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Abstract. The process of drilling oil wells generates waste that needs to be monitored and measured. In this sense, the
present work proposes the modeling that involves the transport, dispersion, and deposition of rock cuttings on the ocean
floor with an emphasis on coarse solids. It is intended to determine the thickness of the deposited cuttings layer as well
as the spatial distribution area of the discards. For this will be used a Computational Fluid Dynamics model coupled
in 2 ways of a discrete parcel model. Good results were obtained, which showed that the presented model was able to
qualitatively exemplify the occurrence of the spatial distribution of the rubble.
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1. INTRODUCTION

Due to the environmental impact caused by the increasing exploration and production of oil and gas, it is necessary to
monitor the dispersion of residues resulting from such activity. In this context, drilling of oil wells has become the target
of environmental licensing processes by the responsible for control the use of natural resources - IBAMA.

According to the data ELPN / IBAMA N° 039/05, some models are required to the trajectory and dispersion studies
of each type of effluent that intend to throw to the sea (drilling fluid, rubble, water from production, effluents from sealing
test, etc.). For this purpose, computerized tools, operational data, oceanographic, and others may be used.

In this sense, the present work proposes a transport, dispersion, and deposition modeling of rock cuttings on the ocean
floor with an emphasis on coarse solids. It is intended to determine the thickness of the deposited rubble layer as well
as the spatial distribution area of the discards. A computational model will be created for the transport of particles,
considered as Lagrangian, in a continuous medium, numerically treated eulerian.

The numerical-computational simulation problem was performed in MFSim, that is a computational platform in de-
velopment by the Fluid Mechanics Laboratory (MFlab) at the Federal University of Uberlandia. Nowadays, to obtain
better results, the MFSim can insert adaptive dynamical meshes for complex problems, since the resolution mesh is by
the scale of the phenomena.

The dynamic behavior of the continuous phase (seawater and drilling mud), will be approximated using the Eulerian
framework, where the flow is described by the Navier-Stokes equations. The behavior of the particles is described by a
Lagrangian approach through the Discrete Particle Method (DPM). In this methodology, the movement of each particle
follows Newton’s second law.

According to Norouzi et al. (2016) the coupling between the phases may occur in terms of the momentum, energy, and
mass. The modeling of the coupling is based on the contribution of each phase in the preponderant phenomena of the flow.
The computational cost increases according to the effects associated with time and length scales. The interaction between
phases can be characterized in three different ways: 1-way coupling where the continuous phase affects the transport of
particles due to drag, but the particles do not influence the fluid flow; 2-way coupling where both phases are influenced
by each other, but the dispersed phase does not interact with your self; and 4-way coupling where the continuous phase
affects the transport of particles, the particles also influence the flow of the fluid, and collisions between particles must be
considered.

In this work, a 2-way model will be evaluated, the results obtained with this formulation will be essential for a more
realistic approach to be presented later.

2. MATHEMATICAL MODELING

For the considered flow (seawater and drilling mud), the dynamics of the continuous phase was modeled in the Eulerian
referential, where the fluid dynamics is modeled through the Navier-Stokes equations. For the formulation of the behavior
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of the particles present in the flow, a Lagrangian approach was used through the Discrete Particle Method (DPM). In this
methodology, the movement of each particle obeys Newton’s second law.

A two-way strategy is retained for the present work. In this case, both phases are influenced by each other, but the
dispersed phase does not interact with yourself (e.g. tailings collision and particle-particle interaction). The dynamics of
the continuous phase is expressed by the Eq. (1) and Eq. (2) Eq. 2. These equations were initially shown by (Anderson
and Jackson, 1967).
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where pr is the specific mass of the fluid, pr is the dynamic viscosity, yu; is the eddy viscosity, p is the pressure field,
ur is the velocity vector of the fluid, g is the gravitational field acceleration, the indexes i, j and k are associated with the
coordinate axes, and fr,, is the vector of external forces.

It is emphasized that the term fr, allows the coupling of the Navier-Stokes equations to the equations of motion of
the particles (rubble). It was described by de Souza et al. (2014) and is given by:
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DPM is capable to solve the fluid-particle interaction and calculates the displacement of particles within the flow. In
this methodology (Schwarzkopf et al., 2011) the motion of each particle obeys Newton’s second law, mathematically
expressed by Eq. (4) and Eq. (5):

dupz‘

mp =, = fp, — fBw, + fs, + fum,, 4
dx,,.
d: = Up,, )

where fp, few, fs e fa are drag force, combination of the forces weight and buoyancy, lift force due to the non-uniform
flow (Saffman) and lift force due to rotation (Magnus), respectively.
The drag force is given as:
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The drag coefficient Cy is showed in de Souza et al. (2014).
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The lift force due to the non-uniform flow (Saffman) can be expressed as:
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An, the lift force due to the rotation (Magnus) can be expressed like:
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were () is the angular velocity of the particle.
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3. Numerical Model

In this work, it was analyzed the emission of particles with 10 mm diameter through a 5 m long nozzle and 0.5 m
radius located at x = 15 m, y = 0 m, and z = 15 m. It was also considered the action of ocean flow in the x-direction,
which acts in a way to influence the dispersion of the particles. For the simulation, a rectangular domain of [40x40x30] m
in the directions X, y, and z respectively was considered (See Fig. 1), The smaller characteristic mesh size was discretized
in volumes whose lateral has a size of 0.21 m, the intermediate mesh has volumes whose side has a size of 0.42 m and the
thicker mesh volumes whose side has a size of 0.84 m. The boundary conditions are shown in Tab. 1.
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Figure 1. Computational domain

Table 1. Boundary conditions used in the numerical model.

Boundary condition location . Velocities (m/s) and gridlents (1/s) y
_ 0.1 m/s for depth of 1000 m
x =0 m (weast) 0.22 m/s for depth of 2000 m 0 0
x =40 m (east) wave equation(?) wave equation’) | wave equation®
y =0 m (south) 0 0 0
y =40 m (north) %:0 %:0 Za%:()
z =0m (top) o = 2 =0 v ri
z =40 m (bottom) %:0 %:0 %711)_0

(1) Orlanski (1976)

Data and properties used for drilling mud and the particles leaving the nozzle are shown in Tab. 2. It should be noted
that in the simulations presented in this report it is considered that the fluid flowing in the domain, and the fluid exiting
the nozzle (drilling mud) have the same properties.

Although this work presents the problem through simplified modeling, the results were able to exemplify the occur-
rence of the spatial distribution of the rock cuttings qualitatively. Three cases were simulated:

The first one considered the emission of particles through a 5 m length nozzle located on the ocean floor at a 2000 m
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of depth, being influenced by the action of an ocean current in the x-direction with a velocity of 0.2 m/s that acts on the
dispersion of the particles. The disposal time was 15 s and the coefficient of restitution (Cr) is iqual to 1;

_ Vs
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(13)
were Vy and V; are the velocity of the particle after the colision to a wall and the velocity before the collision, respectively.
In the second case, the same condition was considered but now the coefficient of restitution (Cr) is iqual to 0;
The third one was simulated by using the same parameters of the previous case, added with the presence of a second
immersed boundary simulating the effects generated by the drilling column with angular velocitie iqual to 100 rpm;

Table 2. Data and properties used for drilling mud and the particles leaving the nozzle.

Proprieties Rock cuttings particles | Drilling mud
Nozzle flow rate 0.004 m?/s 2.09 m3/s

Density (p) 2500 kg/m® 1024 kg/m?
Velocity 0.0056 m/s 2.66 m/s

Dynamic Viscosity () 0.0147 Pa.s 0.00098 Pa.s

4. Results

Note, as expected, in Fig. 2, Fig. 3 and, Fig. 4 the flow imposed in the x-direction provides a dispersion of cuttings
along the preferential direction. Even that, the occurrence of vortices due to the presence of the nozzle and the cross-flow
influenced the trajectory taken by the particles, creating more significant concentrations in the areas of proximity to the
nozzle.

The coefficient of restitution does not change substantially the extent of disposal (see Fig. 2 and, Fig. 3). It is also
noted that the presence of the perforation column in Fig. 4, provides a more concentrated discard at the wellhead since it
can induce stronger downside rotating vortices. The Fig. 2, Fig. 3 and, Fig. 4 are colored by the number of particles (np)
in each finite volume.
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Figure 2. Scatter plot for 15 s simulation of gravel dispersion with Ve = 0.2m/sand CR =1
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Figure 3. Scatter plot for 15 s simulation of gravel dispersion with Ve = 0.2m/sand CR=0
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Figure 4. Scatter plot for simulation of 15 s gravel dispersion with Ve = 0.2 m/s, CR = 0 and with the drill column
rotating at 100 rpm

5. Conclusions and Perspectives

The model was able to exemplify the occurrence of the spatial distribution of the rock cuttings due to certain prepon-
derant parameters in each studied case in spite of the assumed simplifications. For a more realistic approach, the flexible
sphere model (DEM) should be implemented. It can solve the fluid-particle interaction and calculate the displacement
of the particles within the flow, considering the interaction between the particles employing a contact force. It is also
necessary to include models for evaluation particle breakage and resuspension due to external forces. In this work, it
was observed that the region of interest has a large volumetric fraction of particles. Therefore formulations for a dense
continuous phase flow must be implemented.
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