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Introduction

Gas condensate reservoirs are typically found
at greater depths and at higher temperatures and
pressures compared to oil reservoirs. In the early
stages of production, these reservoirs behave like
single-phase gas reservoirs. However, over time
and with continuous production from the reservoir,
pressure decreases, causing heavier components of
the gas phase to separate and form a collection of
valuable condensates near the wellbore [1]. As time
passes, these condensates accumulate around the well
and lead to the formation of a mass of condensate gas,
which causes narrowing of the gas flow pathways
and bottlenecks between the pore spaces in the
rock, reducing gas permeability and, consequently,
decreasing the well's deliverability. Additionally, the
remaining valuable condensates in the reservoir lead
to significant economic losses. Therefore, identifying
and studying the behavior of condensate gas reservoirs
is essential for both economic and technical reasons
[2].

One of the recent methods to enhance the production
of condensates formed at the wellhead of condensate
gas wells is the alteration of the rock's wettability from
liquid-wet to gas-wet [3]. Several laboratory studies
and modeling have been conducted on condensate
gas reservoirs to improve condensate production by
changing the wettability of the reservoir rock [4-6].
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Based on the studies conducted on the wettability
alteration of condensate gas reservoirs from liquid-
wet to gas-wet, it can be concluded that all studies
so far have utilized water-soluble chemicals. In this
method, production from condensate gas reservoirs
must be stopped first, after which a chemical solution
to alter wettability is injected into the reservoir. After
injection, the required time for wettability alteration
must be considered, and then production from the
reservoir is resumed. Under these conditions, some
of the injected chemicals will return to the surface
and cause production fluid loss. Therefore, the use of
water-soluble chemicals can lead to the loss of part of
the produced fluid and the closure of the well during
the process, which can result in economic losses. As a
result, this technical and economic challenge can be
improved through an alternative method. To address
this, the current study attempts to alter the wettability
of the reservoir rock through gas-soluble chemicals.
Nonionic surfactants, as gas-soluble chemicals, can
first dissolve in the injected gas and then the single-
phase solution of gas/surfactant can be injected into
the condensate gas reservoir during the gas recycling
process to alter the wettability. As long as the reservoir
pressure is higher than the surfactant's solubility
pressure, the gas/surfactant solution will remain single-
phase. In this study, the temperature and pressure
conditions for the solubility of nonionic surfactants



in methane have been evaluated by measuring the
cloud point pressure, ensuring that the surfactant is
dissolved in the gas under reservoir conditions and
that the gas/surfactant solution remains single-phase
in the reservoir. Furthermore, the changes in the
wettability of the carbonate reservoir rock, interfacial
tension, and the recovery of condensates have been
examined through core flooding experiments. The
use of gas-soluble chemicals to alter the wettability of
condensate gas reservoirs can reduce both the technical
and economic challenges compared to water-soluble
chemicals.

Material and Methods

In this study, carbonate rock was used during the
wettability alteration and core flooding tests. Also,
the salinity of formation water was 197255, and the
reservoir pressure and temperature were 2800 psi and
70 oC respectively. The nonionic surfactant (C, H,,O, )
was considered to change the wettability of gas
condensate reservoir to gas-wet during gas recycling
process. During this study, at first the dissolution of
nonionic surfactant was investigated via cloud point
pressure measurement to provide the modified CO,.
After that, the single-phase solution of CO,/C, H,,O,
was considered during the IFT, contact angle, and core
flooding tests at different surfactant concentrations.
Moreover, the condensate recovery was investigated
during the gas recycling process via CO,/C, H,,O,,
solution at reservoir conditions [7].

Results and Discussion

According to the results of the cloud point pressure,
the solubility of nonionic surfactant in methane
decreases with increasing temperature and surfactant
concentration. In other words, with an increase in
temperature and concentration, a higher pressure is
required for the solubility of the surfactant in methane.
Furthermore, the cloud point pressure of the solution
at a constant temperature increases with increasing
surfactant concentration. Additionally, the cloud
point pressure increases with rising temperature.
Furthermore, based on the contact angle data, the
wettability of the reservoir rock changes from liquid-
wet (contact angle of 18°) to intermediate gas-wet
(contact angles between 60° and 90°). After 24 hours
of contact between the calcite core and the methane/
surfactant solution, the contact angle at surfactant
concentrations of 500, 1000, 2000, 3000, 4000, and
5000 ppm changes from 18° to 4°, 50°, 69°, 80°, 83°,
and 86°, respectively. This indicates that the wettability
of the calcite reservoir rock has shifted from strongly
oil-wet to intermediate gas-wet. According to the
decrease in the slope of the graph in Fig. | and the
slight improvement in the wettability of the calcite
core from the concentration of 3000 ppm to 4000 and
5000 ppm, and considering the high cost of nonionic
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surfactants, it would be economically impractical to
increase the surfactant concentration beyond 3000
ppm. Therefore, an optimal surfactant concentration of
3000 ppm is considered, which was also used in other
experiments [8].
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Fig. 1 Contact angle measurements at different surfactant
concentrations over the time.

Additionally, as the concentration of nonionic surfactant
increases, the interfacial tension between the phases
decreases. With an increase in surfactant concentration,
the amount of work required to detach an oil droplet
from the surface of the carbonate core decreases,
indicating the effect of reduced interfacial tension and
the wettability alteration power of nonionic surfactant
at higher concentrations [9]. Moreover, the changes in
interfacial tension at concentrations higher than 3000
ppm are negligible, suggesting that the critical micelle
concentration for this nonionic surfactant under the
temperature and pressure conditions of the reservoir
is 3000 ppm. Furthermore, since all interfacial tension
values are higher than zero, so, gas injection into the
core occurs in immiscible conditions.

The relative permeability curve obtained from core
flooding experiments shown in Fig. 2 indicates that
at reservoir conditions, the intersection points of
the relative permeability of oil and gas in the pure
methane process and the CH,/C, H,,O . solution with
a 3000 ppm surfactant concentration are 0.88 for oil
and 0.69 for gas, respectively. This reflects a shift in
the intersection point to the left on the graph due to
the wettability alteration to an intermediate gas-wet
state by the methane/surfactant solution. Additionally,
according to the core flooding test results, Fig. 2
shows that at the end point of the relative permeability
curves, the remaining condensate saturation decreases
from 0.52 (for the pure methane process) to 0.4 (for
the CH,/C, H,,O, solution). Therefore, the production
of gas condensates has improved by 12% due to the
wettability alteration of the reservoir rock to the gas-
wet and the reduction of interfacial tension, compared
to the pure methane gas process.
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Fig. 2 Two phase relative permeability measurements (Oil-
CH4 and Oil-CH,/(CH,/C, H,,0,)) at reservoir conditions
and 3000 ppm surfactant concentration.

Conclusions

* The dissolution pressure of nonionic surfactant in
methane ranged between 1610 to 2310 psi, which
are commensurate with pressures of CO, injection
scenario.

» The presence of nonionic surfactant changed the
wettability of gas condensate reservoir to intermediate
gas-wet, so it can improve the condensate recovery.

* The IFT reduction occurred during the CH,/C, H,,O
solution scenario.

* The synergy of IFT reduction and wettability
alteration increased the 12% condensate recovery
compare to pure CO, scenario during the gas recycling
process.
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