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THREE DIMENSIONAL STRUCTURE OF THE FLOW NEAR
THE SIDE-WALL IN OPEN CAHNNEL

By Hirotake ImamoTo, Taisuke Isuicaki and Koji SHIONO

Synopsis

Distribution of boundary shear stress and flow structure near the corner in a rectan-
gular open channel are investigated. Boundary shear stress was estimated from velocity
distributions obtained by LDA measurements, by using Preston tube and film sensor, and
also calculated by Naot-Rodi model. Flow structure near the side-wall was visualized by
the hydrogen bubble method. Results shows that the secondary flow cells closely relate the
distribution of boundary shear stress and coherent structure of wall region on the side-wall.
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EHW KI5 2 MBSO NE 3IRTHEMSEETH b, EENNL L UBREY AN ISH
KEOEBBEONG, COBEIR, HUTEEE L TEIN 2KRABKUTHHALLETR LN IAHE
BT AKERAAVTRIHEATWS, Bl IME - IV, v—F . Foy 7IHRETERAV RS
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BE OBEHIH AWM AR ANEKEMETA R, Ef&KAEEBETNSKBEAMERT &, BLUKE
TEKERDBKEL LA LD > TREBECERT 3 RAMAIP/NES BB LR EEEH LTS, L
LMD, QBT 30HMEHNOBE SOV TRAEREPERSh TV 5, APFRTIR, KAHEMNE
BB B 2HBSEEOHENENER E L, RIEEEOFEEEE AN O RS L RIS
EFNVICE ZHEEREAVCCESEEOANEERIC O VWTRAT 3 & & bic, EEHAERBLUHRAD
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B & BEEAMNORRHIRREL VRNOBEERFTS L L bic, VITAEREZAVCHER O/~
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HEOHEICE L -« Fv 735 (LDA) ZH\V, #E40cm, BS 23cm, K& 8m OBH Y 5
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Table 1. Hydraulic conditions.

Case B H Q I Re Fr
B/H= 5 (LDA) 20 3.9 3.97 1/1480 9300 0.42
B/H= 10 (PT) 40 4.0 3.12 1/680 9300 0.69
B/H= 1 (FV) 4 4.0 0.40 1/600 10300 0.40
B/H= 2 (FV) 8 4.0 0.79 1/840 10200 0.39
B/H= 3 (FV) 12 4.0 1.20 1/890 10300 0.40
B/H= 5 (FV) 20 4.0 2.02 1/1140 10500 0.40
B/H= 7 (FV) 28 4.0 2.80 1/1230 10300 0.40
B/H= 10 (FV) 39 4.0 3.90 1/1300 10300 0.40
B/H= 5 (FS) 20 40 1.99 1/1220 9000 0.40
B/H= 10 (FS) 40 4.0 4.01 1/1730 10400 0.40
B/H= 5 (VIT) 20 4.0 1.99 1/1220 8700 0.40
PT : Preston tube, FV :Flow visualization, FS: Film sensor, VIT : VITA method, B:cm,
H:cm, Q:¢/s

0.75cm OH# 5 A6 (GE3W, ER3HK) %, B/H=5, TO4—XTRAFZARIK () 2T
i o 6michlk> THRE L, CCTRIBOEENA, +4b5, FEEER, EELEMEA
Wi O EREHRIE & OF bursting FHIZ KD 5 L HOFEEHHEIT-> T, ThEIOFRAIGRGER, ¥
v v SRS = 20 Hz T 60 BEtil% 3[H, f.= 20 Hz T 60 BEt#ll# 10 @], f,= 200 Hz T 512 b3}
#E1ETH 2, BB, ERATHVIEROKESRMEE Table 11 LD TRT,

2.2 BHYAMHEAE

BABHENICE T 2BRETANDR, v7« 7L — F2AVEEEIEE 50VR7VR v EEE
AW, KL EBEAT & 0 BEE AN EEEYT sREAEEC L EHAlEhTEY, HIAE, Ghosh
&Roy? K& h 2O HEMBB LA TV %, AR TR, EEHARRBLXOE VIV EHEVIET7 4
NheyH—FHAVTELNAHB LU Naot-Rodi®? OREUGHEF (NR EFA) ZHVCEES
hi-REEVE, EEHAREZAVAHETR, BIOERFROFEEE NN 6% RE
L, v vEMe=041 & LTEHEREAMNEBEE L, £/, 7VA M VBRI BHETRAR
3SmmO¥ F—FEHVWTEY, 181 m OHFKEHRICHE L TRE L 2R 4 Patel ) OREHR &
BIFic—H L= &h 5, Patel DREHBELHVWTHABAERD TV B, &5Ic, & 5h UBHIEEKE
OBRTRELIESmm, X Tmm (&4 —%453 2564 mmX 1.54 mm), B& 0.1 mm GHAEFIE R
F UL AR T BE 05 mm) ©O7 4 Vbt v+ —TRECANAOLZEHAITEEE b, LDV TR
N &SRB OEE 2 iS5 (w, v) % LHMA 5 mm, BEFE L Y 5 mm OALE CTRFFETRIL 720 — 4, N-R
EFNEROEER, ERERF UKBREOHRNOKBEFIELEMNRIC, SREHRNIC 20 &, BEHiAEICR
TKESIBICIE LT 8 ~ 60 OB TR TIT->THY, HEILHWIERIE Naot 5ERUTH 5,

2.3 MhOFTRILE

FERc i, EAEEEAROMBEICERD S 0.5 mm OME @ =usz/v=T~8 Ty 7 yBR) KH
BH0.05mm OEPSMERBEL, ChE2BBE L TRESELARRBICLVTRNETRILT 2 5E%E
B, BEX13m, iE39cm OESKENICES 10m ORELEE L CT/KBIEKELE 1~ 10 OFH
TELSE, LELD Tm OMEBETHRAZ AL 72, KESEOFRLRFEL 005 & L, 35mm X F 1
HATBLUVEFEH A5 (1/2550BWOBTFY v+ v ¥ —%2FH) TEL, £©F4BIFERET1BEIR
$4 654 vHERERHSRBHETREEEOAGEHA L, 5B, EEBiZ Table 1ITRT&BHK
B LA/ NVZEBEIO I V- FEERIEF—FE LTKBIRERILS ¥, KBEKELSREhOBEICS
ZHEBERFT AT LEEENE L KBERFREEL T,
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3. LHERFRUTFHETMEABOSH LRNOEE

3.1 FHREENHLHRNOMEE

Fig. 113, 2HENI P VORFHREFTNRESOTH VL 2RV ERLIL OO TH B, MO E
AW S 2 REER A CTKER & EGMICRES VOEELEREESN S, IO 2REENVOE
kO EEAGHEELZY, BEICEP S HNOEET ZAE TIREREANNOBEHKREL LT
BRSFAET B EMERE NS, —4, MBI > EEO IR >VLTHLI(RS L Fig. 20
O BATNBELN B, Kiom Ui FARBERS OREESE U, $HiEHRSEERS OREESE V
(LrEAIE) B & O EEERS OB RIFEE W (B SHth 2 ARSE) ORESFH» 5, BA
MERICE D 5 2 IRFEEBRA TR S © 3 Bl & AR D € v & KEfTED 3 o2 (A, B, C) OFEHN
HESh, Thoid > TEERKISRRES W TEKEMEDOCAMNBBRKENL S Z 450 5,
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Fig. 1. Secondary flow vectors and secondary flow cells.
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Fig. 2. Distribution of three components of velocity along the side-wall and secondary
flow cells.
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3.2 FHEEEAKNASHLRNOME

Fig. 313, ElE® LRI 2 HERHEEANNDHOTAKER Rt « 8 LHESER o
ED) AHBLTRLEADTH 5, BONFMHIZ, Tmean=pgRI TERIT/LL TRL TV S, ERIIC/RL
AR, BEHAER L RO EEEECAN N LHEERERLLbOTHY, HllEEFORIE
520%353b00, EETRER MBETIEMBEONHETEILERLTED, HROBERE—K
LTWw3d, ¥4, REIGAHEF VL ARRELFIEF-HLTVWS, —4, &REI v yEZHL
REARSREHBERRELGIRLAL DO THY, ERIORLU R EERIC, Bl coiikah, e
THYRORFHERERLTWS, 12, SR LA ERER S QMBS TRRFE—RERL TV,
KR TR HRE RSB TARERBEER > TV B, PEDX Sz, WFhOFEIL L > THRIKOF
HEEYANAIAGESEBONE C L5, Fig. 43, B~ OKEBRIEKEL B/H ic 1) 3 Lg8EmE ¢
AMIINHOHBRRERLLSDOTH Y, KBRBKELCX S TERMOAMMBBERELEI L, BLY
HBE D ALK EMNETREARE B ABYRONFREB B LB 5, i, KEBBKELMAECR
Bz Uichio TRIBECIERT 2 R AMAII/NS (B, 205 0BRE, ERBICUETEGLLEA
Wi % 2L OB CRRITTIL L TRLE Fig. 50 &9 5, ThoOERIIME - PIPORLE
HRIRIFL—HERLTVS,

S ER, Khokt s oBRIc>LWTRETT 5, Fig. 1 ® 2RKER7 b voRfEzhicETOTHY
to 2R NVORH| & Fig. 2B LV Fig. 3IRLABREERELTAZ L, ERRICBY 2BMHE AN
NOBRAFI 2 KT VO TRRS L U ERIAME L OXGTHIAT 2 T EHARETH Y, THERTE
EEAMAHBAEL, ERBTNELB->TWE, —4, BB 20H X KEL D PP EHTRA
EERLTEY, BRI 2 KRG VERIBETED, S L odibbRBHoh 3,

(a) LDA data and calculation (b) Preston tube data and calculation
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Fig. 3. Distribution of boundary shear stress obtained by measurements.
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Fig. 4. Distribution of boundary shear Fig. 5. Mean value of secondary shear
stress calculated by Naot-Rodi stress on the bed, 75, and on the
model. side-wall, 7., and the aspect ratio

of flow section.
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4. {IEE L0 bursting BRICEET B8

4.1 FhOFRIERERICK K

PILED XSz, BB & AW 3 KEME TRAL B2 BMBIONHE R BH, FHOHEE
T ORI EE L - A4 % AW KBSREIT & 58 AN H O IR T 3 MEBE D57 & Bk
EBY, MECERNRON S, TITR, MBEEHEORNEELL EREHY, BEmITeE OB
R LIS TR LERE ORI D VWTRE L, COERIOVTERT 5,

Photo 1 i3, KIKIEKEL B/H=50D  —2ICBTB54 654 vOBEHERLILSDTHS, BEHE
(@) IRt &, HMKELT04 & 0.7 FRED 2 B EERS RO WAL, TH 5 OEER
BT 3EE (b) O &> BHERSELINCE 0 KSN B, JiE ORISR E W Rk L 728%, %E
D & 5 IR ST 30 CORRIERTRONE N—254 Y I/BIREFLODEEZX D
h5h, KEBERD OB O N R 2 WEE SRR O (T — 2Tk 0.5 DR Ooffiic
4T 2EVHEDTH - 1,

Fig. 6 (38 U B L OENOME o ONHERLILSDTH S, LWTHOTr —RiKBVTHF
HEETUAPRREVEIRONHE LT, —HHOKEFOFEENSHBICED 51 b, —7, L
hOBE bRONHE LT, EFEFTOR/NE > TV 5, EHITOMEE RS 7201, 30 B
OBELEH T — 5 (300 ) £, SREFEE L EE D 60% LITOMELGE L 2HEONHEZR LIS
DA Fig. TTH 5, ML, WFhDy —2IcBVWTOKELEZIE 35S LB TOREFESREL,
bk — 2 DEER AL B ERKET y/H= 037 £ 0.73 Zhulv & L@ ER B, TOLIIT, (K
DRI KEED 0.36 £5 & 715 B &7z, PERASR (BEEERE uy & BPRGHELRE Y) TRAOTIL L 7ol A +

B/H=5

(a) low speed streaks (b) renewal motion

Photo. 1. Example photographs of time lines near the side-wall (B/H=5, z=0.5mm, z*=7.4).
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Fig. 6. Mean velocity U and turbulence intensity »’ along the side-wall obtained by the
hydrogen bubble method.
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Fig. 7. Distribution of frequency N of the position where the velocity is lower than 60

percents of mean value along the side-wall.

=y Ly/v i3 Fig. 8 KR & 5 iT/kBEEKELIZK S
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AT=100 D 2fEL W -TW 5B, BB, FEICHWIER
B 3 Fig. 5 iR L 7oK IBKER L ORI AE 5 (B
ZEBLIBDTH %,

o &L, HEORKENERS, Fig. 913, Fig. 7&
BIEEIC B U =B D 60% DT & 12 3 A8 2R
Flicii~xizbDTh b, Fig, 10 3E—EBlicsir 32
BROBER BT 2EEEHR S u 2R LELbDT
b3, BB, TTIRLIERIIB/H=10DHETH
B8, MOr — 20FERLEROBEERL TV 3,
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Fig. 8. Normalized spacing of low-speed
streaks A" and aspect ratio of
flow section.
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DIEOkEBEGIEICR LGRS HE TS &, Fig. 2108072 B0 2 RBBABEC Y- TLERT S
KB AKE R OEERICHEY L, <0 2REKICE VXS h 3 EREFEIOKETEOEEZERSETY
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Fig. 9. Time records of low-speed position on the side-wall obtained by

the hydrogen bubble method.
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Fig. 10. Velocity fluctuations obtained by the hydrogen bubble method.

N3, £, EEROBEREBEFEVC &6 2IRKOMBERATVWAILEERTHDEELI LMD, U
roksic, METGCORAMBEORFRR Y —vBLUARIR 2REOEEEZITVWELEL 3,

4.2 FELEEEANHORSHARKRCKLS%E

BESEBIC BT Fig. 2RRT LI B 2R AVDBEEL, EROWETHEBIL TV L I8
BEABANGOEEAGERCHEBLEATVWAI EAHRA L, T2 TR, 2KRELVERICRT &
Sz A %KEEN, BEAEEEL, CEERENEFY, RELERYANNOERFAEREAVTH
ZORGEA R T 5, Fig. 111, 7 1 VA® ¥4 —ic & BEHAER L LK & Fv (Naot-Rodi Model) i
K BIEHEREEHK L bDTHD, HESRIE—HL TV R E» o AKRORYMMRZ 5, Fig.
121, RRLAREOHETHARRE LS E AW, L UHEHRFEE S ANNOHEEHEBERRTS
3, ABLUBAR, BRIV TRERBLEOTRIER TEERILE L THES W METHY,
Fig. 2 OB+ LV TRIED SREN BA1E & fIB I E» S MEICHEY L, C RREm 2V TEREICED S AL
BIciHYT 3, £7: D RRABIRTH 5,

CBLUDHOERL D SHEKAESEHRICHED D EZRKREXBEANNIMBERT I EBMNE, TO

Lo ?/(})-1) B/H=10 * measurements
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TSIl Subuituks Gl
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Fig. 11. Distribution of boundary shear stress obtained by film sensor (rigid circles)
and Naot-Rodi model (solid line). ’
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Fig. 12. Correlation between velocity and boundary shear stress.
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4.3 VITA ikIZ & 5 bursting AiD#E

VITA # (Variable-interval time-averaging technique) &, W TAMG®E UcEB L, AEHXHE Tn
(sec) WTRRIcFE DT VITA variance DEFEESER L BLUEEREZ W TEZONZ LEWEE .
W % LA EOESREAMET 2 HETH B, Thoofiis bt T v ¥ v 7S L, 48k
BEORFTCHVEIETEHDTH B,

t L o Im
var(l, TM)TL,"I:—TT: uz(s)ds—{%f_%; u(s)ds}2

CTRtRBF—IOBHOt=0L, L7EHTHD, si3 T, XEOHEDEs=0L LIRHETH S, &1,
var>k s W L BRMOBEE =0& L, T V¥ Y TVEHEHERD o AHRICE O TIRKBEHR
L BSOS R 7 — VDBV ERERT 572, Komori SYMAV k=04, T (=T, U /v)= 45
EW S —ERME TN %1T - 1o Fig 1313, % v 7Y v 7 EikE 200 Hz, 102,400 HOF— 9 5KD S
Nlzn—25 4 vIEBTE D, NBOWE, var>k e 0/ e BT NTOEEF -7 E2HW b0 (AlD,
(lid du/dt> 0 (Positive), Old du/di< 0 (Negative) O&EZEEL-60THY, KRIITEROH
i X BIRR,

To=(1.5~3.0)H/U
—HERRSAE SV L B RBRER L D HEES L BRI
Tb=(0.115=0.03)H/Ux

2EbHLTWS, &b, All,Positive, Negative D W' & kEehiid o RIB T iciEo < ik LW,
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Fig. 13. Distribution of bursting period along the perimeter
obtained by VITA method (k=0.4, T*= 45).
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Fig. 14. Conditional averages of longitudinal velocity <u) obtained by VITA method.

N=2F 4 v IBHRARBMEENL S, AlDEEE, PREVOETEROFARRICYTIIE 2HER
ARLTOVEY, HELYOBERS L CRUBETHETR, EROHRD 2EEVEERLTVS, JOHR
o4 1 TRUFFEEER L RRICHB B 55— 25 1 v VAN, ERCBI3b0LLTE
WHDEE->TWE I ELHERTE S, 1, HROWERBKBIBEOKEVWKEOHREICLIT 5/7— 2
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