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OUTLINE

Presentation of ONERA, French agencie for aeronautics and s pace

Turbulence modeling from RANS (Reynolds Averaged Navier-S tokes) to LES (Large eddy

Simulation)

Second order closure modeling, Reynolds Stress Model (RSM)

Numerical method

RSM modeling of internal and external flows encountered in ae ronautics

Mathematical physics formalism that allows transposition from RANS to LES models
— General PITM formalism (Schiestel and Dejoan, 2005, Chaoua t and Schiestel, 2005)
— Turbulent energy subfilter model based on the transport equa tions for ksgs and €sgs

— Turbulent stress subfilter model based on the transport equa tions for (Tz‘j)sgs and €545

Hybrid RANS/LES simulations of homogeneous and non-homoge neous turbulent flows
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ONERA, FRENCH AGENCIE FOR AERONAUTICS AND SPACE

e Manpower and facilities (permanent personnel of over 2000)
— Paris area : headquarter, computer center and research labo ratories

— Modane and Le Fauga-Mauzac : industrial wind tunnels and tes t facilities for

propulsion

— Toulouse and Lille: research laboratories

e Statut, mission and activities
— Scientific and technical government establishment
— Develops and orients research in the aerospace field
— Makes results available to industry

— Field: Fluid mechanics and energetics, Material and struct ures, Physics, Information

processing and systems, Engineering and testing facilitie S
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FROM RANS TO LES MODELING

e RANS modeling : many contributions in the past forty years (L aunder, Lumley, Gatski et
al.)

— First order closure (Launder, 1972, Menter, 1990)

— Second order closure (Launder, Lumley, Gatski et al. 1975-2  007)

e Academic large eddy simulation
— Smagorinsky model (1963)
— Dynamic subgrid-scale model (Piomelli and Germano, 1991)

— Structure-function model (Lesieur, 1996) etc ....

e Hybrid zonal approach

— Detached-Eddy simulation DES (Spalart-Almaras, 1994)

e Hybrid continuous approach
— Subgrid PITM model for  (7;;)sgs and €545, (Chaouat and Schiestel, 2005)

— Subgrid PANS model for ksgs and €45, (Girimaji, 2006)
ONERA
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SECOND ORDER CLOSURE

e Transport equation for the statistical velocity {(u;)RANS approach

ou) 0 19 | 0 (w) Oy
ot * aZCj (<UZ> <u‘7>) N P &cz * V@zcjaa:j c%cj

(1)

with 735 = (uguy) — (ug) (u;)

e Transport equation for the filtered velocity u; LES and continuous HYBRID approaches

0, 0 1 Op 0%, O(T;5
(2 + ('L_I,Z'ITLJ) - _ p _|_ U (2 L ( ’Lj)SgS (2)
ot 8a:j P &El 8a:j8xj 8l‘j
with (Tij)sgs = UjUj — ﬂiﬂj
e Second order closure is based on the transport equation of th e tensor 7;; or (Tij)sgs
ONERA
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REYNOLDS STRESS MODEL FORMULATION

e Exact transport equation for the Reynolds stress tensor Tij
OT; i OT; i
S <uk> — — P — 2Qp (Gjkak:z' + eipk:Tkj) 4= Wy — Gy - Jig (3)
ot 855143
— Production term P : P 0 (u;) o 9 (u;) "
7 1k 8xk 7k 8xk

— Coriolis force : 29y, (€jpkThi + €ipkThyj)

— Pressure-strain rate correlation @, :

/ / /

p' [ Ou; 3Uj
b, = ( — 5
’ <P(3l’j+3l’i>> ®)
— Disssipation rate tensor  €;; : , (9ufi (9u;- A
5 =2\ Guy 0zp ©

— Laminar and turbulent diffusion processes Jz-j :
J. = v Oriy 0 ((ujufuy)) — 1o ((p'wj) 5k + (P'uf) dar)  (7)
*J Ox0xy oxy, A paSCk: v J :
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REYNOLDS STRESS MODEL

e Modeling of the redistribution term <I>Z-j based on the fluctuating pressure equation

1 9% 0 (u;) o 0?
_ — _9 G . 0 J /!
p 0x;0x; ( Oz T Ciky k) Ox;  Ox;0z; (uz J <u uj )

=> ®;; = (D,}j + @?j + O
— Action of turbulence on itself @}j

— Action of mean velocity gradient <I>Z2j

856;

Mij = ///<8mk (8:Uj+8:ci>>\r—r*]dr

— Wall reflexion of the pressure fluctuations CID'%-

0 (u
2) ®F; = Myjn (M + %l%)

ONERA
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FINAL REYNOLDS STRESS MODELED

e Modeling of the Reynolds stress model for low Reynolds numbe r using the invariant

anisotropy tensor (Launder and Shima, 1989)

87'@" 87'@" 2
5+ (uk) 0—:1:; = Pij = 29 (€jprTri + €iphThy) — g€+ Jij

2 1 1
—c1(4) (Tz‘j - gk%‘) — c2(A) (Pz‘j + 5P — —Pmm5ij> +0; (12

k 2 3

e Modeling of the dissipation-rate equation (Launder and Shi ma, 1989; Chaouat, 2001)

Oe de e O0(uj) €e
ot T\ B, = TR oy, Cag Tt B -

where
Ee — Ceg V' —
Ces ¥ € Tkt Oxy,0xj Ox;07;

Ce, = 1.45, ¢, = 1.9, ¢, = 0.1,c. = 0.18 and € = € — 2v(OVk/0x,,)>.
ONERA
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REALIZABILITY CONDITIONS

e RSM Models have been developed upon basic physical consider ations

e Realizability conditions: positive values of the principa | invariants [; that appear in the
characteristic polynomial ~ P(\) = A3 — I} A2 + I3\ — I3 of the matrix formed by the

components 7;; (Schumann, 1977)

e Week form of the realizability conditions: 8Taa/8t > 0 when 7, goes to zero (Speziale
et al., 1994)
— Transport equation of the turbulent stress component Taco IN the prinicipal axes can be

written (summation on  [3)

oT, oT, 2 €
oo oo :Paa PR e —(Toe —2k
ot + <uﬁ> 8565 + Lha 36 Clk(T 3 )
—c2(Paa +4Pal, —4Ppp) (15)
— Condition to satisfy: (Chaouat, 2001)
P
c1(A)>1-— o (16)

where A =1 — 9/8(A2 - A3) and A2 = Q5 A4, A3 = QA5 AL;- ONERA
—
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NUMERICAL METHOD

Three-dimensional compressible code for solving the energ y or the stress model
— p, Uy, ug, uz, B, k, €

— p, U1, U2, us, B, T11, T12, T13, T22, T23, T33, €

Finite volumes technique: fluxes conservative method

oU 1

)

Z(Fk _ka:)nk‘aAa +S (17)

Fourth order Runge-Kutta scheme in time discretization
Implicit scheme in time for the treatment of the turbulent eq uations
Second order centered scheme in space discretization (MUSC L scheme)

CPU time : the stress model (12 transport equations) only req uires 25 % more time than

the energy model (7 transport equations)

ONERA
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NUMERICAL METHOD

e Spatial discretization scheme

— Method of flux decomposition governed by the eigenvalues AT and A~
F=P YAt +A")PU (18)
where AT = 2(A + |A])and A7 = 1(A — |A]).

)+ F({UE, ) UL UL

o 1 o - o 1 o
Z__ajak 1—5,7, Z__ajak Z__ajak
F ., . — 2 2 Il 1. 2 2
jak +‘ ‘Z_§7jak 2

(19)

— Jacobien matrix can be evaluated using a formal operators de composition 74, 7_, [T
and [~ (Dutoya approach 1992; extended by Chaouat, 2006)

[Tlimg e = N+ [T = ] re @17 + [T = [A0]r- @17 (20)

— Computation of the Jacobien matrix J(U) using the mathematical property

[a®b]U = a(b-U)where a,band U are vectors; Vectorized code: 5000 Mflops
ONERA
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NUMERICAL METHOD

e Numerical scheme in space discretization for solving the co nvective equations

— Convective flux F’ at the interface ¢ — %, 7,k

F(UE, )+ FUR, ) UL UR

1 - . 1 - 1
- 2_57371{3 Z_§7jak Z_§aj7k 2_57371{3
Figgk = 5 + 1T 5k 5 (21)
. Lx C
— Computations of Ui_%’j’k and Ui_%’j’k
L+ —0xi—1,5,kUi—2,5k + (0@i—2 5,6 + 2025—1,5,%)Ui—1,5k
Ui_l gk (22)
220 0Ti—2,jk + 0Tiv1jk
.1 —
Tk 0%i—1,jk + Oijk
— MUSCL scheme using 5 grid points arround the grid cell 1:values U;_o, U;_1, U;
U;11 et U; 4o and requiring the flux limiters @
L _ &L Lx L C
UZs i = PigaUil1 50 + (1= @)U S (24)
ONERA

—

12




ONERA - 8/2014

NUMERICAL METHOD

e Numerical scheme in time discretization for solving the sou rce turbulent equations
(Chaouat, 2006)

Implicitation of source terms that appear in the turbulent e quations
87’@ ;
J _
g5 — Alril = Q(7)] 735 (25)
Decomposition of the matrix into a diagonal and a non-diagon al parts
Q=D+ R (26)
Numerical resolution by the Jacobi method based on iterativ e algorithm

(T5)I + DI())1ét) = (7) + (Al(7])] = RI(Tf)] (7)) 8t (27)

. n+1y _ 1; p
lterative convergence suchas (7.7 ) = limy_, oo (7))

Condition of positivity for the variables T11, 722, T33
ONERA
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ROTATING CHANNEL FLOWS

e Field of turbomachinery, compressors and turbines

e Navier-Stokes equations in a spanwise rotation frame of ref  erence €2 = (0,0, (23)

82 <U1> 87’12 G
g dr: Oy +; =0 (29)

l (9 <p> I (97'22
p O0xo 0xo

+2Q3 (ur) =0 (29)

e Rupture of the symmetry, apparition of cyclonic and anticyc lonic regions

e}

NS

Q

Figure 1: Rotating channel

14




ONERA - 8/2014

RSM MODELING FOR ROTATING FLOWS

Influence of the Coriolis forces for the  7;; transport equation

It + (uk) (’9:cj = Pij — 28 (€pkThe + €ipkThy) + Pij — €55 + Jij (30)
k
Turbulent production due to the Coriolis forces P;} = —2Qp (ejkaki -+ ez-kakj)

Mean velocity gradient in the absolute frame of reference, ( Speziale et Gatski, 1991)

Dz ox;

+ (—kalﬂp (31)

Modeling of the redistribution term, (Chaouat, 2001) CID?J- = —C (Pij +%P£ —%Péij)

Modeling of the implicite rotation effects to the turbulenc e through the directional
structure tensor in the spectral space (Cambon et Jacquin, 1 989; Reynolds et Kassinos,
1995; Schiestel, 1997)

Transport equation of the mean vorticity — (w;) = €;;,0 (uk) /0,

0 (w;) 0 (w;) 0 (u;) 0? (w;) O Tyk
= 2 —€ipg————
ot +<u,€> 6£Ck (<wk> + k) 8:[% +V6£Ck8£€k qu&ck@:vk
O NERA(@32)
—
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VELOCITY PROFILES
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Figure 2: Mean velocity profile  (u1) /., in global coordinate; A DNS; — RSM. anticyclonic
wall x2/d = 0; cyclonicwall 2/ ~ 1; (a) R;=162, Rp=18; (b) R,=162, Rp=6. Symbols:
DNS (Lamballais and Lesieur, 1998) ; —: RSM (Chaouat, 2001) ; Ro = 3 ., /(£2).

e Definition of the Richardson number ~ R; = —3(S12 — Q3)/5%

e The mean velocity gradient 0 (u1) /0o ~ 2{23

e Absolute vorticity (WW3) = (w3) + 23 ~ 0. ONERA

1.0
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TURBULENT STRESS PROFILES
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Figure 3: Turbulent stresses normalized by the bulk velocit

0.20

0.15

0.10 ff

0.00

0.05 /3

X,/®

(b)

y in global coordinate. Symbols:

DNS; —: RSM. (uju})""? Juup: A, —; (uhth)"? Ju: <, - - = (wtly) ™ Juign: B>, i (@)

R,=162, Rp=18: (b) R,=162, Ro=6.

e Good agrements with the DNS data (Lamballais and Lesieur, 19  98)

e Decrease of the turbulent activity in comparison with non-r

e New anisotropy distribution in the anticyclonic and cyclon

otating channel flows

ic regions

ONERA
—
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3.0

SOLUTION TRAJECTORIES

20 -

10 r

0.0

3.0

20 -

10 -

-1.0

@

Figure 4: Solution trajectories in fully developed rotatin

second-invariant/third-invariant plane. (a) DNS; (b) RSM

e The realizalility conditions are satisfied since the curve r

triangle

e the trajectories are not symmetric when moving from the anti

cyclonic wall

0.0

2.0 -1.0

2.0

(b)
g channel flow projected onto the
; R.=162, Rp=6;

emains inside the curvilinear

cyclonic wall toward the

ONERA
—
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HIGH-LIFT AIRFOIL FLOWS

e Field of aeronautics, design optimization of aircraft wing S

e Complex flow physics : strong effects of streamline curvatur e, adverse presure gradient,

transition regime, flow recirculation, attachement and sep aration of boundary layers

e A-Aérospatiale profile, ONERA data base, LDV (Gleize et al., 198 8)
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Figure 5: Computational grid 513 X 97 around the A-airfoil designed by A  éropastiale.
ONERA
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HIGH-LIFT AIRFOIL FLOWS

e Grid independence solution : 256 X 97; 513X 97; 1025 X 193 (Chaouat, 2006)
e Reynolds R, = 2.110% M., = 0.15; use = 51 m/s; chord ¢ = 0.6 m; o = 13.3°

e Airfoil flow (numerical properties)

Figure 6: Streamwise velocity contours (u1> for c = 13.3° incidence angle. RSM computation

ONERA
—
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PRESSURE CONTOURS
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Figure 7: Pressure contours for « = 13.3° incidence angle. Computation RSM.

ONERA
/\
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FRICTION COEFFICIENT @ = 13.3°.

0.025
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0.015

0.01

0.005

_0005 1 1 1 1 1 1 1 1 1
0

Figure 8: Friction coefficient C; = 7,,/(0.5pocu?,) on the suction side. A Exp; — RSM; - -
kE—e a=13.3°

e RSM model is able to predict the laminar separation bubble, t urbulent reattachment and
turbulent separation near the trailing edge on the suction s ide (free transition resolution

to assess the performances of the turbulence models) ONERA

—
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PRESSURE COEFFICIENT o = 13.3°.

Figure 9: Pressure coefficient  C, = (p — poo)/(0.5p0u?, ) around the airfoil. A Exp; — RSM
--k—€e a=13.3°

e The leading edge pressure peak on the suction side where the fl ow is laminar appears too
low for the RSM computation. The k& — € computation overpredicts the measurements in

the region that extends from the transition location to the t railing edge ONERA

—
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0.012

VELOCITY PROFILES o = 13.3°.
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Figure 10: Mean velocity profiles
RSM;--k —e€. a = 13.3°.

e RSM model yields a good estimate of the boundary layer thickn

model that underpredicts the measurements and provides too
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TURBULENT STRESS PROFILES o = 13.3°.
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Figure 11: Turbulent stress profiles at x/c=0.7. A Exp; — RSM; - - k — €; (@) 1/T11/Uoo; (b)
VT22/Uso; (€) T12/u2,. o = 13.3°.

e Good RSM agreement with the experiment in the attached bound ary layer ONERA
/’_\
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TURBULENT STRESS PROFILES o = 13.3°.
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Figure 12: Turbulent stress profiles at & x/c=0.87. A Exp; — RSM; - - k — €; () \/T11/Uoo; (D)
VT22/Uso; (€) T12/u2,. o = 13.3°.

e Good RSM agreement with the experiment in the detached bound ary layer ONERA
/’_\
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STREAMLINE CONTOURS a = 13.3°.

Figure 13: Streamline contours for « = 13.3° incidence angle. RSM computation.
e Detachment of the boundary layer on the suction side

— Redistribution term <I>ij that reproduces the anisotropy

— Use of the function ¢ = A(P/e — 1) in the dissipation-rate equation that takes into

account non-equilibrium turbulence ONERA

—
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TRANSPOSITION OF RSM MODELS TO HYBRID/LES MODELS

e Cooperation between ONERA and IRPHE (Roland Schiestel)

— Spectral partitioning (m = number of zones), definition of fil tered and averaged
guantities
N
u; = (u;) + Z u;(m) ; u;(m)(ﬁ) :/ ’L/L\/Z(K',) exp (jrE)dk  (33)
Em—1<|Kk|<Km

m=1

— Simulation LES (m=2) : filtered velocity: — u; = (u;) + ui(l)
* Large-scale fluctuating velocity: u.> = u,

* subgrid-scale fluctuating velocity: U;

ONERA
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MATHEMATICAL PHYSICS FORMALISM IN THE SPECTRAL

SPACE
Two-point velocity fluctuating correlation for non-homoge neous turbulence
Tij = <uf/iAu;'B> (X,¢)
Taylor series development for the mean velocity (framework of tangent homogeneous
spectral space )
Fourier transform of the transport equation for the tensor Tij = <u;Au;B>
Integration on a spherical shell in the wave numbers (Cambon , 1992)
©ij(k, X) = (13;(X, £ Ti;(k, X)dA(kK) (34)
0A
Resulting equation in the spectral space, (Chaouat and Schi estel, 2007)
Dyi;i(X, k)
L — Py, ) + Ty (X, ) + Ty (X, ) + Tig (X, ) — E5(X, )
(35)
ONERA

—

29




ONERA - 8/2014

MATHEMATICAL PHYSICS FORMALISM IN THE SPECTRAL

SPACE
e Resulting equation in the spectral space, (Chaouat and Schi estel, 2007)
Dyi;(X, k)
o = Pu(X,R) + Tii(X, 5) + i (X, /) + Ti5 (X, k) = €i5(X, R)
(36)
e Physical meaning : production, transfer, redistribution, diffusion and dissipation-rate

e Expressions of these terms can be obtained exactly. For inst ance, the transfer term takes

the following form:

9 o o, A 87, \* 0 (u
(37)
ONERA
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MATHEMATICAL PHYSICS FORMALISM IN THE SPECTRAL
SPACE

e Integration in the spectral space for recovering physical s pace quantities

— Statistical one-scale models in the physical space
DTij

Tij = 0ij (X, k)dk =>
J /O J Dt

— Statistical multiple-scale models in the physical space, ( Schiestel, 1987)

_(m)

m frm 19 m m—1 m m m m
A e A

= Pij + @i + Jij — € (38)

(39)

— Subgrid-scale models in the physical space, (Chaouat and Sc hiestel, 2005)

2 D <(Ti')s s> 2 1 2 2 2
((Tij)sgs) = <uz>uj>> - Ti(j) == Djt == Pz'(j )+Fz'(j )_Fz'(j )+(I)§j)+Ji(j)
(40)

D(7;,
by analogy : M = ... (41)

Dt
ONERA
/_\

31




ONERA - 8/2014

CONTINUOUS HYBRID RANS/LES MODEL (PITM)

e Modeled transport equation for the subgrid-scale stress te nsor
D(7;;
(lz)—Jt)SQS = (Pij)sgs — (€ij)sgs + (Pij)sgs + (Jij)sgs (42)
o ; O
(Pi')sgs — _(7-'L'l<:)sgsa—xlj€ - (Tjk)sgsa—x; (43)
2

(eij)sgs - gesgscsz’j (44)

— Modeling for the terms  (®;;)s4s and €45

— Universal functions dependent on the dimensionless parame ter 1. = K¢Le involving

the turbulent length scale

k3/2
Le = 45
(€age + ) )
o u = Ui +uy = ((ug) +u) +uf
* k= ksgs + kles
* Ke = 7T/A == 7T/(A1A2A3)1/3
x €< = v(Jusdus /0x,;0x;) ONERA
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CONTINUOUS HYBRID RANS/LES MODEL (PITM)

e Modeling of the redistribution term

— Slow term of return to isotropy function of the splitting cut off
2 €sgs 1
((I)z‘j)sgsmc) = _68981(77c)—k (Tij)sgs - g(Tmm)sgséij (46)
sgs
_ Ltayme _— _ 15
csgsl(nc) = Tngcl (emplrlca constant @, = 1. ) (47)
— Rapid term of return to isotropy function of the filtered velo city gradient
1 1
((I)ij)SgS = —co | (Pij)sgs — g(Pmm)sgs(Sij (48)

e Analogy with the the multiple-scale models (Schiestel, 198 7)

ONERA

33




ONERA - 8/2014

CONTINUOUS HYBRID RANS/LES MODEL (PITM)

e Modeling of the dissipation-rate equation by a mathematica | physics formalism in the

spectral space

— Resulting equation in the physical space, (Chaouat and Schi estel, 2007)

DTt (m)
Tig (m) (m—1) (m) (m) (m) _ (m)
D¢ = Pz.j +Fz.j —Fij —I—CIDij —|—Jij € (49)
where
m m 5’/£m
F,Lg ) = .7:( )—QOZJ(X K) Y and .7:( ™) — / Tij (X, k) (50)
— Dimensionless relation between the splitting wavenumber K9 = Kq located after the

inertial range and the cutoff wavenumber K1 = K.

€
Rd — Re = ngss—g;/z (51)
ksgs

— Derivative of equation (51) using equation (49) in its contr acted form then yields

Desgs Esgs (Pmm)sgs Eggs
— Ce — Lsgse C Je sgs 52
Dt Clksgs 2 Cg 2(77 )ksgs +( ) g ( )

ONERA

—
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CONTINUOUS HYBRID RANS/LES MODEL (PITM)

e Coefficient csg4s¢, is function of the cutoff wave-number as a result of the analy tical theory
(Chaouat and Schiestel, 2005)

k
Csgses (Ne) = Cey + % (Cen = Cey) (53)
— Computation of the subgrid-scale energy in the inertial ran ge [/16, —I—OO[,

(©. @]
ksgs = fﬁc E(r)dk
— New accurate energy spectrum inspired by Von Karman type spe ctra valid on the entire

range of wavenumbers

28, L3k K2
E(k) = sPnle 37111/9 (54)
1+ By(k Le)?)]
where Bn Is a constant coefficient, instead of simply referring to the Kolmogorov law
valid in the inertial range  E(k) = Cre?/3k7°/3 as made previously
ONERA
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CONTINUOUS HYBRID RANS/LES MODEL (PITM)

e Analytical computation of the subgrid-scale energy

> k
/-cSS:/ E(r)drk = (55)
’ Ke (%) 1+ ﬁn("fc Le)g)]2/9

e Exact expression of the coefficient ¢,

C€2 - Ce

- (56)
1+ B, n3]*"*

639862 (770) — C€1 +

where ¢, = 1.4and ¢, = 1.9.
e Limiting behavior

limnc—>0 Csgses (nc) = Ce, (RSM), limnc—>oo Csgses (nc) = C¢, (DNS)

ONERA
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CONTINUOUS HYBRID RANS/LES MODELS (PITM)

e Summary of the PITM models with their practical formulation S

— Turbulent stress subfilter model based on the transport equa tions for (Tij)sgs and €45
D(T' )

— 5 = (Pij)sgs — (€i)sgs + (Pij)sgs + (Jij)sgs (57)
Dt

Desgs ngs (Pmm)sgs 6ggs
=c —c — + (J 58
Dt €1 ksgs 2 5gS€a (770) ksgs ( e)sgs ( )

Turbulent energy subfilter model based on the transport equa tions for ksgs and €545

D5
Dt

— L sgs + Jsgs — €sgs (59)

“Exact " coefficient ¢,

C€2 - Ce

- (60)
[1+ B, n3]*"?

Csgseq (776) = C¢, +

Dimensionless parameter 1), = (k3/2/€c)/(esgs + €<) ONERA
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CONTINUOUS HYBRID RANS/LES MODELS (PITM)

Limiting behavior for the subgrid-scale viscosity model

3/2 3/2
ksés o k3/2 (ksgs> /

— 61
€sgs €sgs k 1

Limiting value  kggs/k ~ 3/2Ck770_2/3 when kggs < k
k212 /esgs = (3CK/2)*% AJm (62)

Hypothesis of equilibrium €545 = 245 <5’Z~,j5}-,j> where S;; = (0u;/0x; + 0u;/0x;)/2

1 3CK s 3/2 2 = = 1/2
Vsgs = 2 5 C, A [2 <SUSZJ>] (63)
Limiting behavior for the subgrid viscosity Vsgs IS simply the Smagorinsky model

ONERA
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PARTIALLY INTEGRATED TURBULENCE MODEL (PITM)

Transport equations for ksgs and €545 (Dejoan and Schiestel, 2002)

Transport equations for (Tij)sgs and €545 (Chaouat and Schiestel, 2005)

LES simulation for coarse grids

Non-equilibrium turbulence spectra : unsteady flows or mixi ng turbulent fields
Advantages of RSM models are worth to be transposed to subgri d-scale modeling
Self consistency of the model obtained when the cutoff locat ion is continuous varied

The model guaranties compatibility with the two extreme lim its that are the full statistical

Reynolds stress transport model and DNS
Bridge between URANS and LES method with  seamless coupling

Consistency

F}cigo[(Tij)sgs] = (7Ti;)RANS (64)
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SIMULATION OF HOMOGENEOUS TURBULENCE

e Decay of isotropic non-perturbed spectrum using the two-eq uation subfilter model

Comte-Bellot and Corrsin experiment at low Reynolds number

PITM simulation performed on a medium grid N = 803 for a box-size L = 1.256 m
Wave-numbers defined by < = 27 /n where n varies from —N/2 + 1to N/2 leading
t0 Komin = 27/(NA) = 0.05cm ! and Kypae = /A =2cm ™!

Ratio of the subgrid energy to the total energy ~ ksgs/k ~ 1/3

Initial velocity field produced from a random generator (Roy , 1980) enforcing the given

energy spectrum

Experiment available for the initial time ( tUy /M =42) and for the two time
advancements ( tUy/M =98, 171)

ONERA
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SIMULATION OF DECAY OF HOMOGENEOUS TURBULENCE

1000 ¢

100 | |
ME 10 ¢ e
5 o
3 Lo o
Q
9 ©
o L L L M| L L L T RS
0.1 1.0 10.0
-1
K (cm?)
Figure 14. Homogeneous decay of the energy spectra ( K. = 2 cm_l). -+« O ...: Comte-

Bellot experiment ( ¢t UO/M =42, 98 and 171); - - : Kolmogorov spectrum with ~ —5/3 slope; —:

PITM simulation.

e Good agreement with experimental data for Uy /M =98 but slightly deviation for

tUy/M =171; Agreement with the £~°/3 Kolmogorov slope ONERA
/_\
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DECAY WITlH A PERTURBED INITIAL SPECTRUM

1000

0.8

E (cmalsz)

06 N l | :

ik,
7/

0.4 e .

0.2 : :

Figure 15: Homogeneous decay of the turbulent energy k/ko = (ksgs + Kies)/ko; ke = 2
em~h (@) —i (B) s () - - -

e A peak in large scale energy (resp. a defect in large scale ene  rgy) implies a decrease
(resp. an increase) of the decay rate of turbulence in agreem ent with EDQNM spectral
model prediction (Cambon et al., 1981)

e The small-scale energy decreases more rapidly than the larg e-scale energy by viscous
ONERA
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SIMULATION OF FULLY-TURBULENT CHANNEL FLOWS

Periodicity conditions in the streamwise and spanwise dire ctions
No slip condition in the normal direction to the wall

Implementation of a pressure gradient term to balance the vi scosity forces

— 16 x 32 x 64 = 32768 grid points

— 32 x 64 x 84 = 172032 grid points

— Spacings 4\; in the streamwise and spanwise directions: Af = 50.9, A; = 25.1

— Spacing refinement near the walls : dimensionless distance A;j = 0.9
Comparison with DNS (Moser et al., 1999) at R, = 395
— statistic for the resolved scales : (75 )ies) = (Witi;) — (U;) (Uj)

— total stress : T;; = <(7—z’j)sgs> + <(Tij)les>

ONERA
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SUBGRID-SCALE STRESSES

2.5 T T T T 2.5
2 2
15 r 1 15
1 1
” ” {\\\/ﬂ
0 Il Il Il Il 0 Il Il Il Il
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X,/8 X,/8
(@) (b)

Figure 16: Turbulent subgrid-scale stresses < (Tm)iéi > /u,. (@) LES 1; (b) LES 2;
A 1=1<«41=2,p»:1=3 R, =395.
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LARGE-SCALE STRESSES

2.5 T T T T 2.5

2 2
15 - 1 15

1 1
05 05

0 L L L L 0 L L L L

0 0.2 04 06 038 1 0 0.2 04 06 038 1
X/8 X/8
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1/2

Figure 17: Turbulent large scale stresses < (73;);/> > /u,. (@Q)LES 1; (D) LES2; A : i =1,

<4 1=2,»:1=3. R, =395.

les
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REYNOLDS STRESSES

0 0.2 0.4 0.6 0.8 1
X4/d X,/8

() (b)
1
Figure 18: Turbulent Reynolds stresses (< (7ii)sgs > + < (Tii)ies >)2 /ur. (@) LES 1; (b)
LES2; A: 1 =1« i=2,»:1=3;— DNS. R, = 395.
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SUBGRID AND RESOLVED SHEAR STRESSES

05 -

L L L L L L L L
0 0.2 04 06 08 1 0 0.2 04 06 08 1
X8 X8

(a) coarse mesh (b) medium mesh

Figure 19: Turbulent subgrid-scale stress < (713)sgs > /u, and resolved scale stress
< (T13)1es > /ur. (a) LES 1; (b) LES 2; V:SGS; A:LES; R, = 395.

e Sharing out of turbulence energy among the subgrid and resov ed turbulence scales for

different meshes ONERA
/_\
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TOTAL SHEAR STRESSES

0.5 0.5
0 0
-05 -0.5
_1 Il Il Il Il _1 Il Il Il 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X,/8 X,/8
(a) coarse mesh (b) medium mesh

Figure 20: Turbulent shear stress (< (T13)sgs > + < (T13)1es >) JuZ.
e: (a) LES 1; (b) LES 2: —: DNS. R, = 395.

e Evolutions of the total shear stress (< (713)sgs > + < (7T13)1es >)/u for the coarse

and medium meshes. Excellent agreements with DNS data (Mose relal) O NERA
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STREAMWISE TWO-POINTS CORRELATION FUNCTION
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Figure 21: Streamwise two-point correlation tensor. — R11; — — Roo; —. — R33. a?; = 390,
r3 = 0;LES 2. R, = 395.

<u;($17 L2, $3)u;($1 + 71, T2, x3)>LES

R"(Zlfl To 333) = (65)
* , , <’UJ;2($1,$2,$3)>LES
e Presence of highly elongated eddies in the streamwise direc tion
ONERA
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CONTINUOUS HYBRID RANS/LES MODELS (PITM)

e Injection induceed flows

Periodicity conditions in the streamwise and spanwise dire ctions
No slip condition for the upper surface

Injection condition for the lower surface

% Rate of modeled turbulence injected through the surface o5 = ((uhub) /u?)/?

* Forcing with a Gaussian velocity distribution in time on the lower surface

Numerical predictions performed on different grids: 400 x 32 x 80; 400 x 44 x 80

Influence of the grids in the spanwise direction: tridimensi onal vorticity effects
X
3
TLﬁZ
X1
— ~ ~ ~ —~ _— ~
7
— — U
5 1
gy I I O O A R

Figure 22: Schematic of channel flow with fluid injection. ONERA
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INSTANTANEOUS FLOWFIELD STRUCTURES 0 = 10 mm.

@

(b)

Figure 23 : Snapshots of spanwise instantaneous filtered vor ticity
e (a)inthe (x1, :L‘g) plane, x2/5 = 1. Evolving flow laminar-turbulent regime.

e (b)inthe (x1, xg) plane, x3/5 ~ (). Presence of roll-up vortex structures.
ONERA
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STREAMWISE TURBULENT STRESSES 0 = 10 mm.

03 T T T T 03 T T T T 03 T T T T 03
0.2 1 0.2 0.2 1 0.2
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0 : : : : 0 : : : : 0 : : : : 0 : : : :
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X/3 X,/0 X,/5 X,/0
(@) (b) (€) (d)

1
Figure 25: Streamwise turbulent stresses < (711)2 > /u,, in different cross sections (a)

x1 =40 cm; (b) 45cm; (c) 50 cm; (d) 57 cm. +: LES; e: experimental data.
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CONCLUSION

Second order closure modeling, Reynolds Stress Model (RSM)

— Transport equations for the Reynolds stress tensor T;; and for the dissipation-rate €
Modeling of internal and external flows encountered in aeron autics and space

Transposition of RSM modeling to hybrid RANS/LES model that allows to obtain a Partial
Integrated Transport Model (PITM) for LES on coarse grids

Future work : modeling and applications

— Hybrid RANS/LES formulation independent of the wall distan ce, and of the normal to

the wall direction for simulating flows in complex geometrie S

The PITM model can be implemented in numerical code using RAN S approches with

appropriate numerical schemes
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