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High Reynolds number turbulence

* High Re turbulence (4= Low Re turbulence)

High Re

The higher the Reynolds numbers,
the larger the scale ratio.




Direct Numerical Simulation(DNS) of turbulence

* To understand the nature of high Re turbulence
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Performance

Recent development of supercomputers
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History of representative DNS
Homogeneous Isotropic Turbulence under periodic BC

Challenge for higher Re
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In this talk

* Direct Numerical Simulation of high Re
turbulence

— Review of the DNS on Earth Simulator
(up to 40963)

— New results by the DNS on K computer
(up to 122883)



DNS of box turbulence using Earth Simulator
40TFlops @ 640 node

* Fourier Spectral method
(Yokokawa et al 2002, Kaneda et al 2003)
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Forcing: negative viscosity (to keep the total energy constant )

(k) = {C (k <2.5)

0 otherwise

16.4TFlops @512 node
Efficiency is 50%!!

* 1D decomposition




Two series of DNS using ES
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Energy Spectrum in the Inertial Range

e K41 2/3

E(k)=C,(e)" k™", (k)= [ T(K)dk'=(¢)

* DNS of Turbulence in a Periodic Box with 40963
Grid Points
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Significant, high vorticity, intermittent structure

Re=3.6x10%
R, =0(10°)

A/n= 66
L/A=32

Re=3.2x10’
R, =0(10?)

A/n=20
L/A=3

ARF2009  Complex thin-shear layers
(Ishihara Kaneda Hunt, FTAC 2013)

JFM2007

Width ~ O(L), Thickness ~ O(A) >>n
Isolated vortices

Length ~ O(L)
Thickness ~ O(10n)
~ O(\)




Analysis in IKH2013

One of active (high enstrophy) sub-domains

Enstrophy distribution on a cross section
Based on one snapshot data of DNS

of forced NS eq. with 40963 . va Ay Enstrophy
grid points (Kaneda et al, 2003) e % [Eaa
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(Ishihara Kaneda Hunt, FTAC 2013)

Conditional averages
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Sharp interface

Sharp interface of internal thin shear layer (IKH2013) T/NT interface of external TBL (I,0gasawara,Hunt2014)

- Blocking mechanism (Hunt & Durbin 1999)
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Energy transfer T(x, k) and

Ishihara Kaneda Hunt, FTAC 2013)

energy

dissipation € near thg layer

Large amplitude positive/negative (i.e. downscale/upscale)
o  fluctuations of T near the thin layer
[ :thickness of the layer
<T(X,K)> | cige = <E>|psige ~10 <> for k >/ [ 10~ L/ 1~ R,/100
ol A net energy flux from the larger scale motions from outside

A (A)/(€) (A)rese/(€) |(Adinside/(€) |(A)Rignt/(€)
T(x,k2) 7/ke =~ 29X 0.99(3.86) 3.76(5.99) 3.9(12.4) 1.2(19.7)
T(x,k3) w/ks ~ 14\ 0.98(4.24) 0.36(2.17) 10.7(22.5) 5.7(18.5)
T(x,ks) w/ks ~0.TA 0.94(4.93) 1.03(3.55) 10.2(24.6) 4.0(13.6)
€ - 1 0.88(1.40) 10.2(11.9) 2.44(3.49)




(Ishihara Kaneda Hunt, FTAC 2013)

Inside structure of the shear layers

Distribution of the strong vortices inside the layer (A=211/4096~3n: grid spacing)
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Thickness of the micro-scale vortices: £, ~ 107
(insensitive to their strength)

Very strong vorticity of O(u_/10n)
>>uy,, /n=1/t, (K41)

Velocity jump of O(u,) over distances of O(10n)
>> U, ~ u,Re /4 (K41)

i

The layers may dominate the extreme point values of
the statistical distributions of dissipation, velocity and
vorticity fluctuations 15




High enstrophy regions
in coarse-grained data




Large clusters of the connected
high enstrophy regions




Large clusters of the connected
high enstrophy regions




(Ishihara Kaneda Hunt, FTAC 2013)

Characteristics of the thin shear layers

Strong vortices are close packed
and dense in the layers

Thickness=0(A\ocRe1/2L), Size =O(L), Distance=0(L)
Strong shear across the layers (velocity jump of O(u,))

Extreme events(high velocity jump, high vorticity) in the layers
Act as a barrier by blocking and filtering the velocity fluctuations
High energy dissipation and high energy transfer within the layers
Large fluctuation of the energy transfer (+ and -)



DNS of turbulence in a periodic box on K computer
11.28PFlops @ 88128 node

 The same spectral method as used for Earth Simulator

Forcing: negative viscosity (to keep the total energy constant )

(k) = {c (k<2.5)

0 otherwise

A 2D decomposition code for the K computer

efficiency
6144 96x64 30.20 3.84%
8192 128x64 32.93 3.14%
12288  192x128 70.46 2.24%

12288 384x128 128.3 2.04%

(double precision)
Efficiency of 50% was obtained on ES using 512 nodes.
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Time dependence of <e>

<g>

* tp/t,

s 8 “tb/t,
=
0 t t, t
u'd J15u” N
R), = v = 172
(v(e))
In our case tp"’25tn~6.45()\/u’) OCT/R;\

Initial condition: a developed state

Forcing: negative viscosity tb"’SOtn"’ZO]()\/U') OCT/RA



Time development of energy spectrum
and energy flux (from the 81923 DNS)
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Average vs. snapshots (from 4096° DNS)
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Energy dissipation

D(k)=2v [ :sz(k)dk

D)
D(0)




DNS with 61443/81923/122883 grid points
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Summary

* We have performed large-scale DNS of forced incompressible
turbulence with up to 122883 grid points using K computer.
Data-analysis and visualization show the following.

— The maximum values of Re are R,=2314, Re=1.5x10°
— All the energy spectra with different Reynolds numbers (R, >1000)
have the wavenumber range of a steeper slope;
E(k)~k>/34 (u~0.1)

— The spectra are well normalized not by L but by n, at the
wavenumber range of the steeper slope, where a few percent of
energy is dissipated.

(The steeper slope is not inherent character in the inertial range,
and is affected by viscosity.)

— Thin shear layers (the layers in which strong vortices are close-
packed and dense) become more common and important
structures in higher Reynolds number turbulence.



