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ABSTRACT

The effect of the gas-oil interfacial tension and wettability on the performance of gas
assisted gravity drainage (GAGD) process was investigated at the pore-level to explore
conditions leading to high oil recoveries. This work extends the previous investigation of
GAGD parameters, i.e., the contribution of film flow and wettability, that we presented in
2015 and 2016. GAGD experiments were conducted in a new micromodel with an
improved capillary continuity to reflect mechanisms of oil recovery effectively. The result
of the experiment showed that the heterogeneities of the porous medium causes the gas-
front to bypass oil in small pores surrounded by large pores. The subsequent drainage of
bypassed pores was possible where the gas-oil capillary pressure was sufficiently increased
due to a reduction in the hydrostatic pressure of oil. The strong hydraulic continuity of oil
in an oil-wet porous medium compared to a water-wet porous medium contributed to a low
residual oil saturation under immiscible conditions. In water-wet micromodels, a near-
complete oil recovery was obtained under miscible conditions as no interface between oil
and gas was formed, and no oil was bypassed when the miscible displacement is developed.

INTRODUCTION

Gas Assisted Gravity Drainage (GAGD) is an effective method of oil recovery influenced
by the reservoir rock and fluids’ properties, such as the state of wettability [1, 2],
heterogeneities [3, 4], and interfacial tension between the fluids [5, 6]. During GAGD, the
entry of gas into an oil-occupied pore occurs when the gas-oil capillary pressure is
sufficiently increased. [7]. The capillary pressure between two phases is directly
proportional to their interfacial tension and inversely proportional to the pore size.
Therefore, the gas-oil capillary pressure in larger pores is lower so drainage of oil initially
begins from larger pores [8]. The gas-front may bypass smaller oil-occupied pores that are
surrounded by larger pores [4]. In gas-invaded zones, thick films of oil may be retained in
fine capillaries of a porous medium formed around the rock grains and on their rough
surfaces. In the gravity drainage, these fine capillaries provide the wetting phase with
continuous paths to maintain strong hydraulic continuity linking the bypassed pores to
pores at lower elevations [9]. Under such conditions, the hydrostatic pressure of oil in
bypassed pores decreases at higher elevations from the gas-front. Therefore, the local gas-
oil capillary pressure in a bypassed pore at greater elevations can be higher than the gas-
oil capillary pressure in the gas-front when a hydraulic communication between the
bypassed pore and gas-front is maintained [10]. The fine capillaries of a porous medium,
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depending on their length and geometry, contribute to a limited increase of the gas-oil
capillary pressure beyond which the hydraulic continuity of oil is terminated [10, 11].

The reduction of the gas-oil interfacial tension decreases the gas-oil capillary pressure at
the gas-oil interface. Therefore, a better GAGD performance might be expected with a
reduction in capillary forces allowing gravitational forces to drain the liquid more easily.
However, the injection of a rich gas may also reduce the gas-oil differential density
dissolving in oil.

In GAGD, the stability of the gas-front, in addition to heterogeneities of the porous
medium, is controlled by the gas-oil interfacial tension. The gas-front normally bypasses
oil when gas-oil interfaces in larger pores (leading zones) surround gas-oil interfaces in
smaller pores (trailing zones). Fig. 1 schematically shows drainage of oil by gas in a porous
medium containing large and small pores. When the viscous forces are negligible, the
minimum vertical distance (D,,;,) between the leading and trailing gas-oil interfaces prior
to the bypass of oil can be calculated by Eq. 1,

_ Pc-go - P(:IE;o (1)
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where Pfgo and Pﬁgo are the gas-oil capillary pressure in the trailing and leading zones
respectively, and Apg, is the gas-oil differential density. In a system with a fixed pore size
distribution, decreasing the gas-oil interfacial tension lowers variations of gas-oil capillary
pressure in various pore sizes (numerator in Eq. 1). Therefore, a reduction of the gas-oil
interfacial tension and an increase of the gas-oil differential density can stabilize the gas-
front and eventually reduce the size of a bypassed zone (Fig. 1c).

min

A further reduction of the gas-oil interfacial tension may lead to miscible oil displacement
conditions depending on oil and gas composition, temperature and injection pressure [12].
Under miscible conditions, in addition to a direct oil displacement, the extraction of oil by
gas and swelling of oil volume are the main mechanisms of the oil recovery [13, 14].

In our previous work, the effect of wettability on the GAGD performance was studied in a
micromodel with poor capillary continuity. In this work, a new micromodel with improved
capillary continuity has been developed to investigate the effect the gas-oil interfacial
tension on the GAGD performance under oil-wet and water-wet conditions to identify the
effect of wettability on residual oil saturations varying the gas-oil interfacial tensions.

EXPERIMENTAL DETAILS

A new pore network micromodel with an improved capillary continuity was fabricated
bonding two acrylic (Plexiglas®) plates containing coarse pores and fine capillaries. The
coarse pore network (Fig. 2) is made by repeating a designed pattern (Fig. 3) containing
pore sizes in the range of 150 - 1300 um. The designed pore network was etched by CO>
laser on an acrylic plate, and the depth of etching was in the range of 140 - 160 pum. Another
plate of the micromodel was scratched with a grit 60 sandpaper to form fine capillaries
covering the coarse pore network from the top port to the bottom port. The porosity of the
designed pattern is 0.48, and the pore volume (PV) of the micromodel is 0.940 + 0.005 ml.
The pore sizes of the micromodel are one order of magnitude larger than the pore sizes in
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a sandstone. The magnification of the pore structure reduces the capillary forces compared
to the gravitational forces. This helps us to study the interaction of capillary and
gravitational forces in a system with limited height. In addition, fluid saturations are
quantified via image analysis and error due to resolution is less relative to larger pores. The
fluid saturations in the micromodel were calculated using an in-house developed image
analysis methodology that evaluates the colour of pixels (red: oil and blue: water) in the
recorded pictures during an experiment. The fluid saturation and recovery factor can be
calculated with respect to the total number of pixels (with red, blue and white colours) and
micromodel porosity. The associated uncertainty with the calculated saturations is +2%.

The wettability of the micromodel was varied from a strongly oil-wet condition to a
strongly water-wet condition as described in the previous work [10]. Fig. 3a and Fig. 3c
show images of the repeated pattern in the oil-wet and water-wet micromodels, respectively
(note films of the wetting phase in narrow fine capillaries).

GAGD tests were conducted at 24°C injecting CO2 and CzHg (99% purity) under fixed
pressure (4.0 bars in immiscible tests and 8.4 bars in a miscible test) from the top port of
the micromodel. A precision piston pump (Quizix 20K series) was used to produce fluids
from the bottom port of the micromodel at a constant rate (0.1 ml/hr in immiscible tests
and 0.3 ml/hr in a miscible test). The initial oil and water saturations under the oil-wet
condition is established by injecting 5 PV water (blue dyed) into a fully oil-occupied
micromodel at a flow rate of 5 ml/min followed by injecting 10 PV of oil (red dyed
Varsol™ without dissolved gas) at a flow rate of 5 ml/min to establish a low water
saturation. Under water-wet conditions, the fully water-occupied micromodel is flooded by
10 PV of oil at a flow rate of 5 ml/min.

Table 1 shows the interfacial tension between test fluids at the corresponding conditions
measured with VINCI IFT 700 apparatus. Table 2 also shows the composition of oil
(Varsol™) measured with Agilent 7890 distillation system. In addition, equilibrium
swelling of oil volume when contacted by C3Hg and CO> was measured at test conditions
(4.0 bars and 24°C). The volume of oil in equilibrium with C3Hg was increased by 32 +
1%, but no significant swelling of oil was observed with CO». The density of live oil
containing CsHg at equilibrium was measured at 0.705 + 0.001 g/ml using Anton Paar
DMA-HPM density apparatus.

RESULTS & DISCUSSION

The GAGD experimental results are presented in Table 3 showing the variation of fluids’
saturation and ultimate oil recoveries. Fig. 4 and Fig. 5 show the micromodel images during
GAGD tests performed with CO> in the oil-wet and water-wet micromodels, respectively.
In both wettability conditions, the bypass of oil with the gas-front occurred in pores where
a higher gas-oil capillary pressure must be overcome compared to their neighboring pores
(e.g. smaller pores surrounded by larger pores). The average residual oil saturation in
GAGD tests performed using CO; at the time of the gas-breakthrough was 0.31 PV + 1.4%
in the oil-wet micromodel, and 0.35 PV * 1.4% in the water-wet micromodel. The average
residual oil saturation after 2 PV production (total test duration: 19 hrs) was 0.21 PV +
1.4% and 0.31 PV £ 1.4% in oil-wet and water-wet conditions, respectively. Similar results
were obtained when experiments were repeated but with varied bypassed residual oil zones.
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The difference in the initial positioning of the water saturation was the major source of
variation in results of repeated experiments.

In the oil-wet micromodel, additional recovery from initially bypassed pores was obtained
after the gas-breakthrough via film flow mechanism [10]. The fine capillaries maintained
the hydraulic continuity of oil between zones at different elevations and provided a
continuous path for the flow of oil. Therefore, a low residual oil saturation was obtained
due to an effective increase of the gas-oil capillary pressure at higher elevations. Fig. 6a
shows the ultimate state of the residual oil saturation in the oil-wet micromodel. In addition
to small pores and around the solid grains, the residual oil was also found in the pores with
entries blocked by water. Under such conditions (Fig. 6a), the cumulative capillary pressure
required to simultaneously displace the gas-water and water-oil interfaces is high, and may
lead to the retention of oil depending the size of the pore and geometry of local fine
capillaries.

Fig. 6b shows the ultimate residual oil in the water-wet micromodel that is retained in larger
pores than in the oil-wet micromodel. Under water-wet conditions, paths of the oil drainage
in certain regions was blocked by the presence of water in smaller pores. In addition, the
presence of water around the solid grains and corners of the fine capillaries restricted the
hydraulic continuity of oil for an effective increase of the gas-oil capillary pressure.
Consequently, the flow of oil in the form of thick films in water-wet media is restricted and
resulted in a slight reduction of the residual oil saturation (0.04 PV) after approximately 15
hrs of production post gas-breakthrough.

The central region of the pore network contains wide channels forming a larger scale of
heterogeneity, i.e., fracture. During GAGD, the leading edge of the gas-front was formed
in wide channels causing the bypass of oil in the matrices. Under oil-wet conditions, the
bypassed oil was subsequently recovered from the matrix because of the strong hydraulic
continuity of oil. However, in the water-wet micromodel, the subsequent drainage of the
bypassed oil from matrices was low due to weak hydraulic continuity oil.

The immiscible GAGD experiments were also performed with CsHg (pressure: 4.0 bar,
production rate: 0.1 ml/hr) to study the influence of a reduced gas-oil interfacial tension on
GAGD performance. Figs. 7a & 7b. show the oil-wet and water-wet micromodels after 2
PV production, respectively. The ultimate residual oil saturation under oil-wet conditions
was similar for both gas types. Under the water-wet condition, the variation of the gas type
resulted in a slight reduction (0.03 PV) of the residual oil saturation.

In the oil-wet micromodel, because of strong hydraulic continuity of oil, the oil saturation
in bypassed zones was effectively reduced when the vertical distance between these zones
and the outlet port is sufficiently increased. Ultimately, the residual oil was retained in
regions where hydraulic continuity of oil was terminated due to the geometric constraints
of fine capillaries. In the water-wet micromodel, reducing the size of bypassed zones, with
the reduction of the gas-oil interfacial tension to gas-oil differential density ratio, could
decrease of the ultimate residual oil saturation particularly in zones where the hydraulic
continuity of oil to lower elevations was not maintained. The injection of C3Hg instead of
CO2 improved the ultimate oil recovery factor due to swelling of the residual oil volume.
However, this mechanism may become ineffective in a reservoir containing live oil.
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An additional GAGD test was performed in a water-wet micromodel by injecting C3Hs at
8.4 bars to develop a miscible oil displacement (Fig. 8). The miscible gas injection,
stabilized by gravity, resulted in an oil recovery factor of more than 99%. The small volume
of the unrecovered oil was found in zones surrounded by water. In a miscible displacement,
a region of swelled oil containing a high concentration of dissolved gas was developed
between the gas and oil. A fully-developed transition zone formed with no interface with
gas on top and oil on bottom. Consequently, a high recovery of oil was obtained by
eliminating capillarity. The miscible oil displacement was gravity stable with the lowest
density of gas being on top and increasing in the direction of gravity.

The GAGD experimental results in micromodels with improved capillary continuity
showed that high oil recovery is obtained under oil-wet conditions. Under water-wet
conditions, the positive influence of the gravitational force on the immiscible displacement
of oil is limited by the presence of water. Miscible gas-oil displacement is very effective
in obtaining very high recovery under all conditions including water-wet conditions.

CONCLUSIONS

During immiscible GAGD processes, heterogeneities of porous media caused the gas-front
to bypass oil in smaller pores surrounded by larger pores. Under oil-wet conditions, the
strong hydraulic communication of oil contributed to an additional oil recovery from
initially bypassed regions where the gas-oil capillary pressure was effectively increased.
However, under water-wet conditions, the presence of residual water in smaller pores and
around the solid grains restricted the flow of oil from bypassed zones, and residual oil was
retained at higher saturations. A reduction in the ratio of the gas-oil interfacial tension and
gas-oil differential density slightly improved the GAGD performance in the water-wet
micromodel. Very high oil recovery can be obtained with the displacement of oil under
miscible conditions eliminating the capillarity at gas-oil interfaces in a heterogeneous
porous medium.

Future Works

The cumulative oil-water capillary pressure that must be overcome for the simultaneous
displacements of oil-water interfaces can be lowered in porous media with intermediate
wetting conditions. In future works, the performance GAGD in slightly oil-wet and water-
wet conditions will be evaluated and compared with the presented results.
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Fig. 1: Schematic representation of the bypass of oil with leading zones in the gas-front
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Table 1: Interfacial tensions between
fluids under experiment conditions

Bulk Drop Pressure IFT

Fluid Fluid (bar) (mN/m)
CsHs Water 4.0 |63.4+1.2
CsHs Water 8.4 |47.3x1.2
CsHs Oil 4.0 |15.840.2
CsHs Oil 8.4 | Miscible
CO, Water 4.0 |71.3+1.8
CO, Oil 4.0 |21.8+0.3
Varsol Water 4.0 |31.5+0.8

719

Oil-wet condition

(d) Post image processing
Fig. 2: Designed pore Fig. 3: The repeated pattern of micromodel prior and after image

processing (red: oil - blue: water, pattern size: (16x12 mm)

Table 2: Composition
of Varsol™ oil

Component Cor(n\f,t%j;)tlon

C8 1%
C9 8%
C10 27%
C11 38%
C12 25%
C13 2%
Sum 100%

Table 3: Summary of experimental results (uncertainty of calculated saturations: +2%)

Wettability Oil-wet Water-wet

Injected Gas CO, CsHs CO, CsHs Miscible
Replication 1 2 1 2 1 2 1 2 1

Initial Oil Saturation (PV) 091 | 086|084 | 079|083 |0.74 | 0.75 | 0.75 0.76
Initial Water Saturation (PV) 0.09 | 0.14 | 0.16 | 0.21 | 0.17 | 0.26 | 0.25 | 0.25 0.24
Oil Saturation at Breakthrough (PV) | 0.30 | 0.31 | NA | 0.28 | 0.36 | 0.34 | 0.33 | 0.33 NA
Water Saturation at Breakthrough 0.09 | 0.14 | NA | 0.21 | 0.17 | 0.26 | 0.25 | 0.25 NA
Ultimate Qil Saturation (PV) 023019020 021|032 030 029|027 | <0.01
Ultimate Water Saturation (PV) 0.07 | 0.11 | 0.13 | 0.20 | 0.17 | 0.24 | 0.24 | 0.25 0.24
Ultimate Oil Recovery Factor (% 76% | 78% | 84% | 82% | 61% | 59% | 74% | 76% | >99%

NA: Data Not Available * IOIP: Initial Oil in Place
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Fig. 4: Immiscible GAGD experiment performed with COz in oil-wet conditions (processed
image, red: oil — blue: water)
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(d) Post Gas-Breakthrough
S0=0.32 Sw=0.17

Fig. 5: Immiscible GAGD experiment performed with CO: in water-wet conditions (processed

images, red: oil — blue: water)
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Fig. 6: Residual oil (red) and water (blue) Fig. 7: Immiscible GAGD performed with
in oil-wet and water-wet conditions Cs3Hs in oil-wet and water-wet conditions
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(c) Dveloped miscible contact (d) After 2.00 PV production -
$0=0.78 Sw=0.22 miscible contact after 0.85 PV production S0<0.01 Sw=0.21

Fig. 8: Miscible GAGD experiment performed with CsHs in water-wet conditions (unprocessed
images, red: oil — blue: water — pink: oil with dissolved gas)
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