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Abstract

Internal waves occur in the interface between two layers of fluids with density
stratification. In order to better understand the characteristics of continuous internal
waves, a series of experiments were conducted in a laboratory tank. The upper and
lower layers are fresh water of 15 cm thick and salt water of 30 cm thick, respectively.
The periods of internal waves are 2.5, 5.5 and 6.6 sec. A micro-ADV is used to
measure velocity profiles. Wave profiles at the density interface and the free surface
are monitored respectively by an ultrasonic and capacitance wave gauges. Our results
indicate that particle velocities (u and w) above and below the density interface have
opposite directions. The speed is peaked near the density interface and it becomes
weaker further away from the interface. Empirical Mode Decomposition is used to
remove noise from the observed particle velocities, and the period is consistent with
those derived from the interface elevations. The observed particle velocities also
compare favorably with the theoretical results.

When internal waves propagate without the interference of a sloping bottom, the
turbulence induced is rather insignificant. The turbulence is more significant only near
the density interface. With the existence of a sloping bottom, the internal waves
gradually shoal and deform, the crest becomes sharp and steep, finally the waves
become unstable, break and overturn. In this study the effect of bottom slope and the
steepness of internal waves on the reflectivity of incoming waves are investigated.
The reflectivity is smaller with gentler slope, and it increases and reaches a constant

value with steeper slopes. The observed energy dissipation rate & is higher near the
slope. Three methods were used to estimate the energy dissipation rate and shear
stress; namely, the inertial dissipation, the TKE and auto-correlation method. The ¢
estimated from the auto-correlation method is larger than that from the other two
methods, but their trend is similar. The energy dissipation rate is found to increase

with a gentler sloping bottom.

Keywords: continuous internal waves, Empirical Mode Decomposition, breaking

waves, turbulence, energy dissipation rate
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power spectrum #F# A TRk fr FinHIEN Ok > H B S € EF 2 FLE F A
e T Y

ADV E BT B I RBELRIA LR B > FlpF HA* ADV kedF 3 5
40 B 12 o Mazumder and 0jha(2007)41* Acoustic Doppler Velocimeter(ADV)
fef g A R REFFHR T AL e X EASBERBFHTER E R

LRl §EF L E 2 » @ e o Stapleton and Huntley (1995)4F 34 in4p

—p ww'

B % (eddy -correlation) fj fL EC i » 12 2 43 A 45 5 @ 0™ 250 °

T AT R 0 0 2ok A - Wickley-olsen et al. (2008)#F 3¢ 2R ik crid 1f. >

EA AR A R R AR A R0 A A R R ERiEs A2
e BT EE A e o

AT R L FEREPN A E e 0, AU Micro ADV k£ Rl §p

SN T L I e E U LR S R A



1.3/ 5 &840

PRy LAY - B E & 23 0 Uneyama(2000;2002;2004;2006
;2009)3 & FA40* PIVHMFEH R AP AFHEH N f@ehi * Yo 1 £
FEE R RBLPIE LB LTS U AKFERFN ARG O NfRE L? &

F Bk E A R BRI €8 PIV T ek % 4 4

}L\

23 P m A

Q.

EIBLR TG B e N L s o i TR ROAD A
PRCU A AR PN kRS ER g AT ST R R R E T
fRuE A k]G 4 J1% MicroADV %k B &8 Rl p k2 ok F inid
o FFRFEN A DGR R BN IGER THEHERBRPEE A
2L R o e AR ARANIE B A TR B A R B SR A
() AP £ * TR - BAFTERFLHZEZRP Ak rF 2
Bgd sy RiFet b ibie- @8 PR G o Hd SR R EY ABER ke

Hib N kR F s ) S -



¥R -REHRRVEE
21 Rk BRATRE
2.1.1 REKHKH
1.?56}’}{7}%:
PR kL 1228 %0528 50 © (4o® 2-1), 2 7
BARKEA REZEP 2R RIF > T PARFEBR DGR ER FEB R ARINEXK
B 20 Baokat (4ol 2-3) 0 TR R R kRS AR E - B

BAE - BIFENMEY - R DARAECR 2-4) -

7}\&%"—5&7‘?q? ié’%—ﬁi gi@iéﬂ";ﬁ\:‘]ﬁ/ﬁ‘oDilll%/ﬁ»,%é‘_—g&’J(ﬁ‘é«:%”l/] 30 A
#

o Pl A G el R

FANEE (AoR 2-6)7 I i apdl D Al F e o v
R1~R60 7 Fr i > 1% HHT FHRATFE N7 FEP o ¥R 7 A4
S R N | AR A
4.7 A AE A

Fh B s E (B 2-T) > £ 2.5 2% 0.5 & 0.0] &2

~

fri 35 =8 W 0.0 ~B0.01 2% o J{d AFEHKEARI AL A F
A bR A RIFE R g AR B Bk RS R
KRBBERZH > P L RR TR AR RIS R g~ 3l - BEE
OO FI A B R 2R R IRHT A 2 i e (vortex) o
5. B-k¥ada:

pEBORE R (R 2-9) 2 FE 2.0 22 o chd ok fa 0 AR A

T\4
Py
~=h
T \1.

RE S BEE B g AR E &1 ¥4 B o il e AR H

6



B Gl Ak (oW 2-10) %k H SR S kT 0 MR Sk o

2
g

[}

£+ @BL50 27 frR kRO KRR GERTRE IR GA
# A 9 150cmx]150cmx100cm( £ x % ek 48 & 34 fie 1030kg/m’ > % & %k 3 @

éf’]g%%‘gﬁ%&?%xga?l’E_%gFl# 2 Ihl_l"%'%m )’io

Fla@® REXGERER® T RIFLFFRFBEPE (0 2-13) RE
A3 uAETELE A2 HBopegpd 2 7 K MICRO ADV ~ 425 podk 3t ~ £
RERE - NARELEA QIR LR RILE

Fedle i c REFPEANVTATRELH ARG =BG ek 2
#

2.1.2 RRIRF L&
1. Micro ADV:

~F A 5 MICRO ADV(MICRO Acoustic Doppler Velocity) » MICRO
ADV 4 SonTeK *t#@lig ch(4-®] 2-14) » - BERHEBDRE - REIHRMHE
FE o~ 7E3 50 Hz > MICRO ADV 5 = Bazfe @ st oWt 2 U~V W= B3
eik o MICRO ADV 2% % B F & so % i ohiE, A fd %2 o & L check
beam =B 7> P enE 57 BT RBELT L ¥ 6 Tiom L AR 2
correlation shiE Z FE DV @ * 5> F% 7P “TEPI D DES = BFMB
B QaE st b o & dAeB) 2-15) 0 B RIELEEAE 9 5 lec o MICRO ADV #7 & il
gty U~V-W = 2wk -~ corrleation ~SNR > f= meanSNR -+ mean
corrlection ~mean speed > d " § - EHEFRE > wF & L7 %KY 4o r
Ao G B R T HRB G A THEE TR HL KK ER K

corrleation # B Fl& % (& o Micro ADV k-3 jp| € =% ¥ o &R B2 Qa8



BEP AT FT B RE o LEEEEE G
2.4 F M

425 M k3t (ultrasonic probe) (Aol 2-16) & 2425 M 4FH 2 L3 #(4r
B 2-17) > F% i W Grenoble » ™ & PIp A gty fok 2> JI* 2 F A 7
AEY 3 BEhRIL B0 kK R e 2 23 AFER TR ES 43 Ay
5t/ ¥ e (emitter and receiver) > ¥ » T BAZF 4 0 I T G RAFFF
b+ ®(reflector) #4235 A v BRFF DR F /BRI B-LF AT L B4R 7F
RAER A A - BT @ R - ko 5 Kk AR Y hl #5 h2 g 5]
A5 d B Etar i F 3B (reflector) I g ehpF lFec g > LB wgg 5 A3t A
i Ap 3 ARIZRY TR ENAT R ER R R PR
2o b S TREMHN QR FIh e KAERE ORI o d g g I A2
AFSRE > AAEF e46- F~Z K F SR KRG &R F S E R

LR AL T AR AL B R RS A RS R R

ZE T EN & @ 4 F 3 (wave gauge and amplifer)(WHP-50)(4r )
2-18) g2+ E(WHA-000) = B F2nprse s @ #rillig - A B2 RIS 52 2
Ao T HROR RS T RENS A E TR ST T N Pl
EEK S SHEHEITETEARAETHR
4, #gvE B e
Rt fcim i3+ (o] 2-22) (A/D # 3%+ ) (F] 50 PCL818-H) friic i 4 3% % (4]
55 CLD-789) 5 BIPp A &AL 2 P 473 » 7 d R B 3o 3 P A BB RIE
S el LR B SRRT el @R A/D T RT RN ERET
o R el P2 AT -
D, Bz B
Hc iz B(4oB 2-23) (digital oscillograph) » % Tektronix = & ! % »
218k 5 TDS202 i sk B F = B oH AT & — B4 4> & 200MHZ 4 %

8



$Eie ) 5 TDS2MEM 3 2 fic e > 7 B 448 % % &% 5 > CompactFlash iz fa+ ¢ -
AP R TR ERE AL AFERRA -
6. i * 8y

B 2 xR REHRATE FAF P 2 2 M OINDS) kB dcdy 0 3% E Bt
fi WE A A/D B2 B R B R4S 4 binary 15 2 4 & ASCIT
iz a0 % %5 ASUS K40IN seriesc frif 4 7 55 > & Zan i 5 v i
e+ (A/D 3+ ) - 2 o OINDS) » 2 MATLAB #25% 3% 3 » ¥ o407 % Bcdy
EPifeAT R oS e AV ETHEPPF R TE R R o XA

TR IL R e e R R GET A 2 R .



RERBEIKA

W 2-1 -k (12mx0. 5mx0. Tm) W 2-2 p-kfp I

W 2-3 #-kig-k3t W2-4 @gpadaz2Di®

10




W 2-6 ##E

y 3 @W‘ )

B 2-7 Alsiacg ki p 0 W 2-8 Aty B kP 3%(2 &)

11




®2-11 %3 W 2-12 mAR3

12




W 2-14 Micro ADV

W 2-15 ERig:EF - W

W 2-16 a4 Mt

13




W2-17 RF Pk M2-18 THAsBH

W2-19 T3 B4 W 2-20 HARIS

14




W 2-21 #Eg

W 2-22 A-D +

W 2-23 7R F

15




2.2 R &K

2.2.1 R &g

AL 1220 ~F 0.5 ~B 0.7 R ap fdTe KEEFFHK o
ok mER - Bk A K2 A K okAE & si(two-layer fluid system) ;5 * & &
kS TR A Bk P EKK®AE XS 1000kg/m’ 0 TR K 5 1030kg/m’ 0 b T

k& m AR Z 5 30ke/m’y b T ok KRS B A HIHI2=10 2 4 435 2 4 =45 2

AR SR DA E L TR oD AR BN E Ak A
v T AR E R4 N R FRBEP L 0 a4 Pk Micro ADV

RHABT 20 A B (0B 2-24> FIRS 6 > % ProbeZ ~ Probed v
Micro ADV e e felp— =g ) ¥4 & ¥ - B4 3l H ARG - fI* i
EREFRERLFTE AR ART PR A E ARG A G

Bkt A A el - BRY2LE AR AEEEF ATEHRFT AL

Gy o R dE R AFAB ER B 2-20 071 o X A FRETEMN A

A A A S R KRBT L S M F AR RIVICE - 8 R R

CEAE R BRIV 2 3 R Tz h IVF A (vortex) e
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Probe2

Probe2

Probel i & #g

NICRO
B ADY
"
||
L

L " |0

Amplifier
[ nvos
{oocom 2
0000 F:g
connector ADF

3 &

0. Tn

12mn

conputer

Amplifier

400000
0800

connector A/DF

i3 &ox

W 2-25 B ALH P %%
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FoRBEA R AR AT ARCESE I Micro ADV £ B = i > 42
RAAFFRRIN AR TFNABFEREA G AR BRI G ERTA
e AG o Adi e R THIDBRERBREFT R -

Micro ADV &_ SonTeK #7#l:¢ > d 3% Micro ADV - %% &K E > 3
B AT SRR S xS o B B R TR sy o Micro ADV #7 & B3
guniE - HgEo - HELZ xyz 2T B Ao- gL AN 5 ene
Micro ADV ehe-2 B =3 v d REZERAL > A Fpdt 2 5T 255 &
% ) uggfi'ifr/%],, #EI G e

S BB RATIL Bllz FHRER LT A B XL FES

A#ESJI* B EZ T PREE > THERNIPED c AXFTHRA TS I HS

+

R=60 ~50 ~ 40> »7E I enFHF >3 F 3 EH A% 5 2.55-5.55~6.6s°

-4
s
A
¥l
i,
=

AKERBAFHET T8 0.4 11 o EAlr B wamk
RPN FISF BRREATE R =
TR NBhy EFIF TR 0 4o B (2-26) ~ (2-27)~(2-28) #1oF o

Bt anig S % ¢ (1R60, 1030kg/m°(2)R50, 1030kg/m’(3)R40,

1030kg/m’(4)R60, 1010kg/m’(5)R60, i% -k (6)R60, 1030kg/m’ , A4 & & 11

(T)R60, 1030kg/m’ , 414 & & 9.5 (8)R60, 1030kg/m’ , Ak & & 8 - 5 v
T gL & F & (1)A1030 (2)B1030 (3)C1030 (4)A1010 (5)A1000
(6)A1030_11 (7)A1030_9.4 (8)A1030_8 > # ¥ 4%k 5L A £ & R60 > B i~ £
¢ R50 > C & ¢ R40 - 1030 ~ 1010 22 1000 ~ & -k % & » 11~ _9.44-_8

NEAEER S ok 2-1 9T o
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‘ Probe?

?ﬁd Probed
HRAYR Probel
10cm ;33 Q) Q. 04 O1 Oy
=] a=35cn Os5 O3 Oz
35cm a=3lcm Q8 QO3
==27Tch
B=11 o BHE
-200, Bew -155, Bem-110, Bew -§5, Dea -20, Qe e 3 | 1
Amplifier | i’_ﬂ
— | HNDS
£2.5m #%0.45m A& 2. 459m {3&—'.5‘-—'%\
connector A/DE
W2-26 &2 11R%%EHF
g
% Probed
ARAYR Probel
10cm \cl =¥ o ol

35cm

-246cm -230cm  -207cm  -183cm-160ca

£2.5m & 0.4m & 2.467m

connector ADE

W2-27 &R 9.4 R 7 %% W
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Probed
Probel

B= 8

0
-308ce -24Tcm -21Tcm -18Bcw -155cm —_— =
computer

Amplifier

£2.50 #0.35m K2 4T5m  luw—m- g

connector A/DE

W 2-28 &4 8 2% %% W

20



R 2-1 FHRFEERER
R o% i # % E R OE 5
Surface Internal
B %Y g 2R Ay iR
(T k) EC -1 wave wave
height height
A1030 R60 | 1030ke/n’ | ## &R | 7956 | 1.8cn | 4.5 cn
0"
B1030 R50 || 1030ke/m’ || #8462 | 1556 | 0.8cn | 3.2 cn
0"
C1030 R40 | 1030ke/n’ | #4862 | 7665 | 0.5cn | 2.1 cn
0"
A1010 R60 [ 1010ke/w' | Aser | rass | na N/A
0"
A1000 R60 1000kg/m’ | A4 & B T=2.2s N/A N/A
0"
A1030_11 R60 1030kg/m’ || A4 & B | % FH%E R AL THRE RGO
11° %+ B B 47 it RS0
T Rl
A1030 9.4 R60 1030kg/m’ | #3 OE‘. BR 47 & 1010kg/n'fe
9.4 1030kg/m’ > * % X3 1000kg/m’
A1030_8 R60 1030kg/m’ | am s g [NVA:RBRERHRTH
g°

21




2.2.2 FHER

ARARER

3 K okHpe E

R ki
Lk

)

REGRE 2

TETT

Bl GREY

Bl A 478 B g
FHEL FRE SR HE
W2-29 F%HRW

22




R 20 28 Rk TREMFTRLE > B FREHG o TEAFER

3

sk 0§ @A FEIT IR 0 BB A O HKH AT 38cm -

FARIRREGRI AR P rd o B PO W ER bR HAT LI

%ul
K
Tl
=
b

FANRBAE L UREFHRTEE RETRESF TATT A NKRER
VREAFASUATCLRELE Y REPELS AR AR FRETR
FrBFEHT FATEA R P RE 2R RPARER 12 28 £eh
KIS pd Bl 2 RREAERES 2GR o

HALH R RANG R RAF A BEA A ZTEWRRFAFE LM
RELUEFALTRELE cBAPFBILRR REMLE T o0 LFESREH
ik A rig & eh 4 o

Foob ok Rl G AR 0 1T L R E S Tl Rt 2 O RR iy
b o BATFSEP PRI AEAREE K R 0 LR Rz EE

RAP SR BHOER AT SRR BN ERS- S BRAM A DL
DA FAE D R pEN A kY B A PR R RS

ok RIRE 20 BURARI MY o N AU ¢ RiBRA Wl 1T
EEd=glE: KPFGVRRFE T R S K IR BoRyFATe g B ook 2

R SUE D R

A

%

S
bt

VS E G A e eAlE & R RAB TR R Y TR R AR
Bts  AREAE Y 8 o R DARREGL R AT THRARA
ORISR N B e BB RA R AL F A G B AE B RIS R L
REFZ M MU Fike T30 e RIS - PEHA TR YRS FARER S

R RN A R rralAe B 3RE e (vortex) o
AAFERKHY GETA D OADERTE RRYZTE 130 2T o kK

HRFARRD - X0RORH Y AL R F APk R R E Bk
2ok BB - RO ROKEEYFHRBERE o TR ATHPERH P e

MR e Moo R A S AR KR A S 1030ke/m Bk fd ok B
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BB O~ PEREOK S 2 K 1 RORER S Nk R AR - ki
NIVEER A KR BRI € p AR 2 etk R S B Bk i A
P BRI AMEMD AL TV 2R E A ] A TR 0 S R A R B
RS K EE oD KB RA R g A ] 55?”715f’f§
F910~10 kB hF STz azgFrer 28

Rl R B R B A TAALR G AT BT R £ R
Tk Ed o E A EA T AR Al F TR

F i LRk RE e RIR L2 Aamﬂﬂﬁ%“%maa@@,a

imi}
a8
S
IR
“};:
—
<
=
4a
/;«

WE Ak o SRR R B/ TR RN > 2 E
i® -’?t%} l/j(‘ ﬁ’»li;PC/E l&g (?J "'T,f F %} 4% %—m}ﬁ.r )4; ?té'% /ﬂ;;,l.;
Ao A BTEEFN - L BBV LE A2 RELE VN RETRES

LFRAPF AN TR EESS  kEE TRB T K

TEZREZAGEATRZ AR /TR E(volt/cm) °

Rk RBE R EOTRESTHRAIET %2 A/D+ @i STk 14
B2 3w < Bk Bt B2 ¢ v £ L0 MNDS 22

R0 e A BRI FE R TR LR R o B SOk RS2 R

24



Fzd FTHEAE

3.1 ik TR A

REZRFTHE > > AFF & F RE MicroADV #7ip]#F @ = i@ T > &
iX2 e R Y 2P eau B V872 e B W = #h3 5 correlations
Z 3 SNR o & 41 * Micro ADV /g FALen Ufe Wik B ki @ 8 enF A 47 0 7]
o VAR Rl inid o BT i R ) 0@ UAUE FRIG KT 2 e
BoOWRIE kL2 > g B o i & F 4 F & 3 correlation f= SNR
K2 8T > BF B PEAP L SR A o U 4o KRR k38 B correlation fe SNR
& > & correlation & & 70% 14+ > M4 F 7 &t o f1* Micro ADV &
he T R AT AR G R~ T g e i U WA o I o
TR R 4F 3 power spectrum #E A 4T 0 TP E AT RS T BEEE R wo N2
Fo il R AT AL EMD e07 MR RIFFN BB/ EEF R E I oo T H
*UE TR AR NF MO T R R TR I s o R s
i# o J1* Phase average - bin average -~ moving average #-i - turbulence

o

bl

ARk M E I EeEF o k- - FHARR A o

3.2 2k ~pPRATHEL

FI% R RBE (& FAZF P H ARG 2R AP RRIPAE L5k
ARRE S REHIOLTRELTE 0 BND TS A/D g 24 MNDS
AL B B WD R AR AR S R TR E R T

B o FEei o 2 BIA KRB BT A %ZW%%$%ﬂﬁmﬁ§?@@

Bivo ARFFHRZ D LRI HRERDA B/ TR > PRI KRBT F
o f RBE P A R R R P R e SR T Ag Y ok

2 /ﬁtrﬁ;'l'm}f%"&r'? FL R A A7 AR R s 1Y IR AN AR g T R e

IPIVAE S
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3.3 HHT(Hilbert Huang Transform) and EMD ( Empirical Mode
Decomposition )

F 424 2 (Huang et al.1998) & ¥ W ih3cd 75 € H 7)1 & I SR B1 13
EMD CEMPIRICAL MODE DECOMPOSITION METHOD ) > 134537 % 2. & $ic e
Hilbert chifc L am ek 3 s & 17 2548k 2 2L i BLeanidT TR 347 2 32 - o
FPFORFL PP IR IMERF RS B EEAPTTEIRF S B 2L Sk
(Intrinsic Mode Function, IMF)4 € #-p sz fdficia s AR ER > SEFE D
Fig# (Hilbert Tramsform HT)¥ @ 3| Kt pdi £ 2 gepddp & > R BB
ME P BAFEF A G 0 T L FE G (Hilbert Spectrum) e

BEBCEA R 2 G (DR P RETHEA iR ()T @i 7

EFr AZEAPE R EE Y > VTAEZRAEZSFIELE S () RINE LT @
BLA gz i x () L RS Bl LR BT SR A R
R DTSR I AT EAN AR AEARA T AL E DT B A

T JE AR AR ET AR fET N AR F ;T EHEAP AL
fhz FEREAELER R E v 2 2 g i ahfEitac 4 o
Huang et al. (1998)#%& M- BT % » kA fR2La|h 2 2T 421 chf ol »
2t R R A B AR 2 - Rl 2B 2 EE s
EaRE Ve AR A R ko e ke gtk b2 i g
% -t ~ f#% (The Empirical Mode Decomposition » f#§ # EMD) » =& - &
# & EJ2 (Sifting Process) #7 j# o
iz EMD &~ f2;2 8 2837 7K
L 5esml P& 5 3 BiRE - Bl BEfo- Bl ] B 2. B TFEpFF
CRE AL BREL FOETL 3, ok FHRIARE BN F S B
IRV BB, - S o BEES N R B ESET I L EH A TR 1
EMD = ;2 EFHfcH v REH AR R A RIFHF HJom B vt o

26



3.4 o\ iz
0ot B s i B T R, R B kehT el 5 5

%, Umeyama(2002), 4= Umeyama {= Shinomiya(2009)4& % 115 Sk P A 2%

A A

3-1) , A F A v digg i ehig % o F] 5 Micro ADV - B34 & F, <72 R

P, ~2 #-Micro ADV #7& B3| chinag T 5 d EMD g2, %

BN TR B U Ao W miE 2 o kP T2 2 (4o R

@G TR EEIGERRE, 0 AR EH 2 BRI H v Ry T

SN U

n i =a cos(kx+qt) 3-1)
n n=an cosh(kx+qt) (3-2)
Ui= -nk[Acosh(nkz)+Bsinh(nkz) Jcos(nqt) (3-3)
Wi= -nk[Asinh(nkz)+Bcosh(nkz)]sin(nqgt) (3-4)
Un = -nk[Ccosh(nk(z+hn)+Dsinh(nk(z+hn))Jcos(ngt) (3-5)
Wo= -nk[Csinh(nk(z+hn))+Dcosh(nk(z+hn)Jsin(nqt) (3-6)

Urs b Bk Tomad s Woo b B 2 gmag ~Un: ™ k% g oo T 28 nig

Pl Kol o3RG chBEAE K B CPER s s E oG AR

ariyt R E anztR i

N8

ho: T A 5R A B -C¥E -D:¥ ik
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o

n
e ,\ y=h1 "~ freesarface

AR n S

fluid interface

W3-1 Z#%7FHH (Uneyama 2002)
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3.5 F st foF st £ ¥
F 5% Ra:

LEG kK B sher ¥ & ok 5%l R(reflection coefficient) € it 3R
pAEER e RRE T 2R S

Ra=ar/ai» £ 7 a/ai & » / F sk k52 R tg

Ra=E./Ei » # ¢ E/Ei 2 » / & & 352 5t £ (Michellet and Ivey, 1998 )
PP 2 adan A B e NS e R SR B o d R SR B X RA
RBET I ER2Z A ER R SRl DRI F IR LR S Tl &
AL E AR ER B TP F oSt ¥ ] o FE AR BR  F 8GR
BiT- Bl EvikoB 3-2 P 0>30° F HFRT- Bk E -
i R
Michallet and Ivey (1998)m 7 ;X35 & &

ECr kit £)=c g Ap (ST n2 (£)dt) (3-7)

AP s Ap=pep1 P A TRMREE > girE A ed R o C EdpiR

Bt 2R

80
80 a
70} a

60 -

S0}

R. (%)
o

40 | a

30}

a 0O Magashima(1971)
| & Ariyasratnam(1566)

0 10 20 30 40 50 50 70 &0 30 100
6 (degree)

W 3-2 A4 & 8o F s (Nagashimal971, Ariyaratnaml1998)
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.6 R foificFenic B i
3.6.1 TKE (turbulent kinetic energy ) i

TKE i frifs i Ap B 02 124p 02 > fe gt 7 00 )% 913 Bl LU B9 4
2 TR R AT B R R P A S T 4 o T L TKE 2

1A NG
FET RS o

TKE=8 = 1/,(u? + v + w?) (3-8)
(Soulsby, 1983) . & t®# % & » > A& ¥ & 4 {v turbulent Kinetic energy density
FER R A P B BT 019 W E LT 50

TRAT=019XpXe (3-9)

u—lf—?ﬁ\}?j/?;}i 1-u_":-u_ﬂo
Vi wokgnd o ov =v—vo
w:iEE e

o HRE -

E,WEZW—WO

# %% % B (Power Spectrum Density, PSD) (Stapleton and Huntley, 1995)
[p, f] = psd (vertical , nfft , fs , window , overlap)

vertical= W7 i# -

fs= B~ 5 o

nfft= 3+ 8 ¥ 8> 2en=x 3 o

window = hamming (nfft) » 4&25 % * &k T o

overlap = £ 4F 5 #c -
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3. 6.2 4 1+ 4 (inertial dissipation) 7

‘FPP ']ii,ﬂ%ié m/_—\:ﬂﬂ [ }\/n L_éjl %'l 4 F‘]@#{;&;m’-/ﬁ\‘;; fTH? }ifr’“rfi £ 5

=

fmens 38 2 8 E A4 ¢ s wave number (K) e spectral energy 22 BF 5 45

(dn

N A B3 M henge B 0 e FIFL 5 = % (sub-range of the spectrum ) » f&
EAHRBP R BAEICTESF L - LE TR AR F AR A Ay AR
W ik gt B p L B 9 R4 ¢ (Stapleton and Huntley, 1995)
W23 5 22 s o

PROABRGEAEF A R pF o d T R4 7 48 % (shear instability)
FoiBAEF LR R ERF] BRAH PR Tz R Emgd > T g p
AR 0 @ e g & IR sy £ 4T o 1 power spectrum A 7% %

5/3iem LiED e > T ET e=u/kz (3-10)

K :von Karman # #c (0.4)° z ! &R BEERA G NF B o

10° ¢ ; : :
10k E
E S )
%,ﬁm 3 Fluctuations E
S_HZ_E due to waves 1
o 0
:-‘N
oD E
E = 10" F 5 =
u=.| F Fluctuations ]
F due to {
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Wu et al. 1989 ; Kresta et al. 1993 & %

Ui(s,t):(m(s)+ffl(s,t))+ui’(s,t) JI=X,Y,Z (3-11)
Ui /&R 7] »uldh= 4 F turbulence - #* 32 E_8-R4sinid 78 0 )
* moving averages= iZ B-A B e B L AR K o R L BPEH TR I
moving average 7> ;% HEd #{rturbulencels ® FEH ki * T VR 4oy

3+ ¥ Rui( temporal autocorrelation function) -

wr{t)uwr(t+ )

REI.: 2 (3_12>

UL
AR :REIEBZRRF- B3 e, 2020547 REiﬁjﬁ:A\%[%]é 0~co, (Wuet al.
1989) « A(195%¥ » F 7=0~1~2~3.......... PEo g o BT - E R

LR EEEF T aff A

z-:EL,:fO Rg; dt (3-13)
e=p (rms )2 (3-14)
T Ei

AR R

urms’ L X R A Bous 2@, A ¥ B ¥ # (one in this work)

e i Kt (m'/s”)
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55 A1030_9. 4 x=-230cm z=39cm 3* & &} u=3.4x10°m/s ~ 7=0.0076 N/m* > &

$eF=4.84x10" m’/s’ »

82



speed=25.99 cm's

107 ¢ : : :
107¢ E
107 _:
E E '
= r |
s [ :
85 10} I 3
5E | i
8~ | '
= 5 |
w 10 : | -
: |
- | sub-range |
107k | | __
F | | 3
- I 1
10'? | L - | L |
107 107 10° 10" 10°
Frequency (Hz)
W 4-61 s ABPIIEHA T W(H,2011) BEsmImA 5
sub-range i % 25.99cm/s
. 1700 RPM
10 E T T T
107 — .
107
N i
< 107 .
L]
S
£ 10t | ]
z ? l
= i :
& .
107} l E
- ! sub-range
5[ - :
107 | —— wave height=6 cm ! 3
F | —— wave height=10 cm l
10_? -2 l — IJI-1 JJ IlJU ' I IIlIllI1 - 2
10 10 10 10 10
Frequency (Hz)
W 4-62 CkEFHRFHFLSFTHCE,2011) mRIA E sub-range >

Ed Z4B6emy 24 5243 10cn

83



i w A030_8 x=217cm z=31cm

10 T T T 11717 T T T T T T TIrr]

spectral density (m®>/s® )

10 Lol Lol Lol
10 10 10 10’
Frequency(Hz)

W 4-63 R % 3%IFLAL030_8 #F#~ TR (mRINE

84

v

-

10 10

turbulence)

1



4.6.2 TKE

T A_BGK R R 4R
E‘E %é%__}— i[%f,/f‘jg(\: I" HIJ)(’;?,J - |,L.
% 4 4 (Soulsby , 1983) % & tifl & & *

energy density =

AR TS T - BAPH M G or X

Pl Fﬁg ],,/‘f ) -{1\7’3‘]’1 ;\4 (3—8) °

i/ SIS
2 fFELE W uﬂwlﬁ ’KFTH‘ B4 AP j}m"‘]

» & % &4 4 turbulent kinetic

4o B 4-64 #1o B2 & ~ SR peak 2 ",%%-"{—%é » #17 turbulence > %3+ % 41 %

4-3 -

A -F 2% 1 4 power spectrum A F-5/3 chE BIBE KB IR 0 £ 4-3

A TKE 2348 ¢

F % 5 A1030 8 Ap 3 v s F R

s %1 & 4 ¢ turbulence ¥_B P & 1>

Edkehodng o £

ERELER keh o REEL TG § P AT IIAR

Mgk o F S5 A1030_11 foF 2 %5 A1030_9. 4 ~

8B AR

F O AR AR T A B A BT

“r & 4 en turbulence Y &7
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W 4-64 FHRpELf* TKE 3 'fz}ﬁ.(Stapleton and Huntley, 1995)
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12 g AN AN
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4.6.3 Auto correlation

Wu et al. 1989 ; Kresta et al. 1993 & %

Vi(s,)=(U1(s)+iL(s,0))+ui’(s,)  ,i=x.y,z
Ui &R A7 »ul =4~ & turbulence - p* 3 & Z_ K- dpimid TR > 1
moving average 17 2 B & e H LA EE ko RS L MR TR ]

moving average 17 ;% - fr turbulence % ® PR k@ ¥ T a3V R 4oy

e N (3-20058F t=0~1~2 3., .F P E RS RulgT T B
4-65(A)(B)(C)(D) o # 448 %5 7 & A 5-5/3enB RIBF » 35 e (G 4cd) >
X:&-5/3 \ ' & ERE e+ el 10 B AR FTALHE A e AR o
% {cTKEE - Reno RFIE TS 2 Fp A BRI IA B 8974 4 chturbulence
AP R fB3A A TA 2 drturbulencert $7 PP AT » A3 & R AR T A
A ek ¢ L 4P A 0 turbulence g A& < WAL F e 4 jrAE o

®14-66(A)(B) = A1030_8 x=-309cm z=39cm:sgp B Fd-che » ¥ 51l ec H

FiTiEs @Y EF -

g

Bl &% 41 e “spikes” 0 F]E_ #a K ehcorrelation
@2 B spikes” A € i *Micro ADVE R aEL > “71 & 3% F Micro
ADVéncorrelationid » iz 5 % + Micro ADViicorrelation @ 84p § 1% -
B od BBl ™ gdig e xTH@ERLy #5R 05 “spikes” >
correlationshigdp § <h% » H v § “spikes” cpF ¥ Bhcorrelationshid £% ¢
Mg FIFRH o B4-67(A)(B) 5 A1030_8 x=-21Tcm z=31cmensg pr F g 8 ih e %
S B- 2 BEET g NF e R THEPFRG R %9 “spikes”
correlationsnig4p % 7% > H v 3 “spikes” P BhcorrelationiE 3% § i
MERFRH o B4-68(A)(B)(C)~4-69(A)(B)(C) 5 TKE#T3+ & & k ez E4r

Autocorrelation » ¥ P! & e J1i25 R A A H 2 B R AR - Rep o 83
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% 4-4 Auto correlation & (G 4c¥)
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@, = aigﬂak—sfa (1)
(2)
u, = (@ee{k]km;’rxi)m (Kz)1/3
f1#* Taylor # ) ¢ frozen turbulence .4 + wavenumber # 3 = frequency :
@ii{kj = @ff{ﬂﬁfzﬂ (3)
0,(f)= aigﬂﬂ (En/Q‘zfaf‘Eﬁ (4)
7 ## P~ log :
— 2/3 -2/3 (5)
log[®,;(f)] = log[a;s*"*(2n/u) ~*/*] — 5/3log(f)
e :hl@ii{_fj%;? R ﬂ:@ii{k]-ﬁl RGO :h'u:s .
T = pu? (6)

@ : spectral energy °

@, : — s Kolmogorov ¥ #ic (0.69) o
gLATE o

k : wavenumber -

u, B R

K :von Karman % # (0.4) -

z! REBERARDER
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