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Abstract
Non-edible oils hold great potential as a viable feedstock for bio-lubricant produc-
tion. Among these oils, castor oil stands out due to its unique hydroxyl group struc-
ture. Castor oil finds applications in various fields such as lubrication, dielectrics, 
and heat transfer. This study focused on investigating the dynamic viscosity and 
thermal conductivity of castor oil and graphene nanoplatelets/castor oil nanofluids. 
The nanofluids were synthesized through a two-step process involving the combina-
tion of graphene nanoplatelets crystal powder with pure castor oil. Morphological 
and crystallographic analyses revealed platelet-shaped graphene nanoplatelets with a 
prominent (002) reflection. Dynamic viscosity measurements were performed using 
a rheometer at temperatures ranging from 40 °C to 100 °C, and thermal conductivity 
assessments were conducted using the Modified Transient Plane Source technique 
from 30 °C to 70 °C. Investigation revealed that as temperature increased, the nano-
fluids exhibited a significant decrease in dynamic viscosity. Conversely, the dynamic 
viscosity increased moderately with higher concentrations of graphene nanoplate-
lets. Importantly, the addition of graphene nanoplatelets did not disrupt the Newto-
nian flow behavior of castor oil. Furthermore, the study demonstrated a remarkable 
enhancement in thermal conductivity with increasing concentrations of graphene 
nanoplatelets. This enhancement can be attributed to the high conductivity of gra-
phene nanoplatelets. Overall, biodegradable graphene nanoplatelets/castor oil nano-
fluid present promising prospects as an advanced lubricating oil with superior heat 
transfer properties. This research contributes to the understanding and utilization of 
nanofluids for effective thermal management applications.

Keywords  Castor oil · Dynamic viscosity · Graphenenanoplatelets · Newtonian 
fluid · Nanofluids · Shear rate
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1  Introduction

In recent times, worldwide environmental concerns have driven industries to tran-
sition toward using bio-based fluids in a range of applications, including lubri-
cation, insulation, and heat transfer.These applications were historically domi-
nated by mineral oils. Vegetable oils, as a sustainable alternative, offer a range of 
advantageous properties. These oils exhibit excellent lubricity, ensuring smooth 
operation and reducing friction-related wear and tear. Their high dynamic viscos-
ity index allows them to maintain effective lubrication across different tempera-
ture and pressure conditions. Additionally, vegetable oils have high flash points, 
enhancing safety during storage and handling. They also possess good dielec-
tric properties, making them suitable for electrical insulation applications. Fur-
thermore, their non-toxic nature promotes a safer working environment. These 
inherent properties of vegetable oils make them a promising choice for replac-
ing mineral oil-based fluids, contributing to a more sustainable and environmen-
tally friendly approach to industrial processes [1, 2]. In response to the specific 
demands of various industries, there has been a growing interest in enhancing 
the properties of vegetable oils by incorporating nanoparticles into the base 
fluid. These fluids, known as nanofluids, consist of nanoparticles with diameters 
smaller than 100  nm dispersed within the base fluids [3]. Nanomaterials, with 
their exceptionally large surface area, offer high reactivity compared to their bulk 
form. The incorporation of nanoparticles into base fluids enhances thermal con-
ductivity, viscosity, and other properties, resulting in bio-based nanofluids with 
advantages over traditional fluids. These nanofluids improve thermal conductiv-
ity, rheology, conductive heat transfer coefficient, analytic heat flux, and wettabil-
ity, making them popular for enhancing efficiency in heat transfer and lubrica-
tion processes. This innovative utilization of nanofluids addresses the industry’s 
evolving needs while prioritizing sustainability and environmental responsibility 
[4].

Recent advancements in nanofluid research have focused on enhancing thermal 
conductivity, attracting considerable attention from the scientific community [5]. 
The prolonged lifespan of lubricating oil is significantly dependent on its effi-
ciency in heat transfer. Thermal conductivity plays a crucial role in maintaining 
the oil’s characteristics and prolonging its operational lifespan [6]. Numerous 
studies have investigated the addition of highly thermally conductive nanomate-
rials, such as metal oxides, metal nitrides, pure metals, diamonds, carbon nano-
tubes, graphene oxide, graphene, and hybrid materials, to base fluids to improve 
thermal conductivity [7–10]. These nanofluids, characterized by their enhanced 
thermal conductivity, offer multiple advantages in various heat transfer and lubri-
cation applications. The assessment of viscosity is particularly important in these 
applications, where nanofluids are pumped through pipes or provide lubrication 
to moving parts, ensuring compatibility and performance in specific industrial 
settings [11–14].

Recent literature has witnessed a significant number of research publica-
tions focusing on the synthesis of nanofluids using carbon-based nanostructures, 
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including graphene, graphene oxide, and carbon nanotubes (both single-wall 
and multiwall) [15–22]. Among these carbon-based nanomaterials, graphene 
has received special attention due to its exceptional thermal conductivity [23]. 
Graphene, composed of hexagonally arranged, sp2-bonded carbon atoms, is a 
single-atom-thick sheet [24]. However, producing pure graphene on a large scale 
remains a commercial challenge. This is due to the high costs involved in manu-
facturing and separating two-dimensional graphene crystals. Achieving the same 
quality as seen in research laboratories presents significant difficulties when try-
ing to scale up the process [25]. In contrast, graphene nanoplatelets (GNP) offer 
advantages such as large-scale production capability, cost-effectiveness, and 
desirable physical properties. GNP consists of two-dimensional carbon structures 
with a single or multilayer graphite plane, measuring 5 to 10 nm in overall thick-
ness and ranging in dimensions from 1 μm to 50 μm [26]. GNP possesses excep-
tional functional properties, including high thermal and electrical conductivity, 
mechanical toughness, low weight, a high aspect ratio, and a flat structure [27, 
28].

Selvam et al. [29] conducted a comprehensive investigation on the thermal con-
ductivity behavior of GNP nanofluids in EG(ethylene glycol) and water base flu-
ids. The nanofluids were prepared by incorporating GNP at volume percentages of 
0.001, 0.01, 0.1, 0.2, 0.3, 0.4, and 0.5% in both EG and water, with the addition 
of 0.75 volume% sodium deoxycholate (as surfactant). The thermal conductivities 
of the nanofluids were measured at 30 °C using the transient hot wire method.The 
experimental results demonstrated a notable increase in thermal conductivity as the 
volume percentage of GNP in the base fluid increased. The highest enhancements 
in thermal conductivity were observed at 0.5 volume% GNP, with a 21% increase 
in EG and a 16% increase in water base fluids, respectively. Similarly, Mehrali et al. 
[6] conducted a study focusing on the rheological properties and thermal conductiv-
ity of GNP/water nanofluids. The rheological study of the nanofluids was found to 
demonstrate both Newtonian and non-Newtonian characteristics, with the dynamic 
viscosity decreasing linearly with increasing temperature. Moreover, the results 
revealed that the thermal conductivity of the base fluid increased with the incorpora-
tion of GNP, demonstrating the positive influence of GNP on thermal conductivity 
in the nanofluid system.

In a comprehensive investigation by Cabaleiro et al. [30], the thermal conductiv-
ity, dynamic viscosity, and density properties of nanofluids composed of EG and a 
water mixture as the base fluid were examined. The nanofluids were prepared by dis-
persing sulfonic acid-functionalized GNP at weight percentages of 0.10, 0.25, and 
0.50.The study findings revealed that increasing the weight percentage of sulfonic 
acid-functionalized GNP in the base fluid led to a notable enhancement in thermal 
conductivity. This indicates the potential of sulfonic acid-functionalized GNP to 
improve heat transfer properties within the nanofluid. Furthermore, the addition of 
sulfonic acid-functionalized GNP resulted in an increase in the dynamic viscosity 
of the nanofluid, as demonstrated by rheological analysis.However, it is worth not-
ing that temperature had a direct impact on the density and caused changes in the 
fluid’s viscosity without affecting the heat transfer characteristics of the nanofluid. 
This investigation sheds light on the influence of sulfonic acid-functionalized GNP 
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on the thermal and rheological properties of nanofluids, providing valuable insights 
for potential applications in heat transfer systems.

Suhaib et  al. [31] conducted research into the rheological behavior of hybrid 
nanofluids containing diamond-GNP and mineral oil. They studied these nanofluids 
at different shear rates, ranging from 1 s−1 to 2000s−1. They prepared hybrid nano-
fluids with diamond-GNP concentrations varying from 0.0 wt to 2.0 wt for the inves-
tigation. The findings showed that adding 2% diamond-GNP increased the dynamic 
viscosity of the hybrid nanofluid by 35%. The rheological properties indicated that 
the mineral oil-based hybrid nanofluid exhibited shear-thinning non-Newtonian 
behavior. This behavior was analysed using the Ostwald-de-Waele (OdW) model.

In another study by Muthuraj et al. [32], the impact of GNP on the thermal con-
ductivity of sunflower oil was investigated. The thermal conductivities of nanofluids 
containing GNP concentrations ranging from 0.1 wt% to 0.5 wt% in sunflower oil 
were measured using the transient hot wire technique within a temperature range of 
40 °C to 100 °C. The findings demonstrated that the thermal conductivity increased 
with the concentration of GNP. Furthermore, it was observed that the thermal con-
ductivity was lower at lower temperatures. Specifically, maximum enhancements in 
thermal conductivity were achieved at GNP concentrations of 5.7%, 6.8%, and 8.1% 
for GNP concentrations of 0.1%, 0.3%, and 0.5%, respectively.

Fidan‑Aslan et al. [33] investigatedthe preparation and characterization of GNP 
nanofluids using PEG-POSS(polyethylene glycolderived polyhedral oligomeric 
silsesquioxane) as a stabilizer. Ultrasound-assisted methods were employed to pre-
pare nanofluids at high GNP concentrations in water and EG. The addition of PEG-
POSS demonstrated a reduction of surface tension by 4.5% for water-based nanoflu-
ids, while EG-based nanofluids showed an increase of almost 11.5%. The thermal 
conductivity increment of 32% was achieved in EG-based 2.0 wt% GNP nanofluids. 
This research provides valuable insights for the development of heat transfer sys-
tems requiring improved thermal conductivity and appropriate rheological behavior.

The literature mentioned above emphasizes the favourable outcomes of adding 
graphene nanoplatelets (GNP) to different base fluids and oils. Incorporating GNP 
leads to improvements in both conductivity and viscosity. However, there is cur-
rently a lack of studies on the rheology and thermal conductivity of GNP/castor oil 
(CO) nanofluids. Castor oil is derived from the seeds of the Ricinus communis L. 
plant, which is predominantly cultivated in India, South America, and Africa [34]. 
What sets castor oil apart from other vegetable oils is its unique hydroxyl (–OH) 
group structure. It is a triglyceride that consists solely of ricinoleic acid, an 18-car-
bon monounsaturated fatty acid with a hydroxyl group at the 12th carbon [35]. More-
over, castor oil falls under the category of non-edible oils among vegetable oils.
Non-edible plant oils hold significant promise as resources for the production of 
bio-lubricants. They offer cost advantages over edible oils, as the latter are primar-
ily used for human food consumption. In developing countries, non-edible oil-based 
lubricants present a promising alternative to mineral-based lubricating oils. Non-
edible oil plants are abundantly available in large quantities worldwide [36].

Previous studies have investigated the use of castor oil (CO) in combination 
with various nanofriction modifiers such as zinc oxide [37], molybdenum disulfide 
(MoS2) [38], hexagonal boron nitride [39], copper oxide (CuO) nanoparticles [40], 
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as well as nanocelluloses or nanoclays [41] as electro-sensitive lubricants. These 
investigations have highlighted the potential of CO-based nanolubricants in differ-
ent applications. However, the rheological and thermal properties of GNP dispersed 
in CO nanofluids have not been explored.The unexplored GNP/CO nanofluid holds 
significant potential as a novel non-edible vegetable oil-based lubricating oil, heat 
transfer fluid, and/or dielectric fluid in various industrial applications. Understand-
ing the rheological behavior and thermal characteristics of this nanofluid system can 
provide valuable insights into its suitability and performance in different operational 
conditions. Further investigation into the GNP/CO nanofluid can pave the way for its 
potential applications as an advanced lubricant, efficient heat transfer medium, and 
reliable dielectric fluid in diverse industrial settings.

In this study, we investigated the rheological behavior of graphene nanoplate-
lets (GNP) dispersed in castor oil (CO) nanofluids under various conditions. The 
analysis was conducted over a temperature range of 40 °C to 100 °C, with different 
GNP concentrations ranging from 0.05 to 0.5 weight% and varying shear rates from 
10 s−1 to 150 s−1. The changes in the dynamic viscosity of the nanofluid were exam-
ined considering the temperature, GNP concentration, and shear rate parameters. 
The fluid behavior was characterized using the OdW model, enabling the evalua-
tion of the power law index (n) and consistency index (m).Furthermore, the ther-
mal conductivity ofa the GNP/CO nanofluids was measured within the temperature 
range of 40 °C to 100 °C. The thermal conductivity of the nanofluid to the base fluid 
ratio was calculated, providing insights into the thermal conductivity enhancement 
conferred by the incorporation of GNP. This investigation contributes to a compre-
hensive understanding of the rheological properties and thermal conductivity behav-
ior of GNP/CO nanofluids, enabling their potential applications as advanced lubri-
cants, efficient heat transfer fluids, and reliable dielectric fluids in various industrial 
scenarios.

2 � Experimental Section

2.1 � Preparation of GNP/COnanofluids

The preparation of nanofluids involves careful attention to achieve a stable liquid 
suspension without aggregation or deposition over an extended period. Figure 1 pre-
sents the actual image of graphene nanoplatelets (GNP) dispersed in castor oil (CO). 
The GNP, with a thickness of 6 to 8 nm and a width of 25 μm, was procured from 
Tokyo Chemical Industry (TCI), Japan.

The CO was obtained from Loba-Chemie, India, and its chemical and physical 
properties are provided in Table 1, as specified in the certificate of analysis.

The process to create the nanofluids involved two steps. First, a precise amount 
of GNP was weighed using a highly accurate analytical balance (Mettler Toledo 
XSR105) with a precision of ± 0.02 mg. This was done to achieve GNP weight per-
centages of 0.05, 0.1, 0.2, and 0.5 in the corresponding weight of CO. Following 
this, the GNP and CO mixtures were subjected to ultrasonication using a high-pow-
ered ultrasonic probe (Leela Sonic) with a 3 mm diameter. The ultrasonication was 
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performed at a frequency of 20 kHz and an output power of 500 watts. This process 
continued for 3 h in pulse mode of 2 s ON and 2 s OFF at a controlled temperature 
of 40 °C to 50 °C [42, 43]. Through this ultrasonication, stable and uniform GNP/
CO nanofluids were formed. It’s important to note that the presence of a ricinoleic 
acid ester in CO itself acted as a surfactant, further enhancing the stability of the 
nanodispersion. The prepared GNP/CO nanofluids were subjected to rheological 
and thermal analysis immediately, within a three-day time frame.

2.2 � Characterization of GNP

The morphology of GNP was examined using Scanning Electron Microscopy 
(SEM) with a JEOL JSM-6380LV instrument, as depicted in Fig.  2a and b. The 
SEM images reveal that the GNP nanoparticles possess a distinctive platelet shape.

The X-ray diffraction (XRD) analysis of GNP was performed using a D8-advance 
diffractometer with Cu-Kα X-ray radiation (Bruker). The XRD measurements were 
conducted at a scan rate of 1°min−1 over a 2θ range of 3° to 60°. The results of the 
XRD analysis for GNP are presented in Fig. 3. The XRD pattern exhibits character-
istic peaks indicating the graphite-like nature of GNP. Notably, sharp reflections at 

Fig. 1   Photograph of pure CO and GNP/CO nanofluids

Table 1   Properties of CO Property Value

Appearance Yellow 
colored vis-
cous liquid

Specific gravity (at 25ºC) 0.960
Hydroxyl number 162
Saponification value 178.18
Iodine number 83.11
Acid value (mg KOH/gm of oil) 0.15



1 3

International Journal of Thermophysics (2023) 44:155	 Page 7 of 18  155

2θ = 26.6° corresponding to the (002) plane and at 2θ = 54.7° corresponding to the 
(004) plane were observed. These sharp reflections are indicative of the high crystal-
linity of GNP.

2.3 � Methodology (Experimental)

The shear dynamic viscosity of the GNP/CO oil nanofluids was assessed using a 
rotational rheometer (HAAKE MARS, Thermo Scientific), as shown in Fig.  4a. 
This rheometer is equipped with parallel plates geometry (P25 CS L) for conduct-
ing rheological studies. A peltier temperature measuring system allows tests to 
be conducted at a consistent temperature ranging from 40  °C to 100  °C, with an 
accuracy of ± 0.1  °C. The nanofluids were placed between the parallel plates and 
left for 15 min to ensure temperature stability.The rheological data were input into 

Fig. 2   (a) and (b) SEM pictures of GNP

Fig. 3   XRD pattern of GNP
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computer-controlled RheoWin software provided by Thermo Scientific. This soft-
ware was used for conducting scans between temperature 40 °C and 100 °C while 
maintaining a dynamic shear rate ranging from 10 s−1 to 150 s−1 at intervals. Each 
experimental value was an average of 20 readings taken for each experiment.

Thermal conductivity measurements were conducted using a thermal conductiv-
ity analyzer (Trident, C-Therm Technologies) employing the Modified Transient 
Plane Source (MTPS) technique. This method is versatile and allows the analysis of 
the thermal properties of solid materials, fluids, and amorphous powders. The meas-
urement setup, depicted in Fig. 4b, includes an MTPS sensor, control electronics, 
an oven, and dedicated computer software.For each measurement, approximately 
1  mL to 2  mL of the nanofluid sample was introduced into the sensor module, 
which was then positioned within an oven. The thermal conductivity of the nano-
fluid was examined within the temperature range of 30ºC to 70  °C with an accu-
racy of ± 0.1 °C. Each experimental value was an average of 10 readings taken for 
each experiment. As per the manufacturer’s procedure to ensure the sensor’s perfor-
mance, the thermal conductivity of ultrapure water (0.6090 W/(mK)) was measured 
before each nanofluid measurement [44].

The uncertainty for measuring dynamic viscosity and thermal conductivity 
is ± 3.8%, and ± 5.0%, respectively.

The use of the rotational rheometer and the MTPS technique allows for precise 
viscosity and thermal conductivity measurements, respectively, providing valuable 
insights into the rheological and thermal properties of the GNP/CO nanofluids.

3 � Results and Discussion

In this study, a comprehensive rheological investigation was conducted to evaluate 
the dynamic viscosity of both pure castor oil (CO) and GNP/CO nanofluids under 
different GNP concentrations, shear rates, and temperature conditions. The main 
focus was to understand the influence of GNP weight percentage and temperature 
on the dynamic viscosity and thermal conductivity of GNP/CO nanofluids. The 
obtained results shed light on the potential applications of GNP/CO nanofluids as 
lubricating oils.

Fig. 4   (a) Rotational rheometer and (b) thermal conductivity meter
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Figure 5 exhibits the impact of shear rate on the dynamic viscosity of GNP/CO 
nanofluids at different GNP weight percentages and temperatures ranging from 
40 °C to 100 °C. The results indicate that the dynamic viscosity of both GNP/CO 
nanofluids and pure CO decreases non-linearly at lower shear rates (up to 40 s−1) for 
all temperatures. At higher shear rates, all fluids exhibit linear behavior.The experi-
mental findings suggest a newtonian fluid behavior for both GNP/CO nanofluids and 
pure CO at higher shear rates within the experimental range.Furthermore, at higher 
shear rates, nanofluids with higher GNP weight percentages exhibit a slight shear-
thinning behavior compared to nanofluids with lower GNP weight percentages. This 
observation suggests that increased GNP concentration, represented by weight per-
centage, has a notable impact on enhancing shear thinning in both GNP/CO nanoflu-
ids and pure CO.

Figure 6 presents the impact of GNP weight percentage on the dynamic viscos-
ity of nanofluids at a constant temperature. The GNP concentration has a signifi-
cant influence on the dynamic viscosity within the shear rate range of 10  s−1 to 
150 s−1. At a fixed shear rate of 150 s−1 and a temperature of 40 °C, the nanofluid 
viscosities are 424.4 mPa·s and 477.3 mPa·s for GNP concentrations of 0.0 wt% 
and 0.5 wt%, respectively (Fig. 6a). When the shear rate decreases from 150 s−1 
to 10  s−1, the nanofluid viscosities increase to 443.7 mPa·s and 516.4 mPa·s for 
GNP concentrations of 0.0 and 0.5 weight%, respectively. This is attributed to the 

Fig. 5   (a) and (d) Effect of shear rate on dynamic viscosity of GNP/CO nanofluids at different mass frac-
tion
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enhanced resistance to flow depicted by the presence of solid nanoparticles in the 
CO fluid [1]. Consequently, increasing the GNP concentration results in higher 
nanofluid viscosity. However, it is worth noting that the dynamic viscosity does 
not always increase significantly with concentration. For instance, in Fig. 6c and 

Fig. 6   (a) and (d) Effect of solid mass fractions on dynamic viscosity of GNP/CO nanofluids at different 
shear rates

Fig. 7   (a) and (b) Effect of temperature on the dynamic viscosity of GNP/CO nanofluids at different solid 
mass fractions



1 3

International Journal of Thermophysics (2023) 44:155	 Page 11 of 18  155

d, the increase in dynamic viscosity at 10 s−1 is relatively low compared to higher 
shear rates.

Figure 7 depicts the influence of temperature on the dynamic viscosity of pure 
castor oil (CO) as well as GNP/CO nanofluids with varying GNP weight percent-
ages. This analysis is conducted at constant shear rates of 10 s−1 and 150 s−1.As the 
temperature rises from 40 °C to 100 °C, the dynamic viscosity decreases for both 
CO fluids and GNP/CO nanofluids. For instance, at a shear rate of 10 s−1, the GNP/
CO nanofluid with a 0.5 wt% GNP concentration shows a viscosity of 516.4 mPa 
at 40 °C , which decreases to 33.7 mPa at 100 °C. Similar trends are observed for 
other GNP weight percentages. These observations can be attributed to a decrease 
in intermolecular adhesion forces as temperature rises.Moreover, the effect of solid 
GNP concentration on dynamic viscosity is more prominent at lower temperatures. 
However, this influence becomes less significant as the temperature increases. This 
trend is illustrated in Fig. 7a and b.

In Fig.  8a–d, the relationship between shear stressand shear rate of GNP/CO 
nanofluid is depicted at different temperatures for various GNP weight percentages 
(0.0, 0.05, 0.1, 0.2, and 0.5). The figures demonstrate that shear stress increases as 
shear rate increases across all temperatures. To determine the flow behavior of the 
fluid, whether it follows newtonian flow or non-newtonian flow, the Ostwald-de-
Waele (OdW) model [7, 45] is employed using Eq. 1:

Fig. 8   (a) and (d) Shear stress against shear rate at various temperature for GNP/CO nanofluids
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where, τ is shear stress, γ is shear rate, m is the consistency index, and n is the 
power law index.

In Eq.  1, the power law index (n) characterizes the rheological aspects of flu-
ids, while the consistency index (m) describes the fluid’s flow resistance. Fluids can 
be classified into three types based on the value of n: Newtonian behavior (n = 1), 
non-newtonian dilatant behavior (n > 1), and non-newtonian pseudoplastic behav-
ior (n < 1).In this analysis, a power law curve fitting was applied to the shear stress 
against shear rate curve (Fig. 8) to determine the values of m and n. The obtained 
values of m and n are presented in Table 2.

(1)� = m ⋅ �
n

Table 2   The Power law index 
(n) and Consistency index (m) 
values of fluids

GNP concentra-
tion (wt%)

Indexes Temperature (ºC)

40 60 80 100

0 m 469 140 55 29
n 0.987 0.991 0.993 0.978

0.05 m 420 137 56 29
n 1.010 1.003 0.986 0.970

0.1 m 490 137 56 28
n 0.981 0.994 0.988 0.985

0.2 m 528 137 62 31
n 0.979 0.996 0.975 0.967

0.5 m 410 131 60 31
n 1.016 1.010 0.997 0.995

Fig. 9   Power law index for different solid mass fractions and temperature for GNP/CO nanofluids
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As shown in Fig.  9, the values of n for all GNP weight percentages and tem-
perature ranges of the nanofluids are close to or equal to one, indicating a newtonian 
flow behavior.

Furthermore, Fig.  10 depicts the relationship between the temperature of the 
nanofluids and the consistency index (m) for different GNP weight concentrations. 
The results clearly demonstrate a decrease in the value of m with increasing tem-
perature. This indicates that as the temperature rises, the fluid’s mobility decreases, 
resulting in reduced resistance to flow.

It is noteworthy that the consistency index does not significantly vary with the 
GNP concentration at higher temperatures. This observation confirms that higher 
GNP concentrations in the base fluid do not substantially increase resistance to fluid 
flow and do not alter the Newtonian behavior of the nanofluids.

In Fig. 11, the thermal conductivity of pure castor oil (CO) and GNP/CO nanofluid 
is shown as a function of GNP concentration over a temperature range of 30  °C to 
70  °C. The results indicate that the thermal conductivity increases with an increase 
in the GNP concentration. Moreover, at higher GNP concentrations, the thermal con-
ductivity exhibits a steeper slope, indicating a more pronounced enhancement. This 
increase in thermal conductivity is attributed to the high thermal conductivity of GNP 
incorporated into the CO fluid.It is noteworthy to notice that the thermal conductiv-
ity of both CO fluid and the GNP/CO nanofluid with a 0.05 wt% GNP concentration 
decreases as the temperature increases. However, a reversal in thermal conductivity 
behavior is observed at a GNP concentration of 0.5 wt% in the base fluid. In this case, 
the thermal conductivity of GNP/CO nanofluids increases with increasing temperature.
This is explained by the increased interaction and spread of GNP within the CO fluid at 
higher temperatures. These changes are driven by the energy transfer between the lay-
ers of the nanofluid, resulting in improved heat transfer capabilities of the nanofluids.

Fig. 10   Consistency index for different solid mass fractions and temperatures for GNP/CO nanofluids
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Overall, the results demonstrate that GNP/CO nanofluids have enhanced thermal con-
ductivity compared to the pure CO fluid.

Equation (2) allows us to calculate the ratio of the thermal conductivity of GNP/CO 
nanofluid to that of the CO fluid. The equation is given as follows:

where k(nf) represents the thermalconductivity of nanofluid and k(bf) acts the ther-
mal conductivity of base fluid.

The thermal conductivity ratio of the GNP/CO nanofluid compared to the CO base 
fluid is shown in Fig. 12. The ratio increases with increasing temperature. At low GNP 
weight percentages, there are minimal increases in thermal conductivity due to the 
lower concentration of GNP in the fluid. However, as the GNP concentration increases, 
the number of nanoparticles and collisions also increases, resulting in enhanced heat 
transfer between the fluid layers. This leads to significantly higher thermal conductiv-
ity values for the GNP/CO nanofluid compared to the base CO fluid.In our study, the 
thermal conductivity of the GNP/CO nanofluid increased by 23% at 70 °C for a GNP 
weight percentage of 0.5%. This significant enhancement demonstrates the potential of 
GNP/CO nanofluids for improving heat transfer performance in various applications.

4 � Conclusions

The present study investigates the stability and flow behavior of GNP/COna-
nofluids with different GNP concentrations. Through an innovative ultrasoni-
cally-assisted technique, the GNP/CO nanofluids were successfully stabilized. 

(2)Thermal conductivity ratio(%) =
k(nf)

k(bf)

Fig. 11   Thermal conductivity of GNP/CO nanofluids
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Rheological investigations were carried out at various shear rates and tempera-
tures, revealing a consistent Newtonian flow behavior across all samples. The 
study contributes to the existing knowledge on thermophysical properties and sets 
the stage for further advancements in the field.

The dynamic viscosity of both the CO fluid and GNP/CO nanofluid exhibited 
a reduction at the initial increase in shear rate of 20 s−1. Furthermore, the vis-
cosity remained stable as the shear rate was further increased across all tem-
peratures studied.
The concentration of GNP significantly influences the dynamic viscosity 
and thermal conductivity behavior of GNP/CO nanofluids. The interactions 
between GNP and CO play a crucial role in enhancing the heat conduction and 
transfer capabilities of GNP/CO nanofluids compared to the base CO fluid. In 
fact, the thermal conductivity was observed to increase by 23% in the best-case 
scenario at 70 °C for a GNP/CO nanofluid with a weight percentage of 0.5%.
The increased concentration of GNP in the base fluid does not lead to an 
increase in its dynamic viscosity. This characteristic is advantageous for the 
application of GNP/CO nanofluids in solar heat collectors where efficient 
pumping is required.
With increasing temperature from 40 °C to 100 °C, the dynamic viscosity of 
nanofluids decreases across all GNP concentrations. At lower temperatures of 
40 °C, the GNP wt% has a significant impact on viscosity, while its influence 
diminishes as the temperature rises.
The power law index (n) values for all GNP/CO nanofluids, obtained at differ-
ent temperature ranges, are close to or equal to one. This observation confirms 
the Newtonian flow behavior of nanofluids.

Fig. 12   Thermal conductivity ratio of GNP/CO nanofluids
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In conclusion, our study findings strongly suggest that GNP/CO nanofluids hold 
substantial promise as valuable and cost-effective materials for heat transfer applica-
tions. However, we recognize the need for further exploration and meticulous calcu-
lations of heat transfer coefficients in practical heat transfer contexts. This approach 
will provide a comprehensive evaluation of their real-world efficacy.
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Nano-additives to improve the flow and thermal properties of different oils 

Oils, specifically industrial oils (IOs) play a crucial role as essential fluids employed 

across diverse applications in various industries[1]. These oils are formulated to meet the 

specific requirements of different machinery and equipment, providing necessary lubrication, 

protection, and performance enhancement[2,3]. From heavy-duty manufacturing to 

automotive applications, IOs play a critical role in ensuring the smooth operation of industrial 

manufacturing[4]. These oils are used as lubricants in the manufacturing industry for a 

variety of equipment, such as presses, pumps, and machine tools. They help to reduce friction 

and wear, thereby improving the longevity and performance of machinery[5]. The use of IOs 

also helps to minimize downtime, maintenance costs, and energy consumption in 

manufacturing operations, thereby increasing productivity and profitability. Engine oils, 

transmission fluids, and hydraulic fluids are also examples of IOs used in automotive 

applications. These oils help to protect engine parts from wear and tear, reduce friction, and 

ensure the smooth operation of various components in the vehicle. Not only that, industrial 

oils are used in construction applications like heavy equipment, cranes, and hydraulic 

systems. These oils are specifically designed to provide high levels of lubrication and 

protection in extreme operating conditions, such as high temperatures and heavy loads[6]. 

In addition to the above applications, IOs are also used in other industries, such as the 

food and beverage industry, pharmaceuticals, and electronics manufacturing. In the food and 

beverage industry, industrial oils are used for lubrication and corrosion protection in food 

processing and packaging equipment. In the pharmaceutical industry, they are utilized for 

smoothening of pharmaceutical processing equipment. In the electronics manufacturing 

industry, IOs are used for cooling and lubrication of cutting and drilling machines used in 

printed circuit board manufacturing[7,8]. 

 

Figure 1: Types of IOs based on various applications[9] 
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Overall, the application of IOs is diverse and essential in various industries (Figure 1). 

These oils provide critical lubrication and protection for machinery and equipment, thereby 

ensuring the smooth and efficient operation of industrial processes and therefore, the demand 

for more specialized IOs with specific properties is very much increasing, and research and 

development in this area will play a critical role in it [4]. 

The sources of industrial oils are diverse, ranging from traditional vegetable and 

animal oils to modern synthetic and biofuel alternatives.  

Table 1: Sources of IOs [10] 

No. Source Type Examples 

1 Vegetable oils 
Olive oil, Sunflower oil, Soybean oil, Castor oil, 

Palm oil 

2 Animal oils Lard, Tallow, Fish oil, Cod liver oil 

3 Mineral oils Mineral oil, Petrolatum 

4 Essential oils Lavender oil, Peppermint oil, Tea tree oil 

5 Synthetic oils Synthetic motor oils, PAO oils, PEG oils 

6 Fish oils Cod liver oil, Salmon oil 

7 Biofuels Biodiesel, Algal oil 

8 Fruit oils Avocado oil, Mango seed oil, Passion fruit oil 

9 Nut oils Almond oil, Walnut oil, Hazelnut oil 

10 Seed oils Flaxseed oil, Sesame oil, Pumpkin seed oil 

11 Herb oils Basil oil, Rosemary oil, Thyme oil 

12 Fungi oils Mushroom oil 

Vegetable oils, extracted from plant sources like seeds and fruits, include widely used 

varieties such as soybean and palm oil. Animal oils, derived from fats and tissues, find 

applications in various industrial sectors. Mineral oils, a product of petroleum refining, 

contribute significantly to industrial lubrication. Essential oils are known for their aromatic 

and therapeutic properties, offer very distinct applications. The emergence of synthetic oils 

and biofuels represents advancements in engineering oils tailored to specific industrial needs. 

Table 1 shows the diverse sources contributing to the formation of IOs [1, 3]. 

Nano-additives, also known as nanomaterial additives, are substances that consist of 

nanoscale particles or structures and are added to various materials to impart specific 

properties or enhance their performance. Nano-additives typically have at least one 

dimension at the nanometer scale, which is in the range of 1 to 100 nm. Nanoparticles, 

nanotubes, nanofibers, and nanoclays are commonly used as nano-additives. These additives 

play a crucial role in various industrial applications due to their unique properties and the 
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ability to enhance the performance of materials and products. When nano-additives are 

dispersed evenly in a base fluid like water, oils, or ethylene glycol, they create nanofluids. 

Nanofluids, a cutting-edge class of fluids, have gained significant popularity in research due 

to their unique properties and transformative potential. The nanoparticles confer exceptional 

thermal and rheological properties on the nanofluid, enhancing its heat transfer efficiency and 

flow characteristics. This heightened performance is attributed to the nanoparticles' large 

surface area, which facilitates improved thermal conductivity and fluid stability [9]. 

The use of nanofluids can significantly reduce engine wear and increase fuel 

efficiency. The nanoparticles form a protective layer on the engine surfaces, reducing friction 

and minimizing wear [11]. Additionally, the increased thermal stability of the oil prevents the 

formation of deposits and sludge, reducing the risk of engine damage. In hydraulic fluids, 

nano-additives can improve the lubricant's ability to withstand high-pressure and high-

temperature conditions. The nanoparticles improve the fluid's shear strength, preventing it 

from breaking down under extreme conditions[12]. Similarly, in transmission fluids, the use 

of nano-additives can improve the fluid's ability to withstand high temperatures and 

pressures, reducing wear and extending the life of the transmission system [13]. Overall, the 

use of nano-additives in different oils as nanofulid has significant potential to enhance their 

performance properties and extend the life of mechanical systems. Researchers are exploring 

their applications in areas such as heat exchangers, electronics cooling, and automotive 

systems to address challenges related to thermal management and energy efficiency. The 

versatility and promising performance of nanofluids have propelled them to the forefront of 

scientific investigation and practical implementation[14]. 

The present research aims to study the performance characteristics of different oils by 

focusing on flow properties through rheology studies and thermal properties, i.e., thermal 

conductivity, in the presence of nano-additives. The approach involves the synthesis and 

evaluation of various nanofluids, wherein nano-additives are dispersed within base oils. The 

investigation mainly focuses on understanding the effects of specific nano-additives, namely 

alumina, zinc oxide, graphene nanoplatelets, and multiwalled carbon nanotubes, when 

introduced into distinctive base oils like castor oil and synthetic engine oil. Notably, castor 

oil, a non-edible fatty oil with a unique hydroxyl group structure, serves as a distinctive base 

fluid for synthesizing castor oil-based nanofluids. Recognizing its distinct properties, such as 

lubricative qualities, dielectric functionality, and heat transfer potential, castor oil proves to 

be an intriguing candidate for nanofluid development. In parallel, India's expansive two-

wheeler automotive market underscores the critical role of engine oil, elevating the 
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significance of synthetic oils. Notably, 10W-30 synthetic engine oil emerges as a standout 

choice due to its remarkable versatility, delivering optimal performance across a diverse 

temperature range. This synthetic oil's inherent compatibility with nanoparticle dispersion is 

the driving force behind its selection for nanofluid research.  

The study employs sophisticated characterization techniques, such as scanning 

electron microscopy (SEM), X-ray diffraction (XRD), and energy dispersive X-ray 

spectroscopy (EDX), to analyze the structural and chemical composition of the developed 

nano-additives. The hydrothermal method was employed to synthesize metal oxide based 

nano-additives. The probe-sonication method was used in the nanofluid development process 

to make sure that the nano-additives were evenly distributed in the base oils. A rheometer 

was used to measure the rheological properties of the synthesized nanofluids, and a thermal 

conductivity meter was used to measure their thermal conductivity. These analyses provide 

insights into the impact of nano-additives on the flow and thermal properties of the oils, 

which contribute valuable data to the broader understanding of IO applications. 

In order to meet all the objectives of the present work, the contents of the thesis are 

summarized into seven chapters. 

Chapter 1: General Introduction  

The present chapter covers the introduction of industrial oils (IOs) and their role in 

various applications. The chapter mainly focuses on two types of lubricating oils, such as 

castor oil (COs) and engine oil (EOs), for nanofluid synthesis. Various nano-additives and 

their potency in industrial applications have been described. The relevant research outputs in 

the area of the present work have been provided. 

Chapter 2: Materials and Methods 

This chapter discusses the use of two different base oils for the synthesis of 

nanofluids: castor oil (COs) and engine oil (EOs). The complete procedure for extracting 

non-edible castor oil from oil-bearing seeds is explained. The physical and chemical 

characteristics of the extracted non-edible COs are provided and examined in detail. These 

characteristics include the saponification value, acid value, iodine value, specific gravity, 

hydroxyl number, and chemical composition. Simultaneously, the commercially available 

synthetic engine oil (EOs) of 10W-30 grade undergoes comprehensive evaluations for 

viscosity, pour point, flash point, and specific gravity. Furthermore, methodologies for 

rheological analysis and thermal conductivity analysis are briefly described to provide 

insights into the flow behavior and thermal properties of the fluids under investigation. 
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Moreover, rheometer and thermal conductivity meter instruments working principle 

explained in depth. 

 

Figure 2: (a) Rotational rheometer (HAAKE MARS, Thermo scientific) and (b) Thermal 

conductivity analyzer (Trident, C-Therm Technologies) by using modified transient plane 

source (MTPS) technique 

Chapter 3: Nano-additives for development of Castor oil and Engine oil- 

based Nanofuilds 

For the development of COs and EOs based nanofluids, four different types of nano-

additives have been chosen. Two important nano-additives Graphene nanoplatelets (GNP) 

and Multiwalled carbon nanotubes (MWCNT) were procured from Sigma-Aldrich (USA). 

The metal oxide based nano-additives: Alumina (Al2O3) and Zinc oxide (ZnO),were typically 

synthesized through hydrothermal method. In a typical ZnO nano-additive hydrothermal 

synthesis, 10 mL of zinc nitrate Zn(NO3)3·6H2O  (0.1 M) solution and 10 mL NaOH aqueous 

solution were vigorous stirring for 30min, and the slurry solutions were poured into Teflon 

lined autoclaves and hydrothermally heated at 180˚C for 24 hours. The yield was washed 

with water then followed by ethanol, centrifuged and dried in an oven at overnight. Similarly, 

Al2O3 nano-additives were synthesized using aluminum nitrate Al(NO3)3·9H2O as starting 

material and followed the procedure of ZnO nanoparticles. 

 

Figure 3:(a)Hydrothermal PTFE reactor with SS container, (b) Hydrothermal method for ZnO  

nano-additive synthesis 
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 Here, the synthesized and purchased nano-additives were characterized by 

sophisticated characterization techniques, such as Scanning Electron Microscopy (SEM), X-

ray Diffraction (XRD), and Energy Dispersive X-ray Spectroscopy (EDX), to analyze the 

structural and chemical composition of the developed nano-additives. Crystallite size less 

than 100 nm for all additives suggested the nanocrystalline nature and considered as nano-

additives. The results of this chapter demonstrate that the developed additives can be used as 

nano-additives for the nano-fluid preparation to improve flow and thermal properties of base 

fluids. 

 

Figure 4:(a) X-ray Diffraction (XRD), (b) Scanning Electron Microscopy (SEM), (c) Energy  

Dispersive X-ray Spectroscopy (EDX)and (d) Crystallite Size determination using  

Scherrer’s equation of developed nano-additives: Al2O3, ZnO, GNP and MWCNT. 

Chapter 4: Castor oil-based nanofluids containing Al2O3, ZnO, GNP and  

MWCNT nano-additives 

Following CO-based nanofluids prepared by dispersing nano-additives. 

1. CO-based nanofluid containing ZnO nano-additives 

2. CO-based nanofluid containing Al2O3 nano-additives 

3. CO-based  nanofluid containing GNP nano-additives 

4. CO-based nanofluid containing MWCNT nano-additives 
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The nanofluid samples were prepared by adding nano-additives powder into pure CO 

by a double-step procedure. Homogeneous CO-based nanofluids were obtained by using a 

high-power ultra-sonication probe having a 500-watt output power and a 20 kHz frequency 

power supply.  

In this chapter, a systematic exploration was undertaken to elucidate the rheological 

attributes of both base CO and CO-based nanofluids, encompassing CO/Al2O3, CO/ZnO, 

CO/GNP, and CO/MWCNT nanoformulations. The study explored dynamic viscosity under 

varying nano-additive concentrations (0.05, 0.1, 0.2, 0.5 weight %), shear rates, and 

temperatures. The primary focus on comprehended the impact of nano-additive weight 

percentage and temperature on the dynamic viscosity and thermal conductivity of all COs 

nanofluids, with potential applications as lubricating oils. To ascertain the flow behavior, 

whether it adheres to Newtonian or non-Newtonian flow, the Ostwald-de-Waele (OdW) 

model was employed using Equation (2): 

𝜏 = 𝑚 ∙ 𝛾𝑛........................... (2) 

Where τ is shear stress, γ is shear rate, m is the consistency index, and n is the power law 

index. Power law curve fitting was applied to the shear stress against shear rate curve to 

determine the values of m and n. As showed in figure 6, results revealed non-linear viscosity 

trends at lower shear rates, linear behavior at higher shear rates, and a slight shear-thinning 

effect with increased GNP nano-additive concentration. Similarly, comprehensive flow 

behavior analyses were conducted for all other nanofluids, elucidating their distinct 

rheological characteristics. The study underscored the enhanced thermal conductivity of 

CO/GNP nanofluids compared to pure CO and other CO-based nanofluids, emphasizing their 

potential in improving heat transfer performance. 
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Figure 5:(A) Effect of shear rate on dynamic viscosity of CO/GNP nanofluids at different 

mass fraction, (B) Shear stress against shear rate at various temperature for CO/GNP 

nanofluids (C) Power law index for different solid mass fractions and temperature 

for CO/GNP nanofluids, (D) Thermal conductivity of CO/GNP nanofluids 

 

Chapter 5: Engine oil-based nanofluids containing Al2O3, ZnO, GNP and 

MWCNT nano-additives 

Following EO-based nanofluids prepared by dispersing nano-additives. 

1. EO-based nanofluid containing ZnO nano-additives 

2. EO-based nanofluid containing Al2O3 nano-additives 

3. EO-based nanofluid containing GNP nano-additives 

4. EO-based nanofluid containing MWCNT nano-additives 

The nanofluid samples were prepared by adding nano-additives powder into EO of 

synthetic grade (10W-30) by a double-step procedure. Homogeneous EO-based nanofluids 

were obtained by using a high-power ultra-sonication probe having a 500-watt output power 

and a 20 kHz frequency power supply.  
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A systematic study was done in parallel to find out more about the flow properties of 

10W-30 grade synthetic EO and its nanofluid counterparts, including EO/Al2O3, EO/ZnO, 

EO/GNP, and EO/MWCNT compounds. The investigation focused on dynamic viscosity 

under varied nano-additive concentrations (0.05, 0.1, 0.2, 0.5 weight %), shear rates, and 

temperatures, with a primary emphasis on comprehending the influence of nano-additive 

weight percentage and temperature on the dynamic viscosity and thermal conductivity of all 

EO-based nanofluids, offering potential applications in lubricating systems. Employing the 

Ostwald-de-Waele (OdW) model with Equation (1), where τ represents shear stress, γ is shear 

rate, m is the consistency index, and n is the power law index, enabled the determination of m 

and n values through power law curve fitting. In the same way, a full study of the flow 

behavior of all the other nanofluids was carried out, which showed how their unique 

rheological properties work. The study highlighted the augmented thermal conductivity of 

EO/GNP nanofluids compared to pure EO and other EO nanofluids, accentuating their 

potential for enhancing heat transfer performance in diverse applications. 

 

Figure 6:(A) Effect of shear rate on dynamic viscosity of EO/Al2O3 nanofluids at 

differentmass fraction, (B) Power law index for different solid mass fractions and 

temperature for EO/Al2O3 nanofluids 

 

Chapter 6: Summary and Conclusions  

The thesis ends with a summary of all the reported work and general conclusions drawn from 

the investigations. 
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