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Chapter 1 Introduction

Abstract: In carrying out riparian improvements, it has become more important to preserve natural
environments as well as to control flood flows. In order to design a river course taking into account the
environments, there is a need to understand not only the basic hydraulic quantities, such as the mean
flow velocity and contaminant concentration, but also spatio-temporal characteristics, such as
intermittent events and large-scale coherent structures. For instance, in designing a river channel, the
necessity to accurately predict the spatio-temporal variations of flow motions caused by various river
bed morphologies arises from the viewpoint of the environmental design and flood control as well.

In this thesis, the author develops image measurement methods of open-channel flows,
water-surface waves as well as suspended-solid concentration, and also investigates analytical methods
for extracting predominant flow characteristics from experimental data of the flow image measurement.

This opening chapter deals with a background of the research, a purpose and contents of the thesis.

Key Words: image measurement, data analysis, open-channel, flow structure, turbidity, water

environment
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ABZRDESREOHENEEEI2> TALL, [BRICh5RG e BT & W O Bl
5, RERSICEEEL/H2BFBENEESREL > TS, KTFEOFE THRET S
NI - 151 - Bkt Ef A O/KBICEN TS, ITETIE, TOKDIKFE DERERRPREDRE,
FROENOH & U TOKIZEH ORISR E/KB DL ARSIRIEIEE 2 E 8 U 7o tE A T
ROANSNDDH Y, HK - FKE EFEROBEEE OFFBREN-BIHFZITO L EBIT, £D
HFFOBEHISH U TH TSRS 2 NA % T EAMEL/E> TS, ZOXD//KBRBIRZEZTD
e DKIERFHIBNTIE, WNAEDO— KSR OB TIIAR T THAIEN D TRL, |
B, ZERHRSRKDOER D FNIIBNTOHEHHIRITKERDOAIR ST, TORHERY - 22
TR AREI IR USRGHO RS 85 Z ENEEE 25, BERNIZE, FlIE FERINCH
WTHARBRNE D <EECH, DA EREITRLNS K D 7MHE DR BFIERLERICBNT, i’
NODEFRE) - BRI BHECELRME 2B NI 5 2 &8, /KRB S bibKEEOm
NHHERENS.

—75, TDXDIBEIEAT D I OFEFHRABAr-PEBES EFRL, BFEDI L Ea—F DR
EEERICU TREN BN ER ZXITTW5. PIV (particle image velocimetry), PTV (particle



tracking velocimetry) 72 EFRAVDEHRFHARES LES (large eddy simulation), DNS (direct numerical
simulation) 72 £ DEUMEFIEIEIIZEDORERTH D, TNENSRHFLNDRZERIERICK > TEFR
ISR VB DELFHE /KR, YEIREL EOEEERIMRLICAS NI DDHS. Ll
N5, EROX D 7Kg —RICERE SRR EHARAZ D> THD, HRETIHOE
FERIKEEEIC R > THENKZS BB HHHERE T 5720, THOFHIBAreHEFEIC
S ORDEINEMAD T ENBELS. XEFFHC, a2 Ea—5 OMARIBERENZRNS
Z &K DEONSIEHIIGERERIKGE T HIEREI R T—45 L7xB 0, TOHMHEH
ROBEZRERT HRZERIE SR 2 LB 520 O/ BT Ak eERTH LD,
REREEER LUK IRET ML TADOEEOUNEDELTHEITENL S.

1.2 AERX DB EHE

PLED XS ERE S &I, AT, FIZ, FEORIEMEAEEETORNEL T
TKERRIZMER 23 T 7K RN 2 RIC U T, B & WK E 2 2 DWAED
SHHEREERE L, Th& DEBSNSEHED STNOILTREEFNRD & & BiIZ, TR
H) « 22 EEAER S 2T 5720 O A EZBRFET 5. £/, KEOBKREREZ WS
& U ERE OBEBEHRIKIC DWW TR 21T .

FFRICTIE, BUERIEIRIC—YL B 2 &<, —B L THEGFEITICE AEHEE RN TN S.
ZiUuT, PAFOZDODEHAICE D EZANAEN. (1) EREHANIERBEA O 2 TS
5 EIZE > TERIE B S 7280, TOWUE T )L T XAISEBROMERZER A 57— I X 578
Wl #ETNUL BITHROBERIMEEER CEMEOEIR THh-> T, BWYSERIET
VT X LPER ST, R ETEERICBITZEHEHENE S ND T &5, LIS T,
BHSEFIIRE D OIKENOREZE A5G, EHRUEERWZEHRIOBAIEIHS N T
H5. 738, BUZ, FEAITOKREFOEOEGEHRDMERS "Ick> TirbhTtnwa. (2) &
R DBRETREIND L D78, ZRERDN SIEEERROFE ZHH LB 05N
BAEIVRWRD, BUESHEEEEEBEHNEZIIH L THESNSHIRIIE SN2 b DItz 57]
eI ENT & ZOX D RFENORSER NI 2T 7 0 —F O8I, Holmes,
Lumley 512K > TEBHIIREEIN TS 2. #1513, ELFERBOBEIIBEERENRELT, B
AHEABE R 2 L EBSE & 975 low dimensional model & /1 FREH/ERNS Z LT TERRET
DHSHEGORIAZRAATNS ¥ LMLENS, #5005 < Bii/uEfmike b OER
BELRTH D, EHRERBRICBOWTREL AT ENR ET TR I THARN.
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Fig. 1.1 Block diagram of the thesis.
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B2ETIE, PAIKESFNUCBIT DBRRFOKETAR & HbED 10 2 R E AT S ESRLEFED
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R RGO BE A RN 5.
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— R EMERR L E—EIC LU TL A IV AR RFEICE(L S B KEEREZTY, DX
T — VR BRK BRI BT BN ORFZE IS I I TR ERAND & & biT, ELAVRNT
X9 5 EAERBEEURMOBEAEEZRIT 5.

SBTETIE 84, 6BOMREZ), LEMBEILEEEEENEREZESHNICANS
ZEIZEST, PIV TR OIVZIEN S VIR GG TORBRE S ERIIS BB IR
WCHILH S 2NA T U w Rt ([ S ERGE-ERTE B EERM) 25 L <{iBE7T5. ZOET
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T5.
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Chapter 2 Simultaneous Image Measurement of Water-Surface Profile
and Velocity in Open-Channel Flows

Abstract: The present chapter proposes an image processing technique for simuitaneously measuring
instantaneous water-surface profile and velocity field in an open-channel flow. This technique utilizes
images in which both the tracer particles in flowing water and the water-surface profile are visualized by
a laser light sheet. A “ boundary growing process “ is employed in the image processing for
identifying the air-water interface from local gradients of image luminance. Combining this process
with a particle image velocimetry allows us to simultaneously measure the water-surface heights and the
velocity vectors.

Performance of the present technique is examined in a supercritical open-channel flow over a
concave bed. Analyses of the time-dependent water-surface heights and velocity vectors well
document that dominant motions of the water-surface significantly interact with organized fluid motions.
It is confirmed that the present technique is a useful tool for analyzing shooting flows with strongly

fluctuating water-surfaces.

Key Words: measurement, image processing, velocity vectors, water-surface profile, open-channel flow,

particle image velocimetry
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KEREOREENSBENSHEE INAHNOKEOUEDIR, FREDRIIZEILIZ S TF
Ui ERANEAE L 7= SRR IRABN S Z & Th 5. TERORINNIZBIT 20N, bAEET
DIRIUTEDHBEEZ SNBH, —HTHRKOESN S, T SKESES Tliokighin
REL, HKFHZIZBMU WKEEBZHE S R E S T 2N 5 5. DX HBEs
Tk DHEREASERFI U 7K TERET 21T D 201213, /KEDKE K EHTHHIUTBNT, FO
) - Z2RIAS AR R LRI RIS FRIT 2 ZENEBEE /5. LM LANS, B -
ZEFEIRYS BB S i S/KEAR & RIRHC G 2 FiEavanz, KEESEEEICAN
TN DR BRI EBNI BRI N TWRNONTRRD LS THD °, BEEHADHD
FLUVEEIFZREOMBENERINS.

FEOEMIZL, (1) BKEFRNICHIT 2B O/KEIR & R 2 FEHRIE 35 BigREHIE
BERRTSZE, BEY, Q) BESELR O E U TKBKICNEZ b DB/KBOHTE
HNRIZU THFHRNEZERA L, TOAMEERTEHIE, THS. DIZEL T PIVICE-
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( Visualized image measurement ) n

( Image processing )
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Personal computer and
mamory board

> THRFKRINJZ Dabiri & Gharib® DFHICITH Fig. 2.1 Image measurement system.
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mirror
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B, LU, 55 OFENGERNIK ]
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Bk S BKRSRICER T 5 Z L I3RET
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TRESERIZ VIR % & DE/K B i (B/KBE VIR ICBAL Ti3, #EES ¥4 PIV (particle image
velocimetry) & LES (Large Eddy Simulation) I &k 2ELFtgTE, FEHS *23PIV & k— e BEFIUTE
IR, ELRERORN %, Ml - A V0L —Y—5iskEt, PIV, LES 2HW=ELEE Ot
RETHOTNWS. LLEOHFETIY, 71— REDVINE IKERENORENES TE 5 HERiEe
M NERHRE U TVERRNOELFEEIRRSNTH Y, KEHEET 5KBERHTOHNR
RS HacisE T TR,

high speed

™ laser light sheet CCD camera

Fig. 2.2 Capturing method
of visualized image.
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2.2.1 BRI RTAOEE

Fig. 2.1 [Zn[#{LiEi&RZBUSF T /-0 OB AT LAOBKX%, Fig. 2.2 {ZnJi{t¥r
E DR HEOEELERT. FoKPICHER 1.02, R 0.075~0.150 mm OBEPFRY v—hiT
ZRAL, 7IVIdAF 2 L—F—DI— MEEFRIEMEICIRNT 2 Z &1 & D nJR L 2/
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Visualized flow field

Fig. 2.3 Visualized image (above) and
its explanatory diagram (below).
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ST 527 2L, ERWEEETY, Fig. 2.50) IR TIBYSRREREZSS.

E=e-L, (2-1)
L =b+d+f+h—4e (2-2)

ZZIZ, e b, d f, h idFig. 2.6 \ORT EEFE TOUEFIOMEMTH D, EITUIERID e IZ
MY HUEEOMEEETH 5.
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Original image
(Visualized image)

1

(a) Preprocessing

@ Noise removal

@ Emphasis of the light and
shade in the image using
Laplacian operator

1

(b) Extraction of image boundaries
@ Calculation of gradient vectors of

the image luminance
@ Selection of boundary candidate pixels
@ Detection of the boundaries using a

boundary growing process

1

(c) Final image

Detection of the water-
surface heights

(¢) Detection of the image boundaries

(d) Extraction of the water-surface profile

Fig. 2.4 Flow chart of the image processing ~ Fig. 2.5 Images at each stage of the data

for detecting the water-surface.

al|b|c ¥
alelrl |
glhli| *

Fig. 2.6 Definition of values of
image luminance in 3 X
3 pixels window.

M=,G,*+G,?

Di=tan™'(G, /G, )

processing.
Gy=—a-2d-g+c+2f +i (2-3)
G, =a+2b+c-g-2h—i (2-4)

ZZT, G, G, ENTNX, Y AHROEELE
DI TH 5.

(G,,G,) ZH\WT, S MHSRHORIREIR 51
ELRDOKEE MY LM DY ZH/EHE TIHHET 5.

(2-5)

(2-6)

KIZ, BIEEDOREI MO EAMDE ZRWNT, 3X3 @ 9 DOEFEENRIZ, TOHLOHE
P.Fig. 2.6 27252 T, FiRFe TED) NERADEMEIZEZNE DN % Table 2.1 L:m“d‘%##
WCEDHET S, NS 2 DOFRHZEM THEFREEMEMRAE L TKY.



COBMREERN2 DOLEN Table 2.1 Conditions for boundary candidate pixels

& Hy, Lp) ZRWTUETS. £ Condition as to At}e magnitude M © of gradient vector :
The value f the center pixel Pe in the 3 X3 pixels
T, TRENLEVWE Hy TER ! wmdowislargerﬂ;;enwdimcvah?elx;meew?rlldow. P
— Condition as to the direction D" of gradient vector :
BESETMICL, Hy KOKSs | | Connastobedineion D ofgrudiatveiar:
HEELE MC b DEFEDAERS. magnitude among the pixels of which directions have similar to the
direction Dp, of the Pe (within 30° ).

Z ZCRIIN/- S CHisk S e

Eiff% Seed map LIES. KIZ, /hE
Table 2.2 Conditions for detection of boundary lines

WU EVME Ly Z2FHWT, Table 2.2 — .
_ 1 The pixel to de added is an boundary candidate pixel determined
KRTRBECIOBEREERE in the previous step.

Seed map IZfHFET. ThoDgks 5 | Thepixel s attached to the existing boundaries in the seed map at
' e el each iteration step.

éﬁf:?@ﬁéﬁﬂbﬁﬁk&@ 3 Themagniuxieltfofﬂ\epixelishigherﬂmnﬁlelowﬂumhold

Seed map IZEML TWE, BN L. —— e o
e PO —

BERNEB/EE, BREIT | 4 | pigroorphehiobe st witimalimt( 30 .

BT EAZBYERRET 5.

BEEZFig. 2.50@IRYT. IS 2DOLEVME Hy, Ly ZRWSZEIZE- T, FAANITE

BERJRLAYVINS WER DIRPSRF bt eRE L 75 5.

2.2.2.3 KEWMEDRE

Fig. 2.5(c) ITRIEBICBNT, KK S 2 X TIRSSESIISIHEGE L ZEFROE/RD &L
THRONTHD, TNUNOBEREHEETS. BEVRIO/NSBF vy TEMIET SUHET
W, BEREICBNTKERIRZFig. 2.5()IRT 1 BEOBZHDO—ADBRELTES.

C OBMEERITN LT, BEREERE ANTRE L EEsREHREANWS &Ik L
BN DEHRIEERDN O EBERNOEHETY, BREIOKE&GIAFLNS.

2.2.3 PIVICKBFLRDESEA

BITRETT 2/KEE B %2 S BKBEMEBDOFHRICB N TIE, PIV IZK 2HEOEBRETHIE!TS
BE, BT 52 7L — LR TORTBHESCTANERRIENIICKRE L5720, B5Hh
HHEHICRERY MVESUHENIE L 15, Z T3, PIV OAHEBIRRZEMEIE R CEC (Correlation
Error Correction) " Z#H T2 Z &LICK DREARY MLORAEENHI L. CEC IIFE@EE2EHT
B DHBUREY B U w7 AR EEBHNDS Z &Ik > THES R E BRI B2 HDTH
D, 7T XLZRFEL Hart ICE > TEDRBEMRIESN TS, £E5513, AWAHEEFE
HO¥, EREDEOER, BRI —LY( X, RTFEERE, ROOREIEIRT 25H)Y
T A=FITDOWTEHZTV, CEC OBKBRMEBRIUIN T 5EEMEZHRL TIN5 Y.



[- probe — imege |

- 3
£
Ein AL i /L
.............. F;A ﬂf\/\/\
RN AVATA A AVAVAVAVRVAY
. x -2
Point for colparisoﬁ‘-._' - 0 2 4 6 8 1 (sec)
| laser-light sheet @
a) Experiment A
(periodic wave)
Fig. 2.7 Experimental setup for _
comparison of the two methods — 2 - =
E 15
of surface wave measurement. E 1o /\ /M
Rl 1
- +S— t + \eopawnr -+ + t
& -: ./ N
= -10 >
~15

o
-
L]

2.3 KR & DEHREHAEOMEEIRET o ¢ a6
(b) Experiment B
LERO R AN BT B KEEALEHH (non-periodic wave with large amplitude)

DREEZLATIRET .

Fig.2.8 Time series of water-surface level.

2.3.1 IBERKIORERINE

IKEDEHREHINEE 2R DDIC, Fig. .7 DEIISHEL RS TEBREAIHC X 55
BIEpHTL, 2 DOHEICKSFHAKAZHETT 5. 22T, TEMEIN 0.4cm BREOERRY
TRKHEES) BB A &, ZEME 0.15~3.75cm Offi % DTN 575 5/KEEH) RERB) IZDNWTHKR
MUz 7B, EEEtOY 7Y AN 20Hz THS. iz, WaEtAHEDRZE ¢ XK
LOEHET 5.

€= hn- R @-7)

ZZIZ, Ry EESHIEKAKERS, i EERERAIICEZKEREZTHD, W INLDRRITEY
KEZHESEL TS,

2.3.2 REEHICKASHAMEL DLER

Fig. 2.8 IZMgHANEIC K B/KE® S ORERFIEZRT. KEFEI 1y &8 IRIZZR—DEE EH
TNBIENOMS. 2L, EBRAIZBWT, KELEOILOHS TEERFHIIC L S/KES S
R BN L DKER I A LD RELRBFENDHS. Fig. 2.9132FHRT — A TOKHEE
Sh L BHBLIEDDTHS. FE e ITMERITHBNTIEE 1mm EINTH 545 Fig. 2.9(a)
DFEKINKEESOBKEICBNT, EROLDIRZE e A% 1mm 28X 5 EMANH 5.
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Fig. 2.10 \KEEEEEfRzE
¢ DEEfREIRY (AL ¥V BID).
IKEEBMEIELL THhERARZE,
R DI R 2RI
NI ENS, KEEBOBRIE
BREHRIOBEICHER LI &N
bins.

Rz ¢ DHEMERS M E Fig.
LINITRT @A BB, £
TOHT—AZBNTRE € 12T
3 EVEILNTHS. Fi,
DER I IR ZE 0=1.24
DIERAANHTIIE D EMS,
EREHRIDEEIIL25 BV
DN (EBUKHE95%) L7851 E
DIV DEERIL, EEBRA T0.31mm,
BB T 0.33~041mm. LA LDk
NG, FEGFHREIIEREET
KEE S ZFRILES Z E0thh

S57=.

-
e

2.4 MEREHE LEDBKEESTHRD
HABRELUVER

BR/KBEVIBRIZ BV 5 S & Xt
RELT, LRORFFEHRGHARE
ZRNWTHRABOFRIZTT o /2.

2.4.1 REUKBELUREREN

Fig. 2.12 ICAHRTHRET
SEKRIMEROBMEELRT. KR
KEEIZ 2 E 600cm, #8 20cm D7
7 ))VEERRIBAKE TH D, L

4 30
3 ‘.-
= 20
2 =
7 3 g 10
0 =0
-1 joone »
2| 2 -10
-3 -20
d-2-1 001 2 3 4 -20 -10 0 10 20 30
h'y () h's (“)
(a) Experiment A (b) Experiment B
Fig.2.9 Comparison of water-surface levels in
two methods (all experimental data sets).
10 10
¢ maximum deviation X standard deviation
g . . £
ab [ e . 15 =
A P . 3
L4 °
x %x x lx} * x x X
0 0
0 40 80 120
mean amplitude (pixel)
Fig. 2.10 Relationship between mean
amplitudes and deviations.
50 —~— A1
= A-2
g
E ¥ B}
g 30 —%—B-2
g —— B-3
b 20 ——B-4
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O Y AR <\ | + B
= 10 -+—B_7
- B8-8
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0 —— B-10
8 -6 -4 -2 0 2 4 6 8 | g
deviation € (pixel) L —all cases |
Fig.2.11 Relationship between deviation and
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z 2 Table 2.3 Experimental conditions
w FLOW [Side- Length of the concave : L(cm) 20
Ho 1_14 =~ h View] Depth of the concave : D(cm) 20
D0 x I 724 Slop of the flume : / 1790
77777777 77777777772 Flow rate : Q(cm/sec) 3510
L | Mean bulk velocity at the inlet section : Usfcnvsec) 790
. . Water depth at the inlet section : Ho(cm) 22
Fig. 2.12 Schematic of open-channel flow Apoct ratio of the concave - LD 00
over concaved bed. Reynolds number : Reo= UpHy/ v 17500
Froude number : Fro= Uy(gHy)'? 1.69
Hi7ki# &L D 365cm DALBIZMERZ BT T 5.
N —". cm/sec): ——
ARSI ORE R TH 5. g e
Table 2.3 IZSBRGRAERT. HRETBH § = =
NIDKELEBELS HRTHY, BHKEME e O T E’f«\ =T
FNTOBMER Efix=-120em TOT)— Rk 0 ¢ ¢ ¢ & w0 & u g u
Fran i 1.66 TH5. MERARLIE LD =100 (3) 1=3.754 (sec)
THY, BROBEITIIMIE Liim THBEL /Z FLOY = s0(ea/see): —

ERMMEPERICEMET RN Y &ixb. £
7=, BEHREHNCHITS 1 EVBIOEREITH
0.33mm T& 5. 1 [EIOFHHIRFEIIKT 4.5 7 (1087
BOThHY, RIS EH 22.5 B) OFHBlE
MHEHENS.

2.4.2 BIROFENY PIBLOKEHE

Fig. 2.13 iZ, BHRFOTENRY ML EMST
LKERERT. &L, BT TRk
¥ 240Hz DFT—H DHT, 10 Y27 )Vig (K
[ 0.0417sec) DEHANEZRL TW5. FioEtd
ABNZE D, EN—MEBER THRENRY LR
MEARICHRLSEEL TS, ZOBRAME
BB CT, MUEREEE) Sr8E0) OPRTI,
x-HRIDZEMIA T —IVHY 2~3cm FREDHRIE
FELTHD Fig. 2.13(a)), FEEIOBAE LD
ZDORMBTHRAMCHEL TV S Fie.
2.13(b)~(d). 2O ELD, MERESEIH

12

16. - <|-l. -
x (cm)

t=3.796 (sec)

50(cm/s0C) : ———

(b)

8 10 12 14

FLow

1 6‘ ;l-
x (cm)

¢=3.838 (sec)

50(cm/sec) : ——

14

(c)

(d)

t=3.879 (sec)

Fig. 2.13 Distributions of instantaneous
velocity vectors and water —
surface heights. (time interval
: 0.0417(sec))



WTHRNOMBHSEESNFEL TNWE T E
MNbms. —h, MNd SBHREOKES S
it FARICKEL2>THO, Tl E
MO EAHETERA ERIEIT/2 5 DITHR L
TEKEEES. iz, MENESE TOMHRE
BOMEBITHINY 58572 T, KEARTRAT
D EA->THYD, KEEE) & AREE)
EORIDREEREZREL TS,

2.4.3 FHERENY MVBLUHDKESS

Fig. 2.14 I[CHRFRHIEHWREN Y ML
V (U .W)) EBYKERS h 2R7. Eift
—MEEFUC BN TIEB AMMNIRE 75>
THY, Hi FARICMERREREAFEEL T
5. x=12~14em FHEL O FHRAITIE, [MER
DB LMD DI=DIZETRERDEEFHENR Y b
WM ERZEIZR>TWS. e, kL E
TBIDMERPRNCIE, D&EDDKRE @R
FELTWS., —F, EKEEH F AR
WRLIZERL, x=12~14cm FHEZBEIT TR
RITIEE SITKEAEML TS,

2.4.4 ENBEE, LA /IIXIEH, KEZER
B

x- z FFEAGRET, w?, L1
RIS —uw B OKEETRER? O
ZefEifn% Fig. 2.151279. Fig. 2.15(a)
X0, MERFAERO LN — RSB
WTVu? IEKEIHEE E>THD, ot
AFREEN & BIREB D ERA R S h
%.Fig. 2.15(0), (OISRTVw? , —ww i3,
RS & TR i — MR R

Fig. 2.14 Time-averaged velocity field
and water-surface profile.

— M 25 20 15 W 5 []
FLONC—> \[uTz
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(a) Streamwise component of turbulent intensity ‘Jﬁ

FLONC— Jﬁ

3 {omy/sec)

IE (“)IS 20

(b) Vertical component of turbulent intensity v w'

T 2 0 W0 5 0
—uw
{omisec’)

FLONE—
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x{cm)

(d) Intensity of water-surface fluctuationv/A?

0% = 14em FHED & FiBIO KGR B Fig. 2.15 Distributions of turbulent quantities.
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WTKEREE L S>TNS. FIEENERESE COMMERC & 5% - CANIGHE, %
EIRRRABOW FAFINOREC &> THET A SKEEBIC S dEHz, +he
NELTWBEEZSNS. —F4, Fig. 2.15@) ITRTVA? R TARICAZ S Ao TWE, 7
OEIRIZVW? , —uw DNAETLEEES x = ldem FHED S FHREITRE L 2o TS, ME
DZEED, (1) MERLHRIOER—MERER TR AMREEIEIC & 0 & U il
THZE, () MEROHFER G = 6~8cm) S FHBICH TOEN — MERER T EANIRS
BATSELTWL Z&, (3) x=ldem FHEA S FHREATCIE, @I TKEEROLIED
BEEMMERICR D&, Dbholk.

2.4.5 JKEZERN & FLEIER) DR 224

Fig. 2.161Z, BRRFDOFEEE (v, w') LKEZEE A & DM ORFZERIERIRE (Cu Cop) DI >
5 —%RY; (Cu Co) SRHEIS VT ITBTHFELEH (W', w) Ex=17cm , FFEIZ 7 1=01C
BIFBKELEH EORITEBL. Figs. 2.16(a-1), 2.16(b-D)IRIFEHERI(t=0) T,
x=17cm O/KEE FIZBWTEHWHEBEZRT. £, ZOEBICBITISCy, Cuw DEFEIZTN
FhALEDHEEES. UL, AMEGREEKELHORNEEERTHZLICEST, &5
ICEETES (0 >0 DL E, RAIISHEAMICGIZMIITINEDOTY <0, w >0 &25.
ZOMHFERE) . BT 2 1=0.0417-0.167 sec Tid, MERESBICB W THEAEBIDOEIRAYEEL
TBY, TNSIFTHRELRBEEDIT, FF—EEET TFRANSETS. 2512, Figs.
2.16 (a-5), 2.16(b-5) TiZ, x=12-13 cm fHEDKEEEBHIBNT Cy, & Cy DIEDDZDK
ELBo TS, i, KEEHE TN RIEESORMEEZRL TWH HbDEEZ LN
5. ZNHORRED, MERRSEICHIT SHBES) S KEAREORICIIR HEBEIFEY
5T ENDNG.
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Fig. 2.16 Contours of cross correlation coefficients in space-time coordinates.
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F3IFE EIROBEHERERCREMRREDAE

Chapter 3 Measuring Method of Suspended Solid Concentration by Using
Luminance of Image

Abstract: In this chapter, we propose an image processing technique for measuring temporal and spatial
distribution of suspended solid concentration in water. An equation, which relates luminance of image
to the concentration of suspended solids, is derived from the radiative transfer equation in which effects
of a multiple light scattering as well as of a light attenuation are taken into consideration. The
optimum coefficients in the equation are experimentally determined from luminance of image under
uniformly distributed concentrations. In order to examine the accuracy of the present method, the
concentration distributions are measured with the quasi-uniform concentration. The measurement

shows that this method is useful for estimating even high concentration of suspended solids in water.

Key Words: measurement, image processing, suspended solid concentration, multiple scattering,

luminance

IV F W
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FETIIEBKN DR EYIER test section A scattering

BEEHANRETZH, koK . ___*_“ e
incident light -, .
OYFEREER ZHW-EHBIEET intensi;y »absorption > transmission
L
i, (1) KPIEALETO—T2 Q > %___, } Tl
WM EEL T /= DIEYE IR DIERE scatterin multiple scattering
ISRIENHEETH S, () sEHIF | |
ds

ETH D7D ZERIERME STV,
REDHENHD. T THRART Fig. 3.1 Schematic of light propagation in mixture
i3, EEINRRNE UV ERLE of suspended solids and water.

B2 EAL T, BEiROEEFERN

SIFIEYIEIRE DB - ZERINRESMEHE T SFEEHHAET 5. I7/abb, EREEN
BESICBITHDOBEDHIZSTHOLEHILOXELZ T SBEOHREENRICLT, X
DIEIBRE 2 R TEMAERE AL CEHGERE S FEERE & OBREERLT 5. AhicE
ENDRAREIIHEBIICRIE I N, N5 ZANWTIZIE—HRRBES TO R LES) 5 RE
ZHEE UASHHITFRORE 2REET 5.

K OYEBREOENEHIEE LTI, tRIBEZNSRE L TERBMMN SRR L CT DR
HEBEALZAY ", %S "OFE, BEEOSBCBNWTHRESEN TS 0 F o REE
MEHRIZ L7z Palowitch & Jaffe®® DEHREHHITE, PLIF 5% AW BEERHRIFE Vs L O D
D, KAEFOYEBEIBETIINE ®, Liscinsky & True ? 5 OBF/REDNRE TN TN S0,
AR IBE OIFEME 2R & U ESRFHRIOBFII N,

3.2 MEE - RBBARDEL

ERE ORI TS S/ BN TS LEROBEE, SRESHZ2HE T 254,
D - LEBELOKITTREEERTHLENDD. I TR, ADCRBRHEERTEHDE
HEREEATSHIET, XOBE - SEEELOREE HE —RE) BRIICEAT 5.

3.2.1 XOEEEYE

Fig. 3.113, HAHMPMIRITENT, AREWREWERI T oKD TR EITHRL 2L E D%
B, BN, #EL, SHERERERICEKRL THha.

R &N, JCRAVCARITIER S YEZES L &I, ADOIRIIF— BT RINF—) 1WE
DEFEL RN F—ITRRE NS DL DB I RN F—DRERD I ETHSB. —4, #ELL
i, KT EHRE EORICBITROENS HBEIT, BFICAN LZBH TRV F—RFZ2Hil
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ELTUAICEEES SN 288 END. AFAROBH TV F RN EHELUC K DEE LS
MOEREINDD, WEEZEDOETHHENS.

HEGERITN LT, SHEDERBA I T RLF 809 B8R EXY. FHIS, #
BABRERFD I EICKSHDOG I E, HEICMHMOAEN SHELAN LT RNF—NBI5T
HMTOFHO_MBENE AL 5NS. BENTFORENE, L THELE W to—5 0 E
UK BICR > T DHFILEHELLHINDD, ZHEIRMTOHHERZ DI ENTES.

3.2.2 HMEHEEAENX

KOEBEIRERE T HBEHRESEROBRIEZ LA MRS °.

HDNRE LB ONREORILEERD. WERADAGNREZ [, FElE & ZVTRzo 7
RANDASHNBEZ [+d, £ 95 &, AFVEREOR(LR AL, RETRN I &5, HEH
THRSNSHEER (—xplds) &, TOBEATEL 2HHOHE (EOFH) LMoAmNSE
A TB AHH RN OHEL (RATF DS 12K IR (iods) DFNTIRS.

dl, =-x,pl,ds+ j, pds @3-

I, g BRIEBRE, j, : EERBHRE, o BEOBETHS.
B OERBHL S, 2,

S, =J./x, 3-2)
TEHETSE, AG-DIXKRDLDITIS.

dl,

K,pds

=-I,+85, (3-3)

ERDBEHE A EROEAE TH 5. HIEHZEHT 5L, LRIDEOBEOHEEZEL
7= Lambert-Beer DIERNZIRET 5.

AE3)FOEBHHGER G IS, BB TKPE2 BT 285 TR F—ORIN & BELERDOR)
REa%H, KRCLDEEINS.

K,=xata,=x;+x,+a; +a; (34

T, g BREIGRE, o BEREESAE y) KO FCRDRIURE, 4 : BERLTFIC
KOBINRE, o) : KAFICKDHEL, o) : BRI TFICKOHERKTH 5.
SHEGREG IS, EVBRZRD 2 LICK AEOH () EZOEBEICOA RN SHELE N
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AF LD I RN F—IC KD E LSBT O s

Hi() EDRELT, KR TERINS. s A0 v
LN
L(0 ,
Jo= i+ i a5 AQw

IR TIIRIRB LRI R U THDT
DEH jf DBEEETNILVOT, 22 TE,

Fig. 3.2 Light pass.

Ji=Ji (3-6)

E95. RIZ, HMINERER dn HOREINAEEE dl, S do, B d iZDOWTORGE
IRIVF—E, HHEEE L ZRANWTROL D IZREINS.

j,dm-dA -de- dt (3-7)
—%H, (8, ¢) HRINOHRHIZNT 5 (97 ,¢°) HFHSDAFRHOBEILKARTEH A 5N5.

sin@' do'dy’

K,-dm-dA-dw- p(0,9;6'.¢") x1,(6',¢") s

(3-8)
ZZIZ, 6:KIEA, ¢: Hhf, p6 ¢; 60, ¢) : PAEBEE ((0°, ¢) AENS (6, @ AHMN
BELI 2HERE 5 X 5850, L6, ¢) : (0, ¢) FRANSDOAFNERETHS.

RG-8)EHELEDEAS AW (R34 ICBL TS L b OG- DOHHEBIZZE L VWD T,
BELEDADHHIZETE T 2B DERBE Sid, RG-2), 3-6), (-7, G305, KDL
755.

r 2x

S, =— [ [ p(6.6:6'.4) 1,0'.¢)sin0’ 46 dg’ (3-9)
4z 4%

3.2.3 HEUIRABISICHITHEE - RERGFRR

HEHAREHENQG3) EREYERESICER TS Z LIk D, HEEEE & i3EyERE DR
ZEAMETS. RGEHTHSND KD ITERBIE S, ORED DOHITRD R EHHEE S EN
TNWS7280, BEHEA RG-S FER Lo TS, DX D, FRE S,OEIS,
BEHAZESBROBOVE SNBRTRITNIDRD 2 Z &N TERN. £IT, FRBEKSHTD
BEITH B EEL, Fig. 3.2 DX I BT 2 HEHRE A ERG-3) DROMENEK %
ERIHIEICKY, THEE-BE BREZHBET 5.
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FURBEE S, B EAES B &, AB-3)IIfHH
72 1 EEBA HERE/RD1D, TORIBFEHIT
RDOESITRES. hzeoimEsEAOrA

LN, I

Camera

R

I,(r)=1,(0)e o Suspended solid water

r -7(r,s)
+[Si0)e™xpds G0 Eig 33 Schematic of light path in

suspended solid water.
T, L0, LO :ZNEN s=r, 0 NDA
SR, S;() 1 s=0~ r BEIDEBDR TOHH
DERBIETHD. iz, PN FHESITHORATERINS.

o(r,r') = J.:KA pds G-11)

RG-10)DWEENIBEKRIIRDE D ITEZ S5NS. BHUE 1 BIAFIHELO) A s=0 ~ r OFTH
BLTriCAHT2HE, F2HIXFE[O, r | LOEBI rDESOHEN rins r ORITHBL
FERREOXEIRS THD. LT, r N\OAFHIIEORE (G305 1 1) L EHEL (%
2 PITRIND Z LT 5.

Fig. 3.3 DX ITIRBRITIKMA S TAKED LB NS L—H—KEAS S THTE QS 2
LU, KIEORIENS EFFNASTRET 2. BON-EEROE P ICBIT HHEE S EEDRID
BifRZE <. AHE TIIHBARBEREMDRS 28, A1) 1 MRFICXHBELNED
BRI L THERTH 5 LGE L, RS G & U TIRBR FIC L S BEL R a (= ) ZHWV
5. BEDROOIZAF )1 NOBE ¢ 2EZ25E, AG-1D)DHENES rlLRDOLDITE
Ihs.

o(r,r)= | ‘acds (3-12)

T, L—H—HBEEZRANWTNWASD, KENDAFES LIRS T KPICHBIT SHEDE
DEEII—E (U=const) TH D, LI, HEEXRITHREMIEIRTS.

Fig. 3.3 ZBIIDHEQPR &, MQMNSERP NDODAFHDOHEEELP NSHATHRB (R
NOBENDHR LTI TEZS. R Q \DASEREE & L=EE, KPICAHT DK
DRE B3, RG-100ZHHATHERDEL SIS,
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Ip = Ige™ P9 + J”’ S(s)e~ " g c(s)ds (3-13)
q

ZZiZ, S, ¢ Wi ThENHERLOEEORICBITHERBEBREBETHD, p, qldTh
FNHEE QP LORP EQDNEEETHS.

KiZ, M P EIOWB/MAEERE gy S R AIA (LQPR=0) ~HELT D058 Ip (9) 1K
A TREINS.
L@ =I,codVi,= {IQe"("’q) + L PS(s)e " P a c(s)ds } cpdVi, (3-14)

ZZIZ, cp: MPDRE, i (MHEKTHS.

RG-14) TRINSHEIGEE Ir (0) 13, PR THEELSEHBELORREZITTHIASIZA
5195, JEE EHOBEIVREBHRICH B LIKET B &, FHHISND P OEE L, ZKA0DL D
IHETIENTES.

Ly < I (@) e ™ + j;S(s)e°'<"s> a c(s)ds
= {IQe”“"‘” + J'qp S(s)e P c(s) ds} cepdViy-e TP 4 I;S(s)e"("‘) ac(s)ds
= IQe"(""’)e"(""’)cP avi, + Lp S($)e P ac(s)ds-e P cp dV i,
+ J:S(s)e"("s) ac(s)ds (3-15)
L7zito T,
Lp=k{lge ™" Pe " Pe, dV i, + Lp S(s)e" P ac(s)ds-e TP .cp dV i,

+ I;S(s)e"(”s) a c(s)ds}
=KGcp + (3-16)

ZZIZ, k: R, r: AR EDS R ONEBERETHS. £, K: #EA0E AT RE
o TREDRE, G: HOBFEHE, §: 2EHEIIETHD, ThENUTORXTERINS.

K=k I advi, (-17)
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Optical Fiber Cable

Table 3.1 Experimental conditions

Adjustment
Laser sheet Concentration  c(g/f) 0.1,02,03
Measured Cross 0,12,
Section z(cm) 3,4,5
M — Flame Interval  (fps) 240
emory an
Computer Power of Laser W) 0.8
Wavelength of 488
Laser Light (nm)
Length of Each Pixel (cm) 0.05
Camera
Fig. 3.4 Experimental setup.
G =e TP 7(r:P) (3-18)
B=k{[ S(s)e " ac(s)ds-e P -cp dV iy + | S(s)e™" arc(s)ds} (3-19)
- q P ¢ P

RG-SR PICBIT DHRE Lp CIRE o DBIRZEX DA TH D, HESK e, FREK BLU
LEHER SN GA SNIUS, HE LD SIRE o Z3RDD Z EATES.

3.3 KEREBOBEE

.3.1 RBFEBIURMRRM

JEE - REOBHRRG-16)P DX e, K, fEERICEIET 37012, KENTHEED
—HRITIZ B KD MR L 724U 1 MEAKERWTRISYEERZfTo7 AT, Z0&
EDHF A EKDESFEH SEHINS/KENOEN/S ERIRE % [T SR
ZEIZTB). BRI AT LAOEERFig.3.410, EBREHZ Table 3.1 IZENEIVURT. 7
WIAF L= E—ALI AN =L > TI—MRICU T LS SRET 3 2
EWRK DA EBTE Z1ERR T 5. L—T—0OHAid 08W, HEIL 488nm, FleE—LT 7 XN
2 H—INSKEE TOERT 162em THS. TJEEHEIIHEETA A S ERANTREL, &
REBZETAT— /IR 5. RT3, EEBR— RERO/S—Y )3 Ea—
ZIT512X512 iR (N, FHABESR 200X 100 EFR), 256 EROHEET—% & UTHRET 5.
U MKBROREERE ¢ 13, 03, 02, 0.1g/D 35— LU MRET BulEHLmmidk
HERUBEDRBOTRV BT RO 10ecm &L, FHEUNTNIIRIT Z 4 ¢ BO5HED I 1cm FMIRT 2=
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05 5em EToWmEEHRILE. E52
AASD vy —AE— RId 1/500sec,
7 L— LR 240fps, 1 BEFROFEREITH
0.05cm TH 3. 723, AIELEIHEOMEET
— Y EEREELTHERT S0, —ED
HERIEE Z R TEVINEN S DX E5EE
(T L TERZEIT> /2. LD HETH]
184L L 7= B E OBERE S A5 D—Bil % Fig. 3.5 Fig. 3.5 Instantaneous distribution of
R, TTIC, LI, x KOS ;j;“z"j‘;d) W = s
HilE, y BIKEEATE =0 \KED, i3 ’

KD BITE [ =0 130 A FITR B

WMD) &Y.

x (em)

3.3.2 REREREDI=HDEGHERE

KN DB EYBEIBE Z —RIZT D7D TRF VY « A —F—EHWTHA U F1 bk
VB2 TR L T 50, KIBTIROTRENZ Y VKN O 2SR BE RIS & R4 2T
5. LMo T, Fig. 3.5ITRT XD IC™ESNSREMEOEED ML, TEIT—HISIBES
TR L7z bDTIdR<, BHREOZMBESHERBUIEENR LS. £IT, iR
DK 4.5 FOREIDENR (1089 B 2L T, —HRIBEEM Satin S B 5 EEE 2 h 2Kk 7.

RS NEREEICIE, ASDEOIEEEMECEBR / A X7 EEIREHIS A7 ADERRICERT
HREIHEEHENEENTOBEANDS. INSIE, RARROFEICHRL THEEL 5729,
BEREFITT 540, (1) B/ 1 XL T3ESN-KEIRIC 3X3 BFEDAT AT 74
WE—& 5X5 BFEODHENIGT 4 )V —EERT—HITHET 2 &ICLD, (2) iR EICE
LU CidiEisE & & OEEOEEMRNIERSMIAUTES LREL T, BEWEEfT- 7.

W R & = Sem) (IZHBVT BHEEE L, DSRE A% Fig. 3.6 1RT. MAEOONE @ AR LCTH
NS, FBIRE o @< BB LN THEKIFNE < 257280, HEEEI <25, i,
EIRE ) MEVISSIE EW ¢ 8iAm) IC K SEEEOZEIIREL, BEMEZSIZLEMN
> THEEDOZEIINE 2> Tna. Zhid, BESEVZERTZAHM G 8ihm) OXORE
MRELIRBF0THS. KEAR BHE)ITONTIE, HEIIHERERD T3, SEHEL
DB > THAHKETHBAIEE L5015,

3.3.3 @R BEBMFRRDEELES L UKMFE
EEBRE DF5N S PHYLER ORI R, Wil I & O/ES L TR, [3-16)
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Fig. 3.6 Vertical distributions of image luminance (x = 5 cm).
ZLUTOLDIBRERBRITEZS.

L(x,y,2)=K {expyi:l (— ac(x,i,z)4 y)} {expi(— ac(x,y, A z)} -c(x,y,2)+ p(x,¥,2)
i=1

7=l

=K -G(x,y,2)-c(x,y,2)+ B(x,¥,2) (3-20)
=iz,
G(x,y,z)= {exp yz—: (— ac(x,i, z)Ay)} {exp ZZ_I: (— ac(x,y, j)Az)} (3-21)

ZZIZ, dy: 1EHFDOEE, Az: FHRMERER, GGy : XOBEIETDHS.

ERTHWEAA ) F MRFOR (FIRBIE 3.5um) 13— — Dk F (488nm) 12N T4
REW. £IT, BWBRTFERETIUE, BELRR BIRHR Ol ERTORFRIZK >
TRESINSD END I —OHEIERICK DOBELEALITE S, X561, L—Y—DkEN—
TETdH DRI —TH D LREL T, BEURKAIMIBEE , 3, D) ICE5T—E
ET5. O, K DEZBELAIDBTHS. T TIE, I ASTADARNATAIELETE
WCIEAHFOBEN TH D EEL, R K BAEEE (), ) 1L 53— LT 5. LEHEIH
A3, TRBRIT/KPICHBIT DHDEERERE EORE SAHBIRIC K > TR EHEMBENTH S
7=8, —RUTIILE (p2) ICL > TRIZDEEES. 72750, SEMSRETH5—HRIBERICH
W, HTTHEISAVKEICAN TS5 ERETIUL §, 2) OHOBEEE U TERDERD Z &N
TE&%. £z, JEAVKEICEGET 5 E TOXMBE E/KERIEN 5 A T DRBTOLEZITLBHAD
BRIIEHT 3.
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= 150 T T
334 REKORE [ L,-Kc,-588,,
EBIC & DB SN EHERE & AUV TR 100k //
K 2RSS 5. o %
IR DT (= 2= 0) TH, HDwREE cof /
BLUSEMELOVEEEETE 5 LTI, ; /
H(3-20)DIE — BEOBHRRATK DL S 12 N Sa SR T
0 0.1 0.2 0.3
185 c(g/D
L(x)=K c(x) (3-22) Fig. 3.7 Relationship between luminance

and concentration (y =z=0).

y=z=0 TRV HHEE [, & HBREE ¢, DBY
tRE Fig. 3.TITRT. FBRE ¢, CHEE L
DOFEBHRENL0.994 720, MEDEIEBIRICH D Z L MR TES. BRI > THGE-22)
DB K =588 LRIESN/=. Fig. 3.7 ICIIENREREZHRL TH5. EBIREROTHDIAD
%50, ZUIERLER— RO AD BEMEICERT 5 EE A 505720, YRAT0 &7
L5XOICEEMELEELE. UTORBRIEICBNTIY, ZOBEEE#EEZHHTS.

3.3.5 #MERKDRE

K (y=0) TOZEHELOREEMBTESEEZ 5L, AB220)EOBELIC L HWHRDOH %
ERBL TAROLDIIHREINS.

L(x, 2) = K G(x,2) c(x, 2) (3-23)
—HIBEBICBNLTIE, eIk L5,
L,(2)=K G(2)c, (3-24)
=rEL,
G(z)=exp(~a ¢, z-Az) (3-25)

JKE (p=0) IZBVT DHEEZ RN 5, F(3-24), G2)NTE DN TEIRHTL, BEFRED a=0.384
ERIEEIN/Z. Fig. 3.81C, /KENCZHIT HHEED TR & DEIRMERZHBE ¢ TEITRT. 2
DORED, BESA e DEEMEIZE TORBIRE ¢ IS L TEOREZ BIFICER TS T EA%
BINs.
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.3.5 ZEMELE S ORRIE 200 a=0.384 Cole
B 0.3
—RRMEEIRIC B B IREE — M OBIHRRITRR N . 0.2
Dk dickThs. ~ol & s 01
L(y,z2)=Kexpf-ac,(y-4y+z-42)}c, 5 I i S e
+ﬂ(yaz) (3-26) ch""'""ﬂ'—- - A
1 2 3 5
Z(cm)

[FIE SN/ HES AR o LR K ZRNWT, KRR
OB EEELI-SWE, SKECBToME L, &k Fig. 3.8 Distributions of luminance
RICEDEHTS. on water surface (y = 0).

L,(y,2)=K expl-ac,(y-Ay+z-42)}c, (3-27)
R(3-26), 3-2N&D, ZEBEIHSIIKRDL D ICHRBBEIIN U THETE 5.
B(y,2)=L(y,2)-L (y,2) (3-28)

BIEEMNTOHIBICE S AHEBREDOHENERBTS5HDOTHD, YENIIIAEERZESIE
3B DRI, Lo T, AE-28)I2&k > TADEMBEHINSHESITONTIE, LEHBELOE
BN bDELTE (2)=0 EEZS.

BONAEEFig. 3.9ITRT. KEDEIEHEIIBWTIE, FAEEMRE ¢ IcX5T80NUTIFE 01Tk
WEERD, ZEBELOFEIBD TN EHAMERTES. i, FEBRE o MME<RBIC
L7ehio TRIdEAT 3. KEAR( AW IZBWTIY, HESEE L, DA RIS S
BE y THRKEEED, TOKEy (JRITEHE @ @AW iIZm-> TEMgmERY. X,
BITZEARICBNTIL, =03g/¢Fig. 3.9 () DHFE, z=3cm OUIE TEMRBRKELILBH,
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Fig. 3.9 \Vertical distributions of multiple scattering term £(y, 2).
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c=02g/tFig. 3.9 (b)) DFPETIL, pHRBETE
BN EFEIY SR EZRL TS,

ERO & S ICZEBEIHS IR EMEREICK
STETS. LiEh-oT, BEELEHEIAD
HERRERIT S EAWNETHD. SHHEIC
BT 5L & cyDBEFE (=3cm) ZFig. 3. 10{TRT.
&, ¢ &L DENTIIRNIEDHBENEET
5 ENHERTES. BN_FEICK D LEBEL
HRIIRA T ENS.

B»:2)=B,(y.2) ¢ + By (¥:2)  (3-29)

100 Z(cm)

0 0.1 0.2 0.3
Cn(gll)

Fig. 3.10 Relationship between multiple

scattering term S and
concentration ¢y (y = 3 cm).

R, ZOXIITLTHRHN "
R SN Aem)
lemEOERERERL TS, ! \)\\ N :ﬁ\%}j - ;
s R = '~\\\ '."-‘ -t

Fig. 3.11 128, &5, OMELTE gz / >\ gz I \l\ SN (Eak
ERT. Theo, pemmics |7 L Y 3 N
KRy THAEAERED, = ||| /iF T A s
ORI TEHBNZEML T» 5o 100 2ooﬂ 300 400 500 RIED ,520 -30  -40
5. Tz, BTEHRIIBNT, (3 Ba (b) B

puldz=3em TRRERD. {134 Fig. 3.11
ICHRTHOED /NS WMEZ LD,

T DA, D7 EIZIFERLE

785 T ENDNS.

3.4 —HRIZRBERTORA

Vertical distributions of regression
coefficients of multiple scattering in
regression curve.

PALED X S ITRIE SRR NT, IZIE—RRICRBR I N RIBRERIC ST 53R R E

5375 2 R R L S - EHEEE A SR B
.41 MEOHNAE

(@, K, p)DFEMEEKADNEE—RE BIRAZANT, BN SIREWHRES

MEHET 5.
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150

Fig. 3.12 Spatial distributions of luminance (co = 0.2 g/?).

L(x,y,z)= K G(x,y,z) c(x, y,2) + B(y,2)

=K G(x,y.2) c(x,,2) + B,(¥.2)c(x,y.2) + B, (3. 2) (3-30)

FRZBE ¢ ITDOWTERTIUIRRDL S I12/25.

L(x,y,z) - B,(¥,2)
KG(x,y,2)+ B,(3,2)

c(x,y,2)= (3-31)
£, KOEEELEBELOZEN LV KIERTREOKE () =2z=0) TORWREEZEEL, IBXKE
JiTe) (y Sl A W) B X BT E AR ¢ 8hm) R TOEEREHT 5.

3.4.2 EEOZESHEE

& SNz E B N OBEEE 7370 OB GREEIREE co=02g/0) Z Fig. 3.12 1TRY. MWEMEIL, 7Kg
AT COKED SHBESNDITELBEMNUEL /2D, ZDX D I EEE D ZEMRZR NI DR
IEDBDEEZSNS. —7, 2=2,5cm ODEIEIZBNTIE, LEBELOZEICK > THEED R
MBHBHKFETHAEEZ LS. MAEOBRNSKEDT, RiTZAHMOBEIZEREZ. TRTOME
BRI BW TR REICHA Tl COMEESACPES FRISNTNSA, Jiudmim
HIZBNWTDOARNKZDHDNGFN=DTH 5.

3.4.3 MESHOHERE

ARTEIREE ¢ = 020/ DFBITHIT DBEDPMOWEERZ Fig. 3.13 11T Fig. 3.12 OFEE
PTG . Fig. 312 {ITRU KD ITHESMIINEDOEREB KOS HEHELOREIT L > TZERH
HIZSEBAKE VWD, SWHEICEE L TORESMIIHERE o \[SLWVESHEES N, LHBIFIE
—RRIEATMMESNTNVS. UL, K TIRBENCPEHEEINTED, Ehok
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Fig. 3.14 Vertical profiles of concentration.

5 T T
0 0.05 t{.'l .15 0.2

0.25 0.3
) c(glt

2 I IER TOARHNFREICHRTIIN ENFEL TNE EEZS5NS.

Fig. 3.14 [ZFHREIREE T & OFHRIBTE I (x = Sem) I BT HHEEREDORE S ZRT. £z,
Table 3. 2 IZBE OIREREZEB LUHEME ERBEDOBRAREEEZRT. TRTD /LT,
HEERRZENS o2 0.2/ DFEFICINE > TWA. Ik D, FFHIREICK > GREREIGIWL—
IRIBESHNEE IND ZENMHEND SN, 51T, BEHEEERIET 572012, HFNE
BEatZ W TR F TIRESHIZ T > 12/ % Table 3.2 IZHFREL TS, BEFHIX DR
TE S N IRE OEERZS 0.002~0.003g/(2ETH - /-

Table 3.2 Standard and maximum deviations

co(g/?) | Standard deviation (g/¢) | Maximam deviation (%) Sm?m;el;;f;e()yg
0.3 0.116X10™ 20.18 0.281X107
0.2 0.107X 10" 19.43 0.288 %107
0.1 0.077%X 10" 27.14 0.241 X107
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3.5 # %W

EHROMEEEEERD SIREYHIREE S HEE § DA ZIRE L. ADERRHEZR AR
Rk 0 N — 88 | BifRNEAE L TR —RBES TOREZHEL, TO@EMEEZHEL
Tz. BRONRREZLUTICENT .

() HOEBFEERRTORFRESEREANT, FHEWHEBRESCH TS HE — R A
HAZHEEL - BIRRITE, AR LEOXORE S LEHENEEINTNS.

() —HRBERTOERRNS, NEE-REIBFRACSENIRERBZRELL. BEICLS
HOBERERTHERE IS, LEHELOERORVKEDHEL DREI N, SEH
HIEH B BENENIZERZWEZRZ LD, HEHKETHRNEZES. X, —HRRESICE
WTI3, SEHEEIR G SREIRERRTEILENS.

() FFREZIZIF—HRRRERIEAL, BEMMEZHEELE. TORR, F5HKIIZERY
IRRENMZFHT 5 L TEHTH D ZEAbhoTz.

(@) ZFEHHNEL, RoE D IZIEHRRRERION U T Bs RIFSHEERRERTH, BE
AVZERNTELS SRBRIT/KIC BN TIE, ZEHELOZEMN, MHE - REROHE S,
BEHRFHRIS AT AICBIT BHORIEIL E, SHRE LIz e S IR I TV 5.
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Chapter 4 Wavelet Analysis on Turbulent Structure in Mixing Layer
of Open-Channel Flow over Concaved Bed

Abstract: Turbulent structures in the mixing layer developed between the main-channel and the concave
are analyzed using wavelet transforms. The flow is measured by a particle image velocimetry. The
continuous wavelet transform of the velocities successfully detects the large-scale vortices generated
along the mixing layer, which makes possible to discuss flow characteristics such as the spatial scale,
frequency, advection velocity and generation interval. A joint probability density distribution of the
vortex’s scales and frequencies shows that there is a linear relationship between them. Then, the
longitudinal and vertical amounts of the kinetic energy are clearly decomposed into subcomponents
according to the respective frequencies by using a multiresolutional approximation. The flow motions
are classified into three components in frequency hierarchy that are specified by the energy distributions
of the components. These results strongly support that the wavelet analysis is very useful in

examination of flow structures in the present system.

Key Words: wavelet transform, large-scale vortex, turbulent mixing layer, open-channel, concaved bed
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AT, INET, BERERZAWZB/KRBRTRN SIFEYEBE ORI DWW TR 2
o T&E. INSEREHRED 515 5 N 5Y R IR 22 MR 2 M 8 &9 5 IR R
T—YREIEDID, TOEROPNSBROG L 72 DRFZEHEBE 2 L BE T 5200
iz ERINL S, FEUBROEEIZBWTE, MENER LS TORNOYEET
& UTRBIRICVIER 288 V) 7= Bk i (CATF, TBR/KBEMIERHRI SBEED) Z2XRICL T,
particle image velocimetry (PIV) IZ X ZEHFFHAIZITYY, TNXD/SNDT0ET—F M S Filstt
ZHIHT 2700 ARERITS. £, FETIE, v=—7Ly MNERERLSBINCK
> THKBSVERTAUC BV DALt 2 £ KT 3.

BA/KBEVIERSRICBAL T, BEE S "AYPIV & Large Eddy Simulation (LES) 2 RV /= ELiARHT &,
v - (LA 2% —Y—F#Et, PIV, LES ZAW-ELGEOMZEEIT> T3, FhS5DOHE
Tid, EfR-MEREAOTANESE CAT, MERREE) S50 ICRE T 3 RUEROEBNC
DNWTHEKBDDHRAVRSNTNS. LLAENs, KRS SELROBHESEIC DWW T,
i) - ZBEIDRHER 7 — )L PRI OB BRI NTIIB 5T, Rho%gzxe
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IZRRERT BITI3E > Tz,

FETHNWSYT—T Ly FME#OIE, 1980 £
REBUCHIBL, TOBAHISERERIMERIL
SNTEEHLVWEARSETHS. Vz—TLy
FEBRORMIL, Y- U—T7 Ly hEREIH
LR ALK - S NBLUBB S TRITSR &
RAEHRERHBTHIEIIED, BFRIZEEN
3R EREERBITES 2 LIZHD.
DT ENS, RELIMNERREEICHT AU
s ERNDSEF SR E 2R IE 9 5 LT
IROBENRBTHETHDEELZOND. B -
PR EEBHRFE DRI U Tk 7 — U —
IEHMME NS NTERN, 7—UIEHRT Fig. 4.1 Schematic of open-channel
IS HBRTOBIR O fhtER BRI, BT = flow over concaved bed.

1o 758 O B EER kb s/
D, TOXDTEMHTIIARFIRETH 5.

Fte 1% - ELFAR O EFICBNTIY, Farge® S, @ —7 Ly MK - B 2 — 7L
v NEBORHR & RN OB~ OBERE - ARtEICDONWTENZL Eoa—2RERL TS, £C
Tid, Yx—7 1w NEMH Tennekes & Lumley DIHETI) V2RI |, MRORFERINITEE)
WAHERT T2 L TARTETH S EMBRENTWS. Liandrat & Moret-Bailly® i3, ELikE
S DT IR E U TRWSNTE VITA i (variable interval time averaging) &7 = —7 L
v N E DREZE L, [EBOZEAr—IVENRIRETH ST 2 —T Ly NEROEBAHE
BRLTWS, FiZE -« B CRETZOMFIZBNTD, Ei, ®ieENRELTUz—7L
v MEHZE AW EELIROMBHE DT Thh Tns 10,

FEOEELGRAL, OEGEY = —T Ly MNERERWKREROEEREOME, Q%
BRI (73S ERHREERRT) ICE ST T - ShiEAROER TR F—F5 ORISR
B, THD. IN6IZE> THERESE TOEFREZHSMNCTHEEHIL, Yz—T Ly bk
EHOBRAYZRT 5.

Munit(cm)

4.2 FMMET SHEVKEBMEOTN

Fig. 4.11TRT XS ICEBB/KRICMERZRT, K4 X4 OERGDEZ PV IC &k D et
WL 7z, HHREHZ Table 4.1 ITRY. PIV OFHABTEIZMNIEROMEHR ()=10cm) TH D, Eifk
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DY 7)) TR 60Hz, RIARLIEIRD Table 4.1  Experimental conditions

& . =15 Flow rate : Q (cm’/sec) 758
2eRan RAE (1 pixel) 1349 0.42mm, FHARFRETE v demh:‘;m gd:;“n f‘ecﬂo T =
7 33 #2000 EifR) TH 5. Mean bulk velocity at inlet section : Up(cm/sec) | 12.6

Reynolds number : Re =UyHy/ Vv 3800
PW T(’i; ;Fﬁm ¢ g&ﬁlﬁ]ﬁmﬁiﬁ“bmﬁg Froude number : Fr =Ucf(gHu}m 023
T(BU, %f:g@%b%ﬁﬁh@éﬁ@éi Aspectratioofconcave : 7 = L/D 6.67

BB TES ZENVRETHS. —4,
4.1 TRNWIE YO0 = —T Ly Mg
THIE-> TWAER(EIL, WIihdl—H—
oEts & AEHIFRERIC L > TaA U TR
SNERERFIT—I TH D, HNDOEEDH
FHERARAIL TWB. FBFFED K S IZELR
DARBUR SRS R ET D5E, iR Fig. 4.2 Instantaneous velocity field.
DEFZERIE L ZTRNZHEZ 5315 PIV DEAL
HIZASNTHS. bEAA, PIV D2
SHRRE (60Hz, 0.42mm) %82 HENTHEE %
W22 LiIdTERND, ThihKER
EEIRRHCONTIIBT O RE/ LS. Ly
L, ZUIH A S OEEMERECRECHIEIC K
HFIAHEETH D, PIV OFERRATIIR
V.

—7, AISHLEHRD/NS — 2w F 2 7N SifudEzERs WD PIV OFHRIFEICERL T,
R ZEAMRREDBR AT TIEFRNEIZ /1 X (BT EZ IVAOZEALIC BT 5358 &£ 50,
Jx—7 by MEBIIMES DR AR 2RI TE 50T, KRR HBHESE %
EBRRETEIEHEICBNTIE, BHORBEICII RSN,

Fig. 4.2 IZPIV IZK DEFHRIE N/ZBEITOENY MVOFHRKERO—BI%, Fig. 4.3 IZMEBA
D x-FFPEEFHE (6.04 cn/sec) THENS 2 BEEZ B &2 L 7-BETGE~ S MV Fig. 4.2 iIZx)
ZR9. MERESBICBNWTHIENRY MUTHL<EEHL THD, HHTAKROIREEL T
5. FJ, Fig. 4.3 K0, MERESRBOPITHBRSM (RS A7 —)VA% 2~6cm BE) BEEL
TSI LMD LS. BT, ZOMBENSENSVERESBRIUCERL T, -
MERIESE (= 10cm, z=0)ICHBT S x @, z WAFOFOERS v, w ZRRIZL TV z—T L v b
T E1TD.

Fig. 4.3 Instantaneous velocity field
(moving coordinate).
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4.3 v—Jbv hEROER

Yy, — roal part .
FETIIFRHED - AROBIBLOVEE /\JP"\ — /]\
BERFIDAERITRETHOT, —K5T A
vr—T Ly MERGITERE LT « &
£X2)IONT, TOERERHTS.

4.3.1 IY¥—9x—-TJLy b

Jx—T Ly MRV, <

Wy —TLw FEMEENS. CHu (a) Morlet wavelet (b) Mexican hat wavelet
7—1) T BIT 5 =/ S Fig. 4.4 Mother wavelet.

LOTHB. IPF—Tx—TLv by (x)

ICIER % T2BREBH 0, REOBIKETET

BOTIRN. RE-DITRTT R v O 7TIVEHE(RER TR THIUL, v —Uz—
Ty by (x) ELTERET —T Ly NEBRICHWS ZENTES.

[l (k) [ 2K <o @1)
g
TTI, k3B v (k) 3y (x) 07— U TERTHS. I5IT, v (x) MBI THiud,
R@-DERRIERTES.

[:y/(x)dx=o or  y(k=0)=0 4-2)

ERiZy (x) OBLDIRBITH 5 Z L EEkKT 5.

FETHWEIY—I2—T Ly by (x) BEOMET DY (k) % Fig. 4.4 1TRT. Fig. 4.4
@3, EREI—TLy hO—DTHS Motdet Vz—7Lw by, (x) GR@43) , v, (k)T
H0, Fig. 4.4 0L, EKIz—TL v bD Mexican hat V=—7L v b y,(x) R@4),
v, (k) TH 5.

v, (x)= 5 JI;G exp(— x*/a? )exp(- ix) (4-3)
v, (x)= (1 —2x? )exp(— x? ) | (44)
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ZZiz, RA3)HD oI EEET B 1

BOEMTHD. ¥
Fig. 4.4 ITRT KD, By (x)da N /\ N A
7 MedE— F & 5O (EKEIY O TRNK WA U\J VV L

RIERTHS) DT, v (x) EHNS Jz—7 :
Ly MERIZE ST, BEIEENB R |
RENRHEEMRT 9 5 Z EARIREE 725, E Tz,
v (k) BTN &S TRBERBT 2 2787 - Fig. 4.5 Dilation and translation in
YR—bhEbL, TORXMBY (x) ZEHH wavelet transform.

W7 4 VI — LRI LT &L EDBEEIREER

THOTHS. v, (k) Ly, (k) EHETSHE,

B REE IMorlety =—T L A, 2B MEREI IMexican hatV =—7 Ly RS, ThEh—
HEER N E0%hh5.

4.3.2 @O —TLy L ER

BRovy—oz—TLy by (x) EHWS ZEIZE-> T, B f(x) DE#ET =—T Ly FE
gwrlirRicknEHEINS Y.

wifl=Fx)=(vi| £)= [ f&)wi (x)ex @5)

Ry x-x'
ww=l”w( ; ) (4-6)

THY, < |>IIBRONEE, "+ IIER{EERL, f(x)@EEERTESNBY—TL
v MEETHS. 1,x 13T ETh, R@-6) DI —TL vy by, BT HBOHK - 85/IVT X
—%, HBOBESA—FTHS Fig. 4.5801). BEMIZIE, FIAITTESu(x) EXHT
A, NIA=F I x ZENETN270/k x TS, Xz, R@-60) 6D 3y, ZIER
LT 57-0DFBTHS.

K@) &0, wlfldy, & f(x) DPEERZS>THEY, y, 2BRBERETEINI -2y F
STERFTO TS ELMEIRTES. ZOBE, f(Lx)iy, & f(x) DHBZERTIEEEEI SN5.
IDf(x)ERTA—F 1, BRANBIEITEST, B f(x) DREFSE A RIT T&
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5. AETIE, ZoEKET—7 Ly MERERN
TRBEROEEREZ BT 5. $

19A3]

4.3.3 RO -7y hERESERREOILL

HigE o —7 Ly MR — U TERICHE 3
THOITHLT, B =—7 Ly MEBIT—Y)
TRENC, LEMHUREOTIL (X713 BRI
77— LRI, TNEIUHINT 5. §72bs,
B T — 7 L MEEGS, BESOYTSHA - /3 Fig. 4.6 Sub-domain of discrete wavelet
SUBBITH L CERERIL L B 2 = — e pace and e mumber
Ty hELTHWSHDTHS. i, LEMER space.

EERLY, TOERERT—T Ly hEAT—Y
SUB (R ZRNT, B f(x) 2T SEERM TR I NS ZERICEMT 2D THS.
flx) DBERY = — T Ly MERILRR TEHEINS.

spatial space ————————

7ji =<'/’j.' f>= _‘::f(x)'//jidx @7
ZZIZ

w,(x)=2"y @x-i) 4-8)

(v @)wl-n)) = [[px)yplx—n)dc=5,, @9)

ERCBNT, y, BEHERY =Ty b, 7 JMBERICE-> TR NSV z—T Ly b
R, 0iIORYA—FIY, ijn FEBROBETHS. R@8), 49K, v, 3BHR
VI U THERT 28 /25, Fig 4.6 10, ZZM—BEFEICBIT 2 = —7L v M
MOSEIOBSHERY. —DORIT—TLy by 1, 1= ) x' =01 THREII N -Rbn&t
IWTEESNS. FIRKD, FHICHITDZEFRIE SR ARREIL R L — R T OBIRICH D,
— T INEHRAE T HIUIHG OREEIHEL /25 Z &0%b 5 (RHEEHERIR) .
EERGEIMILAR TRINS.

f(x)= ii<¢mi |f> - (x)+ 5: i('//ji |f> Vi (x) | (4-10)

j=m i=—c
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zZiz, 1Y (x)

¢ji(x)=2jrz¢(21x;i), [Co(x)ax=1 (@-11) /\0'5 (\ A

-4 N2 \/() VV 4x
-0i5
A

(¢ (x)l'/’ (x- n)) = [:¢(x)|// (x—n)dx =0 @-13) (a) Mother wavelet ¥

()| (x-n))= [ ¢ () (x-nhix=5,, @“12)

R @12), G1)ITRT K DI g5 BE Uy, DRERISE)

2 1L THEST 5B TH 5. Fig. 4.7, £E 05

@ ()

—

THIV = Daubechies DIERERY c—TL v b v N\
BEURT—U > VB ¢ (N=10;80) %573 o \7 ~%x

SEEE R BT BN AT 4V —, EHiZO
—INAT AN —&i2%. LEMNST, R@1013,
ZNSDT 4 NI —ERANT f(x) 2BEEH ORRE
HEICRBELEbDEEZSNS. FXTIE, 0%
EHREETZ FoRRERINEA U CBBIZR*)LF—  Fig. 4.7 Discrete wavelet functions
BHMREST OREBREZ MRS, (Daubechies (N=10)).

(b) Scaling function ¢

4.4 EHD -7y MERICK SKRICROERFHEOH

4.4.1 FOEHHOBREEOZRM — BEFI DR

EFf—VERER ¢ = 0) 1B DB OFES N w ) ZRITRET 5. Fig 4.81C, HDH
BT 5 wh) ZRT. w1 x-HE @R FAED IZH78 0 ERIENCEBI L TWa. X/, kR
W FABNTHEML, EERRICBTL TW5.

w I L TR @-5) DEREBL, T—T L Mk x) 2ZEHLE 22T KRGS9
DINTA=F 1 ' ITNTN, 27/, x 12T S, Fig. 4.9 13220 x - B8k EREIZ BT S w(k,x)
DHEER(BHLIZIAL YY) THS. Fig. 4.9@1BYF—I7x—7L v FELT Mordet Vx—
TLv by (x) ERWEIBEOTHER GER) TH D, Fig. 4.9(b) i3 Mexicanhat 7 x—T Ly
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by (x)ZRWEHEORERTHS.

ARDE DI, ST =—T Ly FE#
(E—D/NY—>yF T THY, Fie.
4.9(a), () ITRIEREL W(k,x) ST w ()
Evx—7by FOMEEERT. LN
2T, wh) ORI ERERIT, o
B W(k,x) i PDEEEE Kims Xim NHDOMB T E
I272%. FPIZHBNT - AREITERKE - M
IMEASRZEIZEINADIE, wh) EVx—T
Ly NOMHEICELSDBDTHS. Fig.
4.9(a) & (b) ZLLBET 5 &, ME Wk, X) im
IEMEIC BN TE UALE xn ICHSHND
7%, Fig. 4.9(a) DA GRSk e
BHMEICR L TW5. ZOEEE, H—Y
=7y by (x), v, (x) DODEK
DFRREDEVERIRL TS 4.4.1 25
).

U x—7 by MREOBKE #(k,x) max
MHS5HND x PEER xmax [IVERES B O L
FBITH 2~3cm Z&EIZHHL, FORI
Axinax [T FRICNSIEEKRE L2 B. Tz,
W(k,x)mas 3D 5 DN D WEEL ke (R
BOIITFRICNWIZFENET 785 U2 T
= 0.156~0.625(1/cm)). TDT &I, Hiek
w)DRHEZ T =)V 2 70 ke DY F RN
BBELT16 M5 64cmNEHEKTHIE
By, B, %aw & 270K b3. Fig 4.3
IR UTZ VSRR &8 T OXBRESROALE -
AT =)V EFEFEICKSHIEL TS, ZD
fERNS, EET—7 Ly MEIC k-
Twk) M5 KBBGRDALE - 20 —)L A%
UNCTHIHTE 2 Z &R .
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Fig. 4.8 Streamwise distribution of
instantaneous velocity w(x) along
the mixing layer interface (z = 0).
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Fig. 4.9 Contour map of wavelet coefficients
w(k /2m,x)
(corresponds to Fig. 4.8).

in x - k domain
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4.4.2 KRGEROERHE

RRAE W(K,X) max DILE X ETFHBAT IV 2 70 ey ZBFRFR ¢ TEITHIHT A 2 EI2ED, x
—t SEHE_ED W(k,x) max DA% Fig. 4.101579. T I T, Mexicanhat 7 =— 7L v FZ2AN
T3 Fig. 4.4(b), 4.9(b) Ity (BERREDE VY Morlet 7 = — 7L v R ERWEHEITIE,
RIS DLEBIRRSY DHIEST/NAT— )V OEBRS I NS /9). Fig. 4.10 THARIZE
2570y M3, AKREEROERE#FEZRETOOEEIOSNS. —DOHICERT B E, A
BDRT =)V ETRY 2 70 ke VTR FITHENEA L TVRBDAHINS. 25 OHOEEN S AR
B OBITEREDS 5~8 cm/sec EEHIND. ZOXI78W(k,x) mx DENIEFHRIBEEHG 33 D
INCKY 50 [ERER S 1, IMOREFNRBB LT 0.6~0.7(sec) EHER 5.

RiZ, B —T Ly NEZE ER - MEER L =0) D55 x ICBT D HERERS w (@)
ICERL, B ¢ AR o OFHEETHNOHEEMITT 3. Fig. 4.11 ITRT W(w.0) max
DR, t - o FE_EICBIT DK #(w 1) max DRFE] Linex & BRI 2 70/ e % x FEITHIHL
TRDO=ODTHS. 25— HECFE L TOM Fig. 4.10)1THARS SRKREIEV DY, KRR
DEFRZEER) S RO EEAR 2 7T/ wpa W I NS,

ULO#EEZD LI, KREROZTEER T —)L EEOMHBIRIREEE TS, Fig. 4.12 i3,
FRE2DOHETHH L2 2 —T Ly MK D, TORKENS SHONDEEN—RL /-5
RO DOWTEMAT )b 2t/k(em) ERFRIZA T —) 2 T/ w(sec) &R X B TRO 7= ili# Dk
BRI pQ ik, 270/ w)TH%. WHEDOMIZITIIEDOHBIBIRAERD S, BEIA T —IVhikE
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Fig. 4.12 Relationship between spatial scale
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x BT BDHENRT BV wi) = @), wi) IZHLTINEZEHRTS. R@-100 2HNS L, wiidk
(4-14) &£785. 12720, K @-10) FOMI AR x 13K 4-14) TR ¢ &755.

v(t)=v,"(t)
=v,"(()+v.,"()

=v, f)"' v—zw(r)"' "~1w(‘)

r)+m2:vm“’(z)

v,‘(r)=lz<¢,-i v ge) @15
T O=Zslr)ys0) @19
#s] V)= [r)gsa @1
(i v)= [ vOwat  @18)

ToH O, TPV OFHAKTH S, j IR LA Z R T 5E0BKTH Y,
Table 4.2 ICRTEABEBEFITIHUTLR) j ZRELTWVS.

@14)

Table 4.2 Frequencies in each level

Level : Approximation Fluctuation

J components : I»’js components : Iﬁ"
0 30Hz LLF
-1 15Hz BLF 15~30Hz
-2 7.5Hz LA'F 7.5~15Hz
-3 3.8Hz LA'F 3.8~7.5Hz
4 1.9Hz LAF 1.9~3.8Hz
-5 0.9Hz EAF 0.9~1.9Hz
3 0.5Hz BLL'F 0.5~0.9Hz
7 02Hz LA T 0.2~0.5Hz
-8 0.1HzEAF 0.1~0.2Hz
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Fig. 4.13 Multiresolutional approximation(MRA) of velocity component (MRA
decomposes velocity comp. u into approximation comps. %’ and
fluctuation comps. #;*. x =8.7 cm).

=@ OwO) IFENTN, LN jICBIT HiTEERs (SRR, BBt (B
¥R THD. Table 4.2 TORBABEENL, PIV HBIDOF 1 F X MEEE G0H2 THYD, LR
IV j TD v, wODORBEEHRAL LIV j+1 TO v (DR E _DET D LS ICREINS.

CITAWEIERERREEY . ¢, 13, Fig. 4.7 IZRY Daubechies DV z—7L v by EA
U, ¢ (N=10) 2K @-8), -1DITERALZZBDTHS. v , ¢ 13, BREND
KEVZEZDNHARG SN, BEBROFEENE 7 4 7 — & LU TOENEENRL 125,
ZDZ & &, Daubechies™Z &k > TRENMMBRINTNS v , ¢ OFT, BAK N=10
ZEERIE U TRIRL 2.

EROFREICIE, CNOEEBHK v , ¢ EHBAAEDR-BERT VT XLERWE.

Fig. 4.13 CEERGESELIOMEEZTRT. LUV j AVRNERBITULIEDST, AR
7w "OWILWGERS w5 RES N, RERF w() DEBHBRMICERE TN TN Dhth
5. Eie, w' ) RRIO—EDOR) 13, BB OEET DRERFEZIIRL TS, LN bj=-1
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~ 3 ORBABEEHECBNTIE, FiEEETIZIEEENIC o’ OWEGEL T\ 5. BEBERARME
E uODEEIMIRINTTIZD, TORIBIIKE <725 (@HPOOTH-/ZHD). DX D7k
il — R0 ZE TORMRITIE, FifaEm b5 7 — 1 TRATIIARIRETH D, TN
7 MR— N OREBI & AW L ERGESEICK > TR CO TAIREL 12 5.

4.5.2 FET - SRS FEERT RIVF —RS OkERRE

FAIE x OEEHTERS v (OZRNT, x - ¢ ORZEEPER TOILIES TRV F—DH T4
[F] « $RIEHTRIDERS w2 ZBH L7z, Fig. 4.14, 41517, KNEEROBEEHESDL N
j=-3~6(4.4.2 BB TD 412, w12 D5 (= 10~15sec) EZTNEIURY .Fig. 4.14 KD,
VIR EFEROMEEHI BN T »- ARG 22 [ IFEEH TREWEER LS. iU, Libma
BTN AMAZENERIN TS ZEE2RET 5. ZOMBEDSOMERH - FHRE T,
LAV AVINE L 725 (BRBEEIC25) & EBIT 2 AT 5. —F, Fig. 4.151TRTLD
IZ, =AM w2 B L TR EFSmERE TH/hE WA, FlRANIZLZENS TLANILj
= 4~-6 TO w2 NG FAHERIEL D K DITKEL 2D, ZOBERNZ 2 DA THED SN,
KRERMAEALNDO T RN F— 2B EIERNOSM L TNH I ENHRTE 5.

KIZ, R@14) ZHNT, BB x ITBTEBTRIVE—v? /2 (FRITE) O H RS
u? /2w /2%, KRICRT & BBEERNC I #T 2.

- 1l o & w
V2= Li(vj (t)+mz=jvm ©)dt
l T 1 s2 J s w d 1 w2
==&, (r>+mz=jv.., OV, (r>+m2=j5v.,. @) ar
| 4-19)

PR 17 .2
==y >0, v, +=v,")
2 T4 2

177 $—
=5Vj +ZM"M

m=j

2
5 w w
ak', =v v "4y, /2

) @) (4-20)

= vmﬂs2 /2 —-vms2 /2
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Fig. 4.14 Distributions of x-directional amount uj“'zf2 of turbulent kinetic energy of
each level in x- f domain (level : j =-3~-6, t=10~15sec).

cm? "sec <

@ J=5 @ =6

Fig. 4.15 Distributions of z-directional amount w;*?/2 of turbulent kinetic energy of
each level in x- f domain (level : j =-3~-6, = 10~15sec).
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Fig. 4.16 Magnitude of effective kinetic energy in each level Ak",, (x =8.7 cm).

RRIPRER L 2RI, "~ EELTWS. 4k, =k, , Ak, )i Lm
(BT Ba R & ABEDHHBIE (X @200 O LBAD (1) B LEANESHT X)L +— (A
(DB OMTHY, L N)mtl~mORIVRE T SHZEB TRV F— GR14-20) DTB) LAF
RTE5.

LUTTIE, @19, (4200 OFREZFHET S Z EI2E - T, MERESEIC BT 2 & 4R0ES)
THRIVF—p5v? /2 DRIBEIHEEERT 2.

Fig. 4.161C, BHEBEFOAMEH T RN F—KD ak’, P—HFIZERT 6=87cm). Fig.
4.16(b) &k 0, z-AMEST Ak,  FEREBGROBEEGTE (L X)km = 4~-6) ITBNWTE-L T
V5. Fig. 4.16(a) Dx-HTIESY gk', 10D ZDL S RIRNF—RPOERMIRZF 5150,
Ak, FEEETIIRN. LA, Ax,  ICBL THEBBEERO SR, METERAIEE/N
S, 2B, BOEVEBER (Lm=-1) TRSNHRERIRIVF—IT, PIVOFHHFRRIC
ERTLREZRIMRL TS EEOND. Ok, UTOFMNIENTL, LN)m = -10D{E
(IRES I & T 5.

EHT XN F—DEAERD ak', DFFHMDHEFig. 4.17T ITRY. Fig. 4.17@)ICHBIF
Ak, DKL, BBBIHIROIDOREEGHIICHRICMRTE S « O BB (LN
Nm=-7, -8), @) KREEROBBEH (L~)m=-5,-6), (i) EEBEH (L )im =2~ 4).
T, O OFBEEHTIE, THRINCHW<ES a0, AUEIITS. J3Ud, MERSESR AT 7R
ICHET HOICHEST, Ef uDEEEERD D EEY 5 I LE2RRLTNS. KIZ, () OF
BEETIE, Ak, ATER LR 6 = 4.0cmE T 05 FHFRATNTEML, EOTFHRAITIIZE—
EEICHIET 2. KD, EREHEERNT, MORBEHE S KREHROFBEH DL
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Fig. 4.17 Longitudinal profiles of effective kinetic energy Ak, .
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BRGNS, AORBERA ST 5 BB I, ThK D IEAEEB L OB EBER DI DOHHEL
RSB EEXSNS.

KiZ, TNS3IDOEBEEFEERL T, R G-20) AUOFABLUELNDIEZE HFIEE DM %
f75. Figs. 4.18 , 4191, AIEBTIILF—, /2 (K @-20) A2 (1) F) B L OHHRIE
v v " (B(]) ) ORFHRES (EHERS) ZENEIRT. Fig. 4. 18ITRTLIIT,
v,"' /213 Ak, Fig. 4.1) OBELIHDFIONHERTS. 2L, ERAEEHTOx
KRSy " /21 Ak, DMEREETED. ZHU, Fie. 4.19@)ISRT &SI, FUERRK
BHITBNTy " " BRE< 1B T LT B, e, Fig. 4. 19(0) & 0, 2 KRS w_*w_*
HIEFBESEICBOTERL TIINBA, 4 o * KRB ENTN, Chbid, EEEEED
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4.6 &£ %

BKEBEVIERIC BT SEEBENREL T, PIVASHBSNEFEICY = —T Ly NEBZEH
LT, EikEefi L. FETHROSNERREELDZELUTOLITHS.
() KEEHROREMEIZEIL T :
() B =—7 Ly NEREERT S Z LIk D, VENES B TOBR OB 2 22/ — 1%
MEEICHBITBD T —T Ly MRETEELE. Bot=Uz—7 Ly MAEOBEITARER
WIS 2 LK TE 5.
i) Vz—7 v MREDEAEE & AME SR EMET S Z &Ik D, FBZEREER LIS
T ARRBEROBTORE, FAERN, ZEAT—IVREORENERRICHS MR- .
(i) FOREERININL T z—7 Ly NEBREBRL, (), ()EFBROBHINS, KRR
HEE DR 2R EICBIT AR S ML 7=,
(iv) REIHROZEMA o —) & SEAM OB GHERIMZ RO MR, W& IR EDHE]
BAfRICH B Z &b Tz
2 EHTIXIIF—ORBREICELT:
() ZEBGESILIZERL T, MERESBOTERRS % FEER IO ERE I R, £
Tz, SREBEERICHBIT B0 AN - SHE M ORBTLEDES LRI F—k5H & EBAICE
L7z
(i) BEBEEEHORNOFEEZER LR, BB LT —ITRO3I DO BEEHIB IR
Iz : OBEFEEE & BEBER DR BB RS SRR, QIR SR
ENEEEET 2 i, @ AEOMUNRELID S 70 5 R EBEGH.
() vz=—7Lv METOBRAM%ICEL T :
EEED, @&V, Uz—TLy MERIIIMVERREBEICHIT B KRR CELTR O &
MT2FEELTESTHS ZENMRTE:. HEEGESRFICRHIN-BHIT, HE
IREFEBOEFRE T —T Ly FNESMNE AT &, ALFEEORER - Z2RI02
T=NOEART =—T Ly FOHEK - 8/, BEICK o TSN ETHEHEEX
51 5.
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$F5&F v r—7ly MERORKEMERRNADER

Chapter 5 Application of Two-Dimensional Wavelet Transform to
Open-Channel Flow over Concaved Bed

Abstract: By using wavelet transforms, turbulent structures are analyzed in respect to a mixing layer in
an open-channel flow over a concaved bed. Experimental data of flow velocity are obtained by a
particle image velocimetry (PIV). At first, we examine the measurement accuracy of the PIV velocity
data set by employing a multiresolutional approximation (MRA). The result of the MRA shows that
instantaneous Reynolds stress is an appropriate detection signal for sampling coherent structures. Then,
distributions of the instantaneous Reynolds stress are analyzed using a two-dimensional continuous
wavelet transform (2D-CWT). The spatial scales and locations of coherent structures are detected
from the maximal values of the wavelet coefficients. The characteristics of the organized motions
along the mixing layer, such as a streamwise evolution of spatial scale, traveling velocity, and

generation interval, are clearly extracted in space and time coordinates.

Key Words: two-dimensional wavelet transform, open-channel, concaved bed, turbulent mixing layer,

coherent structure, particle image velocimetry

5.1 F &R

FHFETIE, BN, DALBEOXSBEREERIE D IME TOMNOEERHZBIELS
LT, KBRICVIERZE B OBKEERN © (CUTF, TRR/ARMIERG RIS EB&ED) % PIV (particle image
velocimetry) TEHIT S Z &IC &k D FIURBORZERIEFERZEUG L, TOFHREEEZRANDEEHIC
BSRIADT= D D HEERIL T 5. fIETIE, iR —MEEROBTANESE CAT, M
EREGE) SB&ED 2—KTU =z —7 Ly MERIC K DR L, N OERERN NS B RIS HRO
AIMEZEMR L. LALIEAYS, ZOB/KEMERTORIUIIEAN - BRI EN
D, BBROBADI=DIII—KITBT TIIA T2 TH B720F T, RKIT - = RTHIEER
WIZBNTORNDOIEEEEEEFHICHIBT 20BN D 5.

FEIZBOTIY, AEOBREZIT, Yx—7 Ly MNERE RTREEICRIT 2. BAN
I3, PIV IZ&k > TH SN BIKBSIM RN D FEIC S EMRUREERL ® BLUKTEk = —
Ty MEE V2B L TELREE 2 &L, AREBIDZMIA S —)), ERERLE DT
TURHEZRRND. /o, ITRERICEDNT, HhoMEsIcNdT 5 kTt —7L v &
ROBERAEERNT 5.
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BN OHBER Z SN 5 5EE LTS,
™ % fR 4> B ik, VITA(varable interval time
averaging), POD (proper orthogonal decomposition)
RENHERMSHANSENTWS. Liandrat &
Moret-Bailly” {3, VITA &V x—7 L FEBRD
HEELLB ATV, BEEOEER T —)VRAHIAIRE
TH5Ux—T by NEBROEMEERL TS,
POD* 3, ZB#RSDZERAERI~Y MY v 7 ADHE Fig. 5.1 Schematic of open-channel
HIEZFWTERSIHET OMEHITETHY, with concaved bed.
EBEZHEEONRET IV —T Ly M &I
BERNCRISAFETHS. AR TIS, KEIZ Table 5.1 Experimental conditions

BNT, POD Z A= BRKEEUIER TOELNDFET Flow rate : Q (cm’sec) 758
. Water depth at inlet section . H, (cm) 30
zf72. Mean velocity at inlet section : Uy (anisec) | 12.6

Reynolds number ©: Re =UgH,/V 3800
Froude number : Fr =U,/(gHy)" 023
5.2 REROEE Aspect ratio of concave ;. L/D 6.7

5.2.1 B/kEBLIBRORAR & RERSR

Fig. 5.1, AR THW=EBRKEOBERNEZRY. FRBKKEIE, 2K 500cm, $&20cm O
TIUNETHO, EF/KEEL D 330cm O/KBRIRICMEREERT T\ 5. BREHAITIL, HHE 1.02,
BIfZ 0.075~0.15mm DESFFHRYU T—hF%E L —H—& U THIKPIRAL, AU v MRIZL
TEANUT L 2F 2 L——HERBHT 5 Z &Ik > T &2ER L 7z, &5=ius
DRI LIEHR & B E R AHBE: (PIV) Ik > TR#T L, WHNORES A E25-. TEXY M
OBEHOBIZIE, BIFOHTES RV B I RERENRS ML OB - £
DYIE ® Z1T-> TW5. PIV DFHRMEIZMESOREFRTH 5. BEHROBHEIIHREEL 60Hz, %2
eI EREISHY 0.42mm/pixel TH D, #7133 B (2000 EER) DOEHIRFHENR Y MV ERERET
5. Table 5.1 ICEREHZRT.

5.2.2 BSMESTLE

REEPEEDENR S MV E Fig. 5.2 1ITRY. WNOFREIIL 1 IV Re = 3800, 7)1— R¥
Fr=023 THD, KELIER TERREINI . EH - MEROBERE THRoET AMMTAE
<, MFARICEAMBESEIRETS. MEBATIE, x=4~15cm IZBNT, KERT—)LA%
8cm, SHEAT—IVANZIIVERES D ICH L WERIEEL THD, TOTHRARRATRICHREK
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DINSTSPERGEAS, _EFBNZIIROED 3 FLOW N 10ca/s —
INSFKBASTREN TN S. 22T, N
C OMERES BN TORN OB IEE N
WKERZHTS. "2

5.3 Hr—TL v FEEROEE Fig. 5.2 Mean velocity distribution.

FETREY 2B EFGEHTLITIIiERRAE, KudEiy =— 7Ly MERTIRNL
A LIV S DZEED AR i) 22N ENRTNRETS. HOOEEIE, FhEnesR « i
BRIV MV x =(x,2)ZMUERELT, UTOLSIZ@rah 3.

5.3.1 ZEBRELILL

ZEFBGERLNS, B —T Ly MEICRWATFRBERY x— 7w FEFUSHET
BAT—U TR ERWT, BTRET IR (1) ZENSHERK TR SN AR
BT2HDTHS. HEBHKICIL, Daubechies DIFRERY = —TL v b ¥ BLURR—Y >
TBIE ¢ N=10"2AVE. 43I TBNTHEZRLEZDT, I TIIHELEKTS.
5.3.2 ZIRTLESU -7y b EH

BEEK £ (x)=f(x,2) DRICEHET =— T L v MERITAR TEHEI NS,

W= F(Lx) =(woelf) =172 [ W, (0= X)) f(x)dx 6-1)

T, fUx) =Ty MK 1,x',r, : ThENYz—T Ly hOIE, fIB BL
CHRNIMIET DRI —)VINT A—F, BT A—F, BEE N v IR, ¥ : B%Y OBk
HETHB. 2B, RGED)D 1718, Vxz—T Ly MREERE(LLT S 0DRETHD, =2
T3, B f(x) DAT—NVEHHTEOTL JIVATHREMEENTNS. 1T A—F 25t
SRDILRKOIT =T 2—T Ly by 2K - /N, BHBLIVEESYE, v, EfED
PREIC K DB OB ARt 235, AETIE, KR THRIND, HIYZAMHORERK
F—F—=5T5 7> =32 —z—TL v FELTHW:.

Y. (x) = (-A)"exp(-Ix/2) (5-2)

Fig. 5.3 1T, ¥Y—Dz—TL v YO (x2 BRT. RRNSDMBLSI, TOKTY T
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—7 L RIS &, 2) HRICE A%
B9 520, NEDDEERE M)y I X
7o XT A= NSNS,

5.4 MRATEEREEBER

5.4.1 ZERRBLALUC X SERFLE
5107 s o

] " Fig. 5.3 Mother wavelet (2-Dimensional)
PIV 3T S VB R (x, 2) DFiEERF (High-order Gaussian (n = 3)).

25 v(xzp) = ulxzt), wixzh) (I ERRE

BESELEZBEAT 5 &I2&D, Hho

Table 5.2 Frequencies in level

AlRRHE 2 AL S 2 BB it level | scaling components | wavelet components
3. j u' w} u” w"
0 < 30Hz
Fig. 5.4(a) 13, MERHH (c=10.36cm, -1 < 15Hz 15~30Hz |
X < 7.5Hz ~
2= 00lem) KBV B xATAIHERRF T T
u ez ) B BRSO TR L TR T o Lo~3fHz
SN AR (L)L ) TOMRE = 0209t
HRRST u’() EEBNTRERS (@) DFf -8 < 0.1Hz 0.1~02Hz

FRHITHD, Fig. 5.4(b) 1T, F—IZH

FBLN)Vj OFEBEEE uy2, wy OHFTHS. Table 5.2 IZ&L )V j OFBEHERT.
Fig. 5.4(a) TIX, LNUVj AVNE T35 & & DITRABEOEBHERS ;. (AR LTERS
WO SHRES N, FRIIOEBHBREICRESIN T ETAON 5. Fig. 5.4(0)ITRT wy?,
wr IEEDBIT, LRIVj=-5(09~19H) THAME LS. Thk DIEFEEIR Tuy? I3HEBIIA
FIEEEDDITHLT, w2 iZLN)j=-5 2RLNIRTEENHONMERSD. TOTEE
0, EHTINF—IHMEABBETERNS w2 RONEBHEEN, BEBERMNTIR DI
2 Twy? NEEBEINTH ZEHHRITES. £z, HRER S Sl 5 BEHEAT 09
~19Hz TH 5. 728, L'N)lj=-1 TOLEBEENKEVEZ ESHDIEPIV OFHHRREIZEL S D
DEEZLND. PELD, AHETIE, w2 AVhENj=-8, BEESVj=-1 BLTEO—D
EDLR)Vj=2 BBRE, D ORFEE f=02~7.5Hz DR & HEGES B 2 2 8hibdmR s v°
ELUTHIZITS 2 &l
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Fig. 5.4 Multiresolutional analysis (x = 10.36cm, z=-0.0lcm).

5.4.2 MRATNRORBEB LBV A /I ISHDO5H T

ZHRICEGRY = — 7 Ly NEREBERAT SN, il I NEEEOERSD v (xz)) = Wixzy),
w(xzf) DL ERIT 5. Fig. 5.5 113, HAEEAOBRRIFENRY ML v, (KEEKED
IR 7 (BB f= 0~02Hz), EEitEmRs v’ (f=02~75H2), BXU¥ &Fig. 5.2
DRFEPEGIOE V (xz20) = (Uxzf), Wixzt) DB : V-7 DM H%ERT. Fig. 5.5 IRY
HEEIL, EICVEBKE D &FHEED X —) % b DR OLER GELfED kL >
RYM5725. Fig. 5 5 ITRIEERERS v OO TIY, FEOSEEMNFIEF—EORIR
THEEL TV, BE-ETORY MUTIZIER—ARZRLTED, TOIEEAED, BEEH
& (0 >0) DMIERRADEDIAS Ww<0), HLIIL, B w <0) DEZ LAY W>0) TH
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Fig. 5.5 Velocity decomposition in each frequency band.

Fig. 5.6 Visualization of flow streak by Fig. 5.7 Distribution of instantaneous Reynolds
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the time inFig. 5.9) inFig. 5.5)
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FOHE FKBMEERENICHIFDENDEMS SR

Chapter 6 Principal Component Analysis on Turbulence in
Open-Channel Flow over Concaved Bed

Abstract: Turbulent behaviors in an open-channel flow over a concaved bed are investigated using a
proper orthogonal decomposition (POD). Examined here is the Reynolds number dependency of
turbulent flow structures. Spatiotemporal profiles of the velocity are experimentally measured by
particle image velocimetry (PIV). At first, flow characteristics obtained from the PIV measurement,
such as instantaneous and mean velocities, turbulent intensity and Reynolds stress, are discussed with
respect to different Reynolds numbers. As the Reynolds number increases, a recirculating flow in the
concave gradually grows to a large spatial scale. Distributions of the Reynolds stress and the turbulent
intensity are well correlated to the scale of recirculating flow and their peaks mostly appear along the
mixing shear layer between the main-channel and the concave. Then, principal components of the
velocity fluctuations are detected by employing the POD. From distributions of the POD eigenvectors,
the first several modes of the principal components are related to the effect of the recirculating flow and
a few modes in succession indicate the effect of coherent structures along the mixing layer. A
cumulative contribution of the POD modes to the total velocity fluctuation energy shows that the
velocity fluctuation due to the recirculating flow is most dominant when the major axis of the
recirculating flow is in consistent with the diagonal line of the concave. The result suggests that the

POD is useful for quantitatively detecting the dominant velocity fluctuations in this flow system.

Key Words: proper orthogonal decomposition, eigenvectors, turbulence, organized motion,

concaved bed, particle image velocimetry

F =&

B4, SEIIBVWTIE, /KEKICVEZAE T 2BKREN CAT, TR/KEEMERRINY SiEED
ENRELTY—T Ly MNERERAWERNOBNTZ2IT, BEBICBIT 2HEES) D2/ A
T—Ib - RERR - BUIEER EHRNOFEZIHOMNIT B EEDIT, FEROBANERIEL
Fe. ZOUz—T Ly MENTTIL, PIV (particle image velocimetry) T35 /- RIFOHGEIME S L
{VITERRFIZEMOMNRE LT, FIZ, MNDOIEEHEORE LTS Z LiTHESAND
ToNTWe. LaALRAS, ZORKBMERRIVLERFITIE, MARB TOKEREDHER
FAARDEACIZ S TR - ZBHEINRRER 7 — )L 2 RICTBHMNRE S NE7-0, TOEEH
Frit 2 BT 5 L [ERHC, BR300 0@t FEOEAbKEELINS.

FETHE A Y SEFEIBIEUER POD (proper orthogonal decomposition) 213, ML BIRD D
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Table 6.1 Experimental conditions

Z_
Flow —
1__ u side-

Case | Forms of concave Hydraulic conditions
N |'p | L || ¢ Uy | Ho | Re | Fr
(em) | (cm) (em’sec) | (cmvisec) | (cm)

1 | 20 | 80 610 153 | 20 | 3050 | 034
Concave 2 | 25 | 100 890 178 | 2.5 | 4450 036

3 | 30 | 120 1120 187 | 30 | 5600] 034
4 | 35 | 140 | 40 [ 1460 209 | 351 7300} 036

L 5 | 40 | 160 1750 219 | 40 | 8750] 035

6 | 45 | 180 2080 231 | 45 | 10400 | 035

Fig. 6.1 Schematic of open-channel 7_ 1350 ]200 2450 | 245 | 50 | 12250] 035

flow over concaved bed.

ZEHHEBE~ b U w 7 ADEFEHEREME JEIZE > TEHRD EHT— RICHRL, TEAE
B DRI T AHMEHFETH 5. X TIE, 7)1 — REEMNERREE—FIZL
TlA JIIVAEDH & RN S B/ AKRERZITY, BI/KREMERC BT B i ORFZEmRERE
BICRIET LA VRO BTROEREKO R r— )V IR EMRD. FoEdtBnix PIv * 2/
v, VIERRRBIOEENERZG/Z. PIV OFHHHEZ b &I EELRER & ORBIREM, £
T FOEZEBIRRSC POD 2 L TELNOERSG M EITS. "BohRL D, B/KRRMERT
NAD POD DEAEZRETT 5.

FETHNWSPOD i3, 2EBBTONBFTOERSIMTERUBDTHY, Lumley?iZd>T
ELRT DB ADFE AL INTNS Y. ZDPOD DEEOVEDIZ, AWV SZEHHEE~ N
v ADSFMTHITH B0, BENBET— REERY MUVBHER TS Z 125 5. Lumley
SOHRIIN—T, ELFREREORMIFEEEZNRELT, 0 POD EERY MVERE
B¥t& L T Navie - Stokes HFER % /T 57— >R L, BEISOMBBE DT 7o TS Y.
¥z, FAARICRDIENHRIURZWNRE L7z POD B & U T, K+ ET ¢ —id1® DNS
FEREWNRE L Deane SICKBHF P ETSND. L LS, ®5IEL1 IV
I BIRETH DREBOT—Y #Bik>THY, FHFETHRET DL S 7BKBVERDEL
RERSBAOEAEIIRIEE T T,

6.2 KERROWEE

6.2.1 XMMETHHKBIMEE K USRI

MNRE T ZPKEMEROEARE Fig. 6.112, EBREMH% Table 6.1 [TFNTIURT. FE
T, MERARLL LD (=4.0) & 7)V— REFr=UpgHy)'? (5035) Z—EEL, LA J IV Re=
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Us Ho/ v % 3050~12250 DEBH TR LS /7. KBIES—ETH 578, BEFEITIIMERO=XT
AR5, NESNOREIDRATROEFRICEL > THEIEH, Bl 1 JIVAEIFEETE
AMEIT 5728, NOKTTHNERT 3. ZZTiE, AIEEROEENNINEEZT, M
EROKEWT DO RETE 2R E L THRNDEHZITo /2.

6.2.2 PIVEAODERE

MERARDOFHEE BN IEPIV Z AWz, b L—Y—RiF& U TIER 1.02, K% 0.075~0.150mm
DEFFRY—hITE, L——HRITI4W 7NTAF 2 L—F—%EHN0iz PIV ERID
ZERIMREENT 720 X 480 3K, 1 EIFRDFERIL 0.13~033mm TH O, B> 7)) > 7 FEEEGE 120Hz
TH5. HoiE, LR EHIIREZEHTIMICIE, 54 BREICHZ 5% 6500 EHROF
BT MV T—F W, PIV O7)LTY XA, BuEiEssEz Ry, 7SV
MBLURBERY MIVORBIEE{ToTNWA.

6.3 ERE3BAHERM

LUIFiC, EAEBEERERPOD) ¥ POlEEiRd.
POD i3, FOHEEBIRRD u' (x,2,6), W (x,z, )DETOERELBEHHBENBVEHREK Ox, )2 R
WHITHDTHS. DI EXKRAOEAEBREICRET 5.

HR,‘. (x,2,x',2"YD(x', 2" )dx'dz' = AD(x, 2) (6-1)

ZZIT, R,y : VOEEERES U (x,2, 1), W (x,z, VEBRETHLTOFEEERD u" (x, 2, HDZE
fEAHBEBE%L, A : R, -OEFE, ¢ : AOEAREKTHS.

FETHRETHHHRS (', w)IEM En, <n) BOMBRTEBIN TS, R6-1)
ERADL D IITFITERER I NS.

R }®.}=2, 10, 62)

ZZIZ, [Re] : BROTERBIRKS (v, w') QMx2M) OZEMHEEE~< U w7 X (5L - $t5
BT, m: E—RORE, An:[RACEEME, {Pn): AnPEEXRY ML THS.

N(6-2)ITKD, BE—Fm OBEENRY ML Op(x, ) WEH I LS.

T— R m OFELEBRS 0", (W, or w )i BENRT MOy, 2)ZHNTAREDESN
3.
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u"(x,z,t)=a, ()P (x,z) (6-3) 1.0

j’ ju”(x, Z0)®. (x,z)dxdz
ﬁcpm’(x, Z)dxdz

a,(t)= (64) -0.5

-1.0— = '
8005 10 15 20 25 3.0 35 a0

THY, = Rm m=1,2,,2M) O ER

&) TH5. Fig. 6.2 Instantaneous velocity field
MEEBTu" (0 or w)IEHE—F (Case 4 (Re = 7300)).

m OFEREBE ", (W, or W', ) ZRW
T, KAXDHEHGKkIN5.

2M M
w'(xzt)=> u," =Y a,)P,(xz) (6-5)
T—Rm OBEAEEALL TOE—RIIEENA2RHRSOIRINF—2EZLTED, XA T

BHEINBBEHEFSR (T 2RI F—I28T 2 N KE— RETORH TR F—DE|
BEEKRT.

& = i}tm ¥4, (6-6)

2M
g =k / 2 P (6-7)

6.4 PIVEHASEREER

6.4.1 BRIRIADR

PIV IZ&K > TR S NBHRRIDEN Y FILO—Hil% Fig. 6.2 ITRY. Fifi — VERER THuE~R 7
MUIKESEFHL THD, TAMESEIFREL TWA. [VEROHIZIIMERAKE D &I1FiEF
CAT—IVO@nEEL, e FTRICENL D/INSWZA =)L D@ RE N TN 5.
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MVEFig 6.31GRT. £7—XcBWT, e
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DEmMELDITHMALTNS. Fig

6.3 (a) (Re=3050) IZHBNT, EERHRIZMIERH A e

SIS FHRANCERS TS, EHRANI ) =

MR EDHAKENEFET 5. Fie ==

6.3(b) (Re=7300) T, MEERMOKBMIGEIA

=V MEROR R S HE BT B L DI gl = — )

73%. Fig. 6.3(c) (Re=12250) Tl ML 008 1(1:) "::a;“:*(z;ef‘,’nzo)

FAIOWNAG F AR EF LU TH O ik

Ry MVAVERRD EEROTED), Mo om0

F2EICh5BERRARSNS. MR i %

BRI OFEZITHEN (LA IV Re DM ==

EEBID), MATOER —MFEPEHRICHBITS

~0.0] =

2 __lxIH
5 4.0 °

TR AN NE <755,
6.4.3 ELAIEER (¢) Case7 (Re=12250)
BT —AZBTB LA IV D5Fh% Fig. 6.3 Mean velocity fields.

Fig. 6.4 {TRY. 27— &b, HANNE

B SER—[EMERETLA VAR E LS. i FARICLA VRIS HDSE# L T
BY, BANMBEEOFRENASNS. LA JIVAE Re DEMIZHEND, LA IV HIE/NE
/3%, TOZ &R, ERRIOTER— VB BERCBT BET AN 2B ZE &Rl
TWw3.

Figs. 6.5, 6.6 |[CELAVGRED x AWk & 2z AR DA ELENTIURY. Fig. 6.5 1R
£IIT, x ARG, ERAIOFER - MERERE TEEL, W EAMIIEAILTNWS. L1/
IVZEL Re DIFANTHEY, EFEmOENR — VERER TOET AR L, ELNGREEIINE <
74%. Fig. 6.6 \TRY z HMDENGRENEHLT SFRUL, L1/ IVZE Re DAL MEER
hRANEBETS. ZHUd, Fig. 6.3 OEEFES TR SN S ITHERTA VRO T
SMERRAENEIKT 272D THS. ISITLA /IVAE Re DK ETS Case7 TS,  z HHIDEL
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6.5.1 {ERE—ROEKS
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Fig. 6.7 Eigenvectors ¢, in first mode (corresponds to x-directional velocity fluctuation u').
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Fig. 6.8 Eigenvector ¢, in first mode (corresponds to z-directional velocity fluctuation w').
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Fig. 6.9 Velocity fluctuation vectors in first mode (u'1,w").
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(2-2) Case 1 (mode m = 5, Re = 3050) (b-2) Case 4 (mode m =9, Re = 7300) (c-2) Case 7(mode m = 5, Re = 12250)

Fig. 6.10 Eigenvectors ¢ corresponding to the lowest mode m of the coherent structures

(upperrow: u', lowerrow: w' ).
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6.5.3 ERWTIRINF—DHFEEE Table 6.2 Classification of the POD modes

mode m
BE— KOLRAEERICUTO3 DIsy || [TaLLe]s 67 sTo 0l
e
95 OV 08RRICER 52855, 2|40 ®® ! i® ®§ i ®®
@FEF — MERER TOMBRERICERYT 2% 4| 7300 o D 2 H % i®
5| 8750
By, QMEREERICAEL BN 7 BhRkS. 6 |10400 © I_i @ ®
Table 6.2 ARG AT B o doreering T T e
:hbcg,jby_c’ %EJEE%@BJ:Z}@‘:%T structures, @duetotheothersmall fluctuations.
DREFLHHEC, CERATERT 3.
CI=CNl =icm (6-8)
mel
C=Cy, -Cy, = icm (69)

m=N,;+]

ZZIZ, Ni, Ny : ERSHOBLVOITERT 2 E— ROBEHAK TH 5.

Fig. 6.11 BKUFig. 6.121Z, LA IV Re ICHT2RWF SR O, CE2FNTIUR
9. Fig. 6.11 Tid, LA /LXK Re DHEINT BTN, REFHER C IJEINT 3. Re =
7300 (Cased) DEE, C' 2 —RAITRLUTRAERS. U, BREOAT—IIRET S
EEDBIT, ZNITERTAEFMNVNEEEITEDLRESHEEZSNS. ASIIKRERLT/
WAE Re DT —ATIE, C'HWADTS. Fig. 6. RITRIREFERCTIE, L1 IV Re
2 12250(Case?) DEE, LD BRELEER LS. T, FEREE TORRRICERT 3
BERRD RS L, M CHRELARBZEICEB EEZISNS.

:g TNA %
ya M 15
= 40 7 ~ /
30 S0
O 2 %) '/‘\o’*\.\/
10 5
0 : . : ‘ 0
0 3 6 9 12 15 0 3 6 9 12 15
Re(x10) Re(-10)
Fig. 6.11 Cumulative contribution C' Fig. 6.12 Cumulative contribution C
(due to the recirculating flow). (due to the coherent structures).
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FTE [ZERGH-BERE3RBUORSEMZ AL V/FRKEMER
AN DBE R EREAT

Chapter 7 Analysis on Flow Structure Hierarchy in Open-Channel Flow
over Concaved Bed by Using a “ Multiresolutional - Proper
Orthogonal ” Hybrid Expansion

Abstract: A new flow analysis is proposed for examination of hydrodynamics in open-channel flows
over a concaved bed. This analysis employs a hybrid expansion consisting of proper orthogonal
decomposition (POD) and muitiresolutional approximation (MRA). The analyzed data are velocity
vectors in space and time collected from a particle image velocimetry. First, time-series of the velocity
are classified into three distinct components of different scales by using the MRA, including the
component due to organized turbulence in a mixing shear layer. Second, the organized turbulence
component is furthermore analyzed by the POD, which disclosed characteristic flow properties such as
predominant flow structures, hysteretic behaviors in velocity time-series and interaction between the
flow field and the bed geometry. These results strongly support that the present hybrid analysis is very

much powerful in detecting spatiotemporal coherent structures in turbulent flows.

Key Words: analysis, coherent structure, water-surface fluctuation, open-channel turbulent flow,

concave, wavelets, empirical eigenvectors

1" F &R

FPRTIE, NET, KEBKRICVERZ HDOBKEHN AT, TRABMER#HNY E#EED 2
X & L T PIV (particle image velocimetry) §HIIZ & D TRFUBORFZERITEFREZTUG L, B S5/
R MVT—I NS FRME SR L TER. B4, SETERLAEY—TLy FER " 2%
AR T, E5R — MEROBERE TORAMRESBICBIT 2N OIEEEREZHS ML,
Xz, BB THHLEMEETEIMRA (nultiresolutional approximation) {2 & 1 HodikFRFIAH
HSEHOREEZIV=D0KBEMEICMRINZ I EERLUE. B 6 BEOEAEIEERERH
POD (proper orthogonal decomposition) ** 1 X 2867 T3, NEBAOERIICER S 228805
JUVIERR S TOMBMERC L 2L NIEET D I EERTEEBIZ, ThSERRSD
HEROLA ) WVABADEEEEAS MU=

INSTDOMTAEIRL, EE5b0MRETHIEBSZIERARBMRICENTIHDTHS ;
MRA Ti3BEHY = —7 L v bBLIUVEORHER TR I NS X 7r—1) > 7B, POD TidE
SNBEAFE XY MU (empirical eigenvectors) 7%, TNECNILREZBIR EMRLS. LT, £
NTNOHKICERORMEENL DD, TNEEHATEIEICKD, BIKBMERTOETSE
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SO BEIND LTS,

FEITHBNTIE, MRA & POD EHAIIC L1
FNBZEiEoT, PIV THSNZHGED D dunare decomposed o wavelescomponents
5 MERE A TE TORMRMIE S SRR nes “‘"“‘“‘D
7;%@]5’2%%&%%%‘:%&3—6/ \’f 7') > F Three distinct components including predominant turbulent

component are synthesized from the wavelet components by using

E‘J?’;ﬁﬁﬁﬁiﬁ ( rgiﬁ@@ﬁ- ﬁ. IEQE&&J ?E ® physical indices such as statistical values of each fluctuation

component and predominant characteristics of water-surface wave .

2B (“ multiresolutional — proper orthogonal ” T

hybnd expans lOl'l) ’ uq:’ [rMR-PO @é@ﬂa.ﬂ ® By using PQD, spatial and temporal structures of
C‘:.mgga) E%i‘ L/ < ﬁ%—g—é. ﬁwm‘: ‘i, i—gm’ the predominant turbulent component is examined.
MRA %2HEAT 3 Z &ICk DiREEERYIZ Il

EBs SN ORISR S DE00

SRR DRI HREL, 5T, /F5
NIAGHT POD EHEY T LICKDEDRZE  Fig, 7.1 Flow chart of the hybrid analysis.
G Z 5.

FETIE, () FNUCRITITKELEHORENIITEETEZIHETE, O BN THL VWK
HEBZEED FR GE 2 ETERH - 20D, Z268ET5. (DIEAL TS, MERRORz5Z
DOFNZEMSEE LT MR-PO EERAICK 2T 2T\, HESIOERY (ERiED, Th
5 ERRDTEIDRSRFI DR RS R , METRR S VUE & ORIOMEERLE/R & 2/t d 5.
(DIZBEL T, =Ko = — 7 L vy FEBIC X D155 N KE DR RIE SRt O ZE H
WT MR-PO HARBIC L > THEESRMNCHRL, EEKELRSE Fai B ORI ORER
HICDWTERIZETTD. 1B, KEALHZESHIUCEL TS, B2ETHRLUIZXDREHK
1 & PERIE & 2 [FIRF - WANCEHRITG 2 50V o 727z, BI/KEEVIER s ERFRFRICHBIT 57K
H & TR OHERSEMES, EFRIICIXZIEAEMDFDON TN, ELEOEITICX D, BIKE
VERFRNLDELRAHEZ IS M T B E EHIC, BETRET S MR-PO EERERBBOEAMEZREE
T 5.

1.2 WBINAE

AETIREI SMR-POEGRBADO 7 O—F v — b &Fig. 1. ITRT. FMEIILITOL D THS.
O EHREHRITE S N/ 3HHE GRERRT (u(x,2,0) , w(x,2,1)), KEE S DERF h(x,t)) 1T
MRAZHEA TS Z LIk D, KRS B (L)) BIOEBRCHRTS. FXT

I$, MRADBRIEE#HEERIH/IEELL T LNV EWSHEEZANS.
Q@ BEBEEOLERS %, TERECII R E DM BROZERMM (BROBE) L/KED
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Table 7.1 Experimental conditions

CASE | D(cm) | L/D | Q=758 (em’/sec)
Hy,=3.0 (Cm)
1 20 100 | U,=12.6 (cm/sec)
Re=3800
2 50 40 Fr=023

Q : water discharge, H, : water depth in the inlet section,
U, : mean bulk velocity in the inlet section,

Re : Reynolds number = UpHy/ V,

Fr : Froude number = Up(gHo)"”,

L : length of the concave, D : depth of the concave,
L/D : aspect ratio of the concave.

Fig. 7.2 Schematic of open-channel
flow over concaved bed.

RS BHRHE GRRDIRS) 2R E LT, HE0ES R CELN ORI ERT 230 =D20
AR R OEBR THERT 5.

@ HBONIEBIRRSICPODEEA L TERSG ML, &#T— ROFEFRD EH XY M) Dz
5376 & DHiRiE FFRF) ZHNWT, HEBORZERIEEZENS. ZZTiE, PODDOFE
FRDERITHEELT IE—R) EWSHEBEEZANWS.

75B, FETOEERETHNWAMRABLUPODIZBEL Tid, F4EIHEFE6EIHMTTNTN
LT3,

1.3 BFKBMEBORREMNRE ULRTERETOER

7.3.1 MM&ETIRKEMERRNOME

AENZ BT B BKREVEROFRIR M EFig. 7.212, EBS&thETable 7. WCENTFIURT. FR
TKEED EFKM L D 330ecmDABIZREL = 20cm, HED =20, 50cmDMERAFRIT SN TN S.
PIV ® D BUMTEIXVEBOSME DR (v = 10cm) TH D, BEHRDY > T > fEkiiI6oHz, 3K
33370/ QO00EEISR), —ERDFERKITHI0.42~048mmTH 5.

PIV IZ& D BIES N=BHRFDTEEN Y Fbv(x,z,0)=( u(x,z,t), w(x,z,t)) DFIZFig. 7.31C
RY. EFR-MEBERICBOTHIOERY ML <EBL THD, RSBV FARICHREL
TW3. Fig. 7.3 ITRTEOWMES (MERAREL L/D =100 1IZBWTIE, MEFRICES X —)b
D XO/NSTR@NRIEL TS, Fig. 1. 3(b) DFEWVER (/D =4.0) DEFEITIE, x=10~20cm D
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x(cm)

(b) CASE2(L/D=4.0) (b) CASE2 (L/D=4.0)

Fig. 7.3 Instantaneous velocity distributions. Fig. 7.4 Mean velocity distributions.
(time-average: 33 (sec))

"75 3 2.5 2 1.5 1 0.5 _W 2.5 2 1.5 1 0.5 []
3 X 3
ELf
Wit
—0
-1
T T T }1‘5 R T T T I O T IIE( ]1'; 2
x (cm x(cm
(a) CASE1 (L/D=10.0) (a CASE1 (L/D=10.0)
EE 3 2.5 2 i.5 1 0.5 o — 2.5 2 5 1 0.5 0
3
Tt
- - o
-1
-2
=y
_,‘» ;
=5 - i . . " n r s J =
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(b) CASE2 (L/D=4.) (b) CASE2 (L/D=4.0)
Fig. 7.5 x- directional turbulent intensities. Fig. 7.6 Reynolds stresses.

EHEAHLIOERENFEL THEY, MEH2EOERNERIN TN S.
Fig. 7.4~T7.6 IT, % CASE ICBITBFEEFRENRY MV (x,z,0) HU(x,z,t), W(x,z,1)), x5

BOENEREVL2, L1 VRSN —u'w OZESHETT (K 33 BIEIORETS). Fig 7.4
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IZRTEDIZ, BVLMERFig. 7.4(a) ; L/D=100) DHE, FEOFHEIIMER Lt TRIMEL /=5
BONEROEICEMNE L THADIZN LT, BOLMEBFig.7.4(b) ; L/D=4.0) T, MENOT
FRITAZERAATURE TS, —4, Figs. 7.5,7.6 Tid, Eii— VSR> TVa?
—u'w DSRELZD, MENESBOSEERFRENEOO5NS. £z, Figs. 1.5(),7.6(b) iR
BAMER T, MEERRICHE D BN FREBICEEL TnWA. LMLBARS, Ihs Lo
J AR & DREEHEY (RRES) #EIC X - T, B& A —IVOEBIRD 2 B—DRS
ELTHET 5728, VEREASRBICRET 2HBESHOBERE 25 Z L3 TERN.

AHTIE, Fig. 7.3 ITRT K 378K & %4 DFEES vV (x, 2,0) IZ MR-PO BEREBZEEAL T,
MERES B COMES OREMESRHE2M X5 L & BT, MERRROE(LAHERED O
KRIETRE R 5.

7.3.2  MRA [CKDFOERFRIND = DO MHE CEFIS7 - {AMELT - JEBRELTD N8

T.2CRUEFIRIC LS T, MERESBICHT 2HEE ORISR 217 7=

7, MRADSME - BAROHIEEHWVNS Z LI2& > T, PIVTESI-ER R Z=D0D
FEEer OIS, 37abb MEgHR) - HEGELR) - TIERRELTR) OZBIRS, [CTHET
%. KETIE, BERELRTEEHRSEZUTOLSICER L ; MEVEH] &i3, Fig. 7.4
IR S AR OB E IR & VR ORSE /R LD S BRI TR ISR,
FEEELT L3 REBOMBRIELYS N2 B OFEERIRSY, TIEREELR &3,
FRELTN 5 REGIZAERR S N 582 3 ORI Dbackground turbulence DFHEZEBIRRS
758, #4, SEICBNTHMRAIZK DFERERFIIODE - BRI INTNSA, FEHTIE
TNSHHED =R HROYERNE S E I T 570 LD SEEEEL /-,

X7, PIVTHBIINEBRX = (x, 2) TOTERRI (u(x, 2,1) , w(x, z,1) ) IKMRAZHES Z &1
2T, INSZERBIH (L) HOEBRERD Ve, ((Ue;, Wo,)) ETRELEBIRS
Vo (g, Wy WCABRLT. ZIT, j RABREHDT 2Ty I A%&KRT. Fig. T.TITHERD
—B (VR ROBEREN ; x=9.6cm, z=093cmDu(x, z,t)) %, Table 7.2IZ& LN IZxET
SEEEHE, TNTIURY. Fig. 1.7XD, BABEF (L j ) OFGEEBIRS uy, HHELL
TR Uy, DOBREIC I NS Z &A% 5. TR ue s ( Fig. T.TIZBITBETF
DEERF) TiE, BXL0.IHZA FDEREBES S0, IZITERRE IO FoER R FIDE S
NTWB. —7, j = 3~-TOTERBRST uy; TIE, FERF L TRIRRENICK EREBNREL T
W3, IN&D, INSOBBEHICEWTIL, MERESB TOMBESMERL T\H 2 &M
HRTES.

MRADE L NI)NT5HE U T=RERFNERRELTT 2 E=DORBICHEAR T 57201213, &L~V
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5 3 )
o o) ot -
’?W)J“ . 3! 'M)imhz Table 7.2 Frequencies in each MRA level
o 2 ) i) approximatc flctuation
|; | 7{sec) - *!; M) jmad leYel component component
)?Wl el jeod :Z £ {sec) 0 < 30Hz
TN EWS 1 < 15Hz 15~30Hz
iy VT e * ot 2 < 7.5Hz 7.5~15Hz
W T e e 3 < 38Hz 3.8~7.5Hz
18 ST R A ey W 4 < 19Hz 1.9~3 8Hz
S [ Y USSP 5 < 09Hz 09~19Hz
ot i -% e n < 05Hz 0.5~09Hz
e 7 < 02Hz 0.2~0.5Hz
3 < 0lHz 0.1~0.2Hz

Fig. 7.7 Time-series in each MRA level
(CASE 1 ; x-directional velocity
u, x=9.6cm, z=0.93cm).

DEBRS QLRI ERIT S EMBETHS. TIT, LA j=-3 ~TOHEES
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— 1M

w3, (x)= \/TVI— w2, (x.1,)
p=1

J— 1 M

—uwy(Xj)= _ﬁzluwj'wvj
p=|

(7-1)

(7-2)

(73

INSI LA VAR BI EIEV, Vw2 BERLA JIVKSH i CENE
NXRT B, Fig. T.8ICREREOHI(CASE D) ERT. LA j AVNE 72BIc000, MEh:
EBHEROZRIZ o — )UK EL R TNS. LA j=31B0T, Vud, BEEHAROE
- MERERE TAZNY, CIIEANRREICRET 2 HEE#icrsL TWa EEX 5N
B AWk, —wy, DT, MEBRABCHVTSROBABIFEL, T OLMAS—
WAVNE N EM G, HRDEHHE D RISTEEEED SN TS EHETES. LN j
= A~6IT BV B BHRIHROZRINITTIL, Ei— MR BEASE T ARI~E 2> TNB T &
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Fig. 7.8 Statistics of fluctuation components in MAR levels (CASE1).
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Fig. 7.10 Contribution of fluctuation
energy in each POD mode.
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Chapter 8 Concluding Remarks

Abstract: In this thesis, the author has developed the image measurement methods for open-channel
flows with intense water-surface fluctuations and for suspended-solid concentration, and also has
proposed the data analysis methods for extracting predominant flow characteristics. In this closing
chapter, main conclusions obtained in each chapter are tersely summarized and some prospects of this

thesis are briefly mentioned.

Key Words: image measurement, open-channel flow, turbidity, hybrid analysis, data extraction,

coherent structure
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