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A B S T R A C T

Nanofluids, promising to improve heat transfer efficiency, encounter stability and durability challenges, hin-
dering their industrial applications. The emerging concept of hybrid nanofluids, alongside surfactant-driven
stability research, presents a promising solution to tackle challenges in heat transfer, potentially revolution-
izing thermal management systems and advancing nanomaterial science. This comprehensive study investigates
the thermophysical properties of simple and hybrid nanofluid formulations composed of silver (Ag), beryllium
oxide (BeO), and silicon carbide (SiC) nanoparticles dispersed in water. Hybrid nanofluids were prepared with
varying volumetric ratios of 20:80, 40:60, 60:40, and 80:20 and examined across temperatures ranging from 15
to 45 ◦C. The influence of surfactants on stability was explored to augment thermal characteristics. Results
revealed that the surfactants have a significant effect on stability and the specific mixing ratios can lead to more
favourable thermal characteristics. Thermal conductivity enhancements, evaluated via the transient hot-wire
method, demonstrated improvements of 7.43 %, 7.17 %, and 5.31 % for Ag/SiC (60:40), Ag/BeO (60:40), and
SiC/BeO (80:20) hybrid nanofluids, respectively, compared to water. Viscosity measurements revealed Newto-
nian behaviour for the Ag, SiC, and BeO nanofluids, with a minimum viscosity enhancement of 3.01 % observed
for the BeO nanofluid. Hybrid Ag/SiC nanofluid demonstrated a maximum viscosity enhancement of 4.90 % for
20:80 formulation. Density analysis showed maximum augmentation of 0.25 %, 0.097 %, and 0.0775 % for the
Ag, SiC, and BeO nanofluids respectively at 0.025 vol% while hybrid Ag/SiC nanofluid exhibited a maximum of
0.23 % density increase for the 80:20 composition. The statistical models were also developed to predict
properties against temperature. Furthermore, the cost analysis identified Ag nanofluid as the most expensive
option, while the SiC/BeO hybrid was the most economical. However, the Ag-SiC (60:40) hybrid nanofluid
offered a balanced trade-off between properties and cost.

1. Introduction

Nanofluids, with their exceptional thermophysical characteristics,
offer a promising avenue to tackle energy-related challenges. Nano-
particles suspended fluids not only present new possibilities for har-
nessing, storing, and transferring energy but also hold the potential to
significantly enhance the efficiency of heat transferring systems. This
improved performance can play a pivotal role in mitigating pressing
energy concerns, including issues like global warming, climate change,
and the impending fuel crisis.
In 2007, Jana et al. [1] made a pioneering contribution to the field of

nanofluid research by introducing hybrid nanofluids. Hybrid nanofluids
are a groundbreaking innovation, as they comprise two different types of
nanoparticles. These nanoparticles may belong to the same family in
some cases, but more often, they come from distinct families. For
instance, one type may be from the oxide family, which provides su-
perior stability but lower thermal conductivity, while the other type is
from the metallic family, offering superior thermal characteristics but
lacking in stability. This characteristic allows hybrid nanofluids to
harness the synergistic effects between these materials, resulting in
significantly improved physical properties compared to traditional
nanofluids. This approach has opened up exciting possibilities for
enhancing various aspects of nanofluid performance. Hybrid nanofluids
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offer a versatile solution as they can be tailored to meet specific appli-
cation requirements [2,3]. The ability to combine different nano-
particles allows for the optimisation of thermal properties while
considering cost constraints. This adaptability makes hybrid nanofluids
applicable across various industries and technological domains.
Khairul et al. [4] investigated the effects of Sodium Dodecylbenzene

Sulfonate (SDBS, anionic) surfactant and particle concentration on
several important properties of alumina-water and copper oxide–water
nanofluids, including stability, viscosity, pH, and thermal conductivity.
It was observed that increasing the concentration of nanoparticles could
lead to an elevation in the pH levels of both nanofluids. This intriguing
change is likely attributed to interactions occurring between the surface
of nanoparticles and water molecules. Furthermore, the addition of
SDBS surfactant had a similar effect, further pushing the pH towards the
alkaline side. Their results revealed that an optimal surfactant concen-
tration exists for each nanofluid formulation that maximises zeta po-
tential magnitude, indicating stability. The optimised surfactant
concentration also lowered viscosity and enhanced thermal conductiv-
ity. Ma et al. [5] examined the impact of various surfactants, i.e. Poly-
vinylpyrrolidone (PVP), Cetyltrimethylammonium bromide (CTAB),
and Sodium dodecyl sulfate (SDS) on the stability and thermophysical
properties of hybrid nanofluids of alumina (Al2O3), titania (TiO2), and
copper oxide (CuO). According to the results, the non-ionic surfactant
PVP was found to be the most effective in retaining stability even at low
concentrations. Interestingly, the viscosity values were found to remain
close to water at lower PVP concentrations but increased significantly at
higher concentrations due to excess surfactant molecules. Significant
enhancements in thermal conductivity, with improvements of 12 % for
Al2O3-CuO and 14 % for Al2O3-TiO2 nanofluids, were achieved at 0.005
wt% and 0.01 wt% PVP concentrations, respectively. The results
demonstrated the importance of surfactants in achieving stable nano-
fluids and improving their overall thermal characteristics. Kanti et al.
[6] examined the thermophysical properties and stability of water-based
graphene oxide (GO) and alumina and their hybrid nanofluids for solar
energy applications. They used sol–gel and Hummer’s methods for
nanoparticle synthesis and assessed stability with different surfactants,
finding PVP best for GO and SDBS for Al2O3 and hybrids. All the
nanofluids demonstrated good stability even after 30 days. Ghadimi
et al. [7] conducted a study to assess how the introduction of surfactants
and the application of ultrasonication influence the stability and thermal

characteristics of nanofluids consisting of titanium dioxide and water.
The non-ionic surfactant SDS was found to reduce nanoparticle aggre-
gation compared to preparations without surfactant, but only when
coupled with ultrasonication. Ultrasonic horn processing for 15 mins
and ultrasonic bath processing for 3 h both broke down agglomerations
into smaller sizes. Analysis of absorbance measurements unveiled that
nanofluids with SDS and ultrasonication had improved stability and
dispersion compared to simple mixing. It is important to note that the
viscosity of these nanofluids also exhibited an increase, likely attributed
to the additional interactions between the nanoparticles, a phenomenon
induced by the SDS surfactant and the ultrasonication process.
Li et al. [8] examined the influence of several control factors such as

ultrasonic duration, temperature, and nanoparticle loading on the sta-
bility and viscosity of copper-ethylene glycol (Cu-EG) nanofluids. Cop-
per nanoparticles (50 nm) were mixed with ethylene glycol at various
mass fractions (1 %, 2 %, and 3.8 %), and subjected to ultrasonication
for different durations in the rage of 15–75 mins. Viscosity measure-
ments were carried out over a temperature range of 20 ◦C to 60 ◦C. The
key findings indicated that viscosity decreased initially with increasing
ultrasonication time, promoting better dispersion by breaking down
larger nanoparticle clusters. Beyond an optimal time, further ultra-
sonication caused re-aggregation and increased viscosity. The optimal
times were 60 mins for 1 % and 2 % mass fractions, and 45 mins for 3.8
%. Increasing temperature significantly decreased viscosity due to
intensified Brownian motion, which disrupted clusters. A slight increase
in mass fraction led to a marginal viscosity rise.
Guan et al. [9] explored the enhancement of thermal conductivity in

hybrid nanofluids through molecular dynamics simulations, specifically
focusing on Cu-Ag nanoparticles suspended in liquid argon (Ar). Their
results showed that the Cu-Ag 50 %/Ar hybrid nanofluid outperforms
unitary nanofluids, with a remarkable 69.7 % increase in thermal con-
ductivity compared to pure liquid Ar. Analyses revealed that Ar atoms at
the nanoparticle surface engage in dynamic equilibrium, influencing
density, diffusion, and ultimately thermal conductivity. Their study also
highlighted the potential of hybrid nanofluids for optimising heat
transfer by fine-tuning nanoparticle material combinations and ratios to
enhance the nanolayer structure and dynamics. Contreras et al. [10]
investigated the thermohydraulic characteristics of graphene and silver
nanofluids as automotive coolants. The nanofluids were formulated by
dispersing nanoparticles within a mixture of water and ethylene glycol

Nomenclature

Acronyms and Chemical Formulas
Ag Silver
Al2O3 Aluminum Oxide
ANOVA Analysis of Variance
BeO Beryllium Oxide
CTAB Cetyltrimethylammonium bromide
CNT’s Carbon nanotubes
CuO Copper Oxide
DW Distilled Water
dp Crystallite size
df Degree of freedom
GA Gum Arabic
GO Graphene Oxide
HTC Heat transfer coefficient
JCPDS Joint Committee on Powder Diffraction Standards
k Thermal conductivity [W/m ◦C]
MAE Mean absolute error
MD Molecular dynamics
MgO Magnesium oxide
MWCNT’s Multi-walled carbon nanotubes

NIST National Institute of Standards and Technology
PER Performance Enhancement Ratio
PG Propylene glycol
PRESS Predicted Residual Error Sum of Squares
PVT Photovoltaic-thermal
SDBS Sodium dodecylbenzene sulfonate
SDS Sodium dodecyl sulfate
SiC Silicon Carbide
SiO2 Silicon Dioxide/Silica
T Temperature [◦C]
TiO2 Titanium Dioxide
TEM Transmission Electron Microscopy
TPS Transient Plane Source technique
WOS Without surfactant
XRD X-ray Diffraction
ZnO Zinc Oxide

Greek Letter
ρ Density [kg/m3]
μ Viscosity [kg/m.s]
λ Wavelength of the X-rays
θ Bragg angle
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in a 50:50 ratio. To evaluate practical performance, heat transfer ex-
periments were carried out within an automotive radiator test config-
uration. The results revealed that, in comparison to the base fluid,
thermal conductivity of nanofluids exhibited enhancements ranging
from 1.3 % to 9.2 % for silver and 2.4 % to 9.2 % for graphene. The
viscosity was found to be increased by 10.8 % for silver in comparison to
the base fluid, however, a noticeable decrease was observed as the
temperature rose. Additionally, the findings demonstrated that silver
nanofluids illustrated a notable maximum heat transfer enhancement of
4.7 %, suggesting their potential to enhance the performance of auto-
motive cooling systems. However, it was observed that graphene
nanofluids yielded varying outcomes, indicating limited benefits in this
particular application. Sharma et al. [11] investigated the thermo-
physical properties of polydisperse SiO2 nanoparticles dispersed in an
aqueous glycerol mixture. The nanofluids were formulated with
different sizes of nanoparticles (15, 50, and 100 nm) in a glycerol-water
mixture at concentrations of 0.5 vol% and 1.0 vol%. The results
demonstrated a clear trend of increasing thermal conductivity with
rising temperature for both the base liquid and the nanofluids. At 0.5 vol
% and 60 ◦C, SiO2 concentration, the thermal conductivity exhibited an
increase of 11.1 % relative to the base liquid while the addition of
nanoparticles led to a 32 % rise in viscosity. Kanti et al. [12] investigated
graphene oxide (GO)-based hybrid nanofluids for thermal applications.
The hybrid formulations of graphene oxide, silica, and titania were
prepared with a 50:50 ratio, varying particle concentrations from 0.05
vol% to 1 vol%. The study examined viscosity and thermal conductivity
between 30 ◦C and 60 ◦C and used the Performance Enhancement Ratio
(PER), which is the ratio of thermal conductivity enhancement to vis-
cosity enhancement, to rate their overall performance. It was observed
that the pure GO nanofluids showed the highest thermal conductivity
enhancement, 9.8 % more than GO-TiO2 and 14.4 %more than GO-SiO2
at 60 ◦C and 1.0 % volume concentration. However, pure GO also
exhibited the greatest viscosity enhancement compared to the hybrid
formulations. The PER analysis suggested that hybrid nanofluids are
promising for high-temperature, cost-effective thermal applications
above 45 ◦C.
Esfe et al. [13] conducted an experimental study on the thermo-

physical properties and heat transfer characteristics of Ag-water nano-
fluids in turbulent flow through a straight tube. They investigated the
impact of silver nanoparticle volume concentration (up to 1 %) on
thermal conductivity, dynamic viscosity, convective heat transfer, and
pressure drop. The thermal conductivity of the nanofluid samples was
measured experimentally using a KD2 Pro thermal property analyser,
while the dynamic viscosity was determined using a Brookfield
viscometer. The authors utilised mixing theory to calculate nanofluid
density and the thermal equilibrium model to compute specific heat
capacity [14,15]. Experimental thermal conductivity data were
compared with various models reported in the literature, which were
found to underestimate the calculated values. Additionally, a new cor-
relation was proposed for dynamic viscosity of Ag-water nanofluids
based on their findings. The results showed that increasing the nano-
particle concentration and Reynolds number led to an enhancement in
the Nusselt number. At a volume concentration of 1 % and a Reynolds
number of approximately 22,000, the Nusselt number increased by 11.8
%. However, the pressure drop also increased by an average of 15.75 %
with 1 % volume concentration. The authors evaluated the thermal
performance factor, finding that the heat transfer enhancement out-
weighed the pressure drop penalty for the range of concentrations
studied, with a maximum thermal performance factor of 1.18 at 1 %
volume concentration. Chen et al. [16] developed a spiral microreactor
for continuous, high-throughput synthesis of stable silica (SiO2) nano-
fluids with precisely controlled particle size. The synthesized nanofluids
were utilised for flow boiling heat transfer experiments, demonstrating
significant enhancements in both critical heat flux (up to 124 %) and
heat transfer coefficient (up to 153 %) on a micro pin-fins silicon chip
surface at extremely low pressure drop. Maddah et al. [17] studied the

effect of silver and alumina nanoparticles on the thermophysical prop-
erties of nanofluids. The samples were prepared by dispersing Ag and
Al2O3 nanoparticles with nominal diameters of 40 nm and 20 nm
respectively in distilled water at various volume concentrations ranging
from 0.25 % to 5 %. Thermal conductivity and viscosity of the nano-
fluids were measured at 15 ◦C using a KD2 analyser and Brookfield
viscometer. According to the results, the thermal conductivity, electrical
conductivity, and viscosity of the nanofluids increased with increasing
nanoparticle volume fraction. The thermal conductivity and electrical
conductivity increased linearly, while the viscosity showed a nonlinear
increase at volume fractions above 2 %. The nanofluids exhibited
Newtonian behaviour at lower concentrations (0.25 % to 2 %) but
transformed to non-Newtonian fluids at higher concentrations. It is
concluded that although high thermal conductivity is desirable for heat
transfer applications, the concurrent rise in viscosity is a crucial factor to
consider for fluid flow.
Huminic et al. [18] studied the thermophysical properties of water-

based nanofluids containing silicon SiC nanoparticles for heat transfer
applications. They synthesized SiC nanoparticles via laser pyrolysis and
prepared stable nanofluids with concentrations of 0.5 and 1.0 wt% using
a carboxymethylcellulose surfactant. Their results revealed that
increasing the surfactant concentration decreased the thermal conduc-
tivity but raised the viscosity and surface tension of the base fluid.
Additionally, the study assessed the heat transfer performance of a two-
phase closed thermosyphon utilising the SiC nanofluids as working
fluids. These nanofluids demonstrated improved heat transfer rates of up
to 24.4 % for 1.0 wt%, along with enhanced evaporator heat transfer
coefficients and reduced thermal resistance by up to 32.8 % compared to
water, with better performance observed at higher nanoparticle con-
centrations. Luo et al. [19] prepared oil-based SiC nanofluids with a
wide concentration ranged 0.1–10.3 vol% using the two-step method for
immersion cooling applications in data centres. The thermal conduc-
tivity exhibited a maximum enhancement of 25.5 % for 10.3 vol%
nanofluids at 30 ◦C, while the specific heat capacity decreased by up to
22.5 % compared to the base mineral oil. Additionally, viscosity showed
amoderate increase, with a maximum increment of 35% for the 10.3 vol
% nanofluids. Through numerical simulations and experiments, they
identified the optimal nanofluid concentrations for different Reynolds
numbers. At low Reynolds numbers (≤1000), nanofluids with 0.3 and
0.5 vol% concentration showed better heat transfer performance, with a
maximum enhancement of 11.4 % for the 0.3 vol% nanofluids at Re =
250. At higher Reynolds numbers (>1000), nanofluids with 3.7 vol%
concentration performed better, achieving a maximum enhancement of
11.7 % at Re = 500, due to their enhanced thermal conductivity. They
stated that lower concentrations are preferable for applications where
the fluid rate is lower, or the Reynolds number is under 1000. Shei-
kholeslami and Khalili [20] explored the solar photovoltaic-thermal
(PVT) system using eco-friendly graphene nanoplatelets (graphene
nanoplatelets (GNP) nanofluid to enhance heat transfer. They employed
an eight-lobed tube with copper fins and tested GNP at 0.025 % and 0.1
% weight fractions. The system achieved maximum exergy and thermal
efficiencies of 15.32 % and 55.22 % respectively, using 0.1 % GNP at a
Reynolds number of 1611. The GNP nanofluid improved cooling,
boosting electrical efficiency by 5.8 %, and increased CO2 reduction by
7.1 tons compared to water, highlighting its environmental benefits. In
another study, Sheikholeslami et al. [21] investigated the PVT system
featuring a cylindrical reflector, a thermoelectric generator (TEG) made
from Cu2SnS3 (CTS), and a MgO-water nanofluid spectral filter. The
nanofluid improved cooling, enhancing system performance by 36.3 %.
The combined system doubled CO2 reduction compared to conventional
PV systems, showing strong energy efficiency and environmental ben-
efits. These studies demonstrated that incorporating nanofluids into
various systems can significantly reduce carbon dioxide emissions. This
reduction is achieved by enhancing the overall performance and effi-
ciency of these systems. By optimizing the performance of systems such
as cooling and heating mechanisms, nanofluids contribute to a greener,
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more sustainable approach to energy consumption.
Abbasi et al. [22] employed molecular dynamics (MD) simulations to

investigate the effects of particle shape and base fluid type on the density
of nanofluids. They considered the ternary mixture formula, which ac-
counts for the formation of a nanolayer around the nanoparticles, to
predict the nanofluid density more accurately. Two base fluids, water
and liquid argon, were examined along with four different nanoparticle
shapes: spherical, planar, block, and rod-shaped with varying aspect
ratios. The results revealed that the thickness of the nanolayer was
influenced by the base fluid type, with liquid argon forming a slightly
thicker nanolayer (1.3 nm) compared to water (0.9 nm). Additionally,
the density of the nanolayer was found to be higher for planar nano-
particles than for spherical and rod-shaped particles. Additionally, the
density of the nanolayer was found to be higher for planar nanoparticles
than for spherical and rod-shaped particles. This was attributed to the
flat surfaces of planar particles being more effective in absorbing base
fluid molecules to form the nanolayer. Furthermore, the density of
nanofluids containing planar or spherical nanoparticles decreased with
increasing particle diameter. Shoghl et al. [23] conducted a series of
experiments to analyse the thermophysical properties of six different
water-based nanofluids: CuO, TiO2, MgO, MWCNT, Al2O3, and ZnO.
They examined the density, viscosity, and electrical conductivity of
these nanofluids as functions of nanoparticle concentration and tem-
perature. The findings showed a considerable enhancement in electrical
conductivity and viscosity of the base fluid upon the addition of nano-
particles, while the density showed a moderate increase. According to
the results, a linear trend was observed between electrical conductivity
and nanofluid concentration for all nanofluids except MWCNT, which
exhibited a percolation threshold at 0.1 wt%. The sample containing
ZnO nanoparticles exhibited highest conductivity at lower concentra-
tions, while CNT nanofluids showed peak values at higher concentra-
tions. The study also concluded that the density values could be
accurately predicted by the mixture rule, and the viscosity data agreed
well with the Einstein model at low concentrations but deviated at
higher concentrations, which was attributed to nanoparticle agglomer-
ation. However, the Maxwell model failed to predict the enhancement in
electrical conductivity, leading the researchers to develop correlations
for each nanofluid type based on the experimental data. A study

conducted by Sitti et al. [24] examined the effect of temperature,
volumetric concentration, and nanoparticle size on the density variation
of various nanofluid samples. They measured the densities of nanofluids
containing nanoparticles of Al2O3, ZnO, CuO, TiO2, SiO2, and CNTs
dispersed in a base fluid of 60:40 propylene glycol and water (PG/W) by
volume. The measurements were carried out over a temperature range
of 0–90 ◦C and with nanoparticle volumetric concentrations up to 6 %.
The experimental results were compared with the theoretical equation
proposed by Pak and Cho, which relates the nanofluid density to the
densities of the base fluid and nanoparticles, as well as the nanoparticle
volumetric concentration. It was found that the measured densities
agreed well with the theoretical predictions, with a maximum deviation
of 3.8 % observed for the copper oxide nanofluid. The average deviation
between the experimental data and the theoretical equation was only
0.1 % for all 874 data points.
The analysis of the Scopus database data presents a critical

perspective on the state of research in the field of nanofluids and their
hybrid combinations. The data reveals a growing interest in nanofluid
research, as evident from the steady increase in the number of published
articles, especially from 2005 onwards, as shown in Fig. 1. The stats
indicate that nanofluids are an active and dynamic area of study. While
there is substantial research on “Nanofluid” alone, the data illustrates
that the hybrid nanofluid combinations (Ag-SiC, Ag-BeO, and SiC-BeO)
have received considerably less attention throughout the years. This
scarcity of research on these hybrid nanofluids emphasises the novelty of
our study. The lower publication counts for the hybrid nanofluid com-
binations suggest that there is ample room for original research and
contributions in this area. The study can address this gap and potentially
lead to groundbreaking findings, further enhancing the understanding
and applications of hybrid nanofluids. According to the bibliometric
analysis, silver nanofluids have witnessed a period of steady growth in
publications from 2005 to around 2014, suggesting a relatively estab-
lished area of research. SiC nanofluids have displayed a consistently low
and stagnant publication output, with only a slight increase in recent
years, indicating an underexplored composition. BeO nanofluids, a
newer addition to the literature starting around 2019, have seen limited
attention, emphasising their underexplored nature.
The choice of nanoparticles for this study is based on a thorough

Fig. 1. Publication trends on nanofluids and hybrid nanofluid combinations based on Scopus database.
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consideration of their thermal properties, cost, and density. Silver
nanoparticle was selected from the metal family due to its high thermal
conductivity. However, its higher density poses challenges for main-
taining long-term suspension in base fluids like water, while its elevated
cost hinders practical implementation. In contrast, SiC and BeO nano-
particles were chosen from the carbide and oxide families, respectively,
due to their lower cost and density. Despite these benefits, SiC and BeO
have different properties that can be advantageous for specific appli-
cations. SiC may enhance thermal properties, making it suitable for
applications in aerospace and automotive cooling, while BeO offers
excellent electrical insulation, making it valuable for electronic cooling
and nuclear applications. Hybrid nanofluids such as Ag-SiC are partic-
ularly effective for high-performance cooling systems used in aerospace
and automotive applications, as well as for precision machining pro-
cesses due to their enhanced thermal properties. In contrast, Ag-BeO
nanofluids capitalize on silver’s thermal conductivity combined with
BeO’s electrical insulation, making them well-suited for electronic
cooling systems, high-power laser applications, and nuclear reactors.
Meanwhile, SiC-BeO nanofluids, are ideal for advanced energy storage
systems, nuclear reactors, and high-temperature industrial processes.
The potential synergistic effects of combining Ag-SiC, Ag-BeO, and SiC-
BeO remain largely unexplored, highlighting the novelty and potential
of these hybrid nanofluids. The limited prior research indicates signifi-
cant opportunities for innovative discoveries and applications in these
areas. Focusing future research efforts on these nanofluid combinations
could provide new insights compared to the more established singular

nanofluid types like silver or silicon carbide alone. The data-driven
approach here demonstrates the value of conducting thorough back-
ground reviews and analyses to identify promising new research di-
rections. As technology and industrial applications continue to advance,
the development of new nanofluid combinations with unique properties
will be in high demand.
This study aims to conduct a comprehensive examination of the

thermophysical properties of these hybrid nanofluids. The investigation
will encompass a wide spectrum of temperatures and involve varying
mixing ratios. By doing so, this research seeks to address a notable la-
cuna in the existing scientific literature, thereby contributing substan-
tively to the understanding of these unique nanofluid compositions. The
outcomes of this research endeavour are anticipated to serve as a
valuable resource with practical implications across a multitude of sci-
entific and engineering applications, thereby advancing the field’s
knowledge base and utility.

2. Preparation of nanofluid

Numerous researchers have adopted the two-step method for pre-
paring nanofluids, recognized as an efficient and cost-effective approach
for generating substantial solution volumes. This study is structured into
three distinct segments: The initial phase investigates the impact of
diverse surfactants on samples of silver, beryllium oxide, and silicon
carbide, each prepared at a particle loading of 0.01 vol%. In the sub-
sequent phase, various fluids are prepared by altering particle

Table 1
Properties of the particles.

Nanoparticle Formula Size Purity Thermal Conductivity (W/m.K) Density
(g/cm3)

Quantity
(g)

Cost (£)* Reference

Silver Ag 10–40 nm 99.9 % 429 10.5 25 655 [25]
Silicon carbide – (beta-phase) SiC 45–55 nm ​ 360 3.15 25 143 [26]
Beryllium oxide BeO 85–140 nm 99 % 285 3.01 25 131 [27,28]

*Prices as of February 1st, 2024.

Fig. 2. Schematic representation of the nanofluid preparation method.
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concentrations within the range of 0.01 vol% to 0.025 vol%, aiming to
assess stability and determine optimal concentrations for hybrid sam-
ples. The final segment encompasses the formulation of hybrid nanofluid
samples (Ag/BeO, SiC/BeO, and Ag/SiC) at different mixing ratios,
specifically examining the thermophysical properties across varying
temperatures ranging from 15 − 45 ◦C. The nanoparticles utilised in this
study were procured from Alfa Aesar and Thermo Fisher Scientific, two
well-known suppliers in the field. Table 1 provides the properties of the
nanoparticles including the details of the size, purity, thermal conduc-
tivity, density, and cost. All samples undergo a series of processes
involving magnetic stirring, ultrasonication in a sonication bath, and
final treatment with high-wave ultrasonication using a sonication probe.
To make unitary nanofluids, the following steps are followed: the

calculated amount of nanoparticles is added to the desired quantity of
base fluid while stirring for 1 h. Subsequently, bath sonication and probe
ultrasonication of the fluid are carried out for 2 h and 30 mins,
respectively, utilising an RS Pro ultrasonicator and NanoSight probe
sonicator. These sonication processes are essential for breaking down
agglomerated nanoparticles into individual particles, ensuring uniform
suspension. Finally, to formulate the hybrid nanofluids having different
mixture ratios, each nanofluid is prepared separately with the desired
particle concentration and then mixed accordingly while carrying out
continuous stirring with the help of a magnetic stirrer. To ensure the
proper mixing of fluids, the processed solution will be further sonicated
with the help of probe sonication for 15 mins. Fig. 2 illustrates the
schematic representation of the steps involved in the preparation of
hybrid nanofluids.

3. Effect of surfactant on stability and pH value

A widely employed strategy for enhancing the stability of nanofluids
involves the incorporation of surfactants, a class of compounds
renowned for their ability to engender electrostatic or steric repulsion
forces among nanoparticles. This judicious utilisation of surfactants
serves as an effective means to prevent the undesired agglomeration of
these minute particles, thereby bolstering the enduring stability of
nanofluid systems. A study was carried out to delve into how different
surfactants impact the overall stability of nanofluids, as well as their
influence on the pH levels upon surfactant introduction. This investi-
gation aims to shed light on the intricate interplay between surfactants
and nanofluid stability while simultaneously observing their ramifica-
tions on pH values. The resulting repulsive interactions among nano-
particles not only thwart their agglomeration tendencies but also
contribute to the preservation of the desired dispersion, ensuring the
continued, homogeneous distribution of nanoparticles within the fluid
medium.
The Hanna pHmeter (HI 98128) used in this study has an accuracy of

± 0.05 pH, ensuring precise pH measurements. While the meter came
with a calibration certificate, an additional calibration step was per-
formed to ensure the utmost accuracy in the pH measurements. The
calibration procedure utilised a specific method involving two buffer
solutions provided with the instrument, having pH values of 4.01 and
7.01.
To commence the calibration process, the tailing side of the pHmeter

was immersed in a cleaning solution, which effectively cleaned the
temperature sensor and pH electrode. Subsequently, the meter was set to
the calibration mode, and it was first submerged into the buffer solution
with a pH of 4.01. The meter recorded the corresponding pH reading.
After cleaning the sensor and electrode again, the meter was immersed
in the second buffer solution, and its pH value was recorded. Following
the completion of the calibration process, the pH of a neutral solution
was measured to verify the accuracy of the meter’s readings. This
thorough calibration procedure ensured the reliability of the pH mea-
surements throughout the study. The fluid preparations were conducted
in an open environment, exposing the distilled water to atmospheric air.
In such conditions, the pH range of the distilled water utilised could vary

from 5.4 to 5.7 [29]. As observed in this study, the pH value of the base
fluid was noted to be 5.67 ± 0.02.
The stability of nanofluid suspensions is paramount, and the addition

of surfactants has been widely acknowledged for their role in stabilising
nanoparticles, impeding agglomeration, and altering surface charac-
teristics. Silver, beryllium oxide, and silicon carbide nanofluids were
prepared both without surfactants and with the addition of CTAB, SDS,
Gum Arabic, and SDBS. The pH values were measured using a calibrated
pH meter at 20 ◦C. Each measurement was repeated thrice to ensure
accuracy and reliability. It was noticed that the addition of Ag and BeO
nanoparticles made the nanofluid slightly basic compared to distilled
water, while the SiC nanoparticles had an acidic effect.
For this study, samples were formulated with a particle volume

fraction of 0.01 % vol. This study employed a preparation method that
involved 1 h of magnetic stirring, followed by 1 h of sonication in a
sonication bath, and ultimately 15 mins of sonication using an ultra-
sonication probe to produce the samples. During the sample prepara-
tion, an equivalent amount of surfactant, matching the quantity of
particles, was introduced into the solution. The solutions were main-
tained at room temperature and monitored throughout the observation
period.
The nanofluid samples were observed over 7 days to evaluate their

long-term stability with the addition of different surfactants. The sta-
bility observation of nanofluids with different surfactants is depicted in
Fig. 3. It was found that the solutions containing the anionic surfactant
SDBS showed the best stability overall for the three nanoparticle types
tested. The SDBS-containing nanofluids maintained their dispersion
with minimal sedimentation and aggregation over the 7-day period. This
indicates that SDBS provided excellent electrostatic and steric stabili-
zation for the suspended nanoparticles. For the beryllium oxide nano-
fluids specifically, the addition of the anionic surfactant SDS was found
to have the worst effect on stability. The silicon carbide nanofluid with
SDS had even poorer stability than the surfactant-free sample, with
significant sedimentation and aggregation occurring within days. This
suggests SDS interacted poorly with the silicon carbide surface,
neutralizing surface charge and inducing rapid particle aggregation.
After SDBS, the cationic surfactant CTAB provided the next best stability
enhancement for the nanofluids. The CTAB-containing samples showed
good dispersion stability over the 7 days, with only minor sedimentation
in some cases. The positively charged CTAB likely electrostatically sta-
bilized the nanoparticles.
The pH values exhibited distinctive variations in nanofluid samples

treated with different surfactants compared to the surfactant-free
nanofluids and the reference distilled water, as shown in Fig. 4. The
silver nanofluid experienced a shift towards both higher and lower pH
values, contingent upon the type of surfactant introduced. Similar trends
were observed in the beryllium oxide and silicon carbide nanofluids,
indicating diverse responses to distinct surfactants.
For the silver nanofluid without surfactant, the measured pH was

6.24. The addition of the cationic surfactant CTAB caused a small
decrease in pH to 6.1. This suggests that CTAB interacted with the silver
nanoparticles, partially neutralizing the surface charge. The anionic
surfactants SDS and GA also decreased the silver nanofluid pH, to 5.85
and 5.58 respectively. Interestingly, SDBS induced a considerable in-
crease in pH from 6.24 to 7.2, indicating a more alkaline nature.
For the beryllium oxide nanofluid, the pH decreased from 5.95 to

5.57 upon the addition of CTAB. The inclusion of SDS resulted in a pH
drop to 5.53, whereas Gum Arabic led to a slight increase in pH to 5.85.
As anticipated, the SDBS demonstrated a significant pH increase,
elevating the pH to 7.08. The surfactants affect the pH value of Silicon
carbide nanofluid in a different way as the suspension of particles made
the solution more acidic and noticed a pH value of 5.56. The supple-
mentation of CTAB surfactant showed a slight increase in this value to
5.76 while SDS made the solution more acidic with a minor decrease in
pH value to 5.31. Additionally, Gum Arabic resulted in a pH elevation of
6.1, while SDBS significantly increased the pH to 7.45.
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Fig. 3. Stability observation of nanofluids with different surfactants.
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Notably, the SDBS surfactant consistently induced a substantial rise
in pH across all three types of nanofluids, significantly shifting the
values toward neutrality. The addition of CTAB and GA to the nanofluids
had a mixed effect on the pH. The addition of these surfactants
decreased the pH of silver nanofluid and beryllium oxide but increased
the pH of silicon carbide nanofluid.
The effect of SDBS on the pH of nanofluids is more complex. SDBS is

an anionic surfactant, but it can also form micelles in aqueous solution
[30]. Micelles are aggregates of surfactant molecules that have a hy-
drophilic outer layer and a hydrophobic inner core. When SDBS is added
to a nanofluid, it can form micelles around the nanoparticles. The mi-
celles can trap the nanoparticles inside and prevent them from

interacting with the water molecules. This can lead to an increase in the
pH of the nanofluid. While the pH approximation to neutral by SDBS
indicates potential stability, it is crucial to conduct further analysis to
comprehend the precise mechanisms by which SDBS interacts with
nanoparticles, stabilising the nanofluids. Such investigations can vali-
date the observed pH effects and solidify the link between near-neutral
pH and enhanced stability, offering insights for practical applications in
various fields where stable nanofluids are indispensable.
Fig. 5 showcases pH values of different nanofluids containing vary-

ing concentrations of nanoparticles, all prepared using SDBS surfactant
in which the quantity of surfactant added in the solution is equal to the
particles’ weight. It displays the pH values corresponding to different

Fig. 4. Ph values of nanofluids with different surfactants.

Fig. 5. Ph values of nanofluids with varying particle concentrations (0.01–––0.025 vol%) using SDBS surfactant.
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particle concentrations of Ag, BeO, and SiC at 0.01, 0.015, 0.02, and
0.025 vol%. According to the results, a noticeable elevation in the pH
values for all types of nanofluids investigated was observed as the
concentration of particles and relatively the amount of surfactant
increased. Silver nanoparticles exhibited a relatively moderate increase
in pH as the concentration raised from 0.01 to 0.025 vol%, with a change
from 7.2 to 7.35, however, beryllium oxide and silicon carbide displayed
more pronounced shifts in pH values. The results revealed that the BeO
nanofluid experienced a more significant increase in pH, from 7.08 to
7.22, across the same concentration range, while the SiC solution
showed an even more substantial shift, moving from 7.45 to 7.63.
This variation in the rate of pH change could be attributed to several

factors specific to each type of nanoparticle. One influential factor could
be the inherent chemical properties of the nanoparticles themselves. For
instance, differences in surface charge, composition, or reactivity of the
nanoparticles could lead to varied interactions within the solution,
influencing the solution’s pH differently. Importantly the interaction of
these nanoparticles with the SDBS surfactant might not be uniform
across all types. The diverse chemical affinities or reactions between
nanoparticles and the surfactant may result in differing effects on pH,
contributing to the observed variations. Furthermore, factors such as
nanoparticle size, shape, and concentration could also significantly
contribute to this variability. Distinct physical properties of different
nanoparticles could impact pH alterations differently. Smaller particles,
in some cases, exert a more noticeable influence on solution pH
compared to larger particles at similar concentrations.
The objective behind formulating nanofluids at different concentra-

tions was to determine the most suitable concentration for the synthesis
of hybrid nanofluids, focusing on their stability. All the suspensions were
kept under observation over the course of a week, and it was observed
that nanofluid samples containing Ag and BeO nanoparticles at a con-
centration of 0.025 vol% began exhibiting nanoparticle settling after
four days, resulting in the formation of a clear upper layer. In contrast,
the SiC suspension remained stable during the observation period, as
depicted in Fig. 6.

A study was also carried out to observe the pH value of various
hybrid nanofluids prepared by mixing different ratios of individual
nanofluids at a concentration of 0.025 vol%, as depicted in Fig. 6. The
study aimed to examine how these mixtures’ pH values changed with
varying proportions of the constituent nanofluids. The observed pH
values of the hybrid nanofluids indicated intriguing trends across the
different mixing ratios, as presented in Fig. 7. The results revealed that
the pH variations were not uniform across all hybrid combinations,
suggesting specific interactions between the nanoparticles at different
ratios. As anticipated, for the Ag/BeO hybrid nanofluid, an increase in
the Ag concentration led to a gradual rise in pH, culminating in the
highest pH value of 7.33 at the 80/20 ratio. This shift in pH can be
attributed to the inherently higher pH value of Ag in comparison to BeO.
Moreover, the SiC/BeO hybrid nanofluid showcased a consistent

Fig. 6. Stability observation of simple and hybrid nanofluids over time.

Fig. 7. Ph values of hybrid nanofluids (ag/beo, sic/beo, and ag/sic) with
different mixing ratios (20/80, 40/60, 60/40, and 80/20).
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escalation in pH as the proportion of SiC increased. The pH values
increased steadily, reaching a maximum of 7.59 at the 80/20 ratio,
reflecting the notably higher pH value of the SiC solution compared to
Ag. Finally, as the pH value of SiC solution was significantly higher than
Ag, the hybrid nanofluid of Ag/SiC exhibited a decrease in pH values
with an increase in the proportion of Ag.
Understanding pH variations is crucial for tailoring nanofluids for

diverse applications. Controlling and predicting pH changes of hybrid
nanofluids could aid in optimising their stability and functionality in
specific technological or industrial applications, such as heat transfer
systems or biomedical uses.

4. Characterisation

The comprehensive characterisation of nanoparticles and nanofluid
dispersion involved a multifaceted approach, combining X-ray Diffrac-
tion (XRD) and Transmission Electron Microscopy (TEM) analyses to
elucidate the structural properties of the nanoparticles. Additionally, the
nanofluid stability and particle size distribution were meticulously
examined using a Malvern Zetasizer, providing a holistic understanding
of their physicochemical behaviour.

4.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is utilised to analyse the crystallographic
structure, crystallite size, and phase composition of silver, beryllium
oxide, and silicon carbide nanoparticles, revealing intricate details
about their atomic arrangements. X-ray diffraction tests have been re-
ported in numerous research studies for the characterisation of nano-
particles as well as various pure or composite materials [31,32]. The
analysis was carried out utilising an X-ray diffractometer (Bruker − D8
Advance) with Cu-Kα radiation (wavelength: 1.5406 Å, energy: 8.05
keV). In the case of silver nanoparticles, four distinct peaks were iden-
tified at 2θ angles of approximately 38.12◦, 44.30◦, 64.45◦, and 77.4◦, as
shown in Fig. 8(a). The XRD curve pattern and the positions of the peaks
aligned with the previously reported literature data on silver [33,34].
These peaks were indexed to the (111), (200), (220), and (311) planes of
a face-centred cubic (FCC) silver crystal structure. The lattice parameter
was determined as a= 4.089 Å, with a corresponding unit cell volume of
V = 68.39 Å3. The findings also concurred with the reported data of the
Joint Committee on Powder Diffraction Standards JCPDS data (JCPDS
04–0783) for silver nanoparticles. Moreover, the most prominent peak
in the spectrum suggests that the nanoparticles exhibit a preferred
orientation, with their (111) planes aligned parallel to the surface.
Fig. 8(b) shows the intensity of X-rays diffracted by a sample of beryl-
lium oxide nanoparticles as a function of the 2θ angle.
The curve peaks indexed to the α-BeO phase, which is the most stable

form of beryllium oxide at room temperature. The peaks observed at
crystalline angles of 38.40◦, 41.06◦, 43.76◦, 57.47◦, 69.44◦, and 76.70◦

correspond to the (100), (002), (101), (102), (210), and (103) reflections
of α-BeO, respectively, as predicted by the JCPDS file for this material
(JCPDS 35–0818). Additionally, the curve confirmed the presence of
hexagonal wurtzite beryllium oxide nanoparticles with a random
orientation. The lattice parameters for BeO nanoparticles were found to
be a = 2.705 Å and c = 4.39 Å, yielding a unit cell volume of V = 27.84
Å3. Wang et al. [35] examined the characteristics of BeO nanoparticles
at different temperature values and identified a consistent X-ray
diffraction (XRD) curve pattern. Additionally, they observed an increase
in the intensity of peaks with rising temperatures. The XRD curve of the
silicon carbide nanoparticle has been shown in Fig. 8(c). The number of
sharp peaks indicated that the studied nanoparticles are highly crys-
talline and have a cubic and orthorhombic crystal structure. Notably, the
peaks were observed at specific 2θ positions: 35.655◦ (111), 41.404◦

(200), 59.991◦ (220), 71.78◦ (311), and 75.52◦ (222). The curve
exhibited consistency with the 3C-SiC polytype, as the peak positions
match well with the JCPDS card (reference number 29–1129) for this

material. In this case, the lattice parameter is calculated to be about
4.36 Å, which is in good agreement with the reported value for 3C-SiC.
The analysis revealed a unit cell volume of 82.7 Å3, and the density of
the substance was determined to be 3.15 g/cm3. Sultan et al. [36]
investigated the X-ray diffraction (XRD) pattern of silicon carbide across
a temperature range of 25 ◦C to 800 ◦C. The observed curve trend
aligned with the findings of the present study.
To determine the average crystallite size from the peak widths

Fig. 8. X-ray diffraction patterns of (a) silver nanoparticles, (b) beryllium oxide
nanoparticles, and (c) beta-phase silicon carbide nanoparticles.
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observed in the XRD pattern a well know Scherrer equation was
employed [37,38]. Crystallite size refers specifically to the size of the
individual crystalline domains within the nanoparticle. Nanoparticles
are often composed of crystalline materials, and the crystallites are the
repeating, ordered structures within the particles. The Scherrer equation
Eq. (1), widely employed in numerous studies, establishes a mathe-
matical correlation among peak width, X-ray wavelength, and crystallite
size. It is commonly utilised to estimate the crystallite dimensions from
XRD data.

particlesize
(
dp
)
=

ξλ
βcosθ

(1)

where dp is the crystallite size, ξ is a constant, λ is the wavelength of the
X-rays (1.5406 Å for Cu-Kα radiation), β is the full width at half
maximum of the peak, and θ is the Bragg angle.
Applying the Scherrer equation, the calculated crystalline size of

silver nanoparticles was determined to be 16.63 nm. However, for
beryllium oxide and silicon carbide, the calculated crystalline size was
23.12 nm and 17.19 nm respectively.

4.2. Transmission Electron Microscopy (TEM)

To further analyse the particle morphology, nanoparticles were
subjected to Transmission Electron Microscopy (TEM) JEOL JEM-1400
Plus instrument. This powerful analytical technique allows for high-
resolution imaging of nanoparticles, enabling detailed examination of
their size, shape, and structural characteristics. Fig. 9 presented the TEM
images showcasing three distinct types of nanoparticles under investi-
gation in this study.
In the left column, the TEM images depicted the spherical

morphology of Ag nanoparticles, which exhibited a tendency to form
agglomerates or clusters comprising multiple individual nanoparticles.

These agglomerates varied in size and degree of agglomeration. They
exhibit a wide size distribution, with some particles appearing quite
large (around 40 nm) and others beingmuch smaller (below 20 nm). The
particles seem to be agglomerated or aggregated, forming irregular
clusters. Moving to the middle column, TEM images illustrated BeO
nanoparticles. The beryllium oxide nanoparticles have a more distinct
and well-defined shape compared to the silver nanoparticles. They
appear as irregular hexagonal with particle sizes ranging from approx-
imately 85 to 140 nm. Although BeO nanoparticles also exhibited a
tendency to form agglomerates, their propensity for agglomeration was
comparatively lesser than that observed in Ag nanoparticles. Lastly, in
the right column, the SiC nanoparticles exhibited a wider range of
shapes and sizes compared to the other nanoparticles. Some particles
appear as distinct, well-defined shapes, while others have more irregular
shapes. Notably, SiC nanoparticles demonstrated a unique tendency to
form agglomerates in the form of chains, with connections between
particles appearing weaker compared to those observed in Ag and BeO
nanoparticles.
It is imperative to consider the sample preparation process, which

involves sonication. During this process, some particles experienced
breakdown, resulting in the generation of smaller particles. Conse-
quently, the morphology of parent particles underwent alteration, with
the emergence of child particles exhibiting smaller sizes. This phe-
nomenon is particularly evident in the TEM images, where irregularities
in particle shape and size can be observed.

4.3. Nanofluid stability and particle size distribution

The stability and particle size distribution of the nanofluids were
assessed using a Malvern Zetasizer, providing crucial insights into their
colloidal behaviour and dispersion characteristics [39,40]. Zeta poten-
tial characterizes the intensity of electrostatic repulsion among particles

Fig. 9. Transmission electron microscopy (TEM) images of silver, beryllium oxide, and beta-phase silicon carbide nanoparticles (left to right columns).
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suspended in a fluid medium. To perform the analysis, the sample was
contained within a specialized DTS 1070 cell, designed for assessing zeta
potential in controlled environments. This cell is particularly well-suited
for evaluating emulsions, suspensions, and other samples where

conventional cuvettes may be inadequate. During the measurement
process, an electric field was applied to the sample within the DTS 1070
cell. The instrument then assessed the velocity of particles as they
responded to this electric field. This velocity is directly linked to the zeta

Fig. 10. Zeta potential analysis of simple and hybrid nanofluids at different mixing ratios.
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potential, typically calculated using the Smoluchowski equation or
similar models. The instrument’s software analyses the data collected
from the scattered light to determine the zeta potential of the particles in
the nanofluid.
Zeta potential analysis was conducted on both simple and hybrid

nanofluid samples just after the sonication, revealing values within the
range of − 45 to − 75 mV, as shown in Fig. 10. This range indicates a high
level of stability in the nanofluid. In the context of particle suspension, a
zeta potential exceeding ± 30 mV is generally considered indicative of
good stability, as supported by existing literature [41]. The negative
values observed indicate that the nanoparticles possess a net negative
surface charge. Factors such as nanoparticle surface chemistry, the types
of ions in the solution, surface-active agents, and the pH of the medium,
can contribute to the acquisition of a negative charge by the particles.
Several studies have also reported negative zeta potential values for
these nanofluids [42–44].
Comparing the nanofluids containing different nanoparticles, it was

observed that the zeta potential value of BeO nanofluid is better
compared to Ag and SiC nanofluids. However, a more extended obser-
vation revealed an interesting trend. However, BeO nanoparticles
showed a tendency to settle down earlier, primarily attributable to their
larger size, posing a significant limitation on the stability over time. The
observed limitations in the stability of individual nanofluids, such as
BeO nanofluids, underscore the increasing interest in hybrid nanofluids.
By combining particles with diverse properties and morphologies,
hybrid nanofluids offer the potential to enhance the overall performance
of the fluid. In contrast, if larger-sized denser silver nanoparticles were
utilized instead of BeO nanoparticles, it would likely have a detrimental
effect on the stability of the nanofluid and unsuitable for hybrid
formulations.
The hybrid nanofluids displayed varying patterns based on the

composition ratios. The Ag/SiC hybrid nanofluids showed distinct peaks
corresponding to the individual nanoparticle components, with the peak
heights and positions influenced by the ratio of Ag to SiC. It was noted
that the Ag/SiC hybrids exhibited a dominant peak around − 50 mV. The
Ag/BeO hybrid nanofluids exhibited broader peaks compared to the Ag/
SiC counterparts, likely due to the broader distribution of BeO nano-
particles. As the ratio of BeO increased, the peak shifted towards more
negative zeta potential values, indicating the influence of BeO’s higher
zeta potential. Finally, the SiC/BeO hybrid nanofluids displayed patterns
similar to the Ag/BeO samples, with the peaks becoming broader and
shifting towards more negative zeta potential values as the BeO ratio
increased.
To investigate the phenomenon of particle clustering or agglomera-

tion and its impact on particle size following suspension, additional
particle size analysis was conducted utilising the Malvern Zetasizer in-
strument. Fig. 11 shows the size distribution of suspended particles in
various nanofluid samples after 7 days of fluid preparation. The results
revealed the formation of particle clusters or agglomerates, leading to an
increase in the effective particle size compared to the initial nanoparticle
dimensions.
For the monometallic nanofluid, the Ag sample exhibited a slightly

asymmetric peak with a Z-average particle size of 218.4 nm, indicating
the presence of relatively uniform and moderately sized agglomerates,
significantly larger than the initial 10–40 nm Ag nanoparticles. The
presence of a smaller side peak at the right indicates the existence of a
small fraction of larger agglomerates or aggregates in the Ag nanofluid
suspension. The SiC nanofluid displayed a similar narrow peak with a Z-
average size of 230.9 nm, suggesting the formation of agglomerates

approximately 4–5 times larger than the initial 45–55 nm SiC nano-
particles. While the BeO nanofluid showed a broader peak with a Z-
average size of 404.3 nm, with the agglomerates being only 2–4 times
larger than the initial 85–140 nm BeO nanoparticles.
In the case of hybrid nanofluids containing a blend of Ag and SiC

nanoparticles (Ag/SiC), narrow peaks were observed across various
mixing ratios, instead of a 20:80 ratio. The Ag/SiC (20:80) hybrid
nanofluid exhibits a slightly flattened peak with a Z-average particle size
of 223.8 nm. Additionally, the appearance of a small side peak indicates
the presence of Ag nanoparticles within the hybrid nanofluid. As the
proportion of Ag nanoparticles increases in the Ag/SiC (40:60) hybrid
nanofluid, the peak becomes slightly narrower, with a Z-average size of
194.3 nm. This reduction in the average agglomerate size could be
attributed to the existence of more Ag nanoparticles, however, a small
proportion of larger-sized aggregates was also detected. The Ag/SiC
(60:40) hybrid nanofluid displays a similar narrow peak to the previous
composition, with a Z-average size of 191.8 nm. The peak shape and size
distribution suggest a more homogeneous agglomeration pattern with a
higher Ag content. Finally, for Ag/SiC (80:20) hybrid nanofluid, where
Ag is the predominant component, the peak becomes slightly broader,
with a Z-average size of 221.0 nm. This broadening of the peak could be
attributed to the increased interactions between the higher concentra-
tion of Ag nanoparticles, leading to a slightly wider distribution of
agglomerate sizes.
In the Ag/BeO (20:80) hybrid nanofluid, a slightly sharper peak was

discerned in comparison to Ag/SiC (20/80) hybrid nanofluid, with a Z-
average particle size of 223.3 nm. With a rise in the concentration of Ag
nanoparticles within the Ag/BeO (40:60) hybrid nanofluid, the distri-
bution curve covered a broader range due to the augmentation of the
smaller size of Ag nanoparticles, with a Z-average size of 224.2 nm.
However, small peaks were also observed with the increasing proportion
of Ag due to the tendency of the Ag nanoparticles to agglomerate.
Analogous to the Ag/SiC (80:20) composition, a small peak was also
detected at the smaller size end when the proportion of Ag reached 80%.
The SiC/BeO hybrid nanofluids exhibited unimodal size distribution

curves across all composition ratios instead of a small peak observed for
20:80 sample at the larger size end, as depicted in Fig. 11. In the SiC/
BeO (20:80) composition, the average particle size was found to be
271.8 nm, with a relatively narrow distribution curve. As the proportion
of SiC increased in the SiC/BeO (40:60) hybrid nanofluid, the average
particle size decreased to 246.0 nm. Interestingly, the distribution curve
appeared slightly broader compared to the 20:80 composition, sug-
gesting a marginally wider range of particle sizes present in the sample.
Subsequently, in the SiC/BeO (60:40) hybrid nanofluid, the average
particle size decreased to 232.7 nm, further decreasing with the
increasing SiC content. Additionally, the distribution curve slightly
shifted towards smaller particle sizes. Finally, with a slight decrease in
particle size, while maintaining the curve shape for the SiC/BeO (80:20)
hybrid nanofluid, the average particle size was recorded to be 230.0 nm.
It is concluded that the hybrid nanofluids exhibit smaller agglom-

erate sizes compared to unitary nanofluids due to the unique interplay of
different particle characteristics within the solution. The inclusion of
nanoparticles, each differing in size, shape, and material properties,
introduces heterogeneity that disrupts the natural tendency of particles
to cluster together into larger agglomerates. In unitary nanofluids,
where all the particles are of the same type, the forces of attraction, such
as van der Waals forces, are stronger and more uniform. This leads to a
greater likelihood of large agglomerate formation as similar particles
tend to stick together more readily. In contrast, hybrid nanofluids
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Fig. 11. Particle size distribution curves showing the Z-average particle sizes of simple and hybrid nanofluids at different mixing ratios after 7 days of fluid
preparation.
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benefit from the diversity of particle sizes and shapes, which creates an
uneven distribution of attractive forces. This irregularity weakens the
overall attraction between particles, making it easier to prevent large
clusters from forming.
Another important factor in the formation of smaller agglomerates in

hybrid nanofluids is the synergistic effect of the different materials
involved. For example, when smaller particles such as Ag nanoparticles
are combined with larger ones like SiC or BeO, the overall balance of
forces within the fluid is altered. The smaller particles can help fill the
gaps between the larger ones, leading to a more uniform and dispersed
suspension. This reduces the tendency of the larger particles to form
dense clusters and allows for a more stable distribution of particle sizes.
As a result, hybrid nanofluids tend to have a smaller Z-average particle
size for agglomerates compared to those formed in unitary nanofluids.
Over time, hybrid nanofluids also show improved stability compared to
unitary systems. Larger particles like BeO, which may otherwise settle
out of suspension in a unitary fluid, are more stable when combined with
smaller particles in a hybrid formulation. The different particle types
complement each other, reducing the probability of sedimentation and
promoting long-term stability. This enhanced stability directly impacts
the particle size distribution, as agglomerates that do form are smaller
and more uniformly dispersed within the fluid. Therefore, the combi-
nation of varied particle types in hybrid nanofluids not only improves
thermal and fluidic properties but also results in smaller, more stable
agglomerates compared to unitary nanofluids.
These findings highlight the complexity of agglomeration behaviour

in nanofluids, where the initial nanoparticle size, composition, and
relative proportions in hybrid systems can significantly impact the
effective particle size distribution in the suspension. Further investiga-
tion into the underlying mechanisms driving the observed agglomera-
tion patterns and their implications for the stability and performance of
these nanofluids is warranted.

5. Results and Discussion

5.1. Thermal conductivity

The thermal conductivity of nanofluids, which are suspensions of
nanoparticles in a base fluid, is a crucial property that significantly
impacts their heat transfer capabilities. The transient plane source (TPS)
technique, also known as the hot disk (HD) or Gustafsson probe, is a
well-know and accurate method for measuring the thermal conductivity
of fluids [45,46]. In this study, the thermal conductivities of water and
nanofluid samples were determined using the Hot Disk 2500S thermal
constant analyser. The analyser employs a sensor element designed in
the configuration of a double spiral, served a dual purpose as a heat
source for elevating the sample’s temperature and as a resistance ther-
mometer for capturing the temporal evolution of the temperature in-
crease in the heat source itself. The sensor element is constructed with a
fine nickel foil, around 10 µm in thickness, configured into a double
spiral pattern. Both sides of the spiral are encased in an insulating layer
of Kapton, a polyimide material. The meticulous design of this probe is
centred around the optimisation of the heating area and length scale for
a given sample size. This optimisation ensures a close alignment be-
tween the physical model employed and the actual experimental ge-
ometry. Notably, the probe’s intricate design facilitates the
maximization of heating efficiency, thereby enhancing the accuracy and
reliability of the thermal conductivity measurements undertaken in our
research. The setup comprises a constant temperature bath, a thermal
constants analyser, and a purpose-built liquid sample holder. The unique
design of the sample holder serves the crucial function of encapsulating
the liquid within a confined cell or chamber. The sensor probe is verti-
cally immersed in the liquid sample, and strategically positioned to
avoid contact with the cell walls, thereby mitigating the potential
impact of convection during measurements. The particularly engineered
design of sample holder not only facilitates stable temperature

conditions but also effectively eliminates the potential impact of evap-
oration, given the absence of direct exposure of the liquid to ambient air.
To acquire data across various temperature points, the sample holder is
positioned within the thermal water bath, facilitating systematic tem-
perature control and enabling the comprehensive investigation of ther-
mal properties under diverse conditions. To facilitate the measurements,
a sensor with a radius of 2.001 mm (designated as sensor Kapton 7577)
was selected. The experimental setup involved applying a heating power
of 60 mW and a measurement time of 2 s.
The uncertainty of the thermal conductivity measurements in this

study was evaluated based on both the instrument specifications and the
precision of the experimental procedures. The manufacturer specifies a
measurement uncertainty of ± 5 % for the TPS method, which reflects
the overall expected range of potential deviations in the reported ther-
mal conductivity values. Despite this inherent uncertainty, a rigorous
approach was adopted to minimize experimental errors and enhance the
precision of the measurements.
To enhance precision, three measurements were taken at each tem-

perature point and reported the average value to mitigate the influence
of random errors. The standard deviation of the measurements for fluid
samples was found to be less than 0.7 %, which indicates a high level of
precision in the data collected. This standard deviation is within the
acceptable range and suggests that the variability between repeated
measurements was minimal. Additionally, the system was calibrated
using a stainless steel sample provided by the manufacturer. The stan-
dard deviation for these calibration measurements was less than 0.5 %,
demonstrating that the setup was well-tuned and capable of providing
reliable data. The study conducted by Sundberg et al. [47] reported that
the standard deviation for thermal conductivity measurements using the
TPS method was remarkably low, with most samples showing deviations
of less than 0.1 %.
To validate the experimental setup, the thermal conductivity of

distilled water was measured across a temperature range of 15 ◦C to
45 ◦C. The obtained results were subsequently compared with reference
values for distilled water, as measured and supplied by Hot Disk [48].
The results showed a good agreement between the experimental values
and the provided values, although minor deviations were observed,
likely attributable to inherent discrepancies in water properties, as
depicted in Fig. 12.
Several studies have reported the influence of surfactants on the

thermal conductivity of nanofluids [49,50]. To investigate this, a study
was carried out to examine the thermal conductivity of freshly prepared
samples with those measured after 72 h. The measurements were

Fig. 12. Thermal conductivity of distilled water as a function of temperature,
comparison of experimental data with reference data.
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performed at 35 ◦C, and the results are presented in Fig. 13. According to
the results obtained immediately after sonication, a noticeable variation
was observed in the thermal conductivity values between the surfactant-
free and surfactant-added fluid samples. Notably, SDBS surfactant
demonstrated better stability, with less pronounced changes in thermal
conductivity compared to others. Subsequent measurements after 72 h
displayed diverse trends among different nanofluid samples. The
surfactant-free silver nanofluid exhibited a considerable decrease in
thermal conductivity, whereas this reduction was less pronounced for
samples containing SDBS and CTAB surfactants. Specifically, SDBS
showed promising stability, while SDS proved less suitable for silver
nanoparticle-containing fluids. Although GA performed better than SDS,
it still fell short compared to SDBS for silver nanofluids.
As anticipated for silicon carbide nanofluids, a slight decrease in

thermal conductivity was observed upon the addition of various sur-
factants. The thermal conductivity values were found to be in the
following sequence with slight changes WOS > SDBS > CATB > SDS >
GA. Notably, SDS surfactant exhibited a distinct behaviour with silicon
carbide nanoparticles. After 72 h, the sample containing SDS surfactant
experienced a significant reduction in value, indicating an adverse effect
on stability. The surfactant-free sample exhibited better stability and
higher thermal conductivity compared to the SDS sample. Within a
week, all particles had settled, leaving the water clear. The thermal
conductivity of the SDS sample decreased from 0.664 W/m•K to 0.653
W/m•K within 72 h. However, nanofluid samples containing SDBS and
CTAB surfactants exhibited comparatively better values after 72 h,
measured to be 0.664 W/m•K and 0.664 W/m•K, respectively. As for
GA, although the upper layer of the sample began clearing after 72 h, a
reduction in thermal conductivity was observed from 0.664 W/m•K to
0.661 W/m•K.
The beryllium oxide solution exhibited lower stability compared to

others, but the addition of surfactants played a crucial role in stabilizing
the suspension. According to the results collected just after the soni-
cation, the thermal conductivity value of surfactant free sample was
slightly higher than others like silver and silicon carbide suspensions.
However, after 72 h, the upper layer of the fluid became transparent as
particles settled, resulting in a marginal decrease in thermal conduc-
tivity from 0.662 W/m•K to 0.6538 W/m•K. The addition of SDBS
surfactant was found to enhance stability and mitigate the reduction in
thermal conductivity by reducing particle agglomeration and settling.
The CTAB surfactant followed closely, offering improved stability albeit

with slightly lower thermal conductivity than SDBS. A decrease in
thermal conductivity values was noted for SDBS and CTAB samples,
from 0.6626 to 0.6611 W/m•K and 0.6615 to 0.6609 W/m•K, respec-
tively. Gum Arabic was found to be unsuitable for beryllium oxide
nanofluids. The findings of this study strongly advocate for the use of
surfactants in the preparation of beryllium oxide solutions to ensure
effective stability maintenance.
This study reveals that the effectiveness of surfactants varies

depending on the nanoparticles involved. SDBS and CTAB exhibit su-
perior performance in some cases, but for other particles, GA or SDSmay
offer better stability. This suggests that the choice of surfactant should
be tailored to the specific nanoparticles being used. Furthermore,
ongoing investigations are exploring additional surfactants and combi-
nations thereof to determine their effects on stability and thermal per-
formance. Future research endeavours may focus on evaluating
additional surfactants and assessing the synergistic effects of surfactant
combinations to further optimize nanofluid properties.
Particle concentration is the other significant factor influencing the

thermal conductivity of nanofluids [51,52]. Understanding how changes
in particle concentration affect thermal conductivity is essential for
optimizing nanofluid formulations for various applications. A study was
undertaken to investigate the influence of particle concentration on
thermal conductivity within the range of 0.01 vol% to 0.025 vol%. This
range was selected considering the importance of stability, particularly
in applications such as thermal management of electronic components,
especially for mini and microchannel heat sinks. Higher concentrations
of particles can lead to various challenges. These include increased
pressure drop and pumping power, as well as the risk of particle
agglomeration leading to blockages within the channels, especially in
cases where the flow is predominantly laminar. Such blockages can
result in localized heating, potentially causing damage to the entire
system.
Fig. 14 illustrates the impact of particle concentration on the thermal

conductivity of various nanofluids. As the concentration of nano-
particles increased, there was a consistent rise in thermal conductivity
enhancement. This enhancement can be attributed to factors such as
increased particle-packing density, enhanced Brownian motion, and
greater surface area for heat transfer. The major contributing factor to
the increase in thermal conductivity with higher concentrations is the
inherently higher thermal conductivity of nanoparticles, amplified by
the larger number of particles present in the nanofluid at higher

Fig. 13. Thermal conductivity of nanofluids just after sonication and after 72 h. (a) Silver nanofluid, (b) Silicon Carbide nanofluid, (c) Beryllium Oxide nanofluid.
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concentrations. As more nanoparticles are dispersed within the fluid,
they contribute more significantly to enhancing heat transfer capabil-
ities. Additionally, the greater interaction between nanoparticles and
the surrounding fluid facilitates more efficient heat transfer pathways,
leading to higher overall thermal conductivity.
The fluid containing silver nanoparticles outperformed at all con-

centrations because of their better thermal properties. At 0.025 vol%,
silver nanofluid achieved the highest thermal conductivity of 0.6861W/
m•K, showcasing its excellent heat transfer capabilities. For silicon
carbide nanofluid, the thermal conductivity exhibited an increase with
the augmentation of particle concentration, however, the enhancement
was slightly lower compared to silver nanofluid. At a 0.01 vol% con-
centration of silicon carbide nanoparticles, the thermal conductivity of
the nanofluid was measured to be 0.6707 W/m•K. This represented an
enhancement of approximately 2.53 % over pure water. When the
nanoparticle concentration was increased to 0.025 vol%, the thermal
conductivity further improved to 0.6861 W/m•K, indicating a 4.49 %
enhancement over water. The higher thermal conductivity of silicon
carbide nanoparticles, coupled with improved dispersion within the
fluid, facilitates enhanced heat transfer, resulting in increased overall
thermal conductivity.
In contrast to silver and silicon carbide nanofluids, the thermal

conductivity of beryllium oxide nanofluid exhibits a relatively modest
increase with increasing particle concentration. At 0.01 vol%, the
thermal conductivity is measured to be 0.6616 W/m•K, reaching
0.6702W/m•K at 0.025 vol%. Despite this increase, the improvement in
thermal conductivity is not as significant compared to other nanofluids,
with enhancements ranging from 2.035 % to 3.366 % across the con-
centration range. This may be attributed to the intrinsic properties of
beryllium oxide nanoparticles and their interaction with the base fluid.

However, even though the enhancement is modest, the presence of
beryllium oxide nanoparticles still helps improve the fluid’s ability to
transfer heat.
Fig. 15 presented the variation of thermal conductivity with tem-

perature for both simple and hybrid nanofluids, measured at 0.025 vol%
concentration over a temperature range of 15 − 45 ◦C. Notably, all
samples exhibited a substantial increase in thermal conductivity as the
temperature varied. However, it was observed that at lower tempera-
tures, this increase was less pronounced compared to higher tempera-
tures, with a noticeable acceleration in augmentation beyond 30 ◦C. This
phenomenon may be attributed to the enhanced Brownian motion of
nanoparticles at elevated temperatures, leading to improved dispersion
and subsequently increased thermal conductivity. Such behaviour holds
significant implications, particularly in applications where nanofluids
serve as heat transfer fluids, as their performance is inherently linked to
their ability to efficiently carry and disperse heat. Moreover, it is note-
worthy that hybrid nanofluids, with an optimal mixing ratio, demon-
strated superior thermal performance compared to simple nanofluids.
This underscores the potential benefits of synergistic nanoparticle
combinations, presenting promising avenues for enhancing thermal
conductivity and overall performance in various practical applications.
The enhancement values, calculated by comparing the thermal

conductivity of silver nanofluid to that of water, reveal a significant
improvement in thermal conductivity with the addition of silver nano-
particles. The highest enhancement of 6.95 % was observed at 45 ◦C, as
shown in Fig. 15(a). The SiC nanofluid sample also exhibited a consis-
tent increase in thermal conductivity with rising temperatures. At each
temperature point, the thermal conductivity of SiC nanofluid was higher
than that of water, indicating the enhancement effect of silicon carbide
nanoparticles on heat transfer properties. Comparing silicon carbide

Fig. 14. Variation of thermal conductivity with particle concentration for different nanofluids.
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nanofluid to silver nanofluid, it was evident that silver nanoparticles
generally resulted in higher thermal conductivity values across all
temperature points. However, the enhancement values for SiC nanofluid
are notably substantial, the maximum improvement was noted to be
5.11 % at 45 ◦C, indicating that silicon carbide nanoparticles effectively
enhance the thermal conductivity of the nanofluid. The sample prepared
by suspending BeO nanoparticles consistently exhibited lower thermal
conductivity compared to silver and silicon carbide nanofluid across the
temperature range. However, despite the lower values, BeO nanofluid
still showed a notable enhancement compared to basefluid (water),
reaching 4.47 % at 45 ◦C. The results indicated that while the thermal
conductivity of BeO nanofluid may not have reached the levels observed
in silver and silicon carbide nanofluids, the addition of beryllium oxide
nanoparticles still led to significant improvements in heat transfer
properties.
It is important to consider that in this study, the nanofluid samples

were all prepared based on volume per cent (vol.%) instead of weight
per cent (wt.%). While factors like the thermal conductivity of particles,
base fluid, stability, particle size, shape, surfactant, and solution pH are
well-known to influence the thermal properties of nanofluids, particle
density also plays a significant role [51]. Since density directly affects
the number of particles added per unit volume, using particles with
lower densities at the same volume fraction results in a greater number
of particles. These additional particles act as heat carriers, potentially

enhancing the thermal conductivity of the nanofluid. This effect is
particularly important for hybrid nanofluids. In these fluids, particles
with different thermal conductivities, densities, and crystalline struc-
tures are combined. The interplay between these diverse characteristics
can lead to synergistic effects, further improving the thermal properties
beyond what could be achieved with single-type nanoparticles.
Fig. 15(b) presented the thermal conductivity of silver and beryllium

oxide hybrid solutions prepared with different mixing ratios. Across the
studied ratios of 20/80, 40/60, 60/40, and 80/20, we observed a
consistent trend of thermal conductivity enhancement compared to pure
water with a noticeable fluctuation in the values at different mixing
ratios. This enhancement, ranging from approximately 3.36 % to 7.17 %
compared to water, underscores the effectiveness of incorporating Ag
and BeO nanoparticles into the fluid matrix. The observed enhancement
trends suggest that certain mixing ratios may yield more favourable
thermal conductivity enhancements. Notably, the mixing ratio of 60/40
demonstrated the highest enhancement values. This optimal balance
between Ag and BeO nanoparticles likely facilitates synergistic effects,
resulting in enhanced thermal conductivity performance. The hybrid
solution with a mixing ratio of 20/80 exhibited a maximum enhance-
ment of 5.35 % compared to water, falling between the enhancement
values of pure silver and beryllium oxide nanofluids. Following this, the
40/60 solution showed a maximum enhancement of 6.88 %, closer to
the enhancement observed in pure silver nanofluids. However, the most
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Fig. 15. Thermal conductivity of simple and hybrid at different mixing ratios over the temperature range of 15–45 ◦C.
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significant enhancement of 7.17 % was observed at the 60/40 mixing
ratio. This increase could be attributed to the combined effects of the
nanoparticles’ distinct thermal characteristics, density values, crystal-
line structure, interactions, and suspension behaviours in the fluid.
Furthermore, a slight decrease in thermal conductivity enhancement is
noted as the mixing ratio shifts from 60/40 to 80/20, aligning the
thermal conductivity values more closely with those of pure silver
nanofluids. The findings from the investigation of Ag/BeO hybrid sus-
pensions suggest that a mixing ratio of 60/40 represents the optimal
concentration for achieving enhanced thermal conductivity.
Similar to the Ag/BeO hybrid suspension, the results obtained from

the SiC/BeO suspension suggest that specific mixing ratios can lead to
more favourable enhancements in thermal conductivity. Across the
range of mixing ratios examined, it was observed that the fluid with a
mixing ratio of 80/20 exhibited the highest enhancement in thermal
conductivity compared to pure water and individual nanofluids, as
depicted in Fig. 15(c). The thermal conductivity was observed to
improve with increasing the ratio of SiC and reducing BeO. At the mixing
ratio of 20/80, the maximum improvement in thermal conductivity
relative to water was 4.92 %, falling between the enhancements
observed for pure SiC and BeO nanofluids. For the 40/60 hybrid sample,
the thermal conductivity value reached 0.716 W/m•K at 45 ◦C, with an
enhancement of approximately 5.06 %, which was slightly lower and
closer to that of the SiC nanofluid. However, the samples with mixing
ratios of 60/40 and 80/20 demonstrated higher enhancements
compared to others, measuring 5.14 % and 5.31 %, respectively, as
shown in Fig. 16. The results indicate that the mixing ratio of 80/20 is
optimal for achieving higher thermal conductivity values in SiC/BeO
hybrid suspensions.
The results of Ag/SiC hybrid nanofluids, as depicted in Fig. 15(d),

further corroborate the observations made in previous cases regarding
the differential impact of specific mixing ratios on thermal conductivity

enhancement in hybrid suspensions. The hybrid nanofluid with a mixing
ratio of 20/80 exhibited a notable enhancement of 5.86 %, elevating its
thermal conductivity from 0.617 W/m•K to 0.7216 W/m•K over the
temperature range of 15 ◦C to 45 ◦C. Although this hybrid suspension
demonstrated improved stability and thermal conductivity compared to
pure SiC nanofluid, it still fell short of the thermal conductivity achieved
by simple silver nanofluid. As the mixing ratio changed to 40/60, a
notable enhancement brought the thermal conductivity closer to that of
pure silver nanofluid, reaching a maximum enhancement of 6.97 % at
45 ◦C. Although this solution offers improved stability and cost-
effective, its thermal conductivity is comparable to that of simple
nanofluids. The hybrid nanofluid suspension with a 60/40 mixing ratio
outperformed all, showing an enhancement of 7.43 %. This represents
the maximum enhancement observed in this study. As the mixing ratio
shifted from 60/40 to 80/20, a slight decrease in enhancement was
noted, reaching 7.12 %.
A number of factors elaborated above are responsible for making the

hybrid nanofluid preferable over pure nanofluids. It is evident from the
results that careful selection of nanoparticle combinations and mixing
ratios is crucial in maximising thermal conductivity enhancements in
hybrid nanofluids. Based on these findings, it is recommended to utilise
the Ag/SiC hybrid nanofluid with a 60/40 mixing ratio for applications
requiring enhanced heat transfer efficiency. Further exploration and
optimisation of mixing ratios could potentially lead to even greater
enhancements in thermal conductivity, offering valuable insights for the
design and development of advanced heat transfer fluids.
An analysis was carried out using Design Expert to study the rela-

tionship between temperature and thermal conductivity of various
nanofluids [53]. In this study, a confidence level of 95 % or a 5 % sig-
nificance level for the critical P-value was utilized. Through meticulous
examination, a quadratic model was established to predict thermal
conductivity with high precision, Eq. (2). The quadratic model

Fig. 16. Maximum thermal conductivity enhancement compared to water for various nanofluids at different mixing ratios.
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considered both the linear and quadratic effects of temperature
providing a comprehensive understanding of the phenomenon. This
model was subjected to Analysis of Variance (ANOVA) analysis, a
powerful statistical tool that dissected the significance of each model
term. The ANOVA table provides information on the overall significance
of the model and the statistical significance of different terms (A, B, AB,
B2) in the model, as illustrated in Table 2. It revealed that the model as a
whole was exceptionally significant, with a p-value< 0.0001, indicating
its robustness in explaining variations in thermal conductivity.
Furthermore, individual model terms such as A-Fluid, B-Temperature,
AB, and B2 exhibited remarkable significance, further validating the
model’s efficacy.

ThermalConductivity(k) = a+ bT+0.000038T2 (2)

here a and b are coefficients representing the intercept and the linear
coefficient respectively. The term T2 represents the quadratic effect of
temperature. Each nanofluid sample has its specific values for these
coefficients as presented in Table 3.
The standard deviation (Std. Dev.) of the model was calculated to be

0.0021. This value indicates the variability of the data points around the
mean. Assessing the model’s performance, metrics such as Predicted R2

and Adjusted R2 provided insights into the model’s goodness of fit,
showcasing its ability to accurately capture the relationship between
temperature and thermal conductivity. The high values of these metrics,
coupled with an Adeq Precision ratio exceeding 120, signified not only a
strong signal but also a practical utility of the model in navigating the
design space.
The coefficient of determination (R2) was found to be 0.9977, indi-

cating that approximately 99.77 % of the variability in the thermal
conductivity data can be explained by the quadratic model. The Pre-
dicted R2 value of 0.9949 demonstrates strong agreement with the
Adjusted R2 value of 0.9967. With a difference of less than 0.2 between
the two metrics, it indicates that the model’s predictive power remains

consistently high even when applied to new data. The coefficient of
variation (C.V. %) of 0.3225 % indicates the relative variability of the
thermal conductivity data around the mean. Finally, the PRESS (Pre-
dicted Residual Error Sum of Squares) is a measure of the model’s pre-
dictive performance. It quantifies the difference between predicted
values and actual observed values, with lower values indicating better
predictive accuracy. In this case, a PRESS value of 0.000774 suggests
that the model’s predictions closely align with the actual observed data
points.
Fig. 17(a) shows the relationship between the experimental thermal

conductivity values with the predicted using the ANOVA model. The
closer the points lie to the diagonal line, the better the model fits the
data. In this case, the data aligns well with the diagonal line, reflecting a
satisfactory model fit. The normal probability plot of studentized re-
siduals reveals that the errors associated with the thermal conductivity
are approximately normally distributed, Fig. 17(b). This plot is used to
assess whether the residuals conform to a normal and independent
distribution. The alignment of data points with the straight normal line
suggests that the error values associated with the thermal conductivity
values are distributed normally. As visualised in the plot, the data points
appeared to be reasonably close to the diagonal line, signifying adher-
ence to the expected normal distribution of errors in the model.
The residual plots are utilised to assess the presence or absence of

covariance among the errors concerning various independent variables,
such as experiment number, prediction values, and time [54]. This
analytical approach facilitated the identification of any potential
covariance or lack thereof in the response variable. If no discernible
pattern is evident in the dispersion plot, it suggests that the errors are
covariant. Conversely, if the model’s accuracy is affirmed, and accep-
tance criteria are met, the residuals are expected to demonstrate an
unstructured pattern and independence from other variables, including
the response variable. This behaviour would indicate the absence of
covariance among the errors. As depicted in Fig. 17(c) and Fig. 17(d), no

Table 3
The values of coefficients for the thermal conductivity of fluid samples.

Sample a b Sample a b

DW 0.574933 0.000745 SiC/BeO (20:80) 0.585405 0.001183
Ag 0.586206 0.001468 SiC/BeO (40:60) 0.585192 0.001205
SiC 0.586782 0.001193 SiC/BeO (60:40) 0.585659 0.00122
BeO 0.587524 0.001045 SiC/BeO (80:20) 0.584672 0.001305
Ag/BeO (20:80) 0.58795 0.001182 Ag/SiC (20:80) 0.587144 0.001268
Ag/BeO (40:60) 0.581365 0.001569 Ag/SiC (40:60) 0.58487 0.001497
Ag/BeO (60:40) 0.582735 0.001595 Ag/SiC (60:40) 0.583829 0.001642
Ag/BeO (80:20) 0.582755 0.00155 Ag/SiC (80:20) 0.5855 0.001501

Table 2
ANOVA for the quadratic model of thermal conductivity.

Source Sum of Squares df Mean Square F-value p-value Significance of model

Model 0.1531 32 0.0048 1049.5 < 0.0001 Significant
A-Fluid 0.0074 15 0.0005 107.68 < 0.0001 ​
B-Temperature 0.1439 1 0.1439 31573.93 < 0.0001 ​
AB 0.0006 15 0 8.87 < 0.0001 ​
B2 0.0012 1 0.0012 261.86 < 0.0001 ​
Residual 0.0004 79 4.56E-06 ​ ​ ​
Std. Dev. 0.0021 ​ R2 0.9977 ​ ​
Mean 0.6619 ​ Adjusted R2 0.9967 ​ ​
C.V. % 0.3225 ​ Predicted R2 0.9949 ​ ​
PRESS 0.000774 ​ Adeq Precision 120.3633 ​ ​
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conspicuous structures or discernible patterns are evident, with all
points falling within the bounds of three standard deviations. Thus, it is
inferred that errors exhibit covariance.
In Fig. 18, the thermal conductivity results of silver and Ag/SiC

(60:40) nanofluids were compared to the literature values and pre-
dictions from classical models. It was found that the classical models
such as Maxwell [55] and Hamilton and Crosser [56] failed to predict
the values. Mahbubul et al. [57] also observed that experimental values
exceeded those predicted by the models of Maxwell, Hamilton-Crosser,
and Yu and Choi. These models are now considered outdated and often
fail to provide accurate predictions. Consequently, recent studies have
focused on experimental methods to better capture the thermophysical
properties of nanofluids, which can then be applied to practical systems.
The models developed in this study offer accurate predictions of the
thermal conductivity of the nanofluid under investigation. Additionally,
the results showed that the hybrid combinations used provided better
thermal conductivity compared to many oxide-based and oxide-
containing nanofluids. Dalkılıç et al. [58] examined the thermal char-
acteristics of water-based CNT-SiO2 hybrid nanofluids prepared with
different mixing ratios. Their findings revealed that at a 0.1 % volume
fraction, the maximum enhancement was observed to be approximately
6.16 % for the CNT:SiO2 (80:20) ratio. Kazemi et al. [59] investigated
the thermal conductivity of graphene and silica nanoparticles in both

mono and hybrid nano-additive forms. The results revealed that the
hybrid nanofluid G-SiO2 achieved a notable thermal conductivity
enhancement of approximately 5% and 8% at a concentration of 0.05 %
and 0.1 %, respectively, outperforming the individual components. The
findings suggested that while pure nanofluid contributed more signifi-
cantly to thermal conductivity, the hybrid formulation was more cost-
effective, making it a viable option for thermal applications. Sreeku-
mar et al. [60] explored the properties of MXene/Carbon-dot hybrid
nanofluid, which exhibited superior thermal conductivity and optical
characteristics compared to conventional heat transfer fluids. Their
findings showed that the thermal conductivity of the Carbon-dot nano-
fluid at 0.01 wt% and 45 ◦C was approximately 0.71 W/m⋅K. Said et al.
[61] studied the thermal conductivity of TiO2/water nanofluids and
concluded that fluids prepared with low particle concentrations had a
negligible impact on pumping power in heat transfer applications. While
TiO2/water nanofluids demonstrated notable improvements in thermal
conductivity and exhibited reasonable stability, challenges such as
increased viscosity and particle aggregation over time could affect their
long-term performance in heat transfer systems. Zhang et al. [62] found
that GPTMS-modified TiO2/water nanofluids (G-TiO2) showed better
stability and higher thermal conductivity than surfactant-added nano-
fluids. The thermal conductivity enhancement for G-TiO2 increased
from 4.19 % to 14.28 % as the nanoparticle concentration rose from

Residuals vs. Run

Fig. 17. Thermal conductivity model plots (a) Predicted vs actual values, (b) Normal probability of studentized residuals, (c) Residuals vs predicted values, (d)
Residuals vs run number.
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0.08 % to 2 vol%, while for surfactant-added TiO2 (S-TiO2), it ranged
from 2.71 % to 12.67 %. He et al. investigated the thermal conductivity
of ZnO-Ag (50 %-50 %)/water hybrid Newtonian nanofluid using Arti-
ficial Neural Networks (ANNs) and surface fitting methods. The study
found that both methods could predict the nanofluid’s behaviour, with
the ANNmethod showing a better ability to predict thermal conductivity
based on volume fraction and temperature. It was noted that despite
higher concentrations, the thermal conductivity values were lower
compared to those obtained in the current study, as ZnO has lower
thermal conductivity than SiC and BeO. Moghadam et al. [63] devel-
oped a model to predict the thermal conductivity of a graphene oxide-
titanium oxide/water hybrid nanofluid. Their results indicated that
while the predicted values were close, the model is not recommended for
use with other types of nanofluids. This comparative study concluded
that no universal model exists for predicting nanofluid thermal con-
ductivity. Models are generally developed for specific fluids and are
reliable only if the exact protocols used in the original study are
followed.

5.2. Viscosity

Viscosity, a crucial property, requires thorough consideration when
examining the characteristics of thermal fluids. To accurately measure
the viscosity of prepared samples, we employed the Brookfield DVNext
Cone/Plate Rheometer, utilizing a CPA-44PYZ Cup and CPM-40Z cone
spindle [64,65]. The spindle rotation speed was set to 100 rpm, and each
experiment was allowed to run for 45 s. Ensuring precise temperature
control within the testing chamber, the cup was effectively connected to
the thermal bath through pipes. Temperature regulation was achieved
via a Masterflex L/S Pump, which continuously circulated water
throughout the system, maintaining optimal testing conditions. Ac-
cording to the procedural guidelines, a 5 ml sample was utilised for each
experiment.
The rheometer used in this study has an accuracy of ± 1.0 % of its

full-scale range, ensuring reliable viscosity measurements. The system’s
reproducibility is within ± 0.2 %, further enhancing the precision of
repeated measurements. To validate the test rig, the viscosity of distilled
water was examined at different temperatures ranging from 20 ◦C to
45 ◦C and compared with the viscosity values of ordinary water avail-
able in the literature [66], as shown in Fig. 19. The measured values
closely aligned with the literature, with a mean absolute error between
the experimental and reference values noted to be 0.59 %. This indicates
a high level of accuracy and reliability in the experimental setup.
The study, conducted at 25 ◦C to investigate the behaviour of the

nanofluid samples, revealed that the fluids of Ag, SiC, and BeO behaved
as Newtonian fluids, with the shear stress increasing proportionally to

Fig. 19. Comparison of experimental viscosity data for water with reference
data from IAPWS R12-08.

Fig. 18. Comparison of experimental thermal conductivity values with data from literature and theoretical predictions.
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the shear rate. To vary the shear rate, the spindle speed was adjusted in
the range of 60 to 160 rpm. This finding suggests that the nanofluids of
Ag, SiC, and BeO exhibit Newtonian behaviour, where the relationship
between shear stress and shear rate remains linear within the specified
range of spindle speeds, as depicted in Fig. 20. Newtonian fluids, with
their constant viscosity, are crucial in industrial applications as they
ensure stable and predictable flow behaviour under varying shear con-
ditions. This makes them particularly suited for processes such as mix-
ing, pumping, and heat transfer, where precise control over fluid flow is
critical. In industries like chemical manufacturing and cooling systems,
the reliability of Newtonian fluids simplifies equipment design, im-
proves operational efficiency, and enhances overall system
performance.
The concentration study conducted at 30 ◦C concluded that with the

increase in particle concentration, the viscosity of nanofluid increased,
as shown in Fig. 21. This is because more particles in the fluid increase
the resistance to flow. In the case of the Ag nanofluid, viscosity
demonstrated an incremental rise from 0.81 cP to 0.83 cP as nano-
particle concentration escalated from 0.01 vol% to 0.025 vol%. The SiC
nanofluid exhibited a proportional increase in viscosity from 0.80 cP to
0.835 cP across the same concentration range. Likewise, the BeO

nanofluid experienced a corresponding elevation in viscosity, pro-
gressing from 0.795 cP to 0.82 cP.
The results revealed that the silicon carbide nanofluid has the highest

viscosity among the three, and attributes this to the fact that the SiC
nanoparticles have more sharp edges and irregular shapes. Nano-
particles with sharp edges or irregular shapes can disrupt the flow of the
fluid more effectively than nanoparticles with smooth, spherical shapes.
It can also be observed in the TEM image of the SiC nanoparticles, which
shows that they are indeed more angular and irregular than the other
two types of nanoparticles. However, it is important to note that the
particle shape is not the only factor which influences the viscosity,
factors like particle size, density, etc are also important and need to be
considered. Smaller particle size tends to result in higher viscosity due to
increased surface area, resulting in more interaction between particles
and the fluid [67,68]. The density of nanoparticles also influenced vis-
cosity, with silver nanoparticles exhibiting a density around three times
higher than that of SiC and BeO nanoparticles. The combined influence
of these factors resulted in the silver nanofluid displaying the highest
viscosity, while the BeO nanofluid exhibited comparatively lower vis-
cosity values, as shown in Fig. 22(a). It was also observed that the vis-
cosity values of the nanofluid samples started to converge as the
temperature approached 35 ◦C. This convergence suggests that at higher
temperatures and lower particle concentration, the influence of particle
type on viscosity becomes less significant especially, resulting in nar-
rowing differences in viscosity among the nanofluid samples.
Fig. 22(b) presents the viscosity values of Ag/BeO-water hybrid

nanofluids at different compositions (20/80, 40/60, 60/40, and 80/20)
and temperatures ranging from 15 ◦C to 45 ◦C. The results revealed that
as the percentage of Ag nanofluid increased in the hybrid nanofluid,
there was a noticeable improvement in viscosity across all temperatures.
It was observed that the viscosity enhancement was more significant
with higher proportions of Ag nanoparticles in the hybrid sample. As
temperatures approached 35 ◦C, the disparity in viscosity values among
different compositions of the hybrid nanofluid became less pronounced.
However, for fluids prepared with higher particle concentrations
exceeding 0.1 vol%, the variations in viscosity across different mixing
ratios and in comparison to water might remain more pronounced even
at elevated temperatures [69].
The viscosity values of Ag and SiC nanofluids are closer to each other,

resulting in minor variations in their hybrid fluids’ viscosity, as shown in
Fig. 22(c). It was noted that the fluid containing a higher percentage of
SiC exhibited slightly higher viscosity values, akin to the behaviour

Fig. 20. Shear stress vs shear rate plots for (a) Silver nanofluid, (b) Silicon Carbide nanofluid, and (c) Beryllium Oxide nanofluid at 0.025 vol% concentration,
exhibiting Newtonian behaviour.

Fig. 21. Viscosity variation at different particle concentrations.
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Fig. 22. Viscosity of nanofluid formulations at different temperatures and mixing ratios.

Fig. 23. Average per cent increase in viscosity for different nanofluids and their hybrids compared to basefluid.
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observed in Ag/BeO hybrids, this difference did not manifest signifi-
cantly at elevated temperatures. The viscosity of SiC/BeO-water hybrid
nanofluids exhibited patterns similar to those observed in other hybrid
nanofluid samples. Across temperatures ranging from 15 ◦C to 45 ◦C,
there was a consistent decrease in viscosity across all compositions,
which aligns with the typical behaviour of fluids wherein higher tem-
peratures lead to reduced viscosity. However, the viscosity of SiC/BeO
nanofluids tended to increase with the percentage of SiC, as illustrated in
Fig. 22(d). For instance, at 15 ◦C, the viscosity of SiC/BeO with a mixing
ratio of 80:20 was measured to be 1.205 cP, while for the highest SiC/
BeO composition (80/20), it was 1.22 cP, indicating a rise in viscosity
with increasing SiC concentration.
When comparing the viscosity enhancements of various simple and

hybrid nanofluids to that of water, it is essential to analyse the average
per cent increase across different compositions. Fig. 23 provided average
per cent increase values that offer valuable insights into the impact of
different nanoparticle types and their combinations in altering fluid
viscosity. In comparing the viscosity enhancements of various simple
and hybrid nanofluids to that of water, it’s essential to delve into the
nuanced details of their performance. The provided average per cent
increase values offer valuable insights into the effectiveness of different
nanoparticle types and their combinations in altering fluid viscosity.
For Ag nanofluids, the observed average per cent increase in vis-

cosity stands at approximately 4.27 %. This suggests a moderate
enhancement in viscosity when Ag nanoparticles are dispersed within
the fluid medium. The SiC nanofluids exhibit a notably higher average
per cent increase, at around 4.81 %. This indicates a more significant
impact on viscosity, implying that the studied SiC nanoparticles possess
a pronounced influence on altering fluid behaviour. Moving on to BeO
nanofluids, the average per cent increase is comparatively lower,
standing at approximately 3.01 %. The results indicated that BeO
nanoparticles had a less substantial effect on viscosity compared to Ag
and SiC nanoparticles.
Furthermore, exploring the hybrid nanofluids, both Ag/BeO and SiC/

BeO hybrids showcased varying levels of viscosity enhancement across
different compositions, Fig. 22. For Ag/BeO hybrids, the average per
cent increase ranged from 3.00 % to 4.29 %, with the highest
enhancement observed at the 80/20 composition. The SiC/BeO hybrid
nanofluids exhibited an average per cent increase ranging from 3.15 %
to 4.63 %, with the peak enhancement observed at the 80/20 compo-
sition. Finally, Ag/SiC hybrid nanofluids demonstrated moderate to high
increases in viscosity across different compositions, with the average per
cent increase ranging from 4.27 % to 4.90 %. These samples indicated a

notably higher viscosity enhancement compared to the other hybrid
fluids.
It is important to note that viscosity is influenced not only by the type

of particles present but also by a myriad of other factors like particle
shape, size, concentration, and various interparticle interactions. The
shape of nanoparticles can significantly impact their ability to interact
with the surrounding fluid molecules, thereby affecting viscosity.
Similarly, the size of particles plays a crucial role, as smaller nano-
particles tend to exhibit greater surface area-to-volume ratios, poten-
tially leading to stronger interactions with the fluid medium and
consequently altering viscosity. Factors like the concentration of nano-
particles within the fluid also play a significant role, with higher con-
centrations often resulting in more pronounced changes in viscosity.
Interactions between particles, like aggregation, further influence
nanofluid viscosity. Thus, while particle type is crucial, considering
particle characteristics and fluid interactions is vital for understanding
viscosity enhancements in nanofluids.
ANOVA analysis was conducted to develop and assess the signifi-

cance of the cubic model for the viscosity prediction of samples. The
model represented with Eq. (3) as a whole exhibits exceptional signifi-
cance, as indicated by its substantial F-value (7628.77) and minuscule p-
value (< 0.0001). Table 4 presents the breakdown of sources of varia-
tion, sums of squares, degrees of freedom, mean squares, F-values, and
associated p-values. The model’s goodness-of-fit was exceptional, as
evidenced by the high R2 value of 0.9998, meaning it explained 99.98 %
of the variability in viscosity data. Both the adjusted R2 (0.9997) and
predicted R2 (0.9994) values were very close to the R2 value, indicating
minimal overfitting and strong predictive performance. Additionally,
the adequate precision value of 275.2094, supports the model’s effec-
tiveness in exploring the design space. Fig. 24(a) depicts a comparison
between experimentally obtained viscosity values and predictions from
the cubic model. The close alignment observed suggested that the model
accurately predicted viscosity across different experimental conditions,
with significant deviations indicating poorer predictive performance.
The close alignment of data points with the diagonal line indicates an
excellent agreement between experimental data and model predictions.
Fig. 24(b) illustrates a normal probability plot of residuals, confirming
their adherence to a normal distribution, crucial for ensuring the validity
of subsequent statistical analyses. Fig. 24(c) provided a deeper dive into
the data by plotting studentized residuals against predicted values. The
outcomes showed studentized residuals scattered around zero against
predicted values, indicating the model’s compliance with assumptions
of constant variance and error independence. Furthermore, Fig. 24(d)

Table 4
ANOVA for the cubic model of viscosity.

Source Sum of Squares df Mean Square F-value p-value Significance of model

Model 4.28 48 0.0892 7628.77 < 0.0001 Significant
A-Fluid 0.0106 15 0.0007 60.25 < 0.0001 ​
B-Temperature 4.14 1 4.14 3.541E + 05 < 0.0001 ​
AB 0.0010 15 0.0001 5.98 < 0.0001 ​
B2 0.1252 1 0.1252 10714.94 < 0.0001 ​
AB2 0.0003 15 0.0000 1.97 0.0320 ​
B3 0.0037 1 0.0037 316.61 < 0.0001 ​
Residual 0.0007 63 0.0000 ​ ​ ​
Std. Dev. 0.00342 ​ R2 0.9998 ​ ​
Mean 0.8639 ​ Adjusted R2 0.9997 ​ ​
C.V. % 0.3957 ​ Predicted R2 0.9994 ​ ​
PRESS 0.0026 ​ Adeq Precision 275.2094 ​ ​
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validates model assumptions, showing externally studentized residuals
randomly distributed across observation numbers, mitigating concerns
about biases related to experimental order. Together, these graphical
analyses confirm the quadratic model’s robustness and the data’s
compliance with fundamental statistical assumptions.

Viscosity(μ) = c − dT+ e
(
T2

)
− 8.2778× 10− 6

(
T3

)
(3)

here c, d, and e are coefficients that vary for each specific nanofluid

sample as listed in Table 5.

5.3. Density

Density is a critical thermo-physical property to investigate, espe-
cially concerning its impact on enhancing pumping power andmass flow
rate in various application areas. The density of both basefluid and
nanofluid samples was measured using an Anton Paar DMA 35 density
meter at different temperatures [70,71]. To achieve the desired

Table 5
The values of coefficients for viscosity of fluid samples.

Sample c d e Sample c d e

DW 1.86683 0.062009 0.001124 SiC/BeO (20:80) 1.94599 0.065116 0.001164
Ag 1.92064 0.062294 0.001114 SiC/BeO (40:60) 1.94683 0.06458 0.001152
SiC 1.93635 0.062651 0.001114 SiC/BeO (60:40) 1.9423 0.063651 0.001133
BeO 1.93647 0.064687 0.001159 SiC/BeO (80:20) 1.94635 0.063509 0.001128
Ag/BeO (20:80) 1.93945 0.064866 0.001162 Ag/SiC (20:80) 1.92945 0.06208 0.001105
Ag/BeO (40:60) 1.93457 0.064187 0.00115 Ag/SiC (40:60) 1.91921 0.061651 0.0011
Ag/BeO (60:40) 1.93397 0.063651 0.001138 Ag/SiC (60:40) 1.93487 0.063194 0.001127
Ag/BeO (80:20) 1.91849 0.062223 0.001114 Ag/SiC (80:20) 1.92064 0.062294 0.001114

Fig. 24. (a) Comparison of experimental and predicted viscosity values using the developed cubic model, (b) Normal probability plot of studentized residuals for the
viscosity model, (c) Plot of studentized residuals vs predicted values for the viscosity model, (d) Plot of externally studentized residuals vs run number for the
viscosity model.
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temperature, the samples were poured into a sample tube immersed in a
temperature-controlled bath. After allowing sufficient time for temper-
ature stabilization, measurements were taken following a specific set of
instructions. Prior to conducting the measurements and validation
study, a water check was performed according to the supplier’s in-
structions. The density meter used in this study has an accuracy of ±
0.001 g/cm3 for density and ± 0.2 ◦C for temperature. The system’s
repeatability is excellent, with a standard deviation of ± 0.0005 g/cm3
for density and ± 0.1 ◦C for temperature. To ensure precision, three
measurements were taken at each temperature point, and the average
was reported. The transparent glass top of the chamber facilitates
ensuring the absence of air bubbles in the measurement section of the U-
tube. For validation purposes, the density of water was measured over a
temperature range of 15 − 45 ◦C and compared with values provided by
the supplier and those available in the literature [72], Fig. 25. The ob-
tained data closely matched the literature and supplier values, with a
mean absolute error of 0.02 %.
A study was conducted by analysing the density of studied nanofluids

by varying particle concentrations at 30 ◦C. The results revealed a
noticeable enhancement in density values with changing particle con-
centration, attributed to the higher particle density compared to the
base fluid. Among the nanofluids tested, silver nanofluid exhibited the
most significant density increase, reaching a value of 0.9982 g/cm3 at a
concentration of 0.025 vol%, which represents a 0.2410 % enhancement
compared to the base fluid. As depicted in Fig. 26, a consistent pattern
was observed as the concentration increased from 0.01 to 0.025 vol%
across all three types of nanofluids while the Ag nanofluid consistently
displayed the highest density enhancement, followed by SiC and BeO
nanofluids, respectively.
The density of SiC nanofluids ranged from 0.9963 g/cm3 to 0.9966

g/cm3 as the particle concentration varied from 0.01 to 0.025 vol%. The
enhancement in density varied from 0.0502 % to 0.08033% across these
concentration levels. The beryllium oxide nanofluids displayed the least
enhancement in density throughout all concentrations tested. At the
maximum concentration of 0.025 vol%, the fluid only reached a density
of 0.9982 g/cm3, which is a 0.07029 % increase from the base fluid.
The density of simple and hybrid nanofluid samples was examined at

various temperatures ranging from 15 ◦C to 45 ◦C. It was observed that
as the temperature increased, the density values decreased significantly.

This trend aligns with the expected behaviour, as higher temperatures
typically lead to reduced fluid densities due to thermal expansion ef-
fects. However, the extent of the decrease varies slightly depending on
the presence of nanoparticles. At 15 ◦C, water exhibited a density of
0.9990 g/cm3, which decreased to 0.9901 g/cm3 at 45 ◦C, indicating a
notable reduction in density with increasing temperature. Similar trends
were observed for other simple and hybrid nanofluid samples examined,
as shown in Fig. 27. The density of Ag nanofluid is comparatively higher
than that of water, with a value of 1.00195 g/cm3 compared to 0.9990
g/cm3 for water. Despite the decrease in density with temperature, Ag
nanofluid maintained a slightly higher density compared to water and
other unitary nanofluid samples throughout the temperature range. At
45 ◦C, the density of Ag nanofluid was noted to be 0.9926 g/cm3, while
the density of water was 0.9901 g/cm3.
The density of SiC at the lower end of the temperature range was

recorded to be 1.0 g/cm3. With increasing temperature, a consistent
decrease in density was observed. At the upper end of the range, at
45 ◦C, the density had decreased to 0.9911 g/cm3. In comparison to
water and BeO nanofluid, SiC exhibited a higher density but lower than
that of Ag nanofluid. BeO nanofluid demonstrated a decreasing density
trend from 0.9998 at 15 ◦C to 0.9909 at 45 ◦C, mirroring trends seen in
water, Ag, and SiC nanofluids. Comparatively, its densities were slightly
higher than water but lower than Ag and SiC nanofluids over the tem-
perature range.
Fig. 27(b) presents the density values for the hybrid nanofluids of

Ag/BeO with mixing ratios of 20/80, 40/60, 60/40, and 80/20 across
various temperatures. Upon analysing the hybrid nanofluid densities, it
was observed that the mixing ratios significantly influenced the result-
ing densities. As the proportion of Ag increased relative to BeO (20/80 to
80/20), there was a discernible trend of increasing density across all
temperature points. For instance, at 15 ◦C, the density of the hybrid
nanofluid with a mixing ratio of 20/80 (Ag/BeO) was 1.0003 g/cm3,
gradually increasing to 1.0014 g/cm3 for the 80/20 mixing ratio. This
indicated that increasing the proportion of Ag in the hybrid nanofluid
led to higher overall densities. Similarly, this trend persisted across all
temperature points, with the densities of hybrid nanofluids at the 80/20
mixing ratio consistently surpassing those at the 20/80 mixing ratio.
As anticipated, the density of SiC/BeO hybrid nanofluids consistently

decreased with rising temperature. However, slight differences in values

Fig. 25. Validation of experimental density data against reference values
for water.

Fig. 26. Variation of density with nanoparticle concentration at 30 ◦C for Ag,
SiC, and BeO nanofluids.
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were observed as the mixing ratio changed, attributed to the slight
disparity in the individual densities of SiC and BeO nanoparticles, as
depicted in Fig. 27(c). The results suggest that the density is more
influenced by temperature than the specific mixing ratio of SiC and BeO
nanoparticles. At 15 ◦C, the density of SiC/BeO hybrid nanofluid sam-
ples ranged from approximately 0.9999 g/cm3 to 1.0002 g/cm3, while at
45 ◦C, it decreased to approximately 0.9910 g/cm3 to 0.9912 g/cm3

across all mixing ratios.
The density of Ag/SiC nanofluid, when compared to other hybrid

nanofluids, generally exhibited higher values across all mixing ratios
and temperature points, Fig. 27(d). However, there existed only a minor
difference between the densities of Ag/SiC and Ag/BeO nanofluids.
Across different mixing ratios, the density of Ag/SiC hybrid nanofluids
displayed slight variations, showing an increase in values as the ratio of
Ag in the mixture increased. The average percentage increase for
nanofluids and their hybrids presented in Fig. 28, offers valuable in-
sights into the density rise across various mixing ratios. It is evident that
the inclusion of silver nanoparticles notably enhanced the density
values, whereas the density variation in SiC/BeO nanofluid was
comparatively less significant due to the close density values of the
particles themselves.
The results suggested that temperature, the choice of nanoparticles,

and mixing ratio for the case of hybrid nanofluids significantly influ-
enced the density, and understanding these variations was crucial for
optimising the properties for specific applications.
As part of this study, an analysis was performed using Design Expert

and a cubic model was developed to predict density based on temper-
ature variations in various nanofluids, Eq. (4). ANOVA analysis

confirmed the model’s overall significance (p < 0.0001) and the statis-
tical significance of its terms, as presented in Table 6. The model’s Std.
Dev. was calculated to be 0.0001, with an R2 of 0.9998, indicating its
ability to explain 99.98 % of density variability. Predicted R2 (0.9992) is
closely aligned with Adjusted R2 (0.9996), demonstrating consistent
predictive power. The C.V. was 0.0065 %, and the PRESS value was
8.95E-07, indicating precise predictions.

Fig. 27. Temperature dependence of density for simple and hybrid nanofluid samples.

Fig. 28. Average percentage enhancement in density for various nanofluids
and their hybrids compared to the base fluid.
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Table 6
ANOVA for the cubic model of Density.

Source Sum of Squares df Mean Square F-value p-value Significance of model

Model 0.0011 48 0 5416.8 < 0.0001 Significant
A-Fluid 0 15 3.27E-06 771.68 < 0.0001 ​
B-Temperature 0.001 1 0.001 2.43E + 05 < 0.0001 ​
AB 3.01E-07 15 2.00E-08 4.73 < 0.0001 ​
B2 0 1 0 5325.12 < 0.0001 ​
AB2 1.31E-07 15 8.73E-09 2.06 0.0242 ​
B3 1.88E-07 1 1.88E-07 44.4 < 0.0001 ​
Residual 2.67E-07 63 4.24E-09 ​ ​ ​
Std. Dev. 0.0001 ​ R2 0.9998 ​ ​
Mean 0.9966 ​ Adjusted R2 0.9996 ​ ​
C.V. % 0.0065 ​ Predicted R2 0.9992 ​ ​
PRESS 8.95E-07 ​ Adeq Precision 275.037 ​ ​

Table 7
Coefficients values for the density of various fluid samples.

Sample f g h Sample f g h

DW 0.998269 0.000199 0.000011 SiC/BeO (20:80) 0.999685 0.00016 0.000011
Ag 1.00262 0.000082 9.43E-06 SiC/BeO (40:60) 0.999785 0.00016 0.000011
SiC 0.999723 0.000165 0.000011 SiC/BeO (60:40) 0.999828 0.000161 0.000011
BeO 0.999421 0.00017 0.000011 SiC/BeO (80:20) 0.999938 0.000163 0.000011
Ag/BeO (20:80) 1.00047 0.000124 9.93E-06 Ag/SiC (20:80) 1.00014 0.000163 0.000011
Ag/BeO (40:60) 0.999771 0.0002 0.000011 Ag/SiC (40:60) 1.00014 0.000184 0.000011
Ag/BeO (60:40) 1.00117 0.000143 0.00001 Ag/SiC (60:40) 1.00114 0.000151 0.000011
Ag/BeO (80:20) 1.00123 0.000154 0.000011 Ag/SiC (80:20) 1.00171 0.000131 0.00001

Fig. 29. (a) Parity plot comparing experimental and predicted density values using the developed cubic model, (b) Normal probability plot of studentized residuals
for the density model, (c) Residuals vs predicted values plot for the density model, (d) Externally studentized residuals vs run order plot for the density model.
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Density(ρ) = f + gT − h
(
T2

)
+5.90278× 10− 8

(
T3

)
(4)

here f , g, and h denote coefficients representing the intercept, linear
coefficient, and quadratic effect of temperature, respectively. Specific
values for these coefficients are assigned to each nanofluid sample, as
listed in Table 7.
The comparison between experimental and predicted density values

using the ANOVAmodel revealed a satisfactory fit, with the alignment of
points with the diagonal line in Fig. 29(a). Additionally, the normal
probability plot of studentized residuals, depicted in Fig. 29(b),
confirmed the normal distribution of errors associated with density
values. Residual plots, shown in Fig. 29(c) and Fig. 29(d), assist in
assessing covariance among errors related to independent variables. In
this case, no discernible patterns or structures were observed, indicating
the presence of covariance among errors.

6. Cost analysis

The cost analysis was conducted to provide insights to investigators
and manufacturers regarding the expenses associated with the prepa-
ration of various nanofluids and their hybrids. The evaluation takes into
account the costs of nanoparticles, surfactants, and base fluid, excluding
the costs related to electricity usage during operations such as sonicat-
ion, stirring, and ultrasonication, as these are consistent across all
samples. Moreover, laboratory resource utilization costs were not
factored into this analysis.
The results of the cost analysis are depicted in Fig. 30, which illus-

trates the costs of preparing 1000 ml for various samples. Among all the
studied fluids, silver nanofluid is the most expensive to prepare due to its
particle price, while beryllium oxide and silicon carbide nanofluids are
comparatively much cheaper to prepare. This is one of the major reasons
why hybrid nanofluids are gaining more attention from the scientific
community. The cost difference between beryllium oxide and silicon
carbide nanofluids is minimal, although the silicon carbide nanofluid
demonstrated better stability.
Hybrid nanofluids exhibited varying costs based on mixing ratios.

The cost range for hybrid nanofluids of Ag-SiC and Ag-BeO varies be-
tween 25 and 75 lb. However, SiC-BeO hybrid combinations fall within

the range of 10.5 to 11.1 lb across all mixing ratios from 20:80 to 80:20.
Notably, the choice of hybrid nanofluid is not solely based on cost, it also
considers thermal and rheological characteristics. The results suggest
that the Ag-SiC hybrid nanofluid, particularly with a 60:40 mixing ratio
stands out as a good balance of characteristics and cost. The 20:80 and
40:60 ratios are less expensive, while the 80:20 ratio is the most
expensive among the Ag-SiC combinations.
The cost analysis reveals that silver nanofluid is the most expensive

among the studied fluids. However, the hybrid combinations, such as
Ag-SiC and Ag-BeO, exhibit a more favourable cost range. This makes
hybrid nanofluids an attractive option for those seeking cost-efficient
thermal solutions.

7. Conclusion

This study thoroughly examined the thermophysical properties of
nanofluids containing silver Ag, BeO, and SiC nanoparticles, with a
particular emphasis on hybrid formulations. The results revealed sig-
nificant improvements in thermal conductivity, viscosity, and density
for pure and hybrid nanofluids compared to the base fluid, water. These
findings underscore the potential of hybrid nanofluids to advance
thermal management systems, offering a promising approach to
improving heat transfer efficiency while addressing stability and cost
issues. The key outcomes of this study are:

• The addition of surfactants played a crucial role in stabilising
nanofluids and altering their pH values. The anionic surfactant SDBS
demonstrated superior stability for all three nanofluids (silver,
beryllium oxide, and silicon carbide) and consistently increased the
pH values toward neutrality. At a particle concentration of 0.01 vol
%, the pH values were recorded as 7.2 for Ag, 7.08 for BeO, and 7.45
for SiC, with pH increasing as concentration rose to 0.025 vol%.

• Hybrid nanofluid formulations prepared with different ratios
exhibited varying pH trends. The Ag/BeO hybrid showed an increase
in pH from 7.25 (20/80) to 7.33 (80/20) with higher Ag concen-
tration, while the SiC/BeO hybrid exhibited a consistent rise from
7.36 (20/80) to 7.59 (80/20) with increasing SiC proportion.

Fig. 30. Consumables cost per 1000 ml of different nanofluids and their hybrids.
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Conversely, the Ag/SiC hybrid displayed a decrease in pH from 7.62
(20/80) to 7.41 (80/20) with higher Ag concentration.

• Larger particle sizes, as observed for BeO nanofluid, led to earlier
sedimentation and reduced long-term stability despite high zeta
potential, while smaller Ag and SiC nanoparticles exhibited better
dispersion due to less gravitational settling and aggregation.

• Hybrid nanofluids exhibited smaller agglomerate sizes (192–271
nm) compared to unitary Ag (218.4 nm), BeO (404.3 nm), and SiC
(230.9 nm) nanofluids, indicating reduced agglomeration tendency
due to the presence of different nanoparticles and uneven attractive
forces in the hybrid suspension. Notably, SiC nanoparticles demon-
strated a unique tendency to form agglomerates in the form of
chains, with connections between particles appearing weaker
compared to those observed in Ag and BeO nanoparticles.

• The thermal conductivity of the simple nanofluids increased with
increasing particle concentration from 0.01 vol% to 0.025 vol%, with
the silver nanofluid exhibiting the highest thermal conductivity
enhancement of 6.95 % at 0.025 vol% and 45 ◦C. Hybrid nanofluids
also outperformed water, with the Ag/SiC (60/40) formulation
demonstrating the maximum enhancement of 7.43 % at 45 ◦C.

• Nanofluids exhibited Newtonian behaviour, characterized by a linear
relationship between shear stress and shear rate. Additionally, the
viscosity of these nanofluids increased with nanoparticle concen-
trations due to increased internal resistance to flow. SiC nano-
particles, which had a more irregular shape and sharp edges,
exhibited the highest viscosity among the unitary nanofluids, likely
due to their ability to disrupt fluid flow more effectively.

• Among the hybrid nanofluids, Ag/SiC exhibited the highest average
viscosity enhancement, ranging from 4.27 % to 4.90 % across
different mixing ratios. The Ag/BeO hybrids showed a 3.00 % to
4.29 % increase, while SiC/BeO hybrids demonstrated a 3.15 % to
4.63 % enhancement compared to the base fluid. The extent of vis-
cosity increase was influenced by the mixing ratio and the type of
nanoparticles present.

• Silver nanofluids exhibited the most substantial increase in density,
with the enhancement becoming more pronounced as particle
loading increased. In the case of hybrid Ag/BeO nanofluids, the
density increased with higher Ag ratios. However, Ag/SiC hybrid
nanofluids generally exhibited the highest density values among all
hybrid formulations, with the 80/20 Ag/SiC ratio reaching 1.0016 g/
cm3 at 15 ◦C.

• Advanced statistical analyses, including ANOVA, yielded highly ac-
curate models for predicting nanofluid thermal conductivity, vis-
cosity, and density, with strong R2 values and close alignment
between experimental and predicted results.

• The cost analysis revealed that silver Ag nanofluid is the most
expensive option among the studied nanofluids, with a cost of £90.27
per 1000 ml, due to the high cost of silver nanoparticles. Hybrid
nanofluids, like Ag-SiC and Ag-BeO, cost between £25 and £75 per
1000 ml, offering a more economical alternative to pure silver
nanofluid while potentially providing favourable thermal and rheo-
logical properties.

The study highlights the potential of hybrid nanofluids to revolu-
tionize thermal management systems by offering a balanced trade-off
between improved thermophysical properties and economic consider-
ations. The Ag-SiC (60:40) hybrid nanofluid, in particular, emerged as a
promising candidate, balancing performance and cost. Future research
should focus on the long-term stability of these nanofluids and their
practical applications in various industries to fully harness their poten-
tial in enhancing heat transfer efficiency and addressing energy
challenges.
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