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NUMERICAL CALCULATION OF TURBULENT OPEN-CHANNEL
FLOWS IN CONSIDERATION OF FREE-SURFACE EFFECTS
—COMPUTER SIMULATION BY A MODIFIED
/e TURBULENCE MODEL—

By Zehisa NEZU and Hiroji NAKAGAWA

Synopsis

Numerical calculation techniques of turbulent shear flows are classified into two categories :
one is k-¢ turbulence model and the other is large eddy simulation (LES). The standard k-¢
model has been established at present to predict turbulent structure in closed duct flows, while
LES is being developed to predict coherent eddy structure in more simple duct flows, The
standard k-e¢ model cannot be, however, applied to open channel surface flows, because the
turbulence near the free surface is more depressed than the closed duct flows.

In the present study a new modified k-6 model is proposed to predict reasonably the turbulent
structure in open channel flows with both of low and high Reynolds numbers. The numerical
calculations indicate a splendid agreement with the experimental data which were obtained by
making use of hot-film and Laser Doppler anemometers.
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Fig. 1 Coefficient Cu of eddy viscosity against turbulence Reynolds number, R;.
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Fig. 2 Effect of Cu on mean velocity distribution.
(Standard k-¢ model and modified k-¢ model)
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Fig. 3 Effect of Cu on turbulent energy, £2/Uy*%
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Fig. 4 Effect of Cp, on energy dissipation, eZ/Ux3.
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Fig. 5 Effect of free-surface damping coefficient D, on eddy viscosity distribution, v;/(AU ).
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—(’E)a=—(a’)w "o,

U -
()

SEEOHITY - TR, BEKEICELEVETEE o 122D, RE6), GEEREMACTITIN,
2B, s WHNDBEZHIRBED L S ICRSPRERETH Y, KHETIT ¢ KBLTIRE@) LRI
SHFRGRM: /0y ye=0 B> LT B,

o
o
™ RUN Re Rsta Dy
0] 1 1.0x10" 5.33x10° 0.4
E A 2 1.0x10* 5.33x10% 0.6
+ 3 1.,0x10" 5.3uyx1p? 0.8
« ] X 4 1.,0¢10* 5.3ux10° 1.0
-
Jo
Do
it ou
I J
> Log-Wake Law
o ] Log Law
D‘—
- J Van Driest Curve
———’_’-/ T T T T TrIrrr T T T T rrr
FUTETesh e 2 3 4 5éidslg 2 5 4 seusdhgr 2 3 4 5&iesio

Y+=YUx/NU

Fig. 6 Effect of free-surface damping coefficient 2, on mean velocity distribution.
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D —-—
n K" RUN Re “Rsta Dw
] 1 0.4
e 2 0.6
= 3 0.8
4 4 1.0
[e=)
N
x M
5 4
N o
X T
V]
o Semi-Theoretical Curve
2 /
[
. L N EE s S o S e e B A s E Sy me py
“.0 0.t 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Y/H
Fig. 7 Effect of free-surface damping coefficient Dy on turbulent energy.
(2) EBRATBGE

Fig. 5 |3, BERAHEICL 2ENOBENRLRIAT 5700, BEEK Dv 204051 0 TELEE
1B DRBMMELRE v 2 vi/(AUy) OERTTRTEOTHY, XD @) BEEEL —FiR#EsHc L5
Nezu+Rodi (1986)'® ZDEZEAE, KO(b)MHEMETH 5, B TITNFREy/4=1 CBV T Quarmby-
Quirk (1972)® QEBREICESNE LT, w/(AUy) FIZE—EHE L2, ELDBENSLY, THEhE
Dy=1.0 DEADHEM[MIZ OBRHEDERMBE L X —H LTS, —F, BIKEREMTIIERKEIGE
SLE vif(hUy) DBBWOT B EBREVEMTHY, ThRBERE Dw 2BATILETHIELHHA
T&5b, HHAELS D ve OEERER, ERINLEEHE U 2REBRSLTOECH, 2hi3EBEE
BELBOMS, AFROEFGEFNVELETEE Dp=0.4~0.8 DERINZ > TNELITH 5,

Fig. 6 |3, SEEWMESMTH 50 Do BELLTHZRIFERERTOY, D VNS VIZE B HKER
TRBEAD S DT NIZAE 185, KRB Log-Wake RIS & 13 Du=0.8 DFFHERIBHE S L {—H
T5L5TH5,

Fig. 7 13, Bz i vE— £ CRIZTEERH Dv OFBERTOOTHS, RBOERIAGCHD
MEBMBTH Z, RS OMIC, Du=0.8 OEAMNG) EHESBRIFIC—HT LT L1bI 5,

Fig. 8 |3, ELOO#EE /Uy DN TH S, RhDEBRIRGE) OFERRTH 5, BHKEAL
S TORHEMBERGS ED—HKiZ, RiRY Du=0.8 DEAMEL I,

YUk, BBKEICL3EANOBRENREFMITRT U EE, BERK Dy 3 Du=0.8 BELHENST
b5 EMRINI, Dv=0.8 {3, 2s/50 & LIzRFE Du=0.67 kK&, KEEMCELZ THOEYND
BHEWVZ B, UTTR Du»=0.8 LE%, BIKBRAKEERMENELK,

44 HBHEBADETIVE

(1) JonessLaunder OAFIIE

FEHEERN (r<$30) 25 ATHNAEREHETRT 5 < & IZEBKEE « REKNF CREFICHRENS 5,

i ¥ <80 TRA—RF 1 YIRRMELELDY, TNOBEMSEEEE LA HRTHY, Akt
BRRBICENTELSTH B, ZOBA, Jones-Launder DA IE, RADKRFU)EZEE L TEHEE
FALT X, HEERBIBOE6 TRINEY, TFVER C, C KD STZOBATIZLEKC, DHDE
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U

1 1.0x10" 5.33x10°
g 1.0x10% 5,33:10% 0.
il

1.0x10" 5. 3ux1Q?
1.0x10% 5,3ux1Q? .

—_ OO0
(e No o l'e WV

Semi-Theoretical Curve

k=)
3 4587s3f0t ¢ 3 4 So67esho’ f 5 4 SETAIT
]
o]
]

-+ o]

-

Fig. 8 Effect of free-surface damping coefficient D, on energy dissipation.

GEETHIZEMHB LI, Cr 34 2TRLIELS I, REDEMHEN, D1=0.95 R D:=250 T5% 5
Nl FHRNERELOHBRIICED, C=1.8, C;=2.0 B &HA L7z, 753, Jones:Launder DEZ
il C3=2.0, C4=2.0 T -7z,

(2) EEEB¥ (wall function) DILIE

EBUIES i, BEEENTRANVSHERSET S, FlLIT 4 2 ¢ BEXEEZLODD, COE
EHERE T 2 TN 8v=8U,/v<100 ZIERITHIA { EAMET 2 REND Bo L4/ VXK Ry=
AUx/v SR&EL12BE 8/hS100/Ry BIERITNE (10D, ZORE, EARTEAESBEHL, HERM
R E » TTHMNTIIBIRTID, CThERETA00IC, BNEES2RLT 3RES, BAticn
Z, AN xu¥— & BEKEERY v =20 25 1 BTFAIGEAT, 7" ICEERAEBATIUZ L,
A TIIERR DB (1t 250 THEZINZ) 2RUTFOX S icHE L,
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@ EHE Us* i3 van Driest BIMTEZ 5%,
® FENHERIEEEERYD, REDBHEXEV, Lo L, Laufer (1954 OEREPERRT S Jones.
Launder OAHINEEROTEHE I WAR TR (Fig 21 288), KRAMRILT 5o

G pm (oS p veresrerenssnsrsoestttbt b s s (40)
TTT a2l ik vt OEBTHY, EROKBREBESSELONBHETH S, R0 & van Driest
BEHE AL TREPH SN S,
Ay 1-dUY/dy"
T = JaCr Iys* “D
Cuk? (U™ aU*
£p= 5 .(-‘-in)(l_ a’y‘)yp* J RIS NN PPN ¢'1.) )

dUHdyt<l, a=1 L%, $7 van Drest R OMb D ICHBAUSHERCOEFEM TS &, RUDRY
(42) HEEROR ) KU DI ZhENFE I NS, Fig 2 5 Fig 8 3TOZNF TOFNFRRE,
y5t=20 & LT EROBEHERANTELNBDTH S,

5. Bl4/ INHEOBKBIAROBEHERR

5.1 HEFE

ARETHRINIBEE be FVEE-T, BKBERORENHET 1, 7, W1/ VvHE
wHE & LcstERTD, COkESM% Table 1 10RT, YY) —X%2 HR EFERL, L1/ vIXH
Re=hUn/v (22T, Un GHEFEHHE 1320000 510° £ T BV EMS ¥, 08, 7V FH Fr=
Un/Ngh 2208 ®CHIMRTEREICIZEIZI L, AFETIR Fr=0.43 L —FicB o 357220 T
AEESICHE I BTEERY, 4 OERLEHOSET, TEACH - FEF > TRAMBHEI N/, =
FRIC dx=4h DF IET52H, ¥ HHIC2E0 A 1M4BEDR £ » #— FEFEE L - 1o FIHENTE
x=0 TOME LTS E O, IEEER, RAS)DANE S OEEHO IBYRICIEE LI
QB UHEMTONI, x/4>20 THEBOIFFEMEITZIZ—EDOHMICIGEL, ARETR +/4=42

Table 1 Hydraulic conditions for numerical calculation.

(a) High Reynolds-number Series

RUN (cfln) (cg’}s) ><A;‘()3 7, Ry (cz%) Ce —éjli* roe
HR-1 1.29 15.5 2 0.43 134 1.036 —0.9%
HR-2 2.38 21.0 5 0. 43 292 1.223 —2.6%
HR-3 3.78 26. 4 10 0. 43 534 1.412 —2.9%
HR-4 11. 06 45.2 50 0.43 2249 2.033 -2.6%
HR-5 17. 56 57.0 100 0.43 4218 2. 402 —2.3%
HR-6 81.52 122.7 1000 0.43 34545 4.238 —-2.3%

(b) Low Reynolds-number Series
LR-1 0.51 9.7 0.5 0.43 38 0. 744 -8.8%
LR-2 0.82 12.3 1 0.43 66 0. 812 —11.7%
LR-3 1.29 15.5 2 0.43 122 0.943 -9.9%
LR-4 2.38 21.0 5 0.43 274 1.149 —8.5%
LR-5 3.78 26. 4 10 0.43 512 1.353 —6.9%
LR-6 11.06 45.2 50 0. 43 2221 2.008 —3.8%
LR-7 17.56 57.0 100 0. 43 4169 2.374 0.4%
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DR BEZHRENE & LTUTOMERR Uic. SNEFROFEM ¥ OBRSHIEERCEBEKET
YoThd, COHERRETIE, V/Un B10°E, EH P/(pUn) BI0EBELLD, HEOHIHLED
FEEeEELTED,

5%, #HEO CPU Efjid& Run &1 HMURTH -7,

5.2 EHTEDT

Fig. 9 i3, & Run OEEHHESHEOHERETH 5, RO YHIc, Fig. 10 i, Steffler 5 (1983)%
% Nezu-Rodi (1984)%® jc X 2 L —#Fidet 2O TE O N BFORBREERT, »7 220 T buffer f§%
B, EEMEEHEME S BBIFC—H LT3, BT, »/420.15 QAR T IRBIKBELEOFEHER,
BRERCEREEBEIC, BESERCBOTHEAD ST, REB)D Log-Wake QIZFEATRET
B3 & DsEIT NezueRodi (1986)> jck » THEI N TV 3, AHEOHFEMEIIZ OMBAID SOTHE

Y+0’ @ P - |

L 4 5470910 789 ? 3 466790 3G 5 47040%,

S 3 3 74?51 ? 3 46¢78 (/' ?‘?\%
Laser Doppler Anemometer y/h=0.2 5 6

87 ut=-F gt +a Py)"}r’(//‘ﬁ

. ] (x=0,412, A=5.29
] ) )\ sl

.
A
o
:

U/Ux
3
3
U/U=

NN
\
B

\;
5
\

> , /? S
& " Nezu & Rodi(1984) | &
/ = Case Fr Rex4 [
< k P-1 0.077  2.3x10%
- o~ o > y/h=0.6 P-2 0.189 5.5 » -
) e P-3 0.488 14.3 .
o P-4 0.704 21,0 » &
il ° P-5 1.170 44.0
P-6  0.680 14,5 «
© P-7  1.240 13.1 » ©
y van Driest's P-8  0.707 4.8

Mixing-Length Model Steffler et al.(1983) | .
SRP-1 0,630  27.0x10% | <
SRP-3 0.320 7.9 « [

o 10° 2 ¥ Teerdhhop % ilékﬂiym‘ : ilé”ébim’ EEE R ER LTS
+

\ |

Fig. 10 Experimental data of mean velocity distributions by making use of high accurate
Laser Doppler anemometers.
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High Reynolds-number Series (HR)

o RUN Re Rsta
3] ® 1 2.0:0 1.3ua0
© A 2 5.0:10° 2.92:0°
| + 3 1.0:10" 5.3UxI0?
S X 4 5.000° 2.2510
= O 5 1.0x10° y,e22x10°
] 4 B 1.0<10° 3.u5x0Q
r\JC34
x(")
X
N o
X 7
o
D—
- Semi-Theoretical Curve
o
T T T T T T T T T T T T T T T T . {

T T
0.5 0.6

Y/H

Fig. 11 Numerical results of turbulent energy for high Reynolds-number series.

.0 0.1 0.2 0.3 0.y 0.7 0.8 0.9 1.0,

Open-Channel Fiows

Hot-Film Anemometers
Nakagawa*Nezu (1975, 77)

Grass{1971)
3.0 b— Re=9800 Frz=0.16 Re=6700 Fr=0.20
Case kg wu'/U, v'/U, w'/U, ke
[ A1 ~0 o] [ ~0
B-1 9 ] P 21
u' /U -[ o ¢l B e o e 85
* e 01 1% g 4 ] /0,22, 30exp(-3)

@ v
B () w'/1,=1.63exp{-¥)
© v'/ug=1.27exp(-})

0.0

0.0 —

Fig. 12 Experimental data of turbulence intensities in open-channel flows by making
use of hot-film anemometers®?®.
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K BBAL, Fig. 9 ichiR U7 (33)D Log-Wake Hispf & B —H LT 5,
UL, BuciihoEHOA%815 BT, RER0RCHOREIZEE RS L TELNBERAT
+RTHBH, THbB,

Un
Ux

RKUDP LR bNDE Ux % Usoc ERRL, BE be P OEHEIN Up EEEBULRERR
Table 1 |z;R& N7z, HR ¥ J —XTIIED Run TH 3BPUNTHZIR—HL, THEEICIHERRICHE
LTRUDTHATH B DRI NG,

5.3 ANTRIVE-RULA JIVXED

Fig. 11 i3, Ehxz i — % OHTTH B, HPOERIXGOOEERIRTH 5, Fig 12 13,
wHES (19759, 77%) Ik Bk v b7 4 M ATEENCE » T A W BEACHEE LOBKEBROEN
B & /U v/Us R @ /Uy THY, b= +024+w'?)/2 EFUIHAMBE B TE S, R.~=2000 D
BL 4/ VIBOHBEMIRGORD 5RO TS, L, Re>5000 T3 (34) LO—HIRFTH
5o Fig 12 [CRUZCEBED 5 DXEERTEE, AHFEOEFVRIMPBOERI OO LHNENG,

Fig. 13 {3, v 4/ AXEH —w/Us® ORFERTSDTH S, Re=5000 TREFHMIIRITICHKR
BHELTRY, REFVORMMSEREING, Re=2000 T, 5*=20 35bB yp/A=0.15 2581
BFEEBEHD, BELL ORENREFERICHETEY, —w/Us BERIHSKESTHTOS,

5.4 ANOBERERURES

Fig. 14 13, ELhEoRE ¢4/Us® OFEMEEGE QTDWIC B FERELEHE L DDOTH S, ER
flid « ZEHDOR <7 b AFORU/MEBRORK S 72 B Kolmogoroff @ —5/3RAD 53k® b
Re=2000 DFHEAEIZ, R(35)DUBERARD SPIZVTNhEY, Re25000 OF LA/ VTR

=%1n (Uah/o)+ (A _%) it it s et s st sansansannensessassossessesisess (43)

o
— High Reynolds-number Series (HR)
9 RUN Re Rsta
o O 1 2,010 1.3un0?
_ A 2 5.0:10° 2.92:10°
P + 3 1.0:0' 5.34a10°
X 4 5.0¢10" 2.25:10°
| T I R
L Ox 3.4
® 5110
T ©
~ -
>-__
o Linear Distribution
[QV]
o o
. S
o it
. T I T T T I T T T I T |
()]
0.0 0.2 0.4 0.6 0.8 1.0 1.2

-Uv/uxe

Fig. 13 Distribution of Reynolds shear stress.
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(a) Experimental Values (Nezu 1977)

(b) Calculated Values

2.0 — Case o]
H- +_ G-1
e ny 50 egg High Reynolds-number Series (HR)
- RUN R
€ 6-5 o 1 2.01E10’ |.3Rus:;.gl
Calculated Curves A2 S0 2.921(7
@ :€=k-urLx, R,=1600 ; 3 é~0'10: 5.3u:10?
@ :enudan-yiy oll o 5 TRE &I
— + 6 1.0510° 3.45:p"
w
~
"
1
(&)
o " s o 1 o
35 ‘ 4 CI’_ 50° ¥ a
< & W)
2% B 2
S’% o F O
o 8y
| y/h o o Eq.(35) and Log-Law ©
I
—0.0 0.2 0.5 ¢ Ao o] »
1.0 | AN N S O T »
— T

¥ T v T T T T T
'0.0 0.2 0.4 0.6 0.8 1.0
Y/H

Fig. 15 Comparison of calculated values of turbulent generation-dissipation relations
with experimental ones by Nezu (1977)!.

HESEDIZTLMTE THAM L RRE L O—BIBIFFIc L, ERIKET S,
wic, AhoRER ¢ 2RQDTHEL, (G—e)/e OFT Fig 15 jTRLK, ¢ DOERMEEE
Q97D MEZTcd v b7 4 AT THRINAEEE U HOoEHLTRDONKBDTHY,
EBREREZNEEE 0, BRUAXSiK, Re=2000 OAHFINTH 505, #id Run Tid 0.15y/4
0.6 T G=e D 2 NVF—DEFIRAESL 7LD, Nakagawa+Nezu & (1975)Y 9 TCIBE LcE Nz A v
—DPHEREBORABERSEUTH S EBPEHE L SE ST SN BRIIKE !,

6. ELA/ N IBOBKBEAROBESERER

6.1 EHEFE

HEF®RIT, EAMCREDS 1 ERBTH B0, ¥y <100 2RAT 2700, ¥y HAO+FF 1By 25k
BEENTHEME Y, BF52X42=2184HDR & v H — FIRFERE LIz, Re %5000 510°% TTEDICE
b, ZoKEZHE LR ) —XE LT Table 1 iR UI, KE, HEERR, 5 OfL1 /X
BOFHICHENTEL, CPU KA Run iK2E4 5B TH -7

6.2 EHFEDH

Fig. 16 |3, EHPESHOHERETSH 3, ¥ <10 OIMEBTIZ van Driest g Ur=y* i
WIERIC XS ~HT B, L1/ VI OBKEEERIZ, ERHEPHUGERCRETHD, BETHHE
BXOF =378, 7272, Eckelmann (1974)%° psihifi % O CEIRERERREL v 2 L, & v b7 4 v ARHE
ECEHBILIHER (Re=2800 L 4100) 23H 2 DA TH B, 13, ¥ =30 OEAEIZ «=0.377, 4=5.9 ©
R OMBANC L —B T B LBLE L, COLBRTOMKAL Fig. 16 ihR Ui, Re<10* THE
BE—HT2L5ThHb, CCTCHBEERZER, 5 OFELVS / VABOHEFY: BEENTH) THEX
hicFig 9 &, (EL 4 / VXBOHETFH, (JonesLaunder ONMBEDTHE) » 51850 Fig. 16 455
—D Re THT USBEIICEAICR—BLEBNC ETH B, Zhid, METAy OFF IFEBAERE
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Low Reynolds-number Series (LR)

RUN Re R:
O© 1 5.000 3.8010°
A 2 1.0:10° 6.62:10"
=} + 3 2,000 1,221
7] X 4 S.0:10° 2.7Y:1 07
v © S 1.0:0* 5,120}
b $ 6 5,00 2.22q0°
o X 7 1.00° 4170
=
J —
o
o
x M
LI
N o
X
[3V]
D_
° >
T T T T T T T
D 10. 20. 30. uyo0. 5S50. 60. 70. 80. 980. 100. 110. 120.

Y+

Fig. 17 Calculated distribution of turbulent energy in the wall (inner) region.

EIHEEL LN, BT FVEERICEMNSRIRSD S EREZ ONITD. 4%, BL1/ VIBOE
B — % ODAENFINED, AFETHERINELV A/ VIEFRR Re<5000 TR EBEYT
HH9,

6.3 AhTRIVF-RUL A/ IVXIEH

Fig. 17 (3, Ehxi¥— &/U¢ % y'=pUs/v T U TRURUAREERERTH 5, BOERT
~EHR, =20 T £ BEREERL, L1/ VA Re BRENFENBEB TIRIZ—FEICEEC E

Low Reynolds-number Series (LR)
RUN Re , Rsta

O 1 5.0¢0 3.82010
A 2 1.0:10° 6.62:10
+ 3 2.0:10° 1.22:107
X 4 5,00 2,740
¢ 5 1.0:00Q° S.12:0107
£ 6 S.0:0° 2.2210°
° X 7 1.0<0° 4.1710°
m_
O. M
N w
X 7
o =]
N
> =
2=
=
N_
o
o
?5 T T T i T M T N T ¥ T T T v |
. 50. 60. 70. B0O. 90. 100. 110. 120.

Y+

Fig. 18 Calculated distribution of Reynolds shear stress in the wall region.



EH/Ux3

AL - Il BHKE A% L 7o BB EL SR O BUER LT B

© RUN

]

i

X
XNDOX+D>G

2
3
4
5
6
7

L4

Re
5.0:10°
1.000°
2.0:10°
5.0:10°
1.0:10"
5.0x10"
1.0:10°

Low Reynolds-number Series (LR)

Rsta
3.82:10'
6.62:10'
1.22:107
2. 74107
5.12:10°
2.22¢10°
Y, 1710°

ohg® 2 3 45

]

Fig. 19 Calculated distribution of energy dissipation (Outer-variable description).
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.
= Low Reynolds-number Series (LR)
o]
s RUN Re Rsta
™ O 1 S.0:0° 3.82110
e A 2 1.0:10' 6.62:10!
: + 3 2.010 1.22110°
= X 45,0410 2.74y:107
o ¢ S 1.0:10" 5.1200
6 S.0010' 2.22110°
X7 1.0:10° 4.1710

Fig. 20 Calculated distribution of energy dissipation (Inner-variable description).

Low Reynolds-number Series (LR)

RUN Rc Asma
o _ O 1 5.010 3.82:10
" a4 2 1.0:10 6.82:10
o + 3 20010 1.2210
4 X 4 5,000 2.74110"
o 5 1.0s0' 51210
# 65 5.0000 2,220
- X 7 LO0* 4.1710
A #C’ 2 o, @ : Experimental Values (Laufer 1954)
Ax * O s s
] 2° e S oo Yt e .
s P *xo,(ixo B e+ ‘o N
o . =
- ° © .
s
4 % o
»
1 -] o
2
1 E o
4 00,; o
¥ (<]
olee
[=
0. 10. 20. 30. 40. 50.
Y+

Fig. 21 Relation between turbulent generation and dissipation in the wall region.
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THbo COBKMER, 4/Ul~4 THY, Laufer (1954)°° DOEEREELFERE L5255 y1<30 OEEMIC
R TOERRBERT — 2 RBAETHIZEALL, BENCEELE TS LRSBROBETH S5,
EOEETREAR, Re IWRXLNHBE, AN A F—REEER T/ LERMYE ARG IICHNT
INE 18D, Re=500 T3 /U DBKIEI0.7&75-T, HOBERMICIEAC ETH D, HHRHEDH
% Fig. 16 TR L7z X S IC, van Driest figh S FHhT, LA Ur=y* OBRAHICGESS K3 TH 5B,
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