
2.  Structure of wall-bounded flows

Alexander J. Smits

Department of Mechanical and Aerospace Engineering
Princeton University

Lecture 2, 23 August 2023
Les Houches School of Physics



• As the Reynolds number increases, so does the range of scales

• That is, the spectrum broadens
• We will focus primarily on the one-dimensional spectrum of u’

Delo, Kelso & Smits (2004) Corke, Guezennec & Nagib (1980)
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Turbulent flows and Reynolds number
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Samie et al. (2018)

Boundary layer:

Dissipa=on from isotropic es=mate:
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Iner=al region grows with Reynolds 
number and with distance from the wall

Turbulent spectra
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Samie et al. (2018)

• Small scale mo:ons independent of 
Reynolds number

• Large scales present even very close to the 
wall

• Energy in large scales grows with Reynolds 
number
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Boundary layer:
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Premul6plied spectra
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Vallikivi, Ganapathasubramani & Smits (2015)

Comparing pipe and boundary layer

Margit Vallikivi



Vallikivi et al. (2015)

Boundary layer

Pipe
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Boundary layer Pipe
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Comparing boundary layer and pipe



Smits, McKeon & Marusic (2011)
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Premul6plied energy and dissipa6on spectra



Inner spectral peak

Outer spectral peak

Inner spectral peak

Outer spectral peak

Ret = 5000, boundary layer
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With thanks to Nick Hutchins

Premul6plied spectral maps



Smits, McKeon & Marusic (2011)

Premul6plied spectral maps



Boundary layer

I – Linear Sublayer  III – Mesolayer  V – Wake Region
II – Buffer Layer  IV – Inertial Sublayer

OSP

+ Hutchins et al. (2007)
x Mathis et al. (2009)

y/�



Pipe

I – Linear Sublayer  III – Mesolayer  V – Wake Region
II – Buffer Layer  IV – Inertial Sublayer

OSP



The structure of wall-bounded turbulence

Kline et al. (1967)

U∞

Cantwell, Coles & Dimotakis (1978)



The structure of wall-bounded turbulence

Kline et al. (1967)

U∞

Cantwell, Coles & Dimotakis (1978)

Near-wall streaks



Theodorson and Wenke

Req = 600

Req = 1700

Req = 9400

Hairpin vor6ces

Head & Bandyopadhay (1981)

Theodorson (1952, 1955)



Vortex packets

Adrian, Meinhart & Tomkins (1991)



Adrian, Meinhart, Tomkins (1999) Wu & Moin (2009)

Visualiza6ons of coherent mo6ons



Uniform momentum zones (UMZ)

Meinhart &
 Adrian (1995) 

Adrian, Meinhart & Tomkins (1999)

• Number of UMZ’s 
scales logarithmically 
with Re+

• But not as fast as the 
number of hierarchies

de Silva, Hutchins & 
Marusic (2016) 
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Meinhart &
 Adrian (1995) 

Adrian, Meinhart & Tomkins (1999)

Incompressible flow
Mach = 0

de Silva, Hutchins & 
Marusic (2016) 
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Coherent mo6ons in wall-bounded turbulence

Cantwell, Coles & Dimotakis (1978)
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Inner scaling
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Hierarchical model of outer layer 
turbulence using L-eddies

Adrian, Meinhart & Tomkins (1999) Woodcock & Marusic (2015)

AIached eddy concepts



Scaling the turbulence: the AIached Eddy Hypothesis

Townsend (1976)

Townsend: “It is difficult to imagine how the presence of 
the wall could impose a dissipation length-scale 
proportional to distance from it unless the main eddies 
of the flow have diameters proportional to distance of 
their “centres” from the wall, because their motion is 
directly influenced by its presence.  In other words, the 
velocity fields of the main eddies, regarded as persistent, 
organized flow patterns, extend to the wall and, in a 
sense, they are attached to the wall.”



Perry: In this theory, wall turbulence is considered to 
consist of a 'forest' of randomly posi=oned horseshoe, 
hairpin or L-shaped vor=ces that lean in the 
streamwise direc=on and have their legs extending to 
the wall.

Theodorsen (1952)

Townsend (1976)

Perry & Chong (1982)

Townsend: “It is difficult to imagine how the presence of 
the wall could impose a dissipa=on length-scale 
propor=onal to distance from it unless the main eddies 
of the flow have diameters propor=onal to distance of 
their “centres” from the wall, because their mo=on is 
directly influenced by its presence.  In other words, the 
velocity fields of the main eddies, regarded as persistent, 
organized flow paQerns, extend to the wall and, in a 
sense, they are aQached to the wall.”

Scaling the turbulence: the AIached Eddy Hypothesis



• The model is inviscid (high Reynolds number), and considers a superposiEon of 
geometrically self-similar, aFached eddies 

• The eddies cover a wide range of scales, but each scale is proporEonal to the distance 
from the wall

• The eddies have the same characterisEc velocity scale
• At high enough Reynolds number, the model is designed to give
• Model applies in the constant stress (logarithmic) region 

Townsend Attached Eddy Model
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• The model is inviscid (high Reynolds number), and considers a superposiEon of 
geometrically self-similar, aFached eddies 

• The eddies cover a wide range of scales, but each scale is proporEonal to the distance 
from the wall

• The eddies have the same characterisEc velocity scale
• At high enough Reynolds number, the model is designed to give
• Model applies in the constant stress (logarithmic) region 

The model then predicts: u2
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Townsend AIached Eddy Model



• The model is largely similar to Townsend’s, but eddy shapes can be specified
• The eddies are grouped into hierarchies, and each hierarchy scales with the distance 

from the wall
• The number of eddies per unit area scales with 

Perry & Chong AIached Eddy Model
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Perry, Henbest 
& Chong (1986)

Perry & Chong (1982)



• The model is largely similar to Townsend’s, but eddy shapes can be specified
• The eddies are grouped into hierarchies, and each hierarchy scales with the distance 

from the wall
• The number of eddies per unit area scales with 

The model then predicts: dU
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(see also Marusic and Monty, Annual Reviews, 2019)
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Perry & Chong AIached Eddy Model



Connec6on to the spectrum

Perry & Abell (1977), Perry, Henbest & Chong (1986)



Outer scaling

Premul=pliedLog-log

Connec6on to the spectrum



Outer scaling

Premul=pliedLog-log
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Connec6on to the spectrum
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integrate

For high Reynolds numbers, V (y+) ! 0
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Connec6on to the spectrum



Hultmark , Vallikivi, Bailey & Smits (2012)

Inner Scaling Outer Scaling
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Superpipe turbulence data (NSTAP)



Growth of the inner peak

Samie , Marusic, Hutchins, Fan, Fu, Hultmark & Smits (2018)

NSTAP 
measurements 
in the 
Melbourne 
University 
boundary layer

DNS: Lee & Moser (2019)

AEM suggests 1.25



A universal log law for turbulence

(ABL)

(BL)

(BL)

Marusic, Monty, Hultmark & Smits (2012)
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Smooth 
pipe

Rough 
pipe

Second order moments of u’

Hultmark, Bailey, Vallikivi & Smits (2013)

A universal log law for turbulence



Hultmark, Vallikivi, Bailey & Smits (2013)

Meneveau & Marusic (2013)

Smooth 
pipe

Rough 
pipe

p
u4+ = D1 � 1.98 log

h y
R

i p
u4+ = D1 � 2.00 log

h y
R

i

1.25
p
3 = 2.16 (Gaussian expectaEon)

A universal log law for turbulence



What about the other stresses?

Channel flow DNS (Lee & Moser 2019)
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Re⌧

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

Spanwise component

<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h
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Spanwise component: channel
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<latexit sha1_base64="BZJANA04lnquxcKFRaUpqUlJTxo=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSExVUnFa6xgYSwSfUhNiBzXaa06TuQHqIo6svBXWBhAiJWfwMa/wWkzQMtJlk5399n+LkwZlcpxvq2FxaXlldXSWnl9Y3Nr297ZbclEC0yaOGGJ6IRIEkY5aSqqGOmkgqA4ZKQdDq9yv31PhKQJv1WjlPgx6nMaUYyUkQL7wIsEwpmXmFB+R/ZwVxuPMx14CmlDA7viVJ0J4DxxC1IBBRqB/eX1EqxjwhVmSMqu66TKz5BQFDMyLntakhThIeqTrqEcxUT62WSRMTwySg9GiTCHKzhRf09kKJZyFIcmGSM1kLNeLv7ndbWKLvyM8lQrwvH0oUgzqBKYtwJ7VBCs2MgQhAU1f4V4gEwzynRXNiW4syvPk1at6p5VT29OKvXLoo4S2AeH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TGNLljFzB74A+vzBwEKmpw=</latexit>

w2

u2
⌧

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

Channel flow DNS (Lee & Moser 2019)

Spanwise component

<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h
<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h



0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.00 0.00 0.01 0.10 1.00
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.00 0.20 0.40 0.60 0.80 1.00

<latexit sha1_base64="BZJANA04lnquxcKFRaUpqUlJTxo=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSExVUnFa6xgYSwSfUhNiBzXaa06TuQHqIo6svBXWBhAiJWfwMa/wWkzQMtJlk5399n+LkwZlcpxvq2FxaXlldXSWnl9Y3Nr297ZbclEC0yaOGGJ6IRIEkY5aSqqGOmkgqA4ZKQdDq9yv31PhKQJv1WjlPgx6nMaUYyUkQL7wIsEwpmXmFB+R/ZwVxuPMx14CmlDA7viVJ0J4DxxC1IBBRqB/eX1EqxjwhVmSMqu66TKz5BQFDMyLntakhThIeqTrqEcxUT62WSRMTwySg9GiTCHKzhRf09kKJZyFIcmGSM1kLNeLv7ndbWKLvyM8lQrwvH0oUgzqBKYtwJ7VBCs2MgQhAU1f4V4gEwzynRXNiW4syvPk1at6p5VT29OKvXLoo4S2AeH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TGNLljFzB74A+vzBwEKmpw=</latexit>

w2

u2
⌧

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

Channel flow DNS (Lee & Moser 2019)

Spanwise component

Log-law

<latexit sha1_base64="q9ngA7aXJEQ6FAY5+YpRi59nyQY="></latexit>

w2

u2
⌧

= 1.08� 0.387 ln
y

h

<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h
<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h

Spanwise component: channel



0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1 10 100 1000 10000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.00 0.20 0.40 0.60 0.80 1.00

<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧
<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="ahr4jvT8bbjGwAvxG84to05nG9g=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSExVUnFa6xgYSwSfUhNqBzXaa06TuRHpSrKyMJfYWEAIVZ+Ahv/BqfNAC0nWTrd3Wf7uyBhVCrH+baWlldW19ZLG+XNre2dXXtvvyVjLTBp4pjFohMgSRjlpKmoYqSTCIKigJF2MLrJ/faYCEljfq8mCfEjNOA0pBgpI/XsIy8UCKdebEL5Hen4oZZlqe55CmlDe3bFqTpTwEXiFqQCCjR69pfXj7GOCFeYISm7rpMoP0VCUcxIVva0JAnCIzQgXUM5ioj00+kiGTwxSh+GsTCHKzhVf0+kKJJyEgUmGSE1lPNeLv7ndbUKr/yU8kQrwvHsoVAzqGKYtwL7VBCs2MQQhAU1f4V4iEwzynRXNiW48ysvklat6l5Uz+/OKvXroo4SOATH4BS44BLUwS1ogCbA4BE8g1fwZj1ZL9a79TGLLlnFzAH4A+vzB/9pmps=</latexit>

v2

u2
⌧

<latexit sha1_base64="MJmDKkYng+d2XE2p/WK4BHjnT9I=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2ge0tWTSTBuaeZDcEYbSvRsRNwp+kb/g35i2s2nrgcDhnBPuPdeLlTToOL8kt7K6tr6R3yxsbe/s7hX3D+omSjQXNR6pSDc9ZoSSoaihRCWasRYs8JRoeMO7id94EdrIKHzCNBadgPVD6UvO0EqP6fNZt1hyys4UdJm4GSlBhmq3+NPuRTwJRIhcMWNarhNjZ8Q0Sq7EuNBOjIgZH7K+GE0XHNMTK/WoH2n7QqRTdS7HAmPSwLPJgOHALHoT8T+vlaB/0xnJME5QhHw2yE8UxYhO2tKe1IKjSi1hXEu7IeUDphlHe5OCre4uFl0m9fOye1W+fLgoVW6zI+ThCI7hFFy4hgrcQxVqwKEPb/AJX8Qjr+SdfMyiOZL9OYQ5kO8/9V2JTw==</latexit>

y+

Channel flow DNS (Lee & Moser 2019)

Wall-normal component

<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h

Wall-normal component: channel
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<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧<latexit sha1_base64="9149ItRSz66y8T6gDCV8rd9vxRE=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWbER5dFNy4r2ge0pWTSTBuamQzJHaGU7t2IuFHwi/wF/8a0nU2rBwKHc06499wgUdKi5/2Q3Nr6xuZWfruws7u3f1A8PGpYnRou6lwrbVoBs0LJWNRRohKtxAgWBUo0g9HdzG8+C2Oljp9wnIhuxAaxDCVn6KRHv+L1iiWv7M1B/xI/IyXIUOsVvzt9zdNIxMgVs7btewl2J8yg5EpMC53UioTxERuIyXzBKT1zUp+G2rgXI52rSzkWWTuOApeMGA7tqjcT//PaKYaV7kTGSYoi5otBYaooajprS/vSCI5q7AjjRroNKR8ywzi6mxRcdX+16F/SuCj71+Wrh8tS9TY7Qh5O4BTOwYcbqMI91KAOHAbwCh/wSQLyQt7I+yKaI9mfY1gC+foFWZ2I5g==</latexit>

180

<latexit sha1_base64="x8jRoKlQJuScvzbkZ1gxI/BeboE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVTLFVpdFNy4r2Ae0pWTSTBuaeZDcEUrpB7gRcaPgD/kL/o0z7WzaeiBwOOeEe891I60sMvZLclvbO7t7+f3CweHR8Unx9Kxlw9gI2RShDk3H5VZqFcgmKtSyExnJfVfLtjt5SP32izRWhcEzTiPZ9/koUJ4SHFOpWmFsUCyxMluAbhInIyXI0BgUf3rDUMS+DFBobm3XYRH2Z9ygElrOC73YyoiLCR/J2WLDOb1KpCH1QpO8AOlCXclx39qp7yZJn+PYrnup+J/XjdG7689UEMUoA7Ec5MWaYkjTunSojBSopwnhwqhkQyrG3HCByVEKSXVnvegmaVXKTq1cfbop1e+zI+ThAi7hGhy4hTo8QgOaIGAMb/AJX0SQV/JOPpbRHMn+nMMKyPcfwwCJHg==</latexit>

5200

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="KQyjNWIWqkslTtC+dN10f1e+ETs=">AAACB3icbVBLS8NAGNz4rPUV9SjIYhE8laT4Oha9eKxgH9DEstlu2qWbTdhHoYTcvPhXvHhQxKt/wZv/xk2bg7YOLAwz8+3uN0HCqFSO820tLa+srq2XNsqbW9s7u/befkvGWmDSxDGLRSdAkjDKSVNRxUgnEQRFASPtYHST++0xEZLG/F5NEuJHaMBpSDFSRurZR14oEE692ITyO1I9zrJU9zyF9EMt69kVp+pMAReJW5AKKNDo2V9eP8Y6IlxhhqTsuk6i/BQJRTEjWdnTkiQIj9CAdA3lKCLST6d7ZPDEKH0YxsIcruBU/T2RokjKSRSYZITUUM57ufif19UqvPJTyhOtCMezh0LNoIphXgrsU0GwYhNDEBbU/BXiITLFKFNd2ZTgzq+8SFq1qntRPb87q9SvizpK4BAcg1PggktQB7egAZoAg0fwDF7Bm/VkvVjv1scsumQVMwfgD6zPH6h5mnY=</latexit>

uv

u2
⌧

For fully-developed channel flow:

<latexit sha1_base64="MJmDKkYng+d2XE2p/WK4BHjnT9I=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2ge0tWTSTBuaeZDcEYbSvRsRNwp+kb/g35i2s2nrgcDhnBPuPdeLlTToOL8kt7K6tr6R3yxsbe/s7hX3D+omSjQXNR6pSDc9ZoSSoaihRCWasRYs8JRoeMO7id94EdrIKHzCNBadgPVD6UvO0EqP6fNZt1hyys4UdJm4GSlBhmq3+NPuRTwJRIhcMWNarhNjZ8Q0Sq7EuNBOjIgZH7K+GE0XHNMTK/WoH2n7QqRTdS7HAmPSwLPJgOHALHoT8T+vlaB/0xnJME5QhHw2yE8UxYhO2tKe1IKjSi1hXEu7IeUDphlHe5OCre4uFl0m9fOye1W+fLgoVW6zI+ThCI7hFFy4hgrcQxVqwKEPb/AJX8Qjr+SdfMyiOZL9OYQ5kO8/9V2JTw==</latexit>

y+

Channel flow DNS (Lee & Moser 2019)

Shear stress

<latexit sha1_base64="+ESRzM5FP0+Tg7OT7PDshdkAhTM="></latexit>

�uv + ⌫
dU

dy
= u2

⌧

⇣
1� y

h

⌘

<latexit sha1_base64="5FUeT9EpcMW7H2ntWRg/EqwUmNM=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgqs5IfSyLblxWtA9oS8mkmTY0MxmSO8JQuncj4kbBL/IX/BvTdjZtPRA4nHPCvef6sRQGXffXya2tb2xu5bcLO7t7+wfFw6OGUYlmvM6UVLrlU8OliHgdBUreijWnoS950x/dT/3mC9dGqOgZ05h3QzqIRCAYRSs9pRfDXrHklt0ZyCrxMlKCDLVe8afTVywJeYRMUmPanhtjd0w1Cib5pNBJDI8pG9EBH88WnJAzK/VJoLR9EZKZupCjoTFp6NtkSHFolr2p+J/XTjC47Y5FFCfIIzYfFCSSoCLTtqQvNGcoU0so08JuSNiQasrQ3qRgq3vLRVdJ47LsXZevHiul6l12hDycwCmcgwc3UIUHqEEdGAzgDT7hy/GdV+fd+ZhHc0725xgW4Hz/AQnpiV0=</latexit>

y/h

“constant stress”

Shear stress: channel
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Boundary layer DNS (Sillero et al. 2013)

<latexit sha1_base64="9Xj8pvCNjqxDyqt3fBdVM/+I5UU=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqs6Ir2XRjcsK9gFtKZlMpg3NTIbkjjCUfoIbETcK/o6/4N+YtrNp64HA4ZwT7j3XT6Qw6Lq/TmFtfWNzq7hd2tnd2z8oHx41jUo14w2mpNJtnxouRcwbKFDydqI5jXzJW/7oYeq3Xrg2QsXPmCW8F9FBLELBKFqpnV10Ay6R9ssVt+rOQFaJl5MK5Kj3yz/dQLE04jEySY3peG6CvTHVKJjkk1I3NTyhbEQHfDzbckLOrBSQUGn7YiQzdSFHI2OyyLfJiOLQLHtT8T+vk2J41xuLOEmRx2w+KEwlQUWmlUkgNGcoM0so08JuSNiQasrQHqZkq3vLRVdJ87Lq3VSvn64qtfv8CEU4gVM4Bw9uoQaPUIcGMJDwBp/w5QycV+fd+ZhHC07+5xgW4Hz/Abyri40=</latexit>

y/�

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="qaAmgNyFQ2fPUVCem3sxpGOrn5o=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gFJCLOT3mTI7IOZXiGE/IEXES8Kfo+/4N84SfaSxIKBoqqG7mo/UdKQ6/46ubX1jc2t/HZhZ3dv/6B4eFQ3caoF1kSsYt30uUElI6yRJIXNRCMPfYUNf3g/9RsvqI2Mo2caJdgJeT+SgRScrNR4wm6beNotltyyOwNbJV5GSpCh2i3+tHuxSEOMSChuTMtzE+qMuSYpFE4K7dRgwsWQ93E8W3LCzqzUY0Gs7YuIzdSFHA+NGYW+TYacBmbZm4r/ea2UgtvOWEZJShiJ+aAgVYxiNm3MelKjIDWyhAst7YZMDLjmguxdCra6t1x0ldQvyt51+erxslS5y46QhxM4hXPw4AYq8ABVqIGAIbzBJ3w5gfPqvDsf82jOyf4cwwKc7z8cL4sx</latexit>

Re⌧

<latexit sha1_base64="KQyjNWIWqkslTtC+dN10f1e+ETs=">AAACB3icbVBLS8NAGNz4rPUV9SjIYhE8laT4Oha9eKxgH9DEstlu2qWbTdhHoYTcvPhXvHhQxKt/wZv/xk2bg7YOLAwz8+3uN0HCqFSO820tLa+srq2XNsqbW9s7u/befkvGWmDSxDGLRSdAkjDKSVNRxUgnEQRFASPtYHST++0xEZLG/F5NEuJHaMBpSDFSRurZR14oEE692ITyO1I9zrJU9zyF9EMt69kVp+pMAReJW5AKKNDo2V9eP8Y6IlxhhqTsuk6i/BQJRTEjWdnTkiQIj9CAdA3lKCLST6d7ZPDEKH0YxsIcruBU/T2RokjKSRSYZITUUM57ufif19UqvPJTyhOtCMezh0LNoIphXgrsU0GwYhNDEBbU/BXiITLFKFNd2ZTgzq+8SFq1qntRPb87q9SvizpK4BAcg1PggktQB7egAZoAg0fwDF7Bm/VkvVjv1scsumQVMwfgD6zPH6h5mnY=</latexit>

uv

u2
⌧

<latexit sha1_base64="MJmDKkYng+d2XE2p/WK4BHjnT9I=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkUQhDIjvpZFNy4r2ge0tWTSTBuaeZDcEYbSvRsRNwp+kb/g35i2s2nrgcDhnBPuPdeLlTToOL8kt7K6tr6R3yxsbe/s7hX3D+omSjQXNR6pSDc9ZoSSoaihRCWasRYs8JRoeMO7id94EdrIKHzCNBadgPVD6UvO0EqP6fNZt1hyys4UdJm4GSlBhmq3+NPuRTwJRIhcMWNarhNjZ8Q0Sq7EuNBOjIgZH7K+GE0XHNMTK/WoH2n7QqRTdS7HAmPSwLPJgOHALHoT8T+vlaB/0xnJME5QhHw2yE8UxYhO2tKe1IKjSi1hXEu7IeUDphlHe5OCre4uFl0m9fOye1W+fLgoVW6zI+ThCI7hFFy4hgrcQxVqwKEPb/AJX8Qjr+SdfMyiOZL9OYQ5kO8/9V2JTw==</latexit>

y+

<latexit sha1_base64="aRxNl3I7Ff7g75Aqp7vPgQ8/0ms=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiS+l0U3LivYB7ShTKaTdujMJMxMhBL6C25cKOLWH3Ln3zhps9DWAxcO59zLvfeECWfaeN63U1pZXVvfKG9WtrZ3dvfc/YOWjlNFaJPEPFadEGvKmaRNwwynnURRLEJO2+H4LvfbT1RpFstHM0loIPBQsogRbHLJP/e8vlv1at4MaJn4BalCgUbf/eoNYpIKKg3hWOuu7yUmyLAyjHA6rfRSTRNMxnhIu5ZKLKgOstmtU3RilQGKYmVLGjRTf09kWGg9EaHtFNiM9KKXi/953dREN0HGZJIaKsl8UZRyZGKUP44GTFFi+MQSTBSztyIywgoTY+Op2BD8xZeXSeus5l/VLh8uqvXbIo4yHMExnIIP11CHe2hAEwiM4Ble4c0Rzovz7nzMW0tOMXMIf+B8/gDMk41w</latexit>

1300

<latexit sha1_base64="owKy9Qa7JaG8rHZjJ0cIuuLYWl4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVW3ssevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwyyWvU3GG54lbdBdA68XJSgRytYflrMIpIIqg0hGOt+54bGz/FyjDC6bw0SDSNMZniMe1bKrGg2k8Xt87RhVVGKIyULWnQQv09kWKh9UwEtlNgM9GrXib+5/UTEzb8lMk4MVSS5aIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7IheKsvr5POVdWrV2sP15XmbR5HEc7gHC7Bgxtowj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A28qNeg==</latexit>

1850

<latexit sha1_base64="aRxNl3I7Ff7g75Aqp7vPgQ8/0ms=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiS+l0U3LivYB7ShTKaTdujMJMxMhBL6C25cKOLWH3Ln3zhps9DWAxcO59zLvfeECWfaeN63U1pZXVvfKG9WtrZ3dvfc/YOWjlNFaJPEPFadEGvKmaRNwwynnURRLEJO2+H4LvfbT1RpFstHM0loIPBQsogRbHLJP/e8vlv1at4MaJn4BalCgUbf/eoNYpIKKg3hWOuu7yUmyLAyjHA6rfRSTRNMxnhIu5ZKLKgOstmtU3RilQGKYmVLGjRTf09kWGg9EaHtFNiM9KKXi/953dREN0HGZJIaKsl8UZRyZGKUP44GTFFi+MQSTBSztyIywgoTY+Op2BD8xZeXSeus5l/VLh8uqvXbIo4yHMExnIIP11CHe2hAEwiM4Ble4c0Rzovz7nzMW0tOMXMIf+B8/gDMk41w</latexit>

1300

<latexit sha1_base64="owKy9Qa7JaG8rHZjJ0cIuuLYWl4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVW3ssevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwyyWvU3GG54lbdBdA68XJSgRytYflrMIpIIqg0hGOt+54bGz/FyjDC6bw0SDSNMZniMe1bKrGg2k8Xt87RhVVGKIyULWnQQv09kWKh9UwEtlNgM9GrXib+5/UTEzb8lMk4MVSS5aIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7IheKsvr5POVdWrV2sP15XmbR5HEc7gHC7Bgxtowj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A28qNeg==</latexit>

1850

Shear stress

Shear stress: boundary layer



Spectral scaling: what about -5/3?

Overlap region II:
k�5/3
x region

�uu ⇠ k�5/3
x

<latexit sha1_base64="MnUjRkDrD29yQB0yp523s0sIqIc=">AAACHnicbVBLSwMxGMzWV11fqx69BIvFi3XX+jxZ9OKxgn1Aty7ZNO2GZh8kWWlZ+l+8+FdEEPGioP/GbLsItQ4E5puZkMznRowKaZrfWm5ufmFxKb+sr6yurW8Ym1t1EcYckxoOWcibLhKE0YDUJJWMNCNOkO8y0nD716nfeCBc0DC4k8OItH3UC2iXYiSV5BiXRdh3BvfJwclheQRtaHtuOEg46SlXzbZehHbVo04Sx2oU1J+K27pjFMySOQacJVZGCiBD1TFe7E6IY58EEjMkRMsyI9lOEJcUMzLS7ViQCOE+6pFkXG8E95TUgd2QqxNIOFancsgXYui7Kukj6Ym/Xir+57Vi2T1vJzSIYkkCPHmoGzMoQ5juCnYoJ1iyoSIIc6p+CLGHOMJSbXRS/SLF6W/RWVI/KlnlUvn2uFC5ypaQBztgF+wDC5yBCrgBVVADGDyBV/ABPrVH7Vl7094n0ZyW3dkGU9C+fgABNp/T</latexit>



Overlap region II:
k�5/3
x region

�uu ⇠ k�5/3
x

<latexit sha1_base64="MnUjRkDrD29yQB0yp523s0sIqIc=">AAACHnicbVBLSwMxGMzWV11fqx69BIvFi3XX+jxZ9OKxgn1Aty7ZNO2GZh8kWWlZ+l+8+FdEEPGioP/GbLsItQ4E5puZkMznRowKaZrfWm5ufmFxKb+sr6yurW8Ym1t1EcYckxoOWcibLhKE0YDUJJWMNCNOkO8y0nD716nfeCBc0DC4k8OItH3UC2iXYiSV5BiXRdh3BvfJwclheQRtaHtuOEg46SlXzbZehHbVo04Sx2oU1J+K27pjFMySOQacJVZGCiBD1TFe7E6IY58EEjMkRMsyI9lOEJcUMzLS7ViQCOE+6pFkXG8E95TUgd2QqxNIOFancsgXYui7Kukj6Ym/Xir+57Vi2T1vJzSIYkkCPHmoGzMoQ5juCnYoJ1iyoSIIc6p+CLGHOMJSbXRS/SLF6W/RWVI/KlnlUvn2uFC5ypaQBztgF+wDC5yBCrgBVVADGDyBV/ABPrVH7Vl7094n0ZyW3dkGU9C+fgABNp/T</latexit>

Pre-multiplied 
spectra

k�1.52
<latexit sha1_base64="7NEL443wjnhTOVFiea4m/q1symo=">AAAB5nicbVDLSsNAFL2pr1pfVZduBovgxpDU+toV3bisYB/S1jKZTtuhkwczN0IJ/QU3Im4U/Bx/wb8xSYNQ64GBwzlnuPdcJ5BCo2V9G7ml5ZXVtfx6YWNza3unuLvX0H6oGK8zX/qq5VDNpfB4HQVK3goUp64jedMZ3yR+84krLXzvHicB77p06ImBYBRj6WH8GJ3Y5ll52iuWLNNKQRaJnZESZKj1il+dvs9Cl3vIJNW6bVsBdiOqUDDJp4VOqHlA2ZgOeZSuOSVHsdQnA1/Fz0OSqnM56mo9cZ046VIc6b9eIv7ntUMcXHYj4QUhco/NBg1CSdAnSWfSF4ozlJOYUKZEvCFhI6oow/gyhbT6VYLz36KLpFE27VOzclcpVa+zI+ThAA7hGGy4gCrcQg3qwMCFF3iHD2NkPBuvxtssmjOyP/swB+PzB3Pgi2s=</latexit>

Spectral scaling: what about -5/3?



Mydlarski and Warhaft (1996), 
Gamard and George (2000):

Overlap region II:
k�5/3
x region

�uu ⇠ k�5/3
x

<latexit sha1_base64="MnUjRkDrD29yQB0yp523s0sIqIc=">AAACHnicbVBLSwMxGMzWV11fqx69BIvFi3XX+jxZ9OKxgn1Aty7ZNO2GZh8kWWlZ+l+8+FdEEPGioP/GbLsItQ4E5puZkMznRowKaZrfWm5ufmFxKb+sr6yurW8Ym1t1EcYckxoOWcibLhKE0YDUJJWMNCNOkO8y0nD716nfeCBc0DC4k8OItH3UC2iXYiSV5BiXRdh3BvfJwclheQRtaHtuOEg46SlXzbZehHbVo04Sx2oU1J+K27pjFMySOQacJVZGCiBD1TFe7E6IY58EEjMkRMsyI9lOEJcUMzLS7ViQCOE+6pFkXG8E95TUgd2QqxNIOFancsgXYui7Kukj6Ym/Xir+57Vi2T1vJzSIYkkCPHmoGzMoQ5juCnYoJ1iyoSIIc6p+CLGHOMJSbXRS/SLF6W/RWVI/KlnlUvn2uFC5ypaQBztgF+wDC5yBCrgBVVADGDyBV/ABPrVH7Vl7094n0ZyW3dkGU9C+fgABNp/T</latexit>

Spectral scaling: what about -5/3?



Our data

Overlap region II:
k�5/3
x region

�uu ⇠ k�5/3
x

<latexit sha1_base64="MnUjRkDrD29yQB0yp523s0sIqIc=">AAACHnicbVBLSwMxGMzWV11fqx69BIvFi3XX+jxZ9OKxgn1Aty7ZNO2GZh8kWWlZ+l+8+FdEEPGioP/GbLsItQ4E5puZkMznRowKaZrfWm5ufmFxKb+sr6yurW8Ym1t1EcYckxoOWcibLhKE0YDUJJWMNCNOkO8y0nD716nfeCBc0DC4k8OItH3UC2iXYiSV5BiXRdh3BvfJwclheQRtaHtuOEg46SlXzbZehHbVo04Sx2oU1J+K27pjFMySOQacJVZGCiBD1TFe7E6IY58EEjMkRMsyI9lOEJcUMzLS7ViQCOE+6pFkXG8E95TUgd2QqxNIOFancsgXYui7Kukj6Ym/Xir+57Vi2T1vJzSIYkkCPHmoGzMoQ5juCnYoJ1iyoSIIc6p+CLGHOMJSbXRS/SLF6W/RWVI/KlnlUvn2uFC5ypaQBztgF+wDC5yBCrgBVVADGDyBV/ABPrVH7Vl7094n0ZyW3dkGU9C+fgABNp/T</latexit>

Mydlarski and Warha> (1996), 
Gamard and George (2000):
Mydlarski and Warha> (1996), 
Gamard and George (2000):

Spectral scaling: what about -5/3?



Small scales

Intermediate 
scales

Large scales

What about -1?

Overlap region I:
k�1
x region

�uu ⇠ k�1
x

<latexit sha1_base64="I96tynFe8U6b4O8ZCm1ZoE9Q/vk=">AAACGnicbVBLSwMxGMz6rOtr1aOXYLF4sexa8YGXohePFewDunXJptluaPZBkpWWpf/Ei3/Fi4oXBS/+G7PtItY6EJhvZkIynxszKqRpfmlz8wuLS8uFFX11bX1j09jabogo4ZjUccQi3nKRIIyGpC6pZKQVc4ICl5Gm27/K/OY94YJG4a0cxqQToF5IPYqRVJJjXJRg3xncpYfWCNrQ9t1okHLSU56abb0E7ZpPnTRJ1Cho8Cts645RNMvmGHCWWDkpghw1x3ixuxFOAhJKzJAQbcuMZSdFXFLMyEi3E0FihPuoR9JxtRHcV1IXehFXJ5RwrE7lUCDEMHBVMkDSF3+9TPzPayfSO+ukNIwTSUI8echLGJQRzPYEu5QTLNlQEYQ5VT+E2EccYam2Oal+nuHkp+gsaRyVrUq5cnNcrF7mSyiAXbAHDoAFTkEVXIMaqAMMHsEzeAcf2oP2pL1qb5PonJbf2QFT0D6/Afwlnt8=</latexit>

y, u⌧
<latexit sha1_base64="WFMT6Jt7EYaU8sPyHB0CYLHsLos=">AAAB5nicbVDJSgNBFHzjGuMW9eilMQgeJMwYcbkFvXiMYBZJQujp9CRNeha6XwtDyC94EfGi4Of4C/6NM5NBiLGgoaiq5r16biSFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U4dGMd5goQxV26WaSxHwBgqUvB0pTn1X8pY7vk391hNXWoTBA8YR7/l0GAhPMIqJ9BifEtPvIjX9Utmu2BnIInFyUoYc9X7pqzsImfF5gExSrTuOHWFvQhUKJvm02DWaR5SN6ZBPsjWn5DiRBsQLVfICJJk6l6O+1rHvJkmf4kj/9VLxP69j0LvqTUQQGeQBmw3yjCQYkrQzGQjFGco4IZQpkWxI2IgqyjC5TDGrfp3i4rfoImmeVZxqpXp/Xq7d5EcowCEcwQk4cAk1uIM6NICBDy/wDh/WyHq2Xq23WXTJyv8cwByszx9BIov1</latexit>

⌫, "
<latexit sha1_base64="91YdUONAClUBozn55nMI9J6mIZg=">AAAB8HicbVDLSsNAFL2pr1pfqS7dDBbBhZTEFh+7ohuXFewDmlIm00k7dDITZiaVUvofbkTcKPgl/oJ/Y9IGodYDA4dzznDvuX7EmTaO823l1tY3Nrfy24Wd3b39A7t42NQyVoQ2iORStX2sKWeCNgwznLYjRXHoc9ryR3ep3xpTpZkUj2YS0W6IB4IFjGCTSD276In4HHljrGikGZei0LNLTtmZA60SNyMlyFDv2V9eX5I4pMIQjrXuuE5kulOsDCOczgperGmEyQgP6HS+8AydJlIfBVIlTxg0V5dyONR6EvpJMsRmqP96qfif14lNcN2dMhHFhgqyGBTEHBmJ0vaozxQlhk8SgoliyYaIDLHCxCQ3WlS/SXH5W3SVNC/KbqVceaiWarfZEfJwDCdwBi5cQQ3uoQ4NIPAEL/AOH5aynq1X620RzVnZnyNYgvX5A2NYj2s=</latexit>

�uu

("⌫5)1/4
<latexit sha1_base64="WrdAmIxV+GkOHvlfIrZvMUGzk5g=">AAACDHicbVDLSsNAANzUV62vqkcvi0WoB2ti6+tW9OKxgn1A04bNdtMu3WzCPgol5Be8+CteRLwoiL/g35i2Qah1YGGYmWV3xg0Zlco0v43M0vLK6lp2PbexubW9k9/da8hAC0zqOGCBaLlIEkY5qSuqGGmFgiDfZaTpDm8nfnNEhKQBf1DjkHR81OfUoxipRHLyJ7YnEI7s2oA6kdZxDKOiPUKChJKygEOb6+75cTeyTitxnHPyBbNkTgEXiZWSAkhRc/Jfdi/A2idcYYakbFtmqDoREopiRuKcrSUJER6iPommZWJ4lEg96AUiOVzBqTqXQ76UY99Nkj5SA/nXm4j/eW2tvKtORHmoFeF49pCnGVQBnCwDe1QQrNg4IQgLmvwQ4gFK1lHJfrPq1xNc/BZdJI2zklUule8rhepNOkIWHIBDUAQWuARVcAdqoA4weAIv4B18GI/Gs/FqvM2iGSO9sw/mYHz+ACUImus=</latexit>



Re⌧ ⇡ 5000
<latexit sha1_base64="JK5G1wi68iPyqpATOlIH04CAxE8=">AAAB9HicbVDLSgMxFM3UV62vUXHlJlgEVyVjfe6KblxWsQ/olCGTZtrQzCQkmWIZ+iduRNwo+B3+gn/jzLQItR4IHM454d57fMmZNgh9W4Wl5ZXVteJ6aWNza3vH3t1rahErQhtEcKHaPtaUs4g2DDOctqWiOPQ5bfnD28xvjajSTESPZixpN8T9iAWMYJNKnn3wQD3X4Bi6WEolniA8Rwh5dhlVUA64SJwZKYMZ6p795fYEiUMaGcKx1h0HSdNNsDKMcDopubGmEpMh7tMkX3oCj1OpBwOh0hcZmKtzORxqPQ79NBliM9B/vUz8z+vEJrjqJiySsaERmQ4KYg6NgFkDsMcUJYaPU4KJYumGkAywwsSkPZXy068zXPweukiapxWnWqnen5VrN7MSiuAQHIET4IBLUAN3oA4agIAEvIB38GGNrGfr1XqbRgvW7M8+mIP1+QMDCpA2</latexit>

0.001 < y/� < 0.5
<latexit sha1_base64="10SMJzbDHebPrYtFM23CW9nQD8s=">AAAB9XicbVDLSsNAFL3xWesrKrhxM1gEVzGxPsFF0Y3LCvYBbSmTyaQdOnkwM1FC7ae4EXGj4G/4C/6NkzYItR4YOJxzhnvvcWPOpLLtb2NufmFxabmwUlxdW9/YNLe26zJKBKE1EvFINF0sKWchrSmmOG3GguLA5bThDm4yv/FAhWRReK/SmHYC3AuZzwhWWuqau7Zl2w66QulR26NcYU1t67RrljIjA5olTk5KkKPaNb/aXkSSgIaKcCxly7Fj1RlioRjhdFRsJ5LGmAxwjw7HW4/QgZY85EdCv1ChsTqVw4GUaeDqZIBVX/71MvE/r5Uo/6IzZGGcKBqSySA/4UhFKKsAeUxQoniqCSaC6Q0R6WOBidJFFcenX2Y4+z10ltSPLadsle9OSpXrvIQC7ME+HIID51CBW6hCDQg8wQu8w4fxaDwbr8bbJDpn5H92YArG5w8lTY7x</latexit>

Vallikivi, Ganapathasubramani & Smits (2015)

1.25

Pre-mul6plied -1 spectra:

k�1
<latexit sha1_base64="s03gDeCJUqSXX6uN4g28ASKvMM4=">AAAB43icbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZwT6grWUyvWnHTh7MTIQS8gVuRNwo+D/+gn9jkgah1gMDh3POcO+5diC40qb5bRSWlldW14rrpY3Nre2d8u5eS/mhZNhkvvBlx6YKBfewqbkW2AkkUtcW2LYnN6nffkKpuO/d62mAfZeOPO5wRnUitSYP0YkVD8oVs2pmIIvEykkFcjQG5a/e0Gehi55mgirVtcxA9yMqNWcC41IvVBhQNqEjjLIdY3KUSEPi+DJ5niaZOpejrlJT106SLtVj9ddLxf+8bqidy37EvSDU6LHZICcURPskLUyGXCLTYpoQyiRPNiRsTCVlOjlLKat+leL8t+giaZ1WrbNq7a5WqV/nRyjCARzCMVhwAXW4hQY0gcEjvMA7fBhoPBuvxtssWjDyP/swB+PzByMRirg=</latexit>



0.001 < y/� < 0.5
<latexit sha1_base64="10SMJzbDHebPrYtFM23CW9nQD8s=">AAAB9XicbVDLSsNAFL3xWesrKrhxM1gEVzGxPsFF0Y3LCvYBbSmTyaQdOnkwM1FC7ae4EXGj4G/4C/6NkzYItR4YOJxzhnvvcWPOpLLtb2NufmFxabmwUlxdW9/YNLe26zJKBKE1EvFINF0sKWchrSmmOG3GguLA5bThDm4yv/FAhWRReK/SmHYC3AuZzwhWWuqau7Zl2w66QulR26NcYU1t67RrljIjA5olTk5KkKPaNb/aXkSSgIaKcCxly7Fj1RlioRjhdFRsJ5LGmAxwjw7HW4/QgZY85EdCv1ChsTqVw4GUaeDqZIBVX/71MvE/r5Uo/6IzZGGcKBqSySA/4UhFKKsAeUxQoniqCSaC6Q0R6WOBidJFFcenX2Y4+z10ltSPLadsle9OSpXrvIQC7ME+HIID51CBW6hCDQg8wQu8w4fxaDwbr8bbJDpn5H92YArG5w8lTY7x</latexit>

Vallikivi, Ganapathasubramani & Smits (2015)

1.25

u2

u2
⌧

= B1 �A1 ln
⇣y
�

⌘

<latexit sha1_base64="QJI3VBUl2JXUfaFPlgXaz/m93f4="></latexit>

k�1
<latexit sha1_base64="s03gDeCJUqSXX6uN4g28ASKvMM4=">AAAB43icbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZwT6grWUyvWnHTh7MTIQS8gVuRNwo+D/+gn9jkgah1gMDh3POcO+5diC40qb5bRSWlldW14rrpY3Nre2d8u5eS/mhZNhkvvBlx6YKBfewqbkW2AkkUtcW2LYnN6nffkKpuO/d62mAfZeOPO5wRnUitSYP0YkVD8oVs2pmIIvEykkFcjQG5a/e0Gehi55mgirVtcxA9yMqNWcC41IvVBhQNqEjjLIdY3KUSEPi+DJ5niaZOpejrlJT106SLtVj9ddLxf+8bqidy37EvSDU6LHZICcURPskLUyGXCLTYpoQyiRPNiRsTCVlOjlLKat+leL8t+giaZ1WrbNq7a5WqV/nRyjCARzCMVhwAXW4hQY0gcEjvMA7fBhoPBuvxtssWjDyP/swB+PzByMRirg=</latexit>

Re⌧ ⇡ 5000
<latexit sha1_base64="JK5G1wi68iPyqpATOlIH04CAxE8=">AAAB9HicbVDLSgMxFM3UV62vUXHlJlgEVyVjfe6KblxWsQ/olCGTZtrQzCQkmWIZ+iduRNwo+B3+gn/jzLQItR4IHM454d57fMmZNgh9W4Wl5ZXVteJ6aWNza3vH3t1rahErQhtEcKHaPtaUs4g2DDOctqWiOPQ5bfnD28xvjajSTESPZixpN8T9iAWMYJNKnn3wQD3X4Bi6WEolniA8Rwh5dhlVUA64SJwZKYMZ6p795fYEiUMaGcKx1h0HSdNNsDKMcDopubGmEpMh7tMkX3oCj1OpBwOh0hcZmKtzORxqPQ79NBliM9B/vUz8z+vEJrjqJiySsaERmQ4KYg6NgFkDsMcUJYaPU4KJYumGkAywwsSkPZXy068zXPweukiapxWnWqnen5VrN7MSiuAQHIET4IBLUAN3oA4agIAEvIB38GGNrGfr1XqbRgvW7M8+mIP1+QMDCpA2</latexit>

Pre-mul6plied -1 spectra:



Re⌧ ⇡ 70,000
<latexit sha1_base64="q0C33tvUpPXpq+eWUpxwp8TPBDE=">AAAB/XicbVDLSsNAFJ34rPUVdSnIYBFcSJlYsborunFZxT6gKWEynbRDJ5kwM5GWUNz4K25E3Cj4C/6Cf2OSBqHWAwOHc85w7z1uyJnSCH0bC4tLyyurhbXi+sbm1ra5s9tUIpKENojgQrZdrChnAW1opjlth5Ji3+W05Q6vU7/1QKViIrjX45B2fdwPmMcI1onkmAd31LE1jqCNw1CKEYRVZA9cMYpPEEITxyyhMsoA54mVkxLIUXfML7snSOTTQBOOlepYKNTdGEvNCKeToh0pGmIyxH0aZ9tP4FEi9aAnZPICDTN1Jod9pca+myR9rAfqr5eK/3mdSHsX3ZgFYaRpQKaDvIhDLWBaBewxSYnm44RgIlmyISQDLDHRSWHF7PTLFOe/h86T5mnZqpQrt2el2lVeQgHsg0NwDCxQBTVwA+qgAQh4Ai/gHXwYj8az8Wq8TaMLRv5nD8zA+PwBoHqT8w==</latexit>

0.001 < y/� < 0.5
<latexit sha1_base64="10SMJzbDHebPrYtFM23CW9nQD8s=">AAAB9XicbVDLSsNAFL3xWesrKrhxM1gEVzGxPsFF0Y3LCvYBbSmTyaQdOnkwM1FC7ae4EXGj4G/4C/6NkzYItR4YOJxzhnvvcWPOpLLtb2NufmFxabmwUlxdW9/YNLe26zJKBKE1EvFINF0sKWchrSmmOG3GguLA5bThDm4yv/FAhWRReK/SmHYC3AuZzwhWWuqau7Zl2w66QulR26NcYU1t67RrljIjA5olTk5KkKPaNb/aXkSSgIaKcCxly7Fj1RlioRjhdFRsJ5LGmAxwjw7HW4/QgZY85EdCv1ChsTqVw4GUaeDqZIBVX/71MvE/r5Uo/6IzZGGcKBqSySA/4UhFKKsAeUxQoniqCSaC6Q0R6WOBidJFFcenX2Y4+z10ltSPLadsle9OSpXrvIQC7ME+HIID51CBW6hCDQg8wQu8w4fxaDwbr8bbJDpn5H92YArG5w8lTY7x</latexit>

1.25

k�1
<latexit sha1_base64="s03gDeCJUqSXX6uN4g28ASKvMM4=">AAAB43icbVDLSsNAFL2pr1pfVZduBovgxpJo8bErunFZwT6grWUyvWnHTh7MTIQS8gVuRNwo+D/+gn9jkgah1gMDh3POcO+5diC40qb5bRSWlldW14rrpY3Nre2d8u5eS/mhZNhkvvBlx6YKBfewqbkW2AkkUtcW2LYnN6nffkKpuO/d62mAfZeOPO5wRnUitSYP0YkVD8oVs2pmIIvEykkFcjQG5a/e0Gehi55mgirVtcxA9yMqNWcC41IvVBhQNqEjjLIdY3KUSEPi+DJ5niaZOpejrlJT106SLtVj9ddLxf+8bqidy37EvSDU6LHZICcURPskLUyGXCLTYpoQyiRPNiRsTCVlOjlLKat+leL8t+giaZ1WrbNq7a5WqV/nRyjCARzCMVhwAXW4hQY0gcEjvMA7fBhoPBuvxtssWjDyP/swB+PzByMRirg=</latexit>

Pre-mul6plied -1 spectra:



Growth of the inner peak

NSTAP 
measurements 
in the 
Melbourne 
University 
boundary layer

DNS: Lee & Moser (2019)

AEM suggests 1.25

Something else is going on



0.001 < y/� < 0.5
<latexit sha1_base64="10SMJzbDHebPrYtFM23CW9nQD8s=">AAAB9XicbVDLSsNAFL3xWesrKrhxM1gEVzGxPsFF0Y3LCvYBbSmTyaQdOnkwM1FC7ae4EXGj4G/4C/6NkzYItR4YOJxzhnvvcWPOpLLtb2NufmFxabmwUlxdW9/YNLe26zJKBKE1EvFINF0sKWchrSmmOG3GguLA5bThDm4yv/FAhWRReK/SmHYC3AuZzwhWWuqau7Zl2w66QulR26NcYU1t67RrljIjA5olTk5KkKPaNb/aXkSSgIaKcCxly7Fj1RlioRjhdFRsJ5LGmAxwjw7HW4/QgZY85EdCv1ChsTqVw4GUaeDqZIBVX/71MvE/r5Uo/6IzZGGcKBqSySA/4UhFKKsAeUxQoniqCSaC6Q0R6WOBidJFFcenX2Y4+z10ltSPLadsle9OSpXrvIQC7ME+HIID51CBW6hCDQg8wQu8w4fxaDwbr8bbJDpn5H92YArG5w8lTY7x</latexit>

1.25

VLSMs and superstructures

• Significant frac=on of the energy is contained in region l < d
• Energy associated with these mo=ons in pipe flow called “Very Large Scale Mo=ons”
• In boundary layers they are oaen called “superstructures”

Kim & Adrian (1999)
Hutchins & Marusic (2007)

Monty et al. (2007)

<latexit sha1_base64="+givcxmYeGw30FAfJ58KyvtLj9k=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWkjcjdHYCEEbyyjmAtllmZ1MkiGzF+YihCXY+Co2ForY+hR2vo2TzRaa+MPAx3/O4cz5/ZhRIS3r25ibX1hcWs6t5FfX1jc2za3thogUx6SOIxbxlo8EYTQkdUklI62YExT4jDT9wfW43nwgXNAovJfDmLgB6oW0SzGS2vLMXXV4ojxHInUMHXhHUrw8LVdKnlmwilYqOAt2BgWQqeaZX04nwiogocQMCdG2rVi6CeKSYkZGeUcJEiM8QD3S1hiigAg3SU8YwQPtdGA34vqFEqbu74kEBUIMA193Bkj2xXRtbP5XayvZvXATGsZKkhBPFnUVgzKC4zxgh3KCJRtqQJhT/VeI+4gjLHVqeR2CPX3yLDRKRfu8eHZbLlSvsjhyYA/sgyNggwqoghtQA3WAwSN4Bq/gzXgyXox342PSOmdkMzvgj4zPH2evlYU=</latexit>

u0/u⌧ , Re⌧ = 3472



Influence of outer layer mo6ons on inner layer mo6ons 

Mathis et al. (2013)

Log region

At the wall

Outer scale mo:ons modulate and superimpose on near-wall mo:ons

Marusic et al. (2010)

Rao, Narasimha & Badri Narayanan (1971)
Blackwelder & Kovasznay (1972)
Brown & Thomas (1977)
Alfredsson & Johansson (1984)
Bandyophadyay & Hussain (1986)
Wark & Nagib (1991)
DeGraaff & Eaton (2000)
Metzger & Klewicki (2001)  
Abe, Kawamura & Choi (2004)
Hoyas & Jimenez (2006)
Hutchins & Marusic (2007)
Schlaaer et al (2009)
George & Tutkun (2009)
Chung & McKeon (2010)
Buschmann & Gad-el-Hak (2010)
and others..

• The outer region in the turbulent stress distribu=ons scale with the outer length scale d, h, R
• The inner region has a mixed scaling, indica=ng the influence of outer scale mo=ons on inner scale mo=ons
• The outer scale mo=ons modulate and superimpose on the inner scale mo=ons



Outer region

Near the wall

Near-wall region

<latexit sha1_base64="eRTmzDVi2lncUw1vGtZBPZIiuAg=">AAACAnicbVDLSgNBEJz1GeNr1ZN4GQxiRAy74usY9OIxgnlANoTZSScZMju7zMwGwxK8+CtePCji1a/w5t84SfagiQUNRVU33V1+xJnSjvNtzc0vLC4tZ1ayq2vrG5v21nZFhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+r2bkV/tg1QsFPd6EEEjIB3B2owSbaSmvRsfYg97XT98SPLHfcBEtPBJH46GTTvnFJwx8CxxU5JDKUpN+8trhTQOQGjKiVJ114l0IyFSM8phmPViBRGhPdKBuqGCBKAayfiFIT4wSgu3Q2lKaDxWf08kJFBqEPimMyC6q6a9kfifV491+6qRMBHFGgSdLGrHHOsQj/LALSaBaj4whFDJzK2YdokkVJvUsiYEd/rlWVI5LbgXhfO7s1zxOo0jg/bQPsojF12iIrpFJVRGFD2iZ/SK3qwn68V6tz4mrXNWOrOD/sD6/AG6kJW+</latexit>

u0 (+ve and -ve)



Outer region

Inner region

With thanks to Ivan Marusic



Outer region

Inner region



Outer region

Inner region



Outer region

Inner region



Outer region

Inner region
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Wall-shear stress spectra with increasing Reynolds number 

Mathis et al. (2013)
Chandran et al. (2020)

<latexit sha1_base64="i0mJn8Er5qkNDrbO2cHV4CcDehk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtlVq16EohePFfoF7VqyabYNTbJLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw7uJ33yiSrNI1swopr7AfclCRrCxUrP2eHpzXna7haJbcqdAi8TLSBEyVLuFr04vIomg0hCOtW57bmz8FCvDCKfjfCfRNMZkiPu0banEgmo/nZ47RsdW6aEwUrakQVP190SKhdYjEdhOgc1Az3sT8T+vnZjw2k+ZjBNDJZktChOOTIQmv6MeU5QYPrIEE8XsrYgMsMLE2ITyNgRv/uVF0jgreZel8sNFsXKbxZGDQziCE/DgCipwD1WoA4EhPMMrvDmx8+K8Ox+z1iUnmzmAP3A+fwCo0I58</latexit>

T+ = 350
<latexit sha1_base64="i0mJn8Er5qkNDrbO2cHV4CcDehk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIQtlVq16EohePFfoF7VqyabYNTbJLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw7uJ33yiSrNI1swopr7AfclCRrCxUrP2eHpzXna7haJbcqdAi8TLSBEyVLuFr04vIomg0hCOtW57bmz8FCvDCKfjfCfRNMZkiPu0banEgmo/nZ47RsdW6aEwUrakQVP190SKhdYjEdhOgc1Az3sT8T+vnZjw2k+ZjBNDJZktChOOTIQmv6MeU5QYPrIEE8XsrYgMsMLE2ITyNgRv/uVF0jgreZel8sNFsXKbxZGDQziCE/DgCipwD1WoA4EhPMMrvDmx8+K8Ox+z1iUnmzmAP3A+fwCo0I58</latexit>

T+ = 350

• We consider T+ < 350 to be associated with inner-scaled mo:ons, and T+ > 350 with outer-scaled mo:ons

• Outer-scaled mo:ons contribute more and more to the wall shear  stress fluctua:ons with increasing Ret

• Targe:ng outer-scale mo:ons gives new pathway to drag reduc:on at high Reynolds number (Marusic et al. 2021)

<latexit sha1_base64="Nx14itMXQrfg/dACFIXi+UnZvRU=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxAiQpwJbhch6MVjhGyQmYSeTk/SpKdn6EUIQ25e/BUvHhTx6i9482/sLAdNfFDweK+KqnpBwqhUjvNtLSwuLa+sZtay6xubW9v2zm5NxlpgUsUxi0UjQJIwyklVUcVIIxEERQEj9aB/O/LrD0RIGvOKGiTEj1CX05BipIzUtg+ysNI6gfAa6nbqKaSHreIpzIfQ4/oYZtt2zik4Y8B54k5JDkxRbttfXifGOiJcYYakbLpOovwUCUUxI8OspyVJEO6jLmkaylFEpJ+O/xjCI6N0YBgLU1zBsfp7IkWRlIMoMJ0RUj05643E/7ymVuGVn1KeaEU4niwKNYMqhqNQYIcKghUbGIKwoOZWiHtIIKxMdKMQ3NmX50mtWHAvCuf3Z7nSzTSODNgHhyAPXHAJSuAOlEEVYPAInsEreLOerBfr3fqYtC5Y05k98AfW5w/EsZYW</latexit>

T+ = u2
⌧/(f⌫)



Growth of the inner peak

y+

u2
+

DNS (Sillero et al. (2013)

<latexit sha1_base64="jrtCTLEk+Mse1AR6k6iGfTuIVXY=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARXJQyqbXWhVB047KKrYXOMGTSTBuauZBkhDL0Jdz4Km5cKOJWcOfbmLaz0NYfAh//OYeT83sxZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvbaMEkFoi0Q8Eh0PS8pZSFuKKU47saA48Di994ZXk/r9AxWSReGdGsXUCXA/ZD4jWGnLNUu31LUVTuAFrKHKSQnaJYgsZFkzqtbqGZ1rcs2iVbamgouAMiiCTE3X/LJ7EUkCGirCsZRdZMXKSbFQjHA6LtiJpDEmQ9ynXY0hDqh00ulVY3iknR70I6FfqODU/T2R4kDKUeDpzgCrgZyvTcz/at1E+XUnZWGcKBqS2SI/4VBFcBIR7DFBieIjDZgIpv8KyQALTJQOsqBDQPMnL0K7Uka18ulNtdi4zOLIgwNwCI4BAmegAa5BE7QAAY/gGbyCN+PJeDHejY9Za87IZvbBHxmfP8jPmEs=</latexit>

Re⌧ = 6123, 10100, 14680, 19680

<latexit sha1_base64="dKhwo7PcfjtzGfCnU7eK2PCtacI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjFPCBZwuykNxkyO7vOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmEyrNY/lgRgn6Ee1LHnJGjZVa99jtGJqSbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTeMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5HnS4wqZESNLKFPc3krYgCrKjI2oaEPw5l9eJI3TindROb87K1ev8zgKcAhHcAIeXEIVbqEGdWAg4Ble4c15dF6cd+dj1rrk5DMH8AfO5w+WNI+w</latexit>

Re⌧

<latexit sha1_base64="dKhwo7PcfjtzGfCnU7eK2PCtacI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjFPCBZwuykNxkyO7vOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmEyrNY/lgRgn6Ee1LHnJGjZVa99jtGJqSbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTeMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5HnS4wqZESNLKFPc3krYgCrKjI2oaEPw5l9eJI3TindROb87K1ev8zgKcAhHcAIeXEIVbqEGdWAg4Ble4c15dF6cd+dj1rrk5DMH8AfO5w+WNI+w</latexit>

Re⌧

<latexit sha1_base64="XvDKyMNB+c5XGn5lE1Nd8Q4Yn/E=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXEiZKVbdCEU3LqvYB3SGIZOmbWgmGZKMWMYu/BU3LhRx62+4829M21lo64ELh3Pu5d57wphRpR3n28otLC4tr+RXC2vrG5tb9vZOQ4lEYlLHggnZCpEijHJS11Qz0oolQVHISDMcXI395j2Rigp+p4cx8SPU47RLMdJGCuy9WxJ4GiXQ64fiIb3wjssVxxkFdtEpORPAeeJmpAgy1AL7y+sInESEa8yQUm3XibWfIqkpZmRU8BJFYoQHqEfahnIUEeWnk/tH8NAoHdgV0hTXcKL+nkhRpNQwCk1nhHRfzXpj8T+vnejuuZ9SHieacDxd1E0Y1AKOw4AdKgnWbGgIwpKaWyHuI4mwNpEVTAju7MvzpFEuuaelys1JsXqZxZEH++AAHAEXnIEquAY1UAcYPIJn8ArerCfrxXq3PqatOSub2QV/YH3+AEnklP4=</latexit>

Re⌧=2500

• Superstructures and VLSM
• Growth of the inner peak reflects the 

influence of the outer layer moEons on the 
inner layer

• ModulaEon and superimposiEon
• Outer layer scales on d
• Inner layer has mixed scaling
• TransiEon between inner and outer regions 

oRen called the meso-layer
• Power law in mean velocity



POD analysis of VLSM

<latexit sha1_base64="1Ot0R6GmcCEJR16osFfgsQSQVXI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexqq16EohePVewHbJeSTdM2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL4wFN+C6305uZXVtfSO/Wdja3tndK+4fNI1KNGUNqoTS7ZAYJrhkDeAgWDvWjEShYK1wdDv1W09MG67kI4xjFkRkIHmfUwJW8h9YtwMkuT6vVrrFklt2Z8DLxMtICWWod4tfnZ6iScQkUEGM8T03hiAlGjgVbFLoJIbFhI7IgPmWShIxE6Szkyf4xCo93FfalgQ8U39PpCQyZhyFtjMiMDSL3lT8z/MT6F8FKZdxAkzS+aJ+IjAoPP0f97hmFMTYEkI1t7diOiSaULApFWwI3uLLy6R5VvYuytX7Sql2k8WRR0foGJ0iD12iGrpDddRAFCn0jF7RmwPOi/PufMxbc042c4j+wPn8AScYkIc=</latexit>

Re⌧ = 354

Monty, Stewart, Williams & Chong (2007)
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Hellström et al. (2011, 2015, 2016), Hellström & Smits (2014)

Pipe flow 



Energy distribu6on among POD modes
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• We expect the VLSM to be the most energe=c structures
• First 16 modes come in pairs
• The first 10 modes contain 15% of total energy 



POD mode contribu6on to shear stress
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l First 10 most energe=c 

modes also contain 43% of 
the integrated Reynolds 
shear stress
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l First 10 most energe=c 

modes also contain 43% of 
the integrated Reynolds 
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l Superposi=on of the first 
few most energe=c modes 
may reconstruct the 
structures

POD mode contribu6on to shear stress



Reconstructed POD modes

Reconstructed mode 1

Reconstructed mode 2

Original velocity field



POD mode superposi6on

Original velocity field

Superimposed 4 modes

Superimposed 10 modes



~28% (azimuthal mode number)

Energy content of the first 15 azimuthal modes

Ordering by azimuthal mode
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~28% (azimuthal mode number)

Energy content of the first 15 azimuthal modes
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Ordering by azimuthal mode



Azimuthal mode number m = (3)

sPOD Mode 1 sPOD Mode 2u' < 0
u' > 0

Positive contribution to the 
Reynolds shear stress, (-u'v')
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Azimuthal mode m = (3)



Azimuthal mode number m = (2)
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sPOD Mode 3 sPOD Mode 4u' < 0
u' > 0

Posi=ve contribu=on to the 
Reynolds shear stress, (-u'v')

Azimuthal mode m = (2)



Azimuthal mode self similarity



Cross plane
+

Streamwise plane

200 D

l 5.5 Megapixel sCMOS
30Hz (0.96 R/U)

l 22000 Snapshots

Hellström, Ganapathisubramani & Smits (2015)

Two-plane PIV
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Which mode comes before?
(downstream)

• Within ± R, the structures either remain the same, or they transi=on to a higher order 
POD mode with the same azimuthal mode number but a different radial mode number. 

Which mode comes aRer?
(upstream)

Cross-correla6on of a1(3,t) with all other coefficients



FLOW

(cross-stream plane)

Instantaneous velocity field Condi=onal mode

u0 > 0
u0 < 0

Condi6onal mode shown for (m,n) = (3,1)



u' < 0
u' > 0

• Transi=on between these modes will appear as an azimuthal 
phase shia but it is caused by a radial displacement

Flow

Where do the VLSM come from?

Condi9onal mode m = 3



u' < 0
u' > 0

Flow

• Transition between these modes will appear as an azimuthal 
phase shift but it is caused by a radial displacement

Condi9onal mode m = 4

Where do the VLSM come from?



l The dual plane condi=onal modes show structures 
star=ng at the wall, growing towards the wake region, 
detach and vanish.

l The structure associated with POD mode Φ(n)(r,3) exist 
for ≈2R, aaer which a transi=on occurs.

l The condi=onal modes show a radial evolu=on of the 
structures.

l The VLSM consist of an alignment of 2-3 structures.
l The long VLSM wavelength is due to a structure 

repe==on, rather than azimuthal meandering.
l The meandering is primarily due to the superposi=on 

of structures with different azimuthal mode number 
(m)

Conclusions



• A log-law in turbulence is found to occur in the same region where the log-law in mean velocity is found, in 
accordance with AEM, but only for Re+ > 10,000

• Von Karman constant value needs DNS
• A mesolayer exists as a blending region between the wall-scaled region and the y-scaled region (only evident 

at high Reynolds number)
• Inner peak increases logarithmically with Ret, but slower than expected for AEM
• Outer peak appears for Ret > 10,000
• Spectra asymptote very slowly to -5/3
• No k-1 region at these Reynolds numbers, not in accord with spectral overlap argument
• Number of UMZ’s increases logarithmically with Re+, but slower than hierarchy count

• The increasing dominance of the VLSM may be disrup=ng the AEM at higher Reynolds number
• New developments in AEM are extending its range 

Summary: incompressible pipe and boundary layers

Woodcock & Marusic (2015)Hellstrom, Sinha & Smits (2011)



• Flat plate zero pg flow, or fully developed pipe/channel flows are canonical but singular cases
• Need to move beyond canonical flows
• Wall-bounded turbulence includes roughness, pressure gradients, surface curvature, three-

dimensional flows, separaEon, blowing, sucEon, etc.
• Much work was done in the past, but the last 20 years or so the basic research community 

seems to have focused on canonical cases (including me)

• We may have reached a point of diminishing returns in studying canonical flows

Beyond canonical flows



Ques%ons?


