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Abstract

Dielectric nanofluids (DNFs) exhibit extraordinary potential in sustainability efforts, as they pave the way for the advancement
of compact transformers and heat transfer equipment. This is primarily attributed to their remarkable capacity to augment
the thermo-dielectric performance. Numerous factors exert a profound influence on the performance of dielectric nanofluids.
Hence, these factors hold paramount significance. Many existing review articles lacking in comprehensive, multifactor per-
spective. This leads to fragmented insights and difficulty in comparing studies. Existing studies lack real-world relevance, and
there is a disconnect between experimental results and industrial settings. This article critically analyzes multiple factors in a
single, unified article. Offers deeper insights into the underlying surface mechanisms by empirical support. Provides a com-
prehensive analysis of the practical implications, challenges in practical applications, and future research directions. In this
context, extensively incorporated cutting-edge literature encompasses both commercial and noncommercial grade transformer
fluids and heat transfer oils, as well as single-constituent, hybrid, composite, and doped nanoparticles. The encompassed
studies indicate that these factors significantly influence the stability and thermo-dielectric properties of dielectric nanofluids.
The average AC breakdown voltage (BDV) enhancement was approximately 35%, thermal conductivity improved by around
26%, and tan & was reduced by about 33%. This article serves as a valuable resource to address challenges and optimize the
performance of DNFs focused on energy-efficient transformers and heat transfer equipment, bridges experimental findings
with industrial applications, and highlights future research directions.

Keywords Dielectric nanofluids - Nanoparticles - Dielectric properties - Thermal conductivity - Dispersion stability -
Sustainability

Abbreviations

A Coulomb constant [Nm>C 2]

AGQD  Amine-treated graphene quantum dots
APTES  y-Amino-propyl triethoxysilane

> R.lzwan A .Fmade . .. BDV Breakdown voltage [kV]
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BF Base fluid
! Department of Electrical and Electronics Engineering, G Specific heat of mode i [J K_lkg_l]
Advanced Lightning, Power and Energy Research (ALPER), CNO Canola oil
Faculty of Engineering, University Putra Malaysia, CTAB Cetyl trimethyl ammonium bromide

43400 Serdang, Malaysia :
CSO Cottonseed oil

2 . . . . .
Department of Electrical Engineering, University .
of Engineering & Technology, Taxila 47050, Pakistan coo Coco,nut oil -1
R ; ] Cy Specific heat [JK™ kg™ ']
InsFltute} for Energ}f and ngh Voltﬁge Technolog}f, FHWS d Size of nanoparticle [nm]
University of Applied Sciences Wiirzburg-Schweinfurt, . .
Schweinfurt, Germany DFT Density functional theory
4 Department of Mechanical Engineering, Sejong University, DNF D]eleCtrlcf nan(?ﬂuld
Seoul 05006, South Korea an Nanoparticle diameter [nm] 1
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Fc Basic fluid’s drag force [N] &oil Dielectric constant of oil

F, Dielectrophoretic forces [N] u Viscosity [Nsm™?]

F, Gravity force [N] p Resistivity [Qm)]

Fy Adjacent nanoparticles’ supportive force [N] 0, Conductivity of base oil [Sm™']

FCHT Forced convective heat transfer 0y Conductivity of nanoparticles [Sm™']

HCT Heat transfer coefficient [Wm™2K™!] Oy AC conductivity [Sm™}]

i Branch index T Phonon relaxation time [s]

I, Charging current [A] 7 Volume fraction of nanoparticles

I, Effective current [A] 0] Angular frequency [rads™!]

k Thermal conductivity [Wm™'K™ 1] ¢ Nanoparticle surface zeta potential [mV]

k. k, Proportionality constants

Ky Boltzmann constant [JK™']

LI Lightning impulse

Ly, Nanoparticles’ mean free path [nm] Introduction

L Mean free path of oil molecules [nm]

MO Mineral oil The utilization of dielectric nanofluids (DNFs) holds

M-M Masroom-Mashroom immense promise in bolstering sustainability efforts through

M,, Nanoparticle mass [fg] the facilitation of compact transformers and heat transfer

n Phonon polarization branch count apparatus [1]. DNFs possess immense potential in advanc-

N Nanoparticle concentration ing this objective through their ability to enhance dielectric

N, Base fluid molecule counts in free space strength and heat transfer capabilities of liquid dielectrics.

N, Number of nanoparticles molecules This, in turn, leads to a reduction in the size and mass of

N; Number of liquid-medium molecules at transformers, decreased operating temperatures, enhanced
nanoparticle-medium contact transformer performance in challenging conditions, and

NCHT Natural convective heat transfer prolonged service life of transformers [2—4]. DNFs exhibit

NE Natural ester liquid immense promise for application in electrical apparatus such

PAO Palm oil as transformers, circuit breakers, tap changers, cables, and

PKEO Palm kernel ester oil capacitors. The utilization of DNFs in these applications

PKOME Palm kernel oil methyl ester serves a dual purpose, acting as both liquid dielectrics and

Prep. Preparation cooling agents [5, 6].

q Nanoparticle’ surface charge [C] Mineral oil (MO), silicone oil, synthetic ester oil, and

R/r Radius of nanoparticles [m] natural ester liquids are the primary base oils employed in

RBD Refined, bleached, and deodorized DNFs [7-9]. However, the utilization of infused nanoparti-

SE Synthetic ester oil cles encompasses insulating, semiconductive, and conduc-

SO Soybean oil tive nanoparticles for the purpose of preparing nanofluids

RT Room temperature [K] [10-12]. The stability, electrical, thermal, physical, and

T Temperature [K] chemical properties of DNFs were examined through experi-

TO Transformer oil mental analysis. The effectiveness of nanofluids is contin-

V; Phonon group velocity [ms™ gent upon their stability [13]. The researchers employed both
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Dielectric constant

Nanofluids’ dielectric relaxation time [s]
Permittivity of free space [Fm™]

Base fluid and nanoparticle relative
permittivity

Dielectric constant of nanofluid

Base fluid polarizability [m?V ]

Inner nanoparticle polarizability [m?V~!]

Orientation-based polarizability of charged

particles m?V™1
Phase angle between the 7, and I, [rad]
Loss factor

qualitative and quantitative methodologies in order to assess
the stability of DNFs [14]. The electrical characteristics
of DNFs primarily include dielectric breakdown voltages
(BDVs) subjected to alternating current, direct current, and
impulse voltages [15]; in addition to loss tangent; dielectric
constant; and volume resistivity [16, 17]. These properties
are essential for achieving effective electrical insulation [18].
The thermal properties of DNFs include measurements of
thermal conductivity and specific heat capacity [19, 20]. The
physical properties of DNFs include color, flash point, fire
point, pour point, density, viscosity, and biodegradation [21].
Chemical properties of DNFs include corrosive sulfur, water
content, acid number, PCB content, and oxidation stability
[22, 23].
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Research on DNFs has significantly evolved over the past
two decades [24]. This is due to an increasing demand for
high-performance insulating and cooling fluids in power
apparatus. The initial studies primarily focused on enhanc-
ing the dielectric BDV through the utilization of individual
nanoparticles in MOs. Subsequently, research expanded to
encompass bending of various types of nanoparticles and
their efficacy with diverse base fluids (BFs) [25, 26], such
as natural and synthetic ester liquids, silicone oils. Advance-
ments in nanotechnology, characterization tools, and prepa-
ration methods have facilitated a deeper understanding of
interfacial phenomena and charge transport mechanisms
[27, 28]. Despite these advancements, the field remains
fragmented, and limited reviews on the optimal methods for
producing stable and efficient DNFs. This underscores the
need for a thorough review of the diverse factors influencing
their performance.

Research studies in the literature have demonstrated that
several factors influence the performance of DNFs for use in
transformers. Due to the high repulsive force between nano-
particles, highly electronegative or electropositive materi-
als exhibit greater dispersion stability [29]. The phenom-
enon underlying the increase in their dielectric breakdown
strength can be attributed to the capacity of nanoparticles to
capture charges, a process reliant upon the dielectric relaxa-
tion time [30]. Conductive, semiconductive, and insulating
nanoparticles are capable of improving the BDV, dielectric
constant, dissipation factor, and volume resistivity of a die-
lectric BFs [10-12]. Nanoparticles with a higher thermal
conductivity will contribute more to the thermal conductiv-
ity of nanofluids [31]. Phase, bandgap reduction, and shape
of nanoparticles also play a significant role in enhancing the
heat transfer and dielectric properties of nanofluids [32-34].
Numerous researchers employed single-unit nanoparticles
to enhance the basal dielectric fluid’s properties. Alterna-
tively, blended (mixture of multiple nanoparticle types),
composite (combining or arranging various materials within
a single particle), and doped (introducing minute amounts
of a dopant substance into a host nanomaterial) nanopar-
ticles demonstrated more superior dielectric and thermal
properties [35-37]. The size, concentration, and surfactant
treatment of nanoparticles have an impact on the stabil-
ity, dielectric, and thermal performance of nanofluids. The
observed phenomenon can be clearly ascribed to a remark-
able augmentation in the overall surface area, an increase in
the number of nanoparticles at a given concentration, charge
trapping, EDL-induced phonon transport, Brownian motion
and interaction between particles, rigid interfacial zone, and
screening effect [38—41].

Furthermore, the common impurity found within trans-
former oil is none other than moisture. The breakdown
strength of nanofluids is contingent upon the phenomenon
of moisture binding [42, 43]. Dry nanofluids consist of

nanoparticles that effectively bind individual water mol-
ecules or dimers, thereby enhancing the BDV at both low
and high nanoparticle concentrations. The premature break-
down at lower nanoparticle concentrations in wet nanoflu-
ids can be attributed to the bridging of aligned water mol-
ecules, dimers, or water clusters. At elevated concentrations,
nanoparticles exhibit the ability to adsorb water onto their
surface, thereby impeding the formation of aligned water
bridges and resulting in enhanced BDV. The performance
of DNFs is also influenced by temperature variation and
thermal aging [44-47]. The observed phenomenon can be
ascribed to the presence of emulsified dissolved water, deg-
radation process, thermal activation of charge carriers, trap-
ping and de-trapping mechanisms, phonon transport, and
Brownian motion [48-50]. The thermo-dielectric properties
of DNFs are subject to influence from forced circulation
and external magnetic field [51, 52]. This can be attributed
to the dispersion of nanoparticles, the trapping of charges,
and the convective heat transfer [53, 54]. The application of
an external electrical field induces a force that leads to the
resuspension of nanoparticles, thereby enhancing thermal
performance [55].

DNFs are a promising solution to the limited dielectric
strength and heat transfer efficiency of dielectric BFs [56,
57]. However, maintaining uniform nanoparticle dispersion,
preventing agglomeration, and achieving long-term stabil-
ity remain significant challenges. DNFs show great potential
in the field of sustainability since they provide a means for
the development of compact transformers and heat transfer
devices [1]. However, understanding the key factors affect-
ing the thermo-dielectric properties of DNFs holds signifi-
cant relevance. Although the scientific community has paid
great attention to the reported development in DNFs [17],
yet there are several knowledge gaps particularly related to
stability, dielectric, and thermal properties. There is currently
no comprehensive review article that focuses solely on the
factors influencing the performance of DNFs, resulting in
fragmented insights and difficult comparisons. A deeper
understanding of the significance and underlying mechanisms
by which various factors affect the thermo-dielectric perfor-
mance of DNFs is essential. Existing studies lack real-world
relevance, and there is a disconnect between experimental
results and their application in industrial settings.

This review article addresses this gap by integrating and
critically analyzing multiple factors in a single, unified article.
The influential factors under examination encompass the nan-
oparticle bandgap, nanoparticle size variation and ultrasonic
cavitation, phase and shape of nanoparticles, blending and
nano-structuring of nanoparticles, nanoparticle concentration,
surfactant treatment, moisture content, temperature variation,
thermal aging, forced circulation, and external magnetic and
electrical fields. This article offers deeper insights into the
underlying mechanisms by which various factors influence
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the thermo-dielectric performance of DNFs by empirical
support. Provides a comprehensive analysis of the practical
implications, challenges in practical applications, and future
research directions to bridge the gap between experimental
studies and industrial settings. The article is structured as fol-
lows: Sect. "Overview of the research" presents an overview
of the research, Sect. "Influential factors affecting properties
of dielectric nanofluids" discusses influential factors affecting
DNFs, Sect. "Practical implications" explores their practical
implications, Sect. "Challenges in practical applications" out-
lines challenges in practical applications, and Sect. "Future
research directions" suggests future research directions.

Overview of the research

DNF research overview and applications are depicted
in Fig. 1. Preparation of nanofluids for experimentation
requires mixing of nanoparticles and base dielectric fluid.
Nanoparticles of metal oxides, metal carbides, nitrides, and

Two-step method

Synthesis of NPs Preparation of nanofluids

NP Synthesis Drying

Experimental investigations

Stability

¥ ®

Practical applications

Transformer liquids Circuit breakers
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Surfactant Magnetic stirring Ultrasonication

Electrical

Tap changers

-
-—l

nonmetals (with/without surfactants) can be dispersed in
BFs (mineral, vegetable, synthetic, etc.) [S8—60]. Nanoflu-
ids are prepared using one-step or two-step methods [20,
61, 62]. Nanofluids require stable and uniform nanoparti-
cle suspension on BF, low nanoparticle agglomeration, and
minimal chemical variation [63].

The one-step method involves production and disper-
sion of nanoparticles simultaneously in the BF [64]. One-
step methods have certain potential aids, few researchers
reported one-step method for the preparation of insulating
and heat transfer nanofluids. Apparently, transformer oil-
based WO;-Ag hybrid nanofluid was prepared by electrical
explosion of wire [36]. Heat transfer oil T66-based TiO,
nanofluids were prepared through hydrothermal approach
[32]. MO-based Fe;O, nanoparticles decorated MWCNTs
nanocomposite nanofluid was prepared by chemical co-
precipitation technique [65]. Transformer oil (TO)-based
monodispersed oleic acid-capped ceria nanoparticles dis-
persed nanofluids were prepared by thermal decomposition
[66]. One-step method has few limitations; not often suited

One-step method

Synthesis of NPs and preparation of nanofluids

il

Explosion Hydrothermal

EIn

Co-precipitation Decomposition

Thermal

Cables Capacitors

Fig.1 A concise overview of research and practical applications of dielectric nanofluids
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for large-scale manufacture and require precise nanoparti-
cle properties for stability. Therefore, the two-step nano-
fluid preparation method is most prevalent in DNFs. First,
chemical or physical methods prepare nanomaterial; sec-
ond, combination magnetic stirring, ultrasonic agitation,
homogenizing disperse nanomaterial into a BF [67, 68].
Since nanopowder production has been industrialized, the
two-step process is the cheapest option to make large-scale
nanofluids [69]. Nanoparticles agglomerate because of their
large surface area and surface activity; surfactants and ultra-
sonic agitation are essential for DNF dispersion stability.

Visual inspection [61], UV-Vis spectroscopy [70], trans-
mission electron microscopy (TEM) [5], dynamic light
scattering (DLS) [47], zeta potential method [71], and sedi-
mentation analysis by photograph capturing are the methods
[72] and are the primary methods adopted by researchers to
evaluate the dispersion stability of DNFs. Visual inspection
remains the simplest method for identifying nanoparticle
sedimentation, though it is limited by subjectivity and lack of
quantification [61]. Quantitative techniques, such as UV-Vis
spectroscopy, enable time-dependent absorbance measure-
ments that correlate with nanoparticle concentration and sta-
bility [70]. More advanced techniques, including transmis-
sion electron microscopy (TEM), provide detailed imaging
of nanoparticle distribution and agglomeration, albeit only in
the dried state [5]. Dynamic light scattering (DLS) is used to
monitor changes in nanoparticle size over time, particularly
during thermal aging, offering insights into agglomeration
behavior [47]. Zeta potential analysis serves as a direct meas-
ure of colloidal stability, with values above +30 mV indicat-
ing good dispersion and above + 60 mV indicating excellent
stability [71]. Additionally, sedimentation analysis through
photographic capture allows visual tracking of nanoparticle
settling, validating the impact of surfactant usage, sonication
time, and dispersion methods [72]. These combined methods
offer a comprehensive and reliable framework for evaluating
nanofluid stability, which is essential for ensuring consist-
ent dielectric and thermal performance in power transformer
applications.

DNFs were tested for stability, electrical, thermal, physi-
cal, and chemical properties by experimentation. Nanoflu-
ids’ effectiveness depends on their stability. Both qualitative
and quantitative methods were adopted to determine DNF
stability [62, 72-76]. DNFs’ electrical properties mainly
include dielectric BDVs in the presence of AC, DC, and
impulse, loss tangent, relative permittivity, and volume
resistivity [16, 17]. These properties are necessary for their
electrical insulation [18]. Thermal conductivity and specific
heat capacity measurements are the thermal properties of
DNFs [19, 20]. They are useful for heat transfer and ther-
mal management applications [77]. Color, flash point, fire
point, pour point, density, viscosity, and biodegradation are
physical properties of DNFs [21]. Corrosive sulfur, water

content, acid number, PCB content, and oxidation stabil-
ity are chemical properties of DNFs [22, 23]. The potential
applications of DNFs include various electrical components
like transformers, circuit breakers, tap changers, cables, and
capacitors [22, 78-80]. These applications utilize DNFs for
cooling purposes or as a dielectric medium, or sometimes
both. Liquid dielectrics are favored in these applications for
their superior cooling capabilities and reduced risk of insula-
tion breakdown. Nanoparticles have a considerable impact
on the thermo-dielectric properties of transformer oil. The
subsequent section delves into the impact of various factors
on the dielectric and thermal performance of DNFs.

Influential factors affecting properties
of dielectric nanofluids

Nanoscale particles in a dielectric fluid medium form DNFs.
DNF properties are affected by various factors [61, 81].
Table 1 summarizes the reviewed literature on DNFs to
explore influential factors. Nanofluid dielectric and thermal
properties percentage enhancement over BF are also listed,
positive and negative numbers indicate increment and decre-
ment, respectively. BFs considered are commercial and non-
commercial grade transformer fluids and heat transfer oils.
Nanoparticles considered are single constituents, compos-
ites/hybrid, doped, functionalized/non-functionalized, and
surfactant-treated/untreated. The percentage enhancement
in properties for parameters measured at different tempera-
tures and frequencies is listed for the lowest temperature and
frequency 50 Hz. Other than AC BDV, other BDV types are
explicitly mentioned.

Nanoparticle band gap

A larger bandgap increases the electrical insulation prop-
erty of the nanomaterial [124]. Thus, nanoparticles can be
classified as insulating, semiconducting, and conducting
according to their electronic band structure (Fig. 2a). The
significance of the bandgap of nanoparticles in determining
the stability, thermal, and dielectric properties of DNFs is
further explored.

Stability

Effective stabilization of nanoparticles has to take place,
since agglomeration and sedimentation of the nanoparticles
would be detrimental. Stability is a vital parameter in DNFs,
as it directly influences their thermo-dielectric properties.
Well-dispersed nanoparticles in BF enable more effective
trapping sites, charge scavenging and uniform electric field
distribution, which are favorable for enhancing BDV, tan 9§,
and resistivity [104, 125]. Furthermore, it significantly
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enhances thermal conductivity by maintaining efficient heat
transfer pathways [12]. Stability can be accomplished with
electrostatic methods (i.e., charging the surface of the nano-
particle induces repulsion profiles) and steric methods (i.e.,
coating the nanoparticles with polymers or surfactants) to
form a steric barrier against particle aggregation [126—128].
For nanofluids to be stable in electrostatic method, the elec-
trostatic repulsive forces between the particles should be
greater than the attractive Van der Waals forces [129]. The
stability arising from electrostatic stabilization depends upon
the surface charge of the dispersed nanomaterial. Moreover,
the electrostatic stability increases due to enhanced repulsive
forces from highly electronegative or electropositive mate-
rials [11]. The charge (Qp) that a nanoparticle develops is
dependent on the type of nanoparticle, given by the follow-
ing equation [104]:

—12I1E, E,R?,
Op = o E, . . . . .
—12IIE, EyR* ————, semiconductive and insulative nanoparticles
2E; +E,

conductive nanoparticles

ey

where &£, and &, are the dielectric constants of base oil and
nanoparticles, respectively; E, is the external electric field
strength, and R is the radius of nanoparticles.

As the equation given suggests, the charge accumulation
is highest for conductive nanoparticles and the lowest for
semiconductive and insulative nanoparticles, which can be
explained by a higher electronic polarizability and better
dielectric screening of conductive nanoparticles [130, 131].
However, this also entails a significant increase in the contri-
bution toward electrostatic stabilization. Decrease in the elec-
trostatic stabilization contribution with increase in bandgap.
Fig. 2b shows how the dielectric constant, charge accumula-
tion, zeta potential, and degree of electrostatic stabilization
change with bandgap. Referring to the equations and correla-
tions discussed, Table 2 shows the proposed empirical equa-
tions for the stability property (i.e., zeta potential) in relation
to bandgap energy based on these correlations.

Nanoparticles’ polarization and charge structure can
be altered by narrowing their band width. This can lead
to increased stability. Bhunia et al. used fluorinated BNN
nanosheets to study transformer oil-based f~-BNN nanoflu-
ids [33]. The bandgap of extremely insulating boron nitride
nanosheets was narrowed by adding a small amount of con-
ductive fluorine to their surface. This resulted in high nega-
tive charge accumulation on the surface of BNN nanosheets,
which contributed to electrostatic stabilization [132]. Thus,
nanofluids were stable for up to a month after preparation.
Tyndall scattering was used to determine the nanofluid’s
stability at room temperature. Fig. 3a clearly demonstrates
that the scattering intensity remains consistent throughout
the entire stability study, suggesting that the nanofluid sam-
ples remained stable for the entire duration of one month. In

@ Springer

addition, the study conducted by Bhunia et al. found that the
TiO, (i.e., semiconductive with a bandgap of 3.11 eV) DNF
based on MO, remained stable for a period of 90 days [11].
Fig. 3b shows the Tyndall scattering images of the nanofluids
at different time points: after preparation, 1.5 months, and 3
months. The images guarantee that the scattering intensity
remains consistent throughout the stability study. The high
electronegativity of TiO, plays a significant role in facilitat-
ing electrostatic stabilization, due to its lower bandgap.

Dielectric and thermal properties

The bandgap of the nanoparticles in nanofluids can poten-
tially influence their dielectric and thermal properties [34,
91, 133]. Table 3 compares the range of nanofluid property
enhancements compared to BF containing insulative, sem-
iconductive, and conductive nanomaterials, emphasizing
how the bandgap influences these properties.

Wider and moderate bandgap insulative and semicon-
ductive nanoparticles have also been used to suppress die-
lectric breakdown by restricting mobile electrons, leading
to substantial advancements in BDV. Charge trapping in
nanofluids during breakdown is presented in Fig. 4a. A
better understanding of this is achieved by examining the
dielectric relaxation time [30]. Dielectric relaxation time
(7np) of a nanofluid can be expressed as [134]:

2e, + ¢,
INF = %, 40, @)
where o, and ¢, are the conductivities of base oil and nano-
particles, respectively.

Insulative nanoparticles exhibit high dielectric relaxation
time due to their high dielectric constant and low conductiv-
ity. Semiconductive nanoparticles, on the other hand, exhibit
moderate dielectric relaxation time due to their moderate
dielectric constant and moderate conductivity. Dielectric
relaxation time is a good indicator of higher breakdown
strength; generally, a higher dielectric relaxation time sug-
gests better insulating properties and thus higher breakdown
strength. Therefore, nanofluids infused with insulative and
semiconductive nanoparticles showed significant improve-
ments in BDV because of their higher dielectric relaxation
time compared to nanofluids with conductive nanoparticles.
Bhunia et al. investigated two types of MOs dispersed with
semiconductive TiO, nanoparticles [11]. The relaxation
times of the TiO, nanofluids prepared with these two base
oils were calculated as 424 ps and 421 ps, which are signifi-
cantly higher than the nominal period of streamer propaga-
tion (which is of the order of a few nanoseconds). Addi-
tionally, at an optimum concentration of 0.005 mass% TiO,
nanofluid with oil 1 exhibited better breakdown strength
compared to oil 2, as shown in Fig. 4c. This can be attributed
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(a) h-BN (Insulator) Rutile TiO, (Semiconductor) MWCNT (Conductor) E, : Conduction band energy

E, : Valance band energy

Q, : Charge accumulation on nanoparticles
¢, : Dielectric constants of base oil

¢, : Dielectric constants of nanoparticles

 : zeta potential of nanoparticles

E,, : Band gap energy of nanoparticles

k, : Proportionality constant

1
1
1
v Lowe : v Moderate ¢ v Highe
1
G -
v Minimal Q, (Q, oc—zz'ize | v Moderate Q, (me—zz‘izs High Q, and it is independent of ¢,
v ! e v High¢and ¢ = ke,
k2 : k2 v Increased electrostatic stabilization
gy D AP )
v Low ((C =k, Tee, - k, 2E—+_,(2—) ! v Moderate {({ =k, m:kI m)
! Ee 1 Eg
1
1

v Reduced electrostatic stabilization

! v Moderate electrostatic stabilization

Fig.2 a Band structure of insulating, semiconductive, and conductive nanoparticles, and b Dielectric constant, charge accumulation, zeta poten-
tial, and electrostatic stabilization at various bandgaps

Table 2 Proposed empirical equations for zeta potential for different bandgaps

Lower bandgap/conductive Moderate (semiconductive) and higher bandgap (insulative)
Correlations Empirical equations Correlations Empirical equations
Qp is independent of &, and ¢ is independent of Ey, and @ o515 &G
thus ¢ thus {=k,& 2+E v
I thus ¢ o515 =k 2% = 2452 since £, oL and £,=12
26,46 126,46 ’ 2 E, 2k,

where { is the electrostatic or zeta potential of nanoparticles; E,; is the band gap energy of nanoparticles; and k; and k, are the proportionality
constants

@ Springer
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(a)

ﬁ' o

After one
month

scattering
intensity

(b)

Fig.3 a Visual comparison of Tyndall scattering in 0.01 mass%
nanofluid: freshly prepared vs. after one month—Reprinted under a
CC license [33]; and b Tyndall scattering of 0.01 mass% nanofluid at
different time intervals: after (i) preparation, (ii) 1.5 months, and (iii)
3 months—Reprinted with the license number 6092790346256 [11]

to the higher relaxation time of the TiO, nanofluid with oil
1 compared to oil 2, as shown in Fig. 4b.

In contrast, conductive nanoparticles with negligible
bandgaps offered the highest improvement in dielectric con-
stant of nanofluids due to their high polarization and charge
storage capacity [135]. The Maxwell-Garnett equation that
can predict the effective dielectric constant of nanofluids
(exp) is as follows [136].

ENF ~ €] E)— €&

eng T 2¢, - £+ 2g )

where N is nanoparticle concentration.

Insulative and semiconductive nanoparticles demon-
strated significant reductions in tan 8 by reducing dielectric
losses through barriers and trapping charge carriers [137].
Therefore, these materials also showed substantial improve-
ments in resistivity. There is no straightforward formula
linking the bandgap of nanoparticles directly to the thermal
conductivity of nanofluids. However, conductive nanoparti-
cles showed unparalleled improvements in thermal conduc-
tivity, likely due to their high intrinsic thermal conductivity,
efficient electron—phonon coupling, formation of effective
heat pathways, reduced interface thermal resistance, and
enhanced Brownian motion from improved electrostatic
stabilization.

@ Springer

Bhunia et al. investigated the effect of bandgap reduction
in nanoparticles on the thermo-dielectric properties of nano-
fluids [33]. Attaching a small quantity of conductive fluorine
to highly insulating boron nitride nanosheets (functionaliza-
tion) reduced their bandgap. Fig. 5a illustrates the streamer
charges observed for pure BNN and fluorinated BNN with
a narrowed bandgap. Fluorinated boron nitride nanosheets
created additional charge trapping sites and accomplished
surface charge enhancements, which allowed to improved
AC BDV. Additionally, improvement of dielectric constant,
tan 9, resistivity, and thermal conductivity were observed.
Fig. 5b illustrates the improvements in these properties
attributable to bandgap reduction, resulting from improved
charge trapping, surface charge, and electrostatic stabiliza-
tion. In summary, this work demonstrates how tuning the
bandgap of particles can alter their thermo-dielectric prop-
erties, and can provide a pathway toward superior electrical
and thermal performance when combined into nanofluids.

Functionalization can change the bandgap of MWCNTs,
thus improving the dielectric and thermo-electric properties
of transformer oil-based nanofluids by making the nanopar-
ticles more stable and uniformly dispersed. Alizadeh et al.
showed that hydroxylated MWCNTSs which were covalently
functionalized with stearic acid showed better performance
than non-covalently functionalized with oleic acid [84].
The covalently modified nanoparticles improved convective
heat transfer by up to 30.08% at 0.01 mass% and maintained
dielectric strength, with only a 4.1% drop in BDV at 0.001
mass%. This improvement is due to less agglomeration, and
better thermal conductivity and better interfacial interaction.

Table 3 also shows that the conductive nanoparticles with
very low bandgap values were effective at low filler levels
(0.01-0.1 mass% or 0.005-0.4 g L™") because their high
conductivity allowed them to significantly enhance prop-
erties without requiring high concentrations. On the other
hand, semiconductive and insulative nanoparticles, which
had moderate to high bandgap values, required higher filler
levels (up to 2 mass% or 0.3 g L) to achieve similar prop-
erty improvements. This was because their lower intrinsic
conductivity necessitated a higher quantity to effectively
enhance the material’s dielectric properties and achieve the
desired performance.

Nanoparticle size variation and ultrasonic cavitation

Nanoparticle size also affects the stability, dielectric, and
thermal properties of nanofluids. Researchers used nano-
particles of various sizes to investigate this effect [88, 119].
Suhaimi et al. studied MO-based CNT nanofluids [88].
Compared to base oil, nanofluids improved AC BDV by
1.88% for CNT size >20 nm and 42.4% for CNT size <8
nm. U. Khaled and A. Beroual studied MIDEL 1204-based
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= o = i Al,O5 nanofluids [119]. Compared to base oil, nanofluids
S- g . B improved AC BDV by 6.15% for 50 nm and 7.56% for 30
szS 2gEx ld P Y .
2 ‘2’ = 4 2 == &= nm. In both cases, smaller nanoparticles outperformed larger
§ % S T o i g= 5 8 nanoparticles for AC breakdown.
& N :r o § = : gdl E 53 o § Conversely, some researchers utilized ultrasonication to
= 3 - - T . . . J
ez So-— go—- -~ Z—=— study the impact of nanoparticle cluster size on stability,
thermal, and dielectric properties [138, 139], as ultrasoni-
cation can break nanoparticle clusters into smaller clusters
@ E in nanofluids. Fig. 6a to d presents a schematic of breaking
= 2 =~ cubic and spherical nanoparticle cluster to increase sur-
Q Q < p p
§ = = face area and the number of nanoparticle clusters. Under
o < . . . . . N
~ | < S o ideal ultrasonication conditions, increasing the sonication
period results in better fragmentation of nanoparticle clus-
“ é ters. Table 4 lists the stability parameter (i.e., zeta poten-
£ = = tial), dielectric, and thermal properties measured at longer
8 S S o prop g
g Q b=t & and shorter sonication periods, along with the percentage
£ |3 2 = S p g P g
% 2 - 2 2 enhancement in properties at longer sonication periods
slelalx a i compared to shorter periods. Longer sonication periods
o |2 P P g P
§ = enhanced stability, thermal, and dielectric properties
'g 2 more, due to the increased degree of nanoparticle cluster
—_ <t . .
_‘é é = s % breakup, compared to shorter durations. Fig. 6e presents
s |3 | I | ercentage improvement in stability, thermal conductivity,
318 ! ° ° p g€ 1mp y y
Z |5 | 2 s by and AC BDYV, at longer sonication periods compared to
é § gl T T T shorter periods due to the increased degree of nanoparticle
§ E_-:" cluster breakup. The zeta potential increased by =~ 34%
£E158 ° and the thermal conductivity improved by ~ 1% when the
S |8 @ i ) sonication time was extended from 30 to 60 min at a con-
EN ° ) &
g § EE ° ° centration of 0.05 vol.% [140]. Meanwhile, the AC BDV
z _§ s | S « Pl saw a 8.88% enhancement when the sonication time was
'%n 2 extended from 30 to 120 min at a concentration of 0.01
2|2 L~! [88]. The reasons for the improvement, underlyin
g p ymng
Z | e N . . . .
g < e} = causes, empirical equations, and exceptions are discussed
(3} — My <
=R e = o further.
= > et =
258« — a Smaller size of nanoparticles or nanoparticle clusters
o | Il | < N S . ) P P
E improves zeta potential of the nanofluids. The observed
8 2, e . enhancement in this case is a result of their increased sur-
el - e =T ST . L. . .
g g N 12 ° O 2 0 face area-to-volume ratio, which increases the interaction
= RS 3 . . .
gl 2 % o EQ & E < with the fluid and decreases agglomeration [145]. Smaller
S |2 aZ o 179 ST articles also have a higher surface charge density, which
gz |d2d g8 Is P " & Y
5 | = S 252 oS means stronger electrostatic repulsion against aggregation
8 [146]. Moreover, smaller nanoparticles exhibit more vig-
' . o Q . . .
§ 3 S 38 B2 < _§ orous Brownian motion, which keeps them suspended and
= — = M=} .
ai - 3 2 e 28 = g 2 prevents settling [147].
> | &8 Qo0 E OS5me o .
5 g Q2 SE %é % g gﬂ;"; The charge scavenging improves the BDV of dielec-
8 = = . . . . . . .
2| <%g £~ : X = g Q‘:i £ tric fluids. Infusing nanoparticles in dielectric fluids or
= - N . . .
2 % $ % g ¢ % % § % Ommb el % EDLs around them creates more fluid trapping sites [33,
o . . . . .
s |4 = o = 148, 149]. These trapping sites result in an increased in
S pping
s BDV [38]. According to the literature, an increase in the
= )
:5) ) BDV caused by smaller size nanoparticles at the speci-
%" é § o fied concentration was attributed to an increase in trapping
=2 2 g & sites due to additional surface area. The dielectric constant
m o = ey . . . . . .
@ |8 = = S exhibits a direct proportionality to the abundance of liquid
2|2 5 = 2 prop y q
= = A 3 molecules and solid nanoparticles or nanoparticle clusters
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(a)

Electrode
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(b)
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Fig.4 a Charge trapping phenomenon by nanofluids during break-
down—Reprinted with the license number 6092790876576 [125]; b
Dielectric relaxation time and ¢ enhancement in breakdown voltage

within a given volume [150, 151]. At a specified concen-
tration, the number of liquid molecules per unit volume
remains constant, whereas the number of nanoparticles
or nanoparticle clusters per unit volume increases with
smaller size nanoparticles or nanoparticle clusters [39,
152]. Based on the Clausius—Mossotti model [153], this
leads to an enhanced dielectric constant in the nanofluid

(exp)-

eng— 1 1

“
where g, is the permittivity of free space; N,, N,, and N,
are the base fluid molecule counts in free space, number
of nanoparticles molecules, and number of liquid-medium
molecules at nanoparticle-medium contact, respectively;
and a;, a;, and «, are the polarizability of base fluid, inner
polarizability of nanoparticles, orientational polarizability
of charged nanoparticles, respectively.

Additionally, improved charge trapping sites, resulting
from a decrease in nanoparticle or nanoparticle cluster
size at a specified concentration, contribute to increased

@ Springer
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of TiO, nanofluids containing two types of base oils—Reprinted with
the license number 6092790346256 [11]

resistivity (or decreased electrical conductivity). This, in
turn, reduces the tan & of nanofluid, as described by the
following equation [60, 154]:
I o
tand = — =
1

C

ac

we’ )
where || is the effective current, I is the charging current, o,
is the AC electrical conductivity, w angular frequency, and
¢’ is the dielectric constant of nanofluid.

The enhanced thermal conductivity with small sized
nanoparticles is governed by phonon transport, Brownian
motion, and interaction between nanoparticles due to the
EDL [40]. For effective heat transport through phonons, the
phonon mean free path must be larger than the size of nano-
particles or nanoparticle clusters [155]. Based on phonon
transport, the thermal conductivity term (K)) can be stated
as follows [156].

K, = Z?:] Ci(w)viz(w)fi(w)dw )
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Fig.5 a Pure BNN and fluorinated BNN streamer charges and bandgap and b Percentage improvement in thermo-dielectric properties and
enhancement in surface properties resulting from the use of fluorinated BNN—Redrawn under a CC license [33]

where n is the number of phonon polarization branches, i
is the branch index, C; is the mode specific heat, v; is the
phonon group velocity, and 7, is the phonon relaxation time.

All terms on the right-hand side of the equation support
increased thermal conductivity due to phonon transport in
smaller nanoparticles or nanoparticle clusters.

The thermal conductivity due to Brownian motion and
EDL, i.e., Kg, and Kgpp respectively, can be stated as fol-
lows [157].

K = NL,,Cy  KyT ;

Br — 3 Sﬂ-ManLOll ( )
NanCV quan

Kgpr = 3 ®)

goianp (r(p‘1/3)2

where L, is the mean free path of nanoparticles, Cy is the
specific heat, Ky is the Boltzmann constant, 7 is the tem-
perature, 4 is the viscosity, D, is the nanoparticle diameter,

L; is the mean free path of oil molecules, A is the Coulomb
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(a) Cubic shaped nanoparticle

(b) Breaking cubic nanoparticle in two parts
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surface area

(c) Spherical nanoparticle

(d) Breaking spherical nanoparticle in two parts
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Fig.6 a—d Schematic of breaking cubic and spherical nanoparticle
to increase surface area and number of nanoparticle or nanoparticle
cluster; e Percentage improvement in zeta potential and thermal con-
ductivity—Redrawn with permission from Elsevier with the license

constant, g is the surface charge of nanoparticles, ¢ is the
dielectric constant of oil, Mnp is the nanoparticle mass, r is
the radius of nanoparticles, and ¢ is the nanoparticle volume
fraction.

Smaller nanoparticles or nanoparticle clusters improve
both the thermal conductivity due to Brownian motion

@ Springer

number 6092791305328 [140] and AC breakdown voltage—Redrawn
under a CC license [88], at longer sonication periods compared to
shorter periods due to the increased degree of nanoparticle cluster
breakup

and the EDL, as demonstrated by the relationships in these
equations.

There are a few exceptions where larger nanoparticles
outperformed smaller ones. Elsad et al. investigated MO-
based anatase phase TiO, nanofluids [101]. TiO, nano-
particles with sizes 9.5, 13.4, and 16.6 nm were studied.
Compared to base oil, nanofluids showed 54.6%, 109.3%,
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Table 4 Properties measured at longer and shorter sonication period and percentage enhancement in properties with increased sonication dura-

tion
Property Nanoparticles Base liquid  Longer Shorter Measurement Measurement Property Assessed Ref
sonication  sonica- at longer at shorter improvement condition
period tion sonication sonication in longer
period  period period sonication
time compare
to shorter
time/%
Zeta potential  CeO,+MWCNTs  Silicon oil 60 min 30 min  140.1l mV 136.3l mV 10.5 Assessed [141]
after 30
days
Zeta potential  Fe;0, Liquid paraf- 4h 2h =50 mV —-42 mV 19 - [142]
fin
Thermal con- MWCNTs Therminol 55 60 min 30 min  0.137 0.135 ~ 1% 0.09 vol.%  [140]
ductivity Wm~!K™! Wm™!K™!
Thermal con- TiO, Paraffin oil 60 min 20min  10.2% 6.5% 56.9 - [143]
ductivity
AC BDV CNTs MO 120 min 30min 51.9kV 474 kV 8.88 001 gL~ [88]
Nanofluid-to-  Al,O4 Liquid paraf- 4h lh 1.02 1.01 1 0.01 vol.%, [144]
base fluid fin 20 °C
thermal
conductivity
ratio
Zeta potential MWCNTs Therminol 55 60 min 30 min  164.2l mV 147.7l mV ~ 34 0.09 vol.%  [140]
Thermal con-  Fe;0, Liquid paraf- 4h 2h 0.136 0.121 12.1 0.005 vol.%, [142]
ductivity fin Wm™'K™! Wm™'K™! 20 °C
Tan & Graphene CSO 60 min 30 min  0.00762 0.00793 3.9 0.01 mass%, [122]
45 °C
Dielectric Graphene CSO 60 min 30 min  2.995 2.986 0.3 0.01 mass%, [122]
constant 45°C
Volume resis- Graphene CSO 60 min 30 min  1.085 (T 1.059 (T 2.4 0.01 mass%, [122]
tivity Q-cm) Q-cm) 45 °C
Zeta potential  CeO,+MWCNTs  Therminol 60 min 30 min  123.8| mV 117.91 33 Assessed [141]
VP-1 after 30
days

and 85.3% improvement in AC BDV, respectively. This may
be due to due to enhanced interfacial zones, better disper-
sion, reduced agglomeration, and effective water molecule
trapping, which delay electrical breakdown. Ultrasonication
breaks nanoparticles and nanoparticle clusters; however,
excessive ultrasonication periods limit the dispersion sta-
bility of nanofluids [144]. Longer ultrasonication periods
can also overheat DNFs, reducing their dielectric properties.
Moreover, the characteristics of nanofluids typically improve
within the first 45 min of sonication [158].

Phase and shape of nanoparticles

Phase of nanofillers also plays a significant role in improving
the ability of heat transfer and dielectric properties of nano-
fluids. The unit cells of different material phases exhibit var-
ied structures, which influence heat transfer along all three
crystallographic axes (a, b, and c), which are perpendicular

to each other [159, 160]. For instance, the anatase phase of
TiO, contributes to a greater thermal conductivity in com-
parison with the rutile phase, because the anatase phase
allows low-frequency acoustic phonons along the a and b
axes (which are the main contributors to thermal conductiv-
ity) to travel longer distances [160, 161], as shown in Fig. 7a
and b [160], this results in high thermal conductivity.

Fig. 7c highlights the d-spacing of anatase and rutile
phases within a single particle from the TiO, nanoparticle
sample [161]. It uses high-resolution TEM (HR-TEM) to
showcase the coexistence of anatase (d-spacing=0.35 nm)
and rutile (d-spacing =0.248 nm) crystallites. This d-spac-
ing difference indicates changes in lattice structure and also
strain, which correlates with thermal conductivity and pho-
non scattering in the material. Density functional theory
(DFT)-derived thermal conductivities as a function of the
temperature from 250 to 400 K for the anatase and rutile
phases of TiO, nanoparticles are shown in Fig. 7d [161].
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The figure clearly illustrates that the anatase phase of TiO,
has a higher thermal conductivity than the rutile phase at a
given temperature. The thermal conductivities of rutile and
anatase TiO, at 300 K were determined to be 4.059 W/m-K
and 5.818 W/m-K, respectively.

The rutile phase of TiO, nanoparticles demonstrates out-
standing electrical resistivity, remarkable thermal stability,
and strong mechanical strength in comparison with the other
common phases of TiO, nanoparticles, specifically brookite
and anatase [162]. The properties of rutile phase of TiO,
nanoparticles present significant benefits for utilizing nano-
particles in DNFs. Fal et al. demonstrated that the phase of
TiO, nanoparticles has a significant impact on the electri-
cal conductivity of ethylene glycol-based nanofluids [163].
Nanofluids containing TiO2 nanoparticles in the anatase
phase improve electrical conductivity to 10,727.98 pS/cm,
representing a 4,586,400% increase at a concentration of 20
mass%. Nanofluids with rutile phase nanoparticles had the
lowest rise in electrical conductivity, measuring at 25.85 pS/
cm. This suggests that rutile nanoparticles are more suitable
for DNFs than anatase.

Researchers conducted a thorough investigation of
anatase and rutile phase TiO, nanoparticles in DNFs inde-
pendently. Surprisingly, because of the intricate behavior
of nanofluids, both phases of nanoparticles improved the
dielectric and thermal properties of their respective BFs.
However, there is a lack of research that utilizes both rutile
and anatase phase TiO, nanoparticles with a common BF to
comparatively examine their effects on the performance of
DNFs. Qin et al. investigated T66-based anatase TiO, nano-
fluids [32]. Nanofluid showed dispersion stability for 56 days
and thermal conductivity improved by 44.6%. Bhunia et al.
investigated two types of MO-based ultra-thin anatase phase
TiO, nanofluids [11]. A MO-based nanofluid demonstrated
dispersion stability for 3 months, and improved AC BDV,
dielectric constant, tan d, resistivity, and thermal conduc-
tivity by 11.27%, 6.28%, — 13.16%, 216.24%, and 210%,
respectively, compared to BF. Other researchers obtained
good dispersion stability, dielectric, and thermal properties
in transformer oil-based anatase phase TiO, nanofluids [101,
111, 118, 121]. Chakraborty et al. found that FR3-based
rutile phase TiO, nanofluids improved tan 8 by —24% when
compared to the BF [92].

Nanoparticle shape affects nanofluid stability, dielec-
tric, and thermal properties [34, 41, 91, 110]. Their inter-
facial interactions, charge trap, and thermal conduction due
to surface area vary their properties. These shapes can be
sphere, cube, rod, nanobelt, and sheet (plate)[164, 165]. In
an attempt to enhance the performance of DNFs for use as
transformer fluids and in heat transfer applications, research-
ers often investigated these shapes of nanoparticles. Fase-
hullah et al. investigated synthetic ester oil-based nanoflu-
ids dispersed with CdS spherical nanoparticles, nanobelts,
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and nanosheets [91]. High-resolution transmission elec-
tron microscopy (HR-TEM) images of CdS nanoparticles,
nanobelts, and nanosheets along with their corresponding
selected area electron diffraction (SAED) patterns are shown
in Fig. 8. The nanoparticles (Fig. 8a and c¢) with spheri-
cal morphology and an average crystallite size were 6 nm,
SAED pattern (Fig. 8b and d) that was the nature of poly-
crystalline is further confirmed. The nanobelts (Fig. 8e—g) of
sea urchin shape at the length of 200 nm and thickness 8nm
and with polycrystalline structure (Fig. 8h). The nanosheets
(Fig. 8i—k) show the ultra-thin 2D morphology (800
nm X 700 nm X 3 nm) and the diffraction pattern (Fig. 81)
indicates a hexagonal crystal structure. These CdS spheri-
cal nanoparticles, nanobelts, and nanosheets improved AC
BDV by 35.5%, 37%, and 38.3% (Fig. 8m), respectively, over
BF. Nanosheets improved AC BDV most due to their high
surface area, followed by nanobelts and cubic nanoparticles.

Xu et al. investigated SKALN 25X transformer oil-based
Co;0, nanoparticles, nanobelts, and nanosheets stable nano-
fluids [34]. Compared to BF, nanofluids showed 65.7%,
79.4%, and 62.8% improvement in AC BDV (Fig. 8n);
~—4.7, x—4.7, and ~—3.2 improvement in dielectric con-
stant and; 0, =#47.9, =47.9 in volume resistivity, respectively.
There is clear evidence of shape-dependent property vari-
ation. Rafiq et al. investigated MO-based Al,O; nanorods
and nanoplates nanofluids [110]. Compare to BF, nanoflu-
ids showed —2.8% and 9% improvement in + ve lightning
impulse (LI) voltage, respectively. Choi et al. investigated
transformer oil-based Al,O5 nanospheres and nanorods [41].
Compared to BF, nanofluids showed 20% and 8% improve-
ment in thermal conductivity, respectively.

Lv et al. examined the impact of shape of nanoparticles
(i.e., TiO, nanospheres and nanorods) on the pre-breakdown
and breakdown properties of transformer oil-based nanoflu-
ids [166]. TiO, nanorods showed the dominant effect, with
up to 55.5% increase in the positive impulse BDV, whereas
nanospheres up to 1.23 times. In Fig. 9, characteristics of
streamer propagation pre-breakdown reveal that the stream-
ers appear in a tree shape for base oil, whereas in bush shape
for nanofluids. With nanorods, more lateral branches are pro-
duced that are much denser and the distance between main
channels is much closer than those of nanofluid with nano-
spheres. Interestingly, the nanofluid containing nanorods has
a shorter propagation length of the streamer. At the same
time, this results in more branches in case of nanorods as
larger-streamers are blocked. It is because of the large inter-
facial layer zone around nanorods and the specific extended
charge migration zone for the easy charge migration [167].
In nanofluid with nanorods, the space charges created at
the streamer tips are distributed more uniformly, thereby
alleviating the distortion of the electric field, which inhib-
ited streamer propagation. As a result, addition of nanorods
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compared to nanospheres greatly suppresses pre-breakdown
streamer propagation, hence enhancing the BDV.

Blending and nano-structuring of nanoparticles

Many researchers used single nanoparticles to improve the
properties of base dielectric fluid. Blending of nanoparticles
is a mixture of multiple nanoparticle types in a predeter-
mined ratio [25, 26]. Researchers have investigated nano-
particle blends in DNFs, demonstrating superior dielectric
and thermal properties [90, 116]. These studies described
the nanofluid made from the dispersion of two or more nano-
particles which is collectively termed as hybrid nanofluid.
The thermal and dielectric properties of insulating fluids
can be greatly enhanced by the use of hybrid nanofluids.
Despite the fact that most of the studies focus on the single
nanoparticle types, the investigation of the hybrid nanofluids
is quite scarce for the literature. Such an approach could be
beneficial by allowing the complementary advantages of dif-
ferent types of nanoparticles to be combined. For example,
Al,O5 shows better thermal conductivity, and TiO, shows
better BDV when dispersed in transformer oil. The combi-
nation of these two nanoparticles can provide an effective

T T T T T T T
260 280 300 320 340 360 380 400
Temperature/K

Temperature-dependent variation of thermal conductivity for anatase
and rutile phase nanoparticles—Reprinted with the license number
6092820789790 [161]

way to improve the thermo-dielectric properties of nanofluid
[5, 83].

Wanatasanappan et al. investigated coconut, soybean,
and palm oil-based nanofluids, dispersed with a blend of
Al,05-TiO, (50:50 ratio) nanoparticles [116]. Fig. 10a
shows TEM pictures of Al,05-TiO, nanoparticles’ blend.
The mean particle sizes of TiO, observed in the TEM image
are approximately 21 nm and the diameter of Al,O; is about
8 nm. Also, the chains of these small Al,O; nanoparticles
arrange themselves around the larger TiO, nanoparticles
without significant overlap.

Fig. 10b shows thermal conductivity of soybean, coco-
nut, and palm oil and their respective nanofluids at 0.2
mass% and 30 °C. Soybean, coconut, and palm oil nanoflu-
ids increased thermal conductivity over their correspond-
ing BFs by 11.4%, 15.8%, and 48.9%, respectively. This
indicates that Al,05-TiO, nanoparticles acted in a syner-
gistic manner to increase the thermal conductivity of the
BFs. Among other nanofluids, palm oil-derived nanofluid
exhibited the highest enhancement in thermal conductivity,
implying that the palm oil BF has better synergy behavior
in the presence of Al,05-TiO, hybrid nanoparticles, leading
to enhancement of heat transfer property and thermal con-
ductivity. Chakraborty et al. investigated natural ester liquid
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Fig.8 High-resolution transmission electron microscopy images and
their corresponding selected area electron diffraction patterns of CdS
a—d nanoparticles, e-h nanobelts, and i-1 nanosheets and m percent-
age improvement in AC BDV using CdS nanoparticles, nanobelts,

and MO-based nanofluids by dispersing blend of Al,05-TiO,
nanoparticles (50:50 ratio) [90]. Compared to base natu-
ral ester liquid and MO, nanofluids improved AC BDV by
58.23% and 69.6%, improved tan 8 by 0% and — 11.31%,
respectively.

Nano-structuring is the process of synthesizing materials
at the nanoscale to obtain specific properties. This process
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includes the heterostructuring (i.e., nanoparticles synthe-
sized by this process can be composite nanoparticles) or
doping (i.e., nanoparticles synthesized by this process can
be doped nanoparticles).

Composite nanoparticles are synthesized by combining or
arranging various materials within a single particle, result-
ing in nanoparticles with tailored characteristics [168]. S.
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Aberoumand and A. Jafarimoghaddam investigated trans- The concept of doped nanoparticles encompasses the
former oil-based nanofluid, dispersed with WO;—Ag com-  deliberate incorporation of minute quantities of a dopant
posite [36]. Compared to base oil, nanofluid improved ther-  substance into a host material, hence inducing alterations in
mal conductivity by 41%. its inherent characteristics [169]. Walvekar et al. investigated

mineral-palm ester-blend-based nanofluid, dispersed with
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Fig.10 a Transmission electron microscopy pictures of hybrid
Al,05-TiO, nanoparticles and b Thermal conductivity of soybean,
coconut, and palm oil and their respective nanofluids—Reprinted and
redrawn under a CC license [116]; ¢ Transmission electron micros-

Si0,-doped graphene [37]. Fig. 10c shows TEM pictures of
Si0,-doped graphene nanoparticles. The picture shows that
the spherical SiO, nanoparticles (dopant) are well decorated
on the surface of the graphene sheets (host). Compared to
BF, mineral-palm ester-blend-based nanofluid decreased
AC BDV by —9.58%, tan 8 by —78.4%, and resistivity by
—94.1%. The decreased AC BDV and resistivity may be
the result of a higher nanoparticle concentration than the
optimal concentration. Hussain et al. investigated MO-
based nanofluid dispersed with Fe;O,-doped MWCNT [65].
Fig. 10d illustrates the comparison of thermal conductivity
among the BF, undoped, and doped nanoparticle dispersed
nanofluids at varying concentrations of nanoparticles. At
every concentration tested, Fe;O,-doped MWCNTs in nano-
fluids demonstrated superior thermal conductivity relative
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to undoped MWCNTs. Compared to BF, MO-based nano-
fluid improved thermal conductivity by 50% at 0.5 g L™,
Pourpasha et al. investigated transformer oil-based nanofluid
dispersed with TiO,-doped MWCNTs [85]. Compared to
BF, transformer oil-based nanofluid improved thermal con-
ductivity by 8.6%.

In conclusion, the use of hybrid and nanostructured
nanoparticle use in nanofluids represents a promising direc-
tion for future work in transformer oil enhancement. Vari-
ous combinations of nanoparticles may facilitate the best
advancements in thermal and dielectric properties. Further
work is required to explore other combinations of nanopar-
ticles and their effect on the transformer oil performance.
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Nanoparticle concentration

The BDV of DNFs increases with increase in nanofiller
concentration until an optimal concentration. Increase in
BDYV up to the optimal concentration is due to an increase
in charge trapping caused by an increase in nanoparticle
concentration [30]. Many researchers reported nanoparticle
dispersion stability at optimal concentration [11, 86, 87].
Beyond optimal concentration, nanoparticle aggregation
decreases the BDV [29, 170]. In some investigations, even
beyond the optimal concentration levels, nanofluids were
stable without agglomeration and BDV was decreased [171,
172]. This may be due to EDL is unable capture free elec-
trons generated by a powerful electric field at that concentra-
tion [173]. Thus, EDL plays a crucial role in the mechanism
of breakdown [174]. The nanofluid concentration at and
below the optimum concentration distributes nanoparticles
uniformly without EDL overlap, increasing trap sites. EDLs
of nanoparticles may overlap above the optimal concentra-
tion, reducing trap sites. Consequently, BDV decreases
beyond the optimal concentration. The electric field distribu-
tion along a 2 mm gap between electrodes occupied by base
oil and nanofluid is depicted in Fig. 11 [104]. At lower con-
centrations (up to optimal concentration) of nanoparticles,
distortion in the electric field is minimal, allowing charge
trapping to dominate, resulting in an increase in BDV. On
the other hand, high concentration (above optimal concen-
tration) could lead to breakdown risks due to strong local
electric field variations.

The propagation of streamers between electrodes dur-
ing breakdown is depicted in Fig. 12. The behavior of the
streamer propagation channel in the absence of nanopar-
ticles in the base oil is shown in Fig. 12a. The behavior
of streamer propagation channel at low concentrations
of dispersed nanoparticles is shown in Fig. 12b, where
a well-dispersed registry is achieved. As the concentra-
tion of nanoparticles increases up to critical concentration,
the number of dispersed nanoparticles increases, leading
to greater charge trapping and higher BDV. As shown in
Fig. 12c, after a critical concentration, the charge trapping
zones (specifically, interfacial zone, also known as EDL)
of nanoparticles overlap with each other and strengthens
the local electric field in the region of overlap [12]. The
reduction in the distance between nanoparticles has an
impact on the process such that the duration essential for
an electrical charge to become trapped in nanoparticles
is lengthier than the duration required for an electrical
charge to travel through nanoparticles [134]. The critical
concentration varies from nanoparticle to nanoparticle, as
shown in Table 1. Even for the same nanoparticle, it can
differ from one base oil to the other.

Figure 12d illustrates the relation between AC BDV
and the concentration of Al,O; nanoparticles in the base

oil [3]. This graph also shows that the AC BDV values
for nanofluids increase at low filler loading and reach a
peak before it drops off. However, the AC BDV decreased
after a specific concentration. This means that there is such
optimal concentration of nanoparticles that enhance the
nanofluid BDV to the maximum. Exceeding the critical
concentration and adding too much nanoparticles actually
has an adverse impact, lowering the BDV.

Table 5 emphasizes the optimal concentration range of
nanofluids containing conductive, semiconductive, and
insulative nanoparticles and their influence on BDV. Con-
ductive nanoparticles [5] exhibit optimal concentrations as
low as 0.002-0.01 mass% due to their high electrical con-
ductivity. Even at minimal concentrations, nanoparticles
have significant impact on BDV. Semiconductive nanopar-
ticles [175] display an intermediate critical concentration
(0.002-0.04 mass%), indicating their moderate conductiv-
ity. These nanoparticles improve BDV up to 61.7%. The crit-
ical concentration range (0.02—0.6 mass% or 0.03-0.3 g L™
of insulative nanoparticles is owing to their least conductiv-
ity [59]. They exhibit the most profound BDV enhancements
(up to 100.3%) despite the higher concentrations. The table
highlights the significance of concentrations, since excessive
or insufficient concentrations cannot produce optimum effect
on the nanofluid.

The nanofluid’s dielectric constant can be expressed by
the expected polarization. According to the polarization
model of oil containing solid particles, there are two forms
of polarization: oil molecule polarization and solid particle
inner polarization. However, when the size of solid particles
is reduced to the nanoscale as in case of nanofluids, a third
polarization appeared for base oil molecules located at the
nanoparticle/base oil interface due to orientational polariz-
ability. Because of the tight and aligned structure formed in
this location, this third polarization has restricted polariz-
ability [126, 127]. The dielectric constant corresponds to
liquid molecules and solid nanoparticles/nanosheets per
volume [150, 151]. As the concentration increases, the
number of solid nanoparticles/nanosheets per unit vol-
ume increases, this leads to increase in dielectric constant
according to Eq. (4). Moreover, improved charge sites as
a result of increased nanoparticle concentration contribute
to increased resistivity. The increased resistivity results in
decreased electrical conductivity, thereby reducing the dis-
sipation factor of nanofluids as per Eq. (5) [60, 154]. The
enhanced thermal conductivity with increase in concentra-
tion is intricately regulated by phonon transport, Brownian
motion, and interaction between particles due to EDL as
discussed in the earlier sub-section [40].

In summary, while there is generally a positive correla-
tion between nanoparticle concentration versus BDV, dielec-
tric constant, dissipation factor, resistivity, thermal conduc-
tivity of nanofluids up to certain concentration. Increasing
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nanoparticle concentration enhances the BDV up to certain
concentration [176, 177], due to increase in charge trapping
sites. Increasing nanoparticle concentration enhances the
dielectric constant up to certain concentration [11, 97, 178],
due to their high permittivity and interfacial polarization
effects. Increasing nanoparticle concentration enhances the
resistivity up to certain concentration [12, 97, 178], due to
charge trapping effects. Nanoparticles decrease tan d to a
specific concentration [11, 98], by alleviating charge car-
rier movement via charge trapping. Elevating the concentra-
tion of nanoparticles within a dielectric fluid significantly
boosts thermal conductivity [12, 33, 89]. This enhancement
is attributed to the superior intrinsic thermal conductivity of
nanoparticles relative to the BF, facilitated by mechanisms
such as direct thermal conduction, Brownian motion, and
the percolation effect. The ideal concentration is contingent
upon the particular combination of nanoparticle and BF, as
well as the intended characteristics. It is essential to weigh
these enhancements against possible agglomeration and
sedimentation challenges at elevated concentrations [3, 20].

Surfactant treatment

Surfactants modify nanoparticle surfaces in DNFs, improv-
ing their dispersion by enhancing oil affinity [10, 61]. Sur-
factnts prevent agglomeration and ensure stability in non-
polar insulating oils. Surfactants locates at the interface
between nanoparticles and the BF [179]. Fig. 13a dipicts,
ionic surfactants possess either negative or positive charge
accumulation on their head, an amphoteric surfactant
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accumulates both, while a nonionic surfactant not have any
charge group [180]. Surfactants contribute to the stability
of nanofluids by electrostatic and steric mechanisms [181].
Tonic surfactants stabilize electrostatically. Fig. 13b shows
the EDL around a positively charged nanoparticle, includ-
ing the potential on its surface and EDL. A good dispersion
stability results from a high zeta potential [171]. Zeta poten-
tial of DNFs depends on surfactant type and concentration,
nanoparticle concentration, and temperature [182—184].
Nonionic and amphoteric surfactants primarily stabilize
nanoparticles sterically. Fig. 13c and d illustrates the sche-
matic diagrams of electrostatic and stearic stabilization,
respectively. In electrostatic stabilization, nanoparticles are
surrounded by charged layers, while in steric stabilization,
nanoparticles are coated with surfactant layers.

Table 6 lists various surfactants, their types, and the stud-
ied nanoparticles. The absence of amphoteric surfactants in
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Table 5 Optimal concentration range of nanoparticle types, BDV range, and notable observations
Nanoparticle type Nanoparticles Optimal concen- BDV range/% Notable observations References
tration range/
mass%
Conductive Fe;0,, Fe;P, and graphene 0.002-0.01 7.3-41.49 Minimal optimal concentrations [12,97, 122]
mass% resulting from the exceptional con-
ductivity of nanoparticles
Semiconductive  Anatase TiO2, ZnO, Co304, 0.002-0.04 2-61.7 Moderate optimal concentrations [11, 33, 86,97,
MoS2, fluorinated-BNNss, mass% resulting from the moderate conduc- 99, 100, 103,
and SiC 0.005 g L™! tivity of nanoparticles 111, 118,
121]
Insulative h-BN, Al,O;, SiO,, and ZrO, 0.02-0.6 mass% 4.3-100.3 High optimal concentrations result- [10, 72, 89,
0.03-0.3 g L™ ing from the low conductivity of 100, 104,
nanoparticles 111, 113,
114,117,
119]

the investigated surfactant—nanoparticle systems indicates
a potential research gap. Unlike anionic, cationic, and non-
ionic surfactants, the amphoteric surfactants may provide
stability and compatibility in various DNFs. The dual charge
of amphoteric surfactants may further promote the disper-
sion of the nanoparticles, as well as their better interaction
with BFs, and may also be particularly advantageous for
applications requiring tuneable surface properties. Studies
on amphoteric surfactants—betaines [187], amino acid-
based surfactants [188], and phospholipids [189]—could
provide new insights into optimizing DNFs for enhanced
performance.

Table 7 shows the stability of DNFs treated with sur-
factants by various base fluids and nanoparticles. Oleic
acid and cetyl trimethyl ammonium bromide (CTAB) sur-
factants are the most dominant surfactants used in DNFs,
with oleic acid retaining remarkable time stability (up to
7 years) for Fe;0, in MO [109]. This is succeeded by car-
boxylic acid modified Fe;O, in natural ester over a period
of 10 months and SDBS-treated graphene in cotton seed oil
for 90 days [47, 122]. Conversely, nanofluids treated with
CTAB exhibited remarkable stability for up to 1 month for
Al,O5 and TiO, in COO, palm oil, & soybean oil [116]. In a
similar manner, TiO, treated with Triton X-100 in canola oil
(CNO) and TiO, treated with span 20 in natural ester liquids
demonstrated stability for 1 month [195, 218]. Many of the
alternative surfactants, including SDBS, SDS, and Span 20,
demonstrate a level of stability ranging from 4 to 12 weeks.
This indicates that nanofluids with surfactant treatment have
considerable potential to produce stable and long-term nano-
fluids. It is certain that future studies focusing on temporal
stability can be applied as a new dimension to improve the
effectiveness of DNFs.

Surfactant concentration influences the stability of DNFs
[113, 182, 195]. Sedimentation of Al,O; nanofluids with

different concentrations of CTAB surfactant in 0.1 mass%
of nanoparticles is depicted in Fig. 14a [113]. Sedimenta-
tion tests on Al,O; nanofluids at different CTAB concen-
trations over 24 h showed that sample with no surfactant
and with 0.025 and 0.05 mass% exhibited sedimentation
level of 160 mL. At 0.075 mass% CTAB, sedimentation
reduced to 150 mL, while 0.1 mass% CTAB showed the
most compact sedimentation at 110 mL. This trend indi-
cates that the increase of CTAB concentration increases
dispersion and stability of nanoparticles. At 0.1 mass%,
stable micelles by CTAB could either have increased elec-
trostatic repulsion or steric hindrance. Zeta potential meas-
ured for various concentrations of silica nanoparticles and
span 80 surfactant in the synthetic ester fluid is shown in
Fig. 14b [182]. Untreated nanofluids presented electrostatic
repulsion, as evidenced by their positive values, and span
80-treated nanofluids showed negative zeta potential which
indicates the surfactant adsorption and charge modification.
It appears that this trend holds for all measured concentra-
tions and may suggest stabilization of the equilibria. With
zeta potential magnitudes, above +30 mV exhibits better
long-term dispersion and reduced sedimentation. The span
80-treated nanofluids likely demonstrate long-term stability
and reduced sedimentation.

The peak absorbance over a 30-day period for both CNO-
based heat transfer oil with and without Triton X-100 sur-
factant, and for varying TiO,: Triton X-100 mass ratios (1:2,
1:3 and 1:4) is illustrated in Fig. 14c [195]. The ratio of
1:3 exhibited a maximum absorbance and the minimum
decrease in absorbance, suggesting that the 1:3 ratio has
the highest dispersion stability compared to the other ratios
and the surfactant-free sample. The absorbance for the 1:3
ratio decreased by only 5.74% after 30 days, the other ratios
showed higher decrease.
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Fig. 13 a Types of surfactants (a)
based on their head group polar-
ity, b EDL around positively
charged nanoparticle and poten-
tial on nanoparticle surface and
EDL—Redrawn under a CC
license [185]; and Schematic
illustration: ¢ Electrostatic and
d Steric stabilization of nano-
particles—Redrawn with the
license number 6092810415991

[186] &®

Nanofluids treated with surfactants improved dielec-
tric and thermal characteristics in comparison with their
untreated nanofluids [110, 174, 210]. Chen et al. inves-
tigated natural ester liquids-based h—BN nanofluids as
depicted in Fig. 14d [10]. Compared to base liquid, non-
surfactant-treated nanofluids showed 15.01%, —28.8%,
23.5%, 12.68% improvement and nanofluids treated with
surfactant y-amino-propyl triethoxysilane (APTES) showed
19.58%, —37.4%, 27.7%, and 20.33% improvement; in AC
BDV, tan 9, resistivity, and thermal conductivity, respec-
tively, at 0.03 g L™! nanoparticle concentration. Surfactant-
treated nanofluids demonstrated superiority. This is because
homogeneously dispersed nanoparticles produce more uni-
form charge trapping sites which hinder streamer growth
by scattering and neutralizing electrons [125]. Nanoparticle
surface modification increases their electrostatic potential,
allowing them to adsorb more charged particles from base
oil. Adsorption of charged particles traps free electrons in
oil, limiting streamer growth [10]. These reasons contribute
to improve the BDV and resistivity. Ultimately, an increase
in resistivity leads to a reduction in tan §, as expressed by
the equation tan 8 = % [60, 154]. Such uniformly dispersed
nanoparticles in surfactant-treated nanofluids augment inter-
facial polarization due to rigid structure of interfacial zone
[197, 219], ultimately resulting in enhancement of dielectric
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constant. Nanoparticle surface modification improves base
oil compatibility. The nanoparticle-base oil interfacial
interaction tightens and thickens due to this compatibil-
ity. Tighter and thicker interfacial binding reduces thermal
resistance between nanoparticles and base oil, improving
thermal conductivity in surfactant-treated nanofluids com-
pared to untreated nanofluids [10]. The uniform registry of
nanoparticles in surfactant-treated nanofluid is also a reason
for their superiority [125].

Limited research has explored multiple surfactants to
identify the most effective one for a specific nanofluid.
Rafiq et al. investigated MO-based Al,O; nanofluids [110].
Surfactant oleic acid, C2, and C18 treated nanofluids
showed 9%, 5.6%, and 7.2% improvement in positive LI
BDV, respectively, compared to base oil. Surfactant oleic
acid-treated nanofluids outperformed C2 and C18 treated
nanofluids due to increased nanoparticle interfacial volume
that introduced more traps to capture high-energy electrons.
Amizhtan et al. investigated MO-based SiO, nanofluids
[115]. Surfactant CTAB, oleic acid, and span 80-treated
nanofluids showed 11%, 17%, and 20% in AC BDV; and
11%, 16%, and 22% improvement in DC BDV, respectively,
compared to base oil. Span 80-treated nanofluids outper-
formed CTAB and oleic treated nanofluids due to increased
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Table 6 Surfactant used in dielectric nanofluids-type, concentration, and studied nanoparticles

Surfactant

Type

Studied nanoparticles

Brij-35

c2

SDS

Span 20

Triton X-100
SDBS

C18

Sodium docusate
CTAB

Oleic acid

Polysorbate 80 or Tween 80

Glycerol monooleate

Stearic acid
Span 80
Carboxylic acid

Nonionic [190]
Nonionic [192]
Anionic [193]
Nonionic [194]
Nonionic [193]
Anionic [196]
Nonionic [198]
Anionic [199]
Cationic [193]

Anionic [204]

Nonionic [214]
Nonionic [215]
Nonionic [216]
Nonionic [216]
Anionic [215]

Si0, [191], and TiO, [191]

Al,O5 nanorods [110]
Graphene oxide [151]

TiO, [19]
TiO, [195]

Al,O5 [197] and graphene [122]

Al,O5 nanorods [110]

a-FeO(OH) [200]

SiO, [113], Al,04 [113, 201], Fe;0, [201] ZrO, [114], TiO, [174, 202], CuO [201], TiC [203],
and ZnFe,0, [203]

TiO, [90, 111, 118, 205-207], TiO, nanosphere [166], TiO, nanorod [166], Co;0,, ZnO [86,

118], FeP [97], Al,04 [90, 111, 205, 206, 208], Al,O; nanoplate [209], Al,O5 nanorods [209,
210], Fe;0, [97, 133, 207, 211], Fe,05 [206], SiO, [212], silicon [112], and iron oxide [213]

SiO, [191] and TiO, [191]
SiO, [191] and TiO, [191]

MWCNTs [84]

MgO [217] and SiO, [115]

Fe,0, [47]

Table 7 Temporal stability of surfactant-driven dielectric nanofluids

Base fluid Nanoparticle Nanoparticle con-  Nanoparticle size ~ Surfactant Stability analysis Stability time References
centration
SE Fe,04 0.02 mass% 50-110 nm Oleic acid Visual inspection 72 h [206]
SE TiO, 0.02 mass% 80-110 nm Oleic acid Visual inspection 72 h [206]
MO Fe;0, 0.07-0.48 vol.% 8.7 nm Oleic acid Visual inspection 7 years [109]
MO AlL,O; nanoplate 0.8 g L™ LxW:100x40 nm Oleic acid Visual inspection 30 days [209]
SE Al,O4 0.02 mass% 100-130 nm Oleic acid Visual inspection 72 h [206]
MO AlL,O4 0.1 mass% 13 nm CTAB Visual inspection 24 h [113]
MO Al,O; nanorod 0.8 g Lt DXL:15x150 nm Oleic acid Visual inspection 1 month [209]
COO, PAO, & SO Al,04 0.2 mass% <13 nm CTAB Visual inspection 1 month [116]
MO SiO, 0.1 mass% 12 nm CTAB Visual inspection 24 h [113]
MO ZnFe,0, 25mgL™! 8-28 nm CTAB Visual inspection 1 month [203]
COO, PAO, & SO TiO, 0.2 mass% <21 nm CTAB Visual inspection 30 days [116]
MO TiO, 0.3 mass% 21 nm HLB 10.5 Visual inspection 1week [191]
MO MoO, 2.5mg L! 8-75 nm Oleic acid Visual inspection 1 month [203]
CSO Graphene oxide 0.01 mass% - SDS UV-Vis 6 weeks [151]
NE TiO, 0.004-0.020 mass% 21 nm Span 20 Visual inspection 1 month [218]
CSO Graphene 0.0015 mass% Lateral: 5-10 pm  SDBS UV-Vis 90 days [122]
Thickness: 3-6 nm

CSO Al,O5 0.01 mass% 15-25 nm SDBS Visual inspection 4 weeks [197]
CNO TiO, 0.04 vol.% 13 nm Triton X-100  UV-Vis 30 days [195]
NE Fe;0, 0.1gL™! 10 nm Carboxylic acid Visual inspection 10 months [47]

nanoparticle interfacial volume that introduced more traps

to capture high-energy electrons.

In addition, very few studies presented non-improved
dielectric properties for surfactant-treated nanofluids com-
pared to untreated nanofluids. Jin et al. investigated that

surface modified silica nanofluids using Z6011 surfactant
decreased AC BDV (almost half the value without sur-
factant), but unmodified nanofluids increased the AC BDV
of MO [220]. The primary reason for this is that unmodified
silica nanoparticles possess a hydrophilic surface that can
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Fig. 14 a Sedimentation of Al,O; nanofluids at different CTAB
concentration—Reprinted with the license number 6092810615652
[113]; b Zeta potentials of span 80-treated and untreated nanofluids at
different concentration and surfactant levels—Reprinted under a CC
license [182]; ¢ Absorbance of Triton X-100 treated TiO, nanofluids

bind water in the oil [221], resulting in an enhancement of
the AC BDV. In contrast, following Z6011 treatment, the
silica nanoparticles adsorb it and transform into a hydropho-
bic state, which inhibits their ability to bind with water. This
leads to a reduction in the AC BDV. In another study [109],
a magnetic nanofluid containing oleic acid surfactant-coated
iron oxide nanoparticles exhibited either the same level of
AC BDV as that of base transformer oil or a slightly lower
level. Again, the reason for this is because surfactant coating
inhibits the efficacy of water bonding around nanoparticles
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in transformer oil. The addition of oleic acid-coated iron
oxide nanoparticles raised the tan d of transformer base oil,
rather than reducing it [109]. The reason for this is the coated
nanoparticles’ dielectric relaxation around the frequency of
50 Hz, which reduces charge trapping and increases polari-
zation losses and charge mobility at the nanoparticle—oil
interface.

Moreover, Rajnak et al. reported four-time increase in
the tan O for transformer oil-based oleic acid-coated iron
oxide nanofluids [175]. The reason for this might be the
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increase in AC conductivity as a result of charge carriers
produced by impurities or moisture. A moderate increase
in dielectric constant is beneficial in transformer insulation
and high-voltage applications. Several studies found that
surfactant-treated DNFs showed increased dielectric con-
stants [95, 97, 122]. However, no encompassed studies on
surfactant-treated DNFs have reported a decrease in dielec-
tric constant. The screening effect can lower the thermal
conductivity of nanofluids with high surfactant concentra-
tions [41]. Numerous studies have indicated that the ideal
low surfactant amount enhances the thermal conductivity of
DNFs [41, 114, 116]. However, no encompassed studies on
surfactant-treated DNFs have reported decreased thermal
conductivity.

Moisture content

The common contaminant present in transformer oil is mois-
ture [222, 223], and its form (i.e., either molecules, dimers,
or clusters) in DNFs depends on level of moisture present
as shown in Fig. 15 [48]. Nanofluid with low moisture (‘dry
nanofluid’) contains moisture in the form of water molecules
or dimers, with high moisture content (‘wet nanofluid’) con-
tains moisture in the form of water clusters [224]. Similar to
solid-material defects, nanoparticles in nanofluids with vary-
ing moisture content bind water molecules or ions and create
an expanded two-layer structure in an electric field [225]. In
dry nanofluids, nanoparticles at low concentration hold soli-
tary water molecules or dimers as depicted in Fig. 15a, but
as the concentration of nanoparticles increases, some nano-
particles may not have dimers on their surfaces, as shown
in Fig. 15b. The breakdown strength of nanofluids depends
on moisture levels [86, 226]. The mechanism of enhance-
ment of BDV by nanoparticles is different, based on dry or
wet nanofluids. In dry nanofluids, nanoparticles augment the
BDV of insulating oil up to a critical nanofiller level, after
which it decreases. This phenomenon can be explained by
EDL theory [173]. Nanoparticle surfaces attract counter ions
and form compact and diffuse layers. EDL is essential for
nanofluid BDV improvement over base oil [174]. EDL traps
high-voltage-generated fast electrons. However, nanoparti-
cle concentrations above the critical concentration overlap
EDLs, creating conductive channels and reducing BDV.

In wet nanofluids, the BDV is usually low at lower nan-
oparticle concentration. This is because water molecules,
dimers, or clusters tend to align and form a bridge across
the distance between electrodes, which may cause the oil
gap to prematurely fail under electric stress, as shown in
Fig. 15c. At higher nanoparticle concentration, nanopar-
ticles catch water clusters or smaller water elements until
their surface is saturated with water molecules. This effec-
tively hinders the alignment of water molecules to form a
bridge over the gap of the electrode, and hence increases

BDYV, as shown in Fig. 15d. Lyutikova et al. and Das found
that the higher the moisture content of the oil, the more
nanoparticles are needed to capture it [86, 226].

A.K. Das investigated BDV of dry and wet nanofluids
[86]. Fig. 16a and b shows the influence of ZnO nano-
particle filler level on the AC BDV for both dry and wet
nanofluids, respectively. For wet nanofluids at lower filler
concentration, 0.01 to 0.02 mass% BDV is less and it is
increased at higher higher filler concentration 0.03 to 0.05
mass%. Also, critical concentation (shown by arrows) for
wet nanofluids is lesser than dry nanofluids and at 0.01 and
0.05 mass% dry nanofluids showed better BDV than wet
nanofluids. At optimal concentration, compared to their
base oils, dry refined, bleached and deodorized (RBD)
COO, COO, and MIDEL eN1215-based ZnO nanofluids
improved AC BDV by 27.94%, 39.18%, and 24.45%, and
wet by 52.84%, 59.02%, and 61.67%.

Although the wet nanofluids performed better than the
dry nanofluids in terms of BDV at optimal concentrations,
the moisture in wet nanofluids is harmful to the safe opera-
tion and service life of the power transformer. Furthermore,
there exist only a few studies covering the effects of moisture
on various characteristics of DNF [227, 228]. Consequently,
it is necessary to carry out more research to study the effect
of moisture presence on DNF characteristics.

Temperature variation

DNFs are proposed as potential replacements for conven-
tional transformer oils, and their performance under operat-
ing temperature conditions and over time is essential for
practical applications.

Many studies investigated DNF dispersion stability at
room temperature [13, 37, 72, 76]. However, transformer
fluids are often exposed to 30—110 °C in service. At the
elevated temperature, dispersion stability of oil-based nano-
fluids decreases due to accelerated nanoparticle aggrega-
tion [229]. Higher temperatures enhance Brownian motion,
increasing collision probability, while reduced fluid viscos-
ity lowers drag forces, further promoting aggregation. The
literature on dispersion stability of DNFs particularly at the
service temperature is very limited. Primo et al. presented
an experimental study that evaluates the stability of DNFs
under realistic transformer temperature [47]. Two Fe;0,
commercial nanoparticle dispersions (Abbreviated as F1
and F2) were dispersed in Bioelectra natural ester and Nytro
4000X MO. Nanofluids were subjected to temperatures rang-
ing from 50 to 110 °C for up to 10 months. Visual inspec-
tion and particle size measurement were used to evaluate
the stability. Zeta potential was not found to be a suitable
method for characterizing the stability of these nonpolar,
oil-based fluids. The results show that all nanofluid formula-
tions lose stability when subjected to high temperature (i.e.,
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Fig. 15 Schematic diagram of AC breakdown phenomenon in dry and
with the license number 6092811395180 [86]

80°C) within few days, while FF1 dispersed in Bioelectra
maintained good stability even for 2 months. It indicates
the choice of BF and nanoparticle used also significantly
impacts the long-term stability. Consequently, additional
research on variations in temperature is essential to evaluate
the long-term performance and stability of DNFs.

There are limited studies on the BDV of DNFs across
different temperatures. Rajiidk et al. reported an increase
in BDV with increase in temperature up to 70 °C and a
decrease in BDV at 80 °C as shown in Fig. 17a [109]. A
similar trend was observed when Katiyar et al. investigated
MO-based ZnO, ZrO,, and Al,O; nanofluids [230]. The
BDV was increased up to 90 °C and then decreased at 100
°C. The observed trend may be attributed to the rising tem-
perature causing the emulsified water in the transformer oil
to dissolve [48, 49] and the water dissolved in the oil content
increases with temperature. The effect of dissolved water on
the BDV is negligible compared to that of emulsified water
and that is the reason in increasing the BDV. Nonetheless,
at the elevated temperatures, the exceptional viscosity drops
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induced by the high thermal energy diminish the hindering
effects on the water and space charge transport to form con-
ductive pathways [109]. That leads to a drop of the BDV at
the highest temperatures.

Most of the experimental studies showed that nanofluids’
dielectric constant decreased with increase in temperature
[150, 197, 231-233]. Thermal energy reduces charge storage
by increasing charge carrier mobility, potentially increas-
ing leakage currents at higher temperatures. The dielectric
constant decreases with increase in temperature due to the
inverse relationship between dipolar orientation polariza-
tion and thermal agitation [234, 235], which disrupts dipole
alignment. The dielectric constant of groundnut oil-based
ZnO nanofluids at nanoparticle concentrations of 0.0, 0.1,
and 0.2 g L~!, measured across various temperatures, is
illustrated in Fig. 17b [232]. This study demonstrates a
notable reduction in dielectric constant as the temperature
rises from 45 to 85 °C. Few studies have found nanofluid’s
dielectric constant unchanged with small increase in tem-
perature [11]. The reason for this could be that a slight rise
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in temperature might not enhance charge carrier mobility
enough to lower the dielectric constant.

The studies reported that the nanofluid dissipation fac-
tor increased with increase in temperature. The dissipation
factor for nanofluids with varying concentrations of silica-
coated TiO, nanoparticles is depicted in Fig. 17c [3]. The
dissipation factor exhibited an increase with temperature
across all concentrations. However, Liu et al. observed a
similar increase in dissipation factor for ZnO nanoflu-
ids from 25 to 100 °C [236]. Taha-Tijerina et al. reported
increased dissipation for h-BN and graphene nanofluids
[237]. Additionally, Du et al. (for vegetable oil-based h-BN
nanofluids) and Michal et al. (for vegetable oil-based Al,O;
nanofluid) found higher dielectric losses at elevated tem-
peratures [238, 239]. This increase in dissipation factor with
increase in temperature is attributed to nanoparticle thermal
motion that increases energy dissipation [92, 240]. However,
at lower frequencies, dissipation factor decreased as temper-
ature rose from 25 to 50 °C due to de-trapping [92], where
reduced free charge generation promotes charge bonding
with nanoparticles [241]. Overall, studies have reported pure
increases [3, 236-239], pure decreases [197], and mixed
trends (i.e., increased at certain temperatures and decreased
at others) [12, 242], driven by nanoparticle thermal motion
and de-trapping effects.

Khan et al. investigated the resistivity of synthetic ester
oil-based Fe,0;, TiO,, and Al,O5; nanofluids at 0.02 mass%
[206]. Resistivity decreased with increase in temperature
up to 40°C and then remained relatively constant; except

for TiO, nanofluids, where resistivity increased from 60 °C
to 80 °C. Bhunia et al. studied the resistivity of optimized
nanofluids with 0.005 mass% anatase-TiO, nanosheets, as
shown in Fig. 17d [11]. Oil-1 and Oil-2 are two types of
commercial MOs that are used as BFs in the preparation
of nanofluids. Resistivity of both base oil and nanofluids
decreased as temperature increased from 60 °C to 90°C. Pra-
sath et al. investigated MO-based CaCu;Ti,O,, nanofluids
[243]. The resistivity was increased at 90 °C compared to
lower temperature. Maneerat et al. investigated resistivity
of FR3-based BaTiO; and TiO, nanofluids [244]. At 110
°C and 130 °C, both nanofluids showed decreased resistiv-
ity. Michal et al. investigated ENVITRAFOL based Al,O;
nanofluids [239]. Volume resistivity of nanofluids decreased
with increase in temperature from 30 °C to 90 °C. Increase
and decrease in resistivity of DNFs with increase in tempera-
ture can be attributed to thermal activation of charge carriers
and nanoparticles’ ability to trap charges, respectively [50,
245, 246].

Emara et al. studied the effect of temperature variation
(10 °C to 100 °C) on the thermal and dielectric proper-
ties of natural ester-based MgO nanofluids [247]. It dem-
onstrates that, at lower temperatures, the addition of MgO
nanoparticles improves thermal conductivity and dielectric
strength; however, as temperature rises, thermal conductivity
and dielectric constant decrease and electrical conductivity
increases. These trends are the result of mechanisms such
as decreased dipolar orientation, increased EDL thickness,
and enhanced Brownian motion. The findings highlight the
temperature-sensitivity of nanofluid performance, as well
as the importance of balancing thermal effects for optimal
nanofluid behavior.

Table 8 shows the enhancement of thermal conductivity
among several nanofluids with increase in temperatures. The
trends in the table imply that temperature is quite important
in changing the thermal transport characteristics of nano-
fluids. Thermal conductivity of most nanofluids increases
with temperature. This can be explained by: high Brown-
ian motion of nanoparticles at higher temperatures [248], so
improving thermal transfer; lowering of BF viscosity results
in improved nanoparticle dispersion and less aggregation
[249]; and enhanced phonon transport brought on by higher
thermal energy. The decrease in thermal conductivity of
nanofluids in [250, 251], and [24] with increase in tempera-
ture is likely due to the declining thermal conductivity of the
BFs, which in turn influences the overall nanofluid behav-
ior. This highlights the importance of choosing BFs with
stable or increasing thermal conductivity with increase in
temperature when designing nanofluids for high-temperature
applications.

In summary, DNFs operate within service temperatures
of 30-110 °C, demanding careful designing design of DNFs
at this temperature range to assure not only the stability of
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Fig. 17 Dielectric properties of nanofluids measured across vari-
ous temperatures: a AC breakdown voltage (base oil MOGUL
and nanofluids MF1-MF3)—Reprinted with the license number

nanofluid, but also BDV, dielectric constant, dissipation
factor, resistivity, and thermal conductivity. Therefore, a
detailed assessment of these properties under diverse tem-
peratures is necessary to avoid degradation, ensure reliable
insulation, and optimize the thermal performance in practi-
cal applications.

Thermal aging

Thermal aging may decrease the properties of dielectric
BFs. Amalanathan et al. conducted the thermal aging test
by heating natural ester oil with copper-wrapped pressboard
at 90 °C, 140 °C, and 160 °C in a nitrogen atmosphere [256].
Oil samples were analyzed at 100-h intervals up to a total
aging duration of 500 h. This study found thermal aging
decreased AC, DC, and impulse BDV of base natural ester
liquid. The decrease was greater at the investigated higher
temperature (160 °C) than at the lower temperature (90 °C).
The response of DNFs to thermal aging is quite intrigu-
ing. Singha et al. conducted the thermal aging test at a con-
stant temperature of 150°C for a duration of 3000 h using a
sealed tube setup containing natural ester or MO along with
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6092820073965 [109]; b dielectric constant [232]; ¢ dissipation fac-
tor—Reprinted with the license number 5985720519027 [3]; and d
resistivity—Reprinted with the license number 6092790346256 [11]

solid insulation materials [257]. After aging, MO’s BDV
dropped by over 50% due to increased moisture, acidity,
and oxidation. In contrast, natural ester liquid maintained
a stable BDV despite a sharp rise in acidity, as its higher
acid solubility prevented dielectric degradation. On the other
hand, Amalanathan et al. found that BDV of natural ester
liquids decreased with thermal aging [256], particularly at
higher temperatures (140°C and 160°C), and attributed this
decline to oxidation byproducts such as carboxylic acids and
ketones. The contradiction in the natural ester liquid BDV
likely arises due to differences in oil composition and exper-
imental conditions. More comparative studies under con-
trolled conditions are needed to determine the true impact
of thermal aging on natural ester liquid BDV.

Studies on the aging of DNFs have revealed both possible
challenges and interesting results. Fernidndez et al. studied
thermally aged natural ester-based TiO, and ZnO nano-
fluids [99]. Fig. 18a shows the evolution of AC BDV over
time for vegetable oil, vegetable oil-based TiO, and ZnO
nanofluids. Nanofluids were thermally aged at 150 °C for
312 h. Aged nanofluids showed lower AC BDV than freshly
prepared nanofluids but better AC BDV than aged base oil.
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Additionally, aged nanofluids showed higher tan 8 than fresh
nanofluids and aged base oil.

Koutras et al. conducted thermal aging in situ for 28 days
to simulate real transformer operating conditions and evalu-
ate the long-term stability and dielectric properties of natural
ester-based nanofluids containing TiO, and SiC nanoparti-
cles [44]. Two sets of experiments one at ambient tempera-
ture (25°C) and one at 90°C were conducted to simulate real
operating conditions of power transformers. Dynamic light
scattering, AC BDV, and partial discharge were performed.
SiC nanofluids exhibited better stability and dielectric per-
formance compared to TiO, nanofluids under similar condi-
tions. At 0.004 mass%, SiC nanoparticles showed the best
dielectric properties and longest stability under both ambi-
ent and elevated temperature aging. Fig. 18b illustrates the
potential well distribution around the SiC and TiO, nano-
particles under the influence of an external electric field. SiC
nanoparticles have a higher ability to capture charge carriers
in deeper traps compared to the TiO, nanoparticles, resulting
in best dielectric properties. The results show that ambient
temperature studies alone cannot accurately predict nano-
fluid stability and dielectric performance, as in situ high-
temperature experiments revealed significant differences.

Prasath et al. conducted thermal aging at 115 °C using
ASTM D1934 method, where nanofluids were aged with
copper catalyst under rotation at 8 rpm [243]. This study
found that the aged nanofluids demonstrated superior dielec-
tric properties compared to the aged base MO. This indicates
that CaCu,Ti,O,, nanoparticles help control the deteriora-
tion of the oil during aging. CCTO nanoparticles enhance
aged MQ'’s dielectric properties by increasing BDV (up to
70.7%), reducing tan & (up to 12%), and slightly raising the
dielectric constant (6.75%). These improvements stem from
electron trapping and insulating boundaries. Maharana et al.
studied the MO-based TiO, and exfoliated h-BN nanoflu-
ids with an optimized concentration of 0.01 mass% [258].
Thermal aging experiment was performed at 115°C for 164,
328, and 492 h using an open beaker oxidative aging setup as
per ASTM D1934 standard. Fig. 18c shows the comparative
analysis of the AC BDV for the fresh and aged insulating
oil samples. The introduction of nanoparticles improves the
aging resistance of MO. Exfoliated h-BN nanoparticles are
more effective than TiO, in enhancing and maintaining BDV
over aging time. Additionally, the exfoliated h-BN dispersed
nanofluid exhibited higher thermal conductivity and better
insulation properties compared to base oil and TiO, nano-
fluid even after aging. This is due to high thermal conductiv-
ity and insulating nature of the exfoliated h-BN.

Thus, studying thermal aging in DNFs is essential for
assessing their long-term performance, stability, and suit-
ability for use in transformers and other high-power applica-
tions. In conclusion, the aging behavior of DNFs is complex
and depends on various factors such as nanoparticle type,

BF, and aging conditions. The introduction of nanoparticles
improved the aging resistance and properties of BFs [243,
258]. While some nanofluids show improved stability and
performance after aging [44]. Fewer studies have focused
on the thermal aging of DNFs. Further research is needed
to fully understand and optimize the long-term performance
of thermally aged nanofluids.

Koutras et al. examined the impact of one-month natu-
ral aging (at ambient temperature) on natural ester-based
nanofluids containing low concentrations of TiO, and SiC
nanoparticles [259]. It shows that natural thermal aging
leads to a decline in thermal diffusivity and conductivity,
primarily due to nanoparticle agglomeration. The sample
with 0.004% SiC, which initially showed the highest thermal
enhancement (up to 58%), exhibited the greatest degrada-
tion after aging. These findings highlight the critical role of
nanoparticle dispersion stability over long-term in maintain-
ing performance of DNFs.

Forced circulation

Forced oil circulation can significantly improve the sta-
bility of nanoparticles in transformer oil, leading to bet-
ter BDV and thermal performance compared to natural
cooling systems. M. E. Ibrahim et al. examined the effect
of forced oil circulation on the dielectric and thermal per-
formance of the transformer oil-based TiO, nanofluid at
the optimal concentration of 0.015 mass% [52]. The nat-
ural-cooled system (no oil circulation) and forced-cooled
system (with oil circulation) average BDV over 60 days
are shown in Fig. 19a. For the natural-cooled system, the
average BDV starts at 15.5 kV at the start of the test period
but drops to 10.83 kV after 60 days. This lowers the mean
BDV by 30%. On the other hand, the forced-cooled system
showed 15.5 kV BDV for all of the 60-day experiment.
For the transformer oil, the forced oil circulation serves to
stabilize the TiO, nanoparticles and limits the reduction
in BDV. On the other side, the temperatures of the base
oil, natural-cooled nanofluid and forced-cooled nanofluid
oil changes over the 60-min cooling periods, as illustrated
in Fig. 19b. The forced-cooled nanofluid reduces in tem-
perature more than the natural-cooled and base oil. This
implies that the thermal performance of oil circulation is
better with forced oil circulation. This is due to circulation
in the forced-cooled system, which leads to better disper-
sion of the TiO, nanoparticles, thus improving the thermal
conductivity and cooling performance of the oil.
Pourpasha et al. investigated the natural convective heat
transfer (NCHT) and forced convective heat transfer (FCHT)
coefficients of TiO,-doped MWCNT nanofluids modified
with oleic acid in transformer oil [85]. The experimental
setup (Fig. 19¢) included a fluid tank, thermocouples (2 on
the walls, 4 inside the fluid), variac transformers, two 36 W
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Table 8 Thermal conductivity enhancement of nanofluids at different temperatures

Temp. /°C Base fluid Nanoparticle Thermal conductivity/W/mK Thermal conductivity References
- - - - enhancement/%

Name Size/nm Concentration Base fluids Nanofluids
35 MO ZnO ~160 0.0015 vol.% 0.132 0.138 4.5 [252]
45 MO ZnO ~160 0.0015 vol.% 0.133 0.139 4.5 -
25 MO Graphene 60 (thick) 0.01 mass% - - 0.79 [37]
80 MO Graphene 60 (thick) 0.01 mass% - - 26.4 -
25 MO Graphene 60 (thick) 0.05 mass% - - 1.75 [37]
80 MO Graphene 60 (thick) 0.05 mass% - - 29.3 -
25 MO Graphene 60 (thick) 0.10 mass% - - 1.80 [37]
80 MO Graphene 60 (thick) 0.10 mass% - - 333 -
10 MO CuO 30 0.5 mass% 0.133 0.138 3.8 [82]
60 MO CuO 30 0.5 mass% 0.129 0.142 10.1 -
100 MO CuO 30 0.5 mass% 0.126 0.146 15.9 -
10 MO Fe;0, 30 0.5 mass% 0.133 0.137 3 [82]
60 MO Fe;0, 30 0.5 mass% 0.129 0.136 54 -
100 MO Fe;0, 30 0.5 mass% 0.126 0.136 7.9 -
20 MO ALO; 20 0.5 ¢.% 0.116 0.122 5.20 [253]
30 MO Al,O; 20 0.5 ¢.% 0.125 0.135 8.00 -
50 MO Al,O; 20 0.5¢9.% 0.159 0.17 6.90 -
20 MO MWCNT 10-20 0.01 mass% 0.109 0.110 0.90 [254]
40 MO MWCNT 10-20 0.01 mass% 0.107 0.111 3.74 -
60 MO MWCNT 10-20 0.01 mass% 0.104 0.112 7.70 -
20 MO MWCNT 10-20 0.001 mass% 0.109 0.109 0.00 [254]
40 MO MWCNT 10-20 0.001 mass% 0.107 0.1095 2.34 -
60 MO MWCNT 10-20 0.001 mass% 0.104 0.11 5.77 -
20 MO AIN 40 0.159 vol.% 0.1052 0.1108 5.30 [250]
70 MO AIN 40 0.159 vol.% 0.0998 0.1064 6.60 -
20 MO AIN 40 0.079 vol.% 0.1052 0.1089 3.50 [250]
70 MO AIN 40 0.079 vol.% 0.0998 0.104 4.20 -
40 MO TiO, 21 0.816 gL~} 0.132 0.135 227 [251]
80 MO TiO, 21 0.816 gL~} 0.127 0.129 1.57 -
40 SE TiO, 21 0.816 gL} 0.156 0.160 2.56 [251]
80 SE TiO, 21 0.816 gL™! 0.151 0.154 1.99 -
30 MO Fe;0, 10.55 0.2 Mass.% 0.122 0.123 0.8 [24]
50 MO Fe;0, 10.55 0.2 Mass.% 0.113 0.115 1.8 -
70 MO Fe;0, 10.55 0.2 Mass.% 0.106 0.107 0.9 -
40 TO TiO, 58 0.02 mass% 0.108 0.111 2.8 [255]
80 TO TiO, 58 0.02 mass% 0.106 0.108 1.9 -

blowers (1400 rpm, placed 20 cm from the large transformer
walls), and a heating element. Heat transfer performance was
assessed at nanoparticle concentrations of 0.05-0.2 mass%
and input powers of 50.5—-124 W. The NCHT (Fig. 19d) and
FCHT (Fig. 19e) coefficients increased with concentration
and power, with peak enhancements of 23.08% and 24.68%,
respectively, at 0.2 mass% and 50.5 W. Higher FCHT coef-
ficient (at 0.2 mass% and 50.5 W) is attributed to more tur-
bulent enforced convection, improving heat dissipation.
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Amiri et al. examined the influence of forced convec-
tion on the thermal characteristics of transformer oil-based
amine-treated graphene quantum dots (AGQD) nanofluid
[105]. The FCHT coefficient for both the base oil and nano-
fluids exhibits an upward trend with increase in input power.
The FCHT coefficient for the transformer oil-based AGQD
nanofluid was markedly superior to that of pure transformer
oil, demonstrating an enhancement of 21-32% at a minimal
concentration of 0.001 mass%. The FCHT coefficients of
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transformer oil, both with and without AGQD, significantly
exceed those observed under natural convection conditions.
Furthermore, Hussein et al. investigated the augmentation of
FCHT using TiO, nanoparticles dispersed in palm oil [260].
The maximum enhancement in heat transfer was approxi-
mately 6% relative to the pure palm oil BF.

This considerable enhancement in the dielectric proper-
ties and heat transfer of nanofluid suggests that forced cir-
culation conditions can markedly improve the dielectric and
cooling efficiencies of transformer systems. This may result
in more compact, efficient, and reliable transformer designs.
However, investigations carried out on the effect of forced
oil circulations on various parameters are inadequate, which
requires the need for more research studies on the forced oil
circulation.

328 492

0 164
Ageing duration/hours

with the license number 6092820966250 [44]; and ¢ AC breakdown
voltage of mineral oil, mineral oil-based TiO,, and exfoliated h-BN
nanofluids over aging time—Reprinted under a CC license [258]

External magnetic and electrical field

An external magnetic field can be used for forced circulation
of magnetic nanofluid [51]. Thus, a magnetic field reduces
magnetic nanoparticle agglomeration and improves disper-
sion [261]. It also influences iron oxide nanoparticle polari-
zation and charge trapping, which improves the dielectric
properties of nanofluids [213, 262, 263].

Lee et al. studied the BDV of nanofluids without and with
magnetic fields [264]. In Fig. 20, it is clear that the BDV of
transformer oil was greatly increased by the addition of mag-
netic nanoparticles. When the external magnetic field is sup-
plied, the average BDV further increases to about 40.2 kV.
It is 30% higher than that without applied field, it might be
due to the improvement of dispersion of nanoparticles. This

@ Springer



18952

R. A. Farade et al.

is because an external magnetic field can successfully dis-
perse magnetic nanoparticles and also enhances charge trap-
ping [265]. Rajnak et al. found that the thermal conductivity
of transformer oil-based magnetic nanofluids improved by
incorporation of iron oxide nanoparticles (9.2% increase at
2.198 vol.%) [266]. The anisotropic thermal conductivity is
revealed by comparing the radial and axial directions under
an external magnetic field, in which higher thermal con-
ductivity is obtained in radial direction due to the effect of
gradient magnetic field redistributing the nanoparticles and
constructing heat conduction pathways. On the other hand,
dielectric permittivity increased gradually from 2.12 (pure
oil) to 2.45 (at 2.198 vol.%). Under an external magnetic
field, a magnetic field dependent permittivity is observed,
leading to a magneto-dielectric anisotropy, in which the per-
mittivity is anisotropic with respect to the electric and mag-
netic fields. This effect is attributed to nanoparticle align-
ment and charge accumulation at chain terminals.

Kosterec et al. used a magneto-hydrodynamic model for
obtaining the simulation results for the magnetic fluid under
magnetic field [51]. The thermal distribution and fluid flow
were obtained using the ANSYS Workbench software. TO
fluid flow streamline at 1500 s is shown in Fig. 21a. Oil is
causing natural convection due to the heat from the wire
spiral. Based on the flow pattern, it appears that hot oil is
convectively rising and cold oil is falling. Here, since no
other forces are present, circulation is driven by the effects
of buoyancy from temperature differences. Fig. 21b shows
magnetic fluid flow streamline at 1500 s. This flow is
affected by thermomagnetic and natural convection, unlike
transformer oil fluid flow streamline. Natural convection
pushes heated fluid above the spiral toward the container
walls due to its lower magnetic permeability. It cools at the
walls and is drawn back to the heating spiral by the magnetic
field, forcing circulation. This improved circulation boosts
magnetic fluid cooling efficiency over transformer oil.

DNFs are subjected to electric fields for their practical
applications in real time. The influence of the electrical field
on their performance is significant. Applying an electrical
field with a periodically changing direction effectively resus-
pends deposited nanoparticles, addressing a key challenge
in the practical use of nanofluids. Over time, nanoparticles
tend to settle on heat transfer surfaces, forming a sediment
layer that increases thermal resistance and degrades heat
transfer performance. Figure 21c illustrates [102], in the
absence of an electric field, adhesive forces (F,) and gravity
(F,) keep nanoparticles in place. As illustrated in Fig. 21d
[102], under the influence of an alternating electrical field,
adhesive forces are opposed by electrophoretic and dielec-
trophoretic forces (F,) and aided by drag force (F,) from
the BF in lifting the nanoparticles. By preventing long-term
accumulation, the nanofluid can be stable and have high
thermal conductivity during long operations.

@ Springer

Furthermore, it illustrates the velocity contours based on
numerical simulations [267]. Fig. 21e and f [102] shows
the applied electric field causes movement in the BF, thus
generating convective currents that improve dispersion and
therefore avoid particle sedimentation. This higher fluid
velocity disturbs the temperature boundary layer, therefore
enhancing heat transfer efficiency. The technique preserves
better thermal performance by eliminating nanoparticle
deposition, which is especially advantageous for long-term
uses like transformer cooling or higher voltage, where more
nanoparticle concentration, and longer switching periods for
the electrical field direction help to maximize heat transfer
enhancement. This method guarantees consistent, effective
heat dissipation, which makes nanofluids more practical for
engineering uses needing consistent temperature control.

The possibility to improve BDV using a magnetic field
implies that active management of insulation characteris-
tics might be achieved in real time [264], thus providing
fresh approaches to maximize high-voltage insulation.
The results might be utilized to create adaptive insulation
fluids wherein dynamic adjustment of insulation qualities
in response to varying operating circumstances could be
accomplished using external magnetic fields [51]. Magnetic
fluids can enhance transformer system cooling efficiency,
creating a thermomagnetic convection, which supports regu-
lar convection. This helps to bring down temperature gra-
dients so transformer life span and reliability are increased
by improved heat dissipation. In addition, external mag-
netic field regulated fluid flow is a potential approach for
enhanced thermal management in limited spaces or for high-
power electrical applications.

Periodically changing electrical field prevents nanoparti-
cle deposition, ensuring stable nanofluid thermal conductiv-
ity and enhancing natural convection heat transfer, which is
critical for applications like transformer cooling and elec-
tronic heat dissipation [102]. It complements this by using
the lattice Boltzmann method (LBM) to numerically analyze
electric field interactions with natural convection, highlight-
ing the roles of electrophoretic and dielectrophoretic forces
in modifying velocity fields [267].

Practical implications

This in-depth review explores the profound effect of multiple
factors on the dispersion stability and their thermo-dielectric
characteristics of DNFs. This review outlines the following
practical implications.

Nanoparticle bandgap

¢ Conductive nanoparticles increase charge accumulation
[104], improving electrostatic stabilization. Bandgap tun-
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ing (e.g., fluorination [33]) enhances stability by modify-
ing surface charge.

¢ Insulative/semiconductive nanoparticles improve dielec-
tric relaxation, enhancing BDV [134]. Charge trapping
reduces tan 8, improving resistivity. Conductive nanopar-
ticles increase polarization and charge storage [135].

e There is no straightforward formula linking the bandgap
of nanoparticles directly to the thermal conductivity of
nanofluids. However, conductive nanoparticles showed
unparalleled improvements in thermal conductivity,
likely due to their high intrinsic thermal conductivity.

e Conductive nanoparticles are effective at low concen-
trations (0.01-0.1 mass%). Insulative/semiconductive
nanoparticles require higher filler levels (up to 2 mass%)
(refer to Table 3).

Nanoparticle size variation and ultrasonic cavitation

e Higher zeta potential from smaller nanoparticles
improves dispersion [140]. Optimized sonication pre-
vents sedimentation; excessive sonication reduces per-
formance [125].

e Smaller nanoparticles enhance BDV by increasing charge
trapping sites and surface area. Ultrasonication improves
BDV by breaking clusters and enhancing dispersion [125].

e Smaller nanoparticles boost conductivity via phonon
transport, Brownian motion, and EDL effects [122].
Ultrasonication further enhances conductivity by pre-
venting agglomeration.

e Controlled sonication improves dielectric and thermal
characteristics [125]; too long duration may reduce nano-
fluid stability.
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Some studies found larger nanoparticles perform better
[101], because of improved interfacial effects and dis-
persion. Optimization specific to nanofluid is absolutely
vital.

Phase and shape of nanoparticles

Comparative investigation on anatase TiO, enhanced
thermal conductivity by 43.3% (i.e., 5.818 W/m-K vs.
4.059 W/m-K for rutile) [161], due to longer mean free
path of low-frequency acoustic phonons along the a and b
axes in dielectric fluids. In DNFs, anatase TiO, achieved
maximum improvements of 11.27% in AC BDV [11],
also maintained 56-day stability [32].

CdS nanosheets improve AC BDV up to 38.3%, outper-
forming nanobelts (37%) and spheres (35.5%), indicating
Nanosheets > Nanobelts > Spheres for AC BDV enhance-
ment in DNFs [91]. Nanosheets achieved maximum
improvements.

Blending and nano-structuring of nanoparticles

One can find a harmonic balance of dielectric and ther-
mal improvements in blended nanoparticles [90, 116].
Blended nanoparticles reportedly enhanced BDV up to
69.6% [90], lowered tan 6 up to 11.31% [90], and raised
thermal conductivity up to 48.9% [116].

Composite and doped nanoparticles among other nano-
structuring techniques enable fine-tuning of several prop-
erties. Studies showed that nanostructured nanoparticles
raised thermal conductivity up to 50% [65] and lowered
tan & up to 78.4% [37].

Nanoparticle concentration

Optimizing nanoparticle concentration in DNFs enhances
key electrical and thermal properties [268], but exceed-
ing the critical concentration leads to performance deg-
radation.

Conductive nanoparticles required 0.002-0.01 mass%
for BDV improvements up to 41.49%, semiconductive
nanoparticles optimized between 0.002-0.04 mass%,
increasing BDV up to 61.7%, while insulative nanopar-
ticles required 0.02-0.6 mass% and achieved the highest
BDV enhancement (up to 100.3%) (refer to Table 5).

Surfactant treatment

Surfactant treatment enhances DNF stability by prevent-
ing nanoparticle agglomeration, leading to improved
long-term dispersion, maximum stability duration of
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Fig. 21 Fluid flow streamline: a transformer oil b magnetic fluid [51]; tours under electrical field e and f—Reprinted with the license num-
and schematic of nanoparticle: ¢ deposit and d suspension without ber 6092820479454 [102]
and with external electrical field, respectively, base fluid velocity con-
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7 years observed in oleic acid-treated Fe;0, nanofluids
[109].

e Surfactants significantly improve dielectric and thermal
properties, with treated nanofluids demonstrated up to
20% higher AC BDV, 27.7% higher resistivity, 37.4%
lower tan 8, and 20.33% increased thermal conductivity
compared to untreated counterparts [10, 115].

Moisture content

e The findings indicate that moisture content significantly
influences the BDV of DNFs, with wet nanofluids show-
ing a higher BDV improvement (up to 61.67%) compared
to dry nanofluids (up to 39.18%) [86].

e Nanoparticles effectively mitigate moisture-induced deg-
radation by capturing water clusters, excessive moisture
still poses risks to transformer performance and longev-

ity.
Temperature variation

e DNFs operate within service temperatures of 30-110 °C,
in accordance with IEEE Standard C57.91, demanding
careful designing design of DNFs at this temperature
range to assure not only the stability of nanofluid, but
also BDV, dielectric constant, dissipation factor, resistiv-
ity and thermal conductivity.

e A detailed assessment of these properties under diverse
temperatures is necessary to avoid degradation, ensure
reliable insulation, and optimize the thermal performance
in practical applications.

Thermal aging

e Thermal aging significantly impacts the dielectric prop-
erties of BFs and nanofluids [256], with AC BDV reduc-
tions exceeding 50% in MO due to oxidation and mois-
ture accumulation [257].

e Nanoparticles enhance aging resistance, with
CaCu,Ti, O,, boosting BDV by 70.7% and reducing tan
d by 12% [243], while exfoliated h-BN sustains BDV and
thermal conductivity after aging [258]. This highlights
their role in improving transformer oil longevity under
thermal stress.

Forced circulation

e Forced circulation improved transformer oil performance
over longer time. TiO, nanofluid under forced cooling
retained BDV at 15.5 kV over time, while natural cool-
ing caused a 30% drop [52]. Heat transfer coefficients
(HTCs) increased up to 24.68% in forced convection with
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TiO,-doped MWCNT nanofluids, indicating higher ther-
mal efficiency [85].

The forced circulation enhances nanofluid stability, cool-
ing, and dielectric performance, enabling more efficient
transformer designs. Further research is needed to opti-
mize its effects across different conditions.

External magnetic and electrical field

e External magnetic and electric fields enhanced trans-

former oil by improving dielectric strength and thermal
management. A magnetic field increased BDV by 30%
through better nanoparticle dispersion and improved
thermal conductivity by 9.2% via anisotropic heat con-
duction [264, 266]. An alternating electric field prevented
nanoparticle sedimentation, ensured long-term stability,
and enhanced thermal conduction.

These findings support the development of adaptive insu-
lation fluids that dynamically adjust their properties for
improved nanofluid performance.

Challenges in practical applications

Key challenges in nanoparticle bandgap tuning and DNF
applications include precise control over modifications
and designing scalable-cost-effective synthesis methods.
Optimizing and standardizing nanoparticle size and ultra-
sonication parameters to enhance the properties of DNFs
during their preparation remains a challenge.

The trade-off between thermal efficiency and electrical
insulation is a key challenge in material phase selection.
For example, anatase TiO, enhances thermal conductiv-
ity but may reduce insulation, while rutile TiO, improves
dielectric performance but lowers thermal conductivity.
Optimized blending can help balance both properties.
Systematic research is crucial for optimization, particu-
larly in the careful selection of nanoparticles and precise
adjustment of their ratios. This ensures the mitigation of
negative impacts on dielectric strength while maximizing
thermal advantages through blending and nano-structur-
ing techniques for multi-property enhancement.

The main challenges related to concentration in practical
applications of DNFs are maintaining long-term stability,
preventing sedimentation, and determining the optimal
concentration for desired properties. Overcoming these
challenges is essential for the commercial acceptance and
widespread use of DNFs

The main challenges related to concentration in practi-
cal applications of DNFs include maintaining long-term
stability, preventing sedimentation, and accurately deter-
mining the optimal concentration for desired properties.
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Addressing these issues is crucial for their commercial
viability and widespread adoption.

e Surfactants are essential for improving the stability of
DNFs, their impact on other critical properties presents a
significant challenge for practical applications. Balancing e
the positive effects of improved stability against poten-
tial negative impacts on dielectric and thermal properties
requires careful optimization.

e Moisture can cause dielectric degradation and accelerate
the aging of BFs, negatively affecting dielectric and ther-
mal performance over time, ultimately reducing trans-
former efficiency and lifespan. .

e Elevated temperatures accelerate nanoparticle aggrega-
tion, degrade surfactants, and impact insulation. While
thermal conductivity improves, reduced viscosity and e
increased charge mobility may lead to electrical failure.
Ensuring stability and reliability across operational tem-
peratures remains a key challenge.

e Thermal aging can lead to nanoparticle aggregation and
surfactant degradation, resulting in inconsistent improve-
ments in dielectric and thermal properties over time.

e The implementation of forced circulation in large-scale
transformer systems entails balancing energy efficiency,
maintenance costs, and reliability. Standardizing testing
techniques and real-world validation are necessary for
wider adoption.

e Current research indicates that magnetic fields primarily
enhance nanofluids with magnetic nanoparticles, while
electric fields can influence both magnetic and nonmag-
netic nanofluids. However, material compatibility and
scalability to full transformer systems require extensive
validation.

e A significant challenge in advancing DNFs lies in the e
absence of standardized testing protocols. Variability in
sample preparation, measurement techniques, and test
conditions contributes to inconsistent and noncompara-
ble results across published studies, hindering meaning-
ful benchmarking and industrial acceptance. .

Future research directions

e Optimizing bandgap can improve charge trapping, BDV,
and thermal conductivity. Future research should focus
on bandgap tuning. Advanced characterization tech-
niques are needed to correlate bandgap variations and
nanofluid properties.

e Optimized nanoparticle size selection and ultrasonication
parameters can enhance stability, dielectric, and thermal
performance. Additionally, application-specific tailoring
such as power transformers and thermal management
systems needed using theoretical and empirical valida-
tion.

More studies are needed on phase and shape effects to
systematically compare stability, dielectric properties,
and thermal conductivity using a common BF for con-
sistency in experimental findings.

Systematic studies should explore new hybrid and nano-
structured nanoparticle combinations that optimize
dielectric and thermal properties. Long-term stabil-
ity assessments are essential for practical applicabil-
ity. Machine learning and computational modeling can
streamline nanoparticle formulation by reducing experi-
mental trial and error.

Develop ultra-stable nanofluids with high-performance
reliability while addressing sedimentation issues through
optimized nanoparticle concentration.

Despite advancements, amphoteric surfactants remain
underexplored, yet they offer tuneable surface proper-
ties and improved compatibility with dielectric fluids.
Future research should focus on developing novel sur-
factants that are nontoxic, biodegradable, and recyclable
while enhancing stability without compromising the key
properties of nanofluids.

Studies on the effect of moisture on DNFs have been
limited to BDV investigations; studies on other dielectric
and thermal properties of DNFs are lacking. Additional
research is required to fully understand and mitigate the
effects of moisture on DNFs.

Future research should develop advanced surfactants
and functionalized nanoparticles to improve nanofluid
stability at high temperatures and thermal aging condi-
tion while examining viscosity, insulating, and thermal
properties for reliable performance in high-power appli-
cations.

Developing energy-efficient forced circulation systems
and predictive models for performance assessment.
Standardized testing protocols and real-world validation
of forced circulation systems in transformer applications
are critical for commercialization.

Advancing the design, creating predictive models for
evaluating performance, and the real-world validation
are essential for successful commercialization of energy-
efficient forced circulation systems.

Optimize electric and magnetic field parameters, assess
nonmagnetic nanoparticle behavior, and assess long-
term stability for large-scale use. Al-driven models can
enhance predictions.

Optimize electric and magnetic field parameters, study
nonmagnetic nanoparticle behavior, and evaluate long-
term stability for large-scale use. Al-powered models can
improve predictions.

Future research should prioritize the development and
adoption of standardized protocols for nanofluid prepa-
ration, characterization, and performance evaluation.
Establishing such guidelines would enhance reproduc-
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ibility, comparability, and accelerate translation into
practical applications.

e DNFs exhibit superior thermal and electrical stability
during thermal and electrical fault conditions such as
overheating and arcing faults, due to enhanced heat dissi-
pation and dielectric strength [269, 270]. Future research
should enhance nanoparticle stability and create optical
sensing for real-time monitoring [271].
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