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A GAS-LIQUID TWO-PHASE APPROACH TO TURBULENT OPEN-CHANNEL FLOWS
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A method for predicting turbulent gas-liquid two-phase flows is developed. A level set method
is used to capture the motion of the interface and a k-w model is introduced as a turbulence model.
The turbulence damping effects near the interface are modeled by considering the jump in the
density profile across the interface as a special case of density-stratified flows. This multiphase ap-
proach enables us to treat a wide range of flows involving free surfaces in the same way, irrespective
of the importance of the motion in the air phase. Computational results for a two-dimensional,
fully-developed open-channel flow are given to illustrate the properties of the method along with
a discussion of the future implications of these results for better performance.

Key Words : turbulence, free-surface effects, gas-liquid two-phase flows, buoyancy

1. s

B HKZ AT Lo E T, ZEFEK
AN TOBRENPND Z LR EW. T E TOKIE
WMAETIFOERO R FITEBERE NG E LTWLHDT,
SHHOREL G U CHMERE LTROESY Z LTk
TENLDORYENDFIHAEEL 25, TS % 850
TAHZETHONIAEa A MOEREZIR LY bITDS
MIZEELE25. LhLARs, ZoBEM7 Fun—
FIZHLERERH L. OEoi, EREFATHNON
BT A=, Pl ZFE T 2 X F OEME, &
%X Reynolds W /3, @ B HAKE B TOBEREMHRT
BTHHrZ &T, bHVEDE, THOBEBNERT
ERVEAIH A THERYLEE R L THD.

AR T, XEFBRREZRMEM TR, KK
M7 7 n—F2RHT 5. ZOFEZERAATA—F
OREERRMEORECET I TN E - HE2 I
DX, £77, SAOEBORBERIZE ST, Lo 4
SRR CHELR AR O S Z L A FREICT S, AL
PO RE T COREDRIL, MEOBEEL BIER
BERoOBRERES (EEARELE CARIIELT S
BE) ERTETEFAMLERS.

2. FLOERE

(1) EERVEHERER

ABFECIE, M - REB D Fiik%E, BE - ¥
PARED REA S TRMIZ BT~k & LTHRY
BH. FOLI AT IEEROESHZHRFRNZ

PTFOXIITHRBRTED.

ZF -0 )

ot Oz, (1)
Opu;  Opuju; op 9

Opujtii 0 9P O e i

ot Ox; P9 dz; + 3%’[ wsi;] + ord(d)n

2

FHHENIZIE CSF (Continuous Surface Force) 1% v
72U WA, pldES, p I, p i TRHER,
gs Etﬁjﬂjﬂﬁggfﬁkﬁ\, Sij (E %(duz/aI] + duj/aicz)) i
OPHEET VN, o lZRERIRE, « IR mih,
§ 1% Dirac D7 /L & BT, Fifi £ CO®EMBRBEE 4 (2
ESWTIHEEN S, n i3 E ETO (REiZdd2)
HALERAS 7 PAES THD.

FREERE ot z) (VEy MEED OB o EE
EIZE > TS ND. BESND p=p(¢) LEH
BET, 2D ¢ O n FEELFELSN CII—ETHILL,
A (1), QHEUTOLIEHEFlEND 2.

6u7'
5 =0 (3)

Ou; | Ouju; o 1 dp
Gt (31,7 =9 paiﬁi

10 1
+ ;a—xjp,usij] + ;Uﬁ5(i¢|)”i (4)

) o¢

2 g = (

ot Tu]c’):p,— 0 \5)

A7 TiL, BRI Reynolds EH#EEER L, ¥
B faWoxtglT5. VR, BFE [ ROESRS

- 715 -



f O, f = f+ f OBRSSE Y S5, Reynolds
T SN B HFRNTILUT TERZ bR 5.
duj _
ar, =0 (6)
ot Oz 9 p():rZ pf):r,j H3ij
T—m 07‘1‘]'
+ooni(ohn— g (D
96 0 Ouid
o Yon, T o ®

ﬂﬂzaaﬂimMM$ﬁﬁ?Vwa%é.¥w@
Rz L» TR (DT, BE, B, HERERRL N
W?/%%ﬁ@ﬂﬁﬁ TOMBBEEPBENDN, 27T
IO DEOEEIINSWEREL, EBH4 2. &K
(&@Emméﬂﬁmmﬁﬁﬁiué.ﬁ@%%é%&
l’g = h(t AN 1'3) Ti%ﬁTé Z i Z @*HE‘?EJIE@;E

F Y TN T B SN T4 75>b\< O 3?)/575) 3)—8)
T2 CHEE(7) OAHBETE & EERICES T

=g; - ——[2ps;
ot Jx; g p Ox;  poxy [2125:;]
+ﬂmmmmufgg (9)
od 0o
EHED. &y FRFEICE S EEARLT Y L TH

L. A (6), (9), (10) PAMFETHVS, #Ek, &
EERFH, ROREEBHFODHD L~y N HR
XCHD.

(2) REBHE

S, Loty FERRX (X (10) AN
TATH. Loy MEOEFEORE, ISHHIE R
7), 8§)ILFELLIEBEINTVD

TE ) AR AF I R fﬁhéﬁﬁ*&(}*&? PEARERIT
plo) =p- + {pJH(cii) (11)
w(¢) = p + [l H (o) (12)

ODEICERIND. THERZTE - KO+ 137h#

o <O0KkWe¢ > 0BT oMELE, [fl(=f—F)
oYy v TR L
0 } ¢ < —€
H(¢) = 2+2L+—sm 2 —e<gp<e (13)
1 €< ¢

Sy %’)( AR AT R0 T 117 Heaviside B
T, e HECHLORELRT AN NIETHS. FHE
ﬁOD%iii“ LARECTOED Y v 71X CSF%
FTIOBANIL>TRY RPN TWAEDT, Zhid
ﬁﬁf@%@ﬁ%@@(ﬁb%#hh:&mﬁé.mw
EF VRO T F BEITRERC
5(@:{ él:jL%COS? lo] < ¢

otherwise (14)

DEHTHZ HH, BALERY M/EZU??E@#
~ty MEEAERNTERENR =

DEHITKDOLNS.

= wap £ = V“

B)ERETN

# (9) D Reynolds f& 17 > Y b 7 b, 22T
1% Reynolds # k-w FF N N IC L > TETFMELEND.
7;; 1% Boussinesq M fELiC SV TLUT O X I EZ B

ns.
AT
Tij = —2— p Sij -+ 3k61] (15)
pr VRS TERRE T, R IRELR = RV —, 45 13 Kro-

necker DT NHF TEHDH. prp itk BT RLF—D
DERNF—HIRE w NEROLN, kR Tw i THY
OFETNAEEFBRAC IV REIND.

pwr = o pkjw (16)
Dk 10 ok
=t _ g [ e * Rt
i P+ Gy — FTkw + 70z [(/Hr o uT)axJ
(17)
Dw 10 Ow
—a2P -— 18
T~ ogphe +pajj{ur+ ThT )5 J] (18)
RN ED XA —ERIRT, o, §* 0%, a, G,

c BT B/ T A— 2 ThD. FEMTICHR9) 2
sV, EEERFL (F(9) fm&En,
CSF EFT M L B HEN O BIIERTEL LIREL
7o, BIELHEORBRSS OFBEEILIZ Z Tk

P = — L ol6(f)n (19)
orp
DEIICEFAET S, K (19) £ EE EHE,
— _ b 9p(¢)
pi = orp Ox; (20)
BELRD. Zh kDR (19) I IER S

wmES (X (11) oxhd 2 AR & ST ICE
i ¢, or (ZELVE Prandtl BUZH BT D 2 bbb
=70, X (20) Hoo%EARMITEEBCRRICERET
LHOT, WHETEEMICITEM TRV, BB, or =09
LY B AEOBRIT kit RAPcons
%L,w%%ﬁ&ﬁf@ﬁﬁbtﬂk

H(19) LS X 51, BAERE Gy Ul
Heaviside/7 /v % BB DI LOBRE LR D D
RIE e ICIRIFET 5. ETIRBARSER L% L LT,
EHRRRED e ~DETFHEFEBERRFT 5.

3. BB - FKBRER

(1) st
T%%éﬂf’jﬂf% R T SE A% FEBR K BE L Vi
. EORDMEERIET S, RSPl Heaviside/ 7 /L
555%(?}@“6%6/*‘/ iR e DI ERLELS.
SR NEIL, WE THRE & KRS KL U
Reynolds #7% 4,400, Froude #H 0.66 OBKBEERR

-716 -



slip wall
H xy, water

X1
no-slip wall

(a) single-phase approach

slip wall

1.2H

no-slip wall
(b) two-phase approach

H-1 SExH L U BKB S O MRS .
T-1 BT —2. Ap, HKEEETO o, HROETE.
model approach number of grid  number of grid band width
points in water points in air €
Runl  k-w  single phase 36 N/A N/A
Run2 kw two phase 72 60 1.5A¢, (= 0.03H)
Run3  kw two phase 72 60 3Ass (= 0.06H)
Rund kw two phase 72 60 6A;, (= 0.12H)
30—
o0
H
s Tt
P-4 i i
101 d
i A
j s
0 oo, | sodeeiee e
0.8 0.9 le/H 1.1 1.2

(a) smeared-out Heaviside function

(b) smeared-out delta function

-2 KiEifE oYl Heaviside &R OF A% B D54 — — , Run2; —x— , Run3; - - » - - , Rund.

ThD. TA - BHICEKRRE, 293K DZESR - AR
EL, pu/pe =832, lw/te =551 %5 %7, TH&
OWAF w & a XFNFHKF, EKPTCOMERT.

4 FEE O E (Runi-Rund, £-1 38) 247-72.
Runl TRrXEFEXIIAMOL TR (HET7T 7
o—F, K-1(a)) , BEAKmIIEETLY @ TCEEI
%. Run2-Rund Tik, FTEFHFERXIKEEHETHRI N
(ZH7 7e—F, B-1(b)), KEMLEZL-LEY F
FEIZ Lo CGEB AN S, ELOBEEEE LI, 165k
DLty kv Ial—varTie=150, =
2T Ags WIREEEORT T A X% T30 5 DOHRIE,
BRI EN 52 12D, Run2 T ZOEEZHWS.
LB OFEF TIEEEX (FHRTIE) 2 FRIZOH
BT DT, Ap & LT, ZZCRHARIECRT
Bz FAIOHERTIETH S 0.02H TS, £2CD
Run KBWTHEF RO TR 2o /H < 0.4 OFF
BMCTRAEHRE CEmMIETE L L, Fnll Lo
TrERR S L. B Heaviside/ 7V & B8S& 0 Fi
WETOSHE-2 IR, Ko TEEEFEGO
BAEKRE Gy R EEED, Run2 TiE 2 &, Run3

TIL 44, Rund T 12 A, 2RV TixEr &2,

(2) SHE#HR

X-3 2 Runl-Rund TH Oz, TR, REkksE:
%%, EL= R/ ¥—, Reynolds ¥ AW, KU
R —Eik R P OARTE L EEO S &
RT. IS ORI F R < A TiE Wilcox
WX D HATERMRNOHERER Y L2l —%T5
OT, UTFTHAREFEROCESHCOREMIZERT
5. ETEOBRLZTE + ERBRER L KOS
B v, CHBILEINT-ETHHZ AT

HHOBEEZ2BERBOBR LGS L HARTAE
HEOFAE, K-3(b) ILREND X 51T, HEEERE
vr DREAH COHBELHRICBHTEI RIS S,
vpr OB BEKETECTOBER, EROICH #1213
BK13), EEKET I 2L —arTY (B EsTH
14)) HERINTWAP, Zhid RANSE7 VA BT
BHHBE CHET A0, B ST7 A—FizxtL
TRBHZRKEEREL 2520 D10 ur 2l
BEERCD 0 2 LRARETHo. KRFIETITZE

=717 -



30

(a) mean velocity %}

0 1 2 3 4
k+

(c) turbulent kinetic energy k"

0 005 01 pr 015 02 025
k

(e) production of k, P
-3 BABEROTFUHR -S> FIF c OFE-

DX DR FEICEAZ e, RETOEN
SREEETHZE Cuvr OREERFEBETE 5.
L, FOLIREISREIARRIAED ETER
SEHICERT 23T TH B A, 2 TCIEAHEEET
TN (TRTEIE T, TRoehiD) EHE®
Tng., ZHUEAREEHZRGFICENHEEEN
T, EEBHEREFHFCEREANE LTS, CSFET L
DIEETARVIENTHD. 207D, HM2I0RE
Nk o, BHHEMEATAEEIT A FNIE e 12
FoTHFED, FORER, HLEAAZA—2BEETA
FEI b e IR TET D, BRICKARMITIL, kMRS
SO ERIZL - CEYMBE oA BN KE <ET 5.

0.5f

0 10 20 ,* 30 40 50
T

(b) kinematic eddy viscosity v

0 T 05 T 1
1:12

(d) Reynolds shear stress —7;,

0.5t

0o 005 ool 05

(f) dissipation of k, e

o , Runl — - —, Run2; ——, Run3; - - - - - , Rund.

(3) BE

T OBAERREEO R BV TIE, Reynolds ia /157 Y
DB AR 1o DR EERCEERELFRD.
Thbb, ARG EICHAUOBRE N 80 &
W, ZHRIEEREE T L E VAR T

[ (66)+ ) O

REWT S, [-3(b) oML E I, AFETH
B2 pr IRIEHEHT e lC X o THOMBRR D, X
A C IR T 0y / 0z DN THDLDT, pr @
BUDTESRICITE A EREER S 200, 5T, &
PR U ORI EREED L S ICERT A0, KAMA
DAREEE TIX 01, /O K EW. 2O+ % Juy/0xy

- 718 -



i, 22D BT pr OFE BRI EITH Y
T LB /AT TC, H-3G) IBLNnD LD
CEMROEEHRIL e K REKFET D, Tabb, /
IS CEUERN T SN BB SRETES & ikstET
FAOMBEDETIE, T TERYE-TE ) RiEh
WZRWTRIRD e 10T 2FE 2R E /550 5 Z & id
L,

HEREET VRO DERET L E LT, AR
KXETFAEREZ D, ZREFEE L UOLHEEIZB Y
T, Reynolds &AM T) 19 IEKT 57 Ll 512
Ak

s 1 ou
=— 3" Cwr2 + (/3 - E’AY)TUE)%
(a1 le),0m L o
o 4’}/ 22 (91‘2 477‘33 81’2

67’12
ot

1 0 _ . 0712
+'ﬁ6wk[0r+0 “T)azk}
DEHICHEAZLGND. 2720, EAHOTAHMEBEEICX
LRR EF /118 2 H 2. ERiT stressw ©F 9 10
ESWTWwaR, AUFE1HD f*w % c/k TEREH
3L, EXHEUERP e ZRT A L LTHRBYT
BISHFRAETFTVICLETITES. O, & 4, 413
LRRETLOET AR TH S, K Reynolds FHEID
EF LTI IS OFREITELIR Reynolds % Ok« 72
RT A= EFT B0, wRisE ks 0TI
TiEE Reynolds BT L & LCHEHSNZEEEE
2%, Thbb, C; =18, & = 0.775, 8 = 0.196,
4 =0495 & T, FRE2, 3, AEOREITENE
M, (3—-15) = 007225, (&—1-159) = -0.34875,
—14=-0.12375 £ 72 5.

FRE 2, 3, ATV TRGHENOTAMEBEENE
5T, #1#F1 Reynolds TEISTT 711, 7o, T33 1H
Fil4 5. Reynolds TEJL W1, FEGEEHE TR
BHEEFEHOTAEBEEOYRICL > TR SRS,
E2HOBREISTBIETH LM, M EILOEOHR
BUZ LTS ONDT, FESHOTHAEBEEE o DOHEST
BEMADIREFFSPEEZLND. ZThEDVED
EOWHEEUR (55U 5 ) BM#< DT, Reynolds &
NET L THEMOFHRBE B ETFT S ET
mans.

BT, RFEEE, R & LBKBERO K
WO L2, e Elkd 2 EERSHBHKEISN B
A CIOKBSIR) OBBCAED CTHDHESRZD. IO
B EEE T EL N O A RS I ER T, Kk
FIEITN CTE AN E T 2720 0T, SN
IR e DEEBNTIRFMNA LD LD, KIAKEE LOM
MO I TrE 5. SRk 19) Tk, KEo
EREfE I 3ERBH b Lo F LOBKBEITIZAR TER
HWHXN, BAREREPEE SN TS, FITHRPER
OFMEB T ESEERIT <0 mTH Y, KEmLFo
HAMNZ &> TER SRR SHEN O ORME %
WETH. 205G, BTN ERICEREBEERET S
DT, e DEBIRENLEZONS,

5. $Ei&

AETHEAKE ST ERE2 RS THTS
FiEL LT, QIECHT7T o —FERELL. [JER
HTOEBOBREDEIL, WHOEEZEL BERBH
DWIRIRIEE LR RT e TETAME L, XEHR
R AWM TS ZOFIEE, SLRAT7 A—Z DREE
REFCET HEVFNE, REI2ERECE, £
SFHOBEBOEBBHEICER R, L0 RHEERKKE -
HHELREROFL I Z N TED.

BABSHR~DOEAFR CIL, KFEN, (k0
THE-BAINEL DA, BT A —F T 5%
BB REEECAEERESEZRVDZ 272, B
AR OREEHE COREY BRICHEBE TS L
BHEND BTz, 7272 LB FEEIREmAELNL O ERD
FERE 2D LD 2EE, FTHEECRERSS Z
ERHBA LT, ZORNESBRORTTIREL 2D,

AR DFITIZB W T, Robert L. Street #3755
WBEL DI HBELEFERGRTHEEE T, =, A
FELL R AL B SR B S (FFRIBF R B R E)
DEMZP ST CiThhi-., TLTHELZFRTS.

BEXH

1) Brackbill, J.U., Kothe, D.B. and Zemach, C.: A contin-
uum method for modeling surface tension, J. Comput.
Phys. 100, 335-354, 1992.

2) Young, Y.-N., Ham, F.E. and Mansour, N.N.: Interac-
tion between turbulent flow and free surfaces, Annual
Research Briefs, 301-311, Center for Turbulence Re-
search, Stanford University and NASA Ames, 2002.

3) Hodges, B.R. and Street, R.L.: On simulation of tur-
bulent nonlinear free-surface flows, J. Comput. Phys.
151, 425-457, 1999

4) Dimas, A.A. and Fialkowski, L.T.: Large-wave sim-
ulation (LWS) of free-surface flows developing weak
splilling breaking waves, J. Comput. Phys. 159, 172-
196, 2000.

5) Shen, L. and Yue, D.K.P.: Large-eddy simulation of
free-surface turbulence, J. Fluid Mech. 440, 75-116,
2001.

6) Nakayama, A. and Yokojima, S.: Modeling free-surface
fluctuation effects for calculation of turbulent open-
channel flows, Environmental Fluid Mech. 3, 1-21,
2003.

7) Sethian, J.A.: Level Set Methods and Fast Marching
Methods (2nd ed.), Cambridge University Press, Cam-
bridge, UK, 1999.

8) Osher, S. and Fedkiw, R.: Level Set Methods and Dy-
namic Implicit Surfaces, Springer-Verlag, New York,
2003.

9) Wilcox, D. C.: Turbulence Modeling for CFD (2nd ed.),
DCW Industrics, La Canada, California, 1998.

10) ASCE Task Committee on Turbulence Models in Hy-
draulic Computations: Turbulence modeling of surface
water flow and transport: Part 1, J. Hydr. Engrg..
ASCE 114, 970-991, 1988.

11) Peng, S.-H. and Davidson, L.: Computation of tur-
bulent buoyant flows in enclosures with low-Reynolds-
number k-w models, Int. J. Heat and Fluid Flow 20,
172-184, 1999.

12) Sussman, M., Smereka, P. and Osher, S.: A level set ap-
proach for computing solutions to incompressible two-
phase flows, J. Comput. Phys. 114, 146-159, 1994.

719 -



13) Nezu, I. and Rodi, W.: Open-channel flow measure-
ments with a laser Doppler anemometer, J. Hydr. En-
grg. ASCE 112, 335-355, 1986.

14) Nagaosa, R.: Direct numerical simulation of vortex
structures and turbulent scalar transfer across a free
surface in a fully developed turbulence, Phys. Fluids
11, 1581-1595, 1999.

15) Naot, D. and Rodi, W.: Calculation of secondary cur-
rents in channel flow, J. Hydr. Div. ASCE 108, 948
968, 1982.

16) Nezu, I. and Nakagawa, H.: Turbulence in Open-
Channel Flows, A. A. Balkema, Rotterdam, 1993.

17) Celik, 1. and Rodi, W.: Simulation of free-surface ef-
fects in turbulent channel flows, PhysicoChemical Hy-
drodynamics 5, 217-227, 1984.

18) Launder, B.E., Reece, G.J. and Rodi, W.: Progress in
the development of a Reynolds-stress turbulence clo-
sure, J. Fluid Mech. 68, 537-566, 1975.

19) Yokojima, S. and Street, R.L.: A level-set simulation
of incompressible free-surface flow over a trench, Proc.
5th Int. Conf. on Multiphase Flow No.235, Yokohama,
Japan, 2004.

(2004.9.30 =)

- 720 -



