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High'Reynolds'number'turbulence�
•  High'Re'turbulence'���'Low'Re'turbulence�'''''

The'higher'the'Reynolds'numbers,''

the'larger'the'scale'ra.o.�
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Direct'Numerical'Simula.on(DNS)'of'turbulence�

•  To'understand'the'nature'of'high'Re'turbulence'

DNS'of'the'NavierHStokes'equa.ons'is'very'useful.'
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Earth'Simulator�

K'Computer�
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In'this'talk�

•  Direct'Numerical'Simula.on'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�

•  Fourier'Spectral'method'

'

•  1D'decomposi.on'
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Forcing:'nega.ve'viscosity'(to'keep'the'total'energy'constant')�

40TFlops'@'640'node�

16.4TFlops'@512'node'

Efficiency'is'50%!!�

(Yokokawa'et'al'2002,'Kaneda'et'al'2003)�



Two'series'of'DNS'using'ES�

! Series 1(k
max
η =1)''

! Series 2(k
max
η'=2)'
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Figure 3
(a) Compensated energy spectrum k5/3 E(k)/⟨ε⟩2/3 (solid colored lines) and energy-flux spectrum "(k)/⟨ε⟩(dashed colored lines) versus kη by
direct numerical simulation at various Rλ’s. The solid gray line is the approximation (Equation 8) with Ko measured in the run at
Rλ = 1131. The dashed gray horizontal line indicates "(k)/⟨ε⟩ = 1.0. (b) Normalized second- and third-order longitudinal structure
functions ⟨(δuL

r )2⟩/(⟨ε⟩ r)2/3 (solid colored lines) and −⟨(δuL
r )3⟩/(⟨ε⟩ r) (dashed colored lines) versus r/η. The solid gray line is the

approximation (Equation 7) with C0 and Cf measured in the run at Rλ = 1131. The dashed gray horizontal line indicates
−⟨(δuL

r )3⟩/(⟨ε⟩ r) = 4/5.

close inspection also reveals that the slope is slightly tilted, suggesting that E(k) ∝ k−5/3+µ with
µ ∼ −0.1 (Kaneda et al. 2003).

Equation 1 implies that the energy spectrum is universal not only in the inertial subrange, but
also at higher wave numbers. In the near-dissipation range kη ∼ 1, DNS data analyses support
the form

E(k)/(⟨ε⟩ ν5)1/4 = C(kη)α exp[−β(kη)], (4)

where α, β, and C are constants independent of k (Ishihara et al. 2005, Martinez et al. 1997,
Schumacher 2007). Curve fitting the DNS data up to Rλ = 675 suggests that α, β, and C approach
constants independent of Rλ in accordance with K41 and that (α, β, C) → (−2.9, 0.62, 0.044) as
Rλ → ∞, but the approach to these limits is very slow (Ishihara et al. 2005).

3.3. Second-Order Structure Function and the 4/5 Law
Considering the statistics in physical space, rather than in wave-number space, may help inform
our understanding of turbulence (e.g., see Davidson 2004). In physical space, Equations 2 and 3
are equivalent to

〈(
δuL

r
)2

〉
≈ Co ⟨ε⟩2/3r2/3, Co = Ko /0.76, (5)

(e.g., Landau & Lifshitz 1987, p. 145) and Kolmogorov’s (1941a) 4/5 law
〈(

δuL
r
)3

〉
= −4

5
⟨ε⟩r, (6)

(e.g., Frisch 1995) respectively, in the inertial subrange L ≫ r ≫ η of HI turbulence, where δuL
r

is the longitudinal velocity difference given by δuL
r ≡ [u(x + r) − u(x)] · r/r .
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Small-scale statistics of turbulence 347

(a)

10–8

10–6

10–4

10–2

100

–30 –20 –10 10 20 30

σ
P

 (
ζ)

σ
P

 (
ζ)

σ
P

 (
ζ)

ζ = ∂u/∂x ζ = ∂u/∂x

ζ = ∂v/∂x

R
λ
 = 1131

732
471
257
167

(b)

ζ = ∂u/∂x

R
λ
 = 675

429
268
173

94

(c) (d )
ζ = ωx

R
λ
 = 675

429
268
173

94

R
λ
 = 675

429
268
173

94

(e)

ζ/σ ζ/σ

ζ = ωx

ζ = (∂u/∂x)
ζ = (∂v/∂x)

( f )

Rλ = 429
(kmax η = 2)

Rλ = 471
(kmax η = 1)

10–8

10–6

10–4

10–2

100

–30 –20 –10 10 20 30

10–8

10–6

10–4

10–2

100

–30 –20 –10 10 20 30
10–8

10–6

10–4

10–2

100

–30 –20 –10 10 20 30

10–8

10–6

10–4

10–2

100

–30 –20 –10 0 10 20 30
10–8

10–6

10–4

10–2

100

–30 –20 –10 0

0 0

0 0

10 20 30

Figure 5. The p.d.f.’s of ζ for (a) ζ = ∂u/∂x in Series 1, (b) ζ = ∂u/∂x in Series 2, (c) ζ = ∂v/∂x
in Series 2 and (d) ζ = ωx in Series 2. (e) The p.d.f.’s for ζ = ωx , ζ = ∂u/∂x and ζ = ∂v/∂x in
Run 2048-2. (f) A comparison of p.d.f.’s for ζ = ∂v/∂x in Run 1024-1 with Rλ = 471 (dashed
line) and in Run 2048-2 with Rλ = 429 (solid line). σ is the standard deviation of ζ in each
p.d.f.

and Gylfason et al. (2004) showed that

−S ∼ 0.33Rλ
0.09. (4.3)

fitted well their experimental data.
Our DNS values of −S for Rλ > 200, especially those in Series 1, agree well with

(4.3). However, a close inspection shows also that the DNS values of −S in Series 2
are larger than those in Series 1, and they are slightly larger than (4.2) and (4.3). A
least-square fitting of the data of Series 2 to ln(−S) ∼ α + βlnRλ yields

−S ∼ (0.32 ∓ 0.02)Rλ
0.11±0.01, (4.4)

Higher'Rλ�

I,'Kaneda,'et'al.'JFM2007�I,'Gotoh,'Kaneda'ARF2009�

The'higher'the'Reynolds'numbers,''

the'wider'the'iner.al'range�
The'higher'the'Reynolds'numbers,''

the'stronger'the'intermi^ency�



Energy'Spectrum'in'the'Iner.al'Range'

•  K41''

•  DNS'of'Turbulence'in'a'Periodic'Box'with'40963'
Grid'Points'

'

•  Similar'slope'

–  Hyper'Viscosity'Simula.on'

Haugen'&'Brandenburg'(2004)'

–  DNS'with'40963'grid'points'
Donzis'&'Sreenivasan'JFM'(2010)'

Interpreta.on'of'the'exponent'

''''…'not'yet'

E(k) =CK ε
2/3 k−5/3,

E(k) ~ ε
2/3 k−5/3−µ,    µ ~ 0.10

Π(k) ≡ T ( #k )d #k =
k

∞

∫ ε

Π(k) ~ ε

Kaneda'et'al.'PF'(2003)'



Significant,'high'vor.city,'intermi^ent'structure'�

λ/η='20'

L/λ=3�

Rλ =1131

λ/η='66'

L/λ=32�

Rλ = 94
Isolated'vor.ces�

Complex'thinHshear'layers'''

(Ishihara'Kaneda'Hunt,'FTAC'2013)�

Width'~'O(L),'Thickness'~'O(λ)�

Length'~'O(L)'

Thickness'~'O(10η)�
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Analysis'in'IKH2013�

x�

z�

y�

Based'on'one'snapshot'data'of'DNS''

of'forced'NS'eq.'with'40963''

grid'points''(Kaneda'et'al,'2003)'

k
max
η=1,'Rλ=1131'
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Analysis'of'Condi.onal'sta.s.cs'

'Bisset'et'al'2002'

'Westerweel'et'al'2009'

'da'Silva'&'dos'Reis'2011'

One'of'ac.ve'(high'enstrophy)'subHdomains�
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Condi.onal'averages�
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Sharp'interface�

 

T� NT�

150η−150η 300η−300η

Sharp'interface'of'internal'thin'shear'layer'(IKH2013)� T/NT'interface'of'external'TBL'(I,Ogasawara,Hunt2014)�

DeHcorrela.on'of'the'velocity'fluctua.ons'

across'the'sharp'interface'

''H'Blocking'mechanism'(Hunt'&'Durbin'1999)�

ξ=xHx
R�

Condi.onal'cross'correla.ons'of'u� Condi.onal'cross'correla.ons'of'u�
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Energy'transfer'T(x, k) and'energy'
dissipa.on'''''near'the'layer�

<T(x,k)>
Inside

'='<ε>
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'~10'<ε>''for'k'>'π/'l
'l :thickness'of'the'layer�

A'net'energy'flux'from'the'larger'scale'mo.ons'from'outside�

Large'amplitude'posi.ve/nega.ve'(i.e.'downscale/upscale)''

'fluctua.ons'of'T'near'the'thin'layer�

ε
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(Ishihara'Kaneda'Hunt,'FTAC'2013)�



Inside'structure'of'the'shear'layers�
Distribu.on'of'the'strong'vor.ces'inside'the'layer�

Very'strong'vor.city'of'O(u
o
/10η)''�

Thickness'of'the'microHscale'vor.ces:�

Velocity'jump'of'O(u
o
)'over'distances'of'O(10η)'''�
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(insensi.ve'to'their'strength)�
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High'enstrophy'regions'

in'coarseHgrained'data''�



Large'clusters'of'the'connected''

high'enstrophy'regions�



Large'clusters'of'the'connected''

high'enstrophy'regions�



Characteris.cs'of'the'thin'shear'layers�

•  Strong'vor.ces'are'close'packed''
'and'dense'in'the'layers'

•  Thickness=O(λ�ReH1/2L),'Size'=O(L),'Distance=O(L)'

•  Strong'shear'across'the'layers'(velocity'jump'of'O(uo))'
•  Extreme'events(high'velocity'jump,'high'vor.city)'in'the'layers'

•  Act'as'a'barrier'by'blocking'and'filtering'the'velocity'fluctua.ons'
•  High'energy'dissipa.on'and'high'energy'transfer'within'the'layers'
•  Large'fluctua.on'of'the'energy'transfer'(+'and'H)'

(Ishihara'Kaneda'Hunt,'FTAC'2013)�



DNS'of'turbulence'in'a'periodic'box'on'K'computer�

•  The'same'spectral'method'as'used'for'Earth'Simulator'

'

'

•  A'2D'decomposi.on'code'for'the'K'computer'

( 2.5)
( )
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Forcing:'nega.ve'viscosity'(to'keep'the'total'energy'constant')�

11.28PFlops'@''88128'node�

N� #%of%nodes� TFlops� efficiency�
6144� 96x64� 30.20� 3.84%�

8192� 128x64� 32.93� 3.14%�

12288� 192x128� 70.46� 2.24%�

(double'precision)�

Efficiency'of'50%'was'obtained'on'ES'using'512'nodes.�

'12288''''''384x128''''''''128.3'''''''''2.04%'�



DNS'with'61443/81923/122883'grid'points�
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Time'dependence'of'<ε>�
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Time'development'of'energy'spectrum'

and'energy'flux'(from'the'81923'DNS)�
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Average'vs.'snapshots'(from'40963'DNS)�
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D(k) = 2ν k2E(k)
k

∞

∫ dk

k5/3E(k) / ε 2/3

Energy'dissipa.on�
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DNS'with'61443/81923/122883'grid'points�

Rλ� .me'history�
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Summary�
•  We'have'performed'largeHscale'DNS'of'forced'incompressible'

turbulence'with'up'to'122883'grid'points'using'K'computer.'

DataHanalysis'and'visualiza.on'show'the'following.'

–  The'maximum'values'of'Re'are'Rλ=2314,'Re=1.5x10
5'

–  All'the'energy'spectra'with'different'Reynolds'numbers'(Rλ>1000)'

have'the'wavenumber'range'of'a'steeper'slope;'

''

'

–  The'spectra'are'well'normalized'not'by'L'but'by'η,'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'iner.al'range,'

and'is'affected'by'viscosity.)'

–  Thin'shear'layers'(the'layers'in'which'strong'vor.ces'are'closeH
packed'and'dense)'become'more'common'and'important'

structures'in'higher'Reynolds'number'turbulence.�

E(k)~kH5/3Hμ,'(μ~0.1)�


