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Introduction

Continuous rise in global energy demand [1] in one
hand and the gradual decline of production from
mature reservoirs [2], on the other hand, lead petroleum
subsurface companies to seck efficient methods to
sweep remaining oil in the reservoirs. Implementing
primary and secondary oil recovery approaches
produces 20% to 40% of the original oil in place in
a majority of reservoirs. Therefore, a remarkable
amount of oil is remained in subsurface after primary
and secondary recovery stages and needs tertiary or
Enhanced Oil Recovery (EOR) methods to recover oil
from the reservoir [1-5].

In last decades, chemical flooding has been one of the
most successful EOR methods to increase the recovery
factor of hydrocarbon reservoir. However, various
drawbacks regarding chemical Enhanced Oil Recovery
(CEOR) such as high cost, toxicity, low performance
in harsh conditions encourage researchers to develop
approaches to alleviate these problems. Therefore,
nanofluids due to non-toxicity, high thermal stability,
and low cost have received considerable attention
recently.

Capillary force is playing a major barrier role in
producing oil through primary and secondary recovery
methods. Hence, lowering the capillary force is a key
factor to enhance oil recovery from the hydrocarbon
reservoirs [6]. It is defined in equation 1, which is
written below.
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Where o is oil/water IFT, and © is contact angle
between the water drop and rock surface in the
presence of oil, and d signifies for the radius of a pore
in which water and oil exist simultaneously. According
to Eq. 1, it is obvious that a reduction in IFT causes the
capillary force to decrease. Furthermore, a reduction in
the value of cos©, which can be resulted from altering
the wettability toward more water wet, reduces the
amount of capillary pressure too. In contrast, d is
related to the structure of the reservoir and cannot be
modified in EOR process [6-8].
Due to the fact that nanofluids are capable of either
altering the wettability of rocks toward more water-
wet by being adsorbed on them or diminishing oil/
water [FT, researchers have been focusing on applying
those in EOR techniques to reduce the capillary force
[8,9].
Esmacilzadeh et. al. experimentally investigated the
effect of TiO,, and carbon nanotubes on the wettability
alteration of hydrocarbon gas reservoirs. The results
disclosed that nanofluids are even capable of alter in
carbonate rocks from strongly liquid-wet state to gas-
wet state. In another work, Dahkace et. al. reported
that nanofluids are remarkable beneficial in reducing
the interfacial tension between heavy oil and water.
They used a commingled nanofluid composed of NiO
and SiO,. Results reported in this work show that plus



IFT reduction, this nanofluid alters wettability toward
more water wet state, which is beneficial for EOR
applications [ 10].

In this study, the capability of SiO,, Al,O,, and TiO,
nanofluids to enhance oil recovery from a carbonate
reservoir were experimentally investigated. Effect of
these nanofluids on IFT between oil and water was
studied. In the next step, their effect on wettability
alteration of oil wetted carbonaterocks was investigated.
Based on results obtained from IFT and wettability
measurement experiments, appropriate nanofluids
containing and optimal amounts of nanoparticles were
designed for core-flooding investigations.

Materials and Methods

First, we prepare the sample of carbonaceous reservoir
rock (brain) in the form of a plug with a diameter of
1.5 inches and a length of 10 cm. Then we slice the
plug into thin sections with a thickness of less than
2 mm and a diameter of 1.5 inch and cut each thin
section of the stone into at least 4 parts (quarter circle).
After that, we measure the contact angle of heavy
oil with the thin sections of the rock by the contact
angle testing device, and the results of the test show
an angle of 145°, which indicates the hydrophilicity of
the thin sections of the tank rock. Then, we place the
thin sections of the fragmented rock inside the beaker
containing heavy oil with an aluminum foil cover for
45 days in a laboratory oven at a temperature of 80 °C,
so that the oil penetrates completely into the rock.
After that, we take out the thin sections of oil-wet rock
from inside the beaker containing heavy oil and wash
it with distilled water and using a syringe containing
N-Hexane, then again put the thin sections of the
washed stone on the watch glass for 1 hour in the oven.
We put them in a laboratory until they are completely
dry. After that, we measure again the contact angle of
heavy oil with thin rock sections by the contact angle
testing device, and the results of the test show that the
angle has changed from 145° (strong water-wet) to
132.1° (oil-wet).

In this part, our goal is to change thin sections of oil-
wet rock to water-wet state by aging in different nano-
fluids at specific concentrations.

Then, 3 types of nanofluids containing inorganic
particles (SiO, TiO2, Al2Os) with concentrations of
wt. We prepare 0.005 to 0.035% with a volume of
20 mL on a heater stirrer for 20 minutes, after which
thin sections of crushed rock, which are completely
oil-wet, are aged in small plastic containers inside the
oven. We put it in a laboratory at a temperature of 80
°C for 1 week (7 days). After the 7-day aging process
was completed and the nanofluids were coated on the
surface of the stone thin sections, we again measure
the contact angle of the heavy oil with the stone thin
sections using the contact angle tester, and the results
of the test in nano fluid with a concentration of at least
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wt. 0.01% shows that the contact angle of thin rock
sections with heavy oil has changed from 132.1° (oil-
wet) to 91.5° (water-wet).

Also, to ensure the obtained answer, the contact angle
test was repeated again at the optimal concentration,
and a similar result was obtained, in fact, the
repeatability was also tested in this way. By conducting
contact angle size experiments at 0.005% to 0.035%
wt. concentrations. The results are given in (Fig. 1).
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Fig. 1 Comparison of contact angle test results of 3 types of
nanofluids containing inorganic particles (SiOz, TiO2, Al2O3)
with 0.005% to 0.035 wt. % concentrations.

Following Steps of Performing the Interfacial
Tension (IFT) Test

To perform the interfacial tension test, firstly,
nanofluid samples with a total volume of 40 mL in
concentrations was 0.005 to 0.035 wt.%. First, the
nanofluid containing 2 g of nanoparticles in 200 mL of
suspension was prepared, then the 0.005% to 0.035 wt.
% concentrations prepared in 40 g containers.

For example, to prepare the concentration of wt.
0.005% in the 40 g chamber, 2 g of 200 mL nanofluid
was considered in 38 g of distilled water, then each
sample was placed on the heater stirrer for 20 minutes
to perform the test. Then, to perform the IFT test, first 35
mL of distilled water and then 35 mL of heavy oil were
poured inside the glass container, and the information
related to the petrophysical properties of oil fluid
and distilled water or nano fluid was entered into the
software related to the test. By performing IFT (heavy
oil/distilled water) and IFT (heavy oil/nanofluid) tests
at 0.005% to 0.035% wt. concentrations, the results are
given in (Fig. 2). Then, we wash the plug again in the
Soxhlet device for 72 hours with toluene to dissolve the
aromatic compounds that may be present in the plug
structure, until no oil comes out of the reservoir rock
sample. After washing the plug with distilled water
and toluene in the Soxhlet device, we first measure the
weight of the plug immediately after washing in the
Soxhlet and before placing it in the laboratory oven.
After measuring the weight of the desired plug, we put
the plug in an oven at a temperature of 75 °C for 24
hours, then we weigh again and record the obtained
numbers. Again, we put the plug in the oven for 24
hours and again record the dry weight of the plug.
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Fig. 2 Comparing the results of the interfacial tension test
of 3 types of nanofluid containing inorganic particles (SiO-,
TiO2, Al20s3) with 0.005% to 0.035 wt. % concentrations.

The stage of measuring the dry weight of the plug
continues until the recorded numbers remain constant
after the daily measurements. After making sure that
the plug is completely dry, we place a desiccator
containing silica gel (moisture absorbent) inside the
glass container for 48 hours to absorb any remaining
moisture. Then, having the dimensions of the plug
(carbonate length 10 cm and diameter 1.5 inch) and
the weight of the plug (wet and dry), we calculate
the total volume of the plug and the PV of the plug,
respectively, and obtain the values of 113.951 cm? and
16.64 cm?® came.

After that, the plug is placed inside the Core Holder,
one side of the Core Holder is connected to the outlet of
the pump device, which with a flow rate of 100 mL/12h
and a pressure of 400 psi to 600 psi, the operation of
flooding is 5 PV with formation water containing salts
(NaCl, CaCl,, MgCl,) for 12 hours to make sure that
all the rock space is filled with formation water. Then
we start the flooding operation with 2.9 PV with heavy
oil until no more formation water is observed in the
pipe and the volume of the remaining water that can
no longer be extracted remains constant. After that, we
place the desired plug, which has oil inside it, in the
oven for 30 days at a temperature of 75 °C, so that
the heavy oil is completely placed in the texture and
structure of the plug. After injecting oil into the plug
and putting it in the oven for 30 days, we put the plug
back inside the Core Holder, after that we start flooding
with water and continue this until the oil inside the
plug cannot be extracted (9.64 cm?® remained inside
the plug). Finally, we inject the nanofluid flooding
operation in the amount of 3PV-4PV with a flow rate
of 100 mL/12h and a pressure of 400-600 psi into the
plug inside the Core Holder, which is the volume of
oil extracted in the pipe after the nanofluid flooding
operation.

(3 cm?®) which in fact the investigations show that the
volume of extracted oil increased by 42% in the case
of water injection to 60.09% in the case of nanofluid
injection (remaining oil from 9.64 cm?® to 64.0 cm?
respectively) 6 decreased. By flooding the carbonate
core 0.005% to 0.035% wt. concentrations. (Figs. 3,4
and 5).
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Fig. 3 Results of flooding test with SiO, nanofluid.
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g. 4 Results of flooding test with Al,O, nanofluid.
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Fig. 5 Results of flooding test with TiO» nanofluid.

Considering the total volume of the plug (Total plug
Volume=113.951 cm?), as well as the volume of the
empty space (Pore Volume=16.64 cm?) and the maxi-
mum volume of oil injected into the plug 16.64 cm?,
continue flooding with water until further notice. We
assume that the oil inside the plug cannot be extract-
ed because by flooding with water, 7 cm?® of oil was
removed and 9.64 cm?® remained inside the plug. Fi-
nally, we inject the nanofluid flooding operation in the
amount of 3PV-4PV with a flow rate of 100 mL/12h
and a pressure of 400-600 psi into the plug inside the
Core Holder, which is the volume of oil extracted in
the pipe after the nanofluid flooding operation, the
investigations show that the volume of extracted oil
increased from 42.06% in the case of water injection
to 60.09% in the case of nanofluid injection (residual
oil increased from 9.64 cm® to decreased by 6.64 cm?).
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