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SUMMARY

Title
A study on the numerical modelling of estuarine flows and sedimentation

processes.

Significance and objective of the studies

Estuaries have been considered very important as they provide essential
conditions for the developments of harbors and other industrial activities.
The rapid growth of the industrial activities has imposed very extensive
developments of overall estuarine system including upstream rivers and
downstream sea area. As a result, environmental contamination and un-
desired sedimentation in the estuaries have been acknowledged as very
serious problems. To control those problems, complete understandings
on basic flow mechanisms including estuarine stratification and relevant
contaminant or sediment transport process should be proceeded.

The goal of this study is to investigate basic physical mechanisms involved

in the estuarine process and to contrive a methodology utilizing numerical

" models to reproduce x-z two-dimensional and two-layer stratified flows.

And also, as a means of providing a basic experimental tool for reproduc-
ing estuarine or wave phenomena, a two-dimensional wave flume is con-

sidered for its design aspects.

Scope of the studies.

The literature survey is done for flow process in estuaries covering stratifica-
tion, mixing status, turbulent characteristics and related transport pheno-
mena. A numerical approach is examined to reproduce a flow under

two-dayer stratification. Existing researches on turbulent characteristics
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are reanalyzed through the x-z two-dimensional approach.

Design criteria for the wave flume are proposed for the general configura-
tion of the flume as well as the detailed scheme of a random wave gene-
rator. As a means for providing input signals to the generator, a wave
simulation with an arbitrary wave spectrum is attempted. A comprehensive
establishment of data acquisition system in the flume experiment is dis-

cussed.

Results of the studies

Development and application of a two-layer stratified flow model.
Comprehensive analysis of existing theories for the development of x-z
two dimensional numerical modellings.

Establishment of basic design criteria of a two-dimensional wave flume

and a random wave generator.
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BH #rxz 9 4dAse 21 e HREReld BERdIE I BEHE
H 2 BHE, 47 mds Rawel HHs #BEe ENY B HH
o el EREME T ZARHo Wiy TaF uls AEH K, K W
golXet 2L 2 i BH&E WHERAE 7t BY ZAA W FoF

3

3
Y

!
ot

Lo

i
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BES "Ae Aoz dEA ok o BEC fAstd g3gdMe
X HEKX SAFE A8 RaEe B BB R K REC st
o EBifFf HERER S& 2Mstd gk

{

u

2. iIRE WM&

Fig.1.49 #o] LJ&(Upper layer) o #HWAKEN BHES HREN &
Zol= 3 ( Oscillatory wave) 7} F#E@Tn & w), Harleman (1961 )o]
gaiA gokd ulel ol #ERW (Interfacial wave. ) & Celerity, Ci &
X (1.8) 3 o] Fojzxr

- _ Ruo+Tu g(po—p) RT _va2eE
S=%mr *Gmm  mRerpE v w) (1.8)
B/A
o714, k =Wave number, R = pocothkh, T = p(cothkh—— J.
sinh kh

F B HEel 0¥ A (u=u~0) R(1.8)ZF¥ pHE} K\ WM
BRAE X (1.9)% Zo] &g F# Uk

—_—~ c e — 2B
p| ay U
e h |
- 1 |
T N . %.. 2A
u‘)ﬂ T
Po o
TS ST ST e

Fig. 1.4  Oscillatory wave motion in a two-layer system



g (p—p)

? =
¢ k (R+T)

(1.9)

1
kh’

BREN ( Long internal wave. ) Q1 72, cothkh= cothkh .~

1
kho L
e o=tk w3, Ap7b e pool HIE ATtn FASE KX (1.8)
& &K (1.10) o2 7ledoh

C, —thetudh  cop, bho - (u.-u)hh
h + ho p = htho (h+h,)?

34’ (1.10)

9] &£& Abbott and Torbe(1963) 5ol 7l&s wiel o] HARS &

PEiE# ( Characteristics ) & ZEigog2xd 9A] 78 +# Utk

n
¥

(1.1)-(1.4) AN B Ba, vhgel % [, BEEN S& ¥
1% B %% 2 7 B T SR WAL TesE R
(1.11) 7 e gz Jed + o

A%

1w0h0000) ([ohe/at] [ 0]
0 gluoO 200 oho/ 9x 0
00001udh duo/ ot 0
0 g000glu duo/ 9% = 0 (1.11)
dtdx0 00 00 0 oh / at dho
0 0did0 000 oh / ax dito
0000 dtdx0 0 ou / ot dh
(000000 dd) [ou/ox]  Ldu]

watd, & (1.11) 9 szt Z2ASolor st H#a4S HEAHE Kkl @

3 X(1.12) & 9 F Uk
( (uo—%)%—gh)((u—%)—ghl—2g?’hho, =0 (1.12)
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(<3 ]

# R mEwez R (1.13) B X (1.14) 4 Zol £xT + U

( Vreugdenhil (1970)).

. Uh + UOho é—

X2 =—h_‘+T + [ g(h+ho)] (1.13)
. uh,+uch g(1—21)hh, (u—uo)?hho &

%45 hth, T U hih, TETWERE (1.14)

x7b R (1.10) & 2L &9 #HES Jetds & F Uk oM #&
A wlek 2ol T OjEe HmES szl wet EEEE S 2e UY
o] kol HREES ¢ F Atk 53], HEREANA HE EEY e
ZES fFddte #HE (Stabilizing

fEgel EeY oHd EEE ¥
o HelA

AT st ool WiE AR

rlo

intermediate layer ) 2]

A5 A

3. B MEEH( Interfacial shear stress )

A HoME ESY WS A7) (Arrested salt wedge ), EEAR 47

(Temperature surface wedge ), BERE MEEH ( Density-induced return

BAT WRE EWGEaIAe B BUETHEY (Interfacial
3l Zlsdith dA, olHg kol BRI B
HEBh

current. ) 59

shear stress ) o

= @AM E, BA (Mixing ) HRE FAISIL Ap/pK1 9 4,

L.

S WREsle KA R(1.15)2 dskd 5 3o

2 2
: +2° ¢ (1.15)
_fgh _Q‘tho

0

=3, HREge] EBio] RFMS S BY o & WRste X2 A
(1.16) 3 2ok 99 #KHESS BRE + e o3 wRAM RER
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Fig. 1.5  Subcritical flows

&Eghel #IE€ Fig.1.59 A3t

u? ul

= 1 (1.16)
ey, ey

Megel SR Ul MBHH ( Subcritical stratified flows )9 #He B
W T g METESNS HAE 2 EBIAMY &L ( Turbulence ).



o oa HEme wieth(A(1.21)). WA, HmERY K BE o
2 Shear7} #LE Holgdad: AL WMWY & Aouh, hME (Stabili-
zing intermediate layer) o ®ig= 918l @M Shear & MEH o
Aol olsiME ke wx gt B Shearel avldl Wy HBold
s RolNe kRS Awumrle] ¢A, Bl Shear & Yehizl A
A2A @A ole He#R (Empirical form) & EASHE, R (1.17)# R
(1.18) % ol A 5 71X mEEE SHEDG

ri=—é—1ip(u—uo)|u—uo| (1.17)
0

ri=kip‘—u (1.18)
0z

714, A, ki & fEM Shear RS AA UEMH, p & BEE UG
(L@ TREAM A 2 #&& oo b)) . BRER REEES
A&l ol JEH Shear o G ue= B ZA W FoF
JPe "= Aoz LA Ut ( Abraham and Eysink (1971)). &K
ol e Abraham 5 (1971, 1979) ol <3 HE #HES o5 HENA
BEY BEHES duboE B Shear RIS =7l did V& REHE
Bt ( Subcritical stratified flows ) E@holA SHREAM] AAAJA  H#H
52, HBREY Bad BEL A A, #HHREAAY ArEhkd U
3 P vtk A9 B dold BAFRS 'S fosts M
fBol Aol vldskAl dHEz, BHY EBE& B IS =t o
X, Bl Shear & o] HHES] RE B m<t 93 A H==
e ¥4 F BMY Shear = HERAFEIA EBAA IAdH= AlRH
( Turbulence) ol <lsid JFg wedn T & (T BH ®
BozyE BE WHE). oy KEosie BM WL il &

o
fr
R

o

p
e

rlo
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ghikeeel E@EEE 2 OBY & S dod d¥E weds AE ¢
F Atk nE Zisske R (1.17), & (1.18)9 AUfHo=ny 3
BiEH e R (1.19)8 2ol 7le¥ & Ut

Ai=1f (Re, Ri, Type of flow) (1.19)

3714, Re, Ri & z}z} Reynolds No., Overall Richardson No.& UWE
ot weld, B #E# ( Local condition )2} /M IIETHENFRE (Interfa-
cial shear coefficient ) f§e] BAfRE L: & w), { R WFENY
WRGRES Yolob itk ol EREC REMLZT INHUSE 4+ Rie
g 943 BEE nRHDs B UESREs 9P R (1.200 3% 29
x¥g F At

2i=1f (Re, Type of flow) (1.20)

29 Azl e EgEee HEEN £ XEERE #HR(J42 Abra-
ham and Eysink. (1971) 28 ) S2%8 4 F Jo ol BH= o
23® B4y 47 (Arrested salt wedge), REKE #7) ( Temperature
surface wedge ) , Z#utk (Lock exchange flow ) 5o} w3t 3HEE ¥¥
2 EAE % Utk Abraham 5 (1971, 1979, 1982-1983) o <l3iAM 4,
#gHY }HEL Fig.1.6-1.80] AAFATH

Fig.1.69s ®ER=Es HPAM BHE 3 @5 H7d 33 #EH
ZRE o3 R ANFHJS 4= EFES Reynolds # (Re) ol o
g goz HEZIHJT Red ol AFR w 4:/8F%E WiF 4X1079 =2
712 Zeth REAEA7] ( Temperature surface wedge ) o ¥ AAl &
By HEHEHNczRE dox AoE Fig.1.7 48 ol & F& <]
Reynolds 2 EA|5o] 3tk Re o]l #HZA w 1;/89 & wig 15X
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Fig.11.6  Arrested salt wedge: Variation of coefficient of interfacial

shear with Reynolds number

u(z) 7T —
2 U0 K o 6
H N 7 > & POLK ET.AL. 1971
T oo t=6s . ® DICK ET. AL. 1971
a DICK ET. AL.I972
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Fig. 1.7  Temperature surface wedge: Variation of coefficient of

interfacial shear with Reynolds number




WEDGE WITH COUNTER CURRENTS T KEULEGAN (ANALYZED BY ABRAHAM ET.AL.I97!)

[ ]
o BARR ( o w & e wy
~Z__| h u e v ABRAHAM/EYSINK (1971)
= ' h* [ 8 RIKSWATERSTRAT (1974), MARINGVLIET
h a w YMUIDEN LOCK
[ e ——=Us 6= CF a "  ROTTERDAM WATERWAY
777 77 77 o (LOW WATER SLACK)
| AN 10° 108
LI PRS- 5 o
gV10 “rgo N T

v
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. =l N\
[ ] e o \
103 o \ L] ¢ a
A
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Fig. 1.8 Lock exchange flows: Variation of coefficient of interfacial
shear with Reynolds number

107 Hxo) SR BSES ol Kk ( Lock exchange flow.) 2 A% o
Al Reynolds 4=, Re(Fig.1.8° E&E )o| w3 ¢o2 Fig.1.8¢ =
Alsfo] gith WA Z Reynolds FollX H@E /89 g Wi 7X107
o #e zed _ ,

oS #&EY uw H|mA & ReynoldsFolA g EH R
utetA]  Shear 7} BMELE RYS & & U oW F EHY  mmEEvH
3 @myAY), xmift, KEKEA7] Hez EE odsiN IFTe 4F
of AR, gk GA clF AIE HAde HE 1Y o, FEHREA
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wol olgl ultBold &Y &LEE ((Turbulence ) o] oJ8id 2 7F J
wetdeE MRS € £ ok g3, e X (1.17) 2 (1.18) 9
e rezE A (1.21)8 2L BB Jed = ot

o
rr
rir

&

zi =2iip(uo—u)? + 2ippul (1.21)

A71A, Aii, ip e A7 BRE R KE vigddA 349 ALRARE U
Bl @M Shear S YEIIT u.=u9 A% KX (1.21)9 #MzEl ¥
BE  FHaloF I

ol EEI MEHAM Rii= 9 WFoz Mz dE EEY HE,
B tRfFe] o]l Sol wWEM #MEE RolE2E fde uE FH
o mEEZC] diside 94w BENI AL Aot slede
AE BEZ 5 Ao o3 Ae AFAA 1z RAde e FuH=
Shear o] A7}l FFS FA 2 RAelvh FIH 2FR BUEEHE Hlol
Me R (1.18) Fehe] METENS el HERS AASAC

-
=

flo

A

4. E@ WEEH ( Bottom shear stress )

el 3HANAM EBRBS B IETESN (Interfacial shear stress ) ¥} n}3
7bX)2 vl BYETHED ( Bottam shear stress ) HA] 2 B EHHHS @R
< dME AR ool & BEolth ( 13He] Table 1.12M). sIAN7A 3UEHE
719 Bee BEW WEEANA= <2 HEHM ( Homogeneous flow ) 9 &

ol FAHE #as BAsSId X (1.22) 9 2 ¥Hz g 4 o
1
Tbh = gxbpouoluol (1-22)

AZIM, A, po,ucs A7t WETENRE, KEBE, EBRES JUehao



Wel e 4% Rl HEEE ¥ +U49e B 4dE  BHE
olaste] AYHT Ea, i Chezy HMOSE KHASH= MEE 74
o, WEmel BIRK (1.23) 3 Zo] KM i, Hydraulic radius, Rey-
nolds B Se] C7b 932 womz 1o ol g zWEE ¥ 4

AT
C=1f (uo, R, K, Re) (1.23)

G71M, e EEHE, RS KEPLE, K& HERE Ret Rey-
nolds 5§ 27 udehdh Egdshl 2AY Re e A4AN Y
&, At WHEHK HH FHA A, Be Cgdl A P wA @
' oz ¥A itk Table 11614 2 WAEA 2&she uigol
o HEEH A EE WEENS FUY BRE JEd 5 gleEms,
AAg 7lee AHITh

5. @M B4

RS WS molt 2/EHE HIEM %@ wsh Lol hM
 (Intermediate layer) 8| @4 3t HFMe E@ol mesA
=2 e BAe AKTFS AHiZH ( Turbulent exchange of mass ) o
gl Zz s, Hille) EBKE R PR B A4S SAEIA
B Fdol Hh=rh

Lofquist (1960) & #ibikage] EF woE s=2: MHaé #EHghd U

8k

o2
o

A Be Bad s #eted AU KES  Reynolds Bt
1500 L]l 790l AAE HE (Reynolds No. = 2tEo)olx Qolnl &/
vigo] W3 wEETEe] H(ux /ul)E EBe] Densimetric Froude



pumber | @o] @ MEE Fig. 1.9 MA@ 2 27%b %
1074 A2 RS & F U

Ellison and Turner(1959) & #A4eie] L& ﬁém ojd EE EK7t
AR A Yo z=e TE @A #EB o ERS dASHAS
Fig.1.10 o] &M@ Densimetric Froude number ot FOEEIETTE (Un
Juo) e M7t AAIsel Uk Flume 8 A} ZAEE 97 145 23 427l
o], AAE HWHE olSd ud EHflel 2F 2ol F7ISAH JESE ol
AHel Frilgte o 1.0mgreln] AAlg 2ol dEht A Rou R
7b < 0.89 W BRMES #Ke Role 22 YHRO Fig.1.9 ¢
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Fig. 1.9 Experiment of Lofquist (1960): :Subcritical stratified flow
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Fig. 1.10 Experiment of Ellison and Turner (1960):
Supercritical stratified flow

Fig. 1.102 ¥&g w} Ellison® Turner 8] ®ikolM BT L3 B
ol dojvxn e AL & & Utk oldelAM HEFY EERAERZYH,
Ask 2o E@olA B BAHESC Wi MZAEQL KK L s HRZ
o B4E Order & AT + Ut

REA7 AA ol AR 3 @ifist 2ol &EE #@Hs ¥ 9
Bf (Mixing) ol 9|8 H@IEF ( Entrainment) 27] 3ol MEZYS
FiAIste Wolanski-Banner (1978) &} MEERZERT (1984) olA] AAIE up gl
o o159 HHEAA @k AMES KE FAS REXSY #Ex, A=
o AEK HEAS] £ Fo2 FYE Richardson number(Ri) 7} #iK
2 FEASNT Rio #te] @& AE WEETHS Long(1972) o] A
AR RRRS FlAStY @Mstien, HAMR AE FOoRS Oy B
1.5 km §iggel A27kx Rie o 0.5LTF9 EXE BATH( Fig.1.11).



I

Subcritical flow

% 10°
L ~ Supercritical flow
[ Richardson number l

5 "

4 r .. _BTh

3 Ri=

2

x10'

N W Do o~NOT

x
O

N WD e~DO

1 1 1 1 | L 1 I 1 | i 1 L

(G-uocos®)?

with 8 thermal expansion coeff
(7)

Time=0

500 1000 1500

Distance along the centerline

Variation of local bulk Richardson number along jet at
various times during its evolution (number in
parenthesis donotes time evolution)



E3Em —WA MEHH

X GiolME HoEilEAAN TAY 2@k MEESH HEK  HEKXCNA
HEMEELY AHS eyl st 2 Beld BERME, BAER S
o mAs3 EMES] WS ( Interfacial shear stress) 2} ul=t BEHES (Bo-
ttom shear stress) $& st AA =d HE P AR A
Jleeth wa, BUEHER BERe BEHE 5 Y HRGMS MR S

of EAME D JlET

1. Z9 H SRR

gomiol mAF HARINA oA 71&d wpek 2ol KX (1.1)-(1.4)
2 dedtstd Uehi® K (1.24) & 2

af af af
My 5o+ My + Mor = S (1.24)
A71M, M=1¢ o9 33,
/h Ve 0
ho 0
f: , S = i
P e
po Ti_Th
/ o o )
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0 0 0 0
0 0 0 0
M,= 20
- ; 0 0
0 ~h”° 0 0
\' 0
T3, mEAES Yes X (1.5)-(1.6) &
of of
at T T—s
714
i
P 0
f: , M:
Po 0 £
ho

feHiel EBEHRE

EEE B S et

ol el w7t

0 0 1 0
0 0 0 1
M3 - p2
gh-br  en 0 0
2
gh oA gh_ '];L; 0 0

& (1.25) ¢ 2o

(1.25)

Qs @ o

R (1.25) & FA8 ¢ slou, A WA &g 5o FEAZ Asxe
fEe] BEAFEATS @Ol BEZE Sol o3 BES AFHEE I 1
gallof & otk

zZk BolAel mESME 2 BWe EAHF 1HE By, BERML #
Re R EHHERY JI¥FS T, =3I KRS HEHPEARS BES M
FES o 48N, F BEY FFL AME JdAHS FHEO Holok 3t
th olE A% U FHoEAM SFERM HEFRE DT F  JeH

7+ AR
EAXEY Eotde
kg FHAE FlAsIAS R

Tatgdes QFe 4

3 K (1.22) BREBE

Abbott and Ionescu(1967) ¢ HfEHKES

oA B BIEHES (Interfacial shear stress)
I ulet BERES (Bottom shear stress) 2] =EH{LE
FlAstAS. 2HE3hd

At
— i

A3 EEE R(1.18)

A2 Truncation error & =7)



v EMERT (Time weighting factor) 67F 0.59 @ O (At?, Ax?)
ot #AmE K7l ANM QPPe TEAY YukshE Double sweep
Be FEY ¢ AU Hke HES FAY WS RV e E®
BiE Sl we sld slhel 2ol wEsth

2E EES A AA 2@ SFEA @ae 5747 AsE A
B & Ak dlM FRE Ko HKke o5 MAT A=, 4A
REREEGN A% Erol A 7 Bol U MEER Ktkol
g 4 Jos de mEd W, olsg MEY 5 e HE &Kk
BAGAol k. EHRS BEyes EHMIMERET ( Time weighting fac-
tor)7} 0.5 FEY We ZREWY BHHES 2Ao

BEigE R ( Transport-diffusion equation )¢ 7% Richtmyer -
Morton (1967) o <lsiA Alotel Hke FUAstAD EAY BEHRS #
oz ZEmolt EHLE XS DTS B Koz HHSy) w@E
o 44 ®E K Ft ou, T mESKC B¥Y BEEE Jsud
= e pUg W, dsh pe HES BFMEC RMES oplg 4+ 4
ol folsiol @k

_n_l&

e

rr

2. 24 H2E U BHA

A Helde ol 1Y 2@ EEY HEN KL BEHR 52
Hhoz o MveE BEZIS MAT 2@k WK BHRA o md
ok MwE 2de —sf 52 @S] Astel HxM HiEs 4
AlEglon], bk (Exchange flow) o B, H#E 93t Hodgins(1979)
b ANE el Fed¥ARE o8tk Hodginsst HAY R
o 4Ay B Bee noAsA gt



he and H (m)

718 HAEQ Static HIAEAE 2z g FAYL LE £ EEY &
£o gAANA T ME HES MR 2 B M wE Ty EB
fe WAL o 107 Axe 72 FANYUL MY 71871E QRS
A5t WS KA SwingHAE A4 BELS BE 433 EH
Qou AEKR WHSIY HUAA KEE 44T £ AT A %
& BlAE oo 2EE EDY TE HEse shioln wuel K
mol ZR% WHOE LW KMk (Exchange flow) A¥e ¢ Tk
o ST AEWBEESS vimE dAstd MK % HERM SO X%
ABHE Hodgins(1979) o #%el AANE Az 2e BHE FAIA
sk W#mol FAY EE 2 TR AERR Scale ¥ Profile ol
Fig.1.12 0] Z=ASATh

Fig.1.120] Uehd wsb 2o z7lol LE% FES se % ( Thin
barrier) 02 MY il Aot ke wol AAY © el A
o Azgnk THe el Ao Ee 9 Rigels LES FID A
j# ( Petroleum spirits ) 2 MAYA Yo @Y F EHS  Interface 7t

03
0.2} H=h+he
ho P, = Ushe p=uh
0.1 F
~S5cm I'm 2m 3m
j=o j=60

Fig. 1.12 Definition sketch for exchange flow experiment



BERo=Z @BmEHNo" FEEY ISl FMEzZEs 0.2x3d  KER
5 2 BERES AH8E LB R TEY K@Y WE SHnEE, 98
T &9 SA7F Table 1.2 AAHO Jom HERRIA KERRER
H#gd  47tA BRERE7} Table 1.3 0] AAIS o] 3ok

Table 1.2. Physical parameter of lock exchange experiment.

o = 0.784 £0.005 g/ ml, Po = 1.001 £0.005 g/ml
g = 981.924 cm/s? j =0, 60
Boundary condition; u,u, =0 at j =0 and 60

Initial condition
hj=¢ = 2.63 %= 0.05 cm, hj=¢ = 22.50 £0.05 cm
hoj=0 =23.37 &+ 0.05 cm, hoj=eo = 3.50 £0.05 cm

Table 1.3. Comparison of experimental and numerical times.

Exposure Experiment (sec ) n(Time step) Elapsed time(sec )
1 2.1 £ 0.2 10 2.0
2 4.7 £ 0.2 23 4.6
3 8.9 £ 0.2 45 9.0
4 16.0 = 0.2 81 16.2

BEERANHN ot sxe 47 0.2%, 0.05mAYh HERRS HWMNE
BHF ( Time weighting factor), /B BUMTFERE ( Interfacial  shear
stress coefficient ), ¥}=+ BYETHE{RE: ( Bottom shear stress coefficient)
2 Dissipative interface (Abbott, 1979) %Sl #H4o =2t 4714 7
2ol distd HEige dAsASk 4 A9 HE &HRE Fig.1.13-1.16
of AR 2 aPoN KEEEERE e FHoZ, HE #BR:s &
My ®Ro= UJehidch

Fig.1.13-1.16°14 2zt Z %9 8B #4& ZA o9& HMRS JEhy



and H (cm)

ho

n=10 (2.0 sec.)
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Fig. 1.13 Comparison of calculated levels ( — ) with observed ones
(...),6 =0.5, Ki=0.004 cm? /sec, Kp=0.0001, «=0.0
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Fig. 1.14 Comparison of calculated levels ( — ) with observed ones
(...),6 =05, K;=0.0/cm? /sec, Kp=0.004, «=0.075
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he and H (cm)
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Fig. 1.15 Comparison of calculated levels ( — ) with observed ones

(...),0=0.6, K;= 0.0 cm?/sec, Kp=a=0.0
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Fig. 1.16 Comparison of calculated levels ( — ) with obse;ved ones
(...),8=0.5 Ki=0.008 cm? [sec, Kb=0.005, «=0.0



2 Yoy 5EFEF (Internal long wave ) & FiE#H (Surface wave ) 7} H]
2y s AdE AL ¢ £ Uk A A wst SERER F
HE EHEY ws AES ZAot Ue RE %‘4 Atk 53], Fig.

1.149 AS$e 2499 AxrE Feix 54 BEAnk AR 2T F=
#7 EARFe sue Fig.1.133% Fig.1.1678 F BEENRES =
719] o] wWE M@ KE KRt & Jiedse o X (1.18) & °l
23071 o] Fodidld #FHT HR=E L HSBNS S FHd X
(1.7)¢9 #HEEs ¥ae od$y Fig.1.169 A7 ke 509, ki
' 20H2 Add w& HELFT A 2@ds AL ¢ F A

Fig.1.169 7%= v¥<3 BEHE HES FAEY 8 BEHH
A Hodgins 7} A|ot3t A4 oz Fig.1.157F 19 ZAet =g &
BRERE BQue Fe BUsd, oy HAHKRT A AN HAH
BYERRES) ( Lateral shear stress) & FA|3t &A= Interpolation #HR

Sol BEZ Aoz dJddEn:

i)

48 Hm H H#A

X #HxE 5 WO L wE SN Esl Yehde 2 ElR Eghol X
3 EA BEE HE 2 o HEY mild uiF e HERRE
27N, AEsY FIFHeE WH P KEAAM dojus #BdIGCd A
olsig WIezM FF o VY % nu BFY 4 Ade A%
71be midstuzl Sk =g, WA R ORHE Y AEIY AA 2
B EA ek A A TRE AASYG o wWE WERE
W OBHfC did 2@ BE WEM 2 AKX #&S gHING

" —=52—



F2He —BR HHY HHEH TR SEHS 53 SEREY  EEeh,
E3) EBrgel BIETHES ( Interfacial shear stress ), Bl BUET#E S ( Bottom

shear stress) % .J§M {E& (Mixing through interface ) o} it &g 3

Beo] MEER) fetEol W& Z MERREKS =] #MLt BE &t ML
ol Ug FEZAT, ol HKREe Z7] #Mbe IITHE EHFEEA
2 AREy RtEEMbel ot AuiElyg Eg) Rt B ot o=
AzZle FRE F e ALE UgNECY F3fidMe 28 HEH -
AFHE FEI AE}As XPou v¥nzdy odestd Z2UdCAN 0 ERE
2d GREHE AT WEESN /B 2 ERE EEARS Mg &Y
peEel AR g = e HIHA

l

|



Fo2Z X-Z—-kwt HERY
E1th #& =

1. 709 —&fy

A0 ( Estuary) & TH7F vioke 2= A EfAME A7 B
AHE, I3 Hve] HEA9SE G o e Hids I& A2
o2X HKAKS JTE T BD olud, HOu EREMC FEwolm
2 ol AAFYs F8A HuYt Y, o MRe EXitgo
Bk wE BE S AUEmMm AU £EDX FAEY #h AREE
o i, &Rl BK T EFHT A=A Y JFEs A &
A, EREFE HAEE #HEH 2 L8, £HBEN BEHTY WO N
fhel M, N, RIE TS WO R A4 el =i Jdew,
kA o] Mol hdt &Ed sl LESIY HIdde BERY
H, AFEY BE, A2 BERY Kk R 2 XERERR HH B
2ol ol WA HEe UiF @AMl FEMY WHE7E THESHA =
A

oA RE7E & 2 QoW gegn Zo

- ¥, Bt T XKEBREEZS ML, 483 HHHTS AT rE S

BEslE mESMbe] R

- EXEE, = AMEHY BREY HASEZ A3 REGHR MM

— BYEg o] L3 o MmO To HK B WAWMARS FEHH Ml

R HRe WHHRS] BAKSER R old wE2:= ATHEY BHHR

Kl

fr
i)



B WEMoE wT ST MEsl A, BH S WL e B
Be Bpels Gl BEY He SRom, EFMEY tetd mHpel
N omase mH 5 AEWES B, WERES o0 EESS BAR
# (Mixing) % J#{LH®& ( Stratification) & ®op @ds 7dsp] 9
shel, X—2 —gTH BEHES B9 WERRY At 33 T
MOpe A4es, mH 2 AEmES HHE 2ANe TE EmEe o
a7 2

— AR B

— LEEROINSY  BAKRAR

— ket HWAKe WEZ= (Density difference )

— wng

— way pE

— Coriolis #HE
Jo BEE F M 2 92 NS RS GHEDY EEEen B
Bzt A9 glo]l EWwiEBjol A% HEE1EE ( Tide-induced circulation)
o Al LEHANE LHZoz, TEEINE THZoze =80
B9 (Najarians, 1084). WHOEBOl Mla) HAHAS off e
o] ggo] M3 7% (Density-induced circulation),. EEEME T
Kroze), TREANE LHAHess =80 471, SHEDS B
o Qe B A e Al AUAY WA Gt BE 2

Bitel A=rh AP

2. Yo 2|

WORe BESHS BHSs $uozAe] #ERde EEdA s

_95_



zgo3% He @®MHy 2 AEWHEY BEFEKA dHF WEE (Density di-
fference ) o @& Frivd 2 A¥E £ Jert e Mook ohFd
B2 ER #EX, EE H#EX, 2831 @9 f/ENE B
2 maste 3k 2dol EsA ok 2y, 3RE R HFH
BEEY SEQ MY A 7] dEd dwRoez: A¥sde 9
A D wgRe] ol wet 2o destd 2ds A8sA 8o d
Byol mwrhe 7ZAS wWwe o] AujHolmz uige JFgL FAE
Je Axoltk Ed, LEERE BAHKAL B¥H tEA HEHAS
Gravitational circulation & ¥o7|H, ftHm Zeoldl ¥si KHAE Zol
7b 88 @e A% Coriolis st BHMe Gravitational circulation
& FAY £ A "o JriME BEEEZTS Iostn BRH B
& HAFFoH, fitHA Aol HE HEHE Zolt AL AFE &eEs
7l Wl ARHoe=z FFLS HFRE RSl 5F ( Boundary-layer type

8% He BMELHEF ( Stratification) o] 7o ZE @&
EE BWHY F Jolok 30, BiwEMET 4 B HEEMY AA
WHE #Bed £ glolel Fde Hold dEAZA ¢ @R BERY
o mpgel xitol wet o3 #EE7F Utk ( Hinwood and Wallis,1975a,
b). 3®wiE 2L AL M A A¥E F J= vE HFH
o FE 2 KEMQY REY AFS wonz WEV HEHA R OMF

mos Sudld #els, FEAoz E¥E MO ( Partly mixed estuary)

%

2 gdez e K HEAMdE LId IFES T AEYE £ Ux
( Parrelse and Karelse, 1977), &Hhm A&7t @ob HHM FHo 3
Dispersion o] AL WO AFPS 2xxk HEm=ELS HHIFAT HEFES

2 &kt fEEE 3, Parrelse and Karelse (1982) & E#fF 2R HER



d5e v, AESY SMEHRA EESH 5o HkS FASIAL, Najari-
an-s (1984) & Lagrangianfi#f < o438 2kt HEZLS ERT 9
A

2t BEFEAHERX H HAGHN

mAd JEue RAKSHESS IA kHE BHEEY SEE BHE
B 2 uUvr 4 Ut AHE BEHBES B ( Advection) o e
22X EWES). ®AKHA, Gravitational circulation Sol 23] <Uojt}
AR BEBRES ALMES ( Turbulence ) o Fe2A HBEY HEY
BL¥YE Bg) ( Turbulent transport) 2 &t} ( Abraham, 1986). & B
e F8 FANLES EA (Mixing) 3 Bt ( Stratification ) 842 3
&3te AHM BEBECIZZ, VIM: AMERS BMEMRTYE W
21 DR EEHY RMEMRTDE 89 Fe REEAC s
FHe HBERES AHESA AREDY U FHHRES Jehir] sty
EHES HES BHES TH3E ER (Reynolds EHI Hik BEIE)
o] HANAT $FY FEXW/RE ol%Y] 93 BAYESL Fymow
EE UG (AEED ).  wekd, @AY HFEXSS skEmel  Fue
WAKES YERTE =@, EAEC Wl Fy e Algdglezmz
e EHET KR EBHED EHEel o Fwd EUBBRMe
RS Uehle Kol @aHoF #o

R

1. EXFEX

A" EAHERXS fHhmd oa FuHe HE, EFE, B85 #REH



BRoltt BREEEEC BAHW HEHFAY HHE RKREAS BKE o071
Koz uwixHEc

P
5s T r8 (2.1)

AN, 1§ ES
p . BE
g . BEOMEE
z . BEHEESH (LA +, z=0FHKE)

X(2.1) & z@ol i3l HEsE oS3 22 Erd g HEXo =
o

[4
P =ps +pog ( C—_z)+gj (p—po)dz (2.2)

oq71A, ps: KEAMS EH

po: HKS WE
¢ AKEY B
A
Z
z ={(x,t)
z=0 V/"\V);\ o /\‘ =~ River

Sea E stuary

X=o0

Fig. 2.1 Side-view for a typical estuary



Mrme ERE KREXS o933 2o

9 0 p oy 42 2 2
ot (bcu) -+ ox (bcl.l )+ oz (bcuw) + 7% (bcfxx )'JF' oz (bc’l'xz)

b ap

+Tw=—p ox (2'3)

A71A, ot o B
x [ MEhR BB ( BWRFE 4+, x=0 I THRER)
u AR MR
w ! BEHA R
be ! B89 4ol
Txx, Txz . Reynolds fEH (H3H 28)
v BUEES ( tw=tpulul, 2 :EEEEEK)

HWy HRERX 2 ORBHFERS O3 2o
0 2 0 0
W(bsC) +H(bcuc) +7Z~(bswc) +E(bsTX)
+_:—Z"(bst) =0 (2'4)
14 =po+ﬁC (25)

og71A, 8 1 =0.75
c :Hy
bs : BAKE Wol( bs=bc)
Tx, T. : #EBBIR ( Diffusive transport, 3R 2MH)

HEo Aeoe #MAm EHESBI WL BEEBHS Jshie HE,

d(berxx)/x %k 3(bsTx)/ox & I ol PIFsr] wEe] FAE £ 3



oy, jike HEY ks A3 geAzn, REHY A5 MrRd

BLofite s ( Turbulent diffusion )9 <d3ko] FAE F gl AZZ =

7l w&o] HEE GeANRAC #EHEC s FyE K (2.3) H(2.4)

o t&d #e& FMiEel wAedth

— B it #IE: BAEY #Ec HEHA KEESS BiEmo
&AL ( Cross-sectional schematization) olx] 2AIgTE KEEE 3
AEe RO ERCA KFEIDE REEE £ U1 dE =24
o] Bkl Atae]l Frk ©He =2l TAH:= #Ee 2
B3 & Ausggozx AdE 4 Jomz Aggclel HAE Ee
121

— Reynolds AT #EHBER (Diffusive transports ) ol wd #E:
Reynolds HE/H¥ JEHBHES HEc KES BESHS HEHA
A o] LA HEHC W BEe 28 AAGY] #HE
FAG 4 Qloy, fhAY HEe MAHA HEBHES Jehds X
(2.26) ol %r#BEhE ( Dispersive transport) &2 @&EETH ( F3H
2R).

EEHERS de3 2o

2 2
g(bcu) —!—E(bcw) =0 (2.6)

&£ (2.6) & &Zeo| W3]l B£HSHL, Kinematic condition?l

0
__Zb —w =10 (Z:Zb) (2-73.)
ox

0 0 _ _

= —I—uax w =0 (z=¢) (2.7b)

< A o] A2 BiE#tel g KXol HW, o]2RE HHEKMES A



A (2.8)

714, A BER
zy, . B fE

Aol bt zol ZA KFESe AS, EHAC s AHEIbW B
7b 2AEz] wiE2o #hm Heol b.e #MAm x v EEE 3ok

e

2. BREAR

AR BERDS @yED), @ W wik# 2 HAKE SR, K
HER, SR X LSRR did SRl LES

7}, EBKE BEHREHF
B iAEolA= Kinematic condition (& (2.7))°] ALl K (2.8)]
=8t HHE RELNA= Erel PG

%

+ Txz — —Ts (Z=C) (2-9)
ox

Txx

A7) A, e EROE AEE 10me A (u.) & o]&3td thge
oz FIE F Uk

Ts :Paf°uslus| : (2-10)

A71AM,  pa i ZBR BE
f : Friction coefficient

By REXde o& o]l Hegd



Txi LT, =0 (2.11)
0X

g EE ERGH
EEANE FEA 4T EEER G4 A8 BWH  RERAY
Age AR5 AAMG RASL

02y
0x

Tx + T.=0 (z=2p) (2.12)

o SNE BERGA
NEERAA e 2ol REAKME HPste ®EUF FolAF 9,

C(0,t) = Colt) (2.13)
ehre piEel Folxol 3did dwkHow S8 BWEN Sdo MmEE
me FAY 4+ glemz g8t & (Weak condition) o] (€T}

a%u
ox?

®H HERC U e W, Edd el 27 Folud mEdls
WAl EIE toh 29 EMKE FolXW, HuEol: #AFS) MMk
B} ORAR 4R fEfel Folnn:

ulz) > 0 (FE#) : Z: —g(t,z) if ¢ < cma (2.15)
Z‘t’=o if ¢ = Comax (2.16)

. . d%c
u(z) < 0 (%&®) @ =0 (2.17)

N BEREMAS BBk ( Transition function), g(t,z)E 31 Hig
o FAE wrFsior v, mikel ERBE HBRI BREFES THA BACH



gt

ch. Lt SERERM
LR BBEE e BE, oS 2ol MEIS REE FoiAHCH

u=uL(t,Z) (2-18)

gutR oz LHERE BA HOSANME (Maximum salt intrusion ) E.t}
Lol glemz c=0c°|th MR AS, mEd #H5Mme  BEHES

u=7_0 (2.19a)
Ty =0 (2.19b)
3. Bmnd

#1HEA Folz EAHFBERX @RS P27 AdAMe 2o &L A
9ol S It HIY £ e AfiEdol LEsH dFREd
Z NEel He MEEERE (Eddy viscosity) /HEEEREK (Diffusivity)
EEAARE #Earsd AgEe HERS #Hd o2t (kT ZEY Mi-

rlo
N
)

xing-length 2@, 1 &3GY k equation®d, 2 KLY k —¢ equation =
d 5ol Utk (Rodi, 1980). wrAQl s&Fol gk Boussinesq o  RkhbE
B/ R & olAME  Reynolds [EAT 4% HMHEZE Mean velocity
gradient) & o537 o] AZAAIH

du
0z

Txz = ~€;

(2.20a)



T, = D, -2¢ (2.20b)
ax

dc

T. =-D. 0z

(2.20c)

A71M, e, DHEHA FRREMEREK
D, i ME5R HEEERER
D, [ShEHA HRERE

AelM #Hm EHE dYele .= o2 Fl ®El o @b
g3ted ol FAEIR .= MY EA4A HF HERESE 22 =
dezAM, 559 EEA w2, 2 5§ W9 AXd " g2
s 7ho R (2.20c) ] EHE EEPRE=  Turbulent Prandtl number of
ofs)  MEMERESY} o9& Zol JdBET (Rodi, 1980).

i
Lo
dm

F, ot EE wet A #EEl VIS ER e, Dt #EH W
FRRE 7™, e, 9 D, UhE, Kol KEHHEE, Bty Bzd wet
ZA " Prandt]l o] Mixing- length theory ol 2|3lH fMMELRER e, =

Velocity scale ¥ Length scale ] ##& ®ouv], Velocity scale S M
AJEES  Length scale ®] Fo2 FFEuL Turbulent Prandtl number & &
E7F 1= 7% (Neutral stability) 1.0l 7l7+$w, B{L7t H&ste 72

% Richardson number o] wig}l W3ich

Egl.
™ 1oz

aul

e, =D, =V-L=1 7,

lg = 142

(2.21)

o714, 1, : Mixing-length
\7 : Velocity scale
£

. Length scale



ol ALE3 Mixing-length & HEE/P 00 He AS, ¥
geEjst AxE R ¢ eon, 3 Amuxe 4Rt H# (Dissipa-
tion) o] 3 AFMY THL o|FL KT [HET K wE 8
t7b BPAEGE FeA Hgugol FAHLE AR oy, WA
HAeu el BRE AEe] ZS (Boundary-layer type flow )olAe o= A
%o pidagint BEAA (Density gradient) 7} 34} fFZEICIE BHEB2  Mi-
xing-length #&9 H&d Fert gleggtn 2o F83 MEs Bt
(Stratification) o o] Az JFIE F U7t HEEMA, Abra-
ham(1980) ol 9J3lw  Ale EmEAA Awoz IA=YIE AT Bl
g8l Aoz WASZE 7] @l AwzAe] Azl &FSHs Len-
gth scaleto2& [@7E ik 2ed, Ao TGS Bl AP
gmo)l =3z e REHoT BAY WHoly wWEd i &  BE
S Aoz Eo REEHL w2t KEEgme 2RBFA™ Zizkeldd
X EHENA Wit Bl 389 A$, Mixing-lengthe o3 2ol
E#%E v} (Bowden and Hamilton, 1975).

>

il

il

l,=k(z + 2z0) for 0 <z <aH (2.22a)

od714, k : von Karman %%

z | EFo2REY Ag

2o Roughness length

H : AR

«:% F40l 0@ Viscous siblayer o I
JolN b EHIOZ AHAE B, Viscous sblayer o] o],
Ae BiEe AR KWPBMES HAo mde  wEstg sk
Viscous sublayer 9] Bl ZFol thslrle Mixing-length 7t 4A3ot



I 73R,
lo.=k (aH + z,) for aH<:z<H (2.22b)

$EAM  Turbulent exchange o] ©i3l fE{be] ol R, o EEUl ¢
212 ool ( Kent and Pritchard, 1959). 3k, @{te AJ&o] 2 RoA:
BiEMR ( Buoyancy effect) 7} Ueturl= ity webr, FEREBRSE ( Non-
homogeneous circumstances) FollAle] jakivEREIS} HEEAEE= (R (2.21)
of  J8ft ( Stratification) 9] AH:EE Yehlics KB Ri9 FF9  BE
K ( Damping factor) & F&)4 HE&H 3t} ( Vreudenhil and Voogt, 1975) .

) .
e, = 1.2 a—‘;[ - F(Ri) (2.23_a).
D, =12 g‘z‘—} - G(Ri) (2.23b)

o714, Ri & Richardson number 24 t©}&1 o] Heolsrt}
]
Ri:-%((‘;ggj: (2.24)
3z
JEREI]  Richardson number & ©o]&-3le  dolre RIEEFS du/dz =0
A RelMe Al CduAZE @EEsEx Reve Foloh e, kel
T &3] ou/dz7b 0o HEEITL o] MEE SN2l YsME Be A
ol e ERBIERES] RHYERE/ HEREE ©)438l7]E  $t} (Bowden and
Hamilton, 1975). T <A FsFehEM F(Ri), G(Ri) o s thge
As BEL 4 3ok (Abraham, 1980).

G(Ri) = exp (-18 Ri) (2.25b)

thm HMoTHE T.t oed Zol XdYU

— 66—



7}
Tx = -D ¢ (2.20b)

* 9x
T, = $7kx EREe g e, ol #MAR BL#fE ik (Turbulent
diffusion) ¥ E&Hmol thd FH{Lel BEolth #hm EEMREL. D« &
#3571 $l8] Boericke and Hogan(1977) &

D, = c(x) bu

o Aesgn Seld c(x)E ERH @ HAE KECIT, ue B
mel ot orlAE #Amel wE wWol 2 =dd Mt A
grn 7H¥Ed g R ARSI

szdl’b'lal +d2 (2-26)

4, % 4 & E®S BES B AAAR, d 8 2% Dol A
ol vla BEAE wma Zsloht WEAEES B o3 EIEIG

s3Em @A

nExoz RAY WHY WAKE ¥ BALHE HENSE HHis
Cglae okt MIE =Yg EEsida, 29 #ves A% e K
olol WEE H®me Astm HESAT 2de] BHHRS #HA ol
7} A Zoldl vla) A ®e WHOZ UL SHESER 1M WY ER,
RO e BAWMAS JHESHRTh AERY FEIS S E T A
BEIRC R / MRSl & Mixing-length  HEZS o] &3t
o, #AH mEEHREY TS g FmiMd wHse FAATE =
sttt wAl E#e Mymd @4 =de #hzel JPFoH, ol &

oX
ol

g 2 @l oFod ol
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I %ot Kk el HARRE
B1E # @

ke WEAEBS W ESON 2AY- PERRSS WRE A
WRfoZ BEAZeZM wHH fT ERS T & WEHS
MlYE BE EHSS 24403 eRHoE BELANEA & A%
He BEE A BARASY MHMKS T2 4 Ao KR B
Ry MOl ATMHESAU 2ow RENES FUst o A, 23
& Mmsel ZAS A= WA P AN FTad &HE T
o

Hoe xmAFHY RS B MESS MEN WHS 7FsA fe
o W 9 gErEel WRE Pol WY ¥tk med, owd MEd e
Wke ARHE AFY MG BEZDH QY HMLE wE AEE
% 2 AHEER® 297 BEEN AAX Soe Fds wge o
g0 Qudolt BANE WaDe @M Biol BE R o
Zole WiAzdel by SASAD 1 KRe BES ddtd  ABER
9 pmRgel Aoz Swsocl Bt @A, SUue BATE W
Zol WEZOl Bol TUdel EEEER QAT WE AEE®E 1
FEfe] ANRZoz REW WAED oFoldm U4 o Mol
o

BT DUE ANERS Uddoz Mol ME ZAIE AMAC)
N AR, KB EH dolel Mol wel kT AESH 3KT AM
= EAR & A% 2AT ABE HF JlEdA fme Sue A



e prsRe]l RwE AR, Mo 9Y Eh ke, BEe BESMLE
B2 e B M o ®Wol FA=Y fh 2KRIT AKEA 7h
F 9% fMge W HMAU ov BAESE WA BHk o
g HAES FAHRAEE 9E9g = Ao HAE SEle 2 T
7} wmE oesin REZE folsl AdzRE ol #AHAA KA,
g WO kel RAZ Qs HERERS FBEMd Aol gled A
2} FHAN O EHEEE aRoin e itk AHRIMS Ktke HEE
ol Q2" HEAX os zAHeU, aTdHE THAEs HR=E
N AFEE M HE Mg ASEHA wimE AFE] KEAIA
AL 5 Aok '
HZ vz £ sl ABE FHAN @EEEr dAdded A
ade] AR R OAEHEEd de BEEARCE st FE3 TEAS
oA R EEelth ol SHEE] fstd AHA AMaEH #E
BA2ge] A7 9 EERS Bign e Fol 8d fdg osE w
go® 3t THANK HEEEe BELT a7dd

K HEME 2R Ko EARIE A% KK M rEId F
HAIB EEse] #x ke 2 MEEREHE Bz 39, olgdy 2K
KEg gl 2ES AR Ewd A HFREE AT BERAKHER
o] gEsrol @I Imdstzar o



F2E ERKgel HE
$B1E EigkiEel B

2 RTT #UAES FEHES FE BR BHEAMY 2RIHW HRE B
He AA=Z 34, 2w HEVE 2 Aede 3KRIWeR=  FlAE
F Atk AEAY EE A4S AFYE o RE &HH R RH 2AYS
A3 fHLER wet dEFHOE N T ATl JHE #AEH (Und-
istorted model) o]u} o] ZA$ole KBS EAEE e FokAH o
Ry B4 AF Scale?d} FEHE Scaled ANZ ©=2A HAF3E= Dist-
orted model Bgol H|IFH L Yok ©A #EF] Ao HERERD o
ste] FZe A, HAicl 2Tk (Hudson et al, 1979). |
EEARS ERASB: Yen 2o

- BFBUR, B WHIBRY REE BFHE AT BEFAR

- @z BEmd Je Bh R’E

- Bl BEpd dd B IF T

- W RHE 2 BE RZ

- BE 8% 2 BB

— P H&# 3E%H (Orbital velocity, wave pressure, turbulence)
— Eppols 2L Sand wave 9 B

ol ol 2RET KEEe WEIHS WMENE A2 & Ut HIde
BEKEEA —HAKE ®RE BEAIE HREBEE Tt B ke HE
B 2 BB UpBEd 9 BRS & £ Jv &N Gl KA K
Bt BER=lol EMAsElZ v} (Hydraulic Research Station, 1978 Breévik
and Aas, 1980 ; Chun, 1987).
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EHAKRE KK 32 T REIDE EHHE KK M FHEEH=
BEEE, W7 #f78ls  Test section 2 #EAHEKE TFAH At} (Fig.
2.1281).
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A BRI EpEet FAHA EERE JdroAsd FRAM EEEe
Hydraulic servo-mechanism$& {EAIsE7] w2l Mg kol Mol HAM &
iggel Wlal "R Esioh Aol HAM SEfs GERe FEA o
2A SEEA BRSOl ftedl KBBHE  Fig.2.2 04 RAFe wieh 2
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Fig. 2.1 Overall scheme of two-dimensional wave flume
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o] Hinged or flap type, Piston type ¥} Plunger or Wedge type S°] <t}
(Biesel and Suguet, 1954). Fig. 2.3 & HE HRALEHANN FHAHT ds
B 37HA EAMRES W¥E R4ETh(Ploeg and Funke, 1980). HIRIE
mUMel A% KEHol AP ERBE BEANN Ran o W
EAE st MES %n Qo

__S'_’ AV

h
YA S A ////////_//////////,
Piston type Flap type
I, - A
. ol /A
d 7
J 1 e
' a 2b
Cylindrical plunger Prismatic plunger

Fig. 2.2  Types of wave generating board
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Fig. 2.3  Diversification of wave generator
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a ag®Ech AKEAA HEMHA H BEE AWM oS 37 KA
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gihslo] 7] wEo EAE AR wE 2IY F A:  EHAEER
WS AXeE Be MM AmE A& & vk (Fig. 2.4 2ME).
e EHFEERES D7) dsteds MBI EMAT FosAT  HEE
£HS A HE 5 HAMES AEY 4 Jed, UR 2 FARS
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Wave direction .
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Side vi
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Plan view

Fig. 2.4  Configuration of wave absorber
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T ¥l FWY WEE olTold Yol WHRHF HESRE T BN
golsfop ek

Test section & {4l WEHMES o2t EHEX AKsS HAX KB
rolXEd, HAR kBT B RERS X DESE Sd 23 ®
gol vl F8sA @AY £ A ww F@ERe us REH/s Bol
= mEol Ao (i 2.545). o9t B BmHS EEX ABAO @
BERS REFc=A RYd F dow o MERS Fig. 2.1 e
o dRel EpBH Yol RBHp BHERA Ads MER £ g

Steel EARS WikR 2o ®EI = BEE HE % WA BED
BE S HHSO B4de EMERS 49 £ JI=E 22 NIE
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Mol HAEE WXk pmsjt)

Ko WE LE#E kB #O0S = a@dol 2ol glo] mEEh
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4. S

EHE ABA —FHAK WE BEAIT] A% BB KB FF
B Bg BA, = #ME & Jde KO ES d&Foz &4
7171 9% Pump % FERESE olFox Utk Fe Wl distd
JEfT, =5 #TAZE 4 de FELS Fig. 2.5¢d Yeht dxol Va-
lve & &Y wix|9} £ Valve o BB =Ho| st wlagsich 2885
B fEEE 3w Venturimeter b Differential manometer of ]3] B
2, REE & Aok ERES %9 EMo FFE  Stabilizing boxol] #
#ED, Box9 WEfe FoX HEHiHe =9 #HEE & KBEY B Z

A HEANE dRE st AANE AAsier B

s
rr

C
(V).
N

(D)o

0®

Fig. 2.5 Adjustment of valve state for controlling the flow
direction in the recirculation pipe of current generator
(v: valve, p: pump, c: close, 0: open)
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E3E KOl S IRERRY AR

goold @A viel Zol KA MM#EE  Hinged type, Piston
type ¢} Plunger type ol® el #EREEHS T2 o A7k FHE o
oz olFojmsttt MEEMS Foldl AETFOIM ME#S 178 (Stroke)
3 F7)e uel ouwg HiEe b BaseA Age TFae o HEY
ol Atk AAMZE AEHFitdl AN W AAAY F BEH WHA K
o @EL vy ANAZ= o WEE ATY F It AEKS  F7
g RS Fie RS gt AEEmds EMENEHRY SaENE

ul

H1E BEMHERER

HMEHERS DA @ERe fTEAAM 7IQstes 29 BEo) Y %

B ET HEoR Jeds g4 7ixE Fi Y} (Galvin,1964). Fig.
3.1¢ 2M3to Pistono] 3 fTEE¢N BHEE 9 B3 #4Id H
o] Piko| &Y B9 Eol oI 3d thge Kol dojzt

7 U ////WWW/, 7

Fig. 3.1 Scheme of shallow water wave maker theory



L
sh = (7 &) sinkxax = (3.1)

4714, S,h, L H, 28l k& ZZ HAEQ FHAMY T8, KB HE,
PiE, a8l3  Radian wave number (=27 /L ) & ojmsitt 4 (3.1) S =d,
(H/S )piston = kh (3.2)

ul7bA] wWhle g Flap type 9 Plunger type ol 28313,

(H/S)fp = kh/2 (3.3)
(H/S ) gtinser = (451 (3.4)
(H/S)wisa = 25(b+d tana) (3.5)

2 (3.4) ¢k (3.5) oM 2t BEe= Fig. 2.2 EESO Uk o] EMEEK
HRe —RMoZ AR A$ (kh ({5) oMW Hgol =0, Fig. 3.2

.

|

[~ s

Fig. 3.2 Relationship between the ratio of wave height to stroke
and relative water depth
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N HAFSol M (kh >-=) dME AA eI e ER
b aded AAHe wezdolRe] Aot}

E28 ER2ERER
siElne Biapsmds 23 Al JX BEEES 2T ey
Pol HEES HMstE Laplace FBERAS Fol Y g 73 (Gil-
bert, et al. 1970 Dean, 1984).
EREHLZE EmAM SREM KEANAN EZHBEH FREED BH
By SR EEKSY HRURSEDS AE BEREHLIY HE&EAD

ok
Fig. 3.1°149 ¥ ZH=ETol Velocity potential, ¢ o] tHdt Laplace
Py e |
92 0°? _
-675%_ + _a_z_‘é_ = 0 (3.6)

BEANAY BAGH AEAINS EBBN SREAT BHBN EREE
e #z ten 2o

~—gﬁ=o, z=-h (3.7)
VA
¢ a7 _ .
2z ~ Tt 0 270 (3.8)
1 94 _ )
n= g ot z=10 (3.9)

A714, pot g A& KES EEBMS FHMEECIY  EBARAA
BHRGA



u(o,z,t)= -5 ocosat (3.10)

A7IM,  u=KETF KEFEE
6 =19 Radian frequency =27 /T
T=ye B
S(z) =@EMHR 4o Fol zoA T8
=S, Piston type 8] A%

:S(1+—}ZT) , Flap type o] 7%

dutH o2 HE Potential & TS B 4AHozAd vy
o] FAlAh
p(x,z,t) = ¢ +és (3.11)
= A, cosh k, (h+z) sin(kpx—ot)

+ Ce “Ks* cos k,(h+z) cos at

714, ke AR p,s= ZAZ #HTHES BEEHE AviIck  SERES
z 2 3.7~ (3.100 & AHLAAH,

o? =gk, tanhk, h (3.12)

6% = -gk, tank h (3.13)

L3

R (3.12) & #fBS Dispersion relationolth X (3.13) ] e  Fig.

3.304 HaFE sl Zo| MEMEeln, ARHoz A (G.11)e  FYF

#FES o2 o2 Fre @ akezA oed Lol EAEG
¢=A, coshk, (h+z) sin(k,x—at) -

+ 3 cae @ cos (k,(n) (h+2) ) cosot o1
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Fig. 3.3  The dispersion relationéhip for standing
wave modes

EPRAM S BEREAS HEY BB Ao C. & T,

- th Sz(.z) ocosh k,(h+z )dz

A (3.15)

e

“kJockaJbM)m
~h

732 heos (ieutn) (ht2) ) dz

Cn= 5 (3.16)
k.(n) [, cos?(k,(n) (h+z))dz

¥l |ESKY 25 A B9 AN TFE F Utk F,
(Pptos) , (3.17)
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A
n= %%sbp = —-g—gacoshkph cos (k,x—at) (3.18)

Eal, n:%cos(kpx—ot) (3.19)

A (3.18), (3.19) ol A]

H:—.z—gﬁacosh kph cos(k,x —oat) (3.20)

4 (3.15) 8 (3.20) 9] AW Ted e mms EY BARSFE

Qe & Ao

o

sinh kphy kgh sinh keh = cosh koh + 1

2 (cosh 2k,h — 1)
sioh 2k,h + 2k.h (3.22)

(H/S )piston:
2] (3.21) 7 (3.22) & Fig. 3.2 FiRez TAIHS Uk ETHY
BAIEE Power & BB EEIA,
k,h
pw———(%p gHz)k_i[_;_(l+sith§Tp}T)] (3.23)
Fig. 3.4 Flap type 2} Piston type ol th3F Wave power & Stroke ¢
IFTBAE HAET
PRI S IS Bernoulli AKX o2 FH,
P=p= (3.24)
wakd, #EPRe BAEE vxes F 3,
F=F,+F, = [ipdy= [{[o 5= (45 + $.) )y (3.25)

Gilvert, et al.(1970) o] ¢]3}'A Piston type o] 7%, &k F,, F, &
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Fig. 3.4

Dimensionless mean power as a function of water
depth for piston and flap wave maker

S Aol g8 AXRE £ Ak
X \3
_ (Pghs) 2(90)
L 2 O +a(l-a)
. 2 (5-)?
_ (.pghS 0,
Fo= (5) L orra(i-a)
__ ¢th
71 A, a= z
6= k,h
0,= k,(n)h
p==9 "=
BE B4EA7] 8 #HERA S7HE

Mean power, Py &=

(3.26)

(3.27)



P, :—%jjj_‘; (P-U)yxeo dz dt (3.28)

4] (3.10), (3.24) & 2 (3.28) o uidstd,

Pd :‘,1?]

T
0

N (9y+60) Jemal 520 cosot) dz at (3.29)

2 (3.29) 9] Pse 24(3.23) 9 PwRTh & @& /R4 —KWe=2 &
Kol BRE) PowerE AHY Wl 2] (3.29) 9 P,Eth #HER e H
ge, & 2(3.26), (3.27) 9 F, ¢ F. & @#AZ o& Ao FAEdH

P, = (F, +F,) (2S/T) (3.30)

o] Por BE PyRT 2 e ZHAY wEd EFHA HAE Al
e} g3t

Zolx AZETFOIA Piston type o] tald e #EEX R ERse I,
EPR T5 Power 2 FH37l $13 Computer program, FLUMEo]  w}
A5 Ath Programdlo] TuE thge 37HA #lE we HAWIM &
KEE LA

a. BEES A% H/AC0.7

b. BEE A% H/L 0.1

c. HC2(FH-h),FH = A9 % -l

Table 3.1 — 3.15 & % 4 Z(50mLX1mWX1.25mH) (16
mL X0.45 mWX0.6mH) o] w3l Program FLUME& Z &A1 #HEol
o}
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Fig. 4.1 Component map of a irregular wave generating system
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e won], HEKRSY BAHEE Servo-valve o] HAHE U9 #%H

HEEHT 2 ¢ FUES AR P B 9¥e nAY =23,
3 RAHEEE Actuator cylinder o #HHS (Buckling) & 2:T 5+ 3
cng %3 EEsolol vk £, WEHZS TF Powers ZuH
T& Power o %2ff AFEol2z Aldel welg WZEo TH AR

Lok, BiES olop doh

2. Actuator

Fig. 4.2 oA B+t ule} o] Actuator= % Rod¥ Cylinder 24
Cylinder it} #UE3EfE 274, & EBH (Po) & Zed AAz AHese
FEe FF g=Holgr AstH o] H#HHRES (Ps) e EHEHRTD Z}olo}
Bk

,-"—"_r ‘

w ! o

_..EH}I,., ] l‘

vzt

HTIAL - Fr=A1 XP X B(kgf)
EXIA] 1 Fa=A2XP X B(kgf)

Fig. 4.2  Hydraulic servo-actuator
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Actuator 8] FH KA Thrusting force, Fg &=
Fs = Ps-A = Ps— (D? ~ d*) (4.1)

Fs & 4AAAQ siffERE 7ok stv, £3 FxE® Cylinder & Pis-
tono] it BAWETOIAM #Eol dolu=x HEFsior It mK #
JEfiES Pistond 1783 Piston 9 FFpREg) wetd 2zt (Fig.
4.3%x). BK BEMES Fig. 4.49 2& #HEXRIAMN d4& F+ 3o
o R BRAFMERGD Fok o

BERY BAHE, 5 Pistond FHdd RKHEEE Cylinder seald]
E#EE ZA3std  Cylinder He] oo] MM 7tsAel doemz  Cyli-
nder o #fR WEIWZ FHaF= o] utEFstoh

eI praplel 1D L) o @i b, Wt MU AR 21D L 2)

Fig. 4.3  Various scheme of actuator support
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50, 000 i
40,000 i|
30,000 1 1|
20,000 f
l i
10,000
RS0(BY)
5000
- #00(CH) R5(CY)
1T
5 100 = #50(BY)
- 1 $140(BY) #180(C8)
(ko) 500 H $125(BY)#160(CH)
400 ¥ F50(CH)
300 #120(Co1)
200 #100(84) #125(CY)
100 \_ #0(8Y) #100(CH)
% t,‘\:;,
- 40 = #63(B4) s80(CY)
2
#50(8%) #63(CH)
10
1 2 3 4 5 10 20 0 40N 100

ﬂﬂ(nﬂ)_ﬁﬂ_(cﬂ)
L{ X 100mm) #ocH)

Fig. 4.4  Buckling chart of actuator cylinder

3. Servo valve

Servo-valve (Fig. 4.5) 8] AAE Hdtode Oil Kol FHESHAAH} 3}
o, g Valve o FEE EE Rl AESCr @tk wHA, FF ()
o g3 Zo ZAAAL

Actuator oA FEHE F3e FF (Qa) A FIHYH (PL) &

Qa = AV (4.2)
PL = Fs/A .
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r_’—'——-Torquc motor

\Ccnlr'mq
spring
Exhaust eep——
Fig. 4.5  Typical hydraulic servo-valve
oJ7]A, V=Actuator piston o] A,
Actuator o|X 9] EHET, Pst
Pd = Ps - PL ‘ ' (4.3)

Servo-valve 9] FEHHES ©] EHBE T 3t FE/REHDE Servo-valve
o] EREBHET, Puol dMIse F QR

Qe = (1+a) Qu/ f,:d (4.4)

o]7]A], a=Safety factor (2} 0.1).

welbd, AAFZol A (4.4) 9] QBT & ServovalveE EEslior I
o

Servo-valve o JAIE XM TMe HKEoz AT AT KE
< WA 935t Servo-valve o] EFRBE WAt Al2" HA 1
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FREF WAyt 2ol vk @AY iRESE  Servo-valve HERS (FH)

A £99Ee zdsty) etk AR Axdd TRAFF e o

_ 1 /K,
fo= 5% (4.5)

K, o Me 7zt odle) EE@RT £, 5 el A% K, =
ggn 2ol A

K, = 4—£A- 9 (4.6)

714, B =2od #E BEHERH
A = Actuator cylinder ¢] EiEHE
S =Piston 9 T8
n =H@EME=AS/V,
V, = Servo- valve &4 Cylinder A}o]9] Oil o] 3y

Aol ol A" ., & FEEE Servo-valve o HERBHS vadtd
®El K 345 ool He ol niEF 3t
4. Servo 121FHS

Servo fE#= Fig. 4.6 RoFE Hiel Zo] 7l&Hoz ANHEH
$} Feed-back f£5#S <4tsld o]E Servo-valve 735o] ZE2 BWH= ul

ol EiEsle BeEs Az Ao &,
Ai = Kuye = Ky(e; —e,) (4.7)
7], Ka = Servo giEES] Gain. wetr], olzist #EeS 713 IBiEHE
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Input
signal
e, e Al
’%? 'S\ > To servo-valve
A‘
Feed-back er

signal

Fig. 4.6  Scheme of hydraulic servo-controller

g2 ojudl Aole AAG oL} Servo-valve Az Ao #ge A

o uhga st

5. (il #SHE

AxH&7] (Fig. 4.7) & vActuatorQ] BEEEHS BEASE 7724
LVDT (Linear variable differential transformer) 9} Rotary type potenti-
ometer 8] F7FX] FF7F Stk LVDT & E@iste HHol 2dx AH
HESA o=z 9o Zu BIR AEEUL AN EEMHol AT @
£ #& Oscillator ¢ HH EES #HHE Y3+ Demodulator 7} E
3tttk olo] ¥iEle] Potentiometer & 5= ool EIEI HE &
\etez o] FE A LVDTH w8 2 #EEES A 5+ Us

ol sitk

)

—112-



Transformer coil

Osclllator Demodulatot

AAARAN]

t Displacement
(a) Linear Variable Differential Transformer

Displacement
4

qrenm—— .

- +
1 |
LI |

(b) Potentiometer

Fig. 4.7  Displacement transducer

6. R FLIE

HE FUYE:E HME IAZ, HE I, HE ‘551 2d, 2¢¥d ARZ"Y=A
2 Flushing unit 2 TJAFo gtk
HE HZo ZFES A84Ed A 3 we FHead Hz=zR

B HH #%F Q=
Qp =Qa + Qi + Q4 : (4.8)
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&714, Qa = Actuator o] 353
Qin= Servo-valve 8] W& BHE
Q.= Relief -valve & RBHEE

’ﬁ‘o]:}' %‘E—o—] POWEI', PpuE
PPU :PS Qp/?’} (4.9)

o714, Ps = EHEH
n = B (F 85 %)

AUl @aEe Ye RWES Servovalve FEIS] KR L B
¥gle] =g Hk=A] Filter & St BR*E3tdol 3tk Filter & Su-
pply2t¢l#t  Return@Rle] R&AstE o2 EHHY UVHEHO=2  Servo-
valve maker |4 A3 Filter & A4, FFstn Ytk
Flushing unit & Servo-valve %< I &sl= & HE SFUYEES REV
Baidl 2+ fUEUA e EwES AAH, BREAZZ] Q4% FAew, Hl
#e] TYRT MfEECIA Flushing & 9ste Rol HEBon
HE fFUEC ol Oile oge 5712 2AE ZFojof ¥
(Sullivan, 1982).
- AR MEEE
- Bk
- &9 R T
— Bigh WA BEREBS b mEH
- WAK
—fB 02  Petroleun-based oil o] [idE#AS I WEAIY  {HHol A
gal7] W&ol el A=
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R
M )
£ stk
AgE ol

i
K
_'_

Actuator o AZFHo] HHEFHS Fo2M WHE BEAMI=
TAAANZA e BHBY BEHS AEF e FET BE
ok BE KAdolA  fifghtEe]l e 2HIQElx Elike] Bl
WS Fig. 4.8 Yl Uxol KB B fEAN A

4——)-(3—>[

e 2z ¢
T

Il 1
| | SN AN N 1NN
VAV AFAPAN] 1/1///11/¥ﬂ [ | T T N 1
B YRSEENNN [ S | I I

v Linear bearing

o 'YB YBV

Wave'board

Linear
bearing

2 vz W) v
§ % %

Fig. 4.8  Configuration of linear bearing attached to a piston
type wave generating board
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Fig. 49 Types of moment acting on linear bearing

=)o} A& Linear bearing o] AZFo] Qle=dl ©] Bearing & RS
BEEGS A8 ste KES M, =3I BERCZFEEH Mgy
EHEE FTEI AL F Je BREE Ak ok g =BWEE Fig.
4.9 JeElY UFo] 37}RA FRER Linear bearing o] 7FIAD zZ+ =
AEE o3 o] Fat}(Fig. 4.82H).

MA = FB'XB
MB = FB‘YB
Mc =W -Xg (4.10)

Mgt BHE Am,Yz v F3EA 27" Computer program, FLUME
9] Output o) fEE&EHO Utk Linear bearing & o] A71R] ZHIEQ] 2k
o FoA EeHrl
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BB ARRALE Al 8hE 5

a
Gl
38

w1e B 0=

THAKS e oW #HErw BES VI BE 2 FAY 54e=
e B{EWSE AdsA Rd wE Ko ZUIAHY #LE dAgd
st UdES Uit FEAIKS $AF 54 dge EXRES EF
&t} (Ploeg and Funke, 1980). "

-Hs, Ts =F&IS BHE, BH
- Sy =Y &, Ev $F 2JEH
— GF =Groupiness factor

- SL = HEFe o%

o] FolA GFet SL-& PR REE AE %9 FdA & F
8% a2 RS 2HSIIZE dle oldz, = ME  Hikol o1
FFESCl UA Fe. REgelth AHH/PS Hxn F Fre Hu AHEHI
A AEe ¢ JeBE HE AFEY THAKSY BEARKA ol&sd
A ¢t (Borgman, 1969;Webber and Christian, 1974;Funke, 1974 ;
Tuah and Hudspeth, 1980). ©] #& A EHE Target spectrum o]zt A3}=
g &xo wat EBHKHA 2HEY, = FHEBHCA Jo47 2~dHEJS
AT + Ao



Folzl B xdEYo2RE FHRAKS Signal & AXste AL =2
A Y¥olx  Analog A3} Digital 2ol rt (Goda, 1985). Analog
WAL o8 HE R FEEEES Z Bad-pass filter & o]&gTh

Analog random noise & #£& Filterol E#A1A ¥o|x Output o Power
E e Ao s3sl=  Spectrum (9] Power 9 YX3EE  Fil-
ter ¢ Gain& RATE FHEHEIPE Signal & 2zt Filter & Output & &
B3t Azl o] FEe o ©E FAHKES Filter & F&35 %
#Ealok ste wiol Utk

Digital ®2]2 Digital computero] & ZHo|¥ Gaussian white noise
ol Digital filter & JHAAIE FHkd AR SineHES AW F
el F7MAE ve £ Ut (Borgman, 1969; Goda, 1985). 0] % 7FX K
ke EAmEIAN &4 EEEel Jey Ade ¥ ozt ddd K W
ZollAe Digital filter & o]&3td AFHAME ARste HiEkol A=
Ak,

E28 Digital filtero 2I8t FHAK &

Gaussian white noise Xx;, Xz, Xg, " "*" ol Digital filter & ZH&AZI
A3 yvT 9T Zo] EHEIEW

N

V=5 an Zxem, k=N+1, N4+2, N+3, - (5.1)

n==N

q71A, ye v TR FEEBAM Uldt RRF BEolW wno 29
Edo]l BHA 2dEYT ELUGESE AdAstoop o

—118—



Discrete JBR8S] X (5.1) o] #HEEHW QA BRE 471 $43td Kemel fu-
nction, k(7) & %8 Integral linear operator, L &
y()=L{x())=]__k(r) x(t-t)de (5.2)

k(7)9 Fourier transformation K(f) &

K(f) = exp(-i2efr) k(r)de (5.3)

- oo

K (f)& Linear operator ] System function o] t©}L3} o] x(t)

9} y(t)9 Spectrum® HH HwES Ik
Syy(f)= |[K(f)f Sxx(f) (5.4)

x(t) & Gaussian white noiseo]2& Sxx(f) =109 Syy(f)E €A

Spectruny} 2A FoH,
K(f) =+/Syy(f) =+ S;(f) , (5.5)

t}2-oll, Unit impulse function, d(t) & HASIY =X (5.1) & tir] 2d,

w N

y(t)=j (3 a6(r-nat)lx(t-7)dr (5.6)
- n=-N
for t=0, At, 2 At

& (5.2), (5.6) & Hi#ksid,

k(r) = i a,0(T-nAt) (5.7)

n==N

webA, X (5.3) &
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K(f)=}m exp(-i2 z 1) % ad(T-nAt)dr (5.8)

“> n=-N

N N
=Ay+22, A, cos(nﬂl)—iZZ B, sin(nni)
n=1" F n=1 F
Aq71N, A, =1/2(a, + a-,) (5.9)
Bn =1/2(a, — a-,) (5.10)
F = Nyquist frequency = TAT
At = Data sampling interval

8 A,. B,2 Inverse Fourier transformation& FH3ld vz 2
of ¢ + Yok

Re (K(f)) cos(nz I% ) df (5.11)

F
BF%[O Im(K(f)) sin(nn% )df (5.12)

o714, Re, Ime= £& BT, EE& FHS FHRIE R (5.5) A4 K(f),
X Sp(f) & Real even function©]7] wWjZel B, < 0ol 3% (5.9)9

(5.10) olA] Digital filter =
an:a—n:An, n:].; 2’ """" ’N (5.13)

FHAIBE BRI Sigal & FiH= @S HAd oen po
1. Sampling interval, at& HEIT}

2. Target spectrum, Sy & Ak

3. Gaussian random noige & HiFEslc}

4. Digital filter, a, & X (5.13) & FIAstd sk

5. el BESBA, y(1)E R (5.1 olgstey ook
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Discrete JpRBS] =KX (5.1) o] #HEEQA BRBRE <47 $3ted Kemel fu-
nction, k(7) & %93t Integral linear operator, L &

y(£) =L { x(t))=]__k(z) x(t-r)de (5.2)

k(r)2 Fourier transformation K(f) ¥

oo

K(f) =j exp(-i2xfr) k(r)dr (5.3)

K (f)& Linear operator @ System functiono|s t©}&3} o] x(t)

9} y (t)9 Spectrumo HEA KES T
Syy(f)= |[K(£) Sxx(f) (5.4)

x(t) & Gaussian white noiseo]22 Sxx(f) =10l Syy(f)E €A

Spectrum ZA FOoW,
K(f) =+/Syy(f) =+S¢(f) (5.5)

t}2oll, Unit impulse function, 6(t) & A KX (5.1) & oA 24,

y(t)=jw [}E‘ a,6( T-nat)) x(t-7)dr (5.6)
-0 n=-N
for t=0, At, 2 At -
& (5.2), (5.6) & HWslH4,
. N
k(7)) = ;‘_N a,0(7T-nAt) (5.7)

kA, X (5.3) &
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K(f) =" exp(-i2xfr) & ad(r-nat)dr (5.8)

e n=-N

N N
=Ao+22 A, cos(nn—é:- )-i2 >, B, sin(n=z ff; )
n=1"

n=1

4714, An=1/2(an + a-a) (5.9)
Bn =1/2(a, — a-,) (5.10)
F = Nyquist frequency = AT
At = Data sampling interval

R A,, Bn& Inverse Fourier transformationS &SI ©s3 2

A =—1-—jF Re (K(f)] cos(nz = ) df (5.11)
n F e T & .

|” IntK(6)) sin(ar £ )dt (5.12)
0

o714, Re, Im= ££& FEH, BEE o< FHRI X (5.5)dA K(f),
¥ S;{(f)E Real even function©o]7] W&ol B,zt< 0ol X (5.9)9%
(5.10) 914 Digital filter = ’

a,=a-,=A,, n=1, 2, - » N (5.13)

FHABEE EAAI)= Signal & T3 HiRE AHsid Iy 2o
1. Sampling interval, at& FEsith
Target spectrum, St = A3}

Gaussian random noise & Hlifslc}

[N SR )

Digital filter, a, & & (5.13)& #IHsd F3ct
5. Hel EESM, y(t)E KR (5.1) & ol&std T3t}
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ELEVATION (M)

0.2
0.1 A
0.0
~0.1 4
-0.2 . . . ! '
0.0 1.0 2.0 3.0
' TIME (MIN)
) (a) }
S(F) (m*s)
0.10
———  CALCULATED
0.08
————  JONSWAP
0.06 4 H120.5 s
Hic0.2 m
0.04 TP 4.0 s
0.02
0.00 - Y T T T =S —— y T T
0.00 0.20 0.40 0.60 0.80 1.00
FREQUENCY (F) (Hz)
(b)
1.0
o
<
g *° » RAYLEIGH
3 RN T
o 0.8- / N
0.4 - / ‘ \
' , AN HBAR : A
N
0.2 A
%0 0.5 1.0 1.5 2.0 2.5 3.0

(c) H/HBAR

Fig. 5.1 Result of wave simulation with JONSWAP spectrum ‘(At=0.5 sec);
(a) : Simulated wave signal, (b): Comparison of wave
power spectrum, (c) : Rayleigh distribution
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ELEVATION (M)

0.2
0.1 A
0.0
..0" -
02 ) 1.0 ' 2.0 ’ 3.0
TIME (MIN)
(a)
S(F) (m?%s)
0.10
——— CALCULATED
0.08 4
----- JONSWAP
0.06 4 At=20.2 s
H{#0.3 m
Tp=3.0 s
0.04 4
0.02 1
0.00 ¥ 1 v v v T 7 7 y
0.00 0.20 0.40 0.60 0.80 1.00
FREQUENCY (F) (Hz)
(b)
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0.8 -
RAYLEIGH
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4

/ \ HBAR ‘A
<

0.29- N
\\
-
0.0 ;'b*
0.0 0.5 1.0 1.5 2.0 2.5 3.0
H/HBAR

(c)
Fig. 5.2  Result of wave simulation with JONSWAP spectrum (2t=0.2 sec);
(a): Simulated wave signal, (b): Comparison of wave
power spectrum, (c): Rayleigh. distribution
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ELEVATION (M)

TIME (MIN)
(a)
S(F) (m2ys)
0.10
CALCULATED
0.08 -
——-— BRETSCHNEIDER
0.086 1 At =0.5s
H=z0.2m
Ts4.0s
0.04 -
0.02 -
-0 00 0.20 0.40 0.60 0.80 1.00
FREQUENCY (F) (Hz)
(b)
1.0
o
<
@ 0.8
RAYLEIGH
z d AN g
o, 0.6 1 / \( ///'
0.4 \\
HBAR: H
0.2 4
0.0 &7
0.0 0.5 1.0 1.5 2.0 2.5 3.0
' H/HBAR
(c)
Fig. 5.3 Result of wave simulation with Bretschneider spectrum

(2t= 0.5 sec); (a): Simulated wave signal, (b): Comparison of
wave power spectrum, (c): Rayleigh distribution
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ELEVATION (M)

0.2
0.1 -
0.0
-0.1 4
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TIME (MIN)
(a)
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0.10
CALCULATED
0.08
—~—— BRETSCHNEIDER
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H=0.2m
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m 0.8
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a 0.61 / \\i/
il N,
/ \ HBAR : H
N
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0.0 K
0.0 0.5 1.0 1.5 2.0 2.8 3.0
H/HBAR
(c)
Fig. 5.4 Result of wave simulation with Bretschneider spectrum

(6t=0.2:sec); (a): Simulated wave signal, (b): Comparison of
wave power spectrum, (c): Rayleigh distribution
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ki #Rel @EES 93l HFE Z=2aY, DIGITAL] w#idHeH,

hEAQY AHEHZSE, JONSWAP spectruni} Bretschneider spectrum (Horik-

=3

awa, 1978) & &#& ©@ AIEA{Lstd A3 A&EHRE UA  EH
7 Spectrum© ZRE e FEHSME T Ut o EEBMO 2FE
iEs Bl AdE|Y hESATE Fig. 5.1-54= I 23S B

al
=

AF0 FRABEEEAA g EES Adstiae HE 2HEC ©HA

]
o

AR F —HFE ¢ F Yok =Y, adelA JONSWAP ~HE |

T & ok

tlo

EStE Bel BESMGUF Rayleigh #7502 4%

$38 FRAK AMagel ER

Az AFgde AE HFHCA AhsHe UAE Aade B EER
fi7b olU  Voltage Alxdol7] wiEol o] ESBful oid BHAE &
HeEHS v F 7t SHukEE 128l Voltage AHEYGHOZ

=4

A Ak

— F,(f) &Pl BRe Smki
— F.(f) : Hydraulic servo systemoll TUH3F &y

F,(f) & ¥ H|ESMIZ BRI KFEM=2 niolFce mEEA
Piston®X #&EHR 2% o7 2 (R G.22) 2H).

. 2 27th
. (f):f—{: 4 sinh (—L ) (5.14)
v S 4 , 4zh

_de1+ sinh (—L——)
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Fs(f)= Fig. 5.5°1 #mx=EH9 e & Unite Gaine Hmkelw ot
=3 2o

Fo(f) =K, (mA/volts) - Ks(Q/mA) - K. (cm/Q) (5.15)
=K,KsK.(cm/volts)

webd, 288 System® Gain, G(f) &,

G(f)=F,(f) Fs(f) (em/volts)-(cm/cm) (5.16)
2HER FolA Bk Bl AdEHS

Sur(f) =S¢ (£)/G({)? (5.17)

KA Voltage signal & Syr(f) & olgste] =z, DIGITALS B
fIAlA e ¢ Aok ol HEI Voltage Aladol Ala®el  AHEH
KBRS BES Be Wave gage 2 FAE™ o] Jwfiol tiste] Power
spectrun-g FHHEICL

HE 2~9EldR 27l 2¥Ee] &g AL #Es AaH Gain, G(f)

Ka = MA/voits

input Ks = Q/mA Ke = cmv/Q Kp= cm/icm
Lvois) ®_ Amplifier Servo-valve | __| Cylinder Wave board w.aves
J'{ Ka Ks Ke Ko

K, = voits/cm

LVOoT
Ky -+

Fig. 5.5 Transfer function (or power gain) of each component of
the hydraulic servo-system
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o ted ol WAzt

_ Sp(f)-Sa.(f) (5.18)
e(f) = TSm(f)

Gu)=Gu)[1+-i§l (5.19)

ol G(f) & FlAstd Mzg /K B8R 295, Sx() &  HEstY
BEAZIY K (5.18) 9 (f)7F HEY Faz o

uE3th (Fig. 5.6 28 ).

BEE BE Kol
b 9 WX k@ wEe

=

Select a target
spectrum, S T

system transfer

Caiculate
function, G

.
-

Calculate uitimate
target spectrum, S uT

Gaussian

white noise |————]

Calcuiate input
wave signal, y(t)

Modify system
transfer function

Measure vertical
displacement of waves

Calculate power
spectrum, S

Is S ,, comparabie
o ST ?

Perform main
experiment

Fig. 5.6 " Process of modification of input signal to an irregular

wave generator
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F6E WEER X FHR

18 WHRAER

ERnifrc #ERE NE FAFHS Digital-analog, =  Analog-digital
converter, 12]a Ft ¥l Probe, Bt #MREEZ TG FHFHA KEHS
28 7 ded geEnd KIS 7HFE
b Alade miisted BB AlAYES 41839 FHIHl Probe 2XEH Alad
wol HEE Wdsle AF Alade BE, BAMsle 715E #ad
ABHAB EERS FRIIERE o £&d $8d w4, 539 dgde A
Probe Z¥E| AIYE wol Agste YT MEND AWHe KEEH
iffjol o REol siggtt EREBE E# Recorder 8 F|fISt] Mag-

netic tapeY Punched tape ol K@ = Qo AH AFE Ha-

5358 9% +34 9=

-4

fifo

rd disk & HZI|FAN dg AFET vs AFol Main frame 7 FE
of BE@, 29¥% = gith

KEEPY 2] Probe o FRFEHIE S3tld D-A, == A-D conver-
ter= 2z} 3 Chamnels #AX%7} 43838}w] A= Probe o Voltage output
o wa REE7T BEE =t Jl, =t o2 7§ Chamel &
Mol sl 2% Zb Channel 9 Data AHMAPES #4T 4 Ue So
ftware 7} 423¥ ZAFE A WyFFHolok rh

iffl Probe, =& ZFE A MWH=EE Signal & ZHE WA 7153
918t Oscilloscope ¢} Strip chart So] HES}}E o2 Probeo [
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Bus 98t B/~ 2 Chamnels display 3 gdgkel 7hsafiol 319 Osc-
illoscope &l 7% Cursor & &7F, BHOE o|53ld 2z Data point & 3
& HWE F At Rel uiFAsch =%, Display el Data & HFEldl
AR AHANZ F e  Interface EiE7F FHIEOl gle o]l Hsith
AEAN Az2de maes mEsl’] 918t Spectrum analyzer 7} LEESHY
Turbulence %] & wi¢ #F&3tA AHEE <+ AW Fig. 6.1 L

il EEBHERS BKEoIo

Main frame

Modem
——————— Hard_disk_drive | .

Microcomputer

|
D-A A-D
converter converter

Amplifier |Oscil|oscope} {Strip chart I
Amplifier

Electrical
probes

Mechanical
units

Fig. 6.1 Experimental system for utilizing wave flume
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28 EHRKE

2RI EWHAEIAA T4 AN HUHES e, HE, HE, #E,
KEE, Kifi, WE, BHABEYS BB Bottom shear velocity #o|th KEE
o WslHE Pitot tube & AT F Yo HEWI BES Ydstds
Piezoelectric type ¢ Pressure transducer & A}gaiol @tk ABMNES @
Ee] #MLE $EHM EHSMEE BT + e Themistor7} ol &
Asl ™ Hot-film, =& Hot-wire system®] Constant current operation o] 2]
M= wJpEstcr @R JES Conductivity type & Probe & AM&3}=1 o]
Probe & F 7§98 H& Wire 2 o} 1o} Ah@ME wat 2709 Wire A}
olel BRMEE (Conductivity) & ZAdry MEMEpel BHEEE Str-
ain gage & °|83td HEd F At BEP BHA oI HEY AL
@) A= Bottom shear velocity o FEe Fig. 6.2 e} JUXe] H
ol Pitot tube & H-2Al7] Preston tube & ©o]8&& = Ut} (Goldstein,
1983). 3}, Bottom shear velocity & MHHEE uvldol EEAA HEd
S FAste Mmooz WEd S Atk HO ET, HBy ol
e Wme oy 2o

2Il

|“
.,.-..__..1
’ &. """"

Screw
Split Bush . .
-1/8 "diam.
~—Siotted
Guide

HNipple

Fig. 6.2  Preston tube for measuring
bottom shear stress
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1. %

744 @ol {EASl= Wave gage = Capacitance type JHl Fig. 6.3 ollA]
HE upel gol Fshe Wire2 FASOl gith Aol 7 Wire 59
Zolo]l we} T Wire A}ole] Capacitance 7} #{t3d}s] o] Capacitance
o ol MEsts e HESM, F EEE HEYE F Ut
Wire 59 Zole #HAEKES #Estd ZF&3] ZojoF 87 Conductivity
o BWAE K= Wire EmEe BHHRE Biksior

BES HwEst7l dsixe F Mol Wave gage & AT AHE F2
HEst] 2 Gage ZHEIY Signal & WSl FEHS T3 e He
BEfzEE EES 73 Ee #S#BEEs HAFEHA AHAINZ Al Os

cilloscopeE 53 FE3] #F=oloF It

BEEEEN|

e————Point gage support for ease of
calibrating wave gage

:E Mount for point gage
M

=N Ty

Ve

To signal conditioning ~e—
and oscillograph \
Resistance or capucitance ————

WIVE RiIRe Wires
Ziz \

i1

— FREW

-

N——

Fig. 6.3  Wave gauge
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Kol EHES RESE —HAalk HE LAY S HY FuEE
g Aojstyl sl gkl RAS Ol e Valveo pMEEES =%
stel hBS WESTE WEMNE HEole F /M7 Aed KBRS Weir
BB ST EHESES ERE Venturimeter & WS Ak
o] Utk Weirs AT AS BBEE AHSAYW BLe Valve BIEM
ol Weirzl = A9sh gl A%, W= HKigd dad o)zt

ul et e AEko] Itk Venturimeter © Y- AWE e T £ Uo

1

il

M Differential manometer o] HifEs ojof 3l

3./ &

mEES FERWOSE  Pitot tube 7b Wol 24x et Higol AHE
st REstzl7h &old whd e #HET F Bl dHH  EH A
S HEA Xdte EEol Utk EE FHEEHE  Pitot tube ol Vane
S WEAAM o mENZ = it

Propeller & Current meter(Fig. 6.4) & #IfBFRsol Propeller 7} &o}7}
WAl Sensor KMol FAESHE Pulsed £AE HEoE e 717
oict. FHkEe Wedle FTs HAEAT @HHEl 1ol Current
meter E# F7] Wl o}F s Al ZIA Rie Dol
Ak

wE % AWE HwEsted 9ol Hot-wire anemometer 7} 7FE  go]
AMg-Elo] $tth ol Sensor Eidifiel WEol wet Sensor 7} A FH A=
BES Sensor & JREHM BMLE BN HES Hwsted, GEAHE
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l 'l"llii

Fig. 6.4  Propelier type current meter

gyell e} Constath current operation 3} Constant temperature oper-
ationol Wtk WkE kS WES WEQ 4 U= K@, WES 24
HAPAD AANY BEBMLE BHY 4+ Aok (Hinze, 1975). Hot-wire se-
nsor & & Wind-tunnel Bl ®ol AL&En Kol ALY 7
% Sensor & HIWF iR E {HHol WA, KiLols Hot-film sen-
sor 2 &= o] gitlh Hot-film sensor & FEFE FE IZgo] =Hol A
feo] &dslol il Fig.6.5%= o2{7}x] Hot-film sensor ¢ HEEE HY
F1 9tk Hot-wire, X Hot-filmsensor & ul$ EEoln B
o #@e oZel U He HAF EEES 23 53], KR 2 Sen-
sor K HHRoE ¥ Voltage o QA ol uy AN F
o R WEFEo #ES ook Ittt (Raichlen, 1967).

LDV (Laser doppler velocimetry) & &Kol 2XH HgMol s it
Sl Laser beam¢] Hol wet HES BEstc #BEEAM Hot-film sen-
sor o THEHRIE7T wiAlElol o™  Sensor 7 AKehol. Aok B MEY}
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Quartz Rod
06(1 5) Dra

Sensor Located at
Pt Y

Quariz Rod
Ota Near Tip 06(1 5) D13
\ Platinum Film on Leading Edge ~
—Atumina Coated for Air
—— @ —Quartz Coated tor Water

Gold Electrical
Leads

Flow Q ‘V

Platnum Fiim Bana g \d Electri
~Aluanna Coaled tor A Flow O ;0:/ Go {E::.‘"“I
—Quartz Coated lor Water

Platinum Film Stap
— Alumina Coated for An

—~Quartz Costed for Watet =

;_,,_Svamless Steet
Body

Flow Q

Surfaces Smooth and Ahgned
to Extreme Tolerances to
Avoid tocal Disturbances

Fig. 6.5  Types of hot-film sensor

gl7] wWEel FTEHH FAS wA gevrs KRl A4 24, K
wE & RKatE HimpEel BEZ & XdAde B RET REY T

Jeor HEcln FEALAE B ogcl WEW
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Wty WOl AU wE 2 M BERKA Ww A9
a7l 99 FE L WEw 939 RBTEROEN AEER 2 A
BoUREel EEtkol Zzsel UUh AT GRAKE AEER U AR
o 7% Jledd Fue ATHE 2AY BEE B, T HEIUR

Aol ZE BR 3 mEDE BRAd dstd die #RMoE ol8E

—BHOE MAM RETAN I KREES FHAHTINY 2%
Atolele %9 zol7h e AoE wEH frd EY EWT &R
g A7 gsiMde AR pEEY FHRAKS 2dE BRE £ e F
AR EEel Agol wEA ST FEEIM ST BEK  ENEA
welA Bul REBSY HEY MREEY dFZ o FoA 3o A
A% AA4AY BEHS dd: MB EREESY B B =
E#fol oy AH Aagdel HEHRMRES 2 MEY LEL Q
ohoolalg oulolN BFAs zuvlel HE(r R4 ExEW, =@
WE(LE ool WHS M EEEE Qs Rt RERAY
Ze mEm FEE 2e + ok

ARolE TAE Type o FHEIME gl Witfast 2 Ee FH
Bl Alzgel AzAy Sol ZI&HUT #@M#el TEUAL Hydraulic
servovalve & AMgdle HEE Al2®e Hatpon), A MiE
o amledogRE o BEBME ToHc Digital HRS olgaATh
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