(Q))? under the norm |jv||y = || V|2,
and Q = LZ(Q2). Hence, the variational formulation of (12) can be written as follows:
Find (u,p) : (0,7] — V x @, such that for all (v,q) € V x @, the equation holds:

(ug,v) + (2Re ™ 'D(u), D(v)) + b(u,u,v) — (p,V -v) + (¢, V -u) = (f,v)

u(0,2) = up(x), (4.1)

where b(u,v,w) = ((u- V)v,w).
To be convenience, we replace the long equation (4.1)) with a short form as follows:

A(y; (u,p), (v,9)) = F(v). (4.2)

We can now decompose the test functions into the three scales as we defined before.
Then we get a coupled system, which is, finding the right decomposition of (u,p), and
applying the linearity of the variational problem with respect to the test function. We

A(u; (w,p), (v,9)) + A(w; (w,p), (0,9)) + A(u; (w,p), (v,q)) = F(v),
A(u; (w,p), (v,q)) + A(w; (w,p), (0,¢)) + A(u; (w,p), (v,q)) = F(v), (4.3)

A(u; (w,p), (v, ) + A(w; (w,p), (v,9)) + A(u; (w,p), (v, 4)) = F(v).
We can consider more about the form of the coupled system. The basic idea of the
VMS method is to neglect the equation with test function (v, ¢) at first. Then we assume

that the unresolved scales have no influence on the large scales directly. The influence
of the unresolved scales onto the small resolved scales is described in

v,q)) ~ B(u; (,p), (u,p), (¥, q)). (4.4)

have:

[~$3

(<33

A(w; (w,p),

—
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Let V and @Q be the spaces that representing the solution fields of large scales and its
corresponding test function fields. And let V and Q be the solution field for the resolved
small scales. We can get a new form of equations after neglecting the unresolved scales
and inserting the turbulence model B as follows:

Find (u,w,p,p) € V x V x Q x Q, such that the equations hold,

A(u +u; (w,p), (v,9)) + A(w +u; (u,p), (v,9)) = F(v),
A(u +u; (w,p), (0, 9)) + Alw +u; (4, p), (v,9))+ (4.5)
B(u +u; (w,p), (,p), (v,9)) = F(v).

4.2 A three-scale coarse space projection-based VMS method

Suppose we have finite element spaces for the velocity and pressure V" x Q*. And L
is a finite-dimensional space of symmetric d X d tensor-valued functions on 2. We define
vr((wh,*?), h) to be a non-negative function. Hence, the semi-discrete coarse space
projection-based VMS method is defined as follows:

Find w” : (0,7] — V" rh: (0,7] = Q", and G : (0,T] — L, such that for all
(", ¢") € vl x Q" and L¥ ¢ LY it satisfies

(&gwh,vh) + (QVD(wh), D(vh)) + n(wh, h ol

w",v")
—(V . 'l)h,’l"h) + (VT(]D)('wh) - GH)aD(IUh ; = <f7lvh>V',V7 (46)
)

(D(wh) — G, LH) =

The last equation in (4.6 defines large scales and small resolved scales. The choice of
vr is mentioned in Chapter 3 as equation (3.21]). The tensor G is the L?(£2) projection
of D(w") into L7 | i.e

Pw:L=DV)— LY

4.7
D(v) — P uD(v) =G, 4.7

Therefore, we have the following formulation,
(P uD(w) — D), LTy =0, vLI e L7, (4.8)

We can apply the short form as in (4.2)) and (4.8) to reformulate the first equation of

(4.6) as follows:
Find w” : (0,7] — V", " : (0,T] — Q", such that for all (v", ¢") € VP x Q", it
satisfies

Alw"; (w",r"), (0", ") + (vr(I = PLu)D(@"), D@") = (f,o" )y, (4.9)

Since L is a space of large scales, (I — P )D(w") represents small resolved scales
of D(w"). We define that L C D(v") € V" to avoid a negative additional viscosity.
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If V" is a higher order finite element space, then L can be defined as a low order
finite element space applying the same grid as in V*. If V" is a low order finite element
space, then L¥ can be defined as applying a coarser grid. Since ID)('wh) is defined as a
discontinuous piecewise polynomial tensor in V", L¥ should be defined as a projection
in the same way, consisting of discontinuous piecewise polynomial tensors.
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5 Numerical Studies

5.1 An example for turbulent flow problems

We have a turbulent channel flow problem which is governed by the dimensionless incom-
pressible Navier-Stokes equations as in equation . We want to set the parameters
of the dimensionless incompressible Navier-Stokes equations to be L = 1m, U = 1m/s.
And we notice that the dimensionless viscosity is exactly Re™! = v = Re~ tm?/s.

We take an example of the turbulent channel flow at Re, = 395 and Re,; = 590 in our
study. Therefore the difference between the two examples is only in the value of v. The
choice of Reynolds number based on the channel half width, the kinematic viscosity v
and the friction velocity U;. We define here the channel half width H = 1. Then the

problem is given in
T m

—33)

For the consideration of boundary condition, we define with no-slip conditions u = 0
at solid walls along the y-direction at y = 0 and y = 2. Along the x-axis and z-axis the
boundary conditions are periodically defined. We use the mean velocity as the definition
of an initial condition Upean(y). The data is imported from Gravemeier (2006b) as
follows,

Q= (—m,7) % (0,2) x ( (5.1)

u1(0; 2,9, 2) = Umean (y) + 0.1Upunt (2, y, 2),
u2(0a x7yvz) = 0'1Ubulkw(x7ya Z)a (52)
US(Oa x,Y, Z) - 0-1Ubu1k¢(337 Y, Z)a

where,

1 H
Dot = - / Unnean () dy ~ 15.6803. (5.3)
H 0

The initial velocity field (5.1]) is obtained by a random velocity fluctuation around the
mean velocity profile. We set the fluctuation field to be +10% of the bulk velocity. And
Y(x,y, z) is noise with a random function of the form as follows,

2rand()

Y(7.9:2) = RAND MAX()

—1e]-1,1]. (5.4)
With the reference of Moser et al, the bulk velocity is defined as Up g = 17.5452. And
the initial velocity field can be defined in the same way as in (5.1)).

For the results of the calculation of the examples, we are interested in the mean velocity
and the Reynolds stresses. We use the following equations to compute the arithmetic
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mean of the velocity field and the spatial average

Ny
wh(t,z)), = Nt1+ 1 Zuh(tn,x),

o (5.5)

(u (tn,l’ Y,z Ziu (tn, i, Y, %),

7,1]1

where IV; denotes the number of time steps, N, and N, are the numbers of degrees of
freedom in the x-axis and z-axis.
Therefore, we can derive the first order quantity of the mean velocity as follows,

Whean (y) = (@ (tn, 2,9, 2)) )1 (5.6)

For the other quantity of interest, the Reynolds stresses , we use the definition of the
Reynolds stress tensor to have,

’]Til] mean <<uhuh> >t - <<u?>s>t<<u?>s>t7 1, =1,2,3. (57)

The Reynolds stress is not uniquely defined in the literature. In the paper of [8], it is
explained that the diagonal Reynolds stresses computed with the solution of turbulent
flow simulations cannot be compared with the diagonal stresses of the turbulent flow
field. Only the so-called root mean squared turbulence, which is defined below, can be
studied directly

1/2

h _ ) —
ui,rms - zz mean Z jj,mean ’ 1= 1’ 2’ 3. (58)

5.2 Experiment results

The experiments are performed with the code ParMooN. We define the finite element
method (FEM) space for the velocity is continuous quadratic polynomials on hexahedra,
and for the pressure is discontinuous linear polynomials on hexahedra. We apply Crank-
Nilson method for the temporal derivation. The time step is 0.002 and the time interval
is defined to be [0,40]. In the experiments, the degree of freedom for the velocity is
366560, and for the pressure is 32 768.

The purpose of the experiments is to select the best constant of the model, which
fits the example that we discussed in the last section. We have set two different values
of the parameter Re; for the experiment. The first one we performed is Re; = 395,
and the second one is Re; = 590. In the same time, three eddy viscosity models for
the VMS method are considered in this experiment, the Smagorinsky model, the
Smagorinsky model with van Driest damping, and the Verstappen model.

We want to find for each of the models above a most suitable constant. Therefore,
we apply for each model different constants in order to see which, among the constants,
gives us the best result. In the last step, we would compare the three models with their
best fits results, in order to give the best simulation under the situation.
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5.2.1 Experiments with Re, = 395

Firstly, we consider the experiment under the setting of Re, = 395. We define the
parameters, which is varied in the Smagorinsky model and the Smagorinsky van Driest
model (short for the Smagorinsky model with van Driest Damping), to be the turbulent
viscosity constant. And for the first round calculation, we set them to be 0.005, 0.0075,
0.01, 0.015, and 0.02. The results of the calculation will be written into a data file ended
with “.out”. We use python to analyse the results in comparison to the benchmark data,
which is referred to as “reference curve” in the final figures.
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(a) Smagorinsky model with Cs = 0.005, 0.0075, 0.01, 0.015 and 0.02.

1.5
1.0
s 0.5
()
£
-]
o 0.0
)
(O]
(9
g —-0.5
0] —e— Smag. Cs = 0.015
£ 104 —— Smag. Cs = 0.0175
—s— Smag. Cs = 0.02
—1.5 1 —=— Smag. Cs = 0.0225
—e— Smag. Cs = 0.025
_20 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

y+

(b) Smagorinsky model with Cs = 0.015, 0.0175, 0.02, 0.0225 and 0.025.

Figure 5.1: Re; = 395, Smagorinsky model: Comparison between turbulent viscosity
constants in difference to the mean.
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(a) Smagorinsky model with Cs = 0.005, 0.0075, 0.01, 0.015 and 0.02.
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(b) Smagorinsky model with Cs = 0.015, 0.0175, 0.02, 0.0225 and 0.025.

Figure 5.2: Re; = 395, Smagorinsky model: Comparison between turbulent viscosity
constants in Root Mean Squared tensor
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(b) Smagorinsky model with Cs = 0.015, 0.0175, 0.02, 0.0225 and 0.025.

Figure 5.3: Re; = 395, Smagorinsky model: Comparison between turbulent viscosity
constants in Reynolds Stress tensor.
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After comparing the first round results, we observe that, from Figure Fig-
ure and Figure the curves of value equals to 0.015 and 0.02 are the nearest
to the reference curve. Thus we select some values that around the two values and repeat
the code. We have chosen the new group of the turbulent viscosity constants to be 0.015,
0.0175, 0.02, 0.0225, 0.025. And from Figure Figure and Figure [5.3(b)|
we observe that the second round calculation does not change much about the results.
The curves go near to the reference curve, but the curves with value 0.02 behave be-
long always to the best ones. Therefore, for Smagorinsky model under the setting of
Re; = 395, we choose the simulation which has the turbulent viscosity constant equals
to 0.02, to be the best choice of the Smagorinsky model.
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(a) Smagorinsky van Driest model with C's = 0.005, 0.0075, 0.01, 0.015 and
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(b) Smagorinsky van Driest model with Cg = 0.015, 0.0175, 0.02, 0.0225 and
0.025.

Figure 5.4: Re; = 395, Smagorinsky van Driest model: Comparison between turbulent
viscosity constants in difference to the mean.

37



4.0
------ reference

Smag.v.D Cs = 0.005
Smag.v.D Cs = 0.0075

——
—_——
—=— Smag.v.D Cs = 0.01
—_——

3.5 1

3.0 A

2.5 A Smag.v.D Cs = 0.015

Smag.v.D Cs = 0.02
2.0

h
Ul, rms

1.5

1.0

0.5

0.0

0 50 100 150 200 250 300 350
y+

(a) Smagorinsky van Driest model with C's = 0.005, 0.0075, 0.01, 0.015 and
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(b) Smagorinsky van Driest model with Cg = 0.015, 0.0175, 0.02, 0.0225 and
0.025.

Figure 5.5: Re; = 395, Smagorinsky van Driest model: Comparison between turbulent
viscosity constants in Root Mean Squared tensor.
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(a) Smagorinsky van Driest model with C's = 0.005, 0.0075, 0.01, 0.015 and

0.02.
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(b) Smagorinsky van Driest model with Cg = 0.015, 0.0175, 0.02, 0.0225 and
0.025.

Figure 5.6: Re; = 395, Smagorinsky van Driest model: Comparison between turbulent
viscosity constants in Reynolds Stress tensor.
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We repeat the same comparison with Smagorinsky model with van Driest Damping.
From Figure [5.4(a), Figure and Figure [5.6(a)l we can see that the constant with
value 0.015 and 0.02 behave good. Hence, we repeat the same code again with the new
group of constants equal to 0.015, 0.0175, 0.02, 0.0225 and 0.025. From Figure
we can see that, the curves 0.015 and 0.0175 go near to the reference curve. However, in
Figure and Figure the curves 0.015 and 0.0175 are clearly worse. To this
point, we consider that the better behavior in is more important than the worse
behavior in [5.5(b)|and [5.6(b)l Therefore, the turbulent viscosity constant that equals to
0.0175 is our choice for the Smagorinsky model with van Driest Damping.
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(b) Verstappen model with Cgry = 1.6, 1.7, 1.8, 1.9 and 2.0.

Figure 5.7: Re; = 395, Verstappen model: Comparison between filter width constants
in difference to the mean.

41



4.0

------ reference
3.5 1 —e— Verstappen Cryy = 1.1
3.0 - —e— Verstappen Cgyy = 1.2
—=— Verstappen Cgy = 1.3
2.5 —=— Verstappen Cgyy = 1.4
—e— Verstappen Cryy = 1.5

h
u1, rms

0 50 100 150 200 250 300 350

(a) Verstappen model with Cry = 1.1, 1.2, 1.3, 1.4 and 1.5.

3.0
------ reference
25 —e— Verstappen Cey= 1.6
—e— Verstappen Cryy= 1.7
20 - —=— Verstappen Crpy= 1.8
' —=— Verstappen Cry= 1.9
§ 15 4 —e— Verstappen Ceyy= 2.0
< '
S .
1.0 - Tl 0 N
0.5
0.0 A
1

1 1 1 1 1 1
0 50 100 150 200 250 300 350
y+

(b) Verstappen model with Cgry = 1.6, 1.7, 1.8, 1.9 and 2.0.

Figure 5.8: Re; = 395, Verstappen model: Comparison between filter width constants
in Root Mean Square tensor.
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(b) Verstappen model with Cgry = 1.6, 1.7, 1.8, 1.9 and 2.0.

Figure 5.9: Re; = 395, Verstappen model: Comparison between filter width constants
in Reynolds Stress tensor.
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Now we look at the Verstappen model. The parameter that we change here is different,
since the eddy viscosity parameter depends on the filter width A. We want to test what
is the width that we can choose for the filter. Hence, the parameter that need to be
varied in the Verstappen model is the filter width constant, in the range of [1.0,2.0]. In
Figure we can see that the curve 1.1 is the nearest to the reference line, but it is
much worse in Figure and Figure 5.9] On the contrary, the curve 1.5 behaves really
good in Figure and Figure And if we look back at Figure we can see that
the curve 1.5 is relatively good than all other curves. Hence, we can draw the conclusion
that, based on the results, the curve 1.5 is a good compromise.
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Figure 5.10: Re,; = 395, Comparison in difference to the mean.
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Figure 5.11: Re; = 395, Comparison in Root Mean Squared tensor.
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Figure 5.12: Re; = 395, Comparison in Reynolds Stress tensor.

The last step is to compare the curves between the three models. As we mentioned be-
fore, we choose Smagorinsky model with Cg = 0.02, Smagorinsky van Driest model with
Cs = 0.0175 and Verstappen model with Cpy = 1.5. From Figure [5.10] the Smagorin-
sky model with van Driest Damping is better with respect to the quantity of interest
“difference to the mean”. On the other side, from Figure the Verstappen model
is better with respect to the quantity “Reynolds stress tensor”. And for the quantity
of interest “Root mean squared tensor”, there are only minor differences according to
Figure [5.11
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5.2.2 Experiments with Re, = 590

For the setting of Re; = 590, we repeat the same process as in the experiment of
Re; = 395.
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(b) Smagorinsky model with Cg = 0.015, 0.0175, 0.02 and 0.0225

Figure 5.13: Re; = 590, Smagorinsky model: Comparison between turbulent flow con-
stant in difference to the mean.
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(b) Smagorinsky model with Cg = 0.015, 0.0175, 0.02 and 0.0225

Figure 5.14: Re; = 590, Smagorinsky model: Comparison between turbulent flow con-
stant in Root Mean Square tensor.
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(b) Smagorinsky model with Cg = 0.015, 0.0175, 0.02 and 0.0225

Figure 5.15: Re; = 590, Smagorinsky model: Comparison between turbulent flow con-
stant in Reynolds Stress tensor.
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In the first round experiments, we have chosen for the Smagorinsky model the tur-
bulent viscosity constants are the following constants: 0.005, 0.01, 0.015 and 0.02. We
can see from Figure Figure and Figure that the behaviors of the
curves 0.005 and 0.01 are really bad. Hence, we dropped the constants 0.005 and 0.01,
and add 0.0175 and 0.0225 to the second round experiments. From Figure we
can see that the curves 0.02 and 0.0225 are pretty good. Moreover, in both Figure
and Figure |5.15(b)l we find out that the curve 0.0225 is indeed better than 0.02. There-
fore, we would prefer to choosing 0.0225 as the best turbulent viscosity constant in the
case Re; = 590 for the Smagorinsky model.
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(b) Smagorinsky model van Driest with Cis = 0.0175, 0.02, 0.0225 and 0.024

Figure 5.16: Re; = 590, Smagorinsky van Driest model: Comparison between turbulent
flow constant in difference to the mean.
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(b) Smagorinsky model van Driest with Cis = 0.0175, 0.02, 0.0225 and 0.024

Figure 5.17: Re; = 590, Smagorinsky van Driest model: Comparison between turbulent
flow constant in Root Mean Squared tensor.

93



h
—I]—12, mean
|
w
1

------- reference
—e— Smag.v.D Cs =0.005
—e— Smag.v.D Cs=0.01
—s— Smag.v.D Cs=0.015
—s— Smag.v.D Cs =0.02
—e— Smag.v.D Cs =0.024

0 100 200 300 400 500
y+

(a) Smagorinsky van Driest model with Cs = 0.005, 0.01, 0.015, 0.02 and
0.024

h
—ﬂ—12,mean

reference
—e— Smag.v.D Cs=0.0175
—e— Smag.v.D Cs=0.02

—2.0
—s=— Smag.v.D Cs =0.0225
—s=— Smag.v.D Cs=0.024
-2.5 T T T T T
0 100 200 300 400 500

(b) Smagorinsky van Driest model with Cis = 0.0175, 0.02, 0.0225 and 0.024

Figure 5.18: Re; = 590, Smagorinsky van Driest model: Comparison between turbulent
flow constant in Reynolds Stress tensor.
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The first round turbulent viscosity constants for the Smagorinsky van Driest model
are 0.005, 0.01, 0.015, 0.02 and 0.024. We dropped the constants 0.005 and 0.01 for
the Smagorinsky model with van Driest Damping after the first round experiments and
added 0.0175 and 0.0225. The change of choosing makes progress, since in Figure
and Figure [5.16(b), we can see that the curve 0.0175 goes nearer to the reference line
than the curve 0.02. But in Figure and Figure the curve 0.0175 belongs

no longer to the fittest curves. To this point, we would choose the curve 0.02. Because
in the Figure there is only slightly difference between 0.02 and 0.0175, but in the
F igurewe would notice that the curve 0.0175 is much worse than 0.02. Therefore,
we choose 0.02 to be the best turbulent viscosity constant in the case Re; = 590 for the
Smagorinsky van Driest model.
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Figure 5.19: Re; = 590, Comparison in difference to the mean.
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Figure 5.20: Re; = 590, Comparison in Root Mean Squared tensor.
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Figure 5.21: Re; = 590, Comparison in Reynolds stress tensor.
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The choice of the filter width constant for the Verstappen model is difficult. We have
chosen eleven constants in the interval [1.0,2.0]. And Since it is not clear to show the
results, if we put all eleven curves in one figure. We separated them to two groups of

the constants. From Figure [5.19(a)| and Figure |5.19(b), we can see that the curves 1.3,
1.4 and 1.5 belong to the best choices. And in the Figure [5.20] and Figure [5.21] we find

out that 1.5 behaves good. Therefore, we choose 1.5 to be the best filter width in the
case Rer = 590 for the Verstappen model.

99



0.0

|
o
U

|
=
=}

difference to Umean

—e— Smag.Cs =0.0225

—-1.5 1
—e— Smag.v.D Cs =0.02
20 —=— Verstappen Cgy =1.5
' T T T T T
0 100 200 300 400 500

y+

Figure 5.22: Re; = 590, Comparison in difference to the mean.
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Figure 5.23: Re; = 590, Comparison in Root Mean Squared tensor.
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Figure 5.24: Re; = 590, Comparison in Reynolds Stress tensor.
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As we have done in the case Re, = 395, we now can compare the curves between
the three models. Since we have already chosen Smagorinsky model with Cg = 0.0225,
Smagorinsky van Driest model with Cg = 0.02 and Verstappen model with Cry = 1.5.
It is clear to put them in the same figure to see which model is better. From Figure [5.22
the Smagorinsky van Driest model is better than other models with respect to the
quantity of interest “difference to the mean”. We can also conclude from Figure
that both of the Smagorinsky van Driest model and the Verstappen model are doing
well with respect to the quantity “Root mean squared tensor”. And for the quantity of
interest “Reynolds stress tensor”, the Verstappen model is the nearest to the reference
curve according to Figure [5.24
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6 Conclusion

This thesis discussed the Navier-Stokes equations and the large eddy simulation for
the turbulent flows. We derived the dimensionless Navier-Stokes equations, and gave
the initial conditions and the boundary conditions, especially the periodic boundary
conditions. We have pointed out that the dimensionless Navier-Stokes equations give
us the fundamental simulation of the turbulent incompressible flows. Furthermore, we
discussed the classical large eddy simulation. According to the Boussinesq hypothesis,
we gave the construction of the Reynolds stress tensor with respect to the turbulent
viscosity constant. For the estimation of the turbulent viscosity, we have had a further
discussion, since the eddy viscosity model is nonlinear. In this thesis, we gave two
methods to model the turbulent viscosity, which are the Smagorinsky model and the
Verstappen model.

The Smagorinsky model is a symmetric model, which adds the turbulent viscosity
model v to the momentum equation of the Navier—Stokes equations. And the turbulent
viscosity model of the Smagorinsky model v depends on the dimensionless Smagorinsky
coefficient Cg and the local mesh width §. On the other side, the Verstappen model
considers a sub-filter which filters out the eddies of size smaller than the average scale.
The sub-filter is an essential step which helps us to construct the eddy viscosity model of
the Verstappen model. And the eddy viscosity model of the Verstappen model depends
onr = —%tr(]D):‘) and ¢ = 3tr(D?), where D = D(v) represents the deformation tensor
of the velocity. And the eddy viscosity model of the Verstappen model depends on the
mesh width § as well. The approximation of r and ¢ is based on Poincare’s inequality.
By applying Lemma [I] and Lemma [2|, we can give a proper upper-bound of the eddy
viscosity model of the Verstappen model.

For the numerical studies, we introduced the variational multiscale method, precisely
the three-scale coarse space projection-based VMS method. We discussed the finite
element spaces that we need for the simulation. The finite element method space for
the velocity is continuous quadratic polynomials and for the pressure is discontinuous
linear polynomials on hexahedra. We also defined in this case the periodic boundary
conditions.

In the book [2], two examples of the turbulent flow problems were mentioned, which
were Re; = 180 and Re; = 590. In the same time, the Verstappen model was stated
to be successfully tested for the turbulent channel flow under Re; = 590 in paper [7].
Therefore, in this thesis, we performed two cases Re, = 395 and Re; = 590, governed by
the dimensionless incompressible Navier—Stokes equations. We applied the Smagorinsky
model, the Smagorinsky van Driest model and the Verstappen model with the code
ParMooN. And we have chosen three quantities of interest to compare the simulations,
which were the difference to the mean, the Reynolds stress tensor and the root mean
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squared tensor.

From the results of the experiments, we can see that, according to the three quantities
of interest, we cannot say there is a model that is absolutely better than the others.
However, the Smagorinsky van Driest model and the verstappen model both have a
better behavior. In the sense of difference to the mean, the Verstappen model with the
filter width 1.5 is better the other models when Re, = 395. When Re, = 590, the
Smagorinsky model with van Driest damping is clearly better the other two models.
And in the sense of the Reynolds stress tensor, the Smagorinsky model is always better
than the other two models. Another point to be noticed that, the Smagorinsky model
and the Smagorinsky van Driest model have different best choice of the constants as the
setting of Re, changes.
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