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Effects of Ocean Outfall for Elimination of the Anoxic Layer in Youngsan
River Estuary
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Abstract : There has been a growing interest in the elimination of anoxic layer in the Youngsan River Estuary
because the anoxic water mass caused mainly by the inflow of fresh water from the sea wall might cause the
mass reduction of benthos during summer. An ocean outfall system to discharge treated wastewater into sea
water may be used as one of the effective and economical ways to eliminate the anoxic layer. The suitable ocean
outfall design is generally proposed for the prediction of the buoyant jet behavior in the near field. The
parameters including CTD and current data are taken into account for more reliable buoyant jet behavior
calculation. One of the numerical models, CORMIX 1, approved by EPA is used herein for the prediction of the
trajectorial variation of the cross-sectional salinity and DO concentration distribution on the calculated buoyant
jet boundary according to the tidal periods. On the basis of the results, it is suggested that the single port outfall
is a useful system to eliminate the anoxic layer. Proper strategies are also proposed for achieving desirable

ambient conditions.
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1. INTRODUCTION

Reclamation project led to the construction of the sea
wall in the Youngsan River estuary as shown in Fig. 1 as
the Youngsan River has been one of the five major rivers in
South Korea. However, the construction of the sea walls

resulted in the very weak tidal currents in the estuary and
led to the significant reduction of the vertical mixing. The
estuary was then stratified due to weak tidal currents,
strong solar radiation, and large fresh water inflow in espe-
cially summer. Moreover, the huge quantity of dissolved
oxygen is consumed because the particle-organic substances
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@ : Ocean Monitoring Stations

Fig. 1. Bathymetry, proposed outfall, and ocean monitoring
stations in the Youngsan river estuary.

are accumulated in the bottom layer. Therefore, the huge
anoxic water mass was formed in the bottom layer in the
Youngsan River estuary. This anoxic layer has caused the
mass reduction of benthos (Lim and Park, 1998). The pro-
posed outfall and estuary topography are shown in three-
dimensional bathymetry in Fig. 1.

A number of ocean outfalls over the world discharge pri-
mary treated effluent into deep water for efficient wastewa-
ter treatment (Fischer et al., 1979; Kang et al., 2000; Seo
and Yeo, 2002). An ocean outfall may be used as one of the
effective ways to eliminate the anoxic layer. Therefore, in
this study, the general outfall with simple single pipe is
designed and proposed to remove the anoxic layer through
literature search (Grace, 1978; Roberts, 1990). In this study,
the discharge system with the single port at the end of the
pipe connected from inner side of the bank through the sea
wall to the bottom of the estuary is proposed. This dis-

charge system in the Youngsan River Estuary may force the
enough anoxic water mass to the surface due to the fast ini-
tial velocity of the sufficient effluent (Fig. 2). Tt is expected
that the buoyant jet facilitate the destruction of the mixing
layer leading to the restriction of the vettical mixing as well
as the increase of DO concentration in the anoxic layer. On
the basis of the results, proper strategies will be described
in especially summer.

Buoyant effluent discharged from the submerged single-
port is initially attached to the bottom and entrained by the
ambient water. The effluent then begins to rise as shown in
Fig. 2. The plume stops rising at a level of neutral buoy-
ancy, known as the “established field”. The region where
mixing is caused by the turbulence generated by effluent
momentum and buoyancy, is also known as “near field”.
The dilution in the near field results from the entrainment
caused by the combined effects of the momentum and
buoyancy of the effluent, and turbulent mixing near the
port. Dilution can be defined as the ratio of the initial con-
centration to the concentration at a certain point of the
buoyant jet. The established plume then drifts with the
ocean current and is diffused by oceanic turbulence in a
region called “far field” (Baumgartner et al., 1994).

The CORMIX (Comell Mixing Zone Expert System) model
approved by EPA(Environmental Protection Agency) has
been used in this study for the prediction of the salinity and
DO(dissolved oxygen) distribution. The parameters include
CTD(conductivity, temperature, and depth) profile, flow
rate, number of ports, port angle, port depth, effluent DO
and salinity, Ambient DO and salinity, port diametet, cur-
rent direction, and current speed that are inputted in the
model for the description of jet and plume behavior (Jirka
et al., 1996). The density profiles can be calculated from
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Fig. 2. Schematic description of the buoyant jet discharged from the submerged single port.
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the salinity and temperature profiles. The flow rates can be
also estimated according to the tidal periods from the appli-
cation of one dimensional energy equation. The variations
of salinity and DO concentration after the effluent will be
described. The vertical DO and salinity profiles from the
CTD profiles around the anoxic area are almost homeoge-
nous below the mixing layer in summer. The general buoy-
ant jet boundaries can be also predicted according to the
tidal periods during summer.

2. PROPOSED OUTFALL

In this study, it is proposed that the pipe is connected
from the inlet inside the bank through the sea wall to the
bottom in the Youngsan River Estuary to discharge fresh
water reserved in the bank into the bottom where the anoxic
water mass is dominant (Fig. 3(a)). The details of the pipe
are not described because this study does not provide the
construction of the ocean outfall but the possibility of the
outfall to facilitate the increase of the DO concentration in
the anoxic layer. This outfall system is not assumed to con-
sist of pump and turbine.

The multiport diffuser at the end of single pipe has been
used to discharge treated wastewater into sea water in many
countries so far. However, the main purpose to propose the
outfall around this anoxic area where the DO concentration
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is only about 1 mg/1 below mixing layer during summer is
to maximize the DO concentration providing the oxygen-
rich fresh water into the anoxic layer. The multiport diffuser
having small diameters of the ports may not be effective in
this case since low discharge in each port may lead to the
reduction of the jet volume and DO concentration below
the mixing layer (Kwon and Lee, 1997). In this study, the
multipipe system is not considered due to the consideration
of economical construction costs.

Among the many kinds of pipe material, steel pipes have
been widely used in the numerous outfall and are also
cheap and easy to construct and transport. A protective
anti-corrosion coating is applied to the outside and inside of
the steel pipe. In this study, 2 m of pipe diameter is selected
for the necessity of huge discharge to sweep the anoxic
layer. Therefore, the steel is economically and practically
suitable, and reliable for the material of the pipe on the sea
bed.

The depth of the outfall is chosen as 10 m. The bottom
near the outfall is assumed to be flat because the bottom
around the outfall shows the 10 m depth contour line hori-
zontal to the sideline of the sea wall seems to be stable and
somewhat flat as shown in Fig. 1. The DO concentration
was measured to be extremely low around the outfall (Lim
and Park, 1998). The length of the pipe, approximately 700
m, can be fitted to the bottom topography (Fig. 1). The pipe
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Fig. 3. Plan view and side view of the proposed ocean outfall.
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is intentionally bent near the 10 m depth contour line to
increase the area covered by the buoyant jet bent by the
cross flows of the main tidal currents (Fig. 3(b)).

There are also the possible configurations of the pipe
supported by rocks, strap, anchor, and trench. In real situa-
tion, the long wave and strong current-induced water parti-
cle movement is so strong that the pipe can be moved and
damaged along steep bottom. In this study, the pipe may be
possibly stable due to the weak current and short wave-
induced horizontal and vertical water particle movement
(Grace, 1978). Therefore, in this study, any supporting
material is assumed to be unnecessary for the protection of
the pipe movement.

3. Numerical Model

3.1 General Description of CORMIX 1

CORMIX (Cornell Mixing Expert System) is a software
system for the analysis, prediction, and design of pollutant
discharges into diverse water bodies. The CORMIX is a
useful model employing length scale analysis and asymp-
totic solutions to jet and plume flows and conceming a
wide range of condition (Roberts, 1995). CORMIX system
consists of CORMIX 1 for submerged single port dis-
charges, CORMIX 2 for submerged multiport diffuser dis-
charges, and CORMIX 3 for buoyant surface discharges.

The CORMIX 1 is used herein for the description of the
buoyant jet behavior since the CORMIX 1 predicts the
boundary and dilution characteristics of the initial mixing
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zone for submerged single port discharge. In the CORMIX
1 model, the various flow patterns developed by the dis-
charged effluent mixing with the surrounding water does
not determine only the boundary, size, and mixing intensity,
but also any impact of the plume on water surface, sea bed,
or shore line. The various flow types depending on the
physical processes in the near field govern effluent dis-
charge mixing, The near field processes including the
buoyant jet mixing, added effects of current or density strat-
ification, and plume interaction with any boundaries lose
their importance beyond the immediate near field. In this
model, the buoyant jet boundary line is defined as the line
corresponding to the l/e of the maximum concentrations
along the cross-sections normal to the trajectory. The
details of the mathematical description and procedure of
the flow categories are provided in the User’s Manual for
CORMIX (Jirka et al., 1996) and hydrodynamic classifica-
tion of submerged single port discharge (Jirka and Doneker,
1991).

3.2 Input Parameters

3.2.1 Typical Density Profile

The density stratification over the water column has sig-
nificant impacts on the plume behavior such as rise height
and dilution (Roberts, 1995). The density profiles were
obtained from the salinity and temperature profiles, which
were measured at 6 stations (Fig, 1). Among the calculated
density distributions, the density profiles representing sum-
mer and winter are shown in Fig. 4. These types of the den-
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Fig. 4. Density profiles measured at the nearest station to the proposed outfall in the Youngsan river estuary.
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sity profiles are very frequent and typical in real situation.
The homogeneous density profile measured in winter is
shown over the whole column (Fig. 4(a)). The strong den-
sity stratification from the density profile measured during
summer may lead to slow plume rise around the level of
mixing layer due to the significant density difference
between the upper layer and low layer. The stratified den-
sity profile (Fig. 4(b)) will be used for the buoyant jet behav-
ior description since this study focuses on the anoxic layer
generated during summer.

The density profiles inputted in the CORMIX model
covers three types of them: linear density profile, two-layer
profile with constant densities and density jump, and con-
stant density surface layer with linear density distribution in
bottom layer separated by a density jump (Jirka et al.,
1996). To input the non-uniform density profiles to the
CORMIX model, a straight line is fitted to the average
value in each layer of the density profile.

3.2.2 Flow Rate

The calculation of the flow rate through the pipe is
required to predict the buoyant jet behavior as one of the
input parameters in the CORMIX model. The side view of
the pipe location is shown in Fig. 3. The flow rates can be
simply calculated in terms of the pressure difference related
to the water level difference between fresh water and sea
water. In other words, the flow rates based on the tidal peri-
ods (MHW, maximum ebb, MLW, and maximum flood)
are calculated and inputted in the CORMIX model as input
parameters for achieving the proper strategies.

One dimensional energy equation based on Bernoulli’s
equation is written from the level of the inflow of fresh
water to the free jet,

J4! V? D> V;
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where p is the pressure (Pa), V' is the fluid velocity, is the
density of the fluid, g is the gravitational acceleration, z
is the elevation at each point, /4 is the major head loss
due to frictional effects in fully developed flow in a con-
stant area pipe, and /;, is the minor head loss caused by
area change such as entrance, fittings, and bends. It is
assumed that there are no heat transfer and internal
energy change inside a pipe.

The pressure at 1 and 2 points at different depth is given
by p=p.+ gh, at which p, is the standard atmospheric pres-

sure at sea level (101.3 kPa), and 4 is the water depth at
each point. V| is assumed to be 0 m/s.

The major head loss can be calculated from the Darcy-
Weisbach equation as

Ly

h =
g fDZg

@
where fis the resistance coefficient, L is the length of the
pipe, and D is the pipe diameter. The resistance coeffi-
cient ( f) is calculated from the Moody Diagram as a
function of Reynolds Number. The minor head loss can

be expressed by
2
i = K2 3
2g

where K, the loss coefficient, includes the values for a
pipe entrance (K=0.50), a pipe exit (K=1.00), and a bend
(K=0.2) with vanes (Roberson and Crowe, 1993).

The Reynolds Number is given by Re=V>Dp/ 1, where V>
is the flow velocity in the pipe, and is the dynamic viscos-
ity. The relative roughness can be expressed as k/D, where
k is the equivalent sand roughness (0.046 mm for steel)
based on the material of the pipe. Two unknowns of the
values of fand V> can be solved from the iteration of the
following procedure. The initial value for fis guessed, and
the velocity ¥, is then solved (Roberson and Crowe, 1993).

3.2.3 Other Parameters

The port diameter of 2 m is imposed at the depth of 10 m
based on MLW. The difference of sea level between MHW
and MLW is approximately 4 meters. The centerline of the
port is assumed to be horizontal to the bottom plane based
on the bathymetry in the vicinity of the outfall. The effluent
density is chosen to be 998 kg/m® since the approximate
physical temperature of fresh water at 20 °C in atmospheric
pressure indicates the value of 998 kg/m® (Roberson and
Crowe, 1993).

It is assumed that the currents around the study area are
steady and uniform due to the limitation of the CORMIX 1
model. The dynamics of the initial dilution process of this
outfall focuses on the near field below the mixing layer due
to significant anoxic water mass. The mixing processes in
the near field are quite rapid relative to the time scale of
hydrographic variation although the tidal cycle of the actual
current has relatively long time scale. Therefore, the buoy-
ant jet behavior analysis can be performed under the
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assumption of steady state of ambient water based on the
each tidal period (Jirka, 1998). The tidal current directions
measured in the vicinity of the outfall was nearly perpen-
dicular to the direction of the discharge. The main tidal cur-
rent directions point to the offshore for ebb tide and to the
sea wall for flood tide. The amplitude of the tidal currents
measured near the expected outfall is approximately 0.2 m/s
(Lee, 1994).

Actually, the vertical DO concentration distribution and
salinity profile are evidently nonuniform. It is observed that
the salinity profiles taken from the CTD data are almost
homeogenous below the stratification whereas the salinity
values are quite low in the upper layer due to the fresh
water discharged through water gates. It is also expected
that the DO concentrations are almost uniform and quite
low below the mixing layer whereas the range of the DO
concentrations is 8.0 to 9.0 mg/l in the upper layer (Lee,
1994). The average observed values of 25.7 %o for salinity
and 1 mg/1 for DO concentration below the mixing layer in
summer are inputted into CORMIX 1 model since the
CORMIX model allow only uniformity of ambient concen-
tration. Therefore, the concentration distribution predicted
by CORMIX 1 model below the mixing layer will be pro-
vided and concerned for the interests of anoxic layer below
the mixing layer.

4. NUMERICAL RESULTS

4.1 DO Concentration Distribution

The buoyant jet behavior predictions for the proposed
outfall have been performed by CORMIX 1. The cross-sec-
tional and trajectorial distributions of DO concentration and
salinity below the mixing layer, and the buoyant jet bound-
ary in the near field were predicted according to the tidal
periods for especially summer. The location of the origin is
the bottom point of the single port at the end of pipe. The
x-axis indicates the horizontal Cartesian coordinate to the
offshore; the y-axis indicates the horizontal Cartesian coor-
dinate to the jet direction; and the z axis points vertically
upward (Fig. 2).

All of the buoyant jet flows in the given conditions for 4
tidal levels was classified as ‘H4-90A4’ representing the
buoyant flows attached to the bottom on the range of dom-
inant effluent momentum. In Fig. 5, the variations of cross-
sectional and trajectorial DO concentration below the pyc-

noline are shown in the plan view and side view of the pre-
dicted buoyant jet geometry in the near field for the maximum
ebb tide. In this figure, the reduction of the jet width along
the trajectory occurs in the range between 19 m and 25.5 m
on the y-axis because the pressure gradient results from the
effluent momentum transported to the ambient water. The
zone between C-C' and D-D' can be divided into 2 catego-
ries: the acceleration zone (gradual reduction zone) due to
the increase of flow velocity and the diffusion zone. This
flow is called ‘contracting slipstream’, which is shown in
all jet flows predicted for 4 tidal levels (Lee and Seo, 1996).

It is seen that the maximum concentrations attached to
the bottom up to the horizontal distance 26 m on the y-axis
due to the somewhat strong effluent momentum. The Gaus-
sian profiles along the selected cross-sections in the buoy-
ant jet were assumed in the CORMIX model and verified
by many researchers (e.g., Papanicolaou, 1984; Hongwei,
2000). The plume then begins to rise after the distance of 26
m because the buoyancy effect begins to gradually increase
relative to the effluent momentum. Therefore, the maxi-
mum concentration on the bottom begins to move to the
center of the cross-section normal to trajectory after the rise
of the buoyant jet. The attachment of the buoyant jet to the
mixing layer occurs at the horizontal distance 38.8 m (the
end of near field, established field) on the y-axis.

The concentrations along the centerline trajectory decrease
due to the mixing with the ambient water. However, the
centerline concentration in the section of C-C' is observed
to be identical to that in the section of D-D' in the contract-
ing slipstream zone since the centerline concentrations are
nearly constant in the contracting slipstream zone due to the
dominant advection generated in the acceleration zone. The
maximum DO concentrations higher than 3.9 mg/l in the
-anoxic layer for all tidal periods seem to be sufficient to sat-
isfy the desirable DO condition.

In Fig. 5, it is seen that the centerline of the trajectory is
somewhat bent to the offshore due to the direction of max-
imum currents in the near field. The Gaussian profiles of
the DO concentration along the chosen cross-sections in the
jet show the symmetric distributions with respect to the
centerline near the mixing layer. The boundaries and DO
concentration distributions of the buoyant jet predicted for
the maximum flood tide are evidently symmetric to those
for the maximum ebb tide on the plan view with respect to
the y-axis due to the only current direction (to the sea wall)
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Fig. S, Side view and plan view of the predicted variation of the cross-sectional DO concentration and salinity distribution in the buoyant
jet boundary for maximum ebb tide.

opposite to that for the maximum ebb tide under the same by the low flow rate. The centerline of the trajectory for the
flow rates and same current magnitudes. MHW and MLW lies on the y-axis on the plan view due to

The maximum concentration for MHW is attached on the stagnant ambient condition. The maximum concentra-
the bottom up to the horizontal distance of 17 m (on the y- tion for MLW is attached on the bottom up to the horizontal
axis), which is relatively lower than the value, 26 m, for the distance of 32 m (on the y-axis), which is relatively higher

maximum ebb tide due to the low effluent momentum caused than the value of 26 m for the maximum ebb tide due to the
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buoyant jet boundary for MLW.

high effluent momentum resulting from the big pressure
difference as shown in Fig. 3 (Fig. 6). The numerical results
for DO shows that the fresh effluents during the MLW, ebb,
and flood may be more effective and proper strategies than
those for the MLW due to the high flow rates and the buoy-
ant jets bent to the offshore and sea wall.

" 4.2 Salinity Distribution

The variations of salinity distribution in the chosen cross-
sections below the pycnoline are shown on the plan view
and side view of the predicted buoyant jet in the near field
for the maximum ebb tide and MLW (Fig. 5 and 6). On the
contrary to the Gaussian profiles for the DO concentration,
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the minimum concentration lies on the bottom initially since
the effluent of fresh water is discharged to the saline ambi-
ent water with the salinity of 25.7 %o (Fig. 5 and 6). The
profiles of the salinity along the chosen cross-sections in
the buoyant jet also shows the symmetric distributions on
the plan views with respect to the centerline. The maximum
values among the minimum salinity values along the trajec-
tory below the stratification are observed to be 8.4, 14.3,
and 14.4 psu, respectively, for the MHW, maximum ebb (or
maximum flood), and MLW.

5. CONCLUSIONS

The prediction of the behavior of the buoyant jet dis-
charged from the given single port was made by the COR-
MIX 1 model according to the tidal periods to determine
the effects of the outfall on the elimination of the anoxic
layer. Among the density distributions measured at six sta-
tions in Youngsan river estuary, the stratified density profile
for summer was used for the buoyant jet behavior calcula-
tion. The flow rates were simply estimated according to the
tidal periods (MHW, maximum ebb, MLW, and maximum
flood) using the one dimensional energy equation based on
Bernoulli’s equation. The other parameters such as the depth,
currents, port angle, port diameter, effluent conditions, and
ambient conditions were also inputted into the CORMIX 1
model with the consideration of the tidal periods. The dynam-
ics of the initial dilution process of this outfall focused on
the near field below the mixing layer due to significant anoxic
water mass.

All of the buoyant jet flows in the given conditions for 4
tidal levels was classified as ‘H4-90A4’ indicating the buoy-
ant flows attached to the bottom on the range of dominant
effluent momentum. The maximum concentrations were
initially attached to the sea bed up to the horizontal dis-
tances of 17 m, 26 m, and 32 m for the MHW, maximum
ebb (or maximum flood), and MLW, respectively. The
reduction of the jet width along the trajectory was observed
due to the dominant advection generated in the acceleration
zone and was called ‘contracting slipstream’ where the cen-
terline concentrations were nearly constant. The maximum
DO concentrations in each cross-section for the all tidal
periods range from 3.9 to 7.5 mg/l in the buoyant jet in the
anoxic layer. The maximum values among the minimum

salinity values along the trajectory below the stratification

were observed to be 8.4, 14.3, and 14.4 psu, respectively, for
the MHW, maximum ebb (or maximum flood), and MLW.
The buoyant jet seems to result in the destruction of the
stratification and then makes the vertical mixing active.
The jet flow supplies directly the oxygen-rich water from
the river to the oxygen poor layer. The sea water with rich
oxygen in the upper layer might provide additional oxygen
to the bottom layer by vertical mixing,. In order to maximize
the effects on the elimination of the oxygen poor layer, the
fresh effluents for the MLW, ebb, and flood can be more effec-
tive strategies than those for the MLW due to the high flow
rates and the buoyant jets bent to the offshore and sea wall.
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