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Preface to ”Heat Transfer and Fluids Properties of
Nanofluids”

This reprint comprises twelve high-quality articles covering a wide range of important research

topics on nanofluids.

The first article by Ali and co-workers reviews the state-of-the-art research on popular

carbon-based nanofluids and their applications in thermal and energy systems.

A forced convection study on thermal and hydraulic performances of nanofluids containing

carbon, and Al2O3 and SiO2 nanoparticles in PEG in a fully developed turbulent flow in a square,

heated pipe is reported by Afan and co-workers in the second article.

In the third article, Giwa and co-authors performed a characterization of the morphology

and stability of dispersed nanoparticles and determined the viscosity and electrical conductivity of

DW-based MWCNT-Fe2O3 hybrid nanofluids at different temperatures and concentrations.

A numerical investigation to assess the effects of polydispersity and sintering on the effective

thermal conductivity of nanoparticles’ aggregates conducted by Karagiannakis and co-workers is

reported in the fourth article.

The fifth article presents the thermal performances of DW-based Al2O3 and TiO2 nanofluids in

a compact plate heat exchanger by comparing experimental and numerical investigations performed

by Ajeeb and Murshed.

In the sixth article, Zhang and co-workers determined isotherms, streamlines, and heat transfer

rates under various conditions and parameters by employing the Darcy–Brinkman and energy

transport equations in a numerical study of natural convection heat transfer in a porous annulus

filled with a Cu nanofluid.

Ahmed and co-authors presented a numerical investigation of the impacts of melting on the

convective flow of Al2O3-based PCM within cylindrical tubes containing cross-shape heated sections

in the seventh article.

The eight article reports a numerical study on the natural convection within an inversed

T-shaped enclosure filled by NePCM conducted by Abderrahmane and co-workers.

Pereira and co-authors reported a review of the possible mechanisms and characteristics of

nanoparticle deposition and its impact on various factors such as surface roughness and wettability,

the density of vaporized core points, and thermal resistance in the ninth article.

The tenth article presents an experimental study on the effects of nanoparticle size and

concentration on pool boiling heat transfer with TiO2 nanofluids on laser-textured Cu surfaces

conducted by Hadžić and co-workers.

A numerical study on the appearance of a solitary wave particle concentration in nanofluids

under a light field conducted by Livashvili and co-authors is reported in the eleventh article.

The final article reports on a molecular dynamics simulation of the behaviors of water

nanodroplets impinging on moving surfaces performed by Zhang and co-authors.

The Special Issue Editor acknowledges all the authors for their valuable contributions to the

book and the Reviewers for assessing the quality of each article.

S M Sohel Murshed

Editor
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Abstract: Nanofluids have opened the doors towards the enhancement of many of today’s existing
thermal applications performance. This is because these advanced working fluids exhibit exceptional
thermophysical properties, and thus making them excellent candidates for replacing conventional
working fluids. On the other hand, nanomaterials of carbon-base were proven throughout the
literature to have the highest thermal conductivity among all other types of nanoscaled materials.
Therefore, when these materials are homogeneously dispersed in a base fluid, the resulting suspension
will theoretically attain orders of magnitude higher effective thermal conductivity than its counterpart.
Despite this fact, there are still some challenges that are associated with these types of fluids. The
main obstacle is the dispersion stability of the nanomaterials, which can lead the attractive properties
of the nanofluid to degrade with time, up to the point where they lose their effectiveness. For
such reason, this work has been devoted towards providing a systematic review on nanofluids of
carbon-base, precisely; carbon nanotubes, graphene, and nanodiamonds, and their employment
in thermal systems commonly used in the energy sectors. Firstly, this work reviews the synthesis
approaches of the carbon-based feedstock. Then, it explains the different nanofluids fabrication
methods. The dispersion stability is also discussed in terms of measuring techniques, enhancement
methods, and its effect on the suspension thermophysical properties. The study summarizes the
development in the correlations used to predict the thermophysical properties of the dispersion.
Furthermore, it assesses the influence of these advanced working fluids on parabolic trough solar
collectors, nuclear reactor systems, and air conditioning and refrigeration systems. Lastly, the current
gap in scientific knowledge is provided to set up future research directions.

Keywords: carbon nanotubes; graphene; nanodiamond; parabolic trough solar collector; nuclear
reactor; air conditioning and refrigeration

1. Introduction

Since the 20th century, scientists have been working with considerable effort to de-
velop fluids that can surpass those conventionally known by the scientific society and
industry in terms of thermal and physical performance. The idea of dispersing solid parti-
cles of millimeter (mm) and micrometer (µm) in size is the milestone, which was physically
initiated by Ahuja [1,2] in 1975, Liu et al. [3] in 1988, and other researchers at Argonne
National Laboratory (ANL) [4–6] in 1992 on the bases of Maxwell theoretical work [7].
Such suspensions have shown tremendous improvements in heat transfer characteristics
compared to their base fluids. This is due to the dispersed solid particles’ significantly
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higher thermal conductivity compared to their hosting fluid, which would enhance the
effective thermal conductivity of the colloidal. The term ‘effective’ is generally used when
referring to the net property of a solid–liquid suspension [8]. However, it was found that
in flow areas of low velocities, the particles hosted by the suspension tended to deposit
from its carrier liquid. Additionally, hence the fluid starts to lose its tuned properties.
Furthermore, clogging of small passages was also experienced due to the significant level
of agglomeration between the dispersed particles, and therefore making it extremely chal-
lenging to employ in heat transfer devices containing small channels. This is when, in 1993,
Masuda et al. [9] conceived the idea of fabricating suspensions with ultrafine particles
of silica, alumina, and titanium dioxide, where these dispersions were afterward given
the name ‘Nanofluids’ by Choi and Eastman [10], in 1995, as a result of their extensive
research work at ANL. According to the founders, a nanofluid can be generally defined as
an advanced category of fluid that is produced by homogeneously dispersing low concen-
trations (preferably ≤1 vol. %) of particles of less than 100 nanometers (nm) in size within
a non-dissolving base fluid [11]. Both Masuda et al.’s [9] and Choi and Eastman’s [10]
primary motivation at that time was to overcome the limitations associated with suspen-
sions made by their counterparts (i.e., colloidal containing millimeter or micrometer sized
particles). In addition, Choi and Eastman [10] have theoretically known beforehand that
reducing the size of the dispersed particles to the nanoscale would greatly enlarge the par-
ticle exposed surface area to the surrounding, and thus increasing the suspension overall
thermal conductivity [12]. The significant variation in thermal conductivity between solid
particles and liquids can be clearly seen in Figure 1 for some of the most commonly used
particles and base fluids, at room temperature and atmospheric pressure, for fabricating
nanofluids [13–17]. It is worth noticing that CuO, MgO, Al2O3, ZnO, TiO2, Fe2O3, SiO2, Ag,
Cu, Au, Al, Fe, carbon nanotubes (CNTs), and multiwalled carbon nanotubes (MWCNTs)
stands for cupric oxide, magnesium oxide, aluminum oxide, zinc oxide, titanium dioxide,
iron(III) oxide, silicon dioxide, silver, copper, gold, aluminum, iron, carbon nanotubes,
and multiwalled carbon nanotubes, respectively. Furthermore, the thermal conductivity of
some of the materials shown in Figure 1 was seen to have a significant scatter of data across
the literature, which can be linked to several factors such as the purity, crystallinity, particle
size, and the determination approach used to find this thermal property. In addition, the
thermal conductivity of graphene after being subjected to oxidization (i.e., having the
form of graphene oxide) gets highly reduced, where it can reach values between 1000 and
2 W/m·K [18–20].

Following their success, many researchers started to explore and develop this class of
engineered fluid via modifying their production route, enhancing the suspension stability,
and improving the colloidal thermal conductivity [13,21,22]. As of today, nanofluids
are seen to have potential usage in a wide range of areas, including the energy sector,
construction and building, transportation, oil and gas, medical sector, etc. [23–34]. Figure 2a
shows the increasing trend in scientific publications in the field of nanofluids from 1995
to 2020, while Figure 2b illustrates the different types of these published documents that
are available in the same database. It is worth mentioning that the data in Figure 2 was
obtained from Elsevier’s abstract and citation database, Scopus, via searching through the
word ‘Nanofluid’ [35].

Despite the promising achievements that nanofluids could deliver to the scientific
community, there are still some obstacles that need to be overcome before this category of
fluids can be industrially accepted. For example, the colloidal preparation phase is still
considered one of the most significant challenges, as this stage can strongly influence the
fluid physical stability and effective thermophysical properties [13,36]. Meaning that if the
fabrication process used was not well structured before being executed, the chances of an
unstable nanofluid being produced is likely to occur. As a result, some of the suspension’s
thermophysical properties will gradually degrade with time due to the separation of
particles from the hosting base fluid. Almurtaji et al. [37] have illustrated in their published
work the relationship between the effective thermal conductivity and the physical stability
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of suspensions. They showed that the effective thermal conductivity of a nanofluid could
reach its optimum possible value when the dispersion is physically stable, and vice versa. In
addition, the commonly employed two-step fabrication method that relies on an ultrasonic
bath type device, was reported to raise the as-prepared nanofluid temperature and that
the surrounding atmospheric conditions govern this increase in temperature along with
the sonicator working power. Thus, it is highly unlikely that similar nanofluids can be
produced through the conventional two-step route without simultaneously fabricating
the products at the same preparation conditions. A more convenient two-step method
employed for nanofluid production would be the two-step controlled sonicator bath
temperature approach, as was reported by Ali et al. [8,11] and Song et al. [38]. The
aforementioned approach would eliminate the rise in bath temperature obstacle, and
hence will ensure an optimum level of nanofluids reproducibility to the manufacturer at
any surrounding atmospheric conditions, and even when using different types of bath
sonicators. Furthermore, as the thermal properties of a nanofluid are influenced mainly by
the dispersed particles compared to its base fluid, researchers have been focusing more
on carbon-based materials. This is because some of these materials, in the nanoscale,
have exceptional thermophysical properties compared to other commonly used materials
(e.g., metals and oxides) [39–41]. For instance, CNTs and graphene have significantly
elevated thermal conductivity [42,43], large aspect ratio [44], lower density [45,46], lower
erosion and corrosion surface effects [47], higher stability [43], and lower pressure drop
and pumping power requirement in comparison to other types of nanomaterials [48,49].
Figure 3 demonstrates common allotropes of carbon nanomaterials.
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Many published numerical and experimental studies on nanofluids fabricated with
particles of carbon-based materials were found in the literature, which show the continued
growth of interest in such materials [35,51–54]. Figure 4 classifies these documents in terms
of the number of available publications at the Scopus database for each type of carbon-based
material used in nanofluids production. The single-walled carbon nanotube (SWCNT)
and double-walled carbon nanotube (DWCNT) abbreviations in Figure 4 refer to the
single-walled carbon nanotube and double-walled carbon nanotube, respectively. During
the reviewing process, which led to the formation of Figure 4, the authors remarkably
recognized that the researchers had used different sonication duration and intensities to
fabricate their nanofluids. However, some of the suspensions had the same particles type,
size, and hosting base fluid. This shows that, up to today, there is no standard fabrication
method for the production of the colloidal. The authors have also found that dispersing
carbon-based materials, such as walled carbon nanotubes (MCNTs) and graphene, can
tremendously enhance the quality of biofuels blends, in specific biodiesel [55,56]. This
includes lowering the brake specific fuel consumption, stabilizing the fuel consumption
rate and brake thermal efficiency, and improving the diesel engine performance and the
resulting emissions from the combustion process.

This review paper provides an overview of three types of carbon-based nanofluids:
CNT, nanodiamond (ND), and graphene. The selection reason for these three carbon-
based particles is due to their outstanding thermal properties compared to any other sort
of nanoscaled solids. Hence, they can be considered promising candidates for fabricat-
ing nanofluids targeted towards heat transfer applications. The main contribution of
the present review study is that this work starts from the synthesis stage of these three
carbon-based materials, followed by their dispersed form, and up to their employment in
selected energy applications. Furthermore, recommendations on the different nanofluids
production methods used are shown along with the colloidal stability and its effect on the
thermophysical properties. Moreover, the experimental measuring devices and theoretical
equations used to determine and predict the thermophysical properties are provided. In
addition, the research work done on utilizing these carbon-based suspensions are presented
for three thermal applications, namely, parabolic trough solar collectors (PTSCs), nuclear
reactors, and air conditioning and refrigeration (AC&R) systems, with a comparison to
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those of conventional working fluids. Finally, the gaps in present scientific knowledge that
scientists need to tackle are highlighted in order to promote these advanced types of heat
transfer fluids commercially.
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2. Synthesis of Nanoscaled Carbon-Based Materials

Carbon ranks as the 4th most common element after hydrogen, helium, and oxygen
in our solar system, and the 17th in the crust of our planet [57]. Remarkably, this element
is distinctive so that when the crystal structure of carbon atoms is changed into deferent
arrangements, the material properties significantly differ [58–63]. For example, both ND
and graphene are made of carbon but of different atomic bounds arrangement. While
the first is an electrical isolator and transparent towards visible light waves, the second
has excellent electrical conductivity with complete visible light blockage. Such materials
that contain various arrangements of carbon atoms are known as ‘allotropes of carbon’,
which means that the material has chemically identical elements but with different atomic
arrangements, and hence different physical properties. Due to this fact, many allotropes
of carbon exist or have been discovered by scientists, e.g., diamond, graphene, and CNTs.
The following Sections 2.1–2.3. will provide a short overview of the fabrication of three
allotropes of carbon in the nanoscale, namely ND, graphene, and CNTs. Knowing the
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production methods of these materials is essential and will, later on, help us understand
which nanofluid fabrication route is suitable to conduct.

2.1. Nanodiamonds

NDs have existed for billions of years in nature within meteorites, crude oil, inter-
stellar dust protoplanetary nebulae, and different sediment layers of the Earth’s crust.
Nevertheless, the synthetization process of this valuable material only started in the second
half of the nineteenth century through either exposing graphite to high pressure and high
temperature conditions, or by the explosive detonation of bulk graphite [64–66]. The first is
known as the high-pressure and high-temperature (HPHT) approach, whereas the second
route is known as the detonation technique. In the literature, it was reported that the
first study conducted on the preparation of NDs was performed by Bovenkerk et al. [67],
in 1959, after which Danilenko [68] used the detonation technique as part of his synthe-
sis approach. Furthermore, many approaches were developed afterward for fabricating
ND, such as the microplasma-assisted formation [69], chemical vapor deposition (CVD)
method [70], laser ablation [71], high energy ball milling of microdiamonds produced from
high pressure and high temperature conditions [72], high energy ball milling of ultra-fine
graphite powder [73,74], ultrasound cavitation [75], chlorination of carbides [76], carbon
onions irradiated by electron [77], and irradiation of graphite by ion beam [78]. In addition
to the previous synthesizing methods, El-Eskandarany has proposed a novel approach for
producing superfine NDs from commercial graphite powders and SWCNTs under ambient
temperature and atmospheric pressure conditions, using a high-energy ball mill tech-
nique [79]. It is important to note that, according to Ali et al. [66] and Mochalin et al. [80],
the most common types of NDs seen today are the detonation NDs (DNDs) and the HPHT-
NDs. From the aforementioned production routes, it can be concluded that the synthesized
NDs can only be produced as independent solid particles, and therefore cannot be grown
within liquids through chemical and/or physical approaches. Regardless of the method
used, the production of NDs usually involves three major phases, which are 1—synthesis
(methods mentioned earlier), 2—processing, and 3—modification. The processing stage,
which follows the synthesis phase, enhances the as-produced NDs purity by removing
the metals and metals oxides along with the non-diamond carbons that remain attached
to the ND surface. Hence, a high level of sp3 carbon bonded diamond nanoparticles can
be obtained. This can be done by using oxidants such as nitric acid (HNO3), perchloric
acid (HCLO4), or hydrochloric acid (HCL) [81]. Furthermore, the modification phase is
essential so that the fabricated NDs can meet the requirements of their targeted application.
Modification can be performed using either surface functionalization (widely used) or
doping of the NDs particles. It is important to note that some researchers have recently
started focusing on the doping technique due to the distinct optical properties gained from
this NDs modification approach [82,83]. Figure 5 shows the three phases involved in the
production of NDs [84].
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2.2. Graphene

Graphene is a type of carbon material that originates from bulk graphite. It has the
shape of a 2-dimensional (2D) (i.e., monolayer) sheet of one-atom thickness and lattice
of hexagonally arranged sp2 bonded carbon atoms [85]. The material itself was success-
fully synthesized for the first time in 2004 by Novoselov et al. [86], through mechanical
exfoliating graphite with Scotch tape. Furthermore, the development in the field has re-
sulted in categorizing graphene by the materials architecture structure, which ranges from
zero-dimensional (0D) graphene quantum dots, one-dimensional (1D) graphene fibers and
nanoribbons, and 2D graphene nanomesh, rippled/wrinkled and multisheet [87]. Figure
6 shows an illustration of the different categories of graphene based on their dimension-
ality and bandgap opening. Regarding 2D graphene sheets, few suitable techniques are
commonly employed for producing such material, which are mechanical exfoliation [86],
sublimation of silicon carbide (SiC) [88], laser-induced graphene [89,90], covalent [91,92] or
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non-covalent [93] exfoliation of graphite in liquids, and CVD growth [94]. These fabrication
methods produce graphene in a solid form except for the liquid-phase exfoliation, which
delivers the material as part of a suspension.
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The mechanical exfoliation method was the first approach for obtaining graphene. In
this method, the small mesas of highly oriented pyrolytic graphite are repeatedly peeled
out with a Scotch tape, and hence the attached thin films on the tape are of monolayer
graphene. This production route is highly reliable and allowed the preparation of high-
quality graphene sheets of up to 100 µm in thickness [86]. Other less common types of
mechanical exfoliation are also available, such as ball milling of graphite nanoparticles [95]
and hammering graphite [96]. Furthermore, the high temperature sublimation of SiC, which
was developed initially for the electronics industry, relies on the thermal decomposition of
a SiC substrate via either an electron beam or resistive heating to epitaxial graphene under
ultrahigh vacuum condition. This results in the desorption of the silicon (Si) on the wafer
surface, and therefore causing the surface atoms to arrange into forming hexagonal lattice.
Moreover, fabricating graphene through laser-inducement is performed under ambient
atmosphere by subjecting carbon dioxide (CO2) pulsed laser to a substrate containing
carbon-based materials. This approach combines 3-dimensional (3D) graphene fabrication
and patterning into a single step without having to use wet chemical steps. In addition,
exfoliation of graphite in liquids or liquid-phase exfoliation depends on the employment
of external peeling force, such as an ultrasonic horn sonicator, to separate the graphene
sheets from the immersed bulk graphite in a solvent of suitable surface tension. The solvent
used in the process is usually a non-aqueous solution, such as N-methyl-2-pyrrolidone
(NMP), but aqueous solutions can also be employed if surfactant was added. It is important
to note that the yield of the liquid-phase exfoliation process is relatively low, and thus
centrifugation is used to gain a significant fraction of monolayer and few-layer graphene
flakes in the final dispersion [97]. On the other hand, the CVD production route uses
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hydrocarbon gases to grow graphene on a targeted substrate by carbon diffusion and
segregation of high carbon solubility metallic substrates, such as nickel (Ni), or by surface
adsorption of low carbon solubility metals (e.g., Cu) [98,99]. From all of the previous
methods, CVD has shown to be the most successful, promising, and feasible approach in
the field for producing monolayer graphene of high quality and large area [94]. For deeper
insight into the various graphene synthesis methods, the reader is referred to the published
work of Rao et al. [100].

2.3. Carbon Nanotubes

Although carbon is known as a ubiquitous material in nature, CNTs are not, where
this allotrope material is a human-made seamless cylindrical form of carbon. It is believed
that the oldest CNTs existed on damascene swords [101]. Still, their first proof of presence
was in 1952 through the transmission electron microscopy (TEM) images published by
Radushkevich and Lukyanovich [102], after which Boehm [103] and Oberlin et al. [104]
obtained similar images along with describing the currently widely accepted CNTs growth
model. Conceptually, CNTs are graphene sheets rolled into cylindrical tubes, of less than
1 nm in diameter, with a half fullerenes caped end. Based on the number of consistent
tubes (i.e., rolled-up graphene sheets), CNTs can be classified as SWCNTs, DWCNTs, and
MWCNTs. As the terms suggest, the SWCNTs consist of only one tube, whereas DWCNTs
and MWCNTs comprise two and three (or more) tubes, respectively [105,106]. Figure 7
shows the mechanism in which CNTs are formed and their three different types. It is
important to note that some researchers distinguished between the three tubes form of
CNTs and those of a higher number of tubes, where they have categorized the first as the
triple-walled carbon nanotubes (TWCNTs) and the second as MWCNTs [107,108].
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There are three main synthesis methods for producing CNTs, which are the arc dis-
charge, laser ablation, and CVD [109–111]. Other approaches, such as diffusion and
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premised flame method, can be used for CNTs fabrication but are less frequently uti-
lized [112]. All three primary production methods depend on the carbon feedstock, either
as a solid phased carbon source (arc discharge and laser ablation) or carbonaceous gases
(CVD method). An example of the gases employed in the CVD process include carbon
monoxide (CO), ethanol, and acetylene. Moreover, the final product is always delivered in a
dried form; thus, CNTs cannot be grown within liquids as dispersions. In the arc discharge
process, doped graphite rods or two catalysts loaded are vaporized at 4000–5000 K, within
a closed chamber, by an electric arc placed between them, after which the resulting deposit
is of CNTs. Like the arc discharge method, the laser ablation route relies on the evaporation
of a carbon feedstock, usually a graphite rod with a metallic based catalyst, to obtain the
CNTs. The difference between this approach and the previous one is that the laser ablation
uses high energy laser irradiation to heat the carbon source, and thus causing the phase
transformation (i.e., from the solid to gaseous phase). Additionally, the final product gets
accumulated in a cold trap located within the chamber. Therefore, this technique is much
more efficient than the arc discharge process in terms of the losses in the as-produced CNTs.
On the other hand, the CVD, which was mentioned earlier in Section 2.2, decomposes
carbonaceous gases on catalytic nanoparticles to produce the CNTs. The catalytic nanopar-
ticles used for this purpose are either grown while conducting the process or are initially
fabricated through a separate procedure. Furthermore, the advantage associated with this
production technique is the high level of control over the synthesis process parameters such
as carbon supply rate, growth temperature, catalyst particles size, and type of substrate
used for the CNTs growth.

3. Preparation of Nanofluids

Nanofluids can be formed by dispersion particles made of single elements (e.g., Cu
and Fe), single element oxides (e.g., CuO and Al2O3), alloys (e.g., stainless steel), metal
carbides (e.g., silicon carbide and zirconium carbide), metal nitrides (e.g., silicon nitride
and titanium nitride), or carbon-based materials in a none dissolving base fluid such as
water, methanol, glycol, ethylene glycol (EG), transformer oil, kerosene, and/or different
types of refrigerants with or without the use of surfactant/s [13,113]. The nanosuspension
is given the name ‘nanofluid’ when one type of nanoparticles is used in the fabrication
process; in contrast to the previous category, dispersions formed by employing two or more
types of nanoparticles are classified as ‘hybrid nanofluids’ [114,115]. To the best of the
authors knowledge, unlike the previous two nanofluids categories that are subjected to the
number of different particles used in the process, there does not exist a specific classification
for nanofluids made of more than one type of base fluid. However, researchers could have
used the terms ‘Bi-liquid nanofluid’ or ‘Tri-liquid nanofluid’ to refer to their nanofluid
that is made from two or three base fluids, respectively. Figure 8 shows an illustration of
the conventional nanofluid and the hybrid nanofluid. In addition, the homogeneity and
physical stability of the dispersion depend significantly on the implemented preparation
approach, which can substantially influence the effective thermophysical properties of
the as-prepared suspension. Knowing the aforementioned is essential when selecting the
appropriate type of nanofluid for any targeted application [116]. In general, two known
fabrication processes are currently used for producing nanofluids, namely, the one-step
(also referred to as the single-step) method and the two-step approach [37]. It is important
to note that some researchers prefer to classify the one-step production processes into two
categories, which are the one-step physical technique and the one-step chemical approach,
resulting in three types of methods of nanofluid fabrication for these groups [117,118].
A summary of the two fabrication schemes (i.e., the one-step and two-step methods) is
presented in the following subsections.
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3.1. One-Step Method

The production of nanofluids by the one-step method is conducted by simultaneous
synthesizing and dispersing the nanoparticles in the base fluid. Thus, the storage, drying,
and transportation of nanoparticles are unnecessary [119]. Furthermore, the dispersed
particles in this bottom-up process avoid oxidization from their surrounding environment.
In addition, this technique is well known to highly eliminate clustering and agglomeration
of dispersed particles within the hosting fluid, and hence coagulation of nanoparticles
in real-life applications that uses microchannels can be minimized with an increase in
the level of the physical stability of the colloidal compared to the two-step production
approach. Moreover, this method allows greater control over the size and shape of the
dispersed nanoparticles during the fabrication process. Nevertheless, the presence of
residual reactants as a result of uncompleted reactions has always been a major drawback
of such a production route. Other disadvantages can also be experienced when following
the single-step synthesis approach, such as the inconsistency of the scale for industrial
applications, which can only be used with base liquids of low pressure, high production
cost, and limitation in the types of nanofluids that can be fabricated compared to the
two-step route [120–123].

One of the most common one-step approaches is the one that was established by
Eastman et al. [21]. In this method, nanofluids are synthesized by evaporating a bulk
material, after which the evaporated particles get deposited then condensed in a thin film
of base fluid attached to a vessel wall due to centrifugation. Figure 9 demonstrates the
aforementioned one-step approach. Many researchers have continuously worked on devel-
oping the one-step fabrication approach through physical and/or chemical means. Today,
different methods have been acknowledged to be in the one-step nanofluid production
category [36,120,124]. Figure 10 shows some of the commonly known one-step nanofluid
fabrication routes in the field where their method of conduct can be found fully explained
in the published work of Ali et al. [13] and Mukherjee et al. [36].
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3.2. Two-Step Method

Unlike the one-step method, the two-step approach is a top-down process that uses
dried nanoparticles that were initially prepared, through physical or chemical processes, af-
ter which these particles get dispersed in a base fluid through ultrasonic agitation [125–128],
magnetic stirring [129–132], homogenizing [131,133,134], or ball milling (least commonly
used) [16,135,136] with or without adding surfactant(s) to the mixture. Other less common
dispersion routes can also be used, such as dissolver, kneader, three roller mill, stirred
media mill, and disc mill [137]. Figure 11 demonstrates an example of the two-step method,
where a bath type ultrasonic device is used to form the suspension. In addition to the
bath type sonicators, some researchers have employed the probe/horn type sonicators to
fabricate their nanofluids. They have reported higher particles dispersion capability and
enhanced suspensions thermal properties using this type of device compared to the bath
type dispersers [138]. The reason behind the previously achieved improvements in the
suspension is that the probe device provides focused and intense ultrasonication effects,
reaching up to 20 kW/L, to the mixture in an evenly distributed manner [139]. This is
something that the bath type sonicators cannot provide due to its low relative intensity (i.e.,
20–40 W/L) and non-uniform distribution of the ultrasonication effect on the fabricated
nanofluid. It is important to note that the bath type ultrasonicator is more applicable for
commercial scale production of nanofluids. In contrast, the probe type is better suited for
synthesis at the lab scale. Regardless of the type of two-step mixing approach used, this
method is still considered as a cost-effective process that is appropriate for both small- and
large-scale production of any type of nanofluids, which is seen as a favorable approach to
many researchers in the field [140]. However, some of the critical issues associated with this
method during nanofluids fabrication are the agglomeration of the nanoparticles due to
the very high surface energy between the particles, and the notable increase in the process
temperature with fabrication time when using some of the mixing devices (e.g., bath type
ultrasonic device) [8,13]. The first obstacle causes the suspension to be in a weak physical
stability state that results from the nanoparticles undergoing agglomeration, which is
followed by separation of the particles from the base fluid in the form of sediments. Thus,
the nanofluid thermophysical properties degrade with time. As for the raise in fabrication
process temperature problem, the reproducibility of similar nanofluids (i.e., obtaining
suspensions with the same thermophysical properties) would be impossible to achieve.
This is because different bath type ultrasonic devices and/or surrounding atmospheric
conditions lead to varying the thermophysical properties and physical stability of the fabri-
cated colloidal [8,38]. There are several ways to overcome the aforementioned limitations
in the two-step method. For example, surfactants can be added to the mixture to reduce the
level of particles agglomeration, and the sonicator bath temperature could be controlled
throughout the fabrication process by equipping the device with a temperature regulator.
Other approaches used to physically stabilize the as-prepared dispersions are mentioned
afterward in the nanofluid stability enhancement section (Section 4.2). When preparing
nanofluids, the nanoparticles and surfactants (if required) are added to the base fluid with
respect to either volume (vol.) or weight (wt.) percentage (%). Most researchers tend to use
the vol. % to calculate the added nanopowder to the base fluid, which can be estimated
through the appropriate formulae presented in Table 1.

Table 1. Fraction calculation Formulae for different forms of nanofluids.

Type of Particles Type of Base-Fluid Fraction (%) Formulae Ref. Eq.

Single type Single type vol.

Vnp
Vnp+Vb f

× 100;

or
( m

ρ )np

( m
ρ )np

+( m
ρ )b f

× 100
[13,37] (1)
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Table 1. Cont.

Type of Particles Type of Base-Fluid Fraction (%) Formulae Ref. Eq.

Single type Two type vol.

( m
ρ )np

( m
ρ )np

+

[
( m

ρ )b f 1
+( m

ρ )b f 2

] × 100;

where b f 1 and b f 2 have equal volume ratio

[141] (2)

Two type Single type vol.

( m
ρ )np1

+( m
ρ )np2[

( m
ρ )np1

+( m
ρ )np2

]
+( m

ρ )b f

× 100;

where np1 and np2 have equal volume ratio

[142,
143] (3)

Two type Two type vol.

( m
ρ )np1

+ ( m
ρ )np2[

( m
ρ )np1

+( m
ρ )np2

]
+

[
( m

ρ )b f 1
+( m

ρ )b f 2

] × 100;

where np1 and np2 have equal volume ratio
as well as b f 1 and b f 2

[144] (4)

Where V, m, ρ, np, np1, np2, b f , b f 1, and b f 2 represent the volume, mass, density,
single type of nanoparticles, first type of nanoparticles, second type of nanoparticles, single
type of base fluid, first type of base fluid, and second type of base fluid, respectively. In
addition to the equations shown in Table 1, one can use the following three equations to
determine the vol. % for their nanofluids when having two different particles and/or two
base fluids concentration ratio(s).
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[144] (4) 
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For single type of nanoparticles and two different types of base fluids:

(m
ρ )np

(m
ρ )np

+

[
(m

ρ )b f 1
× A

A+B + (m
ρ )b f 2

× B
A+B

] × 100 (5)

where the ratio of b f 1 : b f 2 is equal to A : B.
For two different types of nanoparticles and single type of base fluid:

(m
ρ )np1

× A
A+B + (m

ρ )np2
× B

A+B
[
(m

ρ )np1
× C

C+D + (m
ρ )np2

× D
C+D

]
+ (m

ρ )b f

× 100 (6)

where the ratio of np1 : np2 is equal to C : D.
For two different types of nanoparticles and two types of base fluid:

(m
ρ )np1

+ (m
ρ )np2[

(m
ρ )np1

× C
C+D + (m

ρ )np2
× D

C+D

]
+

[
(m

ρ )b f 1
× A

A+B + (m
ρ )b f 2

× B
A+B

] × 100 (7)

where the ratio of np1 : np2 and b f 1 : b f 2 are equal to C : D and A : B, respectively.

3.3. Carbon-Based Nanofluids Fabrication

As was explained previously in Section 2, carbon allotropes, whether ND, graphene, or
CNT, have their own production routes and final product form. For instance, it was shown
that both NDs and CNTs could only be produced in the form of dried particles, whereas
graphene can be fabricated as dried sheets or as part of a dispersion. Therefore, depending
on the type of nanoscaled carbon allotrope and base fluid desired for synthesizing the
nanofluid, the production process can be constrained by only the two-step method or
the manufacturer can be left with the freedom of selecting any of the two approaches. In
general, the two-step method is the only approach that can be employed for fabricating
dispersions containing NDs or CNTs, while both one- and two-step routes can be used
for producing graphene nanofluids. Nevertheless, the majority of the studies have shown
the adaptation of the two-step method for producing graphene nanofluids, which can
be justified by the difficulties associated with the single-step route of fabrication and the
limitations in the type of base fluid that can be used (see Section 3.1) [145,146]. Some of
the research work published on fabricating NDs, graphene, and CNTs nanofluids using
the two-step method are listed in Table 2. Note that the single-step graphene nanofluid
production was excluded from Table 2 because it is precisely the same as liquid-phase
exfoliation of graphene; thus, the reader can find further information’s within the sources
provided previously in Section 2.2 and the work published by Texter [147]. Nevertheless,
it is worth mentioning that the common base fluids used in the graphene suspension
one-step (or liquid-phase exfoliation) approach are n-methyl-2-pyrrolidone (NMP), γ-
butyrolactone (GBL), n,n-dimethylacetamide (DMAC), n,n-dimethylformamide (DMF),
dimethylsulfoxide (DMSO), ortho-dichlorobenzene (ODCB), acetonitrile (ACN), and water
with the aid of surfactant [148].
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Table 2. Published work on nanodiamond, graphene, and carbon nanotubes nanofluids produced using the two-step ap-
proach.

Material Base Fluid Particles
Dimensions (nm)

Particles
Concentration Additional Information Ref.

ND EG 30–50 <1.4 vol. % - Dispersion was performed with an
ultrasonic vibration device for 3 h.

[149]

EG 5–10 0.25–5.0 vol. %

- Purification and surface modification
of the particles were done using a
mixture of nitric acid, perchloric acid,
and hydrochloric acid.

- Dispersion was performed via
continuous sonication.

[150]

EG 5–10 0.25–1.0 vol. %

- Purification and surface modification
of the particles were done using a
mixture of nitric acid and perchloric
acid.

- Nanofluid pH adjustment: 7–10.
- Dispersion was performed by

magnetic stirring and ultrasonic
sonication for 3 h.

[151]

EG—water 30–50 0. 5–2.0 vol. %

- Purification and surface modification
of the particles were done using a
mixture of nitric acid, perchloric acid,
and hydrochloric acid.

- Base fluid used was a mixture of 55%
distilled water and 45% of EG.

- Dispersion was performed by
sonication for 3 h.

[152]

EG and
mineral oil 5 2.0 g

- NDs were prepared by detonation
followed by functionalization.

- For the EG base fluid: the particles
and 48 g of dimethylsulfoxide
(DMSO) were bath sonicated for 30
min then magnetic stirred with 50 mL
of glycidol for 24 h.

- For the mineral oil base fluid: the
particles, 2.0 g of oleic acid, and 63 g
of octane were bath sonicated for 1 h

[153]

Highly refined
thermal oil 3–10 0.25–1.0 wt %

- Non-ionic sorbitane trioleate (Span
85) was used as a surfactant in a
surfactant to particles ratio of 7:1.

- Dispersion was performed by a
probe-type sonicator for 1 h.

[154]
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Table 2. Cont.

Material Base Fluid Particles
Dimensions (nm)

Particles
Concentration Additional Information Ref.

Naphthenic
transformer oil

(NTO)
10 1.0 g

- The particles, 2.0 g of oleic acid, and
50 g of octane were high energy
ultrasonicated for 30 min.

- The previous mixture was added to
the base fluid then sonicated for an
additional 1.0 h.

[155]

propylene
glycol

(PG)—water
5–10 0.2–1.0 vol. %

- The particles were initially purified
then treated with acid.

- The base fluid contained a mixture of
PG and water at ratios of 20:80, 40:60,
and 60:40, respectively.

- Fabrication was performed through a
bath type sonicator for 2.0 h.

[156]

Graphene Water 2–5 * 10 mg/mL

- Graphene powder was produced
through a modified hummer method
(i.e., mechanical exfoliation) followed
by surface treatment.

- Nanofluid fabrication was done
through mixture centrifugation at
6000 rpm for 10 min.

[157]

Water 6000–8000 * 0.001–0.01 vol. %

- Graphene powder was initially
oxidized using sulfuric acid and
nitric acid.

- Nanofluid was produced by
ultrasonicating the mixture for 2.0 h.

[158]

Water 2 * 0.025–0.1 wt %

- Graphene powder was initially
oxidized using sulfuric acid and
nitric acid.

- Nanofluid was produced by
continuous sonication using a
high-power probe type
ultrasonicator.

[159]

EG and water – 0.005–0.056 vol. %

- Fabricated graphene was treated with
acid for better dispersion.

- Nanofluid was produced by
sonicating the mixture for 30–45 min.

- Solution pH value was adjusted to
around 6–7.

[160]

Glycerol 15–50 * 13 wt %
- Graphene was surface functionalized.
- Nanofluid was produced by

sonicating the mixture for 10 min.
[161]
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Table 2. Cont.

Material Base Fluid Particles
Dimensions (nm)

Particles
Concentration Additional Information Ref.

CNTs Water 9–15 ˆ 0.5 wt %

- MWCNTs powder was surface
functionalized via nitric and sulfuric
acid of 1:3 ratio, respectively.

- Nanofluid was produced by probe
sonication for 5 min.

[162]

Vegetable
cutting oil 10–20 ˆ 0.6 vol. %

- Functionalized MWCNTs were used.
- Fabrication process consisted of three

mixing stages: 1—mechanical mixing
for 60 min at 750 rpm, 2—ultrasonic
homogenizer for 60 min, and
3—magnetic stirring for 60 min at
1500 rpm.

[163]

Turbine meter
oil 5–16.1 ˆ 0.05–0.4 wt %

- Triton X100 was added as a
surfactant to the base fluid in a ratio
of 1:3, respectively.

- Fabrication process consisted of:
1—mixing the surfactant with the
base fluid using an electric mixer for
20 min at 1500 rpm, 2—adding and
dispersing the MWCNTs using the
same device for 4 h, 3—additional
mixing using a probe sonicator for
2 h.

[164]

Water 2–4 ˆ 0.01–0.5 vol. %

- DWCNTs functionalized by
carboxylic acid were used.

- Nanofluid production was conducted
by magnetic stirring for 2.5 h,
followed by ultrasonication for 5 h.

[165]

EG 2–4 ˆ 0.02–0.6 vol. %

- DWCNTs functionalized by
carboxylic acid were used.

- Fabrication was performed by
magnetic stirring for 2.5 h, then
sonication for 6 h.

[166]

Water 1–2 ˆ 0.1–0.5 vol. %

- SWCNTs nanofluids were prepared
by first adding sodium dodecyl
sulfate (SDS) surfactant then mixing
with a high-pressure homogenizer for
1 h.

[167]

Water 0.8–1.6 ˆ 0.3 vol. %

- Nanofluid production consisted of
SWCNTs, sodium deoxycholate
surfactant (0.75 vol. %), and the base
fluid.

- Mixing was conducted by bath
sonication for 6 h, followed by probe
sonication for 2 h.

[168]

Note: * and ˆ refers to graphene sheet thickness and CNTs outer diameter, respectively.
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4. Nanofluids Stability
4.1. Stability Mechanism and Evaluation

The stability of nanofluids is of major concern for maintaining the thermophysical
properties of the mixture [169]. Specifically, the stability of the suspension combines several
aspects such as dispersion stability, kinetic stability, and chemical stability [120,170]. The
dispersion stability deals with nanoparticles aggregation within the colloidal, while the
kinetic stability describes the Brownian motion of nanoparticles hosted by the base fluid
(i.e., sedimentation of randomly agglomerated particles due to gravity). As for the chemical
stability, it is associated with the chemical reactions that occur between the nanoparticles
themselves and between the nanoparticles and the surrounding base fluid. However, it
is essential to note that chemical reactions in a nanofluid are minimized or halted at low
temperature conditions (i.e., below the temperature point of a chemical reaction). Hence,
agglomeration and sedimentation of nanoparticles would be the primary aspects concerned
with suspension stability. When a nanofluid is physically unstable, the formed sedimenta-
tion can have one of three behaviors, namely; 1—dispersed sedimentation, 2—flocculated
sedimentation, or 3—mixed sedimentation [8]. Figure 12 shows a schematic illustration of
the realistic reflection for the three types of sedimentation behaviors. In addition, the speed
at which the sediment forms and settles within an unstable suspension can be classified
into two main regions. The first is known as the rapid settling region, which occurs at
the beginning stage of the separation of the particles from the hosting base fluid; and the
following stage is called the slow settling region, where the changes in sediment formation
and settling becomes insignificant along the shelving lifetime [171]. Figure 13 demonstrates
an example of the two sedimentation speed formation regions from Witharana et al. [171]
investigation. Furthermore, there are about eight techniques that can be used to evaluate
the stability of nanofluids, such as 1—sedimentation photographical capturing method,
2—dynamic light scattering (DLS) approach, 3—zeta potential analysis, 4—3-ω approach,
5—scanning electron microscopy (SEM) analysis, 6—TEM characterization, 7—spectral
analysis, and 8—centrifugation method. From the previous stability evaluation methods,
the sedimentation photographical capturing approach is considered as the most reliable
route between them all, but at the expense of time (i.e., it takes a very long time to conduct
and analyze). The DLS approach usually over-predicts the size of the particles, especially
when using a non-ionized base fluid (e.g., deionized water), where the analysis can show
larger values (from 2 to 10 nm more) than the actual particle size [172]. Such results are very
problematic and misleading when analyzing nanofluids, especially when the dispersed
particles are 10 nm or less in size, where the oversized prediction can incorrectly indicate
an instability state. On the other hand, the zeta potential analysis should only be used as
a supportive characterization tool. This is because if the nanoparticles and/or the base
fluid are non-polar or even of low polarity, there may be other mechanisms affecting the
suspension stability [172]. Thus, it is highly recommended to use multiple approaches (e.g.,
three methods) to determine the stability of the nanofluid. A detailed description of each of
the experimental stability evaluation approaches, and their advantages and limitations can
be found in the work published by Ali et al. [13]. Other than the previous stability evalua-
tion approaches, Carrillo-Berdugo et al. [173] have proposed a novel theory-based design
framework for determining the polarity between the solid and liquid interface, which
can be used to adjust the interface tension by adding the required number of dispersive
components to meet those of the dispersed nanomaterial.
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in the sediment height are very slow to the point where it can be negligible [13].
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4.2. Stability Enhancements

Several approaches have been shown to improve the stability of nanofluids success-
fully. These methods are subdivided into two main categories, which are in the form of
physical and chemical routes. The physical approach involves the employment of high
energy forces such as ultrasonication, magnetic stirring, homogenizer (or probe sonicator),
or even ball milling, which is rarely reported [117,175]. Figure 14 shows the four previous
physical stability methods. Unlike the ultrasonication and homogenization methods, the
magnetic stirring approach is considered as the most basic route that can be applied to
break-down clusters of nanoparticles, within the suspension, with very low performance
effectiveness when compared to the other two physical methods [176]. Furthermore, in
the literature [177], high pressure homogenization was shown to provide better stability
characteristics than ultrasonication to the as-produced nanofluids. In addition, the mixing
duration and intensity used in the sonicator device were commonly seen to vary from
one research work to another in an attempt to physically stabilize the nanofluid. A good
explanation for the aforementioned method is that the mixing power cannot be maintained
constant throughout the process due to the voltage fluctuation that the device experienced.
Therefore, Yu et al. [178] suggested relying on the relation between the suspension absorp-
tion spectra against the total energy supplied to the mixture as a relative solution to the
sonication time.
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On the other hand, the chemical route stabilizes the suspension by declustering the
agglomerated nanoparticles by alternating the pH value of the base fluid or the mixture,
adding surfactant(s) to the solid–liquid matrix, or modifying the surface of the nanoparti-
cles. Nanofluids pH alteration affects the level of free cations or anions charges in the media
surrounding the dispersed particles, and hence the hydrophilicity or hydrophobicity nature
of the particles changes causing the colloidal to either stabilize or destabilize [179,180]. The
disadvantage of the previous method is that fabricating suspensions of high or low pH
values may be corrosive for high heat flux applications. In addition, surfactants are essen-
tial when dispersing nanomaterials of hydrophobic nature (e.g., CNTs and graphene) in a
polar base fluid (e.g., water), and vice versa [181,182]. This is because the added surfactant
would act as a bridge between the nanoparticles and the hosting fluid, and therefore would
improve the dispersion stability of the particles through increasing the repulsive force
between the particles themselves and reducing the interfacial tension between the base
fluid and the hosted particles. Surfactants are categorized based on their head group charge
as cationic, non-ionic, anionic, and amphoteric. Table 3 shows some of the surfactants used
in the nanofluids preparation process according to their head group charge [118].

Table 3. Examples of surfactants used in nanofluids fabrication categorized by classifications based on their head group
charge.

Surfactant Classification Head Group Charge Example(s)

Cationic +ve
Cetyltrimethyl ammonium bromide (CTAB),

distearyl dimethyl ammonium chloride
(DSDMAC), and benzalkonium chloride (BAC).

Non-ionic neutral or uncharged Oleic acid, polyvinylpyrrolidone (PVP), Arabic
gum (AG), Tween 80, and oleylamine.

Anionic −ve Sodium dodecyl benzenesulfonate (SDBS), and
SDS.

Amphoteric +ve and −ve lecithin.

The downside from using surfactants is that the nanofluid becomes more viscous;
starts to generate foam when being heated or cooled down; can be lost at high tempera-
tures, and would reduce the overall thermal conductivity of the suspension. As for the
nanoparticles surface modification technique, the particles are either initially functional-
ized (before the dispersion process), or the functionalized materials themselves are added
to the colloidal (where they get grafted to the surface of the segregated particles), and
therefore forming a new particle surface exposure to the hosting base fluid [183,184]. The
drawback of using functionalized materials as stabilizers is that they tend to reduce the
overall thermal conductivity of the produced nanofluid due to having a significantly lower
thermal conductivity than the dispersed nanoparticles. Figure 15 recaps all of the nanofluid
stability improvement methods that were mentioned earlier in this section.
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5. Stability Effect on Thermophysical Properties

The thermophysical properties govern the heat transfer rate that the nanofluid can
provide to the system in which it is employed as a working fluid. Nanofluids thermal
properties, such as the thermal conductivity, greatly depend on the type of base fluid,
nanoparticles material, morphological characteristics of the particles, nanoparticles con-
centration, and homogeneity of nanoparticles dispersion in the hosting base fluid. The
dispersion characteristics of the suspension are subjected to alteration with the change in
stability of the particles in their surrounding environment (i.e., base fluid). For such reason,
the stability of a nanofluid is considered as a significant factor to maintain the heat transfer
rate from and to the colloidal. This section covers the influence of stability on nanofluids
effective thermal conductivity and effective viscosity. It is important to highlight that the
effect of suspension stability, as a parameter, on the effective density was not reported
across the literature, but rather the added surfactants and particles concentration were
seen responsible for the changes caused to nanofluids densities [185–187]. This is because
nanofluids effective density (ρn f ) is constrained by its overall volume and mass, where it
can be directly calculated from extending the rule of mixtures (i.e., Equation (8)):

ρn f = f V × ρnp + (1− f V)× ρb f (8)

where fV is the particles volumetric fraction, ρnp is the density of the nanoparticles, and
ρb f is the density of the base fluid. Similarly, the effective specific heat capacity of the
colloidal was not shown to be linked to the dispersion stability. The main parameter that
affects nanofluids effective specific heat capacity is the particles concentration included
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in the mixture. This is because increasing the nanoparticles concentration would result in
enhancing the overall thermal performance of the suspension, and hence less heat would
be required to raise the temperature of the fabricated nanofluid, and vice versa [188]. In
general, nanofluids effective specific heat capacity is lower than their base fluids [126,189].
According to Ali et al. [13] and other researchers [190–193], the most accurate theoreti-
cal model for calculating the effective specific heat capacity of a nanofluid (Cpn f ) is the
following equation:

Cpn f =
ρb f × (1− fV)

ρn f
× Cpb f +

ρnp × fV

ρn f
× Cpnp (9)

where Cpb f and Cpnp are the specific heat capacities of the base fluid and the nanoparticles,
respectively. Experimentally, the Cpn f can be determined using the differential scanning
calorimetry (DSC) technique, which basically measures the amount of heat required to be
delivered to both test sample and reference source, of well-known heat capacity, so that a
temperature rise can be achieved [188].

5.1. Effective Thermal Conductivity

Thermal conductivity enhancement of heat transfer fluids has always been the main
driving force that motivated researchers into developing nanofluids. This is because
the solid particles added to the liquid have tremendously higher thermal conductivity
compared to that of the base fluid, and thus cause the effective thermal conductivity of
the mixture to improve significantly. At the early stages of their discovery, the claims
on the enhancement caused by the dispersed particles on the hosting fluid were seen
as a controversial topic because many published works across the literature reported
divergence in the level of enhancement and measurement results were difficult to be repli-
cated [194–197]. Nevertheless, a worldwide round-robin, including 33 research institutes,
have demonstrated acceptable consistency in measuring the effective thermal conductivity
of nanofluids, despite the fact that they unexplored any anomalous improvement in the
effective thermal property [198]. Up to today, the effective thermal conductivity of the
suspension remains a complicated topic, where it involves many vital elements such as the
particles type and morphology, particles concentration, base fluid type and temperature,
added surfactants (if any), and dispersion stability [13,199,200]. When constraining the first
four parameters in fabricating a dispersion, the optimum effective thermal conductivity is
usually reached when the particles are well distributed in the hosting fluid with minimum
to no agglomerations/clustering between them. Since a stable state nanofluid reflects that
its nanoparticles are homogeneously dispersed within the hosting base fluid, it should
theoretically result in a superior overall suspension thermal conductivity to those of an
unstable state. The potential influence of nanoparticles agglomeration on the thermal
conduction emphasizes that colloid chemistry will play a significant role in enhancing the
thermal conductivity of nanofluids. Scientists such as Yu et al. [201], Haghighi et al. [202],
and Li et al. [203] have all proven, through their research work, that stabilized nanofluids
have greater and steady effective thermal conductivity than their counterparts. Prasher
et al. [204] and Wang et al. [205] explained this observation by analyzing the effect of
nanoparticles aggregation on the thermal conductivity of nanofluids, where they assumed
that solid liner and side chains get formed by particles clustering. Based on the researcher’s
conclusion, these chains are mainly responsible for enhancing the suspensions thermal
conductivity. Still, as more nanoparticles get accumulated, the cluster becomes heavier, and
therefore separates from the base fluid due to the gravitational force. The aforementioned
causes the thermal conductivity of the colloidal to degrade, with respect to settling time,
until it decreased to a minimum possible value when total separation is attained. The pre-
vious claim was also supported by the work of Hong et al. [206], where they examined the
effective thermal conductivity of SWCNTs—water dispersion with magnetic-field-sensitive
nanoparticles (Fe2O3) under various magnetic field strengths. In their experiment, the
researchers successfully interconnected the dispersed CNTs using Fe2O3 nanoparticles and
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the employed magnetic field, and thus forming a well aligned chains of nanomaterials.
This resulted in the effective thermal conductivity to increase by 50% over that of the base
fluid. However, as the holding time under the magnetic field increased, the nanomaterials
started to form larger clumps that caused the suspension effective thermal conductiv-
ity to degrade. Other studies have also proven the enhancement in nanofluids thermal
conductivity through the chain concept, such as the work of Wright et al. [207], Wensel
et al. [208], and Hong et al. [209]. All three groups of scholars relied on the magnetic field
to form the dispersed particles connected networks in the host fluid. However, the first
used a novel alignment approach via coating the SWCNTs with Ni, whereas the other two
achieved the interconnection with the aid of metal oxide nanoparticles (e.g., Fe2O3 and
MgO). It is important to note that different types of base fluid and surfactants were used
in the three previous studies. Younes et al. [210] have suggested an innovative nanoscale
aggregation process that can be adopted to form nanosolids with an interconnect chain
capability when dispersed in liquids. In their work, they coated the CNTs through their
aggregation process with metal oxide nanoparticles and different types of surfactants.
Afterwards, the scholars filtered and dried the aggregate to obtain their as-prepared CNTs-
based nanosolids. These newly formed nanomaterial can interconnect when dispersed in
a non-aqueous solution by applying a magnetic field. Figure 16 illustrates the effective
thermal conductivity degradation theory, which describes the mechanism in which the
particles separate from the base fluid due to the formation of both linear and side chains.
Other aspects that have less influence on the effective thermal conductivity of nanofluids
includes the liquid layering near the outer particles surface [211], Brownian motion of
dispersed particles [212,213], thermophoresis [214,215], near-field radiation [216,217], and
ballistic transport and nonlocal effects [218,219].
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Many different techniques have been adopted for measuring the thermal conductivity
of nanofluids, namely; 1—cylindrical cell method, 2—temperature oscillation approach,
3—steady state parallel-plate method, 4—3-ω method, 5—thermal constants analyzer
approach, 6—thermal comparator method, 7—flash lamp method, 8—transient hot-wire
method, 9—laser flash method, and 10—transient plane source. More details on the usage,
advantages, and disadvantages of these thermal conductivity measurement techniques can
be found in Mashali et al. [17], Paul et al. [220], Qiu et al. [170], and Tawfik [221] published
works. Among the previously mentioned techniques, the transient hot-wire approach
was mainly adopted across the literature for nanofluids effective thermal conductivity
measurements, although it was the first measuring route for such property [17]. The
reasons that attracted researchers into favoring the transient hot-wire method among
other methods is due to its capability of eliminating measurements errors caused by the
natural convection of the fluid, its minimal amount of time required to perform each
measurement (i.e., within seconds), and its simple conceptual design compared to other
available devices or apparatuses. One thing that needs to be emphasized here is that the
high thermal conductivities of graphene, ND, and CNT found in the literature are based
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on theoretical calculations for a single particle, and that when attempting to measure this
thermal property for a powder sample, the results will show tremendously lower values
due to the presence of air along with the limitation associated with the measuring tool
itself [222,223].

Furthermore, researchers have published numerous amounts of literature on improv-
ing nanofluids effective thermal conductivity over their base fluids [224–228]. For example,
Yu et al. [224] compared the thermal conductivity of their stable graphene—EG nanofluids
to that of pure EG. The researchers have dispersed 2.0 and 5.0 vol. % of graphene, of
0.7–1.3 nm in size, in EG to fabricate their nanofluids at a set of temperatures from 10
to 60 ◦C, using the two-step approach. They have found that the as-prepared 5.0 vol. %
suspension had 86% enhanced thermal conductivity over its base fluid at 60 ◦C. Yarmand
et al. [225] synthesized water based nanofluids from 0.02 to 0.1 wt % of functionalized
graphene nanoplatelets using the two-step method at 20–40 ◦C. The functionalization
process was conducted through an acidic treatment to the graphene powder by dispersing
the as-received graphene in a 1:3 mixture of HNO3 and H2SO4, respectively. They found
that the formation of sedimentation within their as-fabricated nanofluids was minimal
throughout their 245 h test. The heat transfer coefficient improved by 19.68% compared
to the base fluid when using the 0.1 wt % nanofluid. Furthermore, Yarmand et al. [225]
concluded that the thermal property of the suspension is influenced by the temperature of
fabrication and the dispersed solid concentration. Zhang et al. [226] compared the thermal
conductivity of three ionic based nanofluids containing graphene sheets, graphite nanopar-
ticles, and SWCNTs. All three types showed enhanced thermal conductivity with a partial
increase in viscosity compared to their base fluids. Nevertheless, the nanofluid fabricated
from graphene had a higher increase in thermal conductivity compared to the other two
types of dispersions. Ghozatloo et al. [227] studied the effect of time, temperature, and
concentration on the thermal conductivity of pure and functionalized CVD graphene–water
nanofluids. The functionalizing process of graphene was conducted through an alkaline
method, and the suspensions were fabricated using sonication (i.e., the two-step approach).
Moreover, the concentration used in the production of the suspension was of 0.01–0.05
wt %, and the duration of the dispersion mechanism was 1 h. The authors found that the
nanofluids samples containing pure graphene had promptly developed clusters between
its solid content, whereas the functionalized suspensions were highly stable. Furthermore,
the effective thermal conductivity was seen to reduce to a certain extent for all nanofluids
after the time of production. In addition, the enhancement in the effective thermal con-
ductivity using functionalized graphene showed to be 13.5% (0.05 wt %) and 17% (0.03 wt
%) over 25 ◦C and 50 ◦C water, respectively. Askari et al. [46] experimentally investigated
the thermal and rheological properties of 0.1–1.0 wt % CVD nanoporous graphene–water
nanofluids along with heat transfer suspension effect on the thermal performance of a
counter-flow arranged mechanical wet tower. The base fluid used in the two-step sus-
pension fabrication was taken from one of the working cooling towers located in South
Iran to reflect a real-life case scenario. Different types of surfactants were used to stabilize
the dispersion of the as-prepared nanofluids, such as AG, Tween 80, CTAB, Triton X-100,
and Acumer Terpolymer. The authors found through analyzing the physical stability of
their nanofluids, utilizing the sedimentation capturing method and zeta potential mea-
surements, that using Tween80 as a disperser resulted in a stabilized suspension that can
last for up to two months. Furthermore, their 1.0 wt % nanofluid showed a 16% increase
in the thermal conductivity at a dispersion temperature of 45 ◦C. At the same time, the
low concentration suspensions would be appropriate for industrial applications because of
their increasing effect on the effective density and viscosity. Moreover, the as-produced
nanofluids enhanced the efficiency, cooling range, and tower characteristic compared to the
conventional base fluid. For example, using a 0.1 wt % fabricated nanofluid had resulted in
a 67% increase in the cooling range and a 19% decrease in the overall water consumption.
Goodarzi et al. [229] studied the effective thermal conductivity, specific heat capacity, and
viscosity of their as-prepared nitrogen-doped graphene–water nanofluids along with their
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convective heat transfer behavior when employed in a double-pipe type heat exchanger.
The authors used 0.025 wt % of Triton X-100, as their surfactant, along with 0.01–0.06 wt %
of graphene to prepare the suspensions using the two-step method. Their results showed
that the examined thermophysical properties where very sensitive to both temperature
and concentration. As an example, the effective thermal conductivity of their suspension
showed an increase from 0.774 to 0.942 W/m·K with the increase in temperature (from 20
to 60 ◦C). The maximum effective thermal conductivity achieved by the scholars was 37%
higher than that of the base fluid. Furthermore, they found that increasing the concentra-
tion of their nanosheets in the base fluid had caused the heat transfer coefficient of their
working fluid to improve but at the same time results in increasing the pressure drop in
the system and the pumping power requirement. Liu et al. [230] examined the effective
thermal conductivity and physical stability of their synthesized graphene oxide–water
nanofluids. Moreover, the mass fraction and temperature of the investigated samples were
1.0–4.5 mg/mL and 25–50 ◦C, respectively. The researchers found that they can achieve
a homogeneously stable nanofluid for about 3 months using their preparation process.
They also found that the effective thermal conductivity of their as-prepared nanofluid
was 25.27% higher than the base fluid, at 4.5 mg/mL mass fraction, and a temperature
of 50 ◦C. Ghozatloo et al. [228] explored the possibility of improving the convection heat
transfer behavior of a shell and tube heat exchanger, under laminar flow conditions, using
CVD graphene nanofluid of water base. The researchers also investigated the effect of
temperature and solid dispersed concentration of the mixture on the thermal conductivity
and convective heat transfer coefficients. The dispersions were prepared using 0.05, 0.075,
and 0.1 wt % of treated CVD graphene and 15 min sonication in water. According to the
authors outcomes, using 0.05, 0.075, and 0.1 wt % suspensions, at 25 ◦C, enhanced the
thermal conductivity over pure water by 15.0%, 29.2%, and 12.6%, respectively. Moreover,
the convective heat transfer coefficients of the as-produced mixtures depended on the
flow conditions in which the working fluid undergoes but were in all cases higher than
the base fluid. From the previously mentioned studies, it can be concluded that carbon-
based nanomaterials can form stabilized nanofluids, either by selecting the appropriate
base fluid–nanoscaled material matrix or through external physical and/or chemical ap-
proaches. Moreover, these suspensions have enhanced thermal properties compared to
their conventional base fluids, but the level of enhancement gets affected by parameters
such as concentration, temperature, physical stability, etc. Thus, such factors should be
carefully considered to obtain the optimum suspension thermophysical condition.

Besides the experimental studies, many researchers have developed theoretical cor-
relations to predict the effective thermal conductivity of nanofluids. Still, most of these
formulas have shown conceptual limitations towards their experimental origin. Table 4
demonstrates the developments in the effective thermal conductivity equations.

Table 4. Developments of nanofluids effective thermal conductivity formulas.

Developer/s Year Formula Dependent
Parameter Limitations

Maxwell [231] 1890

ke f f
kb f

=
knp+2kb f +2 fV (knp−kb f )
knp+2kb f− fV (knp−kb f )

;

where ke f f , kb f , and knp are the effective
thermal conductivity of the nanofluid, base
fluid thermal conductivity, and nanoparticles
thermal conductivity, respectively.

fV
Suited for spherical
shaped particles.
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Table 4. Cont.

Developer/s Year Formula Dependent
Parameter Limitations

Jefferson et al.
[232] 1958
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radius, ݀ is the nanoparticles mean diameter, ܸ is 
the volume of the particles, ܣ is the area of the 
particles, ܽ is the length of the CNT, and ܾ is the outer 
diameter of the CNT. 

ƒ 
dimensions 
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and ߥ  
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thermal conductivity 
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Jang and 
Choi [213] 2004 
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where ܥଵ is a proportional constant, ݀ is the 
diameter of the base fluid molecule, ܴ݁ௗ is the 

 ƒ, 
dimensions 

of the 
particles, T, ߥ, and ℓ 

Both conduction and 
convection heat transfer are 
accounted for, while the 
heating duration is much 
higher. 

fV

The model is used for
spherical particles but
always underestimate the
effective thermal
conductivity by 25%.

Hamilton and
Crosser [233] 1962 ke f f

kb f
=

knp+(n−1)kb f−(n−1) fV (kb f−knp)
knp+(n−1)kb f− fV (kb f−knp)

fV and n

Preferred for spherical
and cylindrical shaped
particles with n = 3/ψ,
where n and ψ are the
empirical shape factor
and particle sphericity,
respectively. For perfectly
spherical particles ψ = 1.

Wasp et al. [234] 1977 ke f f
kb f

=
knp+2kb f−2 fV (kb f−knp)
knp+2kb f + fV (kb f−knp)

fV
Particles should have a
sphericity of ≤1.

Yu and Choi
[235] 2003

ke f f
kb f

=
knp+2kb f +2 fV (knp−kb f )(1+β)3

knp+2kb f− fV (kb f−knp)(1+β)3 ;

where β is the ratio of the nanolayer thickness
to the particle radius.

fV, interfacial
particle layer, and

radius

Modified version of the
Maxwell [231] model for
spherical particles. The
main problem is that it is
inadequate the non-linear
trend of thermal
conductivity.

Xuan et al. [236] 2003

ke f f
kb f

=

knp+2kb f−2 fV (kb f−knp)
knp+2kb f + fV (kb f−knp)

+
fV ρnp Cnp

2kb f

√
kBT
3πrc

ν;

where kB is the Boltzmann constant (1.381 ×
10−23 J/K), T is the temperature of the mixture,
rc is the particle apparent radius, and ν is the
kinematic viscosity of the liquid.

fV, ρnp, Cnp, T, rc,
and ν

Hard to predict the
thermal conductivity for
linear temperatures.

Nan et al. [237] 2003 ke f f
kb f

=
3+ fV

(
knp
kb f

)

3−2 fV

fV
Can only be used with
CNTs nanofluids.

Kumar et al.
[218] 2004

ke f f
kb f

= 1 + c 2kB T f V rm

π ν d2
np kb f

(1− f V) rnp;

- For none-spherical particles: dnp =
6Vnp
Anp

;

- For CNTs: dnp = 1.5 ab
a+( b

2 )
;

where c is a constant value from 2.9 to 3.0, rm is
the radius of the fluid medium particles, rnp is
the particles radius, dnp is the nanoparticles
mean diameter, Vnp is the volume of the
particles, Anp is the area of the particles, a is the
length of the CNT, and b is the outer diameter
of the CNT.

fV dimensions of
the particles, T, and

ν

The Brownian motion
has the dominative effect
on the thermal
conductivity prediction
over all other factors.
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Table 4. Cont.

Developer/s Year Formula Dependent
Parameter Limitations

Jang and Choi
[213] 2004

ke f f = kb f (1− f V) + knp f V +

3C1

(
db f
dnp

)
kb f f V Re2

dnp
Pr;

- Rednp =
CR.M. dnp

ν ;

- CR.M. =
kB T

3 πµdnp `b f
;

where C1 is a proportional constant, dbf is the
diameter of the base fluid molecule, Rednp is the
Reynolds number as defined above, Pr is the
Prandtl number, CR.M. is the nanoparticle
random motion velocity, and `b f is the
mean-free path of the base fluid molecule.

f V dimensions of
the particles, T, ν,

and `b f

Both conduction and
convection heat transfer
are accounted for, while
the heating duration is
much higher.

Yu and Choi
[238] 2004

ke f f
kb f

= 1 + n fVe A
1− fVe A ;

- fVe = r fV;

- A = 1
3 ∑j=a,b,c

kpj−kb f

kpj−(n−1)kb f
;

where fVe is the equivalent volume
concentration of complex ellipsoids particles, r
is the volume ratio, a, b, and c are the semi-axes
of the particle (for sphere a = b = c), A is a
parameter that reflects the equation shown
above, and kpj is the equivalent thermal
conductivity of the ellipsoids particle.

fV, n, and
interfacial
resistance

This is a renovated
Hamilton and Crosser
[233] model with n =
3/ψ−α, where α is an
empirical parameter that
depends on both particle
sphericity and the
particle to liquid thermal
conductivity ratio. In
addition, this model
includes the interface
layer between the
particles and the
surrounding liquid but
cannot predict the
nonlinear behaviour of
the thermal conductivity.

Prasher et al.
[239] 2005

ke f f
kb f

=
(

1 + A′ fV Rem′ Pr0.333
)

(1+2α)+2 fV(1−α)
(1+2α)− f V(1−α)

;

- α = 2 Rb Km
dnp

;

where A′ is a constant that is independent of
the type of base fluid, m′ is a constant that
depends on the base fluid type, Re is the
Reynolds number, α is a parameter that reflects
the equation shown above, Rb is the impact of
interfacial resistance with a magnitude in the
range of 0.77 × 10−8 to 20 × 10−8 Km2 W−1,
and Km is the matrix conductivity.

fV, Rb, and dnp

Only considers the
dispersed particles
convection effect.

Xue [240] 2005 ke f f
kb f

=
1− f V+2 f V

(
knp

knp−kb f

)
ln
(

knp+kb f
2kb f

)

1− f V+2 f V

(
kb f

knp−kb f

)
ln
(

knp+kb f
2kb f

) f V
Suitable for nanofluids
made of dispersed CNTs.

Murshed et al.
[241] 2006

ke f f
kb f

=

[
1+0.27 f

4
3

V

(
knp
kb f
−1
)] 

1+ 0.52 f V

1− f
1
3

V

(
knp
kb f
−1
)


1+ f
4
3

V

(
knp
kb f
−1
) 
 0.52 f V

1− f
1
3

V

+0.27 f
1
3

V +0.27




f V

The particles need to be
uniformly dispersed in
the suspension for
appropriate effective
thermal conductivity
prediction.
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Table 4. Cont.

Developer/s Year Formula Dependent
Parameter Limitations

Vajjha et al.
[242] 2010

ke f f =
knp+2kb f−2(kb f−knp) f V

knp+2kb f (kb f−knp) f V
kb f + 5×

104β f V ρb f Cpb f

√
kB T

ρnp dnp
f (T, f V);

- f (T, f V) =(
2.8217× 10−2 f V + 3.917× 10−3)( T

To

)
+

(
−3.0669× 10−2 f V − 3.91123× 10−3);

where β is the fraction of the liquid volume that
moves with the particle, f (T, fV) is a function
that depends on the fluid temperature and
particles concentration as defined above, and To
is a reference temperature that equals 273 K

f V, particles type,
and base fluid
temperature

Limited to nanofluids of
temperatures between
295 and 363 K.

Xing et al. [243] 2016

ke f f =


1 + η′ f V

3kb f
η′kc

33
+3H( η′P)


kb f +

0.5 f V ρCNT CpCNT

√
kB T

3 π µ rm
;

- η′ =
[(

2× 108)a2 − 13.395 a + 0.2533
]

fV
−(6988.1 a+0.1962) ;

- H =
1

P2−1

[
P√

P2−1
ln
(

P +
√

P2 − 1
)
− 1
]
;

- P = a
b ;

- kc
33 =

knp

1+
2Rk knp

a

;

where η′ is the modified straightness ratio, H is
a factor reflected by the equation defined above,
P is the CNT length to diameter ratio, kc

33 is the
equivalent thermal conductivity of the CNT
along the longitudinal axes, Rk is the Kaptiza
radius and is equal to 8 × 10−8 m2 K/W, µ is
the dynamic viscosity, ρCNT is the density of
the CNT, and is the CpCNT specific heat capacity
of the CNT.

fV, T, and aspect
ratio

Can only be used for
CNTs suspensions.
Furthermore, not all of
the parameters are
accounted in the
correlation, while the
effect of the
micro-motion is the most
significant parameter.

Gao et al. [244] 2018

ke f f
kb f

=
3+η2 f V[

kb f

(
2 Rb

L +13.4
√

t
)]

(3−η f V)
;

where L is the length of the nanoplatelet, t is the
nanoplatelet thickness, and η is the average
flatness ratio of the graphene nanoplatelet.

f V, L, t, Rb, and η.

This model is designed
for suspensions of water,
as the base fluid, and
graphene nanoplatelet.

Li et al. [245] 2019

ke f f
kb f

=
kpe+2kb f +2(kpe−kb f )

(
1− tnl

rnp

)3
f V

kpe+2kb f−(kpe−kb f )
(

1− tnl
rnp

)3
f V

;

where kpe is the equivalent particle thermal
conductivity, and tnl is the thickness of the
nanolayer surrounding the particle.

fV, tnl , rnp, and
fluid temperature

This model is a modified
form of the Yu and Choi
model with the
nanolayer constant value
changed to quadratic.
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Table 4. Cont.

Developer/s Year Formula Dependent
Parameter Limitations

Jóźwiak et al.
[246] 2020

ke f f
kb f

=

ω f V(knp−ωkb f )(γ2
1−γ2+1)+(knp+ωkb f )γ2

1[ f Vγ2(ω−1)+1]
γ2

1(knp+ωkb f )−(knp−ωkb f ) f V (γ2
1+γ2−1)

;

- ω = k IN
kb f

;

- γ = 1 + tnl
rCNT

;

- γ1 = 1 + tnl
2rCNT

;

whereω, γ, γ1 are factors representing the
equations shown above, kIN is the interfacial
nanolayer thermal conductivity, and rCNT is the
radius of a single CNT.

f V, and particles
morphology

This is a modified
version of the Murshed
et al. [241] model, which
is suitable for ionic liquid
nanofluids (also known
as ionanofluids) with
dispersed CNTs.

5.2. Effective Viscosity

The effective viscosity of nanofluids is part of the chain that determines the applica-
bility of using such a category of suspensions in heat transfer applications. Since it is a
transport property directly related to the dynamic performance of the heat transfer system,
where an increase in colloidal viscosity would lead to an increase in the friction coefficient
and thus a raise in the pressure losses in the system. The heat transfer system then com-
pensates for this pressure difference by increasing the pumping power, and accordingly,
more electrical power gets consumed. For such a reason, many research studies have
been devoted to investigating the link between the nanofluids effective viscosity and the
different parameters associated with the suspension, such as nanoparticles shape, size,
concentration, dispersion stability, and mixture temperature [247–256]. Mena et al. [257]
suggested that nanofluids fabricated with nanoparticles concentration of up to 13 vol. %
behaves as Newtonian fluids (i.e., their viscosity is independent of shear strain). In addi-
tion, many researchers proved that the stability of nanofluids has an inverse relationship
with their effective viscosity. Meaning that well-dispersed suspensions tend to have lower
effective viscosity than those of poor stability [202,258–260]. If the viscosity of a shelved
nanofluid was to be categorized according to its stability condition, then there would exist
one to three different viscosity regions. To be more precise, a well-dispersed suspension
would roughly have a uniform viscosity along its column, while three different viscosity
regions would exist in the semi-stable case, and two different viscosity regions would form
in the unstable separation scenario. Figure 17 demonstrates the three stability cases with
their different viscosity regions. As for the nanofluid in its dynamic form, these viscosity
regions would most likely still exist within the suspension while flowing in the hosting
system. Knowing this, one can explain why the unstable suspension would require higher
pumping power compared to the stable form of the same dispersion. To calculate the
percentage of viscosity increase that the dispersed particles cause to the base fluids, the
following equation can be used [154]:

Viscosity increase (%) =

(
µe f f

µb f
− 1

)
× 100 (10)

where µe f f and µb f are the effective viscosities of the nanofluid and the base fluid, re-
spectively. Furthermore, the most common and widely used approach for determining
nanofluids viscosity is via the rotational viscosity measurement method [261]. In this
method, a shaft is inserted in the sample, after which the rotational speed and the torque
per unit length of the shaft are used to determine the viscosity of the nanofluid. Other
measuring techniques are also used, such as the capillary viscometer, concentric cylinder
viscometer, rheonuclear magnetic resonance, and rheoscope [262–264]. To be noted that,
according to Prasher et al. [265], in order for a nanofluid to improve the performance of its
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hosting thermal application, the increase in effective viscosity should not exceed four times
the mixture enhanced effective thermal conductivity, otherwise the working fluid would
not serve the hosting system in terms of overall performance. This can be theoretically
calculated through the following equations [266]:

(
µe f f
µb f

)
− 1

( ke f f
kb f

)
− 1

< 4 (11)Nanomaterials 2021, 11, x FOR PEER REVIEW 33 of 79 
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Figure 17. Nanofluids viscosity classification, where (a) shows the stable, (b) illustrates semistable, and (c) demonstrates the
unstable cases of the suspension.

In another study, Akhavan-Zanjani et al. [267] investigated the thermal conductivity
and viscosity of nanofluids made of graphene, water, and polyvinyl alcohol (PVA) surfac-
tant. The wt % used were of 0.005–0.02% and the mass ratio of the PVA employed was
3:1. The authors found a significant increase in the as-prepared fluid thermal conductivity
with a moderate raise in the viscosity. The highest recorded percentages for the thermal
conductivity and viscosity were 10.30% and 4.95%, respectively. Iranmanesh et al. [268]
analyzed the effect of two preparation parameters, namely; the concentration and tempera-
ture, on aqueous graphene nanosheets nanofluids thermal conductivity and viscosity. They
used 0.075–0.1 wt % to fabricate their nanofluids using the two-step method at 20–60 ◦C.
The findings indicated that the wt % used had a clear effect on the viscosity and thermal
conductivity on the prepared dispersion. Moreover, the temperature, as a parameter, was
seen to have a larger influence on the level of the final product viscosity compared to the
added solid concentration. Although the study avoided any employment of surfactants,
the authors as-prepared suspension was stable for several days. Such an observation is not
new and was also reported by other researchers, such as Mehrali et al. [159], where they
successfully fabricated stabilized nanofluids made of the graphene–water mixture without
the need for surfactants or graphene functionalization, but these are rare cases because of
the attraction nature between the head groups of both particles and the base fluid molecules.
Ghazatloo et al. [269] have developed a model that can predict the effective viscosity of
CVD graphene–water and CVD graphene–EG nanofluids at ambient temperature. They
used experimental measurements of the property and employed a commonly used model
to form their correlation. Moreover, the researchers used 0.5–1.5 vol % of 60 nm graphene
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sheets with two separate base fluids (i.e., water and EG), after which the content was
subjected to sonication for 45 min. For their water based nanofluids, a volume ratio of
1.5:1 of SDBS surfactant to solid content was used to physical stabilize the dispersion. The
outcome of their research indicated that the effective viscosity remarkably increased with
the raise of vol. %, and hence the concentration as a parameter had a significant effect on
the property. Furthermore, the Batchelor model [270] showed some deviation from the
experimental data of the as-prepared suspensions viscosity. This variation in results were
reduced by the newly developed model, which, unlike the previous model, considered the
solid additive geometry. The comparison between the authors model, Batchelor model,
and experimental results is demonstrated in Figure 18.
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Figure 18. Comparison between the Ghazatloo et al. [269] model, Batchelor [270] model, and
experimental effective viscosity, where (a) shows the results for graphene–water nanofluid of 0.5
vol. % (G/W-1), 1.0 vol. % (G/W-2), and 1.5 vol. % (G/W-3), and (b) illustrates the values for
graphene–EG suspensions of 0.5 vol. % (G/EG-1), 1.0 vol. % (G/EG-2), and 1.5 vol. % (G/EG-3).
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On the other hand, in terms of the effective viscosity theoretical models developments,
Table 5 lists these correlations with their year of development, dependent parameters, and
limitations. From the formulas shown in Table 5, it can be concluded that most of the
authors have used specific experimental conditions to come up with their correlations, and
hence the majority of the models are limited to their operating conditions (i.e., they cannot
be accounted as universal models).

Table 5. Developments of nanofluids effective viscosity formulas.

Developer/s Year Formula Dependent Parameter Limitations

Einstein [271] 1906 µe f f = µb f (1 + 2.5 fV) fV

Suited for suspensions of <0.02
vol. % and spherical shaped
particles.

Hatschek [272] 1913 µe f f = µb f (1 + 2.5 fV) fV

Designed for suspensions with
up to 40 vol. % of spherical
particles but does not account for
the size of the dispersed particle.
The formula also showed very
large deviation from the actual
viscosity value.

Saitô [273] 1950 µe f f = µb f

(
1 + 1.25 fV

1− fV
0.87

)
fV

Preferred for dispersions of
small spherical particles and is
affected by the Brownian motion
of the particles.

Mooney [274] 1951 µe f f = µb f exp
(

2.5 fV
1−CF fV

)
;

where CF is the self-crowding factor.
fV, and CF

This is an extended version of
the Einstein’s [271] formula that
can be used for suspensions of
spherical particles with any
concentration. The downside is
that the modeled suspension
needs to meet the functional
equation so that the µe f f can be
independent of the stepwise
sequence of adding further
particles concentrations.

Brinkman [275] 1952 µe f f = µb f (1− fV)
−2.5 fV

Enhanced form of the previous
Einstein [271] formula, where it
can be used for particles
concentrations of up to 4 vol. %.

Roscoe [276] 1952

µe f f = µb f (1− S fV)
S′ ;

where S is a constant that is equal to 1
(for very diverse particles sizes), −2.5
(for similar particles sizes and <0.05
vol. %), and 1.35 (for higher vol. %);
and S′ is a constant that is equal to
−2.5 (for the very diverse particles
sizes case and the >0.05 vol. %
suspension) and 1 (for the <0.05 vol. %
of similar sized particles).

fV

Can be used with any dispersion
concentration but the particles
need to be of spherical shape.

Maron and
Pierce [277] 1956

µe f f = µb f

(
1− fV

fp

)−2
;

where fp is the packing fraction of the
particles.

fV, and fp

Suitable for suspensions of small
spherical particles and of similar
sizes.
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Table 5. Cont.

Developer/s Year Formula Dependent Parameter Limitations

Krieger and
Dougherty [278] 1959 µe f f = µb f

(
1− fV

fp

)−2.5 f p ; fV, and fp

For dispersed spherical particles
of ≤0.2 vol. %, but the model
does not account for the
particle’s interfacial layers and
their aggregation.

Frankel and
Acrivos [279] 1967

µe f f = µb f

(
9
8

)



(
fV
fm

) 1
3

1−
(

fV
fm

) 1
3


;

where fm is the maximum attainable
concentration.

fV

Employed for uniform spherical
particles and assumes that the
rise in viscosity with the increase
in particles concentration is due
to their hydrodynamic
interactions.

Nielson [280] 1970 µe f f = µb f exp
(

fV
1− fp

)
fV, and fp

This is a modified form of the
Einstein’s [271] formula but it
lacks accurate suspension
viscosity prediction.

Brenner and
Condiff [281] 1974
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where ℎ is the minimum separation distance between 
the surface of two spherical particles. 

 ƒ,  ݀, 
and ℎ  

Suitable for spherical particles 
only and has good prediction 
agreement with Einstein [271]
formula when very low 
particles concentrations are 
used or when μ is very 
close to that of μ. 

Kitano et al. 
[284] 1981 μ =  μ ቆ1 − ƒƒ୮ቇିଶ ƒ, and ƒ୮

Similar to the Maron and 
Pierce [277] formula but the ƒ୮
value is preliminarily defined 
numerically and is better suited
for two phase mixtures. 

Bicerano et 
al. [285] 

1999 
μ =  μ൫1 + ሾߟሿ ƒ + ݇ு ƒଶ൯ ; 
where ሾߟሿ is the intrinsic viscosity, and ݇ு is the 
Huggins coefficient. 

ƒ, ሾߟሿ, 
and ݇ு

More determined towards 
analyzing the relation between 
particles concentration andμ. 

Wang et al. 
[286]  1999 μ =  μ൫1 + 7.3 ƒ + 123 ƒଶ൯  ƒ

Simple model that was formed 
from a set of experimental 
results obtained from 
modifying the suspension 
particles size and 
concentration.

Masoumi et 
al. [248] 2009 μ =  μ + .݊ݑܨ ߜ72ߩ ቌ ݎ12 ඨ 18݇ܶ2ߩߨݎቍ ൫2ݎଶ൯; ƒ, T, ߩ, 

particle
size, and

The formula is bound by the 
experimental conditions that 
were used in its development. 

where s is the axis aspect ratio of the
dispersed particle.

f V, aspect ratio, and
shear rate

Shows good prediction
capability for dispersed particles
of rod shape but less effective for
other shapes.

Jeffrey and
Acrivos [282] 1976 µe f f = µb f

[
3 + 4

3

(
s2 fV
ln π

fV

)]
f V, and aspect ratio Designed for suspensions of

rod-shaped particles.

Batchelor [270] 1977 µe f f = µb f
(
1 + 2.5 fV + 6.2 fV

2) f V, and Brownian
motion

The model includes the
interaction between the particles
but fails to provide good
prediction agreement.

Graham [283] 1981
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particle
size, and
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where h is the minimum separation
distance between the surface of two
spherical particles.

f V, dnp, and h

Suitable for spherical particles
only and has good prediction
agreement with Einstein [271]
formula when very low particles
concentrations are used or when
µe f f is very close to that of µb f .

Kitano et al.
[284] 1981 µe f f = µb f

(
1− fV

fp

)−2 fV, and fp

Similar to the Maron and Pierce
[277] formula but the fp value is
preliminarily defined
numerically and is better suited
for two phase mixtures.

Bicerano et al.
[285] 1999

µe f f = µb f
(
1 + [η] f V + kH fV

2);
where [η] is the intrinsic viscosity, and
kH is the Huggins coefficient.

f V, [η], and kH

More determined towards
analyzing the relation between
particles concentration and µe f f .

Wang et al.
[286] 1999 µe f f = µb f

(
1 + 7.3 f V + 123 fV

2) f V

Simple model that was formed
from a set of experimental
results obtained from modifying
the suspension particles size and
concentration.
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Table 5. Cont.

Developer/s Year Formula Dependent Parameter Limitations

Masoumi et al.
[248] 2009

µe f f =

µb f +
ρnp

72δ Fun.

(
1

2rnp

√
18kBT

2πρnprnp

)(
2rnp

2);

- δ = 2rnp

(
3
√

π
6 f V

)
;

where δ is the distance between the
particles, and Fun. is a correction
function.

f V, T, ρnp, particle size,
and Brownian motion

The formula is bound by the
experimental conditions that
were used in its development.

Chevalier et al.
[250] 2009

µe f f = µb f

[
1− fV

fp

(
Da

2rnp

)3−d f
]−2

;

where Da is the average diameter of
the aggregates, and d f is the fractal
dimension, which depends on the
shape of the dispersed particles, the
type of agglomeration, and the shear
flow. fp and Da are usually set to 0.65,
for random packing of spheres, and
1.8, respectively.

fV, fp, rnp, and d f

This model depends on the
agglomerate size, and thus it is
not optimum for determining
the µe f f for stabile suspensions.

Chandrasekar
et al. [190] 2010

µe f f = 1− Coe f .1
(

fV
1− fV

)Coe f .2
;

where Coe f .1 and Coe f .2 are
regression coefficients that can be
obtained from preliminary
experimental results.

Specific area, ρnp, ρn f ,
and sphericity of the

particles

Depends on preliminary
experimental results to set-up
the unknown coefficients.

Bobbo et al.
[287] 2012

µe f f =

µb f
(
1 + Coe f .1 f V + Coe f .2 fV

2) f V, and rnp

Developed for single-walled
carbon nanohorn (SWCNH) and
TiO2 nanofluids based on the
Batchelor formula and
experimental measurements of
the µe f f at a range of
temperatures from 283.2 to 353.2
K, and concentrations from 0.01
to 1 wt %.

Esfe et al. [288] 2014 µe f f =
µb f (1.1296 + 38.158 f V − 0.0017357 T) f V, and T

Limited for water based
MWCNTs nanofluids of 0–1 vol.
%.

Aberoumand
et al. [289] 2016

µe f f = µb f (1.15 + 1.061 f V
−0.5442 fV

2 + 0.1181 fV
3)

f V
Used for low temperature oil
based suspensions.

Akbari et al.
[290] 2017
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the unknown coefficients. 

Bobbo et al. 
[287] 

2012 μ =  μ൫1 + ଵ.݂݁ܥ  ƒ + ଶ.݂݁ܥ  ƒଶ൯  ƒ, and ݎ

Developed for single-walled 
carbon nanohorn (SWCNH) 
and TiO2 nanofluids based on 
the Batchelor formula and 
experimental measurements of 
the μ at a range of 
temperatures from 283.2 to
353.2 K, and concentrations
from 0.01 to 1 wt %. 

Esfe et al. 
[288] 2014 μ =  μ(1.1296 + 38.158 ƒ − 0.0017357 ܶ) ƒ, and T 

Limited for water based 
MWCNTs nanofluids of 0–1 
vol. %. 

Aberouman
d et al. [289] 

2016 μ =  μ൫1.15 + 1.061 ƒ − 0.5442 ƒଶ + 0.1181 ƒଷ൯ ƒ Used for low temperature oil 
based suspensions.

Akbari et al. 
[290] 

2017 
μ =  μ൫−24.81 + 3.23 T.଼ଵସexp൫1.838 
ƒ.ଶଷଷସ൯ − 0.0006779 Tଶ + 0.024 ƒଷ൯ ƒ, and T 

Suitable for nanofluids of < 3 
vol. % and of temperature ≤
50 °C. 

Esfe et al. 
[291] 

2019 μ = 6.35 + 2.56 ƒ − 0.24 ܶ − 0.068 ܶƒ + 0.905 ƒଶ+ 0.0027 Tଶ ƒ, and T 

Suitable for MWCNTs and 
TiO2 hybrid nanofluids of ƒ between 0.05 and 0.85 
vol. %. 

Ansón-
Casaos et al. 

[292] 
2020 

μ =  μ ቀ1 − χ2 ƒቁିଶ ; 
where χ is equal to 2.5 for spherical particles or can be
replaced by a function, ݂൫ݎ൯, to determine the 
suspension property containing 1D and 2D dispersed 
solids.  

 ƒ, and χ 
Suitable for SWCNTs and 
graphene oxide. 

Ilyas et al. 
[154] 

2020 

μ =  μ exp ൬ ଵܶ.ܲܨ ଶ൰.ܲܨ − + ଷ.ܲܨ ƒ exp ൬ܲܨ.ସܶ ൰− ହ.ܲܨ ƒଶ; 
where ܲܨ.ଵ, ܲܨ.ଶ, and ܲܨ.ସ are the temperature fitting 
parameters in Kelvin, whereas  ହ are the.ܲܨ ଷ and.ܲܨ
dynamic viscosity fitting parameters in Pa.s. The values 

 ƒ, ܲܨ  
and ܶ Suitable for ND dispersed in 

thermal oil and is valid for the 
range of 0 ≤ ƒ ≤ 1 and 298.65 ≤T (K) ≤ 338.15.

f V, and T Suitable for nanofluids of <3 vol.
% and of temperature ≤50 ◦C.

Esfe et al. [291] 2019
µe f f = 6.35 + 2.56 fV − 0.24 T −
0.068 T fV + 0.905 fV

2 + 0.0027 T2 f V, and T
Suitable for MWCNTs and TiO2
hybrid nanofluids of f V
between 0.05 and 0.85 vol. %.
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Table 5. Cont.

Developer/s Year Formula Dependent Parameter Limitations

Ansón-Casaos
et al. [292] 2020

µe f f = µb f
(
1− χ

2 fV
)−2;

where χ is equal to 2.5 for spherical
particles or can be replaced by a
function, f

(
rnp
)
, to determine the

suspension property containing 1D
and 2D dispersed solids.

f V, and χ Suitable for SWCNTs and
graphene oxide.

Ilyas et al. [154] 2020

µe f f = µb f exp
(

FP.1
T−FP.2

)
+

FP.3 fV exp
(

FP.4
T

)
− FP.5 fV

2;
where FP.1, FP.2, and FP.4 are the
temperature fitting parameters in
Kelvin, whereas FP.3 and FP.5 are the
dynamic viscosity fitting parameters
in Pa.s. The values of these
parameters (i.e., FP.1 to FP.5) can be
found in the published source.

f V, FP and T

Suitable for ND dispersed in
thermal oil and is valid for the
range of 0 ≤ fV ≤ 1 and 298.65
≤ T (K) ≤ 338.15.

6. Thermal Applications

The previous sections showed how dispersing carbon-based nanomaterials in conven-
tional working fluids could positively affect these liquids properties, especially when it
comes to their overall thermal conductivity. On the contrary, this section concentrates on uti-
lizing carbon-based suspensions in three heat and mass transfer systems widely used in the
energy sector, namely, PTSCs, nuclear reactors systems, and AC&R systems. This is because
the previous attempts that many researchers undertook to enhance the performance of these
systems were mainly through design modifications, such as adding turbulators, geometric
and construction materials variations, and surface alterations. However, these techniques
have reached a point where limited enhancements can be accomplished. Therefore, to
break these boundaries for further progress, some scientists have proposed exchanging
the working fluids of these thermal applications with nanofluids [293]. This is because
employing a working fluid that possesses higher thermal conductivity would eventually
improve the heat transfer rate in these systems, as will be demonstrated next.

6.1. Parabolic Trough Solar Collectors

A PTSC is part of the existing energy solar systems that utilizes solar radiation (usually
emitted from the sun) to generate thermal energy with high efficiency [294]. This happens
when reflecting concentrated incident sunlight from its reflector surface, which consists of
a parabolically curved mirror polished metal, to a focal line where the receiver or absorber
tube containing the working fluid is located. The lower temperature heat transfer fluid,
which is usually water or oil, then absorbs the solar heat flux from the attached inner
tube surface, and thus causes its temperature to raise. Figure 19 shows an example of
a real life PTSC system and its working mechanism in a schematic diagram. Based on
the system configuration and the application used, the working fluid temperature in a
PTSC can exceed 500 ◦C at concentrated solar power plants (CSPP), for steam power
cycles; or can be lower than 100 ◦C, for industrial process heat (IPH) applications, such as
domestic and industrial water heating [295]. Examples of low temperature requirements
(i.e., temperature starting from ≤100 ◦C) for different industrial processes are shown in
Table 6 [296]. Most of the modern designs of PTSC contain a sunlight tracking system that
helps improve the efficiency of these systems [297].
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Figure 19. Example of a parabolic trough solar collector system, where (a) shows the physical device, (b) illustrates its
schematic diagram, and (c) demonstrates the reflection mechanism of solar radiation on the absorber tube [298].

Table 6. Examples of different industrial processes that utilize parabolic trough solar collector systems and their temperature
requirements.

Industry Process Required Temperature Range (◦C)

Dairy Boiler feed water 60–90
Agricultural products Drying 80–200

Textile Drying 100–130
Chemistry Petroleum 100–150

Desalinization Heat transfer fluid 100–250

Since the primary goals in industrial applications are to reduce the processing time,
increase the lifetime of the equipment, and decrease the amount of energy consumption,
using PTSC systems, these goals can be fulfilled through improving the rate of heat
transfer between the absorber tube and the working fluid. One way of achieving this
is by utilizing nanofluids as the heat transfer fluid in the PTSC system [299,300]. This is
because, as mentioned earlier, nanofluids have higher thermal conductivity than any known
conventional heat transfer fluid, which makes them potential candidates for the future
of such heat transfer applications. When using carbon-based particles (e.g., MWCNTs,
graphene, or NDs), the effective thermal conductivity significantly increases along with
the rate of thermal diffusion and effective viscosity of the suspension. Subsequently, this
causes the fluid heat capacity, Reynold’s number (Re), and Prandtl number (Pr) to decrease.
In the case of turbulent flow, the Nusselt number (Nu) depends on both Re and Pr. Thus,
a decrease in the two aforementioned parameters would result in fewer or smaller eddy
formations within the fluid, and hence the level of turbulently in the flow would reduce.
Furthermore, since the effective viscosity of a nanofluid is higher than its base fluid, the
pressure drop that will be experienced from using such category of fluids in a PTSC system
would be higher than that of the conventional base fluids. To overcome this issue, the
PTSC system should take into account the thermophysical properties of the suspension
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used at its design phase. One important thing to consider is that when using nanofluids, as
the PTSC working fluid, the absorber tube needs to be transparent so that the dispersed
particles can directly absorb the sunlight throughout their cycle [301].

Although the previous facts showed how promising nanofluids could be when used
in PTSC systems, the scientific field is still scarce with the amount of published works
that investigate carbon-based nanofluids in such system. Most of the work covered on
nanofluids were those involving nanoparticles of Al2O3, CuO, TiO2, Fe2O3, SiO2, Cu, SiC,
Fe3O4, and limited other literature were found for CNTs, MWCNTs, and SWCNTs [298]. For
instance, Kasaeian et al. [302] explored the overall efficiency enhancement of a pilot PTSC
system using MWCNTs–mineral oil suspensions of 0.1 wt % and 0.3 wt %. The researchers
found that the 0.1 wt % and 0.3 wt % dispersions had improved the system efficiency
by 4–5% and 5–7%, respectively, compared to conventional base fluid (i.e., mineral oil).
Furthermore, Kasaeian et al. [303] studied the effect of 0.1, 0.2, and 0.3 vol. % of MWCNTs
dispersed in EG, as the working fluid, for a direct absorber solar collector attached to a
parabolic trough. They found that the optical efficiency reached up to 71.4%, due to the
0.3 vol. % of MWCNTs particles employed in their heat transfer fluid. In addition, the
thermal efficiency of their system was found to be 17% higher, when using the 0.3 vol. %
nanofluid, than that obtained from pure EG. Moreover, Mwesigye et al. [304] coupled a
Monte Carlo ray tracing (MCRT) optical model along with a computational fluid dynamics
(CFD) finite volume method (FVM)-based model to analyze a PTSC, hosting a SWCNTs–
Therminon VP-1 suspension, thermal performance. The authors found that raising the
particles concentration from 0 to 2.5 vol. % caused the entropy generation to reduce by
70%, with the heat transfer rate to increase by 234%, and the thermal efficiency of the
system to improve by 4.4%. In addition, Dugaria et al. [305] designed and modeled the
optical efficiency of a direct absorber solar collector (DASC) that is connected to a parabolic
trough system. In their experiment, they used 0.006, 0.01, 0.02, and 0.05 g/L of SWCNTs to
fabricate their aqueous nanofluids. Their results showed that increasing the nanoparticles
concentration to more than 0.05 g/L would cause the thermal efficiency to reduce due to
the thermal radiation being mostly contained in the surrounding area between the absorber
tube inner surface and the nanofluid. In addition, using nanofluids made of 0.05 g/L
SWCNTs caused the thermal efficiency of the system, including the optical losses of the
concentrating trough, to reach 90.6% at a reduced temperature range (T∗m) = 0 K·m2/W
and 77.2% at T∗m = 0.128 K·m2/W. It is important to note that the thermal efficiency of solar
collectors is usually shown in a graph as a function of T∗m, which is defined for the case of
nanofluids as:

T∗m =

(
Tmn f − Tamb

)

DNI
(12)

where Tmn f , Tamb, and DNI are the mean temperature of the nanofluid, ambient air temper-
ature, and direct normal irradiance, respectively. One of the main aspects for the enhance-
ment in the thermal performance of the two aforementioned published works [304,305] was
due to the fact that CNTs, along with other carbon-based materials, possessed extremely
high solar absorption characteristics (i.e., more than 90%) [306]. Despite the research investi-
gations that were covered in this section on carbon-based nanofluids usage in PTSC’s, there
are only a few other alternatives [298]. To the best of the authors of this article knowledge,
there is still a lack of exploration on utilizing ND’s and graphene nanofluids for PTSC’s.
This shows that further investigation is required from the researchers working in the so-
lar energy field; especially since, for example, nanofluids of ND base showed to contain
remarkable optical and thermal properties when studied in other similar applications [307].

6.2. Nuclear Reactors

Nuclear power plants are part of the energy network that has been adopted by many
countries across the globe, such as France, USA, UK, Russia, Iran, and UAE, among others
to support their growth in energy demands [308]. Unlike most energy sources, the power
produced from the fission process of the fuel (i.e., enriched uranium or plutonium) within

40



Nanomaterials 2021, 11, 1628

the nuclear reactor can arguably be considered as one of the solutions for solving the
problems associated with climate change and the increasing levels of CO2 emissions in the
atmosphere and its feasibility for none or low oil producing countries [309]. Nuclear tech-
nology has seen significant developments throughout the years to enhance the efficiency of
these systems, reduce their construction size, and improve their safety standards [310,311].
Historically, the first generation of commercial nuclear reactors were inaugurated in the
1950s, whereas today, the newly introduced fourth generation of reactors are currently
being either planned or under construction. In terms of the working fluid, these reactors
can be classified into three main groups (i.e., water-cooled reactors (WCRs), gas-cooled
reactors (GCRs), and molten solid cooled reactors (MSR)) [312]. The WCRs can be subdi-
vided into further categories, namely, boiling water reactors (BWRs), pressurized water
reactors (PWRs), and pressurized heavy water reactors (PHWRs). Furthermore, the thermal
transport concept of the BWR and both PWR and PHWR is similar in the sense that the
working fluid, in all cases, absorbs the thermal energy from the fuel when it undergoes
an excited state. However, the main difference is that PWR and PHWR use pressurizing
systems to maintain the working fluid in its liquid phase, and therefore must be separated
from the electrical generating cycle for contamination safety concerns. On the other hand,
the working fluid in the BWR is boiled to generate steam that is used directly to provide
the needed mechanical power to rotate the steam turbine and generate electricity. In addi-
tion to being a thermal energy carrier for power generating purposes, the working fluid
also takes the role of extracting heat from the nuclear fuel, which is primarily the main
concern related to the safe and economic operation and lifespan of the reactor. In some
cases where the cooling rate is insufficient or if the control rods fail to operate properly
to stabilize or reduce the reaction process, the reactor can experience a loss-of-coolant
accident (LOCA) [313]. In such scenarios, the nuclear fuel needs to be rapidly cooled
down, using backup water tanks, to avoid a core meltdown crisis and possibly a hydrogen
explosion in the chamber. From the aforementioned, one can generalize the modes of heat
transfer inside the rector’s core based on the driving force of the fluid motion into two
main categories; the first is flow boiling, which is a forced convection phenomenon that
occurs during normal operating conditions. The second is pool boiling, which is a natural
convection heat mechanism that takes place following a reactor LOCA state. Enhancing the
heat transfer coefficient (HTC) and critical heat flux (CHF), for flow boiling, or increasing
the minimum film boiling temperature (Tmin) in pool boiling are essential for optimizing
these thermal modes outcomes. Whether it comes to improving the energy efficiency or for
safety reasons, the aforementioned shows how crucial the role of the working fluid in a
nuclear reactor system. Therefore, utilizing working fluids of enhanced thermophysical
properties, such as nanofluids, can help in further advancements in the field of nuclear
power plants, especially in WCR systems, if properly handled and understood its role in
both nuclear flow boiling and pool boiling [314]. This section demonstrates some of the
available studies on nanofluids for both thermal modes (i.e., flow and pool boiling), but
focuses more on the pool boiling mode due to its important role in designing an emergency
core cooling system.

6.2.1. Nanofluids Influence on Flow Boiling

During the normal operating condition, the thermal efficiency of a reactor system
depends mainly on the flow boiling of the working fluid, where the working fluid is forced
to flow by means of a pump and buoyancy effects. Flow boiling consists of several flow
regimes [315] such as liquid single-phase flow, bubbly flow, slug flow, annular flow, mist
flow, and vapor single-phase flow, as shown in Figure 20. The existence of each regime is
affected by several factors such as the type of working fluid, surface orientation, degrees of
liquid subcooling, system pressure, wall temperature, mass flux, surface microstructure
(including porosity), wettability, oxidation, and surface roughness [316,317]. Moreover,
this mode of thermal transport can remarkably improve the energy efficiency of the system
when the HTC and CHF of the working fluid are enhanced [318,319]. Researchers through
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their intensive studies, have shown that a passive and a safe approach to achieve higher
HTC and CHF can be accomplished using nanofluids in the system [320]. The level of
enhancement that accompanies the utilization of nanofluids over their other conventional
counterparts is tuned by altering nanoparticle morphology (i.e., shape and size), ther-
mophysical properties and different flow parameters (i.e., mass flow rate, channel size,
flow direction, and flow regime) [321,322]. Published reports described that nanofluids of
enhanced thermal conductivities also showed better convective flow performance [319,323].
Carbon allotropes based nanofluids have higher thermal conductivities compared to the
metallic and oxide based nanofluids [324–326]. Therefore, nuclear scientists have already
started to investigate the flow boiling performance of various carbon-based nanofluids.
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Some of the work done on carbon-based nanofluids in flow boiling includes the re-
search conducted by Hashemi and Noie [328]. They experimentally used MWCNTs–water
suspensions produced through the two-step fabrication method and stabilized by adding
the AG surfactant, of the 1:1 surfactant to the nanomaterial ratio, to the mixture. The
MWCNT used had a 10–20 nm outer diameter and 30 µm length, and base fluid concen-
trations between 0.0005 and 0.005 vol. %. Furthermore, the stability of their dispersions
was determined through the zeta potential method, and the testing section consisted of a
horizontal stainless steel (SS) tube of 10 mm (diameter) and 200 cm (length). Their findings
showed that the HTC of the as-prepared nanofluids was significantly higher than the base
fluid, and that the enhancement in the HTC for both types of fluids was influenced by the
changes in heat and mass fluxes. In addition, the CHF in the nanofluids case showed a
maximum improvement over pure water by approximately 4.3%, when using the 0.005
vol. % suspensions. The same research group [329] also presented the feasibility of AG
stabilized MWCTs–water nanofluids at various concentrations (0.001, 0.005, and 0.01 wt %)
for flow boiling inside a 2 m long tube placed horizontally under atmospheric condition.
The zeta potential analysis of test samples confirmed the well dispersion of nanoparticles in
base fluid. Their report describes that CHF of nanoparticles increased significantly due to
particle inclusion as well as the increase in mass flux. The CHF enhancement was observed
better than water due to nanoparticle deposition and enhancement in wettability of the
heating surface. Another flow boiling study under forced convective and nucleate boiling
regions using CNTs nanofluid was conducted by Sarafraz and Abad [323]. Their work
was performed using statistical, regression and experimental analyses for commercial heat
transfer oil based CNTs nanofluids. The nanofluids were prepared by dispersing 0.1 wt
% and 0.3 wt % of the dry powder in therminol 66 for a total duration of 25 min, using a
two-step procedure (magnetic stirring 15 min then sonication 10 min). The stability of the
suspensions was achieved by adding nonylphenol ethoxylates surfactant of 0.1 vol. % to
the mixture matrix, after which the zeta potential of the prepared samples was measured.
The results showed that the stability of the prepared nanofluids was maintained for 5 days.
Additionally, the presence of carbon nanotube within the oil increased the convective
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HTC together with a substantial augmentation in the nucleate boiling HTC. The degree
of subcooling also increased the HTC in both boiling regions due to enhancements in
thermophysical properties of nanofluids. Furthermore, the thermal the thermo-hydraulic
performance of the system enhanced by 56% using the carbon nanotube nanofluid com-
pared to the same with pure oil. Sarafraz and Hormozi [330] experimentally investigated
flow boiling heat transfer in MWCNT, alumina, and copper oxide flow. Different tech-
niques were implemented for stabilizing based on the type of the dispersed nanomaterial.
The results showed that MWCNT–water nanofluids had higher thermal conductivity and
boiling thermal performance compared to the other suspensions. It was also found that,
as the heat and mass fluxes and the concentration of nanofluids increased, the boiling
performance of MWCNT nanofluids intensified. However, the HTC was deteriorated in
force convection and nucleate boiling regimes due to the deposition of the nanoparticle on
the surface. As a result, the surface roughness decreased over the time since it is affected
by the size of nanoparticles, thickness of deposited layer and size of microcavities. This
was confirmed by the minimal amount of bubble generation due to reduction in nucleation
sites and surface roughness. The researchers finally concluded that the MWCNT–water
nanofluids outperformed the other candidates for utilization in cooling applications.

Other studies have found that addition of graphene oxide (GO) into base fluid improve
the CHF in flow boiling due to its hydrophilicity feature [331,332]. Lee et al. [331] examined
0.01 vol. % of GO–water nanofluid in round tubes with a length of 0.5 m and an inner
diameter of 0.01041 m at two inlet temperatures (25 and 50 ◦C) and four different mass
fluxes (100, 150, 200, and 250 kg/m2·s) for low pressure and low flow scenarios. Comparing
to other oxide nanofluids from the literature [333], the research group showed maximum
CHF enhancements at mass flux of 250 kg/m2·s increased up to 100% and 72% at fixed
temperatures of 25 ◦C and 50 ◦C, respectively. This significant improvement was due to the
liquid film’s wettability enhancement caused by the deposition of GO nanoparticles. How-
ever, Park and Bang [332] reported limited improvement in CHF of up to 20% when testing
GO–water nanofluid in advanced light water reactors (ALWRs) at 50 and 100 kg/m2.s
and subcooling condition of 10 K compared to distilled water. The results showed that
GO deposited on the heated surface and changed phase to reduced GO (RGO) during
nucleate flow boiling, which might constrain the thermal activity improvement. Zhang
et al. [334] examined the deposition of GO in water nanofluids over heating surface with
nanoparticle concentration ranging from 0 to 0.05 wt %. They reported that the increase in
GO concentration depreciated the heat transfer performances (CHF and HTC) up to 100%
and 73% (at 0.05 wt % with 40 mL/min), respectively. In another study, Mohammed [335]
varied graphene particle concentration from 0 to 0.5 vol. % in zinc bromide and acetone
solution (acetone–ZnBr2).The CHF and HTC on the heated surface increased with GO
concentration by up to approximately 52% and 58%, respectively. However, the increase in
particle concentration involved a decrease in pressure drop up to 11% approximately.

In terms of nanofluids containing NDs, there were a limited amount of literature
covering this topic [336–338]. For instance, DolatiAsl et al. [338] proposed a mathematical
model using Kim et al. [336] results to estimate the different parameters that were affecting
the CHF when utilizing ND suspensions. Their correlation only required the properties of
the nanomaterial and the vol. % employed to predict the CHF. Furthermore, the numerical
findings showed that the most effecting parameters on the CHF were the length of the
tube (decreasing) and the mass flux (increasing), whereas the particles concentration and
thermal conductivity had the lowest influence. They extended the work by developing
another correlation that contains the particles property data, and thus only required an
input of the type of the particles (i.e., NDs) and the vol. % to perform the prediction. The
new model predicted the actual values with a mean absolute error of 9.8% for CHF ranging
from 500 to 2500 kW/m2.
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6.2.2. Dispersions Effect on Pool Boiling

Pool boiling heat transfer plays a crucial role in numerous technological and industrial
applications. It consists of four different regimes [339]: natural convection (single-phase),
nucleate boiling, transition boiling, and film boiling as shown in Figure 21. When a surface
is sufficiently heated and plunged in a water pool, film boiling regime occurs where the
heated surface is physically separated from the coolant by a stable vapor blanket. This re-
gion is denoted by the film boiling regime. In this regime, heat transfers by conduction and
radiation only leading to a gradual decrease in the surface temperature. The performance
of the pool boiling is evaluated by the enhancement in CHF, HTC, Tmin, and vapor film
thickness. In literature, the effects of the following parameters have been studied: substrate
material [340], surface conditions and oxidation [341,342], system pressure [343,344], initial
wall temperature [345], shape and dimension of the testing specimen [346,347], degrees
of liquid subcooling [348–350], surface wettability and vapor–liquid contact angle [351],
surface roughness and wickability [352], and type of quenchant such as water, oil, or
nanofluids [353,354]. Recently, researchers have been focused on the effects of the later
parameter on pool boiling heat transfer performance.
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Review papers have intensively presented research studies that cover the preparation
methods of various nanofluids and test their effect on CHF and HTC [321,355–359]. It was
mentioned that carbon-based nanomaterials such as graphene dispersed in water enhanced
the heat transfer as compared to any other nanoparticle [355]. Nevertheless, there are many
reasons that contribute to the CHF enhancement such as surface roughness [360], deposi-
tion of nanoparticles [361], concentration of nanoparticle beyond a certain limit [362,363],
increase in surface wettability [364], and capillary effect [365]. Some researchers have
explained that the enhancement was a result of the occurrence of cavities on the surface
due to the deposition of the dispersed nanomaterial on the surface, especially on surfaces
of rough structure. Others mentioned that the increase in surface area of the formed porous
layer because the nanoparticle accumulation enhanced heat transfer by disturbing the flow.
Active nucleation sites decreased with nanoparticle layers, which significantly increase
surface wettability, and therefore enhance CHF. As for HTC enhancement, thermophys-
ical properties has a major role on it. It has been observed that nanoparticle affects the
thermal conductivity and surface tension of the quenchant whereas viscosity, density, and
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heat capacity remain nearly constant [366]. A vapor blanket layer formed during film
boiling on the heating surface, which significantly affect the conduction heat transfer, and
hence the HTC. Yang and Liu [367] found that as the surface tension decreased, the HTC
increase due to the reduction in the formation of bubbles and the active nucleation sites.
The effect of the modified surface topologies such as surface roughness was observed to
enhance HTC [133,368]. Furthermore, the high particle concentration led to nanoparticle
deposition on the surface and thus porous surfaces occur. Depending upon either original
surface condition or size of nanoparticle, the surface roughness can be increased [360] or
decreased [369]. Generally, HTC was found to be maximum when carbon nanoparticles
were used for boiling [355]. Since the current work focuses on the effect of carbon-based
nanofluids (i.e., graphene, ND, and CNT) on heat transfer application, various selected
studies on CHF and HTC in pool boiling heat transfer have been listed in Tables 7 and 8,
respectively.

Table 7. Summary of selected CHF enhancement for various pool boiling studies in water base.

Ref. Nanofluid Concentration/Particle Size Heating Surface CHF Enhancement%

[370] CNT 0.1–0.3 wt % – Enhanced
[371] CNT 0.01–0.05 vol. % Cu block 38.2
[372] CNT 0.5–4 wt % Cu plate 60–130

[361] CNT 0.05 vol. % SS foil 108
122

[373] CNT 1.0 vol. % SS tube 29
[374] MWCNT 0.01–0.02 wt % SS cylinder Enhanced
[371] MWCNT 0.0001–0.05 vol. % Cu block 200
[375] MWCNT 0.1–0.3 wt % Microfin Cu disk 95
[372] f-MWCNT 0.5–4 wt % Cu plate 200
[162] f-MWCNT 0.25–1 wt % SS tube 37.5
[376] f-MWCNT 0.01–0.1 wt % Cu disk 271.9
[377] f-MWCNT 0.01 vol. % Cu block 98.2
[378] f-SWCNT 2.0 wt Ni-Cr wire 300
[379] GO ≤0.001 wt % Copper plate Enhanced
[380] GO 0.0005 wt % Ni-Cr wire 320
[381] GO 0.001 vol. % – 179
[382] GO 0.0001, 0.0005, 0.0010, and 0.005 wt % Ni wire Enhanced
[383] GO 0.01 vol. % Ni-Cr wire –
[366] ND 1 g/L Cu plate Enhanced
[366] ND <1 g/L Cu plate Deterioration
[384] ND 0.01–0.1 vol. % SS plate Unchanged
[384] ND 0.01 vol. % SS plate 11

Note: f-SWCNT, and f-MWCNT refer to functionalized SWCNT, and functionalized MWCNT, respectively.

Table 8. Summary of selected HTC enhancement for various pool boiling studies in water base.

Ref. Nanofluid Concentration Heating Surface CHF Enhancement%

[373] MWCNT 1.0 vol. % Cu block 28.7
[371] MWCNT 0.0001–0.05 vol. % Cu block 38.2
[385] MWCNT 0.25%, 0.5%, and 1.0 vol. % Ni-Cr wire 320
[375] MWCNT 0.1–0.3 wt % Microfin Cu disk 77
[372] f-MWCNT 0.5–4 wt % Cu plate 130
[162] f-MWCNT 0.25–1 wt % SS tube 66
[376] f-MWCNT 0.01–0.1 wt % Cu disk 38.5
[377] f-MWCNT 0.01 vol. % Cu block 10.15
[386] Graphene 0.1 and 0.3 wt % Cu 96
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The third important parameter in pool boiling is Tmin to be considered in the reactor
core under the extreme environment and severe accidents such as LOCA. Understanding
this parameter can lead to an improved nuclear cladding performance that provides
more efficient and safer future nuclear reactors. Physically, Tmin is defined as the boundary
between film boiling and transition boiling, beyond which temperature liquid loses physical
contact with the solid surface and the heat transfer significantly reduces. Fewer studies
for the quenching behavior of nanofluids have been conducted in the literature that was
focused on Tmin.

A study by Gerardi [387] showed that Tmin of a quenched indium-tin-oxide (ITO) rod
in a nanofluid pool (ND–water) was found to increase by 30 ◦C compared to the water
pool. Another experimental investigation by Fan et al. [388] was performed in aqueous
nanofluids in the presence of four CNTs having various lengths and diameters. It was
concluded that the accelerated quenching was clearly related to the enhancement in boiling
heat transfer. An increase in Tmin was exhibited for all cases. The modified quenching
and boiling behaviors were elucidated by the accumulative changes in surface properties
due to the deposition of CNTs. Given the nearly unvaried contact angles, the consistently
increased surface roughness and the formation of porous structure seem to be responsible
for quenching and boiling enhancement. In order to achieve better performance, the use
of longer and thicker CNTs tends to form a highly porous layer, even upon consecutive
quenching, which may induce rewetting by the entrapped liquid in the pores and serve as
vapor ventilation channels as well. In another experimental study, Fan et al. [389] examined
transient pool boiling heat transfer in aqueous GO nanofluids. They tested various dilute
concentrations of the nanofluids up to 0.1 wt %. It was shown that the quenching processes
could be accelerated using GO nanofluids as compared to pure water. The boiling behavior
during quenching was analyzed in relation to the modified surface properties of the
quenched surfaces. Tmin values were found to increase with raising the concentration
of GOs compared to the baseline case of pure water. The results suggested that surface
property changes due to the deposition of GOs were responsible for the modified boiling
behavior of the nanofluids. In addition, the surface wettability was a nondominant factor
in most cases. The surface effects of the deposited layer of GOs were strongly dependent
on the material properties, finish, and treatment of the original surfaces. Kim et al. [390]
quenched metal spheres made from SS and zircaloy in water-based nanofluid containing
low concentration (less than 0.1 vol. %) of ND. They showed that film boiling heat transfer
in nanofluids was almost identical to that in pure water. However, subsequent quenches
proceeded faster due to the gradual accumulation of nanoparticle deposition on the sphere
tended to destabilize the vapor film but, Tmin remained unchanged. A summary of the
previous research studies is listed in Table 9.

Table 9. Summary of selected Tmin enhancement for various pool boiling studies in water based nanofluids.

Ref. Nanomaterial(s) Heating Surface Tmin,water (◦C) Tmin,nanofluid (◦C)

[387] ND
(0.01 vol. %) ITO 230 260

[388]

CNT-1
CNT-2
CNT-3
CNT-4

(0.5 wt.%)

316L SS sphere

215
218
218
219

241, 294, 303, 328, 335
211, 229, 277, 281, 287
228, 246, 254, 262, 264
231, 238, 243, 254, 256

46



Nanomaterials 2021, 11, 1628

Table 9. Cont.

Ref. Nanomaterial(s) Heating Surface Tmin,water (◦C) Tmin,nanofluid (◦C)

[389]

GO (0.0001 wt %)

SS sphere 230

236.1
GO (0.001 wt %) 239.6
GO (0.005 wt %) 235.7
GO (0.01 wt %) 235.6
GO (0.05 wt %) 233.1
GO (0.1 wt %) 235.9

[390]

Al2O3
SiO2
ND

(0.1 vol. %)

SS 249, 247, 249, 247, 250,
250, 251

244, 343, 345, 394, 348, 399, 389
251, 330, 368, 368, 377, 389, 397
252, 252, 250, 253, 255, 264, 279

Al2O3
SiO2
ND

(0.1 vol. %)

Zr 267, 272, 253, 272, 260,
266, 253

287, 347, 354, 400, 401, 411, 412
282, 323, 362, 372, 415

278, 275, 269, 269, 274, 283, 272

6.3. Air Conditioning and Refrigeration Systems

Air conditioning (AC) is a process used to controls air’s thermal and physical proper-
ties and then supply it with cooling or heating to an allocated area from its central plant
or rooftop units. It also maintains and controls the temperature, humidity, air cleanliness,
air movement, and pressure differential in a space within predefined limits so that condi-
tioned space occupants or products enclosed satisfy comfort and health standards [391]. A
typical AC or refrigeration system uses a vapor compression cycle to accomplish cooling
or heating. The vapor compression cycle consists mainly of a compressor, an evaporator,
a condenser, an expansion device, indoor and outdoor fans, and a working fluid. Ad-
ditionally, secondary heating and cooling loops are implemented to accommodate more
extensive systems, as shown in Figure 22. The AC system is potentially used for providing
a clean, healthy, and comfortable indoor environment, and saving energy by developing
high-efficiency equipment in residential and industrial sectors. However, none of these
uses come without associated challenges. The AC&R systems can be operating with a
very high temperature lift (different between heat source and heat sink temperatures). For
instance, the AC system operates in hot and dry climate countries needs to maintain indoor
temperature as low as 18.3 ◦C (65◦ F) [392], whereas the refrigeration system needs to run
continuously for long hours to sustain freezing chamber temperatures [393]. As a result,
the AC&R systems generate a tremendous amount of heat loss to the environment during
the compression process, which increases the pressure ratio across the compressor and
degrades its efficiency; it increases the compressor discharge temperature and jeopardizes
its reliability. Simultaneously, the cooling demand is compromised and the AC or the
refrigeration system strives to provide enough cooling in the unit’s evaporator (or reject
heating in the unit’s condenser) and therefore degrades the overall system coefficient of
performance (COP).
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One of the methods to improve the COP of AC&R systems is to reduce the power con-
sumption in the compressor. Many researchers have already shown that adding nanoparti-
cles to the compressor oil (nanolubricant) reduced its energy consumption because it en-
hanced the lubricating oil’s tribological and thermal properties, which helped improve the
compression process, and therefore increased the system COP [394–402]. Lee et al. [403,404]
studied the effects of adding nanoparticle to mineral oil. Their results showed that the
improvement in the lubricating properties of the mineral oil increases with the addition
of the nanoparticle. The authors found that adding the nanoparticle to the compressor oil
decreased its friction coefficient by 90%, and thus causing improvement in the compression
process and reducing the energy losses in the compressor. Jia et al. [405] investigated the
effects of using mineral-based nano-oils in a domestic refrigerator compressor with two
different refrigerants, namely, R-134a and R-600. They concluded that the COP values
increased by 5.33% when the nano-oil was utilized in the compressor with R-600, whereas
no effects were noticed when the same nano-oil was used with R-134a.

Another method to improve the cooling COP is to increase the heat transfer coefficient
in the heat exchangers of the AC&R system. Many studies have already shown that mixing
nanoparticles with the refrigerant enhanced the heat transfer coefficient of the refrigerant
(nanorefrigerant) in the condenser and the evaporator because of the additional nucleate
boiling and the higher thermal conductivity of the nanoparticles that enhanced the heat
transfer rate, and thus increasing the system COP [286,395,401,406–411]. Since carbon-
based nanofluids (i.e., ND, graphene, CNTs, etc.) have better performance due to their
superior features compared to other known nanomaterials [17,406,412–418], they could
result in significant system performance improvement. Therefore, researchers have further
investigated carbon-based nanoparticles for various AC&R applications [419], such as
the ones demonstrated in Figure 23. The following sections present a literature review
on studies investigating the effect of carbon-based nanoparticles on the thermophysical
properties of AC&R refrigerants, followed by a literature review on studies investigating
the effect of carbon-based nanoparticle on the AC&R system’s performance.

48



Nanomaterials 2021, 11, 1628Nanomaterials 2021, 11, x FOR PEER REVIEW 49 of 79 
 

 

 

Figure 23. Nanofluids employment in AC&R applications, namely; air conditioning units, air han-

dling units, industrial refrigerators, and domestic refrigerators. 

6.3.1. Influence of Carbon-Based Nanoparticles on the Thermophysical Properties of 

Working Fluid in AC&R Systems 

It is evident from the literature that there are many researchers investigated the per-

formance properties (i.e., heat transfer coefficient and viscosity) of nanoparticles applied 

to the refrigerants in AC&R systems including copper (Cu), aluminum (Al), nickel (Ni), 

copper oxide (CuO), zinc oxide (ZnO), aluminum oxide (Al2O3), titanium oxide (TiO2), 

and other metal nanoparticles [325,419–434]. However, only a limited number of research 

work is available for ND, graphene, and CNTs, which can be summarized in Table 10. 

Park and Jung [435] investigated the possible contribution of CNT on the nucleate boiling 

heat transfer coefficients of R-123 and R-134a. They reported an enhancement up to 36.6% 

in nucleate boiling heat transfer coefficients of the nanorefrigerant at low heat flux com-

pared to the baseline refrigerant. However, as the heat flux increases the enhancement 

decreased due to robust bubble generation that prevented the CNT from penetrating the 

thermal boundary layer and touch the surface. The flow boiling heat transfer characteris-

tics and pressure drop were also investigated experimentally by Zhang et al. [436], using 

MWCNT dispersed in the R-123 refrigerant with SDBS surfactant flowing in a horizontal 

circular tube heat exchanger. Their results showed that the nanorefrigerant heat transfer 

coefficient and frictional pressure drop increased with the increase of nanoparticle con-

centration, mass flux, and vapor quality. Similar conclusions were observed by Sun et al. 

[437] when they investigated MWCNT with R-141b. Jiang et al. [438] studied the influence 

of CNT diameters and aspect ratios on CNT–R-113 nanorefrigerant. The study involved 

four different groups of CNTs with different physical dimensions (diameters, length, and 

aspect ratio). Their experimental results showed that the thermal conductivities of CNT 

nanorefrigerant increased proportionally with the increase of CNT’s volume fraction and 

aspect ratio and with the decrease of CNT’s diameter. The maximum increase in the ther-

mal conductivity was about 104% for a volume fraction of 1.0 vol. %. Peng et al. [439] 

studied the influence of CNT physical dimensions such as diameters, length, and aspect 

ratios for the CNT–R-113–oil mixture. They used the same four different groups of CNTs 

with different physical dimensions as Jiang et al. [438] and VG68 ester lubricating oil. An 

enhancement of up to 61% was obtained in the nucleate pool boiling heat transfer coeffi-
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6.3.1. Influence of Carbon-Based Nanoparticles on the Thermophysical Properties of
Working Fluid in AC&R Systems

It is evident from the literature that there are many researchers investigated the
performance properties (i.e., heat transfer coefficient and viscosity) of nanoparticles applied
to the refrigerants in AC&R systems including copper (Cu), aluminum (Al), nickel (Ni),
copper oxide (CuO), zinc oxide (ZnO), aluminum oxide (Al2O3), titanium oxide (TiO2),
and other metal nanoparticles [325,419–434]. However, only a limited number of research
work is available for ND, graphene, and CNTs, which can be summarized in Table 10. Park
and Jung [435] investigated the possible contribution of CNT on the nucleate boiling heat
transfer coefficients of R-123 and R-134a. They reported an enhancement up to 36.6% in
nucleate boiling heat transfer coefficients of the nanorefrigerant at low heat flux compared
to the baseline refrigerant. However, as the heat flux increases the enhancement decreased
due to robust bubble generation that prevented the CNT from penetrating the thermal
boundary layer and touch the surface. The flow boiling heat transfer characteristics and
pressure drop were also investigated experimentally by Zhang et al. [436], using MWCNT
dispersed in the R-123 refrigerant with SDBS surfactant flowing in a horizontal circular
tube heat exchanger. Their results showed that the nanorefrigerant heat transfer coefficient
and frictional pressure drop increased with the increase of nanoparticle concentration,
mass flux, and vapor quality. Similar conclusions were observed by Sun et al. [437]
when they investigated MWCNT with R-141b. Jiang et al. [438] studied the influence of
CNT diameters and aspect ratios on CNT–R-113 nanorefrigerant. The study involved
four different groups of CNTs with different physical dimensions (diameters, length, and
aspect ratio). Their experimental results showed that the thermal conductivities of CNT
nanorefrigerant increased proportionally with the increase of CNT’s volume fraction and
aspect ratio and with the decrease of CNT’s diameter. The maximum increase in the
thermal conductivity was about 104% for a volume fraction of 1.0 vol. %. Peng et al. [439]
studied the influence of CNT physical dimensions such as diameters, length, and aspect
ratios for the CNT–R-113–oil mixture. They used the same four different groups of CNTs
with different physical dimensions as Jiang et al. [438] and VG68 ester lubricating oil. An
enhancement of up to 61% was obtained in the nucleate pool boiling heat transfer coefficient
compared to R-311–oil mixture without CNTs. They also showed that the improvement of
the nucleate pool boiling heat transfer coefficient increased as the CNTs length increases
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and as CNTs outside diameter decreases. The heat transfer performance of MWCNT–oil–
R-600A nano-refrigerant in horizontal counter-flow double-pipe heat micro-fin tube heat
exchanger, was studied by Ahmadpour et al. [440]. Their experiments covered a wide
range of parameters, including mass velocity, vapor quality, and condensation pressure.
Their results showed that an increase up to 74.8% in the heat transfer coefficient could be
achieved with 0.3% nanoparticles concentration at 90 kg/m2.s mass velocity compared
to the pure refrigerant. Kumaresan et al. [441] conducted an experimental study on the
convective heat transfer characteristics of secondary refrigerant nanofluids in a tubular
heat exchanger. The objective of the secondary refrigerant loop is to reduce the primary
refrigerant charge in vapor compression refrigeration systems. The nanofluid used in the
study consists of MWCNT dispersed in a water-EG mixture. Their results showed that the
maximum enhancement in convective heat transfer coefficient was 160% for the nanofluid
containing 0.45 vol. % of MWCNT compared to the base fluid. However, the friction factor
was also increased by 8.3 times, which might increase the pumping power and reduce the
advantage of the increase in the heat transfer coefficient of the nanofluid [442]. Similar
findings were attained by Baskar et al. [443] and Wang et al. [444] when they experimentally
tested MWCNT–IPA and graphene–EG in a secondary refrigeration loop, respectively.

The dispersion stability of MWCNT in the R-141b refrigerant with the addition of
surfactant was investigated by Lin et al. [445]. Three different types of surfactants, in-
cluding SDBS, hexadecyl trimethyl ammonium bromide, and nonylphenoxpoly ethanol
(NP-10), were tested to prevent the aggregation and sedimentation of MWCNTs during
the long-term operation. SDBS was found to have an excellent adsorption ability on the
MWCNT surface. It was also shown that the relative concentration increased with decreas-
ing MWCNT length or outer diameter and increasing ultrasonication time. The optimal
SDBS concentration for the highest dispersion stability increased proportionally with the
increase of the initial MWCNT concentration. However, the SDBS might reduce the nanore-
frigerant’s thermal conductivity at higher operating temperatures. The thermophysical
properties and heat transfer performance of SWCNTs dispersed in the R-134a refrigerant
was also investigated by Alawi and Sidik [446]. They found that up to a 43% increase in
thermal conductivity can be reached when 5 vol. % of nanoparticle concentration is used
in the MWCNT–R-134A nanorefrigerant compared to the pure R-134A refrigerant. Similar
to other nanofluids, the thermal conductivity increases with the increase of nanoparticle
volume concentrations and with the increase in the temperature of the nano-refrigerant.
Moreover, the increase of volume fractions at a constant temperature led to a significant
increase in the viscosity and density of the nanorefrigerant.

Dalkilic et al. [447] investigated the stability and viscosity of MWCNTs–polyolester
(POE) oil nanolubricants. The study involved using four different refrigeration compressor
oil with different values of viscosity (i.e., 32 mm2/s, 68 mm2/s, 100 mm2/s, and 220 mm2/s)
tested at a maximum temperature of 50 ◦C and a concentration of MWCNTs up to 1 wt %.
They reported a substantial augmentation in viscosity up to 90% compared to the viscosity
of the base oil. This could reduce the refrigeration efficiency due to the possible increase
in the compressor pumping power. Most of the review studies [325,419,420,431,448] have
shown that adding nanoparticles always enhances the heat transfer coefficient of the
nanofluid mixture due to the higher thermal conductivity of nanorefrigerant and due to the
reduction of the thermal boundary layer thickness caused by the presence of nanoparticles.
Additionally, nanoparticles increased the viscosity of the nano-refrigerant causing an
increase in the frictional pressure drop and therefore might reduce the AC&R system
performance. The review studies of references [325,419,420,431,448] covered only CNTs
nanomaterial from the carbon family, and therefore further investigations on other types of
carbon-based nanoparticles, such as diamonds and graphene, needs to be conducted.
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Table 10. List of studies related to carbon-based nanoparticles effect with working fluid in AC&R systems.

Reference Nanofluid Test Conditions
Nanoparticle

Concentration Diameter
(nm)

Length
(µm)

Park and Jung [435] CNT–R-123
CNT–R-134a

Heat Flux
20–60 kW/m2 1.0 vol. % 20 1

Zhang et al. [436] MWCNT–R-123 Heat Flux
– 0.02–0.20 vol. % 30–70 2–10

Sun et al. [437] MWCNT–R-141b
Mass flux
100 to 350
kg/(m2s)

0.059, 0.117 and
0.176 vol. % 8 10–30

Jiang et al. [438] CNT–R-113 Temperature
303 K 0.2–1.0 vol. % 15–80 1.5–10

Peng et al. [439] CNT–POE–R-113 Heat Flux
10–80 kW/m2 0.1–1 wt % 15–80 1.5–10

Ahmadpour et al.
[440]

MWCNT–mineral
oil–R-600A

Heat Flux
– 0.1-.3 wt % 5–15 50

Kumaresan et al. [441] MWCNT–EG–water Temperature
273–313K 0.15–0.45 vol. % 30–50 10–20

Baskar et al. [443] MWCNT–propanol +
isopropyl alcohol

Temperature
273–303K 0.15–0.3 vol. % – –

Wang et al. [444] Graphene–EG Temperature
328–333K 0.01–1 wt % – 5–15

Lin et al. [445] MWCNT–R-141b – 250–750 mg/L 15–80 1.5–10

Alawi and Sidik [446] SWCNT–R-134a Temperature
300–320 K 1.0–5.0 vol. % 20 –

Dalkilic et al. [447] MWCNT–POE Temperature
288–323 K 0.01–0.1 wt % 10–30 –

6.3.2. Influence of Carbon-Based Nanofluids on the COP and Overall Cooling Performance
of AC&R Systems

A limited number of studies are available on how ND, graphene, and CNTs improve
system COP and cooling capacity, which can be summarized in Table 11.

Abbas et al. [449] examined CNT mixed with POE oil in an R-134a refrigeration unit.
They found that the system COP increased by 4.2% with nanoparticle concentration of
0.1 wt %. The experiment was infeasible beyond this concentration because the main
challenge was with the agglomeration due to the strong Van der Waals interactions during
the preparation phase. Jalili et al. [450] mixed various concentrations of MWCNT with
water to assess the cooling performance of the secondary fluid in the evaporator of the
refrigeration system. The transient analysis results showed that the evaporator’s inlet
temperature increased by 6.5% while the outlet temperature decreased by 14.5% when
the water contains 2000 ppm of MWCNT. The significant enhancement in evaporator
outlet temperature confirmed the tremendous increase in heat transfer coefficient with
MWCNT. According to Kruse and Schroeder [451] and Cremaschi [452], the existence of oil
lubricant in heat exchangers acted as insulation and resulted in heat transfer coefficient
reduction. However, if the addition of nanoparticles enhanced the oil lubricant, the heat
transfer coefficient would be compensated in the heat exchangers due to the improved
overall thermophysical properties. Vasconcelos et al. [453] examined MWCNT–water as a
secondary fluid in a 4–9 kW refrigeration unit with R-22 as a refrigerant. Due to the high
thermal conductivity of the nanofluid, the cooling capacity increased up to 22.2% at the
coolant’s inlet temperature range of 30–40 ◦C. Vasconcelos et al. [453] found no significant
reduction in the total power consumption. However, the increase in cooling load helped
the compressor power consumption to relatively reduced because of the relative increase
in evaporation pressure, and therefore the COP increased up to 33.3%. Kamaraj and Manoj
Babu [454] replaced the POE oil with POE–mineral oil nano lubricants containing CNT
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particles with the amount of 0.1 and 0.2 g/L in a R-134a refrigerator. Besides the reduction
in cooling time using the new nanofluids by approximately 40%, the COP was improved
by 16.7% for 0.2 g/L of CNT using mineral oil. This is mainly due to the enhancement
of the heat transfer coefficient in the evaporator without any significant reduction in the
compressor power. Yang et al. [455] analyzed graphene nanosheets blended with SUNISO
3GS refrigerant oil in a R-600a refrigerator/freezer. The authors found that the cooling
rate freezing rate improved by approximately 5.6% and 4.7%, respectively. The energy
analysis yielded that the three concentrations nanolubricants (10 mg/L, 20 mg/L, and
30 mg/L) helped in reducing the compressor discharge temperature by 2.5%, 3.8%, and
4.6%, and dropping the energy consumption by 14.8%, 18.5%, and 20.4%, respectively.
Hence, the energy saving was estimated to be up to 20% compared to using pure refrigerant
oil. Indeed, the addition of graphene nanosheets with lubricant oil helped to decrease
compressor friction losses. However, using graphene nanosheets as nanolubricant required
additional surfactants (dispersants), which might increase the compression power because
surfactants increase the viscosity and reduce the thermal conductivity at higher operating
temperatures. Pico et al. [456] investigated two mass concentrations of ND–POE in a
17.6 kW vapor compression refrigeration system that used variable-speed compressor and
refrigerant R-410A. The results showed that the compressor power consumption remained
the same due to the type of compressor (i.e., hermetic scroll). On the other hand, the
discharge compressor temperature reduced by approximately 3 ◦C and 4 ◦C, while the
cooling capacity increased by 4.2% and 7%. Therefore, the overall system COP increased
by 4% and 8% at 0.1% and 0.5% mass concentrations, respectively. Furthermore, Pico
et al. [457] experimentally investigated the same ND–POE nanolubricant with R-32 as a
substitute for R-410A. The results showed that for 0.5% mass concentration of diamond
nanoparticle added to POE lubricant, the cooling capacity increased by 2.4% and the
discharge compressor temperature decreased by approximately 2 ◦C, and hence the COP
enhanced by 3.2%. The reduction of ND–POE performance with R-32 compared to R-410A
can be justified with the low mass flow rate, which affected the oil circulation rate of the
system operating with R-32.

Table 11. List of studies related to carbon-based nanoparticles effect on AC&R systems performance.

Ref. Nanofluid
Nanoparticle Compressor

Discharge
Temperature

Compressor
Power

Cooling
Capacity COPConcentration Diameter

(nm) Length (µm)

Abbas et al.
[449]

CNT–POE–
R-134a

0.01–0.1 wt
% – – – Reduced by

2.2% – Improved by
4.2%

Jalili et al.
[450]

MWCNT–
water 0–2000 ppm 10–20 5–15 – – – –

Kamaraj and
Manoj Babu

[454]

CNT–POE–
mineral

oil–R-134a
0.1 and 0.2

g/L 13 – Negligible
reduction

Negligible
reduction

Improved by
16.7%

Improved by
16.7%

Vasconcelos
et al. [453]

MWCNT–
water–R-22

0.035–0.212
vol. % 1–2 5–30 – Negligible

reduction
Improved by

22.2%
Improved by
27.3–33.3%

Pico et al.
[456]

ND–POE–R-
410A

0.1 and 0.5
mass % 3–6 – Reduced by

3–4 ◦C
Negligible
reduction

Improved by
4.2–7%

Improved by
4–8%

Pico et al.
[457]

ND–POE–R-
32

0.1 and 0.5
mass % 3–6 – Reduced by

1.2–2 ◦C
Negligible
reduction

Improved by
1–2.4%

Improved by
1–3.2%

Yang et al.
[455]

Graphene–
SUNISO

3GS–R-600a
10, 20, and
30 mg/L 100–3000 – Reduced by

2.5–4.6%
Reduced by
14.8–20.4%

Improved by
5.6% –

Rahman et al.
[458]

SWCNT–R-
407c 5 vol. % – – – Reduced by

4% – Improved by
4.3%

7. Environmental Consideration and Potential Health Issues

In addition to the studies that focused on the thermal enhancement that nanofluids can
provide to energy systems, researchers have also explored the environmental impact and
the potential hazardous towards human health from using these kind of suspensions [459].
In terms of environmental concerns, Meyer et al. [460] proposed an exergoenvironmental
analysis method for designing an energy conversion system with an as low as possible
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environmental impact. Furthermore, an Eco-indicator 99 life cycle impact assessment
approach was employed by the scholars to evaluate the environmental impact in a quan-
titative manner. They obtained the ecoindicator point through undertaken a series of
analyses such as the exposure and effect analysis, resource and fate analysis, and damage
analysis. One of the main element in determining the fate analysis is the toxicity evaluation
of the nanomaterial(s) that form(s) the nanofluid. However, the criteria for measuring the
level of toxicity is still not clear, and as such uncertainty always exist [461]. In order to
resolve the previous issue, Card and Magnuson [462] came with a two-step approach for
evaluating the toxicity of nanomaterials in an objective manner. In the first step, the authors
collected the available literature that are related to the toxicity of nanomaterials, after which
they started to evaluate and rank these studies according to the suitability of the design,
documentation of adopted approach, materials used, and research outcome to produce the
reliability ‘study score’. As for the next step, the fulfilment of the physicochemical charac-
terization of the nanomaterials is assessed in every study, which is then used to generate
a ‘nanomaterial score’. In general, the optimum way to reduce the environmental impact
is to lower the utilization of resources and the resulting gas emissions during operation
condition. For systems the utilize nanofluids, this can be achieved through enhancing
their thermal efficiency, reducing their overall system size, and/or reducing the number of
nanomaterials used. The reader is guided to the following sources [463–471] for further
details on the aforementioned.

On the other hand, users dealing with nanofluids are always under high health
risk [472]. This is because in the preparation process of these suspensions there is an
inevitable contact between the user and the nanomaterials used, which can therefore en-
ter their blood streams and/or organisms through skin absorption, inhalation, and/or
ingestion of these toxic materials. It is important to note that almost all carbon-based nano-
materials, including CNTs, NDs, and graphene, are toxic and that the level of their toxicity
increases with the decrease in their size [473]. Moreover, it is important that the reader
distinguish between the safety aspect of nanomaterials that are used as medication (or for
inner body diagnostic) and those used for other non-medical applications [110,474–477].
The first are safe and non-toxic when transferred to the human body in the appropriate way,
whereas the second have high health risks and should be dealt with safety precautions.
Some of the studies that were mainly devoted towards evaluating the harm that nanomate-
rial can cause to human health can be found in the following literature [473,474,478–482],
where the material type, shape, size, surface characteristics charge, curvature, free energy,
and functionalized groups were taken into account. Although using personal protective
equipment and following the safety handling procedures can lower the user health risks, it
is believed that part of the problem associated with commercializing nanofluids is due to
the increasing concerns from the potential stakeholders and a lack of sufficient research
studies [472,481].

8. Discussion and Future Directions

This review article has covered carbon-based nanofluids, from the fabrication stages of
the raw nanoparticles materials (i.e., ND, graphene, and CNT) and up to their employment
in some of the commonly known thermal applications in the energy industry. In addition, it
was shown how dispersions made of carbon allotropes possess the most favorable thermal
properties and, when well handled, physical properties compared to any other type of
nanofluids or conventional fluids. This is because these carbon-based materials, when
dispersed in a base fluid attain unique features such as high thermal conductivity and spe-
cific heat capacity, high heat transfer rate, and lower pressure drop in the working system
compared to other types of dispersed nanomaterials. Furthermore, the aforementioned
suspensions cause the least corrosion and erosion effects on the hosting device [483], all
of which are crucial parameters for the operation cycle. Moreover, the influence of the
stability of these suspensions on their thermophysical properties was also highlighted
along with the development in these properties prediction correlations. Nevertheless, there
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are still some challenges and gaps in the scientific knowledge that need to be tackled for
further advancement in the field and the possible industrial viability of such advanced
fluids. Some of these issues are pointed out in this section.

8.1. Challenges in Carbon-Based Nanofluids

Carbon allotropes in the nanoscale have shown to be promising in enhancing the
thermal performance of liquids when homogeneously dispersed, and their products are
commercially available through a wide range of companies. Nevertheless, these powders
are very expansive from an economic perspective compared to other sorts of nanomaterials,
which makes their utilization quite questionable in the sense of their feasibility towards the
targeted application [484]. Therefore, one of the challenges that need to be focused on is how
to fabricate large quantities of these nanopowders at minimal production cost. In the current
situation and before even introducing such type of nanofluids to the industry, researchers
need to initially evaluate the gained performance enhancement and economic benefits of
carbon-based nanofluids for each selected application before hands, and hence more work
is needed in this area. Some scholars have proposed combining carbon-based nanomaterials
with other cheaper types of nanoparticles (e.g., Cu, Al, and Fe) to form hybrid nanofluids
containing carbon allotropes, and thus reducing the suspension cost [485–488]. However,
the feasibility of such an approach remains limited, and the consideration of such types
of hybrid nanofluids remains in the exploration stages. As it is well-known by now
that the favorable thermophysical properties of nanofluids have made such a category
of working fluids beneficial when used for enhancing the system performance of many
thermal applications. Yet, the stability of the dispersed particles remains a major drawback
and thus limiting the widespread of these suspensions. This is because, in an unstable state,
the particles tend to cluster into larger forms of agglomerate, and therefore the benefits of
the high surface area of the nanoparticles losses its optimum effectiveness on the exposed
host (i.e., base fluids). For such a reason, it is essential that any proposed nanofluid to
the industry maintains its long-term stability. This is where the preparation phase of the
product plays a critical role. In order to overcome this difficulty, scientists have suggested
using physical approaches (e.g., sonication) and/or chemical methods, such as surfactants
and surface functionalization. Although this can help solve the aggregation problem, the
changes caused to the surface of the dispersed particles remain another uncertainty that
needs to be understood. In addition, further exploration on combining the two stabilization
methods (i.e., physical and chemical routes) need to be conducted. Moreover, a joint
international standard database on the thermophysical properties and physical stability of
different types of nanofluids, their dispersed nanomaterial(s) concentration, and fabrication
approach is strongly needed [198]. This is because even after more than 25 years from the
first discovery of nanofluids, scientist are still reporting different thermophysical properties
and physical stability for similar synthesized suspensions. In terms of properties prediction,
it was shown previously that both effective thermal conductivity and effective viscosity
lacks universal correlations and can only be determined through experimental means.
However, artificial neural networking that is based on data mining has started to show
good accuracy in predicting these properties, but further research is still required in this
area [489–492].

8.2. Limitations in Parabolic Trough Solar Collector Systems

In PTSCs, the main challenge is that most of the studies shown in the literature were of
pilot-scale tests, and thus further investigations are needed on the real-life application itself.
Moreover, systematic studies are required to understand and standardize the influence
of operational parameters such as high pressure, high temperature, flow rate, particles
concentration, and suspension thermophysical properties on the system performance. Fur-
thermore, there is still a need for a better understanding of the fouling build-up mechanism
that is commonly associated with the use of nanofluids in systems of elevated tempera-
tures as this newly introduced thin-film is likely to change the wettability behavior of the
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surface, and with it the dynamics of the flow [493–495]. Knowing this can open the door
for introducing systematic washing routines, whether online, offline, or both, that can help
in extending the heat transfer efficiency of the PTSC. Other aspects such as the friction
factor and pressure drop should also be considered and explored intensively due to the
nature of nanofluids having higher effective viscosity than conventional fluids.

8.3. Limitations in Nuclear Reactor Systems

As with most heat transfer systems, nuclear reactors were shown to have potential
performance benefits from replacing their working fluids with nanofluids. Although on
some occasions, certain types of nanofluids cannot compile with such application require-
ments (e.g., gold and platinum), due to the high temperature nature of such systems and
the presence of emitted radiations that effects the dispersed particles [496]. Nevertheless,
carbon-based materials have shown the capability of being an acceptable candidate for
these systems. Despite that, the common challenge with almost every application that uses
this category of suspensions remains rounded on the feasibility of such fluids and their
particles clustering issue within the hosting system. When focusing on nuclear reactors,
these systems design, sizes, and mechanisms can be seen changing rapidly throughout
the past 20 years [308,312,497]. While this shows how this area of science is advancing, it
also constrains the exploration capability of researchers working in the field of nanofluids.
Thus, scientists specialized in nanofluids cannot investigate the performance enhancement
caused by their suspensions on pre-existing reactors. Still, at the same time, they need to
take into account the operation lifetime of the facility and understand how the isotopes
build up and decay within these systems. This is because such changes in these isotopes
could cause different behaviors when exposed to the dispersed particles. In addition, the
fact that some of the dispersed particles may deposit on the nuclear fuel surface needs
to be also considered and evaluated with respect to the possible corrosion development
on the outer surface of the fuel. Moreover, studies on the long-term physical stability of
nanofluids, when employed in nuclear reactors, remain unknown and need to be inves-
tigated. In addition, further work is needed to determine the effect of surfactants, when
used as stabilizers, on the heat transfer rate in such application. This is because most (if not
all) of these chemicals cannot withstand high temperature operating conditions. In terms
of LOCA scenarios, nanofluids can help stop (or reduce) the level of damages that the
fuel of elevated temperature may cause to the facility, but the method in which the newly
introduced waste can be dealt with remains questionable and needs to be solved. This
is because, unlike conventional liquids, the dispersed particles conserve more radiations,
and hence remain radioactive for a very long time before they decay and stabilize. When
it comes to pool boiling during quenching, to the best of our knowledge, there is still
no existing literature that covers the effect of nanofluids on the minimum film boiling
temperature (Tmin) such as what was presented in Section 6.2.2. In general, there is a
lack of studies about the impact of nanofluids on Tmin during quenching. Owing to the
importance of Tmin, various types, concentrations, and sizes of nanofluids should have
experimented with to investigate their effects on this parameter in specific. Furthermore,
most of the investigations that are concern the effect of nanofluids on the CHF uses block
plates, flat plates, or wires. However, research work on other geometries is crucial because
it is evidence that the CHF will strongly be influenced by it. In addition, the currently
employed models (e.g., Zuber’s correlation) fails to accurately predict CHF when using
thin wires [498], and therefore scholars need to focus more into developing a universal
model that can withstand such limitation.

8.4. Limitations in Air Conditioning and Refrigeration Systems

Based on the research conducted by Hu et al. [499], it was shown that some carbon-
based nanomaterials need surfactant(s) to ensure long-term stability and avoid agglom-
eration when they are mixed with the oil–refrigerant in the AC&R system. Additionally,
surfactant might help to increase the performance of the AC&R system because it enhances
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the nucleate pool boiling heat transfer coefficient. However, this improvement is only
attained under limited conditions because it is highly dependent on certain specifications
(e.g., nanoparticle type, nanoparticle size, nanoparticle concentration, surfactant type,
surfactant concentration, nanolubricant concentration, base fluid type, and heat flux). In
addition, Cheng and Liu [500] recommended further investigation on nucleate pool boiling
and flow boiling for refrigerant based-nanofluids. Therefore, further investigations must
be conducted toward carbon-based nanofluids with refrigerant–oil–surfactants for AC&R
applications. According to Bahiraei et al. [501] and Dalkılıç et al. [502], nanofluids helped
to improve the heat transfer coefficient in heat exchangers (i.e., spiral-type and double-type
heat exchangers). However, due to the increase in the nanofluid’s viscosity, the pressure
drop can be escalated, especially for low mass flow rates [503,504]. In AC&R systems,
the pressure drop is an important factor that needs to be incorporated during the system
design phase because any additional increase in the pressure drop in the heat exchangers
during the operation of the AC&R system will result in significant degradation in the
system COP performance as reported by Sunardi et al. [505] and Tashtoush et al. [506]. Yet,
pressure drop due to a carbon-based nanofluids additive has not been studied in AC&R
systems and needs to be further investigated. In fact, engineers need robust software tools
to design AC&R systems with nanofluid additives. Some studies provided correlations
for all thermophysical properties of the nanofluids (heat transfer coefficient, friction factor,
thermal conductivity, viscosity, etc.) [507–510]. However, computational models integrat-
ing component models (as employed in Bahman et al. [511] and Loaiza et al. [512]) and
the influence of carbon-based nanofluids in AC&R systems are still lacking. In addition,
those kinds of models might have the potential to predict the overall system performance
and ensure optimal operations. Furthermore, experimental investigations were limited to
a specific concentration amount of nanofluids. The optimal concentration for maximum
AC&R performance can be obtained numerically with the formerly mentioned computa-
tional models. Moreover, the determination of the optimal amount of concentration has not
been proposed yet in the literature for carbon-based nanofluids in AC&R systems. In the
AC&R system, nanofluid additives ultimately enhance the viscosity of the lubricating oil.
Conversely, this might relatively increase the compressor power consumption. Therefore,
it is vivid to find the relationship between nanofluid viscosity and compressor pumping
power for AC&R application [513–515]. A limited number of research employed energy
and exergy analysis on carbon-based nanofluids applied in AC&R systems. They have
shown that there is a high potential for decreasing the irreversibility with carbon-based
nanofluids due to their higher thermal conductivity compared to oxide materials [516].
Therefore, more compressive studies similar to Bahman and Groll [517] are required to
identify the AC&R components with major irreversibility when employing nanofluids.
Moreover, the literature is scarce in techno-economic analysis for nanofluids in AC&R
applications. Although Bhattad et al. [518] showed that nanofluids could result in a higher
payback period than the AC&R’s components (i.e., heat exchangers), however, further stud-
ies need to be conducted on carbon-based nanofluids because by optimizing the number of
nanoparticles with respect to operating condition and stability, it can be more cost-effective.
Finally, AC&R systems combine several components, as nanofluid pass through these
components, it would be compressed, expanded, or changed phases. All these processes
may lead to the possibility of getting nanoparticles to be separated from the carrier fluid
during long-term operation and probably degrade the system performance. Therefore,
the long-term operating performance of the nanorefrigerant (and nanolubricant) must be
investigated.

9. Conclusions

This paper provides a comprehensive state-of-the-art review on carbon-based nanoflu-
ids, including the initial synthesis methods used for producing carbon nanotubes, graphene,
and nanodiamonds, and up to the employment of their dispersions into thermal energy
applications, namely; parabolic trough solar collectors, quenching systems, and air condi-
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tioning and refrigeration systems. It was shown how some of these nanomaterials could
only be fabricated in a dry form, such as high purity nanodiamonds, whereas graphene,
for example, can be produced as a dry powder or a suspension. Thus, when selecting the
nanofluids’ preparation approach containing these nanomaterials, the available options
can be narrowed from two routes to only a single process. Furthermore, the main equations
used in calculating the volume concentration that are commonly required for the nanofluid
two-step production method were provided. Moreover, the physical stability of the sus-
pension, which is considered as one of the most influential aspect that can dramatically
affect the thermophysical properties of any nanofluid, was discussed in terms of its forma-
tion mechanism and evaluation approaches. Although there are many advanced ways to
characterize the dispersion stability, it was concluded that the photographical capturing
method remains the most reliable approach due to its capability of determining both short-
and long-term dispersion stability of the mixture in real-time and at high accuracy. Never-
theless, this method is very time-consuming to conduct, especially when the characterized
sample is of high state of stability. In addition, chemical methods, such as surfactants
and surface functionalization; and physical approaches, namely, ultrasonication, magnetic
stirring, homogenizer, and ball milling, were also discussed and shown in how they can be
employed to improve the level of particles dispersion within an instable suspension. It was
concluded that, unlike the chemical approaches, using physical methods for enhancing the
dispersion stability is a better option when it comes to conserving the optimum possible
effective thermal conductivity of the nanofluid and that between the available physical
routes, the homogenizer can provide the best outcomes. In general, the stability of the
suspension does not affect the mixture density nor its specific heat capacity but rather
influences both the effective thermal conductivity and effective viscosity of the nanofluid.
These two properties were seen to degrade gradually with time due to the nanomaterial’s
agglomerations and their sediment formation. Many methods were shown to determine
these two properties (i.e., effective thermal conductivity and effective viscosity), either by
experimental means or through pre-existing correlations. Still, up to today, the scientific
field has failed to provide a universal formula for both of these two properties, and hence
the only reliable approach is through experimental analysis. When it comes to replacing
conventional working fluids with carbon-based nanofluid in thermal applications (i.e.,
parabolic trough solar collectors, nuclear reactor systems, and air conditioning and refriger-
ation systems), it was proven, at least at the lab and pilot-scale, that such advanced fluids
are very beneficial in terms of enhancing the overall performance of these systems, and can
therefore be seen as strong candidates for such industries when their associated challenges
are solved and fully understood.
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Nomenclature

A Area (nm2)
AC Air conditioning
AC&R Air conditioning and refrigeration
AG Arabic gum
ALWR Advanced light water reactor
ANL Argonne National Laboratory
BAC Benzalkonium chloride
BWR Boiling water reactor
CR.M. Nanoparticle random motion velocity (nm/s)
CF Self-crowding factor
CFD Computational fluid dynamics
CHF Critical heat flux (W/m2)
CNT Carbon nanotube
COP Coefficient of performance
Cp Specific heat capacity (J/kg·K)
CSPP Concentrated solar power plant
CTAB Cetyltrimethyl ammonium bromide
CVD Chemical vapour deposition
DASC Direct absorber solar collector
db f Diameter of the base fluid molecule (nm)
DND Detonation nanodiamond
DNI Direct normal irradiance
dnp Nanoparticles mean diameter
DSC Differential scanning calorimetry
DSDMAC Distearyl dimethyl ammonium chloride
DWCNT Double-walled carbon nanotube
DX Direct expansion
EG Ethylene glycol
fm Maximum attainable concentration
fp Packing fraction of the particles
fV Particles volumetric fraction
FVM Finite volume method
GCR Gas-cooled reactor
GO Graphene oxide
HFC Hydrofluorocarbon
HPHT High-pressure and high-temperature
HTC Heat transfer coefficient (W/m2·K)
IPH Industrial process heat
kpj Equivalent thermal conductivity of the ellipsoids particle (W/m·K)
kB Boltzmann constant (1.381 × 10−23 J/K)
kH Huggins coefficient
Km Matrix conductivity (W/m·K)
kpe Equivalent particle thermal conductivity (W/m·K)
`b f Mean-free path of the base fluid molecule (nm)
LOCA Loss-of-coolant accident
m Mass (Kg)
MCRT Monte Carlo ray tracing
MSR Molten solid cooled reactor
MWCNT Multiwalled carbon nanotube
ND Nanodiamond
Nu Nusselt number
PHWR Pressurized heavy water reactor
POE Polyolester oil
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Pr Prandtl number
PTSC Parabolic trough solar collector
PVA Polyvinyl alcohol
PVP Polyvinylpyrrolidone
PWR Pressurized water reactor
r Volume ratio
Rb Impact of interfacial resistance (Km2/W)
rc Particle apparent radius (nm)
RGO Reduced graphene oxide
Re Reynolds number
Rk Kaptiza radius (8 × 10−8 m2 K/W)
rm Radius of the fluid medium particles (nm)
SANSS Submerged arc nanoparticle synthesis system
SDBS Sodium dodecyl benzenesulfonate
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
SWCNH Single-walled carbon nanohorn
SWCNT Single-walled carbon nanotube
T Temperature (K or ◦C)
To Reference temperature (273 K)
Tm Mean temperature (K or ◦C)
Tmin Minimum film boiling temperature (K or ◦C)
tnl Thickness of the nanolayer surrounding the particle (nm)
to Starting time (s)
tf Finishing time (s)
TEM Transmission electron microscopy
TWCNT Triple-walled carbon nanotube
V Volume (m3)
VERSO Vacuum evaporation onto a running oil substrate
vol. % Volume percentage
WCR Water-cooled reactor
wt % Weight percentage
Greek letters
β Ratio of the nanolayer thickness to the particle radius
∆ Difference
η Average flatness ratio of the graphene nanoplatelet
[η] Intrinsic viscosity
µ Dynamic viscosity (kg/m·s)
n Empirical shape factor
ν Kinematic viscosity (m2/s)
ψ Particle sphericity
ρ Density (kg/m3)
k Thermal conductivity (W/m·K)
Subscripts
amb Ambient
b f Base fluid
CNT Carbon nanotube
e f f Effective
min Minimum
n f Nanofluid
np Nanoparticles
sat Saturated
sup Super-heated
w Water
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Abstract: For companies, notably in the realms of energy and power supply, the essential requirement
for highly efficient thermal transport solutions has become a serious concern. Current research
highlighted the use of metallic oxides and carbon-based nanofluids as heat transfer fluids. This work
examined two carbon forms (PEG@GNPs & PEG@TGr) and two types of metallic oxides (Al2O3 &
SiO2) in a square heated pipe in the mass fraction of 0.1 wt.%. Laboratory conditions were as follows:
6401 ≤ Re ≤ 11,907 and wall heat flux = 11,205 W/m2. The effective thermal–physical and heat
transfer properties were assessed for fully developed turbulent fluid flow at 20–60 ◦C. The thermal
and hydraulic performances of nanofluids were rated in terms of pumping power, performance
index (PI), and performance evaluation criteria (PEC). The heat transfer coefficients of the nanofluids
improved the most: PEG@GNPs = 44.4%, PEG@TGr = 41.2%, Al2O3 = 22.5%, and SiO2 = 24%.
Meanwhile, the highest augmentation in the Nu of the nanofluids was as follows: PEG@GNPs = 35%,
PEG@TGr = 30.1%, Al2O3 = 20.6%, and SiO2 = 21.9%. The pressure loss and friction factor increased
the highest, by 20.8–23.7% and 3.57–3.85%, respectively. In the end, the general performance of
nanofluids has shown that they would be a good alternative to the traditional working fluids in heat
transfer requests.
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1. Introduction

There was a lot of consideration in the production of working fluids with superior
thermal characteristics to enhance heat transfer efficiency in heated pipes [1,2]. The latest
research on nanofluids indicates that suspending extremely thermally conductive nano-
materials into the base fluid (e.g., water (DW) or Ethylene glycol (EG)) increases thermal
conductivity, an increase in the base fluid’s convective heat transfer rate [3,4]. Reducing
thermal boundary layer thickness generated by the existence of nanomaterials and their
random movement within the base fluid might have a significant impact on such convective
heat transfer coefficient augmentation [5,6]. An increase in the nanoparticle mass/volume
concentration frequently improves the heat transfer rate of the base fluid. Adding more
nanomaterials to the base fluid enhances the Brownian motion-driven variations in the
fluid, which leads to a fast heat transfer from the wall to the nanofluid [7,8].

In the heat transfer and hydrodynamic applications, thermal conductivity shows a
crucial role in evaluating nanofluid thermal efficiency, which has been calculated based
on different factors, involving inlet temperature, nanomaterial types and mass percent-
age, the nanostructure of particles, base fluid properties, pH values, and types of surfac-
tants/additives [9–11]. Additionally, dynamic viscosity influences the determination of
heat and momentum transfer and the device’s pumping amount [12]. Meanwhile, less
effort was dedicated to density, thermal expansion, and specific heat capacity [13]. The
values of density and specific capacity of different nanofluids have been estimated through
empirical correlations and equations based on the volume fraction of nanoparticles [14,15].

Numerous experimental and numerical investigation analyses evaluated forced con-
vection heat transfer using different metal and metallic oxides such as Al, Cu, CuO, SiO2,
Al2O3, TiO2, and MWCNTs during various flow regimes. Several mechanical or thermal
equipment used constant wall heat flux (WHF) for heat transfer applications. Numerical
and experimental efforts studied the effects of thermal and momentum diffusivity on
the heat conductivity of various nano-powders under turbulent forced convective heat
transfer [11]. The study examined various nanofluid samples (Al2O3-H2O, SiO2-H2O,
and Cu-H2O) and various volume percentages (1–3 vol.%) at 30 ◦C. Improved thermal
conductivity had no impact on heat transfer efficiency; but, the Prandtl number (Pr) of
nanofluids significantly influenced the Nusselt number value at constant Re. Numerical
and experimental analyses observed forced convective heat transfer by flowing graphene
nanoplatelet nanofluids through a fully turbulent system inside a horizontally smooth
heated pipe [16]. GNPs@H2O nanofluids increased from 7.96% to 25% in thermal effi-
ciency. Furthermore, Nuavg at 0.1 wt.% revealed enhancements of 75%, 79%, and 83% at
8231, 10,351, and 12,320 W/m2, respectively. Zubir and his group [17] produced reduced
graphene oxide (R-GO) and its influence on a heat exchanger’s turbulent convective heat
transfer performance. Furthermore, the study noticed substantial improvement in the
Nusselt number up to 144% and 63% at the upstream and downstream of the test section,
respectively. Laboratory work of PGGNPs with SSA-750 m2/g was carried out to assess
nanofluid flow and heat transfer enhancement [18]. The test section was heated with two
rates such as 23,870 and 18,565 W/m2. Meanwhile, the Re-number during the investiga-
tion ranged from 3900 to 11,700. From the results, the heat transfer coefficient improved
significantly (around 119% & 84%) at the two heat rates. The performance index of all
samples was larger than one, indicating that the synthesized PGGNP@DW nanofluids were
effective for convective heat transfer. Yarmand et al. [19] reported the effect of pressure loss,
thermophysical characteristics, and convective heat transfer on the stable-doped GNPs
nanofluids. Their results showed positive improvements in both Nu-number and heat
transfer coefficients by about 26.5% and 19.68%, respectively, at 0.1 wt.%. Lastly, Sadri
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et al. [20] prepared graphene nanoplatelets using green synthetization. They prepared three
samples of C-GNPs nanofluids in 0.025, 0.075, and 0.1 wt.%. The results showed optimum
improvements in the Nu-number (18.69%) and convective heat transfer coefficient (37.54%)
at Re = 15,927 and 0.1 wt.%. It was clear that the performance index for all CGNP-DW
nanofluids was larger than one. This demonstrated the advantage of employing environ-
mentally friendly nanofluids in heat transfer systems. The overall thermal performance
of using TiO2-DW nanofluids reached up to 1.519 as the best value, then reduced by in-
creasing the nanofluid flow [21]. The thermal efficiency of SiO2-DW in a triangular tube
with various turbulators was consistently greater than one. The index increased first with
the increase in Re number and then decreased with it. This index reached its maximum at
the Reynolds number Re = 6000 [22]. Additionally, in corrugated tubes, several working
fluids (DW, GNP-SDBS@DW, Al2O3@DW, and SiO2@DW) and tube shapes (rectangular,
triangular, trapezoidal, and curved ribs) were investigated [23]. The overall performance
can be enhanced by up to 37% by combining the approaches (GNP-SDBS@DW nanofluids
and curved pipe).

A closer look at the literature reveals several gaps and shortcomings of overall thermal
performance using carbon and metal-oxide nanofluids within heated pipes. The main
purpose was to compare the performance of functionalized carbon nanostructured nanoflu-
ids and commercial metallic oxides-based nanofluids. The prepared nanomaterials were
characterized via different examinations to show successful chemical reactions. Meanwhile,
the nanofluids’ thermo-physical properties of PEG@GNPs, PEG@TGr, Al2O3, and SiO2
were measured in the range of temperatures (20–60 ◦C). The heat transfer and nanofluids
flow were evaluated based on several parameters such as the average Nu-number, relative
pumping power, and different performance indicators under fully developed turbulent
forced convective flow.

2. Materials and Methods
2.1. Functionalization and Preparation Process

Since the raw materials of GNPs and Gr are hydrophobic and cannot dissolve in polar
solvents like H2O, a suitable way to make PEG@GNPs and PEG@TGr hydrophilic is to
present the covalent functionalization via acid treatment. The process will dope the surface
of GNPs and Gr with -OH- and -COOH. In a typical experiment [24], the chemical reactions
were performed by dispersing GNPs (1 g) and Gr (1 g) in the acid medium of AlCl3 (18.54 g)
and HCl (10 mL), followed by 1 h microwave radiation. Then, the solution was separated at
11,500 rpm and filtered through a polycarbonate filter (0.45 µm) before sequential washing
with DMF, THF, diluted HCl, and enough DI-water to eliminate unreacted AlCl3 and PEG
overnight at 60 ◦C. Furthermore, the dry aluminum oxide (Al2O3-NPs = 50 nm) and silicon
dioxide (SiO2-NPs = 50 nm) were ultrasonicated for 1 h to avoid agglomeration/settlement.
Nanomaterials were mixed with DW by an ultrasonic probe (Sonics Vibra-Cell, VC 750,
Sonics & Materials Inc., Newtown, CT, USA) with an output power of (750 W) and a power
supply of (20 kHz) frequency. The production process and nanofluid preparation method
were shown in Figure 1 [25].

2.2. Experimental Methodologies

This study was carried out at an inlet temperature of 30 ◦C; the basic thermophysical
properties such as dynamic viscosity and thermal conductivity should be determined
initially. The tools of KD2 Pro and Anton Paar Rheometer were used to evaluate thermal
conductivity and dynamic viscosity, respectively [26]. In the meantime, for the density
readings, a density meter was used at an accuracy level of ±10−4 g/cm3. Lastly, a Differen-
tial Scanning Calorimeter (data accuracy = ±1.0%) was used to capture the specific heat
of the samples. SEM-EDX analysis was conducted to study morphology and elemental
structures of the prepared nanomaterials using VEGA3 tool (Tescan, Brno, Czechia).

Experimental model is schematically depicted in Figure 2. The flow loop parts include
a magnetic flow meter, a storage tank, a pump, a test section, and a differential pressure
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transmitter. Each working fluid is driven from a 12 L capacity stainless steel by a magnetic
drive pump at the flow rate range of 0–10 LPM. Uncertainties of the flow rate and pressure
loss measures were ±0.5% and ±0.075%, respectively.
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width = 12.8 mm). It was heated by a 900 W flexible tape heater attached to a transformer
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and a power meter. Then, a high-temperature epoxy glue was used for installing 5 T-type
thermocouples (uncertainty = ±0.1 ◦C) to measure the surface temperature.

Two RTD (PT-100) sensors (uncertainty = ±0.1 ◦C) were immersed into the pipe to
measure the inlet and outlet temperatures. All temperature measurements were collected
by Graphtec (LOGGER GL240). After using the formula (Q = VI =

.
mCp[Tout − Tin]),

the maximum heat loss was about 7.2%. This low heat loss rate was thought to have no
significant impact on the entire process of heat transfer estimation.

2.3. Data Processing

In the current study, primary data were collected from an experimental setup and
handled using very well-known procedures, as described in earlier studies [27]. The
present laboratory analysis focused on evaluation of the heat transfer enhancement and
hydrodynamic effectiveness under the condition of fully developed turbulent flow. The
approximate heat flux, heat transfer coefficient, average Nusselt number, friction factor,
Reynolds number, and Prandtl number; are presented as follows:

Heat flux (q”) V×I
4Dh L (1)

Heat transfer coefficient (h) q′′
Tw−Tb

(2)

Nusselt number (Nu) hDh
k (3)

Friction factor (f ) ∆P
( L

D )
(

ρv2
2

) (4)

Reynolds Number (Re) 4
.

m
πDhµ

(5)

Prandtl number (Pr) µCp
k

(6)

In this regard, Tw = ∑ T
5 . (Tw = average wall surface temp.), Tb = To−Ti

2 . Dh = 4Ac
P ,

Ac = cross-section area of square pipe, while P is the wetted perimeter.
The Gnielinski [28] relationship is justifiable, especially for the single-phase fluids

flowing:

Nu =

(
f
8

)
(Re− 1000)Pr

1 + 12.7
(

f
8

)0.5(
Pr2/3 − 1

)

[
1 +

(
d
L

)2/3
](

Prm

Prw

)0.11
(7)

where, Prm = the bulk temperature-related Prandtl number and Prw = wall temperature-
related Prandtl number. The Gnielinski correlation remains valid in the range of 3000 < Re <
5 × 106 and 0.5 < Pr < 2000.

The Colebrook equation [29] is applicable, based upon Re-number, in order to identify
the friction factor of a fully developed turbulent flow using Equation (8).

1√
f
= −2.0 log

(
ε/D
3.7

+
2.51

Re
√

f

)
(8)

Petukhov’s equation [30] of a fully developed turbulent flow is as shown in Equation (9):

Nu =

(
f
8

)
RePr

1.07 + 12.7
(

f
8

)0.5(
Pr2/3 − 1

) (9)

Here, the formula is applicable for the requirements of 3000 < Re < 5 × 106 and
0.5 < Pr < 2000.
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The values of the Darcy friction factor were determined from the approximate pressure
loss along the heated square pipe. The Blasius and Petukhov correlations were employed
for the validation of the results obtained for the base fluid [31]:

Petukhov [30]:
f = (0.79 ln(Re)− 1.64)−2 (10)

Blasius [32]:

f =
0.316
Re0.25 (11)

A performance index (PI) indicates an appropriate parameter to define various velocity
and temperature ranges usable by various nanofluids [33]:

PI =
hn f/hb f

∆Pn f/∆Pb f
=

Rh
R∆P

(12)

where (Rh) is the ratio between nanofluids heat transfer and DW heat transfer, while
(R∆P) is the ratio between nanofluids pressure drop and DW pressure drop. An energy-
saving indicator within the turbulent flow region calculated the pumping power using
Equation (13).

Wn f

Wb f
=

(
µn f

µb f

)0.25(
ρb f

ρn f

)2

(13)

where
(

Wn f

)
is the nanofluids’ pumping power and (Wb f ) is the DW pumping power.

The overall performance was evaluated (in terms of the thermal and hydraulic perfor-
mances) using a performance evaluation criterion (PEC), which depicts the ratio of the heat
performance to the nanofluids compared to DW. The formula of the PEC was expressed
as [34]:

PEC =
Nun f/Nub f

( fn f/fb f )
1/3 (14)

Table 1 presents and outlines the range of uncertainties [35].

Table 1. Uncertainty ranges for heat transfer and fluid flow variables.

Variable Uncertainty Equations Uncertainty Values

Reynolds number, Re URe
Re =

√(
Uρ

ρ

)2
+
(

UV
V

)2
+
(

Uµ

µ

)2 ±1.73%

Constant Heat flux, q Uq
q =

√(
UV
V

)2
+
(

UI
I

)2 ±1.51%

Heat transfer coefficient, h Uh
h =

√(
Uq
q

)2
+
(U(Tw−Tb )

(Tw−Tb)

)2 ±1.52%

Nusselt number, Nu UNu
Nu =

√(
Uh
h

)2
+
(

Uk
k

)2 ±5.23%

Friction factor, f U f
f =

√(
U∆p
∆p

)2
+
(

Uρ

ρ

)2
+
(

UV
V

)2 ±1.60%

3. Results and Discussion
3.1. Characterization of Nanofluids

SEM procedures are used to determine the content of particles based on the spectrum of
the transmitted beam from the samples; they allow the size of irregularly sized particles or
impurities to be determined. Moreover, SEM helps determine the distribution of nanoscale
particles onto the surface of any sample. Figure 3a displays the SEM micrograph of
the prepared PEG@GNPs; it is evident that the PEG@GNPs included several different-
sized GNP-flakes, implying the samples’ high-purity level. Examination via the electron
beam demonstrated that most flakes were transparent due to the limited number of their
layers, though difficulties in determining precise flakes and defects diameter through SEM
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manifested themselves in sharper planar morphology of the GNP layers on the obtained
SEM micrographs. Figure 3b displays the high-resolution SEM image of the PEG@TGr
prior to any kind of pre-treatment. Also, consistency and intactness of the grains, curves,
and wrinkling were observed on some of the transparent SEM images because of the strict
production process. The existence of new functional groups in the PEG@TGr was revealed
in observed functionalization-induced wrinkles in the images.
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Figure 3. Visualization of different SEM nanoparticles; (a) Graphene nanoplatelets, (b) Graphene,
(c) Alumina, (d) Silica.

Figure 3c introduces the SEM image of the 0.1 wt.%-Al2O3@DW nanofluid; the image
illustrates rod-like and rectangular-shaped alumina nanoparticles with a low tendency
towards agglomeration of the excellence of the prepared suspension. Furthermore, the
image demonstrated exceptional dispersal of the sample after 60 min of ultrasonication.
Additionally, the nanoparticles demonstrated a homogeneous grain size (<50 nm), sug-
gesting the prepared nanoparticles were spherical and showed a treatment-dependent size
distribution. In the current study, it was observed from Figure 3c that the major bulk of
the sample was Al2O3. This confirms the high purity of the sample and the suitability
of the applied synthesizing methodology. Furthermore, Figure 3d shows the SEM image
of 0.1 wt.%-SiO2@DW after 60 min ultrasonication nanofluid; the image shows the silica
nanoparticles showing rod-to-round-like morphological, but with minor clusters and a
better suspension. The size of nanoparticles was also found to be uniform, with <50 nm.

Figure 4 shows the EDX analysis for GNPs, Gr, Al2O3, and SiO2 nanomaterials. As
shown in Figure 4a,b, the carbon nanostructures show five elements (C, O, Si, S, and Zr).
Figure 4c shows two elements only (Al and O). At the same time, Figure 4d presents three
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different elements (Si, O, and Br). The various elements refer to different synthesizing
approaches used in this study.
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mina, (d) Silica.

3.2. Thermophysical Properties Measurements

In comparison to distilled water, different nanofluids were described from the per-
spective of thermophysical properties as a function of mass fractions and temperature,
as illustrated in Figure 5. The thermal conductivity of the working fluids plays a critical
role in increasing heat removal efficiency from the heat exchangers to the environment.
Current findings closely followed existing correlations offered by the National Institute
of Science and Technology (NIST) [36], with a maximum standard error of 2%. As shown
in Figure 5a, the nanofluids showed considerably higher thermal conductivity than DW;
increases in temperature also rose thermal conductivity. The nano-coolants demonstrated
a perfect, effective thermal conductivity increase rate at higher mass percentages. The
temperature improved thermal conductivity significantly as a result of the increase in the
nanoparticles’ Brownian motion upon DW. The increases in thermal conductivity were for
PEG@GNP = 31.6%, PEG@TGr = 29.74%, SiO2 = 11.4%, and Al2O3 = 8.04% at 0.1 wt.% and
60 ◦C. Table 2 summarizes the thermal conductivity study by the previous investigators.

Figure 5b compared different nano-coolants and the base fluids in terms of their
effective dynamic viscosity at the testing conditions of 0.1 wt.%, the temperature range of
20–60 ◦C, and a shear rate of 200 s−1. Figure 5b showed a minor increase in the nanofluids’
dynamic viscosity following that for DW, and the main reason for this increase is using
low concentrations. It is assumed that fluid viscosity increases can result in pumping fluid
penalty in the thermal applications; the nanofluids and DW also exhibited reduced dynamic
viscosity due to the intermolecular forces degradation at increased temperatures [37]. The
dynamic viscosity of all the samples showed a similar decreasing tendency, but the results
evidenced increases in the base fluids’ dynamic viscosity. This validates the reliability of the
proposed synthesis method for nanofluids in this study. Table 3 summarizes the dynamic
viscosity study by previous researchers.
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Figure 5. The thermophysical properties of base fluid and nanofluids; (a) Thermal conductivity,
(b) Dynamic viscosity, (c) Density, (d) Specific heat capacity.

The density of the different working fluids was tested at a temperature range of
20 to 60 ◦C (see Figure 5c). The data showed a remarkable decrease in density with
temperature and a slight increase in density with the nanofluid type. The nanoparticle’s
density contributed to the improved density of the nano-coolants as it was higher than
that of the base fluid. The observed improvement in the nanofluid density was as follows:
PEG@GNP = 5.3%, PEG@TGr = 4.5%, Al2O3 = 2.6%, and SiO2 = 1.2% for 0.1 wt.% and
60 ◦C. However, the density reduced as follows: PEG@GNP = 1.7%, PEG@TGr = 1.8%,
Al2O3 = 2.1%, and SiO2 = 2.7% after raising the temperature of the nanofluid from 20 to
60◦C, thereby demonstrating the significant role of temperature.

Also, the specific heat capacities are measured in this study (see Figure 5d). The specific
heat showed insignificant reductions with temperature increases, but the observed gradient
concurred with the specific heat plots reported in the earlier studies [38]. Figure 5d evi-
denced the average specific heat decreases as follows: PEG@GNP = 5.4%, PEG@TGr = 4.8%,
Al2O3 = 2.9%, and SiO2 = 1.8% compared to that of DW. This reduction was the lower
specific heat of the solid nanoparticles relative to the base fluid.
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Table 2. Summary of thermal conductivity in previous experimental studies.

Study Nanofluid Mass/
Volume % Base Fluid Temp. Range Tool Remarks

[39] Graphene (Gr) 0.005 and
0.01 Ionic Liquid From 20 ◦C to

145 ◦C

Hot
Disc-thermal

constant
analyzer

Thermal conductivity
enhanced by 9.4% at

0.01 wt.%

[40] Al2O3 0.2–1 DW+EG From 10 ◦C to
50 ◦C KD2pro

Thermal conductivity
was enhanced by 8.3%

at 1 vol.%

[41] Graphene (Gr) 0.02–0.2 DW+EG From 25–65 ◦C KD2pro
Thermal conductivity
enhanced by 64% at

0.2 wt.%

[42] Graphene (Gr) 0.5–0.45 DW+EG 30 ◦C KD2pro
Thermal conductivity
enhanced by 18% at

0.45 vol.%

Current study
PEG@GNP,
PEG@TGr,

Al2O3, and SiO2

0.1 DW From 20 ◦C to
60 ◦C KD2pro

PEG@GNP = 31.6%,
PEG@TGr = 29.74%,

SiO2 = 11.4%, &
Al2O3 = 8.04% at 60 ◦C

Table 3. Summary of viscosity in previous experimental studies.

Study Nanofluid Mass/
Volume% Base Fluid Temp. Range Tool Remarks

[39] Graphene (Gr) 0.005 and
0.01 Ionic Liquid From 25 ◦C to

150 ◦C Viscometer
Viscosity enhanced by
29.1% and 13.4% raised
for 0.005 and 0.01 wt.%

[40] Al2O3 0.2–1 DW+EG From 10 ◦C to
50 ◦C

Brookfield
Viscometer

Viscosity and
temperature were in
opposite correlation

[41] Graphene (Gr) 0.02–0.2 DW+EG From 25–65 ◦C Brookfield
Viscometer

Viscosity decreases as
temperature rises and

increases as
nanoparticle

concentration rises.

Current study
PEG@GNP,
PEG@TGr,

Al2O3, and SiO2

0.1 DW From 20 ◦C to
60 ◦C

Anton Paar
Rheometer

A minor increase in the
nanofluids’ dynamic

viscosity
relative to DW.

3.3. Validation Test for Distilled Water

The Nuavg and heat transfer coefficients (h) obtained with the data from Equations (7)–(9)
are disclosed in Figure 6a–c. The data demonstrated outstanding agreement between the
present findings and equations such as <8% with the Petukhov formula. The Gnielinski
equation is better at low-range Re than the Petukhov equation at higher Re-values [43].
Figure 6b–d demonstrated the relative errors between the collected and equations data for
average heat transfer coefficients and Nuavg.
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Figure 6. The verification assessment; (a) heat transfer coefficients measurement and prediction for
11,205 W/m2, (b) the magnitude of the relative error metric, (c) The value of the average Nusselt
number at 11,205 W/m2, (d) the magnitude of the relative error metric, (e) Frictional head loss, (f) the
magnitude of the relative error metric, (g) Pressure loss, (h) the magnitude of the relative error metric.
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Assessment of the experimental friction factor was calculated based on the measure-
ment of the pressure loss in the entire applied heating pipe. The validation and verification
procedures have been carried out using the Blasius and Petukhov equations for smooth
pipes [44,45]. The validation of the experimental data for pressure loss and friction factor is
shown in Figure 6e–g, while that of the data from the equations and the current study is
shown in Figure 6f–h.

3.4. Convective Heat Transfer of Functionalized Nanofluids

The prepared samples in this study were made without adding surfactant due to
their long-term stability [46]. The present study analyzed functionalized and commer-
cial metallic oxide nanofluids to enhance convective heat transfer inside a square heat
exchanger. Essentially, turbulent forced convective flow is typically conducted under heat
transfer demands.

The convective heat transfer coefficients of the functionalized and metal oxides-based
nanofluids are shown in Figure 7a versus multiple nanofluids and Re-numbers. Increased
nanofluids convective heat transfer coefficient as the velocity of the working fluid increased.
This improvement resulted from solid nanoparticles’ Brownian forces, thermal diffusion,
and thermophoresis [47]. In the meantime, the increase in heat transfer might also result
from the thin thermal boundary layer, which caused the higher velocities that caused
thermal conductivity and decreased thermal resistance between the flowing nanofluid
and the temperature of the internal wall surface of the heated pipe. Compared to DW,
the maximum increase in heat transfer coefficients was as follows: PEG@GNPs = 44.4%,
PEG@TGr = 41.2%, Al2O3 = 22.5%, and SiO2 = 24% at 0.1 wt.%. As per experimental data,
the increase in heat transfer, as per test data, may be due either to the delay of the thermal
boundary layers or due to increased thermal conductivity of the nanofluids.
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Figure 7. Heat transfer properties of different nanofluid types versus Reynolds numbers; (a) Heat
transfer coefficients, (b) Average Nusselt number.

Figure 7b introduced Nuavg at 11,205 W/m2 and the Re-number function. The Nuavg
revealed an increase for each tested nanofluid. Observable higher Nuavg of nanofluids
reflected the decline in the circulation temperature after the working fluid had risen thermal
conductivity; this subsequently reduced the temperature gradient between the wall of the
tube and bulk fluid contained in the test-section. The maximum rise in Nuavg was noted as
follows: PEG@GNPs = 54%, PEG@TGr = 43%, SiO2 = 28%, and Al2O3 = 26% associated
with DW.

3.5. Friction Factor of Nanofluids

The nanofluids were evaluated for pressure loss and friction factor when flowing in a
square heat exchanger at different Re-numbers. Figure 8a,b showed the measured pressure
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loss and friction factor for all samples versus the Re. The highest-pressure loss and friction
factor increases were 20.8–23.7% and 3.57–3.85%, at a weight percentage of 0.1 wt. % and a
velocity of 0.93 m/s, respectively.
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Figure 8. Hydrodynamic properties of different nanofluid types against Reynolds number; (a) Friction
factor, (b) Pressure drop.

Brownian motion significantly affects the momentum transfer between solid nanopar-
ticles and base fluid molecules at a low range of Re-numbers. The friction factor of samples
increases slightly due to the Brownian motion [48]. However, this is an inactive mechanism
in the high Re range. Mainly, the velocity of the nanofluids can be considered the most
significant factor for the development of friction factor at a high Re-number range. The
considerable differences between the observed friction factors of functionalized carbon
nanostructures, metallic oxides, and distilled water at multiple Re numbers are due to
the minor improvement in the viscosities of distilled water and their nanofluids. The
variations in the friction factor are based on the nanofluid-related viscous drag. Typically,
the density of nanoparticles is a crucial factor in enhancing the nano-coolant friction factor.
The combination of dynamic and kinematic viscosities dramatically affects the pressure
drop of different nanofluids. The excessive pumping capacity increases with increased
dynamic viscosity.

3.6. Performance Index and Performance Evaluation Criterion

Figures 9 and 10 show changes in the performance characteristics of PI and PEC
for different types of nanofluid vs. Re-numbers. The average PI, generally with PEC of
the analyzed nanofluid, was noted to be >1 [34], indicating the effectiveness of the well-
prepared nano-coolants for heated pipe flows. In addition, the carbon-based nanofluids
presented higher augmentation of the metallic oxides due to a better rise in heat transport
than the increased pressure loss. The PI of carbon and metallic oxides-based nanofluids
improved with the Re-number; the maximum thermal efficiency of the nanofluids increased
as follows: PEG@GNPs = 2.14, PEG@TGr = 2.05, Al2O3 = 1.23, and SiO2 = 1.19 at Re = 11,907,
0.1 wt.%, and 11,205 W/m2. This phenomenon was caused by the increased viscosity and
thermal conductivity of nanofluids. The dynamic viscosity of a nanofluid can be increased
to reduce the thickness of the boundary layer, resulting in an increase in heat transfer,
while enhancing thermal conductivity enhances the thermal performance factor [18]. These
results also confirm that the positive effects of heat transfer compensate for the negative
impacts of pressure loss for carbon and metal-oxide nanofluids within a wide range of
inlet temperatures, mass concentrations, and constant flow rates, stating that prepared
nanofluids have excellent convective heat transfer capabilities.
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Additionally, the findings of the PEC have shown a slight reduction in Re numbers. The
maximum performance assessment of the nanofluids was as follows: PEG@GNPs = 1.52,
PEG@TGr = 1.41, Al2O3 = 1.24, and SiO2 = 1.26.

3.7. Pumping Power of Different Nanofluids

When choosing a heat exchanger, several criteria are the heat transfer rate, pumping
power, cost, size and weight, type, and material. Friction effects in nanofluids cause
pressure loss, and pressure loss calculations influence pumping power needs. Increased
pumping power will result in more extraordinary capital expenses because larger pumps
are more expensive and have higher operational costs due to the higher pumping power
required. Pumping power measures a system’s financial ability to increase industrial and
electrical energy. During the design of heat exchangers, it is essential to ensure low pumping
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power but effective heat transfer to ensure energy conservation. Figure 11 presents the
pumping power for prepared nano-coolants at various Re with the working fluids. As the
pumping power is dependent on the dynamic viscosity and density of both base fluid and
the nanofluids (Equation (13)), the relative pumping power for all the tested samples is less
than 1.
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4. Conclusions

To improve the thermal performance of a square heat exchanger, four samples of
nanofluids were covalently synthesized and produced. In order to start, all nano-coolants’
thermophysical properties were tracked versus the temperature to perform studies on the
effects of heat and momentum transfer in fully developed turbulent forced convective flow.
Different conditions were implemented, such as varying temperatures, different nanofluids,
and different Re numbers.

From the results of this work, the following was concluded:

• The nanofluids exhibited the greatest thermal conductivity improvements as follows:
PEG@GNPs = 31.6%, PEG@TGr = 29.74%, Al2O3 = 10.44%, and SiO2 = 9.32% at 60 ◦C
and 0.1 wt.%.

• The highest improvement in heat transfer coefficients of the nanofluids was as fol-
lows: PEG@GNPs = 44.4%, PEG@TGr = 41.2%, Al2O3 = 22.5%, and SiO2 = 24 % at
0.1 wt.%. Meanwhile, the maximum enhancement in the Nu of the nanofluids was as
follows: PEG@GNPs = 35%, PEG@TGr = 30.1%, Al2O3 = 20.6%, and SiO2 = 21.9% at
11,205 W/m2.

• The most significant pressure loss and friction factor increases were 20.8–23.7% and
3.57–3.85%, respectively. The effective dynamic viscosity significantly impacts the
pressure drop for different nanofluids.

• The PI and PEC values of the tested samples were >1 and increased with the Reynolds
number.

• Although the required pumping power was slightly increased, this was advantageous
for the industrial application of these new working fluids.

• The nonlinear regression was developed for a relative pumping power of different
nanofluids against temperature at different mass fractions.
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Nomenclature

Ac Square Cross-section area of pipe, m2

Al2O3 Alumina
AlCl3 Aluminum chloride
CNTs Carbon nanotubes
Cp Specific heat capacity, kJ/kg K
Cu Copper nanomaterials
CuO Copper oxide
Dh Hydraulic Diameter of pipe, m
DMF Dimethylformamide
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DPT Differential Pressure Transmitter
DSC Differential Scanning Calorimeter
DW Distilled water
f Friction factor
GNP Graphene Nanoplatelets
GO Graphite oxide
h Heat transfer coefficient, W/m2-K
HCl Hydrochloric acid
I Electric current, A
k Thermal conductivity, W/m-K
L Tube total-length, m
.

m Mass flow rate, kg/s
MWCNT Multi-Walled Carbon Nanotube
NIST National Institute of Standards and Technology
Nu Average Nusselt number
P Power supply, W
P Perimeter of square pipe, m
PEC Performance Evaluation Criterion
PEG Pentaethylene Glycol
PG Propylene Glycol
Pr Prandtl number
q” Constant Heat flux, W/m2

Q Heat transfer amount, W
RGO Reduced Graphene Oxide
Re Reynolds number
RTD Resistance Temperature Detector
SiO2 Silica nanomaterials
T Temperature, ◦C
T-Gr Thermally Treated Graphene
THF Tetrahydrofuran
TiO2 Titanium dioxide
U Velocity vector, m/s
V Voltage, V
v Working fluid velocity, m/s
W Pumping power, W
Greek symbols
ρ Density, kg/m3

µ Dynamic Viscosity, Pa·s
ε Performance index
∆P Pressure loss
ϕ Mass fraction, %
Subscripts
bf Base fluid
nf Nanofluid
np Particles in nanosize
w Wall of pipe
i Inlet
o Output
b Bulk fluid
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Abstract: The superiority of nanofluid over conventional working fluid has been well researched and
proven. Newest on the horizon is the hybrid nanofluid currently being examined due to its improved
thermal properties. This paper examined the viscosity and electrical conductivity of deionized water
(DIW)-based multiwalled carbon nanotube (MWCNT)-Fe2O3 (20:80) nanofluids at temperatures and
volume concentrations ranging from 15 ◦C to 55 ◦C and 0.1–1.5%, respectively. The morphology of the
suspended hybrid nanofluids was characterized using a transmission electron microscope, and the
stability was monitored using visual inspection, UV–visible, and viscosity-checking techniques. With
the aid of a viscometer and electrical conductivity meter, the viscosity and electrical conductivity
of the hybrid nanofluids were determined, respectively. The MWCNT-Fe2O3/DIW nanofluids
were found to be stable and well suspended. Both the electrical conductivity and viscosity of the
hybrid nanofluids were augmented with respect to increasing volume concentration. In contrast, the
temperature rise was noticed to diminish the viscosity of the nanofluids, but it enhanced electrical
conductivity. Maximum increments of 35.7% and 1676.4% were obtained for the viscosity and
electrical conductivity of the hybrid nanofluids, respectively, when compared with the base fluid.
The obtained results were observed to agree with previous studies in the literature. After fitting
the obtained experimental data, high accuracy was achieved with the formulated correlations for
estimating the electrical conductivity and viscosity. The examined hybrid nanofluid was noticed to
possess a lesser viscosity in comparison with the mono-particle nanofluid of Fe2O3/water, which
was good for engineering applications as the pumping power would be reduced.

Keywords: nanofluids; Fe2O3 nanoparticle; multiwalled carbon nanotubes; viscosity; electrical
conductivity; hybrid nanofluids

1. Introduction

The exceptional thermal and flow properties exhibited by nanofluid compared with
those of conventional thermal transporting media have projected this special fluid as a
subject of intense global research. Early studies in this context have measured the viscosity
and thermal conductivity of nanofluids with diverse base fluids (ethylene glycol (EG),
water, propylene glycol, glycerol, etc.) and found that these properties of the nanofluids
were enhanced in relation to the base fluids [1–10]. However, underlying mechanisms for
such enhancements of these properties of nanofluids, particularly for thermal conductivity,
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are not yet explored, and there are also controversies and inconsistencies in literature
results [10–13]. Outside the viscosity and thermal conductivity, the electrical conductivity
(EC), specific heat capacity, dielectric, and density of various nanofluids prepared from
different nanoparticles (Cu, MgO, CuO, CNT, SiO2, ZnO, TiO2, Al2O3, Fe2O3, Fe3O4, spinels
etc.) and dispersed in several base fluids (water, propylene glycol, ethylene glycol, bio-
glycol, palm oil, glycerol, ionic fluid, coconut oil, engine oil, etc.) have been subsequently
examined at various mass/volume concentrations or fractions for different temperature
ranges [14–20].

Hybridization of different types of nanoparticles to prepare hybrid nanofluids was
first investigated by Jana and co-workers [21]. The idea behind this was to augment the
thermal conductivity of nanofluid over that of conventional fluids. Jana and co-workers [21]
synthesized aqueous carbon nanotubes (CNTs), Cu and Au nanofluids, and Cu-CNT and
Au-CNT nanofluids and measured their thermal conductivity. They noticed that the hybrid
nanofluids yielded a lower thermal conductivity relative to the mono-particle nanofluids.
Suresh et al. [22] examined the thermal conductivity and viscosity of water-based Al2O3-Cu
(90:10) nanofluids with varying volume concentrations (0.1–2%) at ambient temperature.
The enhancement of the thermal conductivity by 1.47–12.11% and viscosity by 8–115%,
in comparison with water, was reported. Both properties were noticed to improve as
the volume concentration increased. Conflicting with the result of Jana et al. [21], Suresh
et al. [22] showed that hybrid nanofluids have higher thermal conductivity than mono-
particle nanofluids (Al2O3/water). Similarly, Chen et al. [23], who used water-based
Ag-MWCNT nanofluid, reported lower thermal conductivity for water-based MWCNT
nanofluid when compared with the hybrid nanofluid. The thermal conductivity of the
water-based multiwalled CNT and γ-Al2O3 (at an equal weight ratio (1:1)) nanofluids for
different volume concentrations (0–1%) at the room temperature was examined [24]. A
maximum enhancement of 20.68% was achieved with 1 vol%.

Esfe et al. [25] used an equal volume concentration of water-based mono-particle
nanofluids (Al2O3 and MWCNTs) to formulate water-based Al2O3-MWCNT nanofluids
in an effort to measure the thermal conductivity at temperatures of 303–323 K. They
noticed that the thermal conductivity was augmented when temperature and volume
concentration increased in comparison with water. The rheological study of engine oil
(EO)-based hybrid nanofluids (Al2O3-MWCNTs (75:25%)) was studied under varying shear
rates (1333–13,333 s−1), temperatures (25–50 ◦C), and volume concentrations (0–1%) by
Dardan et al. [26]. The hybrid nanofluids were noticed to exhibit Newtonian behaviors.
The viscosity improved with volume concentration increase and reduced with temper-
ature rise. The highest enhancement of 46% was observed with 1 vol%. Afrand and
co-workers [27] measured the viscosity of EO-based SiO2-MWCNT hybrid nanofluids
(at equal volumes of nanoparticles) under varying temperatures (25–60 ◦C) and volume
concentrations (0.0625–1%). The hybrid nanofluids showed an enhancement of viscosity as
the volume concentrations increased. The hybrid nanofluids were observed to be higher
than those of SiO2/EO and MWCNT/EO nanofluids with a maximum enhancement of
37.4% for 1 vol% at 60 ◦C.

In the work of Megatif et al. [28], equal weights of CNT-TiO2 nanoparticles (0.1, 0.15,
and 2.0 wt%) were suspended in water to synthesize the hybrid nanofluids, and the thermal
conductivity, density, viscosity, and specific heat capacity were determined at 25–40 ◦C.
These properties were found to be improved for the hybrid nanofluids compared to the
mono-particle CNT nanofluids. The viscosity, specific heat capacity, and density of the
hybrid nanofluids diminished with rising temperature, whereas the thermal conductivity
followed the reverse trend. The rheological behavior of MWCNT-SiO2 (50:50 vol%)/EG-
water (50:50 vol%) nanofluids was examined under varying shear rates (0.612–122.3 s−1),
volume concentrations (0.0625–2%), and temperatures of 27.5–50 ◦C [29]. The nanofluids
examined were found to demonstrate shear-thinning flow as the power-law index was
below unity. Recently, Kakavandi and Akbari [30] studied the thermal conductivity of
EG-water-based MWCNT-SiC/EG using a similar base fluid and ratio of nanoparticles as
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the work of Eshgarf and Afrand [29] with concentrations of 0–0.75 vol% and temperatures
of 25–50 ◦C. The thermal conductivity was improved by 33% at 0.75 vol% and 50 ◦C when
compared with water-EG.

Esfe et al. [31] experimentally determined the thermal conductivity of DWCNT-
ZnO/EG (10:90) with concentration and temperature ranges of 0.045–1.9 vol% and 30–50 ◦C,
respectively. At 50 ◦C and 1.9 vol%, the thermal conductivity was augmented by 24.9%.
They revealed that the addition of 10% DWCNT nanoparticles to 90% ZnO nanoparticles to
formulate the hybrid nanofluids caused the thermal conductivity of EG-based ZnO nanoflu-
ids to be enhanced. Additionally, their cost analysis showed that it was more economical to
use hybrid nanofluids than mono-particle nanofluids. Moldoveanu et al. [32] studied the
thermal conductivity of aqueous mono-particle (TiO2 and Al2O3 for 1–3 vol%) and hybrid
(Al2O3 (0.05 vol%)-TiO2 (0.05–2.5 vol%) nanofluids at temperatures of 20 to 50 ◦C. The
measured property was enhanced by 10.7–14.1%, 8.5–17.7%, and 15.3–19.2% for aqueous
TiO2, Al2O3, and Al2O3-TiO2 nanofluids, respectively. An investigation into the impact of
variation in the volume concentration (0–2.3%) and temperature (25–50 ◦C) on the thermal
conductivity of EG-based hybrid nanofluids of functionalized MWCNT-Fe3O4 (at equal
volumes) was carried out by Harandi et al. [33]. The thermal conductivity of the hybrid
nanofluid was augmented by 30% at 50 ◦C and 2.3 vol%. The rheological behavior of an
identical hybrid nanofluid (at equal amounts) and temperature range like that of Harandi
et al. [33] was performed using shear rates of 12.24–73.44 s−1 and volume concentration of
0.1–1.8% [34]. The result showed that the nanofluids exhibited Newtonian behavior for
volume concentrations of 0.1–0.8% and non-Newtonian flow for the nanofluids beyond
0.8 vol%.

Shi et al. [35] investigated the thermophysical properties (viscosity, thermal conductiv-
ity, and specific thermal capacity) of Fe3O4 and Fe3O4-MWCNT nanofluids with 0.25 vol%.
They reported higher thermal conductivity and viscosity and lower specific heat capacity
for Fe3O4-MWCNT nanofluid compared to Fe3O4. The introduction of MWCNT particles
to formulate the hybrid nanofluid was observed to enhance the thermal conductivity and
viscosity but attenuated the specific heat capacity as the Fe3O4 nanoparticles possess a
better specific heat capacity than the MWCNT particles. Recently, a study on the thermal
properties (viscosity, density, surface tension, specific heat capacity, and thermal conductiv-
ity) of three-nanocomponent water-based hybrid nanofluids was conducted by Mousavi
et al. [36]. Hybrid nanofluids of CuO-MgO-TiO2/deionized water (DIW) were formulated
in five different mixture ratios with volume concentrations of 0.1–0.5 vol%, and the thermal
properties were measured at temperatures of 15–60 ◦C. The results showed that the hybrid
nanofluid with a mixture ratio of 60:30:10 (CuO-MgO-TiO2) was the best as it had the low-
est viscosity (36.4% for 0.5 vol% at 60 ◦C), highest thermal conductivity (78.6% for 0.1 vol%
at 15 ◦C), and lowest surface tension when compared with DIW. Goodarzi et al. [37] inves-
tigated the behavior and viscosity of EO-based ZnO-MWCNT (25:75) nanofluids under
changing shear rates (666.5–13,300 s−1), temperatures (5–55 ◦C), and volume concentra-
tions (0.05–0.8%). They reported a Newtonian flow for all the samples and at the studied
temperatures. A temperature rise was observed to reduce the viscosity, whereas increasing
the concentration improved the viscosity of the hybrid nanofluids, with an enhancement of
5–20%.

The above literature survey supports the fact that the hybridization of nanoparticles
engaged in formulating hybrid nanofluids yielded an improvement in their thermal prop-
erties. However, there are limited studies in the open literature regarding the stability
and the thermal properties of hybrid ferrofluids. In addition, there is a scarcity of docu-
mentation on the thermophysical properties of MWCNT nanoparticle-based ferrofluids
(F3O4, Fe2O3, Co3O4, etc.) at different mixing ratios of bi-nanoparticles. This present
study involved an experimental measurement of the electrical conductivity and viscosity
of MWCNT-Fe2O3/DIW nanofluids with a bi-nanoparticle mixing ratio of 80:20 (weight %
basis) for volume concentrations and temperatures ranging from 0.05% to 1.5% and 15 ◦C
to 55 ◦C, respectively. Furthermore, research progress in this context revealed that there is
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a notable dearth of knowledge on the electrical conductivity of hybrid nanofluids in the
public domain.

2. Methodology
2.1. Materials

Nanoparticles of γ-Fe2O3 and functionalised MWCNTs were used in this work. The
γ-Fe2O3 nanoparticles (20–30 nm diameter as specified by the manufacturer) were sourced
from Nanostructured and Amorphous Materials Inc., TX, USA, while the f-MWCNT
nanoparticles (length: 10–30 µm; outer diameter: 10–20 nm and inner diameter: 3–5 nm)
were purchased from MKnano Company, ON, Canada. Sodium dodecyl sulphate (SDS)
with the purity of ≥98.5% bought from Sigma-Aldrich, Berlin, Germany was used as a
surfactant to affect the stability of the studied hybrid nanofluids. The thermal properties of
the base fluid and nanoparticles used in this study are provided in Table 1. It is noted that
some properties and parameters of nanomaterials are provided in the company’s product
datasheets.

Table 1. Thermophysical properties of studied materials at room temperature.

Properties Deionized Water [38] Multi-Walled Carbon Nanotube [38] γ-Fe2O3 [39,40]

Density (kg/m3) 997 2100 5242
Thermal conductivity (W/m·K) 0.613 2000 20

Heat capacity (J/kg·K) 4179 710 681

2.2. Equipment

When suspending the bi-nanoparticles in the deionized (DIW) water, a sonicator
(Hielscher, Germany) was employed to homogenize the mixture. A programmable water
bath (LAUDA ECO RE1225, Berlin, Germany) was deployed to keep the mixture at a low
temperature during sonication and used to keep the nanofluids at the specific temperatures
while measuring the thermophysical properties. Other pieces of equipment, such as
a digital weighing balance (Radwag AS 220.R2 (Radom, Poland) with an accuracy of
±0.01 g), pH meter (Jenway 3510, Staffordshire, UK; –2 to 19.999 range with ±0.003
accuracy), vibro-viscometer (SV-10; A&D, Tokyo, Japan; with ±3% accuracy), UV–visible
spectrophotometer (Jenway, Staffordshire, UK), transmission electron microscope (JEOL
JEM-2100F, Tokyo, Japan)—dry sample type, and electrical conductivity meter (EUTECH
Instrument (Singapore) with ±1% accuracy), were used for various purposes in this work.

2.3. Hybrid Nanofluid Preparation and Stability

In the formulation of the hybrid nanofluids (Fe2O3 (80%) and MWCNTs (20%)), a
two-step method was used. To ensure proper stability, the pH and electrical conductivity
of the formulated MWCNT-Fe2O3/DIW nanofluids were monitored while SDS amounts
and sonication parameters (amplitude, frequency, and sonication time) were optimized
at a 0.1% volume concentration and room temperature (20 ◦C). SDS to bi-nanoparticle
weight ratios of 0.4–1.0 were examined. After obtaining the optimum values of amplitude,
frequency, sonicating time, and the ratio of SDS to hybrid nanoparticle weight (dispersion
fraction), hybrid nanofluids of various volume concentrations (0.1–1.5%) were formulated
according to Equation (1).

ϕ =




XFe2O3

(
M
ρ

)
Fe2O3

+ XMWCNT

(
M
ρ

)
MWCNT

XFe2O3

(
M
ρ

)
Fe2O3

+ XMWCNT

(
M
ρ

)
MWCNT

+
(

M
ρ

)
DIW


 (1)

where X = ratio of each nanoparticle type; M = weight of material; ρ = density of material.
The morphology and dispersion of the bi-particles in the hybrid nanofluids were mon-

itored using TEM. Viscosity, UV–visible spectrophotometry, and visual inspection methods
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were employed to monitor the nanofluids’ stability. The nanofluid can be considered stable
if one of the properties has not changed during the period of stability check. However, for
our case, both the UV–visible spectrophotometry and viscosity techniques were carried out
for 43 h while the visual inspection was done at weekly intervals for a month.

2.4. Electrical Conductivity and pH

The electrical conductivity meter was first calibrated with the use of standard calibra-
tion fluid supplied by the manufacturer. On calibration, the standard fluid was measured
at 25 ◦C (in triplicates) and an average of 1413.6 µS·cm−1 was recorded. Thereafter, the
electrical conductivity of DIW and hybrid nanofluids was determined at temperatures of
15–55 ◦C (at 10 ◦C intervals). Buffer solutions were used to calibrate the pH meter at a pH
values of 4, 7, and 10. Thereafter, the measurement of pH values of the hybrid nanofluids
was conducted. The uncertainty of the electrical conductivity and pH measurements was
6.2% and 0.04%, respectively. In comparison with DIW, the relative electrical conductivity
and the improvement recorded for MWCNT-Fe2O3/DIW nanofluids were evaluated as
expressed in Equations (2) and (3), respectively.

σrel =
σhn f

σb f
(2)

σenhan(%) =

(
σhn f − σb f

σb f

)
× 100 (3)

where

σhnf = measured electrical conductivity (hybrid nanofluids) and
σbf = measured electrical conductivity (DIW).

2.5. Viscosity

Calibration of the vibro-viscometer was carried out prior to viscosity measurement
of the DIW and MWCNT-Fe2O3/DIW nanofluids at temperatures of 15 ◦C to 55 ◦C. A
percent error of 1.6% was estimated when the measured viscosity of DIW was compared to
the standard viscosity of water. The uncertainty of the viscosity measurement was 7.02%.
Relative viscosity and improvement of the viscosity of MWCNT-Fe2O3/DIW nanofluids
compared with DIW were evaluated using Equations (4) and (5), respectively.

µrel =
µhn f

µb f
(4)

µenhan(%) =

(
µhn f − µb f

µb f

)
× 100 (5)

where

µhnf = measured viscosity of hybrid nanofluids and
µbf = measured viscosity of DIW.

The expression in Equation (6) was used to evaluate the margin of deviation (MOD)
of the thermal properties of MWCNT-Fe2O3/DIW nanofluids.

MOD(%) =

(
VExp. − VPred.

VExp.
× 100

)
(6)

where

VExp. = experimental data and
VPred. = predicted data.
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It is worth stating that the measured variable (Z), temperature (T), weight of hybrid
nanoparticles (m), and volume of DIW were sources of error associated with the measure-
ment of pH, µ, and σ. The errors were propagated using Equation (7) to estimate the
uncertainty related to pH, µ, and σ.

U(%) = ±
√(

∆Z
Z

)2
+

(
∆T
T

)2
+

(
∆m
m

)2
+

(
∆V
V

)2
(7)

3. Results and Discussion
3.1. Preparation of Hybrid Nanofluids

The preparation of stable hybrid nanofluids is a very vital step prior to their charac-
terization and thermophysical property measurement, hence the need to optimize several
parameters toward achieving this. The electrical conductivity has been reported as a viable
property that can be employed to achieve the critical micelle concentration (CMC) of the
surfactant utilized for nanofluid preparation [41,42]. The point of inflection of this property
is known to be the CMC. In this study, the optimum ratio of SDS to hybrid nanoparticle
weight (dispersion fraction), sonicator amplitude, and sonicating time were determined
through the monitoring of the pH and electrical conductivity of MWCNT-Fe2O3/DIW
nanofluids (0.1 vol%) at room temperature, as presented in Figures 1 and 2. A turning point
(inflection) was observed for the pH and electrical conductivity at an optimum dispersion
fraction of 0.5 (Figure 1). Again, the point of inflection was noticed at 120 min for the elec-
trical conductivity in determining the optimum sonication time (Figure 2). The optimum
sonication time also indicated a turning point for pH, leading to the optimum (lowest) pH
for the MWCNT-Fe2O3/DIW nanofluid. In this present study, the hybrid nanofluids (at all
volume concentrations) were prepared by sonicating at an amplitude of 70%, frequency of
70%, and sonication time of 120 min using a dispersion fraction of 0.5.Nanomaterials 2021, 11, x FOR PEER REVIEW 7 of 20 

 
Figure 1. Optimum dispersion fraction of sodium dodecyl sulphate (SDS) in hybrid nanofluids via 
electrical conductivity and pH monitoring. 

 
Figure 2. Optimum sonication time of hybrid nanofluids via electrical conductivity and pH moni-
toring. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0

800

1000

1200

1400

1600
 Electrical conductivity
 pH

Dispersion fraction

El
ec

tri
ca

l c
on

du
ct

iv
ity

 (∝
S/

cm
)

Point of inflection

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

pH

Figure 1. Optimum dispersion fraction of sodium dodecyl sulphate (SDS) in hybrid nanofluids via
electrical conductivity and pH monitoring.

3.2. Stability of Hybrid Nanofluid

The morphology and dispersion of the hybrid nanoparticles are presented in Figure 3.
A good suspension of the hybrid nanoparticles was observed. The UV–visible, viscosity,
and visual methods were used to check the stability of the prepared hybrid nanofluids.
As it is widely used for studying the stability of nanofluids [7,8], the absorbance of our
hybrid nanofluids was measured using UV–visible spectrophotometry in order to assess
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their stability status. Figure 4 displays the viscosity and absorbance of the hybrid nanofluid
(0.5 vol%) for 2580 min (43 h). The absorbance was around 3.2 with a peak wavelength of
261 nm, while the viscosity (at 15 ◦C) was around 2.0 mPas for the monitored period. These
parameters (absorbance and viscosity) depicted the stability of the nanofluid, as a straight
line relatively parallel to the horizontal was noticed for each parameter. An absorbance
range of 3.0–3.8 with wavelengths of 287–264 nm was measured for the hybrid nanoflu-
ids at varying volume concentrations (0.1–1.5%). It can be noticed that the absorbance
increased with a rise in the volume concentration, which was in agreement with previous
studies [43,44]. It was observed that the increased suspension of the bi-nanoparticles into
DIW altered the values of both the absorbance and the wavelength. A careful visual in-
spection of the samples (even titling the sample vial) was also done and no sedimentation
was noticed after a month upon inspection (Figure 5).
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3.3. Electrical Conductivity of Hybrid Nanofluid

The capability of an aqueous solution to allow the passage of an electric current
with the application of a potential difference has been termed “electrical conductivity”.
The dispersion of nanoparticles into base fluids (having known electrical conductivity
values) to form nanofluids resulted in improved electrical conductivity in the base fluids
due to the increased presence and mobility of electric charges. The hybrid nanofluids of
MWCNT-Fe2O3/DIW, as electrically conducting fluids, have been investigated for their
electrical conductivity at varying temperatures and volume concentrations, as illustrated
in Figures 6 and 7, respectively. The electrical conductivity of MWCNT-Fe2O3/DIW
nanofluids was enhanced significantly as the volume concentration increased (Figure 6).
This can be linked to an increase in the electric charges in the MWCNT-Fe2O3/DIW
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nanofluids as the volume concentration rose. The electrical conductivity was noticed
to be linearly dependent on the volume concentration of the nanofluids. Subject to a
temperature increase, a slight enhancement of electrical conductivity was noticed (Figure 6).
This observation is well illustrated in Figure 7, in which the electrical conductivity was
improved linearly as the temperature increased. Consequently, the electrical conductivity
of the nanofluids was directly proportional to the volume concentration and temperature,
which was consistent with earlier studies reported in the literature for mono-particle and
hybrid nanofluids [14,38,45–48]. At 55 ◦C and 1.5 vol%, maximum electrical conductivity
(4139 µS/cm) was obtained which was considerably higher than the values of 19.0 µS/cm
(for Fe3O4/water nanofluid at 0.6 vol% and 60 ◦C) and 1127–1265 µS/cm (Al2O3-MWCNT
(80:20)/DIW nanofluid at 0.1 vol% and 50 ◦C) reported by Bagheli et al. [49] and Giwa
et al. [38], respectively. However, Giwa et al. [48] published a range of 640–4570 µS/cm
for Al2O3-Fe2O3 (75:25)/DIW nanofluid (at 0.75 vol% and 50 ◦C), which had a maximum
value slightly higher than that reported for MWCNT-Fe2O3 (20:80)/DIW nanofluid in the
present work. The electrical conductivity values were found to be strongly connected to the
types of nanoparticles and the mixture ratios used in formulating the hybrid nanofluids.

In Figure 8, the relative electrical conductivity of MWCNT-Fe2O3/DIW nanofluids
at varying volume concentrations is presented. The continued suspension of Fe2O3 and
MWCNT nanoparticles into DIW demonstrated a considerable increase in the relative
electrical conductivity, while an increment in temperature slightly enhanced this property.
The obtained result was in line with the work of Adio et al. [14], in which the relative elec-
trical conductivity of MgO-EG nanofluids was enhanced with an increase in the nanofluid
volume concentration. However, for their study, the temperature only increased relative
electrical conductivity up to 30 ◦C, after which it declined. The obtained relative effective
conductivity of MWCNT-Fe2O3/DIW nanofluids ranged from 3.95 to 17.76 for all the
concentrations (vol.) at 55 ◦C.Nanomaterials 2021, 11, x FOR PEER REVIEW 10 of 20 

 
Figure 6. Electrical conductivity of hybrid nanofluids against volume concentration at different 
temperatures. 

 
Figure 7. Electrical conductivity of hybrid nanofluids against temperature at different volume 
concentrations. 

In Figure 8, the relative electrical conductivity of MWCNT-Fe2O3/DIW nanofluids at 
varying volume concentrations is presented. The continued suspension of Fe2O3 and 
MWCNT nanoparticles into DIW demonstrated a considerable increase in the relative 
electrical conductivity, while an increment in temperature slightly enhanced this prop-
erty. The obtained result was in line with the work of Adio et al. [14], in which the relative 
electrical conductivity of MgO-EG nanofluids was enhanced with an increase in the 
nanofluid volume concentration. However, for their study, the temperature only in-
creased relative electrical conductivity up to 30 °C, after which it declined. The obtained 

Figure 6. Electrical conductivity of hybrid nanofluids against volume concentration at different
temperatures.

107



Nanomaterials 2021, 11, 136

Nanomaterials 2021, 11, x FOR PEER REVIEW 10 of 20 

 
Figure 6. Electrical conductivity of hybrid nanofluids against volume concentration at different 
temperatures. 

 
Figure 7. Electrical conductivity of hybrid nanofluids against temperature at different volume 
concentrations. 

In Figure 8, the relative electrical conductivity of MWCNT-Fe2O3/DIW nanofluids at 
varying volume concentrations is presented. The continued suspension of Fe2O3 and 
MWCNT nanoparticles into DIW demonstrated a considerable increase in the relative 
electrical conductivity, while an increment in temperature slightly enhanced this prop-
erty. The obtained result was in line with the work of Adio et al. [14], in which the relative 
electrical conductivity of MgO-EG nanofluids was enhanced with an increase in the 
nanofluid volume concentration. However, for their study, the temperature only in-
creased relative electrical conductivity up to 30 °C, after which it declined. The obtained 

Figure 7. Electrical conductivity of hybrid nanofluids against temperature at different volume
concentrations.

Nanomaterials 2021, 11, x FOR PEER REVIEW 11 of 20 

relative effective conductivity of MWCNT-Fe2O3/DIW nanofluids ranged from 3.95 to 
17.76 for all the concentrations (vol.) at 55 °C. 

 
Figure 8. Relative electrical conductivity of hybrid nanofluids against volume concentration at 
different temperatures. 

The electrical conductivity enhancement recorded by the addition of the hybrid na-
noparticles to DIW at varying temperatures and volume concentrations is provided in 
Figure 9. In relation to DIW, the electrical conductivity of MWCNT-Fe2O3/DIW nanofluid 
was augmented significantly as the volume concentration rose but with a small enhance-
ment as the temperature surged. It can be observed in Figure 9 that a relatively linear 
correlation existed between the enhancement of electrical conductivity and nanofluid vol-
ume concentration. A similar trend was noticed for the electrical conductivity enhance-
ment with temperature, though with slight improvement. This result was found to agree 
with previous works on the electrical conductivity enhancement of nanofluids [44,47,50]. 
However, some studies reported either independence from temperature in the enhance-
ment or a reduction in electrical conductivity with a temperature increase [43,47,51]. Max-
imum enhancement was recorded at 55 °C for all samples of the hybrid nanofluids. There-
fore, at 55 °C and 1.5 vol%, an enhancement of 1676.4% was attained.  

In comparison to previous studies, Bagheli et al. [49] (Fe3O4/water nanofluid; 60 °C 
and 0.5 vol%), Sundar et al. [47] (nanodiamond-nickel/water nanofluid; 0.1 vol% and 65 
°C), Kumar et al. [44] (MWCNT/water nanofluid; 0.6 vol% and 50 °C), Mehrali et al. [43] 
(nitrogen-doped graphene/water nanofluid; 60 °C and 0.06 wt%), Adio et al. [14] (EG-
based MgO nanofluid; 0.5 vol% and 25 °C), Giwa et al. [38] (Al2O3-MWCNT (80:20)/DIW 
nanofluid; 0.1 vol% and 50 °C), and Giwa et al. [48] (Al2O3-Fe2O3 (75:25)/DIW nanofluid; 
0.75 vol% and 50 °C) measured enhancements of 360%, 853.15%, 1814.96%, 190.57%, 
6000%, 134.12–255.34%, and 163.37–1692.16%, respectively, for the electrical conductivity 
of different mono-particles and hybrid nanofluids. The nanofluid types, size of nanopar-
ticles, volume/weight concentration or fraction, mixing ratio (for hybrid nanofluid), and 
temperature used in the various studies may be responsible for the variation in the results. 
However, a comparison of the works of Kumar et al. [44] and Bagheli et al. [49] with those 
of Giwa et al. [38] and Giwa et al. [48] supported the finding in the present study for 
MWCNT-Fe2O3/DIW nanofluid with regard to the augmentation of electrical conductivity 
because of the hybridization of bi-nanoparticles. 

Figure 8. Relative electrical conductivity of hybrid nanofluids against volume concentration at
different temperatures.

The electrical conductivity enhancement recorded by the addition of the hybrid
nanoparticles to DIW at varying temperatures and volume concentrations is provided in
Figure 9. In relation to DIW, the electrical conductivity of MWCNT-Fe2O3/DIW nanofluid
was augmented significantly as the volume concentration rose but with a small enhance-
ment as the temperature surged. It can be observed in Figure 9 that a relatively linear
correlation existed between the enhancement of electrical conductivity and nanofluid vol-
ume concentration. A similar trend was noticed for the electrical conductivity enhancement
with temperature, though with slight improvement. This result was found to agree with
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previous works on the electrical conductivity enhancement of nanofluids [44,47,50]. How-
ever, some studies reported either independence from temperature in the enhancement
or a reduction in electrical conductivity with a temperature increase [43,47,51]. Maximum
enhancement was recorded at 55 ◦C for all samples of the hybrid nanofluids. Therefore, at
55 ◦C and 1.5 vol%, an enhancement of 1676.4% was attained.Nanomaterials 2021, 11, x FOR PEER REVIEW 12 of 20 
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In comparison to previous studies, Bagheli et al. [49] (Fe3O4/water nanofluid; 60 ◦C
and 0.5 vol%), Sundar et al. [47] (nanodiamond-nickel/water nanofluid; 0.1 vol% and
65 ◦C), Kumar et al. [44] (MWCNT/water nanofluid; 0.6 vol% and 50 ◦C), Mehrali et al. [43]
(nitrogen-doped graphene/water nanofluid; 60 ◦C and 0.06 wt%), Adio et al. [14] (EG-
based MgO nanofluid; 0.5 vol% and 25 ◦C), Giwa et al. [38] (Al2O3-MWCNT (80:20)/DIW
nanofluid; 0.1 vol% and 50 ◦C), and Giwa et al. [48] (Al2O3-Fe2O3 (75:25)/DIW nanofluid;
0.75 vol% and 50 ◦C) measured enhancements of 360%, 853.15%, 1814.96%, 190.57%, 6000%,
134.12–255.34%, and 163.37–1692.16%, respectively, for the electrical conductivity of dif-
ferent mono-particles and hybrid nanofluids. The nanofluid types, size of nanoparticles,
volume/weight concentration or fraction, mixing ratio (for hybrid nanofluid), and tem-
perature used in the various studies may be responsible for the variation in the results.
However, a comparison of the works of Kumar et al. [44] and Bagheli et al. [49] with those
of Giwa et al. [38] and Giwa et al. [48] supported the finding in the present study for
MWCNT-Fe2O3/DIW nanofluid with regard to the augmentation of electrical conductivity
because of the hybridization of bi-nanoparticles.

3.4. Viscosity of Hybrid Nanofluid

An examination of the influence of the studied temperatures and volume concentra-
tions on the viscosity of MWCNT-Fe2O3/DIW nanofluids was carried out. The viscosity of
the hybrid nanofluids under varying volume concentrations and temperatures is shown in
Figures 10 and 11, respectively. An appreciation of the volume concentration of MWCNT-
Fe2O3 (20:80)/DIW nanofluid was observed to enhance the viscosity in a linear pattern
(Figure 10). This was because of the higher density of the hybrid nanoparticles in re-
lation to DIW. An increment in the volume concentration due to the amount of hybrid
nanoparticles suspended in DIW was noticed to enhance the viscosity of the nanofluid.
Nanofluid viscosity was also observed to be dependent on the temperature, as depicted in
Figure 11. The increasing change in the temperature was found to lessen the viscosity of
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the nanofluids. From Figures 10 and 11, it can be observed that the influence of temperature
on the viscosity of the hybrid nanofluids was more than that of volume concentration.
Thus, the viscosity was dependent on both variables. The obtained results agreed with the
works of Nadooshan et al. [34], Mehrali et al. [43], Adio et al. [45,52], Giwa et al. [38], Shar-
ifpur et al. [53], and Giwa et al. [54], for the viscosity–temperature and viscosity–volume
concentration relationships. In the present study, the viscosity of MWCNT-Fe2O3/DIW
nanofluids ranged from 0.65 to 1.36 mPas for the ranges of volume concentration and
temperature investigated. This was slightly higher than the range of 0.51 to 1.11 mPas and
0.57 to 1.13 mPas published by Gangadevi and Vinayagam [55] and Giwa et al. [48] for
Al2O3-CuO/water nanofluid (0.2 vol% and at 20–60 ◦C) and Al2O3-Fe2O3/DIW nanofluid
(0.75 vol% and at 20–50 ◦C).Nanomaterials 2021, 11, x FOR PEER REVIEW 13 of 20 
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As shown in Figure 12, the relative viscosity of MWCNT-Fe2O3/DIW nanofluids
was compared with DIW for the studied volume concentrations. An increment in the
concentration of the bi-nanoparticles was found to enhance the relative viscosity of the
nanofluid. A seemingly linear correlation was observed between volume concentration and
relative viscosity. In addition, the relative viscosity of MWCNT-Fe2O3/DIW nanofluids
was noticed to increase as the temperature increased. The observed trend agreed with the
data published by Nadooshan et al. [34] (Fe3O4-MWCNT/EG nanofluid), Adio et al. [45]
(Al2O3-glycerol nanofluid), and Zawawi et al. [56] (hybrid nanofluids). However, Dardan
et al. [26] reported the reverse of the trend noticed in the present work, as the relative
viscosity of Al2O3-MWCNT/EO nanofluid was reduced with temperatures at 35–50 ◦C,
for measurements spanning 25–50 ◦C. At 55 ◦C, the relative viscosity of the nanofluids
examined in this work increased from 1.152 (0.1 vol%) to 1.357 (1.5 vol%).Nanomaterials 2021, 11, x FOR PEER REVIEW 14 of 20 

 
Figure 12. Relative viscosity of hybrid nanofluids against volume concentration at different tem-
peratures. 

The percentage enhancement of the hybrid nanofluid viscosity compared with DIW 
under varying temperatures and volume concentrations is illustrated in Figure 13. It can 
be noticed that a rise in the volume concentration of MWCNT-Fe2O3 (20:80)/DIW nanoflu-
ids resulted in substantial viscosity enhancement when compared with DIW. Relatively 
linear enhancement of the viscosity was noticed for MWCNT-Fe2O3 (20:80)/DIW nanoflu-
ids, as the concentration and temperature rose when compared with DIW. For this work, 
the highest viscosity enhancement of 35.7% was estimated for the hybrid nanofluids com-
pared to DIW. Previous studies have recorded viscosity enhancements of 58% (MWCNT; 
1 vol%) [57], 20.5% (Al2O3-TiO2/PAG; 0.1 vol%) [56], 43.52% (MWCNT-CuO/EO; 1 vol%) 
[58], 46% (Al2O3-MWCNT/EO; 1.0 vol%) [26], 24.56% (Al2O3-MWCNT/DIW; 0.1 vol%) [38], 
20% (ZnO-MWCNT/EO; 0.8 vol%) [37], 36.4% (CuO-MgO-TiO2/DIW; 0.5 vol%) [36], and 
43.64% (Al2O3-Fe2O3/DIW; 0.75 vol%) [48] for mono-particle and hybrid nanofluids, when 
compared with the respective base fluids. The results from the present work showed a 
relatively lower viscosity enhancement in relation to earlier studies, which can be at-
tributed to the types of hybrid nanoparticles and base fluids utilized in preparing 
MWCNT-Fe2O3 (20:80)/DIW nanofluids. MWCNT nanoparticles are known to have sig-
nificantly lower density in comparison to metal oxide-based nanoparticles. 
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The percentage enhancement of the hybrid nanofluid viscosity compared with DIW
under varying temperatures and volume concentrations is illustrated in Figure 13. It can be
noticed that a rise in the volume concentration of MWCNT-Fe2O3 (20:80)/DIW nanofluids
resulted in substantial viscosity enhancement when compared with DIW. Relatively linear
enhancement of the viscosity was noticed for MWCNT-Fe2O3 (20:80)/DIW nanofluids, as
the concentration and temperature rose when compared with DIW. For this work, the high-
est viscosity enhancement of 35.7% was estimated for the hybrid nanofluids compared to
DIW. Previous studies have recorded viscosity enhancements of 58% (MWCNT; 1 vol%) [57],
20.5% (Al2O3-TiO2/PAG; 0.1 vol%) [56], 43.52% (MWCNT-CuO/EO; 1 vol%) [58], 46%
(Al2O3-MWCNT/EO; 1.0 vol%) [26], 24.56% (Al2O3-MWCNT/DIW; 0.1 vol%) [38], 20%
(ZnO-MWCNT/EO; 0.8 vol%) [37], 36.4% (CuO-MgO-TiO2/DIW; 0.5 vol%) [36], and
43.64% (Al2O3-Fe2O3/DIW; 0.75 vol%) [48] for mono-particle and hybrid nanofluids, when
compared with the respective base fluids. The results from the present work showed a
relatively lower viscosity enhancement in relation to earlier studies, which can be attributed
to the types of hybrid nanoparticles and base fluids utilized in preparing MWCNT-Fe2O3
(20:80)/DIW nanofluids. MWCNT nanoparticles are known to have significantly lower
density in comparison to metal oxide-based nanoparticles.
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3.5. Correlation Development

Formulated classical models and theoretical correlations for estimating various ther-
mal properties of different nanofluids have been demonstrated by numerous studies to be
inadequate for their estimation [20,36,51,53,59]. They are found to either underestimate or
overestimate the measured data of the thermal properties of nanofluids. Research progress
showed that there is a need to formulate correlations to effectively estimate the thermal
properties of MWCNT-Fe2O3 (20:80)/DIW nanofluid. The uniqueness of the physico-
chemical properties of the diverse nanoparticles and base fluids used to prepare hybrid
nanofluids and the fitting of the experimental data to estimate the thermal properties are
now becoming more important and relevant.

Curve fittings of the experimental data of the relative electrical conductivity and
relative viscosity garnered for MWCNT-Fe2O3 (20:80)/DIW nanofluids were performed.
The formulas developed from the data of relative electrical conductivity and viscosity as
dependencies of temperature and volume concentration are expressed in Equations (8)
and (9), respectively. For the electrical conductivity correlation, R2 = 0.968, coefficient of
corelation (R) = 0.984, root mean square error (RMSE) = 0.16, and mean absolute percentage
error (MAPE) = 11.085, while for the viscosity correlation (linear regression), R2 = 0.966,
R = 0.983, RMSE = 0.166, and MAPE = 8.721. These variables revealed relatively high
coefficients of determination and correlation coefficients with significantly low errors for
both correlations.

σhn f

σb f
= 2.757 + 0.032T + 9.287ϕ (8)

µhn f

µb f
= 1.031 + 0.0025T + 0.1386ϕ (9)

The correlation from the work of Ganguly et al. [60] and that derived using Equation (8)
for the relative electrical conductivity of MWCNT-Fe2O3 (20:80)/DIW at 35 ◦C are plotted
in Figure 14. It is obvious that the existing correlation, as published in the literature,
overestimated the experimental data of the electrical conductivity of MWCNT-Fe2O3
(20:80)/DIW nanofluid. This was because the existing correlation was formulated using
data from a different nanofluid (Al2O3/water) to that utilized (MWCNT-Fe2O3/water) in
this study, hence, it could not adequately predict the property. The correlation relating the
experimental and predicted data of the relative electrical conductivity of MWCNT-Fe2O3
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(20:80)/DIW nanofluid is presented in Figure 15. A straight line was noticed to relate the
predicted and experimental values, showing a good correlation between both data sets.
The MOD for the correlation was ±3.48%.
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A plot of the fitted relative viscosity correlation for this work and those formulated
in previous studies at 35 ◦C is presented in Figure 16 [26,61,62]. It shows that none of the
existing correlations for estimating the viscosity of mono-particle and hybrid nanofluids
could fit the obtained experimental data. They all overestimated the relative viscosity
of the investigated MWCNT-Fe2O3/DIW nanofluid. The obtained relative viscosity of
MWCNT-Fe2O3/DIW nanofluid was overestimated using the experiment-derived cor-
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relation for Fe2O3/DIW nanofluid [62]. This revealed a reduction (49.8%) in the vis-
cosity of MWCNT-Fe2O3 (20:80)/DIW nanofluid because of the hybridization of Fe2O3
nanoparticles with MWCNT nanoparticles. With the evident reduction in the viscosity of
MWCNT-Fe2O3/DIW nanofluid, the use of this hybrid nanofluid is favorable for engineer-
ing applications in terms of lower pumping power. A linear relationship was found to
occur between the experimental and predicted data, as presented in Figure 17. An MOD of
±0.01% was found.
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4. Conclusions

Stable MWCNT-Fe2O3/DIW nanofluids have been prepared and investigated for their
electrical conductivity and viscosity at varying temperatures and volume concentrations.
Increasing the bi-nanoparticles’ concentration enhanced both the viscosity and electrical
conductivity of MWCNT-Fe2O3/DIW nanofluids. Additionally, increasing the nanofluid
temperature augmented the electrical conductivity, whereas the viscosity was reduced.
Relative to the base fluid, maximum enhancements of 1676.4% and 35.7% were achieved for
the electrical conductivity and viscosity of MWCNT-Fe2O3/DIW nanofluids, respectively.
The obtained results were noticed to be consistent with previous studies in the litera-
ture. The hybridization of MWCNT and Fe2O3 nanoparticles to prepare MWCNT-Fe2O3
(20:80)/DIW nanofluid was proven to cause a reduction of viscosity, which is advantageous
in engineering applications of the fluid. To predict the viscosity and electrical conductivity
of the studied MWCNT-Fe2O3/DIW nanofluids, correlations have been developed.
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Abstract: Nanoparticle aggregation has been found to be crucial for the thermal properties of
nanofluids and their performance as heating or cooling agents. Most relevant studies in the literature
consider particles of uniform size with point contact only. A number of forces and mechanisms
are expected to lead to deviation from this ideal description. In fact, size uniformity is difficult
to achieve in practice; also, overlapping of particles within aggregates may occur. In the present
study, the effects of polydispersity and sintering on the effective thermal conductivity of particle
aggregates are investigated. A simulation method has been developed that is capable of producing
aggregates made up of polydispersed particles with tailored morphological properties. Modelling
of the sintering process is implemented in a fashion that is dictated by mass conservation and the
desired degree of overlapping. A noticeable decrease in the thermal conductivity is observed for
elevated polydispersity levels compared to that of aggregates of monodisperse particles with the
same morphological properties. Sintered nanoaggregates offer wider conduction paths through the
coalescence of neighbouring particles. It was found that there exists a certain sintering degree of
monomers that offers the largest improvement in heat performance.

Keywords: nanofluid; heat conduction; effective thermal conductivity; particle aggregates; polydispersity;
sintering

1. Introduction

Numerous contemporary applications are based on the incorporation of nanoparticles
into convectional fluids [1,2]. The resulting nanofluids may have drastically increased ther-
mal properties and reduced sedimentation. Nanofluids and nanoparticles are increasingly
used in a variety of fields. Heating and cooling systems using nanofluids show significant
improvement in energy consumption, while new medical techniques are developing using
nanoparticles in bioliquids. [3,4]. A large number of recent publications study the potential
use of nanofluids in multidisciplinary fields [5,6]. Although much effort has been placed on
the correlation of the heat transfer properties of nanofluids with the underlying phenomena,
it appears that there is no widely accepted explanation of their behaviour or a reliable way
to predict their heat conduction properties [7,8].

Many models have been developed to predict the effective conductivity of nanopar-
ticles. The effect of Brownian motion, interfacial resistance, the existence of nanolayers,
and the aggregation mechanism have been discussed in detail in the literature [9–13]. A
large increase in effective thermal conductivity has been detected experimentally when
nanoparticles are organized in small aggregates [14,15]. The increased contact of the parti-
cles within the aggregate was found to facilitate heat transfer compared to fully dispersed
particles. On the contrary, larger mass aggregates have a negative effect on the stability
of the nanofluid and, therefore, on heat transport properties [16]. Lotfizadeh et al. [11],
Prasher et al. [17], Evans et al. [18], and Liao et al. [19], among others, developed models to
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predict the thermal conductivity of nanofluids based on the morphology of the aggregates.
These works showed that the configuration of the nanoparticles and the morphological
parameters of the aggregates can alter the effective conductivity of the nanofluids noticeably.
A typical assumption made in several studies is that the nanoparticles are of the same size
and the neighbouring monomers are mainly at single point contact.

In real conditions, samples always come with a certain distribution in particle size [20–22],
which is held responsible for altering the thermal properties of nanofluids [21]. It has
been noticed that polydispersity may occur during dispersion of the nanoparticles in
the base fluid [23,24]. Chon et al. [21] used commercial, uniform nanoparticles for the
preparation of nanofluids. They measured the size distribution after dispersion and found
a significant deviation. In fact, it is technically challenging to synthesize and disperse
a large quantity of highly monodispersed nanoparticles [25]. Zhiting et al. [26] studied
the effect of polydispersity, among other parameters, on the heat transfer coefficient of
nanocomposites with molecular dynamics simulations. They concluded that polydispersity
negatively affects the effective conductivity. However, the nature of the used method does
not allow the simulation of large systems, such as that of aggregated nanoparticles.

Strong electrostatic forces between particles, collision of particles during the forma-
tion of the aggregates, and high-temperature environments are some of the factors that
contribute to a certain degree of overlapping between particles [27,28]. Two methods have
been widely used for the preparation of nanofluids. The one-step nanoparticle production
and blending method produces nanofluids with increased stability and offers elevated
thermal conductivity, but has a relatively high production cost and is not yet suitable for
large-scale production [29]. The two-step method is one that proceeds in two sequential
steps, namely, the step of separate production of nanoparticles followed by suspension
in a base fluid [29]. Commercial nanoparticles are usually found in powder form. The
production of nanoparticles commences with the creation of a nanoparticle suspension
from their precursors. This suspension is dried using various methods and, eventually, a
powdered form of nanoparticles is obtained [23,30]. Thermal decomposition of organic
precursors is a well-established process for the fabrication of solid nanoparticles [23]. It is
temperature dependent and has been reported to result in sintered and/or polydispersed
particles [23,24,30]. Other methods include nanoparticle production in the gas phase [31,32].
During the creation of these nanoparticles, formation processes, including surface reac-
tions, condensation, coagulation and sintering, are some of the key mechanisms that take
place [32–35]. The kinetics of each process determines the final structure morphology,
which can vary among spherical particles, agglomerates, or compact aggregates [34]. The
resulting system usually includes partially coalesced particles with sintering necks [32,35].

Attempts to model the aforementioned process usually start with the formation of
an aggregate using a stochastic method. Eggersdorfer et al. [36] modelled the sintering
process in aggregates, formed by Diffusion Limited Aggregation (DLA), Diffusion Limited
Cluster–Cluster Aggregation (DLCCA), and Ballistic Aggregation (BA). The driving force
for sintering was the minimization of free energy. They noted that, during sintering,
primary particles approach each other. Sander et al. [31] presented an analytical description
of the underlying phenomena during the production of nanoparticles, such as coagulation
and sintering. The primary particles were modelled having a spherical shape and a
polydispersed size, with each particle described by its sintering level and radius. The final
structure has been compared with experimental data and transmission electron microscopy
(TEM) images. An overlapping algorithm, developed by Brasil et al. [27], has studied the
effect of sintering on the morphological properties of the aggregates, such as the fractal
dimension and the radius of gyration. Schmid et al. [33,37] have developed a model for
aggregates subjected to coagulation and sintering. The sintered aggregates were presented
as the result of successive overlapping of spherical, primary particles.

The previous discussion underlines two major open issues in the study of the thermal
conductivity of aggregated nanoparticles. Even though the effect of aggregation has been
extensively studied, there is a dearth of research dealing with the effect of polydispersity of
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the nanoparticles within the aggregate. Moreover, sintering and the concomitant partial
coalescence are most likely to occur in nanoparticle systems, yet the study of their effects
on heat conduction remains a challenging, open field. These configurations complicate the
determination of heat transfer properties and, therefore, reliable simulations of transport
phenomena are required.

The present work examines the effects of polydispersity and sintering of particles on
the effective thermal conductivity of nanofluids that contain particle aggregates. To this
end, the method developed by the authors [38] for reconstructing particle aggregates is
extended to include particle overlapping due to sintering as well as non-uniform particle
size as a realistic outcome of nanofluid preparation. Among the merits of this method
is the algorithmically rapid reconstruction of agglomerated systems with predetermined
properties, namely, the fractal dimension and the average number of particles in the
aggregates. As a case study, the particle size here follows the normal distribution and
the standard deviation is expressed as a fraction of the mean size. Moreover, a technique
has been developed to simulate sintered aggregates. The sintering process is expected to
change the particle position and size while, naturally, preserving the mass of the working
sample. An overlap parameter and the morphology of the primary aggregate determine the
final morphology. The effective thermal conductivity is calculated through the temperature
distribution obtained from the solution of the heat transfer equation. The Meshless Local
Petrov–Galerkin (MLPG) method [39–41] is used here as it was shown to provide stable and
fast solutions to particulate systems even with point contact. The Discretisation-Corrected
Particle Strength Exchange (DC PSE) method [42,43] is used to approach the field function
and its derivatives, while the meshless nature of the method allows local increase of the
domain discretisation at the interface between the base fluid and solid particles.

The effect of the overlap parameter and the polydispersity level of particle aggregates
on the thermal conductivity is studied by changing the number of particles in the aggregate,
the fractal dimension of the aggregates, and the volume fraction of the particles. The effec-
tive conductivity of the polydispersed nanoaggregates, as predicted by the present method,
is compared to the effective conductivity of the corresponding systems, as these result from
the Diffusion Limited Aggregation (DLA) method. Moreover, the effective conductivity
of aggregates consisting of polydispersed particles is compared with that of aggregates of
monodispersed particles, keeping all other morphological parameters constant. Notable
deviations between monodispersed and polydispersed cases are observed and discussed.
In addition, the effect of sintering is examined by varying the overlap parameter. The
results are compared with predictions of analytic expressions from the literature.

2. Modelling Polydispersed and Sintered Aggregates

Modelling of fractal aggregates is the first stage in the process of correlating numeri-
cally their physical properties with their morphological parameters. In reality, aggregation
is a very complex process, being sensitive to parameters such as the temperature, the physi-
cal properties of the particles and the solvent, the polydispersity extent, the primary particle
shapes, etc. [11,12]. A well-established approach to generate fractal structures numerically
is the usage of various stochastic methods, such as Diffusion Limited Aggregation (DLA),
Diffusion Limited Cluster–Cluster Aggregation (DLCCA), and Reaction Limited Aggrega-
tion (RLA) [43,44]. The validity of these methods has been verified through comparison
of the resulting structures with experimental data [45,46]. Different physical processes are
engaged in different aggregation models. A very common description of such clustering
relies on the fractal dimension, d f , using the relation between the number of particles in
the aggregate, N, and basic cluster-size characteristics [45,46]: N.

N = kg
(

Rg/rp
)d f , (1)
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where rp is the mean radius of the primary particles, kg is the structure factor, and Rg is the
radius of gyration of the aggregate [12,32,47]:

Rg =

√
∑N

i mi(ri − rc)
2

∑i mi
, (2)

where ri is the position vector of the centre of mass of particle i, mi is its mass, and rc is the
position vector of the centre of mass of the aggregate.

In order to study the effect of polydispersity on thermal conductivity, the work devel-
oped in [38] has been extended to include polydispersed particles. This technique offered
fast convergence of the algorithm for the representation of agglomerated systems with
predetermined properties. For the sake of completeness, the major steps of the algorithm
are mentioned below. The primary input of the algorithm consists of the volume fraction of
the particles, the fractal dimension or a range of values around it, and the average number
of particles per aggregate or a range of values around it. A random deposition of a particle
initiates the process. A new particle stochastically appears on the surface of the particle,
and the process is repeated, with the restriction of no overlapping between any pair of
particles. During the process, certain restrictions are imposed as described in [38], aiming at
the convergence of the fractal dimension to the target value or range of values. It has been
shown that the desired fractal dimension can be achieved with only a few particles. The
process ends when the aggregate acquires a predefined number of particles. Then, another
particle appears at a random place in the computational domain, and the aforementioned
process is repeated for the formation of a second cluster. The whole algorithm is repeated as
many times as needed to satisfy the desired number of aggregates in the working domain.
Further analytical descriptions of the method are presented in [38].

In the present study, all simulations take place in a cubic box of length l. All spatial
parameters and variables are normalized with this quantity. Thus, the particle radius is
related with the volume fraction ( fp), the number of particles in the aggregate (N), and the
number of aggregates (Nc), as follows:

rp = 3

√
3 fp

4π ∑Nc
i Ni

, (3)

For monodispersed particles, the definition of rp is straightforward. For polydispersed
particles, in the present extended approach, this value is set as the mean radius of the
particles, r0. The exact radius of each particle is randomly sampled from a prescribed
normal distribution. The deviation of the particle size distribution is expressed as a fraction
of the particle radius. The probability density function (p) for the particle radius is shown
in Figure 1 for two different standard deviations. In order to avoid negative values, a
threshold was imposed at zero radius. For symmetry reasons, another threshold is set
at the value rp,max = 2r0. The maximum deviation of the particle radius, in this study, is
σ = 0.5r0. For higher polydispersity levels a lognormal distribution can be used instead,
in order to avoid a large number of negative values and adhere to more realistic particle
size distributions.

The resulting system may have a volume fraction different from the desired one. This
is an important issue in polydispersed particle systems since large sizes may be sampled
as the tail additions to a cluster. Depending on whether the desired volume fraction
is smaller or greater than expected, particles will be added or removed. To remove a
particle, an aggregate is randomly selected and the last-added particle is removed. To
add a particle, an aggregate is randomly selected and a new particle with a size that is
sampled from the prescribed distribution is added at a random location on the surface of a
randomly selected particle of the aggregate, with restrictions in order to satisfy the fractal
dimension and the non-overlapping condition, as described in [38] for uniformly sized
particles. The process is repeated until the predetermined volume fraction is achieved.
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With this methodology, critical quantities such as the volume fraction, the mean radius
of the particles, and the fractal dimension remain within their prescribed bounds while a
small deviation is maintained in the number of particles per aggregate.

Figure 1. The probability density function, p, of the particle radius distribution for different stan-
dard deviation values (red σ = 0.2r0, blue σ = 0.5r0 ) and a representative visualization of the
resulting aggregates.

The structure factor, kg, is strongly dependent on the polydispersity levels and the de-
gree of overlapping of the particles [48,49]. Eggersdorfer et al. [49] and Tomchuk et al. [48]
studied the effect of polydispersity on the fractal dimension and the structure factor, con-
sidering a wide range in the number of particles in each aggregate, the prescribed deviation
of the particle size, and the aggregation model that is used. They noted a reduction in
the structure factor for increased polydispersity for aggregates formed by the DLCCA
algorithm and the Ballistic Aggregation model. Independently of the agglomeration mech-
anism, in the limiting case of infinitely polydispersed particles, the structure factor tends to
unity [49]. For monodispersed particles with fractal dimension ranging between 1.7 and
2.5, the structure factor can be considered constant, kg = 1.5 [38,50]. In the present case,
for polydispersed particles, the structure factor changes linearly with the deviation of the
particle radius, taking values between 1.2 and 1.5 [49].

During sintering, particles are expected to increase their radius and come closer
to each other [37]. Typical simulations of coagulation and sintering of nanoaggregates
include an overlapping step, where neighbouring particles penetrate each other, and a
growth step, during which particle size increases to maintain mass and volume. This
process captures the redistribution of mass in the free surface of the aggregate and offers
a realistic representation of the final morphology [33]. Assuming aggregates consisting
of monodispersed particles and following this methodology, an overlapping coefficient is
defined as [27]:

δ = 1− d
2Rp

, (4)

where d is the final distance of the centres of the neighbour particles, and Rp is the final radius
of the particles. The initial radius of the particles can be calculated from Equation (3).

At initial stages of the sintering algorithm, aggregates are forced to collapse to their
centre of mass by the penetration coefficient, δp, while the sizes of the particles remain
constant. The penetration coefficient relates the final distance of the neighbouring particles
to the initial radius (δp = 1 − d

2rp
). Obviously, this process causes a mass loss. In a

second step, the particle sizes are increased, in order to reproduce the volume fraction
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at its prescribed value. The growth coefficient relates the initial and the final particle
radius to the final distance of the neighbouring particles (δR =

(
Rp−rp
Rprp

)
d/2). Combining

these definitions, the final radius of the particles can be related to the initial radius, the
overlapping coefficient, and the penetration coefficient, as follows:

Rp =
rp

1− δ

(
1− δp

)
, (5)

The overlapping coefficient, δ, is the sum of the penetration (δp) and the growth (δR)
coefficients: δ = δp + δR. If δ = 1, the aggregates are totally sintered (i.e., every aggregate
merged into a single particle), whereas δ = 0 indicates that particles are in point contact. The
permissible values for the penetration (δp) and growth (δR) coefficients range from zero to δ.

The generation of sintered aggregates initiate with the determination of the volume
fraction, the number of particles in the aggregate, the fractal dimension, and the overlapping
coefficient. After the formation of each aggregate, a series of trial simulation scenarios
are used to evaluate the values of δp and Rp. Evidently, each combination results in a
different volume fraction ( fp,δ). In order to determine the appropriate combination, for each
aggregate the value of the penetration coefficient varies from zero to δ. For each δp value,
the final radius (Equation (5)) is calculated. Finally, the volume fraction of the resulting
system is compared with the initial volume fraction ( fp), (β = 100·

∣∣ fp,δ − fp
∣∣/ fp,δ) and its

dependence on δp, as shown in Figure 2. The δp value with the smallest acceptable error is
selected. Following the aforementioned technique, mass conservation is secured for each
aggregate of the system, for the entire range of the overlapping coefficient. In Figure 2,
the percentage error in volume fraction (β) is represented as a function of the penetration
coefficient (δp), for different values of the overlapping coefficient and the morphological
characteristics of the initial aggregate. It is shown that a unique combination of δp and
Rp results in a system with the same volume fraction. This methodology, in addition to
achieving the desired overlapping coefficient and volume fraction, has the advantage of
being straightforward and fast during calculations. Needless to say, in real conditions the
final structure during sintering may be different from that of the overlapping spheres, due
to the appearance of neck effects and redistribution of mass that will eventually differentiate
the structure from the one that is simulated here.

Figure 2. The percentage error in volume fraction (β) varying with the penetration coefficient for
different values of the fractal dimension, the number of particles in the aggregate, and the overlapping
coefficient. A representative visualization of each aggregate structure is also shown.
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3. Effective Conductivity Calculation

The reconstructed aggregates that are obtained following the algorithm of the previous
section are used as input to heat transport modelling. A constant temperature difference
is imposed along the vertical axis of the nanofluid, whereas the rest of the boundaries are
considered periodic. For the numerical solution of the heat transport equation, the Meshless
Local Petrov–Galerkin (MLPG) method is used [41]. It has been shown to offer concrete
advantages to more conventional methods in particulate systems with several contact areas,
as is the case here. Differential equations are integrated into local subdomains, a fact that
facilitates the increase of discretisation in regions of the geometries where steep gradients
are developed. In the nanofluid case, the effective conductivity changes drastically at
the interface of nanoparticles and the base fluid. The shape of the subdomains alters the
performance of the method, with cubic sectors having been proved to increase the stability
of the method [40]. The DC PSE approach is chosen as the trial function, while a step
function is used as test function for the integration [42,43]. A set of cubic grids digitizes
the domain and the integrals are calculated with the Gauss quadrature method [43]. In
each Ωx subdomain, the dimensionless weak form of the energy equation is given by the
relation [43]: (

kr p − 1
) ∫

∂Ωx
Φ∇Tn̂d(∂Ωx) +

∫

∂Ωx
∇Tn̂d(∂Ωx) = 0, (6)

where Φ is a spatial step function defined as unit in the particle phase and zero elsewhere,
and kr p =

kp
k f

is the ratio of the conductivity of the particles to that of the base fluid.
The solution of the heat transfer equation determines the temperature throughout the
computational domain. Then, the calculation of the dimensionless effective conductivity

is straightforward from ke f f =
∫
S

k ∂T
∂n dS, where the surface S is vertical to the heat flow.

A detailed description of the approach, the respective variables and integrals, the mesh
construction, and the conductivity calculation can be found in a previous work by the
authors [43].

This method is capable of calculating the effective conductivity of large particle sys-
tems. The aggregates are considered stationary and the heat conduction equation is solved
within the computational domain. A typical simulation contains about 500–1000 particles
organized into aggregates. Modelling of aggregates in heat transfer processes is performed
with in-house meshless CFD methods implemented in Matlab kernels, as described in [38].
The computational time for the reconstruction of the aggregates is also provided in [38],
along with comparison with other aggregation models. The effective conductivity calcu-
lations used herein have been shown in [43] to reduce the computational cost, compared
with other numerical models and commercial software. A typical run for 1000 particles
requires ~5 mil. nodes and ~1.5 ks on an Intel(R) Xeon(R) Silver 4116 CPU at 2.10 GHz
using 12 cores.

Moreover, the present method can be extended to include calculations of the effective
conductivity of different nanoparticle shapes. If the equation of the external surface of the
particles is simple, the application is straightforward; otherwise the aggregation algorithm
should be modified rather drastically, especially for non-convex surfaces.

The corresponding predictions of analytical models for the effective thermal conduc-
tivity are presented next. A well-known model for the conductivity of dispersed particles
is Maxwell’s effective medium theory. Maxwell developed an expression for the effective
conductivity, ke f f , of a suspension of solid spheres in liquid [51]:

ke f f =
kp + 2k f + 2

(
kp − k f

)
fp

kp + 2k f − 2
(

kp − k f

)
fp

k f , (7)

where k f is the conductivity of the base fluid, fp is the volume fraction of the particles, and
kp is the conductivity of the particles. According to this equation, the process is apparently
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not sensitive to the size or the arrangement of the dispersed phase. However, this relation
is not symmetric. By replacing kp with k f and fp with

(
1− fp

)
, the effective conductivity

calculation changes drastically [11]:

ke f f =
k f + 2kp + 2

(
k f − kp

)(
1− fp

)

k f + 2kp − 2
(

k f − kp

)(
1− fp

) kp, (8)

Equation (7) accurately predicts well-dispersed particles at low volume fraction, while
Equation (8) has been used to describe the conductivity of aggregate structures. In this
perspective, the particles are considered as a solid network, with the base fluid enclosed in
some regions. In any case, Equations (7) and (8) estimate the lower and upper bounds of
the conductivity of an inhomogeneous medium, respectively [52,53].

The majority of the attempts to develop a model for the conductivity of colloidal
clusters include a two-step approximation. The clusters are considered as spheres, with an
effective conductivity (ke) and an effective volume fraction ( fe). For the calculation of ke,
many relations from the effective medium theory have been applied [11,52–54]. The size of
these effective particles is usually set equal to the radius of gyration of the aggregates [11,55].
In this case, the effective volume fraction ( fe), can be expressed as:

fe =
4π

3

Nc

∑
i

Rgi
3 , (9)

where Nc is the number of aggregates in the solution and Rgi is the (dimensionless) radius
of gyration of each aggregate. The volume fraction of the solid phase inside the aggregates
is fi = fp/ fe [17]. In this work, ke is calculated from the upper limit (Equation (8)) by
swapping fp with fi, while the Maxwell relation is used (Equation (7)) in a second step, by
replacing kp with ke and fp with fe.

4. Results and Discussion
4.1. Comparison with Other Aggregation Models

Figure 3 shows the comparison between the effective conductivity of aggregates
containing polydispersed particles, as extracted with the use of the method developed
here, and the results of the DLA method. The volume fraction of particles is fp = 0.1 and
the standard deviation of the particle size is σ = 0.5r0, where r0 is the mean radius of the
particles. The aggregates consist of N = 42 particles and the thermal conductivity of the
particles is considered kr p =

kp
k f

larger than that that of the base fluid by a factor of 100.
The simulation points are the averages of 10 realizations with the same morphological
characteristics. In an earlier work by the authors, it was indicated that the mechanism of
aggregation does not affect the effective conductivity for monodispersed particles. The
same conclusion is drawn here for the case of polydispersed particles. However, the
morphological characteristics of the aggregates appear to be significant for the effective
thermal conductivity. Similar to the behaviour of aggregates of monodispersed particles,
the thermal conductivity decreases with an increase in the fractal dimension.

4.2. Dependence of Conductivity on the Fractal Dimension, the Number of Particles in the
Aggregate, and the Polydispersity of the Particles

In an earlier work by the authors [38], the effect of aggregation on the thermal conduc-
tivity of monodispersed particles was studied by varying the fractal dimension and the
number of particles in the aggregate. A considerable increase in the thermal conductivity
has been shown, even for aggregates consisting of a small number of particles. However, in
the present work, a different behaviour is noticed upon the introduction of polydispersity
in the particle size. The results are presented next.
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Figure 3. Effective thermal conductivity as a function of the fractal dimension of aggregates consisting
of polydispersed particles by the present method (open, blue symbols) and by simulations from the
DLA method (filled, red symbols).

Figure 4 shows the dimensionless effective thermal conductivity of a nanofluid as a
function of the fractal dimension, for two volume fractions, namely fp = 0.03 (Figure 4a,b)
and for fp = 0.1 (Figure 4c). Two different values of the number of particles per aggregate
are also investigated, namely N = 42 (Figure 4a,c) and N = 9 (Figure 4b,c). To enable a
comparison, the mean radius of the particles for the polydispersed cases was set equal to
the ones in corresponding cases of monodispersed particles. The standard deviation of the
particle size varies from σ = 0.1r0 to σ = 0.5r0 in Figure 4a,b, whereas in Figure 4c it is kept
at σ = 0.5r0. Figure 4 also shows the thermal conductivity predictions of two analytical
models, namely, the two-step Maxwell (Equations (7) and (8)) and the single-step Maxwell
model (Equation (7)). Every simulation point is the average of 10 realizations with the same
parameters. The conductivity ratio of the nanoparticles and the base fluid is chosen to be
130 (kr p = 130), which is a representative value for several practical nanofluids, such as
water–Fe, engine oil–Al2O3, and water–CuO.

The effective conductivity decreased as the fractal dimension increased in all cases
studied here. The level of reduction was affected by the polydispersity degree, the volume
fraction, and the number of particles per aggregate. For cohesive aggregates, corresponding
to relatively high fractal dimension (d f = 2.5), polydispersity did not affect the effective
conductivity, whereas for smaller values of the fractal dimension and high polydisper-
sity level, a notable variation was observed. More specifically, the thermal conductivity
decreased with the increase of the deviation of the particle radius compared with monodis-
perse particle cases. However, a small deviation (σ = 0.1r0, σ = 0.2r0) affected the thermal
conductivity only slightly (Figure 4a,b). A 10% reduction was observed for polydispersity
degree σ = 0.5r0 and volume fraction fp = 0.1 (Figure 4c), whereas the reduction was only
about 5% for volume fraction fp = 0.03 (Figure 4a,b).
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Figure 4. Effective thermal conductivity as a function of fractal dimension for: (a) volume fraction
fp = 0.03 and number of particles per aggregate N = 42; (b) fp = 0.03, N = 9; (c) fp = 0.1, N = 9
(solid lines, solid symbols), N = 42 (dashed lines, open symbols). Black lines: monodispersed cases.
Blue lines: two-step Maxwell model. Green line: Maxwell model. Symbols: polydispersed cases.

The previous results are in contrast to the increase of the projected area of an aggregate
as the polydispersity level is increased [32]. Particle size distribution affects heat transfer in
two distinct ways. Large particles accelerate heat transfer, while small particles hinder it.
According to the present results, the smaller particles act as regulators of heat transport;
therefore, the effective conductivity is reduced. Experimental works have observed that
polydispersity of the nanoparticles has a significant impact on the thermal properties
of the nanofluid [56]. Specifically, the largest enhancement has been found for highly
monodisperse particles [57].

The single-step Maxwell relation (Equation (7)) remains insensitive to the fractal
dimension. However, the two-step Maxwell model, although affected by the fractal dimen-
sion and the number of particles in the aggregate, cannot predict the effective conductivity
of such systems. It is worth noting that aggregation increased the effective conductivity of
the nanofluid significantly in all cases studied. For highly polydispersed particles, when
organized into aggregates consisting of, say, N = 9 particles per aggregate, a 10% volume
fraction (shown in Figure 4c) resulted in a 70% increase of the thermal conductivity. The
higher the particles per aggregate, the higher the conductivity increase.

128



Nanomaterials 2022, 12, 25

4.3. Effect of Sintering

Figure 5a,b portray the dependence of the thermal conductivity on the overlapping
coefficient (δ) for nanoparticles that are organised into aggregates containing N = 9 and
N = 50 particles, with volume fraction fp = 0.03 (Figure 5a) and fp = 0.1 (Figure 5b). The
overlapping coefficient ranges from δ = 0, which indicates particles at single-point contact,
to δ = 1, which corresponds to degeneration of the aggregate to a single particle. The
corresponding thermal conductivity predictions of analytical models are also presented.

Figure 5. Effective thermal conductivity as a function of overlapping coefficient: (a) volume fraction
fp = 0.03; (b) volume fraction fp = 0.1. Solid, black circles: N = 50, d f = 2.1. Open, red circles:
(a) N = 9, d f = 2.1; (b) N = 50, d f = 2.5. Blue lines: two-step Maxwell model. Green lines:
Maxwell model.

Upon the introduction of sintering, the effective conductivity is found to increase with
the sintering level, up to a maximum value. Further sintering beyond that point has a
negative effect on conduction until the value of Maxwell’s model is obtained, for δ = 1. The
value of the overlapping coefficient that offers the highest conductivity increase changes
with the volume fraction and the number of particles per aggregate. A 15% maximum
increase is shown for fp = 0.1, N = 42, and δ = 0.25 (Figure 5b). On the other hand, the
conductivity calculated by the two-step Maxwell model decreases monotonically upon
increase of the overlapping coefficient, due to the monotonic decrease of the radius of
gyration (Rg).

The results showed that controlled aggregation and sintering can offer significantly
improved thermal properties to nanofluids. From a physical point of view, higher val-
ues of the overlapping coefficient create an increased number of conduction pathways,
which are also wider and longer, thus facilitating conduction along the macroscopic di-
rection of heat transport. At the same time, the size of the aggregates decreases. For low
sintering levels, the former factor prevails, whereas for high values of the overlapping
coefficient, the aggregate tends to degenerate to an isolated body, thus reducing the thermal
conductivity drastically.

5. Conclusions

The effect of particle size polydispersity and the sintering level on the thermal con-
ductivity of aggregated nanoparticles was studied in the present paper. It was shown
that both parameters examined here have the potential to change the heat performance of
nanofluids drastically.
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A method for reconstructing aggregates with the desired polydispersity degree was
developed, satisfying simultaneously the requirements for certain morphological charac-
teristics of the aggregate, namely, the fractal dimension and the number of particles in
the aggregate. Particle sintering in aggregates was simulated for monodispersed cases
and encoded as an overlapping mechanism in two steps: a penetration step and a growth
step. In order to ensure mass conservation, the progression of each step was controlled
through the minimisation of the error in the volume fraction of the sintered aggregate
compared with the volume fraction of the initial aggregate. A meshless method with
local refinement was used for the solution of the heat transfer equation and was found
to be stable for the complex systems that were studied here. This is of key importance
in the present problem as it allows using relatively large working domains that contain
overlapping particles or particles at point contact with others and being able to extract
statistically meaningful conclusions.

The effective thermal conductivity was calculated for aggregates that resulted from the
present method of aggregation of polydispersed particles, then compared with the thermal
conductivity of aggregates that were constructed with the Diffusion Limited Aggregation
(DLA) method. The dependence of the effective thermal conductivity on the fractal di-
mension was found to be in good agreement with that in DLA method aggregates, which
indicates that the proposed method produces aggregates that are thermally equivalent to
those resulting from methods that describe the physical process of particle aggregation.
Consequently, one can employ the present method for the investigation of the behaviour of
nanofluids in heat transport problems, taking advantage of the increased simplicity of the
aggregation algorithm and its rapid convergence to the final configuration.

The variation of the effective thermal conductivity was investigated over a wide range
of fractal dimension values, number of particles per aggregate, and standard deviation
of the particle size. Compared to fully dispersed particles, aggregation was shown to
increase the thermal conductivity in all cases studied here. Small radius deviation does
not substantially change the thermal conductance compared to monodispersed cases;
however, a further increase of polydispersity leads to a clear reduction of the effective
conductivity. On the contrary, strong polydispersity leads to an increase in the projected
area, which implies an increase of heat transfer. A possible explanation for our result
could be the existence of small particles within the aggregate that hinder heat transfer.
This result is qualitatively confirmed by experimental measurements [56,57] according to
which nanofluids consisting of particles with low polydispersity levels have higher heat
performance compared to particles with high polydispersity.

The two-step Maxwell model predicts a monotonic decrease of the effective conductiv-
ity with increasing fractal dimension; however, large deviations from the numerical results
were found for most of the cases examined here.

The effect of sintering of the aggregates was investigated and quantified as a function
of the overlapping coefficient. Sintered aggregates have a lower effective size than the
original aggregates, so a reduction in the effective conductivity should be expected. At
the same time, sintering increases the heat conduction by forming larger heat pathways.
This interplay yields a maximum in the thermal conductivity as a function of the degree
of coalescence. The precise value of the overlapping coefficient that provides the highest
conductivity increase depends on the morphological properties and the volume fraction of
the initial aggregates. The present study indicates that the conditions of the production and
dispersion of nanoparticles have a major impact on the thermal properties of the nanofluids.
This is a possible explanation for the large deviations that have been observed between
experimental works. Nanofluids with monodispersed particles, which are organized into
aggregates with small overlapping, offer the highest heat transfer coefficient over the range
of parameter values that were examined here. The results and conclusions of this work are
also relevant to nanocomposite materials that contain polydispersed particle inclusions,
which are organized in aggregates either at simple contact or in sintered form.
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Abstract: This study reports the thermal performance of Al2O3 and TiO2 nanofluids (NFs) flowing
inside a compact plate heat exchanger (CPHE) by comparing the experimental and numerical investi-
gations. The NF samples were prepared for five concentrations each of Al2O3 and TiO2 nanoparticles
dispersed in distilled water (DW) as a base fluid (BF). The stability of NF samples was ensured, and
their viscosity and thermal conductivity were measured. Firstly, the experimental measurements
were performed for the heat transfer and fluid flow of the NFs in the plate heat exchanger (PHE)
system and then the numerical investigation method was developed for the same PHE dimensions
and operation conditions of the experimental investigation. A finite volume method (FVM) and
single-phase fluid were used for numerical modelling. The obtained experimental and numerical
results show that the thermal performance of the CPHE enhances by adding nanoparticles to the
BFs. Furthermore, numerical predictions present lower values of convection heat transfer coefficients
than the experimental measurements with a maximum deviation of 12% at the highest flow rate.
Nevertheless, the numerical model is suitable with acceptable accuracy for the prediction of NFs
through PHE and it becomes better for relatively small particles’ concentrations and low flow rates.

Keywords: plate heat exchanger; heat transfer; Al2O3 and TiO2 nanofluids; numerical model

1. Introduction

In the last decades, a strong trend in the industry was shown toward miniaturization
and natural resource management, mainly the energy and materials sources (enhancing
the energy efficiency of the systems and reducing the equipment sizes are considered
important roads to natural resource management reduce the demand for energy sources
and minerals). In this, heat transfer systems are widely spread in industry applications,
and the development of heat exchangers continues. The latter gave rise to advanced heat
exchangers called “compact heat exchangers” involving compact plate heat exchangers
(CPHEs) that contain channels with relatively small mean hydraulic diameters, presenting
miniature dimensions but with higher heat transfer effectiveness [1,2]. The unique design of
plate heat exchangers (PHEs) consists of several plates separating two different cold and hot
fluids providing large heat transfer surfaces between them [3]. So far, several configuration
types of PHEs were developed for enhancing the heat transfer effectiveness according to
the requirements of industrial applications such as aircraft, electronics, chemicals, and
other applications that contain cooling and heating equipment. The wavy shape of the
plates in the chevron PHEs causes turbulent fluid flow inside the channels even for low
Reynolds numbers (Re) [4], thus offering better heat transfer effectiveness compared to
other normal heat exchangers [5]. However, micro/mini channels/passages that are used
in the compact heat exchanger models provide bigger heat transfer surfaces but also higher
pressure drops that need higher pumping power in the system [6]. Moreover, high heat
loads are presented in those compact heat exchangers which require an innovative method
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for intensively absorbing the heat from the surfaces. For this purpose, recent research in
the field of thermal management systems, namely in compact heat exchangers, indicates
to NFs as superior thermal fluids for enhancing the intensification of the heat transfer
method [7]. Various types of nanoparticles have been used to produce NFs by mixing them
with conventional heat transfer fluids, presenting various characteristics [8,9]. Besides
the developed thermal conduction property of the NFs [10–12], there is an increase in the
viscosity levels too, which is not preferable for heat exchangers due to the higher pumping
power required [10–12]. Nevertheless, NFs were recommended to be used for compact
heat exchangers to improve their thermal characteristics [13]. Moreover, a considerable
recommendation was given to Al2O3 nanoparticles for the preparation of NFs due to
achieving good dispersion and improvements in the heat transfer effectiveness [14–16]. An
empirical and numerical research by Awais et al. [17] for Al2O3 NFs flow in a heat sink heat
exchanger reported a good improvement of 17% to the thermal performance of the heat
sink. Moreover, Choi et al. [18] reported a 6.9% improvement in the thermal performance
of the radiator by using Al2O3 NFs as a coolant instead of the BF for a high-level power
system. Another study by Huang et al. [19] studied the performance of PHE with Al2O3 and
MWCNT NFs and an inconsiderable heat transfer improvement for both NFs was reported
in comparison with BF, i.e., water. Furthermore, an empirical study by Mare et al. [20]
presented a better cooling performance for the used CNTs NF than Al2O3 NF for the fluid
flow through PHE.

So far, numerical examination methods such as computational fluid dynamic (CFD)
tools showed good flexibility and a big advantage to be used for studying the heat transfer
characteristics of heat exchangers by different numerical modelling methods [21,22]. Yet,
numerical modelling has been used to simulate the performance of NFs for heat transfer
of NFs flow through uniform mini-channels [23] and micro-channels [24], and it showed
respectable agreement with experimental measurements for several conditions such as
non-Newtonian rheology behavior for the NFs [25]. In addition, different computational
methods were presented in the literature to investigate the behavior of NF flows for
different applications such as solar energy systems, electronics, and automotive [26,27].
Ahmed et al. [28] numerically tested the thermal performance of Cu NFs in the isothermally
corrugated channel and a considerable heat transfer upgrading was reported by using NF
instead of water for Re between 100 and 1000. Other researchers have numerically tested the
performance of other types of NFs. For example, Shirzad et al. [29] investigated Al2O3, CuO
and TiO2 NFs in PHE for Re between 1000 and 8000. In their investigation, while Al2O3 NF
had the best heat transfer values for low Re, TiO2 NF had the better performance in heat
transfer for high Re. Bahiraei et al. [30] numerically tested the flow of Al2O3 NFs in micro
PHE and different shapes of particles were used at 1.0 vol.%. concentration and Re of 500.
Platelet-shaped Al2O3 particles presented the best heat transfer rates. There is a numerical
research study conducted by Tiwari et al. [31] on PHE works with CeO2 and Al2O3 NFs as
homogeneous fluids using the CFD tools (ANSYS-FLUENT). The numerical predictions
were well matched with the experimental measurements and better performance was
found for CeO2 NFs as coolants. Generally, preparation and stability influence the thermal
performance in any heat transfer systems, such as PHE [7] and heat pipes [32].

In addition, the literature shows a single-phase numerical technique as a common method
to simulate the NF’s behavior in heat exchangers and a good agreement is usually presented
when numerical predictions are compared with experimental measurements [7]. Nevertheless,
reported numerical investigations on NFs for compact heat exchangers were not supported
by enough validation and comparison with experimental measurements [33,34], and the
thermophysical properties of the used NFs are mostly obtained theoretically by using
mixture laws and without studying the stability of NFs. Furthermore, the real mechanism
behind the deviation between the numerical and experimental measurements was not
identified, and the thermal behavior of the NFs in the flows was not explained. Therefore,
the current study intended to perform firstly a thorough experimental determination of
the thermophysical properties of Al3O2 and TiO2 NFs with low particle concentrations
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(0.01–0.2 vol.%) to be suitably tailored in the numerical simulations through the corrugated
channel of compact chevron PHE. Furthermore, a careful experimental investigation was
carried out for the heat transfer of the NFs flows in the hot loop of a compact PHE system.
The details of the numerical methodology (geometry dimensions, boundary conditions,
flow rates, etc.) were determined based on the experimental investigation and the equiva-
lent working conditions were applied for an accurate comparison between the numerical
and experimental measurements.

2. Nanofluids Preparation and Properties Characterization

In this study, a two-step preparation method was followed to produce the Al2O3
and TiO2 NFs samples. The primary sizes (diameter) of both Al2O3 and TiO2 nanopar-
ticle were <50 nm and 20 nm, respectively, and their purity was 99.5% (as provided by
IoLiTec, Heilbronn, Germany). The nanoparticles were dispersed into the BF (DW) for the
volumetric concentration of 0.01, 0.05, 0.1, 0.15, and 0.2 vol.% (equivalent to 0.04, 0.2, 0,4,
0.6, and 0.8% of the mass fractions). First, nanoparticles were precisely weighed using a
KERN ABS 80-4N scale and then dispersed into the base fluid. The good dispersion of
nanoparticles into the base fluid was obtained after employing a magnetic stirring process
for 15 min in a first moment followed by an ultrasonication process for 25 min using a
probe-type ultrasonicator (Hielscher UP200Ht) at an amplitude of 60%, power of 110 W
and 40 kHz frequency, to improve the dispersion and stability of the nanoparticles into
the fluids. Moreover, the viscosity and thermal conductivity (k) of the NFs were directly
measured after the preparation to ensure very good stability during the measurements. The
higher thermophysical properties of NFs, mainly the thermal conductivity and viscosity, are
considered key factors that define the heat transfer characteristics when NFs are employed
to flow through the heat exchangers channels/passages. Therefore, these thermophysical
properties of the NF samples were carefully measured and evaluated in the following
sections. On other hand, specific heat (Cp) and density of NFs do not change significantly
at low particle concentrations, and mixture rules are widely used for the determination of
these properties based on the volume fraction of particles (ϕ) into the BF. Thus, the mixture
rules (e.g., [35,36]) which were applied to NFs are given by Equation (1) for density and
Equation (2) for Cp, respectively,

ρn f = ϕρp + (1− ϕ)ρb f (1)

cp,n f =
ϕ
(
ρCp

)
p + (1− ϕ)

(
ρCp

)
b f

ρn f
(2)

where the subscripts n f represent NF, p the particle, and b f the BF.

2.1. Thermal Conductivity

In this study, the thermal conductivity of the Al2O3 and TiO2 NFs was tested at room
temperature (20 ◦C) by the transient hot-wire technique which showed good reliability for
NFs measurements [37]. Several tests were performed for each NF with an interval time of
20 min. The resulted thermal conductivity’ values of the Al2O3 and TiO2 NFs are given
in Figure 1 for several particles’ concentrations, and they show good enhancements up to
4.25% and 7.34% for TiO2 NF and Al2O3 NF at 0.2% particles’ concentration, respectively,
compared to the BF. Moreover, Al2O3 NFs reported higher enhancement in the thermal
conductivity values compared to TiO2 NFs at several values of ϕ. This is understandable as
the thermal conductivity of Al2O3 has several times (~5 times) larger than that of the TiO2.
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Figure 1. The enhancements of thermal conductivity of NFs as a function of volumetric concentrations
of Al2O3 and TiO2 nanoparticles.

2.2. Viscosity

The rheology of NFs is considered a unique parameter for understanding their hy-
draulic and thermal behavior in the flows through heat exchanges. Therefore, the viscosity
and rheology of the NFs and BFs are determined using a rheometer (from Brookfield)
with a thermostatic bath for several temperatures and shear rates. However, the viscosity
values did not change with shear rate values for all the types of particles and their amounts
into the BF, which indicates a Newtonian behavior for those NFs. The latter (Newtonian
behavior) was also reported in the literature for similar NF samples [38,39].

On the other hand, the viscosity’ values of Al2O3 and TiO2 NFs are tested for several
temperatures’ values and ϕ. The resulted values are presented in Figure 2 show that the
level of viscosity decreased by increasing the temperature value and raised by the increase
in the particles’ volume fraction for both types of NFs (Al2O3 and TiO2 NFs), in similar
behavior to most results in the literature [11,38].
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Figure 2. Viscosity of NFs as a function of temperature for two types of nanoparticles: (a) Al2O3, and
(b) TiO2.

It can be noticed a close values of viscosity for TiO2 and Al2O3 at the same particles’
concentrations and an increase of about 2.15% for 0.01 vol.% and of about 6.54% for
0.2 vol.% in comparison with the BF. Moreover, the decrease in the viscosity’ value due
to the rise in the temperature is significant: up to around 33.6% for 0.2 vol.% when the
temperature was increased from the lowest value of 21 ◦C to the highest value of 40 ◦C. The
latter findings (viscosity results) were anticipated and agreed with the data in the literature
for similar NFs [11,38].
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3. Experimental Heat Exchanger System and Methods

The experimental rig of the CPHE was established for the fluid flow and heat transfer
of nanofluids as presented in Figure 3. The CPHE system contains an open loop for the
cold fluid (using only water that goes to the drain after passing the CPHE) and a hot fluid
loop for the NF flow, which includes a tank with heater, pump, 2 flow meters, differential
pressure sensor, 4 thermocouples for temperature measurements, and DAQ linked to PC
for collecting data. Details about this investigational setup and working principle can be
found in an earlier study [40]. The components’ accuracy of the investigational setup was
firstly checked with DW as a well-known fluid and calibration procedure for the CPHE
system was conducted [40]. A temperature of 40 ◦C was set for the NF at the inlet of the
CPHE. The stabilization of the set flows and temperature were insured before recording the
data by the data acquisition system considering 2 s interval time. In short, the fluids and
NFs samples are heated in a tank then they flow into the hot loop passing the flowmeter
and the CPHE to return to the tank. The temperatures of the fluid at the inlets and outlets of
the CPHE are determined through four thermocouples and used to calculate the convection
heat transfer coefficient (CHTC) for each sample at each flow rate.
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The heat absorbed from the hot loop (Qh) and moved to the cold loop (Qc) is deter-
mined by Equations (3) and (4), and the average heat Q is assessed by Equation (5).

Qh =
.

mhCp,h(Thi − Tho) (3)

Qc =
.

mcCp,c(Tci − Tco) (4)

Q = (Qh + Qc)/2 (5)

Thi and Tho represent the temperatures values at the inlet and outlet of the hot loop of
the PHE, respectively. In addition, Tci and Tco represent the temperatures values at the inlet
and outlet of the cold loop of the PHE, respectively. Moreover, the overall convection heat
transfer coefficient (U) is found by Equations (6) and (7).

U =
Q

A·LMTD
(6)

A is the convection heat transfer area and LMTD is the log mean temperature difference.

LMTD =
(Tho − Tci)− (Thi − Tco)

ln (Tho−Tci)
(Thi−Tco)

(7)
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Then, the convection heat transfer coefficient (CHTC) for NFs in the hot loop (hh) is
defined by Equation (8):

U =
1
hh

+
δ

kpl
+

1
hc

(8)

where δ is the thickness of the plate of the heat exchanger, kpl represents the thermal con-
ductivity of the plate’s material. Furthermore, hc is the CHTC for the water in the cold loop
and it is theoretically predicted based on the heat exchanger design by Equation (9) [41]
that has been used and validated in previous studies [42,43] for similar conditions.

Nu = 0.348Re0.663 pr0.33 (9)

Then hc is determined from the definition of Nu as given by Equation (10),

hc = k× Nu/Dh (10)

Dh is the hydraulic diameter of the channel in the CPHE (Dh = 2b).

4. Numerical Modelling

The numerical investigation methodology was developed using the CFD tools of the
ANSYS-FLUENT software package [44]. The numerical modelling was created based on
the physics principles and the investigational procedure of the problem. The NFs samples
were deemed single-phase fluids and the FVM method was employed. The previously
determined (reported in the previous section) thermophysical properties of the NF samples
were inserted into the numerical model corresponding to each NF sample. Moreover, a
second-order upwind method is chosen for the convection and diffusing matters. The
pressure and velocity of each fluid flow was linked by the SIMPLE method [45]. The
simulations of the numerical approach are accomplished with achieving residual errors
below 10−6 for the calculations of the governing equations.

4.1. Geometric Configuration and Boundary Conditions

The dimensions of the numerical domain were chosen to approach and focus as much
as possible on the physics of the problem of flows and heat transfer of the NFs in the
PHE. Therefore, only the loop that contains the NFs’ flow was considered, while heat
conditions of the cold loop (where the water is flowing at a constant flow rate during all
the measurements) was obtained experimentally and applied in the numerical modelling
into the boundary conditions of the NFs flows. The latter helps to avoid the possible
numerical errors caused by the complex design of the PHE and reduces the time costs
of the simulations by using a smaller number of nodes in the mesh of the numerical
domain. Moreover, only one channel was chosen from the 5 hot channels in the hot loop
for the simulations to increase the accuracy of the numerical investigations, mainly for
NFs based on low particles concentrations. Therefore, the channel was designed to have
similar dimensions to the channel of the PHE used in the investigational setup and the
numerical domain was established as a two-dimensional (2D) corrugated channel with
0.278 m length (Lch) and 2.4 mm distance between channel’s plates (b) as it is presented in
Figure 4. Moreover, the heat flux boundary conditions on the wall were found based on the
measured data obtained for the cold loop, where the absorbed heat by the cold loop (Qc)
was found by Equation (4). Thus, the heat absorbance value for one channel (Qc1) can be
calculated (Qc1 = Qc/5), considering the assumption of the current study of having equal
flows and heat rates in the five channels of the cold loop, then the heat flux per unit of area
on the wall of the channel can be found in Equation (11).

q = Qc/A′ (11)

where A′ is the convection heat transfer area for one plate channel.
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However, the numerical investigation methodology was established considering in-
compressible turbulent fluid flow. The thermophysical properties of the NFs and the BF
were defined and used in the model. The inlet temperature (Tin) was considered at 40 ◦C
similar to the experimental measurement conditions for the hot loop. Moreover, velocity (u)
at the channel inlet was determined based on the measurement procedures for each flow
rate (0.03–0.93 L/s).

4.2. Governing Equations and Calculation

In this study, the equations of Navier–Stokes and energy are used in the numerical
investigation methodology as governing equations for running the simulations for the NFs
flowing through the corrugated channel of PHE. The turbulent model called as Realizable
K-ε found in the FLUENT-ANSYS package is adapted, where it is considered a developed
form of K-ε turbulence model proposed by Shih et at. [46] applying a recent formulation
for eddy-viscosity.

The dimensional governing equations for the current study conditions are as follows
in Equations (12)–(14),

Continuity equation:
∇·(ρV) = 0 (12)

Momentum equation:

∇·(ρVV) = −∇P +∇·(µ∇V) (13)

Energy equation:
∇·
(

ρCpVT
)
= ∇·(k∇T) (14)

where V represents the vector of velocity, P is the pressure, ρ is the density of the fluid and
µ is the viscosity of the fluid. Moreover, the kinetic energy of turbulence (K) and the dissi-
pation rate (ε) are attained by the following transport equations (Equations (15) and (16)):

∇·(ρVK) = ∇·
[(

µ +
µt

σK

)
∇K

]
+ GK − ρε (15)

∇·(ρVε) = ∇·
[(

µ +
µt

σε

)
∇ε

]
+ ρC1εSε− ρC2ε

ε2

K +
√

υε
(16)

In these equations, Gk symbolizes the generation of turbulence kinetic energy term
for the gradients in velocities. C2ε and C1ε are equation’ constants. σK and σε represent
the turbulent Prandtl numbers for K and ε, respectively. S is the average strain rate [44].
Moreover, the value of the eddy viscosity of the used Realizable model is not constant, and
it is calculated from the following Equation (17):

µt = ρ·Cµ·
K2

ε
(17)

where Cµ is a factor associated with the eddy viscosity. However, the model constants (C2ε,
σK, σε, A0 and As) have been formed to ensure the good performance of the numerical
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for the turbulent flow conditions. The mentioned constants of the numerical model are
provided as:

C2ε = 1.90, A0 = 4.040, σK = 1.00, σε = 1.20 and As =
√

6 cos ϕ.

However, the simulations were carried out for the BFs and the NFs for the various
particle concentrations (0.01, 0.05, 0.1 and 0.15 and 0.2 vol.%) flowing through the corru-
gated channel of the hot loop in the PHE in the similar working conditions (flow rates,
temperature value, and thermophysical properties) of the experimental measurements.
The temperature outcomes of the different samples at the outlet of the corrugated channel
(Tho) were collected and used to calculate the corresponding CHTC at each flow. The heat
removed from the hot loop (Qh) is found by Equation (3). Meanwhile, the values of the
temperatures of the channel in a cold loop and the heat transferred (Tci, Tco, and Qc) were
already known from the experimental measurements. Then the mean heat transfer (Q) was
calculated as in Equation (5). Moreover, the overall heat transfer coefficient (U) was found
by Equations (6) and (7). Then, the CHTC for the BFs and NFs in the hot loop (hh) can be
determined by Equation (8). Where the hc is the CHTC for the water in the cold loop that
was defined in the experimental investigation.

4.3. Mesh Optimisation and Validation

The independency of the mesh was ensured by testing several meshes by increasing
the number of the nodes and comparing it with experimental measurements for water as it
has a well-known hydraulic-thermal behavior. The tested meshes were 112621 (Mesh 1),
168441 (Mesh 2), 219282 (Mesh 3), and 303101 (Mesh 4): nodes were tested for several
flow rates at the equivalent working conditions of the experimental investigation. The
obtained numerical predictions are presented in Figure 5 for the CHTC and they show
good accuracy for the mesh of 219282 nodes in comparison with the experimental mea-
surements (Experimental data) with a deviation of around 6%. Moreover, it was found
that the numerical predictions of CHTC were not changing for node numbers higher than
219282 nodes. Therefore, the mesh of 219282 nodes was selected for the intended simula-
tions of this study to ensure the independency of the results from the mesh. A part of the
mesh is presented in Figure 6, which shows the uniform and smooth structure of the mesh
for accurate simulations of the turbulent flows.
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Furthermore, the resulted profiles of the velocity and temperature fields, at the en-
trance and end of the channel of the PHE, are presented in Figure 7 which shows good
consistency with the fluid flow characteristics under the PHE problem conditions. It can
be noticed from Figure 7 that the values of the temperature at the entrance of the channel
starts high and it becomes lower in the outlet area of the channel with lower values of
temperature near the upper wall. Moreover, the velocity profile shows the boundary layer
of the flow where there are lower values of velocity near the walls which make closely a
parabolic profile of the velocity in the channel.
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5. Heat Transfer Results and Discussion

The experimental and numerical results of the heat transfer performance of two types
of NFs (Al2O3 and TiO2 NFs) flowing through the hot loop of the CPHE are presented
in Figure 8. The heat transfer enhancements of the NFs are determined in comparison
with the corresponding BFs. The outcomes show good improvement with the increase in
loading of nanoparticles for all flow rates (Figure 8), and better thermal performance for
Al2O3 compared to TiO2 NFs for a deviation of 9% at 2.0 vol.% particles that decreases
with reducing the concentration of the particles. The maximum average enhancement
of about 24.6% is observed for the highest particle concentration (0.2 vol.%) through the
experimental measurements (Figure 8) of Al2O3 NF. It was anticipated as the enhanced
thermal conductivity of nanofluids was found to increase with increasing the amount of
nanoparticles into the BF. Moreover, it is due to the fact that Al2O3 NFs exhibit higher
thermal conductivity compared to TiO2 NFs (as presented in Figure 1).

143



Nanomaterials 2022, 12, 3634
Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 8. Enhancement of average heat transfer coefficient of DW-based Al2O3 and TiO2 NFs ob-
tained experimentally and numerically as a function of nanoparticle concentration. 

Therefore, the numerical findings (Num. in Figure 8) and experimental measure-
ments (Exp. in Figure 8) confirm that the dispersion of nanoparticles characterized by su-
perior thermal conduction such as Al2O3 and TiO2 particles with a conventional heat trans-
fer fluid (e.g., DW in this study) enhances the heat transfer performance, due to the greater 
thermal conductivity of the NFs. As presented in Figure 8, an increase in nanoparticles’ 
concentrations led to higher enhancement value in CHTC. It should be also noted that the 
temperature and velocity profiles and their boundary layer developments into the flow 
regime are influenced by the advanced properties of the NFs performing better heat trans-
fer between the two loops of the PHE, especially in the conditions of the current study 
where the NFs are operating in the hot loop under high temperature that leads to having 
higher thermal conduction characteristic and lower viscosity values of the NFs. The latter 
explains the excellent heat transfer improvement that reached around 24.6% for 0.2 vol.% 
of Al2O3 and 15.3% for 0.2 vol.% of TiO2. On other hand, the random movement of the 
nanoparticle in the turbulent flow regime and the possible migration of the nanoparticles 
into the flow inside the PHE (as appeared in the experimental investigations) can cause 
further development in the heat transfer rates [47]. These mentioned factors can also be 
the reasons for the higher enhancements of the CHTCs for Al2O3 and TiO2 NFs than the 
enhancements of their thermal conductivity (e.g., Figure 1). Several relevant studies have 
also highlighted that the improved convection heat transfer for the laminar flow of Al2O3 

NFs through a horizontal tube mainly due to the migration phenomena of nanoparticles 
into the flow [48]. The latter is proved by the current study when the experimental results 
were compared with the numerical results where the impact of the nanoparticles’ move-
ments and the migration phenomena are not considered for the numerical approach 
(nanofluids are simulated as single-phase fluids) but it exists in the experimental investi-
gation. However, the advanced heat transfer performance of Al2O3 NFs for different types 
of heat exchangers was widely reported in the literature [12,49,50] as well as for TiO2 NFs 
[51,52] in agreement with the finding of the current study. Furthermore, Tiwari et al. [42] 
found in their experimental investigation of CeO2, Al2O3, TiO2, and SiO2 NFs for gasketed 
PHE that there was heat transfer boost for all the particles’ types with maximum values 
for CeO2 NFs, whereas the Al2O3 NFs showed better heat transfer enhancement than TiO2 
NFs. Nevertheless, the findings and discussion can vary among different researchers even 
for the same NF type because of many parameters related to the concentration and mor-
phology of the particles, BF, flow rate, the operation temperature value, and the method 
of preparing the NFs and the type of heat exchanger and its dimensions. 

On the other hand, the differences between the numerical and the experimental results 
are shown in Figure 9. The numerical results show relatively lower heat transfer 
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Therefore, the numerical findings (Num. in Figure 8) and experimental measurements
(Exp. in Figure 8) confirm that the dispersion of nanoparticles characterized by superior
thermal conduction such as Al2O3 and TiO2 particles with a conventional heat transfer
fluid (e.g., DW in this study) enhances the heat transfer performance, due to the greater
thermal conductivity of the NFs. As presented in Figure 8, an increase in nanoparticles’
concentrations led to higher enhancement value in CHTC. It should be also noted that the
temperature and velocity profiles and their boundary layer developments into the flow
regime are influenced by the advanced properties of the NFs performing better heat transfer
between the two loops of the PHE, especially in the conditions of the current study where
the NFs are operating in the hot loop under high temperature that leads to having higher
thermal conduction characteristic and lower viscosity values of the NFs. The latter explains
the excellent heat transfer improvement that reached around 24.6% for 0.2 vol.% of Al2O3
and 15.3% for 0.2 vol.% of TiO2. On other hand, the random movement of the nanoparticle
in the turbulent flow regime and the possible migration of the nanoparticles into the
flow inside the PHE (as appeared in the experimental investigations) can cause further
development in the heat transfer rates [47]. These mentioned factors can also be the reasons
for the higher enhancements of the CHTCs for Al2O3 and TiO2 NFs than the enhancements
of their thermal conductivity (e.g., Figure 1). Several relevant studies have also highlighted
that the improved convection heat transfer for the laminar flow of Al2O3 NFs through a
horizontal tube mainly due to the migration phenomena of nanoparticles into the flow [48].
The latter is proved by the current study when the experimental results were compared with
the numerical results where the impact of the nanoparticles’ movements and the migration
phenomena are not considered for the numerical approach (nanofluids are simulated as
single-phase fluids) but it exists in the experimental investigation. However, the advanced
heat transfer performance of Al2O3 NFs for different types of heat exchangers was widely
reported in the literature [12,49,50] as well as for TiO2 NFs [51,52] in agreement with the
finding of the current study. Furthermore, Tiwari et al. [42] found in their experimental
investigation of CeO2, Al2O3, TiO2, and SiO2 NFs for gasketed PHE that there was heat
transfer boost for all the particles’ types with maximum values for CeO2 NFs, whereas
the Al2O3 NFs showed better heat transfer enhancement than TiO2 NFs. Nevertheless, the
findings and discussion can vary among different researchers even for the same NF type
because of many parameters related to the concentration and morphology of the particles,
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BF, flow rate, the operation temperature value, and the method of preparing the NFs and
the type of heat exchanger and its dimensions.

On the other hand, the differences between the numerical and the experimental
results are shown in Figure 9. The numerical results show relatively lower heat transfer
enhancements in comparison with experimental data with a deviation between 1.0% and
3.3% for TiO2 NFs and a deviation between 1.6% and 7.2% for Al2O3 NFs.
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Moreover, the deviation, in most cases, increases with the decrease in flow rates and
the rise in particles concentrations (Figure 9). The latter refers to the existence of some
factors in experimental investigations responsible for extra heat transfer enhancement than
the ones in numerical investigations. Those factors are mainly related to the nanoparticle’s
movements in the flow which is not considered in the numerical investigation method-
ology. However, at higher flow rates the hydraulic impact of the flow on convection
heat transfer performance becomes higher than the impact of the thermal conductivity
increases in the NFs which led to a slightly lower impact of the nanoparticle’s movements
on heat transfer. On other hand, the increase in the deviation between the numerical and
experimental data refers to the increase in the impact of nanoparticles’ movements with
increasing the concentration due to their influence on hydraulic and thermal boundary
layer development leading to higher heat transfer levels. However, some previous stud-
ies have conducted both numerical and experimental examinations on the NFs through
PHE, such as a study by Pantzali et al. [53] for CuO NFs in a miniature PHE and they
mentioned better heat transfer levels at low flow rates reaching the overall heat transfer
enhancement of about 29.41%. Their numerical results were in good agreement with the
experimental results, demonstrating CFD as a reliable tool for investigating NFs in PHE.
Moreover, Bhattad et al. [54] have numerically and empirically examined the behavior of
hybrid NF (Al2O3 + MWCNT/water) in PHE and reported an increase in CHTC of 39.16%.
Their numerical predictions were in good agreement with the experimental results with
a smaller deviation. The latter conclusion is also agreed with the findings of a numerical
study by Tiwari et al. [31] using CeO2 and Al2O3 NFs in PHE. Therefore, the numerical
results of the current study showed significant advantages to define the parameters that
cannot be determined when only the experimental methods are used. The parameters
such as the nanoparticles movements and their impact on the fluid flow and heat transfer
through the channels of PHE can’t be defined by the traditional experimental investigation
methods. The numerical results of the current study allowed to isolate (comparing with
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the experimental data of heat transfer) those important parameters that are considered
responsible for the extra enhancement of the heat transfer.

6. Conclusions

In this study, numerical simulations and experimental measurements on the flow and
heat transfer performance of Al2O3 and TiO2 NFs in a compact PHE are carried out. The
PHE system was established and verified for the operation of the flows of two fluids (cold
and hot) in separated loops. The Al2O3 and TiO2 NFs are prepared and their thermophysical
properties such as thermal conductivity and viscosity are measured. The improvements
in thermal conductivity caused by adding different concentrations of nanoparticles are
presented, and maximum enhancements of about 7.30% for Al2O3 NF and 4.20% for
TiO2 NF at 0.2 vol.% concentration were found. Additionally, the viscosity was found
to increase by increasing concentration of nanoparticles for both NFs, and there was a
decrease with increasing the temperature. The numerical methodology is developed using
the CFD tools of the ANSYS-FLUENT software for the similar physical conditions of the
experimental method.

The heat transfer investigations on the Al2O3 and TiO2 NFs through the hot loop
of the compact plate heat exchanger were conducted for several flow rates at an inlet
temperature of 40 ◦C, and the heat transfer characteristics were empirically determined.
The experimental and numerical data obtained for both NFs regarding CHTC enhancements
were compared for several flows. Good enhancements of the heat transfer were found
for both NFs and it was found to increase with the concentration of particles for all the
flow rates. However, Al2O3 NFs showed better enhancement compared to TiO2 NFs. The
maximum enhancement of heat transfer (24.6%) was observed for the Al2O3 NF at the
highest particle concentration (0.2 vol.%) through the experimental measurements.

Moreover, the numerical results show lower heat transfer enhancements in comparison
with the experimental measurements with a deviation between 1.0% and 3.3% for TiO2
NFs and a deviation between 1.6% and 7.2% for Al2O3 NFs. The deviation was changed
based on the particles’ concentration and the flow rate. The latter is presumed due to the
nanoparticles’ movements in the flow which is not considered in the numerical investigation
and led to extra heat transfer enhancement.

Finally, the experimental and numerical findings of flows of Al2O3 and TiO2 NFs
showed good heat transfer enhancements in the compact PHE. This study helps for a better
understanding of the heat transfer performance and mechanisms of the NFs’ behavior
through such PHE as well as highlights the benefits of using CFD tools for modelling NFs
with clarification of their thermal characteristics.
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Nomenclature

Al2O3 Alumina
b Distance between the channels’ plates (mm)
BF Base Fluid
Cp Specific heat of the fluid (J/kg·K)
CFD Computational Fluid Dynamic
CPHE Compact plate heat exchanger
Dh Hydraulic diameter of the channel (m)
DW Distilled Water
h Convection Heat transfer coefficient (W/m2·K)
CHTC Convection Heat transfer coefficient (W/m2·K)
k Thermal conductivity of the fluid (W/m·K)
LMTD Log mean temperature difference
.

m Mass flow (kg/s)
NF Nanofluid
PHE plate heat exchanger
Q Heat rate (W)
T Temperature (K)
U Overall convection heat transfer coefficient (W/m2·K)
Greek symbols
µ The viscosity (mPa·s)
ρ The density (kg/m3)
δ Plate thickness (mm)
ϕ Volume fraction of particles
Subscripts
bf Base fluid
c Cold
f Fluid
h Hot
i Inlet
nf Nanofluid
o Outlet
p Particle
pl Plate
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Abstract: Natural convection heat transfer in a porous annulus filled with a Cu nanofluid has been
investigated numerically. The Darcy–Brinkman and the energy transport equations are employed
to describe the nanofluid motion and the heat transfer in the porous medium. Numerical results
including the isotherms, streamlines, and heat transfer rate are obtained under the following parame-
ters: Brownian motion, Rayleigh number (103–105), Darcy number (10−4–10−2), nanoparticle volume
fraction (0.01–0.09), nanoparticle diameter (10–90 nm), porosity (0.1–0.9), and radius ratio (1.1–10).
Results show that Brownian motion should be considered. The nanoparticle volume fraction has a
positive effect on the heat transfer rate, especially with high Rayleigh number and Darcy number,
while the nanoparticle diameter has an inverse influence. The heat transfer rate is enhanced with
the increase of porosity. The radius ratio has a significant influence on the isotherms, streamlines,
and heat transfer rate, and the rate is greatly enhanced with the increase of radius ratio.

Keywords: natural convection; heat transfer; water-based nanofluid; Brownian motion; porous
medium; Darcy–Brinkman equation; numerical simulation

1. Introduction

Fluid flow and heat transfer due to natural convection in porous annulus is one of
the most considerable research issues due to its wide applications in science and engi-
neering [1–3], such as thermal insulators, chemical catalytic convectors, thermal storage
systems, geothermal energy utilization, electronic cooling, and nuclear reactor systems.
Therefore, natural convection in porous annulus has been extensively investigated during
the past decades. Caltagirone [4] was the first to study natural convection in a saturated
porous medium bounded by two concentric, horizontal, isothermal cylinders experimen-
tally and numerically. The author used the Christiansen effect in order to visualize a
fluctuating three-dimensional thermal field for Rayleigh number exceeding some critical
value. Rao et al. [5,6] performed steady and transient investigations on natural convection
in a horizontal porous annulus heated from the inner face using Galerkin method. The ef-
fects of Rayleigh number and Darcy number on heat transfer characteristics were studied.
In addition, the bifurcation point was obtained numerically, which compared very well
with that from experimental observation.

Himasekhar [7] examined the two-dimensional bifurcation phenomena in thermal
convection in horizontal, concentric annuli containing saturated porous media. The fluid
motion is described by the Darcy–Oberbeck–Boussinesq equations, which were solved
using regular perturbation expansion. The flow structure was obtained under different
parameters, such as the radius ratio and Rayleigh–Darcy number. A parametric study was
performed by Leong et al. [8] to investigate the effects of Rayleigh number, Darcy number,
porous sleeve thickness, and relative thermal conductivity on heat transfer characteris-
tics. Braga et al. [9] presented numerical computations for laminar and turbulent natural
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convection within a horizontal cylindrical annulus filled with a fluid saturated porous
medium. Computations covered the range 25 < Ram < 500 and 3.2 × 10−4 > Da > 3.2 × 10−6

and made use of the finite volume method. Khanafer et al. [10] carried out a numerical
simulation in order to examine the parametric effects of Rayleigh number and radius ratio
on the role played by natural convection heat transfer in the porous annuli. The model
was governed by Darcy–Oberbeck–Boussinesq equations and solved using the Galerkin
method. In order to investigate the buoyancy-induced flow as affected by the presence of
the porous layer, Alloui and Vasseur [11] studied natural convection in a horizontal annular
porous layer filled with a binary fluid under the influence of the Soret effect using the
Darcy model with the Boussinesq approximation. Numerical solutions of the full governing
equations are obtained for a wide range of the governing parameters, such as Rayleigh
number, Lewis number, buoyancy ratio, radius ratio of the cavity, and normalized porosity.

Belabid and Cheddadi [12] solved natural convection heat transfer within a two-
dimensional horizontal annulus filled with a saturated porous medium using ADI (Al-
ternating Direction Implicit) finite difference method. This work placed emphasis on
the mesh effect on the determination of the bifurcation point between monocellular and
bicellular flows for different values of the aspect ratio. In a recent work, Belabid and
Allali [13,14] studied the effects of a periodic gravitational and temperature modulation
on the convective instability in a horizontal porous annulus. Results showed that the
convective instability is influenced by the amplitude and the frequency of the modulation.
Rostami et al. [15] provided a review of recent natural convection studies, including experi-
mental and numerical studies. The effects of the parameters, such as nanoparticle addition,
magnetic fields, and porous medium on the natural convection were examined.

The traditional fluids in engineering, such as water and mineral oils, have a primary
limitation in the enhancement of heat transfer due to a rather low thermal conductivity.
The term nanofluids, which was first put forward by Choi [16], is used to describe the
mixture of nanoparticles and base fluid. Due to the relatively higher thermal conductivities,
nanofluids are considered as an effective approach to meet some challenges associated
with the traditional fluids [17]. In the last few decades, studies on the natural convection
of nanofluids in enclosure were conducted by a number of researchers [18]. For instance,
Jou and Tzeng [19] investigated the numerically natural convection heat transfer enhance-
ment utilizing nanofluids in a two-dimensional enclosure. Results showed that increasing
the buoyancy parameter and volume fraction of nanofluids caused an increase in the
average heat transfer coefficient. Ghasemi et al. [20] simulated the natural convection
heat transfer in an inclined enclosure filled with a CuO–water nanofluid. The effects of
pertinent parameters such as Rayleigh number, inclination angle, and solid volume fraction
on the heat transfer characteristics were studied. The results indicated that the heat transfer
rate is maximized at a specific inclination angle depending on Rayleigh number and solid
volume fraction.

In a related work, Abu-Nada and Oztop [21] found that the effect of nanoparticles
concentration on Nusselt number was more pronounced at low volume fraction than at
high volume fraction and the inclination angle could be a control parameter for nanofluid
filled enclosure. Soleimani et al. [22] studied the natural convection heat transfer in a semi-
annulus enclosure filled with a Cu–water nanofluid using the Control Volume based Finite
Element Method. The numerical investigation was carried out for different governing
parameters, such as Rayleigh number, nanoparticle volume fraction, and angle of turn
for the enclosure. The results revealed that there was an optimal angle of turn in which
the average Nusselt number was maximum for each Rayleigh number. Seyyedi et al. [23]
simulated the natural convection heat transfer of Cu–water nanofluid in an annulus en-
closure using the Control Volume-based Finite Element Method. The Maxwell–Garnetts
and Brinkman models were employed to estimate the effect of thermal conductivity and
viscosity of nanofluid. The results showed the effects of the governing parameters on
the local Nusselt number, average Nusselt number, streamlines, and isotherms. Boualit
et al. [24] and Liao [25] studied respectively natural convection heat transfer of Cu- and
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Al2O3-water nanofluids in a square enclosure under the horizontal temperature gradient.
Both the flow structure and the corresponding heat transfer characteristics at different
Rayleigh numbers and nanoparticle volume fractions were obtained. Wang et al. [26]
investigated numerically the natural convection in a partially heated enclosure filled with
Al2O3 nanofluids. The results indicated that at low Rayleigh numbers, the heat transfer
performance increased with nanoparticle volume fraction, while at high Rayleigh numbers,
there existed an optimal volume fraction at which the heat transfer performance had a peak.
In a recent work, Mi et al. [27] examined the effects of graphene nano-sheets (GNs) nanopar-
ticles by comparing the thermal conductivity of graphene nano-sheets (GNs)/ethylene
glycol (EG) nanofluid with EG thermal conductivity. Results showed that the presence
of nanoparticles improved the thermal conductivity, and with increasing temperature,
the effect of adding GNs was strengthened.

Although several numerical and experimental studies on the natural convection
heat transfer were published, most of them concentrated on traditional fluids in cavities,
and only a few of them consider a nanofluid in a porous annulus [28–30]. In the present
work, steady natural convection heat transfer in a porous annulus filled with a Cu-nanofluid
has been investigated, and the governing equations, including the Darcy–Brinkman equa-
tion, were solved using the Galerkin method. This paper presented a systematical exam-
ination on the effects of Brownian motion, solid volume fraction, nanoparticle diameter,
Rayleigh number, Darcy number, porosity on the flow pattern, temperature distribution,
and heat transfer characteristics. To the best of our knowledge, no study on this problem
has been considered before, and accordingly, the current paper will address this topic.

2. Problem Formulation
2.1. Physical Description

We consider porous annulus filled with a Cu–water nanofluid between a horizontal in-
ner and outer cylinder of radius ri and ro, respectively, as shown in Figure 1. The inner and
outer cylinders are kept at uniform high temperature Ti and low temperature To, respec-
tively. It is taken into consideration that the flow is two-dimensional, steady, and laminar
due to the low velocity. The porous medium is considered as isotropic, homogeneous,
and filled with a nanofluid, which is thermal equilibrium with the solid matrix, and the
Darcy–Brinkman equation without inertia item is adopted. For the nanofluid, the effect of
Brownian motion [31–33] is considered. The thermophysical properties of the base water,
copper nanoparticles, and solid structure of the porous medium used in this study are
presented in Tables 1 and 2 [34,35].
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Table 1. Thermal physical properties of the base fluid (water), nanoparticle (Cu), and solid of the
porous medium (glass balls).

Physical Properties Base Fluid (Water) Nanoparticle (Cu) Porous (Glass Balls)

ρ [kg/m3] 997.1 8933 2700
cp [J/(kg·K)] 4179 385 840
k [W/(m·K)] 0.613 76.5 1.05
µ [kg/(m·s)] 0.001003 - -

β × 105 [1/K] 21 1.67 0.9

Table 2. Applied models for thermophysical properties of the nanofluid with or without Brownian motion.

Physical Properties
Applied Model

Without Brownian Motion With Brownian Motion

k [W/(m·K)] knf
kbf

=
ksp+2kbf−2ϕ(kbf−ksp)
ksp+2kbf+ϕ(kbf−ksp)

knf = kbf
ksp+2kbf−2ϕ(kbf−ksp)
ksp+2kbf+ϕ(kbf−ksp)

+ C
(
ρcp
)

nf
2kbTo

πµnfdsp
2 ϕdsp

µ [kg/(m·s)] µnf = µbf/(1 − φ)2.5 µnf = µbf/[1 − 34.87(dsp/dbf)−0.3φ1.03];

ρ [kg/m3] (ρcp)nf = (1 − φ)(ρcp)bf + φ((ρ cp)sp

cp [J/(kg·K)] ρnf(T) = (1 − φ)ρbf(T) + φρsp;

C = 3.6 × 104; kb = 1.38065 × 10−23 J K−1, dbf = 0.1[6M/(Nπρm)]1/3: M = 0.018 kg mol−1, N = 6.022 × 1023 mol−1, ρ, (ρcp) and µ denote the
density, heat capacitance, and dynamic viscosity, respectively, k is the thermal conductivity, φ is the nanoparticle volume fraction, and the
subscripts bf, sp, and nf designate the base fluid, nanoparticle, and nanofluid.

2.2. Governing Equations and Boundary Conditions

By introducing the Boussinesq approximation, the governing equations for the heat
transfer and fluid flow can be written as follows:

∂u
∂x

+
∂v
∂y

= 0 (1)

(
u

∂u
∂x

+ v
∂u
∂y

)
= −ε

1
ρnf

∂p
∂x

+ ενnf

(
∂2u
∂x2 +

∂2u
∂y2

)
− ε2 νnf

K
u (2)

(
u

∂v
∂x

+ v
∂v
∂y

)
= −ε

1
ρnf

∂p
∂y

+ ενnf

(
∂2v
∂x2 +

∂2v
∂y2

)
− ε2 νnf

K
v + ε2gβ(T − To) (3)

(
ρcp
)

nf

(
u

∂T
∂x

+ v
∂T
∂y

)
= kmnf

(
∂2T
∂x2 +

∂2T
∂y2

)
(4)

where (x, y) are the Cartesian coordinates of the geometry, (u, v) are the velocity components,
T and p are the temperature and pressure, respectively, ρ, (ρcp), ν, β and α denote the
density, heat capacitance, kinematic viscosity, thermal expansion coefficient, and thermal
diffusion, respectively, k is the thermal conductivity, ε is the porosity, and K is the medium
permeability. The subscripts nf and mnf designate nanofluid and porous medium filled
with nanofluid.

The effective thermal conductivity of the porous medium filled with nanofluid can be
as modeled as:

kmnf = εknf + (1 − ε)ks. (5)

Using the following dimensional variables,

(X, Y) = (x,y)
(ro−ri)

, (U, V) = (u,v)(ro−ri)
αmnf

, P = p(ro−ri)
2

ρnfαmnf
2 , θ = T−To

Ti−To
, αmnf = kmnf

(ρcp)nf
,

Ra = gβ(Ti−To)(ro−ri)
3

vnfαmnf
, Pr = vnf

αmnf
, Da = k

L2 .

The governing Equations (1)–(4) reduce to a dimensionless form:

∂U
∂X

+
∂U
∂Y

= 0 (6)
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U
∂U
∂X

+ V
∂U
∂Y

= −ε
∂P
∂X

+ εPr
(

∂2U
∂X2 +

∂2U
∂Y2

)
− ε2 Pr

Da
U (7)

U
∂V
∂X

+ V
∂V
∂Y

= −ε
∂P
∂X

+ εPr
(

∂2V
∂X2 +

∂2V
∂Y2

)
− ε2 Pr

Da
U + ε2RaPrθ (8)

U
∂θ

∂X
+ V

∂θ

∂Y
=

1
Pr

(
∂2θ

∂X2 +
∂2θ

∂Y2

)
(9)

where (X, Y) are the dimensionless Cartesian coordinates of the geometry, (U, V) are
the dimensionless velocity components, and θ and P are the temperature and pressure,
respectively. Ra, Pr, and Da denote respectively the Raleigh number, Prandtl number,
and Darcy number.

The boundary conditions for this problem are as follows:
On the outer cylinder surface:

θ = 0. (10)

On the inner cylinder surface:
θ = 1. (11)

On the outer and inner cylinder surfaces:

U = V = 0. (12)

The local and overall heat transfer rate along the inner cylinder surface are estimated
using the local Nusselt number and average Nusselt number, respectively:

Nuloc =
∂θ

∂N

∣∣∣∣
S
=

√(
∂θ

∂X

)2
+

(
∂θ

∂Y

)2
(13)

Nuavg =
1
S

∫ s

0
Nuloc (14)

where S is the non-dimensional length along the inner cylinder surface.

3. Numerical Procedure

The dimensionless governing Equations (6)–(9) together with the boundary con-
ditions (10) and (11) have been solved numerically using the commercial software tool,
which is known as COMSOL Multiphysics (Version 5.5, COMSOL Inc., Stockholm, Sweden).
The software employs the Galerkin finite element method, which enforces the orthogonality
of residuals to all basis functions in a basis. In Galerkin formulation, weighting functions
are chosen to become identical to basis functions [36]. In this paper, we have employed a
segregated and parallel direct (Pardiso) solver to solve those equations. As convergence
criteria, 10−6 has been chosen for all dependent variables.

3.1. Grid Generation and Independence Test

In the finite element method, grid generation is the technique to discretize the compu-
tational domain into subdomains. In this study, we have adopted unstructured triangular
elements in the interior and structured quadrilateral elements on the boundary. Figure 2
is the grid generation of the structure with a legend of quality measure. A quality of 1
represents the best possible grid quality, and a quality of 0 represents the worst possible
grid quality. For purpose of ensuring the grid independence of the numerical solution,
different grid levels in the Comsol Multiphysics are examined. As shown in Table 3,
the average Nusselt number of on the inner cylinder at different grids is presented for Cu
nanofluid when the nanoparticle volume fraction (φ) is 0.5, nanoparticle diameter (dsp)
is 50 nm, Rayleigh number (Ra) is 105, porosity (ε) is 0.5, and Darcy number (Da) is 10−2.
The difference between normal and extremely fine is within 1.35%. By comprehensive
considering the calculation accuracy and cost, the extra fine level is chosen in this study.
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Table 3. Comparison of the average Nusselt number for Cu nanofluid at different levels when φ = 0.5,
dsp = 50 nm, Ra = 105, ε = 0.5, and Da = 10−2.

Level Number of Elements Minimum Quality Average Quality Nuavg

normal 894 0.4632 0.7779 2.2466
fine 1344 0.4938 0.8284 2.2632
finer 1882 0.5084 0.8305 2.2668

extra fine 6394 0.5276 0.8424 2.2766
extremely fine 17858 0.5053 0.8466 2.2769

3.2. Code Validation

Due to the lack of experimental data for conjugate heat transfer of nanofluid in an
annulus filled with porous medium, we have compared our results with the numerical
results of Abhishek Kumar Singh and Tanmay Basak et al. [37] for a square cavity filled
with base fluid (φ = 0). The comparisons are presented in Table 4, when ε = 0.4, and the
deviations are 0%, 0%, and 0.84% with Ra = 103, 104, and 105, respectively. When ε = 0.9,
the deviations are 0.5%, 1.2%, and 1.3% with Ra = 103, 104, and 105, respectively. It is clear
that the current results are in good agreement with the earlier work, and the maximum
deviation is 1.3%. In addition, it can be seen that the deviation is increased with the increase
of Rayleigh number and porosity. The validation work has enhanced the confidence in the
numerical solution of the current study.

Table 4. Comparison of the average Nusselt number with those of Singh et al. [37] for different
Rayleigh number when ϕ = 0, ε = 0.4, 0.9, Da = 10−2, and Pr = 1.

Darcy
Number

(Da)

Reyleigh
Number

(Ra)

Average Nusselt Number (Nuavg)

ε = 0.4 ε = 0.9

Ref [37] Present Work Diff(%) Ref [37] Present Work Diff(%)

10−2
105 2.983 3.008 0.84 3.91 3.95 1.3
104 1.408 1.408 0 1.64 1.66 1.2
103 1.01 1.01 0 1.023 1.028 0.5

4. Results and Discussion

In this section, numerical simulations are carried out to investigate the flow and heat
transfer characteristics of the nanofluid filled in the porous annulus. The results present
the effects of several parameters, such as Brownian motion, nanoparticle diameter dsp
(10–90 nm), nanoparticle volume fraction φ (0.01–0.09), Rayleigh number Ra (103–105),
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Darcy number Da (10−4–10−2), porosity ε (0.1–0.9), and radius ratio RR (1.1–10) on the
isotherms and streamlines, the local Nusselt number (Nuloc), and the average Nusselt
number (Nuavg).

4.1. Effects of Brownian Motion

In this section, we have investigated the effect of Brownian motion on the heat transfer
characteristics using two applied models in Table 2. One ignores the Brownian motion of
the nanoparticles. The other takes Brownian motion into consideration and the modified ef-
fective thermal conductivity and effective dynamic viscosity are adopted. Figure 3 presents
the effect of Brownian motion on the average Nusselt number along the inner wall under
different parameters. From Figure 3a, the average Nusselt number increases generally
as Brownian motion is considered. With the increase of nanoparticle volume fraction,
the influence of Brownian motion becomes more noticeable. In addition, with the decrease
of nanoparticle diameter, the influence of Brownian motion becomes more remarkable.
For instance, when Ra = 5 × 103, Da = 10−2, dsp = 90 nm, Nuavg with Brownian motion
increased by 0.21% compared with that without Brownian motion at φ = 0.01, while the
growth rate is 2.7% at φ = 0.09. When Ra = 5 × 103, Da = 10−2, dsp = 10 nm, Nuavg with
Brownian motion increased by 1.98% compared with that without Brownian motion at
φ = 0.01, while the growth rate is 23.76% at φ = 0.09. Comparing Figure 3a,b and Figure 3b
with Figure 3c, the effect of Brownian motion becomes more remarkable with the increase
of Rayleigh number and the decrease of Darcy number. For example, when Da = 10−2,
φ = 0.09, dsp = 10 nm, Nuavg with Brownian motion increased by 23.76% compared with that
without Brownian motion at Ra = 5 × 103, while the growth rate is 35.92% at Ra = 5 × 104.
When Ra = 5 × 104, φ = 0.09, dsp = 10 nm, Nuavg with Brownian motion increased by
35.92% compared with that without Brownian motion at Da = 10−2, while the growth rate
is 46.29% at Da = 10−3. Therefore, the effect of Brownian motion on the natural convection
heat transfer of the nanofluid should be considered. Furthermore, the positive effect of
Brownian motion on the overall heat transfer rate is different at different parameters.

4.2. Effects of Nanoparticle Volume Fraction

Figure 4 shows the isotherms and streamlines for different nanoparticle volume
fraction and Rayleigh number at Da = 10−2, dsp = 50 nm, ε = 0.5, and RR = 2. The color
scales on the left represent the dimensionless temperature and those on the right represent
the dimensionless velocity, as in other sections of the article. From Figure 4, for Ra = 103,
the isotherms have a uniform distribution; this is because the buoyancy force is weak
compared with the viscous force, and it indicates that the heat transfer in the annulus
is dominated by thermal conduction. The effect of volume fraction on the isotherms is
weak. For Ra = 104, a slight thermal disturbance appeared, which indicates that the flow
is enhanced and the transition from conduction to natural convection takes place. In this
case, the effect of volume fraction becomes more important. For Ra = 105, the isotherms
are almost horizontally distributed, especially when φ = 0.9, which means that the natural
convection heat transfer turns out to be more significant and the effect of volume fraction
is more pronounced. With the increase of Rayleigh number, the streamlines become denser
near the walls and the cell becomes bigger and has a tendency to move upward due to
the enhanced buoyance force. In addition, for Ra = 103 and Ra = 104, the effect of volume
fraction on the streamlines is very weak, while for Ra = 105, the effect is more pronounced.
Figure 5 displays the effect of volume fraction on the overall heat transfer rate along the
inner wall at different Rayleigh numbers. The figure shows that an increase in volume
fraction leads to heat transfer enhancement for all considered Rayleigh numbers, and the
effect of volume fraction is more pronounced when the Rayleigh number is high.
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tions (ϕ) and Rayleigh numbers (Ra) at Da = 10−2, dsp = 50 nm, ε = 0.5, and RR = 2. 
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Figure 5. Average Nusselt number (Nuavg) of the inner wall for different nanoparticle volume
fractions (φ) and Rayleigh numbers (Ra) at Da = 10−2, dsp = 50 nm, ε = 0.5, and RR = 2.

Figure 6 illustrates the isotherms and streamlines for different nanoparticle volume
fraction and Darcy number at dsp = 50 nm, Ra = 105, ε = 0.5, and RR = 2. From Figure 6,
for Da = 10−4, the isotherms have a uniform distribution due to the low permeability,
and it indicates that the heat transfer in the annulus is dominated by thermal conduction.
The effect of volume fraction on the isotherms is slight. For Da = 10−3, due to the enhanced
permeability, the flow in the annulus is strengthened, and the transition from conduction
to natural convection takes place. In this case, the effect of volume fraction becomes more
important. For Da = 10−2, the isotherms are almost horizontally distributed, especially
when φ = 0.9, which means the natural convection heat transfer plays a significant role
and the effect of volume fraction is more pronounced. With the increase of Darcy number,
the streamlines become denser near the walls and the cells become bigger and have
a tendency to move upward due to the enhanced flow. In addition, for Da = 10−4 and
Da = 10−3, the effect of volume fraction on the streamlines is very weak, while for Da = 10−2,
the effect is more pronounced. Figure 7 displays the effect of volume fraction on the overall
heat transfer rate along the inner wall at different Darcy numbers. The figure shows that
an increase in volume fraction leads to heat transfer enhancement for all considered Darcy
numbers and the effect of volume fraction is increased with the increase of Darcy number.

Figure 8 presents the evolution of the local Nusselt number along the inner wall
for different nanoparticle volume fractions at Ra = 105, Da = 10−2, dsp = 50 nm, ε = 0.5,
and RR = 2. The increase of Nuloc in the whole region means that the local heat transfer rate
is enhanced. It can be found that the maximum Nuloc occurred at γ = 180◦, which means
the natural convection heat transfer is more intense in the bottom half of the inner wall.
In addition, the heat transfer is enhanced with the increase of volume fraction.
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Figure 7. Average Nusselt number (Nuavg) of the inner wall for different nanoparticle volume frac-
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Figure 8. Local Nusselt number (Nuloc) along the inner wall for different nanoparticle volume frac-
tions (ϕ) at Ra = 105, Da = 10−2, dsp = 50 nm, ε = 0.5, and RR = 2. 
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Figure 8. Local Nusselt number (Nuloc) along the inner wall for different nanoparticle volume
fractions (φ) at Ra = 105, Da = 10−2, dsp = 50 nm, ε = 0.5, and RR = 2.

4.3. Effects of Nanoparticle Diameter

Figure 9 shows the isotherms and streamlines for different nanoparticle diameters and
Rayleigh numbers at Da = 10−2, φ = 0.05, ε = 0.5 and RR = 2. From Figure 9, for Ra = 103,
the isotherms have a uniform distribution due to the weak buoyancy force, and it indicates
that the heat transfer in the annulus is dominated by thermal conduction. The nanoparticle
diameter has a weak effect on the isotherms. For Ra = 104, the natural convection heat
transfer is strengthened due to the enhanced buoyancy force. The isotherms near the
top half of the inner wall are disturbed, and the change of the isotherms distribution is
more remarkable at dsp = 10 compared with dsp = 90. For Ra = 5 × 104, the isotherms are
almost horizontally distributed, especially when dsp = 10, which means that the natural
convection dominates the heat transfer and the effect of the nanoparticle diameter is more
pronounced. In addition, for Ra = 103 and Ra = 104, the effect of nanoparticle diameter on
the streamlines is very weak, while for Ra = 105, the effect is more pronounced, and the
cell becomes bigger and has a tendency to move upward. Figure 10 displays the effect of
nanoparticle diameter on the overall heat transfer rate along the inner wall at different
Rayleigh numbers. The figure shows that an increase in the nanoparticle diameter leads
to reduced heat transfer for all considered Rayleigh numbers. For Ra = 103, the effect of
nanoparticle diameter is less pronounced. For Ra = 5 × 104, the effect of nanoparticle
diameter is remarkable, especially when it is at a low value. For instance, Nuavg decreased
by 11.79% from dsp = 10 to dsp = 30 and decreased by 5.81% from dsp = 30 to dsp = 90 at
Ra = 5 × 104, while Nuavg decreased by 0.48% from dsp = 10 to dsp = 30 and decreased by
0.12% from dsp = 30 to dsp = 90 at Ra = 104.
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Figure 10. Average Nusselt number (Nuavg) of the inner wall for different nanoparticle diameters 
(dsp) and Rayleigh numbers (Ra) at Da = 10−2, ϕ = 0.05, ε = 0.5, and RR = 2. 
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Figure 10. Average Nusselt number (Nuavg) of the inner wall for different nanoparticle diameters
(dsp) and Rayleigh numbers (Ra) at Da = 10−2, φ = 0.05, ε = 0.5, and RR = 2.

Figure 11 illustrates the isotherms and streamlines for different nanoparticle diam-
eter and Darcy numbers at Ra = 5 × 104, φ = 0.05, ε = 0.5, and RR = 2. From Figure 11,
for Da = 10−4, the isotherms have a uniform distribution due to the low permeability,
which indicates that the flow is weak and thermal conduction plays a leading role. The ef-
fect of nanoparticle diameter on the heat transfer is weak. For Da = 10−3, due to the
enhanced permeability, the natural convection heat transfer is strengthened. For Da = 10−2,
the isotherms are almost horizontally distributed, especially when dsp = 10, which means
that the natural convection heat transfer plays a significant role and the effect of nanoparti-
cle diameter is more pronounced. In addition, for Da = 10−4 and Da = 10−3, the effect of
nanoparticle diameter on the streamlines is very weak, while for Da = 10−2, the effect is
more pronounced; the cell becomes bigger and has a tendency to move upward. Figure 12
displays the effect of the nanoparticle diameter on the overall heat transfer rate along the
inner wall at different Darcy numbers. The figure shows that an increase in the nanoparticle
diameter leads to heat transfer enhancement for all considered Darcy numbers, and it can
be found that the effect of nanoparticle diameter is increased with the increase of the
Darcy number.

Figure 13 presents the evolution of the local Nusselt number along the inner wall
for different nanoparticle diameters at Ra = 105, Da = 10−2, φ = 0.05, ε = 0.5, and RR = 2.
It can be found that the local Nusselt number has a symmetrical distribution due to the
symmetrical geometry and boundary conditions, and the maximum Nuloc occurred at
γ= 180◦, which means that the natural convection heat transfer is more intense in the
bottom half of the inner wall. Furthermore, the local Nusselt number is increased with the
decrease of nanoparticle diameter, which indicates that the nanoparticle diameter at high
value will weaken the natural convection heat transfer.
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Figure 12. Average Nusselt number (Nuloc) of the inner wall for different nanoparticle diameters 
(dsp) and Darcy numbers (Da) at Ra = 5 × 104, ϕ = 0.05, ε = 0.5, and RR = 2. 
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Figure 13. Local Nusselt number (Nuloc) along the inner wall for different nanoparticle diameters 
(dsp) at Ra = 105, Da = 10−2, ϕ = 0.05, ε = 0.5, and RR = 2. 
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Figure 13. Local Nusselt number (Nuloc) along the inner wall for different nanoparticle diameters 
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Figure 13. Local Nusselt number (Nuloc) along the inner wall for different nanoparticle diameters
(dsp) at Ra = 105, Da = 10−2, φ = 0.05, ε = 0.5, and RR = 2.

4.4. Effects of Porosity

Figure 14 shows the isotherms and streamlines for different porosity and Rayleigh
numbers at dsp = 50 nm, Da = 10−2, and RR = 2. From Figure 14, for Ra = 103, the isotherms
have a uniform distribution, and the isotherms are almost unchanged when the porosity
increased from ε = 0.1 to ε = 0.9. This is because at low Rayleigh numbers, the buoyancy
force is very weak, and the heat transfer in the annulus is dominated by thermal conduction.
The porosity has a slight effect on the isotherms. For Ra = 104, the isotherms have a similar
trend with that for Ra = 103 at ε = 0.1, while the isotherms have an obvious change at ε
= 0.9. For Ra = 5 × 104, the natural convection heat transfer plays a leading role due to
the enhanced flow, and the heat transfer is more intense at ε = 0.9 compared with ε = 0.1.
The streamlines have a similar distribution, but some details are different. For Ra = 103,
the streamlines have little change at ε = 0.1 and ε = 0.9. For Ra = 104 and Ra = 5 × 104, it can
be found the cells become bigger and have a tendency to move upward when the porosity
increases. Figure 15 displays the effect of porosity on the overall heat transfer rate along the
inner wall at different Rayleigh numbers. It can be found that a continuous increase of the
overall heat transfer rate occurs with the increase of porosity for all considered Rayleigh
numbers and the effect of porosity is more pronounced at high Rayleigh numbers.
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Figure 15. Average Nusselt number (Nuavg) of the inner wall for different porosity (ε) and Rayleigh 
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Figure 15. Average Nusselt number (Nuavg) of the inner wall for different porosity (ε) and Rayleigh
numbers (Ra) at Da = 10−2, φ = 0.05, dsp = 50 nm, and RR = 2.

Figure 16 displays the isotherms and streamlines for different porosity and Darcy
numbers at Ra = 5 × 104, φ = 0.05, dsp = 50 nm, and RR = 2. From Figure 16, for Da = 10−4,
the isotherms have a uniform distribution at ε = 0.1 and ε = 0.9; the reason is that the flow is
constrained by the low permeability. In this case, porosity has little effect on the isotherms.
For Da = 10−3, due to the enhanced permeability, the flow in the annulus is strengthened,
and a disturbance occurs in the isotherms. For Da = 10−2, the isotherms at ε = 0.1 and
ε = 0.9 have a remarkable difference. The isotherms are almost horizontally distributed
at ε = 0.9, which means that the overall heat transfer is dominated by natural convection.
For Da = 10−4, the streamlines are almost the same at ε = 0.1 and ε = 0.9. For Da = 10−3 and
Da = 10−2, the cell becomes bigger and has a tendency to move upward when porosity
increases from ε = 0.1 to ε = 0.9. Figure 17 displays the effect of porosity on the overall
heat transfer rate along the inner wall at different Darcy number. The figure shows that an
increase in porosity leads to heat transfer enhancement for all considered Darcy numbers,
and the effect of porosity is more pronounced at high Darcy numbers.

Figure 18 presents the evolution of the local Nusselt number along the inner wall for
different porosity at Ra = 5 × 104, Da = 10−2, φ = 0.05, ε = 0.5, dsp = 50 nm, and RR = 2.
The local Nusselt number has a symmetrical distribution due to the symmetrical geometry
and boundary conditions, and the maximum Nuloc occurred at γ = 180◦. Furthermore,
the local Nusselt number is increased with the increase of porosity, so it can be concluded
that the porosity has a positive effect on the overall heat transfer rate.
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4.5. Effects of Radius Ratio

Figure 19 illustrates the isotherms and streamlines for different radius ratio at Ra = 5 × 104,
Da = 10−2, φ = 0.05, dsp = 50 nm, and ε = 0.5. The radius ratio is an important parameter
that affects the fluid flows and natural convection heat transfer according the previous re-
search [10–12]. From Figure 19, when the radius ratio increased from RR = 1.2 to RR= 6, the flow
is strengthened, a main cell is formed in the middle of the annulus, and the cell becomes bigger
and has a tendency to move upward. It is worth noting that the color scales on the right
have a downward trend with the increase of RR, which is inverse to the above conclusion.
In fact, the reason is that the change of RR leads to a change of the characteristic length (ro–ri).
The isotherms distribution is changed from vertical to horizontal, which means that the heat
transfer is dominated by natural convection. When RR = 1.2, multicellular flow structures are
formed. Figure 20 displays the effect of radius ratio on the overall heat transfer rate along the
inner wall. It can be found that heat transfer in the annulus is enhanced with the increase of
radius ratio from RR = 1.3 to RR = 6, but a fall occurred in the range of RR = 1.2 to RR = 1.3.
A conclusion can be drawn that a bifurcation point exists when the radius ratios is in the range
of RR = 1.2 to RR = 1.3 for the considered parameters.
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5. Conclusions

Natural convection heat transfer in a porous annulus filled with a Cu-Nanofluid has
been investigated numerically. The effects of Brownian motion, solid volume fraction,
nanoparticle diameter, Rayleigh number, Darcy number, porosity on the flow pattern, tem-
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perature distribution, and heat transfer characteristics are discussed in detail. The following
conclusions could be drawn:

(1) Brownian motion should be considered in the natural convection heat transfer of
a nanofluid.

The effect of Brownian motion becomes more remarkable with the increase of Rayleigh
number and nanoparticle volume fraction, while it is less pronounced with the increase of
Darcy number and nanoparticle diameter.

(2) The increase of nanoparticle volume fraction results in an improvement of the
overall heat transfer rate, and the effect is more remarkable when the Rayleigh and Darcy
numbers are at high value.

(3) Increasing the nanoparticle diameter has a negative effect on the overall heat
transfer rate and the effect has a limit when the nanoparticle diameter reaches a high value.

(4) The porosity affects the flow pattern, temperature distribution, and heat transfer rate.
The flow motion is limited when the porosity is too low. The heat transfer rate is strengthened
with the increase of porosity, especially with high Rayleigh and Darcy numbers.

(5) The radius ratio has a significant influence on the isotherms, streamlines, and heat
transfer rate. The rate is greatly enhanced with the increase of radius ratio. Additionally,
when the radius ratio is too low, multicellular flow structures are formed, and a bifurcation
point exists.

Author Contributions: Conceptualization, Y.H. and M.L.; Methodology, L.Z.; Software, L.Z.; Valida-
tion, Y.H., L.Z. and M.L.; Formal Analysis, L.Z.; Investigation, Y.H.; Resources, Y.H.; Data Curation,
L.Z.; Writing—Original Draft Preparation, L.Z.; Writing—Review & Editing, L.Z.; Visualization,
L.Z.; Supervision, Y.H.; Project Administration, M.L.; Funding acquisition Administration, M.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Nature Science Foundation of China, grant num-
ber [51706213].

Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

RR radius ratio
cp thermal capacity, J/(kg × K)
d nanoparticle diameter, m
Da Darcy number
g acceleration due to gravity, m/s2

k thermal conductivity, W/(m × K)
K medium permeability, m2

Nu Nusselt number
p pressure, Pa
P dimensionless pressure
Pr Prandtl number
r radius, m
Ra Rayleigh number
T temperature, K
(u, v) velocity, m/s
(U, V) dimensionless velocity
(x, y) cartesian coodinates
(X, Y) dimensionless cartesian coodinates
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Greek symbols
α thermal diffusivity, m2/s
β thermal expansion coefficient, K−1

γ angle, deg
ε porosity
θ dimensionless temperature
ρ density, Kg/m3

µ dynamic viscosity, kg/(m × s)
ν kinematic viscosity, m2/s
φ nanoparticle volume fraction

Subscripts
avg average
bf base fluid
i, o inner, outer
loc local
mnf porous medium filled with nanofluid
nf nanofluid
s porous medium
sp nanoparticle
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Abstract: Using phase change materials (PCMs) in energy storage systems provides various advan-
tages such as energy storage at a nearly constant temperature and higher energy density. In this study,
we aimed to conduct a numerical simulation for augmenting a PCM’s melting performance within
multiple tubes, including branched fins. The suspension contained Al2O3/n-octadecane paraffin,
and four cases were considered based on a number of heated fins. A numerical algorithm based
on the finite element method (FEM) was applied to solve the dimensionless governing system. The
average liquid fraction was computed over the considered flow area. The key parameters are the
time parameter (100 ≤ t ≤ 600 s) and the nanoparticles’ volume fraction (0% ≤ ϕ ≤ 8%). The major
outcomes revealed that the flow structures, the irreversibility of the system, and the melting process
can be controlled by increasing/decreasing number of the heated fins. Additionally, case four, in
which eight heated fins were considered, produced the largest average liquid fraction values.

Keywords: melting process; PCM; FEM; shell designs; tubes; branched fins; latent heat

1. Introduction

In modern times, energy storage and conservation solutions are as important as ever
due to depletion and climate change challenges. Phase change materials (PCMs) are at the
forefront in this domain due to their low cost and availability [1–3].

Due to the continuous development of PCM research, their range of applications
has widened: PCMs are now integrated into automotive applications [4], energy storage
applications [5], and heat exchangers [6]. Allouhi et al. [7] employed PCMs to optimize an
energy storage system for solar water heaters operated by households in rural regions to
fulfil their hot water needs at night. Huang et al. [8] used a dual-phase-change material
to design a heat sink to minimize its cost and weight. Carmona et al. [9] used a PCM to
improve the energy efficiency of a water storage tank for domestic applications. Their
numerical model was validated with an experimental study. They found that including 40%
of PCM inside the water storage tank increased its efficiency by 16%. PCMs are also used to
conserve energy in the building sector as they are integrated into walls [10] and roofs [11],
and can be used in indoor applications such as house furniture or decorations [12] to
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maintain a favorable room temperature. They can also be used in building envelopes as
PCM-to-air heat exchangers where air discharges and charges the PCM with energy [13,14].
Padala et al. [15] explored the use of a PCM in a mixture for masonry blocks to determine
the ideal mix proportions to attain the best mechanical, durability-related, and thermal
characteristics of these mixes. Chen et al. [16] investigated the thermal performance
of a thermo-activated PCM mixture integrated into a wall for energy saving purposes
during winter. Gholamibozanjani et al. [17] experimentally examined incorporating PCMs
to conserve energy inside huts over the seasons of a year. The results proved that the
PCM storage units were able to reduce the heating/cooling energy requirements: the
accumulative energy-saving varied between 10% and 40% during the year. Tyagi et al. [18]
evaluated the performance of a PCM-based energy storage unit comprising panels charged
by sunlight during the daytime then used during the night as a heat source for a test room.
Violidakis et al. [19] discussed the use of an ultra-high-temperature PCM such as silicon
in residential buildings. They possess excellent thermal conductivity and high latent heat
thermal energy, achieving greater energy density and capacity. Frazzica et al. [20] produced
and characterized mortar PCMs, then they introduced a new experimental setup to evaluate
its thermal performance. However, PCMs still face challenges such as long discharging
and changing times and low heat transfer rate due to their low thermal conductivity [21].
Thus, new technologies must be developed to improve their thermal properties and heat
transfer performance. The most intuitive solution to enhance a PCM’s melting process is to
extend the contact surface. Dmitruk et al. [22] studied a cylindrical PCM-based heat storage
system equipped with a pin-fin structure to improve the heat transfer rate within this
system. After multiple charging/discharging cycles, the experimental and numerical results
showed the positive effect of the pin-fin structure on PCM performance. Sathe et al. [23]
numerically analyzed the thermal-hydraulic performance a PCM melting inside a tilted
finned container with a top heating mode. They observed that decreasing the inclination
angles and extending the surface and fins increased the melting time for all the PCMs.
Nie et al. [24] studied the thermal performance of a PCM as part of a composite containing
fumed silica and graphene that was used to enhance the capability of a portable box to
maintain cold temperature. According to their results, adding 1 wt% of graphene and
4 wt% of fumed silica enhanced the thermal conductivity of the PCM composite by 55.4%
and helped to eliminate the PCM leakage problem. Izgi et al. [25] studied the solidification
process of a PCM inside a three-dimensional cylinder. They focused on finding controlling
parameters for this phenomenon. From the results, they observed that the diameter of the
cylinder influenced the energy discharge and the solidification times. Sweidan et al. [26]
performed multiple numerical computations to investigate the effectiveness of various
techniques (multiple PCM layers, mingle PCM with highly conductive fins, and PCM-
saturated metal foam) in improving PCM performance. Tarigond et al. [27] used iron scrap
additives to boost the thermal performance of the PCM inside a thermal energy storage
system for hot water. The results demonstrated the positive impact of these additives on
the performance of the PCM, as the yield of hot water was improved by 25% compared
to the control system. Ahmed et al. [28] proposed a novel design for a cascaded-layered
PCM as a cost effective solution for medium-temperature industrial applications. From the
results, they indicated the best volume fraction arrangement for thermal energy storage.
Selimefendigil et al. [29] used FEM to evaluate the free convection of a copper oxide/water
nano-liquid within a square cavity with PCM attached to its vertical wall. They found that
by increasing the height of the PCM from 0.2 to 0.8 H, both the local and average Nusselt
numbers decreased by 42.14%. Abu-Hamdeh et al. [30] performed a three-dimensional
examination of the paraffin wax melting process in an ellipsoidal pipe with a hotter inner
pipe. They discovered that the location of the inner pipe and the temperature differential
influence the time required for the PCM to melt.

Nowadays, the most effective approaches for improving the thermal performance of
PCMs are using a porous medium or metal foam as a support matrix for the PCM and
adding high thermal conductivity nanoparticles to the PCM [31]. However, the simplest
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the most used method involves embedding fins in the PCM containers. Over the years,
several studies have been conducted on the influence of fins on heat transfer in various
media, including PCMs [32–35].

Jeong et al. [36] reported that the thermal properties of three different shape-stabilized
PCM composites were enhanced by adding exfoliated graphite nanoplatelets (xGnP).
Nóbrega et al. [37] investigated the influence of adding fins to a tube filled with a nano-
PCM mixture. The findings suggested that the fins helped decrease the solidification time
by 9.1%, and increasing the concentration of nanoparticles improved the solidification
process regardless of the presence of fins. Raj et al. [38] packed a nano-enriched PCM
inside a wall-less heat sink used in a thermal management application. The study results
revealed that the addition of MWCNTs and GnP nanoparticles to the FS-PCM enhanced
its thermal conductivity by 61.73% and 84.48%, respectively, thus improving the heat
transfer performance. Jourabian et al. [39] investigated the melting behavior of ice as a
PCM within a horizontal elliptical tube filled with nickel-steel porous media. Das et al. [40]
addressed the form stability of a PCM subjected to numerous cycles of charging and
discharging by producing a novel biocomposite-based PCM. The testing results indicated
that using biochar from Eichornia crassipes as a supporting matrix mix with a small amount
of aluminum metal powder enhanced the thermal conductivity of the PCM 17.27 times
and improved its overall stability. Vennapusa et al. [41] tested six lightweight support
materials to improve the form stability of a caprylic-acid-based PCM. From the results,
they concluded that using expanded perlite as a support matrix for the PCM achieved the
highest enthalpy and thermal buffering.

Rathore et al. [42] added expanded vermiculite and expanded graphite to improve
the thermophysical properties of a low-cost PCM. The study results revealed that the
thermal conductivity increased by 114.4% when the PCM was loaded with 7% of EG.
Moreover, the enhanced PCM preserved its thermal properties even after 1000 charging
and discharging cycles. Qureshi et al. [43] employed TPMS-based metal foams with a
3D-printed structures as a skeleton for MFPCMs to improve the thermal conductivity of
traditional PCMs. According to their results, the thermal conductivity of MFPCMs was
strongly affected by the cell type and its unique shape, in addition to the cell porosity.
Combining the two approaches, Nada et al. [44] discussed enhancing paraffin wax as a
PCM in an energy storage unit by using a carbon foam matrix and MWCNTs additives.
Mehryan et al. [45] studied the non-Newtonian behavior in space between two coaxial
pipes filled with metal foam. They reported that a 54% reduction in the melting time could
be achieved by lowering the power law index from 1 to 0.6.

The literature review revealed that entropy formation during the charging process has
been not well-investigated. As a result, in this study, we used GFEM to replicate NEPCM’s
second-law behavior during melting. The contours of entropy component, temperature,
and melt fraction are shown.

2. Methodology and Problem Definition

Figure 1 depicts an illustration of the current computational models. Al2O3/n-
octadecane paraffin was used as the working fluid. Fins were modeled in four different
configurations. Figure 2 depicts the specifics of four examples. At the start, all fluids had a
solidus temperature. The fins and inner cylinder are maintained at hot temperature (312 K),
and the outer cylinder is adiabatic.
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2.1. Problem Formulation

To model this transitory process, we assumed that the flow was Newtonian and
laminar. To account for the gravity force effect, Boussinesq estimation was used. The
calculation formulas are as follows [46–49]:

∇ ·
→
V = 0 (1)

(
∂v
∂t

+
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)
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We considered ε = 10−3 and C = 105.
To forecast the NEPCM attributes, a single-phase model was used:

(
ρCp

)−1
f

(
ρCp

)
n f = (1− φ) + φ

(
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)
s

(
ρCp

)−1
f (5)

ρn f = φρs + ρ f (1− φ) (6)

(ρβ)n f = φ(ρβ)s + (1− φ)(ρβ) f (7)
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kn f =
2k f + 2φ

(
ks − k f

)
+ kp

kp − φ
(

ks − k f

)
+ 2k f

k f (9)

µn f =
µ f

(1− φ)2.5 (10)

Table 1 lists the characteristics of both nanoparticles and the PCM.

Table 1. Properties of the PCM and alumina [33].

Property Al2O3 n-octadecane

ρ (kg/m3) 3970 770
β× 105 (K–1) 0.85 91
k (w/mK) 40 0.157
L (j/kg) — 242.9
Fusion (C) — 28 × 103

µ× 103 (Pa s) — 3.79
Cp (j/kg K) 765 2189

The enthalpy is formulated as [50]:

h = hre f +
∫ T

Tret

(
Cp
)

n f dT (11)

λ =





1 T < Tl
T−Ts
Tl−Ts

Ts < T < Tl , He = h + λL
0 T < Ts

(12)

The formulas of Sgen, total , Sgen, th , and Sgen, f are:

Sgen,total = Sgen,th + Sgen,f

=
kn f
T2

[(
∂T
∂x

)2
+
(

∂T
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)2
]

+
µn f
T

{
2
[(

∂ux
∂x

)2
+
(

∂uy
∂y

)2
]
+
(

∂ux
∂y +

∂uy
∂x

)2
} (13)

The no-slip boundary conditions are subjected to the previous system (u = v = T = 0)
on the outer boundaries, while on the inner fins u = v = 0, T = Th.

2.2. GFEM Approach

The Galerkin finite element method handles the transformed coupled Equations (1)–(4),
which include both the flow and heat transfer phenomena as well as the aforementioned
boundary conditions. The governing equations’ weak forms are given and discretized on a
nonuniform structural grid. The results are then simulated using mathematical software.
The process is described in full in [51,52]. The validation of the present code was obtained
and is displayed in Figure 3 using the additional numerical results of Tan et al. [53]. We are
confident in our results based on this figure.
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3. Results and Discussion

In this section, we illustrate and interpret the results obtained from examining the
melting effects on the flow of a suspension that contains the phase change material (PCM).
Here, the worked fluid was Al2O3/n-octadecane paraffin and the flow area was a cylinder
tube including cross-section fins. Features of the temperature, velocity, Bejan number,
and liquid fraction were examined for various heating cases, namely, a cylinder with two
horizontal wings, a cylinder with two vertical wings, a cylinder with four wings, and a
cylinder with eight heated fins. The variations in the time of required ranged from 100 and
600 s and the values of the nanoparticles volume fraction were considered between ϕ = 0%
and 8%. To present a comprehensive investigation, the average values of the liquid fraction
β, Bejan number Beavg, and the rate of the heat transfer Nuavg over time are presented
graphically for a wide range of the considered parameters. Additionally, the condition of
the totally melted NEPCM (liquid fraction = 1) may be used to terminate the computations.

Figure 4 displays the temperature, velocity, local Bejan number, and the liquid fraction
for various cases of inner heating. Notably, the temperature features concentrated around
the fins in all the cases, with a cold zone indicated near the bottom of the outer cylinder.
These temperature distributions achieved their maximum values in case 4 (eight wings)
pointing to a decrease in the aforementioned cold zone at the bottom. We also observed
that the increase in number of wings reduced the temperature differences; hence, both the
temperature gradients and heat transfer rate diminished. Additionally, a clear reduction in
the velocity values was noted as the number of wings increased. Physically, the increase in
the number of wings enhances the complexity in the flow area; hence, the flow resistance is
augmented. In the same context, the features of the Bejan number showed that the increase
in the number of heated fins reduced the gradients of the temperature; hence, the fluid
friction irreversibility became dominant. Furthermore, the melting zone was seen in the
upper half of the domain for all the considered cases as the increase in number of heated
fins enhanced the melted zone.
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The features of the temperature, velocity, local Be number, and local liquid fraction
with variations in time are depicted in Figure 5. During these computations, case 3 used
an inner cylinder with four wings. The results indicated that at the beginning of the
calculations (small values of the time), the distributions of the temperature, velocity, and
Bejan number occurred around the inner part heated, indicating a nonactive zone near
the outer boundaries. Over time, the fluid started to carry and distribute the temperature
throughout the whole domain. Therefore at t = 600 s, a good thermal domain was obtained
with a higher velocity rate near the bottom of the outer boundaries. Additionally, for
higher time values, the fluid friction irreversibility near the bottom dominated compared
to the heat transfer irreversibility. From the physical viewpoint, this behavior is due to
the gradients of the velocity that enhance with time, resulting in an augmentation in fluid
friction irreversibility. Furthermore, a mushy zone was observed within the full flow
domain with increasing time.
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Figure 6 shows the distributions of the temperature, velocity, local Bejan number,
and liquid fraction under impacts of the volume fraction parameter ϕ. The inner heated
cylinders with four wings were used in this case. We noted a low convective transport at
higher values of ϕ due to the increase in the viscosity of the mixture. The results indicated
diminishing velocity and temperature gradients with increasing ϕ. Additionally, the local
Bejan number occurred around the wings instead of the bottom boundaries at low values
of ϕ. Conversely, the increase in ϕ enhanced the mushy zone within the flow area until
completely melted conditions were obtained at ϕ ≥ 0.04.
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Figures 7 and 8 illustrate the profiles of the average liquid fraction β, average Bejan
number Beavg, and average Nusselt number Nuavg under with different numbers of heated
wings, time parameters, and volume fraction parameters. The results revealed that case 4,
in which eight heated wings were assumed, produced the highest average liquid fraction
values. However, the average Bejan and Nusselt numbers decreased as the number of
heated wings increased. Additionally, the average rate of heat transfer diminished as ϕ
increased due to the decrease in the temperature gradients. Furthermore, higher values of ϕ
caused the irreversibility of the heat transfer to be dominant compared to the fluid friction
irreversibility. Finally, we observed that the increase in the volume fraction parameter ϕ
enhanced the mushy zone and, hence, the average liquid fraction rose.
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4. Conclusions

This paper presented a numerical investigation into the impacts of melting on the
convective flow of phase change materials within cylindrical tubes containing cross-shape
heated sections. Four cases were considered based on the number of heated wings, namely,
case 1 (two horizontal wings), case 2 (two vertical wings), case 3 (four wings), and case 4
(eight heated wings). The unsteady case was considered and completely melted conditions
were assumed. The finite element method (FEM) with the Poisson pressure equation was
applied to solve the governing system. The following are our major findings:

• Distributions of the temperature, velocity, and Bejan number increase as with an in-
creasing number of heated wings due to the augmentation in the buoyancy convective
case. Additionally, the melted area was controlled for the most of the flow domain in
case 4.

• For small time values, the increases in temperature, velocity, and liquid fraction occur
around the inner heated shapes, but over time, a good isothermal and melted flow
domain is obtained.

• Increases in ϕ cause an enhancement in the dynamic viscosity of the mixture; hence,
the velocity decreases as ϕ increases.

• With time, the irreversibility due to fluid friction becomes more dominant compare to
heat transfer irreversibility.
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Nomenclature

g Gravity
Tm Fusion temperature
C Mushy zone constant
NEPCM Nanoenhanced PCM
L f Latent heat coefficient
k Thermal conductivity
Ts Solidus temperature
FVM Finite volume method
Tl Liquidus temperature
Greek symbols
α Thermal diffusivity (m2/s)
ρ Fluid density
φ Nanoparticle volume fraction
Subscripts
n f NEPCM
f Pure fluid
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Abstract: Energy saving has always been a topic of great interest. The usage of nano-enhanced
phase change material NePCM is one of the energy-saving methods that has gained increasing
interest. In the current report, we intend to simulate the natural convection flow of NePCM inside an
inverse T-shaped enclosure. The complex nature of the flow results from the following factors: the
enclosure contains a hot trapezoidal fin on the bottom wall, the enclosure is saturated with pours
media, and it is exposed to a magnetic field. The governing equations of the studied system are
numerically addressed by the higher order Galerkin finite element method (GFEM). The impacts of
the Darcy number (Da = 10−2–10−5), Rayleigh number (Ra = 103–106), nanoparticle volume fraction
(ϕ = 0–0.08), and Hartmann number (Ha = 0–100) are analyzed. The results indicate that both local
and average Nusselt numbers were considerably affected by Ra and Da values, while the influence of
other parameters was negligible. Increasing Ra (increasing buoyancy force) from 103 to 106 enhanced
the maximum average Nusselt number by 740%, while increasing Da (increasing the permeability)
from 10−5 to 10−2 enhanced both the maximum average Nusselt number and the maximum local
Nusselt number by the same rate (360%).

Keywords: magnetohydrodynamics; inversed T-shaped enclosure; NEPCM; natural convection;
nanofluid

1. Introduction

In the last several decades, the heat transport of nanofluids in various shapes with
varying outset and boundary conditions has been a popular research point. This is ex-
plained by the fact that these geometries have been widely used in real-world applications,
such as building thermal management, electronic device cooling, biochemical and food
processing, and renewable energy applications [1–7]. Raizah et al. [8] examined nanofluid
natural convection (NC) flow inside a V-shaped cavity saturated with porous media. The
findings showed that the best-case scenario for porous media is a horizontal heterogeneous
porous medium. The buoyancy force is augmented with a Rayleigh number increase,
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which improves convective transport. In a triangular fin-shaped cavity, Khan et al. [9] pre-
sented a computational investigation of the convective heat transport of a hybrid nanofluid.
Their findings demonstrate that both the nanoparticles’ Rayleigh number and solid vol-
ume percentage raise the local and average Nusselt numbers. In a uniquely formed cavity,
Ghalambaz et al. [10] analyzed the heat transmission and irreversibility of a hybrid nanosus-
pension. The findings demonstrate that raising the nanoparticle concentration accelerates
the rate of entropy formation for all Rayleigh number values. Asmadi et al. [11] investi-
gated how a hybrid nanofluid transfers heat naturally by convection within a U-shaped
container with varying heating configurations. The findings indicate that the continuous
heating setting delivers the optimum heat removal performance, whereas the oscillating
heating setting performed the poorest. The magnetohydrodynamic free convection flow
and heat transfer in an angled U-shaped enclosure loaded with Cu-water nanofluid were
studied by Nabwey et al. [12]. The findings demonstrate that the mean Nu increases with
dimensionless heat source position but decreases with heat source length and Ha number.
A numerical study on the free convection flow of a hybrid nanofluid in a reservoir with a
trapezoidal form under the impact of partial magnetic fields was conducted by Geridonmez
et al. [13]. According to the results, heat transmission and fluid movement are inhibited by
the partial magnetic field’s vast effect zone.

Conventional heating and cooling systems rely on a working fluid with a limited
thermal capacity. Several systems incorporate a greater flow or bigger volume to address
this problem, which is an inadequate solution in some applications. In this context, NEPCM
is one of the effective approaches for increasing the thermal efficiency of various systems.
In this encapsulation technique, PCM is sealed inside nanoshells to prevent leakage. In
this structure, the PCM-containing core layer may store and release enormous amounts
of energy during melting and solidification at a constant fusion temperature. The use of
NEPCM rather than only heat transfer fluid offers several benefits in many applications.
NEPCM benefits from both heat transfer fluid and PCM characteristics [14–17]. For instance,
it was recently shown that these could improve thermal storage characteristics and also for
applications such as triple tube heat exchangers [18] or shell-and-tube heat exchangers [19].
To keep the temperature of lithium-ion batteries (LIBs) stable between 35 and 45 ◦C,
Cao et al. [20] utilized water loaded with NEPCM particles. They found that raising
the Reynolds number value from 70 to 100 increased the rate of heat transmission of
LIBs by 12.1–17.2%. Raising the volume fraction from 0 to 3% also increased the heat
transmission rate by 8.2–13.6%. Mohammadpour et al. [21] investigated NEPCM slurry’s
hydrodynamic and heat transfer characteristics inside a microchannel heat sink featuring
two circular synthetic jets. The thermal performance improvement is maximized at 28.5%
at 0.2 nanoparticle volume fraction and 180 out-of-phase actuation, according to simulation
findings. On the other hand, the figure of merit falls when the concentration of NEPCM
rises. In a conical diffuser, Iachachene et al. [22] investigated the turbulent flow of Al2O3,
NEPCM, and a mixture of the two. The NEPCM nanofluid had the lowest pressure drop and
the largest heat transfer improvements inside the diffuser, according to the findings of this
investigation. The Nusselt numbers of NEPCM/Al2O3 hybrid and Al2O3 nanofluids were
enhanced by 10% and 6%, respectively, whereas the Nusselt number of NEPCM nanofluids
were raised by 15%. Analytical research on the laminar flow and heat transmission of
water jet impingement augmented with NEPCM slurry was conducted by Mohaghegh
et al. [23]. The results indicate that NEPCM slurry may greatly increase the system’s cooling
performance by increasing the liquid jet’s ability to store latent heat. However, an ideal
NEPCM concentration results in the system’s maximal cooling performance (15%). To
improve total heat transmission and lessen pressure drop, Doshi et al. [24] developed a
water-based NEPCM nanofluid within a new microchannel with a wavy and irregular
shape. The result demonstrates that the presence of NEPCM nanoparticles lowers the fluid
domain temperature. NEPCM slurry and more conductive materials combined with heat
sinks lessen the influence of thermal and frictional entropy creation as well.
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Nano-encapsulated phase change material (NEPCM) is compact, has a high specific
surface area, is thermally reliable, and has a wide range of potential applications. However,
most of the process conditions in use today are rather complex, making it challenging to
create NEPCM with good microscopic morphology and outstanding thermal characteris-
tics [25–29]. Liu et al. [30] created a series of NEPCM using a simple sol-gel technique, using
disodium hydrogen phosphate dodecahydrate for the core material and silicon dioxide for
the shell material. The encapsulation ratio and melting enthalpy of the produced NEPCM
reached maximum values of 70.1% and 165.6 J/g, respectively. According to the data, the
adequate component ratio and suitable reaction conditions contribute to NEPCM’s superior
microscopic morphology and thermal characteristics. Stearic acid (SA)/Ag nanocapsules
were synthesized by Huanmei Yuan et al. [31] utilizing a Pickering emulsifier and a chem-
ical reduction process. The results demonstrated that the thermal dependability of the
nanocapsules was assessed after 2000 thermal cycles, during which time their latent heat
marginally decreased by 0.55%. The fabrication of N-Hexacosane-encapsulated Titania
phase change composite using a sol-gel approach was achieved by Khanna et al. [32]. The
findings showed that the NEPCM was solidified and liquefied at 52.08 ◦C and 54.02 ◦C,
respectively, with latent heats of 127.37 J/g and 142.09 J/g. The thermogravimetric curves
showed that the composite’s overall thermal stability increased with the increasing titanium
concentration. In another study [33], by using a chemical technique, they established how
to manufacture silica NEPCM layered between exfoliated-graphite nanosheets. The results
indicated that there were no chemical processes that occurring in the phase transition mate-
rial, which had a diameter of 120–220 nm. Furthermore, at 57.9 ◦C and 48.1 ◦C, respectively,
with latent heats of 126.7 J/g and 117.6 J/g, the solid–liquid phase transition of the NEPCM
nanocomposite was observed. After 300 heat cycles, the NEPCM composites showed very
high durability against thermal deterioration and 15.74 W/m K thermal conductivity.

Lately, the suspension of NEPCMs as a novel type of nanofluid was examined in
various enclosures. Cao et al. [34] investigated the free convective of NEPCM nanofluid
within an insulated chamber with two pipes acting as cooler and heater sources with a
constant temperature boundary condition. They demonstrated how the NEPCM phase
transition happens at low Rayleigh numbers but that it has no bearing on the heat trans-
mission rate. Instead, it is heavily linked to the thermal conductivity of the nanofluid. The
free convective heat transport in NEPCM nanofluid within a square enclosure that has
been differentially heated and rotated with a constant, uniform counterclockwise rotational
velocity was studied by Alhashash et al. [35]. The rotation parameter primarily influences
the number of cell circulations, the number of inner vortexes, and the strength of those
vortexes. Higher rotational speed results in less NEPCM phase transition and slower heat
transfer. In an angled L-shaped chamber, Sadeghi et al. [36] studied the free convection and
entropy formation of NEPCM. The findings show that the micro-rotation parameter, Stefan
number, and nondimensional fusion temperature all negatively affected the NC heat trans-
fer of NEPCMs and decrease the Nuavg by up to 42%, 25%, and 15%, respectively. On the
other hand, the Nuavg was increased by up to 36% when more nanoparticles were present.
Zidan et al. [37] investigated the NEPCM–water mixture NC flow in a reversed T-shaped
porous cavity with two heated corrugated baffles. This research shows that increasing the
Raleigh number causes escalation velocity fields and phase change zone structural changes,
whereas decreasing the Darcy number has the opposite impact. Hussain et al. [38] looked
into the free convection of NEPCM in a grooved enclosure with an oval form and saturated
with a porous medium. According to the study’s findings, raising the Darcy parameter
reduces the porous flow’s resistance, which in turn enhances the streamline strength and
nanofluid movement. Furthermore, the enlarged radius of the inner oval form creates a
barrier in the grooved cavity, which slows the passage of the nanofluid within.

In the literature, there are no studies on the natural convection of NEPCM in an
inversed T-shaped cavity, including a trapezoidal fin subjected to a magnetic field. A better
understanding of the impact of the studied parameters on heat transfer rates would be
beneficial for design engineers, as cavities saturated with porous media are widely founded
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in engineering applications, including (but not limited to) heat exchangers and electrical
components. In this work, the natural convection of NEPCM in an enclosure saturated
with porous media is handled by the high-order GFEM. The run simulations look at how
viral parameters affect the contours of temperature, heat capacity ratio, and nanofluid
velocity within an inverse T-shaped cavity. These parameters include the Darcy number,
the concentration of NEPCM nanoparticles in the base fluid, the Rayleigh number, and the
Hartmann number representing the intensity of the magnetic field.

2. Problem Formulation

As shown in Figure 1, we consider an inverted T-shaped porous cavity with a trape-
zoidal fin at the bottom. The porous cavity is loaded with a nanofluid consisting of water
as a base fluid and nano-encapsulated PCM (NEPCM) as nanoparticles. This novel sub-
stance’s nanoparticles are made up of an outer shell and an inner core. The core is made of
nonadecane, while the exterior is mostly made of polyurethane. Their thermal properties
are shown in Table 1. The fusion temperature, which is restricted to this range Th < Tf < Tc
is what characterizes the single-particle core. The latent heat of the core and the phase
transition temperatures are estimated to be 211 (kJ/kg) and 305 (K), respectively. Overall,
the PCM cores’ capacity to absorb, store, and release heat energy distinguishes them. When
combined with a base liquid such as water, they also effectively transmit heat energy.
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Table 1. Thermophysical properties of the shell and core of the NEPCMs and the base fluid.

Material β(K−1) C(kJ/kg K) k(W/m K) ρ(kg/m3)

Polyurethane: shell 17.28× 10−5 1.3177 786
Nonadecane: core 2.037 721
Water: base fluid 21× 10−5 4.179 0.613 997.1

The governing equations are as follows [39,40]:
The side walls are maintained at low temperature, Tc, while the trapezoidal fin walls

are heated and kept at high temperature, Th with (Th > Tc), and the other walls are thermally
isolated. For this problem, the flow is assumed to be steady and laminar. The driving
force in the geometry under study is the buoyancy force due to the temperature difference
between the trapezoidal fin and the sidewalls. A uniform magnetic field is applied. It is
believed that the effects of Joule heating, radiation, displacement currents, and viscous
dissipation are insignificant. Natural convection is approximated using the Boussinesq
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approximation in the buoyancy element of the momentum equation. Pressure adjustments
do not affect the density of nanoliquids. Temperature gradients, on the other hand, alter
the density. The particles are distributed uniformly throughout the host fluid, and dynamic
and thermal equilibrium between the nano-additives and the base fluid is established.

∇ · v = 0 (1)

ρb · ∇v = −∇p +∇ · (µb∇v) + (ρβ)bg(T − Tc)−
σn f B2

0v
ρn f

(2)

(
ρCp

)
bv · ∇T = ∇ · (kb∇T) (3)

The current suspension is distinguished by its global density, which is expressed
as [41]

ρb = (1− φ)ρ f + φρp (4)

where the symbols f , and p denote the base fluid and the added nanoparticles, respectively.
The nanoparticle density of NePCM is provided below:

ρp =
(1 + t)ρcoρsh

ρsh + iρco
(5)

where the symbols ρsh , ρco and ι denote the shell’s density, the core’s density and the mass
ratio of the core-shell (ι ∼ 0.447) [41], respectively.

Additionally, the core density of a PCM is the average of its solid and liquid phases.
When using NEPCM, the water’s specific heat capacitance value may be calculated as

Cp,b =
(1− φ)

(
ρCp

)
f + φ

(
ρCp

)
p

ρp
(6)

Heat capacitance is considered for a single-phase state, ip, p, is defined according to
the following expression:

Cp,p =

(
Cp,co + ιCp,sh

)
ρcoρsh

(ρsh + ιρco)ρp
(7)

The heat capacity of the inner substance (core) is considered the average of the heat
capacities of both states, solid and fluid. This is because whether the nanoparticle’s core is
in a solid or fluid state, the latent heat is changed in the form of the heat capacity of the
NEPCM. This new form of heat can be defined as follows [42]:

CP,p = CP,co +
hs f

TMr
(8)

CP,P = Cp,:00 +

{
π

2
·
( hs f

TMr
− CP,c0

)
· sin

(
π

T − Tf u + (TMr/2)
TMr

)}
(9)

CP,P = Cp,c0 + 2

(
h f s

T2
Mr
− Cp,C0

TMr

)(
T − Tf u +

TMr
2

)
. (10)

Most of the researchers employ linear interpolation to deal with the phase change
due to it is simplicity. However, in this work, we chose to characterize phase change by
employing the sine function to assure function continuity in the whole domain, where TMr
is the range of the temperature. This interval circumvents the discontinuity in the stability
of energy. The total heat capacity of the NEPCM core incorporating fusion temperature
and the sensible is determined based on TMr∗
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Cp,p = Cp,co +

{
π

2
·
( hs f

TMr
− Cp,c0

)
· sin

(
π

T − Tf u + (TMr/2)
TMr

)}
γ (11)

where

γ =





0, T < Tf u − TMr
2

1, Tf u − TMr
2 < T < Tf u +

TMr
2

0, T > Tf u +
TMr

2

(12)

The suspension’s thermal volume expansion rate is calculated as

βb = (1− φ)β f + φβp− (13)

To estimate the thermal conductivity of a combination including nano-encapsulated
particles, the following definitions are stated [43]:

kb
k f

= 1 + Ncφ. (14)

The dynamic conductivity of suspension is

µb
µ f

= 1 + Nvφ (15)

where Nc and Nv in the above expressions define the numbers of thermal conductivity
and viscosity, respectively.

The higher the thermal conductivity and viscosity values, the higher the increment in
the mixture’s thermal conductivity and dynamic viscosity (water and PCM particles). These
constant values were established by Ghalambaz et al. [44] for several hybrid nanofluids
and nanofluids. It is determined that these expressions are acceptable only for nanofluids if
φ < 5%. The used quantities were considered in dimensionless form as follows:

X = x
L′ ,

Y = y
L′

δ = δ∗
L

U = uL
α f

V = vL
a f

P = p`2

ρ f α2
f

Θ = T−Tc
Th−Tc

The nondimensional mathematical formulations become

∂U
∂X

+
∂V
∂Y

= 0 (16)

(
pb
ρ f

)(
U

∂U
∂X

+ V
∂U
∂Y

)
=

∂P
∂X

+ Pr

(
µb
µ f

)(
∂2U
∂X2 +

∂2U
∂Y2

)
(17)

(
pt

ρ f

)(
U

∂V
∂X

+ V
∂V
∂Y

)
=

∂P
∂Y

+ Pr

(
µb
µ f

)(
∂2

∂X2 + RaPr
(ρβ)b
(ρβ) f

)
Θ (18)
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Cr
(

U
∂Θ
∂X

+ V
∂Θ
∂Y

)
=

kb
k f

(
∂2Θ
∂X2 +

∂2Θ
∂Y2

)
−

σhn f

σ
Ha2V (19)

The dimensionless boundary conditions are

U = V = 0, Θ = 1 on the trapezoidal fin at the bottom

U = V = 0, Θ = 0 on the side walls

U = V = 0, ∂Θ
∂Y = 0 on the rest adiabatic walls,

and Ra and Pr are no dimensional quantities of Rayleigh and Prandtl numbers, respectively:

Ra =
gρ f β f ∆Te3

α f µ f
(20)

Pr =
µ f

ρ f α f
(21)

also, (
ρb
ρ f

)
= (1− φ) + φ

(
ρp

ρ f

)
(22)

(
βb
β f

)
= (1− φ) + φ

(
βp

β f

)
(23)

Given that it is presumed that the thermal expansion of water is equivalent to that of
NEPCMs,

(
βb/β f

)
∼ 1, Cr describes the ratio of heat capacity of the suspension over the

water heat capacity: Cr = (ρCp)b
(ρCp) f

= (1− φ) + φλ + φ
δ Ste f . (Ste) is the Stefan number, and

it is defined as follows:

λ =

(
Cp,co + uCp,sh

)
ρco f ρsh(

ρCp
)

f (ρsh + ρco)
(24)

ε =
TMr
∆T

(25)

Ste =

(
ρCp

)
f ∆T(ρsh + ρco)

α f

(
hs f ρcoρsh

) (26)

Additionally, the nondimensional fusion expression, f , is given as

f =
π

2
sin
(π

ε

(
Θ−Θ f u +

ε

2

))
σ (27)

where

σ =





0, Θ < Θfu − ε
2 ,

1, Θfu − ε
2 < Θ < Θfu + ε

2

0, Θ > Θfu + ε
2 .

(28)

Here, Θ f u, the nondimensional fusion temperature is

Θ f u =
Tf u − Tc

εT
. (29)
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The local Nusselt number of the heated side is obtained:

Nu = −(1 + Ncφ)
∂Θ
∂Y

(30)

Additionally, the averaged form of the Nusselt number of the heated side is given as

Nu =
∫ 0.5

−0.5
NudY (31)

3. Numerical Methodology

Various numerical methods can be exploited in order to find solutions of the differential
equations whether in parallel or in sequential (see, e.g., [45–48]). Here, the main equations
and accompanying initial boundary conditions are addressed using the Galerkin finite
element method. The non-linear partial differential equations are transformed into linear
equations using the weighted residual technique [42].

For the validation, the (Nu) on the hot surface at (Re = 500, Ha = 0, φ = 4% and N = 4)
is utilized. Table 2 displays the results of the mesh independence study. The findings
illustrate that the grid size of 21,999 is the ideal option.

Table 2. Grid independence test for Re = 100, Ha = 0, φ = 4% and N = 4.

No. of Elements 1141 2318 5400 21,999 81,359

Ψmax 33.072 33.175 33.236 33.225 33.221
Nua 10.602 10.624 10.622 10.624 10.624

By using numerical research, the existing results were validated. The results from the
model used in the current study are compared to those presented in Ghalambaz et al. [44],
as seen in Figure 2.
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Figure 2. Comparison of current work with that of Mohammad Ghalambaz et al. reprinted/adapted
with permission from Ref. [44]. 2022, Elsevier.

4. Results and Discussion

In this important part of the research, we present the results that show the impacts of
Darcy’s number (Da), Hartmann’s number (Ha), Rayleigh’s number (Ra) and the concentra-
tion of PCM nanoparticles on thermal activity and how the suspension (PCM nanoparticles
+ water) moves inside the room.

We note a scientific fact that occurs in a fluid: when the fluid absorbs a quantity of
thermal energy, its weight decreases and, therefore, begins to move upward as it shifts
downward. In contrast, the fluid moves downward as it loses heat energy. This kind of
heat transfer accompanied by mass transfer is called Buoyancy-driven flow.

Figure 3 is devoted to understanding the effect of the Ra (between 103 and 106) number
on the studied system for Ha = 0, Da = 10−2 andϕ = 4%. This understanding is achieved by
analyzing the contours of isotherms (dimensionless temperature), streamlines (line paths)
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and phase-changing zone (heat capacity Cr). The dimensionless temperature (isotherms)
shows a gradual temperature distribution from the hot fin toward the cold walls of the
container. We note that the fluid layers adjacent to the fin have a high temperature. Then
this distribution is centered over the fin in an upward direction. In contrast, cold fluid
layers are centered near the lateral walls. It is noted that the intensity of this distribution
increases in terms of the number Ra. The streamlines are exactly equivalent to the isotherm
patterns, meaning that the fluid layers above the trapezoidal fin move toward the top,
while the cold layers on the lateral edges of the chamber move downwards. Finally, we
note the formation of a circular motion of the suspension flow. This movement is divided
into symmetric parts, one on the right side with the same clockwise direction and the
second on the left side in the anticlockwise direction. We also note that the intensity of the
movement of the two vortices increases in terms of the number Ra, whereas the center of
this recirculation zone moves upward as the value of Ra increases.

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 17 
 

 

have a high temperature. Then this distribution is centered over the fin in an upward 
direction. In contrast, cold fluid layers are centered near the lateral walls. It is noted that 
the intensity of this distribution increases in terms of the number Ra. The streamlines are 
exactly equivalent to the isotherm patterns, meaning that the fluid layers above the 
trapezoidal fin move toward the top, while the cold layers on the lateral edges of the 
chamber move downwards. Finally, we note the formation of a circular motion of the 
suspension flow. This movement is divided into symmetric parts, one on the right side 
with the same clockwise direction and the second on the left side in the anticlockwise 
direction. We also note that the intensity of the movement of the two vortices increases in 
terms of the number Ra, whereas the center of this recirculation zone moves upward as 
the value of Ra increases. 

Ra ψ  T Cr 

103 

  

104 

   

105 

   

106 

   

Figure 3. Ra number influence on streamlines, isotherms, and Cr for Da = 10−2, Ha = 0, and φ = 4%. 

When Ra = 106, the intensity of thermal buoyancy becomes very high, and we notice 
that the center of the vortex is divided into two parts, the first near the cold wall and the 
second near the hot fin. For the heat capacity contours (Cr), we notice an effect of the 
number Ra on the heat capacity (Cr). We notice that there is a line in the form of a 
semicircle around the trapezoidal fin for Ra = 103, then it is divided into two symmetric 
parts as the number Ra increases. The blue lines indicate the regions where the change of 
physical state occurs for PCM nanoparticles. We notice that the lines expand in terms of 
Ra because the movement of suspension particles increases in terms of Ra. In addition to 
this, it is noticed that the two heat capacity lines are thinner, close to both cold and hot 
walls, while they are thicker in the middle of the room. The greater the temperature 
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When Ra = 106, the intensity of thermal buoyancy becomes very high, and we notice
that the center of the vortex is divided into two parts, the first near the cold wall and the
second near the hot fin. For the heat capacity contours (Cr), we notice an effect of the
number Ra on the heat capacity (Cr). We notice that there is a line in the form of a semicircle
around the trapezoidal fin for Ra = 103, then it is divided into two symmetric parts as the
number Ra increases. The blue lines indicate the regions where the change of physical state
occurs for PCM nanoparticles. We notice that the lines expand in terms of Ra because the
movement of suspension particles increases in terms of Ra. In addition to this, it is noticed
that the two heat capacity lines are thinner, close to both cold and hot walls, while they are
thicker in the middle of the room. The greater the temperature gradient, the thinner the
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thickness of the equivalent heat capacity line for the zones where the change of physical
state occurs.

In order to understand the impact of the values of Hartmann number (between the
values 0 to 100) on the studied system, Figure 4 illustrates this effect of Da = 10−2, Ra = 105

and ϕ = 4%. The scientific explanation for the influences of the Hartmann number is found
by analyzing the contours of isotherms, streamlines and heat capacity (Cr). It is known
that the magnetic field creates an electromagnetic force (Lorentz force) that hinders the
movement of fluid particles, so we notice a gradual decline in isotherm distribution in
terms of the number Ha. The streamlines also show a decrease in the intensity of vorticity
by increasing the value of Ha. The contours of heat capacity (Cr) show that the blue lines
of physical state change converge as the value of Ha increases because the velocity of the
suspension particles decreases in terms of Ha.
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Figure 4. Ha number influence on streamlines, isotherms, and Cr for Ra = 105, Da = 10−2, and
ϕ = 4%.

The results of this work also include the effect of the medium permeability on the stud-
ied system, so Figure 5 illustrates the influences of the Darcy number (between Da = 10−2

and Da = 10−2) on each of the isotherms, heat capacity and streamlines for Ra = 105, Ha = 0,
and ϕ = 4%. It is known that the permeability of the space is defined in terms of the Darcy
number; that is, the higher the value of this number, the greater the permeability. Based
on this, the isotherms show an expansion of the dimensionless temperature in terms of
Darcy’s number because the suspension movement becomes easier. On the other hand,
the streamlines depict an increase in the intensity of the vortices and an increase in their
sizes as the value of Da increases. Heat capacity contours are also influenced by the Darcy
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number because the increase in the speed of the flow expands the blue lines of the regions
with the change in the physical state of nano-encapsulated PCM.
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Figure 6 presents the developments of the mean values of the Nusselt number (Nu)
of the hot trapezoidal fin in terms of Da, Ha, Ra and ϕ. Figure 6a is intended to show the
effect of numbers Ha and Ra on Nu. For ϕ = 4% and Da = 10−2 we notice that the values of
Nu increase with increasing values of Ra and decrease as the values of Ha increase, just as
expected. That is, the higher the speed of the suspension particles, the better the convective
heat transfer, and accordingly, the values of the number Nu increase. In addition to this,
we notice that the increase in the values of Nu in terms of Ra gradually changes with the
increase in the value of Ha. That is, as the value of Ha increases from 0 to 100, the evolution
becomes nonlinear. Figure 6b is intended to present the influence of the nano-encapsulated
PCM concentration and Ra on Nu. For Ha = 0 and Da = 10−2 we notice that in this studied
space, there is no strong influence of the nano-encapsulated PCM concentration on Nu.
The negligible effect of the ratio of NEPCM on Nu can be explained by the finite motion
of the flow within the chamber. Figure 6c presents the effect of the Darcy number, i.e., the
porosity of the medium and Ra number on Nu of the hot surfaces of trapezoidal fin for
Ha = 0 and ϕ = 4%. We note an effective effect of the medium permeability (Da number)
on Nu values. That is, the values of Nu increase with augmenting Da. The latter can be
explained by the following: the expansion of the medium’s permeability means a decrease
in the flow obstruction, which allows for enhanced convective heat transfer.
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Figure 6. The effect of (a) Ha number, (b) nanoparticle volume fraction and (c) Da number on the
Nu avg for different values of Ra.

In order to know the quality of the convective heat transfer along the hot surfaces
of trapezoidal fin, Figure 7 presents the distribution of the local values of Nu in terms of
Da, Ra, and Ha and ϕ. Figure 7a illustrates the effect of Da on the local distribution of Nu
for Ra = 105, ϕ = 4% and Ha = 0. We note that the local values of Nu on both sides of the
trapezoidal fin are greater than the values in the middle of the fin because the velocity of
suspension particles on both sides of the fin is greater. In addition, raising the number Da
increases the local values of Nu number along the fin. Figure 7b is intended to display
the local distribution of Nu number in terms of Ha for Ra = 105, ϕ = 4% and Da = 10−2.
All local values of Nu decrease with increasing Ha along the heated surfaces of the fin.
Figure 7c is devoted to presenting the impact of the Ra number on local values of Nu along
the heated fin for Ha = 0, ϕ = 4% and Da = 10−2. It is clearly demonstrated that raising Ra
increases all local values of Nu along the heated surfaces. Figure 7d is devoted to showing
the concentration’s impact on the local Nu distribution for Ha = 0, Ra = 105 and Da = 10−2.
We note that there is a very small effect of this element on the local values of Nu.
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Figure 7. Effects of (a) Da number, (b) Ha number, (c) Ra number and (d) nanoparticle volume
fraction on the local Nusselt number.

5. Conclusions

Through this work, we were able to create a digital simulation for suspension inside a
room in the form of an inversed T shape. The suspension consists of water and the elements
of nano-encapsulated PCM. The chamber is permeable and has a compound bottom with
a hot trapezoidal fin, while the lateral ends are cold. We sought, through the simulation
results, to highlight the heat transfer of free convection form between hot and cold elements
by using the suspension as a thermal conductor. The study was also carried out under
the effect of the intensity of the magnetic field. Analyzing the results of this research, we
concluded the following:

• Increasing the porosity of the container makes the flow velocity better, increasing heat
transmission.

• Rayleigh number controls the thermal buoyancy force; it was found that increasing
this force moves the suspension flow better and has a positive effect on heat transfer.

• The magnetic field creates a force that opposes the movement of the flow. Therefore,
the stronger the magnetic field, the lower the flow speed, and consequently, increased
thermal activity.

• The movement of the flow within the space is characterized by the development of
two identical vortices, as the higher the speed of the flow, the more the development
of the vortices is served.
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• The bar indicating the location of the change in the physical state of PCM elopements
is characterized by two states: the first is the presence of a single band hovering around
the heated surface for the low speed of the flow; the second case is characterized by
the presence of two opposite bands, one on the right and the other on the left when
the flow speed is high.
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Abstract: It is widely known by the scientific community that the suspended nanoparticles of
nanofluids can enhance the thermophysical properties of base fluids and maximize pool-boiling
heat transfer. However, the nanoparticles may undergo extended boiling times and deposit onto
the heating surfaces under pool-boiling conditions, thus altering their intrinsic characteristics such
as wettability and roughness over time. The present study reviews the fundamental mechanisms
and characteristics of nanoparticle deposition, and its impact on surface roughness and wettability,
density of vaporized core points, and thermal resistance, among other factors. Moreover, the effect of
the nanoparticle layer in long-term thermal boiling performance parameters such as the heat transfer
coefficient and critical heat flux is also discussed. This work attempts to highlight, in a comprehensive
manner, the pros and cons of nanoparticle deposition after extended pool-boiling periods, leading the
scientific community toward further investigation studies of pool-boiling heat-transfer enhancement
using nanofluids. This review also attempts to clarify the inconsistent results of studies on heat
transfer parameters using nanofluids.

Keywords: nanofluids; fouling resistance; re-suspension; hydrodynamic instability; thermal
resistance; roughness-to-particle size ratio

1. Introduction

The boiling process has been used to dissipate energy in the form of heat generated by
macroscale operating equipment. As miniaturized, faster and more powerful electronic
devices and systems are developed and implemented on a day-to-day basis, the operating
thermal fluids need to be improved to augment the heat removal capability. Pool-boiling
heat transfer depends on factors closely linked with the fluid and solid surface proper-
ties such as thermal conductivity, surface tension, viscosity, enthalpy, specific heat, and
roughness, structure, and homogeneity of the heating surface. It also depends on the hy-
drodynamic state near the heating surface determined by the bubble departure frequency
and diameter and hot/dry spots dynamics [1], among other factors. The suspension of
nanoparticles into the base fluid, or in other words using a nanofluid, is one of the most
followed routes to enhance the pool-boiling heat-transfer coefficient (HTC) and critical
heat flux (CHF) and can modify many of the aforementioned factors and properties. The
use of nanoparticles may have considerable influence on the thermophysical properties of
the working thermal fluids and on the behavior of the triple solid–liquid–vapor contact
line. The alteration of the liquid/vapor and solid surface tensions changes the acting force
balance and length of the contact line [2], wettability, and number of active nucleation sites.
The focus of the research studies on the field should be to achieve an optimized combination
of the base fluid, concentration, shape, and dimensions of the nanoparticles and solid sur-
face substrate to increase, at the same time, the CHF and HTC of the pool-boiling scenarios.
Nevertheless, there are still features of vital importance that should be further studied such
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as the impact and control of the transient boiling-induced nanoparticle deposition [1]. In
the course of the nucleate boiling process with nanofluids, the nanoparticles deposit onto
the heating surface over time and can modify its properties including the wettability, water
angle hysteresis, roughness, capillary wicking [3,4], and nucleation site density. Particu-
larly, the surface roughness after the nanoparticle deposition is influenced by the fraction
and intrinsic thermal properties of the nanoparticles, heating surface roughness, and on
the thickness and morphology of the nanoparticle deposition layer. Moreover, the active
nucleation site’s density has a relevant role in promoting superior boiling heat-transfer
performance, and can be controlled by factors such as the surface wettability and rough-
ness, surface superheat value, and thermal properties of the fluid [5]. There is an intricate
connection between the number of nucleation sites and the roughness and wettability of the
heating surface: as the wettability improves, the likelihood of the liquid filling the cavities
increases and, consequently, the number of active nucleation points decreases. In the work
carried out by the authors Shoghl et al. [6], after the boiling process, using a alumina
nanofluid as operating fluid, the deposited nanoparticle layer decreased the heating surface
roughness in the case where the size of the nanoparticles was smaller than the roughness of
the heat transfer surface. Moreover, Das et al. [7] reported that the smaller nanoparticles fill
the cavities of the surface and reduce its original roughness. Since the nanoparticles agglom-
erate and deposit, the heating surface roughness decreases when the size of the clusters is
smaller than the size of the surface cavities. Moreover, in the study conducted by Chopkar
et al. [8], it was reported that after pool-boiling experiments using a 0.005 vol. % zirconia
nanofluid, the heating surface roughness decreased. Moreover, the researchers revealed
that the surface roughness decreased with the increasing number of successive pool-boiling
experiments. Additionally, the authors Narayan et al. [9] employed machine vision to
determine the nucleation site density after the completion of pool-boiling experiments with
alumina nanofluids. The authors found that the number of active nucleation core points
increased when the size of the nanoparticles of 47 nm was smaller than the roughness of
the heating surface of 524 nm. In this case, the alumina nanoparticles penetrated into large
surface cavities and enlarged the number of sites by splitting one active nucleation point
into many points. On the other hand, if the nanoparticle size was similar to the average
surface roughness of 48 nm, the number of nucleation sites was found to decrease consider-
ably. Furthermore, the atomic force microscopy (AFM) technique was employed by White
et al. [10] to measure the heating surface roughness after multiple pool-boiling tests with
deionized water and with a 40 nm zinc oxide nanofluid. The research team observed that
the surface roughness increased to 440 nm after seven nanofluid pool-boiling experiments.
In addition, the heating surface roughness was reported by Bang and Chang [11] to increase
after the nanofluid pool-boiling process if the alumina nanoparticles were larger than the
surface roughness. Figure 1 shows the intertwined nanoparticle deposition time-dependent
features at play in the pool-boiling heat transfer. Furthermore, the published results in the
literature showed that the nanoparticle deposition layer affected the wettability more than
the surface roughness [12]. In this direction, Buongiorno et al. [1] conducted pool-boiling
experiments with nanofluids on smooth stainless-steel surfaces and found that the contact
angle was modified because of the alterations in the solid surface tension provoked by the
different chemistry and morphology of the deposited layer of nanoparticles.

It was previously reported in the literature that the CHF is usually enhanced by the
alteration of the heat transfer surface characteristics [13,14]. Nevertheless, the nucleate
boiling heat transfer of nanofluids is a complex phenomenon that depends on many
factors such as the operating conditions [15,16]. Moreover, the experimental results so far
published on the boiling heat transfer parameters of the nanofluids are not consistent with
each other, even under similar experimental conditions [17]. In addition, the demanding
time variation of the boiling heat transfer of nanofluids in which the most representative
example is the nanoparticle deposition would be one of the main reasons behind such
inconsistency of results [18]. To make matters worse, there is no available systematic
experimental information or database regarding the transient nanoparticle deposition and
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its effects on pool-boiling heat transfer using nanofluids. Hence, further in-depth research
works are recommended to achieve a better understanding of the mechanisms responsible
for the conflicting trends. The main objective of the current work is to provide, given
the circumstances, the most possible complete and accurate experimental and theoretical
information about the nanoparticle deposition onto the heat transfer surfaces, in an effort
to minimize the severe shortage of understanding of such deposition during pool boiling
of nanofluids. Table 1 summarizes some of the main recent experimental works on the
boiling-induced nanoparticle deposition and its fundamental effects on the poll boiling
heat transfer characteristics.
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Table 1. Main recent experimental works on boiling-induced nanoparticle deposition.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[19] Raveshi et al.
/2013

Aluminum
oxide Copper

An HTC enhancement of up to 64%
for the 0.75% vol. nanofluid was

verified. Except for the increment of
the base fluid properties, the heating
surface alteration was the main factor

influencing the HTC. Because the
surface particle interaction parameter

was more than the unity, only the
increment of HTC was observed. At

low concentration, the deposited
layer was very thin, which altered the
surface by multiplying the nucleate
site and creating active cavities, and

finally leading to enhancement of the
heat transfer.

The thicker layer, which
was recorded at the end
of the boiling duration,

was caused by the
higher concentration of

the nanoparticles.

[5] Sarafraz and
Hormozi/2014

Aluminum
oxide

Stainless-
steel

With increasing the concentration of
nanofluids, due to the deposition of

nanoparticles on the surface and
equal size of nanoparticles and

roughness of the heating surface, the
average roughness of the surface
decreased and, subsequently, the

number of nucleation sites reduced
which led to an HTC decrease.

An asymptotic behavior
was reported for the

particulate fouling at the
heat transfer area,

whereas a rectilinear
behavior was found for

the free convection
region. The thickness

and rate of fouling
depended on the boiling
duration and the fouling

resistance because
nucleate boiling was

higher than those
measured in the
convection area.
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[20] Tang et al.
/2014

Aluminum
oxide

The aluminum oxide nanoparticles
enhanced the heat transfer at

concentrations of 0.001 vol. %, 0.01
vol. %, and 0.1 vol. % with the SDBS

surfactant. The aluminum oxide
nanoparticles deteriorate the heat

transfer at 0.1 vol. % without SDBS
due to the larger number of

deposited nanoparticles. The SDBS
deteriorated the heat transfer, and the

deterioration was more than the
enhancement by the nanoparticles at
0.001 vol. %.When the fractions were
between 0.01 vol. % and 0.1 vol. %,
the addition of the SDBS improved

the heat transfer by the nanoparticles
because the SDBS reduced the

deposition of nanoparticles.

The impact of the change in
the surface angle by the
surface deposition of the

nanoparticles can be
negligible for R141b.

[21] Manetti et al.
/2017

Aluminum
oxide Copper

A decrease in the wall superheating
up to 32% and 12% for a smooth and

rough surfaces, respectively, was
verified for the same heat flux in

comparison with that of DI water. For
low concentration nanofluids

subjected to moderate heat flux,
appreciable enhancement of the HTC

was observed for the smooth and
rough surfaces as compared with the

DI water. It is argued that this
phenomenon is related to the increase

in the radius of the cavities due to
changes in the morphology of the
surface. For the rough surface, the
HTC decreased appreciably with

increasing heat flux due to the
intensification of the nanoparticle

deposition rate, and higher thermal
resistance by the filling of the cavities

of the heating surface with the
nanoparticles. The surface

modification due to the nanoparticle
deposition increased the HTC only
for low nanoparticle concentrations

and when the particle interaction
parameter (SIP) was greater

than unity.

A higher nanoparticle
deposition rate occurred for
heat fluxes greater than 400

kW/m2.

[22] Nunes et al.
/2020

Aluminum
oxide Copper

The coating layer formed on the
heating surface increased the surface
wettability; moreover, it provided a

barrier to the heat transfer by
increasing the thermal resistance on
the heating surface, degrading the
HTC for unconfined and confined

boiling. For the latter, the wettability
enhancement promoted a delay in the

dryout incipience phenomenon.

The coating process delayed
the dryout occurrence under
confined conditions due to

the influence of the
nanostructures on the

surface–fluid interaction
mechanisms, e.g., the

surface wettability, which is
a pronounced effect for

non-wetting fluids, such as
the DI water.
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[23] Xing et al.
/2016 Carbon Copper

The multi-walled nanotubes
(MWNTs) with CTAB nanofluid

presents poor HTC, which decrease
with increasing concentration for the

deposition of nanoparticles. The
deposition of nanoparticles onto the

heating surface was not verified
using covalent functionalization
MWNTs nanofluids. Thus, the

covalent functionalization MWNTs
nanofluids show a higher HTC than
the base fluid, and they increased as
the MWNTs concentration increased.
The maximum HTC enhancements

are 34.2% and 53.4% for
MWNTs-COOH and MWNTs-OH

nanofluids, respectively.

. . . ..

[24] Li et al./2020 Copper oxide Copper

The HTC was improved due to the
partial fouling of the nanoparticles

which increased the number of
nucleation sites on the surface. After

1000 min of operation, the fouling
layer changed the surface by

decreasing the number of nucleation
sites, inducing a thermal resistance to
the surface and decreasing the bubble

departure time.

. . . ..

[25] Cao et al./2019 Copper–zinc Copper

The superheat value on the fully
deposited surfaces was around 20 K

lower than that on the smooth surface
and the fully deposited surface had

the highest HTC, around 100%
enhancement than the smooth

surface. The CHF was not enhanced
on the fully deposited surface, but

increased by 33% on the
channel-pattern-deposited surfaces.

The experimental CHF on
the channel pattern

deposited surfaces agree
well with the predicted

model derived from
hydrodynamic instability

[26] Kiyomura et al.
/2017 Iron oxide Copper

The coated layer formed on the rough
surfaces provided a barrier to the

heat transfer and reduced the bubble
nucleation, which led to the reduction
in the number of microcavities and an

increase in the thermal resistance,
therefore degrading the HTC. For
smooth surfaces, the deposition of
nanoparticles tends to increase the
nucleation site’s density, increasing

the boiling heat transfer. An
increment in the HTC occurred only
for low nanofluid concentrations, for
which the thermal conductivity of the

nanofluids was dominant as
compared with the thermal resistance

of the nanolayer formed on the
heating surface.

The C coefficient that
correlates to the HTC and

the heat flux was used.
Different Csf (surface–fluid
parameter) and Cs (heating

surface parameter)
behaviors were found for
the surfaces covered with

nanoparticles. The Csf and
Cs are influenced by the

additional thermal
resistance resulting from

the nanoparticle deposition.
The Cs underestimated the

effects of wettability and
surface roughness for the

surfaces covered with
nanoparticles
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[27] Stutz et al.
/2011 Maghemite Platinum

The coating made of nanoparticles
reduced the HTC by introducing a

thermal resistance that increased with
layer thickness. The CHF

enhancement depended on the
covering rate of the heating surface
by the nanoparticles, and evolved

with boiling time. It reached a
maximum when the heater was

entirely covered with nanoparticles
and then decreased slowly when the

thickness of the coating increased.
The observed increase in the CHF
was due to the increase in the heat
transfer area when the nanoporous

layer was formed.

The effective thermal
resistance of the layer
appears to decrease
substantially during

boiling and seems to be
coupled to the bubble
dynamics. This may
indicate that vapor

generation occurs inside
the layer, which reduces

its effective thickness.

[28] Souza et al.
/2014 Maghemite Copper

It was observed that the enhancement
of the HTC is higher when the SIP

was greater than unity. The HTC for
the nanostructured surface with the
deposition of nanoparticles of 10 nm
diameter, corresponding to SIP = 16,

was 55% higher than that for the bare
surface. For the nanostructured
surface with the deposition of
nanoparticles having 80 nm of

diameter, corresponding to a SIP
equal to 2, the HTC decreased

29%.The HTC increased when the
gap decreased, mainly for lower heat
fluxes. For a gap length equal to 0.1
mm, a 145% HTC increase at heat

fluxes lower than 45 kW/m2 with the
deposition of 10 nm sized

nanoparticles was reported.

. . . .

[29] Heitich et al.
/2014 Maghemite

Copper–
nickel
alloy

Nanostructured surfaces showed
higher wettability as a consequence

of the greater number of surface
defects created by the nanoparticles.

Surface defects affect the contact
angle and may influence the heat

transfer and CHF. The nanostructures
have a greater number of these

defects due to the small nanoparticle
size. The nanostructures led to an

increase in the CHF, especially with
the maghemite deposition for which
the value was around 139% higher
than that of the smooth substrate.

The CHF increased as the wettability
increased. An increase in the CHF
was observed as the contact angle

decreased. The rough substrate
samples showed an enhancement in
the HTC of around 19%, while other
samples showed an increase in the

HTC values for high heat fluxes

The maghemite
nanostructured surfaces
showed greater porosity

and roughness. These
samples have a greater

nanoparticle layer
thickness and,

consequently, a higher
wettability compared
with the molybdenum

samples. The rough
substrate showed a

hydrophobic behavior,
while the other samples

with nanoparticle
deposition showed a
hydrophilic behavior.

The small particle sizes
in the nanostructures
greatly promoted the
wettability alteration.
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[30] Rostamian and
Etesami/2018 Silicon oxide Copper

Whatever the time of boiling on the
heating surface increases, the

differences between the boiling
curves of nanofluid and deionized

water becomes more due to the
deposition of nanoparticles. In high
concentrations of nanofluid, further
deposition of nanoparticles on the
surface causes a thickening of the
layer made of nanoparticles. This

thick layer enhances thermal
resistance, so the HTC reduces.

However, in low concentrations the
surface roughness is less than that in
high concentrations and during the

nanofluid boiling on the surface,
nucleation sites with sedimentation
of nanoparticles became smaller in
size and the number of nucleation
sites increased; therefore, the HTC
increased. The main cause for the

CHF enhancement in nanofluid was
the nanoparticle deposition which

increased the surface wettability and
CHF was delayed to a higher surface

superheat value.

Whenever the
concentration and the

time of boiling increases,
the surface roughness

increases, too. Moreover,
the increase in surface

roughness happens
more quickly for higher

concentrations
(0.01 vol. %).

[31] Akbari et al.
/2017 Silver Copper

The deposition of nanoparticles was
efficient in re-entrant inclined coated
surfaces: up to 120% CHF increase
compared with the smooth surface

and up to 30% as compared with the
uncoated inclined surface.

The bubbles generated
on the coated re-entrant

surface were larger
in size.

[32] Kumar et al.
/2017

Titanium
oxide

Nickel–
chromium

The CHF was augmented up to a
certain value of nanoparticle

deposition, beyond which the rate of
deposition was intangible.

Approximately 80%, 88%, and 93%
enhancements in the CHF were

found for deposition up to 4 min, 8
min, and 16 min, respectively.

The larger the
deposition or boiling
time, the lower the

contact angle leading to
a higher CHF. The rate

of deposition of
nanoparticles was

higher for boiling times
up to 8 min and was
comparatively lower

beyond 8 min
and above.
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[33] Hadzic et al.
/2022

Titanium
oxide Copper

At a low nanoparticle concentration,
the influence of nanofluid on boiling
performance was minimal, with the
HTC and CHF values comparable

with those obtained using pure water
on both the untreated and

laser-textured surfaces. The boiling of
a nanofluid with a high nanoparticle
concentration resulted in a significant
deposition of nanoparticles onto the

boiling surface and CHF
enhancement up to 2021 kW m−2,

representing double the value
obtained on the untreated reference
surface using water. However, very
high surface superheat values (up to

100 K) were recorded, suggesting
poor practical applicability. The

decrease in heat transfer performance
due to the boiling of nanofluids on

laser textured surfaces can be
explained through the deposition of
nanoparticles into the laser-induced

grooves and microcavities present on
the surface, which decreased the
number of active nucleation sites.

Thicker nanoparticle
deposits resulted in

added thermal
resistance. While the

surface porosity granted
a delay in the CHF

incipience due to the
enhanced liquid

replenishment, the
surface superheat value

was increased.

[34]
Kamel and

Lezso-
vits./2020

Tungsten
oxide Copper

The higher HTC enhancement ratio
was 6.7% for a concentration of 0.01%
vol. compared with deionized water.

The HTC for nanofluids was
degraded compared with the

deionized water, and the maximum
reduction ratio was about 15% for a

concentration of 0.05% vol. relative to
the baseline case. The reduction in

the HTC was attributed to the
deposition of tungsten oxide

nanoflakes on the heating surface,
which led to a decrease in the

nucleation site’s density.

. . . ..

[35] Gajghate et al.
/2021

Zirconium
oxide Copper

The zirconia nanoparticle coating
incremented the heat transfer and

HTC. The peak enhancement in the
HTC was of 31.52% obtained for 200

nm zirconium-oxide-coating
thickness. The HTC increased with

increasing coating thickness up to 200
nm, but a further increment in the

thickness resulted in the reduction in
HTC due to the rise in

thermal resistance.

The increase in
zirconium oxide

nanoparticle
concentration from 0.1

to 0.5 vol. % showed an
increase in the coating

thickness as well as
surface roughness. The
zirconium oxide layer
gave hydrophilicity to

the bare copper surface.
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Table 1. Cont.

Reference Authors/Year Nanoparticles
Material

Substrate
Material Effects on Heat Transfer Other Effects

[36] Minakov et al.
/2017

Silicon,
aluminum,
iron oxides,

and diamond

Nickel–
chromium

Even at very small concentrations of
nanoparticles, the CHF increased by

more than 50% and continued
growing with a further increase in the
nanoparticle concentration. At high
concentrations of nanoparticles, the
growth rate of CHF slowed down

and reached a constant value. Such
behavior can be explained by the

stabilization of the deposit size on the
heating surface. With increasing
boiling time, the CHF increased

rapidly and reached a steady-state
level. The correlation between CHF
and the concentration, particle size

and material, and boiling time
confirmed the key role of the

nanoparticle deposition.

At the same nanoparticle
concentration, the

desired height of the
layer deposited on a

smaller heating surface
was formed much faster
than that deposited on a
larger heating surface.

[37] Sulaiman et al.
/2016

Titanium
oxide,

aluminum
oxide and

silicon oxide

Copper

The aluminum oxide nanofluids
enhanced, whereas the silicon oxide

nanofluids deteriorated, the heat
transfer. The effect of the titanium

oxide nanofluid on the heat transfer
depended on the nanoparticle

concentration. The maximum CHF
was found for the most concentrated
aluminum oxide nanofluid. Although

significant detachment of the
nanoparticle layer was found after

the CHF measurement for the silicon
oxide nanofluids, the value of CHF
was not significantly different from

those for the titanium oxide and
aluminum oxide nanofluids.

Abnormal increase in
the wall superheat value

was observed for the
titanium oxide and

silicon oxide nanofluids
when the heat flux was
sufficiently high. It was

considered that this
phenomenon was

related to the partial
detachment of the
nanoparticle layer

formed on the heated
surface since the defects
of the nanoparticle layer

were always detected
when such a

temperature rise
took place.

2. Nanoparticle Deposition over Boiling Time
2.1. Causing Mechanisms

The causing mechanism for the nanoparticle deposition during pool boiling has been
pointed out by Modi et al. [38] to be the evaporation in the microlayer beneath the vapor
bubbles, where most of the heat and mass transfer is carried out. In this direction, the
researchers Li et al. [39] also reported that the microlayer accumulates the nanoparticles
that are deposited in the heating surface when the microlayer fully evaporates. The authors
found that the microlayer evaporation was the key factor to promote the growing of the
bubbles and that the nanoparticle deposition process would continue for as long as the
duration of boiling. Figure 2 schematically represents the deposition of the nanoparticles in
the microlayer of the vapor bubble. Moreover, Kim et al. reported in another study [40] that
the growth of the deposition layer was promoted by the natural convection or by the gravity-
driven sedimentation. Furthermore, as the heating surface temperatures increase beyond
the operating fluid saturation point, the vapor bubbles are generated at the nucleation sites
and start to grow because of the evaporation of the fluid at the contact line, nearby the
zone of the bubbles, and inside the liquid microlayer underneath the vapor bubbles [41].
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The buoyancy force is responsible for pushing the bubbles upwards until their detachment
occurs. In addition, similar mechanisms generate bubbles within the nanofluids during
pool boiling. Nevertheless, due to the evaporation rate of the microlayer, the fraction of the
nanoparticles in the region around the heating substrate will be enhanced and the distance
between the suspended nanoparticles will be shorter. With these conditions, more collisions
are likely to happen between the nanoparticles, agglomeration, and sedimentation over the
heat transfer surface.
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2.2. Characteristics of the Deposition Layer

The first characteristic that can be highlighted for the deposited layer of nanoparticles
during the pool boiling with nanofluids is the bonding strength with the heating surface.
In this sense, the researchers Kwark et al. [43] reported that even after 16 consecutive
pool-boiling experiments, the deposition layer kept a noticeable bonding strength with
the substrate. Moreover, the deposition layer of nanoparticles has a porous structure
over the heating surface [12,17,44] in the nanofluid pool boiling. The thickness of the
porous structure and the associated capillarity effect are also relevant characteristics of the
deposited nanoparticle layer. The thickness accommodates the extra liquid microlayer and
the capillary wicking drives the fluid toward the dry spots at the base of the growing vapor
bubbles. Throughout the pool-boiling process, the characteristics of the heating surface
covered by the nanoparticle layer are continuously modified as the thickness of the layer
tends to increase over time. The authors Kim et al. [45] investigated the evolution of the
CHF under pool-boiling conditions on a heating NiCr wire covered with porous layers of
nanoparticles. The authors obtained different deposit structures by changing the heat flux
during the boiling of 0.01 volume fraction of titanium oxide nanoparticles suspended in
water. The surface properties of the testing wires were measured to identify the parameters
closely linked with the appreciable CHF increase. The investigation team noted that the
heat capacity of the surface of the wires was altered due to the nanoparticle deposition
and, hence, the heat capacity was not the main factor in interpreting the observed CHF
enhancement. This experimental work may lead to the conclusion that when the CHF
occurs on a very small heat transfer surface, such as a thin wire, it is described as being the
consequence of the liquid dryout beneath the vapor patch associated with the dramatic
increment in the surface superheat value caused by the merging of the vapor bubble
rather than the hydrodynamic instability. The researchers stated that the thickness of the
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surface porous structures holding an extra fluid macrolayer and capillary wicking effect
to conduct the working fluid toward the dry regions underneath the vapor bubbles were
the key parameters responsible for the CHF increment. The thickness and structure of the
deposition layer is affected by the concentration, size, and shape of the nanoparticles, and by
the temperature of the heating substrate, rate of evaporation, and finally, induced heat flux.
For instance, in the cases when the surface presents a very high temperature and, hence,
enhanced evaporation rate, the porous layer becomes thicker and more condensed having
larger agglomerations. A higher fraction of nanoparticles dispersed in the base fluid usually
conducts to a thicker and more condensed deposition layer. Moreover, the morphology and
intrinsic characteristics of the nanoparticles affect the deposition pattern during boiling.
Another important characteristic is the roughness of the deposited layer, given that its
modification during the boiling process will affect the nucleation site density [15–17].
Furthermore, it was already found that not only were the nanoparticles constituents of the
deposited layer, since this one also contains solvable salts sedimented in the course of the
pool boiling using nanofluids [46] and the influence of these compounds needs further
understanding. The formation of a deposition layer during boiling requires engineering
to minimize, or even eliminate, the negative consequences on the boiling heat transfer
of nanofluids. Nevertheless, there are positive impacts encountered in most cases in the
nanofluids and the boiling-induced nanoparticle deposition relative to the conventional
thermal fluids such as, for instance, water. Figure 3 presents some of these positive effects.
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from [47].

2.3. Fundamental Time-Dependent Features
2.3.1. Fouling Resistance

The fouling related with nanofluids is a type of particulate fouling phenomenon.
The suspended nanoparticles lose their stability over time and adhere to the heating sur-
face, mainly due to the interactions between the dispersed nanoparticles and the fluid
and between the nanoparticles and the heating surface along with temperature gradi-
ents within the base fluid [48]. Figure 4 shows the typical time-dependent stages of the
particulate fouling.
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Moreover, other parameters can be referred that determine the fouling occurrence
when using nanofluids such as chemical composition, homogeneity, viscosity, diffusivity,
density, interfacial properties, and compatibility of the nanoparticles with each other, the
base fluid, and boiling surfaces. Regarding the nanoparticle concentration, an excessive
amount of nanoparticles entails sedimentation concerns and, consequently, tends to pro-
mote particulate fouling over the surfaces that usually leads to a considerable decrement in
the heat transfer performance. It should be stated that another vital concern of the particu-
late fouling over time is the clogging caused by the clustering of the nanoparticles. The
fouling onto a boiling process surface has a considerable negative impact on the working of
thermal management units, entailing negative consequences [50,51]. The latter are present
in the operational damages caused by the shutdowns provoked by fouling, and in the
maintenance costs that arise from cleaning the surfaces and equipment replacement [52].
The heat transfer performance decrement is the most observed effect of fouling [53,54].
This reduction is closely linked with the poor thermal conductivity of the fouling layer,
pressure drop increase, clogged equipment, erosion and corrosion of the surfaces, and
friction augmentation. To summarize briefly, the boiling fouling by nanoparticle deposition
can be addressed through the interplay of the following phenomena [52]:

• Surface particulate deposition is controlled by the interactions between the thermal
fluid and nanoparticles and between the heating surface and the nanoparticles.

• Re-suspension of the nanoparticles occurs after the deposition and is determined by
the balance between the contact and hydrodynamic forces.

• Agglomeration occurs only in cases where the concentration of the dispersed nanopar-
ticles in the thermal fluid is sufficient to promote consecutive interactions between
the surfaces at play. The particle-to-particle collision rate is governed by the hydrody-
namic forces associated with the motion of the nanoparticles, whereas the adhesion
between the nanoparticles is determined by the short-range interactions between them.
In the cases where the adhesion forces have a lower magnitude than the hydrodynamic
counterparts, the break-up of aggregates of the nanoparticles may occur.

The hydrodynamic transport of the nanoparticles and attachment onto the heating
surface of the nanoparticles are the involved phenomena in the two-step process of the
structure of fouling [55,56]. In particulate fouling, the main thermophysical features
involved are the motion of the nanoparticles by inertia, diffusion, and thermophoretic
forces, linkage of the nanoparticles by the acting Van der Waals forces and superficial
charges, and erosion. In pool-boiling scenarios, the fouling of nanoparticles resistance
depends on [57]:
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• Heat flux: given that with increasing heat flux, the fouling resistance also increases
until a maximum value.

• The pH and ionic content of the nanofluids: the attachment and agglomeration of
the nanoparticles are provoked by the action of the electric double layer and Van der
Waals forces. The repulsion caused by the electric double-layer forces is mainly due to
the accumulation of electric charges in the surface of the nanoparticles of hydroxides
and metal oxides, and such electric charges are directly correlated with the pH of the
suspension and its ionic content.

• Temperature of the surface: it was already demonstrated that the fouling resistance
increased more rapidly with temperature at higher temperatures and more slowly at
lower temperature values.

• Surface roughness: given that a smoother surface delays the fouling, and it is easier to
clean. In contrast, considerable rough surfaces increased the nanoparticle deposition
dramatically.

• Size of the nanoparticles: given that the fouling resistance depends on the particle size.
However, a well-defined trend is not yet available in the published literature.

The fouling of the copper oxide nanoparticles onto a heat exchanger surface was
investigated with a variety of experimental parameters and a correlation accounting with
the flow of the nanoparticles was introduced by the authors Nikkhah et al. [58]. The
researchers reported that with a larger amount of nanoparticles and increased heat flux, a
more considerable surface fouling occurred. Moreover, a reduction in the fouling resistance
was found with increasing surface temperature. In particular, the consecutive heating and
cooling cycles or the high temperature of the nanofluids tended to promote the impact
between the nanoparticles and, consequently, their aggregation trend.

2.3.2. Thermal Resistance

The boiling-induced nanoparticle deposition onto the interface of the solid and liquid
phases seriously affects the interfacial thermal resistance (ITR) or Kapitsa resistance. The
ITR can be modified by the wettability and morphology of the interface. For instance, the
thermal conductance of different wettability interfaces functionalized with a self-assembled
monolayer (SAM) has already been determined by the time-domain thermo-reflectance
technique [59]. The authors reported that the ITR of a hydrophobic interface was near
three-fold greater than that of a hydrophilic interface. Moreover, in the work performed
by [5], the layer of carbon nanoparticles deposited onto the solid and liquid phases interface
influenced the density of the working fluid, the heat transfer near the interface, and the
ITR. The researchers numerically evaluated the ITR with changes in the intermolecular
interactions between the fluid and the nanoparticles and those between the fluid and the
surface. The researchers arrived at the following conclusions: (i) The nanoparticle layer
deposited onto the solid–liquid interface decreased the ITR, which might become lower
that the typical ITR value of a smooth heating surface, especially in the cases where the
nanoparticles exhibit hydrophilicity. Additionally, it was common in the fullerene and
amorphous nanoparticles. (ii) The considerable ITR decrease caused by the deposition layer
enhanced the heat transfer from the heating surface to the nanoparticles, and, consequently,
augmented the heat transfer of the nanoparticles. The key condition for the decrement
in the ITR was the extraction, storing, and transport of the heat from the solid interface
by the nanoparticles to the neighboring fluid outside the deposition layer. In addition to
the heat flux increment, the temperature difference at the interface of the solid and liquid
phases was decreased by the deposition of the nanoparticles. These alterations contributed
to the ITR reduction. (iii) The deposit of nanoparticles onto the interface did not induce
an appreciably extra thermal resistance as compared with the corresponding fluid layer,
independently of the morphology of the nanoparticles. This was caused by the fact that
the single layer of the nanoparticles was of such reduced dimensions that it could not
be enough for producing the additional thermal resistance at the interface, although the
thermal resistance of the used fullerene was high. (iv) The nanoparticle deposition changed
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the density of the thermal fluid and the temperature gradient at the interface. The ITR
decreased with increasing fluid density in the deposition layer. The changes in the fluid
density in the interface nearby region and in its temperature gradient by the nanoparticle
deposition were two major conditions affecting the ITR.

2.3.3. Three-Phase Contact Line Behavior

During a nanofluid boiling situation, it is usually expected that the dispersed nanopar-
ticles deposit uniformly onto the heating surface by the gravitational effect. Given that
the nanofluids are a very dilute type of fluid, the quantity of nanoparticles deposited by
gravity can be assumed to be negligible. As such, when the first vapor bubbles nucleate,
the heat transfer surface is hydrophobic and the evaporation rate at the solid, liquid, and
vapor phases contact line is the main mechanism associated with the growth stage of the
initial vapor bubbles. The published transient imaging of the contact line evaporation in
the literature has already demonstrated that the contact line of the bubbles presents a radial
type of motion across the heating surface [60], provoking the expansion or, alternatively, the
contraction of the dry patch. This dry patch can be characterized by a higher temperature
area at the center of the active nucleation point. Given that the evaporative heat flux has
its maximum value at the solid–liquid–vapor contact line, the suspended nanoparticles
will deposit at the contact line as it evaporates and expands. It has been reported that a
ring-like deposition pattern was observed at the contact line of a sessile droplet deposit
onto a hydrophobic surface due to the delay in the depinning of the contact line. Moreover,
it is expected that the radial motion of the contact line will be more constrained with the
addition of nanoparticles. As a consequence, the initial deposition happens over only a
narrow region under the form of a ring. Furthermore, the deposition at the contact triple
line becomes very intense with the boiling time and, thus, modifies the surface wettability
that, in turn, aids in the continuous shrinkage of the contact line radius corresponding
to the dry patch dimensions. This particular mechanism conducts to the smearing out of
the thinned ring to a wider ring structure, which, consequently, improves the wettability
of an extended inner region of the nucleation sites. When the rewetting of this region is
complete after the detachment of the bubbles, the growth stage of the following bubbles
slowly changes from the dynamics of the contact line to the entrapment of the microlayer
dynamics. The microlayer thickness augments in the radially outward direction and, conse-
quently, evaporates faster near the center of the nucleation site, leaving behind a small dry
patch. Because of the higher evaporation rate at the center of the front of the microlayer,
a radially inward capillary flow is generated inside it, which conducts the nanoparticles
toward the evaporative front of the microlayer. It should be stated that as the fraction of
nanoparticles augments around the evaporative front because of such inward flow, the
clustering rate of the nanoparticles raises up to produce larger particles. When the droplet
evaporation happens on hydrophilic surfaces, it has been highlighted that the nanoparticles
adhere and settle at the contact line region, which is caused by the conjugated action of
the shape of the liquid and vapor phases interface and the balance between friction forces
and capillarity acting on the nanoparticles. Taking into account these phenomena, it is
believed that a similar mechanism is responsible for the settlement of the nanoparticles
at the evaporative front of the microlayer considering that the bigger clustered particles
come in contact with the evaporative front because of the presence of induced inward
capillary flows. The clustering of the nanoparticles at the inner area of the deposition
pattern can be easily observed using AFM imaging wherein the sub micro-scaled particles
are deposited, and this fact can justify the high density and thickness of the deposit at the
central regions of the nucleation point. Moving away from the central regions, although
the microlayer possess a relatively large fraction of the working fluid to maintain the sus-
pension of nanoparticles, the thickness of the deposit gradually decreases radially outward
since the complete evaporation of the microlayer at these points does not occur because
of its increasing thickness. The augmented microlayer thickness renders extra ITR to the
heat transfer flow and the microlayer has lower rates of evaporation, which in turn, averts
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the complete dryout of the microlayer at the radially outward sites. The location of the dry
patch can be estimated with the help of heat flux contour plots. If the maximum value of
the dry patch radius and the deposited pattern radius is compared, it can be verified that
the maximum dry patch radius is significantly smaller than the radius of the deposition
pattern. Additionally, it has been found that the maximum dry patch radius is even smaller
than the centrally deposited film radius. This fact that in the nanofluid boiling process, the
microlayer does not evaporate totally in the radially outward regions and the dispersed
nanoparticles settle primarily in such regions because of the gravity and attraction forces
between the nanoparticles and surface like Van der Waals and electrostatic forces. Hence,
the thickness of the deposit is radially decreased from the center of the nucleation points to
their peripheral areas.

2.3.4. Capillary Wicking

Another important feature of the deposited layer of nanoparticles is the capillary wick-
ing behavior. The formation of certain microstructures by the boiling-induced nanoparticle
deposition may induce capillary wicking on the heating surface. For instance, in the work
performed by Kim et al. [40], the wires covered by the nanoparticles of low fraction nanoflu-
ids do not induce a working fluid rise by capillary wicking since the formed microstructures
on the heating surface at low concentrations are not sufficient to play the role of microflow
pathways. The authors also confirmed that the material of the nanoparticles greatly in-
fluences the capillary wicking. In this sense, the oxide titanium nanoparticle-coated wire
presented a maximum water capillary rise of 1.2 mm at maximum concentration, which
then steeply increased for lower concentrations achieving 5.9 mm at the lowest concentra-
tion. Moreover, the alumina nanoparticle covered wire had a maximum water capillary rise
value of 0.5 for all the tested concentrations. The fractal micro-scaled structures produced
by the deposition of clustered titanium oxide nanoparticles induced fluid suction caused
by the capillary wicking effect that increases the CHF of water and turns it considerably
higher than that with nanofluids. Nevertheless, the much higher CHF of the heating surface
covered by the nanoparticles is deteriorated by the use of nanofluids instead of water, given
that the nanoparticles dispersed in the base fluids may clog the microflow pathways con-
ducting the liquid bulk to the heat transfer surface through capillary wicking. Furthermore,
the authors Kim and Kim [61] studied the influence of the surface wettability and capillarity
of the boiling-induced nanoparticle deposition on the CHF. The authors reported that the
deposition of nanoparticles during the boiling process induces capillary wicking on the
porous deposition layer, whereby the supplied fluid delays the irreversible growth of dry
patches. Moreover, the estimated heat flux gain based on the capillary liquid supply was of
the same order of magnitude and consistent with the experimental CHF increase above the
maximum CHF value of 1500 kW/m2 obtained considering the wettability improvement.
The researchers concluded that the appreciable CHF amelioration of nanofluid pool boiling
is the result of not only improved surface wettability but also enhanced capillarity caused
by the deposition of nanoparticles.

2.3.5. Roughness

With increasing concentration of the nanofluids, the deposited layer of nanoparticles
grows on the heat transfer surface. However, the published results do not always confirm
the direct relation between surface roughness and nanofluid concentration. This may
be caused by the lack of uniformity of the deposited nanoparticle layer on the heating
surface. Such a fact might conduct to higher heat transfer rates with the pool-boiling
nanoparticle-deposited surfaces as compared with the ones obtained through the pool boil-
ing of water alone. Nevertheless, it is possible to settle a well-defined correlation between
the roughness of the surface and the deposited layer. Moreover, the authors Wen et al. [62]
investigated the impact of surface roughness using rough and smooth surfaces. For the
smooth surface, the increase in particle deposition on the heating surface led to an increased
surface roughness. In the case of the rough surface, no considerable variation in the sur-
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face roughness was reported with increasing nanofluid concentrations. The researchers
argued that the surface modification was performed by the features associated with the
nanoparticles after the boiling process. Furthermore, the surface roughness was found
to increase with an increasing wall superheat value for rough surfaces. In addition, the
pool-boiling heat transfer of rough surface using nanofluids was around two-fold greater
than that of the water alone. A reduction of around 30% in the heat transfer was reported
for the pool boiling with nanofluids for a plain surface when compared with the base fluid
itself. Although the surface roughness suffers a decrement from 0.167 to 0.099 µm after
boiling completion, it achieved a CHF amelioration, which was likely due to alterations in
the surface microstructure and topography. Moreover, Ham et al. [3] further investigated
the boiling heat transfer of aluminum oxide nanoparticles dispersed in water on heating
surfaces with different average roughness. The volume fraction of the nanoparticles ranged
between 0 and 0.05 and the average surface roughness was of 177.5 nm and 292.8 nm.
The researchers found that when the volume fraction was increased from 0 to 0.05, the
CHF increased by 224.8% and 138.5% on the surfaces with roughness of 177.5 nm and
292.8 nm, respectively. The heat transfer capability of the aluminum oxide nanofluid with
a 0.05 vol. % of concentration was lower than the one obtained with deionized water at
Ra = 177.5 nm, but the maximum HTC value increased due to the increase in the CHF.
Furthermore, Figure 5 schematically illustrates the boiling-induced nanoparticle deposition
on two different rough heating surfaces.
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Figure 5. Schematic illustration of the boiling nanoparticle deposition on two different rough surfaces:
(a) Ra and Rz with very different values and (b) Ra and Rz with approximate values.

The authors Ji et al. [63] made a qualitative analysis of the boiling-induced nanoparticle
deposition on two different rough heating surfaces. The authors stated that it was easier
to obtain a uniform deposition layer with a higher Ra and lower RZ rough surface in the
corresponding 5 (b) case. The mass concentration lines at the same height in the two
different cases represent the equality of the concentration. The authors observed too that
the heating surface with lower Ra and larger RZ is not so easy to be uniformly coated
by the nanoparticles. With lower weight fractions of the nanoparticles, it is possible to
observe higher peaks outside the surface touching the water. Therefore, the more roughed
surface was the one that exhibited improved heat transfer behavior. It can be stated that
the number of deposited nanoparticles induces variations in the surface roughness of the
heating surface. The continuous growth of the deposited layer produces greater thermal
insulation, which leads to the decrement of the CHF. Further experimental studies are
needed to establish the optimum value of the deposition layer thickness that maximizes
the CHF.

2.3.6. Roughness-to-Particle Size Ratio

The ratio of the nanoparticle dimension to the average roughness of the heating
surface can also be linked to the heat transfer behavior. With the use of extended ratios,
the deposition of nanoparticles can further enhance the average roughness of the surface
or, alternatively, reduce the average roughness. The authors Shoghl et al. [6] found a heat
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transfer decrement using zinc oxide and alumina nanoparticles dispersed in water. This
deterioration was the consequence of the surface roughness decrease as compared with the
heat transfer improvement that occurs with carbon nanotubes because of a notorious surface
roughness enhancement. The authors reported that any improvement or any degradation
of the boiling thermal performance was affected by the nature of the nanoparticles and the
relative nanoparticle size ratio to the initial heating surface roughness. In addition, the
researchers Narayan et al. [9], Shahmoradi et al. [64], and Wen et al. [65], among others,
highlighted that the nucleate boiling enhancement generated by increasing the surface
roughness factor was only viable with a well-defined range of size of the nanoparticle. For
instance, the authors Narayan et al. [9] introduced the “surface interaction” factor, which
represents the ratio of the average surface roughness to the average nanoparticle size, to
address the capability of a given nanofluid to improve its nucleate boiling performance.
In the cases where the nanoparticles are significantly smaller than the surface roughness
features, having a “surface interaction” parameter considerably greater than one, the
boiling heat transfer improved appreciably as the smaller particles deposited onto the
initial nucleation sites and divided these initial single nucleation points into multiple
ones. Nevertheless, in the cases where this interaction parameter had a value near one,
the heat transfer was limited as most of the nanoparticles deposited in active nucleation
points with approximated relative size and hindered the bubble nucleation. On the other
hand, if the referred parameter presented a value considerably smaller than one, the heat
transfer decrement was less intense than that verified with the parameter value around
one, given that the larger nanoparticles decreased the number of the nucleation points
being deactivated. Moreover, the “surface interaction” parameter is also of relevance in
interpreting the boiling HTC degradation with augmented concentration of nanoparticles.
In this direction, Shahmoradi et al. [64] found a decrement in the HTC for a water-based
alumina nanofluid with the “surface interaction” parameter with values lower than one.
Such decrement clearly worsened with enhanced nanoparticle volume fraction below
0.1. The researchers explained the worsening deterioration with the additional thermal
resistance provided by the deposited layer of nanoparticles. Furthermore, Wen et al. [65]
revealed that any augment in the boiling heat transfer was strongly influenced by the
relative size of the particles dispersed in the working fluid and the initial dimensions of the
superficial elements. Nevertheless, the researchers also highlighted that, since the surface
modification by the nanoparticles was a cumulative phenomenon in time, the heat transfer
trend was believed to continuously alter with successive pool-boiling experiments with
only one heating surface. Moreover, Vafaei [66] reported an increment in the heating surface
cavities’ dimensions in the cases where the deposited nanoparticles were larger than the
valleys of the surface roughness profile. The reported enhancement promoted the activation
of nucleation points and improved the HTC at low heat fluxes. On the other hand, when
the settled nanoparticles were smaller than the valleys of the surface roughness profile, the
heating surface activation decreased, rendering a less effective boiling performance.

2.3.7. Thickness over Boiling Time

This subtopic has already been discussed throughout the current work, but never-
theless, and concerning the thickness of the deposition layer, it is worth mentioning the
experimental work performed by the authors Park et al. [67] who evaluated the effects
of the pool-boiling-induced nanoparticle deposition on the CHF improvement. With this
purpose, boiling experiments were conducted to evaluate the impact of the thickness of
the deposited nanoparticle layer on the CHF using a 0.01 vol. % alumina nanofluid with
a Ni–Cr wire as the heating surface. The thickness of the nanoparticle-deposited layer
was managed by different boiling times for pre-coating and the CHF evolution curve was
acquired in function of the time of the pre-coating process. The authors found that the CHF
remain unaltered regardless of the boiling time over a critical pre-coating time, whereas
the CHF was dramatically increased during a relatively short pre-coating time. Moreover,
the CHF occurrence was moderately decreased after the critical time region. It was also
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stated that the porosity decreased as the pre-boiling time increased since a denser layer
was produced when the boiling time was extended. Moreover, the reduced number of
pores affected the CHF decrement after that alteration. This fact denotes that the fluid
fraction closely linked with the phase change diminished and this decrease would be
promoted when employing a high concentration nanofluid during sufficient pool-boiling
time. However, an excessive deposited layer thickness may result in a negative impact on
the CHF. Overall, the authors concluded the following:

1. The CHF gradually decreased with long pre-coating times.
2. The CHF improvement may be interpreted by the enhanced surface wettability and

hydrodynamic instability modifications with relatively short boiling durations.
3. The slow decrement in the CHF could be interpreted with the porosity decrease in the

deposited layer with longer pre-coating durations.

2.3.8. Peripheral Regions of the Nucleation Sites and Deposition Points

During the initial part of the growing of the vapor bubbles in the nucleate boiling
regime, the viscous effect can be large enough as compared withthe surface tension to
hinder the working fluid motion and trap a very thin liquid layer underneath the vapor
bubbles beneaththe growing bubbles. This layer is usually designated by a microlayer and
has a thickness smaller than ten micrometers and a length up to one millimeter. Its lifetime is
only a few milliseconds but it contributes to the major part of the heat transfer enhancement
between the heating surface and the bubbles. For longervapor bubble growing times, the
formation of a thin liquid layer designated by a macrolayer occurs, wherein the meniscus of
the bubbles changes curvature suddenly. In terms of nanoparticle deposition, the particles
deposited in the microlayer and macrolayer are usually nano-scaled particles [68]. Another
aspect of the boiling-induced nanoparticle deposition process is related to what happens in
the peripheral regions of the nucleate boiling points and microparticle deposition points.
The periphery of the deposited micro-scaled particles corresponds to the maximum value
of peripheral spreading of the area affected thermally by the nucleation sites, beyond
which only negligible changes in the temperature are to be observed in the heating surface
during bubble growth. This maximum peripheral region corresponds to the macrolayer
of the bubbles. Large agglomerated microparticles up to 20 µm have been found in the
peripheral region in the form of a ring on the deposited pattern, as it can be seen in Figure 6.
Moreover, these micro-scaled particles are considerably larger than the particles deposited
in high-density areas near the center of the deposited structure. Considering the associated
complexities, it is challenging to interpret whether these large agglomerated microparticles
migrated from some region of the liquid bulk to the periphery or, alternatively, whether
these particles were formed at the periphery of the nucleation site. In this sense, the
work carried out by Kangude and Srivastava [41] made a serious attempt to reveal the
most likely phenomena responsible for the presence of the micro-sized particles at the
periphery of the active nucleation sites. By AFM imaging observation of the nanoparticle
deposition, the researchers confirmed that the nanoparticle deposition during the boiling
process led to the formation of a porous deposited structure. They also concluded that the
hydrophilicity of the porous deposited layer augmented the capillary flows by offering a
chain of hierarchical nano/micro-scaled paths for the fluid to flow. The authors obtained
a nanoparticle-deposited structure using the 0.005% nanofluid that was found to exhibit
capillary flows.The presence of the capillary flows was ascertained through high-speed
camera imaging by observing the motion of the contact line of a sessile droplet deposited
onto the nanoparticle deposition layer. It was observed that the droplet achieved static
equilibrium first and then the apparent contact line of the sessile droplet moved through
the porous layer until it attained a very small contact angle as compared with that of the
substrate. However, no such movement of the contact line was verified when the droplet
was deposited onto regions of the substrate surface away from the nucleation sites. The
authors concluded that the contact line motion confirmed the presence of capillary flows
through the deposited porous layer of nanoparticles. Those flows had a strong impact
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on the microlayer evaporation by continuously replenishing the fluid to the evaporating
front of the microlayer. As the microlayer starts evaporating at the central portion of the
nucleation site, the capillary pressure forces the fluid to flow toward the contact line of
the evaporating front of the microlayer from the periphery through the porous surface
of the deposited layer. Furthermore, it should be stated that the thickness and density
of the deposit increased from the periphery to the center of the nucleation site. When
enough deposition occured, only the working fluid penetrated through the porous layer
by capillary forces and the dispersed nanoparticles filtered out toward the peripheral
region. The filtered-out nanoparticles agglomerated to form micrometer-sized particles
at the periphery over time. Thus, the existence of the micrometer-sized particles in the
peripheral region of the nanoparticle deposition points can be reasonably attributed to the
presence ofcapillary-assisted radially-inward flows through the pores of the deposition
layer during the microlayer evaporation.
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2.3.9. Vaporization Core Sites Density

The deterioration of the boiling HTC is caused mainly by the deposition of nanopar-
ticles on the heating surface that enhances the heat transfer resistance. However, the
wettability of the surface and the CHF were enhanced. For instance, welding metal foams
onto a plain heating surface is a common technique to enhance the heat transfer area. More-
over, this procedure impacts the growth and detachment of vapor bubbles in the course of
boiling. Moreover, to enhance the heat transfer capability of the metal foam structure, the
researchers Xu et al. [69] studied the influences concerning the size and concentration of
AlO and SiC nanoparticles deposited onto a copper foam of 7 mm thickness. The testing
pore density was 5 PPI, 60 PPI, 100 PPI, and the corresponding porosity was of 0.9, 0.95,
and 0.98. Some preliminary works reported that the boiling induced nanoparticle depo-
sition onto the foamed copper might increase its capillary wicking and number of active
vaporization core sites. Moreover, the thermal performance of nanofluids on the gradient
hole surface was investigated by Xu and Zhao [70], since adding nanoparticles clogged
the voids of the higher 100 PPI density copper foam, and, consequently, the vapor bubbles
escape resistance became enhanced and the heat transfer capability degraded. One of the
main effects of the heating surface modification is to increase the available heat transfer
surface and, hence, enhance the number of available vaporization core sites. Moreover, the
density of the nucleated bubbles will become higher in addition to the increasing density
of gasification core sites. Therefore, during the pool-boiling process, the nanoparticles
deposited onto a bigger heat transfer area, allowing high concentrations of the nanofluid to
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be employed, rapidly increased the thermal conductivity of the base fluid, and thus the
nanoparticles did not deteriorate because of the porous deposition layer. Moreover, the
vapor bubbles nucleated on a rough heating surface alter the capillary motion of the vapor
bubbles, which are only impacted by the upward action of the buoyancy force.

2.3.10. Hydrodynamic Instability

Another relevant feature of the pool-boiling-induced nanoparticle deposition is the
hydrodynamic instability alteration [71]. The vapor bubble dynamics during the pool-
boiling process are affected by the deposition of nanoparticles onto the heating surface,
which reduces the distance between the vapor bubble departure points. This distance
is commonly designated by the Rayleigh–Taylor wavelength instability wavelength or
hydrodynamic instability wavelength, which can be easily identified in the film boiling
regime. The alteration of this wavelength is linked to the nanoparticle-deposited layer on
the heating surface during boiling, given that the deposited layer will alter the spacing
between nucleating bubbles (or vapor columns) and, consequently, the Rayleigh–Taylor in-
stability wavelength. In addition, the hydrodynamic instability approach or hydrodynamic
fluid-choking limit connects the characteristic wavelength of the hydrodynamic instability
with the CHF enhancement of the nanoparticle-deposited porous layer. The hydrodynamic
limit theory is based on the Rayleigh–Taylor instability wavelength and was introduced
by Zuber [72] for a plain surface and can be broadened to a coated heating surface having
capillary limit. Regarding the hydrodynamic limit, the CHF is generally caused by the
vapor columns’ instability. The deposited layer can modify the distance between vapor
columns on the surface and, consequently, alter the critical instability wavelength. The
researchers Liter and Kaviany [73] interpreted the impact of the modulated wavelength on
the CHF of a modulated porous layer of nanoparticles (having periodic variations in the
layer thickness) using the following expression:

Q′′porous =
π

8
∆hlv

√
σ∆ρlv

λm

where λm is the modulated wavelength or the length scale that defines the vapor escape
locations in the working pool-boiling fluid from the porous structure of the heating surface,
∆hlv is the enthalpy gradient between liquid and vapor phases, ∆ρlv is the density gradient
between the liquid and vapor phases, and σ represents the fluid surface tension. For a
smooth surface, the λm parameter is influenced by the balance between the buoyancy
force and surface tension, being a function of the thermal characteristics of the working
fluid. In the case of a surface coated with a porous layer, the parameter λm depends on
the vapor escape pathways and, consequently, is a function of the porous structure of the
deposition layer. In the experimental work performed by Park et al. [74], the wavelength
alteration corresponded to the employed pool-boiling alumina and graphene/graphene
oxide nanofluids CHF amelioration trend. As already stated by Liter and Kaviany, the
wavelength can be taken as a well-defined geometrical parameter that depends on the
surface conditions. As a consequence, the research team found that the change in the
wavelength extends the wetting of the heating surface by enabling the working fluid to
break through, resulting in the CHF improvement. Nevertheless, the researchers recognized
that the recent published CHF enhancement and wavelengths are not consistent with
the prediction of the Liter and Kaviany equation. Accordingly with the findings of the
aforementioned authors, Park and Bang [71] stated that the onset of the CHF based on the
hydrodynamic limit is due to the instability of vapor columns. The nanoparticle porous
layer of the deposited nanoparticles during the boiling process could change the critical
distance between vapor columns rising from the heating surface and, consequently, alter
the critical instability wavelength. Moreover, a similar situation was observed in the droplet
formation on the nanoparticle layer, which is closely linked with the detachment of the
bubbles from the heating surface. The authors prepared different nanofluids and the used
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pool-boiling apparatus was designed to enable the direct observation of the Rayleigh–Taylor
instability wavelengths. The authors reported that the distance between the bubbles was
different for each nanoparticle-coated surface, which revealed a shorter distance between
the bubbles than that of the bare heating surface. Moreover, the nanofluids that promoted a
higher CHF enhancement exhibited shorter Rayleigh–Taylor instability wavelengths. A
short wavelength allows the vapor to prevent the formation of a bulk of vapor by venting
the vapor evenly across the heating surface. Furthermore, it was demonstrated that the
shorter wavelengths also improved the wettability by allowing the liquid to break through
the developing vapor film, which also increases the CHF.

2.3.11. Exfoliation

The deposited layer of nanoparticles on the heating surface may still suffer a peeling
action throughout the pool-boiling process. The boiling HTC decreases with increasing
fraction of the nanoparticles and the exfoliated area will be increased. This was confirmed
by Watanabe et al. [75], who performed experiments to evaluate the force of adhesion of
the deposition layer and the effect of its partial detachment on the boiling heat transfer
behavior. The researchers reported that the amount of nanoparticles deposited on the
heating surface and the force of adhesion of the nanoparticle layer were influenced by the
constitutive material of the nanoparticles. With the used nanoparticles, the mass of the
deposited nanoparticles could be ordered as titanium oxide > alumina > silica and the force
of adhesion was ordered as silica > alumina > titanium oxide. The degradation of the boiling
heat transfer was particularly considerable for the titanium oxide with the largest deposited
mass. With the peeling of the deposition layer, the settled mass of nanoparticles decreased
and the equilibrium contact angle was enhanced. This fact rendered that the degradation
of the HTC and increment of the CHF became diminished with the gradually increasing
deposition layer detachment. Nevertheless, a larger HTC and a smaller CHF were observed
as compared with the bare heating surface for highly exfoliated nanoparticle layers. The
authors also stated that the detachment of the deposited layer of nanoparticles happened
through a non-homogeneous manner. Moreover, the research team found that the peculiar
boiling process at the edge of the remaining deposited layer caused the enhancement of the
HTC and the decrement of the CHF.

2.3.12. Re-Suspension of the Nanoparticles

The re-suspension of the deposited nanoparticles of the nanofluids can mitigate or,
in some cases, even eliminate the potential deterioration of the nanofluids over time.
Indeed, this re-suspension promotes the long-lasting heat transfer amelioration of the
nanofluids. The particle re-suspension occurrence is usually observed in nature in, for
instance, the re-suspension of the sediments of a riverbed that are carried away by water
flow and the re-suspension of sand on the ground, which is blown away by the wind. In
particular, the re-suspension of wall-surface-adhering particles by the action of turbulent
flows has received great attention over the past few years from researchers. Nevertheless,
most of the published scientific articles concerned with nanoparticle suspension comprise
single-phase working fluids, and only a few deal with the two-phase fluid condition
as it occurs, for example, in boiling. Since the boiling process may induce a very high
fluid flow and disturbance of the vapor bubbles, the re-suspension of the nanoparticles
deposited onto the heating surface is a very probable phenomenon. If those nanoparticles
can be re-suspended, it generally denotes that the time-dependent deterioration of the
nanofluids can be relieved without the help of any additional means or methods. This
degradation mitigation of the nanofluids over time is a very promising way to achieve
long-lasting heat transfer performance. Under pool-boiling scenarios, the movement of
the working fluid is induced by convection and movement of the bubbles provoked by
buoyancy action. A large part of the existing boiling research is derived from pool-boiling
experiments. Consequently, pool boiling seems to be a suitable starting point for the in-
depth study of the particle re-suspension behavior that can separate the effect of boiling
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from the action of the convection-driven flows on the nanoparticle re-suspension. In the
work developed by [76], pool-boiling experiments were performed using surfaces with
deposited nanoparticles produced by nanofluids. The researchers found the re-suspension
ratio of these nanoparticles for different boiling times, densities of the deposition layers,
and varying heat fluxes to infer on the impact of the experimental parameters on the
re-suspension of the nanoparticles. The authors reported that a certain fraction of the
deposited nanoparticles was re-suspended into the liquid bulk and, after that, migrated
along with the liquid flow during the boiling process. Since the re-suspension does not
take place before boiling, the disturbance suffered by the vapor bubble disturbance in the
course of boiling must be an important factor for the re-suspension of the nanoparticles.
Besides that, the main difference in the deposition surface between before and after boiling
is the porosity of the surface. Hence, it can be stated that the porosity of the deposition
layer is the major contributor for the re-suspension of the nanoparticles in the liquid bulk
during the boiling process. For a better understanding, it can be noted that when a vapor
bubble is in its nucleation state of evolution, the fluid near the bubble will be vaporized
because of the superheat. The porous structure of the deposition layer enables the fluid
to be vaporized in the layer to be enlarged from the outside of the layer, resulting in a
fluid flow from outside toward the inside of the layer. This flow will steadily impinge
on the deposited nanoparticles. In the cases where there is no fluid flowing through the
deposition layer porous structure, the forces acting on the deposited nanoparticles are
gravity, adhesive forces from the interacting neighboring nanoparticles, and brace force. In
the cases where the outside-to-inside flow occurs through the pores, the operating fluid
will create a dragging force on the nanoparticles around the pore. This force provokes
the motion of the nanoparticles that tend to follow the fluid flow. As the generated vapor
bubble continues to grow, the drag force increases. At the departure stage, when the vapor
bubbles begin their raising from the surface, an extreme disturbing effect at the back region
of the departing bubbles occurs. Under these conditions, the drag force overcomes the
gravitational effect and forces of adhesion and provokes the detachment of the nanoparticles
from the deposition layer, which moves together with the flowing fluid. Given that the
fluid flow at the wake of the rising vapor bubbles is also upward driven, the detached
nanoparticles will rise upwards together with the liquid flow and are, by this way, re-
suspended. Hence, it should be emphasized that two main factors can be assumed for
the re-suspension of the nanoparticles: the first is the effect of the fluid flow through the
porous structure of the deposition layer during the growth stage of the bubbles and the
second is the disturbing effect at the departure of the bubbles. Apart from these factors,
many other factors may impact on the nanoparticle re-suspension trend. That is, in the
case of the growing and rising process of the vapor bubbles, the nanoparticles dragged
from the deposition layer can be re-suspended in the working fluid as a consequence
of the departure of the rising bubbles or the breaking-up of the bubbles at the liquid
and vapor phases interface. Nevertheless, further experimental and numerical works
should be carried out to provide a better understanding of the governing mechanisms
of the nanoparticle re-suspension. In the above-mentioned work, the authors plotted the
re-suspension ration versus the deposition area density using 20 KW/m2, 50 KW/m2,
80 KW/m2, and 100 KW/m2 of heat flux. Moreover, the authors arrived at the following
conclusions:

1. During boiling, a fraction of the deposited nanoparticles may be re-suspended within
the operating fluid and, after that, migrate along with the fluid flow.

2. The nanopores of the deposition layer have a cardinal part in the re-suspension
phenomenon and fluid flow through the pores at the growing stage of the vapor
bubbles and the disturbance at the rear zone of the departing bubbles should be taken
as the main factors for the re-suspension.

3. The re-suspension ratio increased with increasing heat flux, given that the former
increased near 300% when the heat flux was enhanced from 20 to 100 kW/m2. More-
over, when low heat fluxes near 20 kW/m2 were applied, the re-suspension ratio
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increased with increasing density of the deposition zone. When there were imposed
moderate heat fluxes ranging between 50 kW/m2 and 80 kW/m2, the re-suspension
ratio initially increased and then decreased with increasing deposition area density.
When high heat fluxes of around 100 kW/m2 were applied, the re-suspension ratio
decreased with the density of the deposition area.

Moreover, Chen et al. [77] studied the re-suspended nanofluid pool boiling under
the action of an electric field. The investigation team also discussed the difference in the
thermal behavior between the re-suspended nanofluid and the base fluid alone. Figure 7
schematically illustrates the distribution of the deposited nanoparticles before and after
the re-suspension phenomenon. Figure 8 shows the fluid flow and heat transfer of the
nanoparticle re-suspension.
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The authors stated the following conclusions:

1. The nanoparticle re-suspension can be obtained by the action of an electric field and
can be demonstrated by the thinned deposition layer of deposited nanoparticles and
on the enhanced turbidity of the working fluid.

2. The HTC and CHF enhancement of the re-suspended nanofluid is generated because
of the combined effect of the re-suspension and applied electric field. The latter can
be enhanced with the voltage augmentation. Nevertheless, there is an optimum value
of the concentration of the nanoparticles that maximizes the improving action of the
electric field.

3. The mechanisms for the heat transfer improvement of the re-suspended nanofluid
under the effect of an external electric field comprise the heat transport between
the surface and the fluid promoted by the motion of the nanoparticles, further low-
ering the surface tension of the liquid and vapor phases interface and the thermal
conductivity enhancement of the heat transfer media.
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2.3.13. Sintering of the Nanoparticles

The authors Vafei et al. [78] introduced the approach of the nanofluid boiling as a
process for the creation of a semiconductor titanium oxide nanoparticle film deposited
onto a FTO (F-doped tin oxide) glass conductive substrate. A pool-boiling apparatus was
employed to deposit the titanium oxide 20 nmsized nanoparticle nanofluid. The boiling of
the nanofluid directly on the FTO glass substrate enables the deposition of the nanoparticles
onto its surface. Using the as-deposited films, the crystal growth of the titanium oxide
nanoparticles was controlled by altering the temperature, duration, and ramping rate of
post-sintering. A densely packed titanium oxide layer was obtained for the as-deposited
substrate through the pool-boiling process. For the maximum temperature at 550 ◦C,
the titanium oxide grain sizes became larger and near 50 nm and more round-shaped
titanium oxide nanostructures were observed. This work demonstared for the first time
how the sintering of titanium oxide nanoparticles proceeds for the nanoporous totanium
oxide films. It was observed that the titanium oxide nanoparticles fused with each other
and crystal growth happened through the neighboring 2 to 4 nanoparticles at 550 ◦C.
Hence, an extra beneficialfeature of the pool-boiling-induced nanoparticle deposition is
that the heating surface will begin to sinter the thin deposited layer. Although this heat
treatment is not enough to obtain the required properties, it is enough to increase the
stability of the deposited layer. By taking advantage of the stability of the film and the
sintering properties of the titanium oxide nanoparticles, a post-sintering treatment after
the nanoparticle deposition considerably impacts on the prodictionof a uniform, robust,
and dense film. In conclusion, this work demonstrated for the first time that sequential
pool-boiling and sintering processes are alternative procedures to create uniform porous
titanium oxide layers.

3. Effects of the Nanoparticle Deposition on the Boiling Heat Transfer Parameters
3.1. Heat Transfer Coefficient

The deposited nanoparticles together with the suspended remaining nanoparticles
in the base fluid influence the boiling HTC. The conjunction of the substrate properties
such as its base material, the vapor/liquid interface features, and the characteristics of the
nanoparticles themselves play a relevant role in the pool-boiling HTC enhancement. This
role is performed by the force balance changing and dynamics of the three-phase contact
line, bubble growth stage, bubble frequency at departure, and wetting and rewetting. It
was predictable that the poor thermal conductivity of the deposition layer increased the
conduction thermal resistance and, hence, degraded the HTC. However, the experimental
data denied it. In this sense, the experimental work conducted by White et al. [10] showed
that the pool-boiling HTC increased with increasing thickness of the deposited layer
of titanium oxide nanoparticles. The authors stated that no significant deterioration in
the HTC of nanofluids was verified in the course of the deposition. Such a fact may
reveal that the impact of the thermal resistance of the deposition layer is not significant
when compared with that of the pool-boiling heat transfer by convection, even though
the thermal conductivity of the titanium oxide layer is relatively low. Moreover, in the
work conducted by Kathiravan et al. [60], the authors used high thermal conductivity
nanoparticles of copper and observed that the deposited nanoparticle layer deteriorated
the boiling HTC. The already published scientific articles proposed that the influence
of the thermal resistance of the deposition layer is not significant and the deterioration
of the HTC using nanofluids might be linked with the heating surface wettability and
roughness alterations. Additionally, it can be stated that the heat flux directly affects the
HTC since at low heat fluxes, the impact of the concentration of the nanoparticles on the
pool-boiling HTC is negligible given that at low heat fluxes the larger heating surface
cavities are the only ones that are active. Nevertheless, at high heat fluxes, the smaller
cavities of heating surface are activated as well but the HTC is reduced with the increasing
concentration of the nanoparticles [79]. This effect may be caused by the nanoparticle
filling of the smaller surface cavities and by the decrease in the nucleation site’s density.
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Moreover, in specific studies concerning the impact on the pool-boiling HTC of the surface
roughness alterations provoked by the deposition of nanoparticles, it has been proposed
that the smaller nanoparticles fill the cavities of relatively rough surfaces and, consequently,
decrease the surface roughness and number of active nucleation points, which in turn,
demises the pool-boiling HTC and increases the wall superheat value [80,81]. Nevertheless,
in the study carried out by Das et al. [7], pool-boiling tests were conducted on a considerably
rough heating surface using a 0.005 vol. % zirconia nanofluid. The authors reported that
in spite of the heating surface roughness decreasing, the HTC increased. On the other
hand, the authors Narayan et al. [9] found that in the case of the average size of alumina
nanoparticles being similar to the average surface roughness level, the HTC deteriorated
with increasing nanoparticle fraction. In addition, Bang and Chang [11] verified that
the pool-boiling HTC became lower when the average surface roughness was inferior
to the size of the nanoparticles, and although the surface roughness became higher with
the increasing concentration of the nanoparticles, the HTC deteriorated. Furthermore,
many researchers reported the increment [79], decrement [41], and lack of reaction [81] of
the deposited nanoparticles on the boiling HTC. In conclusion, it should be emphasized
that the active nucleation site’s density directly depends on the surface roughness and
wettability, and on the average size of the nanoparticles. If the nanoparticles are small
compared with the valleys of the surface roughness profile, the active nucleation site density
decreases, and if the nanoparticles are not too small when compared with the average
roughness of the surface, the nanoparticles will fill and split the surface cavities and the
number of available nucleation points will increase. In the cases where the deposited
nanoparticles are bigger than the valleys encountered in the surface roughness profile,
the nucleation site density might change differently. The flooded cavities are not able to
nucleate bubbles. In fact, cavities that are not completely flooded are the ones able to
initiate the nucleation of the vapor bubbles and, hence, augment the HTC. The reduction
in the surface wettability may avoid flooding its cavities and, in turn, create a higher
number of nucleation sites. The authors Forrest et al. [18] studied the influence of the
wettability of the heating surface on the HTC using hydrophilic, super hydrophilic, and
hydrophobic heating-coated wires. The wires were coated with different surface-treated
silica nanoparticles to generate different wettability effects and it must be stated that no
visible change was found in the surface roughness after coating, which might indicate
that the nanoparticles coated conformably to the micro-scaled surface deformities. The
hydrophobic surface was found to possess a higher number of active nucleation sites and
higher HTC, the super hydrophilic surface deteriorated the HTC using water, and in the
hydrophilic surface, no alteration was observed in the HTC compared with that of the bare
heating surface.

3.2. Critical Heat Flux

The CHF occurs when a layer of vapor is formed between the thermal fluid and
the heat transfer surface. The continuous replacement of this vapor layer by the liquid
keeps the heating surface temperature among a safe range. Moreover, the contributing
mechanisms for the vapor layer removal from the surface or for the enhancement of the
rewetting increased the CHF. Furthermore, the enhancement of the wettability caused by
the deposited nanoparticle layer was considered to be a likely reason behind the enhance-
ment of the nanofluid CHF. The effect of the wettability of the surface on the CHF was
taken into account in the macrolayer dryout model proposed by Haramura and Katto [82]
and in the hot/dry spot theory introduced by the authors Theofanous and Dinh [83]. Nev-
ertheless, further experimental data revealed that all the hydrophobic, hydrophilic, and
super hydrophilic surfaces improved the pool-boiling CHF [41]. Considering this fact, it is
logical to assume that the wettability might not be the only possible characteristic for the
CHF improvement. With the boiling-induced nanoparticle deposition phenomenon, the
receding and advancing contact angle and consequent contact angle hysteresis, and the
equilibrium contact angle are all subject to change [2]. In the experimental work performed
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by the researchers Forrest et al. [18], it was confirmed that heating surfaces having small
receding contact angles enhanced the CHF. The values encountered for the equilibrium,
receding, and advancing contact angles of the hydrophobic heating surface were found to
be 140◦, 20◦, and 160◦, respectively. The authors stated that this surface was found to, at the
same time, improve the boiling HTC and CHF. Moreover, it should be noted that the lack
of homogeneity of the fluids and surface are factors directly influencing the advancing and
receding contact angles, and correspondent hysteresis. Furthermore, it is critical to infer on
the conditions that increase the nucleate boiling HTC and the CHF of nanofluids simultane-
ously. Additionally, there are several theories for explaining the boiling mechanisms for
the departure from nucleate boiling, which causes a sudden rise in the surface tempera-
ture and in the CHF. Such theories include, among others, the hydrodynamic instability,
vapor bubble interaction, and the already mentioned macrolayer dryout and hot/dry spot
theories. The hydrodynamic instability approach confirms that the hydrodynamic effect
associated with the counter current flow of vapor and fluid in the nearby surface region is
the fundamental reason for the departure from nucleate boiling. This theory also reclaims
that the departure from nucleate boiling happens when the down flow of the fresh fluid to
the heating surface is averted by the rising vapor [71]. The macrolayer approach defends
that the bubbles are separated from the heating surface by the fluid macrolayer and the
departure from nucleate boiling occurs when this macrolayer dries out [84]. The hot/dry
spot theory fundamentally deals with the reversibility and irreversibility of hot/dry spots
and the departure from nucleate boiling occurs in irreversible hotspots where the rewetting
is no longer permitted [85]. In the bubble interaction theory, the departure from nucleate
boiling is conducted when the density of the bubbles on the surface is high enough to
achieve a complete covering of the surface with a vapor layer, preventing the access of the
fluid to the surface [86].

3.3. Surface Superheat

The authors Gajghate et al. [35] studied the effect of the ZrO2 layer settled during pool-
boiling experiments on the heat transfer enhancement. The obtained boiling curves showed
the conjugated influence of the nanoparticle layer thickness and surface roughness on the
layer superheat value under different heat fluxes. The researchers observed a decrement
in the wall superheat value with increasing heat flux and the maximum reduction was
verified at 5.8 K with a heat flux of 109.8 kW/m2 using a 200 nm ZrO2-coated copper
substrate having 227 nm of average roughness. The greatest reduction in the surface
superheat value was of 31.52% compared with a smooth copper substrate. This effect is
caused by the thickness increase in the ZrO2 layer deposited onto the copper substrate
during pool boiling, which incremented the effective heat transfer surface area and the
nucleation core point density. The bubble dynamic at different heat fluxes was also studied
showing the nucleation of an isolated vapor bubble on the copper surface at low heat
fluxes. With the imposition of high heat fluxes, the bubble diameter was enhanced and
lowered the bubble departure frequency. In addition, the authors [42] studied the superheat
value of the deposited layer and concluded that it depended mainly on the diameter
of the bubbles at the departure stage of evolution and on the boiling time. The layer
superheat value was also found to decrease from using the 0.0025% nanofluid to the 0.005%
nanofluid. It was observed that the bubble diameter at departure and the boiling time
dramatically increased from 0.0025 to 0.005% nanofluid, while keeping almost the same
growth time of the nucleated vapor bubbles. With these alterations, the magnitude of
the evaporation superheat layer increased steadily with the third power of the diameter
of the bubbles at departure and decreased almost linearly with increasing pool-boiling
time. Therefore, the conjugated effect of the alteration in the departure diameter of the
bubbles and ebullition time led to an increase in the deposition layer superheat value when
using the 0.005% nanofluid rather than the 0.0025% nanoparticle concentration nanofluid.
The researchers also stated that the HTC associated with each and every heat transfer
mechanism was affected by the changes in the bubble dynamics and ITR. These factors
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are probably determined by the structure in the boiling-induced deposition layer at the
active nucleation points. Furthermore, the researchers Hadzic et al. [33] investigated the
influence of the nanoparticle dimension and concentration of titanium oxide nanofluids
on the pool-boiling heat transport from laser-textured copper substrates. In their work,
nanofluid pool boiling was evaluated with 4–8 nm titanium oxide nanoparticles with
0.001 wt. % and 0.1 wt. %. The boiling curve obtained for the 0.001 wt. % nanofluid was
stable, while the boiling curve for the 0.1 wt. % nanofluid was shifted toward higher
superheat values after the completion of each consecutive pool-boiling experiment. Such a
shifting effect may be due to the decrement in the number of nucleation points through
the deposition of titanium oxide nanoparticles. Employing the 0.1 wt. % nanofluids, the
microcavities on the laser-textured surface were filled with nanoparticles during the initial
experiment, which led to a decrease in the number of nucleation sites and an increase
in the layer superheat value during the following experiments. With the increase in the
number of consecutive experiments, the layer superheat value reached unpractical values
and the boiling heat transfer degraded. The boiling experiments were repeated for large
(490 nm) titanium oxide nanoparticles. At this time, the authors found with the 0.001 wt. %
nanofluid, an appreciable shift in the boiling curve toward lower layer superheat values,
while with the 0.1 wt. % nanofluid, the respective boiling curve was observed to be shifted
toward higher superheat values. These findings were consistent with those using the
smaller nanoparticles. Nevertheless, it was reported that after more than four hours of
boiling, the more concentrated nanofluid boiling curve became unstable because of the
thick layer settled on the surface that also locally flaked off. An additional study was
conducted by mixing 0.05 wt. % small titanium oxide nanoparticles with 0.05 wt. % larger
titanium oxide nanoparticles. At this time, the boiling curve was shifted toward a higher
layer superheat value in accordance with the behavior observed in the case of the 0.1 wt. %
nanofluid having either smaller or larger nanoparticles. It was also found that after the
completion of the initial experiment, the layer superheat value was considerably enhanced,
which is likely due to the filling of the surface microcavities and channels with the smaller
sized nanoparticles that reduced the nucleation points. Moreover, as the latter decreased,
the same happened with the boiling HTC. Overall, the authors arrived at the following
conclusions:

1. The pool boiling of the nanofluids with higher nanoparticle concentration resulted in
a considerable deposition of nanoparticles on the heating surface and a corresponding
CHF improvement of up to 2021 kW/m2. Nevertheless, were reported very high layer
superheat values up to 100 K, which suggested poor practical applicability.

2. The heat transfer decrement of the pool boiling with nanofluids on laser textured
surfaces may be explained by the penetration of the nanoparticles into the laser-made
grooves and cavities, which decreased the active nucleation site density. Moreover, a
thicker deposition resulted in extra thermal resistance, whereas the porosity of the
surface assured an appreciable delay in the CHF incipience, and the surface superheat
value in turn was dramatically enhanced.

4. Main Factors Impacting the Nanoparticle Deposition
4.1. Concentration of the Nanoparticles

The published results showed different characteristics of the natural thermo-convection
of the nanofluids according with the concentration of the nanoparticles in the base fluid.
One was the boiling heat transfer degradation for, in the majority of cases, volume fractions
greater than 0.1. Another was the occurrence of optimum heat transfer rate and coefficient
at a certain concentration level, beyond which a decrement was reported. Hence, each
and every nanofluid may enhance theboiling heat transfer in an exact volume fraction of
included nanoparticles for an exact case depending on the stability of the nanofluid, nature
of the base fluid, thermal condition and cavities morphology, and density of the heating
surface [87]. As was previouslymentioned throughout the present work, nanoparticle de-
position on the pool-boiling heating surface is enhancedwith afraction of the nanoparticles
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suspended in the base fluid. An excessive nanoparticle deposition may cause the thickening
of the deposition layer, which in turn, may lead to an increase in the thermal resistance
and, consequently, to the pool-boiling heat-transfer deterioration. This fact was confirmed
through the experimental work conducted by the researchers Mukherjee et al. [88] using
silica nanofluids having different volume fractions. The authors reported that with lower
concentrations of 0.0001 vol. % and 0.001 vol. %, the used nanofluids exhibited limited
nanoparticle deposition, inducing a great number of nucleation sites and improving the
heat transfer performance. Additionally, when concentrations of 0.01 vol. % and 0.1 vol. %
were employed, a greater nanoparticle deposition occurred. The development of a thick
deposit further impeded the pool-boiling heat transfer. The results confirmed an increment
in the HTC and CHF for 0.0001 vol. % and 0.001 vol. % and a decrement with 0.01 vol. and
0.1 vol. fractions. Furthermore, and according tothe authors Kim et al. [40], the deposition
layer produces a continuous modification in the surface morphology that directly influ-
ences the boiling heat transfer. Such surface morphology continuous alteration depends
strongly on the nanoparticle concentration. In the cases where low nanoparticle volume
fractions of 0.0001 and 0.001 were employed, only a slight modification of the heating
surface was observed. However, when the concentration was increased, the nanoparticle
deposit thickened, and more micro-scaled structures developed on the surface caused by
the clustering of the silica nanoparticles. Figure 9 schematically represents the nanoparticle
deposition process using different weight fractions of nanofluids. Mukherjee et al. [89]
reported that the deposited nanoparticles fill the surface cavities, producing a smoother
final surface and also concluded that a grater nanoparticle deposition led to a smoother
heating surface. The authors noted that the surface modification is less pronounced at
lower concentrations of 0.01 vol. % and 0.1 vol. %, due to the smaller amount of avail-
able nanoparticles and the higher stability of the used nanofluids that avert any further
settlement of the nanoparticles. Nevertheless, such a tendency changes when the volume
fraction is high at 1%. At this concentration, the amount of suspended nanoparticles is
considerable and their deposition rate is greater and sufficient to fill up the cavities and alter
the texture of the heating surface. Owing to a lesser change inthe surface and improved
stability, the nanofluids exhibited enhancements in the HTC and CHF and the opposite
trend was found at higher nanoparticle fractions.The effect of nanoparticle concentration in
the base fluid was also investigated by Kole and Dey [90]. Two diverse concentrations of
zinc oxide nanoparticles having a size of 30–40 nm in ethylene glycol were evaluated. It
was observed that, after pool boiling, the nanoparticles were deposited over the heating
surface, which prevented the active nucleation sites, and, therefore, the HTC decreased.
By measuring the CHF values through the use of a thin copper–nickel alloy, the authors
reported a considerable increase in the CHF by increasing the concentration of zinc oxide.
The investigation team verified a maximum CHF enhancement of 117% for zinc oxide
nanoparticle volume fractions of 2.6%. Moreover, the authors Minakov et al. [36] demon-
strated that even at the 0.25 vol. % concentration of nanoparticles, the CHF increased by
more than 50% and continued to grow with further increases in the nanoparticle fraction.
It was stated that at high concentrations of nanoparticles, the growth rate of CHF slowed
down and reached a constant value. Such behavior was due to the stabilization of the
deposit size on the heat transfer surface. Moreover, the researchers Ahmed and Hamed [91]
studied the pool-boiling heat transfer on smooth copper surfaces using nanofluid and water.
Alumina nanoparticles of 40–50 nm were employed to prepare 0.01 vol. %, 0.1 vol. %, and
1 vol. % nanoparticle concentrations, and after performing the boiling experiments, the
nanoparticle-coated surfaces were employed for pool-boiling experiments using pure water.
The authors found that the concentration of the nanoparticles had great impact on the heat
transfer behavior. At lower concentrations, the rate of deposition of the nanoparticles was
lower, resulting in a greater improvement of the heat transfer, which can be attributed to
the fact that, at low fractions of nanoparticles, the superior thermal conductivity of the
nanofluids prevailed over the effect of the nanoparticle deposition onto the heating surface.
In addition, the boiling of water on the surface coated with nanoparticles demonstrated that
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high deposition rates lead to an improvement in the heat transfer, which may be due to the
less uniform deposited layer on the surface. Moreover, the authors Coursey and Kim [92]
examined the potential of dispersed alumina nanoparticles in water and ethanol. The
researchers demonstrated that at low concentrations of alumina, the CHF value remained
unchanged, whileat higher nanoparticle concentrations, the CHF value was improved by
37%. In addition, the published results revealed that the carbon nanotube-based nanofluids
exhibited appreciably higher thermal features, including thermal conductivity, boiling
convective HTC, and CHF compared with the base fluids themselves, as well as other
types of nanofluids. These enhanced properties further increased with increasing carbon
nanotube concentration and temperature [93].
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4.2. Size and Shape of the Nanoparticles

The morphology of the nanoparticles has a considerable impact on the thermal conduc-
tivity enhancement. For instance, in the experimental work developed by [94], nanofluids
were prepared by dispersing titanium oxidenanoparticles in rodshapes measuring 10 nm
diameter and 40 nm length, and in spherical shapes measuring15 nm diameter in deionized
water.The results revealed that the particle size and shape have effects on the thermal
conductivity improvement. At 5 vol. %, with the titanium oxiderodsand spheres, the
enhancement was found to be around 33% and 30%, respectively, compared with that of the
base fluid itself. Moreover, for instance, in the case of ethylene-glycol-based nanofluids [95],
the nanoparticle size effect on the thermal conductivity of the nanofluids was also not
conclusive as some experimental works reported that the nanofluids with larger-sized
nanoparticles exhibitedgreater enhancements in the thermal conductivity than the ones
having smaller nanoparticles, whereas others found that the smaller the nanoparticles, the
greater the improvement in the thermal conductivity. Hence, the size and shape of the
added nanoparticles can also impact on the HTC and CHF. This is related to the fact that
different parameters, including post-sintering pore shape, permeability, surface roughness,
and thermal conductivity and diffusivity of the deposited layer are influenced by the mor-
phology of the nanoparticles. Moreover, the authors Peng et al. [96] performed an empirical
study on the impact of the size of copper nanoparticles on the nucleate pool-boiling heat
transfer of a R113/oil thermal fluid. The researchers reported that the maximum increase
of 23.8% was achieved for the HTC by reducing the size of the nanoparticles from 80 to
20 nm. Moreover, the smaller copper nanoparticles led to an increased pool-boiling HTC.
The impact of the dimensions of the nanoparticles on the boiling behavior was also studied
by Hu et al. [97] for a silica nanofluid. The authors observed an increasing tendency of
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the HTC by decreasing the nanoparticle size from 120 to 84 nm. Furthermore, it can be
stated that the nanoparticle size strongly contributes to the amelioration of the pool-boiling
CHF, and as the size of nanoparticles increases, better boiling heat transfer performance is
achieved for the nanofluids. Additionally, the researchers Minakov et al. [36] established
that the CHF using nanofluids depends on the nanoparticle size and that the CHF increased
with increasing nanoparticle size. This fact can be explained by assuming that the particle
deposition on the heating surface plays the key role in the CHF enhancement. The larger the
size of deposited particles, the larger the scale of the final roughness on the surface, which
promotes the formation of a deposit thickness enough for enhanced boiling. Shogl et al. [6]
showed that the heating surface characteristics depended on the nanoparticles size and
surface roughness. Hence, larger nanoparticle sizes improved the boiling performance
of the nanofluid. Thus, the carbon nanotubes with water-based nanofluids enhanced the
performance of the system and can be considered as the best heat removal method among
the examined carbon nanotubes, alumina, and zinc oxide nanofluids, because both surface
characteristics and boiling performance were improved with the carbon nanotubes.

4.3. Type of Nanoparticles

The authors Shogl et al. [6] performed the evaluation of the boiling performance of zinc
oxide, alumina, and carbon nanotube nanofluids under heat fluxes up to 300,000 W/m2.
The results showed that, using nanoparticles may deteriorate or improve the HTC. To
better understand the mechanism of the nanofluid pool boiling, it should be clarified that
the decrement or enhancement in the HTC is an intrinsic characteristic of the nanofluids,
or is the direct consequence of the heating surface modification, or a combination of
both. The deterioration or enhancement depends on the type, size, and surface roughness
of the nanoparticles. Inthis experimental work, the zinc oxide and alumina nanofluids
formed smoother surfaces and the carbon nanotube CNT formed a rougher surface than
the bare one. The overall effect of the zinc oxide/water and alumina/water nanofluids
was the worsening of boiling heat transfer, whereas the effect of carbon nanotubes/water
nanofluids was the improvement of boiling heat transfer. The type of the nanomaterials
can also influence the thermal performance of the boiling systems, given that the different
nanoparticle materials result in different thickness and surface relief of the deposits on the
heating surface. It was also shown that with decreasing the available heat transfer area of
the heating surface along with the boiling-induced nanoparticle deposition, the CHF using
nanofluids increased significantly.

4.4. Wettability of the Nanoparticles

The nanoparticle wettability can affect the deposited nanoparticle layer morphology.
On the one hand, as it can be seen in Figure 10, the suspended nanoparticles with moderate
hydrophilicity are adsorbed to the liquid and vapor phases interface avoiding the fluid
drainage among the vapor bubbles. This phenomenon hinders the coalescence concern of
the bubbles and decreases their diameter at departure, resulting in a nucleate pool-boiling
HTC and CHF amelioration. In contrast, the nanoparticles with high hydrophilicity will
not adsorb onto the heating surface and, consequently, the bubble coalescence remains
unchanged. As illustrated in Figure 10, the wettability of the nanoparticles influences
the deposition layer morphology in which the highly hydrophilic layers are relatively
smooth having a uniform nanoparticle dispersion onto the heat transfer interface, while
the deposited layers produced with moderate to medium hydrophilicity possess higher
roughness and more irregularities.
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4.5. Base Fluid

The differences in the base fluid nature lead to great differences in the thermophysical
characteristics of the nanofluid. For instance, if the viscosity of the base fluid is consider-
able, the viscosity of the nanofluid results higher. Moreover, the disturbance due to the
nucleation and departure of the vapor bubbles is the main rationale behind the intense
heat transfer. Moreover, the varying viscosity of the nanofluid is critical for the impact
on the boiling bubbles because of the differences in the base fluid. It can be found in
the published scientific articles that the inclusion of nanoparticles into a base fluid with
relatively high viscosity strongly improves the boiling heat transfer. The main features
arising from this fact are that the nanoparticles are suspended in a high viscosity fluid,
which assures good stability over time. Moreover, the addition of nanoparticles has a
negligible impact on the viscosity of the nanofluid that results in only a small alteration in
the bubble growth and departure. In summary, the stability of the nanofluid is improved,
the nanoparticle deposition is decreased, the number of gasification points together with
the surface wettability is enhanced, and, hence, the pool-boiling heat transfer is improved.

4.6. Surfactants

The effect of the addition of a surfactant and clustering on the thermal conductivity
of titanium oxide and alumina dispersed in water was experimentally studied by the
authors [98]. The obtained results showed that the cluster size increased with increasing
concentration of nanoparticles, while the thermal conductivity of the nanofluids decreased
with increasing cluster size. The CTAB surfactant was effective in improving the dispersion
of the nanoparticles and stability of the nanofluids. The added surfactant also contributed
to the thermal conductivity of the nanofluids’ improvement. Although the surfactant
proved to be a benefit in the stability and thermal conductivity, the effect of the nanoparticle
clustering on the same features was found to be negative. The authors Zhou et al. [99]
studied the influence of the nanoparticle deposition and interfacial characteristics on the
pool boiling using nanofluids and n-butanol as the surfactant over a platinum microwire.
The researchers stated that the inclusion of n-butanol altered the liquid/vapor interface
properties and it intensified the nanoparticle deposition at low heat fluxes. The obtained
results confirmed that the CHF of the nanofluid became enhanced when the n-butanol
was added to the nanofluid. The experimental data showed that the hindered bubble
growth and increased nanoparticle agglomeration in the fluid wedge region were the
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reasons behind the degradation of the heat transport deterioration when the amount of the
added surfactant was increased. Additionally, it was already proven that the impact of the
surfactant on the heat transfer and CHF was greater than the unstable settlement of the
nanoparticles onto the heating surface. The deposition profiles were significantly influenced
by the n-butanol addition since the low concentration of the self-rewetting fluid produced
higher surface tension and, consequently, attracted a greater amount of nanoparticles onto
the microwire surface. However, the unstable settlement of the nanoparticles generated
a less-uniform deposit as compared with that of the nanofluid alone, which is likely due
to the greater disturbance derived from the surfactant addition. In conclusion, when
the n-butanol was added to the nanofluid, this surfactant promoted the clustering of the
nanoparticles at low heat fluxes. The nanoparticle deposition pattern indicated that this
one modified the surface roughness and, thus, accelerated the emergence of the sweeping
mechanism of the vapor bubbles. Moreover, it was found that the nanoparticle deposition
is more intense with the further addition of a surfactant. The addition of the surfactant
will increase the CHF and such an increase is higher for high-nanoparticle concentrations.
Moreover, the CHF enhancement ratio decreased when more surfactant was added. In
addition, the overall mechanism of the heat transfer enhancement in which the Marangoni
flows imposed by the surfactant pushes the nanoparticles to the heating surface to produce
the deposition layer and conducts the nanoparticles to penetrate the confined wedge of
the vapor bubbles. Furthermore, in the work conducted by the authors Jung et al. [100],
the addition of nitric acid as an ionic surfactant promoted the formation of self-assembled
layers and structures of nanoparticles on the heat transfer surface. This alternative method
builds a more uniform and smoother surface structure, reducing the CHF improvement.

5. Limitations and Challenges

Several questions and issues require investigation studies to further understand the
main features of the nanoparticle deposition during the boiling of nanofluids. Hence, the
following suggestions and challenges are stated for future work:

1. Despite the many published nanofluid-related studies, issues such as long-term stabil-
ity, erosion, agglomeration, deposition, and maintenance procedures are still obstacles
to large-scale commercialization of nanofluids. Hence, studies to extend the actual pre-
dictive correlations or innovative numerical simulation tools are highly recommended.

2. The methods for an effective nanoparticle deposition should be reviewed to find a
replacement for the deposition rather than the nanofluid boiling; for instance, pre-
boiling deposition of nanocoatings on the surface by physical or chemical vapor
deposition. However, these depositing techniques require further in-depth investiga-
tion studies regarding the optimal thickness of the coatings to observe the delay of
the CHF occurrence.

3. Concerning the depositing trend of the nanoparticles in the course of pool boiling,
the coating of the surface with particles has been intensively explored to improve
the HTC and CHF. In this context, the probable detachment or failure of the layer of
particles over boiling time should be further addressed in a laboratory environment.
Additionally, the complexity of correlations between the main properties of the heating
surface should be addressed to further clarify the mechanisms of amelioration of the
heat transfer parameters through the deposition of the nanoparticles.

4. Future experimental works should include the exploration of the possible boiling-
induced nanoparticle deposition influencing parameters, including nanoparticle size,
shape, type, and substrate material, and base fluid type to the wettability modification
and its impact on the pool-boiling heat-transfer characteristics.

5. Regarding the effect of the deposition layer on the boiling surface heat transfer, the
thickness of the layer should be optimized to induce the maximum value of latent
heat at CHF occurrence.

6. The durability of the nanoparticle deposition layer and its effects on the CHF should be
further systematically investigated. The initial studies indicated that the porous nanopar-
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ticle deposited layer is affected by the dilatation effect and, under certain conditions, by
the formation of a pocket of vapor between the heater and the deposited layer.

7. The particle sorting effect of the boiling-induced nanoparticle deposition requires
further in-depth studies. The particle sorting effect has already been observed over the
deposited layer of nanoparticles wherein larger micrometer-sized particles, compared
with the ones observed close to the center of the deposited layer, have been found
in the peripheral regions of the deposited layer. It should be also made clear if this
phenomenon is indeed a particle sorting effect or, alternatively, if it is only the result
of the boiling-induced capillary wicking flows through the deposition layer toward
the center of the nucleation sites.

8. The conjugated effect of the wettability and capillary wicking should be further
studied to reveal the heat transfer enhancement for different sizes and fractions of
nanoparticles.

9. The bubble dynamics of a single bubble should be further investigated in experi-
mental works and numerical simulations to determine the fraction of the deposited
layer and of the suspended nanoparticles that contribute to the pool-boiling heat-
transfer amelioration.

10. Efforts should be made to mitigate the initial heating surface differences and, also, to
diminish the surface differences occurred during the boiling nanoparticle deposition,
given that the modification of the boiling surface geometries is the main factor respon-
sible for the contradictory literature reports on boiling heat transfer with nanofluids.
The enhancement or deterioration of boiling heat transfer is dependent upon the
relative size between the nanoparticles suspended in the fluid and the heating surface
geometry, and respective interactions. Published experimental works already showed
that for an initial smooth surface, the deposition of particles increases the surface
roughness contributing to the improvement in the nucleate boiling heat transfer,
whereas for a starting rough surface, no obvious change in the surface geometry is
observed that results in a similar boiling curve.

11. The use of only one heating surface should be avoided, since this procedure will make
the quantitative comparison of results more difficult. The experimental evaluation of
the nanoparticle concentration effect will also be difficult. The heat transfer surface
modification by the deposition of nanoparticles is an intrinsic feature of the use of
nanofluids that occurs each time after boiling. Hence, the experimental results are
affected by the number and frequency of the usage of the same heating surface.

12. Regarding the effect of the pressure of the pool-boiling system, the growth of the dry
patches should be addressed under different pressure levels to elucidate its influence
on the heat transfer enhancement from the deposition layer.

13. The possible melting characteristic at some sites on the coated heating surface after
confined pool-boiling experiments should be further analyzed. In these cases, the
bubble dynamics in the inner confined region and the enhanced residence time of the
bubbles on the heating surface underneath could appreciably increase the temperature
on the coated layer, melting the nanoparticles through a regressive melting process
similar to liquid phase sintering.

14. Further attention must be paid to the possible residual chemical elements dissolved
in the working fluid, given that these elements may interact with the deposited
nanoparticles and, consequently, modify the morphology and chemical structure of
the heating surface and, hence, impair the pool-boiling heat transfer effectiveness.
Moreover, this phenomenon tends to take place more under confined boiling in which
the hot spots are more sensitive because of the dryout phenomenon.

15. Future studies on the reusability of formerly boiled nanofluids and correspondent
stability may be an adequate pathway to better understand the practical implications
of the boiling-induced nanoparticle deposition process using nanofluids.

16. To better understand the underlying mechanism of the suspended nanoparticles
deposited underneath the vapor bubbles, techniques such as infrared thermography
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should be further explored to obtain the temperature and heat flux distributions
of the active nucleation sites. Additionally, more microscopic measurements of the
nucleation site should be carried out with the aid of optical profilometry and AFM to
determine the shape of the nanoparticle deposited layer underneath the bubbles.

17. It is suggested that further studies be conducted on repetitive quenching with con-
centrated nanofluids by monitoring the heating surface wettability alteration and
concentration changes after each individual quenching run to better understand the
mechanisms of CHF enhancement and achieve a quantitative characterization of the
impact of the suspended nanoparticles and its cumulative effect.

18. To better understand how the motion at the microscale of the nanoparticles influences
the perturbation suffered by the bubbles in the heating surface, the motion path of the
nanoparticles during boiling should be further examined with the aid of a component
analyzer and by labeling the nanoparticles. Moreover, it is also advisable to observe
and evaluate the generation of bubbles using a high-speed camera.

19. The impact of a multi-component solution on the nucleate pool-boiling heat transfer
should be verified through the external condensation of the pool-boiling apparatus,
and the relative motion between the different solutions should be observed and
discussed. Furthermore, the movement and disturbance of the bubbles should be
observed and analyzed by this procedure.

20. It is highly recommended to produce a database that will include the heat transport
characteristics together with specific information about the deposited nanoparticle
morphology and amount, and dispersion stability with or without the addition of
surfactants, in which the enhanced pool-boiling thermal performance of promising
nanofluids are prioritized.

6. Conclusions

The current work can be characterized as an overview of the transient characteristics
of the pool boiling of nanofluids, namely, the nanoparticle deposition advantages and
disadvantages during boiling time. The following conclusions should be highlighted:

1. The nanofluids already demonstrated the improvement of the CHF derived from the
enhanced wettability of the heating surface after the deposition of the nanoparticles
onto the heating surfaces. Nevertheless, the published data concerning the effect of
nanofluids on the nucleate boiling HTC are still contradictory. This can be caused
by the involvement of intricate concerns such as the nature of the thermal fluid,
roughness of the heating surface, and imposed heat flux conjugated with the type,
morphology, volume fraction, and preparation and functionalization methods of the
nanoparticles. All these factors can significantly alter the thermophysical properties
of the nanofluid and certain surface characteristics such as the wettability, surface
roughness, number of active nucleation sites, and alterations in the three-phase contact
line. Such limiting and complexing issues can strongly restrict the accurate modeling
of the nanofluid pool boiling.

2. It was already confirmed that the thickness and density of the deposition layer de-
creases outward radially when the layer has a spherical shape. Taking into account
the morphology and evaporation dynamics of the microlayer, the most verified thick-
ness trend of the deposition layer has been suggested to be caused by the microlayer
evaporation phenomenon. Nevertheless, the initiation of the deposition at the active
nucleation sites may be caused by the contact line evaporation since such a mechanism
is expected to be present in the nanofluid pool boiling.

3. Although the nanofluids have demonstrated great potential in improving boiling heat
transfer, there are specific practical concerns that must be considered prior to any
usage of the nanofluids in thermal management purposes including the agglomera-
tion, sedimentation, and precipitation of the nanoparticles, equipment and systems
clogging, boiling surface erosion, evolution in time of the heat transfer parameters,
and inherent overall cost.
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4. The nanoparticle deposition onto the heating surface alters its wettability and num-
ber of active gasification sites, which affects the heat transfer capability. Moreover,
the nanoparticle deposited layer changes the generation of the bubbles and their
departure frequency.

5. The morphology of the surface settlement of the various nanoparticles increases the
capillary effect, thus enhancing the liquid replenishing after the detachment of the
bubbles, which in turn increases the CHF.

6. The development of a closed porous deposit of nanoparticles increases the heat trans-
port resistance of the heating surface and reduces the HTC. Moreover, the deposition
causes the CHF to increase more rapidly than the layer superheat value, which results
in an increment of the maximum HTC value. It is also common for a significant
increase in the thermal conductivity of the base fluid to occur so that the HTC is
enhanced. The perturbation of the heating surface caused by the nanoparticles turns
the liquid microlayer thinner and enhances the disturbance of the bubbles, resulting
in the amelioration of the HTC.

7. The prevalence of larger microparticles in the peripheral regions of the deposition
layer has been observed to assume a well-defined circular shape. Nevertheless, the
identification of the underlying mechanism still remains unclear, given that it has
already been attributed to the eventual nanoparticle sorting or, alternatively, to the
pool-boiling capillary wicking through the deposition layer toward the center of the
active nucleation sites.

8. It was already observed that the suspension of the nanoparticles in a base fluid with
higher viscosity brings benefits to the boiling heat transfer since the deposition of the
nanoparticles is smaller; hence, the enhancement of the thermal conductivity of the
fluid is more intense than the microscopic motion of the nanoparticles on the surface
and the heat transport becomes enhanced.

9. In the cases where the fluid is a multi-component solution, the relative motion between
the different composing solutions increases the movement of the nanoparticles due
to the different evaporation rates. Therefore, the disturbance of the bubble on the
heating surface increases and the boiling heat transfer performance is enhanced.

10. When compared with the thermal conductivity of the heat transfer surface, the de-
position of nanoparticles having poor thermal conductivity on the heating surface
decreases the heat dissipation and enhances the surface superheat value. Hence,
the enhancement of the HTC should be attributed to the thermal conductivity of
the nanoparticles and the effect of their movement in the disturbance of the surface
vapor bubbles.

11. The different natures of the nanoparticles result in different thermal conductivity and
the effects on the pool-boiling heat transfer strongly depend on the deposition pattern.
Moreover, only small amounts of the deposited nanoparticles enhance the number of
available active nucleation sites and, by this method, the pool-boiling heat transfer
capability is improved.
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Abstract: The enhancement of boiling heat transfer has been extensively shown to be achievable
through surface texturing or fluid property modification, yet few studies have investigated the
possibility of coupling both enhancement approaches. The present work focuses on exploring the
possibility of concomitant enhancement of pool boiling heat transfer by using TiO2-water nanofluid
in combination with laser-textured copper surfaces. Two mass concentrations of 0.001 wt.% and
0.1 wt.% are used, along with two nanoparticle sizes of 4–8 nm and 490 nm. Nanofluids are prepared
using sonification and degassed distilled water, while the boiling experiments are performed at atmo-
spheric pressure. The results demonstrate that the heat transfer coefficient (HTC) using nanofluids is
deteriorated compared to using pure water on the reference and laser-textured surface. However, the
critical heat flux (CHF) is significantly improved at 0.1 wt.% nanoparticle concentration. The buildup
of a highly wettable TiO2 layer on the surface is identified as the main reason for the observed perfor-
mance. Multiple subsequent boiling experiments using nanofluids on the same surface exhibited a
notable shift in boiling curves and their instability at higher concentrations, which is attributable to
growth of the nanoparticle layer on the surface. Overall, the combination of nanofluids boiling on a
laser-textured surface proved to enhance the CHF after prolonged exposure to highly concentrated
nanofluid, while the HTC was universally and significantly decreased in all cases.

Keywords: nanoparticles; nanofluids; boiling; heat transfer; heat transfer enhancement; nanoparticle
deposition

1. Introduction

Pool boiling heat transfer has been widely used in numerous engineering systems,
such as aircraft and spacecraft thermal management, high power electronics cooling, heat
exchangers, nuclear reactors, air conditioning, thermal power generation, etc. [1–6]. Com-
pared to natural and forced convection without phase change, the advantage of pool boiling
is a higher heat removal rate from a surface while maintaining a low superheat (i.e., the
temperature difference between the surface and the boiling liquid), which is an important
advantage for its use in dissipating highly concentrated thermal loads.

Pool boiling is the process of vaporization at the solid–liquid interface. and it occurs
when the temperature of the surface exceeds the saturation temperature of the liquid at
the given pressure. The characteristics of the pool boiling heat transfer process can be
described by the boiling curve, which was first reported by Nukiyama [7]. In the first phase
of boiling heat transfer, all of the heat is dissipated through single-phase natural convection.
When the surface superheat is high enough, vapor bubbles begin to form in the cavities on
the surface (i.e., heterogeneous boiling takes place), which represents the onset of nucleate
boiling (ONB) and the inception of the nucleate boiling phase. The nucleate boiling heat
transfer regime is the most effective heat transfer region of the pool boiling process due
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to very high heat transfer coefficients at low surface superheat values, making it the most
suitable method for various engineering applications. The heat transfer coefficient (HTC),
representing the ratio between dissipated heat flux and the corresponding wall superheat,
is the most common metric to describe the heat transfer intensity. With increasing heat
flux, the number of active nucleation sites on the surface increases. When the population of
bubbles becomes too high (at a high heat flux), neighboring bubbles coalesce extensively
(i.e., merge on or above the surface), forming an insulating blanket of vapor covering
the heating surface and thereby significantly decreasing the heat transfer intensity. This
phenomenon is known as the boiling crisis, and the maximum heat flux associated with its
incipience is the critical heat flux (CHF). After CHF onset, the boiling process transitions
towards film boiling, which is characterized by a high increase in wall temperature and a
large decrease in the HTC [8,9].

While boiling heat transfer represents an efficient cooling method, the HTC and CHF
need to be enhanced to meet the specifications of certain applications, allowing for the safe
and efficient operation of such systems. The enhancement of heat transfer in the nucleate
boiling regime can be achieved in various ways, including by (i) changing the characteristics
of the boiling surface, (ii) modifying the surface-fluid interaction, (iii) modifying the
working fluid, or (iv) changing the operating conditions [10,11]. The aim of these methods
is generally to lower the ONB and increase both the CHF and the HTC [11–13]. Most
approaches to boiling enhancement only consider one technique, meaning that possible
combinations and synergies between more techniques are largely unexplored. This is
addressed in the present study, where surface modification via laser texturing is coupled
with fluid modification through the addition of nanoparticles, with the aim of obtaining
superior boiling performance to that using a single enhancement approach.

1.1. Methods for Intensifying Boiling Heat Transfer

In recent years, researchers have thoroughly studied different techniques for intensify-
ing boiling heat transfer, such as adding nanoparticles to the base fluid or modifying the
surface characteristics of the boiling surface, namely its roughness, porosity, wettability,
wickability, etc. [13–18]. Surface modification may be performed on the macro-, micro- or
nanoscale [11]. The techniques for the modification of surface morphology can generally be
divided into physical and chemical categories [19]. Common physical techniques include
electro-deposition [20] and pulsed laser deposition [21], while in most studies, the chemical
techniques are chemical vapor deposition [22], the sol-gel technique, and electrochemical
deposition [23]. Overall, surface modification aims to alter the surface wettability and
microstructure, which have a profound impact on the boiling process and the associated
heat transfer parameters [16,24,25]. Free surface energy, roughness of the surface, and its
micro- and nanotexture have a strong influence on wettability [10,26,27]. Based on the
contact angle of a liquid droplet on the surface, the latter can be classified as phobic or
philic to the liquid. As water is the most common testing medium, the surfaces are typically
classified as hydrophilic (contact angle < 90◦) or hydrophobic (contact angle > 90◦). Based
on previous experimental findings, the ONB will occur at a lower superheat, and CHF
will be decreased on hydrophobic surfaces, while hydrophilic surfaces will exhibit delayed
ONB, but increased CHF [10,28,29].

1.2. Boiling of Nanofluids

A common method of modify the properties of the coolant in boiling applications is
the addition of various types of nanoparticles to the base fluid [30–32]. This changes its
thermophysical properties, but more importantly, the nanoparticles are deposited onto
the boiling surface during boiling, creating micro- and nanostructures that can favorably
affect the boiling process [33]. The available literature mostly suggests that the boiling
of nanofluids leads to an improvement of the HTC and the CHF, while some few studies
make the opposite conclusion [34]. The increase in HTC and CHF tends to be correlated
with increasing the concentration of nanoparticles, up to a certain point. At excessive
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concentrations, the HTC begins to decrease, while the CHF will remain unaltered [35].
At high nanoparticle concentration, the deposited layer on the surface becomes thicker,
which leads to greater thermal resistance and decreases the HTC [35]. Due to the deposi-
tion of nanoparticles on the surface and their large effect on heat transfer during boiling,
Fang et al. [31] suggested that further experiments on nanofluid boiling should be com-
bined with a comprehensive study of the influence of nanoparticle deposition time for
different concentration ranges. Long-term experiments on the variation of nanoparticle
deposition time should be performed, and correlations to predict the evolution of deposited
nanoparticle layers should be proposed. In addition to the concentration, the material
and size of the nanoparticles and the preparation of the nanofluid also affect the boiling
performance. Dadhich et al. [36] and Fang et al. [31] pointed out that there is a significant
need for a database of thermal properties for different materials in different size ranges
of nanoparticles.

The deposition of nanoparticles from the nanofluid during boiling is the most com-
mon enhancement strategy involving modified fluids. Manetti et al. [37] conducted an
experimental study of HTC in pool boiling of deionized water and Al2O3-water nanofluid
with low (0.0007 vol.%) and high (0.007 vol.%) volume concentration on smooth and rough
copper surfaces within a heat flux range of 100 to 800 kW m−2. They observed that HTC
increased at low concentrations at average heat flux values, which was related to increasing
the radius of the cavities through deposition of nanoparticles on the surfaces due to boiling.
Increasing the heat flux led to a decrease in the HTC caused by the increased deposition
rate of nanoparticles on the rough surface and the filling of the cavities with nanoparticles.
Ahmed et al. [38] investigated pool boiling heat transfer performance on horizontal flat
copper surfaces using nanofluid and pure water. They used 40–50 nm alumina nanopar-
ticles to prepare three different nanoparticle concentrations (0.01 vol.%, 0.1 vol.%, and
1 vol.%). After performing boiling experiments, the nanoparticle-coated surfaces were used
for pool boiling experiments using pure water. During the nanofluid boiling experiments,
the authors concluded that the concentration of nanoparticles has a major effect on the
heat transfer performance. At lower concentrations, the rate of deposition of the particles
is lower, resulting in a greater enhancement of heat transfer, which can be attributed to
the fact that the increased thermal conductivity of nanofluids has a greater dominance
than the effect of nanoparticle deposition on the surface. On the other hand, the boiling
of pure water on the surface coated with nanoparticles showed that high deposition rates
lead to an improvement in heat transfer, which was explained by a less uniform deposition
layer on the surface. Huang et al. [39] studied the enhancement of boiling on nickel wires
coated with TiO2 nanoparticles in pure water. The coating was produced by electrical
heating of the wire in nanofluids with concentrations from 0.01 to 0.1 wt.% and heat flux
up to 1000 kW m−2. Experimental results of pure water boiling showed an enhancement
of the CHF of up to 82.7% for coated nickel wire prepared in 0.1 wt.% nanofluids. On
all nickel-coated wires, the HTC deteriorated due to the higher thermal resistance caused
by the deposition of nanoparticles. Kiyomura et al. [40] investigated boiling heat transfer
performance of surfaces coated with Fe2O3 nanoparticles in Fe2O3 water-based nanofluid
at a high (0.29 g/L) and a low concentrations (0.029 g/L). The results showed the highest
HTC values on coated copper surfaces with low mass concentration, and with increasing
the concentration, the roughness of the surfaces increased. Salimpour et al. [41] performed
boiling experiments on smooth and rough copper surfaces using iron-oxide-water-based
nanofluid at low and high heat fluxes. They found that at low heat fluxes on smooth
surfaces, and at high heat fluxes on rough surfaces, the deposition of nanoparticles on the
surface enhanced the heat transfer during boiling. According to other research conducted
in this field, there is no clear understanding of how the boiling heat transfer performance is
changed by the various effects of nanoparticle deposition during nanofluid boiling [42,43].

In addition to in situ nanoparticle deposition, dip coating and drop casting techniques
were also proposed for boiling applications. An example is the study by Yim et al. [44], who
investigated the surface wettability in nucleate pool boiling on aluminum surfaces coated
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with TiO2 nanoparticles from 1 wt.% TiO2 ethanol-based nanofluids, using a drop casting
technique. The obtained results showed that the performance of nucleate pool boiling was
64.1% higher for TiO2-coated surfaces than for the bare surfaces.

1.3. Boiling on Laser-Texured Surfaces

Laser texturing is a very effective method for locally or globally changing the morphol-
ogy of the surface to intensify boiling heat transfer. Može et al. [45] demonstrated a strong
enhancement of boiling performance of water on superhydrophobic and superhydrophilic
surfaces textured with a nanosecond fiber laser. By combining laser texturing with a su-
perhydrophobic coating, they showed significant improvement in HTC and found that
the intensification of boiling heat transfer is possible with a suitable surface morphology
where the Wenzel wetting regime is achieved. Kurse et al. [46] studied the pool boiling heat
transfer of deionized water on laser-textured surfaces. Microstructures were fabricated on
stainless steel using a femtosecond laser. It was found that CHF and the maximum heat
transfer coefficient on laser-textured surfaces were improved compared to those on the
polished reference surface. It was also found that the improvement of CHF is related to
the wetting and wicking capability of the surface, which allows for the replenishing of
the evaporating liquid and affects the delay of the CHF. The study of the nucleate pool
boiling of water and water-ethanol mixtures on untreated and laser textured stainless steel
foils showed a significant improvement in boiling performance on laser-textured surfaces
compared to the untreated surfaces for pure liquids and binary mixtures. The improvement
in boiling performance is directly related to the microcavities, which act as active nucleation
sites [47]. Serdyukov et al. [48] investigated nucleate pool boiling of water on laser textured
silicon surfaces. Their results showed an enhancement of the heat transfer coefficient by up
to 49.5%, compared to a rough silicon sample, and by up to 234%, compared to a polished
sample. Additionally, the study showed that laser texturing of the surfaces resulted in a
remarkable increase in the frequency and density of nucleation sites. It was concluded that
a decrease in the diameter of the departure bubble and a lower nucleation temperature are
characteristics that are associated with the laser-modified silicon surfaces. The study of the
stability of copper surfaces before and after functionalization by laser texturing performed
with a nanosecond fiber laser was presented by Može et al. [49]. The study showed the en-
hancement of CHF by up to 90% and HTC by up to 115% on textured surfaces compared to
the reference surface. The results also demonstrate the tendency of constant shifts of boiling
curves in each experimental run, while the shifts on laser textured surfaces did not occur
after the second run. This fact is confirmed by changes in the morphological and chemical
structure of the surface after the first onset of CHF and is associated with the effects of
low-temperature annealing. Finally, only one study, published by Karthikeyan et al. [50],
was found to have previously combined surface laser texturing and the use of nanofluids
to enhance boiling heat transfer. The latter authors reported a notable enhancement of
boiling heat transfer, but the nanofluid used was rather unconventional (carbon nanotubes
dispersed in ethanol or water).

1.4. Scope and Aim of this Study

There are few studies that investigate the boiling performance of nanofluids on pre-
modified surface (e.g., laser-textured surfaces) [51,52], despite the seemingly great potential
for concomitant and synergistic enhancement of boiling performance. To fill this knowledge
gap, we investigated the pool boiling heat transfer performance of TiO2-water nanofluids
prepared with two mass concentrations (0.001 and 0.1 wt.%) and with two different sizes
of nanoparticles (small: 4–8, and large: 490 nm), on laser textured copper surfaces. Five
consecutive measurements were performed on each laser-textured surface under pool
boiling conditions. The surface morphology of deposited nanoparticles was analyzed using
scanning electron microscopy (SEM), and the wettability changes were recorded through
water contact angle (WCA) measurements. The results were analyzed through multiple
comparisons to elucidate the effect of nanoparticle size and concentration on possible
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additional enhancement or deterioration of boiling performance of the laser-textured
copper surfaces.

2. Methods
2.1. Sample Preparation and Amalysis

Samples for boiling experiments were prepared on high purity copper (>99.9% Cu).
Each sample was first sanded using P1200 and P2000 grit sandpaper to achieve a surface
roughness of approx. 0.15 µm. Afterwards, the samples were cleaned using isopropanol
and lint-free wipes. One sample was tested without any further treatment, and it is denoted
as REF (i.e., untreated reference sample). All other samples underwent direct laser texturing
immediately before the boiling experiments.

To perform the laser texturing, a nanosecond pulsed fiber laser was used (FL-mark-C
with JPT Opto-electronics Co., Ltd. “M7 30 W” MOPA source, Shenzhen, China). The
laser system is equipped with an OPEX F-Theta lens with a focal distance of 100 mm and
working field of 70 × 70 mm2. A pattern of equidistant parallel lines (∆x = 60 µm) was
used to create a channel-like microstructure on each sample. The pulse frequency was set
to 110 kHz, the pulse duration to 45 ns, and the full power of 30 W was applied. With the
focal beam diameter of ~25 µm and laser beam quality parameter M2 ≤ 1.3, the average
laser pulse fluence was calculated to be ~56 J cm−2.

The morphology and elemental composition of the samples were analyzed using
scanning electron microscopy (ThermoFisher Scientific Quattro S, Waltham, MA, USA) and
energy-dispersive X-ray spectroscopy (Oxford Instruments Ultim Max 65, Abingdon, UK).
SEM images of the reference sample REF and laser-textured sample (LT) before exposure to
boiling are shown in Figure 1.
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sample LT (red frame) before exposure to boiling.

The analysis of sample wettability was performed using a goniometer to record the
static contact angles with water. Cleaning of the samples was performed with a UV/ozone
cleaner (Ossila) to remove hydrocarbon contaminants after boiling/storage. Contact angles
were measured: (i) before boiling, (ii) immediately after boiling experiments, (iii) 7 days
after the boiling process, (iv) after UV/ozone cleaning (7 days after the experiments), and
finally (v) three days after UV/ozone cleaning. Measurements were conducted using a
goniometer (Ossila, ±1◦). Five drops were deposited onto different parts of the surface,
and the contact angles were recorded and averaged.
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2.2. Boiling Performance Evaluation

The boiling performance evaluation of nanofluids on laser-textured copper surfaces
was performed using a previously developed experimental setup shown in Figure 2 [53].
A glass cylinder with an inner diameter of 60 mm was placed between two stainless
steel flanges, thus forming the boiling chamber. The latter was filled with 200 mL of the
working fluid during experiments. As shown in Figure 2b, the sample was mounted on a
copper heating block, and inserted through the bottom stainless-steel flange into the boiling
chamber. PEEK bushing, a ring of flexible epoxy glue, and a silicone O-ring were used
to ensure sealing, limit heat loss, and prevent parasitic boiling. Before every experiment,
the working fluid was preheated and degassed with an immersion heater, which was
controlled by a variable transformer. An immersion heater was also used to maintain the
saturated state of the working fluid during the boiling experiment. The cartridge heaters,
positioned inside the heating block, were used for the generation of heat and were also
controlled by a variable transformer. All measurements were performed at atmospheric
pressure, and the stability was confirmed by the stable temperature of the saturation. Vapor
produced during measurements went to the water-cooled glass condenser and returned to
the boiling chamber.
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The temperatures inside the sample were measured by utilizing three K-type ther-
mocouples spaced 5 mm apart from one another. The thermocouple closest to the boiling
surface was positioned 5.3 mm from the top of the sample, as shown in Figure 2c. Two fur-
ther K-type thermocouples were submerged into the boiling chamber at different heights to
measure the temperature of the working fluid. A KRYPTONi-8xTH DAQ device was used
for collecting all temperature signals as raw voltages. The temperature of each cold junction
was recorded internally and used to offset the measurements to obtain correct temperature
readings. The calculation of temperatures based on offset voltages was performed, utilizing
NIST 9th degree polynomial. Data from the DAQ device were acquired using Dewesoft X3
software at a frequency of 10 Hz.
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2.3. Data Reduction and Measurement Uncertainty

The calculation of relevant heat transfer parameters is based on measured tempera-
tures. The parameters which are most relevant in boiling heat transfer systems are heat
transfer coefficient, heat flux, and superheat of the surface. The methodology used for the
calculation of the spatial temperature gradient between the highest positioned and the low-
est positioned thermocouple in the sample utilizing the following linear interpolation (1) is
suggested in [54]:

∆T
∆x

=
TTC3 − TTC1

2∆x1
(1)

Heat losses during the experiments are neglected because of favorable insulative
properties achieved using a very low thermal conductivity material (PEEK). Consequently,
a simplified case of 1D conduction through the sample towards the boiling surface is
considered. The heat flux is calculated using Fourier’s law of conduction:

.
q = −k

∆T
∆x

(2)

To accurately calculate the heat flux, thermal conductivity needs to be precisely evalu-
ated. This is achieved by using a temperature-dependent value of thermal conductivity.
Based on the average of all three temperatures measured within the sample, the thermal
conductivity is calculated at the mean temperature (T) of all three temperatures in the
sample according to the following equation:

k(T) = 0.000283T2 − 0.1646T + 378.07, (3)

The laser-flash measurement method of thermal diffusivity at various temperatures,
and the determination of thermal conductivity based on temperature-dependent density
and specific heat capacity are used to determine the latter expression. All temperature
values are expressed in ◦C, and the thermal conductivity, as the result value, is returned in
W m−1 K−1. The temperature of the boiling surface is calculated by linear extrapolation
using the previously determined heat flux and the temperature measured with the highest
positioned thermocouple in the sample. The thermal conductivity is first determined at
the highest positioned thermocouple in the sample, TTC1, utilizing Equation (3) to obtain
an estimate of surface temperature. The mean temperature of the top part of the sample
is determined as the arithmetic average value between the estimated surface temperature
and the temperature of the highest positioned thermocouple. The mean temperature of the
top part of the sample is used to determine the average thermal conductivity, which is then
used to evaluate the surface temperature with increased accuracy. The saturation tempera-
ture of the working fluid is calculated as the arithmetic average value of the temperatures
measured with two immersed thermocouples. The difference between the saturation tem-
perature of the working fluid and surface temperature is the surface superheat (Tw − Tsat).
Dividing the heat flux by the corresponding surface superheat is used to determine the
heat transfer coefficient:

h =

.
q

Tw − Tsat
, (4)

2.4. Peparation of Nanofluids

The nanofluids used were prepared by dispersing different amounts of nanoparticles
in the base fluid (twice-distilled water). The nanofluids used in this study were prepared
and stabilized using ultrasonic vibration, without using surfactants or adjusting the pH
value. TiO2 nanoparticles were chosen for the study because of their favorable chemical
and physical stability and their hydrophilicity, which was previously shown to enhance the
CHF value during boiling experiments. Two nanoparticle size ranges were used to examine
the effect of their size, especially relative to the size of laser-induced surface structures.
One type of nanofluid was prepared using very small nanoparticles (sized below 10 nm,
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much smaller than the majority of structures resulting from laser texturing), while the
other type used nanoparticles that were two orders of magnitude larger, with diameters
close to 500 nm (close to the scale of laser-induced surface structures). Furthermore, two
nanofluids concentrations were tested for each type of nanofluid. Most studies typically
report nanofluid concentrations in the range from 0.001 wt.% to 0.1 wt.%. Therefore, we
opted to use the two extreme values, again separated by two orders of magnitude, in order
to evaluate the effect of nanoparticle concentration on boiling performance.

One type of nanofluid was prepared using small nanoparticles, with a size of 4 to 8 nm
(Carl Roth, Karlsruhe, Germany; ROTInanoMETIC ≥ 99.9%), and the second type was
prepared using large nanoparticles, with a size of 490 nm (Nanografi Nano Technology,
Ankara, 99.995+%). Both types of nanofluids were prepared at two different mass con-
centrations: 0.1 and 0.001 wt.%. The third type of nanofluid was prepared with 0.05 wt.%
of the large-sized and small-sized nanoparticles, respectively. Twice-distilled water was
degassed for 45 min via vigorous boiling before it was used to prepare the nanofluids to
reduce the amount of entrapped gases and also reduce the need for further degassing in
the boiling chamber, where deposition of nanoparticle on the immersion heater reduces
the concentration of the nanofluid in an uncontrolled way. Nanofluids were sonicated for
1 h immediately after preparation in an ultrasonic bath (ASonic, Ultrasonic Cleaner-Pro 30,
40 kHz, 120 W). To stabilize the solution before use in the experiment, the nanofluid was
again sonicated for 1 h. The performed experiments are summarized in Table 1.

Table 1. The characteristics of the performed experiments.

Name Boiling Fluid Surface Size of
Nanoparticles

Concentration
(wt.%)

REF water Bare
copper / /

LT water

laser
textured
copper

/ /

TiO2-S-0.001 TiO2-water small (4–8 nm) 0.001

TiO2-S-0.1 TiO2-water large (490 nm) 0.1

TiO2-L-0.001 TiO2-water small (4–8 nm) 0.001

TiO2-L-0.1 TiO2-water large (490 nm) 0.1

TiO2-Mix-0.05 TiO2-water small (4–8 nm) +
large (490 nm)

0.05 small and
0.05 large

Overall, the used nanoparticle sizes and concentrations are based on the extreme
values reported in the literature, and the corresponding extreme combinations, as used
here, are expected to allow for the generalization of the results.

2.5. Measurement Protocol

After degassing the working fluid, five experimental runs were performed for each
combination of the sample and working fluid. During each experimental run, the heat flux
was continuously increased at a rate of 2 kW m−2 s−1. The chosen methodology of a slow
continuous increase in the heat flux can be considered as quasi-stationary, as shown by
Može et al. [45]. The boiling curve was recorded until the CHF was reached or, when that
was not possible, until a surface superheat was reached (~100 K, representing a safety limit
of the experimental setup). When an experimental run was finished, cartridge heaters were
turned off, and the sample was left to cool down on its own. The duration of each run was
approximately 45 min, while all 5 runs were completed in a 5-hour period.
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3. Results and Discussion
3.1. Boiling Heat Transfer with Water

To establish a baseline for experiments with nanofluids, the boiling performance
of the bare copper surface and the laser textured surface was first evaluated utilizing
twice-distilled water. The results are shown in Figure 3.
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Figure 3a,c shows the boiling curves (i.e., heat flux as a function of surface superheat)
recorded on the bare surface (REF) and the laser textured surface (LT), respectively. In
both cases, the boiling curves were recorded until the incipience of the CHF. It is evident
that the boiling curves on the REF surface are slightly shifted towards lower superheats
after each experimental run. The same shifting of the boiling curve also occurs on the LT
surface during the first two runs, but then boiling curves stabilize, with a slight reversal of
the trend. This is also consistent with the wettability of the examined surfaces. The REF
surface is transitioning from a hydrophilic state (before boiling) towards the hydrophobic
state (after boiling), and the LT surface is transitioning from a super hydrophilic state
to a hydrophobic state. This is in correlation with the previous research, where it was
shown that the shift in the boiling curves ensues due to changes in surface morphology and
chemistry [49,53]. The HTC of the REF and LT surfaces at selected heat fluxes are shown in
Figure 3b,d, respectively.

The highest HTC values were recorded at the point of CHF incipience, where the LT
surface provides a significant improvement compared to the untreated reference surface.
Secondary boiling effects were detected on the LT surface, leading to a significant decrease
in wall superheat temperature near the CHF, which in turn leads to the remarkable en-
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hancement of the HTC. The reduction in surface superheats is caused by the higher density
of active nucleation sites at high heat flux, when boiling also starts to take place on the
peaks of the surface morphology instead of just within the cavities [46,55].

SEM images of the laser-textured sample (LT) after exposure to the boiling of water are
shown in Figure 4. It is evident that the microtopography remains the same, but changes are
present on the submicron scale, where the transition of oxide species from copper(II) oxide
to copper(I) oxide is evident and perfectly matches previous observations [49,53]. In [49],
the appearance of copper(I) oxide in the form of sub-micron sized cubes or (truncated)
octahedra was shown to take place after CHF incipience as a result of low temperature
annealing, resulting in a transition of needle-shaped copper(II) oxide in the reduced form.
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3.2. The Effect of Concentration on Boiling of Nanofluid with Small and Large TiO2 Nanoparticles

The boiling of nanofluid with small (4–8 nm) TiO2 nanoparticles on the copper laser
textured surface was evaluated at two different mass concentrations of 0.001 and 0.1 wt.%.
The corresponding boiling curves and HTCs are shown in Figure 5a,b for 0.001 wt.%
nanofluid, while the data for the 0.1 wt.% nanofluid is shown in Figure 5c,d. The boiling
curves obtained using 0.001 wt.% nanofluid are very stable, while the curves for the 0.1 wt.%
nanofluid are shifted towards higher superheat temperatures with each consecutive run.
This shifting can be explained through a decrease in the active nucleation site density [33,35]
due to the deposition of nanoparticles onto the surface. At 0.1 wt.%, many microcavities on
the laser textured surface become filled with nanoparticles during the first experimental
run, which leads to a decrease in active nucleation site density and an increase in surface
superheat during the next boiling runs. With increasing the number of runs, the surface
superheat increases to unacceptable levels for practical use and the boiling performance is
deteriorated. The highest HTC value, recorded during the first run (approx. 1 h of boiling
on the surface), was 79,4 kW m−2 K−1 near CHF incipience. After the 5th run, the HTC
value was 83% lower at same heat flux. During the second boiling run, the high surface
temperature prevented the CHF incipience from being recorded, as the setup was turned
off due to safety reasons. The highest CHF of 1457 kW m−2 was recorded at 0.1 wt.%, which
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represents an enhancement of 35% compared to the highest recorded CHF at 0.001 wt.%
(1082 kWm−2). The enhancement of CHF is attributed due to a reduction in static contact
angle and an improvement in surface wettability.
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SEM images of the laser-textured sample after exposure to boiling of 0.1 wt.% nanofluid
with smaller nanoparticles are shown in Figure 6. It is observable that a thick nanoparticle
deposit has formed on the surface, obscuring the shape of the laser-induced microstruc-
ture below. However, the deposited layer is not homogeneous and uniform, as evident
from the missing patches, under which the laser-textured copper surface is visible. This
was confirmed through EDS analysis, which detected a mixture of titanium and oxygen
stemming from the TiO2 deposits on most of the surface, while a lower percentage of these
two elements was detected, along with a notable percentage of copper on the flaked-
off patch.

The boiling of nanofluid with larger nanoparticles (490 nm) was performed at
0.001 and 0.1 wt.%. Boiling curves at 0.001 and 0.1 wt.% are shown in Figure 7a,c, re-
spectively, while the HTCs are shown in Figure 7b,d, respectively.
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At 0.001 wt.%, a significant shift in the boiling curves towards a lower surface su-
perheat was observed, while at 0.1 wt.%, the boiling curves are shifted toward higher
superheat values. The general observations match those made for the smaller nanopar-
ticle size. However, it was observed that after prolonged boiling of highly concentrated
nanofluid (0.1 wt.% for 4+ h), the boiling curves became very unstable (e.g., Figure 7c) due
to the very thick deposited layer on the surface, which also flakes off locally. SEM images
of the laser-textured sample after exposure to the boiling of 0.1 wt.% nanofluid with larger
nanoparticles are shown in Figure 8. Here, the underlying laser-induced microstructure
is evident, but the deposited layer is again heterogeneous. It is estimated that significant
flaking of the deposited layer occurred during the boiling process and after removal of the
sample due to the low adhesion strength. The EDS analysis confirmed a nearly perfect
atomic ratio of oxygen to titanium (2:1) for the TiO2 deposit.
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Figure 8. SEM images of the laser-textured sample LT after exposure to boiling 0.1 wt.% nanofluid
with large nanoparticles (i.e., L-0.1).

Interestingly, the boiling performance increase detected with larger nanoparticles at
0.001 wt.% was not observed at the same concentration using the smaller nanoparticle size.
It is likely that the small nanoparticles (two orders of magnitude smaller than the large
nanoparticles used in this study) form a thin, compact deposited layer without additional
nucleation sites (i.e., the HTC is not enhanced at comparable heat flux values), while
the increased wettability is able to raise the CHF value. On the other hand, much larger
nanoparticles (490 nm) form a more porous deposit, which offers additional cavities for
bubble nucleation, thus enhancing the HTC, but the overall effect on increasing the surface
wettability (and with that, the CHF value) is lower. A comparison of the SEM images taken
after boiling of 0.001 wt.% nanofluid, with both small and large nanoparticle size, is shown
in Figure 9. Only a thin layer of small nanoparticles remains on the laser-induced structured
after boiling the 0.001 wt.% nanofluid and is only evident at higher magnifications. On the
contrary, larger nanoparticles deposited at the same concentration are more clearly visible
and seem to fill a part of the laser-induced surface channels.
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Figure 9. (a) SEM images of the laser-textured sample LT after exposure to boiling 0.001 wt.%
nanofluid with small nanoparticles (i.e., S-0.001) and (b) after exposure to boiling 0.001 wt.% nanofluid
with large nanoparticles (i.e., L-0.001).

The HTC is enhanced by 49% after 5 h of boiling at the concentration of 0.001 wt.%,
and both the CHF and the HTC enhancements are stable. The CHF enhancement is
more pronounced with larger nanoparticles at 0.1 wt.%, with the highest value reaching
2021 kW m−2, which represents an 86% enhancement over the highest CHF recorded for
the 0.001 wt.% Enhancement of the CHF was recorded for all performed runs, which was
attributed to better wettability characteristics of the surface exposed to the boiling of the
concentrated nanofluid. Increased wettability compared to the results for the boiling of
pure water on the LT surface was confirmed by the measurement of the static contact angle
after boiling. The contact angle after boiling with the 0.1 wt.% nanofluid was 13.5◦, and
29.8◦ for the 0.001 wt.% nanofluid.

A further investigation was performed by mixing 0.05 wt.% of small and 0.05 wt.% of
large size nanoparticles, respectively. The boiling curves and HTCs are shown in Figure 10.
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Figure 10. Boiling of TiO2-water nanofluid with 0.05 wt.% of small size and 0.05 wt.% large size
nanoparticles, respectively: boiling curves (a) and heat transfer coefficients (b).

The boiling curves are again shifted toward a higher surface superheat, which matches
the behavior when 0.1 wt.% nanofluid was boiled with either small or large nanoparticles.
After the first experimental run, the surface superheat increased significantly, which was
likely caused by the presence of small size nanoparticles that filled the microcavities and
surface channels, thus decreasing the active nucleation site density. As the latter decreases,
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so does the HTC. CHF was again not recorded after the first hour of boiling due to very high
surface temperatures and the danger of damage to the setup, but the achieved maximal
heat flux values were notably lower than for the 0.1 wt.% nanofluid with large particles,
but higher than for the same concentration of nanofluid with small nanoparticles.

SEM images of the surface after exposure to the boiling of nanofluid with mixed
particle size (i.e., MIX-0.05) are shown in Figure 11.
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Figure 11. SEM images of the laser-textured sample LT after exposure to boiling of nanofluid with a
mixture of 0.05 wt.% of small nanoparticles and 0.05 wt.% of large nanoparticles (i.e., MIX-0.05).

It is noticeable that the surface is rather uniformly covered with a deposited layer, and
the laser-induced structures are not visible. However, the deposit is again inhomogeneous.

3.3. Contact Angle Measurments

The static contact angle of water was measured on each surface to determine its
wettability and help explain the observed boiling behaviors, especially in terms of the effect
of nanoparticle deposition onto the surface during the experiments. The recorded values,
obtained through measurements at different points in time, as previously explained in
Section 2.1, are depicted and compared in Figure 12.
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Figure 12. Static contact angle measurements on all surfaces before boiling, after boiling, and
after storage.

Laser textured surfaces were initially superhydrophilic immediately after processing,
and the contact angle of the bare copper surface was 82◦ before the boiling experiments.
After the boiling experiments with water on the laser textured surface and the reference
surface, the contact angles increased, as was shown in previous studies [51]. After the
boiling experiments, the wettability of the surfaces changed due to the deposition of
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nanoparticles. The increase in the contact angles of surfaces is slightly higher after boiling
with low-concentration nanofluids than for the contact angles measured after boiling with
high-concentration nanofluids. This could be due to the higher deposition rate at higher
concentrations, which causes a thicker layer of deposited TiO2 nanoparticles on the surface.
TiO2 nanoparticles are (super)hydrophilic, and a thick layer of them on the surface leads to
the surface staying in a hydrophilic state. At lower concentrations and for the small-sized
nanoparticles, the deposited layer on the surface is thinner. On the other hand, the larger
nanoparticles form more porous deposits, resulting in lower contact angles compared to
those for the smaller nanoparticles used in this study.

Additionally, all surfaces were exposed to ambient conditions for several days after the
boiling experiments were finished and then cleaned with a UV/ozone cleaner to remove
volatile organic compounds (VOC) and other carbon-based impurities. Contact angle
measurements were performed before and immediately after cleaning with the UV/ozone
cleaner. Afterward, the surfaces were again exposed to ambient air for three days, and the
contact angles were measured again. The results of the measurements show the contact
angles of all surfaces gradually increased over time, which was observed in many previous
studies [56,57], and this was confirmed by previous research [58,59]. The change in the
wettability is attributed to the adsorption of hydrophobic contaminants from the air. The
adsorption of polymeric organosilicon compounds was recently found to be important as
the most probable reason for the wettability transition of such samples in the laboratory
environment [60]. The air-exposed surfaces were then cleaned with a UV/ozone cleaner
for 30 min. This removes most typical contaminants, such as oils and greases, and other
contamination adsorbed during prolonged exposure to air [61]. The wettability of all
surfaces increased dramatically after the UV/ozone cleaning, but after exposing them to
the ambient air conditions for a further 3 days, the wettability again decreased.

3.4. Comparison of the Overall Boiling Performance

It was observed that regardless of the size of the nanoparticle, an increase in con-
centration had the same effect on the CHF and HTC, which agrees with the findings of
previous research [33,35,62–64]. The research groups in this field concluded that an in-
crease in nanoparticle concentration leads to the creation of a fouling layer on the surface,
which deteriorates HTC due to a decrease in active nucleation site density. In our case, the
laser-induced microcavities were filled with nanoparticles, leading to a decrease in contact
angle and a reduction in the number of cavities suitable for bubble nucleation [65,66]. Ad-
ditionally, the adhesion energy, which is defined as the horizontal component of the surface
tension force acting against the bubble growth, significantly increased with nanoparticle
deposition. This caused the bubble departure frequency to decrease and prolonged their
growth times. On top of that, the fluid was wetting the entire deposited layer, which
lead to deterioration of the active nucleation sites on the surface [67]. On the other hand,
the layer formed on the surface improved the wettability, capillary wicking action, and
constitution of inflow liquid inside the fouling layer [62,63,68], which effectively increased
the achievable heat flux values without CHF incipience.

A comparison of the boiling performance of nanofluids with small nanoparticles
with the performance of twice-distilled water on the reference and LT surface is shown in
Figure 13. Nanofluids at both concentrations deteriorated the heat transfer parameters,
in comparison with the boiling of pure water, on the LT surface. Additionally, at the low
concentration, the boiling performance also decreased compared to the boiling performance
of water on the untreated reference surface. The highest deterioration in HTC recorded at
CHF was measured to be 60% at the low and 89.5% at the high nanoparticle concentration
compared to the HTC recorded on the LT surface with the base fluid (water) at CHF.
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Figure 13. Comparison of boiling characteristics of TiO2-water nanofluids with small size nanoparti-
cles with the performance of pure water on reference and LT surface (1st and 5th run): boiling curves
(a) and heat transfer coefficients (b).

Furthermore, Figure 14 shows a comparison of the boiling performance of nanofluids
with the performance of twice-distilled water on the reference and LT surface. Here, a
deterioration of the HTC when using the nanofluid instead of pure water is also recorded.
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Figure 14. Comparison of boiling characteristics of TiO2-water nanofluids-small size NPs with base
fluid on the reference and LT surface (1st and 5th run): boiling curves (a) and HTCs (b).

Figure 15 shows a comparison of the performance of the laser-textured surface, when
used either with water (denoted as LT), or with nanofluids, relative to the boiling perfor-
mance of pure water on the untreated reference surface (REF). At low and medium heat flux
values, the reference surface provides superior performance during the first experimental
run and only at high heat fluxes, the laser-texturing and nanoparticle deposition enhance
the HTC (Figure 15a). However, after 5 experimental runs were performed on each surface,
the performance of the laser-textured surface used with pure water or 0.001 wt.% large
nanoparticle nanofluid significantly exceeds the performance of the untreated surfaces.
This is mainly attributed to the increased number of potential active nucleation sites on
both surfaces, as shown in the SEM images and discussed previously. On the other hand,
the deterioration of HTC is exacerbated on other surfaces, with its values being up to
75% lower compared to those of pure water boiling on the untreated surface. The main
cause for the deterioration of boiling performance is the growth of a thick nanoparticle
deposit layer, which raises the surface temperature due to increased thermal resistance
of the deposited titanium dioxide layer. The obtained results are in accordance with the
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findings of other authors for large nanoparticles and mixed sizes of nanoparticles [69], and
also for nanofluids with small nanoparticle diameters [70].
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Figure 15. Comparison of HTC for different boiling media (pure water or nanofluids) relative to the
performance of the untreated reference surface during the 1st run (a) and during the 5th run (b).

Significant enhancement of the CHF was not observed at 0.001 wt.% compared
to the CHF for pure water on either the laser-textured or untreated surface, while the
highly concentrated nanofluid evidently caused thicker deposits, resulting in significant
increases in the CHF value. Enhanced CHF can be mainly be attributed to the increased
wettability [69,71] of the surfaces and their porosity; this also agrees with the contact angle
measurements after boiling, shown in Figure 12.

Finally, a comparison of all boiling curves for the first and last experimental run is
made in Figure 16a,b, respectively, to elucidate the effect of both nanoparticle concentration
and size on boiling performance. Additionally, the corresponding plots comparing HTC
values at selected heat fluxes are shown in Figure 16c,d.

During the first experimental run, an enhancement of boiling performance in terms of
increased HTC at medium and high heat flux values was observed for the laser-textured
surface tested with pure water, for both mixed nanoparticle size nanofluid and for both
low-concentration nanofluids (0.001 wt.%). A noticeable CHF increase was obtained with
highly concentrated nanofluids (0.1 wt.%), but high surface superheat values were already
recorded for the nanofluid with large nanoparticles, hinting at thicker deposits and prob-
lems during future testing. It can be concluded that large nanoparticles agglomerate much
faster, which improves the deposition rate, leading to a reduction in the number of active
nucleation sites. This observation is not in accordance with previous research, which con-
cluded that if the size of nanoparticles is much smaller than the roughness of the surface, an
enhancement of boiling performance will be achieved. While even the large nanoparticles
are approximately two orders of magnitude smaller than the laser-induced roughness, a
deterioration in boiling performance was observed, matching previous reports for larger
ratios of nanoparticle size to surface roughness [70,72]. Here, we report that regardless
of the sizes of nanoparticles, the HTC of nanofluids at the higher concentration on laser-
textured surface decreases compared to the boiling of water on the same surface. The last
experimental run on each surface revealed that highly concentrated nanofluids provided
a notable CHF enhancement, but universally at the expense of notable surface superheat
increase, which reached 100 K for nanofluid containing 0.1 wt.% of small nanoparticles.
Overall, CHF enhancement due to the boiling of nanofluid on laser-textured surfaces was
not observed at the low concentration.
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4. Conclusions

The pool boiling performance of TiO2-water nanofluids with two different sizes of
nanoparticles (4–8 nm and 490 nm) at two different concentrations (0.001 wt.% and 0.1 wt.%)
was investigated on laser-textured copper surfaces. The following conclusions were made
based on the results of the performed experiments:

1. The boiling of nanofluids on an already enhanced (i.e., laser-textured) surface failed
to provide a notable (additional) enhancement of the heat transfer coefficient.

2. At a low nanoparticle concentration, the influence of nanofluid on boiling performance
is minimal, with heat transfer coefficient and CHF values comparable to those obtained
using pure water on both the untreated and laser-textured surface.

3. The boiling of a nanofluid with a high nanoparticle concentration resulted in signifi-
cant deposition of nanoparticles onto the boiling surface and CHF enhancement up
to 2021 kW m−2, representing double the value obtained on the untreated reference
surface using water. However, very high surface superheat values (up to 100 K) were
recorded, suggesting poor practical applicability.

4. The decrease in heat transfer performance due to the boiling of nanofluids on laser-
textured surfaces can be explained through the deposition of nanoparticles into the
laser-induced grooves and microcavities present on the surface, which decreased the
number of active nucleation sites. Furthermore, thicker nanoparticle deposits resulted
in added thermal resistance. While the surface porosity granted a notable delay in
CHF incipience due to enhanced liquid replenishment, the surface superheat was
massively increased.

In summary, the use of nanofluids on surfaces previously functionalized with surface
treatment methods (e.g., laser texturing) was generally proved to be unable to provide an
additional viable heat transfer performance enhancement.
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Abstract: In this study, the nonlinear dynamics of nanoparticle concentration in a colloidal suspension
(nanofluid) were theoretically studied under the action of a light field with constant intensity by
considering concentration convection. The heat and nanoparticle transfer processes that occur
in this case are associated with the phenomenon of thermal diffusion, which is considered to be
positive in our work. Two exact analytical solutions of a nonlinear Burgers-Huxley-type equation
were derived and investigated, one of which was presented in the form of a solitary concentration
wave. These solutions were derived considering the dependence of the coefficients of thermal
conductivity, viscosity, and absorption of radiation on the nanoparticle concentration in the nanofluid.
Furthermore, an expression was obtained for the solitary wave velocity, which depends on the
absorption coefficient and intensity of the light wave. Numerical estimates of the concentration wave
velocity for a specific nanofluid—water/silver—are given. The results of this study can be useful in
the creation of next-generation solar collectors.

Keywords: nanofluid; nonlinear dynamics; colloidal suspension; solitary wave; Burgers–Huxley equation

1. Introduction

In recent years, the optical properties of colloidal suspensions (nanofluids) have been
actively studied [1–6]. Researchers are particularly interested in nonlinear optical effects
that are realized in such media. In particular, studies have focused on four-wave interac-
tions and the self-action of light waves [7–10]. Without detailed knowledge of the optical
properties of nanofluids, it is impossible to create next-generation solar collectors [11–15].
For example, [16] summarized the results of studies on the nanocolloids of ionic liquids
(i.e., ionic liquids with nanoparticles in suspension), which can be directly applied to
convective heat transfer. In [17], machine learning was used to develop Gaussian process
regression models to describe the statistical correlations between the thermal conductivity
and physical parameters of two-phase nanofluid components. For this purpose, approxi-
mately 300 samples of nanofluids, dispersions of metal, and ceramic nanoparticles in water,
ethylenecol, and transformer oil have been investigated. The modeling approach demon-
strates a high degree of accuracy and stability, facilitating efficient and inexpensive thermal
conductivity estimates. Work [18] considered a liquid consisting of a stable colloidal
suspension of magnetic maghemite nanoparticles in water. It has been found that these
nanoparticles constitute an excellent absorber of solar radiation and simultaneously an
amplifier of thermoelectric power output with a very small volume fraction when the liquid
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is heated from above. These results demonstrate that the investigated nanofluid has great
potential as a coolant for the co-production of heat and energy in completely new hybrid
flat solar thermal collectors, for which top heating geometry is required. The main mecha-
nisms for optical nonlinearity in these cases are the phenomena of thermal diffusion and
electrostriction of nanoparticles [19,20]. Despite the many studies on this problem [21–25],
several questions still remain. In particular, the dynamics of the concentration of nanofluid
particles are unknown in the presence of concentration dependences on the coefficients of
the thermal conductivity, viscosity, and absorption of radiation of the medium. Providing
a theoretical description of the processes of heat and mass transfer for the nanofluid and
radiation system is fraught with serious mathematical difficulties that are associated with
the search for analytical solutions of the corresponding nonlinear equations. In this study,
we developed a theoretical model for the dynamics of the concentration of nanoparticles
in a liquid-phase medium when subjected to constant-intensity laser irradiation. Further,
the study considers the dependence of the coefficients of absorption of radiation, thermal
conductivity, and viscosity of the medium on the concentration of nanoparticles. It should
be noted that, in the works cited above, the dynamics of the concentration of nanoparticles
were studied assuming constant values of these coefficients.

2. Theoretical Model

We consider that the particle sizes satisfy the following condition: a0 << λ, where a0
is the linear size; and λ is the wavelength of light. Thus, we do not consider diffraction
and light scattering processes. We also exclude the processes associated with particle
sedimentation.

Let us consider a liquid-phase medium with nanoparticles irradiated by a light beam
of intensity I0 that is uniformly distributed over a region (Figure 1).
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Temperature and concentration gradients arise as a result of the action of the light
field in the medium, and are then used to determine the heat- and mass-transfer processes
(Soret effect). These phenomena are described by a system of balanced equations for the
temperature and particles [26,27].
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We define the system of balanced equations for heat conduction and the mass of
nanoparticles transferred as follows:

Cpρ
∂T
∂t

= div(λ(C) (
→

gradT)) + α(C)I0, (1)

∂C
∂t

= div(D
→

gradC) + DTdiv(C(1− C)
→

gradT)−
→
V·

→
gradC, (2)

where T is the temperature of the medium; C is the volume concentration of the medium;
λ(C) is the thermal conductivity of the medium; α(C) is the absorption coefficient of the
light wave; D is the diffusion coefficient of nanoparticles; DT Tis the thermal diffusion
coefficient; V is the concentration convection velocity; and Cp and ρ are known thermo-
physical constants. It should be noted that, in Equation (2), we take into account the

incompressibility of the nanofluid: div
→
V = 0 [27].

We now consider the one-dimensional case, neglecting the Dufour effect owing to
its small contribution. We do not consider flows caused by the forces of pressure on the
particles from the side of the light field. In further calculations, we assume:

div
(

λ(C)
∂T
∂x

)
≈ λ(C)

∂2T
∂x2 , div

(
D

∂C
∂x

)
≈ D

∂C
∂x

, (3)

div
(

C(1− C)
→

gradT
)
≈ C(1− C)

∂2T
∂x2 , (4)

The validity of these approximations can be verified by direct calculations. We study
the dynamics of nanoparticles against the background of the stationary temperature of
the medium, i.e., ∂T/∂t = 0 (thermal processes are assumed to be 2–3 orders of magnitude
faster than diffusion). We focus on processes with C � 1; this inequality ensures that the
coagulation (coalescence) of nanoparticles can be disregarded.

According to theoretical and experimental studies [28,29], the concentration depen-
dence of the thermal conductivity of a medium at low concentrations can be considered to
be linear, as follows:

λ(C) = λ0(1 + pC), (5)

where λ0 is the value of the thermal conductivity coefficient of the fluid (without nanopar-
ticles), and p is a linear coefficient. We consider the concentration dependence of the light
absorption coefficient to be of the form: α = βC (where β exceeds zero). Given the stationary
temperature regime, the approximations (Equations (4) and (5)), and low concentration,
we obtain the following from the heat equation:

∂2T
∂x2 =

−βC
λ0(1 + pC)

I0 ≈ −
βC
λ0

I0(1− pC)(pC < 1), (6)

Using the approximations in Equations (3), (4) and (6), Equation (2) can be rewritten
as follows:

∂C
∂t

= D
∂2C
∂x2 −

DT βI0

λ0
(1− pC)C2 −V

∂C
∂x

, (7)

For a complete description of the transport processes in the system under consider-
ation, Equation (7) must be supplemented by the Navier-Stokes equation (to determine
the velocity, V). In this case, the formulated problem can be solved numerically [25]. How-
ever, here, we use a different approach to derive the analytical solution. In particular, we
represent the convective velocity in the following form:

V(C) =
η(C)
ρ(C)l

, (8)
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where η(C) is the dynamic viscosity coefficient of the nanofluid; ρ(C) is its density; and l is
the characteristic length of the system, the value of which is determined later.

We consider the dependence of the viscosity coefficient on concentration to be linear,
such that:

η(C) = η0(1 + γC), (9)

where η0 is the value of the viscosity coefficient of the base fluid devoid of nanoparticles. A
similar dependence was obtained theoretically and experimentally, as confirmed in previ-
ous studies [28–30]. As for ρ(C), a linear dependence on concentration is also permissible
here [31,32]:

ρ = ρ0(1 + χC), (10)

where ρ0 is the average density of the medium, and χ is the coefficient of the concentration
expansion. As γ� χ is real, we consider the density dependence on concentration to be
insignificant.

Therefore, the expression for the velocity (Equation (8)) can be represented using
Equations (9) and (10):

V(C) =
η0(1 + γC)
ρ0l(1 + χC)

≈ η0

ρ0l
(1 + γC), (11)

As a result, the diffusion equation (Equation (7)) can be rewritten as follows:

∂C
∂t

= D
∂2C
∂x2 −

η0

lρ0
(1 + γC)

∂C
∂x
− DT βI0

λ0
C2(1− pC), (12)

We now introduce the dimensionless variables and parameterize Equation (12). As a
result, we obtain:

∂C
∂τ

=
∂2C
∂y2 − δ

∂C
∂y
− δγC

∂C
∂y
− C2(1− pC), (13a)

The following notation is accepted here:

τ =
ST DβI0

λ0
t, y =

1√
b

x, b =
λ0

ST βI0
,
√

b = l, δ =
η0

ρ0D
, (13b)

Thus, we demonstrate that light-induced thermal diffusion in nanofluids, in the low-
particle-concentration approximation, against the background of a steady temperature, and
taking into account concentration convection, can be described by nonlinear Equation (13a),
which differs from the Burgers–Huxley equation [33] owing to the derivative in the last
linear term.

First, we consider the two spatially homogeneous stationary states derived from
C2(1− pC) = 0, which correspond to the roots of the equation, namely, C1 = C2 = 0,
C3 = 1/p(p > 1). The kinetics of a dissipative system strongly depend on the stabilities of
the stationary states. In our case, the states C = C1,2 are twofold degenerate and unstable
(they contain derivatives from the source F′(C) > 0), whereas state C = C13 is stable. Thus,
the medium studied herein is not bistable, unlike that studied by Ognev et al. [34].

We note that similar parabolic equations with cubic nonlinearities have been consid-
ered in previously published studies, in which they were applied to a model dissipative
medium with arbitrary parameters [34], and to a nanofluid + radiation system [35,36]. We
look for particular solutions in the form of the Cole-Hopf transform [36]:

C(y, τ) =
W ′y
W
·µ, W = W(y, τ), (14)

where µ is a parameter, and ′ denotes the derivative.
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By substituting Equation (14) into (13a) and equating the coefficients for the various
powers of W to zero, we obtain an overdetermined system of equations for function
W(y, µ):

W ′′
yτ = W ′′′

yyy − δW ′′
yy, (15)

W ′τ = 3W ′′
yy + δγµW ′′

yy + (µ− δ)W ′y, (16)

pµ2 + δµ + 2 = 0, (17)

From the last equation of this system, we obtain the values of parameter µ:

µ1,2 =
1

2p
, (18)

The estimates of parameters γ and δ, which are provided below, show that roots µ1,2
are real. Furthermore, by integrating Equation (15) with respect to variable y, we obtain:

W ′τ = W ′′
yy − δW ′y + C1(τ), (19)

Using Equation (16), we obtain:

(2 + δγ)W ′′
yy + µW ′y + C1(τ) = 0, (20)

The solution for this equation can be represented as:

W(y, τ) =
C1(τ)

µ
y + C2(τ) + C3(τ)exp(−ωy), (21)

where ω = µ/(2 + δγµ).
Ci(τ) can be determined using Equations (20) and (21), and it can be used to express

the solution for function W(y, τ) as follows:

W(y, τ) = C̃1

((
1− δ

µ

)
+

1
µ

y
)

τ + C̃2 + C̃3exp(ω(ω + δ)τ −ωy), (22)

where C̃i are constants.
According to Equations (14) and (22), the desired concentration can be represented as:

C(y, τ) = µ
C̃1 −ωC̃3exp(ω(ω + δ)τ −ωy)

Ć1((µ− δ)τ + y) + C̃2 + C̃3exp(ω(ω + δ)τ −ωy)
, (23)

3. Solution Analysis

In this section, we examine the dependence of the determined exact solution (23)
on parameters µ, ω, and δ. Parameter δ is estimated to be ≈ 105 by assuming that
η0 = 10−3 kg/(m·s), ρ0= 103 kg/m3, and D = 10−11 m2/s in Equation (13a). Furthermore,
from the findings of previous studies [24–26], it follows that p ≈ 1 ÷ 1.5. Then, we must
consider that 4p� δ2γ2 in Equation (18). Therefore, for sufficiently accurate roots µ1,2, we
obtain µ1 = −2/δ, ω1 = −2, µ2 = −δ/p, ω2 = −1/p.

Furthermore, by substituting the corresponding expressions for parameters and δ
(their estimates) into Equation (23), we obtain two solutions:

C1(y, τ, µ1) =
2

δγ

1 + 2c3exp(−2(δτ − y))
(δτ − y) + c2 − c3exp

, (24)

C2(y, τ, µ2) = δγ, (25)

Here, c2 and c3 are the newly redefined constants.
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Let us consider Equation (24), the graph of which is shown in Figure 2; we see that
it is a function of the variable traveling wave, z = (δτ − y). On the graph, the solution is
presented in the form of soliton-like pulses moving to the right (with increasing time).
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A distinctive feature of Equation (25) is the presence in the denominator of the
(δ(γ/p− 1)τ − y) term. Clearly, the nature of curve C(y) in Equation (25) strongly de-
pends on the γ/p ratio. When plotting the function, we set γ/p = 3 (see Figure 3). Note
that the wave-pulse profiles are not similar in this case.
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The velocity of the wave front of Equation (24) can be determined using Equation (13b).
As a result, we obtain:

ν =
η0

ρ0
√

b
. (26)

The speed depends on the thermodynamic, hydrodynamic, and optical characteristics
of the nanofluid + radiation system. It follows from Equations (26) and (13b) that, in the
case of anomalous thermal diffusion (ST < 0—nanoparticles move in a higher-temperature
region), the velocity acquires an imaginary term, which has no physical meaning. We
believe that this case requires a separate consideration, which we plan to carry out in
the future.

Wenumerically estimate the wavefront propagation velocity according to Equation (26)
and consider water/silver as a nanofluid. Because the absorption coefficient β is present
in Equation (26) through parameter b (see Equation (13b)), its evaluation requires the
following equation [37]:

β =
12π

λ
CIm(

m2 − 1
m2 + 2

),

where m = mparticles/m f luid, m = n + ik.
Here, by assuming mp = 0.15 + 3.5i, m f = 1.33 + 0.2i, λ = 6.5·10−7 m, and

C = 1·10−4, we obtain β ≈ 2·103. Furthermore, by substituting η0 = 0.003 kg/m·s,
ρ0 = 1·103, I0 = 1·105 W/m2, and λ0 = 0.5 W/m·K into Equations (26) and (13b), we obtain
a velocity estimate: v ≈ 2·10−3 m/s. The estimated velocity value depends on the initial
concentration distribution, which can be obtained from Equation (24) for τ = 0. It should
be noted that our approach cannot solve the problem analytically under arbitrary initial
conditions.

4. Conclusions

1. Two exact analytical solutions of a nonlinear one-dimensional Burgers–Huxley-type
equation were obtained. These solutions describe the dynamics of the concentration
of nanoparticles in a liquid-phase medium by taking into account concentration con-
vection. In this case, the coefficients of thermal conductivity, viscosity, and absorption
of radiation by particles were found to be concentration dependent.

2. One of the solutions found was represented as a solitary wave. Both solutions were
expressed in the form of traveling single-phase waves.

3. In the framework of the formulated approximations, the nanofluid + radiation system
under study exhibited one stable (doubly degenerate) state and one unstable state. It
should be noted that convection does not affect the nature of the stability.

4. Within the framework of these approximations, it is possible to obtain the spatiotem-
poral dependence of the particle absorption coefficient, which exhibits the same wave
characteristics as those of Equations (24) and (25).

Invariably, we did not consider some issues. In particular, based on the fact that the
equation under consideration is autonomous, studying the equation on the phase plane is
of significant interest and will be the subject of our further research.
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Abstract: Droplets impinging on solid surfaces is a common phenomenon. However, the motion of
surfaces remarkably influences the dynamical behaviors of droplets, and related research is scarce.
Dynamical behaviors of water nanodroplets impinging on translation and vibrating solid copper
surfaces were investigated via molecular dynamics (MD) simulation. The dynamical characteristics
of water nanodroplets with various Weber numbers were studied at five translation velocities, four
vibration amplitudes, and five vibration periods of the surface. The results show that when water
nanodroplets impinge on translation surfaces, water molecules not only move along the surfaces
but also rotate around the centroid of the water nanodroplet at the relative sliding stage. Water
nanodroplets spread twice in the direction perpendicular to the relative sliding under a higher
surface translation velocity. Additionally, a formula for water nanodroplets velocity in the translation
direction was developed. Water nanodroplets with a larger Weber number experience a heavier
friction force. For cases wherein water nanodroplets impinge on vibration surfaces, the increase
in amplitudes impedes the spread of water nanodroplets, while the vibration periods promote it.
Moreover, the short-period vibration makes water nanodroplets bounce off the surface.

Keywords: water nanodroplets; molecular dynamics; dynamical behaviors; translation surface;
vibration surface

1. Introduction

Droplets impinging on solid surfaces are pervasive in nature and industrial produc-
tion, such as pesticide spraying [1], spray cooling, and inkjet printing [2,3]. A further
understanding of this phenomenon is of great importance with the increasing demand for
droplet manipulation, such as self-cleaning [4], anti-icing [5,6], and energy harvesting [7].
Although many efforts have been made in this field by researchers, the mechanisms of
dynamical behaviors for impinging droplets are not fully clarified.

It is important to recognize that impinging droplets experience a process of spreading,
retraction, and eventually bouncing off or depositing on surfaces [8–10]. Many experimental
investigations have analyzed the dynamical behaviors of droplets. Wang et al. investigated
water droplets impinging on pillar-arrayed polydimethylsiloxane (PDMS) surfaces with
different solid fractions and suggested that the lower and upper limits of the Weber number
(We) for the complete rebound of droplets decreased with solid fractions [11]. Hu et al.
revealed the asymmetric spreading and retraction processes in the axial and spanwise
directions when droplets impinged on ridged superhydrophobic surfaces. They proposed
two theoretical models to quantitatively describe the spreading of droplets for size ratios
(the ratio of the ridge diameter to the droplet diameter) as smaller and larger than the critical
size ratio [12]. Work by Refael et al. showed the dynamical behaviors of droplets impinging
on moving liquid surfaces. Droplets can splash, coalesce with, or bounce off liquid surfaces,
which depends on the liquid properties and the velocity of droplets and surfaces [13].
Almohammadi et al. investigated the asymmetric spreading of droplets impinging on a
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moving surface and developed a model predicting the shape of the lamella. They also
discussed the effect of surface wettability on droplets in the retraction process [14].

Recently, the exploration of nanodroplets has become a highly debated topic due to
the development of micro and nano technology, such as nanoprinting and nanocoating.
However, many important details cannot be displayed in experiments. Molecular dynamics
(MD) simulations provide a powerful tool to probe the dynamical behaviors of nanodroplets
on an atomic scale. The mechanisms of spreading, break-up, bouncing, and other behaviors
of nanodroplets are discussed via MD [15–19]. Chen et al. simulated polymer nanodroplets
impinging on a solid surface and found that the viscous dissipation of water nanodroplets
stemmed from the velocity gradients in both the impinging and spreading directions [20].
Song et al. investigated the deformation behaviors of water nanodroplets in an electric field
and observed the deformation hysteresis phenomenon. The distribution of average dipole
orientations in water molecules also showed hysteresis [21]. Kwon et al. presented the
dynamical behaviors of a water nanodroplet impinging on a stepped surface with different
wetting gradients and step heights [22]. They found three phenomena: fully climbing
the step, partially climbing the step, and being blocked by the step, which relied on the
normalized step height. MD simulations were also adopted to investigate the influences
of surfaces vibrating with high frequency on the wetting mechanism, evaporation, and
transportation of nanodroplets [23–26].

However, studies on water nanodroplets impinging on moving solid surfaces are still
scarce, especially on high-frequency vibrating surfaces. Due to the rapid development
of piezoelectric materials, the frequency of surface acoustic waves (SAW), based on the
principle of the inverse piezoelectric effect [27], is up to the level of GHz [28–33]. Therefore,
high vibrations of surfaces with a frequency on the order of GHz can be realized. In
this paper, the dynamical behaviors of water nanodroplets impinging on translation and
vibration surfaces are investigated through MD simulations, respectively. The effects of
parameters related to translation and vibration on the dynamical behaviors are explored.

2. Simulation Model and Methodology

The initial configuration of water nanodroplets impinging on a moving surface is
schematically shown in Figure 1. The flat substrate is composed of copper atoms, which are
arranged in the face-centered-cube (FCC) structure with a lattice constant of 3.615 Å [34].
A TIP4P model of water is adopted because it can present more accurate dynamical char-
acteristics [35,36]. The parameters corresponding to the TIP4P model are listed in Table 1
(qO: the charge of oxygen atom; qH: the charge of hydrogen atom; e: electron charge; rOH:
the bond length between oxygen and hydrogen atoms; θHOH: the bond angle of hydrogen-
oxygen-hydrogen). The water nanodroplet is constituted by 5991 water molecules, with
35 Å in radius. To prevent atoms in the initial configuration from overlapping, which
leads to the infinite interaction force among atoms, water molecules are arranged in the
body-centered-cube (BCC) structure, whose lattice constant is determined by the density of
water ρ at 298 K.

Nanomaterials 2022, 12, x FOR PEER REVIEW 3 of 18 
 

 

  
(a) (b) 

Figure 1. The initial configuration of a water nanodroplet impinging on a moving surface: (a) front 
view; (b) perspective view. 

The whole simulation is programmed and conducted with LAMMPS (large-scale 
atomic/molecular massively parallel simulator) [37]. Periodical boundary conditions are 
applied in all three directions. A SHAKE algorithm is adopted to fix the bond length and 
angle of water molecules [38]. Copper atoms are constrained to initial equilibrium posi-
tion during simulation [39–41]. The interaction between water molecules [42], containing 
a 12-6 Lennard-Jones (LJ) term and a long-range Coulomb term, is shown as follows: 

𝑈 = 4𝜀 ቈ൬𝜎୭୭𝑟୭୭ ൰ଵଶ − ൬𝜎୭୭𝑟୭୭ ൰ +   𝑞𝑞4𝜋𝜀𝑟,
ଷ

ୀଵ
ଷ

ୀଵ  (1)

where rOO denotes the distance between oxygen atoms in water molecules i and j. εOO and 
σOO represent the well depth and equilibrium distances, respectively. ria,jb stands for the 
distance between charge site a of molecule i and charge site b of molecule j. qia and qjb are 
charges of sites a and b, respectively. ε0 denotes the vacuum permittivity. Although Len-
nard-Jones potential was presented for noble gas at first, it essentially describes the inter-
action between electronic neutral atoms [43]. Hendrik et al. justified the reliability of this 
potential for copper and showed that 12-6 LJ potential is more suitable for large simulation 
systems (~106 atoms) compared with embedded atom model (EAM) and density func-
tional method [44]. In this paper, a large-sized solid surface consisting of 201,344 copper 
atoms is adopted to avoid the influences of adjacent mirror images during the spreading 
of the droplet. Therefore, both the interactions between copper atoms and those between 
oxygen atoms and copper atoms are implemented by using the 12-6 LJ potential [45–47]. 
The interaction parameters for oxygen and copper are presented in Table 2. Since the solid 
surface is frozen in the simulation, the parameters of copper atoms are mainly used to 
calculate the interaction between copper and oxygen through Lorentz–Berthelot mix rules 
that are shown in Equations (2) and (3). 

Table 2. Interaction parameters for oxygen and copper atoms [48]. 

Atom Type O Cu 
ε (kcal/mol) εO = 0.1628 εCu = 0.2379 

σ (Å) σO = 3.1644 σCu = 2.3400 

 

𝜎 = 12 (𝜎 + 𝜎) (2)𝜀 = ඥ𝜀𝜀 (3)

where σm, εm, σn, and εn are parameters of 12-6 LJ potential for atoms m and n; σmn and εmn 
are parameters of 12-6 LJ potential between atoms m and n. 

Figure 1. The initial configuration of a water nanodroplet impinging on a moving surface: (a) front
view; (b) perspective view.

280



Nanomaterials 2022, 12, 247

Table 1. Parameters of TIP4P model [35].

qO (e) qH (e) rOH (Å) θHOH (◦)

−1.0484 +0.5242 0.9572 104.52

The whole simulation is programmed and conducted with LAMMPS (large-scale
atomic/molecular massively parallel simulator) [37]. Periodical boundary conditions are
applied in all three directions. A SHAKE algorithm is adopted to fix the bond length and
angle of water molecules [38]. Copper atoms are constrained to initial equilibrium position
during simulation [39–41]. The interaction between water molecules [42], containing a
12-6 Lennard-Jones (LJ) term and a long-range Coulomb term, is shown as follows:

U = 4εOO

[(
σoo

roo

)12
−
(

σoo

roo

)6
]
+

3

∑
a=1

3

∑
b=1

qiaqjb

4πε0ria,jb
(1)

where rOO denotes the distance between oxygen atoms in water molecules i and j. εOO
and σOO represent the well depth and equilibrium distances, respectively. ria,jb stands for
the distance between charge site a of molecule i and charge site b of molecule j. qia and qjb
are charges of sites a and b, respectively. ε0 denotes the vacuum permittivity. Although
Lennard-Jones potential was presented for noble gas at first, it essentially describes the
interaction between electronic neutral atoms [43]. Hendrik et al. justified the reliability
of this potential for copper and showed that 12-6 LJ potential is more suitable for large
simulation systems (~106 atoms) compared with embedded atom model (EAM) and density
functional method [44]. In this paper, a large-sized solid surface consisting of 201,344 copper
atoms is adopted to avoid the influences of adjacent mirror images during the spreading
of the droplet. Therefore, both the interactions between copper atoms and those between
oxygen atoms and copper atoms are implemented by using the 12-6 LJ potential [45–47].
The interaction parameters for oxygen and copper are presented in Table 2. Since the solid
surface is frozen in the simulation, the parameters of copper atoms are mainly used to
calculate the interaction between copper and oxygen through Lorentz–Berthelot mix rules
that are shown in Equations (2) and (3).

σmn =
1
2
(σm + σn) (2)

εmn =
√

εmεn (3)

where σm, εm, σn, and εn are parameters of 12-6 LJ potential for atoms m and n; σmn and εmn
are parameters of 12-6 LJ potential between atoms m and n.

Table 2. Interaction parameters for oxygen and copper atoms [48].

Atom Type O Cu

ε (kcal/mol) εO = 0.1628 εCu = 0.2379
σ (Å) σO = 3.1644 σCu = 2.3400

The cutoff distances of 12-6 LJ potential and Coulomb potential are 10 Å and 12 Å [34],
respectively. Velocity–Verlet algorithm is used to integrate the Newton equation of motion
and update the velocities and coordinates of atoms with a time step of 1.0 fs. The long-range
Columbic interaction is calculated by PPPM (particle–particle–particle–mesh) method in K
space [49].

Water nanodroplets experience minimization and relaxation lasting for 0.5 ns in NVT
ensemble, leading them equilibrated and the potential energy being the local minimum.
During the relaxation process, a Nose–Hoover thermostat is adopted to realize temper-
ature control and the initial equilibrium velocity of water molecules is in accord with
Maxwell–Boltzmann distribution [50,51]. After relaxation, the simulation system achieves
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equilibrium state, and there are some water molecules in gas phase randomly distributed
in simulation domain. Then, the NVT ensemble is removed, eliminating the temperature
control, and the system is simulated under NVE ensemble. Meanwhile, a vertical initial
velocity Vz is applied to the water nanodroplet. Vz is in the negative z direction. The
moment water nanodroplets touch the solid surface is considered 0 ps.

3. Results and Discussion
3.1. Calculation of the Contact Angle and Verification of Water Nanodroplet Size

The contact angle is an essential parameter indicating the wettability of solid surfaces.
The density contour of a water nanodroplet on the smooth copper surface illustrated in
Figure 2 is based on the time-average density of every single chunk the water nanodroplet is
being divided into. Considering the symmetrical projection of the water nanodroplet on x–y
plane, only the right-sided water nanodroplet is investigated for contact angle calculation.
The curve where the density is half that of bulk water is selected as the boundary of the
liquid and gas phase (the black line in Figure 2) [52]. The density profile is considered as
a part of a circle and is fitted by Equation (4). The contact angle can be obtained through
Equation (5) [48]:

(x− a)2 + (z− b)2 = R2 (4)

θ = arcsin
(

b− zsub
R

)
+ 90o (5)

where a and b are x and z coordinates of the centroid and R denotes the radius of the
fitted circle. Only chunks that are more than 5 Å above the solid surface are considered to
avoid the effects of density fluctuations at the liquid–solid interface. Therefore, zsub is the z
coordinate of a virtual surface 5 Å above the solid surface. According to the calculation,
the equilibrium contact angle θ of water droplets on the smooth copper surface is 108.7◦,
and the corresponding experimental result is 102◦ [53]. The slight difference between them
is attributed to the surface used in the experiment being not as smooth as that used in
the simulation.
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To explore the effect of the number of molecules on the dynamical behaviors, nan-
odroplets with different radii impinging on the immobile surface are simulated. Radii and
the corresponding number of water molecules are listed in Table 3. The dimensionless
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number (R/R0, R is the spreading radius, and R0 represents the initial radius) of those
nanodroplets is shown in Figure 3.

Table 3. Nanodroplets with different radii and the number of water molecules.

Nanodroplet Radius (Å) Number of Molecules

35 5991
40 8953
45 12,721
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It can be seen that although the number of water molecules varies, the R/R0 of different
nanodroplets are similar to each other, and the maximum relative error is 6.9%. Therefore,
the effect of the number of molecules arranged in the droplet can be neglected. Taking
the computation accuracy and efficiency into consideration, nanodroplets with R0 = 35 Å
are adopted.

3.2. Effects of Translation Velocity When Water Nanodroplets Impinge on Translation Surfaces

Considering the inertia force plays an important role in the impinging process, the
Weber number (We) is chosen to represent the characteristics of water nanodroplets [54].
The effects of translation velocity of surfaces Vs on the dynamical behaviors of water
nanodroplets with We = 7.41 are investigated. We is defined as

We =
ρRV2

z
γ

(6)

where R is the radius of the droplet, Vz represents the velocity of droplets, and the surface
tension γ = 72.75 mN/m [52]. The morphological evolution of water nanodroplets is
illustrated in Figure 4. Due to the sufficient simulation period, water nanodroplets can
exceed the simulation box boundary, and they re-enter the box from the opposite side
because of the periodical boundary conditions. For the sake of clarity, the dimensions of
boxes and surfaces in x direction are assumed to be infinite.
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Although the surface is smooth, Figure 4 shows that both deformation and displace-
ment of water nanodroplets can be observed, which is due to microscopic forces such as
the Van der Waals force and capillary force taking a leading role in the interaction on a
nanoscale. The component of F, interaction force between the water nanodroplet and sur-
face, in the direction of relative sliding, is defined as friction force Fx, and the component in
the direction perpendicular to the contact area is defined as normal pressure Fz. Therefore,
the deformation and displacement of water nanodroplets result from the Fx applied by
moving surfaces.

As seen in Figure 4a, the morphology of the water nanodroplet remains nearly sym-
metrical in the spreading and retraction processes. With Vs increasing to 9 Å/ps, contact
angle hysteresis is observed during the process, so that the water nanodroplet moves along
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the Vs direction and spreads. Contact angle hysteresis refers to the difference between
the advancing contact angle θa and the receding contact angle θr. The extent of hysteresis
experiences a gradual drop to zero as time passes, which means the contact angle hysteresis
eventually disappears. The water nanodroplet spreads asymmetrically in x and y direc-
tions at time t = 40 ps, and the asymmetry becomes more significant as time elapses. In
particular, the water nanodroplet evolves into an ellipsoid at t = 80 ps. Afterwards, the
water nanodroplet gradually recovers the sphere shape under the action of surface tension
and then moves alongside the surface.

The evolution of velocity of the water nanodroplet in the x direction, Vx, is shown in
Figure 5. It can be seen that the variation of Vx can be divided into two stages: the relative
sliding stage and the stable stage. At the relative sliding stage, the acceleration of Vx
increases with the surface velocity. Especially, during 0~50 ps, Vx almost linearly increases
with t. This is because the deformation of water nanodroplets becomes more severe with the
increase in surface velocity, making the spreading area enlarged, and thus the interaction
between droplets and surfaces is enhanced. Once the water nanodroplet reaches the
maximum spreading state, it begins to retract, and the interaction becomes weakened,
resulting in a slowdown in the acceleration of Vx. At a stable stage, the translation velocity
of the water nanodroplet is roughly equal to that of the surface, and there is no relative
sliding between them.
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The mathematical expression, presented in Equation (7), quantitatively describes the
change in Vx in the whole dynamical process. Water nanodroplets with We ranging from
7.41 to 66.67 impinging on the translation surface are also simulated, and this equation can
provide good approximations.

Vx = Vs −Vs

(
0.962 + 0.019

Vs

We

)t
7.41 ≤We ≤ 66.67 (7)

Taking the surface with Vs = 9 Å/ps as an example, the motion mechanisms of water
molecules at different stages are explored. According to Figure 5, the water nanodroplet
is at a relative sliding stage during 0~250 ps and at a stable stage during 250~500 ps. As
illustrated in Figure 6a, the top and bottom sections of the water nanodroplet are colored
blue and red at t = 0 ps, respectively. The color property is fixed during 0~250 ps. According
to the snap shots, water molecules in the blue and red regions rotate counterclockwise
around the center of the water nanodroplet, accompanying the diffusion of water molecules

285



Nanomaterials 2022, 12, 247

into the entire water nanodroplet. Then, the water nanodroplet is colored again at 250 ps,
as shown in Figure 6b. During the period of 250~500 ps, water molecules in blue and red
regions only move downward or upward due to the diffusion, and no rotation is observed.
Therefore, diffusion aside, water molecules in the water nanodroplets rotate around the
centroid while they move along the surface in the relative sliding stage, and the rotation of
water molecules disappears in the stable stage.
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Figure 6. Different motion mechanisms of water molecules inside the water nanodroplet at two
stages: (a) relative sliding stage; (b) stable stage.

Friction force Fx applied to water nanodroplets is shown in Figure 7. When the surfaces
translate at high speed (e.g., Vs = 9 Å/ps), there are continuous positive values of Fx in a
long period, which is about 80 ps, as shown in Figure 7c. Additionally, that period shrinks
as Vs decreases, as illustrated in Figure 7a,b. As Vs increases to 3 and 9 Å/ps from 0.5 Å/ps,
the maximum friction force climbs to 20.5 and 36 Kcal·mole−1·Å−1, which means that Fx
increases with the Vs. In the stable stage, Fx fluctuates around 0. The fluctuation results
from the random thermal motion that leads to a slight change in the spreading area.

Figure 7. Time evolution of the friction force applied to droplets: (a) Vs = 0.5 Å/ps; (b) Vs = 3 Å/ps;
(c) Vs = 9 Å/ps.
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Figure 8 shows the spreading factors βx and βy. βx (βy) denotes the ratio spreading
length Dx (Dy) of water nanodroplets in the x(y) direction to the initial diameter D0. βxmax
(βymax) is the maximum of βx (βy).
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For the case Vs = 9 Å/ps, it can be observed from Figure 8b that βy reaches its
maximum at 30 ps and then descends to 0.76 rapidly at 80 ps. After, it climbs again and
finally obtains stability. This inflection point indicates the water nanodroplet spreads twice
in the y direction, which is perpendicular to the direction of relative sliding. This is due
to the fact that the water nanodroplet suffers reactive force when it impinges on solid
surfaces, and that makes the water nanodroplet spread at first. The βymax is realized soon,
and then the water nanodroplet begins to retract in the y direction. Meanwhile, the tensile
deformation of water nanodroplets in the x direction becomes severe with the increase
in Vx and thus accelerates the retraction in the y direction since the volume of the water
nanodroplet is constant. Once the βxmax is realized, the water nanodroplet begins to retract
in the x direction, which results in the water nanodroplet spreading again in the y direction.

3.3. Effects of the Weber Number When Water Nanodroplets Impinge on Translation Surfaces

To investigate the influence of We on the behavioral evolution, the water nanodroplet
with We ranging from 0.82 to 66.67 hitting the translation surfaces is simulated. The solid
surface translates at the speed of Vs = 7 Å/ps along the positive direction of x axis.

The performance of water nanodroplets is shown in Figure 9. It can be observed that
water nanodroplets with different We lie on various positions of the surfaces despite the
identical Vs, which suggests the dynamical behaviors of water nanodroplets are determined
by the joint actions of Vs and We.

The contact hysteresis can be seen for water nanodroplets with We = 0.82~20.58, as
shown in Figure 9a,b. However, the degree of hysteresis decreases with increasing We,
and the hysteresis cannot be observed for We = 66.67, as shown in Figure 9c. This can be
explained by the fact that when We is relatively low, the spreading velocity after impinging
is also low due to inertia, which makes the influence of friction force more remarkable,
and thus the tensile deformation becomes more obvious. Therefore, the contact angle
hysteresis is more remarkable. As We increases, the spreading velocity after impinging
increases, and the friction force plays a less important role in the dynamical behaviors. As
a consequence, the difference between θa and θr decreases gradually. It is important to note
that a hole appears near the center of the water nanodroplet during 20~30 ps, as shown
in Figure 9c, because the higher We facilitates the spreading of water nanodroplets, and
the water molecules move towards the edge of the water nanodroplet constantly during
the spreading process. However, the hole disappears under the action of surface tension
during the retraction process.
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Figure 10 illustrates the friction force Fx applied to water nanodroplets with various
We. Fx increases with We at the relative sliding stage, and thus, the water nanodroplet
comes into the stable stage early, where the water nanodroplet and surface have the same
velocity. This is because the increased spreading area leads to the enhancement of the
interaction between water and solid surfaces.

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 18 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Morphological evolution of water nanodroplets with various We impinging on the trans-
lation surfaces: (a) We = 0.82; (b) We = 20.58; (c) We = 66.67. 

The contact hysteresis can be seen for water nanodroplets with We = 0.82~20.58, as 
shown in Figure 9a,b. However, the degree of hysteresis decreases with increasing We, 
and the hysteresis cannot be observed for We = 66.67, as shown in Figure 9c. This can be 
explained by the fact that when We is relatively low, the spreading velocity after imping-
ing is also low due to inertia, which makes the influence of friction force more remarkable, 
and thus the tensile deformation becomes more obvious. Therefore, the contact angle hys-
teresis is more remarkable. As We increases, the spreading velocity after impinging in-
creases, and the friction force plays a less important role in the dynamical behaviors. As a 

Figure 9. Morphological evolution of water nanodroplets with various We impinging on the transla-
tion surfaces: (a) We = 0.82; (b) We = 20.58; (c) We = 66.67.

288



Nanomaterials 2022, 12, 247

Figure 10. Time evolution of the friction force applied to water nanodroplets with various We:
(a) We = 0.82; (b) We = 20.58; (c) We = 40.33; (d) We = 66.67.

From the spreading factors shown in Figure 11, it can be seen that both βx and βy
are approximately 1.0 after 150 ps despite the different We, which indicates that We has
little influence on the steady state of water nanodroplets and mainly takes a role in the
spreading and retraction processes. In addition, βxmax and βymax increase with the We. It
should be noted that in the dashed line region shown in Figure 11b, besides We = 0.82,
βy decreases first and then gradually increases to a stable level. Therefore, the water
nanodroplet experiences a secondary spreading in the y direction.
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3.4. Effects of Vibration Amplitudes on Dynamical Behaviors When Water Nanodroplets Impinge
on Vibration Surfaces

To explore the influence of vibration amplitudes A on the dynamical behaviors, water
nanodroplets impinging on surfaces with vibration amplitudes ranging from 1 to 4 Å, and
the vibration period T = 12 ps is simulated. Vibration is achieved by applying periodic
displacement up and down along the z axis on the solid surface, as shown in Figure 12.
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Figure 12. Morphological evolution of water nanodroplets impinging on vibration surfaces with
various amplitudes.

The spreading area reduces with the increasing A, as shown in Figure 12. In particular,
when A = 3 and 4 Å, there are some gaps between the water nanodroplets and surfaces.
Hence, the adhesion between the water nanodroplet and surface is weakened, and more
water molecules escape from the bulk of water nanodroplets with the increase in A.

Figure 13 shows the centroid height h of water nanodroplets. In general, h increases,
and water nanodroplets have a tendency to depart from surfaces as A increases. During
0~20 ps, h decreases rapidly. That is because in this period, inertia is the dominant factor
determining the dynamical behaviors, and the water nanodroplet spreads at high speed,
and as a result, h almost decreases linearly. Once h decreases to the minimum, indicating
the maximum spreading state being realized, the water nanodroplet starts to retract due
to surface tension. However, energy dissipation in the spreading process leads to a low
retraction velocity. Hence, the vibration of surfaces gradually comes into play, and the
saw-tooth fluctuation appears in a single vibration period. After 70 ps, the retraction almost
finishes, and the dynamical behaviors of water nanodroplets are solely affected by the
vibration surfaces. The amplitudes of saw-tooth fluctuations decrease, and the shape of the
saw tooth becomes uniform.

The variation of spreading factors β with time is recorded in Figure 14. It also shows
apparent fluctuation due to the vibration surfaces. The maximum spreading factor βmax and
the maximum spreading area reduce with the increasing A, suggesting a larger vibration
amplitude not conducive to the spreading of water nanodroplets.
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vibration amplitudes.

3.5. Effects of Vibration Periods on Dynamical Behaviors When Water Nanodroplets Impinge on
Vibration Surfaces

A water nanodroplet with We = 7.41 impinging on vibration surfaces with periods
T ranging from 2 to 16 ps and A = 2 Å is simulated to analyze the influence of T on
dynamical behaviors.

Figure 15 presents the snapshots in that process. Water nanodroplets eventually
deposit on the solid surfaces when T = 4~16 ps. It can be seen that a longer T makes
the connection between water nanodroplets and solid surfaces tighter, e.g., T = 16 ps in
Figure 15c. It should be noted that the water nanodroplet finally bounces off the solid
surface when T = 2 ps. This provides a method to facilitate water nanodroplets bouncing,
except when designing special rough structures on the surfaces mentioned in the previous
study [55]. Moreover, the water nanodroplet has a shorter contact time with the solid
surface than the alternative.
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Figure 15. Dynamical behaviors of water nanodroplets impinging on surfaces with different vibration
periods: (a) T = 2 ps; (b) T = 8 ps; (c) T = 16 ps.

The variation in centroid height h for water nanodroplets is shown in Figure 16. h
nearly remains stable after 25 ps, when T = 12 and 16 ps. As T decreases, h increases.
Especially, the water nanodroplet bounces off the solid surfaces at 55 ps when T = 2 ps.
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According to Figure 17, as a whole, β decreases with the decrese in the vibration
period, and even it finally decreases to 0 for T = 2 ps. As a result, the increasing T induces
the further spread of the water nanodroplet.
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To quantify the bounce of water nanodroplets, the bounce domain, determined by T
and A, of water nanodroplets impinging on vibration surfaces, is showcased in Figure 18.
This provides the theoretical basis for practical applications.
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4. Conclusions

In this work, molecular dynamics simulation was used to investigate the dynamical
behaviors of water nanodroplets impinging on the translation surfaces and vibration sur-
faces. The influences of the translation velocity of the surface, the We of water nanodroplets,
the vibration amplitudes, and the vibration periods on the dynamical behaviors were
investigated. The main conclusions are as follows:
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(1) The expression of velocity for water nanodroplets in the direction of translation
was developed, which quantitively describes the velocity evolution of water nanodroplets
as they impinge on translation surfaces.

(2) At the relative sliding stage, water molecules rotate around the centroid of the
water nanodroplet and move along the translation direction. At the stable stage, the rotation
of water molecules disappears.

(3) The higher the translation velocity is, the larger the friction force applied to the
water nanodroplets is, and thus, the asymmetric spreading is more apparent. A higher
translation velocity results in the water nanodroplet spreading twice in the direction
perpendicular to the relative sliding.

(4) The increase in vibration amplitudes impedes the spreading of water nanodroplets,
while the increase in vibration periods facilitates it. Additionally, the bounce domain of
water nanodroplets was mapped.
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