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Abstract

Streaky structures along the streamwise direction can be observed on the wavy
surface, and they are similar to what is found in the wall turbulent boundary layer. To
study the properties of these structures, the research methods used in the wall turbulent
boundary are applied to the analysis of the simulation data of the non-breaking surface
wave in this thesis. It is found that the distribution of high-temperature resembles the
distribution low-speed streaks, and are so called high-temperature low-speed streaks. By
using streamwise averaging, it is found that the streaks also correlate closely with
fluctuation vorticity. Further, the methods of vorticity inclination angle, vortex
identification and condional averaging are used to analyze the underwater turbulent
flow field, and show that there exist pairs of the streamwise coherent turbulent
structures which are counter roation. The most of them are lain in the wave back and
stretched along the streamwise over time. On the above properties, they can be
illustrated with vorticity transprot equations. The streamwise vorticity grows gradually
in the wave back, and decaies in the wave front. Then, the total effect is positive, and
the streamwise vorticity is strected over time. Comparing with the theory which Craik
and Leibovich proposed, and executing the stability analysis, the charterisitcs of
simulation data fits in with the results of the stability analysis. It confirms that the pairs
of the streamwise coherent turbulent structures are Langmuir circulations which lead to

streaky structures.

Keywords: wavy surface, thermal streaks, coherent turbulent structure, vortex

identification, conditional averaging, stability analysis, Langmuir circulation
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(a) 25T, at z=-0.047 2000 (b) 25T, at z=-0.047
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(a) 30T, at z=-0.047 (b) 30T, at z=-0.047
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(a) 5T, atz=-0.050 (b) 5T, at z=-0.050
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(a) 10T at z=-0.050 (b) 10T, at z=-0.050
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(a) 25T, at z=-0.050 (b) 25T, at z=-0.050
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(a) 5T, at z = -0.048 (b) 5T, at z = -0.048
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(a) 25T, at z=-0.048 (b) 25T, at z=-0.048
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AL e~ J7 A B RS T2 h RS » SRITE RS R HRA R4S
2R - ZRMIELE A HE 0 T B Z20R4E T » A ERR =4S E
PEBIZE  HREFIRDRIEZ Bt - RILIE RIS 6 Rymigastg o 201 - MDAt
ARG » B AT R Y R & iR I mT R -

RS E FRMTE - Lugt [18] 28 Foiie BIET 26 7 Be B B 6] —Hh O R g
)y > 1 Robinson [2] #IHZHE BAS Y ER - SUREIEFEER - BT LS E)
ZERE LA o SR S 2 IR R AR SRR SR AR - FEILE R
EX LG AENEN Py Wabrey el bilIN )

1 EEEEOEE - BRI R EEuES) - BT A R H e 2 2
[& o (HIE R85 (vector field) » FEIGFE=(E7E » B HHIEE -
HEZ ] > APROR B — R - SR IR e ) -

2. DUmEE#HEEE (enstrophy ) » BIUEEFTT 2 — » HEGIEY (scalar field ) » [f]

TEEE =& - e B JERINEIEE - NS & B R =

S A GmERRE Y 2L RIS ST -

3. fHAMA&R (vortex line) » R4 77 M) 2 AR AR R EAAERE < IREVE 7 i
oGS - REHRE ISR RETII N 22 R 2o - HREEET
BSEEEEAL -

itz T7EIL R R EIIZES A8 &8 (Galilean invariant) - RIFFEEE R &
ZEIR 2 5 BAELUT I/ NS R RF S (S R B 8 2 P74 o
7l Fs Hunt Z A [9] FEHEERERE 2 _F%&E > Chong F A [10] $EH T

FEETE B 2 R #{E > Jeong 1 Hussain [11] $2H! S? + 02 55 “H#(E -

Zhou flI Adrian [12] f@HE iR
7~ Jeong Al Hussain 7 1995 £ & [11] 9 » FHEA[ERE 5047 Hunt -

Chong - Jeong {1 Hussain FrfgHYJ77AM 2 WrSES - 308 % + 0% 25 K

{EHCREAEME S sk L eSS - 1T Zhou T Adrian £EJjY Chong %2 A [10] $2HZ

Ee » S R EUE RO TERT - MAE R PRSER - ARIATTEHE bt

VUREHER T A 455 BRI EERIM 2 22 52 WS LGSR -
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251 BRHRFZRE2Z % - 7 $E (The second invariant of Vu)

BEARH Hunt A [9] $Et > EFeimliE (vortex) Fy[RIHF IRy RIIRITHY
i - —2EAREEE I 5/ ME (local pressure minimum ) » I ZEREETRE 2

FoABERILE -

SR E PR R > ERBREHEEREME 2 SEMUR (steady inviscid planar flow )
th o FER e et E ) O b R SR IME o (EER SRS B 00 /T (centrifugal
force ) ZEF[ Sy - HIEE - (cyclostrophic balance ) » #{ A&y B 7 i/ IMETE By

HlEm s ez ZER1 - 2R Jeong Al Hussian [11] #5H & 2

REFHEREZ S _AEE

R IE(ER - R B Em e BB 50 IME - SUANT e FHEEA] -

HRERBETRE A LIFOR By

dx dy oz
Vot — _{0v dv ov
UW=%i=15% 3y oz

dw Jdw Jw

rdu Odu Ou

[9x dy 0z

: (2-7)

HAEE ulx,y, zt) =ulx,y,z, )l +v(x,y,z )] + wx,y, z, )k - HEREEES

ZHE5FEEL (characteristic equation ) HIE[E{E

034+ Po?+Qo+R=0" (2-8)
P=—u; (2-9)
[au ou ou ou dv OJv
N R A R i
Q= det|6v 6v|+ det ow  dw + detIaW ow | (2-10)
lax ayJ dx 0z lay OZJ
[0ou  OJu 0u
dx 0Jdy 0z
R = — det v dv Odv
B P dy 0z (2-11)
dw Jdw Jdw
[dx Jdy 0zl
Bt o RREUE (eigenvalues) s P R55— AR - E5 kA A BRYERAS
(incompressible fluid) H] P=0: Q BHE _A%E R BE=AEE
BFETE_AEBE I YHER B Q LIREFTRE Q=1/2; -
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http://terms.naer.edu.tw/detail/393781/?index=1
http://terms.naer.edu.tw/detail/561740/?index=1
http://terms.naer.edu.tw/detail/463758/?index=1

u w0 EE AR A B T uy = 0 B EERETR E R EERE R
( strain rate tensor ) FE#EB)FEE: (rotation tensor) » 41 w;; = S; + 2;; > HIATHES
BORRER Q= 1/2 (||nl,|| = lIsyllz) > 36 I e 7 Frobenius i > #155

TSR T R B/ E B SR (shear strain rate ) BEEEEH > RN EE0EE o L
AR E R e 2 ORI Ry E R BS BB A eSS - M5 5 Q Kyib(ERy - HIR
T B Ry R N -
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252 % RHR %R E 2 47 BcdF e (The complex eigenvalues of Vu)

ItE7574H Chong &AL [10] #2Lh - HlETEEZ (245 HAH il (phase
plane method » R[ffgk—) PR REE R (critical point theory ) - E4RIEH
iy T2 Z 8t (the linear systems of differential equations ) 1 » HARFH(ES
HEHIFT R B FEMERIE (local streamline pattern) FyEfPHEIRER

(spiral) j{R - & Robinson [2] $HVEIEZER » NILATFELL(E R FIETiE 2
{HE -

5 AR R EBID R Z1F s - A RS TR & Z R B R A A5
7\ (discriminant, A) HEFRHAEZEZ - EHHIAHRERFZIRHEEL =B
R RZRAPE—ER > AR ER - ARRGEERE —ERiRE—
FALHEEEIR > N E FR=UR I (B e AR V1 R BT PSR e - BISZBLAL T TiE
7 o

8 MR — P E S TR

d
<X = ’ 2-12
dtx (Vu)x (2-12)
Heh u=dx/dt » ZZREH x(x,y,2,t) = (x(0),y(t), z(t)) > HLIEEAIHER
rdu du 0du
dx Ox Ox
dx {;} _|ou ou ou {;} ]
dt (, dx ox ox|l} (2-13)
du OJdu Jdu
Lox O0x OxA
)N HENS Tl
X =c Vet + ¢, V,e%2t + ¢V35e%3t (2-14)

Hrh C1>C it C3 By EE V,~V, 72 V3 FRERE R E S EE =
(eigenvectors ) » gy ~ 0, Bl o3 EfEREfERE 7 FHEME - RSB AA
FEHEUE B—E R — S L HEEEL (conjugate complex numbers ) » HIJ¥f [ 7 A5~

T REEASELR - R EUTIEEN (R 2-8) H—n=207E» E=REAL
A BERET R EBUE Z B AURE - AR — e =205l H =
_( P> R PQ\° (Q P%\
A_<_ﬁ_i+?> +<§—?> ’ (2-15)
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& H—HHEEEIRAFR AN E (A > 0) > e AT BRI A N TR E Ry

Q3 > —ZTZRZ . (2-16)
B12.5.1 /NEiZ #ER] Q > 0 fFERHS
Q3 >02—24—7R2’ (2-17)

UIZEEREE 2.5.1 /NI Z AE R Ry B 5K
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25.38%+ Q% 2 % = ## @ (Thesecond eigenvalues 1, of $% + Q?)

Jeong 1 Hussain [11] ZE4E /5 E0ER ) i/ |ME B FEsE 1~ R pEA REBREIRES: -
MR - NE R /BB 148 A2 i IMERT - A13FRESE & HE R iess

s GHBRANE S - EEREE T/ MEA e PUE RH il TiE 2 28 Al i

b HJRAREA

1. FEISREMESE (unsteady straining ) EiGp/sElEA T i/ ME » A1 ES A IR E
feiEE) - W15 E —IERRREI R H A A=A 25 0w, = —a(Or
ug =0 F u, =2a(t)z 05 > a(t) HIFESSR (strainrate) » & da/dt —
o >0 o AEE r-0 2 VSR —FHE IR/ ME - AR RS )
F Ry e ) -

2. ArheriEE) T o R SIEE R R R/ME - S 2 0 B RIEREE
Z T o R RR R R A e P - S phEE O R — R )
BN - R A REAER - AR TeE PP R 2B 8w 128 - [
T L R B D e/ MBI K

W B {EERG » Jeong 1 Hussain £5LIHERRGOIE » M HIRHS R >

Al - g A, ZERY -

R BRI EIME - AliEE py; KPR - H R (Hessian ) FEFF o 5

—BH4a75 8 Navier-Stokes J7F2=

-

Dui 1
Dt —;P,i + VU gk (2-18)
Hrh Dw;/Dt F¥E 2 Y& &% (material derivative ) » B FERAK
Dui aui
= — ) 2-19
Dt ot + Ul i (2-19)

M p KBS v FEEIELR{AE (kinematic viscosity ) o #5( 2-18 HUREE
( gradient ) 15
— U Ui WUy i = ;p,ij + VU jig (2-20)

EHZ pyj BVEIINEAT R Bl - RS EREELIRE I 0#E (Cartesian
decomposition ) AZEFEIERE (symmetric matrix - S;; ) BAREFFH AR

(antisymmetric matrix > ;)

d0i:10.6342/NTU201603854
131
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wj =S+ Q50 (2-21)
Hrf S RESAIRE (strain rate tensor ) » F]FRIRAK

Y 2 ax] axi (2-22)

Qj FoligiE5RE (rotation tensor ) » HJ IR
0O.. = 1 aui — % ° 2-23
Y 2 ax] axl- ( ) )

ok 2-21 AR 2-20 - &

a 2 2
a(su + 'QU) + uk(Sl-j + Qij),k + 5+ Q° + Sik'ij + 'QikSkj

1
= =Py +V(Sy + Q) (&24)
Hr
S%+ Q% = Sy Sij + Qe © (2-25)
ARG (2-%24) RS TEER 7
DQy;
TR VQij ki + SikQxj + Qi Sy = 0 (2-26)
Bl B e {EER 5 FE T, (vorticity transport equation ) » DL K 8HEE 4y ¢
D Syt S0 =1, (2-27)
Dt ' P

F A 2 FRFR RE e SR BARE T U BB T i ME 2 52 2 - SR e = 2-
26 ZRIMIA « BRI/ MERAER  p;; A FEERIEE - AIfEEH
S? + Q% AWMEEEBAE  WOTEEE S? + Q% AVEMEE S H BT R e E N s
A SRR T IME 5 S+ Q2 FHEfE R A~ A B A0 H 4 22,225
A1 e B AT R] 24 By
2, <0 - (2-28)
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254 RFRFEE 2 AFENL &L —iFin% R (The image part

o.; of the complex eigenvalues of Vu, swirling strength)

EAERTY Zhou M1 Adrian [12] ZSCErhr4ABA{E A » J57A8 2.5.2 /N
L EEeINE LS El R 2 BIRRIE R iRt - Z BRI R R B E 2 B
FAURE > S SRR BAREURET - HE 1T LIRS i B o (F R P (9%

I\ 2-7 ZERFERRIE R R n A A b R

oy 0 0
Vvu=[V, Vg, V4|0 o4 o4|[Vy Vo Vg]™to (2-29)
0 —0 Oc
Heeg 2.5.2 N2 FoT  FEMIEY SR
01 =0r’ (2-30a)
0y = O¢r +10g (2-30b)
03 = Ocr — 10¢; (2-30c)
R BTy -
Vi=V, (2-31a)
V, =V, +iV,> (2-31b)
Vi=Vo—iVy (2310)

Wit 2-14 a2 DL (Ve Voo Vo) BEJERAE (basis vectors) 7 [EHfHH&RAL
12 (local curvilinear coordinate > (X, x5, x3) ) » SEEM4R A] Ry

x,(t) = c et s (2-32a)
x,(t) = e"crt[cgl) cos(a;t) + cc(z) sin(acit)] ) (2-32b)
x3(t) = e"CTt[cgz) cos(a,;t) — cgl) sin(acit)] ) (2-32¢)

Hep oo~ oM 8P R

Ft 2-32a AT LG V, i EOR S GRS T2t 2-32b B 2-32¢
SRETIE Ve B1 Vg FTRERC PR E(FHEMOES) » o, HIZIERIES) >3
R BCRETAIE (swirling strength) » T o2 RIMEFEIFSHEIE SRS » HHPRZ
HAERAEE - 5L o 15 AEREIETHEE -
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255 %

AT BUEBEEE R DLl > VOfE B AIET T4 RE W & 7.5cm
ZWraER (AE 2-112 2fE 2-117) DIEEERE (iso-surface ) EIH o [& 2-112
BUSHIE t = 5T, 15 S{EMEE - B 2-112 () REEHERRF - ree
Q=0>[E 2-112(b) & S2+ Q2 25 H5H(H A, = —0.001 > [@ 2-112 (c) Tkt
FERRETREZ FIRIE0 A =0 [& 2-112 (d) ZHREEZTTT of = 0 - Lhigpas
SRl AT DAREER > DOfE 704 B BE P ek R R P agi pl 2 G5 » I AR Rz g B R
Hom A B oof ZAERIRERER S KE N2 45RE 0 HEnPIEE R
o5 =0 B A=0 ZBAMHEE (&M > SR 2-112 (o) KIE 2-112(d) 2516
& 5 A, RAIgEEHUKE N2 451

2-113 ZE[E 2-116 5 HIBEERIE ¢ = 10, 15,20, 25T, 2 S (8 e - =
PR S B 2-112 AH[E] - i POREAE Al sl R — 2 - ZRIMELEEL ¢ = 5T,
RN Ay AR JFSRRERER N 2K T 451 - (H LR RS R R RATE
&SR HEM =T A2 SRR —8 0 Q ZBERMKREE(EN IR TR RAE 2 45
A BL of ZAERIRES PRI 37K N 2 4548 - H IR R 2 g

BIZFIEAE ¢t = 30T, B PHalas R (i@ 2-117) » Hp Al SE il
ZEEhAEEEEE B —2 - ChEgPUREE R LI IR 2 7252 - Bl 2-112 2455
HHE > Q ZHERNKEENER IR RE 2 4518 - 1, 2 ARSI /K T 451 - A
81 of ZRERIREWRRHIE Y /KE T 2 4568 o MbhiDUfEE AR FaloR [FRE R R
EH o A, ZEERELE t = 5,307, BRHERHI/KE 451 M A 81 of FAREES
[RGB Bk L BB o /K N &850 - i FhfE 2-112 (b) Bl 2-117 (b) A DASEE/KIE
GERE IR SR AR [ (e -

FEA Bl st R » A &I MR e B 2 I K N2 s - E
FEIRBROKE T 2 RS » BRI IR 3 RO R 5 2 2R S B E) -
FHETTVUREAERI > SEREHTER - MR BlR Bl R s 2 2 4558 - (2 HUKHE
SR o KR 7.5em ZWERGSSRAIE 2-118 FfE 2-123 0 HIFRI R t =
5,10,15,20, 25,307, - [B 2-118 (a) EilfERERER - RgE Q = 0.001 -
2-118 (b) & S+ 0% 5 "HMIE 1, = —0.001 > [B 2-118 (c) EHiErLE
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g FIHIE A =0 [ 2-118 (d) ZERME ¥ of = 0.001 » js H A
[elh 2 S (et (5 & R AEIE] o B DAZRRE SR B 1T VUi st 2 6558 - HalE] 2-
118 FE 2-123 AP AIHHEHGE R S EIMHE Z &R EA —20E - HiEpkdoK
| N2 ZERAEE o M RE ISR 6518 - OIS MR e - SN
5 IEE » i/ NGSTRIZR IR O% > TR Gt R A il LR (U (e~ PRI AT 2 45
HEEON B RS9 > (BT E LR R ST H A B 288 -

thiom R  SEdhE (AE 2-36) BUSHeasEEE (E 2-123) 245
o SR IRERAS IR BU LR () IR B B e R A T E 2R BIER
[ IS o T S Ry A [ et FEE PR BRI 2 L (R PR R PR, » AT S 2 BU{E
TR EHE = REURRE - AHEH AT A E AR B2 e ek s R
ME > AW Z AT ARl > SO fedi RS R B LR A R E B R
EEHE 2

MTe 15em 25 DU #EF TRt 2 45 R A 2-124 FIE 2-129 > Mk
20em Z&ERANE 2-136 Z2[E 2-141 o f EH L B n 3R A [F 2 B EAt5
TTRiESERER Z Pt —20 @ B 2, ZEAESEPRERHIRORSE Z 456 - 1 A
Bl of 2 AEQIEIRFAEHER LR RAEBK AT N 2 R4S © Mot AR RS 1R e
P o HOR R 15em ZGERANE 2-130 Z2[E 2-135 > J7f 20em Z&ERANE 2-136
2-141 - phlEl ] DASF R PURE e Al 2 S5 3R R - HASIRFIEEBLY &
7.5em 2 AIE] o Rt R 2 ZOMESE o B RIS RS R o
JIEAH -
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2-112 : 7 7.5em B4 ¢ = 5Ty B > W IFAGHRE e T4EREYER - B a sy Q=0
T EE N SEMEA R Q>0 Eb i A, = —0.001 S (EE - S
HNE A, <—0.001; Blc B A=0 2 (EihE - SEMHENE A>0: Bd 5
0% =0 ZH(EME - FEBFENL oF >0 -
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2-113 & 7.5em J2 t = 10T, B - RFFAA RS TAERENES - B a & Q =

0 (A » SEMENE Q>0 @bk A, =—0.001 2% EE  SE

HEFEI A By A, < —0.001 5 Bl c By A =0 ZE(EMH > FEMEAR A>0: Ed
Fy of =0 ZEERmAE - FEMENS of >0
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2-114 @ ¢ 7.5em J t = 15T, B - RFFAAERE I TAERENES - B a & Q =

0 S {EihmE  SEMENE Q>0 @bk 1, =-0001 ZSFEHE  SHE

HEFEI A By A, < —0.001 5 Bl c By A =0 ZE(EMH > FEMEAR A>0: Ed
Fy of =0 ZEERmAE - FEMENS of >0
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2-115 ¢ 7.5em J2 t = 20T, B - RFFAA RS TAERENES - Bl a & Q =

0 S {EihmE  SEMENE Q>0 @bk 1, =-0001 ZSFEHE  SHE

HEFEI A By A, < —0.001 5 Bl c By A =0 ZE(EMH > FEMEAR A>0: Ed
Fy of =0 ZEERmAE - FEMENS of >0

d0i:10.6342/NTU201603854
139



2-116 * J 7.5cm J t = 25T, 0% - RFFAAERE I TAERENES - Bl a & Q =

0 S {EihmE  SEMENE Q>0 @bk 1, =-0001 ZSFEHE  SHE

HEFEI A By A, < —0.001 5 Bl c By A =0 ZE(EMH > FEMEAR A>0: Ed
Fy of =0 ZEERmAE - FEMENS of >0
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2-117 : 5 7.5em Y £ = 30T, B > IR IGIRA (T LS - Bl a B Q =
0 5 {EihiE  HEHEN S Q>0 B bk 2, =—-0.001 ZZH{EihFE » %M
HHEA Ay A2 < —0.001; Bl c /5 A =0 Z(EHhM - FEMEANL A>0; Ed
B ok =0 ZEEHE - FEMHENE of >0 -
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& \ 4>
| 1
i z
/‘;f,‘:" “ /’//%‘f, o 7 2
7 / %

4 25 2 , s S
‘(Q ,/ 7 ¢1 , " %/}//4 / =z ’// i
4\/: 95, ,ﬂ%’ g ’fg//,//// Y
/. 4 S :
Z*;/I.»’ \ E Z;//’ %
| l\
! |
L N

2-118 1 J7 & 7.5em Y t = 5Ty Bf » KEREHEENE TS - Bafy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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| N
L 2 : z
(c) Y\#i/x (d) s Y\Jﬂ/x
,,jiﬂ’ v # g , ,,/é/}’/ s 7
7 G . P Py 5 *y

2-119 1 & 7.5em it t = 10T, W KRS HEENE TR - Bafy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-120 : 7 7.5em it t = 15T, W » KRB ENEITAT S - Bla fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-121 g 7.5em A t = 20Ty Hf > REREHEENETAEI - BHa fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-122 1 g 7.5em A t = 25Ty W » REREHEENETAEI - BHa fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-123 1 R 7.5em A t = 30Ty > REREHEENETAREI - Ha fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -

d0i:10.6342/NTU201603854
147



2-124 1 S E 15em 1Y €= 5Ty W5 » FHEHRATE(TAS MM - B a ks Q = 0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
0% = 0 S {HE » SFEMEN 0F >0
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© @ -
o /. - g.*’ ~ p ‘ P -

2-125 1 e 15em Jr t = 10T, I - REFRAGEREHEI TS RER - B a /y @ = 0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o5 =0 ZEMEMhE - FEMEAR of >0 -
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2-126 : i f 15em Jr t = 15T, If - REFRAGEREHEI TS RER - B a /y Q = 0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o5 =0 ZEMEMhE - FEMEAR of >0 -
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2-127 e 15em Jr t = 20T, I » REFRAGEREHEI TS RER - B a /y Q = 0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o5 =0 ZEMEMhE - FEMEAR of >0 -
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@ a5 Y\J)/X (b) Y\Jj/x

2-128 ¢ £ 15em Jr t = 25T, W » REFFRAGIREHEI TASER - B a /y Q = 0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o5 =0 ZEMEMhE - FEMEAR of >0 -
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2-129 i 15em iy ¢ = 30T, Wf > REFRAGEREHEITEEREHEE - [Bla /iy @ =0

T E > SEMENE Q>0 Eb s A, = —0.001 ZEEME - SHE
HAE A, <—0.001; B ch A=0 >~ 5{EHH > SEMEANE A>0; Bdk
0% =0 ZEEEE - SEMENE o2 >0 -
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2-130 : 7 1Sem b t = 5Ty Bf » KR EHEENETAENES - B a &y Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-131 1 R 15Sem b t = 10Ty B KEREHEENETEEYES - Ba &y Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-132 1 R 1Sem b t = 15Ty B » REREHEENETEEYES - Ba &y Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-133 R 1Sem Y t = 20Ty B KEREHEENETEEYESR - Bafy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-134 1 7 1Sem it t = 25Ty W REREHEENETEEYESR - Ba fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-135 1 R 15Sem it t = 30Ty B » KEREHEENETEEYESR - Bafy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2136 20em Y ¢ = 5T, B » WG T - Ba B Q=0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
0% = 0 S {HE » SFEMEN 0F >0
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© R N

2-137 2 % 20em Y t = 10T, B » FFAAZRS M T4ERE S - Bla fy Q=0
ZEEdhmE > SEMENS Q>0 B bRy A, =-0.001 ZEEHE > FHEH

HPR 4, <—0.001: [Ec iy A=0 ZFEME > FEMENS A>0: EdR
05 =0 ZE{EME - FEMEANS of >0 -
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2-138 : 7% 20em iy t = 15T, [ - R IRAAIEEITAE S - [@a By Q =0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o =0 ZEEMHE > FEMHEN of >0 -
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2-139 : 7% 20em iy ¢ = 20T, [ - R IRAAREEITAE IS - [@a By Q =0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o =0 ZEEMHE > FEMHEN of >0 -
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2-140 : J5E 20cm A t = 25T, Bf > BRaasEEIT4ERER - Bafy Q =0
EE A SEMEN R Q>0 [Eb i A, = —0.001 S {EHE > S
HP R A, <—0.001: [ c k5 A=0 XS (EihE  SEMAEAR A>0; Edk
o5 =0 ZEMEMhE - FEMEAR of >0 -

d0i:10.6342/NTU201603854
164



2-141 * 4= 20em Y ¢t = 30T, B > RERAAZRRE TEEEHER - Bl a fy Q=0
ZE i - FEMEAS Q>0 [Eb A 1, = —0.001 ZZ(HHE > F{EA
HAR A, <—0.001: & c R A=0 ZFEHME - FEMEANR A>0: [EdR
o5 =0 ZEMEME - FEMEANR of>0-
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2-142 1 7R 20em J* t = 5Ty B » KR HEENETAEES - B a &y Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-143 1 7R 20em it t = 10Ty B KEREHEENETEEYESR - Ba fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -

d0i:10.6342/NTU201603854
167



s Q

a

o 3]

Ay
[FE)

T

?‘j_:\\‘
b A A,

R PR A

FHEMEAN R Q > 0.001;

)

t

A
N

& 20cm Jj

DN
0.001 ZZE{EHHHE

2-144

—0.001 7 ZE{HHH

K

FEHEN R
> 0.001 -

—0.001; Blcl A=0 S EihHE

<

FEHEN R 1,

b

T

2
ci

, = 0.001 ZF(EA > FEMEAR o

2
{

g,

& d £

A>0;
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2-145 1 7R 20em it t = 20Ty B KEREHEENETEEYES - Ba fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-146 @ 7R 20em it t = 25Ty B KEREHEENETEEYESR - Ba fy Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2-147 1 7R 20em it t = 30Ty B KEREHEENETEEYES - Ba &y Q =
0.001 ZF{Edlm - FE/MEAL @ >0.001: [Eb 5 1, =—0.001 ZZF{HH
M FEMEAL A, <-0.001; @B cfy A=0 ZE(EMMA - FEMAEAR
A>0;[Edk of =0.001 ZEEHHEA - FEEMEIAL of > 0.001 -
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2.6 i% i I 33 (conditional averaging methods)

TERT—/ N Pralas SR - SBURIS FMET 22 O AR - e AR 139
ERBARET R - MRS HRR M o TR —/ NEAE TR - TR R ST
Ail—/ NG TR R L < 454

Kim [8, 19] $F¥HE M ZES g (wall turbulent boundary layer) 2 S25c AT
fig (hairpin vortex ) %&f - F2HIEEHIIR 2= 12294 (variable-interval space-
averaging method - VISA) ZFRHURF GRS - FEMESA — © RiA-AUR

(conditional sampling ) ~ #245~19 (ensemble averaging ) - (AU ETE /e TEUR
TEFE A ZE 2SS R R R - MRS T R S R 2 AL ERE - BEAS-TT
TG TR AR AL B BEE A& (sub-domain) H10 » N SFEE & R > F 5
ERHEITERG T - S RAAEAE T R ELHV RIS » FEH T B — R 454 -

B J77E 2 RESEAE T PRI AR - R RGBSR - Kim f1 Moin 72 1986
F[8] FEAIEMRIFREE R —TRRAS - FE A R
1. SBEIRZERENEE - TR B R e B iR At e < SIS PR ] 2904

( variable-interval time-averaging method » VITA) [7] » J&FH SIS (E fEifse s

o RFEII ] 2 P R 22 S o Bk Ry

ou

D(x,y,z*,ty,L) =1,  if var > ku?,, and 7 < 0, (2-33)
=0, otherwise
/\EP
var = u? — 02 (2-34)
1 x+£
aGy, 7t ) = [ | uy s (2-35)
oL
2
1 Lx Ly
Urms = |7 T f f u(x,y,z*)*dydx > (2-36)
x yO 0

Mk Bl RERFER 28 L EREREEZHORE - & D=1 KA
a2 Bl - AF R EMEZ s o
2. ZPRZE (Quadrant methods ) - FIIFIEEIRALEE 2 F5 1 - SiG s HY
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(ejection) Kimhf (sweeping) ZRIR - SIHIRR Ryt e Ry & ~ FEE
HERIE > DIEEIFAMER R RS ZRIR © K25 Rt R 2R A I
T HL AR Ry o BIRERVUERIR » 0] o3 Bl DAL 3R G F R BUGArR (- RIS

CRIRZMRE (QD-2) By

u'w'’

D(x,y,z,ty) =1, if u <0,w’ >0 and m >k . (2:37)
=0, otherwise
MERHSRRZ R4 (QD-4) &y -
D(x,y,z,ty) =1, if u'>0w <0 and ww’ >k
(U'W')yy ’ (2-38)

=0, otherwise

Hp (W'w')yy, Fejtoft ) B B ) 2R R EhaRfn 2 [ e /KA /KU E Y

¥ k RynleiE s W0 RN k=10 0 BEEE(EAZKET AR 2t = 100
Bl 7t =21

KU FERES 2 AROR S R RIE 2 F5E - BR T B QD-4 Z R EUR A2 4)
IRER A S Balt > BUsR Rt - DABS R e B iR Eh 2 /K P b/l RME
(local maxima ) {ER&(F - REHAT—/ N2 45R T BEURISFAEF R 2
SRIFDEERYAERE - AR B S ARSI E - Sept ¥ L ASHETE T RS i [ [
ZRHE o DAL R EUBEIR O - BT ks

DY, loty) =1,  if w) is local maximum and w} > (w}?)°S (2-39)
=0, otherwise

Hr ¢ ByBEEAE FHEITED - (0)°)05 R EMIEE ~ 7 9RE » oy >

(wy?)05 BT Ry T R EESR AR S\ S e AE - R EsEE
ek Py i Ry R AR 2 ER - K RIRORIR - AEREITEAS Y BURETR
&2 FEH R RS DUBEBEEIR-E2AT 2SR -

T 7.5em ZfEHET QD-4 Z (RATEITE  BEE 2 NEE Ky ¢ =
0.8552 > i k FRFIEESR(E k = 10 > FEFRISRE t = 5,10,15,20, 25,307,
ZEERANE 2-148  [REEUEEEESY B 0 ~ 3720 - 1878 ~ 2262 ~ 2813 ~ 1043
> t = 5T, WRHEMGEIFE 2688 > W DUSR 8 B s i a1 g~ S5E
HEZr o HAERERE 51 R wy = £0.02,+0.04, £0.06,+0.07,£0.08 J o} =
0.004,0.01,0.015,0.02,0.025 - bh#x Faft 2 455 » SR E AR &S Bk 2
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LA ELELRY (Tt - NG RER RS T AT AR B - BS RIS > T
AR LAt e BT e TEBER R R AR A e A

FLUEHIEE & ¢ = 0.9008 HEfT QD-4 2 IRI-FT5% » k EAIRERT B
JRE LA - ECASSAE 2-149 - (RPEEUBEB:S H1 % 2689 « 1710 - 2092 ~
2073 ~ 789 ~ 173 » I EMHE Z{E A wy = £0.03,4+0.003,+0.04,+0.07,+0.06
,1+0.09 K u)g, = 0.008,0.008,0.012,0.015,0.016,0.024 - H45 5 (G HIE I &

{ = 0.8552 ZEEUADL » ZATIAEEATR ¢ = 5T, 2G5 HEERELNTIT > 557
B ERERAEIST AR LSRR > (E1 - TR ANt BE ST e
(inverse hairpin vortex ) 7 45f# o

DA AR S BB R - HCFKIRRL ¢ = 0.8552 [ By BB - a5
Bl 2-150 « [ECEHURERERLS I K 481 ~ 227 ~ 110 ~ 40 ~ 63 ~ 96 {26 » FFAHUHE (K
(e B BT R SR B R B OIS E QD-4 J538/b - DU {E i
1~ HEDH R w, = +0.01,40.01,40.02,40.07,+0.07,+0.07 &% oog, =
0.01,0.005,0.0075,0.015,0.015,0.015 - H&EHEL ot 7 HEEAMELL - 32451855k T8
FIEBCEEERERELN > 1Y ¢ = 5,107, BEECSHEAT R BESRmBRE > E
PRAT B R i SR - BB 2-149(a) ZEEREMDL - AT I pk G
FEETERIEIE - T +x B RER  TRES T R RI  G5 - th
tx BFIVER  FEATY N BRI A -

UL BUBERR(E - IARTEKEZ 455 (¢ = 0.9008) 4IE 2-151 - {{HL
FEREBLT T 471~ 179 ~ 84~ 92~ 98 ~ 84 {HB: - S A5 W) =
+0.01,+0.025,+0.05,4+0.07,40.07,4£0.07 } oog, = 0.01,0.01,0.01,0.015
,0.015,0.015 « H&E SR GoMRFEIREL Bill—30 > TR ¢ = 5T, B 4ERepiRe
WBZ IR HEAR -

P b _E AP T 2 45 5 » RERER IR 2 U P TR R K 2 > 48 S B f
o KT AR A BB 2R e - ELECR e - o
HERIEE (A1 ¢ =5,10T,) » &SI ELE TR - 2ATT B 2-37 FISIES
BEEBZNETS - PR E BB AR R B
TSR » SRR E A 2 S B -

e 15em ZFHSHETT QD-4 (TR - BEE Y (EHE R ¢ =
0.8540 + BBL & 7.5cm Z S FLLESRHUARE > k BIHERT » HESRAIE 2-
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152 > [EPFEUREEEELST R By 27417 ~ 4205 ~ 3302 ~ 3424 ~ 3727 ~ 2737 » i 5 (E gH
Z{E B E wy = £0.008,40.02, +0.03,+0.035,+0.045, +0.05 K o) =
0.004,0.005,0.008,0.01,0.01,0.015 - HAERERFMEIREL ol >~ 450 > A ¢ =
5,10,15,20T, HF » 45KE S0 82 00 R %E (inverse hairpin vortex ) f§ > T FE RS
JEEE [P AR T A

LM £ ¢ = 0.9029 #EfT QD-4 ZiRA-FEkL » WEERHEEZ k B
R - HAESANE 2-153 » (RIFHUGEREE T R Ry 2816 ~ 2238 ~ 2533 ~ 3085 -
1850 ~ 924 » [ (EHHHAIST A w, = +0.03,+0.03,+0.04, +0.05,+0.06, +0.08
¥ wj, =0.015,0.01,0.008,0.01,0.012,0.014 - HAEREEMIREL il > 45H(0L > 24
MBCRETEFRER ¢ = 5T, K > &SRS ANE e -

BUAAHGE Z Bl iR - FrpoKiebL ¢ = 0.854 E SRk - Hoah RAniE
2-154 » {EEIFEUEBESE ST Bl By 1055 ~ 507 ~ 311 ~ 161 ~ 131 ~ 141 {EEL - [ il
57808 wy = +0.01,40.01,+0.015,+0.025, +0.04, £0.04 } wj = 0.01,0.005
,0.007,0.007,0.01,0.01 » H&FHRELLL QD-4 A AHEMERIZKZE 2 B 2-152 MH[E] -

M7KZEEL ¢ = 0.9029 {E R (MR » HASSAIE 2-155 - CRAFHUREE T
Pil By 1348 ~ 530 ~ 283 ~ 179 ~ 207 ~ 196 {EBL » ZEME SRR ) = +0.01
,40.01,£0.02,£0.03,£0.03,£0.03 & ) = 0.01,0.005,0.004,0.006,0.008
,0.008 - HAEFIRELLL QD-4 A AH EEAZKZ 2 [ 2-155 #H[F] -

bhige bl 2 G5 R 485 - fitim 2 QD-4 BUEAHTE 2775 » B e /KA MFE
BRI 2 ZfAERE - BB S B M R A - UGS R T2
S5 RGP AR A8 B2 AR TN < G5 » PRI S st R MR B B A A e g —
£ WINAER R Z&ERIR—F -
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(a)t=5T A,
a \J/

(c)t = 15T, N (dt=20T,

(e)t = 25T, -

j e =307 NN Y

2-148 @ 7 7.5em A& I ERGR S S EEETR-FE (QD-4) Frfg 244
S HrKEEL ¢ = 0.8552 {EREUHIEL A @ it R i RSB Eh 2 1RE - BE
B EtR S EEE Bl - AL ERER SRR EE - RES8E

(0.61 X 0.41 X 0.22) *
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(a)1=35T T L 1. ®E=10T, T . 7.

(c)t=15T N, . (d)t=20T N

@1=2T, L. Q1=30T,

2-149 : JH= 7.5em PR &G REIRLRE S B ENE T RO-PTE (QD-4) FTfeZ4E
S HKEELL ¢ =0.9008 R (L MERH » flt Rt mos RS (RE > B
e Byl R B - AL RS BRI E Y T - REER
(0.64 X 0.4 X 0.22) °
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@t=5T, | ., ®i=10, 1, i,

(c)t=15T o : o (d)t=20T T

fel £ =251,

2-150 : Y= 7.5em R & EIRR S B EhE T AN SE Z RO 9ARTG 2 &5
Ho HAKEELL ¢ = 0.8552 {E R MENHE » it Rt s g E - B
R e B H > ALERERFEEEEEZ EE - REEHE

(0.64 x 0.44 x 0.22) -
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(@)t =5T, ‘ v\ig/x (b) t =107,

©t=15T, -~ = (dt=20T

@t=25T, "~ o (e =301,

2-151 @ 7 7.5em A2 I RGO S B R A T A 22 2 RIFEIE PR 1R 2 45
S HrpyKiEEL ¢ =0.9008 {E R UHIEL A - Gt Rt FE SR Eh 2 IR - B
R AE SRR &E - AL ORERAEEEIZIEE - RESNR

(0.61 X 0.41 X 0.22) *
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I (b) t=10T L,

(c)1= 15T, e

(e) t = 25T,

2-152 @ 76 15em Y250 RRGREE B EAETT R4 (QD-4) Fife 245
S HAKEEL ¢ = 0.8540 {ERUHIE A @ R i mom B Eh 2 1RE - B
B EtR S EEE Bl - AL ERER SRR EE - RES8E

(0.61 X 0.41 X 0.22) *

d0i:10.6342/NTU201603854
180



(a) t = 5T,

T mr=10T,

(e) t = 25T z (Ht=30T z
0 - Nt x 0 ¥

2-153 7 15em AR RS S B8 ETR-F9E (QD-4) Frfg 245
5 HrKgEEL ¢ =0.9029 {EREUHIEL A - Rt moE SR g 2 IR E - B
B EtR S EEE Bl - AL EREREEEEZ EE - RES8E

(0.61 X 0.41 X 0.22) *
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(a) t = 5T,

Ty BT

2-154 @ £ 15em R 25 e el R s FEB Eh T A9 Z (R (- A e 2 &
Fo HrpKEEL ¢ = 0.8540 {F R (R - 1 0 Rt mls SRS 2 IE(H > B2
BRER S EEE  AE A BREREEEEESZEE  RESHE

(0.6A4 X 0.41 X 0.21) -
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(a) t = 5T,

(@ t=25T,  _ :  ()t=30T Tl L E

2-155 * £ 15em R 25 el R s FEB Eh T A9 Z R (P AT e 2 &
o HrpKEEL ¢ = 0.9029 1F R (Rl - 1 6 Rt mls SRS IE(H > B
BRREE SRS AE AL B REREEEREZIEE - RESHR

(0.6A4 X 0.41 X 0.21) -
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183



(a)t=5T, (b) t = 10T,

Ny z
ey \J/ X
i

(c)t=15T e 3 @e=20T, 7

2-156 : 7t 20cm Y250 RERGREE B EAETT R FF97E (QD-4) Ffe 245
S HAKEEL ¢ = 0.8556 {EREUHIE A @ it R i mom B Eh 2 1RE - B
B EtR S EEE Bl - AL ERER SRR EE - RES8E

(0.61 X 0.41 X 0.22) *
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(@t=5T, | i ®mt=10T, . i
0 \Jﬂ/ 0 \Jﬂ/

(c)t=15T, = (dt=20T, | .

(et = 25T L (Ht=30T P

2-157 : R 20em A& RS S 8T RR-F9E (QD-4) Frfg 2z 45
S HrpKEEL ¢ = 0.9013 {EREUHIE A - Rt FoE S B g 2 1R E - B
B EtR S EEE Bl - AL EREREEEEZ EE - RES8E

(0.61 X 0.41 X 0.22) *
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@t=15T, _~_, ¢ (@dt=201, P N

(e)t =25T TN L (Dt=30T PN

2-158 * £ 20cm Jr 2R el R s FERB i T A9 Z R (- P A ie 2 &4
Fo HrpuKEEL ¢ = 0.8556 1F Ry (Rl - 1 0 Rt mls SRS IE(H > B2
BRREE SRS AE AL B REREEEREZIEE - RESHR

(0.6A4 X 0.41 X 0.21) -
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@t=5T, | oy (b) t = 10T, - P NP

(c)t=15T AN, 1, @t=20T, 1~ 7

(t=25T, = (Ht=30T L

2-159 @ £ 20cm Jr 2R el R s B Eh T A Z (R (- AT e 2 &
Fo HrpKEEL ¢ = 0.9013 {F R (=Rl - 1 6 Rt mls SRS 2 IE(H > B2
BRREE SRS AE AL B REREEEREZIEE - RESHR

(0.6A4 X 0.41 X 0.21) -
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2.7 iR R @ii%] = f2;% (Vorticity transport equations)

1F 2.5.5 /NGiTh > BB R > 7SR P S I S A
B o TAERAIHIESS - (EB I T e L T S s e B8 » S 2.6
N DA A A AR I B - ARIE B eSS HE 2 2211 » o VB (bRt
Skttt > 40 R
%
Dt
Hf Day/Dt BRI Y YIS > SR B LR » R AR
S IR > TREUEEE Y BB » X2 7R - Dey/Dt 5|55
R > wuy,; BRI RE B v, BRI
?:i,ﬁo
REFZE DI R M TR A PGS SRR TR R K
5 FEEREEIE - BB TH Dwy/Dt > (E¥HE RS E B AE 5
M > Bkagt 240 B -

= Wil j VW, jj (2-40)

Day;
Dt
Hr sgn(w;) BEFSERE - B sgn(w;) = w;/|wy] -

FEEEFEEE R » TR EEHNEEE 2 Do; /Dt ENAFHEA T E T
B PEIR BEs A e - B (Dw; /Dt (§,3%, )y (€, Q) 5 @ RlEstEiE
MIZEERERG (€, F ¥ &y HIFFE - Bl (Dw;/Dt)gy({) °

Ktz 7.5em 2 0 ¥ Dw;/Dt {EFEAFEE 2 i AnlEalE 2-160 Z2[E 2-
165 » HEFRI A Fs ¢t = 5,10,15,20, 25,307, - @ A KDL A0 2 SR
KR IR RS RE o TE 2-160 (¢) ZFEH[FEE 2 B LRNEAHEA - 1t
WU By T IR EEE L (R SR8 T R BT B 28 Ryt A - TR 825 Ry TE L[]
GETE o NYREITKERR - PSR RS 2 BB (A0lE 2-160(b) ) A — e s b
REZ AfE » MPAaZE Ry 5t H BN RIEE - MR -

RS LR e R AR A s - A8 T RS b - Nk
Dw;/Dt {ERGF M HEEFAE 2-166 » HE AT AU [ 2 B bR B IEE
T PEE I EGE T a8 - AR KRR S5 » B S 2 BRI

= sgn(w;) wju;; (2-41)
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z=-01 B I&E - FEERBEZE(LRN t = 5T, RRLEI(E - BRRER%
& JKIEZ S Ry IEAE - 7K NIVE—I&E > Bt z=—0.5 B8 -

M 15em ZEERRylE 2-167 £[& 2-173 > MR 20em Z &5 BlE 2-174
ZE 2-180 » AR [EDR &2 I AEEAIREL & 7.5cm AH[E -
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Do /D~ EEEE -

-1.8 <06 06 1.8 3
T

O I e et e ™ I

N-2
41
5 10 N 15 20 25
(b) . ‘ D(D)’/Dt . -0.15 -0.09 -U,LIB 003 0.09 u.15'
N2
4|
0 5 10 N 15 20 25
Dw_/ Dt [ |
(C) : . z L2 12 04 04 12 2
0 F o — - - _—
N2
41

5 10 15 20
X

25

2-160 : Jef 7.5em it ¢ = 5T, Wi.Z¥f Dw;/Dt {ERAAL-PHISER - fatl Ryl
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF

¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -

190

do0i:10.6342/NTU201603854



(a) Dw_/ Dt 3_ |

-1.8 <06 06 1.8 3
T

0 I I e e
N2
4t
5 10 N 15 20 25
(b) ' ‘ D(D)’/Dt . -omutlu 0.03 ms '
-7_1"'{-:;-_—___#? -7"""':‘—-&___{;
N_D
4
0 5 10 . 15 20 25
Dw_ /Dt e .
(C) -2 -1.2 -[).4I 0.4 1.2 2

2-161 : Jf 7.5em it t = 10T, H5 2% Dw;/Dt {FAHALPH4ER - il Ryl
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Do /Dt [

-3 -1.8 <06 06 1.8 3
T

(VESSSL b SEE  TEE SEE —

N2
4L
5 10 . 15 20 25
(b) ' ‘ D(DJ’/D! . -omutlu 0.03 ms '
)
4L
0 5 10 . 15 20 25
Do /Dt [ |
(C) : . z 2 12 04 04 12 2
0 e T e o
)
4
5 10 15 20 25
X

2-162 : Jf 7.5em it t = 15Ty W5 2% Dw;/Dt {FAALPHE4ER - il Ryl
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Dw_/ Dt 3_ |

-1.8 <06 06 1.8 3
T

N2
-4

0 5 10 N 15 20 25

(b) ' ‘ D(D)’/Dt . -omutlu 0.03 ms '
0t
N_D
4

0 5 10 . 15 20 25

(C) i . sz/Dt . 2 2 04 04 122

0 T T e T e TN ™ -
N2
4t

5 10 15 20 25

X

2-163 : Jf 7.5em it t = 20T W5 2% Dw;/Dt {FAHALPH4ER - il Ryl
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Do /Dt '

0 A A A — —
N-2
4
0 5 10 . 15 20 25
(b) . . D(l)y/Dt ' 015 009 003 003 :0.09 015
N2
41
0 5 10 15 20 25
x
Do /D
() ' | o,/ Dt

2-164 1 Jif 7.5em it t = 25T W5 2% Dw;/Dt {FAALPH4ER - il Ryl
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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. l-
(a) Do /Dt : .

-1.8 <06 0.6

0 “6““T

N-2 |

5 10 N 15 20

-0.15 -0.09 -0.03 0.03 0.09 0.15
T 1

X
(C) Do_/ Dt _ -

212 04 04 12

T-/ -‘ .d .“d

5 10 N 15 20 25
2-165 1 5 7.5cm A t = 30T, W% Dw;/Dt {EFHAL 9455 - fail Aot
JilA o dedl R EEE A o B a & Dow,/Dt ZAEfFS > B b & Dow,/Dt ZAH{F

¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Do /Di (b) Do /Dt
O T T T D ' - I
-0.5} _ 05 -
£ ta
i —_— 5T, |
T 1] Tr t=10T]
) i t=1 5T(']
; —— t=20T,
5T, — = 25
i 30T i (30T
-1.5 0 200 -1.5 0 500

2-166 * i+ 7.5em [ EFEES Dw;/Dt {ERGVHY 2 &R - 16y Dw;/Dt
ZfE > Helh R E A K5 - [8 a By Dw,/Dt BEFEZ 3lE - B b &
Dw, /Dt [EHFEZ 53ATilE - [E ¢ &y Dw,/Dt BEIFHE.Z A7 -
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(a) Do /Dt 1- |

OF ™ e ™™ e et e ™™
N-2
4L
5 10 . 15 20 25
(b) D(JJ),/Df 05 03 0.1 0.1 Hs
0 e o e LT . R
N -2
4L
0 5 10 . 15 20 25
(C) sz /Dt !1 1 3-5

5 10 B 15 20 25
2-167 1 15em > t = 5T, B 2% Dw;/Dt {EMRMI &SR > Ml R R
o] e BB - [Ba B Dw,/Dt A > [BE b B Dw,/Dt ZAE{IF

¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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Do,/ Dt - .
5 10 N 15 20 25
Dm}’/Dt 0.5 -03 0.1 0.1 Hs
L — = - _:§f7 _ __r_,r-%”'-'i”'" — 1
5 10 15 20 25
X
Dw_/ Dt B
, I—S 311 3 5
—— T —— e —— o — i
5 10 15 20 25
X

2-168 : it 15em Y ¢ = 10Ty, WfZ¥f Dw;/Dt {FARLPIIEES - Tl it
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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Do,/ Dt - .
10 . 15 20 25
D(JJ)’/DI 0.5 -03 0.1 0.1 Hs
= — — e o
10 15 20 25
X
Dw_/ Dt mE .
. I—S 311 3 5
o e o —— L -
10 15 20 25
X

2-169 : J = 15em fr ¢ = 15T WfZ¥f Dw;/Dt {FARALPIIEESL - Tl fyit
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -

199

do0i:10.6342/NTU201603854



O ™ et et e ot e
N2
41
5 10 . 15 20 25
(b) D(JJ),/Df 05 03 0.1 0.1 Hs
Ouy_/ — '*1:;:5—""":;:7 ‘_s_:_,,—’f = __/7
N_2
41
0 5 o 15 20 25
(C) sz/Dt El 13-5 .

5 10 p 15 20 25
2-170 @ 76 15em 3 t = 20T, B> % Dw;/Dt TEAENAL 45 - faiil Bl
JilE o iR EEE A o B a & Dw,/Dt ZHAIFEY > B b B Dw,/Dt ZHMF

¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Dm“‘/Dt 0 6 -2 2 !u
0 N —— S i
N2
-4
0 5 10 N 15 20 25
(b) ‘ D(JJ)’/Df . -OE-U.I 0.1 Hs '
O
N_2
4
0 5 10 . 15 20 25
(c) Dw_/ Dt El 13-5 |
O e Ty T gy T W
N2
4t
5 10 15 20 2

X

2-171 : Jf= 15em Y ¢ = 25T W5Z¥f Dw;/Dt {EARMLPII&ESL - Tl fyit
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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[ - in
(a) Dm-‘f/Dt 0 -6 2 2 610
0 B —— T e W i e o
N2
41
5 10 . 15 20 25
(b) ' ‘ D(JJ)’/Df 0.5 -0;3 0.1 0.1 Hs '
0 = \,i___ﬁ:a»‘":"r - = -
N2
41
0
(c)
0
N2
4
0

2-172 : JH= 15em Y ¢ = 30T, WfZ¥f Dw;/Dt {FARLPII&ES - Tl it
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Do /Dt

-1.54

1k

OH

[——— t=25T

L1
500 1000

t=10T, | .
t=15T, f
t=20T,

0
0

t=30T

1300 =200 0 200

(b) Do /Dt
0—

-1.5

|

—_—t=5T, |
t=10T
t=15T,
——— t=20T,|
— t=25T

— =30,
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2-173 : Jef 15em P& WE5E¥T Do /Dt {ERGFYZ45R -ty Dw;/Dt 2
{6 > deflh R B A 2 K5 - [8 a B Dow,/Dt FERFEZ34f0E - & b /& Dw,/Dt

VB 2 o3 ArlE - [l ¢ By Dw,/Dt WEHFFEZ 53 ATilE -
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Do /Dt i R |
X . -10 -6 i -2 2 6 10
P I e T ]
5 10 N 15 20 25
D(D)’ / Dt 04 -0.24 008 008 024 04
e e T e
5 10 N 15 20 25
Do_/ Dt o -
, . , -8 -4.8 -1.6I 1.6 4.8 8
|o—— - — - —— o —— -
5 10 15 20 2

X

2-174 © g 20em it t = 5Ty W2 % Dw;/Dt {EFAALPIIEER - il Rt
A > HEdh HEEEE - 8 a & Dw,/Dt ZALS > B b &y Dwy /Dt ZARL
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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N-2
41
5 10 N 15 20 25
(b) ‘ D(JJ),/Df . 04 -0.24 -Lmls 008 024 04 '
N2
4|
0 5 o 15 20 25
Dw_/ Dt N |
(C) z & 48 16 1.6 48 8
0 - - —— S o ——— a o
N2
41 ]
5 10 15 20 25
X

2-175 * JH= 20em iy ¢ = 10T, W5 Z¥f Dw;/Dt {FARALPIIEES - Tl Ryt
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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N-2
41
5 10 . 15 20 25
(b) ' ‘ D(D)’/Dt -04  -0.24 -Lmls 008 024 04 '
N2
4|
0 5 o 15 20 25
Dw_/ Dt N |
(C) . = 8 48 16 16 48 8
0 T ——— o —— Lo —— - —
N-2
41
5 10 15 20 2
X

2-176 : J¢4= 20cm iy ¢ = 15T WfZ¥f Dw;/Dt {FARMLPII&ESL - Tl fyit
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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N2
4t
5 10 N 15 20 25
(b) ‘ DOJ),/DI . 0.4 024 -Lmls 008 024 04 '
N_D
4
0 5 10 o 15 20 25
Dw._ /Dt e .
(C) . z 8 48 16 16 48 8
0 - T — T — a—
N2
4t
5 10 15 20 2
X

2-177 * J¢4= 20em ¢ = 20T, W5 Z¥f Dw;/Dt {EARLPII&ESL - Tl it
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) x . 0 6 -2 2 6 10
0 B S s SSm—m— A
N2
4
0 5 10 N 15 20 25
(b) D(DJ’/D! -04 024 008 008 024 04
N2
41
0 5 o 15 20 25
(C) Dw_/ Dt o - m
. B 48 16 16 48 8
0k _ _—— . —— o —— _ — ——
N2
41
5 10 15 20 2
X

2-178 * 4= 20cm iy ¢ = 25T WfZ¥f Dw;/Dt {EARMLPIO&ESL - Tl Ryt
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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N-2
4L
5 10 . 15 20 25
(b) D(DJ’/D! 04 -0.24 008 0.08 024 04
0 . Mf""'tu 7*"}-—J
N_2
4L
0 5 10 N 15 20 25
(C) Dw_/ Dt [ . -
-8 -4.8 -1.6I 1.6 4.8 8
OF—__ — - _ - _—— o _
N_2
4
5 10 15 20 25
X

2-179 * JH= 20cm iy ¢ = 30T, WfZ¥f Dw;/Dt {FARMLPIIEESL - Tl Ryt
JLIE > el I o [ a fy Dw,/Dt ZARMLPY - [ b &y Dw,/Dt ZHMLF
¥ B ¢ fy Dw,/Dt ZAMVHY - R B REE > LORIEE -
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(a) Do /Dt

O||

—— =5T, |
—— t=10T]

——— t=20T,|
— t=25T,

il

t=15T,

{ = 30Ty

-1.56

(¢) Do /Dt

IR ER
0 500 1000 1500

(b) Do /Dt
0

—t=5T, |
t=10T
t=15T,
——— t=20T,|
— t=25T

— 30

13000
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2-180 : % 20cm Y& EFE¥T Dw;/Dt {ERGFYZ45R -ty Dw;/Dt Z
{6 > deflh R B A 2 K5 - [8 a B Dow,/Dt FERFEZ34f0E - & b /& Dw,/Dt
VB 2 o3 ArlE - [l ¢ By Dw,/Dt WEHFFEZ 53 ATilE -
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F=% - REFRTELH

REHFEHY S BRSSO T A TR AT ARSI R LR [
BIRLOETYS - FE RSP K IR R PR R MBS e M 2 S5 SR LR - ET
stBERRR 2 FH - NEREERGHE - BERENECEEEEET - SaaliE
R E R E B A RIS o Craik B Leibovich [14-16] $+¥F I A B R
HEE 570 > $2H CL2 (Craik-Leibovich type 2) #&fHl Sotsmta e Moot - SRR
Gt E N Ry KIa N 2 BRI RERAATIERE - 1 Phillips [20] PRETHHEAF A AREL

(Richardson number ) EI&EAFF8 (Prandtl number ) ¥Hi&E T4 R 2 5228
RREME T ZBESAER - RIS RER (base flow) BLEEHEL T FT4HEL »
BRIEE IR 2B R AfUS R AT e iRAE - S BBl BE I R T 2 =
o TSR R TR EIRRE o

31Z&HN L

EiE— 52 BB S FORRAER » BB SIEHDAUBEIE T u, FR 0 R
FERY CL2 #&H th B dE R R A DUE L e it (Stokes drift, aga®D,; ) =R
Hrp Dy BRI SHFEre s o BRI R SRR L > 22 B i RS
BV

(x,y,2)a™, d (V—T)] g (3-1)

aau,
R (x,y,2,t) SRR - FAHIRAEERE » a Fl# (wave
number) ~ a AJRIE (amplitude) ~ o FRAE%E (wave frequency) LLRz vy Bl
R REL (eddy viscosity) o FIH]_EAURHERE Al DI EEREE Dy ~ U B Y
AR ST P Ry

D, = aca? > (3-2a)
U= us 3-2b
= av, (3-2b)
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11 o\2
V =U2D! = u*a<—) ’ (3-2¢)

Vr
P=pV?> (3-2d)
HESIHVIER TR U,u,v,w AT DAFR R
[(U@z6) +uly, z, )W v(y,z, )V, w(y, zt)V] - (3-3)

ftpg U RyBBIREER L PR - FAEKETRAEL > (wv,w) REEHH
FEt e EAF S - (RIS EEAE R A L - DRI R 2 s
FOERIEESSINR TT AR - AR RE T(z) 2420 - #RE

T'(z) -
2 e LA AU A i PR A2 D AR = R
ou
Frs -V = D,Vu — wDUT + Ri6k — Vp + LaV?u » (3-4a)
a0
i u-V0 = —w + LaPr~1v?g - (3-4b)

PR RREBEIR T U= (w,v,w) » T 0 FomfEHEE) - mARKITREF
HEFHE (Richardson number, Ri) ~ BHE ¥ ( Langmuir number, La ) F13% AR

% (Prandtl number, Pr) 4355 ¢

NZ
Ri = m ’ (3-5)
ave vV >
b= L (VY -6
au, \o
Vr
Pr=— o -
= (3-7)

I N =BgT'(2) » B REEIRGE > g RETI > T' REEREHE o i
TREURE > V2 BT T (Laplace operator) ©
BFUREEKE z =0 BERE ¢

Ju

PPl 0> (3-8a)

v

- =0 (3-8b)
w=0"> (3-8¢)
6=0; (3-8d)

LIRSS 7K %R z »> —oo IFRIE
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u=0- (3-9a)

v=0> (3-9b)
w=0"> (3-9¢)
9=0- (3-9d)
B R E A M AT LA 4S
ou DU+ 1 62u+62 3.10
ac " “\oyz T 922 (3-102)
ov ou dp 0%v  9%v

T_op&_2 2r.2Y, 3-10b
ot~ Digy gy Tla <6y2 +622> (3-100)
W b, rio-P 62W+62 3-10
9t taz Y T e, T gy T a2 (3-10¢)
9 ¥ Laprt 629+029 3-10d
ar W TR T\ Gy2 T g2 (3-10d)

Hep D=d/dz - i (w,p,0) EEIEE - ¥ v TR LUEILEGEER - 165 2
318 Ry — ARKICKEL - TTHF ] 5 T < R FE Bk &Y -

u(y, z,t) = a(z)e'™*+ot (3-11a)
v(y, z,t) = D(z)e*ot (3-11b)
w(y,z,t) = w(z)ew+at (3-11¢)
p(y,z,t) = p(z)e’V*ot (3-11d)
0(y,zt) = (z)elr*t - (3-11e)

Hep U BBy a2 K8 BBADY RN EA R 2 [H% > WAAGER
AR TR R R My e Hdig ov/ot ~ ow/ot W& OFEEREER
T > WA EE SRR 0 H w B

oll = —wDU + La(D? — 1)1l » (3-12a)
o(D? — 1>)W = I>4DD; — I?Rif + La(D? — 1?)*W - (3-12b)
06 = —W + LaPr~'(D? — 1?)8 - (3-12¢)

RS ARBRAIR (8, W,0) LUSETE S (base-function ) 2R » SECEHI A H2LE
FRLIEAFE—RIZ (first kind of Chebyshev polynomials ) 7 414404 » FHAL
EEEFR LA R - HETRERE £1 2/ BUADIBIEERS (= 5
S x=20-1 3t z=[~o0,0]- ¢ =[0,1] 1 x = [-1,1] - {ERLL RS
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Xat B AR ¢ B x o BN FEEEE R L IEAAMTE: = hafil o s rE (Al
2L ¢ RS NIKER ¢ =1 MEEKER (=0 X (a,w,0) #FR
D

N
() = z Aqun () > (3-13a)
n=1
N
PO = ) Buwn(@) (3-13b)
n=1
N
6() = Z Cn6n(Q) - (3-13¢c)
n=1

Hit N RREFAKEIIEE - (uy wy, 0) BENRE > HIFEARK R
(@, W,0) B RRERIGI Ay~ By F1 C, - MIAEREZ A ERIARS -

Up({) = ayTr1(Q) + by T () + ¢y Th1(§) (3-14a)
wn(§) = ayTh1(§) + by Tr({) + ey Ths1(§) + dyTri3($) (3-14b)
6,.(0) = agTp—1($) + baTy($) + coT11($) © (3-14c)

EAHZBERRZHEAAE - BB B IR - REATal 2 8 5H o e
Rig > WHIAHEGE GG 0 H w BUCASAEKE ¢ =1 & ¢

oul)|  _ 0 i1s
% .., (3-15a)
N *w(Q)  ow(() B
w(=1)=0" [52 3 + % .., =0 (3-15b)
6C=1)=0: (3-15¢)
DI AESEES K (=0 Bf -
fi({=0)=0"> (3-16a)
wl=0)=0"> (3-16b)
0((=0)=0- (3-16¢)

BEHRR 8 L Z R THF A S (E AU R B S R < & — » RHIR

ORI B SR Z S & R (trivial solution) » Bl A8 K2 - (It

wy R PUEZLEETRF LR 4G » il il 2 BRI R R & 2 fh
a,(n) =2n>+2n+1> (3-17a)
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b,(n) = 4n > (3-17b)

c,(n)=-2n*+2n-1; (3-17¢)
a, =-1" (3-18a)
b, =0 (3-18b)
8n3 + 24n? + 58n + 42
W) = s 2anZ ¥ 53nt 4z (3-18¢)
dy,(n) =1-c¢,(n) (3-18d)
ag =—1> (3-192)
bg =0 (3-19b)
cg=1¢ (3-19¢)

HORAERTHTEAS &

N N .
O’;Anun(C) = —;ann(g) DU + La(M — IZ);Anun(c) , (3_203)

N N N
oM - 1?) Z B,w,({) = I1DD, Z Au,(Q) — 12Rif + La(M — 1?)? Z B,w,(Q) >
n=1 n=1 n=1

(3-20b)

N N N
0 ) Cu0,(Q) == ) Bywy(O) +LaPr='(M —1?) > C,0,(0) » (3-20c)
HoulS M REET D? 2R R

M= d d - d? d
=§d—(<(d—c>_( Tt (3-21)
FIFZEs 7574 (Galerkin method ) [ RTRE R Ay EFRFHEUERE o[L{X} =

[RI{X} » HREER o MEEREREFREGE A, ~ B, 1 C, FEEK - E¥E

R PR T 2 > 40 -
1
(bn (@), o)) = f (D) bm(D)dz - (3-22)
-1
G (O Uy v B Wy SEHEHETIERAITREY N 1 4 3N (T M
FERERSRE - [L] 81 [R] 555 3nx3n 2750 (X} & 3nx 1 HEGEE - 00T
S -
o[LI(X} = [RI(X) (3-233)

[L] =
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(ug, uq) (ug, uy) 0 0 0 0
{uy, ) (uy, Uy) 0 [
0 0 (wy, Mwy ) (wy, Mwy)
— {wy, Pwy) — (wy, Pwy)
(WNrMWI) (WNrMWN)
0 0 — (wy, 2wy) — (wy, Pwy) 0 .
0 0 0 0 (04,0:) (01, 0y}
0 0 0 0 (O, 01) (6. 0n)
~ 7
(3-23b)
[R] =
(La[(ul,Mul) La[{u,, Muy) A
— (u,12us)] _ (ul,lzuwgl] —DU(uy,wy) —DU(uy, wyy) 0 0
La[(uy, Mu,) La[(uy, Muy)
S B v o S T I I
PoDwiw) e EDDGea) OIS e, —UPRiw,0) e —PRiw,0y)
R A R v v L U
~ ~ LaPr—'[(8, M8y LaPr—[(0,, M6y)
© 0 (Bsw2) (65, ww) —(0.,176,)] —(61,176y)]
LaPr—[(6y, M6;) LaPr—[(8x, MBy)
¢ 0 {6 wa) SOuwn i ey T —(ewlag]
\ J
(3-23¢)
fA1\
A
Ay
B,
B
xy=4{"7; ° (3-23d)
By
€y
C;
\Cy/ 3NX1

FIETRHEETHEE - B ZREE Omex R Opax = 0 + i0y > BIE
RSy P R BEIS IR ATE et > MR E RN EA] eR" TH R BN iR
W BEASBALE - KZARZTE -
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32 %% itk

ETREM IR E S - AR 2R S R Ehele S8 ik

Pr—oo Jz Ri— 0 ffEZFE 0(a®a?) ZHRERHEGT - NEELHFTR
(mean Eulerian current) » {E{F{EHA%EA H F49)2% (mean Lagrangian drift) » E
R SRFE TR o B K el HAER UL

D,(z) = e** (3-24)
#Rif Longuet-Higgins [21] f2HFYENR E HRE FAE—HEARE - s
J@ 2B EA e

T = 2pua®k?o - (3-25)
AT I E K b - SEEERFERE - MR L E A m R RS iR
B

du
Z=1- (3-26)

HAREE N 2R EEHETEAER » WEH NSRBI -
%2 3-1 A 1=0.1 ¥fE La~! = 100,1000,10000 %7 sE4EH > 7 DIESTHEE
EHERERIE N - B KRHEE Z BRI —EE » BRI - & 3-2 Bk
[ =05 $fE La™" =100,1000,10000 75 H45R - BEEHEAREEIGI - i
REHEUE 2 AT —EE - EUsteEsR 3-14F - £ 33 /N 1=5>
¥fE La™' = 100,1000,10000 7 5HE4ER - a] DI N = 15 FFE UL
B o o 3-4 BFY 1=10 HE La~! = 100,1000,10000 B> =tE45E » 4950
N =10 FFEZFULEL o HEEATRIE | 3¢ La™" BUNRURSERSEE - T | 252
iy La™t Ko UE <1 FEEEEESI > ATARAE E G ALEN
W28 WEEE N = 25 {ERETHENRE 2 R EE -

HRE bt 28i% - $HEARE La™t B | 5HERARHEIE 2 B - Bk
B3R op Z537AE > Hrf La™ #EME 1 2 5x10% > 1fj [ AlfE 0.1 & 70 -
HEERAE 3-1(a) B ERFRZE&GEE - DARESGF R REE - HEE
Gky og =0 ZE4E » RIS G, > /R op <0 RRGEIREER
B Ry og >0 ADRSBINAIBERS - HHBEEGBEE La™t B HER
WANEZ S - FTRIEZ | Bl Am A EE 25 > #i52 T[S H EEHHE
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FER 2 (H8 - HHRESR RN RRZEES  TRIEE | B WERE La™' &
KiBEZ EFF - TEE La™t B W-REREEE | SRR T & IR -
3-1(b) RtEmE M BB (E e 2 ERR - FH B BT SR B R R 4 B cAd
[ AERESR/EE La=t T WRERANEZFILESG - BERER AT
AR SRS - e 2 A Bl Rl Ry 7.5 ~ 15 B3 20cm © 3\ 3-25 Al A1

PRI Ry
u, = &Z,uazaza’ (3-27)

3

NIFEEES = 3-6 B

e (3-28)
TR EIE R &2 La™ - 5558 2.3 BRRIDR A 2 858 - aLErE
AR 2 SEFEEE R ATEE . | E - HRRSEPER EREEAE A[E - EEE

ARz 7.5 ~ 15 81 20em 73 A& £y 13 ~ 14 B 16 5% » MESIR A Z &R 24 0 d |
&% 6.5~ 7 BL 8 o HHIEFIA] » BUEMEEEE R 2 7 A BRRE Mo ffr 2 &5 FAHEL - 1M
HEERLTEAE RREAMEZ 97% o N RS 2 A REFREERS - [f
BHEFE PRR R H BB E i S5 RMA TSR - M 3 2 &R TR E
re o NI EACRT R BB BEE R - BN LR R 4568 Ry a8 CL2 #HIFTE
il BB R

La =
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_ La1 =100 La1l=1000 La1=10000

N=5 0.037577 0.046272 0.047796
N =10 0.040467 0.048162 0.049635
N =15 0.044305 0.049712 0.050824
N =25 0.046059 0.050792 0.051806
N =150 0.046840 0.051674 0.052738

% 3-1: $HEREE N =5,10,15,25,50 * 1= 0.1 [ - ¥ La™' =
100,1000,10000 K >  AFFEIEZEE o ZUaEMIE -

- Lal =100 La—l=1000 La—1=10000

N=5 0.20201 0.21708 0.21935
N =10 0.20563 0.22009 0.22234
N =15 0.20859 0.22165 0.22367
N =25 0.20956 0.22236 0.22433
N =50 0.20979 0.22267 0.22467

% 3-2 $HEEREE N =5,10,15,25,50 & 1= 0.5 B - ¥ La™! =
100,1000,10000 B @ fARHREZEHES op ZUratEHE -
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_ La1 =100 La1l=1000 La1=10000

N=5 0.47052 0.76734 0.80098
N =10 0.47050 0.76761 0.80213
N =15 0.47053 0.76758 0.80207
N =25 0.47053 0.76758 0.80207
N =150 0.47053 0.76758 0.80207

% 3-3: $IEEREE N =5,10,15,25,50 j* [ =5 I HfE La™' =
100,1000,10000 K >  AFFEIEZEE o ZUaEMIE -

- Lal =100 La—l=1000 La—1=10000

N=5 Stable 0.846290 0.95468
N =10 Stable 0.849800 0.96363
N =15 Stable 0.849800 0.96364
N =25 Stable 0.849800 0.96364
N =50 Stable 0.849800 0.96364

% 3.4 $HEFRIAEI N = 5,10,15,25,50 7 [ =10 0% » $ffE Lo~ =
100,1000,10000 5 > EARFM(EZ B op ZUTHLHEHIER -
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(a)70

50

40

30

Bl 3-1 0 BREMEST 2 ER op S - MR Lo~ - G0 |- 6 a BIEE
= GEGE - DRGSR BT - BES REE Lo T MER
Bkl TS B B AT e - B b AR B B
Lt R S - AR REE Lot T MEREAMZ ES

|

><\
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Sed-  BE

KHHFELART A BTS2 BB 2 98 704 » ERIA AR RERR 2~ 5 IR
HZUEE » 7K NS 2 fHRZEERE (coherent turbulent structure )
M o e 2R AP B R TEA R 2 R 0 B —BIRHIK N EAERL
B2t EEE o FoS e e T [mAEEL o (E/KIE AR - KN Z ARG -
HETTTE BRI R PR R BRI -

FE BT IR AT > FIAI RS KT AT x B o (HEBLK
HAE A > 4930° E 40" K -150" % -140° > HEE/KZFZME N - (d FiEiess
TR - DUSRERBENEITHRS, - seA R EBUKIE T 2451 - HIUREEAIR 2 45
R—8 HEEFIEHUKE MAEER ARG 2 S et - B DU TR Al i
AR ER o LA [ERFEEE 725 Y t = 5Ty W - RS NS
Fe o HAEHZ Ry iR - BO5 s R M i KSR EAA — e - FFaaE T
AT 558 - BEETRSEE - MR ER A iR - BRI
Sty - BUBEEE) TR o BT ISR AR B 2 45 IR R O v B
E LT - Hh EE R A R Eh &R

25 e e AR ST R B R 2 B 52 R [ o T R 5 e e ] T 3
R TR FTRE R S 8N - PR R EE A BASRER » IR 2 b s R TR B I R il
ZIRGIINE » MR EE G PR I RO R &SR s R [ A -

B BRAPIER UG P AU R AEHS - TS ARG R - HEA
R 2R A 4SRE - H QD-4 BUAWZE 2~ HUR FRF 2 &5 R B — 2 - TTINRS3# R
L SRR < S ARBUR - RSB B2 AL iE (inverse hairpin vortex ) AH{LL -
IR UG AR E - SEHEZ 4510 Rom S R E - SO BB &
A A BRI s &

HINRED & 2 54T - 45 SRBUR HAHR R &SR I R BUEE - R
R RICETRE » MR REEAE RN Z RREES - s Enae s
AL 0SSR BT -

#&HH Craik B Leibovich 55 A ¥} /E 5T5REN I RF HbE 1~ Blam T E M5y
7 FHIAAIAST Z BB IS B AR RDR ~ B R ANE S - e s > fEH
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FIl > SATT Longuet-Higgins [21] $2HHFIER E IR EIE g b (v A » o
WL By ugsep > 59 /3 /E R HOTTERY Craik B Leibovich % A B FRB e
S3HF AW BUEBUR R T TR M FONGEE - BT RO rE
= A T R N B R B RS 7 4 FARAIEER. (langmuir
circulation ) » PREEKIE 3B REEL LS - B B e
fé -
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- BT B 3

d
70X = [Alx(©) - (Al-1)
sub 20 = (000} 11 =[5 o] - sttt s 2 mAT AT
x(t) = ¢ Vet + ¢, V,e%2t » (A1-2)

Hiv o B, BEHE -V, EHV, B [A] ZFEAE > 0o 8 o, & [A] ZFF
Bl - & P(x,y) =(0,0) B> =X A1-3 82T 0/0 0 H P BIAEEFEL (critical
point) - TEE A B EA AEEA > WAl EARE 2 FH (phase plane ) ©

d_y _ az1X + azpy ,
dx a;1x+aqgy

& oy =0, H Vy#V, FREHER: (proper node) » EARFEAIME Al-1 >

HRh R B B SRR 1 25 SO IR R SRS - AR R E E 2 5

H

2. B oy=o0, H V=V, FR{EETE: (improper node) » HALFHEAIE Al-
2> HEBR B EGSURES 1  » BUZIERN RS, - AR T LUREERZ
Ah - A REEME A ERR SR 2 5 [ R BRI & 2 J7 1A

3. & oy =—o, Kif#Eh (saddle node) » HANFEAIE Al-3 - EARFRILES
S ARG STUR - IR E SR -

4. & oy o BEHHEWA BEE HIRHEE (spiral point) » AT rEi4E]
Al-4 > FETE RIRLRIE H R BEE A ER RR -

5 & oy 1 o REHEHEEHERROUOES (center) - HANVETAIE Al-

5 WU E Ry B SABEE HA BB -

(A1-3)
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Al-1: BEEE MY EREE - [22]
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N\

g

AL-2  RelfsEiRZ fHF I REE - [22]

d0i:10.6342/NTU201603854
228



sz

=

AL-3  R¥oeh Z AP E R - [22]
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i st

Al-4 BBkl 2 fF i REE - [22]
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=Y

AL-S Ry BZ AP REE - [22]
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#& Sturm-Liouville [HE 3L R T2
d?y

d
(1—x2)—2 —xd—y+n2y=0 J (A2-1)

Hp y=y(x) » n BEERBEZEE > REHEAEZEE M IiEH
TfE > HOBRFALET R IEFEE A EAEE — AU, (Chebyshev polynomials first
kind and second kind ) °

5 S BEEHARR I TR - S x = cost > MEEAIAI 1S

dé 1
dx = YY) ’ (A2-2)
AET AR — P Bl [ E 8 DA AR (chain rule ) (SR8 M1S
d 1 d
d_ic} = T sing é ’ (A2-3a)
d?y 1 [d?y cosOdy
dx?  sin%6 (d@z Y E) ) (A2-3b)

il A2-3 fOAZ A2-1 > WEDIEE 0 LRIt ¢

1 d? 6d 1 d
(1—C0529)Sin20< y_o —y>—cost9( y) n2y =0

d6? sin6 do sin 6 do
(A2-4)
Eawioy
d’y
gz Ty =0 (A2-5)
Her y =y(0) - [N A2-5 Zf# Ky
y(6) = ¢, cosnb + ¢, sinnb - (A2-6a)
=%
y(x) = ¢, cos(ncos™tx) + szsm(n cos_ x) (A2-6b)

sm(cos‘l(x))
Hef o 81 o, BEEZER - SHEEERZEASE AL
T,(x) = cos[ncos™(x)] ~ (A2-7)
[IELEEES S 2 bave i b
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sin[n cos1(x)] ,

Un-1(x) = sin[cos~1(x)] (A2-8)
Hrf xe[-1,1] -
PALETR R I EA A - WEAREEER -1 2 1 ZfH
1 0 ifn+m
flTn(x)Tm(x)Wde = {% ifn=m=+=0 > (A2-9)
n ifn=m=0
1 0 ifn#m
f_lUn(x)Um(x)Wde = {g fn=m " (A2-10)
BB NIE 2 HEE T A
Wy = —— i = (A2-11)

Wy =+/1—x2- (A2-12)

S5z TEACHERTH] cosine By TEACHE IR x = cos O T3

. 0 ifn+m
J cos(nd) cos(mb) do = {g ifn=m=#0 > (A2-13)
° T ifn=m=0
T -1 -1
j cos(nB) cos(mh) do = f cos(n cos™! x) cos(mcos™ x) dx
0 1 1—x2
1
= f T, (O T,, (x) ) (A2-14)
-1 1- xz
45— It T MEBIAA 8 sine By TEAC VT /2
T 0 ifn+m
L sin(n@) sin(m#) dé = {% ifn=m’ (A2-15)

fnsin(ne) sin(m@) do = fnUn_l(H)Um_l(H)(— sin8)(—sin 6 do)
0 0

= f_ll Up () Up, (x)V1 — x2dx - (A2-16)
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