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11.1 Introduction

The production in the Ocelote field is mainly in C7 sand, which corresponds to sand
from the Carbonera formation. The well logs recorded during the life cycle of this
field show drilling-induced formation damage associated with the drilling process
where water-based drilling fluids have been used. Therefore, the production from
the new wells was low based on the values estimated from the petrophysical proper-
ties. Although this problem has been alleviated by modifying the type and design of
the bridging material used in the conventional fluids, there is scope to further reduce
the damage and achieve an early stimulation of the formation from other types of
mechanisms. Moreover, during the production life of the wells, the productivity
decreases because of fines migration (presence of migratory clays) and wettability
changes due to organic deposits (crude oil with colloidal instability).
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Mud filtrate and solid particle invasion near the wellbore during the drilling pro-
cess and the consequent formation damage induced are the main problems in the oil
and gas industry [1-3]. The different damage mechanisms due to the mud filtrate are
associated with polymer adsorption onto the rock and plugging [1], ionic incompat-
ibility between the filtrate and the formation water [4], aqueous filtrate trapping [5],
wettability [6, 7], and pore-blocking effects [8] resulting from changes in the satura-
tion of water [9, 10]. The solid and fine particles inherent to the formation block the
pore throats and reduce the effective flow space [11, 12]. Furthermore, an accurate
interpretation of the well logs depends strongly on the depth of the mud filtrate and
fine mobilization extent.

It is difficult to reduce the near-wellbore invasion of the mud filtrate and mitigate
the fines migration given the design of the drilling fluids in terms of the selection of
suitably sized bridging material [13—16] and filtration control additives [17] for an
appropriate filter cake development [18]. Moreover, the properties of the reservoir
and formation fluids, particularly the viscosity, interfacial tension (IFT), and wet-
tability, vary because of the interactions between the reservoir fluid, mud filtrate,
and fine particles [10]. Therefore, in the drilling fluid design, reducing the drilling-
induced formation damage due to the invasion of the mud filtrate and controlling the
fines migration are essential. The solution designed in this study aims to mitigate the
formation damage while drilling a well in a field located in the Llanos Basin of
Colombia (Ocelote field).

Recently, nanoparticles (NPs) have been employed in NP-based drilling fluids,
where the NPs influence the viscosity, filtration control, and thermal and electrical
conductivities, among the other properties of the drilling fluid simultaneously [19].
For instance, authors have evaluated the chemical characteristics of NPs [20-23],
intercalated clay hybrid [24, 25], and nano-polymer material [26-28] to improve the
rheological behavior and filtration properties of the drilling fluids. Others have stud-
ied carbon nanotubes, SiO,, ZnO, and CuO NPs to enhance the thermal and electri-
cal conductivities [19, 29-31]. Some studies have demonstrated that NPs could
improve shale inhibition and wellbore stability [32-34]. However, these studies did
not consider the inhibition of the formation damage due to the drilling fluids.
Moreover, these NP-based drilling fluids neglect the effects of the mud filtrate and
fine invasion into the porous media. Most studies focused on bentonite-based drill-
ing fluids, which are associated with a high formation damage degree [35, 36].

More recently, our research group examined the effects of the nanoparticle size
and surface acidity on the formation damage due to bentonite-free water-based drill-
ing fluids. Additionally, the authors found that the invaded mud filtrate remained in
contact with the heavy oil during the displacement and reduced the viscosity [37].
Therefore, nanofluids should be designed such that they not only reduce the forma-
tion damage but also ensure that the mud filtrate invaded allows inhibiting the dam-
age mechanism such as in terms of the fine migration, wettability alteration, and
viscosity reduction, while additionally acting as a drilling fluid for stimulation treat-
ment. The NPs could favor the stimulation of the reservoir and reduce the use of
additional chemical stimulation treatments for improving the oil and gas production
in the early stages. Recently, Al-Yasiri et al. [19] developed a multifunctional
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drilling fluid by incorporating NPs. This nanofluid improved the rheology, filtration,
and thermal properties of the drilling fluid, overcoming many of the difficulties
encountered in drilling operations [19]. To the best of our knowledge, there is no
report that addresses both the reduction in drilling-induced formation damage and
enhancement in the mud filtrate quality that could improve the oil mobility and help
control fines migration with the use of a mud filtrate invaded with NPs.

Therefore, in this study, we designed a double purpose nanofluid to reduce the
drilling-induced formation damage while the mud filtrate invaded allows for improv-
ing the oil mobility and controlling the migration fines through core flooding tests
under reservoir conditions. Our double purpose drilling fluid is a new concept for
NP-based drilling fluids to reduce the drilling-induced formation damage while
improving the quality of the mud filtrate invaded, allowing for the interaction
between the rock and the formation fluids. Improvement in oil mobility and better
fines migration control can be expected. This paper is organized into five main sec-
tions: (i) NP characterization, (ii) evaluation of rheological and filtration properties,
(iii) evaluation of the mud filtrate quality, (iv) core flooding experiments, and (v)
field application. Our experimental study on the drilling fluids could help enhance
the drilling fluid properties, reduce the drilling-induced formation damage, and
employ the mud filtrate as an early stimulation treatment to improve the oil mobility
by reducing the wettability change and IFT. Field applications were carried out on
the drilling of two horizontal wells, in which a high mud filtration invasion has been
historically reported. The results are validated by comparing the behavior of the
pilot with a base drilling fluid well whose drilling is carried out using the same drill-
ing fluid but without the nanomaterials. The wells are evaluated in terms of the
invasion diameter, well stabilization time, productivity index, and solid production,
in order to verify the effectiveness of the NPs in the drilling fluid.

11.2 Materials and Methods

11.2.1 Nanoparticle Characterization

Fumed silica NPs (Si, 99%, Sigma Aldrich, United States) and B-alumina NPs (Al,
Petroraza, Colombia) were used. The NPs were characterized using the hydrody-
namic diameter (dh = 9.7 £ 4 nm Si and 61.4 + 6 nm Al) and zeta potential at pH of
work (C-potential @ pH 10 = —31.54 £ 3 mV Si and — 56.66 + 2 mV Al) based on
the dynamic light scattering technique (DLS) using a Nanoplus-3 from Micrometrics
(Norcross, GA, United States). The surface area (SBET = 380 m%g Si and 247 m*/g
Al) was determined through N, physisorption using the Brunauer—-Emmett—Teller
method (BET) with a Gemini VII 2390 Surface Area Analyzer (Autosorb-1 from,
Quantachrome, United State). Finally, the Fourier transform infrared spectroscopy
(FTIR) using an IRAffininty-1 s (Shimadzu, Kyoto, Japan) was applied to deter-
mine the functional groups on the NP surface.



384 J. V. Clavijo et al.
11.2.2 Drilling Fluid Preparation and Characterization

The drilling fluid was prepared to blend each component in a mixer (Hamilton
Beach, United State) as follows: 300 mL of water, pH was adjusted with caustic
soda to reach a value of 10 (NaOH >98%, Sigma Aldrich, United State), 1 g of xan-
than gum (Sigma Aldrich, United State), 5 g of starch (Sigma Aldrich, United State),
22 g of diesel, 3.4 g of 600 mesh calcium carbonate (CaCOj;, Procomin, Colombia),
15.0 g of 325 mesh CaCO;, and 4.1 g of 200 mesh CaCOs. The Al and Si NPs were
added after xanthan gum with a concentration varying from O to 0.3 wt.%.

11.2.3 Methods
11.2.3.1 Aging Process

Each of the prepared drilling fluid samples was aged in a hot roller oven (Fann,
United States) in a hermetic cylinder at 76 °C for 16 h by adhering to the American
Petroleum Institute (API) recommended test procedures [38]. The objective was to
evaluate the rheology and filtration control in the worst scenario of the drilling fluid,
that is, after thermal and dynamic degradation during the drilling operation under
the bottom hole conditions.

11.2.3.2 Rheological and Filtration Test

A rotational viscometer (Ofite, United States) was used to determine the rheological
properties of the drilling fluid. The plastic viscosity (PV) was obtained by subtract-
ing the Fann values at 64y, and 6. Yield point (YP) was obtained by subtracting at
the PV value the Fann lecture at 05y Gel strength was measured at 10 s and 10 min
(Gel 10s/10 m) reading the maximum dial at 05 after at the respective time of not
circulation. Finally, the HPHT filtration test (Fann, United States) was conducted to
quantify the filtration volume under the static condition with a differential pressure
of 500 psi and a temperature of 76 °C, respectively. Additionally, the mudcake
thickness was measured using a digital caliper (700-113 MyCal Lite, Mitutoyo
America Corp, United State) with several repetitions. These procedures adhered to
the standard protocols of the API [38].

Based on the results of the rheological and filtration experiments, the optimal
concentration of the NPs was selected to evaluate the performance of the mud fil-
trate obtained in their respective filtration test for improving the oil mobility and
fines migration control.
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11.2.3.3 Contact Angle, Spontaneous Imbibition Test, and Interfacial
Tension Measurements

The oil-wet rock samples, representative of the formation mineralogy, were
immersed into the mud filtrates with and without the NPs for 24 h at 25 °C. The rock
samples were oil-wet induced by asphaltene precipitation from an intermediate
heavy crude (23° API and asphaltene content of 10.54% by weight) produced from
the Ocelote field. Subsequently, the contact angle was measured through the sessile
drop method using an Attention Theta optical tensiometer (Biolin Scientific,
Finland). Moreover, we conducted a spontaneous test on the imbibition of water
into the oil-wet rock impregnated previously with the mud filtrate, before drying at
70 °C overnight, at room temperature to monitor the weight changes in the system
after being submerged. The imbibed water mass was recorded for 3.5 h [39, 40].
The wettability changes were analyzed on the basis of the liquid/air/rock contact
angles formed in the surface samples treated with the filtrate mud with and without
the NPs and in the differences between the imbibed mass. Finally, the IFT between
the crude oil/water formation and the crude oil/mud filtrate with and without the
NPs was evaluated at 25 °C using a force tensiometer - K11 (Kriiss, Germany). The
same crude oil used for the oil-wet induction was employed for the IFT measure-
ments and the displacement test.

11.2.3.4 Fines Retention Experimental Test

Fines retention experimental tests were performed in synthetic porous media previ-
ously impregnated with the mud filtrate with and without the NPs under atmospheric
conditions. The porous media were prepared with 70 g of Ottawa sand (Minercol
S.A, Colombia) (12-20 and 25-40 mesh) in a fraction mass of 50% ratio of each
mesh. The solution of the fines was composed of a mass fraction of 0.2% kaolinite,
because it is considered the most problematic clay and the main reason for the plug-
ging of porous spaces due to its migration [41-43], as seen in the Ocelote field.
Hence, fines suspension was injected from the top and flowed through the sand
packed through gravity forces. The effluent was collected and passed through the
filter paper to measure the quantity or concentration of the fines retained. Before the
test, the sand bed was soaked for 24 h with the mud filtrate with the NPs to impreg-
nate the porous media. The filter paper was weighted each time the fines suspension
passed through the porous media, thus determining the fines retained using an ana-
lytical balance (A & D company, United States) and obtaining the concentration of
the resultant fines. The test was completed once the initial concentration was equal
to the effluent concentration [42, 44].
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11.2.3.5 Displacement Test

Sandstone core samples from the Carbonera C7 formation of the Ocelote field were
used to compare the formation damage by the solid particle and mud filtrate inva-
sion from the drilling fluids with and without the NPs and to evaluate the migratory
clay control through the invaded mud filtrate. The mineralogical composition of the
rock samples consists of quartz (86%), feldspar (2%), illite/smectic (1%), illite/
mica (1%), kaolinite (9%), and chlorite (1%). The core flooding experiments were
carried out under reservoir and dynamic conditions such as a reservoir pressure of
1627 psi, a confining pressure of 2293 psi, an injection rate of 0.3 mL/min, and a
temperature of 76 °C. Table 11.1 lists the basic properties of the core samples from
the Ocelote field.

The drilling-induced formation damage due to the drilling fluid was evaluated by
comparing the permeability values before and after the injection of the drilling fluid
with respect to the protocol by Van der Zwaag [45]. The NP performance was exam-
ined considering three scenarios: (1) baseline, (2) drilling fluid injection without
NPs, and (3) drilling fluid with NPs, in other words the double purpose drilling
fluid. First, a synthetic brine was injected, and the absolute permeability was mea-
sured (Kabs). Subsequently, the Ko and relative permeability curves (Kr) were
obtained through the injection of the crude oil and synthetic brine, respectively. The
crude oil was injected to reach the residual water saturation state. Thereafter, the
drilling fluid was circulated in the transverse direction to the production core face
with an overbalance pressure of 500 psi, simulating the drilling operative times and
appropriate rates of the field. Additionally, while drilling with fluid circulation, the
dynamic filtration was measured. Later, the oil effective permeability (Ko) was eval-
uated by injecting the crude oil. The Kro, Krw, and oil recovery factors after the
drilling mud circulation were measured during the injection of the synthetic brine
until the residual oil saturation (Sor). Finally, the crude oil was injected, and the
return permeability was measured.

To evaluate the fines migration control by the mud filtrate invaded into the core,
the drilling fluid with and without the NPs was once again circulated over the core
face. The experimental protocol to determine the critical injection rate was based on
a study conducted by Cespedes et al. [42]. Crude oil was injected at injection rates
of 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 5.0, and 7.0 mL/min to obtain the injection rate in
which Ko is reduced by 10% compared with the previous Ko value.

Table 11.1 Permeability and porosity core samples of the core samples from Carbonera C7
formation of Ocelote field

Core number Permeability (mD) Pore volume (mL) Porosity (%)
1 453 9.7 20.2
2 445 11.1 22.0
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11.3 Results

11.3.1 Nanoparticle Characterization

Figure 11.1 shows the transmission electron microscopy (TEM) images. The NPs
presented an irregular form, and it was possible to corroborate the nanometric size
obtained by the DLS. Figure 11.2 presents the FTIR spectrum and vibrational
absorption bands for the Al and Si NPs. The representative bands of the vibration of
the silica (Si—-OH, Si—O-Si), alumina (Al-OH, Al-O-Al), and hydroxyl (-OH)
groups can be observed. The wide peak in the range of 3000-3550 cm™! is associ-
ated with AI-OH and Si—OH bonds and adsorbed water molecules on the surface in
the case of both the NPs [46]. The peak at approximately 808 cm™! can be attributed
to siloxane (Si—O-Si) symmetric vibrations. The peak in the range of 980—1220 cm™!
corresponds to AI-O—Al and Si—O-Si linkages. Additionally, the band Si—O-Si
groups are responsible for the peak in the range of 1970-1840 cm™! [47]. The FTIR
of the NPs is similar, except for the dissimilarities in the intensity of the peaks for
the —OH groups. The surface area of the Si NPs is larger than that of the Al NPs, so

Fig. 11.1 Transmission
electron microscopy
images (TEM) of (a) Al
and (b) Si NPs ata
magnification of 200 nm
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Fig. 11.2 FTIR spectra of Al and Si nanoparticles

the presence of —OH groups could be more representative; even water is adsorbed
onto the surface in the case of the Si NPs.

11.3.2 Rheological and Filtration Behaviors

Figure 11.3a—c show the NP concentration effect on the PV, YP, and gel strength at
70 °C, respectively, of the drilling fluid samples after the hot rolling process, repre-
senting the critical scenario of the drilling fluids during the operation due to the
thermal degradation. As expected, the PV increases with the increase in the NP
concentration in the system. However, for Al NP concentrations in the range of
0.03-0.05 wt.%, the PV did not increase. In fact, at a concentration of 0.1 wt.% and
higher, the PV increased. The Si NPs presented a higher PV increment than Al NPs.
This increment in the PV values is a result of the adsorption of the hydrophilic
group of the NPs with the polymer through hydrogen bonding with the —OH groups
on the NP surface [48, 49]. However, the Si NPs had a stronger interaction with the
polymer. The Al NPs had a lower adsorption capacity than silica [50]. The high PV
can be attributed to the viscous base fluid; it means that there is an alteration of the
cross-linking effect [51]. The addition of solid particles and the increment in the
viscosity did not represent changes in the density of the drilling fluids, conserving
the value of 8.9 Ib/gal in all the samples. The addition of solid particles did not
change the hydrostatic pressure of the fluid, thus ensuring a safe drilling operation.
The YP presents a similar behavior as the PV values. The YP values increase with
the increase in the NP concentration. However, the effect was stronger in the case of
YP than in the case of PV after the addition of the NPs. The average increments for
the PV were 5% and 13% for the Al and Si NPs, respectively, whereas for the YP,
the increments were 16% and 20%. The YP is considered the flow resistance as a
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consequence of the electrochemical forces inside the fluid under dynamic condi-
tions [22]. These electrochemical forces were improved because of the electrical
charges of the nanoparticles under a pH of 10 (pH of work), and deprotonation of
H+ of the Si—~OH and Al-OH occurs, resulting in a negative charge in the {-potential
values, —31.54 and —56.66 mV, for the Si and Al NPs, respectively. The {-potential
value is related to the colloidal stability due to the repulsion forces between the
particles; for {-potential lower than —30 mV, a higher stability is obtained because
the repulsion forces acts between the particles [24, 37, 52]. With regard to the sam-
ples presented herein, the Si NPs presented a lower {-potential than the Al nanopar-
ticles, so the repulsion forces weakly favored the aggregation, allowing a higher
resistance to flow and generating high PV values.

Otherwise, the gel strength, for the concentration range of 0.03-0.05 wt.%, pre-
sented a slight increase. However, at higher concentrations, the properties improve
by approximately 60% and 80% with respect to the drilling fluid sample without
NPs. Additionally, the gel structure of Al NPs was better than that of the Si NPs for
concentrations greater than 0.1 wt.%. The gel strength is one of the major rheologi-
cal properties indicating the capacity to build a gel structure during static conditions
allowing the solid particles and cuttings suspension [22, 53]. This means that Al
NPs present better electrostatic forces under static conditions, whereas the Si NPs
exhibit the highest performance while the drilling fluid is in circulation. This could
be because during the circulation of the drilling fluid, there are more interactions
between the polymer chains and the Si NPs than in the case of the Al NPs. The
C-potential value is quite high for the Al NPs, so in theory, the repulsion forces gov-
ern the system; however, under static conditions, the aggregation is predominant.
This suggests that the conditions of the dynamic circulation of the fluids favor the
Si NP—drilling fluid interactions, whereas the static conditions favor the Al NP—
drilling fluid interaction. The NPs could improve the rheological parameter of the
drilling fluids through different mechanisms that depend on the continuous phase,
water, of the mud system, and characteristics of the NPs, as shown in previous stud-
ies [23-25, 27, 54-56]. The Si NPs could improve the viscosity and YP of the drill-
ing fluids and consequently the transport of the solids and cutting to the surface
during the drilling operation, whereas the Al NPs are better for the suspension or
solids under static conditions. The NPs dispersed in the drilling fluid have a possi-
bility of increasing the friction between the layers, which increases the viscosity
[48, 49, 54]. The NPs and polymer may be linked through certain chemical link-
ages, thereby increasing the PV, YP, and gel strength. These results are in good
agreement with the previous findings obtained by our group.

Figure 11.4a, b show the effects of NP concentration on the filtration volume and
mudcake thickness at 500 psi and 70 °C of the drilling fluid samples after the hot
rolling process. The filtration volume and mudcake thickness decrease until a con-
centration of 0.05 wt.% and then start to increase with an increase in the NP concen-
tration. The Si and Al NPs presented a higher reduction of 17% in the filtration
volume at an optimum concentration of 0.05 wt.%. The Si NPs reduced the mud-
cake thickness by 18% compared with the base mud, whereas the Al NPs did not
present any significant changes. However, above an NP concentration of 0.1 wt.%,
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a heavy filter cake thickness with a low quality was obtained, resulting in a high
filtration volume. This behavior could be explained by the aggregation between the
particles due to the reduction in the distance between them with the increase in the
concentration. This was evident in the fact that the increments in the PV, YP, and gel
strength were less at low concentrations; however, above 0.1 wt.%, the resistance to
flow increases due to the aggregation. This suggests that the van der Waals and
electrostatic attraction forces are predominant at high NP concentration [57]. When
the Al and Si NPs are in the region of stability, that is, at {-potentials lower than
—30 mV, we can expect a higher stability state to occupy the space between the
bridging materials, and they can even act as dispersing agents [37, 58]. Some authors
have reported that NPs could enhance the rheological and filtration parameters of
the drilling fluids [23, 24, 26, 29, 54, 55, 59-62]. The NPs could interact with the
polymer additives and strength of the viscoelastic structure [21, 23, 24, 61], while
they act in the mudcake occupying the space and reducing the permeability and
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porosity [24, 37, 55, 63]. Thus, the effluents from the HPHT filtration test with a
concentration of 0.05 wt.%, which presented the highest filtration reduction, were
selected to evaluate the possible wettability alteration, reduction in IFT, and migra-
tion fines control capacity.

11.3.3 Effluent Evaluations

Generally, the mud filtrate invaded is considered a contamination of the rock, alter-
ing the oil saturation, wettability, capillary pressure, among other properties near
the wellbore [12, 18]. However, this could change with mud filtrate reduction and
enhancement in the quality. This means while drilling, the mud filtrate invaded with
the NPs could improve oil mobility and migration fines control because of NP reten-
tion in the porous media. Therefore, in this section, the effluents obtained in the
HPHT test with an optimal NP concentration of 0.05 wt.% were selected as they
showed the highest filtration reduction and improvement in the mudcake thickness
to soak the sandstone core and Ottawa sands. The processes of mud filtrate invasion
through the rock and wettability alteration were emulated. The results showed
reduction in the IFT, improved oil mobility, and migration fines control. Figure 11.5
shows the drops of water (Fig. 11.5a—c) and oil (Fig. 11.5d—f) placed onto the rock
surface, before and after mud filtrate soaking. As shown, the rock sample treated
with the mud filtrate in the absence of NPs showed an average contact angle of
66.6°. This condition indicates a low oil-wet condition [64, 65]. The same behavior
was observed for the rock treatment with the mud filtrate with Si NPs, 69.0°.
However, the rock soaked with a mud filtrate with Al NPs presented a reduction of
37% compared with the base scenario (mud filtrate without the NPs), reaching an
average contact angle of 41.4°. The presence of Al NPs favored the water-wettability,
whereas the rock samples treated with the mud filtrate with the Si NPs did not

Fig. 11.5 Contact angles for the water/air/rock system treated with the mud filtrate: (a) without
NPs, (b) with 0.05 wt.% Si, and (¢) with 0.05 wt.% Al. Contact angles for the oil/air/rock system
treated with the mud filtrate: (d) without NPs, (e) with 0.05 wt.% Si, and (f) with 0.05 wt.% Al
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change the oil wettability to water. For the oil droplets, the contact angles after the
mud filtrate treatment with and without the NPs did not change. Thus, the mud fil-
trate alters the wettability of the water but not of the oil. Subsequently, spontaneous
imbibition tests were performed with the rock samples treated with the mud filtrate
with and without the NPs. The difference between the former test is the available
surface area in contact with the liquid. In the following test, the water could enter
the rock and interact with the porous interconnected. Figure 11.6 compares the
spontaneous imbibition of the rock samples treated with the mud filtrate in the
absence of NPs, with 0.05 wt.% of Si and Al NPs, respectively. A fast-spontaneous
imbibition was observed for the rock with the mud filtrate with Al NPs, consistent
with the water-wet condition obtained in the contact angle test. This could be due to
the capillary pressure, which is the main factor driving the spontaneous imbibition
and is greater as the system is more water-wet, whereas the rock samples treated
with the mud filtrate without the NPs presented the slowest imbibition process.
These results are in good agreement with those obtained from the contact angle test.
The mud filtrate that invaded the formation can improve the wettability of the rock.
The NPs that have an affinity for the oil phase could be more easily adsorbed onto
the surface and can extend, making a thin film between the water drop and the solid
surface, as reported in literature [40, 66—68]. This means that the NPs decorate the
surfaces with induced oil wettability change into water preferences [40, 69].
Regarding the IFT, the Al nanoparticles in the mud filtrate generated a reduction in
the IFT measurement from 31.4 + 0.5 mN/m to 24.1 + 0.3 mN/m, which represents
a reduction of 24% compared with the crude oil/formation brine, whereas the mud
filtrate without the NPs did not represent a significative change, with IFT values of
31.9 = 0.2 mN/m and 40 + 0.5 mN/m, respectively. The NPs created a layer at the
crude oil and brine interface, thus reducing the friction between them, improving
the mobilization of the oil, and decreasing the work required to move the oil drop-
lets [70]. The trapped oil can be recovered if the ratio between the viscous and capil-
lary forces, expressed in literature as the capillary number Nc = uV/ecos(6) [71], can
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be increased when the system exhibits the least flow restriction due to the reduced
interfacial and wettability. Wettability alteration and IFT reduction are two impor-
tant mechanisms for enhanced oil recovery, playing a dominant role in the possible
oil mobility mechanisms. The mud filtrate not only works as a conventional stimula-
tion treatment but also helps change the wettability and reduce the IFT.

Figure 11.7 shows the breakthrough curves for the sand samples treated with the
mud filtrate with and without the Al and Si NPs at 0.05 wt.%. For the mud filtrate of
the base drilling fluid, the breakthrough curve shows an inherent retentive capacity
to sand, which is considerably lower than that when it is impregnated with the NPs,
as these provide a greater fixate capacity of the fines on the sand. Therefore, the
sand sample impregnated with the mud filtrate with the Si NPs presented a greater
fines retention. This could be attributed to the better affinity of the Si NPs to clay
fines in attaching to the sand grains. The attractive bonds between these particles
and the rock matrix are strengthened by the presence of the NPs that had been previ-
ously adsorbed onto the surface. In other words, the presence of certain NPs inhibits
the fines migration by fixing them to the formation [43, 72]. These results are con-
sistent with the report by Mora et al. [44].

Based on the obtained results, the drilling fluid with Al and Si NPs reported a
filtration volume reduction and improvement in rheological properties. Additionally,
the mud filtrate that invaded the formation could improve the water-wettability ten-
dency and reduce the IFT, for the case of the mud filtrate with Al NPs, and achieve
a greater retention of the fine particles that could be released from the porous media
or invaded from the drilling fluid, in the case of the mud filtrate with the Si NPs. The
IFT and wettability influence the capillary pressure [73]. In this sense, the reduction
in the IFT and water-wet tendency enhances the mobilization of the oil and improves
the oil recovery by decreasing the work required to move the oil droplets through
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the pore throat [70]. Therefore, the mud filtrate invaded will not represent other
mechanisms of formation damage during drilling operation; otherwise, this mud
filtrate could improve the properties of the rock and the formation fluids such as the
conventional stimulation treatment. Finally, a dual purpose drilling fluid based on
nanotechnology could be obtained through the enhancement of the drilling fluid
properties and improvement of the rock properties through the enhancement of the
mud filtrate quality. To corroborate the effect of these NPs under the reservoir and
dynamic conditions through displacement tests, the Al NPs at 0.05 wt.% was
selected owing to the filtration volume reduction, wettability alteration, IFT reduc-
tion, and fine migration control, although to a lower extent, given that the Si NPs
only presented fines migration control effect and not wettability or IFT improvement.

11.3.4 Displacement Test

The best NP and its concentration obtained in the static test, Al 0.05 wt.%, were
evaluated by conducting a dynamic filtration test through core flooding under reser-
voir and dynamic conditions. Table 11.2 lists the oil effective permeability for the
three scenarios reported. The reduction in the oil effective permeability owing to the
double purpose drilling fluid was lower than the mud unless the NPs. Finally, the
return permeability of the drilling fluid without the NPs presented a good return,
reaching its initial oil effective permeability. However, the drilling fluid with the
NPs allowed not only the return of the permeability but also a stimulation of the
permeability by 12% compared with the initial permeability value. The difference
in the oil effective permeability reductions after injecting the drilling fluid with and
without the NPs can be explained by the aggregation effect of the particles achieved
in the presence of NPs, allowing a lower invasion of the fines particles and mud
filtrate due to a less impermeable mudcake and therefore less formation damage,
which can be corroborated by the reduction in the filtration volume shown in
Fig 11.8.

The dynamic filtration behavior was reduced by 52% after the addition of the Al
NPs to the double purpose drilling fluid, as shown in Fig. 11.8. During the first
minutes, the highest filtration volume was obtained. In this scenario, the internal
mudcake is in motion. However, for the drilling fluid with the NPs, the change in the

Table 11.2 Comparison of oil effective permeability reduction due to the drilling fluids with and
without 0.05 wt.% Al NPs

Mud type Drilling fluid Drilling fluid +0.05 wt.% Al NPs
Initial permeability (mD) 393 393
Damage permeability (mD) 202 282
Permeability reduction (%) 48.6 28.2
Return permeability (mD) 390 442
Permeability reduction (%) 0.7 12.5
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slope is faster, indicating the development of the mudcake with low permeability
and porosity. For the drilling fluid without the NPs, it required more time to reach a
low-permeability mudcake to allow for the reduction in the mud filtrate invasion and
buildup of the external mudcake. At this time, a high filtration volume was reached.
In the second stage, the external mudcake was evaluated, where a seal was devel-
oped on the wall of the wellbore. Regarding the drilling fluid with the NPs, the fil-
tration volume tends to stop, whereas for the drilling fluid without the NPs, the
external mudcake is not yet consistent, so the filtration volume increases over time.
The NPs plug the pores and prevent the solid particles and mud filtrate invasion.
Based on the studies carried out by our research group, the NPs improve the filter
cake properties and solid packing, thus reducing the filtration volume and the growth
time for a stable and low-permeability filter cake formation [37, 55, 58].

Figure 11.9 shows the relative permeability curves for the baseline, drilling fluid
with and without Al NPs. Once again, the cores used in the study presented the same
petrophysical properties that ensure the reproductivity of the study, meaning that it
could represent the C7 formation. The Kro value at residual water saturation, end-
point, for the scenario without the NPs presented the highest reduction as a result of
the highest solid particles and mud filtrate induced while circulating the drilling
fluid, as reported in Fig. 11.8. However, the NP addition allowed the lowest reduc-
tion in the endpoint value. Therefore, the formation damage or the permeability
reduction was the lowest. After drilling fluid without the NP circulation, the residual
oil increased, and the water saturation decreased, compared with the baseline sce-
nario. The opposite was obtained for the drilling fluid in the presence of the NPs,
achieving a reduction in the Sor. This could be explained by the change in the wet-
tability; the porous media retained water and produced crude oil. These results are
consistent with the evaluation of the effluents in the static test and the reduction of
the Krw curves. Finally, the NPs in the drilling fluid improved the oil mobility based
on the conservation of the Kro slope. The NPs could inhibit the formation damage
and improve the wettability through the decoration of the porous media and reduc-
tion in the IFT, which does not occur in a conventional drilling fluid.
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Fig. 11.9 Relative permeability curves for the scenario without damage, after the injection of the
base drilling fluid and with 0.05 wt.% alumina nanoparticles (Al)
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Figure 11.10 shows the oil recovery factor for the drilling fluid with and without
the NPs. The drilling fluid system without the NPs showed an oil recovery of 59%.
The drilling fluid with a 0.05 wt.% Al NPs provided an oil recovery of 66%, com-
pared with the drilling fluid system without the NPs. According to this result, the
NPs in the drilling fluids reduced the formation damage by the mud filtrate and solid
particle invasion. Moreover, the NPs could change the wettability of the porous
medium that favored the permeability return, obtaining 7% more crude oil than the
conventional drilling fluid. Additionally, as mentioned before, the mud filtrate from
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the double purpose drilling fluid helped reduce the IFT, indicating that the trapping

oil can be recovered.

Figure 11.11 shows the behavior of Ko by varying the injection rate after the mud
filtrate circulation with and without the NPs. The objective was to determine the rate
at which the fines particles detach from the porous media and flow through blocking
the pore spaces and reduce the permeability mudcake. The addition of the NPs to
the drilling fluid and subsequent invasion of these through the mud filtrate increased
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Fig. 11.11 Critical injection rate to crude oil after mud filtrate injection from (a) base drilling fluid
and (b) drilling fluid with 0.05 wt.% alumina nanoparticles (Al)
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the injection rate from 5 mL/min (base drilling fluid) to 7 mL/min, an increase of
25%. The NPs decorate the porous medium, and once the fines particles start migrat-
ing, they are trapped by the NPs with no possibility of migrating or plugging the
throats.

11.3.5 Field Application

The main damage mechanisms of the Ocelot field have been identified, that is,
drilling-induced formation damage associated with the drilling process where
water-based muds are dominant. During the production life of the wells, the produc-
tivity decreases because of the migration of fines (presence of migratory clays) and
wettability changes due to organic deposits (crude oil with colloidal instability).
During the drilling operation of new wells, the drilling fluid allows the formation of
an efficient seal that helps reduce the filtration volume and solid invasion.
Additionally, the mud filtrate acts as a carrier fluid for the entry of NPs and helps
improve the properties of the rock by changing the tendency of the wettability to
water and controlling the fines and clay migration. Therefore, this damage mecha-
nism is the most important during the production stage.

A pilot was carried out in July 2020 in two wells in the Ocelote field whose target
formation is C7A. To evaluate the behavior in the two types of wells, the study was
initially carried out in a deviated well where the risks of differential sticking are
less. Subsequently, based on the results obtained, the second pilot will be run in a
horizontal well in the same production unit. From the above, a more effective result
is expected in the horizontal well where historically a greater invasion of mud filtra-
tion has been reported given the drilling conditions.

The validation of the results will be carried out by comparing the behavior of the
pilot with a base well whose drilling will be carried out using the same drilling fluid
without nanomaterials. These wells will be considered as twins and will be charac-
terized by their similarity in terms of the structural location, target formation, min-
eralogy, deviation, extent of completion, types of fluids produced, and expected
productivity indexes. The last parameter is directly associated with the petrophysi-
cal properties and well pressure conditions. The described comparison could help
evaluate the variation in the following parameters between the twin wells in order to
verify less fluid invasion, higher productivity associated with less drilling-induced
formation damage, and early fine stabilization.

11.3.5.1 Invasion Diameter Calculation by Well Logging

Given the different research depths of resistivity tools and the difference between
the formation water salinity and the drilling mud salinity, it is possible to define an
invasion profile both in wells without the nanofluids and in wells where the technol-
ogy is tested and thus compare the values in the formation of interest and quantify
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the percentage of decrease. This is achieved through a statistical distribution of the
resistivity curves in each of the wells.

11.3.5.2 Stabilization Time of Production Fluids

During the development of the Ocelote field, it has been found that there are wells
that take longer to produce the completion fluids. These cases from a petrophysical
viewpoint have been associated with poor filtration control. Given the above, the
time it takes to produce the formation fluids and the volumes obtained before pro-
ducing the formation fluids will be calculated, discounting for the pipeline capaci-
ties. The reservoir fluids are expected to be obtained more quickly in the pilot with
the nanomaterials.

11.3.5.3 Productivity Index

The initial productivity index will be compared by normalizing per feet of open
formation between the pilot wells and the comparison wells in the area. For the pilot
well, a lower deviation in the real productivity index is expected due to petrophysi-
cal properties, which translates into less formation damage. Less formation damage
may be associated with less invasion of the mud filtrate and restoration of the forma-
tion wettability.

11.3.5.4 Solid Production

Wellhead monitoring of the solid content produced during a month will be carried
out at equal time intervals so that a low solid content can be expected in the pilot due
to the stabilization of the NPs. The solids will be characterized by DRX and PSD to
confirm that they correspond to fines from the reservoir.

11.4 Conclusion

Alumina and silica NPs presented enhancement in the rheological and filtration
properties of a drilling fluid. The Si NPs at 0.05 wt.% presented an increase in PV
of over 9% compared with the drilling fluid without the NPs. However, the Al NPs
required a concentration of 0.1 wt.% to realize the same performance. The Al and Si
NPs could improve the YP and gel strength of the drilling fluids, but a concentration
of 0.1 wt.% was required to have significant changes. The filtration volume under
HPHT conditions after the aging process was reduced by 17% when adding
0.05 wt.% of Si and Al NPs. The Si NPs reduced the mudcake thickness by 18%.
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The Al NPs exhibited the highest performance in terms of the contact angle
reduction, 37%, IFT reduction 44%, and fine migration control, 66%. This indicates
that the NPs invaded through the mud filtrate could generate a water-wettability
tendency and retain the fines during the production time. Thus, the Al NPs were
selected for evaluation in displacement tests, not only owing to better filtration
reduction but also in terms of improving the oil mobility.

The Al NPs at 0.05 wt% in the drilling fluid reduce the filtration volume under
dynamic conditions by 52.1%, and the decrease in the oil effective permeability due
to the double purpose drilling fluid was lower than that of the mud without the NPs
by 20.2%. The NPs inhibited the formation damage owing to the reduction in the
invasion of filtrate and solid particles. The system allowed a high water retention by
increasing the saturation window, thus improving the mobility of the oil. These
characteristics provided an additional recovery of 10% crude compared with the
baseline scenario.

The Al NPs serve two objectives in the drilling fluid. After the drilling fluid cir-
culation, an increase in the critical injection rate of 66% was observed, indicating a
greater stability of the fines in the porous media. Thus, the treatment shows a poten-
tial not only to reduce the damage by the drilling fluids but also as an agent for fine
migration.

The results (field application) are in the process of execution, starting from the
selection of drilling fluids and wells that meet the requirements, wells with percent-
age of damage induced during drilling, fines migration, deposition of organics, and
subsequent changes in the wettability during the production life. Additionally, we
expect that the results will help compare the invasion diameter, well stabilization
time, productivity index, and solid production in the two wells called twin wells,
one of which will be drilled without the NPs and the other using the mud with NPs
based on its formulation.
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