A computer simulation of the fate of an oil spill in marine environments
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Abstract: Assessment of the risk of an oil spill in the marine environment is absolutely necessary as a great amount of petroleum is transported by cargo ships and pipelines through the marine environment.Furthermore, the increase in offshore oil exploration, and the drilling and production activities enhance the potential for oil spills that damage marine ecosystems, given that oil toxicity creates major environmental problems. The mathematical modelling of oil spills is a very important tool for impact assessment studies, as oil toxicity creates major environmental problems.This paper describes briefly a deterministic model developed to simulate the time-dependent behavior of hypothetical oil spills near coastal regions. The model solves the full Navier-Stokes equations for a two phase,3-D turbulent flow, heat and mass transfer including many aspects of the physical, chemical and biological processes that govern the behavior of oil slicks at sea. 
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1   Introduction

The mathematical modelling of oil spills is a very important tool for impact assessment studies, as the effects of oil toxicity on the marine ecosystem create major environmental problems. Oil toxicity depends on the physical and chemical characteristics of the spilled oil, more toxic being the oils with a significant fraction of aromatics. The impact of oil toxicity on marine organisms depends on the organism itself and its age, on oil concentration, on the water salinity its temperature and pH, and the presence of nutrients, pollutants (sulfides, phenols, detergents) and/or dispersants. Furthermore, the shore damage will also depend on the contact duration of  the slick  with the coastline [1,2].

2   Problem Formulation

The spill is considered to be initially circular, formed under the action of gravity, inertia, viscous and surface tension forces. 

The  sequential balances, in time, among pairs of these forces allow for an estimate of the respective diameter, D, of the spill (Eqns (1a,1b,1c)) and of its thickness, provided that the spilled oil volume is known.  

Gravity-Inertia:
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Gravity-Viscous:                             
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Surface tension-viscous :


[image: image3.wmf]4

/

1

2

3

2

3

2

÷

÷

ø

ö

ç

ç

è

æ

=

w

w

n

V

t

f

k

D

r

                                               (1c)                                                                            
Here 
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 is the water density, 
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 the oil density, 
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 the oil volume, 
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 is the oil-water surface tension and 
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At subsequent times, the spill, while advected by the hydrodynamic field and subjected to various weathering processes, takes arbitrary shapes  which are predicted by the present model.  

The model utilizes an Eulerian two-phase flow approach (3,6 (. The two phases are considered as “interpenetrating continua, i.e. the two phases occupy the same space (although not necessarily at   the same time), their share of space being measured by their “volume fractions” 
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 It is, therefore, obvious that for two -phase flows:
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 EMBED Equation.3 [image: image14.wmf]
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A complete set of equations is formulated for each phase present, the phase equations being linked together through the processes of interphase momentum/heat and mass transfer. All differential equations can be cast in the following general form:
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where i takes the values 1 and 2 for the two phases (1 for the water and 2  for the oil phase); for particular phase i, the dependent variable (i denotes either u, v, w, the three velocity components, or the turbulence kinetic energy k, or the turbulence dissipation rate ε; (i = 1 reproduces the continuity equation; ri is the volume fraction, (i is the density of the respective phase, 
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is the hydrodynamic velocity vector; 
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 is an effective exchange coefficient [3] and 
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 is a proper source or sink term (i.e. for the momentum equations.: the terms representing interphase friction, gravitational acceleration, Coriolis force, surface tension and pressure gradient). 

The model employs a version of the RNG (k-ε) turbulence scheme [6], modified properly to incorporate the aspects associated with the presence of waves, wave breaking, natural dispersion of oil mass, etc. The model is implemented in the CFD code PHOENICS -V.3.1, which utilizes the SIMPLEST algorithm to solve the Navier-Stokes equations for transient, two phase, 3-D turbulent flow. The model also employs some simple expressions for describing the slick advection by the wind and wave-induced currents, the presence of waves in the form of a source term in the respective momentum equations, and the impact of breaking waves on the dispersion of oil mass in the water column. The surface wind- and wave-induced currents, 
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, that advect the oil slick along with other permanent currents maybe given by the following simple expressions [2,7]:
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where  
[image: image25.wmf]a

U

is the wind speed measured at some elevation above the mean sea level (usually 10 m). Tidal Currents are also included in the advection scheme of  oil slicks, (for the application presented below Evvoikos bay is influenced [8]  by M2, S2, K1, O1 tides).

The evaporation rate
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 is estimated by a simple relation of the form: 
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 the oil vapor pressure and 
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a relevant coefficient [2]. 

The rate of the natural dispersion of the oil, that is the rate Q at which oil entrains in the water column, is estimated according to an expression proposed in [9,10]. 
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here :
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represents a factor that can be experimentally calculated, 
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 is estimated as:
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where  
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 is the wave energy dissipation due to breaking , per unit time and unit area. According to [9] 
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 is estimated as:
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 is the sea surface variance (= 
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Photo-oxidation is estimated according to an expression proposed in [11]. The oil volume change due to photo-oxidation is given by:
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where 
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, T is the temperature of the oil, 
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 is the total photosynthetically activated radiation,
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Emulsification is estimated by an expression proposed in [12], namely: 
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where 
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 is the water volume entrainment to the oil spill and
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is the maximum amount of water in the emulsion; 
[image: image54.wmf]k

=1.6x10-6 .As an interim approach, ADIOS2 uses a simple model which relates sedimentation rate to oil stickiness, oil droplet concentration, sediment concentration, and dissipation energy rate for surface water                                                      
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where C0 is the entrained oil volume concentration and Csed is the suspended sediment volume concen-

tration. ka is a sticking parameter that depends on 

the type and size of the sediment particles.

Dissolution is estimated by the following expression [13]:
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where 
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 is the dissolved amount of oil (moles), 
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 a coefficient  (=3.0Χ10-6), 
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 the mole  fraction,
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 oil surface (m 2), 
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 solubility. 

3   Problem solution

The model capabilities are demonstrated by applying it in two regions of different topography and bathymetry, in the framework of impact assessment studies. These two regions are near Carava (Figure 1), at the island of Lesvos, and near Eretria (Figure 2) , in the Evvoikos bay, both being in the Aegean sea. The first region has an  extend of 12x9.5 km2 and a maximum depth of 55m, whereas the second occupies an area of 10x18 km2 and has a maximum depth of 25 m. Also, the model simulates the behaviour of hypothetical oil spills with a density of 830 kg/m3, 860 kg/m3 and 880kg/m3, assumed to occur in the above two regions. 

The model predicts the position of the centre of mass and the shape of the oil spill in time, as it spreads under the action of hydrodynamic dispersion and turbulence diffusion, both at the sea surface and throughout the water column, while it is being advected by wind and wave-induced or other currents. 

The effects of evaporation, natural dispersion, dissolution, emulsification and photo-oxidation on the spilled oil are also considered in this work. Furthemore, the model also handles the enhanced turbulence diffusion, caused by surface wave breaking, and the impact of breaking waves on the dispersion of oil in the water column. 

The spill is considered to be initially circular, formed under the action of gravity, inertia, viscous and surface tension forces. 

A time step of 750s proved to be adequate for time-step independent solutions while using 100 iterations per time step. The grids of 120x95x16 and of 90x50x10 which does not necessarily generate grid-independent solutions and the above time step were used for all final runs. However, more grid-refinement studies are required in the future. 

The runs were performed on Silicon Graphics Origin 200 (4 CPU R 10000). A typical run using a 120x95x16 grid for 20 time steps and 23.200 secs real time requires 12 hrs on the above machine.

The hydrodynamic field was predicted considering a NW /NE wind of 10 m/s and assuming a logarithmic wind profile, at the coast. Figure 3 shows the above wind profile.
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               Figure 1. The region of Carava area
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               Figure 2. The region of Evvoikos bay
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                           Figure 3. The wind profile

The above fields were simulated   first under steady-state and single phase flow conditions, using the RNG (k-ε) turbulence model for the water phase only. Then, the fate of hypothetical oil spills was simulated, under transient, two-phase flow conditions. Three cases were considered in the Carava area and two in the Evvoikos bay. Figure 4 shows the fate of an oil spill, a few minutes after a spill of 830 m3 had occurred at a distance of 50 m from the upper eastern coast of the three islands which are located in the region of Carava. Figure 5 shows the fate of the oil spill in the above field   6.5 hrs after the accident. All the above simulation cases, were conducted using salt water and meteorological /oceanographical data of a given period of time.
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       Figure 4. The spill 10s after the accident
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 Figure 5. The oil spill 6.5 hrs after the accident

          Figure 6 shows the variation of the oil volume volume fraction (r2) versus depth in the above field. It is characteristic the dramatic decrease of 

F       fraction with the depth from the sea surface.
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Figure 6. Oil Volume fraction versus depth

         Figure 7 shows the fate of an oil spill, a few minutes after a spill of 830 m3 had occurred at a distance of 200 m from the upper western coast of Prasologos, a small island and a region of rather shallow waters, considering a NE wind of 10m/s.
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            Figure 7. The spill 10s after the accident

          Figure 8 shows the fate of the above spill   at the surface 6 hrs after the accident, while Figure 9 shows the oil spill at a depth of 20m, 6 hrs after the accident.
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         Figure 8. The spill at the surface 6 hrs after the accident
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         Figure 9. The spill at a depth 20m after the accident   

         Figure 10 shows the fate of an oil spill, a few minutes after a spill of 830 m3 had occurred at a distance of 3000m from the eastern coast of the three islands in the field of Carava area of Lesvos island.

          Figure 11 shows the fate of the oil spill 10 hrs  after the accident, considering a NW wind of 10m/s and an oil density of 830kg/m3 
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               Figure 10. The spill 10s after the accident
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         Figure 11. The spill at the surface 10hrs after the accident

F     
Figure 12 shows the variation of the oil volume fraction (r2) versus depth in the above field
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Figure 12: Oil volume fraction versus depth

          Figure 13   shows the fate of the spill 10s after a hypothetical accident 500m southwestern of Eretria, a region of Evvoikos bay, considering a NW wind of 10m/s and an oil density of 860kg/m3.           

          Figure 14 shows the fate of the above spill 12 hrs after  the accident.
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          Figure 13. The spill 10s after the accident
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          Figure 14. The spill at the surface 16 hrs after the accident

         Figure 15 shows the variation of the oil volume fraction (r2) in relation with the oil density in the above field.
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        Figure 15. Oil Volume fraction versus depth
F     
Figure 16 shows the variation of the oil volume fraction of (r2) in relation with the oil density in the above field. 
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          Figure 16. Oil volume fraction versus oil density  

          The above figure  shows the variation of oil volume fraction versus depth at the surface (black line) and at a depth of 15m (red line). 

         Figure 17 shows the fate of the spill 10s after a hypothetical accident 300m western of Eretria, a region of Evvoikos bay, considering a NE wind of 10m/s and an oil density of 880kg/m3. 

          Figure 18 shows the emulsion 16 hrs after the accident.
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          Figure 17. The spill 10s after the accident
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Figure 18. The emulsion at the surface 16hrs after the accident

          4   Conclusions

           The model developed and used in this work incorporates many of the physical processes,  that are considered necessary for the particular application, given the conditions of each simulation (depth, oil density, etc). Yet, it has a general structure that can accommodate any other processes deemed necessary.

          Furthermore, the model covers the general circulation, the wave field and the processes that govern the fate of an oil spill in a marine environment. So, it is not necessary to be coupled with other models (e.g. wind models, general circulation models, etc.), in order to simulate the behaviour of the oil spill in the marine environment. 

        The results of the simulations near coastal regions indicate that oil turbulence diffusion and dispersion are larger closer to the coasts than in deeper waters, and decay with depth away from the surrounding islands. These results are in accordance with observations, as turbulence diffusion and dispersion follow a similar trend. Also, the model can simulate the fate of the oil spill under special conditions. For example, in the simulation case of Figure 4 (a region with a strong recirculation field), where the spill is very close to the surrounding coasts, the volume fraction of the oil spill is rather high at the surface and becomes dramatically less with the depth. Moreover, in the simulation case of Figure 11 (far from the coast), the oil spill breaks into two parts due to spreading and surface tension forces. 

          It may then be concluded that the prediction of the time dependent behaviour of oil spills in complicated 3D environments is feasible and can be accomplished within practical computer resources.
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										οποίο έχει προβεί

										σε αυτοψία

		12380/07-07-04		Μαριάννα		Νομάρχης Νομ.Διαμ.Πειραιά		Εναπόθεση & Μεταφόρτωση		9/2/04		Α.Μποσδογιάννη

				Χαραλαμπίδου				στερεών αποβλήτων από		Έγγραφο (α.π.12380.2.2)		Μ.Ψαλτάκη

				(Συνυπογράφουν				τον Δήμο Σαλαμίνας στη θέση		στον κ. Νομάρχη (και επίσης

				τριάντα επτά				Γούβα Μπατσί πλησίον στο		στον κ.Γεν.Γραμματέα

				ενδιαφερόμενοι				Νταμάρι Καραμπίνι		Περιφέρειας και τον

				πολίτες)						κ.Δήμαρχο Σαλαμίνας)

		21761/15-12-03		Άννα Κατσαβίδα		Δ/νση Δημόσιας Υγείας		Δημιουργία ανθυγιεινής εστίας		6/11/04		Α.Σαλαμαλίκη

								από αυθαίρετη κατασκευή για		Έγγραφο(α.π.21761.2.2)  Δήμο		Μ.Ψαλτάκη

								στάβλιση ζώων εντός οικισμού		στον Δήμο Ύδρας-κοινοποί-

								της πόλεως Ύδρας		ηση στο Τμήμα Ελέγχου

										Κατασκευών

										30/7/2004 λάβαμε

										Το υπ'α.π.Π8851/Δ1727/04

										/29-07-04 έγγραφο του

										Τμ.Ελέγχου Κατασκευών

										περί αυθαιρέτου

										9/2/04

										Έγγραφο(α.π.21761.2.3)

										στη Δ/νση Δημ.Υγείας (και

										στον Δήμο Ύδρας)





Φύλλο1

		0.00000211

		0.00000174

		0.00000162

		0.00000156

		0.00000148
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Φύλλο2

		Volume fraction		Depth

		2.11E-06		25

		1.74E-06		20

		1.62E-06		15

		1.56E-06		10

		1.48E-06		5





Φύλλο3
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Γράφημα1
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Φύλλο1

		Oil Density		Surface		15m depth

		7.00E+02		1.25E-06		1.15E-06

		8.00E+02		1.90E-05		1.20E-05

		9.00E+02		2.50E-03		1.20E-03

		9.90E+02		9.30E-03		7.50E-03





Φύλλο1
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Γράφημα1

		5

		10

		15

		20

		25

		30

		35

		40



Ua

Cu

0.0564065391

0.1135888208

0.2287397954

0.4606253823

0.9275856108

1.8679280352

3.7615451382

7.5748217064



Φύλλο1

		

		5		0.0564065391

		10		0.1135888208

		15		0.2287397954

		20		0.4606253823

		25		0.9275856108

		30		1.8679280352

		35		3.7615451382

		40		7.5748217064
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Φύλλο2
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_1164087513.xls
Γράφημα3

		0.000075

		0.00000056

		0.0000000003



Volume fraction of oil spill (R2)

depth (m)

55

25

10



Φύλλο1

		Αρ.Πρωτ.		Αναφερόμενος		Αρμόδια Υπηρεσία		Θέμα		Ενέργειες		Χειριστές

		12243/06-07-04		Κυριάκος		Δ/νση Πολ/μίας &Περιβάλλοντος		Ανθυγιεινή εστία από		9/2/04		Α.Μποσδογιάννη

				Χρυσοχεράκης		Τμήμα Ελέγχου Κατασκευών		λύματα σε υπόγειο οικοδομής		Έγγραφο(α.π.12243.2.2)		Μ.Ψαλτάκη

								(Νάξου 56&Μ.Αλεξάνδρου		στην αρμόδιαΥπηρεσία

								στον Αγ.Ι.Ρέντη) όπου χώροι		με κοινοποίηση

								αποθηκών χρησιμοποιούνται		στο Τμήμα

								ως ενοικιαζόμενες κατοικίες		Υγ.Ελέγχου το

										οποίο έχει προβεί

										σε αυτοψία

		12380/07-07-04		Μαριάννα		Νομάρχης Νομ.Διαμ.Πειραιά		Εναπόθεση & Μεταφόρτωση		9/2/04		Α.Μποσδογιάννη

				Χαραλαμπίδου				στερεών αποβλήτων από		Έγγραφο (α.π.12380.2.2)		Μ.Ψαλτάκη

				(Συνυπογράφουν				τον Δήμο Σαλαμίνας στη θέση		στον κ. Νομάρχη (και επίσης

				τριάντα επτά				Γούβα Μπατσί πλησίον στο		στον κ.Γεν.Γραμματέα

				ενδιαφερόμενοι				Νταμάρι Καραμπίνι		Περιφέρειας και τον

				πολίτες)						κ.Δήμαρχο Σαλαμίνας)

		21761/15-12-03		Άννα Κατσαβίδα		Δ/νση Δημόσιας Υγείας		Δημιουργία ανθυγιεινής εστίας		6/11/04		Α.Σαλαμαλίκη

								από αυθαίρετη κατασκευή για		Έγγραφο(α.π.21761.2.2)  Δήμο		Μ.Ψαλτάκη

								στάβλιση ζώων εντός οικισμού		στον Δήμο Ύδρας-κοινοποί-

								της πόλεως Ύδρας		ηση στο Τμήμα Ελέγχου

										Κατασκευών

										30/7/2004 λάβαμε

										Το υπ'α.π.Π8851/Δ1727/04

										/29-07-04 έγγραφο του

										Τμ.Ελέγχου Κατασκευών

										περί αυθαιρέτου

										9/2/04

										Έγγραφο(α.π.21761.2.3)

										στη Δ/νση Δημ.Υγείας (και

										στον Δήμο Ύδρας)





Φύλλο2

		Volume fraction		Depth

		1.75E-03		55

		0.00E+00		45

		0.00E+00		35

		0.00E+00		25

		0.00E+00		15
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Φύλλο3

		Volume fraction of oil spill (R2)		Depth(m)

		0.000075		55

		0.00000056		25

		0.0000000003		10





Φύλλο3
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		0



Volume fraction of oil spill (R2)

depth (m)

0

0

0




_1164089329.xls
Γράφημα5

		0.00175

		0

		0

		0

		0



Volume fraction (R2)

Depth(m)

55

45

35

25

15



Φύλλο1

		Αρ.Πρωτ.		Αναφερόμενος		Αρμόδια Υπηρεσία		Θέμα		Ενέργειες		Χειριστές

		12243/06-07-04		Κυριάκος		Δ/νση Πολ/μίας &Περιβάλλοντος		Ανθυγιεινή εστία από		9/2/04		Α.Μποσδογιάννη

				Χρυσοχεράκης		Τμήμα Ελέγχου Κατασκευών		λύματα σε υπόγειο οικοδομής		Έγγραφο(α.π.12243.2.2)		Μ.Ψαλτάκη

								(Νάξου 56&Μ.Αλεξάνδρου		στην αρμόδιαΥπηρεσία

								στον Αγ.Ι.Ρέντη) όπου χώροι		με κοινοποίηση

								αποθηκών χρησιμοποιούνται		στο Τμήμα

								ως ενοικιαζόμενες κατοικίες		Υγ.Ελέγχου το

										οποίο έχει προβεί

										σε αυτοψία

		12380/07-07-04		Μαριάννα		Νομάρχης Νομ.Διαμ.Πειραιά		Εναπόθεση & Μεταφόρτωση		9/2/04		Α.Μποσδογιάννη

				Χαραλαμπίδου				στερεών αποβλήτων από		Έγγραφο (α.π.12380.2.2)		Μ.Ψαλτάκη

				(Συνυπογράφουν				τον Δήμο Σαλαμίνας στη θέση		στον κ. Νομάρχη (και επίσης

				τριάντα επτά				Γούβα Μπατσί πλησίον στο		στον κ.Γεν.Γραμματέα

				ενδιαφερόμενοι				Νταμάρι Καραμπίνι		Περιφέρειας και τον

				πολίτες)						κ.Δήμαρχο Σαλαμίνας)

		21761/15-12-03		Άννα Κατσαβίδα		Δ/νση Δημόσιας Υγείας		Δημιουργία ανθυγιεινής εστίας		6/11/04		Α.Σαλαμαλίκη

								από αυθαίρετη κατασκευή για		Έγγραφο(α.π.21761.2.2)  Δήμο		Μ.Ψαλτάκη

								στάβλιση ζώων εντός οικισμού		στον Δήμο Ύδρας-κοινοποί-

								της πόλεως Ύδρας		ηση στο Τμήμα Ελέγχου

										Κατασκευών

										30/7/2004 λάβαμε

										Το υπ'α.π.Π8851/Δ1727/04

										/29-07-04 έγγραφο του

										Τμ.Ελέγχου Κατασκευών

										περί αυθαιρέτου

										9/2/04

										Έγγραφο(α.π.21761.2.3)

										στη Δ/νση Δημ.Υγείας (και

										στον Δήμο Ύδρας)





Φύλλο2

		Volume fraction		Depth
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Φύλλο3
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