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TURBULENT DRAG REDUCTION BY IN-PLANE WALL MOTION
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TURBULENT DRAG REDUCTION BY IN-PLANE WALL MOTION

SPANWISE WALL OSCILLATIONS
o W=W,cos(wt)
@ Spanwise motion - Uniform in x,z
@ R=45%, Pnet=7%

23 JUNE 2013 SPINNING DISCS



TURBULENT DRAG REDUCTION BY IN-PLANE WALL MOTION

SPANWISE WALL OSCILLATIONS
o W=W,cos(wt)
@ Spanwise motion - Uniform in x,z
@ R=45%, Pnet=7%

TRAVELLING WAVES
o W=Wpcos(kxx — wt)
@ Spanwise motion - Uniform in z
0 R=47%, Pnet=23%

23 JUNE 2013 SPINNING DISCS



TURBULENT DRAG REDUCTION BY IN-PLANE WALL MOTION

SPANWISE WALL OSCILLATIONS
o W=W,cos(wt)
@ Spanwise motion - Uniform in x,z
@ R=45%, Pnet=7%

TRAVELLING WAVES
o W=Wpcos(kxx — wt)
@ Spanwise motion - Uniform in z
0 R=47%, Pnet=23%

ROTATING DISCS
9o New drag reduction technique
@ Non-uniform along x, z
@ R=23%, Pret=10%
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ROTATING DISCS

TOWARD IMPLEMENTATION OF SPANWISE FORCING
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ROTATING DISCS

TOWARD IMPLEMENTATION OF SPANWISE FORCING

First proposed by L. Keefe (1998), but no results
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ROTATING DISCS

TOWARD IMPLEMENTATION OF SPANWISE FORCING

First proposed by L. Keefe (1998), but no results
Fully-developed turbulent channel flow R, = 180 - DNS: x, z Fourier, y Chebyshev
Parameters: D diameter, W maximum tip velocity
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ROTATING DISCS

TOWARD IMPLEMENTATION OF SPANWISE FORCING

First proposed by L. Keefe (1998), but no results

Fully-developed turbulent channel flow R, = 180 - DNS: x, z Fourier, y Chebyshev
Parameters: D diameter, W maximum tip velocity

Discs neighbouring along z: same sense of rotation

Discs neighbouring along x: opposite sense of rotation — triangular steady wave

Annular gap to avoid Gibbs phenomenon

23 JUNE 2013



0013 |
W=0.77, D=0.84, R=-56%
0.012
" W=051, D=0.84, R=-32%
& 0.011
C\ID-Q
<
© 001
> W=0.26, D=0.84, R=-12%
=
g 0.009
e W=0.06, D=0.84, R=1%
0.008
W=0.26, D=1.67, R=8%
0.007
W=0.26, D=5.07, R=19%
s s s s \ \
0006, 200 400 600 800 1000 1200
t
- / - / o )
= — dxdz, =
Lyl . 0 0

Flow decomposition: u(x, y, z, t)=um-+Ug-+Uut

Mean flow: um(y)=(u), Disc flow: uq(x, y, Z)
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MAP OF DRAG REDUCTION: OUTER UN
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Drag increase may occur at small D, large W

Maximum R=23%, maximum Ppe;=10%




MAP OF DRAG REDUCTION: NATIVE VISCOUS UNITS
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Maximum R=23% — D"~900, W ~11
Maximum Ppei=10% — DT~900, W ~7
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Time-averaged disc flow: ug(x, y, Z)=(u) —um

Ui+ wyt=23

qr(uf, wy)=
Doughnuts: thin circular patterns shielding wall from turbulence

Tubes: x-stretched tubular structures between discs

JUNE 2013




WALL-SHEAR STRESS
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WALL-SHEAR STRESS
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Large regions of negative wall-shear stress

Maximum wall-shear stress can be five times the mean one
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Bands: outer x-elongated regions of high and slow velocity

U5 rms(0) =W s (0)=W* \/(x /3)[T + 2D /(2¢F + D¥)]/4=4.37
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FLOW STATISTICS
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Bands: outer x-elongated regions of high and slow velocity

u;,ms(O):wdf,ms(O):W+ V(7 /3)[1 + 2D+ /(2ct + D+V)]/4=4.37
TKE of fluctuating velocity decreases




FLOW STATISTICS
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Bands: outer x-elongated regions of high and slow velocity
U5 s (0)=WZ, s (0) =W \/(w/3)[T + 2D /(267 + D*)]/4=4.37

TKE of fluctuating velocity decreases
Tubes contribute to change of Reynolds stresses — R via FIK identity Fukagata et al. 2002

Ry [y (1 — y) (GiVk) + UgVa — (Ur.sVis)] dy
Up — Hp f(; (1 = y) <Ui,th,S> dy

R(%) = 100
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POWER SPENT
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Power spent predicted well by von Karman pump laminar solution
Pop,t(%)=—100GW/2R%/? /(v/2DU, R? ) where G=—0.61592

Agreement is good for small Psp : and positive Ppet
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POWER SPENT
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Power spent predicted well by von Karman pump laminar solution
Pop,t(%)=—100GW/2R%/? /(v/2DU, R? ) where G=—0.61592

Agreement is good for small Psp : and positive Ppet
Local power spent may be positive - dashed lines are laminar-flow prediction

Regenerative breaking effect: fluid does work on discs
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SCALES OF DISC FORCING
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Modified graph from Kasagi et al. 2009
Temporal scale of disc forcing is one orders of magnitude larger than turbulence scales

Spatial scale of disc forcing is two orders of magnitude larger than turbulence scales
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REAL-LIFE DISCS

TRAIN, SHIP, AIRCRAFT

SPINNIN



REAL-LIFE DISCS
TRAIN, SHIP, AIRCRAFT

W*=10, D"=1500 — R ~ 20%
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REAL-LIFE DISCS
TRAIN, SHIP, AIRCRAFT
W*t=10, D*=1500 — R ~ 20%
Reynolds number effect :-( R ~ Ry %2, Ppet ~ R7®, a < 0.2?
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TRAIN, SHIP, AIRCRAFT
W*t=10, D*=1500 — R ~ 20%
Reynolds number effect :-( R ~ Ry %2, Ppet ~ R7®, a < 0.2?
SHIP HULL
@ x=1.5m,U=10 m/s — R, = 5000

o D=6.5mm
o f=170 Hz
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TRAIN, SHIP, AIRCRAFT
W*t=10, D*=1500 — R ~ 20%
Reynolds number effect :-( R ~ Ry %2, Ppet ~ R7®, a < 0.2?
SHIP HULL
@ x=1.5m,U=10 m/s — R, = 5000

o D=6.5mm
o f=170 Hz

HIGH-SPEED TRAIN
9 x=1.8 m,U=80 m/s — R, = 5000
@ D=8mm
e f=1130 Hz
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TRAIN, SHIP, AIRCRAFT
W*t=10, D*=1500 — R ~ 20%
Reynolds number effect :-( R ~ R=%2, Ppet ~ RZ, a < 0.2?
SHIP HULL
@ x=1.5m,U=10 m/s — R, = 5000

o D=6.5mm
o f=170 Hz

HIGH-SPEED TRAIN
@ x=1.8 m,U=80 m/s — R, = 5000
@ D=8mm
e f=1130 Hz

COMMERCIAL AIRCRAFT
@ x=1.5m,U=225 m/s —+ R, = 5000
@ D=7mm
9 f=3700Hz
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