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Abstract Laboratory investigations and field applications

have proved injection of polymer solution to be an effec-

tive means to improve oil recovery for reservoirs of med-

ium oil viscosity. The incremental oil produced in this case

is the result of an increase in areal and vertical sweep

efficiencies. Biopolymers and synthetic polymers are the

major categories used in the petroleum industry for specific

reasons. Biopolymers like xanthan are limited in their

application as they are more susceptible to biodegradation.

Synthetic polymers like Hydrolyzed PolyAcrylaMide

(HPAM) have a much wider application as they are less

susceptible to biodegradation. Furthermore, development

of nanotechnology has successfully provided technical and

economical viable alternatives for present materials. The

objective of this study is to investigate the effect of com-

bining clay nanoparticles with polymer solution on oil

recovery. This paper includes a history match of both one-

dimensional and two-dimensional polymer floods using a

three-dimensional numerical model for fluid flow and mass

transport. Results indicated that the amount of polymer

adsorption decreased when clay nanoparticles were added

to the PolyAcrylaMide solution; however, mobility ratio

improvement is believed to be the main contributor for the

proposed method in order to enhance much oil recovery

compared to xanthan flood and HPAM flood.

Keywords Polymer flooding � Clay nanoparticles �
Compositional simulator

Abbreviations

CDC Capillary desaturation curve

EOR Enhanced oil recovery

HPAM Hydrolyzed polyacrylamide

OOIP Original oil in-place

PAM Polyacrylamide

PV Pore volume

UTCHEM The University of Texas chemical

compositional simulator

Soi Initial oil saturation

Introduction

Perhaps the simplest chemical flooding method is polymer

flooding. In this process water soluble polymers are

injected into the reservoir to increase the efficiency of the

water flooding by decreasing the mobility of water. Poly-

mer flooding is one of the most promising enhanced oil

recovery (EOR) processes in many reservoirs because of its

relative capital cost (Silva et al. 2007). Polymer flooding

was first studied during the 1960s. Pye (1964), Sandiford

(1964), Mungan et al. (1966), and Gogarty (1967) are

recognized as the first pioneers of polymer flooding (Sorbie

and Phill 2000). Then, the polymer flooding proved to be

successful for field applications during the 1970s. There are

also many publications that present how successful poly-

mer flooding is as an improved oil recovery method.

Koning et al. (1988) presented a successful result for a pilot

polymer flood in Oman. Another successful polymer
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flooding field project was implemented by Putz et al.

(1988). They tried injecting a larger slug size of polymer

than usual in an inverted five-spot well pattern of the

Chateaurenard field outside Paris in France. Littmann et al.

(1992) showed results regarding a polymer pilot test per-

formed in the Eddesse-Nord sandstone reservoir in Ger-

many. About 800 ppm of xanthan polymer solution was

injected from 1985 to 1988. This project was recognized as

being successful in terms of injection and oil production

performance. In addition, the xanthan polymer was found

no degradation. An adsorption of xanthan was also rela-

tively low at about 30–40 lg/g rock.

In addition, nanoparticles have become an attractive

agent for improved and EOR at laboratory scale. They are

two orders of magnitude smaller than colloidal particles.

This allows them to flow through rock pores with little to

no retention. Most researchers have proposed promising

results and increased ultimate oil recovery by injecting

nanoparticles suspension in laboratory experiments

(Maghzi et al. 2012; Zargartalebi et al. 2015). There are

different examples of nanoparticle applications for

instance; high viscosity emulsions can be generated with

silica nanoparticles. Viscous emulsions can be used to

manage mobility control in high viscosity oil reservoirs

(Gabel 2014). Other emerging applications in the improved

oil recovery processes include injecting nanoparticles dis-

persion (‘‘Smart fluid’’) into reservoirs for improved oil

recovery via wettability alteration and advanced drag

reduction (Evdokimov et al. 2006). Cheraghian et al.

(2014) and Cheraghian and Khalili Nezhad (2015) reported

new experimental observations of the effect of silica

nanoparticles and clay nanoparticles on the performance of

PolyAcrylaMide (PAM) solution. This paper includes a

history match of both one-dimensional and two-dimen-

sional polymer floods using a three-dimensional numerical

model for fluid flow and mass transport. Results indicated

that the amount of polymer adsorption decreased when clay

nanoparticles were added to the PAM solution; however,

mobility ratio improvement is believed to be the main

contributor for the proposed method in order to enhance

much oil recovery compared to xanthan flood and HPAM

flood.

Description of reservoir simulator

The reservoir simulator used in this paper is UTCHEM, a

three-dimensional, multiphase, multi-component chemical

flooding simulator developed in the center for Petroleum

and Geo-systems Engineering at The University of Texas at

Austin (Delshad et al. 2000). UTCHEM is briefly defined as

an implicit pressure, explicit saturation formulation that

has the option to simulate several species such as water, oil,

surfactant, co-solvent, polymer, cations, anions, and trac-

ers. Particularly, UTCHEM shows better results for simu-

lation of polymer flood because of the fact that polymer

adsorption and subsequent reduction in polymer concen-

tration is modeled in UTCHEM. (Goudarzi et al. 2013).

Validation of one-dimensional simulation model

Ehrenfried (2013) conducted several core floods to inves-

tigate the effect of polymer injection on oil recovery from

sandstone core plugs. The core flood of our interest is one

of his experiments. A high permeable sandstone core with

the length of 29.08 cm and a diameter of 4.93 cm was

used. A 2.2 (Pore Volumes) PVs polymer slug containing

1000 ppm xanthan solution in water with 1.5 % NaCl was

injected. The core flood was conducted at flow rate of

0.1 ml/min and an oil recovery of about 50 % was

obtained. The remaining oil saturation at the end of the

polymer flood was about 35.1 %. The details of experi-

mental results can be found elsewhere (Ehrenfried 2013).

The UTCHEM simulator was used to history match aver-

age oil saturation data. The numerical model uses 100 grid

blocks to simulate the behavior of the core.

UTCHEM uses Corey-type relative permeability for

both oil and water (Delshad et al. 2000). It was assumed

that the core has the water-wet surface as it is a sandstone

core (Ehrenfried 2013). A few relative permeability

exponents and endpoints for both oil and water phases were

tested to select the best results based on the history match

of average oil saturation data. The adjusted relative per-

meability curve is shown in Fig. 1. This curve can present

the behavior of fluid flow in the core sample. Table 1 also

shows the main rock and fluid properties.

The agreement between the results calculated from the

simulation model and the experimental data, including

saturation profile, is generally good. Figure 2 depicts the

comparison of the results as well as ultimate oil recovery

factor, and oil cut results. Oil saturation from simulation is

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1
Water Saturation 

Krw Kro

Fig. 1 Relative permeability curves used in core flood simulations

924 Appl Nanosci (2016) 6:923–931

123



much closer to the experimental data after injecting 0.5 PV

of polymer solution. As the results show, ultimate oil

recovery factor was about 50 % of original oil in-place

(OOIP) and the oil cut was high in the beginning, then it

decreased gradually which was a reasonable result.

Effect of clay nanoparticles

In this section, the performance of polymer solution

injection containing clay nanoparticles is investigated and

compared to other types of polymer solutions. Local

sodium bentonite with a mesh size of 200 and a particles

size less than 50 nm was used in this study. The bentonite

was produced in Iran and amended with the chemicals

shown in Table 2. Oxford-ED2000 XRF and GC-2550TG

(Teif Gostar Faraz Company, Iran) were used for all

chemical analyses.

Concentration of nanoparticles in aqueous solutions was

0.45, 0.9, and 1.8 wt%. The solution of dispersed clay

nanoparticles in PAM (DCNP) was prepared by Nano-clay

powder in 0.45 wt% under normal conditions at 25 �C for

2 h which was proved to be more stable solution according

to the experimental observations (Cheraghian and Khalili

Nezhad 2015). Nano-clay powder was dissolved in double-

distilled water in order to produce a homogeneous solution.

The PAM polymer with a concentration of 3150 ppm was

added and mixed in the prepared solution. The prepared

solution salinity is about 20000 ppm. The SEM scan

(Fig. 3) was performed on the samples to determine the

morphology of each layer. The clay nanoparticle in poly-

mer solution was dispersed completely.

The solution viscosities at different polymer concen-

trations were measured at laboratory and values were

matched using UTCHEM polymer model (Fig. 4). More-

over, the solution viscosities at various shear rates were

measured using a DV-III ULTRA ? Brookfield rheometer

in the laboratory. The rheological behavior of the prepared

solution can be observed in Fig. 5. UTCHEM uses a

Langmuir-type to describe the adsorption level of polymer

which takes into account the salinity and polymer con-

centration (Delshad et al. 2000). The adsorption of the

prepared solution as a function of polymer concentration

was measured and values were matched (Fig. 6) using

UTCHEM adsorption model. The details of experimental

procedure (such as stability tests of the prepared solution)

can be found elsewhere (Cheraghian et al. 2014; Cher-

aghian and Khalili Nezhad 2015).

The polymer parameters and physical properties of

HPAM (SNF’s FP 3630S) solution and xanthan solution

were based on the laboratory data collected at The

University of Texas at Austin laboratory, (Mohammadi

2008; Wu 1996), respectively. The amount of injection

rate, injection pore volumes, polymer concentration, and

solution salinity, in the simulation model, are the same as

base case (xanthan core flood) for both HPAM solution and

DCNP solution. The rheological data for HPAM, xanthan,

and DCNP solutions were imported to the simulator, and

then simulations were carried out. Moreover, water flood

was simulated as a base case in order to evaluate the per-

formance of different polymer flood processes. It should be

mentioned that the rheological behavior of the prepared

solution is relatively similar to xanthan solution. Accord-

ingly, the validated model can be used in the simulation of

DCNP core flood.

Figure 7 illustrates the simulation results of the injection

of different polymer solutions for one-dimensional model.

According to the simulation results, cumulative oil recov-

ery for the case of DCNP flood is slightly higher than

xanthan flood and it is about 52 % of OOIP. Moreover,

HPAM flood has a much lower cumulative oil recovery

compared with two others while water flood has the lowest

ultimate oil recovery which is merely 29 % of OOIP.

According to the simulation results depicted in Fig. 7, the

difference between breakthrough time for injection of

HPAM flood, xanthan flood, and DCNP flood is not

noticeable. Moreover, the cumulative oil recovery until the

Table 1 Rock and fluid properties (Ehrenfried 2013)

Core sample Sandstone

Length 29.08 cm

Diameter 4.93 cm

Porosity 19 %

Permeability 161 md

Oil viscosity 300 cp

API gravity 19

Initial oil saturation (Soi) 71 %
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Fig. 2 Average oil saturation match, oil cut, and cumulative oil

recovery for the xanthan core flood
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breakthrough time is equal for all of them. However, the

difference between the performances of different polymer

solutions (ultimate oil recovery factor) is remarkable. We

are seeking to find out some reasons for the effectiveness of

DCNP flood in the following part.

Figure 8 shows the average oil saturation profile

between injector and producer in the simulation model

(core sample) after 2.2 PVs polymer slug is injected.

Obviously, injection of polymer solution (regardless of the

polymer type) results in very low oil saturation compared

to the amount of oil saturation during water flooding. The

plot shows that both DCNP flood and xanthan flood are

extremely effective in mobilizing the oil. In addition, the

amount of oil saturation is fairly low for the case of DCNP

flood (compared to the other cases) in more 80 % of the

distance between injector and producer. This relatively low

oil saturation signifies the effectiveness of DCNP flood.

Mechanisms of improved oil recovery using clay
nanoparticles

In our earlier publications (Cheraghian et al. 2014; Cher-

aghian and Khalili Nezhad 2015), we have focused on the

impact of nanoparticles on the performance of PAM

solution for EOR. Our experimental results showed that

Table 2 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

Fig. 3 SEM images of the clay nanoparticles with polymer solutions were prepared in 20,000 ppm brine at two different magnifications
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Fig. 4 Viscosity of the prepared solution as a function of polymer
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Fig. 5 Viscosity of the prepared solution as a function of shear rate
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using clay nanoparticles and silica nanoparticles can

decrease the adsorption of PAM solution onto the rock and

its ability to improve the mobility ratio of the displacing

fluid and displaced fluid may increase. In this paper, the

amount of improvement in polymer adsorption and vis-

cosity of polymer solutions will be compared numerically

when they are injected to the core sample. Figure 9 com-

pares the amount of polymer adsorption for three different

polymer solutions. As the results show, xanthan solution

has a less adsorption onto the rock on account of the fact

that it is a biopolymer which has an ultra low adsorption. In

addition, DCNP solution has a less adsorption onto the rock

compared to the HPAM solution. This is the first reason

that demonstrates the effectiveness of the DCNP slug in

mobilizong the residual oil. As expected, the adsorption of

PAM solution should be much higher than HPAM and

xanthan solutions, but clay nanoparticles decreased the

amount of PAM adsorption even much lower than HPAM

adsorption. Figures 10 and 11 show the polymer concen-

tration profiles after 0.2 days (0.27 PV) for DCNP flood

and HPAM flood, respectively. As the results show, the

DCNP slug is moving faster and more effectively due to

low polymer adsorption onto the rock surface compared to

the HPAM slug.

Figure 12 shows the water viscosity profiles after 1 PV

injection for HPAM slug, and DCNP slug, respectively.

This figure shows that, the water viscosity profile for the

case of DCNP flood is more favorable than HPAM flood to

push out the viscous oil. The increased viscosity of the

injected solution decreases the mobility ratio, thereby

improving oil-displacing efficiency. Consequently, injec-

tion of DCNP solution can lead to enhance oil recovery

using both polymer adsorption reduction and mobility ratio

improvement.

Validation of two-dimensional simulation model

In this part, the effect of DCNP solution on oil recovery in

two-dimensional model is investigated. Emami Meyboodi

et al. (2011) conducted a comprehensive experimental

study using five two-dimensional glass micromodels. A

combination of three wettability condition and five differ-

ent pore structures was used in their study. The selected

scenarios include four homogeneous synthetic pore net-

works at water-, mixed-, and oil-wet conditions. The dis-

placement experiments have been carried out in a

horizontal mounting to neglect the effect of gravity. A
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Fig. 6 Adsorption of the prepared solution as a function polymer

concentration
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random network that represents the pore space in Berea

sandstone was also used for further investigation. The oil

sample which was used in their experiments was West

Paydar, (A sample taken from one of the oil reservoirs in

southwest of Iran) crude oil; with an API of 19.8s and

viscosity 74.9 cp measured at 26 sC. Synthetic brine with

the concentration of 20,000 ppm was prepared and selected

for both connate water and polymer solution. The polymer

used in their experiments was HPAM with degree of

hydrolysis of 25 % and molecular weight of

8 9 106 g/mol. Among their different micromodels, the

pattern C was chosen as a random network that represents

the pore space in Berea sandstone for our further numerical

investigations. An injection rate of 0.0006 cm3 min-1 was

considered as the optimum value. This optimum value

simulates underground fluid flow within the oil reservoirs.

A 1.5 PVs polymer slug was injected containing 500 ppm

HPAM solution in water with 20,000 ppm salinity. Finally,

an oil recovery of about 44 % was obtained. The details of

experimental results can be found elsewhere (Emami

Meyboodi et al. 2011).

The UTCHEM simulator was used to history match oil

recovery factor data. It should be mentioned that the main

following assumptions should be considered for the micro-

scale simulation of polymer flooding using UTCHEM:

1. The relative permeability curves are varied (tuned) to

match the oil recovery factor from the micromodel and

the micromodels satisfy the same equation as solved

by simulator

2. The capillary number is assumed constant in both

experimental and simulation model systems

3. More importantly, the amount of polymer adsorption

which was calculated both experimentally and numer-

ically in the last section for the sandstone core is equal

to glass surface (very challenging parameter).

According to the physical properties of the selected

micromodel, the simulation model was constructed. The

model was developed as a quarter 5-spot symmetry with a

constant injection rate of 0.0006 cm3 min-1 and a constant

bottom-hole production of 1 atm. A two-dimensional

Cartesian grid system was used with 45 9 45 9 1 grid

blocks to simulate the flow behavior of polymer solution

through micromodel. The capillary pressure was set up to

be water-wet. The capillary desaturation curve (CDC) is

the relationship between the residual saturation of non-

aqueous or aqueous phase and a local capillary number or

more general, the trapping number, which was unknown

for the glass micromodel. Table 3 shows the main micro-

model and fluid properties.

As the flow of polymer solution in a two-dimensional

model is more complex than one-dimensional model and

different parameters can affect the results, the following is

a list of assumed matching parameters:

1. Relative permeability parameters

2. Capillary pressure parameters

3. Capillary desaturation parameters.

A wettability of a rock/glass has some effect on the rate

of oil recovery. The more water-wet surface, is the faster

oil produced. Oil flows more easily when the surface is

water-wet as water tends to adhere to the surface. Clearly,

the oil recovery is related particularly to the properties of

oil relative permeability curve. In relative permeability

curves, for each phase, three parameters can be changed to

achieve the best values based on the history match of the

ultimate oil recovery factor. They are (1) residual satura-

tion (2) relative permeability endpoint (3) relative perme-

ability exponent. A few relative permeability curve

parameters for both oil and water phases were tested in an

acceptable range of apparatus measurement to select the

best values based on the history match of oil recovery

factor data. The tuned relative permeability curve is shown

in Fig. 13.
Fig. 10 Polymer concentration (wt%) profile for the injection of

DCNP slug after 0.27 PV

Fig. 11 Polymer concentration (wt%) profile for the injection of

HPAM slug after 0.27 PV

0

4

8

12

16

20

0 0.2 0.4 0.6 0.8 1

A
qu

eo
us

 p
ha

se
 v

is
co

si
ty

 (c
p)

 

Dimension distance 

HPAM DCNP

Injector Producer 

Fig. 12 Water viscosity (cP) profile after 1 PV for HPAM and DCNP
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As it was mentioned before, the status of surface wet-

tability determine the amount of oil production rate. The

more water-wet rock, the faster the oil is produced.

Therefore, the capillary pressure sensitivity study is also

conducted to match the breakthrough time point. A few

capillary pressure curve parameters were tested in an

acceptable range to select the best results based on the

history match of oil recovery factor data. Figure 14 gives

the oil recovery between experiment and simulation model.

The results from simulation match the value from labora-

tory closely, but the simulation model is not precisely

predicted the breakthrough time. The results from labora-

tory show that the cumulative oil recovery starts out with a

steep positive slope. It then levels off to much flatter

increase until it reaches about 46 % of OOIP at 1.5 PVs.

The simulated cumulative oil recovery increases to about

32 % at 0.4 PV and then assumes a gentler slope until it

reaches to about 46 % of OOIP. Matching performance in

this section indicates that the simulation model is reliable.

This model can be taken into account as a basis for further

investigations.

The effect of clay nanoparticles on oil recovery
during polymer flooding in two-dimensional model

In this section, the performance of polymer solution

injection containing clay nanoparticles is investigated in

micromodel and compared with HPAM flood. Rheology of

the prepared polymer solution is shown in Figs. 4 through

6. The polymer parameters and physical properties of

HPAM solution were based on the laboratory data col-

lected by Emami Meyboodi et al. (2011). The amount of

injection rate, injection pore volumes, polymer concentra-

tion, and solution salinity, in the simulation model, are as

the same as base case (HPAM flood) for DCNP flood.

Table 4 gives the composition of each polymer slug.

The rheological data for HPAM, and DCNP solutions

were imported to the simulator, and then simulations were

carried out. The simulation results in last section for one-

dimensional model indicate that clay nanoparticles can

decrease the adsorption of PAM solution onto the rock

surface and its ability to improve the mobility ratio of the

displacing fluid and displaced fluid may increase. Fig-

ure 15 compares the cumulative oil recovery for injection

of HPAM solution with the injection of DCNP solution. As

the results show, the cumulative oil recovery for the

injection of DCNP solution is much higher than injection

of HPAM solution. According to the results, both the

breakthrough time and the amount of cumulative oil

recovered was improved.

Figure 16 compares the amount of oil cut during the

injection of HPAM solution and the injection of DCNP

solution. According to the simulation results, the oil cut

begins with nearly 100 % since the polymer injection

started. It then decreased to nearly 4 % at 1.5 PV. The main

difference between the performance of the two polymer

slugs is that the amount of oil cut for the injection of DCNP

solution is much higher than injection of HPAM solution

before 0.7 PV injection. The main reason for this difference

is that the viscosity of the DCNP solution is much higher

than HPAM solution so that the mobility ratio is favorable

to push out the viscous oil more easily.

As discussed earlier, DCNP solution has a less adsorp-

tion onto the rock compared to the HPAM solution.

Moreover, the amount of polymer adsorption onto the glass

surface was considered as the same as the rock surface.

Accordingly, the reduction of polymer adsorption onto the

glass surface is one of the main mechanisms of improved

oil recovery by injection of DCNP solution. Figure 17 and

18 show the distribution of oil saturation at the end of 1 PV

injection of HPAM solution and DCNP solution, respec-

tively. These figures show that DCNP solution is more

effective to mobilize the oil. In other words, when the

viscosity of the injected solution is improved the mobility

ratio of displacing and displaced fluid will decrease;

therefore, it can push out the viscous oil from the porous

medium more easily.

Table 3 Physical properties of micromodel (Emami Meyboodi et al.

2011)

Dimension 60 9 59 mm2

Average etched depth 0.010 mm

Porosity 36.72 %

Permeability 1600 md

Wettability of medium Water-wet
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Fig. 13 Relative permeability curves used in simulation model for

two-dimensional model simulation
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Summary and conclusions

On the basis of experimental and simulation results, the

following conclusions were drawn:

1. Two sets of experimental data were used to validate

different simulation models. Using the recently pub-

lished xanthan core flood, a one-dimensional simula-

tion model was constructed. According to the rock and

fluid properties, core flood history match was per-

formed to validate the simulation model. Changing the

relative permeability curve, and capillary pressure

curve parameters were the main factors when xanthan

core flood history match was performed. Chemical

compositional simulator was used for a series of

polymer flood simulations. The calculated capillary

pressure and relative permeability parameters were

used in other simulations. A two-dimensional simula-

tion model was developed using the physical proper-

ties of a recently published micromodel flood.

According to the experimental data related to the

injection of HPAM solution, simulation model was

validated. Capillary pressure parameters, relative per-

meability parameters, and capillary desaturation curve

parameters were the matching parameters.

2. Using the chemical compositional simulator, the

amount of polymer adsorption was calculated numer-

ically for one-dimensional model. Simulation results

revealed that DCNP solution has a less adsorption onto

the rock rather than HPAM solution. The amount of

DCNP solution adsorption is comparable to the

xanthan solution which is a biopolymer.
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Table 4 Composition of different polymer solutions

HPAM DCNP

Polymer content 500 ppm 500 ppm

Clay content – 0.45 wt%

Salinity 20,000 ppm 20,000 ppm
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Fig. 15 Comparison between HPAM flood, and DCNP flood
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Fig. 17 Distribution of oil saturation at the end of 1 PV of HPAM

flood

Fig. 18 Distribution of oil saturation at the end of 1 PV of DCNP

flood
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3. Moreover, the amount of mobility ratio improvement

for different polymer solutions was calculated numer-

ically for both one-dimensional and two-dimensional

models. Clay nanoparticles, as expected before,

increase the viscosity of polymer solutions and the

injected solution can improve the cumulative oil

recovery both in one-dimensional and two-dimen-

sional models.

4. Thus, the main factors that improve oil recovery of

DCNP solution (compared to the HPAM solution) are

reduction in polymer adsorption and increase in the

ability of polymer solution to improve the mobility

ratio.
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