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Turbulent skin-friction drag reduction! Q(IT
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skin-friction coefficient
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B Transition delay

[Source: Alex Duchmann, SLA]
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Turbulent skin-friction drag reduction! g(“.
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. L . Transition dela
skin-friction coefficient = y

¥ Turbulent drag reduction
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[E. Blume, RAND document 1969]
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Motivation for skin-friction drag reduction ;ﬂ(“’

, others
agriculture 0.6%
2.2% \ /

transport
33.2%

[Eurostat (2016) European Commission]

B Reduced energy consumption
- Reduced emissions
B Increased throughput

wave
drag 4%

“‘ viscous drag

48%

lift-induced
drag 37%

[UK Aerodynamics, ERCOFTAC Flow Control , UKAC, December 2013]
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Different control approaches g(".

Passive: no power required by control

additives
™ morphology
N A | slip

Active, predetermined (only actuators)

{ : wall movements .
NASA.gov (1993) wall blowing and suction *
body force

Gatti et al. (EXIF), 2015

Active, reactive (sensors and actuators)

("63-
*‘*%
7
,7/ //~’//>“§ optimal control theory
S fced-back control

- feed-forward control

Kasagi et al. (Ann. Rev. Fluid Mech.), 2009
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The drag reduction experiment Q(IT

bulk velocity: U,

pressure gradient:

¥y
_dp _tw
dx h
skin-friction coefficient:
LT
Cr =12
oh PY
pumping power
(per unit area):
dp
P P, = ——hU,
pumping dx
power rate:
— Cy
Cf.o
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The choice of flow condition (1) Q(IT

W Navier-Stokes equations alone do not pump
fluid through the duct

W Forcing term needed to mimic pump

® Many arbitrary choices possible

¥ Often equivalent on physical grounds
W Different on practical grounds

W Different realizations, same statistics
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The choice of flow condition (2)

Constant Pressure Gradient

(CPG)

V

Constant Flow Rate
(CFR)

V

dacbn e Intruite of Teeslosy

Flow rate fluctuates in time Pressure gradient

fluctuates in time
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Unimportant choice for uncontrolled flows Q(IT

20 3
18
16
14
12

0.5 CPG
CFR
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Important choice in flow control!

“Turbulent fluctuations are destroyed”

Spanwise wall oscillations
Constant Flow Rate (CFR)
Re, = 6100

R =~ 30%
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Important choice in flow control! Q(IT

“Turbulent fluctuations are destroyed” ?

3
| |
Re;=200: uncontrolled
2.5 = CFR, controlled (reference uy) N
u'u CFR, controlled (actual uy)
u2 2 CPG controlled (actual uy) N
1.5 H —
1 H _
0.5 I different flows must be compared with care! |
0 | | |
0 50 100 150 200
v
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Important choice in flow control! 1\“(“.

successful control R=1 — i > (0 manifests differently

(,f‘c
T YT [ U R . ET A A TR Y DA T

i’

CPG ﬁ b ety b ¢ ﬁ ﬁ @
CFR Il ) 8 o ' 3

W with control: either different Re, or different Rep
| : successful control can increase pumping power!
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The Drag Reduction Experiment g(“.

\

Pumping energy

(per unit wetted area) p A 2A
Fluid travel time
volume V (per unit Iength) I/Ub
mass M = pV¥
— — Total energy @ Epo = E, +
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Energy (cost) vs. Time kﬂ(“.

2
5 — WV MU, Cy turbulent
PT 4 T 24 L/(uncontrolled)
Constant pumping
S /z’Power Input (CpPl)
g; CPG B
S o L ‘
o N\
= S
o N ~
,/
/, ¢
_+7 laminar :
" (uncontrolled) CFR .

Frohnapfel, Hasegawa, Quadrio, JFM 2012
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Total Energy (cost) vs. Time k“("

turbulent
By = Ep + E¢ /(uncontrolled)
. ]
) CPG
o b Ay s . .............
S N B
N\ no flow states below
~ the laminar curve
N 7 @ NV Bewley 2009,
~ : Fukagata et al. 2009
™ ~
/ =~
laminar -
(uncontrolled) iCFR e R

Frohnapfel, Hasegawa, Quadrio, JFM 2012
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Comparison of different flow conditions i\“(“.

18

successful control R=1 — (,CTI > 0 manifests differently
,0

y o? '|u;ﬂ ‘lw' l ) 0’ '.n;‘ Wll" I U. -z "o-gw' hl'.#'( f' U. -z "o-zw' nl""‘ f' U. -z f'luzwl M‘" "

9,1 . M ) N

cpe A DA iy iy s
CFR ul G G m o | G
CPI ’ G @ | 0 G
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Checkpoint: what you should not forget g(".
How to drive the flow (CFR, CPG, CPI)?

¥ necessary and important choice
W affects the results and their interpretations
W different manifestations of “drag reduction”

Constant Power Input

¥ possible choice close to real conditions (pump)

W power input (energy transfer rate) is kept constant
W relevant for various applications
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Checkpoint: what you should not forget 1\“(“.

FTLE nose flow

Constant Power Input |
W possible choice close to real conditions (pump)

W power input (energy transfer rate) is kept constant
W relevant for various applications
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The drag reduction experiment g(IT
from the energetic viewpoint e

CPI ideal framework to study energy transfer rates

viscous dissipation

y
2h
Pp
gﬂv"v‘sr‘“g how does control affect
energy transfer phenomena®?

Irgttere of
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Integral energy budget g(".

Reynolds decomposition:

ulx, y,z,t) = u(p)+u'(x,y,z,t)

mean kinetic energy (MKE) budget:

DY | =

P;;=Puv+¢)

1 —
;pu'Z turbulent kinetic energy (TKE) budget:

P,, =€

global energy budget:

P,=®P+e€
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The drag reduction experiment Q(IT
from the energetic viewpoint i e e

CPI ideal framework to study energy transfer rates

turbulent € + mean @
kinetic energy dissipation rate

¥
at (statistical) steady state:
2h Pt —_ Pp + € + q)
P,
ggvrcsr'“g how does control affect
energy transfer rates?

Irsttvce of

23 24.05.2017 Dr.-Ing. Davide Gatti — Turbulent skin-friction drag reduction from the energetic viewpoint m
Fuld Mechania ™



How does drag reduction affect (AT
energy transfer rates? o

a (seemingly) trivial question with a non trivial answer

* Ricco etal.,, JFM (2012):
substantial increase of ¢ caused by control with spanwise wall motions

« Frohnapfel et al., (2007):
e needs to be reduced to achieve drag reduction

* Martinelli, F., (2009):
drag reduction obtained via feedback control aimed at minimizing ¢
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Control strategies

Spanwise wall oscillations

drag reduction 1 / Ub

control power y = PC/PC = 0.098

fraction
- D _ 1028
b,ref
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SAKIT

Control strategies

Spanwise wall oscillations Opposition control
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drag reduction = h

control ppwer y = PC/p = (0.098
fraction t
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SAKIT

Control strategies

Opposition control

Spanwise wall oscillations

» -
“ -
p |
| -
\‘ \‘ " 'I
- - s‘_‘ I "o' -~
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.
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\\ 7 = s ‘
L7 M o )« | 0 Wi el cove

drag reduction = Fr Yo el Ja
/ \ r 4 A

control power - Pc/ = 0.098 RN T S
. y - P - M ) . T T ~ 4 7 Yo
fraction t . ~=7 .7,
Ub ‘Mo‘ - T l ~ ‘,u-' -
U_ = 1.028 i
b,ref —Vw
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Control strategies

Spanwise wall oscillations

drag reduction 2 h

control ppwer y = PC/P = (0.098
fraction

U
 _ =1.028

Ub,ref

SAKIT

dacbn e Intruite of Teeslosy

Opposition control

SO (ot ) » | 0 whordd dowe !

R =23.9%

LabNile * i
Kimathc ewrgy diss mthonrale

U,
L —1.094

Ub ref

28 24.05.2017 Dr.-Ing. Davide Gatti — Turbulent skin-friction drag reduction from the energetic viewpoint m
Irsttere of
L



The energy box

reference flow

Re, = 3177 Re, = 199.7

AT

b ive Inatiuite of Teeslnsy

TKE

err err
0.049% 0.073%
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The energy box i\“(“.

" lJ
opposition control Re, = 3474 Re. = 190.5 U—b = 1.094
b.0
MKE z&%ﬁ‘,& TKE
o
P, = 0.996 P,. 0.354 £ 0.356
a=-0.004 & =-0.057 4=-0.054
err err
-0.097% 0.149%
0.004
Pe
raEaAass N — o LI

Croao=s=——saecctticarn =l = R o — - —
~A — = F LT
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The energy box i\“(“.

- U
oscillating wall Re, = 3267  Re, = 186.9 U—" = 1.028
b.0
MKE Aol TKE
@
P, 0.902 Py, 0.357 £ 0.454
A=-0,098 A=-0,054 A=0.043
err err
-0.014% 0.178%
0.098
Pe
- E— T T T T oo
-— — = — — =

Kt dissipation rate £ iIncreases
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The energy box: lesson g(".

Drag reduction <= reduction of TKE production rate 7,

Drag reduction F#* increase of MKE dissipation rate &

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

Sometimes I1, is a good alternative to I1,,

We made another (probably) unaware choice!

32 24.05.2017 Dr.-Ing. Davide Gatti — Turbulent skin-friction drag reduction from the energetic viewpoint m
Ko Irsttore :‘! .



The drag reduction experiment A“(IT
from the energetic viewpoint e

turbulent € + mean &
Kinetic energy dissipation rate

at (statistical) steady state:
Pt=Pp+PC=€+¢

7
Z control
power input

PC
Py
pumping
power
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Conclusions Q(IT

How to drive the flow?

Wis an important and necessary choice

B CPIl is a possible alternative...

¥ ...necessary to study systems energetically

Drag reduction from the energetic viewpoint
W 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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