Ocean Research 22(2): 69-80, 2000

Far-field Transport of Effluent Plumes
Discharged from Masan Sea Outfalls

Young Do Kim*, See Whan Kang*, Il Won Seo, Byung Cheol Oh*

School of Civil, Urban, and Geosystem Engineering, Seoul National University
San 56-1, Sillim-dong, Gwanak-gu, Seoul 151-742, Korea

*Coastal and Harbor Engineering Research Center, KORDI
Ansan P.O. Box 29, 425-600, Korea

Abstract: A 3-D particle tracking model with normalized characteristic equations has been developed to
predict the variation of near-field mixing characteristics and the far-field transport of the effluent plumes
discharged from sea outfalls. The model was applied to the case study on the Masan sea outfall plumes
discharged through a submerged multiport-diffuser. Numerical simulations of the effluent transport for 15
days which cover neap and spring tidal cycles in Masan Bay were conducted using fall velocities of the
solid wastes and the initial plume characteristics obtained from normalized near-field characteristic
equations. The results showed that time variations in near-field minimum dilutions with tidal ambient
flow conditions are about 45~49. Most of the heavy particles in the effluent plumes were settled and
deposited in the vicinity of the outfalls immediately, and the finer particles were transported eastwards 3
km away from the outfalls for 15 days. A similar depositional trend of contaminated sediment was also

found during a recent field survey.
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1. Introduction

The ocean outfall systems with submerged multi-
port diffuser are generally the most efficient way of
maximizing the initial dilution of wastewater dis-
charges. The wastewater contain solids which cover a
wide range of particle dimensions from less than 0.1
mm to more than 3 cm, and of different natures such as
floating matters, settling matters, colloid matters, and
matters in solution (Neves and Fernando 1995). Some
of them may not be removed through treatment plants
before being discharged, because most ocean disposal
systems just have screens for the coarse particles. After
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the initial mixing in the near-field by buoyant jet flow,
the established wastefield is diffused by the oceanic
turbulence as it drifts with the ocean currents. The tidal
currents oscillate with an amplitude that is typically
much greater than the residual mean. The wastefield
may then wander in the vicinity of the diffuser for some
time before being flushed away by the residual mean
drift (Roberts 1999). Therefore, some of the solids con-
tained in wastewater discharges are settled and accu-
mulated around submerged diffusers during the far-
field dispersive phase. The accurate prediction of phys-
ical dilution and stochastic transport of effluent con-
stituents is required to assist in coastal resources man-
agement and to safeguard public health (Wood ef al.
1993). The dispersion process under the flowing cur-
rents is three-dimensional in nature and particularly
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Fig. 1. The definition diagram of multiport diffuser(adapted from Roberts ef al. 1989).

complex in the near-field region. Although many
numerical studies on the dispersion of line plumes have
been conducted previously, most of them deal with a 2-
D simplified configuration of an infinite diffuser under
perpendicular currents. Suh (1998) developed a 2-D
Eulerian-Lagrangian model and semi-active particle
tracking random walk model, and simulated surface
discharged heat dispersion in coastal area. Seo and
Cheong (1999) simulated dispersion processes in nat-
ural streams using a 2-D random-walk model, and
showed that the error decreases as the number of grid
increases and the number of particles in each grid
increases.

Because of the various length and time scales asso-
ciated with the transport of effluent plumes, both the
near-field modeling and the far-field modeling are per-
formed separately (NRC 1993). The problem with
employing separate near and far-field models is treat-
ment disability of interface between two fields. The
far-field models can not resolve the near-field, and
near-field models ignore any ambient sources or far-
field return of pollution. This study is a subsequent

work of Kang et al. (2000) which investigated the near-
field initial mixing characteristics of the wastewater
eftluent discharged from Masan outfalls. In this paper,
the far-field transport of the particles which were con-
tained in wastewater effluents was investigated using
the 3-D particle tracking model with normalized char-
acteristic equations. This model can simulate initial
mixing, advection, diffusion, and settling processes of
the discharged particles. The results of model simula-
tions were also compared with the recent field data
collected from the outfall area in Masan Bay.

2. Theoretical Background

The discharge system as shown in Fig. 1 can be char-
acterized by the source fluxes per unit diffuser length of
volume, y , momentum, i, and buoyancy, 4.

gL, m=ag, hegly {11

where £7. is the total discharge flowrate, £ is the diffuser
length, i, is the discharge velocity, and ' is the effec-
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Table 1. Wastefield variables for near field characteristics.

# (1 =90°, perpendicular) F (# =0, parallel)
~0.1 0.1~] 1~10 10~ ~0.1 0.1~1 ~0 10~
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I 20 854 " 20 105
San vt 097 219§ 0,52 097 1258
w(x) 10.17[(x /4,) F "] 121 07.x £

tive acceleration due to gravity. Ambient stratification
can be represented by the buoyancy frequency,
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where #.is the ambient density. Wright et al. (1982)
defined three length scales as below,
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Flows can be assumed to be fully turbulent and inde-
pendent of molecular viscosity and Reynolds number
effects. Also, £, /4, is much less than one for the range
of conditions typical of ocean outfalls, and can be
neglected. For the line plume situation of closely spaced
jets of low momentum flux, {../{,and 5/, both tend
to be zero. Therefore, the established wastefield prop-
erties and the normalized dilution can be expressed by
using the dimensional analysis, as below.
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where “. is the height to top of wastefield, %, is the

wastefield thickness, =, is the height to the minimum
dilution or maximum concentration, 5, is the mini-
mum dilution, #, is the length of the initial mixing
field, # 1is the Roberts Froude number, and ¢ is the
ambient current angle to the diffuser axis. Roberts ef al.
(1989) conducted the experiments for a range of para-
meters typical of ocean wastewater outfalls. From these
experimental data, the following relationships for pre-
diction of near-field mixing characteristics can be
derived as summarized in Table 1, where w is the
wastefield width.

After initial mixing, when a pollutant is released into
a turbulent coastal current, the processes contributing to
the subsequent dispersion of the plume involve both an
advective component, which is a transport process, and
a diffusive component, which is a mixing process.
Advection is the bulk transporting process for a plume
element of diluted effluent which is processed by the
mean component of current, whereas diffusion is the
spreading process of a plume element as a consequence
of mixing, such as molecular diffusion, turbulence and
eddies associated with the currents on a wide range of
length scales. A far-field model alone, which may
resolve the density-exchange flow, does not always

Table 2. Comparison of possible ways of coupling near and far field models(adapted from Zhang 1995).

I(a) 1(b) I i K
Freshwater Input Q origin origin origin NF -
Loading Input M origin origin NF NF NF
Trap Height X “ ¥ o 5§
Gravitational Spreading % 5 X & X
Freshwater Balance % 5 % X +

Initial Used Used Used Used
Role of Near Field Model Calibration dynamically dynamically dynamically dynamically

only w/ control wio control w/o control wyo control
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predict the correct trap height and initial dilution, and
overpredicts plume widths due to poor horizontal reso-
lution. Recently, Zhang and Adams (1999) proposed the
four possible ways of coupling two field models as
shown in Table 2. One major concern in ocean outfall
modeling is whether the effluent plume will experi-
ence correct ambient temperature and light level in a
stratified ocean, however the far-field model does not
always predict the correct trap height. In addition to
contaminant loadings, an effluent is also characterized
by the momentum and the buoyancy of freshwater dis-
charges. The simplest way of coupling near-field and
far-field models is to introduce loadings in a far-field
model at the position predicted by a near-field model.

In the transition region between the near-field and the
far-field, the flowrate in the plume, 2 , and the maxi-
mum centerline concentration of a constituent, ¢, , are
given by

=80, O =008, 3
where 5, is the average dilution, and ¢, is the dis-
charge concentration. The plume width, & , and thick-
ness, #, , are related by the following relationship,
which simply states that the plume is now moving at the
same speed as the ambient current.

0w Lk, [6)

For the case of a diffuser discharge, the plume width is
very close to the length of the diffuser (& =£ ). Eq. 6
can be used to determine the plume thickness. For the
case of single-port discharges, the plume thickness
depends on the residual plume buoyancy. As a first
approximation, a thickness of one-tenth the discharge
depth can be assumes, and Eq. 6 can be used to deter-
mine the plume width (Clark and Morriss 1991).

3. Mathematical Model

Particle tracking model

The = coordinate transformed transport equation for
a conservative tracer £” can be written as (Kim et al.
2000),
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in which H(= & +# ) is the total water depth, # is the bot-
tom topography, # is the water surface elevation, 17, I,
2 are the velocity components in principal directions,
x, ¥, o coordinates, ¥., £, are the eddy diffusion
coefficients in horizontal and vertical directions, and the
vertical coordinate = is defined as positively upward
from a fixed reference datum. Writing the right hand
side as a pure second derivative, the % coordinate
transformed transport equation becomes (Kim et al.
2000),

Expressions in bracket are defined as a matrix form,
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Therefore, the transport equation can become the
Fokker-Planck equation (Kim et al. 2000), and the posi-
tions of particles, X( #), can also be described by non-
linear Langevin equation (Zhang 1995),

H
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where 7, is a vector whose elements are independent
random numbers with zero mean and unity standard
deviation. The initial position of particles can be
obtained from normalized characteristics equation as
below, and Fig. 2 shows a schematic diagram of the
concept on a particle tracking method.

X $12)
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Fig. 2. Schematic diagram of particle tracking model.

There are two terms in each component of the deter-
ministic force. The first one is the scaled velocity, and
the second term is a pseudo velocity that makes a sym-
metrical distribution in physical domain by moving
particles in the transformed grid (Zhang 1995). This
combination of variables increases the complexity in
interpreting results. Particle density is associated not
only with concentration, but also with total water depth.
After a certain period of time the particles will have
spread widely enough so that the particles density dis-
tribution can be represented adequately by far-field
grid cell concentration (Dimou 1992).

Hydrodynamic model

Hydrodynamic flow model is set up to compute the
current velocity field. The continuity equation and
three-dimensional Reynolds equations transformed to
sigma coordinates with Boussinesq’s and hydrostatic
pressure assumptions can be written in the three dimen-
sional form, as below (Blumberg and Mellor 1987),

N (1;”.{5% Rt A0

a0 ey dr
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in which &. is the vertical eddy viscosity, s is the
Coriolis’ constant, & is the gravitational acceleration,
and £,, & are the horizontal viscosity terms. The &
turbulence closure scheme is used to calculate vertical
eddy viscosity and diffusivity.
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where " is the two times the turbulent kinetic energy, ¢
is the turbulence length scale, &, is the vertical eddy
diffusivity, ¥, ¥ are the horrzontal diffusivity terms,
and represents the wall proximity function. The hor-
izontal eddy viscosity and diffusivity can be obtained by
the Smagorinsky formula that is given by the equation
below (Davies et al. 1997).

K=

where ¥ .. is the horizontal eddy viscosity of horizontal
VlSCOSlty terms, and ¢, is the non-dimensional
Smagorinsky’s constant.

Numerical scheme

The governing equations of hydrodynamic model
are solved numerically using the finite difference
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method. The equations are discretized on a Arakawa

¢ type staggered grid. The external mode portion of the
model is two-dimensional, and a short time-step is used.
The internal mode is three-dimensional, and a long time
step is used. The external-mode calculation discretized
by midpoint leap-frog approximation results in update
information for surface elevations and depth averaged
velocities. The internal-mode calculation separated into
a vertical diffusion implicit time step which permit the
use of finer vertical resolution, and an advection plus a
horizontal diffusion explicit time step results in update
information for velocities and turbulence quantities.

Interpolation and Boundary Conditions

In the ¢’-grid, the {7 velocity components are defined
at cell interfaces in the x direction, the ¥ velocity
components are defined at cell interfaces in the ¥
direction, {¥components are defined on the top and
bottom faces of cells, and other variables are defined at
the center of cells. Interpolation accuracy can be
improved by using extra interpolation points at neigh-
boring layers, i.e., the one above or the one below the
current layer depending on the relative elevation of the
particle in the layer. Using the values from a neigh-
boring layer brings the total number of nearest points to
eight. Again, this interpolation can be done in a con-
secutively linear way (Kim et al. 2000).

Particles may encounter different types of boundary
such as land, open, free surface, and bottom bound-
aries. Land and free surface boundaries are usually
treated as non-flux boundaries where particles crossing
the boundaries are reflected. Open boundaries are usu-
ally treated as flushing boundaries where a zero con-
centration boundary condition may be specified. Thus,
particles crossing an open boundary are taken out of the
domain. This approach assumes that open boundary
has been chosen far enough away from the sources to
minimize the possible contribution from returning pol-
lutants.

4. Model Application

Masan-Jinhae Bay, a semi-enclosed bay with a nar-
row opening through Gadeokdo channel to open sea, is
located in the southeastern part of Korea. The length
scale along the North-South bay-axis is about 25 km,
and the width along East-West direction is about 25

km. The total bay area is approximately 497 km? with
the mean water depth of 15-20 m and the maximum
depth of 50 m between Jamdo and Geojedo. Based on
the field observations, there are strong semi-diurnal
tidal currents along the relatively deep channel and at
the bay mouth while very weak currents are present in
the inner bay near Masan (Kang et al. 1989). As a part
of the efforts for water quality improvement in Masan
Bay, Masan-Changwon municipal wastewater treat-
ment plants with the primary treatment has been in
operation since 1993 with the treatment capacity of
280,000m’/day. The Masan outfalls shown in Fig. 3
are located off the coast of Masan city and in Masan
Bay.

Masan — O Changwon
ol *Tidal Station
; !

o
‘?”g&“ b
"5 Submerged,
r Diffuser ——ta
g‘"“‘w‘w . ™

o’ - L

o ¥ “
128° 32" 42" E 128°43" 16" E

Fig. 3. Location map of the submerged ocean outfalls of
Masan-Changwon POTW(a, b, ¢, d : field survey sites of
deposited sediments).

The proposed hydrodynamic model was adopted to
simulate the tidal currents with horizontal rectangular
grids (Fig. 4). Based on field observations of Kang et al.
(1993), the water elevation at the open boundary was
prescribed with 4 major tidal constituents (M., Sz, K,
Ov) during spring and neap tides, and performance was
compared with the available observed data (Fig. 5).
Fig. 6 shows the residual currents at surface and bottom
layers which make differences in the streaklines of par-
ticles trapped at the thermocline depth. Field measure-
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Fig. 5. Comparing the tidal elevation results with observed data.

ments of ambient conditions at the Masan outfalls site
and its vicinity were conducted for two seasons, in the
summer of 1998 and in the winter of 1999. They included
vertical and horizontal distributions of temperature and
salinity measurements by CTD. Fig. 7 shows vertical pro-
files of temperature and salinity in the summer and winter
seasons that were used as input data of the model simula-
tions for typical seasonal cases of summer and winter,

The near-field initial dilution of the outfall discharges
depends primarily on the discharge, diffuser length,
the depth of discharge, and the ambient conditions of
current and density. Most geometry conditions of dif-
fuser are constant, and if quasi-steady discharging con-
ditions can be assumed, periodic ambient flow condi-
tions may have significant effect on near-field dilu-
tions. Fig. 8 shows time variations of near-field dilu-
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Fig. 6. Temperature and salinity profiles measured at the Masan outfalls site.
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Fig. 8. The Variation of minimum dilution with tidal ambient current,
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Fig. 9. Streaklines of particle at the end of near field.

tions with tidal ambient flow conditions, including a
spring tide and a neap tide in Masan Bay. Kim et al.
(2000) predicted a minimum dilution of about 40 at
Masan outfalls by UM model for existing discharge
records between 1994 and 1996, which is similar to
the present study.

Fig. 9 shows particle streaklines trapped at thermo-
cline with or without near-field calculations and fall
velocities. Variations of the particle initial position by
the near-field mixing do not affect only near-field char-
acteristics, but also affect far-field transport with settling
phenomenon of particles. Fig. 10 shows concentration
profiles of settled and total particles considering the
fall velocities. The number of introduced particles at
each time step is 100, and the distributions of fall veloc-

ity are 10°~10" m/s, which is similar to EPA(1988)
reports about the fine-grained sediment discharged
from diffuser with the primary treatment. A similar
depositional trend of contaminated sediment was also
found in Table 3 from the recent field survey of Kwon
and Lee (1998).

Table 3. Field survey data of deposited contaminants
(adapted from Kwon and Lee 1998).

Site Zn Pb Cd Ni Cu Cr Hg

3051 4638 2.73 34.9 549 576 0.18
2439 344 098 233 463 476 015
1482 229 0.42 243 274 426 0.0
1270 300 - 190 247 367 0.08

a o o ow
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a) total particles

b) settled particles

Fig. 10. Cencentration profiles of total and settled particles(contour lines : 15% of hourly discharged particles).

5. Conclusions

A 3-D particle tracking model with normalized char-
acteristic equations has been developed to predict the
variation of near-field mixing characteristics and the far-
field transport of the effluent plumes discharged from
sea outfalls. The model was applied to the case study of
Masan sea outfall plumes discharged through a sub-
merged multiport-diffuser. The results show that most of
the heavy particles in the effluent plumes were settled
and deposited immediately in the vicinity of outfalls.
The finer particles were transported 3 km eastwards
from the outfalls during the 15 days. The similar depo-
sitional trend of contaminated sediment was also found
from the recent field survey. To predict water quality
and sediment quality in the Masan sea outfall area, fur-
ther works are needed for far-field modeling consider-
ing biological and chemical conversions, sedimenta-
tion, and final fate of the discharged particles.
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