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Abstract. Oil reservoir production reduces over time as the pressure decreases, posing a challenge to maintaining
economically desired production rates. We can use artificial lift methods to address this issue, considering the
characteristics of the production system, such as reservoir and fluid properties or surface facility constraints. Here,
we focus on the gas lift technique, which involves injecting compressed gas into lower sections of the tubing
through valves installed along the pipeline. As the gas aerates the oil, it decreases the effective density of the fluid,
making it easier to reach the surface. It is suitable for offshore installations and not limited by the well depth,
allowing continuous or intermittent lift to restore productivity. However, fewer studies use particle-based methods
such as the Smoothed Particle Hydrodynamics method (SPH). It is a Lagrangian mesh-free method, and we can
use this method to simulate multiphase flows. Therefore, we chose it to reproduce a simplified gas lift test case
that involves a two-dimensional two-phase flow within a vertical pipe that contains oil, and we inject high-pressure
gas into the system through a horizontal valve. The main objective is to verify if the SPH method can reproduce
the phenomena associated with gas lift operations.
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1 Introduction

Although our main objective is the simulation of reservoirs, ranging from single-phase to multiphase flow
considering slightly compressible fluids and rock, including well-reservoir coupling and advanced recovery tech-
niques [1–3], we have recently turned our interest to the problem of transport of oil through pipelines from the
reservoir to the surface installations.

As in advanced recovery techniques applied to stimulate oil production in reservoirs, there are ways to in-
crease the flow of oil pumped from the deposits. Among them, we can mention the gas lift. In it, we inject gas
into the pipelines containing the oil through valves positioned along them [4]. For example, we can use different
strategies, continuous or pre-set time interval injections [5]. As the gas has a density lower than oil, their mixture
with the oil should result in a fluid with a lower average value, thus increasing the quantity produced.

In addition to numerical methods that employ computational meshes, such as, for example, finite difference
and finite volume methods, we have also been working with the mesh-free Lagranean Smoothed Particle Hydrody-
namics method [6]. In addition to its well-known advantages, such as being easily parallelizable, there is a version
aimed at simulating multiphase flows found in DualSPHysics [7], which is free software that can be redistributed
or modified under the terms of the GNU Lesser General Public License.

Therefore, the main objective of this work is to verify the feasibility of using the multiphase version of
DualSPHysics in the study of the gas lift technique. It is an initial study in which we are interested in simulating
gas injection in a circuit containing a section of the transport pipeline and a reservoir for separating the gas-oil
mixture. We emphasize that we will be focused on the qualitative aspects of the two-phase flow and not on the
quantitative ones, which we will address in future works.

With regard to numerical simulations, due to the computational effort required, they were performed using
the API (Application Programming Interface) CUDA (Compute Unified Device Architecture) developed by Nvidia
for parallel computing using a graphics processing unit (GPU). In the case of our work, we used an Nvidia K80
GPU.
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2 Governing equations

The continuity and Navier-Stokes equations govern the flow of compressible Newtonian fluids. Here, we
present theses equations in their Lagrangian representations.

The continuity equation expresses the conservation of mass [6]

Dρ

Dt
+ ρ∇ · ~v = 0, (1)

where the equation is written in terms of the material derivative (Dρ/Dt), ρ is the density, t is the time, and ~v is
the velocity vector.

On the other hand, the conservation of momentum is represented by the Navier-Stokes equation [6]

ρ
D~v

Dt
= −∇P + µ∇2~v − 2

3
∇ (µ∇ · ~v) + ~fe, (2)

where P represents the thermodynamic pressure, µ the viscosity of the fluid, and ~fe the external force vector.
However, when the flow is turbulent, the momentum equation is modified using the Moving Particle Semi-implicit
model [8].

As we consider the flow of compressible fluids, an equation of state is used to determine the pressure [9]

P (ρ) =
c2sρ0
γ

[(
ρ

ρ0

)γ
− 1

]
+ Pf − aρ2, (3)

where γ is an isentropic expansion factor (relationship between specific heats at constant pressure and volume), ρ0
is the initial density of the fluid, cs is the speed of sound, Pf is the background pressure (calculated by the code
during the numerical simulation of the problem) and the last term is responsible for introducing the cohesive forces
that act between the particles of a phase. The coefficient a is determined based on the properties of the different
phases and the characteristic length of the problem, Lc,

a = 1, 5g

(
ρα
ρβ

)
Lc, (4)

where g is the magnitude of the acceleration due to gravity, and ρα and ρβ are the initial densities of the two phases
present in the flow. The characteristic length is an empirical constant that depends on the dimensions of the domain
and the initial distance between the particles.

3 Discretized equations

Using the integral and particle approximations and taking vij = vi−vj , the discretized forms of the governing
Equations (1) and (2) can be obtained in the formalism of the SPH method. Initially, we present the discretized
form of the continuity equation [6]

Dρi
Dt

=

N∑
j=1

mjvij · ∇Wh
ij . (5)

In this representation, mj represents the mass of the particle j, Wh
ij = W (rij , h), W is the kernel function,

rij = |xi − xj |, h is the smoothing length, and the gradient is determined with respect to the particle i such that:

∇iWh
ij =

xij
rij

∂Wh
ij

∂rij
, (6)

where xij represent the distance between two particles i and j ( xij = xi−xj ). Here, we performed all simulations
using a quintic spline type kernel function [10], one of the two available in DualSPHysics and standard when
solving example cases.

Due to the presence of a gaseous phase and the discontinuities in the density at the interface separating the
phases, the traditional formulation used in the SPH method is no longer applicable in this context. Therefore, an
extra term is added to the momentum equation (the fourth term on the right side of the equal sign) to account for
the cohesive forces of the less dense phase [11]
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D~vi
Dt

=−
∑

mj

(
Pi + Pj
ρiρj

)
∇iWij +

∑
j

mj

[
4µrij · ∇iWij

(ρi + ρj)
(
r2ij + η2

)]+
∑
j

mj

(
τ jij
ρ2j

+
τ iij
ρ2i

)
∇iWij

− 2aρ2α
∑
j

mj

ρj
∇iWij︸ ︷︷ ︸

for the gas phase

+~Fs + ~g, (7)

where viscous stress effects were decomposed into two terms: a contribution due to laminar viscous stress and
another to SPS viscous stress (Sub-Particle Scale). The concept was proposed by Gotoh, Shibahara and Sakai [8]
to introduce the effects of turbulence in the MPS model (Moving Particle Semi-implicit model), and τij represents
the components of the sub-particle stress tensor

τij
ρ

= νt

(
2Sij −

2

3
kδij

)
− 2

3
CI∆l

2δij |Sij |2, (8)

where νt = (CS∆l)2
√

2SijSij is the turbulent eddy viscosity, CS the Smagorinsky constant, ∆l represents the
initial distance between the particles, k the SPS turbulence kinetic energy, CI a constant parameter, δij is the
Kronecker delta, Sij the components of the SPS strain tensor, and η is a small number introduced to keep the
denominator different from zero and is generally taken to be equal to 0.1h. Besides, we have the surface force per
unit area ~Fs = κσα~n, where σα is the surface tension of the α phase, ~n = ∇C/|∇C| is the unit normal to the
separation surface κ, and C is the color function

Cαi =

{
1 se i ∈ α,
0 se i /∈ α.

(9)

The surface tension force, introduced into the momentum equation (7) as an external force [7], can be com-
puted in the form

~Fs =
∑
j

mj

Παβ
i + Παβ

j

ρiρj

∂W

∂rij
, (10)

where [12]

Παβ
i = σαβ

1∣∣∣∇Cαβi ∣∣∣
(

1

d

∣∣∣∇Cαβi ∣∣∣2 δαβ −∇Cαβi ⊗∇Cαβi )
, (11)

d is the spatial dimension (1, 2 or 3), δαβ is the Kronecker delta, and

∇Cαβi =
∑
j

mj

ρj

(
Cβj − C

β
i

) ∂W
∂rij

. (12)

In the case of two-phase liquid-gas flow, it is necessary to consider the effect of forces at the interface when
the two immiscible fluids are in contact. Therefore, we use the surface tension to describe the forces acting at the
interface.

4 Resolution of the system of ordinary differential equations

We used Verlet’s numerical integration algorithm to solve the system of ordinary differential equations

D~vi
Dt

= ~Fi,
Dρi
Dt

= Ri,
D~ri
Dt

= ~vi, (13)

where the first represents the momentum equation, the second the continuity equation, and we use the third to cal-
culate the displacement of fluid particles. Generally used in molecular dynamics [13] due to its low computational
cost, when we apply the Verlet scheme in the resolution of quasi-compressible flows, we get

~v n+1
i = ~v n−1

i + 2∆t ~F n
i , ~r n+1

i = ~r ni + ∆t~v ni +
1

2
∆t2 ~F n

i , ρn+1
i = ρn−1

i + 2∆tRni . (14)
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Due to the nature of the method, we decouple the calculation of the density and velocity values in n+ 1 time
since they do not consider their respective values determined at the instant of time n (using only the information
available in n− 1). This fact can lead to divergence of the numerical method [7]. Thus, we require an intermediate
step for every Ns step:

~v n+1
i = ~v ni + ∆t ~F n

i , ~r n+1
i = r ni + ∆t~v ni +

1

2
∆t2 ~F n

i , ρn+1
i = ρni + 2∆tRni (15)

where the superscript n + 1 indicates the next instant of time tn+1 = tn + ∆t. As we use an explicit method,
we must impose restrictions on the value of the time increment to guarantee its stability and convergence. In this
work, we determine the ∆t according to the proposal by Monaghan [14].

We chose this integration algorithm because it is a low computational cost scheme, second order in space,
which does not require multiple steps within an iteration.

5 Numerical results

As already announced in the introductory part of this work, these are the first simulations we are running
for the gas lift problem. Therefore, initially, we focus our attention to the definition of the domain, containing a
pipeline for the transport of oil, gas injection, and a region destined to phase separation. The idealized test problem
does not necessarily correspond to a real case. Nevertheless, we tried to keep the relationships between the pipe
diameters and the oil and gas injection flow rates close to the values known in the literature. We reinforce that we
are only considering the transportation of oil through pipelines. Furthermore, the separation between the injected
gas and the oil takes place in the separation tank.

We intend to verify whether the SPH method can reproduce the phenomena that occur in multiphase flow
using the gas lift technique since the literature lacks information on this type of problem with this method.

In Table 1, we present the parameters used in all simulations, and we can find the specific properties of oil
and gas in Table 2. The surface tension value was 0.045 N/m. The total number of particles representing the oil
was 37,397, while for the gas, we used 12,162. The maximum simulation time was 10 seconds.

Table 1. Parameters for the simulations

Properties Unit Value Properties Unit Value

CI - 0.066 Lc m 0.14
CS - 0.12 Ns - 40
g m/s2 9.81 ∆l m 0.002

Table 2. Oil and gas properties

Properties Unit Oil Gas

cs m/s 100 343.28
γ - 7 1.32
µ N.s/m2 0.0092 0.000275
ρ0 kg/m3 728 0.717

We simulated two test cases: one without gas injection, and a second where we inject gas continuously until
the final time. In the present work, both the oil and the gas are set in motion through the displacement of a piston
whose speed is specified.

The first simulation dealt solely with oil flow without any gas injection. Our intention is to use this case as
a reference to attest to the influence of gas injection. We can see the displacement of the oil particles in Fig. 1 for
four pre-fixed time instants and for a piston velocity equal to 0.01 m/s.

On the other hand, in the second case, gas is continuously injected with a piston velocity equal to 0.025 m/s
during the entire period of time in which the oil flow occurs. We can also see the flow of oil (red particles) and gas
(blue particles) in Fig. 2 for the same instants of time considered previously. We draw attention to the fact that the
gas expands inside the separation tank.

From the results obtained, we can verify that the gas lift provided a gas production approximately four times
greater than that without injection. We calculated the volume of gas in the separation tank using the known values
of the mass and density of the oil particles inside it.
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(a) 2.5 s (b) 5.0 s

(c) 7.5 s (d) 10.0 s

Figure 1. Flow of the oil phase without gas injection

We performed all simulations on a K80 graphics card with 2,496 Nvidia CUDA cores and 12 GB of GDDR5
memory. The average simulation time was approximately 13 hours for the first case, and 27 hours for the second.
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(a) 2.5 s (b) 5.0 s

(c) 7.5 s (d) 10.0 s

Figure 2. Flow of the oil phase with a continuous injection of gas
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6 Conclusions

We tested numerous configurations until we reached the results presented here. It was clear to the authors
that we still have to progress to simulate some practical cases. However, as we could observe, the gas injection
provided, as expected, a higher volume of gas in the separation tank. We could verify this by comparing the values
obtained with and without gas injection. Shortly, we intend to implement inlet and outlet boundary conditions to
simulate problems close to real ones without using pistons.
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