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1. Introduction 
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Two major approaches for active control of 

turbulence 

ÅFeedback control 

ïSensors, actuators, 
controller 

ïPotentially effective 

ïBig hurdle for hardware 
development (especially if 
the QSVs are targeted at) 

 

ÅPredetermined control 
without sensors 

ïLess difficult to make 
hardware? 

ïSuitable input is less clear 
(e.g. for friction drag 
reduction) 

Flow 

Flow 

Controller Sensors Actuators 

Actuators 
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Feedback system for turbulence control  6% drag reduction 

Feedback control (wind tunnel experiment) 
 (Yoshino et al., J. Fluid Sci. Technol., 2009;  

also introduced in Kasagi et al., Annu. Rev. Fluid Mech., 2009)   
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Big issue toward practical application: 

Physical length- and time-scales of QSV 

 

(Kasagi, Suzuki, and Fukagata, Annu. Rev. Fluid Mech., 2009) 



2. Integral relationship between the skin 

friction drag and the turbulent statistics 
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Fundamental question in fluids 

engineering 

ÅQuestion: Take a straight pipe, for instanceé 

ïPressure gradient (or friction drag) given Ą Flow rate? 

ïFlow rate given Ą Pressure gradient (or friction drag) ? 
 

ÅAnswer: 

ïLaminar flow: Analytical solution (Hagen-Poiseuille) 

 

 
 

ïTurbulent flow 

ÅRely on experiments, simulations, and (semi-)empirical formula 

ÅWhat is the relationship between turbulent statistics and drag? 

ÅHow does it become when a control is applied? 
 

*The same arguments hold for heat transfer problems 
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Integral relationship between turbulent 

statistics and drag (1) 
 (Fukagata, Iwamoto, and Kasagi, Phys. Fluids, 2002) 

Å Fully-developed channel flow (the simplest case) 

 

 

 

 

 

ï Starting point: Reynolds-Averaged Navier-Stokes eq.  
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Integral relationship between turbulent 

statistics and drag (2) 
 (Fukagata, Iwamoto, and Kasagi, Phys. Fluids, 2002) 

ÅTriple integration of Reynolds-Averaged N-S eq. 

ï1st integration Ą Stress balance 

 

 
 

 

ï2nd integration Ą Mean velocity profile 

 

 
 

 

ï3rd integration Ą Bulk-mean velocity 
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ÅConvert double integral to single integral 

By integration by parts    Or, by iterated integral (Yoshizawa,   
     priv. commun., 2008  

 

 

 

 

 

 
 

 

ÅRelationship for a fully-developed channel flow 

 

 
 

  

Integral relationship between turbulent 

statistics and drag (3) 
 (Fukagata, Iwamoto, and Kasagi, Phys. Fluids, 2002) 
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*Essentially the same relationship has been derived also by Bewley and Aamo (JFM 2004) 
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Contributions of different effects 

ÅMore general form (for channel flow) 
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II. Turbulent contribution 

 = Weighted integral of the Reynolds shear stress 

 

III. Contribution of spatio-temproral development 

IV. Contribution of body force, additional stress (e.g., polymer) 

V. Contribution from wall boundary (e.g., uniform blowing/suction) 
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Relationships in other geometries 
 (Fukagata, Iwamoto, and Kasagi, Phys. Fluids, 2002) 

ÅPipe flow 

 

 

 

 

ÅZPG boundary layer 
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Example 1: Opposition-controlled pipe flow 
 (Fukagata, Iwamoto, and Kasagi, Phys. Fluids, 2002) 

Å Decomposition of contributions 

 

 

 

 

Amount of 

drag reduction 
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II  (Turb. 
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Controlled 3.0 ³ 10-3 4.0 ³ 10-3 7.0 ³ 10-3 

Wall unit of uncontrolled flow 
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Example 2: Spatially-developing ZPG turbulent 

boundary layer with uniform blowing/suction 
 (Kametani & Fukagata, J. Fluid Mech., 2011) 

Å With uniform blowing: Turbulence 

is enhanced, but drag is reduced! 

Decomposition of contributions 

Contribution 

of mean  

wall-normal flux 

Spatial 

development 

Turbulent 

contribution 

Total 

White: Vortex cores 

Color: Wall shear stress 
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Example 3: Drag reduction by surfactant addition 
 (Yu, Li, and Kawaguchi, Int. J. Heat Fluid Flow, 2004) 

Å Integral relationship for Giesekus fluid (channel flow) 

 

 

 

 

 

 

 

 

 

 

ïA similar analysis can be made also for polymer addition 

 (White & Mungal, Annu. Rev. Fluid Mech., 2008) 
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Some other extensions 

ÅArbitrary-shaped straight duct (const. pres. grad.) 
      (Subragaglia & Sugiyama, Physcia D, 2007) 

 

 

 

ÅCompressible flow (Gomez, Flutet, and Sagaut, Phys. Rev. E, 2009) 

Stokes flow Volume 

average 

Contribution from 

variable viscosity 

Contribution from viscosity fluctuations (small) 

Corresponding to (1 - y) weight 
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Some other extensions (contôd) 

ÅRelationship between wall heat flux and turbulent 

statistics (Kasagi, Hasegawa, Fukagata, and Iwamoto, J. Heat Transfer, 2012) 

ïConstant temperature difference condition 

 

 
 

 

 

ïConstant heat flux condition 
 

 

 

 

 

 

 

ïUniform heat generation condition (omitted here) 

Stanton 

number Prandtl 

number 

Dimensionless  

temperature 

Partial flow rate 

Partial flow rate deviation from laminar flow 



3. Application to drag reduction control 
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To start with predetermined controlé 

ÅFor a fully-developed incompressible channel flow 

(review) (Fukagata et al., Phys. Fluids, 2002)  

 

 

 

 

ÅEven if we do not know anything about vortices, if we 

can reduce the RSS, then we can reduce drag!  

ïFeedback body force Fukagata et al., Proc. SMART-6, 2005  

ïUpstream traveling wave-like blowing/suction                
Min et al., J. Fluid Mech., 2006  

  Ą Drag lower than laminar flow (sub-laminar drag*) 

   * Although re-laminarization is the best in terms of energy saving 

 (Bewley, J.  Fluid Mech., 2009;  Fukagata et al., Physica D, 2009) 
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Traveling wave-like blowing/suction 
(Min, Kang, Speyer, and Kim, J. Fluid Mech., 2006) 
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ñNegativeò Reynolds shear stressRSS  

--- linear analysis 

Å Away from the wall uô and vô are orthogonal (same as inviscid) 

Å Near the wall: phase shift in uô due to viscosity 

vô 

uô 

- uôvô 

(Mamori, Fukagata, and Hîpffner, Phys. Rev. E, 2010) 

(Min et al., J. Fluid Mech., 2006; Mamori et al., Phys. Rev. E, 2010) 

Negative RSS slightly exceeds! 

Viscous phase shift 
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Primary drag reduction mechanism by traveling 

wave-like blowing/suction 

ÅWave of blowing/suction traveling in the upstream 

direction 

    Ą ñNegativeò Reynolds shear stress 

    Ą Net flow in the downstream direction 

= ñPumping effectò  (in the direction opposite to the 

wave) 

 

    External pressure gradient  

    required to keep the flow 

    rate (constant) is reduced 

     = ñDrag reductionò 

 

(+ Turbulence modification) (Animation: Mamori, MEng Thesis, 2008) 
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But, traveling wave-like blowing/suction device 

is difficult to make in practice 

ÅLast sentence in Min et al (2006)ôs paper 

   However, a moving surface with wavy motion would 

produce a similar effect, since wavy walls with small 

amplitudes can be approximated by surface blowing 

and suction. 
 

ÅQuestion: Can it simply be substituted by wall 

deformation? 
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Blowing/suction vs wall deformation 
(without external pressure gradient) 

(Hîpffner & Fukagata, J. Fluid Mech., 2009) 

Wall deformation Blowing/suction 

Black point: Fluid particle (marker) 

Color: Pressure 


