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STUDIES ON CHARACTERISTICS OF BED CONFI-
GURATIONS IN OPEN CHANNELS (2)

——From Experiments by Use of a Closed Channel with Movable Bed—

By Shuji NARAI

Synopsis

To approach to phenomena of movable bed in open channel flows, especially char-
acteristics of bed configuration and flow resistance, the fundamental experiments aré
carried out by use of a closed channel with movable bed.

Characteristics of bed configuration in closed channel flows are almost identical with
the results of experimental observations in open channel flows. Transitions from initial
flat bed to undulation beds of ripple-dune type, and its break-down process are observed.

On the basis of analytical results of the closed channel experiments, author discusses
the mechanisms of transion processes in open channel flows. Then, eixistence of free
water surface, i.e. Froude number, does not takes any part in break-down process of
undulation beds, but non-dimensional quantity u«?/(c/p—1)gd.

And, To study the law of flow resistance of movable beds, author indicates that
entropical analysis to energy dissipation processes in open channel flows on movable bed
must be introduced.

In last part of this paper, the tendencies of flow resistance in unsteady flows on movable

beds in the closed channel are described.
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OB L CHOSEHAER, 3 XOKERE LR > BEEEORETHHEI BT OIS, IbkK
ROBO=RTHR DA THARBEBLSRAEHHEYRET S, ChbDORARPRBOFEIR TOKM LK
BOTERBR, FREVBR~DOEBEAED 5 - IEBOYBENEHC OV TONELERIIEEL SR
TWAEVORBERTH S,

FIERY ek i, BIAKMBEIRCRETIHEBNEAEEY, KRLRDOBEBARTH- T, £0HK
BICIHEHERSEET 5 & LT, FAKRBELOFMT BT L fTey, TOFEEYBLM T L E
LT, BEK EOKOFHROENDOGRDGH, FKRBIORE - REDBABIIKRKORLESREC L AHhD
BIH= A F - NRN SR ZBBTH 5 LHH L, ARRIL A DOERIESNT, MERBH
KRN TOBRWIERE TN, O GBI ABRBEBR CORPRZOBRF AR LI LLILLDT
b5,

KWL T, FERBEIRCRET AR EOBBREL O EX I L, BKBECOMRE L i
BEL, MR TOBEROFZUMEMSRT 5, ¥, WKPELKRO =% ¥ - BROB{LHE A
BIBERA B D Z L HIRL, BIKMBEIR COMKHMEOEBRES LU =21 F - HEBRC OV TEEY
TT05, BER, AERBERCKT 5IEEHHOEREREN D, Hho=F ¥ -BEROEHHEC>
WTETFOEE TRV, =ZOMBESARIEET 5,

2. FAERIC BT ZAREEOEHHEICET 5 RR

2.1 RBBLURIFA®

FAERIZ 0T B RE 2 B OBKEE COFSRE & L+ 5 0%, EBRCTAWGHERDIEETR L F—8,

FHRIR d=0.71 mm, B ERE $o=1.30, HE 0=2.65, 2SR 1=45%, DLDOEFEHRL T3,

FRABIKFCHEIRTHE7 7Y 54 FREOIE 20cm, FE 15cm ORAPMIEYET IR
14.5m OFEBEAAER CTH 5, MERAGIL, KEBRRCEBIhCFHROBIEC LY, WERECILY <
vy IRV F 2 ) - FRFERAL, BRKETKBEAFRIT 6.5 m XETKE EHRCHRE LB ES OKEEN
bRDI, THHDEFORTEIIAER 1m <2 A—F2—FHi, ik, RETREL TV,

FROFIE L, BAERORRC—EREICHYERE, FHRY—EHECL T, KE, MKPESXICHE
KAKENEHLRBITLB ETHL, ThEFhOKBEYHEL T3,

Table 1 Experimental conditions.

Mean . Mean Shear Reynolds Froude
Run depth Discharge velocity velocity number number
h (cm) Q (1/sec) U (cm/sec) | #4 (cm/sec) Re (x10% Fr
Run—1 2.10 1.17~ 5.63 | 26.6~127.9 | 1.17~ 7.87 | 1.27~ 6.08 | 0.85~4.10
Run—2 4.10 1.96~15.96 | 23.8~194.7 | 1.11~11.29 | 1.62~13.25 | 0.58~4.77
Run—3 6.65 2.68~21.30 | 20.1~160.1 | 0.84~ 8.82 | 2.00~16.00 | 0.41~3.24
Table 2 Experimental conditions for measurements of bed configurations.
Mean . Mean Shear Reynolds | Froude Friction
Run depth Discharge velocity velocity number | number factor
h (cm) Q (I/sec) |U (cm/sec) |ux (cm/sec)| Re (x10%) Fr f(x1072)
Run—1—1 2.10 2.51 56.9 3.31 2.71 1.83 2.71
Run—1—2 2.10 2.67 60.6 4.27 2.88 1.4 3.98
Run—2 4.10 3.57 44.5 2.97 3.03 1.09 3.55
Run—3 6.65 6.52 49.5 3.44 4.9 1.00 3.85
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TRHREDEEN R RT3 5 7D FREHO B, Table 1 RTER0TH5, MWEKMEDH
TRV 2R K E LML Table 2 WRLTH b, fods, FFD 4, Fr, Re BIO f OFECIINE
PHOEFRREAVTER Y, b, MIEmOBEmAMROFHIEILL Tiay, MKHRBOMRIRES OREITIzIT,
ARCET, MRPRBARIEER - IR TIh 2 &L &8, K EERABUF U CkEHO 8 (2y/B
=0 & XOQEEREE (2y/B=+0.8) © 3HARCHY, HHHRCHERR 2.5cm T 14 m K-
T 0.5mm B CHAKEOEBXREL, BHOHBIEE, HIHEBEESIUAR, P AvOHEY T
TWw3,

2.2. BERCHITZAKEEOE Y

KBRFPOBEC L % &, HEHTIE U CTHKMEBIELL, £ OB EBEAROBE L £ BLL
TERY 2T, £OKKEEY RUN—3 2fc I CHBT5 L, WENW 5.5 /sec wwigind5 &, KD
TESED, WEIEIAD, # 6.61/sec Itie B L, HR 10~15cm, HE Kmm BEO T RITHERRE
BHBRAATFRIN, hrTHR~BEHT 5 coh T, BHEE # 15cm/min CHE 40~80cm, WE
3~dcm OFEIFELEHEIRBICAL 525 ZTRTHL R, »ich OZKTHHEBYRT X 51k 5,
C DRI R OB B BEL O TS IET ARBNTNC L 53D TH ote, ThDIAKRKEE
EHMINSED &, BOTKRITHEE L 7o b BRI 200cm Rt ¥ TMHY, BEHEEIL 60~90 cm/min &
5%, BEEKEREY LB L35 FOHMT 5, B4 151/sec DALLHme Lo sk, MWEKEED
WEREELIIAE L, FERBDIE 0.5~3cm BEOCBEEYME L CTIHRE LIED 5,

DEoggizio RUN OB W THLKBERIRINABETHD, ATHRBEKCK T, B
KB OBE DY BIRIFEE DAAEE 3> d 3 transition DFHR * COBREHIERT S = LA IR, BAK
T®D standing wave, anti-dune OFKYMEIL, AER CRIBEST, ThbilEHEERTYEOBAKIEN
HREOBRSZL L TEBIND, L, HEROFRICE\ T RTTHINBHBEL OB BEEIR -7 5547 0. 02
DIEREIR % T D 185 & LIi3BIKB COHRNORLER O BE I BEROMEL & ka2 B+ 50
BTHr5,

FRRRTR~TcE & AHD BAKRT O =RTH: alternating bar OFEKFER L FA—ERko 4 0izEzE
INEh o heh, THRAERTOKEE - KEHA 3~10 THD, OO L " RITHEE,
DEBFBHES Licid, RFFGCRIBOTIAREL, ETERENIRVEY SR LELD
oo C ORIV TIRKEIE - KEELOTHKRE KB TORRIC & - TRIESh 3 T2 B 5,

2.3. FEKREEOMETRE

Fig. 1 i3, BEIKCHEERVBALY T4 LR ST TO R L D O SRR R AR LA
Table 2 O} L COWEKEF AR 7 b A DFTHREREY RLICODOTH B, OISR E L, RUN—1
—1, 3 TOWKFAEIL Photo. 1 TRABRBHETHolc, CANBBDEDIENRLDLRS,

RUN—1—1, 1—2 DOL&FEE L RUN—2, 3 O KL 165 FEREB AR 7 + AMick\T, B
EFHRBERCRAE T 5 EBVEIL OB BIRICIIKERL X o TEL L\ 8L D b 5 —18 OSEATRR A
BOLLTWBZERELNTH B, ZOFEFERD A2 bADZSEIIR LF —2 EVETH - THi
BRCOBIKBBEIROMITRER E—BT 5B, LidioT, KOHh &M OEERRC X 5 HENEEES
CREREOFEHARITFEL, COBRSYHATET HYHAKEOMBLERC L - T, KTHETHTFED
BAOTWRESEZ bh, 5%, KEOHRIL IO VTRNTILEND A5,

RUN—2, 3 OfBESEHED A7 b AD I SELAETRT 5B TH 5 DRAKMEC R bh - SR THE
HrBEE LT B e EL DR S,

Fig. 2 QR ABHOMEAEBBIR A /R LK TH B, RUN—1—1, 12 TRABE2MC BT 585
RZKRTIWEFTHA LR bDbhE, KEDLVIXRENVETARE2fELRT RUN—1—-2 Off
REZRIEENEL 720, O ZREENERIBR~BITT500RE D bR, 2.2 OBELE—HKL T35,
SRR BELER AR RUN—2 OfEMERER, TRITHNHEED KB (8 O3 h 23,
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Fig. 1 Power spectral densities of bed configuration along the longitudinal
line in the closed channel.

RUN—3 %, HE#T5-RITHEEHEERACEHR £=0.01cm™, x-B~0.2 OMFHOBPHIRSHH
LB bh, alternating bar OEEFEBEROFEEITBEND, DI LIIFREORETRD B bHER
Ehi,

Lk, FAEROFKMBOMINESY, HCliloMEEkc > W TR TE ey, W coOMKKRE
BIROBIER L OFRBERITHONTH Y, TR TERLILL ZAHD, BRHRKCHREINHEHOREOR
4 BREDBBIIARONTHALERCART HEELTIVTHA S,
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(a) for Run-2,
Photo. 1 Bed configurations to up stream in the colsed channel.
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HEhE, VWb¥5 Uppér flow regime DOFURTOBREXER TS 5 2 THRFEVEEREL V-2 5,

3. BERKBCEIINERBOER LI X VY - RREBICHATIER

BEIR KB 3517 5 ARVER & ih OEHAIOBELOE LR T 5 5 2 TORANGEL, —EDOHER
S, IRV TIRAKBE 5B, FERMER—ED L LT, REDEMCHE L CHiKEL = x4 —
BREBE, IOCREBENED LSBT A0 RHEMCTFHTS 2 L 2dh b,

MKVREICBET 5 RERDOPRICIY, ERKED 5\ ARAITOER D HEMOKEEY AV CHKE
BOHBR SR AR5 E, BME L ERKEEWERAYREL, ERECEL U ERLBRLES
ETBHADZORKFNENDH, FECRECTIRAKCN T EBATC L 2KEEORROEEM., &
HETRIHRE LB ORBE L e A REDOF UM, THBIYBEEDEAL X OHALS D, F1HEROBE)
KOBEHANBET BRI Th, B4 DMKRPEBOFELIRE LT, DREE, FRRSE SeE
ALz 3% —BEDOBMBIBEYRRE LEFENSL, FRVEBOBEEE, =i+ -BAeED
VTR L ORBERELERBET 2 HETOR—NWERORBENL TR bR,

BIABBEIK COKK & ORI KT 2 BEEER VB TIUE, BEHAET Y » AHKOThOES) =
FAF —CERER, TO=FAF VKRR OIN = R F -2, KR E OBEED B\ LT OEE)
=R PGSR, BRCEB=FAF — L8> TlRECT 52— OITHI L = 7 A F @R T HER L
Twb, —fIT, BKBBEIRCKT 2 EEER THREENCATROREBXRET 2REREL LTOKHD
BORHERISIEEENREYRL, FEREBICHS b b, LchisT, ZOFRTIERBANFENCAH
T, BFBORBIZH D, ZORORERELRESTHEE L T=v b v € —AREE, B MER &> T
BEEZLRBEDY, 25 LEBARTH L CORBES~NOBELC X - T, AKEECER, HhoEi
Bl, 33V ELEORELEDOH—IHEENTREC/LD S el S hb, LTI 5 LicrEn s
BE¥d LUBHKBBEIKOERERI OV TEEL TA D,

3.1. BAERBBIKICHSITZAKEELE I FILF—REABROEKE

PAERE BVCICBEIRKOERTIE =3 A F — K% 8K Sf» b BEAC RDBH LW EF IS
%o

Fig. 3 3ATRBEIK D= % L+ —1B%% Darcy-Weisbach DOFHMEEHER f TEbL, h%
Reynolds % Re=4UR/v, ERTALL RIS us/ vV (a/p—1)gd = (t+*'D), 3 L O AEEHY Froude ¥ Fr
=U/vgR TEBELIHTHB, ZDPEKROBHEOEMNER 12 k=15cm, Re=4.5x10t~1.5x10°
DFETH 0.021 THD, ChHDEIBOEDZ LN EDLNRS,

BRI o 23 0.03 LAT OBWRIATE O ALK OESL Ti3 Re=1.3~2.0x10* OFEHT f=0.012
~0.018 TRIEF—ETH D, WRINVIEEI LIRS & f=0.027~0.033 DEZIEINT 5, KRIZ 7 5% 0.1 T
{ishE, f~Re MTLHLAAB LT f OHITEBCHINL, X% 0.055 DEHCERTS, Jhill
R BRI, ReE, BETHBBICHIEL TV T, %, Re DHEIMT G203 BT f Oflixz Off
wERE L TC—RBRILAFHAND S, RUN—1 OBEDO O LREIETIEIVDIX, RERIVIELT
WHOMENEE L TWBEELLND, KIT tv 2% 0.4~0.5 CEET B L, f~m!’2 R TADBRBH LS
< f OETZHCRA L, 0.025~0.030 DECER L T ux, Re pEIML TLITEF—EDEY & 2EHA
H5BH, 0L EXOMKE, BEVBESHE LFRELD, KW, Hem 0E Ik LISHEHELHRL
TV B, .

RED X5, KED=RNx—BROBILIFIRKVEBROBB I L LBt rdbbh b, BET
i, AERBEHROBRFCII—EOREEBIER HEFET AL THY, TOBBEXERCL Y
HE P BHCET S, RPBEC OV TIIAER CRAIE Ui o723, BAIKER TORBRERIC T O
HbnTh2,

ZOHERBEIR COBRIIIOFOSEATET 5,
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Fig. 3 Coefficients of fluid resistance for closed channel flows on
movable bed.

A BDBOBEHIRRC X 2B,

B ; MR EEINBELL R - BETHRBEC L 5EB.

C; ZOEBHEE OHEERC X 5 BB,

ADBEBRRICHOWTIE, BABKHOMEL LT, Shields LIB%, B85 OWMMGIEHELD 52,
BRIV COBBBBZ OVWTIRAE LA LSk, ¥R IhAERIIFEELR,

ZhBOMKPEB L KK D = F A+ ~BREBOBBREOBBCOWT, £OBACESWTEELT
25, _ _
PEATBHOFER TIXEERD BALAL =+ A ¥ -REBEL R T 5, DB ES), BEYXES5
&, WhoHEH =3+ —D—F ik h LBBROESHRECHHE I, CORCHFLOL=RAF —Dl%E
BHHEIh, CORDY b e =Y AT ACEENET, HLORERE~BET, ChiADES
BETHD, LTI CHBROTEIESRT 5 &, T TR X 51T, KEOFHY =5
N F — DOEERRRYE L KRNSO LERICE- S M OBEANDRENERL, ZOhofil=
FAF - ORIGER L UK B EBRRELRET D, CO=XAF - DO HEENBOBBARY Y
BT %, RICHRNDHN S beiiing 5 &, BEBEOEESER, HhoMEA~ORE X v EENRRIC LS
DB OESRE~OXESEB L, MR OMKEILL M X8, JIF—ELEXOWEE L LTO%%Y
BREEIEE, ChCOEBRRTH S, I TiE, KEHSHEH D= F 1+ — OSBRI LRIE
BRREIhD2H, ALBOEBOMOEK TORORBICZIE—ETHTHA5, chbOEBBRC
DNWTDERL, BRTAINICRHES o OXBBEETOMEDOEE, 5\ L, HEAEOEIEROEL
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NHLERIND,

PLERRTE - BEIR TOMKMRE L =34 ¥ —HISEROEC D bbh 5 BB E & ¥ EERICIEET
B, KEDBEDOHIORDOIENRE, LbPL=v v —v 27 ACBETHERBBE YT
», ZOZROREBRELIEL TS ENSEROBRELLDTHS 5,

DO¥i, UEOHERBEIK COMPTRERLEBRIEST, BRBKBEKR COMKEL =21+ —1]
FBBROBEEEORF R A,

3.2. BIKEBBEIRICHIFZAFTELI RN FE-BREBRTHY

BEKMBEIR COBPANCEL T, M CIIBERK LicHBIBELr R4 LB & OMKREHORER %
T APHEES RUGHET DB RIT 5 = 5 ¥ —HEBB YO TILEND D LEER
L7c\ AR TCOERICH S L 51, KON LMW DORIZKIT D=V b v €= A7 ADMBHHERE X
R Ttk b, UTooMcEEL T, =  ZOBARBEE COERER LI AL TRFE L TR %,

FABBEKOBECY, HHREO FEDLDI AEROHECHENTHRES—DHWDOT, 3.1
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Fig. 4 Coefficients of fluid resistance for 0.2
open channel flows on movable f o d =0.93mm
bed, when bed slope i=constant. 0.1 i °®q,
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Fig. 5 Coefficients of fluid resistance for
open channel flows on movable bed,
when flow depth A=constant.



FRH : AREROEBRECR T 305 (2) 293

D L5 PR ES B\ k=R A& - BRAROEBHEY RHHICIEB T 5 1 il— oDl R LY 54 5
DERDD, BT, ZIB—ErKFE-EDRHBDL L TORMMERC L 2R wIE - &
EL, MRERE =5 ¥ - BROBDOBRLYBRHA LTV 5, BTV OREEERMZ 0.22 mm~
0.93mm C, JAKMRRIZ W5 transition DIFERF CIBET B LI LT B,

Fig. 4 5 XU Fig. 5 3Th¥h d=0.37 mm OFMEHECZ 5 B—EDEHEDNEE, d=0.93mm T
KENZE—EDEGEDOBED =2 A F ~BREBOED—FERLIEDTHSL, ChHrbOEDI L
PRIV (N

ZO=RAF—BEGROLEH LI 1. OETRTOBEDEHLIZLEALF—KLTWE, Tihbb,
x 8 0.1 fEBBIXTREUTOSHBBMRMET f~Re Hic [ ATREGHNCHEINT 5BBHFEL, &b
o DN LT, TIRARE, KEERIC X o CTETERRL LA, v OEN 1 OFEEDORAMELBL B L
72 ot [ic f OESNTERNCE T2 BERENALRS, CThHOBBIL 3. OFEKROS
HFOBBBEBI LU CKHEN TS Z L3BERROLE R, LWL TH S, MK EOHREIRIEELOHEE
BIAERICHASTHAKBO S &I/ VBB EHA,NH 515, ChIXHBHEEOHECISLNDELEL
bhb, ¥to, Fig. 5 © f~Fr M Thh 5 X 5iC Froude ix - 0 EERO TR ERCITV 2 &
BHLNTHD, IHLRINDLDEALIL ripple, dune DERE LK FIFELRN LS5 THB,

DEDEEND, BEIKICKIT S =34 ¥ —BEOBEBBRBICE VT o N OREOIFIBREYH
ETL2EBERWBERTH S Lavbn b, BOBSBERCHL UL, BB IKEOARRERCHESL HAD
BECEBREND 2L TH D, Shields HOBFHFI T BT DItk LB R L FBIT ce~uwd/v OF
FRTHRTEBARESELR D B,

Fig. 6 1= A ¥ —BIERIC KT EBRIVCOERNEL D rr ORRMELY MR FRRLIZLD
TH5, lekEpicit Shielhs DR TR RIS LOMBORBEBRRORE & e 2UWBEE wo & u* &
LIcHi@s AL TH D, BRDEWC &, ¥BRAORED BE O MEx & Hln BTy
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Fig. 6 Critical values of B-and C-transitions in terms of u42/(¢/p—1)gd -
versus #gd/v. (O ; B-transition, - ; C-transition)
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2 DEDIENZREDBRS,

uxd/v=10, FRCHEL T d=0.4 mm {FEXHEZ L UHARRIL83E—EDREFRCH B, i
B, 2<uxd/v<10 TiX 74 (¥ Shields OHEFRIZ—FT5 0.05 75 0.1 CHMTHERCH Y, 10<ux
d/v<l30 TIX 7« ITIHF 0.1 MEDMER L 5, Z DFRHIOEIII I O KB D 5\ IR OTEERE
e ENBEETHLDEEL BB HHRTRV,

AN EDCOBBERTD re DRFMEICOVGTIL =]l L SET MR AEEmL 2L, ZORDE
AT OBRAEY FECHE LB\, BCEELIL L, COFBRBIAKOAREE KR T
BHNOBE L D L FEHRE NSRBI TR LTI BB THHM D, ZOBBIANOREEED
WXL, PERNRRENEOBRICL > THEIR B LEL DN B, KRDOARLEN DM 31k Reynolds $i &
EBOEEPTEL bR DM, ZITIXIOREL LT ReFXAT v LOBFEYRLAL D Fig. 7
THbH, Re DL & LITHHBORRE oo 1T HEEICDH D, ETOEBEETELEL TS,
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Fig. 7 Critical values of C-transitions in terms of u,2/(ocp—1)gd
versus Re.

LAk, BAKBRBEIK TO=FA ¥ —RIEROEEH L, DARRED BEEBC >V TRAELTEL
7S, OERBABRBEK TO= 3 ¥ —BREROETRHECOWTEEL Thb, TOLDI, 0Lk
7B IRET i, EONIC AW 2ERC oW T Re BITHBE L4 D Fig. 8 TH5H, =
N SRFREE 0.2 mm<d<0.4 mm ORRITIE, BRABHNEE, I IOFKSARESBEHE Y MK
TAHERTD f O, FSEERBEOMICELL, ReBOWME & LR THEMCH B, FAKIC
EERELARAE T AR T, [ ERENEEL, TN ERIAK SEE RO f EciiE
fTHNZ Re $roofgme & LB+ 2EMCH 5,

FIREFEN 0.4 mm<d<0.93 mm DFAIIL, FERIEHLERD f 13 Re FuoEBFR—F OfHIL
10.02 DETH D, WK EEHEEMBCHIFRTO f OBBHERMERR, X% 0.15 T—ELk
BEACH B,

FEMTSBRE R AT 5 1o DBk, EREHE, T TV, SO X5 hiEA 0.4mm fhExEC LT
= RZAF —BREBH R AEELYRT O, FRONBNEIEORERAD rs DERCLBL LI, B
KO EBEBOERNBEE LTV B LDEEXBIDLY, SR EALKRHIABRETHS, d=0.35mm
fHEDRIFE f DENRTODERELXRTLO»nH 5, HiXETRSL 1= FREBFEHOEELEEL



LZEI - ARBROEB T 255 (2)

295

= 0.22 mm

0.37
o.ls
©.33
0.27
0.28

OO| 1 1 L L 1 1 L ] 1 l - 1 | 1 | 1 1 LI

10° 10* 10° 10° 10"
Re

0.4

¢

O. 1 —

OO] 3 1 H 1 I i 'y 1 i I 1 1 L i ] i 1 1 I
J 3 4 5 IOS 7
O 10 10 Re 10

Fig. 8 Coefficients of fluid resistance for open channel flows on
movable bed.
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Fig. 9 Unsteady flows in the closed channel for RUN—2.
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Fig. 10 Unsteady flows in the closed channel for RUN—S3.
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