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INTRODUCTION

Introduction

The turbulence in a fluid flow can be defined as an ensemble of eddy motion where
the velocity and other flow properties evolve in an apparently irregular, disorderly and
chaotic manner. Because of the inherent non-linearity, an infinite number of realization is
possible so that details of the fluid particles trajectory seem to be unpredictable. These,
seemingly random motions in time and space, occur even if ensemble-averaged properties
exhibit a unique steady and unidirectional character, as in the case of a channel flow : the
turbulence is by nature a three-dimensional and unsteady phenomenon. Associated with
fluctuations of the velocity are the fluctuations of pressure in accord with the law of fluid
motion expressed in form of Navier-Stokes equations, which are assumed to be satisfied
at each time instant. The same applies for fluctuations of density, temperature and other
scalars, governed by energy and mass (species concentration) conservation equations in
non-isothermal and multi-component systems.

Turbulent motion is not only random but possess a rotational character : the eddy
motion is indeed present in a broad spectrum in space and time, corresponding to a wide
range of eddies of various size and life-time. In reality, the smallest scales present in a
flow are limited by the action of molecular viscosity, whereas the largest scales are of the
order of size of the flow domain (Launder, 1991).

A direct access to the details of the turbulent motion is still difficult and restricted to
very specific simple flows. In most cases of practical interest, the temporal variations of
the flow properties appear to be of secondary importance, the main interest being in the
time or ensemble averaged velocity and the pressure field (also the temperature, concen-
tration, density), evaluated over a time long enough compared to the characteristic time
scale of the fluctuating field, or over a large number of samples. Therefore, for practical
applications, the Navier-Stokes equations for the instantaneous motion can be averaged
and treated by a statistical approach, as proposed a century ago by Reynolds (1895).

The application of any statistical operator to the Navier-Stokes equation results in
unknown statistical moments as a consequence of the non-linear nature of the convective
terms. Of primary importance are the second order moments of the fluctuating velocity
in the mean momentum equation, which constitute the Reynolds stress tensor when eva-
luated in the same point. The transport equation for any statistical moment involves the
moments of immediate higher order which are unknown and remain to be closed.
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An one-point statistical description of the turbulence involves furthermore other unk-
nowns in addition to those arising directly from averaging the convection process. These
are the terms involving pressure and molecular dissipation. The pressure terms are charac-
terized by nonlocal effects because of the elliptic nature of the pressure in an incompres-
sible flow, whereas the dissipation terms reflect the character of turbulent spatial scales.
These are properties which are not explicitly taken into account by a single point statistics
and, therefore, are unknown.

The transport equations for the Reynolds stresses describe in essence the dynamics of
large scales, energy-containing motion, because they are of the same order of magnitude
as the kinetic energy, providing thus far an information on the characteristic turbulent
velocity scale. In order to close the unknown processes, it is necessary to introduce another
scale, in length or time. One of the most common choices is the scalar dissipation rate
of kinetic energy, because this quantity appears as a sink term in the kinetic energy
equation, and its physical interpretation is straightforward. The entire turbulent field is
then described by a unique set of characteristic time and space scales.

This is one of the major assumption underlining the one-point statistical closure hie-
rarchy. The turbulent spectrum is supposed to be in an equilibrium state. This implicitly
assumes that all spatial information can be given by a unique length scale for the whole
spectrum and that various eddies and the major processes associated with them are lin-
ked together by a transfer of energy at a constant rate. Therefore, the dissipation process,
acting on the small eddies, is assumed to respond with the same characteristic time to
any change occurring on the energy containing eddies, located at the large scales.

This assumption seems to be satisfactory for a wide range of flows of practical in-
terest. That is why the single-scale modelling approach has been so successful since the
early development. There are, however, many flows where such a spectral equilibrium is
not attained. A case in point is the flow in reciprocating engines, where a moving piston
generates periodic perturbations. To capture the salient features of such turbulent flows,
it may be necessary to introduce different scales by which to describe eddies of different
sizes, their evolution and mutual interaction.

A first attempt to distinguish different scales associated with various processes in the
dynamics of turbulence within the one-point methodology is the multiple-scale approach.
This type of closure, which is the focus in this study, has conceptually been proposed
by Launder and Schiestel (1978) and formulated for both the eddy-viscosity and second-
moment closure levels by Hanjali¢ et al. (1979). The main idea is based on a decomposition
of kinetic energy or Reynolds stress spectrum into several wave-number regions to which
major turbulence interactions are associated, and to propose a closure for each spectrum
slice. This led to the development of the split spectrum technique, which has been widely
applied in most of the multiple-scales models derived thereafter.

This approach can be regarded as an intermediate route between the classical one-
point approach and the two-point statistical description of turbulence.

The split-spectrum method follows the one-point methodology, and therefore, can ac-
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cess neither the non-linear nor the non-local character of the energy distribution between
the eddies of various sizes and their interactions. The full information can only be re-
covered by the full resolution of the turbulence spectra. However, some information can
be provided by formulating and solving the transport equations for additional turbulence
scales. The closures of these equations can be performed with the help of a two-point
description of turbulence in which the non-local and non-linear effect are naturally taken
into account.

It is, therefore, useful to revisit the two-point approach, which can serve as a basis for
deriving at least one additional scale equation. Far from an exhaustive review, the short
outline that follows recollects some of the past ideas as well as some novelties, and also,
introduces the notations used in this report.

The development of any multiple-scale model is strongly linked to the treatment of
various scale processes. The Fourier transformation of the two-point equation permits
a better description and interpretation of the processes and governing equations. This is
presented in the chapter 1 where the Reynolds stress equations are derived. This also leads
to the hierarchy of spectral models which are defined by different sets of the transformed
equations.

The spectral approach is presented in order to illustrate the derivation of the spectral
equations used for multiple-scale derivation. The brief review, however, does not pretend
to be exhaustive, nor to give a detailed view of the spectral models. It is only intended
to point out at some interesting features of the multiple-scale modelling and to provide a
better understanding of the processes and the underlying assumptions of the well-known
closures.
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Chapter 1

Two-point correlations and spatial
scales

The statistical two-point description of turbulence has been regarded as a convenient
mathematical framework for better understanding and modelling of the one-point quan-
tities. Kdrman and Howarth (1938) used this technique to study the evolution of the
turbulent length scales in decaying isotropic turbulence. It was also used later by Crow
(1968) to express the rapid distortion of isotropic turbulence and by Naot et al. (1973) to
derive a transport equation for the Reynolds stress tensor. The two-point description of
turbulence provides indeed a convenient framework to study the length scales equations.
Rotta (1951) applied the integral operator of the two-point correlation equations to derive
the equation for the product of the Reynolds stresses and a scalar integral length-scale.
The two-point description served also to derive transport equations for the length-scale
tensor (Lin and Wolfshtein (1980), Donaldson and Sandri (1981) or Oberlack and Peters
(1993)), and to provide a better insight in the closure of the classical one-point dissipation
equation (Jovanovi¢ et al. (1995), Oberlack (1994)). However, most of these studies were
confined to homogeneous turbulent flows. The two-point spatial approach has also been
used to develop multiple-scales models (Schiestel, 1987), though this can also be achieved
by starting from a description of the two-point equations in the spectral space through a
Fourier transformation.

The latter approach is adopted in this study. The spectral equations are presented in
the next chapter. As a starting point for the Fourier transformation it is interesting first
to look at the two-point equations in the physical space.

1.1 The two-point description and notations

The evolution equation of the two-point second order tensor is derived in this chap-
ter. The expression for the source term is written in a form that permits to isolate the
contribution specific to a two-point description of turbulent flow. This is achieved by a
suitable transformation of the independent variable, currently used in classical two-point
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CHAPTER 1. TWO-POINT CORRELATIONS AND SPATIAL SCALES

representation of turbulence (Hinze, 1975). Details of this transformation are given in
Appendix B and only the interpretation of each term is recalled in this chapter.

The fluctuating quantities are evaluated at points M’ and M” defined by coordinates
(2/,t) and (2”,t) respectively. In the following text each quantity defined at M’ (resp.
M") is denoted by ' (resp. ). The differential operators written in the Einstein notation
are also indexed by ' (resp. ”) when applied to variables 2’ (resp. ). This notation
is also valid for two-point quantities. However, when the two-point tensor corresponds to
the one-point quantity, the indices related to 2’ and those related to z” are only separated
by a dot.

The derivation of the two-point equation is obtained by the combination of the two
fluctuating equations evaluated at each point (see Appendix A) :

uy+ Li(w) = 0 (1.1a)
uj, + Lj(u") = 0 (1.1b)
in order to form :

wj [y + Li(w)] + uf [uf, + Ly(u")] = 0 (1.2)

The evolution equation of the fluctuating velocity written at points M’ and M” are :
U+ Vit = ==y =, Vi = [, = Wl + vy + f (1.3a)

— 1 _ -

W+ Vo, = - Pl —ul, Vi — [, — Wil ]+ vl + £ (1.3D)

Therefore, the two-point Reynolds-stress tensor equation may be written as :
T 17/ W VAWV _ RVl VRV
(uiuj)ﬂf +Vy (uiuj)Jf' +Vy (Uiuj),k” = TUUE Vg T UUg Vi,k’ (1.4)
/1,1 ",/
1,00, !,,! n
- (uiujuk),k” - (uiukuj),k/
1 N/ "N
- ; (uip,j” + uipy)
!, /1,11
+ v[(upu]) pr + (wiul]) g

Each source term can be written in the form used in the one-point equation and with
the above notations, leading to :

Cyjn = V;Ri.j,k"i‘VZRi.j,k” (1.5a)
Prjr = —Rix Vi = Ri; Vi (1.5b)
Gy = fiuj + fju; (1.5¢)
v = Tlhippr + T iw (1.5d)
oy = — (Wl ) (1.50)
v = v (]) e + (Wul) ] (1.5f)
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with
Ri.j = ugu;’ (16&)
TY, = —uujuy (1.6b)
T i —ujup (1.6¢)

The viscous tensor above includes both the viscous diffusion and viscous dissipation. Their
corresponding forms in the two-point description will be obtained by adequate splitting,
exactly as it is done for one-point description.

In order to identify clearly the meaning of each process and to separate specific two-
point contributions from the expressions that degenerate into the corresponding one point
terms when the two points collapse, it is necessary to adopt a local coordinate system
and to rewrite the equation in terms of the adopted two-point independent variables.
The most immediate choice is the well-known mid-point description, i.e. to place the lo-
cal coordinate system in the middle between the two points M’ and M"”. The two-point
properties are then expressed in terms of the mid-point position vector and the distance
vector between M’ and M”. Such transformation is used by Chou (1945), Hinze (1975) or
again Jovanovié¢ et al. (1995). The kinematic characteristics of this centered transforma-
tion are given in Appendix B. This, of course, is not the only possible choice and a popular
alternative is the decentered local coordinate system with its origin at one of the points.
This is used by Rotta (1972) and Oberlack and Peters (1993). Although the Jacobian
of the latter transformation is simpler, the first choice leads to a clearer description of
different processes in the equations, because it allows to separate in an obvious manner
each of the local or spatial contributions. The illustration of this is shown in Appendix B.

The adopted independent variables are :
1

Xy = 5 (2, + =) (1.7a)

r, = (z)—1}) (1.7b)

Any derivative with respect to Xj, will be denoted by . ;, and the derivative with respect to
7, by .x. The details of the application of this transformation are provided in Appendix
B. The evolution equation of the two-point Reynolds stress tensor can now be written as :

= Pydi d 4 & d 4 d — e - O (1.8)
where the material derivative is defined as
8. a 1 —/ =/ a
— ==+ =V V]| — 1.9
dt 6t+2[k+ k]axk (1.9)

The part of the convective term included in this derivation is denoted as

1 -  —
Cij = B Vi + Vi) Rij (1.10a)
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whereas the second contribution of the two-point convective tensor is defined as
Cij= Vi — Vil R jik (1.10b)
The production terms are then defined by
P;j=—Rix V;/,k — Ry j V;,k (1.11)

The turbulent diffusion involves the triple correlations :

U 1 U U
di; = B [Tk + Tk gl ), (1.12a)
di; = [T — ﬂ%.jhk (1.12b)
where
Ty = —uujuy (1.13a)
Ty; = —uwjupuj (1.13b)
The same notation can be used for the pressure-velocity tensor, so that :
1
di; = B [T+ Tﬁcg]k (1.14a)
di; = [T —Th,l, (1.14b)
where
P 1 T
Tijr = 5 wip" O (1.15a)
1
Tﬁc.j = —; uip o (1.15D)
The viscous diffusion can be written as
di; =V R jkk (1.16)

The dissipation tensor can be directly expressed in terms of second derivatives of the
two-point Reynolds stress tensor such as

1
5i.j =2v [—

1 Rij ki — Rijjkk] (1.17)

This particular splitting of the dissipation rate tensor has already been applied by several
authors working in the physical space (Jovanovi¢ et al., 1995) or in the spectral space
(Laporta, 1995). It enables to write a part of the dissipation tensor with the same operator
as the viscous diffusion process, and is denoted as the inhomogeneous part. It is noted
that this formulation is entirely due to the choice of a centered description of the two

8



1.2. DISSIPATION- AND LENGTH-SCALE

independent variables, as it can be seen by comparison with the decentered description,
preferred by some researchers (Rotta (1972), Oberlack and Peters (1993)), which leads
to a different outcome, (see Appendix B). The splitting presented here with the centered
transformation has been shown to be convenient to describe the wall limit behaviour of
the scalar dissipation in the case of a low-Reynolds number channel flow, as shown by
comparison with direct numerical simulation (Kim et al., 1987). It allows to close the
homogeneous part of the viscous dissipation with an equation of the same form as the
classical closure usually adopted for the entire term, but also to capture some feature of
the wall effect through the inhomogeneous part.

The two-point equations presented here can serve as a basis for the development of
spectral equations, and this will be briefly presented in the following chapter.

The approach adopted for the two-point Reynolds stress tensor can also be used to
derive an equation for the dissipation rate tensor or its trace (see Appendix B). A direct
application of the system of two-point equations to the one-point modelling using the
closure hypothesis based on local homogeneity approximation and dimensional analysis
leads to a form very similar to the core of the usual one-point models. Such a two-point
description does not provide much insight into the two-point characteristics, but can be
used to provide other parameters describing the turbulent scales. Some of the proposal
are presented in the next section.

1.2 Dissipation- and length-scale

In order to close the equation set, the Reynolds stress equation needs to be associated
with at least one characteristic turbulence scale. The dissipation rate ¢ is widely used as the
additional scale-providing parameter, although other proposals have also been studied. An
alternative choice, frequently adopted for practical applications is based on w, interpreted
as the rate of dissipation per unit turbulence kinetic energy (e.g. Wilcox (1988)). Such a
closure is, however, mainly linked to two-equations models. In one of the earliest Reynolds
stress models, developed by Rotta (1951), the closure was achieved using a scalar integral
length scale equation. This equation was derived by applying an integral operator to the
two-point correlation equation in the physical space. More recently Besnard et al. (1992)
derived a similar equation starting the analysis in the spectral space. In order to account
for some features of the turbulence structures, additional tensorial equations have been
studied, such as the tensor length scale equation. Such an equation was earlier proposed
by Donaldson and Sandri (1981), but some important processes have been neglected in
their formulation. This is also the case in ? (?) approach as mentioned recently by ?
(7). The latter authors use a volume integral of the two-point correlation as well as an
homogeneity approximation. The same restriction can also be found in Oberlack (1997)
equation, who retains higher order terms in the extension of the functional, but did not
provide suggestions for all of the coefficients arising in the derivation. The expression for
some of these closures will be used in the next chapter as a basis for comparison with the
model derived in this report.
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Chapter 2

Treatment of the equations in the
spectral space

The two-point statistical description of turbulence allows in principle to account for
interaction and energy transfer between eddies of different sizes. It involves only the
unknowns arising from the averaging process. The potential of the method for a refined
description of turbulence has long been recognized and various routes to deriving a clo-
sed set of equations have been investigated and reported in the literature. Three major
approaches can be distinguished, each offering some advantages, but also shortcomings.

The most straightforward method is to derive equations for statistical moments up
to an adopted order and expressing the higher moments in terms of the lower ones. For
instance, at the third order level the fourth order correlation can be closed by the quasi-
normal approximation which assumes a quasi gaussianity (Millionschtchikov, 1941). The
quadruple correlations can then be written in terms of second moments. The numeri-
cal calculations performed for homogeneous isotropic turbulence by O’Brien and Francis
(1962) and Ogura (1963) showed some inconsistencies of this assumption resulting in ne-
gative kinetic energy spectrum. Orszag (1970) noted that the relaxation time introduced
by the QN closure on the triple correlations does not take into account the non-linear
processes and proposed an eddy damping approximation. The original spectral closure of
this type, known as the Eddy Damped Quasi Normal (EDQN) approximation, ensures
the widely accepted K% energy spectrum decay in the inertial zone in accord with the
theory of Kolmogorov (1941). The EDQN closure does not, however, satisfy the realisabi-
lity of the kinetic energy spectrum. Therefore, Orszag added a modification to the original
closure called Markovianisation, which led to the EDQNM closure. The one-point closure
for the triple correlation proposed by Hanjali¢ and Launder (1972) has some similarities
with this procedure, even though it was derived directly from the single-point transport
equation and for different reason and purpose. The EDQNM closure has been refined by
several authors (Leith (1971), Pouquet et al. (1975) or André and Lesieur (1977)) and it
is basically aimed at retaining the non-locality of the triadic interactions captured by the
spectral description, while proposing a simpler formulation of the interactions themselves.

The approach developed by Kraichnan (1958) has also been targeted at deriving the

11



CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

spectral equations, but using the perturbation expansion (Direct Interaction Approxi-
mation). This can be seen from the exact solution of the hierarchy of the equations of
moments associated with a particular stochastic model equation. This equation stands
instead of the Navier-Stokes equation, though it keeps the same structural properties.
The realisability of the energy spectrum is, therefore, assured by this equation. However
the first derivation of the DIA did not satisfy the Galilean invariance of the statistics and
led to a K ~3/2 variation of the kinetic energy spectrum in the inertial range (Kraichnan,
1959). This deficiency was later modified by adopting a Lagrangian formulation (LHDIA)
of the DIA (Kraichnan, 1965), but doing so the existence of a stochastic model could
not be proved anymore. This technique is rather cumbersome and so far it has not been
proved viable for numerical computation of turbulent flows.

The Test Field Model (TFM) method has also been initially proposed by Kraichnan
(1972) to restore the Galilean invariance in its DIA formulation. This technique leads to a
closure of the triple correlations similar to the EDQNM approximation, where the relaxa-
tion time is determined by the advection of a test field by mean velocity. Its formulation
is simpler than the LHDIA, but still more complex than the EDQNM approach.

All studies mentioned above have considered only simple flows, in most cases the
homogeneous turbulence. However, they lead to a better understanding of the evolution
of turbulence in presence of very specific physical effects such as, for instance, the rotation
(Cambon et al., 1991). In the inhomogeneous case it is essential to simplify the closure
and to restrict the spectral description to a manageable level if the method is to be
used for practical purpose. For this reason several authors have integrated the spectral
equations over a shell of the wave-number radius and proposed closure for this directional
information (? (?), Jeandel et al. (1978), Cambon et al. (1981) or Besnard et al. (1992)).
Such an integration introduces additional unknowns and again three different approaches
can be found in the literature to deal with the problem.

In the first approach the unknown terms are closed in a similar way as in the one-point
method, which means that the nonlocal interactions are modelled by a local formulation
(Leith (1967) or Kovasznay (1948)). This approach abandons any directional information
but still allows to capture the cascade of energy in the Fourier space. The model, adopted
in this report as a basis for the derivation of the multiple scale model, belongs to this
category. It will be presented at the end of this chapter.

The second approach adopts a three-dimensional spectral closure of the EDQNM type
and introduces some directional information in order to integrate the spectral equations
over the shells of the wave-number radius (Cambon (1979) or Laporta (1995) ).

The third route is based more on the DIA approximation while using two-scales (Yo-
shizawa, 1987). In contrast to the other two approaches, it has not been used for practical
calculations, but rather to explain some features of Large Eddy Simulation or one-point
two-equations closures.

12



2.1. APPLICATION OF THE FOURIER TRANSFORM TO THE REYNOLDS
STRESS EQUATIONS

2.1 Application of the Fourier transform to the Rey-
nolds stress equations

The Fourier transform of the Reynolds stress transport equation can be performed
following the definitions recalled in Appendix C. However the treatment of the terms
involving the mean velocity components necessitates an approximation. The direct trans-
formation of such terms introduces not only the Fourier transform of the mean velocity
but also convolution products. In order to avoid these products, the mean velocity compo-
nents are usually expanded around an averaged position (Cambon et al. (1981), Besnard
et al. (1992) or Laporta (1995)). The mean velocity components are then defined with a
differential operator (Laporta, 1995)

) 1 8V, —

Vi = exp(=57s ax.) Vn (2.1a)
— 1 V.
that can be transformed into the Fourier space as
— I 9. 9V —
_ - =V, 2.2
Vi = (5555 =V (2.22)
—n I 0. ov. —
— S =V, 2.2b

where the superscript .V over the partial derivative indicates that this operator only
applies to the mean velocity component.

The truncation applied in this expansion retains the major characteristics of an in-
homogeneous turbulent flow, what is assumed to be sufficient to expand the spectral
Reynolds stress tensor equation up to the second order in the spatial derivative (Laporta,
1995). This assumption is not too restrictive as long as the terms present in the one-point
description of turbulence come from no more than the second order spatial derivatives
in the spectral space. Higher contributions are entirely spectral processes. This implies
that a truncation of the spectral equation at the second order level is justified as a first
approximation in the sense of one-point models.

2.2 Transformation of the terms which do not expli-
citly involve the mean velocity

The Fourier transformation of these terms is straightforward and is listed below.
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

2.2.1 Unsteady term

This transformation is :
TF [Ri.j,t] = Ri.j,t = éij,t (23)

where TF stands for Fourier transformation of the quantity in square brackets. In order
to simplify further the notations, the transformed quantities are denoted by a hat {.}.

2.2.2 Turbulent diffusion terms

In order to simplify the notations, the Fourier transform of the triple correlations are
here denoted without a superscript, i.e. :

Ti.jk = Tzujk (2-4)
so that the expression for the turbulent diffusion can be written as :
1
TF [d; + i) = = [Thjk + Tikgl g, + 1 ke [Tiji — Tir 5] (2.5)

2

2.2.3 Pressure-velocity correlations

These terms can be expressed in the spectral space as functions of the second order
tensor and the triple correlations using Poisson equations. They can be denoted as :

A

1. .. . R
TF [d}; + df;] = 5 [T + Tﬁcg]k + Lk [T, — T ] (2.6)
or again
1
TF [dﬁ"j + df‘j] =3 (1L, + H;‘,j] + 1 [k; 117 — K, 10 (2.7)
with
* 1 N3
II; = TF[——up”] (2.8a)
P
1
II; = TF[—=u]p] (2.8b)
P
The treatment of the Poisson equation is elaborated later.
2.2.4 Viscous diffusion
The transformation of the viscous diffusion is direct :
TFE [v Rijxk] = v Pijik (2.9)

14



2.3. TRANSFORMATION OF THE TERMS WHICH EXPLICITLY INVOLVE THE
MEAN VELOCITY

2.2.5 Viscous dissipation

This term is exact in the spectral space and can be written as :

1
TF [gi.j] =2v [Z @ij,kk + k2 @Z]] (210)

2.3 Transformation of the terms which explicitly in-
volve the mean velocity

It can be noted that the terms which explicitly involve the mean velocity gradient
might be written in a condensed form. They appear in the convection and production
terms, which can be considered jointly :

_ 1 o . o . .
Sis =5 Vi+ Vi Rijr — Vi = Vil Rijie — Rix Vi — Ri; Vi, (2.11)

Using the incompressibility condition this term can be reduced to :

STi= G at ) Ry + V) R (212)
[k = ) Vi Riy + Vi R
or, in the form :
shi= - (% b 11) [Bat O+ G Ong] Vi R (2.13)
- (%.k-—.k)wﬁk5m¢4—6mk6m}ViVij

It is clear that any expansion of the mean velocities needs to be calculated only once. As
already mentioned, for this reason the velocity components are expanded in Taylor series
where :

_ — 1
V, = V(X- if) (2.14a)
— — 1
V. = V(X+31) (2.14D)
is expanded as :
_ 1 V.o
v, = exp(——m ng)Vn (2.15a)
|
vV, = exp(5 7 ng) (2.15Db)

15



CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

where the superscript .V over the partial derivative indicates that this operator only
applies to the mean velocity component. The Fourier transform of those quantities leads
to:

1 I 0. 0V. —
o I 0. 9. —

It is convenient to introduce here the notation proposed by Besnard et al. (1992) for this
operator :

< /1 9. 9.\ 1
S(X k)= <§8—kn 8Xn) — (2.17)

|
m=0 m:

The transformation of the derivative operators with respect to the first and second point
is denoted by the following notation :

1 0.

+ Ik, (2.18)

This quantity is precisely the derivative with respect to the second point in the spectral
space. Their conjugate forms are applied to the first point and will be denoted with a
star, as :

V(&) = Vi (k) (2.19)

Using these notations the transformation of the group of terms involving explicitly the
mean velocity is straightforward :

Again it has to be pointed out that the combinations of the expansion of V and X operators
have to be used with care since the spatial derivative in the Y operator only concern the
mean velocity components.

The compact form of the terms explicitly dependent on mean velocity may seem
convenient for a practical calculation, but this notation has also some drawbacks. It does
not allow to clearly separate every physical effect. Therefore, the Fourier transform is
applied to each process separately, using the earlier adopted notations.

2.3.1 Convective terms
C;.; contribution
The expression involved in the particular derivative can be written as :

A 1 1 TF 8<I>U
Ci-—§[Z+Z]Vkan

(2.21)
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2.4. CALCULATION OF THE PRESSURE TERMS

and its expansion up to the second order in spatial derivatives yields :

a@i]’

Ci=Viox,

+0()

C;:; contribution

The expression involved in the particular derivative can be written as :

Cii = =[S = Vi (L by @)

and its expansion up to the second order leads to :

(e — _[Iﬂa_v}v (I ki ®i;) + OC)
U= ok, 60X, PV TR
which can be simplified as :
S 0. 3
€y = Vo 5 {km cbij] + 0@

This term is usually named as the linear transfer term.

2.3.2 Production terms

The Fourier transformation of the production terms can be written as :

Py =—[SV;], @i — [2°Vi], Bk

so that the expansion yields :

A

P —Vj,k Dy — Vi,k Dy

I 0%, - 0y

—\Viky —2L =V py ——
T [V g, TV g,
+0(%)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

The fact that the mean velocity gradients are expanded up to the second order can be

traced only in the production terms which explicitly involve the mean velocity.

2.4 Calculation of the pressure terms

The pressure-velocity terms can be expressed using the earlier introduced notations

as .

15 = TF[d}; + di;]

(2.28)
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

They can be calculated using the Poisson equations obtained by taking the divergence
of the transport equations for the Reynolds stresses. These expressions is recalled in
Appendix C.

When the Poisson equations are integrated in the physical space and transformed into
the spectral space, the resulting contribution of the pressure-velocity correlation can be
written as :

ViI(X, k) = —V; Vi Va G285V, @iy — T (2.29)

where the spectral transform of the Green function can be chosen to be :

1 0. -1
o=~ (22 v1m)] 2an
20X, " ( )
Hence, using the Taylor expansion of the Poisson equation operators the expanded ex-
pression of the pressure-velocity correlation can be obtained.
For a shorter description it may be convenient to split these correlations into two

contributions, the first one involving the spectral Reynolds stress tensor and the second
one the triple correlations.

2.4.1 Contribution from the triple correlations

The contribution involving explicitly the triple correlations can be written as :
Tp =ViV, VG T +V;Vy, V, GT (2.31)

and it immediately leads to :

TZZ}(“) = I kﬂ;fn l:kz T — kj ﬂ.mn:| (2.32a)

- ; kkf {a(zc Tnj + aic Tm”]

_ [kk";m %Tmm + % aiknﬂ.mn}

Tk o2,
- N {m% - X,
2 2
* é km:f . [a)géxl Trmj ﬁﬂ' m"}
klklz 8X828Xl {k Fng = hy Tm”}
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2.4. CALCULATION OF THE PRESSURE TERMS

I ki ko\ ko kn 02
* 4(1 k2> K 0X,0X, 7o
+ 0()

S

2.4.2 Contribution involving mean velocity gradients
The contribution involving explicitly the mean velocity can be written as :
V) = VIV VLG 25V, 8] — VYV, VG 28T, 0] (233)
The operator involved can be conveniently split into a first order and a second order
contribution (in terms of mean velocity derivatives).
First order expansion

A direct application of the first order terms of the developed operators leads to the
following expression :

Ao (V kmkn [, — —
Ty = —2I 2 |Ki Vo g — ki Va <I>im] (2.34a)
km by, [— —
+ Vn (I)m],i + Vn q)zm ]:|
ko [, — —
s [k Vo Doy + k3 Vo ®imn (2.34¢)
+ kz Vn CI>mj,n + kj Vn q)zm,n:|
ko, T. — —
- [k; Voo P+ k; Voo Pire (2.34d)
b Vo @y + ey Vo cpimym}
kp kn k — —
- 2 X! : {kl Vi @j 4 K Vi Pim (2.34e)

+ kz Vn q)mj,l + kj Vn (I)im,l]
— kK 0P, 0P,
o . m 'vn kl mj k. zm:|
Vit =3 [ ok o,
+ 0()

(2.34f)

In order to simplify these expressions and to display the order of expansion in a more
transparent way, the incompressibility condition is applied allowing to replace the follo-
wing terms :

I 09,,;

T 9X, (2.35a)

km (I)mj
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

I 09,

km q)zm a
2 0X,,

Each term has been labeled in order to make the simplification more obvious.

Simplification of (2.34a)

A (Y] kn I7
[2.34a) 711;(}/) = ——V, l:kl Cbm%m + kj q)zm,m:|

Simplification of (2.34b)

2.34b] (V) _ Ik [— L va
[ ) 7151 - _5 ﬁ [Vn,z q)mj,m - Vn,j (I)zm,m]
Ik, —

_5 ﬁ Vn |:q)mj,im - q)im,jm:|
This shows explicitly a contribution of second order terms.

Simplification of (2.34c)

2 o) _ 1 1o
[ } iZ—‘Z?l - _5 ﬁ Vn n l:kz (I)mj m kg q)zm,m:|
11
_5 ﬁ Vn |:kz q)mj,nm k] q)zm,nm]

Simplification of (2.34d)

This term needs is in fact not to be transformed.

314) o7 i 37
[2.34d] TZJ;(1 ) P Vo [l{;Z D, + K (I)im]
kn —
+ﬁ Va [kz @jom + Ky q)imvm]

The second part of this term can be simplified using 2342 Tf;(lv)

Simplification of (2.34e)

. (T knk; —
[2.34¢€] ﬂ};(}/) — I o ! Vn,l [kz q)mj,m - kj ®1m7m:|
ey by —
+1 ?l Va [kz (I)mj,lm - kj q)im,lm:|

(2.35hb)

(2.36a)

(2.36b)

(2.36¢)

(2.36d)

(2.36e)
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2.4. CALCULATION OF THE PRESSURE TERMS

Simplification of (2.34f)

— ky
s e — T " [k: D, + kj CIDZm] (2.36f)
I— &k,
+ an L2 |:k q)m] m|l — kq)zm,m|l:|

where the . ,, denotes the derivative Wlth respect to X, and .}, denotes the derivative with
respect to k,. The first part of this term can be grouped with the first part of (2.34d).
Second order expansions

A direct application of the second order terms of the expanded operators leads to the
following expression : :

Ik — _
TS(Q ) = Z { Vnpg Prmjlpg — K Vinpg q)impq:| (2.37a)
km kn by O. _
+ 1 k4 87 |:k V”P q)m]\p kj Vn,p (I)zmp:| (237b)
Ik kn [ O. 5.
9 k2 {@XZ- (Vn,p cbmjp) - @X (Vnpq)zmp)] (2.37c)
Ik, O. — _
o 5 ﬁ 00X [kl anp (I)mﬂp - kj Vn,p q>zm|p:| (237d)
Ik, O. — —
- 5 ﬁ 00X [k V”P (I)mﬂp - kj Vn,p q)zm|p:| (2376)
I1 0. — —
T P ax ax. {kz Vi ®@mj — ki Vi @m} (2.37f)
Ik, O. 0.
T 2R ax, [ (V ® J) 0X; (V q’“ﬂﬂ (2.37g)
I1 0. 0.
t SR ox, [3 (V ki CPmJ) e (V ki <I>zm>} (2.37h)
ki k, O. 8 0. _
- ax L‘?X (V i cb"”) ax; (V i q’””)] (237
k0% — _ .
kik, 0% — —
_ Zk ) [k Vi @y — b Vi @im} (2.37k)
Ik, k: ks 2, — —
- ICR L SE )SaX i Vo @y = iy b Vi 0| (2371
+ 0()

It is again illustrative to write explicitly the derivative with respect to X.
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

Simplification of (2.37a)

This term contains the contributions from higher order terms and therefore can be
simplified. It is written as :

37a] (V. I kn
[2 37 } 7_'5(2 ) = Z ﬁ Vn,pq |:kz km ®mj‘pq - k] km éim|pq

The second derivatives with respect to k£ can be transformed as :

0.

K q)mj\pq = % {km (I)mjlp} - (I)qjlp
q
0.

km (I)im\pq = % {km (I)imp} - q)iqlp
q

and again :
Lk P, . — i [(k d ) - P ] — P .
m *'mjlpq (9/€q m Emj i pj qjlp

S (CTI R
Ipg (9/€q i D qlp

As for the first order terms, the incompressibility condition allows to express the deriva-
tives with respect to X explicitly, so that :

0. I
K cbmj\pq = 0kq K 9 Qﬂ]’m) » - q)m} - q)qjlp
0. I
P, = (2 ®, — P, | — P,
K im|pq 0kq {(2 Zm,m> i Zp} iqlp

It is clear that the contributions involving the derivatives of the spectral tensor with
respect to X makes it a third order expansion term and therefore can be truncated.
Furthermore, because the second derivatives are commutative, the term can be written
as :

a7al o (V Ik, —
237l FEG) = — 5 72 Ve |Ki Ppjlg = K Piglg (2.38a)
Simplification of (2.37b)
The original term can be written as :
' Ao (V km kn by O. — —
[2.37Db] T‘£(2 ) = ] o a—)(l k‘l Vn,p q)mj\p — kj Vn,p q)zm\p
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2.4. CALCULATION OF THE PRESSURE TERMS

However it should be noted that :

Ok,

0.
R Prnlp = ok, {km ‘bmj] "ok, P
0. Ok,

which, using the incompressibility conditions, becomes :

kp, ©

DN |~

mj|p

0.
o7 (Pram| = 0
P

km q)zm\p =

DN |~

0.
— |, — P,
3k:p [ zm,m:| ip

The term can then be written as :

Ap(V koki 0., — _
Ramlr) = a l e [k; Vi @i — ki Vi @ip]
1k,ky 0. [, — _
5 k4 a—)(l [kl n,p q)mj,m\p - kj Vn,p q)im,m|p:|

It is quite obvious that the second part of this term is of the third order with respect to
the X derivatives. Therefore, the contribution of this term to the second order expansion
can be written as :

v ky ki —
[2.37b] Tg(;/) - 7 k4l Vol |:kz ®,; — k; q)ip] (2.38D)
ky ki —
— I k4 : Vn,p |:kz ®pj,l - kj (I)ip,l:|
+ 0()

Simplification of (2.37c)

The same kind of simplification can be applied to the next two terms, (2.37c) and
(2.37d).

T Ik, —
[2'37(:} 7-'5(;/) — 5 ﬁ Vn,p |:®pj,i - ®ip,j:| (238C)
I ky [— _
+§ ﬁ [Vn,pi (I)pj - Vn,pj (I)ZP:|
+ 0()

23



CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

Simplification of (2.37d)

AT I 1
BINFHD 2 Vg [k: o, — k, @Zp} (2.38d)
I 1 __
+5 25 Voo [Fi @i = ks Pi
+ 0()
Simplification of (2.37e)
The derivation leads to two terms :
o oV Ik, —
[2:37¢] Tz‘I;‘(2 ) = - 5 ﬁ Vn,p {kz q)mj\p,m - kj q)im|p7m] (2'386)
Ik, —
—5 72 Vnem {kz Ponjlp — kj q)imp}

The first term is exactly the opposite of (2.34f), whereas the second term can be added
to the second part of (2.37a), since it has exactly the same form.

Simplification of (2.37f)

[2.374] TZI;(QV) _ é %Vnmm {kz D, — k; ‘I%‘m} (2.38f)
% %vn,m [k Prnjin — b @m]
+é %Vn [kz D@injnm — kj q)im,nm}
FEAE v [k; S <I>z-m,m]

2 k?
The last two terms cancel with the (2.34c) term while the first two terms can be lumped

with the (2.37d) term.

Simplification of (2.37g)

[2.37g] TZZ;(Y) é % Vo {(I)mj,i _ qpimd} (2.38g)
L T S
% % [V B — Vs @im,m]
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2.4. CALCULATION OF THE PRESSURE TERMS

The last two terms cancel with (2.34b) and the first two terms can be added to the (2.37¢)
term.

Simplification of (2.37h)

This term is in fact of a higher order than two, so that :

[2.37h] le;(QV) — 00 (2.38h)

Simplification of (2.371)

This is also the case for the next term :

[2.37] le;(ZV) — 00 (2.38i)

Simplification of (2.37j)

This simplification can again be applied to the next term :

23 V) — o) (2.38])

1.2

Simplification of (2.37k)

No change has to be introduced in the next term.

[2.37K] TZZ;(QV) R k;glz” Voim [k;Z P, — k;j @im] (2.38k)
I k;{jn Vom [l{;Z D1 — kj q)im,l:|
—1 kijn Vo |:kz Prjim — k; q)im,lm]
LU P

Here again the last two terms cancel with (2.34e) while the first two terms can be asso-
ciated with the (2.37b) term.
Simplification of (2.371)

The incompressibility solution again makes this contribution a third order one, so
that :

[2.37) pp(V) 0% (2.381)

7.2
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

Regrouping the first and second order expansions

As already shown, the contribution of the pressure terms involving the Reynolds stress

tensor can be simplified as :

~p(V)
7

O
Ea
<l

~ o
[N}

| ===zl
<l

npm {’f Qjip — kj ‘I)z'mp}

+
~
<

n,nm |:kz CI>mj - kj (I)zm]

<l

n,m [kz (I)mj,n - kj (I)zm,n]

+ 4+
~ ~
Eas

Vn,m [émj,i - (I)im,j]

T T
o

3

[Vn,im q)mj - Vn,jm q)zm:|

=Y % Vit s @y = b Bin)
ki kn, —
B Van [ ®unia — by i

I

o
o

—217

The first terms can be easily recognized to be the zero order rapid term in the spectral

space.

2.5 Second order expansion of the Reynolds stress
equation in the spectral space

Now that each process has been identified, we can summarize the expression for the
second order expansion of the Reynolds stress transport equation in the spectral space.
Various contributions are written in the increasing order of the expansion with respect to
the spatial derivatives. The physical meaning of each term and the processes which they
represent are also indicated. Hence, the transport equation for the spectrum tensor can

be summarized as :

D,y
unsteadiness

(1a) (1b)

convection

+ Vi®yy =

— 0
+ Vm,n

1
v ®@ij ik - 2v [Z D)k + K Dy

viscous dissipation

(1d)

viscous diffusion

(1c)

— |k Py
Ok, { 3]
linear spectral transfer
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2.5. SECOND ORDER EXPANSION OF THE REYNOLDS STRESS EQUATION IN
THE SPECTRAL SPACE

(2)

— Vik @i — Vig Pry
production by mean velocity gradients (first order terms)

(3)

k
Egvmm{mémj+k¢@m]

rapid pressure strain term (first order term)

(4)

+ 2

2
inhomogeneous turbulent diffusion spectral turbulent diffusion

(5a) (5b)

1
+ = [Ti.jm + T j

+ Tk [n.jm - Tim.j}

,m

km kn k
]{?2 l [6zl Tmn.j - 6jl T'zmn]

contribution to the spectral cascade by the triple correlations

+ I

arising from the pressure-velocity correlations

(zero order terms)

(6)

kv knkik, 1ky,k, ko ki
+ |: I{Z4 - 5 ]{32 - ? 6np:| |:5zl Tmn.j + 6jl T‘zmn ,
triple correlations term arising from pressure-velocity correlations
(first order terms)

Sip

(7)

I kK Ik, Ik, k,k k, ky, ki
| Tt g g O a5 S L
I kyko\ ko ki ki
+Z (6pq_4 22(1) I{Z4 :| |:6zl Tmn.j_(sjl 71zmn -

triple correlations term arising from pressure-velocity correlations

(second order terms)

(8)

DN |~

5nl Vn,pm l:(szl (I)mj - 5jl q)zm:|

Ip
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production by mean velocity gradients (second order terms)

(9)

kn by —
?l Vn,pm 61'1 q)mj - 6jl cbzm
Ip

terms arising from pressure-velocity correlations

- 1
(first part of the second order terms)
(10)

ki k, kp +7 @ 6pl + 7 % 5pn} <Vnm [52'1 q)mj - 6jl (I)Zm]>
P

+ | =21 = 2

terms arising from pressure-velocity correlations

(end of the second order terms)
(11)

The molecular effects are here written in the first line of the right hand side of this
equation. They are respectively the viscous transport and the viscous dissipation terms.
Although they are here separately written, it is obvious (as it has been already noted for
the two-point equations in the physical space), that the viscous diffusion can be grouped
with the non-homogeneous part of the viscous dissipation in order to obtain a more
compact form.

The two-point contribution from the convective terms, usually named as the linear
spectral transfer, is given in the second line of the equation (term (2)).

The first order contribution of the production by mean velocity gradient is the next
term (%), representing the interactions between mean and fluctuating field. Its second
order contribution appears later in the equation and can be written in a similar form to
the part of the second order terms involving the mean velocity gradient and arising from
the pressure-velocity terms.

The next term (4) is the only remaining contribution of the pressure-velocity correla-
tions involving the mean velocity gradient for the case of a homogeneous turbulence. This
is the first order term in the expansion of the rapid pressure-strain term.

The terms (5a) and (5b) are derived from the turbulent diffusion. The first one is an
inhomogeneous contribution depending on the spatial derivatives. The second one takes
into account the influence of the distance between the two-points in the physical space,
and is therefore a spectral contribution to the turbulent diffusion.

The zero order expansion of the pressure-velocity correlations involves only the triple
correlations (6). It can be noted that for homogeneous turbulence, only the terms up to
(6) remain. In addition, the viscous diffusion (1¢), the diffusion-like term of the viscous
dissipation (1d) as well as the inhomogeneous turbulent diffusion (5a) vanish. Therefore,
in the case of a homogeneous turbulence, the cascade of energy is described via the linear
spectral transfer (2) and the non linear spectral transfer decomposed in the spectral
turbulent diffusion (5b) and the zero order pressure-velocity correlation term (6). The

28



2.5. SECOND ORDER EXPANSION OF THE REYNOLDS STRESS EQUATION IN
THE SPECTRAL SPACE

integral of each of these terms over all wave numbers is indeed zero in a homogeneous
flow. In the case of an inhomogeneous flow, the contribution of the spectral turbulent
diffusion (5b) in the one-point physical space remains zero. This is not the case with
the integration of the zero order pressure-velocity correlations term (6) which has to be
integrated together with the higher order term ( (7), (8), (10) and (11) to give a zero
contribution. Based on the above interpretation it could be more suitable to name the
entire redistribution term in the spectral space as the nonlinear transfer term. However,
for convenience and a more transparent comparison with relevant literature, we follow here
the nomenclature used by Bertoglio and Jeandel (1993) and Laporta (1995). The name
spectral transfer is then reserved for the processes which do not come from any spatial
inhomogeneity, while the name diffusion is associated with typically inhomogeneous terms.

The summarized equation allows to recognize the various terms to be retained for a
homogeneous flow, as well as those representing the first order spatial inhomogeneity or
the contributions from spatial second derivatives. In a way, it simplifies also the physical
interpretation of each term.

However, the non linear spectral transfer term can be written in a more compact form,
as shown below.
First, we can rewrite the spectral turbulent diffusion (5b) as :

so that it has a form similar to the zero order term (6) :

kn k

allowing to write the non linear spectral transfer as
(5b) + (6)

kn kl
]km [? - 6nl:| l:(szl Tmn.j - 6jl Emn:|
The inhomogeneous turbulent diffusion (5a) can be written together with the first
order term from the pressure-velocity correlations involving the triple correlations (7).
The inhomogeneous turbulent diffusion terms are first rewritten as :

1
T im + Toms|

1
5 - 5 6pm 6nl [5zl Tmn.j + 5jl Emn:|

m P

whereas, using the symmetry of the indices ,, and ,, in this expression, the terms of the
first order are expanded as :

K kn ki K 1 Ky, ke 1 Ky, Ky 1k, Ky
()= [P =g T e g i S g [0 T 8o

p
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CHAPTER 2. TREATMENT OF THE EQUATIONS IN THE SPECTRAL SPACE

allowing to express together all first order term depending on the triple correlations as :

(5a) + (7)

kn ki k 1k, 1k 1 (kK
|:km < k4 - 5 ﬁ 6117 - 5 ﬁ 6711’) - 5 < k2 - 6711) 5mp] [&l Tmn.j + 6jl 71zmn

P

All second order terms depending on the triple correlations are already grouped in one
term (8). The second order contributions depending on the spectral tensor can be written
as :

(9)+ (10) + (11)
knkik, 1k, 1 Ky R \%
o2l T g2 0w Poms »
1/ k,k —
|p

It can also be seen that a more compact form of the equation might be obtained for
the higher order terms. Since the derivation of one-point equations is the main target
of this study, it is convenient to decompose the term arising from the pressure-velocity
contribution in the same way as it is done with the correlation between the pressure-
gradient and velocity in the physical space. This decomposition leads to a diffusive and
a redistributive term, the latter called the pressure-strain term. The correspondence is
elaborated in Appendix C.

2.6 Closure of the Reynolds stress equation in the
spectral space

The description of turbulence in the spectral space dispenses with the necessity for
closing the dissipation tensor because this equation can be treated in the exact manner
in the spectral space.The pressure velocity correlation can be directly obtained by solving
the Poisson equations that are directly expressed in terms of spectral tensor ®;; and
triple correlations 7;; ;. Hence, only the third order correlations have to be specified. The
information contained in the spectral equation enables to describe the interactions between
the different scales and thus far accounts for the non-local processes in turbulence. The
non-local processes are mainly associated with the third order correlations so that a full
spectral treatment can retain these information. However, since the one-point equations
are the final goal of this study, a local treatment can be considered still as a useful
approximation, leading to a much simpler model in the spectral space (Cambon (1982),
Besnard et al. (1992) and Steinkamp et al. (1995)). A local closure of the third order
moments will, of course, conceal a part of the non-local interactions between the scales.
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2.7. SPHERICAL INTEGRATION

However, it enables still to introduce several scales. Taking this advantage of a spectral
description of turbulence and incorporating the scale information in the one-point closure
is basically the aim of this study.

The technique chosen here follows the work of Laporta (1995). It enables to dispense
with the definition of a split spectrum. Multiple time scale turbulence models which
use a decomposition of the spectrum, as described by Schiestel (1983), lead to a large
number of equations, in fact separate equation sets corresponding to each spectrum slice.
Particularly at the second moment closure level, this approach generates a formidable
number of equations which are unsuitable for practical computations. Even more serious
problem is the number of empirical coefficients which increases progressively with the
number of spectrum slices considered. Here, we try to identify and incorporate into one-
point model the basic information from a very simple spectral approach.

2.7 Spherical integration

The triple correlations are linked to triadic interactions of the wave numbers. In order
to reduce the dimensions involved we adopt the classical method which is based on the
integration of the equations over shells of radius equal to the norm of the wave number.
This operation does not allow anymore to account for the anisotropy of the directions of
the wave number. However this information is also totally inaccessible to the one-point
approach.

Introducing such integration leads to unknown quantities in almost every term of the
Reynolds stress transport equation, terms that, therefore, need to be closed.

Using the standard notation of the spherically integrated tensor is :

the exact equation for ¢;; can now be written as :

_ 1
vijt  + Viepije = V Pij kk — 2v [Z Vijkk k2 Pij
unsteadiness — convection viscous diffusion viscous dissipation
— 0

linear spectral transfer

— Vikoix — Vik O
production by mean velocity gradients (first order terms)

ko,
- {k 0 + Ky @im}

rapid pressure strain term (first order term)
1
+ 5 [/ (Tz’.jm + Tz’m.j)] - + I / [ [Ti.jm — Em.j:|
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imhomogeneous turbulent diffusion spectral turbulent diffusion
kp kn K
+ I / L2 l [521 Tmn.j - 5jl Emn]

contribution to the spectral cascade by triple correlations arising from

pressure-velocity correlations (zero order terms)

kv kn ki by 1 kb ko, ky
+ / |: k‘4 - 5 k2 6lp - ? 6np:| |:5zl Tmn.j + 6jl T'zmn] »
triple correlations effect arising from pressure-velocity correlations
(first order terms)
I K Ik, Ik kK kp ke Ky
VRS LR S UL e e sl

1 kyko\ ki, kn ki
4\ P4 2 2 l J Jjl -

triple correlations effect arising from pressure-velocity correlations

(second order terms)
R 1 s — 350 )

production by mean velocity gradients (second order terms)
- f%vn,pm 0By — 5 )

terms arising from pressure-velocity correlations

(first part of the second order terms)
k. ky

kkaky _
+ /[—21 o p+1ﬁ5pl+1ﬁ5pn} (vn,m 551 Doy — 0, c1>2-mD
’p

terms arising from pressure-velocity correlations

(end of the second order terms)

The aim of the derivation that follows is to close the above equation in a form which
will lead to the one-point formulation. Two approaches can be seen at this level. The first
one consist in closing the unknown terms in function of spherically integrated quantities
(Besnard et al., 1992) and then choosing similar expressions as practiced usually in one-
point closures. The other approach consist in closing the third order correlations with
a spectral model. This leads to a systematic closure provided the expressions can be
integrated analytically. It also ensures that each term is closed at the same level. However
such derivations are much more sophisticated than the previous ones (Cambon, 1982).

2.8 The spectral closure

The spectral model adopted for further consideration is the one proposed by Clark
and Zemach (1995). As a first approximation each contribution coming from the second
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2.8. THE SPECTRAL CLOSURE

order expansion is neglected. The exact equation can, therefore, be written as :

_ 1
Vit T Vieije = V ij kk - 2v [Z Pijrk + K i
unsteadiness — convection viscous diffusion viscous dissipation
— 0
+ Vin / ok [km q)ij:|

linear spectral transfer

- Vj,k Pik — Vi,k Pkj
production by mean velocity gradients (first order terms)
— k
+ 2Vom k—g {kz D, + k; @im}

rapid pressure strain term (first order term)

1
C )] v [

imhomogeneous turbulent diffusion spectral turbulent diffusion
kp kn K
+ 1 / Tl [6zl Tmn.j - 6jl Emn:|

contribution to the spectral cascade by triple correlations arising

from pressure-velocity correlations (zero order terms).

ko kn ki k 1k, k, ko, ki
+ / l: b= 5l - 671 :| [611 Tmn + 5'1 Emn
k4 9 k,g 4 k,g 4 J J »

triple correlations effect arising from pressure-velocity correlations
(first order terms)

In this equation only the unsteady term, the advection in physical space, the production
by mean velocity gradients and the viscous processes do not require any closure.

2.8.1 Production

As in every second moment closure, these mechanisms are treated exactly and, there-
fore, do not need any modeling.

2.8.2 Dissipation

In contrast to the treatment in physical space, the spectral description of turbulence
allows to describe exactly the viscous dissipation process. It does not require any closure
assumption.
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2.8.3 Redistribution by the pressure-strain correlations
The rapid term

The only remaining term arising from the pressure-velocity correlation and involving
the double correlations is the redistribution term corresponding to the first part of the
rapid term. It can be written as :

_ k,
=2V [ [k 0+ k; @im} (2.47)
Introducing the fourth order tensor
k, k
Xipg = | =5 (2.48)
this term can be rewritten as :
5 =2Vnn {Ximnj + ijm':| (2.49)

Every classical treatment of this term assumes that X;;,, can be developed as an isotropic
functional which only depends on the deviatoric of the Reynolds stresses tensor, which
represents the stress anisotropy, defined by :

1 1
i T3
The complete form of this functional can be found using the Cayley-Hamilton theorem
and involves a priori fifteen unknowns. The corresponding form to that closure in the
spherical space can be easily found using the same definition of the anisotropy tensor for
©;j, that can be denoted as (Cambon, 1982) :

1 1
557573 0ij (2.51)

by = 0 (2.50)

hij — 3

where ¢ is the trace of ¢;; and, therefore, identical to the spectrum of kinetic energy
denoted by F, so that

po=F (2.52)
The functional can then be written as :
% Xijpg = C10ij 0pq + C2 (0ip 85q + 0jp big)
Cs3 035 hpg + Ca hij Opg
Cs (52'17 hjq + 5]'10 hig + hip 53'4 + Tp 5iq)
Cs 045 h?pq +Cr hi-j Opq

Cs (6ip 12 + 0jp B2y + 12, 650 + 125, 65g)

Cy hij hpg + Cro (hip hjq + hjp hig)

Chi hij h?pq + Cho h.2ij hipq

Chs (hip h?jq + hp h.2iq + h.2ip hjq + h.2jp hiq)

Chah%; W2, + Chs (B2, 17, + B2, 1Y) (2.53)

e s
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2.8. THE SPECTRAL CLOSURE

where h?ij means h;y hy;. Following the same approach as used within the one-point des-
cription of the turbulence, the coefficients of this functionals are scalars that might depend
on the invariants of the anisotropy tensor II;, = —h?% /2 and I1I, = h3, /3. Thus, with
van decomposed into the deformation tensor S,,, and the rate of rotation tensor W,,,,
the rapid pressure-strain term can be written as :

1
28 ¢Z = il
B2 [W%; + 2/3 115 65]
B3 Sij
Ba [hik Skj + ik Sik — 2/3 PunnSn 0ij]
B35 (W%, Skj + D2y, Sike — 2/3 17,0, Sn 0]
B [hir Wik + hje W]
B (W Wik + 125, W]
58 [hik Wkp h.2pj + h.2ik ka hjp] (2-54)
The relations between the coefficients as well as the constraints are given in Appendix F.

The model chosen here is the linear one with respect to the anisotropy tensor so that the
expression for X;;,, reduces to :

1
2F

+ o+ o+ o+t

+

Xijpg = €105 0pg + C2 (8ip g + 0jp dig)
+ Cs 5z‘j hpq + Cy hyj 5pq

The application of the incompressibility and normalization constraints respectively yields
the following relationship between the coefficients :

CL+4Cy = 0 (2.56a)
Cy+Cy+5C5 = 0 (2.56b)
and
30, +2C, — % (2.57a)
3C,+4Cs = 1 (2.57b)

The above equations can be rearranged to yield all coefficients in terms of only one, which
remains to be determined :

C = 135 (2.58)
Cy = —% (2.58b)
Cy — —1—3105—% (2.58)
C = —§c5+§ (2.584)
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These relations were obtained in the physical space by Launder et al. (1975). The expres-
sion for the pressure-strain term now reduces to

1
°E on = 055y
+  Ba[hik Sk + Rk Sik — 2/3 hypn Sn 4]

+ B [hit Wik + hj Wi (2.59)
with
Py = % (2.60a)
fo = —6C5 (2.60b)
Ps = 1—34 (Cs + %) (2.60c)

Besnard et al. (1992) retained this model also within the spectral approach and the same
expression were also obtained by Jeandel et al. (1978). The free coefficient used in the
physical model of Launder et al. (1975) is

8

Cy = ——
b 55

(2.61)

and this is also the choice made in the spectral space.

The slow term

The other terms arising from the pressure-velocity correlations and involving triple
correlations can be identified as the so called slow part of the pressure strain in the physical
space. To follow again the same route to closure as in the one-point methodology, all these
contributions, which constitute the last two lines of the transport equation, can be closed
again by a trace free functional depending only on the anisotropy tensor b;;. The complete
functional determined by the Cayley-Hamilton theorem is quadratic and can be written
as :

1 2
(k372 E3/2) ZSJ =07 hi; + e3 (h.Qij + 3 11}, 6;5) (2.62)

Here we retain only the first linear part corresponding to the simple linear return to

isotropy hypothesis similar to Rotta (1951) model. The value of the coefficient is taken
from the proposal of Besnard et al. (1992) :

By = —2.89 (2.63a)
gy =0 (2.63b)

The value of 37 is slightly smaller than the corresponding coefficient in the slow term
associated with the the Launder et al. (1975) slow term in the physical space, where it is
generally adopted to be 37 = —3.0.
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2.8.4 Linear spectral transfer

The pure spectral convection term can be closed with the same hypothesis as the one
chosen for the pressure-strain term since it can also be expressed in terms of the fourth
order tensor X,j,,. The linear spectral transfer is defined as :

— 0
L=V, 55;%m®”] (2.64)

which can be rewritten as :

— kmkn 0P,
TL _ o / mivn iJ
" Vi, kE 0k

0. kmk
AR b L
’ 8]{/ k? ’

- szng%[ngmJ (2.65)

|
<l

Using the linear closure discussed earlier (similar to Launder et al. (1975)) the term can
be written as :

0.
L
i = o |k2E (20,5
+ C’3 Smnhmn 5ij
+ Cs [hit. Vg + hie Vi + hie Vig + hys, Vk:z]):| (2.66)

This expression was chosen by Besnard et al. (1992) and is also the closure obtained by
Jeandel et al. (1978) with their own integration.

2.8.5 Turbulent diffusion

The approaches of Besnard et al. (1992) and Jeandel et al. (1978) differ mainly in the
treatment on the terms which do not involve the mean velocity gradient. This difference
is especially noticeable in the treatment of the turbulent diffusion terms. As already
mentioned, for the sake of simplicity, we adopted here the approach of Besnard et al.

(1992).

Inhomogeneous transport

The inhomogeneous turbulent transport term is closed using the same assumptions as
in the one-point modelling. The turbulent transport is, therefore, represented by the local
gradients of the variable in question. The simplest assumption (similar to that of Davidov
(1961)) leads to :

di = Cp

vr 6mn Spij,m] (267)

n
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with
VT:/k*?’/? EV2 dk (2.68)

The diffusion coefficient is supposed to be constant and it is proposed here to take the
value Cp = 0.1.
Non linear transfer

The spectral transfer represented by the triple correlation can be written as :
I [ o [Tijom = T (2.69)

The physical transfer of energy between the scales can be modelled by a combination
of diffusion-like and wave-like mechanism as proposed by Leith (1967). This closure is
used for the entire non-linear spectral process, a part of which arises from the pressure
gradient-velocity correlation through the Poisson equations :

kmkn
The closure of those two term then can be written as :
0. 0. 0p;i
T = e O (1 ) 4y 2 (4 20 71
z “ Ok i) T2 gy Ok (2.71)

The coefficients chosen by Leith (1967) are supposed to satisfy the Kolmogorov’s cascade
law for an isotropic homogeneous turbulence, and are respectively (Clark and Zemach,
1995)

¢ = 0.297 (2.72a)
¢y = 0.148 (2.72b)

It is noted that choosing co = 0 leads to the flux expression of Kovasznay (1948).

2.8.6 Synthesis

To summarize, the spectral model of ¢;;+ adopted here is given by the following model
equation :

_ 1
vijg  + Vigiir = V Pij kk — 2v 1 Vijkk T k2 gpi]}
unsteadiness — convection viscous diffusion viscous dissipation
0.
G lkop (2 ¢y S,
T [ 2%
+ C13 Smnhmn 5ij

+CAMNZﬁ+MﬂEJ+hﬂVm+hﬂVmD}
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linear spectral transfer

— Vikoit = Vik QO
production by mean velocity gradients (first order terms)
+ B35
+  Ba [hik Sk + Rk Sik — 2/3 RnnSin 4]
+ Bs [hir Wik + hjr Wi]

rapid pressure strain term (first order term)

+ Cp |vrdmm Qpij,m:|
inhomogeneous turbulent diffusion
. ﬂf ]{33/2 E3/2 hij
slow term
0. 0. 0p;i
. e k5/2 E1/2 z) _(k7/2 E1/2 _U)
Clak( Pii ) T g ok

non linear spectral transfer

where the coefficients are supposed to be constant. The turbulent viscosity is closed by

w:/KwEWM (2.74)
and
1 1
o = E (2.75b)

This is the simplest expression that can be derived with adopted assumptions.
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Chapter 3

Derivation of a multiple-scale model

3.1 Closure on the spherically integrated spectrum
tensor

Instead of considering the closure for the the spherically integrated spectral tensor
function ¢;;(k), it is convenient to introduce a simplified model of this variable to make
the closure easier. Based on dimensional analysis, one of the possibility would be to define
a model in the form :

pij(k) = K Lgi;(k L) (3.1)

where K is the kinetic energy, L is the length scale of energy-containing eddies and g;; a
tensorial shape function. However, such a model introduces another tensor, ¢;; which also
needs to be modelled. For practical purposes, and in order to enable analytical integration
which would recover the main variables in the R;; — € closure framework, i.e. ?;; or K
and ¢, it is more convenient to adopt even simpler model for ¢;;(k), with a scalar shape
function, e.g.

This was the route adopted by (Schiestel, 1993), who proposed the following spectrum
tensor approximation :

pylk) = () B(R) 52+ (1 () 3 E(R) 6, (33

with the kinetic energy spectrum defined as shown in figure below : Hence, the energy
transfer down the spectrum is denoted by ¢, whereas the dissipation ratio is directly
defined by £® = . The function f(k), to be defined later, is introduced in order to model
a diminution of anisotropy with a decrease in turbulence scales (increase in wave number).

The continuity of the energy spectrum at the intersection of the two curves at k = kj,,
yields the relation between o and /3 :

a=3eM2B3 1T (3.4)
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E(K)

B W23 53

ak

K k K
n
Figure 3.1 — Schematic representation of a high-Reynolds scalar kinetic energy spectrum.

The production region of the kinetic energy spectrum is limited by the large scale wave
number, defined in terms of the length scale of the energy containing eddies :

1 M
whereas the viscous cut-off is located at the Kolmogorov length scale :
(2) 3/4
ky = W12 (6—) (3.5a)
v
The turbulent kinetic energy is defined by :
“+o0o
K= / E(k) dk (3.6)
0
so that the analytical integration leads to :
1 _ 3 _ ki \2/3
K = 2 el 0 4 2 e 2 g <k7) ] (3.6b)

In the high-Reynolds number limit (k;/k,)*? goes to zero so that the kinetic energy can

be approximated as :
K ~ W23 23 (3.6¢)

The turbulent Reynolds number is defined in terms of the kinetic energy, the viscosity
and the dissipation rate :

(3.7)
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f(K)

K k K
n
Figure 3.2 — Schematic damping of the anisotropy of small scales.

The shape function f(k) should take into account the decrease of the anisotropic
character of the small scales. Various shapes can be considered and in the present work
we use the simple form shown in figure below :

The dissipation of the kinetic energy is defined as :

B +o0 9 1 82 )
g_/o 2y(k +1axz) Bk (3.8a)

and can be decomposed into homogeneous and inhomogeneous contributions (where X,
are the coordinates at the midpoint in the physical space) :

+oo
e o= / 20 k2 E(k) dk (3.8b)
0
i oL pyan 3.8
8—/0 ”Zaxg() (3.8¢)

Their integration leads respectively to :

e~ 2y M3 kf;/g (3.8d)
- PK
e~ v e (3.8¢)

The inhomogeneous contribution € can be directly computed from the kinetic energy so
that the problem of obtaining the dissipation rate is reduced to the evaluation of the
homogeneous part €". this quantity will be identified with the dissipation itself in the
following sections.
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3.2 Choice of the variables

From the definitions introduced above it is now possible to define various variables
that can serve for closing the one-point model equations by analytically integrating the
following basic integral :

+oo
1m = /0 k™ o dk (3.9)

By choosing the parameter m, desired quantity can be recovered. For the Reynolds stress
and homogeneous dissipation rate tensor this is obvious from their definition, i.e. for
m =0
“+o0o
0

and for m = 2
+oo
el =2y / k2 oy dk (3.11a)
0

It is interesting to note that the integral converges when m > —b5, the latter limit
emerges from the adopted k* law in the vicinity of k = 0.

Another interesting quantity emerges for m = —1 which can be interpreted as a
product of the kinetic energy and the length scale tensor :

+oo
/ k?_l Pij dk ~ KAZJ (312&)
0

A further simplification can be made to eliminate the tensorial length scale (Donaldson
and Sandri, 1982) by

R;;
Ny =L == (3.13a)
or, in a more general form :
2 R;; 2
Nij=1L [55@' + o k] — g@j)] (3.14a)

where o is a parameter to be specified, accounting for scale anisotropy. Here L = K3/2 /()
defines the integral length scale that can be assumed to be close to the scale of the energy
containing eddies. Hence, this expression leads in an indirect manner to the definition of
the spectral energy transfer rate ¢!, which, in turn, can be used to define the length scale
L.

The above three cases are obtained for specific values of m (0, 2 and -1). We can write,
however, a general form of the expression for 7™ by integrating the product E™;; over
the whole spectrum :

e B Ry e\ (m=2/3)
K™ piidk = 9 (1)2/3 .(m—2/3) <_L> 215
/0 Pij (m+5) € y E ( )
+ L & £(1)2/3 1.(m=2/3) (ﬁ>2/3 {1 B (ﬁ)(m4/3):|
(m — 4/3) n kn kn
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g2 m—2/3) [(m —4/3)
" 2 51y V213 flm=2/3) {7

(m —4/3) 3 (m — 2/3)

k\23 2 1 kp\ (m=2/3)
_<k_7,) T3 m—2/3) (k_n) ]

which is valid for all values of m greater than —5, and different from 2/3 and 4/3 (see
appendix G). The above three values of m separate different intervals in which the above
integral expressions for I(™ reduces to specific forms. Of a particular interest are the two
cases : the first one corresponds to the interval of —5 < m < 2/3 and the second one to
the interval 4/3 < m, i.e. :

400 — RZ..
/ E™ pi;dk ~ eM2/3 k(L 2/3) Hg (3.16a)
0 K
when —5<m<2/3
and
teo R;; 2
m 1)2/3 1.(m—2/3 L
| TR~ 02 e [fsw (1= fam) 5 6 (316D)
when 4/3 <m
Lo\ 2/3
where fE(m) = <—L)
ko

In order to simplify the notations, the above two expressions are rewritten in an abbre-
viated form :

+00 m m—2/3 m
/0 Kyl ~ e/ im2/3) plm) (3.17a)
when —-5b<m<2/3
and
“+o0o
/O Em @i Ak~ c(1)2/3 kr(]m*2/3) TZ(] ) (317b)
when 4/3 <m

Note that 7} has different meanings in the two ranges of m considered.
From these expressions a set of three variables, introduced earlier, can be easily be
extracted,

+oo
/0 pijdk ~ Ry (3.18a)
+00 K3/2
-1
+00 Rz 2
A 14 k’2 QOij dk ~ 8(2) fe(z) KJ + (]. - f5(2)) g (5”] (3180)
(1
where  f.o = R '/? (%)
S
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The last two variables show the closures for the length scale tensor A;; and for the dis-
sipation tensor e;;. Their transport equation can be derived from the spherical spectral
closure.

3.3 Derivation of the equations

3.3.1 The transport equation for the variable £(1)2/3 /{:(Lm_Q/ 3 lm)

7

As shown above, this variable corresponds to the interval where —5 < m < 2/3. The
integral 7™ can be used to derive the equations for the Reynolds stress tensor R;; and
for the length scale tensor through the variable K*/2 /e R;;.

Unsteady and convective terms

Their integration is straightforward as is comes from the very same assumption as for

the choice of the variables themselves :
d [+ d _
— Mg dk ~ — |eD)2/3 pm=2/3) plm) 319
dt /O Pij dt € L i ( )

when —5<m<2/3

Viscous diffusion term

The viscous diffusion term is defined as :
14 +OO m
di; = /0 vE™ Qijan dk (3.20)
so that its integration is also straightforward :

& = v [5(1)2/3 S P (3.21)

nn

Viscous dissipation term

The homogeneous part of the viscous dissipation process is written as :

+o0

el = / 2 k"™ o dk (3.22)
0

Its form is the same as the variable itself, but with a different power. This allows to

evaluate this terms in the same manner as the the variable itself. The form of the term

varies depending whether —5 < m +2 < 2/3 or 4/3 < m + 2. The integration leads to :

R,

e (3.23a)

+o0
/(] _2 14 k'(m+2) (701] dk’ ~ _2 v 6(1) 2/3 k2m+4/3)

46



3.3. DERIVATION OF THE EQUATIONS

when —7T<m< —4/3
e (m+2) (1)2/3 1.(m+4/3) 2
/0 —2vk ©ij dk ~ —2ve kT] g 6ij (323b)
when —4/3<m < -2/3

+oo RZ 2
/0 =20k i dk ~ — 20 W2/ M/ [ femin =2 + (1 = fomsn) 3 0ij|(3.23¢)

K
when —2/3<m
kN 2/3
where f.(mi2) = (—L>
Ky

The first expression is outside the range available here, —5 < m < 2/3. It can be noted
that for m = 0, the integration leads to the exact dissipation tensor.

Linear spectral transfer
The linear spectral transfer is represented by :

400 _
A
0

v [k Xiqu} dk (3.24)

where the fourth order tensor is a linear functional in terms of the deviatoric part of ¢;;. It
should be noted that this integral gives no contribution in the physical space when m = 0.
The integration is then to be performed for m different from 0. The adopted closure of
the linear spectral transfer can be written as :

+oo
+ C3 Smnhmn 61']'

+ 5 [hzk Vj,k + g, VkJ + hjk V@k + hjk Vk,z]>:| (325)

Its integration requires, therefore, the evaluation of the following integrals :

/ too 0 { ]
o 9 k20, 2
T, /0 k= k2 by | di (3.26a)
7= /Jmkmg{ld }dk (3.26b)
b ok v ’
They can be written as
+oo
T = —/ (m+ 1) k™2 hy; dk (3.27a)
0
+oo
Jo= —/ (m + 1) k™2 o dk (3.27b)
0
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which, in turn, involve the following integrals :

400
0
“+o00
J = —/ kK2 o dk (3.28D)
0
that can be rewritten as :
+oo
0
+o0
J = / k™2 B dk (3.20D)
0

In the case, when m < 2/3, they can be approximated by the leading term of the integrals

Ji' ~ bij 8(1) (2/3) kL(m_Q/g) (330&)
J ~ D@3, (m=2/3) (3.30b)

The expression for the linear transfer term becomes then :
TE ~ D) g (n=2/3) (2 &M s, (3.31)
+ Cgm) bpgV p.q 93
+ 8™ [bin Vi + bjn Vi + bin Vi + b V”’i]>
when m # 0, and
L _
T, = 0 (3.32)

when m = 0.

Production

The production by mean velocity gradient term is defined by :
+o00 _ _
0
and therefore can be evaluated as :

Pij ~ 8(1)2/3 kim—2/3) lijwz(km) Vj,k 4 7}(}7;1) V%k] (334)
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Rapid term

The expression for the rapid term is closed as :

ok — [ my S, 3.35
i =, 2 B3 .S; (3.35)
2
3
+  Bs (Win by — hin Whaj) | dk

+  Ba(hin Sjn + Rjn Sin — = RpnSpn 0i5)

In order to integrate this expression, the following integrals are needed

“+o00
J; = / k™2 o hyy dk (3.36a)
0
+oo
J = —/ K2 o dk (3.36b)
0

These are the same integrals as the one presented in the previous paragraph. Consequently
the same type of terms are obtained for the linear transfer term and for the rapid term;
the latter can be written as :

R~ V23 m=2/9) [ 8™ s, (3.37)
m 2
+ ﬂ4 ) (bm Sjn + bjn Szn - g bpﬂspn 61])

Inhomogeneous turbulent diffusion

The inhomogeneous turbulent diffusion term is closed by the following model :
+oo
;= / Cp
0

where the turbulent viscosity is defined by

vy p3/4Am=1/2) k%m] (3.38)

n

too \EE
vy = /0 o dik (3.39)
Its integration leads to
U oo ayis [3 a3 17 —4/3
that can be rewritten as
_ 17 3 /kp\%3
o= 0 -5 ()] (3.41)
n
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and, for
()
the turbulent viscosity can be expressed as :
17 3 [k \Y3
1/2 - —L> } 3.43
=P [12 4 (k; (343)

n

The ratio of the large scales and the Kolmogorov scale is a function of the turbulent

Reynolds number
ky _3/a 2(1)\ 3/2
kT (=) (3.44)

and, therefore, can be neglected for high Reynolds number approximation. The turbulent
diffusive transport can then be written as :

K?
di ~ O [ o ( (1)2/3 f(m=2/3) T(m)) } (3.45)

The slow term

The slow term is defined by
S = /O T _p0n02) 0092 G2 s dk (3.46)
which can be rewritten as :
7 = —2Chyr by 0+OO km+3/2) 5312 £ g (3.47)
In the case of m < 2/3, this integral can be approximated by :
T e (3.48)

The nonlinear spectral transfer

The nonlinear spectral transfer term is here defined by

oo 9 P 00;
T;" = /0 w { L ok (km t “0”> TR (W v g)k]ﬂ dk (3.49)

This term again does not, by definition, give any contribution in the physical space when

m = 0 and its integration is given for the other values within the —5 < m < 2/3 interval.
The major contribution is

R

Tijj\]L -~ Cgm) o) pom 2Yid

P (3.50)
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3.3. DERIVATION OF THE EQUATIONS

Synthesis

We can now summarize the integration of the source term in the transport equation
for the variable (1) /3 f{m=2/%) ﬂgm) in the interval —5 < m < 2/3. Depending on the value
of m, four different expressions can be distinguished, corresponding to the four ranges or
values of m.

When —5 < m < —4/3,

2
30

4 D@3 (m=2/3) (2 &ms,,

+c?% Vg 0ii

8 m—2/3 m m
= £(1)2/3 k(L /)Ti(j) _ —2V€(1)2/3k7(7 +4/3)

28 m2/3) [ﬂ%m) Vit T].(;ﬂ Vk}
+€(1)2/3 (m=2/3) [53 ZJ
ﬂm”@-5-+b-5»—gb Son 6i;)
n ~in jn ~in 3 pn~pn ¥
5<m> (Win bnj — bin an)}
— 3™ D kb
Ry
K
K2 1)2/3 7.(m—2/3) gn(m)
[<V5pq+0 - O )(g()/kL L ) }
7p 7q

+ ™ e g

When —4/3 <m < —2/3,

— 2y ()23 a3 g%

4 e @/3) fo (m-2/3) (2 a4 g,

d [ _yas . (m—2/3) mim)
= |ewas g 7! }

+ C:(;m) bpqvpg 61 ;

+ CgM) [bm _j,n + bjn Vi,n + bin Vn,j + bjn Vn7l]>

_5(1)2/3 kém*2/3) [Tz(km) V et Tk V

+€(1)2/3 (m=2/3) [53 Sij
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m 2
+ 64 ) (bm Sjn + bjn Sm - g blmSP” 52])

S0m) 1) g bij
R;;
K

+Ku5pq+o(m —5 )( >2/3k2m‘2/3)Ti§7”)> ]
P-4

When —2/3 <m and m # 0,

—|—c( M kY —=

d _a/3 Ri; 2
d_ £(1)2/3 k(Lm /)Ti(jm)] = —92,M23 m+4/3 [ K (1 = fome2) géij]
4 M @/3) g, (m=2/3) (2 & s,
+ C:(’)M) bpqvp,q 0ij
+ ™ by, Vin +bjn Vin 4 bin Vi + bjn VM)
W32/3 pm-2/5) {mm Vit T Vk}
4+ M2/ k(Lm 2/3) [ﬂgm .
m 2
+ ﬂ4 ) (bzn Sjn + bjn Szn - g bpﬂspn 61])
_ gs(m) e k7 by
(m (1) pm Rij
+ &) L K
m) ﬁ (1)2/3 7.(m=2/3) pn(m)
+ 1% 6pq + OD 6pq € kL CTZ
=0 T ) pla
where I\ 2/3
L
fawen = ()
When m = 0,
7 g(D2/3 k(L 2/%) Ti(j | = —2psM23 kf? +4/3) [fs(mm KJ + (1 = fomso) géij]

(1)2/3 1(m=2/3) {mm Vi + TG Vi,k}
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ng(1)2/3 (m—2/3) 53

Sij
m 2
+ ﬂ4 ) (bzn Sjn + bjn Sin — g banpn 61])
— gIm () m by

) K2 (m—2/3) rpo(m)
[<y5pq+cD > )(5(1)2/3kL T ) }
7p 7q

where

ki 2/3
feon = (i)

3.3.2 Transport equation for the variable ¢!/ f{m=2/3) ng m)

We consider now the integration of 1™ in the interval 4/3 < m, which leads to the
derivation of the transport equation for the dissipation, when m = 2. For this purpose, as
pointed out in the appendix G, it is convenient to express the Kolmogorov scale in terms
of viscosity so that

S(1)2/3 kf?m’Q/S) — — (3/4m=1/2) _(2) (3/4m—1/2) (1) (1-m/2) (3.55)

so that the we can focus on the integration of the equation for the variable

£(2) (3/4m=1/2) (1) (1=m/2) p(m) (3.56)

v

which corresponds to the integration of
+o00 4
/O YBAm=1/2) gm o g (3.57)

instead of N
/ k™ oy, dk (3.58)
0

We consider again the separately each term in the equation.

Unsteady and convective terms

This integration is again straightforward :

d +o0 d
(3/4m71/2)/ o --dk] - [(2)(3/4m 1/2) J(1) (1=m/2) p(m) 3.59
dt [V 0 7ii dt N (3:59)

when 4/3 <m
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Viscous diffusion term

The viscous diffusion term is written as :

+oo
& = /O y[y<3/4m—1/2> kmgoijﬂm] dk (3.60)

+oo
_ /O V(3/4m+1/2) Em ©sj dk
so that

P [gm (3/4m=1/2) (1) (1-m/2) ngm} (3.61)

)
nn

Viscous dissipation term

The homogeneous part of the viscous dissipation process is here defined as :

+oo
o= [ ok [y<3/4m1/2>km% dk (3.62)
0

—+o00
= /0 —9 /B/4Am+1/2) .(m+2) 0 dk

The evaluation of the principal term of this integral is done here for the case where
4/3 < m. This is rather straightforward since the term can be treated as the variable
itself. Expressing the molecular viscosity and the Kolmogorov length scale in terms of the
turbulent Reynolds number and the transfer rates leads to :

6% -~ R2/2 £(2) (3/4m+3/2) (1) (=m/2) pr-1 Ti(jm+2) (3.63)
where

TS = | famrn =2 + (1= famsa) = 03 (3.642)

J K 3

and

1)
_1/9 €

famin = R (3.64b)

It should be noted that the dissipation is here expressed in terms of a positive exponent of
the turbulent Reynolds number. This form of the homogeneous dissipation contribution
can a priori lead to an infinite value when the turbulent Reynolds number is high, what
is in contradiction to the physical process of the dissipation. However the process of the
dissipation is counterbalanced by the transfer term and, together with it, it will lead to a
closed finite valued model. This is shown below after the derivation of the expression for
the non linear transfer itself.

54



3.3. DERIVATION OF THE EQUATIONS

The linear spectral transfer term

This term is defined by

+oo — 0
TL 3/4m—1/2 m‘f
g _/0 V(/ /)k p’q%

Its integration involves the evaluation of integrals such as

[k Xiqu] dk

! Foo m a
Ty = |k %{k%phlj]dk

) too 0
7 _/0 k %{kw}dk

which, again, can be expressed in terms of
+00
I, = / k™2 hy; dk
0
+oo
J = / K2 o dk
0

For 4/3 < m the above two integrals can be approximated by
Jij o~ by M @/3) g, 2/3 kn(m_4/3)
1)(2/3) 7. (m—2/3
J ~ 5()(/)]%( /3)
The linear spectral transfer can then be written as

TE o~ D=/ (@E/Am=1/2) f=1 <2 & g,

+ C;())m) fetm) bpqvp,q 52']'
+ cém) Jen) in Vi + bjn Vi + bin Vg + bjn Vm])

where LN 23
_ (M
Jeom = (/«n>
Production terms

The integration of the production terms consists in the evaluation of

b = /O+oo yB/am=1/2) pm [ — Pnj Vin — Pin Vj,n:| dk

yielding simply :
P.

o~ @AMl @) (1mm)2) {Tigcmm +T}£”VZ-,4
or,

P ~ —@E/4m=1/2) (1) (1-m/2)

)

2 /__ _ _ _
[(1 )2 (vm + vj,i) + Lo (an Vin + Rin vj,nﬂ

3

(3.65)

(3.66a)

(3.66b)

(3.67a)

(3.67b)

(3.68a)
(3.68h)

(3.69)

(3.70)

(3.71)

(3.72)
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The rapid term

By definition the rapid term contribution is :
+oo
;= /o MR |2 O3 54 (3.73)
2
+ 64 (hm Sjn + hjn Sm - 5 hpnspn 6@])
+ B6 (Win hnj — hin Wy;) | dk
Its integration involves the following integrals :
+oo
Jy = / k™2 o hyy dk (3.74a)
0
+oo
J = / K2 o dk (3.74D)
0

As long as 4/3 < m, they can be approximated by :

Ji: o~ bij€(1)(2/3)kLQ/gkn(m_4/3) (3.75a)
J ~ W@ (m=2/3) (3.75b)

Therefore, the rapid term can be written as
R, s(D)(1-m/2) (2)(3/4m—1/2) (m) g
D ~e € Bs S, (3.76)

2

+ @&m) feomy (bin Sjn + bjn, Sin, — 5

bpn Spn 5ij )

+ 5ém) Jeom) (Win byj — bin, Whj)

kl 2/3

where the scales have been expressed in a more convenient way.

with again

Turbulent diffusion term

The turbulent diffusion term is closed by the following model :
+oo
di; = 0 Cp {VT e (3.77)

n

where the turbulent viscosity is defined by

too /K E
vp = /0 oo dk (3.78)
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Its integration leads to

Lo s [3 —as 17T —ays
This integral can be approximated by
K2

If the diffusion coefficient Cp is assumed to be independent of the wave number, the
diffusion term can rewritten as :

d. = Cp

+oo
/ vr <l/(3/4m_1/2) k’m(pw> :| (381)
0 ndn

For 4/3 < m, this integral can be approximated by
2

U m K
dijNC(D){

S0 <8(2) (3/4m—1/2) Ti(jm)> ] (3.82)

s

The simplicity of the expression for the diffusion term, compared to that in one-point
Reynolds stress model, is due to the scalar character of the turbulent eddy viscosity
adopted in the spectral diffusion term.

The slow term

The slow term is defined by
+oo
5, = /0 _BAmL2) 3D o 32 (3.83)

which can be rewritten as :

s oo

(3/4m—1/2) k(m—|—3/2) S03/2 fdk' (384)
In the case of 4/3 < m this integral can be approximated as :
S m m— 2/3 m—
05~ =37 by BAmYD) ) g5 o m=2/3) (3.85)
that can be rewritten as

D5~ — I LD B/Am=1/2) L) (1/2m42) f-1p (3.86)
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The nonlinear spectral transfer

The nonlinear spectral transfer term is here defined by

—+o0 a a a 1
;" :/0 T B [_ ' Ok (km@ “"”> M (W v gkjﬂ di (387)

The major contribution for m > 4/3 is here

ke N\ 2/3 R.. kL 2/3\ 2
TNL o, (3/4m=1/2) (1) p.m K_L> 15 (1 _ (_> )_52..] 3 33
1) v € n kn K + kn 3 J ( )
which can be rewritten as :
NL 3/4m—1/2) (1) z.m p(m)
TN oy BAm=1/2) ) o s (3.89)
where R 5
T = [fam I <1 - f5<m)> 3 5@}
and Lo\ 23
_ (2
Jem = (kn>
Expressing the viscosity in terms of the Reynolds number yields :
TN ~ B2 |1 071/2m) () 3/4m41/2) qlm) (3.90)

This term involves again a positive exponent of the turbulent Reynolds number. This is
expected to be balanced by the dissipation action. Rewriting the term in terms of the

dissipation, as T;;" (m) — ﬂgm+2), leads to :
:[;]]yL R1/2K 15() ( 1/2m) (2)(3/4m+3/2) T(m+2) (3.91)

5(2)

Hence, writing these terms together yields
1)
TNE — b~ ey (m) RV | (1 B %) L(=1/2m) _(2) (3/4m+3/2) Tz'(jm+2) (3.92)

It is seen now that the right hand side has a finite value, as long as

(1)
12 (&7
R! (1 (2))
is always finite. This means that the transfer of energy by self stretching of the vortex
filaments and the dissipation by viscous effect balance each other. When the turbulent
Reynolds number tends to be infinite, the turbulence evolves to an equilibrium state,

where ¢ = £ Hence, although the Reynolds number can be very large, the group
(1—eM /&) is expected to approach zero in the same time, resulting in a bounded value.
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3.3. DERIVATION OF THE EQUATIONS

It should be recognized that the presence of this term can be inconvenient for prac-
tical prediction of complex non-equilibrium flows. For non-equilibrium flows at very high
turbulent Reynolds number R; where £; and 5 may still be different, a delicate imbalance
between these two quantities needs to be predicted from the model equations to keep this
term finite, yet sufficiently small. This issue and an alternative form of modelling the term
in question will be discussed later in this report.

Synthesis

The transport equation for the quantity p/(3/4m=1/2) g(1)2/3 ,(m=2/3) ﬂgm) for 4/3 < m
can be summarized as :
d (2)(3/4m=1/2) (1) (1=m/2) T{(,m)] _
dt K
1)
- )R1/2 ( 5_) £(2) (3/4m+3/2) (1) (=m/2) pe—1 p(m+2)
(2) 4
4 eD(-m/2) (2)(3/4m—1/2) (2 & g,

+ 63 f (m) bqu (5
+ ™ fonr 1bin Vi + bjn Vin + bin Vi +b]nvm])
_ ) 3/4m=1/2) (1) (1-m/2)
9 _ _ _
((1 — foom) 3 [Vi,j + Vj,i] + fom [an Vim + Rin Vj,n])
4 cD(1=m/2) (2)(3/4m—1/2) (@gm) S,;

m 2
+ ﬂ4 ) fg(m) [bln Sjn + bjn Szn - g banpn 51]]
+ 6((jm) fe(m) [VVm bnj - bm Wn]])
—5 £(2) (3/4m=1/2) (1) (~1/2m+2) fr—1 bi;
K2 2) (3/4m—1/2) _(1) (1—m/2) fn(m)
KWSP"JFCD s ) (g< ) (/4m=1/2) (1) (1=m/2) T )JL
3.3.3 Summary of the derived transport equations
We can now summarize the outcome of the above analysis and the resulting three

transport equations obtained for three specific values of the parameter m :

Reynolds stress equation (m = 0)

eW2BE2RTON = 9, 123 k) | foe die

2
+ (1 - fo») 3 0ij

S| al
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= W2k T4 T Vi
+e23 20 [5§0) S..
(0) 2
+ ﬂ4 (bzn Sjn + bjn Sm - g banpn 6”)

- 515(0) e® bij

K? _
(O LN

where
70 Rij
1) K
711] — (2) KJ + (]- - f5(2)) g 6@]
kL 2/3
fe@ (k_n>
Knowing that
1)
€
k. = K3/2
peW2B A3 )
the equation becomes :
d Ri; 2
Cp ]l = @, Sy q_ _}
o [sz] £ {fgu I + ( fe<))35zg
- [Rik Vi + Rjk Vi,k]
+K |6 5,

2
+ 88" (bin Sjn + bin Sin — 3 bynSon 617)

- 55(0) e® bij

C(O) K2
+ l:(V 6pq + K 5pq) <R2J> p:| .

EOREE

It should be noted that the model for the homogeneous part of the dissipation tensor is :

Rij 2
7 (1- fe@) 3 6} (3.98)
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where the damping function is defined in terms of the turbulent Reynolds number :
1)
_ RV
e =1 ()
For high Reynolds numbers this expression reduces to the isotropic model

2
5?]- =3 @5, (3.99)

The large scale equation (m = —1)

As noted earlier, the length scale tensor is defined by the following model :

K3/2
and its anisotropy tensor \;j; = 24 — 16, ('where L = K*?/c) is directly related to the
stress anisotropy, i.e.
The transport equation for the large scale variable is :
d [ ()23 —-5/3 p(—1) (1)2/3 1.1/3 2
@ 9 kL 71ij = —2ve k’? 352]

4 W E3) =5/ (2 &g,
+ 5V by Vg 0
5V bin Vijin + bjn Vi =+ bin Vinj + bin Vm-]>
W2 T T+ T Vi
2 gD g,
+ B (bin Sjn + bjn Sin — % bynSpn Gij)
05 (Wi by = b W)
— BT W R

ij

By
K

oy K? _ _
s s i),
P-4

+ cg_l) e k!

where

-1 _
o) = %
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Knowing that

)
hy = —

K3/2
W2/34/3 — 2
n
the equation can be rewritten as :

d eMN=1/2 2
— _9(=_ /2 p=3/4 2 5
dt [KA } ? (5(2)) KR 50

K5/2 (-1)
+ W (2 Co SZ]

2
6( Y (/\m Sjn + /\jn Sm - g )\pnspn 6@])
+ ﬂ( Y (Wi Anj — Ain an)}

— @Y K32 )
+C§ b 61)AZ']'

(1) K*
+ Ku o+ C5 Y 25 5pq> (K Aij> J q

Taking the trace of this expression leads to the following scalar length scale equation :

d K5/2 ) K3/2 .
i) = O T Ve

1
0, K

(1) —1/2
9 _

]/ _
pa g) EORCRANEON N

The small scale equation

Recalling that the homogeneous dissipation rate tensor is defined as :

R;; 2
£l = e {fs KJ (1-f) 3 5@} (3.107)
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)
—1/2
o =" (555)

Again its anisotropy tensor can be directly expressed in terms of the Reynolds’ stress
anisotropy tensor, as :

where

€h- == fs(z) bij (3108)

v

The transport equation for the small-scale variable is :

% [5(2) Ti(j2):| _ 2) R1/2 ( B &) c(2)3 K-tp®

+ 8(2) (2 Cg2) Sij

+ C:(%Q) fe@ bpqvnq 52’3’

+ C5 f (2) [ V n + bjn Vi,n + bm ij + bjn Vn,z]>
— e <(1 - f.@) 3 [Vm + Vi + feo [Rnj Vi + Rin ij])
+€(2) ( 2) Sij

+ 82 fo [bin Sjn + bjn Sin —

+ @(32) fe) (Wi bnj — bin, an]>
_55(2) c@ ) -1 bi;

[<y5pq+02>—5 ) ( 2 T(2)> ]
,P4,q

R;; 2
KJ (1—= fo») 5 04

Substituting

7@ _ foo

3
R 2
P+ (1—- fuo) 3 0ij

ki 2/3
o = (3)

the equation can be rewritten as :

dt v K\ )

+e® <2 0(2) Sij

+ Cg 6 qu52]
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+ C [ V]n+e]nv +e?nvn,j +6h Vnz])
- {5?1@ Vik+ 5;'% Vi,k:|
+ 8(2) 5352) Sij

+ @&2) el Sjn+e?n Sin — e Spn 03]

3 Gpn2pn Oij
+ B (Wi el = b, Wa)
_55(2) £ ) g1 bi;

+ Opy + 0(2) —2 0 h
V 0pq D ) %4 €ij
pd.q

The transport equation of the scalar homogeneous dissipation rate is the trace of the
former equation :

d —
a |:€(2):| = 0(2 epq Vp,q
_o® Rl ()2 - (2
="K e@

(2) K° 2
+ [(V(Spq—i—CD mépq) <€( )> :|
g

d _ _
@ |:€(2):| = 0(2 R 1/2 1) K_l qu Vp,q
2)2 2
—C® R? £ (1 _ Q
€ K el

0(2) K2
[@%ﬁ'm U%QGm%L

3.3.4 Comments

The variables adopted here are basically the Reynolds stress tensor R;;, the charac-
teristic length scale of the energy containing eddies L from which the length scale tensor
A;j is obtained, and the dissipation tensor 5 . Some comments, summarizing major as-
sumptions used in deriving the equation and thelr interpretation are given below.

Homogeneous and nonhomogeneous contribution to dissipation

It can be noted that, as a first approximation, the homogeneous part of the dissipation
tensor has been identified as the dissipation tensor, and therefore the parts including a
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3.3. DERIVATION OF THE EQUATIONS

viscous dissipation-like term has been neglected in the equations. According to the study
of the low-Reynolds number fully developed channel flow of Jovanovic et al. (1992), this
term may be of importance for treating the near-wall region and satisfying the wall limits
of the dissipation rate tensor. Such an approach was also proposed by Shima (1995) and
? (?), though the performances of such modifications have not been tested in detail. This
splitting of the dissipation into a homogeneous and nonhomogeneous part can be later
reintegrated into the previous equations.

Dissipation rate tensor

The expression for the dissipation rate tensor arising from the spectral hypothesis has
here the same form as the algebraic expression of Hanjali¢ and Launder (1976)

2 Ri'
ey = (1= [1) €@ 8y + [ e® =2 (3.114)

where the damping function also depends on the turbulent Reynolds number, though in
a somewhat different manner :

1
(2 _ 11
Je 1+ R,/10 (3:115)

In the present study the closure is formulated using only the homogeneous part :

iy

2
6% = (1 - fE(Q)) g 8(2) 5ij + f5(2) 8(2) K

(3.116)

where the damping function in terms of turbulent Reynolds number, is defined by :
1)
@ _ prl2(E
£ = R (8(2)) (3.117)

Transport equation of the dissipation rate tensor

The transport equation for the homogeneous dissipation rate tensor can now be written
in the following form :

d [, @) pi2e? (0 e?y
) = R (1S

+e@ (8P +267) 8,

2
B2+ 22 [l Sty Sin 2 Sy 6]

+ ﬁig) [Win er - 6?11 W)
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1
+(c§2)+§cg, )er.Sy 5>
(2)2

S(2 1277 p
R, 7 €4

2
+ [(uapq+0 6, ) (e?j) J q

This form resembles the equation obtained recently by Speziale and Gatski (1997)
using a functional analysis, which for homogeneous turbulence reads :

€ mn m,n
[&‘j] - K ( - O€1T - 082) ~e® 0ij

- {&‘k Vj,k + €k Vi,k]

+ 5(2) <ﬁ3 Sij

SYRSW

2
+ ﬂ4 [ein Sjn + €in Sm - g 6anpn 5@]]
+ B [Win €nj — €in Wiy
+ cp eanpn 523)

(2)2
g
v
where
C., =10 C.,=183
16, (30a+20) ,  (l4a-—20) (420 - 16)
= BE s = sy
a=0.6
37 = 5.80

or, by inserting the values of « = 0.6 :

C., = 1.00 C., =183
By =1.067 [4=23454 [s=1.054 cp=—0278
By = 5.800

It can be noted that the coefficient in the return to isotropy term here is constant,
whereas in the equation derived from the spectral model a dependency on the turbulent
Reynolds number appears naturally. This term can be rewritten in terms of the Kolmo-

gorov time scale defined as :
T / R_1/2 K
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3.3. DERIVATION OF THE EQUATIONS

Therefore, it follows that the Kolmogorov time scale is the characteristic time of the return
to isotropy of the dissipative motion, i.e. :

g5 pr2e? p s L o

K i T ©ii

As noted by Speziale and Gatski (1997), this would suggest that at relatively high
turbulent Reynolds number in a near-homogeneous flow the dissipative structure evolves
rapidly towards an isotropic state, although recent experiments and DNS indicate that
small scales anisotropies can persist and can not be disregarded. They therefore suggested
that a most suitable characteristic time scale should be a combined scale based on both
the Kolmogorov time scale and the energy-containing turbulence time scale, a proposition
already introduced by Durbin (1993), though in a context of near-wall modifications, who
suggested

T = max [E,CK z]
€ €
where C & 6 as chosen by Durbin (1993). The same hybrid time scale T' can be used in
the return to isotropy term in the model equation derived here for 5%.

The second remark concerns the way in which the nonequilibrium is taken into account.
The balance between the production by non-linear vortex stretching and the viscous
destruction mechanism is in the Speziale and Gatski (1997) model represented in the
classical way, used in almost every K — ¢ or R;; — € closures. The difference between
these two terms represents the total source which governs the dissipation equation at
high-Reynolds number in an homogeneous flow

£ € mn m,n 2

whereas in the present formulation the total source in the limit of high Reynolds numbers
is given by :

(2) (2)
g g

Sij = 052) R
In order to explain this difference, we will consider the form of the model in the
equilibrium limit. In the case when a homogeneous turbulence reaches an equilibrium
state, the rate at which the small scales are dissipated into heat is the same as the rate
at which the kinetic energy is transferred through the spectrum from larger to smaller
eddies. This is the Kolmogorov (1941) hypothesis, based also on the assumption that the
turbulence Reynolds number is high. Therefore, in such a situation, both of the following
conditions are expected to be satisfied :

e = @ (3.124a)
R, — oo (3.124b)
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From the Reynolds stress equation one can derive the kinetic energy equation by taking
the trace :

- qu Vp,q

Cx K*
(e S Tom) (),

The length scale equation is recalled again

d K5/2 ) K3/2 .
g lzor] = O T Vi
1
0,

1)\ —1/2
g _
- 023’43 < (2)> K 3/ Rt 3/

) K? K5/
Va5 T )<—> ]

e

When the flow is homogeneous, the diffusion and the convection of the turbulent quantities
can be neglected so that

de® 50 g M2 g /K52
dt 2 K dt K52 E( e )

(3.127)
The ¢ equation reduces in the case of a homogeneous flow to
dﬁ(l) (1) ) 6(1)
dt ( K 2) K ’
5 ()2
2 K
12
1) €&
+ Okl
M2 1)\ -1/2
1 € € —3/4
o ()

The homogeneous approximation of the equation for the viscous dissipation rate is
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3.3. DERIVATION OF THE EQUATIONS

Then, in the limit of an equilibrium state, this equation becomes

de® ((U _§>£R v
dt KLy o) g ~immimn
5 5(2)2
oW __)
+< KL, =5 ) 7f¢

where e = ¢ and the turbulent Reynolds number is very large. Hence, the comparison
between the two equations yields

()2 (2) 2)
. 127" _ 5_)] . ( o §> € —
5(1)11—>H15(2) |:Rt K (1 6(1) o OKLl 2 K Rmn Vm,n

+(ch, - §) -
: 2) K
This suggest that the vortex stretching and the viscous dissipation mechanisms depend on
the production of kinetic energy by the mean velocity gradients in the limit of the equili-
brium assumption. This is not unrealistic, for this is precisely the major consequence of the
assumption for the spectrum equilibrium. This also gives a link between the coefficients
in the classical K — ¢ and R;; — € closure for the equilibrium assumption.

An equation for the dissipation rate tensor for inhomogeneous turbulence has been
proposed by Tagawa et al. (1991). Their equation is also derived from functional expan-
sion, but includes an approximate expression for the diffusive terms. It was aimed at
improving the boundary layer and channel flow predictions. The derivation of that equa-
tion was directly inspired by the classical form of Launder et al. (1975) for the Reynolds
stress equation. A better basis for comparison for inhomogeneous flow is the more recent
proposal by Oberlack (1997). This equation has been derived from two-point correlations
and extended to inhomogeneous flows.

@) R,V 2
E
. - [ = _mn T mn 2.2 5.,
[gw] — ( C. 052) @,

— [&'k Vj,k + €k Vi,k]
+ 6(2) <63 Sij

2
+ ﬂ4 [ein Sjn + €in Szn - g eanpn 5@]]

+ 86 [Wip enj — €in Wyl
+ Cr eanpn (5”>
2)2

(
€
_ﬁf K Cij

c® K 2
+ |:<I/ (Spq + T E qu) <€z(])> :|
p-,q9

0-8) 2
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where

C,, =25 C., =1.92

ﬁgZ%—an—F%al ﬂ4:§—%&1 ﬁ(,:%—l-ll—]f&l CR:%%O(15&0+4+14&1)
ap=0.05 a; =0.00

e@ 41
652(26%"’_2052) ___(4+14a1> emnSmn+10bmnSmn

K 15 ag
¢z =0.8

which yield approximately :

C..=25 (., =192

By =0.167 fBi=1.600 f5=0800 cp=4.222
@

35 = 5.440 % — 21.333 €mn Sy 4 10.000 by Sorm

The equation for the length scale tensor

Following the same pattern as for the dissipation rate equation, the tensorial length
scale equation can be rewritten as :

d eWN-12 o 3y 2
it N N /2 p—3/4 4 ¢
y [K A”] 9 (8(2)> K2 R 25,

- K [Aik Vik+ Nk Vi,k}

K5/ _ -
o ((5?(, Vad™) sy

+ (BT 265 Nin S 4 Ajn Sim — g AonSom 0i5]
+ 85" Win A — Ain W]
(4 e Ay 6y

_519(—1) K3/2>\ij

+ T e® A

(-1 K*
+ |:(V (Spq + CD E 6pq) (K AZ]) p:| .

Using the definition of the large scale parameter, which is proportional to the trace of the
length scale tensor A;;, it has been set that

A=L (3.136)
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Eliminating the e contribution from the previous equation leads to

d
dt

(1) 12 5
—[KAZ-J-] _ —2(5—> K2 RN 2,

2

-K {Aik Vik+ Ak Vi,k}
FEA ((gg,—“ 24y s,

+ (B +2¢5Y) Nin S+ Ajn Sin — % ApnSpn 055]
+ B Wi Anj = Ain Wiy
+ (c(fl) + %cél)) ApnSpn (5”-)

A SAPY

1y K32
—i—cg D2 A

A
+ Ku 50+ C5V (KV2 A) 5pq> <KAZ-]-> ]
,p-4,q

This closure shows some similarity with the expression proposed by Donaldson and Sandri

(1981) where

with

d _ _
- [K Aij] _ K [Aik Von+ Ay vk}
_ﬂf(_l) K3/2 )\ij
3 K3/2
-+ Cg 1) T Aij

+ Ku 50+ C5V (KV2 A) 5pq> <KAZ-J-) ]
,P4,q

5D = 195 (3.139a)
et = —1.45 (3.139b)

These authors also proposed from their derivation an expression for the diffusive transport
which is of the same kind as the one here, but they neglect this term when considering
the homogeneous approximation of the equation, so that the diffusive coefficient remained

undetermined.
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Appendix A

Governing equations for one-point
statistical closure

This appendix contains details and notations of the governing equations for an incom-
pressible flow used in the one-point statistical closure.

A.1 Statistical description of the motion

In the Eulerian description of the fluid motion the dynamical variables are expressed
as functions depending on space and time. The flow is supposed to be incompressible and
the conservation of mass and momentum for an infinitesimal control volume is governed
by the following equations :

a ot fi (A.2)

where f; designs volume forces applied on the fluid and w; is the velocity component in
the i direction. The index notations are adopted with the convention of summation on
repeated indices except when especially mentioned. The material derivative is defined as :

i_o., . o
at ot "o,

For a Newtonian fluid, the stress tensor o;; can be written as :
Oiyj = —P 5ij + 2/1 (ui,j + Uj,i) (A3)

where p is the static pressure, u is the dynamic viscosity and p is the density of the fluid
(here p and p are assumed constant). d;; is the Kronecker symbol. The Newtonian fluid
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hypothesis leads to the Navier-Stokes equations which, for an incompressible fluid, are :

u; = 0 (A.4)
i = —;p,i +vu, i+ fz (A5)

where v = 11/p is the kinematic viscosity of the fluid.

A.1.1 Reynolds averaged equations

The instantaneous turbulent motion is assumed to be fully described by the Navier-
Stokes equations that can, in principle, be solved numerically (Direct Numerical Simula-
tions). However, the presence of eddy structures of a wide range of sizes and characteris-
tic frequencies makes direct numerical simulation of the flow in complex geometries and
at higher Reynolds numbers still inaccessible to the currently available computers. For
the applications of practical interest, it is therefore still necessary to follow a statistical
approach by considering a form of the Navier-Stokes equation modified by an average
operation. The non-linearity of the convective terms of these equations leads to unknown
correlations between turbulent fluctuations, resulting in an open system of equations. The
closure of this system is achieved with the help of turbulence models that give algebraic
or differential equations to simulate the behaviour of the turbulent correlations.

A.1.2 The mean equations

The application of the Reynolds averaging to the Navier-Stokes equations leads to the
following transport equations for the mean velocity components :

Vii = 0 (A.6)
av; — —
dt = —;Pﬂ‘ — [u;uﬂ g +v Vi,jj + Fz (A?)

where the fluctuating quantities are denoted by prime and the mean ones are overlined.
These equations differ from the instantaneous equations by the presence of the double
correlations (second moments) of the fluctuating velocities on the left hand side. These
correlations are interpreted as turbulent or Reynolds stress tensor R;;, half trace of which
defines the kinetic energy K. It should also be noted that the material derivative of the
mean flow now can be written as :

(A.8)
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A.1.3 Equations for fluctuating motion

Subtracting the governing equation for the mean motion from the equation for the
instantaneous flow yields the transport equation of the fluctuating motion :

U;Z — 0 (A.9)
du 1 — ——
at _;p:i — Vi — (wuj — “2“3%’ +vug+ f (A.10)

In the following text the prime notations for fluctuating quantities ’ will be omitted for
more clarity. The above equation can be also written using an operator, i.e. :

i+ Li(u) =0 (A.11)

A.2 Transport equation for one-point statistic quan-
tities
A.2.1 Governing equation for the second moment

The transport equations for the Reynolds stress tensor can be obtained from the
evolution equation for the fluctuating velocity and, for an incompressible flow, it can be
written as : _

dR;;

dt

where P, Gij, @i, d%, di; et d; represent respectively the production by the mean
velocity gradients, the production by the body forces, the redistribution, the transport
by fluctuating pressure and by fluctuating velocity, and the diffusion by the molecular

viscosity. These terms are defined as :

Py = —RaVjx— RaVik (A.13a)
Gy = (fiu; + fw) (A.13b)
gij = 2VUikljk (A.13c)
0y = ol ) (413
i = _%[méjk‘f‘lﬁjéik]k (A.13¢)
dy = — [ (A.13f)
di; = viua],, (A.13g)

The €;; tensor is known as the rate of dissipation tensor, even if it does not exactly
represent this action. If the deformation (rate-of-strain) tensor of the fluctuating flow is
written as :

sij = 5 (Ui + )
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the exact dissipation rate tensor is :

€ij = V [Uiksik + Ukl (A.14)

For incompressible flows &}; can be expressed as a function of ¢;; :
‘s
gij =& +v [uisjk + ujsik]k (A15)

In this case, if the correlations between the fluctuating velocity and the fluctuating rate of
strain are supposed to be independent of their spatial location, both tensors are rigorously
identical. This is the case when statistical quantities are invariant to the spatial transla-
tion (homogeneous turbulence), or at high Reynolds number when the large-scale motion
represented by velocity fluctuations are expected to be uncorrelated with the small scale
motion represented by the fluctuating velocity derivatives, due to a large separation of
scales in the wave number or frequency domain.

The organization of different terms in the equation is, of course, not unique. The
notation adopted here is convenient since it shows explicitly the influence of the viscous
diffusion term. The classical decomposition of the original term involving the fluctuating
pressure into the pressure-strain and the pressure transport terms is also adopted :

I = ¢ij + (A.16)
where 1I;; is the velocitypressure-gradient correlation tensor defined as :

1—
I1;; = —;[Uip,j + u;p,i (A.17)

It should be noted that the transport terms are usually denoted as triple order tensor :

Tiie = di (A.18a)
Tz};kk = dj; (A.18b)

These splitting can also be applied to the two-point equation as adopted in this report,
see below.

A.2.2 Governing equation for the dissipation rate tensor

The transport equation for the dissipation rate tensor can also be derived from the
evolution equation for the fluctuating velocity. Following the same organization of the
source term leads to :

dgij

_ 1 2 3 4 u ED v
pral P35+ P57+ P+ P+ Gy — B+ of + & + dif + d; (A.19)
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where the production term may be decomposed into four contributions :

Piejl = =20 (Wmtkm Vik + Gmlkm Vik) (A.20a)
P = =20 (TGmk + Tanik) Vim (A.20b)
PZ'S = =2V (Wlim Vjmk + Wlljm Vimk) (A.20c)
P = =20 (Wl mlm + Wkt mhm) (A.20d)

The first two terms, Pfjl and Pff represents the production by the mean velocity gradients,
the third term is the production due to inhomogeneity of the mean velocity gradients (by
the mean vorticity gradients), and the last term represents the production by the self
stretching of fluctuating vortex filaments (interactions between eddies of different scales).
The explicit effect of body forces is defined by the Gf; tensor :

G = 2v [ fixjp + fixwi] (A.21)
The rate of the viscous destruction of the dissipation tensor can be written as :
B} = 4 Tt (A22)

The redistribution tensor is :

1
=2 ;p,m(ui,jm + Ujim) (A.23)

and the three transport contributions, by the turbulent motion, by the fluctuating pressure
and by the viscosity can respectively be written as :

dfju = —2v (uk ui,muj,m),k (A.24a)
e 1

a5 = =20 2y tyndu) (A.24D)

dij = 207 (ui,mujvm),kk; (A.24c)

A.2.3 Governing equation for the kinetic energy

Taking the trace of the Reynolds stress transport equation leads to the evolution
equation for the kinetic energy :
dK
E:P+G—s+d“K+de+d"K (A.25)
with the corresponding interpretation of each terms as in the equation for R;;. P denotes
the production by the mean motion, G the explicit effect of the body forces, € the dis-
sipation rate and d“¥, dPX and d“X the transport terms respectively by the fluctuating
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velocity, the fluctuating pressure and the viscous diffusion.

P = —R,nVn (A.26a)

G = uifi (A.26b)

£ = VU, U, (A.26¢)
1

A" = = (), (A.26d)
1

& = ——wp, (A.26e)
p

dVK = VK,jj (A26f)

There is no contribution of the pressure-strain term as this redistribution tensor has a
zero trace for incompressible turbulence.

A.2.4 Governing equation for the energy dissipation rate

Taking the trace of the dissipation rate tensor transport equation also leads to the
evolution equation for the energy dissipation rate :
de
= PP+ G — B+ ¢+ d*" +dP + d7 (A.27)

Here P°¢ can be decomposed into four terms with different physical meanings, as outlined

earlier
pPe — Psl +P52 +P53+P54

where :
Pl = 20 Vi (A.28a)
P? = 20Ty iy Vi (A.28b)
P? = 20T, Vijm (A.28¢)
P = 20T Wt (A.28d)
The source due to body forces is expressed as :
G =2vu;fi; (A.29)
whereas the viscous destruction can be written as :
E° = 2V Ui i gm (A.30)
The pressure correlation term is trace-free, but the diffusion terms reduces to :
= v (Ui Ui5) , (A.31a)
@ - 2v%(m),m (A.31b)
A = veum (A.31c)

with the same interpretation as those for the dissipation rate tensor.
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Appendix B

Governing equations for the
two-point statistical closure

B.1 Two - point description with centered variables

The principal rules associated with the variable transformation used in the derivation

of the two-point closures in the main text are summarized in this Appendix.

B.1.1 Rules of the centered transformation

The points M’ and M"” are taken respectively at the coordinates (z',t) and (z”,1).

The transformation then is given by :

/
T,

1
Xk_érk

1
Xk—l—érk

(B.1a)

(B.1b)

where X is the location of the midpoint between M’ and M” and r describes the distance

between M’ and M" defined as

Xk

Tk

The Jacobian matrix

The derivation of the Jacobian matrix associated with the transformation is :

0
Ox},
0

!
oxy

19 9
20X, Ory
19 9
20X, Ore

(B.2a)
(B.2Db)

(B.3a)

(B.3b)
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Notations

In order to simplify the expressions, the following notations are adopted for any de-
pendent variables ¢ :

dp
ax;c = d),k' (B4a)
do
Gy = Ow (B.4b)
and
dp
8—Xk = ¢71€ (B5a)
dp
3—7“k = Pk (B.5b)

Property of the derivatives

It should be pointed out that any quantity evaluated at M’ does not depend on z”
and wvice-versa, hence

d)fk” =0 (B6a)
fﬁg/ =0 (B.6b)
For example,
;o 09(z)
D = o
o, 1997,
= 7 |5 )@
zy L0,

Because, 2’ and 2" are considered as independent variables, it follows that

qbfk’" - 0

This implies that any correlation between two derivatives of fluctuating quantities at
points M’ and M” can be written as higher order multiple derivative of the corresponding
two-point quantity, as long as the derivatives are in an Euclidean space. This is the case,
for example, with the two-point dissipation rate tensor, where :

!/ " /i
ul"k/uj’k// == [uiuij/k//

Using this property, we can now derive higher oder derivatives of the flow quantities in
the transformed coordinates . The principal ones are given in the next section.
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Expressions for derivatives

Second order derivatives :

0%
Ox! Ox!,
0%
oxl! Oz
0%

/ 1
ox! Ox!!

and in the contracted form

ox}?
83:’,;2
Ox). 0y
Third order derivatives :
0. 1
ox! 0x! Ox} 8
1
4
3. 1
Ox! 0z Oz, 8
1
4

e i e B

- nmk + - [,kzn|m + ,kzm\n] + 5 - klnm

1
1

s nmk T Z [,kzn|m + ,k’m\n] + 5 - klnm
1

1
1
1
1
=k T kIR + kk
1
=k + . klk T kK
1
= Rk T clkk

4

and, after contraction of m and k in the contracted form

83

/ / 1/
Ox!,0x),0xy)

83

1 / 1/
Ox!! Oz}, Ox)

x|l — oo

1 1
-mkk T+ - |nkk — 7 Kkl T 5 nlkk

1 1
- nkk — -|nkk T 7 ke T 5k

(B.8a)
(B.8b)

(B.8c)

(B.9a)
(B.9Db)

(B.9¢)

(B.10a)

(B.10b)

(B.11a)

(B.11b)
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Fourth order derivatives

Ot 1 N 1 [ | (B128)
- 1w gl nn "~ - nn| = -|kknn 1Za
dx! D!, Oy, O] 16 R T g LRk [k, ok
1
T okl + . |kkn,n
0. 1 1
da 0! D), O, T ek T g Lo kinn] = -k ( )
1
+ 7 kknln = lkkn.n

Incompressibility constraint

The incompressibility condition allows to write some relations between the derivative
with respect to X and to r.

Continuity and fluctuations

1
1

Continuity and double correlations

The two-point second order tensor is defined as :

Ri.j = u‘u}’ (B14)

)

so that the incompressible relations can be written as :

1
§Ri.j,i_Ri.j\i =0 (B.15a)

1
5 Ri,jyj + Ri,j‘j = 0 (B.15b)

Continuity and triple correlations

The two-points triple correlations tensors are defined as :

Ty = —uwjupuj (B.16a)
T = —ujujuy (B.16b)
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which satisfy the following constraints :

u u P
5 Likji+ Likgy = 0

1

5 Tzugk;z - T;.ijﬁ =0

Continuity and pressure-velocity correlations

1 -
é(p”u;),i— (P'ui); = 0
1 -

§(P/U§{),j+(1)/“§'/)\j =0

These relations are used to evaluate the pressure-velocity transport equation.

Mean quantities

(B.17a)

(B.17b)

(B.18a)

(B.18b)

In two-point equations the mean velocity components are evaluated at two distinct
points, but they remain the one-point quantities. The expressions for their gradients
or their second order derivative can therefore be simplified. Of course, they satisfy all
kinematic properties introduced earlier in this Appendix. It should be pointed out that in
the transformed coordinates system there is no need to write any derivative of the mean
flow with respect to r as they can be explicitly written as function of the derivative with

respect to X.

Gradients

Gradients of the mean velocity can be transformed as :

- _ _
Vk,n/ = 35 Vk,n - Vk\n
1 =/ /!
Vk,n” = 5 Vk,n + Vk|n
Since these are one-point quantities, it follows also that :

w5/
Vk,n” - 0

5/

Vk,n/ - 0

Those relations can be written in the transformed variables system, so that :

1 =/

1 =/ 5/
0 = 5 Vk,n - Vk\n

(B.19a)

(B.19b)

(B.20a)
(B.20b)

(B.21a)

(B.21b)
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Therefore :
¥/ ]_ —/
Vi = 5 Vin (B.22a)
_ 1 —_
Vim 5 Vin (B.22b)
and
Viw = Vi (B.23a)
V/k,,n” — V/];n (B23b)

These relations can be applied to the mean velocity derivatives of any order.

Second derivative

It is interesting to note that the above relations lead to :

— 1
— 1

These expressions are especially useful for showing explicitly the departure of the
two-point equations from the corresponding one-point expressions.

B.1.2 Transport equations
Evolution equation for the two-point second order tensor
Convective terms

The transformation of the convective terms in the transformed system is straightfor-
ward :

1 L
Cijr =35 Vi + Vi Rijoe + [V = Vi Rijie (B.25)

Since R;; is the two-point analogue of the one-point Reynolds stress tensor, the above
expression can be split in two contributions

Cijr = Cij+ Cj (B.26)

where
Cij = % Vi + Vil Rij (B.27a)
Cij = Vi — Vil Ri jii (B.27b)
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The second tensor, C;;, becomes zero when the distance between the two points is reduced
to zero. This is a two-point contribution which does not affect the one-point convection
tensor, but only its partition between the two points. That is why this contribution is
denoted by two dots in the exponent. It should be noted here that the first tensor remains
a two point tensor as long as r does not go to zero. The derivation of the different terms
in the one point limit will be explained later.
The two-point material derivative is :

d. ol :

o= % +5 [V + V)] aixk (B.28)

Production terms

The production terms do not need any transformation and they show clearly to two-
point contribution. The mean velocity gradients can, however, be transformed so that the

terms reduce to :
=/ 5/
Pi’.j” - —le Vj,k - Rk.j Vi,k (B29)

Body force term

As long as the only body force of interest in this study is the Coriolis force, its two-
point tensor can be written as :

Gi’.j” - Gz] (BBO)
= =2 Qk [gkmi Rm.j + Ekmyj Rzm]

The Coriolis force is indeed linear with respect to the velocity.

Triple velocity correlation tensor
The triple velocity correlation contribution may be written as :

b= Ti?jk,k” + n%.j,k' (B'31)

Z'/.j”
so that its transformed expression is :

U 1 u u u u
= 5 Tk + T + Tk — Tikjgs) (B.32)

Just as the convective terms, this expression can be split in order to exhibit the part
which vanish in the one-point limit.

dip jn = di'; + dii; (B.33)
with
u 1 U U
dij = 2 [Tk n + Tk ] (B.34a)
dij = [Tzugk|k - izli.j\k] (B.34b)
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Pressure-velocity tensor

The correlations between the velocity and the gradient of fluctuating pressure lead to
the following term :

1 -
H’i/.j// = —; (u;pf;// + u”pfl/) (B35)

J

to which the variables transformation can be also applied. It is interesting to point out
that the classical decomposition into a pressure-strain tensor and a pressure diffusion term
does not seem to be relevant in the two-point context at least for this tensor. The term
can be rewritten as :

1 —
Iy jr = ") [(uip”) o + (ufp") o] (B.36)
without any further assumption because of the following property :
u;’j// = 0 (3373)
uj ;= 0 (B.37b)

It is, therefore, more interesting to transform the above expression for the pressure-velocity
tensor, so that :

11

— 1
Moy ==37 [(uip”) 5 + (WD) ] = p [(uip”)yy = (ujp)y] (B.38)

This time the second part of the expression goes to zero in the one-point limit. Neverthe-
less, this expression is of interest to simplifying the overall contribution of the transport
terms in the source equation. These terms can be expressed as :

1
Iy o = 3 i1+ Do) + 15 s — Tite i) (B.39)
with
1
T = 5 wip" O (B.40a)
1
Tﬁc.j = —; uip Oy, (B.40b)

These contributions can be grouped with the terms representing the transport by fluc-
tuating velocity so that

" 1
.G + Hi’-j” = 5 [thgk + thk]]k + [thgk - thk]]\k (B-41)
with
1
Tl = —upfui — ;Uép" ik (B.42a)
1
Ty = —uiuuf = uip b (B.42b)
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Viscosity contribution

The viscous term can be written directly in the two-point form as :

'.// . = U [(U;U;/),k/k’ + (U;U;'/),k”k”] (B43)

i'.g

The evaluation of the second order derivative leads to the following transformed expres-

sions : .
Y=V [5 Ri.j,kk + 2 Ri.j|kk] (B44)

i'.j

This term can be written in the form which exhibits the viscous diffusion :

i/.j//

1
v =VR e+ v [—5 R; j ki + 2 R jkk) (B.45)

The first term obviously corresponds to the two-point viscous diffusion contribution, whe-
reas the last part is the two-point expression for the dissipation tensor.
The two-point dissipation tensor is defined as :

— !/ "
Eij = 2V Uj U o (B.46)

Applying the rules introduced earlier, the cross-derivatives with respect to M’ and M”
can be expressed as :

. 1
Eij = Z Ri.j,kk - Ri.j|kk (B-47)
where 1
S = g B.48
“id 2v Fid ( )

is a normalized form of the two point dissipation rate tensor.

Summary and remarks

The transformed equation for the two-point second-order correlation tensor can now
be summarized :
ERZJ
dt

— 20 [kmi Bonj + €kmj Rim]
1
3 [T i1 + T ik

[th]k - ﬂtk.j]lk
v Ri.j,kk
1
- 2v [1 R; ik — Rijjkk]
— Vi = Vi Rijp

+ + o+
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Remarks :

The transport equation for the two-point second order tensor differs from the one point
equation by two features.

First, the only unknowns terms in the two-point second-moment equation are
the triple correlations tensor as long as the pressure-velocity correlation can be obtained
by means of the Poisson equation derived from the Reynolds stress transport.

The second feature is the presence of terms that vanish in the one-point limit.
These terms only influence the partition of the two-point correlation in the two-point
context. They then can be seen as typical inhomogeneous two-point transfer terms.

Evolution equation for the two-point dissipation tensor

As seen in the previous section the two-point dissipation tensor is defined by :
€ij = 2V U U (B.50)
For convenience, we also eliminated viscosity by introducing the normalized quantity

. 1

The transport equation for the two-point dissipation tensor may now be written as :
ot VB AV i = [l Vi + 0 rtls Ve B.52
Cijt + Vo Cijm + Vg = [ U o' W g1t 2 Up kUi gy V5 ] ( D )

'/Lnlu] k// Vn k/ +u //uZ k/ Vn k//]

/

n

j k” VZ k! + Unuz K V] n”k”]

i n/uj [N -+ f] n”ul k’]

[t g
[ o
= (Ul W U g U g, ]
/i
[u]

U, U, n/k/U] % + unuj ,nllkllul k’]

1
- ; [pfi/k/u‘;{7k// + u;7k/pf9//k//]

b v (o) s + (Wt ]

Several contributions of the source term can be grouped into a tensor similar to the one
adopted in the one-point description.

f/ = V; 52'.]'7”/ + V:; éi.j,n” (3533)
Pily = —EuViw =& Vig (B.53b)
Py = —[ul W Vi + il Vo ] (B.53¢)
PPy = —lupul ., v T AT VJ ket (B.53d)
PZ, o= =g, e 4 e e ] (B.53e)
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G’f’.j” = [ i/,n’u;/,k" + f]/{n”u;,k’] (B53f)
?.Lj// = - [u;lu;,n’k’u;/,k" + U;;U;/m//k//ug’k/] (B53g)
1
H;:/.j” = —— [p,i/k/u;(ku + u; k/p,;-//k//] (B53h)
p b b b k2
W = Vijuw + Eijnnr] (B.53i)

The transport equation can be transformed into the new coordinate system in the same
way as the previous Reynolds stress equation. We consider again term by term.

Convective terms

The transformed convective term yields the same definition of the material derivative :

1 — — —
v =g Vi+ Vil &ir+ Vi — Vil € (B.54)
The same splitting is also applicable :
v = Ciy + 05 (B.55)
where
e 1 — =1 o
Ci; = 5 Vi + Vil ik (B.56a)
Ci; = Vi — Vi Eijlk (B.56b)

In the one-point limit the second term vanishes.

Production terms

The production terms are usually split into four contributions as in the one-point
description and these notations are also chosen here. Each term is treated separately.

The Pgl, term

As in the equation for the two-point Reynolds stress tensor, this contribution clearly
shows the way the term reduces to the one point limit. However it is interesting to write
its expression in the form which shows the explicit contribution of the Reynolds stress
tensor itself :

1

1

5/ /!
— [=Rujiix Vi — Rinjer V]

P, Ru ik Vs = Rimon V] (B.57)

When the mean velocity gradient is also transformed, this expression is simplified to :

1 _ _
7 [ R Viw = Rinp Vi ] (B.58)

1
P’i.j”
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The P3%, term

The evaluation of the cross-derivative with respect to both variables leads to the
following terms :

1 _ _
Pf/?j// = 1 [—Ri jnk V;,k, — Rijin Vﬁ,ku] (B.59)
— [_Rz]|nk V;,k/ - Rzg\kn Vg,k”]
]_ —// —/
+ B [Ri.j,n|k - Rz‘.j,k;\n] (Vn,k” - Vn,k’)
or again :
£2 1 SV iVad
IDZ-/']'// = Z [_Rz],nk VnJg - RZ],kn Vn,k] (B6O)
— [ Rijiur Vo — Rijion Voo il
1 —/! —/
+ 5 [Rijmik — Rijrin] Vi — Vi)

The P33, term

This term can be rewritten as :

Pi% = = [(unu]) o Vi i + () o Vo] (B.61)

so that the transformation leads directly to :
P = 5 [ Rass Vi = Rins Vi) (B.62)
— [~ Rinpe Vi + Rt Vi (B.63)

and, after the mean velocity gradients are also transformed :

< 1 ¥/ <5/
Py = 5= Bnik Vi = Bing Vil (B.64)
- [_Ri-n\k V;'/,nk + Rn-j\k V;nk] (B-65)

The Pg. term

This term is expressed in the form which mimics the splitting used in the one-point
context even though this form is not very convenient for the two-point framework :

Pi = [t gt + W il ot ) (B.66)
or,
Pty = () ot + () iy (B.67)

+ [ g U5 o (U g ) 4]
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The latter expression can be conveniently joint with the turbulent transport term. The
sum of the two term reduces to :

P§4 ot / §r = [(u;u%),k/n/u;”ku + (u;-’u;fb)vnukuu;k,] (B68)
which can be rewritten as :
P ot d i = [(ulunuj) k' T (u;u;’un) k’k”n”] (B69)

Body force term

If we confine our attention to only Coriolis force, the expression of this term is straight-
forward and need not be further elaborated.

Triple velocity correlation tensor

This tensor is grouped with the production by selfstretching of turbulent vortex fila-
ment, as described above. The sum of these two contributions can be expressed in terms
of the two-point triple correlation tensor as :

Pl // + l // - [ﬂ%.j’k/kﬁ / + T Jn k/kll //] (B-?O)
Using the transformation of the triple derivative leads to :
15 1 1 U
P,4 o+ / 3 - Z [5 (7—; Jn + CTZTZ]) nkk + (CTZ jn - ﬂn])‘nykk] (B71)

1 u
- [5 ( z]n zn ]) n|kk + (T‘z in T‘zn])mkk]

Pressure-velocity tensor

The same kind of expression can be applied to the pressure-velocity term :
1 — _
z’ g = —; [(p’u;-’),i/k/kn + (u;p//),j”k/k"] (B72)

Applying the transformation leads to :

. 11, 1 _
v = ; 1 [—5 (p'u” uf Oin + p'u} " 0in) nkk — (p/"ul; Ojn — DU Oin)jn k] (B.73)
1

1 _

; [_5 (P’U;'/ 6m + p//u; 5jn),n\kk - (p//u; 5jn - p/u;'/ 5m)|nkk]

It is clear that the transport terms may be lumped together with the third order velocity
correlation tensor in the same way as in the Reynolds stress equation. Denoting the joint
terms as

1

thng = _uzunuj —;P'U}/(Sm (B.74a)
1

T'Zt]n = _uzunuj - ;p//ug 6jn (B?4b)
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we can now express the sum of the following three terms :

11
Pz‘€/.4j” + d?}.tj” + H?’.j” Z [5 (thgn + thng)nkk + (thgn - thng)\nkk] (B‘75)
1
=[5 (T + Tt + (T = i ]

Viscous terms

The viscous effect appears in the equation within the following term :

dey'// =V [éi'j’n’n’ + éi,j’n”n”] (B76)

i'.j
that can be directly transformed as :

1

W =V [5 Eijmn + 2 i jjnn) (B.77)
Once again, this term can be split into :
EV 4 ]‘ v V)

which displays clearly the two constituents, the viscous diffusion term, defined by

and the viscous destruction term

154 1 ¥ %
Ei.j =2v [Z Eijnn — €i.j\nn] (B.80)

The total viscous term can also be rewritten as a function of the two-point Reynolds stress

tensor : )
EV e __

g R j kknn — 2 R jjkknn) (B.81)

Summary and remarks

The entire equation can now be written taking into account the respective contribution
of each part after the term splitting as :

1

1 — _
1 |:Ri.j,kk,t + 5 [V;C + VZ] Ri.j,nnk] (B.82)

—[ R jikre + % [V;c + VZ] Ri.jjnn,k

| S
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RS-

1 B o
_'_Z [ — Rn.j,kk V:,n — Ri,n,kk V;/,n
— |: _Rn.j|kk V;n - Rzn\kk‘ V;,,n
1 =/ —n |
+Z [ — Rijnk Vn,k; — Rijkn Vn,k
- l: _Ri.j\nk: V;z,k - RZ]V@" Vx,k ]
- { —2(Vi=Vi)m Ri.j|k,n]

_% (Vk: Vk) n Ri.jyk\n }

|
—_——
|
&
3
=
<l
SR
3
ol
N |
=
3
<.
EX
=l
3
Bl
—_ 1

1 1

—[ 5 (Tl + T ) ek + (T} = Th )ik }

|: —2 Vgi.j,nn +v R’Lj,kknn:|

—2 VEijnn +v Rzg,kk\nn

[ I
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1 _ —
1 —/! 1 ¥/
- —1 R; Vj,k:nn T Rk-j Vi,lmn
1 A |
+Z { = (Vi = Vi) n Bijia

—[ —2 (Vi = V) n R

[ I

The boxes indicate the contributions of the transport equation for R; jj,, to the transport
equation for the dissipation tensor. The last free terms (below the line) exist also in the
transport equation for R; ;i : they complete the equation so that their contribution need
not be taken into account in the ¢; ; equation. However the following equation is always

satisfied : y
déij _ VdRijpn  dRijpk

= B.
dt 4 dt dt (B.83)
where the material derivative is again
E. a 1 —/ =/ a
&e_2 2 — B.84
dt at+2[v’“+v’“]an (B.84)

as previously defined. The development of each of these contributions can be found in the
next section.

Remarks

It should be pointed out that the splitting here adopted ensures a clear separa-
tion between the action of the viscous destruction and the viscous diffusion in the equation
for &; ;. Both physical processes are also clearly displayed in each, the R;;ix and R; jjir
transport equations. The definition of the viscous diffusion of the dissipation tensor are
recalled again :

The transformation allows to rewrite this in terms of the two-point Reynolds stress tensor

as :
EV 1
diy =v [Z R jrx — Rijikk]on (B.86)

or,
EV 1
di.j = 1 [V Ri.j,kknn] - [V Ri.j\kk,nn] (B.87)

where the first term on the right hand side is the viscous diffusion of R, j xx, whereas the
second term is the viscous diffusion of R; jjs.
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The destruction term can also be decomposed as :

. I .
which can further be written as :
€ 1 v v
Ei_j = 1 2 Vgi.j,rm] —[2 Vgi.j\nn] (B.89)

displaying clearly the viscous dissipation of R; ;. and R; ;. respectively.
It is also interesting to lump the viscous contributions in the R; jjx; equation :

-2 Véi.j|nn +v Ri.j,kk|nn (BQO)

which again can be rewritten in terms of R; ; only :

1
—2v [ZRi.j,kk — R; ik inn + V R jjnn ik (B.91)
or, after rearrangement,
1
2V R jinnkk + 2V R jikknn (B.92)

The above transformation brings in a substantial simplification, which comes from the fact
that one part of the dissipation tensor has the same mathematical form as the viscous
diffusion operator. It should be kept in mind, however, that this does not mean that the
viscous diffusion coefficient of R; ;. is one half of v, since 2 v R; jjxxnn does not represent
the entire viscous dissipation process. This issue will be further discussed in the context
of the one-point limit.

B.1.3 Evolution equation for each part of the dissipation tensor
using the centered transformation

This section presents the transport equation for R, and R; ., derived from the
transport equation for the two-point Reynolds stress tensor. Using the centered transfor-
mation, this equation can be written as :

W _ v, B0y
— 20 [€kmi Rmj + €kmj Rim]

+ 5Tt Tl

+ [th]k - Titk.j]lk

+ VR;jkk

— 2v [i R; ik — Rijjkk]
— [Vi— Vil Rij
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with _
d. a 1 —/ 55/ a
AT | VAT v B
dt 8t+2[ (s ’“]an
Homogeneous part
The double derivation leads to :
ORijinn 1 —r | o
TZ + 3 Vi + Vil Rijiank (B.94)
]- ~/ /! ~/ /! 5/ ~/
+§ Vi + Vil Rijr + Vi + Vil Rijine = —Rikpan Vg — Brjian Vi
/! —/
— Ry J.klnn T Rk-j Vz,k|nn
- 2 Qk [gkmi Rm]\nn + Ekmy Rzm\nn]
1
+ 3 [thgk + Titk.j],kmn

+ [ﬂt]k - ﬂtk]]\knn
+ VRi.j|nn,kk
1
- 2v [Z Ri jinn,kk — Rijikknn)
<~/ ¥/

- [Vk - Vk]lnn Ri.j\k

—/! -/
— 2V = Vilin Rijikn

The first line represents the material two-point derivative in the centered transformation.
The last two terms on the left hand side are additive terms originating from the second
derivation. They need to be modified before any further interpretation. The first three
lines of the right hand side come from the production term. The very first one can be seen
as the production of R; jj,, by the mean velocity gradient. The two other are inhomoge-
neous productions. The Coriolis terms is expressed assuming the constant rotation rate.
The terms in the fifth and sixth lines on the right hand side represent the transport of
R; jjnn and need no further elaboration. The viscous terms is also clear. The seventh line
represents the diffusion process whereas the eight one is the viscous destruction of R; jjny.
The last three lines come from the two-point contribution of the convective term.

The equation involves derivatives of the mean velocity components with respect to r,
that can be expressed in terms of derivatives with respect to X. With this transformation
the equation can be rewritten as :

d? - 8 [v;ﬂ + Vlk,]”” Rijr — ) [VZ - V;c]n R jin i (B.95)

~/

=/
— Rikpnn Vg — Brjinn Vig
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1 =/ 1 77/
- Z Rzk Vj,knn - Z Rk-j Vi,knn
— =/
- [Ri.k\n Vj,kn - Rk.jln Vi,kn]

- 2 Qk [gkmi Rm]|nn + Ekmy Rzm|nn]
1
+ 5 [th]k + ﬂtk.j],k\nn
+ VRi.j\nn,kk
— 2v ézﬂnn
N =/
— [V = Vil Rijirnn
1 —n —
T Vi = Vilnn Rijie
— Vi + Vil Rijikn

The contribution of the convective terms, previously on the left hand side of the equation,
are put here on the right hand side. The first of these terms remains in the one-point limit
and can be seen as an inhomogeneous contribution. It does not appear in the &; ; equation
because that term also exists in the transport equation for R; ;xx. The second term is a
typical two-point term that vanishes in the one-point limit. A similar term exists in the
equation for R; ; ki, but comes from the derivation of the two-point convective term instead
of the derivation of the material derivative here. The third term is the production of R; jjnn
by the mean velocity gradients. The next term is an inhomogeneous production whose
contribution is not seen in the equation of €; ; because it vanishes with the corresponding
term of the R, ;xx equation, also coming from the production contribution. The next term
is also an inhomogeneous production that forms a part of the inhomogeneous production
of & ; and the contribution of which is not zero in the one-point limit. The fourth next
term remains unchanged as compared to the previous equation. The three contributions
from the inhomogeneous convective part can be better understood using this transformed
expression. The first one vanishes in the one-point limit represents the inhomogeneous
convection term of R, jxx. The second one also disappears in the one-point limit; its
contribution is taken into account in the &; ; equation since the corresponding term also
exists in the R; jxr equation that conceals its contribution. The very last term is actually
a part of the second production term in the &; ;. Its contribution does not vanish in the
one-point limit.

Inhomogeneous part

The double derivation of the Reynolds stress equation with respect to X leads directly
to :

dRi.j,nn

1 o _ .
a2 Vi + Vi Risk = Vi + Vi o Rk (B.96)

~/

=
Ri.k,nn VjJ{; - Rk.j,nn Vi,]g

97



APPENDIX B. GOVERNING EQUATIONS FOR THE TWO-POINT STATISTICAL
CLOSURE

=/ —/

— RikVigpn — BV
] —/

— 2Rin Vi — 2 Rijin Vi
— 2 [€kmi Rimjnn + €kmj Rimonn)

i,knn

1
3 [T} 1. + Tiy ] e

+
+ [T = Tigjlkom
+ VRi.j,nnkk
1

- 2v [Z Ri.j,nnkk - Ri.j|kk,nn]

—// —/
- [Vk - Vk] Ri.jlk’,nn

<~/ ~/
- [Vk - Vk]ﬂm Ri-j\k

—// —/

- 2 [Vk - Vk;],n Ri.jlk,n

where, as earlier, the first two lines of the right hand side represent the contributions of
the second derivative of the convective term. In contrast to the equation for R; j,y, there
is no need to transform this equation. The interpretation of each term is similar. The
expressions for the complementary terms to form the ¢; ; transport equation can easily be

derived, since
1

4

1%

€ij = Ri.j|nn - Rz‘.j,nn

B.2 Two - point description with decentered variables

The principal rules associated with the decentered variable transformation are sum-
marized in this Appendix. It is illustrated that the centered transformation chosen in this
report leads to much more clear expressions for the two-points tensors as the derivative
with respect to the reference location and to the distance between the two points are more
easily separated.

B.2.1 Rules of the decentered transformation

The points M’ and M” are taken respectively at the coordinates (z,t) and (z”,t).
The decentered transformation is defined by :

z, = Xi (B.97a)

r, = Xp+ry (B.97b)

where X is the location of the first point M’ and r describes the distance between M’
and M"”. These position vectors can be written as :

re = (z — 1)) (B.98Db)
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The Jacobian matrix

The Jacobian matrix, associated with the transformation, follows directly from the
definition of the position vectors :

0 0 0

= — —— B.99
3x§€ an 8rk ( a)
0 0

= — B.99b
oxy ory (B.99b)

Notations

The same notations as those used in the centered transformation are adopted here for
any dependent variable ¢ :

0

= / B.1
a.CE;C ¢,k ( OOa)
¢

p— " B.l b
Gur = 0 (B.100)

Hence,

do
¢
—_— = B.101b

Property of the derivatives

Any quantities evaluated on M’ still does not depend on z” and vice-versa.

d)fk” = 0 (31023)
f;cl =0 (B.102b)
Expressions for the derivatives
Second order derivatives
2.
97 OF = om— [.7m‘n -+ ‘\m,n] + -|mn (B.103a)
9.
S D = mn (B.103b)
9.
o Do = .njm— |mn (B.103c)
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or, in the contracted form
9.
ox}?
9.
81’%2
0.
Oz}, 0],
Third order derivatives
0.
Oz!,0x], Oz}, B
3.
ozl oz dxf
and
3.
orl 0z 0zl
0.
Ox" OOl
Fourth order derivatives
0.
Ox!,0x] 0z}, 0],
0*.
Oz Ox!! Oz} O],

Incompressibility constraint

= . kk— 2.k T kk

= .|kk

= . klk — -|kk

s mmlk [,n|mk + ,m|nk] + ‘|[nmk
“klnm T +Inmk

ke = [-nlkk T+ - klkn) + ki

< klkn T +|nkk

- mnklk — 2 - nkjnk T klnnk

~klknn T -|kknn

(B.104a)
(B.104b)

(B.104c¢)

(B.105a)

(B.105b)

(B.1062)

(B.106b)

(B.107a)

(B.107b)

The incompressibility condition enables to derive some relations between the derivative

with respect to X and to r.

Continuity and fluctuations

/
Uu.

it il

U - =

ili

(B.108a)
(B.108b)
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Continuity and double correlations

The two-point second order tensor is defined as :

R j = uu] (B.109)

so that the incompressible condition leads to :
Riji—Riji = 0 (B.110a)
Rij; = 0 (B.110b)

Continuity and triple correlations

The two-point triple correlations tensors are defined as :

Ty = —wupuj (B.111a)
T, = —uujuy (B.111b)
leading to the following constraints :

wa; =0 (B.112a)
Tk — Tigrye = 0 (B.112b)

Continuity and pressure-velocity correlations
(p"uf); — (P"ui)y = 0 (B.113a)
(puf); = 0 (B.113b)

These relations are mainly used to evaluate the pressure-velocity transport terms.

Mean quantities

The derivatives of the mean velocity components with respect to X and r can also be
simplified.
Gradients

The gradients of the mean velocity can be transformed as :

Viw = Vi (B.114a)

Viwr = Vin (B.114b)
and

Vi = 0 (B.115a)

Vi = Vin (B.115b)

These relations can be applied to any order of the derivatives of the mean velocity.
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Second derivative

Vo’ Ve m (B.116a)
V;;n//m// - Vk nm (Bl].6b)

These expressions are especially useful to explicitly show the departure of the two-point
equations from the corresponding one-point equations.

It should be noted that the expressions for the operators seem to be much simpler with
the decentered transformation than with the centred one. The transformed equations are,
however, more difficult to interpret as shown in Appendix B.

B.2.2 Transport equations
Evolution equation for the two-point second order tensor
Convective terms
The transformation is straightforward :
Cyjn = V] Riju+ [V — Vi Rijix (B.117)

This transformation leads to an expression that shows in an obvious manner the difference
from the one-point expression. The material derivative is :

d. 0. 0.

Production terms

There is no difference between the productions term in the centered or decentered
variable system :

/! —/
Prjn=—RixVip— RejViy (B.119)

Body force term

The same applies also to the Coriolis term : there is no difference in formulation
between the centered and decentered transformation.
Triple velocity correlation tensor

The triple velocity correlation term can be written as :

i = Ligrpr + Tig g (B.120)
and the transformation yields :
i = T ) + (ke — Tire i) (B.121)

so that the departure from the one-point limit is again straightforward.
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Pressure-velocity tensor

The same form of the expression can be derived for the transformed pressure-velocity
tensor :

&y o = [T i) + [T sk — Tie i) (B.122)
Hence, it is justified to write the transport term together again with the same notations :
t W 1 T 07
Tije = —wujuy — ;Uip djk (B.123a)
1
Ty = —ujupuf — ;u;-’p/ Oik (B.123Db)

Compared to the expressions obtained with the centered transformation the equation is
here written in a simpler form without any change in the physical interpretation of each
contribution to the source term.

Viscosity contribution

The difference between the two transformations appears in the expressions for the
viscous action and allows to choose one or the other expression depending on the relative
importance attributed to this term. The kinematic transformation rule already shows that
second derivative expressions in the original two point description include cross derivative
in the decentered variable system. Then the viscous term can be written as :

Z’-j/. o =V [Ri.j,kk -2 Ri.j,k\k + 2 R2J|]€k] (B124)

J

The two-point dissipation tensor is transformed as :
€ij = Rijikr — Rijjk (B.125)
that allows to write the viscous contribution directly in the form :

'-// = VRi.j,kk —2v []%Z]‘k’]€ — Rzﬂkk] (B126)

i'.j

The viscous diffusion term is then clearly defined by :

di; =V Rk (B.127)

Summary and remarks

The synthesis of the above derivation yields the transport equation for the second-order
velocity correlation in decentered coordinate system :

aRZ]

— 24y [gkmi Rm.j + €kmyj le]
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t
Tk

2

[th]k - T'tk.j]\k

2

+ o+ o+

v Ri.j,kk
— 2v[Rijupk — Rijikkl
— [V = Vi Rijw

Remarks :

The two-point transport equation for the Reynolds stress tensor in decentered coor-
dinate system is simpler than the one obtained with the centered transformation and it
is closer in its outlook to its one-point limit. Moreover, the decentered transformation
allows the splitting of the viscous term into dissipation and viscous diffusion in a quite
straightforward manner. However, as seen below, the expression for the dissipation tensor
in decentered system does not separate clearly the pure homogeneous contribution from
the non-homogeneous one.

Evolution equation for the two-point dissipation tensor

The application of the decentered transformation to the two-point equation for the
dissipation tensor leads to similar results compared to its centered transformation as
obtained with the Reynolds stress transport.

Convective terms

The transformation of the convective term is straightforward :

b0 =Ci;+C; (B.129)

where
Ci;, = [V;g]gi.j,k (B.130a)
Ci; = [V/I;_V;g]éi.j\k (B.130Db)

Production terms
The Pgl, term

Once the splitting of the transformed dissipation tensor is applied, the first production
term can be written as :

Pty = [~Rujiie Vin — Rinii Vi) (B.131)
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The Pg3%, term

The expression for this term is here apparently simpler, as compared to the centered
transformation :

=/

P'E/.Qj// = [_Ri.j,n|k V;,k - Ri.j,k\n Vn,k] (B.132)

(3
¥/

- [—Rz’.j\nk V;,k - Ri.j\kn Vn,k]

The P33, term

This contribution to the production takes now an unusual form with the decentered
transformation, because it has an apparent asymmetric term as a consequence of the
kinematic transformation rules :

Py = =RtV (B.133)
— [~Riat Vi + R Vit (B.134)

The Pf,%j// term

This term is transformed together with the turbulent transport, exactly as done in the
centered transformation.

P)ié;flj// + d;* _[(u/‘u, u/‘/),k’k”n’ + (ul’ul'/u”>7]€’k”n”] (B135)

il 19n ™y i Yn

Body force term

The transformation of this term is straightforward, if only the Coriolis force is consi-
dered :

Triple velocity correlation tensor

The transformation of the triple derivation gives the following expression for the tur-
bulent transport :

4 U _ u u u u
P+ ditin = T jukek T Tingirke = Liminjik = Tinjink i) (B.136)
u U
+ (Timer — Tingines]

Pressure-velocity tensor

The same transformation applies to the pressure-velocity tensor :

i'.j i injlnkk — “in.jnlkk m.j|nk,k]

/4 P
+ L iinrk = Tinginkn]

105



APPENDIX B. GOVERNING EQUATIONS FOR THE TWO-POINT STATISTICAL
CLOSURE

The same grouping of terms applied earlier may be applied, leading to a further simplifi-
cation as follows :

£ e4 EU
il .G + Pi’.]]'” + igr [thngn + (thng - j;iz.j)\n],k|k (B'138)

Viscosity contribution

The transformation of the viscous contribution d;/;, leads again to a mixed expression
where cross-derivative are present, but where the splitting into diffusion and dissipation
is obvious :

le-/l./jn =V [éi.j,nn -2 éi.ﬂn’n + 2 5z‘.j|nn] (B.139)

with
di; =V Eijmn (B.140)

and
E;=2v €5 jinn — Eijinn) (B.141)

Summary and remarks

Exactly as in the case of the centered transformation, the transport equation for the
dissipation tensor can be seen as the sum of two transport equations :
deij  dRi g B dR; jkk

a — dt dt (B.142)

It should be pointed out, however, that the interpretation of this decomposition is less
easy. The transport equation for R; jj., is, of course, not the same as for the centered
transformation, and this time the contributions of each part of the splitting to the entire
transport equation for the dissipation can be written as :

{Ri-j,kk,t + V;g Ri.j,nn,k] (B.143)

—/
—[ Ri ikt + Vi Rijinnk

| S

|~ (V= V0) Rl

~[[ =70 = V) R
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—/ —//
- [ R i Vi — Rinin Vo

| S

—y =/
—i—[ - Ri.j,n|k Vn,k - Ri.jyk‘\n Vn,k]

_|: -2 Rz]|nk V;;k + (V/k/,n - V;c,n) Rz]kn:|

|~ ek V)

J

— — =/

J

| S

[ t t t
+ _En.j,n + (T‘z]n - T‘zn])m] Kk
_[ thngn + (thgn - T;tn.j)\n ka

—|—[ -2 Vgi.j|k:’k + VRi.j|n,n,kk:|

—

- [ =2V & jikk TV Rijinn ki

J,knn

- [Rz-.kV’-’ ]

j,knn

B [ _Ri. V//

| S

—//
- [ —Ri ik Vin

—

As in the notations adopted for the centered transformation, the terms that constitutes the
transport equation for R; j,, are put into the boxes whereas the other ones come from the
equation for R;jj,,. These equations contain also the additional terms the contribution
of which is not seen in the dissipation equation because their effects are compensated by
each other. It should be pointed out here that in the second and third production term,
the contribution that actually comes from the transport equation for R; j, , does involve
terms with R jjpg.
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The viscous contributions are clearly separated. The splitting of the dissipation and
diffusion processes is here again straightforward, as it was in the centered transformation.
The viscous diffusion can be written as :

dii = VEijmm (B.144)
It can be further rewritten as
dfl; =[v Ri.j,k\k,nn] —[v Ri.j\kkz,nn] (B.145)

where the first term is the viscous diffusion of R; ;. and the second the viscous
diffusion of R; k-

The treatment of the dissipation operator is very much alike, since the contributions
to B¢ ; can be split into two dissipation processes, that of R; ;. and of R jjx

Ei ;=20 &i k] — [2V Eijia] (B.146)

The exploitation of this equation remains, however, less simple than the one obtained
with the centered transformation, since the interpretation of the R;;; quantity and,
moreover, of its transport equation, is not straightforward within the one-point context.

It should be pointed out that the entire viscous contribution to the R; ., equation
can be written here as :

=2V & jikk + V Ry jinn,kk (B.147)
or, again
—2v Ri.j|nnk,k + 2v Ri.j\kknn +v Ri.j\nn,kk (B148)

and that here no further simplification is possible, since none of the parts of the dissipation
process has the same form as the viscous diffusion operator.

B.2.3 Evolution equation for each part of the dissipation tensor
in the decentered transformation
This section presents the transport equations for R; ., and R;;,, obtained by the

derivation of the transport equation for the two-point Reynolds stress tensor. With the
decentered transformation, this equation can be written as :

dR; j
dt

—Rix Vi — Ry Vi, (B.149)
— 2% [€kmi Ronj + €kmj Riim]

[Tk i)

[T't - Hk.j]\k

i.jk

+ o+ o+

v Ri.j,kk
— 2v[Rijxk — Rijmrl
— Ve = Vi Rije
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where

g Q + V/ a.
dt ot FoX,
Double derivative part

The double derivation leads to :

e Vi R jinn (B.150)
+V;€|nn Rijr+2 V;qn Rijine = —Riknn V/-/ — R jinn V;,k
— Rig Vj klnn — Rk] Vz Jk|nn
- 2Rz k|n Vj kln — 2Rkj\n Vz,k|n
- 2 Qk [gkmz ng\nn + Ekmy Rzm|nn]
+ [irzt]k szk j]“ﬂm
+ VRZ.]\nn,kk

— 2V [Rijjnnkk — Rijjkknn]

— Vi = Vi Rijjenn

- [V/k, - V;c]\nn R jik

— 2[Vi = Vilin Rijien
The same interpretation of the terms as in the Appendix B can be given here. The mean
velocity gradients can again be modified in order to simplify the interpretation, yielding :

dR; i\ —

Tz' = —Ritpn Vi — Rijinn Vi (B.151)
- RZ k V] knn
_ 2 RZ k‘n V]/kn

- 2 Qk [gkmz Rm]|nn + Ekmy Rzm\nn]
+ [Tzl;c ]] k|nn
+ [ﬂt]k T'zk ]]\knn
+ VRz.]|nn,kk
— 2V R jinnkk — Rijkknn]
/! 5/
— Vi = Vil Rijiknn
/!
- Vk,nn RZ]“€
/!
They simplification comes from the fact that any derivative of V' with respect to r is
zero. This means that there are no additional terms originating from the derivation of
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the material derivative, and that the contributions from the non-homogeneous convective
terms are greatly simplified.

Cross derivative part

As a first step, the first derivative of the Reynolds stress transport equation with res-
pect to r can be written, using the transformed expressions of the mean velocity gradients,
as :

% = —RisnVix — Rijin Vig (B.152)
— Rk V] kn
— 2% [Ekmi Ronjin + €kmj Rimn]
+ [Tl win
+ [thgk Tzk J]Ikn
+ VRijkkn

= 20[Rijkikn — Bijlkin]
— Vi = ViJ Rijikn
— Viw Rijik
Applying then the cross derivation leads to :
dRi jinn

M = T R (B.153)

1

- Rzk|n,nv
— Rign v;’ n
- RZ k V;/knn
- 2 Qk [gkmz Rm.j|n,n + Ekmj Rzm\n,n]
+ [T‘zt]k T‘zk j]\kn n

+

v Rz.],kkn\n

=/
— Ry, jlnmn Vi,k
—/
— Ry jinV

i,kn

— 20 [Rijnklkn — Rijjkknn]
— Vi = Vi Rijiknn
— [V = Viln Rijiin
— Vi Rijie
o

— Vi Rijikn

Those two equations enable to obtain again the transport equation for the dissipation
tensor described earlier in the decentered transformation system.
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Appendix C

Application of the Fourier transform

This Appendix presents the notations used for the Fourier transform of the two-point
equations and of the Poisson equation obtained by taking the divergence of the second
order tensor.

C.1 Basic notations

1 —Ik.r
(I)ij (X: f) - (2 7T)3 / e Tkr RZJ (l’, l”) dr (Cl)

The complex conjugate is denoted by a *, so that :
(X, k) = ©54(X, k) (C.2)

The operations of gradient and multiplication by the coordinate transform is as fol-
lows :

0.

TF = Ik )
[ an-] i (C.3a)
TF[r;] = I 0. (C.3b)
YT Ok ‘
Thus,
0. 1 0.
TF[(%Q] = 39x, Ik (C.4a)
0. 1 0.
TF[&E;,] = 29X + 1k (C.4Db)
In a condensed notation, these derivations are denoted as follows :
. 1 0.
1 0.
i = 3 I'k; .
\Y% 50X, +1k (C.5b)



APPENDIX C. APPLICATION OF THE FOURIER TRANSFORM

C.2 Expansion of the velocity components

In the physical space the Taylor expansion of the velocity components can be written
using the following operators :

/ 1 0.  —
V. exp(— 5 T 8Xn) Vi (C.6a)
V! —ep( iri—) T (C.6b)
i o=ew( g ox. )V )

Their transformed expression in the spectral space are written by means of the transformed
operators defined by :

197, .
19V, o
The second order expansion of the 3 operator lead to :
19 9. 1 & 0.
X E)=1+= — = 3 :
&b =1 5 ok 09X, 8 Bl 9%,0%,, V) (C8a)
Its conjugate form can then be written as :
o av. 1 & 2V,
S 0. 0 T o0 (o)

8 = TS ok, OX, 8 Ok.Ok, OX.0X, ©

The superscript V is here introduced to remind that the derivation with respect to X,
applies only to the mean velocity components. Hence, the expansion leads to the following
expressions :

_ _ — 0D, 1 09,
2NV, @iy = 2V, @i+ IV —= — Ve —— + O3 C.9
T IV = 1 Ve g gy, TO0) (G93)

00, 1_ 0?0,

2NV, By = 2V, Py — [V, —2 — 2V,
Vo Bmj VinPmj = IV s =50 = = 4 Vs Ok, 0k,

+0()  (C.9b)

These expansions are to be used for the derivation of the pressure-velocity terms.

C.3 Expression for the pressure-velocity correlations

The pressure-velocity corelations can be obtained in terms of the spectral tensor and
the triple correlations through the derivation of the Poisson equations, obtained by taking
the divergence of the second order tensor equation. This equation can then be solved either
in the spectral space (Laporta, 1995) or in the physical space (Besnard et al., 1992). The
expression for the solutions is recalled in the following paragraphs.
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C.3.1 Expression in the physical space
The two-point evolution equation for the Reynolds stresses can be written as :
Riji+ Vi Rijw +ViRijw = —Rip Vi — Ry Vi (C.10)
15k + Ty
— [ o+ 7
+v (R j e + Rijwir]

When the divergence is taken relative to the first point, the resulting Poisson equation
can be simplified to :

2ViBe; = Tijlye = —SUV (C.11a)
and relative to the second point :
<~/ m ]_ —_—
[2 VJ R’Lk - 7ﬂi,jk]j//k// _; u’/ip”,j”j” (Cllb)

These Poisson equations can be solved in the physical space using Green functions and
then the spectral tensor of the pressure-velocity correlations is obtained by a Fourier
transform of the solution. This procedure has been used by Besnard et al. (1992). The
alternative procedure consists in solving the Poisson equation in the spectral space; the
latter approach is usually followed when the turbulence is homogeneous. This solution is
more straightforward than the previous one, however it requires a careful treatment of
the transformation in order to simplify the calculations (Laporta, 1995). This procedure
is outlined first, and after that we recall the previous approach.

C.3.2 Solution of the Poisson equation in the spectral space

As for the Reynolds stress transport equation, it is more convenient to apply the
Fourier transform after the independent variables (z’,z”) have been transformed into a
set of (X, r) variables. In this way we can better differentiate the local from non-local
contributions.

It appears here, however, that the centered transformation

1
Xy = 3 (z}, + ) (C.12a)
re = (zf —x}) (C.12b)

is not simple. The double derivation involves all kinds of second derivatives with respect
to z and r.

82

. 1 1
a7 A, — Ze-mn — 3 l,mn ‘|lm,n ‘lmn 1
Go o, qomn T g Lt mal 4 (C.13a)
2. 1 1
—— = — ot = lmin T il T olmn C.13b
Gor gy 1oty bt mal (C.13D)

113



APPENDIX C. APPLICATION OF THE FOURIER TRANSFORM

In contrast, the decentered transformation

X = x; (C.14a)
re = (@ — ) (C.14b)
leads to a simple expression, because
0%
ox' Oz’ = -mn — [,m\n + |m7n] + ‘lmn (0153)
0%
ox!" Oz = clmn (015b)

As the quantities are conjugate in the spectral space, it suffices to focus on one of them.
The decentered transformation allows to work with the second Poisson equation :
2V Ry, — T}"

11—
i.jk]j//k// _; ugp//7j//j” (0163)

whose transformation with the decentered coordinates can be written as :

o . 11—
2 Vj Ry — ngk] ik _; ugp”“’j (C.16b)

It is noted that the formulation of boundary conditions associated with the partial diffe-
rential equations depends on the physical boundaries. In the spectral space the boundary
conditions are implicitly written in the equations through a suitable choice of the Fourier
transform. It has been assumed here that there is no wall so that the usual definition of
the Fourier transform can be applied. The transformation of the Poisson equation can
then be written as :

=y o~ ~ 11—
ki ki 2V @ — T = K e (C.16c)
where the 7 denotes the decentered Fourier transform of the variables. Assuming that the

boundary conditions are zero at infinity, the solution to this equation can be written as

~ 1=
I = [ up]
P
kik =n = -
— 22’“ 2V g — T} (C.17a)

and, using the decentered Taylor expansion operator,

N 9. ov.

it eXp([% aXm)Vj O — T (C.18a)

This is the decentered quantity, linked to the centered one by the following transformation :
I 0. 0. =

ITY = — — —)II} C.19

[ = exp(— 5= ) (C.19)
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so that the quantity wanted can be written as :

. I 8. . Ko Ko 9. 8V, 1 9% _ _
= ep(=5 5= 8Xm)][ ;2 QQXP([akm{aXm+§aXm})qu)i”}
I 0. 0. Fenkin I 9. 0.
*P(=3 g 6Xm>][ ;2 exp(iﬁaxmm”m} (C-20a)
Its conjugate form leads to the expression for II; :
I 9. 0. Kk 0. V. 1 0% . _
= (g g aXm)][ 2 QGXP(_Iakm{aXm+§aXm})qu)”j]
I 9. 0. Ekin I 9. 0.
- o g 8Xm)]{ 2 eXp(_i%aXm)T"m'j] (C-20b)

Various operators remain to be derived in order to get the expanded expressions of the
pressure-velocity terms.

C.3.3 Solution of the Poisson equation in the physical space

The two possible Poisson equations resulting from the divergence of the Reynolds
stress transport in the two-point physical description of the turbulence can be written
as :

2V Ry —Ti ), = —% Y . (C.21a)
2V Ry — T25k) —% Up” i (C.21b)
Using the Green theorem leads directly to their integration :
—%W@’,z”) = —ﬁ / Gy, z") gy‘i (% [2Vi(y) Rrj(y 2") — Tip 5 (y, ")) dy (C.22a)
) = o [ G S 2V Rl )~ T ) dy (C220)

where y is the current point of evaluation of the integrals and the surface integrals have
been neglected assuming the boundary conditions to be zero at the infinity. The treatment
of such integrals has already be discussed by Chou (1945). Assuming local homogeneity,

the Green function can take the following form :
1
G\ 2") = 75— (C.23)

|z — 2]

Again, it suffices to focus on only one of the pressure-velocity correlation. Following the
same approach as earlier, we focus our attention on the second equality. This can be
transformed into the Fourier space yielding (Besnard et al., 1992) :

(X k) = =V;(X, k) V(X E).

ﬁ / G(X —y,k) [25(y, b)V;(y) @iy, k) — Trjn(y. k)] (C.24)
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The transformed Green function is :

_vn vn é(l - Y E) = 6(X - y)

The operator can then be written as :

and the Green function here is defined by the following inverse :

1 0. 211
o=~ Gax + 1) |

It is then clear that the pressure-velocity correlations can be written as :

The Taylor expansion of these expressions remains to be done.

(C.25)

(C.26)

(C.27)

(C.28a)
(C.28b)

C.4 Expansion of the operators involved in the Pois-

son equations

The Green function is defined as :

1 9. 21-1
o= Gax, 1)

so that its expansion can be expressed as :

! Koo, 1 Kk 0P ,
G = [1”1{2 ox, T iR (5“_4 2 )axlaxj +00)

and its conjugate form can be written as :

L Koo, 1
G o= kQ{l Ik28X1+4k2<5ls 4

ko O ;
2 ) 8X18X3] +0()

The grouping of the derivative operators leads to the following expression :

ViV Ve = —Ikjkyky
) 0. ) )

1 : :
— M kmkn = F ke + k=
2( 0X; R 0X, R 0Xm

+ l[(k TS N i )
1 \"axcax, TP ax,ox, M ax,0xm
+ 00

(C.29)

(C.30a)

(C.30b)

(C.31a)
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EQUATIONS
and the conjugate form :
Vive N = ITkiknk, (C.31Db)
1 0. 0. 0.
- 5 (kmkna—Xiijikm o T ki —8Xm)
B 1 I <k; 0% 0% s >
0X,0X,, " 0X,0X, 8Xn8Xm
+ 0(3)
The combination of these expansions yields the following operators :
km kn,
Vj Vm an = —ij 12 (032a)
N kjky kK 0.
k4 0X
1 (km k, O. kik, O. ki k, O. )
2\ k2 0X; k% 0X, k? 0X,,
+£i( 0% . CE 0% )
4 k2 \"0X,;0X,, anaXn 7 0X,0X,,
Ik (k k, 0% kjkn, — 0° n kjk, 0% )
2k2\ k2 0X,0X k%2 0X,0X, k2 0X,,0X,
I1 ky ks 0.
N ZH(&“ kQ)kk XX,
+ 0(¢)
and their conjugate form :
Viv; V.G = Ik k2 (C.32Db)
n ki kp kn ko 0.
k4 0X
B l(kmkn 0. N kiky O. kik, O. )
2\ k? 0X; k? 0X, k? 00X,
I1 0. 0. 02,
-~ (k + & )
4 k2 0X,;0X,, " 0X;0X,, 0X,0X,,
N Ik (kmkn 0. kik, 0> kik, 0° )
2 k2 \ k? 0X,0X, k2 0X,0X; k%2 0X,,0X;
I1 klk 0.
45 (5“ k2 )k i b 0K,
o(%)
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Appendix D

Two-point equations and one-point
equations

This appendix summarizes the physical interpretation of various terms in the two-point
second moment equation.

D.1 Reynolds stress equation

D.1.1 Expression in the one-point limit

The reduction of the two-point equations to the one-point limit is straightforward in
this case. The expression for the mean velocity has to be expanded with respect to the
distance r. As these are one point quantities, we get :

!/

_ _ 1 _
Vk: = Vk; — 5 Tn Vk:,n + O(TQ) (Dla)

1/

— — 1 -
V, = vk+§rnvk,n+0(r2) (D.1b)

Convective terms

The expansion of C; ; and C;; can be written as :

Ci,j = Vk Rz‘j,k + O(’f‘) (D.Qa)
Cii = 1 Vin(Rijg)o +O(r?) (D.2b)

i.J

Production terms

The expansion of the production terms is also straightforward and leads to :

P ;= —Rj Vj,k: — Ry Vi,k: + O(r) (D.3)
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Triple velocity correlation tensor

For the same reason the triple velocity correlations in the one-point limit are :

di; = T, +0O(r) (D.4a)
di; = O(r) (D.4b)
since
ik gk = Tigrpe = (i) e (ug — ) + ugulf (uf — up ) (D.5)
Pressure-velocity tensor
By definition
P L ——
Tijhe = W, [p"u; 6] n (D.6a)
1 —
71ill)s.j,lc = _; [p,u}/ 6171],71 (D6b)

This notation comes from the fact that the derivative of a quantity in one of the two
points with respect to the other point does not need to be taken into account. This tensor
corresponds to the one point correlation between the fluctuating velocity and pressure
gradient, as follows from the expansion :

3Tl Thysd = =5 5 [P0 850 4 3 6l +O(r) (D.72)
T — Thje = —% % [P 60 + P Gin) n + % [p(wij + u;q)] + O(r) (D.7b)
and it can be reduced to :
1 1
5 T ike+ Tinl = 5 di; +O(r) (D.8a)
T~ Thow = 5+ 6+ O0) (D)
The sum leads to :
5 [T+ Thogal + Thhs — Thegpe = %+ 65+ O(r) (D.9)
being
% [Ti].)jk,k + ﬂi.j,k] + jl?jk\k - Tz‘i.j\k = (I)ij + O(T) (D.lO)
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D.2. DISSIPATION EQUATION

Viscosity contribution

The viscous diffusion can be written as :

CZZV] = I/lekk—i—O(T) (Dll)
whereas the dissipation part may be written as :
. 1
5i.j = Z Rij,kk — (Ri.j\kk:)o -+ O(’/‘) (D.12)

The one-point dissipation tensor can be interpreted as to be composed of an inhomoge-
neous term of the same mathematical form as the viscous diffusion process, and of an
homogeneous contribution which comes from the two-point description.

D.1.2 Remarks

There is no need to recall here the one-point equation for the Reynolds stress tensor.
The notations are described in Appendix A. It is, however, interesting to point out that
the difference of the derivatives with respect to r of the pressure transport term does not
entirely vanish in the one-point limit, but contributes to the pressure redistribution and
the pressure diffusion tensors.

The splitting of €; ; is the main reason why the centered transformation seems
to be the most appropriate description of the two-point processes.

D.2 Dissipation equation

D.2.1 Expression in the one-point limit

As for the two-point Reynolds stress tensor, the one-point equation for the dissipation
tensor is here also presented in terms of the one-point limit of its two-point value.
Convective terms

The development of the convective term is obvious and similar to the corresponding
development in the R; ; equation.

Cij = Viiyr+0(r) (D.13a)
Ci; = Ofr) (D.13b)

Production terms
The Pgh, term
This production term strictly corresponds to the one point Pfjl tensor.

Pt = P54 O(r) (D.14)
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Its expression in terms of the Reynolds stress tensor leads to :

1 _ _
Pl = 1 [—Rpjik Vi — Ringok Vijn) (D.15)
[—(Rujiker)o Vin — (Rinper)o Vin) + O(r)

where (.)o denotes the limit of the two-point expression when r goes to zero.

The P3%, term

In this expression, the third two-point contribution entirely vanishes in the one-point
limit, so that the remaining terms are :

1 _ —
Pf,?j// =1 [—Rijnk Ve — Rijkn Vil (D.16)
[ _ —

~(Rijink)o Vi — (Rijjen)o Vgl +O(r)
The P33, term
As compared with the previous production contribution, this inhomogeneous term

does not have a two-point counterpart and its limit is directly obtained :

P63 —

1 — —
i 5 [ Rujk Vink — Ranpe Vjnkl (D.17)

— [(Rimjr)o Vijmk — (Rujie)o Viak] + O(1) (D.18)

It should, however, be pointed out that these two terms do not exactly correspond to the
expression for the inhomogeneous production of R;; i, and (Rl-.j‘ kk)o, respectively, as their
inhomogeneous production does include additional terms. Those terms are not typical
two-point contributions and they are present in the one-point expression. However, they
are identical in both equations and vanish in the equation for the dissipation tensor.
The Pg%, term

This term is no longer treated separately from the turbulent transport term and the
fluctuating pressure transport term.

Triple velocity correlation tensor

This term is included in the transport term described below.

Pressure-velocity tensor

This is the last contribution to the transport term which can be written as :

_ 4 u
d?/.j// - PiE/\'j// + df/'j// + Hf/'j// (D.lg)
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D.2. DISSIPATION EQUATION

or again :
] 1.1
i g Z [5 (T'Z]n + En.j),nkk + (E]n - En])m,kk] (DQO)
1

with the same notations as for the Reynolds stress equation,

1

Tijk = —UQUQ-’UZ - ;ng” Ok (D.21a)
1

Tirj = —uwupuj — ;U}'P' Oik (D.21Db)

Without further consideration, the simplest way is to keep the previous form, so that
in the one-point limit the transport term can be written as :

1,1

(
1
- ([5 (Tijn + Tinj) ik + (Tijn — Tinj) inkk] o

Viscosity contribution

The viscous contribution consist of the viscous diffusion and dissipation. When these
term are expressed in terms of the Reynolds stress tensor, the viscous term in the one-point
limit can be written as :

B~ By = v [ Rigpinn — 2 (Rigiaan)a] + O0) (D.23)
with
di'y = VEjmm +O(r) (D.24a)
= v [% Rijonn — (R jlkknn)o] + O(r)
E;, = 2v [1_16 Rij kknn — % (R jikk,nn)o + (Ri jliknn)o) + O(1) (D.24b)

D.2.2 Remarks

The one-point transport equation for the so-called homogeneous part of &;;, defined
here by :
A

Sij = Eij = 7 Fijn (D.25)
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can be derived by taking the one-point limit of the two-point equation of R; ;. :

dt

E(Rzﬂnn)o

1

(Rzk\nn)o Vj,k - (ng|nn)0 Vi,k

1 — 1 —

1 Rzk VjJin - Z Rk;j Vz,knn_

[(Ri.k|n)0 Vikn — (Rk.j\n)o Viknl

2 Qk [5kmi (ng|nn)0 + Ekmj (Rzm|nn>0]

% ([Tt + Tl o)

([ﬂ]k - T'zk]]\knn)o
v [(le\nn)O],kk
20 (€5.4nn)o

2 Vk,n (Rz]|kn)0

This equation can now be rewritten as :

—
de;

dt

1__
7 Vian Rij (D.27)

oh TF oh TF
Eir Vik— €k Vik

1 — 1 —
Z Rzk Vj,knn + Z Rkj Vz,knn_
[(Rzk|n)0 Vj,kn - (Rk:]|n)0 Vz,kn]

h

vh
2 Qk [gkmi 8mj + 5kmj gim]

1

5 [(Tigr + Tieslinn ol
([ﬂ]k - Ek]]\knn)o

14 [ég],kk

I
5V [gg]kk — 2V (R jinnkk)o

2 Vk,n (Rz]|kn)0
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Appendix E

Spectral equations and the one-point
equations

In this Appendix we summarize the physical interpretation of various terms in the
spectral second moment equation. Once integrated over the wave number space, this
equation leads to the Reynolds stress equation in the physical space.

E.1 Reynolds stress equation

The transport equation for the second moment in the physical space can be written

as :
Rij4 + ViRyr = v Rij ik — 2V WU Uy g
unsteadiness — convection viscous diffusion viscous dissipation
— VikRik — Vig Ry
production by mean velocity gradients
1
+ ;P(Um + 1)
redistribution (pressure strain term)
+ %, o+ Th,
m
turbulent diffusion pressure diffusion
with
Gk = — WU (E.2a)
1
T = — P (wi Ojx + wjdir) (E.2b)
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The transformed equation in the spectral space can be written as :

i + % [+ Vi@ = vk - 2 i Dk + K By
unsteadiness convection viscous diffusion viscous dissipation
— [E =V k ;)
convection in the spectral space
— [V, ®a — [ETVi] , Biy
production by mean velocity gradients
+ VI VI
pressure-velocity terms
+ Vo T+ Vi Tijm

turbulent diffusion

where V,, is the gradient operator in the spectral space and V; its conjugate defined
as :

1
Vi = 3 {}m + 1k, (E.4a)
and Y is the operator of the Taylor expansion applied on the velocity gradients, defined
as :

S = exp (%{.}n{.}z> (F.4b)

E.1.1 Expression in the one-point limit

Integration of the second order spectral correlations over the wave numbers yields
the Reynolds stress tensor at a point in the physical space. We consider now term by
term. The integration of the viscous term is straightforward. The identification of the
viscous diffusion is immediate and the expression for the viscous dissipation requires an
integration by parts :

/ v &y dk = v Rij (E.5)

and
1
[ 20| e K0 dk = 20 [ Ry e drd

= 2v |:Ri.j|nn:| (E.6)

r=0

The turbulent diffusion can be split into two terms. The first term representing the
first order spatial inhomogeneity :

1
Vin Tong + Vou Tijm = 5 [Timg + Tigin]  + L o [Tim g = Tijm] (E.7)
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E.1. REYNOLDS STRESS EQUATION

Here the first contribution acts as a diffusion term in the spectral space and corresponds
to the turbulent diffusion process in the physical space.

1
[ 5T + Tl ke = [Tin],, (E3)

whereas the second contribution is a typical spectral term and represents the non linear
transfer process. Its integration over all the wave numbers brings no contribution to the
Reynolds stress equation.

[ b Do = Tl dle = [ T [T, = T2, e drdi
= / [T;fng - Tzu]mhm e T dr dk

(E.9)

In the physical space the pressure terms are usually split into a redistributive and a
diffusive contribution, as described in the first equation. Following the same splitting as
the one used for the turbulent transport, the spectral pressure terms can be written as :

1
Vi, + VI = 3 [T + 105 5] — 1 [k T + & TT7] (E.10)

The integration of the first part is again straightforward :

1 . 11—
/é[iji—i-Hi,j] dk = - / i[p/u;éi—l-p”ug’j]e TEr dr dk

= - [=(pw), + (puy) ] dk (E.11)

whereas the remaining term can be integrated as :

1 -
/I[’fz‘ I + k; I dk = — / Ik p'uf] + ky p'ui) e "5 drr dks
p
1 1 1
= ;[—§(Puj),i+l)uj,z‘—§(puz‘),j +pui;]  (E12)

Hence, the transport term by fluctuating pressure can be transformed as :

5 [(puy) ; + (pus) ;) = TFHI; + 10 (E.13)

and the redistribution tensor as :

1 _ 1 N X
P (wij +uj;) =TF 1[—5 (M + 007 ;) — 1 (ki 11 — Ky 107 (E.14)
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The remaining terms in the equation involve mean velocity gradients. In the spectral
equations these terms depend on the spectral derivative {}|n Therefore, their contribution
to the Reynolds stress equation vanishes as long as the order of the spectral derivative
is higher than two (according to the Ostrogradsky property, these terms are transformed
into surface integrals where all spectral terms go to zero, as noted by Laporta (1995) ).
Thus the only terms that need to be taken into account have at most spectral derivatives
of the first order. They can be written as :

SV = —(Vi+ Vi)V, ®

+ (Ve+Vy) (Vi@ +V Pz.)
+ ky (Vnyp Dyjip)
+

1 — _
) kn (Vi Prjlp = Vip cbin\p)

The non-zero integrations over the wave numbers result in the convection an production
of the Reynolds stress equation.

E.1.2 Remarks

The comparison with the two-point equations in the physical space is straightforward,
as it can be seen in the previous Appendix.
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Appendix F

Classical one point closure

This appendix recalls the derivation of the classical closure for the homogeneous
pressure-strain term using the fourth order tensor Xj;,,.
The pressure-strain term is usually expressed as :

The classical closure for Xjj,, is the following functional :

% Xijpg = Ch 51‘3’ 5pq + Ch (51'17 5jq + 5jp 5iq)

Cs 52’3’ hpg + Cy hij 5pq

Cs (0ip hjq + 0jp hig + hip Gjq + hjp 0ig)

Ce 0ij 1y + Cr 1% 6y

Cs (0ip 1% + 0jp Wiy + 13, 0 + 2, 0i)

Co hij I pg + Cho (hip hjq + hjp hiq)

Chy hij b2, + Cra B2 hyg

Chz (hip h%y + hyp B2y + W hjq + B2, hig)

Cu %, 02, + Crs (B2, h%, + h%, h2,) (F.2)

+ 4+ + + +

+

This expression satisfies all symmetry properties of the Xjj,, tensor for an homogeneous
turbulent flow. They are, respectively

Xijpg = Xijop (F.3a)
because of the second derivative permutation, and
Xijpg = Xjing (£.3b)

because of the Hermitian character of the spectral tensor ®;; in the case of an homogeneous
turbulence, that follows once the spherical integration is applied to a symmetric tensor.
Furthermore the fact that the flow is incompressible allows to impose :

annq =0 (FSC)
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APPENDIX F. CLASSICAL ONE POINT CLOSURE

which gives three relations between the coefficients :
Ci14+4Cy —211,Cs+ 111, (C11 +Cra+2C13) = 0 (F.4a)
C5+Cy+5C; — 11 (C11 + Cra+4Ci3) + 111, (C1a+ Ci5) = 0 (F.4b)
Co+C74+5Cs+Co+Cyo—II,(Cry+3Cy5) = 0 (F.4c)

Using the Cayley-Hamilton theorem to reduce the order of all tensor products (Spencer,
1971), the rapid term can be written as :

i ¢f§ = b hij

Ba [W%; + 2/3 1), 6]

B3 Sij

By [ir Sk + hjr Sik — 2/3 Ponn Sy 6]
Bs [h%k Skj + h.ij; Sik —2/3 h.anSmn 5]

Bs [ir Wik + hjrx Wig]

B7 [ Wik + h?jk Wik]

B [T Wiy 1o+ g Wi Tz (F.5)

+ o+ + o+

with

Bi = 4{bS}(Cy+2Cg) +2{b*S} (C11 + Ciz +4Ch3)

By = 2{bS}(C11 + Cia +4C3) +4{b*S} (C14 +2C15)

B3 = 4(CyL+Cy) =411, (Co+ Crg) — 2111, (C11 + Cpp +2Ch3) — 4117 (Cry + Chs)

Bs = —6C5+211,(Ciy+ Cia+4Chg) — 6111, (Crs+ Ci5)

fBs = —6(Cs+ Co+ Cro) —211,(Crq — Ch5)

B = 2(—2C;—5C5+ 11, (Cy1 + Cra+4C13) — I11, (C4 + Ci5))

Br = 2(—(2C7+Cy+Cio+5Cs) + 11, (Cia +3Ch5))

Bg = 2(Cpu — Ch)
where the notation {.} stands for the trace of the tensor to which it is applied.

The closure of the pressure-strain term through X;,, allows to reduce the number of

the unknown coefficients because of the properties of Xj;,,. This is, for instance interesting

to force the model to respect the fact that the spectral tensor is a contraction of the fourth
order tensor. This is the so-called normalization condition which can be written as

1
Xijnn = hij + g 6ij (F7)

This is the only normalization condition to be satisfied as long as the model involves only
the h;; anisotropy tensor. This condition brings three additional equations :

1
301+202—211h06+4111h013 == g (F8a)
3Cy+4Cs— 211, (Chy +2Ci3) + 2111, Cys 1 (F.8b)
3C7+408+2010—2[Ih(014+015) =0 (F8C)
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Using all those constraints allows to reduce the number of unknown coefficients to nine.
If they are chosen to be :

Cs

09 ClO 011 012 CV13 CV14 CY15 (Fg)

then the solution of the system of constraints leads to the following relations :

Ch

Cs

2 5) 2 2 1

- —QI]h(508+509+ECN)JFgIIIh(CHJrOIQ—6(]13)

4

15 13t (Cua +7Chs) (£.10a)
1 4 1 1 1 3

~30 + I (5 Cs + 5 Cy + 1 Cho) — 5 111, [5 (C11 + Cha) + C435]

1

= 11} (Ciy +7Chs5) (F.10b)
1 11 1 8 1

—5 — ? 05 + 11, (5 Ci +Cia + 5 Cl3) — 111 (014 + g Cl5) (F.lOC)

1 4 2 2

g—§O5+§]Ih((]11+2013)—glllh(}w (F.lOd)
11 1 1

—E 08—09—5010“—5[[}1 (Cl4+7015) (FlOe)
4 2 2

—g 08_§CIO+§IIh (Ol4+015) (FlOf)
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Appendix G

Choice of the multiple-scale variables

This appendix details the integration of the spherical variables and the approximations
used to evaluate the variables wanted.

G.1 Closures assumptions

Let us recalls the closure of the model of the spherically integrated second order tensor
(Schiestel, 1993) :
Rij 2

vij(k) = f(k) B(k) 5= + (1 = f(k)) 5 B(k) 6 (G.1)

as well as the adopted approximation of the one-dimensional spectrum : and the damping
function associated with the assumed isotropy of the small structures :

G.2 Integration
The quantities to be integrated are defined as
+o0
1m = / k™ o5 dk (G.2)
0

where m > —5 in order to have a convergent integral. This integration can be rewritten
as :

k ky
I = / K gk + / k™ @i dk (G-3)
0 kr

which leads to the definition of the two integrals applied on the low and the high wave
numbers regions of the spectrum :

kr

[om<< — /O k™ g5 dk (G.4a)
Ky

Jm>> = R iy dk (G.4b)
L
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E(K)

B 8(1)2/3 k5/3

ok

kL kn k

Figure G.1 — Schematical representation of a high-Reynolds kinetic energy spectrum.

(k)

kL kn k

Figure G.2 — Schematics of the damping of the anisotropy of small scales.
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G.2.1 Large scales contribution

According to the closures adopted, when the scales of the eddy structures are larger
than the integral longitudinal length scale, the spherical spectral tensor is defined by

R;;
i (k) = E(k) 7= (G.5)
where
E(k) = ak (G.6)
so that the integral can be written as :
R.:. rko
[m=<=q—L [ 7k g .
a— | (G.7)

Taking into account the continuity of the spectrum allows to express « in terms of (3, so
that :

e R ko
[m<< — g3 (02/8 =173 g / J ) g, Q.8
Be L K Jo ( )
The integration can, therefore, be performed for m > —5, which simplifies to
m B Ry m—2/3
s = LS UMY e w5 (GO)

This expression enables us to see which values of m might be of interest. The energy-
containing length scale can indeed be rewritten in term of the kinetic energy and the
transfer rate through the spectrum, i.e. :

Jm)<< _ : i 5 % Sm pe(-3/2mt1) (G.10)
m
or, again :
Jm<< _ ( i5) R;; c()m pr=3/2m (G.11)
m

Therefore, when m = 0, this function yields the Reynolds stress tensor I2;;. The derivation
of a variable where (V) is entirely separated from the kinetic energy, seems to be difficult.
However, taking into account the definition of the length scale, this integral reduces to
R;; L when m = —1. Finally, in order to treat the small scales, we can consider the
dissipation rate, which is recovered from the above general integral by taking m = 2.

G.2.2 Small scales contribution

The spherical tensor, introduced earlier

Rij
K

puk) = FR) B(R) S5+ (1= f(8) 2 B(k) 3
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reflects the assumption that the information on the anisotropy of the turbulence comes
only from the Reynolds tensor, and that this anisotropic character decreases with an in-
crease in the wave number (smaller structures). This statement becomes more transparent
if the above spherical tensor is rewritten as :

2
S B(R) dy = () B |

R 2
eij(k) — KJ — 30 }

The integration of the small scales contributions can then be split into two parts :

. kn 2
Jm>>i |k S B (k) 8 dk (G.12a)
L
k R, 2
I(m)>>a _ i n km f(k) E(k,) |: K] _ g 52]:| dk‘ (G12b)
L

Isotropic part

The expression for the isotropic part can be written as :

Jomy>>i _ g(gij gewes [M pem=s/3) gy (G.13)
kr

For m different from % this expression can be written as :

[ P2 [k<m—2/3>r" (G.14)
(m—2/3)3"" ki
or again
- i 6 9 . k. (m—2/3)
Jm)>>i _ CEIEE 5y D2/ kf? 2/3) [1 — (k;_> } (G.15)
n

When m < 2/3, the scales of the energy containing eddies are predominant so that this
integral can be approximated by

, 2 _
Jm>>i _%;/3) 500 eW2B M2 yhen  m < 2/3 (G.16a)
m —

whereas when m > 2/3, the small scales processes are dominant and

. 2
Jm)>>i (762/3) 3 0i eW2Bpm=2/%  when  2/3<m (G.16b)
o

Anisotropic part
The expression for the anisotropic part can be written as :
Rij 2

I(m)>>a — |:
K 3

52-]-] BeM2/3 2/ /k ¥ =1/ g, (G.17)
L
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When the exponent m differs from %, this expression can be written as :

R, 2 - by
I(m)>>a — L |: (o 6z:| (1)2/3 ]{32/3 k(m—4/3)] G.18
(m—4/3) |k~ 3%]° Lo . (G.18)
or again
R 9 K N2 T kN (me4/3)
pomssa _ B [ ij _ 2 51,} (1)2/3 f(m-2/3) <_) 1 <_) ] 1
(m—4/3) |k~ 3%]° L o o (G-19)

When m < 4/3, the energy containing scales are predominant so that this integral can be
approximated by

R 2 m—
Jm>>a —% { KJ —3 52‘;‘] gW2/3 k;(L 2/3) when m < 4/3| (G.20a)
m —

whereas, when m > 4/3, the small scales processes are dominant and

R 9 ko \2/3
sm>>a B [ i _ 2 } (1)2/3 (m—2/3) <_L) hen 4 2
m—aj3) & 3% g, hen 43 <m) (G20)

The decomposition into the isotropic and anisotropic part chosen here is based on
a physical interpretation, though a mathematical decomposition based on the polyno-
mial extension of the functional terms is also possible. It is interesting to note that the
anisotropic terms can be rewritten as :

Ry, 2 m—
Jm>>a —7( ﬁ4/3) { KJ 3 51']} g(D2/3 ki/3 k(L 9 when m < 4/3  (G.21a)
m —

and

m)>>a p Rij 2 1)2/3 1.2/3 1.(m—4/3
J(m)>> Nm[?ﬂ—gaw} eW2B P km=43 when 4/3<m  (G.21b)

which make the comparison with the isotropic part more obvious and display more clearly
the relevant scale associated to each of the parts.

G.2.3 Synthesis

To summarize, the whole integral 1™ can be written as

oo B Ry _ayss (m-2/3) (kL)(m_2/3)
modk — iy m L 22
/0 Wrlogdk = mmy R S k, (G.22)
B2 ) o\ (m—2/3)
B 25 23 p(m=23) {1 _ <_) ]
T —2/3)3%° L ,

. B [Rij _ 35.} L(1)2/3 (m=2/3) (@)2/3 {1 _ (ﬁ)(m_4/3)]
(m—4/3) |k 3% g , kn

whenever m > —5 and differs from % and from %.
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G.2.4 Approximations

As already seen, depending on the value of m, different forms of the integral 1™ are
obtained which enables to choose suitable dependent variables. The integration of the
large scale contribution points out at interesting values of m, m =0, m = —1 and m = 2.
Therefore, within the domain of validity of m, only two intervals can be considered, the
one for —5 < m < 2/3 and the other for 4/3 < m. The simplifications involved in these
intervals are discussed in the following paragraphs.

Energy containing eddies and transfer contribution

The evaluation of each part of the integral when —5 < m < 2/3 has shown that each
of the contributions has the same scaling which is :

() 2/3 (m=2/3) (G.23)

Therefore, the integral must be evaluated using the entire wave number contribution. For
this purpose it is useful to write the integral as a functional expansion in terms of the
Reynolds stress :

oo m— m 2 m Rz
/0 K™ i dk = (1)2/3 k(L 2/3) ([0 ) 3 5+ I ) ]g) (G.24)

where
- () b () )

0" = <_(m _ﬁ 1/3) (7719135)) {1 N (?97;35) (%j)(m_w}

As a first approximation only the zero order term can be retained and the second integral
has a higher order scalar coefficient for m = 0 and m = —1, so that for these values, the
integral can be approximated by :

el m—2/3
/0 K™ i dk ~ eW)2/3 M =2/%) e (G.26)
that is :
—+oc0
/0 @iy dk ~ Ry
and
+oo 3/2

This parameter yields in an indirect manner the spectral energy transfer rate ), which
can be related to the length scale of the energy containing eddies L = K3/2 /).
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The above result corresponds also to the simplified closure on the length scale tensor
defined by Donaldson and Sandri (1981),

which can be extended to account for both the isotropic and anisotropic contributions :

2 R 2

Finally, following the above arguments, we can generalize the interpretation of the latter
integral by writing

400
/ I{Z_l Pij dk ~ Aij K
0

The tensorial closure is here written as a function of the physical Reynolds stress. This is
due to the spectral model of the spherical tensor.

Small scales contribution

In the case where 4/3 < m, the evaluation of various terms remains valid, though
each of the terms has a different scaling. Adopting the same splitting presented in the
preceding section, we can first group the terms in the following manner :

+00 8 R Fp\ (m=2/3)
K oy dk ~ > By (2/3 pim=2/3) (—> G.27
m>>_ B 25 1)asm-2)
t oG (m—2/3) 3 i€ K
Lomes B {Rij _ 25..] L(1)2/3 j(m—2/3) (ﬁ)” ’
ea )
(m—4/3) LK 3 " ks,
The first contribution can be neglected, so that the integral can be written as :
+oo RZ 2
/0 k™ Pij dk ~ 8(1) 2/3 ]CgmiQ/g) |:f8(m) [(J + (1 - fg(m)) g (5”] (G28)
where )
L\ 2/3
fetm) = (k—L) (G.29)
7

It is interesting to note that the ratio of the two length scales delimiting the spectrum
can be rewritten in terms of the turbulent Reynolds number

kr s/ ()N 3/2
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so that this function might be seen as a damping function expressed in terms of the
spectrum imbalance and the turbulent Reynolds number. The scale of this expression can
also be transformed using the molecular viscosity as :

2(1)2/3 kf?mq/:s) _ - (3/4m=1/2) _(2) (3/4m=1/2) (1) (1-m/2) (G.31)

When m = 2, those parameters are reduced to
1)
_ €
fow = RB? <ﬂ> (G.32)
and

~(1)2/3 /f?,/?’ — 1@ (G.33)

Hence, an expression for a suitable variable describing the small scales (¢(?)) can be deri-
ved :

Ry, 2 ARG
K’J + (]‘ - f5(2)) g 52] where fs(g) = Rt 1/2 <m>

+oo
/0 vk iy dk ~ e | f.o

This gives an expression of the dissipation rate tensor very much like the standard ex-
pression used in one-point second order models. This is not surprising, since the spectral
model chosen also matches the same tensorial derivation.

Intermediate case

The intermediate case, where 2/3 < m < 4/3, is of no use in the choice of the variables.
This exponent appears, however, in the diffusive terms in the transport equations and, for
that reason, we give a brief outline of such a case. For this interval of m (0 < m—2/3 < 2/3)
and for high Reynolds numbers, the integral can be approximated by :

+00 2
/0 K pydk ~ 28R (G.34)
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