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Abstract Polymer flooding as one of the most effective
methods for enhancing oil recovery has a significant effect
on tertiary production of reservoirs with poor vertical sweep
efficiencies and those which are extremely heterogeneous.
Water-soluble polymers are used to both increase the viscos-
ity of water and decrease the mobility ratio of the displaced
and displacing fluids. However, due to high amount of poly-
mer adsorption, presence of divalent cations and mechanical
degradation, polymer molecules may lose their properties.
Hence it is necessary to further improve the displacement
effectiveness of polymer flooding. Despite the fact that sev-
eral ways have been suggested to enhance the performance
of polymer flooding, application of nanoparticles in the im-
provement of rheological properties of the polymer solution
used in enhanced oil recovery has not been reported previ-
ously and is still an ongoing subject. This paper investigates
the effects of nanoparticles on flowbehavior of polymer solu-
tion in porousmedia by employing both experimental studies
and numerical simulations. The simulation model first is val-
idated against well-controlled laboratory experiment to have
reliable predictions of the full-field implementations. The
results show that the amount of polymer adsorption and vis-
cosity of polymer solution will improve when the clay or
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silica nanoparticles is present in the injectant, and accord-
ingly, the cumulative oil recovery and breakthrough time
will be bettered. The result of sensitivity analysis demon-
strates that polymer molecules are more degradable during
polymer flooding compared to nanoparticles-assisted poly-
mer flooding. Based on the validated model, 3D simulations
of nanoparticles-assisted polymer field pilot were performed
and the results revealed that the cumulative oil recovery, wa-
ter cut and breakthrough timewill improvewhen the injectant
has some dispersed nanoparticles.

Keywords Polymer flooding · Silica nanoparticles ·
UTCHEM

Abbreviations
SEM Scanning electron microscopy
PV Pore volume
TDS Total dissolved solids
UTCHEM The University of Texas Chemical

Compositional simulator
3D Three-dimensional

List of symbols
AP1 Matching parameter for UTCHEM polymer

viscosity model
AP2 Matching parameter for UTCHEM polymer

viscosity model
AP3 Matching parameter for UTCHEM polymer

viscosity model
AD41 Polymer adsorption parameter in UTCHEM
AD42 Polymer adsorption parameter in UTCHEM
B4D Polymer adsorption parameter in UTCHEM
GAMMAC UTCHEM parameter in shear rate dependence

of polymer viscosity model
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POWN Parameter for shear rate dependence of polymer
viscosity in UTCHEM

SSLOPE Parameter for salinity dependence of polymer
viscosity in UTCHEM

1 Introduction

Production of the reservoirs containing medium to high oil
viscosity plays a significant role in the petroleum industry
due to the increasing demand for crude oil. Considering the
distinctive characteristics of heavy oil resources, the produc-
tion of such reservoirs meets some serious challenges [1];
therefore, enhanced oil recovery (EOR) methods are essen-
tial in order tomaximize the cumulative production. Thermal
EOR and chemical enhanced oil recovery (CEOR) methods
have been suggested to enhance the cumulative oil recovery
from heavy oil reservoirs [2–7]; however, the application of
thermal methods such as steam flooding and in-situ combus-
tion is strictly limited owing to their technical uncertainty
[8–10].

CEOR methods such as polymer flooding, alkaline flood-
ing and alkaline-surfactant-polymer (ASP) flooding are em-
ployed to improve the production of medium to heavy oil
reservoirs, and there is an extensive body of literature on the
application of CEOR methods to enhance heavy oil recov-
ery [11–17]. Among different chemical flooding methods,
polymer flooding is one of the most effective ways known
to increase oil production. Particularly, the effect of polymer
flooding on oil recovery is more significant when the reser-
voir has a high viscous crude oil or is heterogeneous. For such
reservoirs, polymer flooding is a useful method to increase
the volumetric sweep efficiency by improving the mobility
ratio of displaced and displacing fluids [18–22]. However,
due to high amount of polymer adsorption, presence of diva-
lent cations and mechanical degradation, polymer flooding
may become ineffective [23,24]. Hence it is necessary to
further improve the displacement effectiveness of polymer
flooding and to take account of the use of new applicable ma-
terials like nanoparticles in EOR; some studies have stated
the role of them in CEOR methods [25–31].

Hendraningrat et al. [32] studied the effect of nanofluid
on enhanced oil recovery in low- to high-permeability sand-
stones.Theyobserved that interfacial tension (IFT) decreased
when hydrophilic nanoparticles were introduced to brine.
They also observed that the higher the concentration of
nanofluid, the more the impairment of porosity and perme-
ability in sandstone core plugs. Mohajeri et al. [33] showed
that the presence of nanoparticles in surfactant solution in-
creases oil recovery significantly. This enhancement for
cationic surfactants is greater than anionic surfactants. In ad-
dition, adding nanoparticles to the surfactant solution leads to
flowcharactermodification fromNewtonian tonon-Newtonian.

Maghzi et al. [34] reported new experimental results of
the effect of silica nanoparticles on heavy oil recovery dur-
ing polymer flooding and concluded that ion–dipole inter-
action between cations and silica increases the viscosity of
nanosuspension by increasing silica nanoparticles concentra-
tion. Therefore, oil recovery improves during flooding test
by increasing the silica nanoparticles concentration. Other
studies investigated the effect of nanoparticles on rock sur-
face wettability during water flooding and polymer flooding
[35,36]. Their results showed that silica nanoparticles can
make the rock surface strongly water-wet, especially dur-
ing water flooding and also when polymer concentration
is low during polymer flooding. Cheraghian et al. [30] and
Khalilinezhad et al. [27] studied the effect of silica and clay
nanoparticles on the amount of polymer adsorption. They
showed that silica and clay nanoparticles can reduce the
amount of polymer adsorption onto the rock surface.

Despite conducting some experimental observations to in-
vestigate the effect of dispersed clay and silica nanoparticles
on oil recovery during polymer flooding, there is lack of ex-
perimental and simulation studies. In addition, in the best of
our knowledge this is the first time that the chemical compo-
sitional simulator is employed for studying CEOR methods
using nanofluids. This paper examines the effects of dis-
persed nanoparticles on flow behavior of polymer solution
in porous media by performing both experimental and sim-
ulation studies. Core scale simulations of polymer flood and
nanoparticles-assisted polymer (NAP) flood are performed,
and sensitivity analysis with respect to divalent cations con-
centration during NAP flood is carried out. Based on the
validated model, 3D simulations of NAP field pilot were
conducted and the results were compared to the conventional
polymer flood.

2 Description of Reservoir Simulator

The reservoir simulator used in this work was a three-
dimensional, multiphase, multicomponent chemical flood-
ing simulator called UTCHEM and developed in the Center
for Petroleum and Geosystems Engineering at the Univer-
sity of Texas at Austin [37–42]. UTCHEM uses a solution
scheme analogous to implicit pressure, explicit saturation.
The simulator has the option to simulate several chemical
species such as water, oil, surfactant, polymer, cations, an-
ions and tracers. Physical and chemical phenomena such as
surfactant phase behavior, three-phase relative permeabil-
ity, capillary phase trapping, shear-thinning polymer viscos-
ity, polymer permeability reduction, cation exchange, tracer
partitioning, chemical reactions, adsorption, gel reactions
and temperature-dependent phase behavior aremodeled. Fig-
ure 1 shows the UTCHEM calculation flowchart. Particu-
larly, UTCHEM shows better results [43] for simulation of
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Fig. 1 UTCHEM calculation flowchart [44]

polymer flood owing to the fact that polymer adsorption and
subsequent reduction in polymer concentration are modeled
in UTCHEM. Other noteworthy feature of this simulator in-
cludes its specialized ability tomodel laboratory-scale exper-
iments. It should be mentioned that the phase displacements
during chemical flooding are displayed, in this paper, by
Kraken software (http://www.esss.com.br/Kraken/).

3 Material and Methods

3.1 Materials

The polymers used in this study are all commercially avail-
able and completely water soluble. In particular, polyacry-
lamide (PAM)polymer chemically similar to acrylamide from
Beijing Hengju Company, with an average molecular weight
(MW) of 12.0 × 106, was tested. Sodium bentonite with a
mesh size of 200 and particles size less than 75 nm was
used. The bentonite is produced in Iran and amended with
the chemicals shown in Table 1. Oxford-ED2000 XRF and
GC-2550TG (Teif Gostar Faraz Company, Iran) were used
for all chemical analyses. Fumed nanosilica (Aerosil A300)
was purchased fromDegussa. Specific surface area ofAerosil
is 300m2/g with an average primary particle size of 7nm,
pH of 3.7–4.7 and SiO2 content of 99.8wt%. The SEM im-
ages of the prepared clay and SiO2 nanoparticles are shown
in Fig. 2. It should be noticed that the most important fea-
ture of lipophobic and hydrophilic nanoparticles is that they
can easily be dispersed in water-based fluids such as brine
[32].

In this study, two sampleswere required:One solutionwas
thedispersed claynanoparticles in polymer (DCNP) solution,
and the other one was dispersed silica nanoparticles in poly-
mer (DSNP) solution. To prepare DCNP solution, 0.9wt%
clay nanoparticles were dispersed in the distilled water by
means of ultrasonic probe for 1h; then, 3150ppm solid PAM

Table 1 Chemical composition
of bentonite

Formula wt%

L.O.I 13.2

Na2O 2.04

MgO 2.22

Al2O3 14.59

SiO2 61.03

SO2 0.37

Cl 0.46

K2O 0.76

CaO 0.77

TiO2 0.22

Fe2O3 2.09

BaO 0.11

was added to the prepared solution and was stirred for 48h
by a simple homogenizer. Concentration of solid polymer
in all aqueous solutions was 3150ppm. The usual range of
polymer concentration in polymer flooding projects is 1000–
5000ppm [45]. To prepare DSNP solution, 0.45wt% silica
nanoparticles were dispersed in the distilled water by means
of ultrasonic probe for 1h; then, 3150ppm solid PAM was
added to the prepared solution and was stirred for 48h by
a simple homogenizer. To evaluate the effect of salt con-
centration on the performance of the prepared solutions, the
water salinity of one of the Iranian oil reservoirs was used.
Composition of salt is shown in Table 2. Finally, desirable
amount of salt (20,000ppm)was dissolved in bothDSNP and
DCNP solutions using a simple homogenizer. After prepa-
ration of samples, for assurance of the homogeneity and
stability of prepared solutions, the solutions were placed for
10days in a closed transparent bottle away from degrading
factors such as light and heat. Following this, the DSNP and
DCNP solutions were examined and no precipitation and
significant color alteration in samples were detected indi-
cating the good stability for both samples. Figure 3 shows
the prepared DCNP and DSNP solutions at different condi-
tions.

In this study, sandstone sample of one of Iranian oil reser-
voirs was used. Permeability and porosity of sandstone rock
were 5.5md and 21%, respectively. Figure 4 shows the sand-
stone sample used in this study.

3.2 Experimental Procedure for Determining Simulator
Parameters for Polymer Properties

The common polymer data to model the flow of polymer so-
lution through porous media consist of: polymer viscosity as
a function of shear rate, polymer concentration, salinity and
permeability reduction factor as a function of permeability.
Another important parameter is polymer adsorption.
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Fig. 2 SEM images of the
nanoparticles, left clay
nanoparticles, right silica
nanoparticles

Table 2 Composition of salt Composition Weight %

NaCl 1.71

NA2SO3 0.01

CaCl2 0.32

MgCl2·6H2O 0.09

Na2HCO3 0.02

This section will present the methods used for obtaining
the UTCHEM parameters for the prepared solutions proper-
ties.

One of the most important parameters for polymer so-
lution is the modeling is the shear dependence of polymer
viscosity. The polymer solution exhibits non-Newtonian be-
havior, and its viscosity is a function of the shear rate. The vis-
cosity of the prepared solutions was measured using a DV-III
ULTRA+
Brookfield rheometer. The principle of operation of the DV-
III Ultra is to drive a spindle (which is immersed in the test
fluid) through a calibrated spring. The viscous drag of the
fluid against the spindle is measured by the spring deflec-
tion. Spring deflection is measured with a rotary transducer.
The viscosity measurement range of the DV-III Ultra (in cen-
tipoise or cP) is determined by the rotational speed of the
spindle, the size and shape of the spindle, the container the
spindle is rotating in and the full-scale torque of the cali-
brated spring [46]. In each measurement, the shear rate was
changed, and the effect of this change on the viscosity of the
prepared solutions was measured. The values of these vis-
cosities were matched using polymer shear-thinning model
of UTCHEM [40].

Another important property of a polymer solution is its
ability to increase the solution viscosity. As the polymer con-
centration increases, the amount of solution viscosity will
also increase. For both DSNP and DCNP solutions, polymer
viscosities at different polymer concentrations (at a fixed
salinity, shear rate and nanoparticles concentration) were
measured using DV-III ULTRA+Brookfield rheometer.

Fig. 3 Stability tests, a immediately after preparation, b after 10days
of preparation

Another significant parameter of polymer properties is
polymer adsorption. The amount of polymer adsorption is
one of the most important properties which can determine
the efficiency of polymer flooding in oil recovery. Adsorp-
tion and retention may be defined as the interaction between
the polymer molecules and the porous medium which leads
polymer to be retained or adsorbed. The adsorption and reten-
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Fig. 4 Sandstone sample

Table 3 Core and fluid properties

Length (cm) 29.08
Diameter (cm) 4.93
Porosity 0.18
Brine permeability (mD) 172
Oil viscosity (cP) 300
Water viscosity (cP) 0.95

tion of polymer will affect both polymer and porous medium
properties. Static adsorption experiments were performed to
evaluate the adsorption of DSNP and DCNP solutions onto
the sandstone surface. These tests were conducted at room
temperature by adding degassed sand to both solutions and
stirring until adsorption was complete; then, the amount of
adsorbed polymer was calculated. The experimental details
of the adsorption tests can be found elsewhere [47]. This pro-
cedure was repeated for different polymer concentrations,
while no change had been made to the amount of salinity
and nanoparticle concentration in both solutions.

3.3 Core Flood Experiments

Ehrenfried [48] conducted several core floods to investigate
the effect of polymer injection on viscous oil recovery from
sandstone core plugs; the core flood of our interest is one
of his experiments. A highly permeable sandstone core with
the length of 29.08cm and a diameter of 4.93cm was used.
A 1.5-PVs polymer slug was injected containing 1500ppm
hydrolyzed polaycarylamide (HPAM) solution in water with
1.5% NaCl. The core flood was conducted at flow rate of
0.1 ml/min, and the oil recovery was about 51%. The detail
of experimental procedure can be found elsewhere [48]. The
main rock and fluid properties are listed in Table 3.

Fig. 5 Simulation model for core flood experiment

3.4 Numerical Simulation

The UTCHEM simulator was used to history match average
oil saturation data. The numericalmodel uses 100 grid blocks
to simulate the behavior of the core (Fig. 5). The rheological
behavior of HPAM (Flopaam 3630S) solution is based on the
laboratory data provided by Mohammadi [49]. Additionally,
the following is a list of assumed matching parameters for
simulation of polymer flood:

i Relative permeability parameters
ii Capillary pressure parameters
iii Capillary desaturation parameters

Clearly, the oil recovery is related particularly to the proper-
ties of relative permeability curves. In relative permeability
curves, for each phase, three parameters can be tuned to
achieve the best values based on the historymatch of the aver-
age oil saturation. They are 1) residual saturation, 2) relative
permeability endpoint, 3) relative permeability exponent.

UTCHEM uses Corey-type relative permeability for both
oil and water phases. A few relative permeability exponents
and endpoints for both oil and water phases were tested in an
acceptable range of apparatus measurement to select the best
results based on history match of average oil saturation data.

4 Results and Discussion

4.1 Rheological Experiments

The rheological behavior of both DCNP and DSNP solutions
is depicted in Fig. 6. Results from the rheological analysis
show that the DCNP and DSNP solutions all exhibit bulk
shear-thinning behavior (Fig. 6). In addition, it can be ob-
served that DSNP solution has a higher viscosity compared
to DCNP solution; moreover, DSNP solution is less sensitive
to the shear rate variation. These results indicate that DSNP
and DCNP solutions have a higher viscosity compared to the
conventional polymer solutions such as HPAM solution. In
fact, adding silica nanoparticles or clay nanoparticles to the
polymer solution increases the solution viscosity. According
to the Maghzi et al. [34], silica nanoparticles have the ability
to prevent polymer degradation in the presence of salt. Gen-
erally, when nanoparticles are dispersed in PAM solution,
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Fig. 6 Viscosity of different
solutions as a function of shear
rate
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Fig. 7 Viscosity of different
solutions as a function of
polymer concentration

0

200

400

600

0 0.07 0.14 0.21 0.28 0.35

V
isc

os
ity

 (c
p)

 

Polymer Concentration (wt%) 

DSNP DCNP

Curves: UTCHEM 
Points: Experiments 

nanoparticles and polymer molecules will be in competi-
tion for attracting the cations. Thus, ion–dipole interaction
between the nanoparticles and cations decreases the degrada-
tion of polymermolecules; therefore, the viscosity of solution
increases.

One of the most important properties of a polymer solu-
tion is its ability to increase the solution viscosity. For both
DSNP and DCNP solutions, polymer viscosities at different
polymer concentrations (at a fixed salinity and nanoparti-
cles concentration) were measured and values were matched
(Fig. 7) using UTCHEM polymer model [40]. According to
the results, viscosity of DSNP solution is strongly dependent
on polymer concentration and as the polymer concentration
increases, the solution viscosity increases dramatically; how-
ever, the DCNP solution is not as strongly dependent on
polymer concentration as DSNP solution is.

Fig. 8 Sandstone sample used in static adsorption test of DSNP solu-
tion
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Fig. 9 Comparison of
laboratory data of polymer
adsorption with UTCHEM
model for different solutions
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Figure 8 shows the amount of adsorbed polymer of DSNP
solution onto the rock sample, and Fig. 9 depicts the amount
of polymer adsorption as a function of polymer concentration
for both DSNP and DCNP solutions. The adsorption values
were matched using polymer adsorption model in UTCHEM
[40], and Fig. 9 also delineates the matched graph. Accord-
ing to the experimental observations, the amount of polymer
adsorption is less for DSNP solution than DCNP solution.
These results declare that dispersed nanoparticles in polymer
(DNP) solutions have an ultra-low adsorption of polymer
compared to the conventional polymer solutions. Previous
studies demonstrate that biopolymers such as xanthan gum
have a less adsorption compared to synthetic polymers such
as PAM polymer [50]. PAM polymers are adsorbed strongly
on mineral surfaces, and recently, the polymers are partially
hydrolyzed to reduce the amount of adsorption by reacting
polyacrylamide with a base, such as sodium or potassium hy-
droxide or sodium carbonate [51]. Consequently, adsorption
behavior of DNP solutions is more similar to the biopoly-
mers. Finally, the results demonstrate that dispersed nanopar-
ticles can improve the adsorption behavior of PAM solution.

Our experimental observations show that the amount of
polymer adsorption for both DSNP and DCNP solutions is
in complete agreement with experimental results published
byMaghzi et al. [35] and Khalilinezhad et al. [27]. They con-
cluded that the amount of polymer adsorption will decrease
when nanoparticles are added to polymer solution.

Other essential properties of the prepared solutions, such
as permeability reduction factor, and dependency of polymer
viscosity on salinity for simulation of both DSNP and DCNP
floods were calculated experimentally, and they are listed in
Table 4.

Table 4 UTCHEM input parameters used in the simulation of DSNP
flood and DCNP flood

UTCHEM parameter DCNP solution DSNP solution

SSLOPE −0.32 −1

AP1 120 310

AP2 230 430

AP3 510 570

GAMMAC 4 4

GAMHF 27.5 90

POWN 2.2 2.5

AD41 0.192 0.08

AD42 0.0682 0.0345

B4D 100 100

4.2 Validation of Simulation Model

Figure 10 depicts the experimental results of HPAM flood.
The results from laboratory [48] show that oil saturation starts
at around 0.76. It decreases quickly at the beginning and then
gradually declines to 0.37 at 1.5PVs. According to the ex-
perimental data, cumulative oil recoverywasmeasured about
51.9% of original oil in-place (OOIP).

The simulation results show that oil saturation starts out
at 0.76 and gradually declines to 0.369. The simulated oil cut
starts relatively high and then quickly declines to about 0.2
at 1.5PVs. Cumulative oil recovery increases to about 43%
at 0.53PV and then assumes a gentler slope until it reaches
to about 52% at 1.5PVs. The agreement between simula-
tion results compared with the experimental data including
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Fig. 10 Average oil saturation
match, oil cut and cumulative oil
recovery for the HPAM flood
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Table 5 Tuned relative permeability and capillary pressure curves

Relative permeability endpoint Water = 0.14
Oil = 0.90

Relative permeability exponent Water = 3.1

Oil = 2.4

Residual saturations Water = 0.11

Oil = 0.26

Capillary pressure endpoint 0

Capillary pressure exponent 2

saturation profile is generally good. Figure 10 depicts the
comparison of the results as well as cumulative oil recov-
ery and oil cut results. Table 5 shows the tuned capillary
pressure and relative permeability curve parameters. In ad-
dition, Fig. 11 shows the tuned relative permeability curves
for HPAM flood. Matching performance in this section indi-
cates that the simulation model is reliable. This model can be
taken into account as basis for further investigations. It was
assumed that the flow behavior of both DCNP and DSNP so-
lutions in porous media is similar to the HPAM solution. As
a result, Fig. 11 also shows the tuned relative permeability
curves for DCNP and DSNP floods from UTCHEM core-
flood history match and their values are shown in Table 5.

4.3 Roles of Silica and Clay Nanoparticles on Oil
Recovery

In this part, the roles of silica and clay nanoparticles on heavy
oil recovery during polymer flooding will be investigated;
therefore, the rheological properties already measured for
DCNP and DSNP solutions are imported to the simulator.
Moreover, the simulation results of HPAM flood are used as
a base case in order to evaluate the performance of DCNP

flood and DSNP flood, precisely. Based on the validated sim-
ulation model, the tuned parameters such as endpoints and
exponents of relative permeability curves are employed for
simulation of bothDCNPandDSNPfloods. It is assumed that
these tuned parameters can represent the fluid flow through
porous media during both DCNP and DSNP floods. The core
and fluid properties used in the simulations can be found in
Table 3. The initial oil saturation (Soi ) for both simulation
models is also the same as HPAM flood which is equal to
0.766.

Similar to the HPAM coreflood design, injection schemes
for bothDCNPandDSNPfloods are defined in the simulation
models. In the first simulation run, 1.5PVs of clay nanoparti-
cles suspension in polymer solution was injected containing
1500ppm PAM polymer and 0.9wt% clay nanoparticles dis-
persed in polymer solution with 13744 ppm salinity, and
consequently, the effect of DCNP solution on heavy oil re-
covery was simulated. For the next simulation run, injection
scheme for DSNP flood remains similar to the DCNP flood
other than that there are no dispersed clay nanoparticles and
polymer solution has 0.45wt% dispersed silica nanoparti-
cles. It should also be noted that the injection rate is constant
for both of them and it is equal to 0.1ml/min.

According to the simulation results which are depicted
in Fig. 12, cumulative oil recovery for the case of DSNP
flood is much higher than both DCNP and HPAM floods
and it is about 65% of OOIP. Both DSNP and DCNP floods
improve heavy oil recovery compared to HPAM flood, while
cumulative oil recovery for DCNP flood and HPAM flood is
59% of OOIP and 51.5% of OOIP, respectively. In addition,
DSNP flood has a higher breakthrough time compared to
other cases. In fact, the simulation results revealed that the
advantage of conducting DSNP flood is an incremental oil
recovery about 13.5%ofOOIP compared to the conventional
HPAMflood.Accordingly, the average residual oil saturation
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Fig. 11 Tuned relative
permeability curves for
simulations of HPAM, DCNP
and DSNP floods
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for DSNP, DCNP and HPAM floods is 0.26, 0.31 and 0.37,
respectively.

Figures 13, 14 and 15 show the distribution of oil satura-
tion at the end of HPAM, DCNP and DSNP floods, respec-
tively. These figures proclaim that the amount of residual
oil saturation (Sor ) is remarkably low particularly for DSNP
flood in comparison with both HPAM and DCNP floods. The
simulation results indicate that injection of DCNP solution
or DSNP solution improves ultimate oil recovery and break-
through time dramatically and this indicates a potential for
EOR. We are seeking to find out some reasons for the effec-
tiveness of DSNP and DCNP floods in the next part.

Polymer adsorption onto the rock surfaces has been an
important issue inEORapplications. In fact, polymer adsorp-
tion can make a large negative impact on the performance of
polymer flood; hence, the amount of polymer adsorption onto
the rock surface should be reduced as much as possible. It is
generally believed that sandstone formations are negatively

Fig. 13 Distribution of oil saturation at the end of HPAM flood

charged and carbonate formations are positively charged;
therefore, polymer adsorption is dominated by electrostatic
interactions between the charged groups that are present at
the polymer/brine and rock/brine interfaces [52,53].
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Fig. 14 Distribution of oil saturation at the end of DCNP flood

Fig. 15 Distribution of oil saturation at the end of DSNP flood

Based on the static adsorption measurements for DSNP
and DCNP solutions depicted in Fig. 9 and common prop-
erties of HPAM solution, the simulation study regarding the
effect of clay and silica nanoparticles on the performance of
polymer flooding was carried out. According to the simula-
tion results depicted in Fig. 16, the amount of polymer ad-
sorption during DSNP and DCNP floods drastically declined
compared to HPAM flood. These results are completely in
agreement with our experimental observations. To the best
of the authors’ knowledge, there is no published work on the
simulation study of NAP flooding and there is lack of sim-
ulation study concerning the effect of nanoparticles on the
amount of polymer adsorption in the literature.

Considering the previous results [51], adsorption of PAM
solution will decrease when polymer is partially hydrolyzed.
Moreover, some studies investigated the effect of alkali on the
amount of polymer adsorption and they showed that its effect
on polymer and rock surface results in an enhancement of oil
recovery by decreasing polymer adsorption and improving
injectivity [54].

Our numerical simulation results and experimental obser-
vations also show that dispersed clay and silica nanoparticles
reduce the amount of polymer adsorption, while the later has
more effect on polymer adsorption. This is a significant find-
ing in improvement of polymer properties used in CEOR
methods for the researchers because several studies showed
that the most conventional HPAM polymers reduced the per-
meability of the porous media through adsorption onto the
rock surface and mechanical entrapment.

During DSNP and DCNP floods, complete adsorption of
polymer onto the rock surface decreases and just a few of
them can adsorb on surface in competition with silica or clay
nanoparticles and oil.

Increasing the viscosity of the injectant is the most im-
portant reason to use polymers in EOR methods. This will
reduce the mobility ratio and better mobilize the original oil
with smooth profile. There are some issues about polymer
flooding such as polymer good transport in porous media and
shear stability which still can be considered as an open area
of research. In addition, high salinity either by monovalent
ion or by divalent ions will reduce polymer viscosity.

In this part, the aqueous phase viscosity profiles for three
polymeric solutions will be compared. To put it more clearly,
aqueousphaseviscosity profiles forHPAM,DCNPandDSNP
solutions between the injector and producer ports are exam-
ined.Basedon the rheological properties ofDSNPandDCNP
solutions shown in Figs. 6 and 7, dispersing clay nanoparti-
cles or silica nanoparticles improves the viscosity of polymer
solution. Figure 17 shows the aqueous phase viscosity pro-
files for HPAM, DCNP and DSNP solutions at the end of
HPAM, DCNP and DSNP floods, respectively. As the results
show, the aqueous phase viscosity is dramatically high for
the case of DSNP flood and now it is more favorable to push
out viscous oil, while aqueous phase viscosity is relatively
low for HPAM flood. These results indicate that dispersed
clay and silica nanoparticles improve the aqueous phase vis-
cosity which can affect oil recovery during polymer flooding.
However, the feasibility of these new agents in terms of their
injectivity should be investigated.

4.4 Salt Tolerance of Dispersed Nanoparticles in
Polymer Solution

The existence of harsh conditions in an oil reservoir (e.g.,
high temperature, high pressure, chemical substances and
bacteria in oil reservoirs) affects the rheological properties
of polymer solutions [23]. These factors cause degradation
of polymer molecules due to which the polymer viscosity
decreases. UTCHEM simulator models polymer viscosity as
a function of salinity and divalent cations (hardness) [40].
Based on our rheological experiments, the dependency of
DCNP and DSNP solutions on salinity was measured and
imported to the simulation models as an input. Hence in this
part, the salinity of injectant changes and then the perfor-
mance of DCNP and DSNP floods is investigated. Figure 18
shows that as the salinity of the injectant increases, the ulti-
mate oil recovery decreases. In fact, increasing the amount of
salinity has a severe impact on reduction of polymer viscos-
ity.But, the effect of dispersed claynanoparticles or dispersed
silica nanoparticles on the performance of polymer flood is
obvious. The negative effect of increasing salinity on the
performance of DSNP in oil recovery is relatively negligi-
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Fig. 16 Polymer adsorption
versus pore volumes injected
during DSNP flood, DCNP
flood and HPAM flood
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Fig. 17 Comparison of
aqueous phase viscosity profiles
after 1.6 injected PVs for
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ble. In addition, the behavior of DCNP solution to increase
the salinity is similar to the DSNP solution but with a lesser
extent. Moreover, some studies [36] showed that dispersed
nanoparticles inwater also increase thewater viscosity. Their
results demonstrated that dispersed nanoparticles have solely
the ability to increase water viscosity.

4.5 Scale-Up Simulations

In this section, a 3D heterogeneous quarter of five-spot sym-
metry model with 15 × 15 × 10 grid blocks is used to track
the impact of polymer flood and also NAP flood on oil re-
covery in tertiary-mode scenarios. Square grid blocks of size
50 × 50 ft2 are used with relatively constant thickness of
about 10 ft for the vertical layers. Injector and producer
wells are completed over the whole reservoir thickness. The
reservoir sand formation is characterized by high permeabil-
ity, and porosity and a Dykstra–Parson (DP) coefficient of
0.61 are used to represent the field heterogeneity. Figure 19

shows the absolute permeability in x-direction and also wells
configuration. Figure 20 shows the porosity distribution in
the model. The reservoir is 4700 feet deep, 95◦ F. Reser-
voir crude is 17◦ API and with a viscosity of 300 cp at
reservoir condition. The formation water is relatively fresh
with salinity of approximately 13,744ppm and a viscosity
of 0.95 cp. There was no initial gas cap. Figure 21 shows
the initial oil saturation distribution in the simulation model.
The properties of this reservoir are summarized in Table 6.
The model used Corey’s exponents from Table 5 for HPAM,
DCNP andDSNPfloods. The initial oil in-place (IOIP) of the
model was about 0.491MMbbl, and the reservoir pore vol-
ume was about 0.581MMbbl. The reservoir was first water
flooded for about 1090days (water cut of about 95%). The
water injection was performed at a rate of 800 barrels per
day, and the production well was pressure constrained with
bottom-hole pressure of 700psi. The injector and producer
wellbores had a radius equal to 0.3 ft and skin factor equal to
zero.
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Fig. 18 Effect of salinity on oil
recovery during flooding with
different solutions
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Fig. 19 Absolute permeability distribution in the x-direction for the
3D case

Fig. 20 Porosity distribution for the 3D case

Fig. 21 Initial oil saturation distribution for the 3D case

Figure 22 shows the cumulative oil recovery, oil produc-
tion rate and water cut during water flooding. At the begin-
ning, although the injected water moves toward the highly
permeable portions/layers of the reservoir, the oil production
rate increases extremely slowly. At this time, the amount
of water cut is relatively low and cumulative oil recovery
is about 18% of OOIP. After 100days of water flood, the
amount of water cut increases sharply and the oil produc-
tion rate decreases. In other words, due to heterogeneous
nature of the model and the undesirable mobility ratio be-
tween displaced and displacing fluids, water cones toward
the production well and large pockets of bypassed oil still
exist after the water flood. To put it more clearly, the high
amount of model heterogeneity and unfavorable mobility ra-
tio makes water flood ineffectual way to enhance heavy oil
recovery. Figure 23 shows the remaining oil saturation at

123



Arab J Sci Eng (2016) 41:2731–2750 2743

the end of water flood. The simulation results show that the
ultimate oil recovery factor is about 39% of OOIP and the
average oil saturation after water flooding is about 0.55. The
reservoir condition after water flood is close to its economic
limit and subject to abandonment. Furthermore, the reservoir
has a high remaining oil saturation and low reservoir pres-
sure. Consequently, it is a potential candidate for other EOR
methods such as polymer flood.

The purpose of this part is to determine the ability of
polymer and NAP floods on oil recovery, oil production rate
and water cut in tertiary-mode scenarios. According to the
simulation results of the water flood, reservoir has high re-
maining oil saturation due to unfavorable mobility ratio and
low sweep efficiency. Generally, one of the most popular
drawbacks of water flood is recognized to be its poor sweep
efficiency when the reservoir is extremely heterogeneous or
it has high viscous oil. Polymer flooding is one of the mo-
bility control processes in which a low-mobility displacing
agent is injected to increase the overall recovery efficiency. In

Table 6 Reservoir rock and fluid properties

Model physical dimension 750 ft × 750 ft ×40 ft

Depth 4700 ft

Porosity Average = 0.145

Permeability Average = 3280md

Kv/Kh 0.05

Residual saturation Oil = 0.26

Water = 0.11

Corey-type relative permeability endpoint Oil = 0.90

Water = 0.14

Corey-type relative permeability exponent Oil = 2.4

Water = 3.1

this particular case, the target oil for polymer flooding is the
bypassed viscous oil considering the unsatisfactory sweep
efficiency of the water flood in this heterogeneous reservoir.

Simulation results of bothDCNPandDSNPfloods showed
that dispersed clay nanoparticles or dispersed silica nanopar-
ticles can improve the efficiency of polymer flood by de-
creasing polymer adsorption and increasing solution viscos-
ity. Accordingly, simulation study of the effect of HPAM,
DCNP and DSNP floods on oil recovery is carried out for
a 3D heterogeneous reservoir. The purpose of this study
is to evaluate the performance of each injectant on over-
all sweep efficiency. The resultant reservoir conditions after
water flood are used as initial conditions for consequent poly-
mer flood. For conventional HPAM flood, injection scheme
included 1453days or 1 PV polymer injection followed by
712days or 0.5PV water injection. The polymer slug in-
cluded 1500ppmHPAMpolymer, and post-flush water flood
salinity was around 13,744ppm TDS which was the same as
the polymer slug. Injection time and salinity of the injec-
tant are the same as HPAM flood for two other cases, but
0.45wt% silica nanoparticles were dispersed in the polymer
solution for the case of DSNP flood. In the case of DCNP
flood, 0.9wt% clay nanoparticles were dispersed in polymer
solution. Injection scheme is summarized in Table 7. Based
on the experimental observations [55], dispersed nanoparti-
cles prevent the thermal degradation of polymer molecules,
so that they can improve the thermal stability of polymer so-
lutions. Accordingly, the rheological data for HPAM, DCNP
andDSNP solutions in reservoir condition are based on those
presented in the last sections which were measured at labo-
ratory condition.

Figure 24 shows the cumulative oil recovery versus in-
jection days/pore volumes injected for HPAM, DCNP and
DSNP floods. Simulation results declare that HPAM flood
can improve cumulative oil recovery compared to the conven-

Fig. 22 Cumulative oil
recovery, water cut and oil
production rate during water
flood
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Fig. 23 Oil saturation distribution at the end of water flood

tional water flood. In the case of HPAMflood, cumulative oil
recovery is about 36%of residual oil in-place (ROIP) indicat-
ing the effectiveness of HPAM solution to enhance heavy oil
recovery. Additionally, oil recovery further increases when
the PAM solution has 0.9wt% clay nanoparticles and ulti-
mate oil recovery is around 40% of ROIP. Moreover, 10%
increase (compared to HPAMflood) in the oil recovery is ob-
served when dispersed silica nanoparticles in PAM solution
are injected into the formation.

Figure 25 shows the overall water cut for three different
injection scenarios. Based on the simulation results, produc-
tion well is producing more water when the HPAM solution
is an injectant. In addition, during DCNP flood the amount
of water cut decreases and the efficiency of oil production
improves. More importantly, during DSNP flood the amount
of water cut also decreases and for more than 350days the
production well produces with water cut of less than 0.2.
These results indicate that DSNP flood can further improve
both cumulative oil recovery and water cut compared to both
DCNP and HPAM floods.

Figure 26 shows the oil production rate versus injection
days for HPAM, DCNP and DSNP floods. Both dispersed
clay nanoparticles and dispersed silica nanoparticles can im-
prove the oil production rate during both DCNP and DSNP
floods compared to HPAM flood. In other words, oil will
be produced faster when silica or clay nanoparticles are dis-
persed in injectant. Based on the simulation results, oil pro-
duction rate increased after 350 injection days of HPAM,
DCNP and DSNP floods. According to the results depicted
in Fig. 26, oil production rate is equal to 208 barrels per day
after 500days of HPAM flood, while the amount of oil pro-
duction rate, at the same injection time, is 281 barrels per days
for DCNP flood. The oil production rate reduces sharply be-
fore 1000days of injection for bothHPAMandDCNPfloods.
For the case of DSNP flood, oil production rate increases to
331 barrels per day rapidly and it descends slowly compared Ta
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Fig. 24 Comparison of
cumulative oil recovery for 3D
simulations of HPAM flood,
DCNP flood and DSNP flood
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Fig. 25 Comparison of water
cut for 3D simulations of HPAM
flood, DCNP flood and DSNP
flood
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with other cases. Considering the experimental and numeri-
cal results about the effect of dispersed clay nanoparticles or
dispersed silica nanoparticles on the polymer adsorption and
solution viscosity, the DSNP flood makes a good sweep effi-
ciency of untouched zone by other EOR options investigated
in this paper. Consequently, oil production rate and cumu-
lative oil recovery are much higher than HPAM and DCNP
floods even in this viscous oil reservoir.

Table 8 gives the average residual oil saturation in each
layer after HPAM, DCNP and DSNP floods. Moreover, av-
erage permeability in x-direction for each layer was cal-
culated and presented in this table. Table 9 also shows the
ultimate oil recovery in terms of %ROIP in each layer. Re-
garding these data, the effect of each injectant is investigated
separately. Table 8 shows that the permeabilities of bottom
layers are relatively higher than top layers. As a result of
this relatively permeability contrast, a high-permeability path
was created in the bottom where most of the injectant flow
only through these layers during water flood and also even
HPAM flood. Consequently, the amount of residual oil satu-
ration of the bottom layers is relatively lower than that of top
layers.

The amount of average oil saturation after DCNP and
DSNP floods confirmed that injection of DSNP solution pro-
vides a favorable sweep efficiency for both low and high per-
meable layers. Accordingly, sweep efficiencies of the reser-
voir are more homogenous and ultimate oil recovery is high.
In other words, DSNP solution reduces the negative effects
of high heterogeneity and unfavorable mobility ratio on the
overall oil recovery and oil recovery of each layer. As a re-
sult, the amount of residual oil saturation after DSNP flood is
relatively low for all layers. Furthermore, injection of DCNP
solution improves the ultimate oil recovery relatively com-
pared to theHPAMflood. According to the simulation results
presented in Table 9, the ultimate oil recovery is higher for
DSNP flood compared with two other cases.

Figure 27 compares the amount of oil saturation at initial
condition, after water flood, after HPAM flood, after DCNP
flood and after DSNP flood for the second layer. The aver-
age permeability of this layer was about 2620md which is
considered as a low permeable layer compared to the other
layers. So, this layer was selected to investigate the effect
of water, HPAM, DCNP and DSNP floods on the residual
oil saturation of the layer. According to the results, due to
the permeability contrast and unfavorable mobility ratio, in-
jectant did not penetrate to this layer considerably and the
amount of oil saturation after water flood did not decrease
remarkably compared to the initial oil saturation of this layer.
By decreasing the mobility of water, the sweep efficiency
improves during HPAM flood, but the negative effect of het-
erogeneity still prevents reduction in oil saturation of this
layer. In addition, the amount of oil saturation dramatically
decreased after both DCNP and DSNP floods.

Figure 28 compares the amount of cumulative oil recov-
ery as a function of injection time for continuous water,
HPAM,DCNP andDSNP floods. This figure shows that after
3255days of water injection, the ultimate oil recovery factor
in terms of %OOIP is about 44.6%. In addition, the graph
depicts that water injection is efficient until 1200days. Af-
ter that, water injection can increase cumulative oil recovery
only 3% because the amount of water cut increases and oil
production rate decreases as the water injection continues.
According to the results depicted in Fig. 28, HPAM, DCNP
and DSNP floods improve the cumulative oil recovery after
1090days of water injection. However, DSNP flood has a
positive strong effect on oil recovery compared to the other
cases. Moreover, DCNP flood is more useful than HPAM
flood in terms of improvement in oil recovery.

5 Conclusion and Recommendations

The main findings of this work and some recommendations
for further study can be summarized as follows:

1. A series of experiments to study the impact of silica
nanoparticles and clay nanoparticles on the rheological
properties of PAM solution were carried out. Experi-
mental observations showed that silica nanoparticles can
increase the amount of solution viscosity and decrease the
amount of polymer adsorption onto the rock remarkably.
Clay nanoparticles also increase the solution viscosity
and decrease the amount of polymer adsorption onto the
rock surface, but with a lesser extent compared to the
silica nanoparticles. These unique features of silica and
clay nanoparticles are useful in improvement of polymer
solution properties in CEOR applications.

2. According to the properties of prepared solutions,
UTCHEM parameters needed to simulate DCNP and
DSNP floods were calculated. In other words, input pa-
rameters for simulation of DCNP and DSNP floods were
successfully matched by the use of UTCHEM polymer
models and experimental data. To the extent of our knowl-
edge, this is the first time that the properties of dispersed
nanoparticles in polymer solution arematchedwith chem-
ical compositional simulator polymer models to simulate
DNP floods.

3. Based on the experimental results of the recently pub-
lished HPAM core flood, 1D simulation model was con-
structed and history match of oil saturation data between
simulation model and experimental results was carried
out. The validated simulation model was used to sim-
ulate both DCNP and DSNP floods. The simulation re-
sults showed that cumulative heavy oil recovery is higher
for DSNP and DCNP floods compared to HPAM flood.
Moreover, aqueous viscosity profile and the amount of

123



2748 Arab J Sci Eng (2016) 41:2731–2750

Fig. 27 Distribution of oil saturation at the second layer

polymer adsorption during DSNP or DCNP floods are
more favorable to recover heavy oil.

4. 3D simulations of DCNP and DSNP floods for a highly
heterogeneous reservoir showed that these solutions can
improve oil recovery in such reservoirs, especially in low
permeable layers. The simulation results demonstrated
that improved rheological properties of PAM solution by

the use of nanoparticles can strongly affect the perfor-
mance of PAM solution for heavy oil recovery.

5. In this paper, the effect of silica and clay nanoparti-
cles on wettability alteration of rock was not considered;
however, some researchers [25,35] and [36] showed that
dispersed nanoparticles can be used as wettability modi-
fiers. As a result, the effect of dispersed nanoparticles on
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Fig. 28 Cumulative oil
recovery versus injection time in
terms of initial oil in-place
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wettability alteration of rock should be modeled through
the use of simulators which have the capability of model-
ing wettability alteration of reservoir rocks to understand
the main mechanisms involved in NAP flood.
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