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1. Introduction



g" Two major approaches for active control of a5
& turbulence 3/50

A Feedback control
I Sensors, actuators,

controller | Flow
I Potentially effective
I Big hurdle for hardware Actuators |« Controller [«{Sensors

development (especially if
the QSVs are targeted at)

A Predetermined control
without sensors

I Less difficult to make
hardware?

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

Actuators > Flow




Feedback control (wind tunnel experiment)

(Yoshino et al.,J. Fluid Sci. Technal 2009;
also introduced ifKasagiet al.,Annu Rev. Fluid Mech.2009)

Feedback system for turbulence control 6% drag reduction



Keio University

1000 [

100 [

10 f

Frequency (kHz)

0.1
0.01 [

0.001

Big issue toward practical application:
Physical length- and time-scales of QSV

Very-hlgh- .

‘. ‘\\ Aircraft

pressure gas \

plpellne

Ship/high-
pressure
gas pipeline

A"
*

L@
o0

N

Higher Re number

\

Bullet train/Maglev

@

\\ Automobile

' Larger

a \ Kinematic -
@ / viscosity

G ipeli \ R
as pipeline ® )
@ ' @, Petroleum
N '\ pipeline E
\\\% A3
\‘ /(g?“ \\-%;
1 1 I 1 1 l 1 1 I ]‘\ 1 1 1\ 1 L 1 I 1 il
0.001 0.01 0.1 1 10 100 1000

Dimension (mm)
(Kasagj Suzuki, and~ukagataAnnu Rev. Fluid Mech 2009)



2. Integral relationship between the skin
friction drag and the turbulent statistics



g Fundamental question in fluids N
engineering 7/50

AQuestion: Take a straight
I Pressure gradient (or friction drag) given A Flow rate?
I Flow rate given A Pressure gradient (or friction drag) ?

A Answer:
I Laminar flow: Analytical solution (Hagen-Poiseullle)
16
——> C, =—— whereC, = Ly Re Up(2R)

Re @r2ru’ n

I Turbulent flow
A Rely on experiments, simulations, and (semi-)empirical formula
A What is the relationship between turbulent statistics and drag?
A How does it become when a control is applied?

*The same arguments hold for heat transfer problems

D
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g- Integral relationship between turbulent IN

statistics and drag (1)
(Fukagatalwamoto, andKasagj Phys.Fluids, 2002 8/50

&
T, . o
e

A Fully-developed channel flow (the simplest case)
y, v / yr=207 /

Mean flow 2§
X, U : / y*=0
2, W e

I Starting point: Reynolds-Averaged Navier-Stokes eq.

dp d ¢1 du , —. . f=1f+1;
T dx (-UIV_)I f_ . Mean
dx dyeRe0 dy .
f i Fluctuation
B Nondimensionalized by twice bulk- U
mean velocity 2U," and channel half- Re, = b
width d* n

Asterisk: dimensional quantity



" Integral relationship between turbulent N,
g statistics and drag (2) 9/50"

(Fukagatalwamoto, andKasagj Phys.Fluids, 2002

A Triple integration of Reynolds-Averaged N-S eq.
I 1Stintegration A Stress balance

Relationships below are used at each step

1 do , —  C :
+(Uiv)i =@ W) C, = *tﬁvz _qdp 8 du
Re, dy 8 ruzl?2 dx Re, dy|
i 2"d integration A Mean velocity profile
( ) a eC 5 yﬁ )dYg u‘y_O:O
uly €, e— 0 UjVi u B
?l T 0 y (dY = dy)
i 3 integration A Bulk-mean velocity .
eC Y U, = >

(since the velocity is
nondimensionalized by 2U,)

1 ﬂ
— =Re g— - ulv.)d ud
2~ g24 [} 0 2

ﬂE/ c/Q
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g- Integral relationship between turbulent N,

statistics and drag (3)
(Fukagatalwamoto, andKasagj Phys.Fluids, 2002 10/50
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A Convert double integral to single integral

By integration by parts Or, by iterated integral (Yoshizawa,
priv. commun., 2008
1Lay 18y _ ) Y 4 _
ﬁ?ﬁ u.vl)dYudy “Plﬁ-uivi)dYEdy 1 Y
of o l] of o %
& v g !
= &Y fy- .v.)dYu ny( ujvi)dy
8 o &, ]
= F{1- y)(- uivi)dy / ,
o oL 1 "
— = f{-uiv)dy X1 ¥)( wy)
A Relationship for a fully-developed channel flow
12 ;

oF _ﬁ ﬂ2n2(1 y)( uiv )dy

*Essentially the same relationship has been derived also by Bewley and Aamo (JFM 2004)
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Contributions of different effects

A More general form (for channel flow)

C

V.

:% 41251(1 y)CUv)dy (B (VR (V)

Laminar drag

Turbulent contribution
= Weighted integral of the Reynolds shear stress

Contribution of spatio-temproral development
Contribution of body force, additional stress (e.g., polymer)
Contribution from wall boundary (e.g., uniform blowing/suction)



g_ Relationships in other geometries B

q (Fukagatalwamoto, andKasagj Phys. Fluids 2002 12/50
A Pipe flow
16 1 Nondimensionalizetly 2U,” and pipe
C,=— -ﬂ_6r]2r urluZ rdr radiusR’ o
RE, 2U°R
Re, = .
n

A ZPG boundary Iayer

4(1- d,) Nondimensionalizedy free
C = "4r'(1 y)( Uuiv )ﬁ)‘ stream velocityJ,,* and 99%
a boundary layer thicknesg ¢ %,
1 - - ~
- auuu v Q 2U- d.oor
offn yy R BV gy Re, = 2= i
0 yJX M = 11
t d;: Nondimensionalized
Contribution of Contribution of disp'acement thickness
spatial development | | mean wall-normal flux




w Example 1: Opposition-controlled pipe flow ~ #%5

% (Fukagatalwamoto, andKasagj Phys. Fluids 2002 1350

A Decomposition of contributions

| (Laminar | 1l (Turb. 16 1
drag) | Contrib) | SUM&) | C, =——+16fpru’u/ rar
0

" R
eb
No control | 3.03 103 | 6.33 103 9.33 103
Controlled | 3.0% 103 | 4.0% 10° 7.03 103

Weighted Reynolds shear stress

0.0012

| 1 | |
i = e s (W B %10 414¢0)

0.001 —e— controlled -

0.0008

0.0006 Amount of

drag reduction

2r2 uu,

0.0004

0 20 40 60 80 100 120 140 160 18(

y+u=(R—r)™* Wall unit of uncontrolled flow
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(Kametani& FukagataJ. Fluid Mech, 2011)

Example 2: Spatially-developing ZPG turbulent
boundary layer with uniform blowing/suction

e

14/50

Decomposition of contributions

White: Vortex cores

—
i)
0
=
e
Color: Wall shear stress &

A With uniform blowing: Turbulence
IS enhanced, but drag is reduced!

Contribution
of mean
wall-normal flux

14

1%US Soatial
patia o
- development 1%UB
C P
q) 18 Viotal) vf/
% Turbulent /
O e contribution ’
& ct /
< No Control/
L S
Total 2
54
cr 30 \C’\ Ll (total)
2 — 09 e 05
15
“\\ c*
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g Example 3: Drag reduction by surfactant addition
S, g0 (Yu, Li, and Kawaguchilnt. J. Heat FluidFlow, 2004) 15/50

A Integral relationship for Giesekus fluid (channel flow)

C _1_2 +24e ( L;I-|V) (1 y-)dy 1ﬁCXy (1 y)dy
Re, n> o7 " We

B Viscous contribution
0 Turbulence contribution
B Viscoelastic contribution

86%
46%

LN
|
0.000 -

Newtonian Surfactant

34%

Contribution to C,
2

20%

I A similar analysis can be made also for polymer addition
(White & Mungal Annu Rev. Fluid Mech 2008)
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Some other extensions 16/50

A Arbitrary-shaped straight duct (const. pres. grad.)
(Subragaglia& Sugiyama,PhysciaD, 2007)

() — (u) = ((uu):(Vu))

Volume Stokes flow Corresponding to (1 - y) weight
average

A Compressible flow (Gomez Flutet andSagautPhys. Rev. F2009)

6 ! 6 (¢ Hu)
Ci=—+6| zpu"w'tdz+ — — () ——dz
= R L (pu"w" Re) | (/) pa
—— I ) . y
CL v Vv
CT CC
0 / p Contribution from
6 ' ( u aw ) variable viscosity
o —Z\ M + dz.
Re J_; oz ox
—

Y
Cer Contribution from viscosity fluctuations (small)
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Someotherext ensi ons ( gn

A Relationship between wall heat flux and turbulent
statistics (Kasagj Hasegawak-ukagataand lwamoto,). Heat Transfgr2012)

I Constant temperature difference condition

2 Ly —
St — ( f@’) d
— Pr Rey, +JU Y Y

number Prandtl Dimensionless
number temperature

I Constant heat flux condition

Partial flow rate

1 17 1

L prre, [— —5| 0= a=)a

St 70 2 0 Partial flow rate deviation from laminar flow
(! 1

—J e asé}dy‘ +J ' 0'dy

2 0 0

I Uniform heat generation condition (omitted here)



3. Application to drag reduction control
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A For a fully-developed incompressible channel flow
(review) (Fukagateet al.,Phys. Fluids2002)

12 ; —
C.= — + 241 UiV
"~ Re p( y)( Uiv)ely

laminar drag  turbulent contribution (=weighted integiof RSS)

A Even if we do not know anything about vortices, if we
can reduce the RSS, then we can reduce drag!

I Feedback body force Frukagatzt al., Proc. SMAR, 2005

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

A Drag lower than laminar flow (sub-laminar drag®)

* Although re-laminarization is the best in terms of energy saving
(Bewley, J. Fluid Mech, 2009; Fukagateaet al.,PhysicaD, 2009)



Traveling wave-like blowing/suction
(Min, Kang, Speyer, and Kind. Fluid Mech, 2006)

60

AD

FIGURE 1. AD in steady state at Re=2000 and a =0.1: (a) downstream travelling waves
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Drag normalized in a different way
3. - —
D= 2 +Re fj( y)( uiv)dy
Laminar -1
drag \ ~
"Turbulent" contributionPD
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g ANegati veo Reynol RES
-4 --- linear analysis 21/50

A Away fromthewall u6 awdd ar e or t ho g dnviadid) ( s
A

Near the wall: phaseshiftinu6 due to Vviscosity
(Min et al.,J. Fluid Mech, 2006;Mamori et al.,Phys. Rev. E2010)

(a) , :
VO o io
- .

(b) ;
& 1 N

Viscous phase shift
©) , b

- B 4 ‘ i
'U(DVAO 0
y y |
4

0 ; 2 3
x/mr | Negative RSS slightly exceeds!

(Mamori, FukagataandHi pffner, Phys. Rev. £2010)

1




g' Primary drag reduction mechanism by traveling &%,
wave-like blowing/suction 29/50

Keio University
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A Wave of blowing/suction traveling in the upstream
direction

A nNnNegativeo Reynol ds shear
A Net flow in the downstream direction

= nNPumping effecto (1 n the
wave)

External pressure gradient
required to keep the flow
rate (constant) is reduced

= nNDrag reduc’

(+ Turbulence modification) (Animation: Mamori, MEng Thesis, 2008,
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g But, traveling wave-like blowing/suction device &%
Is difficult to make in practice 23/50

ALast sentence I n MiIn et al

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.

A Question: Can it simply be substituted by wall
deformation?




Blowing/suction vs wall deformation Sap
(without external pressure gradient) 24/50

Wall deformation

Black point: Fluid particle (marker)
Color: Pressure

Blowing/suction

(HT pffner & Fukagatad. Fluid Mech, 2009)



