


� ���

�

�









(m)

���������

(m)



���

����	


�



	

�
�� �
��
� 	
���

�


� �

�


5105,05.0 ×≈≈ ReFr



���

����	



���
	

�

�
 �����
�

�
 �����������
�
 �� �!�"
#

$






%&�

(m)







�
&
�

&

�

�



	

�

�

�

�

�

#




�



ν

M-
FR12 20,000 1.23 0.0011

0gh

18



19



20



21

; present LES



22

; present LES



	

�
���

�

� �����'!�(���



���

ξxξξx dGtutu
D

ii ∫∫∫= ),(),(),(

ui 

(1)

⎟
⎞

⎜
⎛ ∂∂∂∂∂ 1

),( tui x

G ξξξξ x

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

∂
∂

∂
∂

+
∂
∂

−=
∂
∂

+
∂
∂

ij
j

i

ji
ji

j

i R
x
u

xx
puu

xt
u ν

ρ
1

Rij

0=
∂
∂

i

i
x
u

(2)

jiji uuuu −=

(3)



),()()( , tuuSuS iiti xx ==

)()()( jiji uSuSuuS =

(7)

ui x, t

(8)

)()(
ixj

j

i

j

i uE
x
uS

x
uS +=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

δ
δ

)( ixj uE

(9)

j

i
x
uS

δ
δ )(



	

�

�



� )

DGdG

dfGf

D

D

∈≥=

=

∫∫∫

∫∫∫
ξξxξx

ξξxx

,0),(,1),(

)(),()(

ξ

,ξ �	�

���

*

•

ξξxx
x

ξxξx dwW
W

wG
D
∫∫∫ −=

−
= )()(,

)(
)(),(

f(x)

���

 ��� �+reman, 2003)

ξ∫∫∫=

D

dfGf )(),()( ξξxx x



•

•

.                

.)( ConstW
S

=x S

ConstWW == 0)(x

n

D

),( txu

•
n

,0≠Su

( )
S

T
S )( uu ∇+∇= μτ



�

( ) ( )
SSS

p

p
t

n⋅′′+′′−⋅′′−

−⋅∇−+−⋅∇+=⋅∇+
∂
∂

ττττ

ττττ

ρρ

ρ
11)(

1)(

nnuu

uuuuIguuu

.                

D

Sn
x⋅

•
Snuu ⋅=⋅∇

∫∫=

S

dSG ξnfxfn S )(),( ξξ

fff" -=



�,�

filter

�,�



���


�


�

L
W

H

Case 
name

bottom 
surface roughness

calculation 
region

LxHxW

wave 
length

Λ

wave
amplitude 

h

ReH
HUm/

ν

Average 
friction
U*/Um

viscous 
drag

Df /ρUm
2

pressure 
drag

Dp /ρUm
2

FS
Flat 
surface

smooth 3x1x1.6 - - 6760 0.0586 .003398 0
FR2 R2 3x1x1.6 - - 6763 0.0759 .001656 .003920
FR3 R3 3x1x1.6 - - 6751 0.0688 .003054 .001565
WS

Wavy 
surface

smooth 3x1x1.6 1.0 0.05 6759 0.1011 .002339 .006765
WR2 R2 3x1x1.6 1.0 0.05 6764 0.1217 .000090 .012179
WR3 R3 3x1x1.6 1.0 0.05 6753 0.1109 .001171 .009143

z xy
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Δ
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filter name filter shape filter size
Δx/H, Δy/H, Δz/H

filter size in 
viscous units

ΔxUo*/ν, ΔyUo*/ν, 
ΔzUo*/ν

filter volume
ΔxΔyΔz

CF1 small cube 0.033, 0.03, 0.033 13, 12, 13 0.0000333
CF2 large cube 0.067, 0.07, 0.067 28, 30, 28 0.000311
PF planar 0.20, 0.02, 0.133 80, 8, 52 0.000532
SF spanwise 0.0,  0.0, 0.167 0, 0, 64 (0.0000142)

Δx
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2/ mx UρR⋅∇

2/)( m
S

UHnuu ⋅′′−

Filter CF2 Filter SF

x-component of 
subfilter stress

Subfilter momentum 
transfer at boundary

2/ m
S

UHp ρn′′−

2/ m
S

UH ρn⋅′′ττττ

( ) 2/ m
SS UHunnu +ν

Pressure force  at 
boundary

viscous stress at 
boundary
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