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Abstract

The Bay of Muggia, near Trieste, Italy, is of strategical importance due to the
presence of Trieste’s commercial harbour and active industrial area in its neigh-
bourhoods. The sea water exchange in the bay is thus critical for the environmental
sustainability of specific industries. In the present work, the sea currents in the
Bay of Muggia, under selected forcing wind conditions, have been numerically sim-
ulated using Large Eddy Simulations, and the dispersion of a water discharge from
industrial process has been estimated.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The area of the present “industrial zone” of Trieste has been assigned to suburban
industrial activities since the epoch of the Austro-Hungarian Empire. In its agelong
history it has developed into a productive complex representing an important
commercial junction with excellent logistic services and of geopolitical relevance.

From the early seventies, according to the town-planning scheme, the growth of
the city brought to the progressive inclusion of the industrial area into the fabric
of Trieste. The coexistence of whole urban areas (Servola, Zaule, Muggia etc.)
with the industrial zone is source of uneasiness and protests from the citizens
since years, because of the industrial activity’s very negative effects on air and sea
water quality, and because of it’s high industrial risk (see note in section 1.2).

Taking the opportunity that the multinational company “Gas Natural” has re-
cently proposed to build a new regasification plant in Zaule, we carried out a
study of one of the elements of great interest in describing the picture of the sit-
uation, that is the state of the sea water in the bay of Muggia, where the area is
located. In fact we consider of basic importance to have good knowledge of the
dynamics of the currents and the exchange of water in the bay, in order to give
valid answers to some aspects of the “industrial zone question”.

IE-Fluids is a research group involved in modelling and studying fluid dynamics
in environmental and industrial systems. The group is coordinated by prof. V.
Armenio. The aim of this thesis is to define and study the water mixing phenomena
in the bay of Muggia under typical forcing elements. The study is carried out
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applying the numerical method of Large Eddy Simulation (LES). We created a 3D
model considering the main forcing terms we have in the reality of the bay, which
are the forcing wind and the effect of earth’s rotation at this latitude. Starting from
initial condition of motionless water, we monitored the developing of the velocity
field up to stationary conditions, characterizing main flows and water recirculation
that occur in the basin. Some simplifications have been made neglecting minor
contributions due to industrial jettisons, civil waste water discharge, naval traffic
etc.

We obtained a detailed reproduction of the velocity field. The higher velocities
are observed at surface level, in case of wind, while in the middle depths and at
the bottom we have very weak water currents and however, on the whole, a quite
small water exchange in the entire basin of the bay. The study makes it clear that
the situation is very serious for an industrial complex to operate and citizens to
cohabit, as regards the marine and coastal aspect, due to the lack of sea water
exchange and the consequent accumulating of various industrial wastes.

1.2 Zone features

Our subject of study is the area of industrial zone of Zaule, that is the northern
bank of the industrial canal, where the regasification terminal may be built (see
the dot in Fig.1.1).

The current town-planning scheme assigns the Zaule area to industrial use, in-
cluding it in the B1 category in accordance to Italian law1. Referring to [5]
the planned plant takes up an area of about 90 000 m2 and has the geographic
coordinates of

Latitude: 45◦ 39 ′ N

Longitude: 13◦ 46 ′ E

1 The D.P.R 175/88, in relation to “hazard of considerable accidents connected to certain
industrial activities”, acknowledged CEE directive n. 501 of 1982. It classifies enterprises in
four categories of potential hazard as A, B1, B2, and C, in relation to the quantity of used or
detained substance and in relation to its danger:

• A Class: high quantity

• B Class: medium quantity

• C Class: low quantity
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Figure 1.1: Project position of the regasification plant

More widely, our zone of interest is the expanse of sea in the surroundings of Zaule.

Going in clockwise like order in Fig.1.2, north-west is bounded by the jetties of the
commercial port of Trieste, north by the coast line occupied by the Scalo Legnami
and the metallurgical complex “Ferriera”. On the immediate west of Zaule we
have the SIOT Transalpine oil pipeline and its jetties, and the Italcementi and
the incinerator of Trieste industrial plants. The south side of the industrial canal
belongs to Aquilinia resort, and, moving to the south-west, we are in Aquilinia-
Stramare, where the coast line is occupied by the abandoned petrol tank park of
the ex-Esso refinery. The south boundary is the Muggia promenade which leads,
to south-west, to San Rocco port and the Villaggio Castelletto resort, very close
to the Italian-Slovenian border. On the west side, Muggia bay is separated from
the wider Trieste bay by three concrete breakwater.
Till the end of the XVII century the Zaule valley was not so stretched toward the
sea and was almost entirely occupied by salinas. The following expansion of the
Trieste port in XIX century induced to carry out several works of drainage and
filling in of the area (also used, for a while, as a dumb of inert materials), thus
modifying the coast and depth contour and reducing the water surface of the bay.
The whole Muggia bay is at most 21 metres deep, and in particular the Zaule tract
is less than 12 metres.
The Rosandra and Ospo streams together with other smaller water courses and
canals have their final tract in the Zaule valley. Their flows, even in case of
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Figure 1.2: Boundaries of our zone of study
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strong precipitation, are so low for the purposes of our simulation that have been
neglected. The few industrial and civilian discharges active in Muggia’s bay have
too been neglected for their little effect.

With regard to other data useful for the simulation, direct measurements in the
sea water of the Muggia bay are not available. We can only assume mean climato-
logical values for temperature and salinity during winter and summer in the area.
These data are available, for scientific applications only, on the OGS’s the web site.

The following picture shows a panoramic view of the bay of Muggia and reports
the main points of interest (photo by Hernest Ernesti Luchino).

1 : the mole of the commercial port of Trieste

2 : the breakwater

3 : the south canal

4 : Porto San Rocco

5 : Muggia

6 : the project location of the regasification plant

7 : the SIOT jetties

8 : the metallurgic complex “Ferriera”

1.3 Project elements of Zaule regasification plant

Use of natural gas instead of combustible oil, diesel and coal allows reaching a
significant reduction of greenhouse gas under the same electric and thermic energy
production, thanks also to the higher efficiency obtainable. Production from this
source and its improving surely may represent a significant element to reach the
Kyoto Protocol targets. The construction of any regasification terminal has to be
intended in the more wider geopolitical context of Friuli Venezia Giulia region and
the neighbouring ones (Slovenia and Veneto), in which it represents an element
of the energy production plan between different sectors (that is, in direction of
“methanizing” the actual the oil energy production plants, as we see in [6]).
Natural gas combustion is, compared to oil one, of low environmental impact be-
cause it produces carbon dioxide and water vapour. In the composition of the gas
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the sulphurous products and dusts are quite low, and during its combustion, if the
regulations of the system are good, it is possible not to produce carbon monoxide.
It generates nitrogen oxide in case of high temperature combustion.
Natural gas is generally transported in gaseous state using gas pipeline. In Italy,
the alternative importing way is by methane-tanker ships in liquid state. LNG
(Liquid Natural Gas) is obtained liquefying natural gas and has a temperature
of about -160◦C and almost atmospheric pressure, but with the advantage of oc-
cupying a 600 times smaller volume then the gaseous state, thus making more
economical the transportation. Liquefying of natural gas is carried out in off-shore
or coastal plants, situated in producers countries (like the “Camel” plant of Arzew
in Algeria, still in service).
Regasification plants can be off-shore or in-shore. The off-shore ones are floating
terminals (Floating Regas), or also depth-anchored structures as the one, planned
by Endesa company, in the Gulf of Trieste 15 km away from the coast. While the
on-shore plants are constructed near harbour structures in order to take advantage
of the technical and logistic support, as the one planned in Zaule, our subject of
study.
There are 15 liquefying plants in the world, of which 3 are in the area of the
Mediterranean Sea. There are 47 regasification plants in the world, and in Italy
only the one of Panigaglia, near La Spezia. In Fig.1.3 is shown the distribution of
liquefying and regasifing plants in Europe and in the Mediterranean basin, as we
find in [11].

The multinational company GAS NATURAL has presented a project for the con-
struction of a LNG terminal and regasification plant in the Zaule industrial zone,
in Trieste, Italy. The Zaule regasification plant should be collocated on the east
side of the “SIOT” jetties, and consist basically of

• a terminal in water for ships to dock and discharge the LNG

• a temporary storing system

• a system for recovering and pressurizing the LNG

• a regasifing LNG system (with a heat exchanger between sea water and
LNG)

• a system to regulate the quality of gas

• a system to introduce the gas in the distribution or transport system

In Fig.1.4 it is shown a virtual drawing of the plant and its location as we find
in [12]. One of the main purposes of our study is to evaluate how the cold water
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Figure 1.3: Liquefying and regasifing plants in Europe and in the Mediterranean
basin (source: International Group of Liquefied Gas Importers, 2005)

Figure 1.4: Virtual drawing of the regasification plant’s positioning
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discharging from the heat exchanger interacts with the mixing in the Muggia bay.
So the element in our interest is the regasification system with the heat exchanger.
The plant, as from [11], has the project capacity of

• natural gas production per year 8·109 Sm3

• maximum production 1,075·106 Sm3h−1

• minimum production 2·105 Sm3h−1

The regasification system is planned to work with 5 open rack vaporizers (ORV),
each of whom has the gas production capacity of 215 100 Sm3h−1. Basically the
vaporizers intake sea water in the heat exchangers and the LNG is warmed and
brought again into gaseous form state. The minimum sea water temperature at
the intake of the ORV, for the regasification to occur, is 7◦C. At the discharge the
sea water should have 5◦C less than at the intake, as a result of the regasification
process. In Fig.1.5 it is shown a sketch of an ORV. In the emergency case of ORV’s

Figure 1.5: Scheme of an open rack vaporizer (ORV)(from: TOKYO GAS)

not functioning is planned a reserve submerged combustion vaporizer.
Each OR vaporizer has a 5 300 m3h−1 sea water requirement. Five ORVs are
present in the project, so the total cold water discharge of the normal capacity
working system should be 26 500 m3h−1. A system of pumps and filters should
take the water up at a distance of 30 metres from the coast line at a depth of 3
metres below the sea level, while a special discharge pipe should bring it, after the
process, at a distance of about 240 metres away from the intake point at a depth
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of 15 metres below the sea level. The discharge pipe should have a 1,5 metres
diameter so, from the above discharge flow Q we obtain the velocity of the cold
water at the outlet Vd

Vd =
Q

S
≈ 4, 17m/s (1.1)

where S is the surface of the pipe section.
For the plant to work it is necessary not to have too cold water at the intake, be-
cause the plant’s efficiency decreases with the temperature of the intake water as
shown in Fig.1.6. This is an aspect that, among others, makes of relevant interest

Figure 1.6: Sea water temperature and sea water/LNG mass flow rate ratio (from
[8])

to analyze the dynamics, timing and recirculation of the cooling of water in the
bay.
It is useful to note a particular aspect emergent from relations [5] and [6]. The
lithostratigraphic analysis of the industrial area of Zaule reports that the covering
bed is clayey and very little permeable. This is commonly a beneficial ground
feature for an industrial area because it prevents pollutant to percolate in deeper
layers in case of accidental release. But for the same reason the depth of Muggia’s
bay is incapable of absorbing any substance so it is all covered by sedimented
pollutant substances (mainly heavy metals and hydrocarbons) due to the neigh-
bouring industrial activity. The water flux of the regasificator’s heat exchanger
would result the greatest forcing term of the velocity field in the bay, so that the
high increasing of the mixing may re-suspend the pollutant sediment, involving
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chemical reactions and impact for the ecosystem and secondary effects, in and
outside the bay of Muggia.
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Chapter 2

The model

2.1 Simulation features

Numerical simulations of coastal problems often deal with high anisotropic do-
mains. In fact horizontal dimensions are in the order of magnitude of kilometres
compared to the few metres of depth in the vertical direction. That’s why, often,
these types of problems are reduced to a two dimensional approximation, achieving
however useful results.
For example in simulations of oceanic flows it’s little helpful to consider the verti-
cal dimension; in fact even if we reach considerable oceanic depths of 5 500 metres
it is common to approximate them to an infinitesimal layer when compared to the
thousands of kilometres of horizontal expanse.
So simplifying a model with respect the reality is the way to proceed, but in some
cases accuracy may be improved taking in account more factors. For example,
if we are in presence of a pollutant substance which has a different density than
water, and the aim is to predict how will it be transported below the surface. Re-
ferring to [3] we can find interesting examples of how a 3D simulation model can
be substantially superior to a 2D model. In particular, predicting the transporta-
tion of an oil loss from a tanker’s accident in the Baltic Sea on 2001. In Fig.2.1 is
reported the result of a 3D model simulation versus the 2D one, and we can see
how the 3D approach is quite closer to reality.

For the project of the regasification plant of Zaule “Gas Natural SA” has com-
missioned technical advice to the Spanish company “ALATEC” (see [1]). They
developed a model of the mixing in bay of Muggia using the commercial program
MIKE 21 specific for hydrodynamic fluvial, coastal and marine simulations.
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Figure 2.1: 3D simulation versus 2D in the Baltic Carrier accident

Alatec’s work is a 2D simulation of advection-dispersion in the surroundings of
Zaule for the cold water discharge of the regasification plant. Its domain covers
the sea area going from the Zaule industrial canal on the east and to Muggia and
SIOT sea terminals on the west (see Fig.1.2). The model includes bathymetry,
hydrographic conditions, forcing terms and the discharge/intake characteristics of
the regasification plant. There are four different cases computed, varying the po-
sition of the discharge and considering recirculation of cold water and cooling of
the bay. Their conclusion is that the less worse solution is to collocate the plant’s
discharge at a depth of 18 metres below the sea level (which means a longer dis-
charge pipe too) with an orientation of 270◦ from North. But also in this case the
water temperature at the intake goes below the operational value of 7◦C, so that
the suggested solution is to collocate the water discharge to an area outside the
basin.
The limitations of this model is, mainly, that it is vertical integrated, which means
that it does not directly include bathymetry so the vertical components of mixing
due to different densities are not assessable.
Altec group has made also a 3D simulation in order to take in account the effect of
stratification and the density of the discharge. They used the CORMIX (Cornell
Mixing Zone Expert) System to characterize the area affected by the discharge.
The CORMIX model is a 3D system but simpler than MIKE 21 (for example, it
is not possible to include the bathymetry). It shows how despite the influence of
cold water discharge encompasses a wide area, it is only in the neighbouring of
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the outtake that the temperature difference is significant. In particular, after a
distance of 170 metres the temperature difference gets very low. The stratification
is also considered and results that at the operational level of the intake (3 metres
below sea level) the influence of the cold water is acceptable.
General conclusions are, citing [1], also that “more detailed studies must be per-
formed, including the possibility of locating the water discharge outside of the Baia
di Muggia, as well as 3D modeling with a model such as Mike 3, that can take
account for different water layers as well as the real bathymetry of the study area”.

The bay of Muggia is a very unfavourable area for a regasification plant to operate,
due to the very low currents of the basin and the lack of water renovation. Our
model of mixing aims to be more accurate as regards some characteristics that may
be criticized in the above works, in order to reach a more objective evaluation.
Our model’s main features are:

• a 3D simulation allows to individualize water mixing between different
depths, considering temperature and density differences, which is of great
importance dealing with an almost still water basin

• the area of the whole bay was included in the domain to have a large scale
monitoring

• reproducing an enough exact bathymetry and shape of the coast allows to
consider important recirculation flows which extend in the whole bay; besides
the presence, in some spots, of almost vertical geometry of the coast brings
to have important down and up-welling phenomena

• dealing with the cold water discharge of the planned regasification plant the
trend of the bay’s bottom is quite significant; moreover, in planning terms
the positioning of the long discharge pipe strongly depends on the depths
reached in the bay, so it’s fundamental to take them in account

2.2 Numerical model

Dealing with water basins, our Navier-Stokes equation set needs to be written into
a non-inertial frame of reference and under the Boussinesq approximation. The
Boussinesq approximation allows to calculate the effect of density variation in the
momentum equation even maintaining the hypothesis of an incompressible fluid.
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This means that the deviation of density ρ is supposed to be only a small fraction
compared to the fluid’s reference density ρ0. So that we have

ρTOT = ρ0 + ρ ∼= ρ0 (2.1)

Our frame of reference x,y,z has the x-z-plane in horizontal direction, in particular
the x and z axis are east-west and south-north oriented respectively, and the y
axis is vertical and bottom-top oriented. The earth’s rotation is represented by
the angular velocity vector

−→
Ω and has its components along y and z axis, being

that its x component is null (see section 2.5). The equations in Cartesian form,
with reference to (2.1), are

∂uj
∂xj

= 0 (2.2)

∂ui
∂t

+ uj
∂ui
∂xj

= − 1

ρ0

∂p

∂xi
+ ν

∂2ui
∂xi∂xj

+ 2Ωi × ui −
ρ

ρ0
gi (2.3)

∂ρ

∂t
+
∂ρui
∂xj

= k
∂2ρ

∂xj∂xj
(2.4)

which are the continuity, the momentum and the energy conservation equations
respectively. The term ui represents the velocity component in i-direction, xi is the
i-direction space coordinate, t is time, p is cinematic pressure (pressure divided by
reference density ρ0). The term ν is the kinematic viscosity, Ωi is the i-component
of the rotation vector, g is the gravity vector. The value k is the saline diffusivity
coefficient and in the case of marine water it is equal to ν/600. We consider a
water density variation 4ρ depending on salinity

ρ = ρ0[1 + α(T − T0)], (2.5)

with T0 the reference temperature to whom corresponds the reference density ρ0,
and α the thermic expansion coefficient equal to 2 × 10−4 [C−1]. In section 1.3
can be seen that this temperature difference 4T=T−T0 is equal to -5◦C for the
regasification discharge water.
Passing from the physical domain to the computational one, in an ξ-η-ζ curvilinear
frame of reference, these equations have to be re-written into curvilinear form,
being valid the biunique relation xi = xi (ξm) between the two systems. Equations
(2.2), (2.3) and (2.4) above as

∂Um
∂ξm

= 0 (2.6)

∂J−1ui
∂t

+
∂Fim
∂ξm

= J−1
(
− ρ

ρ0
gδi,3 − 2εijkΩjuk + fi

)
(2.7)
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∂J−1ρ

∂t
+
∂Umρ

∂ξm
=

∂

∂ξm

(
kGmn ∂ρ

∂ξn

)
(2.8)

In (2.7) the term Fim is the advective, diffusive and pressure flux through the
ξ-constant faces of the cells and consists in

Fim = Umui + J−1
∂ξm
∂xi

p− νGmn ∂ui
∂ξn

(2.9)

δij is Kronecker’s delta, εijk is Levi-Civita’s symbol representing vectorial product
between two variables, and fi is the mass-force incorporated up the bodyforce (we
use this term for sea currents, seiches etc.) J−1 is the inverse Jacobian i.e. the
cell volume. Um is the product between the controvariant velocity and J−1 and
constitutes the volumetric flux perpendicular to the cell’s surface at ξ-constant.
The term Gmn is called “mesh skewness tensor”. These quantities have the form
of

Um = J−1
∂ξm
∂xj

uj (2.10)

J−1 = det

(
∂xi
∂ξj

)
(2.11)

Gmn = J−1
∂ξm
∂xj

∂ξn
∂xj

(2.12)

Finally, the above equation set has to be completed with the boundary conditions
which are the imposed wind stress and the presence of solid surfaces (see section
2.5).
Equations are numerically integrated using the “fractional step” method described
in [14].

2.3 Turbulence LES model

The LES technique directly solves the large scale turbulence, while the small scales
are parameterized with a specific model. The separation of the two scales is reached
by applying a low-pass filter to the primitive variables of the velocity field. Refer-
ring to the symbol ∗ as the filtering operation, we have

ui =
∫
u(x)G(x, x′)dx′ (2.13)

where G(x, x′) represents the filter function. This has its own scale-width 4, so
that turbulent structures with lower spatial scale than4 are those to be modelled.
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We apply the filter to eq.(2.6), (2.7) and (2.8) and obtain similar equations, but
with filtered variables and with some additional terms

∂σmi
∂ξm

and
∂λm

∂ξm

in eq.(2.7) and (2.8) respectively. These new terms result from the non-linearity of
the transport equations and assumed as sub-grid stresses. They are the contribute
from the sub-grid turbulence to the resolved velocity, pressure and density field.
The quantities

σmi = Umui − Umui

and
λm = Umρ− Umρ

represent the subgrid stresses and density flows respectively.
Dealing with coastal regions there is a wide anisotropy between the horizontal and
the vertical direction. In our problem the horizontal lenght extends for kilometres,
whereas the fluid depths is of the order of ten metres. This brings to have quite
anisotropic computational cells. So the filtering operation for sub-grid modelling
using an isotropic constant would lead to high computational inaccuracy. We have
to use a sub-grid model that includes two different values for the horizontal and
for the vertical dimension.
A simple and valid way is the Smagorinsky model [9], besides particularly suited
for the presence of immersed bodies. To make easier its description we will refer
to cartesian sub-grid stress τSGS,ij, even if in the numeric model we improved the
controvariant one σmi . The relation between the two parts is

σmi = τSGS,ij
∂ξm
∂xj

The Smagorinsky model involves a turbulent viscosity νt, which links the defor-
mation tensor of the solved velocity field Sij to the sub-grid stress as

τSGS,ij = −2νtSij (2.14)

where

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(2.15)
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The turbulent viscosity νt consists of the product between a scale length L and a
scale velocity vel, both related to the sub-grid velocity scales

νt ∝ L vel
[
m2/s

]
(2.16)

The scale length is proportional to the filter’s size

L = Cs4 (2.17)

where the coefficient Cs is constant and chosen regarding the isotropy and local
equilibrium of the sub-grid velocity scales. The turbulent viscosity is calculated as

νt = (Cs4)2 | Sij | (2.18)

This kind of model is isotropic and purely dissipative. We complement it with a
scale-similar model thus having a mixed one.
The scale-similar model does not request the local equilibrium, and locally it ad-
mits the backscatter phenomenon, that is the energy transfer from the small scales
to the larger ones, which is more realistic.
A mixed model is known to be able to combine the versatile characteristics of the
two models. The Smagorinsky mixed model is finally

τSGS,ij = uiuj − ui uj − (Cs4)2 | Sij | Sij (2.19)

In the last equations the quantity 4 is related to the cell’s dimensions.
The high anisotropy of the computational cells may bring to quite big disproportion
between vertical and horizontal sub-grid stresses. In order to avoid this problem we
introduced two length scales, a vertical one and a horizontal one, thus obtaining
two turbulent viscosities νtV and νtH . We made the same distinction for the
deformation tensor, dividing it into two components. We have a two-viscosities
sub-grid model

νtV = L2
V | SV | (2.20)

νtH = L2
H | SH | (2.21)

where the letters H and V indicate the horizontal and the vertical direction that
is indexes 1 and 3, and index 2 respectively. So we have

| SH |=
√

2(S
2
11 + S

2
33 + 2S

2
13) (2.22)

| SV |=
√

2(S
2

22 + 2S
2

12 + 2S
2

32) (2.23)
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The numerical model, called “LES-COAST”, has been developed for APAT (Agen-
zia per la Protezione dell’Ambiente e per i Servizi Tecnici) and is described in [2].

2.4 Superficial module: wind parameterization

It is well known from literature (see [10] and [4]) that surface effects cause a strong
turbulent mixing in the upper water layer. Our simulation does not admit direct
reproduction of these phenomena because of their too little scale length, so we had
to parameterize the superficial effects.
The start parameter to define is the wind speed at a certain height above the mean
sea level. We fixed a value at the quote of 10 metres called U10, of 4 m/s from S-W
to N-E, and after that followed some passages to calculate the friction velocity
uτ . We have that

uτ =
√
τ/ρ0 (2.24)

where ρ0 is, as we discussed, the reference water density. The quantity τ is the
tangential stress and it’s a function of air density ρa, wind speed, and a friction
coefficient C10 as

τ = ρaU
2
10C10

There are different ways to evaluate the coefficient C10, we chose a formulation
which assumes it as a function of wind speed U10 and so of the Reynolds number
(see [13])

C10 = (0.8 + 0.065U10)10−3 (2.25)

Now eq. (2.24) becomes

uτ = U10

√
C10

ρa
ρ0

(2.26)

where ρa is the air density. The detailed description of this parameterization can
be found in [2].
To proceed with the parameterization of the superficial effects we first assumed
two wind’s physical characteristics

• wind action is not constant, but will produce tangential stresses on surface
having a certain statistical distribution around a mean value;
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• the superficial effects due to the wind depends also on its direction respect
to the topography of our water basin.

So the expression for the definitive value of the friction velocity used in the simu-
lation is

uτdef = uτG(0 ; 0, 15) (2.27)

where G is a random Gauss function with null average and a variance of 15%.
This function takes in account the statistical distribution of the friction velocity
produced by wind. It is generated using a random number tool that satisfies the
requested conditions of average and variance.

2.5 Computational grid’s construction

The computational grid has to include the whole interest area of the bay of Muggia,
which means the Muggia seaside on the south, the Zaule industrial zone on the
east north-east, and the commercial harbur of Trieste on the north-west including
the cement jetties (breakwater) on the west side. It can be observed in Fig.2.2 the
red line shows the position of the grid in the xz plane. The north side of the grid
follows the mean coast trend with a four-segmented line, in order not to include
too much ground inside the grid, which means a loss of computational resources.
The grid is rotated by an angle of 19,157 degrees clockwise.

Note that the origin of the frame of reference corresponds to the south-west corner
of the grid and that its axes x and z are parallel to the west-east and south-north
directions respectively. This choice allows to obtain a null component of the earth
rotation vector in x direction. Fig.2.3 shows that earth’s rotation vector Ω has its
two components along y and z axes while in x one, which is into the plane of the
paper, it is null. So in Cartesian system we have

Ωx = 0

Ωy = Ωcosθ

Ωz = Ωsinθ

where θ is the latitude and Ω = 0.73 × 10−4 [s−1]. In order to have only positive
values of heights, the zero of the y axis is taken at 21 metres below the sea level,
which is the maximum depth reached.

The bottom of the computational grid has been modelled taking care of the bay’s
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Figure 2.2: Muggia’s bay with computational grid
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Figure 2.3: Earth rotation with its components

bathymetry and its morphology. In the map we observed how the isobathymetric
lines lie and which is the shape of the whole bay, and took out a representative
set of points. With the Matlab function griddata we interpolated the surface
defined by the point set on the grid nodes on plane xz, obtaining the starting
heights y(i,j=0,k) per each bottom node (with i,j,k we specify x,y,z’s indexes
respectively). Fig.2.4 shows the solved interpolation of grid’s bottom surface.
Note the huge disproportion between dimensions in x-z axes compared to those in
y.

Finally every starting height is been divided by the constant number of cells of
the vertical direction. Note that, due to this type of construction, if we consider a
j-constant level of the grid it has variable y values. The computational grid has 384
cells in x direction, 256 in z and 24 in y. The large anisotropy of our domain, only
21 metres in y compared to the 6 kilometres in the xz plane, causes computational
cells to have a sheet-like shape with nearly 10x10 metres in horizontal direction
whereas less than a meter in vertical. This aspect gets more accentuated in the
near-coast parts of the grid, so that we decided to maintain a constant y value
of the grid bottom approaching its boundaries. In particular, on south coast
the y becomes constant at -15 metres (which means at 6 metres in our frame of
reference), while on north coast, of much more irregular shape, we left the heights
of the bathymetric lines of the middle of the bay (see Fig.2.4). This ensures a

23



Figure 2.4: Shape of grid’s bottom

quite regular cell step avoiding too anisotropic cases. The rest of the depth and
the whole coastal contour have been modelled and solved using the immersed
boundary technique (see [7]).
We created a model of the bay and it’s depth with the CAD programs AutoCAD,
for the 2D section, and Rhinoceros for the final 3D drawing. After that we used
the post-processing program GID to get the mesh of the immersed body’s surfaces
as can be seen in Fig.2.5. For better understanding how the immersed body, that
is the depth and the coast, is placed over the grid’s bottom we can see a transversal
section in Fig.2.6. In the middle of the bay the shape of the depth coincides with
the grid, but as we approach the shore the latter becomes flat and the immersed
body lies above.
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Figure 2.5: Model of Muggia’s bay used in the simulation

Figure 2.6: Section of the computational grid in an jk plane

25



26



Chapter 3

Results

3.1 Velocity field

Our first aim is to understand how the currents and the water exchange are in
the bay of Muggia, which is preparatory to all discussions about dispersion of
industrial discharges, including the regasification plant’s one. In this section we
will describe the results we obtained of the full developed velocity field in the
Muggia’s bay. We’ll describe the case of a forcing wind of 4 m/s at 10 metres
above the sea level, with an angle of 45◦ respect to x axis, from SW to NE, that
is a south-west wind.
From the monitoring of the evolution since motionless state, it appears that the
velocity field is quite developed at a simulation time of about 60 000 seconds, or
rather 16 hours.
We are reporting some graphs of the velocity field and we’ll discuss their principal
characteristics.

3.1.1 Horizontal velocities

Velocity u, along x axis

In our problem horizontal velocities are the most considerable for their order of
magnitude and mixing properties. We are reporting some graphs in the x-z plane
of the horizontal velocity field. In particular the following are contour graphs of
the u, that is the x component, at different depths starting from the sea level and
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progressively reaching the bottom by horizontal slices.
The legend reported in the figures indicates the velocity values in m/s. Note that
the order of magnitude is quite low. The warm colours refer to positive velocity
values, that is from West to East, while for the cold colours is the contrary.
In Fig.3.1 is shown the profile at surface level. We find here the maximum values.

Figure 3.1: Contour of the x-component of velocity at the surface

We observe how the velocity on the West side is orientated with a different angle
than the wind’s, which is due to the Coriolis deviation effect. The breakwater
creates a quite calm zone that extends almost till the moles of the commercial
port. Clearly, the main inflow zone is the “South canal” (that is the expanse of
sea going from the southern breakwater till the coast West of Porto San Rocco,
see Fig.1.2), where we find a huge wake of current that follows the South coast and
enters the bay, breaking against the banks of the metallurgic plant. We will see
(Fig.3.3 and 3.2) how the current in the surroundings of Porto San Rocco keeps the
positive sign even at greater depths, because it does not meet immersed obstacles.
On the contrary the zone in front of the metallurgic plant has a relevant bottom
western current, result of the recirculation and down welling dynamics due to the
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presence of the coast (Fig.3.2). The same phenomenon occurs in other parts of the
bay: between the moles of the commercial port (most of all near the biggest mole),
near the SIOT jetties, and in front of Zaule, where from Fig.3.1 can be observed a
relatively high superficial velocity, while immediately below the surface we have,
in Fig.3.2 and 3.3, a relevant contrary current.

Figure 3.2: Contour of the x-component of velocity at a depth of 2 metres below
the surface

It can be seen in Fig.3.2, showing the u velocity profile 2 metres below the free
surface, how just below the situation changes. There are recirculation phenomena
on the West side of the breakwater, corresponding to the spaces between them. In
fact the water mainly comes in superficially, while goes out of the bay transported
by bottom currents, passing between the breakwater and through the South canal.
There are western currents also in the area of the biggest mole of the commercial
port (coming out from the small bay on its East), near the SIOT jetties, most of
all in the zone of Zaule, and in the area going from Aquilinia to Muggia which are
lee. Note how generally there are positive sign currents, that is, from West to East
approximatively, in open expanses of sea, away from the coast, and we find them
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at a certain depth too. On the other side, we find opposite sign currents in deeper
layers and at the bottom. It’s important to underline that the order of magnitude
of the velocities we have in depth is almost half of the superficial ones, and going
towards the bottom decrease (see Fig.3.3 and 3.4).

Figure 3.3: Contour of the x-component of velocity at a depth of 6 metres below
the surface

In fact in Fig.3.4 is shown how the bottom velocity is almost zero in the whole bay,
except for the greater recirculation areas: near the mole of the commercial port,
and the bottom currents coming out from the Zaule valley and, generally, from
the bay of Muggia, from the South canal and the spaces between the breakwater.
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Figure 3.4: Contour of the x-component of velocity at the bottom of the bay
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Velocity w, along z axis

We are now going to describe the characteristics of the w component of the ve-
locity, that is assumed of plus sign if going from South to North, and minus sign
if contrary. We will follow the same order as for the u components, that is we’ll
show contour profiles from surface level going to the bottom.
We anticipate that the orders of magnitude of the w components are, in general,
quite smaller than the u’s ones. The morphology of the bay is west-east extended,
and has a relatively reduced access to open sea on the West side (mainly by the
South canal). This causes the velocities along the z axis to be less relevant.
Fig.3.5 shows the velocity profile at surface level. If compared to the analogous
profile of component u in Fig.3.1 it can be seen that the two profiles are quite
similar. This is because the components of the forcing wind have the same values
along the two axes (45◦). Moreover, at surface level the Coriolis effect and mor-
phologys contribute are less significant than in deeper layers, where the velocity
components are much more differentiated.
Fig.3.6 shows the w profile at a depth of 1 meter below the sea level. The West
side of the breakwater is affected by a current from North to South, due to their
inclination from North and the Coriolis effect. It can be individuated a small zone
with plus sign between the breakwater, signalling an outflow of water from the
bay. It is evident the effect of the breakwater in causing almost total stillness in
the interior of the bay, where we observe values close to zero. Analogously as we
found out for the u component, also here we see a recirculation mechanism located
near the North coast, while on the side of Muggia we have plus sign currents.
So, as regards to the w component, we individuated an approximate West-East
subdivision.
Fig.3.7 shows the velocity contour of w at a depth of 6 metres from surface. It
can be seen how generally the whole bay is affected by a slow water movement
with plus sign, that is, from South to North approximatively. It is a very reduced
trend, but persists almost unchanged till the bottom. In fact if we see Fig.3.8,
showing the bottom velocity contour, we recognize quite the same situation as
regards current direction and its strength.
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Figure 3.5: Contour of the z-component of velocity at the surface
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Figure 3.6: Contour of the z-component of velocity at a depth of 1 metre below
the surface
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Figure 3.7: Contour of the z-component of velocity at a depth of 6 metres below
the surface
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Figure 3.8: Contour of the z-component of velocity at bottom level
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Figure 3.9: Views of the brakewater during an event of wind. It is evident the
more laminar conditions on the lee side (photo by Hernest Ernesti Luchino)
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3.1.2 Vertical velocities

Velocity v, along y axis

We will now describe some characteristics of the v component of the velocity field,
that is the one aligned with y axis. Positive values are assumed from the bottom
towards the sea surface (warm colours), negative if opposite (cold colours). Note
from the legend that the order of magnitude is ten times less the horizontal ve-
locities.
The most important features we can deduce from the following contours of verti-
cal velocities is the presence, in some areas of the bay, of vertical recirculation
mechanisms, as we already anticipated when discussing horizontal components.
These are actually vertical cells, constituted by up welling and down welling
events occurring due to the presence of the near coast and mixing phenomena of
currents.
Such vertical recirculation mechanisms develop from bottom to sea surface, so that
maximum values of vertical velocity are observed at middle depths, while at bot-
tom and at surface levels they’re close to zero. Fig.3.10 shows a particular of the
bay, approximatively located north of Muggia, of the contour of vertical velocity
at a depth of 7 metres below the surface. It can be clearly seen the presence of
elongated convective cells, identified by an up welling zone (yellow/orange streaks)
and the corresponding down welling zone (blue streaks).
Such phenomena can be observed in certain parts of the bay. If we look at the
global view of Fig.3.11 we can individuate them on the West side of the breakwa-
ter, in front of the commercial port, and above all in the central zone of the bay
of Muggia, extending from the biggest mole of the port till Porto San Rocco, and
in the sea round Zaule.
Fig.3.12, Fig.3.14, and Fig.3.16 illustrate particulars of the vertical velocity con-
tour of the areas in which the vertical mechanisms are more relevant, that is South
of the biggest mole of the commercial port, in front of Porto San Rocco, and in
the rounding of Zaule respectively. There are photograhic pictures matching sim-
ulation images in order to have a more clear idea of the zones of interest.

Summarazing, we have observed that

• horizontal currents are the highest in the bay

• in particular u component reaches the higher values due to the conforma-
tion of the bay, which is elongated in the West-East direction
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Figure 3.10: Particular of contour of the v-component of velocity at a depth of 7
metres from the surface; it can be seen the vertical convection mechanism
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Figure 3.11: Contour of the v-component of velocity at a depth of 7 metres below
the surface
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Figure 3.12: Contour of the v-component of velocity at a depth of 7 metres below
the surface, particular view South of the mole of the commercial port

Figure 3.13: The mole of the commercial port (photo by Hernest Ernesti Luchino)
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Figure 3.14: Contour of the v-component of velocity at a depth of 7 metres below
the surface, particular view of sea expanse in front of Porto San Rocco
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Figure 3.15: The SIOT jetties. Muggia and Porto San Rocco are on the opposite
side of the bay (photo by Hernest Ernesti Luchino)

• the presence of obstacles, such as coasts and breakwater, brings to recircu-
lation phenomena, or rather to have, generally, opposite direction between
superficial and middle-deep currents

• an important aspect of the mixing characteristics in the bay is the activity
of the vertical recirculation cells, which, even if of little magnitude, indicate
an exchange of water between bottom and surface layers.

The above results are obtained for a south-west wind event. Different mixing
characteristics can be studied imposing different wind directions.
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Figure 3.16: Contour of the v-component of velocity at a depth of 7 metres below
the surface, particular view of the sea in the rounding of Zaule
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Figure 3.17: The rounding of Zaule (photo by Hernest Ernesti Luchino)
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3.2 Considerations on turbulence

As described in 2.3, our simulation is based on a two-viscosities turbulence model,
a horizontal and a vertical one, in order to take in account the strong anisotropy of
our domain. In this section we will describe the characteristics of the turbululent
viscosity as it contains information about the turbulent dissipation and is related
to the gradient of the velocity field. We saw in 2.18 that the turbulent viscosity,
νtH and νtV for horizontal and vertical direction respectively, is the product of a
square of a scale length (related to the computational cell’s dimensions) and the de-
formation tensor Sij (which estimates the variation of the local velocity, or rather,
its gradient). In this sense, the analysis of the contour of the turbulent viscosity
provides an evaluation of the zones with harder mixing and current changes.

3.2.1 Horizontal turbulent viscosity

The following graphs show how the horizontal velocity gradient is, that is the
variation rate, and how it contributes to the turbulent dissipation.
Fig.3.18 shows the contour graph of the turbulent viscosity at surface level. The
legend shows the minimum of 10E-6, which is our reference value. It can be ob-
served in general that the viscosity rises in proximity of obstacles. Note that at
all profiles of the breakwater and the coast that are exposed to wind action show
an elevate value. This is a clear signal of the breaking of the superficial current
against the breakwater and the coast. The down welling of the water in this areas
involves turbulent dissipation and variation on velocity (in other terms, water from
surface is forced to deviate towards deeper layers).
It is evident how in the expanse of sea protected by the breakwater has almost
the reference value of viscosity, which indicates a more laminar condition. The
same observation is valid for the region in front of Muggia and Aquilinia, which
are leeward.
It is very important to observe that large turbulent activity is present in the South
canal. This is due to the fact that, as we said, the South canal is the main water
entrance of the bay and it’s where the higher horizontal velocity develops.
Also in the expanses between the breakwaters, which are smaller inflow and out-
flow ways of the bay, are located turbulent wakes. These are passages with high
velocity gradients.
We find zones of turbulent regime south of the mole of the commercial port and
in front of the metallurgic plant, till Porto San Rocco, and in the rounding of
Zaule. If we compare these zones of Fig.3.18 to the corresponding ones of Fig.3.11
it becomes evident the close relation between the discussed vertical recirculation
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mechanisms and turbulent dissipation.

Figure 3.18: Contour of the horizontal turbulent viscosity at surface level

Fig.3.19 shows the contour of horizontal turbulent viscosity at a depth of 3 metres
from the surface. If we compare it to Fig.3.18 we observe a general reduction of the
strength of turbulent phenomena (as can be expected due to the general velocity
decrease with depth, as discussed in 3.1). Above all is important to note that there
is no more turbulence near obstacle’s profiles (see breakwater and coast), which
is only a superficial phenomenon linked to the down welling mechanism of the
superficial current.
Turbulent structures shown in Fig.3.19 can be related, again, to the vertical con-
vective zones individuated in Fig.3.11. We can say that the vertical convection
movements occur in the presence of turbulent dissipation and considerable hori-
zontal velocity variation.
This last result is valid almost for all layers moving towards the bottom. In fact if
we see Fig.3.20, showing the horizontal turbulent viscosity contour at the bottom,
we observe the turbulent structures still active, meaning that the horizontal veloc-
ity gradient is relevant due to the vertical convection.
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Figure 3.19: Contour of the horizontal turbulent viscosity at a depth of 3 metres
from surface level
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Figure 3.20: Contour of the horizontal viscosity at bottom level
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3.2.2 Vertical turbulent viscosity

Analogously to the horizontal one, the vertical turbulent viscosity shows how the
variation of the vertical velocities, or rather its gradient, and its contribute to
turbulent dissipation are.
Note that the vertical turbulent viscosities are of an order of magnitude smaller
than the horizontal ones, in agreement to what we saw in section 3.1 as regards
the proportion between horizontal and vertical velocities in general.

Figure 3.21: Contour of the vertical viscosity at surface level

In Fig.3.21 is shown the contour of the vertical turbulent viscosity for a superficial
layer. It appears clear that almost the whole surface of the bay is affected by
a variation of vertical velocity. This is because vertical component of velocity
reaches its higher values at middle depths, while it is near to zero in proximity
to the surface and to the bottom. So it is reasonable to have in general relatively
high values of vertical gradient at surface layers (Fig.3.21) and at the bottom
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(Fig.3.23). On the contrary, at middle depths we expect to have low vertical
gradients (Fig.3.22).

Figure 3.22: Contour of the vertical viscosity at a depth of 3 metres from the
surface

In particular in Fig.3.22 note the presence of turbulent dissipation precisely in
the zone where we found vertical convection systems (section 3.1), that is from
the mole of the commercial port to the zone of the metallurgic plant till Porto
San Rocco, and the zone of Zaule. This confirms that the vertical convective cells
expand from surface to bottom.
Fig.3.23 is particularly eloquent as regards the dynamics of the bottom currents.
Vertical gradient reveals the zones most affected by bottom mixing. These are the
spaces between breakwater, mainly the South canal, the area close to the biggest
mole of the port, the expanse going from the banks of the metallurgic plant to
Porto San Rocco, and the zone in the rounding of the SIOT jetties, which is
the exit from the Zaule valley. On the contrary, the protected zone behind the
breakwater is almost in laminar regime.
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Figure 3.23: Contour of the vertical viscosity at the bottom
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3.3 Regasification plant’s influence

The ashore regasification plant should have a pumping and filtering system leading
the cold water at about 240 metres away from the intake point (see description
in 1.3). The discharge pipe should be positioned on the bottom of the bay. The
intake is at a depth of 3 metres from surface and the outflow at 8 metres below the
surface. In the xz plane it has an inclination of 210◦ from north clockwise. Note
that we chose a smaller value of the outflow depth than that reported in [1], where
the cold water is discharged at 15 metres below the sea level. This is because the
bathymetry of the considered area does not reach more than 8 metres. In order
to have a deeper discharge point it would be necessary to operate excavations on
the bottom of that area, which is a project element we are not considering in this
work.
The contribution of the project regasification plant to the mixing characteristics
of the bay has been modelled as a cold water source, in order to take in account
the discharge from the heat exchangers. We inserted a punctual source of density
ρ as calculated with equation 2.5, which is clearly higher than the reference value
ρo. We took in account the inclination of the pipe and the value of the outflow
velocity as calculated from 1.1.
The density source has been turned on in a full developed velocity field so that we
could observe the advancement of the cold water plume interacting with the mix-
ing dynamics described in 3.1 and 3.2. The following results describe the situation
after about 12 hours of simulation time with the regasification plant active.
Fig.3.24 represents the contour of the density in the area of Zaule at discharge
level in an xz plane. The legend shows that to a warmer colour corresponds a
higher density. Note that blue is the colour of the reference value, so that it indi-
cates the zones not already affected by cold water. The values refer to the ratio
between the effective density ρ and the reference value ρo. Grey dots follow the
bottom of the bay, and the small o corresponds with the exact outflow point.
As it can be expected, we find that the density plume presents its highest values
at the discharge point, while it gets lass accentuated as we go a little far. The
main part (that is, the most dense area) of the outflow migrates first in a east-west
direction and later on goes south, driven by the bottom current active in that area
(see 3.1). This means that the cold water, though more heavy, feel the effect of
the bottom velocities even if they’re quite low (of about some centimetres per sec-
ond). In fact the plume is moving towards west and it breaks on the SIOT jetties.
Fig.3.25 shows the same density contour but at a depth of 11 metres below the sea
level. The main part has migrated south, or, more precisely, it followed the shape
of the bottom moved mostly by gravity (due to its higher weight). We observe
also that a less heavy part of the plume is moving west, towards the jetties and
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Figure 3.24: Contour of the density in the area of Zaule at discharge level

the center of the bay.
Fig.3.26 gives the three-dimensional view of how the cold water plume evolves in
the described conditions. It is the contour of a low value of density, just above
the reference, in order to recognize areas affected by cold water. The grey dots
represents the shape of the bottom, the red “o” is the outflow point. Vertical
dimension is exaggerated.
The major part of the plume remains in the closeness of the discharge point, in
deep layers on the bottom. While the lighter parts, feeling the vertical recircula-
tion currents, rise towards upper layers. Note how the SIOT jetties have the effect
of physical obstacle and impose the plume to remain in the rounding of Zaule.
The following graphs report vertical views of the developed plume in an xy plane,
considering various density values. It appears clear how the more dense water
(that is, the colder) remains confined to the bottom of the rounding of the dis-
charge point. While water of density close to the reference value (that is, water
with almost starting temperature) is simply transported by the present velocity
field, departing from bottom and reaching the surface. Assuming the linearity of
the relation between temperature and density, we can qualitatively represent the
areas affected by the cooling effect. The red “o” is the outflow point. Horizontal
dotted lines are approximatively half a meter spaced one from the other.
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Figure 3.25: Contour of the density in the area of Zaule at a depth of 11 metres
below the surface
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Figure 3.26: Three − dimensional view of the contour of a low density value in
the area of Zaule
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Fig.3.27(a) and Fig.3.27(b) show the part of plume with -0.5◦C and -0.1◦C com-
pared to water reference temperature respectively. We observe their reduced di-
mensions and their sliding towards the bottom following its shape.
Fig.3.27(c) is the part of plume with -0.01◦C. It can be seen that it is sliding over
the bottom, but already begins to feel the recirculation vertical currents (note the
rising plume on the right).
Fig.3.27(d) finally shows water with almost reference temperature. The described
recirculation structures can be now clearly distinguished, extending from bottom
to surface.
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(a) Temperature of -0.5◦ (b) Temperature of -0.1◦

(c) Temperature of -0.01◦ (d) Full extension of the plume at almost
reference density value

Figure 3.27: Contours in an xy vertical plane of plumes of different relative
densities (the red “o” indicates the discharge point)
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Chapter 4

Conclusion

4.1 Concluding remarks

The question of the industrial zone of Trieste is subject of great discussion since
years. The whole area, extending from the commercial harbour till the valley of
Zaule, is an important commercial and geopolitical junction representing sources
of employment and profit. The equilibrium between these factors and the life of
urban neighbourhood is often unstable, and the situation necessitates finding some
solution.

The main goal of this work is to provide some analyzing tools able to give a precise
and objective description of the characteristics of the sea in the bay of Muggia,
where the industrial zone is located. We set our self the aim to find out the dy-
namics of the bay’s currents and the exchange of water, being their knowledge of
basic importance for the prediction of the impact of any close industrial activity.
Recently, the multinational company ”Gas Natural” proposed to build a new re-
gasification plant in the area of Zaule, and we took the opportunity to study the
picture of the situation.
We reproduced the dynamics of the mixing in the domain of the bay carrying out
a numerical simulation, and, subsequently, added the contribution of the project
regasification plant.
In the present study one forcing contribution has been taken in account, namely
the wind coming from south–west direction. We used a very recent numerical tool
developed by IE–Fluids for the APAT–Dipartimento Difesa delle Coste e delle
Acque Marine. It solves the momentum and continuity equations with the large
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eddy simulation technique, taking also in account the effect of earth’s rotation. We
obtained a detailed reproduction of the flow field appeared in the bay and of its
interaction with the source of cold water discharge from the ragasification process.
At this point of the carried out study we can conclude that

• water exchange is quite reduced due to the presence of the breakwater
which, together with the very long and narrow morphology of the bay, limit
the developing of high currents, thus having at most velocity values of 0.25
metres per second

• surface currents are the highest we can find in the bay, especially in open
expanses of sea such the south canal (the main entrance to the bay), the
zone going from the commercial harbour till Porto San Rocco, and the Zaule
valley

• principal ways for water exchange are the south canal and the spaces
between the breakwater, where are active motions of currents between the
inside and the outside of the bay

• we found that the bottom currents are about one order of magnitude
smaller than the surface ones, and they have opposite direction with respect
to each other, describing a wide recirculation dynamics

• the cold water discharge coming from the regasification plant keeps accu-
mulating on the bottom, creating a very stably stratification

• the sea in the rounding of Zaule gets easily affected by the cooling effect of
the regasification discharge due to the lack of water recirculation; in fact the
area is restricted and little deep and the SIOT jetties represent a considerable
obstruction

• the increasing accumulation of cold water in the deep region can likely
affect the water temperature of the inlet region and reduce regasificator’s
efficiency

• in case of Bora (wind blowing in opposite direction respect the simulation’s
one) we can expect the bottom current to circulate from south–west to north–
east, and this may provoke the cold water plume to be transported towards
the inlet of the regasification plant making its working difficult
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4.2 Future work

This work is a first approach to a more complex study. A complete analysis will
include different cases of forcing wind direction in order to estimate the most
unfavourable conditions. In order to fully develop the influence of the cold water
discharge, further computations are required. Other prospect are to take in account
factors we did not considered at the present, such as sieches, the transport of
pollutant particles in the flow field and contribution of the naval traffic.
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senza...
Mami! Mi hai portato fin qui con tanto, infinito amore e pazienza. E quante cose,
che tu instancabilmente mi ripetevi, ho capito essere giuste nel corso del tempo...
come “Copriti bene” o “Alza la tavoletta”, o “Vedrai cosa vuol dire essere nervosi
quando sarai in tesi!”: tutto vero, e questo libretto lo dedico a te.
E papi, mi hai sempre dato tanto e, anche se nell’altro fuso orario, sei stato fon-
damentale per tutto, grazie!
Nonni! Un riferimento sicuro da sempre, da voi ho sempre trovato affetto e ac-
coglienza.. per tutti! Nonna, come sei stata di aiuto nel primo periodo triestino,
coccolato come un “picio” (risultato: neanche all’università ho imparato a fare la
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