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Abstract. Cooling the drill bit is one of the major functions of drilling fluids, especially in high temperature
deep drilling operations. Designing stable drilling fluids with proper thermal properties is a great challenge.
Identifying appropriate additives for the drilling fluid can mitigate drill-bit erosion or deformation caused by
induced thermal stress. The unique advantages of nanoparticles may enhance thermal characteristics of drilling
fluids. The impacts of nanoparticles on the specific heat capacity, thermal conductivity, rheological, and filtra-
tion control characteristics of water-based drilling fluids were experimentally investigated and compared in this
study. Al,O3, CuO, and Cu nanoparticles were used to prepare the water-based drilling nanofluid samples with
various concentrations, using the two-step method. Transmission Electron Microscopy (TEM) and X-Ray
Diffraction (XRD) were utilized to study the nanoparticle samples. The nanofluids stability and particle size
distribution were, furthermore, examined using Dynamic Light Scattering (DLS). The experimental results
indicated that thermal and rheological characteristics are enhanced in the presence of nanoparticles. The best
enhancement in drilling fluid heat capacity and thermal conductivity was obtained as 15.6% and 12%, respec-
tively by adding 0.9 wt% Cu nanoparticles. Furthermore, significant improvement was observed in the rheolo-
gical characteristics such as the apparent and plastic viscosities, yield point, and gel strength of the drilling
nanofluids compared to the base drilling fluid. Addition of nanoparticles resulted in reduced fluid loss and
formation damage. The permeability of filter cakes decreased with increasing the nanoparticles concentration,
but no significant effect in filter cake thickness was observed. The results reveal that the application of
nanoparticles may reduce drill-bit replacement costs by improving the thermal and drilling fluid rheological

characteristics and decrease the formation damage due to mud filtrate invasion.

1 Introduction

Cooling is an important challenge in various industries,
including the drilling industry. Drilling fluids have this
primary important function in subsurface wellbore drilling
operations and help prevent the costly bit failures that
occur while crushing rigid rocks, at high temperature, and
at the great depth [1]. Therefore, these fluids must be
designed in a way that they can perform in complex subsur-
face environments efficiently and without damaging the
formations.

Drilling for oil and gas is achieved with the use of a drill
bit connected to a kilometers length drillstring. The drilling
fluid is pumped through this drillstring and is continually in
contact with the bottom of the bore hole through the drill
bit nozzles. This circulating drilling fluid cools and lubri-
cates the drill bit and helps to convey drill cuttings to the
surface. One of the major challenges in designing drilling
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fluid formulations is the requirement for the highest degree
of thermal stability under High-Pressure High-Temperature
(HPHT) conditions. To obtain the necessary stability and
performance requires appropriate additives to improve the
thermal and rheological characteristics of the drilling fluid;
here, nanotechnology offers a promising approach [2, 3].

Nanofluids are defined as a mixture of nano sized parti-
cles suspended and stabilized in a base fluid. Nanoparticles
presence in a fluid enhances the rheological, mechanical,
and thermal properties. Suspensions of nano-sized particles
can augment fluid stability and reduce flow-passages block-
age [4]. Nanoparticles, with high surface-to-volume ratio,
show enhanced physico-chemical properties compared to
other fluids which introduce them as the best materials
for synthesis of smart drilling fluids with favorite character-
istics during drilling.

Several factors such as their thermal conductivity,
rheology, density, heat capacity, and diffusion coefficient,
affect the heat transfer characteristics of nanofluids.
Although several studies have been conducted on drilling
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fluid thermal conductivity, investigations on the nanoparti-
cles effects on drilling nanofluid heat capacity are scarce
and little information is available. Nanofluids with higher
heat capacities are necessary to enhance heat transfer effi-
ciency at lower operating costs.

According to Newton—Richman’s law, the convective
heat transfer rate of a solid body and its adjacent fluid is
proportional to the heat transfer coefficient, surface area
and their temperature difference. Therefore, the heat trans-
fer rate from a drill-bit can be enhanced by making tem-
perature difference increase between the bit and drilling
fluid. Hence, designing a drilling fluid with high specific
heat capacity leads to efficient cooling of the drill-bit [5].

In the case of the thermal behavior of drilling fluids,
improvement of thermal conductivity with the use of nano-
particles has been widely investigated. The presence of
nanoparticles in base fluids is known to enhance rheological
behaviors and thermal conductivities [6-9], but studies on
the drilling fluids specific heat capacity have not yielded
consistent outcomes [10-16].

William et al. investigated the influence of copper and
zinc based nanoparticles in water-based nanofluids. The
results of their experiments showed up to 53% and 23%
improvement in the drilling fluids thermal conductivity,
respectively [17]. Sadegh et al. conducted experiments with
adding multiwall carbon nanotube, nano zinc oxide and
silica nanoparticles to water-based drilling fluids, and
reported 12%, 22%, and 16.9% improvement in the thermal
conductivity of drilling fluid at a 2% volume fraction of
these nanoparticles, respectively [18]. Baghbanzadeh et al.
produced sphere-shaped silica-multiwall carbon nanotube
hybrid and prepared nanofluids to examine the thermal
conductivity variations. They indicated that the nanoparti-
cle concentration and amount affect the nanofluids thermal
conductivity [19].

In previous studies it is reported that the rheological
properties and thermal conductivity of drilling fluid can
be improved by using nanoparticles [20-24]. However,
investigation of the drilling fluid specific heat capacity as
an essential factor for proper drill-bit cooling especially in
deep drilling operations is scarce in the literature.

In this study, the influence of various nanoparticles on
the enhancement of drilling fluid thermal, rheological and
filtration properties was investigated experimentally. To
this end, three types of nanoparticles were used to prepare
drilling nanofluid samples. The nanoparticles were studied
by Transmission Electron Microscopy (TEM) and X-Ray
Diffraction (XRD). Various nanoparticles concentrations
were stabilized in distillated water and homogenized in dril-
ling fluid. The particle size distribution of nanoparticles
were investigated using Dynamic Light Scattering (DLS)
method. Thermal characteristics such as thermal conduc-
tivity and specific heat capacity were measured using
Differential Scanning Calorimetry (DSC) and Hot Wire
techniques, respectively. Rheological characteristics were
experimentally measured including apparent and plastic
viscosities, gel strength and yield point of drilling fluid in
the presence of nanoparticles. Also, the drilling nanofluids
filtration loss was studied to evaluate the effect of nanopar-
ticles in formation damage reduction, and its influence on

the permeability and thickness of mud cakes were
compared.

2 Experimental procedure
2.1 Drilling nanofluid preparation

Analysis of nanofluids properties requires proper prepara-
tion of a stable nanoparticles suspension in water. One-step
or two-step method can be used to prepare the nanofluid.
In the first method, by means of chemical methods, nano-
particles are produced in a base fluid [25]. In the second
method, first powder nanoparticles are produced and then
the nanofluid suspension is created by mixing this powder
with a base fluid [26]. While nanopowders can be produced
in large scales, the nanofluids prepared by the second
method may be produced in lower costs and this method
is more common. A main problem in working with nano-
fluids is the tendency of nanoparticles to agglomerate due
to their large and active surface area. Some mixing methods
such as sonication, pH adjustment and addition of a stabi-
lizers, should be used to stabilize these mixtures [27].

The nanoparticles used in this study are aluminum oxide
(y-AlyO3), copper (Cu) and copper oxide (CuO). These
nanoparticles were selected for their excellent thermal
properties compared to other solids. The nanoparticles were
provided from US Research Nanomaterials, Inc. and their
properties are shown in Table 1. The nanoparticles were
characterized by XRD 3003 PTS, Philips to verify the nano-
particles’ size, shape and purity.

To prepare water-base drilling fluid, 350 mL of distilled
water and 24 g bentonite were mixed and stirred with Fann
Multi Mixer (model 9B29X) for at least 15 min. The stan-
dard two-step procedure was used to make the nanofluid
samples. First, nanoparticles were dispersed in distilled
water in a certain concentration to prepare the nanofluids.
Then, the mixture was stirred thoroughly and was soni-
cated using an ultrasonic disruptor (Elmasonic, E 30 H)
for 120 min, resulting in homogeneous and stable nano-
fluids. The nano suspensions were added to the base drilling
fluid and each sample stirred with a high speed mixer (Fann
Multi Mixer, 9B29X) for at least 5 min to produce uniform
suspension. Drilling nanofluid samples were prepared in
different concentrations below 1 wt% (i.e., 0.3, 0.6, and
0.9 wt%). The Particle Size Distribution (PSD) analysis
for prepared nanofluids was conducted by dynamic light
scattering method (DLS SZ-100z, Horiba).

2.2 Thermal and rheological properties measurement

Mettler Toledo DSC calorimeter system at a heating rate of
10 °C/min was utilized to measure the specific heat capa-
city of the base drilling fluid and samples with nanoparticles
from 10 °C to 70 °C. The three step DSC procedure based
on ASTM Standard E1269 was followed for specific heat
capacity measurement [2§].

In the first step, the base heat flux (@) was recorded
with two empty pans loaded into the DSC in a specified
temperature range. The value of the base heat flux specifies
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Table 1. The properties of nanoparticles.

Nanoparticle Purity Density (g/m®) Heat capacity (J/g °C) Morphology
Al,O4 99.8% 3.9 0.88 Spherical
CuO 99% 6.5 0.54 Nearly spherical
Cu 99.5% 8.9 0.42 Spherical

Fig. 1. TEM images of: (a) Al;O3, (b) CuO, and (c¢) Cu nanoparticles.

the device bias. The second step was the measurement of
heat flux into distilled water as a reference sample (Q.ef)
in the identical temperature range. In the last step, the
heat flux into the drilling mud sample (@) was measured
in the temperature range similar to the previous steps.
Finally, for the drilling fluid and different nanofluid
samples, the specific heat capacity was calculated based
on equation (1):

CP _ mref(Q - Qb)
Cpret M(Quet — @)’

m is the mass of drilling mud sample and m,.¢ is the mass
of the reference.

For each concentration of the nanofluid samples, mea-
surements were taken three times, and the calculated speci-
fic heat capacities were then averaged to yield the final
value. To check the device calibration and the accuracy of
obtained data, the specific heat capacity of distilled water
was measured with this method and the measured value
was compared with the value reported in the references [29)].

For thermal conductivity measurement, KD2 Pro
(Decagon) apparatus was used which operates based on
the Transient Hot Wire (THW) method which is one of
the most accurate techniques for determining thermal
conductivity of various materials. The detailed principles
are available in the literature [30]. The instrument was
calibrated using distilled water before performing drilling
fluid measurements.

The rheological characteristics of the base drilling fluid
and other nanofluid samples were measured in accordance
with the American Petroleum Institute (API) standards
[31]. To perform rheological analysis, the drilling fluid’s
properties including the Apparent Viscosity (AV), Plastic
Viscosity (PV), Yield Point (YP), and Gel Strength (GS)
were measured. A rotational viscometer (OFITE, model

(1)

800) was used to obtain the rheological properties of all dril-
ling fluids samples. To homogenize the drilling fluid, before
starting the measurement, the samples were stirred for
5 min. To ensure the repeatability of the measurements,
each test was performed three times. The shear stress—shear
rate relationship for drilling fluid samples was investigated
using Anton Paar rheometer (MCR 302).

2.3 Filtration test

The filtration properties of the drilling fluid samples with
and without the presence of nanoparticles were measured
using OFITE Filter Press. The static filtration test was
carried out at the temperature of 25 °C and the pressure
of 100 psi according to the API standard procedure (API
RP 13B-1). Three hundred milliliters of the drilling fluid
was loaded into the filtration cell and for each sample, the
volume of liquid filtrate collected in a graduated cylinder
under the filter cell was measured after 30 min. At the
end of the experiments, the filter cakes were taken out from
the cells carefully and their thickness was recorded.

3 Results and discussion
3.1 Nanoparticles and nanofluids characterization

Figure 1 represents the TEM images of nanoparticles. The
figure illustrates that the nanoparticles are in spherical
shape. The average sizes of Al,O3, CuO, and Cu nanoparti-
cles observed in the images are 25, 45, and 42 nm,
respectively. The XRD pattern of nanoparticles shown in
Figure 2 indicates the purity of nanoparticles. The charac-
teristic peaks are consistent with the reference pattern for
the nanoparticles from Figure 2.
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Fig. 2. XRD pattern of nanoparticles: (a) Al,O3, (b) CuO, and
(c) Cu nanoparticles.

Since nanoparticles have a tendency to agglomerate and
precipitate, it is necessary to examine whether or not nano-
particles are well dispersed in the base fluid. Figure 3 com-
pares the particle size distribution for various nanofluid
samples. The average diameter of aluminum oxide, copper
oxide, and copper nanoparticles are found to be 45, 68,
and 55 nm, respectively. The size distribution is found to
be narrow for all nanofluid samples and the average particle
size measured is smaller than 100 nm and confirms that a
nanofluid sample has been prepared. The stability of the
suspensions was investigated by performing time dependent

60

=T A|203
Cu
—..-CuO0

50

40

30

Volume (%)

20

10

1 10 100 1000
Nanoparticle Diameter (nm)

Fig. 3. Particle size distribution of nanoparticles.

measurements and good stability was observed during the
experiments. In fact, the precipitation of nanoparticles
occurs very slowly due to the existence of bentonite and
the gel strength of the base drilling fluid.

3.2 Thermal properties

3.2.1 Specific heat capacity

The specific heat capacity of a body is an intensive property
and does not depend on the body’s mass. This thermal
property shows the capacity of a body to absorb heat and
depends on the temperature at which it is measured.

The accuracy of DSC measurement was initially evalu-
ated using distillated water. The specific heat capacity of
distilled water was found to be 4.20 J/g °C, whereas the
reference value in the literature is 4.18 J/g °C [29]. The
discrepancy was 0.02 J/g °C and the relative error was
assessed as 0.5%. As can be seen, the measured value of
distilled water specific heat capacity is in good agreement
with the value reported in the literature and validates the
apparatus calibration.

To provide a baseline for comparing the drilling nano-
fluids’ data, the base drilling fluid without nanoparticles
specific heat capacity was measured. Finally, the specific
heat capacity of drilling nanofluids containing a type of
nanoparticle i.e. Al,O3, CuO, and Cu at concentrations of
0.3, 0.6, and 0.9 wt% were measured and compared.

The ratio of the specific heat capacity of drilling nano-
fluids with respect to the base drilling fluid for different con-
centrations of nanoparticles is shown in Figure 4. Looking
at Figure 4, it is apparent that, the specific heat values of
drilling nanofluids containing Al,O3 and CuO nanoparticles
follow the same trend. For drilling fluid containing Al,Os
nanoparticles, the specific heat values decrease slightly by
addition of 0.3 wt% nanoparticles to the base sample and
then increase for higher concentrations. The maximum
increase of heat capacity for Al,O3 nanoparticles was found
at a concentration of 0.9 wt%. Similarly, the addition of
0.3 wt% CuO nanoparticles to the base drilling fluid,
decreases the specific heat of drilling fluid by 1.5%, but
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Fig. 4. Specific heat capacity of drilling nanofluids at different
concentrations of nanoparticles.

higher loadings of CuO nanoparticles increase this property.
In fact, reduction of specific heat capacity of nanofluids by
adding nanoparticles is due to lower values of nanoparticles
specific heat capacity compared to the base fluid. A similar
decrease of specific heat capacity is reported in the litera-
ture [32, 33]

For drilling nanofluids containing Cu nanoparticles, the
specific heat capacity is found to increase as the nanoparti-
cles mass fraction increases at all examined concentrations.
As can be observed, the specific heat enhancement of
drilling fluid in the presence of copper nanoparticles is sub-
stantially higher compared to other nanoparticles. The
increasing trend of heat capacity with rising Cu nanoparti-
cles concentration clearly indicates that heat capacity incre-
ment of Cu added drilling nanofluid is faster than that of
the other two nanoparticles investigated.

In the literature several experimental observations of
specific heat maximization due to change in nanoparticles
concentration are reported. Chieruzzi et al. observed an
initial reduction of heat capacity for nanofluids containing
TiOy and SiO, nanoparticles [34]. The measurements of
Heilmann presents a maximum heat capacity at 1 wt%
Al,03 nanoparticles [35]. Lasfargues et al. reported a speci-
fic heat capacity enhancement of 30% in 0.5 wt% TiO,
nanoparticles dispersed in a binary salt mixture [36].

The experimental results indicate that for samples con-
taining nanoparticles lower than 1 wt%, the specific heat
capacity of drilling nanofluids increases nonlinearly with
an increase in the nanoparticles concentration. As can be
observed from the obtained data, the addition of more than
0.3 wt% of nanoparticles to the base drilling fluid causes the
specific heat capacity to increase. The maximum heat capa-
city enhancement, i.e. 15.6%, was found with addition of
0.9 wt% of Cu nanoparticles. The maximum standard
deviation of heat capacity measurement for various drilling
nanofluid samples was calculated as 0.03.

The increase in heat capacity of the drilling fluid due to
addition of nanoparticles proves that nanoparticle enhanced
drilling fluid can absorb more heat from the drill-string and
bit than conventional drilling fluids. This property is more

significant for cooling functionality in deep drilling opera-
tions. One of the mechanisms considered for the increase
of the specific heat capacity in nanofluids is the enhanced
specific heat capacity of nanoparticles due to their higher
specific surface energy compared with bulk material. More-
over, additional thermal storage mechanisms due to the high
specific surface area of the nanoparticles, and the interfacial
interactions between nanoparticles and fluid molecules,
affect the nanofluid thermal properties. Another mechanism
is the creation of a nanolayer of nanoparticles on the surface,
which is likely to enhance specific heat capacity due to the
smaller intermolecular spacing compared to the higher inter-
molecular spacing in the bulk liquid [37, 38].

The nanofluids thermal conductivity improvement has
been interpreted by different mechanisms based on the
Brownian motion of nanoparticles [39], aggregation of nano-
particles [40], and formation of a nanolayer [41, 42]. Among
these mechanisms, the nanolayer effect is declared to be the
most important factor affecting the specific heat capacity of
nanofluids [42]. However, a molecular theory explaining the
interfacial thermal characteristics and the effects of nano-
particles on the specific heat capacity of these fluids does
not yet exist.

The specific heat capacity of nanofluids can be predicted
using different models. One of the models widely used in the
literature for calculation of nanofluids specific heat is as
follows [43]:

@(pCy), + (1 - ¢)(p0p)f'

Cor =
vt ep, + (1 —9)p;

2)

This model is based on the assumption of thermal
equilibrium between the solid particles and the surrounding
fluid, using classical and statistical mechanics. In this
model, the effect of the particle and fluid densities
(P, and py, respectively) on the specific heat of the nanofluid
are taken into account.

The dashed line in Figure 4 shows the results of this
model. The reduction in the specific heat capacity of the
nanofluids obtained from the model is clearly explained
since the specific heat capacity of the nanoparticles is
significantly below the specific heat capacity of the base
fluid. This behavior was also reported in previous studies
[38, 44]. As can be seen, the model prediction largely differs
from the experimental data. It can be concluded that for
low mass fraction of nanoparticles, the model results cannot
be reliable.

3.2.2 Thermal conductivity

Figure 5 illustrates the ratio of the thermal conductivity of
nanofluid samples with respect to the base drilling fluid
against nanoparticle loadings. In Figure 5, the thermal con-
ductivity of drilling nanofluids increases with increasing of
nanoparticles content. A similar trend was reported by
Farbod et al. for CuO nanoparticles of concentration
ranging from 0.2 wt% to 6 wt% [45]. Wang et al. reported
that the thermal conductivity enhancements of nanofluids
depend strongly on the volume fraction of nanoparticles
and increase with increasing nanoparticles loading [46].
However, increasing nanoparticles concentration decreases
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Fig. 5. Thermal conductivity of drilling fluid at different
concentrations of nanoparticles.

the distance between particles while random collision
due to Brownian motion accelerates agglomerations of
nanoparticles [47].

As can be seen in Figure 5, the thermal conductivity
enhancement for drilling nanofluids is linear for mass frac-
tions lower than 1%. From the obtained results, nanofluids
containing copper nanoparticles have a higher thermal con-
ductivity than other nanofluid samples due to higher ther-
mal conductivity of solid dispersed particles. The maximum
improvement in drilling fluid thermal conductivity was
found with the addition of 0.9 wt% of Cu nanoparticles.
The maximum standard deviation of thermal conductivity
measurement was 0.02. Therefore, the measurement uncer-
tainty in the experiments is lower than 2%.

3.3 Rheological properties

In non-Newtonian drilling fluids, it is often expected that
the viscosity should decrease with increase in shear. High
apparent viscosity of these fluids at low speeds is required
to prevent the cuttings from falling down especially when
the pumps are off and its low apparent viscosity at high
speeds is required for the pump to be able to circulate it
in the deep wells.

The fluids rheological behavior is reported as a plot of
shear stress versus shear rate. For Newtonian fluids, the
ratio of shear stress to shear rate is defined as viscosity which
is a measure of resistance between the fluid’s adjacent layers
during flow [48]. Several mathematical models that describe
the behavior of non-Newtonian fluids are available. To
determine which model is most appropriate to the drilling
fluid samples, the shear stress over a range of shear rates
was measured. The results for drilling nanofluid samples
that included 0.9 wt% nanoparticles are shown in Figure 6.

It is obvious from Figure 6a that adding the nanoparti-
cles to the drilling fluid increases the shear stress. The
experimental data shows that for all drilling fluid samples,
the variation of shear stress with shear rate is not
linear and exhibits viscoplastic shear thinning behavior.

140
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5 100
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S 80
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»
g 40
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Fig. 6. (a) Shear stress and (b) the apparent viscosity versus
share rate for various drilling nanofluids.

Figure 6b shows that the drilling nanofluid samples have
shear thinning behavior, 7.e. at low shear rates the viscosity
increases and decreases at high shear rates.

The effects of nanoparticles on the rheological properties
(i.e., apparent viscosity, plastic viscosity, and yield point)
of various drilling nanofluid samples are compared in
Figure 7. The calculated values of apparent viscosity and
plastic viscosity for the base drilling fluid in the absence
of nanoparticles were 22.5 cP and 8 cP, respectively. The
experimental measurements show that the apparent viscos-
ity and plastic viscosity of the base drilling fluid increase
with the addition of nanoparticles. Moreover, the viscosity
values increase with increase in concentrations of nanopar-
ticles in the drilling fluid. The increase of drilling nanofluid
viscosity can be attributed to the increase in friction
between fluid layers in the presence of nanoparticles [48].

The ability of a drilling fluid to carry drill cuttings out of
the annulus is evaluated by the value of the yield point,
which should be high enough for proper cuttings transport.
However, large yield point values generate extra pump pres-
sure that must be inhibited. The yield point is dependent on
the electro-chemical charges in the drilling fluid under flow-
ing conditions. The predominance of the attractive forces
between the particles leads to a high yield point value.
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In contrast, when repulsive forces prevail, a decrease in
yield point value is observed. However, the yield point value
can be adjusted using various chemical additives [49)].

The measured yield point value for the base drilling fluid
was 29 1b/100 ft>. Figure 7 shows that increase in concen-
tration of nanoparticles in the base drilling fluid increases
the yield point value. The maximum value of yield point
(i.e., 49 1b/100 ft?) was obtained by addition of copper
nanoparticles to the drilling fluid. It is obvious that the
drilling nanofluids prepared by addition of various nanopar-
ticles exhibit better rheological properties than the base
drilling fluid [50].

The value of gel strength of a fluid shows the minimum
shear stress required to start movement in fluids and is
obtained in two ways: measurement immediately after
preparation of the drilling fluid (10 s GS) and measurement
after a rest for 10 min (10 min GS) [51, 52].

The measured 10 s GS and 10 min GS of the base
drilling fluid were 28 (Ib/100 ft*) and 31 (Ib/100 ft?),
respectively. The gel strength values of the drilling
nanofluid samples prepared with the addition of 0.9 wt%
nanoparticles are compared in Figure 8. As shown in this
figure added nanoparticles increase the gel strength of
the base drilling fluid. The maximum gel strength values
(i.e., 51 1b/100 ft* after 10 s and 69 1b/100 ft* after
10 min) were obtained for copper nanoparticles.

3.4 Filtration test

The filtrate loss of drilling fluid samples were measured
under 100 psi pressure and ambient temperature. The filter
loss results for the base drilling fluid in the presence of
various nanoparticles are shown in Figure 9. The filtrate
loss volume for the base drilling fluid was measured
14.2 mL. The experimental results revealed that drilling
fluid samples formulated by adding nanoparticles had
better filtration characteristics than the base drilling fluid
and showed lower filtrate losses. The best reduction in the
filtrate loss was achieved by adding copper oxide and
copper nanoparticles at a concentration 0.9 wt% to the base
drilling fluid. The mud cake thickness nearly remained
unchanged within the value of 0.15 cm by adding
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Fig. 8. Gel strength of the base drilling fluid and nanofluid
samples.
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Fig. 9. Filtration volume for base drilling fluid and nanofluid
samples.

nanoparticles at low concentrations (i.e., <1 wt%). It can
be concluded that the presence of nanoparticles with small
content did not have a significant effect on the mud cake
layer thickness.

In fact, nanoparticles in the drilling fluid fill the pores
and form a tight filter cake which reduces the filtrate loss.
Drilling fluids should also have favorable filtration charac-
teristics such as an acceptable fluid loss and dense filter
cakes, which is preferred for decreased lost circulation,
reduced formation damage, and wellbore collapse preven-
tion [53, 54].

The filter cakes permeability can be calculated accord-

ing to Darcy’s law:
— dVy\ uh,
k_(dt)AAp’ ®)

where Vj, h, and A are the filtrate volume, filter cake
thickness and filter cake cross sectional area, respectively.
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Table 2. Permeability of filter cakes for various drilling
nanofluids.

Drilling fluid Nanoparticle Permeability
concentration (wt%) (nd)
Base mud 0 2.67
Base mud + Al,O3 0.3 2.11
nanoparticles 0.6 1.83
0.9 1.27
Base mud + CuO 0.3 1.91
nanoparticles 0.6 1.48
0.9 0.84
Base mud + Cu 0.3 1.54
nanoparticles 0.6 1.28
0.9 0.73
1.2
) ——AlO3
—o—CuO
2 08 ——Cu
o
2
= 06
Qo
3
£ 04
[0
o
0.2
0
0 0.2 0.4 0.6 0.8

Nanoparticle concentration (Wt%)

Fig. 10. Permeability of filter cakes at different concentrations
of nanoparticles.

To calculate the correct value of filter cake permeability
i

as a function of time, —* should be obtained from the
slope of the fluid filtration volume against the time at
the corresponding time. The effects of nanoparticles
concentration on the permeability of filter cakes are
illustrated in Table 2. A reducing trend was observed
for filter cakes permeability by increasing the nanoparti-
cles mass fraction. The permeability reduction of filter
cakes in the presence of nanoparticles resulted from more
dense cake structure created by the added solid particles.
This characteristic provides excellent applicability of
nanofluid enhanced drilling mud: the lesser the filter cake
permeability the lesser filtrate invasion into original
reservoir resulting lesser formation damage providing
substantially higher wellbore productivity behavior in
post-drilling operations.

The ratio of the filter cakes permeability for drilling
nanofluids versus the base drilling fluid at different concen-
trations of nanoparticles is presented in Figure 10. It is
apparent that, addition of a small volume of nanoparticles

can reduce the filter cake permeability and consequently
the formation damage. In fact, nanoparticles with small
dimensions can seal the pores in the filter cake and enhance
the filtration properties of the drilling mud.

The size of dispersed nanoparticles in the base drilling
fluid has a significant effect on filter cake permeability.
Therefore, to diminish the formation damage, the nanopar-
ticles size can be adjusted by changing the preparation
techniques for subsurface formations with different pore
diameters.

4 Conclusion

Considering the importance of efficient drill string and
bit cooling by the drilling fluid, especially in deep
drilling operations, the variations of thermal characteristics
(i.e., thermal conductivity and specific heat capacity) of
water-based drilling nanofluid in the presence of aluminum
oxide, copper oxide and copper nanoparticles were investi-
gated experimentally. In addition, the effect of nanoparti-
cles on the rheology, and filtration characteristics of the
drilling fluid were studied. It was concluded that nanopar-
ticles are able to play an important role in enhancement
of the thermal and rheological characteristics, decreasing
fluid loss and formation damage during drilling operation.

The experimental results indicated that addition of
nanoparticles to water-based drilling fluids enhances the
specific heat capacity nonlinearly. A maximum value of
15.6% increase in the specific heat capacity compared to
the base sample was observed with the addition of copper
nanoparticles with a mass fraction of 0.9%. The observed
enhancements are attributed to the high specific surface
area of the nanoparticles, which leads to higher specific
surface energies. The increase of heat capacity for the
drilling nanofluids varied with the type and concentration
of nanoparticles. The experimental measurements showed
that the enhancement rate of heat capacity with the addi-
tion of copper nanoparticles is faster than that with the
other nanoparticles. The shear stress variation versus shear
rate for all drilling nanofluid samples represented viscoplas-
tic shear thinning behavior, and the best fitted model was
found to be the Herschel-Bulkley model. The results
revealed that adding nanoparticles, increases the viscosity,
yield point, and gel strength of the base drilling fluid. The
maximum increase in rheological properties were obtained
with copper nanoparticles at a concentration of 0.9 wt%.

On the other hand, the fluid loss of the studied samples
was reduced in the presence of nanoparticles. The addition
of nanoparticles in low concentration (<1 wt%) reduced the
fluid loss and therefore formation damage by pore plugging
mechanism. The minimum filter cake permeability was
calculated for copper nanofluids. Increasing the nanoparti-
cles concentration did not affect the filter cake thickness
over the studied range of concentrations.

It should be declared that simultaneous improvement of
thermal conductivity and specific heat capacity is needed to
enhance the heat transfer characteristics of drilling fluids,
especially in deep drilling operations. This study has clearly
confirmed that the presence of nanoparticles in water-based
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drilling fluids favorably changes the thermal as well as
rheological and filtration characteristics of the water-base
drilling fluid which should be considered for industrial
applications.
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