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ABSTRACT

In this work, the effect of rotation on the evolution of kinematic and passive scalar fields in two dimensional
homogeneous sheared turbulence is studied using two different approaches. The first one is analytical and it consists
on the resolution of differential linear equations governing the turbulence at high shear when the non linear effects
are neglected. The second one is numerical and it consists on the modeling of governing equations using the most
known second order models of turbulence and their numerical integration using the fourth order Runge-kutta method.
In this second approach, the classic Launder Reece Rodi model, the Speziale Sarkar Gatski and the Shih Lumley
models are retained for the pressure-strain correlation, pressure-scalar gradient correlation and for the time evolution
equations of the kinematic and scalar dissipations. The evolution of turbulence is studied according to the
dimensionless rotation number R which is varied from -0.75 to 0.5. The obtained results are compared to the recent
results of the DNS of Brethouwer. Both methods have confirmed the existence of asymptotic equilibrium states for

dimensionless kinematic and scalar parameters.
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1. INTROODUCTION

During an important period, numerous theoretical
works and laboratory experiments have been performed
in order to understand and predict turbulent flow
behavior. In the absence of exact predictive theory of
turbulence, second order modeling remains one of the
more important approaches used to describe and
analyze turbulent flows. Recently, second order models
have served to study complex configurations of
turbulent flows Khaleghi ef al. (2010). It is by second
order closure models also that we have studied an
homogeneous sheared turbulence submitted to a stably
stratification (Bouzaiane et al. 2004; 2003)

The last few years, some authors were interested to the
study of the effect of rotation on turbulence. In fact,
rotation is present in a larger domain of application in
nature especially oceanic current and atmospheric
boundary layers as well as in industrial mechanical like
turbo machines.

Modeling rotating turbulent flow received considerable
attention, kinematic field of homogeneous sheared
turbulence has been widely studied by authors Porosova
(2002), Speziale et al. (1988) and (1989). The last paper
is considered by many authors as one of the most
interesting work during the last two decades dedicated
to the study of rotation effects on the kinematic field.
On the contrary, the effects of rotation on the passive

scalar field are rare. In the absence of rotation effects,
experimental results of Tavoularis and Corrsin (1981)
constitute one of the principal results dedicated to the
study of passive scalar field in homogeneous sheared
turbulence. The lack of result for transport of passive
scalar field forms the motivation of this work in which
peculiar attention will be accorded to the asymptotic
behavior at long time evolution of dimensionless
scalars parameters in addition to kinematic ones. The
three sophisticated second order closure models of
Launder Reece Rodi (Launder et al. 1975), Speziale
Sarkar Gatski (Speziale et al. 1990) and Shih Lumley
(Shih et al. 1985-b) are retained here for the pressure-
strain  correlation, the pressure-scalar  gradient
correlations and the transport equations of the kinematic
and scalar dissipations of the turbulent kinetic energy
and of the variance of scalar. The results of direct
numerical simulation of Brethouwer (2005), which are,
to our knowledge, the most interesting and recent works
of the considered flow have been retained. The
experimental results of Tavoularis and Corrsin (1981)
are also retained in the present work. This work
devoted essentially to the prediction of asymptotic
equilibrium states through theoretical and numerical
approaches is presented as follows: in section 2
equations of motion used in this study are introduced
and the transports of second order moments are derived.
In section 3, analytical solutions in the case of high
shear when non linear effects are neglected are
obtained. Solutions are investigated to study the
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asymptotic behavior at long time evolution of non
dimensional parameters. The second order modeling of
transport equations of second moments makes the
object of section 4 whereas their castling in non
dimensional forms and numerical integration makes the
object of section 5. A peculiar attention will be
accorded to in this section also to the prediction of the
asymptotic equilibrium states at long time evolution.
Principal obtained results in this work, are summarized
in section 6.

2. MATHEMATICAL CONSIDERATION

Fig. 1. Sketch of the mean velocity profile, coordinate
system and the direction of rotation.

In an orthonormal cartesian coordinate system of
components (X, X, , X3), the flow to be considered in
the present work is a two dimensional (2-D)
homogeneous turbulent shear flow of a viscous
incompressible fluid in a rotating frame. The mean

velocity U =((71,0,0) is unidirectional according x;

. au,
and has a constant vertical shear rate S :a—‘ R
Xy

according X, Q is the rotating vector and x,is the
direction of rotation (Fig. 1). A passive scalar field with

dT
G=—-

dx,

a constant mean scalar gradient is
superimposed. The gradient G is small enough to have
negligible effect on the velocity field of the turbulence.

Hence only non buoyant flows are considered.

2.1 Fundamental Equation

The study of an incompressible turbulent shear flow is
based on the continuity equation, the Navier Stokes
equation and a transport equation for the passive scalar.
Classically in turbulence, Reynolds decomposition
(Cadiou, 1996) is introduced. The dependent variables
velocity U, , scalar T' and pressure P are decomposed

into mean parts, denoted by over bar, and fluctuating
parts noted u, , p and @ respectively:

U ,=U,+u,,P=P+p,T =T +6

The evolution equations for the fluctuating parts are
obtained by introducing the above decomposition of the
dependent variables and then differencing the resulting
equation with the evolution equations for the mean
parts. For the considered rotating homogeneous
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turbulent shear flow, the evolution equations of the
fluctuating parts take the following forms:

‘2o )
Ox,
ou, — Ou op oUu
i i _ i_ D¢
ot Fox, ox,  “ox, Eimp Sty
0 Ou,
+—( ad uu, +uu, 2
ox, Ox,
00 — 86 ar
7+ kiffu’\ —_
ot ox Ox,
0 06 —
+—(a———6u, +6u,) 3)
Ox, ‘

Here, ¢, are components of permutation tensor known

also as Ricci tensor, v is the kinematic viscosity and
a is the scalar diffusivity. At this step, transport
equations of second order moments are derived.

2.2 Transport Equation

In this section transport equations for the components
zTu/. of the Reynolds stress, the components % of
the turbulent scalar flux, the turbulent kinetic energy K
and the variance of scalar 6° are written. The transport
equation of the components ﬁ of the Reynolds stress

may be obtained by standard method. It can be derived
from combination of the i and the j™ component of the
momentum equation (Brethouwer 2005):

d

S =B e )
d 0 — . . ..

Here —=—+U is the total time derivative.
dt ot X

In an analogous manner an equation for the components
6u, of the turbulent scalar flux is derived:
d

—Ou, =P, +¢,-¢,

7 ®)

While considering the trace of Eq. (4), we get the time

evolution equation of turbulent kinetic energy
K=uu,/2

dK

—=P-¢ 6
7 (6)

The equation of scalar variance is associated to Eqgs. (4),
(5) and (6). It is derived from the transport equation of
scalar fluctuation (3) and it is written in the following
form:

DRl (M

In all these transport equations, terms denoted by P are
terms of production due to mean kinematic and scalar
gradients:

—U, —aU,
=—U U, ———uu -

P, it
ox, ox,

i
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_Z(Simk ujuk + gjmk uiuk )%1 (8)
Py=-uu, al
Ox,

(86,10, +2¢,, 3, )0“71( O]

P=-uu, Y 2s 0w, (10)
X

P, = —mﬁﬂ an

Ox,

Terms denoted by & are terms of dissipation due to
molecular effects:

0
s, = 2w 2t (1)
ox , Ox ,
ou, 060
go=(a+v ! 13
0 = ( )axkaxk (13)
g =y QU Ou, (14)
ox , O0x ,
¢, = 06 060 (15)
Ox , Ox,

Finally, ¢, and ¢, are respectively terms of pressure-

strain  correlation and  pressure-scalar  gradient

correlations:
op op

==, —+u, — 16

b=, (16)
op

Pig =0 17
Ox

In Cartesian notation, the evolution equations

governing the considered flow are written as follows:

di

ST =25 (- 2RV, +hy 2

(18)
O = —ARS i, 2 (19)
d - - —_
Zulu2 ==S(1-2R)u, 2RSuu, +¢,

(20)
dk
7D S - @
d - - - -
0 =—uuG =S 6u, +2R Ouy + 4, @)
d—%: —~uu,G —2RS Ou, + ¢,,
dt (23)
:—6’2:—2¢9u2G -2¢&, (24)

t

Where R=0/S is the non dimensional rotation number.

At this step of our work, we recall that the last general
equations governing the flow will be integrated by two
different methods. The first one is analytical and will be
the object of the following section. The second one
makes the object of sections 4 and 5 and consists on a
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numerical integration of time evolution equations when
a second order modeling is retained.

3. ANALYTICAL SOLUTION WHEN NON
LINEAR EFFECTS ARE NEGLECTED

In homogeneous sheared turbulence, Holt et al. (1992)
pointed out in their results of direct numerical
simulations that, at high shear, the effect of viscosity,
pressure and non linear interactions are insignificant. If
we take into account this hypothesis, we can
considerably simplify the transport equations Eq. (8)-
Eq. (14) of turbulent parameters when non linear terms
of pressure and viscosity are neglected. This leads to
the following system of seven linear differential
equations:

d 5

Ul =25 (1-2R Yty (25)
d — —_—

d—tu2 =—4RSuu, (26)

%E: 0 7)
d - - -

Euluz ==S(1-2R)uu,—2RSuu, (28)
d - - -

—Ou =G + 2R 1S u, (29)
d PR - -

EQMZ =-uu,G —2RS Ou, (30)
d — —

07 =206 31
t

It is a system of seven linear differential equations
parameterized by the rotation number (R=Q/S ) the
ratio of the rotation rate to the shear rate. Solutions of
such equations, at high shear, can be obtained by a
simple analytical method. Laplace transformation can
be used for solving the above system of seven
differential equations.

TLYf 3=, f e "dr

The application of Laplace transformation to the Egs.
(25)-(31) leads to the following solutions:

ul(0)=C, +A,c+ D, (32)
u2(r)=Cpy + Ayt + D e (33)
ul(t)=Cy, (34)
ity (r)=C,, + Dy * (35)
Ou,(r)=C,, +A,,r+B,,r°

+D, et T+ E e (36)
Ouy(t)=C,y + A, +B,,7°

+D, e+ E e 37
&’ (1) =Cyy+Agyr + 39972

+D, et L E et (38)

qZ:ulZ-H422+z432 (39)
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Here C,A4,B,D and E are functions of initial values

of turbulent parameters and are parameterized by the
Richardson number Ri=2R(1-2R) (see appendix A for
the complete expressions of these coefficients). The non
dimensional time is defined by 7 =S¢ .

We point out that the same hypothesis has been retained
in our previous work Bouzaiane et al. (2003), and
analogous solutions are derived for the case of the
stably stratified homogeneous turbulence. Solutions
were parameterized by the analogous non dimensional
Richardson number of gradient. Solutions (32)-(39) will
be now investigated to confirm the existence of
asymptotic behavior (whenz — +o0 ) of dimensionless
kinematic and scalar parameters. We can deduce firstly

the expressions of the anisotropic components
b,,,by ,by,0,, from the above solutions where

uu; & . .
i :Y ? are components of the anisotropic

tensor b Schiestel (1997):

4 3
_Cy, +A4,t+D e 1

+A,z+De " 3

2
up 1
11 Y

(40)

(41)

(42)

(43)
— CIZ+DIZe4RIr

- 4R ;T
C,+4,7+De

At long time evolution (while (7 =St)—> +o), we

obtain:
D 1

b)), =—L—— 44

(N D, 3 (44)
D 1

b =—2__ 45

51, D, 3 (45)
1

(b33). =—7 (46)
3
D

(bIZ)m:FIZ 47)

q

In an analogous manner, we can deduce from solutions
(34)-(37) the analytic expression of scalar non-
O, Ou, 6/G
" Oul T q'/S

L

dimensional parameters where

ES

2
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o' = \j? is the root mean square of the scalar
fluctuations and ¢’ =+/g° where ¢° =2K .

A D 4R, 7
ﬁziweu . (48)
Ou, D,e™'

El ~ Dl€e4R,r (49)
a!ull Dlll/ZDaléZe4R,r

' 1 D]/Z ZR,’[
0/G 1DYe 50

g /S aDle*r

When 7 — +oo, we obtain the asymptotic equilibrium

Ou, Ou, 01G
states for —,—— and —
Ou, Ou, q'/S
Ou,. D
(&)w =—& (51)
9”2 DZH
Ou, D
&5 =t (52)
ou” " DDy
’ 1/2
(9 /G)w =lD”,?2 (53)
q'/S aD]/
The obtained expressions of
byy5by b330, % 5 %, s g6 are constants
ou, Ou’ q'/S

depending only on the Richardson number R, and

initial values of turbulent parameters. These results
confirm the existence of equilibrium states for these
kinematic and scalars parameters, at long time
evolution. This first approach is only a qualitative one
and has confirmed at long time evolutions
(whenz — +0 ), the existence of an asymptotic
equilibrium behavior for kinematic and scalar
dimensionless parameters. In the following section a
quantitative study of the asymptotic equilibrium
behavior of the above mentioned dimensionless
parameters is conducted when a second order modeling
is retained.

4. SECOND ORDER MODELING

In this part of our work, second order closure models
are retained to close transport equations Egs. (18)-(24).
The pressure-strain correlation ¢, and pressure-scalar

gradient correlations are the principal terms to be
modeled in evolution equations of Reynolds stress and
turbulent scalar flux. These correlations ¢, and ¢, are

classically decomposed on two contributions
(Cadiou 1996):

4, =4+ 4 54
b0 :¢[19 +¢i29 (55)

The first contributions are called slow terms or the
return-to-the isotropy terms and they characterize the
non linear mechanism of interaction between turbulent
fluctuations. The second ones are usually called rapid
terms and they represent the interaction between mean
and turbulent flows. Since there is not a universal
model that predict correctly all turbulent flows
Hanjaclic (1994) and Sodja (2007), three of the most
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used second order models are retained and will be
presented in the following subsections.

4.1 The Launder, Reece and Rodi Models

The Launder, Reece and Rodi (LRR) (Launder ef al.
1975) models for the pressure-strain and pressure-scalar
gradient correlations are the most popular models used
by authors. These models submitted only to the general
kinematic constraints take the following forms:

¢i} =-C &b, (56)
¢U2 :Cz(uiukﬁj_k +Miukfjk,j
2
_ECZMmMrZU”‘v”é‘ij) (57)
HereUs, =Ux,; +¢,,Q, (58)

= U,
(where U« is the derivative ——)
X g

where C,=1.8 and C,=0.6. and ¢, are components of

identity tensor,
For the pressure-scalar gradient correlation, slow and
rapid terms are written in the following form:

P & o

blo = -C Ea, (59)
and
¢iZ€ =0,80urUix —0,260u, U, (60)

+R%k€i/k (17,;,/{ +(7k,i)
Where C,=3.2

The Launder Reece Rodi model will be called in the
present work model 1.

4.2 The Speziale, Sarkar and Gatski Model

The Speziale, Sarkar et Gatski (SSG) second order
closure model has know a great success during the last
two decades. It has been submitted in addition to the
kinematics constraints to the strong form of
realisability. Furthermore it predicts stable fixed points
(Speziale et al. 1990). The final form of this model is
the followed one:

1
§, ==34cb, + 420,y = <bbyd,)
+4.15k Sy +1.25k (b, S s +b, Sa

2 — ~ ~
= DS u8;)+ 04k (byw it +byw ) (61)

S j are the components of the symmetric part of

graﬁ

< 1oU, oU,

Sy =—(— 1), 62
) (62)

W ; are the components of its ant symmetric part

- U, ou,

W 1 Y, _ ) (63)

2 ox; ox,
And:
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Wik =W jx +&,Q 64)
We point out here that this model has not been, to our
knowledge, extended to the to the pressure scalar
gradient correlation. However to obtain a closed system
of equations, the SSG model will be coupled with the
LRR model of pressure scalar gradient. This coupling
will be called model 2.

4.3 The Shih and Lumley Models

This model has been submitted also in addition to the
general kinematics constraints to the strong form of
realisability (Shih et al. 1985 and Ristrocelli et al.
1988). This model constitutes a complete class of
model for both kinematic and scalar effects. The model
of pressure-strain correlation of Shih and Lumley
(Shih 1996) is written on the following form.

4. < 2
¢i/ :_ﬂgi/'bi/' +(§+80¢5)S,j —g(l—as)

~ —~ o J—
(T,.kU/,k +T/-kUi,k) —g’[i/.Sij(S

i
2 _ ~ 2 =
+§(1+8a5)(r,.,(U,-.k +7, Ui —Er,.jSl;,-d.j)
6 < 4 = — 5
+g‘rijS,-/bU +E(TijW ij +TﬁW /'i) +?

(2,7, U s +rﬂr,k[7i,k 27,7, Suw) (65)

Here T, U,

The return-to-isotropy term, and linear terms of
pressure scalar gradient correlation are written as
& o
¢i19 _:2¢ Ou i
q

(66)

¢, =2U 1ul,, (67)

Whereas detailed expressions of ¢9 and Iy (Shih et

al. 1996) are presented in appendix B. The Shih
Lumley model will be called here model 3.

5. MODELING EQUATIONS EQUILIBRIUM
STATES

5.1 Modeling Equations by Model 1

The Launder Reece and Rodi models for pressure-strain
and pressure-scalar correlations are introduced in
evolution Egs. (18)-(24) which are associated to
modeled transport equations of the turbulent kinetic
energy dissipation and scalar variance dissipation. The
following differential system of equations is thus
obtained:

—2
AU (1= 2R g, ~Ceb,,
2 — 2
+C,(1-2C uu,S -~ (68)
3 3
d*Z
Us -
? = —4RSulu2 _ClgbZZ
2 — 2
+C, (1 7§C2)u1u2S -3¢ (69)
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dutty _ g1 -2R Y2 —2RSu?
dt
—Ceb,, +C,u’S (70)
dK
;— MIUZS—E (71)
de & &
E:_CEIEquZS _CsZz (72)
A0 _ G ~1.85u, + 3RS Ou
dt
v E T
{1?9”1 (73)
d O = —u,G +0.25 Ou, —3RS Ou
dt
&
—CI?% (74)
Ao —
=20u,G - 2¢ 75
o 2 0 (75)
de & & & —
7;):{‘4119:@*2(;42?50*(;43?9”26
-2C,, “euu,S (76)

Two others non linear differential systems are obtained
when model 2 in one hand and model 3 in another hand
are introduced in the general Egs. (18)-(24).

5.2 Non Dimensional Equations

The previous differential equations are castled in non
dimensional forms when non dimensional parameters

bi1, by, by and % are introduced for the kinematic

. Ou,
field and the ratio of scalar fluxes p, :gu—‘, the
2
| . o,
turbulent scalar correlation coefficient p, = F
u 1

and the ratio p, =——— introduced for the scalar

field.

In this section, all non dimensional parameters

substitute previous turbulent ones uu; , uﬁ, K, ¢

and 6° .

Non dimensional equations modeled by the classic
model 1 are given by:

‘% = 2(1-2R)b,, —%ébn
c. 7§C2)b12 7é% +2b, (b, + %)
—(b,, +%)é (80)
%:_4131)]2 _%ébzz +c2(1—§C2)b12
_lis+zblz(b22 +%) @D
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+(b,, +
(b 3)KS
D= QR -1+ 2R By +)
dr 3
C, ¢
77Eb12+c (b, + ) (82)
+2b122+Eb12
—(=)=2(1-C, b 83
iz (KS) 2 ) (83)
£
+(1-C,) (=)’
( ‘”2)(KS)
dp_ PP ba 3p gy
dr Py (b, +-)"
3
pzp bzz"‘l
+#713+(3R ~0.2)p? (84)
0.5
(b11+§)
d 1 b,
P n_18pp,
SIS
: b,
+3R pip, —Clipz-ﬁ-(l—ZR)p]i
KS 1
b+
3
C e b 2 b,
+41pKS 11 Z(I_C)Z 1
b, 3 b”+3
1 e 1 : 1
ngE ; plpz (b11 +§)0.5
b11+§ Ps
&
. 85
szS (85)
dp los 7 £
d; :_plpz(bll‘**)os_i SE
1
+psby, + ps XS (86)

In the Egs. (85) and (86) r, is the characteristic time

rate
)
/e
p o4

‘0 s,

5.3 Numerical integration and results

5.3.1 Asymptotic Equilibrium States

Since wealth of numerical simulations and experimental
results has shown that at long time evolution, non
dimensional parameters have a general tendency to
asymptotic equilibrium states, peculiar attention will be
accorded here to such behavior. The three non linear
differential equations are submitted to the initial
isotropic conditions of the Direct Numerical Simulation
(DNS) of Brethouwer (2005) for the kinematic field.
The initial condition (p,), =-1.86,(p,), =0.43, and

(p;), =0.74) of the experimental results of Tavoularis

and Corrsin (1981), initially isotropic also for the
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kinematic field, are retained for the scalar field. The
fourth Runge-Kutta method is used to integrate the
three non linear differential systems obtained after
modeling. The numerical integration is advanced to
long time evolution (7=St= 20) and is carried out
separately for the values 0, 0.25, 0.5, -0.25, -0.5 and -
0.75 of the dimensionless rotation number R (the ratio
of the rotation rate to the shear rate). At long time
evolution a general tendency to asymptotic equilibrium
states for the non dimensional parameters has been
observed. Obtained asymptotic equilibrium states of
kinematic parameters (the components by, by, by, of
anisotropic tensor and the non dimensional shear
numbere/KS ) and scalar non  dimensional

%,the
2

parameters: the turbulent scalar flux rate p, =

. . Ou .
correlation coefficient p, = 9,—1, and the ratio
u 1

_0/G
e 7 /S

are summarized on Tables 1 and 2.

Table 1 Equilibrium values predicted by kinematic

parameters
R=0 R=0.25 | R=0.5
by 0.192 -0.059 -
[ -0.095 0.155 -
Model b» -0.185 | -0.207 -
1 &/KS 0.182 0.206 0.019
by 0.220 0.537 1
b,y -0.147 | -0.201 -0.320
Model by, -0.164 | -0.365 -0.689
2 gKS | 0.167 | 0387 | 0.730
by 0.114 -0.069 | -0.123
by, -0.116 0.067 0.120
Model b, -0.121 -0.152 | -0.004
3 e/KS 0.144 0.181 0.014
by 0.353 0.200 -
b,y -0.112 0.031 -
DNS b, -0.125 0 -
e/KS - - -

Table 2 Equilibrium values predicted for scalar

parameters
R=0 | R=025 [ R=05
o | -108 | 0283 | -
Model ™, [ 0963 | 0461 -
P 141 | 164 -
o | -L12 | -146 | -18
Model 0297 | 062t -
o | 244 | 227 -
o | 0865 | -0240 | 544
Model ™5, [ 0616 [ 0311 | 0842
o | 0834 | 0930 | -
P § - -
DNS 2, 0.800 | 0.472 }
o | 0846 | 1230 | -

61

It is essential here to note that asymptotic equilibrium
values obtained for the kinematic field are with a slight
difference equal to equilibrium state values obtained by
Sarkar and Spezial (1989).

Asymptotic equilibrium states have been obtained for
different cases. An exception is observed for the LRR
model for the value R=0.5 of the non dimensional
rotation number where no tendency to equilibrium
states has been observed. An improve in predicting
equilibrium states is observed for model 2 where the
SSG model is retained for the pressure strain
correlation. In fact, the equilibrium values predicted by
the model 2 have been found for non dimensional
rotation rates in the larger interval -0.75<R<0.5
whereas the model 1 and model 3 predict equilibrium
states for only positive values of non dimensional
rotation number. The model 1 has predicted asymptotic
equilibrium states only for R=0.25 for both kinematic
and scalar fields. Model 3 has predicted an equilibrium
states for the two values R=0.25 and R=0.5 of the
rotation number R for both kinematic and scalar fields.

In comparison to values of the DNS of Brethouwer for
which asymptotic equilibrium states are obtained for the
value 0.25 of the rotation number, model 1 and model 3
show the best agreement for the dimensionless
parameters p, and p;. Whereas model 2 under estimates
the values of the DNS of Brethouwer for the
dimensionless ratio p,. Model 2 estimates to 20 Zthe
values of DNS whereas model 3 under estimates this
last value to 25 Zapproximately. For the ratio ps;, model
1 shows an under estimation of 25 Zvalues of DNS
whereas the model 3 indicates an over estimation of 25
/this last value. Model 2 shows an under estimation of
50 7.the value obtained by DNS for p, and an under
estimation of 100 Zfor the ratio p; compared to model 1
. A better agreement is observed by both model 2 and
model 3. The acceptable agreement results obtained by
models 2 and 3, compared to model 1, can be justified
if we precise that these models are submitted to the
strict conditions of realizability Shih et al. (1985a,b,
1996), whereas model 1 has been submitted only to the
known relations of kinematic constraints Lumley
(1985). Rotation affects not only the kinematic fields by
increasing the anisotropy but also the scalar field. It is
the turbulent flux rate that is the most concerned by the
effects rotation.

5.4.2 Evolutions of Non Dimensional Parameters

In this subsection time evolutions of non dimensional
parameters versus non dimensional time for different
rotation numbers are addressed. The kinematic field is
firstly analyzed. Evolutions of the turbulent kinetic
energy are discussed. Then the evolution of non
dimensional rates for the scalar field are explained. The
time development of the turbulent kinetic energy is
presented in Figs. 2, 3 and 4. All these evolutions start
from the initial value (K)y=0.33m’s. Evolutions of the
turbulent kinetic energy exhibit the same behavior.
They show an exponential growth of the turbulent
kinetic energy for different values of non dimensional
rotation number. A strong influence of rotation on the
stability of the flow is clearly observed on these figures.
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In Fig. 2 time evolutions of turbulent kinetic energy
according to the three models for the cases R=0 and
R=0.25 of non dimensional rotation number R are

displayed.
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Fig. 2. Time evolutions of the turbulent kinetic
energy

S— T
R=0

- R=025
- R=05

= R=025
R=-05
. R=0,75

1
i
i
/
i
y :
] I ]
a1
1
q
i
A

I

St
Fig. 3. Time evolutions of the turbulent kinetic energy
for various values of non dimensional rotation number
according to the model 2.

A weak growth of turbulent kinetic energy is observed
by the model 1 for R=0 and R=0.25, a moderate growth
is observed by the model 3 and the strongest growth is
observed by the model 2. On Fig. 3 only the time
evolutions of turbulent kinetic energy according to the
model 2 are plotted for six different rotation number.
The turbulent kinetic energy has a very fast exponential
growth, at larger values of non dimensional time St,
which is qualitatively in agreement with recent results

of Brethouwer.
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Fig. 4. Time evolutions of the turbulent kinetic energy
for various cases of non dimensional rotation number
according to the model 3.

Figure 4 shows time evolution of the turbulent kinetic
energy according to the model 3 for several values of
non dimensional rotation number R. Both non rotating
case and the case of R=0.25 show an exponential
growth of turbulent kinetic energy. For all other cases
R=0.5, R=0.75, R=-0.25, R=-0.5 and R=-0.75 the
turbulent kinetic energy lead to a decay and this is also
in agreement with previous results Brethouwer (2005),

Jacobitz et al. (2008).

Figures 5 and 6 show time evolution of the turbulent
scalar fluxes ratio according to three models for the
values R=0 and R=0.25 of non dimensional rotation

number.
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Fig. 5. Time evolutions of the turbulent scalar fluxes
ratio for three models in the case R=0.
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Fig. 6. Time evolutions of the turbulent scalar fluxes
ratio for three models in the case R=0.25.
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Fig. 7. Time evolutions of the correlation coefficient for
three models in the case R=0.
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On these figures the asymptotic equilibrium behavior is
observed for each of three models. In the case R=0, a
perfect agreement of model 1 and model 2 with the
recent results of Brethouwer are clearly observed for
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St>10 but in the case R=0.25 the agreement with DNS
results of Brethouwer is observed on the evolution of
model 1 and model 3 only for St>5.
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Fig. 8. Time evolutions of the correlation coefficient for
three models in the case R=0.25.

On Figs. 7 and 8, time evolutions of correlation
coefficient are plotted according to three models for the
values R=0 and R=0.25 of non dimensional rotation
number. The agreement of model 1 with recent results
of Brethouwer is noted for St>4 in the case R=0 and for
St>5 in the case R=0.25. An agreement between
predictions of model 1 and model 2 is obtained in this
last case. On Figs. 9 and 10, time evolutions of the ratio

0/G
p; =——— are shown.
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Fig. 9. Time evolutions of the ratio 95
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Fig. 10. Time evolutions of the ratio ¢S for three

q'G
models in the case R=0.25.

On these figures, the asymptotic equilibrium behavior is
clearly observed by the predictions of model 1 and
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model 3. On Fig. 9, the agreement of the model 3 with
recent results of Brethouwer is clearly observed for
St>4.whereas on Fig. 10 the concordance is noted
between model 2 and DNS results of Brethouwer for
3<St<7.

6. CONCLUSIONS

In this study, the effects of rotation on kinematic and
scalar fields of two dimensional homogeneous sheared
turbulence are studied through two different methods.
On the first method, the asymptotic equilibrium
behaviors are confirmed by analytical solutions of
equations describing the considered flow. These
analytical solutions, available at strong shear and when
non linear effects are neglected and have been obtained
by Laplace transformation applied to seven linear
differential equations. The second method is numerical
and based on a second order modeling of time evolution
equations. Three different models between the most
known ones have been retained for the problem of
homogeneous turbulent shear flow submitted to the
rotation and superimposed to a passive scalar field with
a constant mean gradient. Retained models are denoted
respectively here model 1, model 2 and model 3. We
are interested essentially to the prediction of asymptotic
equilibrium states of dimensionless parameters
characterizing the kinematic and scalar fields. A non
dimensional form of equations is obtained when non
dimensional kinematic and scalar dimensionless
parameters are introduced. The numerical integration
has been conducted by the fourth order Runge-Kutta
method for several values of rotation number R and is
advanced to a sufficiently long time evolution. This
second approach has shown, in the most cases, that the
predictions of retained second order models confirm the
existence of the asymptotic equilibrium states. The
following definitive conclusions can be drawn:

The model 1 has predicted equilibrium states whereas
the model 3 has shown better predictions than the
model 1 compared to DNS values. The model 2 has
shown the acceptable prediction of equilibrium states.
Furthermore, compared to model 1, the model 2 has
been of a great contribution on predicting asymptotic
equilibrium values of the scalar field. For the turbulent
kinetic energy, an exponential growth with the non
dimensional time is observed.

Finally, and from the two approaches adopted here we
can conclude that rotation affects not only the kinematic
field of homogeneous turbulence but also the scalar
field. After this work, we think that study of rotation
effects remains also a difficult subject. Difficulties
remaining in predicting kinematic and essentially scalar
field We think that some inconsistency may exist in the
formulation of modeled transport equations of
dissipations rates of turbulent kinetics energy and scalar
variance. To improve its prediction, we think also that
a correction of coefficients of model 1 (LRR), to take
into account correctly of rotation effects, can make
another extension to this work.

A possible extension of the recent work is to
homogeneous sheared turbulence submitted to both
effects of rotation and stable stratification A second
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order modeling of such turbulence seems to be an
important direction of investigation.
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Appendix A. Derivation of Coefficients
Associated to Analytical Solutions

We give in this appendix expressions of coefficients
associated to analytical solutions where effects of both
viscosity and pressure are neglected.
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Appendix B. Coefficients of the Shih and
Lumley Models

B.1 Coefficients of the Pressure- Strain
Correlation
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B.2 Model of the Pressure-Temperature
Correlation
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