Numerical simulations of an oil spill accident in
Guanabara Bay Rio de Janeiro, Brazil

R. F. Cantfio’, R. F. De Oliveira® & J. F. C. A. Meyer'

! Department of Applied Mathematics, State University at
Campinas, Brazil

Department of Mathematics, Federal Rural University at Rio de
Janeiro, Brazil



Numerical simulations of an oil spill accident in
Guanabara Bay Rio de Janeiro, Brazil

R F. Cantdo', R. F. De Oliveira® & J. F. C. A. Meyer'
'Department of Applied Mathematics, State University at
Campinas, Brazil

’Department of Mathematics, Federal Rural University at Rio de
Janeiro, Brazil

Abstract

In this work we present a classical evolution equation for the movement of oil
slicks in marine water in its second phase (Fay, 1969), and, setting it in its
variational formulation, discretize it with a view towards the use of the Finite
Element Method (using first degree approximations for oil concentration). For
simulating marine currents special upwinding techniques are adopted so as to
eliminate main oscillations caused by numerical options. These currents are
given by the solution of Stokes’ equation using second order finite elements, and
boundary conditions are obtained from data furnished by the Brazilian National
Hydrographic Directory. Resulting currents were then used for a qualitative
simulation so as to verify the model comparing it to information obtained after
the accident and during clean-up operations. The model is also used to show the
presence of oil in an environmentally protected area (called Guapimirim), an area
of mangroves, essential for marine life in the bay. Program results are compared
to circulated news on the oil spill movements and effects.

1 Introduction

In the early hours of January the 18", 2000, something like 1292 tons of
oil leaked for four hours from the Brazilian national Petroleum Company
(Petrobras) facilities inside Guanabara Bay. This accident was due to a
leak in a broken underwater pipeline, located quite far from the marine
entrance to the Bay, where circulation caused by currents is very much
smaller than wind-dominated movements. The oil slick initially moved
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because of currents induced by a wind from southwest, touching the
shoreline along the northern tip of the bay, and subsequently moved
down driven by a current induced by wind from the northwest, reaching
the isle of Paqueta, as well as some beaches on the western shore of the
Governador Island. This oil slick has severely affected the fishing
communities in this region (mainly from the town of Magé) as well as the
preservation area of wetlands inside Guanabara Bay. Media coverage of
clean-up activitiecs brought the oil spill into main news, and drew the
attention of many sectors in society to the need of severe law-
enforcement in this area. Press releases did not coincide completely with
scientific fact.

In order to test both mathematical modelling techniques as well as
numerical schemes for the simulation of oil spill movements, the
approximate data relative to this accident were used in order to be able to
compare simulation results with those obtained by media information,
satellite images and local photographs.

2 Mathematical Model

Several authors have worked with oil spill movements using mathema-
tical models based upon the classical Partial Differential Equation of the
Conservation of Mass ([1]. [3], [4]. [7] and [8]). These models take into
account the second phase of an oil spill, as defined by Fay [5] the so-
called diffusive-advective phase, which describes the behaviour of an oil
spill a few hours (4-6) after it occurs until some days (something between
10 and 15 days). DifTusion was considered as being constant, and a single
term was used as a linear approximation to several processes of
degradation. Coherent boundary conditions, for this level of
approximation, were chosen, much in the line of Meyer, Cantdo and
Poffo (1998). The studied domain, identified as €, is Guanabara Bay,
discretized with the use of convenient software. Its boundary is given by
6€), the outer normal unit vector of which is given by m. The chosen
model is therefore given in its classical formulation by:

Obtain u = u(x.y:t) for (x,y)eQcR’, te(0.T] c R, such that

% + div(-aVu) + div(Vu) +ou =1, for

u(x,y:0)=u_(x,y). (x.y)eQcR?. with (M
uf:QxI0TI>R V:Q->R? and {0, T] > R,

Boundary conditions used for this case study use the fact that very
little oil that washed up on beach shores was retained upon those shores
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(this part of the boundary will be identified as I';), and that no oil reached
the southern part of the bay (this part will be named I'), so that the
adopted boundary conditions will be, for 8Q = 'y » I'; of mixed type,
Dirichlet and von Neumann homogeneous:

Von

For constant diffusivity, an approach which is both practical and
coherent for Fay’s second phase of an oil spill, this classical formulation
becomes:

=0 and u|. =0. )
I 9

%—aAu+div(Vu)+0u:f, )

and we can now make the option for a variational formulation, seeking to
usc whatever benefits we may from weaker conditions imposed upon
parameters, solutions and information along the boundaries. We will now
consider the space for test functions as

Hz{veH'(Q):v|r°=0}cH1(Q), 3

as well as the space in which we, theoretically at least, seck to obtain the
solution u(x,y;t) as:

W={veL*(0,T],H (Q)) :Vle(O,T],%eLz(Q)andvh_o =0}. @

Formulation (1) becomes the following equation (in which we have
used Green’s Theorem);

(%?lv)+a(Vu|| VW) +(VeVu|v)+o|v)=(f|v),VveH. )

The boundary conditions have been made part of this formulation, and
the only condition that was not previously mentioned was that the
velocity field is conservative, that is, div(V) = 0. This expression permits
the choice of an approximation via Galerkin’s Mecthod by choosing a
subspace Vi of H, which is finite-dimensional and generated by chosen
finite elements ;. This choice separates space and time variables, by the
use of

uy =ch(t)(pj(x,y), V(pj from the basis f} of V), (6)
j=1
This will transform equation (5) into a system of Ordinary Differential
Equations.

The initial condition, for this kind of second-phase model is given by
the satellite image presented in daily papers (Jornal o Globo, January
23", 2000) 12 hours after the period in which the leak occurred. The
resulting oil slick reached from well beyond western boundaries of the
refinery region, touched the Maud and Anil beaches of Magé county and
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was (at that time) limited on the eastern side by the point on the continent
immediately north of Paqueta Island.

3 Approximate Solutions
Besides the choice for (6), we will also make an option for a second-order

approximation method in time: Crank-Nicolson, and we will, therefore,
define
n
u, (xj,yj;l")zch(tn)(pj(x.y)chj(").(pj(x,y), Q; efcV,. (O
j=1
The use of this expression in the weak formulation given by (4) besides
the choice for ¢ = u(x;, y;), leads us to a linear system of equations in
the unknowns cl("d) i " D,

R CZ(HH s seves CN
Y otee (1+0Q ((le(Pi)n +o¢ﬁ(V(pj Ve )a +
= 2 ?

Atfy 99 Aty 09 _
B [Vx o l@i]ﬂ*' 5 [Vy P |(P,-]Q]—

= zc§1ll[(1 "G%)((Pj|(pi){l _(1%(V(pj 1Ve:)o -
j=

P, O,
) 430

0
O = (O

®

("+,1/2)

]*‘Ai(f Pi)a
Q

(0) ©
¢ 2..,C }N)-

withi=1, .., Nand for givenc

In order to obtain values for V, and of V, on each element, the
numerical solution of Stoke’s equation using second-order finite elements
is used on the Guanabara Bay discretized domain, and the obtained
results are added to wind-induced currents.

~div(VV)+Vp=f, em Qc R?
div(V)=0, em Q ©)
V=V, em&X)

The boundary conditions for Stoke's equation were determined using
data provided by the National Hydrographic Directory (DHN), a service
provided by the Brazilian Navy. The time series of measures for surface
currents were treated with the Matlab “Rose” function to obtain set
patterns of behaviours. These were tested against historical data before
adding wind terms. The obtained velocity fields are given in figures 1
(without wind) and 2 (velocity field).
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Figure 1 — Calculated velocity field (no wind influence).
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Figure 2 — Calculated velocity field (with wind influence)

With the output of this numerical approximation as input for the main
program, and making use of upwinding techniques in order to eliminate
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numerical oscillations which plague the numerical solution of this kind of
system, we obtained the following results for the oil spill movements
during the first period, in which wind came in from the Southwest,
causing the oil slick to spread along the northern shores of the bay
touching on lands of the Refinery (REDUC), reaching beaches of the
Magé rcgion, as well as beginning to enter the Guapimirim mangroves, as
indicated in figure 3. The used upwinding, at this point consisted in
adding a fixed term in the dircction from which wind blew, and
subtracting this same term from the finite element when it is placed
downwind, introducing discontinuity in the finite elements along
boundaries scparating the triangle which make up the grid mesh which is
used to discretize the domain.

Initial oondilion

After 60 time steps

After 120 time steps 240 time steps
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Using another common weather condition, the northwest wind, and
adapting the velocities field, we obtained the following scenario, also
.considering the same initial condition:

After 300 time steps . Aﬁ 400 time steps

Conclusions
The main improvement upon our previous work is the inclusion of the
Stokes equations to model water circulation. Before that, the velocity
fields were created in a hand-made manner, using only qualitative
information (as in [7]).

Simulations show a good degree of agreement with satellite
photographs and descriptions of the spill, showing that those models
represent a valuable tool for decision-makers and emergency planners.
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