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3D Fluid Turbulence: Full velocity gradients
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Intense Rotation and Dissipation in
Turbulent Flows

\ Hot wires inclined (2.5 pm
J I— ~45° 10 U® ZJ tungsten wire
—_—

% ﬁac%i r ]
Tungsten prong

5
I

:
E]

J—l.dmm-[

30\ 5
~25 um at the t

Tsinober, Kit, Dracos J.F.M. 1992 A

20
x (mm) 30

40

Tao, Katz, Meneveau J.F.M. 2002

Zeff, et al., Nature 2003

Ou Ou OuU

ox Oy Oz

A — Ouy Ouy Uy

a@:c 88y 88,2

. . . . uz uz uz
Direct Numerical Simulations Oz Oy z

(picture by Toschi)



3D Nature of Turbulence and Non Locality of Pressure

Acceleration ; 5 Recquire 3D nonlinear
a; _ Y + U.Viu; = —=V;p +vV2u;
it~ ot P

Anti-Correlated non local

Incompressibility <+ Poisson equation: V?p = —tr (A?)
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3D Nature of Turbulence and Non Locality of Pressure

Acceleration Recquire 3D nonlinear
= du; B ou; e N ——

a; = = uViu, = -V, vV32u,
0 dt \815 + ( ) 1 ) Hfﬂ‘i‘ i
Anti-Correlated non local
Incompressibility <+ Poisson equation: V?p = —tr (A?)
Green fct.
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— Pressure Gradient: V;p(x) = /dy Gi(ly — x|)tr (A*(y)) Non Local!!
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3D Nature of Turbulence and Non Locality of Pressure

Acceleration Recquire 3D nonlinear

PN du;  Ou; — —~
a; = =4 (uVu; = —Vp +vV2u;
dt \8t =
Anti-Correlated non local
Incompressibility <+ Poisson equation: V?p = —tr (A?)
Local-Isotropic Non Local-Anisotropic

r N\

— Pressure Hessian: P;; = V;;p(x) = —tr (A*(x)) % +PV. /dy ?ij(|y — X|)Jtr (AZ(y))
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See Ohkitani & Kishiba (PoF,95) and Majda, Bertozzi (CUP,01)



3D Nature of Turbulence and Non Locality of Pressure

Acceleration ; 5 Recquire 3D nonlinear
N Uj U; — P
a; = —"=""4 (UVy = —-Vip +vrVy
dt \8?5 =
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Anti-Correlated non local
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Time evolution of the velocity gradient tensor A = auxy ;yy ;Zy




3D Nature of Turbulence and Non Locality of Pressure

Acceleration Recquire 3D nonlinear

= du;  Ou; —~—
o =T W) = —Vip V2,
dt Lot L N———

Anti-Correlated non local
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Pressure Hessian
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self-stretching term -

Viscous term
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need to be modeled




The L agrangian evolution of the Eulerian velocity gradient tensor

See the review C. Meneveau, Lagrangian dynamics and models of the velocity gradient
tensor in Turbulent flows, Ann. Rev. Fluid Mech. (2011)

Let A;; = Ous and

O dt — ot 'ox,

Long,; Trans;2 Trans;s
A = | Trans2; Long,, Transas
Trans3; Transgz  Longs;s

Then, along a fluid trajectory (Léorat 75, Vieillefosse 82):

Pressure Hessian
—

: d 02 0% A;;
V (Navier-Stokes) = — A;; = —AiqAgj — b + v J
self-stretching term R

Viscous term

need to bgmodeled




Tracking Velocity Gradients along L agrangian trajectories

DNS
® Yeung & Pope (89).
¢ Girimaji & Pope, J.EM. (90).
® Pope & Chen , Phys. Fluids (90).

Experimental

@ Zeff et al., Nature (2003).

@ Luthi, Tsinober & Kinzelbach, J.FM.
(2005).
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Ficure 2. Selected particle trajectories as obtained from 3D-PTV.
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Statistical I nter mittency and Geometry in turbulence

DNS Results Ry = 150

Intermittency

o e Non-Gaussianity

Skewness

InP

Anomalous scaling with Reynolds
number

Geometry

Preferential alignment of vorticity

Preferential axisymmetric expansion

cos(w,)\i) s*



The RQ plane - Local Topology

See Chong, Perry and Cantwell (90) and Cantwell (93)
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In P(R,Q)

SN/S/S JSN/S/S

S

Ai = f(R Q) € C: Eigenvalues of A

Enstrophy Dissipation

~ = —

® Secondinvariant: Q = —Tr(A%) =1 |w|* -3 Ti(S?)
® Third invariant: R = —Tr(A%) = —2 w; Sijwj —1 Tr(S?)
N — N——

Enstrophy Production Strain Skewness



Review of the Restricted Euler approximation (1)

2
d A AL o _ _9%p 07 Aij
it dij = —AiqAaj — 33,90, T Vs 0.,

Restricted Euler Dynamics (Léorat 75-Vieillefosse 84-Cantwell 92)

8%p by 2 _
W ——TTI’(A )andT/—O

d 8
—A=— <A2 — —”Tr(A2)>
dt 3

— Non stationary

Evolution equations for Q and R:

d d 2
9@ _ _sp and ar ~Q?
dt dt 3

2L R2(t) + Q3(¢) is time invariant



Review of the Restricted Euler approximation (11)




Review of the Restricted Euler approximation (111)

2
d A AL o _ _9%p 07 Aij
it dij = —AiqAaj — 33,90, T Vs 0.,

Restricted Euler Dynamics (Léorat 75-Vieillefosse 84-Cantwell 92)

8%p by 2 _
W = —TTI’(A )andT/—O

dt

d 8
—A=— <A2 — ?JTr(AQ)>

— Non stationary

Finite time singularity (¢*) of A for any initial condition

BUT, att < ¢*

Second eigenvalue ) of S is positive
— Preferential axisymmetric expansion

Vorticity gets aligned with the associated eigenvector u



Review of various models

82p 82 A

d A — A A
Gt Aij = —AiqAgj — o +Varaoe,

Restricted Euler Dynamics (Vieillefosse 84-Cantwell 92)

62]) o 57, 2 . .. . . .
9000, — ——>Tr(A®) and v = 0 — Finite time singularity

Lognormality of Pseudo-dissipation ¢ = Tr(AA™") (Girimaji-Pope 90)
— Strong a-priori assumption

Linear damping term (Martin et al. 98)

9%p 4 2 a%an 1 - . : .
De0; — 3 Tr(A%) and v 5=—— ol — A — Finite time singularity

Delta-vee system (Yi-Meneveau (05))
Projection on Longitudinal ,u and Transverse ,v increments

Using the material Deformation (Cauchy-Green Tensor C)

Tetrad’s model (Chertkov Pumir-Shraiman 99)

o2p _ Tr(a?) B _
9z;00;, —  Tr(C-1) Cj ! and v = 0 — Non stationary
Differential damping term (Jeong-Girimaji 03)

°p  _ _ Sij a2 o2p  _  Trcc™h
W;xj = —IT(A%) and v 5 25— = — == —A

— Non stationary



Cauchy-Green Tensor: Tracking the volume deformation

Deformation gradient: D;;(t) = a—xj(t)
X:X(to) t
& D) =[N
to

Time ordered exponential

0X, 8X,,

Cauchy-Green Tensor : | C = DD? or Cigl =

Non Stationary

Monin-Yaglom 75
Girimaji-Pope 90: DNS Ry = 90
Lthi, Tsinober, Kinzelbach 05: Exp. Ry = 50



Re-Interpretation of the Chertkov et al. Tetrad Model

Eulerian — Lagrangian

2 2

O°p  _0Xp0Xy 0P itial ¢ Taeranes
initial dr;0x;  Or; dr; OX,0X e
initia x Eulerian ;0% T; 0x; p q

oX,dX
( 92p ) final e
t

final

Isotropic

—
hyp.: _ O _ spy 5% Poisson _s. A%
L 0X,0X, 3 9XmO%m gquation L THCTH

Chertkov, Pumir and Shraiman (99)

o’p (A%

8@8333- TI’(C_l) v

Non Stationary




The Jeong et al. Lagrangian Linear Diffusion Model

Eulerian — Lagrangian

0°A 98X, 08X, O*A
Lm0ty O Oxm 0X,0X,

hyp.: Linear damping in the Lagrangian frame VaxiQaAXq = —5’% %
ZA Tr(Cc™!
Vc’?— = — r(C )A—>@??
OTm, OTm 30

Jeong and Girimaji (03) | Non Stationary

Chevillard-Meneveau (06)— Self-consistent time-scale estimation:

1 52 v v 1 :
— ~ ~ — . ~ 5s— ~ — Integral time scale
S) dX?2  (distance traveled during 75 )2 A T

Taylor

—1



Stationary Cauchy-Green Tensor

, old history
—N—
D(t) = S (1) = [ AO% = d.()) DG~ 1)
8X tO \\,-/
present
TK Kolmogorov

Over a dissipative time scale m = >
1/4/Tr(2S%) Local

Eulerian frame to

~=
Test Volume x(t—7) ,
// //_\\ \\ . t
o / withd, () = [] *©% ~ oJimr AO)E  TA(Y)
/ SRR G0 t=7
ot el | Recent deformation

Let ¢ the stationary “Cauchy-Green" Tensor
c, =d,dl

See Chevillard-Meneveau 06




A Stochastic model for the velocity gradient tensor

Chevillard-Meneveau, Physical Review Letters 97, 174501 (2 006)

Pressure Hessian

P A ~ Forcing
—1 —1
C- Tr(c- N
dA = —A2 + —Tr(A%) — (7)o dt + dW
—~—~ Tr(cr )
Self-stretching 7
Viscous

Simplest white-in-time Gaussian forcing
— Tracefree-Isotropic-Homogeneous-Unit variance

Explicit Reynolds number R. dependence when 7 = 7x

Fluctuating (Local) dissipative time scale 7 = I'(Re)/4/ Tr(25?)

Isotropization of Pressure Hessian

R effects — . :
Weakening Viscous term
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Prediction of I ntermittency (1): Deformation of PDFs

Chevillard & Meneveau, C.R. Mécanique 335, 187 (2007).

Longitudinal Transverse T=TK

Continuous deformation <

INT A - e e
allial

Longitudinal Transverse =T (Re ) / Tr ( 2 82 )

regularization

Re Continuous deformation <>
/\\ A Intermittency
ﬂ [ A Very realistic but " > T, for
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Prediction of Intermittency (I1): Relative scalings

- - (K41 Monofractal ) and — Nelkin’s Multifractal predictions (Lognormal — ¢2)
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T =TK
c;LONY ~ 0.025 — p ~ 0.22
o 1ANS ~ 0.040

Skewness ~ —0.35 — —0.5

7 =T(Re)/4/Tr(25%)
c5L0Ng ~ 0.025
co NS 0 045

Skewness ~ —0.35 — —0.5

= Robustness (Universality)



Prediction of Intermittency (111): Relative scalings of M easures

- - (K41) and — Nelkin-Meneveau’s Multifractal predictions (Lognormal — 1)

Deformation Dissipation e = Tr(S2) — u¢
A= S + Q Enstrophy ¢ = —Tr(22?) — u¢
Rotation | Pseudodissipation ¢ = Tr(AAT) — u¥
Dissipation Enstrophy Pseudodissipation
20 p=4 I p=4 p=4
<> g _ ~
A ~ _ | < _ -
% 15 5 p=3 z p=3 _— p=3
\' =
,E — -
10 - - =
M p=2 M p=2 M@/Q p=2
] | _
2 3 4 2 3 4 2 3 4
In<E> In<E> In<E/2>
Same intermittency
. 7 h A N Long
Conclusions : puf=p° =p¥ =p=x~025~ Cs X 9
N——

Refined Similarity Hypothesis




DNS comparisons (1)

DNS 2563: Ry = 150
Model: 7 /T = 0.1 (Consistent with Yeung et al. JOoT 06)

DNS Model
4
, Min Alignment of vorticity with eigenvectors of
Max strain S
(ol . .
2 — Preferential alignment
1
\’\«\%\\ \
O0 10 1
cos(oo,)\i) cos(oo,)\i)
DNS Model
2
PDF of rate of Strain s*:
g* — —3vV6a 8%y
Ay (a2+4p2+4~2)3/2
— Preferential axisymmetric expansion
0
-1 0 1-1 0 1




DNS comparisons (1)

Joint probability of R and @
DNS Model

(b)




DNS comparisons (I11)

Focussing on Enstrophy-Dissipation dominated regions (see Chertkov et al. 99):
Enstrophy Dissipation

-1

1 1 2 1 2
Q=—5Tr(A%) =3 |v —5 Tr(S%)
DNS Model Conditional average:
1
() (b)
>
> g (w2 R, Q)P (R, Q)
<
-1
(c) (d)
5 2
(Tr(S?)|R, Q)P(R, Q)
£
-1 0 1-1 O' 1
R’ R’



DNS comparisons (V)

Enstrophy Production Strain Skewness
1 3 1 g N 1 3
R = —gTr(A ) =7 wiSijo —3 TI'(S )
Model Conditional average (Chertkov et al. 99):
2
=]
n
g <_Tr(83)|R7 Q>P(R7 Q)
@ | g
5 (wiSijw;| R, Q)P(R, Q)
. §~
l (e)
* (~Tr(ATA2)[R, Q)P(R, Q)
o B




DNS comparisons (V): Focussing on Pressure Hessian and Viscous effects

Cond. average (van der Bos et al. 02):

dR/dt
dQ/dt RE
dR/dt
dQ/dt PH
<<dR/dt>
dQ/dt Viscous

< (dR/dt)
dQ/dt Total

R,Q> P(R,Q)

Jo[Ny] PajOLISaY

R,Q> P(R,Q)

UBISSOJ] 9INSSOI]

SNOJSTIA

R, Q> P(R,Q)

Tesog,

R, Q> P(R,Q)




Alignment of Vorticity with Pressure Hessian el genvectors

Euler equations

— - ~ % = Sijw; Vorticity streching
Onhkitani (93), Gibbon et al. (97, 06, 07) = o
+t = —P,jw; Ertel's Theorem (42)

dt?

DNS Model

(a)

.‘/.I‘-
T r )
~

\f\/\- e

cos O cos O

Alignments with "intermediate" eigenvector reproduced
Alignments with "smallest" eigenvector NOT reproduced



Conclusions

8 independent ODES dA/dt=—A% —P4+vAA

A new stationary stochastic model for A including closures for

Pressure Hessian P
Velocity gradient Laplacian vAA
— Physics of Recent deformation

Well-known properties of turbulence (vorticity alignments, RQ-plane, skewness)
well reproduced. Discrepancies in Enstrophy dominated regions.

Prediction of Intermittency

O Exp. Long.
O Exp. Trans.
— Mod. Pred. Long.

guantitative agreement with

standard data 2]~ Mod. Pred. Trans,
Transverse more intermittent 15[ Shetteveque
than Longitudinal 1
Dissipation and Enstrophy 05

scale the same

Improving rotation -vorticity stretching dominated regions

Perspectives Reaching very high R. (see Biferale et al., PRL 98, 214501 (2007).)

Modeling Subgrid -scale stress tensor (See Chevillard, Li, Eyink, Meneveau
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