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A.ached	
  eddy	
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  Townsend	
  (1961,	
  1976)	
  

100 101 102 103

10-3 10-2 10-1 100

0

10

20

30

)( ++ yU

+y

Viscous 
sublayer 

Buffer 
layer 

Log region 
(Overlap layer) 

Wake 
region 

Inner (or near-wall) 
region  Outer region 

ByU += ++ ln1
κ

++ = yU

δ/y

y

δ  

δ( )τν νδ u/=

νδ

x

y

or   z



101 102 103 104

10-2 10-1 100

100

101

102

103

104

10-3

10-2

10-1

100

+y hy /

+
zλ

hz /λ

);( yEk zuuz λ

Hoyas	
  &	
  Jimenez	
  (2006,PoF)	
  

y

z

Evidence:	
  Linear	
  spanwise	
  length	
  scale	
  growth	
  

hz 5.1≈λ

yz ~λ

zy λ1.0~ δ  

100≈+
zλ

νδ

DNS	
  (channel)	
  at	
   2003Re =τ



A.ached	
  eddies	
  do	
  exist	
  and	
  sustain	
  themselves	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Hwang,	
  2015,	
  J.	
  Fluid	
  Mech.	
  767	
  p254	
  

Hwang	
  &	
  Bengana,	
  2016,	
  J.	
  Fluid	
  Mech.	
  795	
  p708	
  

Hwang	
  &	
  Cossu,	
  2011,	
  Phys.	
  Fluids	
  23	
  061702	
  



101 102 103 104

10-2 10-1 100

100

101

102

103

104

10-3

10-2

10-1

100

+y hy /

+
zλ

hz /λ

);( yEk zuuz λ

y

z
hz 5.1≈λ

δ  

100≈+
zλ

νδ

Filtering	
  

Isola:ng	
  the	
  mo:ons	
  at	
  a	
  given	
  	
   )5.1100( 0,0, hzvz << λδλ  

0,zz λλ =

	
  Narrow	
  spanwise	
  domain	
  +	
  addi:onal	
  removal	
  of	
  quasi	
  2D	
  mo:on 

0,zzL λ=
Hwang,	
  2013,	
  J.	
  Fluid	
  Mech.	
  727	
  p264	
  

DNS	
  (channel)	
  at	
   2003Re =τ



101 102 103 104

10-2 10-1 100

100

101

102

103

104

10-3

10-2

10-1

100

+y hy /

+
zλ

hz /λ

);( yEk zuuz λ

Hoyas	
  &	
  Jimenez	
  (2006,PoF)	
  

y

z
hz 5.1≈λ100≈+

zλ

νδ

Damping	
   Filtering	
  

0,zz λλ =

Isola:ng	
  the	
  mo:ons	
  at	
  a	
  given	
  	
   )5.1100( 0,0, hzvz << λδλ  

	
  LES	
  with	
  an	
  excessively	
  large	
  eddy	
  viscosity	
  (ar:ficial	
  eleva:on	
  of	
  	
  	
  	
  	
  	
  	
  ) 

Hwang	
  &	
  Cossu,	
  2010,	
  Phys.	
  Rev.	
  Le3.	
  105	
  044505	
  

sC



1000
100

101

102

103

1000
100

101

102

103

100 100

Example:	
  isola:ng	
  the	
  mo:ons	
  at 

+
zλ

+
zλ

05.0=sC 30.0=sC

+y

                                      Filtering	
  1000>+
zλ

                                      Over-­‐damped	
  LES	
  1000<+
zλ

100≈+
zλ

1000
100

101

102

103

1000
100

101

102

10310000, ≈
+
zλ 10000, ≈

+
zλ

10000, ≈
+
zλ

zy λ1.0~

uuz Ek
+

uuz Ek
+

( )2000Re ≈τ



10-1 100 101 102
10-3

10-2

10-1

100

101

10-1 100 101 102
10-3

10-2

10-1

100

101

0,/ zy λ
572=+

zλ
871=+

zλ

1517=+
zλ

Sta:s:cs	
  of	
  self-­‐sustaining	
  Townsend’s	
  a.ached	
  eddies 

0,/ zx λλ 0,/ zx λλ

Short	
  v,	
  w	
  (vor:ces) 
Long	
  u	
  (streaks
)	
   

  10 zx λλ ≈
zx λλ 3≈

uux Ek
+

vvx Ek
+



Burs:ng	
  of	
  self-­‐sustaining	
  a.ached	
  eddies 

hz /

hx /

hz / hz /

Flow


hz /

a

b
c

d

uE

vE

Streaks	
   Vor:ces	
  

dVuE
Vu   2∫≡

a b c d
htu /τ htu /τ

550 560 570 580 590 600
0

2

4

6

564 566 568 570 572
0

2

4

6

Streaks	
  

Vor:ces	
  

dVvE
Vv   2∫≡



Causality	
  of	
  the	
  three	
  elements 
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Pressure	
  fluctua:on	
  is	
  generated	
  by	
  nonlinear	
  feeding	
  
processes	
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  vor:ces	
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Self-­‐similar	
  pressure	
  of	
  self-­‐sustaining	
  a.ached	
  eddies 

Pressure	
  shows	
  strong	
  correla:on	
  with	
  vor:ces	
  (not	
  surprisingly!).	
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The	
  mechanisms	
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  slow	
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Skin	
  fric:on	
  at	
  high	
  Re	
  turbulence	
  is	
  dominated	
  by	
  	
  
log-­‐layer	
  a.ached	
  eddies	
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Turbulent	
  skin-­‐fric:on	
  genera:on	
  at	
  high	
  Re 

How	
  do	
  they	
  contribute	
  to	
  turbulent	
  skin	
  fric:on	
  at	
  high	
  Re? 
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A	
  fundamental	
  issue	
  of	
  skin-­‐fric:on	
  control 

Performance	
  of	
  flow	
  control	
  for	
  near-­‐wall	
  structures	
  decays	
  with	
  
Reynolds	
  number. 
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Assessment	
  II	
  –	
  confined	
  spanwise	
  domain 
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Assessment	
  III	
  –	
  ar:ficial	
  damping	
  of	
  large	
  structures 
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Three	
  different	
  assessments	
  at	
   2000Re ≈τ

Log-­‐layer	
  a.ached	
  eddies	
  dominate	
  skin-­‐fric:on	
  genera:on 
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Scale	
  interac:on	
  is	
  not	
  trivial	
  and	
  important 
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Li]-­‐up	
  effect	
  is	
  a	
  skin-­‐fric:on	
  genera:on	
  process 
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Suppression	
  of	
  li]-­‐up	
  effect	
  leads	
  to	
  drag	
  reduc:on 

Full	
  LES	
   LES	
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  li]-­‐up	
  a
t	
  	
  

8%	
  of	
  drag	
  reduc:on	
  !!! 
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Invariant	
  solu:ons	
  of	
  a.ached	
  eddies	
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SSP	
  reflects	
  the	
  existence	
  of	
  invariant	
  solu:ons	
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Instability	
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  many	
  others.	
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The	
  UB	
  solu:on	
  conceptually	
  represents	
  large-­‐scale	
  structures	
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A	
  glimpse	
  of	
  log-­‐layer	
  traveling	
  wave	
  solu:on	
  at	
   1800Re ≈τ

Any	
  connec:on	
  with	
  the	
  one	
  in	
  Gibson	
  &	
  Brand	
  (2014)?	
  	
  

Flow 

Yang,	
  Willis	
  &	
  Hwang,	
  2017,	
  Ongoing	
  work	
  



Conclusions 

Townsend’s	
  a.ached	
  eddies	
  do	
  exist	
  and	
  sustain	
  with	
  SSP.	
  

Pressure	
  fluctua:ons	
  (both	
  rapid	
  and	
  slow)	
  are	
  generated	
  by
	
  nonlinear	
  feeding	
  processes	
  of	
  vor:ces.	
  

Skin	
  fric:on	
  at	
  high	
  Re	
  is	
  dominated	
  by	
  log-­‐layer	
  eddies	
  and
	
  the	
  li]-­‐up	
  effect	
  is	
  an	
  important	
  mechanism	
  of	
  momentum
	
  transfer	
  to	
  the	
  wall.	
  

There	
  exists	
  traveling	
  wave	
  form	
  of	
  invariant	
  solu:ons	
  for	
  a.
ached	
  eddies,	
  but	
  their	
  computa:on	
  is	
  very	
  challenging.	
  


