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TWO-DIMENSIONAL NUMERICAL SIMULATION OF DISCONTINUQUS
SALINE DENSITY CURRENTS

Afshin Eghbalzadeh’, Masoud M ontazeri Namin?, Sayed Ali Akbar Salehi Neyshabouri*
and Mitra Javan®

Tarbiat Modares University
2Tehran University, Tehran, Iran, salehi@modares.ac.ir

Abstract: In this paper a two-dimensional numerical model is developed for
simulation of discontinuous density currents. The model is based on unsteady
Reynolds-averaged Navier-Stokes equations and uses a buoyancy-modified K — &
closure for the turbulence. The governing equations are solved with a finite-volume,
fractional step approach. The model is based on a non-iterative direct implicit
method. The sigma coordinate system with staggered grid has been deployed. A
second order semi-Lagrangian approach has been used for the main advection
terms. The model simulation results on discontinuous saline density currents have
been compared with the two-dimensional experimental data. It is demonstrated that a
two-dimensional model can reliably predict some features of density current.
Comparisons with experimental measurement of the evolution of the current, the
horizontal velocity components, and the density distributions have shown favorable
agreement.
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5 Fractional step



Oloz 1y 9§yl (o 18T (e s (el (5 ki Sgamme 001 ILSN (il

Y

G bl ¥
ooVl )0 @3B e 90 glylo s and I b o Slewlse ol

O Js)
)a'"“"_".l 1] T e -
h ‘)l [ 7
3, Fy = / .
ba] e
S h, )
“I
E )
} ' |
X, |
‘- i

S lawloo aiols 6l yo Slouis gy ) JSUb

Al L ol 5l (o8 (e (B 15 old o il e o
o 48,5 Sl 0 jho aiasl iz (555l 5 e B8 adl3e
Sl [LaS Joleo jlid jlade 5 jho mhaw p Sges oy 09
o dmile ) alaly ool & (Suasl BN £ sl

Lyel ss

¢=k¥/(043D) at z=z )

S

J5sS oz 5500 0 sl S ie 0 o st e 0
55 3 (Z >11.6) 23 aY ) 4l 5l g, (o)lax sl
oy wyla ali g, 50 0ed se colaiwl ojlax Al 3g, )
o)f L)"Jj‘ ) B-A.C).AA )‘dﬂl.g TW o)l.)..? slac! )Q ‘5,..)).: L}“‘J

518 L3I (o I8 (g Lwgs V), 1 jglone
T, =AWV, v
z, =u,z,/v iwzpc,’f“ki/zzc/ln(Ezg) ol o &S
o Ll ol jslme J i o> 50 &8ly 0 (sl 4 2
Ol g dges Sz o ous | aki ol albl Z, S
5 CITN) Gle)l8 g5 <ol K s (s Sy U, =47, /p
Abige AFY Jolao Sl glajius sl o5 5 el E
Er o Kamasl oo 6550 polie w)las &b oy, 4o ¥V

g go Ao o bl el 5 & (T BN

2 3
u? u3

Kk, = 7z v E27 QY
c! KZ,

i aY pj el J3b jo ojlax jolre o gl 4S50 o
oy os w55 i 5 1, = pufZy (25 <116) oy ol

I slibyr slp pEabl @l b cwlie Gl sl
JUEEAE PR SIS A s AP & BV PV TER-W
(JSis adgl oo 5l s a5l 4l S lil >
R0d| MB.\ quu‘ » ooy 693‘ Lgu).l LgLQAb)? O AS.:OJ.:
& Jod BB jho 4 Shoj (SeeS el Saae Sl (VAAY)
sl Sl oy Grizmen g barogs (al ol cnlply oL

i OBl Cy =02 Jolae laie pl ol s o
hslS 5l b aaal ciie @55l ady o By R
03) medd i daly, bl a5 aillige (50l 1 g e pu

IVF] wsis oo
2 2 2
P =, z(@ " (@ N a—Wj ¥ 2(8—WJ )
oX 0z OX 0z
gl 9 % )

pio, 0z

Debse S (590 JELl sl leser jshay s aloles

0S ou,S a(
LouS _

By MS_ 0 [, )5 @
o ox o o

O-t i

S 5 syss 5l ol abile gl aaal Jly sae O o] o a8
2 lge 5558 Sl ploy 4o 00l (6525 awgie ez dale
ond o aY sleil > e a5 oas o)lal [¥E] 5 [¥e] axlpe
Sae Sy g osm )l S ez clile @ bgpe July sas
Dyl (Ko Slyz gomay g5 a4 g abl el ol

o5 JU el sy oyl g, 2 b O = 0.8 i
s Farrell [val ol oot aculze JUS b G jo o)l >
Conles Lule)] K po 1, 0y LB VAL L s Stefan
i 5551 go0e iy oS aiil o Ll D] wiogas s
Lsged Sl O sl 1) <14 cub Jlake 5 welS o O
Lyl e olaitel K—& sl Jos 5l eolizul g1y Yoons
595l sl oy axg a5l Cgp 9 O s okt sledl >
3l ligee Ll 55 Garnl S 4 5l sl el polie
dobee S8z ol il and lp 5 0yee ol ()5
o clale e 4 J&> T Gelul 5 oas wil e s
Bgdso by bawgie

p=p.(L0+mS ()

gol> gz jo ol jlake g 0og ol Jlade SO M o] o &S
el oals a8 5 (a5 o ¢ /Y Jolse


mailto:@��>.

Y

Sl (MU gt SR sl o o 90 (00 (55w A

Ol polio U oo Lol 5 o G ¥oles 3ub N Jboj
slools 5l lasl jelate @ an] canns Ui* e ey
wed weoolinal 1=1,2 ol s Uy =uW

ulr-ul {,i(uu _)}n (\0)
At X :
. (1) @
ﬁ:{_i(wu _)] 0%)
At 0z '
QT )oAS
d, =U" _Mggﬂ (i=12) ay)
p.

aw (Sob Sl yle g, @ Lad aulsy Wil Jo 5l
dlns o5 e i Gloj o8 o ity e [F-] 6518

Sgl (o0

N n+1
urt oo - L 2P +d )
i . aXi i

JEsl o¥oles wyaz gloj a8 o e s sloadlio o 5l oy
&y ekl stz 65, (Sial gla ey Jols IS ol
igd (oo U e 4 90 5 b clalEg (o[ B!

9 oad solital i3y 5 gluls Jolye 5l SYolacn! J> sl
> e sl (V) 5 (V0) OYolee (g pisoge. Yolas  J>
oo osliiul i3y als e sl OA) (0 V) oYolas 5 olbul>
5 oad il JK polie LU Sd cpl o e
(Soid] sl eyl Jlisl c¥elee J 5 ail o @=b=1
Ll gpo &g dbiiz o 5 Gl s oS o (b o500 65
Dy (50

bl jo B jlade o)+ dolee) cdl> aolae SaS 4y culys yo

Bed (o0 e U Gl il

Goue Juo 0,55 g i G D

Iz oz ol soae Joo el )5 5 s ) jskiie &
JOp ol J3s @ el J}lw)lm o oy 5l B
PEalel sl ools LT sl a5 Jlaed 5 881 (sl iy (s,
dwain ¥ S Lyal 3 [A] [¥] O5d (oo Gilw a0yl 5924
285 ams oo GLiS T e e (59, » Glalejl 4 bgs e pgld
r:l;u‘ lS.’).A—‘ LgL’}w LU bl.{.uu‘b )b Gal’Cla .]a.wﬁ.: YAAFP JL..\

sl 00 & [VA] gy 0 ) ol g ais 5

25 by, sleslainl boojlaz (oo, & g K polie cll> ()

LyAl Digd o0 03) LD

_ (z,)?u.” S 2vk

ey Ty v

Loy g3 i 3l 010 0929 dul> ojlaz aS (awaVl e 50
QDMGAOQLM‘LQJAMMG‘)JUL@MAJ

S bz oo Bl anng byt sl Sews (b 0 Bl e 0
Dgs g0 oolatl

oo w85 Sl e clile Gl he )L SLbI e e ples o
9y 0 ) e Jobs SBLE e p ges LIS (pm 05
> Shbl g Ldle sl gle 5l ont by S sleil > sln
JS2) wileus lax wayl Mals X=X, ahais 0 t =0 L;
el U5 e cdale o b psie daes glp ol sl ()
Glp adglids 15800 o colatul adsl Lyl s i jao Jlade
Bj.n.,a)L.\AA d)‘é S99 u’w UTAS@LA &AM‘)W)\)CALL&

& bwlo (09, ¥

iy b o aiio 3 (50m 90 s30e e Ky il Bk
SlaBre phuw 31 Joe ) 5o Cosl oad agd sgaze po>
50 2 Gebie sl pu8 LAl oo gl SG o5 LS
Joe cpl jo el onds solatwl ouds bul> aSis ol jon 40wl
Jatis o5 2 (nlply il ond Jadie (S5 slad o SYole
Sty o Jelos azmis )0 5wl (oo (S psie (5110 0a
Jie Slslre glad a4 o¥olee Ll jo a5 wll oo 2l
bug & Sz Skl Gl g 5l Joe ol 5o Ngd (oo
5 et gy bl Y] sas @l Vavy JLe s Yanenko
odd JSus Lol pl8 g0 5l by cpl 09l so colaiul pitue

O
o o S8 S 5 g (1) wiiase Soles o5 sl o
O g bl ol (Gl e 93 4 Wi oo p5 0l g
OYolas (55,80 a5 wds o ojll Lo 4y 430l 0gd 4y 500
L oogd plnil an S SVoles Sy J> b gloj 5o oS>
o Doy Sl b 53 (e JB (a9 48,0 0] el

=

Ry
ClS salgss > s ] sael canss Sloyms elal
S kel S5 e U sy il o 90 b 0
2 P s salgs 6 3L s b sledlsz (9,0 oy a4 e
A8y bz o 5l eolaiwl b ce s slo adlie ool dl> 0



Olez 1y 9 59l (lo 18T (e g ouos (5 5l Sgramo 0 LNyl

¥

ol asl <1+ 0 Joleo LS"L“) ralf 9 4l Ve g5l 4l IS
ol 00

ol acled CoxBge 4 Jos.g).‘o ©oae Joe C’l“ AL
5 Cowl 00l duslie Gmli.ig.uﬂ =l b bz sl o J&&

3,18 0929 L o (sl Bollas 45 am0 o LS

>
@)

W

() aslos Cordsa

S =

20 40 60 80 100 120 140 I6
(st ol

Skiloj 50 JBs by adlod Curdgo dunnlio .F S
Tl () p bs) il soac guli (il
[¥] (08A+) o1 )SKon g Huppert (blis) ool o

clasie U Y] o claslel 5l Ko (S adlsl o
4 p =10114kg/m* 4 x =30cm .h, =10cm
2 oesia ooy iz 5o olyz psal ol lp & 0b il
el oas 4l ) LT allie

Slasl oo e VY T Jsb a8 Slawls aals jo Jlie gpl'5s
olasi b cudye Sglate aSlls ojlail g8 aw b colgasl ases
oy YO XY e slaxi b S5, 9 YOXYD. olasws b ) Yo xPe
Gl a5 oy sl ouls oolanul (5B 5 a8l Slgm o
@ S5y 5 5 ey gl 4l 4y byype glej o554 VIO
R PRV EC [V CRRYRRY SRS Py SRY Y N IRRR
Slp goue s jlalols J&s asie 5l alols yglas & S
aalejl polas bolpen 5y 9 fjecaiys ciliso lo 4l
) mle 52l 5l e aBNYID 5 AV FIA FIF lele; 5o
YR

bz 5l G SLim Al adb G, b &S cul ek
Soriy Job Sbyd aSd )0 oS Wiz e 09l (oo (S5l Al
B9dise (Sriie (2970 O

ez 5,8 a5l eael sy aBialesl s el
S I sl Jlw J2ls 4 (RKon Jlow S 5l g0g0xe
ool I¥] sl oty e alo o a0 (b ol dnwgs a3
JE> b,z sbml 5l an o] ,o a8 wsl oo il al> e cal>
& Soriay U S g b Ly o] Gli (S ol o
Loy 5hasm 1) adl JUEl 0Ly () 0 5 () 0 slelses wules
ok el ploy cnl )3 oS waas oo plas 5 Ll Jlw (ud
Sy oo el s S

ARY
0.75

(VAA%) Garcia bwg oolasw! 390 pold dwnsnr ¥ JSC&
(Wbl (o0 Z g )0 otV (e slHl0 pgld)

s s o JBs L sl ol @l 5l LS aelsl o
o Jaw gl laml 0550 12 50 olaed g (831 gl yiy Calizs
3 olaedsl Jgaz 51 s g 00l duslin ‘_,’_cali.d.iu)"l =l el
Coy dol> mls peazx o ol Joo cwle g i

A Ay

Sy g gl F

S yany $-)
ey olejl o JBx b bl 6l Jsene s,
28 il W g ed Ol ealiS a4z e Sy JLST
Gk ol a4 ead sbnl lyr il ead oy Y S
L a5 05 o ool wile 5l oas by JE> b,z Slau

Al go (g 90 dastin sl Lulul ol Lubide S5 Sl

I

<
<

B~ L oo
SOT G Uk

alo 3 o by Iz ol JoSis ¥ S

VAAs Jlo yo o) Sen 5 HUPPErt Lowg oo sl cliolejl jo
b G T 51O (Sl i 1 slo ooz (gl ool S
slesl 5l X alols po e [Y] 0s o N asiine e
095 J b b (o 00ls 1B psx a0 G pold G oo
i (ghls e ol vz e G S foped ST o pleb S
azyd Ghalesl £955 Sl e 5 (0 Sl (et JS
b o il p SLSU sk

S Slalesl 51 (Ko (Jae g 0 ,8loe 1 pliabel (sl lazl 5o
Gl oa )l oy b Bz sz adlos CuaBse azs ol (6
s X =39cm h =14.9cm il opl jo o g5be amd
sl o p, =1009.3kg /N7

Jobw Yoo g V- gw\;ﬂAJJ}bc\Sujwaumlo
Obey Cowl 00l i 88l 3B Sl 0 i Slewls



10

Sl (MU gt SR sl o o 90 (00 (55w A

70 ci|

Sladle) 5 (il SelSCh) (soe gl 51 Aol I @587 9lad U (YU J0) LASie ol 250l dmglio B JSCE
(VoxFo) Calyo aSood onsdailio cad o ¥ 9 ¥ o) (g o lods . &ilo yidilo o3l (o 4l YV/D (0 9A/Y (g FIA (& FIF (I

il oo (V0exYoe) 533y 9 (VOXY D) 3,

a8 I ol atled Gopten Sepm Al WS g @S
< LSgL’ u.xL) Lu).n.x UL’)? ] d..l};a Be OJAT Cowdy uL..wl?u
» W) 43‘)‘ @L’.‘u L: aclos 65}““" C«:JM: Q‘M ‘)‘35) ile
b, J& slb,> cdl a> e ;0 DNS gus g0 Jow ulld]

DT sl o 850 wle 5l oo
I 0l 5l 65K dged goue (sile At Bl o
oad pll wlislesl @ls 5 eolitwl b adgl Eél al>,e o
IAD 59 (oo plowl Yoo Jlo jo o) IKen o Patterson g
Slasie b (VAAY) o Ken 5 Huppert alie Slasle;l bl
el g'=47cm/s’ s x =120cm .h =288cm
3ok Sl oo)sl Canlii@le 565 Gilo and ol 5o il
odds oolaiwl BSB § (Blilys (0 eud i VY exOF. 5, Al

1,0.05
5 0.04
3
~ 003
f{‘
% 0.02
1
9, 0.01
) 25 5 7.5 10 12.5 15 17.5

@b ol
A Camd (3l y2> alod (59 pileny g Ol g P S
goue @l bl » glej

@S9 (U Sy b Loyl (Slin () 0 5 () O sledsh o
Goe 4 Olyr Gos S 4Gl do e al ) ey iled (oo
Bl oyl Al o o gy o [2VD dg0m 4y 5 S Jlew 4l
Jo 53 (il G958 b x5l g5 e )] 5o o5 widl o
245 s o 5 el abe e oo ol e S o )8
5l oo e i) 6955 b Job 5 65l 59,8 O]

3 B ol adlos 098 oo cnalin O JSKS jo a5 jghiles
Gt B Y Gl S o0 2S5 et ST SSE Y s,
pas byd ogzy b pold s 5 S8 (lyz aslr S
D (oo JSAS 0oz (55, 2 853

ol €57 e 0 &5 Wilioe oz Ol ISz oLz
& Wl S e 3555 el b el 5 Gilishe (slgg bl
Sz syt 9, R LS9k cnl igd o0 o] S
Sl & UK o ans o 3 b o 1) JISx oy
5 Oz (rl o S IS 352 S &5 geala (nolS
oS ol ead eols yinled Wgd o olml oYL JLew
odd oy Gloy ol JBa ol asled sty e
L)"L"”‘J" [ 6_‘0 Cdlo M)‘ Sy U"‘ ML?LA 6‘)" |
el odls oolaiwl Ui a Jaj.v).a L_,’_iLa) alols 9 aclod M}A
A acled (g5 ten Cae o ol ool Hlas JSK ol o a8 jghailen
Ol ey ol jlade o o ralS sl (log ol 5l o
sgax oley B 15T 5 myas melS al>ge e g ool
oligS 0,90 3l dms sls pudlys il al> e £9,5 0 T =4 SEC



Ole 1y 9 5yl (2lo 18T e s «opnd (5 a0 Dgaumnn 00N LS (il \#

b Slasie o wibios o 4w bl coale a5 US>
Oeizped GLSen o PATErsOn wles oo iy 293 |, J&
1 omlojl nl (LES) S sl wlo S i (g, S5 &
w4l gl wlol 5 JA] Woges (o3le s Gom 90 &)
e g Mie ALl @bt 4 s Gl Slin Cusdse

S O (@295 Cardae (pl ol Joe j0 AT 50 j0 0g S

D5 (5

e iled T adgl olye jo 1, ol 4Eled anmsgs (Gll) V IS
a5 ams oo lid allilej] s b slie Bl a5 a0
Jw b 0l St o e 50 pilggele 0slS Sl bbb
e D9d (o0 odalie 93 (@) Y 5 ()Y JS8 0 oYL
oS Sl (53l aned BB Joo g LIl ol o cnSS
2l anlie ull 5 cwl asie ()Y USKS o sagay ol
Wl g0 oSt ol Gl Coundse aRilesl 5 goue

5 i Wl a5l G 9 g0 Jhe 3gai Bl s (oo

[eX=]

1 1.5

2m (=

[eX=]

1

1.5

Zm

(=)

o Patterson jislesT ;o gle cyiils y 31 s 4l VO/FA(S g ANF(z SISV (0 KNI (W slele; & bgyyo JE auei -V S

(Pl JSi) polo goue mls b o duglio g (YL JS&) (Y+48) ol Ko

0.6 0.6
0.4 —A 0.4 n
02l t=10sec 02l t=10sec
0 0
0.6 0.6
0.4 O4p— , _!
02l t=20sec 02l t=20sec
0 0
0.6 0.6
0.4 ‘a . . 0.4 F ¢ y | . .
0.2t t=30sec 0.2 t=30sec
0 0
0.6 0.6
0.4 0.4
-
0.2} t=40sec - N 0.2l t=40sec - -a_l
0 0
m m
0.6 0.6
0.4 0.4
o2} t=50sec 4 A 02| t=50sec = i
0 i P 3 im 0 1 3 3 dm

G 0,5 Slawi b aSecds g lis 3l ool Cowny S a9 oS & cilieo sledle) 45 oyl e LSl Gl &, .4 JSb

(C«wb Couwd ﬁgha.’f) Yoox oo ‘5‘.0 a)f Slaw b &Sl 9 (¢ Cwomw ﬁ'gLaJ) OexYO

PAHS VoY e s j5h ST LY USE psls o iales]
@ e B Jsb 4y Slosbe amels ool snd alml canSe e

ol p.».......o.u 03139 ‘_,’Jﬁ‘ L;L"bu«e‘} 90 e J?l"" R 9\1&’
AN g0 Jobee izt Slo a5 (sile 4t S oo o

CS o Gl A pgar 0 oo Jde mll Cwnd ol o
oo g bl o s oo Wbl et i 59, S L~
o2 Iyal 05 o ool aBiolej] s 5l goue oo (e



v

Sl (MU gt SR sl o o 90 (00 (55w A

Jew s S bz o 25 sblle Selus o
arwgl wile JBz bz IS Sleogas Grizes 5 VL
J ok ol bz 5l gan s Gorim Co e Olos b Ol
Iz olr atles oyt Sy 2Ol oo asles Sl Jed
Mol g (B8l gl s 50 o y0 il o gle AL (55, » (S
S Glyz Gile and b osd o (gl and (ol CE0 L
e Slaogas ol joly Glg (o ) 4L g9,
Fol @b Jhw s JB by om 57 slojbsle Jals

Dged (s O [y sl 2slS sl bl ke

&=y
5 e Sllz 6595 5 025 oy e wsoblnd [V
Aoy ol ol S8 bz 5l ook, Jae as
AYVA iy ixio olSils o535

992 sy ? o «@olTia e pzsio ol o sila s (Y]

e Kgam o (B by (ooye S 092 5 k)

AVA amio YV ojled opd olfadls (b oaSasls
ATYA

[3] Simpson, JE., “Gravity Currents in the Laboratory,
Atmosphere, and Ocean”, Annual Review of Fluid
Mechanics, Vol. 14, 1982, pp. 213-234.

[4] Simpson J.E., Britter R.E., ”The Dynamics of the Head of
a Gravity Current Advancing Over a Horizontal
Surface”, Journa of Fluid Mechanics, VVol. 94, 1979, pp.
477-495.

[5] Huppert H. E., Simpson J. E., ”The Sumping of Gravity
Currents”, Journal of Fluid Mechanics, Vol. 99, 1980,
pp. 785-799.

[6] Rottman, JW., Simpson, JE., “Gravity Currents
Produced by I nstantaneous Releases of a Heavy Fluid in
a Rectangular’ Channel”, Journal of Fluid Mechanics,
Vol. 135, 1983, pp. 95-110.

[7] Garcia, M.H., ”Hydraulic Jumps in Sediment-Driven
Bottom Currents”, Journal of Hydraulic Engineering,
Vol. 119, No. 10, 1993, pp. 1094-1117.

[8] Hacker, JN., Linden, P.F., Daziel, S.B., ”Mixing in
Lock-Release  Gravity Currents”, Dynamics of
Atmospheres and Oceans, Vol. 24, 1996, pp. 183-195.

[9] Marino, B.M., Thomas, L.P., Linden, P.F., ”The Front
Condition for Gravity Currents”, Journal of Fluid
Mechanics, Vol. 536, 2005, pp. 49-78.

[10] Patterson, M.D., Simpson, JE., Dadzd, SB.,
Nikiforakis, N., ”Numerical Modelling of Two-
Dimensional and Axisymmetric Gravity Currents’,
International Journal for Numerical Methods in Fluids.,
Vol. 47, 2005, pp. 1221-1227.

o Oy Sl Camdge duglie A S5 .l oas Ll agl
SRS (o ULM..: Gﬁ&mlﬁ)—‘ C_;L._) L; l) foL> J‘AA -'a.wy o
PEileil @l b lie @il ol s a5 59 oo ool

Ayl

(o) acles CaBye
L S n A~

=)

20 40 60 80 100 120
(4l o\l

SWile) »o JEBs (b2 ablos Curdgo dulio A &
(L) (1AAS)Garcia alis ol

il Jaeeele s Gl Qleebl Jpa> 4 4 L
S5k ads ookl b ilie sleilej yo Gl LSl Sbsy>
23S Ve exBee slao S slawi b S, aSd e goue
o &3l A4 JSs y0 a4l /e 0 Gloy p8 g oSB 5 28 e
4ot b oand plol (g3le 4t 90 @l rizren 4 JS2 50 2]
Cowlas g95u IS pl o el o0l anlis oglae sl
Ok e Sedy Cend 0 ead S L5 x slaliBle

el 00l ool igles aSl ojlasl 4y s
B )0 45 d9d oo odalie alide Slgjle and anslie b
S ploy SIS ogarn S ol 5l e Slas S,
4t bl LB ) (0 5 Bree latond 4 b2 (5
Hapels sS85 2 gl)bsle ) &b 65, 2 Gl
aseie A g A sla S5 o oS jshailen Lol ailond odgi (6 i
by Sl Gorte e 4D g0 sl eslinul b ol

Dedse (s L (2970 S8

G5 i Y
Slp @B axio )5 Gum 90 3% oo S gl Biied o
4555 S5l (geme Jade 395l 36 S8 bz ile 4l
bagte (S gl pgb SYsleo Jo ulal o et S S
L oSl Yolee .ol ouls a5 (URANS) julen; oo (55
ol slailinl K=& (ol dolae g0 (Sxadl Joo 3 ool
JEC PRV PSP PO R FRRCH | IR IK SN EE P PN
ol 4 09> se ‘_,’Jali.i.iu)"l =l 0wl Caway (goue =l awslis
SYolae jloslainl b (goue (g3lw als a5 098 o yomie donS
i 4,006 ol ous s K— & Smas] Jow L a5 URANS



Oloz 1y 9§yl (o 18T (e dpw (i (5l Sgame 001 ILSN (1l

A

Sope”, Journa of Hydraulic Engineering, Vol. 128, No.
1, 2002, pp. 55-63.

[23] Imran, J.,, Kassem, A., Khan, S. M., ”Three-Dimensional
Modeling of Density Current. I. Flow in Sraight
Confined and Unconfined Channels’, Journal of
Hydraulic Research, Val. 42, No. 6, 2004, pp. 578-590.

[24] Kassem, A., Imran, J., ”Three-Dimensional Modeling of
Density Current. Il. Flow in Snuous Confined and
Unconfined Channels”, Journal of Hydraulic Research,
Vol. 42, No. 6, 2004, pp. 591-602.

[25] Huang, H., Imran, J., Pirmez, C., ”Numerical Moddl of
Turbidity Currents with a Deforming Bottom
Boundary”, Journal of Hydraulic Engineering, Vol. 131,
No. 4, 2005, pp. 283-293.

[26] Cantero, M.l., Garcia, M.H., Buscaglia, G.C,,
Bombardelli, F.A., Dari, E.A., ”Multidimensional CFD
Smulation of a Discontinuous Density Current”, Proc.,
30th IAHR Cong., Thessaloniki, Greece, 2003.

[27] Launder, B.E., Spalding, D.B., ”The Numerical
Computation of Turbulent Flows”, Computer Methods
in Applied Mechanics and Enginearing, Vol. 3, 1974,
pp. 269-289.

[28] Rodi, W., "Examples of Calculation Methods for Flow
And Mixing in Stratified Fluids”, Journal of Geophysical
Research, Vol. 92, 1987, pp. 5305-5328.

[29] Hossain, M.S., Rodi, W., Turbulent Buoyant Jets and
Plumes, Pergamon press, Oxford, England, 1982.

[30] Fukushima, Y., Hayakawa, N., ”Analysis of Inclined
Wall Plume by the k — & Turbulence Model”, Journal
of Applied Mechanics, Vol. 57, 1990, pp. 455-465.

[31] Fukushima, Y., Watanabe, M., ”Numerical Smulation of
Density Underflow by the k —&. Turbulence Model”,

Journal of Hydroscience and-Hydraulic Engineering,
Vol. 8, 1990, pp. 31-40.

[32] Fischer, H.B., List, E.J, Koh,"RIC.Y., Imberger, J,
Brooks, N.H., Mixing in.Inland and Coastal Waters,
Academic, New York, 1979.

[33] Petersen, O., Lecture Notes in Turbulence, Department
of Civil Engineering, Aalborg University, Denmark,
1994,

[34] Rodi, W., Turbulence Models and Their Applicationsin
Hydraulics, 3rd Ed., IAHR Monograph, Balkema,
Rotterdam, The Netherlands, 1993.

[35] Wu, W., Rodi, W., Wenka, T., ”3D Numerical Modeling
of Flow and Sediment Transport in Open Channels”,
Journal of Hydraulic Engineering, Vol. 126, No. 1,
2000, pp. 4-15.

[36] Durbin, P.A., Pettersson Reif, B.A., Statistical Theory
and Modeling for Turbulent Flows, Wiley, 2001.

[37] Yanenko, N.N., The Method of Fractional Seps,
Springer-Verlag, Berlin, 1971.

[11] Zhu, JB., Lee, C.B., Chen, G.Q., Lee, JH.W., "PIV
Observation of Instantaneous Velocity Structure of Lock
Release Gravity Currents in the Sumping Phase”,
Communications in Nonlinear Science and Numerical
Simulation, Vol. 11, 2006, pp. 262-270.

[12] Hartel, C., Meiburg, E., Necker, F., ”Analysis and Direct
Numerical Smulation of the Flow at a Gravity-Current
Head. Part 1. Flow Topology and Front Speed for Sip
and No-Sip Boundaries’, Journal of Fluid Mechanics,
Vol. 418, 2000, pp. 189-212.

[13] Necker, F., Hartel, C., Kleiser, L., Meiburg, E., ”High-
Resolution Smulations of Particle-Driven Gravity
Currents”, International Journal of Multiphase Flow,
Vol. 28, 2002, pp. 279-300.

[14] Necker, F., Hartel,.C., Kleiser, L., Meiburg, E., ”Mixing
and Dissipation in Particle-Driven Gravity Currents’,
Journal of Fluid Mechanics, Vol. 308, 2005, pp. 289-
311.

[15] Birman, V.K., Martin, JE., Meiburg, E., ”The Non-
Boussinesq Lock-Exchange Problem. Part 2. High-
Resolution Smulations”, Journal of Fluid Mechanics,
Vol. 537, 2005, pp. 125-144.

[16] Cantero, M.I., Balachandar, S., Garcia, M.H., Ferry, JP.,
”Direct Numerical Smulations of Planar and
Cylindrical Density Currents”, Journal of Applied
Mechanics, Vol. 73, No. 6, 2006, pp. 923-930.

[15] Patterson, M.D., Simpson, J.E., Dalziel, S.B., van Heijst,
G.J.F., ”Vortical Motion in the Head of an Axisymmetric
Gravity Current”, Physics of Fluids, Vol. 18, 2006, art.
046601.

[16] Ooi, SK., Constantinescu, S.G. Weber, L.J., ”’Numerical
Smulation of Lock-Exchange Gravity Driven Flows”,
ITHR Technical Report, No. 450, 2006, University of
lowa, lowa City, lowa.

[17] Farrel, G.J., Stefan, H.G., ”Mathematical Modeling of
Plunging Reservoir Flows”, Journal of Hydraulic
Research, Vol. 26, No. 5, 1988, pp. 525-537.

[18] Eidsvik, K.J., Brors, B., ”Self-Accelerated Turbidity
Current Prediction Based Upon k —¢ Model Turbulence”,
Cont. Shelf Research, Vol. 9, No. 7, 1989, pp. 617-627.

[19] Hurzeler, B.E., Ivey, G.N., Imberger, J., ”Spreading
Model for a Turbidity Current with Reversing Buoyancy
from a Constant-Volume Release”, Marine and Freshwater
Research, Vol. 46, 1995, pp. 393-408.

[20] Bournet, P.E., Dartus, D., Tassin, B., Vincon-Leite, B.,
”Numerical Investigation of Plunging Density Current”,
Journal of Hydraulic Engineering, Vol. 125, No. 6,
1999, pp. 584-594.

[21] Kassem, A., Imran, J., "Simulation of Turbid Underflows
Generated by the Plunging of a River”, Geology, Val. 29,
No. 7, 2001, pp. 655-658.

[22] Chai, S., Garcig, M.H., ” K — & Turbulence Modeling of
Density Currents Developing Two Dimensionally on a



1

Sl (MU gt SR sl o o 90 (00 (55w A

[38] Namin, M.M., A Fully Three-Dimensional Non-
Hydrostatic Free Surface Flow Model for Hydro-
Environmental Predictions, PhD thesis, Cardiff School
of Engineering, Cardiff University, Cardiff, U.K, 2003.

[39] Fromm, JE., ”A Method of Reducing Dispersion in
Convective Difference Schemes”, Journal of Computational
Physics, Vol. 3, 1968, pp. 176-189.



