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ABSTRACT: The development of sustainable, cost-efficient, and high-performance nanofluids is one of the current research topics
within drilling applications. The inclusion of tailorable nanoparticles offers the possibility of formulating water-based fluids with
enhanced properties, providing unprecedented opportunities in the energy, oil, gas, water, or infrastructure industries. In this work,
the most recent and relevant findings related with the development of customizable nanofluids are discussed, focusing on those
based on the incorporation of 2D (two-dimensional) nanoparticles and environmentally friendly precursors. The advantages and
drawbacks of using 2D layered nanomaterials including but not limited to silicon nano-glass flakes, graphene, MoS2, disk-shaped
Laponite nanoparticles, layered magnesium aluminum silicate nanoparticles, and nanolayered organo-montmorillonite are presented.
The current formulation approaches are listed, as well as their physicochemical characterization: rheology, viscoelastic properties,
and filtration properties (fluid losses). The most influential factors affecting the drilling fluid performance, such as the pH,
temperature, ionic strength interaction, and pressure, are also debated. Finally, an overview about the simulation at the microscale of
fluids flux in porous media is presented, aiming to illustrate the approaches that could be taken to supplement the experimental
efforts to research the performance of drilling muds. The information discussed shows that the addition of 2D nanolayered structures
to drilling fluids promotes a substantial improvement in the rheological, viscoelastic, and filtration properties, additionally
contributing to cuttings removal, and wellbore stability and strengthening. This also offers a unique opportunity to modulate and
improve the thermal and lubrication properties of the fluids, which is highly appealing during drilling operations.

1. INTRODUCTION

A drilling fluid (DF) or mud is a liquid or slurry used to lubricate
and cool the bit and the drill string, remove the cuttings during a
drilling operation, and protect the borehole, among others. In
energy and water applications, this type of fluid is used to drill
the surface to reach deeper reservoirs where oil, gas, or water
might be found. DFs play a crucial role in different applications,
and their formulation is a major challenge for the oil, gas, water,
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and infrastructure industries. In some cases, the formulation is
pursued to maximize the oil, gas, or water recovery, while
minimizing their cost and soil/environmental contamination.
The DFs represent about 5−15% of the total costs of the drilling
activity.1 In a similar way, tunnel boring machines efficiency is
closely related with the mud characteristics. There is therefore a
need for new, improved, environmentally friendly, and cost-
efficient drilling fluid formulations that solve the aforemen-
tioned issues. DF main functions include the following: (i)
controlling the formation pressures (the intrinsic hydrostatic
pressure of the DF must always be greater than the natural
wellbore hydrostatic pressure to avoid any fluid flux, which can
be responsible for the wellbore collapse); (ii) providing
adequate buoyancy to transport the cuttings/debris generated
during the drilling operation to the surface without a negative
environmental impact; (iii) sealing permeable formations
encountered while drilling (DFs promote the formation of a
thin layer at the surface of the wellbore; this layer is also crucial
to avoid fluid exchange with the formation, which often leads to
a well collapse); (iv) cooling and lubricating the bit during
drilling operations (drilling fluids serve to dissipate the heat
generated during drilling operations); and (v) transmitting
hydraulic energy to downhole tools.2−7 Thus, wells require
fluids with tailored and improved rheological properties and
thermal resistance as well as suitable filtration properties, among
others. The final formulation of such fluids must match the
wellbore demands, geography, rig capabilities, and environ-
mental concerns. It is also important to mention that modern
DF design and maintenance are heavily impacted by the surface
and downhole conditions. Most of these fluids must be able to
work under extreme conditions, such as under natural or
synthetic brines and high-temperature (HT) and/or high-
pressure (HP) conditions.6,8−11 Typical DF formulation would
require the following basic constituents: (i) a fluid base or media
able to mix with other additives; (ii) a viscosifier, which allows
one to control the rheological features of the fluid; (iii) a pH
modifier, which allows one to control/avoid corrosion; (iv) a
lost circulation material (LCM), which is the main material
responsible to control/avoid fluid losses or fluids leaks; and
finally, (v) a density regulator, which is responsible for
controlling/increasing the hydrostatic pressure.2,8,10,12,13

These requirements and functions are summarized in Figure 1.
So far, the International Association of Drilling Contractors

(IADC) and the American Petroleum Institute (API) have
classified DFs in three main categories: (i) water-based drill

fluids, (ii) oil-based drill fluids, and (iii) gas-phased drill
fluids.8−11 According to the literature, more than 90% of the
drilling fluids used so far are water-based (WBDF), whichmeans
that other formulations based on oil (OBDF) or gas (GBDF) are
used in a much smaller percentage.2,4,8,14 As expected, water-,
oil-, or gas-based muds exhibit intrinsic advantages and
drawbacks. For instance, OBDFs would offer high temperature
and salt/magnesium resistance. They also offer excellent drill bit
lubricity, but their main drawback lies in the fact that their
formulation is often much more expensive if compared with
WBDFs, accompanied by a major negative environmental
impact. However, recent research has demonstrated that the
environmental impact of such oil-based formulations can be
alleviated by using eco-friendly biolubricants derived from
vegetable oils.7,9 Likewise, WBDFs are by far more environ-
mentally friendly. It is relatively easy to modulate their
formulation, and their concomitant physicochemical properties,
which often leads to very competitive prices if compared with
those of OBDFs. In contrast, their main disadvantages lie in the
fact that they are much less stable at high temperatures and often
exhibit poor lubrication properties if compared with oil-based
formulations. Another important issue that WBDFs must
overcome is related to the high reactivity to the mineral clays
present in the well, which would promote time-dependent
borehole problems.4,8,10,11,15 Modern wells frequently require
combination of the aforementioned traits, which is often
achieved through the formulation of water-based muds in such
a way to reproduce some of the oil-based mud features but with
the costs−benefits, biodegradability, and disposal features that
water-based muds offer. Relatively few examples of water/oil
complex fluids with tailored physical-chemistry properties are
currently being formulated by combining esters, poly(α-olefins),
glycols, and glycerides, among others. As a matter of fact,
standard muds used in water, oil, gas, and tunneling applications
will include, but are not limited to, spud muds, bentonite-
containing muds, phosphate-containing muds, organic thinned
muds (red muds, lignite muds, and lignosulfonate muds), and
organic colloid muds.8,13−16

All of the aforementioned specificities are considered at
present as the major drawbacks in drilling wells operations. In
this work, the most recent and relevant findings regarding the
development of cost-efficient DF formulations, as well as the
trends based on the association of 2D nanoparticles and
environmentally friendly precursors, is presented. The advan-
tages and drawbacks of 2D nanostructures such as nanocarbon

Figure 1. Drilling fluids: basic constituents, main functions, and classification.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.2c02082
ACS Omega 2022, 7, 20457−20476

20458

https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


allotropes, silicates, and dichalcogenides and their further
physicochemical characterization including the rheology and
filtration properties are discussed. The main factors affecting the
DF performance such as the pH, temperature, ionic strength
interaction, and pressure, among others, is also debated. An
overview about the fluid flux simulations approaches at the
microscale in porous media is also presented, and finally, the
future challenges and opportunities linked to developing cost-
efficient methods to fabricate tailored nanofluids for DF
applications are also listed.

2. NANOPARTICLES USED AS ADDITIVES IN DRILLING
FLUIDS

Many attempts have been made to modulate the rheological,
filtration, and heat transfer properties of DF formulations using
nanoparticles as additives, viscosifiers, LCMs, or density
regulators by exploiting nanotechnology.17,18,27,19−26 The
enhancement of their properties due to the inclusion of
nanomaterials is attributed to their intrinsic properties at the
nanoscale. In fact, nanomaterials formulationmust ensure that at
least one of their constituents possesses sizes up to 100 nm (1
nm = a billionth of a meter).28−30 At this scale, nanomaterials
would exhibit totally different physicochemical properties,
including improved electronic properties such as thermal and
electrical conductivities, mechanical properties, high specific
surface area, magnetism, quantum effects, and antimicrobial
activity, among others, if compared with their macroscopic
counterpart.19,21,23,29,31−34 Most of the latter characteristic
features are often absent in their macroscopic form, and they
are closely related to their sizes and morphologies, which can
vary from nanoparticles with well-defined geometry (spheres,
triangles, squares, rhombuses, and plates), nanorods, nanotubes,
nanosheets, etc.28,29,35 Nanomaterials are classified as zero-
dimensional such as nanoparticles, one-dimensional such as
nanorods nanostructures, two-dimensional such as flat layer-like
nanoparticles, and three-dimensional such as those nanostruc-
tures formed by the interaction of two or several nano-
particles.28,30,36 Typical nanoparticles used so far in drilling
mud formulations include but are not limited to carbonaceous
nanostructures (carbon, buckminsterfullerene, carbon nano-
tubes, and graphene),37−44 copper oxide (CuO),45 zinc oxide
(ZnO), titanium dioxide (TiO2),

46 yttrium oxide (Y2O3), ferric
oxide (Fe2O3), silicon dioxide (SiO2),

47 alumina (Al2O3),
bismuth ferrite,48 nanocellulose, nanoclays, and molybdenum
disulfide (MoS2).

19,21,23,24,26,49−53 The fabrication of high-
performance hybrid muds based on the association of two or
more of the preceding nanoparticles has also been
reported.21,23,24,54−56

To date, several complex nanofluids aiming to modulate the
wellbore and thermal stability, the drill/bit lubrication, and the
reactivity with the clay in the shale reducing the hydrates
formation within the fluid circulation system have been
developed. Gallardo et al. (2018) reported the formulation of
WBDFs using silica nanoparticles of 12 nm. They reported that
the rheological and filtration properties of such nanofluids were
comparable with their oil-based counterparts. They also claimed
that the addition of silica NPs to their formulation would have
potential applications tominimize shale permeability, fluid leaks,
and pore pressure, which would improve the wellbore stability.47

Similarly, Beg et al. (2020) recently demonstrated that the
addition of TiO2 nanoparticles of 250 nm to water-based mud
formulations dramatically improves their thermal stability and
rheological properties.46 In the same way, a very interesting

series of nanofluids was reported by Saffari et al. (2018). They
reported the fabrication of tailored drilling muds by using
various nanostructured borates-based formulations such as
magnesium, zinc, aluminum, and titanium, with variable sizes
and morphology (nanoparticles and nanorods). According to
their findings, the addition of these nanoadditives increased the
extreme pressure performance if compared to the bentonite−
water mud counterparts. Besides, they concluded that titanium
borate-based additives showed the best tribological properties if
compared to the other borates-based formulations.57 Likewise,
Kazemi-Beydokhti and Hajiabadi (2021) very recently demon-
strated that the addition of multiwalled carbon nanotube
(MWCNT)/poly(ethylene glycol) complex improved the
rheological properties (specifically the viscosity and yield stress)
of the WBDFs studied. They also claimed that the inclusion of
such nanomaterials in their systems improved their carrying
capacity (buoyancy) at different temperatures, reduced the
fluids losses, and would potentially reduce the risk of formation
damage.58

Among the various nanomaterials that have been recently
used for DF formulations, 2D nanomaterials deserve special
attention because of their unique morphological sheet-like
structural features. Two-dimensional structures exhibit a huge
specific surface area (SSA) and aspect ratio (large lateral length/
thickness), with a typical thickness of a few nanometers, while
their lateral size could vary from a few dozen nanometers to a few
dozen micrometers. They possess particularly remarkable
physicochemical and electronic properties (electrons can be
confined throughout the plane), with a very high mechanical
strength, flexibility, and optical transparency.53,59−61 Several 2D
nanomaterials are currently exploited in different research areas.
They include but are not limited to graphene, transition metal
dichalcogenides (TMDs) such as MoS2 and MoSe2, hexagonal
boron nitride (h-BN) metal organic frameworks (MOFs),
covalent organic frameworks (COFs), black phosphorus (BP),
natural hydrate clay minerals (i.e., layered vermiculite), silicene,
and MXenes.53,59,61,62 Their potential for use in industrial
applications has increased exponentially over the past decade
thanks to the development and improvement of innovative and
cost-efficient synthesis methods. As far as drilling fluids are
concerned, a very interesting work has been recently reported by
Hong et al. (2019). They developed a WBDF using MoS2 flakes
as a 2D layered nanomaterial, with a thickness of 1−2 nm and
various diameters, ranging from 300 to 650 nm. They claim that
these additives promoted a shear-thinning behavior and an
increase in viscosity and thermal conductivity. These features are
highly appealing to enhance the buoyancy of the formulation,
which would facilitate the cuttings’ transportation during drilling
operations.49 In the same way, Liu et al. (2017) reported the
advantages of preparing WBDF by employing 2D Laponite
nanoparticles. Such nanofluids exhibited very good rheological
properties with a shear-thinning behavior. The addition of
layered 2D Laponite promoted the formation of a filter cake,
preventing the water flux penetration into the formation, with a
concomitant improved fluid loss. These findings suggest that
Laponite-based muds have huge versatility as additives in
drilling fluid formulation.63 Likewise, Zhuang et al. (2017) also
studied the formulation of DFs using nanolayered organo-
montmorillonite (OMt) and fibrous organo-palygorskite
(OPal) nanoparticles as additives. They claimed that the use
of such nanostructures would improve the rheological and
thermal properties.64 Similarly, Kosynkin et al. (2012) reported
the fabrication of water-based mud with 2D graphene oxide
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flakes (GOFs) of two different sizes. They reported that the
addition of small quantities of GOFs (as low as 0.2 wt %)
promoted a shear-thinning behavior enhancement, higher
temperature stability, and reduced fluid losses if compared
with their clay-based formulations counterparts.42 They also
claimed that methylating the GOFs increases the stability in
saline environments, which would be suitable for brine-based
muds formulations.42

3. FORMULATION AND PHYSICOCHEMICAL
CHARACTERIZATION

Since the first attempts by product developers to produce in the
early 1910s tailored fluids for drilling operations, the rational
designing of innovative, cost-efficient, and eco-friendly WBDFs
that meet the industrial requirements remains at the present
time by far as one of the most appealing and prolific business
interests for companies specialized in developing and
commercializing engineered drilling fluids. The tremendous
advances in chemistry, fluid mechanics, heat transfer, and
nanotechnology, combined with the modern characterization
tools and equipment available in the market, are driving a huge
improvement in drilling operations efficiency and well
productivity.3,17,37 In this context, any newWBDFs formulation
must exhibit a specific functional ability accompanied by
distinctive physical and chemical properties specified by the
API protocols. Such requirements are gathered in API
Recommended Practices (RP) guidelines which offer standard
procedures for determining the physical and chemical character-
istics of such composite materials. Specifically, drilling fluid
formulation must follow the active API specification 13 A
(SPEC 13 A, published in 2019), and the WBDFs must fulfill
specifically the current and active API-RP 13B1 protocol (5h
edition, published in 2019), which provides the minimum set of
accepted worldwide physicochemical characteristics and the
standard procedures to analyze the aforementioned fluid
formulations.65,66 The latter instruments provide, in a very
clear way, the physicochemical features necessary to fulfill the
industrial requirements but also the recommended procedure to
characterize such fluids. Specifically, these documents offer
protocols for determining density; viscosity; gel strength (GS);

filtration; sand, water, and solids contents; pH; salinity; and
chemical analyses for calcium and magnesium. These guidelines
also provide improved methodologies to determine the shear
strength, conductivity, corrosion monitoring, and sag testing,
among others, which would be very useful depending on the
intended application. For instance, water-based bentonite
drilling fluids formulation must exhibit a minimum viscosity of
30 cP at 600 rpm, and maximum filtration loss of 15 cm3 for a
water-based formulation containing 6 wt % bentonite.65,66

4. FACTORS AFFECTING WBDF FORMULATION
USING 2D NANOMATERIALS AS ADDITIVES

The formulation of DFs involves strict requirements ranging
from tailored physicochemical needs, environmental con-
straints, cost−benefits, etc. When developing innovative
formulations using 2D nanomaterials, many other important
issues arise and thus any scale-up processing must face several
potential drawbacks. In this context, factors affecting the DF
formulations using 2D nanomaterial as additives will span from
the type of nanoparticle, synthesis method, functional groups at
the surface, solvation, size, homogeneity, stability, weight
content, pH, ionic strength, etc.3,23,24,37 In the next section,
the most important factors affecting the drilling nanofluids
performance are detailed.

4.1. 2D Nanomaterials: Synthesis Methods, Disper-
sion, and Stability in Aqueous Media. In order to exploit at
industrial scale any mud formulation based on 2D materials, the
first requirement would be to engineer readily, cost-efficient, and
feasible protocols for the preparation of large quantities of these
nanomaterials. Over the past two decades, a lot of attention has
been devoted to providing many reliable synthesis methods for
the production of 2D layered nanomaterials including but not
limited to Scotch tape, cleavage, ion intercalation, oxidation−
reduction (redox) reactions, liquid-phase exfoliation, chemical
etching, and chemical vapor deposition (CVD), among
others.53,67,68 Most used 2D nanomaterials in drilling fluid
applications are derived from layered bulk materials; however,
their mass production has severe scalability limitations. Up to
date, the most reliable processing techniques suitable for

Figure 2. Two-dimensional layered nanomaterials used in WBDF formulations and their main synthesis and aqueous dispersion routes.
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industrial application remain by far the aqueous exfoliation and
redox reactions.21,23,37,50

Figure 2 illustrates some of the main materials, synthesis
routes, and dispersion techniques used during the formulation of
DFs. Nevertheless, these routes also suffer some shortcomings,
such as inherent polydispersity (broad particle diameter and
thickness distribution). The latter leads to a heterogeneity in the
intrinsic properties of the 2D nanolayered materials that would
limit the final performance when included as additives in DF
formulation. In the majority of cases, these as-produced 2D
layered nanomaterials are still spontaneously agglomerated in
liquid media, and it is essential to confer them a hydrophilic
character in order to be able to disperse them and exploit them
as additives in WBDF formulations even at very low weight
content. Besides, the dispersion and stability of these nanofluids
will dramatically depend on the nature of the 2D nanostructure
but also, on the local environment surrounding the nanoparticle
such as the micropolarities present throughout the nanoparticle
boundaries.
Few strategies have been proved to be very efficient to

stabilize 2D layered nanomaterials in liquid media, including but
not limited to chemical modification, surface functionalization
with hydrophilic carboxyl/hydroxyl/epoxide functional groups,
or use of surface-active agents such as ionic, non-ionic, cationic,
and zwitterionic surfactants, aiming at lowering the surface and
interfacial tension and stabilizing the interface, or even use of
dispersing agents such as polymers, biopolymers, and industrial
dispersants such as rheotan, Tiron, Duramax D-3021, Dolapix
CE 64, etc.50,59,69 It is also worth mentioning that, often,
subsequent treatments such as separation by ultracentrifugation

are required to reduce the heterogeneity and fully exploit the
potential of 2D nanomaterials in large mass applications.14,70

4.2. Nature, Size, and Weight Content Effects. Several
parameters would affect the final performance of the drilling
fluid formulation when using 2D nanoparticles as additives, as
illustrated in Figure 3. For instance, flakes’ size plays an
important role in their rheological and filtration properties. For
instance, Huang et al. (2021) recently reported the formulation
of WBDFs using disk-shaped Laponite nanoparticles with a
diameter of about 20 nm and a thickness of about 1 nm. They
showed that, upon Laponite content addition, the lubricating
property of DF increases. Besides, as the Laponite concentration
increases, both the viscosity and the yield point increase
accordingly. In contrast, they also showed that as Laponite
nanoparticles concentration increases, the fluid losses decrease
dramatically. All of these findings were attributed to the
nanodisk-like structure and the charged surfaces.71 Similarly,
Ma et al. (2021) recently reported the fabrication of polymer/
graphene oxide nanoparticles (PGONs) via aqueous solution
polymerization method and investigated their suitability as fluid
loss additive drilling applications. They grafted acrylamide
molecules on the surface of graphene at two different
concentrations. They demonstrated that viscosity and the fluid
losses increase as the content of graphene increases. The fluid
losses feature was attributed to the fact that addition of PGON
promoted a major particle density and thinner and denser filter
cake.72 Similarly, Kosynkin et al. (2012) also showed the effect
of the different graphene layer diameter on the fluid losses. In
fact, they reported improved filtration properties for a mixture of
large flakes graphene oxide nanoparticles (LFGNs) and
graphene oxide powder nanoparticles (PGOs) formulation.42

Figure 3. Factors affecting WBDF formulations using 2D layered nanomaterials as additives.
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In this context, Hajiabadi et al. (2021) also reported interesting
rheological and physical properties of WBDF formulations via
invert-emulsion method and using three different nanoadditives
and weight contents: GO, a native and GO-functionalized Cu-
based complex Cu(II) salen. According to their findings, the
formulation containing GO/Cu-salen as nanoadditive exhibited
a positive effect on the agglomeration of the bentonite platelets.
Besides, as the content of GO increased, the formulation showed
improved electrical conductivity. These results would suggest
that similar formulations would help to reduce formation
damage and would be suitable for drilling operations.73 On the
other hand, Alvi et al. (2018) demonstrated similar rheological
behavior but using large flakes made of hexagonal boron nitride
(h-BN). These fluids behave as non-Newtonian fluids; besides,
it was demonstrated that the addition of h-BN promotes a weak
increase in the material’s viscosity. They also reported that
higher viscosity and yield stress occur for the formulation
containing 0.1 wt %.74 A very similar work was reported
previously by Wrobel (2017) in which it was demonstrated that
formulations with MoS2 nanoparticles as additives in WBDF
systems reduced the average coefficient of friction up to ∼30%.
They also showed that viscosity scales with the MoS2 content
but with no effect on the filtrate loss performances.75 All of the
aforementioned works evidence how the physicochemical
properties and the final performance of drilling fluids
formulations would depend on the nature of the 2D nano-
particle, size, and weight content. Moreover, all of these findings
also suggest that the predominant effect of these nanoadditives
lies in the content. The latter would directly impact on the
solution thermodynamics, which predicts stable dispersions
upon minimization of the energy required to mix a solute in
solvent.76 It is worth mentioning that better formulations were
obtained at very low additive content, which would impact
positively any intended industrial use. In fact, the use of
nanoparticles in the drilling fluids industry has not been fully
exploited due to the cost−benefits repercussions. Thus, future
research aiming to improve physicochemical properties, with
lower content of additives, accompanied by a readily scalable
process to fabricate 2D layered materials would be highly
appealing for industrial purposes.
4.3. Ionic Strength, pH, Electrolyte, and Temperature

Effects. High-performance drilling operations require tailored
formulations which often shall work under harsh acidic and
alkaline environments. As far as the ionic strength interaction on
WBDF is concerned, it is important to mention that the major
interactions in water-based formulations are driven by the
weakest intermolecular van der Waals forces (electrostatic in
nature), such as hydrogen bonding, dispersion forces, and
dipole−dipole interactions. In this regard, it is well-established
that the pH of any drilling fluid formulation would impact the
final fluid performance. As a matter of fact, the most affected
rheological properties include the gel strength (GS), yield point
(YP), plastic viscosity (PV), filtrate loss (FL), and mud cake
thickness (MCT). Besides, it has been reported that bentonitic-
based drilling fluids formulation with optimum pH would
exhibit not only enhanced rheological and filtration properties
but also an enhancement of the rate of penetration which
positively impacts the reduction of the pump pressure necessary
for the mud circulation. It is important to note that other
parameters such as the fluid density remain almost unaltered at
different pH ranges. On the basis of actual field data, themajority
of the muds used in drilling operations employ DF formulations
with most likely neutral to alkaline/basic pH in the range of 8−

12. Thus, an adequate assessment of the pH effect on the
rheological and filtration properties of WBDFs formulations
using 2D nanolayeredmaterials as additives remains essential for
any intended field application. Rassol et al. (2020) reported a
systematic investigation on the influence of pH, salinity, and
temperature in WBDFs with layered graphene nanoparticles.
They demonstrated that both pH and salinity would impact
significantly the formulation rheological properties. They
showed that, at basic conditions, the PV and the YP scaled
with increasing salinity.77 In a similar way, Ibrahim et al. (2019)
reported the impact of the different intermolecular interactions
in WBDFs/graphene formulations. They assessed the influence
on the rheological properties of three different formulations
using noncovalent_functionalized GO by non-ionic, anionic,
and cationic surfactants, respectively. According to their
findings, the degree of the dispersion of graphene nanolayers
would negatively impact the final rheological performance. They
also reported that as graphene is better dispersed, the
formulation exhibits enhanced shear-thinning properties.78 In
this context, very recently, Ma et al. (2022) reported the
assessment of the graphene-functionalized nanoplatelet dis-
persion at different harsh environments such as pH, high
electrolytes content, and high temperature. With this purpose,
they used grafted poly(3-sulfopropylmethacrylate potassium)
(pSPMA) on graphene oxide platelets (GO-pSPMA). They
reported significant flake size changes as pH varied from 7 to 11.
The latter was attributed to surface charge shielding promoted
by the increasing ionic strength. They also reported that the high
negative charge density surrounding graphene flakes confers the
adequate electrostatic repulsion to stabilize them in concen-
trated brine, which is very useful in drilling fluid operations.79 In
a similar approach, Gholami et al. (2021) used silicon nano-glass
flakes (SNGFs) with 100 nm diameter and 1 μm of nominal
thickness on average to formulate WBDFs. These nanostruc-
tures exhibit planar-/platelets-like shape and are made of SiO2,
which is one of the most used additives in drilling fluids
formulations. They evaluated the stability of the suspensions by
measuring the ζ-potential as a function of the pH.80 It is worth
noting that ζ-potential is a very important parameter in colloidal
systems, and it offers a direct relationship with the colloidal
stability. It represents the degree of repulsion between similar
and adjacent charged particles. In this way, a high negative
charge density would be ideal to provoke sufficient electrostatic
repulsion to maintain the dispersion of the nanoparticles. Thus,
the SGNFs dispersion exhibited the higher negative ζ-potential
for pH 9−10, which falls within the pH range of the most used
WBDFs. These nanoadditives were demonstrated to be very
promising because they showed enhanced filtration loss and
improvement of shale stability (by shale swelling inhibition)
with no impact on the rheology.80 The temperature also plays a
crucial role in any WBDFs, including those containing 2D
layered nanomaterials as additives. In this sense, an interesting
work published recently by Xiong et al. (2019) demonstrated
the effect of temperature in the 30 °C < T < 260 °C range on the
performance of WBDFs formulations containing 2D layered
Laponite nanoparticles with 25 nm of diameter and 1 nm of
thickness. They concluded that Laponite additives provide
excellent viscosifying and thermal stability (up to 260 °C) to the
drilling fluids formulations. In fact, they showed that the
addition of 1 wt % Laponite promoted a very low viscosity
reduction of 20% with the 220 °C thermal aging, which strongly
suggests that similar nanocomposites would be excellent
candidates for a ultrahigh-temperature viscosifier of WDFs.81
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Similarly, Medhi et al. (2021) also showed the temperature
response of WBDF formulations containing 2D layered
graphene oxide nanoparticles (GONPs) as additives. They
reported that the addition of a low content of GONPs (0.5 wt %)
to the WBDFs provides excellent thermal stability in the 0 °C <
T < 100 °C region of temperature, accompanied by an
enhancement of their viscoelastic solid properties. In addition,
the layered nature of graphene nanoparticles also contributes to
improved filtration properties. According to their findings, an
enhancement up to 16 times in the viscoelastic modulus was
observed, which leads to an improved capacity to transport
cuttings during drilling operations.82

5. RHEOLOGY AND VISCOELASTIC PROPERTIES
The addition of 2D layered nanoparticles will influence
dramatically the most important properties of DF formulations
such as the rheological and filtration properties. But they also
directly/indirectly affect their associated properties such as the
lubricating properties, the wellbore stability, the cuttings
removal (buoyancy), and wellbore strengthening, among others.
Due to the scope of the present work, we will limit our research
to provide a recent overview about the different properties
affected by the addition of 2D nanolayered materials, focusing
on the rheological features and filtration properties, which are
crucial to determine the final performance of the DF
formulation. For instance, the lubricity or buoyancy are closely
linked to the rheological properties of the mud, while the
wellbore strengthening is closely related with both the formation
of a thin layer “filter cake” at the surface of the formation to
impede leaks into/from the formation and their viscoelastic
response. The addition of flat 2D layered nanomaterial would
improve enormously the fluid losses which directly enhance the
wellbore stability.
Rheology has been an important tool in understanding the

deformation and flow of matter. One advantage of the research
on the stress−strain−time relationship of any material is that it
allows one to identify how the material properties are affected by
physical parameters such as temperature and pressure. In the
context of the DFs, rheology focuses on the fluids-flowing

properties, where the most important physical parameters
obtained from rheological measurements are PV, YP, and GS.
These properties are very sensitive to the structure, concen-
tration, size, shape, and surface of the nanoparticles added to a
DF. In the past, great interest has been paid to the study of
similar systems but based on 3D nanoparticles in gener-
al.24,37,83,84 That is why this review is focused on the role of 2D
nanoparticles in the rheological properties of water-based
systems, in order to provide a fresh look about the latter trends
in this field. It is worth mentioning that, as far as our knowledge
is concerned, there are only a few works regarding 2D materials
and most of them are focused on the use of layered graphene
derivatives as additives for DFs.
The rheological analysis of the aforementioned system is thus

compulsory in any intended development of innovative DFs.
The analysis of PV provides information about the resistivity
caused by the solid particulates and the viscosity of the liquid
phase. Large PV values imply an increase in the solids content in
DF, whichmeans a lower drilling speed.85 On the other hand, YP
and GS refer to the attraction force between particles. YP is also
defined as yield stress (YS), which is the minimum shear stress
required to initiate flow of a fluid and provides unique
information about the capacity to carry drilling cuttings in
suspension during the circulation in the wellbore,86 while GS is
related to the capability to solidify.87 Therefore, GS is associated
with the thixotropy of the DFs formulation. According to API
13B-1, the GS is measured using a viscosimeter, first stirring a
DF sample at 600 rpm and waiting to reach a steady state, then
letting the fluid to stand for a given time (10 s and 10 min), and
finally starting the instrument at 3 rpm before recording the
reading attained. Although rheological analysis can give the
value of these parameters, further comparison with those
proposed in the API 13B standard is compulsory.65,66

The addition of the nanoadditives in the DFs allows one to
control the relationship between the shear stress (τ) and share
rate (γ) depending on the intended use. Although some
nanofluids containing spherical nanoparticles would exhibit
Newtonian behavior, these are not good candidates as DFs
because they should exhibit non-Newtonian behavior (shear-

Figure 4. Schematic representation of the primary rheology models used in WBDF formulation and the typical behavior of 2D nanoparticles-based
formulation under shear (static and dynamic state).
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thinning). It is important to mention that many of these physical
parameters can be obtained through a detailed analysis of the
rheology curves through analytical fits using common
mathematical models. The most frequently used to describe
such behavior includes but are not limited to power law,
Bingham plastic, and Herschel−Bulkley (see Figure 4 and Table
1). Even though the API standard is based on the Bingham
plastic model, the evidence from the literature suggests that not
necessarily does this model bring a good correlation with the
experimental data for DFs incorporating 2D nanoparticles. The
parameters of Herschel−Bulkley are by far more accurate; they
have been shown to have correlation coefficients up to 0.99.84 In
the study by Rafieefar et al. (2021) the Herschel−Bulkley model
outperformed the other two models in forecasting the
rheological parameters of WBDFs using xanthan gum (XG) as
a base and low-viscosity carboxymethyl cellulose (CMC-LV)
with different concentrations of graphene oxide (GO) as
additives.38,88 Similarly, the Herschel−Bulkley parameters
were calculated to evaluate the combined effect of MoS2

nanoparticles on 80 °C thermally stable DFs.89 Likewise,
previous studies reported that the Bingham plastic model fits in a
very good manner the experimental data of WBDFs using
graphene nanoparticles and Laponite 2D layered nanoparticles
as additives.71,90

All of these models require rheological measurements in
steady state, rotation, and oscillation performed in a
rheometer.91 Therefore, steady-state tests accompanied by the
adequate fit would offer valuable information on the system
viscosity, while the dynamic oscillation tests provide useful
information regarding the viscoelastic properties (storage (G′)
and loss (G″) moduli). Both tests should be performed at
different conditions (e.g., temperatures, shear rates, and strains)
to determine the working range. Furthermore, a time-dependent
test is mandatory to evaluate the thixotropic properties of the
DFs.
The rheology of 2D layered nanostructures in aqueous phases

is not intuitive as they would exhibit very different features
depending on several factors. The majority of research

Table 1. Mathematical Formulation of the Most Common Models Used to Describe the Behavior of WBDFs Incorporating 2D
Nanoparticles
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demonstrates that, under flow, 2D layered nanostructures tend
to align parallel to the shear direction.24,50 However, it has been
demonstrated that depending on the content and the flow
velocity, different fractions of these 2D nanostructures would
align along different directions as in the case of graphene oxide
flakes subjected to a different shear stress.24,50,92,93 In addition to
the latter flow-induced alignment, it has been demonstrated that
such nanostructures under flow would change from crumpled
particles to flattened ones, and more importantly, the spacing
between graphene flakes also decreases significantly due to the
shear forces. The former phenomena would alter the expected
properties of such formulations. Other systems exhibit similar
features such as composites made of stiff platelets, disk-like
micelles, and crumpled nanostructures.56,92,93

Bentonite stands as themost conventional base used in almost
all commercially available DFs formulations.94 In addition to
controlling the viscosity, it reduces the fluid losses.95 Bentonite
also tends to form a thixotropic gel in the presence of water.96

However, this feature deteriorates the properties of the mud
cake formed by bentonite, which often impedes removal from
the wells.97,98 It is worth mentioning that this disadvantage also
pushed the formulation of alternative nanomaterial-based
drilling fluids. As illustrated in Figure 5, the addition of 2D
nanoparticles would enhance the rheological properties such as
the shear-thinning behavior. As previously mentioned, among
the most used 2D layered nanomaterials additives for drilling
fluids, graphene nanosheets (GNSs) deserve special attention.
Graphene is considered as the simplest carbon structure, which
could confer amazing properties to the DFs formulation.99 A
variety of recent works have been published in this area. For
instance, Rafieefar et al. (2021) very recently reported that
graphene oxide flakes (GOFs) enhanced the shear-thinning
behavior by adding solely a tiny amount of GOFs to the
formulation.38 They also demonstrated the significant impact on
the shear stress induced by adding 0.15 wt % GOFs to the
WBDFs using 0.15 wt % XG and 0.15 wt % CMC-LV. In
addition to the modulation of the shear stress, it was also
reported that PV increased from 6 to 13 cP, accompanied by a
fluid loss of about 18 mL/h, while the recommended value by
the API is about 30 mL/h. Similar results were reported by

Medhi et al. and Kosynkin et al., where the addition of GOFs to
the WBDFs improved the thermal stability of the system.42,82

Perumalsamy et al. (2021) also demonstrated that the use of
graphene flakes as additives inWBDFs significantly improves PV
and YP.90

On the other hand, Maiti et al. (2021) studied a DF using
boron nitride (BN) layered nanomaterial for deepwater
applications.100 Under offshore conditions the DFs properties
change remarkably compared with the aforementioned studies.
In such conditions, fluids are subjected to extreme environ-
ments, i.e., low temperature and high pressure. They must also
overcome the lost circulation which stands as one of the most
troublesome problems.101 These drawbacks might occur when
the pumped mud flows into the formations instead of returning
up by the wellbore, as illustrated in Figure 5. Therefore, lost
circulation is an unwanted effect even for onshore operations. In
this context, Razi et al. (2013) reported the rheological
properties and fluid losses between conventional DFs (made
of 4 wt % bentonite + 3.5 wt %NaCl + 6 wt % CaCO3 and 0.7 wt
% PVP K-90) and DFs with the addition of BN layered
nanomaterials (DFs + 2DBN). According to their findings,
rheological tests of DFs containing BN showed a significant
reduction in PV and YP. Even though the addition of BN
decreases the viscosity, further addition enhances the viscosity
due to the presence of different types of intermolecular
interactions. They also reported that fluid loss decreased from
about 17 to 6 mL, and the gel strength decreased by adding 0.6
wt % BN.101

It is well-established from a variety of studies that DFs with
good shear-thinning properties are widely desired because it is
easier to pump them and the wellbore stability and production is
also better. The latter would impact positively the drilling costs.
With the outstanding features of 2D nanoparticles, theymay be a
better component for tuning fluid flow behavior. However, more
studies are needed to better understand the usage of such
nanolayered materials in DFs formulation, either for onshore
(high-temperature−high-pressure) or offshore operations (low-
temperature−high-pressure).

Figure 5. Schematic illustration of filter loss of conventional drilling fluid based on bentonite compared to the same drilling fluid but with 2D
nanoparticles added.
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Table 2. Rheological and Filtration Properties of Recently Studied DFs Prepared by Incorporating 2D Nanoparticles (See
References 38, 49, 63, 71, 73, 74, 89, 90, 105, and 106,a
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6. FILTRATION PROPERTIES (FLUID LOSSES)

Beyond the importance of the rheological properties in any

drilling mud formulations, the filtration also stands as one of the

most important and key parameters to be assessed. It is
particularly important for drilling operations through permeable
formations, in which the hydrostatic pressure exceeds the
formation pressure. Under these conditions, DFs invade the

Table 2. continued

aTemperature, T; pressure, P; plastic viscosity, PV; apparent viscosity, AV; yield point, YP; gel strength, GS; filtrate loss, FL; coefficient of friction,
COF; electrical conductivity, EC.
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formation, and this phenomenon is also known as spurt loss.
Thus, it is of paramount importance for anyDF to quickly form a
thin filter cake to bridge the formation’s pores which minimizes
fluid losses. Right after the formation of this thin layer cake, the
flow rate of fluid into the formation is driven by the permeability
of the cake layer. In the literature and industry, two types of fluid
loss measurements are well-defined, the static/dynamic fluid
loss, which stands for the measurements of flow rate into the
formation when the DF is not/is being circulated. Typically, the
standard static API fluid loss test is carried out in a laboratory/
industry at room temperature, during 30min, at 100 psi by using
a Whatman filter paper No. 50. However, the latter protocol
often underestimates the realistic fluid loss in a given
formation.8,10,11 To date, either in laboratory or field testing
conditions, any filtration experiments carried out on WBDFs
must be conducted in accordance with the permeability plugging
test (PPT) API 13B-1, which substitutes the filter paper by a 1/4
in. thick ceramic disk with a well-known porosity/perme-
ability.66 Similarly, for dynamic filtration testing, any filtration
experiments carried out on WBDFs must be conducted in
accordance with the Fann 90 test, which uses a core made of a
ceramic and simulates the shearing produced on the filter cake
by the fluid in the annulus.7 The permeability is affected strongly
by particle size and shape. In this context, the use of 2D flat-like
nanomaterials would positively impact spurt loss, as a
consequence of their ability to pack tightly under static or
dynamic flow conditions.17,21,24,50 The stability of the
formulation would also impact the filter cake formation. Indeed,
particle aggregation would promote a loose and open network,
which would cause an important increase in the rate of filtration
(ROF). In a like manner, Aramendiz et al. (2019) reported the
formulation and characterization of WBDFs using 2D layered
graphene nanoparticles as additives. They assessed the impact of
the addition of graphene nanoplatelets (GNPs) to the
formulation on both low-temperature/low-pressure (LTLP)
and high-temperature/high-pressure (HTHP) API filtration
tests. All of the LTLPs tests reported were carried out at room
temperature, at 100 psi, and with use of filter paper with 2.7 μm
pore size. On the other hand, the HTHP filtration tests were
carried out at 120 °C, at 500 psi, and with use of an OFITE filter
press. They reported a reduction up to 15/25% in the LTLP/
HTHP filtrate, respectively, for a very low graphene content of
0.25 wt %. Beyond the filtration advantages offered by the GNPs
inclusion in the formulation, a significant 10% reduction in the
filter cake thickness was systematically observed.102 Likewise,
Wang et al. (2018) reported the use of layered magnesium
aluminum silicate nanoparticles (MASNPs) of 50 nm diameter
as additives in WBDFs. Despite that this formulation would not
substantially improve the filtration properties, they produced
much smoother filtrate cakes which were able to plug the
nanopores. The latter property is therefore in high demand for
WBDFs used in drilling operations.103 A similar work was
recently published by Huang et al. (2019) in which they use
nanolayered Laponite to fabricate tailored WBDFs. In spite of
such a formulation not showing significant influence on fluid
loss, they assessed the temperature effect. They demonstrated
that fluid loss was almost unaltered in the temperature range of
room temperature (RT) < T < 180 °C. All of these facts are in
total concordance with other works, which reported that
Laponite nanoparticles exhibited excellent properties by
inhibiting clay swelling and maintaining wellbore stability.104

All of these works demonstrate that filtration property, which is
one of the most important in drilling fluids formulation, can be

significantly improved upon addition of 2D layered nanoma-
terials. All of these flat-like nanomaterials demonstrated low
fluid loss volume, which is critical to reducing fluid invasion into
the formation. The latter is the main cause of wellbore instability
and collapse. Beyond the afore cited properties, the industrial
scale-up feasibility of such formulation must also overcome the
environmental and the cost−benefit impacts. However, most of
the aforementioned 2D layered nanomaterials are abundant in
nature and eco-friendly. Finally, in spite of the fact that the
current cost of producing large quantities of WBDFs using 2D
layers remains relatively high if compared with their counterpart
NP-free bentonitic muds, the use of such additives often requires
lower quantities of these 2D layered nanomaterials to reach
better performances than commercial WBDFs. Table 2
summarizes some aspects of the performance of WBDF
prepared by incorporating different types of 2D nanomaterials.
This performance encompasses the rheological and filtration
properties of the DFs.

7. SIMULATIONOF FLUIDS IN POROUSMEDIAAT THE
MICROSCALE

A big concern regarding the DF performance and its potential
use in field operations is related to the formation collapse during
drilling operations. The latter will be enhanced due to leaks
from/to the wellbore due to the presence of DFs flowing within
the well. Thus, any analog and numerical simulation methods
allowing one to evaluate fluid flows in porous media at the
micro-/macroscale would be valuable for the assessment of DF
suitability and could dramatically reduce the drilling operations
cost. In this section, the physical problem of the fluid flow
through porous structures at the microscale is introduced, from
the numerical point of view. The simulation approaches
described could provide useful information regarding the
potential fluid losses during drilling, which will depend on
how fluids flow in the porous structure. The model system
involves the use of two nonmiscible phases (i.e., water and oil),
but it can be extrapolated to a water-based drilling fluid and oil to
assess their potential use in drilling operations. As far as the
knowledge of the authors is concerned, not much literature has
been reported so far addressing analog and numerical simulation
methods, used to research fluid flow in porous media when
studying DFs.
Mathematical modeling and simulation of flow in porous

media has been an approach of critical interest for practical
applications of oil recovery.107,108 Its comparative low cost and
potentially high yield way to generate strategies for oil recovery
make it a tool of choice and an integral part of oil and enhanced
oil recovery protocols.109 Modeling and simulations cover a
broad spectrum of behaviors from macroscopic displacement of
different phases to pore level interactions between oil/displacing
fluid and the solid phase and even turbulent flow within
pores.110 There are also different physical variables of interest,
such as wettability (fluid rock interactions), interfacial tension
(fluid−fluid interface), viscosity (intrinsic property of fluid),
permeability (intrinsic property of static solid phase), porosity,
multiphase relative permeability (interactions among multiply-
flowing phases), tortuosity (characterization of the static solid
phase), and fractality. Among others, the tools used to describe
them with different computational strategies include sharp and
diffuse interface models, multiphase flow solvers, finite element
methods, upscaling methods, lattice Boltzmann, dissipative
particle dynamics, accelerated flash calculations, and deep
learning algorithms.111−113 This work is focused onmacroscopic
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flows, well above the pore scale, where the porous medium is
seen as an effective medium with averaged permeability
properties described by continuum equations. The continuum
equations generally used in such a scale of simulation are the
continuity equation and the momentum conservation equation.
For the case of incompressible flows (∇·v = 0):
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where ρ is the fluid density, v is the fluid velocity, p is the fluid
pressure, μ is the viscosity, and T stands for the transpose.
Finally, f b is the body force applied externally to the fluid. The
equations can be simplified for constant viscosity models. In the
case of thermodynamics considerations, an energy conservation
equation must be considered which considerably increases
simulation times,
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where T is the temperature, cp is the specific heat at constant
pressure, κ is the thermal conductivity, and Q is the transferred
heat. Additional equations may have to be included if phases are
not conserved due to chemical reactions or formation of new
phases such as when carbon dioxide is injected.108 Algorithms
that emphasize oil recovery through stable displacement
generally neglect the energy conservation equation and focus
on the evolution of the interphase. This is known in the literature
as the Brinkman equations approach.114 The latter equations
modify the purely hydrodynamic equations above to include
features of the matrix in which the flows occur
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where μ is the dynamic viscosity of the fluid, εp is the porosity, κ
is the permeability of the porous medium, and Qm is a mass
source/sink. External forces are included in the Fi term. This
formulation includes inertial effects and the possibility of
changed porosity with time. Qm includes the injection of
material into or out of the simulation cell. For the inclusion of
temperature and pressure effects on the fluids, the previous
equations must be coupled with an equation of state, relating
density to temperature and pressure. Flow of heat, not within the
scope of this review, would also require equations of state to
complement the energy flow equation.
7.1. Analog Simulations. Also available are analogic

simulations of flow in porous media that can appear as a
“disappointingly” simple representation of the porous medium,
such as Hele−Shaw cells and capillary methods, but offer much
insights about the behavior of interfaces at different scales.108

Figure 6 illustrates a Hele−Shaw cell, which consists of two
plates separated by a distance and width between which there

are 2 or more phases in contact. The industry standard for these
analog simulations is the core permeability studies115 that only
render core scale information and little information on the
details of the interfacial behavior. Nevertheless, they do furnish
“intact” oil and gas reservoir properties.
The analog simulations are extremely useful in capturing basic

instabilities of the displacement front that are crucial for
enhanced oil recovery strategies.108 In the Hele−Shaw setup,116

where there is a basic displacement of a higher viscosity phase by
a lower viscosity phase, the fingering phenomenon (illustrated in
Figures 7 and 8) signals the interfacial instability in very well

Figure 6. Typical Hele−Shaw cell, which is a crude but practical and
analyzable analog simulation of an oil reservoir or packed column of
porous material.

Figure 7. (a) Unstable viscous flow fingers under a vertical packed
column in the Hele−Shaw geometry. Low viscosity fluid is injected
from one end of the cell attempting to displace a more viscous fluid in
the cell. (b) Multiple fingers developing on flow velocity of interface.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.2c02082
ACS Omega 2022, 7, 20457−20476

20469

https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02082?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


characterized ways, depending on the flow velocity, width of the
cell, and depth of the cell. The latter parameter represents an
important feature of the porous mediumwhich is the pore throat
width. The model can nevertheless be enriched by including
glass beads with various distributions to capture more
complicated and larger scale geometries.
A flat interface evolves in the x direction according to x(y) =

Ut, with U being the interface velocity and y the lateral
dimension. By introducing a small periodic perturbation in the y
direction of amplitude A(t), one gets

x y Ut A t qy( ) ( ) cos( )= + (6)

where q is the wavenumber of the applied perturbation.
Considering the depth of cell b and substituting this
perturbation in Darcy’s law

v x y
K

P x y( , ) ( , )i

iμ
= − ∇

(7)

where Ki is the permeability of the medium, μi is the viscosity of
the most viscous phase, and P(x,y) is the pressure across the
interface. Following Bensimon et al. (1986), the following
behavior for the amplitude is derived:

A A
U

q q
h /12

h
122

2
2

μ
γ

μ
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k
jjjjj

y
{
zzzzz (8)

where γ is the surface tension of the interface and h is the depth
of the Hele−Shaw cell.116 It is clear that if the quantity in the
parentheses is positive, the interface amplitude perturbation
grows and the evolution is unstable, while if it is negative, it is
stable. The sign of the parentheses depends on the velocity of the
displacement and the wavenumber of the perturbation. As the

velocity increases, the instability tends to be dominant and more
and more wave vector values become unstable.
This is the standard analysis with some more detailed

developments related to finger widths in relation to channel
widths as precursors of unstable flow.117 The quest to stabilize
the development of instabilities in order to achieve an efficient
displacement of oil in the porous matrix by injected fluids is then
guided by the interface mechanics. The interface motion is
governed by the finger width, the pore size, the interfacial
tension, and the viscosity of the high-viscosity phase. There are
many ways in which the viscosity contrast can be diminished and
the interfacial tension can be manipulated to achieve stability
and the Hele−Shaw setup can be a testing ground for different
strategies.108

The Hele−Shaw setup has been explored further by enclosing
glass beads between the plates.118 This introduces additional
scales in the porous space structure and also adds very realistic
features such as wetting properties of the displaced and
displacing fluids. Flooding with emulsions was proven to
enhance high viscous phase recovery, reproducing the observed
increased efficiencies in field tests. What could be called a 3D
variant of the Hele−Shaw setup that explores the behavior of the
pore throats in a porous medium against the flow of emulsions
has also been studied.119 The results show important
implications for the evolution of emulsion droplet size as the
emulsion moves through the porous medium and the resulting
pressure drops at the pore throats. A very interesting recent
development of analog simulations such as the Hele−Shaw
setup consists of considering a tapered porosity120 or a tapered
width121 of the Hele−Shaw cell, as observed in Figure 9, which
introduced a new element of stability control of the interface. In
real life situations, such as those that occur not only in the
porous oil-bearing strata but also in systems such as lung airways
or printing devices, the porous medium is not uniform and this
non-uniformity can be modeled in a Hele−Shaw cell by
inclusions either that vary the pore throat width or that change
the separation between the Hele−Shaw plates in a particular
way. For the case of patterned porous structure within the cell,
the new stability criterion reads

Ca
1

2 cos
0cλ

α θ
− + ≤

(9)

where λ = μ1/μ2, the subscript 2 referring to the invading fluid, α
is the slope of the increasing depth of the cell (b(x) = b0 + αx),
Θc is the contact angle to the Hele−Shaw plates to account for
wetting effects, andCa = 12μ1U/γ is the capillary number, where
U is the displacement velocity and γ is the interfacial tension. To
make contact with eq 8, higher wavevector terms must be
included.121 This stabilization has been evidenced by Eslami et

Figure 8.Hele−Shaw cell in radial geometry with fingering instabilities.

Figure 9. Schematization of the compelling stabilization of displacement front produced by a non-uniform depth of the Hele−Shaw cell. The left panel
shows the cell geometry; the right panel, the typical fingering in a Hele−Shaw cell with a uniform gap; and the bottom panel, the same flow conditions
in a converging Hele−Shaw cell. Adapted in part with permission from ref 121. Copyright 2012 Nature.
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al. (2020), where other fingering phases described as rough
fingers are also shown.122

Another contribution that evidences the stabilization through
non-uniformity is the case of structured porous media. The non-
uniformity here corresponds to a varying pore radius described
by parameter λ = (ro − ri)/l, where ro and ri are the pore radii at
the outlet and inlet and l is the length of the cell. The depth of the
Hele−Shaw cell is another dimension that adds three-
dimensionality to the system. This is contemplated in the
previous models through the wetting angle. Many oil recovery
efforts involved changing the salinity of the displacing fluid, and
then the interface flow becomes susceptible to electrokinetic
effects that can affect the front profile yielding the possibility of
electrically enhanced oil recovery.123 The authors find that in a
uniform geometry of the Hele−Shaw cell, fingering phenomena
can be controlled by varying the injection ratio of electric current
to flow rate. Stability then depends on the relative direction of
the flow and current directions.
7.2. Numerical Simulation Methods. Numerical simu-

lations of fluid fronts in porous media, in principle, start from the
transport, eqs 3, 4, and 5. Equation 3 is the heat transport
equation which is generally ignored when f luid discretization
methods are used, such as those that focus on the Brinkman
equations (combination of eqs 4 and 5). Different mesh
methods are used to discretize the simulation space depending
on the details of the space- and time-dependent dynamics. It is
important to distinguish the transport regime in order to address
the computational problem with the appropriate equation valid
in such a regime. The Darcy law of eq 7 is used to describe a
volume large enough to have a well-defined porosity and
permeability, which in the statistical sense is known as a self-
averaging volume.124,125 Equation 7 describes fluid motion
through a porous medium of permeability and viscosity in the
regime of low-velocity flows, for which the pressure gradient is
the main driving force. As flow will be dominated by the
frictional resistance within the pores, it can also be thought to be
valid where the permeability and porosity are small. The
derivations in eqs 8−10 are based on this slow-flow regime with
more than one phase. One can incorporate non-Darcian effects
by including Forcheimer drag terms which are important for
higher Reynolds numbers.
To go to higher Reynolds numbers, one must include inertial,

density, and velocity effects. For this one must address the
problem of flow in porous media with the Brinkman equations
(eqs 4 and 5), again in a mesoscopic description where
macroparameters are well-defined. The Brinkman equations
describe incompressible or compressible flows, where the
velocity of flow is less than half the speed of sound in the
fluid. As discussed before, the level set method reduces the
description of the fluid to the interface, reducing the
computational cost, and nothing is said about what happens in
the bulk phases. The description then incorporates dissipation
by viscous shear. These strategies on the one hand are very
efficient numerically, especially for multiphase simulations, for
the Level Set method which follows only the interphases
benefiting both in accuracy and speed. In Figure 10 is shown a
representative snapshot of the behavior of different phases
dependent on velocities in simulated unstable two-phase
displacement by means of the Level Set method following the
interface evolution, simulated with COMSOL software. The
criterion for evolving from one to two finger instabilities is given
by eq 8.126

Alternative mesoscopic descriptions that have numerical and
speed advantages are the particle-based methods such as
dif fusive particle dynamics (DPD)127−130 and smooth particle
dynamics.131 The latter method is of frequent use in astrophysics
adapted to very high velocity flows and even galaxy collisions.
The former method, DPD, is more extensively used in flow in
porous and fractured media132 and biological-based applications
such as micelles and membranes.133 Both approaches offer good
qualitative agreement with hydrodynamic behavior at the
microscale also ignore the energy flow equation, and temper-
ature dependence must be included as supplementary
conditions for the behavior of particles. The great advantage
of particle-based methods is the adaptation to complex
boundary conditions that happen frequently in porous media
and also that are mesh-free methods. An interesting work has
been reported on the formation of a liquid droplet by SPH
simulations. The method captures surface tension effects and
density profile of a liquid droplet.134

A final set of methods was founded on fluids on a lattice,
coming originally from so-called automaton methods and
lattices gases.135 For an automaton one defines a grid of cells
which can be “on” or “off” to denote, e.g., the presence or
absence of fluid, and the evolution of the fluid presence is
defined by rules regarding neighboring occupied and empty
cells.136 It is called an automaton since once an initial
configuration is devised, it can evolve by indefinitely propagating
or oscillating or stop altogether following the rules. For lattice
Boltzmann the set of rules is very simple so they are
computationally very fast to implement. The rules follow
streaming and collision phases of fluid flow according to the
collision time approximation: If there is a lattice where each
point hasm neighbors, then f i(r,t) is the fluid density at position
r and time tmoving at a velocity ei per time step along direction i.
f i(r,t) evolves as

f r t t f r t
f r f r t

( , ) ( , )
( , t) ( , )

i i
i
eq

iδ
τ

+ = +
−

(10)

for the collision step, and as

f r e t t f r t( , ) ( , )i i iδ+ + = (11)

for the streaming step. It can be shown that starting from these
simple rules one can derive the Navier−Stokes equations for

Figure 10. Different phases dependent on velocities in simulated
unstable two-phase displacement by means of the level set method
following the interface evolution, simulated with COMSOL software.
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small Reynolds numbers137 so the method is limited to such a
regime, perfectly useful for simulations of fluid flooding in
porousmedia. Very exciting results have been obtained from this
simulation tool that holds great advantages: (i) runs efficiently
on massively parallel architectures,138 (ii) can describe multi-
phase flows with description of droplets and bubbles,139,140 (iii)
adapted to complex geometries within resolution of lattice. The
limitations are related to low-Mach/-Reynolds numbers141 and
the translation with regular boundary conditions and para-
metrization of surface tensions and viscosities and densities in
multiphase flow, a problem also with particle-based methods.
Another piece of interesting work showed the two-phase flow in
a model porous medium by the lattice Boltzmann simulation
method for viscosity ratios of M = 1/25 and log Ca = −5 has
been published recently. In this work authors also showed
simulation about the differences in wetting and nonwetting
fluids.142

All of the aforementioned analog and numerical simulation
methods stand as the most powerful simulation strategies to
evaluate fluids in porous media at the microscale. The physical
problem of the pore scale from the numerical point of view has
been already largely addressed. Indeed, similar flow simulation
scales much larger than the pore microscale has been extensively
reported in the literature. As far as DFs formulation is
concerned, such simulations would provide useful information
regarding the potential fluid losses which will depend on how
fluids flow in the porous structure. Future works including not
only water, oil, and air phases but also water-based drilling fluid
formulation would be necessary and useful to assess their
potential use in drilling operations.

8. DISCUSSION
Given the technical importance and economic impact that DFs
have for a wide variety of industries, they have been extensively
researched and developed during the past decades. However, the
requirements around their use are constantly becoming more
demanding, ranging from those arising from their environmental
impact and their associated costs and those issues involving the
end users and stakeholders. This has opened several
opportunities to incorporate tools such as nanotechnology and
simulation to the development of tailored, sustainable, environ-
mentally friendly, and cost-efficient DFs.
Most of the works reported so far are focused on other 1D or

3D nanomaterials, with only a few emphasizing the use of 2D
layered nanomaterials. The majority of this related research
employing 2D layered nanomaterials is focused on graphene and
its derivatives. The use of such nanoparticles in DFs
formulations has been limited to replace some of their main
components such as the viscosifier, the pH modifier, the LCM,
or the density regulators, but, in any case, they are capable of
substituting the media/base drilling fluids formulation. It is also
worth noting that the base used in the majority of these works
makes it difficult to compare the resulting fluids. As a matter of
fact, most of the work has been done on model fluids,
incorporating materials such as bentonite, barite, and xanthan
gum and not using typical DFs formulation which includes the
basic constituents and follows API guidelines. The potential of
using other types of 2D layered nanomaterials including but not
limited to using silicon nano-glass flakes, MoS2, disk-shaped
Laponite nanoparticles, layered magnesium aluminum silicate
nanoparticles, and nanolayered organo-montmorillonite, among
others, open even more their potential applications in drilling
operations.

It has been demonstrated that the addition of 2D
nanostructures as DFs additives promotes a substantial
improvement in the rheological, viscoelastic, and filtration
properties. But they also offer a unique opportunity to modulate
the thermal properties of the fluids, which is highly appealing
during drilling operations. Additionally, different 2D nano-
particles have been used as promising additives to ameliorate the
filtration properties, reducing thus the fluid losses during
wellbore operations. Besides modifying selectively certain DFs
properties, the use of 2D nanoparticles also serves to provide
lubrication properties improvement (as demonstrated in those
works using MoS2). Interestingly, the inclusion of 2D nano-
particles (such as those based on silicates) have demonstrated to
be good candidates for tailored DF formulations due to its
environmentally friendly nature and associated low costs.
The final performance of these formulations using 2D layered

nanomaterials would depend on the nanoparticle nature,
morphology, shape, size, and concentration; stability; and
homogeneity, but also on other factors such as the pH,
temperature, ionic strength interaction, salinity, and pressure
which affect the final performance of these nanofluids. The
control of the rheological properties through the 2D additives
would also provide a route to fabricate fluids with customizable
yield stress, which is of paramount importance to remove the
cuttings from the wellbore. In contrast, not only would the use of
2D hydrous phyllosilicate natural minerals such as nanolayered
clays, Laponite, vermiculite, etc., offer the opportunity to reduce
the fluid losses but also the presence of these hydrous-based
nanoparticles would promote the dissolution of gas in the DFs
preventing the formation of crystal hydrates. The chemical
mechanisms on how the nanoparticles impede the hydrates
formation remains as one of the open debates and needs further
investigation.
Finally, the incorporation, due to the aforementioned reasons,

of 2D layered nanomaterials would play a crucial role in future
commercial applications and developments of sustainable, eco-
friendly, and cost-efficient water-based drilling fluids formula-
tions.

9. CONCLUSION
In this work, the most recent and relevant findings related to the
customization and improvement of water-based drilling nano-
fluid formulations using 2D layered nanomaterials are presented.
The nanomaterials considered include silicon nano-glass flakes,
graphene, MoS2, disk-shaped Laponite nanoparticles, layered
magnesium aluminum silicate nanoparticles, and nanolayered
organo-montmorillonite. These nanoparticles have demonstra-
ted their capabilities to replace some of the main DF
components such as the viscosifier, the pH modifier, the
LCM, or the density regulators. The addition of such
nanostructures has been limited so far to 1D or 3D
nanoparticles. Solely, a few 2D nanoparticles have been
investigated as DF additives, and the majority is focused on
graphene-like derivatives. Their incorporation as drilling fluid
additives has promoted a substantial improvement in the
rheological, viscoelastic, and filtration properties but also their
associated lubricating properties, additionally contributing to
wellbore stability, cuttings removal, and wellbore strengthening.
These improvements are attributed to their flat 2D nature, which
is the main characteristic responsible for avoiding mud leaks
downhole, even under HT/HP conditions. Besides, their
nanosize features also serve to create a filter cake in specific
formation’s interstitial zones.
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Even though DFs have been extensively researched and
developed by academia and the private sector, it is worth noting
that there is not much literature on commercial drilling fluids,
because most of them are subjected to strict regulation and
patents. Besides, the full exploitation of the nano-based DFs has
been hindered in the past mainly due to the elevated costs
associated and multisteps formulations requirements which
often hinder their potential application at industrial scale. These
illustrate the need of coupling the experimental efforts for
improving the performance of DFs with the guide that effective
simulation could provide. The simulation approaches at the
microscale for fluids in porous media offer the opportunity to
run and test different parameters, avoiding expensive and time-
consuming laboratory experimentation. Future trends will focus
on producing tailored nanofluids with enhanced rheological and
filtration properties but also based on eco-friendly additives/
precursors and cost-efficient particles.
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