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ABSTRACT

This study presented numerical simulations of smooth-bed flows in the rectangular open-channel using the source code by
OpenFOAM. For the analysis of the turbulent flow, Large Eddy Simulations were carried out and the dynamic sub-grid scale model
proposed by Germano et al. (1991) is used to model the residual stress term. In order to analyze the coherent structure, the uw quadrant
method proposed by Lu and Willmarth (1973) is used and the contribution rate and the fraction time of the instantaneous Reynolds
stress are obtained in the Reynolds stress. The results by the present study are analyzed and compared with data from previous
laboratory studies and direct numerical simulations. It is found that the contribution rate of the ejection events is larger than that of
sweep events over the buffer layer in the open-channel flow over the smooth bed, however, the frequency of the sweep event is higher
than that of the ejection events.
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Fig. 1. Computational Domain and Boundary Conditions for LES

Table 1. Experimental Conditions of Open-Channel Flow with
Smooth Bed (Tominaga et al., 1989)

H B B/H UIVLC(LIL Umax I?E F
.

(m) | (m) (m/s) | (m/s) | (x10%)

0.2 0.4 2 0.192 0.244 7.31 0.18

Vol.34 No.5 October 2014 1437



LESE o] 241213

ot
=

4. Bursting 2140|244

4.1 yw AFEH7|H

uw AREH7IH-L Lu and Willmarth (1973)9)] 23] A<k
7o 2, A%&ET(fluctuate velocity) u' 9 w' & o]-g3}e]
Bursting $/g¢] lols= 3-8 nXe & Bursting /<]
F7IE HeiRt g gitk & Holez e 7 Isse] Fus)
¢le]¢] v =A(threshold level)ol] ¢Jaf Fig. 22} 20| ¢Jakts=t
S{(outward interaction event), =3 J(ejection event), W
& Z8{(inward interaction event), <7 (sweep event), HiA]
F(hole)o. 2 F 57]¢] FHo = vHA drk viAlz=d He
el =719 Heolsz §EE AR HoH Holsx §YoR
TSk A7) e 2 thet o] Aojdr)

u'w/

H:‘— (13)

w'w' )
Z} Qo] E3he= =7t Hlols= $¥o|(u'w')o] AR
(e}

golE= 3((u'w’ ))dl] nX= 7]o}&{(contribution rate) RS,
o thee] Ao 2HE AlkeEch

—H
rs()= [ “enlp)dp =13 (14)

rs(i)= [ “en(ep i=2.4 (15)
H

714 1A 3A ) sgel RS, RS, ol
o] 4 F ] A negative production)el] 7]ofsH= ]

Interaction event

Ejection event
J (outward)

Hole

Interaction event

(inward) Sweep event

Fig. 2. Schematic Division of the Four Quadrants

1438 Journal of the Korean Society of Civil Engineers

3L, 2AREH dARE e sidshe RS9 RS ] /el
(positive production)o]] 7]ef8l= Hl&olth o(u'w'/{u'w') )=

Tt HlolE= S ARMET © dlolex= S0 R FApds)

AZ1 Wepo)al, p,(p) & 2 AREH X3EE =7t glolsx
Sl 27K FEolu}. 3k =7t glolE= 30| Hols=
S8 x| A7 (fraction time) 7.5, The-e] 4]0 21 E
Ak
—H
rs(m= [ “nlede =13 (16)
TS,-(H):/ pilp)dp i=2,4 a7
H

oM T3} TS, A @de] SHARE Foll dloke= 632
&l Al 71edehe ] ARMIE onelal, 78,9 T5,+=
dols= S o] B 7lofehs ARMIE 2n|gtt

4.2 Bursting SA0| 20l== S=iof| O|X|= Hef

Fig. 3& ww AR 71EE v} 7Pk A3(2 = 0.008 H)
T Tz = 0.44H)7} T=|ar a8 5EF Az = 0.88H)
Mgl &= o 9 w' ol #4843+ Aotk Figs. 3(a) and
3(b)E A EH 28R A REHe sfde e 2ET T £71
g Aoz ks ZS RIS ¢ ) 53] videlx=
TR WAYBGe] 70% oVde] 5 &7V A &
T TYlAE o 65% ool &} LA AS
T AUk FH TPRIEATE BERIE &) b
Haste] FeARgat Ao vt Sl E vEiliE s B
T Stk

Fig. 4= vlA|lz21ol] b =1k glolsz 689 7|oles =4
3 ot} &g AHLe Fig. 33 L5 viey 719
Tejar o) 2% AR o R Sieirk oA VRS iRl
Folan, AEZHE 7]efgelrt v 77k A3(2 = 0.008 )&
AT RH BEFY0] dols= 8] A4 71 & THE
s L thEo 2 LIl A Z]ofghct vijAlzzde] ARHA
F 7B AE B 4 vk S ok dofs= 88 Vodg
o] & Z& & 7 Utk AR oJgt Hlols= §34] S
A A9 = Ao R gkt viEsh sPde] Ae- A5
(viscous sublayer)ol|x] £&7]d o] Aujd o2 veRdtiar g
] 9tk Wallace et al., 1972), &3k AXAZ vlE2 99 g%
(buffer layer)ollr= L7188 £E5/0] 553 7]018S Hol
1, 72 o]§e] FlelrE BE o] Ao R VRt deiA
SIt}(Raupach and Thom, 1981). W}3} 717k A-(2 = 0.008 H)

KX
O AE



008 T T | 004 T T T 0.04 T T T T
006 [— — —
r Ejection Interaction (outward) 7 Ejection “'b Interaction (outward) 7 Ejection -4 Interaction { outward)

004 — 308 % 135% — o 30.§ Y. -] . 155% 002 287 % . 24.9 %

=

0 E 0

=

H
oos | Interaction (inward) Sweep n . Interaction (inward) Sweep . Interaction (inwa )’ “ Sweep
’ 17.1 % 3BT% h 18.2% 356% h 229% = 235%
006 f—
Y I I I I R S R N 1 | 1 1 | 1

008 0
u (m/s)
(@) z= 0.008H

u {m/s)
(b) z=0.44H

Fig. 3. Distributions of Fluctuating Velocity v and w

u (m/s)
(c) 2= 0.88H

L ———— outward interaction (1=1)
—f— ejection (1= 2)
inward mteraction{ 1=3) —

B sweep(i=4)
L ]

o
e

L ~a, 1

L] -.:
PN B T . e S-S
[ 4 L} 12 16 20
threshold level H
(@) z= 0.008H

& 739 A ¢t =1722 9532 sl

#EE o] /IR B SASP Wske A )
0] 7jo}ge Abwin npet
ZgPgo) 2\@durt = ek

= Qlek 44le] FU(z= 044H) 3
3} ke AR AR R

UL, HiAde] 2k e Flefgo] T & 28 2 4 gk
R ZISAAA 25 27
Ao Pk, nxjsto 2 Sl
ARG o3
o) =) Zrlelo] BE 1@ s ] Tig S
Jof sl 2 vz
S2lo] 7]ojgo] AYE o

sl 71t vl vl
ol uls) 7o) e ghe
2HT ARz = 088H)2] 71eiE-S

HolF Qu) sk vt} $24)e] Zao]
9] 7]elgo] E Ao " & Holsx
2= 9ok

Fig. S WA H=09) ) 52300 whe 7k AR2e] 7jol
& A9 ANyt = yu,/v)2 VeRle] EAIZ Zlelck whs- e

o5z 2ol A FFL

=71¢) =3t dols=

o H=
OE'—:},_‘I_

Hwine

L ———— outward mteraction{1=1) |
—+— ejection (1= 2)
= ====- inward interaction ( 1 =3)  —
B sweep(i=4)

\\ ~a
. = —
— S

_A_L._ni.‘i ——h &
thresho]d ]eve] H
(b) z= 0.44H

Fig. 4. Contribution Rate with Threshold Level

of TRk TAEE o}

———— outward interaction (i=1)
H— ejection (1= 2)
- inward interaction { 1= 3)
B— sweep(i=4)

sz Sfeir Z1oteel] Be
= e 9 Fe7h o 7REe] AA9(Lu and Willmarth,
1973; Brodkey, 1974; Nakagawa and Nezu, 1977)¢} Kim et
al. (1987)2] DNS Ao} 3] =AY Brodkey et al. (1974)
9} Kim et al. (1987)8] A3} 4" <129
B2Vl vls) 27 LAl
aar} =) Vepdek ol
ojefg ¥ 7Pk A3 RS Bl 5
etk Tt 955 oy > 30)dlke VI A
o] Az}e} 2k Ax|3t} Nakagawa and Nezu (1977)9] Z23=
B SRy = 600)0] SHITE 257 2] @] 716igo)

Lo —
i : ", i
- ..2. ) A . <
L LSS
L L | I | L | |.-\

4 12 16 2

thresho]d level H

(c) 2= 0.88H

F719) <% ols

FollM &7 ol
2 Aelrte EEIel &1
AR At Ayt = Az+ =172
ZH3HA]

SAm

TSk, B olre] Sue) 79 AR ' oF 220008

ol A PR AEE HoFE AL & 7
Table 2= Nezu and Nakagawa (1993)7} |13k &5

% Sl
S

2718232 7|38} Kim et al. (1987)2] DNS $=x]52] A7}o]

Vol.34 No.5 October 2014 1439



LESE o8 AAld) A4z uRagel 247x 24

Ejections
FAY Lu & Willmarth (1973)

—&— MNakagawa & Nezu (1977)
& Brodkey et al. [1974)

Sweeps

A Lu &

Willmarth (1973)

—@—— HMakagawa & Nezu (1977)
L 3 Brodkey et al. {1974}

—FH+— PresentLES —l— PresentLES — DNS({Kimetal, 1987)
y=12 y=2200
12— —
L +* |
RS, +
<
_ 08— E\ R |
2 '\
B o ) - 7
™ A
RSZ\_/
04— —
0 | | L1111 ‘ | | | ‘ | L1 L1l | | | L1 11
10° 10" 10° 10° 10*

Fig. 5. Distributions of Contribution Rate %5, and RS,

Table 2. Comparison of Contributions Rate RS,

Present LES | Nezu and Nakagawa (1993) | Kim et al. (1987)
RS, | 0.714+0.039 0.77 £0.029 0.76
RS, | 0.55+0.039 0.57+0.029 0.52

24
- O Nakagawa & Nezu (1977)
& Brodkey et al. {1974)
P N Lu & Willmarth {1973} |
X Wallace ef al (1972}
B DNS (Kim etal,, 1987)
—FF— FPresentLES B
16 — e
® |
o -
E o
X _
~ 12—
-+
E 8
08— i
04—
X
0 | \I\III\‘ | \\I\HI‘ 1 II\IIHl 1 L L L1l
10° 10" 107 10°

+

Yy
Fig. 6. Distributions of Ratio RS,/ RS,

1440 Journal of the Korean Society of Civil Engineers

10°

ok 955 o1Fe] iy " > 30)0M BEFYl oJ3t Hlols=
go] AWAe oF T1%E ARt L7[e el o3k Hole=
o] PP oF 55%E ARk 2E & F vk £ A7
27} o 2R g o 2 4 AUxBh= ke B 4 Qlvk REe

&7IVde] 71otge] Yol 1o] vz A REVI &7V
gz §8e] o] A 7ot Feate-e Hols= &
o] <] Aol 7]efskr] wiiEoltk

Fig. 6& 22315} &Idde] 71etge] vl(RS,/ RS,)E A
of w2} Alek ook mEgh apolre] A3 Aviel DNS 3%
o) Aikg A ABIITE v <309) 7B}y > 3004 B
71E Y 9 pARe] kel & dAjehks s & 4 QUvk
Blo] 774g] AE(y" < 30) B3V vls) L1339 =)
7} Z7Veh= A3S B 4= vk B3 Nezu and Nakagawa (1993)
£y > 3000 RS,/ RS,E 0TAZ AP, vI5g A
DS F Uk F, 5T 015 ?7}(J > 30)°1*i =Pt
L7123 7lotge] F7)9h SHH o EEEI LIl
fola= &8 o] A AAlEe H] 2 dAEE

Fig. 72 viRlzz] =09 w) 40l whe zF AREHe] AR
& k) AR vehfo] =AIgk Zloltk Nakgawa and Nezu
(1977)¢} Brodkey et al. (1974)2] 213 At} 37 TABICE
Hker ZAE AQshd FA|ne] At 7)E A dqe] Avte}
A2 Lxjsh= 218 2 4= 9k Table 32 Nezu and Nakagawa
(1993)7} 30 < y" < 0.6Re. (Re,=u_Hfv)dX] AXg B=3]

B



rﬂ'.
2
ole

Ejections
—&— MNakagawa & Mezu (1977)
(o3 Brodkey etal (1974 &

—F+— Present LES

b
ox.
Ho

Sweeps

—@—— Nakagawa & MNezu [1977)
Brodkey et al (1974)

—— Present LES

06
04— —
<

= r . B
02— —
0 | | III\H‘ | II\II\l | I\I\I\‘ | I |
10° 10" 102 10° 10%

+

hi

Fig. 7. Distributions of fraction time 75, and 75,

Table 3. Comparison of Fraction Time 75,

Present LES Nezu and Nakagawa (1993)
75, 0.29 £0.009 0.29£0.012
75, 0.33 £0.009 0.34 £0.008
gk 2719ge)

ARHa]oT) AN HS]elAe] HEE ) 27
o] Zhzbe] AIzhl= o 0.299} 0.330.2, B Aol U5t
Hgloe] MRS @OJ‘H% 7%% s %le*ak— 2 & & ol

AP ek shg AR R 2A TS
A3l 911l LES B2 olgsle] 4] mojg Srasieick
227] ) 4 iste] Bursting ol 288 7ol

B8 4885190 Bursting S48 48 ww AREHE 7HES
o}4319] Busting Fto] slolisz §o) vl Fes sjelel
ek

ol THEFS FeAge] Yol Tk A 29l &
T AT BEI L1 dole= $89] g Al
7ot g o]& B4k flete] 7 % *ou 7]ot&3t ARMIE
TSI 5T o2 TRt FEF Y] Tlofee] 71d
o] 7)ot wlg) A sk A & 5 L EEdst
&713e] 71oge] vl A Hehbks s & 5 Sislnk
TR 955 o]Fe] e BEEE] ARBIZE £7183]
ARPIRT 22 ghe 7= 2 S91E fr A o= 7=
9 ‘ﬂ:r@r AR} AL,

Nezu
R 9ok QXS AL FAT $ 191k

_1

o{
E

gl =

o] =82 2013d% AR (e AYe s =
ko] 2908 Hlo} 2= 3 70](NRF-2012R1A2A2A02047
549). 7HH] 2ol ZAR=-UTh

References

Blackwelder, R. F. and Kaplan, R. E. (1976). “On the wall structure
of the turbulent boundary layer.” Journal of Fluid Mechanics,
Vol. 76, No. 1, pp. 89-112.

Brodkey, R. S., Wallace, J. M. and Eckelmann, H. (1974). “Some
properties of truncated turbulence signals in bounded shear flows.”

Vol.34 No.5 October 2014 1441



LESE ol 214214 7}

Journal of Fluid Mechanics, Vol. 63, No. 2, pp. 209-224.

Corino, E. R. and Brodkey, R. S. (1969). “A visual investigation of
the wall region in turbulent flow.” Journal of Fluid Mechanics,
Vol. 37, No. 1, pp. 1-30.

Germano, M., Piomelli, U., Moin, P. and Cabot, W. H. (1991). “A
dynamic subgrid-scale eddy viscosity model.” Physics of Fluids
A: Fluid Dynamics (1989-1993), Vol. 3, No. 7, pp. 1760-1765.

Gyr, A. and Schmid, A. (1997). “Turbulent flows over smooth
erodible sand beds in flumes.” Journal of hydraulic research,
Vol. 35, No. 4, pp. 525-544.

Harlow, F. H. and Welch, J. E. (1965). “Numerical calculation of
time-dependent viscous incompressible flow of fluid with free
surface.” Physics of Fluids, 8, p. 2182.

Issa, R. 1., Gosman, A. D. and Watkins, A. P. (1986). “The computation
of compressible and incompressible recirculating flows.” Journal
of Computational Physics, Vol. 62, No. 1, pp. 62-82.

Kim, H. T., Kline, S. J. and Reynolds, W. C. (1971). “The production
of turbulence near a smooth wall in a turbulent boundary layer.”
Journal of Fluid Mechanics, Vol. 50, No. 1, pp. 133-160.

Kim, J., Moin, P. and Moser, R. (1987). “Turbulence statistics in
fully developed channel flow at low Reynolds number.” Journal
of Fluid Mechanics, 177, pp. 133-166.

Kline, S. J., Reynolds, W. C., Schraub, F. A. and Runstadler, P. W.
(1967). “The structure of turbulent boundary layers.” Journal of
Fluid Mechanics, Vol. 30, No. 4, pp. 741-773.

Lilly, D. K. (1992). “A proposed modification of the Germano
subgrid-scale closure method.” Physics of Fluids A: Fluid Dynamics
(1989-1993), Vol. 4, No. 3, pp. 633-635.

Lu, S. S. and Willmarth, W. W. (1973). “Measurements of the structure
of the Reynolds stress in a turbulent boundary layer.” Journal of

1442 Journal of the Korean Society of Civil Engineers

Fluid Mechanics, Vol. 60, No. 3, pp. 481-511.

Nakagawa, H. and Nezu, 1. (1977). “Prediction of the contributions
to the Reynolds stress from bursting events in open-channel flows.”
Journal of Fluid Mechanics, Vol. 80, No. 1, pp. 99-128.

Nezu, 1. and Nakagawa, H. (1993). Turbulence in open-channel
flows, Monograph, Balkema, Rotterdam, The Netherlands.

Nezu, I. and Sanjou, M. (2008). “Turburence structure and coherent
motion in vegetated canopy open-channel flows.” Journal of
Hydro-environment Research, Vol. 2, No. 2, pp. 62-90.

Niflo, Y. and Garcia, M. H. (1996). “Experiments on particle-
turbulence interactions in the near-wall region of an open channel
flow: Implications for sediment transport.” Journal of Fluid Mechanics,
326, pp. 285-319.

Okamoto, T. A. and Nezu, 1. (2010). “Large eddy simulation of 3-D
flow structure and mass transport in open-channel flows with
submerged vegetations.” Journal of Hydro-environment Research,
Vol. 4, No. 3, pp. 185-197.

Raupach, M. R. and Thom, A. S. (1981). “Turbulence in and above
plant canopies.” Annual Review of Fluid Mechanics, Vol. 13, No.
1, pp. 97-129.

Smagorinsky, J. (1963). “General circulation experiments with the
primitive equations: 1. the Basic Experiment.” Monthly Weather
Review, Vol. 91, No. 3, pp. 99-164.

Tominaga, A., Nezu, 1., Ezaki, K.. and Nakagawa, H. (1989). “Three-
dimensional turbulent structure in straight open channel flows.”
Journal of Hydraulic Research, Vol. 27, No. 1, pp. 149-173.

Wallace, J. M., Eckelmann, H. and Brodkey, R. S. (1972). “The
wall region in turbulent shear flow.” Journal of Fluid Mechanics,
Vol. 54, No. 1, pp. 39-48.



