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Turbulent skin-friction drag 
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Turbulent skin-friction drag reduction! 
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Turbulent skin-friction drag reduction! 
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Motivation for skin-friction drag reduction 

transport
33.2%

industry
25.9%

services
13.3%

agriculture
2.2%

others
0.6%

[Eurostat (2016) European Commission]

24.8%
households

Reduced energy consumption 
! Reduced emissions 
Increased throughput

[UK Aerodynamics, ERCOFTAC Flow Control , UKAC,  December 2013]
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Different control approaches

Gatti et al. (EXIF), 2015

NASA.gov (1993)

Passive: no power required by control 

additives 
morphology 
slip

Active, predetermined (only actuators) 

Active, reactive (sensors and actuators) 

optimal control theory 
feed-back control 
feed-forward control  

Kasagi et al. (Ann. Rev. Fluid Mech.),  2009

wall movements 
wall blowing and suction  

body force 
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The drag reduction experiment
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The choice of flow condition (1)

Navier-Stokes equations alone do not pump                    
fluid through the duct 
Forcing term needed to mimic pump 

Many arbitrary choices possible 
Often equivalent on physical grounds 
Different on practical grounds 
Different realizations, same statistics
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The choice of flow condition (2)
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Unimportant choice for uncontrolled flows
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Important choice in flow control!

“Turbulent fluctuations are destroyed”
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Important choice in flow control!

“Turbulent fluctuations are destroyed”

 

 

?

different flows must be compared with care!
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CFR  

CPG

 

Important choice in flow control! 
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The Drag Reduction Experiment
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Constant pumping  
Power Input (CpPI)
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Frohnapfel, Hasegawa, Quadrio, JFM 2012
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Constant total  
Power Input (CtPI)
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no flow states below  
the laminar curve 
Bewley 2009,  
Fukagata et al. 2009 

C
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CFR  

CPG

 

Comparison of different flow conditions 

CPI  
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Checkpoint: what you should not forget

How to drive the flow (CFR, CPG, CPI)? 
necessary and important choice 
affects the results and their interpretations 
different manifestations of “drag reduction” 

Constant Power Input 
possible choice close to real conditions (pump) 
power input (energy transfer rate) is kept constant 
relevant for various applications 
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Checkpoint: what you should not forget

Constant Power Input 
possible choice close to real conditions (pump) 
power input (energy transfer rate) is kept constant 
relevant for various applications 
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FTLE nose flow
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The drag reduction experiment  
from the energetic viewpoint
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how does control affect  
energy transfer phenomena? 

CPI ideal framework to study energy transfer rates 
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Integral energy budget

mean kinetic energy (MKE) budget:
 

 

turbulent kinetic energy (TKE) budget: 

 

global energy budget:

 

 

Reynolds decomposition:
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The drag reduction experiment  
from the energetic viewpoint
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at (statistical) steady state:

 
 

 

how does control affect  
energy transfer rates? 

CPI ideal framework to study energy transfer rates 
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How does drag reduction affect  
energy transfer rates?
a (seemingly) trivial question with a non trivial answer
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Control strategies

Spanwise wall oscillations
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Control strategies

Spanwise wall oscillations Opposition control
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Control strategies
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Control strategies

Spanwise wall oscillations Opposition control
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The energy box
reference flow   
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The energy box
opposition control    
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The energy box
oscillating wall    
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The energy box: lesson
 

 

At CPI effect of control on energy transfer rates unveiled!!
 

We made another (probably) unaware choice!
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The drag reduction experiment  
from the energetic viewpoint
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Conclusions

How to drive the flow? 
is an important and necessary choice 
CPI is a possible alternative… 
…necessary to study systems energetically 

Drag reduction from the energetic viewpoint 
requires CPI to highlight nontrivial behaviours 
‘Reynolds’ decomposition of dissipation  

     is also an arbitrary choice!
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THANKS 
for your kind attention!

for questions, complaints, ideas:

davide.gatti@kit.edu
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