PEZAF FAORIITEES T B 2

Development and Application of a Three-Dimensional Modd for
Hyper-Concentrated Flow and Sediment Trangport in Alluvia Channels

=~

x4 or M
hFRE T FHaEL

AT L

NS
TR

)

¢ oF % g 101 & 7 7



’ELE E‘.rﬁ Z' ) }\/n ub/‘-i'—' s *3—5(\‘)? bk’}f@%

Development and Application of a Three-Dimensional Model for
Hyper-Concentrated Flow and Sediment Transport in Alluvial Channels

FopoA tHE R Student :  Hau-Rong Chung
hERE P Advisor :  Jinn-Chuang Yang
BN Te-Yung Hsieh
K = = i = %ﬁ
A1 mE
7L #Hm =
A Dissertation

Submitted to Department of Civil Engineering
College of Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in
Civil Engineering

July 2012

Hsinchu, Taiwan, Republic of China

PR R101 & 7 °



/E'lﬁ r—g P/ }s/n'-/’bli %) ’h-s\';ﬁ}g bk’)l@’*

B A Ry Fae
it 1

LHEHA AR AES AT R ERLILT £ 0 AETHEKT LR

WA~ Lo osigmai ik L2 FORRE R ARN B E - Z a3 F ok E

EHBCEHG o A D AN R T AL o A SRR B B R B

A B E AN FRERF AN R R A FES S AN L

HFRBE A T BRAF RN GRR B AN 0 F FH T R

TN GF AR D R BF R RRETRZEE
TR

FEREZRETERETERS D EER FARINTFES B KRR

o (=

R

%gm~mam§@ﬁﬁﬁ@WJ%$izw@$&ﬁz,ﬂﬁﬁigﬁﬁ

RABARP R FREERE ER R AR AR EE S B E -

FERER R K B b F R R K T
&

¥
EEBE F M AL T A - BRI E 2 B

BpmadRED 4 @R 2V E ¥ X873 & X I pic hlics 7R R

PORERAT LG B R B R R R E 2 F R KT R KR
i R T AR KR B 2 R BLERE A B R A B

?Qﬁ,u@;rﬁgakywl»\ AR R 2% o

BeEim = B FAKIE = BEGF IR FEH - BER - REF



Development and Application of a Three-Dimensonal Modd for
Hyper-Concentrated Flow and Sediment Trangport in Alluvial Channds

Student: Hau-Rong Chung Advisor :  Jinn-Chuang Yang
Te-Yung Hsieh

Department of Civil Engineering National Chiao Tung University

Abstract

To investigate the transport behavior of hyper-concentrated flow and as a result to
provide as a reference for engineering planning of practical cases, a hydrostatic
three-dimensional model for hyper-concentrated flow and sediment transport in
alluvial channels was developed in this study. By following the vertical and horizontal
splitting concept (VHS), the 'shallow water flow governing equations were split into
two parts including the depth-averaged two-dimensional equations and velocity defect
equation in vertical direction. The former ‘one was transformed into orthogonal
curvilinear coordinate system; the latter one was derived as the form of sigma
coordinate. Incorporated with‘continuity-equation, the three-dimensional velocity field
can therefore be solved. Sediment transport governing equations include
three-dimensional mass transport equation, active-layer continuity equation, and
bed-layer continuity equation. The effects of hyper-concentrated flow were treated as
follows: a quadratic rheological relation was used to reflect the characteristics of
non-Newtonian fluid; a state function was used to reflect the influence of
concentration to density; the empirical suspended- and bed-load formulae with

hyper-concentrated flow effect were used for the sediment transport computation.

Sensitivity analysis was performed first to identify the weighting of parameters to

be calibrated in the model. The influence extent induced by the parameters on water



flow, suspended sediment concentration, and bed evolution, thereafter were examined
and justified. To further investigate the characteristics of hyper-concentrated flow and
sediment transport, several sets of experimental cases collected from the literatures
were simulated. The case of dam-break wave propagation of non-Newtonian fluid was
simulated to demonstrate the limit of traveling distance of hyper-concentrated flow. A
channel bend flow experiment with 40% volume concentration of sediment was
studied to investigate the effect of hyper-concentrated flow on super-elevation of water
surface. A criterion of ratio of falling velocity and shear velocity was numerically
examined and justified based on experimental data as a baseline for choosing the
proper distribution type of turbulent diffusivity for simulation of suspended-load
movement. At last, simple and concise regression relations for the increments of water
depth, velocity, bed shear stress, and bed change caused by the hyper-concentrated

flow were established for-application of engineering planning and design.

Key words- hyper-concentrated flow, three-dimensional model, rheological relation,

sediment transportation, suspended load, bed load
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5 F)kim2 B o 40F ik 4% (2003) Ni et al.(2004¥ Cao et at. (2006)
TRLFEE AR R IR AR R PRk REP LR B
IR P NF F R R E R R AL R e e §_Nietal.(2004¥ Cao et at.
(2006)% 14— AN+ @ ap &k £(2003)4 kT2 AbN ¥ E R Ak BT
FOF AR E A R - R S AT R (T A TR L L v R SRR
Rz )k B 3 o van Maren et al.(2009)# Delft3D # -k & = A\ s § 7 0%
FRIURGGECRE B F R MR R T AR F 2 55 PN 8 AR IUE e NG SR 5N
AR DAY G 2 BFPERS 0 PERIITFRE L SR Tt
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MG R RFETE . A2 AT c BRAKEY REIEF RIHERH
BEZFE I I RER B ATFZAHIAFTEN P ERRE LG A2 RS
¥ & (baroclinic pressure gradient)i-;\ 12 /8 4@ > A2V 8 % 2Rk
k&%ﬂﬁﬁﬁﬁﬁi’vﬂ%&§*%&§¢°ﬁaom?vﬁﬂ £ 2

R led B 2SS AN E AR LR S RERR 0 R E R 8

AT TIR 2B R R AR 2% 2 ZRRGE 0 AR A
¥] = Takahashi et al. (20063% % ¢k & 7 #)-Kon @ S¥-RinaF A 2 B 58 - Wi
ER LB R P AR AL T (20040 - kR £ B TS

p.C=p,(1-C) (1.3)

HY p 2 pAuliick R REG TR LE CHA DS TR 0 FicR
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Rk kbR AR R PO AQE S P RPE Y e2 F R BRI
FA AW RIEINA i RRE R S REATREE R KR ITIEE A
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B ECIRT LM R R e B g £ T iRk IR 0 ¥
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Bl X R F FHRRERT B 2 R RS 0 1 F SRR 0] R
HREB F AR R GERRPET > ESERAR AL S o B2 B TR
KomEs R B AT 5 IR GIRR B B 2 & AE M > e Ni et al. (2004 § i
A %(2003) fed I F FALAF AL FUE R R O X E PR R R
2R FRRIOTEZ B o AT 10K %F (2008)~ -k 1% (2011) #7973(2011)
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Material i LA T # i
Loess deposite/water Bingham Y.Sha 1947
Deposits in reservoir at  Bingham N.Qian & H.Ma 1958
estuary, in river/water
Deposite in river/water| Pseudo-plast Y.Zhou 1963
Loess deposits/water Bingham Z.Wan et al. 1979
Loess deposits/water Bingham H.Zhang et al. 1980
Clay/water Bingham J.Dai et al. 1980
Pseudo-plastic
Loess deposits/water Bingham M.Wang et al. 1983
Bentonite/water, Bingham Z.Wan 1982
kaoline/water
Loess deposits/water Bingham X.Fei 1982, 1983
Slurry of debris flow Bingham Y.Wang 1982
Slurry of debris flow Bingham S.Sheng & S.Xie 1983
Deposits in bay, Bingham C.Migniot 1968
reservoir, kaoline,
limestone
Clay/water Bingham H.E.Babbit & D.H.Caldwell 1940
Kaoline/water Bingham D.G.Thomas 1961, 1963
Clay/water Bingham G.W.Govier & M.D.Winning 1948
Clay/water Bingham N.l.Heywood & J.F.Richardson 1978
Clay/water Bingham, D.G.Thomas 1962
Crowley-Kitzes
Clay/water Bingham B.A.Firth & R.J.Hunter 1976
Clay/water Bingham K.Emeya 1970
Clay/water Bingham H.D.Weymann & 1973
M.C.Chuang,R.A.Ross
Clay/water Bingham H.D.Weymann 1965
Clay/water Bingham G.F.Brooks & R.L.Whitmore 1968
Clay/water Bingham V.M.Dobrychenko et al. 1975
Clay/water Bingham E.C.Bingham &T.C.Durham 1911
Clay/water Bingham H.Pazwash & J.M.Robertson 1975

Wan and Wang(1994)




2 12 B ZRRIREM T Ry AR 4

Bdp I
Dai et al. (1980)
O'Brien and Julien(1988):1
O'Brien and Julien(1988) :2
O'Brien and Julien(1988) :3
O'Brien and Julien(1988) :4
O'Brien and Julien(1988) :5
O'Brien and Julien(1988) :6
O'Brien and Julien(1988) :7
O'Brien and Julien(1988) :8
Coussot and Piau(1994) :1
Coussot and Piau(1994) :2
Coussot(1995)
Chen(1998): 1
Chen(1998): 2
Malet et al.(2005) :1
Malet et al.(2005) :2
Malet et al.(2005):3
Malet et al.(2005):4
Sosio et al.(2007):1
Sosio et al.(2007):2
Martino(2003)
Malet et al.(2003):1
Malet et al.(2003):2
Malet et al.(2003):3
Malet et al.(2003):4
Malet et al.(2003):5
Malet et al.(2003):6
Malet et al.(2003):7
Schatzmann et al.(2003 )
A A (% B E 1996)
i i E(-k 1F 2008)
M RECKIF 2011)
Aok ECKSF 2011)
T2 E(CK A ¥ 2011)

a,
0.26
0.0348
0.0228
0.0052
0.0044
0.0043
0.0149
0.001
0.0009
0.031
0.043
0.0658
0.0924
0.0057
0.0066
0.0136
0.0421
0.0519
0.0098
0.0015
0.0059
0.0138
0.0083
0.003
0.0029
0.0516
0.0065
0.0113
0.1486
0.0811
0.0157
0.00254
0.0041
0.00004

B
0.1748
0.225

0.176
0.19
0.21
0.2
0.16
0.228
0.232
0.244
0.22
0.215
0.236
0.234
0.21
0.204
0.175
0.19
0.194
0.207
0.17
0.207
0.212
0.221
0.211
0.204
0.216
0.221
0.223
0.1372

0.17

0.198
0.177
0.225

a,
0.00075
0.00373
0.0002
0.000505
0.000502
0.000441
0.01017
0.003619
0.000831
0.00103
0.00535
0.002856
0.00052
0.000315
0.020937
0.090642
0.150151
0.101
0.000143
0.000157
0.005424
0.025797
0.030805
0.004702
0.008558
0.056075
0.001119
0.014546

0.008385

0.000462
0.000047
0.000824
0.0032
0.247

B,
0.1439
0.22
0.268
0.195
0.231
0.218
0.128
0.15
0.25
0.17
0.17
0.175
0.301
0.155
0.169
0.161
0.153
0.113
0.21
0.204
0.12
0.18
0.166
0.171
0.157
0.141
0.198
0.174
0.185

0.1124

0.221
0.176

0.263
0.095

— o C _ CB
Tg =ae™” - U, = a,e™”

10
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2.1 kA

RGBS AR BERLZ AR R AN R Rk TR AR

BEA AL KT - M AR A LB RS AL Em . 2011) XL R R G A

%

i F ﬁxﬁﬁ%%ﬁ’ﬁﬁ%aﬁkmLﬂﬁbobuiézé
AR OB PAGK S B0 AT 2 e g * 12 d A (orthogonal curvilinear
coordinate)s & > 4w 2.1 #77F > f-E > @ PE* o AR % 2(Blumberg and

Mellor, 1983): 4=l 2.2 “i7 » 4rd it %7 LB 3 § % B W #1273 5 % 5

Fofd o 2R IS RIRIRE ORIEE f D R 2 AR ER

211 = &> M3t

A7V ORERR 2 BT 0 M8 R o ¥ 507 (Navier-Stokes) 4%5¢ 5 pF ¥
TEats o IS AR R T e I b SRR K3 E e L F SV ARHRA T A

T
o fe st

0 . a9,
ﬁ(hzu) +%(hlV) +, (W) =0 (2.1)
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2 on+ 22 oty + 22 o)+ 2 () + LTV () 00, _ (07 O

not T an hh, o7 hh, 9  hh, 0¢
+%a%(p )+ Ea—(puvw%(puwwz‘ﬁﬁv)gg (ﬁh 2% - (ﬂz)‘l‘; (2.2)
R
G Ea_( SN aa—s(p‘”) W”%%“ﬁ?%”ﬁ?%
B om0 g m s
Lol o
Z >
f- RN RPH e R R TS e R 2 S e R
S AR T R KRS F kL
P, pg=0 (2.4)
0z

s B S RN(Q1)F kgL S e nd W e

Ij._}\:;ﬂk;\é ,{~/7~Z]Z:~::"'€.J1QE"'

%,.‘
=

i e o HP Eap i kTR e 2
RrEE e THRILIN23LBERAFRELS 2w EE S~ h ARG
Eon ez @GR U~V WwAB Gz e s gRE A R
tEBR T kT RS S ()EBRIN, (N4MRIoREEdE; pi
B PRORMPN E- BERS -

AR RBIRKTEF R L BRLE D 2P AT LT ELE G D

BREABERATREIPRAS R > BN QALPHEARERS HE LN L
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A
P=p,0(z.—2) +9] p(&17,2t)dZ (2.5)

212 = BkiFET IS M50

21162 = MoRIEE ]S A28 (2.0) (2.2) (2.3 L o Bk K 3%
Sz g L5

og=2"% (2.6)
z,-2,

£ q* ®#F L 302 pl(Leibuniz ruleli® A = b ff A 0 4o bR G 8 R R E B i
7 i% i+ (kinematic boundary condition) & B~j® & L 32 > ¥ 8-k T - RIS

AR
o fe st

22+ —<w>+—<hm) 0 2.7)

Ot NnoZ hon hh,onp hh,of) ¢
_@%_QII ( 9 . poP aajdada (2.8)
h o h-° 00 0¢

b L (g poh pooh) 10T, 10T, (Ta=Ty)
Dhh,| ™ a¢ op 20 ) Dh 9 Dh, o7 D

— = A= = — prm =2
O(aquuaquv 6u+uvm_v_%j+fp_

mce

13



ot hon hOE hh, d€ hh,on
_@a_zs_gjj ( L Dapaajdada (2.9)

—— =2
po(av v6v+u6_v+uv ah2 U 6hlj f”pz

h, o h-° 00 0n

L (T on 2T12_hz T, _h-lj L O, 10T, (T~ 7o)
" Dhh, 0 “on) Dh, oy Dh 8¢ D

;\\i‘ ’

£ = gt o da+Ha—EI BT —0) da+é%j:,b(w—a\7) do

(2.10)
20h, o %l~—2_~2 _% ooz 2
hlh [ j AV -v) do + 3 J'O,o(u u) do Y; jo,o(v V) da}
20 [ doe 20 [ -0 dore 20 [ p(ay — o
ff = 5o N do+ h, o7 ,o(v V) do+ h agrjo,o(uv av) do o1
20h, LI oh 1 > .
hlh { I,o(uv av) da+ Iop(v ‘V)dU‘%J'OP(U -a )da}
T, = [ D(r,,- pii® - pU?) dos (2.12)
T,= I:D(rzz—pvz - pV?) do (2.13)
T, = [, D(r,,~ POV~ pUV) dor (2.14)

&‘g\;

M ENY D FRIE ARG B ZEARABAR TRk

Bt T, s iR RRTRES  C)AKETS ()AFRESTHEL £

I

(mid 5= Aind oo RETond 2 £ @ 0=0-

<l

S USV-V o RBAE G TRk
i%’k%)iié‘;fﬁiﬁ=p—po) ;TR s bAB kR 2 REREL Ty~ T, e U0
BRP e ARETA S fPEPLANER G XBRLBERFTL BT IEH
45 T 5 7 ¥ i 4 58 (effective shear stress termy 2 & 7i % & # (laminar shear

stress) % i # 4z (turbulent diffusion)? 2 73 & (dispersion)

14



213 ik £ £ £ 425

#0211 &2 = BRI 4 S 2N (22) 23)F > FABRIEBER - F 4
U=0+0 ~V=V+V (4rB@) 2.3) @z a/n@d = 2nd £ 8 (0 V)& KETEnR
(O~ V)2 Snfic ¥oriE 2 = B2 N2 Bk T - akmird s al

(2.8) (QO)E 4235 » TF @it LB £ AN 4T

g—"sré,:

p(@ ,Uo0, aou, vou, vad, aa+m{ﬁv+aﬁ+a\7j
Lot ho¢ m 0f h,on hop 0o onlhh, hh, hh,
(T )00, 00, T, W T
oé hlh 9 hlh at h,0§ h,on hh,on hh,oé
—2 2
_6_,0+u 0,0+uv6,0_f5p op uaa+u 60+uvaa+uwj (2.15)
ot hoé hon dg\ ot _hd& - honp D
=-37 D ,p P97\, 9” ap #b.2P97 \yodo
00 ¢

1070 (Ty—7) +( Horizontal Diffusioniné-)
D do D

jﬂ—“s.é,:

p(av VOV VoV Uov Ea_v+ ov oh( W v v

(ot ‘hon hop noE noi 9o of\hh, hh, nn,
—. ~2 — = A= = = — =

ahl(zuu G DJrﬁ(aerv 0v+£0_v+£%_u_%]

on\hh, hh,)) “lot h,a7 h,d¢ hh,a hp,an

_6ﬁ+v20ﬁ+u_va,b_fp+@(vaa+v aa+uvaa+ij (2.16)

ot hanp hoé " ool ot h,dn hoé D
__gj»l Da_p 0pdo 0_+ng- D—+ 6,000' dodo
h, Jo on 60 on h, JoJeo oan do an

+1 0Ty (T~ Ty +( Horizontal Diffusioninzg )
D do D

e,

15



aa uaa uaa vaa vaa+_60

W (2.17)
"ot hoF hoE mang moan oz
99 _ _p1s90 (2.18)
ot ot
99 - _p1%% _pigD (2.19)
& & ¢
90 _ _p19% 1, 0D (2.20)
on on 6/7
99 _pn (2.21)
0z
- L (Tll h2 ZT _h Tzz_hzj
Dhh,| *a& %29 &
_ 19T, 10T, OU{ZU a( j 20, ahz} 20U, 07U
Dh, 97 Dh 9 P h,.0 2 9&?
h, 0 Dh 9§ b/ a&th ) hth, 08 h o¢ (2.22)

G(VJ““’“@P(—J )

haf don h, 9nih jogihy) h,“anih,jonh
T)yopy, | L2 V)L EB@) oty 200, 3V 0h, | o

hz 6/7 h "| hZ o&\ h, h6f7 h on hh; anos "

Ho R, G sigmaggitz ARIE > 115N (222)F 5L+ % 8 L b0 AR EET

e

, _ 00U, _ 0 (0u dudo
R, = +..= —+—
Y08 087 0§ \o¢ do af
_ 0 (0u oJuado 0 (O0u ouodo)\oo
- | || | —+
0§ \0&§ 000&) 0o \0& 0008 )oé

TRA AR N AT R R,
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( Horizontal Diffusioning )=—-—— 1 Ts, on 2T126h2 Tllah
Dhh,\ * a7 0§ T on

1 9T, 10T, pv 20, 0 (1) 2u,0h | 200, 0V
Dh, dn Dh 8¢ an | h, anlh) hiZan| K on?

i J st el SR o)
h, on\hh,)o¢ h o h josih, ) h 9ds(h, jonlh

,ouhzaz v +2,ou 10o(v),10(u)|oh 2,ouHa_Ua_h1+R3
h? 0&° "I h?a& h, h6/7 0 hh,oafan "

o, 2ok G R ARE BlcS 0 Y0 0 B A RARF Rl 9 5 1121075 g,

(2.23)

LOXRARA Ao R(222N(2.23) 0 AT URLE R, AR L KT FiAT 4

kS

PR T A

F‘-

Sooigmai ke g S > BRAEBKEITESET LG

& °

214 Fg 5?/ ]\/n ﬁ?/t#g"m l,‘f U

A ARET VERSIIDI AT > @ S RER Ll

P=1-C)p, +Cp, (2.24)

Bl 12 TR kRSB R pL B 1Y ChERKRER  pk
FRABA S IHRA  AEE Ak BAEY YARASL > 0z A
BAPRAETEZ BAR S 52 B U BB AKERE § A ki

#p -
+ Pt

BRI T 24 P Ay 2 B 51 3R i 2 % (1994)



K:Q%F—4ﬂg(0%55” (2.25)

» HP CL KRTEER o

BEFURGERT > BBz B SRR Eeg s T R R
ERFLELEMIOMBEE c AT NI HERF LA EE

4R B2 3 fr Sl 427 O'Brien et al.(1993k 12 5 1 5 ¥ M 43
R ERT LN A e R M A R (e KRS Mg R

SN RAT A XA NI N(2.16)5 LS 4 g ¢

=0 (KU o e (2.26)
az+v2 8D

T+ (2.27)

=R E RS yB:;a?;m;;% 4 #c5 C, =g/c’(c,= Chezy # A& 2 #k); K,
=S IV 2 K onre 4 Thdico B R FRER S#ic(O'Brien et al., 1993)

3 E* E S fe(zero-equationy v i Fofd KR ARF Gl TEH 2 1]? v

PR L2558 0T (8 ég_'{ﬂ Ft o AT A G ﬁfé

Elder(1959) (type-l) :
U =kU.,D/6 (2.28)

Jobson and Sayre(1970) (type-IF)

U, =kU.Do(1-0) (2.29)
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rrlu iU, =00 B, =0 U P L

ik 2 'ZiViffﬁi/”# °

s
& ’b: “ 'u}%al

o 7 Uik g iRk o SRR TR

\T‘\“

F(22EN23) k¥ k4 & X ioc ki * Boussinesq iff ik AR 2T

TR

T, a7 =2, (16u vahlJ

» ho& hh,an

T _g2_o, (16v ] ahz]
p h,on hh, 0¢

Lo _gy=oy |RO[V |, N ofUT
0 P h o\ h,) hydnlh,

T BT RA B RADE D Y RE L R E o RRF T

Z 57 AT

Tis _ 100 10w
==y, P Bl
P Doo h dé

FPoU sty s R e R AR Rl B

RRARDZ L FIPERY B

v:'l—i——,—']- °
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F’Zj" d AR *’

BU T AR 2 dKE 0 g5t (2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

|2 F e

X (2.29)



215 @R g

1 g L P

T

kLT AT R BERGFERT AR RE 0 R N AN

BR o -dmn g o By PR E AR AT TR R B AR 2

=

’

\

Al * KBk € o R ER . rFANMER 2R o572 B LG R ik
A FMER R 2T AL FBEEFBEREE T b P EL TR
FHANE FLARWAMMNT FREKETR THEELERAAEES K

o A AR A RIE AR

fﬁhﬁiﬂ’;&_”ﬁii\‘}ﬂ—?lﬁ)‘m \LF.";E,,,,,, N E dgo % %&é%f’%fi ° T

B riniE 2 LN DR A e P B R pd R AT ER

o(a+0) b7y (2.35)
00 v, p

0(\7+V) _Dr, (2.36)
oo v, p

- = -2

M=Rﬁb|ﬁb|{2.5ln{ 307 ﬂ (2.37)
oo U, 2.7,
PO -2

M:Bvbm{z.sm( 30z H (2.38)
oo U, 2.7,

ﬁé,%\%Qwég\n%@iﬁ@&mﬁ;;é@%%@ﬁ,ﬁﬂﬂﬁ%ﬁ%
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Bt BB K AR A

MFEBIS ERFP > RAP AR RBMET o RiERIFT L %Tz%_iéﬁi%l
(mass transport) #23¢ ~ £ % K i@ 4§ > 42 3% (active-layer continuity equation) &
i@ > 42 5% (bed-layer continuity equation)(z44¢  2002)> # ¢ sz £ @ ¥
BRI AR o d M AFTHES LA RBZFOIFH GRIAER TR
' (suspended loath & ~ R iF AR R AR ~RIF e P e T €~ KA Y (bed
load)~ i®* & (active layerf » #-% FHAFR > w2 B 4 73 E 240 23
%mﬁﬁﬁ?ﬁﬁﬁﬁﬁﬁﬁ%&ﬁﬁﬁﬁ’H%&%ﬁ4%9%°%ﬁfﬁﬁ

2o BRETAES B2 T BRRANESF LT FRoo (T A& I

- B ER P IEE o VR R EB R LR B A e g

kS

BH RS A TRRAR BT RARRR Az 0 Ll L

AAZ 0 T - AR 247 R Y5 o

N

221 Arid)s s

S ] AR M R A R B AR AR REP R A

ﬁ’?ﬁﬁﬂiﬁﬁiﬁﬁﬁﬂﬁkauiiﬁﬁﬁﬁﬂiww’jfﬁgﬁm

W
F_&
«k
3%
[
T,
_r
i
@,
\?W
il
=
?~
(rn
A&
é\-\
.\.»
)
=
=
N
G
-

—hz \_/hl 1 0Cog, &, 62C+ 0C _ Wy, aC _ C ow,
ot nh "D’00 00 D’0a° ‘90 D oo D oo
1 (&,0C 0 (@) h, 0C de,, , hty, 9°C
l'&h 65 o¢ h h GE o0& h, 0&°
L£40C 0 h. hoCoe,  he, 0°C
on on°h" hyon an  h, an’

(2.39)
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FRBRA A FE D sigmak gt 0 A2 wid BRI TS (2.17) kR
KT AT 0 Sigmak B (5 A 2 5 5 -

oMk AT BRREE
¥ 51U ,’C_u’é °

LA TY aFE

_ 2 BEs) |
(1= p) o hm df(hz%m) hm 7 ——(hg,, )+S, -S =0

(2.40)
o Bk i A A2 5
9z, , -
ps(l p) gt ;L’llh df\hqu]"‘) hlho., (thIbzm) }_ (2-41)
FrlES e

' C= %- BEREIRITMMER § &, ~ £,=%F kT
TR W, = RRRAER S p = FRRITRE S ps= o RAE S B =
Fome Al A iEr K aribp et Sp= dVI S E= IR B ER Y
& 5 0.2-05(my S =it % & k(source of active layef)z,= & & & 42

qb]111 N
o, TR SRR e e IMER L S RARPHEE TS 5 F mEl
# # 5 R F-1 JR (source of suspended load)
222 B Rk e i ik
&N R
e & (falling velocity)® ¥ e & 23 ~ ndl? L8 > e Bz £ 2 F
BsF o AR A RRREFTESBYL  LAFL T AR Sl ¥
SBoaNL o - a3 o Gokin ey GuniFE A R L& kG £ Dy van

Rijn(1984)a & #1272 Ik js % B (Dm)2- 5% ik B (W, )38 5840
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s, —1)gD, ?
1 (5 -Hgb,,- ,0.0lmm<D, < 0.1mr
18 1)
0.01(s, — 1gD?
w, = 105‘ {1+ S > X m:l -1 , 0.1mnED,_ = 1mm (2.42)
m UI
1.1(s,-9oD, | , ImmsD,_ < 4mm

B osmigk) B ARG KGR g= £4 ek R 0oy = KARS Tl o

HMTE L AR T Y R Bl R SR mahT A
B kM A > BRFIOEES 0 T AFEA RS R Ttk
AR R B RO T R RFIRE o ZRIUF A ITE T AR R

Z WG BAFARE o PR v gk SRR B 07 2 AR A 5 R AR
SCE SRR T '8 i & 0 Richardson and Zaki(1958) 1 % g B 2o g 1 >
W, =
—=(@1-C) (2.43)
Wf

/l,\ iR

W, & 13 I 1555 B 0 b oAE % #ico Richardson and Zaki(1954):% b 1
2.39 1% 5 o hokin it K inpEant B i o Wan and Wang(19949 & ~ jr 4

fs 3 b¥ * 3pkF (WD, /y)iEfFTist 3 ¥ ﬂ\ 4}3 B 252 B %o AF2
2’%"33}7%:3;;53[‘5(2011)5%31:% ?iﬁi?«pf‘lﬁﬁﬁ';‘ :

b=3.65D, %% » Dy, 2 mmzit ¥ (2.44)
Ve AR LA

TR A s A A 7 B P RA T E e et 2 T
EMEININ O IPE A F&-’J—}*\‘ﬁf‘*&ﬁ‘i\ 2 ¥4 o ,:;‘g\r}’[%b}i\‘iﬁ‘ ®3E
BB RGBT

DAL R o R BN AR A S 2 Y 3

Z R R R BE RSN (R 2 K &, 20030 %'E_)ﬂ%ﬁ—?‘ A R ik
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bl e T R AT o SR AR IE R SR A TR R P 2

P/f7p’#\/€jmm‘g:r§zp/l\/"ll+l Ti%?}%}%i\l;‘%é\}\"ljﬂ}ﬁ**%rg gp/

SSTY S (153

FHREFHRATHERTEREARAFATES LRSS P TR G

Rickenmann (1991)#% Ji48 B 58 3¢ » 2 Ak 4 2 5 40T

G, =G (D,) =105/6, - LuD,’ ——=— (9 )°5(6, -6, ). (2.45)

Q =% Mie i &4 s 2 &AM G H Mk LT 2 F B § =k E)

F M EEL RE AT Fo= AR S T =% mie

AR N (2.26) (.27 o

Lbﬁ;g:j‘i% ﬁﬁﬁi;Dm:

AR T 2 R B3kt A e Sl gy

N R R AR anE Tl ek § 4 g, o #7731 # Shield’s diagrami-jz o H 2o 5%

WRF TR LBl 0 ¢ R R F AR (EAER SR 20%)3 ok R kR

H R ¢ 7 "3 (5%-20%): Meyer-Peter Muller_ i 3 #icdy o #74% * FUs ficdyg >

BRI FS T 0 ¢ 7 Meyer-Peter Mullez. 0.4 mmZ 29 mm ~Smart(1984)

z.2mm23x 10.5 mm> 2 %2 Rickenmann(199%) 10 mm@E - }js)% -

REFR
T3t 5 AT A R AR ] ) e

B AR F P REGE
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Fiae A PEL 0 R L HAS

D, =W,,Cpnfs (2.47)

E =S exp( 8.21l\jv—f/“(] N, (2.48)

He S =% mim i A Rim e fp) i 4 (kg/T) » #E k)% (2011 ok ks

WP 2 FFa + Sk

S _ —3 D 0.245
n=0043C—Y U In(—j (2.49)

Ios ys_y gDth Dm

F(248)° Ny 2 R TR F 3 BT RFFKRF S 20 B 3825 %
3 A H (19940, ) enis sk 3L
N, = Jl.f(\/_ 533wfh/(;«u )tarr \/?i-ldd,

° (2.50)
(A9 g)=1- NG, 8 (5o

C. 8c. 0. 375 0.378,

it* kR

% Rk ikd 2t & (active stratunp w22 = 5@ & 4 > 5 H T EpE

J

SE = _ps(l_ p)ﬁ[(ﬁs)m(zb - Ep)] (251)

FF (B = AR R M L LF A et K2 B R e 2

T LA (2518 ¢ 2 (B), R B, -

p BTRE; BEQAE S

AET R 2 I‘Jc P48 E S f(zero-equationy ¥ or A ket B 2 o
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ATl BUE 1-E S I I R /N STES I RIS (S A

van Rijn(1984)#2 4 - ¥ #ic(parabolic-constant) #

- 0.2%U.D ,0>05 (2.52)
kU.D(1-0)o,0<0.5
van Rijn(1984)2 1 s (parabolic)> # :

& =kU.D(1-0)o (2.53)

(2390 e, Be AN AR NEfE ARAFFT P g, TE, 0 Y AR EE -
223 #RhiEi

DUFER R fROA TR R AR TIRE R CYIF A AR RS A B2
B B AR z, o H P Bz 30A > R iR E I ariEk 20 T AP e A

HREFRETY B iRtV R &5 06/0§=0407,/0 =0 A FME N i
H @ F i Pl 2% 0B/0n =022 0z /an=0 ¢

Bz,5%6 - w2 %l n Caza%l §LEgE i hiEey
T kR B AR R F 5 0C/0E=0 e F 4k BRIV B oK G 2T A kR

AT REER G T34 40P 24977 o P HEAY A F 2 EAEE
Hife > AARTHEERC, R B% g 20 BokMER - Flot B 4T TS0
C.=Ce (2.54)

FoeoRRFAESR S CL gl B oRMIRR o T 2L MR (van
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Rijn,1985)- ¢ p& A4 * Neumannf % if & -

=0
a0, (2.55)
Pt BN T A TEHORAE B B RS AR R R P o

Ca,e

BhAE T 3% 5372010 AT g 0 B3R ¥ ok 1% (2008)~ -k 4] (2011)
F % ¥y 0 2 ¢ Wright and Parker (2004) 5% 5% >

Yo T

&

FITR B ER 2 &5k o0

_0.0044,2*00.3
"¢ 0.3+ 0.0042Z,2%

(2.56)
0.6
Z, :ﬁ[,/ﬂ ganj 50 (2.57)
Wf psU

HP U =P+ R ; SERKBE o

B picE Sl e i F o KfEke @R EE
gLVa_C+

=0
D oo f

(2.58)

23 B iR

ﬁ‘:;\: %ﬁféiﬁﬁ_"}g g‘:#ﬂl;ﬁ%?ﬁbﬁ;{ S oL 21

1. EARER LG L E 3 4250 o

2. M GALIEFEWFRTOEACAENLZAERT S o Z BRG] 2
PLEAEE PR I
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TR 2R RE AL AR BRAEAARETEARE s e RE AT
R SRR IR R R o

2

R 2% R SN T
LR RUESTRE MSTE RN SN S IS R /RS T

FRGERS LR F S AN E o LR R R S R B R o
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b AR

> £
(£ T30, 2011)

Bl 2.1 & 2 RAFERET R R

z o

f

1
o AR

Z
|/
0 » x(or y) 0 > £ (or 1)
(;£ T30, 2011)

SO

Bl 2.2 0/ 7 L
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\
)
)
.
)
‘
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'

Zb( o =0

N
N\

E :
Sm o Smi
/%\ \%/ i Ca: Ca,e

active layer

active stratum:
stratum L

Z stratum L-1 Z

stratum L-2

AN

Bl 2.4 & At 2 RF > 1T K Ricpe E o LR
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1.2 -

1.0
\Y
®
v v
0.8 o o Y
0.6 - o
v
0.4 +
°
0.2- v
' ® particle size = 0.061mm o
v  particle size = 0.087mm v
0.0 — . ———
0.01 0.1 1
WA kR (2)

Wan and Wang(1994)

B 2.5 7z Ak B G B SEk T SRk T B
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+3
Jis
i
&
&
:L:w

3+

3.1 R;EIRL

KRR 2 R AR T R A B L 0 g d kT M R
Kk BARNE KRG B 2 g A MR i iR A F1o2a
AR LR AR R B 2 A e e T A sk

2 KRS LA 2 R

311 ffr¥if

RIFET 303 F] 2 4250

AFT G R E N AR T RA 0 RIER TR E S RN A B A - BpE
[ 2 > w4795 2 (advection and diffusion step) @4 # 2% (propagation-step) 4~ &
FE N+ L28 n+l a2z i o d 4% B e 2 E R e 50 AR EH
7% (advection termg)-4 78 (diffusion terms), @4% ) 28 ff2 & 4 58 ~ &G T k4
Ari H 2 AR o RILAEFI ARS AR 04 BT

LR 3

1
n+>

2 _\/" ned 1
%z_(\/”m)v 2+ oo™ (3.1)

0

1
n+l _ 2
L =gz, + D) -

3.2
n P (3.2)

W™ =0 (3.3)
FPOVATEARDE T 270 50 T n+l & 7 (N+1)At FFR] 20 A &
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S A=t " n A 7 nAtpER] 2 ¢

2. AR

Fogdic; n+ 124 7 &(n+1)At & nAt &F

(3.1)-(3.3)F- 487 4 7 &

LR 3

ﬁn+l/2 _U

At

vV ov

gz _gn _ {
h, oy

At

+ 1 (T
P,Dhh,

£28 174058 (2.10)

B4

=n+l n+1/2

g™t -amvr

o, oh

u_oh Vv oh £
on hh,an hm & py

n - am]
120,7 226{

va
h,
(3.4)

1 0T, 105TM
P, 0&  p,Dh, on

_aov uvah2 o’ u” oh _
WoF hhof hmon 4

n+1/2
T, hlj oty 1 ale}
~0n) _psPhy a7 p,Dh, 0&
F (241 0 f 7

(3.5)

1265

Fi -

At h

{O(Zb + D)n+1} _

g “{ 20D, Dnapac}dd
h, 42 0o 0& (3.6)

C, P @)+ ([T 0",

—n+1

UK

PoD"

=n+l n+1/2

vt -y

poDn\/(ﬁn+1/2)2+(§n+1/2)2 80,(D" )

A h

|:a(zb + D)n+1}_

11 p
Pl LRt
—n+l

P ac}d do

do an
(3.7)

) c, /ﬁnﬂ\/(ﬁnﬂ/z) 2, (vn+l/2) 2 )

n+1
Vv TB :uB

P,D"

DEETE SF T

Dn+1 _

Dn
h
hh, —o

a =)\n+l
+6_E (h,uD)

poDn\/(ﬁn+l/2)2+(§n+l/2)2 80,(D" )

0 S\l —
+%(hl\7D) =0 (3.8)
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4 ntl PR kR E(D M) AT EgT 5 P WY - PEIE > (3.8) T ikl

o L o o

o (3.9)
;\] \i‘ ’
O’l = _M D ’ 2 hl ’
Ch m
B = h,a Atgh2 azb oD") D" Atgh2 ap Op do dods
C, 6{ o0& C,0,h, 6& acs 6&
IBZ:hlv Atghl(azb oD j DAtghl {Op LA P
C, on  on C,0h, 2| 0n 0o 07 |

v,=6D"; y,=B,D";

:1+ At,OCf \/(ﬁn+1/2)2 + (\:/n+1/2) 2 AtTB At/,IB

PP D@ () 82,

AD=D™-D" -

g £ R E S Agst

dO AT G B O AR R BRI g B > T AR

RHURR i A LR R R P

FHRERE LA BERFETAF AR EIR = I E 2 R fE G2k (water

column )z ¥ i3 B #ic® 7 4 -

WKL B2 R R o PR AR

BARITIC R R £vg KR o Fl AR R
ZRRE T A RRLETT LR KRz

S R BF KRR S8R

A2 T o i LB F 0 VAR VRS AR

AR 3w KIR)ERT S A 3 p g o A EN R sl N R

f2 0 AR F BT L E AT A SR AR T A T ot BT
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R #5 (2.15) X (2,165 8 &

f—fs.é,:

At haé 0o hh,on hh,dn ot h,of F%

~ N+ n+l
wq 0P (00 200 Voo W)_ 10y, 00 Ly 0707
do\ ot n o nong D

~n+l _ ~n ~ AT . n+l
pu a +p(£6_u+w0u av 6hl uvﬂ] +un+1[6,0 2u0,0 vV 0P

] (3.10)

n*

D? 90 oo D2 do? u

?Z—%q},:

N+l N ~ =~ ~~ n+l ~ R = A~
pV v + 0| — VoV an + uw %+ﬂ% +ymt a_p+&a_'0+£a_'0
At h oy 9o hh, 9  hh, 0¢ ot hog hoc

g 0,0(00 Noo Udo Wj 1.0y 09" py 0"

oo ot hon hof D

n*

D> 00 9g/. D2ac? "

FAa Y Rl RS B0 US BRE 2 AY 18 L B AT
WH s 3P B o e IR eI o RSN E KR on+l B2 B -
Hy =UyP = TE 4 Zp7F Bl W i 013 QROEE > w0t 54 (2.17)Rj2 - B 5+ if

ZMSTEM AR B e O VR T e B G B > P N* AT

FIEP 0~ VR TR T LR 2 B M E M, ¢ 7 IEIE e

Mu:_gif pOP  pPoT), QJ'J' ap +p P99 o
ho§se \ 9§ 0d00d¢ 00 0&

L1 Opy OW _ fhy 0°W  (Ty,-T,)
Dh 0o 0 Dh dadé D
_,(Tou, 000, vou Vou, vod, W oh 2woh, ¥ oh,
hoé ho& hdng h,0n h,dn hh,dn hh, d& hh 0&

- 6u+u0u+vau+uvahl v? oh, _a_,o U’0p _0*0p_Wvdp

ot ho& hon hh,on hh, of ot h o hoé h an
_@a_p_ﬂa_p_a_p(ua_a+u_6_a 0 90 | uvaa+uvaa+uvaa+uwj
hon hop 9o\ at h o9& h o hog hop hang D

+(Horizontal Diffusion in &)+ 7

(3.12)
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MV:_Eﬁf D, poIT| i, 9 JI Gp +p P9 o
h,onse \ on  doan Ao an
_ . ~
bt Oy 00, oy O _(1,=Ty) +(Horizontal Diffusionin 77)+ f?
Dh, 0o 07 Dh,dddy D

p(lg+lg+gg+£av+uav v oh, 2utoh 07 ahlj (3.13)

hon h,dg hoé haé hoé hh 8 hh,dg hh,on

_p 0v+v av+u6v v oh, a’ oh, —0,0 V2 op va,o v 9p
ot h,dn hoé hh,d& hh,on

ot h,dn hon h of
_@@_ga_p_a_p(vanrv 90 Vo0 Woo Woo oo V\Nj

hof hot ool ot hop Wog hoe hoi hoz D

# ¥ Horizontal Diffusion in¢ ¥? Horizontal Diffusion iny 5 -k 2 w2 5 R4 >
Yo% = ':31-5 (2 22) ‘\‘(2 23)"‘1‘1+ v Bl A ‘5C;Ft§i1 °

F (310 S BAL LT A i L 2 LR 33T P B = B8kt

FrENGE A o HAp L IE pls Jﬂ;f\;@? 2o Tl T a0 AldeT A A G

Arl[]-rn+l + Aalapn+l + A3105n+1 = Mun* (314)

szan+l+A32\7Pn+l+ A32\~/Bn+l — Mvn* (3.15)

A R A A AR E R RIS )5 R R Gl TN T R
PR IE R Bk AR

312 &iE L L

KR ok A

A E B4 84 (control volume): sl & ok BRAcdr 4] S Aesh 2 2 R

 (D)B % 3-8 B

SERER £ JIES FA
4 4 - (staggered grid) - 4o @] 3.20 w4zt Y o %

WHZ2 DA AL R 3157 > H° QB 5 7%

E~-W-~N-S & ppa#fg-e~w-n~s &F4o o fic
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M &A1+ b % (hybrid upwind scheme) (Spalding 1922} > #F % & £ & 54

PR LA o s R [ i LAk

Pl AL ET Lo

(ng:q%+ww (3.16)
of ), Af |
5], (3.17)
01 ), An

£ W =05 MW +W,) =05 W, tY ) 5 W, =05 W, +W,)
=05 W, +¥,;) » W, =05 W, +¥,) =05W ,*t¥;) s W, =05W,+¥,)

=05 W +W ) WF AL TVl h ~D~zfrz s i~ jAEERAKT

gt m- B2 G 2 e .

A EAI Y R 2 5 R (upwind schemek # & X 4 ;2 (central difference
scheme}. & @ = » §F HIARBEE R 3T F A2 S Bt £ R PR
Pl L AR o IO B S5 B3 2 % % % #(mesh Reynolds
numberR, ~ R, iT & %] #7¢h » FIRIFIR|x 2 REABIBER > A A
SRR N S e et b E S RIMR|I T E 2B BT ARL A E

LSRN S A j‘ié\/i‘ﬂﬂgﬂl F &,}f@*%“d\ﬁﬂ“f,,,, Iﬁm}f@ﬂ’"‘z\

ﬁiﬁj oPp"t _ ﬁ _ q)r:lll - I“’;l CDi'”l ch:rllJ
f( > jm _o.5q—{(1 ){ J““a‘-i)(A—EH (3.18)

=_n_ n+l on ch+l _ n+1 CD.n+l ch+l
AN i Y (-a,, ) =5+ Vit | rar, )| Dii ~Pis (3.19)
/Ay h, . An
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0 [R|s2 EISE:
a, =41 R>2;a,=41 R >2 (3.20)
-1 R<-2 -1 R<-2

PR R =TV AL (1l p) R =N, Apl(ulpy) ¢ op kiS4 AR T

#c(dynamic viscosityy @7 & = UV o
KIFET I BN RN TR R o CFL#EcE c CFL - 3 40T
CFL=(T/h+V/h,)At, (3.21)
He A, 5-KiFETHE BT EY PR TR -

i IR EINL

ESTAE S A AR E AL S ek 1L -E) SERLD WG 8 T Il NI LU IR RC
T ESWSN~S-T B GApasfEEE - eswxn s t-b Z3rdla o f#:53
Bz RHcT R B 45 i (staggered. grid), o Ao i B 3.2 2 (3.10)% (3.11)% ;¢
= ## * Crank-Nicolson method @ % ;* L8 M oM, ez BF £ 4 R4 * ¢ & £
BiE e d WART A e A AT E FIMEFFEAE 40T

At<0.6-—22 (3.22)
2gD

max

¥oob hdparke R EpF > ZILR sigmai kT it A 4 % 4 4 (Mellor et al.
1994)> s o4 & 4§ 10T

a/ 0¢ ‘ ay”‘ (3.23)

DAU‘DAU‘

Bolm s 52390 20 Ko P k2 e AR e Ea Be- 4K

v KRR RISV B T A3 1/200 F P dro & K H A sigmai B ER
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REESF AR BRELRR LB O ROREPERPTEAF
RSN T Y SR TEDYE T S F PRSP RSN Y S

eI

321 ffr¥if

e @ﬁl‘* fg 3\

g B R 0 AR L T B GRR GBE B R £k 3
Piro o G E oo e A TR RS R S G A TR Y g K e
F AN (230) 2k R LT b AT 2k B KT A T (M) X 4

S TORIE Il 7

n+l _ ~n n+l n+l 2+l W n+l n+l GW .
c™-C +w6C 12 dC™" o¢, EZOC W oC™ _C Ve (3.24)
At oo D° do 00 D* do° D do D odo

oy
L0
ER
e

He M™é& 3 HB RIS e i dBif > PN A7 joag 8¢

T8 G
2

Mﬁi Esn 37 o€ 0 [hy ), 1, 0C 05, +E£SHO—C

hhy| ™" 0&oflh ) h o & h, " a& (3.25)

o0C d (h), haCoe, h  9°C__ aC__ oC '

" on an(hzj hon on h, Mo Trag

ok 44 o 1 BEIE 17 RE SN2 AhT 0 SN (3217 AT N
A—Crn+l+A3CPn+l+A3CBn+l = Mcn* (326)
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ERFEagtE 3 L B2k o

R .V 3 F k¥

T K 2 AN 2 R R AR AT R R ek T B R RPN E B AP
EPPER R R UEF AR enT fE o b R T R b 0 A5 2 R R i
Frfthr - FREFIET B RFRR o AT EHEY N(251)R T K haE
Fokgzzovv bl ivr k¢ e i 100%- 2 % & F B 2 (Spasojevic and Holley,

1990)% 4 Ffz4c

B B HRELP(B) 3.0)2 A AN E G mHLB o e B AT plheT 5N
4n+1_( n+1 ﬂl’ /Bm!"'ﬂM ] (327)

FREWEY ot v o m g R RS A A B om B G, F Rkl B e
o) IR B RS AT F AL 1 R T S e

& n+l

=(8,§w) M=1M (3.28)

M % 7 % &Rt B p > m A 7 R B o 958 (3.24) 55 (3.25)0 w1
A58 & BT 5N

F(™)=0 (3.29)

Fu(8™)=0 m=1M (3.30)

79(3.26) ;N (3.27)5% & Bl ¥ 50 (2.40)2 58 (2.41) ) 355 — 2EAME R Hs 0 4

A1 > 1% Newton-Raphsor¥ fp & ffz :

[%3A§>ﬁﬂ§ﬁ (3.31)
[mas = —F, (8" m=1M (3.32)
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79(3.28) £ (3.29)¢ - [JF /8] & Jacobiania#caEri? 2 £ ; '8" L A

- SR AT R AS A A BB o AT R L EASE T @

> 2o+ lgn+l .
Fren'™s™e £

Mgt =l s+ AS (3.33)
B ETI(torr e F A E)cariF EE o R ENEL S - Ka g o A

R 23 3% WTEIREL ) Ix10° 2 #F A o

322 &iEA L

BAREAN IR L L LA EHEIGNE21)E L & 2

n+l _ n n+l _ ~n+l n+l _ ~n+l
& G +w((1+az)—CT SR L s j
T Yp Op =03
w n+l _ ~n+l ntl - ~n+l
—i((wz)—q S ARt ]
D T Op ~0g
n+1 n+1 n+1 n+l n+1 n+1 (334)
_i(q -G j[(esvx—(esv)ﬂ_e_w[ (S I (e )}
D’ O —0g 07 —0g D* (07 =0:)(0p~03) (UP_O-B)Z
+Cpn+{_i (Wy, ) _(th)el — Mcn*
D o -0,
0 |R|=s2
Hd g =11 R>2 (3.35)
-1 R <-2

2553200 1 > B ¥ R=af| Azl (ulpy) & d 2 Ko F A R R

RAS ST Y A A Sk o

F(3.3L)% B2 B TR 405 (3.20)05 » - BT A (3,220 o A8 T o 0

LRERE QT
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M =g, (€T -CF {(ﬁj —(Ej ]w (cr -cr )Hi] —(ﬂj ]
hlhz hl e hl w h2 n hZ S

+%(c:* —C)[(Eg1)e ~ (Egi)] +%53H (Cr -2c7 +C))

:}2(0” —C)[(Ea)s - (€ H>]+ £, (CI —2CT +C!) (3.36)
_ G2 =CL ), gy o S =Ca
ot 25 e S50

C,T,*—Cg B Cg —Cg
—Vhl((l"’av)( A7 j+(1 ay)( Y D}

T*ﬂfﬂ"%’;up E W N S e~w-» n"t’S"t’ﬁs’%rﬁ}ﬁ—f{m&g@f’}*’aﬁ%#gk -&rv

B 3.3%77 o n+l & s (N+1)At %2 A wi#c; At=t" =" n 4 7 nAt pF3] 2

Al a, B a, 3 (320t B N aa > w g, BT, 0 MV B

Vo T R wIRA S AT LR
FH P A F AN (3.28) N (B29) i IR s 0 W A B AT 5
2B ()" - (.E,) T, +r;’_lf[h2 () (o)
n 05 n+l n+l

hlph [hz (). h%(%)w}*m[m (%z). (G, ). } (3.37)
08 [ o) e, s =
105(1_ P) n+l _ o n
Byl A

1 J 1 n+l ] 1 n n
hh, Zi {E[hze(qb]m)e _hZN(qbln)W }"'_Z[hze(qun)e_hzﬂ(qbln)w} (3.38)
+1 hﬂ (qbzm):ﬂ_hs(qwm):ﬂ +iL I‘H“ (qbzm): (qb%q) +i (Sn+1+Sn) =0

2 2 &2
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51l 235 BEXNEIESER Y L RE

(A | Pastoretal. | Chenand Peng| ##7%
(2004) (2006)
TS R 300 330 275
r ik (m)
AR 0% 10% 8.3%
% 5.2 ¥ T B FRRI B SR
W F L (m) 0.4 0.6 1
+ RFE(m) 0.01 0.01667 0.017
g (cms) 0.003
WA kR (%) 40
Bk 0.032
% 53 %Y AB B s BRI BERE R R A
v L7 (m) 0.4 0.6 1.0
WRIEP BIRE
SRR A g he 1.32 1.28 0.17
LB M S S =R N gt g 0.00805 0.00520 0.00336
A (m)
Pk RRE B B AORGRAT B BT o 11.23 8.82 3.06
B RIRAR L B % oRORYT BT 0.077 0.094 0.002
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% 5.4% AR R R K VR & S

No. | ER |HAE@®) |ExmE | T | kiF |AA{E | o Le Fr | n(Bs

(%) (cms/m) | iwiE | (m) | BEGy |wm) | (pals, %)

(m/s) (kg/s)

1] 9 7.5 0.07 | 1.27 |0.0583| 1.15 | 2.7 | 0.00333|1.68| 0.030
2 | 16 7.5 0.07 | 1.36 |0.0583| 1.2 |18.6| 0.0162 |1.80| 0.017
3 | 13 7.5 0.07 | 1.21 |0.0562| 1.49 |8.06|0.00627|1.63| 0.030
4 | 13 | 124 0.07 1.6 |0.0811| 224 |4.31]0.00435|1.79| 0.027
5 | 9 12.4 007 | 1.46 | 0078 | 1.97 |256|0.00322|1.67| 0.033
6 | 13 | 124 0.07 | 1.69 |0.0706| 2.39 |18.6| 0.0162 |2.03| 0.020
7 | 1 5.0 0.1 1.12 | 0.048 | 203 | 25 |0.00332|1.63| 0.034
8 | 13 5.0 0.1 1.16 | 0.049 | 1.76 |20.1| 0.0175 |1.67| 0.026
9 | 13 5.0 0.1 1.15 | 0.045 | 258 |8.07|0.00643|1.73| 0.032
10 | 9 7.5 0.1 1.4 |0.0596| 3.12 [2.77]0.00333|1.83| 0.031
11 | 3 7.5 0.1 1.41 |0.0591| 3.91 |8.07|0.00643|1.85| 0.029
12 | 16 7.5 0.1 1.43_| -0.06 3.35 |16.2| 0.0148 |1.86| 0.023
13| 9 14.9 0.1 2.1810.0854| /508 |2.26|0.00306 |2.38| 0.021
14 | 13 | 149 0.1 1.93 |0.0872| 495 |7.35| 0.006 |2.09| 0.026
15 | 16 | 14.9 0.1 2.08 | 0.0815| 718 |17.6| 0.0157 |2.33| 0.020
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4 55 % F R KRR E 0 % 2k

Bl | RS kiR | RAHS | TR | TiomE@m/s)| HERE Fr
(mm) | (cm) (%) (%) (cms/m)
11ml 0.06 9 0.1 9.20 0.35 0.032 0.37
11m2 0.06 5 0.1 5.10 0.20 0.010 0.29
11m3 0.06 9 0.3 17.65 0.49 0.044 0.52
11m4 0.06 5 0.3 5.97 0.30 0.015 0.43
11m5 0.06 8 0.5 21.04 0.51 0.041 0.58
11m6 0.06 5 0.5 11.29 0.36 0.018 0.51
11m7 0.06 10 0.7 23.63 0.40 0.040 0.40
11m8 0.06 4 0.7 17.35 0.27 0.011 0.43
11m9 0.06 9 0.9 33.42 0.65 0.059 0.69
11m10 | 0.06 5 0.9 26.43 0.34 0.017 0.49
08ml 0.1 5 1.0 7.3 0.87 0.044 1.25
08m?2 0.1 10 1.0 6.0 1.00 0.100 1.01
08m3 0.1 5 0.75 4.9 0.83 0.042 1.19
08m4 0.1 9.5 0.75 6.1 1.04 0.099 1.07
08m5 0.1 4.5 0.5 2.4 0.53 0.024 0.80
08m6 0.1 8 0.5 5.0 0.88 0.070 0.99
Ak R L R 15(2008) 0 -k 1% (2011)= #5937(2011)
4 56 MIE R R DL RN 4 S 4
R T2 Rk aj B a, B,
% o
08ml1x 08m6(k ¥ 2008) 0.0157 0.17 0.000047 0.221
11m1% 11ml1O0¢k 1% 2011) 0.00004 0.225 0.247 0.095

T~

+

5.7 Fnshic hlion + L B A 452 Sk B A

FAZ (mm)

Ak Bc

w, U,

&1U.D

*on ik R
%

0.061-0.118

0.17-2.57

0.03-0.45

0.014-0.375

0.4-15
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% 58 WiFEW">5F K F & E M2 w /U, Slick
X00%E | @ /U, i | Fagpicngkl
gL
08m1l 0.125986
08m3 0.158309 yoir S #ic
08m5 0.113959
11m2 0.056571
11m4 0.080005
11m6 0.073034 et &
11m8 0.058558
11m10 0.046191
2 5O R % bl 7] 4
o) | RUAD |RE | AR | T ETE (et | E AR | P R F | Z KRR A
(mm) |(cm) | & | )& | (cms/m) (%) L Sl
(%) | (%)
BF1 135 1.8 0.24
BF2 | 0.06 5 0.3 5:97 0.015 0:43 135 1.2 0.36
BF3 180 1.2 0.36
S =0D/(U.,)
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