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Abstract

Performance issues of vegetable oil or bio-based oil drilling fluids are generally inferior
as compared to synthetic based drilling fluids. This chapter focuses largely on thermal
conductivity and rheological properties of bio-based oil drilling fluid as its core issues.
Unstable drilling fluids do not only incur in downtime for maintenance, but it indirectly
affects production capacity as well. To overcome these issues, nanoparticles acts as addi-
tives to improve the thermo-physical traits of bio-based oil drilling fluid. The scope of
this chapter focuses on dispersion of graphene oxide at very low concentration, namely
25, 50 and 100 ppm, to improve the thermal conductivity and rheological properties of
bio-based oil drilling fluid. The data obtained from thermal conductivity and rheological
experimental works were validated with various thermal conductivity and rheological
models.

Keywords: bio-based oil drilling fluid, nanoparticles, thermal conductivity, rheology,
graphene oxide

1. Introduction

Statistics have shown world energy consumption continues to experience growth rate sine
year 1990 with oil, natural gas and coal remaining as the major energy consumer [1]. Market
report [2] has outlined increment in drilling activities and exploration as well as development
of unconventional gas reserves will meet product’s demands. The report also reported key
players in the oil and gas industry to shift their focus in developing nanotechnology-based
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66 Drilling

solutions to overcome technological and environmental challenges. Asia Pacific was evalu-
ated to have the highest market growth by 5.8% from 2016 to 2024 period [2].

Drilling fluids are highly regarded as one of the most important component in any drilling
operations as it acts as a heat and solid circulating system, and a lubricant. It is reported that
more than half of present global oil reserves stands at 4200 m below sea level at extreme tem-
perature and pressure conditions [3]. However, extreme temperature and pressure conditions
will cause drilling fluids to deteriorate. Deterioration in drilling fluids incurs downtime for
maintenance and affects production capacity indirectly. Additives such as barite and benton-
ite are used to maintain density, rheology, temperature stability and fluid loss control proper-
ties of drilling fluids. However, this imposes several limitations including costly treatment
cost and its inability to perform under HTHP conditions. For example, oil based muds have
good lubricity properties, low torque and drag resistance [4] but performs poorly in terms of
fluid loss circulation and elastomer compatibility [5], expensive and proved to be costly in
terms of treatments and disposal of its cuttings. In addition, contaminated oil-based muds are
often disposed to the surroundings, prompting environmental pollution to the surrounding
seabed life and killing off coral reefs [6, 7]. Therefore, emphasis on drilling fluid containing
biodegradable and environmental-friendly properties is inexorable for the preservation of
marine environment.

The need to develop an environmental friendly drilling fluid system containing desirable
attributes such as low toxicity, biodegradable and environmental friendly properties are
highly demanded [8]. Some of the vegetable oils considered to be prospective base fluids are
rapeseed oil, sunflower oil, palm oil and groundnut oil [5]. The ester composition within veg-
etable oils has intrinsic ability to biodegrade at the presence of “built-in” oxygen in esters [9].
However, esters contain high viscosity properties due to the presence hydrogen bonding of
—OH groups in unsaturated fatty acids [5]. However, hydrogenation process is able to convert
double bonds of unsaturated fats into saturated fats, thus altering the viscosity properties of
vegetable oils to be less viscous. Vegetable oils such as Jatropha oil have higher flash point,
better thermal stability and lower toxic compositions are advantageous over to diesel based
muds [10]. Agwu et al. [11] had proven diesel oil to be chemically unstable in pour point
and fire point analysis at extreme temperatures as compared to soybean oil. While chemical
modifications such as hydrogenation process converts vegetable oils into less viscous states,
it cannot be denied that oil-based fluids still possess low thermal conductance. To resolve
such challenges faced by ester-based drilling fluids, incorporation and assimilation of nano-
technology into bio-based drilling fluids, such as nanoparticle additives, to be able to perform
equally or better than the current conventional drilling fluids.

Nanofluids are binary systems [12] consisting of a base liquid suspended with metallic or
non-metallic nanoparticles that acts as a colloidal suspension within the fluid with nanopar-
ticles at average sizes of 100 nm or less [13]. Although nanofluids are often focused towards
heat transfer applications, Choi [14] had proposed an important role for nanofluids for cool-
ing and lubrication of drilling bits in future drilling operations. Nanoparticles are known to
improve the rheological, mechanical and thermal properties of a given base fluid as they have
higher specific surface areas, mechanical strengths and lower melting points [15]. Comparing
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Figure 1. Schematic model of a graphene oxide sheet [18].

to micrometre and millimetre sized additives, nanomaterials also possess better dispersion
stability, reduced pumping power [16] and clogging issues [17] In general, oil-based drilling
fluids are known to possess low thermal conductance, thus requiring nanoparticle additive to
achieve better conductivity properties.

Graphene oxides are heterogeneous compounds which contain oxygen groups bonded to
graphene sheets via oxidation process. Oxidized from graphite, graphite oxides readily exfo-
liate when undergoing ultrasonic process [18] as shown in Figure 1. Carbonyl and carboxyl
groups are attached to the basal plane of graphene oxide [19]. Interestingly, graphene oxide
possesses both soluble and non-soluble behaviours, which makes it versatile for production
of nanofluids with a wide range of compatibility.

Presence of oxygen atoms can lead to alteration in vibrational characteristics of scattered pho-
nons and subsequently reduce the free mean path [20]. The reduction of mean free path of
phonons can lead to reduction in thermal conductivity properties. However, Mahanta and
Abramson [21] suggested oxygen atoms paved interlayer interactions that induces higher
phonon frequency and contributes to thermal conductivity increment. Functionalization of
oxygen-groups on graphene sheets were used to enhance stability of nanoparticle suspen-
sions in fluids through electrostatic stabilization from the media polarity [22].

2. Thermal conductivity and rheological properties

Thermal conductivity enhancement is influenced by several factors, such as Brownian motion
of nanoparticles, nanolayer, nanoparticle clustering and other external parameters such as
volume fraction, nanoparticle size and temperature [23]. Jang and Choi [24] discovered the
random motion of Brownian motion contributed to 6% of total thermal conductivity enhance-
ment. Nanolayers shown in Figure 2 act as a barrier for thermal conductance which low-
ers the overall thermal conductivity of nanofluid. There are instances where clustering of
nanoparticles by Van der Waals forces induces local percolation structure that can enhance
thermal conductance of nanofluids [23].

However, a fractal model developed [25] showed no changes in thermal conductivity proper-
ties of nanofluid from clustering effects as the enhancement effects are counterbalanced from
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Figure 2. Schematic cross diagram of nanolayers at solid/liquid interface of nanoparticles and liquid [38].

reduced convection of particles. This claim was in good agreement that clustering effect per-
forms poorly on stability and thermal conductivity of nanofluid [26].

Hadadian et al. [22] prepared different masses of graphene oxide in 50 mL of distilled water
and ethylene glycol and were subjected to 15 min of ultrasonication to produce a homog-
enous suspension. They yielded a maximum 30% thermal conductivity enhancement with
0.07 mass fraction graphene oxide, owing to the excellent geometry of graphene oxide such as
high interfacial area and comprised of sheet-like arrangements favourable for formation of a
percolation structure. ljam et al. [27] added graphene oxide nanosheets ranging from 0.01 to
0.10 wt% into deionized water to be sonicated for 10 min before further diluted with ethylene
glycol to obtain deionized water/ethylene glycol mixing ratio of 60:40. Their findings showed
maximum thermal conductivity enhancement of 10.47% was obtained from maximum gra-
phene oxide loading at 45°C in which they have highlighted the effects of sheet sizes to form
a percolation pathway according to the percolation theory.

It is important to know the rheological behaviour of various types of fluids. The addition of
nanoparticles into base fluids can alter the liquid’s thermo-physical properties. Such enhance-
ments are useful in heat transfer applications because of the high transfer enhancement in
nanofluids. Therefore, the viscosity of fluid is greatly increased even at very low nanoparticle
loadings [28]. Nevertheless, high viscosity properties enable solids such as drill cuttings to be
suspended at stagnant conditions and prevents sagging process [29]. The trade-off for hav-
ing high fluid viscosity incurs higher pumping costs of the fluid. Vajjha and Das [30] had
proven nanoparticle concentrations greater than 3 vol% increases cost of pumping. Therefore,
consideration for suitable nanoparticle selection should be taken into account for certain
applications such as drilling purposes. [jam et al. [27] compared shear stress and viscosity
of graphene oxide-water nanofluids and concluded viscosity to function with respect to tem-
perature. The increase in temperature weakens the intermolecular forces between particles
to lower viscosity of nanofluids. Under high shear rate, viscosity of graphene oxide-water
decreases exponentially until it reaches a point where it is independent of shear rate.

However, the rheological properties of nanofluids are still widely debatable among research-
ers. Fluctuating results were reported by various researchers stating addition of nanopar-
ticles gives an increment or decrement of viscosity properties of nanofluids [31]. For example,
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Wang et al. [32] dispersed graphene nanoparticles at low loadings into ionanofluid and was
found to possess slightly lower viscosity at higher temperatures as compared to its counter-
part base fluids due to the self-lubrication of graphene nanoparticles. Lu et al. [33] concluded
rheological properties to be highly dependent on nanoparticle concentrations. At very low
loadings, nanofluids with Newtonian behaviours can produce shear-thinning non-Newtonian
behaviour when subjected to high nanoparticle concentrations due to strong particle-particle
interactions interrupted by shear rates exceeding a specific critical value.

3. Thermal conductivity and rheological models

3.1. Thermal conductivity models

Conventional thermal conductivity models are used for the prediction of thermal conductiv-
ity of nanofluids based on several main key parameters such as nanoparticle volume frac-
tion (¢), thermal conductivity of nanoparticle (kp), thermal conductivity of base fluid (k)
and shape factor (n) for nanoparticle types. Effective medium theory (EMT) models, such
as, Maxwell model [34], Hamilton-Crosser model [35] and Bruggeman model [36], are static
models that predict based on the assumptions that particles are motionless and heat transfer
between both continuous and dispersed phases are diffusive [37].

3.1.1. Maxwell model

Maxwell had developed the first EMT model to predict suspensions containing diluted par-
ticles (< 1 vol% concentration) [34]. The assumption basis of this model is that the particles
are non-interacting with each other and is spherical in shape. Maxwell model is expressed as:

k+2k +2(k —k_ ¢
k”f:lp bof (p bf )] ’ (1)

K+ 2k, 2(k =k, )

where k  is thermal conductivity of nanofluid, k]D is thermal conductivity of nanoparticle,
k,; is thermal conductivity of base fluid and ¢ is the volume fraction of nanoparticle. The
Maxwell model was reported to predict well for relatively large particle size at micro- and
millimetre scales.

3.1.2. Hamilton-Crosser model

The Hamilton-Crosser (HC) model is expressed when the thermal conductivity of particle is
greater than the thermal conductivity of liquid by 100 times (kp/kbf >100). The HC model is an
extension of Maxwell’s model which takes shape factor, n, of particles into account in calcula-
tion. The shape factor is defined as the ratio of surface area of the sphere with constant volume
as particle to the surface area of the particle.

k+-Dk+ -1k kg
Ky = K| 1+ n k(lpc - @)
4 n+(n_1) bf_(p_ bf)(p
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where 7 can be represented with n = 3/1, { is the sphericity of the particle. Generally, n =3 is
taken for spherical particles while n = 6 is considered for cylindrical shape particles.

3.1.3. Bruggeman model

Unlike Maxwell model, Bruggeman model is applicable for two binary mixtures with no par-
ticle concentration limitations. However, Bruggeman model tends to deviate from Maxwell
model at higher concentrations. The Bruggeman model is similar to that of Maxwell model
as both models use the same assumption basis that the shape of particles are spherical. The
Bruggeman model is written as follows:

kp_kfﬁ' kr’_kﬂﬁ‘
P\k 2%, t(1-9) peak,) =V (3)

where ¢ is the volume fraction of nanoparticles dispersed, k,, is the thermal conductivity of
base fluid, k  as the thermal conductivity of nanoparticles and k  as the effective thermal
conductivity of nanofluid.

3.2. Rheological models

Rheological models are used to determine the relationships between shear stress and shear
rate as different applications possess different characteristics. Non-Newtonian models such
as Bingham Plastic model [39] and Power Law model [40] are commonly used to predict rheo-
logical behaviours and are considered in this study.

3.2.1. Bingham Plastic model

Bingham Plastic fluids are unique as it has “infinite” viscosity until adequate stress is applied
to initiate flow process. The Bingham Plastic model is as follows:

0 = 0,+uy (4)

where 0 is the shear stress, o_ is the limiting shear stress, u is the viscosity and v is the shear
rate. The limiting shear stress is often referred to as Bingham Yield Stress of the material.
This model is suitable for concentrated mixtures and colloidal systems possessing Bingham
behaviours.

3.2.2. Power Law model

Generally known as Ostwald model, non-Newtonian materials behave with respect to shear
rate to produce two effects, namely shear thinning and shear thickening. Shear thinning yield
lower viscosity when subjected to higher shear rate while shear thickening contradicts. The
thickening is normally associated with the increase in sample volume and is known as dilat-
ancy. The Power Law model is as follows:
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where p is the fluid viscosity, o is the shear stress, v is the shear rate and n is the power law
index of the material. Shear thinning behaviour exhibits itself at n <1 while n > 1 converts the
material into a shear thickening fluid. This model is only limited to a small shear rate range as
predictions from the model will deviate at a higher shear rate range.

4. Experimental study

4.1. Homogenization process

In this study, hydrogenated base oil (HBO) as base fluid and graphene oxide paste are supplied
by a local company supplier. HBO is derived from vegetable oil through catalytic hydrotreating
process and contains alkane chain branch between C15-C18. For the characterization of nanopar-
ticles, graphene oxide paste was subjected to FTIR (Perkin Elmer) with wavenumber ranging
from 500 to 4000 cm™ and TEM (Zeiss Libra 200FE) analysis at magnification range at 20,000x
to 800,000x values. The HBO and graphene oxide paste were homogenized through a hydrody-
namic cavitation unit at a constant flow rate of 1.5 L/min for 3 hours duration with an average of
10 bars pressure. The orifice diameter and length are 1 mm and 30 mm respectively. The sche-
matic diagram is as shown in Figure 3. The hydrogenated oil-based nanofluids were transferred
to an ultrasonic bath (Bath Ultrasonic Branson 8510E — DTH) for further homogenization.

4.2. Thermal conductivity properties analysis

Thermal conductivity analysis of hydrogenated oil-based nanofluids are carried out
with KD2 Pro Thermal Properties Analyser equipped with KS-1 sensor with dimension

e T
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Figure 3. Schematic diagram of hydrodynamic cavitation unit (HDV: hydrodynamic vessel, MV: mixer vessel, PG:
pressure gauge, RP: rotary pump, HDP: hydrodynamic pump).
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1.3 mm diameter x 60 mm length) which complies with ASTM D5334-14 standards. The
parametric studies in thermal conductivity analysis are divided into three categories,
mainly the effect of temperature, the effect of nanoparticle concentrations and the effect
of nanoparticle types. The temperature parameter in this study is set within the ranges of
30-50°C with a 5°C increase at each interval step. The presence of nanoparticles suspended
within each sample move freely under elevated temperature, prompting fluctuations in
thermal conductivity results. Therefore, each sample was repeated three times to ensure
mean thermal conductivity is obtained. Further detailed explanation on the method can be
found in our earlier work [48].

4.3. Rheological properties analysis

The parametric studies considered for the rheological properties analysis are viscosity values
and shear stress values of hydrogenated base oil nanofluid with respect to shear rate and tem-
perature. Rheological properties were measured using Malvern Bohlin Gemini II Rheometer
following the method discussed in our earlier work [56].

5. Results and discussions

5.1. Characterization of graphene oxide

Tables 1 and 2 show the product specification of graphene oxide paste and vegetable oil by
the local supplier respectively.

Carbon content (%) >99.8
Oxygen content (%) <0.05
Thermal conductance (W/m K) 2800

X-Y dimensions (um) 0.06-1

Z dimensions (pm) 0.002-0.005

Table 1. Product specification of graphene oxide paste.

Parameters Specifications
Density (kg/m?) 780 (at 15°C)
Initial boiling point (°C) <300

Final boiling point (°C) <330

Flash point (°C) 90

Kinematic viscosity (mm?/s) 2-2.6 (at 40°C)

Table 2. Product specification of hydrogenated oil-based fluid.
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Two characterizations were used to characterize graphene oxide paste, namely FTIR analysis

and TEM analysis. Figures 4 and 5 show FTIR spectra analysis and TEM imaging of graphene
oxide paste respectively.

At 3500 cm™ range, O-H group is present in graphene oxide as shown in Figure 4 and is
further supported by the findings of Farbod et al. [17]. Absorption peak between 1630 and

Transmittance (%)

244452 O-Hstretch
2082.22 -C=C- stretch
1634.12 -C=0 stretch
71202 C-H bend

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Figure 4. FTIR spectra analysis of graphene oxide.

Figure 5. TEM image of graphene oxide at 31,500x (left) and 80,000 (right) magnifications.
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1730 cm™ is assigned to C=0O stretching of carboxylic and specific carbonyl functional groups
[41]. The remaining peaks confirms the presence of carbon—carbon bonds which constitutes
primarily from graphene sheets.

Stacking of graphene oxide sheets were outlined at 31,500x magnification in Figure 5 that
shows folds and bends existing on the surface of graphene oxides. Schniepp et al. [42]
explained that functionalized graphene sheets are distinctively different from graphene with
the attachments of epoxy, hydroxyl and carboxyl groups on graphene sheets. The attachments
of these groups posed lattice defects during thermal reduction process leading to the forma-
tion of defects on the surface of graphene oxides [42].

5.2. Thermal conductivity analysis

The effects of temperature and nanoparticle concentrations on thermal conductivity analy-
sis was investigated. The analysis for graphene oxides dispersed in hydrogenated oil-based
fluids were carried out at temperature of 30°C, 40°C and 50°C nanoparticle concentrations at
25 ppm, 50 ppm and 100 ppm.

Thermal conductivity of hydrogenated oil-based nanofluids as shown in Figure 6 and Table 3
increases linearly with temperature similar to the conclusions of other researchers [21, 43].
The increased in thermal conductivity values were regarded to the effects Brownian motion
and micro-convection of nanoparticles induced by at higher temperature [19]. The influences
of phonons, molecular diffusion and collision, and free electrons plays a vital role in this
scenario [43]. Higher temperature provides better transfer of heat with regards to high pho-
non vibrations while intense molecular collisions enable better thermal conductivity between
nanoparticles suspended.

Furthermore, Figure 6 highlighted the dependency of thermal conductivity with respect to
nanoparticle loadings. This trend is more apparent as high particle concentration contrib-
utes to higher collision between nanoparticles which prompted better diffusion and conduc-
tance of heat [43]. The same trend can be observed from the findings of other researchers [44].
Although thermal conductivity increment rate is apparent, it does not increase anomalously.
The slight fluctuations in were attributed to the clustering of nanoparticles which prompted
instability of the nanofluid suspensions. The choice of base fluid with low thermal conduc-
tance influences the suspension of nanoparticles into aggregates due to the immense intermo-
lecular attraction force at a nanoscale at increasing concentration [45]. In Figure 6, 100 ppm
showed lower thermal conductivity as compared to 25 ppm and 50 ppm concentration at
35°C onwards. This phenomenon is regarded to clustering of nanoparticles formed from high
volume concentrations resulting in nanoparticle instability in the nanofluid. Agglomerations
can provide local heat percolations that improves thermal conductivity [23] at sufficient
higher energy input as shown at 50°C, however, the tendency of nanoparticles clustering
that leads to settling of aggregates due to lower energy input into the system will result in
reduced overall thermal conductivity enhancement. Furthermore, aggregations formed leads
to larger variation in particle distribution and poses stability problems at higher temperature
[45]. Hence, this could also be the contributing factor to the decrease in thermal conductivity
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Nanofluid type Concentration Temperature Mean thermal Standard deviation
(ppm) O conductivity (W/mK)  (W/mK)
Graphene oxide- 25 30 0.1394 0.00518
hydrogenated oil 35 0.1408 0.00349
40 0.1770 0.00914
45 0.1898 0.01242
50 0.1958 0.02191
50 30 0.1464 0.00723
35 0.1396 0.00659
40 0.1753 0.02404
45 0.1830 0.03290
50 0.1940 0.03401
100 30 0.1397 0.00437
35 0.1543 0.01409
40 0.1640 0.01284
45 0.1736 0.02755
50 0.2044 0.04361

Table 3. Thermal conductivity analysis of graphene oxide-hydrogenated oil based nanofluid with respect to different

particle concentration and temperature.

75



76  Drilling

performance at higher nanoparticle concentrations due to stability issues. Although presence
of oxygen groups provides better stability and paved interlayer interactions [21] for improved
thermal conductivity properties, the resulting shear pressure induced by hydrodynamic cavi-
tation process have strained the structure of nanoparticle and in return, affects the stability of
graphene oxide in this study.

The findings of this study are compared against our previous experimental work [46, 47]
where graphene nanosheet and carbon nanotubes nanoparticles were selected. From Figure 7,
graphene nanosheets have higher thermal conductivity as compared to carbon nanotube and
graphene oxide by a slight margin at 50°C and 100 ppm. The high surface area to volume ratio
and intrinsic thermal conductivity values of graphene nanosheets [48] contribute hugely to
the increase in thermal conductivity of nanofluids at very low nanoparticle concentrations.
Furthermore, larger sheet sizes attract one another and for conducting percolation pathway
to conduct heat more efficiently [27], providing better thermal conductivity of graphene
nanosheet and graphene oxide nanofluids as compared to carbon nanotube nanofluids.

A comparison between experimental data and the classical thermal conductivity models is
shown in Figure 8. Similar to graphene nanosheets, graphene oxides are graphene sheets
functionalized with oxide groups attached on the surface of the nanosheets. The Maxwell
model is able to predict closely at 100 ppm as compared to lower particle concentrations.
According to Gupta et al. [49], the contradictions between graphene nanosheets and graphene
oxides is possibly influenced by different particle sizes. Gupta et al. [49] had compared the
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Figure 7.Thermal conductivity enhancement comparison between graphene nanosheets, carbon nanotubes and
graphene oxide at 50°C and 100 ppm.
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Figure 8. Comparison between experimental data and thermal conductivity models at 25, 50 and 100 ppm graphene
oxide concentration.

sizes in their study and other researchers which lead to the conclusion of the role of particle
sizes in the distribution and network formation for heat transfer. There have been various
researches to improve Maxwell model with the inclusion of particle sizes [50] which can fur-
ther improve the predictions of the models. In general, prediction of the models improved
with respect to concentration, but consideration of higher nanoparticle concentrations should
be modelled as well for a more accurate prediction by the models.

5.3. Rheological analysis

Figure 9 shows the relationship of viscosity, shear rate and shear stress against the rheological
behaviour of hydrogenated oil-based nanofluid. At low shear stress, Bingham fluids behave
similar to a solid but flows in liquid manner when adequate stress is applied as shown in
Figure 9 (right) while Newtonian fluid will display constant viscosity regardless of the shear
rate applied. From here, we can infer hydrogenated oil-based fluid to follow a non-Newtonian
behaviour profile with a shear thinning behaviour.

Figure 10 showed the comparison of viscosity profiles at 30°C, 40°C and 50°C with respect to
increasing logarithmic shear rates and nanoparticle concentrations. The addition of graphene
oxide does not influence the viscosity profile of pure hydrogenated oil-based fluid as shown
in Figure 9. At higher shear rates, the viscosity of the nanofluids are closely similar at all con-
centrations with viscosity values overlapping each other.
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At higher shear rate, the viscosity of nanofluids at various concentrations is seen decreas-
ing exponentially towards the viscosity of the base fluid. However, upon closer inspection
showed viscosity of hydrogenated oil-based nanofluids are higher compared to its base
fluid counterpart. Similar to other studies carried out, the viscosity of nanofluids increases
with higher concentrations but reduces when subjected to higher shear rates [51-52].
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Interparticle frictions increase due to higher concentrations of nanoparticle suspended,
thus highlighting the fluid’s resistance to flow and subsequently increased the viscosity of
nanofluids [43]. Furthermore, temperature parameter plays an important role in viscosity
properties. Lower viscosity values are obtained at higher temperature and vice versa for
constant nanoparticle concentrations due to the influence of temperature on the intermo-
lecular attractions between nanoparticles and base fluid’s particles. Interparticle and inter-
molecular adhesive forces of particles decreased at higher temperature because of higher
energy input into the system [53], leading to the decrease of fluid’s viscosity. This phenom-
enon was also observed by other researchers showing the effects of temperature against
viscosity of nanofluids [19].

Two different behaviours of hydrogenated oil-based nanofluids can be deduced from this
study, namely shear thinning and shear thickening behaviours. The nanofluids displayed
shear thinning behaviour at lower shear rate while slight shear thickening behaviour was
observed at higher shear rate instead due to percolation structure effects of nanoparticles
suspension in base fluid [27, 54]. At high shearing rates, the formed percolation structure is
broken down to form primary particles to form higher shear stress.

The rheological behaviour of hydrogenated oil-based nanofluids over the range of 30-50°C at
concentrations 25 ppm, 50 ppm and 100 ppm were compared with non-Newtonian rheological
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Figure 11. Comparison between experimental data and rheological models at different concentrations at 30°C, 40°C
and 50°C.
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models consisting of Bingham Plastic model and Power Law model as shown in Figure 11
respectively. In Figure 11, it was observed 25 ppm concentration of graphene oxide dis-
persed yields the lowest shear stress while 50 ppm has the highest shear stress values at
higher shear rates. A plausible explanation to this anomaly could be the increased stacking
of graphene oxide sheets trapped due to the spindle’s rotating movement. Comparisons have
shown Bingham model gave better predictions of graphene oxide-hydrogenated oil-based
nanofluids compared to Power Law model. The Power Law model over-predicted the shear
stress values at higher shear rate due to the flow behaviour index at n > 1. Furthermore,
hydrogenated oil-based nanofluid has comparatively similar yield stress values at different
concentrations at higher temperatures. The rheological behaviour of hydrogenated oil-based
nanofluids approaches a limit in which the shear stress values are independent to the concen-
tration of nanoparticles at high temperature [55].

From the experimental analysis, hydrogenated oil-based fluid exhibits a non-Newtonian
behaviour. Although the fluid exhibited zero shear stress at low temperature, the decreased
in viscosity of hydrogenated oil-based fluid exhibited shear-thinning properties. However,
the flocculation structure of nanoparticles was broken apart to form primary particle which
led to slight shear thickening behaviour at higher shear rates. Similar to other findings, higher
concentration of nanoparticles exhibits higher viscosity and shear stress properties but varia-
tions are insignificant upon comparison. Furthermore, the shear stress values are indepen-
dent to the concentration of nanoparticles dispersed at higher temperature. The comparison
between Bingham model and Power Law model showed Bingham model predicting better
results data as compared to Power Law model at all concentrations, nanoparticle types and
temperature.

6. Conclusion

In this study, graphene oxide-hydrogenated oil nanofluids were homogenized through com-
bination of hydrodynamic cavitation and ultrasonication combination process at 25 ppm,
50 ppm and 100 ppm respectively. FTIR analysis had shown presence of large -OH groups
concentration while TEM analysis shows severe defects and bends attributed to attach-
ments of various groups on the surface. Findings have shown addition of graphene oxide
into hydrogenated oil showed remarkable improvements of 12.00% in thermal conductivity
enhancement at 100 ppm and 50°C. Furthermore, the rheological properties of hydrogenated
oil nanofluid showed no significant changes in rheological behaviour when compared against
the base fluid. Hydrogenated oil-based nanofluids have shown to possess both shear thinning
and shear thickening behaviours at lower shear rates approaching higher shear rate range
with increased viscosity at higher nanoparticle concentrations. Conventional thermal conduc-
tivity models were able to predict graphene oxide-based nanofluids accurately at higher par-
ticle concentration while Bingham Plastic model had shown to fit well against experimental
data at all concentrations and temperature, thus proving addition of graphene oxide does not
change the intrinsic behaviour of hydrogenated oil.
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