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Abstract: The flow characteristics of dissolved gas driven processes in some heavy oil reservoirs,
such as low gas—oil ratio and higher oil recovery rate than expected, are quite different from
conventional oil production processes. Foamy oil is considered one of the main reasons behind
such a production phenomenon. In this paper, the factors affecting the performance of foamy oil
recovery were experimentally investigated in a sandpack medium with the assistance of computed
tomography (CT) technology to help further the understanding of the mechanism. Five different
experiments were applied and the results showed that (1) the linear pressure drop production model
had a similar oil recovery to that of the step-down mode; (2) increasing the depletion rate could be
more favorable to the oil recovery rate; (3) under a constant gas—oil ratio, raising the temperature had
little impact on oil recovery, but showed obvious impact on the production curve; and (4) with higher
permeability, there were more residual oil at the end of the displacement process. Lastly, a dry gas
huff and puff experiment was conducted and the decreased oil saturation was observed in the inlet
section, while no obvious effect was remarked in the outlet region of the medium.

Keywords: foamy oil; CT scan; influential factors; heavy oil recovery

1. Introduction

In recent years, the employment of dissolved gas on driving heavy oil has achieved notable
development results. Due to the characteristics of high crude oil viscosity, slow gas diffusion rate, and
large pressure gradient, the coalescence gas is not rapidly produced as a continuous gas phase, but
it is dispersed in crude oil in the form of small bubbles that move with the crude oil. With all these
descriptions, this gas—oil two-phase non-Darcy flow system is called the foamy oil flow. This special
flow characteristic can increase the oil recovery rate and reduce the producing gas—oil ratio.

The phenomenon of foamy oil was first observed in the early 1960s. Smith [1] first used the term
“oil-gas mixture flow” to describe the phenomenon in which small bubbles disperse in the heavy
oil phase. Sarma and Maini [2] first applied the term foamy oil and defined it as the dispersed gas
phase in the continuous oil phase. This definition distinguishes the foamy oil from a two-phase flow in
conventional reservoirs. According to the observation of the glass micromodel experiment, Bora [3]
proposed that bubble formation in a dissolved gas driven reservoir generally includes five processes:
supersaturation, bubble nucleation, bubble growth, bubble merging and splitting. Busahmin et al. [4]
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conducted 10 experiments with different kinds of gas components to study their performance on
solution gas drive in foamy heavy oil system. It turned out that ethane provided the lowest recovery,
and methane obtained a higher recovery than CO,. Mohammed et al. [5] proposed a mathematical
model to evaluate the pressure and depletion rate for a foamy oil driven reservoir, which resulted in
amore accurate prediction of the variable pressure changes in the heavy oil reservoir. Francisco et al. [6]
discussed the capillary effect of the temperature gradient of a soluble gas driven heavy oil system;
the results showed that the relative permeability curve and the gas—oil interface location were strongly
influenced by the temperature change. The hydromechanical deformation in the recovery process has
also become a major concern in recent studies [7-11].

Most previous studies, such as those reported by Sheng et al. [12], Maini [13], Ostos et al. [14],
Stik et al. [15], Claridge et al. [16], Alshmakhy et al. [17], Sun et al. [18] and Liu et al. [19], have
focused on the characteristic curve of foamy oil extraction, which is insufficient to research the bubble
generation and evolution mechanism or the mechanism of the seepage flow effect during foamy
oil flow. Some efforts have been made to visualize the foamy oil displacement process in porous
media. Tang et al. [20,21] carried out a series of tests on a solution gas driven system for heavy oil
to study the effects of initial water saturation, temperature and the gas—oil ratio (GOR) with the
help of a visual core holder. They found that initial water saturation reduces gas-bubble density,
temperature increment decreases cold production efficiency due to a substantial increase in gas relative
permeability, and solution GOR has a significant effect on gas-bubble nucleation for solution gas
driven systems for the conditions in their work. Liu et al. [22] offered a glass beads visualized model
to illustrate the stability of foamy oil in heavy oil reservoirs. Liu et al. [22] pointed out that the volume
of the foam phase decreased when the injection steam was over 70 °C; thus, the thermal enhanced oil
recovery (EOR) process should not be employed in the early period of developing heavy oil. Zhang
and Tahmasebi [23,24] used a glass model to study how CO; could influence the external stress of
a solid system. Moulu et al. [25] was interested in the stresses at the sandstone boundaries with
multiple fluid phases. Their results showed that the relative permeability was affected by the change
of pore geometry.

The micromodel used in such studies has a gap in both temperature and pressure from real
reservoir medium. With advanced scientific facilities, the study of the fluid mechanism has been
moving into the micro-scale level. Wellington et al. [26] was one of the first groups who used the
X-ray technique. Later, Kleinberg et al. [27] and Bryan et al. [28] discussed the properties of reservoir
fluids through nuclear magnetic resonance (NMR) methods. The behavior of the formation volume
factor of foamy oil was observed by X-ray devices and the relationship between the viscosity and the
pressure was revealed with nuclear magnetic resonance (NMR) techniques. Lv et al. [29] employed the
computed tomography technique to reveal three distinct stages in the foamy oil extraction: the elastic
flooding single-phase oil flow stage above the bubble point pressure, the foamy oil flow stage from the
bubble point pressure to the pseudo bubble point pressure and the gas flow below the pseudo bubble
point pressure stage. They carried out a comprehensive analysis based on the continuous evolution of
computed tomography (CT) scan saturation images and successfully employed frequency distribution
curves to define the critical gas saturation and critical gas saturation of bubble generation. In addition,
they established a method for the evaluation of the size and quantity of single gas bubbles and the
continuous gas phase.

To scrutinize the mechanism of the foamy oil flow characteristics and thus supply valuable
instruction for heavy oil recovery field practices, this paper reports extensive studies on various
influential factors on foamy oil flow, including the pressure drop rate, the formation temperature and
the sandpack permeability.
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2. Experiment

2.1. Experimental Equipment

In this study, a core CT scanning displacement system which integrates a GE’s spiral CT scanner,
QUIZIX pumps, and ISCO pumps were employed to visualize the displacement process and further
analyze the seepage mechanism. A water bath circulation heater with an oil-gas separation meter
was also applied to maintain the sandpack temperature. The porous medium prepared by packing
100-120 mesh silica sand was employed in the experiments. The 80-cm-long core holder was made
of PEEK with a strong X-ray penetration to facilitate the CT scanning process under temperatures of
80 °C and a pressure of 10 MPa. Figure 1 presents a schematic of the experimental setup.
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Figure 1. Experimental setup of foamy oil depletion with a computed tomography (CT) scanning system.
2.2. Experimental Fluids

White oil was employed to fill the sandpack for the subsequent saturation experiment of live oil.
The live oil was recombined with the dead crude oil and a natural gas mixture to reach the original
dissolved gas—oil ratio of 18 m®/m? (more properties of live oil are listed in Table 1). The gas mixture
was made of CHy and C;Hg with a molar ratio of 87:13. And water content of the live oil is negligible
in this experiment.

Table 1. Properties of the experiment of live oil.

Density 0.975 g/cm3

Viscosity under 80 °C 8749 mPa.s
Bubble point pressure under 80 °C 4.7 MPa

Gas-oil ratio 18.0 m3/m3

2.3. Experimental Procedure

The whole experiments were based on the simulated depletion of a real oil field.

e  First, the dry sand-filled sandpack was CT scanned to obtain the dry model and check if the
sandpack was packed uniformly.

e  Then, the white 0il was pumped into the sandpack to pre-saturate the sandpack, which would
make the crude oil saturation process more complete.

e  The live oil was injected from a mixing cell to prevent gas segregation.

e  After the sandpack was saturated by live oil at reservoir pressure and temperature, the inlet valve
was closed.

e  The fluid was produced from the outlet, which was controlled by a relief valve.
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e  The pressure was recorded by the piezometers among the sandpack.

e  The sandpack was scanned every 10 min to achieve the real-time monitoring of the heavy oil
depletion process.

e  Every single experiment was ended when the system pressure reached atmosphere and no more
liquid was produced.

2.4. Experimental Conditions

Five individual experiments, as shown in Table 2, were performed under different conditions to
fully investigate the parameters that influence the foamy oil production behavior.

Table 2. Conditions for five foamy oil experiments.

Experiments Permeability (D)  Depletion Mode  Depletion Rate Temperature (°C)

1 8.1 Step-down 0.2 M/step 60
2 7.6 Linear 0.2 MPa/h 60
3 7.5 Linear 0.5 MPa/h 60
4 8.2 Linear 0.2 MPa/h 80
5 13.6 Linear 0.2 MPa/h 60

Experiment 1 was a step-down depletion model, which was operated as follows: After dropping
the pressure by 0.2 MPa at the outlet, the outlet valve was opened to produce oil until no more
liquid was collected. Then the valve was closed and the pressure was dropped another 0.2 MPa.
The experiment was ended when the outlet pressure reached atmosphere pressure.

The other experiments were operated with a constant depletion rate, so the oil was produced
with a constant pressure drop. Experiments 2 and 3 had different depletion rates, and investigated the
speed effect on the flow behavior. Experiments 2 and 4 were designed to discuss foamy oil behavior
under different temperatures. Experiments 2 and 5 studied how permeability could affect the foamy
oil recovery. Experiments 1 and 2 were used to analyze different types of pressure depletion modes.

Furthermore, a gas huff-n-puff process was studied in Experiment 4 to evaluate the possibility
of using the produced natural gas resource on enhanced oil recovery (EOR). After the main process
of Experiment 4, a gas mixture of CO; and CHy, with a molar ratio of 13:87 (which is the same gas
composition needed to form the live oil in the previous section), was injected through the outlet valve
to reach the initial pressure of Experiment 4 (around 7.1 MPa). Then, the outlet was opened to simulate
a huff-n-puff process.

3. Results and Discussion

3.1. Effect of the Depletion Scenario in Foamy Oil Flow Behavior

As revealed from the saturation distribution graphs, the step-down depletion presented a uniform
oil saturation decline through the whole process (Figure 2). The linear depletion (Figure 3), on the
other hand, resulted in a sharp decline trend after one-third of the sandpack was used to recover
a significant amount of oil at the outlet, leaving a huge amount of residual oil near the inlet zone.
The explanation of this difference is that, in the step-down process, the gas has enough time to form
bubbles before opening of the outlet valve, which could raise the expansion energy. However, in the
linear mode where gases were produced immediately with oil, bubbles did not have enough time to
gather and form large bubbles. This phenomenon can also be observed in the CT reconstructed image
of the oil saturation as shown in Figure 4.

In the step-down process, three stages were presented in the development. The first started
with a single oil-phase flow stage, followed by the foamy oil flow stage, and ending with the gas
channeling stage. The second stage, which lies between the bubble point pressure and the pseduo
bubble point pressure, was the major oil recovery period. However, as seen from Figure 5b, no
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apparent oil production was observed through the bubble point pressure and the major recovery part
was near the atmosphere pressure. Moreover, no gas breakout was observed in the system; the gas
was released from the produced oil in the atmosphere environment. Thus, it can be concluded that the
linear model reduced the starting pressure of the foamy oil flow stage.
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Figure 2. Oil saturation distribution curves in Experiment 1 (300 mm is the outlet of the core).
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Figure 3. Oil saturation distribution curves in Experiment 2.

Figure 6 presents the tomography reconstruction images of three different depletion experiments.
In the step-down model, noticeable gas bubbles filled around the bubble point pressure and gas
gathered and joined into a continuous gas phase when the pressure was below the bubble point
pressure (i.e., the green area tip on the left column of 5.6 MPa). The free gas phase was established at
the end of the experiment (the blue spots indicate high gas saturation). Experiment 2, the one with
a depletion rate of 0.2 MPa/h, had no clear bubbles shown until the pressure dropped to 0. Another
linear system with a higher rate, Experiment 3, was similar to the former one and no obvious gas
zone was detected through the entire process. However, it took only half of the time to reach 0 MPa
compared to the other two experiments.
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Figure 4. Oil saturation CT reconstruction images for Experiments 1 and 2. (a) Step-down Experiment

1; (b) Linear Experiment 2.
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Figure 5. The relationship between oil recovery and pressure change for Experiments 1 and 2. (a) Step-
down Experiment 1; (b) Linear Experiment 2 (Section 2: one-quarter of the way to the inlet; Section 4:
three-quarters of the way to the inlet).
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Figure 6. Oil saturation distribution of different slices in each experiment.

3.2. Effect of the Depletion Rate on the Linear Pressure Drop Process

Alshmarhy and Maini [17] provided a result based on a certain foam surfactant, indicating
that a slower depletion rate was beneficial to a higher recovery. A similar flow behavior was
detected without any surfactant. Through the comparison of Experiments 2 and 3 (Figure 7), raising
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the decompression rate to a certain degree was found to influence the oil recovery performance.
As exhibited in Figure 8, the residual oil in Experiment 3 mainly stayed near the inlet section; however,
the oil saturation trend decreased slowly after half of the sandpack was used and the oil was gathered
in the outlet part until the process reached to the end, when a significant amount of oil was produced.
This can be explained by the fact that, with a higher rate, there was not enough time for gas bubbles to
equally disperse, which led to the viscosity difference of the whole sandpack. The residual oil in the
second half had a higher viscosity, which was more difficult for the gas (in the former half) to push the
oil out of the sandpack. This resulted in a slower recovery trend in the saturation curve.
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Figure 7. The relationship between pressure changes and the oil recovery of Experiments 2 and 3.
(a) Experiment 2; (b) Experiment 3.



Energies 2019, 12, 637 9of 14

100% — -

95% :th

90%

85%

S 8o% e I\/\j\l\,/\
2
©
S
3
3 %
3 «==0.00h 8 Mpa  ==0.33h 7.3 Mpa
8 70% 17.42h 0 Mpa ==27.40h 0 Mpa
—=—33.50 h 0 Mpa 37.13h 0 Mpa
65% e==16.97 h 0 Mpa 55.00 h 0 Mpa
60%
55%
50%
0 100 200 300 400 500 600
length (mm)

Figure 8. Oil saturation distribution curves in Experiment 3.

3.3. Effect of the Temperature on the Linear Pressure Drop Depletion

Comparing Experiments 2 and 4, it was clear that increasing the temperature to 80 °C increased
the oil recovery from 15.96% to 17.24%, but also doubled the time to reach the same oil recovery.
The differences in Figures 4b and 9 show that with a higher temperature, the oil was displaced more
completely near the inlet zone and the residual oil was mainly located in the outlet section, which was
contrary to 60 °C. This phenomenon is attributed to the fact that the foamy oil was less stable with
a higher temperature. Increasing the temperature will decrease the viscosity, which is a disadvantage
for heavy oil, leading to trapped gas bubbles and increasing the possibility of gas channeling. Moreover,
because the gas bubbles were more frequently moving in the crude oil, the gas was prevented from
expanding into bigger bubbles, which also influenced the stability of foamy oil. Consequently, the
bubbles in front of the sandpack pushed the oil flowing to the end, and the bubbles near the outlet
zone tended to directly flow out from the outlet valve. Thus, due to the coming fluid and the de-gassed
heavy oil, the residual oil was gathered in the outlet section. P. Liu et al. [22] conducted an experiment
using hot water to increase the oil recovery with a glass beads model. Their result indicated that hot
steam over 70 °C decreased the foam stability. However, this paper provided a more visualizable
explanation for such phenomena. Comparing Figures 4 and 9, the sandpack with a temperature of
60 °C (Experiment 2) was well developed in 55.14 h; however, at a similar time of 52.5 h, Experiment 3
(at 80 °C) reached only one-third of its recovery. This indicated that with a higher temperature, the
solution gas was produced quickly, contrary to the foamy oil mechanism. The remaining amount of oil
recovery was mainly due to the decrease of viscosity of the heavy oil, taking a much longer recovery
period. Thus, to obtain a higher oil recovery with a shorter recovery time, the depletion temperature
should be carefully determined.
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Figure 9. Oil saturation CT reconstruction images for Experiment 4.

3.4. Natural Gas Huff-n-Puff Process

Sun et al. [18] provided a gas huff-n-puff procedure of heavy oil, which had one round of oil
recovery of 19.09%, and with the second round increasing by 3.03%. In Experiment 4, an additional step
was taken to study the performance produced gas on oil recovery enhancement. The gas was injected
into the outlet to reach a system pressure of 7 MPa, and then soaked for 24 h. Then, the outlet valve
was opened to produce the fluid. Figure 10 indicates the pressure variation of the huff-n-puff process.
The primary oil recovery of foamy oil was 17.24%, which was similar to the Round 1 of Sun et al. [18],
and the additional huff-n-puff improved the recovery by 3.64%. This result indicated that the natural
gas huff-n-puff process was also applied to heavy oil after foamy oil depletion. However, with a large
amount of gas injection, a gas channel was formed in the model and the whole process was in the third
stage of foamy oil (the gas channeling stage). The oil saturation distribution curves in Figure 11 also
indicate that the gas hardly pushed out the residual oil, which was held near the inlet. Although an
increase was seen in the later part, the closed end presented an oil saturation decrease, meaning that
the cycling gas had the ability to move the residual oil near the inlet but the energy was not enough to
produce these oils.
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Figure 10. Relationship between pressure changes and oil recovery in Experiment 4—gas cycling part.
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Figure 11. Oil saturation distribution curves in Experiment 4—gas cycling part.

3.5. Effect of the Sandpack Permeability on the Linear Depletion Process

With a sandpack with higher permeability in Experiment 5, Figure 12 shows more swept area
and better oil recovery. However, the behavior of the fluid production was similar to the other linear
process—that is, the oil saturation increased near the outlet and the recovery improved to 25.10%. This
phenomenon occurred because, with higher permeability, the oil could more easily migrate to the
outlet zone. However, more gases were released from the oil, which makes it more difficult to produce

the degassed heavy oil.
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7
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Figure 12. Relationship between pressure changes and oil recovery of Experiment 5.
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The pressure from the inlet to Section 4 showed little difference, depicted as one uniform line in
Figure 12; however, there were three more different curves overlapping with the line of Section 4, which
is different from the other three linear depletion experiments. The pressure curves in Figures 5b and 7
were not totally overlapping each other. However, as time passed, four individual pressure curves
were exhibited on the plots to show an uneven pressure distribution of the sandpack. Meanwhile,
the outlet pressure curve showed a greater difference as compared to the other four lines, which also
indicated that due to the higher permeability, no significant gas phase was formed along the sandpack
to create an obvious pressure difference. Moreover, the gas bubbles were quickly released form the
outlet to establish a lower outlet pressure curve, contrary to other curves. The oil recovery curve of
Figure 13 also implies that the high oil recovery period ended when the outlet pressure curve reached
zero, which means that without the effect of dissolved gas, it was difficult to get the heavy oil to flow.
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Figure 13. Oil saturation distribution curves in Experiment 5.
4. Conclusions

Five independent experiments were conducted in this paper to discuss the mechanism of foamy
oil recovery. Through all these experiments (including different depletion models, different depletion
rates and different reservoir temperatures), the final oil recovery ranged from 15.96% to 17.24%.
Changing the depletion model from a stepwise to a linear pressure drop as well as increasing the
depletion rate and temperature will improve the bubble formation and enhanced the oil recovery.
Moreover, a medium with a higher permeability has a similar flow behavior as that achieved when
raising the temperature, which increased the residual oil saturation near the outlet zone. The details
are discussed as follows:

(1) Although the oil recovery factor of the linear pressure drop mode was similar to that of the
step-down mode, the displacement mechanism was different between those two models. The oil
saturation reduced uniformly among the entire sandpack for the step-down model; however, the
linear model could produce more oil at the outlet region.

(2) Increasing the rate of the linear mode was beneficial to oil recovery, because the lack of time
prevented bubbles from gas channeling.

(3) Under a constant gas—oil ratio, increasing the reservoir temperature had a favorable effect on the
recovery efficiency and had a greater impact on the production curve.

(4) Inadepleted experiment, the remaining oil was mainly concentrated in the inlet section, and
the outlet end had a higher degree of recovery. The gas huff-n-puff process had almost no effect
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on the outlet side where the gas channel was formed, but it could be employed to mobilize the
remaining oil around the inlet area.

(5) For the sandpack with a higher permeability, there was more residual oil at the outlet. The reason
for this is that oil migration in the front is required to pass through the end, so that the outlet
maintains a long period of high oil content. The longer time lasts, the more dissolved gas forms.
Subsequently, the outlet accumulates a certain amount of degassed crude oil, which is difficult to
drive out.
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