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ABSTRACT: In this research a three dimensional model is explained which simulate the oil spill behavior in
seas. This model is the developed version of previous two-dimensional study of Aghajanloo et al., 2013.
Because of three-dimensional nature of the oil dispersion/movement in water, this is a more realistic model of
oil spill transport and fate in marine environment. The model is based on Eulerian approach and the governing
equations have been discretized by finite volume method. The main model is a combination of several major
sub-models that predict the oil slick transport on the sea surface, oil losses due to natural weathering processes
and oil dispersion in water column. The oil pollution distribution in water column have been modeled in a
sigma-coordinate system and the effects of current, wave and wind forces and turbulent diffusion have been
included. Also a hydrodynamic model is provided to simulate the tidal current which is based on two dimensional
depth averaged equations of shallow water. A test case including analytical solution is chosen to ensure the
model capability in oil spill simulation. The oil spill accident in the Persian Gulf has been simulated by the
model.
Key words: Three Dimensional, Oil Spill Numerical Model, Vertical Dispersion, Sigma Coordinate

INTRODUCTION
Due to the 3D nature of the oil dispersion in water,
the 3D modeling of oil concentration is important while
the most oil spill models are based on the prediction of
oil slick path on the water surface. In past years, many
mathematical models were presented to simulate the oil
spill behavior in marine environment (Al-Rabeh et al.,
2000; Chao et al., 2003; Papadimitrakis et al., 2006;
Perianez, 2005, 2007; Perianez and Pascual-Granged,
2008; Shen and Yapa, 1988; Wang et al., 2008, 2005;
Yapa et al., 1994). Most of these models were only
capable of two-dimensional modelling of oil spreading,
prediction of oil slick movement on the sea surface and
estimation of the oil fate; and vertical dispersion of oil
in water column was estimated based on empirical
equations. In recent years, the marine environment
researchers have paid more attention to fully 3D
simulation of the oil distribution in the water and
attempted to develop numerical models. Boufadel et al.
(2006) simulated the movement of oil droplets in the
non-breaking wave. In their Lagrangian model, the
effects of wave forces and droplets buoyancy on
dispersion were considered and they improved the
Eulerian advection-diffusion equation to apply in their

Lagrangian model to calculate the oil concentration in
the water in 3D space. Boufadel et al. (2007) promoted
their previous studies on regular wave occurrence.
They expressed that the waves at sea play an important
role in the transport and fate of oil particles. Perianez
and Pascual-Granged (2008) proposed a Lagrangian
model for 3D dispersion of chemical pollution and oil
spills in marine environments, in the case of the Strait
of Gibraltar. In their studies, the effects of wind and
current velocities and turbulence diffusion in the oil
droplets transfer have seen. Wang et al. (2008)
proposed a 3D Lagrangian model, based on the particle
approach, for the oil concentration in the sea in which
the oil droplets buoyancy speed was calculated as a
combination of wind, current and wave speed. The
effective coefficient of current and wind speed was
0.03 and 1.10 respectively and the wave velocity was
computed by Stokes wave law. Wang and Shen (2010)
developed the previous work using an ocean wave
model. Their model was tested by an idealized test
case, a cylindrical flat lake and the results showed a
successful numerical modeling. In their transport-fate
module the oil dispersion was solved using a particle-
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The fraction of oil entering into water column can
pollute the underlying water. This process could be
important when dispersant were used for cleanup
operation. Oil mixing near the surface by breaking wave
forms a mixing layer beneath the slick in that the oil
concentration is uniform. Bellow this layer the oil
distribution is governed by advection due to tidal
current, wind and wave actions in horizontal direction,
buoyancy speed in vertical direction and turbulent
diffusion due to horizontal and vertical diffusion. Fig.
1 shows a schematic layout of the computational layers

tracking method. Horizontal diffusion was simulated
using random walk techniques in a Monte Carlo
framework, whereas the vertical diffusion process was
solved on the basis of the Langeven equation.
Papadimitrakis et al. (2011) used a 3D hybrid turbulence
model, simulating the transport and fate of oil spills in
various waters, to evaluate the influence of natural
dispersion on the spreading of water-in-oil emulsions
formed in the water column. The model combined the
Navier-Stokes equations for two-phase flows, the RNG
k-å submodel, and parameterized expressions of the
basic processes affecting the fate of oil spills. Their
model also considered the presence of waves, the windand wave- induced surface drifts, and the influence of
surface wave breaking on the oil spills.

in the water column ( hw is the water depth). Therefore
to compute the oil concentration below the water
surface in polluted area, the 3D oil distribution model
has been provided based on 3D advection-diffusion
equation has been provided.

In this paper, an Eulerian approach has been applied
to simulate the transport and fate of the oil slick, which
is adjusted by hydrodynamic model.

In this model, the computational domain is divided
into several layers and the governing equations are
solved in these layers. Because of the water depth
variations due to variations in marine bottom elevation
and water surface fluctuations, the sigma coordinate
is chosen to the vertical domain discretization. In fact,
in each point of horizontal grid, the water column is
divided into a certain number of layers and the vertical
computational lines are formed. The solution procedure
of the 3D oil distribution model is similar to the

MATERIAL& METHODS
In this research, to simulate oil spill behavior in
marine environment, a 3D numerical model has been
developed. Coding of the model has been done in Visual
Fortran language. The model is based on Eulerian
approach and all of the mathematical equations have
been solved by Finite Volume Scheme. In each time
step, a set of several sub-models work together to
calculate the different parameters of oil dispersion/
movement procedure in polluted area. The marine
situation and surface current velocity are computed
by the hydrodynamic sub-model. 2D governing
equations of shallow water have been discretized on
the structured staggered grid system and the ADI
technique has been used to solve the resulted
algebraic expressions. The oil slick movement on the
sea surface has been modeled by an advectiondiffusion equation. Also, oil mass losses from the slick
due to natural weathering processes and the changes
of remained oil have been estimated by the oil
weathering sub-model. The verification of each submodel was done and cited in literature (Aghajanloo
and Pirooz, 2011; Aghajanloo et al., 2011, 2013).

Fig. 1. The Schematic layout of the computational
layers for the 3D oil distribution model
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procedure of the transport terms in other sub-models,
of course, with slight changes due to the application
of sigma coordinate system to calculate overflowing
and flux.

as Λ = λ ow

where, ξ , h and z are water surface elevation, flow
depth and bed elevation, respectively (ξ= h+z); i and j
are coordinate directions; u is surface current velocity;
g is gravitational acceleration, t is eddy viscosity
coefficient; fc is Coriolis forces due to earth rotation; τb
and τs are bed friction and wind stresses terms and ρw
is water density.

(B1λ wo ) .

λow =

k b γωH
16αLow

λ wo =

wb (d m )
Lwo

(5)

(6)

where, B1 is the fraction of resurfacing oil,

k b = 0.3 ~ 0.5 is the fraction of the energy from the
breaking wave that is used for separating the oil
droplets from the slick and their entry into the water
(Lamarre and Melville, 1991); Low is the vertical length
scale parameter that depends on the kind of breaking
wave; wb(d m) is the average droplets buoyancy
calculating for a droplet with the diameter of dm=0.5dax
(Spaulding et al., 1992).
The change in water content is expressed by equation
of Mackay et al. (1980) as:

The oil slick transport in the aquatic environment
could be expressed by the following equation.
Where, hs is the oil slick thickness; Qs is source/sink
term and Ds is the slick spreading function (Ds =g hs
((ρw/ρo-1)/(fρw))); ρo is oil density; f is oil-water interface
friction. The oil drifting velocity component vj (vj=
uj+τj/f) is computed using the shear stresses τj=0.03Uj
due to the wind velocity Uj in x and y directions (Tkalich
et al, 2003; Tkalich, 2006). The selected techniques to
solve the equations of this model are similar to
hydrodynamic model.

dFwc
2 ⎛ 1 − Fwc ⎞
= K wc (U wind + 1) ⎜
⎟
dt
⎝ OC ⎠

The most effective processes of oil weathering in
the first days of spillage are evaporation, vertical
dispersion, water-in-oil emulsification and dissolution
that are mentioned in most oil spills models (Wang et
al., 2008; Tkalich, 2006; Nagheeby and Kolahdoozan,
2010). In this study the oil mass losses due to these
natural processes are predicted by following:
To estimate the evaporation rate (FE), the analytical
equation of Stiver and Mackay (1984) is used as
follows:
(4)

(7)

Wh ere, F wc is the water content, K wc is the
emulsification coefficient that is equal to 2×10-6 for
light oil and 4.5×10-6 for heavy oil, OC is equal to 0.7
for light oil and 1.15 for heavy oil (Rasmusen,1985;
Reed et al., 1988).
The proposed equation of Riazi and Edalat (1996) for
the rate of dissolution (Fdis) is:
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Where, Kdis is the mass transfer coefficient; υ is the
kinematic viscosity of seawater; Dv is the diffusion
coefficient of oil in water and L is the square root of
surface area A.
The following equations are applied to predict the oil
properties changes due to the weathering processes,
specially evaporation and emulsion, in each time
step (Mooney 1951; Mackay et al., 1980; Perry 1992):

Where, KE is mass transfer coefficient, As is spilled oil
area; V0 is initial volume of spilled oil, t is time; TE is
environmental temperature (K); TB is initial boiling
point (°K);TG is the gradient line of TB and TE; A and B
are constants derived from distillation data.
Tkalich and Chan (2002) proposed the rate of oil
input mass into the water column as a function of the
rate of droplets separation from the oil and entry into
the water column (λow) which is heavily dependent on
the breaking wave energy and the rate of oil droplets
returning to the water surface (λwo). Their equation is

⎛

µ = µ ref exp⎜⎜ C E 1 FE +
⎝

presented as dM e dt = K (ΛM s − M e ) , where,

C wc 1 Fwc ⎞
⎟
(1 − Cwc 2 Fwc ) ⎟⎠

ρ o = Fwc ρ w + (1 − Fwc )(ρ ref + C E 2 FE )

M s and M e are the mass of oil in the slick and the

(9)
(10)

Where, µref and ρref is the viscosity and density of fresh
oil at reference temperature Tref . The constants CE1,

mixing layer, respectively. The dimensionless “Mixing
Factor” is defined
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Cwc1 and Cwc2 are assigned values by the user based on
the general oil type and CE2 is an experimental
coefficient obtained in laboratory for each oil.

column and as a result are not deposited in the
sediments of the sea bed. Thus, in the sea bottom, the
other vertical boundary condition for the equation (11)
is C(Zv0) = 0.0.

To model the oil pollution distribution in 3D space,
the common approach is the basic advection-diffusion
equation. This method can be used for all types of
scalar quantities spreading in water (Fischer et.al, 1979;
Guymer, 1998; Wallis and Manson, 2004; Socolofsky
and Jirka, 2005):

Tkalich & Chan (2002) showed that a mixing layer
of oil and water is formed beneath the oil slick, where
the oil concentration is uniform. Also, they suggested
that the oil concentration below this layer followed
the turbulence advection and diffusion formula.
According to studies conducted by Li and Garrett
(1998), the thickness of mixing layer is a function of
wave height, as Z m=αHs, where α=1.2~1.6 is a
dimensionless scaling factor depending on the sea
state. Following the laboratory studies conducted by
Delvign and Sweeny (1988), it was suggested that
α=1.5±0.35 was suggested. Kantha and Clayson (2004)
presented a relationship as Zm=1.6 Hs.

where, C(x,y,z,t) is the oil concentration, (u,v,w)
are the current velocity components in the x, y and z
directions, ws is the oil droplets buoyancy speed in
water, S is the concentration source term and Dh and Dz
are the diffusion coefficients in the horizontal and
vertical directions. In the present model, the velocity
component in the vertical direction is neglected and
thus the effective velocity in the vertical direction is
only the oil droplets buoyancy speed. Tkalich et al.
(2003) and Boufadel et al. (2007) confirmed validity of
this equation by using it in the simulation of oil
pollution dispersion in water.

The buoyancy speed of the oil droplets is a
function of their diameter, di, seawater viscosity, υ,
seawater and oil density. The buoyancy speed of the
oil droplets can be obtained using the following
equation (Proctor, 1994; Korotenko et al., 2004):

In the present model, the effective velocities in the
horizontal movement of oil in computational layers are
the results of the wind speed (uw), the current velocity
(uc) and the current due to waves (uwave) which are
calculated by the following equation,
u=αcuc+αwuw+uwave, where αc and αw are the efficacy
coefficients of the wind and current velocities in the
oil transport in horizontal directions that have the
values of 0.03 and 1.10, respectively.

where dc is the critical diameter of oil droplets
calculated by the following formula (Lou et al., 2001):
The buoyancy speed formula has been reached by
using Stock law for small oil droplets di < dc and
Reynolds law for larger oil droplets di ≥ dc.
Stokes proposed that forward velocity uwave to transport
the mass with free surface wave motion based on single
Stoke wave, was calculated as:

Because of mixing layer formation beneath the oil
slick, the vertical boundary condition for the equation
(11) is C(h w-Z ML ) = C ML ,C ML is the computed
concentration of mixing layer. In the present model, it
is assumed th at the oil droplets don not stick
themselves to the suspended sediments in the water

where uwave is the net wave current velocity at
depth-z below the water surface, is the wave frequency
(2π/wave period), k is the wave number (2π/wave
length), Hs is the significant wave height and h is the
water depth.
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RESULTS & DISCUSSION
The governing equations, the solution techniques
and all parameters of 3D numerical model have been
described in previous sections. In this section the
results of model implementation for a test case study
and a hypothetical oil spill in Persian Gulf is considered.
To ensure the validity of the 3D advection-diffusion
numerical model, a case study with analytical solution
has been chosen in that the complete mixing layer
formation due to breaking waves has been neglected.
Sankaranarayanan et al. (1998) proposed the following
equations to compute the real concentration of C(x,y,z)
at t time for a pointed pollution source in the (xc,yc,zc)
positions in an unlimited field:

Determining the diffusion coefficients of oil
droplets in the water column, whether in horizontal or
vertical direction, have some complexities and
considering with previous researches. Johansen (1982)
proposed that the vertical diffusion coefficients can
be computed by Dz=0.028(Hs2/T)e-2Kz in z level. Thrope
(1984) presented the D z = 0.0015U wind equation in
which the vertical diffusion coefficient is constant and
only associated with the measured wind speed 10m
above the water surface. This equation was used by
Reed et al. (1999) for modeling the oil vertical dispersion
in the water column. Dick and Schonfeld (1996) stated
that the horizontal diffusion coefficient was a function
of the grid dimension and its value was determined by
Dh=0.2055×10-3∆ x 1.1. This equation was used by
Perianez and Pascual-Granged (2008). Elliot et al. (2001);
Schonfeld (1995); Dick and Schonfeld (1996) and Elliot
(1999) used the vertical diffusion coefficient of 0.001
m2/s in their studies. Gemmrich and Farmer (1999)
proposed the Dz=2.6×10-5(Uwind3/g) equation for the
vertical diffusion coefficient for the turbulence caused
by winds which had a constant value at various water
depths and was not a function of depth.

C( x, y , z , t ) = Cx ( x, t, u )C y ( y, t , v)Cz ( z, t , w)
Where,

To distribute the current velocities, obtained by
2D depth-averaged hydrodynamic model, in different
layers of the water column, the logarithmic equation of
Van Rijn et al. (1990) has been used which is as follows:

⎛ z ⎞
ln⎜⎜ ⎟⎟
uz =
⎡z0
⎛ h ⎞⎤ ⎝ z0 ⎠
⎢ − 1 + ln⎜⎜ ⎟⎟ ⎥
⎝ z0 ⎠ ⎦
⎣h
u

(15)

⎡ ( x − xc − ut ) ⎤ (18)
exp ⎢−
⎥
4D x t
4πK x t
⎣
⎦

C y (y , t, v ) =

⎡ ( y − y c − vt )⎤ (19)
exp⎢ −
⎥
4D y t
4πK y t
⎣⎢
⎦⎥

C z (z, t , w) =

⎡ (z − zc − wt )⎤ (20)
exp⎢ −
⎥
4 Dzt
4πK z t
⎣
⎦

1

1

1

direction, w , has been replaced by ( − wb ), to include
the buoyancy velocity. (c) The combination of the wind
speed, the tidal current velocities and the current speed
due to waves has been used for the velocities in
horizontal directions. (d) The vertical diffusion
coefficients throughout the water column have been
assumed constant.

Moreover, the wind induced current has a velocity
equal to 3% of the wind speed at 10m above the sea
surface. This current velocity would decrease
logarithmically and will be zero at the z1 level. This
level is assumed to be equal to 20m (Elliott, 1986). The
wind induced velocity distribution in the underlying
water can be expressed as follows (Pugh, 1987):

The case study properties are as follows. A
computational domain with 100,000×100,00 m 2
dimensions has been covered by a regular grid with
the dimensions of ∆x = ∆y = 5000 m. The horizontal
diffusion coefficients and the vertical diffusion
coefficients are Dx = Dy = 2000 m2/s and Dy = 0.01 m2/s
respectively. Also, the wind speed was 1.0 m/s and the
time step was 50 s. The water column has been divided
into 10 layers with the thickness of ∆z = 6.5 m. In Figs
(2) and (3), the comparisons between the results of
numerical model and analytical solution are shown.
These Figs are represented as 2D and 3D layouts of
the concentration on the layers to a depth of 26 m and
52 m. Considering the results of the study, it can be

if z < z1
if z ≥ z1

C x (x , t , u ) =

In order to compare the results of numerical simulations
with analytical solution, some assumptions have been
adopted as follows:
(a) The existence of mixing layer in upper layer has
been neglected (b) The current velocity in the vertical

where, uz is the velocity in depth-z, u is the depthaveraged velocity, h is water depth and z0 is the zero
level and normally follows the z0/h<<1.

⎧
u∗ ⎛ z ⎞
−
u
ln ⎜ ⎟
⎪ 0
κ ⎝ z ′⎠
uz = ⎨
⎪0
⎩

(17)

(16)

In which the u0 is the wind induced current
velocity, κ = 0.4 is the Van Karman constant and the z′
is the sea surface roughness length which is proposed
to have a value about 0.5~1.5 mm (Pugh, 1987) and the
u* is the friction velocity which can be calculated by
u*=0.0012Uwind.
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Fig. 2. 2D view of pollution concentration on the layer to a depth of 26 m; (a) numerical modeling; (b) analytical
solution

Fig. 3. 3D view of pollution concentration on the layer to a depth of 52 m; (a) numerical modeling; (b) analytical
solution

Fig. 4. The Bathymetry of study area
Gulf is made by imposing tidal fluctuation to the main
seen that the model is highly capable to simulate the
open boundary at Hengam Island, Hormuz Strait
pollutant concentration dispersion in a 3D domain.
(26°39’N 55°53’E). Required data for water surface
A hypothetical instant incident in the Persian Gulf
fluctuations in certain period of time are available and
is considered to indicate its capability be used in a real
plotted in Fig. 5 from 2010/01/01 to 2010/10/21. The
marine environment (Aghajanloo et al., 2013). The model
comparison between predicted results and measured
covers the area by a structured rectangular mesh with
data in Assaluyeh Port, in the northern coastline of
grid size of (∆x = ∆y = 2 km), including 58417 nodes and
the Gulf (27°30’N 52°36’E), is presented in Fig. 6 that
57401 elements. Because of varied range of bed elevation
shows a good agreement between them.
in the Persian Gulf, a high accuracy 3D bathymetry map
To simulate an oil spill event, a hypothetical spill
has been provided (Fig. 4). Table 1 presents the other
of crude oil in a position close to Assaluyeh Port is
modelling conditions of this real case.
considered (Aghajanloo et al., 2013). It is assumed that
The current velocities and the Gulf situations have
the oil spill is occurred four days after starting the
been taken from output of hydrodynamic sub-model
hydrodynamic model. During the next 4 days, the
(Aghajanloo and Pirooz, 2011). The tidal current in the
amount of 280 tons of Ahwaz crude oil is released
784
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To simulate the 3D distribution of oil, the water
body is divided to 10 layers and Figs (8) and (9)
presents the oil concentration in different layers.
Unfortunately, there is no observed and measured
vertical distribution of oil slick for comparison.
Nevertheless, the results show the model ability to
predict the 3D distribution of spilled oil in marine
environment. The improvement of the reliability of
environmental information such as wind conditions
may be resulted in better results of the numerical model.

continuously. The chemical and physical properties of
Ahwaz crude oil are presented in Table 2.
The environment temperature, wind speed
and wind direction are assumed as, 15°C, 5m/s and 315°,
respectively. Fig.7 shows the slick thickness on the
sea surface and its path during the time. The Fig. shows
that the wind direction is an effective parameter on
slick diversion to the coastline and the sensitive area,
as well as tidal currents.

Table 1. The modelling conditions of real application, Persian Gulf
Grid size (m) (∆x=∆y)

2000

Simulation time (day)
Time step (sec)
Released Time (da y)

11
50
4

Environment
Temperature (°K)

288

Wind Speed (m/s)
Wind Direction

5
315°

Fig. 5. Measured tidal fluctuation at Hengam Island, Hormuz Strait

Fig. 6. The water surface elevations comparison at Assaluyeh Port
Table 2. The chemical and physical properties of Kuwait crude oil (ITOPF, 2002)
Specific Gravity
API
Molecular weight (g/mol)
Paraffin Content (%)
Naphthalene Content (%)

0.87
31.31
210
63
20

Pour Point (°C)
Viscosity @ 40 °C (cP)
3
Solubility @ 25 °C (g/m )
Aromatic Content (%)
Sulfur Content (%)

785

-21
3.03
2.5
24
2.4
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Fig. 7. Distribution of oil simulated in the surface layer (a) initial condition; (b) 12 hours; (c) 3 days; (d) 5 days
after spillage

Fig. 8. Oil concentration on different sub-layers in 4days after spillage; (a) 2nd layer; (b) 4th layer; (c) 6th layer;
(d) 8th layer
Unfortunately, no observed data for verification of the
3D oil concentration model is the major problem of
these numerical models (Wang et al., 2008; Tkalich,
2006; Tkalich et al., 2003). Nevertheless, the results
show that it is possible to predict the distribution of
the spilled oil slick in the water body using this model.
With improvement of reliability of external information,
better-simulated results may be achieved.

currents; the oil slick movement model to simulate its
transport on the sea surface, the oil weathering model
to predict the rates of oil losses due to natural
processes and the changes of oil properties, the 3D σcoordinate oil concentration model to simulate the oil
dispersion under the sea surface. The detailed
characteristics of sub-models were presented in recent
works of the authors (Aghajanloo and Pirooz, 2011;
Aghajanloo et al., 2011; 2013). The high order solution
techniques have been increased the accuracy of
predicted parameters. The model verification has been
carried out using a computational test case including
an analytical solution and the results show the model
capability in selected case study. Therefore, the model

CONCLUSION
In this work, a 3D mathematical oil spill model has
been developed to simulate the oil behavior in the
marine environment. This model is based on Eulerian
approach and includes several major sub-models
including, the hydrodynamic model to simulate the tidal
786
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Fig. 9. Oil concentration on different sub-layers in 5days after spillage; (a) 2nd layer; (b) 4th layer; (c) 6th layer;
(d) 8th layer
is run for a real marine environment, Persian Gulf and a
hypothetical instant is chosen to indicate the model
capability in prediction of oil spill behavior in real field.
The validation of the model results for spreading and
weathering processes was not carried out as there were
no observational data to verify. In general, the simulated
results show that the model is capable to investigate
the oil spill behavior in marine environment.

Chao, X. B., Shankar, N. J. and Wang, S., (2003).
Development and Application of Oil Spill Model for
Singapore Coastal Waters. J. Hydraul. Eng., 129, 495–503.
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