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ABSTRACT

This work focuses on the performance and validation of some recent Reynolds stress models in compressible
homogeneous shear flow. The SSG model developed by Speziale Sarkar and Gatski has shown a great
success in simulating a variety of incompressible complex turbulent flows. On the other hand, it has not
predicted correctly the compressible turbulence at high speed shear flow. Thus, a compressibility correction
for this model is the major aim of this study. In the present work, two recent compressible models for the
pressure strain-strain correlation have been used to modify the linear term of the SSG model. These
modifications make the linear term dependent on a turbulent Mach number. In addition, compressibility
correction model for the slow part of the pressure strain is proposed. The obtained results are compared with
DNS results of Sarkar. The results show that important parameters characteristic of compressibility in

homogeneous turbulent shear flow are well captured by the extended SSG model.
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NOMENCLATURE
M turbulent Mach number I viscosity coefficient
a speed of sound p density
My  gradient Mach number € dissipation rate of turbulence
t time Jij Kronecker delta
u; velocity in the direction, X; X ”?erm'"’." canductivity S
ec dilatational part of the dissipation
p pressure bj  Reynolds stress anisotropy
K turbulent kinetic energy Rj  Reynolds stress intensity
d fluctuation of the dilatation 0 Favre fluctuation
R SpECIfIC gas constant O Reynolds fluctuation
T temperature —
C,  specific heat at constant pressure ()  standard ensemble mean
Cv specific heat at constant volume 6 Favre average
Y specific heat ratio g
&s Solenoidal part of the dissipation ()I spatial gradient

1. INTRODUCTION

Several experiments and numerical simulations
studies have been performed during the last decade
to understand the compressibility effects on the
turbulence. Compressible turbulent flows arise in
many engineering applications related to the
combustion,  environment,  spacecraft, and
hypersonic flight problems. The work recently
developed by Younis et al. (2009) is one of these
types of research in which computational and

analysis of the supersonic turbulent flow in
complex configuration are examined. In particular,
compressible homogeneous shear flow is mainly an
important motivation for some authors. The reason
behind that motivation is that compressible
homogeneous shear flow summarizes some of the
important of flow compressibility effects in a
simplified setting in which the complex effects of
turbulent diffusion are not considered. It has been a
useful test case for the calibration and testing of
variety of turbulence models. In this context, many
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studies of the compressible shear flow show that the
changes of the turbulence structures are principally
due to the structural compressibility effects which
significantly affect the pressure field and then the
pressure-strain correlation. Eventually, the pressure-
strain correlation appears as the main factor for the
changes in the magnitude of the Reynolds stress
anisotropies. The extension of the standard models
to compressible flows represents a research topic of
great scientific and industrial interest. A major
challenge related to this extension is to take into
account the compressibility effects in the classical
scheme closures of turbulence. In this context,
extensive research initiatives in compressible
modeling have been taken during the last few years.
It is well concluded that the Favre Reynolds stress
closure using the standard models of the pressure
strain correlation with the addition of the
compressible dissipation and pressure-dilatation
correlation models failed to predict high
compressible flows (see Speziale et al. 1995).
Sarkar (1995) and Fujihiro Hamba (1999) also
performed DNS results of compressible
homogeneous shear flow and reached similar
conclusions concerning the roles of dilatational
terms. They found out a notable decrease of the
growth rate of the turbulent kinetic energy when the
values of the turbulent Mach number increase, the
reduction of the turbulence levels arising from
compressibility effects is related to the inhibited
turbulence production and not the explicit
dilatational terms. These conclusions are confirmed
by Vreman et al. (1996) and Pantano et al. (2003)
in their DNS results which show that
compressibility terms do not affect the compressible
mixing layer. In contrast to dilatational effects, the
structural compressibility effects strongly affect the
pressure field, so the pressure fluctuations were
reduced. The consequent effects on the pressure-
strain correlation may cause significant changes on
turbulence structures. According to the DNS results
of Sarkar (1995), there is a reduction in the
magnitude of the Reynolds shear stress anisotropy
and an increase in the magnitude of the normal
stress anisotropy. As a consequence, the pressure
strain modeling seems to be an important issue in
the second order closures for the compressible
turbulent flows.

An extension of the non-linear incompressible
model of Speziale et al. (1991) to compressible
shear flows is the major aim of the present work. In
the present work, two linear models due to
Adumitroiae et al. (1999) and Park et al. (2005) are
used to make the linear terms of the SSG model
dependent on an extra compressibility parameter :

the turbulent Mach number M, (M, =\2K /&),

where & is the mean speed of sound). The validity
of the proposed compressibility corrections of the
SSG model has been tested for four selected cases
from the DNS results of Sarkar (1995) for
compressible homogeneous shear flow.

2. GOVERNING EQUATIONS

The general equations governing the motion of a
compressible fluid are the Navier Stokes equations.
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They can be written as follows for mass,
momentum and energy conservation:
0 0
—p+—opu; =0 1
ol o ()
pr. ipu 0, =2 o @)
X X
0
*pe pe i _7O_ijui _T(KT,,') (3)
Xj
Where e=cT ,7; =24, ; +u;;)and
oy =—pd; +t; The Favre averaged equations
are:
o_ 0 .
—p+— ) =0 4
57 PU) @
0, 0 o
L Ay+L (0. U.)=
o I3 U
®)
(O- +TIJ _7puI’UJ”)
0 _ 0 _~
—p€+—peU. = -
a,[,0 X, PeU; (2
(6)
a "
+my ——C, pu”l'
ax]
where
0
_p—(U +u )+—(K—T)+T“ i
- 2 _ =
Ty = :usij _EWk,ké}j
S~ij :(Ui,j _Uj,i)lz
Ty =pd’=ply;
The Favre averaged Reynolds stress

pu,’U”/p are solutions of the transport

equatlon, namely

0

0

—(pR;)+—(pU_ R;)=P; +

p (PRy) . (PU,R;)=PF; 0
Dij +¢,j + & +Vij

where the symbols P;, Dy,, ¢, & and V;

represent turbulent production, turbulent diffusion,
pressure strain  correlation, turbulent dissipation
and the mass flux variation respectively.

Pij :_ﬁijUi,m _IBRimUiym
(puﬁ“l U" + p ujﬂélm + p'ui”éjm
Tlmuj Jm |")
'7 * Zﬁ
# =p'l"; +uj;)= ¢|j+§puk‘k5ij
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Classically, the second order closure suggests to

determine the dissipation term &; by using
isotropic dissipation model:

2
& :ggé‘ij (8)
Recently a concept of the dissipation in

compressible turbulence was proposed by Sarkar
(1991), Zeman (1990) as

£=¢ +¢, 9)

where, for homogeneous shear flow turbulence

pe = uw'® , o is the fluctuating vorticity, and

gczgyu‘zk,k . The authors argued that the

solenoidal part of the dissipation can be modeled by
using the traditional incompressible equation
model, namely:

2
OX,

iljk _Cezgs ) -

m

0 ,_ _ s _&
—_ + U — 55
6t (pgs) (pgs k) P K

C.R (10)

km

0 _K 0
—C_,;p—R,, —¢
6Xk ( g3pg kmax s)

S m

The compressible dissipation &, is determined by
the commonalty used models as

gC = gC SS (11)

g, is a function of the turbulent Mach number.

3. COMPRESSIBLE TURBULENCE
MODELS FOR THE PRESSURE STRAIN
CORRELATION

Many DNS and experiment results have been
carried out on compressible turbulent flows, most of
which show the significant compressibility effects
on the pressure-strain correlation via the pressure
field. Such effects induce reduction in the
magnitude of the anisotropy of the Reynolds shear
stress and increase in the magnitude of the normal
stress anisotropy. Consequently, the pressure-strain
correlation requires a careful modeling in the
Reynolds stress turbulence model. With respect to
the incompressible case, many compressible models
have been developed for the pressure-strain
correlation. Hereafter, most of all these models are
generated from a simple extension of its
incompressible counter-part. In general, they
perform well in the simulation of important
turbulent  flows evolving  with  moderate
compressibility.

3.1 Model of Adumitroiae et al. (1999)

Adumitroiae et al. assumed that incompressible
modeling approach of the pressure-strain can be
used to develop turbulent models taking into
account compressibility effects. Considering a non
zero divergence for the velocity fluctuations called
the compressibility continuity constraint and using
different models for the pressure dilatation which is
proportional to the trace of the pressure-strain, their
model for the pressure strain is written as follows:

|; = _Clﬁgsb

4 2
i +(E+gd1)
e 1ls _
PK(S; —58,,5i1)+2pK

(1_03 + 2d2)[b|k S~Jk + bjks~ik (12)

2 - _
_Ebmlsml §u]_pK (l_CA —2d2)

4 -
[biijk +bijik _gdzskkbij]

where
Sy =05U, ; +U;;),Q; =05U, ; -U;;)and

b, =R, /2K —%5”

The compressible coefficients d, and d, are

determined from some compressible closures for
the pressure-dilatation correlation (see Adumitroiae
et al. 1999).

3.2 Model of Park et al. (2005)

The authors used the
equilibrium  in
to modify the
part as follows:

concept
homogeneous
linear pressure

of moving
shear flow
strain  term

|; :_C1ﬁ‘gsb|] _(B4 +12F(Mt))
PKS; — (B, +aF(M,)

PK (P, 2P, 5,)~ (By + F(M,)
3 (13)

2

PK (Dij 7§Pk5ij)7BSbijS~kk

where

F(M,)=F[1-exp(-(AM,)*)]
_ B, 2B,
T 2+«

max

P, =—PR;,

ij

Dij = _ﬁij

~i,rn _ﬁRimUj,m
~m,i _ﬁRimUm,j
For the functionF(M,), g=4and « between 1

and 4 are the suited values by Park et al. One can
see that, when F(M,)=0, the model like the

original Launder Reece and Rodi (LRR) model
(1975) and the coefficients C,, B,, B;, B, and

B are:
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8+C 8C -2
Bzz By =— "
11 11
B4:60C _4,85:6C +4
55 11
Oand C =04

4. A PRIORI AN EXTENSION OF THE
SSG MODEL

Speziale Sarkar and Gatski (1991) developed a
model for the pressure-strain correlation namely:

@ =—(C,pe, +C,; pP)b;

+(Cy ~CINYAK (S, —38,6)
j
_ 1
+C, pe; (by, bkj - gbmk Dy 5ij )
_ - - 2, =
+pKC4[biijk + bijik _Ebmlsml(sij]

2 19
+pKC, [biijk + bjk Q — gdzskkbij

where C,, C,, C,, C,,C, and C; are:
C,=34, C =18, C,=42 C,=08
C,=125 C.=04.

Il =byb; and P=-R,U

i
The pressure strain (¢; )sss Can be split in two

parts: (g )y, is linear of the mean strain and

Reynolds stress which uses a formulation like that
of Launder Reece and Rodi (1975). Moreover, the
non-linear part (¢ is quadratic in the

)nonflin

Reynolds stress. Thus, we can write:
(¢|;k )SSG = (¢J )Iin + (¢J )non—lin

where

(15)

) >, — 1
(ﬁj hin =—Cy ey +C3pK (Sij _§S

5N

5,)

]

N

+pKC, by, S‘jk + bjks~ik bm|S~mI 9

(16)

B~ w

+/5Kcs[bikﬁjk +bjk Qik -

dZS~kk bij

w

(ﬁ: )non—lin

C,NY25K (S

=_Cl*ﬁpbij -

1 ~
-2Su5;)

3 1%, (17)

_ 1
+C, pe, (by bkj - gbmk b, 5ij )

The starting point of the proposed compressibility
modification of this model is from the several
analysis and development in which Pope (1994)
establishes correspondence between some second
order closure models. Here, we concentrate on the

modification of (4;),,, and we propose to write:

104

(¢|: )SSG = (¢|: )fi?]mp + (¢|: )nonflin

Different compressible models can be used for
(¢; )i which is essentially extension of the LRR

model (1975) using different extra compressibility
parameters like pressure variance, gradient Mach
number and turbulent Mach number. Two
compressible models due to Adumitroiae et al.
(1999) and Park et al. (2005) are used to express

(18)

(qﬁ,} )i . Thus, the SSG model becomes dependent
on the turbulent Mach turbulent number:

(¢J )sss = ((?i.: )Icl(;mp haumirore (¢J )nun—lin (19)
(¢|]* )SSG = ((¢J )‘I:i(;mp par + (¢|: )non—lin (20)

All the model constants are summarized in Table 1.

Table 1 Compressibility correction of the SSG

coefficients model of (¢J)ﬁgmp

C =34
C ,=08
SSGi
C ,=125
C =04
C ,=34
C ,=08
C ,=1.25+0.3M,
SSGa C ,=04-0.3M,
C.,=34
C =08+ 4F
C =125+ 4F
SSGp
C =04+ AF
4 6
h=Z@+a)-, 4 =20+ a) (1)
2y =2(a~1)
0.54 (22)
F= (1-exp(=(4M,)*)

2+ a

The SSGa and SSGp are the modified versions of
the standard model SSGi by using Adumitroiae et
al. (1999) and Park et al. (2005) respectively.
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MODELING THE SLOW PART OF
THE PRESSURE-STRAIN
CORRELATION

5.

The slow part of the pressure strain correlation
describes the return to isotropy behavior of the
turbulence. This behavior of the flow is observed
when the mean velocity gradients are removed (see
Park et al. 2005). Most models like Rotta (1951)
use linear formulation:
3 :_Clﬁgsbij

Ijs

(23)
Now the purpose is to investigate compressibility
effects in this term by modifying the standard
coefficient Cl. Using the general formulation

published by Pope (1994). ¢,

s is written as follow:

2
- =(£+C.)e. S,
¢IJ (3+ 0)85 ij + (24)
Gn (le ) +Gj| (Rn )
with the tensor Gij given by
Gij =8Ki(a1é‘ij + azbij + a3bij2) (25)

where o, «,, o, and C, are model constants.

Here, a simplification which corresponds to the
choice of Gij as an isotropic tensor is considered:

gS
G; :?alé‘ij (26)
and we obtain
2 4
B = (§ +C, + 50:1),9s &y +4dayeby (27)
The contraction | = J in this equation leads to:
i | P =2+, +4ac)s, (28)
Because
e =2(pd"), (29)
It comes
(pd"H,/p 1 3
— =T ="+-C,+ 30
2, 2 4°°™ (30)
and the coefficient &, is given by
(pd),/p 1 3
=—="_(=+-C 31
o 2. (2 2 o) (31)
For incompressible turbulence, (pd ‘), vanishes
and o™ is given in Pope (1994) as
i 1 3
" =—(=+-C 32
o == +3C0) (32)

Thus we can write
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d). /p .
— (p )S p +a1IﬂC
2¢,

S

(33)

1

As pointed out in detail in Pope (1994), the class of
linear Reynolds stress closure for the slow part of
the pressure strain correlation is used to obtain

* 2— _
¢ =4 ‘gpd S, = pe, Ay (34)

where A'is a model constant, thus corresponds to

Al =4q, (35)
Using Eq. (33), we obtain
A1:4(pd )s/p+Alinc

2¢, (36)

linc _ inc
A™ =4q,

In Pope (1994), the coefficient Alinc corresponds
to Rotta model (1951)

A =_C, (37)
Thus , we can obtain

. d),/1p,_
# =€, - 2B Py, (38)

S

In general, according to Sarkar et al. (1991) and
2
t

Ristorcelli (1997), (pd ')S is proportional to M

as

(pd"), =M e, (39)

and finally, the compressibility modification model
is proposed, namely :

¢|: =—(C, -bM ‘z )ﬁgsbij (40)
The coefficient b is a model constant.
The revised models SSGa and SSGp using the

compressibility correction in Eq. (40) are referred to
SSGac and SSGpc respectively.

6. SIMULATION OF COMPRESSIBLE
HOMOGENEOUS SHEAR FLOW

For homogeneous shear flow, the mean velocity
gradient is given

Ui,j 286i1§j2 (41)
where S is the mean shear rate. Thus, the mean
dilatation is

U,, =0 (42)

p =cCte (43)

The Favre averaged Reynolds stress should be
solutions of the transport equation
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7d * 27 2 I
pa(Rij):Pij +¢|j _gpgé}j +§pd é‘ij (44)

The Favre averaged turbulent Kkinetic energy
K = Rii /2 and its dissipation rate is obtained by

solving the following transport equations:

ﬁ%K:P—ﬁg+ pd’ (45)
_d _& 0 -
—e =C_ p—~R_—U
pdt 55 glp K km axm k
2
_ &,
_CSZPK (46)
where C , =14 and C , =19.
el &2

The turbulent Mach number is described by the
transport equation as follow (see Speziale et al.
1995).

d oy - M

g M= 1+05y(y —)M )

~2pK @7)

— M
ldv_f + t P
(pd’=pe)+—

where Pz—ﬁRijUi i is the turbulent production

o

and y =—*.
C

v

7. RESULTS AND DISCUSSION

The transport Eqs. (44), (45), (46) and (47) on
which the second order closure for compressible
homogeneous shear flow is based, are solved using
the fourth-order accurate Runge-Kutta numerical
scheme. The calibration of the coefficient D in Eq.
(40) based on the DNS results of Sarkar (1995)
gives b =1.6and the coefficient =15 in Egs.
(21) and (22).

Table 2 Initial conditions for the DNS results of
Sarkar (1995) of compressible homogeneous shear

flow
case A A, A, A,
M to
0.4 0.4 0.4 0.4
(SK /&),
1.8 3.6 54 | 10.8
M 90
0.22 | 0.44 | 0.66 | 1.32
bll
0 0 0 0
b, ol o] o] o
b,
0 0 0 0

Turbulence models for the dilatational part of the
turbulent dissipation and the correlation pressure-
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dilatation are needed. For these terms, we choose
the models proposed by Sarkar et al. (1991),
namely:

g =05M ¢, (48)
and
pd’=0.15M,5(R “2ks )

. t PR 3 i (49)

+0.2pM 2é,

The ability of the proposed model to predict the
anisotropy of compressible homogeneous turbulent
shear flow will now be considered. The model
predictions will be compared with DNS results
developed by Sarkar (1995) for cases: A;, Ay Ag
and A4 These cases correspond to different initial
conditions listed in Table 2. From all of the figures,
it is clear that the incompressible SSG model (1991)
referred to SSGi is still unable to predict the
dramatic changes in the magnitude of the Reynolds-
stress anisotropy that arise from compressibility.
The proposed extension of the SSG model involves
the turbulent Mach number. It provides an
acceptable performance in compressible homo-
geneous shear flow. Figs. 1 to 12 show that the
present model appears to be able to predict correctly
the significant decrease in the magnitude of the
normalized production term —2b,, and the increase
in the magnitude of the streamwise b, and the
transverse  b,, Reynolds-stress anisotropy. The
proposed model yields reasonably acceptable
results that are in good qualitative agreement with
the DNS results of Sarkar (1995). An acceptable
improvement of the results especially at high
gradient Mach number M, =S/¢/a , where [ is
an integral length scale, (see Sarkar 1995) and at
high turbulent Mach number (cases Az and A;) can

be noticed with the use SSGac and SSGpc modified
models.

0,7
—— SSGi
061 _ _ Ssca
SSGac
0.5r _ — SSGp
-+ =SSGpc
04F e DNS o o
=] o_ o ~ . _°_.
o 03} ”___.'.;‘-_—.-'_-.;.-_".—.~T-_~.—.' ffff -
P AR
02F 7.
1/‘
0,1 -./
0,0 1 1 1
0 5 10 15 20
St

Fig. 1. Time evolution of the streamwise Reynolds
stress anisotropy by, in the case: A ;
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0,7 0,00
b —— SSGi
061 20.05 P - - SSGa
TN - SSGac
0,5 é) - —SSGp
s 010 F 7\ - .. -550pc
o \.\ e DNS
Sosl RS N ——
a o . - -
02} 20,20} N R
BT WY I Yol iRk O
o1l s LRl
Y 0,25
0’0 1 1 1
0 5 10 15 20 030 . . .
5 10 15 20

St

St
Fig. 2. Time evolution of the streamwise Reynolds
stress anisotropy b, in the case: A , Fig. 6. Time evolution of the transverse Reynolds
stress anisotropy by, in the case: A ,

0,7
——SSGi 0.00
06F = - SsGa a o
+ SSGac P - - S$SGa
0,5 —:—SSGp 0,05 \ s gggac
_o_;?\lespc e * * -0,10 | v —--—ssegc
0,4 F ° E d\ \ e
- @ immm i \\
o 03} el T T T A L] SN
8 == - o q: T
02r 7. 0,20 | *g .
! -
iy 025F
0,0 ¥ A ‘ ‘
, -0,30 . . .
0 5 10 15 20 0 : I = o
St <t

Fig. 3. Time evolution of the streamwise Reynolds

stress anisotropy by in the case: A 5 Fig. 7. Time evolution of the transverse Reynolds

stress anisotropy by, in the case: Az

0,8 . . .
——5SGi 0,00 i
0,7F- - ssGa T 3 - - iig'
... -SSGac -0,05 {9 n
S . o 9 \ ... .SSGac
- -SSGpc L 1 : Rpod=ed
05t ¢ ons. o« ° . 0107 ¢\ T o
. B R\ e DNS
S04k can 1 OISE R s
o s__.—-_':_"_—-_'_' _____________ - N p I
03+ =T 1 -0,20 - e .
.AT. oo = ° ﬁ!.‘_'_ ____________________
02r /5 1 0,25 "~'--—o'—'-'-..—.--_ """""""""
K ® e ...
01, 1 0,30 ¢ ey
00 1 1 1
) -0,35 . . .
0 5 10 15 20 0 5 10 15 20
St
St

Fig. 4. Time evolution of the streamwise Reynolds

. . Fig. 8. Time evolution of the transverse Reynol
stress anisotropy by, in the case: A 4 g-8 e evolution of the transverse Reynolds

stress anisotropy b, in the case: A 4

0,00
( —— SSGi
. - - SSGa
0,05y .. . SSGac
\ — . —5SGp
v -+ =85Gpc
-0,10 ‘-.\‘.\ e DNS
N ‘\ .§ ~
L oo15F N0 S -~ 0
(3 e
0,20 '-1-'-".':_-.:;7._.____.____'_'_'_'
0,25 . . .
0 5 10 15 20

St

Fig. 5. Time evolution of the transverse Reynolds
stress anisotropy by, in the case: A ;

Fig. 9. Time evolution of the shear Reynolds stress
anisotropy by, in the case: A ;
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St

Fig. 10. Time evolution of the shear Reynolds stress
anisotropy by, in the case: A,

0,4

0,3

0,2 H

-2b

0,1

0,0
0

Fig. 11. Time evolution of the shear Reynolds stress
anisotropy by, in the case: A 3

Fig. 12. Time evolution of the shear Reynolds stress
anisotropy by, in the case: A 4

Figs. 13, 14, 15 and 16 present the behavior of the
normalized dissipation (g, /SK =-2b,,&, /P),
&, 1SK for cases: Ay A, Azand A,. It can be seen
that there is a decrease in & /SK when M
increases, since the compressibility effects cause
significant reduction in the Reynolds turbulent
shear stress b,, from numerical simulation cases:
A; to A, of the previous DNS results. It is clear that
the proposed model is in accordance with the DNS
results. The predicted growth rates of the turbulent
kinetic energy A , (A =(dK /dt)/SK) with and

without the compressibility corrections SSG model
are potted in Figs. 17, 18, 19 and 20. It is clearly
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seen that all of the models appear to be able to
predict accurately the trend of reduced growth rate
with increasing the initial values of the gradient
Mach number. This phenomenon has often been
observed in DNS results of compressible
homogeneous shear flow. The initial time values of
A show a systematic increase from cases A; to A,.
To find the causes of this discrepancy, an equation
for A obtained from Eq. (45) to be written as
follows:

A=-2b,(1-y) (50)
g +¢g —pd' . . .
where y _&*E&-PE includes dilatational
SK
effects.
0,6
0,5 —— SSGi
— — SSGa
-+ + -SSGac
04 — . —SSGp
v === SSGpc
8 0,3 ® DNS
02+ SATI T
I
0,1+
0 5 10 15 20
St
Fig. 13. Time evolution of the normalized
dissipation (esk= ¢, /SK ) in the case: A;
0,30
0 b
0,20 S v
\“'.\;'_-.._._;_ e ]
% 0157 R~ e
I} —ssGi Tee=ln PP |
0.10 F - — SSGa
’ SSGac
— . — SSGp
0,05 - .. =SSGpc
® DNS
0,00 1 1 1
5 10 15 20
St
Fig. 14. Time evolution of the normalized
dissipation (esk= ¢, /SK ) in the case: A,
025
Y Sl o
< —55Gi ~ e
D 0,10 - - sSGa T
-+ - - SSGac
— . — SSGp
0,05 | — - — SSGpc
® DNS
0’00 1 1 1

20

Fig. 15. Time evolution of the normalized
dissipation (esk= ¢, /SK ) in the case: A3
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0,35

0,30
0,25
0,20

0,15

esk

0,10

0,05

0,00 L L L
0 5 10 15 20

St

Fig. 16. Time evolution of the normalized
dissipation (esk= ¢, /SK ) in the case: A,

——SSGi
0,15 = = SSGa
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Fig. 17. Time evolution of the growth rate of the
turbulent kinetic energy (tau= A ) in the case: A;
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Fig. 18. Time evolution of the growth rate of the
turbulent kinetic energy (tau= A ) in the case: A,
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Fig. 19. Time evolution of the growth rate of the
turbulent kinetic energy (tau= A ) in the case: A;
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Fig. 20. Time evolution of the growth rate of the
turbulent kinetic energy(tau= A ) in the case: A,

Figs. 9, 10, 11 and 12 show that —2b,, seems to

grow to constant maximum value which is about
0.38 for initial times (St <4) and it shows very

little differences among the different cases.
According to the DNS results of Sarkar (1995), it is
easy to see that the difference of —2b,, is much

smaller than the difference of y for initial times
among cases A; to A4. Also, the magnitude of the

s - P’

dilatational term: y, = in case A, is very

larger relative to that in case A;. This implies that
the important increase in magnitude of y, is

responsible for the increase in the initial time values
of A with increasing compressibility effects. On
the contrary, for(St>15), g, becomes

approximately very smaller and the reduced level of
production is solely responsible for the reduced
growth rate of turbulent kinetic energy.

In all of the figures, it is shown that the
compressibility corrected models SSGa and SSGp
yield considerably different predictions for the
major  structural compressibility  parameters
characteristic of flow. As it is indicated above,
Adumitroiae et al. and Park et al. developed two
different models for the pressure strain correlation
to simulate compressible turbulent flows. In their
approaches modeling, the part of pressure strain
responsible to return to isotropy is simply defined
as in incompressible model of Launder Reece and
Rodi (1975). However, the remainder part which is
called the rapid part (predictable in principle by the
rapid distortion theory) is modified to become
dependent on a turbulent Mach turbulent. From
Figs. 1, 2, 3 and 4, one can remark that there is
substantial differences between the two models
SSGa and SSGp in their predictions, particularly for
the anisotropy tensor b,, for initial times (St <4).
This disparity in the initial time predictions of the
models SSGa and SSGp arises from the way in
which the rapid pressure strain is modeled. Also,
the differences between the models can be seen in
Figs. 9, 10, 11 and 12 that show the models
predictions of the shear stress anisotropyb,,. It

should be noted that the SSGa model yields a large
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improvement of the results for low gradient Mach
number (cases: A; and A,). The SSGp model shows
an underestimation of the DNS results at these low
gradient Mach numbers. Whereas, at high gradient
Mach number (cases: Az and A,), the SSGp model
has better behavior. On the contrary, the SSGa
model overestimates the DNS results for these
ranges of gradient Mach number. As mentioned
earlier, the difference in performance between
SSGa and SSGp models is probably due to the fact
that these models are derived by using two different
approaches with an explicit account of the
compressibility effects. In fact, the compressibility
correction model by Adumitroiae et al(1999). is
based on a procedure of the incompressible
modeling that does not appear to be suited for high
speed shear flow. While Park et al. use the concept
of moving equilibrium in homogeneous turbulent
shear flow to take into account the compressibility
effects in the modeling of pressure-strain
correlation. From the previous results, we can
conclude that the Reynolds-stress closure using
compressible SSG model involving the parameter
M, appears to appropriate to intercept coherent

compressibility effects on homogeneous turbulence
at high speed shear flows.

8. CONCLUSION

In this study, the widely used second order closure
has been used for the prediction of compressible
homogeneous turbulent shear flow. The standard
Reynolds-stress  turbulence closure with the
addition of the pressure-dilatation and compressible
dissipation models yields very poor predictions of
the changes in the Reynolds-stress anisotropy
magnitude. The deficiency of this closure is due to
the use of the incompressible models of the
pressure-stress correlation. A new version of the
extended SSG standard model has been proposed to
reflect compressibility effects. Application of the
model to predict compressible homogeneous shear
flow shows satisfactory agreement with available
DNS results. This model appears to be able to
predict accurately the structural compressibility
effects: the significant decrease in the magnitude of
the Reynolds shear stress, the increase in the
magnitude of diagonal components of the
Reynolds-stress anisotropies and the reduction of
the growth rate of the turbulent kinetic energy with
increasing initial values of the gradient Mach
number at high Mach number. The present model,
successfully predicts the reduced of the normalized
dissipation ¢, /SK . Therefore, the extension of the

SSG model by using the turbulent Mach number is
found out to be an important issue in the modeling
of the pressure-strain correlation with respect to
compressible turbulent flows.
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