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ABSTRACT: Two-dimensional hydrodynamic and advection-dispersion simulations were carried out to
identify the appropriate locations of inlet and outlet for cool seawater discharges from the proposed Liquefied
Natural Gas (LNG) terminal using MIKE-21 suites of software. The model simulations were validated by
comparing the observed and simulated hydrodynamics in terms of water depths, current speeds and directions.
The model is satisfactorily correlated with coefficients 0.98, 0.86 and 0.91 for water depth, current speed and
direction, respectively. The validated model was extended to predict the advection-dispersion phenomena for
the two scenarios based on positions of inlet and outlet and their discharges. The predicted results of cool
water discharges were compared to the existing Environmental Health and Safety, World Bank guidelines for
LNG discharge facilities. It was observed that a trade-off is required before taking engineering decisions for
selecting an environmentally acceptable and energy efficient option for such cool water discharges from an

LNG facility.
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INTRODUCTION

For decades, the ocean has been the ultimate sink
for industrial water-borne waste products. The
anthropogenic threats that result from industrial
activities are influenced by activities on land (terrestrial
and freshwater), along coasts, and in oceans (Halpern
etal., 2008). As industrial development continues along
the coastal zones, near-shore waters are subjected to
increased environmental stress. Due to the ocean’s high
dilution capabilities, multiport submerged diffusersare
nowadays considered the most practical solution for
industrial discharge (Ahmad and Baddour, 2014).
Modelling the costal seawater environment can provide
a cost effective solution which can reveal the
hydrodynamics and other related processes well before
taking investment decisions. Mathematical modelling
has thus become an effective tool in decision-making
related to environmental issues and quantitative
environmental impact assessment (Jorgensen and
Bendoricchio, 2001; Gertsev and Gertseva, 2004; Babu
et al., 2005; Lattemann and Hopner, 2008; Vijay et al.,
2010a). A few modelling studies have been carried out
in India to understand some of the issues relating to
water quality deterioration caused by the disposal of

*Corresponding author E-mail: r_vijay@neeri.res.in

953

urban sewage and industrial effluents (Gupta et al.,
2004; Desa et al., 2005; Vethamony et al., 2005; Vijay et
al., 2010b). Numerical Modelling has also been used
to predict the change in ambient temperature in coastal
zones (Valeo and Tsanis, 1994) and to evaluate the
design of diffuser for the cool seawater discharge from
the Liquefied Natural Gas (LNG) Plant using CORMIX
(Nigam et al., 2013). Temperature is one of the most
important environmental variables, which affects the
survival, growth and reproduction of aquatic
organisms (Langford, 1990; Hughes, 2009).
Investigations have revealed the effects of thermal
effluent on aquatic communities’ structure and their
distribution (Lee, 2003; Roberts and Tian, 2004;
Poornima et al., 2005). The main factors that affect the
recirculation of such water are; the distance between
inlet and outlet, the spreading behaviour of the warmed
water from the outlet, the heat budget in the bay, the
tidal action, the wind stress and its direction, the
configuration and the depth of the bay etc. (Wada,
2000). Hence, the discharges to coastal waters have to
be adapted to be site specific and optimum. In effect,
the discharge plumes should get dissolved by the
action of the prevailing currents in the coastal marine
environment (Quetin and De Rouville, 1986).
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Therefore, potential impacts tothe marine environment
can be minimized by appropriately planning and
selecting the suitable outfall location (Panigrahi and
Tripathy, 2011). Due to increased imports of LNG,
various gasification terminals have been proposed in
the coastal zone of India (Nigam et al., 2013; Vivoda,
2014). Itis, therefore, an important problem to predict
the variation of the sea surface temperature in the bay
for the development of upcoming plants in the coastal
areas. Such recirculation of water has great influence
on the efficiency of operation of LNG terminal. Keeping
this in view, a modelling study has been carried out to
assess the hydrodynamics and advection-dispersion
of the LNG-Open Rack Vaporiser (ORV) outlet seawater
discharge. The objective of the study is to identify
and select an optimum location of LNG-ORV seawater
discharges by simulating two inlet outlet scenarios. In
this study, the tide induced flow and the advection-
dispersion of ORV discharge plume is simulated in the
vicinity of the Gulf of Kutch using MIKE-21 suite of
programs (User Guide and Reference Manual for
MIKE21, 2001).

MATERIALS & METHODS

The present study is pertinent to the Mundra, Gulf
of Kutch, Gujarat which is a semi-enclosed marine
embayment located in the north-eastern part of the
Arabian Sea. The study area lies between the latitude

22° 4257 Nto 22° 45’ 25" N and longitude 69° 38’
40.5” Et069° 42’ 22” Ewith an area of 4.5x 6.3km?. The
base map of the plant site was prepared using GPS
(Trimble Juno SD) and delineated on Geographical
Information System (GIS) platform with ArcGIS 10.2
(ESRI, 2013). The location map provides the details
regarding proposed plant site and locations of inlet
and outlet as shown in Figure 1. The study area was
discretised into 45,360 grids with grid size of 25 m x 25
m. Figure 2 depicts the bathymetry that shows the
contours of depth and height with reference to Chart
Datum (CD) in spatial domain of the study area. The
heights above CD are categorised into two classes
varying from 0 to above 5 m and the depths below CD
are divided in five classes from 0 to below -20 m. The
depths available at the proposed inlet and outlet are
approximately-9.5m and -2.1 m CD respectively based
on the bathymetry model. Variations in surface seawater
temperature was not much pronounced near the studied
area and observed to range from 29.0 °Ct0 30.5 °Ciin
the month of July 2013. Water salinity values did not
fluctuate much and varied from 33 to 35 Practical
Salinity Unit (PSU).

In order to minimize environmental sensitivity and
take appropriate engineering decision for confirming
set of inlet and outlet locations, advection-dispersion
modelling are performed coupling Hydrodynamic (HD)
and Advection-Dispersion (AD) model of MIKE-21
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Fig. 1. Study area map
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Fig. 2. Bathymetry of the study area

suites of programs. The modelling system is based on
the numerical solution of the 2-D incompressible
Reynolds Averaged Navier-Stokes equations subject
to the assumptions of Boussinesq and hydrostatic
pressure. The resulting model conceptualisation
consists of conservation of mass, momentum, transport
of temperature, salinity and state of matter equations.
The density is expressed as a function of temperature
and salinity only. The time integration is performed
using an explicit scheme. The governing equations are
presented using Cartesian coordinates. The continuity
equation is written as Eq. 1.

du

dv _
dx

3y~ (Eq.1)

where, u, v and w denotes the flow velocity
component in x, y and z Cartesian coordinates,
respectively. The generalised momentum equations for
the x- and y-component are presented in Eq. 2.
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where, tistime, g is gravitational acceleration, F is
diffusion term, p, is density, p, is atmospheric pressure
and S denotes the net source term. Calculations of the

transports of temperature, T, and salinity, s follow the
transport-diffusion equations as depicted in Eq. 3.

(Eq.2)
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The water levels and flows are resolved on
arectilinear grid covering the area of interest. HD was
established with input parameters which include
bathymetry, simulation period, boundary conditions,
heat source and sink with seawater discharge flow rate
around 15 m®/s. Hydrographic boundary conditions
are specified in terms of tidal variations (in time and
space) and flux boundary at each of the open model
boundaries. Concurrent tidal and current data for a
period of 14 days in the month of July 2013 with fre-
quency resolution of 30 min were used as boundary
conditions. Table 1 presents the tidal variations near
the site location w.r.t. neap and spring tide timings. An

Table 1. Tidal data at site location

Tidal conditions Depth
Lowest Astronomical Tide (LAT) 0.6m
Mean Low Water Spring (MLWS) 1.2m
Mean Low Water Neap (MLWN) 1.8m
Mean Sea Level (MSL) 3.6m
Mean High Water Neap (MHWN) 5.3m
Mean High Water Spring (MHWS) 5.9m
Highest Astronomical Tide (HAT) 6.4m

All the levels are w.r.t. Chart Datum
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initial free surface level is mapped over the entire model
domain. The model was validated and calibrated against
the observed and simulated tide and current within the
model domain. The validated model was extended for
AD modelling to simulate the two scenario based on
the location of inlet and outlet for the cool seawater
discharge. The AD simulation was set up by defining
the discharge temperature of the seawater at the plant
outlet as heat sink. The heat dissipation was incorpo-
rated using the ambient seawater temperature as plant
design seawater temperatures around 30 °C and dis-
charge seawater temperature with difference of 5 °C
colder from seawater temperature. The dispersion co-
efficient was specified in both longitudinal and trans-
verse directions. The model was simulated for a period
of 14 days.

RESULTS & DISCUSSION

The hydrodynamic model was conceptualized and
simulated for present conditions. The results of
hydrodynamic simulation in terms of water depth
profiles are depicted in Figure 3 under lowest low and
highest high tide conditions. The water depth at
proposed inlet/outlet and outlet/inlet varies in the range
of 10.3m to 14.8 m (seaward) and 3.1 mto 7.5 m (near

shore), respectively due totidal influence. It is observed
in the open sea at the site that the flow is unidirectional
(either eastern or western). The tidal current as per
simulation was observed to be prominent in westward
and in between north-east and eastward directions
with current speed in the range of 0 — 1 m/s. The
validation of the model was performed by comparing
the hydrodynamics at the mouth of the basin (water
depth, current speed and direction) with the observed
values for 24 hours with an interval of 30 min. The
correlation coefficients for water depth, current speed
and direction are found to be 0.98, 0.86 and 0.91
respectively based on observed and simulated values.
The scatter plots of water depth, current speed and
direction are presented in Figure 4 a, b and ¢
respectively. The calibration and validation of the
model was found to be satisfactory indicating that the
hydrodynamic output can be further extended to
predict the plant design scenarios of cool water
discharges under two scenarios based on the locations
of inlet and outlet of seawater. The HD and AD
simulations of scenarios are explained below.

Scenario 1: In this scenario, the inlet and outlet
are located at a distance of 1000 m and 100 m from the
shore, respectively. Based on the hydrodynamic

)

Fig. 3. Water depth profile (a) lowest low tide (b) highest high tide
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Fig. 5. Dispersion profile for drop in temperature for Scenario 1 (a) lowest low tide (b) highest high tide
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simulation, water depths at inlet and outlet vary in the
range of 10.3mto14.8 mand 3.1 mto 7.5 m, respectively
during lowest low to highest high tide conditions.
Dispersion phenomenon was simulated for 5 °C drop
in temperature between inlet and outlet from ambient
seawater temperature with withdrawal of seawater for
LNG terminal and discharge of seawater into the
coastal environment. The spatial and temporal
variations in the seawater temperature drop due to
discharge of cooled water during lowest low and
highest high tides are presented in Figure 5a and Figure
5b, respectively. Legends are provided to assess the
variations in the seawater temperature drop with levels
below 0.1 °C and above 1.5 °C. Temperature values
below 0.1 °C are considered as ambient seawater
temperature. Based on the dispersion scenario, during
lowest low tide, a temperature drop of 0.2 °C at the
inlet is observed which regains ambient temperature
within a span of half an hour to one hour due to tidal
influence. No influence of cool seawater discharge is
observed at inlet during highest high tide condition. A
significant drop in temperature is observed at outlet

()

~Outiet
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(km)

40

km)

due to discharge of cool water and low water levels.
The temperature at outlet is found to be in the range of
28 °C t0 29.5 °C with a drop of 0.5 °C to 2 °C with
reference to lowest low and highest high tide
conditions. The minimum seawater temperatures at
recirculation distance of 100 m from outlet were
observed to vary from 28.3 °C to 28.6 °C with a drop of
1.4°Cto 1.7 °C from ambient seawater temperature.

Scenario 2: In this case, the locations of the inlet
and outfall were reversed where the outlet is located
away from the shore. The simulation condition was
kept same as for Scenario 1. Based on hydrodynamic
simulation, negligible change in water depth was
observed at inlet and outlet. The spatial and temporal
variations in the seawater temperature drop due to
discharge of cooled water during lowest low and
highest high tides are delineated in Figure 6a and Figure
6b, respectively. Based on the dispersion scenario,
during lowest low tide, a temperature drop of 1 °C occurs
at the inlet which does not regain its ambient
temperature even during highest high tide. This drop
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Fig. 6. Dispersion profile for drop in temperature for Scenario 2 (a) lowest low tide (b) highest high tide
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Fig. 7. Comparison of seawater temperature variations at (a) Inlet (b) Outlet

in temperature at the inlet may be attributed to its
proximity to the shore and low water levels for dilution.
The minimum seawater temperature at inlet during
lowest low tide and highest high tide were observed as
29 °Cand 29.8 °C, respectively. A drop in temperature
is observed at outlet due to discharge of cool water.
The temperature at outlet is found to be in the range of
28.9°Ct029.9°Cwith adropof0.1°Cto 1.1 °C with
reference to lowest low and highest high tide
conditions. The minimum seawater temperatures at
recirculation distance of 100m from outlet were
observed to vary from 29.5 °C to 29.8 °C with a drop of
0.2 °C to 0.5 °C from ambient seawater temperature.

The comparison of variation in temperatures at the
inlet and outlet for both the scenarios are shown on
Figure 7a and b, respectively. The predicted results of
cool seawater discharges in coastal environment were
assessed to comply with the EHS Guidelines for LNG
Facilities which state that “cooling or cold water should
be discharged to surface waters in a location that will
allow maximum mixing and cooling of the thermal plume
toensure that the temperature is within 3 °C of ambient
temperature at the edge of the mixing zone or within
100 meters of the discharge point” (WBG, 2007). In the
existing situation, this is no discharge from proposed
LNG terminal. Hence the dispersion model cannot be
calibrated and validated against observed data.
However, the important parameters used in the
dispersion model are dispersion coefficients D and D,
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in x and y directions respectively. After making
sensitivity analysis, dispersion coefficients were
assumed to be proportional to the current in the range
of 1 m?/sto 1.5 m?/s for x and y directions.

CONCLUSION

The hydrodynamic and dispersion simulations
were carried out by considering two scenarios of inlet
and outlet locations to identify a suitable seawater
discharge location which does not have any adverse
effect on the coastal zones. The model was validated
for the present hydrodynamics with respect to tidal
height, current speed and directions. The validated
model was extended to predict the temperature
dispersion of cooled seawater plume. The cold
seawater discharge from proposed LNG terminal for
both the simulated scenarios complies with available
international guidelines. The drop in seawater
temperatures from ambient was observed to be higher
at a recirculation distance of 100 m from outlet in
scenario 1. Whereas, a higher temperature drop at
inlet was observed for Scenario 2. This shows that
Scenario 2 is more environmentally benign as
compared to Scenario 1 but will hamper the
operational efficiency of the proposed LNG terminal.
So, it is necessary to have a trade-off between the
environmentally friendly and energy-efficient
options. In this study, Scenario 1 meets the
international guidelines and does not affect the
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operational efficiency of the LNG terminal; thus
presents a better choice for cool seawater discharges

froman LNG facility.
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