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Abstract−− The application of tertiary recovery 

techniques through chemical injection (CEOR) is in 

full development in the mature oil fields of Argentina. 

An experimental study of nanofluids intended for en-

hanced oil recovery is presented in this work. A poly-

acrylamide solution prepared in brine with addition 

of silica nanoparticles was used as the focus of the 

study. Dynamic sweep tests of the displacement fluids 

in a laboratory-scale triaxial cell using a standard Be-

rea sandstone cores that simulates the formation of 

the reservoir allow the calculation of parameters re-

lated to its injectivity, which take into account dam-

age to the formation and blockade of poral throats , 

such as the resistance factor (FR), the residual re-

sistance factor (FRR), the inaccessible pore volume 

(VPI) and the dynamic retention of the nanofluid 

(RD). The injection of the nanofluid carried out se-

quentially to the polymer solution has not produced 

an increase in the damage of the porous medium, so it 

is potential for its application in the displacement of 

crude oil. 

Keywords−− nanofluid, injectivity, chemical flood-

ing 

I. INTRODUCTION 

The application of tertiary recovery techniques through 

chemical injection, CEOR, is in full development in the 

mature fields of Argentina. Attentive to this news, an in-

terdisciplinary group of researchers from the University 

of Comahue -UNCo, develops a joint work of studies of 

chemical formulations and their applications in flood ex-

periments in artificial core. After having reached record 

highs in the early 2000`s, the production of hydrocarbons 

in Argentina has been in continuous decline for several 

years, unable to meet current needs and without ensuring 

a response to the increased future demand. 

The primary and secondary recovery of oil achieves a 

combined efficiency of approximately 45%, remaining 

an important  residual oil in the reservoir. The fields are 

mature, with observed accumulations in classic entrap-

ment systems and rocks with good petrophysical proper-

ties. 

An increase in oil recovery in the immediate future 

depends on the success of the incipient enhanced recov-

ery projects (Enhanced Oil Recovery-EOR) in mature 

reservoirs applying secondary. These processes consist in 

the injection of substances that are not originally present 

in the reservoir. Currently 40% of the oil is produced by 

secondary, but the wells are in their declining phase. The 

main companies have focused on the injection of special 

fluids such as polymers and their variants (sealing gels, 

microgels, Bright Water), alkalis, surfactants or a combi-

nation of them, a strategy known as enhanced recovery 

by chemical injection (Chemical Enhanced Oil Recov-

ery-CEOR). 

The injection of specifically designed polymer solu-

tions (polyacrylamides-HPAM) is a modification of the 

water injection. It consists of adding a slug of polyacryla-

mides of high molecular weight prior to water injection 

into the reservoir, a strategy that allows improving the 

water-oil mobility ratio by increasing the viscosity of the 

injection fluid, resulting in a better displacement and a 

more complete sweep of the oil field with respect to the 

invasion with conventional water. Its selection is made in 

the screening stage and depends on reservoir conditions. 

The product must meet several requirements and the con-

centration to be used is specified to reach a target viscos-

ity (Levitt and Pope, 2008).  

With the recent surge of interest in polymer flooding, 

improved polymer products are manufactured, whose 

properties may be different from the similar polymers 

used during the earlier period of active chemical EOR ap-

plications 

Several studies have shown that the addition of inor-

ganic particles in nanometric dimensions (usually metal 

oxides, clays and carbides) can increase oil recovery, 

through different mechanisms, such as improving the 

rheological properties of polymer solutions (Ogolo et al., 

2012); modifying water-oil interfacial tensions in sys-

tems with surfactants (Suleimanov et al., 2011) or having 

impact on the wettability of reservoir rock (Ogolo et al., 

2012; Miranda et al., 2012; Mohsen et al., 2014).  

To achieve the final objective of increasing oil recov-

ery, preliminary displacing fluid studies (brine and / or 

polymer solution)-displaced fluid (crude) are required 

before proceeding to fluid-rock studies. However, the in-

jectivity of the displacing fluid in the porous medium is 

crucial. This work focuses on the synthesis of a nanofluid 

and injectivity studies in dynamic flooding tests in a po-

rous core for the determination of the parameters that de-

termine its potential application, such as the resistance 

factor (FR) that accounts for the reduction of the mobility 

of the brine by the addition of the viscosifying agent, the 

residual resistance factor (FRR) that indicates the dam-

age in the formation, and parameters associated with the 

blocking pore throats, such as the inaccessible pore vol-

ume (IPV) and dynamic retention (DR). To analyze the 

effect of the presence of nanoparticles, the injectivity of 

https://dictionary.cambridge.org/es/diccionario/ingles-espanol/pore
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the nanofluid is compared with that of a polymer solu-

tion. 

In this paper, through experiments in artificial cores, 

the influence of the nanofluid injection is discussed. The 

results are helpful for the further study of oil recovery. 

II. METHODS 

The composition of the brine selected for the nanoparticle 

size distribution study and for the preparation of the pol-

ymer solutions consists of the NaCl (6.2396 g/L), 

CaCl2.2H2O (0.0889 g/L) and MgCl2.6H2O (0.0715 g/L) 

which  simulates a reservoir condition. 

The polymer (P) selected was FP 3631S, a commer-

cially hydrolyzed polyacrylamide (polyacrylate / poly-

acrylamide co-polymer) from the FLOPAAM ™ poly-

mer series, specially designed for CEOR applications, 

provided gently by SNF Floerger. The polymer is availa-

ble as a dry powder, has a molecular weight of 20 million 

Daltons and an anionic charge between 25% and 30%. 

For the formulation of the nanofluid (NF), the size distri-

bution (Dp) and the Zeta potential (ξ) of various nanopar-

ticles in brine and in a mixture of surfactants (S) consti-

tuted by an Alcohol Alkoxy Sulfate and an branched Al-

kyl Benzene Sulfonate were investigated, on a Nano-

zetaSizer-Malvern equipment. Nanoparticles of γ-alu-

mina (544833 Sigma Aldrich) denoted Nano Al, nano-

particles of silica LUDOX AS-40 (Lot # MKBK4442V, 

Aldrich), nanoparticles silica powder (DCP N150) de-

noted Nano Si and powdered silica microparticles 

(CemPLUS Geo D178) denoted Micro Si, were studied. 

For the preparation of the polymer and the nanofluid, the 

API RP 63 (1990) standard was followed. For the prepa-

ration of the nanofluid, 1 g/L of nanoparticles was added 

to the stirring brine, allowing its dispersion, prior to the 

addition of the polymer powder. The polymer concentra-

tion was set at 1000 ppm. 

The concentration of the initial polymer and in the ef-

fluent of the porous medium were measured by the chem-

ical method of Bleach (API RP 63, 1990) and by rheol-

ogy. The chemical method precipitates polyacrylamide 

from solution by adding acetic acid and bleach. The tur-

bidity of the resulting suspension was measured with a 

colorimeter at 470 nm (UV-VIS Nanocolor -Macherey). 

Considering the flow of the polymer solution from the 

well through the formation with a radial configuration, 

the injection rates in the injector and producer wells are 

relatively high, but decrease as the invasion proceeds and 

moves away from the well. Far away from the well, the 

polymer solution propagates at a low shear rate. For this 

reason it is necessary to know the rheological behavior in 

a range of shear rate, being 0.1-600 s-1 (Walker et al., 

2012) the range corresponding to the flow in the typical 

reservoirs. 

The rheological behavior of the polymer (P) and the 

nanofluid (NF) was analyzed at 35 °C with an Anton Paar 

MCR 302 Rheometer, using the geometry DG26.7 

SN35071 in the rotational mode. Polyacrylamides have a 

non-Newtonian behavior, so that shear rates (γ) were 

swept in the range 0.1-1000 s-1. In order to recreate  the 

reservoir dynamic conditions the injection of three fluids, 

tracer (brine and tritium), polymer and nanofluid, flood-

ing  tests in artificial core were performed at 35ºC accord-

ing to API RP 63 (1990) in a standard porous core previ-

ously saturated with  API1 brine (salinity 81 g/L). The 

experimental tests were performed in a triaxial cell at la-

boratory scale simulating the reservoir (Fig. 1).  

As a porous medium for the laboratory coreflood, a 

standard Berea sandstone cores constituted mainly by 

quartz was selected, whose petrophysical characteristics 

were measured in our laboratory, Table 1. 

The experiments described in this paper were all sin-

gle-phase displacement of polymer and nanofluid solu-

tions through consolidated sandstone. The core was pre-

pared by evacuating and saturating with brine; the pore 

volume of the core was measured at this time. The exper-

imental floods reported here were done in several con-

secutive stages: 

1. Injection of 150 mL (approx 3 PV) of API1-quality 

water  with tritium (4 ‰) added as a tracer.  

2. Determination of the initial permeability to water 

(Kiw) by Darcy's law, assuming unidirectional and 

incompressible flow.  

3. Injection of 150 mL of water  API1 . 

4. Determination of the concentration profile of Trit-

ium as a tracer in the effluent (CT) by the liquid scin-

tillation method. 

5. Injection of 150 mL of brine as a tracer (API1 added 

with 10% of NaCl).  

6. Injection of 150 mL of water  API1. 

7. Determination of the concentration profile of brine 

as a tracer in the effluent (Cs) by the conductivity 

method. 

8. Injection of 150 mL of polymer solution.  

9. Determination of polymer permeability (Kp) by Dar-

cy's law.  

10. Injection of 150 mL of water  API1.  

11. Determination of polymer concentration profile in 

the effluent (Cp) by the method of Bleach and rheol-

ogy (API RP 63, 1990).  

12. Determination of water permeability after the pas-

sage of polymer (Kpw).  

13. Injection of 150 mL of nanofluid solution.  

14. Determination of permeability to nanofluid  (Knf) by 

Darcy's law.  

15. Injection of 150 mL of water API1.  

16. Determination of the concentration profile of 

nanofluid in the effluent (Cnf) by the method of 

Bleach and rheology (API RP 63, 1990).  

17. Determination of the water permeability after the 

passage of the nanofluid (Knfw). 

 

Table 1: Petrophysical characteristics of the Berea 

   Porosity (Φ) [%] 22.85 

Water permeability (kw) [mD] 90.00 

Pore volume (PV) [cm3] 45.20 

Apparent volume (VAP) [cm3] 197.87 

Cross section (A) [cm2] 11.14 

Length (L) [cm2] 17.76 

Dry weight (P) [g] 423.36 
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Figure 1: Triaxial Cell (holder) and  Berea sandstone cores to 

the chemical flood experiments. (1) Fixed Top, (2) Berea core, 

(3) Mobile Top, (4) Internal pipe, (5) Holder cell and Packing 

rubber. 

From the calculated permeabilities, the resistance fac-

tors (API RP 63, 1990) are evaluated after the polymer 

flooding, Eq. (1) and Eq. (2): 

 FRp =
λiw

λp
=

Kiw
μw
Kp
μp

  (1) 

 FRRp =
λiw

λpw
=

Kiw
μw

Kpw
μw

 (2) 

where λiw (mD/cP) is the initial brine rmobility, λp 

(mD/cP) is the polymer mobility, λpw (mD/cP) is the 

brine mobility after the flow of the polymer, μw (1,11 cP) 

and μp (15 cP at γ = 7.34 s-1) are the viscosities of the 

brine and polymer respectively. 

Analogously, the parameters after the flood with the 

nanofluid from Eq. (3) and Eq. (4) result: 

 FRnf =
λpw

λnf
=

Kpw
μw

Knf
μnf

  (3) 

 FRRnf =
λpw

λnfw
=

Kpw
μw

Knfw
μw

 (4) 

where λnf (mD/cP) is the nanofluid mobility, λnfw 

(mD/cP) is the brine mobility after the flow of the 

nanofluid and μnf (17 cP at γ = 7.34 s-1) is the viscosity 

of the nanofluid. 

When water-soluble, high molecular weight polymers 

are used for enhanced oil recovery (EOR), polymer re-

tention (DR) retards propagation into the formation. The 

presence of the polymer is needed to provide high viscos-

ity and low mobility levels—which in turn are needed to 

improve oil displacement and sweep efficiency. Conse-

quently, high polymer retention can substantially delay 

oil displacement and recovery. Physical adsorption and 

mechanical entrapment are two major causes of polymer 

retention in porous media. To measure polymer retention 

(DR) in porous media the API RP 63 (1990) standard was 

followed. This method consists in the injection of a slug 

of polymer solution, followed by brine, and performing a 

mass balance on the polymer (i.e., retention = polymer 

injected minus polymer produced). 

 
Figure 2: Polymer retention calculus and IPV (API RP 63, 

1990). 

 
Figure 3: Size distribution of different nanoparticles dispersed 

in brine. 

Dawson and Lantz (1972) have found that the solu-

tions of typical water flooding polymers do not occupy 

all of the connected pore volume in porous media. The 

remainder of the pore volume is inaccessible to polymer 

(IPV). This inaccessible pore volume is occupied by wa-

ter that contains no polymer. This allows changes in pol-

ymer concentration to be propagated through porous me-

dia more rapidly than similar changes in salt concentra-

tion. At the front edge of a polymer bank the effect of 

inaccessible pore volume opposite the effect of adsorp-

tion and may completely remove it in some cases. 

Due to the existence of IPV, the polymer leaves the 

porous medium advanced with respect to the tracer. The 

IPV is calculated according to API RP 63 by area B of 

the Fig. 2. 

It is important to note that IPV accelerates polymer 

propagation, whereas polymer retention (DR) retards it. 

III. RESULTS AND DISCUSSION 

Figure 3 presents the results of the size distributions of 

the different particles in brine (expressed in % number). 

Figure 4 presents the result for those available in powder 

dispersed in a mixture of anionic surfactants (S). It can 

be noted that in brine the Ludox particles have a mono-

modal distribution centered at 20 nm, the silica nanopar-

ticles move at 78 nm and those of γ-alumina at 4598 nm. 

On the other hand, the microsilica particles have a bi-

modal distribution, centered at 206 nm and 1025 nm. The 

γ-alumina particles are aggregated, because the pH of the 

solution (pH = 8) is very close to its isoelectric point (Ta-
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ble 2). In all the analyzed cases, the presence of the sur-

factant allows to decrease the size of dispersed particles, 

at the expense of an increase in the Zeta potential (Table 

2). The silica nanoparticles are displaced at 60 nm, those 

of γ-alumina at 152 nm, and the bimodal distribution of 

the microsilica at 22 and 105 nm. For the preparation of 

the nanofluid, Ludox particles without surfactant are se-

lected because they have the smallest dispersion size, tak-

ing into account that they must flow through the porous 

medium. 

Rheological properties of the EOR polymer solution 

depend on the polymer properties and concentrations, sa-

linity, shear rate and temperature (Lee et al., 2009). Pol-

ymer rheology in porous media affects both injectivity 

and sweep efficiency during a chemical flooding en-

hanced oil recovery (EOR) process. Figure 5 presents the 

rheological behavior of the displacing fluids. 

At moderate to high fluid velocities in porous media 

(greater than 2 s-1), both polymer and nanofluid solutions 

show shear thinning that closely follows polymer’s vis-

cosity behavior (Lee et al., 2009). However, at low ve-

locities in short cores (less than 2 s-1) the nanofluid con-

tinues to show shear thinning, such as the behavior re-

ported for the xanthan (Seright et al., 2009), whereas vis-

cosity data predicts Newtonian behavior for the polymer 

solutions. Because most oil is displaced at low velocities, 

this results are needed for accurate representation of 

nanofluid resistance factors when simulating chemical 

flooding processes. 

Figure 5 presents the rheological behavior of the dis-

placing fluids, demonstrating that the Ludox nanoparti-

cles variably affect the behavior below shear rates of 2 s-

1,  doubling the apparent viscosity (η) for the lowest shear  

rate (52 cP vs 26 cP at 0.1 s-1). For greater deformations 

of the fluid, the particles are able to roll, without increas-

ing the resistance to flow.  

 
Figure 4: Size distribution of different nanoparticles dispersed 

in surfactant.   

Table 2: Zeta Potencial results, ξ (mV) 

Particles in Brine ξ (mV) 

Ludox MicroSi NanoSi NanoAl S 

-27,5 -32,1 -27,8 -2,3 - 

Particles in Surfactant ξ (mV) 

- -42,5 -60,6 -62,1 -61,3 

 
Figure 5:  Rheological behavior of displacing fluids. 

 
Figure 6: Concentration of the nanofluid by chemical bleach 

method and by rheology. 

Dimensionless concentration profiles curves for the 

nanofluid from the flood are shown in Fig. 6 by the two 

measurement techniques demonstrating their agreement. 

The validation of the determination of the concentration 

by the rheological method is of great interest, since the 

chemical cannot be applied to all polyacrylamides, in the 

presence of hydrocarbons presents interference, is more 

expensive and destructive. Both methods are imprecise 

for concentrations below 15 ppm. The chemical method 

is calibrated for a concentration range between 20-250 

ppm. Dilutions introduce errors in the measurement of 

concentrations.The rheological method contemplates the 

entire concentration range (up to 1000 ppm), so no dilu-

tions are required. In addition, because it is non-destruc-

tive, the measurements of each sample can be repeated. 

Dimensionless concentration profiles curves for the pol-

ymer, tritium and brine from the flood are shown in Fig. 

7, where C/Co corresponds to CT/CTo for tritium, Cs / 

Cso for the tracer brine, Cp / Cpo for the polymer. Trit-

ium is the best tracer and the one used in the field, but 

their quantification by liquid scintillation is much more 

expensive than brine. There is a good agreement in the 

profiles of the tracers, allowing to have alternative sub-

stances to carry out the chemical flooding studies. 

The importance of a correct determination of the con-

centration profiles of the different fluids lies in the fact 

that they constitute the basis for the evaluation of the pa-

rameters that account for the fluid-rock interaction. These 

results are presented in Table 3. Resistance factor (FRp) 

is defined as brine mobility divided by polymer solution 
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mobility. Assuming that the permeability of the core is 

fixed, resistance factor is the effective viscosity of the 

polymer solution in porous media relative to brine. When 

injecting fresh polymer solution at 10 ft/d resistance fac-

tors averaged was 82.88, tripling the value corresponding 

to the zero-shear viscosity  (26 cP) for this solution. This 

finding was consistent with literature reports that HPAM 

solutions can provide somewhat higher effective viscos-

ities  (i.e., resistance factors) in porous media than in a 

viscometer (Seright et al., 2009) caused by polymer re-

tention within the rock (69.60 μg/g). The retention also 

produces a residual damage in the porous medium repre-

sented by the FRRp, the which indicates a reduction in 

permeability close to half the initial value.  

Figure 7 shows that the two fronts, which were in-

jected simultaneously, have passed through the core with 

different velocities and emerged at different times. More-

over, the tracer pulse has emerged at the expected time 

after the injection of 1 PV. The polymer pulse emerged 

sooner; its velocity was greater than that of the tracer 

pulse. There is only one explanation: the pore volume 

through which the polymer can flow is smaller than the 

total pore volume of the core. The calculated average IPV 

was 12.6 cm3, there being a difference of 2.5% between 

both tracers (Table 3, polymer column). 

Dimensionless concentration profiles curves for the 

nanofluid, tritium and brine from the flood are shown in 

Fig. 8. 

For the nanofluid both tracers get the same value of 

IPV (17.60 cm3) (Table 3). However, given the existence 

of polymer within the porous medium, the increase of the 

IPV due to the flow of the nanofluid results of 11%.With 

reference to the porous medium modified by the flow of 

the polymer, the nanofluid increases the remaining dam-

age by 10% (FRRp) and increases the resistance factor 

by 50%. Dynamic retention results from 51 μg/g. 

Zhang and Seright (2013) reports that: 1) HPAM pol-

ymer adsorption on a rock surface can be considered in-

stantaneous and irreversible 2) If a porous medium is first 

contacted with dilute HPAM solution to satisfy the reten-

tion, no significant additional retention occurs when ex-  

 

 

Figure 7: Concentration profiles in the effluent of the porous 

medium: Tritium, brine and polymer  

 

Figure 8: Concentration profiles in the effluent of the porous 

medium: Tritium, brine and nanofluid. 

Table 3: Injectivity parameters 

Polymer Nanofluid 

FRp = 82.88 FRnf = 44.85 

FRRp = 2.25 FRRnf = 1.10 

Average IPV (cm3) 

12.60 

IPV Brine tracer 

28.30% 

IPV Tritium tracer 

25.80% 

Average IPV(cm3) 

17.60 

IPV Brine tracer 

39.10% 

IPV Tritium tracer 

38.90% 

Average DR (µg/g) 

69.60 

DR Brine tracer 

70.00 

DR Tritium tracer 

69.20 

Average DR (µg/g) 

51.40 

DR Brine tracer 

52.80 

DR Tritium tracer 

50.00 

posed to higher concentrations. In field applications 

ofpolymer and chemical floods, reduced polymer reten-

tion may be achieved by first injecting a low-concentra-

tion polymer bank. 

Therefore the dynamic retention of the nanofluid can 

be attributed to the effect produced by the silica nanopar-

ticles, which promote the interaction with the polymer in-

side the rock. 

IV. CONCLUSIONS 

The two tracers used provide the information with a max-

imum difference of 2.5%. Nanoparticles improved the 

rheological properties of polymer solution but increase 

the dynamic retention. 

If the injection of nanofluid is carried out sequentially 

to the polymer, the injectivity parameters demonstrate its 

potential application in a process of CEOR. 

Although it is potential for its application in the dis-

placement of crude oil, a study to be carried out in the 

near future, it is important to emphasize that only injec-

tivity does not guarantee an increase in recovery, since 

nanoscale particles-crude interphase phenomena that do 

not have been taken into account in this work. 0,0
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