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←

→

(Homsy et al., Multimedia Fluid Mechanics)

4/22

•

(White, 2008)
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•

–
–

•

–

(NASA Report, 1979)

6/22

•

(Fukagata et al., 2006)
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7/22(Kasagi, Suzuki, and Fukagata, Annu. Rev. Fluid Mech. 41, 2009)

8/22
��������	
��
�FIK���

(Fukagata Iwamoto and Kasagi Phys Fluids 14 2002) 8/22(Fukagata, Iwamoto, and Kasagi, Phys. Fluids 14, 2002)
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•
–

•
(Bewley et al., 2001)

•
12% (Fukagata & Kasagi, 2004)

–
•

(Min et al., 2006; Mamori et al., 2010)
(Nakanishi et al., 2010)

•
– ( , , 2006 Yoshino et al., 2008) 

→

( , , 2006) - 6%

10/22

C oi et al. (1994) V
Fukagata & Kasagi, 2003
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11/22Min et al. (2006)

(Mamori, 2009)

12/22

•

– FIK (Fukagata et al., 2002) �
– FIK (Gomez et al., 2009) � M = 2

�
M = 2

•
– M=2
–

–

138 宇宙航空研究開発機構特別資料　JAXA-SP-11-004

This document is provided by JAXA.



13/22

• M=2

•

(JAXA HP )

14/222010 2012

2010
DNS 

DNS

2011
DNS 

M = 2 DNS

2012
DNS
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DNS

Kametani & Fukagata (EFMC-8, Bad Reichenhall, 
Germany, September 2010)

16/221Physical decomposition of skin friction drag 

� FIK identity for spatially developing boundary layer.

II. Reynolds Shear Stress, cTI. Boundary Layer 
Thickness, c�

III. Mean Convection, cC

IV. Spatial Development, cD

f : Spatial average value in z direction
�d: Displacement thickness 
� : Non-dimenstionalized by 

99% BL thickness �� & Streamwise velocity U∞

FIK identity (Fukagata et al., 2002)
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17/22Direct Numerical Simulation

� Governing Equations
� Continuity equation & Navier-Stokes equation

� DNS Code: Based on Fukagata & Kasagi(JCP, 2002), Fukagata et al. (Phys. Fluids, 2006)

� Creating boundary layer: Rescaling; using Lagrange interpolation (linear), Lund et al. (1996)

B.C on wall

B.C. on roof u, v, p : Neumann & w : Dirichlet (w = 0)  

u = w = 0, v = Vctr & p : Neumann  
for Both parts… 
Inlet : Rescaled velocity (Lund et al. 
1996)  & NSCBC (Miyauchi et al., 1994)

Outlet : Convective outlet & NSCBC

18/22

C
trl

. i
np

ut
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0 	 2	 3	 4	 5	 6	 7	 8	 9	

x/�0

Uniform blowing Uniform suction

Amp.
0.01U� -0.01U�

0.005U�
0.001U�

-0.005U�
-0.001U�

ParametersStanding zone

Uniform Blowing

Uniform Suction

Uniform blowing & Uniform suction
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19/22Flow visualization

20/22Statistics at Re
,nc=430

� � � �
 � 12 Re2ln2Re2ln31.0 �
��� 

fc

Shoenherr (1932)
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cr
ea
seRSS

VSS

Red: 1% UB
Orange: 0.5%UB
Yellow: 0.1%UB

Blue: 1% US
Light blue: 0.5%US
Green: 0.1%US

142 宇宙航空研究開発機構特別資料　JAXA-SP-11-004

This document is provided by JAXA.



21/22Decomposition of Cf

TC

CC < 0

CC > 0

Uniform blowing

Uniform suction

Reduction factor

Enhancement factor

Friction coeff. x 1000

Mean convection

22/22Summary

� DNS with uniform blowing (UB) or suction (US) was performed 
aiming at skin-friction drag reduction.

� Effect of UB & US on skin friction drag

� Mechanism of drag reduction or enhancement by using FIK identity.
– Spatial development term, cD, and Reynolds shear stress term, cT

are dominant for skin friction drag. Mean convection term, cC,  
reduces skin friction drag.

• UB: Mean convection term works as larger drag reduction factor.
• US: Mean convection term changes into drag enhancement 

factor.

Control Type Skin friction drag Viscous shear stress Reynolds Shear Stress

Uniform Blowing

Uniform Suction
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