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Non-canonical flows

• Roughness
• Pressure gradients
• Streamline curvature
• 3D effects in nominally 2D flows
• Flow control
• Compressible flows
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Types of roughness

• Large industrial roughness 
• Sandgrain roughness
• Sparse vs. dense distribuAon
• Grooves vs. grains
• k-type vs. d-type (relaAve magnitudes of 

the fricAonal and pressure drags)
• k/d << 1
• MulAple length scales
• No ab iniAo predicAon

• Townsend’s Reynolds number similarity 
hypothesis
– The turbulence beyond a few roughness heights 

from the wall is independent of the surface 
condi8on
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Pipe flow fric7on: the Moody Diagram

Smooth pipe
(Prandtl)

Smooth pipe
(Blasius)

Laminar

Increasing roughness k/D
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Nikuradse’s sandgrain experiments

“Quadra&c resistance" in fully rough regime:
Reynolds number independence

fully rough

transi&onalsmooth

• What is k?
– rms roughness height: krms
– equivalent sandgrain 

roughness: ks

• ks+ < 5, smooth
• 5 < ks+ < 70, transitionally rough
• ks+ > 70, fully rough

• Moody diagram gives l in terms 
of k/D not k+



Fully rough: equivalent sand grain roughness



Transi7onal roughness

Smooth pipe
(Prandtl)
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Colebrook transiAonal 
roughness funcAon

Curve fit to join 
smooth and fully 
rough regime for 
ks > 100

Does not fit sand 
grain roughness, nor 
most other types, not 
even Colebrook’s 
own data



Smooth pipe, 6μin Honed rough pipe, 98μin

Zagarola & Smits (1998); McKeon & Smits (2004) Shockling, Allen & Smits (2006)

Superpipe experiments on honed roughness



Velocity profiles in smooth regime

honed pipe

Profiles in smooth regime Profiles in rough regime



Inner scaling - all profiles

Hama roughness funcAon

honed pipe



Velocity profiles in transi7onal/rough regime
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That is,

Nikuradse’s roughness func&on (rela&ng Hama to sand grain roughness):

Roughness height (atmospheric boundary layer):



Honed pipe: inner scaling

Moody/Colebrook

honed pipe

Honed surfaces do not follow Colebrook

ks+

Fully rough



Fric7on factor results for honed pipe

InflecAonal

Monotonic 
(Moody)

Nikuradse



Honed pipe velocity profiles: outer scaling

• Collapse for smooth, transi2onal, and fully rough flows
– Townsend's hypothesis supported

y/R y/R



 
Kunkel, Allen & Smits (2007)

Honed pipe turbulence results

y/R y+

• Collapse for smooth, transi2onal, and fully rough flows
– Townsend's hypothesis supported



Skewness Flatness
y+y+

• Collapse for smooth, transi2onal, and fully rough flows
– Townsend's hypothesis supported

Honed pipe turbulence results



Premultiplied spectra, Ret = 105

u2 =

Z 1

0
E(k)dk =

Z 1

0
kE(k)d log k

Honed pipe turbulence results



Commercial steel surface roughness

Commercial steel rough pipe, 195μinHoned rough pipe, 98μin

5.0µm  3.82

Shockling, Allen & Smits (2006) Langelandsvik, Kunkel & Smits (2008)



Commercial steel pipe fric7on factor

Colebrook transiAonal 
roughness

Commercial steel pipe does not follow Colebrook
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Hama roughness func7on

Colebrook 
transiAonal 
roughness

commercial 
steel pipe honed 

surface
roughness

Commercial steel pipe does not follow Colebrook



• Commercial steel pipe roughness
• Smooth        transiAonal       fully rough
• krms/D = 38 x 10-6

• Smooth for ks
+ < 3.1

• Fully rough for ks
+ > 50

• ks = 1.5krms (instead of 3.5krms)!

• FricAon factor monotonic (but not 
Colebrook)

• Honed surface roughness
• Smooth        transiAonal       fully rough
• krms/D = 19 x 10-6

• Smooth for ks
+ < 3.5

• Fully rough for ks
+ > 30

• ks = 3.0krms

• InflecAonal fricAon factor not 
monotonic (Nikuradse not Colebrook)

Rough pipe summary

• Townsend’s hypothesis confirmed for mean flow and turbulence (even for y/d ~ 0.01, k/d <<1)
• ConnecAon between k and roughness type remains elusive



Laminar separaAon

Turbulent separaAon

Adverse pressure gradients

Head (1982)



Laminar separaAon

Turbulent no separaAon

Head (1982)

Adverse pressure gradients



Pressure gradient

• Body-generated pressure gradient
• S/L curvature and divergence set by body and PG
• Blockage effects

Perry & Fairlie (1969)

Jimenez, Hultmark & Smits (2010)

• Externally-imposed pressure gradient
• S/L curvature set by pressure gradient
• Blockage effects

Marusic & Perry  (1995)

SUBOFF



• How do you measure pg?
• What effect does pg have on the mean flow and 

the turbulence?

Vinuesa et al. (2017) Falco in Head (1982)

Clauser pg parameter
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Adverse pressure gradients



Behavior near the wall

• Very near the wall, the viscous effects dominate, 
and 2D boundary layer equaAons give

• That is, for favorable pressure gradients, the 
gradient of the total stress is negaAve

• For adverse pressure gradients it is posiAve, and 
we expect to see a peak in the shear stress 
profile



Favorable pressure gradient (dp/dx < 0)

Relaminarization

Fernholz & Warnack Part 1 (1998)
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Monty et al. (2011)
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Adverse pressure gradient (dp/dx > 0)



Scaling pressure gradient boundary layers

CasOllo & George (2001)

Favorable pg Adverse pg



Streamline curvature

• Convex curvature is stabilizing
• Expected to promote separaAon
• Slow recovery

• Concave curvature is destabilizing
• Expected to delay separaAon
• Non-monotonic flow recovery
• Appearance of TG vorAces

Effect of short regions of curvature on turbulent boundary layers

Smits, Young & Bradshaw (1979)

concave

convex

30o

downstream

upstream

concave
30o

30o



Upstream history effects, ini7al condi7ons

• Reynolds number
• Tripping condiAons
• Roughness
• Incoming flow uniformity (2D, 3D)
• Freestream turbulence level

• Cas:llo, L. and Walker, D. J. 1992. Effect of upstream condi:ons on 
the outer flow of turbulent boundary layers. AIAA J.  

• Devenport, W.J. and Lowe, K.T., 2022. Equilibrium and non-
equilibrium turbulent boundary layers. Progr. Aerosp. Sci.

• Vishwanathan, V., Fritsch, D.J., Lowe, K.T. and Devenport, W.J., 
2022. History effects and wall similarity of non-equilibrium 
turbulent boundary layers in varying pressure gradient over rough 
and smooth surfaces. TSFP12.

Baskaran, Smits 
& Joubert (1987)

• Slow recovery from upstream 
disturbances (someAmes very slow)

• Successive pressure gradients do not add 
linearly



Reynolds number effects

Song & Eaton (2004)
• Expect separaAon to be delayed with increasing Reynolds 

number due to enhanced mixing: only true for low Reynolds 
number

• For Ret >1000, lihle effect on locaAon of separaAon and 
reahachment 

• Mean flow generally only a weak (or no) funcAon of 
Reynolds number

• u2 in separated shear layer strongly increases with Ret, but 
relaxes relaAvely quickly, followed by –uv and then v2

• Stress equilibrium (internal) layer observed to grow 
downstream of reahachment.

• Pressure recovery increases with Ret

Drozdz et al. (2021)

<latexit sha1_base64="FirZNEHuX0buW3d2PNmsKVRQHNQ="></latexit>

Re⌧,ref = 525, 1410, 2686, 4621, 6676

<latexit sha1_base64="utyxwIduV1vTCBPjNze7nQWvIDs=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIlpKprXUjFN24rGJboVNKJr3ThmYeJBmxDP0IN/6KGxeKuHXhzr8xfSy0euByD+fcS3KPGwmuNCFfVmphcWl5Jb2aWVvf2NzKbu80VBhLBnUWilDeulSB4AHUNdcCbiMJ1HcFNN3Bxdhv3oFUPAxu9DCCtk97Afc4o9pInezRNXQSR9M47/Td8D6R4I1G+Azbx2WSxw4uVsiklwghnWyOFMgE+C+xZySHZqh1sp9ON2SxD4FmgirVskmk2wmVmjMBo4wTK4goG9AetAwNqA+qnUyOGuEDo3SxF0pTgcYT9edGQn2lhr5rJn2q+2reG4v/ea1Ye6fthAdRrCFg04e8WGAd4nFCuMslMC2GhlAmufkrZn0qKdMmx4wJwZ4/+S9pFAv2SaF8VcpVz2dxpNEe2keHyEYVVEWXqIbqiKEH9IRe0Kv1aD1bb9b7dDRlzXZ20S9YH9/ya5ro</latexit>

Re⌧,ref = 1350, 2700, 4000



Unsteadiness with steady freestream

• SeparaAon bubble on NACA 4418 
airfoil at 9.7o

• Unsteady separaAon and 
reahachment

Wang & Ghaemi (2022)

• Unsteadiness well documented in SWBLI

• Increases with shock strength

• Unsteady pressure and heat loadings

• VLSM + shear layer instability + TG vorAces
Falco in Head (1982)



• Significant spanwise variaAon (TG 
vorAces, stall cells)

Wang & Ghaemi (2022)

• Well documented in SWBLI

• Increases with shock strength

• TG vorAces

3D effects in nominally 2D flows

SWBLI Mach 2.9, 8o to 24o

Se]les et al. (1979)



3D symmetric flows

SUBOFF at a = 40o

Saeidinezhad et al. (2015)
Fu (2019) AVT-307

ReL = 76 x 103

“Open” and “closed” separaAon
Flow topology, criAcal points, lines of 

convergence and divergence, etc.  



Asymmetry in nominally symmetric flows
6:1 prolate spheroid

DNS at a = 45o

• For ReL < 3,000, the wake is symmetrical

• Strong asymmetries appear at higher 
Reynolds numbers

ReL = 18,000

Jiang et al. (2016)



0o pitch 8o pitch
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V 2 +W 2/U1

Asymmetry in nominally symmetric flows

Ashok et al. (2015)

SUBOFF no appendages

Experiments on SUBOFF model in pitch

2.4 x 106 < ReL  < 30 x 106

Persistent Alt in wake, immune to disturbances

(x/D = 8)



Sharp-nosed bodies
Asymmetry in nominally symmetric flows

Cone-cylinder body 
at a = 40o

(Kumar et al. 
(2020, PIV)

a = 40o (Fiechter, 1966)

a = 40o (Luo et al. 1998)

Symmetry is hard
(Perry & Hornung, 1984)

Significant, unsteady 
side forces



Asymmetry in nominally symmetric flows

BeVERLI Hill model at 0o, ReH = 650,000

RANS S-A wall shear stress Experiment flow visualizaAon

Asymmetry in experiment and computaAon

Gargiulo et al. (2021) AVT-349



Response to strong perturba7ons

Examples:
• Sudden change in surface roughness
• Rapid changes in pressure gradient
• Rapid changes in surface curvature
• ApplicaAon of sucAon or blowing
• Shock-wave boundary layer interacAon

Smits & Wood (1985)



Strongly perturbed turbulent flows

• Boundary layer response to short regions of roughness and heat transfer, 
with relevance to atmospheric flows 
• Andreopoulos & Wood JFM 1982; Andreopoulos 1983

• Interested in non-equilibrium wall-bounded flows
• Especially impulsive changes:

• Roughness, wall curvature, pressure gradient, heat transfer, 
buoyancy, etc.

• Are there universal features (e.g., overshoots) in the flow response, 
and what does it say about produc?on, dissipa?on, transport?

• Can we use this knowledge for flow control?

• Four new examples
• Pipe flow response to change in roughness (rough-to-smooth)
• Pipe flow response to square bar roughness element

• Pipe flow passive mode control
• Boundary layer ac?ve wall mo?on control Impulse in concave curvature (taken at a crest in skin fric8on), with 

turning angle of 30° (Smits et al., JFM 1979)

upstream



Response length scales

Bradshaw (1973); Smits & Wood (1985)

Response Cme for stress-containing eddies:

inner layer response distance at y+=15

<latexit sha1_base64="piqNE95qUHqpDdJoqpe/y/TavIQ="></latexit>
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x⌧ = Ut⌧

outer layer response distance at y/d =0.2 

For Ret = 5200 (Moser & Lee DNS channel flow):
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x+
⌧ ⇡ 75,000 (x⌧/� ⇡ 15)

How does this relate to perturba1ons?



Step change in roughness

• Antonia & Luxton (1971) Smooth-to-Rough

• Inner region: overshoot of stress levels

• Outer region: stress “bore” moving outwards, reflecIng 
growth of the inner layer

• Antonia & Luxton (1971) Rough-to-Smooth

• Inner region: rapid collapse of stress levels

• Outer region: slower collapse of stress levels
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• Antonia & Luxton (1971) Smooth-to-Rough

• Inner region: overshoot of stress levels

• Outer region: stress “bore” moving outwards, reflecIng 
growth of the inner layer

• Antonia & Luxton (1971) Rough-to-Smooth

• Inner region: rapid collapse of stress levels

• Outer region: slower collapse of stress levels
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What happens further downstream?

Step change in roughness



1. Step change in roughness (�R/�S = 9.1)
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friction 
factor

R/ks ≈ 57 

Van Buren et al. (2020)

Van Buren et al. (2020)



Step change in roughness: mean flow 

equilibrium profile

equilibrium profile



y/R
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Step change in roughness: shear stress
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Step change in roughness: turbulence produc7on



2. Flow over a square bar

h/R = 0.04

h/R = 0.1

h/R = 0.2

Ding & Smits (2021)

Ding & Smits (2021)
Ding & Smits (2021)



h/R = 0.1

• Mean flow near wall recovers by x/h ≈ 100

• Mean flow in outer region recovers by x/R ≈ 120 
(x/h = 1200)

• Shear stress near wall recovers by x/R ≈ 20 (x/h = 
1200)

• Shear stress in outer region overshoots recovery 
before approaching equilibrium state by x/R ≈ 120 
(x/h = 1200)

Flow over a square bar response



General Reynolds shear stress response
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General Reynolds shear stress response
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Baskaran, Smits 
& Joubert (1987)

• Slow recovery from upstream 
disturbances (some@mes very slow)

• Successive pressure gradients do not 
add linearly

Short region of concave curvature 
followed by prolonged convex curvature 

and adverse pressure gradient

• Shear stress amplified by concave 
curvature, then collapses in outer region 
over convex curvature prior to separation

Another example of stress overshoot
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X = @�Ux
@r

Van Buren et al. (2020), Ding et al. (2021)

Second-order response

- Model pressure strain with  using Roha (1951), Crow (1968)
- Introduce perturbaAons for       and       
- Assume shape-preserving disturbances, e.g., 
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�⌧(x, r) = g(x)f(r)

A model for non-monotonic recovery



Van Buren et al. (2020), Ding et al. (2021)

- Model pressure strain with  using Roha (1951), Crow (1968)
- Introduce perturbaAons for       and       
- Assume shape-preserving disturbances, e.g., 
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Rough-to-smooth
Square bar response

A model for non-monotonic recovery



• Perturbed flows are very slow to recover
• Typically exhibit a second-order response
• Overshoots are associated with produc&on “trapping”
• Can these observa&ons be used in flow control?

Opportuni7es for flow control?



l The use of a varying spanwise Reynolds stress may be used to enhance (increase mixing) or 
suppress (reduce losses) specific turbulence structures

l Target the most energe1c POD mode (m=3, 15.5%)

Azim
uthal m

ode (m
)

Van Buren, T., Hellström, L. H. O., Marusic, I.. and Smits, A. J., “Turbulent pipe flow response to wall changes targe8ng specific azimuthal modes,” TSFP-10, Chicago IL, July 2017. 

Radial mode (n)

3. POD inspired turbulence control in pipes



Experimental setup

Gradual streamwise 
changes

Insert cross sec@ons

ReD = 158,600
Reτ = 3,486 
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<latexit sha1_base64="dh3bkiZ8Q1rsUS/GjgA+SrfpOdE=">AAAB9XicbVDLSgMxFL1TX7W+RgU3boJFcFVmfKDLoi5cVnDaQqcMmTTThmYeJBm1jP0UNyJuFPwNf8G/MdPOpq0HEg7nnJB7j59wJpVl/RqlpeWV1bXyemVjc2t7x9zda8o4FYQ6JOaxaPtYUs4i6iimOG0nguLQ57TlD29yv/VIhWRx9KBGCe2GuB+xgBGstOSZB24gMMncW8oVRo73PM7yyzOrVs2aAC0SuyBVKNDwzB+3F5M0pJEiHEvZsa1EdTMsFCOcjituKmmCyRD3aTaZeoyOtdRDQSz0iRSaqDM5HEo5Cn2dDLEayHkvF//zOqkKrroZi5JU0YhMPwpSjlSM8gpQjwlKFB9pgolgekJEBljXoHRRFb26Pb/oImme1uyz2sX9ebV+XZRQhkM4ghOw4RLqcAcNcIDAC7zBJ3wZT8ar8W58TKMlo3izDzMwvv8AyieR3w==</latexit>

Streamwise development: mean velocity
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Streamwise development: mean velocity
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max≈20%

Streamwise development: TKE
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Streamwise development: TKE



Able to create specific flow “shapes” in the mean staAsAcs
Very lihle impact on mean for relaAvely large impact on the 
turbulence

No single spikes in modes, more clouds of impact 
in the targeted region
Inserts act more like barriers to modes above or 
below the target

Inserts have long lasAng impact, 30D 
downstream there is sAll 20% change in 
turbulence from equilibrium

Observations



• A promising approach to drag 
reduc1on is transverse wall 
oscilla1on 

 

w = A sin(xx� !t)
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4. Ac7ve flow control by transverse wall oscilla7on



• A promising approach to drag 
reduc1on is transverse wall 
oscilla1on 

 

w = A sin(xx� !t)
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• GaL and Quadrio (2016, etc.) 
mapped actua1on parameter space 
for low Ret (<1000) using DNS
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DRmax = 39% (Re⌧ = 1000)

4. Ac7ve flow control by transverse wall oscilla7on



Small scales dominate drag Large scales emerge and become increasingly important

Can we use wall oscilla&on to get meaningful drag reduc&on at high Reynolds number?

Reynolds number dependence



OscillaAng wall 
elements

Marusic, Chandran, Rouhi, Fu, Wine, Holloway, Chung, Smits, Nature Communica<ons, 2021 

Melbourne wind tunnel at x = 21m

3 x 1 m drag balance

Transverse wall oscilla7on experiment



Used only upstream traveling wave (up to 25 Hz)
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“Inner-scale actua1on”

NPS = relaAve change in the total 
power cost between an oscillaAng 
wall and its staAonary counterpart 

for an idealized actuator 

Our experiments and LES follow GaW & 
Quadrio (2016) predicIon:

DR decreases with Reynolds number

NPS is not possible

T+ ≈ 100
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NPS = relaAve change in the total 
power cost between an oscillaAng 
wall and its staAonary counterpart 

for an idealized actuator 

Our experiments and LES do not follow GaW 
& Quadrio (2016) predicIon:

DR increases with Reynolds number

“Outer-scale actua1on”

Our experiments and LES follow GaW & 
Quadrio (2016) predicIon:

DR decreases with Reynolds number

NPS is possible

NPS is not possible

An energy-efficient pathway 
to turbulent drag reduction 

T+ > 350

T+ ≈ 100

“Inner-scale actua1on”
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⌧ 0w

Effects on wall stress

• Broadband frequency 
response to forcing

• Nonlinear interac:ons 
between inner and 
outer mo:ons

• Favorable triadic 
interac:ons

Deshpande et al. 2023 



liquid (water)FLOW

air

SHS: Superhydrophobic surface
air/water interface

d

SHS

“LOTUS LEAF”

w

5. Flow control using liquid-infused surfaces



liquid (water)FLOW

air

SHS: Superhydrophobic surface
air/water interface

SLIPS: Slippery Liquid-Infused 
Porous Surface 

oil/water interface

d

SHS

SLIPS

“LOTUS LEAF”

“PITCHER PLANT”
liquid (water)FLOW

oil

µw

µo

w

N =
µw

µo for SLIPS drag reduc&on for SHS
N = O(1) N = 50

5. Flow control using liquid-infused surfaces



106 µm pitch

Rosenberg, Van Buren, Fu & Smits (2016) 

Taylor-CouePe experiments
on grooved surfaces

water

w

w = 106 µm (width)

Turbulent Taylor-Coueae experiments



2.7

Drag measurements

Rosenberg, Van Buren, Fu & Smits (2016) 



2.7

Heptane 15% max DR

Drag measurements



Confocal microscope measurement

x

y

1. Try other alkanes 2. Try larger groove sizes

µm

Can we do beaer?
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Drag reduc7on



Drag reduc&on increases with Reynolds number
Drag reduc&on maximum near w+ = 35

Drag reduc7on



decreasing μo

• Turbulent drag reducAon:
• Drag reducAon up to 45% for air and 30% for 

liquids (hexane, heptane)

• Larger grooves successful at retaining air and 
liquid 

• “Best” drag reducAon occurs with
• DNS (Leonardi) shows that drag reducAon Aed to 

damping of wall-normal velocity fluctuaAons

• DNS (Park et al. 2013) shows damping of near-wall 
vorAcal structures

(w < 800µm)
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w+ ⇡ 35

Summary on SLIPS drag reduc7on



• The response of a turbulent flow to changes in surface roughness is very slow, and may lead to 
produc&on trapping
• Provides fundamental informaAon on non-equilibrium turbulence response
• Can be modeled using RANS equaAons
• Suggest concepts for turbulence control

• Targe&ng energe&c large-scale modes (surface modula&ons) lead to long-las&ng modifica&ons 
to turbulence structure, and demonstrate nonlinear interac&ons
• Can be used to control turbulence
• Provides fundamental informaAon on non-equilibrium turbulence response

• Smart surfaces show promise for implemen&ng drag reduc&on 
• More needs to be done – opportuniAes for future work

Overall summary
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