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Introduction

Miscible gas injection is a common Enhanced Oil
Recovery (EOR) method [ 1]. The primary mechanisms
for increasing oil production in this method are viscosity
reduction and oil swelling through multi-contact
mixing [2]. However, a major challenge associated
with this injection technique is the high mobility of the
injected gas relative to the reservoir oil, which leads to
(1) fingering, (2) low sweep efficiency, and (3) early
gas breakthrough [3-5].0One of the relatively cheaper
ways to improve the viscosity of carbon dioxide is to
foam it. Foam can improve the mobility of the injection
phase by increasing the apparent viscosity of the gas or
improving the wettability of the reservoir rock toward
a more water wetness.

The literature state that in addition to the interaction
between surfactant and nanoparticle, the hysteresis
related to the injection sequence affects the foam
recovery. Therefore, in the current study, injection
of foam stabilized with different foam agents is
performed in both secondary and tertiary modes. To
investigate the reason for the observed hysteresis, the
mentioned sequences were implemented in the sessile
drop method to observe the wettability changes over

Modify Date: August 04, 2024

Accepted: September 07, 2024

time. Wettability changes in the contact angle device
will be representative of the convection and diffusion
regime occurring in the real porous media.

Materials and Methods

Materials

Calcium carbonate nanoparticles with a diameter of
15 nm were purchased from NANO SHEL as a solid
powder. Sodium dodecyl sulfate (SDS), an anionic
surfactant, was also purchased in powder form from
Merck. The critical concentration of this surfactant
is equal to 0.04 wt.%. In this study, deionized water
with conductivity less than 5 micro siemens was used
as the solvent of surfactant and nanoparticle. The oil
sample used in this study was sourced from an Iranian
oil field. After filtration, we measured its viscosity and
density as 6 cP and 0.81 g/cm?, respectively.. Also, in
this study, glass bids were used as a representative of
the sandstone reservoir [3].

IFT Measurement

Pendant drop method was used for IFT measurement
in this study. Each experiment repeated three times to
ensure the repeatability of the [FT measurement.



Contact Angle Measurement

In this study, the sessile drop technique was used to
determine the contact angle of the limestone/crude oil/
brine system. To age the rock, a thin section was first
immersed in water for 2 days and then in oil for 21
days at 70 °C.Core flooding Experiment

Nano fluid, surfactant solution, and the mixture
surfactant and nanoparticle were injected in an oil-wet
glass bid porous media in secondary and tertiary mode.
The selection of solution samples was performed using
the results of other experiments such as the IFT and the
contact angle measurement.

Results and Discussion
Core flooding Results
Fig.1 shows the tertiary recover factor of 0.1 wt.% of
the nanoparticle.
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Fig. 1 Recovery factor versus injected pore volumes in ter-
tiary mode for Nano fluid stabilized foam.

Fig. 2 shows the tertiary recover factor of 0.1 wt. % of
nanoparticle + 1 CMC of surfactant.

Based on the results, the nanoparticle-surfactant stabi-
lized foam with high adsorption recovers the most oil
followed by nanoparticle-surfactant stabilized foam
with low adsorption and Nano fluid, respectively.
Moreover, in Fig. 3, recovery factor versus injected
pore volumes in tertiary mode nanoparticle-surfactant
stabilized foam with high adsorption is shown.
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Fig. 2 Recovery factor versus injected pore volumes in
tertiary mode nanoparticle-surfactant stabilized foam with
low adsorption.
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Based on the results, the nanoparticle-surfactant
stabilized foam with high adsorption recovers the
most oil followed by nanoparticle-surfactant stabilized
foam with low adsorption and Nano fluid, respectively.
Moreover, in Fig. 3, recovery factor versus injected
pore volumes in tertiary mode nanoparticle-surfactant
stabilized foam with high adsorption is shown.
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Fig. 3 Recovery factor versus injected pore volumes in ter-
tiary mode nanoparticle-surfactant stabilized foam with high
adsorption.

The Effect of Interfacial Tension

Based on the manuscript, the change in interfacial
tension (IFT) by adding nanoparticle to the surfactant
solution is due to the adsorption of surfactants on the
surface of nanoparticles. The maximum adsorption
occurred at 1 CMC of surfactant and 0.1 wt. % of
nanoparticle. The low adsorption was observed at 0.5
and 1.5 CMC of surfactant.

The Effect of Wettability Alteration
As shown in Fig. 4, the most change in wettability also
belongs to the high adsorption foam.

Fig. 4 The change in the contact angle from the initial state
[left] to the equilibrium [right] for high adsorption foam.

Conclusions

This study provide insight into the interaction between
nanoparticles and surfactants as well as the hysteresis
of the foam injection sequence are investigated. For
this purpose, secondary and tertiary core injection
experiments were performed on synthetic glass core
to investigate the oil recovery behavior of foam
stabilized with calcium carbonate nanoparticles and
SDS surfactant in sandstone reservoirs. According
to the results, the secondary oil recovery by foam
stabilized with a mixture of 0.04 wt.% of surfactant
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and 0.1% w of nanoparticles is significantly higher
than the foam stabilized with counterpart nanoparticle
and surfactant. In all cases, tertiary oil recovery
was significantly lower than the tertiary mode.
This phenomenon was attributed to the diffusion
regime governing tertiary recovery compared to the
convective regime in the secondary injection. In order
to prove this hypothesis, the aging process performed
in the core injection experiments was repeated in the
contact angle device. In the diffusion regime, the Nano
fluid could not change the wettability of the glass to
more water-wetness. The surfactant solution reduced
the glass oil-wetness by only 5 degrees. The mixture
of surfactant and nanoparticles brought this change in
wettability to 16. The Nano fluid, surfactant solution,
and mixture of surfactant and nanoparticles brought
the initial wettability of about The values dropped
from 150° to 76°, 45°, and 23°, respectively, which
confirms a higher rate of the convective regime in the
wettability alteration process.. Based on surface tension
experiments, the superior behavior of the surfactant and
nanoparticle mixture was attributed to the adsorption
of surfactant molecules on the nanoparticles and the
surface activation of the nanoparticles.
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Fig. 5 The image of a dangling drop with surface tension values which are printed in below row for the solutions generating
various foams used in this study.



YAA-VAY axino Ao F sl g cyoge JF 0las ~U_,PM}
’

ol (s ana g b 0,5 ol 0 0 5 oo
(Siz2gp O3 D5-bi o8 (e (Siga 20e g Gl
a9 adbige 1) e P S aBly s 40

19— g0 iy a5 ) ojled adolas 0 03 O yg0

K
N =0.01
‘ ocosd QY

G @tm cews> o jlanl Cdl> )0 05 se o g0 L3

‘_}ULQJ 4_:5‘)9 9 u_ms g_j ‘5>r|,, R u:. X

o —lp (S—mge soe li—o o5L Y mm*/min
bl ol L a3, .0 olsl ) ce/min
Solamez oy Sl ad o (1o 05 0530
5o bsdnso AM )l_u.d odl 9 ‘35—‘*\5‘ 6)_50)Lb‘ 9
Sl )0 Codi oy o (S by Slas de ]
Oimlejl 8y5 0 053 slm ) im0 a S ol

ol 00 ooly yiles

Sl sSee il o5 > e 0l ey 0
0y 5o Ol glil 4y 4 S gloye (g5l
Gold bl & len jo o Seyse S0 ) 052
a9l J=3ls Ve °C Lws cosw 1) o] g ails 455
A 0 o Sl e o A5 55, Ve ae 4
a (SsS 3 (a0, sl ol ol LT sl
Simleyl las U ccul oog (S5 byl Saisisys

p_».»S oolai_l w‘_‘w 4—’5‘)
s Sdbl by w059, ol Bua (o
po—t dliws 4y Sy Dhew 0 g, by Ly a2l
ol G lizes pod adge sl Jolxe Ly oo Jlosl
YU e 50 L Ly ol gl ad> e 5o
as ) ce/min o Ly NaCl 5l Ve ve e ppm len Ly

Dg—i 0 Gy 0o

1. Aging

235 dlio

=
S

=N
S

in place)
wow s w
(=] =3 =] (=]

15

=

The percent of recovery oil (from intial oil

0 5 10 15 20 25 30 35
The volume of injected void

5 (B Glad oz s il ZBLSL loged £ S
N ojled ogne )0 Jlwgil boad gl psd gl 5,55 )0
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Table 1 Properties of synthetic cores.

Situation Entrained Initial Oil in | Permeabil- | Porosity | Void Vol- Bulk Vol- | Pack Diam- Core Core
(or State) Water(.) (mL) Place ity (mD) ) ume (mL) ume (mL) eter (cm) | Length (cm) | Number
Secondary 22.8 54.1 68.4 23.8 70.1 294.4 5 15 1
Secondary 28.8 47.8 62.4 22.8 67.1 294.4 5 15 2
Secondary 323 422 589 21.2 62.4 294.4 5 15 3
Tertiary 34.6 39.5 56.3 20.5 60.4 294.4 5 15 4
Tertiary 27.2 493 63.3 23.0 67.8 294.4 5 15 5
Tertiary 36.7 35.8 50.5 19.2 56.6 294.4 5 15 6
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Fig. 9 The graph of recovery oil based on the volume of
injection's void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution and nano-parti-
cle with percent wight equal to 0.1 in Core No. 5.
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Fig. 7 The graph of recovery oil based on the volume of
injected void during tertiary injection of stabilized foam
with nano-fluid solution in Core No. 4.
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Fig. 8 The graph of recovery oil based on the volume of
injection's void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution in Core No. 2.
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Fig. 10 The graph of recovery oil based on the volume of
injectionys void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution and nano-parti-
cle with percent wight equal to 0.1 in Core No. 3.
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Fig. 12 Contact angle based on time (hour) for the crude oil/ hydrophilic glass/ nano-fluid system.
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Fig. 13 The image of released oil's drop during different times in the crude oil/ hydrophilic glass/ nano-fluid system.
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Fig. 14 Comparison of contact angle of first drop and second drop based on diffusion and advection states for nano-fluid
respectively.
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Fig. 15 Contact angle based on time (hour) for the crude oil/ hydrophilic glass/ surfactant solution system.
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Fig. 16 The image of the released first oil's drop during different times for the crude oil/ hydrophilic glass/ surfactant solution
system.
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Fig. 17 The comparison of contact angle of first and second

drops in diffusion and advection states for surfactant solu-
tion respectively.
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various foams used in this study.
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Table 1 Properties of synthetic cores.

Situation Entrained Initial Oil in | Permeabil- | Porosity | Void Vol- Bulk Vol- | Pack Diam- Core Core
(or State) Water(.) (mL) Place ity (mD) ) ume (mL) ume (mL) eter (cm) | Length (cm) | Number
Secondary 22.8 54.1 68.4 23.8 70.1 294.4 5 15 1
Secondary 28.8 47.8 62.4 22.8 67.1 294.4 5 15 2
Secondary 323 422 589 21.2 62.4 294.4 5 15 3
Tertiary 34.6 39.5 56.3 20.5 60.4 294.4 5 15 4
Tertiary 27.2 493 63.3 23.0 67.8 294.4 5 15 5
Tertiary 36.7 35.8 50.5 19.2 56.6 294.4 5 15 6
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Fig. 9 The graph of recovery oil based on the volume of
injection's void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution and nano-parti-
cle with percent wight equal to 0.1 in Core No. 5.
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Fig. 7 The graph of recovery oil based on the volume of
injected void during tertiary injection of stabilized foam
with nano-fluid solution in Core No. 4.
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Fig. 8 The graph of recovery oil based on the volume of
injection's void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution in Core No. 2.
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Fig. 10 The graph of recovery oil based on the volume of
injectionys void during tertiary injection of stabilized foam
with 1 CMS nano-fluid surfactant solution and nano-parti-
cle with percent wight equal to 0.1 in Core No. 3.
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Fig. 12 Contact angle based on time (hour) for the crude oil/ hydrophilic glass/ nano-fluid system.

T —

£ PR i — |
t=3hr t=30min t=0s
t=96hr t=20hr t=10hr

gl Csge i a3 i ppitn 50 aliBie Slel ;o sal o] i 0 ,ka8 WS VY Sl
Fig. 13 The image of released oil's drop during different times in the crude oil/ hydrophilic glass/ nano-fluid system.
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Fig. 14 Comparison of contact angle of first drop and second drop based on diffusion and advection states for nano-fluid
respectively.
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