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1. Bulk Density
2. True Density
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1. Design of Experiments (DOE)
2-Total Quality Management (TQM)
3. Orthogonal Array
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1. Cluster Structure



VE-YY azio NP+ widl g oo ¥R 6 loids “UU”;
’

5 S (Dl,595L (o aadlo 5 adla slmg 4y i
FaslE g0 auY (59, ¢ dly il andl> o ile Jlow
gy 5 5l 5 el (i iSan i abls (g9,

fov] RYK JUP F Y °u_i,,AL;ias)%.m
hies] o a S OVl _wgl eled ols s mols
Sldlae 0l Iy ol sl i ousST,
Loyl LIS 13556 45 smo oo (s 4385 & pg
eSion 3 S Sl s L ot L
el as cul (Jyo sl el Sdgjaue sl
L soiipdleol Liag LS @l 3550 Sealiyog e

aS el o

f by il L (e deo
Syt )0 (e (UlE eaiaoLis g9-d9e (0
099581 LOA] el Lo T-LolS @ )39536 (s ol
3 Sl oSU ads g olad asdls aile sla IS

Lov] ccul e¥lwsil 6 lasb ¢l

o odls slis O Jou= 0 a8 5 boles
o Sk 5 Legl Ll slmay yomgil ol
oSy B de YoV N A ey slaia
S S Vb g laly (Hley Dae - haiec]
algi g sl ol Jedo 0l 5 slacT oy
g N e L
Lapgsls ol adl Seiol )3 09290 oo
9 Ng—i oo Olyd5 5L e Lol ials el
Gl Jlm il )30 (—dlgaily 4ndl (59
00,5 o0 Jodome (g,lanbl cel azes o g 0ol oo

1. Derjaguin, Landua, Verwey and Overbeek (DLVO) Theory
2-Van Der Waals Attraction

3-Electric Double Layer (EDL)

4-Acid-Base Interactions

5-Hydrodynamic Forces
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1. Analysis of Variance (ANOVA)
2-Degree of Freedom (DOF)
3-Sum of Square

4- Total Sum of Square

5-Mean Square
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Introduction

Many of the proposed applications of nanotechnology
in oilfields could be categorized into the areas of
imaging, enhanced oil recovery, drilling, completion,
gas mobility control and use in naturally fractured
reservoirs [1]|. Many studies have been conducted
to use nanoparticles to improve oil recovery, as they
have the ability to alter wettability towards water
wet, reduce water-oil interfacial tension, and increase
efficiency by improving viscosity [1-6]. The main
mechanism responsible for the effectiveness of smart
water in improving oil recovery is the change in the
wettability of the rock towards water-wet, which causes
the separation of oil layers from the rock surface. The
injection of surfactants reduces the interfacial tension
(IFT) of crude oil and brine, alters the wettability of
the rock and reduces the capillary forces that trap oil
in the porous medium. Therefore, the combination of
low-saline water and surfactant could be an efficient
approach by combining the destabilizing effect of
the oil layer by low-saline water and the reduction of
interfacial tension by the surfactant. This combined
method provides more oil recovery than either method
alone [7].

Accepted: October 16, 2024

Experimental

Materials and Equipment

SiO, nanoparticles with 99.5 % purity, 15-20 nm in
diameter and y- Al,O, nanoparticles with 99% purity,
20 nm in diameter were purchased from US Research
Nano-Materials. The mass fraction ratio of y-ALO,
to SiO, NPs was set at 10:90, 30:70 and 50:50. The
brine was prepared by dissolving different salts (NaCl,
NaHCO,, Na,SO,, CaCl,.2H,0 and MgCl,.6H,O). The
brine concentrations were prepared by dissolving in
water with total dissolved solids (TDS) nearby 4071,
8142,20400 and 40710 ppm. Gum Arabic was applied
as a surfactant to aid disperse the nanoparticles and
improve the stability of the nanofluids. Crude oil with
31.47° (API) and a viscosity of 25.93 (CST) was used
from the oilfield in Iran. The formed droplets were
analysed for measure IFT by professional drop shape
analysis software (Apex DSA) based on pendant drop
methods. A Brookfield DV3T digital viscometer was
used at different temperatures to measure the viscosity
of the NFs.

Designing Experiments
The experimental design was applied by the Taguchi
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method nanofluids stability as response and low
salinity water ppm, the mass fraction y-Al,O,/SiO,
wt% and surfactant concentration (ppm) as operating
variables. Taguchi method, based on five levels and
three factors, was applied to design experiments.

Preparation of Nanofluids

A concentration of 0.1 Wt% was applied to prepare
nanofluids. In the first step, salts were added, then
nanoparticles and surfactant were added to the solution
at the same time. Finally, the nanofluids were placed
on a magnetic stirrer for 15 min and then homogenized
for one hour with an ultrasonic homogenizer at 70
waltts.

Stability Test

All stability tests were performed at ambient
temperature and pressure. After preparing the
nanofluids, they were placed in test tubes with caps and
away from sunlight and heat. Many researchers have
recommended pH changes, surfactants, and ultrasonic
homogenization to eliminate nanoparticle aggregation
and produce a stable mixture [8-12]. All of these
techniques modify the properties of nanoparticles and
break the cluster structure of nanoparticles to create a
stable suspension [11]. In this study, surfactants and
ultrasonic homogenization were used to create stable
nanosolutions. In Fig. 1, photos of the stabilities
of the different NFs are shown. (a) Two hours after
preparation. (b) 48 hours after preparation.
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Fig. 1 Photographs of NFs showing the stability for (a) two
hours, (b) 2nd day.

Results and Discussion

The results of Fig. 2 show that nanohybrids with mass
ratios of 10:90 and 30:70 modified with gum arabic
at 25 °C have lower viscosity than silica and gamma-
alumina nanoparticles. In this study, by increasing
temperature was reported a decreasing trend in
viscosity. Viscosity of combinations of y-AlL,O./
SiO, were higher than that of silica and gamma-
alumina nanoparticles. Although, other studies have
acknowledged that the viscosity of hybrid nanofluids
depends on the selected nanoparticles and their
composition [13]. In general, the viscosity of hybrid
nanofluids is higher than that of ordinary fluids and
single nanoparticles [13- 14]. Nanohybrid with mass
ratio of 50:50 modified with 750 ppm gum arabic has

lower viscosity than that of single silica and gamma-
alumina nanoparticles with increasing temperature.
Among all nanofluids prepared, the combination of
v-Al0,/Si0, with a mass ratio of 50:50 modified with
750 ppm gum arabic at a temperature of 55 °C showed
the lowest viscosity generation.
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Fig. 2 The effect of increasing temperature on the viscosity
of NFs dispersed in deionized water.

Fig. 3 shows the IFT of the namofluids dispersed in
brine with a concentration of 4071 ppm at ambient
temperature and 60 °C. The NFs dispersed in brine
with a concentration of 4071 ppm at 25 °C had a lower
IFT than did the nanofluids dispersed in deionized wa-
ter. This could be due to the reduction in IFT at low
salt concentrations. The combination of y-Al,O,/SiO,
with a mass fraction of 50:50 modified with GA dis-
persed in brine with a concentration of 4071 ppmhad
the minimum IFT of 0.99 mN/m in 60 °C compared to
that of the other nanofluids.
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Fig. 3 The effect of temperature on the IFT of nanofluids
dispersed in brine with a concentration of 4071 (ppm). At
ambient and 60 °C.

Conclusion

In this study, the stability, IFT and viscosity of
individual nanoparticles and nanohybrids dispersed
in deionized water and waters with different salinities
that were stabilized with the help of a green surfactant
were investigated. Some of the results obtained from



this research are as follows:

* Among the base fluid salinity factor, the mass ratio
of gamma-alumina nanoparticles to silica, and the
concentration of gum arabic, the most influential factor
for investigating the stability of nanosolutions was the
mass ratio of nanogamma-alumina to silica.

* Nanofluids dispersed in brine with a concentration
of 4071 (ppm) showed the lowest IFT. The lowest IFT
was reported for the nanohybrid with a mass ratio of
gamma-alumina to silica of 50:50.

» Temperature and salinity of the base fluid have a
significant effect on the viscosity of nanofluids. The
lowest viscosity was reported for nanofluids dispersed
in deionized water.

Nomenclatures

HNFs: Hybrid NanoFluids
IFT: Interfacial Tension

NPs: Nanoparticles

TDS: Total Dissolved Solids
EOR; Enhanced Oil Recovery
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