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Abstract: Oil spills over land and water bodies are some of the most relevant hazards that should be
considered when implementing oil production and transport projects. However, the development of
robust, versatile, and efficient tools for carrying out this type of hazard assessment is a challenge for
geophysical modellers due to the complexity of the oil flow over hybrid terrain–water surfaces. This
work presents a versatile Eulerian approach to simulating the transport of an oil layer flowing over
steep terrain that may also be dragged by an underlying water flow, i.e., rivers, lakes, oceans, etc.,
if it exists. The model allows for the seamless simulation of spills that start on land and eventually
impact a water body in a single simulation step. The focus here is paid to the integration of the drag
shear stresses between the layers, responsible for the oil spreading over a moving water surface.
This drag term is solved using a non-iterative implicit method that allows for robust and efficient
solutions even with high coupling between both layers. Two synthetic test cases are simulated to
demonstrate the accuracy and robustness of the proposed model, obtaining results that validate the
model’s behaviour in high-coupling cases. Finally, the spreading hazard for a realistic oil production
project is assessed. The results obtained verify the capability of the model to become a useful tool for
oil spill forecasting over hybrid terrain–water surfaces.

Keywords: oil spill; surface shallow flows; drag shear stress; hybrid land–water surfaces; Eulerian
approach

1. Introduction

Oil spills over land and water bodies are some of the most harmful hazards that should
be considered when implementing development and industrial projects concerning oil
transport. Although the number of oil spills has decreased globally decade after decade [1],
these kinds of accidents continue to occur, and the transport of oil by oceans, rivers, and
other water currents has increased in recent years, making the danger of a potential oil spill
a real one [2]. In this sense, the necessity of robust, accurate, and efficient computational
tools able to simulate potential hazards in multiple plausible scenarios is justified.

The vast majority of the simulation models for oil spills over water are based on a
Lagrangian approach, focused on using particle tracking algorithms to represent the oil slick
fate [3]. The MIKE 21/3 Oil Spill model [4] simulates oil spills on water bodies, including
key weathering processes. However, it is not suitable for hybrid land–water spreading
scenarios and lacks GPU acceleration for large-scale simulations. The Automated Cellular
Lagrangian Network (ACLN) model for oil spills [5] allows the tracking of oil spreading
in water environments. Cell Automata models use raster-type data structures and can
be integrated with a GIS easily to provide an environmental database and display the
results, but they use an extremely simplified formulation for the oil dynamics. The SaTCN
model [6] combines a self-attention network with a temporal convolutional network to
obtain a corrected estimation of historical wind fields and perform accurate backtracking
of oil spills in a timely manner. The OILMAP model [7] is an oil spill response model
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which provides algorithms for oil spreading, evaporation, and emulsification in water
and shoreline domains. Although Lagrangian approaches to oil spills provide a high
computational efficiency, they often overlook the interaction between the oil layer and
the underlying layers, such as water bodies or the terrain. This drawback limits their
ability to capture the intricate processes involved in the propagation of oil spills in hybrid
land–aquatic areas [8].

For this reason, several Eulerian models [9] and Eulerian–Lagrangian models [10,11]
have been developed to predict oil spills over water bodies. In this approach, the problem
of an oil spill over water is usually modelled using two-layer mathematical formulations,
which require complex numerical schemes and high computational effort [12,13]. A fully
Eulerian numerical model for the simulation of such environmentally significant disasters
was implemented by means of a two-dimensional (2D), two-layer shallow flow model
in [14]. The authors considered a very thin oil layer over a thicker water layer in order to
neglect the pressure term that the oil layer exerts on the water. Despite all of these advances,
addressing robust and efficient high-resolution models that are able to deal with oil spills
over hybrid land–water surfaces is still a challenge.

The present work is devoted to an even simpler Eulerian approach where the oil
layer runs over land but can also be dragged by a underlying water flow if it exists (the
bottom shear layer, referred to as BSL). The focus here is paid to the relative drag shear
stresses between layers, responsible for the features of the oil over a moving volume of
water. The numerical solution adopted is based on a finite volume (FV) upwind scheme
with a Roe solver for the oil layer, solving its thickness, density, and horizontal velocity.
Special care is taken to numerically integrate the drag terms at the oil–water interface,
and a novel implicit procedure is proposed. The objective of the model is to be efficient,
accurate, and robust in all situations, made possible by the previously calculated water flow
movement, including the presence of wet–dry fronts in the oil layer moving over hybrid
terrain–water surfaces.

The rest of this paper is structured as follows: the governing equations used for the
description of the oil layer’s movement are first presented in Section 2. Special emphasis is
devoted to the formulation of the shear stress in the lower part of the oil column, including
the friction force with the terrain if necessary and the drag shear stress induced by the water
below. Then, in Section 3, the finite volume (FV) method deployed to solve the partial dif-
ferential equations is outlined, with mention of the technique used to properly incorporate
the drag shear stresses. Section 4 is devoted to the numerical results. The proposed method
is first applied to two synthetic tests specifically designed to demonstrate the capabilities of
the proposed approach. Then, the model is tested for the assessment of spreading hazards
for a realistic case of an oil spill over land–water. Finally, the main conclusions are drawn
in Section 5.

The model proposed here has been included as a new development within the Hy-
dronia LLC software OilFlow2D (https://www.hydronia.com/oilflow2d, accessed on 1
September 2024), and some of the capabilities of the parent software were used in the
testing cases. It is worth mentioning that oil processes, such as evaporation, dispersion,
or emulsification, are not included in this work. This work is focused on the particular
problem of the numerical discretisation of the drag friction forces, ensuring the stability
and performance of the numerical model.

2. System of Equations

In the depth-averaged equations for shallow flows on environmental surfaces, the pres-
sure is assumed to be hydrostatic, and the contributions of lateral stresses Tij and dispersive
terms Dij are considered negligible. The resulting system of 2D depth-averaged equations,
focusing on the governing equations of the motion of a thin oil layer on water or land, can
be expressed using the following notation [15]:

∂(ρ̄h)
∂t

+
∂(ρ̄hū)

∂x
+

∂(ρhv̄)
∂y

= 0 (1)

https://www.hydronia.com/oilflow2d
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∂(ρ̄hū)
∂t

+
∂

∂x

(
ρ̄hū2 +

1
2

gρ̄h2
)
+

∂(ρ̄hūv̄)
∂y

= −ρ̄gh
∂zb
∂x

− τx + τslx (2)

∂(ρ̄hv̄)
∂t

+
∂(ρ̄hūv̄)

∂x
+

∂

∂y

(
ρ̄hv̄2 +

1
2

gρ̄h2
)
= −ρ̄gh

∂zb
∂y

− τy + τsly (3)

where ρ̄ is the depth-averaged oil density; h denotes the oil depth; ρ̄hū and ρ̄hv̄ are the
unit mass flow rates along the x- and y-coordinates, respectively, where ū = (ū, v̄) is the
depth-averaged oil flow velocity; zb is the lower interface elevation, i.e., the terrain or the
free surface of the bottom water layer; and g is the gravitational acceleration.

The terms τx and τy are the horizontal components of the friction stress between the
oil flow and the terrain surface if the oil spill is over land. This frictional stress can be
expressed as τ = (τx, τy) = τ nu, where τ is the frictional loss and nu = (nux, nuy) = ū/|ū|
is the unit relative velocity direction vector of the oil layer, where |ū| =

√
ū2 + v̄2 is the oil

velocity modulus. The basal frictional loss in oil-over-land depth-averaged models applied
to Earth surface processes is assumed mainly viscous and governed by the simplified
Bingham formula [16] as

τ =
3
2

τy + 3µ
|ū|
h

(4)

where τy is the yield strength and µ is the oil viscosity.
The terms τslx, τsly are the components of the drag shear stress at the lower surface

due to the presence of an underlying water layer with a 2D velocity field, i.e., rivers, lakes,
oceans, and other water bodies. This drag shear stress can be expressed as
τsl = (τslx, τsly) = τsl nr, where τsl is the drag stress modulus and nr = (nrx, nry) = ur/|ur|
is the direction of the relative velocity between the oil layer and the bottom shear layer
ur = usl − ū. Depending on the assumptions, the drag stress modulus must be expressed
using different formulations. In this work, a turbulent formulation is used to define the
drag stress modulus τsl as

τsl = ρsl Csl |ur|2 (5)

where ρsl is the density of the drag layer and Csl is the friction coefficient between the oil
layer and the drag layer.

Equations (1)–(3) can be expressed in vector form as

∂U
∂t

+∇ · E(U) = Sb(U) + Ssl(U) (6)

where U is the vector of conservative variables:

U = (ρ̄h, ρ̄hū, ρ̄hv̄)T (7)

and E(U) = (F(U), G(U)) are the convective fluxes in the x- and y-directions, respectively:

F(U) =

 ρ̄hū
ρ̄hū2 + 1

2 gρ̄h2

ρ̄hūv̄

 G(U) =

 ρ̄hv̄
ρ̄hūv̄

ρ̄hv̄2 + 1
2 gρ̄h2

 (8)

The vector Sb(U) is defined by the momentum source terms associated with the lower
surface slope and to the terrain friction loss, if it exists, whereas Ssl(U) is defined by the
momentum source terms associated with the drag shear stress:

Sb(U) =

 0
−ρ̄gh ∂zb

∂x − τ nux

−ρ̄gh ∂zb
∂y − τ nuy

 Ssl(U) =

 0
τsl nrx
τsl nry

 (9)
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3. Numerical Methods

To solve the system of Equation (6), a numerical method is necessary because it is
a system without an analytical solution. In this work, an explicit upwind finite volume
numerical scheme based on Roe’s solver is used to solve it [17,18]. The spatial domain is
divided into triangular computational cells using a fixed mesh in time and the system (6) is
integrated in each mesh cell Ωi. It is important to remark that, from this section onwards,
averaging of the conservative variables ρ̄, ū, and v̄ is assumed and, therefore, overbar
notation is no longer used for these variables. For more details on the numerical scheme,
some references are included [15,17,19].

The expression to update the conservative variables from the current time level tn to
the next time level tn+1 is given by

Un+1
i = Un

i −
∆t
Ai

NE

∑
k=1

R−1
k F↓

k lk +
∆t
Ai

∫
Ωi

Ssl(U)dΩ (10)

where ∆t = tn+1 − tn is the time step, Ai is the discrete cell area, NE is the number of edges
for the i cell, Rk is the rotation matrix, lk is the length of the kth edge, and F↓−

k is the explicit
intercell flux vector at the kth cell edge, including the conservative fluxes, the bed-pressure,
and the terrain friction momentum contributions [17].

The intercell flux vector F↓
k = (F1, F2, F3)

↓−
k at the kth cell edge, separating the left i

cell and the right j cell, is computed here as

F↓−
k = F(RkUn

i ) + ∑
m−

[
(λ̃mα̃m − β̃m) ẽm

]n
k (11)

where λ̃m,k and (ẽm)k are the eigenvalues and eigenvectors of the flux Jacobian matrix,
respectively; α̃m,k denotes the wave strengths; and β̃m,k are the source strengths which
include the integrated bed-pressure and terrain friction contributions through the cell
edge [17]. The subscript m− under the sums indicate that only the waves travelling inward
of the i cell are considered, leading to the upwind computation of the flux at the edge.

It is important to note that the time integration is explicit, so the allowed value of the
time step size ∆t must be limited to ensure stability. Here, the time step is dynamically
controlled using the characteristic eigenvalues of the convective flux matrix and imposing
the CFL ≤ 1 condition for triangular meshes, as described in [17]. This is an important
drawback of explicit schemes. The present work is concerned with the proper discretisa-
tion of the drag shear stress term that enables stable computation, avoiding further time
step reduction.

As can be seen in expression (10), all terms are discrete and can be obtained from
the numerical scheme except the term accounting for the drag shear stress, which must
be solved independently from the rest of the source terms. In this work, an implicit
centred method for the numerical resolution of the cell-centred integral

∫
Ωi

Ssl(U)dΩ in
(10) is presented.

Implicit Centred Method

Using an implicit centred method, the drag layer term in (10) can be expressed at time
t = tn+1 for each i cell as∫

Ωi

Ssl
(
U(x, y, tn+1)

)
dΩ = Ai Ssl(Un+1

i ) (12)

and the updated expression (10) can be written as

Un+1
i = Un

i −
∆t
Ai

NE

∑
k=1

R−1
k F↓−

k lk + ∆t Ssl(Un+1
i ) (13)
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and in the flux term, the bed slope and terrain friction source terms, as well as the drag
shear stress term Ssl(Un+1

i ), are computed separately as

Ssl(Un+1
i ) =

 0
τsl nrx
τsl nry

n+1

i

(14)

From (13), the expressions for the provisional updating of the conservative mass rates
(ρhu)∗i and (ρhv)∗i along the x− and y−coordinates, respectively, can be obtained as

(ρhu)∗i = (ρhu)n
i −

∆t
Ai

NE

∑
k=1

(F2nx − F3ny)
↓−
k lk

(ρhv)∗i = (ρhv)n
i −

∆t
Ai

NE

∑
k=1

(F2ny + F3nx)
↓−
k lk

(15)

Using these terms of provisional mass rates (15) and operating the momentum equa-
tions in (13), it is possible to obtain a final updating expression of all the conservative
variables, which can be written as

(ρh)n+1
i = (ρh)n

i −
∆t
Ai

NE

∑
k=1

(F1)
↓−
k lk (16a)

(ρhu)n+1
i =

(ρhu)∗i + B∗
i (ρh)n+1

i (usl)
n+1
i

1 + B∗
i

(16b)

(ρhv)n+1
i =

(ρhv)∗i + B∗
i (ρh)n+1

i (vsl)
n+1
i

1 + B∗
i

(16c)

where the factor Bn+1
i is obtained using (5):

B∗
i =

ρsl Csl |ur|ni ∆t

(ρh)n+1
i

> 0 (17)

where |ur|ni is the relative velocity modulus obtained using the value of the local variables
at time tn and (ρh)n+1

i is the oil mass in the cell at time tn+1. It is worth mentioning that
this proposed non-iterative implicit integration avoids the necessity of imposing additional
time step restrictions to ensure the stability of the numerical solution, even for large drag
shear stresses. Therefore, the condition CFL ≈ 1 can be imposed by default.

4. Results

This section presents the numerical results obtained for two synthetic tests specifically
designed for the work, as well as for a realistic oil spill case, their interpretation, and the
main conclusions that can be drawn.

4.1. Synthetic Oil Spill in a Straight Channel with Parabolic Velocity

This is a synthetic test for checking the behaviour of the proposed model in controlled
conditions. A wide, flat, and straight rectangular channel of length L = 1000 m and width
W = 100 m is considered. A steady velocity field usl = (usl(y), 0) following a parabolic
function usl(y) = umax

sl − (2y/W)2 along the channel cross-section is assumed to act as
a bottom shear layer (BSL) for the oil spill. Therefore, the BSL velocity is null at the
channel sides usl(y = −50 m) = usl(y = 50 m) = 0 and maximum at the channel centre
usl(y = 0 m) = umax

sl = 1 m/s. The BSL velocity field is shown in Figure 1.
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Figure 1. Bottom shear layer velocity field usl = (usl(y), 0).

At the inlet section x = 0 m, a constant depth hin = 0.5 m is imposed for the oil inflow
with density ρ = 860 kg/m3, viscosity µ = 0.001 Pa · s, and yield strength τy = 10 Pa.
The proposed BSL model is tested for a bottom shear layer density ρsl = 1000 kg/m3 and
for drag coefficients varying from Csl = 10−4 to Csl = 102. The computational domain is
discretised by almost 2 · 104 triangular cells with a 10 m2 average area. The time step is
limited using CFL = 0.95 and the simulation evolves until a steady solution for the oil flow
is reached.

Figure 2 shows the oil depth along the longitudinal axis at the centre of the channel
for all the drag coefficients Csl tested. The dashed black line shows the solution for the case
with the BSL drag disabled. It is worth noting that, for this case, the frictional resistance τb
is lower than the pressure force at the inlet section and does not allow the flow to develop.
Hence, the oil layer stops at x ≈ 110 m if the BSL is removed. When the bottom shear drag
is enabled, the model is able to compute stable steady solutions with almost uniform oil
depths along the channels, regardless of the order of the drag coefficient Csl considered.
The uniform oil layer decreases as the drag coefficient increases, ranging from h ≈ 0.48 m
for Csl = 10−4 to h ≈ 0.46 m for Csl = 102.

Figure 2. Depth of the steady flow at the longitudinal profile y = 0 m with different values of the
drag coefficient Csl .

Moreover, Figure 3 depicts the temporal evolution of the channel outflow for all the
drag coefficients Csl tested. Note that the model is always able to compute a steady solution
for the outlet discharge, regardless of the order of the drag coefficient Csl considered. All the
simulations converge to approximately the same final discharge Qout ≈ 31 m3/s without
numerical oscillations. This fact shows the robustness of the proposed model, allowing
highly coupled relative displacements to be computed between adjacent layers, maintaining
the numerical stability. However, the convergence is slower as the drag coefficient is Csl
decreases.
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between
Figure 3. Outlet discharge evolution with different values of the drag coefficient Csl .

Contrarily, the coupling between the BSL velocity field and the oil layer velocity
becomes stronger as the drag coefficient Csl is increased. Figure 4 shows the velocity
modulus |u| of the oil layer once the steady state is reached for three of the drag coefficients
Csl tested. It is worth noting that the higher the drag coefficient, the faster the adaptation of
the oil velocity field |u| to the drag shear layer velocity |usl|. For Csl ≥ 1, the coupling of
the oil layer and the BSL is almost immediate.

Figure 4. Velocity modulus field of the steady flow with different values of the drag coefficient Csl .

The enhanced layer coupling with the higher drag coefficients Csl is clearly shown
by the cross-sectional velocity profile at the end of the channel. Figure 5 shows the depth-
averaged longitudinal velocity u of the oil layer along the y−coordinate at x = 900 m for
all the drag coefficients Csl tested. Also, the BSL longitudinal velocity usl profile is plotted
with a dashed black line for comparison. For the lower drag coefficients Csl , a marked slip
appears between the BSL and the oil layer, leading to an almost uniform velocity profile
in the oil layer at the end of the channel. Nevertheless, the higher the drag coefficient Csl ,
the stronger the coupling between the BSL and the oil layer. For drag coefficients larger
than Csl = 1, the velocity profile of the oil layer at the end of the channel shows almost full
agreement with the BSL velocity.
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Figure 5. Velocity modulus of the steady flow at the cross-section x = 900 m with different values of
the drag coefficient Csl .

4.2. Synthetic Oil Spill on a Rotating Bay

This synthetic test is designed to demonstrate the capability of the proposed model to
address an oil spill that transits from land to water. The test geometry is a two-dimensional
bay 1000 m long along the x− and y− coordinates, and a concentric terrain slope with
elevations ranging from zb ∈ [0, 10]m as in Figure 6a. We consider a water bottom shear
layer (BSL) with a constant and uniform free surface elevation at level 7.5 m. The BSL has a
uniform velocity modulus |usl| = 0.1 m/s and the velocity direction rotates during 24 h,
varying from the west to west directions progressively (Figure 6b). The oil inflow occurs at
the left side of the domain, with a constant inlet discharge Qin = 0.2 m3/s.

The domain is discretised using an unstructured triangular mesh with 29, 614 cells of a
50 m2 median area. The simulated temporal window is 24 h and the condition CFL = 0.95 is
set for the dynamical time step limitation. The west side of the domain is an inlet boundary
for the oil layer inflow, whereas the north, east, and south sides are left as open outlet
boundaries. The oil inflow at the west boundary is considered with density ρ = 860 kg/m3

and viscosity µ = 0.1 Pa · s. The water BSL is ρsl = 1000 kg/m3 and characterised by two
different drag coefficients Csl = 10−4 and Csl = 10−2 that have been tested for analysing
the coupling of the rotating BSL and the oil layer.

(a) Terrain elevation and BSL surface level.

Figure 6. Cont.
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(b) Evolution of the BSL velocity direction during the simulated period.
Figure 6. Terrain and bottom shear layer setup.

Figure 7 shows the oil layer depth (colour map) and velocity (vectors) at different
times for a drag coefficient (left column) Csl = 10−4 and (right column) Csl = 10−2. For
x ∈ [0, 200] , the oil moves over the original terrain following the higher bed slope direction
and both simulations show a similar solution for all times. However, for x ≥ 200 m, the oil
layer reaches the rotating BSL and the oil velocity is influenced by the direction of the BSL
velocity. The model allows the oil layer velocity direction to change following the rotating
BSL, regardless of the drag coefficient Csl set.

Figure 7. Cont.
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Figure 7. Oil layer depth and velocity evolution for (left column) Csl = 10−4 and (right column)
Csl = 10−2. From top to bottom: t = 3 h, t = 9 h, and t = 15 h.

Furthermore, as the drag coefficient increases from Csl = 10−4 to Csl = 10−2, the cou-
pling between the BSL and the oil layer is enhanced and the spreading of the oil within
the bay is limited. Note that the oil layer is fully enclosed within the bay for the last
times due to the BSL velocity direction for both drag coefficients Csl tested. This result
demonstrates the capability of the model to include external boundary shear stresses into
the 2D conservative oil flow system by means of a robust and accurate procedure.

The proposed implicit algorithm is also able to deal with wet–dry fronts for the oil
layer without requiring additional time step limitations over those imposed by the CFL con-
dition on the oil layer flow. Figure 8 shows the time step evolution during both simulations.
The case with BSL disabled is also plotted for comparison. Note that the proposed proce-
dure to include boundary shear stresses allows a similar time step limitation to be main-
tained without affecting the model stability, regardless of the drag coefficient Csl selected.
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Figure 8. Time step during the simulation.

4.3. Spill Hazard Assessment in Albert Lake (Uganda)

This test aims to illustrate the capability of the proposed model to become a useful
tool for the assessment of oil spill hazards, environmental impacts, and contingency plans,
associated with realistic projects in hybrid land–water environments. In this sense, this
section does not pretend to predict actual affected areas. As it is demonstrated below,
the model provides a methodology that simplifies the performance of complex oil spills that
start in land and eventually reach a water body. For the test, we consider the Tilenga Project,
which is a component of a wider oil and gas infrastructure currently under development
in the Albert Lake region (Uganda). All the data used in the following analysis result
from reasonable estimations or have been obtained from web-information-based IA tools,
and have not used proprietary information.

The Tilenga Project consists of 34 well pads, each containing up to 22 wells, connected
by a network of buried pipelines that will transport the produced oil to a central process-
ing facility. The expected oil production is estimated around 190 Mstb (3 × 104 m3/day
approximately) during the first six operation years [20]. The Tilenga Project area is situated
close to the Victoria Nile estuary, one of Africa’s most important regions for biodiversity
and classified as a Critical Habitat by the International Finance Corporation (IFC). Figure 9
shows the Tilenga Project location, the well pad location (from Google satellite images),
and the Victoria Nile–Albert Lake–White Nile hydrodynamic velocity with a steady inflow
QVictoria−Nile = 1700 m3/s at the upstream section of the Victoria Nile. The velocity modu-
lus is lower than 1 m/s in most of the zones of the Victoria Nile and decreases considerably
in the Albert lake and White Nile. This hydrodynamic steady state is considered the bottom
shear layer 2D velocity field for the oil spill hazard assessment.

In this area, the project will implement three well fields located at the north (NF), at the
southwest (SWF), and at the southeast (SEF) of the Victoria Nile estuary (see Figure 9).
The characteristics of the oil in each well field are summarised in Table 1, including estima-
tions of the oil type, the in situ viscosity, and the wax appearance temperature. The expected
daily oil production for each well pad has been estimated by averaging the expected pro-
duction of the whole Tilenga Project between the number of active well pads.

Table 1. Main characteristics of the oil and well pads for each field.

North Field Southwest Field Southeast
NF SWF SEF

Oil type Heavy Waxy Waxy
Well pad production (m3/day) ∼900 ∼900 ∼900
In situ viscosity (Pa · s) ∼0.150 ∼ 0.005 ∼0.025
Wax appearance temperature (◦C) ∼30 ∼60 ∼45
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Figure 9. Tilenga Project location and well pads, together with the hydrodynamic steady velocity
field of the Victoria–White Nile rivers.

For the spill hazard assessment, we select from each field the well pads closer to the
Victoria Nile estuary: NF-01, NF-02, and NF-03 from the north field; SWF-01 and SWF-02
from the southwest field; and SEF-01 from the southeast field. Figure 10 depicts a zoom
from the location of the selected well pads. Usually, the blowout hazard is assessed by
considering spill scenarios with constant blowout rates over a 30-day duration. We use the
generic spill scenarios and oil properties for estimating the spreading of the oil without
considering mitigation measures. The BSL accounts for the hydrodynamic steady velocity
computed previously for the Victoria Nile–Albert Lake–White Nile system and is modelled
with water density ρsl = 1000 kg/m3 and a low drag coefficient Csl = 10−4. The spatial
domain is discretised using an unstructured mesh with almost 1.5 × 105 triangular cells,
with a 160 m maximum cell side and refined to a 50 m cell size in high-velocity zones.
The time step is limited using CFL = 0.95 and the simulated temporal window is 30 days.

Figure 10. Selected well pads for the spill hazard assessment.

Figure 11 depicts the oil spreading over a 30-day spill duration for the six well pads
considered. Except for well pad NF-02, which is contained overland, the rest of the well
pads show spills that reach the Victoria Nile. Once the oil layer makes contact with the
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water current, the BSL model activates and the oil spreads downstream along the Albert
Lake and the White Nile. In real applications, the results of the model similar to the ones
presented herein could be used to support mitigation plans to contain the oil spreading
and minimise environmental impacts.

Figure 11. Oil layer depth over a 30-day spill duration for blowout events in well pad (top-left)
NF-01, (top-right) NF-02, (centre-left) NF-03, (centre-right) SWF-01, (bottom-left) SWF-02, and
(bottom-right) SEF-01.

The travelled distances along the Victoria Nile–Albert Lake–White Nile and the com-
putational time required by the simulations are summarised in Table 2. Simulations
were performed with OilFlow2D-GPU on a device with an NVIDIA GeForce GTX 1080-Ti
(NVIDIA Corporation, Santa Clara, CA, USA, 2017). The maximum spill over a 30-day
duration is obtained for the SWF-01 well pad, with a spreading distance about 32 km.
The computational times are almost similar for all the spill scenarios and always lower
than 20 min, even with this medium-grade GPU device, demonstrating the high efficiency
of the proposed model. Finally, it is worth noting that the present application simplifies
extremely complex physical–chemical processes and does not consider surface features
such as vegetation and soil properties. Therefore, these results could overestimate the real
impact of blowout events.
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Table 2. Spreading distances and computational times for the blowout spills over a 30-day duration.

Well Spreading Distances Comput. Time
Pads (km) (min′ s′′)

NF-01 26.7 16′ 00′′

NF-02 2.2 17′ 18′′

NF-03 14.2 15′ 09′′

SWF-01 31.8 15′ 25′′

SWF-02 26.9 14′ 00′′

SEF-01 30.7 19′ 12′′

5. Conclusions

An Eulerian model has been used to model oil spills on land and water, forming a
very thin layer and focusing on the drag forces exerted by the solid or liquid surfaces.
A depth-averaged formulation of the shallow water type has been followed. The resulting
hyperbolic system facilitates the development of robust numerical models capable of
handling large-scale geophysical events where the water flow below the oil layer is known.

A series of cases have been performed to demonstrate the ability of the model to
reproduce the correct oil transport. A first test case is simulated to verify the accuracy
of the model under controlled conditions, computing highly coupled relative displace-
ments between adjacent layers while maintaining numerical stability. The second test
case is simulated to obtain a demonstration of the model’s ability to simulate an oil spill
transiting from land to water. The proposed model can deal with wet–dry fronts for the
hydrocarbon layer without requiring additional time step constraints to those imposed
by the CFL condition on the hydrocarbon layer flow as can be observed in the results.
Finally, the spreading hazard for a realistic oil production project is assessed. The obtained
results verify the capability of the model to become a useful tool for oil spill forecasting
over hybrid terrain–water surfaces.

In summary, the proposed model provides promising results in the field of oil spill
modelling, and could be an effective tool to prevent major damage in the event of a
spill. In this sense, the model has been implemented as a new development for the
Hydronia LLC software OilFlow2D (https://www.hydronia.com/oilflow2d, accessed
on 1 September 2024). The high computational efficiency achieved thanks to the GPU
acceleration and the lack of additional time step limitations due to the implicit integration
of the drag shear stresses allows an affordable computational effort even in large-scale
long-term scenarios. However, the possibility of developing a numerical resolution for
the drag layer terms by other numerical integration methods remains as future work,
to improve accuracy, robustness, and efficiency of the computational tools available for
these geophysical processes.
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