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THREE-DIMENSIONAL TURBULENT STRUCTURE
(LONGITUDINAL VORTEX) IN OPEN CHANNEL
FLOW AND EFFECT OF FREE SURFACE
ON ITS STRUCTURE

By Iehisa NEZU and Hiroji NAKAGAWA

Synopsis

An investigation of three-dimensional turbulent structure, i. e. cellular secondary currents
or longitudinal vortices, is very important in hydraulic engineering because these currents
cause three-dimensional bed shear stress, sediment distributions and bed configurations such
as sand ridges in straight rivers.

The present study has carried out highly accurate measurements of secondary currents
in fully-developed open channel flows by making use of a powerful two-color Laser Doppler
Anemometer (LDA) system with a direct digital signal processing. The primary and secon-
dary velocity distributions, the maximum-velocity-dip phenomena, the bed and side-wall
shear stress distributions and also the turbulence characteristics were made clear by varying
the aspect ratio of channel. The effects of free surface on three-dimensional structure
were then examined by comparison with the data of closed duct flow. A strong free-surface
vortex is produced due to high an-isotropy of turbulence which is caused by the existence
of free surface. This vortex produces a velocity dip and also restrains the development of
the bottom vortex. Although the bottom vortex may be divided into smaller ones with an
increase of the aspect ratio, multi-cellular secondary currents are not produced any longer
in the central zone. The variation of bed shear stress, however, suggests strongly that muiti-
cellular secondary currents will be produced in all the cross section by a mutual interaction
of the flow and sand ridges.
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Table 1 Hydraulic conditions for open channel and closed duct flows
(a) Open Channel (Water Flow)

Case h B/h R U pos Uy Uss Uy, Re Fr x/4R
(cm) (cm) (cm/s) (cm/s) (cm/s) (cm/s) X104

AW-1 6.0 10.0 5.0 58.70 50. 75 2.394 2.074 9.1 0.66 90
AW-2 6.0 10.0 5.0 16.72 14.51 0.764 0.633 2.6 0.19 90
BW-1  10.0 6.0 7.5 55. 49 48.64 2.073 1.848  13.7 0.49 60
CW-1  10.1 2.0 5.0 59.01 53.53 2.417 2.376 9.7 0.54 90
CwW-2  10.3 1.9 5.1  133.69  122.75 5.196 5.073  23.1 1.22 90
DW-1  19.5 1.0 6.6 58.72 53.55 2.276 2.279 12.8  0.39 68

(b Closed Duct (Air Flow)

AA-1- 4.0 10.0 3.3 T716.2 624.1 312 27.5 6.0 — 38
BA-1 4.0 6.0 3.0 709.5 616.0 30.4 27.8 5.4 —— 42
CA-1 4.0 2.0 2.0 T719.7 620.7 31.4 30.2 3.6 —— 63

.=Mean Velocity at z=0, Ux,=Mean friction Velocity on bed, Uy,=Mean friction velocity
on side-wall. .

(=2 BW-1), 2 (#—2 CW-1) KU1 (5r—2 DW-1) O 4BHEZ SN BRATE U 1250
60cm/s EiRE—ETH BN D, LA/ VA Re=4RU, /v R TN~ ¥ Fr=U,/{ gh (22T, R=
BB, U,=KEhidhTomEams) OELRNEL, 2RRICRITHEVROEELRITS 5,
F7z, B/h=10 ®/r —Z AW-2 TRIEL A4/ v %L, B/h=20D% —X CW-2 TREMICLT2 K
BRIERIZT LA/ VAR 7 v — FROZESRIFTE N,

ST E 1K L S x=18m FHICHEE &Nz, Gessner (1981)213, £ 7 + D 2KFHEDH
BIcETAEROMAREEMRIT L, 2/4R=260 THHRKRBELI 2IRHSERINE L/ Lo 2D
BEEET LS, AW & BW Ti/KkgIES B=60cm & L, CW & DW TlikEaRicblz-TL
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Fig.4 Spanwise distributions of primary

and secondary velocities, U and V,
against all the channel width at
y/h=0.5. CW-1 is subcritical flow
and CW-2 is supercritical flow.
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Fig. 5 Spanwise component, W, of secondary currents calculated from the measured vertical
velocity component, V, by using the equation of continuity
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Fig. 6 Iso-velocity lines of primary mean velocity, U (95 2)/Upas, for the aspect
ratio of B/h==2,
(a) Closed duct flow, (b) subcritical open~channel flow and (c) supercri-
tical open-channel flow.
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Fig. 7 Iso-velocity lines of U(y, 2)/Un. and maximum-velocity line in open channels.
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Fig. 8 Log-law description of velocity distributions on the bed and the side-wall for B/h=10
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Fig. 9 Log-law description of velocity distributions on the bed and the side-wall for B/h=2
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Fig. 10 Spanwise distributions of bed shear stress, z,, and velocity dip in duct and
open channel. (a) B/k=10, (b) B/h=6 and (¢} B/h=2.
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Fig. 13 Vector descriptions of secondary currents (V, W) for B/h=2. (a) Closed square duct
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Fig. 16 Secondary currents for B/A=6.
(a) duct flow and (b) open-channel flow.
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Fig. 17 Secondary currents for B/h=10.
(a) duct flow, (b) open—channel flow in high Reynolds number
and (c) open-channel flow in low Reynolds number.



TE -l BB RN ZREEHAEE (BHR) S Ehic R T HBvKEORE 513

Figs.16, 17 i, B/h=6 KRU10D 2 WHEDHHZERL, WROREOLEBREER TR U TARY
PHEAAELIEEE, £ 7 PRTRESHSOROD & 5 LBKEER DRt/ <4 — v iBbh b,

OB pKEicia 3 REDKERNREET %0 .

Q@EMEIBIX B/h O¥AL L HIHEINT 548, B/h 35 3BERE B EHH U TN VROBER

BT BT REMENH B o

F9, TARZ M B/R 232 XD KREVE, BRE/KEL ABHIRICH S BOKER (W>0) 282
2y, TG UTEKE y/h=0.5 BEOEI MBS KER (W<0) »8Ebh, HWETREFEL
KERZHRT 5. COKEHKDOR S, Fig.7T OEREIGDO v 2 DRV M UL E—HL, 2RI
B89 3 Prandtl QFEEPNRUTH LI LD b, T D
£, BRWEA Yner BEBKETKEDONS nerlh)

REEEIRIC, REAKERIBRSN, £7 MRE &7 _
SREWAES Bo Sk e A

wic, @OEEROEMZ Fig. 1 OR)ITHE L 2HRE | oo e
OREMEELEELUTERTEETH 3. Fig.18 i3, & 743
HRDR 4 —n | RCBHRLALEZREEND OEMTRLE e
LDTH B0 | DFEBRREHTHBY, £ METIE B/h \ B Opan-Chanre!
ORNEEDICIIIBRLT 2 BEORIEI—EHICET L
30 —F, BUKEHRTI B/h=10 O, —R AW-1 T, 3 L
DORBEMCHE LTS, iz, AW-2 Tl 2/h=—2
R4 DBORBIZRAILL 72V BECOERITR 0 [ .
87208, KEROBKIC K> THI SR Shf LRI S h o 5 B 10
Bo DB, FY MROEERBISBHEATIC MK L, Fig. 18 Variation of bottom-vorlex
y/h=1 OF 7 b WAHEETTRELUTEETH 5014 L,y scale against the aspect
K CREELSROKERSEET 2 DI EmROAE ratio, B/h

(a) Duct Flow
CASE=RA1 NAME=V/UNAX (x103)

Y/H
0.0 0.2 0% 08 08 1O

v T Tt
0 0B LB U WE WO 38 %8 -

(b) Open Channel Flow
CASE=AHI wAnEsv/uNAx (x10%)

jiq

T/H
S0 0.2 08 08 05 .0

0 0B B Gk 2 00 0.8 8.8 %8 %Z 9.0 <28 -8 -2 22 20 -LO -L8 Ly =h2 -0 0.0 -0.6 -0.4 G2 0.0
b

Fig. 19 Contour lines of vertical velocity component, V(y, 2)/Upas for B/h=10.
(a) duct flow and (b) open-channel flow.
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Fig. 21 Contour lines of streamwise vorticity, wh/U,,., for B/h=10.
(a) duct flow and (b) open-channel flow.
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Fig. 22 Contour lines of turbulence intensities and Reynolds stress in closed square
duct and open channel of B/h:g).
(a) w/Usxs, (b) v"/Uss and [c) —uv/Uk.
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Fig. 23 Contour lines of turbulence intensities and Reynolds stress in open channel of B/A=10.
(@) w/Uss, (b) /Uy, and (¢) —uv/Uks.
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Fig. 24 Vertical distributions of Reynolds stress, —uv/Ui,, for B/h=2.
(a) duct flow and (b) open—channel flow.
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Fig. 25 Contribution of secondary currents to the shear stress, z,,, for B/h=2. SC1
and SC2 are the secondary current terms, G is the gravity term and SUW
is the transverse shear stress term of 7,,.
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