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Abstract. Nowadays, nanotechnology has become a very attractive subject in Enhanced Oil Recovery (EOR)
researches. In the current study, a carbonate system has been selected and first the effects of nanoparticles on
the rock and fluid properties have been experimentally investigated and then the simulation and numerical
modeling of the nanofluid injection for enhanced oil recovery process have been studied. After nanofluid
treatment, experimental results have shown wettability alteration. A two-phase flow mathematical model
and a numerical simulator considering wettability alteration have been developed. The numerical simulation
results show that wettability alteration from oil-wet to water-wet due to presence of nanoparticles can lead
to 8–10% increase in recovery factor in comparison with normal water flooding. Different sensitivity analyses
and injection scenarios have been considered and assessed. Using numerical modeling, wettability alteration
process and formation damage caused by entrainment and entrapment of nanoparticles in porous media have
been proved. Finally, the net rate of nanoparticles’ loss in porous media has been investigated.

Nomenclature

aw Constant represents the pore size distribution
index for imbibition

ao Constant represents the pore size distribution
index for drainage

Bl Volume factor of fluid of phase l
Ci,l Volume concentration of nanoparticle in interval

i in phase l, cm3 cm�3

Cw Constant represents the entry pressure for
imbibition

Co Constant represents the entry pressure for
drainage

d Diameter of nanoparticle, cm
Di,l Dispersion coefficient of nanoparticle in interval i

in phase l, cm2 s�1

f Flow efficiency factor
K Absolute permeability of porous media, cm2

Kr Relative permeability before nanoparticle
treatment

Krlmax Maximum relative permeability of phase l
Kf Constant for fluid seepage allowed by the puggled

pores
Kr
0 Relative permeability after nanoparticle

treatment
n Coefficient for the relation between porosity and

permeability
nl Exponent for phase l relative permeability
Pl Pressure of phase l, atm
Pc Capillary Pressure, atm
PV Pore Volume of injection
ql Injection rate or production rate, cm3 s�1

r Radii of the pores
Ri,l Net loss rate of nanoparticle in interval i in

phase l, cm3 cm�3 s�1

Sl Saturation of phase l
Slr Residual saturation of phase l
Swc Connate water saturation
S* Normalized saturation
si Surface area for nanoparticles in contact with

fluids per unit bulk volume in
interval i, cm2 cm�3* Corresponding author: amir_h_mohammadi@yahoo.com
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S Total surface area for nanoparticles in contact with
fluids per unit bulk volume, cm2 cm�3

Sv Specific area of core sample, cm2 cm�3

t Time, s
ul Flow velocity for liquid phase in porous

media, cm s�1

ulc Critical velocity for liquid phase, cm s�1

x Distance, cm
a Rate constant, cm�1

b Surface area coefficient
u Porosity of porous media
l Viscosity of fluid, cp
mi,l Volume of nanoparticles available on pore surfaces

per unit bulk volume of the porous media, cm3 cm�3

mi,l
* Volume of nanoparticles entrapped in pore throats

per unit bulk volume of the porous media, cm3 cm�3

h Wetting angle
r Interfacial tension between wetting and

non-wetting phase, N/m
x Coefficient for calculating specific area

Subscripts

0 Initial value
d Deposition
e Entrapment
pt Pore throat
o Oil
w Water

1 Introduction

As regards about half of the world’s known petroleum
reserves exist in carbonate reservoirs, it is very important
to find out how more oil can be produced from these kinds
of reservoirs (Schlumberger Market Analysis, 2007). It is
patently obvious that wetting property of the oil reservoirs
is a highly determinant parameter for multiphase flow in
porous media as well as production mechanisms. Due to this
importance many of the past literature illustrate the
wettability and its effect on oil recovery (Cuiec, 1990;
Morrow, 1990; Ogolo et al., 2012; Onyekonwu and Ogolo,
2010; Vatanparast et al., 2011). Water flooding is performed
as a cheap method to improve oil recovery after the primary
production period (Standnes and Austad, 2000). Most of the
carbonate rocks have porosities of about 5–15% and their
permeabilities are influenced by connected pores which are
related to pore size, shape, and arrangement (Archie, 1952;
North, 1985); they have initially some degree of the oil-wet
condition, therefore it is well known that the oil recovery
by water flooding might have had a low ultimate oil recovery
(Anderson, 1986; Buckley et al., 1998). It can be deduced
that the desired rock wettability is one of the key factors
for a successful incremental oil recovery process. In addition,

Interfacial Tension (IFT) became a very attractive parame-
ter for oil industry researchers in the past years (Abrams,
1975; Baez et al., 2012; Wagner and Leach, 1966). It has been
shown that capillary force reduction through reduction in
interfacial tension can significantly affect the amount of
residual oil saturation inpore spaces (Abrams, 1975).Adding
chemicals to injection fluids can modify rock wettability and
keep the interfacial tension in desired values (Ju and Fan,
2009). Consequently, it can be expected that chemical addi-
tives may have some positive effects on water flooding pro-
cess and oil recovery from carbonate rocks (Miranda et al.,
2012; Onyekonwu and Ogolo, 2010; Puntervold et al.,
2007). In the last decade, researchers working on the chemi-
cal Enhanced Oil Recovery (EOR), all tried to answer a key
question that is ‘‘How the chemicals can affect the EOR pro-
cesses?’’ (Høgnesen et al., 2004; Kanj et al., 2009; Mohan
et al., 2011; Moradi et al., 2015, 2016; Ogolo et al., 2012;
Qiu and Mamora, 2010; Skauge et al., 2010; Standnes and
Austad, 2003; Tabrizy et al., 2011; Wang et al., 2010).
Adding nanoparticles at low volume concentrations to
displace water makes nanofluids. The main properties of
the nanofluids strongly depend on the nanoparticles’ fea-
tures (Romanovsky and Makshina, 2004). The individual
features of nanoparticles have attracted the attention of
many researchers in the recent years (Ghosn et al., 2017;
Ju et al., 2002, 2006; Kanj et al., 2009; Kashefi et al., 2018;
Mandal et al., 2012; Roustaei and Bagherzadeh, 2015;
Sepehrinia, 2017; Wang et al., 2010; Yu et al., 2010).
Silica nanoparticles (SiO2) have shown a very effective role
for increasing oil recovery goals (Ju and Fan, 2009;
Metin et al., 2013; Moradi et al., 2015, 2016). Many research-
ers have studied the potential of silica nanoparticles for
EOR objectives in sandstone rocks, with experimental
and/or simulation approaches (El-Amin et al., 2012, 2013;
Hendraningrat and Shidong, 2012; Hendraningrat et al.,
2013; Ju and Fan, 2009; Ju et al., 2002, 2006, 2012; Metin
et al., 2013; Onyekonwu and Ogolo, 2010; Parvazdavani
et al., 2012; Roustaei et al., 2012; Shahrabadi et al., 2012;
Yu et al., 2012). Many papers report the experimental effects
of these nanoparticles on EOR parameters for carbonate
rocks (Al-Anssari et al., 2016, 2018; Kanj et al., 2009; Karimi
et al., 2012; Maghzi et al., 2011; Metin et al., 2013; Moradi
et al., 2015, 2016; Roustaei and Bagherzadeh, 2015; Sun
et al., 2017; Yu et al., 2012); But, there are no studies on
the simulation and mathematical modeling of the effects of
silica nanoparticles on the production parameters as an
additive in water flooding for carbonate rocks. In the current
study, several core flooding with and without adding
nanoparticles to injection fluid have been implemented and
the effects of these nanoparticles on contact angle and
interfacial tension are discussed (used cores were taken from
one of the carbonate oil reservoirs in the south of Iran).
We prove the effects of silica nanoparticles on enhancing
oil recovery from an oil-wet carbonate system by a precise
numerical model (interfacial tension reduction because of
nanoparticle treatment has been discarded in our model).
We have performed several sensitivity analyses on different
properties such as nanofluid’s concentrations and injection
volume. In addition, different injection scenarios have been
considered in our model.
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2 Core flooding experiments

2.1 Physical properties of silica nanoparticles

In this study, the commercial silica nanoparticles were used
that their diameters are in the range of 20–70 nm. Figure 1
shows the SEM image of used nanoparticle as well as in
Figure 2, we have shown that the particles’ sizes have a nor-
mal distribution. The basic information of the used
nanoparticles is reported in Table 1.

2.2 Physical properties of carbonate rock

Experimental studies show that the porosity and
permeability of the employed core samples are about 15%
and 16 md, respectively. As well as all of these samples
are non-fractured. Table 2 gives the main properties of
carbonate rock samples that they were used in our
experiments.

Several core flooding experiments were performed to
check the capability of the nanofluids for enhancing oil recov-
ery. These experiments were done under various conditions
such as different injection rate, different water/nanofluid
injection scenarios and different inlet concentration of
nanofluids. We performed all experiments at an initial pres-
sure equal to 100 psi and the fixed temperature was 25 �C.
Figure 3 shows the schematic diagram of the flooding appa-
ratus which mainly consists of core holder, pressure meter,
back pressure regulator, valves and controllers and pumps.
The maximum possible core diameter and length for the used
core holder are 3.75 cm and 40 cm, respectively. The confin-
ing pressure for the mentioned core holder must be at least

400 psi upper than core pressure; in this case the confining
pressure was 600 psi.

2.3 Experimental procedure

First, the cylindrical shape core was cleaned and dried
with an ultrasonic bath and an oven, respectively. The
dried core was used to determine the porosity and absolute

Fig. 2. Particle size distribution curve.

Table 1. Physical properties of commercial silica
nanoparticles.

Parameter Unit Value

Particle size, nm nm 20–70
Wettability – Hydrophilic
Color – White
Purify % >99.5
Dispersed in – Water
Bulk density g/cc �0.10
True density g/cc �2.40
Specific Surface Area (SSA) m2/g 160–600

Table 2. Used carbonate rock properties.

Parameter Unit Value

Sample name – C26-W2
Location – South of Iran
Structure – Non-fractured
Depth of core m 2730
Length of core cm 10
Cross section area of core cm2 8.6
Rock density g/cc 2.56
Porosity % 15
Permeability md 16

Fig. 1. SEM image of SiO2 nanopowder (www.us-nano.com).
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permeability of the rock. Then, saturation process was
applied on core to saturate it with brine. The saturated core
was placed into a core holder to implement water flooding
process. At the water flooding process the liquid permeabil-
ity was measured again. After water flooding, oil was
injected into core for producing water at the outlet; this
process was continued until no water production occurred.
Afterwards, the core took out from the core holder and
placed in an oil container to implement the aging process
(the aging process took 9 days). Then, the core was injected
by oil in core holder to produce the remaining water of the
core as a result of aging process (the aging process can make
the rock oil-wet and contact angle experiment confirms it).
The core was then ready for the main injection process (wa-
ter and nanofluid flooding). The oil and brine properties are
reported in Tables 3 and 4, respectively; and oil composition
is given in Table 5.

At first, the flooding experiment was performed only
with water. 6 PV of water was injected into the core and
the produced oil and water from the outlet of the core were
collected into a scaled container in which 35.8% of the orig-
inal oil volume was produced. After that in order to repeat
the flooding test under another injection rate scenario, the
core was injected with oil to reach the initial condition
again (irreducible water saturation condition). The flooding
process was then conducted with both water and nanofluid.
First, 1 PV of water was injected, then 1 PV of nanofluid

was injected which followed by injection of 4 PV of water;
observed oil recovery was 44.9%. Figure 4 displays the
experimental results of core flooding with and without
nanoflooding.

Fig. 3. Schematic diagram of core flooding apparatus.

Table 3. Properties of oil sample.

Parameter Unit Value

API of oil �API 27.30
Specific gravity of oil – 15.56/15.56 �C – 0.8911
Density @ 15.56 �C – 0.1 MPa g/cc 0.89
Viscosity @ 15.56 �C – 0.1 MPa cp 30.3
Molecular weight of reservoir oil g/gmol 102
Molecular weight of remaining oil g/gmol 220
Molecular weight of Cþ12 g/gmol 310
Specific gravity of Cþ12 – 0.9287

Table 4. Properties of brine sample.

Parameter Unit Value

Salinity ppm 80 000
Density @ 15.56 �C – 0.1 MPa g/cc 1.024
Viscosity @ 15.56 �C – 0.1 MPa cp 0.7
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3 Describing the nanoparticle transportation
in porous medium using mathematical
modeling

3.1 Assumptions

The following assumptions are considered in the current
model:

d One-dimensional flow under isothermal condition.
d Compressible rock and fluids.
d Heterogeneous porous media.
d The Darcy’s law governs the fluid flow in porous

media.
d The gravity force is neglected.
d The viscosity and density of the fluids are various with

pressure.
d Both oil and water are Newtonian fluids.

3.2 Fluid transportation in porous media

It is known that the fluid flow in porous medium follows
Darcy’s law and the governing equation for Newtonian
fluids as well as a slightly compressible multiphase flow
are as follows (Ju et al., 2012):

div
K � Krl

Bl � ll
grad P lð Þ

� �
þ ql ¼

@

@t
u:Sl=Blð Þ; ð1Þ

where t is time, u is the porosity of porous media, S,
l and P are saturation, viscosity and pressure of fluids,
respectively, K is absolute permeability, Kr is relative
permeability, B is the volume factor of fluid, q is the

production or injection rate of fluid, and subscript l refers
to oil and water phases. For saturated flow of the oil and
water phases, the sum of saturations of oil and water is
equal to 1 (Ju et al., 2012):

Sw þ So ¼ 1: ð2Þ

3.3 Mixed-wet capillary pressure

Injecting the water-nanoparticles suspension into an oil
reservoir can change the wettability of the porous media
from oil-wet to water-wet; therefore, we are allowed to
consider the rock wetness as a mixed-wet condition. Skjaeve-
land et al. introduced a capillary pressure equation for
mixed-wet systems at primary drainage condition, based
on Brooks and Corey equation (Skjaeveland et al., 1998).
Other conditions between strong water-wet and strong
oil-wet limits should be considered. Therefore, El-Amin
et al. generated a general equation for any conditions
between the two mentioned above limitations (El-Amin
et al., 2013). It is expressed as:

P c ¼ Cw
Sw � Swr

1� Swr

� ��aw

þ Co
So � Sor

1� Sor

� ��ao

; ð3Þ

where Cw and Co are constants representing the entry
pressure for imbibition and drainage, respectively. The
constants 1=aw and 1=ao are the pore size distribution
indices for imbibition and drainage, respectively. Both
Swr and Sor are residual saturations for water and oil
phases, respectively (El-Amin et al., 2013).

3.4 Calculation of relative permeability

A modified Brooks-Corey’s correlation is used to consider
relative permeabilities of phases for a two phase flow which
is defined by a Power-Law function as follows (Ahmed,
2006):

Krw ¼ Krw maxS�nw ; ð4Þ

Kro ¼ Kro max 1� S�ð Þno ; ð5Þ

S� ¼ Sw � Swcð Þ
1� Swc � Sorð Þ ; ð6Þ

where Krwmax , nw; Kromax and no are the maximum relative
permeability and exponents of the water and oil relative
permeabilities, respectively. The Swc and Sor are satura-
tion of connate water and residual oil, respectively
(Ahmed, 2006).

3.5 Nanoparticles transportation in porous medium

Because of the nanoparticles’ surface charge, some sort of
nanoparticles can exist in water phase and the other ones
can exist in oil phase. Since the nanoparticles’ sizes are rang-
ing from 20 to 70 nm, we should consider Brownian diffusion.
Therefore, the nanoparticles transport in porous media is

Table 5. Crude oil composition.

Composition Mole percent (%)

H2S 0
N2 0
CO2 0
C1 0
C2 0.07
C3 0.45
iC4 0.53
nC4 1.4
iC5 0.61
nC5 0.52
C6 9.12
C7 7.25
C8 7.13
C9 6.12
C10 6.10
C11 5.03
C12+ 55.67
Total 100
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defined as the following governing equation (Ju and Fan,
2009):

ul
@Ci;l

@x
þ uSl

@Ci;l

@t
� @

@x
uSlDi;l

@Ci;l

@x

� �
þ Ri;l ¼ 0; ð7Þ

where i ¼ 1; 2; . . . n.
The initial and boundary conditions, for the above equa-

tion are expressed as:

Ci;l ¼ 0 @ t ¼ 0;

Ci;l ¼ Ci;l;in @ x ¼ 0;

where Ci,l is the volume concentration of nanoparticles in
interval i in phase l, Di;l is the dispersion coefficient of
nanoparticles in interval i in phase l, Ri;l is the net rate
of loss of nanoparticles in interval i in phase l, and Ci;l;in

is the concentration of the interval i of nanoparticles in
the injected fluids (Ju and Fan, 2009).

3.6 Net loss rate of nanoparticles in transport process

As a whole, for a non-fractured carbonate rock, pore surfaces
and throats are the most important factors to fine particles
transportation. Generally, two types of nanoparticles reten-
tion in porous medium can occur during nanoparticles trans-
portation: deposition on pore surfaces and blockage in pore
throats (Ju et al., 2012). The retained nanoparticles can be
desorbed by hydrodynamic forces, and then possibly adsorb
or get entrapped, respectively on other sites of the pore and
at other pore throats (Ju et al. 2012). By modifying the Ju’s
model (Ju et al. 2002), Ri;l in equation (7) is given by:

Ri;l ¼
@vi;l

@t
þ
@v�i;l
@t

; ð8Þ

where vi;l is the volume of nanoparticles of the interval i in
contact with phase l available on the pore surfaces per unit

bulk volume of carbonate rock, v�i;l is the volume of
nanoparticles of the interval i in contact with phase l
entrapped in pore throats per unit bulk volume of carbon-
ate rock due to plugging and bridging (Ju et al., 2012).

Flow velocity has an upper limit called critical veloc-
ity; below the critical velocity only particle retention can
occur while above that velocity both retention and entrain-
ment may occur simultaneously (Gruesbeck and Collins,
1982). A modified Gruesbeck and Collins’s model for the
surface deposition can be written as (Ju et al., 2002):

@vi;l

@t
¼

ad;i;lulCi;l ul < ulc

ad;i;lulCi;l � ae;i;lvi;l ul � ulcð Þ ul > ulc

(
: ð9Þ

The initial condition for equation (9) is:

vi;l ¼ 0 @ t ¼ 0:

In equation (9), ad;i;l and ae;i;l are rate coefficients for
surface retention and entrainment of nanoparticles in
interval i in the phase l, respectively, and ulc is the criti-
cal velocity for the phase l to entrain particles (Ju et al.,
2012).

The rate equation for the entrapment of the particles in
pore throats in interval i in the phase l is expressed by (Ju
et al., 2002):

@v�i;l
@t
¼ apt;i;lulCi;l; ð10Þ

where apt;i;l is a constant for pore throat blocking. The
initial condition for equation (10) is (Ju et al. 2012):

v�i;l ¼ 0 @ t ¼ 0:

3.7 Porosity and absolute permeability changes

In presence of nanoparticles, both deposition on the
pore surfaces and blocking in pore throats can reduce the
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porosity and absolute permeability. The local and instanta-
neous porosity is expressed by (Ju et al., 2002):

u ¼ u0 �
X

�u
� �

; ð11Þ

where
P

�u denotes the porosity changes by release and
retention of nanoparticles in the porous medium which is
expressed by the following equation (Ju et al., 2002):X

�u ¼ vi;l þ v�i;l: ð12Þ

The expression for the local and instantaneous perme-
ability due to the deposition and blocking of particles is
obtained by (Ju et al., 2002):

K ¼ K0 1� fð Þkf þ f u=u0

� �n
; ð13Þ

where K 0 and u0 are initial permeability and porosity,
K and u are instantaneous local permeability and poros-
ity of the porous media, kf is a fluid seepage constant
which is related to plugged pores, and f is the fraction
of the original cross-sectional area open to flow (Ju
et al., 2012).

3.8 Capillary pressure affected by nanoparticles

As a result of presence of nanoparticles in fluid, the capillary
force can be changed due to interfacial tension alteration,
which will affect the multiphase flow behavior (Løvoll
et al., 2005). Capillary pressure for a two phase system
for an ideal thin tube with equal diameters is expressed
by the following equation (Ju et al., 2012):

P c ¼
2r cos h

r
; ð14Þ

where r is the interfacial tension between wetting and
non-wetting phases N/m; h is the wetting angle; and r is
the radius of the capillary (Ju et al., 2012).

Because of the existence of nanoparticles in the fluid
during the treatment process, two kinds of alteration
between fluids and rock surface can occur: changing interfa-
cial tension and changing contact angle. Then, the interfa-
cial tension can be considered as a function of the
nanoparticles concentration in the fluid and contact angle.
The capillary pressure, in porous medium, is obtained by
mercury injection experiments and it is considered as a
function of the wetting phase saturation if wettability does
not change. By changing the wettability resulted by
nanoparticles treatment and the carbonate rocks’ hetero-
geneity, the capillary pressure can be considered as the
below conception (Ju et al., 2012):

P c ¼ f Sw;Cl; vl þ v�l
� 	

: ð15Þ

3.9 Evaluating the relative permeability affected
by nanoparticles

The wettability of pore surfaces is the most important
factor to determine the relative permeability of a porous
media. As it was mentioned earlier, the nanoparticles

retention in porous media can change the wettability of
the pore surfaces and the relative permeability curves can
be shifted (Ju et al., 2012).

Assuming a point contact touching of spherical particles
and using the real volume of particles as the denominator,
the specific area of the particles is 6=d; where d is the diam-
eter of the particles (Qin and Li, 2001).

The adhered nanoparticles to the pore walls, first spread
as a single layer, the surface area for particles in interval i is
given by the following equation (Ju et al., 2002):

si ¼ vi;l þ v�i;l
� �

sbi ¼ vi;l þ v�i;l
� � 6

di
: ð16Þ

The total surface area which is in contact with fluids
for all intervals per unit bulk volume of the porous media
is calculated by (Ju et al., 2002):

s ¼ b
Xn

i¼1; l¼w;o

vi;l þ v�i;l
� � 6

di
; ð17Þ

where b is the surface area coefficient. An equation for
calculating the specific area which is given by Qin and
Li (2001), was modified herein, which is expressed by
(Ju et al., 2002):

sv ¼ 7000u

ffiffiffiffiffiffiffi
u

xK

r
; ð18Þ

where x is a coefficient for calculating specific area.
We assume that the relative permeabilities of water and
oil phases are, respectively, K rwj and K roj at a water
saturation, Swj before nanoparticles treatment (Ju et al.,
2012). When the surfaces per unit bulk volume of the
porous media are fully covered by nanoparticles, the rela-
tive permeabilities of water and oil phases are taken as
K
0

rwj and K
0

roj, respectively. The water and oil relative
permeability are assumed to be a linear function of the
surfaces covered by nanoparticles, therefore, the relative
permeabilities of water and oil phases are as following
(Ju et al., 2002):

K
0

rwjp ¼ Krwj þ
K
0

rwj � Krwj

sv
s; ð19Þ

K
0

rojp ¼ Kroj þ
K
0

roj � Kroj

sv
s; ð20Þ

when s � sv, the total surfaces per unit bulk volume of the
porous media are fully covered by nanoparticles which are
adsorbed or entrapped in porous medium, therefore, the
nanoparticles change the wettability properties of porous
media (Rs ¼ s

sv
¼ 1) (Ju et al., 2012).

4 Mathematical modeling procedure

Generally, we are faced with a nonlinear system which
consists of the continuity equations of oil and water phases
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(Eq. (1)), the convection-diffusion-adsorption equation
(Eq. (7)), and a series of auxiliary equations (Ju and Fan,
2009). To solve the nonlinear equation system, the finite
difference method can be used. In the current study, the
IMPES (Implicit Pressure-Explicit Saturation) method
was used to solve the pressure-saturation equation and an
implicit method was applied to solve the convection-
diffusion-adsorption equation to achieve maximum stabil-
ity. Following procedure is used for the current modeling:

1. Obtaining the pressure and saturation distribution by
solving the mass balance equation.

2. Velocity calculation through Darcy’s law.
3. The nanoparticles concentration distribution in inter-

val i is obtained by solving the convection-diffusion-
adsorption equation.

4. The new porosity u, absolute permeability K , and rel-
ative permeabilities of oil and water phases for each
grid block are calculated.

5. If maximum simulation time is not reached, return to
the first step.

It should be mentioned that the above procedure must
be done for each time step until reaching last time step of
modeling; Figure 5 shows the mathematical modeling
flowchart.

5 Results and discussion

This section presents an instance which can be implemented
for enhanced oil recovery from a non-fractured carbonate oil
reservoir. Since the nanoparticles can adhere onto carbon-
ate pore bodies therefore they cause wettability changes
for pore surfaces, and they could be applied for enhanced
oil recovery purposes.

5.1 Experimental observations of the physical effects
on porous media due to presence of nanoparticles

The nanoparticles’ sizes are in the range of 20–70 nm.
On the other hand, the experimental results show that
the radii of the pore throats are about 8.0 · 100 to
5:2� 104 nm, therefore some of the particles are smaller
than the pore throats as well as some of them are bigger.
When the nanoparticles are transported through the porous
media, some pores can be blocked due to plugging and/or
bridging by the bigger nanoparticles. In addition, because
of the activity of the nanoparticles, they may adhere onto
pore bodies. As it is known, the surface charge of the hydro-
philic silica nanoparticles and the pore surfaces’ charge of
the carbonate rocks are generally different. Thus, adhering
the nanoparticles onto pore surfaces can lead to wettability
alteration of the rocks. In this study, the contact angle
measurements were performed to find out how the nanopar-
ticles’ retention in porous media can change rock wettabil-
ity. Three steps of the wettability alteration process due to
presence of silica nanoparticles were measured which are
shown in Figure 6. As can be seen, the initial contact angle
was 140.34� before any treatment (Fig. 6A). After 0.5 PV of

nanofluid was injected into core plug, the contact angle of
the oil drop became 98.60� (Fig. 6B) and finally after inject-
ing 1 PV of the nanofluid, wettability alteration process was
completely done and the contact angle reached to 47:53�

(Fig. 6C).
Another effect of silica nanoparticles is reduction of

interfacial tension between oil/water surface. The Pendant
drop method was used to measure the variation of interfa-
cial tension due to presence of nanoparticles in injected
fluid. The initial interfacial tension value was 26.3 mN/m.
A stepwise increasing of nanofluid concentration was

Fig. 5. Mathematical modeling flowchart.
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employed to evaluate the variation of interfacial tension.
Figure 7 shows that the higher concentration of injected
nanofluid can lead to lower interfacial tension; the last
measurement of interfacial tension was 7.9 mN/m at a con-
centration of 6 g/L.

5.2 Mathematical modeling results of silica
nanoparticles transportation through porous media

It is obvious that in a weak water-wetting rock, the sweep
efficiency of water flooding is less than a strong water-
wetting rock (Ju and Fan, 2009). Since the hydrophilic
nanoparticles could increase the inclination of strong
water-wetness using hydrophilic nanoparticles which cover
pore walls, they can be applied in field usages for EOR
purposes. The current modeling example was performed
to predict production performance when the hydrophilic
nanoparticles are injected. The main numerical simulation’s
parameters are listed in Table 6.

We have used nanoparticles with size 40 nm in the
present model, as their properties are shown in Table 7.

Figure 8 shows the oil recovery after injection of 6 PV of
brine into the core sample. The points in this figure repre-
sent the experimental data that were obtained from core
flooding experiments in the laboratory and the continuous
line indicates the numerical results. As it is known, the
numerical error is less than 1%, so the proposed model
can efficiently simulate the core flooding process before
nanofluid injection.

We implemented the nanofluid injection under three dif-
ferent scenarios as they are shown in Table 8.

Figure 9 presents the oil recovery after 6 PV injection of
water and nanofluid (NP40) under second scenario’s condi-
tion. At first, 1 PV of water was injected, then 1 PV of
nanofluid (at the inlet concentration of 0.02 cc/cc) was
injected followed by 4 PV of brine injection. The points that
can be seen in Figure 9 were obtained from experimental
works and the continuous line is based on the numerical
results. As regards the numerical error is less than 1% with
respect to experimental data, we can conclude that the cur-
rent proposed model is highly reasonable to simulate the
nanofluid injection process for enhanced oil recovery.

Figure 10 shows the effects of concentration of nano-
particles (NP40) on oil recovery under second scenario
injection’s condition. It gives that, the higher concentration

Fig. 6. Wettability alteration due to nanofluid injection.

Fig. 7. Oil/water interfacial tension before and after using
nanofluid.

Table 6. Parameters for simulation.

Parameter Unit Value

Number of grid – 40
Grid size cm 0.25
Cross-sectional area cm2 8.6
Original porosity Fraction 0.15
Original permeability md 16
Original saturation of oil Fraction 0.8
Original viscosity of reservoir oil cp 30.3
Viscosity of injection water cp 0.7
Injection rate of water cc min�1 0.2
Pressure at the outlet boundary psi 100
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of injected nanoparticles can lead to increase the oil recov-
ery. As can be seen, when the concentration increases from
0.02 to 0.04, the ultimate oil recoveries are very close
together, therefore, if the concentration of nanoparticles’
slug be larger than 0.02, it does not have a significant effect
on oil recovery. After 1 PV of water was injected, the oil
recovery reached to 26.27%. It is recognized that at the start
of nanofluid injection, no obvious immediately oil recovery
improvement can be seen. It shows the ultimate oil recovery
is from 35.84% (nanoparticle concentration = 0.0) to
45.36% (nanoparticle concentration = 0.04). The oil recov-
ery reached to 45.23% for nanoparticle concentration of 0.02
and the incremental oil recovery is 9.39% compared with
usual water injection. It points that when the concentration
of injected nanofluid is less than 0.02, the increase in oil
recovery can be significant due to nanoparticle concentra-
tion increase. It indicates that, in this case, injection of
1.0 PV of nanofluid with the concentration of 0.02 can lead

to the fully covered pore surfaces by adsorbed nanoparticles.
More than enough nanoparticle adsorption on pore bodies
does not cause any further change to the pore surfaces’
wettability, so that, the increase in concentration above
0.02 cannot lead to an obvious higher oil recovery. In addi-
tion, multilayer adsorption of nanoparticles on pore bodies
may lead to intensive formation damage (porosity and
permeability reduction). The ultimate recovery values (after
the end of 6 PV fluid injection) are shown in Table 9.

Figure 11 gives the water cut (volume fraction of water
in produced fluid) changing throughout production and
injection time. The water cut of produced fluid was zero
before 0.11 PV water was injected and after the water
breakthrough at the outlet, then water cut increases consid-
erably. After 1.0 PV of water was injected, the water cut
increased to 95.39%. Because of the behavior of two-phase
flow at the outlet which affects the amount of water cut,
the water-cut does not have a sudden decrease until the
nanofluid changes the rock’s wettability to a lower ten-
dency of water-wetting. Therefore, the injected nanofluid
can lead to water cut decreasing and this process should
be more intensed for nanofluid injection at higher concen-
tration. Water cut decreased to 84.31% after injection
0.45 PV of nanofluid (with the concentration of 0.04 and
under second scenario injection’s condition). Table 10 gives
the minimum values of the water cut after nanofluid
injection.

Figures 12 and 13 show the results of sensitivity analysis
on different injection scenarios at high nanoparticle concen-
tration (nanoparticle concentration = 0.02). At high con-
centrations, because of the higher rate of loss, wettability
alteration process from oil-wetting to water-wetting done
at earlier injected pore volumes. As can be seen in Table 8,
in third scenario, nanofluid is injected at the beginning of
the flooding process, therefore the deviation from first and
second scenarios (Figs. 12 and 13) are patently obvious.
In the first and second scenarios, flooding process starts
with 1.0 PV of injected water followed by injection of
1.0 PV of nanofluid and as regards, injecting of 1.0 PV of
nanofluid with the concentration of 0.02 can lead to the
fully covered pore surfaces by adsorbed nanoparticles (refer
to Fig. 10), therefore, an additional injected nanofluid in the
first scenario does not have any further effects on oil recov-
ery, so the first and second scenario’s curves are completely
matching.

Figures 14 and 15 give the results of sensitivity analysis
on different injection scenarios at low nanoparticle concen-
tration (nanoparticle concentration = 0.005). As can be
seen, for third scenario, because the nanofluid is injected
thorough the injection process, it causes maximum effects
on the rock and fluid properties and consequently it

Table 7. Parameters of nanoparticles used for numerical simulation.*

NP Indicator Diameter
of NP (nm)

ad;i;l (cm
�1) ae;i;l (cm�1) apt;i;l (cm�1) Di;l (cm2 s�1) ulc (cm s�1)

NP40 40 0.18 0.35 0.0162 0.00051 0.00049
*NP denotes the nanoparticle.

Fig. 8. Experimental data and numerical results matching
(before nanofluid treatment).

Table 8. Different injection scenarios.*

1st
PV

2nd
PV

3rd
PV

4th
PV

5th
PV

6th
PV

1st scenario W N W N W W
2nd scenario W N W W W W
3rd scenario N N N N N N
*W and N denote the Water injection and Nanofluid
injection, respectively.
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causes maximum oil recovery and minimum water cut. In
the first and second scenarios, injection process starts with
1 PV of water and then 1 PV of nanofluid, therefore both
first and second scenarios’ curve for the first two PV of
injected fluids are completely overlapped. In the second
scenario, an injected PV of nanofluid is followed by 4 PV
of brine, but for the first one after re-injection of 1 PV of

water, 1 PV of nanofluid is injected and finally injec-
tion of 2 PV of water. In general, for the first, second,
and third scenarios we have 2, 1, and 6 PV of injected
nanofluid, respectively. As a result, for the nanofluid with

Fig. 9. Experimental data and numerical results matching
(after nanofluid treatment).

Fig. 10. The relations between oil recovery and the concentra-
tion of nanofluid.

Table 9. Ultimate recovery factor after injection of 6 PV
fluid (at different nanofluid concentration).

Concentration (cc/cc) Ultimate recovery factor (%)

0 35.84
0.005 40.57
0.01 44.65
0.02 45.23
0.04 45.36

Fig. 11. The relations between water cut and the concentration
of nanofluid.

Table 10. Minimum water cut after injecting 1 PV of
nanofluid (at different concentration).

Concentration (cc/cc) Minimum water cut (%)

0.005 94.97
0.01 90.81
0.02 87.55
0.04 84.31

Fig. 12. The effect of different injection scenarios on oil
recovery at high nanoparticle concentration (0.02).
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low concentrations, since the loss rate of nanoparticles
is low, the first layer of adsorbed nanoparticles on pore
bodies is formed in the longer time; therefore wettability
alteration process is done gradually. As can be seen, in
low nanoparticles’ concentration, injecting more PV of
nanofluid results in increasing the oil recovery and decreas-
ing the water cut.

Figures 16–19 show the normalized porosity and perme-
ability profiles for different PV (Figs. 16 and 17) and differ-
ent inlet concentration (Figs. 18 and 19) of injected
nanofluid. Increasing the injected PV or inlet concentration,
at the proximity of inlet, the normalized porosity and per-
meability are smaller than those at the proximity of outlet.
The decrease in porosity and permeability results from
nanoparticles’ retention on pore surfaces and entrapment
in pore throats.

Figures 20 and 21 give the wettability alteration pro-
cess for different PV and inlet concentration of injected

Fig. 13. The effect of different injection scenarios on water cut
at high nanoparticle concentration (0.02).

Fig. 14. The effect of different injection scenarios on oil
recovery at low nanoparticle concentration (0.005).

Fig. 15. The effect of different injection scenarios on water cut
at low nanoparticle concentration (0.005).

Fig. 16. Porosity profile at different injected PV.

Fig. 17. Permeability profile at different injected PV.
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nanofluid, respectively. They show that increasing in
injected PV or inlet concentration can lead to stronger wet-
tability alteration. It should be noted that after injecting 1
PV of nanofluid with the concentration of 0.02 cc/cc, wet-
tability alteration process is completely occurred.

Figure 22 shows the variation of net rate of loss of
nanoparticles at the injection block (after 6 PV nanofluid
injection at volume concentration of 0.02) due to nanopar-
ticle adsorption on the pare walls and/or pore entrapment
because of plugging or bridging. As can be seen, there are
three stages of rate of nanoparticles’ loss in porous media:
raise, decline, and stability stages. According to nanoparti-
cles adsorption and entrapment due to nanofluid injection,
the raise stage can be described as the initial increasing of
net rate of loss of nanoparticles from zero to a maximum
peak. We believe that, for the decline stage, the difference
of nanoparticles concentration between the current block
and the next block (from inlet to outlet) can cause the
nanoparticles diffusion from that block to the neighbor

block which the previous block is a source of nanoparti-
cles for the next block. Therefore, because of the diffusing
of nanoparticles to the next block, the net rate of loss of
nanoparticles in the previous block should be reduced to
a minimum value. After the nanoparticles diffusion is
relatively balanced through the core sample, net rate of loss
of nanoparticles gradually and smoothly increases again
due to less diffusion rate of nanoparticles for the desired
block.

Figure 23 gives the profile of net rate of loss of nanopar-
ticles for investigated core sample after 1 PV of nanofluid
injection (at the concentration of 0.02). We can find out
that the loss rate of nanoparticles from upstream to down-
stream reduces continuously. The higher rate of loss of
nanoparticles for the upstream blocks can cause more
intense wettability alteration and formation damage for
these blocks, therefore fewer nanoparticles can pass through
the core sample. Consequently, by reducing the concentra-
tion of nanoparticles along the core sample, the loss rate of
nanoparticles must be reduced.

Fig. 18. Porosity profile at different inlet concentration.

Fig. 19. Permeability profile at different inlet concentration.

Fig. 20. Wettability alteration process for different injected PV
of nanofluid (Cinlet = 0.02 cc/cc).

Fig. 21. Wettability alteration process for different inlet
concentration (0.5 PV injected).
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6 Conclusion

In the current study, we performed a set of experiments to
investigate the effects of silica nanoparticles on the rock and
fluid properties. Then, a numerical method was developed
to model the experimental observations as well as predict
the effects of silica nanoparticles on oil recovery and water
cut. Based on the obtained results, conclusions are as
follows:

1. The laboratory works show that the used nanoparti-
cles’ sizes are in the range of 20–70 nm, and a normal
distribution is attributed to particles’ size,
approximately.

2. The experimental data shows that radii of the used
carbonate samples’ pores are about 8:0� 100 to
5:2� 104 nm.

3. The wettability of the carbonate rock surface could be
changed from oil-wet to water-wet by using silica
nanoparticles as well as oil-water interfacial tension
reduction.

4. Higher concentration of the used silica nanoparticles
can lead to higher oil recovery factor and the water
cut can be reduced more intense and sooner.

5. The optimum concentration for the nanoparticles
with sizes of 40 nm is at 2% vol. and the ultimate
recovery can be improved 9.39% at this optimum con-
dition; only 1 PV of nanofluid at optimum condition
can complete the wettability alteration process.

6. With respect to sensitivity analysis on injection sce-
narios, the best injection scenario for high and low
nanofluid concentrations are second and third,
respectively.

7. Increasing in concentration and injection volume of
the nanofluid can cause more intense formation dam-
age (porosity and permeability reduction) particularly
for injection region.

8. Increasing in concentration and injection volume of
nanofluid can lead to more intense wettability alter-
ation from oil-wet to water-wet.

9. Simulation results show that the net rate of loss of
nanoparticles has three stages during nanofluid flood-
ing: raise, decline, and stability; the profile of the loss
rate of nanoparticles shows a decline behavior because
of reducing nanoparticles’ concentration along the
investigated core sample.
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