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Abstract: To evaluate the oil recovering in a reservoir producing at the bubble-point pressure, we performed numerical
simulations using a sandbox model and a black oil approach for the reservoir, and the tool-kit CFD software OpenFOAM. A new
solver treats the three-phase dynamics of the oil-water-gas in the reservoir. The calculation includes four cases with different
pressures of the injection and production wells to explore the free gas formation. Our results show that even keeping constant
the pressure unbalance between the injection and production wells, we observe different dynamics. There is no gas formation
and a typical production profile results if the bottom-hole pressure is just above the bubble-point in the injection and production
wells. In case only the production well bottom-hole pressure is just below the bubble-point, we see no gas formation near the
injection well and oscillatory gas formation around the production well. We see a triphasic flow along with the whole domain
if both bottom-hole pressures are just below the bubble-point. However, if the bottom-hole pressure in both wells goes further
below, the gas flow rate no more oscillates and the gas formation becomes continuous. We have also treated a special case to

analyze the influence of gravity on the triphasic flow. Here we observed the gravity segregation to be not significant.
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1. Introduction

The sandbox model [1], allows for easily recognizing the
concepts of geometric similarity, kinematic similarity, and
dynamic similarity. We used the CFD software OpenFOAM
[2] which is based on the finite volume method [3] where
the main variables here are the pressure and the saturation
of the wetting fluid, calculated by the implicit pressure and
explicit saturation (IMPES) method [4]. The water pressure
is the implicit variable and water saturation is the explicit
variable. The model used for representing the oil was the
black-oil model [5]. In this work, we selected the three-phase
permeabilities model [6]. The capillary pressure, is calculated
by empirical correlations [4]. Many of the technological effort
were dedicated to remove the oil still in place. The change
of the mobility ratio between water and oil has been pursued
as a response to economic demands. Many of these efforts

were dedicated to improve the oil secondary recovery in what
is called Chemical Enhanced Oil Recovery (CEOR) [7].

For the last few decades many works dedicated to
developing surfactants and polymers as agents for CEOR
[8, 9, 10]. Some others are proposing Microbial Enhanced Oil
Recovery (MEOR) [11] and in more recent developments the
usage of nanoparticles has been the subject of extensive works
[7, 12-16]. Most of them are based on laboratory experiments.

Under secondary recovery, some artificial lift method should
be in place. With the continued reservoir depletion, it reaches
the oil bubble point, meaning that gas will evolve from the oil
phase. Gas and oil will get into the well bore and with the
water influx, three-phase will flow into the equipment that will
lift the fluids. This requires attention because some artificial
lift methods like an electrical submersible pump (ESP) or
progressive cavity pump (PCP) have a poor performance by
handling free gas [17]. Delaying the production of gas and
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water is essentially the controlling factors in maximizing the
fields ultimate oil recovery [18]. Many investigations have
been made about the flow regimes where we have gas and
liquid flowing simultaneously in tubes and pipes. In Gilbert
[19] we have a description of the most accepted flow pattern
regimes and in Duns [20] we have a report that rely upon
empirical correlations and apply to critical flows at wells
tubing. In more recent work by keeping the same approach,
Ghareeb [21] proposed improvements for these correlations
and mentions that reliable correlations for two-phase are
limited and for multi-phase are rare. Because of the low
Reynolds number, critical flows cannot be expected in porous
media.

In this paper, we suggest how the reservoir simulation can
help in the field development. In Section 2 we give a brief
review of the porous media for a three-phase model, present
the parameters used in the sandbox model, and the parameters
for the black-oil model. We also present the equations
implemented by the solver in the OpenFOAM software.
Section 3 presents the results of the numerical simulations,
comparing expected performances at different bottom-hole
pressures above and below the o0il bubble point. Several results
compare the flow behavior by lowering the production bottom-
hole pressure. Discussing the consequences of that behavior,
are presented in Section 3.

2. Theoretical Developments

2.1. The Porous Media Model

The equation governing the single-phase flow in a porous
media is [1]:

9(po)
ot
Here K is the permeability of the medium, Vp the pressure
gradient, g is the gravity and Vz the gradient of z coordinate
[1]. It results from mass conservation and the Darcy?s
equation:

K
= (pM)V.(Vp —pgVz) +q. (1)

~K
u= T(VP —pgVz) 2)

Here ¢ is a source or a sink, and u is the velocity field. In
triphasic flows, the saturations of the fluids correspond to the
volume percentage of each fluid in the total porous volume.
Thus, if S, is the percentage of water and S, the volume
percentage of oil, and S, the volume percentage of gas, we
have:

Sw+So+ S8, =1. 3)

In a previous work [22] we modelled the flow in the
reservoir by that of a black-oil [5] in a sandbox. We
used the expressions of Delshad [6] and Chen [4] for the
relative permeabilities and capillary pressures. The relative
permeabilities equations developed by Delshad [6] are based
on the two-phase data of Corey. The results we obtained were

more consistent when compared with those in Refs. [23, 24,
25] give correlations for capillary pressure and permeabilities
based on experimental data.

The following parameters describe the black-oil model [5]:

(Vo + Vdg)RC

o= = Wsro @
B = m 5)
B, - ((V‘;g)):fc ©)

In these equations B,,, B,, and B, are the formation factors
referred to standard conditions (S7°'C') and reservoir conditions
(RC) respectively. V corresponds to the volume and the dg
subscript means the dissolved gas.The proposed correlations
rely on the following data: (1) stock-tank oil gravity, °API;
(2) first-stage separator gas specific gravity; (3) solution gas-
oil ratio at bubble point pressure, in standard cubic feet per
stock-tank barrels (SCF/STB); (4) reservoir temperature, and
(5) selected values of reservoir pressure. Equations (4 - 7) are
calculated at each time step for all meshes. The densities of
the three phases at reservoir conditions are related to densities
at STC:

1
Po = F(POSTC + RspysTc), (®)
. ©)
Puw = B., PwSTC,
1
(10)

Pg = nggSTC-
The oil density may also be expressed as:

Y

In Eq. (11) p, and pg4, are densities of the two components:

Po = ﬁo + ﬁngTC~

1 R

S
and gy = 5 paste
o

Po = g PosTC (12)

Figures 1(a), 1(b), 2(a) and 2(b) show the formations factors
B,, By, the densities for oil and gas phases, the gas formation
ratio and the compressibility factor Z as functions of the
pressure. We used the correlations for the black-oil as in Ref.
[5], and the compressibility factor according to Ref. [26]. Our
results are in good agreement with the data published in Ref.
[27], [28] and [29].

Equation (1) can be specific for each phase:

1 0 1
-V. (Bouo> = a (B()¢SO) + qo, (13)
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Notice that gas is present as free gas fg, and in oil phases as dissolved gas dg. We define the parameters A and ~y as the
mobility and specific weight. Also, pcow is the oil-water capillary pressure and pcg4 is that for oil-gas. Then we coded the
following equations into OpenFOAM:

B,
K(V()‘w<va - 'VU)VZ)) + B V()\o(v Pw — \Y% Pecow—

(16)
B B, B
Vz)) + ?gv'(Ag(va =V Peog = 14V2))) = qu + B do + ngfg
Sy,
By = V-QuK(Vpu = 7V2)) = tw (17)
95, B,
BOW - V(AOK(pr - vpcow - 'wiz)) = qu (18)
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2.2. Model Scale

The equations governing the dynamics of the flow can
be written in a dimensionless form [23]. In the case of a
three phase flow, with the proper scales for length (L), time
(Ty), pressure unbalance (Apg), density (pg), permeability
(Kp), and viscosity (1), we arrived to two factor determining
dynamic similarity for geometrically similar reservoir and
model:

_ ToKo Apo

_ ToKopog
1 — )
toLo Lo

N, Npo =
? o Lo

19)

Table 1 shows the values of these parameters for a typical
Teservoir:

Table 1. Real reservoir parameters.

Parameter Value
Water density 1000 kg/m?>
Oil density 800 kg/m?

Water Viscosity 0.0025 kg/ms

Oil Viscosity 0.004 kg/ms
Gravity 9.81m,/s?
Absolute Permeabillity 1000 md
Porosity 0.2

Initial Water Saturation, S, 0.2

Residual Water Saturation, S.q, 0.15

Residual Oil Saturation, S, 0.81

In our simulations we examined two relevant control
variables: the running time and the accuracy of the processing.
We considered a sandbox model in the shape of a cube with
dimensions 30m x 30m x 30m. The injection and production
wells were at the same level at 17m from the bottom. After
some test runs, we concluded we should split the entire domain

fvScalarMatrix pEqn

(

into 80 x 80 x 50 cells, i.e., 320,000. This was necessary to
have a consistent material balance and a negligible change in
results when the cells number increases. The time step was
0.001s. In order to plot the dynamic variables, we used the
parameter simulations time wunits which corresponds to
103 time steps. Using the parameters in Table 1, Ly = 30m
and considering the result of the time for breakthrough as
Ty = 60s, Ap = 300psi, we obtain N,.; = 0.34, and N,5 =
4. x 1075, These two factors convert our results calculated
in our sandbox into a dynamically and geometrically similar
reservoir. As initial conditions, we assumed S,, = 0.2 and
Pw = 2.3 x 107 pascal.

2.3. Solver for the Three Phase Flow

We developed a solver for the system of coupled differential
equations, Eqs (16 - 18), and we used the CFD software
OpenFOAM [2] to programming the solver code. OpenFOAM
CFD uses classes in C language that are developed aiming
at this application, where a system of coupled differential
equations needs to be solved numerically. At each time step,
all pressure-dependent properties are updated for the entire
domain. For the mathematical resolution, we selected the
IMPES (Implicit pressure explicit saturation) [30] method
developed by Sheldon [31] and Stone [32], to obtain better
stability without increasing the computational complexity. So,
in equation 16 the water pressure is the implicit variable, and
water and oil saturations are the explicit variables. Table 2
shows a sketch of how the method works in our simulations.

Table 2. IMPES method.

t t+ At t+n At
R BN AN ST A
0 t t t+At t+At t+n At t At
Su SLL) SR S At A

The equations in C**+ language and using OpenFOAM
classes are:

B
— fvm::laplacian((lambdaw + lambdao) * (BZJ + lambdag*

B B =
<B§;) x K, pw) — fvc::laplacian (<BZ)> * lambdao + (Bri)) *

B
(lambdag * K, Pcow) — fvc::laplacian ((Bg) x lambdag * K Pcog)
w

(20)

B
+ fvc::div(gamaw*lambdaw + <BO> * gamao*lambdao+
w

Bw
);

B
(g) * gamag * lambdag * K ))&g)
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fvScalarMatrix sEqnl
(

fvm::ddt por'o—sny’

(Bw * intervals) 2D
- fvc::laplacian(lambdaw * K,pw)+
fve::div((gamaw * lambdaw * K)& g)
)i
fvScalarMatrix sEqn2
(
fvm::ddt m—my,

(Bo * intervals)

(22)

- fvc::laplacian(lambdao * K,pw)—
fvc::laplacian(lambdao * K,Pcow)+
fvc::div(gamao * lambdao*K & g)

);
3. Results

The simulations were performed in four cases, where we
keep always the same Ap of 6.9 x 10° pascal (100 psi) between
the injection and production wells. All displayed information
refers to reservoir conditions. We considered that the reservoir
is under water influx, producing under artificial water drive
mechanism and keeping hydraulic control. According to
correlations provided by McCain [5], we assumed a typical
black-oil of 35°API, gas density at separator 74, of 0.82
, Rgp of 500 ft3 /bbl and a reservoir temperature of 90°F,
with an estimated bubble point of 1.89 x 107 pascal. The
wellbore pressures of injection and production wells were set
up according to table 3.

Table 3. Well bore pressures in Pascal.

Case number Injection well Production well

1 1.96 x 107 1.89 x 107
2 1.92 x 107 1.85 x 107
3 1.7 x 107 1.63 x 107
4 1.2 x 107 1.13 x 107

In case 1, both injection and production wells have their
bottom pressure above the bubble point. Figures 3(a) and 3(b)
show a typical production profile from a reservoir under water
drive recovery mechanism. No free gas develops from the
oil phase. After around 32 time units, water breaks into the
production well characterizing the breakthrough. Then the oil
production declines.

In case 2 we have the reservoir only partially in three phases.
This is because the bottom-hole pressure at the production
well is slightly below the bubble point of the oil, creating a
low-pressure zone around it. With the gas releasing, it can
produce instantaneously more oil than in case 1 because we are
adding the gas expansion driver to the water driver recovery
mechanism. Figures 4(a) and 4(b) show water injection and
oil, water, and gas production. The figures are showing the
time interval for the reservoir, including the major events along
with their lifetime. However, the fast oscillatory behavior of
the gas phase makes the other flows vary in such a way that
actually what we can see is the colored range in the graphics.

In case 3, the whole reservoir is experiencing three phases.
The bottom-hole pressure at the injection well is also slightly
below the oil bubble point, meaning that all three phases
coexist in the whole reservoir. More gas develops from the oil
than in case 2 and increases the gas expansion driver recovery
mechanism and it can produce more oil, in consequence.
However, we can observe that the flow rates have more intense
variations, coloring a larger part of the chart than in case 2.
Figures 5(a) and 5(b) show the water injection and oil, water,
and gas production.

In case 4, the pressures were further lowered, rendering
more gas in such a way that we cannot observe flow rate
variations, and in fact, the gas flow rate becomes continuous.
This case exhibits lower production of oil and gas compared to
cases 2 and 3. This happens because, at this pressure level,
most of the gases are already available since the beginning
of reservoir production and the gas expansion driver does not
contribute much to the mechanism of recovery. Figures 6(a)
and 6(b) show the water injection and oil, water, and gas
production.

Figures 7(a) to 8(b) show the variations observed in Figs.
4(a) and 5(a) as we expand the time scale interval between
10.00 and 10.35 time units. Upon reaching the oil bubble
point, we see in Figure 7(a) that the gas comes out from
the liquid, and after some time the gas bubbles collapse. It
is important to note that there are several variables involved
in this phenomenon, each one having its dynamics. Before
reaching the breakthrough, some water gets already into the
production well, since it was present since the beginning in the
reservoir, and it has higher mobility than the oil. However,
the water does not come out at a constant rate, and this we
can see in Figure 7(b) where the water saturation declines.
In this scenario, the oil rate increases, and so does the oil-
water capillary pressure. Once the bubble point is reached,
gas develops, but the occupied volume by the developed gas
is greater than that of the oil. Under these conditions, there is
an increase in the gas-oil capillary pressure contributing to a
global effect of a slow pressure increase. The outcome is that
the bubble point is surpassed and the bubbles of developed gas
collapse. We have compared the oil accumulated productions
for the cases studied. Figure 9 confirms that under combined
driver recovery mechanism, we can recover more oil at the
referred time interval of this study.
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A question that could be raised concerns how important
is the gravity segregation in the recovery process. Aiming
that point we performed a special simulation controlling the
pressures of the injection and producing wells in a such way
that no water inflow nor production could be obtained. This
was achieved by adjusting the bottom-hole pressure of the
injection and production wells in such a way to have the same
value at those cells containing the wells. We set the boundary
conditions defining the reservoir by having an uniform initial
distribution of gas, oil, and water. We set the reservoir pressure
below the oil bubble point. From Eqs (16 -18), the saturation
of water, oil and gas must change with pressure. With no input
and output flow, it takes longer for the gravitational segregation
to take effect and justify the change in the sandbox appearance,
starting from uniform to that one we have got in figure 10.
After 500 simulation time units, the gravity segregation of
approximately 5% could be observed. Figure 10 shows a three-

dimensions snapshot of the final appearance of our sandbox
model where we can see in red the water, in white the gas, and
the oil in blue. This result explains why in those cases we could
not observe gravitational segregation, once the simulations
performed in the four cases took only 50 simulation time units.

At the time of discovery, oil reservoirs may present a gas
cap (saturated reservoir) or may not (undersaturated reservoir).
The undersaturated reservoir pressure is above the oil bubble
point, and only the oil phase is present. With the continued
production, the pressure decreases and it may reach the oil
bubble point. We expect the creation of an artificial gas cap
by the process of gravity segregation. However, in the case we
treated, it should take a very long time, and perhaps not much
gravity segregation will occur during the reservoir lifetime.
Craft [27] mentions that the free gas does not necessarily rise
to form an artificial gas cap and should remain distributed
throughout the reservoir as isolated bubbles.
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Our simulations show that the water creates a spherical
front that is deformed as it approaches the production well.
We can see this in Figure 11. At the very beginning, the
water spherical front is deformed by the effect of gravity.
As the water-front approaches the producing well, it forms
something like a water-spout. When the water-spout reaches
the producing well, it establishes the breakthrough and reduces
the oil recovery rate, because water is added to the produced
fluids. In red color we see the moment where this spherical
shape with the spout reaches the production well. The spout
is always formed in the gradient pressure direction. In blue
we see the oil being displaced by the water-front. Because
the production well is a low-pressure zone, upon reaching the
bubble point, gas develops from oil and flows through the
well. In Figure 11 we can observe in light yellow the gas
formation around the production well. The results suggest
that the transition from the liquid phase to the liquid dominant
phase with gas in the porous media may not be smooth, and
we can expect pressure variations. We associate this with the
fact that, once it reaches the bubble point, the gas phase comes
out and the pressure response decreases. Once almost all gas is
released, the gas production becomes continuous. However, at
that point the gas expansion driver recovery mechanism is no
longer significant. Satter [33] reports this phenomenon. Our
results are also in good agreement with his conclusion about
the gas production over the reservoir’s lifetime. As stated by
Clegg [17], it is very important to know the actual reservoir
flow pattern, because it affects the calculation of the inflow
performance relationship (IPR).

4. Conclusions

Most reservoir simulators are commercial packages. In this
work, we used an open-source simulator and introduced a tool
in such a way that we can add any model for the relative
permeability and capillary pressure of the black-oil. This way
anyone can freely configure and customize his/her model for

fluid and rock properties. OpenFOAM CFD comprises a very
large user community that is always committed to develop and
deploy solutions for specific problems. This work provides
a tool that may be further improved by aggregating new
functionalities. As an open-source tool, the proposed solver
can be adjusted and parameters customized, as well as the
capillary pressure and relative permeabilities models can be
fine-tuned, providing a better representation of the phenomena.

In the field’s life, aiming at increasing the production, the
employment of some artificial lift method can be beneficial.
To realize the maximum potential from developing any oil or
gas field, we must select the most economical artificial lift
method. Also, misconceptions on the performance prediction
of the reservoir may lead to oversized equipment for artificial
lift [17]. When under-loaded, these types of equipment often
exhibit poor efficiencies incurring increased energy costs.
Even worse is when multiple changes in size or type are
required in the installed lift equipment. For instance, an
installation where we have an electrical submersible pump
working as artificial lift equipment will not perform well if
gas comes at significant rates. A similar problem will happen
with the progressive cavity pump artificial lift equipment. A
change to the artificial gas lift method will require enormous
investments.

In the present simulations we could identify the formation
of different phases inside the body of the reservoir, and how
that formation is controlled by the bottom-hole pressures of
the injection and the production wells, and not only by their
pressure unbalance. Another point is that we could observe a
transient phenomenon that happens since the very beginning of
the gas formation. Depending on how much below the bubble
point we are, we can observe this phenomenon no longer. The
gas dynamic behavior affects the production profile of the field.
The mapping onto real reservoirs, however, does not depend
only on the parameters leading to dynamical similarity, but
also on other questions like up-scaling and adjustments on the
reservoir walls permeabilities.
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