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Abstract: Benefitting from the development of carbon capture and storage (CCS) technology,
CO, flooding for enhanced oil recovery (EOR) has become increasingly attractive to the
petroleum industry. This paper presents a numerical study about the feasibility and efficiency of
the immiscible CO, flooding process, which is a potential tertiary oil recovery method for use
after water flooding, with advantages of lower cost and fewer facility requirements than miscible
CO, flooding. A numerical simulation model established from laboratory experimental results
was used to predict fluid behaviour and influence factors of immiscible CO, flooding in thick
reservoirs with positive rhythm to enhance oil recovery after water flooding. Injection and
confining pressure conditions are both important to the displacement process and results.
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1 Introduction

Enhanced oil recovery (EOR) technologies are increasingly
important to the petroleum industry. After decades of
development, water flooding is one of the most successful
and extensively used secondary recovery methods (Liu
et al., 2012; Romero-Zerén, 2012), which uses injected
water to maintain pressure and drive reservoir fluids toward
production wells. However, the main oilfields of eastern
China contain many thick reservoirs of fluvial facies with
positive rhythm, where permeability increases from top to
bottom. Under the double effects of heterogeneity and
gravitational differentiation, water breakthrough in the
lower high-permeability layers rapidly results in low sweep
efficiency, poor oil recovery, and high water cut of
production (Niu et al., 2006; Wen, 2012). After water
flooding, oil recovery is usually about 40% to 50% of the
original oil in place (OOIP) (Cao and Gu, 2013; Bikkina
etal., 2016).

Many efforts have been made to further improve oil
recovery after water flooding in thick reservoirs with
positive rhythm, including perfecting well patterns,
optimising water injection modes, and using horizontal
wells (Gu and Zhai, 2005; Wang et al., 2006; Tan, 2009;
Al-Hinai et al., 2010; Cui et al., 2010; Wang et al., 2012;
Liu, 2012; Ding et al., 2013; Qu et al., 2014). Although gas
flooding has been considered as a potential tertiary oil
recovery technique, little research has focused on it in such
reservoirs. In recent years, CO, flooding for EOR has
become increasingly attractive to the petroleum industry,
because CO,, a main greenhouse gas (GHQG), is a major
contributor to the significantly accelerating rise in average
global temperature and, thus, the consequent effects of
climate change (Sun et al., 2016). With the development of
carbon capture and storage (CCS) technology, CO, flooding
can not only improve oil recovery, but also considerably
reduce GHG contributions to climate change (Wang et al.,
2013).

CO, flooding can be divided into miscible, immiscible,
and near-miscible processes based on different reservoir
characteristics and pressure conditions (Cao and Gu, 2012;
Song et al., 2013). It is necessary to reach the minimum
miscibility pressure (MMP) for miscible CO, flooding (Ren
et al., 2015). As a result, the cost of miscible CO, flooding
is much higher. Moreover, in most oilfields of eastern

China, miscible CO, flooding is difficult because of
limitations of reservoir conditions and oil properties (Duan
et al., 2016). Therefore, low-cost immiscible CO, flooding
should be attempted after water flooding.

This paper focuses on the feasibility and efficiency of
immiscible CO, flooding as an EOR method in thick
reservoirs with positive rhythm. A numerical simulation
model was established based on a laboratory experiment,
the results of which were used to optimise the model.
Several predictions were made about the effect of
immiscible CO, flooding and influencing factors, such as
injection and confining pressures. Migration of CO, during
flooding was also considered in this paper.

2 Laboratory experiment and results

A laboratory experiment was carried out to establish a
database for model building and historical matching of the
numerical simulation. The experiment used an artificial
consolidated sandstone model to simulate a heterogeneous,
thick reservoir. The mould for the model is 50 cm in length,
4 cm in thickness, and 25.5 cm in height, and was filled
with a mixture of epoxy resin and quartz sand of
80-200 mesh. The appearance and physical properties of the
consolidated sandstone model are quite similar to that of
natural sandstone (density is 2.82 g/cm’, and porosity is
34.12%). Two layers with different permeability were
designed for the model to simulate a positive rhythm
reservoir in which the permeability increased from the top
to the bottom. The permeability of the upper half of the
model is 1,000 md, while that of the lower half is 1,500 md.
A 2-cm-thick layer of epoxy resin was cast around the
artificial model to reinforce it and establish the surrounding
impermeable conditions.

Before the laboratory experiment, the model was
subjected to vacuum for 24 hours and then oil was imbibed
to calculate porosity of the model. Water was pumped into
the model at the flow rate of 5 ml/min until water content of
production reached 98%, which simulated secondary
development by water flooding. Gaseous CO, was injected
into the model under an injection pressure of 50 kPa until no
obvious change in production could be observed, to
simulate immiscible gas flooding after water flooding.
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Figure 1 Cumulative production by water and gas flooding
(see online version for colours)
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Figure 2 Fluid distribution of experimental model, (a) water
saturation distribution after water flooding (b) CT
value distribution after gas flooding (see online
version for colours)
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After water flooding, more than 60% of the oil was
produced; in other words, considerable oil was still left in
the model (Figure 1). Computerised tomography (CT)
images show that most of the residual oil was located in the
upper part of the model, as a result of the effects of gravity

[Figure 2(a)]. At the end of water flooding, cumulative oil
production tended to be constant, but it began increasing
again when gas injection started. At first, both oil and water
were produced rapidly. After a period of gas flooding, no
further water was pumped from the model, while oil
production continued, which was different from conditions
under water flooding (Figure 1). CT images indicated that at
the end of gas flooding, the upper part of the model has
been swept completely and the remaining oil in the model
had been effectively displaced by gaseous CO, [Figure
2(b)]. Oil recovery increased by 22.07% through immiscible
CO, flooding, which means immiscible displacement was
efficient for enhancing oil recovery after water flooding,
even in reservoirs with positive rhythm.

3 Numerical simulation setting and historical
matching

As a result of the pressure resistance of the model and limits
of experimental safety, the injection pressure could not be
very high. Therefore, numerical simulation based on the
experiment was necessary for further studies of gas
displacement as an EOR method.

The numerical simulation was obtained by the CMG
GEM module (Computer Modelling Group Ltd.). This
module is designed for compositional models, which are
used for gas and polymer flooding. In this model, reservoir
fluid is divided into three phases (oil, aqueous, and gaseous)
and several components. The flow process for reservoir
fluid satisfies the following continuity equation:
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On the basis of equations (1) and (2), the continuity
equation can be simply expressed as:
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The mass fraction and saturation also satisfy the following
equations:

> =1 (4)
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S, +S,+S, =1 (%)

The equilibrium constant of each component, which is used
to calculate the compositions of the liquid and gaseous
phases, is given by the phase equilibrium equation:
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The density and viscosity of each phase are also related to
the mass fraction of the component and phase pressure as
follows:
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The phase pressure and relative permeability of each phase
relates to the saturation of each phase as follows:
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The outer boundary conditions of the simulation are defined
as closed, which are induced by the following equation:
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The inner boundary conditions are well boundaries. For
water and gas flooding, constant production and constant
bottom hole pressure are used, respectively expressed as:

P(r,,t)=C for gas flooding (12)
r@ =(C, for water flooding (13)
r

hy

The initial conditions include reservoir pressure and
distribution of fluid saturations, which are given directly.

The properties of the simulation model were identical to
the experimental model, including size, porosity, and
permeability. Because the experiment was a rectangular
prism, a Cartesian regular grid was generated for the
simulation model. Numbers for the grid in three directions
(i, j, k; for length, thickness, and height. respectively) were
10, 1, and 51. The simulated injection and production wells
were set in the first and last grid of the 7 direction and fully
penetrated. The main setting parameters for the simulation
model are given in Table 1.

Cumulative oil and water production was imported as
historical production data of the simulation model, to
optimise the physical properties and make fluid migration
close to that of the experimental model.

After historical matching, the predicted cumulative
liquid, oil, and water production of the simulation model
were basically consistent with the laboratory experimental
result (Figure 3). The simulation model was suitable for
predicting gas displacement under different conditions. All
of the gas injection simulations restarted from the last time
node of water flooding, to ensure that all predictions were
established on the same initial conditions.

Table 1 Main setting parameters of the simulation model

Grid numbers (4,7, k) 10,1, 51

Grid size (i, j, k) 0.05 m, 0.04 m, 0.005 m

Permeability 1,000 md (rows 1-25 along k
direction)
1,500 md (rows 26-51 along k
direction)

Total porosity 34.12%

Producer location 10, 1,1

Injector location 1,1,1

Injector constraints Water flooding: maximum surface

water rate:0.0072 m*/day

Gas flooding: Maximum bottom hole
pressure: injection pressure

Minimum bottom hole
pressure:115.325 kPa

115.325 kPa

Oil: 1, water: 0, gas: 0
Simulated production ~ Water flooding: 0.96313 days
time Gas flooding: 4.14857 days

Producer constraints

Initial pressure

Initial saturation

Figure 3 Historical matching results for the simulation model
(see online version for colours)
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4 Effect of injection pressure

Several injection-production pressure differences, between
10 kPa and 1,000 kPa, were chosen for simulation. The
trends of oil production were all similar under different
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injection pressures: the early stage of gas flooding was the
period of rapid oil accumulation [Figure 4(a)]. However,
final oil production and increases in oil recovery were
dissimilar for different injection pressures. With increasing
injection pressures, increased oil recovery grew rapidly and
reached a maximum; and then began to decrease to a very

low rate [Figure 4(b)]. Considering the extra costs of
increasing pressure, an optimal injection pressure could be
determined according to actual conditions. For this
simulation model, the maximum increased oil recovery
appeared at the injection-production pressure difference of
150 kPa, but optimal values should be further investigated.

Figure 4 The relationship between effects of enhanced oil production by gas flooding and injection-production pressure differences,
(a) cumulative oil production under various pressure differences (b) increased oil recovery under various pressure differences

(see online version for colours)
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Figure 5 Relationship between effects of enhanced oil production by gas flooding and confining pressure, (a) cumulative oil production
under different confining pressures, AP = 10 kPa (b) cumulative oil production under different confining pressures, AP = 50 kPa
(c) cumulative oil production under different confining pressures, AP = 150 kPa (d) the change in increased oil recovery under

different confining pressures (see online version for colours)
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Figure 6 Gas saturation of CO, after miscible gas flooding (a) AP = 10 kPa, without confining pressure (b) AP = 50 kPa, without
confining pressure (c) AP = 150 kPa, without confining pressure (d) AP = 500 kPa, without confining pressure (¢) AP = 50 kPa,
confining pressure = 1 MPa (f) AP = 50 kPa, confining pressure = 3 MPa (see online version for colours)
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5 Effect of confining pressure

Because metal causes artefacts in CT images, it was
difficult to provide either a special clamping device or extra
confining pressure for such a large experimental model.
Therefore, the simulation was also used to research the
effect of confining pressure on increased oil recovery by gas
flooding. Several confining pressures between 1 MPa and
15 MPa were tested on the simulation model. With
increasing confining pressure, increased oil recovery by gas
flooding decreased at first. When confining pressure was

higher than 5 MPa, increased oil recovery by gas flooding
began to increase, and then tended to be almost constant
(Figure 5). It can be inferred that increased oil recovery was
a result of the occurrence of miscible displacement.
Therefore, optimal oil recovery by gas flooding was also
affected by confining pressure. When the injection-
production pressure difference was much lower than the
confining pressure, oil recovery increased dramatically,
although the change was not very obvious when the two
were well matched. Consequently, reservoir pressure
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conditions should be considered carefully when choosing
the injection pressure for immiscible gas displacement.

6 Migration of gaseous CO, during gas flooding

Although the permeability of the lower part of the model is
higher than that of the upper part, during gas flooding the
gaseous CO, established new flow channels in the upper
layers of the model first, instead of causing breakthrough in
the high permeability layers in the lower part of the model.
Areas with high gas saturation even appeared on the surface
of the model [Figures 6(a) to 6(d)]. This was mainly
because of the effect of gravity. Under low injection
pressures, lack of driving force restricted the migration of
CO,; therefore, the sweep volume of CO, was very limited
in both the high-permeability layer and the low-permeability
layer [Figures 6(a) and 6(b)]. With increasing injection
pressures, more space was occupied by gas. When the
injection pressure was higher than the optimal value the
driving force mainly dominated the flow of CO, resulting in
quick breakthrough in the high-permeability layers,
although CO, still swept the low permeability layers which
[Figures 6(c) and 6(d)]. Hence, oil recovery did not change
too much further. Sweep efficiency decreased again under
confining pressure [Figures 6(¢) and 6(f)], because of
resistance increasing in pores and the decline of gravity
effects caused by CO, compression. This could partly
explain the relationship between injection pressure and
increased oil recovery by immiscible CO, flooding.

7 Conclusions

A numerical simulation model was established based on a
laboratory experiment to study immiscible CO, flooding as
a tertiary oil recovery method. Predictions from numerical
simulations indicated that immiscible CO, flooding was an
effective EOR method for thick reservoirs after water
flooding. Through immiscible CO, flooding oil recovery
increased significantly.

Immiscible CO, flooding is influenced by injection
pressure and confining pressure. For certain reservoir
conditions, there is an optimal injection pressure for
maximum oil recovery. With increasing confining
pressures, oil recovery decreased until miscible
displacement occurred.

During immiscible gas flooding, the gravity effect
promotes gas migration into the upper layers, which
improves sweep efficiency. Increasing injection pressure
may further increase CO, sweep volume, but excessive
injection pressure may cause quick breakthrough. Confining
pressure is a negative factor for CO, flooding. Although
many efforts have been made to investigate CO, flooding
after water flooding, it is necessary to conduct further
theoretical investigations.
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Glossary
C Mass fraction of component
S Fluid saturation
p Fluid density
u Fluid viscosity
K, Relative permeability
%) Porosity
P Pressure
|4 Mass velocity
q Injection rate
0,8, W Oil phase, aqueous phase and gaseous phase




