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1. Override

2. Phases Configuration

3. Flow of Continuous and Discontinuous String of Polymer
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4. Polymer Solution Snap-off
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1. Aspect ratio
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1. Fractional Flow
2. Dead End Pores
3. Pulling Effect Mechanism
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Introduction

Immiscible CO, injection is one of enhanced oil
recovery methods. Gas override, viscous fingering
and gas breakthrough phenomena and finally a poor
sweeping efficiency occur in this method [1]. The
heavy oil displacement occurs by dissolving gas drive,
oil swelling, viscosity reduction and gas miscibility
mechanisms in the gas injection process [2]. Another
method that is used to enhance heavy oil recovery is
polymer flooding. By injection of polymer solutions,
the viscosity of the aqueous phase increases and its
permeability decreases due to the polymer adsorption.
The mechanisms of phase configuration, continuous and
discontinuous polymer string, polymer solution snap off
and trapping of the oil and the polymer solution were
identified as the main mechanisms in oil recovery by
polymer flooding [3-8]. It is possible to use the polymer
alternating gas (CO,-PAG) injection to improve oil
recovery. This method aims to improve the sweep
efficiency of CO, injection using a polymer solution. The
microscopic performance of CO, injection is combined
with a modified macroscopic sweep efficiency provided
by the polymer, and thus the resulting synergetic effect
increases oil recovery [9]. Few studies are performed to
investigate the (CO,-PAG) injection, but the underlying
microscopic mechanism(s) that lead to incremental oil
recovery need to be further investigated [4-10]. The
goal of this paper is to investigate the microscopic
phenomena during heavy oil displacement, and to gain
further insight (s) into the flow mechanisms of the
CO,-PAG injection. In this EOR method, stripping, gas
snap-off, formation of gas blobs and clusters, pulling
effect, pore to pore oil sweeping by polymer solution,
formation of continuous and discontinuous polymer

Accepted: September/08/2020

string and polymer solution snap-off, formation of
mobile gas clusters, polymer elasticity are observed and
identified to be effective in the incremental oil recovery
using the CO,-PAG process.

Experimental

Materials

In this study, industrial paraffin as representative
of heavy oil, FPAM3630 (SNF) with an average
molecular weight of 20 million Dalton, and CO, were
used. Distilled water and sodium chloride salt were
used to prepare a brine solution with a salinity of
3000 ppm (0.3%wt). Dyed red and neutral colors were
used to better observe fluids in the micromodel. In all
images, red, green, blue and white colors show oil,
polymer, brine and gas, respectively. Fluid viscosities
are listed in Table 1.

Micro-model

In all experiments, a water-wet glass micro-model
with a diagonal injection-production pattern was
utilized to visually study the fluid displacement and
the pore scale phenomena. The physical properties of
the micro-model are shown in Table 2. The absolute
porosity of the micro-model and the saturation of
phases were obtained by using the Image Processing
Toolbox in MATLAB software.

Experimental Set-Up

Figure 1 shows the micro-model setup, which consists
of horizontal glass micro-model, high accuracy low
injection flow rate syringe pumps (1.67x 102 m?/s),
USB microscope with 1000x zoom, ball valves, back
light system, micro-model frame, effluent collector
and digital camera. The captured image was scaled
with the Image J software.



Table 1 Materials properties used in the experimental work.
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Fluid properties Paraffin Distilled water Polymer solution (1500 ppm)
Viscosity (Pa.s) 0.01 0.001 0.028
Table 2 Corresponding parameters of used micromodel.

Length (m) 0.061 Coordination number 3

(Width (m 0.061 Porosity 0.49

Avg. pore depth (m) 0.0002 Aspect ratio 0.8

é*nj & pore diameter 0.0005 PV (m?) 0.365 10°

Syringe pump

Fig. 1 Schematics of designed micro-model set up.

The liquid injection flow rate was equivalent to 1ft/day
(3.33x10"" m’/s) and the gas injection flow rate was
equal to 1 PV/h (10-1° m%/s). Initially, the micro-model
was fully saturated with brine and then, the model oil
was injected into the micro-model with a constant
injection rate of 0.002 mL/min until the micro-
model was saturated with model oil and reached an
irreducible water saturation. It is considered that such
a low flow rate guarantied laminar flow in our micro-
model porous medium. Afterwards, CO, gas was
injected into the medium with flow rate of 0.006 mL/
min to displace the oil. Furthermore, 1 PV polymer
and 1 PV CO, gas were injected consecutively. The
liquid injection flow rate was 1 ft/day (3.33x10""'m?/s)
and the gas injection flow rate was equal to 1 PV/h
(1019 m¥/s).

Results and Discussion

Microscopic Observation

The CO,-PAG injection was started with an injection
of CO, in the first cycle. In the gas flow path, a stable
oil layer was formed between water and gas phases
(Fig. 2, Img. 1). In several pores in the direction of
the gas flow path, the oil phase was bypassed and thus
it was trapped (Fig. 2, Img. 2). With the injection of
polymer in the second cycle, the polymer solution
displaced the trapped oil in pores and also swept the
oil in the other area that was not completely contacted
with gas. The oil was completely swept in several
pores and throats (pore into pores oil displacement).

Light Source

It was trapped in other pores and also a thin layer of
oil was formed on the water film on the wall which it
is stripping mechanism (Fig. 2, Img. 2). As to results,
a double shock was formed by injection of polymer
solution. A water shock was formed between the
oil bank and polymer chock (Fig. 2, Img. 2). The
viscoelastic polymer (HPAM) pushes the oil ahead and
pulls the fluids from beside and behind. This polymer
behavior leads to pulling mechanisms (Fig. 2, Img. 3).
Thus, polymer imposes a larger force on oil droplets
and pulls them out of dead end pores. Continuous
and discontinuous polymer string was formed, which
is due to viscoelastic properties of polymer solution.
This causes that the polymer solution can better
sweep the oil in compared with water (Fig. 2, Img. 4).
Polymeric strings forced the trapped oil to be joined
together and formed oil threads and produce petroleum
threads. The polymer was isolated and trapped but it
was moveable and can flow in the porous medium
(Fig. 2, Img. 5). With the flow of polymer solutions in
polymer injector pores in the previous gas cycles due
to increased pressure and presence of capillary forces,
the continuous and long gas channel become narrower
and finally, in some throats, snap off occurred and gas
blob and clusters were formed (Fig. 2, Img. 6). The
presence of these moveable gas clusters was led to
double drainage, double imbibition phenomena and
combination of these in the porous medium (Figure 3).
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Fig. 3 Double drainage and double imbibition.

Macroscopic Observation

To minimize the residual heavy oil saturation of
medium and also, increase the displacement efficiency,
polymer and gas were injected alternately with 1:1 and
2:1 PAG ratio. Higher viscosity and density of polymer
solution and polymer elasticity led to the better
performance of CO,-PAG, which causes the polymer
solution was able to better control the mobility of gas.
The higher mobility control and lower mobility ratio of
CO,-PAG causes maximum displacement efficiency.
In this process, the phase gravity segregation was
occurred. According to figure 4, the gas touched side
of medium and another part of micro-model was
swept by polymer solution. Injection of polymer and
gas alternately had a maximum swept heavy oil. This
process had a maximum vertical sweep efficiency.
Macroscopic schematics of CO,-PAG process in
1:1 and 2:1 PAG ratio were come in figures 4 and 5,
respectively.

In 1:1 PAG ratio, higher area of micromodel was swept
in compare with 2:1 PAG ratio.

A
AU5hA

Fig. 4 Macroscopic schematics of CO,-PAG process in 1:1
PAG ratio.
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Fig. 5 Macroscopic schematics of CO,-PAG process in 2:1
PAG ratio.

Qualitative Investigating

The ultimate oil recovery of CO,-PAG injection in 1:1
and 2:1 PAG ratios were 76% and 73%, respectively
(Figure 6). In 1:1 PAG ratio, the higher oil displace-
ment efficiency was obtained.
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Fig. 6 Oil recovery factor of PAG process vs. pore volume.

Conclusion

The main conclusions of heavy oil displacement in a
homogeneous, water-wet micro-model under ambient
conditions are as follows:

CO,-PAG injection exhibited a promising performance
to recover heavy oil on both microscopic and
macroscopic scales. In the macroscopic scale with gas
and polymer flow from separate paths, oil was



swept away from most of the pores. CO,-PAG
injection provided a much stable displacement on
a macroscopic scale. In the microscopic scale, the
formation of a stable layer of oil phase between water
and gas phases during the gas injection in intact areas
resulted in oil recovery by the stripping mechanism. In
addition, a series of microscopic phenomena such as
pore to pore oil sweeping by polymer solution in intact
areas, the formation of continuous and discontinuous
polymer strings, trapped polymer phase, existence
of mobile blobs and gas clusters in the porous media
and the occurrence of double imbibition and drainage
processed were considered important oil recovery
mechanisms during the CO,-PAG injection process.
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