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Abstract

Water-based enhanced oil recovery methods have been developed to improve the oil production rate from ultra-tight reser-
voirs. By coupling the effect of surfactant as wettability alteration and water alternating gas injection method, we aimed to
determine the most efficient enhanced oil recovery technique. We performed seven injectivity scenarios to measure the oil
recovery factor by introducing the alkylbenzene sulfonic acid (LABSA) as a surfactant agent during the active carbonated
water alternating gas (ACWAG) injection. To consider the effect of slug size during water alternating gas injection, we used
two different slug sizes (0.3, and 0.6). After the water breakthrough, a little oil volume was produced, and the maximum oil
recovery factor at 1.5 Pore Volume (PV) was 26%. This issue corresponded to the water channeling after the breakthrough
point. For smaller slug sizes (0.3), the maximum oil recovery factor (78%) was reached in smaller pore volumes. One of the
exciting results wass the considerable influence of slug ratio during the water alternating gas (WAG) injection, in which it
provided more oil recovery factor (83%) when the gas volume is higher than the water volume. Finally, by introducing the
coupling effect of active carbonated water (made by LABSA surfactant) and WAG injection, the maximum oil recovery fac-
tor was 85%, corresponding to the better efficiency of active carbonated water in interfacial tension reduction. The results of
this comprehensive investigation can be extended in ultra-tight sandstone reservoirs and can be applied as a further guideline
in numerical simulations.
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Abbreviations

ACWAG Active carbonated water alternating gas
injection

Cco, Carbon dioxide

EOR Enhanced oil recovery

GAW Gas alternating water

LABSA  Linear alkylbenzene sulfonic acid

MMP Minimum miscible pressure

NaCl Sodium chloride

PV Pore volume

WAG Water alternating gas injection

wt% Weight percent

Introduction

Due to the new advancements in enhanced oil recovery
(EOR) methods, there are still lack of efficient techniques
to improve the oil recovery from tight and ultra-tight reser-
voirs regarding their different nature from other reservoirs

@ Springer

(Afifi et al. 2021; Aycaguer et al. 2001; Ding et al. 2017; Li
et al. 2021). Among numerous secondary and tertiary EOR
methods, carbon dioxide enhanced oil recovery (CO,-EOR)
methods play a substantial role in tight reservoirs as they can
provide more convenient and feasible displacement sweep
efficiency (Al-Bayati et al. 2018; Alquriaishi & Shokir 2011;
AlRassas et al. 2022; Kuuskraa 2012; Wang et al. 2020).
CO, huft-n-puff (or cyclic CO, injection) is one of the
recent efficient techniques which has used in many field
applications (Han et al. 2018; Hu et al. 2020; Li et al.
2022a, b). The effective parameters that are important in
cyclic CO, injection are soaking time, pressure, and tem-
perature. These parameters are primarily favorable in frac-
tured carbonate reservoirs due to the feasibility of gas in
order to transfer more conveniently through porous media.
On the other hand, the injection of CO, as a continuous
phase would be a superior technique in tight reservoirs. It
can reduce the interfacial tension and oil viscosity when
injected in miscible conditions (Amin et al. 2012; Enayati
et al. 2018; Zhou et al. 2017). Continuous Gas Injection
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(CGI) would be a proper method in water-wet reservoirs
during the immiscible gas injection. It is evident that due
to the limitations of CGI and its low oil recovery increase,
it can not be a suitable method especially for tight and
ultra-tight reservoirs (Al-Mudhafar & Rao 2017; Kulkarni
& Rao 2005). A new method to increase the oil recovery
is the process of intermittent (or alternating) injection
of water and gas. In the water alternating gas injection
(WAG), the first goal is to increase the volumetric sweep
efficiency. Previous studies showed that WAG injection as
a secondary EOR technique would be more efficient than
primary EOR methods containing water or gas injection
separately (Belazreg et al. 2019; Ebadati et al. 2019). Slug
size is essential in increasing the oil recovery factor, which
can be performed more efficiently in smaller slug sizes.
The slug ratio is another important parameter that should
be optimized as higher slug ratios can trap residual oil in
the reservoir. Therefore, at higher slug ratios, recovering
the remaining oil would be difficult and time-consuming
(Afzali et al. 2018; Li et al. 2022a, b).

To improve oil recovery factor, gas-assisted gravity
drainage (GAGD) method (Mahmoud and Rao 2007)
would be a feasible method especially in the presence of
active water aquifer by the production of oil above the
oil-water contact level. Evaluated a set of experiments to
consider the GAGD and free fall gravity drainage (FFGD)
mechanisms in the presence and absence of active water
aquifer. They observed that GAGD had higher oil recovery
factor than FFGD; however, the presence of active water
aquifer would improve the performance of FFGD. For
increasing the oil recovery factor in those reservoirs with
strong aquifers, Al-Mudhafar et al. (2018) experimentally
evaluated the gas and downhole water sink-assisted grav-
ity drainage (GDWS-AGD) method. In this method, the
water cut had the minimum value and susbequently the oil
recovery increased further by the increase of gas inejction
rate (Al-Mudhafar et al. 2018).

Although many numerical and experimental investiga-
tions have been performed (contained various chemical
and thermal enhanced oil recovery techniques in ultra-
tight reservoirs), there is still a need to develop efficient
methods to improve oil recovery factor. We implemented
the water-based EOR methods and then comparing each
scenario's results to find the efficient oil recovery methods.
Therefore, we performed water alternating gas injection
for different slug sizes and slug ratios. Due to the wettabil-
ity alteration feature of surfactants, they can provide better
results when WAG injection scenarios were coupled. The
results of this study would be the straightforward advance-
ment in the design of EOR techniques for ultra-tight res-
ervoirs worldwide.

Methodology
Materials

We collected seven tight core samples with the outer diam-
eter of 2.54 cm and approximate length of 2.55-2.71 cm
from a sandstone reservoir in the Tarim Basin in China.
The core samples were extracted from the depth of
1824-1916 m. According to the XRD analysis, sandstone
core samples contained quartz with a weight percent (wt%)
of 79.6%, dolomite, illite, and pyrite with 8.7 wt%, 8.4
wt%, and 3.3 wt%, respectively. The porosity and perme-
ability ranged from 5.81-11.26% to 0.012-0.105 mD.

A conical filtering centrifuge was used to eliminate
the solid particles and other formation chemical agents
from the light crude oil. Then the viscosity and density
were measured (at 70 °C (reservoir temperature) and room
pressure (atmospheric pressure)). They were 1.26 cP and
0.861 g/cm?®, respectively. The asphaltene content in puri-
fied light crude oil was measured (0.12 wt%), which had
no significant effect on the experiments. As the crude oil
contains 70.24 mol% of light and intermediate hydro-
carbons (C,—C,), it was considered a light crude oil in
this field. The remained crude oil component contained
29.76 mol% of C,,. Another reason for using light crude
oil corresponded to its better miscibility when interacting
with the gaseous phase.

The formation brine collected from the same reservoir
that core samples were extracted to provide reliable results
during the experiments; however, its physicochemical
characteristics were analyzed in the laboratory. It is mainly
contained 120,000 mg/L of sodium chloride (NaCl) with
a viscosity of 1.14 cP. The concentration of other ions
consisted of Ca?*, Mg** (450 mg/L and 215 mg/L) can be
negligible as they cannot affect the results significantly.

Carbon dioxide (CO,) were prepared in the purifi-
cation of 99.99% at reservoir temperature and atmos-
pheric pressure. We used linear alkylbenzene sulfonic
acid (LABSA) as a surfactant to produce the active car-
bonated water. LABSA, with the chemical formula of
CH;(CH,)11C¢H,SO;H, is a commercial surfactant and
is widely used in EOR processes.

Experimental procedure

Coreflooding tests

The coreflooding apparatus, is schematically shown in
Fig. 1. Firstly, to eliminate the clays, hydrocarbons, etc.,

from the sandstone tight core samples, they should be pol-
ished with methanol and toluene. Second, they will be

@ Springer



1914

Journal of Petroleum Exploration and Production Technology (2023) 13:1911-1918

A5

Syringe pump

» Pressure
gauge

\I( DI\’]-—

CO2

r Y
Syringe pump

\

Active carbonated water ‘1,4 D

>

X

» Core holder

U

Liquid Meter

Fig. 1 Coreflooding Apparatus

dried, sealed (in order to prevent channeling from occur-
ring between a core sample and inner surface of the core
holder during injection), and put in a horizontal core
holder. Forming brine was injected at different rates varied
from 0.01 to 0.03 cm®/min. The porosity and permeability
of each core sample are shown in Table 1. The poros-
ity varied from 5.81 to 11.26%, while the permeability
varied from 0.012 to 0.105 mD. It was indicated that this
reservoir is one of the ultra-tight sandstone reservoirs.
To measure the connate water saturation, crude oil was
injected through core samples with the flow rate of 0.02
cm®/min. This point was called connate water saturation,
where there was no water production after this point (S,
~ 42.3-46.76%). The following procedure was done to
measure the oil recovery factor.

1. Formation brine with the flow rate of 0.02 cm®/min was
injected to measure oil recovery factor.

Carbon dioxide was injected with the flow rate of 0.02
cm’/min as a miscible phase to measure the oil recovery
factor.

3. CO,-water alternating gas injection (WAG) with various
WAG slug sizes, gas alternating water (GAW) injection,
and active carbonated water alternating gas injection
(made by surfactant) were performed with the flow rate
of 0.02 cm*/min. The gas injection for all scenarios was
performed as continuous miscible CO, injection.

4. Finally, water flooding was applied to observe how much
remained oil was produced.
Limitations

One of the issues in considering the active carbonated
water alternating gas injection would be minimum mis-
cible pressure (MMP) when the CO, injection pressure is
greater than MMP, it is important to investigate the core
displacement efficiency and crude oil-gas mechanisms. It
corresponded to the highest oil recovery factor and would
be a limit specifically in unconventional reservoirs.

Table 1 Summary of

experiments and obtained Core sample Scenario Slug size Slqg Porosity (%) Permeabil— Sei (%)
characteristics ratio(W:G) ity (mb)
1 Waterflooding - - 10.54 0.012 42.5
2 CO, injection - - 5.81 0.038 44.9
3 WAG 0.3 1:1 6.14 0.062 50.13
4 WAG 0.6 1:1 11.01 0.051 48.76
5 WAG 0.3 1:2 9.78 0.10 49.18
6 GAW 0.3 1:1 7.45 0.105 51.26
7 ACWAG 0.3 1:2 11.26 0.084 43.03
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Results and discussion
Waterflooding and CO, injection

To measure the oil recovery factor during waterflooding
and CO, injection (continuous miscible injection), core
samples 1 and 2 were used. As shown in Fig. 2, a water
breakthrough occurred at 0.3 PV, which indicated that
no significant volume of oil would be produced after this
point (the oil recovery factor was approximately 24%).
After the water breakthrough, a little oil volume was pro-
duced, and the maximum oil recovery factor was 26% (it
reached a plateau at 1.5 PV). This issue corresponded to
the water channeling after the breakthrough point. We
used core sample 2 to proceed with CO, injection as a
continuous miscible injection in the second step. It was
observed that CO, breakthrough occurred in 0.2 PV with
an oil recovery factor of 21%. After the breakthrough,
more oil volumes were produced, and the maximum oil
recovery factor reached 45% (Fig. 3).

Water alternating gas (WAG) injection

In this section, we used core sample 3 to perform core-
flooding tests with WAG injection scenarios. We per-
formed the measurements until the oil recovery factor
reached a plateau and there was no significant oil produc-
tion. We continued the coreflooding tests for six cycles,
starting with water and then finishing in the sixth cycle
with gas injection. Again, more oil volume was produced
after the breakthrough (at 0.3 PV of water injection in
cycle 1), indicating that alternative water and gas injection
would be an effective technique to enhance the oil recov-
ery factor. The maximum oil recovery factor was 63.43%
after 3.5 PV.
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Fig. 3 Oil recovery factor for water alternating gas injection with the
slug size of 0.6 and slug ratio of 1:1

Effect of slug sizes in WAG injections

In this section, we focused on the effect of slug sizes dur-
ing WAG injection, and we performed two coreflooding
experiments with slug sizes of 0.3 (core sample 4) and
0.6 (core sample 3) in the slug ration of 1:1. As shown in
Fig. 4, until the water breakthrough in 0.3 PV, there was
no change in the oil recovery factor for both samples. For
the core sample with a slug size of 0.3, the increase of oil
recovery continued as for larger slug sizes (0.6), water
breakthrough occurred earlier. Although the oil recovery
factor was increased in core sample 4 experiment, the main
parts of oil production corresponded to the O, injection
in the second cycle. Furthermore, it is concluded that the
maximum oil recovery factor reached in smaller pore vol-
umes for smaller slug sizes (Carpenter 2019; Sarlak et al.
2021). It is about 78% after 1 PV injection.
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Fig.4 Effect of slug size during the WAG injection on the oil recov-
ery factor at the slug ratio of 1:1
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Effect of slug ratio during WAG injection

Slug ratio is expressed as the ratio of water or gas in alter-
nating injection scenarios. In this part, we investigated the
effect of the slug ratio during WAG injection. Therefore, we
performed a coreflooding test with core sample 5 with the
slug ratio of 1:2 with a slug size of 0.3. As shown in Fig. 5,
slug ratio had a vital role in oil production as the oil recov-
ery factor increased up to 83%. It was corresponded to the
more volume of CO, injection in comparison with the pre-
vious scenario. It can increase the displacement efficiency
on a microscopic scale. When the slug ratio was 1:2 (due
to the gravity segregation and higher water density during
the water flow in the core samples), there was no significant
increase in the oil recovery factor after 1.5 PV.

Gas water alternating (GAW) injection

This part investigated the gas water alternating injection to
compare with WAG injection with core sample 6. The pur-
pose of this experiment was to observe what would happen
if the sequence of the injection phase changed. As shown in
Fig. 6, it was observed that the maximum oil recovery fac-
tor in WAG injection (79%) which was higher than GAW
injection (67%), because water can provide higher displace-
ment efficiency than gas in the first stages of injection. It
corresponded to the formation of water with more favorable
mobility ratio in water-wet reservoirs. Moreover, in GAW
injection, CO, can cause viscous fingering issues in the ini-
tial stages of core flooding, and subsequent reduction on the
overall volumetric sweep efficiency.

Coupling the effect of surfactant and WAG
As investigated in previous sections, WAG injection with

a small slug ratio (0.3) and slug ratio of (1:2) has the opti-
mum injectivity scenario to improve the oil recovery factor.

90

Here, we investigated the coupling effect of surfactant (the
wettability alteration agent caused to reduce the interfacial
tension.) and WAG injection. Instead of formation water,
we used active carbonated water, which was made by sur-
factant dissolved in water in alternating cycles. As shown
in Fig. 7, the maximum oil recovery factor reached 85% in
active carbonated water alternating gas injection (ACWAG).
It corresponded to the better efficiency of active carbonated
water in interfacial tension reduction.

Conclusions

In this paper, we investigated water-based enhanced oil
recovery methods in the ultra-tight sandstone reservoirs.
We coupled the effect of surfactant as wettability alteration
and water alternating gas injection to determine the most
efficient enhanced oil recovery techniques. We performed
seven injectivity scenarios to measure the oil recovery factor
by introducing the alkylbenzene sulfonic acid (LABSA) as
a surfactant during the active carbonated water alternating

80 | b A AAAAAAANAD AA A DA
® A
L0 A o 00 o o o
[=]
£60 @o o o0 00
g A
.50 | 2
o
qE; 2 oO A WAG injection
I o
S ° O GAW injection
v 30 |
=9 o
= lo
o) 20 f
10 ©A
0 . . . . .
0 0.5 1 1.5 2 25 3

Pore Volume injection

Fig. 6 Effect of sequence phase change in an alternating injection on
the oil recovery factor at the slug size of 0.3 and slug ratio of 1:1
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gas (ACWAG) injection. The main conclusions of this study
are as follows;

e The CO, breakthrough occurred at 0.2 Pore volume
(PV) with an oil recovery factor of 21%. After the break-
through, more oil volumes oil were produced, and the
maximum oil recovery factor reached 45%.

e Alternative injection of water and gas would be an effec-
tive technique to enhance the oil recovery factor. The
maximum oil recovery factor was 63.43% after 3.5 PV
in WAG injection with the slug ratio of 0.6 and slug ratio
of 1:1.

e For the core sample with a slug size of 0.3, the oil recov-
ery increases as for larger slug sizes (0.6), water break-
through occurred earlier.

e Slug ratio has an essential role in oil production as it
increased the oil recovery factor up to 83% due to more
volume of CO, injection than in the previous scenario.
It can increase the displacement efficiency on the micro-
scopic scale.

e The max oil recovery factor in WAG injection (79%) was
higher than GAW injection (67%), as water can provide
higher displacement efficiency than gas in the first injec-
tion stages. It corresponded to the formation of water's
more favorable mobility ratio in water-wet reservoirs.

e The maximum oil recovery factor reached 85% in active
carbonated water alternating gas injection (ACWAG). It
corresponded to the better efficiency of active carbonated
water in interfacial tension reduction.
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