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Initial Mixing Analysis of Ocean Outfalls Discharged
into Density Stratified Flowing Ambients

of M /M U A
Lee, Jaehyung / Seo, II Won

Abstract

A numerical model i1s applied to analyze the mixing characteristics of an axisymmetric turbulent
buoyant jet discharged into flowing stratified ambients. The numerical model is a Gaussian-vortex
model which incorporates the effects of the vortex-pair known as the representative
characteristics of far-field in flowing ambients. SiX ocean outfalls that have field data for the
initial dilution at the water surface are selected for testing the applicability of the developed
numerical model. The comparisons of the observed initial dilutions and the simulated ones show
that the developed numerical model could be used for the analyses of the initial mixings induced
by the sewage diffuser discharged into the ocean.

Keywords: ocean outfall, turbulent buoyant jet, jet integral model, sewage diffuser, initial dilution
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Table 1. The percentage removal of the constituent effluent by treatment processes and
equivalent required dilution(Adapted from Macdonald, 1984)
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Table 2. Range of Design Parameters of Ocean Outfalls
(Adapted from Lee and Neville-Jones(1987) & Proni et al.(1994))

Outfall WRC Outfalls SEFLOE 1 Outfalls
Parameter Gosport Bridport | Hollywood | Broward 12;22:_; MNI?)IT[I]_
Uy (m/s) 0.41~045 | 0.36~0.45 | 0.48~1.06 | 099~1.44 | 0.78~1.18 | 0.40~0.87
d,(m) 091 0.38 1.52 1.37 1.22 0.61
No. of Ports 1 1 1 1 5 12
Diffuser Length (m) .
Discharge /Port Spacing (m) - - - - 39/9.8 110/12.2
Parameters - - R
Dist. Offshore (m) | unknown | unknown 3,050 2,130 5,730 3,350
Aolow 0.025 0.025 0.025 0.025 0.026 0.026
0, (deg) 0 P 0 0 90 0
oy (deg) 90 0 90 90 0 90
U,(m/s) 0.11~0.81 | 0.10~0.29 | 0.09~0.40 | 0.08~0.35 | 0.07~053 | 0.08~0.45
Ambient [ 4z (kg/m") - - 0-0.01044 | 0-0.02708 | 0-0.01789 | 0.00735
Conditions
H,(m) 155 7.2 27.0 325 28.2 29.0
Fry 0.85~0.95 | 1.15~1.28 | 0.80~1.75 | 1.66~243 | 1.39~2.12 | 1.68~3.85
Parameters
k=Uy /U, 051~4.10 | 1.24~450 | 1.20~11.00 | 2.83~18.00 | 2.10~16.20 | 1.70~10.90
o Minimum Surface _
Dilution oo 14 - 183 | 41 - 225 15 - 68 15 - 68 14 - 45 19 - 72
Dilution, S,,
olre] FMEALE ZhAFEH oYL MUY, 1999b). A dd3htEQl Gosport WH#3} Bridport W4
Bridport #5332 85 s394l 22ME o|F¥W & A7 dlde AMAse £A2ES FRelgdn 2

WFig. 4, Type BE= wr
Gosport -2 7}?’ o] Z8P= Foloz 3
He)(Fig. 4, Type AE 7
Ao} el %4134& 3AHQ 4L vepic
ey ol e] B)4o] BDFFe] S48 Zh=
2= FHUAYA e HAs|Mo] wbgre] H

f

FEke- 27| whx] o= BALS zhi=r
5 Water Research CenterollAi= 19691%E]
1970674%) 5] 57) A"l Ax|¥l sjoF sk

e 27)EMd g A58 Tt Agg, 1978).

Z7 ]3]“0ﬂ ek AEEA FadelAe] HAEAS
S4saL o] FAHS H“L R A
Al A] XHHO}C’iLP Yttt agla gRgel B
Ad A ?QZHBr 82)0] ALY FEE FEd
o] 0% FAloM EZAFTo RN Il AlTe|] 2]t
Z7181S Z=A3319) Leest Neville- Jones(1987)
= ols e 27|E M st AEARE e}

of Aeapronne] frd Y WA

Hah=d] olgsiych &

AE %

Ao olF el

B

HI334 29k 20004 4]

3} uluE 9] AEE FEudlMel 84 BExw

= o #5AEE g, sl 933 Leedt
Neville-Jones(1987)2] 82 o]48l4rl Gosport
HEFe. Hbgulsko] Fa: 58| KZho|aw =)<}

A S Asgste) PETEAS B
o

e 4~ 9lon Bridport ke 7123 ES)
AR HEAE AL o] )

422 SEFLOE T sfgtubat

n= Floridaol 2%l 9= Hollywood,
Broward, Miami-Central, 28] Miami—North
Wiae] Aeolys H/d, 7V 18~48, k 7} 1~189)
HHE el pywgko 2o BlEa
Floridagli®ellAl  F2  oFEd] 2skn 9ok
Miami-Central WH#2 84 5298k 22
o]_,_nzv\-] oqxluoh‘sokO'J ”]'Er(Fig 4 Type B)Q%

H, OhE e BT vlRsEe] el fdow
aﬂx{g} Al s del(Fig. 4, Type A)
ZhAlslo] WhRe] HAE 3xj1dR S48 Vet

= =0
A e

r“: fo s

o3

oEL
Olt

mtm

T’

o5

213



=k SJUl7={NOAA)S South East Florida
Outfalls Experiment I(SEFLOE M) E=gAEd]
A = Florida &8% alietell #A1g 47040] %
e 2718 oist Fst B5S TAEk
tHProni 5, 1994). o] siehlFaEy] w5 2%
Aed AReleEA P oF 0998 g/em’oltk o]
zgAdes] dhd #H5EE Hollywood®t Broward
e gl Ehdddo]ar, Miami-Central 3 Miami-
2 thEEkdelr). SEFLOE [ollA &+
H E2AE2 Rl 93] WRHA sk g

z
]

jul
=
oZ
qrm
et

()9 8IS, =Cy/C, )2 ARSI 27134
AReIn 9 ST dER &% 2l 5
A1g EAel HFAE = = CTDAH] (conductivity
~temperature-depth  device) & o] &dl] 9979
FANA d olg] Im ol A FHellM AL

¥

(salinity deficit)& Z438Irh 27184L Wl
AAdER ds, )9 28 FAoA] 2 dnedd
2 ds,, )9k WIS, =ds./ds, )2 FAEUL
Hollywood 53} Broward ®WRahe di4 ==t
I gt FHEF 85 FZeR WEE I
o, w0l WHAES RSkl FHoR W
FEle REAE FA2 s,

Miami-Central “ake] 7 Faite] b

T3] Wl 0.34(=9.8/28.2),
Waae] A% 042(-12.2/2979] ge ZM=t) Lee
9} Neville-Jones(1987)+= WHe83ke] Ha g
49) W7k 1/385) 2 Sgebel A9 vl

W Aol Swlel ek FHE ASA, S
A gmgonvE WhE ASel Wil vnlsel
MR o] el SNl miAe Aol )

v WRES AdEe) velshiton 6
Mook k= Aolrh et
Miami-North 5l thstel <14 B7E7e] Wk
wiE woie) e B el £AREe H8ed

Miami-Central 3

214

t}. Miami-Central {42 7FE35E3s0] Az5H
AE FAE #ME5, Miami-North #H342 7

sgalel FuneAe TAZ e 4 ok

i

43 280 MBAT Y £

43.1 WRC aff w2

Gosport®} Bridport ke WFg<o]
=} sole) W) eja Ree) At 2 o

-
3

FEAS 2L Qlvk g el Aztew ses
FRF 5] 2717 BFERSel vl ol AM
ok Al el dEs AMjEes His 550
Hok pautakoRe] dwwsiyl 7o Qe oo
HREe ol WHTY AE HAHe EdRx-y
W) oz Rk Her s Ul
G ol WSl Aol i sEges vk
Han, AAWEKx-z HW)oRy: TG 5F 93
RhsA Eme] eHshs Qe €k Fig. 5%
Gosport WH¥2] Exp. No. 3% Exp. No. 8 &4
slelA ARG onRy FH8 e A
HRIA HASME vkl Aelrh Exp. No. 89

3z

i

7450l B8] Exp. No. 39 WHrzzsklA] &y

o A o w2 Mol AX FRHAN T
L7} vl - #A VERA] ek

gdel gk R Ayl EGTE R

Fele ulo] 589l Gosport®t Bridporte] &

I
el

B #ASZANA FEHo| Aiskz Y(buoyancy-
20 T T T
< S,.=20 $,=212
10 - U
E | >
N —> ’
-—> f/: U/U,=0.6, Fr,=0.9
0+ Y -
fu
i 1 1 1 1 1 1
50 0 50 100 150

x(m)

Fig. 5. Typical Wastefield Trajectory of
Gosport Quitfall

GEKEREEHE



105,

104

102

102

Slope=2

O:.: "
i 10

P

O Measurements{Gosport)
A Measurements(Bridport)
[ J
A

100 /

Simulations{Gosport)

101
Simulations{Bridport)

AN
Slope=5/3

102 BODNF Solution(C=0.31)
: —-—« BDFF Solution(C=0.32)
10,1 11 lllllll 1 1 Illllll 1) lllllll L1 4ill

10" 100 10! 1 10
Hig,

Fig. 6. Comparison of Simulated Surface
Minimum Dilutions with Field
Measurement Data of Gosport &
Bridport Quitfalls (Measured Data
Source: Lee and Neville-Jones, 1987)

dominated near field, BDNF)ol] &5l o &
25 eHExp. No. 8). ©]32 BDNFelA BDFFZ
RS HolRd H} So] ] wiitelu) 119
Gosport, Bridport '843ke] 25 #ER718)A =
FEHANM BDFF7F ¥li= Zlox

A
Wl ofaf olFuluiA] Fat

No. 3), oA F
o ol& sEo] lﬂﬂ&l‘— oo &Holk Fig. 6

F g gk R|Re] Aulel ¥t
o) "atghs 2olEH [, (= By/ U AHEH
F Q (= Uynd3/4)E ol88lo] F-11ska)7] ek
/ME}. W Alai g olgstel el BDNEF<}
BDFF4] 34 aA4s o3 o] AlfghLee and
Neville-Jones, 1987 Proni %, 1994)% $HA e}
Wil Do R RE Gosport@t Bridport Hiylol]
ot oMol BMupde iy Yoo fixs)
28 o3 APkl

oMol g kel @ yERbEel AelEa
of egh 8] FAxle] vhepllar T K Rjuledelo|

Aol B4 7197 WskE WA melsla /1S

- [eXe] 2=
Il 9e-g o vl w3l 4|5

oF 2= olr}

F‘ i
432 SEFLOE I & kb2t
(1) sk
Hollywood®}  Broward i+ Gosport 2}

HIS3%% %L 20007 4/

Bridport WFeH} vk ks WAl a9
ot sestel WEkel olg wele] At E R
o
o

i T
BAE 23 oduk el WRAME AdEE 5

Felah 4] NAd o8 WiyFel FAHIe
Sh} mmAFel Zrevh vivlsta, Ree) FA7le) b

she Ao dlel St i Al e -

2| 5e] Ayl ubFHlsky)] zzlow sE= FHg &
Fef 277h Wl vl DH AN 8ot B4
of Fpe] GPE AufHon vhs AR s§Fe] H

T AeR AEEa, FEWsHx-y HW)oRs W
Skl z\}z}gjz_ Eill= 7};13;@0]
5ok BAll s ﬁ_%—ﬂgz,w @ e 99y
(x z H)oiis s T
el ek el v rr}aw ‘r/‘] Howi
Y OFGE ol 4o iRl ol Wi AHe
L R CIEC TN

Fig. 79 Fig. 8& Hollywood®} Broward 45
el HAas Mo gk BEAmel FA e

olg] AkE #AS @ TAE Aol o) s

oF 4 gl RS FRddAe AESEO] gRE
H/l, <1 1 BDNFel aigd¥ith= Aot} sk

FromAis vl wke FAE Bolil gl & wl
2ogsre] AHe] el myst wf BDFF7}
A by wliEel™, o) BDFF7F Ho] #a A%
o] FuWI HEsk= Gosport®t Bridport WHFate)
olof wuabd Fm|ate- Apdelrt SAREL 19u)
el lo] 7} ogedn 3|AMe] Y7 WslE Ao
sA e Fstar Qi HfL, <1 1 t<dofiale] 34
WEANE 2 oSeh AYE ®Bolal glon) Y
ofl iz A wEEARD) dEsia g o ¢ 9
L’k
(2) vhaeikt

tHEebze] HelE ZhH= Miami-Central 533
¥ Miami-North W5r3tell tish =328 e] =82}
= Fig. 99} Fig. 100 vehiich  welubiake)
Hollywood$} Broward HHiatel A9} aiziziz]a =)
E o] gapde] owddl u) iy REo] Awjs)
7= sdEE oF 4 ick siRleld C=0.15

215



102 LR AR AL LR R AL T T 171710

O Measurements (Proni et al., 1994) Ve
101 @  Simulations
——— BDNF Solution{C=0.31) /

100k~ — -+ BOFF Solution(C=0.32) (6
Olve Slope=2
g

102

103

104 Ll 1 |||||||i IR W BTt

102 107 10° 10
H4,

Fig. 7. Comparisons of Simulated Surface
Minimum Dilutions with Measurements
of Hollywood Qutfall

102 T T T o LR T T 77T
10" O Measurements (Proni et al., 1994) //
@  Simutations /
——  BDNF Soltion(C=031) | ,Q/
109 — —- BOFF Sotion(C=0.32) .
Slope=2
Gl 107 e
=l
102
[ J
107 8 Slope=2/3
104 Lol | Lt
102 101 100 10!
HY,

Fig. 8. Comparisons of Simulated Surface
Minimum Dilutions with Measurements
of Broward Outfall

Faol oig d3as 3 @ aARE Al
49 gl 031Kk 01568 AMgshk: Aol © A
TS A ?le}El 4“01 %‘— o] st

216

108 LERRRLLL |

T Illlllll T Illlllll LI E LRI
O Measurements {Proni et al., 1994) /
102 @  Simulations .
———  BDNF Solution(C=0.31) ,'g
10 ——— BDNF Solution(C=0.15) /'
—— - BDFF Solution(C=0.32) g'
10 'S Slope=2
OE % J
(73] {e=]
101
102
e
10° /‘/ S/ope=2/3
104 L ooaend |||||u| Loosanl 0
102 10 100 10! 102
H/,

Fig. 9. Comparisons of Simulated Surface
Minimum Dilutions with Measurements
of Miami—Central Outfall

108
Measurements (Proni et al., 1994) /
10 Simulations ‘
@)
BDNF Solution(C=0.31) P /
10 BONF Solution(C=0.15)
BOFF Solution(C=0.32) Slope=2
100 P /O
CJE ;]
()=
101
102
10°
104
102 100 100 107 102

Fig. 10. Comparisons of Simulated Surface
Minimum Dilutions with Measurements
of Miami—North Outfall

548 &

H Ao dRRArE] 2r|shile|ds ¢l
Z8l¥ Gaussian-vortex AEAREES(olAF} A
49, 1999a)8] @ AL delshr] lste] Aw

8 FARES DY USART} Qi A bl

o Agsldct Gaussian—vortexEES A s
Faol FHes Ay FAEFPo] A UEAE WS
A mojete & 4 Stk 2T|ERt AAE FHT
-

o] el sl4ela)

b

ol
A

T
%
I
N
N
>.1\4
g
;9
~lr
-z

BEKERBERE



SZalels, BF oldl ek A T;giﬂr u
0] g 9 ngo] T4 AL Mol 3

itd]

L1}

d|
Mo

-

=

Aqel9l oA, 2AA(1998). “ogEAe] ot
F1(IV) ¢ SeEaTe) WA 9 A $
x2l&ks|x|, Vol. 31 No 4 78-88.

ol AR(1990). MNEAEsE sEEdon MEHLE

00 - ar —
AP FEA iﬂ"ﬂ =53 HAER=EE, A
e T
ol &, MYA(1999a). “HHFAFFHAES] EFA
Fald L FREEe] T HSESRSE =
28 (A,
olAd, MUY (1999b). “IHFUPFHAES] EFA
S 1L BYe HE EtESEE =23
(A2,
Agg, AR.(1978). “Initial Dilutions.” Investigations

of Sewage Discharges to Some British
Coastal Waters, Chap. 6, Technical Report
99, Water Res. Center.

Fan, LN.(1967). Turbulent Buovant Jets into
Stratified or Flowing Ambient Fluids. Rep.
No. KH-R-15, Calif. of Technol.,
Pasadena, Calif.

Fischer, HB,, List, E.J.,, Koh, R.C.Y., Imberger,
J., and Brooks, N.-H.(1979). Mixing in Inland
and Coastal Waters. Academic Press.

Lee, JHW., and Neville-Jones, P.(1987). “Initial
Dilution of Horizontal Jet in Crossflow.” J.
of Hydr. Engrg., ASCE, 113(5), pp. 615-629.

Inst.

338 24K 20004 4]

MacDonald, G.].(1934).
Effluents in Relation to Outfall Design and

“Pretreatment  of

Operation.” Joint Session on  Coastal
Outfalls, In Water Supply and Waste
Disposal for Large Industry, Proceeding

New Zealand Water
Supply and Disposal Assoc., New Plymouth.
Muellenhoff, WP, Soldate, Jr, AM.,
Baumgartner, D.J.,, Schuldt, M.D., Davis,
LR, and Frick, W.E.(1985). Initial Mixing

Annual Conference,

Characteristics o  Municipal Ocean
Discharges, Vol. I Procedures and
Applications. EPA  630/3-85-073a, Marine

Operation Division: 301(h) Program, Office

of Marine and Estuarine Protection,
Washington, D.C.

Proni, JR., Huang, H. and Dammann,
W.P.(1994). “Initial Dilution of Southeast
Florida Ocean Outfalls.” J. of Hydr. Engrg.,
ASCE, 120(12), pp. 1409-1425.

Schlichting, H.(1979). Boundary Layer Theory.

McGraw-Hill, New York, 6th edition.

Wood, IR, Belll RG, and Wilkinson,
D.L.(1993). Ocean Disposal of Wastewater.
World Scientific.

Wright, S.J.(1977).  Effects of Ambient

Crossflows and Density Stratification on the
Characteristic Behavior of Round Turbulent
Buoyant Jets. WM. Keck Lab. of Hydr.
and Water Res., Calif. Inst. of Technol.,

KH-R-36.
Wright, S.J.(1984). “Buoyant Jets in
Density-Stratified Crossflow.” J. of Hydr.

Engrg., ASCE, 110(5), pp. 643-656.

(=7 5.:99-080/74 47:1999.09.27/ 41 AT €+ 5£.:2000.01.08)

217



