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Revisting the issue of small scale intermittency in
regular 3D isotropic turbulence

au, Rate of energy dissipation on a 512x512 plane
Al.j = 3 - = Sij + Qij €= ZVSijSij in Re,;=433, 10243 DNS of isotropic turbulence
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Revisting the issue of small scale intermittency in
regular 3D isotropic turbulence
Enstrophy density plots in Re ;=433

du,
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Aij - - Sij T Qij S QijQij 10243 DNS of isotropic turbulence
x,

JHU database, Dr. Kai Buerger visualization




“Cascade” of vortices within vortices

2 & 3 scale vorticity iso-contours in Re ;=433, 10243 DNS of isotropic turbulence (JHTDB)
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Blrger, K., Treib, M., Westermann, R., Werner, S., Lalescu, C.C., Szalay, A., Meneveau, C. and Eyink, G.L., 2012. Vortices
within vortices: hierarchical nature of vortex tubes in turbulence. arXiv preprint arXiv:1210.3325.



K41: assuming that mean dissipation tells entire story
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K41: assuming that mean dissipation tells entire story
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But: Intermittency in small-scale turbulence
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" Also: scaling of structure functions in inertial range
(Frisch 1995, see B. Dubrulle Campfire presentation)
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“Intermittency models” NN N S

multifractals,
She-Leveque,
p-model,

shell models

SIS §
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Drawbacks: Limited descriptions of fluid mechanics,
velocity increment, or scalars such as dissipation
Little connection to Navier Stokes equations

DissEpation

(Frisch 1995, etc..)



“Intermittency models” ey g i -

* multifractals,
« She-Leveque,
e p-model,

* shell models

SIS §

(Frisch 1995, etc..)

DissEpation
R

« Drawbacks: Limited descriptions of fluid mechanics,
velocity increment, or scalars such as dissipation
 Little connection to Navier Stokes equations

* Here we take the view that reduced-order description
still should be grounded in N-S, Lagrangian frame?
» Describe vectors and tensorial (geometric) structure

The velocity gradient tensor A% _¢ .o
ij ij

Lagrangian evolution (CM, Annu Rev. Fluid Mech. 2011) 7 Ox.
J
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Summary: “Combined local and nonlocal cascade”
in the Gradient Lagrangian Cascade Model of turbulence
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The velocity gradient tensor

Phenomenology (incompressible, NS):
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The velocity gradient tensor

Phenomenology (incompressible, NS):

ou,
=—=§,+4Q,
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w=VXxu

Strain-rate tensor:
eigen-values,
eigen-vectors

e, (4,>0)
e, (4,<0)

Rotation tensor
Vorticity vector

Geometric aspects:

E.g. preferential alignment of vorticity
with intermediate strain-rate

eigenvector (Ashurst et al. 1987, Kerr
1988, etc.):

DNS
4 L
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3| Int




The velocity gradient tensor

in its Lagrangian evolution

Trivial case: 1-D inv Burgers equation
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The velocity gradient tensor: 3D
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The velocity gradient tensor: 3D
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dA,, _
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T System of 9 (8) ODEs (not closed)

dA,, if viewed in Lagrangian frame
e (dependent on non-local variables)

dAs
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Families of models (review: Annu Rev Fluid Mech, 2011):

2 J° A,
(AA —%A A 5) ( o p —%V2p5gj+v L+ W,

mn” “nm~ 1 Yy
dx; dx, dx, dx,

dt

Restricted Euler Equation (1982 Viellefosse, 1992 Cantwell..)
Linear relaxation (Martin et al.. 1998)
Specified lognormal and stochastic (Chen, Pope, Girimaiji)
Tetrads.. (Chertkov, Pumir)
Recent Fluid Deformation closure (Chevillard & CM, 2006)
Linear combination, with a shell-model approach (Biferale et al.)
Gaussian and “enhanced” Gaussian (Wilczek & CM, JFM 2014)
Recently Deformed Gaussian Fields Model

(Johnson & CM, JFM 2017)



Pressure Hessian model: assume pressure is slowly varying

along Lagrangian trajectories over short time-period T

d 52 A0
~L~0- VVp: b
di 833@8333
\A (d—p) - DVVP | Guvvp+ Vu' VVp
dt dt
dVV
- dt = —Vu VVp - Vu' VVp Olroyd (upper convective) derivative = zero

— VVp(t)=e ™" -VVp(0)- e ™
Chevillard & M (2006): Recent Fluid Deformation Map

C&M 2006 assumed I.C. is an isotropic tensor

(Lagrangian restricted Euler)
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The Recent Deformation of Gaussian Fields (RDGF) closure
(P. Johnson & CM, JFM 2016)
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VVp(t) = P(1) = exp(-TA)- VVp(0)-exp(-TA")

T
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Gaussian closure for conditional pressure Hessian
(Wilczek & M, JFM, 2015)



The Recently-Deformed Gaussian Fields (RDGF) Model

pq9 pq

1
dA; =[—(AikAkj— 3A A O, )+hlj(A,1:K)]dt+dEj(1:K)

Model 3 scalar parameters, fixed
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A multiple time-scale variant (onhnson & M Phys.Rev. Fluids 2017):

Instead constant . =./v/(e), use “variable” background 7 (1)=4v/e()

1 T
(n) _ (n) A (n) (n) A (n) n .
dA —[—(Aik A =S ALy [+ I (AT,) -~ A

n

dt+dF,(t,)

T (1)= %(251;"-“55"-“)‘”2 , n=2,3,.. N




A multiple time-scale variant (onhnson & M Phys.Rev. Fluids 2017):

Instead constant , =/v/(e), use “variable” background ., (H)=+v/e()

1 T
(n) (n) A (n) (n) A (n) n .
dA; =[—(Aik A _gququ(Sij +hl.j(A,rn)——T A,

n

dt+dF,(t,)

N-1
T, =B"1,

-1/2

T, (1) = %(251;"-“55."-“) , n=23,.. N

* Free parameter: =10 (fitted)
* levels: scale-separation needed in model

* not a “shell cascade model” (scale ratio = 2)



A multiple time-scale variant (onhnson & M Phys.Rev. Fluids 2017):

Instead constant , =/v/(e), use “variable” background ., (H)=+v/e()
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* not a “shell cascade model” (scale ratio = 2)



“Combined local and nonlocal cascade”
in the Gradient Lagrangian Model of turbulence

Local dynamics

PRy | .| from N-S
n = ." ., % II.-' i dA
Nonlocal ( ——=-A°+.F
dynamics, dt
modulated
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An illustrative temporal cascade toy problem:
Luo et al. (2022, Phys. Rev. Fluids, in press)

. 20 0<t*<0.4 and 0.6<t <1
TH(t") =

0.5 04 <t*<0.6.
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An illustrative temporal cascade toy problem:

Luo et al. (2022, Phys. Rev. Fluids, in press)

() = 20 0<t*<04 and 06<t"<1
105 04<t*<0.6.
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An illustrative temporal cascade toy problem:

0<t*<04 and 06<t*<1

ety =420
105 04<t*<0.6.
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Same process but based on master level RDGF model:

04 06 08 |
t
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Luo et al. (2022, Phys. Rev. Fluids, in press)
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Same process but based on master level RDGF model:
Luo et al. (2022, Phys. Rev. Fluids, in press)
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Results: Time scale modulation
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Results: Time scale modulation B=10
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Extension to arbitrary high and intermediate Reynolds —
convolutions of PDFs (products of characteristic functions..)

Luo et al. (2022, Phys. Rev. Fluids, in press)

€M (1) = 7, (£)2€" ( fn t Tntt;)dt’)

1ut®)= [T 1) T frs+ (0= 1)) = F [{F (L™

works for fractional n (continuous Re)

yo=In(r);, ¥ =h(r")



Extension to arbitrary high and intermediate Reynolds —

convolutions of PDFs (products of characteristic functions..)
Luo et al. (2022, Phys. Rev. Fluids, in press)
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Results: local flow topology B=10

3 M T

n

dA” =[ (Al.(k”’)A(”) —AWADS, )+hl.]”.(A,7:n)—hAlj}dt+dEj(1:n) rn(t)=%(25i(j””S;.”“)_m

Q/(Si;S:)

i
O = o W e Ot
T T § 1 T 1

CoOooOOHHEEE
Icmmmm:m@mm

“432101234 00 02 04 06 08 10 =10 —05 00 05 L0
R/(S:;Si;)*” cos(0,.;) s

Right two plots: solid lines are model results at Re, = 430, dashed lines are DNS results
from Johns Hopkins Turbulence Database: http://turbulence.pha. jhu.edu/.

Pick N to correspond to Re, =430 (N_+~1.85)



Reynolds number scaling of -S and F
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Results: anomalous gradient exponents
Luo et al. (2022, Phys. Rev. Fluids, in press)
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Conclusions:

Low-order model, only 9N SDE
Can obtain all statistics from single “master level”
Term driving intermittency growth comes from Navier-
Stokes (not modeled)

Physically motivated closure for damping terms
(pressure Hessian & viscous):

Gaussian i.c. + fluid deformation from A(t)
Predicts multiple “geometric” vorticity behaviors
Predicts intermittency growth with Re
Requires 4 scalar parameters, 7,D_,D_,3:

v 3 fixed from self-consistency conditions.
but 1 still needs matching with data to fit Re dep.

dAY
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AL

dt

9x N dof
Re, = 60,000,
N=4

— 36 dof

Statistics:
1 level enough
8 dof



Engineering applications

« LES of sub Kolmogorov scale droplets’ LES orid

deformation in turbulent channel flow
« See Johnson & CM (JFM 2017, single level)
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