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İ±�ŒÑoą5őNŋĺ§H�Ĉ÷öŔŒøŖı

• ±�,xŒ)Ģ -£Śĺ/ş,Ł-

• 1.	űƁƕ�DS�5őŚŝ�����´,x
• 1-(a)	S	±¶Ño¥ĂőŊĳŌ
• 1-(b)	űƁƕ�DS�5őŚŝ,x{éŎ,x§¥őŊĳŌ

• 2.	�¨$ſƕƅEŜ0Ě,x
• ,x{éŎ,x§¥őŊĳŌ
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ĜátƖ�Ą{Ɩ"¹{
	±şŏŒŚĴő,xĿŇśŚĳķơ

āp6ČŷƕųƒŒ
×��Uď

Ø!ĝ (gray)
Q+ =	-0.013

£Śĺ/ş
,Łơ
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±�,xŒ)Ģ

'��"

V- riblet :	about	30μm	
(3M)

p�����´¿ ~10ƙ
p_§őŚŝøĦ (1992)
→ º�-´ 2	ƙ

pƍƕŷŻƕűĸyó

l Spaniwse wall-oscillation
l Travelling	wall
l Blowing	and	Suction	

Ā¨ÈōœŐĳƜ
.ő?wĿ
Ň|OőNŋĺ,x

p�����´¿ ~40	ƙ
p�ÖēÈŐE�{
p,xƍũżŲƌĸ�õ�Ő·
ĸĲŝ

pWĹŐ�%ŧŽƒŪƗĸyó
ŐPAĸĲŝ

*��"���"

ƃţƗźƀŶū,x

Sĝō?wŁŝ±�|OőN
ŋĺĀ¨ÈŐ,x

p�����´¿ ~25	%
p¦įŐƓŤžƒŲ�őaz
pdŐĳ�%ŧŽƒŪƗ

p§¤ÈőħpŐ�ñĸyó
(Yoshino	et	al.,	2007)

l V	control

��
������"���������"

ſŤƄƑŶź
ſŤƄƑŶź
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Airbus	A320

u 2D	riblets	surface

Bacher	&	
Smith
(1985,1986)

@5,x

K.	Koeltzsch	(2002)

u Placoid	scale	ƚ$(.	����ƛ

Rasci	&	Muskik	(1986)

u Flight	evaluation	test

Szodruch	J.,	AIAA	Paper	91-0685	(1991)

u 2D	riblets	sheet	 (3M)

Width	: 152μm
Materials:	 plastic

u 3D	riblets
Choi,	H.	et	al.,	2008
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é5,x

Yoshino	et	al.,	2008

ƃţƗźƀŶū,x

Į£ýŐ,x
ĭħ�ƜòęŐ,xÛ

x

y

z

FLOW

ƅƓŸŴƗƋƕź,x

Į�ÖēE�Èō:ÜŐ,xÛ
Įħĳ�����´¿
ĭ�%ŧŽƒŪƗĸWĹĳ
ĭ,x§¥ĸ�õ�(?)

y+~15

y+~7.5

ãµ¥Ă

y z
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,xŒaú
• ,xŒ�®œĽŕľŕ
• +ÃŁŝ±�¼ÁĸŅŞņŞÆŐŝ

• @5,x
• g±7å

• Ú{��ş�´ŁŝŇŗĉÒş�,Łŝ
• ƈƒŷŶūűŰŦŽƓƗŴ

• K1��ş�´ŁŝŇŗĉÒş�ăŁŝ
• ƑƄƓŶŹ

• (�õ�)

• é5,x
• ě5ƃšƕ

• µşÂ~ŁŝļŎō±�³Aş�ăŁŝ
• ģćŒńŠ5ą5 (ƅƓŸŴƗƋƕź,x)

• (�õ�)
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ƅƓŸŴƗƋƕź,x

�ēE�,x

x

y
z

W.	Jung		et	al,	1992

x

y
z

±Ş�DE�,x
M.	Quadrio		et	al,	2007

x

y
z

ăð¯,x

FLOW

DR	rate	over	45%
Net	DR	rate				7%

DR	rate								13%
Net	DR	rate				?%

Min	et	al,	2006

DR	rate	over	50%
Net	DR	rate				?%

�ēE� T+

x

y
z

e�,x
Choi	et	al,	1994

Periodic	blowing	and	suction

Max.	DR	rate		20%
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• ŵƎŽƒ�SşƜűƁƕ�Dő�5ĽŃŝ,x

• ,xƁƐƍƗŴ
• WĹĽ :	Wm

• �5E� :	T

űƁƕ�DS�5,x

x
z

y

0.20

0.00

 0/4π
 1/4π
 2/4π
 3/4π
 4/4π

y

9

×�űŹƗūűGġŒõ(g±ş�^)
űŹƗūűg=Ľ



űƁƕ�DS�5,x

Contour	:U	at	y+=5	(red	7.0,	blue	2.5) Iso-surface	:	Q+=-0.013

FLOW

Spanw
ise

z

Streamwisex

t+	=	0

t+	=	150

t+	=	400

ãµ

x
z

y

0.20

0.00

 0/4π
 1/4π
 2/4π
 3/4π
 4/4π

y
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,xŒ4¢

10

8

6

4

2

0

W
0+

2 3 4 5 6 7 8 9
100

2 3

T+

10

8

6

4

2

0

W
0+

2 3 4 5 6 7 8 9
100

2 3

T+

(Yakeno	et	al,	2010)

�����´¿

ÌŧŽƒŪƗ¿

ƠĜ,x�ŒƉƕƅ51

Ơ,x�ŒƉƕƅ51

Ơ,xőóŁŝŧŽƒŪƗ

K16Č�^��

Energy	saving

w/	controlw/o	control

Energy
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u b
+ =

Reτ
3

− 1− y +

Reτ

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 0

Reτ∫ − ′ u + ′ v +( )dy +

Ú{����ŎƓŤžƒŲz1

(Ref.	Yakeno	et	al.,	2014)

� 

− ′ u ′ v = ′ u 2 ′ v 2 ⋅R ′ u ′ v 

� 

′ u 2 ′ u ′ v ′ u ′ w 
′ u ′ v ′ v 2 ′ v ′ w 
′ u ′ w ′ v ′ w ′ w 2

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

�ƓŤžƒŲz1ŷƕųƒ

±Ş�DāpŒ	Şrp
ħĽ�DāpŒ	Şrp
u’Ŏv’ŒËĔ��

ËĔ�� =	1	őÿĳ à ãµ¥Ă

� 

R ′ u ′ v 

	±őŚŝĊ)g±őŚŝĊ)
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K16Č�^��

� 

C f =
2τw (= ρuτ

2)
ρUb

2

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ =

6
Ub
2 Reτ

+ 6 1− y +

Reτ

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ − ′ u ′ v +( )dy +

0

Reτ∫
(Ref.	Fukagataet	al.,	2002)

ûď±ď�^��



�5PŒ	±ßöďŒõ¡

�ËmL

�ËU5

	±U5
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• ŵƎŽƒ	±PŒ
ƓŤžƒŲz1

• ƓŤžƒŲz1œ
�ËU5ŎŅŞ
�VŒ	Ş~)
ő)õōĹŝ

ƓŤžƒŲz1Œ)k

0.8

0.6

0.4

0.2

0.0

-u
"v
"

1
2 3 4 5 6 7

10
2 3 4 5 6 7

100
y+

 w/o control
W0

+ = 5.0, T+ = 16.0

W0
+ = 5.0, T+ = 50.0

W0
+ = 5.0, T+ = 250

(Yakeno	et	al.,	2014)
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µ¥ĂŎƓŤžƒŲz1

u”

v”

Q4

Q2
Q1

Q3

Ejection

Sweep

PDF

Interaction

Interaction

±Ş�Dāpu
ĸ�ĳĠM

Q2
Q4

Q3

Q1
u”<0

u”>0
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レイノルズ応力四象限の
Ub 増加への寄与

�T = 75 が最適な制御周期, レイノルズ応力Q2 イベントが最も低減
✓長い制御周期では, レイノルズ応力Q4 イベントが増加→ 摩擦が増加する

� 

u b
+ =

Reτ
3

− 1− y +

Reτ

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 0

Reτ∫ − ′ u + ′ v +( )dy +

SĝķśŒħĽyŒ
čŖ�ĹÔ)ď
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ãµ¥ĂŒ条件付き抽出

Grey	iso-surface		Q	=	-0.02

Blue/Red	iso-surface
-u”v”	=	0.2

�Q	=	∂ui/∂xj ∂uj/∂xi <	-0.02
�Qの最小となる点
✓回転方向ωx >	0
✓平均する渦構造周りの検査体積

0 1178
0

471 ���Ĺ�(ĿŇãµ¥ĂŎ
ƓŤžƒŲz1Q2ŎQ4
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ƓŤžƒŲz1Œ�ËU7
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T = 250+
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0 -5 0w +

 0/8 π

40
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0 50 w +

 4/8 π

40

30

20

10

0 50 w +

 8/8 π
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20
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0 -5 0w +

 12/8 π

Q2	event Q4	event
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ĬĪŎĬīĨ�´ĩR2Œüļŝ�Ë

19/54



Q2 の低減

Q2の低減は が渦の下部 y	=	10	で最大となる位相となっている

(Yakeno	et	al.,	2014)
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ãµ¥ĂŎűƁƕ�D#Ĺ
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¡ 乱流エネルギー方程式

Redistribution

Production

z

x

High	speed	streak
u”<	0

Low	speed	streak
u”<	0

y

x

Inclining	of	vortex

tilting	of	vortex

Redistribution
àMaintenance	of	a	vortex

means
(Yakeno	et	al.,	2014)



縦渦構造の傾き

22

z

x
%�#�

z

x

,�#�

Iso-surface	Q	=	-0.02

grey	contour	<-2p”∂u”/dx>

0            4/8π         8/8π         12/8π          
φ [rad]

(Yakeno	et	al.,	2014)



Q4Œ�´ŎR2

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]

0            4/8π         8/8π         12/8π          
φ [rad]


��#���+!

 �&�)-

Q4イベント

縦渦構造の傾き角度は
y~15 付近の

平均速度勾配の傾きに
一致する

(Yakeno	et	al.,	2014)
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摩擦抵抗低減効果

24

�Q2イベントの低減は渦の下部 y ~ 10 での渦回転と反対方向の平均速度剪断が最
大となる位相で起こる

✓長い周期でのQ4の増加は渦の存在する y ~ 15 付近の平均速度剪断により渦構造
が傾けられ，渦内部の圧力ひずみ相関が増加し，生成が増加するために起こる

✓摩擦抵抗低減効果は，ストークス層の解析解から得られる によって以下
のように見積もられると考えられる

Q2	の低減 Q4	の増加

(Yakeno	et	al.,	2014)



バルク流量増加 ΔUb

25

(Yakeno	et	al.,	2014)
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İ±�ŒÑoą5őNŋĺ§H�Ĉ÷öŔŒøŖı

• ±�,xŒ)Ģ -£Śĺ/ş,Ł-

• 1.	űƁƕ�DS�5őŚŝ�����´,x
• 1-(a)	S	±¶Ño¥ĂőŊĳŌ
• 1-(b)	űƁƕ�DS�5őŚŝ,x{éŎ,x§¥őŊĳŌ

• 2.	�¨$ſƕƅEŜ0Ě,x
• ,x{éŎ,x§¥őŊĳŌ
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�¨$ſƕƅEŜ0Ě,x

27

x

y

z

Reattachment
occurs

Control
position

Iso-surfaces	of	II	
(the	second	
invariant	of	
∂Ui/∂xj)	colored	
with	velocity



ŅŘŅŘ0Ě,xōœ
�şŁŝŒķơ

• K1��Œ�´ĸÉÈ
• �®Ơą5ďş��Łŝ

• ±āşR2Łŝ
• 	ŞşR2Łŝ

28

z

x

Attached

z

x

Separated

z

x

Reattached

āp)kŒU7
à0ĚĠMŒ�´



ŅŘŅŘ0Ě,xōœ
�şŁŝŒķơ

• K1��Œ�´ĸÉÈ
• �®Ơą5ďş��Łŝ

• ±āşR2Łŝ
• 	ŞşR2Łŝ

29

	Ş~)ŒR2őŚŝ
ą5ďŒ��

āp)kŒU7
à0ĚĠMŒ�´



Schematic	diagram	is	from	
Aono,	Sekimoto,	Sato,	Yakeno,	
Nonomuraand	Fujii,	2015

±�,xŸƀŤű
ƅƐŲƊŢūŵƏŧƗŴ

• Characteristics
• :ÜŐůűŷƌ
• §¤Èő5ķŐĳ
• ±ďŒR´ĸŐĳ
• ħěKĸyó(<ė)

• Consist	of
• îĳàâ��şĐfêō�Š
ň¥Ă

• �±ěKş��ŁŝŎƅƐŲƊ
¾}ĸ�śŞŝ

• ěĚ¾}ōÂŀŇĘŤŨƕŒ
Ò5ĸÖ«±ŎŐŝ

• Computation	 &	Experiment
• Moreal,	2007,	Corke et	al.,	2009,	
Cho	and	Shyy,	2010,	Wang	et	al.,	
2013,	Aono et	al.,	2015

30



0.0 0.1 0.2-0.1-0.2

0.7

0.0

x

z

Dc/DcMax.

0Ě,xŒÊ��!öÙ

~~

FreeFiltered

Hump
heightin x

33.026.0-2.0-4.0 4.02.00.0

Constant

Constant

~ ~

-12.0

~ ~

40.0

l U�œ ρinf,	uinf ,	h	(ſƕƅħĽ)ō¸¨$7

l ±%QÅ�� :	ƄƐŰťűQÅg (	δin =	0.25	)
l ±(QÅ�� :	2nd order	filtering

l ,x�Ô1œſƕƅĞ� (	xact =	0.0	) 31

Suzenmodel

4,000
16,000

0.2



�Č�Óq�ŒƅƐŲƊŢū
ŵƏŧƗŴ�Ô1

• �Č�Óq

32

Sx = Dc sin2(2�Fbaset)
(very	high)

1	/	fh

ON 1%	of	1	/	fh



ƅƐŲƊŢūŵƏŧƗŴ�Ô1Œ
ùü±Ş

• ƆƗűE¯� (	fbase )œħĺƜƀƗűŹª (	BR/fh )œcĽĺ
÷^ (1%)	<<	2D	vortex	scale

33

w		:		-0.15	to	0.15

Continuous	mode BR	=	0.01 BR	=	0.10

4000-1 4000-3 4000-2

fh =	∞ fh =	0.05 fh =	0.05

� we	use	BR	=	0.012DŷűŹöÙ



öÙÞ¢ ,xŐĿ

Reh =	4,000 Reh =	16,000

0.0 0.02.0 2.0

4.04.0

Q	=	1.0
Contour	u	:	-1.0	– 1.0

Q	=	0.1
Contour	u	:	-1.0	– 1.0

v±őœ�¨$ŒƔƗƒµĸÇÂƜŅŒēő�¨$ŒƑƄ¥ĂĸÂŀƜļŞő�ĳű
Ɓƕ�DāpU5œR2ĿŌĳĺ

2D-Roll
3D-Ribs

34

(Yakeno	et	al.,	2015)



,xÞ¢ ,xĲŜ

35

fh=	1.0fh=	0.5fh=	0.2

fh=	0.1fh=	0.05fh=	0.025

(Yakeno	et	al.,	2015)



�ēmLŒßöď

10.08.06.04.02.00.0
x

0.030

0.020

0.010

0.000

-0.010
C f

 

Reh = 4000, xact = 0.0
 w/o control
 fh = 0.025 
 fh = 0.05
 fh = 0.10
 fh = 0.20
 fh = 0.50
 fh = 1.00
 fh = 5.00

-0.05

0.25
u

0.0 2.0 4.0 6.0 8.0 10.0-4.0 -2.0-6.0

0.0 2.0 4.0 6.0 8.0 10.0-4.0 -2.0-6.0

fh=	0.2	(optimal)

w/o	control

±Ş�DāpŒ�ēmL)k

fh =	0.2	ŒPAō�Ř�ĺ�ÍŁŝ
Ć>ŒÎôŎ�ì

36

(Yakeno	et	al.,	2015)



0ĚĠMđĽ xsep.

Uncontrolled

h

sep

Uncontrolled

h

sep

4

4

(a) (b)
0.05
0.10
0.20

0.50
1.00
5.00

0Ě�ä

0ĚĠM

'�Í�ä

Re = 4,000 Re = 16,000

�Ř�ĺ�ÍŁŝE¯� fh =	0.2	œƓŤžƒŲ�ő�YĿŐĳƘ

(Yakeno	et	al.,	2015)
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E¯��Y{őŊĳŌ

38

Low-frequency
(fh =	0.05)

High-frequency
(fh =	1.0)

�ĳE¯�ōœƜWĹŐ
ƔƗƒµĸ�ŊÂŀŝ

ħĳE¯�ōœƜƔƗƒ
µŒ*ĸōĹŝ

Optimal
(fh =	0.2)

(Yakeno	et	al.,	2015)



(a) (b)

1.0

0.965

0π

0.4π

0.8π

1.2π

1.6π

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0.0 2.0 4.0 6.0 8.0

0π

0.4π

0.8π

1.2π

1.6π

fh = 1.0fh = 0.1

�ËU5ŒK1)k
Low frequency High frequency

39

(Yakeno	et	al.,	2015)
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40

• N�±
• Hyperbolic-tangent

• ÖēRl¿

(Ho	and	Huerre,	1984)

fh =	0.5 fh =	1.0

=	0.032

ħE¯�ő
Śŝ,xŒ
PAőËs



�¨$ƔƗƒµŒűŬƗƒõ¡

1	ƀƗűŹ =	1	̄

1.0

0.9650.0 2.0 4.0 6.0 8.0

4321
High frequency

41

1.0

0.965

1.6π

0.0 2.0 4.0 6.0 8.0

Low frequency

µŒÊu

µŒÊuĸ¬ŕŉŌĳŝ

ſƕƅħĽŒµĸ�śŞ
ŝ�ēűŬƗƒœĶŚŅ

fh = 0.25

(�IøĿŇŬƗűŒ�ō)
�Ř4¢ŒħĳE¯�

fh =	0.2	Ŏÿĳ!

(Yakeno	et	al.,	2015)

41



0Ě,xŕŎŗƞ
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ū

@w̄

@x

+ w̄

@w̄

@z

+
@u

0
w

0

@x

+
@w

02

@z

= �1

⇢̄

@p̄

@z

+
1

Reh

@

2
w̄

@xj@xj

0Ě,xŒ4¢ŎļŞśŒğ
ŒWĹĽœËĔĿŌĳŝ

49

0Ě,xőœħĽ�Dāp
U5ş�Ŝ(ŁļŎĸčó?!


