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Abstract

The applications of nanotechnology in oilfields have attracted the attention of researchers to nanofluid injection as a novel
approach for enhanced oil recovery. To better understand the prevailing mechanisms in such new displacement scenarios,
micromodel experiments provide powerful tools to visually observe the way that nanoparticles may mobilize the trapped oil.
In this work, the effect of silicon oxide nanoparticles on the alteration of wettability of glass micromodels was investigated
in both experimental and numerical simulation approaches. The displacement experiments were performed on the original
water-wet and imposed oil-wet (after aging in stearic acid/n-heptane solution) glass micromodels. The results of injection of
nanofluids into the oil-saturated micromodels were then compared with those of the water injection scenarios. The flooding
scenarios in the micromodels were also simulated numerically with the computational fluid dynamics (CFD) method. A good
agreement between the experimental and simulation results was observed. An increase of 9% and 13% in the oil recovery

was obtained by nanofluid flooding in experimental tests and CFD calculations, respectively.
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1 Introduction

Water flooding is generally one of the most widely used
methods for improved oil recovery in oilfields. In such
processes, the interactions between rock, oil and injected
water on both micro- and macroscales are among the most
important parameters controlling the displacement perfor-
mance. Nanotechnology is also making its entry in all areas
of research. The oil and gas industries are picking up on
the trend and investing vast amounts of money into new
technology to enhance production from existing fields. Pos-
sible applications of engineered silica nanoparticles (SNPs)
in enhanced oil recovery (EOR) have been investigated, and
the literature shows that the unique characteristics of SNPs
make them interesting in terms of altering reservoir proper-
ties and enhancing oil recovery.
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On the microscopic scale, micromodels have been suc-
cessfully used, helping to visualize the flow patterns during
flooding and hence to elucidate the predominant displace-
ment mechanisms (Jamaloei and Kharrat 2010; Buchgraber
et al. 2011; Ma et al. 2011, 2012; Maghzi et al. 2011; Kim
et al. 2012; Liontas et al. 2013; Conn et al. 2014). The first
study of fluid behavior in a micromodel was undertaken by
Chatenever and Calhoun Jr (1952). Jamaloei et al. (2016)
used micromodels to investigate the effect of wettability on
two-phase flow mechanisms and the resulting residual oil
saturation. The results from many micromodel flooding stud-
ies in the past decades have shown that nanoparticles can
improve the performance of injected water to displace the
oil (Ju et al. 2006; Cheraghian and Tardasti 2012; Miranda
et al. 2012; Hendraningrat et al. 2013; Roustaei et al. 2013).
Maghzi et al. (2011) used a five-spot glass micromodel to
investigate the chemical injection of nanoparticles in a pol-
yacrylamide (DSNP) solution on oil recovery. Dong et al.
(2007) used a micromodel setup to observe the difference
between the displacement mechanism in in situ water-in-oil
(W/0O) emulsion formation and partial wettability alteration.
Several core flooding tests were conducted by others using
Si0, nanofluids. Additional oil recoveries of 4.45%-10.3%
were observed in their experiments (Lu et al. 2017). Silica
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nanoparticles were also used to study foam stability and to
analyze the mobility of the stabilized CO, foam. Foam sta-
bility is significantly affected by nanoparticles, and conse-
quently, the oil recovery is increased (Farhadi et al. 2016).
Cheraghian (2015) used a five-spot glass micromodel to
determine the role of nanoclays in a surfactant-polymer solu-
tion as injection fluid in enhanced oil recovery. He found
that nanoclay improved the final oil recovery. Li et al. (2017)
used a homogeneous glass micromodel to investigate the
influence of silica-based nanofluids on displacement mecha-
nisms. They reported that about an extra 25% incremental oil
recovery was recovered by nanofluids compared to deionized
water flooding. They reported that silica nanoparticles caused
an increase in the oil recovery by altering the wettability to
the intermediate-wet condition. The performance of a nano-
fluid composed of different nanoparticle concentrations in a
glass micromodel was also investigated by Li and Torsater
(2014). Zhang et al. (2018) studied the effect of a polymeric
nanofluid in both water-wet and oil-wet fractured micromod-
els (Zhang et al. 2018). They reported an additional 23.8%
oil recovery using the nanofluid after brine injection in a
water-wet system. They concluded that nanofluids are a good
candidate for EOR in water-wet porous media and can alter
wettability from water-wet to strongly water-wet. The effect
of hydrophilic nanoparticles on oil recovery was tested in
homogeneous and heterogeneous glass-based micromodels
by Suleimanov et al. (2011). They obtained an increase of
17% and 22% in oil recovery in homogeneous and hetero-
geneous models, respectively, compared to the cases where
no nanoparticles were used. To visualize the effect of silica
nanoparticles as a filtrate reducer on surface rheology, foam
slipping and foam stability, a micromodel was also used (Lv
et al. 2017). They concluded that silica nanoparticles can be
used as a high-performance filtrate reducer for a foam fluid.
A water-based nanofluid was used to alter the wettability of
sandstone rocks from strongly liquid-wetting to intermedi-
ate gas-wetting conditions (Gahrooei and Ghazanfari 2017).
They measured the contact angles, and their results dem-
onstrated that the SurfaPore M nanofluid has a significant
effect on the liquid-phase contact angle. They concluded that
the nanofluid is better used in high permeability sandstone
rocks. Yu et al. (2015) evaluated the flow enhancement of
nanoparticle dispersions in reservoir rocks by conducting
different core flood experiments using water-based nanoflu-
ids. Their results show the role of the nanoparticle disper-
sion in controlling the flow on the microscale. Ryoo et al.
(2012) investigated the effect of paramagnetic nanoparticles
on interface motion by conducting experimental and theo-
retical studies, developing a magnetic-field-based method for
determining the distribution of multiphase fluids in reser-
voir rocks. They showed that nanoparticles adsorbed at the
oil-water and air—water interfaces or dispersed in one of the
two fluid phases result in interface displacement. Adsorption
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of nanoparticles onto minerals is the fundamental issue in
choosing the types of nanoparticles. The degree of adsorption
would determine the extent of contact angle change and/or
decrease in IFT. The role of structural components of disjoin-
ing pressure on displacement of the contact line was studied
by Wasan and Nikolov (2003). Particle structure formation
in the wedge film was confirmed by the theoretical results of
Boda et al. (1999).

Pore-scale simulation is a new approach to visualize the
effect of microstructure properties on fluid flow behavior in
multiphase flow in porous media, and this was performed by
several authors. Blunt et al. (2013) presented three pore-scale
imaging and modeling studies pertinent to different fields of
applications: contaminant transport, carbon dioxide storage
in aquifers, and improved oil recovery. They coupled a suite
of different numerical techniques with pore space image of
rocks on the nanometer scale and presented a methodology
to predict flow and transport properties. Afsharpoor et al.
(2014) performed several microscale experiments to prove or
disprove the hypothesis of viscoelasticity pulling-effect and
computational fluid dynamics (CFD) modeling in the dead
ends of pores in reservoirs to analyze the flow characteristics
of viscoelastic polymers. They concluded that the trapped oil
recovery due to the pulling-effect of polymers is not the main
factor in reducing the residual oil saturation. Chareyre et al.
(2012) proposed three-dimensional pore-scale modeling to
effectively solve flow problems with a single fluid phase in a
large random polydisperse packing of spheres. They upscaled
viscous flow equations at the pore level and approximated
with a finite volume numerical scheme. Erriguible et al.
(2006) described the transfer between the porous medium and
its surroundings using the CFD method. They simulated the
convective drying of a piece of a porous medium using CFD
software. Gharibshahi et al. (2015) used the CFD method to
simulate the effect of pore morphology and its distribution in
a 2D micromodel on the enhanced oil recovery factor during
nanofluid flooding. They used different homogeneous and
heterogeneous patterns in their investigations and concluded
that random generation of pore distribution illustrates better
results than a homogeneous pore distribution. Modeling and
simulation of fluid flow were also studied by others (Joekar-
Niasar et al. 2012; Icardi et al. 2014).

Looking at the above-mentioned literature, it can be seen
that the effects of nanofluid flooding and water flooding
were not investigated both experimentally and numerically.
More than that and to the best of the authors’ knowledge,
very few comprehensive studies have been conducted to
investigate the effect of nanoparticles on wettability altera-
tion in three cases: water-wet, oil-wet and intermediate-
wet systems using micromodel flooding. The focus of this
work is to study the effect of nanoparticles on alteration
of the surface wettability and to compare the effect of dif-
ferent wettabilities in enhanced oil recovery and finally to
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understand the mechanisms dominating the oil entrapment
considering the effects of wettability alteration. IFT and
contact angle measurements were also taken to investigate
important parameters affecting fluid/fluid/rock interac-
tion in static conditions. Then, a glass micromodel device
was fabricated to compare the potential of water flooding
and silica-based nanofluids on mobilizing the oil phase in
dynamic situations. CFD modeling was also used to simu-
late and to better understand the effect of wettability altera-
tion on the final oil recovery factor. Based on this scope,
two series of water flooding and nanofluid flooding tests
were conducted in different wettability conditions.

2 Methodology
2.1 Experimental measurements
2.1.1 Materials

Silica nanoparticles used in this study had an average
particle size of 20 nm. Two types of aqueous solutions
including deionized water and nanofluids (nanoparticles
dispersed in deionized water) were used in static and
dynamic microscopic tests. The hydrophilic silica nano-
particles were suspended in water; this solution is referred
to the silica nanofluid. The nanofluid was prepared with
different concentrations: 0.05 wt%, 0.1 wt%, 0.15 wt% and
0.2 wt%. The properties of the silica are given in Table 1.
The viscosity and density of nanofluids were measured and
were found to be very similar to those of deionized water.

Each solution was mixed using a magnetic stirrer for
several minutes. To avoid precipitation of nanoparticles
from the solution, an ultrasonic probe (400 W and 0.5 Hz)
was used to disperse the nanoparticles for 15 min. The
0.2 wt% nanofluid was placed for 20 days in a closed trans-
parent bottle far from light and heat. After that time, no
precipitation or significant color alteration in the sample
was detected, showing a good stability of the sample. The
properties of the nanofluids of different silica nanoparticle
concentrations are listed in Table 2.

It can be seen that although the density and viscosity of
nanofluids increase with an increase in the nanoparticle con-
centration, and this change is not significant.

Table 1 Properties of the silica nanoparticles

Particle Purity Average size,  Specific surface Bulk density,
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Table 2 Silica nanofluid properties
Nanoparticle concentration,  Density at 25 °C, g/cm®  Viscosity
wt% at 25 °C,
mPa s
0.05 1.0002 1
0.10 1.0002 1
0.15 1.0004 1.0002
0.20 1.0005 1.0002

A crude oil sample obtained from south of Iran was used in
experiments, and its physical properties are listed in Table 3.

2.1.2 Experimental setup

2.1.2.1 Interfacial tension measurement The interfacial
tension (IFT) between crude oil and nanofluids was meas-
ured with the pendant drop method. A schematic of the setup
is depicted in Fig. 1. The main components of the setup are
a backlight, a high-resolution camera, a needle, a low-rate
syringe pump and a monitoring system.

2.1.2.2 Contact angle measurement The effect of the silica
nanoparticles on the wettability was investigated by measur-
ing the contact angle of the sessile oil droplet on the glass
surface immersed in the nanofluid.

Generally, the static measurement is performed by produc-
ing a specific drop of oil that is still hanging from a syringe
needle, which is then gently brought into contact with the
solid. Upon contact with the solid, the drop will detach from
the syringe and spread on the surface.

The process of making contact angle measurements begins
with capturing a profile image of a sessile drop and an image
of an optical scale using the experimental apparatus. The
images are processed to extract the drop interface and surface
data using ImagelJ software.

2.1.2.3 Micromodel and flooding procedure In this work, a
micromodel network pattern was designed with the Corel-
Draw Graphics Suite software and was engraved by melting
the glass surface with a laser. The schematic of the porous
network is shown in Fig. 2. The micromodel was etched on a
nominal 4-mm-thick float plate 4 cm wide X6 cm long. The
depth of flow channels was 50 um, the “grain” size range was

Table 3 Properties of the crude oil sample used

nm area (SSA), g/em® Density at 25 °C, kg/  Viscosity at 25 °C, Total acid number
m?/g m mPa s (TAN), mg KOH/g
Sio, >99% 20 180-600 <0.10 875 17.7 0.18

@ Springer



862

Petroleum Science (2019) 16:859-873

Fig. 1 Schematic of the pendant
drop apparatus for IFT measure-
ments

Monitoring
system

Syringe pump

Light source

Camera and
video

from 1.48 to 2 mm, the porosity was 0.36, and the average
throat size was 200 pm.

Before each test, the glass micromodel was cleaned with
toluene/gasoline and deionized water. The solvents were
evaporated in the model with air blowing and applying high
temperature. The flooding tests are: (1) water injection into
water-wet systems, (2) water injection into oil-wet systems
and (3) nanofluid injection into oil-wet systems at a constant
rate of 0.04 mL/h. The displacement procedure in all tests
was done in three steps as follows:

1. The micromodel was completely saturated with water.
The oil was injected into the micromodel at a constant
rate of 0.04 mL/h.

3. The flooding was conducted with water and nanofluid
for two pore volumes (PV) at ambient conditions.

A digital camera was used to capture images and videos
during the flooding. The quality of the captured images was
improved by image processing software, and the saturations of
displacing and displaced phases were determined by Image]
software. The injection rate in all the stages was 0.04 mL/h,
and the capillary numbers were 0.0047 and 0.0062 for water
flooding and nanofluid flooding, respectively. The oil recov-
ery was recorded as the percentage of the initial oil-in-place
(IOIP) in different displacement stages.

Needle

Oil droplet Cell

The basic experimental setup is shown in Fig. 3. A low-
rate syringe pump was used to inject a fluid through a plastic
tube and to control the flow rate of the fluid through the
micromodel. A high-resolution camera with a video record-
ing system was utilized to collect all necessary data. A back-
light was also used to improve the quality of the images.

2.2 Computational fluid dynamic (CFD) modeling

Following the promising experimental results observed on
the positive effect of nanoparticles on oil recovery, a com-
putational fluid dynamic (CFD) exercise was carried out to
further improve our understanding of the effect of wetta-
bility on fluid displacement. The CFD modeling was per-
formed using Ansys Fluent software. Determining the flow
behavior became very faster and easier with Fluent due to
parallel computation (Anderson and Wendt 1995; Wendt
2008; Dehkordi et al. 2017). The study of multiphase flow
in porous media is a challenging area of fluid mechanics,
because both the thermodynamic and non-equilibrium
behavior of multiphase systems are not easily described by
mathematical models. To work with Fluent, first the geome-
try of the same 2D heterogeneous network micromodel used
during the laboratory tests was generated using SolidWorks®
software. The Ansys Fluent software was then used to apply
an appropriate gridding scheme to the resulting geometry,

Fig.2 Schematic of the porous
network and a view of pore
bodies
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Fig.3 Schematic of the micro-
model setup

Syringe pump

Monitoring system

Camera and
video

where finally the corresponding momentum and mass trans-
fer equations were solved by employing a finite volume
method. The fluid properties were also those correspond-
ing to the fluids used in the micromodel experiment. With
this method, the addition of the wall adhesion angle to the
volume of fluid (VOF) calculation results was applied in a
source term in the momentum equation. Figure 4 shows a
magnified section of the meshed model in Ansys Fluent.
The movement of the liquid onto the surfaces is an inter-
esting physical process that has been noticed in many stud-
ies. The contact angle becomes an important issue where the
surface tension is significant. Focusing on CFD work, three
cases of water-wet, oil-wet and intermediate-wet systems
were simulated. For this, the simulator allows one to input a
static value for the contact angle to adjust the surface normal
vector in the cell near the wall. Here, it should be mentioned
that the positive effect of nanoparticles on oil displacement
has been considered only in terms of the alteration of surface
wettability in CFD simulations, according to which the cor-
responding oil-water contact angles have been changed in
the CFD model whenever the effect of nanofluid injection
has been analyzed. In all cases, similar to the performed
experiments, the model was initially fully saturated with
water, and then, the oil injection was started at a constant

Fig.4 Meshed model in Ansys
Fluent mesh window

Storage tank

flow rate of 0.04 mL/h. During the water injection in all
scenarios, two pore volumes were injected into the system.
Furthermore, from a series of sensitivities performed on the
time steps used for the simulations, it was determined that
At = 0.1 s can provide accurate results while minimizing
the computational costs corresponding to the CFD simula-
tions. Also to assure the accuracy of the final oil recovery
obtained, the simulations were continued until the steady-
state conditions reached (i.e., no more oil was produced).

2.2.1 Governing equation

A volume of fluid (VOF) model as a simplified multiphase
model was used to solve the equations. A VOF method can
model n phases through solving the momentum, continuity
and energy equations. The volume fraction equations for the
secondary phases and the algebraic expressions of mass and
momentum equations are presented in “Appendix”.

To model water flooding and nanofluid flooding using the
CFD method, the measured interfacial tension and contact
angle from experiments were applied in the VOF model. The
surface tension model in Ansys Fluent is the continuum sur-
face force (CSF) model proposed by Brackbill et al. (1992). An
option to specify a wall adhesion angle in conjunction with the
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surface tension model is also available in the VOF (Brackbill
et al. 1992). This so-called dynamic boundary condition results
in the adjustment of the curvature of the surface near the wall.

2.2.2 Mesh independency study

To establish the accuracy of the CFD solution, three differ-
ent mesh sizes were generated to predict the pressure differ-
ence between the inlet and the outlet to determine how the
mesh quality affects CFD simulation results. The predicted
pressure difference between the inlet and the outlet at two
difference grid types for all three different mesh sizes was
compared. The relative error was used to compare the simu-
lation results for all mesh sizes:

x 100% 8)

where E. is the relative error and APp,.. and APy, are
the pressure difference between the inlet and the outlet with
finer mesh and coarser mesh, respectively. The mesh size,
number of elements and nodes, the value of the relative error
and the pressure drop between the inlet and the outlet for
each grid type are shown in Table 4. It can be seen that
the relative error between two consecutive grids 1 and 2 is
low enough and it can be neglected, but the relative error
between grid 1 and 3 is greater. Selecting the final grid with
larger mesh size and fewer node numbers for the simulation
of fluid flooding can help to reduce the number of computa-
tion calculations required (Gharibshahi et al. 2015). There-
fore, the second type was selected as the main grid for CFD
solution to keep the computational costs low.

For the inlet, the inlet velocity and for the outlet, the out-
let pressure was used as boundary conditions. For all other
faces, the contact angle, in which the fluid is assumed to
make with the wall, was used to adjust the surface normal
vector to the interface in cells near the wall.

3 Results and discussion
3.1 Interfacial tension
The measured IFTs between crude oil and aqueous solu-

tions were used as a screening stage to determine the effec-
tive range of nanoparticle concentration. Figure 5 shows the

measured IFT values and demonstrates that increasing the
nanoparticle concentration up to 1 wt% results in an almost
linear decrease in the oil-water IFT, while beyond this value,
the effect of increasing nanoparticle concentration on IFT
diminishes. Here, it should also be mentioned that all the
laboratory tests reported in this study have been conducted
at ambient conditions, i.e., 25 °C and 1 bar.

3.2 Contact angle

In this study, the effect of wettability on oil recovery was
also investigated by conducting a series of experiments on
the water-wet, oil-wet and intermediate-wet porous media.
Since the glass surface due to its chemical composition is
considered to be water-wet, its original wettability was
modified toward oil-wet, for the purpose of experiment
performed in this study, using a mixture of stearic acid/n-
heptane. According to this, the glass surface was aged by
0.018 molarity of stearic acid/n-heptane solution at 25 °C
for 3 days (Fig. 6). Then, to achieve intermediate-wet
surface, the oil-wet glass (Fig. 7) was contacted with the
nanofluid for 2 h. Figure 8 shows the intermediate-wet
conditions achieved on the glass surface after its contact
with the nanofluid.

It should be noted that the sessile drop technique was
used to measure the contact angles corresponding to differ-
ent wettability conditions. Furthermore, to obtain reliable
results and to evaluate the repeatability of the experiments

25

) <X}<}—(}
15 4

IFT, mN/m

0 0.2 0.4 0.6 0.8 1.0

SiO, concentration, wt%

Fig.5 Interfacial tension of the oil/nanofluid system

Table 4 Mesh independency

Grid no. Mesh size, m Number of Number of nodes AP, Pa Relative error, %
result for the pressure drop elements
between the input and the
output 0.0001 99,442 227,718 55.44 -
0.0005 46,773 121,365 53.32 3.82
3 0.0010 12,652 24,561 47.65 14.05
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performed, the contact angle measurements were con-  separate measurements. The images of the oil droplet profile
ducted three times under the same conditions. Therefore, on the oil-wet glass surface, before and after (2 h) being
the reported contact angles here are the average of all three  contacted with the nanofluid, are shown in Figs. 7 and 8,

Fig.6 Close-up views of an

oil droplet on the glass surface Glass S
before (a) and after (b) being
aged with stearic acid

Oil droplet

Qil droplet

Distilled water Distilled water

(a) (b)

Fig.7 Close-up views of con-
tact angle prior to being aged in Glass -
the nanofluid (oil-wet glass)

Oil droplet

1 Distilled water

e - e

Oil droplet Oil droplet

2 Distilled water 3 Distilled water

Fig.8 Close-up views of con-
tact angle after being aged in ' Glass
the nanofluid

Oil droplet

1 Nanofluid

Glass Glass

Oil droplet Oil droplet

Nanofluid 3 Nanofluid
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Table 5 Contact angle values after 2 h of being aged in the nanofluid

Glass piece Contact angle, degrees

Before aging After aging
135 88
134 86
137 93
160

3

® 1201

(2]

(3]

8 \

o)

o 80 A

o

©

S

S

c

S 40 A

O

0 . : .
0 1 2 3 4

Aging time, h

Fig.9 Average value of contact angles after being aged in the nano-
fluid for different times

respectively. Table 5 shows the final values of contact
angles corresponding to the oil-wet and intermediate-wet
glass surfaces. The variation of the contact angles versus
time for the oil-wet glass surface immersed in the nano-
fluid is also depicted in Fig. 9. It is observed that a stable

intermediate-wetting state has been achieved after aging in
the nanofluid for 2 h.

3.3 Flooding
3.3.1 Water flooding

The water flooding tests were conducted in water-wet and
oil-wet micromodels. Experimental results showed higher
oil recovery for the water-wet system compared to that for
the oil-wet system. The schematic of the micromodel before
and after water injection is shown in Fig. 10.

As Fig. 10 shows, in the water-wet case, water moves
in the form of a thin film on the walls of pores and creates
a continuous and more stable front, pushing much of the
oil out of the pores. This film is shown in the pore-scale
view of Fig. 10b which causes the oil to move on the pore
walls easily. This film does not appear in the oil-wet model
(Fig. 10c). However, in the oil-wet case, water moves in the
form of a ganglion through the middle of the larger pores,
causing a larger fraction of the oil to remain behind the front.
Much of this oil is trapped and cannot be extracted without
modifying the chemical makeup of the subsurface fluids.
The corresponding trapped oil saturation to the water-wet
and oil-wet models obtained from graphical analyses are
0.28 and 0.49, respectively. Figure 11 shows a pore-scale
view of the oil phase entrapped in the water-wet and oil-wet
micromodels. It is noticed that the amount of the oil trapped
in the latter case is larger.

Fig. 10 Schematic of the micro-

: > >
model. a Before water flooding. > >
b Water-wet model after water >
flooding. ¢ Oil-wet model after >
water flooding >
.>
.»
.’
.’
.>
(a)

> > >

> > > >

> > >

> > >

> > >

> > >

»> > > >

> LR o5 >

> > > : >

>re > >pe >

>4 > > >

(b) (c)
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3.3.2 Nanofluid flooding

The objective of this section is to investigate the effect of
Si0, nanoparticles on surface wettability alteration during
nanofluid injection and hence its impact on improved oil
recovery. Here, it should be mentioned that the SiO, nano-
particles were able to alter the wettability of the oil-wet glass
surface to intermediate-wet, as demonstrated before through
the contact angle measurements discussed in Sect. 3.1.
From the results of IFT measurements (shown in Fig. 5),
the nanofluid with a SiO, nanoparticle concentration of
0.1 wt% was used. To synthesize the nanofluid, the solution
was initially homogenized for 5 h using a magnetic stirrer,
and then, it was ultrasonicated to achieve a more stable dis-
persion of nanoparticles. The final nanofluid was injected
into the water-wet and oil-wet micromodels at a constant
rate of 0.04 mL/h. The corresponding trapped oil saturations
to nanofluid injection were reduced by 9% and 30% in the

cases of water flooding in the water-wet and oil-wet models,
respectively, compared to those obtained before for water
flooding cases. These differences were related to the positive
effect of nanoparticles on alteration of the surface wettabil-
ity in the flooding process. The displacement profiles of the
nanofluid injection and the comparison of oil recovery in
different wettability conditions are shown in Figs. 12 and
13, respectively. It can be seen that the oil recovery in the
intermediate-wet system was even larger compared to the
water-wet system (81% in the case of nanofluid flooding).
It can be hypothesized that in the intermediate-wet systems
owing to the reduced effect of capillary forces, the injected
fluid has a more piston-like displacement, hence resulting
in higher oil recovery.

Figure 14 shows pore-scale views of the nanofluid injec-
tion at different time steps. It can be seen that the oil droplets
became detached from the pore walls as the contact time
between the nanofluid and the glass micromodel increased.

(a)

(b)

Fig. 11 Pore-scale views of the distributions of oil in water-wet (a) and oil-wet (b) micromodels

Fig. 12 Oil displacement during >
nanofluid flooding in the oil-wet >
system after 1000 (a), 2000 (b), -
3500 (c) 5000 (d) seconds of >
injection >
_>
_>
_>
_>
_>
(a)
_>
_>
_>
_>
_>
_>
_>
_>
_>
_>
(c)

> > >
> >
_>
>
_’
> >
> >
> >
> >
> >
(b)
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»>H
2 o
> M
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>
> >
> >
> >
LA ‘
(d)
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8 20 —a— Nanofluid flooding in the oil-wet micromodel
—o— Water flooding in the water-wet micromodel
—o— Water flooding in the oil-wet micromodel
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Fig. 13 Oil recovery in different wettability conditions (experimental
results)

(a)

This observation can be attributed to the formation of a thin
film on the glass surface known as the wedge layer (Fig. 15).
The subsequent layer imposes a pressure on the discontinu-
ous oil phase, called the disjoining pressure (Moon 2010).
By increasing the contact time between the nanoparticles
and the glass surface, more nanoparticles are adsorbed on
the surface and as a result, the surface wettability changes to
the intermediate-wet condition, while the disjoining pressure
also increases.

3.4 The results of CFD simulations

As mentioned earlier, in CFD simulations, the effect of
wettability on oil recovery was assessed by altering the

(b) (c)

(d)

(e)

Fig. 14 Pore-scale views of the micromodel during nanofluid flooding for a period of time: initial time (a), and after 1000 (b), 2000 (c), 3000

(d), 5000 (e) seconds of nanofluid injection

Fig. 15 TIllustration of how an
oil droplet is loosened from the
glass surface by adsorption of
silica particles
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corresponding contact angles of the oil-water system in
the network model. In order to do this, three different wet-
tability cases of water-wet, oil-wet and intermediate-wet
with the corresponding contact angles of 55°, 135° and
89° were constructed. In analogy to the micromodel tests
discussed before, the first two cases simulate the water
injection scenarios in the water-wet and oil-wet media,
respectively, while the latter one mimics the nanofluid
injection scenario into an oil-wet system, where its final
wettability state turns into the intermediate-wet condition
owing to the adsorption of nanoparticles. Figures 16 and
17 depict the displacement processes and phase distribu-
tions resulting from the CFD simulations for the different
wettability cases modeled. Figure 18 also compares the
final oil recovery corresponding to these three wettabil-
ity cases. In line with the experimental results from the
micromodels, the intermediate-wet state (nanofluid injec-
tion) results in the lowest trapped oil saturation. Table 6
shows the output of the pressure drop in the CFD simula-
tion results.

Table 6 shows that the water-wet micromodel had a lower
pressure drop. The intermediate-wet micromodel showed the
lowest pressure drop and the oil-wet micromodel showed the
maximum pressure drop among all models.

4.00

4

Oil

volume
fraction
contour

00e-001
3.000e-001
2.000e—-001
1.000e-001
0.000e—-001

4 Comparison of experimental and CFD
results

Figure 19 compares the final oil recovery values from the
micromodel and CFD studies for different wettability condi-
tions performed in this work. Very good agreement between
these two sets of data can be observed. Even in the case
of saturation profile comparison as was discussed in the
previous section, although we may not see a perfect match
between the simulation and experimental results, still both
show more stable front movement and less trapped oil in the
case of nanofluid flooding compared with water flooding. It
is noted that there is a good agreement between the experi-
mental and simulation results, verifying the accuracy of the
experiments performed and mechanisms observed during
the displacement tests. The oil being trapped depends on
different factors such as the structure of pores in the porous
medium, fluid—rock interaction and fluid—fluid interaction.
In an EOR project, all of the original oil-in-place cannot be
recovered, and a considerable amount of oil remains trapped
in the porous medium. In this study, it can be concluded that
surface wettability is one of the most important factors for
recovering oil-in-place. In the oil-wet micromodel after the
water flooding, a considerable amount of oil remains trapped
in the corners of the pores and the injected water cannot
overcome the capillary pressure of the oil phase to mobilize
it. However, in the case where nanofluid was injected, the

VYVYVYVY VYV Y
222222222 %

Fig. 16 Schematic of the oil volume fraction contour of micromodels. a Before water flooding. b Water-wet model after water flooding. ¢ Oil-

wet model after water flooding

@ Springer



870

Petroleum Science (2019) 16:859-873

VYVVYVVVVY
VYVIVVVV VY

\AAAAAAAZY
VYVVVVVVVY

N
|
|

‘r—w—\gr—w—w—w—\

(d)

Fig. 17 Contour plots of oil displacement during nanofluid flooding after 1000 (a), 2000 (b), 3000 (c), 5000 (d) seconds of injection
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—o— Water flooding in the oil-wet micromodel
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Fig. 18 Schematic diagram of oil recovery in different wettability
conditions (simulation results)

Table 6 Pressure drop in the

D simulai h Simulation case Pressure

CFD simulation results drop, Pa
Water-wet 207
Oil-wet 495
Intermediate-wet 54

amount of trapped oil decreased considerably. The results
from both micromodel experiments and CFD simulations
demonstrate that the nanofluid injection, compared to the

@ Springer
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Fig. 19 Comparison of the oil recovery factor obtained from both
experimental and CFD results

water injection, provides a more piston-like displacement
process; hence, higher oil recovery is expected.

The conducted experiments in the current study show the
positive effect of silica nanoparticles in the rock—oil-water
system. There is still much investigation to be carried out to
obtain a complete overview of how the silica nanoparticles
affect fluid properties. The current experimental setup could
be modified to higher pressure systems in order to test the oil
samples with higher viscosity at a higher injection rate and
higher pressure. The measurements can also be performed at
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different temperatures, with other oils and with other nanopar-
ticle concentrations.

5 Conclusions

In this study, the effects of silica nanoparticles on the altera-
tion of wettability for improved oil recovery were investi-
gated by performing a series of micromodel experiments and
CFD simulations in different wettability conditions. Based on
the observed results, the following conclusions can be drawn:

1. The initial wettability of the system is an important fac-
tor that affects the trapped oil saturation and the final oil
recovery. Trapped oil saturation in the oil-wet model was
higher than the water-wet model. An intermediate-wet
model resulting from the nanofluid flooding gave less
oil trapping compared to both the water-wet and oil-wet
models.

2. Wettability alteration during nanofluid flooding was
shown to be a time-dependent process. Initially, a thin
oil film protected the pore walls from the nanoparticle
adsorption. After a few hours, the effect of nanoparti-
cles on wettability alteration toward intermediate-wet
became more significant.

3. When silica nanoparticles were adsorbed on the solid
surface, they formed a nanotexture coating on the oil-
wet surface. This phenomenon alters the wettability state
of the surface from oil-wet to intermediate-wet, and this
leads to higher oil recovery.

4. The simulation results are in good agreement with
experimental results. A significant increase in oil recov-
ery of 9% and 13% was observed for nanofluid flood-
ing in the experimental tests and the CFD calculations,
respectively.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Appendix: Governing equation of VOF
model

The volume fraction equations for the secondary phases and
the algebraic expressions of mass and momentum equations
are as follows (Fluent 2009):

Conservation of mass:

0 -
E(p) +V. (pv) =0 (D

where p is density; V is velocity; and 7 is time.

The momentum equation, shown below, is dependent on
the volume fractions of all phases through the properties p
and p.

L (p9) + V- (577) = =Vp + V- [u(V5+ V3")] + pg + F
i @
where F is force; u is viscosity; and g is ground acceleration.

The energy equation, also shared among the phases, is
shown below (Fluent 2009).

%(pE) +V-(VpE+p) =V (KquzVT) + 5, 3)

The VOF model treats energy E and temperature T as
mass-averaged variables:

' o ap,E
E= q; 1 %Pqtq @
Zq:l aqp q
where E is treats energy; p is density; K is the effective
thermal conductivity; Sy, is volumetric source for latent heat;
E, is treats energy for each phase; and a, is the face value of
the gth volume fraction and g refer to each phase.

E, for each phase is based on the specific heat of that
phase and the shared temperature. The properties p and K4
(effective thermal conductivity) are shared by the phases.
The source term S, contains contributions from radiation,
as well as any other volumetric heat sources.

For time-dependent VOF calculations, the equation below
is solved using an implicit time-marching scheme and Ansys
Fluent’s standard finite-difference interpolation scheme, and
second-order upwind is used to obtain the face fluxes for all
cells, including those near the interface.

an+1pn+1 _ anpn
q q q9"9 n+lym+l, n+l
v A ; (prtuptaz!)
n (%)
= |Suy + D (g =1y, ) |V
p=1

where n is the index for previous time step; n+ 1 is the index
for new (current) time step; Uy is the volume flux through
the face, based on normal velocity; A,y is the face value of
the gth volume fraction, computed from the first- or sec-
ond-order upwind, QUICK, modified HRIC or CICSAM
schemes; S, is the mass source for each phase; V'is the vol-
ume of cell; 7i2,,, is the mass transfer from phase p to phase g;
and i, is the mass transfer from phase g to phase p.

The properties appearing in the transport equations are
determined by the presence of the component phases in
each control volume. In general, for an n-phase system, the

@ Springer
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volume fraction-averaged density and viscosity take on the
following form:

p= a0, ©6)
w= ., 7
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