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Abstract. The present study concerns the 3-D distribution
of pollutants emitted from a coastal outfall in the presence
of strong sea currents. The problem is solved using the
nonlinear Reynolds-averaged Navier–Stokes equations in the
framework of thek-ε model. The constants of the logarith-
mic law for the vertical velocity profile in the bottom bound-
ary layer are obtained by processing experimental data from
acoustic Doppler current profilers (ADCPs). The near-field
distribution of pollutants at different distances from the dif-
fuser is obtained in terms of the ambient flow velocity (steady
or with tidal effect) and outfall discharge characteristics. It is
shown that even in the case where the effluent density is sub-
stantially lower than the ambient sea water density the plume
can impact the seabed, creating a risk of pollution of remov-
able bottom sediments.

1 Introduction

The oceans and seas are the ultimate sink for most pollution,
largely because of their huge volume and assimilating capac-
ities. No place in the world’s seas is immune from pollution,
as ocean currents transport pollutants to the far corners of the
world. Coastal waters act as a natural buffer zone due to their
intermediate position between the deep sea and human activi-
ties on land. In recent years, interest in environmental issues,
in particular, in the preservation of water quality in coastal
regions, has steadily increased. Here we consider the near-
field dilution of industrial effluent discharged by a coastal
outfall. We attempt to evaluate the environmental risk asso-
ciated with the discharge of effluent into seabed sediments in
the case of a buoyant effluent, which is less dense than the
receiving marine water. In reality, bottom sediments can ac-

cumulate pollutants in a matter of months and then migrate
unexpectedly in response to, for example, storm-driven cur-
rents. Under the action of alternating semi-diurnal tidal cur-
rents, these movable bottom sediments can be accumulated
beneath the diffuser pipe, which causes an obstruction of the
interval between the pipe and the sea bottom. The objective
of this work is to investigate the distribution of pollutants in
the bottom boundary layer (BBL), which is treated to be a
layer adjacent to the seabed. In this layer, the flow is affected
by the processes occurring at the boundary. Strong gradients
of physical, chemical, and biological properties may occur
in this layer as wellBowden(1978). The thickness of the
BBL is generally of the order of meters above the seabed.
There has been a large amount of work devoted to the study
of the BBL and sediment dynamics on the shoreface, e.g.,
Holmedal et al.(2003), Kim et al. (2000) andStyles et al.
(2000). We study the BBL dynamics in the near-field of
a multiport ocean outfall with submerged buoyant jets dis-
charging in the vicinity of the sea bottom into the ambient
flows. Special attention is given to the problem of interaction
between the effluent plume and the sea bottom. We intend to
determine the conditions for bottom attachment (Coanda at-
tachment) by analyzing the ambient flow and discharge char-
acteristics.

2 Problem formulation

We consider a circular ocean multiport outfall with vertical
discharge placed near the seabed perpendicular to the main
direction of the ambient current, as shown in Fig.1. The
diffuser involves two hundred discharge jets (with circular
opening of diameterd = 0.04 m) spaced every 5 m along the
pipe.

Published by Copernicus Publications on behalf of the European Geosciences Union & the American Geophysical Union.
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Fig. 1.Schematic description of the multiport ocean outfall (the cur-
rent direction being parallel to the mean shoreline and perpendicular
to the diffuser; the discharge jets from circular ports are vertical)

Two main configurations are considered, when the inter-
val under the diffuser is empty or filled by removable bottom
sediments. The first case corresponds to the nominal config-
uration, the second one would simulate the risk of sediment
accumulation under the diffuser due to alternate semi-diurnal
tidal currents (the pipe behaving as a barrier). For both cases
we carry out the numerical simulation of the pollution of
coastal waters from a point source which corresponds to one
port (circular opening with a diameterd) of the ocean outfall
diffuser. The diffuser pipe has a circular section of diameter
d at the heightL from the seabed. We consider a buoyant ef-
fluent which is discharged vertically at average velocity. The
velocity of the ambient current is denotedV . Diffuser char-
acteristics are tube of constant diameter: 70 cm (external);
60 cm (internal); unidirectional multiport system (200 holes
of diameter 40 mm, spaced at intervals of 5 m); vertical dis-
charge; at a heighty = 1.20 m from the seabed. The dis-
charge velocity of the effluent, which depends on the mass
flow rate and decreases along the diffuser; the mean values
are 0.50 m s−1, 1.35 m s−1, 3.00 m s−1.

3 Mathematical model

To get a realistic near-field distribution of pollutant a non-
linear 3-D unsteady approach is needed. We implement
Reynolds-averaged Navier–Stokes equations:
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Here,ρ is the density,xi are coordinates (we use Cartesian
coordinate system),ui are the velocity components,µ is the
kinematic viscosity,µt is the turbulent viscosity. The turbu-
lence kinetic energy k and rate of its dissipationε are ob-
tained from the following transport equations:
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In these equations,Gk represents the generation of turbu-
lence kinetic energy due to the mean velocity gradientsGk =

µtS
2, whereS is the modulus of the mean strain rate tensor,
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, Gb is the tur-

bulence kinetic energy due to buoyancy, which is calculated
as
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i.e. taking into account the dependence of the density on tem-
perature and concentration,β is the thermal expansion coef-
ficient, µst is the parameter of density stratification due to
the concentration, Prt is the turbulent Prandtl number,gi is
the component of the gravitational vector ini-th direction;
G1ε, C2ε , andC3ε are constants,σk andσε are the turbulent
Prandtl numbers fork andε, respectively. The turbulent vis-
cosityµt is computed asµt = ρCµk2/ε, whereCµ is a con-
stant. The model constants Prt , G1ε, C2ε, Cµ, σk andσε were
taken to have the following values: Prt = 0.85, C1ε = 1.44,
C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3. Turbulent heat
transport is modeled using the concept of the Reynolds anal-
ogy to turbulent momentum transfer. The “modeled” energy
equation is thus written as
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whereE = ch+
p
ρ

is the total energy,h = CpT is sensible en-
thalphy,keff is the effective thermal conductivity and(τij )eff
is the deviatoric stress tensor defined by
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(
∂uj

∂xi

+
∂ui

∂xj

)
−

2

3
µeff

∂uk

∂xk

δij ,

whereµeff = keff Pr/Cp is the effective viscosity, effective
thermal conductivity is given byκeff = κ +Cpµt/Prt , where
κ is the thermal conductivity. The equation of mass transfer
is

∂
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(ρc) +

∂

∂xi

(ρuic) = −
∂

∂xi

Ji,

where J = −(ρD + µt/Sct ) ∇c, is the mass flux,Sct =

µt/ρDt is the turbulent Schmidt number, and the turbulent
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Fig. 2. Schematic representation of the problem and coordinates: longitudinal view (along the ambient current); transversal view (along the
diffuser).

Fig. 3.Concentration fields in vertical cross sections perpendicular to the ambient current at different distances from the diffuser: 20, 30, 40,
. . . , 200 m. Ambient current velocityV = 0.55 m s−1. The unit of concentration is wt %.

diffusion parameterDt describes turbulent mass transfer. The
dependence of density on temperature and concentration is
defined according to the linear law

ρ = ρ0 − ρ0β (T − T0) − ρ0βc (c − c0) ,

whereρ0, T0, c0 are the density, temperature and concentra-
tion of the sea water.

3.1 Boundary conditions

We set the no-slip condition, zero mass flux condition and
fixed temperature on the rigid boundaries (seabed and pipe
surface):

ux = uy = uz = 0,
∂c

∂n
= 0, T = T0.

At the pipe exit (port) we impose the constant ejection veloc-
ity (vertical), pollutant concentration and temperature of the
discharged liquid:

ux = uz = 0, uy = w, T = Te, c = ce.

At the entrance of computational domain we impose the ve-
locity of ambient current, in which thez-component (perpen-
dicular to the outfall axis) is the only non-zero component
depending on the vertical coordinateV = {0, V (y) , 0}; the
concentration and temperature are set equal to the back-
ground temperature and background concentration of pollu-
tant in the sea water.

z = 0 : ux = uy = 0, uz = V, T = T0, c = c0

The conditions on the other boundaries of the computational
domain are
∂ui

∂n
= 0 (i = x,y,z),

∂T

∂n
= 0,

∂c

∂n
= 0.

3.2 Accounting for the bottom boundary layer (BBL)

Since a multiport diffuser is placed near the seabed (i.e., in
the bottom boundary layer), it is important to analyze the
effect of the ambient BBL dynamics. For that purpose, we
consider two types of the vertical profile for a steady am-
bient currentV (y): (a) constant iny (i.e., without BBL ef-
fect), and (b) a logarithmic profile of the ambient veloc-
ity: V (y) = a + b ln(y), where the constantsa and b are

www.nonlin-processes-geophys.net/20/257/2013/ Nonlin. Processes Geophys., 20, 257–266, 2013
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Fig. 4.Projections of 3-D pollutant concentration field:(a)constant velocity of the ambient flow :V = 0.15 m s−1 (b) logarithmic BBL profile
V (y) = 0.144 + 0.033 ln(y) m s−1. Longitudinal view: vertical cross section passing through the port center (x = 2.5 m), and transversal view
at a z-distance of 22 m from the port. The unit of concentration is wt %.

Fig. 5. Projections of 3-D pollutant concentration field:(a) constant velocity of the ambient flow :V = 0.25 m s−1 (b) logarithmic BBL
profile V (y) = 0.241 + 0.049 ln(y) m s. Longitudinal view: vertical cross section passing through the port center (x = 2.5 m) and transversal
view at a z-distance of 22 m from the port. The unit of concentration is wt %.

extracted from experimental data obtained from Acoustic
Doppler Current Profiler (ADCP), in the water column at
the place of the outfall. When ADCP profile is available,
it permits to save computation time by reducing the com-
putation domain upwards. To analyze the role of BBL for-
mulation, we compare the results of numerical simulation
for a constant ambient velocity with the results obtained
for a logarithmic profile normalized according to the fol-
lowing rule: at a distance of 1.2 m from the seabed (which
corresponds to the height at which the discharge exit is lo-
cated) the values of the velocity in both cases coincide (i.e.,
V2(1.2) = a ln(1.2) + b = V1). The values of the examined

velocityV1 = const, m s−1 are 0.05, 0.15, 0.25, 0.35 and cor-
responding values ofV2(y) = a+b ln(y), m s−1 are 0.048+
0.014 ln(y), 0.144+ 0.033 ln(y), 0.241+ 0.049 ln(y), and
0.340+ 0.062 ln(y). For numerical calculation we use
the following parameters of the real system: environ-
mental characteristics (ambient sea water): densityρ0 ≈

1024 kg m−3, temperatureT0 = 297 K, current speed (per-
pendicular to the diffuser)V = 0.1÷0.6 m s−1, concentration
c0 = 0 wt %; effluent characteristics: density at the diffuser
exit: ρe ≈ 1004 kg m−3, effluent temperatureTe = 313 K,
mean discharge speed,w = 1.35 m s−1, and concentration
c0 = 1 wt,%; physical parameters: kinematical viscosity

Nonlin. Processes Geophys., 20, 257–266, 2013 www.nonlin-processes-geophys.net/20/257/2013/
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Fig. 6. Example of Coanda attachment conditions for submerged
jets discharging near boundaries (after (Jirka et al., 1996)).

µ = 9.33529· 10−7 m2 s−1, thermal expansion coefficient
β = 2.5 · 104 1/K, thermal conductivityk = 0.6 W/(m · K),
heat capacityCp = 3995 J/(kg · K), mass diffusivityD =

10−9 m2 s−1, turbulent Schmidt numberSct = 0.7, and
Prandtl number Pr= 1. Numerical simulations were car-
ried out using the commercial software package ANSYS
Fluent. We checked the effect of the computational do-
main and mesh sizes by considering three configurations:
dimension 5 m× 27 m× 10 m, mesh 31× 86× 45; dimen-
sion 5× 600× 10 m, and mesh 31× 416× 48; dimension
5× 850× 10 m, mesh 31× 430× 48. On the basis of these
test calculations, for implementation of the basic calculations
we used the computational domain 5 m× 900 m× 10 m and
the mesh size 31× 430× 48. We implemented the mesh re-
finement with minimal mesh size 0.004 m near the hole; the
maximal mesh size is 4 m.

4 Numerical results

4.1 Nominal configuration (surelevated pipe)

Let us consider the case where the velocity of the ambient
current is steady.

4.1.1 The steady case (with and without BBL effect)

We first examined the nominal configuration (surelevated
pipe; Fig.2).

The calculations for this configuration were performed
for ambient current speed varied fromV = 0.1= m s−1 to
V = 0.6 m s−1. An example of plume development in z-
direction is presented in Fig.3; transversal cross sections
of the pollutant concentration are presented for constant in-
let velocity V = 0.55 m s−1, dimensions of computational
domain are 5 m× 205 m× 10 m and mesh dimensions are
31× 230× 48. The BBL effect is illustrated in Figs.4 and
5, where one can see the patterns of pollutant propagation in
the vertical cross sections that are parallel and perpendicular
to the ambient flow for two types of the vertical profile of
ambient velocity: (a) constant in y, (b) logarithmic iny, and

two values of the ambient current velocity:V = 0.15 m s−1

andV = 0.25 m s−1. It is seen that the obtained results re-
cover the classical horseshoe structure of a turbulent round
jet deviated by a crossflow (see, for ex.Muppidi and Ma-
hesh(2007); Fig. 3). The jet deflects in the direction of the
crossflow. Additionally, a pair of counter-rotating vortices is
generated.

In Figs. 8 and 9, we present the pollutant concentration
fields in vertical cross sections parallel and perpendicular
to the ambient flow obtained numerically for the case with
blockage atV = 0.15 m s−1 and V = 0.25 m s−1 with and
without taking into account the BBL formulation.

For a higher speed of ambient current Fig.5, there is an
evidence of bottom attachment very similar to the one de-
scribed byJirka et al.(1996) and named Coanda attachment,
for submerged buoyant jets discharging in the vicinity of
the water bottom into a stagnant or flowing ambient. Two
types of dynamic interaction processes have been described
by Jirka et al.(1996) that lead to rapid attachment of the
effluent plume to the water bottom. These are wake attach-
ment forced by the receiving water’s crossflow or Coanda
attachment forced by the entrainment demand of the effluent
jet itself. The latter, which is due to low pressure effects as
the jet periphery is close to the water bottom, is schemati-
cally shown in Fig.6. For the logarithmic velocity profile,
the effect of bottom attachment is more pronounced than in
the case of constant velocity; the bottom attachment by the
pollutant spot occurs at smaller distance from the discharge
point.

4.1.2 Configuration with deposit under the pipe (block-
age effect)

The configuration examined above is idealized. In reality, the
bottom sediments can be accumulated under the pipe due to
the alternate semi-diurnal tidal current, as the pipe consti-
tutes a barrier to the bottom sediment transport. To analyze
this case we introduced a new configuration with a rigid wall
under the pipe (Fig.7).

Let us first discuss the results obtained with blockage at
the constant ambient velocity profile. The simulations show
that in this case a vortex is created in the pollutant wake be-
hind the pipe, which leads to a shift of plume towards the
bottom (the plume attaches the bottom just behind the pipe)
(Figs.8a – 9a). The existence of pollutant wake behind the
pipe is caused by the reverse flow arising in the wake of
solid obstacle. This reverse flow promotes accumulation of
the pollutant under the pipe that is why, if the pollutant accu-
mulation mechanism is switched on, it will be self-amplified.
In the case of the logarithmic velocity profile, accumulation
of pollutants near the bottom also takes place; the pollutant
spot at the bottom occupies the area larger than in the case
of the constant ambient velocity profile. The propagation of
pollutants downstream of the ambient flow and the maxi-
mal values of pollutant concentration are observed at smaller

www.nonlin-processes-geophys.net/20/257/2013/ Nonlin. Processes Geophys., 20, 257–266, 2013
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Fig. 7.Configuration with the deposit under the pipe: longitudinal view (along the ambient current); transversal view (along the diffuser).

Fig. 8. Projections of 3-D pollutant concentration field:(a) constant velocity of the ambient flow:V = 0.15 m s−1 (b) logarithmic BBL
profile V (y) = 0.144 + 0.033 ln(y) m s. Longitudinal view: vertical cross section passing through the port center (x = 2.5 m) and transversal
view at a z-distance of 22 m from the port. The unit of concentration is wt %.

distances from the bottom. This is attributed to the fact that,
in the case of the logarithmic ambient velocity profile, the
vortex created just behind the blockage has higher intensity
and occupies the greater area. As in the case of the constant
velocity profile, this vortex shifts the pollutant plume down-
ward.

4.2 The unsteady case (tidal effect)

Consider now a situation where the ambient current is time-
dependent: the coastal current is parallel to the shoreline
and is driven alternatively by a semi-diurnal tide (T = 12 h
25 min= 44 700 s). This ambient current is still assumed to
be perpendicular to the outfall; it is also assumed to be
periodical in time as follows:V (y, t) = −V (y)sin(2πt/T ),
whereV (y) corresponds to the BBL formulation mentioned
above. Both configurations, with and without blockage, have
been analyzed. The longitudinal pollutant distribution has
been computed for several cycles. The results presented be-

low are given for four instants of a well-established cy-
cle (Figs.10, 11). We chosen instants for which the inlet ve-
locity of the sea current is successively equal to 0.15, 0.25,
0.35, and 0.45 m s−1. Each set of figures contains a vertical
cross section, and a few top views at different distances above
seabed. All the calculations are realized with the BBL formu-
lation.

In the case without blockage, the top views for the dis-
tances from the bottom 0 m and 0.5 m are not shown, since
they would be completely blue with the concentration being
lower than 2.5 · 10−4 wt %. In both situations (without and
with blockage), the numerical simulations show that, for a
semi-diurnal periodic ambient current, the plume will attach
the sea bed at some time intervals during which the current
is of the order of 0.25 m s−1 as in the steady case. The plume
impact is more important in the case with blockage.

Nonlin. Processes Geophys., 20, 257–266, 2013 www.nonlin-processes-geophys.net/20/257/2013/
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Fig. 9.Projections of 3-D pollutant concentration field:(a) constant velocity of the ambient flow:V = 0.25 m s−1 (b) logarithmic BBL profile
V (y) = 0.241 + 0.049 ln(y) m s−1. Longitudinal view: vertical cross section passing through the port center (x = 2.5 m) and transversal view
at a z-distance of 22 m from the port. The unit of concentration is wt %.

Fig. 10.Longitudinal views of pollutant concentration at four instants, for a periodic ambient current, BBL formulation without blockage;
(a) vertical cross section passing through the port center,(b–d) top view at different distances above the seabed:(b) 1.2 m; (c) 2.5 m; and
(d) 3 m.

www.nonlin-processes-geophys.net/20/257/2013/ Nonlin. Processes Geophys., 20, 257–266, 2013
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Fig. 11. Longitudinal views of pollutant concentration at four instants, for a periodic ambient current, BBL formulation, with blockage;
(a) vertical cross section passing through the port center,(b–f) top view at different distances above the seabed:(b) 0 m; (c) 0.5 m;(d) 1.2 m;
(e)2.5 m;(f) 3 m.

4.3 General discussion about bottom attachment mech-
anisms: effect ofL and w

Here, according to the kind suggestion of one referee, a gen-
eralization of results of simulations is attempted to determine
range of parameters when effluent is attached to bottom. In
addition to the effect of the ambient flow velocity,V , we con-
sider the effects the height of the pipe,L, and the effect of
discharge velocity,w, on the longitudinal evolution of the
pollutant concentration at the seabed. These effects are con-
sidered in the case of a steady ambient flow, with different ve-
locitiesV ranging from 0.25 m s−1 to 0.55 m s−1. The effect
of the pipe height, is shown in Fig.12, for a discharge veloc-
ity w = 1.35 m s−1. It can be seen that a substantial pollutant

concentration is found at a shorter distance of the pipe when
L is decreased fromL = 0.5 m to L = 0.25 m (Fig. 12b).
That means that in the case of when the height of the pipe
is too small, a maximum of the pollutant concentration at
the seabed has to be expected at a very shorty-distance of
the pipe. This is coherent with the situation observed in the
of blockage (Fig.12c), which is worse. In addition, we ob-
serve that the pollutant concentration at the bottom is found
to be higher for the lower velocity of the ambient flow. The
effect of the discharge velocity,w, is shown in Fig.13, for
L = 0.5 m. As could be expected, pollutant concentration at
the seabed grows with the increase ofw (steady case).

Nonlin. Processes Geophys., 20, 257–266, 2013 www.nonlin-processes-geophys.net/20/257/2013/
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Fig. 12.Longitudinal evolution of the pollutant concentration at the seabed; (left)L = 0.5 m; (middle)L = 0.25 and (right) in the case of
blockage.

Fig. 13.Longitudinal evolution of the pollutant concentration at the seabed for different discharge velocities; (left)w = 0.5 m s−1; (middle)
w = 1.35 m s−1 and (right)w = 3 m s−1.

5 Conclusions

Determination of the risk of benthic pollution in the near-
field of the diffuser is an important environmental issue. A
high risk of such pollution exists because the plume impacts
the seabed, where bottom sediments (sand, silt, etc.) can ac-
cumulate pollutants in a matter of days or months. More-
over, the contaminated sediments can be moved away by wa-
ter from the site into other areas under extreme events, e.g.,
storms. The main results of this paper can be summarized
as follows: for the buoyant effluent discharged into the ma-
rine environment at a depth greater than 15 m, we can expect
a bottom attachment of the plume, even when the effluent
density is substantially lower than the receiving sea water
(1004 kg m3 vs. 1024 kg m3). This attachment (Coanda) ef-
fect has been exhibited with a simple model in which the
ambient current velocity is constant at the upward limit of the
computational domain (steady approach). In the case where
ADCP measurements are available, we may use BBL for-
mulation for the ambient current; in this case the bottom at-
tachment is observed as well. In the case of blockage under
the diffuser pipe, this effect of bottom attachment has been
found to be much more pronounced. When the height of the
pipe (without blockage) is reduced (from 0.5 m to 0.25 m) a
maximum of the bottom concentration occurs at a very short
y-distance of the pipe. This is coherent with our results in the
case of blockage. The longitudinal evolution of the pollutant
concentration at the seabed has been evaluated for different
discharge velocities; the bottom concentration increases with
w. We have performed calculations using the time-dependent
approach that takes into account the tidal effect (sinusoidal

approximation). The obtained results confirm the main fea-
tures obtained in the case of a steady state model, and in par-
ticular the fact that the Coanda attachment effect is more pro-
nounced in the case of blockage under the diffuser pipe. In
the case of blockage, or in the case of when the height of the
pipe is too small, a maximum of the pollutant concentration
at the seabed has to be expected at a very shorty-distance
of the pipe. This means that, in the near-field of the diffuser,
the benthic materials (sand, silt, etc.) will accumulate pollu-
tants in a matter of days or months, and then under different
extreme events (storms) these contaminated sediments could
move to more vulnerable sites. Calculations have indicated
that such an impact becomes possible when the ambient cur-
rent reaches about 0.25 m s−1.
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