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Abstract:

Recent researches indicate that the injection of nanofluid solutions into oil reservoirs enhances oil
recovery, but the impact of key important parameters such as antigravity fluid injection has not yet
been well understood. In current experimental investigation, effects of temperature and antigravity
injection on the enhancement of oil recovery was studied. Additionally, effects of wettability
alteration, interfacial tension, and viscosity were investigated. Pure water, TiO2, CuO, and y-Al203
nanofluids were considered as injected fluid. During the antigravity fluid injection process,
decreasing the capillary number enhanced the oil recovery. This increment for pure water, TiOa,
CuO, and y-Al>O3 nanofluids injection was 42.8, 65.7, 73.5, and 75.7%, respectively. Compared
to the gravity-aligned injection, these results show enhancement by up to 18.25, 19.7, 17.5, and
23.7%. Moreover, for injection in antigravity direction when water, TiO2, CuO, and y-Al,O3
nanofluids injected at 90°C oil recovery enhanced by 7.8, 5.2, 3.7, and 2.75%, respectively,
compared to the results obtained for injection at 25°C. Besides, oil recovery enhanced substantially
by interfacial tension reduction when using nanofluids instead of water. For instance, the
maximum recovery belongs to y-Al2Oz nanofluid by 43.5% as the interfacial tension reduced from
45.03 mN/m for oil-water to 2.36 mN/m for oil and y-Al>O3 nanofluid. Furthermore, increasing
the injection temperature from 25 °C to 90 °C reduced the interfacial tension. This reduction for
water injection was 15.8%, and 21.2% for y-Al20O3 nanofluid injection.

Keywords: Enhanced Oil Recovery; Hot nanofluids; antigravity injection; Temperature;
Interfacial tension reduction; Vertical porous medium
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1. Introduction

It is crucial to select an appropriate enhanced oil recovery method in the modern era
due to the urgent demand for oil and its products [1]. Basically, oil recovery from
reservoirs is divided into three phases: primary, secondary, and tertiary exploitation
[2]. Because of the high pressure in the reservoir, the preliminary exploitation is
carried out using existing natural driving mechanisms, including thrust energy or
rock-fluid expansion [3]. Given the relatively weak natural displacements,
secondary production processes like gas injection, water flooding, or alternate water
and gas injection are used after decreasing the initial exploitation. Since only 30%
to 50% of the oil in the reservoirs can be recovered using primary and secondary
methods, tertiary exploitation techniques, also known as enhanced oil recovery, are
employed to boost oil generation from the reservoirs [4]. Generally, the best way to
deal with the issue of declining production and reservoir longevity is to enhance oil
recovery. It is important to note that the primary and secondary recovery methods
goals are to increase the oil mobility in the reservoir. Of course, because of capillary
force and adhesion, oil cannot be fully recovered [5, 6]. Generally, injection of
miscible solvents, carbon dioxide, flooding of polymer and surfactant, and thermal
techniques have contributed to oil recovery. Moreover, the nanofluid injection is an
interesting method. Numerous investigations have demonstrated that incorporating
nanoparticles into a fluid via flooding can alter the interfacial tension of oil/water
phases [7] and wettability [8-13] as well as augment their characteristics [14, 15].
Indeed, nanoparticles enhance oil recovery and regulate the mobility ratio [16, 17].
The majority of the established chemical methods reduce permeability after
injection, and by accumulating within the reservoir rock, they obstruct the reservoir
rock's pores. As a result, nanoparticles have effective applications in oil recovery
processes for a variety of reasons. These reasons include the size smallness, which
facilitates the easy entry into reservoir rock pores and recover oil without
entrapment, the capacity to stabilize emulsions, establish an appropriate dynamic
ratio, altering the properties of the base fluid, environmentally friendly, and high
temperature and pressure tolerance. In recent decades, large numbers of studies have
focused on the nanoparticles applicability in enhancing oil recovery. For example,
altering wettability of carbonate reservoirs were studied by Hamouda & Gomari
[18]. They examined the impact of temperature on the contact angle, interfacial
tension, and zeta potential parameters. They discovered that variations in contact
angle at high temperatures are comparable to variations in interfacial tension. The
contact angle was reduced from 160° to 68° at elevated temperatures. This trend



demonstrated that as carbonate reservoir temperatures rise, the reservoirs shift from
petrophilic to hydrophilic. Also, they came to the conclusion that there is potential
for a critical temperature for the highest wettability alterations. No further wettability
alteration will take place if the temperature rises above this point.

Later, Suleimanov and coworkers [19] employed nanofluids for enhancing oil
recovery purpose in a laboratory scale. They conducted their research using an
agueous solution made up of anionic surfactants and non-ferrous metal
nanoparticles. When compared to the water solution surface, the application of
nanofluids decreased interfacial tension at the oil boundary by 70-90%.

Maghzi and his colleagues [20, 21] examined the impact of silica and
polyacrylamide nanoparticles on enhanced oil recovery using chemical and laser
micromodels. They finally concluded that the silica nanoparticles caused enhanced
oil recovery during polymer flooding.

El-Diasty and Aly [22] presented novel ways to use nanotechnology for enhancing
oil recovery in old fields. Researchers highlighted the possibility of using
nanoparticles for enhancing oil recovery, as well as nanoparticles small size in
comparison to the porous pores. The findings demonstrated that, without affecting
permeability, nanoparticles could move freely in porous rocks.

According to a research conducted by Yousefvand et al. [23], the silica nanoparticles
adsorption on the cavity wall and bottlenecks leads to strong hydrophilicity in
micromodel cavities and makes hydrolyzed polyacrylamide perform better in oil
recovery.

In another experimental study, Roustaei and Bagherzadeh [24] investigated
enhanced oil recovery in carbonate reservoirs employing silicon oxide nanoparticles.
To calculate the optimal nanofluid concentration value for injection into carbonate
core specimens, they examined the impact of nanoparticle concentration on
wettability and interfacial tension.

To assess the improvement of foam stability in porous media employing
nanoparticles, Wang et al. [25] used the best foam formulation (surfactant and
polymer) in various salinities. Air injection was used to examine the one-
dimensional flow of the foam produced in the testing environment. The pressure
declines in rock fractures in the availability of nanoparticles, the fluid injection
discharge on the foam in the porous medium, and the foam in the presence and
absence of carbon nanotubes were also all studied.



Later, Soleimani et al. [26] synthesized zinc oxide nanoparticles on an experimental
scale to decrease oil-water interfacial tension in favor of enhanced oil recovery.
Enhanced oil recovery resulted from zinc oxide's adsorption on the rock's surface
due to wettability and a decrease in capillary force. The nanofluid was afterward
synthesized by varying the concentration of zinc oxide nanoparticles to achieve the
favored value in the interfacial tension test (employing the hanging drop method).

The effect of temperature on the stability of nanoparticle/surfactant solutions and oil
recovery as well as the simultaneous and mutual effects of parameters were
investigated by Mahmoudi et al. [27]. Their results showed that the concentration of
nanoparticles is the most important factor affecting the stability of the solution,
which leads to the improvement of oil recovery.

Furthermore, some of the factors influencing interfacial tension and wettability
variations in the recovery of remaining oil trapped in reservoirs have been studied
[28]. The findings demonstrate that various wettability characteristics enhance oil
recovery only by interfacial tension reduction, and the impact of wettability
alterations can differ because of various states of preliminary wettability.

Chandio et al. [29] conducted an empirical assessment of the effects of
concentration, salinity, and the mechanisms of enhanced oil recovery using
hydrophilic silica nanofluid. The results indicated the optimal concentration of 0.05
%wt in elevated salinities with the greatest potential for recovery, wettability
alteration, and interfacial tension reduction.

Recently, in a research conducted in 2022, in order to enhance oil recovery, an
innovative nanofluid based on polyoxyethylated graphene oxide has been prepared
[30]. The findings of the study suggested that the produced nanofluid has the
potential to enhance oil recovery.

Another significant point is the effect of gravity in vertical displacements in porous
media. Four factors control the efficiency of vertical sweep which including; density,
mobility ratio, difference between vertical and horizontal permeability and capillary
forces. Upward injection of fluids against gravity improves sweep efficiency and
enhance oil recovery by reducing viscous fingering. A major aim of using vertical
injection wells is that they may already be available from previous production [31].
On the other hand, the importance of vertical injection compared to horizontal
injection has been shown in reducing drilling costs [32].



The effect of vertical downward, vertical upward and horizontal injection mode on
oil recovery has been studied [33]. The results demonstrated that the strategy of gas
injection vertically downwards is the most efficient method among the three
injection modes. Additionally, vertical injection and horizontal production systems
have been shown to provide faster and more oil recovery compared to horizontal
injection and production well systems [34]. Alkaline/surfactant/polymer (ASP)
injection aimed at enhancing oil recovery in a physical model of a vertical
heterogeneous reservoir not only displaces residual oil in high-permeability
reservoirs, but also showed that displaces the residual oil in the low-and medium-
permeability layers by increasing the displacement volume and displacement
efficiency [35].

Overall, literature review shows that effects of crucial factors, including the effect
of anti-gravity fluid injection on the oil recovery enhancement in the porous
medium, has not yet been understood. So, in current study to enhance the current
knowledge, effects of anti-gravity hot/cold nanofluid injection on the oil recovery
from a model porous medium will be studied.

2. Materials and methods
2.1. Materials

Nanoparticles, such as titanium dioxide (TiO,), gamma aluminum oxide (y-Al,O3),
and copper oxide (CuQ), were added into distilled water (as base fluid) to prepare
stable nanofluids ( as injection fluids) for base oil recovery. The base oil obtained
by Pouyan Sial Azar Company, Iran. Table (1) shows the physical properties of the
utilized nanoparticles. Due to the limitations of oil recovery, to reduce interfacial
tension between the aqueous phase and oil, sodium dodecyl sulfate (SDS, obtained
by Merck, Germany) and xanthan gum (obtained by Merck, Germany) were
employed as surfactants in preparing all nanofluids. This resulted in development of
the stable suspension nanofluids. Note that, Considering that with the increase of
SDS concentration up to the critical micelle concentration, the amount of interfacial
tension decreases, and however with increasing the concentration after the critical
micelle concentration, the interfacial tension does not change significantly, therefore
SDS with a purity of 85 %wt and with a critical micelle concentration (CMC) of 7.3
mM [36] were prepared. Additionally, xanthan gum had concentration of 0.5 %wit.
The reason to use xanthan gum was that, the incorporation of polymers in nanofluids



enhances the stability of nanoparticle distribution, and nanopolymer suspensions can
enhance the capacity of nanoparticles to alter wettability and equilibrium states
rapidly than polymer-free nanofluids [37-39].

Table 1: Physical characteristics of nanoparticles.

Particle

Material Symbol Manufacturer Morphology Specific Color  Purity size Particle
surface (%) (nm) type
area
(m?/g)

Titanium TiO; US-Nano Nanopowder, 200 White  99.9 22 Anatase

dioxide spherical

Aluminum Al>O3 US-Nano Nanopowder, 138 White  99.6 20 Gamma

oxide spherical

Copper CuO US-Nano Nanopowder, 35 Black  99.9 42

oxide spherical

2.2. Solutions preparation and stability

All nanofluid samples were prepared in a two-step procedure as demonstrated
schematically in Figure (1). Initially, an ultrasonic stirrer with a probe (Hielscher -
UP400S, Germany) under ultrasonic waves (24 kHz and 400 W) was used to
disperse 0.2 g of each nanoparticle and 7.3 mM SDS in 20 ml of distilled water for
25 minutes. Simultaneously, a magnetic stirrer (ALFA - HS860, Iran) was used to
prepare a xanthan gum solution in another 20 ml of distilled water at a speed of 300
rpm. Figure (2) depicts the addition of surfactant to the solution, followed by 30
minutes of stirring to produce stable nanofluid samples. The zeta potential test was
conducted (Nanotrac Wave-Microtrac, USA) to evaluate the stability as well as
characterize the particle size and distribution. According to the DLVO theory, the
van der Waals attraction forces enhance, and the unstable solution and particles stick
together if the zeta potential falls below a specific threshold [40, 27]. Studies
suggested that a nanofluid is stable if its zeta potential is greater than +30 mV or less
than -30 mV [41]. Table (2) displays the measured zeta potential for the nanofluids
20 days after their preparation. The findings demonstrate the prepared nanofluid
solutions' potential stability even after 20 days, indicating no sedimentation and
colligation of the nanoparticles and emphasizing prepared nanofluids great ability
for frequent application in long term.
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Figure 1: Schematic of the two-step process to prepare nanofluids.
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Figure 2: Prepared nanofluid samples.

Table 2: Zeta potential data of nanofluids 20 days after preparation.

Nanofluid Zeta potential (mV) Particle size
TiO, +42.4 29.1 nm:100%
Al,O3 +78.9 28.93 nm:100%

Cu0O +52.9 33.1 nm:89.9%




2.3. Experimental Setup

The experimental setup consists of a double-walled reservoir. The reservoir itself is
made of interconnected two cylindrical glass pipes with length of 51 cm. The outer
cylinder (wall) serves as a thermal insulation, preventing heat dissipation to the
external surroundings during the hot fluid injection. The inner cylinder measures 1
cm in diameter and 40 ml in bulk volume. The spherical glass beads with 2 mm
diameter and a 35% porosity are employed as porous medium positioned within the
double-walled reservoir. Totally, 14 ml of saturated base oil is contained within the
porous medium. A syringe pump (Soraco-SP100, Iran) with flow control capability
Is employed to inject cold/hot fluids into the reservoir. The injected fluids are heated
in a hot water bath. In addition, a stainless probe thermometer (Dallas-DS18B20,
Iran) was used to indicate and adjust the temperature of the injected fluid just before
entering the porous medium. A camera (Canon-7D EQOS, Japan) was used to take
photographs throughout each experiment in order to document the fluid flow
patterns that occurs within the porous medium. Fluids are upward pumped from the
bottom of the reservoir (anti-gravity) and exit from the top. The base oil is employed
as displaced fluid, and water and nanofluids are injected as displacing fluids into the
porous medium to recover oil. The base oil is injected into the reservoir 72 hours
prior to each experiment to aid in more ageing. After each experiment, the glass
beads were washed with methanol, toluene, and distilled water. Besides, all tests
were performed at ambient pressure (1 atmosphere) and with an identical injection
period (160 minutes).
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Figure 3: Schematic of the experimental setup including double-walled reservoir and its porous medium
core, hot water bath, syringe pump, data recording system, and high-resolution camera.

2.4. Analysis
2.4.1. Characterization tests

Fourier transform infrared spectroscopic (FTIR, Tensor 27- Bruker, Germany) and
X-ray diffraction (XRD, SIEMENS-D 5000, 40 Kv, 30 mA, Source: Cu, Germany)
analyses were carried out to evaluate the composition and crystal arrangement of the
synthesized nanoparticles. In addition, the morphological characteristics and
stability of nanoparticles were determined using a field emission scanning electron
microscope (FESEM, Tescan-MIRA 3, Czech Republic) analyses.



241.1. FTIR

As mentioned, FTIR tests were used to study the functional groups presence in
nanoparticles. As shown in Figure 4a, the stretching vibration of Ti-O-Ti was
indicated by the broad absorption peak in the range of 400-800 cm™ attributed to
titanium dioxide nanoparticles [42]. A further indication of the presence of Ti-O
stretching vibration was related to the peaks in the range of 977-1049 cm™ [42].
Moreover, the anatase phase of titanium dioxide nanoparticles was demonstrated by
the presence of a broad absorption peak in the 400-1000 cm range. Additionally,
the hydroxyl group's bending and stretching vibrations associated with water
absorption on nanoparticle surfaces were attributed to the 1632 and 3414 cm™ peaks,
respectively [43]. The existence of moisture in the specimens and potassium bromide
employed to prepare tablets for measuring the FT-IR spectrum, can be deduced from
the peaks that appeared at the wavelengths of 1135, 1400, and 2853 cm,
respectively [42]. The vibration of the Cu-O stretching bonds was indicated by the
peaks at wavelengths of 534 and 584 cm™ in the copper oxide nanoparticles' infrared
spectrum as shown in Figure 4b [44]. The bending and stretching vibration of water
molecules absorbed on the surface of the nanomaterial account for the peaks around
1632 and 3500 cm™ [45]. There were additional peaks as a result of the prepared
tablet's moisture content [46]. Al-O-Al bonds, AlO, sites, and AlOg sites were all
attributable to vibrational peaks at wavelengths of 500-900 cm™ in the aluminum
oxide nanoparticles' infrared pattern shown in Figure 4c [47, 48]. The bending and
stretching vibrations of hydroxyl groups associated with the water absorbed on the
sample's surface generated the peaks at wavelengths 2925 and 3452 cm™ [49]. Other
peaks in the spectrum were made by moisture in potassium bromide employed to
produce tablets [47].



TiO2

Ti-O
-0
O-H

977 em™") .. A
O-H,

1
O-H
-y

400-800 em™!

—
'
~
o
'
-

1135em™ \O-H,
1400 em™ 40 - H;

)-H

(
~
(<
—’

1

|

500-900 cm”

'= - E (a
b») ) ) e
o o ~ =
¥ 2 3 )
E : ~ -
-t
£} =
. & ~
-~ —_
8 -l ¥ _. o
- | == ~ >3 CuO
— - -~ A
— -
) = \‘/_
= -
g = =~ (b)
- () E
= ~ v
— M“ —
o =
e wr
. ~
-~ - ALO3
—
)
~

2925 cm

3452 em

1 3 1 ¥ I ¥ I

1 T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (cm 1)

Figure 4: Infrared spectrum taken from the nanoparticle samples.

2.4.1.2. XRD

The crystal structure of titanium dioxide, copper oxide, and aluminum oxide
nanoparticles was investigated using X-ray diffraction spectrum shown in Figure 5.
Diffraction peaks at 20s of 25.3, 36.9, 37.7, 38.5, 48.0, 53.8, 55.0, 62.0, 62.6, 68.7,
70.2, 75.05, and 76.0 discovered in titanium dioxide nanoparticles can be classified
in reflective surfaces (011), (013), (004), (112), (020), (015), (121), (123), (024),
(116), (220), (125), and (031), respectively. The anatase phase of titanium dioxide
nanoparticles, in which the atomic arrangement is tetrahedral, is indicated by these
peaks and their associated reflection levels related to the reference number of 96-
720-6076 and the standard peaks provided in different references [50, 51]. The high
purity of the material can be identified by the diffraction pattern of titanium dioxide
nanoparticles and the existence of sharp peaks without the presence of secondary
peaks. The width of the domain at the height of the half peaks with higher intensity
in the X-ray diffraction pattern was used to measure the mean size of titanium
dioxide nanoparticle crystals based on the equation (1) (Debye-Scherrer equation)
[52].



D =KA/BcosH (1)

Where D represents the size of nanoparticle crystals in nanometers. K, the equation’s
constant, has a value of 0.9 for homogeneous specimens, and A pertains to the
wavelength of the beam radiated by the lamp employed by the XRD device. The
lamp is made of copper, and its A is 0.15406 nm. B represents the domain width at
half height, which corresponds to peaks with higher intensities in the sample
spectrum, and 0 represents the diffraction angle in radians. The mean crystal size of
titanium dioxide nanoparticles was 22.4 nm, according to this equation. Equation (2)
and equation (3) (Bragg equation) were used to determine the titanium dioxide
nanoparticles' tetragonal crystal lattice's parameters [51]:

1 h? k% 12
- atrta (2)

d = nlA/sin 6 (3)

The Miller indices or reflective surfaces are represented by h, k, and | in equation
(2). The lattice constants are also denoted by a, b, and c, while d represents the
distance between atomic planes. In addition, in equation (3), n represents the order
of diffraction, and the number 1 is assigned to the first order. A represents the X-ray
wavelength emitted by the copper lamp. The diffraction angle is expressed as 0 in
radians. a=b=7.17 and ¢=9.54 A are the lattice constants for tetrahedral crystals of
titanium dioxide, and all angles between them are 90°, according to these equations.
Each crystalline unit has a volume of 491.43 cubic A. Reflective surfaces of (110),
(001), (11 -1), (111), (20 -2), (020), (202), (11 -3), (31 -1), (220), (311), (220), and
(22 -2) were associated with the diffraction peaks at 26s of 32.4, 35.4, 35.5, 38.7,
48.7, 53.4, 58.3, 61.5, 66.2, 68.1, 72.4, and 75.2, respectively in X-ray diffraction
spectrum of copper oxide nanoparticles. The crystal unit cell structure is monoclinic,
according to the acquired diffraction pattern consistent with reference number of 96-
901-4581 and literature [53-55]. Additionally, the high purity of the nanomaterial is
responsible for the lack of secondary peaks. The mean particle size and lattice
constants were calculated using Equations (1), (2), and (3). Copper oxide
nanoparticles had a mean size of 42.7 nm. The a=21.58, b=3.42, and ¢=5.07 were
lattice constants of copper oxide nanoparticles, and the angle between them was
equal to o=y=90° and f=54.99°, respectively, and each lattice unit cell of the crystal
network had a volume of 375.02 cubic A. There is correspondence between the peaks
of 22.5, 32.0, 37.3, 39.6, 45.4, 46.2, 53.0, 60.1, 67.1, and 76.5 with reflective
surfaces (111), (202), (311), (222), (400), (313), (422), (333), (513), and (533),



respectively, in the X-ray diffraction pattern of aluminum oxide nanoparticles. The
shape of the aluminum oxide nanoparticles' crystal lattice was cubic, according to
the acquired diffraction pattern, and corresponded to the reference number 96-120-
0016 and literature [56, 57]. The mean size of nanoparticles was determined to be
20.5 nm, and the a=b=c=7.98 A were lattice constants with a 90° angle between
them. Each unit cell of the aluminum oxide crystalline lattice has a volume of 508.99

cubic A.
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Figure 5: X-ray diffraction pattern of nanoparticles used.

2.4.1.3. FESEM



The morphology and structure of nanomaterials were studied using field emission
scanning electron microscope (FESEM) test. VVarious scales of 200 nm, 500 nm, and
1 um were used to capture FESEM images. Figure 6a-c demonstrates that the
nanoparticles of titanium dioxide are randomly dispersed and have no particular
orientation; they are nearly spherical and have a smooth and soft exterior. These
nanostructures have dimensions ranging from 22 to 89 nm. The acquired findings
agree with previous investigations and XRD results [58, 59]. Copper oxide
nanostructures can be observed in Figure 6d-f. The recorded images show that the
copper oxide nanostructures are nearly spherical and have disordered and clump
arrangements. According to previous studies and the findings from the XRD pattern,
copper oxide particles size is between 42 and 200 in good agreement with literature
[60]. Aluminum oxide nanoparticles are depicted in Figure 6g-i. Amorphous
nanostructures are arranged in an irregular and dense pattern, according to
morphological investigations [61]. These nanoparticles have dimensions ranging
from 20 to 60 nm [48]. Overall, the information acquired from FESEM images is
compatible with the earlier investigation and XRD data [62].
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Figure 6: FESEM images of (a-c) TiO, (d-f) CuO, and (g-i) Al>O3 nanoparticles.

2.4.2. Viscosity measurement

The base oil and displacing fluids viscosities were measured using a viscometer
(BROOKFIELD, DV-I1+Pro, USA). The results have been shown in Table 3.



Table 3: Physical properties of the utilized fluids.

Fluid density (g/cc) Kinematic Dynamic Kinematic Dynamic

viscosity at viscosity at viscosity at viscosity at

25°C (cSt) 25°C (cP) 90°C (cSt) 90°C (cP)
Base Qil 0.895 150.77 134.93 70.52 63.11
Distilled Water 0.998 0.896 0.894 0.316 0.315
TiO, Nanofluid 1.05 69.15 72.6 32.37 33.98

Al;O3 Nanofluid 1.15 56.75 65.26 25.22 29

CuO Nanofluid 1.1 89.86 98.84 37.83 41.61

2.4.3. Interfacial tension measurement

Interfacial tension between base oil and injected fluids at various temperatures was
measured using a tensiometer (Kruss-K20EASYDYN, Germany). The results have
been presented in Table 4. The findings revealed that the interfacial tension between
base oil and nanofluids is significantly decreased by increasing the temperature and
adding nanoparticle to water. Compared to the water-oil interfacial tension, its
magnitude is reduced by 94.76, 92, and 90.5% for Al,O3, CuO, and TiO; nanofluids,
respectively. In nanofluids, the ability to absorb stable surfactants and transfer them
to the oil-water interface is improved by adding nanoparticles [27], SDS surfactants
[63], and xanthan gum polymer. Consequently, this results in an enhancement of the
surfactant monomers' number and so a significant reduction in the interfacial tension.
Interfacial tension reduction weakens the oil-fluid tension and interactions at the
interface, making displacement of trapped oil droplets from pores relatively easy,
resulting in enhanced oil recovery.

Table 4: Measured interfacial tension between base oil and injected fluids.

Fluids Interfacial tension at 25°C (mN/m) Interfacial tension at 90°C (mN/m)
Oil-Water 45.03 37.92
Oil-Tio, 4.3 3.57
Oil-Al,0s 2.36 1.86
Oil-CuO 3.7 3.02

2.4.4. Contact angle measurement

To better analyze the results the contact angle between the fluids and the reservoir
glass was measured using a suitable device (Jikan CAG-20, Iran) utilizing the



hanging drop technique. The results have been shown in Figure 7. As shown, adding
the nanoparticles and surfactant substantially lowers the contact angle due to
chemical and physical interactions, such as the hydroxyl group interaction with
nanoparticles adsorbed on the solid surface, in addition to the existence of forces
such as electrostatics, van der Waals, and also structural surface forces. In other
words, nanoparticles increase the hydrophilicity of the glass surface. It is worth
mentioning that increasing the concentration of nanoparticles in the preparation of
solutions has led to an increase in the absorption percentage of injected nanofluids
on the solid surface. Also, due to the fact that gamma alumina nanoparticles used in
the preparation of Al,O3; nanofluid are naturally hydrophilic, solutions of this
nanofluid have shown more potential for wettability alteration. Injection of
nanofluids enhances the relative permeability of oil by decreasing the contact angle
and altering wettability to hydrophilicity. Thus, this is one of the appropriate
mechanisms in enhancing oil recovery. In this scenario, the oil strives to migrate
from areas close to the walls towards the center, making the operation easier and
more efficient.

(©) CA=429

(d) CA=41.6

Figure 7: Contact angle between reservoir glass surface and (a) Water drop, (b) CuO nanofluid drop, (c)
TiO2 nanofluid drop, and (d) Al.Os nanofluid drop.



3. Results and discussion
3.1. Water injection

To study effects of flowrate on oil recovery, distilled water was injected at different
flowrates of 0.1, 0.2, 0.3, and 0.4 mL/min into the double-walled reservoir in both
anti-gravity and gravity-aligned directions at temperature of 25 °C. Variation of the
volume of the recovered oil during the water injection at various flowrates has shown
in Figures (8) and (9). It is evident that the volume of the recovered oil increased
when the flowrate decreased from 0.4 to 0.1 mL/min, regardless of the injection
direction. According to the results, the optimal flowrate for displacing fluid injection
was 0.1 mL/min. This is attributed to the decrease in injection velocity and the
increased in injected fluid resident time which results in the displacement through
small pores, and the slow migration through the pores, ending in the fingers
reduction and the displacement stabilization. For similar reason, more oil volume
was recovered by reducing the flowrate when injecting upwards (anti-gravity)
compared to the downward injection (gravity-aligned).
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Figure 8: Recovered oil volume during water injection in gravity-aligned direction for different
flowrates at 25 °C.
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Figure 9: Recovered oil volume during water injection in anti-gravity direction for different flowrates at
25 °C.

Results indicates that the volume of recovered oil enhanced by 18.3% in anti-gravity
injection at a flowrate of 0.1 mL/min compared to injection gravity-aligned direction
for the same flowrate. Given the fact that water fluid has a higher density than oil,
on the one hand, and according to the equation (4) which uses gravitational force to
accelerate the downward injection of water fluid, this results in the early combining
of water and oil phases. Following that, the flux and flowrate increases in accordance
with equations (5) and (6). Consequently, the injected fluid finds paths through the
larger pores only, and oil recovery reduces.

Ap = pgh (4)

Where Ap denotes the hydrostatic pressure difference in Pa, p represents the density
in Kg/m3, g denotes the gravitational acceleration in m/s?, and h denotes the height
inm.

u = kAp/uL )

Where u represents the artificial velocity in m/s, k represents a porous medium
permeability in m?, Ap denotes the pressure drop (hydrostatic pressure difference) in
Pa, p indicates the dynamic viscosity of fluid in Pa.s, and L is a distance in m.



The velocity at which the fluid is moving through the pores, is not represented by
the value of u in equation (5), the flow velocity or more precisely, the intrinsic
velocity is represented by equation (6).

u
V=3 (6)
Where V represents the intrinsic velocity in m/s, and ¢ indicates the porosity
percentage.

In anti-gravity direction fluid injection, there is no weight force, and the external
force (induced by injected/displacing fluid) is the only effective factor in this
condition. Hence, compared to the downward injection, the velocity of displacing
fluid is slower during the anti-gravity injection. The fluid-fluid interfacial
morphology is stable and wider. It is worth noting that a drop of black ink was added
to the water to more effectively investigate the water fluid flow pattern in the porous
medium, despite the fact that there has been no difference in fluid's physical
properties.

Figure (10) shows the injected flow pattern when blackened pure water was injected
in gravity-aligned and antigravity directions with a constant flowrate of 0.1 mL/min
at 25 °C. As shown in Figure 10-1, 10-2, and 10-3 when blackened water is injected
in gravity-aligned direction its pathway does not cover the most part of the porous
medium. The pathway is narrow and looks like a finger and channelized. In this
injection type, the breakthrough time is 37 minutes. However, when the same fluid
IS injected in antigravity direction most part of the porous medium cross section is
covered by blackened water. This kind of flow pattern enhances the breakthrough
time/residence time of the blackened water from 37 to 52 minutes and eventually
increases the oil recovery from 3.8 ml to 5.3 ml.
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Figure 10: The blackened water distribution pattern in gravity-aligned direction; (1) at t=30min, (2) when
breakthrough happens at t=32min, and (3) at t=90min. The blackened water distribution pattern in
antigravity direction; (4) at t=50min, (5) when break through happens at t=57min, and (6) at t=95min.



3.2. Nanofluid injection

To explore the effects of nanoparticle in oil recovery, injection of TiO,, y-Al,Os, and
CuO nanofluids was carried out. For this purpose, concentration of 0.25, 0.5, and
1%wt from each nanoparticle in base fluid was investigated. Diagrams of the
recovered oil volume versus the antigravity injection time of nanofluids with
flowrate 0.1 mL/min at 25 °C have been shown in Figure 11. The findings
demonstrated that as nanoparticle concentration increases, the volume of the
recovered oil also increases as well. This is due to the increase in density of the
nanofluid with increasing the nanoparticle concentration. As shown in the Figure 11,
the optimal concentration of investigated nanoparticles maybe considered 1%wt.
Moreover, for two reasons, the volume of the recovered oil by injecting y-Al,O3
nanofluid at each concentration is greater than that of similar concentrations of CuO
and TiO, nanofluids (see Table 5). The first reason is the Al,O3 nanofluid has higher
density than the other nanofluids. The heavier the injected fluid, the improved and
gentler the fluid displacement in the porous medium during the antigravity injection.
The second reason is due to the wettability of y-Al,O3 nanofluid. This nanofluid is
more hydrophilic than the other two nanofluids. As a consequence, more oil from
porous medium is recovered.

Note that, in order to ensure the reliability of the results, all the experiments were
repeated 3 times and due to the error rate of less than 1%, the results of all the tests
were reported as their average. Furthermore, the error rate less than 1% caused by
repeating the experiments in each of the cases indicates the reliability of the obtained
results.
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Figure 11: Recovered oil volume during the time when nanofluids were injected with different
concentrations with flowrate of 0.1 mL/min at 25 °C in the antigravity injection.

Table 5: Volume of recovered oil when injecting nanofluid at different concentrations.

Type of Nanofluid

Concentration(%wt)

Recovered Oil Volume(mL)

Error rate caused by 3
repetitions of
experiments (%)

0.25 6.9 ~0.5
TiO, 0.5 8.3 <1
1 9.2 <0.5
0.25 9.1 ~0.5
Cuo 0.5 9.9 <1
1 10.3 <1
0.25 9.3 <1
v-Al203 0.5 10.1 <1
1 10.6 <0.5

As known, the most effective parameters on the enhanced oil recovery can be
determined using the dimensionless parameters e.g., capillary number, which is




described as the proportion of viscous forces to the interfacial forces of two
immiscible fluids according to the equation (7) [64].
Ca=Y (7

9

Where u represents the dynamic viscosity of the injected fluid, V maybe considered
as average velocity of the injected fluid, and o represents the interfacial tension of
two fluids.

Since the velocity of the injected nanofluids is only affected by an external force
(injection flowrate) in antigravity injection, the amount of interfacial tension and
dynamic viscosity is responsible for the volume of the recovered oil when using
different nanofluids according to the equation (7). Compared to the other nanofluids,
although the y-Al,O3 nanofluid has lower dynamic viscosity, however interfacial
tension between oil and y-Al,Os is lower than those of the others (see Tables 3, 4).
The interfacial tension dominants over the viscosity factor, and the capillary number
of the injected y-Al,O3 nanofluid decreases. As a result, the residence time of the y-
Al,O3 increases resulting in oil saturation reduction in porous medium and so oil
recovery enhancement. Therefore, this is to confirm that interfacial tension is the
most effective factor in enhancing oil recovery.

Figures 12, 13, and 14 show the flow patterns of the injected fluids including TiO»,
CuO, and y-Al,O3 nanofluids for gravity-aligned and antigravity injections when
injected flowrate is 0.1 mL/min and temperature is 25 °C. Note that in all figures oil
has yellowish color. According to the flow patterns, even though the interfacial
tension reduction increases the possibility of the miscibility of the injected fluid with
oil, it maybe concluded that during the antigravity injection of nanofluids, the
injected fluid covers most parts of the porous medium cross-sectional area along
with the reduction in channeling and fingering pattern compared to the gravity-
aligned injections. Overall, in antigravity injection, the amount of the recovered oil
from porous medium because of growth of the breakthrough time has increased
substantially.

However, it is important to note that, regardless of the injection direction the
recovered oil volume when nanofluids are injected is higher than that of water fluid
injection despite the fact that the interfacial tension between nanofluids and water is
lower than that of oil-water.

For all injected fluids the maximum oil recovery in gravity-aligned and antigravity
injections when injected flowrate is 0.1 mL/min and temperature is 25 °C have been



shown in Figure (15). It is clear that nanofluids have the potential to substantially
enhance the oil recovery rate compared to the pure water. As shown, y-Al,O3, CuO,
and TiO; nanofluids injection improve oil recovery efficiency by 43.5%, 41.8%, and
34.9%, respectively compared to the pure water results.

(1) 2) 3) 4 (5) (6)
Figure 12: The TiO, nanofluid distribution pattern in gravity-aligned direction injection; (1) at t=60min, (2)
when breakthrough happens at t=65min, and (3) at t=100min. The TiO, nanofluid distribution pattern in



antigravity direction injection; (4) at t=80min, (5) when breakthrough happens at t=85min, and (6) at
t=120min.

i
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Figure 13: The CuO nanofluid distribution pattern in gravity-aligned direction injection (1) at t=70min, (2)
when breakthrough happens at t=75min, and (3) at t=120min. The CuO nanofluid distribution pattern in
antigravity direction injection; (4) at t=90min, (5) when breakthrough happens at t=94min, and (6) at
t=130min.



(1) 2) €) (4) )

Figure 14: The y-Al,Os nanofluid distribution pattern in gravity-aligned injection direction; (1) at t=60min,
(2) when breakthrough happens at t=63min, and (3) at t=130min. The y-Al>Oz nanofluid distribution pattern

in antigravity injection direction; (4) at t=90min, (5) when breakthrough happens at t=96min, and (6) at
t=140min.
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Figure 15: The maximum oil recovery by injecting pure water and nanofluids in gravity-aligned or
antigravity direction with injection flowrate of 0.1 mL/min at 25 °C.

In gravity-aligned injection the Rayleigh-Taylor (RT) instability which is an
instability of interface between two fluids of different densities employed to
demonstrate how lighter fluid is pushing the heavier fluid in a porous medium is
important to rationalize the fluid-fluid interfacial morphology [65]. This instability
is described as proportion of the buoyancy forces to the penetration forces. By
displacing the heavier fluid downwards with an equal volume of lighter fluid upward
at interface, the potential energy will be lower than the initial state. Therefore, the
growth of the perturbation leads to the release of more potential energy due to the
displacement of denser material downwards and the movement of lighter materials
upwards. In this scenario, Atwood's number given by equation (8) is employed to
investigate the hydrodynamic (Rayleigh—Taylor) instabilities.
P1—P2

Where A represents Atwood number, p, indicates density of heavier fluid, and p,
represents density of lighter fluid. For A close to 0, RT instability is low and for A
close to 1, RT instability is high. In current study, in gravity-aligned direction as
water/nanofluid is heavier than the oil so Atwood number looks to be an important
parameter in determines the structure of the flow pattern. According to the calculated
Atwood number for different fluids injection in gravity-aligned direction presented



in Table (6), someone may conclude that the large number of fingers and channeling
are the reasons for less oil recovery during the injection in gravity-aligned direction.
In contrast, during the antigravity injection due to the fact that, heavier fluid is
injected from bottom of the porous medium the RT instability would not be
important.

Table 6: Calculated Atwood number for gravity-aligned case.

Fluid-Fluid Atwood number
Oil - Pure water 0.054
Oil - TiO2 nanofluid 0.079
Oil - Al>03 nanofluid 0.124
Oil - CuO nanofluid 0.102

3.3. Effect of injection temperature

To explore effects of the injection fluid temperature on the oil recovery, all fluids
were injected at 25 °C and 90 °C. The modified capillarity number, Ca’, maybe
written using equation (9). Where Ca’is defined by proportion of the viscous forces
to the interfacial forces multiplied by the mobility ratio and the ratio of interfacial
tension due to changes in the temperature of the fluids.
r_ Vo

Ca = T Z; (9)
Where L is the displacing fluid viscosity, and . is the displaced (oil) fluid viscosity.
w2/ considers the additional impact of viscosity or mobility ratio due to the change
in temperature on the capillary number [66]. Moreover, ¢ and ¢’ represent interfacial
tension before and after temperature change, respectively.

In liquids, viscous forces are caused by molecules that exert attractive forces on each
other across the flow layers. In fact, it is these attractive forces that are responsible
for the viscosity since it is difficult for individual molecules to move because they
are tightly bound to their neighbors. Hence, the increase in temperature results in
viscosity reduction due to the increase in the thermal energy of the particles and the
easy overcoming on the attractive forces that connect them together. Also, an
increase in temperature decreases the cohesive forces simultaneously because of
increase in the rate of molecular interchange.



According to the viscosity results presented in Table (3), and considering that the
increase in temperature makes the viscosity of injected fluid and oil to decrease
almost to the same extent, therefore the viscosity ratio does not change very much
with increasing the temperature. This is can be understandable using Hole theory
[67]. According to this theory, there are vacancies or holes in a liquid. The liquid
molecules keep on moving continuously into these vacancies. The vacancies also
keep on moving around as otherwise the liquid will not be able to flow. This process
however requires energy. Therefore, a liquid molecule needs some activation energy
to move into a hole. As the activation energy becomes available when temperature
increases, a liquid can flow more easily at higher temperature. Thus, viscosity
decreases significantly with a rise in temperature.

On the other hand, the interfacial tension results presented in Table (4) indicate that
the interfacial tension of the injected fluid and the oil decrease dramatically with the
rise in temperature. The decrease in interfacial tension with increase of temperature
Is due to the fact that with increase in temperature, the Kkinetic energy of the
molecules increases, and hence intermolecular attraction decreases. Thus, the
interfacial tension decreases. This reduction for oil-water interfacial tension is 15.8%
and for oil-Al,O3; nanofluid is 21.2%. As an important note, it must be said that,
increasing the temperature will decrease the stability of the nanofluid solutions
because of weakening the continuity of the three-dimensional networks of particles
due to the increase in the distance between the nanoparticles and surfactant [27].

Thus, according to the equation (9) the modified capillary number increases as a
result of interfacial tension reduction and negligible change in the viscosities ratio.
Consequently, change in temperature emphasizes the importance of the interfacial
tension change as the key important factor in enhancing oil recovery.

Figure (16) depicts the recovered oil volume during the time when water/nanofluid
Is injected at 25 °C or 90 °C with flowrate of 0.1 mL/min in antigravity direction.
As shown, injection of y-Al,O3 recovers more oil from the porous medium compared
to the other injected fluids at the same temperature. Also, the results obtained along
with the rate of error caused by the repetition of each of the experiments are reported
in Table (7).
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Figure 16: Recovered oil volume during the time when water/nanofluid is injected at different

temperatures with flowrate of 0.1 mL/min in antigravity direction.

Table 7: Volume of recovered oil when injecting fluids at different temperatures.

Type of fluid Temperature(°C) Recovered Oil Volume(mL) | Error rate caused by 3
repetitions of
experiments (%)

Pure water 25 6 <1
90 6.5 ~1
TiO, 25 9.2 <1
90 9.7 <1

CuO 25 10.3 <0.5

90 10.7 ~0.5

v-AlO3 25 10.6 <05

90 10.9 <05

Figure (17) shows the maximum volume of the recovered oil when water/nanofluids
are injected at two different temperatures. As discussed, for oil-water and 0il-TiO;
nanofluid displacements the maximum effect on the oil recovery were predicted.



This is due to the less impact of the temperature change on the oil-water and oil-
TiO; interfacial tension.
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Figure 17: The maximum oil recovery by injecting water/nanofluids in antigravity direction with a
flowrate of 0.1 mL/min at 25 °C and 90 °C.

4. Conclusion

In the present experimental study, effects of temperature and nanofluid type on the
oil recovery from a vertical porous media during antigravity and gravity-aligned
fluid injection were investigated. The pure water injection into the double-walled
reservoir at different flowrates showed that the oil recovery increases with
decreasing flowrate from 0.4 to 0.1 mL/min due to increasing in injected fluid
resident time. Thus, 0.1 mL/min was selected at the optimum flowrate. To
investigate the impact of fluid injection direction on the oil recovery, results of the
antigravity fluid injection was compared to the gravity-aligned fluid injection
results. Results proved that due to the higher density of injected fluids compared to



the base oil’s and effects of weight force led to stability in fluid-fluid interfacial
morphology and enhanced oil recovery. In gravity-aligned direction fluid injection,
Rayleigh—Taylor instability reduces the recovery of oil. To explore the effects of
nanofluids type on oil recovery, TiO,, y-Al,0O3, and CuO nanoparticles at various
concentrations with surfactant (SDS and Xanthan gum) at critical micelle
concentration were used. The findings demonstrated that as nanoparticle
concentration increases, the volume of the recovered oil also increases as well.
Eventually, nanofluids with 1 %wt nanoparticles concentration were selected for rest
of the experimentation. Considering the high density and the hydrophilicity of vy-
Al,O3 nanofluid, the oil recovery by injecting Al,O3; nanofluid was better than the
others. Note that, the oil recovery was also enhanced by injecting TiO, and CuO
nanofluids compared to the pure water due to the significant reduction in the
interfacial tension. Also, injecting hot fluids (with a temperature of 90 °C) indicated
a slight enhancement in oil recovery. Eventually, with injecting hot pure water, TiO,,
CuO, and Al,O3; nanofluids in antigravity direction at constant flowrate of 0.1
ml/min, oil recovery reached to 46.4, 69.3, 76.4, and 77.85%, respectively. Overall,
injection of Al,O3; nanofluid in antigravity direction without considering the effect
of temperature led to the ideal and most advantageous result in the current research,
which enhanced the efficiency of oil recovery to 75.1 and 77.85% at 25 °C and 90
°C, respectively.
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