P IR AT TR SR IR % Bl 2 A 4
Numerical Simulation on Cross Wave of Supercritical Flow in
Open Channel

By oA imeEE

Ry Pae B
MRl #L



R R Y, BHESE S R E A

Numerical Simulation on Cross Wave of Supercritical Flow in
Open Channel

'R | SEF Student: Chien-Hua Chen
R e Advisor: Jinn-Chuang Yang
FHE § Te-Yung Hsieh

A Thesis Submitted to Civil Engineering

College of Engineering

Nation Chiao Tung University

in Partial Fulfillment of the Requirements

for the Degree of Master

in
Civil Engineering
July 2007
Hsinchu, Taiwan, Republic of China

o os g 4 L ox & =



B

KFRE PREGS I LRI B A PFLE R R T
A @O R A AME R RO ER M hy 22 PE > B
it

MR A R RS FRRE AL L e s LR G R SR @ A% L

B S ME KL T Lk ok 0 2 @ RE A
$ES .

&ﬁﬁ?ﬁ@ﬁiiiﬁ?é~ﬁﬁ§£‘¥¢§£~%&§%‘ﬂ
FEL L FEL R REE - THFYNKRFLLF L RBERA
TRWMEERT CZP e TR T R ISR 2
BAYG AT~ B o~ E S LiES TR s s BT

B4 o

Bofs Wrihghe R A ME ARA Y BB s L LR H R

B E A kA PR LR AT AR L BT R A%

2 A - 2 RN RP R B e RS B o



P RAZTRA o IR WO A 4T

" ERy dp E i 44
AL §

# 2

AT AF B - RRh i BRI s Az iR o

2 KIRT ¥as BAES  B 4 A i B 6E 3k b g o

#H(2003)#73F E 2
BHGY R EFRER G S TR O RS SRR o BT 0 R

FORERE A B FARITE o Bl S RS 2R A0 B B L A B

3?151’1‘ j\ﬁ* ; L_Lgt EA PR lﬁ}\/z_ : l%’f ﬂ”ﬁé?ﬁi”‘ E‘f"/ﬁ.ﬁfﬁ'ﬁ

BE o 3 S fiss ch g T8 e
PEOL TR ARTRIT CRENE R BEES AN E T D

FEgd o/ %l e % B SUE RS R R B o

FEM NS 7E 1 0T o
AT B GHEEARY o B AE IR F* Ippen # (1951):h L 5
B > S IRA 4 Reinauer % (1997)#7 e f B i (7 4 7 o Bk S 2 AT

Leb s A

BRAHTHIT o R Hl HHRED M HHORE R AL BF

F* de Vriend(1977) e 2, T o 3 ¥ g = SRnsn ey A 2 R

S BT HE c RS EYREY 2 AEKEFIAR Y AT o

N E EFCENTE S INE S SN L 3 STENE T BN ST



Numerical Simulation on Cross Wave of Supercritical Flow in

Open Channel

Student : Chien-Hua Chen Advisors : Jinn-Chuang Yang
Te-Yung Hsieh

Department of Civil Engineering

National Chiao-Tung University
ABSTRACT

The purpose of this study is to develop a 2D depth-averaged flow model to
analyze the cross-wave phenomenon in supercritical flow condition. The model
developed herein extends Hsieh’s (2003) 2D depth-averaged model with the
capability of dealing with various types of boundary condition to handle the
supercritical, subcritical and:mixed flow problems. The split-operator procedure
involves two steps, in which one-1s'the dispersion step, and the other one is
propagation step including the pressure and-bed friction terms, is used to solve
the flow equations. Implicit scheme is adopted to relax the time interval
restriction. The hydraulic jump and dam break cases in straight channels and
subcritical, supercritical and mixed flow cases in curved channels have been

studied to demonstrate the capability and accuracy of the proposed model.

The experimental data of Ippen et al. (1951) in straight channel, and
Reinauer and Hager (1997) in curved channel are adopted and simulated by the
proposed model to analyze the cross-wave phenomenon. The sensitivity analysis
is performed to analyze the effect level of numerical parameters and the results
indicate that the cross-wave simulation is influenced significantly by grid
numbers and grid orthogonalaity. Based on the velocity profile proposed by de
Vriend (1977), the simulation results without considering the secondary effect

shows better agreement in comparison with experimental data. Finally, the



appropriate numerical parameters mentioned previously are adopted ; and the

comparison of simulation results with the experimental data is quite convincing.

Key words - depth-averaged 2D model, cross wave ,supercritical flow, curved

channel, secondary current
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E~-W- NS £4p#ge~w n-s 24745 o Aarkm@prd| > 2589 >
R IR R R - PR R OR & APV RNE(hybrid scheme)(Spalding 1972) £ 4
b drg 2R L e ZPHER P L L 2k o T b BRI G

Emal”ﬁ’ﬁln\"“\ °

Pl I AT AR

n+l
a\P an+l _ \Pn+l
(] -5
n+l
a\P \Pm—l _ \Pn+l
(5, = -
p

Fad
n+1 _05 (\Pn+l+\Pn+1) 05 (\PIn:llj lP'rHJ—l) ;

n+1 _05 (\Pn+l+\Pn+1) 05 (\Pn+1+1P|n+llj) ;

n+l — O 5 (\Pn+l +l}l“+1) O 5 (\Pml \Pn+1) ;

i J+l i,j
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W05 (VT WIY) = 05 (P

\P?%\é ﬁ’ ﬁ; hl, hzi d, Zs ’1:"4 Zb °

AP RG2S} R E(upwind scheme)® @ & X ok b a2 B
/:‘Li'{‘:gr-_‘ﬁfé?’&?j&/;’ L)@]é—%ﬁ’ﬂ*ﬁ%ﬂ ;ll,\/z—oj\.
WA E B M RIH * 15 % § 3% %(mesh Reynolds number)r R,

”"‘%}J"&%mr‘]—i-’$|R| ‘R""—/\ZE&:’IJ‘%\ ?I” },@EQ’Z:;_AV\—%/;:#;"%

R L b R EOPE S BECRT LA ER

R[ R[]

AL EREY VL L LE o

REA R AL BRI SRILT LT A

a" (oo T @, - D @] -0, |
E[ Py ]I T[(l a)(A—f}r(“a)[A—fﬂ (3.12)

V" (o™ v Q] =D] O] — @]
v[o® ]=0.5A (L- )| 22 iy g )| — i (3.13)
, \ o7 h,,. An An
e
0 IR|<2 0 R,|<2
a, =41 R>2 ; a,=4 1 R, >2 (3.14)
-1 R <-2 -1 R, <—2
u'h A V"h. A
A R;M ; RY:M s ou = oRE 4 AR i
ulp K p

S

o

<l
o

(dynamic viscosity) ; ® ¥ # =
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n
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(b)

B 31 4l 7 AW @FFFE (D) E w8
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Yr¥ BN EazRkE

&0 SRR *‘Eﬂiﬁ’{ By 2 qﬁ Wt T RoRZ G P 0 T R

B E S B Y 2 R R B R RA 3 -

41 3 SGf
B2 T TRR RS 4D b o dod(2003) R E AU i ok b~
L%

S SnenE = STESEET R R R SRR Y Pl = 0

J~4

FTRBA & 5 IR o T ASEY A ERERE G RE A
‘\‘*E"W*J ’AV\‘;”'{P %qkkq;%;lkm "T%—:%‘ qhq-é\;'?l\/mmj‘ i IJ’lfi”T

AN

ML ARTRR I 1 P LR A % O] o
411 KEEX B

HoHt % 63k * Gharangik f- Chaudhry(1991) sk B 285 » R+ * — -k
TapA i > £ 14Amo F 046me F AR R dE 2 L okiF 0.064 mo i 1.826

mls > } Mig4kBcs 30 T kg 210.168m o

P A 2 5 61x11B -5 feghe P PR AR &g B aun
B(E )@ ki B R iEE  THI LR mEF B kT

BERIEE o A dniERINA > BEFERPERX TLRER M T8 25
P i% i 4p f> o Gharangik f= Chaudhry(1991)& 3% & # n &2 # [ 4 >* 0.008
300112 fF - el AAT g Rl % @ § & B0l 0015/ > Bk

g A it B BB SE S APIT o

7

Lh s anEse o BT ‘-’rg ¥ ﬁgr'gﬁk EER I E g;zgs )
#ERARD QRR N ER L TRA N TEbe P EHEE T T
b BARTARAET 0 MERE RS F % ET 4 R doB 410 KBS
EL - QRS = S T e A
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4.1.2 ,ﬁ‘iﬁ?‘x k|

ARG - kT R B2 T R 0 T 27 Stoker(1957)2 f#17 %
W o BiEE R G 3000m s B R G 1250m s L B Bk AR P A
(e 5 1500m Bu) F 5 KRR S 20m T ASRIE LS 1 mo 4B 4.2 5o o

>0/  BEBBRH P S T E R -

d  Stoker hf#47 [z Frqpfh i € 8 4 T AFE P oasREy 5 0.138

(T H,/H,=0138) » % H,/H, <0.138 ¢ % 2 42 To & Jn i 4 58 52

a

H,/H, >0.138 B § % 2 & it i 478 % o & % 6] 7582 b kg
0.05(H,/H,=0.05) > = ¢ 3 2 AL T&Hh 2 ‘}%’7%%']?"}3 Ve iR gR * 301x 26 B3t
FHem o WERPER S A0 ) 0 WA 1 ToRE R A £ B A

GHCEBARY b EE R i B T sk R s Im e

B A43 2B 44 » 5 Zohd#fite % 20 2% 40 /PR ¥ w ko B A2
HRESFERIrE o B4 8m46 » 5 5 T s 20 /2 % 40 4)
BE YL MU RS 2 AR ] o o) 43 2 B 44 Hrw o kB P
BRI A B g - BT 2FBIESE 4 (positive wave) 2 - B 2 BE
1§ (negative wave) o gt b oo AN BRI chdiciE 2 2 R Y - FR i
Bend b A A FILERES AT A6 kg A4 B fg(humerical

diffusion) » &% 4p ¥ % X o

42 $3i

FEPRY 2 R REBRFEHTT ROV DR 4 > A E de
Vriend(1977) 035 27 i % 6] ~ Knapp(1951) sz 527 in % 6] 2 Ye(2006) sz

I Fed iR g iR b e

4.2.1 TRk ik vl
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S oef ik s % de Vriend(1977)2 180°4EA5 -k T B iF o B i
B al7me BiEY R FL TS 425me AFE I s C A L BRE
6menE SRIEF > KGHEL 00 BT R BACR 47 5T o

BBt R lcerk b o % 231x104 Rt B o B REEL 014
#n=0013> >/ & 5019cms > T ARIFES 018 me - LG F B
oAy KL (r)e 2 g(b) o)t 3(r/b<3) ) B g B3 E $#(Moll
and Chaudhry,1995) - Moll 4= Chaudhry(1995)£ Lien(1999) % & & 4 i} #5 i#
Bt EF R0 OHRFER > RS R € B ER E 2 o A% D
LIb=25> B3 &% Ft A& bIREBE R RS T -

Bl 48 5 & FFZ ki s 2R B 2 ¢ AdhaE Fl=t Sk
3E’¥P“?%41*1§Wkﬁﬁﬁﬁ“rf?§%¢ﬁ3%%%éE—gﬁi

B VBERER o BV HIHEAONE S RS S ERR T L
€’$iﬂ?”@i%ﬁ“ﬁ&ﬂwﬁﬁﬁﬁ%%4ﬁ?%ﬁﬁﬁ’@&

BB B 5 3N B R A L L 0 o T L W BT A T
WP S SR RS kAR B S RS 1 R

v

Bl 4.9 5= = S & POk RS S d 2 BERE T O
B b HAed RSB R E R EE L A AN AR

P - ez RNk D sk AR IR L o
422 Rk ink v

Bosid * Knapp(1951)2. 4F & %53 » 4F & $*3 A4 = B 2o F L jmeny
s (eR 410) 27 A C¥A$i€“‘ SN F LSS 15.24m bk kR
& 7°45' 5B ELIRE ¢ oA F AT 5 7.62m o ek & & 5 397 o &k S L
Bt b P53 MBS BRI > ASENEAE S 005
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Bt %
FATER AR R AT EIRM) o 2 BB ?Liﬁ%@ﬁ [EEE SRS VS
% 0.034m > n 8 0.043cms >} gk B s 4.66 o

Bl4ll 2B 412 A nb g BoRizfioge s e R RE - 27
Boha & 5 8 &R > Sigh i iR - d B 411 9757 > o BORIFROERE S
by - BEINRBEIHREAAREE A Ay - BAE SRS S
DI AEEL R ERE > d B 412 frw o A BURTERERS R AN -
BAEDERHEPY SR & FFFEYI 40 > pRBTA 4 RS TREL o

423 R &in% B

R L ARG YO R (2006)2 bekiF ¥ i R R 0 B
HEARWER G TS EIRAE Bl 413 5 BEAGKRT LR R KT
E18mo % - BEE P oMy RS 114me bk s B 357 0 K& K B
B 50048 % - BEy Y e F A5 1085m o ekt R 5 3767 0 &
FHEHHE S 0182 7 57 BE KRGV E S ERa LB OG0 AD
BHEpPIRBEARTEAE BY 5- BHFEPFTE 8 WA ¥ - ¥y
M E 10 A Al B S N B 4oB] 4.143) % (b) -

Bodt o T b o 50Ix101l et R edc 8 B nie s 003 pFR
FEEL 045 #) > d »0 1 s 2 2Teh in(Fr=124) » &% b % KiES
3.167 m> F g 5 402 cms s T AFLUR A T R L 0 s A T SRIFE A

93 me i ¥ F A EDEAERRIE: > I RAEBADE K
BHBAECE ARG ERT A AR pEEE BlicR 415

Bl 416 = % - BHFEHFR LT HRE V" RE] > J BF 5 IEERLE
- EFELLEFHREAP T AL RS L o d Chow(1973) %= 7 B or

22



BABAE ) SHATRR I koo éﬁjﬁ%&ﬁﬂﬁ’&iﬁﬁﬁwa
AGAt B h 1.24 enffie T oo b

%

LA 7 ig S R S HCRGEAL
éi°5—*ﬁ’ﬁ%UH5?§m§ﬂ%$&*+?%#ﬁWﬂ’%*?
RR AT R (R R FEEE) B O ek et N2 B ek ¥R

e =
REEFERLBLE > EBRFIE RS R o B 417 5 F

Iy

BEE K e P R B Bl F P TRk et s R g
Foeomind QTR i L TR SRR SR AR 2 R 2
FEHREAPV AR RIT A RF T R RERFTHELE 0 A BREES
BT o AT ERSFEY RTERRE R DR TR
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0.05 4 simulation
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B 4.1 KB % GRS Rk s B ¢ s S0 U
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e
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l——
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Y
A
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Depth (m)
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exact solution

—— simulation
N
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Distance (m)
B 4.3 A4 % 01 520 5k imHk
exact solution
. —— simulation
0 500 1000 1500 2000 2500 3000
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B 44 G4 % 015 40 £k iR
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Velocity (m/s)

Velocity (m/s)
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10 -

exact solution
— simulation
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-'1}¢

B 45 FHi%e

1500 2000 2500

Distance (m)

' EN 20 i’/ /n‘-“ﬁ Av\ I/'I’F %]

3000
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exact solution
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500 1000

F4.6 fHisi

1500 2000 2500

Distance (m)

Il—, 40%//)1‘ f'r“%]
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1.7m

AH/Ho

/

0.00

-0.02

-0.04

A

6m

Y

4.25m

Flow

] 4.7 de Vriend(1977)% o) &

TR )

= experiment(outer)
° experiment(center)
v experiment(inner)
simulation(outer)
4 ———— simulation(center)
——-~— simulation(inner)

0.0 0.2 0.4

S

B 4.8 de Vriend(1977) % o B3¢ &

27

0.8

Fl=x R it R

1.0



0.06 f

AH/Ho

0.04 +

0.02 -

0.00 =i

° experiment inner
-0.02 4 —— simulation(2D)
——— Ye and McCorquodale(1997)(3D)
-0.04 " " " "
0.0 0.2 04 0.6 0.8 1.0

S
B 4.9 de Vriend(1977) % (] = 88 = S ;% )5 B g & F]=t R vt iRl

Illlllllllllll[lll

-3

e b b b b by
0 3 6 9 12 15 18
X

B 4.10 Knapp(1951) % & 5% 38 if 7 2. )
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3.0

2.5 A

1.0

s
=
05 4 O  experiment
' simulation
0.0 T T T T
0.0 0.2 0.4 0.6 0.8
C]
Bl 4.11 Knapp(1951)& ) ¢+ A Bks -k =27 9 25 & 5% L # ]
15
O  experiment
simulation
I
=

0.0 T T T T

0.0 0.2 0.4 0.6 0.8
]

B 4.12 Knapp(1951) % ] p AL ficdi R (=80 9 Bk 5 % 1L i [B)
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The first

curved conduit

The second
curved conduit

Straight
section

Flow

0.00 m —

70.00 m —

B 4.13 Ye(2006) % & & g 25 % 7+ R,

30

270.92m




(a) (b)

B 4.15 Ye(2006) % & 441 AL 453+ 8 ez = 7 3 B
@)% - $E )% - §F
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Water Level (m)

Water Level(m)

670

668 -
;
666 -
664
6621 ___ simulation(right bank)
simulation(left bank)
6604 — spillway bottom
= experiment(right bank)
o experiment(left bank)
658 T T T T T T T T T T T T

70 80 90 100 110 120 130 140

Distance (m)

B 4.16 Ye(2006) % b 4021888 1 pe -k 20 P Bk B R

664 -

simulation(left bank)

662 - ———simulation(right bank)
1 = spillway bottom

660 1o "< = experiment(right bank)

658 i o experiment(left bank)

656 ]
654 - -
652 ]
650 ]
648 ]

646 -

200 210 220 230 240 250 260 270

Distance (m)

) 4.17 Ye(2006) % & % = #*if Hoft -k o 2r 9 o @0 3R
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BE? LR EEIRE LT

@kﬁ?’% it q.‘?\ ﬁﬁﬁz\ﬁglﬁ %”LEEE‘:* }a,}i §:]%,mﬁ g f?_
2_ % 2k (cross wave) o B A2 ir 1 o Far B gend e G Rt B

GNP EREEE Sy SR E LT VR SR

IR T ST RN il R =

s

Ed B
FRERIRZ G4 o AR HE B BAHE MG E S AR R S
RARFEFHREL T THT AP S RSS2 S ETRE RS
%%’;%tbﬁﬁiﬁiﬁﬁifgﬁja‘ LRGP G zé&ﬁi)i

B OAUE R BB T Ippen fmyDawson(1951)2 ® s34 d B

BT BlAe@ 5.1 957 o H FAFEFE0.61me THFESE S 0305m ¢
oKkiE 5 0.0305m oAk 2.188mM/S c AgAt Bc s 4 o

511 &5 AR A7

- CELR P

diFd L,%Je B BEE AE HEEOF R % E 5 (DFE 412 4258 (Kruger,
2006) ; (2)#ciE £ & 7% (¥%,1997) ; (3) iF & 4 (Rahman and Chaudhry, 1997) ;
AFemE ;s O)edp  O)fFrr -

s

"

%»

\\

Kruger(2006) 31 i jizE ~ i B BB S 4 Fd &R > Sd JER T 95
B SR RA BN TR U APER HESS B I %hiE

ol ERAREL MG BN ) 2 B R F E AT B

=

2.5 5 B0(1997) e > ;2 + I * MacCormack & & TVD 97 & > &t
Fae

THRERAREPEE G AFITE > AA TVD afrdl s 258 3

LA A5 ;\]

TR

A5 3¢ (conservation form) » & & F= 3 endr 4] 3 47
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(Non-conservation form) » F]}t 2 A #cig > 2 F & % * TVD > “/f 1% SR E T
=

P42 A7 > 4258 70 F £ #7208 5 Rahman 4 Chaudhry(1997)41] * 24 if
R N R R R o Rl P BB ks p oAy

]-ﬂy}’élb"’\.o

d O WBHRP T ARG T E R R (1) (QEE)EEFB LG
HRE 2 ERELVTREANE T E R R 0E o it S
Pl ~ BRI IPREFAR RS o

CRER R R

PR LREREFF At R o ¥ 352 42 4 (root mean square
error) E, . ~4p B % g(Correlation) p, &2 7 #f 4p i&(reliability index) k, /k, % 2 75

HEHRE S oL -

NZ: (XI -V )2
Erms = MN— (51)
> =X -Y) 5.2)

- \/Z(Xi _)A()ZZ(yi _9)2

1+ 12”:_1—(yu’xi)_2
W o o a4 N[ 1+(y /%)
}:B‘ IS i;[ :}F] = Ky = = ( ):2 (5.3)
1 5 1- yi/Xi
! \/n T 1+ (Y /%) ]
n 2
et B dp iR Ko =exp {\/% {Iog [%ﬂ (5.4)
i=1 i

B x AT R&E Y 2 A SRS P R()E A T ok E,

34



eSS EFTHRE2Z THFL > HEA ] 2 TS FAREBITI %
B p. A% X &7 WA ASREE X 4% 5 Leggett and Williams(1981)4% ! kg_%i’ K,
A gy B g Ao F k Sk, 4+ 0.989 1 1027 2 R WS R

=
FEE— 3R o
AP ESEEP

REFERAPTT 0 AL R AR - B ST SRR R
BB g p 7070 0 T R T %
(L997)3 * &1 n=0.01 = feit {7acg & 447 » Wecani 47 el f 4
ox Tl E I I

% n @ 4dm

(D) tegedep i

LA E L s ] R s
Fo e Ho P “f%%?*i%?&‘?\fﬁ‘k* TH AL Tl e s R 0 K3 12 e R
Hoo T e PR T H AL ﬁ-ﬁz\m P p)-E %

@52,«% FERERP g k2
Frpedaion 5 L I AZEHRRERES 3600 18 H BF kit 4R

S RGBS LA RRERHERREF A ] B

PER BT ohod kit

H v A B
MboFoRigd =8 % kY e HEE
C ) 150cm~160cm R H R B RERE AP L 0 F
CHRRREFL TR

SRR T T ET AEN kR

"L“J\‘*\

IO e B
LT A S

-~ o

Z 51(@)~(c) s * Fiedcp T HEE X FME L 1L > A HA S

REFARFHEN DS R RE > Ly REFAZE X AR 3R
PERE R -

Q)4 2 51K
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SRR R BALE AR EHID Y ﬁﬁﬁﬂhﬁJ%M%“%LZ§
&

P LARR DE bR R e n D LR RO P T

B 5.4 5 RAFREpL LoD 2 fhp

i
=y
i
=
Nl

P kBB &g
R m x| AC 2280 2R B 55 5 & FX i i ERIE K
PoAzBE L R SEA AL A R g R R X FFREPN > HRFE
asFe P KRR > A d BISS A AR BRG AT X TR
BN RS S 0 RO A RS R PRS2 R
EARPY ~ 5 FOUBOERESFETRES & > K6 Calichs *
Mg RAE o d 07 v Rl LS IR R B P 0 8

5.1.2 i REFEAZTRR I HEA H1
Bl AR R AT FR RIS E 2 e dp 5 90x90
PR R AT 0T 2 0 1T SRR A TR T A 17

g F TS AP S TR R Rl A EHL RN Bk
Bl M RERIGEE OB NE T AR ANEA Rl B0
# # F 4 >t n=0.008 ~ 0.015 -

PR R EE RS P AR K L R A EL T R
T S

-ﬁ%f”‘_j}—“k""*
ny 3 B oo JEal i3 1B
iR ¥E A=

F ¥ fEf‘

BI56 37 FEBNETEFRE2ZAPHFL  HREEETFE R
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PHFAEE VR IR AT RN ER L > RF kgl g
g Bt BRHKEOEF REF L =8 L F8HIT 0 RA L #n = 0009
ﬁn—oms,ﬂﬁwwwﬁaaﬁﬁsgbwéﬁgﬁ@n@w?ﬁﬂwﬁ
BB IR N 2 W B 0 Bt & B n=0015 iR KRS I kL R AR
*oﬂ&’ﬁiﬁﬁﬁﬁwﬂ&*ﬁ #n=0009 i* 5 i A 452 Sdc -

® 5.10() ~ (D)~ % 5 AR TR WL EF AR 0 W T 5
ABERR B ARARDORARIE > BRDFTRAE - ERBTE B

S kg 2 P e snd gL o B 5.1 Rk e AR

N R T S STE: F T AR N SR LR QL bl SR
ZI AR ARERATAL DL AP @R SR T
PRREEA N B2 kG A RAM G R o T FRE NG

MILF S Mok H T DI fER o

B 5.12 & ] 5.13 » w5 B ¥ o MBI ok G SR 38
Rahman 4= Chaudhry(1997)énfi-#t & %0 & > + —ﬁ AR N A EE = S
Rahman = Chaudhry(1997) %% % 4p iz - 2 ¢ Rahman 4= Chaudhry(1997)
2 Hcle > % 5 2 P4 R MacCormack % (BE 77 72 ) > T 45 % 28 3f e 45 00 3 4o Hi0
BAR A AT TEY OB 25 -RHAEFRZE(CENZ) RERFR
PLATIIE L o A BRSNS R B % E R0 ¥ o+ Rahman e
Chaudhry(1997)i% @ f A 0= 2 > # FHIRE * 3L RE TR -Ko &
BRI I G o RA FMa 2 o AN oSS ke 7 @ eseE
F ook E o R REA o

ek beB] 512 o 0 R E S Rk EF A TE e L BB 0 B
REET G RSHFREF g2 8 ¢ FARERGFHR L 2F %5
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%
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KBRA S 2 EETFERAICRG NI A F A R F MG T A
B3t o d R AT AR N L E 2 TS - R R

Ry HFHPEAR > ¢ IR~ a4 o

52 413§

i
PE

S 0 AR TR S L B Reinauer - Hager(1997)2- H - o ¢
KT AEAEE 5 B X BlAoB 514 B E 5 025 mo P sy F L
5 3.607m > kmwe 4 & L 517 > F AFRIFEE 0.05m 0 AgAk B Y 2.5~8 o

[
N
x

521 2R R A7
- “EERREELK

d T S ol A A9 ST R R L A
SRR RS AR - S LSRR e TR
= iRkl LEE Ay B T R

FIP 0 T A Y R E ol Rl S0 e 3 BE

—%%3—'5": EOnEEd N x)-2 13{?#

7
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E A R ATE 0 AT AR - A BT L RS
B enthgediep 101x101 0 ¥ e 0t B R o HOREY g TR
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B 5.20 22 B 5.21 » %] % ¢k Al pn A g T i okE > H P B 5.20
P P E - B ERTE VAR L R iR R R S -
Beokimip 3 b e RR R g E RS P RORE G B .21 SR gh G g0
x - g&@&% Wl REE A R ekt i B > RdhE T- BRIFRE R
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B PREZAIIRPERF  REES € RG34 > vl
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