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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Tri-hybrid nanofluids balanced thermal 
performance, stability, and cost- 
effectiveness.

• Surfactant choice and pH optimisation 
proved critical for sustained colloidal 
stability.

• Synergistic nanoparticle interactions 
improved thermal conductivity and re- 
dispersion ability.

• SDBS-enhanced dispersion reduced 
sedimentation and agglomeration for 
long-term stability.

• Statistical models accurately predicted 
nanofluid properties across varying 
compositions.

A R T I C L E  I N F O

Keywords:
Hybrid nanofluid
Stability
Surfactant
Thermophysical properties
Heat transfer

A B S T R A C T

Efficient thermal management is essential for high-performance applications such as electronics cooling, electric 
vehicles, and energy systems, where conventional coolants often fail to meet performance demands. This study 
aims to address the limitations of conventional coolants by formulating and evaluating advanced hybrid and tri- 
hybrid nanofluids composed of multi-walled carbon nanotubes (MWCNTs), silver (Ag), and aluminium nitride 
(AlN). A two-step preparation method was employed to formulate various nanofluid formulations and investigate 
the effects of nanoparticle volumetric ratios and different surfactants, including sodium dodecyl sulfate (SDS), 
cetyltrimethylammonium bromide (CTAB), gum arabic (GA), and sodium dodecyl benzene sulfonate (SDBS) on 
colloidal stability, heat transfer characteristics, and cost-effectiveness. Nanofluid formulations were prepared 
using volumetric ratios of 80:20, 60:40, 40:60, and 20:80 for hybrid combinations, and 20/20/60, 20/40/40, and 
20/60/20 for tri-hybrid mixtures, and analysed over a temperature range of 20 to 45 ◦C. Experimental results 
revealed that SDBS consistently outperformed the others, by maintaining a stable suspension and thus preserving 
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the enhanced thermal properties over extended periods. Among all tested nanofluids, MWCNTs exhibited the 
highest thermal conductivity enhancement of 8.57 %. The tri-hybrid formulation with a 20/60/20 MWCNTs/Ag/ 
AlN ratio achieved a comparable enhancement of 8.14 %, demonstrating that optimised combinations of 
nanoparticles can simultaneously deliver high thermal performance, good stability, and reasonable cost- 
efficiency. However, this tri-hybrid formulation also showed the highest viscosity increase noted to be 5.55 
%, compared to a 4.43 % increase for simple Ag nanofluids. Additionally, the highest density increase was 0.25 % 
for Ag, while the highest among hybrid combinations was 0.22 % for the 80/20 Ag/AlN mixture. Finally, among 
tri-hybrid formulations, the 20/60/20 ratio showed the highest increase of 0.19 %, whereas the 20/40/40 ratio 
exhibited a more moderate increase. Cost analysis indicated that the tri-hybrid nanofluid with a 20/40/40 ratio 
is the most cost-effective option when cost considerations are as important as thermal performance. However, for 
applications where maximising thermal performance is crucial, the tri-hybrid with a 20/60/20 ratio is the 
preferred choice. This work contributes new insights into the development of multifunctional nanofluids and 
presents comprehensive investigations into MWCNTs, Ag, and AlN-based tri-hybrid formulations.

1. Introduction

The increasing demand for efficient thermal management in high- 
performance systems has driven the exploration of innovative cooling 
fluids with superior heat transfer capabilities. In recent years, rapid 
advancements in artificial intelligence (AI) technologies have further 
intensified the need for compact and highly effective thermal manage-
ment systems, capable of handling the substantial heat generated by 
high-performance computing. According to the International Energy 
Agency (IEA), in 2022, global data centre electricity consumption was 
estimated to be between 240 and 340 TWh [1]. The other industry 
gaining attention is electric vehicles (EVs) which brought heightened 
attention to the automotive sector, where effective thermal management 
is essential for improving performance, safety, and extending battery 
life. The electric vehicle market is projected to experience substantial 
growth in the coming years, IEA reported that the global stock of EVs 
surpassed 10 million in 2022, a significant increase from 3 million in 
2019 [2]. This growth places additional pressure on the development of 
efficient battery cooling systems, as improper thermal management can 
lead to critical failures such as thermal runaway. As industries move 
towards more compact and energy-efficient designs, there is a critical 
need to develop thermal solutions that not only manage heat effectively 
but also reduce energy consumption. Traditional coolants, such as water 
(W) and ethylene glycol (EG), often fall short in meeting the heat 
dissipation needs of advanced technologies, leading to the growing in-
terest in nanofluids (NFs).

Researchers are actively exploring hybrid systems that combine 
different cooling strategies to optimise heat transfer efficiency [3–5]. 
Alongside efforts to design more efficient heat sinks, there has been a 
continuous push to develop thermal coolants with improved thermo-
physical properties. Among these, nanofluids have gained attention due 
to their enhanced thermal performance compared to conventional 
fluids. Hybrid nanofluids (HNFs), which incorporate two or more types 
of nanoparticles, offer even greater potential by combining the distinct 
properties of different materials to improve heat transfer.

This study focuses on a comprehensive exploration of the thermo-
physical characteristics of the hybrid and tri-hybrid nanofluids con-
taining MWCNTs, AlN, and Ag nanoparticles. These nanoparticles, 
known for their unique properties, offer a synergistic effect when com-
bined, potentially delivering superior thermal conductivity (TC), sta-
bility, and overall heat transfer capability. Understanding the behaviour 
of such complex nanofluids under varying conditions is crucial for 
optimising their application in high-performance cooling systems for 
electronics, data centres, and energy storage systems.

The field of nanofluids is inherently complex, as their thermophys-
ical properties are influenced by a multitude of factors. Stability remains 
a significant challenge in the effective application of nanofluids, as 
agglomeration and sedimentation can severely hinder performance. 
Therefore, experimental investigations have become increasingly vital 
to understanding and optimising these materials. By systematically 
analysing the effects of various additives, surfactants, and preparation 

methods, researchers aim to enhance the stability and heat transfer 
characteristics of nanofluids, paving the way for their successful inte-
gration into advanced thermal management solutions. Xian et al. [6] 
examined the influence of various surfactants and ultrasonication 
duration on the stability and thermophysical properties of HNFs, using 
the two-step method to disperse titania (TiO2) and graphene nano-
platelets (GnPs) in a water/ethylene glycol (W/EG) mixture. Their 
findings revealed that the addition of hexadecyltrimethylammonium 
bromide (CTAB) significantly enhanced stability, with minimal sedi-
mentation observed over a 40-day period. The study also varied the 
sonication time between 15 and 90 min, revealing that longer sonication 
times further enhanced stability. Furthermore, thermal conductivity 
measurements exhibited a maximum enhancement of 23.74 % when 0.1 
wt% of carboxyl-functionalised GnPs was incorporated at 60 ◦C, 
demonstrating that hybrid nanofluids outperformed their mono coun-
terparts across varying concentrations and temperatures. Their findings 
suggested that the hybrid nanofluids possess promising properties for 
applications in heat transfer systems. Tiwari et al. [7] conducted an 
experimental study on CeO2-MWCNT/water hybrid nanofluid, exam-
ining synthesis, surfactant, sonication, and stability (4S consideration). 
The nanofluid was prepared using a two-step method, with varying 
ultrasonication times (30 to 180 min) and six different surfactants 
(anionic, cationic, and polymeric) tested at different nanoparticle-to- 
surfactant ratios. They concluded that optimal conditions for long- 
term stability included a surfactant-to-nanoparticle ratio of 3:2, a pH 
of 9.5, and 90 min of sonication, which produced the highest zeta po-
tential. The CTAB surfactant provided the best stability for up to 30 days, 
while the sodium dodecyl benzenesulfonate (SDBS) surfactant exhibited 
superior stability beyond that timeframe. A correlation between hybrid 
stabilization and thermal conductivity was observed, indicating that 
excessive surfactant reduced conductivity. Additionally, the impact of 
surfactants on surface tension was also investigated and proposed a 
correlation for predicting thermal conductivity values. Babar et al. [8] 
conducted a comprehensive investigation into the thermophysical 
properties and stability of hybrid nanofluids formulated by dispersing 
silver, beryllium oxide, and silicon carbide nanoparticles in water. Their 
study demonstrated that the use of surfactants significantly enhanced 
the stability of these nanofluids, while the specific mixing ratios of 
nanoparticles played a crucial role in optimising both thermal conduc-
tivity and overall performance. The results showed that hybrid nano-
fluids, particularly Ag/SiC at a 60:40 ratio, achieved up to a 7.43 % 
improvement in thermal conductivity compared to water, while main-
taining manageable increases in viscosity and density. The study 
concluded that careful selection of nanoparticle combinations allowed 
for the optimisation of both performance and cost, with Ag-SiC hybrids 
providing an effective balance for advanced heat transfer applications.

Kumar et al. [9] prepared the hybrid nanofluid intending to improve 
the thermal conductivity of CuO/water nanofluids, which suffer from 
poor conductivity due to the stability and morphology of CuO nano-
particles. They proposed a novel strategy of mixing polyhedron-shaped 
MgO nanoparticles with CuO nanoparticles to enhance the thermal 
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conductivity of the resulting nanofluid. The study used a CuO/MgO with 
a weight ratio of 7:3 and investigated volume fractions ranging from 
0.25 % to 1.5 % in water at temperatures between 30 ◦C and 55 ◦C. A 
two-step approach was adopted for nanofluid preparation and con-
ducted various analyses, including XRD and stability examinations, to 
characterise the nanoparticles and ensure the quality of the nanofluid. 
The findings demonstrated a notable improvement in thermal conduc-
tivity, particularly at higher temperatures, with a 12.5 % increase 
observed at 55 ◦C and a volume fraction of 1.5 %. Mane et al. [10] 
studied the electrical conductivity of water-based nanofluids containing 
CuO, Fe3O4, and hybrid CuO/Fe3O4 nanoparticles, stabilised with 
biopolymer dispersants (gum arabica and chitosan) and a synthetic 
dispersant (SDBS). Nanofluids were prepared with a 0.1 wt% nano-
particle concentration and dispersant concentrations of 0.05 and 0.5 wt 
%, and electrical conductivity was measured over a temperature range 
of 25 ◦C to 40 ◦C. The results showed dispersants significantly influenced 
conductivity, while nanoparticle type had little effect. SDBS-stabilised 
nanofluids at 0.5 wt% showed conductivity 708.7 times more than the 
base fluid, while chitosan and gum arabic-stabilised nanofluids exhibi-
ted conductivities 144.2 and 12.8 times higher, respectively. Addition-
ally, quadratic nonlinear polynomial equations were developed using 
response surface methodology (RSM) to predict conductivity, offering 
key insights into the electrical behaviour of biopolymer-stabilised 
nanofluids. Adam et al. [11] investigated the optical properties and 
colloid stability of SiO2-water nanofluids for hybrid thermal/photovol-
taic applications at elevated temperatures. Different nanoparticle vol-
ume fractions were synthesised, ranging from 0.0011 % to 0.0367 %, 
and factors such as sonication temperature, nanoparticle concentration, 
exposure temperature, and exposure time were examined. Their findings 
exhibited that reducing the temperature during sonication while pre-
paring the fluid improved stability, with 30 ◦C yielding the best results. 
The absorptance of the nanofluids decreased with increasing exposure 
temperatures from 25 ◦C to 90 ◦C, with higher temperatures resulting in 
increased agglomeration. Their study also assessed the energy perfor-
mance of a concentrating photovoltaic/thermal (CPVT) system using the 
NFs as optical filters instead of water. Despite some stability challenges 
at elevated temperatures, the SiO2-H2O HNFs showed promise for 
enhancing the efficiency of CPVT devices, providing valuable insights 
into the temperature-dependent behaviour of nanofluids for solar en-
ergy applications. Duan et al. [12] numerically analysed transient nat-
ural convection and entropy generation in a 3D cylindrical microtube 
filled with a hybrid nanofluid composed of Al₂O₃ and Cu nanoparticles 
suspended in water, targeting biomedical applications such as targeted 
drug delivery and microfluidic heat exchangers. According to the re-
sults, the addition of nanoparticles enhanced the effective thermal 
conductivity and heat capacity of the working fluid, leading to higher 
average Nusselt numbers and more efficient heat transfer. This 
improvement is particularly beneficial for biomedical microdevices, 
where precise thermal management is essential. However, the increased 
nanoparticle concentration also resulted in higher viscosity, which can 
raise the pressure drop within the system. This study, while primarily 
focused on heat transfer characteristics, also acknowledged the signifi-
cance of pressure drop augmentation and emphasised the need to 
consider it in future microfluidic system designs. A numerical study 
conducted by Karouei et al. [13] evaluated the thermal performance of 
Ag-graphene (HEG)/water and MWCNT-Fe₃O₄/water hybrid nanofluids 
in a helical double-pipe heat exchanger equipped with an innovative 
curved conical turbulator. The results indicated that both nanofluids 
significantly enhanced heat transfer relative to pure water, with Ag- 
HEG/water delivering superior performance at lower mass flow rates. 
Maximum thermal efficiency was achieved at the highest tested nano-
particle concentration of 0.7 %, highlighting the critical role of volume 
fraction in optimising thermal performance.

Artificial neural networks (ANN) have been widely implemented 
across various research fields, including nanofluids, to predict their 
properties and heat transfer characteristics for diverse applications. 

Kumar et al. [14] carried out an experimental and artificial neural 
network (ANN) analysis on the thermophysical properties of oxide- 
MWCNT water hybrid nanofluids. HNFs were prepared by mixing 
water-based metal oxide nanofluids (ZnO, Al2O3, CeO2, and TiO2) with 
MWCNT nanofluids in an 80:20 volumetric ratio. The study tested 
nanofluid concentrations from 0.25 % to 2.0 % and temperatures 
ranging from 25 ◦C to 50 ◦C and measured key thermophysical prop-
erties such as dynamic viscosity, density, thermal conductivity, and 
specific heat. According to the results, the MWCNT-CeO2/water HNF 
showed the best performance, with superior thermophysical properties 
and the highest Mouromtseff number. This highlights the significance of 
selecting the appropriate pair of nanoparticles. In addition, to predict 
the properties, a hyperparameter-optimised ANN model was developed, 
which showed excellent accuracy when compared to experimental data, 
with correlation coefficients over 0.999, mean square errors below 
0.001, and deviations within ±5 %. Jalili et al. [15] conducted a 
detailed thermal analysis of magnetohydrodynamic (MHD) hybrid 
nanofluid flow confined between two parallel plates, using a novel 
suspension of MWCNTs and Ag nanoparticles dispersed in a 50:50 
ethylene glycol–water mixture. The study introduces the use of Homo-
topy Perturbation Method (HPM) and Akbari–Ganji Method (AGM) in 
Python (via SymPy and SciPy) to solve highly non-linear coupled dif-
ferential equations, validated against Runge-Kutta numerical solutions. 
The analysis demonstrated that the hybrid nanofluid significantly out-
performed conventional and mono-nanoparticle fluids in thermal per-
formance. It was found that the use of MWCNT–Ag hybrid nanoparticles 
led to an improvement of approximately 11 % in temperature distri-
bution compared to base fluids with single nanoparticles.

Said et al. [16] investigated the synthesis, thermophysical properties, 
and stability of HNFs composed of Fe₃O₄-coated MWCNTs through an AI 
approach for predictive modelling. The researchers employed an in-situ 
growth method combined with chemical reduction to synthesise the 
Fe₃O₄-coated MWCNTs, and they validated their findings using X-ray 
diffraction, vibrating sample magnetometry, and scanning electron mi-
croscopy (SEM) techniques. They found that the highest zeta potential 
value of − 48 mV was achieved at a 0.05 % concentration. At 0.3 % 
concentration, thermal conductivity improved by 13.78 % and 28.33 % 
at 20 ◦C and 60 ◦C, respectively, compared to water, while viscosity rose 
by 27.83 % and 50 %, respectively. Multi-Layer Perceptron ANN was 
utilised to model the relationships between temperature, concentration, 
and thermophysical properties. The model demonstrated high accuracy, 
effectively replicating experimental results across various conditions 
and highlighting the potential of AI in advancing the understanding of 
hybrid nanofluids for enhanced thermal management solutions.

The realm of nanofluid investigation has witnessed a noteworthy 
expansion in the last twenty years, as demonstrated by data in publi-
cations from the Scopus database, as shown in Fig. 1. In 2005, there were 
only 63 studies, but by 2023, this number had soared to 4666. This 
exponential growth trajectory is not merely a numbers game; it reflects 
the scientific community’s recognition of nanofluids’ enhanced thermal 
properties and their potential to revolutionise various applications. The 
steady rise in nanofluid publications suggests that investigators are still 
in the process of unlocking their full potential. Each new study seems to 
push the boundaries, whether it’s optimising performance, exploring 
new application areas, or addressing challenges like cost, long-term 
stability, and scalability.

This study has not been confined to a single type of nanofluid but has 
expanded to include various categories: silver belonging to the metallic 
group, aluminium nitride from the category of nitrides, and multi- 
walled carbon nanotubes derived from carbon materials, each with its 
unique properties, limitations, and potential uses. Fig. 2(a) illustrates 
the global distribution of studies focused on the nanofluids under 
consideration. India emerges as a leading country, following Iran, with 
significant research activity concentrated in Asian countries. Addition-
ally, a considerable number of researchers from the United States, 
Europe, the United Kingdom, Canada, and other regions are engaged in 
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this field. These researchers are interconnected, underscoring the 
collaborative efforts to explore the potential of nanofluids and address 
challenges for their commercial application. Fig. 2(b) presents a bib-
liometric analysis conducted using VOSviewer, which visualises the 
network of researchers actively involved in the field of nanofluids [17]. 
This analysis highlights key groups and individuals, illustrating their 
collaborations and connections. The visualization reveals distinct clus-
ters of researchers who frequently work together, indicating strong 
collaborative networks within the field. Such interconnected efforts are 
crucial for advancing the research and development of nanofluids, ul-
timately facilitating their commercial application across various in-
dustries. The collaborative nature of this research enhances the potential 
for innovative solutions and accelerates the practical use of these 
advanced fluids.

Silver nanoparticles are considered to be investigated in this study 
for their excellent thermal conductivity and antimicrobial properties, 
making them suitable for applications in thermal management and 
biomedical fields. As per statistics from Scopus, further filtered with 
“Silver” or “Ag” it was noticed that the Ag nanofluid gained significant 
attention over the years, with research publications increasing from 3 in 
2005 to 322 in 2023. The steady rise in publications suggests ongoing 
exploration and optimisation of silver nanofluids to enhance their per-
formance and broaden their application scope. Multi-walled carbon 
nanotubes are known for their superior thermal conductivity and lower 
density, which can significantly enhance the heat transfer capabilities of 
nanofluids. In 2005, only one research study was documented on 
MWCNT’s, however, by 2023, the number of studies had surged to 260, 
indicating a substantial rise in researchers’ interest. Despite their su-
perior thermal conductivity, MWCNTs face limitations, including high 
production costs and challenges with percolation network formation. 
The costliness of MWCNTs and the difficulty in breaking their percola-
tion networks can hinder their practical application in nanofluids.

Aluminium Nitride (AlN) nanofluids have also been a subject of 

research, with the number of studies peaking at 11 in 2020 before 
slightly decreasing to 5 in 2023. AlN nanoparticles offer high thermal 
conductivity compared to oxides and many other nitrides and carbides, 
lower density, and are cost-effective, making these particles ideal as one 
of the potential candidates for hybrid nanofluids. These particles could 
be used in combination with particles that have higher thermal con-
ductivity but face issues with stability and high cost. This underscores 
the significance of hybrid nanofluids, which combine particles with 
complementary properties to overcome individual limitations. Table 1
offers an overview of additional studies on nanofluids, highlighting the 
different nanoparticles, base fluids, and surfactants investigated, along 
with the objectives and key findings of each research effort.

The introduction of hybrid nanofluids marks a novel approach in 
nanofluid research, offer versatility, tunability, and potential for 
improved thermal management by tailoring nanoparticle combinations. 
Finally, the results were further refined to include multiple particle types 
for analysing hybrid nanofluids. According to the findings, only a few 
studies have reported on MWCNTs-Ag hybrid nanofluids, while some 
have examined AlN and MWCNTs individually but not their hybrid 
combination. To date, there is no study reported on the Ag-AlN hybrid 
and tri-hybrid of MWCNT-Ag-AlN. This study aims to bridge the existing 
research gap by thoroughly investigating the thermal conductivity, 
viscosity, and density of nanofluids in both simple and hybrid forms, 
with the goal of improving thermal properties and stability while 
reducing costs.

By overcoming the limitations of individual nanoparticles, this 
research will explore their synergistic behaviour in hybrid and tri-hybrid 
combinations. The results will highlight the critical role of nanoparticle 
type, concentration, and mixing ratio in optimising the thermophysical 
properties of these fluids. This research is expected to contribute 
significantly to the body of knowledge in the field, providing practical 
insights that can be applied across various scientific and engineering 
disciplines. The findings could have a far-reaching impact, offering 

Fig. 1. Number of nanofluid publications from 2004 to 2022 based on the Scopus database.
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solutions that enhance both theoretical understanding and real-world 
applications.

Unlike many previous studies that limit their scope to thermal 
enhancement or basic formulation, this work adopts a more holistic 
approach that combines stability optimisation, thermophysical evalua-
tion, and cost-performance analysis of hybrid and tri-hybrid nanofluids. 
The methodology begins with a systematic comparison of widely used 
surfactants (SDS, CTAB, GA, and SDBS) across different nanoparticle 
types to determine the most effective stabilizing agent for long-term 
dispersion. In addition to surfactant screening, a detailed study was 
conducted to examine the effects of varying particle concentrations 

(0.01–0.03 vol%) on both the pH behaviour and colloidal stability of the 
nanofluids over time. This allowed for the identification of optimal 
concentrations that balance thermal enhancement with long-term sus-
pension stability, an often neglected but critical aspect for real-world 
deployment. Moving beyond simple or binary formulations, this study 
introduces novel tri-hybrid nanofluids (MWCNTs/Ag/AlN), enabling the 
exploitation of synergistic interactions among different nanoparticles to 
simultaneously improve thermal conductivity, stability, and cost- 
effectiveness. The prepared fluids were comprehensively characterized 
not only for thermal conductivity but also for viscosity, density, and pH 
within a practical temperature range. A comparative cost-performance 

Fig. 2. Global distribution and research network visualization in nanofluid studies.
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Table 1 
Summary of the nanofluid research, highlighting the nanoparticles, base fluid, surfactants studied, objectives, and key findings.

Reference Nanofluid investigated Surfactant studied Objective Findings

Nanoparticles Basefluid

Rehman et al. 
[18]

Al2O3-TiO2 hybrid W-EG 
mixture 
(60:40)

CTAB, SDS 
Poly (vinyl alcohol), 
Polyvinylpyrrolidone (PVP), Polyethylene 
glycol (PEG), 
Oleic acid (OA)

Identify the best surfactant for 
long-term heat transfer 
applications. 
Investigate surfactant effects on 
nanofluid stability, viscosity, 
and thermal conductivity (TC).

PVP is the most suitable surfactant 
for hybrid nanofluids. 
PVP enhances thermal conductivity 
and stability for long-term 
applications.

Wusiman et al. 
[19]

MWCNTs Water SDS, SDBS Investigate thermal conductivity 
and study the effect of 
surfactants

MWCNTs with SDBS showed better 
thermal conductivity enhancement 
(TCE). 
SDS had a negative impact on 
thermal conductivity of MWCNTs. 
Optimum pH value was found to be 
around 9.

Mehta et al. 
[20]

Al2O3 Water CTAB Prepare stable Al2O3-water 
nanofluid using CTAB surfactant 
Enhance thermophysical 
properties and stability of 
nanofluid

The use of CTAB as a surfactant 
significantly improves the stability of 
Al2O3-water nanofluids. With CTAB, 
the mean particle sizes after one 
month were 80 nm, compared to 536 
nm without surfactant, leading to 
better thermal conductivity and 
dynamic viscosity improvements of 
8.5 % and 76.2 % respectively at a 1 
% volume concentration.

Saraswat and 
Sengwa [21]

ZnO EG-glycerol 
(90:10)

PVP Analyse optical, dielectric, and 
rheological properties

Alcohol mixture based nanofluids 
show improved optical, dielectric, 
and rheological properties.

Yalçın et al. 
[22]

Graphite Water Gum Arabic, Cetrimonium bromide, 
Ammonium citrate

Investigate how different 
surfactants affect nanofluid 
viscosity.

Surfactant types and proportions 
affect nanofluid viscosity differently. 
Different surfactant usages distinctly 
change nanofluid dynamic viscosity.

Poloju et al. 
[23]

SiO2, ZnO, and TiO2 

ternary
Water SDBS Investigate TC and dispersion 

properties of SDBS nanofluid. 
Analyse impacts of sonication 
time, surfactant inclusion, and 
ageing.

SDBS decorated ternary nanofluid 
showed enhanced thermal 
conductivity. 
Surfactant inclusion, sonication time, 
and ageing affected dispersion 
properties.

Borode et al. 
[24]

Graphene 
nanoplatelets (GNP)

Water SDBS, SDS, GA, and Tween 80 Study effects of surfactants on 
GNP nanofluids properties. 
Analyse stability, thermal, 
electrical conductivity, and 
viscosity of nanofluids.

SDBS-based nanofluids showed the 
best dispersion and stabilization. 
Electrical and thermal conductivity 
increased with surfactant addition.

Wang et al. 
[25]

Fe3O4, CNT, 
Fe3O4-CNT hybrid

Water Colace, Trisodium citrate dihydrate (TSC), 
PVP, CTAB, Tetramethylammonium 
hydroxide (TMAH), Acacia Senegal, SDBS, 
SDS, and Sodium lauryl sulfonate (SLS)

Investigate the effect of 
surfactants on stability and 
thermo-physical properties. 
Propose empirical formulas for 
nanofluid viscosity predictions

Nanoparticle size, volume fraction, 
and temperature affect nanofluid 
viscosity. 
Surfactants TMAH, SDS, and SLS 
improve stability and TC.

Dalkılıç et al. 
[26]

CNT-SiO2 hybrid Water No surfactant was used for 0.1 %, 0.5 %, 
and 1 % concentrations 
Gum Arabic used as surfactant only for 2 % 
concentration samples

Measure and analyse the TCE of 
water-based CNT-SiO2 hybrid 
nanofluids at different 
concentrations, temperatures, 
and CNT:SiO2 ratios.

Hybrid nanofluid exhibited better 
TCE compared to individual 
nanoparticles. 
Gum Arabic surfactant enhanced 
stability but at the cost of increased 
viscosity.

Esfahani et al. 
[27]

ZnO-Ag (50%–50 %) 
hybrid

Water – Study the effect of particle 
loading (0.125–2 vol%) and 
temperature (25–50 ◦C) on TC 
and develop a new correlation.

At higher temperatures, increasing 
volume fraction had a greater effect 
on TC due to enhanced Brownian 
motion. 
A new correlation was developed to 
predict the TC, with a margin of 
deviation of 1.3 % compared to 
experimental results.

Dezfulizadeh 
et al. [28]

Cu-SiO2-MWCNT 
ternary hybrid

Water – Investigate the dynamic 
viscosity and TC of the ternary 
hybrid at different temperatures 
and nanoparticle 
concentrations.

The ternary formulation exhibited 
Newtonian behaviour. 
The nanofluid sample showed greater 
TC and dynamic viscosity 
enhancements compared to mono 
and binary nanofluids. 
Mathematical correlations estimate 
the TC and dynamic viscosity, with 
maximum errors of 1.167 % and 
1.327 % respectively.

Adun et al. 
[29]

Al2O3-ZnO- Fe3O4 

ternary hybrid
Water – Investigate the thermal 

properties and examine the 
effects of temperature, volume 

Optimum TCE of 36.018 % recorded 
at 1.25 % volume concentration at 
65 ◦C 

(continued on next page)
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analysis was also conducted, providing valuable insights into the eco-
nomic viability of each formulation. Altogether, the methodology 
established in this study offers a robust and transferable framework for 
the development of advanced nanofluids, making it highly relevant for 
next-generation thermal management applications in electronics, en-
ergy systems, and transportation technologies.

2. Nanofluid preparation

Literature reports two primary methods for preparing nanofluids: 
single-step method and two-step method. The single-step method, which 
includes techniques such as laser ablation and vapour deposition, in-
volves complex processes and specialised equipment. This complexity 
presents challenges, particularly in scaling up to produce large quanti-
ties of nanofluids. In contrast, the two-step method has emerged as a 
preferred approach due to its efficiency, cost-effectiveness, and capacity 
to produce substantial volumes of nanofluids [35]. Consequently, the 
two-step method was employed in this study to prepare various simple, 
hybrid, and tri-hybrid nanofluid samples. However, prior to formulating 
the samples to analyse their thermophysical properties, a comprehen-
sive study was carried out to examine the effects of different surfactants 
and particle concentrations on the stability of Ag, AlN, and MWCNT’s 
nanofluids. This preliminary investigation was conducted to select the 
most appropriate surfactant and particle concentration for subsequent 
experiments.

To investigate the impact of surfactants, initial samples of Ag, AlN, 
and MWCNT nanofluids were prepared with a particle concentration of 
0.01 vol%. In the subsequent phase, particle concentrations were varied 
from 0.01 vol% to 0.03 vol% and observed sedimentation over time. 
Following the selection of suitable surfactants and particle concentra-
tions, simple, hybrid, and trihybrid nanofluid samples were prepared. 
These samples were then used to further investigate thermal and rheo-
logical properties at various temperatures. The nanoparticles used in 

this experimental investigation were purchased from well-known sup-
pliers, Sigma-Aldrich and Alfa Aesar. Table 2 provides detailed infor-
mation on their cost, size, density, thermal conductivity, and purity. To 
ensure homogeneity and stability, a series of preparation processes were 
employed. These processes included magnetic stirring, surfactant addi-
tion, bath sonication, and high-intensity probe sonication.

To measure the amount of nanoparticles against the particle con-
centration (φ), the well-known volume fraction equation was used, as 
represented in Eq. (1). Analytical balance was used to weigh the parti-
cles prior to adding them in the basefluid water while continuously 
performing the stirring operation. At this stage, the surfactant was also 
introduced in an amount equal to that of the particles. The solution was 
stirred for 1 h using a magnetic stirrer, followed by sonication in a bath 
for another hour. Subsequently, the processed solution was ultra-
sonicated for 1.5 h using a SONICS probe sonicator, set to 50 % ampli-
tude with a pulse sequence of 3 s ON and 2 s OFF. As the nanoparticles 
are suspended in the fluid, they tend to agglomerate and form clusters. 
The sonication process helps to break up these clusters while stirring 
ensures a more uniform suspension. To prevent an increase in temper-
ature due to sonication, the sample was kept in a water bath.

For hybrid and tri-hybrid nanofluids, each component fluid was 
prepared separately following the above steps, then the measured vol-
umes were mixed while stirring. The hybrid solution was further ultra-
sonicated for 30 min with a probe sonicator to ensure a more 
homogeneous suspension. Fig. 3 illustrates the steps followed to prepare 
the simple and hybrid nanofluid samples. 

φ =

⎡

⎢
⎢
⎣

mnp
ρnp

mnp
ρnp

+
mbf
ρbf

⎤

⎥
⎥
⎦ (1) 

where mnp represents the mass of the nanoparticles, while ρnp stands for 
the density of the nanoparticles. However, mbf refers to the mass of the 

Table 1 (continued )

Reference Nanofluid investigated Surfactant studied Objective Findings

Nanoparticles Basefluid

concentration, and mixture ratio 
(1:1:1, 1:2:1, and 1:1:2) 
Develop a machine learning 
model for accurate prediction of 
properties

Gaussian process regression showed 
excellent prediction

Sepehrnia et al. 
[30]

Fe3O4, TiO2, and 
graphene oxide (GO)

Hydraulic 
oil HLP 68

– Improve the efficiency of 
hydraulic systems with nano- 
additives.

Dynamic viscosity increases 
significantly with nano-additives and 
lower temperatures.

Ajeena et al. 
[31]

ZrO2 (Zirconium 
Dioxide) and SiC 
(Silicon Carbide) in a 
50–50 ratio

Distilled 
water

– Determine the dynamic viscosity 
by studying its rheology. 
Assess the characteristics and 
stability of the ZrO2 and SiC 
nanoparticles in the base fluid.

The hybrid samples displayed 
Newtonian fluid behaviour across a 
range of temperatures, 
demonstrating their suitability for 
use in various devices as a Newtonian 
fluid.

Qu et al. [32] SiO2-Al2O3-MWCNTs Water – Examine the effect of 
nanoparticle loading and 
temperature. 
Develop a new model for 
viscosity prediction using 
nonlinear curve fitting 
techniques.

Viscosity rose from 1.55 to 3.26 cP 
when the volume fraction increased 
from 0.1 % to 0.5 %. 
Viscosity decreases with increasing 
temperature. At 0.3 % volume 
fraction, the viscosity reduced from 
3.3 to 1.73 cP when temperature 
increased from 20 ◦C to 60 ◦C

Mande et al. 
[33]

TiO2-CuO hybrid Water – Investigate thermal transport 
properties of TiO2/CuO hybrid 
nanofluids. 
Study morphological 
characteristics using SEM, XRD, 
and EDX.

Thermal conductivity was enhanced 
with particle loading. 
Density and viscosity increased while 
specific heat decreased with 
concentration.

Ghafouri and 
Toghraie 
[34]

ZnO-SiC hybrid Ethylene 
glycol

CTAB Evaluate TC of SiC-ZnO hybrid 
nanofluid. 
Analyses the effects of 
nanoparticle size, temperature, 
and volume fraction.

Thermal conductivity enhanced by 
15.91 % at optimal conditions. 
New multivariate correlation 
accurately predicts thermal 
conductivity.
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base fluid, and ρbf indicates the density of the base fluid.

3. Stability and pH characteristics

3.1. Effect of surfactants

To select a suitable surfactant and concentration for preparing both 
simple and hybrid samples, a study was conducted to assess the stability 
of AlN, MWCNTs, and Ag nanofluids across various concentrations and 
introducing different surfactants. Four types of surfactants SDS, GA, 
SDBA, and CTAB were chosen to investigate their impact on sample 
stability. Surfactants are known for their ability to induce electrostatic 
or steric repulsion forces among nanoparticles, which effectively pre-
vent their undesirable agglomeration. This strategic use of surfactants 
plays a crucial role in maintaining the stability of nanofluid systems. A 
number of studies reported that the use of appropriate surfactant can 
improve the stability of the nanofluids.

This phase of the study involved monitoring the settling of particles 
in the base fluid over time. Furthermore, changes in pH values were 
analysed following the addition of surfactants and varying particle 
concentrations. To measure the pH value, a Hanna pH meter (Model HI 
98128) was utilised, accompanied by its calibration certificate. Addi-
tional calibration steps were undertaken to ensure precise pH 

measurements. The calibration involved immersing the pH meter’s 
probe in cleaning solution to cleanse the temperature sensor and elec-
trode. Subsequently, the meter was calibrated using buffer solutions of 
pH 4.01 and 7.01. After each immersion, the meter recorded the cor-
responding pH values. Following calibration, pH measurements of a 
neutral solution were conducted to validate accuracy.

To mitigate the influence of temperature fluctuations on pH mea-
surements, each sample was kept in a thermal bath maintained at a 
constant temperature of 20 ◦C, as depicted in Fig. 4. This controlled 
environment ensured consistent temperature conditions for accurate pH 
readings. Additionally, to minimise measurement variability, pH values 
were recorded three times for each sample.

The preparation of nanofluid samples involved rigorous processes 
including magnetic stirring and sonication, conducted within a fume 
cabinet to maintain safety and minimise contamination. These proced-
ures exposed the fluid to atmospheric air. The setup for pH value 
determination was also conducted in an open environment. Under these 
conditions, the pH of the distilled water typically ranged between 5.4 
and 5.7 [41]. As anticipated, in this study, pH of the base fluid was found 
to be 5.69 ± 0.01.

To study the impact of various surfactants on the stability, AlN, 
MWCNTs, and Ag nanofluids were prepared with a particle concentra-
tion of 0.01 vol%. It was observed that the addition of nanoparticles 
significantly affected the pH of the fluid, and the surfactants interacted 

Table 2 
Properties of the particles.

Nanoparticle Formula Density (g/cm3) Size Purity Thermal Conductivity (W/m.K) Cost (£)* Quantity (g) Reference

Carbon nanotube, multi- 
walled

MWCNT’s 2.1 O.D. × L 6–13 nm ×
2.5–20 μm

> 98 % 3000 1590 10 [36]

Silver Ag 10.5 10–40 nm 99.9 % 429 386 10 [37,38]
Aluminium nitride AlN 3.26 < 100 nm – 285 119 10 [39,40]

* Prices as of June 12th, 2024.

Fig. 3. Schematic diagram of nanofluid preparation steps for simple and hybrid samples.
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differently with various particles, as shown in Fig. 5. Distilled water, 
used as the baseline in this study, exhibited an initial pH of 5.69. The 
introduction of silver nanoparticles increased the pH to 6.24. The 
addition of surfactants to the silver nanofluid further modified the pH, 
demonstrating the unique interactions between the surfactants and the 
nanoparticles. CTAB and SDS slightly lowered the pH to 6.1 and 5.85 
respectively, while GA caused a more significant drop to 5.58. Notably, 

SDBS exhibited a unique behaviour by dramatically increasing the pH to 
7.2, thereby making the silver nanofluid the most alkaline among those 
tested.

The AlN nanofluid demonstrated a markedly different behaviour 
compared to the silver nanofluid. Without any surfactants, the AlN 
nanofluid had a notably high pH of 8.04. CTAB raised the pH to 8.45, 
while SDS pushed it slightly higher to 8.6. GA had the most pronounced 

Fig. 4. Setup for pH measurement of nanofluid samples in a thermal bath.

Fig. 5. pH values of AlN, MWCNT, and Ag nanofluids with different surfactants at 0.01 vol% concentration.

H. Babar et al.                                                                                                                                                                                                                                   Powder Technology 465 (2025) 121348 

9 



effect, elevating the pH substantially to 9.12. SDBS also significantly 
increased the alkalinity of the AlN nanofluid, though not to the extent of 
GA, reaching a pH of 8.78. The MWCNT nanofluid presented another 
distinct pH profile, highlighting the diverse behaviour of different 
nanomaterials in aqueous solutions. The solution had pH value 
measured to be 6.42 notably higher than the basefluid distilled water, 
however, like Ag and AlN the introduction of surfactants altered this pH 
in various ways. CTAB and GA lowered the pH value to 5.95 and 6.23 
respectively, while SDS slightly increased it to 6.53. SDBS, consistent 

with its behaviour in the silver nanofluid, significantly increased the pH 
to 7.02. This alkalizing effect of SDBS across different nanomaterials was 
a notable trend, possibly related to its strong anionic character and its 
unique interaction with various nanoparticle surfaces. Consistent with 
its behaviour in the silver nanofluid, SDBS significantly increased the pH 
of the MWCNT nanofluid to 7.02, highlighting its strong alkaline effect.

The surfactant study revealed that while some surfactants improved 
the stability of the nanofluid, others had an adverse effect, reducing 
particle suspension stability. Over the course of a week, the nanofluid 

Fig. 6. Sedimentation observation of nanofluid samples with different surfactants.
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samples were examined to analyse particle sedimentation behaviour 
with the addition of different surfactants. It was observed that AlN 
nanosheets tended to agglomerate and form clusters, which began to 
settle after 24 h. By the end of the observation period, complete particle 
settling had occurred in these samples, leading to the conclusion that 
SDS was unsuitable for use with AlN nanopowder. Furthermore, the 
sample with CTAB surfactant showed signs of instability. The top layers 
of this sample began to clarify as the particles started to settle down, as 
shown in Fig. 6. The sample with GA surfactant showed improved sta-
bility over CTAB and SDS, however, the AlN sample containing SDBS 
surfactant outperformed all and exhibited better stability. The particles 
in this sample remained suspended for a longer duration, indicating that 
SDBS can enhance the stability of AlN nanofluids. For this study, samples 
were processed with 30 min of stirring and 1 h of probe sonication to 
specifically examine the effects of surfactants. It is important to note that 
fluids prepared for property studies were processed for a longer 
duration.

For silver nanofluid, it was observed that sample without surfactant 
exhibited relatively poor stability. When comparing various surfactants, 
samples prepared with SDS and GA showed particles starting to settle 
down earlier than others. Introducing cationic surfactants resulted in a 
noticeable change in the fluid’s colour and a significant decrease in pH 
value. Among the surfactants tested, CTAB demonstrated an improve-
ment in the stability of the nanofluid. However, SDBS outperformed all 
other surfactants, maintaining the suspension’s stability for a longer 
period. Thus, SDBS proved to be the most effective surfactant in 
enhancing the stability of the silver nanofluid.

The significance of surfactants is further underscored by the poor 
stability observed in MWCNT sample prepared without surfactant. The 
settling of particles is easily observed in the sample without surfactant, 
as the fluid’s top layers start to clear. However, due to the dark colour of 
the suspension, it is somewhat challenging to observe sedimentation and 
agglomeration of particles in the samples containing surfactants. A glass 
pipette observation method was used to examine the aggregation of 
particles at this stage, as depicted in Fig. 7. Additionally, TEM analysis 
was employed to assess the aggregation of particles in the subsequent 
section.

Among the surfactants tested, SDS demonstrated inadequate per-
formance in stabilizing the particles, whereas SDBS and GA significantly 
enhanced suspension stability and reduced aggregate formation. The 
CTAB surfactant offered better stability than SDS, but it was not as 
effective as SDBS and GA. Prolonged observation further confirmed that 
SDBS is the most suitable surfactant for improving the stability of 
MWCNT suspensions. Additionally, the density of MWCNTs is relatively 
low, which allows small aggregates to remain suspended in the fluid 
rather than settling at the bottom. This low density contributes to the 
stability of the suspension, as the lighter aggregates are less prone to 
sedimentation. Conversely, Ag nanoparticles have a density that is 
approximately five times greater than that of MWCNTs. This significant 
difference in density means that silver nanoparticles have a much 
stronger tendency to settle at the bottom of the base fluid. This differ-
ence in density and the resultant sedimentation tendencies highlight the 
importance of considering particle characteristics.

Importantly, it has been observed that after the sedimentation or 
aggregation of particles in the base fluid, the solution containing AlN 
and MWCNTs requires significantly more sonication processing time to 
achieve uniform suspension compared to a solution containing silver 
nanoparticles. This increased sonication time is necessary due to the 
stronger bonding interactions between AlN and MWCNT particles. These 
interactions are largely influenced by the shapes of the particles 
involved.

The findings underscore the significant effects of different surfac-
tants on the pH and stability of various nanofluids, which are essential 
for customizing their properties for specific applications. By selecting 
and optimising surfactants, researchers can improve nanofluid stability 
over time, which is crucial for applications in electronics cooling, 
automotive systems, and renewable energy technologies. This under-
standing paves the way for tailored solutions that enhance the efficiency 
of thermal management systems across various industries.

3.2. Effect of particles loading

In the second phase of the study focusing on stability and pH char-
acteristics, nanofluids containing Ag, AlN, and MWCNTs were meticu-
lously prepared across varying particle concentrations (0.01–0.03 vol%) 
utilizing SDBS as a surfactant to enhance suspension stability. The 
investigation aimed to elucidate the interplay between particle con-
centration and pH values within each nanofluid type. It was observed 
that, while all three nanofluids exhibited a rise in pH with increasing 
particle concentration, the extent of change varies, as shown in Fig. 8. 
The study’s findings revealed distinct pH characteristics among the 
nanofluids studied. The Ag and MWCNTs solutions were observed to be 
nearly neutral to slightly basic, while AlN nanofluids exhibited a basic 
nature that intensified with increasing particle concentration. For Ag 
nanofluids, pH levels showed a slight increase from 7.2 at 0.01 vol% to 
7.38 at 0.03 vol%, indicating modest pH variation with concentration. In 
contrast, AlN nanofluids displayed a more pronounced elevation in pH 
levels as particle concentration increased, it varied significantly from 
8.78 at 0.01 vol% to 10.21 at 0.03 vol%. Certain fuel cell technologies, 
such as anion exchange membrane fuel cells, utilise alkaline electro-
lytes. AlN nanofluids, if carefully engineered, hold promise for 
enhancing heat transfer within these cells, thereby boosting efficiency 
and overall performance. Moreover, the inherent alkalinity of AlN 
nanofluids makes them well-suited for the alkaline electrolyte environ-
ment typical of such fuel cell technologies [42]. This synergy suggests 
that AlN nanofluids not only improve thermal management but also 
contribute positively to the operational conditions required for optimal 
fuel cell performance. Meanwhile, MWCNT’s nanofluids maintained 
relatively lower pH values across the concentration range compared to 
both Ag and AlN. The pH varied marginally from 7.02 to 7.17, sug-
gesting minimal influence on pH by varying concentration.

In the context of nanofluid stability, the concentration of particles 
plays a crucial role. The study observed that MWCNTs maintained 

Fig. 7. Glass pipette observation method for examining particle aggregation in 
MWCNT samples.
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stability throughout the examination period across all concentrations. It 
was revealed that for MWCNTs, the probability of nanotube aggregation 
is higher than sedimentation due to their lower density, which is closer 
to that of the base fluid (water) compared to other nanoparticles such as 
AlN and Ag. Additionally, it was noted that some dispersed tubes 
became entangled like ropes, making them difficult to break or separate, 
while tubes connected at their ends were easier to break. In contrast, AlN 
nanofluids exhibited different stability characteristics, samples with 
concentrations above 0.02 vol% began to settle after 72 h. The AlN 
particles agglomerated, forming densely packed clusters that were 
difficult to break and disperse. Upon extended observation, it was found 
that the settled particles in the conical test tube conformed to the shape 
of the tube bottom, forming a pellet that required high-frequency ul-
trasonic waves to disperse. This indicates that the attractive forces 
among these particles are strong, and even the addition of surfactants 
failed to sufficiently reduce these forces to maintain uniform suspension 
in the fluid for a longer period. This effect was more pronounced at 
higher particle concentrations. It is concluded that AlN nanoparticles are 
not an appropriate choice for use as a single particle to prepare nano-
fluids due to their tendency to form hard-to-disperse aggregates. How-
ever, they could potentially be utilised in combination with other 
particles or after specific surface treatments to enhance their dispersion 
stability. Researchers are encouraged to further explore the complex 
behaviour of AlN nanoparticles to develop more effective stabilization 
strategies. Silver nanoparticles (Ag) exhibit distinct sedimentation 
behaviour compared to both MWCNTs and AlN nanoparticles. Silver 
nanoparticles, despite their small size, face challenges in maintaining 
uniform suspension due to their relatively higher density. Specifically, 
the sample prepared with a concentration of 0.03 vol% began to clear 
the upper layer of the fluid after 72 h, attributed to the formation and 
settling of agglomerates. However, unlike AlN, Ag nanoparticles form 
aggregates that are relatively easier to disrupt, possibly due to weaker 
van der Waals forces and the spherical shape of these particles.

3.3. Hybrid and tri-hybrid nanofluid

The comprehension of the stability dynamics is essential for max-
imising the effectiveness of nanofluids across various applications, 
ranging from optimising thermal management systems to advancing 
biomedical devices. Moving forward, the exploration of hybrid and tri- 
hybrid nanofluids, such as MWCNTs/Ag, Ag/AlN, MWCNTs/AlN, and 
MWCNTs/Ag/AlN, becomes imperative. These combinations harness 
distinct nanoparticle properties to tackle specific challenges and 
enhance overall performance, focusing on optimising dispersion stabil-
ity, improving heat transfer efficiency, and enhancing critical attributes 
for advanced industrial applications. Based on the stability study, a 
concentration of 0.025 vol% was selected for the hybrid samples. This 
concentration was utilised for the preparation and further analysis of all 
hybrid and tri-hybrid nanofluid samples. The pH of the hybrid nano-
fluids tends to vary around the pH values of the individual mixing fluids. 
As shown in Fig. 9, for the Ag-AlN hybrid nanofluid samples, the pH 
values were observed to range from 9 to 9.61. A significant reduction in 
pH was noted as the proportion of Ag in the mixture increased. This 
trend suggests a direct influence of Ag concentration on the overall pH of 
the hybrid nanofluid, as the pH value of the Ag nanofluid was 7.35. In 
the nanofluid comprising a suspension of MWCNTs and Ag nano-
particles, pH values were recorded to vary from 7.68 to 7.95. Notably, 
these values were slightly higher than those observed for the individual 
MWCNTs and Ag nanoparticles. This elevation in pH indicates a po-
tential interaction between MWCNTs and Ag nanoparticles in the hybrid 
suspension, possibly altering the overall pH of the fluid. In comparison 
to samples containing AlN, the pH values measured for MWCNTs/Ag 
were noted to be lower. Similar to the Ag-AlN hybrid samples, the pH 
values of MWCNTs-AlN hybrid samples also demonstrated a trend where 
the pH increased with higher proportions of AlN. Specifically, the pH 
varied from 9.05 for the 80/20 ratio to 9.93 for the 20/80 mixing ratio. 
However, these pH values were slightly higher compared to those 
observed in MWCNTs/Ag hybrid samples. As anticipated, the pH values 

Fig. 8. pH variation with particle concentration for Ag, AlN, and MWCNT nanofluids.

H. Babar et al.                                                                                                                                                                                                                                   Powder Technology 465 (2025) 121348 

12 



of the tri-hybrid nanofluid composed of MWCNTs/Ag/AlN varied with 
different mixing ratios. For a composition of 20 % MWCNTs, 20 % Ag, 
and 60 % AlN, the pH was 9.76, indicating a more basic nature due to the 
high AlN proportion. As the proportion of Ag increased to 40 %, with 20 
% MWCNTs and 40 % AlN, the pH decreased to 9.35. This reduction 
indicates the influence of Ag nanoparticles, which tend to lower the pH 
of the solution. The pH further declined to 8.97 when the composition 
was adjusted to 20 % MWCNTs, 60 % Ag, and 20 % AlN. The results 
demonstrate that increasing the concentration of Ag nanoparticles or 
reducing the AlN nanoparticles’ loading shifts the pH towards a more 
neutral value.

The study findings emphasise the profound influence of surfactants, 
particle types, and concentrations on pH variations in nanofluids. These 
pH dynamics are pivotal for improving nanofluid stability and over-
coming associated challenges. This understanding not only guides the 
optimisation of nanofluid formulations but also advances their reli-
ability and performance across diverse technological applications.

The hybrid nanofluid samples demonstrated improved stability due 
to the synergistic interactions among different particles. However, Ag/ 
AlN hybrid samples began to exhibit upper layer clarification after one 
week, attributed to particle sedimentation. Importantly, the presence of 
Ag nanoparticles in the hybrid samples prevented the formation of hard- 
to-break clusters typically observed in simple AlN nanofluid samples. In 
the case of pure AlN nanofluids, once clusters formed, it was challenging 
to break them apart and re-suspend the particles uniformly, even when 
high-frequency sonication was applied. Conversely, in the hybrid sam-
ples, the bonding among settled particles was not as strong, which 
facilitated easier re-dispersion and processing of the solution. This could 
be attributed to the rolling effect of the spherical shape of the Ag 
nanoparticles, which likely prevented the formation of tightly bound 
clusters. The rolling effect allowed the particles to remain more loosely 
connected, making it easier to break them apart and achieve a uniform 
suspension once again. This observation underscores the significance of 
hybrid nanofluids and selecting a suitable combination of nanoparticles. 

The ability to maintain a stable and easily re-dispersible nanofluid is 
crucial for practical applications, where uniform particle distribution is 
essential for optimal performance.

The hybrid samples of MWCNT’s/Ag and MWCNT’s/AlN showed 
better stability, retaining it for a longer period, as shown in Fig. 10. The 
rate of particle agglomeration was significantly lower compared to the 
simple and other hybrid nanofluids containing Ag and AlN nano-
particles. This reduced tendency for agglomeration and sedimentation 
suggests that hybrid nanofluids are less likely to experience these issues 
during operational conditions. Finally, the tri-hybrid nanofluid exhibi-
ted even greater stability, offering enhanced thermal characteristics. The 
distinct shapes and properties of the different nanoparticles in the tri- 
hybrid system contribute to a more effective dispersion and stability, 
leading to better thermal performance.

4. Characterisation

4.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique used to investigate 
the phase composition and crystallographic structure of nanoparticles 
such as aluminium nitride, silver, and MWCNTs. By examining the 
atomic arrangements within these materials, XRD provides detailed in-
sights into their properties. Numerous research studies have employed 
XRD to characterise nanoparticles composed of pure or composite ma-
terials [43,44]. For this analysis, an X-ray diffractometer (Bruker - D8 
Advance) with Cu-Kα radiation (energy: 8.05 keV, wavelength: 1.5406 
Å) was utilised. The XRD pattern for AlN nanoparticle showed several 
distinct peaks at specific 2θ angles, which correspond to the diffraction 
from different crystallographic planes of the AlN crystal, as shown in 
Fig. 11(a). The peaks are indexed with Miller indices (hkl), indicating 
the specific planes that contribute to the diffraction peaks. The presence 
of sharp, well-defined peaks indicates a highly crystalline nature of the 
AlN nanoparticles. The pattern suggests a hexagonal crystal structure, 

Fig. 9. pH values of hybrid and tri-hybrid nanofluids with different mixing ratios.
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which is the typical structure for AlN. The diffraction peaks observed at 
2θ values of approximately 33◦, 36◦, 38◦, 48.8◦, 59.31◦, 66◦, and 71.44◦

correspond to the (100), (002), (101), (102), (110), (103), and (201) 
planes of hexagonal AlN, respectively. The lattice parameters were 
found to be a = 3.112 Å and c = 4.982 Å. These values result in a unit cell 
volume of V = 41.8 Å3 and a corresponding density of 3.26 g/cm3. The 
results are aligned with the standard data from the Joint Committee on 
Powder Diffraction Standards (JCPDS), specifically JCPDS card number 
25–1133, confirming the phase purity of the AlN nanoparticles being 

investigated. The results also correspond with the data reported by Hsu 
et al. [45] for AlN. In the analysis of the XRD pattern for silver nano-
particles, the prominent peaks observed at approximately 77◦, 64◦, 44◦

and 38◦ were indexed to the (311), (220), (200), and (111) planes of 
face-cantered cubic (FCC) silver, respectively, Fig. 11(b). The lattice 
parameter was calculated to be 4.089 Å, while the unit cell volume was 
determined as 68.39 Å3. These values are in excellent agreement with 
the established data for silver nanoparticles as documented in the JCPDS 
card number 04–0783. Additionally, the pronounced intensity of the 

Fig. 10. Stability comparison of hybrid and tri-hybrid nanofluid samples.

H. Babar et al.                                                                                                                                                                                                                                   Powder Technology 465 (2025) 121348 

14 



(111) peak suggests a preferential orientation of the silver nanoparticles, 
with the majority of their (111) crystal planes aligned parallel to the 
substrate or sample surface. The XRD pattern of MWCNTs exhibited 
broad peaks rather than sharp ones, indicating a relatively low degree of 
crystallinity. This is characteristic of MWCNTs due to their turbostratic 
structure, where the graphene layers have a random stacking arrange-
ment. The most prominent peak was observed around 2θ = 25.8◦, cor-
responding to the (002) diffraction plane, as depicted in Fig. 11(c). This 
peak signified the graphitic structure of the MWCNTs and provided 

information about the interlayer spacing (d-spacing) between the gra-
phene layers. Additionally, a less intense peak was often observed 
around 2θ = 43◦, corresponding to the (100) diffraction plane, further 
confirming the graphitic nature of the material. The XRD pattern 
exhibited weaker peaks at higher angles, specifically around 2θ = 54◦

and 77◦. These weaker peaks corresponded to different crystallographic 
planes within the material. However, they were less pronounced 
compared to the more prominent peaks, likely due to the turbostratic 
nature of MWCNTs. The same pattern was observed and reported in 
various studies [46,47], corroborating the purity of the nanoparticles 
used in the current research.

The analysis revealed that AlN nanoparticles possessed a highly 
crystalline hexagonal structure, silver nanoparticles exhibited a face- 
centred cubic structure, and MWCNTs showed a typical turbostratic 
graphitic structure. The findings not only validated the phase purity and 
structural properties of the nanoparticles but also underscored the effi-
cacy of XRD as a critical tool for detailed nanoparticle characterisation.

4.2. Transmission Electron Microscopy (TEM)

To gain deeper insights into particle morphology, the nanoparticles 
of silver, aluminium nitride, and multi-walled carbon nanotubes were 
examined using the JEOL Transmission Electron Microscopy (TEM) 
JEM-1400 Plus instrument [48,49]. This advanced analytical technique 
offers high-resolution imaging, which is essential for a detailed exami-
nation of the nanoparticles’ shape, size, and structural characteristics.

Fig. 12 presents the TEM images, showcasing these three distinct 
types of nanoparticles under investigation in this study. Silver nano-
particles were observed to have a spherical shape with sizes ranging 
from 20 to 40 nm, while some particles broke down to sizes smaller than 
20 nm when subjected to high-frequency waves during the sonication 
process. The results revealed that these nanoparticles tend to agglom-
erate or aggregate, forming irregular clusters. Second from the left in 
Fig. 12, multi-walled carbon nanotubes displayed their characteristic 
tubular structure, with lengths and diameters that varied in the range of 
2.5–20 μm and 6–13 nm respectively. The TEM images clearly showed 
the elongated and intertwined nature of the MWCNTs, which contrib-
uted to their unique thermal characteristics. Aluminium nitride nano-
particles exhibited a different morphology, typically presenting as 
irregularly shaped particles with varying dimensions.

In the hybrid nanofluids combining MWCNTs, Ag, and AlN nano-
particles, the TEM images revealed a complex interaction between the 
different types of particles. The hybrid samples showed a more dispersed 
distribution, with the different nanoparticles maintaining their mor-
phologies while interacting with each other. The AlN nanoparticles 
acted as a bridge to transfer heat between the nanotubes. In the simple 
MWCNTs sample, while they exhibited better thermal characteristics, 
the interactions between particles restricted effective heat transfer. The 
introduction of AlN nanoparticles helped mitigate this issue by 
providing pathways for heat to flow between the nanotubes, thereby 
enhancing overall thermal conductivity. Additionally, it was observed 
that some of the silver nanoparticles became embedded within the AlN 
matrix, further facilitating heat transfer. The presence of silver nano-
particles also played a crucial role in reducing the strong interactions 
between AlN particles, preventing the formation of tightly bound clus-
ters that are difficult to break apart. This reduction in strong interactions 
helped maintain a more stable suspension.

AlN nanoparticles also played a crucial role in minimising the 
interwinding of MWCNTs and reducing the agglomeration of Ag nano-
particles. This dual functionality of AlN not only enhanced thermal 
conductivity but also improved the overall dispersion stability of the 
hybrid nanofluids. The synergistic effect of AlN, Ag, and MWCNTs in the 
hybrid nanofluid demonstrated a balanced interaction, which is vital for 
achieving optimal thermal performance and stability.

The complex interplay among these nanoparticles ensured that the 
thermal pathways remained efficient while preventing detrimental 

Fig. 11. X-ray diffraction (XRD) patterns for (a) Silver nanoparticles, (b) 
Aluminium nitride nanoparticles, and (c) multi-walled carbon nanotubes.
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agglomeration and clustering. This behaviour highlights the importance 
of carefully selecting and combining different nanoparticles to maximise 
the benefits of hybrid nanofluids. The detailed TEM analysis provided 
insights into these interactions, showcasing the potential of these hybrid 
systems for advanced thermal management applications where both 
stability and high thermal conductivity are required.

4.3. Stability and particle size distribution

Zeta potential is a critical parameter that indicates the degree of 
repulsion (DOR) between adjacent, similarly charged particles in a 
dispersion. A higher absolute value of zeta potential generally suggests 
better stability, as it implies that the particles will repel each other more 
strongly, preventing aggregation and maintaining a stable suspension. 
However, it is important to note that zeta potential is not the sole 
determinant of stability. Factors such as particle morphology, density, 
and size also play significant roles in the long-term stability of nano-
fluids and must be considered alongside zeta potential when evaluating 
overall stability. The zeta potential values presented in Fig. 13 provide 
insight into the stability of the pure, hybrid, and tri-hybrid nanofluids 
composed of Ag, AlN, and MWCNTs.

A Malvern Zetasizer, a renowned instrument for nanomaterial 
analysis, was used to examine the samples [20,50]. The measurements 
were carried out in a specialised DTS 1070 cell, which is specifically 
designed for precise zeta potential measurements under controlled 
conditions. This cell is especially suitable for analysing emulsions and 
suspensions, where traditional cuvettes might not provide accurate 
readings. During the analysis, an electric field was applied to the 
nanofluid sample contained within the cell, and the movement of the 
particles in response to this field was observed. The velocity of these 
particles, which is influenced by the zeta potential, was measured, and 
the results were calculated using the Smoluchowski equation or similar 
mathematical models. The scattered light data was then processed by 
the Zetasizer software to determine the zeta potential of the samples.

The zeta potential values, which were measured immediately after 
sonication of both simple and hybrid nanofluid samples, fell within a 
range of − 45 to − 70 mV, as depicted in Fig. 13. This range is indicative 
of a high level of stability, with zeta potential values exceeding ±30 mV 

generally being recognized as a marker of good stability in particle 
suspensions. The zeta potential value for pure AlN was recorded at 
− 48.23 mV. This value suggests good stability, as zeta potential values 
greater than ±30 mV generally indicate a stable colloidal system. The 
negative value indicates that the surface of the AlN particles carries a 
negative charge in suspension. In comparison, Ag nanoparticles showed 
a zeta potential of − 51.9 mV, indicating slightly higher stability 
compared to pure AlN. This suggests that Ag nanoparticles, in isolation, 
have a reasonably strong electrostatic repulsion, which helps in main-
taining dispersion stability. However, it is important to note that Ag 
nanoparticles are denser than AlN, which could negatively impact their 
overall stability. MWCNTs had the highest zeta potential magnitude at 
− 65.9 mV among the pure nanofluids. This indicates the greatest sta-
bility, likely due to the high surface area and unique electronic prop-
erties of MWCNTs, which can lead to significant surface charge density. 
Notably, while MWCNTs have a small diameter, their elongated struc-
ture can cause some tubes to become entangled, forming rope-like 
bundles that are challenging to break or disperse and impact stability 
negatively.

The zeta potential for the Ag/AlN (20/80) hybrid was − 54.3 mV, 
reflecting a stability level comparable to the individual components but 
slightly enhanced due to the interaction between Ag and AlN. As the 
proportion of Ag increases in the hybrid (Ag/AlN 40/60 and 60/40), the 
zeta potential values show a slight variation, with − 56.7 mV for 40/60 
and − 49.7 mV for 60/40. The 40/60 ratio provides the highest stability 
within this series, likely due to an optimal balance of the electrostatic 
characteristics of Ag and AlN. With further increase in the Ag content 
(80/20), the zeta potential drops to − 48.6 mV, closer to the value for 
pure AlN, suggesting that the higher proportion of AlN might dominate 
the stability behaviour. In case of MWCNTs/Ag hybrid formulation, 20/ 
80 sample exhibited a zeta potential of − 59.8 mV, indicating notable 
stability, although it was slightly less stable than pure MWCNTs. As the 
ratio changed to 40/60 and 60/40, the zeta potential values fluctuated, 
noted to be − 51.9 mV for 40/60 and − 55.4 mV for 60/40. These values 
suggested that MWCNTs significantly contributed to the dispersion 
stability, especially at higher concentrations. The zeta potential 
increased further to − 60.2 mV in the 80/20 ratio, demonstrating 
enhanced stability as MWCNTs became more dominant. Similar to the 

Fig. 12. TEM images displaying the morphology and agglomeration nanoparticles.
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MWCNTs/Ag hybrids, the zeta potential of MWCNTs/AlN formulations 
improved with increasing MWCNTs ratio. For the 20/80 hybrid, the zeta 
potential was found to be − 53.1 mV, showing slightly better stability 
compared to pure AlN. As the proportion of MWCNTs increased in the 

40/60 and 60/40 hybrids, the zeta potential rose to − 52.1 mV and −
57.5 mV, respectively. Among these ratios, the 60/40 hybrid exhibited 
the highest zeta value, highlighting the significant role of MWCNTs in 
enhancing colloidal stability. The value remained high recorded − 56.3 

Fig. 13. Zeta potential distributions for pure, hybrid, and tri-hybrid nanofluids composed of Ag, AlN, and MWCNTs in various ratios.
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mV for the 80/20 ratio, further demonstrating the effective stabilizing 
influence of MWCNTs in the hybrid nanofluids.

The tri-hybrid nanofluid with the composition 20/20/60 (MWCNTs/ 
Ag/AlN) exhibited a zeta potential of − 56.2 mV, indicating good 

stability, likely due to the synergistic effects of the three nanoparticles. 
As the ratio changed to 20/40/40, the zeta potential increased to − 59.4 
mV, reflecting even higher stability due to the balanced contributions of 
MWCNTs and Ag. Finally, the 20/60/20 ratio showed the highest 

Fig. 14. Particle size distributions and Z-average values for pure, hybrid, and tri-hybrid nanofluids composed of Ag, AlN, and MWCNTs in various ratios.
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stability among the tri-hybrid nanofluids with a zeta potential of − 62.6 
mV. This indicates that increasing the proportion of Ag, while main-
taining a constant MWCNTs ratio and combining it with AlN, maximises 
electrostatic repulsion and effectively prevents particle aggregation. The 
findings concluded that carefully optimising the ratios of the constituent 
nanoparticles can significantly enhance the stability of nanofluids, 
making them more suitable for practical applications where long-term 
dispersion stability is critical.

The analysis of suspended particle size and agglomeration behaviour 
in nanofluids was also conducted using the Malvern Zetasizer, which 
provides insights into the stability and dispersion quality of the nano-
fluids. The histograms generated for each type of nanofluid indicate the 
particle size distribution, with the Z-average (mean) values listed for 
different formulations, as shown in Fig. 14. This study was carried out 
five days after sample preparation to assess the evolution of particle 
agglomeration over time. The Z-average particle size for the AlN sus-
pension in basefluid was found to be 184.8 nm, significantly larger than 
its initial particle size of <100 nm. This marked increase indicates that 
AlN particles have a tendency to agglomerate in suspension, leading to 
larger clusters. In comparison to other pure nanofluids, AlN exhibited a 
higher Z-average value, likely due to the inherently larger size of sus-
pended particles. The histogram reflects a relatively symmetric peak, 
which indicates a uniform distribution of agglomerates, with minimal 
formation of significantly larger aggregates. The Ag nanofluid exhibited 
a Z-average of 111.8 nm, which, while larger than its initial size of 
10–40 nm, was still considerably smaller than that of AlN. However, 
considering the initial size of particles and the relatively small difference 
in zeta potential between Ag and AlN, the formation of agglomerates 
observed in the Ag samples was substantial. The histogram is slightly 
asymmetric, with a tail on the right, indicating the presence of some 
larger agglomerates. Additionally, the broader base of the histogram 
suggested the existence of agglomerates of varying sizes.

The MWCNT nanofluid showed a Z-average of 184.8 nm, similar to 
that of AlN. This large Z-average is due to the high aspect ratio of 
MWCNTs, which tend to form entangled networks rather than simple 
spherical agglomerates. The histogram indicates a somewhat broad 
distribution, reflecting a range of agglomerate sizes due to the complex 
geometry and tendency of nanotubes to entangle.

Among the nanofluids studied, the Ag nanofluid had the smallest Z- 
average, which could be attributed to its smaller initial particle size. 
However, relying solely on the Z-average to assess the stability of 
nanofluids is not considered to be a good approach. Despite the lower Z- 
average, the higher density of Ag nanoparticles negatively impacted 
stability, leading to a tendency for sedimentation. Therefore, factors 
such as particle density and initial size should also be considered equally 
when evaluating nanofluid stability. It was evident that the stability of 
nanofluids is not governed by a single factor but is influenced by a 
combination of properties. Thus, while the Ag nanofluid exhibited a 
lower Z-average, this did not necessarily mean it outperformed the 
MWCNT or AlN nanofluids in terms of stability.

In the case of hybrid samples, the Z-average particle sizes for the Ag/ 
AlN hybrids varied slightly, ranging from 136 nm to 112 nm. The Ag/ 
AlN (20/80) nanofluid, having the lowest Ag content, exhibited a Z- 
average value of 136.7 nm, indicating the presence of larger-sized AlN 
nanoparticles. As the proportion of Ag increased, the Z-average particle 
size decreased, with the 40/60 and 60/40 ratios showing reduced 
average particle sizes of 134.5 nm and 116.2 nm, respectively. The Ag/ 
AlN (80/20) nanofluid, with the highest Ag content, achieved the 
smallest Z-average value of 112.3 nm, demonstrating that a higher 
proportion of small-sized Ag nanoparticles was effective to some extent 
in reducing the size of larger AlN clusters. However, compared to pure 
AlN, the hybrid nanofluids showed slightly better stability. In the 
MWCNTs/Ag hybrid nanofluid samples, the Z-average particle sizes 
were observed to increase as the proportion of MWCNTs increased. The 
MWCNTs/Ag (20/80) nanofluid, with the highest Ag content, exhibited 
the smallest Z-average size at 115.8 nm, indicating that a higher 

proportion of Ag, combined with a lower MWCNT content, favoured the 
formation of smaller-sized nanoparticles. As the proportion of MWCNTs 
increased, the particle size also increased, with the Z-average values 
rising to 119.5 nm for the 40/60 ratio, 128.2 nm for the 60/40 ratio, and 
reaching the highest value of 133.1 nm for the 80/20 ratio. The histo-
gram of 40/60 was slightly broader, with a wider base, reflecting a 
greater variation in particle sizes. For MWCNTs/AlN hybrid nanofluid 
samples, the Z-average particle size consistently decreased as the 
MWCNTs concentration increased. The MWCNTs/AlN (20/80) nano-
fluid, characterized by a higher proportion of AlN, exhibited the largest 
Z-average particle size of 174.0 nm. As the ratio of MWCNTs was 
increased, the particle sizes progressively reduced, with the Z-average 
values decreasing to 160.9 nm, 158.9 nm, and 157.2 nm for the 40/60, 
60/40, and 80/20 ratios, respectively. However, the minor peaks 
observed towards the right end of the histograms indicate the presence 
of slightly larger particle agglomerates, particularly in samples with a 
higher AlN content. Finally, the MWCNTs/Ag/AlN tri-hybrid nanofluid 
samples exhibited a consistent decrease in Z-average particle sizes as the 
proportion of silver increased relative to AlN. A 20/20/60 ratio 
(MWCNTs/Ag/AlN) resulted in a Z-average size of 123.2 nm. With an 
increased Ag content to a 20/40/40 ratio, the average size was slightly 
reduced to 120.0 nm. Further elevation of the Ag content to a 20/60/20 
ratio led to the smallest observed particle size of 115.0 nm. This trend 
indicates that the inclusion of higher amounts of smaller Ag nano-
particles effectively disrupts the formation of larger AlN clusters, 
yielding a more uniform and reduced particle size distribution.

The comparative analysis of tri-hybrid nanofluids with other pure 
and hybrid nanofluids reveals that the inclusion of different sized and 
shaped particles in the tri-hybrid solution not only helps to enhance the 
thermal characteristics but also results in smaller Z-average particle 
sizes for the agglomerates formed. This effect is particularly evident in 
the histogram, where the wider base indicates the presence of a diverse 
range of particle sizes and the varying agglomerates or structures they 
create. The incorporation of multiple particle types in the tri-hybrid 
formulation introduces heterogeneity in size and shape, which in turn 
weakens the attractive forces between particles. This weakening makes 
it easier to disrupt and redisperse the agglomerates, contributing to a 
more stable and uniform particle distribution.

The Z-average particle size measurements obtained from the Malvern 
Zetasizer confirm that all nanofluids experience agglomeration to some 
extent, though the degree varies depending on the specific composition. 
This study underscores the importance of understanding and controlling 
agglomeration in nanofluids, as it directly impacts their stability, ther-
mal efficiency, and overall performance. By optimising the composition 
and particle distribution within nanofluids, researchers can develop 
more effective solutions for applications that require enhanced thermal 
management and stability.

5. Results and discussion

5.1. Thermal conductivity

Fluids thermal conductivity is a critical property that significantly 
influences their heat transfer characteristics across various applications. 
Understanding and accurately measuring this property is essential for 
optimising the performance of nanofluids in practical use. The current 
study used the Hot Disk TPS 2500S thermal analyser, which employs the 
transient plane source (TPS) technique to accurately and reliably mea-
sure the thermal conductivity of both water and nanofluid samples. A 
double spiral Kapton 7577 sensor element is used to measure the values, 
designed to function as both a heat source and a resistance thermometer. 
This dual functionality allows it to heat the nanofluid sample while 
simultaneously measuring the resulting temperature changes with high 
precision. The experimental setup consists of a TPS analyser, constant 
temperature bath, and a liquid sample holder, as illustrated in Fig. 15. A 
specially designed liquid sample holder was used to confine the fluid 
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within a small, controlled chamber, positioning the sensor in the liquid 
while preventing any contact with the chamber walls. The careful 
placement of the sensor is essential to avoid any measurement errors 
that could arise from sensor-wall contact or convective effects. To 
maintain a stable temperature during the measurements, the liquid 

sample holder was immersed in a constant temperature bath. This setup 
helped to ensure that the thermal conductivity readings remained un-
affected by external temperature fluctuations, thereby allowing for 
reliable and consistent data. A heating power of 60 mW was applied with 
a measurement duration of 2 s. During the measurement procedure, the 

Fig. 15. Schematic representation of the experimental configuration for measuring thermal conductivity.

Fig. 16. Comparison of experimental thermal conductivity data for distilled water with reference data from Hot Disk across a temperature range of 20 ◦C to 45 ◦C.
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Hot Disk analyser applies a heat pulse through the sensor and records the 
transient temperature response of the nanofluid. The analyser processes 
this data to determine how the temperature changes over time, ulti-
mately calculating the sample’s thermal conductivity value.

The uncertainty in thermal conductivity measurements was assessed 
based on the accuracy of experimental procedures and the instrument’s 
specifications. The Hot Disk TPS 2500S thermal analyser has a 
manufacturer-specified maximum uncertainty of ±5 %. However, for 
the fluid sample, the maximum standard deviation was measured to be 
less than 0.7 %, which reflects the high precision of the collected data. 
This low standard deviation demonstrates minimal variation between 
repeated measurements and remains within acceptable limits. To 
improve the accuracy, three measurements were recorded at each 
temperature point. This careful approach was designed to reduce po-
tential errors and ensure the reliability of the results. Furthermore, 
system calibration was performed using a stainless-steel reference 
sample provided by the supplier, which yielded a standard deviation of 
less than 0.5 %. This suggests that the experimental setup was properly 
calibrated and capable of generating consistent and reliable results. 
Sundberg et al. [51] conducted a comparative study of thermal property 
measurements using different methods and found that the TPS method 
showed excellent repeatability, with standard deviations within sample 
groups better than ±0.5 %.

The accuracy of the testing setup was validated by measuring the 
thermal conductivity of distilled water across a temperature range of 
20 ◦C to 45 ◦C, with data collected at 5 ◦C intervals, as demonstrated in 
Fig. 16. Comparison of these results with the reference values provided 
by Hot Disk showed close agreement, suggests that the setup is reliable. 
The minor variations observed are likely attributable to the natural 
variability in water properties.

The addition of surfactants is a common practice to enhance the 
suspension stability of nanoparticles [52,53]. However, selecting a 
suitable surfactant is crucial as some can adversely affect stability, 
resulting in reduced thermal conductivity of the fluid. While surfactants 
can significantly improve fluid stability, their effects vary with the type 
of particle used. An unsuitable surfactant can reduce stability, causing 
particles to agglomerate and settle more quickly.

A study was conducted to investigate the impact of different sur-
factants on the TC of prepared nanofluid samples. For this purpose, the 
conductivity of simple nanofluid samples prepared with 0.01 vol% 
nanoparticles was measured just after the sonication and after 72 h. 
According to the results, a significant reduction in thermal conductivity 
was observed in the AlN nanofluid prepared without any surfactant. The 
thermal conductivity decreased from 0.664 W/m⋅K to 0.657 W/m⋅K, 
with the enhancement dropping from 2.38 % to 1.33 %, as shown in 
Fig. 17. Among the surfactants tested, SDS was found to be the worst 
choice for AlN nanofluid, showing the most considerable reduction in 
thermal conductivity over time. In contrast, SDBS showed the minimum 

reduction, indicating better stability. Gum Arabic was identified as a 
good surfactant after SDBS, while CTAB provided better stability than 
SDS. As anticipated, the silver nanofluid showed a notable decrease in 
thermal conductivity after 72 h for the sample prepared without a sur-
factant. However, the decline was less pronounced in samples contain-
ing CTAB and SDBS surfactants. Among these, the SDBS sample 
exhibited superior stability, while SDS and Gum Arabic proved to be less 
effective. The thermal conductivity results of MWCNT nanofluids 
further underscore the significant impact of surfactants on thermal 
properties, which vary depending on the type of particles used. In case of 
MWCNTs, samples prepared with SDSBS and Gum Arabic demonstrated 
better particle suspension stability, with only a slight reduction in 
thermal conductivity after 72 h. However, nanofluids prepared with 
other surfactants exhibited more pronounced decreases in thermal 
conductivity over the same period. Specifically, the thermal conduc-
tivity of the nanofluid without any surfactant was notably poor, drop-
ping from 0.6790 W/m⋅K to 0.6740 W/m⋅K after 72 h.

The results revealed that surfactant choice greatly affects nanofluid 
stability and thermal conductivity. SDBS and CTAB proved most effec-
tive for AlN and silver nanofluids, showing minimal reductions in 
thermal conductivity. For MWCNT nanofluids, SDSBS and Gum Arabic 
were best at maintaining thermal properties. These findings underscore 
the importance of selecting the appropriate surfactant to improve 
nanofluid performance.

Particle concentration is another critical factor in optimising nano-
fluid performance [54]. To evaluate its impact, nanofluid samples con-
taining AlN, Ag, and MWCNTs were prepared with particle 
concentrations ranging from 0.01 to 0.03 vol%. This range was chosen to 
balance enhanced thermal properties with stability, crucial for appli-
cations like electronic cooling in mini and microchannel heat sinks. 
Higher particle concentrations can lead to an increase in pressure drop, 
higher pumping power, and the risk of particle agglomeration. 
Agglomerated particles may cause blockages in channels, resulting in 
localised heating and potential damage to the system. Thus, optimising 
particle concentration is key to maintaining fluid stability and system 
performance.

The thermal conductivity has been calculated at a constant temper-
ature of 35 ◦C and the results are presented in Fig. 18. While all types of 
nanoparticles exhibited an increase in thermal conductivity with rising 
concentration, however, this enhancement varied among different 
nanoparticle types. According to the results, MWCNT’s suspended 
nanofluid demonstrated the highest thermal conductivity values at all 
tested concentrations. At 0.01 %, the thermal conductivity increased by 
4.54 %, and at 0.03 %, it reached a 7.29 % enhancement. The consistent 
rise in thermal conductivity across all concentrations demonstrated the 
strong impact of MWCNTs, making them highly effective for improving 
thermal performance in nanofluids. This superior performance is due to 
the high thermal conductivity and unique structure of carbon 

Fig. 17. Effect of surfactants on the thermal conductivity of nanofluids over a 72-h period.
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Fig. 18. Thermal conductivity of nanofluids with varying particle concentrations.

Fig. 19. Temperature-dependent thermal conductivity of distilled water and nanofluids containing Ag, AlN, and MWCNTs at 0.025 vol% concentration.
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nanotubes, which enable efficient phonon transport, resulting in sig-
nificant conductivity improvements even at lower concentrations. Silver 
nanoparticles also showed significant improvements in thermal con-
ductivity, though their performance, while notable, was not as high as 
that of MWCNTs, although it was closely competitive. The enhancement 
ranges from 3.45 % at the lowest concentration to 6.65 % at the highest. 
This progressive increase in thermal conductivity with concentration 
underscores the effectiveness of silver nanoparticles in improving heat 
transfer properties. However, it is important to consider the stability of 
the nanofluid, as higher nanoparticle concentrations can impact 
dispersion and potentially affect thermal conductivity over time. 
Aluminium nitride nanofluids, on the other hand, exhibited a more 
modest increase in thermal conductivity compared to MWCNTs and Ag, 
due to AlN’s inherently lower thermal conductivity. As the concentra-
tion of AlN nanoparticles increased from 0.01 % to 0.03 %, the thermal 
conductivity of the nanofluid improved steadily, with enhancements 
ranging from 2.37 % to 4.26 %. Although AlN did enhance thermal 
conductivity, its effect was less pronounced than others.

The findings emphasise the importance of optimising particle con-
centration to balance thermal performance with stability, as in practical 
applications consistent heat transfer and long-term fluid stability are 
crucial. Ultimately, selecting the appropriate nanoparticle and concen-
tration is key to achieving the desired thermal performance.

Fig. 19 shows the thermal conductivity of water and various 

nanofluids containing Ag, AlN, and MWCNTs suspension over a tem-
perature range from 20 ◦C to 45 ◦C. Each nanofluid was prepared with a 
particle concentration of 0.025 vol%. The study found that thermal 
conductivity increased significantly with temperature for all samples. 
The increase in thermal conductivity with temperature and concentra-
tion is primarily due to improved Brownian motion of nanoparticles, 
which facilitates more effective micro-convection and energy exchange 
within the fluid. As temperature increases, particle agitation intensifies, 
leading to enhanced thermal energy transport across the liquid medium. 
This is particularly evident beyond 30 ◦C, where the thermal conduc-
tivity shows more pronounced growth. As nanoparticles move more 
freely and uniformly within the fluid, they can more effectively transfer 
heat through the nanofluid. This improved thermal transfer is reflected 
in the higher thermal conductivity observed at elevated temperatures. In 
heat transfer applications, this means nanofluids are more effective at 
higher temperatures, making them ideal for scenarios where elevated 
temperatures are common. Water exhibited a steady increase in thermal 
conductivity from 0.604 W/m⋅K at 20 ◦C to 0.681 W/m⋅K at 45 ◦C, 
reflecting enhanced molecular motion and reduced viscosity at higher 
temperatures. Silver nanofluid consistently demonstrated superior 
thermal conductivity compared to water, rising from 0.630 W/m⋅K at 
20 ◦C to 0.729 W/m⋅K at 45 ◦C, due to the high thermal conductivity of 
silver particles. Aluminium nitride nanofluid also showed improved 
thermal conductivity over water, increasing from 0.621 W/m⋅K at 20 ◦C 

Fig. 20. Temperature-dependent thermal conductivity of (a) Ag/AlN, (b) MWCNTs/AlN, (c) MWCNTs/Ag, (d) MWCNTs/Ag/AlN hybrid and tri-hybrid nanofluids 
with different mixing ratios.
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to 0.716 W/m⋅K at 45 ◦C, however, the enhancement was less pro-
nounced than with silver. Among the nanofluids tested, MWCNTs 
exhibited the highest thermal conductivity. The thermal conductivity of 
MWCNTs nanofluid increased from 0.636 W/m⋅K at 20 ◦C to 0.740 W/ 
m⋅K at 45 ◦C. The exceptional increase is attributed to the unique 
structural and thermal properties of the multi-walled carbon nanotubes, 
which provide superior heat transfer capabilities.

Fig. 20 presents the thermal conductivity values of various hybrid 
nanofluids, prepared with different mixing ratios of 80/20, 60/40, 40/ 
60, and 20/80, across temperatures ranging from 20 ◦C to 45 ◦C. The 
outcomes demonstrated that the thermal conductivity of these hybrid 
samples was significantly influenced by the proportions of nanoparticles 
within the mixture, as well as by temperature variations. Notably, all the 
hybrid nanofluids demonstrated substantial enhancements in TC 
compared to water. The study conducted by Wanatasanappan et al. [55] 
reported similar trends in their investigation of Al2O3/CuO hybrid 
nanofluids, demonstrating that the thermal conductivity enhancement 
was a function of both particle concentration and temperature.

As depicted in Fig. 20(a), the thermal conductivity of the Ag/AlN 
hybrid nanofluids was evaluated across various mixing ratios. The re-
sults showed that the hybrid nanofluid prepared with a 20/80 ratio 
exhibited intermediate thermal conductivity values, ranging from 
0.6230 W/m⋅K at 20 ◦C to 0.7216 W/m⋅K at 45 ◦C, falling between those 
of pure Ag and AlN nanofluids. As the proportion of silver increased to 
40 % further improved the thermal conductivity, with values rising from 
0.6257 W/m⋅K at 20 ◦C to 0.7285 W/m⋅K at 45 ◦C. Despite this 
enhancement, thermal conductivity remained slightly lower than that of 
the pure Ag nanofluid, indicating that while the inclusion of Ag had a 
beneficial effect, it did not surpass the conductivity provided by silver 
alone. However, at the 60/40 mixing ratio, thermal conductivity slightly 
exceeded that of both the individual Ag and AlN nanofluid, with values 
recorded to be 0.6275 W/m⋅K at 20 ◦C and 0.7297 W/m⋅K at 45 ◦C. This 
finding suggests a synergistic interaction between Ag and AlN at this 
specific ratio, where the combination of the two nanoparticles resulted 
in a hybrid nanofluid that outperformed its unitary counterparts. 
Finally, at the 80/20 ratio, the hybrid nanofluid’s thermal conductivity 
improved further, approaching the values observed for the 60/40 hybrid 
sample, with thermal conductivities of 0.6280 W/m⋅K at 20 ◦C and 
0.7309 W/m⋅K at 45 ◦C. These results indicate that the optimal inter-
action between highly conductive silver particles and AlN particles en-
hances nanoparticle dispersion and stability within the base fluid, 
leading to superior thermal performance of the hybrid nanofluid at the 
60/40 and 80/20 mixing ratios.

The samples containing MWCNTs and AlN nanoparticles exhibited 
superior thermal conductivity values compared to Ag/AlN hybrid sam-
ples across all mixing ratios, due to the presence of MWCNTs, Fig. 20(b). 
The study found that increasing the proportion of MWCNTs in the 
nanofluid resulted in higher thermal conductivity values. As shown in 
Fig. 20(b), at 35 ◦C, the thermal conductivity for the 20/80 MWCNTs/ 
AlN mixture was 0.681068 W/mK, while the 80/20 mixture reached 
0.690820 W/m⋅K. This observation is consistent with the known high 
thermal conductivity of MWCNTs, which appeared to dominate the 
thermal behaviour of the mixtures, enhancing their overall thermal 
performance. For this hybrid combination, the values varied in-between 
the individual thermal conductivities of MWCNTs and AlN. At 20 ◦C, the 
thermal conductivity of Ag/AlN hybrid samples were recorded to be 
varied ranging from 0.6231 to 0.6280 W/mK, as demonstrated in Fig. 20
(a). However, the thermal conductivity values for the MWCNTs/AlN 
nanofluids at the same temperature ranged from 0.6256 W/mK for the 
20/80 ratio to 0.6330 W/mK for the 80/20 ratio. This trend of increased 
thermal conductivity in nanofluids persisted as the temperature 
increased. By 45 ◦C, the thermal conductivity of Ag/AlN reached 0.7308 
W/mK, whereas the values for the MWCNTs/AlN nanofluids were 
significantly higher, with the 80/20 mixture achieving a value of 
0.7373 W/m⋅K. Fig. 20(c) presents the results of MWCNTs/Ag hybrid 
nanofluid, which delivered superior thermal conductivity compared to 

Ag/AlN and MWCNTs/AlN nanofluids across all mixing ratios. This 
enhanced performance can be attributed to the exceptional thermal 
properties of both MWCNTs and Ag, along with several other influencing 
factors such as particle shape, Brownian motion, density, better sus-
pension, etc. As the MWCNTs loading increased, there was a noticeable 
rise in thermal conductivity, with values improving from 0.7341 W/m⋅K 
at a 20/80 ratio to 0.7392 W/m⋅K at 80/20 ratio.

The thermal conductivity of the tri-hybrid nanofluid was observed to 
be slightly lower compared to the MWCNTs/Ag hybrid solution across 
the temperature range studied, as shown in Fig. 20(d). As the MWCNTs 
ratio was the same, with the increase in Ag loading, the value increased, 
showing an enhancement in thermal conductivity. For the sample with a 
20/60/20 mixing ratio, at 20 ◦C, the thermal conductivity was noted to 
be 0.6339 W/m⋅K which was marginally lower than that of the 
MWCNTs/Ag hybrid solution with a conductivity of 0.6351 W/m⋅K. This 
trend persists at higher temperatures; for example, at 45 ◦C, the tri- 
hybrid nanofluid exhibited a thermal conductivity of 0.7369 W/m⋅K, 
which remains slightly below the 0.7391 W/m⋅K recorded for the 
MWCNTs/Ag hybrid.

The observed lower thermal conductivity in the tri-hybrid nanofluid 
can be attributed to the presence of AlN, which, despite its significant 
role in enhancing thermal pathways through its distinct shape and 
interaction with MWCNTs and spherical Ag particles, has a lower 
intrinsic thermal conductivity compared to MWCNTs. At lower tem-
peratures, this difference is less pronounced, but as temperature in-
creases, the thermal conductivity advantage of MWCNTs and Ag 
particles becomes more evident. However, the tri-hybrid nanofluid 
presents notable advantages in terms of long-term stability and cost- 
effectiveness, making it a viable alternative for applications where 
these factors are critical. The slightly reduced thermal conductivity must 
be weighed against these benefits, suggesting that the tri-hybrid 
formulation could be preferable in scenarios where stability and eco-
nomic considerations are prioritized over marginal improvements in 
thermal performance.

Fig. 21 presented the thermal conductivity enhancement of various 
nanofluids relative to the base fluid, water. The data highlighted the 
varying degrees of enhancement across different compositions at 45 ◦C. 
For the simple nanofluids, AlN exhibited a moderate enhancement of 
4.997 %, indicating that the inclusion of AlN nanoparticles offered a 
significant improvement over the base fluid. The addition of Ag nano-
particles results in a higher enhancement, with a value of 6.948 %. 
MWCNTs provided the greatest enhancement among the simple nano-
fluids, with a value of 8.566 %, consistent with their known superior 
thermal properties.

The hybrid nanofluids, which were combinations of two different 
nanomaterials, exhibited varying levels of thermal conductivity 
enhancement depending on the ratio of the components. The Ag/AlN 
hybrid nanofluid showed a progressive increase in thermal conductivity 
as the proportion of Ag increased: starting from 5.878 % for a 20/80 
ratio and reaching 7.244 % for an 80/20 ratio. This trend highlighted the 
synergistic effects of combining Ag and AlN, with the thermal conduc-
tivity enhancement predominantly influenced by the higher conductive 
Ag component. Similarly, the MWCNTs/AlN hybrid nanofluid demon-
strated increasing thermal conductivity with higher MWCNTs content, 
ranging from 6.455 % at a 20/80 ratio to 8.191 % at an 80/20 ratio. This 
suggested that MWCNTs dominated the enhancement due to their su-
perior thermal conductivity properties compared to AlN. In the case of 
the MWCNTs/Ag hybrid nanofluid, the thermal conductivity enhance-
ment values were higher compared to both the Ag/AlN and MWCNTs/ 
AlN hybrids, starting at 7.723 % for a 20/80 ratio and reaching 8.465 % 
for an 80/20 ratio. The close proximity of these values to those of pure 
MWCNTs highlighted that while silver contributed positively, the 
MWCNTs largely dictated the thermal conductivity performance.

Tri-hybrid nanofluids, which combined MWCNTs, Ag, and, AlN 
demonstrated significant enhancements in thermal conductivity, high-
lighting the synergistic effects of these three materials. For the 20/20/60 
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formulation, thermal conductivity enhancement was recorded to be 
7.036 %. As the proportion of Ag increased in the 20/40/40 and 20/60/ 
20 formulations, thermal conductivity further improved to 7.951 % and 
8.136 %, respectively. This trend indicated that while MWCNTs played a 
pivotal role due to their inherent high thermal conductivity, the intro-
duction of Ag and AlN further amplified the heat transfer capabilities, 
likely due to their excellent thermal properties and ability to create a 
more efficient conductive network within the fluid.

When comparing the thermal conductivity enhancements across all 
nanofluids, it is evident that MWCNTs play a crucial role in boosting 
thermal performance, whether in simple, hybrid, or tri-hybrid formu-
lations. The simple MWCNTs nanofluid achieves the highest enhance-
ment outperforming all other simple and hybrid combinations. 
However, the tri-hybrid formulation with a 20/60/20 ratio nearly 
matches this performance, indicating that a well-balanced combination 
of MWCNTs, Ag, and AlN can deliver similar results. This combination 
also offers additional advantages, such as improved stability, cost- 
effectiveness, fine-tuned properties, and suitability for specific 
applications.

This study underscored the importance of selecting the right 

combination and ratio of nanomaterials to achieve the desired thermal 
conductivity enhancement. MWCNTs consistently demonstrated the 
highest potential for improving thermal conductivity, while the addition 
of Ag and AlN in hybrid and tri-hybrid formulations offered opportu-
nities for fine-tuning the properties of the nanofluid to suit specific 
thermal management applications.

In the pursuit of understanding how temperature influences the 
thermal conductivity of various nanofluids, a comprehensive analysis 
was conducted using Design Expert [56]. This study carried out with a 
high degree of statistical rigor, aimed to develop a predictive model that 
accurately reflects the relationship between temperature and thermal 
conductivity. The quadratic model that emerged from this analysis is 
expressed with Eq. (2): 

Thermal Conductivity (k) = a+ bT+0.0000287 T2 (2) 

Here, k represents the thermal conductivity, T denotes temperature, 
and a and b are the coefficients determined through regression analysis, 
as listed in Table 3. This model was developed with a confidence level of 
95 %, meaning the critical p-value threshold was set at 0.05.

The significance of the model and its components were evaluated 

Fig. 21. Maximum thermal conductivity enhancement of simple, hybrid, and tri-hybrid nanofluids relative to the base fluid (water).

Table 3 
Values of coefficients for the thermal conductivity quadratic model of various fluid samples.

Sample a b Sample a b

DW 0.571282 0.001186 MWCNTs/AlN (60:40) 0.572631 0.002318
Ag 0.575327 0.002107 MWCNTs/AlN (80:20) 0.573279 0.002367
AlN 0.572419 0.001872 MWCNTs/Ag (20:80) 0.575753 0.002202
MWCNTs 0.576665 0.002342 MWCNTs/Ag (40:60) 0.577041 0.002239
Ag/AlN (20:80) 0.573077 0.001983 MWCNTs/Ag (60:40) 0.57665 0.002308
Ag/AlN (40:60) 0.569932 0.002234 MWCNTs/Ag (80:20) 0.576418 0.002333
Ag/AlN (60:40) 0.572001 0.002202 MWCNTs/Ag/AlN (20:20:60) 0.572785 0.002196
Ag/AlN (80:20) 0.572628 0.002213 MWCNTs/Ag/AlN (20:40:40) 0.574169 0.002281
MWCNTs/AlN (20:80) 0.57268 0.002081 MWCNTs/Ag/AlN (20:60:20) 0.576012 0.002286
MWCNTs/AlN (40:60) 0.571805 0.002283
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Table 4 
ANOVA results for the thermal conductivity quadratic model.

Source Sum of Squares (SOS) df Mean Square p − value F − value Significance of model

Model 0.146 38 0.0038 < 1.0E-04 2149.09 Significant
Fluid-A 0.0102 18 0.0006 < 1.0E-04 318.1
Temperature-B 0.1348 1 0.1348 < 1.0E-04 75,419.29
AB 0.0006 18 0 < 1.0E-04 17.53
B2 0.0004 1 0.0004 < 1.0E-04 204.72
Residual 0.0001 75 1.79E-06
Mean 0.67644 R2 0.9991
Std. Dev. 0.0013369 Predicted R2 0.9979
PRESS 0.0003043 Adjusted R2 0.9986
C.V. % 0.19764 Adeq Precision 171.0224

Fig. 22. Diagnostic plots for the quadratic model of thermal conductivity: (a) Predicted vs. Actual values, (b) Normal probability plot of residuals, (c) Externally 
Studentized Residuals vs. Predicted values, and (d) Externally Studentized Residuals vs. Run Num.
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using ANOVA (Analysis of Variance), with the results summarised in the 
provided Table 4. The overall model was highly significant, with an F- 
value of 2149.09 and a p-value of less than 0.0001, indicating that the 
model has strong predictive power. The residual sum of squares was very 
small (0.0001), further demonstrating the model’s accuracy. Addition-
ally, the predicted R2 of 0.9979 is very close to the adjusted R,2 sug-
gesting that the model has excellent predictive capability. The low 
coefficient of variation (C.V.%) of 0.1976 indicates high precision, and 
the Adeq Precision of 171.02 exceeds the threshold of 4, signifying an 
adequate signal.

To ensure the validity and reliability of the model, several diagnostic 
plots were examined. These plots are critical for assessing whether the 
assumptions underlying the regression analysis are met and for identi-
fying any potential issues with the model. Fig. 22(a) compares the pre-
dicted thermal conductivity values with the actual measured values. 
Ideally, if the model were perfect, all points would lie exactly on the 45- 
degree line. According to the results, the data points were found to be 
closely aligned with this line, demonstrating a high degree of accuracy in 
the model’s predictions. The close alignment suggests that the model has 
captured the underlying relationship between temperature and thermal 
conductivity effectively, with minimal deviation between predicted and 
observed values.

Fig. 22(b) shows the normal probability plot of residuals analysed to 
assess the normality of the residuals. In this plot, the residuals are 
plotted against the expected values from a normal distribution. The data 
points follow a straight line quite closely, indicating that the residuals 
are approximately normally distributed. As shown in Fig. 22(c), the 
externally studentized residuals are plotted against the predicted values 
of thermal conductivity. The absence of any discernible pattern in the 
spread of residuals suggests that points are randomly distributed, with 
no signs of increasing or decreasing variance. This randomness is what 
we expect in a well-behaved model, indicating that the model’s pre-
dictions are not biased and that the residuals have constant variance. 
Finally, the residuals against run number plot was examined to detect 
any potential patterns related to the order in which the data were 
collected, as depicted in Fig. 22(d). The purpose of this plot is to identify 
if there are any time-related or sequence-related effects influencing the 
residuals. The residuals appear to be randomly scattered without any 
noticeable trend, indicating that there are no sequence-related biases 
affecting the model.

5.2. Viscosity

The viscosity of thermal fluid samples was assessed using the 
Brookfield DVNext Cone/Plate Rheometer, equipped with a CPM-40Z 
cone spindle and CPA-44PYZ Cup [8,28,57]. The spindle operated at 
100 rpm, and each test lasted for 45 s. The spindle operated at 100 rpm, 
and each test lasted for 45 s. Temperature control within the testing 
chamber was ensured by connecting the cup to a thermal bath system 
through pipes. The Masterflex L/S Pump maintained continuous water 
circulation, stabilizing testing conditions, as illustrated in Fig. 23. A 5 ml 
sample was used for each experiment, following procedural guidelines. 
However, the level of accuracy and reproducibility is critical for 
obtaining reliable data, especially when assessing the performance of 
fluid samples under varying conditions. The DVNext rheometer offers a 
measurement accuracy of ±1.0 % of its full-scale range. Moreover, the 
system demonstrated excellent reproducibility, with variations between 
repeated measurements not exceeding ±0.2 %. This high level of accu-
racy and reproducibility ensured that the data collected was consistent 
and dependable, minimising the potential for significant variations be-
tween tests.

To ensure the reliability of the test rig, we conducted a series of 
viscosity measurements on distilled water at temperatures between 
20 ◦C and 45 ◦C. These experimental values were then compared with 
established viscosity data for standard water found in the literature [58], 
as shown in Fig. 24. The results showed close alignment, with a mean 
absolute error (MAE) of 0.59 % between the experimental and reference 
values, confirming the accuracy and reliability of the experimental 
setup.

The investigation conducted at 25 ◦C focused on the behaviour of 
nanofluid samples containing 0.025 vol% particle loading. It was 
observed that the AlN, Ag, and MWCNTs fluids exhibited Newtonian 
characteristics, where shear stress increased linearly with shear rate. To 
achieve variation in the shear rate, spindle speeds were adjusted be-
tween 60 and 160 rpm. The results, illustrated in Fig. 25, indicate that 
within this range, the nanofluids of AlN, Ag, and MWCNTs maintained a 
consistent linear relationship between shear stress and shear rate, con-
firming their Newtonian behaviour. However, it is important to consider 
the fact that increasing the particle concentration in the fluid could 
potentially lead to non-Newtonian behaviour [59].

The concentration study carried out at 25 ◦C revealed a direct 

Fig. 23. Schematic diagram of the experimental setup for viscosity measurement using the Brookfield DVNext Cone/Plate Rheometer.
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correlation between the increase in particle concentration and the rise in 
nanofluid viscosity, as depicted in Fig. 26. Across all three nanofluids, 
viscosity consistently increases as the particle concentration rises. This 
trend can be attributed to the fact that a higher particle load within the 
fluid amplifies the internal resistance to flow, leading to greater vis-
cosity. According to the outcome, Ag nanofluid showed a gradual in-
crease in viscosity, rising from 0.92 cP at a 0.01 vol% concentration to 
0.945 cP at 0.03 vol%. The changes between each concentration step 
were relatively modest, reflecting a steady but notable rise in viscosity 
with the addition of more Ag nanoparticles. In a similar fashion, the AlN 
nanofluid showed a progressive increase in viscosity with higher particle 
concentrations. However, the viscosity values for AlN were slightly 
lower than those for Ag at each corresponding concentration, ranging 
from 0.915 cP to 0.940 cP. This indicated that AlN particles contributed 

less to flow resistance compared to Ag particles.
In contrast, despite the high aspect ratio of MWCNTs and their po-

tential for forming percolation networks, these particles exhibited lower 
viscosity. This was due to their lower density, better dispersion, and the 
rotational advantage of the tubes, which made the MWCNT-based fluid 
less viscous than those containing Ag or AlN. For MWCNTs, viscosity 
consistently increased from 0.90 cP to 0.925 cP, reflecting a steady trend 
but remaining lower compared to the other nanofluids.

These findings underscore the significant impact of particle con-
centration on the flow characteristics of nanofluids. As more particles 
are introduced into the fluid, they create additional frictional forces that 
impede the movement of the fluid layers, thereby increasing viscosity. 
The observed proportional increases in viscosity for each nanofluid type 
suggest that careful control of particle concentration is essential when 

Fig. 24. Comparison of experimental viscosity measurements of distilled water with reference data (IAPWS R12–08).

Fig. 25. Shear stress versus shear rate graphs for (a) Aluminium nitride nanofluid, (b) Silver nanofluid, and (c) MWCNTs nanofluid, with a particle loading of 0.025 
vol%, demonstrating their Newtonian characteristics.
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tailoring the rheological properties of nanofluids for specific 
applications.

The viscosity of water and various nanofluids was plotted against 
temperature, as illustrated in Fig. 27. The results indicated a general 
trend of decreasing viscosity with increasing temperature across all 
fluids. Among the nanofluids, Ag nanofluid exhibited the highest vis-
cosity enhancement compared to water, with values ranging from 1.06 
cP at 20 ◦C to 0.62 cP at 45 ◦C. This significant enhancement was likely 
due to the higher density and potential agglomeration of Ag 

nanoparticles. Despite having a density three times lower than Ag, the 
AlN nanofluid showed viscosity values that closely approached those of 
the Ag nanofluid. This behaviour could be attributed to the unique 
morphology of AlN nanoparticles and the formation of clusters driven by 
strong attractive forces, which collectively augmented the viscosity. 
Notably, at temperatures above 35 ◦C, the viscosity values of Ag and AlN 
became almost indistinguishable. This effect is particularly observed in 
formulations prepared with low particle concentrations. However, at 
higher concentrations (above 1 vol%), the difference was expected to be 

Fig. 26. Viscosity of nanofluids at different particle concentrations.

Fig. 27. Temperature-dependent viscosity of distilled water and various nanofluids.
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more pronounced, persisting even at elevated temperatures. In contrast, 
the MWCNTs nanofluid showed lower viscosity values, ranging from 
1.03 cP to 0.615 cP as the temperature increased from 20 ◦C to 45 ◦C. 
Throughout the observed temperature range, the viscosity of the 
MWCNTs nanofluid consistently remained below that of the Ag and AlN 
nanofluids. The lower viscosity in the MWCNTs nanofluid can be 
attributed to its lower density and the “rolling effect” of the carbon 
nanotubes, which reduces resistance to flow. Although the formation of 
a percolation network, where nanotubes form a continuous network, 
could have contributed to a slight increase in viscosity, it remained 
lower than that of the Ag and AlN nanofluids.

The findings highlight the complex interplay between nanoparticle 
characteristics such as density, morphology, and inter-particle in-
teractions in determining the viscosity of nanofluids. The distinct be-
haviours of Ag, AlN, and MWCNTs nanofluids underscore the 
importance of considering these factors when formulating nanofluids for 
specific applications, particularly those where temperature-dependent 
viscosity is a critical parameter.

The viscosity of the hybrid nanofluids exhibited variations depen-
dent on both the type of particles used and their mixing ratios, as shown 
in Fig. 28. For the MWCNTs/AlN hybrid nanofluid with a 20/80 ratio, 
like pure nanofluids viscosity exhibited a temperature-dependent 
behaviour, decreasing from 1.05 cP at 20 ◦C to 0.62 cP at 45 ◦C. 
Notably, these viscosity values were found to be marginally lower than 
those observed for the pure AlN nanofluid, while maintaining a similar 
overall trend. The observed reduction in viscosity can be attributed to 
the inclusion of MWCNTs, which generally possess lower viscosity and 
contribute to minimising particle clustering, thereby reducing overall 
viscosity. As the AlN content decreased to 60 % and 40 %, a modest 

decrease in viscosity was observed at lower temperatures. However, at 
elevated temperatures, the viscosity values for these ratios converged 
closely. For the 80/20 ratio, viscosity values ranged from 1.035 cP at 
20 ◦C to 0.62 cP at 45 ◦C. In this case, the difference in viscosity values 
was more noticeable; the values were closer to but higher than those of 
pure MWCNTs.

Fig. 28(b) presented the viscosity values for the Ag/AlN hybrid 
formulation, showing that its viscosity values consistently exceeded 
those of the MWCNTs/AlN hybrid samples across the temperature range 
studied. At a 20/80 mixing ratio, the fluid viscosity was noted to be 1.05 
cP at 20 ◦C, gradually decreased to 0.62 cP at 45 ◦C. When the mixing 
ratio shifted to 40/60, the viscosity values exhibited a slight increase 
across all temperatures compared to the 20/80 ratio. At 20 ◦C, the value 
augmented to 1.055 cP, indicating a slight enhancement due to the 
increased proportion of silver. This trend continued as the temperature 
increased, with the viscosity slightly higher than that of the 20/80 ratio 
at each corresponding temperature point. By 45 ◦C, the viscosity aligned 
with the 20/80 formulation as the viscosity was observed to be 0.62 cP, 
indicating that the difference in viscosity between these two ratios 
diminished as the temperature increased. In the case of a 60/40 mixing 
ratio, the viscosity values were consistently the highest among all the 
Ag/AlN formulations. The viscosity at this ratio was noticeably higher 
than the other ratios, reflecting the combined effects of silver’s higher 
density and the AlN nanoparticles’ potential for forming an intricate 
particle network. As the temperature increased, the viscosity decreased 
more sharply, though it remained slightly above the other ratios and 
reached 0.62 cP at 45 ◦C, like the other mixing ratios. With a small 
decrease, the 80/20 mixing ratio produced viscosity values that were 
close to those of the 20/80 ratio, starting at 1.05 cP at 20 ◦C and 

Fig. 28. Temperature-dependent viscosity of (a) MWCNTs/AlN, (b) Ag/AlN, (c) MWCNTs/Ag, (d) MWCNTs/Ag/AlN hybrid and tri-hybrid nanofluids with different 
mixing ratios.
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gradually reducing to 0.62 cP at 45 ◦C.
Fig. 28(c) presented the results for the MWCNTs/Ag hybrid formu-

lations. At a 20/80 mixing ratio, the viscosity values were observed to be 
the highest among the various ratios tested. The maximum viscosity 
value recorded was 1.06 cP at 20 ◦C, which decreased to 0.63 cP as the 
temperature increased to 45 ◦C. However, as the proportion of MWCNTs 
increased, due to the influence of low density particles, a noticeable 
decrease in viscosity value was observed. With a further increase in 
MWCNTs to a 60/40 ratio, the viscosity values decreased slightly more 
compared to the 40/60 ratio, reaching 1.04 cP at 20 ◦C and 0.62 cP at 
45 ◦C. Finally, the 80/20 mixing ratio which had the highest MWCNTs 
content, exhibited the lowest viscosity values across all the MWCNTs/Ag 
ratios. This result indicated that the viscosity values of the 80/20 ratio 
were close to that of pure MWCNTs, suggesting that the influence of the 
silver nanoparticles was minimal at this composition.

The viscosity data for the tri-hybrid nanofluid, plotted in Fig. 28(d), 
revealed that the presence of particles with different shapes and the 
formation of complex structures or agglomerates result in slightly higher 
viscosity values. For the 20/20/60 formulation of MWCNTs/Ag/AlN, 
where the proportion of Ag is relatively low, the viscosity values were 
found to be close to those of pure Ag, ranging from 1.055 cP to 0.62 cP. 
However, when the formulation was altered to 20/40/40, the viscosity 
values augmented to slightly higher than those of pure Ag. Further 
increasing the Ag content 20/60/20 formulation resulted in even higher 
viscosity, reaching 1.06 cP at 20 ◦C and 0.625 cP at 45 ◦C.

Comparing these mixing ratios, the viscosity differences are most 
pronounced at lower temperatures. At these lower temperatures, the 
impact of high-density particles on viscosity was more pronounced. As 
the temperature increases, the viscosity values converge, particularly at 
45 ◦C, where all mixing ratios show nearly identical viscosities. This 
convergence indicates that temperature plays a crucial role in the vis-
cosity of these hybrid nanofluids. Notably, this effect is more evident in 
formulations with lower particle concentrations. However, with higher 
particle concentrations >1 vol%, the viscosity differences could remain 
more pronounced, even at elevated temperatures.

Fig. 29 presents a comparison of the average percentage increase in 
viscosity for different types of nanofluids relative to water. The results 
concluded that among the unitary nanofluids, Ag nanofluid exhibited 
the highest average percentage increase in viscosity, with an average 
increase of 4.43 %. This was followed by AlN nanofluid with a 3.84 % 
increase and MWCNTs nanofluid with a 2.89 % increase. In the case of 
hybrid nanofluids, formulations containing Ag and AlN generally dis-
played higher viscosity enhancements compared to hybrids involving 
MWCNTs and AlN, or MWCNTs and Ag. However, the MWCNTs/Ag 20/ 
80 hybrid stood out with a significant viscosity increase of 4.98 %, likely 
due to the formation of an intricate percolation network or agglomerates 
between MWCNTs and Ag at this ratio. Notably, the Ag/AlN hybrid with 
a 60/40 ratio achieved a significant viscosity increase of 4.54 %. The 
MWCNTs/Ag/AlN ternary hybrid formulations exhibited even more 
pronounced effects, with the 20/60/20 ratio resulting in the highest 
average viscosity increase of 5.55 %, indicating a strong synergistic 
interaction between the three components. These findings suggested 
that while all nanofluids increased viscosity compared to water, the 
extent of this increase was strongly dependent on the specific combi-
nation and ratio of nanoparticles used, with ternary hybrids offering the 
most substantial enhancements. This implied potential for tailored vis-
cosity control in heat transfer applications, where both thermal con-
ductivity and fluid dynamics were critical considerations.

An analysis was conducted to develop a predictive model for esti-
mating nanofluids’ viscosity values as a temperature function. In this 
study, a cubic model was formulated to capture the non-linear rela-
tionship between viscosity and temperature, represented with Eq. (3). 
The inclusion of the cubic term was crucial to account for the complex 
behaviour of viscosity at higher temperatures, which simpler linear or 
quadratic models might fail to capture adequately. This equation served 
as the basis for further analysis, where its predictive accuracy was 
evaluated using various statistical measures. The model’s significance 
was assessed by performing an ANOVA analysis, which provided a 
detailed evaluation of how well the model explained the variability in 
viscosity data. As presented in Table 5, the results indicated that the 

Fig. 29. Average percentage increase in viscosity for different types of nanofluids relative to water.
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model was highly significant, with a p-value <0.0001. Temperature 
emerged as the most influential factor, exhibiting a very high F-value 
and low p-value. The type of nanofluid also played a crucial role in 
determining viscosity, as indicated by its significance in the model. 
Interaction terms between fluid type and temperature, as well as the 
quadratic and cubic temperature terms, contributed to capturing the 
non-linear relationship between viscosity and temperature. 

Viscosity (μ) = c − dT+ e
(
T2) − 3.918×10− 6( T3) (3) 

Here, T denotes the temperature, and the coefficients c, d, and e are 
constants derived from the dataset. The values of these coefficients are 
given in Table 6.

Residual analysis demonstrated the model’s robustness, as evidenced 
by a low residual sum of squares and an exceptionally high R2 value of 
0.9997. This indicates that the model accounted for almost all the 
variability in viscosity. Additionally, the high Adjusted R2 and Predicted 
R2 values reaffirm the model’s accuracy and its capability to generalise 
well to new data. The Adequate Precision ratio also exceeded the min-
imum threshold significantly, further validating the model’s reliability. 
Fig. 30 presents diagnostic plots that offer visual evidence of the model’s 
effectiveness. The Predicted vs. Actual plot revealed close agreement 
between predicted and actual viscosity values, with points clustered 
along the diagonal line. This demonstrated a strong correlation between 
model predictions and observed data. The Normal Probability plot of 
residuals confirmed the residuals followed a normal distribution, which 
is essential for the validity of the analysis. Plots of Externally Studen-
tized Residuals against predicted values and run number showed no 
discernible patterns, suggesting independent residuals with constant 
variance.

5.3. Density

Density is a vital thermo-physical property that plays a significant 
role in various applications, particularly in enhancing pumping effi-
ciency and optimising mass flow rates. In this part of study, the densities 
of both base fluids and nanofluids were assessed using a DMA 35 density 
meter from Anton Paar at varying temperatures and concentrations or 

mixing ratios for hybrid nanofluids. The meter offers an accuracy of 
±0.2 ◦C for temperature and ± 0.001 g/cm3 for density measurements. 
Additionally, it demonstrates repeatability of ±0.1 ◦C for temperature 
and ± 0.0005 g/cm3 for density. To perform the testing, the fluid sam-
ples were poured into a sample tube submerged in a temperature- 
controlled bath, as shown in Fig. 31. This setup ensured that the tem-
perature of the samples could be accurately maintained throughout the 
testing process. Sufficient time was allowed for the samples to reach 
thermal equilibrium, density measurements were then conducted ac-
cording to a predetermined protocol. However, before proceeding with 
the actual density measurements and validation study, a water check 
was carried out following the supplier’s guidelines. Additionally, density 
measurements were taken three times at each specified temperature, 
and the average of these measurements was calculated and reported. 
This approach of recording multiple values and averaging them is 
employed to enhance the accuracy and reliability of the results. The U- 
tube measurement section, made of transparent glass, allows for visual 
inspection to ensure the absence of air bubbles. Validation was per-
formed by collecting data across a temperature range from 15 ◦C to 
45 ◦C, as shown in Fig. 32. The obtained experimental results were then 
compared with data provided by the supplier as well as with values 
reported in relevant scientific literature. This thorough comparison 
aimed to ensure the accuracy and consistency of the experimental 
findings. The results demonstrated a high degree of concordance with 
both the supplier’s data and the published values, confirming the reli-
ability and accuracy of the experimental measurements.

The density of samples prepared with varying concentrations 
ranging from 0.01 vol% to 0.03 vol% was evaluated at 30 ◦C, as pre-
sented in Fig. 33. The findings indicate that fluids containing suspen-
sions of denser particles exhibited higher density values. Notably, the 
density increased with particle concentration across all types of nano-
particles. Among the tested nanofluids, the Ag nanofluid demonstrated 
the highest density, with values ranging from 0.9967 g/cm3 to 0.9990 g/ 
cm3 as the concentration increased from 0.01 vol% to 0.03 vol%. AlN 
samples secured the second place in the list displaying a moderate in-
crease in density, with values rising from 0.9964 g/cm3 to 0.9968 g/cm3 

over the same concentration range. Finally, MWCNTs followed a similar 

Table 5 
ANOVA results for the viscosity cubic model.

Source Sum of Squares (SOS) df Mean Square p − value F − value Significance of model

Model 2.47 57 0.0433 < 1.0E-04 3620.76 Significant
Fluid-A 0.0108 18 0.0006 < 1.0E-04 50.3
Temperature-B 2.4 1 2.4 < 1.0E-04 2.01E+05
AB 0.001 18 0.0001 < 1.0E-04 4.57
B2 0.0487 1 0.0487 < 1.0E-04 4074.61
AB2 0.0004 18 0 0.0405 1.86
B3 0.0003 1 0.0003 < 1.0E-04 24.72
Residual 0.0007 56 0
Mean 0.8057 R2 0.9997
Std. Dev. 0.003456 Predicted R2 0.9987
PRESS 0.00328 Adjusted R2 0.9995
C.V. % 0.4267 Adeq Precision 188.51

Table 6 
Coefficients of the cubic viscosity model for various fluid samples.

Sample c d e Sample c d e

DW 1.75275 0.049824 0.000714 MWCNTs/AlN (60:40) 1.8085 0.051442 0.000732
Ag 1.82303 0.05091 0.000714 MWCNTs/AlN (80:20) 1.81725 0.05246 0.00075
AlN 1.81743 0.051264 0.000725 MWCNTs/Ag (20:80) 1.81668 0.05086 0.000721
MWCNTs 1.78728 0.050721 0.000725 MWCNTs/Ag (40:60) 1.79564 0.050371 0.000718
Ag/AlN (20:80) 1.80514 0.050364 0.000711 MWCNTs/Ag (60:40) 1.8085 0.051442 0.000732
Ag/AlN (40:60) 1.8 0.049607 0.000696 MWCNTs/Ag (80:20) 1.83493 0.053299 0.000761
Ag/AlN (60:40) 1.81075 0.05001 0.0007 MWCNTs/Ag/AlN (20:20:60) 1.7876 0.048853 0.000686
Ag/AlN (80:20) 1.78232 0.048767 0.000686 MWCNTs/Ag/AlN (20:40:40) 1.78257 0.047949 0.000668
MWCNTs/AlN (20:80) 1.86325 0.054689 0.000778 MWCNTs/Ag/AlN (20:60:20) 1.77332 0.047139 0.000657
MWCNTs/AlN (40:60) 1.8333 0.052924 0.000756
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trend, with density values increased from 0.9962 g/cm3 at 0.01 vol% to 
0.9966 g/cm3 at 0.03 vol%. However, the impact of MWCNTs on density 
was slightly less pronounced than that of Ag nanoparticles, due to the 
lower density of these particles.

As part of this study, the density of water, Ag, MWCNTs, and AlN 
nanofluids were measured across a temperature range of 20 ◦C to 45 ◦C, 
as depicted in Fig. 34. It was observed that the density of both water and 
nanofluids decreased with increasing temperature in a non-linear way. 
According to the results, for pure water, the density decreased from 
0.9982 g/cm3 at 20 ◦C to 0.9901 g/cm3 at 45 ◦C.

The addition of nanoparticles resulted in higher density values 
compared to pure water. Silver nanofluid exhibited higher densities than 
pure water at all temperatures, ranging from 1.0009 g/cm3 at 20 ◦C to 
0.9926 g/cm3 at 45 ◦C. Despite the decrease in density with tempera-
ture, the values remained higher due to the high density of silver 
nanoparticles. The smaller decrement in density with temperature, 
compared to water, suggested significant contributions from the silver 
nanoparticles. As discussed earlier, AlN nanofluid displayed a moderate 
density, however, with temperature rise the values ranged from 
0.99935 g/cm3 at 20 ◦C to 0.9912 g/cm3 at 45 ◦C. The AlN nanofluid 
density was higher than that of pure water but lower than Ag nanofluid. 

The MWCNTs nanofluid showed comparatively lower density values at 
all temperatures, ranging from 0.9988 g/cm3 at 20 ◦C to 0.9907 g/cm3 

at 45 ◦C. The results concluded that all samples exhibited a decrease in 
density with rising temperature, consistent with the expected thermal 
expansion. This observation underscores the potential of hybrid nano-
fluids, where selecting and combining different nanoparticles could be 
strategically utilised to tailor properties for specific applications, opti-
mising performance based on desired density and thermal 
characteristics.

Similar to thermal conductivity and viscosity, in the case of hybrid 
and tri-hybrid nanofluids, the density varies based on the combination 
and mixing ratio of the nanoparticles, as illustrated in Fig. 35. The 
density results of the Ag/AlN hybrid nanofluid demonstrated that as the 
proportion of Ag increased, the overall density of the nanofluid also 
increased, with the 80/20 Ag/AlN mixture consistently exhibiting the 
highest density at all temperatures, as illustrated Fig. 35(a). Addition-
ally, it was observed that across all mixing ratios, the density decreased 
with rising temperature. For the 20/80 mixing ratio, the density 
decreased from 0.9997 g/cm3 to 0.9915 g/cm3 as the temperature 
increased from 20 ◦C to 45 ◦C, while for the 80/20 mixture, it decreased 
from 1.0005 g/cm3 to 0.9924 g/cm3 over the same temperature range. 

Fig. 30. Diagnostic plots for the cubic model of viscosity.
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Fig. 31. Schematic representation of the experimental rig used for density measurements.

Fig. 32. Density of water compared to supplier data and NIST Standard Reference Database.
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Fig. 33. Density of Ag, AlN, and MWCNTs nanofluids at various concentrations.

Fig. 34. Density comparison of water, Ag, AlN, and MWCNTs nanofluids across a temperature range of 20 ◦C to 45 ◦C.
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The findings revealed that the rate of density decrease was slightly more 
pronounced in mixtures with lower Ag content, though the overall trend 
remained consistent, indicating a predictable thermal response across 
different compositions. For the MWCNTs/AlN hybrid sample, a notable 
decrease in density was observed with an increasing proportion of 
MWCNTs, as depicted in Fig. 35(b). However, this reduction was less 
pronounced compared to the Ag/AlN hybrid. The maximum and mini-
mum density value was recorded to be 0.9992 g/cm3 for the 20/80 
mixing ratio at 20 ◦C, and 0.9908 g/cm3 for the 80/20 ratio at 45 ◦C, 
respectively.

The density data for the MWCNTs-Ag hybrid nanofluid followed 
similar trends to those observed in other hybrid nanofluids. As the 
proportion of Ag in the MWCNTs-Ag hybrid sample increased, the 
overall density of the nanofluid also increased, with the 80/20 Ag/ 
MWCNTs mixture showing the highest density at all temperatures, 
Fig. 35(c). This trend mirrored the behaviour observed in the Ag/AlN 
hybrids. At 20 ◦C, the density ranged from 1.0004 g/cm3 for the 20/80 
Ag/MWCNTs mixture to 0.9994 g/cm3 for the 80/20 mixture. By 45 ◦C, 
the density values had decreased to between 0.9921 g/cm3 and 0.9912 
g/cm3.

Finally, Fig. 35(d) illustrates the density results for the tri-hybrid 
nanofluid MWCNTs/Ag/AlN across various mixing ratios. The den-
sities varied with the ratio of nanoparticles, at 20 ◦C, the 20/20/60 
formulation exhibited a density of 0.9995 g/cm3, the 20/40/40 sample 
showed a slightly higher density of 0.99985 g/cm3, and the 20/60/20 

ratio presented the highest density at 1.0002 g/cm3. As the temperature 
increased to 45 ◦C, all formulations exhibited a consistent decrease in 
density, with the 20/20/60 ratio dropping to 0.9914 g/cm3, the 20/40/ 
40 ratio to 0.9918 g/cm3, and the 20/60/20 ratio to 0.9920 g/cm3. The 
findings demonstrated that the overall trend of density reduction with 
rising temperature was uniform across all ratios, with the 20/40/40 
mixture showing a moderate response relative to the other 
compositions.

Fig. 36 provided insights into the average percentage increase in 
density values of pure, hybrid, and tri-hybrid nanofluids relative to their 
base fluids. For pure fluids, the enhancements were recorded to be 
0.10724 %, 0.24631 %, and 0.06033 % for AlN, Ag, and MWCNTs, 
respectively. In hybrid formulations, the Ag/AlN mixtures exhibited 
increasing density with higher Ag content, peaking at 0.22538 % for the 
80/20 ratio, while the MWCNTs/AlN hybrids showed decreasing density 
as the proportion of AlN increased, ranging from 0.09552 % for the 20/ 
80 ratio to 0.06871 % for the 80/20 ratio. As anticipated, the density of 
the MWCNTs/Ag hybrid samples increased with higher silver content. 
The mixture with a 20/80 ratio achieved the highest density of 0.20441 
%, whereas the 80/20 mixture exhibited the lowest density at 0.10557 
%. For the tri-hybrid MWCNTs/Ag/AlN nanofluids, the density varied 
with different component ratios. The 20/60/20 ratio showed the 
greatest increase in density at 0.19102 %, followed by the 20/40/40 
ratio at 0.16506 %, and the 20/20/60 ratio at 0.124 %. Future work 
could explore the implications of these density changes on the thermal 

Fig. 35. Density of (a) Ag/AlN (b) MWCNTs/AlN, (c) MWCNTs/Ag, (d) MWCNTs/Ag/AlN hybrid and tri-hybrid nanofluids hybrid nanofluids at various mixing 
ratios across a temperature range of 20 ◦C to 45 ◦C.
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and flow properties of the nanofluids to further optimise their practical 
applications.

The ANOVA analysis was conducted to develop a predictive model 
for calculating the density of various fluids as a function of temperature. 
The statistical output indicates that the model is highly significant, with 
a p-value of less than 0.0001 and an F-value of 3016.56. The results 
suggested that the model has a strong ability to predict density accu-
rately. Additionally, the analysis revealed that both the fluid type and 
temperature significantly influenced density, with temperature having a 
particularly large effect (F-value of 1.62E+05) compared to the fluid 
type (F-value of 445.15). The resulting equation from the analysis for 
predicting density (ρ) was represented with Eq. (4). 

Density (ρ) = f + gT − h
(
T2)+ 1.00975×10− 7( T3) (4) 

This equation captured the relationship between density and tem-
perature, where T represented temperature, and the coefficients f, g, and 
h represented constants derived from the analysis, as listed in Table 7. 
The inclusion of both linear and non-linear terms (such as T2 and T3) 
allowed the equation to accurately model the complex temperature 
dependence of fluid density.

As the data presented in Table 8, the model exhibited an R2 value of 
0.9997, indicating that it explained 99.97 % of the variance in the 
density data, which demonstrated an excellent fit. The Adjusted R2 of 
0.9993 supported this, showing that the model remained robust even 
after accounting for the number of predictors. Additionally, the Pre-
dicted R2 of 0.9985 suggested that the model had strong predictive 
power when applied to new data. The Std. Dev. was very low at 
7.46248e-05, indicating minimal deviation between observed and pre-
dicted values. Furthermore, the C.V.% was 0.00749, signifying the high 
precision and reliability of the model. The Adequate Precision ratio of 
203.42, which measures the signal-to-noise ratio, confirmed that the 
model provided an adequate signal for navigating the design space.

The diagnostic plots provided further insights into the model’s per-
formance, as shown in Fig. 37. The diagnostic plots provided significant 
insights into the model’s performance. The Predicted vs. Actual plot 
demonstrated a strong linear relationship between the predicted and 
actual density values, with the points aligning almost perfectly along the 
diagonal. This alignment confirmed the high R2 value, indicating that 
the model’s predictions closely matched the observed data. Similarly, 
the Normal Probability plot of the externally studentized residuals 

Fig. 36. Average percentage increase in density values of pure, hybrid, and tri-hybrid nanofluids relative to their base fluids.

Table 7 
ANOVA results for the cubic model of density.

Source Sum of Squares (SOS) df Mean Square p − value F − value Significance of model

Model 0.001 57 0 < 1.0E-04 3016.56 Significant
Fluid-A 0 18 2.48E-06 < 1.0E-04 445.15
Temperature-B 0.0009 1 0.0009 < 1.0E-04 1.62E+05
AB 1.29E-07 18 7.15E-09 0.2335 1.28
B2 0 1 0 < 1.0E-04 2017.26
AB2 7.76E-08 18 4.31E-09 0.7199 0.774
B3 1.96E-07 1 1.96E-07 < 1.0E-04 35.22
Residual 3.12E-07 56 5.57E-09
Std. Dev. 7.46248e-05 R2 0.9997
C.V. % 0.00749 Predicted R2 0.9985
PRESS 1.38872e-06 Adjusted R2 0.9993
Mean 0.99597 Adeq Precision 203.42
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showed that the residuals followed a normal distribution, as the points 
closely followed the straight line. This observation suggested that the 
errors were normally distributed, validating one of the key assumptions 
of ANOVA.

Further examination of the model through the Externally Studen-
tized Residuals vs. Predicted plot revealed no patterns in the residuals, 
indicating that the model was well-specified without signs of hetero-
scedasticity. Additionally, the Externally Studentized Residuals vs. Run 

Number plot displayed a random distribution of residuals throughout 
the sequence of data collection, which suggested the absence of time- 
related trends or autocorrelations that could introduce bias. Taken 
together, these analyses supported the conclusion that the developed 
model was both statistically significant and highly predictive, accurately 
estimating the density of the fluids studied across different 
temperatures.

Table 8 
Density coefficient values for different fluid samples.

Sample f g h Sample f g h

DW 0.996447 0.000361 0.000016 MWCNTs/AlN (60:40) 0.997718 0.000324 0.000015
Ag 1.00107 0.000227 0.000014 MWCNTs/AlN (80:20) 0.997318 0.000345 0.000015
AlN 0.998428 0.000301 0.000015 MWCNTs/Ag (20:80) 0.999938 0.000276 0.000015
MWCNTs 0.997257 0.000347 0.000015 MWCNTs/Ag (40:60) 0.999629 0.000282 0.000015
Ag/AlN (20:80) 0.998875 0.000299 0.000015 MWCNTs/Ag (60:40) 0.99841 0.000319 0.000015
Ag/AlN (40:60) 0.99872 0.000321 0.000015 MWCNTs/Ag (80:20) 0.998854 0.000274 0.000014
Ag/AlN (60:40) 0.999666 0.000284 0.000015 MWCNTs/Ag/AlN (20:20:60) 0.998667 0.000298 0.000015
Ag/AlN (80:20) 0.999699 0.000295 0.000015 MWCNTs/Ag/AlN (20:40:40) 0.998728 0.000317 0.000015
MWCNTs/AlN (20:80) 0.997973 0.00032 0.000015 MWCNTs/Ag/AlN (20:60:20) 0.999512 0.000287 0.000015
MWCNTs/AlN (40:60) 0.997873 0.00032 0.000015

Fig. 37. Diagnostic plots for the ANOVA model of density.
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6. Cost analysis

Cost analysis plays a crucial role in the development and application 
of nanofluids, as an increase in performance accompanied by a signifi-
cant rise in cost is typically undesirable. In this section, we have eval-
uated and compared the preparation costs of various nanofluids, which 
include expenses related to nanoparticles, base fluids, and surfactants. 
However, the costs associated with laboratory resources, such as elec-
tricity used during sonication and stirring operations, are not included in 
this analysis since they remain constant across all samples. Additionally, 
the labour costs are also omitted for the same reason.

The primary contributor to the overall cost is the price of nano-
particles, underscoring the importance of selecting and optimising these 
materials carefully. This cost analysis also aims to encourage researchers 
to design more cost-effective methods for preparing nanofluids while 
enhancing particle suspension times. The costs for preparing 1000 ml of 
pure, hybrid, and tri-hybrid nanofluids with a 0.025 vol% concentration 
have been estimated and are presented in Fig. 38. It is important to note 
that while the price of MWCNTs is significantly higher than that of silver 
nanoparticles, the fluids were prepared based on volume percentage 
rather than weight percentage. This approach required a larger quantity 
of silver nanoparticles to achieve the same volume fraction in the fluid, 
resulting in final costs that are nearly the same for both fluids. Conse-
quently, despite MWCNTs having much higher thermal conductivity, the 
difference in thermal conductivity between the silver and MWCNTs 
nanofluids was not substantial. However, the cost for silver nanofluids 
was calculated to be £90.27, while for MWCNTs fluids, it was £89.39. On 
the other hand, the cost for AlN was much lower at £15.82. The lower 
cost and better thermal characteristics of AlN in comparison to other 
nitrides and oxides were the key factors in its selection for this study, 
particularly for use in combination with silver and MWCNTs to prepare 
hybrid nanofluids.

The cost of hybrid nanofluids varied depending on the mixing ratio 
and the specific nanoparticles used. For Ag/AlN hybrids, the cost ranged 
from £30.17 to £75.38 as the proportion of silver increased from 20 % to 

80 %. Similarly, the cost of MWCNTs/AlN hybrids ranged from £30.54 to 
£74.67, with only minor variations. Since the preparation costs for Ag 
and MWCNTs nanofluids were nearly identical, the cost of their hybrids 
also hovered around £90. In the case of tri-hybrid nanofluids, where the 
MWCNTs content was fixed at 20 % across all samples, the cost varied 
depending on the proportion of silver, ranging from £45.42 to £75.20. 
Based on these findings, when cost is given equal importance as thermal 
performance, the tri-hybrid with a 20/40/40 mixing ratio is the most 
cost-effective choice. However, in applications where thermal perfor-
mance is a higher priority, the 20/60/20 tri-hybrid solution is 
recommended.

Interestingly, some hybrid nanofluids have costs comparable to tri- 
hybrids. However, tri-hybrid solutions are often preferred due to their 
longer-term stability and superior performance in high-flow-rate appli-
cations. This balance of cost and performance makes the tri-hybrid op-
tions particularly attractive for a wide range of practical applications.

7. Conclusion

This study has comprehensively examined the thermophysical 
properties of hybrid and tri-hybrid nanofluids composed of MWCNTs, 
AlN, and Ag, with the goal of optimising their thermal performance, 
stability, and cost-effectiveness for potential thermal management ap-
plications. The findings have highlighted critical aspects of nanofluid 
formulation, particularly the impact of volumetric ratios, cost consid-
erations, and surfactant selection on the performance of these advanced 
fluids. Through meticulous experimentation, several key insights were 
obtained, which are summarised below. 

• Among the surfactants evaluated, SDBS demonstrated superior per-
formance in maintaining nanoparticle dispersion across all formu-
lations, contributing to enhanced long-term stability. Additionally, 
the stability study revealed that hybrid and tri-hybrid nanofluids 
maintained more stable suspensions over time.

Fig. 38. Estimated costs for preparing 1000 ml of pure, hybrid, and tri-hybrid nanofluids.
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• The thermal conductivity of all nanofluid samples increased signifi-
cantly with temperature, with more pronounced improvements 
observed beyond 30 ◦C. Additionally, a substantial increase in 
thermal conductivity was observed with higher particle concentra-
tions; however, it is crucial to select an appropriate concentration to 
maintain stability.

• Among mono-nanofluids, MWCNTs showed the highest improve-
ment in thermal conductivity, achieving an 8.566 % increase, fol-
lowed by silver and AlN with enhancements of 6.948 % and 4.997 %, 
respectively.

• Hybrid and tri-hybrid nanofluids demonstrated significant en-
hancements in thermal conductivity. Notably, the MWCNTs/Ag/AlN 
tri-hybrid nanofluid with a 20/60/20 ratio achieved a thermal con-
ductivity enhancement of 8.14 %, alongside improved stability and 
acceptable cost, highlighting the synergistic benefits of combining 
diverse nanoparticles.

• Rheological studies confirmed that nanofluids containing AlN, Ag, 
and MWCNTs at a concentration of 0.025 vol% exhibited Newtonian 
behaviour. Their viscosity remained constant across different shear 
rates, which is a characteristic property of Newtonian fluids.

• Viscosity was found to decrease with increasing temperature across 
all nanofluid samples, consistent with typical fluid behaviour. 
However, a rise in nanoparticle concentration led to a proportional 
increase in viscosity. At temperatures beyond 40 ◦C, the difference in 
viscosity values was minimal due to the lower particle concentration, 
though it could be more significant for fluids prepared with higher 
concentrations.

• Tri-hybrid nanofluid exhibited the greatest increase in viscosity, 
which can be attributed to the combined effect of nanoparticles with 
varying shapes and sizes. Among the pure nanofluids, Ag nanofluid 
exhibited the highest average percentage increase of 4.43 % in vis-
cosity, followed by AlN at 3.84 % and MWCNTs at 2.89 %. In hybrid 
nanofluids, the MWCNTs/Ag/AlN ternary formulation with a 20/60/ 
20 ratio showed the most significant viscosity enhancement, with an 
average increase of 5.55 % compared to water.

• The density of the nanofluids increased with particle loading and 
decreased with rising temperature. The highest density increase was 
recorded for Ag nanofluids at 0.24631 %, while the maximum den-
sity for hybrid nanofluids was 0.22538 %, observed in the 80/20 Ag/ 
AlN formulation.

• Cost analysis revealed that although MWCNTs are the most expen-
sive component, their exceptional thermal properties justify their use 
in smaller fractions, particularly in tri-hybrid configurations. Among 
the formulations, the tri-hybrid nanofluid with a 20/40/40 ratio 
emerged as the most cost-effective, providing a balanced approach 
between performance and economic feasibility. For applications 
where thermal performance is paramount, the tri-hybrid nanofluid 
with a 20/60/20 ratio offers the best compromise, despite its higher 
viscosity and cost.

• Finally, the developed models for predicting the properties as a 
function of temperature showed exceptional statistical reliability. 
However, to replicate results and enhance predictive accuracy, it is 
recommended to use particles with the same morphology and 
consistent preparation techniques.

This study lays the groundwork for further exploration into hybrid 
and tri-hybrid nanofluids, emphasizing the need for a balanced 
approach that optimises both performance and cost-effectiveness. 
Further investigations should explore the long-term stability and ther-
mophysical performance of these nanofluids under dynamic flow and 
thermal cycling conditions that mimic real-world operating environ-
ments, such as those in electronic cooling systems, battery thermal 
management, or solar thermal collectors. Advanced characterisation 
techniques like in-situ TEM or SAXS could be employed to monitor 
nanoparticle dispersion and agglomeration over time. Moreover, ma-
chine learning models and optimisation algorithms could be integrated 

to predict and fine-tune optimal nanoparticle ratios for targeted appli-
cations. The exploration of eco-friendly or biodegradable surfactants 
and base fluids would also enhance the sustainability of nanofluid ap-
plications. Finally, pilot-scale or field-level demonstrations should be 
conducted to validate the laboratory findings and assess the practical 
feasibility and cost-effectiveness of deploying these advanced hybrids 
and tri-hybrid nanofluids in industrial thermal systems.
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