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ABSTRACT

The successful drilling of the oil and gas wells almost relies upon the drilling fluid properties. Maintaining wellbore stability, transportation,
and releasing cuttings at the surface, and controlling formation pressure are the essential functions of the drilling fluid. Improving the
rheological properties of the drilling fluid results in an increase in transport power and also provides better stability. One of the new
methods to improve different properties of the drilling mud is the application of nanoparticles. Nanoparticles induce favorable effects on
the rheological properties of the fluid. Improvement of mud properties yields in better cleaning of the well, the stability of the wellbore,
higher drilling bit efficiency, and, consequently, a lower cost in the long run. Therefore, the present study investigates the effect of adding
three different nanoparticles including aluminum oxide, iron oxide, and titanium oxide to the drilling fluid in several experiments by
measuring rheological properties (plastic viscosity, yield point, filtration rate, gel strength) and also formation damage and permeability
reduction. The number of experiments was determined by the experiment design method. The results of the experiments implied that in
nanofluids with the weight of 70 pcf, rheological properties were relatively improved in most of the nanofluids samples concentrations.
Samples containing iron oxide exhibited a decreasing filtration rate compare to base drilling fluid that indicates increasing stability in the
fluid environment. The gel strength (GS) of titanium oxide and aluminum oxide samples has increased appropriately, which shows
improvement in attractive forces in the fluid. For the case of the 80 pcf nanofluid, iron oxide indicates appropriate rheological properties
and decreasing of filtration rate that all of them represent nanoparticle caused an increasing and improving the stability of fluid. But
titanium oxide and aluminum oxide couldn't show significant effects. This phenomenon can be described by the lack of a uniform and
thorough mixing of nanoparticles in the drilling fluid under field conditions. Besides, results obtained from the formation damage test
equipment demonstrated the 54% reduction in initial permeability of the iron oxide nanoparticle that is the lowest damage between another

nanofluid.
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1. INTRODUCTION

By definition, a Nano-Particle (NP) is a particle with a
diameter of about 1 to 2 nm. In addition to the metallic type,
insulators, and semiconductors, the NPs also incorporate synthetic
NPs such as core structures. Moreover, nanospheres, nanomaterials,
and nanofibers are other forms of NPs. NPs low in size are known
as nanoclusters. Nanocrystals and semiconductor quantum dots are
also subsets of NPs. In recent years, NPs have been extensively used
in different areas such as electronic, electrical, medicine, space and
information, science and engineering [1-6].

Drilling mud has a significant role in accelerating or
delaying drilling operations. This fluid has many functions in
drilling operations, such as transferring drilling cuttings to the
surface, keeping the drill bit cool, preventing the wall from falling,
controlling the formation pressure, and pumping hydraulic power
to the drill without which drilling operations would not be possible.

Properties such as hydraulic power transferability and
compressibility are among the most critical factors that appear to be
achievable through the use of nanocomposites, carbon nanotubes,
and some high-strength ceramic nanopowders of appropriate weight
(such as calcium carbide nanopowders). The drilling mud must also
have properties such as suitable viscosity and density for efficient
carrying drilling cuttings upwards as well as transferring the
hydraulic power transferability of the pumps. It is possible to

achieve the properties required from the drilling mud by adding
specific chemicals, such as polymers, thickeners, etc. Proper
viscosity is also achieved by adding lubricating nanofluids.
Properties such as hydraulic power transferability and
compressibility are among the most important factors that appear to
be achievable through the use of nanocomposites, carbon
nanotubes, and some high-strength ceramic nanopowders of
appropriate weight (such as calcium carbide nanopowders). The
thixotropic properties of a drilling mud can also be improved by
nano-additives. If the drilling operation is interrupted, the mud
should be gelatinized, preventing the drilling cuttings from settling
down and preventing the drilling cuttings from getting into the well.
The gelatinous mud should also be in a state of low gelatinous stress
and restore the thixotropic property of the mud. In this regard, the
use of nanomaterials has a significant effect on improving these
properties.

Choosing a convenient drilling fluid formulation for specific
drilling conditions has a crucial role in the succession of drilling
operations, particularly in unconventional formations. The need for
enhanced drilling fluids has led researchers to investigate the
development of improved drilling fluids, using various NPs as
additives [7, 8]. Nanotechnology has been applied successfully in
some cases like reservoir characterization, drilling and completion
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jobs [9-14]. The application of nanotechnology in drilling fluid
formulation has also been provided in the literature briefly [15-19].

Some researchers have reported the modeling of the
rheology of nano-enhanced drilling fluids, as a function of shear
rate, the volume fraction of NPs, and temperature, parameters
which are critical toward high-fidelity computational modeling for
producing cost-effective drilling fluids [20-22]. Li et al. [23]
developed self-assembled silver NPs with an average size of 5 nm
and incorporated the NPs in kerosene-based fluids. They conducted
thermal conductivity measurements at three different temperatures
(25, 40, and 50 °C). The results showed that the thermal
conductivity of each silver nanofluid was higher than that of its base
fluid and increased nonlinearly with increasing the concentration of
the NPs.

Kang et al. [24] developed and studied water and oil-based
drilling fluids containing silica NPs by running tests such as
spontaneous imbibition, swelling rate, and acoustic transit time.
Their results demonstrated that for the water-based drilling fluids,
NPs led to higher Plastic Viscosity (PV) and Yield Point (YP), and
lower API-filtration. They attributed this behavior to the fact that
silica NPs can quickly disperse in the water-based fluids and
effectively prevent the filtration into shale by plugging pore throats.
However, it is not easy for NPs to disperse in oil-based fluids, thus
reducing their effectiveness.

Ismail et al. [25] investigated the use of Multi-Walled
Carbon Nanotubes (MWCNTS) as an additive to improve the
rheological properties of water-based and ester-based drilling
fluids. They focused on finding the optimum concentration of
MWCNTs with an average diameter of 30 nm to induce better
rheological properties at various temperatures. The results indicated
that the concentrations of MWCNTS that were used in the water-
based drilling fluid do not much affect PV, YP, and GS. Alizadeh
et al. [26] studied the rheological behavior of a drilling mud

2. MATERIALS AND METHODS
2.1. Drilling and nanofluid materials.

In this study, the base drilling fluid included water, Soda Ash
(as water hardness reducer), Sodium Chloride Salt (as weighting
agent), Lime (as pH control), and Natural Gum ( as viscosifier). All
of these materials were purchased from Aharan Group Company.
Three NPs (Fe304, Al203, TiO2) were added to the base drilling
fluid to investigate the rheology properties and formation damage
of these nanofluid. The properties of the NPs which were purchased
from Tamad Kala are given in Table 1.

2.2. Core samples and saturation water.

The cores in this study were obtained from carbonate
outcrop rock of south of Iran, and before using they were cleaned
by methanol and were arid. Properties of cores are shown in table
2. For saturating the cores, 5% w/w of potassium chloride solution
was used.

2.3. Drilling fluid preparation.

A stepwise procedure was used to prepare the base mud (a
drilling fluid with a weight of 70 pcf). The base drilling fluid
preparation began with adding NaCl to water and mixing for 15
minutes. After that, soda ash was used to eliminate the hardness of
the water. Next, lime and natural gum were added. Finally, the
prepared solution of NPs in distilled water was combined with the
sample.

containing alumina/polyacrylamide nanocomposite. The synthetic
nanocomposite was prepared through the solution polymerization
method. They noticed that the viscosity of the drilling fluid
increased up to more than 300 cp for both freshwater and brine-
based mud by adding 4% of the nanocomposite. Furthermore, they
indicated that the nanocomposite tested was able to reduce the
thixotropy of the produced drilling fluid.

Amarfio et al. [27] evaluated the impact of Al,O3; NP on the
rheological properties of water-based mud. The results showed that
Al>O3 NP provided thermal stabilization for the drilling mud under
high-temperature conditions and that the Al,Os NPs were able to
maintain the shear stresses of the fluid as temperature rises. Parizad
et al. [28] investigated the effects of SiO, NP and KCI salt on
filtration and thixotropic behavior of polymeric water-based drilling
fluid in different concentrations and temperatures with zeta
potential and size analysis. They reported that the SiO, NP addition
mostly improved the drilling fluid performance; however, the
addition of SiO, NPs in higher concentrations was not much
effective. The amount of SiO, NPs for valid and justifiable usage
should be carefully selected. The KCI also effected SiO, NPs
behavior in drilling fluid.

Over the past few years, the need for improved drilling fluids
has led researchers to explore the development of advanced drilling
fluids using different types of NPs as additives. Despite the
relatively large number of studies on the effect of NPs on drilling
fluid, there is a lack of studies regarding the effect of simultaneous
NPs in laboratory and field conditions with an industrial application
approach. In this paper, the effect of three different types of NPs on
the rheological properties of drilling fluid and the extent of
formation in both laboratory and field conditions is investigated
with consideration of industrial applications and applications in two
different weights, which is discussed in detail below.

Before each drilling fluid additive was included, the sample
was mixed with an American Hamilton Beach Mixer for 15-20
minutes to ensure uniform dispersion of the additives. After
preparing the base fluid, an Ultrasonic Probe Device was used for
mixture nano solution about 30 min to make sure the fluid be
uniform. After the preparation of nanofluids due to simulating field
conditions, samples were warm up in the rolling oven to 200
degrees Fahrenheit. Then rheological properties of samples were
measured by Fann 35 VG-meter, and an API100 filter press was
used to measuring the drilling fluid filtration. Eventually, for
measuring formation damage of three nanofluids that included
TiO2, Al203, and Fe304, a formation damage measuring device
(Vinci Technologies- FDS350) was used.

Also, similar steps have been taken to prepare a drilling fluid
with a weight of 80 pcf as another base mud. The fluid preparation
steps for the base muds with 70 and 80 pcf are mentioned in
Table 3 and Table 4, respectively. This study aimed to investigate
the rheological properties and formation damage of water-based
mud, including three different NPs of iron oxide (Fes0a4), aluminum
oxide (Al,O3), and titanium oxide (TiO,) at four different
concentrations.
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Table 1. The physical

properties of the used NPs.

Dimension specific surface area
(nm) (m?/g)
Iron Oxide (Fe3zO4) 99.0 20-30 60
Aluminum Oxide (Al203) 99.0 20 >138
Titanium Oxide (TiO2) 99.5 40 35

Table 2. The Properties of cores.

Diameter Porosity permeability
(cm) (%) (md)
1 10.6 3.8 24.6 61.28
2 9.6 3.8 23.7 61.28
3 8 3.8 25.2 73.54

Table 3. Fluid preparation steps for the base mud (70 pcf).

Soda Ash
()
1 Base 325 66.000 1.000 0.800 8.000 0.000
2 Al20s3 275 66.000 1.000 0.800 8.000 0.050
3 Al203 275 66.000 1.000 0.800 8.000 0.100
4 Al203 275 66.000 1.000 0.800 8.000 0.500
5 Al203 275 66.000 1.000 0.800 8.000 1.000
6 TiO2 275 66.000 1.000 0.800 8.000 0.050
7 TiO> 275 66.000 1.000 0.800 8.000 0.100
8 TiO2 275 66.000 1.000 0.800 8.000 0.500
9 TiO2 275 66.000 1.000 0.800 8.000 1.000
10 Fes04 275 66.000 1.000 0.800 8.000 0.100
11 Fes04 275 66.000 1.000 0.800 8.000 0.500
12 FesOs 275 66.000 1.000 0.800 8.000 1.000
13 FesO4 275 66.000 1.000 0.800 8.000 1.500

Table 4. Fluid

preparation steps for the base mud (80 pcf

Soda Ash Natural Gum Limestone
(9) (9) Powder
(9)
1 Base 325 66.000 0.500 8.000 107.000 0.000
2 Al203 275 66.000 0.500 8.000 107.000 0.050
3 Al203 275 66.000 0.500 8.000 107.000 0.100
4 Al203 275 66.000 0.500 8.000 107.000 0.500
5 Al203 275 66.000 0.500 8.000 107.000 1.000
6 TiO2 275 66.000 0.500 8.000 107.000 0.050
7 TiO> 275 66.000 0.500 8.000 107.000 0.100
8 TiO2 275 66.000 0.500 8.000 107.000 0.500
9 TiO2 275 66.000 0.500 8.000 107.000 1.000
10 Fes04 275 66.000 0.500 8.000 107.000 0.100
11 FesOs 275 66.000 0.500 8.000 107.000 0.500
12 FesOs 275 66.000 0.500 8.000 107.000 1.000
13 FesOas 275 66.000 0.500 8.000 107.000 1.500

2.4. Rheology and filtration measurement.

Firstly, the 70 and 80 pcf water-based muds were prepared
and then NPs were added in a suspension state with predetermined
concentrations (Figure 1). Then, the corresponding rheologic
properties and formation damage were measured. Some points were
considered for the tests with the 70 and 80 pcf muds including
determination of the mud weight. Considering the specifics needs
for utilizing the oil-based mud, shale problems, formation damage,
and consequently, the significant rise in the drilling costs of
reservoir formation, it was decided to test an interval of muds’
weight which owns the most common applications. Initially, a 70
pcf water-based mud was prepared, and after adding three NPs, it
was separately tested for four different concentrations in the
samples. All the rheological properties of the drilling fluid were
measured. The base mud containing no NPs was used as an index
for comparison.

A total of thirteen tests were performed for thirteen
different mud samples. The rheological properties including, PV,
YP, FR, and GS were measured. In the preparation of the 70 pcf
mud, the only salt was utilized to increase the mud’s weight and
natural gum as viscosifier. This allowed us to observe the mere
effects of NPs on the fluid properties as the reactivity of the
nanoparticles highly promotes due to the increase in the effective
surface area, consequently, the addition of any other material may
influence the NPs’ performance. At all stages of the tests with the
70 pcf mud, laboratory standards such as the use of ordinary water,
ultrasonic mixers to process the nano-particle solution, and
adjusting the drilling fluid pH to 11 were considered. The real
conditions of the oil field were applied for the tests with the 80 pcf
mud. As the second stage of tests, an 80 pcf base mud was
considered to make sure it would provide enough hydrostatic
pressure to surpass the formation pressure. For this heavier mud,
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field considerations were mostly followed such as using the local
water and setting the pH on 7.5 and incorporating the Hamilton
Beach mixer with its highest speed in preparing the base mud and
also the NIPs suspension fluids.

The test for determining the formation of damage is highly
time-consuming. Hence, just the optimum concentrations of the
NPs previously determined in other tests regarding the rheologic
properties were considered. The optimum concentration values for
the FesO., AlOs, and TiO, were 0.28, 0.14, and 0.028 wit%,
respectively.

During all the three tests, three identical cores with certain
dimensions were placed in the device. Initially, the initial
permeability was recorded, then, the test was continued in dynamic

3. RESULTS
3.1. The 70 pcf sample.
3.1.1. Plastic Viscosity (PV).

Figure 2 shows the effect of adding different NPs on the
PV of the drilling fluid samples at different concentrations for the
70 pcf mud. The Al,O; NP viscosity graph suggests that the
viscosity of all NP mud samples is higher than that for the base mud,
which is physically justifiable. According to this figure, the PV
increases have an ascending trend to the concentration of 0.15 wt.%
and then decreases. This decrease can be attributed to the increase
in concentration, disruption of the suspension solution stability, and
consequently, the precipitation and deposition of the particles. In
the case of Fe3O4 NP, it can be said that at concentrations less than
0.07 wt.%, the NP did not have a particular effect on the fluid, in
fact, it has caused a decrease in the PV by destabilizing the fluid.
Between the concentrations of 0.07 to 0.24 wt%. the PV shows a
normal behavior. the PV has increased by increasing the number of
bonds due to the increase of NPs and electric charges and then
decreasing so that the decrease after 0.24 wt% decrease the
viscosity is lower than the base mud. It becomes stable and stable
from 0.3% wt. The graph for the TiO, NP indicates that in the mud
sample at concentrations below 0.14 wt% PV is lower than that for
the base mud and the NP concentrations up to 0.1 wt% have adverse
effects on the properties of the muds. The increases in the
electrochemical charges in the fluid result in precipitin and
deposition of the solid particles, which has decreased the PV.
However, after the 0.14 wt% concentration, the PV surpasses that
for the base mud and continue its ascensive trend.

3.1.2. Yield Point (YP).

It assumed that the increase in NPs concentration causes
to increase the yield point (YP) such as PV, due to the increased
charges in the mud. Figure 3 shows the effect of different NPs on
the YP of the drilling fluid samples. According to this figure, in the
case of Al,O3 NPs, it can be expressed that the YP for the NP-
contained mud is higher than that for the base mud throughout the
testing process. It indicates an increase in the attraction forces inside
the mud induced by NPs addition. The value of YP increased until
the Al,O3 concentration reach to 0.14% by weight, but it decreased
from this point onwards. It can be assumed that the further addition
of NPs causes the electrical charge neutralization in the fluid, and
the yield point could make the fluid more stable by reducing itself
[29]. The investigation of the graph obtained from the experimental

and static modes, each for three hours, and finally, the permeability

of the core was recorded after the formation damage test.
[case  LLGH
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Figure 1. Prepared samples for drilling nanofluids.

data on the Fe3O4 NP sample shows an ascending trend throughout
the testing path. The path confirms the prediction, and the increase
in the concentration of FesO4 NPs increased the electrochemical
charges in the mud, which resulted in YP increasing. At
concentrations below 0.25 wt. %, YP is lower than that for the base
mud; in fact, this amount of NP concentration has neutralized the
extra electrical charges, and higher NP concentration has kept the
YP constant at that of base mud and has stabilized it. According to
the TiO, NP diagrams, the NPs maintain mud stability at all
concentrations, and the electrical charge changes were not such as
to cause a gap in the drilling fluid properties, and the rheological
properties remained unchanged.

3.1.3. Filtration Rate (FR) and mud cake.

The filtration rate (FR) of the various samples shown in
Figure 4. Water loss of mud at all concentrations of Al,O; NPs was
higher than that for the base mud, indicating a lack of formation of
stable structure within the drilling mud. The reason for this is the
sizeable molecular-scale particle size, which causes form the larger
bonds; therefore, the low-permeability mud cake does not develop.
The thickness of the mud cake was not measurable due to the
unstable cake.

In the Fe3O4 NP mud sample, based on the FR diagram and
mud cake thickness, stronger bonds formed, the cake quality
increased, resulting in a gradual decrease in the water loss of the
mud as the concentration of the NP increased. For samples made
with TiO2 NPs, as can be seen in the figure, the FR and mud cake
thickness values are between that for two previously mentioned NP-
contained mud samples. It indicates relatively good bonds between
the NIPs and the drilling fluid components [29]. FR remained almost
constant with the gradual increase of TiO, NPs concentration, and
it began to decrease at the concentration of 0.15 wt. %, indicating
improved fluid rheological properties. The mud cake also did not
fluctuate and showed the same thickness at all concentrations.
3.1.4. Gel Strength (GS).

As mud additives increase the gravity forces inside the
mud, the amount of mud gel strength (GS) will increase. According
to Figure 5, which shows the effect of different NPs concentration
on the GS of the drilling fluid, the GS was initially almost constant
with the increase in Al,O3 NP concentration, indicating the general
stability of the drilling fluid. Then, the GS increased with a slight
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trend due to the increase in positive and negative charges inside the
mud.
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Figure 2. Effect of different NPs concentration on PV of drilling fluid
sample in different concentrations (70 pcf sample)
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Figure 3. Effect of different NPs concentration on the drilling fluid
sample variation in different concentrations (70 pcf sample)
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Figure 4. Effect of concentration of different NPs on FR of drilling fluid
sample in different concentrations (70 pcf sample)
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Figure 5. Effect of different NPs concentration on GS of drilling fluid
sample in different concentrations (70 pcf sample)

It can be seen in the Fes04 NP diagram that although the
GS of the Fes04 NP-containing mud was initially lower than that
for the base mud, with the increase in FesO4 NP concentration, the
GS increased gradually. This gradual increase is due to the increase
in electrical charges and stronger bonding. The TiO, NP diagram
shows that, at all concentrations, the amount of GS was slightly
higher than that for base mud, but no significant changes observed.

3.2. The 80 pcf sample.
3.2.1. Plastic Viscosity (PV).

PV reflects the collision of particles in the fluid. The Al,O3
NP-containing sample has a lower PV than the base mud, indicating
that the addition of Al,O3 NP up to a concentration of 0.02 wt. %
caused an increase in the viscosity, but the higher NP concertation
disrupted the fluid equilibrium. With the accumulation and
deposition of particles, the number of collisions has decreased,
which reduces the ability of drilling fluid to suspend and carry the
drilling cuttings. Of course, this decline is not very significant.

In the FesO4 NP-containing mud sample, the rheological
properties do not alter up to NP concentration of 0.025 wt. %, and
then the viscosity increases concerning NP concentration. It means
that the drilling fluid properties improve for the suspending and
transfer of the drilling cuttings. Investigation of the TiO, NP-
containing mud diagram indicates that the viscosity increases up to
an NP concentration of 0.02 wt. % and then decreases to a fixed
value. It means that the increase of NP concentration up to 0.02 wit.
% causes to improve the bonds inside the fluid. Still, with more
increase in NP concentration, the equilibrium is lost, and the
rheological properties slightly decreased, while the stability of
drilling fluid preserved (Figure 6).

3.2.2. Yield Point (YP)

To analyze the YP diagram, it is essential to note that the
ascending or descending trends of the diagram are not a positive or
negative criterion for the effect of NPs addition, but when the YP is
in the normal range or the changes cause the diagram to move in the
normal direction, it reveals a positive effect and indicates fluid
stability. Excessive increase in YP causes the drilling fluid to
become a gel and put extra pressure on the mud pump. On the other
hand, excessive reduction in YP also reduces the ability of drilling
fluids to remove cuttings. The increase in Al,Os NPs initially
caused to reduce YP, and its value is kept at about the same value
as the base mud. It means that, up to Al,O3; NPs concentration of
0.14 wt. %, the NPs neutralized the excess soluble charge. Then a
further increase of NPs concentration caused the internal attraction
in drilling fluid and thereby YP increase. According to Figure 7, the
Fes04 NPs diagram shows that the addition of this NPs has balanced
the mud electrical charge, and it has established relative stability at
all concentrations. At concentration above 0.027 wt. %, the extra
charges of fluid neutralized, and drilling fluid became more stable.
The addition of TiO, NPs caused a descending trend in the YP
value, and this descending trend continued to the end. Also, the YP
value is less than that for base mud at all NPs concentration. It
indicates that the equilibrium and stability of the drilling fluid have
reduced, and the deposition of NPs reduced YP, which is supported
by the descending trend of PV.

3.2.3. Filtration Rate (FR) and Mud cake

Al,O3 negatively affects the water loss of drilling fluid.
Based on the decrease in PV, it can be concluded that the addition
of NPs decreases the stability of rheological properties, which this
instability causes to drop in the viscosity, drop in the mud quality,
and thereby increase in the water loss amount. Simultaneous
investigation of water loss and PV diagrams for the FesO4 NPs
shows that a decrease in the water loss and an increase in PV occur
at NPs concentration of above 0.025 wt.%, which causes to improve
the rheological condition of the drilling fluid. In the case of TiO2
NPs, although at all concentrations, the fluid condition and the
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rheological properties are poor, there is a proper condition in the
water loss diagram.
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Figure 6. Effect of concentration of different NPs on PV of drilling fluid
sample in different concentrations (80 pcf sample)
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Figure 7. Effect of different NPs concentration on the drilling fluid
sample variation in different concentrations (80 pcf sample)
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Figure 8. Effect of different NPs concentration on the filtration rate of
drilling fluid sample in different concentrations (80 pcf sample)

3.3. Nanofluid circulation and invasion.

One of the most severe problems in the drilling industry is
the formation damage caused by drilling fluid. Since the pressure of
the drilling fluid column needs to be higher than the formation
pressure in over-balance drilling, it causes the filtrate to penetrate
the porous space around the well. It reduces production and causes
some other problems. As a result of filtrate penetration, a mud cake
is formed, which the thin and impermeable cake decreases the
intensity of formation damage.

In this study, the made NP-containing fluids were tested
by the formation damage apparatus, and Figures 9, 10, 11 were
drawn based on the obtained data. These graphs show the pressure
changes at the beginning, middle, and distance of the two ends of
the core in terms of the volume of fluid injected into the core.

In the diagram of Al,O3 NPs, the injection started with low pressure
into the formation, then pressure increased as injection continues,

and it fixed at a specific value. Pressure changes in the middle and
distance of the two ends of the core are close to each other, but it
differs from pressure change at the beginning of the core.

This pressure increases in diagrams A, B, C is related to
the pressure changes at the beginning, end, and distance of the two
ends of the core in dynamic conditions, respectively, which are
associated with muds circulation within the system. Additionally,
the diagrams AA, BB, CC are related to the static section of the
formation damage test, which continues diagrams A, B, and C,
respectively. According to the plotted diagram, it can be concluded
that the penetration of the filtrate into the core was initially easy,
and this penetration continued to the endpoints of the core because
the core average pressure diagram and end of core pressure diagram
are close to each other and are more than the pressure of the
beginning of the core.

In the case of Fe304 NPs, a two-step trend is observed with
an increase in pressure changes. At all three diagrams A, B, C,
which represent the dynamic condition of the experiment, after the
initial increase in pressure, initial stability is achieved at specific
pressures. But with continued injection, the stability is broken, and
an increase is observed in pressure changes again. In the static
section, after a slight increase in pressure, the slope of the diagram
goes to zero. According to the diagram, we can see that all three
diagrams of pressure changes are close to each other. It reveals that
an impermeable mud cake formed at the beginning of the core and
created pressure, which caused to reduce the water loss penetration
into the porous media and formation damage.
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Figure 9. Pressure variations according to injection volume in the
formation damage test of the sample containing Al2Os NPs

In the TiO, NPs diagram (Figure 9), a normal increase in
pressure changes to counteract the simulated pressure of the
formation is initially observed. Then with overcoming the
formation pressure, the fluid begins to penetrate within the core
until this increase in pressure becomes constant, and the pressure
does not change, as shown by the diagrams A, B, and C, which
means that the dynamic section of the experiment is finished. In the
static part of the experiment, the pressures become constant. Such
as Al,Os; NPs, diagram A, representing the pressure changes at the
beginning of the core, are not close to diagrams B and C, which
represent the pressure changes at the end of the core and average
pressure, respectively. It can be concluded that the penetration
pressure is low at the beginning of the core, thereby the fluid enters
the core and the pressure at the end of the core increases.

In the case of Fes04 NPs, as seen in [24], a two-step trend
is observed with an increase in pressure changes. At all three
diagrams A, B, C, which represent the dynamic condition of the
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experiment, after the initial increase in pressure, initial stability is
achieved at specific pressures. However, with continued injection,
the stability is broken, and an increase is observed in pressure
changes again. In the static section of the experiment, after a slight
increase in pressure, the slope of the diagram goes to zero.

In Figure 10, which shows the pressure variations by
injection volume in the formation damage test of specimens
containing TiO2 NPs, a normal increase in pressure changes to
counteract the simulated pressure of the formation is initially
observed. Then with overcoming the formation pressure, the fluid
begins to penetrate within the core until this increase in pressure
becomes constant and the pressure does not change, as shown by
the diagrams A, B, and C, which means that the dynamic section of
the experiment is finished. In the static section of the experiment,

the pressures become constant.
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Figure 10. Pressure variations according to the injection volume in

specimen damage testing of TiO2 NPs
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Figure 11. Pressure variations according to the injection volume in
specimen damage testing of TiO2 NPs

3.4. Permeability Reduction (k)

The most important result obtained from formation
damage apparatus and formation damage diagram is the recording
of initial permeability and returns permeability (after dynamic &

static MUD tests) of the core. By comparison of these two
permeability, the intensity of formation damage induced by the
designed drilling fluid can be obtained, which is a reasonable
estimation of real condition. Depending on the ability of the NPs to
improve the rheological properties of the drilling fluid, mud cakes
can be formed at any point from the beginning to the end of the core
by injection of fluid into the core. Therefore, the quality and
position of the created mud cake are critical. It means that the
stronger NPs bonds inside the drilling fluid make the microscopic
bridges better and more efficient. Thereby, less filtrate penetration
and formation damage occur.

In the Al,O3 NP experiment, to investigate the intensity of
formation damage, the initial permeability was measured at three
injection rates of 1, 2, 3 cc/min, and then the return permeability
was calculated.

The percentage of core permeability reduction by Al,Os
NP is:

KFinal

Klnitial 035 (1)

It means that the intensity of formation damage is
equivalent to the 65% reduction in initial permeability (Table 5).

The Fes04 NP sample also treated in a similar manner,

which the results of the test are shown in Table 6.

The percentage of core permeability reduction by Fe;O4 NP is:
Klnitial 0.46 (2)
In other words, the formation damage intensity is
equivalent to 54% reduction in the initial core permeability.
By repeating the same experiment for the TiO, NP, the
following results obtained in Table 7.

Using the data in Table 7, the percentage of core permeability
reduction by TiO, NP is:
KFL’nal
Klnitial 029 (3)
This means that the formation damage intensity is
equivalent to 71% reduction in the initial permeability.
According to the formation damage diagrams, as expected,
Fe304 NPs showed the least damage compared to the two other NPs
by making more suitable mud cake at the beginning of the core. The
FesO4 NPs create bridges in the entrance of the core by forming
bonds between the fluid components; thereby an impermeable mud
cake is formed causing less filtration and consequently less
formation damage [30].

Table 5. Formation damage and permeability reduction test data in Al2.O3z NPs

namic & static MUD tests

Rate (cc/min) 1 2 3

Rate (cc/min) 1 2 3

DPT (psi) 7 10 |13

DPT (psi) 15 (24 |32

Permeability (mD)

Permeability (mD)

21.63

Table 6. Data on permeation damage testing and permeability reduction in samples containing FesO4 NPs

Initial permeability

Return permeability (after dynamic & static MUD tests)

Rate (cc/min) 1 2 3

Rate (cc/min) 1 2 3

DPT (psi) 7 10 |13

DPT (psi) 11 |18 |24

Permeability (mD)

Permeability (mD)

28.28
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Table 7. Data on damage testing and permeability reduction in samples containing TiO2 NPs

Rate (cc/min) 1 2 3 Rate (cc/min) 1 2 3
DPT (psi) 7 9 12 DPT (psi) 14 32 31
Permeability (mD) 73.54 Permeability (mD) 21.63

4, CONCLUSIONS

Experiments on the 70 pcf water-based mud that has been
mixed at laboratory conditions showed that rheological properties
of all nanofluids underwent relative improvements compared to the
base mud. This indicates an increase in the level of interparticle
forces and the strengthening of ionic bonds, which lead to higher
stability in the nanofluid. Among the nanofluids, the ferrite oxide
mixture demonstrated the best refinement in terms of rheological
properties (Pv, Yp and Gs). Moreover, the iron oxide nanofluid led
to an increasing trend in filtration measurements at all
concentrations. This most probably results from the better stability
of the ferrite oxide nanofluid and the establishment of a thinner and
less permeable mud cake.

Experiments on the 80 pcf water-based mud that has been
mixed at field conditions also point to the fact that ferrite oxide
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